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General introduction and outline of the thesis

CHAPTER 1
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Oxidants in the form of reactive oxygen or nitrogen species (ROS or RNS, respec-
tively), redox-active transition metals (e.g., Fe2+ and Cu+), and activated peroxidases 
like mitochondrial cytochrome c peroxidase all possess the ability to oxidize and (ir)
reversibly alter (bio)molecules1. When formed under controlled conditions, oxidants are 
essentially involved in many physiological processes through e.g., the regulation of 
enzyme activity. However, when oxidant levels increase beyond the local antioxidative 
capacity or the latter is reduced relative to oxidant formation, a state of oxidative (and 
nitrosative) stress ensues1. Over the past decades, oxidative stress has been pinpointed 
as an essential contributor to a wide variety of disease states, including those affecting 
the heart, vasculature, brain, and liver2. As a result, oxidant formation and oxidative 
stress are widely researched by scientists working in the fields of (bio)chemistry, life 
sciences, and medicine.

The liver is particularly prone to the development of oxidative stress. This predisposition 
stems from the presence of metabolically active parenchymal cells (i.e., hepatocytes) 
and resident macrophages (i.e., Kupffer cells; KCs), which both possess various oxidant 
sources (Figure 1), as well as its essential role in iron and copper metabolism. In 
hepatocytes, oxidants are mainly formed as a by-product of mitochondrial oxidative 
phosphorylation3 and through the activity of enzymes belonging to the cytochrome 
P450 superfamiliy4. Stressors in the form of tumor necrosis factor-α (TNF-α) signaling5 
and activation of the unfolded protein response moreover trigger intracellular oxidant 
formation6. 

Figure 1. Sources of oxidants in the liver. Schematic overview of the sources of oxidants in hepatocytes 
(depicted left) and Kupffer cells (depicted right). Solid lines indicate the direct formation of oxidants. The 
dashed line represents the oxidant-mediated transcription and translation of the cytokine tumor necrosis 
factor-α (TNF-α). ROS: reactive oxygen species; RNS: reactive nitrogen species; LIP: labile iron pool; NOX2; 
NADPH oxidase-2; iNOS: inducible nitric oxide synthase; ER: endoplasmic reticulum.
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KCs are normally quiescent but swiftly become activated in the presence of exogenous 
and endogenous danger signals such as damage-associated molecular patterns 
(DAMPs)7. KC activation not only leads to the intra- and extracellular formation of oxi-
dants, but also elicits the secretion of cytokines that aggravate hepatocellular oxidant 
formation and lead to migration of polymorphonuclear leukocytes (PMNs) to the liver8. 
PMNs subsequently transgress into the liver parenchyma where they release substantial 
amounts of oxidants, proteases, and cytokines, resulting in significant parenchymal 
injury9. Notably, this phenomenon of KC-mediated immune activation and consequent 
parenchymal damage lies at the basis of various hepatopathologies, including non-al-
coholic fatty liver disease (NAFLD)1 and hepatic ischemia-reperfusion (IR) injury7,8. 

Hepatic IR injury occurs as a side-effect of liver surgery performed under vascular 
inflow occlusion (VIO) or following transplantation of the organ. In the setting of hepatic 
resection, VIO is generally applied on demand to reduce intraoperative blood loss10. 
Albeit an effective means to do so, IR injury inevitably ensues11. The pathophysiology 
of IR injury originates from the ischemic phase, during which mitochondrial oxidative 
phosphorylation comes to a halt and hepatocytes are forced to switch to anaerobic 
glycolysis in an attempt to maintain their energy supply in the form of adenosine tri-
phosphate (ATP)12. However, the ATP yield from glycolysis is much smaller compared 
to that of oxidative phosphorylation and insufficient to meet the energetic demand of 
metabolically active hepatocytes. As a result, baseline ATP levels gradually become 
depleted whilst reduced electron transport chain substrate accumulates, predominantly 
in the form of NADH13. The latter phenomenon leads to the excessive formation of ROS 
and mitochondrial oxidative stress during the early phase of reperfusion (< 30 min; 
Figure 2)12,14. 

Figure 2. Phases of hepatic IR injury. The different phases of ischemia-reperfusion (IR) injury are depicted 
in red (hyperacute phase; 0–30 min), blue (acute phase; 30 min–6 h), and green (chronic phase; 6–24 h). 
Lines indicate the relative contribution to oxidant formation over time, the major source of which is noted 
in color-matched text. Black arrows indicate factors involved in the interplay between consecutive phases. 
KCs: Kupffer cells; PMNs: polymorphonuclear monocytes; DAMPs: damage-associated molecular patterns.  
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When mitochondrial oxidative stress is severe enough, oxidants transgress the mito-
chondrial membranes leading to additional cytosolic oxidative stress15. Moreover, the 
magnitude of mitochondrial and cytosolic oxidative stress is significantly aggravated 
in livers that are affected by parenchymal liver disease in the form of NAFLD1 or 
cholestasis13. The detrimental combination of oxidative stress and ATP depletion results 
in hepatocellular necrosis to a limited extent in the early phase of reperfusion16,17, an 
effect that will also be more pronounced in livers affected by NAFLD and cholestasis 
since both conditions affect the cellular ATP (re)generating capacity1,13. 

Although the extent of hepatocyte necrosis following clinically relevant ischemia times 
(i.e., ≤ 60 min) will not significantly affect hepatic function, the consequent spill of 
intracellular constituents that act as DAMPs triggers the activation of KCs. KC activation 
marks the subacute phase of reperfusion (30 min–6 h)12,18, during which large amounts 
of cytokines are secreted that not only attract PMNs to the liver but also aggravate 
hepatocellular oxidative stress and necrosis18. Diffuse parenchymal damage conse-
quently ensues during the chronic phase of reperfusion (6–24 h)19, which in most severe 
cases leads to acute liver failure. 

Considering that parenchymal liver disease predisposes hepatocytes to more severe 
oxidative stress and a reduced ATP regenerating capacity, IR injury is generally more 
severe in patients affected by these conditions, thereby increasing the risk of acute 
liver failure20. The worrying increase in the world-wide prevalence of parenchymal 
liver disease, most notably in the form of NAFLD1, together with the increased number 
of major liver resections performed annually21 warrants the need for strategies that 
effectively combat hepatic IR injury. Despite many interventions having been tried and 
tested, not one strategy has found its way into standard clinical practice as of today8,10,22. 
Improving knowledge on the pathophysiology of hepatic IR injury and the role of hepa-
tocellular oxidative stress in particular might therefore aid in the development of more 
effective interventions. To this end, Chapter 2 provides a narrative review of literature 
available on the topic of hepatic IR injury in the context of NAFLD with specific focus 
on the molecular basis of its pathophysiology. 

The high reactivity and non-specificity of oxidants renders oxidative stress a difficult 
process to study under in vitro and in vivo conditions. To this end, redox-active flu-
orogenic probes are widely used to study oxidative stress in vitro because of their 
easy use, minimal requirement of laboratory equipment, and low cost. Out of the 
available compounds, 2 ,ʹ7ʹ-dichlorodihydrofluorescein diacetate (DCFH2-DA) is the 
most widely used fluorogenic probe. DCFH2-DA enters the cell by passive diffusion, 
after which it is believed to be retained in the cytosol trough conversion into the more 
hydrophilic 2 ,ʹ7ʹ-dichlorodihydrofluorescein (DCFH2) by intracellular esterases23. DCFH2 
is subsequently oxidized by a broad variety of oxidants, including ROS/RNS, Fe2+, and 
cytochrome c oxidase, to form highly fluorescent 2 ,ʹ7ʹ-dichlorofluorescein (DCF)23,24. 
As a result, DCF fluorescence can be visualized or quantified as a means for general 
oxidative stress. 
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However, DCFH2-DA is less suitable for in vivo use due to its lack of tissue specificity 
and because of its susceptibility to deacetylation in the extracellular compartment. 
A method was consequently developed to prepare DCFH2, which is not commer-
cially available, from DCFH2-DA. This technique is presented in Chapter 3, together 
with several in vitro applications for DCFH2. The more hydrophilic derivative 5(6)-car-
boxy-DCFH2 was prepared using the same method and incorporated into liposomes 
that were specifically targeted to hepatocytes. This liposomal probe delivery system 
was subsequently used to visualize hepatocellular oxidative stress during IR in real time.  

Despite DCFH2-DA being the most widely used fluorogenic probe for the detection 
of oxidative stress, little is known about the optimal conditions for its use in in vitro 
assays. Specifically, the conditions for its utilization on hepatocyte-derived cells was 
never formally investigated despite concerns regarding the use of (fluorogenic) probes 
in general on these cell types. Specifically, the expression of various membrane trans-
porter proteins could interfere with probe uptake and retention25,26. Therefore, the in 
vitro properties of DCFH2-DA and DCF were investigated in hepatocyte-derived HepG2 
and HepaRG cells, the results of which are presented in Chapter 4. 

As mentioned above, the build-up of reduced electron transport chain substrate directly 
dictates mitochondrial oxidant formation during early reperfusion, which, together 
with trans-ischemic ATP depletion, is a major determinant for hepatocyte necrosis 
and consequent DAMP release. Considering this chain of events, inhibition of NADH 
build-up and ATP consumption during ischemia could reduce DAMP release during 
early reperfusion and consequently inhibit the detrimental inflammatory response that 
inflicts the bulk of parenchymal injury. A comprehensive literature review on the concept 
of hypothermia as a means to combat IR injury in the setting of hepatic resection and 
transplantation is presented in Chapter 5. 

The use of hypothermia as a means to protect the liver against IR injury resulting from 
the application VIO during liver resection has been investigated before27,28. Its routine 
application has however been restricted by the need to use extensive vascular clamp-
ing techniques to allow for antegrade (i.e., through the vena cava or hepatic veins) 
drainage of the perfusion fluid. A new technique for the use of hypothermia during liver 
resection, in situ hypothermic perfusion with retrograde outflow (IHP-R), was therefore 
developed. The technical aspects of this novel approach are presented in Chapter 6. 
Chapter 7 provides an overview of the first clinical data obtained using this technique, 
in which patients scheduled to undergo a right or extended right hemihepatectomy 
were randomized to undergo IHP-R or intermittent VIO.  

Despite experimental research indicating DAMP release as an important aspect of 
the pathophysiology of hepatic IR injury29,30, its occurrence had never been formally 
investigated in a clinical setting of hepatic resection. DAMP release was therefore 
analyzed in patients undergoing major liver resection with or without the application of 
VIO. In addition, the effects of inhibiting mitochondrial oxidant formation during early 
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reperfusion on DAMP release and parenchymal damage was investigated in a mouse 
model of IR injury, the results of which are discussed in Chapter 8.
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ABSTRACT

Significance	 	
Hepatic ischemia/reperfusion (IR) injury results from the temporary deprivation of 
hepatic blood supply and is a common side effect of major liver surgery (i.e., trans-
plantation or resection). IR injury, which in most severe cases culminates in acute 
liver failure, is particularly pronounced in livers affected by non-alcoholic fatty liver 
disease (NAFLD). In NAFLD, fat-laden hepatocytes are damaged by chronic oxidative 
and nitrosative stress (ONS), a state that is acutely exacerbated during IR, leading to 
extensive parenchymal damage. 

Recent	advances	
NAFLD triggers ONS via increased (extra)mitochondrial fatty acid oxidation and acti-
vation of the unfolded protein response. ONS is associated with widespread protein 
and lipid (per)oxidation, which reduces the hepatic antioxidative capacity and shifts 
the intracellular redox status towards an oxidized state. Moreover, activation of the 
transcription factor peroxisome proliferator-activated receptor α induces expression 
of mitochondrial uncoupling protein 2, resulting in depletion of cellular energy (ATP) 
reserves. The reduction in intracellular antioxidants and ATP in fatty livers consequently 
gives rise to severe ONS and necrotic cell death during IR.

Critical	issues	 	
Despite the fact that ONS mediates both NAFLD and IR injury, the interplay between 
the two conditions has never been described in detail. An integrative overview of the 
pathophysiology of NAFLD that renders steatotic hepatocytes more vulnerable to IR 
injury is therefore presented in the context of ONS. 

Future	directions	
Effective methods should be devised to alleviate ONS and the consequences thereof 
in NAFLD prior to surgery in order to improve the resilience of fatty livers to IR injury. 
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INTRODUCTION

Oxidative/nitrosative stress (ONS) is a state in which the balance between pro- and 
antioxidants is disrupted and shifted towards the former1 (Figure 1). ONS can result 
from an increased formation of reactive oxygen and nitrogen species (ROS and RNS, 
respectively)1, a perturbed cellular redox status2, or a combination of both. Irrespective 
of the cause, the propensity of ONS is especially pronounced when endogenous repair 
mechanisms fail to clear the oxidized and nitrated biomolecules3. Over the years, ONS 
has been recognized as a key contributor to a variety of pathologies, including those 
affecting the brain4, heart5, vasculature6, and liver. 

Figure	1. Etiology	of	ONS. Oxidative/nitrosative stress (ONS) is the result of a disrupted balance between 
the intracellular levels of reactive oxygen and nitrogen species (ROS/RNS) and antioxidants. The production 
of large amounts of ROS/RNS consumes cellular antioxidants, which leads to inefficient ROS/RNS scav-
enging and hence ONS. At the same time, the cellular redox status shifts towards a more oxidized state. 
Alternatively, disruption of the cellular redox status can induce ONS because of the consequent consumption 
and depletion of cellular antioxidants.

The liver is particularly prone to ONS due to its high metabolic rate and because 
hepatocytes are rich in ROS/RNS-producing mitochondria (section 4.1), cytochrome 
P450 (CYP) enzymes (section 4.3.1), and inducible nitric oxide synthase (iNOS, section 
2.3)7. Consequently, there are many hepatopathologies associated with ONS, including 
viral hepatitis8, alcoholic and non-alcoholic fatty liver disease (NAFLD)9, cholestasis10, 
and ischemia-reperfusion (IR) injury, the inevitable side effect of liver surgery performed 
under vascular exclusion (warm IR, e.g., liver resection) or liver transplantation (cold 
IR)11. 
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In particular, much attention has been focused on the role of ONS in the interplay 
between NAFLD and IR, as mounting evidence points to an exacerbation of IR injury 
in fatty livers12. Patients with NAFLD that undergo liver resection have an increased 
risk of postoperative morbidity and mortality13,14. In the transplantation setting, steatotic 
grafts are commonly considered ineligible for transplantation because of the high risk 
of primary malfunction15.

While the ONS-mediated processes that dictate NAFLD16 and IR injury17 are well-doc-
umented, an integrative overview of the role of ROS/RNS in the interplay between 
these conditions is lacking. Nevertheless, a substantial amount of clinical evidence 
implies that the development of modalities to preserve fatty livers during IR bears 
great necessity12. Consequently, this review provides an in-depth account of how the 
hepatocellular formation of ROS/RNS and the resulting ONS exacerbate the extent of 
IR injury in fatty livers. 

Although the immune response and the extracellular component of hepatic ONS are 
critical contributors to both conditions, they will be only briefly addressed since these 
topics have recently been reviewed in the context of NAFLD18 and IR injury19.

1.1. NAFLD

NAFLD is characterized by the presence of vesicular fat in hepatocytes (i.e., steatosis) 
in the absence of excessive alcohol consumption, which constitutes the common 
denominator in non-alcoholic fatty liver (NAFL), non-alcoholic steatohepatitis (NASH), 
and cryptogenic- or NASH cirrhosis20. At a cellular level, the key feature of NAFLD 
is the vesicular accumulation of triglycerides21 (Figure 2), the ‘first hit’ in the putative 
two-hit theory22. From here on, several ‘second hits’ evoke and amplify an inflammatory 
response that drives the gradual progression from NAFL to NASH23 (Figure 2, inset). 

The accumulation of fat in NAFLD is a direct result of insulin resistance, which explains 
the strong correlation between NAFLD and the metabolic syndrome (i.e., obesity, type-2 
diabetes, and hyperlipidemia)24. The causal factors for insulin resistance in metabolic 
syndrome-associated conditions such as NAFLD are increased levels of peripheral 
adipose tissue-derived tumor necrosis factor α (TNF-α) and hyperlipidemia25, which 
impede (hepatic) insulin signaling by inhibiting insulin receptor substrate protein-1 
through the activation of c-Jun N-terminal kinase (JNK)25-27 (sections 4.2 and 4.3.2). 
Considering that JNK can be activated by ONS28 and that activated JNK prompts the 
mitochondrial formation of ROS29 (section 4.2), ONS is both a cause and consequence 
of insulin resistance and NAFLD25,30. Nevertheless, the finding that selective hepato-
cellular ablation of JNK actually induced insulin resistance and hepatic steatosis31 
indicates that other pathways might be involved as well.

In the liver, insulin resistance on the one hand increases the uptake of fatty acids (FAs) 
from the blood and, on the other hand, augments intracellular FA synthesis24 (Figure 2, 
green arrows). Hepatocytes respond to the consequent excess in intracellular FAs by 
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Figure	2.	Pathogenesis	of	NAFLD. Hepatic insulin resistance increases the uptake as well as synthesis of 
fatty acids (FAs) by hepatocytes, which results in accumulation of FAs that are stored as triglycerides and the 
development of steatosis (green arrows). In addition, FA catabolizing pathways become hyperactivated to 
dispose of the excess in FAs (orange arrows) through increased mitochondrial and peroxisomal β-oxidation 
as well as the induction of cytochrome P450 (CYP) enzymes in the endoplasmic reticulum (ER). Because 
all of these FA catabolizing pathways produce oxidants, oxidative/nitrosative stress (ONS) ensues, which 
eventually induces cell death and the release of damage-associated molecular patterns (DAMPs). Thereafter, 
DAMPs incite an immune response that further aggravates the ONS and consequent cell death, creating a 
positive feedback loop that eventually leads to pervasive parenchymal inflammation (red arrows). The inset 
shows how the aforementioned phenomena (i.e., FA accumulation, FA catabolism, and inflammation) relate 
to the pathological stage of NAFLD, ranging from NAFL to NASH (right of scale bar), and the putative two-hit 
theory (left of scale bar). The scale bar is color-matched to the figure arrows.

storing them as triglycerides and by boosting their catabolism through mitochondrial 
and peroxisomal β-oxidation as well as induction of CYP enzymes in the endoplasmic 
reticulum (ER)32 (Figure 2, yellow arrows). Although the catabolism of FAs via these 
pathways is instrumental in the removal of fat, it also augments the generation of ROS/
RNS, i.e., superoxide anion (O2

•–) and its derivatives33 (section 4). The consequent 
ONS sensitizes hepatocytes to cell death, which constitutes a key ‘second hit’ in the 
development of NASH23 (Figure 2, red arrows). 

The main consequence of ONS-induced cell death is the release of damage-associated 
molecular patterns (DAMPs), which are endogenous self-antigens that alert the immune 
system of (impending) cell death once released into the extracellular environment34. 
Hepatocyte-derived DAMPs trigger parenchymal inflammation by binding to Toll-like 
receptor 4 on the surface of Kupffer cells (KCs), the liver’s resident macrophages35. In 
response, KCs not only release cytokines such as interleukin 1β (IL-1β)35 and TNF-α36, 
but also mobilize NADPH oxidase-2 to form O2

•– and upregulate iNOS to generate 
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nitric oxide (•NO)17,37. However, genetic ablation of gp91phox38 or p47phox39, both of which 
prevents the formation of active NADPH oxidase-2, did not affect the extent of lipid 
peroxidation, hepatic injury, and inflammation in mice that were fed a methionine- and 
choline-deficient diet38,39. However, an increase in TNF-α mRNA was found mainly 
in hepatocytes (rather than KCs) of the gp91phox knock-out animals38. These find-
ings indicate that NASH does develop in the absence of NADPH oxidase-2-derived 
O2

•–, yet not through KC-induced extracellular ONS or cytokine production but by a 
compensatory mechanism that is based on TNF-α signaling by parenchymal cells. 
Moreover, it is probable that the NADPH oxidase-2-dependent production of O2

•– by 
KCs mainly functions to stimulate cytokine production in these cells through activation 
of the transcription factor NF-κB (nuclear factor κ-light-chain-enhancer of activated B 
cells)38 rather than contributing to ONS per se. 

The pro-inflammatory state that is set by hepatocellular ONS and consequent DAMP 
release is further aggravated by the increased levels of gut-derived endotoxins (e.g., 
lipopolysaccharide) that circulate in obese and insulin-resistant mice40, which also 
leads to Toll-like receptor 4-dependent KC activation41. Guided by these KC-derived 
molecular cues (e.g., TNF-α), neutrophils accumulate in the liver and increase the 
state of inflammation and ONS18. Neutrophils not only co-express NADPH oxidase-2 
and iNOS17, but additionally release the enzyme myeloperoxidase that catalyzes the 
conversion of hydrogen peroxide (H2O2) to strong oxidants such as hypochlorous 
acid (HOCl)42. Accordingly, plasma myeloperoxidase levels are increased in patients 
that suffer from NASH43 and myeloperoxidase-deficient mice are less susceptible to 
develop high fat diet-induced NASH and corollary liver injury44. Lastly, extracellular 
ONS, hepatocyte apoptosis (due to the actions of TNF-α45, section 4.2), and lipopoly-
saccharide collectively activate stellate cells, which leads to collagen deposition and 
eventually fibrosis46. The histological features of these processes, namely leukocyte 
infiltration, necrosis, and fibrosis21, are used clinically to distinguish NAFL from NASH21. 

In sum, TNF-α and activated JNK thus establish a detrimental self-propagating cycle 
between the liver, the innate immune system, peripheral adipose tissue, and the gut that 
entails fat accumulation, insulin resistance, ONS, and inflammation47. In this complex 
network of metabolic and inflammatory factors, ONS occupies a central role and 
contributes to both the development and the progression of NAFLD24. Of note, many 
of these factors are highly prevalent in Western societies because of their close associ-
ation with the metabolic syndrome48. Furthermore, the ongoing adoption of the Western 
sedentary and nutritional lifestyle in Asian countries significantly adds to the worldwide 
population that is at risk for developing NAFLD49. As a result, the prevalence of NAFLD 
and NASH is currently estimated at 17-45% and 5-17%24,49, respectively, which implies 
that NAFLD is the most common liver disease worldwide. The number of fatty livers 
encountered in the surgical setting is therefore expected to follow this trend.  



2

2524

1.2. Ischemia-reperfusion injury

Hepatic IR is an iatrogenic condition that results from the temporary withdrawal of 
blood supply to the liver to deter excessive bleeding during liver resection or allow for 
transplantation of the organ50. The pathophysiology of IR injury can be divided into 
three phases that encompass ROS/RNS production17. The hyperacute phase marks 
the first 30 min of reperfusion and is characterized by intracellular ONS17, which mainly 
results from excessive mitochondrial formation of O2

•– and derivative ROS/RNS51. This 
inflicts cell death to a limited extent52, yet enough to activate KCs, which initiate the 
second phase (acute phase, 30 min-6 h of reperfusion)17. During this phase, activated 
KCs produce and release ROS/RNS as well as pro-inflammatory mediators (e.g., 
TNF-α)19. In doing so, KCs incite the most detrimental third phase (chronic phase, >6 
h reperfusion)17, in which leukocytes migrate to the liver7 and produce large amounts 
of extracellular ROS/RNS as well as proteases that collectively induce microcirculatory 
defects and inflict parenchymal necrosis17. 

Clinically, IR injury is characterized by a steep increase in serum transaminases and 
decreased liver function53, both resulting from hepatocellular damage, which in most 
severe cases culminate in acute liver failure54. Thus, IR injury is a potentially hazardous 
side effect of life-saving surgical procedures, particularly in fatty livers12.  

ROS/RNS	and	their	chemical	properties	in	the	context	of	NAFLD	and	IR
In order to fully appreciate the detrimental effects of ROS/RNS in IR-subjected fatty 
livers it is important to define the chemical properties of the individual species. Such 
an appraisal is imperative for an assessment of which ROS/RNS are most likely to be 
involved in the resulting hepatopathology and what factors dictate their effects. 

2.1. ROS

All ROS/RNS are directly or indirectly derived from O2
•–, the product of the one-electron 

reduction of O2 (Figure 3). The two main sources of O2
•– in steatotic hepatocytes are 

the mitochondrial electron transport chain (ETC)55 (section 4.1) and CYP enzymes56 
(section 4.3). Although moderate NADPH oxidase-4 expression has been reported for 
human liver tissue57, the finding that NADPH oxidase-4-deficient mice are more sus-
ceptible to high-fat diet-induced obesity and consequent hepatic steatosis compared 
to wild-type controls excludes this enzyme as a source of O2

•– in NAFLD58. O2
•– has an 

estimated biological half life (t1/2) of ~ 10-6 s59 and swiftly dismutates into the non-radical 
oxidant H2O2 in a reaction catalyzed by three forms of superoxide dismutase (SOD): 
mitochondrial manganese-SOD (MnSOD), cytosolic copper-zinc-SOD, and extracellular 
SOD60. In hepatocytes, H2O2 is directly formed during the two-electron reduction of 
O2 by peroxisomal fatty acyl-CoA oxidase61 (AOX, section 4.3) as well as microsomal 
CYP enzymes56 (section 4.3) and ER oxidoreductin 162 (ERO1, section 4.4). Compared 
to O2

•–, H2O2 has a longer lifespan (t1/2 ~ 10-5 s59) that, in combination with its mem-
brane-transgressing capacity, allows it to react more distally from its production site63. 
H2O2 is scavenged by peroxiredoxins (1–6)64, glutathione peroxidases (1–4, 7, 8)65, and 
catalase65, but will participate in metal-catalyzed reactions (MCR) in the presence of 
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transition metals such as ferrous iron (Fe2+)66. Specifically, the reaction between H2O2 
and Fe2+, which is termed the Fenton reaction67, leads to formation of highly reactive 
hydroxyl radicals (•OH) and Fe3+66. Thereafter, Fe3+ can be reduced to Fe2+ by O2

•–, 
establishing an overall reaction that is known as the Haber-Weiss cycle66. Due to its 
reactivity (t1/2 ~ 10-15 s59), •OH has a very limited diffusion distance. 

Figure	3.	ROS	and	RNS	relevant	 to	NAFLD	and	hepatic	 IR. Superoxide anion (O2
•–) is formed in the 

one-electron reduction of O2 by cytochrome P450 (CYP) enzymes or the mitochondrial electron transport 
chain (ETC). Thereafter, different superoxide dismutates (SODs) catalyze the dismutation of O2

•– into hydrogen 
peroxide (H2O2). In addition, H2O2 is formed in the two-electron reduction of O2 by fatty acyl-CoA oxidase 
(AOX), CYP enzymes, or ER oxidoredoxin 1 (ERO1). H2O2 can react with transition metals such as ferrous 
iron (Fe2+, blue arrows) to form the hydroxyl radical (•OH). Alternatively, O2

•– reacts with nitric oxide synthase 
(NOS)-derived nitric oxide (•NO) to form peroxynitrite anion (ONOO-), which exists in equilibrium with its 
conjugate acid peroxynitrous acid (ONOOH, pKa = 6.8). Both forms of peroxynitrite can react with Fe2+ to 
generate nitric dioxide (•NO2). •NO2 is moreover formed during the homolytic fission of ONOOH, together 
with •OH, as well as in the reaction between ONOO- and CO2, also yielding carbonate radical anion (CO3

•–). 
The free radicals •OH, •NO2, and CO3

•– are indicated in red to emphasize their high reactivity, which allows 
them to irreversibly alter the chemical structure of biomolecules (light grey arrow) as described in section 3.

2.2. The labile iron pool

The role of Fe2+ in ONS deserves close attention, as free Fe2+ associates with amino 
acids (section 3.2) as well as the DNA backbone and as such catalyzes the oxidizing 
potential of H2O2 and peroxynitrite (next section) in a site-specific manner68,69. Moreover, 
Fe2+ directly oxidizes biomolecules in the presence of O2

70, whereas its non-oxidizing 
ferric form (Fe3+) is easily reduced to Fe2+ by the antioxidants ascorbic acid and glutathi-
one (GSH)71. Accordingly, the amount of freely available intracellular iron (i.e., Fe2+ and 
Fe3+), referred to as the labile iron pool (LIP)72, is strictly controlled by the storage of iron 
in ferritin as Fe3+, which prevents its participation in MCR73. Nevertheless, O2

•– has the 
ability to liberate Fe2+ from iron-sulfur clusters in metalloproteins such as mitochondrial 
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aconitase74, attesting to the ability of ROS/RNS to augment the LIP. Corroboratively, rat 
liver aconitase activity was significantly hampered in rat liver mitochondria that were 
subjected to in vitro anoxia-reoxygenation, an effect that could be partially prevented 
by decreasing the mitochondrial formation of O2

•– 75. Similarly, administration of a lip-
id-soluble iron chelator (des-ferriexochelin 772SM)76 and overexpression of the ferritin 
heavy chain77 reduced ONS and liver damage, respectively, in two rat models of cold 
IR. Moreover, hepatic iron overload is thought to promote disease progression in human 
NAFLD78, altogether underscoring the significant role of the LIP in ONS. It should be 
noted that the results of the latter study are to be interpreted with caution because the 
histological method that was employed to detect intracellular iron (i.e., Perls’ Prussian 
Blue79) involves degradation of ferritin and subsequent selective staining of Fe3+, but 
not Fe2+ 80, which implies that this method does not necessarily provide information 
on the LIP72. 

The hepatic iron accumulation that is associated with NAFLD could be, at least in 
part, an effect of ROS formation. In that regard, the expression of transferrin recep-
tor-1, which dictates hepatocellular iron uptake, and ferritin, which determines the 
amount of free iron (i.e., the LIP), is regulated posttranscriptionally via the binding of 
iron regulatory proteins to iron responsive elements in ferritin as well as transferrin 
receptor-1 mRNA81. In particular, iron regulatory protein-1 (IRP1) only binds to iron 
responsive elements following a structural rearrangement that entails the loss of its 
iron-sulfur cluster and consequent exposure of a cysteine-rich mRNA binding site. 
This conformational change, which coincides with activation of the protein, is not 
only induced by a reduction in cellular iron levels but also by oxidative stress81. More 
specifically, exposure of HepG2 cells to persistently low levels of extracellular H2O2 (to 
mimic a state of chronic inflammation such as NAFLD) activated IRP1 and augmented 
the LIP82. Moreover, rats that were fed a high-fat diet showed enhanced IRP1 activity, 
increased transferritin receptor-1 expression, decreased ferritin levels, and an increase 
in hepatic total iron content83. These findings indicate that the inflammatory aspect of 
NALFD could contribute to hepatocellular iron accumulation as well as augmentation 
of the LIP and hence ONS. Accordingly, leukocyte influx as well as increased hepatic 
TNF-α mRNA, malondialdehyde (MDA, a lipid peroxidation end product, section 3.1), 
and 3-nitrotyrosine (a protein nitration marker, section 3.2) levels were also observed 
in these high-fat diet-fed rats83. 

Notwithstanding the apparent relationship between inflammation, ONS, and the LIP, the 
cysteine residues on activated IRP1 are preferential targets for oxidation (section 3.2), 
which ameliorates their mRNA binding capacity81. Severe ONS could therefore revoke 
the aforementioned effects inasmuch as inactivation of IRP1 increases ferritin levels 
and decreases transferrin receptor-1 expression. The finding that pretreatment with 
N-acetyl cysteine prevented IRP1 inactivation during early reperfusion in a rat model 
of warm IR substantiates this notion84. Consequently, additional studies that investigate 
iron metabolism and the LIP in NAFLD as well as IR injury are required, since hepatic 
iron kinetics likely govern the ONS-mediated interplay between both conditions. 
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2.3. RNS

In addition to ROS, O2
•– is a precursor of RNS such as peroxynitrite, the common 

denominator for peroxynitrite anion (ONOO-) and peroxynitrous acid85 (ONOOH, pKa 
= 6.868 and t1/2 < 0.1 s87). Peroxynitrite is formed in the diffusion-controlled reaction 
between O2

•– and •NO (t1/2 = 1–30 s88)89, which is synthesized by NOS enzymes such 
as iNOS90. Its membrane-transgressing ability and long lifetime allow •NO to act on 
neighboring cells91, which implies that •NO formed in KCs can diffuse into hepatocytes. 
iNOS is induced in KCs92 as well as hepatocytes90 in response to inflammatory stimuli 
such as IL-1β and TNF-α93, both of which are released during NAFLD94 (section 1.1) 
and IR11 (section 1.2). Accordingly, hepatic iNOS mRNA and protein levels are signifi-
cantly increased compared to controls in rodent models of NAFLD95,96 and cold IR97, 
respectively. Along these lines, iNOS knock-out mice that were fed a high-fructose 
(i.e., NAFLD-inducing) diet exhibited reduced hepatic TNF-α mRNA, 3-nitrotyrosine, 
and 4-HNE levels compared to wild-type controls96. Moreover, administration of an 
iNOS inhibitor (N-[1-naphtyl]ethylendiamine dihydrochloride) markedly reduced liver 
damage, improved regeneration, and increased overall survival in a rat model of cold 
IR with a concomitant reduction in RNS formation97.

Although some have claimed that a specific NOS isoform is present in mitochondria, 
its existence has not yet transcended from dispute98. Alternatively, hypoxic rat liver 
mitochondria generate •NO from nitrite99, although •NO formed under hypoxic condi-
tions was shown to alleviate rather aggravate mouse liver IR injury in vivo by transiently 
reducing mitochondrial O2

•– formation during early reperfusion75 (section 4.1). Moreover, 
because of the stability and diffusibility of •NO, mitochondrial •NO production is not a 
prerequisite for mitochondrial RNS formation100. Instead, the limited diffusion properties 
of O2

•– 101 dictate that the formation of peroxynitrite will predominantly occur in the vicinity 
of O2

•– generation. As the reaction between O2
•– and •NO directly competes with that 

of O2
•– and SODs102, the generation of peroxynitrite also depends on the availability of 

SODs. Thus, when SODs become inactivated, as occurs in NAFLD103,104 (section 3.2), 
and iNOS is simultaneously induced, which takes place in NAFLD95 as well as IR97, 
the formation of peroxynitrite and derivative radicals (next paragraph) will increase. 

Like H2O2, peroxynitrite engages in MCR, resulting in the formation of nitrogen dioxide 
(•NO2)69. Peroxynitrite is scavenged by peroxiredoxins and glutathione peroxidases85, 
but the enzymatic inactivation of ONOO- directly competes with its reactivity towards 
CO2, which generates •NO2 and a carbonate radical anion (CO3

•–) with a ~ 35% 
yield85,105. ONOOH, on the other hand, can homolyze into •OH and •NO2 (~ 30% 
yield)105, but this reaction is slow (k = 0.8 s-1)85,105 and will therefore predominantly 
occur in lipophilic compartments (e.g., membranes) where less competing reactions 
prevail85. Insofar as the lipid compartment is increased in NAFLD106, the formation of 
•OH and •NO2 from ONOOH homolysis might be favored. 

The effects of •NO2 (t1/2 ~ 10-6 s107) and CO3
•– (t1/2 ~ 10-6 s108) have only recently gained 

attention as effectors of the cytotoxicity that was initially ascribed to peroxynitrite109. 
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Both species can directly oxidize biomolecules and are scavenged by ascorbic acid 
and GSH109, which is likely to be impaired in NAFLD because of GSH103 and ascorbic 
acid depletion110 as well as in IR due to a transient reduction in GSH levels111. Further-
more, because of its lipophilicity, •NO2 is an initiator of lipid peroxidation (section 3.1), 
a process that can be inhibited by α-tocopherol112.

In summary, two scenarios can be distinguished in which ROS/RNS are most dam-
aging towards hepatocytes: 1 the combination of H2O2 or peroxynitrite and Fe2+ that 
induces site-specific, MCR-mediated generation of •OH or •NO2, respectively, and 2 
the formation of peroxynitrite from •NO and O2

•–, which gives rise to •NO2, •OH, and/or 
CO3

•– as derivative radicals. Notably, either route applies to NAFLD and IR since both 
conditions are characterized by excessive formation of O2

•– and •NO. Moreover, the 
formation of peroxynitrite and its derivative radicals is specifically favored in NAFLD 
due to depletion of SOD and GSH, respectively. Lastly, experimental evidence suggests 
a catalytic role for iron in NAFLD and IR, although studies that explicitly address the 
LIP in both conditions are currently lacking. 

Molecular	targets	of	ROS/RNS	in	NAFLD	and	IR
The biological targets of ROS/RNS are generally divided into lipids, proteins, and 
DNA. Understanding the reaction mechanisms that underlie their damaging effects 
is essential to interpret the events observed at a cellular level. Considering that (per)
oxidation of proteins and lipids has the most relevant effects with respect to the interplay 
between NAFLD and IR, the reactions between ROS/RNS and these biomolecules will 
be addressed next with specific focus on the implications for both conditions.

3.1. Lipids

Lipid peroxidation is prevalent in NAFLD, not only due to the abundance of substrate 
(i.e., FAs)106 but also because of the nature of the reaction, which is radical chain 
propagating113. The susceptibility of a FA to oxidation is proportional to the number 
of double bonds in its aliphatic tail inasmuch as hydrocarbons that are flanked by 
two alkenes (i.e., doubly allylic sites) have a ~ 20% lower bond dissociation energy 
compared to those in saturated C-C bonds113. Accordingly, the polyunsaturated FAs 
(PUFAs, ≥ 2 double bonds) linoleic acid (LA, ω-6, 1 doubly allylic site), arachidonic 
acid (AA, ω-6, 3 doubly allylic sites), eicosapentanoic acid (EPA, ω-3, 4 doubly allylic 
sites), and docosahexanoic acid (DHA, ω-3, 5 doubly allylic sites) are most sensitive 
to oxidation113. 

Given their lipophilicity, •OH114 and •NO2
115 from MCR and/or ONOOH homolysis 

(section 2) generally initiate lipid peroxidation (Figure 4). The thus formed lipid radical 
(L•) swiftly reacts with O2 to generate a lipid peroxyl radical (L-OO•)113 that can undergo 
intramolecular reactions to yield non-radical cleavage products such as MDA116. Alterna-
tively, L-OO• can react with another PUFA, thereby propagating the radical chain reac-
tion, undergo MCR117, or decompose into non-radical end products such as 4-HNE118 
(Figure 4). Both MDA and 4-HNE are toxic inasmuch as they can form adducts with 
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DNA119,120 and proteins120,121 (section 3.2). Although glutathione peroxidase-4 scavenges 
L-OOH at the expense of GSH117, this process is likely compromised in NAFLD and IR 
because of chronic and acute GSH depletion103,111, respectively, which could shift the 
fate of L-OOH towards MCR and formation of 4-HNE. Correspondingly, elevated levels 
of 4-HNE and MDA have been detected in liver samples of NAFLD patients (Table 
1), a mouse model of IR51, as well as rat models of warm122 and cold123 fatty liver IR. 

Another contributory factor to the aggravation of IR injury in NAFLD is an increased 
ω-6/ω-3 FA ratio124. The disrupted ω-6/ω-3 balance in fatty livers could be in part 
explained by the reaction rates of LA, AA, EPA, and DHA towards L-OO•, which follow 
LA < AA < EPA < DHA in a 1.0:3.2:4.0:5.4 ratio113, indicating that the ω-3 FAs EPA and 
DHA are more rapidly oxidized than their ω-6 counterparts LA and AA. Because ω-6 
FAs are precursors of pro-inflammatory and vasoconstrictive mediators (e.g., throm-
boxane A2)130,131, while ω-3 FAs are metabolized into anti-inflammatory and vasodilatory 
compounds (e.g., prostaglandin E3)131, a shift in the ω-6/ω-3 FA ratio towards ω-6 
FAs therefore augments inflammation (i.e., extracellular ONS) and causes perfusion 
defects130. Accordingly, an increased ω-6/ω-3 FA ratio has been shown to exacerbate 
IR injury in fatty livers, which could be ameliorated by prior supplementation of ω-3 
FAs that corrects the ω-6/ω-3 FA ratio130,132. Taken altogether, these data reflect the 
importance of a proper lipidomic balance in ONS-mediated liver disease and injury.

Figure	4.	Lipid	peroxidation.	Lipid peroxidation is initiated by hydrogen abstraction, mostly from hydrocar-
bons that are flanked by two alkenes (depicted on the left), i.e., those on aliphatic chains of polyunsaturated 
fatty acids (PUFAs) such as linoleic acid (inset, in which the structure highlighted in blue corresponds to the 
aliphatic structure in the figure). The thus formed carbon-centered lipid radical (L•, yellow dot) has the ability 
to relocate up to three carbon atoms away from the abstraction site (dashed yellow line), where it swiftly 
reacts with oxygen to form a lipid peroxyl radical (L-OO•). Subsequently, L-OO• can undergo intramolecular 
modification to form rearrangement products, additional oxidation, or react with a proximal PUFA to generate 
a lipid hydroperoxide (L-OOH) as well as a new L• (top arrow). L-OOH can undergo additional oxidation or 
dissociate into fragmentation products. Alternatively, L-OOH can react with glutathione peroxidase-4 (GPx 
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Marker NASS NASH Ref.

Lipid peroxidation

MDA NS + 124

MDA + + 125

4-HNE + + + 126

4-HNE-protein adducts ND + 127

Protein oxidation

Protein carbonyls + NS 103

3-nitrotyrosine + + + 128

3-nitrotyrosine NS + + 129

Antioxidants

GSH - - 103

GSH - - 125

Mitochondrial GSH ND - 127

SOD activity - - 103

Catalase activity NS - - 103

Glutathione peroxidase activity NS NS 103

Total antioxidative capacity 
(measured as μmol uric acid equivalent)

- - - - 124

Ferritin + + 125

Table	1.	Hepatic	 lipid	peroxidation,	protein	oxidation,	and	antioxidative	defense	
markers	in	human	NAFLD.

NS indicates no significant difference versus control, ND indicates not determined, + + indicates a significant 
increase versus control and NASS, + indicates a significant increase versus control, - - indicates a significant 
decrease versus control and NASS, and - indicates a significant decrease versus control.

4) to form a lipid hydroxide (L-OH) or undergo ferrous iron (Fe2+)-catalyzed oxidation to form a lipid alkoxyl 
radical (L-O•), which has the ability to oxidize another PUFA, thereby generating a new L• (top arrow) as 
well as a L-OH. All these events lead to membrane destabilization as a result of lipid packing defects, which 
may have detrimental consequences on cell function and viability.
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Consequently, the presence of antioxidants in the lipid compartment is particularly 
important. The major free radical scavengers in the lipid compartment are α-tocoph-
erol133 and ubiquinol (UQH2); the reduced form of ubiquinone (UQ), which is also a 
component of the ETC134 (Figure 5). These antioxidants work in concert to protect 
membranes against oxidative modification134, the clinical implications of which are 
reflected by the beneficial effects of α-tocopherol supplementation on NASH disease 
activity (determined histologically) found in a randomized controlled trial135. 

Figure	5.	Free	radical	scavenging	in	the	lipid	compartment.	Initiators of lipid peroxidation such as lipid 
peroxyl radicals (L-OO•) and nitrogen dioxide (•NO2) are scavenged by α-tocopherol, in which an α-tocoph-
erol radical (α-tocopherol•) is formed. The α-tocopherol radical is subsequently reduced by ascorbic acid 
(asc. acid) or ubiquinol (UQH2, depicted on the left), resulting in formation of an ascorbic acid (asc. acid•) 
or ubisemiquinone radical (UQH•), respectively. Alternatively, UQH• is formed during the direct reduction 
of L-OO• or •NO2 by UQH2 (depicted on the right). UQH• reacts with O2 to form ubiquinone (UQ) as well 
as superoxide anion (O2

•–). UQ can be regenerated into UQH2 via reduction by the mitochondrial electron 
transport chain (ETC), but UQH2 is also synthesized endogenously from acetyl CoA via the mevalonate 
pathway (MP, upper right corner). In addition, UQ can undergo (auto-)oxidation (ox.) into inactive metabolites 
(lower right corner).

Upon oxidation, the regeneration of α-tocopherol relies on the reducing capacity of 
ascorbic acid or UQH2

134, whereas that of UQ depends on the reductive potential of the 
ETC136 or de novo synthesis from acetyl CoA via the mevalonate pathway134. However, 
hepatic ascorbic acid levels become depleted in rats fed a high-fat diet110, whereas 
the decline in UQ(H2) plasma levels in human NAFLD137 indicates a concomitant 
reduction in hepatic UQ(H2) content. Inasmuch as UQ is easily (auto-)oxidized into 
inactive metabolites138, excessive lipid peroxidation in NAFLD could be responsible 
for a reduction in intracellular UQ(H2) levels139, altogether debilitating the antioxidant 
defense machinery in membranes.

In sum, prevalent lipid peroxidation, a disrupted ω-6/ω-3 FA ratio, and a reduced 
antioxidative capacity contribute to the marked damage in steatotic livers compared 
to healthy livers following IR122,123.
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3.2. Proteins

Oxidation of proteins irreversibly impairs their structure and function. Generally, cells 
possess an effective machinery to cope with oxidized proteins, namely the 20S-pro-
teasome140. However, when the amount of oxidatively modified proteins becomes 
overwhelming, the extent of protein fragmentation and cross-linking increases140. This 
eventually leads to the formation of large protein aggregates, such as the Mallory bodies 
characteristic of NASH141, which are cytotoxic and resistant to proteolytic digestion140. 
The formation of protein aggregates in NAFLD is furthermore promoted by 4-HNE-me-
diated inhibition of the 20S-proteasome142. 

Proteins are irreversibly modified via three mechanisms (Figure 6, mechanisms 1–3). 
Firstly, the protein backbone is a target for oxidation by •OH via proton abstraction143 
(Figure 6, mechanism 1), which eventually results in cleavage of the protein backbone 
into carbonylated (R=O) fragments68. Secondly, MCR takes place at amino acids that 
chelate TMs (i.e., lysine, arginine, proline, threonine, histidine, leucine, and cysteine)68 
(Figure 6, mechanism 2), which, in the presence of H2O2 or peroxynitrite, results in 
carbonylation68 or nitration (R-NO2)69, respectively, of the TM-complexed amino acid. 
Thirdly, the aromatic moieties of tryptophan, tyrosine, phenylalanine, and histidine are 
preferred targets of peroxynitrite-derived radicals69 (Figure 6, mechanism 3), thereby 
generating hydroxylated (R-OH) or nitrated residues69. Of note, 3-nitrotyrosine consti-
tutes a reliable biomarker for the formation of RNS in vivo, e.g., peroxynitrite-derived 
•NO2

144. 

Accordingly, elevated levels of 3-nitrotyrosine and protein carbonyls have been mea-
sured in liver samples of NAFLD patients (Table 1) as well as in a mouse model of IR51. 
The consequences hereof likely contribute to the susceptibility of steatotic hepatocytes 
to IR injury, especially when these modifications affect antioxidant enzymes. Tyrosine 
nitration and histidine oxidation, for instance, are key events in the peroxynitrite-induced 
inactivation of MnSOD145 and copper-zinc-SOD146, respectively. The functional loss of 
these enzymes was found to contribute to the reduced antioxidative capacity in NAFLD 
livers103, which is likely to affect cell viability during IR (section 4). Moreover, reduced 
MnSOD activity was found in two mouse models of NAFLD despite a significant increase 
in MnSOD mRNA levels104, attesting to the fact that post-transcriptional modifications 
such as oxidation are responsible for the loss of MnSOD activity in NAFLD. 

Contrary to the abovementioned mechanisms of irreversible protein modification, 
oxidation of cysteine and methionine is reversible and as such constitutes the main 
redox mechanism in numerous antioxidant enzymes68 (Figure 6, mechanisms 4 and 
5). Oxidation of the cysteine thiol/thiolate (RSH/RS–, Figure 6, mechanism 4) by free 
radicals for instance accounts for the direct antioxidative properties of GSH, in which 
the thus formed thiyl radical (RS•) rapidly reacts with another GSH molecule to form 
glutathione disulfide (GSSG)2. Although GSSG can be reduced enzymatically by glu-
tathione reductase2, GSH stores are gradually depleted during persistent ONS2, which 
constitutes a cardinal feature of NAFLD (Table 1). In addition, the lipid peroxidation 
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product 4-HNE can form adducts with cysteine, histidine, and lysine120 (Table 1), leading 
to the formation of GSH-HNE conjugates. GSH-HNE conjugate levels were significantly 
higher in rats fed a high-fat diet compared to standard chow110, indicating that this 
process contributes to GSH depletion in NAFLD110. 

Figure	6.	Mechanisms	of	protein	oxidation.	Six mechanisms of protein oxidation are depicted (yellow bars 
and grey numbers, top and center). The species of ROS/RNS involved in each mechanism are listed above. 
The top scheme represents the protein backbone with the individual amino acids (an explanatory legend 
is depicted in the lower left corner) in which the polygonal/circular forms represent aromatic structures on 
the respective amino acid residues. The sites of oxidation by ROS/RNS are indicated with orange shading. 
The bottom scheme shows the structural changes following oxidation, also indicated with orange shading. 
Details on the reaction mechanisms are provided in the text.

Alternatively, H2O2 and peroxynitrite oxidize cysteine thiols via the formation of an 
intermediate sulfenic acid147 (RSOH, Figure 6, mechanism 5). In particular, the reac-
tion of protein sulfenic acids or nitrosothiols (RSNO, from the reaction with •NO148) 
with GSH2, known as S-glutathionylation (RSSG), constitutes an important process in 
the modulation of TNF-α signaling during ONS149,150 (section 4.2). Moreover, sulfenic 
acid formation is the working mechanism of H2O2 and peroxynitrite scavenging by 
peroxiredoxins64. Peroxiredoxin-4-overexpressing mice that were fed a high-fructose 
diet showed reduced levels of hepatic 4-HNE, serum MDA, and hepatic TNF-α mRNA 
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levels compared to their wild-type littermates151. Collectively, these findings highlight 
the importance of non-radical oxidant-scavenging enzymes with respect to ONS and 
inflammation in the context of NAFLD. 

However, the catalytic site of peroxiredoxins can be inactivated by overoxidation into 
sulfinic (R-SO2H) and ultimately sulfonic acids (R-SO3H)147 that reduces their antioxida-
tive capacity152, although the sulfinic acids on peroxiredoxin-1–4 can still be regenerated 
by sulfiredoxin153. Overoxidation and subsequent recuperation of peroxiredoxins was 
shown to occur in HeLa cells that were incubated with tert-butyl hydroperoxide (an 
inducer of acute oxidative stress), but complete recovery was slow and depended on 
both regeneration and de novo synthesis154. Accordingly, the non-radical oxidant-scav-
enging capacity of hepatocytes could be affected by overoxidation as a result of IR, 
particularly under conditions of steatosis due to the prevalent ONS. 

Another example of protein oxidation pertains to methionine, which contains a thiol 
group that can be oxidized into a methionine sulfoxide (RS=O) by various ROS/RNS155 
(Figure 6, mechanism 6). Although reversible, methionine sulfoxide formation is not 
benign per se as the oxidation of methionine-80 in cytochrome c activates its peroxidase 
activity156, which constitutes a key event in ONS-induced cell death157 (section 4.1). 
The detrimental effects that emanate from cytochrome c oxidation at methionine-80 
underscore the importance of the mitochondrial antioxidative machinery. Not only are 
mitochondrial antioxidants critical in preventing cell death during IR51 (section 4.1), but 
they are also responsible for the detoxification of ETC-derived ROS/RNS and thereby 
for deterring their diffusion into the cytosol2. However, the mitochondrial antioxidative 
defense system consists of a variety of antioxidants, including MnSOD158, GSH159, and 
peroxiredoxin-364, which can be (over)oxidized by ROS/RNS as addressed above. 
Moreover, the mitochondrial antioxidative capacity strongly depends on the cumulative 
actions of the individual antioxidants104. For instance, SOD-overexpressing mice that 
were fed a methionine- and choline-deficient diet were more susceptible to NASH 
because of concomitant mitochondrial GSH depletion and a consequent rise in H2O2 
levels despite a reduction in peroxynitrite formation104. Thus, modulation of a single 
component of the mitochondrial antioxidative defense system can exert inverse and 
undesirable effects on its overall function. 

Conclusively, the ONS in NAFLD likely contributes to attenuation of the overall cellular 
and particularly mitochondrial antioxidative capacity by (irreversibly) oxidizing critical 
amino acid residues in antioxidants, which renders steatotic hepatocytes more amena-
ble to IR damage. 

Pathophysiological	implications	of	ROS/RNS	in	NAFLD	and	IR
At a cellular level, there are two pivotal sites at which the interplay between NAFLD 
and IR takes place: the mitochondria and TNF-α signaling, both of which are strongly 
affected by ONS. In addition, two other sources of ROS/RNS, namely extramitochondrial 
FA oxidation and the unfolded protein response (UPR), have been described for NAFLD 
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that are not directly influenced by IR, but likely contribute to the ONS that sensitizes 
fatty livers to IR. Therefore, these will also be addressed. 

4.1. Mitochondria 

Under physiological conditions, mitochondria consume over 90% of cellular O2 in order 
to generate ATP via oxidative phosphorylation160. During oxidative phosphorylation, 
electrons derived from the oxidation of NADH and FADH2 are carried along complex 
I-IV of the ETC to eventually reduce O2 to H2O160. The transport of electrons enables 
movement of protons from the mitochondrial matrix across the inner mitochondrial 
membrane into the intermembrane space, thereby establishing an inward protonmotive 
force (Δp) that consists of a pH component (i.e., the transmembrane pH gradient, 
ΔpH) and an electrical component (i.e., the membrane potential, ΔΨ)161. The Δp-driven 
return of protons through ATP synthase provides the energy required to convert ADP 
into ATP160. However, a small fraction of the intramitochondrial oxygen is reduced to 
O2

•–, predominantly by complex I, which is favored at a high NADH/NAD+ ratio as well 
as a large Δp55. 

As mentioned in the introduction, mitochondria constitute an important source of hepato-
cellular ROS/RNS in NAFLD33. The basis hereof lies in the large amount of FFAs that are 
transported into the mitochondria to undergo β-oxidation33. This generates acetyl-CoA, 
which enters the tricarboxylic acid cycle to reduce NAD+ and FAD162. Subsequently, as 
the NADH/NAD+ ratio and Δp increase, so does the production of O2

•– 55. 

In NAFLD, ROS/RNS formation is further enhanced by the accumulation of nonesterified 
cholesterol in the mitochondrial membranes, which reduces their fluidity and hinders the 
transport of GSH into the mitochondrial matrix163. Moreover, 4-HNE can form adducts 
with histidine residues in the catalytic center of complex IV, significantly reducing its 
activity164. Accordingly, when complex IV is inhibited, so is the electron transport in 
the preceding complexes, leading to an increase in the NADH/NAD+ ratio and hence 
O2

•– formation55. Although the activity of purified complex IV in the presence of 4-HNE 
could be preserved when GSH was added164, the mitochondrial GSH depletion that 
concurs with NAFLD127,163 likely promotes the 4-HNE-dependent inactivation of complex 
IV. Thus, ONS and mitochondrial GSH depletion further contribute to the generation of 
(mitochondrial) ROS/RNS in NAFLD. 

Mitochondria respond to this metabolic stress by expressing mitochondrial uncoupling 
protein 2 (UCP2)165. While UCP2 is normally undetectable in hepatocytes, it is expressed 
in response to high levels of nonesterified PUFAs via activation of the nuclear receptor 
peroxisome proliferator-activated receptor α (PPARα)165,166. UCP2 establishes a proton 
leak over the inner mitochondrial membrane that lowers Δp and hence the formation of 
O2

•– 55, which implies that UCP2 induction alleviates mitochondrial ONS. Along these 
lines, the degree of proton conductance through UCP2 is directly and proportion-
ally controlled by the amount of O2

•– generation in mitochondria via the formation of 
4-HNE74. These findings indicate that UCP2 activity increases parallel to mitochondrial 
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O2
•– formation in NAFLD and as such functions as a means to prevent excessive ONS. 

Corroboratively, UCP2 mRNA and protein expression was observed in hepatocytes 
of steatotic ob/ob mice in contrast to healthy controls, in which UCP2 mRNA was not 
expressed167. Although intended as an antioxidative mechanism, the expression of 
UCP2 in steatotic hepatocytes introduces a detrimental side effect with respect to 
mitochondrial energy metabolism. Because ETC uncoupling occurs at the expense of 
Δp, the mitochondrial ATP synthesizing capacity becomes impaired160, which explains 
the low basal ATP levels that were measured in ob/ob mice167. Moreover, basal ATP 
levels inversely correlate to body mass index in humans168,169, even in subjects that 
are clinically unlikely to suffer from NASH169, indicating that UCP2 expression might 
already occur in earlier stages of NAFLD. 

