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ABSTRACT
Background & Aims: Jaundice, caused by the accumulation of neurotoxic unconjugated 
bilirubin (UCB), due to transient neonatal or persistent inherited deficiency of glucuronidation, 
can cause persistent and even potential lethal brain damage. A transient course of phototherapy 
is sufficient in case of neonatal jaundice to prevent persistent damage. Patients with an inherited 
severe form of jaundice need phototherapy, a cumbersome treatment, until a curative liver 
transplant can be performed. Currently, safety and efficacy of gene therapy as a curative option 
for inherited jaundice is investigated. This potential curative treatment will not be available 
to all patients due to pre-existing immunity, and/or treatment costs especially in low income 
countries, rendering additional treatment options important. Aims of this study are to investigate 
if reducing UCB production by inhibiting biliverdin reductase alpha (Bvra) will be effective and 
safe, and to clarify Bvra importance during the gestational period in mammals.  

Methods: Ugt1a-/-/Bvra-/- double knockout (DKO) mice were generated to model Bvra inhibition 
in Ugt1a deficiency. Efficacy and safety of long-term Bvra inhibition on serum bilirubin, survival, 
inflammation, pathology and changes in metabolism was analyzed in 9 months old wild-type, 
Ugt1a-/-, Bvra-/- and DKO mice. Bvra deficient and wild-type embryos were harvested to clarify 
the importance of Bvra during the embryonal period.

Results: Bvra deficiency prevents lethal UCB accumulation in Ugt1a-/- mice, and 9 months 
old Ugt1a-/-/Bvra-/- were healthy having normal levels of oxidative stress and lipid metabolism. 
Biliverdin accumulation does occur in Bvra deficient embryos but has no effect on viability.

Conclusion: Normal serum bilirubin, lipid metabolism and lack of pathology and inflammation, 
in Ugt1a-/-/Bvra-/- mice, indicates Bvra inhibition to correct hyperbilirubinemia in Crigler-
Najjar patients can be a safe treatment option. The accumulation of biliverdin in Bvra deficient 
embryos, confirms its role during the embryonal phase. Their normal viability shows Bvra is not 
a prerequisite for the birth of life young.
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INTRODUCTION
The first step in the catabolism of heme is the opening of the heme ring catalyzed by heme 
oxygenase. In vertebrates heme oxygenases have a selectivity for the α ring resulting in 
the generation of virtually only biliverdin IXα and a small amount of biliverdin IXβ1-4. Both 
forms are non-toxic green metabolites that can be disposed via bile or urine without additional 
modifications2. In mammals biliverdin forms are rapidly reduced by biliverdin reductase. 
The ubiquitously expressed biliverdin α reductase (BVRa) converts biliverdin Ixα into 
bilirubin IXα, a neuro-toxic and poorly water soluble metabolite5. The generation of bilirubin 
IXα, that needs to be glucuronidated by UDP-glucuronosyl transferase 1A1 (UGT1A1) for 
efficient disposal, complicates heme metabolism6-8. Early after birth, hepatic glucuronidation 
is often insufficient to convert all unconjugated bilirubin (UCB) generated by the catabolism 
of embryonal heme, resulting in neonatal jaundice. In the large majority of neonates, this 
is a transient benign condition, but toxic UCB levels are reached in a significant number of 
newborns9. In developed countries this pathological neonatal jaundice is usually recognized 
in time to start a transient phototherapy treatment that prevents  brain damage10. Due to this 
effective treatment, irreversible UCB induced brain damage has become a rare complication in 
such countries, with 1:40.000 (USA) to 1:100.000 (UK). In less developed countries however, 
many cases go unrecognized and even if diagnosed in time, effective phototherapy units are not 
always available, persistent UCB induced brain damage is more common.

Crigler-Najjar syndrome, inherited deficiency of bilirubin glucuronidation, due to mutations 
in the UGT1A1 gene, is an ultra-rare disorder that if not treated timely results in lethal brain 
damage in the first years of life11. Patients suffering from the severe form do require life-long daily 
phototherapy until a donor liver becomes available to perform a curative organ transplant12, 13. 
Both treatments have important drawbacks, such as the social impairment due to the many hours 
of phototherapy needed each day or the adverse effects of life-long immune suppression needed 
after a liver transplant14-16. In view of these limitations, liver directed gene therapy to correct 
CN syndrome seems a preferable option. The feasibility of this novel treatment is currently 
investigated in a small cohort of patients (NCT03466463). Although promising, this novel 
therapy will not be available to all patients. Presence of pre-existing immunity in 30% of adult  
patients or pre-existing liver damage renders them not eligible for this therapy17. Furthermore, 
in case of sub-optimal dosing or induction of liver damage after the treatment, the efficacy of 
gene therapy will be lost overtime. Finally, in less developed countries, the cost of this novel 
treatment most likely will make it unavailable to patients. Alternative treatment options are 
therefore warranted and if safe could be applied to treat neonatal pathological jaundice. 

A possible treatment strategy is reducing the daily production of bilirubin by inhibiting 
the enzymes catalyzing heme catabolism. Feasibility of inhibiting the first step, the oxidation 
of heme to biliverdin by heme-oxygenase 1 (HO-1) has been investigated. Newborns suffering 
from pathological neonatal jaundice were effectively treated with metallo-porphyrins. Adverse 
effects, such as photosensitivity and anemia, made this treatment only suitable to acutely treat 
bilirubin spikes18-20. Since these inhibitors induced HO-1 expression, increasing doses needed 
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overtime worsened these adverse effects, rendering this strategy not suitable for the life-long 
treatment to prevent toxic UCB levels in Crigler-Najjar patients. 

Feasibility of inhibiting the second step in bilirubin catabolism, the reduction of 
biliverdin to bilirubin catalyzed by biliverdin reductase, as a treatment strategy has not been 
investigated. In view of its toxicity, the formation of the poorly water soluble bilirubin IXα from 
the non-toxic biliverdin IXα has been a matter of debate for long time. It has been postulated 
that the conversion to bilirubin is an adaptation to enable efficient removal of heme degradation 
products from the embryo, generated by the extensive heme turnover during the gestational 
phase. Upon administration of biliverdin to the embryonal circulation, almost all is reduced 
to bilirubin before it is transported to maternal blood21-23. The expression of BVRa and uptake 
transporters such as the OATPs, in the placenta suggest this step may indeed be essential for 
efficient disposal of heme degradation products from the embryo. Upon injection of labeled 
biliverdin in the maternal circulation, bilirubin and biliverdin were excreted in a 3:1 ratio. 
The efficient biliary disposal via bile and urine, indicates that after birth, inhibition of biliverdin 
reductase will not result in biliverdin accumulation suggesting that is will be a safe approach. 

Several recent studies however indicate that biliverdin and bilirubin are not just waste 
products. As a lipid soluble anti-oxidant, bilirubin can protect against oxygen-radical damage 
and lipid peroxidation24-26. This role can explain the correlation between moderately increased 
serum bilirubin levels and heart disease (HD)27, 28. In view of this anti-oxidant role of biliverdin 
and bilirubin, long-term inhibition of BVRa could cause damage rendering it not suitable for 
the life-long treatment of Crigler-Najjar patients. The identification of  healthy BVRa deficient 
subjects however does suggest long-term BVRa inhibition may be safe29. In contrast, HO-1 
deficiency, resulting in severe growth retardation and pathology, BVRA deficiency does not 
cause overt pathology30. Observations in BVRA and HO-1 deficient mice models do underscore 
this major difference in severity31, 32. Growth of Bvra deficient mice is similar to that of wild type 
mice, the number of pups born was as expected based on Mendelian inheritance, organ sizes 
were normal and so are liver damage parameters. Although these data support BVRa inhibition 
can be used long-term to treat inherited severe unconjugated hyperbilirubinemia, the deficient 
mice analyzed were just 3 months old. Already at that relatively young age some indications 
of increased endogenous oxidative stress are seen. For instance, the level of oxidized Prdx2 in 
freshly isolated erythrocytes is higher in the deficient mice. In addition to its enzymatic activity 
BVRA has transcriptional activity and for instance enhances the expression HO-1, having 
an anti-inflammatory role33. To study long term safety of BVRa inhibition to treat inherited 
unconjugated bilirubinemia, Bvra deficient mice were crossbred with Ugt1a1 deficient mice. 
The latter model needs phototherapy to prevent neonatal death and is as such a representative 
model of the pathophysiology seen in Crigler-Najjar patients suffering from the severe 
phenotype34. In addition, the potential role of Bvra in preventing biliverdin accumulation in 
mice embryos was investigated.
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MATERIAL AND METHODS
Animals
Mice were housed and handled according to institutional guidelines, and experimental 
procedures approved by the International Centre for Genetic Engineering and Biotechnology 
(ICGEB) board and the Italian Ministry of Health (project number ICGEB PPR n. 11/2016). 
The Ugt1a deficient mice reported previously were crossed with the Bvra deficient mice to 
generate Ugt1a-/-/Bvra-/- mice31, 34. Animals were kept in a temperature-controlled environment 
with a 12–12 h light-dark cycle. They received a standard chow diet and water ad libitum. 