Although the negative effects of UCP2 expression on ATP generation are normally 
quiescent167,170, they surface when energy demands increase. For instance, NASH 
patients that were subjected to a fructose (i.e., ATP-depleting) challenge showed 
significantly reduced ATP repleting capacity168. The negative effect of UCP2 on the 
mitochondrial ATP-generating capacity becomes even more pronounced when the 
liver is subjected to IR. During ischemia, the lack of O2 forces hepatocytes to switch 
to anaerobic glycolysis to generate ATP171. However, due to the limited ATP yield from 
anaerobic respiration compared to oxidative phosphorylation, cellular ATP/ADP stores 
gradually become depleted111 while cessation of ETC activity increases the NADH/
NAD+ ratio111. The high NADH/NAD+ ratio subsequently fuels the acute burst in complex 
I-dependent mitochondrial O2

•– formation55 upon reoxygenation (i.e., reperfusion)172. 

In line with the previous, transient S-nitrosylation (i.e., inactivation) of complex I during 
the hyperacute phase of reperfusion, which is a result of the intramitochondrial formation 
of •NO from exogenously administered nitrite during hypoxia, significantly attenuated 
parenchymal damage in a mouse model of IR75. This beneficial effect was attributed to 
a reduction in mitochondrial H2O2 formation and improved ATP synthesis during early 
reperfusion, which was based on observations made in nitrite- and vehicle-treated rat 
liver mitochondria that were subjected to in vitro anoxia-reoxygenation75. Additionally, 
compared to healthy hepatocytes, steatotic hepatocytes are challenged in neutraliz-
ing the high levels of oxidants and in restoring ATP reserves during early reperfusion 
because of mitochondrial antioxidant depletion and ETC uncoupling127, which has two 
major consequences. 

Firstly, ATP depletion impairs the function of ion transporters in the plasma membrane, 
including the Na+/K+ ATPase, which leads to an increase in cytosolic [Na+] during 
ischemia173. In response, the Na+/Ca2+ antiporter starts working in reverse, reducing 
intracellular [Na+] at the expense of a rise in [Ca2+]. This Ca2+ freely enters the mitochon-
dria during repolarization (i.e., reperfusion), where it induces mitochondrial permeability 
transition (MPT)174,175. MPT encompasses the formation of membrane pores that allow 
free movement of small solutes between the mitochondrial matrix and cytosol175. During 
MPT, cytochrome c translocates from the inner mitochondrial membrane to the cytosol, 
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where it activates caspase 9 to initiate apoptosis176. ATP/ADP depletion177 and ONS178 
greatly lower the threshold for MPT. Specifically, ROS/RNS oxidize vicinal cysteine 
residues on the adenine nucleotide translocator, one of the MPT pore components, 
which augments its sensitivity to Ca2+ 179. Moreover, peroxynitrite-dependent tyrosine 
nitration was shown to directly promote oligomerization and channel activity of the 
voltage-dependent anion channel protein, another MPT pore component, in cardiac 
IR180. In addition, a complex I-dependent reduction in mitochondrial ROS formation 
(described above) elicited protection against Ca2+-induced MPT in isolated rat liver 
mitochondria that were subjected to in vitro anoxia-reoxygenation75, collectively attesting 
to the role of ROS/RNS in MPT induction.

In addition to MPT induction, ROS/RNS play a pivotal role in the release of cytochrome c 
by switching on its peroxidase activity156 (section 3.2) and enabling the subsequent per-
oxidation of cardiolipin157, a phospholipid with LA side chains that anchors cytochrome 
c into the inner mitochondrial membrane157,176. Formation of cardiolipin-hydroperoxide 
(CL-OOH) is essential for the release of cytochrome c from mitochondria because it 
disrupts the hydrophobic cardiolipin-cytochrome c interaction176 and destabilizes the 
lipid bilayer, thereby promoting Bax-dependent permeabilization of the outer mito-
chondrial membrane181 (section 4.2). Taken altogether, the prevailing ONS in steatotic 
hepatocytes likely predisposes mitochondria to MPT and cytochrome c release during 
IR, causing mitochondria to initiate cell death programs. 

Secondly, the cytochrome c-dependent activation of caspase 9 and subsequent 
apoptosis can only take place when ATP levels are at least 15–20% of physiological 
baseline182. When the energy status drops below these levels, hepatocytes are unable 
to maintain cellular ion homeostasis, which leads to osmotic swelling and ultimately 
oncotic necrosis182. Also, when ATP levels become insufficient during apoptotic signal-
ing, the cell averts to secondary necrosis182. Given the low basal ATP levels167,170 and 
uncoupling of the ETC127,167 in steatotic hepatocytes, the cells are more likely to undergo 
(secondary) necrosis than healthy cells upon MPT170. This is particularly important in 
the context of IR injury, as necrotic cells are highly immunogenic34. As a consequence, 
KC activation and leukocyte chemotaxis will be more pronounced, giving rise to the 
extensive tissue damage observed in various mouse models of fatty liver IR130,163. In 
that respect, UCP2-dependent ATP depletion in particular has been correlated to the 
poor response of NASH-affected rat127 and mouse170 livers to IR. However, the role of 
this phenomenon in the more prevalent NAFL requires more research.

Taken altogether, the metabolic perturbations in NAFLD negatively influence hepatocyte 
viability during IR through mitochondrial pathways. Firstly, prevalent mitochondrial 
ONS favors MPT induction and cytochrome c release during IR. Secondly, because 
UCP2 expression impairs ATP production, cells are more likely to undergo necrosis 
than apoptosis following MPT. The consequent exacerbation of DAMP release during 
reperfusion likely augments the severity of the inflammatory response and corollary 
parenchymal damage in steatotic versus healthy livers.
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TNF-α is a pleiotropic cytokine that is released by a plethora of (liver) cell types in 
response to inflammatory stimuli19. In addition to its ability to elicit (hepatic) insulin 
resistance183, TNF-α is a strong chemoattractant for leukocytes184 and a potent iNOS 
inducer93. Via its pro-inflammatory effects, TNF-α not only mediates the progression 
of NAFL to NASH36 but also contributes significantly to IR injury184,185. Nevertheless, 
TNF-α has a dual effect on hepatocytes because it simultaneously activates a multi-
branched death signaling cascade as well as a proliferative ‘survival’ pathway186. In 
addition, much attention has recently been directed towards the ability of TNF-α to 
induce a novel, programmed form of necrosis187. In fatty livers, the prevailing ONS likely 
directs hepatocytes towards TNF-α-mediated cell death rather than survival during IR. 

Shortly after binding TNF-α, the cytosolic domain of the TNF-α receptor-1 recruits TNF-α 
receptor-associated protein with death domain (TRADD), TNF-α receptor-associated 
factor 2, and receptor-interacting kinase 1 (RIP1) to form the plasma membrane-bound 
complex 1188 (Figure 7). Complex 1 initiates the survival signaling pathway, which 
depends on the activation of NF-κB188 as well as two branches of the trinomial death 
signaling cascade, one of which is activated by JNK phosphorylation (i.e., activation)186 
and the other by ceramide formation189. Thereafter, part of complex I dissociates from 
the cytosolic receptor domain to form complex 2, which mediates the third branch of 
the death signaling cascade188. The ultimate direction of these opposing signaling 
cascades, i.e., whether hepatocytes will proliferate or die following stimulation with 
TNF-α, is strongly influenced by ONS186. 

The first branch of the death signaling cascade is initiated by activation of the mito-
gen-activated protein kinase cascade by complex 1, which consists of apoptosis 
signal-regulating kinase 1 (ASK1), mitogen-activated protein kinase kinase 4/7, and 
finally phorsphorylation of JNK186 (Figure 7, pathway A). Phosphorylated JNK causes 
ONS by inducing mitochondrial O2

•– formation via an unknown mechanism29,190 as well 
as via degradation of ferritin, which augments the LIP191 (section 2.2). Moreover, ROS/
RNS sustain JNK phosphorylation by directly activating ASK128. Specifically, oxidation 
of thioredoxins that constitutively bind to ASK1 allows for their dissociation, which 
enables ASK1 phosphorylation and downstream JNK phosphorylation28. The existence 
of this positive feedback loop allows for sustained JNK activity, ONS, and ultimately 
necrosis192. Accordingly, JNK-dependent ROS/RNS formation and MPT induction were 
observed in primary hepatocytes in which mitochondrial GSH had been depleted190, 
such as fatty hepatocytes127, as well as in fibroblasts in which NF-κB was selectively 
inhibited29,193 - an ONS-dependent effect that is likely to occur in NAFLD (discussed 
below). Moreover, selective inhibition of JNK significantly reduced liver damage in rat 
models of warm185 and cold IR194. These findings point to phosphorylated JNK as an 
important mediator of IR injury, an effect that is likely to be even more prominent in 
NAFLD because of the prevalent ONS. 
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Figure	7.	TNF-α	signaling	in	hepatocytes.	Following tumor necrosis factor α (TNF-α) binding to TNF-α 
receptor-1 (TNFR1), TNF-α receptor-associated protein with death domain (TRADD), TNF-α receptor-as-
sociated factor 2 (TRAF2), and receptor-interacting kinase 1 (RIP1) are assembled at the cytosolic domain 
of TNFR1 to form complex 1 (top center). Complex 1 subsequently initiates two branches of the trinomial 
death signaling cascade via the phosphorylation of c-Jun N-terminal kinase (JNK, pathway A) as well as 
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In addition, complex 1 initiates the second branch of the death signaling cascade via 
the activation of acid sphingomyelinase, which hydrolyzes the membrane sphingo-
phospholipid sphingomyelin to form ceramide189 (Figure 7, pathway B). The subsequent 
accumulation of ceramide accelerates the synthesis of ganglioside GD3 in the ER, 
which enters mitochondria because of their physical continuity with the ER195 where 
it promotes O2

•– formation at complex III196. Ceramide accumulation could therefore 
contribute to ONS in NAFLD when TNF-α is involved, although conclusive evidence 
is unavailable at this point197. Nevertheless, inhibition of acid sphingomyelinase by 
impipramine led to a reduction in parenchymal damage in a mouse model of IR, 
suggesting that ceramide accumulation contributes to TNF-α-dependent ROS/RNS 
formation and cell death in IR198. 

At a later time-point (> 2 hours) following TNF-α stimulation, the third branch of the death 
signaling cascade is activated188 (Figure 7, pathway C). Complex 1-derived TRADD and 
RIP1 bind Fas-associated protein with death domain, procaspase 8, and RIP3, which 
leads to the formation of complex 2188. Complex 2 subsequently releases activated 
caspase 8, which silences the RIP1/RIP3 complex and cleaves the Bcl-2 protein Bid into 
tBid199. Thereafter, tBid induces mitochondrial permeabilization via oligomerization of its 
Bcl-2 family members Bak and Bax in the outer mitochondrial membrane200, a process 
facilitated by CL-OOH181, that allows for the release of cytochrome c and initiation of 
apoptosis200. At this point the three branches of the death signaling cascade converge, 
since the JNK/ceramide-mediated mitochondrial formation of ROS/RNS is necessary for 
the formation of CL-OOH and detachment of cytochrome c from the inner mitochondrial 
membrane, i.e., events that are necessary for the initiation of apoptosis176 (section 4.1).

the accumulation of ceramide and the subsequent increase in ganglioside GD3 (GGD3) synthesis (pathway 
B). Both routes increase mitochondrial O2

•– formation (bottom panel), although the exact mechanism of 
JNK-mediated O2

•– formation remains elusive (dashed line). The formation of derivative ROS/RNS from 
O2

•– and corollary activation of cytochrome c peroxidase activity subsequently leads to the dissociation of 
cytochrome c from the inner mitochondrial membrane (IMM, bottom panel), a perquisite for apoptosis. In 
addition, sustained JNK-dependent ROS/RNS formation leads to MPT and necrosis. 

At the same time, complex I triggers survival signaling via activation of the IκB kinase (IKK) complex (pathway 
D, top right), which phosphorylates IκB-α (nuclear factor of κ light polypeptide gene enhancer in B cells 
inhibitor α). This allows for the dissociation of IκB-α from NF-κB (nuclear factor κ-light-chain-enhancer 
of activated B cells) and its translocation to the nucleus to initiate the transcription of anti-apoptotic and 
antioxidative genes. At a later time point, TRADD and RIP1 dissociate from complex 1 and associate with 
Fas-associated protein with death domain (FADD), procaspase 8, and receptor-interacting kinase 3 (RIP3) 
to form complex 2 (upper left corner). Complex 2 mediates the third branch of the death signaling cascade 
(pathway C) by activating caspase 8, which subsequently truncates Bid into tBid. Thereafter, tBid induces 
permeabilization of the outer mitochondrial membrane (OMM) via the accumulation of Bax and Bak, which 
allows for the release of cytochrome c into the cytosol (bottom panel and top left) and consequent induction 
of apoptosis. When caspase 8 is inhibited by ROS/RNS, the RIP1/RIP3 complex (top left) fuels mitochondrial 
ROS/RNS production via upregulation of the tricarboxylic acid (TCA) cycle and inhibition of the adenine 
nucleotide translocator (ANT) in the IMM (bottom panel), which eventually leads to MPT and necrosis.
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However, when caspase 8 is inactivated in fibroblasts, the RIP1/RIP3 complex triggers 
MPT-dependent necrosis rather than apoptosis via upregulation of the tricarboxylic acid 
cycle201, resulting in an increased NADH/NAD+ ratio and hence mitochondrial ROS/
RNS formation55 as well as ATP depletion due to inhibition of the adenine nucleotide 
translocator202. Considering that the active site of caspase 8 is a cysteine that is sus-
ceptible to reversible oxidation and hence inactivation by H2O2 in vitro203 and possibly 
also peroxynitrite147, the activity of caspase 8 is likely to be directly dependent on the 
cytosolic redox status. Therefore, severely oxidatively/nitrosatively stressed cells could 
be more likely to undergo necrosis than apoptosis when stimulated by TNF-α because 
of oxidative caspase 8 inactivation. 

As mentioned previously, complex 1 activates a survival pathway parallel to the death 
signaling cascade186 (Figure 7, pathway D). The survival pathway is initiated by activation 
of the IκB kinase complex, which subsequently phosphorylates IκB-α (nuclear factor 
of κ light polypeptide gene enhancer in B cells inhibitor α)204. Phosphorylation of IκB-α 
allows for its dissociation from NF-κB, which subsequently translocates to the nucleus to 
initiate the transcription of anti-apoptotic and antioxidative proteins such as MnSOD205, 
the ferritin heavy chain206, and c-FLIP (cellular FLICE-like inhibitory protein)207. When 
sufficiently activated, the effects of NF-κB impede the death signaling cascade so 
effectively that, without its inhibition, the transcription of antioxidative (e.g., MnSOD 
and ferritin) and anti-apoptotic proteins (e.g., c-FLIP) swiftly abrogates the effects of 
phosphorylated JNK and complex 2, respectively207. 

The activity of NF-κB is, however, inhibited by S-glutathionylation of a specific cysteine 
on the β-subunit of the IκB kinase complex, which impairs IκB-α phosphorylation149 and 
hence its dissociation from NF-κB, as well as a cysteine on the p50 subunit of NF-κB 
itself, which inhibits NF-κB binding to DNA and subsequent transcription of target 
genes150. Accordingly, primary hepatocytes that are incubated with ONS-inducing 
agents such as glucose oxidase, which generates H2O2, antimycin, which inhibits 
the ETC at complex III, or diamide, which depletes GSH, undergo either apoptosis 
or necrosis following stimulation with TNF-α, depending on the extent to which the 
stressors were applied208. Inhibition of IκB-α phosphorylation and suppressed trans-
location of NF-κB to the nucleus were proposed as causative factors of the observed 
effects208. As mentioned before, cytosolic ONS occurs in NAFLD as a direct effect 
of extramitochondrial FA oxidation209 (section 4.3.1) and as an indirect effect of mito-
chondrial GSH depletion127, which facilitates the efflux of ROS/RNS into the cytosol2. 
Thus, whereas the viability of healthy hepatocytes is not affected by TNF-α because 
of adequate activation and unimpaired signaling of NF-κB193, oxidatively/nitrosatively 
stressed steatotic hepatocytes that are stimulated with TNF-α have a predilection 
for apoptosis45 because of NF-κB inhibition (Figure 8). Accordingly, apoptosis is a 
prominent feature of NASH210. Moreover, when acute intensification of ONS occurs 
in combination with severe ATP depletion, as for instance during IR111, additional 
modulation of the death signaling cascade in the form of caspase 8 inactivation and 
sustained JNK phosphorylation likely directs steatotic hepatocytes towards necrotic 
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rather than apoptotic cell death upon stimulation with TNF-α (Figure 8). Considering 
that TNF-α is profusely secreted during IR185, pervasive parenchymal necrosis is likely 
to occur in IR-subjected fatty livers. 

Figure	8.	Relation	between	intracellular	redox	status	and	activity	of	effectors	of	TNF-α	signaling. 
The outcome of TNF-α signaling in hepatocytes (i.e., proliferation/survival, apoptosis, or necrosis, Figure 
7) is strongly influenced by the intracellular redox status, which can range from highly reduced (in green) 
to severely oxidized (in red). The graph depicts how the activity of key components of the TNF-α signaling 
cascade, i.e., c-Jun N-terminal kinase (JNK), caspase 8, and NF-κB (nuclear factor κ-light-chain-enhancer 
of activated B cells) are influenced by the intracellular redox status. When the intracellular environment is 
sufficiently reduced, the effects of NF-κB will prevail, resulting in cell proliferation/survival. However, if the 
cellular redox status shifts towards a more oxidized state, NF-κB signaling is inhibited such that activated JNK 
and caspase 8 signal transduction pathways can be actualized, resulting in apoptosis. When the intracellular 
environment becomes severely oxidized, ROS/RNS-dependent necrotic cell death ensues because of the 
sustained activation of JNK and possibly caspase 8 inactivation.

Taken altogether, TNF-α is an important factor in the interplay between NAFLD and 
IR in which ONS sensitizes hepatocytes to cell death rather than proliferation upon 
stimulation with TNF-α. Whereas TNF-α is a confirmed inducer of apoptosis in NAFLD, 
the preferred mode of cell death shifts towards necrosis when fatty livers are subjected 
to severe ONS in combination with high levels of TNF-α and depletion of intracellular 
energy stores, all cardinal features of IR. 

Other	sources	of	ROS/RNS	in	NAFLD
4.3.1. Extramitochondrial FA oxidation

Mitochondria are supported in the oxidation of FAs by peroxisomal β- and microsomal 
ω-oxidation, pathways that are controlled by PPARα32 (Figure 9). Peroxisomal β-oxi-
dation is mainly responsible for shortening very long chain FAs that cannot be directly 
processed by mitochondrial β-oxidation32. Microsomal ω-oxidation, located in the ER 
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and normally a minor contributor to FA oxidation, involves ω-hydroxylation of medium 
and long chain FAs32. This reaction, which is catalyzed by CYP4A enzymes, generates 
dicarboxylic acids that are further metabolized by peroxisomal β-oxidation32,61. In 
addition, ketone-containing catabolites produced through mitochondrial β-oxidation 
as well as the FAs AA and lauric acid are processed by another member of the CYP 
family, namely CYP2E1211. In contrast to the other pathways, CYP2E1 is not regulated by 
PPARα, but is induced by several other NAFLD-related phenomena such as increased 
levels of saturated FAs, insulin resistance, ketosis, and obesity211,212. 

Figure	9.	Pathways	of	fatty	acid	oxidation	in	hepatocytes.	In NAFLD, activation of the transcription factor 
peroxisome proliferator-activated receptor α (PPARα, orange shading) induces upregulation of the enzymes 
fatty acyl-CoA oxidase (AOX) and cytochrome P450 4A (CYP4A) in peroxisomes and the endoplasmic retic-
ulum (ER), respectively. CYP4A catalyzes ω-oxidation of medium- and long-chain fatty acids (MCFAs and 
LCFAs, respectively), as a result of which dicarboxylic acids (DCAs) as well as O2

•– and H2O2 are formed. 
AOX is the first enzyme in the peroxisomal β-oxidation system that converts (very) LCFAs (VLCFAs) as well 
as ER-derived DCAs into MCFAs, during which H2O2 is formed. MCFAs as well as LCFAs are transported 
into the mitochondria to undergo β-oxidation. However, when the mitochondrial β-oxidation system is over-
whelmed with substrate, O2

•– is formed as well as ketone-containing catabolites (KCCs) that subsequently 
diffuse into the cytosol. KCCs are metabolized into glucose by CYP2E1, which is induced in response to 
various NAFLD-related stimuli such as increased levels of saturated fatty acids (SFAs). In addition, CYP2E1 
selectively catalyzes ω-oxidation of the FAs arachidonic acid and lauric acid (dashed line), producing O2

•– 
and H2O2 as byproducts. The ROS produced during these processes can form secondary and tertiary ROS/
RNS derivatives (section 3) that are capable of oxidizing biomolecules (section 3).
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Like the mitochondrial pathway, extramitochondrial FA oxidation also generates ROS 
as byproducts. All CYP enzymes possess a heme center that catalyzes the mono-oxy-
genation of substrate(s) using O2 and electrons derived from the oxidation of NADPH56. 
However, at different stages of the catalytic cycle, oxygen can be prematurely released 
from the reduced complex, thereby generating O2

•– or H2O2
56. It is likely that peroxynitrite 

is also formed when iNOS is concomitantly induced (section 2). Insofar as CYP2E1 
is known to be the most inefficient or ‘leaky’ isoform, it generally exhibits the largest 
ROS-generating potential213. In addition to the microsomal pathway, H2O2 is formed 
in the first step of peroxisomal β-oxidation, which is catalyzed by the FAD-containing 
enzyme AOX61. In this reaction, AOX oxidizes fatty acyl CoA to enoyl CoA, whereby 
the FAD subunit of AOX is reduced to FADH2. To regain catalytic activity, FADH2 is 
oxidized to FAD in the presence O2, reducing O2 to H2O2

214.

Although all extramitochondrial pathways constitute a source of ROS and possibly RNS, 
much attention has been focused on CYP2E1 as a contributor to ONS in NAFLD212. Not 
only is the ability of microsomes to oxidize lipids strongly inhibited by specific CYP2E1 
antiserum215, but CYP2E1-null mice fed a high-fat diet showed significantly lower levels 
of MDA and protein carbonyls as well as reduced JNK phosphorylation compared 
to wild type controls209. The increased activity of CYP2E1 in NAFLD has also been 
confirmed in patients. CYP2E1 protein levels are increased in NASH-affected livers 
compared to matched controls216. Also, an increased CYP2E1 to total CYP protein ratio 
was reported for patients with NASS103, collectively attesting to the fact that CYP2E1 
contributes to the ONS observed in NAFLD212. 

Furthermore, PPARα activation by non-esterified PUFAs is expected to contribute to 
ONS via the induction of CYP4A enzymes and peroxisomal β-oxidation61 (Figure 9). 
However, a PPARα agonist (Wy-14,634) actually attenuated fibrosis in mice that were 
fed a methionine and choline-deficient diet, despite increased CYP4A expression217. 
Moreover, mice nullizygous for AOX, the H2O2-generating enzyme in peroxisomal β-ox-
idation, spontaneously develop severe steatohepatitis due to the inability to metabolize 
very long chain FAs, which accumulate, and dicarboxylic acids218, which damage 
mitochondria61. The ability of PPARα to increase FA metabolism32, which prevents 
dicarboxylic acid-dependent mitochondrial dysfunction as well as accumulation of 
peroxidizable PUFAs61, and to induce UCP2 expression, which reduces mitochon-
drial ROS/RNS formation (section 4.1), actually curtails ONS despite the concomitant 
upregulation of ROS-producing enzymes217. 

Collectively, these findings indicate that peroxisomal β-oxidation and CYP4A are sources 
of ONS in NAFLD. However, the beneficial effects of inhibiting these ROS-producing 
pathways are outweighed by the corollary accumulation of harmful substrates (e.g., 
dicarboxylic acids). Moreover, ample evidence points to the PPARα-independent 
CYP2E1 as a significant contributor to cytosolic ONS in NAFLD.
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4.3.2. Unfolded protein response

Another potential source of ROS/RNS in NAFLD is the UPR, which is triggered by 
proteins that are incorrectly assembled and/or processed by the ER, generally resulting 
from the inability of the ER to deal with perturbations in cellular homeostasis (i.e., ER 
stress)219. In NAFLD, ER stress results from elevated levels of saturated FAs220 and 
ONS221, which is underpinned by the causal relationship between obesity and ER 
stress222. The ER has three sensors that initiate the UPR: inositol-requiring enzyme 
1α, activating transcription factor 6, and PERK (double-stranded RNA-dependent 
protein kinase-like ER kinase)223. Of these three, increased phosphorylation of the 
PERK-regulated transcription factor eukaryotic initiation factor 2 α (eIF2α) has been 
observed in both NASS- and NASH-affected patients224, confirming that the UPR is 
activated in the fatty liver. 

The UPR likely contributes to ONS in NAFLD via three routes. Firstly, the redox-active 
enzymes protein disulfide-isomerase (PDI) and ERO1 constitute a source of ROS. PDI 
and ERO1 regulate protein tertiary structure by catalyzing the formation of intramolec-
ular disulfide bridges225. In the terminal step of this redox process, the FADH2 subunit 
on ERO1 reduces O2 to H2O2 and thus regains its oxidizing potential62. When the ER 
protein folding demand rises during ER stress, ERO1 and PDI enter a perpetuating 
cycle of what has been described as ‘futile refolding attempts’226, hereby amplifying 
H2O2 formation221. Secondly, ER stress leads to Ca2+ translocation from the ER to the 
mitochondrial matrix225, causing increased mitochondrial ROS/RNS formation due to 
Ca2+-dependent upregulation of the tricarboxylic acid cycle227, which can induce MPT 
when the rise in intramitochondrial Ca2+ is sizeable enough228. Thirdly, inositol-requiring 
enzyme 1α activates JNK229, as has been confirmed in NASH-affected human livers224. 
Given the fact that activated JNK stimulates mitochondrial ROS formation29 (section 
4.2), these findings not only point to ER stress as a source of ROS/RNS in NAFLD 
but also as a direct contributor to its development since phosphorylated JNK induces 
insulin resistance183 (section 1.1).

Normally, PERK concomitantly mobilizes an antioxidant salvage pathway to curtail 
its own effects230,231. In NASS and NASH-affected patients, however, there was no 
increased action of activating transcription factor-4224, which is controlled by the PERK-
eIF2α signaling axis and normally replenishes the antioxidant reserves, e.g., by increas-
ing the cellular GSH pool231. Considering that the ER typically consumes the newly 
formed GSH to reduce the disulfide bonds of incorrectly assembled proteins232, the 
failure to upscale GSH synthesis not only impacts the cellular antioxidative capacity, 
but also further increases ER stress and ROS production. Although PERK is able to 
augment the antioxidative capacity via activation of the antioxidant response gene Nrf2 
(nuclear factor (erythroid-derived 2)-like 2)230, which has been confirmed in NAFLD-af-
fected human livers233, its beneficial effects are likely insufficient to effectively combat 
the concomitant ONS233,234.
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In conclusion, the UPR contributes to cytosolic as well as mitochondrial ROS/RNS 
production, while the concurrent induction of antioxidative defenses either fails or is 
inadequate in countering the ONS.

CONCLUSIONS

The exuberant formation of ROS/RNS is a cardinal feature of NAFLD as well as IR and, 
although the underlying pathological processes differ, several ROS/RNS-mediated 
effects are common in both conditions. At the molecular level, H2O2 and peroxynitrite 
are important sources of toxic derivative radicals, particularly in the presence of free 
Fe2+, which initiates (per)oxidation of lipids and proteins that leads to depletion of the 
intracellular antioxidative capacity, functional impairment of biomolecules, and the 
formation of toxic metabolites.

At a cellular level, ONS predisposes steatotic hepatocytes to apoptotic and necrotic 
cell death. UCP2-dependent ATP depletion and ONS render the mitochondria of fatty 
hepatocytes prone to MPT, which becomes especially relevant during IR. Consequently, 
DAMP release, KC activation, and leukocyte chemotaxis will be more prolific, prompting 
severe extracellular ONS and TNF-α release that ultimately culminate in widespread 
parenchymal necrosis. 

ROS/RNS predispose the fatty liver to more severe IR injury via a plethora of damaging 
effects. Notably, these effects emanate from specific (bio)chemical mechanisms that 
can serve as targets for interventions aimed at reducing ONS-mediated liver injury. 
Much research so far has been devoted to the role of ONS and mitochondrial uncou-
pling in either NAFLD or IR, whereas only few papers address the interplay between 
both conditions122,127,130,132,163,170. Therefore, more research on this topic is warranted 
given the increasing prevalence of NAFLD and corollary rise in surgical interventions 
in patients with fatty livers. 
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ABSTRACT
 
Oxidative stress, a state in which intra- or extracellular oxidant production outweighs the 
antioxidative capacity, lies at the basis of many diseases. DCFH2-DA (2 ,ʹ7ʹ-dichlorodi-
hydrofluorescein diacetate) is the most widely used fluorogenic probe for the detection 
of general oxidative stress. However, the use of DCFH2-DA, as many other fluorogenic 
redox probes, is mainly confined to the detection of intracellular oxidative stress in vitro. 
To expand the applicability of the probe, an alkaline hydrolysis and solvent extraction 
procedure was developed to generate high-purity DCFH2 (2 ,ʹ7ʹ-dichlorodihydorfluo-
rescein) from DCFH2-DA using basic laboratory equipment. Next, the utility of DCFH2 
was exemplified in a variety of cell-free and in vitro redox assay systems, including 
oxidant production by transition metals, photodynamic therapy, activated macrophages 
and platelets as well as the antioxidative capacity of different antioxidants. In cells, 
the concomitant use of DCFH2-DA and DCFH2 enabled the measurement and com-
partmentalized analysis of intra- and extracellularly produced oxidants, respectively, 
using a single read-out parameter. Furthermore, hepatocyte-targeted liposomes were 
developed to deliver the carboxylated derivative, 5(6)-carboxy-DCFH2, to hepatocytes 
in vivo. Liposome-delivered 5(6)-carboxy-DCFH2 enabled real-time visualization and 
measurement of hepatocellular oxidant production during liver ischemia-reperfusion. 
The liposomal 5(6)-carboxy-DCFH2 can be targeted to other tissues where oxidative 
stress is important, including cancer.
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INTRODUCTION

Oxidants in the form of reactive oxygen or nitrogen species (ROS or RNS), transi-
tion metals, and peroxidases are extensively studied because of their involvement in 
numerous health and disease states. To this end, redox-sensitive fluorogenic probes 
are commonly employed because of their low cost, relative non-toxicity, and easy 
application1,2. Of the commercially available probes, 2 ,ʹ7ʹ-dichlorodihydrofluorescein 
diacetate (DCFH2-DA) is the most widely used. Following diffusion across the plasma 
membrane, esterases cleave the acetate groups to generate the more hydrophilic 
2 ,ʹ7ʹ-dichlorodihydrofluorescein (DCFH2) that is retained in the cytosol. Oxidation of 
DCFH2 yields the highly fluorescent 2 ,ʹ7ʹ-dichlorofluorescein (DCF, λex = 503 nm, λem = 
523 nm) that can be measured spectrofluorometrically (Figure 1A). DCFH2 reacts with 
a wide array of oxidants, albeit at different reaction constants2,3. The probe is therefore 
an ideal indicator of redox shifts and general oxidative stress.

Figure 1. Panel A shows the structure of 2’,7’-dichlorodihydrofluorescein diacetate (DCFH2-DA, non-flu-
orescent), its deacetylated derivative 2’,7’-dichlorodihydrofluorescein (DCFH2, non-fluorescent), and its 
oxidized end-product 2’,7’-dichlorofluorescein (DCF, fluorescent). Panel B indicates the standard operating 
procedure for the preparation and purification of DCFH2 (detailed in online supplemental section S–VIII). 

Because of its hydrophilicity and consequent membrane impermeability, DCFH2 holds 
unique benefits over DCFH2-DA in terms of detecting extracellularly formed oxidants 
as well as its potential for targeted delivery, e.g., through encapsulation in liposomes. 
DCFH2 can be prepared from its parent compound DCFH2-DA though alkaline hydro-
lysis. Methods for the preparation of DCFH2 from DCFH2-DA have been described by 
others3-8, but the reaction conditions have never been optimized and the end-product 
has never been completely characterized. Moreover, DCFH2 prepared through these 
methods needed to be used immediately due to its limited stability in aqueous solvent 
and contained residual salts from the hydrolysis step, rendering it unsuitable for some 
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assays. To overcome these limitations, a simple and fast alkaline hydrolysis and liquid 
two-phase extraction method was developed and optimized (Figure 1B). 

The method presented here yields high-purity, stable DCFH2 that can be dissolved in 
different organic solvents depending on its intended use. As a result, the probe has 
a long shelf life and can be employed in multifarious assays, as is exemplified below. 
The preparation procedure take less than 2 h and can be performed in any laboratory 
with standard reagents and equipment at minimal cost. Moreover, the method can 
be applied to prepare the more hydrophilic 5(6)-carboxy-DCFH2 (CDCFH2) from its 
commercially available diacetylated precursor. CDCFH2 can be used in liposomal 
formulations for selective delivery of the probe to target tissues, such as the liver or 
solid tumors, to intravitally measure oxidative stress in vivo. For these purposes, a 
selectively hepatotargeted liposomal probe delivery system was developed to visualize 
and quantify hepatocellular oxidant formation. The proof-of-concept is provided here 
for hepatic ischemia-reperfusion. 

EXPERIMENTAL
 
A concise description of the preparation of DCFH2 from DCFH2-DA is provided here. The 
standard operating procedure as well as all other materials and methods are detailed 
in the online Supplemental Information, indicated by the prefix ‘S–.’ The standard 
operating procedure is described in S–VIII.

Step 1: deacetylation of DCFH
2
-DA

DCFH2 was prepared from DCFH2-DA by alkaline hydrolysis of the acetate groups 
(Figure 1A). The deacetylation of DCFH2-DA at increasing concentrations of NaOH 
was assessed by absorption spectroscopy (S–II) and thin layer chromatography (S–III). 
From these experiments, it was concluded that the optimal NaOH concentration for 
DCFH2-DA deacetylation was 0.1 M. 

Step 2: purification of DCFH
2
 

Following DCFH2-DA deacetylation in aqueous NaOH, DCFH2 was purified by liquid 
phase extraction (Figure 1B). An equivalent volume of 0.2 M aqueous HCl was added 
under continuous vortexing to precipitate DCFH2. The precipitated DCFH2 was sub-
sequently washed thrice (2,000 × g, 15 min, 4 °C) in ice-cold acidified MilliQ (pH = 
1) to remove excess salt. Chloroform was then added under continuous vortexing to 
extract DCFH2 from the aqueous phase. Following phase separation, the aqueous 
phase was removed and all chloroform was evaporated under a continuous stream of 
nitrogen gas. The DCFH2 pellet was dissolved in dimethyl sulfoxide or methanol and 
stored under a nitrogen atmosphere at -20 °C in the dark. It is imperative that DCFH2 
is shielded from light during all steps, as DCFH2 auto-oxidizes upon light exposure.
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RESULTS AND DISCUSSION

The most important features of DCFH2 prepared through the method presented here 
are, firstly, a purity of ≥ 95% (S–V) at a 54.2% yield (S–IV), which can be increased 
to ~ 90% by omitting the washing steps. No chloride from the washing step was 
detectable in the methanol stock (S–VII), implying that other ions are likely also absent 
when precipitated DCFH2 is directly extracted into chloroform. Secondly, the mean ± 
SEM molar extinction coefficient of DCFH2 in methanol, which can be used to spec-
trophotometrically determine stock concentrations, is 7.6 ± 1.5   103 M-1   cm-1 at the 
absorption maximum of 287 nm (S–IX). The absorption maximum is comparable in 
non-buffered water and neutral HEPES buffer, but undergoes a bathochromic shift in 
aqueous alkaline solvent (S–X). Thirdly, the DCFH2 stock solution is stable in methanol 
and dimethyl sulfoxide for at least 4 wk in the dark (S–XI), but stock solutions stored 
up to 20 months have been used without indication of decay (i.e., formation of DCF). 
Finally, DCFH2 is oxidized to DCF in the presence of oxidants, which was demonstrated 
in a variety of cell-free, cell-based, and in vivo assays.

In the cell-free assays, DCFH2 was employed to spectrofluorometrically measure the 
redox catalytic activity of the transition metals Mn2+, Fe2+, Cu+, and Zn2+ in neutral HEPES 
buffer (Figure 2A) and pH-neutralized MilliQ (Figure S11) at ambient O2 tension. Iron 
and copper are clinically relevant since both play a role in oxidative stress-mediated 
diseases such as hemochromatosis9 and Alzheimer’s disease10. Fe2+, for instance, is 
presumed to bridge between organic molecules (e.g., DNA, proteins, or DCFH2) and 
O2, thereby facilitating O2-mediated oxidation of the organic compound involved11. Fe2+ 
can moreover reduce O2 to O2

•–, thereby further enhancing oxidant formation11. DCFH2 
oxidation by Fe2+ occurred at a faster rate than by Cu+ and was slow and absent in the 
presence of Mn2+ and Zn2+, respectively. 

Redox reactions are affected by pH and are therefore frequently assayed in buffered 
systems, to mimic physiological conditions. However, the type of buffer used in redox 
assays is critical for experimental outcome. In a standardized Fenton system (Fe2+ + 
H2O2 à Fe3+ + •OH + OH–), which is part of the Haber-Weiss reaction12, redox reactions 
proceed best in Tris- and HEPES-buffered solutions, indicating that these are preferred 
buffers for similar experiments. DCFH2 oxidation is impaired in solutions buffered with 
carbonate, citrate, and PBS (Figure 2B). These findings are in accordance with data 
on the rate of Fe2+ auto-oxidation in different buffer systems13.

The probe can also be used to determine the anti-oxidative and pro-oxidative properties 
of pharmaceutical preparations. In case of the former, PEGylated DSPC liposomes 
containing the antioxidants γ-tocopherol, α-tocopherol, curcumin, melatonin, and α-li-
poic acid effectively scavenged oxidants in a DCFH2-probed Fenton system (Figure 
2C). DCFH2 was further instrumental in measuring the oxidant-generating potential of 
illuminated photosensitizer-containing liposomes used for photodynamic therapy of 
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Figure 2. DCFH2 in cell-free and cell-based redox assays. Panel A shows transition metal (TM) ion-cata-
lyzed DCFH2 oxidation in HEPES buffer over time. Panel B indicates Fenton reaction-mediated oxidation of 
DCFH2 in different buffer solutions. The oxidant-scavenging potential of antioxidant liposomes (LIP) under 
Fenton reaction conditions measured using DCFH2 is detailed in Panel C. Panel D shows the oxidant-gener-
ating potential of photosensitizer-encapsulating (AlPC or ZnPC) liposomes (LIP) upon laser-light irradiation, 
which was analyzed using DCFH2. Generation of DCF by resting (control) and activated human platelets (HP) 
(E). The extracellular localization of DCFH2 was confirmed in oxidant-producing 3T3 fibroblasts (Panel F) 
and RAW 264.7 macrophages (Panel G) using flow cytometry. Panel H depicts the generation of DCF from 
DCFH2 or DCFH2-DA by 3T3 fibroblasts subjected to hypoxia/reoxygenation. DCF formation from DCFH2-DA 
(Panel I) or DCFH2 (Panel J) by RAW 264.7 macrophages stimulated with IFN-γ and/or PMA. The inset in 
Panel I shows which oxidants are likely involved. 

cancer14. Both assays allow comparative analysis of outcome parameters to e.g., deter-
mine which anti-oxidant or pro-oxidant formulation is optimal for its intended purpose. 
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The formation of oxidants in cells is part of regular metabolism and biochemical sig-
naling that, under pathological conditions, can become disproportional and lead to 
oxidative stress and ultimately cell death. Platelets, for example, execute specific 
functions through ROS (O2

•–, H2O2, •OH) and RNS (•NO)15. DCFH2 was used to analyze 
extracellular oxidant formation by platelets activated by agonists that bind different 
platelet receptors (Figure 2E). Incubation of (activated) platelets in the presence of 
DCFH2 revealed that the native platelet agonist thrombin induced extracellular oxidant 
formation at an equal propensity as the intracellular O2

•– generator PMA (phorbol 
12-myristate 13-acetate), suggesting that the PMA-induced O2

•– (or derivate oxidants) 
diffused out of the platelets. Snake venom-derived convulxin triggered minimal DCFH2 
oxidation, altogether in support of previous reports16. 

The proposition that hydrophilic DCFH2 does not transgress the plasma membrane 
was confirmed in resting as well as oxidant-producing 3T3 fibroblasts (Figure 2F) and 
RAW 264.7 macrophages (Figure 2G) using flow cytometry. Consequently, DCFH2 
and DCFH2-DA may be used complementarily to discern between intracellular and 
extracellular oxidant formation in these cell types. The simultaneous application of 
both probes unveiled that oxidants were predominantly formed intracellularly in 3T3 
fibroblasts under normoxic conditions (Figure 2H, blue vs. green line). Whereas intracel-
lular oxidant formation increased when cells were subjected to hypoxia/reoxygenation 
(red vs. blue line), extracellular oxidant formation remained unchanged under these 
conditions (orange vs. green line). These data indicate that cytosolic oxidative stress 
occurs during hypoxia/reoxygenation, presumably as a secondary effect of mitochon-
drial oxidant formation17. 

In RAW 264.7 macrophages, oxidant formation was most abundant in cells stimulated 
with interferon gamma (IFN-γ) and PMA as a result of the formation of •NO (Figure 
S12) and O2

•–, respectively (Figure 2J and I). Oxidative stress was more pronounced in 
the extracellular compartment, most likely due to the localization of NOX2-dependent 
O2

•– formation (i.e., at the plasma membrane) in combination with the long half-life 
and membrane-transgressing properties of iNOS-derived •NO. Accordingly, inhibition 
of iNOS and NOX2 by L-NAME (Nω-nitro-L-arginine methyl ester hydrochloride) and 
diphenyleneiodonium (DPI), respectively, significantly hampered DCFH2 oxidation 
(Figure S13). Reduced iNOS activity resulted in a ~ 50% decrease in DCF formation 
compared to •NO- and O2

•–-producing activated cells (Figure S13), whereas NOX2 
inactivation reduced DCFH2 oxidation to a level that was comparable to resting cells 
(i.e., ~ 97% decrease). These findings pinpoint cellular O2

• – formation as a crucial 
factor for the extracellular formation of oxidants by activated RAW 264.7 macrophages, 
either through its reaction with •NO (Figure 2I, inset) or via its dismutation into H2O2. 
Nevertheless, since DPI inhibits mitochondrial O2

•– formation as well18, sources other 
than NOX2 could also contribute to the extracellular formation of oxidants by activated 
RAW 264.7 macrophages.  
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Lastly, intracellular oxidative stress was measured in vivo using liposome-encapsulated 
CDCFH2, a more hydrophilic form of DCFH2 that is oxidized to the highly fluorescent 
CDCF (λex = 495 nm, λem = 525 nm) by oxidants19. The alkaline hydrolysis and two-
phase liquid extraction method was used to prepare CDCFH2 from CDCFH2-DA. Next, 
CDCFH2 was encapsulated in hepatotargeted liposomes. The liposomes, composed 
of DPPC, cholesterol, lactosyl-phosphatidylethanolamine (LPE) and/or monosialotet-
rahexosylganglioside (GM1) in varying molar ratios, were optimized in vitro (S–XVI 
through S–XIX) and investigated in vivo in terms of intrahepatic accumulation (S–XX 
and S–XXI) and distribution to hepatocytes and non-parenchymal cells (Figure 3A). 
CDCFH2 was subsequently encapsulated into the optimal formulation for hepatocellular 
targeting (i.e., DPPC:cholesterol:GM1 in a 55:40:5 molar ratio) to visualize oxidative 
stress in vivo. Hepatocellular oxidative stress was induced using a standardized mouse 
model of hepatic ischemia-reperfusion injury20, which is associated with extensive 
oxidative stress in the reperfusion phase. Accordingly, hepatocellular CDCF formation 
was observed in the ischemia-reperfusion group but not in sham-operated control 
animals (Figure 3B–D). 

Figure 3. Real-time analysis of hepatocellular oxidative stress using liposome-delivered CDCFH2 
during hepatic ischemia-reperfusion (IR) and sham operation in mouse livers. Panel A shows the 
uptake of NBD-labeled GM1 and GM1 + lactosyl-PE (LPE) liposomes by hepatocytes (HCs), Kupffer cells 
(KCs), and endothelial cells (ECs), which was analyzed using flow cytometry. Oxidant formation during IR was 
analyzed by intravital fluorescence (flu) microscopy (Panel D) and spectroscopy (Panel B) in a standardized 
mouse model of liver IR (60 min ischemia) using CDCFH2-encapsulating GM1 liposomes. Panel C depicts 
the cumulative fluorescence formation during 20-min reperfusion, which was significantly higher in the IR 
group compared to sham controls. 
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These data are the first to show selective hepatocellular oxidant formation during early 
reperfusion. Proof-of-concept was provided only in the liver, where redox perturbations 
lie at the basis of numerous disorders. Nevertheless, the applicability of the method 
is expandable to other redox-pertinent tissues to which liposomes can be targeted, 
such as solid tumors21 and atherosclerotic plaques22.  

As with all experimental methods for the detection of oxidative stress, there are aspects 
that exact attention when implementing (C)DCFH2 in any experimental protocol. For-
mation of O2

•– as a by-product of DCFH2 oxidation as well as the presumed pH-depen-
dence of DCFH2 reactivity should always be taken into consideration when interpreting 
data obtained with DCFH2(-DA)2. Furthermore, the possibility of intercellular differences 
in esterase activity on DCFH2-DA deacetylation and/or in basal redox state implies that 
care should be taken with directly comparing different cell types. Transporter-mediated 
DCF(H2) uptake and efflux trough organic anion-transporting polypeptides 1B1 or 3 
(OATP1B1/3)23,24 and MDR-associated ABC transporters (e.g., multidrug-resistance 
protein-1; MRP1)23,25, respectively, are expected to influence assay outcomes. Con-
sequently, it is not recommended to use DCFH2 in assays involving cells that express 
OATP1B1/3, such as hepatocyte-derived HepG2 or HepaRG cells26. The presence of 
efflux proteins, e.g., MRP1 on RAW 264.7 macrophages25, is likely less troublesome 
insofar as its effects will be limited to an underestimation of intracellular DCF levels. 
Furthermore, assay interference by efflux proteins is not specific for DCF(H2) since 
affinity towards MDR-associated ABC transporters has also been reported for a variety 
of redox indicators (i.e., dihydrorhodamine, MitoSOX, and dihydroethidium) as well 
as other frequently used dyes (e.g., JC1 and Hoechst 33342)25. Underestimation of 
intracellular DCF levels should therefore always be considered when DCFH2-DA is 
used on MDR-associated ABC transporter-expressing cells, regardless of whether the 
assay is co-conducted with DCFH2. 

Nevertheless, general oxidative stress can be easily measured using DCFH2 in tailored 
settings and conditions. Aside from the relatively low cost of DCFH2-DA versus other 
redox probes, the use of DCFH2 holds several important benefits. The membrane-im-
permeability and consequent extracellular localization of DCFH2 does not apply to most 
commercially available fluorogenic redox probes such as membrane-transgressing 
dihydroethidium and dihydrorhodamine1. This is particularly useful in light of having an 
intracellularly localizing, structurally identical counterpart (i.e., DCFH2-DA). Although 
compartmentalized analysis of redox processes has been reported16,27, these studies 
used different probes for the measurement of intra- and extracellular oxidant formation. 
Such approaches significantly reduce comparability of the data while underscoring the 
significant advantage of using DCFH2 in concert with DCFH2-DA. Moreover, DCFH2 
does not require co-factors, as is the case with e.g., Amplex Red1 and lucigenin2, which 
may interfere with probe reaction(s). Lastly, the high fluorescence quantum yield of 
DCF (0.96 in PBS28 compared to, e.g., 0.0091 for ethidium in H2O29) allows detection 
in the nanomolar range. 
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CONCLUSIONS

DCFH2 is an easy-to-prepare DCFH2-DA derivative that enables a variety of innovative 
probe applications. These include various cell-free assays in which DCFH2 can be 
employed to analyze specific redox reactions. The simultaneous use of DCFH2-DA 
and DCFH2 moreover allows for the concomitant detection of intra- and extracellular 
oxidative stress in vitro. Lastly, the same method can be used to prepare CDCFH2 from 
CDCFH2-DA that, when encapsulated into a liposomal probe delivery system, can be 
used for the detection of organ- or tissue-specific oxidant formation in vivo.  
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SUPPLEMENTAL INFORMATION

S–I. Chemicals, reagents, and instruments
A list of all the chemicals and reagents used in this study is provided in Table S1.

Compound Purity Supplier Additional information

18:1 lactosyl PE > 99% Avanti Polar Lipids$ Dissolved in CHCl3, 
stored under N2 at -20°C

AlPC ~ 85% Sigma-Aldrich#

DPPC > 99% Avanti Polar Lipids$ Dissolved in CHCl3
DSPC > 99% Avanti Polar Lipids$ Dissolved in CHCl3
DSPE-PEG2000 n/a Sigma-Aldrich# Dissolved in CHCl3

16:0-12:0 NBD PC > 99% Avanti Polar Lipids$ Dissolved in CHCl3, 
stored under N2 at -20°C

DCF ~ 90% Sigma-Aldrich#

DCFH2-DA ≥ 90%
Molecular Probes 
via Thermo 
Scientific¥

Dissolved in DMSO, 
stored under N2 at -20°C

Accutase n/a Sigma-Aldrich#

Accumax n/a Sigma-Aldrich#

APC anti-mouse CD146 n/a BioLegend‡ Clone ME-9F1

α-Lipoic acid ≥ 99% Sigma-Aldrich#

α-Tocopherol ≥ 96% Sigma-Aldrich# 1 mM in CHCl3
Bovine serum albumin ≥ 98% Sigma-Aldrich#

Brilliant Violet 421 anti-mouse F4/80 n/a BioLegend‡ Clone BM8

CaCl2 • 2 H2 O ≥ 99.9% Merck Millipore*

CHCl3 ≥ 99% Sigma-Aldrich#

Cholesterol > 98% Avanti Polar Lipids$ Dissolved in CHCl3, 
stored under N2 at -20°C

Citric acid ≥ 99.5% Sigma-Aldrich#

Collagenase IV ≥125 
CDU/mg Sigma-Aldrich#

Convulxin n/a Kordia§ 10 μg/mL in MilliQ

CuCl ≥ 
99.995% Sigma-Aldrich# 300 mM in 2.5 M NaCl 

in MilliQ

Curcumin ≥ 95% Fluka¶ Dissolved in ethanol, 
shielded from light

D(+)-glucose ≥ 99.8% Merck Millipore*

Table S1. List of chemicals and reagents.
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Diphenyleneiodonium ≥ 98% Sigma-Aldrich# 625 μM in DMSO

DMSO ≥ 99.5% Merck Millipore*

DMSO-d6 99.96 
atom% d Sigma-Aldrich#

Dulbecco’s modified Eagle medium n/a Lonza†

Fe(II)Cl2 99.998% Sigma-Aldrich# 300 mM in EtOH

Fe(II)SO4 (heptahydrate) ≥ 99% Sigma-Aldrich#
30 mM in MilliQ, pH = 1, 
prepared freshly before 
each experiment

FBS n/a Bodinco@

Fish sperm DNA ≤ 1% 
protein Sigma-Aldrich# Abs260/280 nm ≥ 1.5

γ-Tocopherol ≥ 96% Sigma-Aldrich#

Ganglioside GM1 > 99% Avanti Polar Lipids$

Dissolved in 
CHCl3:CH3OH:H2O 
[65:35:8, v/v], stored 
under N2

HCl 37% Sigma-Aldrich#

H2O2 (30%) n/a Merck Millipore*

HEPES ≥ 99% Merck Millipore*

HEPES (sodium salt) ≥ 99.5% Sigma-Aldrich#

Hoechst 33342 > 95% Thermo Scientific¥

Human recombinant insulin solution ≥ 27 U/
mg Sigma-Aldrich#

Hydrocortisone 21-hemisuccinate n/a Sigma-Aldrich#

Isoflurane n/a Abbott Laboratories€

KCl ≥ 99% Sigma-Aldrich#

KH2PO4 ≥ 99% Merck Millipore*

L-glutamine n/a Lonza†

Melatonin ≥ 98% Sigma-Aldrich#

MeOH ≥ 99.9% Sigma-Aldrich#

MeOH-d4 99.96 
atom% d Sigma-Aldrich#

MgCl2 • 8 H2O ≥ 99.9% Merck Millipore*

MnCl2 99.999% Sigma-Aldrich# 1 M in EtOH

Mouse recombinant IFN-γ
≥ 1.0 • 
107 U/
mg

Merck Millipore*
Reconstituted in 
phosphate buffer (10 
mM Na2HPO4, 0.1% 
BSA, pH = 8.0)

L-NAME ≥ 98% Sigma-Aldrich# 90 mM in PBS
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Trisodium citrate • 2 H2O ≥ 99% Sigma-Aldrich#

NaCl ≥ 99% Sigma-Aldrich#

NaHCO3 ≥ 99% Merck Millipore*

Na2HPO4 • 2 H2O ≥ 99% Merck Millipore*

NaH2PO4 • 2 H2O ≥ 99% Merck Millipore*

NaOH ≥ 97% Sigma-Aldrich#

Paraformaldehyde n/a Merck Millipore*

Penicillin/streptomycin n/a Lonza†

PMA ≥ 99% Sigma-Aldrich# 2 mM in DMSO

Prostaglandin E1 ≥ 98% Sigma-Aldrich#

Temgesic (buprenorphine) n/a Schering-Plough&

Tetramethylsilane ≥ 
99.99% Sigma-Aldrich#

Thrombin from human plasma ≥ 2800 
U/mg Sigma-Aldrich# 125 U/mL in MilliQ

Triton X-100 ≥ 
99.95% Sigma-Aldrich#

William’s E medium n/a Lonza† Without phenol red

WST-1 cell proliferation reagent n/a Roche via Sigma-
Aldrich#

ZnCl2 99.999% Sigma-Aldrich# 3 M in EtOH

ZnPC 97% Sigma-Aldrich#

* Darmstadt, Germany    # St. Louis, MO
† Basel, Switzerland    ¶ Buchs, Switzerland
$ Alabaster, AL    ¥ Rockford, IL
§ Kordia | Stago, Leiden, the Netherlands ‡ San Diego, CA 
& Kenilworth, NJ    € Queensborough, UK
@Alkmaar, the Netherlands

DCFH2-DA was dissolved in dimethylsulfoxide (DMSO) or methanol (MeOH) up to a 
50-mM concentration, respectively, and stored in aliquots under N2 gas at -20 ºC in the 
dark. DCF was dissolved in MeOH and stored at room temperature (RT) in the dark. 
All other reagents are detailed in Table S1. The concentrations listed throughout the 
manuscript refer to final concentrations unless stated otherwise. 

UV/VIS absorption spectroscopy (Lambda 18, Perkin Elmer, Waltham, MA) was per-
formed at 120-nm/min scan speed and 0.5-nm bandwidth. Fluorescence spectroscopy 
(Varian Cary Eclipse, Palo Alto, CA) was performed at 120-nm/min scan speed. Absorp-
tion and fluorescence spectroscopy were performed using 1-cm path length quartz 
cuvettes (Hellma Analytics, Müllheim, Germany). In vitro fluorescence spectroscopy 
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was performed in a microplate reader (Synergy HT, BioTek Instruments, Winooski, VT) 
and flow cytometry with a FACSCanto II system (Becton Dickinson, Franklin Lakes, NJ).

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded with a DPX 300 
and DMX 400 spectrometer, respectively (Bruker, Billerica, MA). The chemical shifts are 
given in ppm relative to tetramethylsilane. Electrospray ionization mass spectrometry 
(ESI-MS; Finnigan TSQ Quantum, Thermo Electron, San Jose, CA) was performed in 
negative ion mode. 

PART 1. Preparation and characterization of DCFH2

S–II. Determination of optimal NaOH concentration for the DCFH2-DA à DCFH2 
deacetylation reaction
DCFH2 was prepared from DCFH2-DA by deacetylation under alkaline conditions. To 
determine the optimal reaction conditions in terms of NaOH concentration, the deacetyl-
ation of DCFH2-DA was studied at increasing NaOH concentrations by absorption 
spectroscopy. 

Materials and methods: Absorption spectroscopy was performed in kinetics mode, in 
which DCFH2-DA in DMSO was added to a cuvette (20 μM DCFH2-DA, 0.4% DMSO) 
containing increasing concentrations of NaOH (0-5 M in MilliQ) during continuous 
magnetic stirring. Absorption was determined at 30-s intervals at λ = 265 nm (near 
absorption maximum of DCFH2-DA), 300 nm (near absorption maximum of DCFH2), 
and 500 nm (near absorption maximum of DCF). The assays at λ = 500 nm were 
conducted to determine whether DCFH2 auto-oxidizes to DCF in alkaline solution. In 
addition, absorption spectra were recorded (λ = 200–400 nm) following incubation of 
DCFH2-DA (20 μM) in 0–5 M of NaOH for 20 min.

Results: An NaOH concentration-dependent decrease in absorbance was observed 
at 265 nm, indicating deacetylation of DCFH2-DA (λmax = 258 nm in MilliQ, Figure 
S1A, grey line). The decrease in absorbance at 265 nm concurred with an increase 
in absorbance at λ = 300 nm when DCFH2-DA was incubated with 5 mM–1 M NaOH 
(Figure S1B), indicating the formation of DCFH2 (λmax = 305 nm at pH = 121). The lower 
extent of DCFH2 formation observed for the 5-M NaOH samples likely resulted from 
base-catalyzed modification of DCFH2, particularly since no DCF (λmax = 500 nm in 
MilliQ2) was detected in the samples (Figure S1C) and thus any base-mediated DCFH2 
oxidation could be ruled out. Spectrally, a shift in maximum absorbance from 258 nm 
to 305 nm was observed after DCFH2-DA deacetylation (Figure S1D, arrow), a finding 
that was in accordance with earlier data on the spectral properties of DCFH2

1.

Conclusions: The deacetylation reaction proceeds optimally in 10 mM–1 M NaOH. 
Increasing the NaOH concentration beyond 1 M has no added value with respect to 
DCFH2 formation from DCFH2-DA since very high base concentrations are detrimental 
for DCFH2 yield and product purity.
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S–III. Determination of DCFH2 and by-product formation during alkaline hydro-
lysis of DCFH2-DA
The end products of alkaline hydrolysis were assayed by thin layer chromatography 
(TLC) to assess the completeness of the DCFH2-DA deacetylation reaction as a function 
of NaOH concentration and to determine whether DCFH2 and any by-products had 
formed. 

Materials and methods: For these purposes, 10 μL of 50 mM DCFH2-DA in DMSO 
was incubated with 240 μL of NaOH (0.01, 0.1, 1, or 5 M) in MilliQ for 15 min at RT in 
the dark. Subsequently, 1.5 μL of the incubated sample was loaded on a TLC plate, 
together with a DCFH2-DA (5 mM in DMSO, 1 μL loading volume) and DCF reference 
(0.5 mM in MeOH, 1 μL loading volume). TLC was performed using fluorescent plates 
(silica 60 F254 RP-8 5 × 10 cm, Merck Chemicals, Darmstadt, Germany) and a mobile 
phase composed of MeOH:MilliQ:CHCl3:NaOH (8 M in MilliQ) at a 7:3:1:0.044 volume 
ratio. The loading and running were performed in a dark room. The plates were visual-
ized in a blot imager (ECL ChemoCam Imager, INTAS Science Imaging Instruments, 
Göttingen, Germany) with blue light emission to allow for the detection of DCF (λem = 
460 ± 40 nm). A separate UV excitation light source (λex = 254 ± 2 nm, Mineralight, UVP, 
Upland, CA) was placed in the imager to visualize the TLC plates. UV light-absorbing 

Figure S1. Time-based absorption spectroscopy (t = 20 min) of 20 μM DCFH2-DA in 0-5 M NaOH at λ = 
265 nm (Panel A), corresponding to the DCFH2-DA absorption peak, λ = 300 nm (Panel B), corresponding 
to the DCFH2 absorption peak, and λ = 500 nm (Panel C), corresponding to the DCF absorption peak. 
DCFH2-DA was added to the cuvette at t = 1 min. Panel D showns absorption spectra obtained following 
20-min incubation of 20 μM DCFH2-DA in 0, 0.005, 0.01, 0.1, 1, or 5 M NaOH. The arrow points to the main 
absorption band of DCFH2, which arises at the expense of the deeper UV band of DCFH2-DA.



7978

compounds adsorbed to the silica quench the UV fluorescence emission of the silica 
matrix, therefore appearing as dark spots.

Results: As shown in Figure S2, a single, non-fluorescent band (retardation factor [Rf] 
of ~ 0.3), corresponding to that of the DCFH2-DA reference sample, was visible for 
the sample incubated with 0 M NaOH, indicating that no deacetylation had occurred. 
The same band, albeit less dense, was observed for the sample incubated with 0.01 
M NaOH. At the 0.01-M NaOH concentration, a second band appeared at Rf ~ 0.50 
that comprises a reaction intermediate, possibly DCFH2 monoacetate. Also, a faint 
third band (Rf ~ 0.62) was visible, corresponding to DCFH2. The third band became 
more pronounced in the DCFH2-DA samples hydrolyzed in solution containing 0.1–5 
M NaOH, which coincided with the disappearance of the first 2 bands, indicating 
complete DCFH2 à DCF conversion.

Figure S2. Thin layer chromatography of DCFH2-DA subjected to alkaline hydrolysis at increasing NaOH 
concentrations and the untreated analytical standards DCFH2-DA (DCFH2 precursor) and DCF (DCFH2 
oxidation product). The TLC plates were visualized under UV light irradiation (left) and UV + blue light 
irradiation (right). Rf: retardation factor. The solvent front is at Rf = 1.0.

At the higher NaOH concentrations (> 0.01 M), a small amount of impurity was detected. 
Deacetylation with 0.1–5 M NaOH also gave rise to 2 discernible fluorescent bands 
under UV/blue light illumination. The lower fluorescent band (Rf ~ 0.50) corresponded 
to DCF and suggests DCFH2 auto-oxidation during the experimental procedure since 
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there is no spectroscopic evidence for DCF formation during DCFH2-DA deacetylation 
(Figure S1D). Consequently, this phenomenon is technical in nature and associated 
with the TLC/solvent system and therefore of no practical concern. 

The upper fluorescent band (Rf ~ 0.68) most likely constitutes an unknown by-product 
or a structurally distinct isoform of DCFH2 that was separated from the main DCFH2 
band as a result of the deacetylation procedure. This is supported by the fact that the 
fluorescence intensity of that band is proportional to the amount of DCFH2 formed (e.g., 
0.01 M vs. 0.1 M NaOH). The impurity at Rf ~ 0.68 is further addressed in S–V and S–VI.

Conclusions: The DCFH2-DA deacetylation procedure is incomplete in solution contain-
ing < 100 mM NaOH in a 1:24 DCFH2-DA stock:solvent ratio, whereas the procedure 
yields no additional gain in basic solutions containing > 100 mM NaOH. Furthermore, 
deacetylation with 100 mM NaOH yields the highest amount of DCFH2 with the least 
amount of impurities. Consequently, DCFH2-DA deacetylation in 100 mM NaOH was 
adopted into the standard operating procedure (SOP), i.e., 1:24 DCFH2-DA:solvent 
ratio (v/v), 50 mM starting DCFH2-DA concentration, 15-min incubation in 100 mM 
NaOH at RT (S–VIII).

S–IV. Purification of DCFH2 and determination of product yield
Following DCFH2-DA deacetylation, DCFH2 was purified by liquid phase extraction 
and the yield was determined. The yield reflects the reaction and purification efficacy.

Materials and methods: For these purposes, 4 samples of 5 μmol DCFH2-DA in MeOH 
(100 μL) were prepared in 2.5 mL of 0.1 M aqueous NaOH in glass tubes and incubated 
for 15 min at RT in the dark (SOP, S–VIII). Next, 2.5 mL of 0.2 M aqueous HCl was 
gradually added under continuous vortexing to precipitate DCFH2. The mixture was 
placed on ice for 5 min to complete DCFH2 precipitation, which was subsequently 
washed thrice (15 min, 2,000 × g, 4 °C) in ice-cold acidified MilliQ (pH = 1, from HCl) 
to remove excess salt. The sample was subsequently equilibrated to RT and 4 mL 
of CHCl3 was added under continuous vortexing to extract DCFH2 from the aqueous 
phase. Following phase separation, the aqueous phase was removed using a pipette 
and all CHCl3 was evaporated under a continuous stream of N2 gas at RT. DCFH2 was 
resuspended in MeOH and samples were pooled. 

Pooled DCFH2 samples (n = 3) were transferred to pre-weighed 0.5-mL Eppendorf 
tubes, after which the MeOH was evaporated under a gentle stream of N2 gas in the 
dark. The tubes were weighed again to determine the mass of the DCFH2 pellet, which 
was used to calculate the overall DCFH2 yield.

Results: Of the 20 μmol DCFH2-DA added, 10.8 ± 1.2 μmol DCFH2 (mean ± SEM) was 
retrieved, accounting for a mean (± SEM) DCFH2 yield of 54.2 ± 5.8%.
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Conclusions: The deacetylation and purification method, which in total takes approx-
imately 2 h, is associated with moderate DCFH2 yield whereby approximately half of 
the starting product (DCFH2-DA) is retrieved in the form of DCFH2.

S–V. Chemical characterization and purity of DCFH2 by NMR and ESI-MS
The purity of purified DCFH2 was first analyzed by NMR and ESI-MS. DCFH2-DA and 
DCF were co-analyzed.

Materials and methods: DCFH2-DA was dissolved in DMSO-d6 and DMSO at a con-
centration of 12 mg/mL and 24 mg/mL, respectively. 1H NMR (400 MHz, DMSO-d6) δ 
7.88 (d, 1 H), 7.49, (t, 1 H), 7.36 (t, 1 H), 7.27 (s, 2 H), 7.19 (s, 2 H), 7.07 (d, 1 H) 6.40 
(s, 1 H), 2.32 (s, 6 H). 13C NMR (75 MHz, DMSO-d6) δ 169.00, 168.15, 148.92, 145.93, 
145.38, 132.83, 131.26, 130.16, 130.08, 129.88, 127.29, 123.22, 120.53, 112.50, 37.42, 
20.38. ESI-MS m/z (calc): 485.0 (485.02, C24H15Cl2O7

–), 973.0 (973.04, C48H31Cl4O14
–).

DCFH2 (prepared as described in S-VIII) was dissolved at 7 mg/mL in CD3OD and 
MeOH for NMR spectroscopy and ESI-MS, respectively. 1H NMR (400 MHz, CD3OD) δ 
7.89 (s), 7.87 (dd, 1 H), 7.39 (td, 1 H), 7.25 (td, 1 H), 6.98 (dd, 1 H), 6.92 (s, 2 H), 6.64 (s, 
2 H), 6.21 (s, 1 H). 13C NMR (75 MHz, CD3OD) δ 171.51, 153.89, 151.16, 149.06, 133.48, 
132.24, 131.31, 130.82, 127.52, 118.01, 116.73, 104.89, 38.25. ESI-MS m/z (calc): 401.0 
(401.00, C20H11Cl2O5

–), 805.0 (805.00, C40H23Cl4O10
–), 827.0 (826.98, C40H22Cl4NaO10

–). 

DCF was dissolved at 4 mg/mL in DMSO-d6 and 10 mg/mL in DMSO for NMR spec-
troscopy and ESI-MS, respectively. 1H NMR (400 MHz, DMSO-d6) δ 11.09 (br s, 2 
H), 8.02 (d, 1H), 7.83 (td, 1H), 7.75 (td, 1H), 7.34 (d, 1H), 6.91 (s, 2H), 6.66 (s, 2H). 13C 
NMR (100 MHz, DMSO-d6) δ 168.29, 155.13, 151.51, 150.08, 135.92, 130.54, 128.21, 
125.90, 125.10, 123.96, 116.24, 110.46, 103.70, 81.49. ESI-MS m/z (calc): 399.0 (398.98, 
C20H9Cl2O5

–).

Results: The ESI-MS spectrum (negative ion mode) of DCFH2-DA showed the charac-
teristic peak of the monoanion at m/z = 485.0 and its protonated dimer at m/z = 973.0. 
Meanwhile, DCFH2 and DCF could clearly be distinguished from each other, as the first 
peak of the isotopic pattern was 401.0 for DCFH2 and 399.0 for DCF. Next to DCF the 
peak at 536.8 represented the only observable impurity, which would fit with a solvent 
adduct of DCF ([DCF + DMSO + CH3CN + NH4], calc m/z = 536.1).

The 1H and 13C NMR spectra of DCFH2-DA and DCF were measured in DMSO-d6, 
and those of DCFH2 were measured in CD3OD. The NMR spectra showed that the 
samples were NMR-pure and consistent with the ones reported by3. No sign of the 
acetyl groups in the acetylated form DCFH2-DA (e.g., singlet at 2.3 ppm) was found in 
DCFH2. The lactone form of DCF (Figure S3) was obtained, characterized by a high-field 
chemical shift at 81.5 ppm of the quaternary carbon connected to the lactone oxygen. 
Importantly, the impurity seen by TLC was not observed by NMR, which means that 
this impurity represents less than 3–5% of the sample (detection limit for 1H NMR).
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Conclusions: Purified DCFH2 was NMR pure and structurally consistent with previously 
reported data. 

S–VI. Analysis of TLC bands by fluorescence spectroscopy
The fluorescent bands on the TLC plate were analyzed by fluorescence spectroscopy 
to determine the spectral properties of the fluorophores.

Thin layer chromatography 
Materials and methods: TLC was performed as described in S–III under optimized 
conditions using purified DCFH2 (5 mM in MeOH, 3 μL loading volume) that had 
been prepared from DCFH2-DA by the SOP (S–III). DCFH2-DA (5 mM in DMSO, 1 μL 
loading volume) and DCF (476 μM in MeOH, 1 μL loading volume) were co-loaded as 
reference samples.

Results: The TLC plate was visualized by UV light only as well as by a combination of 
UV and blue light, yielding the same results (Figure S4) as previously (Figure S2). In UV 
only mode, a single band was observed for DCFH2. Under UV/blue light illumination, 
2 of the 3 lower bands (Rf < 0.62) corresponded to DCF and probably resulted from 
DCFH2 auto-oxidation during the experimental procedure. The third, lowest band (Rf 
~ 0.43) was very faint and was therefore considered an insignificant but unidentified 
by product that is structurally related to DCF. 

The upper band (Rf ~ 0.68) most likely represents an artifact from the deacetylation 
procedure. Considering that this compound did not show on the NMR spectrum of 
DCFH2 (S–V), however, it is likely to represent less than 1–5 % of the sample (i.e., the 
detection limit for 1H NMR).

In order to obtain additional information on the nature of the by-products, all bands 
(except for the lowest one because of its low intensity) from the DCFH2 and DCF sample 
were isolated and analyzed spectrofluorometrically.

Figure S3. Molecular structure of DCF (left) compared to its lactone isomer (right).
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Fluorescence emission spectra of DCFH2 and DCF bands
Materials and methods: Following TLC, specific DCFH2 and DCF bands (Figure S4) were 
extracted by scraping and suspended in MeOH. The silica particles were separated 
by centrifugation (15 min at 6,000 × g), after which the supernatant was aspirated 
and analyzed spectrofluorometrically (specific details are provided in the respective 
Results sections). Fluorescence excitation and emission spectra were normalized to the 
maximum fluorescence intensity inasmuch as structural differences are mainly revealed 
through band shape and peak position shifts rather than amplitude differences.  

Results: Fluorescence emission spectra (λex = 480 ± 20 and λem = 505–750 ± 5 nm) 
of all DCF(H2) samples were recorded together with a DCF reference sample (grey 
line; Figure S5). Notably distinct emission spectra were observed in samples 1 and 
2, indicating the presence of a structurally different DCFH2 derivative (sample 1) and 
possibly the product of UV light-induced oxidized DCFH2 (sample 2) that had undergone 
photochemical modification and hence structurally and spectrally differed from DCF. 
The fluorescence intensity of these samples was very low due to their low abundance, 
as evidenced by the ‘noisy’ spectra. The spectra had to be acquired at high PMT 
voltage at the expense of a good signal:noise ratio. All other samples corresponded 
well to the DCF reference sample. 

Figure S4. Thin layer chromatography of DCFH2-DA, DCFH2 (prepared under optimized reaction conditions), 
and DCF. The fluorescent bands were isolated and analyzed spectrofluorometrically.
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Figure S6. Fluorescence excitation spectra of DCFH2 and DCF TLC bands, acquired at λex = 200–540 ± 
5 nm and λem = 550 ± 5 nm. Band 1, Rf ~ 0.68; band 2 (DCFH2), Rf ~ 0.62; band 3, Rf ~ 0.56; band 4, Rf 
~ 0.50; band 5, Rf ~ 0.43; band 6 (DCF), Rf ~ 0.50; band 7, Rf ~ 0.43. A DCF reference sample was also 
recorded (grey trace).

Fluorescence excitation spectra of DCFH2 and DCF bands
Materials and methods: Same as above, with the exception that the excitation spectra 
were recorded at λex = 200–540 ± 5 and λem = 550 ± 5 nm.

Figure S5. Fluorescence emission spectra of DCFH2 and DCF TLC bands, acquired at λex = 480 ± 20 nm 
and λem = 505–750 ± 5 nm. Band 1, Rf ~ 0.68; band 2 (DCFH2), Rf ~ 0.62; band 3, Rf ~ 0.56; band 4, Rf 
~ 0.50; band 5, Rf ~ 0.43; band 6 (DCF), Rf ~ 0.50; band 7, Rf ~ 0.43. A DCF reference sample was also 
recorded (grey trace).
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Results: In accordance with the emission spectra, notable deviations from the DCF 
reference sample were seen for bands 1 and 2 (Figure S6). In regard to band 1, the 
excitation spectrum exhibited a second excitation peak around 490 nm in addition to 
the 515-nm peak and a more pronounced blue shoulder, indicating the formation of 
a structurally distinct compound with fluorescence properties comparable to those 
of DCF (Figure S7). The slightly red-shifted spectrum of band 2 likely represents a 
structurally modified DCFH2 oxidation product (S–VI, ‘Fluorescence emission spectra 
of DCFH2 and DCF bands’). All other samples, including sample # 7, corresponded 
well to the DCF reference sample, which is in accordance with the data in Figure S5.

Detailed spectral analysis of DCFH2-DA deacetylation-associated TLC band 1 
(main impurity)
As established in S–III, the band at Rf ~ 0.68 constitutes an impurity that seems to 
arise during the deacetylation step of DCFH2-DA. The impurity either stems from the 
parent DCFH 2-DA stock (≥ 95% purity) or constitutes an oxidized prototropic DCFH2 
tautomer that partitioned in the aqueous fraction of the TLC mobile phase. Based on 
the NMR spectrum of DCFH2, the latter proposition was deemed more likely. Here we 
analyze this band in greater detail and discuss its occurrence.

Methods: Based on the acquired spectral data, the fluorescence excitation and emis-
sion properties of band 1 in MeOH were further analyzed together with the emission 
spectrum of DCF in MeOH (solid grey line) and the excitation spectrum of DCF in MilliQ 
at pH > 7 (dashed grey line) as references. At pH > 7, both the carboxylic acid and 
phenolic moiety on DCF are deprotonated. The spectrum was included to support the 
argumentation below.

Results: Two main excitation peaks were identified in the 450–550-nm range (at λem 
= 545 ± 5 nm). When excited at each excitation maximum (λex = 490 ± 5 nm and 515 
± 5 nm), the emission spectra exhibited maxima at 521 nm and 532 nm, respectively. 
The latter spectrum corresponded well to the DCF spectrum (λmax = 533 nm). These 
observations can be explained in various ways.

First, excitation spectra reflect vibronic transitions in the first excited state. Accordingly, 
photo-induced tautomerization may have occurred in the excited state of DCFH2, 
accounting for a shift in spectral properties. Given that the excitation spectrum is 
superimposable on the excitation spectrum of DCF in MilliQ at high pH (pH > 7, λex = 
490 and 515 nm, dashed grey line), it is possible that the species accounting for the 
double peak is an oxidized derivative that deprotonates upon excitation; a common 
mechanism in for example photoacids4. Alternatively, the compound is a derivative 
species that had formed at relatively low yield during the deacetylation process but 
possesses a high fluorescence quantum yield.

Second, at high pH both the carboxylic acid and phenolic moiety on DCF are depro-
tonated (pKa = 3.5 and 5.2, respectively1,5). The compound could therefore be fully 
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deprotonated DCFH2 (pKa ~ 4.00, 6.95, and 9.17 for the carboxylic acid and two 
phenolic moieties, respectively1), which may have partitioned into the highly alkaline 
aqueous fraction of the TLC mobile phase and thereby become separated from other 
prototropic DCFH2 tautomers present in the organic portion of the mobile phase (con-
sisting of MeOH, CHCl3, and a marginal fraction of highly alkaline water). Subsequent 
exposure to UV light during visualization could oxidize the fully deprotonated DCFH2 
into bi-anionic DCF, which would subsequently dissolve in MeOH (during sample 
preparation of the scraped bands) while maintaining its distinct spectral properties.  

Figure S7. Fluorescence excitation and emission spectra of band 1 in the DCFH2 TLC lane (Rf ~ 0.68) relative 
to the DCF reference spectra (grey). Samples were dissolved in MeOH.

Conclusions: DCFH2 prepared according to this protocol and purified by liquid two-
phase extraction was ≥ 95% pure. Alkaline hydrolysis of the DCFH2-DA diacetate groups 
concurs with the formation of a fluorescent impurity with superimposable spectral 
properties to those of DCF. This may create background signal in DCFH2-based assays. 
The low relative abundance of the impurity is not expected to significantly contribute to 
spectral signals. Moreover, the impurity will not hinder spectrofluorometric determination 
of oxidant formation as long as background fluorescence is corrected for.

S–VII. Residual chloride content determination 
The deacetylation procedure ultimately results in high salt content due to alkalinization 
and subsequent acidification of the sample. The washing of precipitated DCFH2 (SOP, 
Figure 1 main text, and S–VIII) entailed the use of MilliQ acidified with HCl. Residual 
chloride may hamper experimental outcomes, which is of relevance for determining 
DCFH2 yield (S–IV) as well as for cell-based assays because cells are amenable to 
perturbations in osmotic gradients. Consequently, it is imperative that the prepared 
DCFH2 samples contain no-to-minimum amount of salts. To ascertain that most Cl– 
had been separated from the DCFH2-containing organic phase during liquid phase 
extraction, the amount of Cl– in the CHCl3 fraction was determined.
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Materials and methods: Cl– content was determined using a chromometric Cl– quantifi-
cation kit (chloride colorimetric assay kit, Cayman Chemical, Ann Arbor, MI). The assay 
depends on the competitive binding of Hg2+ and Fe2+ to thiocyanate (SCN–), which, 
in the absence of Cl–, forms a colorless complex with Hg2+. In the presence of Cl–, 
however, the preferential binding of Hg2+ to Cl– leads to the formation of a yellow-colored 
Fe(SCN)2 complex that can be quantified spectrophotometrically (Absmax = 480 nm) 
against a NaCl standard curve. 

The Cl– content in the organic phase was determined in samples (n = 10) prepared as 
described in S–VIII, only in the absence of DCFH2. The addition of DCFH2 was omitted 
because it is readily oxidized in the presence of Fe2+ to DCF 6,7. The DCF (Absmax = 
503 nm)2 would spectrally interfere with the Fe(SCN)2 complex8. Following isolation of 
the organic fraction and evaporation of CHCl3, 110 μL of MilliQ was added to the glass 
tube and the Cl– content was determined against a 0–2,000-μM NaCl standard curve 
in MilliQ according to the manufacturer’s instructions. 

Results: The mean ± SD Cl– content was 0.384 ± 0.122 μg per 110 μL resuspension 
volume (3.5 ± 1.1 μg/mL), corresponding to 140.6 ± 44.7 μg/g DCFH2 (0.014% w/w, 
based on the calculated DCFH2 yield from 5 μmol DCFH2-DA). 

Conclusions: The amount of residual Cl– did not significantly contribute to the mass of 
DCFH2, validating the data regarding yield and molar extinction coefficient. Given that 
DCFH2 is added to samples at a very low volume ratio, the amount of residual Cl– will 
not interfere with experiments and assays described in this paper.

S–VIII. Detailed summary of the standard operating procedure for DCFH2 
preparation
The step-by-step SOP for the preparation of DCFH2 from DCFH2-DA by alkaline hydro-
lysis and liquid 2-phase extraction is described below. 

Purpose and uses of the probe
DCFH2 (2 ,ʹ7ʹ-dichlorodihydrofluorescein) is a water-soluble redox-sensitive fluorogenic 
probe. DCFH2 is non-fluorescent in native state but becomes highly fluorescent follow-
ing oxidation by oxidants such as reactive oxygen and nitrogen species (ROS/RNS), 
redox-active transition metals (e.g., Fe2+), and activated peroxidases. Because DCFH2 
reacts with many different oxidants it cannot be employed as a ROS/RNS-selective 
probe. 

The probe can be used to detect the formation of oxidants in cell-free assays and cell-
based systems. In cell-based systems, DCFH2 may be used in addition to DCFH2-DA 
or in conjunction with DCFH2-DA to discern between extracellular and intracellular 
oxidant production or to determine total intracellular and extracellular oxidant produc-
tion, respectively.
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Important notes
- DCFH2-DA (2 ,ʹ7ʹ-dichlorodihydrofluorescein diactetate) is the starting compound.
- DCFH2 (2 ,ʹ7ʹ-dichlorodihydrofluorescein, molecular weight = 403.21 g/mol) is the 
end product.
- DCFH2 is highly susceptible to oxidation upon light exposure. Prevent light exposure.
- DCFH2 is susceptible to oxidation in an oxygen-rich environment. Samples should 
be stored under an atmosphere of inert gas, such as nitrogen gas.
- Keep the samples cooled to a maximum extent.
- DCFH2 yield is approximately 54% and the final product is ≥ 95% pure.
- For the determination of DCFH2 concentration by spectrophotometry, switch on the 
spectrophotometer 30 min before measurements to ensure stable output from the 
light bulb.
- For the determination of DCFH2 concentration by spectrophotometry, use quartz 
cuvettes. Regular plastic cuvettes do not transmit deep UV light.
- Spectrofluorometric redox assays with DCFH2 in a cuvette should be performed at a 
maximum DCF concentration of ~30 μM (i.e., oxidation end product) to prevent matrix 
effects. These matrix effects account for a plateau in fluorescence intensity at a DCF 
concentration of ≥ 30 μM and may skew read-out and interpretation of data.  

Materials and equipment
- DCFH2-DA (CAS number 4091-99-0, molecular weight = 487.29 g/mol)
- sodium hydroxide (NaOH, CAS number 1310-73-2, molecular weight = 40.00 g/mol)
- hydrochloric acid (HCl, CAS number 7647-01-0, molecular weight = 36.46 g/mol)
- MilliQ
- chloroform (CAS number 67-66-3)
- methanol (CAS number 67-56-1) 
- optional: dimethyl sulfoxide (DMSO, CAS number 67-68-5) 
- Eppendorf tubes
- glass tubes (12 mL) with lids
- vortex mixer
- centrifuge with rotor buckets equipped to hold 12-mL glass tubes
- inert gas, such as nitrogen
- tin foil 
- spectrophotometer
- quartz cuvette
- 1000- and 200-μL pipettes 

Preparation of DCFH2
Preparation of DCFH

2
-DA stock solutions

A. Dissolve DCFH2-DA in methanol (MeOH) up to a concentration of 50 mM.
B. Prepare 100-μL aliquots in Eppendorf tubes.
C. Store the DCFH2-DA stock solutions at -20 °C or -80 °C under a nitrogen atmosphere.
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Deacetylation of DCFH
2
-DA into DCFH

2
 by alkaline hydrolysis

For best results, perform all procedures in a dark room. 
A. Thaw the DCFH2-DA stock aliquot.
B. Prepare a 100-mM sodium hydroxide (NaOH) stock solution in MilliQ.
C. Add DCFH2-DA to the 100-mM NaOH stock solution in a glass tube at a DCFH2-DA:-
solvent ratio ≥ 1:24 (e.g., 100 μL DCFH2-DA stock in 2.5 mL NaOH solution). 
D. Vortex and incubate the mixture for 15 min in the dark at room temperature.

Isolation and purification of DCFH
2

A. Prepare a 200 mM HCl stock solution.
B. Gradually add an equal volume of 200 mM aqueous HCl (equal to the volume fraction 
of the 100 mM NaOH) under continuous gentle vortexing to precipitate DCFH2.
C. Place the mixture on ice for 5 min to complete DCFH2 precipitation.
D. Centrifuge the glass tube at 2,000 × g for 15 min at 4 °C to pellet the precipitates; 
cover the tube in tin foil to prevent light exposure.
E. Aspirate the supernatant carefully using a pipette. Make sure a small layer of solvent 
remains to prevent exposure of DCFH2 to room air. 
F. Add 4 mL of ice-cold acidified MilliQ (pH = 1, from HCl).
G. Repeat steps C-E 2 more times to remove excess salt. 
H. Equilibrate the sample to room temperature in the dark.
I. Add 4 mL of chloroform under continuous gentle vortexing to extract DCFH2 from 
the aqueous phase.
J. Remove the aqueous phase (supernatant) with a pipette. Make sure that all aqueous 
solvent is removed. 
K. Evaporate the chloroform under a continuous stream of nitrogen gas at room tem-
perature. Cover the tube with tin foil to shield the sample from light if this step cannot 
be performed in a dark room. 
L. Dissolve the DCFH2 pellet in methanol or DMSO to a desired concentration up to 100 
mM, taking into account the starting amount of DCFH2-DA, a yield of approximately 
54%, and a final DCFH2 assay concentration of < 100 μM, depending on the application.
M. Aliquot the stocks when desired, purge with nitrogen gas, and store at -20 °C or 
-80 °C in the dark.

Determination of DCFH
2
 concentration 

A. Thaw the DCFH2 stock at room temperature in the dark. 
B. Dilute the prepared DCFH2 stock in methanol to a concentration between 10 and 
130 μM. For DCFH2 in DMSO stocks, make sure that the final fraction of DMSO is ≤ 
1% to prevent interference by DMSO absorption. The 130-μM DCFH2 concentration 
corresponds to an optical density (absorption) of 1.0. Spectrophotometric measure-
ments at an optical density of > 1.0 are unreliable.  
C. Record the absorption of the sample at 287 nm in a quartz cuvette. Ensure that 
the measurements are zeroed to blank (methanol only or with an equivalent fraction 
of DMSO).
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D. Calculate the DCFH2 concentration with the following formula:
 c = A / (ε • l) 
A = optical density at 287 nm (i.e., the absorption value) (unitless)
ε = molar extinction coefficient of DCFH2 in methanol (in L • mol-1 • cm-1) = 7.6 • 103 
L • mol-1 • cm-1

c = concentration (in mol • L-1)
l = path length through the cuvette (in cm), typically 1 cm 

S–IX. Determination of DCFH2 molar extinction coefficient
The molar extinction coefficient (ε) can be used to determine the DCFH2 concentration 
in DCFH2 stock solutions.

Materials and methods: Desiccated DCFH2 samples that that contained ≥ 3 mg of 
DCFH2 (n = 5) were redissolved in MeOH and diluted to a 40-μM concentration. Absorp-
tion was measured and the molar extinction coefficient (λ = 287 nm) was calculated 
according to the Beer-Lambert law9. Sample fluorescence (λex = 513 ± 5 nm and λem = 
523–700 ± 5 nm) was determined directly thereafter, in which the area under the curve 
of the fluorescence emission spectrum was subsequently compared to that of a 40-nM 
DCF reference sample, corresponding to 0.1% DCFH2 auto-oxidation.

Results: The mean ± SEM molar extinction coefficient of DCFH2 in MeOH at λ = 287 nm 
was calculated to be 7.6 ± 1.5 ● 103 M-1   cm-1 in samples containing < 0.001% DCF. 

Conclusion: For the spectrophotometric determination of DCFH2 concentration in 
MeOH, a molar extinction coefficient of 7.6   103 M-1   cm-1 and a wavelength of 287 
nm should be used. It should be noted that the spectroscopic determination of DCFH2 
concentration directly in DMSO is unreliable because deep UV spectra at < 300 nm 
in this solvent are inaccurate. The DCFH2 concentration of DMSO stock solutions can 
be determined in methanol granted that the fraction of DMSO does not exceed 1%. 

S–X. Solvent- and pH-dependent changes in DCFH2 spectral properties
The spectral properties of a chromophore may change in a solvent- and pH-depen-
dent manner. Solvent- and pH-dependent changes in spectral properties may affect 
experimental outcomes in various ways and therefore warrant examination.

Materials and methods: The absorption spectra of DCFH2 (40 μM, λ = 200–400 nm) 
were obtained in MeOH, MilliQ, and HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 
= 6 or 12).

Results: The ground state absorption spectra of DCFH2 in MeOH, MilliQ, and HEPES 
buffer (pH = 6) exhibited a uniform absorption peak at λ = 287 nm (Figure S8A, B, and 
C, respectively), albeit the peak amplitude differed in a solvent- and pH-dependent 
manner. The absorption spectrum in MilliQ entailed a deep UV peak at λ = 209 nm 
(Figure S8B, inset), which is in good correspondence to previously reported spectral 
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data on DCFH2
1. The shape of the red absorption bands differed per solvent, confirm-

ing solvent-induced effects on the ground state absorption spectra. More importantly, 
DCFH2 absorption was pH-dependent in buffered aqueous solution (Figure S8C), 
characterized by a bathochromic shift from λmax = 287 nm at pH = 6 to λmax = 305 nm 
at pH = 12. The pH-dependence is in agreement with literature1.

Figure S8. Solvent- and pH-dependent ground state absorption spectra of DCFH2 in MeOH (Panel A), MilliQ 
(Panel B), and HEPES buffer (Panel C; pH = 6 and 12).

Conclusions: The ground state absorption spectra of DCFH2 are solvent- and pH-de-
pendent. These properties should be taken into account when conducting absorp-
tion-based assays, such as spectroscopic quantification of DCFH2 content in cell 
lysates.

S–XI. Stability of DCFH2-DA and DCFH2 in organic solvents
The stability of dissolved redox-sensitive fluoregenic probes is vital to assay quality 
and post-preparation shelf life. The stability of DCFH2-DA and DCFH2 were therefore 
determined in the two most commonly used solvents under standard storage conditions.

Materials and methods: The stability of DCFH2 in MeOH and DMSO was determined 
and compared to that of DCFH2-DA, which has good long-term stability in non-aqueous 
organic solvents. Freshly prepared DCFH2 (in MeOH) and DCFH2-DA (in DMSO) stocks 
were diluted (20 μM final concentration) into both solvents, aliquoted, purged with N2 
gas, and stored at -20 C in the dark for 0–28 d. Formation of DCF as a measure of the 
degree of auto-oxidation was determined spectrofluorometrically (λex = 513 ± 5 nm and 
λem = 523-650 ± 5 nm, n = 3/time point) as a function of storage time. The area under 
the curve (AUC) of the fluorescence emission spectra was calculated and plotted as a 
percentage relative to the AUC of a 20-μM DCF reference sample, which was freshly 
prepared and measured at each individual time point, to correct for differences in 
excitation light intensity over time. 

Results: The stability of DCFH2 and DCFH 2-DA was assessed in MeOH (Figure S9A) 
and DMSO (Figure S9B), indicating that both compounds were stable over a period 
of 28 d when stored at -20 °C in the dark. 

Moreover, although longer-term stability was not formally tested, stock solutions of 
DCFH2 in MeOH that were stored for more than one year have been successfully 
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used without signs of auto-oxidation or DCFH2 degradation (i.e., no decrease in DCF 
fluorescence intensity under standardized experimental redox conditions)10,11.

Figure S9. Long-term stability of DCFH2-DA and DCFH2 in MeOH (Panel A) and DMSO (Panel B) stored 
at -20 °C in the dark.

Conclusion: DCFH2-DA and DCFH2 are stable for at least a month when stored at -20 
°C in the dark.

PART 2. Use of DCFH2 in cell-free assays 

Figure S10. Summary of test arms where DCFH2 oxidation was spectrofluorometrically determined in cell-
free systems. f.c.: final concentration; PS: photosensitizer. 
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S–XII. Spectrofluorometric DCFH2 oxidation assays in cell-free systems
The experimental setup consisted of four different scenarios that are summarized in 
Figure S10. The DCFH2 à DCF conversion was measured spectrofluorometrically at 
λex = 500 ± 5 nm and λem = 523 ± 5 nm in kinetics mode during continuous stirring and 
Peltier-maintained temperature (Cary Eclipse, Varian).

Oxidizing properties of transition metals (TMs)
Materials and methods: The oxidizing potential of monovalent and divalent cationic TMs 
(Cu+, Fe2+, Zn2+, and Mn2+, all from Cl− salt) to catalyze DCFH2 oxidation in the presence 
of O2 was analyzed spectrofluorometrically in time-based acquisition mode (λex = 500 
± 5 and λem = 523 ± 5 nm, t = 6 min) using DCFH2 (20 μM). A cuvette was loaded with 
solvent, to which DCFH2 and TM ions or solvent control (ethanol for Fe2+, Zn2+, and Mn2+ 
or 2.5 M NaCl in MilliQ for Cu+) were added at 1 and 2 min, respectively. All data were 
normalized to baseline fluorescence by subtracting the mean fluorescence emission 
from t = 0–55 s from all data points per sample.

Results: The reactivity of TMs towards DCFH2 was determined in MilliQ (pH = 7.4) over 
time. A considerable increase in DCF fluorescence occurred following the addition 
of Cu+ to the reaction medium containing DCFH2. In contrast, marginal-to-no DCF 
formation occurred following the addition of Mn2+ or Zn2. The reaction between DCFH2 
and Fe2+ led to a decrease in DCF fluorescence. This effect is most likely the result of 
DCFH2 (over)oxidation into non-fluorescent end products by the highly reactive Fe2+ in 
the absence of competing substrates for oxidation (e.g., HEPES; Figure 2A).  

Figure S11. Reaction kinetics of TMs and solvent controls (ethanol [EtOH] for Fe2+, Mn2+, and Zn2+ and 2.5 M 
NaCl for Cu+) in the presence of DCFH2. Assays were conducted in MilliQ according to scheme 1 in Figure 
S10. The concentrations listed in the legends refer to final concentration in the cuvette. 
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Fenton reaction efficacy in different buffer systems
The oxidizing efficacy of the Fenton reaction (Fe2+ + H2O2 à Fe3+ + •OH + OH–) was 
determined in a variety of buffer systems.

Materials and methods: DCFH2 (27 μM), H2O2 (2 mM), and Fe2+ (200 μM from Fe(II)
SO4) were added at t = 1, 2, and 3 min, respectively, to a cuvette loaded with Tris (50 
mM Tris, 150 mM NaCl), sodium bicarbonate (30 mM, NaHCO3 , 30 mM NH4Cl), HEPES 
(10 mM HEPES, 150 mM NaCl), phosphate-buffered saline (PBS; 7 mM Na2HPO4, 3 
mM NaH2PO4, 130 mM NaCl), or citrate-phosphate (100 mM sodium citrate, 200 mM 
Na2HPO4) buffer (all pH = 7.4). The reactions were monitored spectrofluorometrically 
in kinetics mode. All data were normalized to baseline fluorescence by subtracting the 
mean fluorescence emission from t = 0–55 s from all data points per sample.

Oxidant scavenging by antioxidant liposomes
The ability of liposomes containing several types of antioxidants to attenuate Fenton 
reaction-mediated conversion of DCFH2 to DCF was assessed.

Materials and methods: Antioxidant liposomes composed of DSPC and DSPE-PEG2000 
were prepared in physiological buffer (10 mM HEPES, 150 mM NaCl, pH = 7.4, 0.293 
osmol/kg) at a 96:4 molar ratio according to12 using the lipid film hydration technique. 
The liposomes contained 0.1 μmol γ-tocopherol, 0.1 μmol α-tocopherol, 0.25 μmol 
curcumin, 0.5 μmol melatonin, and 0.1 μmol α-lipoic acid per mL of physiological 
buffer (Table S1). The liposomes were neither sized nor subjected to size exclusion 
chromatography following hydration and stored at 4 °C under a nitrogen atmosphere 
in the dark. Due to the instability of some of the components in aqueous solvent13 the 
liposomes were used within 2 d after preparation. A cuvette was loaded with physiolog-
ical buffer, to which DCFH2 (27 μM), liposome solution (0.00–0.67 mM lipid), H2O2 (300 
mM), and Fe2+ (30 mM from FeSO4) were added at t = 1, 2, 3, and 4 min, respectively.

Photosensitizer-mediated oxidant generation
DCFH2 was used to determine the oxidant-generating potential of liposomes encap-
sulating the hydrophobic photosensitizers (PS) zinc phthalocyanine and aluminum 
phtalocyanine (ZnPC and AlPC, respectively). 

Materials and methods: PS-encasulating liposomes were prepared in physiological 
buffer from DPPC and DSPE-PEG2000 (96:4 molar ratio, 5 mM lipid, 0.003 PS:lipid 
ratio) as described in11. Their oxidizing potential during irradiation with a continuous 
wave solid state diode laser light (λ = 671 nm, CNI Laser, Changchun, China) was 
assessed spectrofluorometrically in kinetics mode. DCFH2 (2 μL 5 mM stock; 8 μM 
final concentration) and liposomes (12 μL 5 mM lipid stock, 50 μM final lipid and 0.15 
μM PS concentration) were added to a cuvette containing physiological buffer at t = 1 
and 2 min, respectively. The sample was irradiated with 500-mW laser light during t = 
3–5 min to induce PS-mediated oxidant generation as described in11.  
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PART 3. Use of DCFH2 in cell-based assays

S–XIII. Platelet isolation and sample preparation 
Materials and methods: Blood from healthy volunteers (MJR and MH) was collected 
via an open system12 into a citrate solution (1:9 ratio, 129 mM trisodium citrate) and 
centrifuged (200 × g, 10 min, RT) to prepare platelet-rich plasma (PRP). The PRP was 
aspirated, 100 nM prostaglandin E1 (PGE1) was added, and the platelets were pelleted 
by centrifugation (280 × g, 15 min, RT). Next, the supernatant was discarded and the 
pellet was gently reconstituted in 5 mL of 0.2-μm filtered wash buffer (138 mM NaCl, 
5 mM KCl, 34 μM Na2HPO4, 44 μM KH2PO4, 42 μM NaHCO3, 5 mM trisodium citrate, 
2.5 mM citric acid, 6 mM D(+)-glucose, 100 nM PGE1, pH = 7.4). The platelet count 
was determined on an automated cell counter at the Laboratory of Clinical Chemistry 
of the Academic Medical Center. 

The platelets were subsequently pelleted (280 × g, 15 min, RT), reconstituted to a 
concentration of 100 × 106 platelets/mL in 0.2-μm filtered assay buffer (138 mM NaCl, 
5 mM KCl, 34 μM Na2HPO4, 44 μM KH2PO4, 42 μM NaHCO3, 10 mM HEPES, 6 mM 
D(+)-glucose, 1 mM MgCl2, 100 nM PGE1, pH = 7.4) and loaded into a 96-well plate. 
Next, convulxin (250 ng/mL), human thrombin (0.2 U/mL), PMA (0.5 μM), or the respec-
tive solvent controls were added. Lastly, samples were incubated with DCFH2 (50 μM) 
for 20 min at RT, after which the fluorescence was read in a microplate reader (λex = 
460 ± 40 and λem = 520 ± 20 nm, n = 6/group).  

S–XIV. Cell culture and DNA quantification for DCFH2 oxidation assays
RAW 264.7 cells, a murine macrophage cell line, and 3T3 cells, a murine fibroblast 
cell line, were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented 
with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine 
under standard culture conditions (a humidified atmosphere of 5% CO2 and 95% air at 
37 °C). Cells were subcultured every 3–4 days in a 1:5 ratio following detachment by 
gentle scraping (RAW 264.7 cells) or in a 1:10 ratio following trypsinization (10 min at 
37 °C) in a 2:1:1 accutase:accumax:PBS mixture (3T3 cells). For experimental assays, 
the cells were harvested, seeded in 24-wells plates, and grown to 80% confluence 
(RAW 264.7 cells) or 100% confluence (3T3 cells).

To determine the total DNA content per well, cells were lysed in 750 μL (RAW 264.7 
cells) or 1,000 μL of 0.2 M NaOH in MilliQ for 1 h at 37 °C, after which 10 μL of cells 
lysate was mixed with 200 μL of 0.01 μg/mL Hoechst 33342 in phosphate buffer (35 
mM Na2HPO4, 15 mM NaH2PO4, 2 M NaCl, pH = 7.4). The DNA content per well was 
subsequently determined spectrofluorometrically (λex = 340 ± 40 and λem = 460 ± 
40 nm) against a fish sperm DNA standard curve (0–250 μg/mL, dissolved in 0.2 M 
NaOH in MilliQ). 
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S–XV. Detection of intra- and extracellular oxidant formation in fibroblasts and 
stimulated macrophages
DCFH2 and DCFH2-DA may be employed simultaneously for the detection of intra- 
and extracellularly produced oxidants. This approach was tested using murine 3T3 
fibroblasts subjected to anoxia and reoxygenation as well as murine RAW 264.7 mac-
rophages stimulated with various ROS/RNS-inducing compounds.

Extracellular localization of DCFH2 
Materials and methods: oxidant production was induced in RAW 264.7 and 3T3 cells 
incubated with DCFH2 or DCFH2-DA, after which intracellular DCF fluorescence was 
assayed by flow cytometry to determine DCFH2(-DA) uptake. 

3T3 cells were incubated under hypoxic conditions for 4 h in serum-free medium in a 
custom-built culture chamber (saturated with 95% N2 and 5% CO2 at 37 °C)14, which 
results in mitochondrial superoxide anion (O2

•–) formation upon reoxygenation. Control 
cells were maintained under normoxic culture conditions (95% air and 5% CO2 at 37 °C) 
for 4 h. The cells were harvested, washed twice in PBS, and resuspended in serum-
free medium (1 × 106 cells/mL). DCF fluorescence was measured by flow cytometry 
following 30-min incubation (37 °C) with DCFH2 or DCFH2-DA (50 μM). Ten thousand 
events were collected in the gated region (viable cells; high FSC/SSC ratio). The mean 
DCF fluorescence per event (λex = 488 nm and λem = 530 ± 30 nm, n = 12/group) was 
calculated and served as a measure of intracellular DCFH2 à DCF conversion.

RAW 264.7 cells were harvested, washed in 5 mL PBS (500 × g, 5 min, RT), and 
resuspended in 12 mL serum-free medium (1 × 106 cells/mL). The cell suspension was 
aliquoted into 3-mL samples that were incubated with DCFH2-DA (50 μM), DCFH2 (50 
μM), or solvent control (DMSO, 1% vol/vol) for 30 min at 37 °C. Next, the cells were 
washed twice in PBS, resuspended in serum-free medium (1 × 106 cells/mL), and 
incubated with phorbol 12-myristate 13-acetate (PMA; 2 μM) for 20 min at 37 °C to 
activate the membrane-bound O2

•–-generating enzyme NADPH oxidase-2 (NOX2)15. 
DCF fluorescence was measured by flow cytometry as described above. 

Detection of extracellular and intracellular redox reactions
Materials and methods: RAW 264.7 and 3T3 cells were incubated with DCFH2-DA or 
DCFH2 (50 μM) in PBS, during which DCF fluorescence was measured in a fluorescence 
plate reader set to kinetics mode (λex = 460 ± 40 and λem = 520 ± 20 nm, t = 20 min at 
2-min intervals, 37 °C). A cell-free plate containing DCFH2-DA or DCFH2 (50 μM) in PBS 
was read separately to adjust for DCFH2-DA or DCFH2 auto-oxidation, respectively, in 
the incubation medium. The mean DCF fluorescence (from DCFH 2 or DCFH2-DA) of the 
second, cell-free plate was subtracted from each tested sample at the corresponding 
time point. The adjusted data were corrected for differences in baseline fluorescence 
by subtracting the data at t = 0 min from each subsequent time point per sample. 
Lastly, the corrected fluorescence data were normalized to total DNA content per well 
(S–XIV) to adjust for differential cell seeding density. 
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Cell stimulation assays
Materials and methods: 3T3 cells were incubated for 4 h in serum-free medium under 
hypoxic conditions (95% N2 and 5% CO2, 37 °C) and compared to untreated (normoxic) 
controls (n = 6/group). RAW 264.7 cells were stimulated with interferon gamma (IFN-γ; 
50 U/mL, 16 h pretreatment), which induces •NO generation through iNOS activation16, 
and/or phorbol 12-myristate 13-acetate (PMA; 2 μM in the assay incubation medium), 
which elicits NADPH oxidase-2 (NOX2)-dependent extracellular O2

•– generation at the 
plasma membrane (n = 6/group)17. 

To investigate the specific contribution of each stimulant to the observed redox alter-
ations in RAW 264.7 macrophages, the effects of IFN-γ (induces nitric oxide (•NO) 
formation, which can be detected as extracellular NO2

–) or PMA (induces O2
•– formation) 

were blocked by addition of Nω-nitro-L-arginine methyl ester hydrochloride (L-NAME) 
or diphenyliodonium (DPI), respectively. Extracellular nitrite (NO2

–) was determined in 
culture medium using a colorimetric kit (Griess Reagent System, Promega, Madison, 
WI) according to the manufacturer’s instructions. The data were plotted as mean ± SD 
(n = 12/group) and tested using one-way ANOVA and Tukey’s multiple comparisons 
test. The level of statistical significance was set at p < 0.05. 

The effects of L-NAME (1 mM; 16 h pretreatment), DPI (2.5 μM; 1 h pretreatment), or 
solvent controls (activated group) on RAW 264.7 cells stimulated with IFN-γ (50 U/mL; 
16 h pretreatment) and PMA (2 μM) were further investigated using DCFH2 (50 μM) and 
compared with untreated controls (resting group). The data were plotted as mean ± 
SD and the mean corrected DCF fluorescence at t = 20 min was tested using one-way 
ANOVA and Tukey’s multiple comparisons test. The level of statistical significance was 
set at p < 0.05.

Figure S12. Nitrite production by RAW 264.7 macrophages, which reflects intracellular •NO generation, 
following stimulation with IFN-γ (positive control, red), in the absence of IFN-γ (negative control, blue), and 
under stimulatory conditions in the presence of the •NO-specific scavenger L-NAME (green).
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Results: Pretreatment of RAW 264.7 macrophages with IFN-γ (+IFN; 50 U/mL) for 16 
h led to significant •NO formation, measured as extracellular NO2

–, compared to the 
untreated cells (-IFN; p < 0.001; Figure S12). Co-incubation with the nitric oxide synthase 
inhibitor L-NAME (1 mM) led to a significant reduction in •NO formation compared to 
IFN-γ-stimulated cells (p < 0.001), but remained significantly higher relative to untreated 
cells (p < 0.001). 

Inhibition of iNOS or NOX2 induction through co-incubation with L-NAME or DPI, respec-
tively, resulted in a significant reduction in exctracellular oxidant formation compared 
to the activated group (p < 0.001) under both conditions (Figure S13). 

Figure S13. Extracellular oxidant production by RAW 264.7 macrophages in resting state (control, gray) or 
activated by the •NO inducer IFN-γ and the O2

•– inducer PMA (positive control, red), also in the presence 
of the O2

•– scavenger DPI (blue) and the •NO scavenger L-NAME (green).  

PART 4. Preparation and in vitro validation of liposomes for hepatotargeting 

S–XVI. Preparation of hepatotargeted liposomes
Materials and methods: All liposomal formulations for hepatotargeting liposomes were 
composed of varying molar fractions of DPPC, cholesterol, and the galactose-bearing 
ganglioside GM1 (GM1) and/or lactosyl phosphatidyl ethanolamine (LPE). Fluorescently 
labeled liposomes were prepared by incorporating 5 mol% NBD-PC at the expense 
of DPPC. 

Liposomes were prepared by the lipid film hydration technique according to18. Lipids 
were mixed at the desired concentration and ratios, after which the organic solvent was 
evaporated under a steam of nitrogen gas. The lipid film was vacuum exsiccated for at 
least 30 min and hydrated with physiological buffer. Next, the sample was sonicated 
with a tip sonicator until the solution turned clear, generally within 3–5 min. 
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For the in vitro hepatocyte uptake and all in vivo experiments, liposome size was 
adjusted by sequential extrusion through a 100- and 50-nm polycarbonate filter 
(Whatman, Maidstone, UK; 11× per filter) using a hand-operated extrusion device 
(Mini Extruder, Avanti Polar Lipids, Alabaster, AL).  

Liposome size and polydispersity index were assessed by photon correlation spec-
troscopy (Zetasizer 3000, Malvern Instruments, Malvern, PA) according to11. Data on 
all formulations used in this substudy are listed in Table S2. Final phospholipid con-
centration of all lipid and liposome stocks was determined according to19.

Table S2. Composition, size, and polydispersity of hepatotargeted liposomes.

Experiment Molar ratio
DPPC : chol : LPE : 

GM1 : NBD-PC

Size (nm)
 mean ± SD

Polydispersity 
mean ± SD

Cholesterol optimization

In vitro, HepG2
(uptake/toxicity assay;  

S–XVIII, S–XIX) 

85 : 0 : 5 : 5 : 5 141.7 ± 3.0 0.371 ± 0.014

75 : 10 : 5 : 5 : 5 145.7 ± 1.3 0.116 ± 0.052

65 : 20 : 5 : 5 : 5 195.6 ± 3.8 0.157 ± 0.026

55 : 30 : 5 : 5 : 5 171.1 ± 2.5 0.127 ± 0.009

45 : 40 : 5 : 5 : 5 145.4 ± 0.8 0.215 ± 0.028

GM1 optimization

In vitro, HepG2
(uptake/toxicity assay;  

S–XVIII, S–XIX)

52.5 : 40 : 0 : 2.5 : 5 163.0 ± ND 0.118 ± 0.015

50 : 40 : 0 : 5 : 5 165.6 ± 1.3 0.162 ± 0.041

47.5 : 40 : 0 : 7.5 : 5 180.3 ± 1.3 0.372 ± 0.019

LPE optimization

In vitro, HepG2
(uptake/toxicity assay;  

S–XVIII, S–XIX)

47.5 : 40 : 2.5 : 5 : 5 144.6 ± 1.0 0.217 ± 0.016

45 : 40 : 5 : 5 : 5 144.0 ± 1.8 0.203 ± 0.002

42.5 : 40 : 7.5 : 5 : 5 149.0 ± 2.0 0.348 ± 0.065

45 : 40 : 2.5 : 2.5 : 5 151.2 ± ND 0.355 ± 0.066

In vitro, mouse hepatocytes
(uptake assay;  S–XVIII)

47.5 : 40 : 2.5 : 5 : 5 89.2 ± 0.4 0.039 ± 0.008

In vivo, whole liver uptake; 
S–XXI

50 : 40 : 0 : 5 : 5 86.0 ± 1.6 0.088 ± 0.125

47.5 : 40 : 2.5 : 5 : 5 93.9 ± 2.6 0.051 ± 0.051

In vivo, intrahepatic distribution; 
S–XXII

50 : 40 : 0 : 5 : 5 91.8 ± 0.9 0.040 ± 0.022

47.5 : 40 : 2.5 : 5 : 5 101.2 ± 1.1 0.019 ± 0.013

In vivo, oxidative stress during 
IR; S–XXIII

55 : 40 : 0 : 5 : 0 84.2 ± 1.1 0.029 ± 0.016
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S–XVII. HepG2 and hepatocyte culture
Materials and methods: Human hepatocellular carcinoma (HepG2) cells were cultured 
in William’s E (WE) medium supplemented with 10% (vol/vol) FBS, 100 U/mL penicillin, 
0.1 mg/mL streptomycin, 2 mM L-glutamine, 5 μg/mL insulin, and 50 μM hydrocorti-
sone under standard culture conditions. Cells were subcultured every 3–4 days in a 
1:5 subculture ratio following detachment by trypsinization (15 min at 37 °C) in a 2:1:1 
accutase:accumax:PBS mixture. For liposome uptake assays, the cells were harvested, 
seeded into 24-well plates, and grown to 100% confluence.