Phototherapy treatment
Newborn pups were exposed to blue fluorescent light (λ=450; 20 μW/cm2/nm; Philips TL 
20W/52 lamps; Philips, Amsterdam, The Netherlands) for 12 h/d (synchronized with the light 
period of the light-dark cycle). Intensity of the lamps was monitored monthly with an Olympic 
Mark II Bili-Meter (Olympic Medical, Port Angeles, WA, USA).

Preparation of mRNA extraction and qPCR analysis
Isolation of tissues was performed as described previously34. Total RNA was isolated using 
Tri-reagent and cDNA was generated from 2 µg RNA using RevertAid Reverse Transcriptase 
(Thermo Fisher). qRT-PCR was performed on a Bio-Rad CFX96 using the SensiFAST SYBR 
No-ROX Kit (Bioline) and the primers mentioned in Supplemental Table 1. Data was normalized 
to GAPDH.

Bilirubin and biliverdin determination
Serum total bilirubin was determined using the standard diazo assay by the Department of 
Clinical Chemistry. Bilirubin and biliverdin were determined using HPLC analysis using an 
adapted protocol based on the method of Spivak and Carey as described35. 

Determination of oxidative stress markers
Malondialdehyde in EDTA plasma was determined using HPLC-DAD as described36.

Western blot analysis
Liver, spleen and brain were harvested at indicated time points, immediately frozen in liquid 
nitrogen and stored at -80°C. To determine Bvra expression, total protein extracts were prepared 
using 1x RIPA buffer (9806, Cell Signaling) supplemented with proteases (Complete Mini 
protease inhibitor, Roche) and phosphatase inhibitors (PhosSTOP, Roche). 30 µg of total protein 
was loaded on a 10% SDS Page gel and subsequently blotted onto nitrocellulose membrane. 
Membranes were incubated with 5% Milk in PBST for one hour at RT. Bvra, level was determined 
by incubating the membrane with anti-Bvra (1:1000, ADI-OSA-450, Enzo life, Farmingdale, 
NY, USA) overnight in 5% BSA, PBST. Actin or HSP70, were used for normalization. Actin level 
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was determined by incubating with an anti-actin antibody (Sigma-Aldrich). HSP70 level was 
determined by incubating with an anti-HSP70 antibody (ADI-SPA-185D).

Prdx2 oxidized forms in freshly isolated erythrocytes in serum 
Prdx2 redox status was determined as previously described by Chen et al31. Briefly, freshly 
withdrawn blood was collected in EDTA-containing tubes. Next, blood was added to 200 mM 
N-ethylmaleimide (Sigma) in a 1 to 1 (vol/vol) ratio and incubated at room temperature for 1 
hour. Samples were mixed to non-reducing sample buffer (NP0007, Invitrogen) in 1:1000 ratio 
and stored at -80°C up to further use. 5µg protein of each sample were run on a 12% SDS Page 
and blotted onto nitrocellulose membrane. Membranes were blocked with 5% BSA in PBST and 
incubated overnight with anti-Prdx2 primary antibody (1:1000, Sigma) in 5% BSA in PBST, 
followed by a goat-anti-rabbit IgG HRP labeled second antibody. Protein quantification was 
performed with Image Lab (Biorad).

Non-heme iron quantification in Spleen
The extraction of non-heme iron from the spleen is based on the method described by Whittaker 
et al37. Briefly, 100 mg spleen tissue was homogenized in 15 ml water. To 3 ml of the homogenate, 
10 ml of acid reagent (6M HCl and 1.2 M tri-chloroacetic acid; 1:1, v/v) was added, mixed and 
incubated for 20 hrs at 65°C. After cooling to room temperature, the debris was spun down  
(1500 g, 20 minutes) and iron in the supernatant was quantified by pipetting 20 ml into a well 
of a 96 well plate, and adding 180 ml of freshly prepared bathophenanthroline color reagent, 
prepared by dissolving 62.5 mg bathophenanthroline disulfonic acid and 0.25 ml thioglycolic 
acid in 25 ml water. The final color reagent was a solution of the bathophenanthroline color 
reagent, sodium acetate (4.5 M), and water (1:20:20, by volume). Upon mixing the plate was 
incubated for 10 minutes on R.T. before the absorbance at 535 nm was measured in the Clariostar 
analyzer (BMG Labtech, Offenburg, Germany).