Primary mouse hepatocytes were isolated as described below (S–XXII), with the excep-
tion that the hepatocyte fraction was reconstituted in culture medium directly after the 
first round of centrifugation. The cells were subsequently counted with a hemocytom-
eter (BLAUBRAND counting chamber, BRAND, Wertheim, Germany) and seeded 
into 24-well plates at 90% confluence. The cells were used within 24 h after seeding. 

S–XVIII. In vitro uptake of hepatotargeted liposomes
Materials and methods: HepG2 cells were cultured as described in section S–XVII, 
seeded into 24-well plates, and grown to 100% confluence. Cells were rinsed once 
with PBS (37 °C) and incubated with NBD-labeled liposomes mixed with phenol red-
free unsupplemented medium (0, 0.5, 1, 1.5, 2, and 2.5 mM final lipid concentration; 5 
mol% NBD-PC) for 30 min under standard culture conditions. The incubation medium 
was discarded and the cells were washed thrice in PBS (37 °C). NBD fluorescence 
was determined spectrofluorometrically as a measure for cellular uptake (λex = 460 
± 40 and λex = 520 ± 20 nm). Data were corrected for total DNA content per well as 
described in S–XIV.

Figure S14. Uptake of hepatotargeted liposomes by cultured hepatocytes. Panels A–C show data 
from HepG2 cells that were incubated with fluorescently-labeled liposomes (0, 0.5, 1, and 2 mM final lipid 
concentration) containing increasing molar fractions of cholesterol (Panel A), GM1 (Panel B), and LPE (Panel 
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C). The formulations are specified in Table S2. Cellular fluorescence, which was used as a measure of lipo-
some uptake, was corrected for total DNA content per well and normalized to control (i.e., 0 mM lipid). Data 
represent mean ± SD for n = 4. Panel D shows data from primary mouse hepatocytes that were incubated 
with increasing concentration of liposomes (0-2.5 mM final lipid concentration) containing 5 mol% GM1 + 
2.5 mol% LPE. Cellular fluorescence was corrected for total DNA content per well and normalized to controls 
(i.e., 0 mM lipid). Data represent mean ± SD for n = 4.

Results: The uptake of liposomes with a generic composition of DPPC:chol:LPE:G-
M1:NBD-PC (Table S2) by HepG2 cells is plotted as function of cholesterol molar 
fraction (Figure S14A), GM1 molar fraction (Figure S14B), and LPE molar fraction 
(Figure S14C). 

First, the cholesterol fraction was optimized using liposomes composed of 5 mol% GM1, 
LPE, and NBD-PC. Increasing fractions of cholesterol (0–40 mol%) were incorporated 
at the expense of DPPC. Liposome uptake was lipid concentration-dependent and 
increased with rising cholesterol content (Figure S14A). This effect was likely attributable 
to the increase in membrane rigidity at higher cholesterol content20, an effect that has 
been reported to improve the uptake of galactosylated liposomes by HepG2 cells as 
well as primary mouse hepatocytes21. Hence, a 40-mol% cholesterol fraction was used 
in all subsequent experiments.

Next, liposomal GM1 content was optimized because incorporation of this ligand not 
only allows for galactose-mediated targeting, but also provides a steric barrier that 
is critical for preventing uptake of liposomes by Kupffer cells (KCs) during in vivo 
experiments in mice22. The essence of steric hindrance in hepatotargeting was further 
demonstrated by the improved parenchymal/non-parenchymal cell uptake ratio found 
with galactosylated liposomes (conjugated to N-glutaryl-phosphatidyl ethanolamine) 
following steric stabilization with PEG23. Accordingly, cellular uptake of liposomes 
composed of cholesterol (40 mol%), NBD-PC (5 mol%), and increasing fractions of GM1 
(2.5, 5, and 7.5 mol%) at the expense of DPPC was analyzed (Figure S14B). Maximum 
uptake was achieved with liposomes containing a 5% molar fraction of GM1, which is 
in agreement with previous work in mice showing maximal uptake of galactosylated 
liposomes containing 5 mol% of cholesterol-complexed galactose24.

The addition of a second galactose moiety (LPE) was investigated using liposomes 
composed of GM1 (5 mol%), cholesterol (40 mol%), and NBD (5 mol%). LPE was 
included at increasing fractions (2.5, 5, and 5 mol%) at the expense of DPPC. Maximum 
uptake was observed with liposomes containing 2.5 mol% LPE (Figure S14C). Consid-
ering that the optimal galactose density for hepatocyte uptake is generally does not 
exceed 5 mol%24, an additional formulation composed of 2.5 mol% GM1 and 2.5 mol% 
LPE was tested. Uptake of these liposomes was not superior to that of DPPC:chol:G-
M1:NBD-PC (50:40:5:5) and DPPC:chol:LPE:GM1:NBD-PC (50:40:2.5:5:5) liposomes 
(data not shown). These formulations are referred to as GM1 and GM1 + LPE liposomes, 
respectively, from here onward.
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To determine the optimal lipid concentration for the in vivo uptake experiments, fluo-
rescently-labeled GM1 + LPE liposomes were sized to < 100 nm and incubated with 
primary mouse hepatocytes at increasing final lipid concentrations (Figure S14D). An 
increase in fluorescence was seen up to 1.0-mM final lipid concentration (p < 0.05 
compared to 0 mM), which was consequently chosen as the plasma final lipid con-
centration in the in vivo uptake experiments (S–XXI and –XXII). 

S–XIX. In vitro cytotoxicity of hepatotargeted liposomes
Materials and methods: To determine liposome cytotoxicity, cells were cultured and 
seeded in 24-well plates as described in S–XVII. Liposomes containing 5 mol% NBD-PC 
(Table S2) were added to cells at a 0-, 0.5-, 1-, 1.5-, 2-, and 2.5-mM final lipid concen-
tration in phenol red-free unsupplemented WE medium. 

Figure S15. Liposome cytotoxicity in HepG2 cells. Cytotoxicity was analyzed using the WST-1 assay 
following 30-min incubation with liposomes at increasing final lipid concentrations (0–2.5 mM). Panels A–K 
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show the concentration-dependent cytotoxicity (as normalized OD450) data for all tested formulations. The 
formulations are specified in each frame, in which the change in the molar fraction of a specific lipid bilayer 
component is indicated in red. Data represent mean ± SD for n = 4.

After 30-min incubation at standard culture conditions, cell viability was assessed by 
measuring mitochondrial redox activity with water-soluble tetrazolium-1 (WST-1) as 
described in11. WST-1 is reduced to a formazan chromophore by metabolically active 
cells and hence serves as an indirect measure of mitochondrial activity25. Absorp-
tion was recorded at 450 nm. Data were corrected for total DNA content per well as 
described in S–XIV and normalized to the 0-mM control group.  

Results: No statistically significant reduction in WST-1 conversion was seen for any of 
the formulations (Figure S15), indicating that all formulations were non-toxic to cultured 
HepG2 cells up to a final lipid concentration of 2.5 mM. Consequently, the GM1 and 
GM1 + LPE liposomes were used in the in vivo uptake experiments.   

PART 5. Intravital measurement of oxidative stress in mouse livers with hepa-
totargeted liposomes 

S–XX. Animal care and anesthesia
Materials and methods: The study was approved by the animal ethics committee of the 
Academic Medical Center at the University of Amsterdam (BEX103177).  All animals 
were treated in accordance with the Guide for the Care and Use of Laboratory Animals 
(NIH publication 85–23, rev. 2011) and institutional guidelines. Male C57BL/6J mice (n 
= 50, 25–30 g, 8–12 wk old, Charles River, Saint-Germain-sur-l’Arbresle, France) were 
acclimated for 1 wk under standardized laboratory conditions in a temperature- and 
humidity-controlled cabinet (21–23 °C, 45–65% humidity) with a 12-h light/dark cycle 
and ad libitum access to water and standard chow (Rat and Mouse No. 1 Maintenance 
Diet, Special Diet Services, Essex, UK). 

All animals received Temgesic (0.06 mg/kg buprenorphine subcutaneously) as anal-
gesia prior to induction of general anesthesia, which was induced and maintained with 
isoflurane (2.0–2.5% in 1:1 O2:air at 1 L/min) through a nasal cap. Body temperature 
was measured rectally and maintained at 37 °C throughout the experiment by means 
of a heating lamp and a customized heating stage.

S–XXI. Intrahepatic liposome accumulation
Materials and methods: Intrahepatic liposome accumulation was investigated by intra-
vital microscopy and spectroscopy. Mice were anesthetized as described in S–XX and 
secured onto a heating platform (37 °C). The left medial lobe was exteriorized following 
a midline laparotomy, positioned onto a custom-build supra-abdominal stage, flushed 
with 0.9% NaCl solution, and covered with saran wrap to prevent tissue desiccation 
over de course of intravital imaging and spectroscopy26. 
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The microscopy setup, depicted in Figure S16, consisted of a custom-modified stereo 
fluorescence microscope (model M165 FC, Leica Microsystems, Wetzlar, Germany) 
equipped with a Peltier-cooled DFC420C camera, a Planapo 1.0 × objective lens, a 0.5 
× video objective (C-mount), a time-based acquisition module, filter sets for brightfield 
(420 nm cut on filter) and fluorescence (λex = 470 ± 20 nm, λem = 515 nm long pass) 
microscopy, and a Leica EL6000 light source. The C-mount adapter was modified 
at the Department of Medical Innovation and Development to house a spectroscopy 
component. The C-mount adapter was cut directly above the lens such that a light 
separation module was placed between the microscope aperture and the camera. The 
module contained an interference filter that was positioned at an angle relative to the 
incident light, causing ~ 1% of light to be diverged orthogonally into an optical fiber 
connected to a spectrometer (model QE65000, Ocean Optics, Dunedin, FL) while ~ 
99% of light was transmitted onto the camera’s CCD chip. This allowed concomitant 
microscopy and spectroscopy.

Figure S16. Intravital microscopy setup. Animal anesthesia was induced in an induction chamber and 
maintained through a nasal cap (1). The animals (2) were placed on a bespoke heating stage (3) connected 
to a temperature controller (4). Core body temperature of the animals, measured with an anal temperature 
probe connected to the anesthesia machine (5), was further regulated with a red light-emitting heating lamp 
(6). The microscopy setup (7) consisted of a custom-modified stereo fluorescence microscope equipped 
with a Peltier-cooled DFC420C color camera and a Leica EL6000 light source. The C-mount adapter was 
modified at the Department of Medical Innovation and Development to house a spectroscopy interface 
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After the animal was positioned under the microscope, time-based image acquisition 
was started (t = 120 min at 2-min intervals). The spectroscopy component was not 
used during these experiments. The camera exposure time was 150.8 ms with 4.0 × 
gain and 1.89 × optical zoom. Automated shutter control of the excitation light source 
was engaged to ensure 1-ms illumination for excitation and subsequent closing of the 
shutter to prevent fluorophore bleaching between measurements. Directly after acqui-
sition of the first image, NBD-labeled GM1 and GM1 + LPE liposomes (5 mol% NBD; 
0.06 μmol lipid/g body weight in 200 μL physiological buffer) were injected through 
the penile vein. The liposomes were prepared as described in S–XVI. 

NBD fluorescence was analyzed as a measure of whole-liver uptake using ImageJ 
software (National Institutes of Health, Bethesda, MD). Images were converted to 
8-bit greyscale, after which total pixel intensity was determined per time point and 
normalized to t = 0 min.

Animals were sacrificed by cardiac puncture and exsanguination directly after imaging. 
The liver, spleen, lungs, heart, stomach, intestine, kidney, bladder, and whole blood 
(from the heart) were extracted and snap-frozen in liquid nitrogen and stored at -80 
°C until further analysis (S–XXIII). 

placed between the microscope aperture and the camera. The module contained an interference filter that 
was positioned at an angle relative to the incident light, causing ~ 1% of light to be diverged orthogonally 
into an optical fiber connected to a spectrometer while ~ 99% of light was transmitted onto the camera’s 
CCD chip without interfering with image quality. This allowed concomitant microscopy and spectroscopy, 
controlled via a PC workstation (8).

Figure S17. Hepatic uptake of GM1 and GM1 + LPE liposomes. Panel A shows hepatic NBD fluorescence 
as a measure for the total liver uptake of GM1 (top row) and GM1 + LPE liposomes (bottom row) was visualized 
using in vivo fluorescence microscopy. Panel B depicts total hepatic liposome uptake as a function of time. 
Therefore, fluorescence emission intensity was quantified by determining the total pixel intensity per frame, 
which was subsequently normalized to t = 0 min and plotted as a function of time after liposome infusion. 
Data represent mean ± SEM for n = 5.
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Results: A rapid increase in tissue fluorescence was seen for both formulations within 
the first 40 min following liposomes administration (Figure S17). NBD fluorescence 
intensity thereafter gradually declined, possibly due to liposome degradation and 
biliary excretion of NBD. The latter was based on the observation of yellow-stained 
stools during internal organ removal following sacrifice. Liposomes containing GM1 
+ LPE accumulated more rapidly than those containing GM1 alone (tmax = 35 and 25 
min, respectively), but the overall uptake of the GM1 formulation was greater. The 
optimal circulation times seen here correlate well to those reported in literature on 
galactose-labeled hepatotargeted liposomes, which show maximal liver uptake at ~ 
30 min of circulation21,24,27-29.

S–XXII. Intrahepatic liposome distribution to parenchymal and non-parenchymal 
cells
Materials and methods: Fluorescently labeled GM1 and GM1 + LPE liposomes (5 mol% 
NBD, 0.06 μmol lipid/g body weight in 200 μL physiological buffer) were prepared as 
described in S–XVI and injected via the penile vein and circulated for 25 or 35 min 
depending on whether liposomes contained GM1 + LPE or GM1, respectively. Animals 
in the control group received 200 μL of physiological buffer as vehicle control. 

Before the end of the circulation time, a median laparotomy with transversal extension 
was performed and the liver was mobilized. Following injection and 5-min circulation 
of 100 IU heparin, the portal vein was cannulated with the tip of a 22-G intravenous 
cannula (Venflon, BD Biosciencies, Franklin Lakes, NJ) and the liver was perfused 
with sterile-filtered (0.2 μm) flush buffer (128 mM NaCl, 2.7 mM KCl, 10 mM HEPES, 
0.67 mM Na2HPO4, 11 mM D(+)-glucose, pH = 7.4) for 5 min (n = 5/group). Next, the 
suprahepatic vena cava was cut to allow for optimal perfusate drainage and the liver 
was excised under continuous perfusion with flush buffer. The organ was placed on 
a heated petri dish (37 °C), transferred to a laminal flow cabinet, and perfused with 
sterile-filtered collagenase buffer (flush buffer with 5 mM CaCl2, 5% bovine serum 
albumin (BSA), 0.02% collagenase IV, and 0.004% hyaluronidase, pH = 7.4) for 18 min 
(Figure S18). The tissue was gently homogenized using a cell strainer in collagenase 
buffer mixed with cell culture medium and sequentially extruded through a 100-, 70-, 
and 40-μm strainer (EASYstrainer, Greiner Bio-One, Kremsmünster, Austria) to generate 
single-cell suspensions. The mixture was subsequently divided into a hepatocellular- 
and non-parenchymal cell fraction by two rounds of centrifugation (50 × g, 5 min, 4 °C). 
While the pelleted hepatocytes were kept on ice, the non-parenchymal cell-containing 
supernatant was separated form cellular debris by two additional rounds of centrif-
ugation (200 × g, 5 min, 4 °C). Both fractions were reconstituted in 5 mL cell culture 
medium and cells were counted using a hemocytometer. Cells were pelleted (200 × 
g, 5 min, 4 °C) and reconstituted in sterile-filtered FACS buffer (5% BSA in PBS) at a 
concentration of 10 × 106 cells/mL. 

Both fractions were incubated with fluorescently labeled anti-mouse F/80 (Brilliant 
Violet) and anti-mouse CD146 antibodies (APC; 100 ng antibody/1 × 106 cells in 100 
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μL FACS buffer) to stain Kupffer cells and endothelial cells, respectively, for 30 min at 
4 °C in the dark. Samples were washed twice in 1 mL FACS buffer (600 × g, 5 min, 4 
°C), resuspended in 1.5 mL ice-cold fixation buffer (0.5% paraformaldehyde in PBS), 
pelleted (600 × g, 5 min, 4 °C), and reconstituted in ice-cold FACS buffer for storage. 

Figure S18. Perfusion setup. Following excision, the liver was placed in a sterile petri dish (1) onto a 
heating platform (2) in a laminar flow cabinet. The liver was perfused with collagenase buffer (3) through 
the main portal vein, which was cannulated with a 21-G cannula connected to a perfusion setup consisting 
of an open syringe holding the perfusion solution (3) and a second closed syringe connected via three-way 
tap (4) that was used to remove air from the system prior to perfusion. 

All samples were stored at 4 °C in the dark and analyzed within one week by means 
of flow cytometry (LSRFortessa, BD Biosciences, Franklin Lakes, NJ). Fluorescence 
was measured at λ ex/em = 405/450 nm (Brilliant Violet), λ ex/em = 488/530 nm (NBD), and 
λ ex/em = 640/675 nm (APC). Hepatocytes were gated based on their morphological 
characteristics (i.e., high FSC and SSC). KCs and endothelial cells from the non-pa-
renchymal fraction were gated based on their fluorescence emission pattern, i.e., high 
Brilliant Violet/low APC and high APC/low Brilliant Violet fluorescence, respectively. 

Twenty thousand events were collected in the gated region. Data were analyzed 
using FlowJo software (TreeStar Software, Ashland, OR) and expressed as mean 
NBD fluorescence/count. The hepatocyte/KC uptake ratio was calculated from paired 
hepatocyte and KC samples (i.e., from the same animal). 
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S–XXIII. Total body distribution of liposome uptake 
Materials and methods: Tissue samples form liver, spleen, heart, stomach, intestine, 
kidney, bladder, and blood (400 μL) were transferred into ceramic bead-containing 
homogenizer tubes (MagNA Lyser Green Beads, Roche, Basel, Swiss) containing 400 
or 500 μL PBS, depending on the sample size. Samples were homogenized (6,500 rpm, 
60 s, RT) using a MagNA Lyser tissue homogenizer (Roche). Thereafter, homogenates 
were diluted 50, 100, or 500 times in protein lysis buffer (0.2 M NaOH and 1% TX-100 
in MilliQ) and total protein content was determined using a commercial kit (Pierce BCA 
Protein Assay Kit, Thermo Fisher, Waltham, MA). Tissue homogenates were transferred 
into 1.5-mL Eppendorf tubes and centrifuged (20,000 × g, 5 min, RT). Next, 150 μL of 
the supernatant was aspirated and transferred into glass tubes to which 500 μL CHCl3 
was added to extract NBC-PC from the sample. Sample NBD content was subsequently 
quantified in the CHCl3 fraction using fluorescence spectroscopy (λex = 470 ± 10 and 
λem = 490–700 ± 10 nm). Emission spectra of each sample were integrated, corrected 
for dilution, and normalized to protein content (in μg/μL). 

Figure S 19. Total body distribution of liposomes. Uptake of NBD-labeled hepatotargeted GM1 (red 
bars) and GM1 + LPE liposomes (blue bars; in pmol NBD/mg protein) was analyzed for different organs and 
compared to solvent controls (green bars). Data are plotted as mean ± SEM.  

Results: Both GM1 and GM1 + LPE liposomes mostly accumulated in spleen, lung, 
and liver; all of which are part of the mononuclear phagocyte system30. Although NBD 
levels were greater in spleen and lung samples this effect only emerged following 
correction of sample NBD levels for total protein content, which was approximately 8 
and 26 x higher in liver and blood, respectively (data not shown). In addition, a trend 
towards more pronounced liposome uptake was noticed for GM1 compared to GM1 
+ LPE liposomes in all organs including liver, which is in accordance with the data 
presented in Figure S17.   
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Conclusion: NBD-labeled hepatotargeted GM1 and GM1 + LPE liposomes mostly 
accumulated in organs that are part of the mononuclear phagocyte system. A trend 
towards more pronounced liposome uptake was noted for GM1 compared to GM1 + 
LPE liposomes.  

S–XXIV. Real-time visualization of hepatocellular oxidative stress during isch-
emia/reperfusion with hepatotargeted liposomal CDCFH2
Materials and methods: The redox-sensitive fluorogenic dye 5(6)-carboxy-DCFH2 
(CDCFH2) was encapsulated into GM1 liposomes, the optimal formulation for in vivo 
hepatotargeting (Figure S17), with the aim of selectively visualizing hepatocellular 
oxidative stress during IR. CDCFH2 was prepared from 5(6)-carboxy-DCFH2-DA as 
described in S–VIII. GM1 liposomes were prepared and characterized as described 
in S–XVI, with the exception that the lipid film was hydrated with 260 μM CDCFH2 
(from 26 mM in DMSO, 1% DMSO) in physiological buffer. Unencapsulated probe was 
subsequently removed by size exclusion chromatography according to12.

Induction of anesthesia and preparation of the median liver lobe were performed as 
described S–XX and S–XXI, respectively. In addition, the falciform ligament was dis-
sected and a silicone sling functioning as a tourniquet was placed around the portal 
pedicle. A sling instead of a microvascular clamp was used in order to be able to 
perform the entire surgical procedure under the intravital microscopy setup. Following 
positioning under the microscope, liposomes (0.1 μmol lipid/g body weight in 200 μL 
physiological buffer) were injected via the penile vein and circulated for 35 min. Next, 
ischemia was induced by clamping the portal pedicle for 60 min. At 30 min of ischemia, 
a brightfield image was taken to check for parenchymal blanching (a hallmark sign for 
ischemia26), and animals that did not show blanching were excluded. Sham animals 
underwent the exact same procedure with the exception that the sling was not tightened.

During reperfusion, CDCF fluorescence (resulting from oxidative stress-induced 
CDCFH2 oxidation) was visualized by fluorescence microscopy and spectroscopy 
as described in S–XXI. All data were obtained in time-based acquisition (20 min at 
2-min intervals). Images were acquired at a 298.5-ms exposure time with 4.0 × gain 
and 2.30 × optical zoom. For spectroscopy, spectra obtained at a 500-ms interval 
(with dark current correction) were integrated over the complete spectral width (i.e., 
λ = 250–1050 nm).  

S–XXVI. Statistical analysis
Statistical analysis of all data (including the main text) was performed in GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA). Data were analyzed using the unpaired 
Student’s t-test or one-way ANOVA with Bonferroni correction. A p-value < 0.05 was 
considered statistically significant. Graphs show mean ± SEM unless stated otherwise 
in the figure legend. 
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ABSTRACT

Oxidative stress, a state in which oxidant formation outnumbers the local antioxidative 

capacity, is essentially involved in many diseases, including those affecting the liver. 

2 ,ʹ7ʹ-Dichlorodihydrofluorescein-diacetate (DCFH
2
-DA) is one of the most widely used 

fluorogenic probes for the detection of oxidative stress in vitro. DCFH
2
-DA transgresses 

the plasma membrane and is deacetylated by cytosolic esterases to the more hydro-
philic 2 ,ʹ7ʹ-dichlordihydrofluorescein (DCFH

2
). DCFH

2
 is oxidized by various reactive 

species to form the highly fluorescent 2 ,ʹ7ʹ-dichlorofluorescein (DCF) that can be quan-
tified as a measure of oxidative stress. The use of DCFH

2
-DA in hepatocyte-derived cell 

lines is potentially impeded by membrane transport proteins that interfere with probe 

uptake and retention. This study therefore aimed to optimize the experimental condi-
tions for DCFH

2
-DA to investigate oxidative stress in the framework of liver diseases. 

The spectral, redox, and in vitro properties of DCFH
2
-DA and DCF were determined in 

hepatocyte-derived HepG2 and HepaRG cells. The most important observations were 
the pH-dependency of DCF fluorescence intensity at pH < 7, that DCFH

2
-DA stability 

in cell culture medium was dependent on medium composition, and that DCF exhibited 
uptake by and efflux from all cell types. DCFH

2
-DA nevertheless remains a suitable 

probe to study redox processes in hepatocyte-derived cell lines granted that specific 
experimental conditions are met, which are detailed in this manuscript. In line with these 

experimental conditions, DCFH
2
-DA was used to visualize and quantify oxidative stress 

in real-time in HepG2 cells subjected to anoxia/reoxygenation to further demonstrate 
the probe’s utility in a test system for clinically relevant pathological conditions.
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INTRODUCTION

Oxidants in the form of reactive oxygen and nitrogen species (ROS and RNS, respec-
tively), redox-active transition metals such as Fe2+ and Cu+, as well as activated per-
oxidases (e.g., cytochrome c peroxidase) are chemically reactive compounds that are 
able to (ir)reversibly alter the structure of (bio)molecules1. ROS/RNS are generated 
intracellularly by enzymatic sources (e.g., cytochrome P450 enzymes2) as well as 
non-enzymatic sources (e.g., oxidative phosphorylation in mitochondria3) and are 
essentially involved in cell signaling pathways when formed under controlled conditions. 

Transition metals are generally kept in a protein-bound state to control their reactivity, 
although a labile pool of free Fe2+ and Cu+ exists intracellularly that is maintained within 

tight concentration limits under non-pathological circumstances4. Under pathological 

circumstances, however, oxidant levels can rise due to the increased formation of 

ROS/RNS, augmentation of the labile Fe2+/Cu+ pool, and/or a reduction in the (extra)
cellular antioxidative capacity. A state of oxidative stress consequently ensues1 that 

has been causally related to, e.g., cardiovascular, neurodegenerative, malignant, and 

liver diseases5. Hepatocytes are particularly prone to developing oxidative stress 
because of their large number of mitochondria and ROS/RNS-producing enzymes, 
as well as their principal role in copper and iron metabolism1. Accordingly, oxidative 
stress contributes to many forms of liver disease1,6 and therefore constitutes a major 
research topic within the field of hepatology.  

Because of their high reactivity and short half lives oxidants are difficult to measure 
directly, particularly under in vitro conditions. Consequently, fluorogenic and lumi-
nogenic redox probes have emerged over the past decades as the preferred tool to 

measure oxidative stress in vitro due to their easy use, low cost, and non-toxicity7,8. 

Of the different probes available, the fluorogenic 2 ,ʹ7ʹ-dichlorodihydrofluorescein-di-
acetate (DCFH

2
-DA) is amongst the most frequently used redox probes (Figure 1A). 

The hydrophobic acetate groups on DCFH
2
-DA allow for diffusion across the plasma 

membrane, after which they are cleaved by intracellular esterases to form the more 

hydrophilic DCFH
2
 that is believed to be retained within the cytosol (Figure 1B). DCFH

2
 

is reactive towards many types of oxidants, including nitrogen dioxide (•NO
2
)9, the 

carbonate radical anion (CO
3

•–)9, the hydroxyl radical (•OH)9, Fe2+ 10, Cu+ 10, thiol radicals 

(e.g., the glutathione radical; GS•)11, and peroxidases (e.g., cytochrome c peroxidase)12. 

Following two-electron oxidation, in which superoxide anion (O
2

•–) is generated as 
a by-product13, fluorescent DCF is formed that can be visualized or quantified as a 
nonspecific measure of oxidative stress (Figure 1B). 

Despite its widespread application, only limited research has focused on the practical 
aspects of the in vitro use of DCFH

2
-DA and its derivatives16-24. More specifically, 

studies on DCFH
2
-DA uptake, DCFH

2
 oxidation, and DCF retention in hepatocyte-de-

rived cell lines are lacking. The probe kinetics in vitro are of particular concern given 
that hepatocytes express a multitude of membrane transporters that have important 

practical implications for the use of DCFH
2
-DA25. Because primary hepatocytes swiftly 
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de-differentiate in monolayer culture, hepatoma cell lines are a common means to study 
hepatic (patho)physiology in vitro. HepG2 is a human hepatocellular carcinoma-derived 
cell line that is one of the most widely used cell types for these purposes. The relatively 
new HepaRG cell line is an increasingly used human hepatocellular carcinoma-derived 
cell line that has the ability to differentiate over a 4-wk period into a heterogeneous 
monolayer culture consisting of islets of hepatocyte-like cells that are surrounded by 
cholangiocyte-like cells26. 

Figure 1. [A] Overview of citations mentioning DCFH
2
-DA published in 1990–2015. The number of publica-

tions mentioning DCFH
2
-DA were retrieved from http://scholar.google.com/ using the search term “2 ,ʹ7ʹ-di-

chlorodihydrofluorescein diacetate” OR “2 ,ʹ7ʹ-dichlorodihydrofluorescin diacetate” OR “dichlorodihydrofluo-
rescein diacetate” OR “dichlorodihydrofluorescin diacetate” OR “DCFH2-DA” OR “H2DCF-DA” and excluding 
citations and patents. [B] The chemical structure, pH-dependent isoforms, and (estimated) acid dissociation 
constants (pK

a
)14,15 of DCFH

2
-DA, DCFH

2
, and DCF. Details are provided in the text.

In light of the limited information available, this study aimed to optimize the practical 

applicability of DCFH
2
-DA in HepG2 cells and undifferentiated (i.e., 2-wk old) as well 

as differentiated (i.e., 4-wk old) HepaRG cells. The ultimate goal was to advance 
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hepatocyte-based redox studies for purposes of medical research (e.g., bioartificial 
livers for transplantation and acute liver failure patients27), pharmacology and toxicol-
ogy28, biology29, and biochemistry30. The most important observations were that DCF 
fluorescence intensity was pH-dependent at pH < 7 and that the stability of DCFH 

2
-DA 

in cell culture medium relied on the composition of the medium. DCF exhibited uptake 
by and efflux from all cell types. Despite these limitations, DCFH

2
-DA can still be 

employed to redox processes in hepatocyte-derived cell lines, granted that specific 
experimental conditions are met. The optimized experimental conditions are detailed 
in this manuscript. In line with the experimental conditions, DCFH

2
-DA was used to 

visualize and quantify oxidative stress in real-time in HepG2 cells subjected to anoxia/
reoxygenation to demonstrate the probe’s utility in a test system for clinically relevant 

pathological conditions. 

EXPERIMENTAL PROCEDURES

References to online supplemental material are indicated with prefix ‘S.’

Reagents and buffers
DCFH

2
-DA was purchased from Life Technologies/Molecular Probes (Eugene, OR) and 

dissolved in methanol (MeOH) at a 25-mM stock concentration or in dimethylsulfoxide 
(DMSO) at a 50-mM stock concentration. DCF was acquired from Sigma-Aldrich (St. 
Louis, MO) and dissolved in DMSO at a 20-mM stock concentration. All other reagents 
are listed in Table S1. The concentrations listed throughout this manuscript refer to final 
concentrations unless indicated otherwise. 

Preparation of DCFH2
High-purity DCFH

2
 was prepared from DCFH

2
-DA in accordance with an optimized 

and validated protocol10. Briefly, 5 μmol of DCFH
2
-DA in MeOH was dissolved 2.5 

mL of 100 mM NaOH in MilliQ and incubated for 15 min at room temperature (RT) in 
the dark to ensure complete deacetylation to DCFH

2
. The solution was subsequently 

adjusted to pH = 1 by the addition of 2.5 mL of 200 mM HCl in MilliQ to precipitate 
DCFH

2
. Next, liquid phase extraction of DCFH

2
 was performed by the addition of 4 

mL of chloroform (CHCl
3
) to the suspension. After vortexing the organic phase was 

aspirated and evaporated under a steam of N
2
 gas at RT in the dark. Subsequently, the 

crystallized DCFH
2
 was dissolved in 100 μL of MeOH to yield a 92-mM stock solution 

and stored under N
2
 gas at -20 °C.  

Determination of molar extinction coefficients
The molar extinction coefficient (ε) of DCFH

2
-DA was determined in MilliQ, HEPES 

buffer (10 mM HEPES, 0.88% NaCl, pH = 7.4, 0.292 osmol/kg), and MeOH. DCFH
2
-DA 

in DMSO was diluted in the solvent of interest (0–20 μM) and sample absorbance was 
determined at 258, 259, or 260 nm for MilliQ, HEPES buffer, or MeOH, respectively, by 
UV/VIS absorption spectroscopy (Lambda 18, Perkin Elmer, Waltham, MA) in a 1-cm 
path length quartz cuvette (Hellma Analytics, Müllheim, Germany). The molar extinction 
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coefficient was subsequently calculated over the complete concentration range in all 
solvents according to the Beer-Lambert equation31.  

The molar extinction coefficient of DCFH
2
 in MeOH was recently reported10. In addi-

tion, the molar extinction coefficient of DCFH
2
 was determined in MilliQ, PBS (pH = 

6 or pH = 12), and HEPES buffer (adjusted to pH = 6 or pH = 12 with HCl or NaOH, 
respectively). DCFH

2
 in MeOH was prepared in the solvent of interest (0–90 μM) and 

sample absorbance was determined at 286 nm for MilliQ, PBS (pH = 6), and HEPES 
buffer (pH = 6), and at 305 nm for PBS and HEPES buffer (both pH = 12).  

Similarly, DCF in DMSO was diluted in MilliQ (pH = 12), HEPES buffer, MeOH, and 
DMSO (0–20 μM) and its molar extinction coefficient was calculated at 503 nm, 284 
nm, and 535 nm for MilliQ, HEPES buffer, MeOH, and DMSO, respectively. 

Spectral properties of DCFH2-DA, DCFH2, and DCF
Concentration-dependent (0–20 μM) ground state absorption spectra were recorded 
for DCFH

2
-DA, DCFH

2
, and DCF in aqueous (MilliQ, HEPES buffer) and organic sol-

vents (MeOH, DMSO). In addition, pH-dependent absorption spectra of 20 μM DCF 
and DCFH

2
 as well as pH-dependent excitation and emission spectra (Cary Eclipse, 

Varian, Palo Alto, CA) of 20 μM DCF were acquired in unbuffered MilliQ adjusted to 
pH = 1–12 with 37% HCl.

Stability of DCFH2-DA and DCFH2 in solvent 
The stability of DCFH

2
-DA and DCFH

2
 was determined in organic and aqueous sol-

vents. The stability of DCFH
2
 and DCFH

2
-DA in MeOH is reported elsewhere10. A 

20-μM solution of each compound was prepared in DMSO, HEPES buffer, and MilliQ. 
Samples were stored at -20 °C or 4 °C in the dark and the extent of auto-oxidation 
(i.e., the formation of DCF) was determined spectrofluorometrically (λ

ex
 = 503 ± 5 nm, 

λ
em

 = 513–650 nm or λ
ex

 = 535 ± 5 nm, λ
em

 = 545–650 nm for MilliQ/HEPES or DMSO, 
respectively) at different time points over a period of 28 d. The fluorescence emission 
spectra were integrated and plotted as a percentage of the integrated spectra of a 

freshly-prepared 20-μM DCF sample (reference standard). 

The short-term stability of DCFH
2
-DA was analyzed spectrofluorometrically in PBS and 

serum-free cell culture media in the form of buffered (25 mM HEPES, pH = 7.4) as well 
as unbuffered WE, DMEM, and RPMI-1640. The spectrofluorometer was employed in 
kinetics mode (λ

ex
 = 500 ± 5 nm, λ

em
 = 523 ± 5 nm) using continuous magnetic stirring 

and Peltier-controlled temperature regulation. Solvents/reagents were added to the 
cuvette in the following order: t = 0 min, 1,494 μL of solvent (equilibrated at 37 °C) and 
t = 1 min, 6 μL of 5 mM DCFH

2
-DA in DMSO (20 μM). Fluorescence was recorded 

over a period of 2 h with continuous acquisition. The fluorescence emission intensity 
at each time point was plotted as a percentage of the fluorescence emission intensity 
of a 20-μM DCF reference sample, measured at the end of the kinetics read.  
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Cell culture 
HepG2 and HepaRG cells were cultured in WE medium supplemented with 10% (vol/
vol) fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-gluta-
mine, 5 μg/mL insulin, and 50 mM hydrocortisone under standard culture conditions 
(humidified atmosphere of 95% air and 5% CO

2
 at 37 °C). Cells were subcultured at 

a 1:5 ratio (HepG2) or 1:7 ratio (HepaRG) following detachment by trypsinization (15 
min at 37 °C) in a 2:1:1 accutase:accumax:PBS mixture. HepG2 cells, undifferentiated 
HepaRG cells, and differentiated HepaRG cells were used for experiments after 4–5, 
12–16, and 26–30 d of culture, respectively. Cells were seeded in 24-wells plates and 
used at 100% confluence for each experiment. 

Cellular DCFH2-DA uptake 

Time- and concentration-dependent DCFH
2
-DA uptake were analyzed by incubating 

cells with 50 μM DCFH
2
-DA in PBS for 0–20 min or with 0–100 μM DCFH

2
-DA in PBS 

for 15 min, respectively. Following incubation, the DCFH
2
-DA-containing incubation 

medium was aspirated, snap frozen in liquid N
2
, and stored at -20 °C. At a later time 

point, samples were thawed and centrifuged for 15 min at 15,000 × g (4 °C) to pellet 
any cellular debris. Next, 400 μL supernatant was incubated with 600 μL of 190 mM 
NaOH for 15 min at RT in the dark so as to convert all DCFH

2
-DA into DCFH210. The 

concentration of DCFH
2
 and DCF (from concurrent auto-oxidation) was determined in 

each sample by means of absorbance (ε305 nm = 7,906 M-1 • cm -1 in PBS, pH = 12) and 
fluorescence spectroscopy (λ

ex
 = 503 ± 5 nm, λ

em
 = 513–700 nm against a 0–40-nM 

DCF standard curve), respectively. The cellular uptake of DCFH
2
-DA was calculated 

by subtracting the combined nanomolar amount of DCFH
2
 and DCF in the supernatant 

(as a measure of residual DCFH
2
-DA following incubation) from that of the incubation 

medium stock solution (n = 4). Data were subsequently normalized to total protein 
content per well that was determined in duplicates using a colorimetric commercial 

kit (BCA Protein Assay, Thermo Scientific, Rockford, IL). The cell lysis solution (0.1 M 
NaOH and 1% Triton X-100 in MilliQ) was chosen because of the different mechanism 
of cell lysis by NaOH and Triton X-100 and because these components do not interfere 
in the BCA derivatization reaction and subsequent spectrophotometric determination 
(described in the supplemental information).  

Cellular DCF uptake 
To investigate time-dependent uptake of DCF, cells were incubated with 50 μM DCF 
in serum-free WE medium for 0–20 min under standard culture conditions. At each 
time point, cells were washed twice with PBS and lysed with lysis solution (250 μL/
well) for 1 h at 37 °C. Following homogenization of cell lysates, DCF fluorescence was 
measured using a microplate reader (λ

ex
 = 460 ± 40 nm and λ

em
 = 520 ± 20 nm; BioTek 

Instruments, Winooski, VT). Data were corrected for total protein content per well as 
described above and normalized to controls (i.e., 0 min incubation). 

Concentration-dependent DCF uptake was determined by incubating cells with 0–100 
μM DCF in serum-free WE medium for 20 min under standard culture conditions. 



121120

Subsequently, cells were washed twice in PBS and 300 μL of PBS was added to each 
well. DCF fluorescence was measured at abovementioned settings, corrected for total 
protein content per well, and normalized to controls (i.e., 0 μM DCF). 

Intracellular DCF retention and transmembrane diffusion
The extent of intracellular DCF retention was determined by incubating cells in serum-
free WE medium with 100 μM DCF or solvent control for 2 h at standard culture condi-
tions. Cells were washed twice in PBS and 500 μL of serum-free WE medium was added 
to each well, which was aspirated at various time points over a 20-min period. Next, cells 
were lysed and DCF fluorescence in the lysate was determined as described above. 
Intracellular DCF retention was also visualized by laser-scanning confocal micros-
copy (Leica SP8, Leica Microsystems, Wetzlar, Germany). HepG2 cells were grown to 
confluency in 6-well plates pre-coated with rat tail-derived collagen I in 0.1 M acetic 
acid in MilliQ for 6 h (8 μg/cm2). Prior to imaging, cells were incubated with 100 μM 
DCF in serum-free WE medium for 2 h at standard culture conditions. Thereafter, cells 
were washed twice in PBS and fixed in 1.5 mL fixative (4% paraformaldehyde and 
2% sucrose in PBS, 5 min, RT) following 5- or 30-min incubation with serum-free WE 
medium. Cells were stained with 1 μM Nile Red in PBS (from 5 mM Nile Red in DMSO 
stock solution) for 60 s and washed thrice with 1 mL PBS. The coverslips were then 
mounted on microscope slides using DAPI-containing Vectashield mounting medium 
(Laboratories, Burlingame, CA). Fluorescence intensities were measured at λ

ex
 = 405 

nm, λ
em

 = 415–480 nm for DAPI; λ
ex

 = 540 nm, λ
em

 = 550–650 nm for Nile Red; and λ
ex

 

= 495 nm, λ
em

 = 520–580 nm for DCF. Laser and detector settings were kept similar 
throughout the experiment. 

The transmembrane diffusibility of DCF was assessed using liposomes encapsulating 
DCF or 6-carboxyfluorescein (CF) at a self-quenching concentrations. CF (49 mM) and 
DCF (18 mM) were prepared in 98.4 and 37.3 mM NaOH in MilliQ, respectively, and 
incubated overnight at 37 °C under continuous shaking. Both solutions were titrated 
to pH = 7.4, after which solvent osmolarity was determined as described in32 against 

a 0–154-mM NaCl in MilliQ (pH = 7.4) standard curve and adjusted to 0.292 osmol/kg 
with NaCl. Liposomes were prepared by the lipid film hydration technique as described 
in10. Briefly, a lipid film was prepared by mixing stock solutions of DMPC, cholesterol, 
lactosyl-PE, and GM1 at a 50:40:5:5 molar ratio (10 mM final lipid concentration). 
The solvent was evaporated under a stream of N

2
 gas followed by 30 min of vacuum 

exsiccation. The resulting lipid film was hydrated with 500 μL of self-quenching DCF 
or CF solution and sonicated using a tip sonicator (Branson Ultrasonics, Danbury, 
CT) for 5 min. Unencapsulated probe was subsequently removed by size exclusion 
chromatography according to33. 

The release of encapsulated DCF or CF was determined over a period of 10 min by 
fluorescence spectroscopy (λ

ex
 = 491 ± 5 nm, λ

em
 = 523 ± 5 nm). A cuvette containing 

1,500 μL of HEPES buffer was placed into the spectrometer (maintained at 22 °C) 
and time-based acquisition was started. At t = 1 min, 40 μL of iso-osmotic liposome 
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solution was added. At t = 9 min, 15 μL of 15% TX-100 in MilliQ was added to lyse the 
liposomes, resulting in the release of all encapsulated probe and hence maximum 

fluorescence intensity. 

Basal oxidant formation and cellular metabolic rate
To analyze the intracellular basal oxidant formation, cells were incubated with 0–100 
μM DCFH

2
-DA in serum-free HEPES-buffered WE medium (25 mM, pH = 7.4) at 37 °C 

in a microplate reader in which DCF fluorescence was measured over a period of 2 h at 
10-min intervals (λ

ex
 = 460 ± 40 nm, λ 

em
 = 520 ± 20 mn). A cell-free plate was analyzed 

directly thereafter to determine the rate of DCFH
2
-DA auto-oxidation in the incubation 

medium. Cellular DCF fluorescence was adjusted for DCFH
2
-DA auto-oxidation over 

time and normalized to total protein content per well. 

Cellular O
2
 consumption and extracellular acidification rate (as ΔpH) were deter-

mined as a measure for the overall metabolic rate in cells seeded onto 96-well plates 
(Seahorse Bioscience, North Billerica, MA). Cells were analyzed in 200 μL serum- and 
bicarbonate-free DMEM using a Seahorse XF96 analyzer (Seahorse Bioscience; n = 
24 per cell type, 3 measurements per sample). All data were normalized to total protein 
content per well. 

Real-time analysis of oxidant formation during in vitro anoxia/reoxygenation in HepG2 
cells
DCFH

2
-DA was used to visualize acute oxidative stress in HepG2 cells under experi-

mental conditions emulating hepatic ischemia-reperfusion34. For this purpose, a cus-
tom-built fluorescence microscopy-based experimental setup was used (Figure S3). 
HepG2 cells were cultured on collagen-coated 0.8-mm channel slides (described in 
‘Intracellular DCF retention and transmembrane diffusion’; Ibidi, Planegg, Germany). 

During the experiment, cells were perfused (80 μL/min) with serum-, glucose-, and 
pyruvate-free WE medium for 4 h at 37 °C. The medium was continuously purged with a 
mixture of 95% N

2
 and 5% CO

2
 or 95% air and 5% CO

2
 (Linde Gas Benelux, Schiedam, 

the Netherlands) for the anoxia-reoxygenation (A/R) or control group, respectively. The 
slide was subsequently perfused with 100 μM DCFH

2
-DA in the respective incubation 

medium for 15 min (80 μL/min). In an additional A/R intervention group, 1 mM dimethyl 
malonate (DMM), which prevents the build-op succinate during anioxia and hence 
reduces oxidant formation upon reoxygenation35, was added to the perfusion medium 

and the DCFH
2
-DA-containing incubation medium.

Following incubation with DCFH
2
-DA, perfusion was resumed with medium purged 

with 95% O
2
 and 5% CO

2
 in the A/R and A/R intervention groups. Cells in the control 

group were perfused with medium saturated with 95% air and 5% CO
2
. Immediately 

after wash-out of the DCFH
2
-DA incubation medium (~ 10 s), cells were visualized 

with a stereo fluorescence microscope (λ
ex

 = 470 ± 20 nm, λ
em

 = 515 nm long pass; 
model M165 C, Leica Microsystems, Wetzlar, Germany) for a period of 30 min at 
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2.5-min intervals with dark intermittence periods. Cellular DCF fluorescence was sub-
sequently quantified based on total pixel intensity of the images following conversion 
to 8-bit greyscale (ImageJ software; National Institutes of Health, Bethesda, MD) and 
normalized to t = 0 min.   

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, La 
Jolla, CA). All data were analyzed using one-way ANOVA, in which repeated-measures 
data were analyzed based on area under the curve (AUC) values per sample. Intragroup 
multiple comparisons were made using the Dunnet’s post-hoc test, where means were 
compared to a single control. For intergroup multiple comparisons, all possible pairs of 
means were compared using Tukey’s range test. A p-value of < 0.05 was considered 
statistically significant. 

RESULTS AND DISCUSSION

Ground state absorption spectra of DCF, DCFH2, and DCFH2-DA 
The spectral properties of DCF and its derivatives were determined with absorption 
and fluorescence spectroscopy. This is of particular interest when perfoming experi-
ments that require the determination of probe concentrations and when studying DCF 
formation under conditions of varying pH. The molecular structures of DCF, DCFH

2
, 

and DCFH
2
-DA and the pKa values are shown in Figure 1B. The concentration-depen-

dent absorption spectra of DCF and its derivatives in different solvents are presented 
in Figure 2. The absorbance-concentration relationship was linear (R2 ≥ 0.99) for all 
compounds in the 0–20-μM concentration range. This, in combination with the fact 
that no blue or red bands appear in the main absorption band with increasing solute 

concentration, indicates that DCF and its derivatives do not form H-type and J-type 
aggregates (which would affect the fluorescence properties), respectively, at these 
experimentally relevant concentrations.

The main absorption band of oxidized DCF in MilliQ (Figure 2A) and HEPES buffer 
(Figure 2B) is structureless and exhibits a maximum (λ

max
) at 503 nm that is attributable 

to π à π* transitions in the conjugated system. The blue shoulder at ~ 475 nm, which 
is unaffected by HEPES or ions (Na+ and Cl–), reflects a vibronic transition of the delo-
calized electrons. The type of solvent exerted a significant effect on the electronic and 
vibronic transitions, as polar H-bond donating and accepting solvent (MeOH) induced 
a bathochromic shift of the main absorption band (λ

max
 = 513 nm) and broadened the 

vibronic transition (Figure 2C). Polar H-bond accepting solvent (DMSO) exacerbated 
these effects (λ

max
 = 535 nm, Figure 2D), which was expected given the energy-lowering 

effect of polar solvents on π à π* transitions.

Protonation of the Cα, which yields reduced DCF (DCFH
2
, Figure 1B), abrogates the 

electron delocalization over the fluorescein moiety as evidenced by the blue-shifted 
absorption band in all solvents (Figure 2E–H). Consequently, the DCFH

2
 absorption 
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spectrum adopts the spectral features of o-substituted benzoic acid36. The primary 
band in the deep UV region in all solvents corresponds to the π à π* transitions in the 
substituted benzenes and is sensitive to solvent and pH effects. The secondary band, 
which exhibits λ

max
 = 286 nm and 305 nm in the polar H-bond donating and accepting 

solvents, is attributable to an n à π* transition in the 2-chlorophenol moiety given the 
hypsochromic shift of this band when the hydroxyl group is substituted by acetate 

(DCFH
2
-DA versus DCFH

2
, Figure S4 vs. 2E–H). Additionally, in MilliQ (Figure 2E), 

HEPES buffer (pH = 6, Figure 2F), and MeOH (Figure 2H) the secondary band contains 
a red shoulder that can be ascribed to the additional valence electrons of the phenolate 

anion that forms at increasing basicity (pK
a
 = 9.29, Figure 1B). The ionization results 

in lowering of the n à π* transition energy, as has been shown for other substituted 
phenols such as tert-butylphenol, which undergoes a 15-nm bathochromic shift (275 
à 290 nm) upon formation of the tert-butylphenoxide ion. Accordingly, the secondary 
band of DCFH

2
 is red-shifted (λ

max
 = 305 nm) at pH > 9.2 (Figure 2G), broadened, and 

more structureless and slightly hyperchromic. The gradual disappearance of the red 
shoulder in the secondary band of DCFH

2
 with increasing pH has been reported by14. 

Figure 2. Absorption spectra and molar extinction coefficients of DCF and DCFH2 in aqueous and 
organic solvent. Concentration-dependent absorption spectra (0–20 μM) and molar extinciton coefficients 
(ε) of [A] DCF in MilliQ (pH not adjusted), [B] HEPES buffer (pH = 7.4), [C] MeOH, and [D] DMSO. Concen-
tration-dependent absorption spectra (0–20 μM) and molar extinciton coefficients (ε) of [E] DCFH

2
 in MilliQ, 

HEPES buffer adjusted to [F] pH = 6 or [G] pH = 12, and [H] MeOH.

Acetylation of DCFH
2
 at the phenolic hydroxyl groups (i.e., DCFH

2
-DA) causes a 

hypsochromatic shift of both the primary and secondary absorption band (Figure 
S4). Inasmuch as the spectral properties of DCFH

2
-DA are irrelevant for the practical 

applicability of this redox-sensitive fluorogenic probe beyond the determination of 
solute concentrations in different solvents (discussed below), the spectral properties 
of DCFH

2
-DA will not be further discussed here.

Molar extinction coefficients of DCF, DCFH2, and DCFH2-DA
The molar extinciton coefficient of DCF and its derivatives was determined so as to 
enable the measurement of solute concentrations in the most relevant solvents in 

terms of solubility and in vitro application. The measured ε-values are presented in 
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Figure 2 and S2. Moreover, the molar extinciton coefficient of DCFH
2
 is useful for the 

simple yet accurate determination of the deacetylation efficacy and product yield fol-
lowing preparation from DCFH

2
-DA (see ‘Preparation of DCFH

2
’). Given the high molar 

absorptivity of DCF, which translates to a lower limit of detection in absorbance-based 
methods relative to compounds with a lower molar extinciton coefficient, the molar 
extinciton coefficient of DCF can also be employed for the quantitation of intracellular 
DCF concentrations to determine cellular uptake or as a measure of oxidative stress. 

Changes in pH affect the ground state absorption spectrum of DCFH2
With respect to practical applications, the effects of pH on the spectral properties of 
the chromophore and fluorophore can have considerable implications on the accuracy 
of the measurements. The pH of the probe-based standard solution should therefore 
always be synchronized with the pH of the probe-containing sample when performing 
quantitative analysis. In Figure 2F and G it was shown that the ground state absorp-
tion spectrum of DCFH

2
 in HEPES buffer was affected by solvent pH, which was also 

reported for DCFH
2
 in PBS solution14.  

Figure 3A shows that pH-dependent effects on the absorption spectrum of DCFH
2
 

also apply in non-buffered aqueous solvent, but that these effects are mainly confined 
to the primary absoption band in the pH = 1–10 range. The n à π* transition of the 
chlorophenol moiety that gives rise to the secondary absorption band is not markedly 

amenable to pH-related changes in this range. At pH < pK
a
 of the benzoic acid moiety 

(Figure 1B), the peak at 212 nm that is normally present at pH = 4–10 is relatively 
indiscriminate and the bands exhibit a red shoulder at 220 nm. Following deprotonation 
of the benzoic acid (pH ≥ 4), a well-defined peak appears at 212 nm that increases in 
intensity with pH, at least up to pH = 8 (i.e., second pK

a
 of DCFH

2
). Also, the red 220-nm 

shoulder exhibits a bathochromic shift to 230 nm. At pH ≥ 11, where DCFH
2
 is in fully 

deprotonated state, the primary peak undergoes a significant positional shift to 230 
nm, indicative of lowering of the π à π* transition energy in the substituted benzenes. 
More importantly, the secondary band undergoes a 18-nm bathochromic shift to 305 
nm at pH ≥ 11, although the amplitude at 287 nm does not change considerably.

From a practical point of view, the secondary absorption band that peaks at 287 nm 
is most important for the determination of DCFH

2
 concentration in solvent systems 

when using the Beer-Lambert law. The primary band is subject to much spectral 
interference from competing chromophores, including some buffer solutes. In the most 

important pH range, i.e., pH = 4–10, the secondary band can be used at 287 nm for 
spectrophotometric DCFH

2
 assays without suffering from pH effects or other (chromatic) 

interferences. In biological or proteinaceous samples, however, spectrophotometric 

analysis/quantitation may be impossible due to the presence of amino acids with similar 
spectral properties (e.g., tryptophan and tyrosine residues37). 
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Changes in pH affect the absorption spectrum and fluorescence emission and excitation 
spectra of DCF
Unlike DCFH

2
’s secondary band, the ground state absorption spectrum (Figure 3B) 

as well as fluorescence excitation (Figure 3C) and emission spectra (Figure 3D) of 
DCF were strongly affected by pH, in line with what has been reported previously38. 

With respect to absorption, the π à π* transitions in the delocalized system, which 
give rise to the 502-nm peak at neutral pH, as well as the vibronic transitions of the 
delocalized electrons, which account for the blue shoulder at 475 nm, were altered 
by protonation of the second chlorophenol (pK

a
 = 7.9, Figure 1B) that in turn reduced 

the molar absorptivity at 503 nm. At pH = 5 and particularly at pH = 4 (i.e., the pK
a
 of 

the benzoic acid, Figure 1B), the primary band underwent a hypsochromic shift of 13 
nm and an additional blue shoulder appeared at ~ 430 nm, likely reflecting vibronic 
transitions of electrons in the benzoic acid moiety. 

Figure 3. pH-dependent spectral properties of DCFH2 and DCF in MilliQ. [A] pH-dependent absorption 
spectra (pH = 1–12, λ = 200–400 nm) of 20 μM DCFH

2
 in MilliQ (adjusted with 37% HCl or 10 M NaOH). 

pH-dependent (pH = 4–8) [B] absorption (λ = 200–600 nm), [C] fluorescence excitation (λ = 200–525 nm 
at 545 nm emission), and [D] fluorescence emission spectra (λ = 525–650 nm at 480 nm excitation) of 20 
μM DCF in MilliQ (adjusted with 37% HCl or 10 M NaOH).

Given that the fluorescence emission intensity is generally proportional to the molar 
extinction coefficient at equal excitation light intensity, wavelength, and fluorophore 
concentration, it was expected that DCF’s fluorescence spectra would reflect the trend 
of the absorption spectra at different pH levels. In contrast, protonation of the chloro-
phenol (pH = 8 à 7) reduced the molar extinction coefficient (Figure 3B) but did not 
affect fluorescence emission intensity (Figure 3D), despite the lower excitation spectrum 
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intensity at 480 nm at pH = 7 compared to pH = 8 (Figure 3C). The pronounced double 
peak in the excitation spectrum of the pH = 8 trace disappeared at pH < 8, indicating 
a shift in electronic transition states as a result of hydroxyl group protonation. The 
Stokes shift also became larger at increasing acidity, owing to the blue shifting of the 
excitation maximum. Moreover, the reduction in fluorescence intensity at pH = 5 and 
4 was disproportional relative to that at pH = 6 (Figure 3D) and the reduction in molar 
absorbtivity (Figure 3B), suggesting that protonation of the benzoic acid reduced the 
quantum yield of DCF.

Consequently, the pH sensitivity that affects both DCF ground state absorption spectra 
and fluorescence spectra has a profound effect on the spectroscopic quantitation of 
oxidative stress and the formation of radical transients in various media and biological 

samples. The pH-dependent effects were deliberately measured at physiologically 
relevant alkaline (pH = 8) and acididic (pH = 4–6) conditions and juxtaposed to neutral 
pH. Alkaline and acidic pH levels are encountered during respiratory and metabolic 
alkalosis and acidosis (e.g., ischemia-reperfusion in the liver39,40 and heart41,42), in cul-
tured cancer cells and tumors in vivo, where intracellular pH is generally more acidic43,44, 

and in organelles such as lysosomes45. Accordingly, the use of DCF for measuring 
oxidative stress or radical transient formation must account for the chemical milieu, 

especially since DCF is water-soluble and hence directly susceptible to shifts in pH. 

Spectrally, the pH dependence should not be taken lightly because differential pH 
levels between experimental groups could skew or invalidate the interpretation of 

the DCF read outs. For example, when employing DCFH
2
(-DA) in tumor xenografts 

in comparison to non-cancerous tissue, the fluorescence acquired from tumor tissue 
may yield an underestmation of oxidative stress or radical transient formation due to 

the aforementioned acidity in tumors, which would translate to reduced fluorescence 
(Figure 3D) at equal oxidation rate. These effects could even become manifest in 
cancer cell lines cultured under slightly different atmospheres (e.g., incubation in a 
stove versus gas-controlled incubator, where CO

2
 content is generally higher, during 

an experiment). Similar principles apply to organs exposed to lactic acidosis, such as 
in vivo ischemia-reperfusion models for the heart46 and liver6,47. In these models, the 

control group typically embodies an organ not subjected to ischemia-reperfusion. Due 
to ischemia-induced metabolic acidosis in the DCFH

2
-laden cells, the ischemia-reper-

fusion group will likely yield undervalued levels of oxidative stress/radical transient 
formation. 

The stability of DCFH2-DA in aqueous solvent and medium is dependent on the com-
position of the solution
The long- and short-term stability of DCFH

2
-DA and DCFH

2
 was analyzed in aqueous 

solvents (discussed in the supplemental information) and cell culture media (the latter 
only for DCFH

2
-DA). Decay of DCFH

2
-DA in aqueous solution, resulting in the formation 

of DCF, most likely occurs through base-catalyzed hydrolysis of the acetate groups 
and subsequent DCFH

2
 (auto-)oxidation. DCF generation as a measure for DCFH

2
-DA 
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decay was analyzed spectrofluorometrically in solutions containing 20 μM DCFH
2
-DA 

and plotted as percentage of a 20-μM DCF reference sample (Figure 4). 

Temperature- and solute-related effects were observed when the short-term stability 
of DCFH

2
-DA was determined in different types of cell culture media (WE, DMEM, 

and RPMI-1640) and PBS; conditions that are relevant for in vitro use of the probe. 
DCF formation in PBS was undetectable at RT and negligible at 37 °C following 2 h of 
incubation (Figure 4A), which is in line with the data on long-term stability of DCFH

2
-DA 

in aqueous solvent (Figure S5). DCFH
2
-DA stability in cell culture medium (37 °C) 

was analyzed at ambient CO
2
 tension in serum- and phenol red-free buffered (25 mM 

HEPES, pH = 7.4) and unbuffered DMEM, RPMI, and WE. 

Figure 4. Stability of DCFH2-DA in PBS and medium. [A] Stability of 20 μM DCFH
2
-DA in PBS measured at 

room temperature (RT; blue line) or 37 °C (red line) over a period of 2 h. DCFH
2
-(DA) stability was measured 

through DCF formation and plotted as a percentage of a 20-μM DCF reference sample. Stability of 20 μM 
DCFH

2
-DA in unbuffered (red line) and HEPES-buffered (25 mM, pH = 7.4; blue line) [B] William’s E (WE), 

[C] Dulbecco’s modified Eagle medium (DMEM), and [D] Roswell Park Memorial Institute (RPMI) medium 
measured at 37 °C over a period of 2 h. DCFH

2
-(DA) stability was measured through DCF formation and 

plotted as a percentage of a 20-μM DCF reference sample. All data (n = 3/group) are plotted as mean ± SD.

Considerable variation in the extent of DCF formation was noted for the different types 
of culture medium and depending on the presence of HEPES. Considering that HEPES 
prevents medium alkalization at ambient CO

2
 tension, its presence was expected to 

improve DCFH
2
-DA stability due to a reduction in [OH–]. Addition of HEPES to the 

different medium formulations however resulted in opposing effects on DCF forma-
tion. Specifically, the presence of HEPES deterred DCF formation in WE (Figure 4B), 
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favored it in DMEM (Figure 4C), and had no noticeable effect in RPMI (Figure 4D). 
Considering that the influence of HEPES on DCF formation appears to be independent 
of its presumed inhibitory effect on DCFH

2
-DA deacetylation, the observed differences 

most likely result from complex interactions between DCFH
2
, HEPES, and redox-active 

medium components (Table 1). In that regard, the extent of DCF formation in DMEM 
corresponds well to it being the most nutrient-rich medium with a high concentration 
of O

2

•–-producing riboflavin48. DMEM is moreover the only formulation containing Fe3+ 

that, together with O
2

•–, will result in the formation of Fe2+ through Haber-Weiss cycling49. 

Table 1. Redox-active compounds in common cell culture media.

DMEM RPMI WE

Salts Fe3+ (nitrate) 0.25 0.00 0.00

Vitamins Ascorbic acid 0.00 0.00 11.36

Riboflavin 1.06 0.53 0.27

Amino acids Cysteine 0.00 0.00 330.17

Histidine 270.69 96.67 96.67

Methionine 201.06 100.53 100.53

Phenylalanine 399.54 90.80 151.34

Tryptophan 78.34 24.48 48.96

Tyrosine 397.37 110.38 193.17

Other compounds GSH 0.00 3.25 0.16

All compounds are listed in μM-concentrations, calculated from the manufacturer’s data sheets (Table S1).

Although all types of media contain varying amounts of antioxidants (e.g., GSH and 
ascorbic acid), these radical-scavenging compounds become radicals themselves 
upon oxidation7. Hence, ‘antioxidants’ can also function as pro-oxidants under the 
appropriate conditions. Accordingly, the free radical scavengers GSH50, cysteine50, 

and ascorbic acid51 were all shown to generate H
2
O

2
 in DMEM and/or RPMI. Addi-

tion of another compound with similar properties, e.g., HEPES52,53, could therefore 

shift the redox equilibrium of the sample in opposing ways. As a result, the extent to 
which DCFH

2
 oxidation takes place will strongly depend on medium composition. The 

addition of HEPES to WE, for instance, could result in HEPES reacting with ascorbic 
acid radicals (formed as a result of, e.g., O

2

•– generation by riboflavin54,55) that would 
otherwise be converted into redox-unreactive dehydroascorbic acid. Consequently, 
HEPES would function as a catalyst for O

2

•– formation52 and thereby enhance DCFH
2
 

oxidation (Figure 4B). In DMEM, which contains a large portion of oxidant-generating 
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compounds together with low levels of antioxidants, HEPES will likely act as a free-rad-
ical sink, consequently reducing the formation of DCF (Figure 4C).

In conclusion, although DCFH
2
-DA is relatively stable in aqueous solution when kept 

at 4 °C for up to 24 h, long-term storage in MilliQ or physiological buffers is not recom-
mended. It is moreover advisable to take the effects of cell culture media components 

into consideration when performing in vitro assays using DCFH
2
-DA, thereby preferably 

not using DMEM. 

DCFH2-DA rapidly accumulates in HepG2 and HepaRG cells
Uptake of DCFH

2
-DA as a function of time and concentration was analyzed in hepato-

cyte-derived HepG2 and HepaRG cells (Figure 5). Time-dependent uptake of DCFH
2
-DA 

was rapid, as evinced by the presence of detectable amounts of DCFH
2
-DA at t = 0 

min (i.e., very brief contact between the monolayer and the incubation medium), and 
plateaued at t = 5 min in all groups (Figure 5A). These data indicate that a DCFH

2
-DA 

incubation time of 5–10 min suffices for single-read experiments. The findings are 
moreover consistent with reports on the uptake of DCFH

2
-DA by Chinese hamster ovary 

cells16 and on the hepatocellular uptake of 5(6)-carboxy-2’7’-dichlorofluorescein diace-
tate (carboxy-DCF-DA)56. Passive diffusion is generally assumed to be the main uptake 
mechanism for DCFH

2
-DA57, as was demonstrated by linear uptake of carboxy-DCF-DA 

(measured intracellularly through its deacetylation product carboxy-DCF) over a 0–500-
μM range56. In contrast, the DCFH

2
-DA uptake rate in HepG2 and HepaRG cells 

deviated from linearity at 100 μM (Figure 5B–D), which might indicate a greater role 
for uptake through plasma membrane transporters such as organic anion transporting 

proteins 1B1 and 1B3 (OATP1B1 and OATP1B3, respectively)58. However, saturation of 
hepatocellular carboxy-DCF uptake, which strongly depended on OATP activity, did 
not occur until concentrations exceeded 100 μM56. The intracellular accumulation of 
carboxy-DCF was moreover significantly decreased at 4 compared to 37 °C incubation 
(at 4 °C endocytosis and enzymatic/transporter activity are inhibited), whereas uptake 
of its acetylated derivate was temperature-independent56. Hence, transporter-mediated 
DCFH

2
-DA uptake is likely not a major contributor to probe accumulation. 

Saturation of cytosolic esterase activity could form an alternative explanation for the 
observed deviation in the DCFH

2
-DA uptake rate. Assuming that cellular DCFH

2
-DA 

uptake mainly proceeds through passive diffusion, intracellular  [DCFH
2
-DA] will not 

exceed extracellular [DCFH
2
-DA], i.e., that in the incubation medium. The concomitant 

esterase-dependent intracellular formation of DCFH
2
 however establishes a DCFH

2
-DA 

sink that allows for ongoing probe influx. Thus, when this enzymatic process becomes 
saturated, the concentration gap between intra- and extracellular [DCFH

2
-DA] will fall 

as a result of which probe uptake will concomitantly decline. This principle that has 
been shown for acetylsalicylate uptake by hepatocytes co-incubated with the acetyles-
terase inhibitor paraoxon59. The presumed acetylesterase-dependency of DCFH

2
-DA 

uptake could moreover explain the differences in uptake rate between, e.g., HepG2 
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DCF accumulates in HepG2 and HepaRG cells and is poorly retained 
The cellular uptake and excretion of DCF were analyzed because such effects are 
expected to skew experimental data in an upward or downward direction, respec-
tively, when using DCFH

2
-DA to analyze intracellular oxidative stress. DCF uptake 

was determined in a time- and concentration-dependent manner. The fluorophore 
accumulated swiftly in all cell types, yet more rapidly in differentiated HepaRG cells 
compared to HepG2 and undifferentiated HepaRG cells (Figure 5E). Accordingly, 
overall DCF uptake was higher in differentiated HepaRG cells (p < 0.0001 and 
0.001 compared to HepG2 and undifferentiated HepaRG cells, respectively, at t = 
20 min) as well as in undifferentiated HepaRG compared to HepG2 cells (p < 0.01 
at t = 20 min). This trend roughly corresponds to RNA expression levels of OATP1B1 
and OATP1B3 that followed differentiated HepaRG > undifferentiated HepaRG >> 
HepG2 cells58. Considering that OATP1B1 and -3 are involved in the hepatocellular 

Figure 5. Time-dependent uptake and cellular uptake rates of DCFH2-DA and DCFH2 by HepG2 and 
HepaRG cells. [A] Time-dependent uptake of 50 μM DCFH

2
-DA (pmol/μg protein) by HepG2 (red bars), 

undifferentiated (green bars), and differentiated HepaRG cells (blue bars). DCFH
2
-DA uptake rates (pmol/

min/μg protein) for [B] HepG2, [C] undifferentiated, and [D] differentiated HepaRG cells, determined for 
40–100 μM DCFH

2
-DA. [E] Time-dependent uptake of 50 μM DCF (a.u./μg protein) by HepG2 (red bars), 

undifferentiated (green bars), and differentiated HepaRG cells (blue bars). DCF uptake rates (a.u./min/μg 
protein) for [F] HepG2, [G] undifferentiated, and [H] differentiated HepaRG cells, determined for 20–100 
μM DCF. All data (n = 8/group) are plotted as mean ± SD. Statistical significance (p < 0.05) is indicated § 
for intra-group analyses.

and differentiated HepaRG cells (Figure 5B and D), and underscores the notion that 
DCFH

2
-DA accumulation is likely cell-type specific.
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uptake of carboxy-DCF56 as well as fluorescein25,60, both are likely to transport 

DCF as well. Although DCF is generally assumed to be membrane-impermeable, 
uptake through passive diffusion could also take place (discussed in ‘DCF trans-
gresses membranes’). These findings are of particular relevance for experiments 
in which prolonged incubation with DCFH

2
-DA is desired because considerable 

DCF formation from DCFH
2
-DA decay occurs under such conditions (discussed 

in ‘The stability of DCFH
2
-DA in aqueous solvent and medium is dependent on the 

composition of the solution’).

The DCF uptake rate was linear over the complete concentration range in all 
cell types (Figure 5F–H), in accordance with data on carboxy-DCF showing 
that saturation occurs at [DCF] > 100 μM56. In contrast to time-dependent DCF 
uptake (Figure 5E), the DCF uptake rate was lower in differentiated HepaRG cells 
compared to HepG2 and undifferentiated HepaRG cells. Time-dependent DCF 
uptake was measured in cell lysates, whilst the DCF uptake rate was analyzed in 
intact monolayer culture. This difference in experimental setup likely explains the 
contradictory findings, since DCF efflux from differentiated HepaRG occurs more 
rapidly compared to HepG2 and undifferentiated HepaRG cells (described below). 
Nevertheless, these data collectively show that DCF formation in the incubation 
medium could interfere with intracellular measurements and that the extent of this 

effect is cell-type specific.

Intracellular DCF retention was quantified spectrofluormetrically and visualized 
using confocal microscopy. A rapid reduction in DCF fluorescence, i.e., probe 
efflux, was observed for all cell types. DCF efflux stabilized at t = 20 min, at which 
point ~ 50% of initial probe fluorescence was detected (Figure 6A). DCF expulsion 
moreover occurred more rapidly in differentiated HepaRG cells compared to HepG2 
cells (p < 0.001 at t = 5 min) and undifferentiated HepaRG cells (p < 0.001 at t = 
10 min). As for DCF uptake and OATP1B1/3, this trend fits well with RNA expres-
sion levels of the basolateral exporter multridrug resistance protein 3 (MRP3) that 
followed differentiated HepaRG > undifferentiated HepaRG >> HepG2 cells58. Both 

MRP3 and the apically located MRP2 expel carboxy-DCF from hepatocytes in 
vivo56, MRP2 likely does not contribute to DCF efflux in monolayer culture because 
of its cytosolic localization under these conditions61. Accordingly, MRP2 mRNA 
expression levels were comparable between all cell types58.

Efflux of DCF into the extracellular space was confirmed using confocal microscopy 
of HepG2 cells that were loaded with 100 μM DCF prior to imaging at t = 5 and 30 
min following replacement of the incubation solution with probe-free WE medium 
(Figure 6B and C, respectively). At t = 5 min, DCF was already localized both intra-
cellularly and in the extracellular spaces (indicated by white arrows in Figure 6B). 
The co-localization between DCF and Nile Red indicates that DCF accumulates 
within cellular organelles. Considering that the hepatic metabolism of fluorescein 
proceeds through glucuronidation62, it is plausible that DCF is processed similarly 
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Figure 6. DCF retention in cells and liposomes. [A] DCF retention (a.u./μg protein) was measured in HepG2 
(red bars), undifferentiated HepaRG cells (green bars), and differentiated HepaRG cells (blue bars) loaded 
with 100 μM DCF for 2 h. Data (n = 8/group) are plotted as mean ± SD. Intragroup statistical differences (p 
< 0.05) are designated with §. Intra- and extracellular localization of DCF in HepG2 cells loaded with 100 
μM DCF for 2 h following [B] t = 5 and [C] 30 min of incubation in probe-free medium. Cells were counter 
stained with DAPI (nucleus) and Nile Red (NR; membranes). OL: overlay. [D] Efflux of DCF (blue line) and 
CF (red line) from liposomes encapsulating both probes at self-quenching concentrations was analyzed 
spectrofluorometrically (λ

ex
 = 491 ± 5 nm and λ

em
 = 523 ± 5 nm) in time-based acquisition mode (t = 600 

sec) at 37 °C. At t = 550 s, 0.15% Triton X-100 (TX-100) was added to solubilize the liposomes and release 
all encapsulated probe. Data (n = 3) are plotted as mean ± SD.

and therefore localizes within the endoplasmic reticulum. Significant loss of intra- as 
well as extracellular DCF fluorescence was observed at t = 30 compared to t = 5 
min, supporting the notion that DCF is actively excreted by HepG2 cells. Glucuro-
dination of DCF might additionally contribute to the observed loss in fluorescence 
since the fluorescence intensity of glucuronidated fluorescein constitutes only 4.5% 
of that of unconjugated fluorescein62.
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Conclusively, DCF uptake and efflux both occur in HepG2 and HepaRG cells, presum-
ably through transporter-mediated mechanisms. Movement of DCF across the plasma 
membrane needs to be taken into account when performing assays involving DCFH

2
-DA 

on these cell types, as it is expected to affect experimental outcomes.

DCF transgresses membranes
The membrane-transgressing ability of DCF was investigated by means of liposomes 
encapsulating DCF and CF at self-quenching concentrations, a system that generates 
fluorescence upon probe leakage33. An increase in fluorescence (i.e., probe efflux) was 
observed directly after the addition of DCF-encapsulating liposomes to the iso-osmotic 
buffer solution, something that was not seen for CF-encapsulating liposomes (Figure 
6C). CF differs from DCF in that it lacks the two chlorine moieties but has an additional 
carboxylic acid group, giving it an overall charge of –3 at physiological pH63 compared 

to –2 for DCF (Figure S6 and 1B)14. It is likely that this difference in charge explains 

the passage of DCF, but not CF, across the negatively charged phospholipid bilayer 
that should deter the diffusion of negatively charged small molecules64. However, 
the experimental setup employed here greatly differs from in vitro conditions. Most 

relevantly, the high intraliposomal DCF concentration (i.e., 18 mM) creates a nonphys-
iological but significant concentration gradient that potentially favors DCF efflux even 
at iso-osmotic conditions. 

Basal oxidant formation and cellular metabolic rate differ between HepG2 and HepaRG 
cells
The rate of basal oxidant production over time was analyzed at increasing concentra-
tions of DCFH

2
-DA in HepG2 and HepaRG cells so as to ascertain the optimal probe 

concentration for assays involving these cell types. DCF formation (as a measure for 
intracellular oxidant formation) correlated to DCFH

2
-DA concentrations up to 60 μM 

in all cell types (Figure 7A–C), indicating that intracellular probe levels likely reach 
saturating conditions at ≥ 60 μM in resting cells. 

Overall DCF formation was significantly higher in HepG2 cells compared to undiffer-
entiated and differentiated HepaRG cells (p < 0.001 following 2 h incubation at 80 μM 
for both groups), likely due to a more oxidized redox state in the former. This notion 
is supported by the data on cellular O

2
 consumption and extracellular acidification 

rate, indicating a higher metabolic rate in HepG2 compared to undifferentiated and 
differentiated HepaRG cells (Figure 7D and E; p < 0.001 for both groups). Neverthe-
less, the difference in DCF formation between HepG2 and HepaRG cells could also, 
in part, derive from variations in DCF metabolism that can affect DCF fluorescence 
intensity (described in ’DCF accumulates in HepG2 and HepaRG cells and is poorly 
retained’). Overall, the extent of basal oxidant formation in resting HepG2 and HepaRG 
cells roughly correlates to cellular metabolic rate and is best measured at a DCFH

2
-DA 

concentration of ≥ 60 μM.   
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Oxidative stress during in vitro anoxia/reoxygenation can be visualized in real-time 
using DCFH2-DA
DCFH

2
-DA was used to visualize and quantify acute oxidative stress in HepG2 cells 

subjected to 4 h of anoxia followed by reoxygenation (A/R) in a perfusion setup equili-
brated to 37 °C and positioned under a fluorescence microscope (Figure 8A and S3). 
Control cells were subjected to standard culture conditions, i.e., medium saturated with 
95% air and 5% CO

2
, throughout the experiment. A rapid and significant increase in 

DCF fluorescence was observed in the cells subjected to A/R (Figure 8B and C). DCF 
fluorescence intensity reached a maximum at 10–12 min of reoxygenation and subse-
quently declined, presumably due to a reduced rate of DCF formation at constant DCF 
efflux and, presumably, metabolism. Considering that cells exposed to anoxia become 
acidic, the observed increase in DCF formation in this early phase of reoxygenation 
could well be underestimated due to reduced in DCF fluorescence emission at pH < 7 
(Figure 3D). In comparison, a decrease in DCF fluorescence was observed in control 
cells following incubation with DCFH

2
-DA despite higher fluorescence at baseline 

(Figure 8C and E). This phenomenon is explained by the difference in incubation 

Figure 7. Basal oxidant formation and cellular metabolic rate in HepG2 and HepaRG cells. DCF 
fluorescence (a.u./μg protein) over time at increasing DCFH

2
-DA concentrations (0–100 μM) as a measure 

of basal oxidant formation in [A] resting HepG2, [B] undifferentiated HepaRG cells, and [C] differentiated 

HepaRG cells. Data (n = 6/group) are presented as mean ± SD. [D] Cellular O
2
 consumption (pmol/min/μg 

protein) and [E] extracellular acidification rates (mpH/min/μg protein) of HepG2 (red bars), undifferentiated 
HepaRG cells (Und. H.; green bars), and differentiated HepaRG cells (Diff. H.; blue bars). Data (n = 8/group) 
are presented as mean ± SD.
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Addition of 1 mM DMM to the perfusion and incubation medium resulted in a profound 
decrease in DCF formation during reoxygenation (Figure 8C and D). Considering that 
the effect of DMM stems from a reduction in succinate accumulation during anoxia 
that hampers mitochondrial oxidant formation upon reoxygenation35, the increase in 

DCF fluorescence during A/R most likely resulted form mitochondrial oxidative stress 
that leverages into the cytosol where mitochondria-derived oxidants react with DCFH

2
. 

In that respect, the maximum signal intensity observed at t ~ 10 min indicates that 
mitochondrial oxidant formation during A/R is a rapid yet short-lived effect, as has 
previously been postulated in the context of hepatic ischemia-reperfusion34. 

Figure 8. Real-time visualization of oxidative stress during in vitro anoxia-reoxygenation. [A] Sche-
matic overview of the perfusion setup under conditions of anoxia/reoxygenation, details are provided in 
the text. [B] Formation of DCF (relative pixel intensity) from DCFH

2
-DA (100 μM) in HepG2 cells during 

reoxygenation (30 min) following 4 h of anoxia and incubation with DCFH
2
-DA under anoxic conditions 

(A/R, blue line) or similar procedures in the presence of the antioxidant dimethyl malnonate during the 
anoxia period (A/R + DMM, red line). Control cells that were perfused and incubated with DCFH

2
-DA under 

normoxic conditions (4 h perfusion followed by 30 min imaging; control, green line). Data (n = 3/group) are 
presented as mean ± SEM. Representative fluorescence microscopy images of the data presented in panel 
B; reperfusion following [C] anoxia, [D] reperfusion following anoxia + DMM, and [E] controls.

conditions between the control and A/R group, i.e., oxygenated vs. deoxygenated 
medium, which enabled DCFH

2
 oxidation to take place in control cells but not in A/R 

cells during the incubation period. 
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CONSLUSIONS

Despite limitations in the form of nonspecific reactivity towards various oxidants and 
poor intracellular DCF retention, DCFH

2
-DA can still function as a useful tool to analyze 

oxidative stress in HepG2 and HepaRG cells. A schematic overview of the preferred 
experimental conditions for the use of DCFH

2
-DA on cells of hepatocellular origin is 

presented in Figure 9.

Figure 9. Schematic overview of the optimal assay conditions for the use of DCFH2-DA on hepato-
cyte-derived cells. Details are provided in the text.

The incubation medium should preferably contain ≥ 60 μM DCFH
2
-DA in either PBS 

or serum-free HEPES-buffered WE or RPMI medium (to maintain pH at ambient CO
2
 

tension). The assay is ideally performed in a fluorescence microplate reader (equili-
brated to 37 °C) in time-based acquisition and equipped with the appropriate filters for 
DCF fluorescence detection (e.g., λ

ex
 = 460 ± 40, λ

em
 = 520 ± 20 nm). Directly following 

analysis of the assay plate, a second plate containing only incubation medium (exactly 
corresponding to that used on the assay plate) should be read to correct for extracellular 
DCF formation. The raw data from the cell-free plate (2) need to be subtracted from the 
corresponding wells on the assay plate (1) at each individual time point to calculate 
cellular DCF fluorescence (Figure 9, equation). Sample a.u. values should be close 
to 0 for the baseline measurement following this step, as was the case with the data 
presented in Figure 7. However, if considerable differences in baseline values prevail, 
for instance because of a significant time-lag in pipetting the incubation medium, data 
can be additionally normalized by subtracting the raw data at baseline (first read) from 
every subsequent time point per sample (Figure 9, normalize). Irrespective of whether 
baseline correction is performed, each data point should be normalized to the total 

protein (or DNA) content per well to correct for differences in seeding density (Figure 
9, protein correction).  
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By incubating the cells throughout the assay period, intracellular DCFH
2
-DA levels 

are maintained constantly. Moreover, intracellularly generated DCF that is expelled 
into the extracellular space will be detected, whilst outcomes are corrected for DCF 
formation in the incubation medium. In doing so, DCFH

2
-DA can be used to generate 

data on intracellular oxidative stress with minimal interference, although general probe 

limitations in the form of DCF overoxidation (into non-fluorescent degradation products) 
and O

2

•– generation as a by-product of DCFH
2
 oxidation should always be considered7. 

In addition to these optimized conditions for the use of DCFH
2
-DA on cells seeded onto 

culture plates, the probe can be also used to visualize and quantify cytosolic oxidative 
stress during A/R in real time. This technique can moreover be employed to analyze the 
direct effect of pharmacological interventions that target intracellular oxidative stress 

or to analyze other phenomena using different dyes (e.g., JC-1 for mitochondrial mem-
brane potential analysis), further expanding the possible applications of DCFH

2
-DA.
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SUPPLEMENTAL INFORMATION

Materials and methods
Reagents and buffers

Table S1. List of chemicals and reagents used in the main manuscript.

Compound Purity Supplier Additional information

1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine 
(DMPC)

> 99% Avanti Polar Lipids$ Dissolved in CHCl
3

1,2-dioleoyl-sn-glyce-
ro-3-phosphoethanol-
amine-N-lactosyl (18:1 
lactosyl PE)

> 99% Avanti Polar Lipids$
Dissolved in CHCl

3
, stored 

under N
2
 at -20 °C

Accutase n/a Sigma-Aldrich#

Accumax n/a Sigma-Aldrich#

5,6-Carboxyfluorescein ≥ 95% Sigma-Aldrich#

CHCl
3

≥ 99% Sigma-Aldrich#

Cholesterol > 98% Avanti Polar Lipids$
Dissolved in CHCl

3
, stored 

under N
2
 at -20 °C

Collagen I solution n/a Sigma-Aldrich# From rat tail

Dimethyl malonate 98% Sigma-Aldrich#

DMSO ≥ 99.5% Merck Millipore*

Dulbecco’s modified Eagle 
medium

n/a Lonza† Phenol red-free

Fetal bovine serum n/a Lonza†

Ganglioside GM1 > 99% Avanti Polar Lipids$

Dissolved in 
CHCl

3
:CH

3
OH:H

2
O [65:35:8, 

v:v], stored under N
2

HEPES (Na-salt) ≥ 99.5% Sigma-Aldrich#

Human recombinant 
insulin solution

≥ 27 U/mg Sigma-Aldrich#

Hydrocortisone 
21-hemisuccinate

n/a Sigma-Aldrich#

L-glutamine n/a Lonza†

MeOH ≥ 99.9% Sigma-Aldrich#
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Cellular DCFH2-DA uptake 
The bicinchoninic acid (BCA) assay is commonly employed to determine protein 
content. The reaction relies on the reduction of Cu2+ to Cu+ by peptide bonds in the 

protein, which occurs at stoichiometric proportions. The Cu+ subsequently chelates two 
BCA molecules to form a chromophore that can be measured spectrophotometrically1.

To determine the impact of various cell lysis solvents on the extraction efficiency and 
the BCA chromogenic reaction, the BCA assay was performed on albumin as model 
protein diluted in the following cell lysis solutions (all in MilliQ water): [1] 1 mM boric 
acid; [2] 1 mM boric acid + 20% (v/v) methanol (MeOH); [3] 0.2 M sodium hydroxide 
(NaOH); [4] 0.2 M NaOH + 20% MeOH; [5] 1 M formic acid; [6] 1 M formic acid + 20% 
MeOH; [7] 0.1% (w/v) sodium dodecyl sulfate (SDS); [8] 0.1% SDS + 20% MeOH; [9] 
0.1% Triton X-100; [10] 0.1% Triton X-100 + 20% MeOH; [11] MilliQ water; [12] MilliQ 
water + 20% MeOH. 

Albumin (fraction V, ≥ 96%, Sigma-Aldrich, St. Louis, MO) was dissolved in MilliQ 
water at a 2 mg/mL stock concentration. A serial titration series was prepared in MilliQ, 
such that the final protein concentrations after 4-fold dilution in the cell lysis solution 
were 500-, 250-, 125-, 62.5-, 31.75-, and 0 μg/mL. The titration in 0.2 M NaOH was 
made in incremental steps of 100 μg/mL as exception because these standards had 
already been prepared and were used up during the experiment. The BCA assay was 
performed according to the manufacturer’s instructions in a 96-well plate (Greiner Bio-
One, Kremsmünster, Austria). Absorbance was measured at 540 nm in a plate reader 
(Synergy HT, Biotek Instruments, Winooski, VT). 

Triton X-100 ≥ 99.95% Sigma-Aldrich#

NaOH ≥ 99% Sigma-Aldrich#

NaCl ≥ 99% Sigma-Aldrich#

Phosphate-buffered saline n/a Fresenius Kabi§

Penicillin/streptomycin n/a Lonza†

Roswell Park Memorial 
Institute medium 1640 
(RPMI-1640)

n/a Lonza† Phenol red-free

William’s E medium n/a Lonza† Phenol red-free

* Darmstadt, Germany  # St. Louis, MO
† Basel, Switzerland  $ Alabaster, AL
§ Bad Homburg, Germany
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To determine the effect of Triton X-100 concentration on the BCA reaction, the experi-
ments were repeated as described above with cell lysis solution containing the following 

Triton X-100 concentrations: 5%, 2.5%, 1%, 0.5%, 0.1%, and 0%. Subsequently, protein 
extraction was performed on cultured HepG2 cells to determine which concentration 
Triton X-100 produced the greatest protein yield (n = 3 per Triton X-100 concentration). 
HepG2 cells were cultured in 24-well plates (Greiner Bio-One) as described in ‘Cell 
culture’ in the main text. Next, 300 μL of cell lysis solution was added per well, the plate 
was placed on a rocker for 30 min, and protein content was determined according to 
the standard operating procedure provided by the manufacturer. A standard curve was 
prepared using albumin. Protein concentrations were extrapolated from the linear fit 
function of the standard curve.

All data were processed in Microcal Origin (OriginLab, Northampton, MA) and fitted 
with a linear fit to determine the fit function and the goodness of fit (R2 value). The 
results are presented in Figure S1 and S2.

Figure S1. Protein concentration-absorbance plots for the BCA reaction using albumin as model protein 
and different cell lysis buffers, as indicated in the upper left corner. The linear fit function and goodness of 
fit are provided in the bottom right corner.
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Figure S2. [A] Protein concentration-absorbance plots for the BCA reaction using albumin as model protein 
and increasing concentration of Triton X-100, as indicated in the upper left corner. The linear fit function and 
goodness of fit are provided in the bottom right corner. [B] Protein yield in cultured HepG2 cells following 
protein extraction using increasing concentrations of Triton X-100 in the cell lysis solution. Protein was 
determined with the BCA assay.

In conclusion, NaOH, MeOH, SDS, and Triton X-100 had no effect on the formation 
of the dimeric BCA chromophore. A triton X-100 concentration of 1% in the cell lysis 
solution produced the greatest protein yield from cultured HepG2 cells. In line with 
these data, the cell lysis solution was composed of 0.1 M NaOH and 1% Triton X-100 
for all protein determinations using BCA.
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Real-time analysis of oxidant formation during in vitro anoxia/reoxygenation in HepG2 
cells

Figure S3. Perfusion setup for in vitro anoxia-reoxygenation experiments. Perfusion setup for the real-time 
analysis of oxidant formation during in vitro anoxia/reoxygenation in HepG2 cells. [A] During perfusion and 
[B] during incubation with DCFH

2
-DA.

Results

Figure S4. Absorption spectra and molar extinction coefficients of DCFH2-DA in aqueous and organic 
solvent. Concentration-dependent absorption spectra (0–20 μM, λ = 220–600 nm) and molar extinciton 
coefficients (ε) of [A] DCFH

2
-DA in MilliQ, [B] HEPES buffer (pH = 7.4), and [C] MeOH.
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The stability of DCFH2-DA and DCFH2 in aqueous solvent and medium is dependent 
on the composition of the solution
DCFH

2
 and DCFH

2 
-DA were previously shown to be stable in MeOH and DMSO for 

at least 28 d when stored at -20 °C2. Similar results were obtained for DCFH
2
-DA 

stored in MilliQ or HEPES buffer at -20 °C (Figure S3). Significant DCF formation was 
observed when DCFH

2
-DA was kept at 4 °C in both solvents, the onset of which was 

more rapid in HEPES buffer compared to MilliQ. This difference likely stems from more 
rapid DCFH

2
-DA deacetylation at higher pH, i.e., pH = 7.4 for HEPES buffer versus 

pH ~ 6 for MilliQ. 

DCFH
2
 proved less stable in aqueous solvent compared to DCFH

2
-DA. Although DCFH

2
 

auto-oxidation in MilliQ was limited at -20 °C, it was considerably higher in samples 
stored at 4 °C (Figure S5A). In contrast, although DCFH

2
 was less stable in HEPES 

buffer compared to MilliQ at -20 °C, a lesser extent of DCF formation was observed in 
samples dissolved in HEPES buffer at 4 °C after 28 d (Figure S5B). However, the latter 
observation was preceded by higher baseline DCF levels in HEPES buffer compared 
to MilliQ (0.164 ± 0.004% and 0.102 ± 0.015% of 20 μM DCF, respectively). These 
contradictory findings may stem from the complex interplay between the probe, HEPES, 
ionic strength, temperature, and pH. Although there is insufficient data to draw definitive 
conclusions about these effects, some observations exact close attention due to their 

practical relevance for the use of DCFH
2
(-DA) in vitro. 

Figure S5. Stability of DCFH2 and DCFH2-DA in aqueous solvent. Stability of 20 μM DCFH
2
-DA (blue/

green line) and DCFH
2
 (red/orange line) in [A] MilliQ and [B] HEPES buffer (10 mM HEPES, 0.88% NaCl, 

pH = 7.4, 0.292 osmol/kg) stored at -20 °C (red/blue line) or 4 °C (orange/green line) over a period of 28 
d. DCFH

2
-(DA) stability was measured through the formation of DCF and plotted as a percentage of a 

freshly-prepared 20-μM DCF reference sample.

First, the observed difference in DCFH
2
 stability in HEPES buffer compared to MilliQ at 

-20 °C may be attributed to the reduction in freezing point that coincides with increas-
ing osmolarity. Consequently, molecular interactions are hampered to a lesser extent 
in HEPES buffer, an effect that likely favors DCFH

2
 auto-oxidation through enhanced 

formation of the DCFH semiquinone radical (DCFH /DCF•–)3 as well as its subsequent 
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reaction with O
2
 that results in the formation of DCF and O

2

•– 4. Second, the difference in 
baseline DCF formation in samples kept at 4 °C most likely results from transition metal 
traces in one or more buffer components5. Although the presence of trace amounts of 
transition metals has been described for HEPES5, no such information was available for 

the HEPES-Na salt used in our experiments (Table S1). Third, the higher extent of overall 
DCFH

2
 auto-oxidation in MilliQ compared to HEPES buffer at 4 °C presumably relates 

to the presence of buffer components. HEPES is reactive towards a variety of oxidants, 
including O

2

•– 6, H
2
O

2
 7, •OH6, and Fe2+ 6. More specifically, peroxynitrite can oxidize the 

piperazine moiety into an amino radical (HEPES•+/HEPES•)8 through the generation of 

downstream radicals in the form of •OH,  NO
2
, or CO

3

•– 9. Like DCFH•, HEPES• reacts 

with O
2
 to form O

2

•– and HEPES+, which can undergo additional oxidation8,10. HEPES• 

generated in solutions containing DCFH
2
 could therefore react with DCFH• instead of 

O
2
, thereby preventing the formation of DCF as well as O

2

•–. However, the reactivity of 
HEPES• towards O

2
 (k ~ 109 M-1 s-1 8) renders it more likely that the excess of HEPES 

over DCFH
2
 in this experiment (10 mM HEPES versus 20 μM DCFH

2
) functions as an 

oxidant-scavenging sink that prevents radicals from reacting with DCFH
2
.

Figure S6. Chemical structure of [A] DCF and [B] CF. Groups indicated red are ionized at physiological 
pH. Of note, although indicated red on the left side of both compounds, phenol group deprotonation is not 
position-specific.
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ABSTRACT

Hepatic ischemia-reperfusion (IR) injury is a side effect of major liver surgery that often 

cannot be avoided. Prolonged periods of ischemia put a metabolic strain on hepato-

cytes and limit the tolerable ischemia and preservation times during liver resection 

and transplantation, respectively. In both surgical settings, temporarily lowering the 

metabolic demand of the organ by reducing organ temperature effectively counteracts 

the negative consequences of an ischemic insult. Despite its routine use, the applica-

tion of liver cooling is predicated on an incomplete understanding of the underlying 

protective mechanisms, which has limited a uniform and widespread implementation 

of liver cooling techniques. This review therefore addresses how hypothermia-induced 

hypometabolism modulates hepatocyte metabolism during ischemia and thereby 

reduces hepatic IR injury. The mechanisms underlying hypothermia-mediated reduction 

in energy expenditure during ischemia and the attenuation of mitochondrial produc-

tion of reactive oxygen species during early reperfusion are described. It is further 

addressed how hypothermia suppresses the sterile hepatic IR immune response and 

preserves the metabolic functionality of hepatocytes. Lastly, a summary of the clinical 

status quo of the use of liver cooling for liver resection and transplantation is provided.
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INTRODUCTION

Liver resection is often the only treatment option with curative intent for patients with a 

primary or secondary hepatic malignancy. Major liver resection, however, is associated 

with a 90-day mortality rate of 5.8%1 and a postoperative morbidity rate of 25.9%2. 

Excessive blood loss in particular is associated with poor postoperative outcomes3. To 

limit these risks, vascular inflow occlusion (VIO) is often applied during parenchymal 
transection. Whereas VIO effectively reduces blood loss, it concurrently cuts off the 
hepatic oxygen supply, which induces a variety of metabolic perturbations that pre-

dispose the liver to hepatic ischemia-reperfusion (IR) injury once the inflow of oxygen 
is restored (see ‘Molecular aspects of hepatic IR injury’).

IR injury predominantly results from the sustained metabolic demands of a warm 

ischemic organ and the lack of oxygen to meet these demands. A way to improve 

the liver’s resilience to ischemia is to reduce organ temperature4. As stipulated by the 

Arrhenius equation, the cellular metabolic rate is reduced by 50% for every 10 °C-drop 

in temperature. On the basis of this principle, hypothermia-induced hypometabolism has 
been used since the 1960s to protect liver grafts from extensive periods of ischemia. 

Whereas the use of liver cooling for liver preservation and transplantation purposes 

are well known (see ‘Liver transplantation’), livers can also be cooled in situ during liver 

resection by perfusing the organ with a chilled solution through the afferent hepatic 

vasculature. This technique is known as in situ hypothermic perfusion (IHP)5 and various 

adaptations of this technique have been recently used to improve ischemic tolerance 

during major liver surgery (see ‘Liver resection’)6,7.

Although the concept of liver cooling-induced hypometabolism is relatively straight-

forward, the (hepato)cellular response to hypothemic ischemia is not fully understood. 

This review therefore aims to elucidate how hepatocyte metabolism is affected by 

ischemia and to explain how hypothermia modulates these processes to reduce IR 

injury. In addition, clinical advances in the use of hypothermia in liver resection and liver 

transplantation are summarized. These insights may expedite a wider implementation 

of hypothermia in major liver surgery and may help to select cases that will most likely 

benefit from therapeutic liver cooling.

Molecular aspects of hepatic ischemia-reperfusion injury
Hepatic IR injury comprises a sterile inflammatory response that follows hepatic isch-

emia and is characterized by overproduction of reactive oxygen species (ROS) followed 
by activation of the innate immune system8,9. The pathophysiology of hepatic IR is sum-

marized in Figure 1. Considering the close relation between these processes, hepatic 

IR injury can be divided into three distinct phases based on the operant inflammatory 
mechanisms and the main source of ROS production9.

During ischemia, the absence of oxygen leads to cessation of the oxidative phos-

phorylation-dependent formation of ATP, causing build-up of the electron transport 
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chain (ETC) substrates nicotinamide adenine dinucleotide (NADH) and succinate10,11. 

Consequently, hepatocytes undergo a metabolic switch to anaerobic glycolysis to 

generate ATP, which yields insufficient ATP to maintain cellular energy stores and 
sustain liver homeostasis11. The high levels of oxidative phosphorylation substrates favor 

ROS formation by hepatocyte mitochondria once the inflow of oxygen is restored12. 

Occurring in the first ± 15 min of reperfusion11, this burst in ROS formation marks the 
hyperacute phase of IR injury.

The surge in ROS formation activates both apoptotic (programmed) and necrotic 
(uncontrolled) cell death pathways through various mechanisms. First, ROS irreversibly 
oxidize ETC complexes13, which impedes ATP production and further increases ROS 
production as a result of exacerbated ETC electron leakage. ATP depletion further leads 

to dysfunction of energy-consuming plasma membrane ion transporters, such as the 

Na+/K+ ATPase. The consequent ion imbalance and the rise in intracellular [Ca2+] in 

particular can directly induce cell death due to osmotic swelling and plasma membrane 

disruption (that is, oncotic necrosis) or induce mitochondrial permeability transition 

(MPT)14. MPT is characterized by an increase in permeability of the mitochondrial mem-

brane, which results in leakage of mitochondrial constituents (for example, cytochrome 

c) into the cytosol and activation of apoptotic pathways15,16. In hepatocytes that are 

stressed by ischemia, however, ATP depletion and ROS overproduction collectively 
decrease the threshold for MTP17, which ultimately results in secondary necrosis since 

these cells lack the energy (ATP) required to execute apoptosis. Although oncotic and 

secondary necrosis are morphologically and etiologically distinct, both types of cell 

death have similar consequences on IR injury.

The main consequence of hepatocyte necrosis is the release of damage associated 

molecular patterns (DAMPs) into the circulation, which are intracellular molecules 

that gain immunogenic properties after their release and mobilize the innate immune 

system in the acute phase of reperfusion (approximately 15 min–6 h of reperfusion). The 

sterile immune response that follows is characterized by chemoattracted leukocytes 

(mainly monocytes and neutrophils) that produce proinflammatory mediators, ROS, 
and protein-degrading enzymes in the chronic phase of reperfusion (> 6 h) (Figure 1), 

which exacerbate IR injury in concert with lymphocytes and platelets18.

When the acute and chronic phases of reperfusion are severe, the loss of viable 

hepatocytes compromises liver function. Major parenchymal injury is reflected by an 
increase in circulating transaminases (AST and ALT) and reduced liver function, the 
latter of which is indicated by increases in prothrombin time (PT) and plasma bilirubin 

levels. These findings have been corroborated using quantitative liver function tests19, 

which confirmed that severe IR injury impairs liver function. Inasmuch as IR injury also 
impairs liver regeneration, the ability to recover from surgery is further suppressed19. 

If these effects persist, the ultimate consequence of IR injury is postoperative liver 

failure, which is the most severe complication of liver surgery and is associated with 

high medical costs and a mortality rate of up to 88%20. 
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Figure 1. Molecular pathophysiology of liver IR and the sterile immune response. Hepatocytes unable to 

cope with extensive ROS production undergo necrotic cell death and release damage-associated molecular 
patterns (DAMPs). These DAMPs activate Kupffer cells, leading to production of ROS, chemokines, and 
cytokines that recruit additional leukocytes either directly or via activated sinusoidal endothelial cells. The 

chemoattracted leukocytes (mainly monocytes and neutrophils) amplify ROS production, thereby inducing 
parenchymal necrosis and additional DAMP release. The shown processes should be interpreted in a cyclical 

manner and are reviewed in detail elsewhere8,9.

Hypothermia and mitochondrial metabolism
Ischemia and mitochondrial metabolites 

The ETC consists of five enzyme complexes anchored in the inner mitochondrial mem-

brane that facilitate energy production for cell metabolism. The electrons generated 

through oxidation of the tricarboxylic acid (TCA) cycle end-products NADH (by complex 

I) and flavin adenine dinucleotide (FADH
2
; by complex II) are funneled into the ETC, 

producing energy that is used to establish an inward-directed proton gradient over 

the inner mitochondrial membrane. ATP synthase (complex V) transports protons back 
over the inner mitochondrial membrane and uses this proton-motive force to produce 

ATP. Because of to the continuous shuttling of electrons, the ETC is a highly reducing 

environment predisposed to generate ROS. 

During hepatic IR, the ETC is the primary source of ROS in the hyperacute phase (see 
‘Molecular aspects of hepatic IR injury’), which mainly results from the build-up of ETC 

substrates (for example, NADH) during ischemia21. Ischemia leads to cessation of the 

ETC due to the lack of oxygen, which causes buildup of the complex I substrate NADH 

that in (warm) ischemic organs is continuously produced by the TCA. The high NADH 

concentrations directly mediate mitochondrial ROS production by promoting reduction 
of flavin mononucleotide at ETC complex I, which in reduced form reacts with O

2
 to 

form ROS12,22. More importantly, NADH buildup during ischemia also leads to ROS 
production during reperfusion through an indirect pathway that involves accumulation 

of the complex II substrate succinate (Figure 2).
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Figure 2. The molecular mechanisms of succinate-driven formation of ROS. During ischemia the high 

NADH/NAD+ ratio forces the MAS and purine nucleotide cycle (PNC) to produce excess fumarate (green 
arrows). Because of the high ubiquinol (QH

2
) levels, succinate dehydrogenase (SDH; complex II) works in 

reverse and converts fumarate to succinate (green arrows). The accumulated succinate is rapidly oxidized 

during reperfusion, which leads to a surge in ROS production at complex I through reverse electron transfer 
(blue arrow). Excessive ROS production leads to mitochondrial permeability transition (MPT), collapse of the 
mitochondrial transmembrane potential (ΔΨ), and ultimately cell death. Additional details on the depicted 
signaling cascades are provided in the text (see ‘Ischemia and mitochondrial metabolites’). AS: adenylosuc-

cinate; C: cytochrome c; IMP: inosine monophosphate; MPTP: mitochondrial permeability transition pore.

Succinate is normally produced by the TCA from regular catabolites such as glucose 
and fatty acids. During ischemia, however, fumarate overload forces succinate dehy-

drogenase (complex II) to work in reverse, thereby inducing succinate buildup. The 

overproduction of fumarate is caused by two different but converging metabolic path-

ways: the malate/aspartate shuttle (MAS) and the purine nucleotide cycle11.

The MAS is a set of enzymatic reactions that transports reducing equivalents over the 
inner mitochondrial membrane, which is impermeable to NADH. To do so, cytosolic 

aspartate is first converted to oxaloacetate by aspartate aminotransferase. Oxaloacetate 
is next converted to malate by malate dehydrogenase in a reaction that concurrently 
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converts NADH to NAD+. Subsequently, malate is transported into the mitochondrial 
matrix and converted to oxaloacetate by malate dehydrogenase, thereby reducing NAD+ 

to NADH. To complete the MAS, oxaloacetate is converted to aspartate by aspartate 
aminotransferase, which is then transported to the cytosol by the aspartate-glutamate 

antiporter23.

During ischemia, the activity of the MAS is upregulated by high cytosolic NADH levels 
(Figure 2), which drives the formation of malate and fuels mitochondrial succinate 

accumulation. Because of the high cytosolic NADH/NAD+ ratio, the conversion of 

oxaloacetate into malate is favored. Malate subsequently enters the mitochondrial 

matrix, where it would normally be converted to oxaloacetate to complete the MAS. 
This conversion, however, requires NAD+, which is scarce during ischemia, since it is 

continuously used to produce ATP via anaerobic glycolysis24. As a result, malate diverts 

from the MAS and is converted to fumarate instead of oxaloacetate by the NAD+-in-

dependent enzyme fumarase. Fumarate is subsequently converted into succinate via 

reversal of succinate dehydrogenase activity. This reversal of succinate dehydrogenase 

is triggered because it results in oxidation of the ETC substrates FADH
2
 and coenzyme 

Q, which both accumulate during ischemia11.

 

The purine nucleotide cycle is the second source of substrate for succinate formation 

in ischemic tissue. During normothermic ischemia, the unavailability of oxygen means 

that ATP consumption exceeds ATP production, leading to the cytosolic breakdown 

of ATP to AMP, thereby producing energy. The purine nucleotide cycle preserves the 

end products of purine catabolism to enable rapid repletion of energy when oxygen 

becomes available again. The first step in this cascade is the deamination of AMP to 
inosine monophosphate, which is favored during ischemia. Inosine monophosphate 

is subsequently converted to adenylosuccinate by adenylosuccinate synthase, which 

in turn is transformed into AMP by adenylosuccinate lyase, producing fumarate as 

byproduct. Fumarate is utilized to form succinate via the reactions described above 

for the MAS. 

NADH and succinate that have accumulated during ischemia are rapidly oxidized by 

the ETC upon reperfusion to create a large proton gradient over the inner mitochondrial 

membrane and force ATP synthase to restore cellular ATP content. Because the mag-

nitude of succinate oxidation during early reperfusion saturates the ETC, part of the 

electrons generated at complex II are forced back to complex I where they form ROS in 
a process known as reverse electron transfer11,12. Although most of the succinate-cen-

tered experiments were performed in IR-subjected primary murine cardiomyocytes, 

the same metabolic responses to ischemia, including succinate buildup, were more 

pronounced in ischemic livers than in other ischemic organs (heart, kidney)11. It is 

therefore likely that the mechanisms described above also apply to hepatic IR injury.
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Hypothermia and mitochondrial metabolites

Several studies have shown that suppressing mitochondrial metabolism during ischemia 
through liver cooling can reduce IR injury. In a rat model of 45 min of partial hepatic 

ischemia performed under normothermic (37 °C) or hypothermic conditions (34 °C 

or 31 °C), the hypothermia groups displayed less liver injury compared to the normo-

thermic group. This was reflected by reduced hepatocellular necrosis, lower serum 
ALT/AST, and attenuated neutrophil accumulation in the hypothermic groups. More 
importantly, the hypothermic groups had considerably lower circulating succinate levels 

compared to the normothermic group, as measured by nuclear magnetic resonance 

spectrometry25. Similar results were found in obese Zucker rats subjected to 75 min of 
partial liver ischemia26. Although the data suggest that hypothermia reduces succinate 

accumulation during ischemia, it is presently unclear how exactly systemic succinate 

levels relate to mitochondrial succinate buildup.

The harmful effects of purine catabolism during ischemia have also been effectively 

remediated with the use of therapeutic liver cooling. In a mouse model of 90-min left 

liver lobe ischemia, hypothermia (4–32 °C) reduced IR injury, as evidenced by improved 

microcirculatory perfusion, a drop in plasma ALT/AST and less hepatocellular necrosis 
compared to the normothermic group. Considering that intrahepatic AMP concentra-

tions and the total adenine nucleotide pool were preserved during hypothermic IR, 

it was proposed that hypothermia conferred its protective effects by reducing AMP 

hydrolysis during ischemia27, thereby limiting substrate availability for the ROS-gener-
ating hypoxanthine/xanthine system28. Although not verified experimentally, the latter 
hypothesis is supported by the finding that liver IR performed at 26 °C lowered oxidative 
stress during reperfusion (measured as hepatic lipid peroxidation metabolites)27. It was 

further shown that the protective effects of hypothermia were optimal when ischemic 

livers were cooled to 26 °C, whereas lower temperatures did not impart additional 

hepatoprotection29. This finding is in line with other reports30 and suggests that a rela-

tively modest decrease in liver temperature during ischemia is sufficient to reduce IR 
injury. It is important to underscore, however, that results obtained in mouse models 

using 60–90 min of ischemia might not adequately reflect the clinical situation. Sixty 
minutes of hepatic ischemia causes 75–100% hepatocellular necrosis in mice, which 

far exceeds the clinical hepatic IR injury profile31. Unfortunately, only few studies using 

milder injury (that is, shorter ischemia times) are currently available.

Ischemia-reperfusion and mitochondrial bioenergetics 

It has been well-established in several experimental models of liver IR that ischemia 

depletes intracellular ATP levels27. The depletion of cellular energy reserves during 

(normothermic) ischemia mainly results from the continuation of liver metabolism (ATP 

consumption) in the absence of ATP repletion via oxidative phosphorylation. ATP is 

therefore predominantly generated via anaerobic glycolysis during ischemia, which 

yields only a fraction of ATP compared with oxidative phosphorylation. The end product 

of glycolysis is lactate, which lowers cellular pH and reduces glycolytic enzyme activity, 

thereby inhibiting the main source of energy during ischemia32. The high NADH/NAD+ 
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ratio that prevails during ischemia further reduces glycolytic activity because this 

process requires NAD+ 32.

The mechanisms described under ‘Ischemia and mitochondrial metabolites’ illus-

trate the pathways of ROS formation during hepatic IR, which can compromise liver 
function during reperfusion by oxidizing proteins33. Oxidative modification of amino 
acids in mitochondrial complex I, III, and V has been observed in mouse livers sub-

jected to IR, leading to decreased ATP production during early reperfusion34. A timely 

repletion of cellular ATP stores is crucial for livers to recover from an ischemic hit10, 

which likely translates to amelioration of necrotic cell death when ATP stores are 

expediently restored. To fully complete apoptosis, 15–20% of physiological ATP stores 

are required35. When ATP stores drop below these limits through the aforementioned 

mechanisms, the apoptotic process is redirected toward oncotic necrosis, thereby 

releasing DAMPs into the circulation35. Reducing ROS formation during reperfusion by 
cooling livers during the ischemic phase may therefore reduce ETC complex oxidation 

and IR injury by improving ATP synthesis and limiting the extent of sterile inflammation 
during reperfusion. 

Hypothermia and mitochondrial bioenergetics 

Several murine models of hepatic IR injury have demonstrated that hypothermic liver 
ischemia preserves cellular ATP stores compared to normothermic ischemia27,36. Accord-

ing to the Arrhenius equation, a 10 °C-reduction in temperature reduces metabolism 

by 50%. The preservation of ATP during hypothermia therefore results from a general 

reduction in hepatocyte metabolic rate and consequent reduction in ATP consumption 

rather than from an increase in ATP production37. The lowered ATP demand under 

hypothermic conditions also counteracts the unfavorable metabolic switch to anaerobic 

glycolysis seen during normothermic ischemia. As a result, acidosis is avoided, which 

would otherwise be associated with metabolic dysregulation38, and ATP depletion is 

deterred, which could otherwise lead to necrosis.

In a mouse model of 90 min of partial liver ischemia, hypothermia (4–32 °C) effec-

tively reduced lipid peroxidation, as evidenced by a drop in hepatic thiobarbituric 

acid reactive substances content27. The reduction in ROS formation via the pathways 
described under ‘Hypothermia and mitochondrial metabolites’ and the attenuation of 

lipid peroxidation suggest preserved ETC function and ATP production during reper-

fusion after hypothermic ischemia. In support of this premise, a more rapid recovery 

of hepatic ATP content was observed during reperfusion when rats cooled to 28 °C 

were subjected to liver IR versus normothermic controls39. 