Tri-glyceride quantification
Lipid extraction from liver is based on the method described by Srivastava et al38. Briefly, 50 
mg liver tissue was homogenized in 1 ml methanol and the homogenate was mixed with 3 
ml chloroform and sonicated in a sonication bath for 45 minutes. Upon adding and mixing 
with 2 ml 0.9% NaCl in water the mixture was centrifuged for 15 minutes at 3000 rpm at 4 °C. 
The chloroform layer containing the lipids was transferred into glass tubes. The chloroform was 
evaporated using nitrogen gassing, and the lipid pellet was dissolved in 1 ml 2% Triton X-100 
in water (BioRad). 5 µl of extracted lipid from liver tissues or 5 µl heparin plasma was used 
to determine tri-glyceride by the triglycerides/Glycerol blanked enzymatic colorimetric assay 
using the cobas®/Roche Trig/GB kit according to the instructions.

Liver and spleen histology 
For conventional bright-field light microscopy, livers and spleens were fixed in 4% formaldehyde 
in PBS and embedded in paraffin. Liver and spleen sections (4.5 µm) were stained with 
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Hematoxilin (Sigma, 51275) and Eosin (Sigma, E4382) (H&E) or Sirius red39. For iron 
deposition in liver and spleen, the sections were stained with Prussian blue by incubating in 
a mix of potassium ferrocyanide and hydrochloric acid (1 vol of 2% hydrochloric acid +1 vol. 
2% potassium ferrocyanide) for 45 minutes, and counter stain with Nuclear fast red (Sigma) for 
5 minutes. 

Statistics
Data are presented as mean values ± SD and were analysed for significance using one-way 
analysis of variance (ANOVA) for the comparison of 3 or more groups. For statistical analysis 
we used GraphPad Prism 8 software (GraphPad Software Inc., CA, USA). *p <0.05, **p <0.01, 
***p <0.001 were considered significant.

RESULTS
Deleting Bvra prevents lethal UCB accumulation in Ugt1a-/- mice
Double heterozygotes, Bvra+/-/Ugt1a+/-, generated by crossing Ugt1a-/- with Bvra-/- mice, were 
used for breeding. All pups were treated with phototherapy until postnatal day 20, to prevent 
early death due to bilirubin toxicity as reported previously in Ugt1a-/- mice34. Bvra deficiency 
completely corrects the high serum bilirubin levels caused by Ugt1a1 deficiency and Bvra-/-/
Ugt1a-/- mice have serum bilirubin levels similar to that in the wild-type and Bvra-/- mice  
(Figure 1A). In contrast to Ugt1a-/- mice, the neonatal double K.O. mice do not need 
phototherapy to survive (Figure 1B). The similar body weights of 9 months old mice in all four 
groups indicates Bvra deficiency does not affect growth (Figure 1C). In all four mouse models, 
biliverdin in serum is low, in the nM range, indicating this water soluble metabolite does not 
accumulate in Bvra deficient mice (Figure 1D). Presence of significant levels of biliverdin in 
bile and urine in both Bvra deficient mice models indicates it is efficiently secreted by liver and 
kidneys (Figure 1E, F). 