During reperfusion, excessive ROS formation and ATP depletion leads to necrotic cell 
death, which impairs liver function and triggers inflammation through DAMP release. 
In a rat model combining 70% hepatic ischemia with resection of the nonischemic liver 

lobes, hypothermic (34 °C) ischemia resulted in lower serum ALT/AST values compared 
with normothermia (37 °C), which was accompanied by an increase in apoptotic cell 
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death in the hypothermia group40. These results support the hypothesis that preser-

vation of cellular energy stores during hypothermia reduces the degree of necrosis in 

favor of apoptosis. A diminished extent of necrosis during severe hepatic IR injury is 

associated with reduced DAMP release and liver inflammation41. 

Hypothermia and immunomodulation 
As mentioned under ‘Molecular aspects of hepatic IR injury’, hepatic IR injury is char-

acterized by a neutrophil-centered innate immune response. Several reports have 
indicated that hypothermia has strong hepatoprotective immunomodulatory effects. In 

a mouse model of 90 min of partial hepatic ischemia performed at either 37 °C or ± 25 
°C, neutrophil influx at 8 h of reperfusion was reduced by 99% in the hypothermic group. 
A similar extent of immunosuppression was observed in both hypothermic groups of 

a rat study comparing 45 min of partial hepatic ischemia at 37, 34, and 31 °C, thereby 

confirming that per-ischemic hypothermia can suppress the IR immune response26,42.

To explain this phenomenon, mRNA and serum levels of the neutrophil chemoattrac-

tants tumor necrosis factor-α (TNF-α) and chemokine (C-X-C motif) ligand-2 (CXCL2) 
were measured in the aforementioned mouse model, which were all reduced in mice 

subjected to IR under hypothermic conditions40,42. It was additionally shown that mice 

exposed to hypothermic IR had reduced activation of the protein kinase c-jun N-terminal 

kinase (JNK) and the transcription factor activator protein-1 (AP1), the latter of which 

is known to encode a host of IR-pertinent cytokines18,42. 

The drop in cytokine production via suppression of JNK and AP1 is most likely attrib-

utable to a hypothermia-mediated reduction in ROS formation after IR, since both are 
activated by ROS43. Corroboratively, adenoviral overexpression of the mitochondrial 

antioxidant manganese superoxide dismutase in mice diminished JNK activation and 

greatly reduced IR injury44. Although these results suggest that a hypothermia-induced 

reduction in ROS production accounted for the lowered JNK/AP1 activation and con-

sequent hepatoprotection, this hypothesis has not been validated experimentally.

In addition to the JNK/AP1 axis, the reduction in innate immune signaling after hypo-

thermic IR could also be mediated by nuclear factor-κB (NF-κB), which is a transcription 
factor that, depending on the cell type, can promote either cell death and inflammation 
or cell survival and proliferation33,42. After 90 min of hypothermic (< 29 °C) ischemia 

in mice, NF-κB was increased in hepatocytes, but decreased in Kupffer cells (KCs)45. 

The decrease in KC NF-κB activation during hypothermia attenuated TNF-α produc-

tion compared to the normothermic group, thereby reducing liver injury by avoiding 

post-ischemic neutrophil accumulation45. The increase in hepatocellular NF-κB during 
ischemia is also advantageous, since it inhibits hepatocyte apoptosis and facilitates liver 

regeneration by suppressing JNK activity and by driving production of the mitogenic 

cytokines TNF-α and IL-6, respectively46.
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Heat shock proteins (HSPs) are the third molecular target of hypothermia with immu-

nomodulatory properties. HSPs are chaperone proteins that can reduce inflammatory 
signaling by inhibiting cell death and preventing (leukocyte) NF-kB activation to protect 

organs from (ischemic) stress47. Accordingly, HSP expression has been linked to milder 
liver injury in animal models of hepatic IR injury48. When 75 min of liver ischemia was 

combined with partial liver resection in rats operated at 37 or 34 °C, the hypothermic 

group displayed less hepatocellular injury (AST/ALT release) and survived longer than 
the normothermic group40. The hypothermic group exhibited an upregulation of both 

HSP32 and HSP70, with a consequent decrease in TNF-α and CXCL2 production 
compared to normothermic IR. These results suggest that HSPs help to silence the 
chemotactic signals that attract neutrophils following IR40.

Taken altogether, these data demonstrate that reducing the body temperature to < 34 

°C has favorable effects on IR-induced immune signaling. These protective effects 

include a reduction in hepatocyte JNK/AP1 activity, a reduction in KC NF-κB expression, 
and an increase in expression of cytoprotective HSPs, which in concert reduce neu-

trophil accumulation and consequent liver injury. The concurrent hypothermia-induced 

increase in hepatocyte NF-κB activation is also favorable, since NF-κB is known to 
govern hepatocyte proliferation and survival after IR49. 

Hypothermia and glucose metabolism
Because the liver has a central role in glucose homeostasis, surgical trauma can lead 

to increased blood glucose levels50. The relevance of the liver’s role in glucose metab-

olism is underscored by the findings that postoperative hyperglycemia is associated 
with increased mortality after hepato-pancreatico-billiary surgery51 and that early 

postoperative hyperglycemia has been identified as a risk factor for postoperative mor-
bidity52. In addition, hyperglycemia in liver surgery results in increased parameters of 

hepatocellular injury53. In line with these observations in non-diabetic patients, diabetes 

is also an established risk factor for postoperative mortality in hepatic surgery54. As 

such, strict control of blood glucose levels with insulin therapy in surgical ICU patients 

is crucial to improve clinical outcomes after major liver surgery55.

Postoperative insulin resistance is the main cause of hyperglycemia after hepatic IR56 

and might be related to inactivation of hepatic insulin receptors by JNK57. As stated 

in ‘Hypothermia and immunomodulation’, JNK is activated by TNF-α and ROS during 
hepatic IR injury58, after which JNK initiates a positive feedback loop that enhances 

its own activation by upholding TNF-α and ROS formation33. Both TNF-α and ROS, 
however, can also induce hepatocyte insulin resistance independently of JNK57. In line 

with these findings, other IR-pertinent cytokines (for example, IL-6) have also been 
causally related to insulin resistance and postoperative hyperglycemia, albeit these 

effects occur through mostly unidentified mechanisms18,57. Notwithstanding the elusive 

mechanisms, hepatic IR injury does cause insulin resistance, glucose intolerance, 

hyperinsulinemia, and a failure of insulin to suppress hepatic glucose production, 

ultimately resulting in a dangerous elevation of postoperative blood glucose levels59. 
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In light of these findings, modulating JNK activation and cytokine signaling through 
hypothermia could improve hepatic insulin sensitivity and reduce hyperglycemia-related 

morbidity. Several reports have shown that hypothermia curtails the signaling cascades 
that derail glucose metabolism during and after surgery. First, the activation of JNK is 

reduced after 90 min partial hepatic ischemia in mice under hypothermic conditions, 

thereby neutralizing the most important trigger for insulin receptor inactivation (see 

‘Hypothermia and immunomodulation’)42. Second, hypothermia has immunomodulatory 
effects, which could improve insulin sensitivity by lowering TNF-α and IL-6 levels (see 
‘Hypothermia and immunomodulation’). The effects of hypothermia on ischemia-in-

duced perturbations in glucose metabolism were confirmed in a clinical study using 
liver cooling during major hepatectomy (Figure 3).

Figure 3. The effect of intraoperative liver cooling on blood glucose levels after major hepatectomy 
performed under VIO. Patients scheduled for a right hemihepatectomy were randomized between inter-

mittent VIO (control) or continuous VIO with liver cooling to a temperature of 28 °C using in IHP according to 
Reiniers et al7 (IHP, see ‘Liver resection’). Blood glucose levels (y-axis) were obtained by routine blood gas 

analysis and plotted as a function of reperfusion time (x-axis). Values are displayed as mean ± SEM for 9 
IHP patients and 5 control patients. At the end of ischemia, blood glucose levels were higher in the control 

group than in patients treated with IHP (Mann-Whitney U test). The comparable glucose levels during the 

reperfusion phase are explained by the start of insulin therapy immediately after surgery. All study protocols 

(NCT01499979) were approved by the institutional review board.

The fact that ketone body formation is also associated with poor clinical outcomes60 

further accentuates the importance of strict glycemic control in surgical patients. Ketone 

bodies are used by cells as an alternate energy source when glucose is unavailable 

and are produced when hepatic insulin signaling decreases, for example, in the case 

of insulin resistance. In a rat model of 45 min of partial hepatic ischemia induced at 37 

°C, elevated levels of the ketone body hydroxybutyrate were measured systemically 

at 24 h of reperfusion25. This rise in ketone body formation could be attenuated by 

decreasing the body temperature of the rats to 31–34 °C during ischemia25. Considering 

that hydroxybutyrate is formed from acetoacetate in a reaction that consumes NADH, 

the use of hypothermia probably normalized ketone body levels after IR by reducing 
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the NADH/NAD+ ratio (see ‘Hypothermia and mitochondrial metabolites’) as well as by 

counteracting insulin resistance through the mechanisms described above.

The deleterious effects of metabolic perturbations after hepatic IR are further under-

pinned by the increased susceptibility of obese, insulin-resistant Zucker rats to IR 
injury26,61. When obese or lean rats were subjected to 75 min of partial hepatic isch-

emia at either 37 or 34 °C61, the hypothermic groups consistently exhibited less liver 

injury than the normothermic controls at 24 h of reperfusion, which was reflected by 
a reduction in transaminase release, improved liver histology, and less endothelial 

injury. All obese rats subjected to hypothermic IR survived the first 24 h of reperfusion, 
compared to only 20% in the normothermic control group61. The marked protective 

effects of hypothermia on IR injury in animal models of the metabolic syndrome imply 

that patients suffering from diabetes, (morbid) obesity, or steatosis may especially 

benefit from therapeutic hypothermia during hepatic resections. 

Hepatocyte transporters 
To fulfill the range of metabolic, synthetic and detoxifying tasks, hepatocytes are 
equipped with basolateral (for example organic anion transporting polypeptide; 

OATP, sodium-taurocholate cotransporting polypeptide; NTCP) and canalicular (for 
example, multidrug resistance-associated protein 2; MRP2) transport proteins that are 

respectively responsible for the uptake and biliary excretion of bile acids, drugs, and 

xenobiotics62. Considering the severe hepatocellular injury induced by hepatic IR, it 

is essential that the remaining viable hepatocytes provide sufficient liver function to 
avoid postoperative liver failure. The latter is supported by recent reports identifying 

bile acids as major regulators of liver regeneration after partial hepatectomy, which 

require a fully functional hepatocyte transporter machinery to convey their proliferative 

signals63. Optimizing hepatocyte transporter function after surgery could therefore help 
patients to better recuperate from major liver surgery.

The effect of hepatic IR injury on the basolateral OATP1B1, -1B3, and -2B1 transporters 
is best documented, mainly because these proteins are responsible for uptake of indo-

cyanine green (ICG) and 99mTc-mebrofenin64, which are used to quantitatively assess 

liver function65. Functionality and expression of the rat homologs of these transporters 

(OATP1A1, -1A4, and -2B1, respectively19) was investigated in a rat model of partial 

liver ischemia combined with resection of the non-ischemic liver lobes. At 24 h after 

30–60 min of partial liver ischemia, hepatocyte uptake function was diminished, as 

reflected by a marked drop in ICG and 99mTc-mebrofenin clearance.

Although IR injury could account for the reduced 99mTc-mebrofenin clearance by trig-

gering hepatocyte necrosis, it should be noted that IR also suppressed OATP1A1, -1A4, 
and -1B2 on a transcriptional level, which suggests a more refined control of transporter 
function during reperfusion19. The first rationale for this finding was provided by the 
same study, which showed that the drop in OATP mRNA expression coincided with 
an increase in hepatic TNF-α and IL-6 transcript levels19. These findings are substan-
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tiated by an earlier study in rats subjected to 60 min of liver ischemia, which revealed 

that the IR-induced reduction in basolateral transporter (OATP1A1, -1A4, and -1B2) 
expression could be reversed by depleting KCs prior to ischemia, thereby silencing 

cytokine production during reperfusion and supporting the premise that cytokines 

such as TNF-α directly downregulate OATP expression following liver IR66. The fact that 

several cytokines (TNF-α, IL-1β) are known to reduce the expression of other hepatocyte 
transporters (MRP2, NTCP) in various in vivo liver injury models further substantiates 

this claim. An alternate explanation for the downregulation of OATP expression during 
liver IR might be the finding that exposure of cultured rat hepatocytes to hydrogen 
peroxide (i.e., ROS) reduced the expression and/or transport function of OATP1A1, 
-1A4, and -1B267. 

Hypothermia might preserve transporter function after liver IR. In a porcine model 

comparing hypothermic (4 °C) with normothermic (38 °C) liver ischemia (120 min), ICG 

clearance was unaltered after 24 h of reperfusion in the hypothermic group, whereas 

ICG clearance was markedly impaired in pigs that underwent normothermic liver 

ischemia68. Although the intergroup differences in ICG clearance could merely reflect 
a hypothermia-mediated reduction in parenchymal cell death, the above-mentioned 

transcriptional downregulation of OATPs by cytokines and oxidative stress should also 
be kept in mind, especially since hypothermia effectively silences both pathological 

processes (see ‘Hypothermia and mitochondrial metabolites’ and ‘Hypothermia and 

immunomodulation’). In that respect, it is also important to note that OATPs function 
independently of Na+ and ATP69, which means that the reduced ICG clearance and 

OATP dysfunction after IR cannot be attributed to ischemia-evoked ion disturbances or 
ATP depletion. The latter further implicates cytokine signaling and/or oxidative stress 

in deterring OATP function after IR, albeit the exact connection between these factors 
during liver IR needs to be elucidated experimentally. It should be noted that hypother-

mia itself also affects transporter function and basolateral uptake of substrates, as we 

have shown for ICG in a series of pigs subjected to varying degrees of hypothermia 

(Figure 4). However, this effect is most likely of temporary nature and transporter function 

is expected to recover to native conditions once the organ becomes euthermic during 

reperfusion, also benefitting from the protective effects of hypothermia.

In contrast to the basolateral OATPs, most canalicular transporters are members of the 
ATP-binding cassette transporter family (for example, multidrug resistance protein 2; 

MDR2, MRP2) which function at the expense of ATP70. The reduction in ATP depletion 

and more rapid restitution of ATP stores during reperfusion as a result of hypothermia 

(see ‘Hypothermia and mitochondrial bioenergetics’) could therefore improve the func-

tion of these transporters during reperfusion. This is particularly important in light of the 

role of bile acids as key regulators of liver regeneration. Several reports have shown 
that an intact enterohepatic circulation is crucial for livers to regenerate after a partial 

hepatectomy71, which is only possible if both the basolateral and canalicular transport-

ers are fully operational. Although several lines of evidence allude to the involvement 

of transporter dysfunction at the onset of liver IR injury, most pathways discussed in 
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Figure 4. ICG clearance as a function of core body temperature in pigs. Twelve female landrace pigs 

(mean weight 49 ± 2 kg) were anesthetized (ketamine 5–10 mg/kg/h, sufentanil 5–10 μg/kg/h, isoflurane 
0–2%) and subjected to two ICG clearance tests: one at baseline and one after 4 h of passive ambient 
(20.7 ± 0.6 °C) cooling. To that end, 25 mg of ICG (PULSION Medical Systems) was administered in 5 mL 
of 0.9% NaCl via an ear vein catheter. The ICG plasma disappearance rate (PDR) was measured using 

tail pulse-oximetry. Body temperature, mean arterial pressure, and cardiac output were measured with a 

Swan-Ganz thermodilution catheter placed in the jugular vein. All animal experiments were approved by the 
institute’s animal ethics committee. Panel A shows ICG PDR (y-axis) plotted as a function of pig core body 

temperature (x-axis), which revealed a strong correlation between these parameters (Pearson r = 0.8635, p 

< 0.0001; the dashed lines indicate the 95% confidence interval). Corroboratively, linear regression of ICG 
PDR data yielded a regression equation of y = -0.376 + 0.016x and a goodness of fit (R2) of 0.7456, which 

equates to a 0.91-fold increase in ICG clearance for every 1 °C-drop in core body temperature, thereby 

approximating the Arrhenius equation. Panel B indicates that cardiac output of the pigs remained stable 

throughout the experiment and was not affected by core body temperature (Pearson r = 0.1893, p = 0.3758; 

the dashed lines indicate the 95% confidence interval). Combined with the findings that the pH and mean 
arterial pressure of the pigs were maintained at physiological levels (data not shown), this indicates that the 

drop in ICG PDR at lower temperatures is explained by a decrease in basolateral transporter function and 

is not caused by hypothermia-induced alterations in hepatic perfusion dynamics. 

this section are based on circumstantial evidence and need to be continued in in vivo 

liver IR models.

Clinical status quo of organ cooling in liver surgery
Liver resection 

IHP entails perfusion of the (future remnant) liver with a cold solution during parenchy-

mal transection and thereby aims to reduce IR injury. The first report on IHP described 
dual perfusion with chilled Ringer lactate (4 °C) through the gastroduodenal artery 

and the portal vein5. VIO durations up to 2 h were well tolerated using this technique, 
enabling the removal of tumors that were otherwise considered not resectable, albeit 

at the expense of a considerable (10.3%) mortality rate. Consequently, only a small 

number of technical feasibility studies on IHP in stringently selected cases were pub-

lished in the following years7,72,73.
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In addition to disappointing clinical outcomes, technical factors have also imposed strict 

limitations on the use of IHP. First, it is imperative to maintain core body temperature at 

> 35–36 °C during IHP to prevent complications and reduce overall mortality74,75. The 

cold perfusate therefore should not enter the systemic circulation, which means the 

liver must be isolated from the systemic circulation to create a site for safe antegrade 

perfusate drainage (i.e., via the vena cava or hepatic veins). These conditions are met 

through total hepatic vascular exclusion (THVE), a technique that combines VIO with 
clamping of the infra- and suprahepatic vena cava. During IHP, perfusate drainage 

occurs via a (cannulated) caval incision. Because THVE imposes a significant burden 
on hemodynamics, often necessitating a veno-venous bypass, it is only indicated for 

the removal of large and/or central tumors that impinge on the vena cava and/or hepatic 

vein(s). Consequently, IHP has been sparsely used. 

Despite these technical limitations, several experimental studies have highlighted the 

therapeutic potential of IHP. The effects of IHP with chilled Ringer lactate solution (4 

°C) perfused through the hepatic artery were investigated in a pig model of THVE 
(120 min)76. At 24 h of reperfusion, improved hepatic microcirulatory perfusion, less 

endothelial injury, and reduced lipid peroxidation were seen following IHP compared 

to THVE alone76. In a similar study using 60 min of THVE, survival in the IHP groups 
(28 or 20 °C liver temperature) was 100% compared with 66% in normothermic THVE 
controls30. Moreover, the use of IHP preserved bile production and reduced AST and 
IL-6 levels. Another study in the same model showed that IHP reduced the increase in 

PT during reperfusion, attesting to hypothermia-mediated preservation of liver function77. 

These beneficial effects of hypothermia on IR injury renewed clinical interest in IHP. 

The first large hypothermia study comprised 20 cases of IHP during THVE that were 
compared to two THVE control groups73. IHP was performed when the anticipated dura-

tion of THVE was deemed > 60 min. Hypothermia was established through perfusion 
with University of Wisconsin solution (4 °C) via the portal vein with drainage through 

a cavotomy. The median (range) liver temperature was 16 °C (13–21 °C). The results 

were analyzed after stratification into three treatment groups: IHP (n = 20), THVE < 60 
min (n = 33), and THVE > 60 min (n = 16). Patients treated with IHP had longer VIO 
durations and underwent more extensive procedures (e.g, larger resections and more 

extrahepatic procedures) compared with the THVE groups, in accordance with the 
preoperative assessment. However, the mean (± SD) number of complications was 
1.2 (± 0.9), 2.6 (± 1.8), and 0.8 (± 1.1) after IHP, > 60 min THVE, and < 60 min THVE, 
respectively, which was lower in the IHP group compared with the > 60 min THVE 
group. The same applied to postoperative AST and ALT levels, although the mean (± 
SD) VIO duration was longer in the IHP group compared to the > 60 min THVE group 
(101 ± 16 vs. 77 ± 20 min). Morbidity and mortality rates were comparable between 
the IHP and the THVE groups. The same investigators later reported a 90-day mortality 
rate of 19.7% for 77 patients who underwent IHP6. IHP duration and liver temperature 

were not identified as prognostic factors for 90-day mortality in this study, suggesting 
only short-term beneficial effects of IHP. Together, these studies show the therapeutic 



5

167166

value of IHP in acute clinical outcomes after complex and extensive hepatic resections. 

These results, however, do not warrant implementation of hypothermia during all major 

liver resections, since the invasiveness of these techniques does not always outweigh 

the clinical benefits.

In addition, two recent reports aimed to broaden the use of IHP by circumventing the 

need for THVE. The first study reported a procedure in which the hepatic veins were 
clamped and incised, thereby enabling antegrade perfusate drainage without caval 

clamping78. Nevertheless, this technique still requires invasive maneuvers such as 

portocaval shunting. The second study avoided the difficulties of antegrade drainage 
by enabling the use of IHP without disrupting the hepatic veins or vena cava7. The 

procedure was applied during right-sided resections in which Ringer’s lactate solution 

(4 °C) was perfused through the cut end of the right hepatic artery during VIO with 
concomitant clamping of the middle/left hepatic vein(s). Retrogade perfusate outflow 
occurred through the cut end of the right portal vein. A feasibility study in five patients 
with a median VIO time of 50 min and a liver temperature of 28 °C showed that func-

tional and volumetric liver regeneration was early after IHP and possibly improved 

compared with a case-matched retrospective control group. A randomized controlled 

trial comparing this technique with intermittent VIO has recently completed patient 
recruitment (NCT01499979), which may prompt more widespread implementation of 

IHP during liver surgery.

 

Liver transplantation

The persistent shortage of donor organs has fueled the search for novel preservation 

strategies that increase the availability of transplantable liver grafts. The current gold 

standard to preserve liver grafts is static cold storage (SCS), whereby the harvested 
liver is washed out and stored for a maximum of 15–18 h using a cold (4 °C) pres-

ervation solution before transplantation. SCS, however, is not optimal, especially for 
compromised grafts such as those obtained by donation after cardiac death (DCD). 

Although SCS does reduce liver metabolism to around 5% of baseline, it does not stop 
anaerobic metabolism and concomitant organ acidification79. Moreover, SCS does not 
allow graft viability assessment and has potentially harmful effects on endothelial cells 

and biliary epithelium.

Although most endothelial cells remain viable during the preservation period, they do 

undergo morphological changes as a result of proteolytic modification of the extra-

cellular matrix80. SCS appears to sensitize endothelial cells to reperfusion injury, since 
most cells die shortly after reperfusion by mechanisms that are still poorly under-

stood80, but could include injury induced by activated KCs81 or induction of apoptosis 

by adherent platelets82,83. The lack of perfusion during SCS results in collapse of the 
endothelial glycocalyx84,85, which promotes IR injury by facilitating endothelial activation 

and leukocyte adherence86. Maintaining microvascular perfusion (see below) during 

preservation therefore might reduce endothelial cell injury, provided that low (portal) 

perfusion pressures are used to prevent sheer-induced endothelial injury87. It should be 
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noted that endothelial preservation is difficult during prolonged preservation times84. In 

biliary epithelium, ATP depletion during SCS results in detachment of cholangiocytes 
from the basal membrane85. This type of injury is a feared complication following 

liver transplantation and, together with stromal necrosis, may lead to the formation of 

posttransplant biliary strictures88.

To overcome these drawbacks, machine perfusion (MP) techniques have emerged as 

an alternative to SCS. MP entails the perfusion of harvested grafts with a preservation 
solution with the purpose of reducing preservation injury by providing metabolic support 

and mimicking in vivo perfusion dynamics while concomitantly removing toxic waste 

products. Because MP systems are also equipped with temperature control units, MP 

can be performed at hypothermic (HMP, 4 °C), subnormothermic (SNMP, 20–30 °C), or 
normothermic (NMP, 37 °C) temperatures, which all have a specific set of pros and cons. 

In NMP, the risks of hypothermia are avoided by preserving the graft at 37 °C. Although 

graft viability can be assessed in all machine perfusion setups, NMP theoretically offers 

the best context to sample the perfusate for injury markers (for example, ALT, lactate) 

since liver metabolism is maintained at a physiological level and additional injury by 

warm reperfusion is avoided. In a pig model of liver preservation, 10 h of NMP proved 

superior to SCS, as determined by liver injury parameters (AST release, bile production) 
as well as liver histology after 24 h of reperfusion89. In a similar experimental model, 

SCS elicited severe biliary necrosis, compared to only mild biliary damage after NMP90. 

In addition, cholangiocyte proliferation was observed after NMP, indicating that NMP 

might be able to reduce biliary complications after transplantation by securing adequate 

cholangiocyte oxygenation during preservation. NMP was successfully used to revive 

discarded human liver grafts, on the basis of improved liver histology, increased bile 

production, and biochemical parameters (ALT release, lactate production)91. It should 

be noted that these grafts were not transplanted, meaning that all discussed NMP data 

were obtained in an ex vivo setting. Despite these encouraging results, the sustained 

metabolic rate during NMP requires oxygenation of the perfusate to provide adequate 

metabolic support and prevent warm ischemia. This need has driven research into the 

use of oxygen carriers such as red blood cells, which is complicated and expensive92. 

Reducing the oxygen demand through hypothermia may hence eliminate the critical 

mismatch between oxygen supply and demand.

HMP provides a “middle ground” between NMP and SCS and currently is the estab-

lished preservation technique for kidney grafts93. HMP combines the benefits of reduced 
metabolism by hypothermia (usually 4 °C) with the ability to provide oxygen (without 

oxygen carriers) and remove toxic metabolites by continuous liver perfusion. HMP has 

shown promise in several animal models of liver preservation94,95. When compared 

with SCS in a rat model of orthotopic liver transplantation, HMP resulted in less biliary 
injury and reduced IR injury, as demonstrated by a drop in inflammatory cell influx 
and ALT release94,95. The reduction in biliary injury after HMP probably results from the 

combination of perfusate oxygenation and hypothermia, which in concert neutralize the 
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main trigger of posttransplant biliary injury (i.e., ATP depletion). A study using the same 

rat model of liver transplantation more recently revealed that HMP is also superior to 

NMP in its ability to prevent ROS formation and immune activity after transplantation92. 

Hypothermia during (oxygenated) MP reduces the ischemic disruption of mitochondrial 

metabolism, thereby reducing the extent of ROS formation and consequent liver injury 
during reperfusion96. As a result, attenuated DAMP release prevents KC activation and 

limits leukocyte-mediated parenchymal injury97.

The first clinical series comparing HMP with SCS showed a significant reduction in 
primary graft dysfunction in the HMP group98. It should be noted that non-oxygenated 

HMP was used in the latter study, which complicates direct comparison with actively 

oxygenated HMP studies. In a more recent series of eight patients who had received 

marginal (donation after cardiac death) grafts resuscitated with oxygenated HMP (1–2 

h before implantation), the clinical outcomes were comparable to eight matched control 

patients who received grafts from donation after brain death99, which are of superior 

quality because these grafts do not suffer from extended periods of warm ischemia. 

These promising results were further corroborated with marginal liver grafts. In a series 

of 31 patients, HMP and transplantation of normally declined liver grafts performed 

equally to matched control patients who received “regular” livers preserved using SCS 
in terms of early graft dysfunction rates, biliary complications, and one-year survival100. 

These results could extend the use of marginal liver grafts and warrant additional clinical 

trials that explore the benefits of (oxygenated) HMP. 

HMP does compromise grafts by cold-induced damage to endothelial and biliary epi-

thelial cells. In line with IR research25,29, hypothermia (4 oC) might not confer additional 

protection when compared to subnormothermic temperatures (20–30 °C), whereas 

subnormothermic temperatures could circumvent the drawbacks associated with deep 

hypothermia101. In a rat model of liver transplantation, SNMP at 20 °C improved the 
hepatocellular energy status and reduced ROS formation during reperfusion compared 
with SCS101. In this model, SNMP was similar to HMP in terms of AST release. However, 
γ-glutamyl transferase (γGT) levels were lower in the SNMP group, implicating a reduc-

tion in biliary injury. Furthermore, SNMP reduced ROS formation compared to HMP 
and improved parenchymal energy (i.e, ATP) status. These findings were extended to 
a feasibility study using discarded human livers, in which SNMP at 21 °C effectively 
preserved liver function during the preservation period102. The latter was reflected by 
an increase in hepatic ATP, urea, and albumin levels throughout the SNMP procedure 
as well as by the histological profiles before and after the perfusion period102. Clinical 

studies on SNMP are currently lacking and future investigations could provide additional 
insight into the potential benefits of SNMP over other perfusion techniques.

Drawing firm conclusions from the currently available experimental and clinical MP data 
remains challenging. The applied temperature, the perfusion settings, the perfusate 

composition, the extent of oxygenation, and the reperfusion method all vary between 

studies and each variable could influence the outcome parameters. Furthermore, most 
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experimental studies use continuous preservation while most clinical reports only apply 

reconditioning after SCS because of logistic reasons. Lastly, direct (clinical) comparison 
of different MP techniques is not yet available.

These considerations notwithstanding, SCS still is the standard strategy to preserve 
liver grafts, despite the excellent results of MP techniques in the experimental and 

clinical setting. Although SCS provides a simple, affordable, and portable method, MP 
could expand the donor pool by extending tolerable preservation times and rendering 

marginal grafts viable for transplantation. As various MP regimes have already shown 

a benefit over SCS, MP will likely replace SCS as the gold standard liver preservation 
technique in the near future. With respect to the preferred MP modality, HMP appears 

to be the safest preservation method currently available, at least until SNMP regimens 
have been optimized and results from ongoing NMP trials and trials directly comparing 

MP techniques become available103. 

CONCLUSION

The consequences of IR injury still impose time limitations on liver resection and 

transplantation procedures. The metabolic response of hepatocyte mitochondria during 

ischemia lies at the root of this problem, since it is directly linked to several hallmarks 

of hepatic IR injury, including mitochondrial ROS production, activation of the innate 
immune system, the onset of postoperative hyperglycemia, and hepatocyte transporter 

dysfunction. Reducing the metabolic rate of ischemic hepatocytes through hypother-

mia favorably modulates these processes, which not only explains how hypothermia 

reduces IR injury, but also identifies a novel set of outcome parameters that can be 
used to evaluate the therapeutic efficacy of hypothermia in experimental as well as 
clinical hepatic IR research. Expanding the use of IHP during liver resection as well 

as finding the optimal MP temperature remain key challenges. Based on current data, 
therapeutic hypothermia may especially benefit patients with a reduced ischemic 
tolerance due to steatosis or other metabolic disorders.
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INTRODUCTION

Hepatic resection often constitutes the only curative treatment for patients diagnosed 

with a primary or secondary liver malignancy. Liver resection is associated with an 

overall in-hospital and 90-day mortality rate of 3.4 and 5.8%, respectively1, with severe 

(i.e., Clavien-Dindo grade III–V2) postoperative complications occurring in 25.9% of all 

hepatic resections and in 32.2% of major liver resections (i.e., resection of ≥ 3 Couinaud 
segments3)4. Specifically, blood loss requiring perioperative blood transfusion is a risk 
factor for postoperative morbidity and mortality5,6. As a result, parenchymal transection 

is regularly performed under vascular inflow occlusion (VIO, also known as the Pringle 
maneuver7)8, during which the hepatic artery and main portal vein are clamped to curtail 

excessive blood loss. Whereas VIO is an effective means to reduce intraoperative blood 
loss, it inevitably induces hepatic ischemia-reperfusion (IR) injury as a side effect9. 

Hepatic IR injury is characterized by parenchymal damage and impaired liver function10 

that, in most severe cases, culminates in post-resectional liver failure11. Accordingly, 

interventions that effectively combat hepatic IR injury are warranted. Although these 
interventions are currently lacking on the clinical level, hypothermia is an established 
means to preserve organ grafts and minimize IR injury in the transplantation setting12. 

The in situ application of hypothermia is therefore also thought to be effective in pro-

tecting the future remnant liver (FRL) during hepatic resection performed under VIO13. 

In situ hypothermic perfusion
In situ hypothermia of the liver is achieved by flushing the organ with a chilled (4 °C) 
perfusion fluid. Since the concept of in situ hypothermic perfusion (IHP) was pioneered 
by Fortner and colleagues in 197414, several reports on its experimental15-18 and clini-

cal19-22 application have been published. In general, the liver is cooled using either a 
crystalloid solution (e.g., lactated Ringer’s solution) or an organ preservation solution 
(e.g., University of Wisconsin [UW] solution) that is infused via the portal vein and 
drained in an antegrade fashion into the peritoneal cavity via a cavotomy or, in case 

of the ante-situm technique22 and during reconstruction of the vena cava21, via the 

hepatic veins. The need for antegrade drainage currently limits the use of IHP to cases 
where total hepatic vascular occlusion (THVE) is indicated, which entails VIO combined 
with clamping of the supra- and infrahepatic vena cava. Due to the significant burden 
that THVE imposes on the patient’s hemodynamics and the occasional need for a 
veno-venous bypass, its application is restricted to a limited number of procedures that 
involve reconstruction of the vena cava and/or the hepatic vein(s)20,21. Consequently, 
as THVE is rarely used, IHP has also been employed sparsely. Nevertheless, since 
IHP was reported to significantly improve the ischemic tolerance of the liver as well 
as to reduce the incidence of severe complications20, expansion of its therapeutic use 

towards less radical and therefore more common forms of hepatic resection has been 
advocated13. Therefore, a new technique for IHP that can be applied without the need 
for THVE, namely IHP with retrograde drainage (IHP-R), is presented here.
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METHODS

Patient selection and treatment
The findings presented herein are part of a study that has been approved by the Insti-
tutional Review Board of the Academic Medical Center at the University of Amsterdam 
and is registered at ClinicalTrials.gov (NCT01499979). Patients scheduled for a right or 
extended right hemihepatectomy were approached for participation in the study and 

written informed consent was obtained prior to any study-specific procedure. To reduce 
heterogeneity within the study group all participants were screened for hepatic diseases 

that influence clinical outcomes following hepatic resection, i.e., moderate-to-severe 
steatosis (≥ 30%), cirrhosis, chronic hepatitis B/C infection, and cholestasis8,23,24. The 

presence of moderate-to-severe steatosis was determined by means of unenhanced 
CT scanning, which is a reliable method to detect hepatic fatty infiltration of ≥ 30%25. 

Therefore, the hepatic attenuation, expressed in Houndsfield units, was determined by 
averaging the attenuation values of 12 regions of interest drawn on three CT sections26, 

in which care was taken to exclude nonparenchymal structures that could negatively 
influence measurement accuracy. A cutoff value of 42 Houndsfield units was used25, 

meaning that a hepatic attenuation of < 42 Houndsfield units was regarded to indicate 
the presence of ≥ 30% steatosis. Transient ultrasound elastography (FibroScan) was 
employed to determine the degree of hepatic fibrosis27. Patients with a mean liver 
stiffness value of > 15 kPa were considered cirrhotic. Chronic hepatitis B/C infection 
was determined by serological analysis (HBsAg and anti-HCV) and patients were 
considered cholestatic if total and/or conjugated bilirubin levels were ≥ 40 and/or ≥ 
20 μmol/L, respectively. Consequently, patients that tested positive for one or more of 
these hepatopathologies were excluded from participation in the study.

FRL function and volume are routinely assessed in all patients that are scheduled for a 
major liver resection in our center using dynamic 99mTc-mebrofenin hepatobiliary scin-

tigraphy combined with singe photon emission computed tomography (HBS-SPECT)28 

and CT volumetry performed on contrast-enhanced CT images, respectively. In patients 

participating in this study, the function and volume of the liver remnant were additionally 

determined on postoperative day 3. All patients underwent the standard perioperative 

monitoring regime, which included an overnight stay at the High Care unit on the day 

of the operation as well as determination of serum aspartate aminotransferase (AST), 

alanine aminotransferase (ALT), total bilirubin, and international normalized ratio (INR) 
on the day before the operation and postoperative days 1, 3, and 5. 

Lastly, an experienced hepatopathologist (J.V.) performed qualitative analysis on the 
non-tumorous tissue of the resected specimens in order to determine the parenchy-

mal status of each participant as well as to ensure the accuracy of the preoperative 

screening regimen. 
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Following mobilization of the right hemiliver and identification of the common bile duct, 
the main portal vein and proper hepatic artery were dissected free (Figure 2, panel 

A). Next, the right hepatic artery and right portal vein branch were clamped and cut, 
leaving the clamps in place. The cut end of the right hepatic artery was cannulated with 

an 8-Fr wire-bound arterial cannula (Pediatric One Piece Arterial Cannula with vented 
connector, Medtronic, Heerlen, the Netherlands) and a Mersilene sling was applied as 
a tourniquet around the hepatic pedicle to allow for VIO during IHP-R (Figure 2, panel 
B). Following demarcation of the devascularized right liver lobe, the line of transection 
was marked on the liver surface using diathermy. Subsequently, the right hepatic vein 
was cut and closed using a vascular stapler device, after which the middle and left 

hepatic veins (or the confluence thereof) were isolated and looped with Mersilene slings 
to occlude the venous outflow of the left hemiliver during IHP-R (Figure 2, panel C). 

Figure 1. The liver during IHP-R. The right hepatic artery and the right portal vein branch were cut, after 
which the right hepatic artery stump was cannulated and connected to the perfusion setup (Figure 3). Sub-

sequently, VIO was applied and the left and middle hepatic vein (or the confluence thereof) were occluded 
(depicted above). This situation allows for IHP-R, in which pressurized (< 100 mmHg) 4 ºC lactated Ringer’s 
solution enters the liver via the right hepatic artery stump and drainage occurs in a retrograde fashion via 

the cut end of the right portal vein branch. During IHP-R the liver core temperature was monitored using a 
needle temperature probe that was inserted into the left hemiliver. 

Surgical technique
The surgical technique is illustrated in Figure 1 and photographic images of the pro-

cedure are depicted in Figure 2. 
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Thereafter, the arterial cannula was connected to the perfusion setup (Figure 3). The 

perfusion setup consisted of two 0.5-L bags of lactated Ringer’s solution (4 °C) that were 
placed in a dual pressure chamber (Fluido Pressure Chamber, The Surgical Company 
International, Amersfoort, the Netherlands) and that were connected to the arterial 
cannula via a dual infusion system (Fluido Trauma Set and Air Guard, The Surgical 

Figure 2. Photographic images of IHP-R. The different phases of IHP-R are depicted. In panel A the 
right hepatic artery (RHA) and portal vein (PV) were dissected free and the hepatic pedicle was looped 
with a Mersilene sling as a tourniquet (pedicle sling). Panel B depicts the situation following cutting and 
cannulation of the RHA with an arterial cannula. In panel C the middle and left hepatic vein (MHV and LHV, 
respectively) were secured with Mersilene slings and the line of transection, which follows the demarcation 
that resulted form severing the RHA and right PV branch, was marked on the liver surface using diathermy. 
Panel D depicts the final phase of parenchymal transection, during which the hepatic pedicle, MHV, and 
LHV were occluded and IHP-R was applied. Blanching of the left liver segments was apparent and a needle 
temperature probe was inserted into segment 4 to monitor the liver core temperature. Panel E shows the 
liver remnant shortly after reperfusion, in which the normal color of the liver was restored.
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Company International), which allowed for high-flow perfusion (up to 800 mL/min) under 
a constant pressure. In addition, the perfusion setup was connected to the anesthesia 

workstation with an extension tube (Vygon, Valkenswaard, the Netherlands) to monitor 
the fluid pressure in the perfusion setup, which was kept below 100 mmHg at all times. 

Figure 3. Schematic overview of the perfusion setup of IHP-R. The right hepatic artery was cannulated 

with an 8-Fr wire-bound arterial cannula (center right) that was connected to the perfusion setup (center left). 
The perfusion setup consisted of two bags of chilled lactated Ringer’s solution that were placed in a dual 
pressure chamber and connected to the arterial cannula via a dual infusion system. Efflux of the perfusion 
fluid occurred in a retrograde fashion through the right portal vein branch and the perfusate was subsequently 
removed from the surgical field by suction. During IHP-R, the pressure in the perfusion setup as well as the 
liver and body temperature (TLIVER and TBODY, respectively) were monitored on the anesthesia workstation, 
indicated by the top and bottom graph, respectively (right lower corner). The liver core temperature was 
measured using a needle temperature probe that was inserted into the liver tissue (right upper corner).

A 50-mm, 17-G needle temperature probe (Exacon, Roskile, Denmark) was inserted 
into the left hemiliver to monitor liver core temperature during IHP-R. Next, VIO was 
applied and the hepatic veins were occluded (Figure 2, panel D). At this point, the left 

hemiliver was excluded from the systemic circulation and IHP-R was started together 
with parenchymal transection, which was performed using an ultrasonic dissection 

device (CUSA, Integra, Plainsboro, NJ). The chilled perfusion fluid enters the liver via 
the cannulated right hepatic artery stump, from where it courses through the proper 

hepatic artery via the left hepatic artery (and its main tributaries) into the left liver lobe. 
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Since the venous outflow of the liver is occluded, the perfusate drains in a retrograde 
fashion through the cut end of the right portal vein branch. The drained perfusate was 
removed from the abdominal cavity by continuous suction. 

Blanching of the left liver segments became apparent during IHP-R (Figure 2, panel D) 
and the liver core temperature could be reduced to the target temperature of 28 °C15, 

which was subsequently maintained by adjusting the perfusate flow until parenchymal 
transection was completed. Following completion of parenchymal transection, the 

right hepatic bile ducts were cut well away from the hepatic duct confluence and were 
over-sutured using PDS 4–0, after which the arterial cannula was removed and the 
right hepatic artery tied. The right portal vein stump was closed with a running Prolene 
5–0 suture after which the hepatic veins were opened and VIO was terminated to allow 
for reperfusion of the liver remnant, during which the normal homogenous color of the 

liver returned (Figure 2, panel E). 

RESULTS AND DISCUSSION

Five patients were treated with IHP-R (Table 1). The median (range) age was 68 years 
(53–70) and all patients were diagnosed with a primary or secondary liver malignancy. 

The median perioperative liver and body temperature of the three patients of which 
complete data sets were available are plotted in Figure 4. A liver core temperature of 
28 °C was generally reached within the first 20 min of perfusion and was maintained 
until termination of IHP-R. Hereafter, the liver core temperature recovered to the body 
temperature in approximately 20 min. A mean (± SD) decline of 0.4 ± 0.3 °C in body 
temperature was also observed during IHP-R, but this reduction could be effectively 
compensated by the intravenous administration of warm fluids and the use of a forced 
air patient warming system (Mistral, The Surgical Company International). 

The data show that IHP-R is a feasible technique to reduce the liver core temperature 
to 28 °C, although it would be desirable to shorten the time span in which the target 
temperature is reached so as to prolong the hypothermic interval and maximize the 
protective effect of IHP-R by further reducing the period of warm ischemia. However, it is 
likely that the duration of active cooling in IHP-R is influenced by the need to administer 
the perfusion fluid through the hepatic artery instead of the portal vein as reported by 
others20,21, which could result in a less profound cooling rate because of contraction 
of the arterial vascular bed. Nevertheless, considering the need for retrograde venous 
outflow in IHP-R, the resistance that is created by the arterial vasculature is essential 
inasmuch as it prevents fluid overpressure in the venous vasculature, which can induce 
considerable damage since these vessels do not tolerate high fluid pressures29.

The need to administer the perfusion fluid via the right hepatic artery in IHP-R requires 
further attention, since in about 18% of patients the right hepatic artery originates from 
the superior mesenteric artery instead of the proper hepatic artery30. This anatomical 

variation requires modification of the access used for IHP-R as was encountered in 
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one patient. In this case, the gastroduodenal artery was cannulated instead of the 

right hepatic artery to enable IHP-R. Although administration of the perfusion fluid 
through the gastroduodenal artery is an effective solution for IHP-R when this ana-

tomical variation is present, the width of the gastroduodenal artery must be sufficient. 
Consequently, mapping of the hepatic arterial blood supply on contrast-enhanced CT 
images was routinely performed in all patients that were subsequently enrolled in the 
study. In addition, when the right hepatic artery was found to originate from the superior 

mesenteric artery, the diameter of the gastroduodenal artery was also determined so 

as to preoperatively assess the technical feasibility of IHP-R in these patients. 

Considering the resilience of the hepatic arterial vasculature, a maximum infusion 

pressure of 100 mmHg was maintained during IHP-R. This pressure threshold was 
chosen based on the finding that dual perfusion of rat livers through the hepatic 
artery and portal vein with 4 °C lactated Ringer’s solution at 100 mmHg did not result 
in acute parenchymal or endothelial injury31. Moreover, isolated hyperthermic hepatic 
perfusion with chemotherapeutic agents through the proper hepatic artery has been 
successfully performed in patients diagnosed with metastasized ocular melanoma at 
a mean (range) perfusion pressure of 138 mmHg (105–237 mmHg)32, indicating that 

even a higher pressure threshold may be employed. 

Patient Gender Age ASA Diagnosis
Vascular 

rec.
Extrahep. 

proc.

1 M 53 II Metastasized CRC No No

2 F 68 II
Intrahepatic 

cholangiocarcinoma
Yes Yes

3 M 70 I Metastasized CRC No No

4 M 61 II

Hilar 

cholangiocarcinoma 

(Klatskin IIIa)
Yes Yes

5 F 70 I Metastasized CRC No No

Table 1. Patient characteristics.

ASA: American Society of Anesthesiologists; CRC: colorectal cancer; vascular rec.: vascular reconstruction; 
extrahepatic proc.: extrahepatic procedure. 

Furthermore, in regard to potential leakage of perfusate into the systemic circulation, 
IHP has generally been applied using the organ preservation solutions UW19,20 or 

histidine-tryptophan-ketoglutarate (HTK)21, whereas a crystalloid solution (i.e., lac-

tated Ringer’s solution) is used in IHP-R. Since IHP-R is performed without THVE, the 
possibility that the liver is not completely excluded from the systemic circulation has 
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Figure 4. Body and liver core temperature during IHP-R. The median and range (n = 3 participants) 

body (TBODY, blue line) and liver core (TLIVER, red line) temperature during IHP-R are plotted over time. The 
bars depicted above indicate the median and range in the duration of ischemia and IHP-R (perfusion). 
Three phases are distinguished: an active cooling phase during which the liver core temperature was 

reduced to the target temperature of 28 ºC, a maintenance phase during which the liver core temperature 
was maintained at 28 ºC, and a rewarming phase during which the liver core temperature was allowed to 
recover to body temperature.   

The perioperative data of the patients that underwent IHP-R are listed in Table 2. All 
participants underwent a right hepatectomy with additional resection of segment 1 and 

part of segment 4 in two cases. The median (range) duration of VIO was 50 (40–80) 
min and the median (range) duration of IHP-R was 45 (25–55) min. The median (range) 
transfusion requirement (blood and plasma products) was 2 (0–5) units and the median 
(range) duration of hospitalization was 12 (6–25) days. There were no ICU admissions, 
although one patient was monitored at the High Care unit for an additional day. The 

median (range) incidence of severe complications (i.e., Clavien-Dindo grade III-V2) 

was 1 (0–2) per patient. 

to be taken into account, which implies that leakage of perfusate into the caval vein 
can occur. Although HTK solution is considered less harmful than UW solution, which 
contains a high potassium concentration, neither solution is indicated for intravenous 

administration. Therefore, lactated Ringer’s solution, which is commonly used for fluid 
resuscitation, was chosen so as to maximize the safety of IHP-R. 
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Table 2. Perioperative data.

Median Range

Duration of VIO (min) 50 40–80

Duration of IHP-R (min) 45 25–55

Duration of operation (min) 371 230–738

Number of resected segments 4 4.0–5.5

Blood and plasma transfusion (units) 2 0–5

Duration of hospital stay (days) 12 6–25

Grade III-V complications (number per patient) 1 0–2

Peak AST (U/L) 702 224–1933 

Peak ALT (U/L) 819 294–1557

Peak INR 1.30 1.22–1.34

Peak total bilirubin (μmol/L) 22 19–37 

VIO: vascular inflow occlusion; IHP-R: in situ hypothermic perfusion with retrograde outflow; AST: aspartate 
aminotransferase; ALT: alanine transaminase; INR: international normalized ratio.

Figure 5. Histology of the non-tumorous tissue of two patients. Representative images of hematoxylin 
and eosin-stained non-tumorous sections from the resected liver specimens of two patients. Panel A 
depicts liver tissue from patient 5 (Tables 1 and 3) with grade 1 sinusoidal dilation33 (yellow arrowheads) and 

minimal portal inflammation (green arrowheads). Panel B shows liver tissue from patient 4 (Tables 1 and 3) 
with 15–20% steatosis (blue arrowheads) and some intracellular bilirubinostasis (inset, black arrowheads).
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Non-tumorous tissue, obtained at distance from the tumor, from the resected specimens 
was analyzed histologically to determine the parenchymal status of all participating 
patients. The results are summarized in Table 3. Of note, none of the patients were 
found to have steatosis of ≥ 30% or cirrhosis, indicating that the preoperative screening 
regimen had been sufficient (Figure 5). Nevertheless, sinusoidal dilation, a characteristic 
of oxaliplatin-induced liver injury33, was observed in three patients, two of which had 
received preoperative chemotherapy (Table 3 and Figure 5).    

Biochemical parameters for liver damage (i.e., AST and ALT) and function (i.e., INR 
and total bilirubin) were determined 1 day preoperatively and on postoperative days 1, 
3, and 5. The median peak values of these parameters are listed in Table 2. Because 
no control group was included, it was not possible to statistically interpret these data. 
However, when these data are compared to other reports on IHP20,21, it can be specu-

lated that IHP-R does not exacerbate liver damage following IR and that it likely has a 
beneficial effect on postoperative liver function. Specifically, Azoulay and colleagues20 

report mean (± SD) peak AST and ALT values of 1000 ± 808 U/L and 853 ± 743 U/L, 
respectively, in a group of 33 patients that underwent a major liver resection with a mean 

(± SD) warm ischemia time (THVE) of 42 ± 10 min. Given that the median (range) AST 

and ALT values of the IHP-R group, i.e., 702 (224–1933) U/L and 819 (294–1557) U/L, 
respectively, seem to fit well within the reported range, it appears that IHP-R does not 
affect the extent of liver damage following IR. However, the mean (± SD) peak bilirubin 
value of 80 ± 111 μmol/L that was reported for the same group of patients is notably 
higher than the median (range) bilirubin value of the IHP-R group, i.e., 22 (19–37) 
μmol/L. In addition, DuBay and colleagues21 report a peak (range) INR of 2.0 (1.3–2.6) 
in a group of 9 patients that underwent IHP with a mean (range) perfusion duration of 
40 (23–90) min, which is also distinctly higher than the median (range) peak INR of 
1.30 (1.22–1.34) observed in patients that underwent IHP-R. 

Figure 6. Functional and volumetric liver regeneration following IHP-R. Function and volume of the 

(future) remnant liver (FRL) were determined preoperatively and on postoperative day 3. Panel A depicts 
a box-and-whisker plot of the calculated (future) remnant liver function, suggesting an increase in remnant 
liver function on postoperative day 3 compared to the preoperatively calculated values. Panel B shows a 
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Notwithstanding that these findings are only suggestive of a beneficial effect of IHP-R 
on liver function, this speculation is supported by the data on functional and volumetric 
liver regeneration that were also obtained as part of this study (Figure 6). In addition to 
the routine preoperative assessment of FRL volume and function using HBS-SPECT 
and contrast-enhanced CT scanning, four patients in this study underwent a second 

HBS-SPECT on postoperative day 3 that was used to determine function as well as 
volume (by means of the SPECT images) of the liver remnant. There was a clear trend 
towards an increase in liver function (Figure 6A) and volume (Figure 6B) on postoper-
ative day 3 compared to the preoperatively calculated values, although no statistical 

testing was performed because of the limited number of samples (i.e., n = 4 per group). 

Figure 7. Relative increase in postoperative liver function and volume in patients who underwent 
IHP-R and in a historic cohort. The relative increase in liver function and volume compared to preoperatively 

determined values was calculated (in %) for the IHP-R group as well as for a historic cohort of 12 patients 
that had undergone a major hepatectomy. Panel A depicts the relative increase in liver function in the IHP-R 
group on postoperative day 3 and in the historic cohort on postoperative days 1 and 90. The relative increase 

in liver function is significantly greater in the IHP-R group on postoperative day 3 compared to the historic 
cohort on postoperative day 1 (p = 0.0044, Mann-Whitney U test), but not compared to the historic cohort 
on postoperative day 90 (p = 0.9517, Mann-Whitney U test). Panel B depicts the relative increase in liver 
volume in the IHP-R group on postoperative day 3 and in the historic cohort on postoperative day 90, which 
are not significantly different (p = 0.3631, Mann-Whitney U test).

box-and-whisker plot of the (F)RL volume at both time points with a trend towards an increase in liver volume 
on postoperative day 3 compared to the preoperatively calculated values.  
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In addition, the relative increase in liver function and volume on postoperative day 3 

versus the preoperatively determined values was calculated (in %) and compared to 

an earlier study performed at our institution on functional and volumetric liver regen-

eration in 15 patients34. Of these 15 patients, 12 patients underwent a major liver 
resection and the perioperative clinical characteristics of these patients are listed in 

Table 4. The relative increase in liver function and volume, which was determined by 
HBS-SPECT and CT volumetry, respectively, of the patients that underwent IHP-R was 
compared to this historic cohort (Figure 7). The relative increase in liver function in the 

IHP-R group on postoperative day 3 compared to the historic cohort on postoperative 
day 1 was significant and attests of good preservation of function with the ability of 
functional regeneration in the early postoperative phase (Figure 7A). Remarkably, 
there was no difference in relative functional regeneration between the IHP-R group 
on postoperative day 3 and the historic cohort on postoperative day 90. Accordingly, 

there was no difference in the relative volumetric regeneration between the IHP-R group 
on postoperative day 3 and the historic cohort on postoperative day 90 (Figure 7B). 
These findings suggest that functional as well as volumetric regeneration of the liver 
remnant is early and possibly improved following IHP-R, albeit the data are preliminary. 
Therefore, we are currently enrolling patients in a randomized controlled trial in which 
patients scheduled for a right hepatectomy are allocated to undergo hepatic resection 

in combination with IHP-R or intermittent VIO.  

CONCLUSIONS

Although the beneficial effects of IHP-R on liver damage and function cannot be 
unequivocally substantiated at this point, the use of IHP-R during right hepatectomy 
is save and feasible, allowing for a continuous median ischemia time of 50 minutes. 
Inclusion and treatment of a larger number of patients with IHP-R as well as inclusion of 
a control group is necessary to determine whether IHP-R is able to effectively protect 
the liver against IR injury during major liver resection performed under VIO.  
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Table 4. Perioperative data of the historic cohort.34 #

Age (years) 63 (37–77) 

Male/female ratio (cases) 6/6

ASA I/II/III (cases) 0/10/2

Diagnosis (cases)

Metastasized colorectal carcinoma 4

Metastasized uterine adenosarcoma 1

Hepatocellular carcinoma 1

Intrahepatic cholangiocarcinoma 5

Hilar cholangiocarcinoma 1

VIO yes/no (cases) 8/4

Duration of VIO (min) 42.5 (30–60) 

Resected segments (number) 4 (4–6)

Extrahepatic procedure yes/no (cases) 6/6

Vascular reconstruction yes/no (cases) 2/10

Transfusion requirement (units) 6 (3–33)

Duration of hospital stay (days) 18 (11–79)

Grade III-V complications (number per patient) 0 (0–4)

Continuous and ordinal variables are indicated as median (range).
# This data was supplied by R.B. and used with permission.
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ABSTRACT 

Background
In situ hypothermic perfusion (IHP) during liver resection performed under vascular 

inflow occlusion (VIO) reduces hepatic ischemia-reperfusion (IR) injury, but technical 
limitations have restricted its widespread use. IHP with retrograde outflow (IHP-R) 
circumvents these impediments and thus could extend the applicability of IHP. The 
safety and feasibility of IHP-R were analysed in selected patients undergoing right 
(extended) hepatectomy and compared to intermittent VIO, the gold standard VIO 
method, in this randomized pilot study.