Biliverdin accumulates in amniotic fluid and plasma of Bvra deficient 
embryos
Almost all biliverdin administered to rat or guinea pig embryos is transformed to unconjugated 
bilirubin by Bvra in the placenta and embryonal liver before transfer to maternal blood. 
Loss of Bvra, preventing the reduction of biliverdin IXa to bilirubin, may lead to embryonal 
accumulation of biliverdin. This was investigated in Bvra-/- embryos which were harvested at 
embryonal day 19. All Bvra-/- embryos, and especially the placenta, had a readily recognizable 
greenish color (Figure 2A). Analysis of the amniotic fluid and serum demonstrates presence 
of biliverdin in Bvra-/- embryos, but not in wild-type embryos (Figure 2B, C). The biliverdin 
levels, 4 to10 µM, in both fluids are higher than the nM levels present in serum of adult Bvra 
deficient animals, demonstrating embryonal accumulation. Presence of biliverdin in amniotic 
fluid indicates it is disposed by the embryonal kidney. The percentage of Bvra-/- pups born 
during the cross breeding shows no significant difference between expected and observed 
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Figure 1. Deleting Bvra prevents lethal UCB accumulation in Ugt1a-/- mice. (A) Serum total bilirubin 
levels in 9 months old Ugt1a knockout (Ugt1a-/-, n=10, 5 females and 5 males), biliverdin reductase 
a knockout (Bvra-/-, n=11, 6 females and 5 males) and Ugt1a1 / Bvra double knockout (Bvra-/-/Ugt1a-/-, 
n=10, 5 females and 5 males), and wild type (WT, n=9, 5 females and 4 males) mice. (B) Survival curve of 
Ugt1a-/-, Bvra-/- and the double Ugt1a-/-, Bvra-/- K.O pups without phototherapy treatment. (C) Body weight 
of 9 months old mice. Bilirubin monoglucuronide (BMG), unconjugated bilirubin (UCB) and biliverdin 
levels in plasma (D), gall bladder bile (E), and urine (F) in 9 months old mice. (Ugt1-/- represent Ugt1a-/- 
mice). Data represent the mean ± SD. Statistical analyses were performed by One-way ANOVA.
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appearance of Bvra-/- embryos at embryonal day 19 (E19). (B-C) UCB and biliverdin level in amniotic fluid 
(B) and in plasma (C) of wt and Bvra-/- embryos at E19. Data represent mean (n=9-11) ± SD. Statistical 
analyses were performed by One-way ANOVA.

number for all the crossings compared to the expected number based on Mendelian inheritance  
(Sup Table 2). Thus the accumulation of biliverdin before birth does not result in decreased 
embryonal viability. This and its efficient disposal after birth both do support Bvra inhibition as 
a potential approach to prevent lethal bilirubin accumulation in Crigler-Najjar patients. 

Absence of long term adverse effects and increased oxidative 
stress by Bvra deficiency
Brva deficiency is reported to increase oxidative stress. Overtime this may induce damage 
resulting in pathology rendering Bvra inhibition not suitable as a live long treatment for 
inherited severe unconjugated hyperbilirubinemia characteristic for Crigler-Najjar syndrome. 
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Bvra expression is high early after birth in spleen and liver while expression in brain is lower 
(Figure 3A). To evaluate potential long-term adverse effects of inhibition, Bvra deficient mice, 
aged 9 months, were used to investigate presence of inflammation, pathology and/or changes 
in metabolism. In these 9 months old mice, liver parameters in serum and relative liver weight 
do not differ from that of wild-type mice (Figure 3B-D). Scoring of the liver architecture and 
morphology by an experienced pathologist did not reveal abnormalities in any of the mice 
models. (Sup Fig 1, 2). Finally, the relative weight of the spleen and brain were comparable for 
all 4 genotypes (Figure 3E, F). HE staining did not show any morphologic abnormalities in these 
mice (Sup Fig 3, 4).

An established marker for oxidative stress in blood is the presence of oxidized peroxiredoxin 
2 (Prdx2), one of the major membrane proteins of red-blood cells. In red-blood cells freshly 
isolated from 3 months old mice, the percentage of oxidized Prdx2 in Bvra deficient mice is 
indeed higher than in wild-type mice (Figure 4A). In 9-month-old mice however, this percentage 
is reduced in both Bvra deficient models, compared to wild-type and Ugt1a1 deficient mice 
(Figure 4B-C). This unexpected reduction may indicate compensation of oxidative stress 
during aging. Another explanation would be a reduced life span of erythrocytes that by 
limiting their period in the circulation lowers their exposure to oxidative stress. The increased 
iron deposition in the spleen of both Bvra deficient mouse models seems to support such  
a mechanism (Figure 4D-E).

Bvra is a pleiotropic protein that functions as a transcriptional activator increasing heme 
oxygenase 1 (HO-1) expression. In view of the antioxidant, anti-inflammatory, anti-apoptotic, 
anti-proliferative, and immune-modulatory effects of this heme-oxygenase in vascular cells, 
Bvra absence may increase inflammation. Absence of Bvra however did not affect HO-1 mRNA 
level in liver, spleen and brain (Figure 4F-H). Only in Ugt1a1 deficient mice, HO-1 mRNA levels 
in liver are significantly lower compared to that in Bvra-/-/Ugt1a-/- double knock-out. A primary 
indicator of lipid peroxidation and a marker of peroxidation of membrane polyunsaturated 
fatty acids is malondialdehyde (MDA) 40. In serum of the 9 months old double K.O. the MDA 
levels are significantly higher than in wt mice. The somewhat higher level in Ugt1a-/- and 
the somewhat lower levels in the Bvra-/- mice compared to the level in w.t. mice, do not reach 
statistical significant difference (Figure 4I).