Study design
Patients were first screened for parenchymal liver disease (exclusion criteria: steatosis 
≥ 30%, cirrhosis, or cholestasis). Study participants were intraoperatively randomized 
to undergo IHP-R (n = 9) or intermittent VIO (n = 9). The target liver core temperature 
during IHP-R was 28  °C. The primary endpoint was IR injury (expressed by peak 
post-operative transaminase levels). Secondary outcomes included functional liver 
regeneration (assessed by hepatobiliary scintigraphy) and clinical outcomes.

Results
Peak transaminase levels, total bilirubin, and INR were similar between both groups, 
although a trend towards more rapid normalization of bilirubin levels was noted for 
the IHP-R group. Functional liver regeneration was improved on postoperative day 3 
following IHP-R, but not after intermittent VIO. Furthermore, IHP-R (requiring continu-
ous ischemia) was comparable to intermittent VIO for all clinical outcomes, including 
postoperative complications and hospital say.

Conclusion
The use of IHP-R is safe and feasible in selected patients with healthy liver parenchyma 
and likely benefits early functional liver regeneration. Future applications of IHP-R 
include patients with damaged liver parenchyma who require major hepatic resection 
with a prolonged VIO duration.
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INTRODUCTION

Liver resection remains the cornerstone of the curative treatment of primary and second-
ary hepatic malignancies. Although outcomes following hepatic surgery have improved 
significantly over the past decades, major liver resection (i.e., ≥ 3 Couinaud segments1) 

is still associated with considerable morbidity and mortality rates2,3. Nevertheless, 
the boundaries of liver surgery are continuously expanding, as is reflected by recent 
developments such as ALPPS (associating liver partition with portal vein ligation for 
staged hepatectomy)4, the advent of laparoscopic liver resections5, and the increasing 
number of major resections being performed6. Moreover, these techniques are increas-
ingly performed in patients affected by parenchymal liver disease such as cirrhosis 
or steatosis7, or in patients with predamaged livers due to neoadjuvant chemotherapy. 

In contrast to these advances in surgical technique and patient eligibility criteria, the risk 
factors for postoperative complications have remained largely unchanged6,8. In addition 
to parenchymal status per se6,8,9, intraoperative blood loss and transfusion requirement 
strongly augment the risk for postoperative morbidity6,9 and mortality8,9. Vascular inflow 
occlusion (VIO) is therefore used, either on demand or routinely, during major liver 
resections to control intraoperative blood loss. Notwithstanding its efficacy in reducing 
intraoperative blood loss10, VIO inadvertently induces hepatic ischemia-reperfusion 
(IR) injury as a side effect11. Inasmuch as IR injury negatively affects postoperative 
liver function12 and thereby increases the risk of postoperative liver failure13,14, much 
effort has been dedicated to the search for an intervention that improves outcomes 
in patients subjected to IR injury15. In that regard, a modest yet promising body of 
evidence demonstrates that hypothermic perfusion during liver resection is a feasible 
strategy to combat IR injury16-22.  

Although an established aspect of organ preservation in the field of transplantation, 
the use of hypothermia during liver resection is considerably more complex. In this 
setting, the desired reduction of liver core temperature is best achieved through in situ 
hypothermic perfusion (IHP), i.e., perfusing the organ with a chilled crystalloid or organ 
preservation solution. Application of IHP during liver resection has long been limited by 
the need for antegrade drainage of the perfusate. This requires clamping of the vena 
cava in addition to VIO (i.e., total hepatic vascular exclusion) or a caval flow-preserving 
ante-situm approach to enable effusion of the perfusate through a cavotomy16,18,22 or 

via the hepatic veins19,20, respectively. Because of the significant burden and risks 
associated with both techniques20,23, the use of IHP has been restricted to patients 
undergoing highly complex procedures. 

To overcome these limitations, a new technique for IHP with preservation of caval 
flow and retrograde perfusate drainage (IHP-R) was recently reported24. In the work 
presented here, the safety and feasibility of IHP-R were investigated next to intermittent 
VIO, the gold standard VIO method25, in a randomized pilot study with as primary end-
point hepatic IR injury expressed as peak transaminase levels. Secondary outcomes 
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included regeneration in postoperative liver function, intraoperative blood loss, and 
postoperative complications. Therefore, 18 patients without parenchymal liver disease 
scheduled for a (extended) right hepatectomy were randomly allocated to undergo 
IHP-R or intermittent VIO during parenchymal transection. 

PATIENTS AND METHODS

Patient inclusion and allocation

The study was approved by the Institutional Review Board and was registered at https://
clinicaltrials.gov (NCT01499979). All patients scheduled to undergo an elective right or 
extended right hepatectomy, defined as any (non-anatomical) resection encompassing 
more than 4 Couinaud segments, were considered for participation. Additional inclusion 
criteria were: age ≥18 years, BMI ≤ 35 kg/m2, American Society of Anesthesiologists 
(ASA) score I–III, and not having undergone liver surgery in the previous year. 

Written informed consent was obtained prior to any study-specific procedure. Patients 
were screened for the presence of hepatopathologies known to affect outcomes fol-
lowing liver surgery, i.e., moderate-to-severe steatosis, cirrhosis, and cholestasis, as 
described previously24. Those who did not meet the screening criteria were excluded 
from participation in the study. Following the intraoperative assessment of resectability 
and feasibility of IHP-R, participants were randomly allocated to the IHP-R (n = 9) or 
intermittent VIO (n = 9) group using sequentially-labelled envelopes generated by an 
independent third party. The randomization sequence was obtained using GraphPad 
QuickCalcs (GraphPad Software, La Jolla, CA). All patients were blinded for allocation. 
An interim analysis was performed by the Institutional Review Board following inclusion 
and treatment of 10 patients. 

Surgical technique

A detailed technical description of IHP-R has previously been reported24. Following full 
mobilization of the right liver lobe, the right hepatic artery and right portal vein branch 
were dissected, clamped, and cut. Next, the right hepatic artery stump was cannulated 
with a wire-bound arterial cannula (8 Fr; Pediatric One Piece Arterial Cannula with 
vented connector, Medtronic) and a Mersilene sling was applied as a tourniquet around 
the hepatic pedicle to allow for VIO (Figure 1A). The middle and left hepatic vein (or 
the confluence thereof) were encircled as well to obstruct venous outflow from the left 
hemiliver during IHP-R. Following the application of VIO and occlusion of the middle/
left hepatic vein(s), pressurized perfusion with chilled lactated Ringer’s solution (4 °C, 
< 100 mmHg) through the cannulated right hepatic artery was initiated together with 
parenchymal transection. The clamped and cut right portal vein branch was partly 
opened to allow for perfusate outflow during the procedure, which was removed from 
the abdominal cavity by suction. Liver core temperature was monitored using a 17-G 
needle temperature probe (Exacon, Roskilde, Denmark) and the rate of perfusion was 
adjusted based on a target temperature of 28 °C.  
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Patients allocated to the VIO group underwent intermittent VIO (without venous outflow 
occlusion) at 20/10-min (clamping/unclamping) cycles from the start of parenchymal 
transection, which is within the 30-min ischemia limit that is considered safe for inter-
mittent clamping26. 

Figure 1. Liver and body temperature during IHP-R and VIO. Panel A shows a schematic overview of 
IHP-R. Image adapted from24 with permission of the authors. Panels B and C depict the mean (± SEM) liver 
core (blue line) and central body (red line) temperature during parenchymal transection in the IHP-R (panel 
B) and VIO (panel C) group. The x-axis indicates the duration of VIO, in which t=0 min represents the start 
of IHP-R or the first cycle of VIO in the respective panels. 

Postoperative outcome parameters

All patients received standard postoperative care, including routine laboratory tests on 
postoperative day (POD) 1, 3, and 5. These tests consisted of transaminase levels (ALT 
and AST), the primary outcome parameter of this study, and parameters representative 
of liver function (total bilirubin and INR). 

Remnant liver (RL) function and volume were assessed on POD 3 by means of 99mTc-me-
brofenin hepatobiliary scintigraphy (HBS) and CT volumetry, respectively27. FRL func-
tion and volume at baseline were obtained from scans that were part of the standard 
preoperative work-up. All HBS data were analysed by a nuclear medicine specialist 
(R.B.) and CT volumetry, corrected for tumour volume, was performed by a single 
radiology assistant, both of whom were blinded to patient allocation. When appropriate, 
FRL function and volume were recalculated postoperatively in accordance with the 
definitive extent of the resection. 
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Postoperative complications were scored according to the comprehensive complica-
tions index28. Additional postoperative outcome parameters included the need for ICU 
care, hospital stay, and 90-day mortality. 

Hepatic high-energy phosphate nucleotide and plasma cytokine/chemokine levels 
were measured in intra- and postoperatively collected blood or tissue samples. A 
detailed description of sample acquisition and experimental procedures is provided 
in the Supplemental Information. 

Histology

Liver tissue was taken from the resected liver for histopathological analysis performed 
by an experienced hepatopathologist (J.V.) who was blinded to patient allocation. Liver 
sections were semiquantitatively assessed for the presence and the extent of paren-
chymal liver disease in order to validate the preoperative screening regimen. Details 
of the scoring system are provided in the Supplemental Information. 

Statistical analysis

Statistical analysis was performed using SPSS 21 (IBM, Chicago, IL) for clinical data 
and GraphPad Prism 6 (GraphPad Software, La Jolla, CA) for experimental outcomes. 
Continuous variables in tables are expressed as median and interquartile range (IQR). 
Continuous data in graphs are depicted as mean ± SEM. Single comparisons were 
made using the Mann-Whitney U or Wilcoxon Signed Rank test for unpaired or paired 
variables, respectively. Multiple comparisons were made by means of a Friedman test 
with Dunn’s post-hoc correction in which all categories were compared to a control 
group. Categorical variables are noted as n (%) and were analysed using the Fisher’s 
exact or χ2 test for binary or nominal and ordinal variables, respectively. A p-value < 
0.05 was considered statistically significant. 

RESULTS

Patient characteristics

From December 2012 to May 2015, 27 patients scheduled to undergo an elective 
(extended) right hepatectomy at the Academic Medical Centre were screened for 
eligibility to participate in the study (Figure S1). Two patients were excluded based on 
results of the preoperative screening. Following inclusion, 2 patients were excluded due 
to tumour unresectability, 2 due to intraoperatively determined changes in the extent 
of the resection, and 3 because IHP-R was deemed not feasible. The latter group only 
comprised patients with anatomical variations of the hepatic arterial blood supply that 
were technically incompatible with IHP-R. No patients were excluded following group 
allocation.

The preoperative characteristics are summarized in Table 1. Table 2 shows the intra-
operative data for both groups. The (cumulative) duration of ischemia was comparable 
between the IHP-R and VIO group (45 [42–56] vs. 41 [33–50] min, p = 0.184). The mean 
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(range) duration of IHP-R was 45 (42–50) min. Blood loss and transfusion requirements 
were similar in both groups. There were no differences in the proportion of extended 
resections and extrahepatic procedures, although the total operation time was longer 
in participants who underwent IHP-R (454 [358–514] vs. 324 [259–346] min in the 
VIO group, p = 0.002). This difference was notably smaller when all patients who 
underwent an extrahepatic procedure were omitted from the analysis (371 [329–485] 
vs. 297 [258–349] min for the IHP-R [n=5] and VIO [n=8] group, respectively, p = 
0.045), indicating that the effect of IHP-R itself on operation time remains significant 
but less outspoken. 

Table 1. Preoperative characteristics.

IHP-R 
(n = 9)

VIO 

(n = 9)

Gender, male 3 (33) 5 (56)

Age, years 62 (51–71) 67 (51–71)

BMI, kg/m2 25 (22–29) 24 (20–27)

ASA score I

II

II

2 (22)
6 (67)

1 (11)

2 (22)
3 (33)
4 (44)

Diagnosis CRC metastases
HCC
Cholangiocarcinoma
Benign lesion

5 (56)

0 (0)
1 (11)

3 (33)

4 (44)

2 (22)
1 (11)

2 (22)

Preoperative chemotherapy, yes 3 (33) 1 (11)

PVE, yes 1 (11) 4 (44)

AST, U/L 49 (32–118) 34 (26–48)

ALT, U/L 60 (36–113) 45 (19–51)

Total bilirubin, μmol/L 7 (5–21) 5 (4–7)

INR
1.01 

(0.99–1.04)
0.99 

(0.99–1.04)

Preoperative characteristics of the in situ hypothermic perfusion with retrograde outflow (IHP-R) and intermit-
tent vascular inflow occlusion (VIO) group. Continuous data are reported as median (interquartile range) and 
categorical variables are represented as n (%). IHP-R: in situ hypothermic perfusion with retrograde outflow; 
VIO: intermittent vascular inflow occlusion; ASA: American Society of Anaesthesiologists; CRC: colorectal 
cancer; HCC: hepatocellular carcinoma; PVE: portal vein embolization; AST: aspartate transaminase; ALT: 
alanine transaminase; INR: international normalized ratio.
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Central body and liver core temperature were recorded in all patients (Figure 1B and 
C). A rapid decrease in liver core temperature occurred in the IHP-R group, reaching 
the target temperature of 28 °C after ~ 5 min of perfusion. Liver core temperature was 
maintained at a mean (± SEM) temperature of 25.6 ± 1.2 °C during the remainder of 
parenchymal transection (Figure 1B). A modest drop in liver core temperature to a 
minimum of 34.4 ± 0.4 °C was seen in the VIO group (Figure 1C). Central body tempera-
ture remained stable in both groups. Thus, IHP-R effectively reduced and maintained 
liver core temperature at ~ 26 °C without affecting central body temperature.

Table 2. Intraoperative characteristics. 

IHP-R 
(n = 9)

VIO 

(n = 9)
p

Ischemia time, min 45 (42–56) 41 (33–50) 0.258

IHP-R time, min 45 (42–50) n/a n/a

Blood loss, mL
1500 

(905–2760)
1516 

(715–2325)
0.508

Blood product transfusion, yes 4 (44) 4 (44) 1.000

Blood 
products

 0
 1–2
 ≥ 3

5 (56)

2 (22)
2 (22)

5 (56)

2 (22)
2 (22)

1.000

Extended resection, yes 2 (22) 3 (33) 0.599

Extrahepatic procedure, yes 4 (44) 1 (11) 0.294

Extrahepatic 
procedure

Hepaticojejunostomy
Lymphadenectomy

Lap. ovariectomy
None

2 (22)
1 (11)

1 (11)

6 (66)

0 (0)
1 (11)

0 (0)
8 (89)

0.297

Operation time, min 454 (358–514)
324 

(259–346)
0.002

Intraoperative characteristics of the in situ hypothermic perfusion with retrograde outflow (IHP-R) and 
intermittent vascular inflow occlusion (VIO) group. Continuous data are reported as median (interquartile 
range) and categorical variables are represented as incidence (percentage). Data were analyzed using 
the Mann-Whitney U test for continuous variables and the Fisher’s exact or χ2 test for binary or nominal/
ordinal variables, respectively. IHP-R: in situ hypothermic perfusion with retrograde outflow; VIO: intermittent 
vascular inflow occlusion. 
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Postoperative outcomes

Postoperative outcomes are listed in Table 3. Peak values for ALT, AST, total bilirubin, 
and INR were similar between both groups. INR and total bilirubin levels were compa-
rable between both groups at POD 1, 3, and 5 (Table S1). A trend towards more rapid 
normalization of bilirubin levels was noted for the IHP-R group (Figure 2A), whereas 
plasma ALT levels changed similarly over time (Figure 2B). The comprehensive compli-
cation index score, need for ICU care, and duration of hospitalization were comparable 
between both groups. Nevertheless, a trend towards a higher complication index score 
was noted for the IHP-R group, although the magnitude of this effect attenuated when 
all patients who underwent extrahepatic procedures were omitted from the analysis 
(22.6 [10.5–44.3] for the IHP-R vs. 10.5 [0.0–29.2] for the VIO group, p = 0.284). 

Table 3. Postoperative outcomes. 

IHP-R 
(n = 9)

VIO 

(n = 9)
p

Peak ALT, U/L 555 (432–769)
408 

(242–569)
0.113

Peak AST, U/L 649 (473–732)
384 

(285–698)
0.161

Peak total bilirubin, μmol/L 37 (21–59) 21 (18–27) 0.077

Peak INR
1.32 

(1.26–1.38)
1.26 

(1.23–1.32)
0.222

Comprehensive complication index 
37.1 

(20.9–43.9)
0 

(0–26.5)
0.063

Postoperative liver failure, yes 0 (0) 0 (0) 1.000

ICU stay, yes 2 (22) 1 (11) 1.000

Hospital stay, days 9 (8–16) 9 (7–13) 0.448

90-day mortality, yes 0 (0) 0 (0) 1.000

Postoperative characteristics of the in situ hypothermic perfusion with retrograde outflow (IHP-R) and 
intermittent vascular inflow occlusion (VIO) group. Continuous data are reported as median (interquartile 
range) and categorical variables are represented as incidence (percentage). Data were analysed using the 
Mann-Whitney U test for continuous variables and the Fisher’s exact test for binary variables. IHP-R: in situ 
hypothermic perfusion with retrograde outflow; VIO: intermittent vascular inflow occlusion; AST: aspartate 
transaminase; ALT: alanine transaminase; INR: international normalized ratio; ICU: intensive care unit. 
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The remaining difference in complication index score mainly derived from the occur-
rence of two severe complications in the IHP-R group. These consisted of pleural 
effusion necessitating drainage in one patient with colorectal metastases and respi-
ratory distress necessitating ICU admission in another patient diagnosed with a large 
echinococcus cyst. Two other patients were admitted to the ICU, one from the IHP 
group because of postoperative haemodynamic instability and another from the VIO 
group due to cardiac decompensation. There were no cases of postoperative liver 
failure, based on the 50/50 criteria29, or deaths in both groups. All patients completed 
the 90-day follow-up period. 

Figure 2. Regeneration of liver function and volume following IHP-R and VIO. Plasma ALT (U/L) and 
total bilirubin levels (% of baseline) over time are shown in panels A and B, respectively, in which pre-op-
eratively determined baseline levels are plotted as postoperative day (POD) 0. Panels C and D depict the 
uptake of 99Tc-labelled mebrofenin (in %/min/m2 body surface area), determined by HBS, as a measure of 
FRL (future remnant liver, i.e., preoperatively) and RL (remnant liver, i.e., on postoperative day 3) function in 
the VIO (Panel C) and IHP-R group (Panel D). Panel E shows the same data for both groups. Panels F and 
G indicate FRL and RL volume (in mL), measured by CT volumetry, for the VIO (Panel F) and IHP-R group 
(Panel G). Combined data for both groups are shown in Panel H. Grouped data are plotted at mean ± SEM 
and statistical significance from intragroup analyses is marked ** indicating p < 0.01. 
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FRL function and volume were determined preoperatively and compared to RL values 
measured on POD 3. There was a significant gain in RL function in the IHP-R, but not 
in the VIO group (p = 0.0078 and p = 0.0625, respectively, Figure 2C–E). The increase 
in RL function was not dependent on whether patients received preoperative PVE in 
both groups (Figure S2A and B). In contrast, the increase in RL volume on POD 3 was 
significant in both groups (Figure 2F–H) and independent of preoperative PVE (Figure 
S2C and D). 

Hepatic energetics

Intrahepatic levels of adenosine di- and triphosphate (ADP and ATP, respectively) were 
determined in the FRL and in the RL after a mean (± SEM) duration of 32 ± 2.9 min of 
reperfusion. A comparable reduction in relative (Figure 3A) and absolute hepatic ATP 
content (Figure S3A) during early reperfusion was seen in both groups. Conversely, 
a significant loss in absolute ADP content was only seen in the IHP-R group (Figure 
S3B), although the difference in relative ADP loss did not reach statistical significance 
(p = 0.050, Figure 3C). 

Figure 3. Hepatic nucleotide and plasma cytokine levels. Panels A and C show the relative decrease in 
hepatic ATP and ADP levels, respectively, at 30 min reperfusion for the IHP-R (blue bars) and VIO group (red 
bars). Plasma levels of IL-6 (Panel B) and IL-8 (Panel D; both in pg/mL) were determined prior to resection 
(i.e., t = 0 h) as well as at 1 and 6 h of reperfusion for the IHP-R (blue bars) and VIO (red bars) groups. All 
data are plotted as mean ± SEM and statistical significance for intragroup analyses is marked *, **, or *** 
indicating p < 0.05, p < 0.01, or p < 0.001, respectively.
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Plasma cytokine and chemokine levels

Plasma levels of interleukin 6 (IL-6), -8 (IL-8, also known as chemokine (C-X-C motif) 
ligand 8; CXCL8), -1β (IL-1β), and chemokine (C-C motif) ligand 2 (CCL2, also known 
as monocyte chemoattractant protein 1; MCP1), all of which mediate inflammation in 
IR injury30, were measured at the start of surgery (t = 0) as well as at 1 and 6 hours 
of reperfusion. A significant increase in IL-6 and IL-8 levels was seen in the IHP-R 
and VIO group during reperfusion (Figure 4B and D, whereas IL-1β and CCL2 levels 
did not increase over time (Figure S4A and B). Plasma levels of all parameters were 
comparable between the IHP-R and VIO group at 6 h of reperfusion. 

Histology

Sections of non-tumorous liver tissue were quantitatively assessed for the presence of 
parenchymal liver disease, the results of which are summarized in Table S2. There were 
no differences between the IHP-R and VIO group with regard to the grade or severity 
of sinusoidal dilatation, inflammation (lobular as well as portal), steatosis, and fibrosis. 
Moderate-to-severe steatosis was seen in one patient allocated to the IHP-R group. 
No patients were found to suffer from cirrhosis. There were no significant differences 
in parenchymal status between both groups, indicating that the preoperative screening 
regimen was effective. 

DISCUSSION

This small-scale feasibility study is the first prospective trial to show that IHP-R, a 
recently developed technique for IHP that omits caval clamping, can be safely per-
formed during (extended) right hepatectomy in selected patients with healthy liver 
parenchyma. IHP-R entailing continuous ischemia for 45 minutes is comparable to 
intermittent VIO with respect to peak transaminase levels (the primary outcome param-
eter), plasma parameters for liver function, and clinical outcomes. 

The value of peak transaminase levels following liver resection has recently been 
disputed by a study stating that these parameters do not correlate to the duration of 
ischemia, nor reflect postoperative outcomes31, and might therefore not be the optimal 
primary endpoint for IR injury in retrospect. In agreement with this study, peak trans-
aminase levels did not correlate to total ischemia time in this cohort (rALT = -0.036, p = 
0.886 and rAST = -0.072, p = 0.778; Spearman’s ρ). 

Functional liver regeneration was measured by HBS; a quantitative test that has shown 
useful in the clinical assessment of liver function27. Moreover, liver function measured 
by HBS roughly corresponds to the duration of ischemia in a rat model of IR injury12 

indicating that this modality could function as a surrogate outcome for IR-mediated liver 
injury. In this study, early improvement in liver function was observed in the IHP-R, but 
not in the intermittent VIO group. Although the increase in RL volume was significant in 
both groups, this is most likely a nonspecific effect stemming from the relative increase 
in remnant liver perfusion following resection. These data indicate that IHP-R could 
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enhance the recuperation of hepatic function following IR, albeit that sample size is 
too limited to draw firm conclusions. Considering that parameters reflective of hepa-
tocellular death (i.e., AST and ALT) were comparable between both groups, improved 
liver function following IHP-R could derive from the preservation of hepatocellular 
function through hypothermia32. Although this presumption could not be substantiated 
by biochemical parameters of liver function (i.e., peak INR and total bilirubin levels), 
a trend towards more rapid normalization of plasma bilirubin levels was noted for the 
IHP-R group. 

The concept of the protective effect of hypothermia on IR is that a reduction in tempera-
ture results in a decreased metabolic rate that limits the accumulation of mitochondrial 
electron transport chain substrates, which fuels oxidative stress during reperfusion, and 
which reduces the extent of per-ischemic ATP depletion33. Both factors influence the 
severity of IR injury by facilitating hepatocyte necrosis and the consequent release of 
pro-inflammatory cellular constituents that trigger the inflammatory response ultimately 
resulting in parenchymal injury34. The hypothermia-mediated reduction in oxidative 
stress and ATP depletion should therefore result in attenuated IR injury32.

Although the reduction in hepatic nucleotide content during early reperfusion was 
more pronounced in the IHP-R group, this effect is likely skewed by ATP recovery 
during the reperfusion intervals in intermittent VIO. Accordingly, rat liver ATP levels 
that decreased to ~ 40% of baseline after 20 min of normothermic ischemia recovered 
to ~ 70% following a 10-min reperfusion period35. It can therefore be argued that 
IHP-R, which entails the use of continuous ischemia, reduces the severity of hepatic 
nucleotide depletion during ischemia. Patients suffering from diseases that affect the 
hepatocellular ATP/ADP regenerating capacity (i.e., steatosis36 and cholestasis33) could 

consequently benefit from IHP-R. 

In contrast to peak transaminase levels, the inflammatory response during reperfusion 
is still considered a good measure for the severity of IR injury34. Accordingly, contin-
uous ischemia results in a more profound increase in plasma cytokine/chemokine 
levels compared to intermittent VIO37. It should therefore be emphasized that IHP-R 
(entailing continuous ischemia) does not differ from intermittent VIO in regard to these 
parameters, indicating that IHP-R positively influences the liver’s tolerance to ischemia. 
This finding is of relevance because, even though hypothermia was shown to decrease 
IR injury in animal experiments38-40, this is the first study to investigate this effect in a 
patient population. 

Several authors have reported on the use of IHP in complex liver resections16-22. Although 
the effects of IHP have previously been analysed in a retrospective design18, this study 
is the first to prospectively investigate IHP together with intermittent VIO, the generally 
accepted gold standard for vascular occlusion25,41, in a randomized design. In addition, 
all of the aforementioned studies describe techniques for IHP that require the additional 
use of burdensome procedures such as total hepatic vascular exclusion (i.e., clamping 



211210

of the supra- and infrahepatic vena cava)16-19,21,22 or an ante-situm approach20; both of 
which are omitted by IHP-R. 

There are however technical drawbacks to IHP-R. Firstly, the need to occlude venous 
outflow introduces an additional, albeit low42, risk of hepatic vein laceration at the 
hepatic-caval junction; something that did not occur in the IHP-R group. Secondly, 
additional time is required for haemostasis of the resection surface as a result of bleed-
ing from smaller vessels that are missed due to the efflux of clear perfusate during 
parenchymal transection, an effect that likely contributed to the significant increase 
in operation time in the IHP-R group as well as the comparable extent of blood loss 
between both groups. In the future, this could potentially be omitted by injecting blue 
dye into the perfusion fluid to visualize open vessels prior to recirculation of the liver 
remnant22. Thirdly, IHP-R is less feasible in patients with certain anatomical variations in 
the arterial hepatic blood supply, e.g., partial blood supply to the left hemiliver through 
the left gastric artery, indicating that preoperative arterial CT or MRI imaging should 
be performed to analyse patient eligibility. 

Despite findings indicative of a protective effect of hypothermia on IR injury, IHP-R 
did not positively affect clinical outcomes. Operating time was significantly longer in 
the IHP-R group, which brings about not only aspects of patient safety in the form of 
a prolonged duration of anaesthesia but also matters of cost-effectiveness. Neverthe-
less, since IHP-R is a novel technique the learning curve effect needs to be taken into 
consideration, suggesting that ongoing experience could reduce its effect on operating 
time. All other clinical outcomes were comparable between both groups, indicating no 
direct clinical benefit from IHP-R in this small cohort of selected patients. Because this 
study primarily aimed to analyse the safety and feasibility of IHP-R it was considered 
best to try this technique in a carefully selected group of low-risk patients. An important 
downside to this approach is that the data from this study are underpowered to provide 
reliable insight into the clinical effects of IHP-R. Moreover, considering that parenchy-
mal liver disease reduces the liver’s tolerance to ischemia33,36, IHP-R will most likely 
benefit patients with diseased livers who undergo major liver surgery with an (expected) 
prolonged duration of VIO. This proposition is underscored by studies indicating that 
steatosis and cholestasis constitute important risk factors for postoperative morbidity6 

and mortality2 following major liver resection. The finding that IHP-R can be safely 
applied in patients with healthy liver parenchyma forms a premise to investigate its 
therapeutic efficacy in the expanding group of patients affected by parenchymal liver 
disease that require major liver surgery.
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CONCLUSION

The use of IHP-R in selected patients undergoing right (extended) hepatectomy is 
feasible and safe compared to gold-standard VIO. IHP-R possibly augments the liver’s 
tolerance to ischemia and could therefore potentially benefit patients with damaged 
liver parenchyma who require major liver surgery with a prolonged VIO duration. Future 
studies should be directed towards investigating the value of IHP-R for this high-risk 
patient population.  
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SUPPLEMENTAL INFORMATION

Figure S–1. Study flow chart.

Materials and methods
Blood and tissue sampling

Blood samples were obtained right after the induction of general anaesthesia as well as 
at 1 and 6 h of reperfusion. Samples were centrifuged (3000 x g, 17 min, 4 °C) within 20 
min, whereafter plasma was aliquoted, snap-frozen, and stored at -80 °C until analysis.

Liver tissue biopsies were taken from the FRL prior to the start of parenchymal tran-
section and at a mean (± SEM) duration of 32 ± 2.9 min of reperfusion. Biopsies were 
snap-frozen in liquid nitrogen and stored at -80 °C or immersed in an RNA preservation 
solution (RNAlater, Qiagen, Venlo, the Netherlands), incubated at 4 °C overnight, and 
stored at -20 °C until analysis.

Hepatic high-energy phosphate nucleotide analysis

Levels of the high-energy phosphate nucleotides adenosine di- and triphosphate 
(ADP and ATP, respectively) were determined according to [de Korte et al., Analytical 
Biochemistry 1985;147:197–209]. To that end, snap-frozen liver tissue samples (40–100 
mg) were grounded in liquid nitrogen using a ceramic mortar. The tissue powder was 
transferred to 200 μL ice-cold 0.4 M HClO

4
 and mixed vigorously. After centrifugation 

(10,000 x g, 5 min, 4 °C) 150 μL supernatant was titrated to pH = 7.5–8.5 using 5 M 
K2CO3. The remaining pellet was saved to determine the total protein content of each 
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sample using the bicinchoninic acid assay protein kit (Thermo Scientific). The titrated, 
nucleotide-rich supernatant was centrifuged (10,000 x g, 5 min, 4 °C) and nucleotide 
profiles were determined by ion-exchange HPLC, using a Hichrom Partisphere SAX 
4.6 x 125-mm column in combination with a Hichrom Anion Guard (Hichrom, Reading, 
United Kingdom). Samples were eluted with a linear gradient from 100% Buffer A 
(100-fold dilution of Buffer B) to 70% Buffer B (0.75 M NaH2PO

4 
pH - 4.55) in 50 min 

at a flow rate of 1 mL/min. Quantification was performed with Chromeleon software 
version 6.80 based on the integrated peak areas of nucleotide reference standards. All 
data were subsequently normalized to the total protein content of individual samples.

Plasma cytokine and chemokine levels

Plasma levels of the cytokines and chemokines interleukin 1β (IL-1β), interleukin 6 (IL-6), 
interleukin 8 (IL-8 or C-X-C motif ligand 8; CXCL8), and C-C motif ligand 2 (CCL2 or 
monocyte chemotactic protein-1; MCP-1) were analysed in plasma containing EDTA 
as an anticoagulation agent using ProcartaPlex simplex kits on the Luminex platform 
(Affymetrix, Santa Clara, CA, USA) according to the manufacturer’s instructions. Data 
were acquired on a BioPlex 200 (Bio-Rad, Hercules, CA, USA) and analysed with 
BioPlex software (version 5.0, Bio-Rad).

Histology

Liver tissue at distance of the tumour was taken from the resected liver and analysed 
by an experienced hepatopathologist (J.V.) who was blinded for patient allocation. 
Sinusoidal dilation and portal inflammation were scored from 0 (none) to 3 (severe). 
Lobular inflammation was scored based on the number of inflammatory foci per high 
power field and categorized into 0 (no foci), 1 (1 focus), 2 (2–4 foci), and 3 (> 4 foci). 
The percentage of macrovescicular steatosis was graded 0 (0–5%), 1 (5–33%), 2 
(33–66%), or 3 (> 66%). Lastly, the grade of fibrosis was descriptively reported as none, 
perisinusoidal or periportal, perisinusoidal and portal/periportal, or bridging fibrosis.

Table S–1. Biochemical liver function parameters at postoperative days 1, 3, and 5. 

IHP-R 
(n = 9)

VIO
(n = 9)

p

Total bilirubin, μmol/L POD 1
POD 3
POD 5

22.5 (18.3–43.3)
18.0 (15.0–23.0)
12.5 (11.0–18.0)

18.0 (15.0–24.0)
16.0 (12.5–20.0)
16.5 (11.5–21.5)

0.139
0.210
0.442

INR POD 1
POD 3
POD 5

1.28 (1.22–1.37)
1.21 (1.11–1.26) 
1.09 (1.00–1.18)

1.26 (1.21–1.32)
1.17 (1.12–1.24)
1.09 (1.03–1.18)

0.541
0.918
0.878

Biochemical parameters of liver function at postoperative days 1, 3, and 5. Data are reported as median 
(interquartile range) and were analysed using the Mann-Whitney U test. IHP-R: in situ hypothermic per-
fusion with retrograde outflow; VIO: intermittent vascular inflow occlusion; POD: postoperative day; INR: 
international normalized ratio.
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Figure S–2. Regeneration of liver function and volume following IHP-R and VIO 
stratified for PVE status. 

Panels A and B depict the uptake of 99Tc-labelled mebrofenin (in %/min/m2 body surface area), determined 
by HBS, as a measure of FRL (future remnant liver, i.e., preoperatively) and RL (remnant liver, i.e., on post-
operative day 3) function in the IHP-R (Panel A) and VIO group (Panel B). Panels C and D indicate FRL and 
RL volume (in mL), measured by CT volumetry, for the IHP-R (Panel C) and VIO group (Panel D). All data 
points are plotted in red (no PVE) or green (PVE) to indicate PVE status. 
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Figure S–4. Plasma cytokine and chemokine levels.

Plasma IL-1β (Panel A) and CCL2 levels (Panel B; in pg/mL) were determined prior to resection (i.e., t = 
0 h) as well as at 1 and 6 h of reperfusion for the IHP-R (blue bars) and VIO (red bars) groups. Data are 
expressed as mean (± SEM). Intra-group analyses were performed using a Friedman test with Dunn’s post-
hoc correction in which all categories were compared to the control group (i.e., t = 0 h). The Mann-Whitney 
U test was used for inter-group analyses (t = 6 h).

Figure S–3. Hepatic nucleotide content. 

Panels A and B show hepatic ATP and ADP content (in pmol/μg protein), respectively, in the future remnant 
liver (FRL; i.e., at baseline) and and remnant liver (RL; i.e., at 30 min reperfusion) for the IHP-R (blue bars) 
and VIO group (red bars). Statistical significance from intragroup analyses is marked ** indicating p < 0.01.
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Table S–2. Histology of non-tumorous liver tissue.

IHP-R 
(n = 9)

VIO
(n = 9)

p

Sinusoidal dilatation
0
1

2
3

0 (0)
5 (56)

4 (44)

0 (0)

0 (0)
5 (56)

4 (44)

0 (0)

1.000

Lobular inflammation No foci
1 focus

2–4 foci
> 4 foci

0 (0)
9 (100)

0 (0)
0 (0)

0 (0)
9 (100)

0 (0)
0 (0)

1.000

Portal inflammation 0
1

2
3

0 (0)
7 (78)

2 (22)
0 (0)

0 (0)
8 (89)

1 (11)

0 (00)

1.000

Steatosis 0–5%
5–33%
33–66%
> 66%

8 (89)

1 (11)

0 (0)
0 (0)

8 (89)

0 (0)
1 (11)

0 (0)

0.368

Fibrosis

None
Perisinusoidal or 

periportal

Perisinusoidal and 

(peri)portal

Bridging fibrosis

0 (0)
1 (11)

7 (78)

1 (11)

0 (0)
0 (0)

9 (100)

0 (0)

0.325

Liver sections obtained at distance of the tumour were semiquantitatively assessed for the presence and 
the extent of parenchymal liver disease in order to validate the preoperative screening regimen. Data are 
reported as n (%) and were analyzed using the χ2 test. IHP-R: in situ hypothermic perfusion with retrograde 
outflow; VIO: intermittent vascular inflow occlusion.
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ABSTRACT

Induction of a sterile immune response after hepatic ischemia-reperfusion (IR) cul-
minates in liver injury. The route to hepatocellular damage starts with metabolic per-
turbations during ischemia and subsequent mitochondrial oxidative injury and cell 
death during early reperfusion. The link between mitochondrial oxidative stress and 
sterile immune signaling is incompletely understood and lacks clinical validation. We 
hypothesized that mitochondrial oxidative stress during early reperfusion triggers a 
sterile immune response by the release of immunogenic damage-associated molecular 
patterns (DAMPs), which was investigated in 39 patients subjected to major liver surgery 
and a standardized mouse liver IR model. In patients, plasma high-mobility group 
box-1 (HMGB1) was substantially elevated following liver resection with IR compared 
to liver resection without IR. HMGB1 correlated positively with ischemia duration and 
peak post-operative transaminase (ALT) levels. There were no intergroup differences 
in postoperative mitochondrial DNA or nucleosome release. In mice, the systemically 
infused, mitochondria-targeted antioxidant MitoQ neutralized hepatocyte-specific oxi-
dative stress during early reperfusion and decreased HMGB1 release by ± 50%. MitoQ 
suppressed transaminase release, hepatocellular necrosis, and cytokine production. 
Reconstituting disulfide HMGB1 during reperfusion reversed the protective effects of 
MitoQ. In conclusion, HMGB1 links mitochondrial oxidative stress to post-IR sterile 
inflammation, underscoring the therapeutic utility of agents that target IR-induced 
mitochondrial dysfunction.
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INTRODUCTION

Activation of sterile inflammation is a major cause of ischemia-reperfusion (IR)-induced 
liver injury, as is seen following liver resection and transplantation surgery1. During 
prolonged ischemia, mitochondria are primed to produce reactive oxygen species 
(ROS) during the first minutes of reperfusion2. The consequent wave of moderate 
cell death triggers the systemic release of intracellular constituents known as dam-
age-associated molecular patterns (DAMPs) that activate the innate immune system1. 
Liver-resident and recruited immune cells subsequently induce liver damage through 
oxidative stress, cytokine production, and proteolysis. To date, the link between mito-
chondrial ROS production and DAMP release has not been clinically elaborated, and 
was therefore investigated in this study. To that end, DAMP release was studied in 
liver surgery patients operated using vascular inflow occlusion (VIO), which is used to 
prevent extensive bleeding during major liver resections. Although VIO is used as a 
salvage procedure, the temporary ischemia and subsequent reperfusion inadvertently 
cause organ injury. The extent of IR injury therefore negatively affects clinical outcomes. 

It is shown that patients who underwent major liver surgery with or without VIO rapidly 
exhibit DAMP release and sterile inflammation after resection. Of the tested DAMPs, 
only high-mobility group box-1 (HMGB1) levels increased specifically in IR-subjected 
patients and not in the control group operated without VIO. HMGB1 release also cor-
related positively with ischemia duration and hepatocellular injury markers. Decreas-
ing mitochondrial oxidative damage during the first minutes of reperfusion with the 
antioxidant MitoQ in mice prevented HMGB1 release and attenuated the IR immune 
response. These results indicate that mitochondrial oxidative injury during the earliest 
stages of reperfusion is a key component of IR injury that triggers sterile inflammation 
by inducing the release of HMGB1. Decreasing mitochondrial oxidative damage there-
fore is a potential therapeutic intervention to improve outcomes in patients undergoing 
major liver surgery.

RESULTS AND DISCUSSION
 
The relationship between hepatic IR injury and sterile inflammation was studied in 
39 patients who underwent major liver resection with (n = 26, IR) or without (n = 13, 
CTRL) intraoperative VIO. The study design is summarized in Figure S1 and the patient 
characteristics and clinical outcomes in Table 1. The baseline patient characteristics 
were comparable between the two study arms. VIO use was associated with longer 
operating time, resection time, and hospital stay compared to the control group (Table 
1). The extent of postoperative liver injury did not differ between the groups when 
judged by liver injury parameters. VIO-subjected livers were however more profoundly 
afflicted by the procedure when IR injury was assessed on the basis of DAMP release.

The DAMPs HMGB1 and nucleosomes were determined in plasma based on preclinical 
IR work3,4, which showed that both DAMPs are released from necrotic hepatocytes in 
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vitro and that blocking or reconstituting these DAMPs respectively reduces or exac-
erbates IR injury. Circulating mitochondrial DNA (mtDNA) was assayed due to the 
established contribution of mitochondrial dysfunction to IR injury5 and earlier reports 
demonstrating mtDNA release in clinical sterile inflammation6. Figure 1A/B shows that 
the levels of putative hepatocyte-derived DAMPs HMGB1 and nucleosomes increased 
within 1 h after surgery in the combined cohort, which was accompanied by a rise in 
neutrophil activation (Figure 1D). Systemic mtDNA levels remained unchanged (Figure 
1C), which was an unexpected finding given that enhanced mtDNA release has been 
measured in patients with oxidative liver injury7 and systemic sterile inflammation6. 
Both pathophysiologically resemble IR injury. It remains to be tested whether liver IR 
leads to the release of ancillary mitochondrial DAMPs such as N-formylated peptides.

Table 1. Patient characteristics and clinical outcomes.

CTRL 
(n = 13)

IR 
(n = 26) p

Age, years 62 (44.5–73) 66 (53–70) 0.299

Sex, male 8 (61.5) 18 (69.2) 0.725

Diagnosis 0.497

Colorectal liver metastases 1 (7.7) 4 (15.4)

Cholangiocarcinoma 5 (38.5) 15 (57.7)

Hepatocellular carcinoma 2 (15.4) 3 (11.5)

Other malignancy 2 (15.4) 3 (11.5)

Benign lesion 3 (23.1) 1 (3.8)

ASA score 0.153

I 3 (23.1) 6 (23.1)

II 10 (76.9) 14 (53.8)

III 0 6 (23.1)

Duration of ischemia& min n/a 48 (31–68)

Resected segments# 0.131

3 6 (46.2%) 5 (19.2%)

≥ 4 7 (53.8%) 21 (80.8%)

Resection time, min 59 
(41.5–71.5) 82 (60–130) 0.006
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Duration of surgery, min 306 
(261–373.5)

460 
(380–503) 0.001

Transfusion requirement, units 0.455

0 9 (62.9) 12 (48)

1–2 2 (15.4) 6 (24)

≥ 3 2 (15.4) 7 (28)

Hospital stay, days 9 (7.5–11) 11.5 (8–22) 0.036

Grade III–V complications@ 7 (53.8) 13 (52) 1.000

ICU admission 3 (23.1) 7 (26.9) 1.000

In-hospital mortality 1 (7.7) 2 (8.0) 1.000

Peak ALT, U/L 
273 

(142.5–641.5)
456 

(289–784) 0.152

Peak INR 1.19 
(1.12–1.31)

1.30 
(1.17–1.41) 0.411

Peak total bilirubin, μmol/L 17 (14–34) 32 (19–47) 0.129

Continuous data are reported as median (interquartile range) and categorical variables are represented as n 
(%). # Designates the number of resected Couinaud liver segments. @ Complications were scored according 
to the Clavien-Dindo classification. & Patients were subjected to continuous or intermittent vascular inflow 
occlusion as specified in Table S1. A histopathological assessment of the resection specimens is included 
in Table S4. CTRL: control group; IR: ischemia-reperfusion group; ALT: aspartate alanine aminotransferase; 
ASA: American Society of Anesthesiologists; ICU: intensive care unit; INR: international normalized ratio; 
IQR: interquartile range; min: minutes. Categorical data were analyzed using Fisher’s exact test (binary 
data) and Chi-square test (>2 variables). Differences between numerical variables were assessed using 
student’s t-tests.

To determine whether DAMP release was caused by ischemia-mediated hepatocyte 
death or by surgical trauma8, the analysis was stratified into a VIO and a control 
group. Figure 1E–G shows that, of the tested DAMPs, only HMGB1 levels increased 
significantly in the VIO but not in the control group. Nucleosome release, neutrophil 
activation, and cytokine production were comparable between groups (Figure 1H–J, 
Figure S2), which is consistent with the premise that DAMP release precedes innate 
immune activation and extensive parenchymal injury. HMGB1 levels moreover cor-
related with the duration of ischemia (Figure 1K) and the postoperative ALT peak (Figure 
1L), whereas this correlation was absent for cytokine release and neutrophil activation 
(Figure S3). As HMGB1 is released by hypoxic hepatocytes4, these results imply that 
HMGB1 is a marker for ischemic hepatocyte injury, albeit the cellular source of HMGB1 
could not be ascertained in these patient samples. These findings do indicate that 
HMGB1 levels may hold prognostic or even therapeutic value, as HMGB1 is an active 
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mediator of immune activation9 that could serve as an interventional target. This starkly 
contrasts the putative liver injury markers such as ALT or bilirubin, which are ‘passive’ 
markers for hepatocellular injury or defective liver function but do not modulate immune 
responses. Moreover, the specific HMGB1 increase in IR-subjected patients indicates 
that an ischemic period translates differently to hepatocellular damage than mechanical 
surgical trauma (i.e., as in the control group), which is revealed mainly through ALT 
leakage. Because this study was not designed nor powered to detect differences in 
clinical outcomes between the VIO and control group, it remains to be shown whether 
these subtle differences in mode of postoperative cell death are consequential to 
surgical outcome.

Figure 1. HMGB1 release correlates with ischemia time and hepatocellular injury in clinical hepatic 
ischemia-reperfusion injury. A-D show plasma levels (median±IQR) of the DAMPs HMGB1, nucleosomes, 
and mtDNA, and the marker for neutrophil activity E-AT at 1 h and 6 h after liver surgery. Note that the y-axes 
are scaled logarithmically. E-H include the same data split for patients operated with IR (red) or without intra-
operative liver ischemia (control, blue). E and F show perioperative systemic cytokine levels. The correlation 
between circulating HMGB1 and liver ischemia duration and the post-operative peak in hepatocellular injury 
are shown in K and L. The dashed lines indicate the 95% confidence interval of the regression line. Intra-
group differences in A-K were analyzed with a repeated measures ANOVA and intergroup differences with 
a student’s t-test or Mann-Whitney U-test based on the distribution of the data set. Correlations in K-L were 
tested using Spearman’s rho. # indicates p<0.05 versus t=0 in the IR group, $ indicates p<0.05 versus t=0 
in the control group, and * indicates p<0.05 between the groups indicated by the solid line. ALT: aspartate 
alanine aminotransferase; E-AT: elastase-α1-antitrypsin complex; HMGB1: high mobility group box 1; IL: 
interleukin; IR: ischemia-reperfusion; IQR: interquartile range; mtDNA: mitochondrial DNA.
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After establishing the link between HMGB1 and IR injury in patients undergoing liver 
surgery, the therapeutic efficacy of inhibiting HMGB1 release was explored using a 
validated mouse hepatic IR model10. As oxidative mitochondrial damage is an early 
event in IR injury2 and given that incubation of hepatocytes with the ROS hydrogen 
peroxide propagates HMGB1 release in vitro4, it was investigated whether a mito-
chondria-targeted antioxidant could limit HMGB1 release and ameliorate IR injury. The 
ubiquinol-analogue MitoQ reduced plasma ALT levels following IR injury in mice at 1 
mg/kg (Figure 2A), whereas non-specific MitoQ toxicity was seen at higher dosages. 
Based on this pharmacodynamic profile, 1 mg/kg of MitoQ was used in all in vivo 
experiments. 

Figure 2. MitoQ reduces reactive oxygen species production, prevents HMGB1 release, and attenu-
ates hepatic IR injury in mice. A shows the dose-response relationship between MitoQ and hepatocellular 
injury. The 1 mg/kg MitoQ dosage was used in all subsequent experiments (solid line). B demonstrates that 
MitoQ mitigated hepatic ROS production during early reperfusion, as measured by real-time microscopy/
spectroscopy. C-D show that MitoQ decreased ALT release and hepatocellular necrosis at 24 h reperfusion 
(also see Figure S4), whereas redox-inactive MitoQ (dTPP) was not protective. E-F indicate that MitoQ 
attenuated HMGB1 release but did not affect intracellular HMGB1 levels. The heat map in G depicts a 
decrease (blue) or increase (red) in plasma cytokine (see Table S3) concentration in MitoQ-treated animals 
versus vehicle-treated animals. The dots indicate a statistically significant difference versus the control 
group. H demonstrates that reconstitution of disulfide HMGB1 reverses the protective effects of MitoQ. 
MitoQ decreased expression of the leukocyte receptor VCAM-1 (I) but did not affect ICAM-1 expression 
(J) or the number of neutrophils circulating in the liver during early reperfusion, as measured by intravital 
microscopy (K). Western blot results are presented as densitometric analysis. One representative blot per 
group is included per panel. Results are shown as mean±SEM, except for E (median±range). Group sizes 
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In concordance with a previous report11, MitoQ reduced oxidation of the fluorogenic 
ROS probe 5(6)-carboxy-2 ,ʹ7ʹ-dichlorofluorescein in hepatocytes during the first 10 min 
of reperfusion, as measured by intravital microscopy and spectroscopy (Figure 2B). 
The fluorogenic ROS probe was delivered specifically to hepatocytes using hepato-
cyte-targeted liposomes12. The early reduction in oxidative stress translated to a drop 
in hepatocellular necrosis and transaminase release after 24 h of reperfusion (Figure 
2C–D), since animals that received the inactive targeting moiety of MitoQ, decyl-triph-
enylphosphonium (dTPP), were not protected from IR injury (Figure 2C–D). These data 
indicate that the antioxidant properties of the ubiquinol moiety convey the hepatopro-
tective effects of MitoQ. Although mitochondrial oxidative damage is a hallmark of the 
(hyper)acute reperfusion phase, the hepatocellular (ALT) injury peak occurs several 
hours later (Figure S5). Inasmuch as DAMPs reportedly bridge these two phases of IR 
injury by alerting the immune system that cell death has occurred, it was investigated 
whether MitoQ reduced IR injury by limiting DAMP release.

Figure 2E shows that MitoQ reduced plasma HMGB1 levels after IR by approximately 
50%, whereas remaining viable liver cells retained unaltered intracellular HMGB1 levels 
(Figure 2F) that could serve to protect against DNA damage and depletion of energy 
reserves13. The homeostatic function of intracellular HMGB1 and the pro-inflammatory 
effects of circulating HMGB1 illustrate that HMGB1 is a prototypical DAMP. Accord-
ingly, it was previously demonstrated that the genetic deletion of HMGB1 worsens IR 
injury, whereas neutralizing circulating HMGB1 protects against IR injury13,14. Infusing 
the pro-inflammatory disulfide isoform of HMGB115 at the start of reperfusion nullified 
the protective potential of MitoQ (Figure 2H), supporting the premise that IR injury 
sequentially proceeds via (early) mitochondrial oxidative injury and consequent DAMP 
release.  

Systemic HMGB1 alerts the immune system via the receptor for glycation end products 
and/or Toll-like receptor 44,14, which drive cytokine production by activating various 
pro-inflammatory transcription factors1. It was therefore investigated whether the 
MitoQ-mediated drop in HMGB1 release also reduced inflammatory signaling fol-
lowing IR. Levels of chemotactic and cytotoxic messengers such as tumor necrosis 
factor (TNF-α) and interleukin (IL-)1β were indeed lower in the MitoQ group at 6 h of 
reperfusion, whereas a stronger induction of anti-inflammatory IL-10 was noted at the 
24 h time point (Figure 2G). This favorable effect of MitoQ on cytokine profiles may 
have resulted in the downregulation of the leukocyte receptor VCAM-116, even though 

are ≥6 animals/group, except for B and K (3-4 mice/group). Area under the curve analysis was used to 
assess differences in CDCF oxidation (B). Intergroup differences were tested with a student’s t-test or a 
one-way ANOVA. * indicates p<0.05 in the MitoQ versus the IR group. Au: arbitrary unit; ALT: aspartate 
alanine aminotransferase; CDCF: 5(6)-carboxy-2 ,ʹ7ʹ-dichlorofluorescein; HMGB1: high mobility group box 
1; FOV: field of view; dTPP: decyl-triphenylphosphonium; ICAM-1: intercellular adhesion molecule 1; ROS: 
reactive oxygen species; VCAM-1: vascular cell adhesion molecule-1.
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the expression of the principal sinusoidal neutrophil receptor ICAM-1 was unaffected 
(Figure 2I–J). In line with the fact that mitochondrial ROS production and oxidative injury 
also modulate leukocyte function17 and MitoQ uptake is not hepatocyte-specific, it was 
further demonstrated that MitoQ did not attenuate IR injury by affecting the number 
of neutrophils that circulate in the hepatic microvasculature during the first 90 min of 
reperfusion (Figure 2K, S9, S10). 

In summary, we have demonstrated that plasma HMGB1 levels positively correlate with 
hepatic IR injury in patients. Detoxifying mitochondrial ROS during the first minutes 
of reperfusion with MitoQ prevented HMGB1 release and reduced the severity of IR 
injury in mice. This is in line with recent animal studies on the role of mitochondrial 
ROS production in IR injury5. The prognostic value of HMGB1 requires validation in 
a larger patient cohort. Nevertheless, our data warrant the clinical testing of novel 
mitochondria-targeting antioxidant interventions to reduce hepatic IR injury. 

Study approval and statistical analysis

Patient samples were collected as part of a prospective observational trial registered 
at http://clinicaltrials.gov (NCT01700660). Study protocols were approved by the insti-
tutional review board (Academic Medical Center, Amsterdam, the Netherlands) and 
written informed consent was obtained from all participants. All animal experiments 
were approved by institutional animal welfare committees. Statistical analyses were 
performed using Graphpad Prism 6 (La Jolla, CA) and SPSS 21.0 (Chicago, IL), abiding 
by a significance level of 0.05. Normal distribution of data sets with ³ 8 values was 
assessed using a D’Agostino and Pearson omnibus test. Normally distributed data were 
tested for intragroup and intergroup differences using a student’s t-test, a one-way 
ANOVA with Dunnet’s post-hoc test, or a repeated measure ANOVA with Tukey’s 
post-hoc correction. Continuous numerical variables that failed the normality test were 
log transformed and re-analyzed. Log-transformed data that followed a Gaussian 
distribution were analyzed parametrically as described. If the transformed data failed 
the normality test, non-parametric tests (Mann Whitney U, Kruskall-Wallis with Dunn’s 
post-hoc test, or Friedman with Dunn’s correction) were performed on the non-trans-
formed data. Data sets with < 8 values group were tested parametrically. Categorical 
data were analyzed using a Fisher’s exact test (binary data) or a Chi-squared test (> 
2 variables) and correlations were tested using Spearman’s ρ.
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SUPPLEMENTAL INFORMATION

Materials and methods
S1.1. Patients and study design

The effect of liver surgery performed with or without intraoperative liver ischemia on 
DAMP release was investigated between February 2012 and December 2014 in a 
single-center observational trial registered at https://ClinicalTrials.gov under identifier 
NCT01700660. Eligible for participation were all patients scheduled for a major liver 
resection (removal of ≥ 3 Couinaud segments1) that were ≥ 18 years old and had an 
American Society of Anesthesiology physical status score of  3. Patients were excluded 
from the study when considered non-resectable during surgical exploration (e.g., due 
to tumor progression), when the employed ischemia time was < 20 min, when they 
underwent an emergency operation, or when the patient was pregnant or breast-feed-
ing. Because the decision whether or not to use vascular inflow occlusion (i.e., induce 
IR injury) is made during surgery based on the operative course, participants were 
non-randomly assigned to either the ischemia-reperfusion (IR) group (n = 26) or the 
control group (n = 13). All patients were operated by the same primary surgeon (TvG) 
to eliminate inter-operator variability. 