Metabolic phenotypes due to Bvra and Ugt1a deficiency
Bilirubin has been reported to activate peroxisome proliferator-activated receptor-alpha 
(PPAR-α) that plays a central role in β-oxidation and lipid metabolism41. In Bvra deficient but 
not in the double knock-out mice, serum triglycerides are significantly increased compared 
to that in wild-type mice while in Ugt1a deficient mice a significant decrease of serum tri-
glycerides is seen (Figure 5A). No significant difference was seen in the TG levels in the livers 
between any of the models (Figure 5B). Furthermore, hepatic mRNA levels of PPARα and PPARα 
responsive genes, Carnitine Palmitoyl Transferase I (CPT1), Glycogen Synthase 2 (GYS2) and 
Fibroblast Growth Factor 21 (FGF21), in both Bvra deficient mice models are comparable to 
that in wild-type mice. In the Ugt1a-/- mice, both PPARα and GYS2 levels are significantly 
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Figure 3. Bvra deficiency does not affect transaminase levels nor organ weight. (A) Bvra expression in 
brain, spleen and liver of 4 and 60 days old mice. Plasma aspartate transaminase (AST) (B), and alanine 
transaminase (ALT) (C) levels in 9 months old mice. (D-F) The relative weight of liver, spleen, and brain 
as percentage of total body weight in 9 months old mice. Data represent mean (n=9-11) ± SD. Statistical 
analyses were performed by One-way ANOVA.

increased compared to wild-type mice possibly due to the increased UCB level in that model  
(Figure 5C-F).

DICUSSION
Bvra deficiency rescues Ugt1a-/- mice from lethal brain damage caused by the accumulation of 
the neurotoxic unconjugated bilirubin early after birth. This complete deficiency of Bvra does 
not cause embryonal lethality, nor pathology in 9-month-old mice. No difference is seen between 
the Bvra-/-/Ugt1a-/- double k.o mice and wild-type control mice of the same age with respect to 
growth, organ size and histology, oxidative stress markers in serum, and mRNA levels of genes 
involved in lipid metabolism. The absence of significant differences between wild-type and 
Bvra-/-/Ugt1a-/- double K.O. mice and the complete correction of serum bilirubin levels, supports 
that life-long inhibition of Bvra is a feasible treatment for Crigler-Najjar syndrome, inherited 
severe unconjugated hyperbilirubinemia. Although, serum MDA appeared higher in the double 
K.O. the MDA levels in the single K.O. indicate this increase is not due to Bvra deficiency 
but due to Ugt1a-/- deficiency. Presence of biliverdin in bile and urine underscores the efficient 
disposal of this metabolite by the liver and the kidney. The increased level in amniotic fluid and 
serum in embryos both indicate biliverdin indeed accumulates during the gestational phase but 
the expected number of Bvra-/- pups born demonstrates this does not affect embryonal viability.
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Figure 4. Bvra deficiency does not cause increased oxidative stress but may increase erythrocyte turn-
over. (A) Presence of oxidized and reduced peroxiredoxin 2 (Prdx2) in erythrocytes of 3 and 9 months old 
wt and Bvra-/- mice. (B) Presence of oxidized and reduced Prdx2 in erythrocytes of 9 months old wt, Bvra-/-, 
Ugt1a-/- and Bvra-/-/Ugt1a-/-mice. (C) Quantification of oxidized and reduced Prx2 in 9 months old mice 
given as ratio. (D) Iron deposition in the spleen of 9 months old mice shown by Prussian blue staining. (E) 
Non-heme iron content in the spleen of 9 months old mice. (F-H) HO-1 mRNA level in liver, spleen, and 
brain of 9 months old mice. (I) Serum malondialdehyde (MDA) concentration in 9 months old mice. Data 
represent mean (n=9-11) ± SD. Statistical analyses were performed by One-way ANOVA.
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Figure 4. (continued)