Blood samples were drawn from a central venous catheter directly after the induction of 
general anesthesia and 1 and 6 h after the start of reperfusion (IR group) or completion 
of parenchymal transection (CTRL group). Whole blood was collected in EDTA- or 
heparin-anticoagulated vacutainers (BD, Franklin Lakes, NJ) and centrifuged at 3,000 
x g for 15 min at 4 °C. Plasma aliquots were snap-frozen in liquid nitrogen and stored 
at -80 °C until further use. Plasma liver injury (ALT) and liver function (international 
normalized ratio [INR], total bilirubin) were determined by the Department of Clinical 
Chemistry as part of routine patient care. All experimental parameters were normal-
ized to plasma total protein content (Pierce BCA Protein Assay Kit, Life Technologies, 
Carlsbad, CA) to correct for perioperative hemodilution. Post-operative complications 
were categorized according to the Clavien-Dindo grading system2. All study protocols 
ware approved by the Institutional Review Board and written informed consent was 
obtained from all participants before undergoing any study-related procedures. The 
study design is summarized in Figure S1.

S1.2 Circulating HMGB1

Plasma HMGB1 levels were determined in 10 μL of EDTA-anticoagulated plasma 
samples by ELISA (IBL International, Hamburg, Germany) according to manufacturer’s 
instructions. All samples were measured in duplicate in regular sensitivity mode on a 
Synergy HT microplate reader (BioTek Instruments, Winooski, VT).

S1.3 Circulating nucleosomes and elastase-α1-antitrypsin complexes
Nucleosome levels were assessed by ELISA as previously described3. Briefly, mono-
clonal antibody CLB-ANA/60 (Sanquin, Amsterdam, the Netherlands) that recognizes 
histone 3 was used as a capture antibody. Biotinylated F(ab)2 fragments of mono-
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clonal antibody CLB-ANA/58 (Sanquin), which recognizes an epitope exposed on 
complexes of dsDNA histone 2A and histone 2B in combination with poly-horseradish 
peroxidase–labeled streptavidin (Sanquin) were used for detection. As a standard, we 
used culture supernatant of Jurkat cells (1 × 106 cells/mL), cultured for an additional 
week without refreshing the medium, to obtain 100% apoptotic cells. One unit is the 
amount of nucleosomes released by ~ 100 Jurkat cells. The lower detection limit of 
the assay was 2.5 U/mL4. The reference range for circulating nucleosomes in healthy 
individuals is 0–10.3 U/mL.

Elastase-α1-antitrypsin complexes (E-AT) were measured by ELISA as recently 
described5. This assay was adapted from a previously described radioimmunoassay6. 
Briefly, plates were coated with a polyclonal rabbit anti-human neutrophil elastase anti-
body (1.5 μg/mL; Sanquin). Standard and samples were diluted in high-performance 
ELISA buffer (HPE; Sanquin) + 40 μg/mL bovine IgG. Bound complexes were detected 
with a biotinylated monoclonal anti–α1 -antitrypsin antibody (1 μg/mL; Sanquin) in com-
bination with poly-horseradish peroxidase–labeled streptavidin. Results are expressed 
in ng/mL by reference to a standard curve of normal human citrated plasma in which 
EA-T were generated by incubation with porcine elastase (final concentration 2 μg/
mL; Sigma, Zwijndrecht, the Netherlands) for 15 min at room temperature. The lower 
detection limit of the assay was 2 ng/mL. The reference range for EA-T in healthy 
individuals is 8.5 to 55.7 ng/mL.

S1.4 Circulating mitochondrial DNA 

Plasma mitochondrial DNA levels were determined according to Nakahira et al7, with 
minor modifications. Total DNA was isolated from 190 μL of heparin-anticoagulated 
plasma using the QIAamp DNA Blood Mini Kit (cat. #51106, Qiagen) according to 
the manufacturer’s instructions. DNA was eluted in 100 μL of elution buffer. Levels of 
mitochondrial DNA (mtDNA) were analyzed in duplicate by real-time quantitative PCR 
on a Lightcycler 480 (Roche) using a reaction volume of 10 μL consisting of 2 μL of 
DNA, 2 μL of nuclease-free water (Qiagen), 1 μL of primer mix (0.5 μM final primer 
concentration), and 5 μL of SensiFAST SYBR No-ROX mix (Bioline, London, UK). The 
run parameters are specified in Table S2. The following primers were used: human 
mitochondrially-encoded NADH dehydrogenase 1 (MT-ND1): forward 5’-ATACCCATGG-
CCAACCTCCT-3’, reverse 5’-GGGCCTTTGCGTAGTTGTAT-3’ 8. Melting curve analysis 
and ethidium bromide-stained agarose gel electrophoresis were used to validate primer 
specificity. A plasmid encoding a human cDNA clone of MT-ND1 was purchased from 
ORIGENE (SC101172) and was used as a logarithmic mtDNA standard in 10-fold serial 
dilutions (1.93 x 106 copies–1.93 x 100 copies). Data was processed according to 
Ruijter et al9, fitted to the mtDNA standard, and normalized to plasma protein content.

S1.5 Human plasma cytokine measurements

L-12p70, TNF-α, IL-10, IL-6, IL-1β, and IL-8/CXCL8 concentrations were determined in 
serum samples using the Cytometric Bead Array (CBA) Human Inflammatory Cytokines 
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Kit (BD Biosciences, Franklin, NJ) according to the manufacturer’s instructions. The 
samples were analyzed in a blinded fashion and flow data were collected using a BD 
FACSCanto II (BD Biosciences). The results were analyzed with FCAP Array version 
3.0 software (BD Biosciences). CCL2 plasma concentration was measured by ELISA 
(Duosets, R&D Systems, Minneapolis, MN). All reagents and solutions were prepared 
fresh each week according to the manufacturer’s protocols and were sterile filtered 
using 0.2 μM bottle-top vacuum filters (Corning, Corning, NY). Bovine serum albumin 
was of the highest available purity (cat. #A7030, Sigma-Aldrich, St. Louis, MO) and 
ELISAs were performed using clear 96-well flat bottom polystyrene microplates (#9018, 
Corning). All cytokine levels were normalized to plasma total protein content. 

S1.6 Histological assessment of surgical resection specimens

Liver tissue from the surgical resection specimen was harvested at a distance of the 
tumor site and processed for histological analysis as part of routine clinical care. 
Histological analysis was performed by an experienced hepatopathologist (JV). Due 
to the known heterogeneity in parenchymal status between the resected liver and the 
remnant liver, especially in patients with hilar cholangiocarcinoma, the results of the 
histopathological analysis are presented in a descriptive manner in Table S5.

S1.7 Mouse hepatic ischemia-reperfusion experiments
The animal experiments were approved by the institute’s animal welfare committee 
(protocol #103064, #102596, #102931) and were performed using male C57BL/6J 
mice (25 – 30 g, 8 – 12 wk old) purchased from Charles River (JAX mice, stock number 
#000664, l’Arbresle, France) in accordance with10. All experimental protocols and 
surgical procedures were as previously described11,12, unless specified otherwise. For 
MitoQ experiments, MS010 (20% MitoQ by weight) was dissolved to a concentration 
of 30 mg/mL (i.e., 6 mg/mL MitoQ) in sterile NaCl (Braun). After induction of general 
anesthesia, 250 ng/kg–3 mg/kg MitoQ or an equimolar amount of the inactive targeting 
moiety decyl-triphenylphosphonium (dTPP) in sterile NaCl (Braun) was infused via the 
penile vein in a volume of 100 μL per 30 g body weight using a glass syringe (Hamilton, 
Reno, NV). After allowing MitoQ or dTPP to circulate for 10 min, partial (70%) liver isch-
emia was induced for 30 min11. For HMGB1 reconstitution experiments, 2.5 μg disulfide 
HMGB1 (IBL) in 100 μL sterile NaCl was administered intraperitoneally immediately 
after reperfusion was initiated. Animals were sacrificed by exsanguination and cervical 
dislocation at 6 h or 24 h of reperfusion. Blood and liver samples were harvested and 
processed as described11. To account for slight variations in experimental conditions 
and animal batches, a new control group of vehicle-treated mice subjected to IR was 
included in every new set of experiments. Clinical chemistry (i.e., ALT) results of the 
mouse experiments are therefore expressed as a percentage of this reference group. 

S1.8 Mouse liver histology 

Mouse livers were fixed in formalin, embedded in paraffin, and stained with hematoxylin 
and eosin as described11. The extent of confluent parenchymal necrosis, being the main 
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damage pattern, was scored by an experienced hepatopatoholigst (JV) according to 
the following grading system: 0: no necrosis, 1: < 25% necrosis, 2: 25–50% necrosis, 
3: 50–75% necrosis, and 4: > 75% necrosis.

S1.9 Western blot 
Frozen liver (-80 °C) samples were homogenized with an Omni Tissue Master 125 (Omni 
International, Kennesaw, GA) in cell lysis buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM 
MgCl2, 1 mM EGTA, 10% glycerol, 0.1% Triton X-100 containing protease and phospha-
tase inhibitors). Cell debris was pelleted (12,000 x g, 5 min), supernatant protein content 
determined (DC Protein Assay, Bio-Rad), and SDS-polyacrylamide gel electrophoresis 
(Bio-Rad Mini-PROTEAN) performed with samples standardized to 30 μg protein/well. 
Proteins were separated using 7.5% gels, followed by electrophoretic elution onto PVDF 
membranes (Trans-Blot Turbo, Bio-Rad), as per manufacturer’s instructions. PVDF 
membranes were blocked (5% skim-milk, 1 h), incubated with primary antibodies (Table 
S2) for 16 h (4 °C) and stained with appropriate HRP-conjugated secondary antibodies 
(Santa Cruz). Immunoreactivity was detected using SuperSignal West Femto Substrate 
(Thermo Scientific) and digital chemiluminescence image capture (LAS-4000, FujiFilm, 
Tokyo, Japan). Densitometry was quantified using MultiGauge software (V3.0, FujiFilm, 
Tokyo, Japan), and all values were normalized to the expression of the housekeeping 
protein β-actin. All experiments were performed in triplicate.

S1.10 Mouse plasma cytokine measurements

Mouse plasma samples were assayed for mouse GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, 
IL-5, IL-6, IL12p70, IL-13, IL-18, and TNF-α using the ProcartaPlex Mouse Th1/Th2 
extended 11-plex kit and mouse BAFF, IL-10, IL-22, RANTES/CCL5, TSLP, and VEGF-A 
using ProcartaPlex simplex kits on the Luminex platform (Affymetrix, Santa Clara, 
CA), according to manufacturer’s instructions. The relevance of these inflammatory 
messengers for hepatic IR injury is summarized in Table S4. In brief, samples were 
thawed on ice. The antibody-coated beads were mixed and washed, and subsequently 
incubated overnight at 4 °C with 1:1 diluted standards or samples. After washing, the 
beads were incubated with detection antibody mix for 30 min at room temperature. The 
beads were subsequently washed and incubated for 30 min at room temperature with 
streptavidin-PE. After washing, the beads were measured with a Luminex instrument 
(Bio-Plex 200, Bio-Rad) that was calibrated using Bio-Rad calibration beads. Standard 
curves were calculated using 5-parameter logistic regression in Bioplex 5.0 software. 
Heatmaps were generated using GENE-E software (http://www.broadinstitute.org/
cancer/software/GENE-E/) and show the plasma cytokine levels of MitoQ-treated 
mice following 30 min of ischemia and 6 h or 24 h of reperfusion. Data per time point 
are expressed as fold-increase compared to the mean of the vehicle control group, 
whereby blue indicates a decrease and red indicates an increase in the MitoQ group 
versus control animals subjected to IR only. 
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S1.11 Intravital spinning disc confocal microscopy of neutrophil dynamics after mouse 

liver IR

Experiments were approved by the animal ethics committee of the University of 
Calgary (protocol #AC12-0162) and all animals were treated in accordance with10. Male 
C57BL/6J mice (n = 14, Charles River, Montreal, Quebec, Canada) weighing between 
20–26 g were housed under standard laboratory conditions with unrestricted access 
to chow and water. The animals were acclimated for at least 2 d before entering the 
experiment. Surgical and intravital imaging procedures were as described13. Antibodies 
and MitoQ were added to sterile 0.9% NaCl (B. Braun Melsungen, Melsungen, Germany) 
to a final infusion volume of 100 μL. The used antibodies and antibody concentrations 
were: sinusoidal endothelial cells: rat anti-mouse CD31-PE, 10 μL of 200 μg/mL (cat. # 
12-0311-83, clone 390, eBioscience, San Diego, CA); neutrophils: rat anti-mouse Ly-6G 
(Gr-1)-Alexa Fluor 647, 10 μL of 500 μg/mL (cat. # 127610, clone 1A8, BioLegend). The 
mixture was infused into the penile vein immediately before surgery. Hepatic IR was 
subsequently induced as described in section S1.7. Intravital spinning disco confocal 
microscopy was performed with a Quorum Wave FX-X1 spinning disk confocal system 
as described in13. The following emission filters were used for the antibody-conjugated 
fluorophores: λ = 593 ± 40 (CD31-PE) and 692 ± 40 nm (Gr1-Alexa Fluor 647), respec-
tively. Imaging was performed with an Olympus UPlanFL-N, 10×, NA = 0.2 objective. 
The hardware settings were kept constant during all experiments (PE channel: laser 
power 71, exposure time 120 ms, camera gain 1, camera sensitivity 224; Alexa Fluor 
647 channel: laser power 100, exposure time 120 ms, camera gain 1, camera sensitivity 
174). Image acquisition was performed under Volocity software control (Version 6.3.1, 
Perkin Elmer, Waltham, MA). Image acquisition was performed for 1 min at a frame 
rate of 13 Hz per fluorescence channel after the start of reperfusion (the time interval 
between clip removal and image acquisition was on average 4 min) and at t = 4 + 15, 
30, 45, 60, 75, and 90 min reperfusion. The number of neutrophils per field of view 
were manually counted using ImageJ/FIJI (NIH, Bethesda, MD) software. 

S1.12 Intravital imaging and spectroscopic quantification of reactive oxygen species 
production during hepatic IR injury in mice

The oxidation-sensitive fluorogenic probe 5(6)-carboxy-2 ,ʹ7ʹ-dichlorodihydrofluorescein 
(CDCFH2) was prepared from 5(6)-carboxy-2 ,ʹ7ʹ-dichlorodihydrofluorescein diacetate 
and encapsulated in galactosylated hepatocyte-targeted liposomes as described14. 
Hepatotargeted liposomes (0.1 μmol lipid/g body weight in 200 μL 10 mM HEPES, 
0.88% NaCl, 0.292 osmol/kg, pH = 7.4) were injected via the penile vein and circulated 
for 35 min to allow intrahepatic accumulation. Hepatic IR was subsequently performed 
as described previously14. To perform the surgical procedure with the mice positioned 
under the intravital imaging setup, ischemia was induced with a silicone sling placed 
around the hepatic pedicle instead of microvascular clamp. During the first 10 min of 
reperfusion, hepatic probe conversion (i.e., ROS production) was quantified at 2-min 
intervals in real-time using a customized intravital fluorescence microscope (model 
M165 FC, Leica Microsystems, Wetzlar, Germany) equipped with a spectrometer (model 
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QE65000, Ocean Optics, Dunedin, FL)14. Spectroscopic data were integrated over the 
entire spectral width (λ = 250–1050 nm) and normalized to baseline. 

S1.13 Non-invasive whole body imaging of intrahepatic neutrophil elastase activity

Non-invasive whole body imaging was performed using an InVivoXtreme 4MP (BRUKER, 
formerly Carestream, USA). Mice were shaved and depilated 24 h prior to imaging. 
Neutrophils were labeled 4 h prior to imaging via tail vein injection using Neutrophil 
Elastase 680 FAST (Perkin Elmer) according to the manufacturer’s protocol (4 nmol 
dye/mouse in 100 μl of saline) and visualized using 650 nm excitation and 700 nm 
emission wavelength filters. Mice were imagined ventrally from 30 min until 90 min post 
IR with or without MitoQ treatment in 5-min intervals. In addition, animals were imaged 
24 h post-IR. During the whole imaging procedure the mice where anesthetized with 
isoflurane and kept at 37 °C in a ventilated imaging chamber. The imaging protocol for 
each time point contained three steps: [1] reflectance imaging (2 s exposure time), [2] 
fluorescence imaging at 650/700 nm (4 s exposure time), and [3] X-ray imaging (10 s 
exposure time). The imaging protocol for each 25-degree angle of the 360-degree spin 
contained two steps: [1] Fluorescence imaging at 650/700 nm (2 s exposure time) and 
[2] X-ray imaging (10 s exposure time). Images were quantified with Bruker molecular 
imaging software (version 7.1.3.20550) using a constant ventral region of interest for 
all animals that covered the upper ventral abdominal area in the anatomical region of 
the murine liver.

Figures

Figure S1. CONSORT study flow chart. 
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Figure S2. Plasma cytokine and chemokine levels after clinical liver IR. 

Cytokine and chemokine signaling has been extensively studied in pre-clinical liver 
IR models15 but data on the (early) release of pro-inflammatory mediators following 
clinical liver IR are scarce. Panels A and B indicate that the monocyte chemoattractant 
CCL2 and neutrophil chemoattractant IL-8 are released into the circulation immediately 
following major liver resection, irrespective of the intraoperative use of hepatic ischemia 
(vascular inflow occlusion; VIO). In contrast, an early (i.e., at 1 h of reperfusion) but 
transient rise in plasma IL-12 and IL-1β levels was only noted in the VIO group, whereas 
this response was delayed until 6 h after surgery in the control group (panels C and E). 
Last, panel D shows that plasma levels of TNF-α remained at baseline in both study 
arms during the entire study period, which not only contradicts a large body of pre-clin-
ical IR literature, but is also surprising given the importance of TNF-α in stimulating 
liver regeneration following partial hepatectomy16,17. The functional relevance of these 
differences in the release of cytokines between patients subjected to major hepatectomy 
with and without VIO remains to elucidated experimentally. Plasma cytokine levels 
were measured as described in section S1.5 and normalized to plasma total protein 
content to correct for peroperative hemodiluation18. Intragroup differences between the 
three time points were analyzed using a repeated measurements ANOVA (normally 
distributed data) or a Friedman test (non-normal data). Differences between the VIO 
and control group at a given time point (intergroup differences) were assessed using a 
Student’s t-test (normally distributed data) or Mann Whitney U-test (non-normal data). 
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See section 3 of the main text for additional details. # indicates p < 0.05 versus t = 0 
in the VIO group, $ indicates p < 0.05 versus t = 0 in the control group, and * indicates 
p < 0.05 between the study groups indicated by the solid line. CCL2: chemokine (C-C 
motif) ligand 2; IL-1β: interleukin 1 beta; IL-8: interleukin 8; IL-12: interleukin 12; TNF-α: 
tumor necrosis factor alpha; VIO: vascular inflow occlusion.

Figure S3. The duration of liver ischemia and post-operative liver injury markers do 
not correlate to neutrophil activation, IL-6 release, or IL-10 release in clinical liver 
ischemia-reperfusion injury. 

It was shown in Figure 1 of the main text that DAMPs (i.e., HMGB1 and nucleosomes) 
and cytokines (i.e., IL-6 and IL-10) are released into the circulation following major liver 
surgery. Of the measured parameters, only plasma HMGB1 and IL-6 concentrations 
increased more profoundly in patients exposed to IR (i.e., the VIO group) than in the 
control group (Figure 1E and I). More importantly, postoperative plasma HMGB1 levels 
correlated positively to the duration of liver ischemia and postoperative ALT release 
(Figure 1K and L), indicating that HMGB1 release is not only characteristic for ischemic 
liver injury, but also reflects the extent of parenchymal liver injury. Shown here are the 
same correlation analyses for the pro-inflammatory and/or mitogenic cytokines IL-6, 
IL-1β, and IL-12, the anti-inflammatory cytokine IL-1019,20, and the marker for neutrophil 
activation E-AT5. It is shown that, in contrast to HMGB1, the release of IL-6, IL-12, 
and IL-10 and the formation of E-ATs do not correlate to the duration of ischemia or 
postoperative ALT values. Only a correlation between peak IL-1β and peak ALT levels 
was noted (Panel H). These parameters are therefore likely non-specific inflammatory 
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markers released or formed in response to gross surgical trauma (i.e., liver resection), 
and, as such, probably hold little prognostic potential. Plasma E-AT and cytokine levels 
were measured as described in section S1.3 and S1.5. Correlations were assessed 
using Spearman’s r and a p-value < 0.05 was considered statistically significant. ALT: 
aspartate alanine aminotransferase; IL-10: interleukin 10; IL-6: interleukin 6; HMGB1: 
high mobility group box 1; E-AT: elastase-α1-antitrypsin complexes.

Figure S4. MitoQ reduces hepatocellular necrosis at 24 h of reperfusion following 
mouse liver IR.

Shown are representative hematoxylin and eosin-stained histological slides of mouse 
livers harvested 24 h after 30 min of liver ischemia. Images were obtained with a 10x 
objective. Animals were either treated with sterile saline (vehicle, panel A) or 1 mg/kg 
of the mitochondria-targeted antioxidant MitoQ dissolved in sterile saline (panel B). A 
small area of remaining viable hepatocytes is encircled in white in panel A, indicating 
severe hepatocellular necrosis in IR-subjected mice. In contrast, panel B shows only 
small patches of confluent necrosis, demarcated in white, at the same time point in 
MitoQ-treated animals (panel B), reflecting reduced hepatocellular necrosis in the 
MitoQ group. Histological quantification of necrotic areas per study arm is shown in 
Figure 2E of the main text.

Figure S5. Hepatocellular injury peaks 6 h after partial liver ischemia in mice.
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Shown is hepatocellular injury (ALT release, y-axis) plotted as a function of reperfusion 
time (x-axis) following partial liver ischemia in mice. ALT values were normalized to 
the ALT peak values (i.e., the 6 h reperfusion time point). It should be noted that these 
data were generated in preliminary experiments with a more severe liver IR model (60 
min of ischemia) than is used in the main text (30 min ischemia). Besides the duration 
of ischemia, all experimental procedures were as described in Section S1.

Figure S6. MitoQ reduces inflammatory cytokine release 6 h after 30 min of mouse 
liver ischemia.

Shown are plasma cytokine levels measured by Luminex bead array 6 h after 30 min 
of mouse liver ischemia. The data reveal that MitoQ decreased the release of several 
pro-inflammatory cytokines such as, e.g., IL-1β (panel A), IL-6 (panel D), and GM-CSF 
(panel M), thereby confirming the cytoprotective effect of MitoQ detailed in Figure 2 
of the main text. A summary of the cytokine data presented here is included as heat 
map in the main text. A functional description of all measured cytokines is included in 
Supplementary Table S4. Data are shown as mean ± SEM of 6–8 mice per group. The 
reperfusion time point at which the cytokines were measured is included in the top left 
corner of each panel and the measured inflammatory messenger is shown in the top 
right corner of each panel. Intergroup differences were tested with a one-way ANOVA 
as described in section 3 of the main text. * indicates p < 0.05 versus the IR group.
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Figure S7. MitoQ increases expression of anti-inflammatory IL-10 24 h after 30 min 
of mouse liver ischemia.

Shown are plasma cytokine levels measured by Luminex bead array 24 h after 30 min 
of mouse liver ischemia. In contrast to the 6 h time point shown in above Figure S7, 
the differences in systemic pro-inflammatory cytokine concentrations were not seen 
in the chronic reperfusion phase. The plasma concentration of anti-inflammatory IL-10 
however was higher in the MitoQ versus the IR group (panel E), indicating that MitoQ 
skewed the innate immune response towards a more favorable phenotype. A summary 
of the cytokine data shown here is included as heat map in the main text. A functional 
description of all measured cytokines is included in Supplementary Table S4. Data 
are shown as mean ± SEM of 6–8 mice per group. The reperfusion time point at which 
the cytokines were measured is included in the top left corner of each panel and the 
measured inflammatory messenger is shown in the top right corner of each panel. 
Intergroup differences were tested with a one-way ANOVA as described in section 3 
of the main manuscript. * indicates p < 0.05 versus the IR group.
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Figure S8. MitoQ does not affect hepatic JNK phosphorylation at 6 h of reperfusion 
following mouse liver IR.

Hepatic IR injury is in part driven by pro-inflammatory protein kinases such as the c-Jun 
N-terminal kinase (JNK) family, which mediates (mainly apoptotic) cell death21,22. As JNK 
is activated by ROS23, Western Blotting was used to determine whether MitoQ reduced 
the extent of JNK phosphorylation at 6 h of reperfusion after 30 min of partial mouse 
liver ischemia. Although MitoQ decreased ROS production during early reperfusion 
(Figure 2B, main text), the extent of JNK phosphorylation at 6 h of reperfusion was not 
affected by MitoQ treatment, irrespective of the JNK isoform. This could, e.g., confirm 
earlier notions that necrosis and not apoptosis is the main mode of cell death during 
hepatic IR injury24 or support recent findings that ROS are mainly produced in excess 
during the first minutes of IR injury25-27. All experimental protocols are included in section 
S1.9 and antibody details are included in Table S3. Data represent densitometric 
analysis and are shown as mean ± SEM of 8 animals per group. The insets depict a 
representative Western Blot for each study arm. IR: ischemia-reperfusion; JNK: c-Jun 
N-terminal kinase; pJNK: phosphorylated JNK.

Figure S9. MitoQ does not influence the number of neutrophils circulating in the 
hepatic microvasculature during early reperfusion after mouse liver ischemia. 

It was proposed in the main text that MitoQ ameliorates hepatic IR injury by reducing 
ROS-mediated parenchymal cell death during the first minutes of reperfusion and, 
thereby, suppressing the release of pro-inflammatory HMGB1. The premise is supported 
by the reduction in IR injury at 6 h and 24 h of reperfusion (main text). Because ROS 
can also propagate sterile inflammation by directly influencing leukocyte function28 
and MitoQ is also taken up by leukocytes, intravital spinning disk confocal microscopy 
was used to investigate whether MitoQ treatment influenced the number of neutrophils 
circulating in post-ischemic mouse livers. These experiments served to exclude an 
immediate and early effect of MitoQ on neutrophil behavior (i.e., preceding the injury 
peak at 6–24 h of reperfusion) that could confound the premises raised in the main 
text. Shown are representative snapshots of neutrophils (in green, stained with anti-Gr1 
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antibodies) circulating in mouse sinusoids (in blue, stained with anti-CD31 antibodies). 
In accord with the traces shown in Figure 2K (main text), sham surgery and manipula-
tion of the mouse liver per se do not increase the number of neutrophils circulating in 
the liver microvasculature (top row). In contrast, the number of neutrophils that pass 
through the liver rises steadily the first 90 min after IR (middle row). Treatment with 
MitoQ (1 mg/kg) did not affect the number of circulating neutrophils during the fist 90 
min of reperfusion, indicating that the protective effects of MitoQ noted in Figure 2 of 
the main text are not attributable to direct effects on leukocyte trafficking. These data 
therefore support the premise raised in the main text that reducing oxidative injury in 
hepatocyte mitochondria during early reperfusion reduces the IR injury peak, which 
follows several hours later, by limiting the release of HMGB1 and neutralizing early innate 
immune alarm signals. The experimental procedures are described in sections S1.11.

Figure S10. MitoQ transiently increases neutrophil presence during early reperfusion 
after mouse liver ischemia. 

In extension of the intravital imaging of leukocyte accumulation (Figure S9), neutrophil 
presence was additionally investigated during early (30–90 min, panel A) and late (24 
h, panels B and C) reperfusion using non-invasive whole body fluorescence imaging 
in mice. Counterintuitively, elastase activity was higher during early reperfusion in 
MitoQ-treated animals (n = 3, blue trace, mean ± SEM) than in vehicle-treated mice 
(n = 3, red trace, mean ± SEM). This finding is difficult to rationalize inasmuch as 
the difference in neutrophil presence is already present at 30 min of reperfusion, but 
does not increase from that point onwards. The latter is surprising given the gradual 
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increment in intrahepatic leukocytes numbers seen with intravital microscopy shown 
in Figure 2 of the main text and in Figure S9.

In contrast to the early time point (panel A), the elastase signal at 24 h of reperfusion 
seemed comparable between groups or possibly even lower in MitoQ-treated mice 
(bottom 3 animals) than in the IR group (top 3 animals). These data are in line with 
the improved liver histology and gross amelioration of innate immune activity shown 
in Figure 2 of the main text. It should however be noted that the hepatic specificity of 
probe fluorescence was difficult to ascertain at the 24 h time point (panels B and C). 
Fluorescence data were therefore not quantified at this time point. All experimental 
procedures are detailed in section S1.13.
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Tables

Table S1. Duration and technique of vascular inflow occlusion during major liver 
surgery in patients.

Patient # Cumulative ischemia time (min) Method of VIO

1 50 Intermittent

2 50 Intermittent

3 50 Intermittent

4 43 Intermittent

5 56 Intermittent

6 20 Continuous

7 65 Intermittent

8 42 Intermittent

9 120 Intermittent

10 52 Continuous

11 76 Intermittent

12 39 Intermittent

13 24 Continuous

14 26 Intermittent

15 68 Intermittent

16 93 Intermittent

17 68 Intermittent

18 46 Intermittent

19 20 Continuous

20 72 Intermittent

21 43 Intermittent

22 33 Continuous

23 30 Continuous

24 68 Intermittent

25 25 Continuous

26 68 Intermittent

The table shows the duration of ischemia and method of vascular inflow occlusion for 
all patients included in this study that were subjected to IR during liver resection (i.e., 
the IR group). When excessive intraoperative bleeding occurs during liver resection, the 
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afferent vasculature is occluded with a sling to prevent hemodynamic complications. 
This surgical technique is known as vascular inflow occlusion or the Pringle maneuver29 
and induces IR injury as side effect. Intermittent vascular inflow occlusion is the gold 
standard technique and consists of repetitive cycles of 20 min of ischemia followed 
by 10 min of reperfusion30. As is shown in the table, continuous ischemia is only used 
if the anticipated duration of vascular inflow occlusion is short, or if the situation does 
not permit the 10 min reperfusion period normally used in intermittent vascular inflow 
occlusion (e.g., patient #10).

Table S2. Western blot antibodies.

Antibody Manufacturer Cat # Dilution

β-actin Sigma-Aldrich A5441 1:5000

HMGB1 Abcam Ab18256 1:900

ICAM-1 R&D Systems AF796 1:500

Pan-JNK-1/2 Cell Signaling 9258 1:1000

Phospho-JNK-1/2 Cell Signaling 4668 1:750

VCAM-1 R&D Systems AF643 1:500

Table S3. Functional description of inflammatory messengers measured in mouse 
plasma.

Abbreviation Protein Function Reference

Tnfα
Tumor necrosis 
factor alpha

Induces macrophage activation, 
neutrophil recruitment, and 
apoptosis

 31

Il-1β Interleukin 1 beta
Induces Cox-2 and Icam-1 
expression and Il-6 and chemo-
kine production

 32

Il-4 Interleukin 4 Mediates T helper 2 cell 
differentiation  33,34 

Il-5 Interleukin 5
Stimulates proliferation and 
activation of eosinophils and 
basophils

 35

Il-6 Interleukin 6
Regulates neutrophil recruitment 
through cytokine and chemok-
ine signaling

 36
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Il-10 Interleukin 10 Inhibits activation of T cells, 
monocytes, and macrophages.  19,20,37

Il-12 Interleukin 12

Activates T-cells and natural 
killer cells and enhances 
proliferation of hematopoietic 
progenitor cells

 38

Il-13 Interleukin 13
Inhibits cytokine production by 
monocytes and regulates Ifn-α 
production by lymphocytes

 39

Il-18 Interleukin 18 Suppresses anti-inflammatory 
cytokines  40

Il-22 Interleukin 22 Promotes cell proliferation and 
survival  41

Ccl5 Chemokine (C-C 
motif) ligand 5

Regulates activation and 
chemotaxis of leukocytes and 
lymphocytes

 42,43

Gm-csf

Granulocyte-mac-
rophage colo-
ny-stimulating 
factor

Governs production, differentia-
tion, proliferation, and activation 
of granulocytes and monocytes

 35,44

Ifn-α Interferon gamma
Activates macrophages and 
promotes T helper 1 cell 
differentiation

 45

Baff B cell activating 
factor

Stimulates B cell proliferation 
and function  46

Tslp Thymic stromal 
lymphopoietin

Induces T cell signaling and 
enhances maturation of den-
dritic cells

 47,48

Vegf
Vascular endothe-
lial growth factor Is mitogenic and angiogenic  49,50 

This table was adapted from12.
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SUMMARY

Oxidant formation constitutes a crucial component of not only hepatic ischemia-reper-
fusion (IR) injury, but also of various hepatic diseases that predispose the liver to its 
detrimental sequelae in the form of life-threatening postoperative complications. The 
pathophysiological mechanism behind the interplay between non-alcoholic fatty liver 
disease (NAFLD) and IR injury is described in Chapter 2. Specifically, pre-existent 
oxidative stress, most relevantly in mitochondria, and a reduced ATP (re)generating 
capacity render steatotic hepatocytes susceptible to necrotic cell death during all 
phases of IR injury. Considering that necrotic cells spill highly immunogenic damage-as-
sociated molecular patterns (DAMPs) into the extracellular environment1, an increase 
in early-phase hepatocellular necrosis is presumed to invigorate a more profound 
immune response and hence aggravate the extent of parenchymal injury that occurs 
during the chronic phase of reperfusion. 

Although oxidative stress plays a pivotal role in IR injury, the development of adequate 
in vitro and in vivo models to study oxidant formation in the liver remains challeng-
ing. Redox-active fluorogenic probes like 2 ,ʹ7ʹ-dichlorodihydrofluorescein diacetate 
(DCFH2-DA) have long been a preferred method to study the formation of oxidants in 
various cells and tissues under in vitro conditions2. However, the ubiquitous expression 
of membrane transporter proteins on the hepatocellular plasma membrane imposes 
significant limitations on the use of different probes and dyes on hepatocytes and 
hepatocyte-derived cell lines3,4. 

To expand the use of DCFH2-DA for the in vitro detection of oxidative stress, a method 
to prepare its more hydrophilic fluorogenic derivate 2 ,ʹ7ʹ-dichlorodidhydrofluorescein 
(DCFH2) was developed. This method is described in Chapter 3, in which the value of 
DCFH2 was additionally demonstrated by a variety of cell-free and cell-based assays. 
It was for instance shown that the concomitant use of DCFH2-DA and DCFH2 enabled 
the compartmentalized analysis of oxidant formation in vitro. In murine RAW 264.7 
macrophages, a cell type resembling liver-resident Kupffer cells (KCs), DCFH2-DA 
and DCFH2 were able to distinguish the contribution of NADPH oxidase-2 (NOX2) and 
inducible nitric oxide synthase (iNOS) activation to intra- and extracellular oxidant forma-
tion. Both NOX21 and iNOS5 are essentially involved in IR injury through the respective 
formation of superoxide anion (O2

•–) and nitric oxide (•NO). Although these radical 
species individually lack significant reactivity towards biomolecules, the diffusion-con-
trolled reaction between both leads to formation of the highly reactive and damaging 
peroxynitrite6. This presumption was substantiated by the finding that maximal DCFH2 
oxidation, which generates highly fluorescent 2 ,ʹ7ʹ-dichlorofluorescein (DCF), occurred 
when NOX2 and iNOS were induced concomitantly. In addition, DCF formation was 
more profound in the extracellular compartment, indicating the ability of macrophages 
and, presumably, KCs to release oxidants that are able to damage neighboring cells 
(e.g., hepatocytes)7. 
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To extend the utility of DCFH2 to targeted delivery, a hepatocyte-specific liposomal 
probe delivery system was developed and validated in vivo. Next, the more hydrophilic 
derivative 5(6)-carboxy-DCFH2 (CDCFH2) was prepared and encapsulated into lipo-
somes to enable the analysis of hepatocellular oxidative stress during early reperfusion 
in a mouse model of IR. It was shown that maximal cytosolic oxidative stress occurs 
at ~ 20 min of reperfusion, which is in line with the assumption that hepatocellular 
oxidative stress peaks within the first 30 min following revascularization8.  

Considering the limiting effects of plasma membrane-transporter expression on the 
use of (redox) probes3,4, conditions for the use of DCFH2-DA on hepatocyte-derived 
HepG2 and HepaRG cells were optimized and are described in Chapter 4. It was 
shown that DCFH2-DA can function as a tool for the detection of oxidative stress in these 
cell types in vitro, granted that specific experimental conditions are met. In addition, 
DCFH2-DA was used to visualize and quantify oxidative stress in real time in HepG2 
cells subjected to anoxia-reoxygenation. This experimental model was moreover used 
to demonstrate the effect of dimethyl malonate, a compound that inhibits mitochondrial 
O2

•– formation under conditions of anoxia-reoxygenation9, on the cytosolic formation 
of oxidants during early reoxygenation. 

Because the combination of ATP depletion and mitochondrial oxidative stress predis-
poses hepatocytes to necrosis and consequent DAMP release during early reperfusion, 
inhibition of both phenomena could be an effective means to reduce IR injury. In that 
respect, hypothermia was considered a promising intervention because it inhibits the 
enzymatic processes that underlie both effects. Literature on the use and effects of 
hypothermia in the setting of liver resection and transplantation is reviewed in Chapter 

5, indicating that hypothermia indeed suppressed both phenomena in various animal 
models of IR injury. Accordingly, oxidant-dependent NF-κB (nuclear factor κ-light-chain-
enhancer of activated B cells) activation, which leads to the KC-mediated production 
of pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α)10, was 
significantly reduced following per-ischemic hypothermia11. In line with this, a reduction 
in TNF-α formation and parenchymal liver injury, the presumed causality of which is 
discussed in Chapter 2, was observed in livers that were subjected to hypothermia11.    

Hypothermia in the context of liver resection is best achieved through in situ hypo-
thermic perfusion (IHP). Although various techniques for IHP have been described 
in literature12,13, their widespread application of these techniques has been held back 
because of their invasive nature. Specifically, the need for total hepatic vascular occlu-
sion, which implies clamping of the supra- and infrahepatic vena cava in addition to 
VIO, limits the patient population eligible for IHP to those undergoing resections that 
include extensive vascular reconstructions14. A new technique for IHP was consequently 
developed to circumvent this impediment. Specifically, the combination of IHP with 
retrograde perfusion outflow (i.e., through the arterial vasculature; IHP-R) allows for 
the application of IHP with preservation of caval flow, the technical details of which 
are described in Chapter 6.
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The first clinical data on the use of IHP-R in patients undergoing (extended) right 
hemihepatectomy are presented in Chapter 7. In this study, patients with healthy liver 
parenchyma were randomly allocated to undergo IHP-R or intermittent VIO. It was shown 
that IHP-R is safe and feasible in patients undergoing (extended) right hemihepatec-
tomy, albeit that operating time was significantly longer in the IHP-R group. Although 
the early regeneration of liver function appeared to be improved following IHP-R, a 
larger patient cohort will need to be analyzed to confirm this finding. 

Hepatocellular necrosis-derived DAMP release constitutes the third most proximal 
event in the pathophysiological cascade of IR injury following ATP depletion and 
mitochondrial oxidative stress. Plasma levels of the DAMPs high-mobility group box-1 
(HMGB1), nucleosomes, and mitochondrial DNA were determined in patients under-
going major liver resection with or without intermittent VIO. The outcomes of this study 
are presented in Chapter 8, indicating that plasma HMGB1 levels were significantly 
increased at 1 h of reperfusion following intermittent VIO, but not in the control group 
that was not subjected to VIO. The interplay between HMGB1 release, mitochondrial 
oxidative stress, and parenchymal liver injury was further analyzed using a validated 
mouse model of IR injury. It was demonstrated that the mitochondria-specific antioxidant 
MitoQ15 reduced mitochondrial oxidative stress after IR, which led to a decrease in 
HMGB1 plasma levels and improved parenchymal injury at 24 h of reperfusion. These 
findings indicate DAMP release as a connecting factor between mitochondrial oxidative 
stress and inflammation-mediated parenchymal injury in hepatic IR.

FUTURE PERSPECTIVES

The work presented in this thesis not only provides new insight into the temporality of 
oxidative stress in hepatocyte-derived cell lines and macrophages, but also expands 
the array of analytical techniques available to study oxidant formation in general. The 
ability to prepare and purify DCFH2 from DCFH2-DA enabled development of a variety 
of new probe applications. These range from cell-free arrays in which DCFH2 can 
be used to study oxidant formation under highly controlled conditions to cell-based 
assays that provide information on compartmentalized redox shifts in vitro through 
the simultaneous application of DCFH2 and DCFH2-DA. It is expected that these new 
avenues for the use of DCFH2(-DA) will not only be of value to those studying oxidant 
formation in the context of liver disease, but also to the many other research fields in 
which oxidative stress is involved. 

In addition to the added value of using DCFH2 alongside its acetylated derivative, appli-
cation of the same method for the preparation of CDCFH2 enables further expansion of 
the means available to study oxidative stress. Specifically, its suitability for liposomal 
encapsulation implies that CDCFH2 could be selectively delivered to many other types 
of tissues through modification of its carrier system. Alternatively, the hepatotargeted 
liposomal delivery system could function as a means to deliver other compounds to 
hepatocytes in vivo, e.g., antioxidants. 
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The development of IHP-R is expected to broaden the patient population that might 
benefit from IHP. Although safety and feasibility have been established in patients with 
healthy liver parenchyma, the patient subgroup that is expected to benefit most from 
IHP-R likely encompasses those affected by parenchymal liver disease. As mentioned 
before, livers affected by NAFLD and cholestasis are predisposed to IR injury and 
hence good candidates for IHP-R. Considering that NAFLD is the most prevalent liver 
disease worldwide16,17 and that an approved pharmaceutical intervention to reduce 
disease activity is currently unavailable18, it would be of particular interest to investigate 
the value of IHP-R in an NALFD-affected patient cohort undergoing major liver surgery. 

Being the third most proximal trigger in the pathophysiological cascade of IR injury, 
DAMP release is another appealing focus for the development of strategies that aim to 
reduce its severity. Amelioration of HMGB1 activity in particular, for example by prevent-
ing its release through reduced hepatocellular oxidative stress during early reperfusion, 
forms a promising focus for future studies. Along these lines, the mitochondria-specific 
antioxidant MitoQ, which was shown to reduce oxidative stress, HMGB1 release, and 
parenchymal injury in a mouse model of IR injury, has been approved for use in clinical 
research. It would therefore be of interest to investigate its therapeutic potential in 
patients undergoing major liver resection in combination with (intermittent) VIO. 

In conclusion, this thesis provides novel methods for the detection of (hepatocellular) 
oxidative stress in an experimental setting as well as a new means to potentially reduce 
IR injury in patients. It would be desirable to direct future research towards expanding 
the application of these methods, both within and outside of the field of liver surgery.  



262

REFERENCES

1. Jaeschke H, Woolbright BL. Current strategies to minimize hepatic ischemia-reperfusion injury 
by targeting reactive oxygen species. Transplant Rev. 2012;26:103-114.

2. Wardman P. Fluorescent and luminescent probes for measurement of oxidative and nitro-
sative species in cells and tissues: progress, pitfalls, and prospects. Free Radic Biol Med. 
2007;43:995-1022.

3. Procházková J, Kubala L, Kotasová H, et al. ABC transporters affect the detection of intracel-
lular oxidants by fluorescent probes. Free Radic Res. 2011;45:779-787.

4. Zamek-Gliszczynski MJ, Xiong H, Patel NJ, Turncliff RZ, Pollack GM, Brouwer KLR. Pharma-
cokinetics of 5 (and 6)-carboxy-2′,7′-dichlorofluorescein and its diacetate promoiety in the liver. 
J Pharmacol Exp Ther. 2003;304:801-809.

5. Lee VG, Johnson ML, Baust J, Laubach VE, Watkins SC, Billiar TR. The roles of iNOS in liver 
ischemia-reperfusion injury. Shock. 2001;16:355-360.

6. Ferrer-Sueta G, Radi R. Chemical biology of peroxynitrite: kinetics, diffusion, and radicals. 
ACS Chem Biol. 2009;4:161-177.

7. Jaeschke H, Gores GJ, Cederbaum AI, Hinson JA, Pessayre D, Lemasters JJ. Mechanisms 
of Hepatotoxicity. Toxicol Sci. 2002;65:166-176.

8. van Golen RF, van Gulik TM, Heger M. Mechanistic overview of reactive species-induced 
degradation of the endothelial glycocalyx during hepatic ischemia/reperfusion injury. Free Radic 
Biol Med. 2012;52:1382-1402.

9. Chouchani ET, Pell VR, Gaude E, et al. Ischaemic accumulation of succinate controls reper-
fusion injury through mitochondrial ROS. Nature. 2014;515:431-435.

10. Kato A, Singh S, McLeish KR, Edwards MJ, Lentsch AB. Mechanisms of hypothermic 
protection against ischemic liver injury in mice. Am J Physiol Gastrointest Liver Physiol. 
2002;282:G608-G616.

11. Kuboki S, Okaya T, Schuster R, et al. Hepatocyte NF-kappaB activation is hepatoprotective 
during ischemia-reperfusion injury and is augmented by ischemic hypothermia. Am J Physiol 
Gastrointest Liver Physiol. 2007;292:G201-G207.

12. Fortner JG, Shiu MH, Kinne DW, et al. Major hepatic resection using vascular isolation and 
hypothermic perfusion. Ann Surg. 1974;180:644-652.

13. Dubay D, Gallinger S, Hawryluck L, Swallow C, McCluskey S, McGilvray I. In situ hypothermic 
liver preservation during radical liver resection with major vascular reconstruction. Br J Surg. 
2009;96:1429-1436.

14. Hoti E, Salloum C, Azoulay D. Hepatic resection with in situ hypothermic perfusion is superior 
to other resection techniques. Dig Surg. 2011;28:94-99.

15. Reily C, Mitchell T, Chacko BK, Benavides GA, Murphy MP, Darley-Usmar VM. Mitochondri-
ally targeted compounds and their impact on cellular bioenergetics. Redox Biol. 2013;1:86-93.

16. Angulo P. Nonalcoholic fatty liver disease. N Engl J Med. 2002;346:1221-1231.

17. Doycheva I, Watt KD, Alkhouri N. Nonalcoholic fatty liver disease in adolescents and young 
adults: the next frontier in the epidemic. Hepatology. 2017; ePub ahead of print. 

18. Sunny NE, Bril F, Cusi K. Mitochondrial adaptation in nonalcoholic fatty liver disease: novel 
mechanisms and treatment strategies. Trends Endocrinol Metab. 2016; ePub ahead of print.



262



265264

NEDERLANDSE SAMENVATTING

De productie van oxidanten vormt een cruciaal element van zowel ischemie-reperfusie 
(IR) schade van de lever alsmede van verschillende parenchymale leverziekten die de 
lever hiertoe predisponeren en zodoende het risico op potentieel levensbedreigende 
postoperatieve complicaties vergroten. Het pathofysiologische mechanisme achter het 
samenspel tussen niet-alcoholische leververvetting (non-alcoholic fatty liver disease; 
NAFLD) en IR schade staat beschreven in Hoofdstuk 2. Pre-existente oxidatieve 
stress, in het bijzonder in mitochondriën, tezamen met een verminderde ATP (re)
generatie capaciteit maakt steatotische hepatocyten meer ontvankelijk voor necroti-
sche celdood tijdens alle reperfusiefasen. Daar necrotische celdood resulteert in het 
vrijkomen van zeer immunogene ‘damage-associated molecular patterns’ (DAMPs) in 
de extracellulaire ruimte is het waarschijnlijk dat een toename van hepatocyt necrose 
tijdens de vroege reperfusiefase een meer uitgesproken inflammatoire reactie teweeg 
zal brengen en zodoende de parenchymale schade die optreedt tijdens de chronische 
reperfusiefase zal doen verergeren.   

Hoewel oxidatieve stress een belangrijk onderdeel vormt van IR schade blijft het ontwik-
kelen van in vitro en in vivo modellen om oxidant productie te bestuderen een uitdaging. 
Redox-actieve fluorogene probes zoals 2 ,ʹ7ʹ-dichlorodihydrofluoresceine diacetaat 
(DCFH2-DA) zijn een veelgebruikte methode om oxidatieve stress in vitro te bestuderen 
in cellen en weefsels. De expressie van transporter eiwitten op het hepatocellulaire 
plasmamembraan werpt echter belangrijke beperkingen op met betrekking tot het 
gebruik van fluorescente en fluorogene probes op hepatoycten en afgeleide cellijnen. 

Om de toepassingen van DCFH2-DA voor het detecteren van oxidatieve stress in vitro 
uit te breiden werd een methode ontwikkeld om het meer hydrofiele fluorogene deri-
vaat 2 ,ʹ7ʹ-dichlorodihydrofluoresceine (DCFH2) te derivatiseren en purificeren. Deze 
methode wordt beschreven in Hoofdstuk 3, alwaar tevens de waarde van DCFH2 wordt 
gedemonstreerd op basis van enkele cel-vrije en in vitro assays. Zodoende kon worden 
aangetoond dat het gelijktijdig gebruik van DCFH2-DA en DCFH2 het mogelijk maakte 
om de productie van oxidanten in verschillende in vitro compartimenten gelijktijdig te 
detecteren. In RAW 264.7 macrofagen, een celtype dat veel gebruikt wordt als model 
voor leverspecifieke Kupffer cellen (KCs), bleek het mogelijk om de bijdrage van de 
enzymen NADPH oxidase-2 (NOX2) en ‘inducible nitric oxide synthase’ (iNOS) aan 
intra- en extracellulaire oxidatieve stress te meten middels DCFH2-DA en DCFH2. Zowel 
NOX2 als iNOS dragen in belangrijke mate bij aan de pathofysiologie van IR schade 
via de respectievelijk productie van superoxide anion (O2

•–) en stikstof oxide (•NO). 
Hoewel deze radicalen an sich geen significante reactiviteit vertonen jegens biomo-
leculen zorgt de combinatie van beide echter voor formatie van het zeer reactieve en 
schadelijke peroxynitriet. Het voorkomen van dit fenomeen kon worden onderbouwd 
door de observatie dat maximale DCFH2 oxidatie, hetgeen resulteert in de formatie 
van fluorescent 2 ,ʹ7ʹ-dichlorofluoresceine (DCF), plaats vond wanneer zowel NOX2 
en iNOS werden geïnduceerd. De formatie van DCF was tevens meer uitgesproken in 
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het extracellulaire compartiment waardoor aannemelijk kon worden gemaakt dat RAW 
264.7 macrofagen, en mogelijk ook KCs, in staat zijn om naburige cellen, bijvoorbeeld 
hepatocyten, te beschadigen middels extracellulaire oxidant productie. 

Teneinde de toepasbaarheid van DCFH2 verder uit te breiden werd een hepatocyt-spe-
ciek liposomaal probe delivery systeem ontwikkeld en gevalideerd in vivo. Vervolgens 
werd het meer hydrofiele derivaat 5(6)-carboxy-DCFH2 (CDCFH2) bereid middels de 
methode beschreven in Hoofdstuk 3 en geëncapsuleerd in de hepatocyt-specifieke 
liposomen. Deze liposomen werd vervolgens gebruikt om hepatocellulaire oxidatieve 
stress tijdens de vroege reperfusiefase in een gevalideerd muis model voor IR te 
visualiseren en kwantificeren. Dit liet zien dat hepatocellulaire oxidatieve stress maxi-
maal is na ~ 20 minuten reperfusie, hetgeen in overeenstemming is met de eerdere 
speculatie dat oxidatieve stress tijdens de vroege repefusiefase een maximum bereikt 
binnen 30 minuten. 

Daar de expressie van transporter eiwitten op de hepatocellulaire plasmamembraan 
een beperkende factor is voor het gebruik van fluorogene en fluorescente probes op 
hepatocyt cellijnen werd het gebruik van DCFH2 -DA geoptimaliseerd voor HepG2 en 
HepaRG cellen. De uitkomsten hiervan zijn uiteengezet in Hoofdstuk 4, waarin wordt 
laten zien dat DCFH2-DA gebruikt kan worden als instrument voor de in vitro detectie 
van oxidatieve stress in deze cellijnen onder specifieke condities. DCFH2-DA werd 
tevens gebruikt in combinatie met in een in vitro model voor anoxie-reoxygenatie om 
oxidatieve stress in HepG2 cellen te visualiseren. Deze methode bleek verder in staat 
om de antioxidatieve werkzaamheid van dimethyl malonaat, een middel dat de formatie 
van O2

•– tijdens anoxie-reoxygenatie reduceert, op de formatie van DCF gedurende 
rexoygenatie aan te tonen. 

Omdat de combinatie van ATP verlies en mitochondriale oxidatieve stress hepato-
cyten predisponeert tot necrotische celdood en DAMP release werd gepostuleerd 
dat inhibitie van beide fenomenen een effectieve strategie zou kunnen zijn om IR 
schade te verminderen. Vanuit dit opzicht werd hypothermie veelbelovende interventie 
geacht, aangezien hiermee de enzymatische processen die ten grondslag liggen aan 
beide fenomenen geremd zouden kunnen worden. Een literatuurstudie gericht op de 
effecten van hypothermie in het kader van leverresectie en –transplantatie, beschre-
ven in Hoofdstuk 5, liet zien dat beide fenomenen inderdaad onderdrukt werden in 
verschillende diermodellen voor IR schade. Zo werd een afname in activiteit van de 
oxidatie-gevoelige transcriptiefactor NF-κB (nuclear factor κ-light-chain-enhancer 
of activated B cells), hetgeen leidt tot de productie van proinflammatoire cytokienen 
zoals ‘tumor necrosis factor alpha’ (TNF-α) door KCs, beschreven na hypothermie. In 
overeenstemming hiermee werden een reductie in plasma TNF-α waarden alsmede 
een afname in parenchymale schade waargenomen in levers die werden gekoeld 
tijdens de ischemische fase.  



266

De beste methode om hypothermie tijdens leverresectie toe te passen is in situ hypo-
therme pefusie (IHP). Hoewel verschillende technieken voor IHP zijn beschreven staat 
de wijdverbreide toepassing van deze techniek nog in de kinderschoenen omwille van 
het invasieve aspect hiervan. De noodzaak tot totaal hepatische vasculaire exclusie, 
een ingreep waarbij naast VIO de infra- en suprahepatische vena cava wordt afge-
klemd, zorgt ervoor dat de patiëntenpopulatie die in aanmerking komt voor IHP tot 
heden beperkt werd tot patiënten die naast een leverresectie uitgebreide vasculaire 
reconstructies dienden te ondergaan. Om deze beperking te omzeilen werd een nieuwe 
techniek voor IHP ontwikkeld, namelijk IHP met retrograde afvloed (IHP-R), waarbij 
het perfusaat via het arteriële vaatbed gedraineerd wordt en flow door de vena cava 
behouden kan worden. De details van deze nieuwe techniek staan beschreven in 
Hoofdstuk 6.

De eerste klinische resultaten met betrekking tot de toepassing van IHP-R in patiënten 
die een (extended) hemihepatectomie rechts ondergingen zijn uiteengezet in Hoofd-

stuk 7. Deze studie, waarbij patiënten met gezond leverweefsel werden gerandomiseerd 
tussen IHP-R en intermittent VIO, liet zien dat IHP-R veilig uitgevoerd kan worden in 
deze subpopulatie. Hoewel de totale operatieduur significant langer bleek in de IHP-R 
groep, leek ook sprake van een significante verbetering in functionele leverregeneratie 
na IHP-R. Echter, een grotere patiëntengroep zal behandeld moeten worden om dit 
resultaat definitief te bevestigen. 

Het vrijkomen van DAMPs uit necrotische hepatocyten vormt het derde punt in de 
pathofysiologische cascade van IR na ATP verlies en mitochondriale oxidatieve stress. 
Zodoende werden plasma waarden van de DAMPs ‘high-mobility group box-1’ (HMGB1), 
nucleosomen en mitochondriaal DNA bepaald in patiënten die een grote leverresectie 
ondergingen met of zonder VIO. De uitkomsten van deze studie staan beschreven in 
Hoofdstuk 8, waarin wordt laten zien dat plasma HMGB1 waarden significant hoger 
waren na één uur reperfusie in patiënten die intermittent VIO ondergingen vergele-
ken met de controle groep waarin geen VIO werd toegepast. Het samenspel tussen 
HMGB1, mitochondriale oxidatieve stress en parenchymale leverschade werd verder 
geanalyseerd middels een gevalideerd muis model voor IR schade. Hiermee werd 
laten zien dat toediening van de mitochondriën-specifieke antioxidatieve stof MitoQ 
leidde tot een afname van mitochondriale oxidatieve stress, plasma HMGB1 waarden 
en parenchymale leverschade tijdens de reperfusiefase. Deze bevindingen tonen aan 
dat DAMPs een verbindende factor vormen tussen mitochondriale oxidatieve stress 
en ontstekings-gemedieerde leverschade ten gevolge van lever IR. 
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