The conversion of biliverdin to bilirubin, a neurotoxic and hydrophobic metabolite, 
is puzzling since it complicates heme catabolism in mammals compared to that in birds. In 
contrast to biliverdin, bilirubin needs to be glucuronidated for effective disposal7. In man, in 
60 to 80 % of all neonates the misbalance between bilirubin production and glucuronidation 
results in the accumulation of unconjugated bilirubin (UCB) causing neonatal jaundice. 
Although mostly a benign condition, in a significant number of neonates potentially toxic levels 
are reached, requiring phototherapy treatment to prevent irreversible, potential lethal, brain 
damage10. One hypothesis mammals need BVRA for efficient disposal of heme degradation 
products generated during the gestational phase. Several studies indeed showed that biliverdin 
administered to embryos was reduced to bilirubin before being transported to the maternal 
blood21, 23. The accumulation of biliverdin in amniotic fluid and plasma of Bvra deficient 
embryos while UCB levels in wt embryos are lower, indeed confirms this conversion facilitates 
the disposal of heme degradation products from the embryo to the maternal circulation 
(Figure 2). Most biliverdin is found in the amniotic fluid indicating it is efficiently transported 
into urine. The overall limited accumulation in the embryos suggest that biliverdin can be 
transported across the placenta. OATPs mediated the uptake of biliverdin by the placental 
trophoblasts from the embryonal circulation23. Which transporters mediate the transport across 
the apical membrane remains to be solved but the delayed transport towards bile in absence of 
Mrp2 indicates this transporter may play a role42. The limited accumulation of biliverdin did 
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not compromise the viability of Bvra-/- embryos as shown by a normal Mendelian inheritance 
pattern of this deficiency (Supplementary Table 2; 31). After birth, the serum levels decrease 
indicating the transport into urine and bile is more efficient compared to that across the placenta  
(Figure 1D-F). The identification of several asymptomatic middle aged subjects indicates that 
also in man, BVRA deficiency seems benign29. Lack of overt pathology in Bvra deficient mice and 
man, demonstrates that the hypothesis that generation of bilirubin IXa is an essential adaptation 
for the birth of life young must be rejected. As an anti-oxidant bilirubin protects against reactive 
oxygen species and as such may not just be a waste product2, 24, 28. Mildly increased serum bilirubin 
levels are associated with a reduced heart disease risk in several studies27, 28, 43. The reduced UCB 
levels compared to wild-type mice, may cause the increased oxidative stress reported in Bvra 
deficient mice as indicated by increased levels of oxidized Prdx2 in 3 month old mice in figure  4 
and an earlier study31. In contrast to the Bvra-/-single K.O. mice the Bvra-/-/Ugt1a-/- double K.O. 
mice have somewhat higher serum bilirubin than the wild-type mice (Figure 1A). The presence 
of low bilirubin levels in these mice and in the BVRA deficient subjects indicates that some 
unconjugated bilirubin is generated29. Whether this is due to Biliverdin Reductase B (BVRb) or 
for instance due to intestinal bacteria is not clear. In any case the presence of this small amount of 

Figure 5. Effects on lipid metabolism in Bvra and Ugt1a deficient mice are absent in double knock-out 
Bvra-/-/Ugt1a-/- mice. (A-B) Triglycerides levels in serum (A) and liver (B) of 9 months old mice. Hepatic 
mRNA levels of PPARα (C) and PPARα responsive genes, Carnitine Palmitoyl Transferase I (CPT1) (D), 
Fibroblast Growth Factor 21 (FGF21) (E), and Glycogen Synthase 2 (GYS2) (F). Data represent mean 
(n=9-11) ± SD. Statistical analyses were performed by One-way ANOVA.
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bilirubin may explain the absence of a significant difference of the serum inflammation markers 
between the wild-type and the double K.O. The only significant difference in the 9-month-old 
mice is the reduced presence of oxidized Prdx2 in the Bvra-/- and the Bvra-/-/Ugt1a-/- compared 
to the wild-type mice (Figure 3). The mechanism of the surprising reduced Prdx2 level in these 
older mice is unknown but may indicate induction of some sort of compensating mechanisms. 
Another explanation would be a reduced life span of erythrocytes limiting their period in 
the circulation and thereby reducing their exposure to increased oxidative stress. The increased 
iron deposition in the spleen of both Bvra deficient mice models support such an explanation 
(Figure 4). 

In addition to absence of increased inflammation in the double K.O. also the lack of 
histological differences in liver, spleen and brain, supports that inhibiting of BVRa is a feasible 
approach to treat unconjugated hyperbilirubinemia. Furthermore, also in the Bvra-/- mice overt 
pathology is lacking and the mice are healthy and fertile. Since diseases caused by increased 
oxidative stress only become symptomatic years after reaching the reproductive age, an 
evolutionary drive towards generating bilirubin to reduce oxidative stress seems unlikely.

Bilirubin is reported to activate PPARα and as such has a role in lipid metabolism41. Like 
previously seen for all inflammation markers, no significant differences are seen between 
the mRNA levels of PPARα and PPARα responsive genes between the double K.O. and 
the wild-type mice. Also the level of tri-glyceride in serum of the double K.O. does not differ 
from that in wild-type mice. In the Bvra-/- mice the tri-glyceride levels are significantly increased 
while in the Ugt1a-/- these are significantly decreased compared to wild-type. Also the mRNA 
levels of PPARα and GYS2 both promoting β-oxidation are significantly increased in the Ugt1a-/- 
mice. The mRNA levels of these genes in the Bvra-/- do not differ from that in wild-type but 
PPARα and GYS-2 are significantly reduced compared to the Ugt1a-/- mouse. Thus although 
both Bvra and Ugta1a deficiency seem to affect β-oxidation, in double K.O. and wild-type mice 
β-oxidation level are comparable. 

In conclusion, the absence of significant metabolic differences between wild-type mice 
and Bvra-/-/Ugt1a-/- and the absence of overt pathology, underscores that inhibition of BVRa 
deficiency is a feasible treatment option to treat severe unconjugated hyperbilirubinemia 
characteristic for Crigler-Najjar syndrome. Lack of an BVRa inhibitor that can be used in vivo 
renders additional screening of drug libraries or modification of inhibitors found to be effective 
in vitro a valuable approach. Finally, the limited biliverdin accumulation during the gestational 
period, the expected number of Bvra deficient pups and the normal growth of Bvra deficient 
mice all indicate the conversion of biliverdin to bilirubin is not an essential adaptation for life 
births of pups in mammals. 
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SUPPLEMENTARY TABLE AND FIGURES

Supplementary Figure 1. Representative images of liver HE staining of 9 months old female mice (20x).
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Supplementary Figure 2. Representative images of liver HE staining of 9 months old male mice (20x).
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 Supplementary Figure 3. Representative images of liver Sirius Red staining of 9 months old female  
mice (20x).
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Supplementary Figure 4. Representative images of liver Sirius Red staining of 9 months old male  
mice (20x).

Supplementary Table 1. Primer sequences for qPCR.

Target Sense Antisense

HO-1 5’-CTCGAATGAACACTCTGGAGAT-3’ 5’-GCGGTGTCTGGGATGAGCTA-3’
PPARα 5’-CCCTGTTTGTGGCTGCTATAATTT-3’ 5’-GGGAAGAGGAAGGTGTCATCTG-3’
CPT1A 5’-TGGCATCATCACTGGTGTGTT-3’ 5’-GTCTAGGGTCCGATTGATCTTTG-3’
FGF21 5’-CCTCTAGGTTTCTTTGCCAACAG-3’ 5’-AAGCTGCAGGCCTCAGGAT-3’
GYS2 5’-CCAGCTTGACAAGTTCGACA-3’ 5’-ATCAGGCTTCCTCTTCAGCA-3’
GAPDH 5’-GACAACTCATCAAGATTGTCAGCA-3’ 5’-TTCATGAGCCCTTCCACAATG-3’
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Supplementary Table 2. Crossing-breeding of Bvra and Ugt1a deficient mice.

Bvra+/- x Bvra-/- Total number of pups born:  9

Genotype Number expected Number Observed Statistics

Bvra+/- 4.5 4 Chi-square df: 0.05247, 1
P value: 0.8188
N.S.

Bvra-/- 4.5 5

Bvra+/-Ugt1a+/- x Bvra-/-Ugt1a-/- Total number of pups born: 65

Genotype Number expected Number observed Statistics

Bvra+/- Ugt1a+/+ 8 7 Chi-square df: 3.633, 5
P-Value: 0.6033
N.S.

Bvra+/- Ugt1a+/- 16 18
Bvra+/- Ugt1a-/- 8 3
Bvra-/- Ugt1a+/+ 8 10
Bvra-/- Ugt1a+/- 16 21
Bvra-/- Ugt1a-/- 8 6


