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Hepatobiliar yy  functio n assesse d 
byy 99m-Tc-mebrofeni n scintigra -
phyy in the evaluatio n of severit y 
off  steatosi s in a rat mode l 
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Introductio n n 
Hepaticc fatty accumulation, i.e. steatosis, is a clinopathological condition that present with 
aa wide spectrum of liver damage ranging from simple steatosis to a severe inflammatory 
form,, advanced fibrosis and cirrhosis [1]. Steatosis is closely related to obesity, dyslipidemia, 
non-insulin-- dependent diabetes and several drugs and toxins. It is currently the most 
commonn parenchymal liver disease in the Western world, affecting 20% of individuals in 
thee general population and up to 95% among obese [2,3]. The prevalence is expected to 
increasee dramatically in the near future as a consequence of the epidemic of obesity in the 
Westernn population. 

Duee to the evolving knowledge of the clinical importance of steatosis combined with its 
increasingg prevalence, new pharmacological therapies are being developed to treat this 
disorderr [3]. However, to assess the potential impact of the intervention, serial biopsies 
aree required subjecting patients to potentially harmful or even lethal complications [4]. 
Ass long as reliable noninvasive diagnostic methods are lacking, the gold standard for 
thee diagnosis of steatosis will remain histopathological examination [5]. Even the latest 
state-of-artt radiological modalities (ultrasonography, computed tomography or magnetic 
resonancee imaging) fail to reliably identify the extent of steatosis and other pathological 
featuress related to progression of steatosis such as parenchymal inflammation, hepatocyte 
ballooning,, Mallory's hyaline deposition and fibrogenesis [3,5]. Therefore, a readily 
available,, noninvasive test correlating with histopathological features of steatosis would 
bee of great clinical importance for the diagnosis of steatosis as well for the follow-up of 
patientss during pharmacological therapy. 

AA recent study has pointed out the potential role of biliary transport malfunction in 
progressivee hepatocellular injury and inflammation present in steatotic livers [6], Bile 
secretionn has an important physiological role in the excretion of several endo- and 
xenobiotics.. Biliary dysfunction, such as in cholestasis, promotes accumulation of 
hepatotoxinss consequently instigating hepatocellular necrosis and local proinflammatory 
responsee [7]. Proinflammatory cytokines like tumor necrosis factor (TNF) - a and 
interleukinn (IL)-6 impair the hepatobiliary transport of several organic anions and further 
decreasee the secretion of bile and bile salts [8,9]. Therefore, a potential correlation 
betweenn the hepatobiliary function and structural i.e. histopathological changes during 
thee development of steatosis was sought. 

Hepatobiliaryy scintigraphy using 99rnTc-N-(-3-bromo-2, 4, 6-trimethylacetanilide) 
iminodiaceticc acid (mebrofenin) was chosen because of its high hepatic specificity and 
rapidd transit via the main biliary transport system [10]. Furthermore, several studies in 
modelss of acute and chronic parenchymal liver disease have shown a correlation between 
hepatobiliaryy function assessed by 99mTc-mebrofenin scintigraphy and histopathological 
severityy [11-13]. Mebrofenin scintigraphy is also clinically available as it is widely applied in 
thee diagnosis of biliary disease as well as in the assessment of liver functional reserve prior 
too resection [10,14]. So far, there are no studies evaluating the correlation of hepatobiliary 
functionn and histopathological changes in the presence of steatosis. The aim of this study 
wass to evaluate the utility of noninvasive assessment of hepatobiliary function by 99rTTc-
mebrofeninn scintigraphy in a rat model of diet-induced steatosis. 



Material ss  and method s 

Diett  and Animal s 
Liverr steatosis was induced using a standard methionine- and choline- deficient (MCD) 
diett [15], Male spec fie-path ogen-free Wistar rats (250-300g) (Harlan CPB, Zeist, The 
Netherlands)) were acclimatized for at least 7 days to laboratory conditions, maintained at 
constantt 24 C with 12 h light- dark cycle and fed a standard rodent chow (Harlan, Zeist, 
Thee Netherlands) and water ad libitum. After acclimatization, groups of four to six rats 
weree fed MCD diet (Harlan, Rockford, US) up to 5 weeks ad libitum. The control rats (n 
=8)) received a standard rat chow (Harlan, Zeist, The Netherlands) ad libitum. During all 
proceduress the animals were treated according to the guidelines of the Dutch legislation 
andd international standards for animal care and handling. The protocol was approved by 
thee Animal Ethical Committee of the University of Amsterdam (The Netherlands). 

Nuclearr  Medicin e Procedur e 
Cameraa Desig n 
Forr imaging of 99rTTc-mebrofenin uptake in the rat liver, a gammacamera (Philips ARC 3000, 
Eindhoven,, The Netherlands) situated in a dedicated animal care facility was equipped 
withh a pinhole collimator fitted with a 3 mm tungsten insert. The pinhole collimator was 
facedd upwards. On the detector, a mechanical support was mounted in which the animal 
wass fixed in a perspex cylinder positioned exactly above the pinhole collimator [16]. The 
mechanicall support was designed such that the midline of the cylinder is exactly in the 
middlee of the pinhole. The position of the animal was adjustable in the axial dimension. 
Furthermore,, the distance from the cylinder to the pinhole aperture is adjustable. 
Therefore,, this gantry permitted optimal pinhole scintigraphy of anterior projections of 
rats,, standardising magnification and orientation. The gamma camera was interfaced to a 
NUDD (Nuclear Diagnostics, Stockholm, Sweden) Hermes acquisition station. 

Scintigraph yy and interpretatio n 
Thee animals were sedated with ketamine/xylazine i.m. (40 mg/kg and 2 rng/kg, 
respectively).. Once sedated, the rats were injected with 40 MBq 99mTc-mebrofenin 
(Bridatec,, GE-Amersham Health, London, UK) in the tail vein. The animals were scanned 
immediatelyy after injection of the radiopharmaceutical in the anterior position with the 
liverr and the mediastinum in the field -of -view. Dynamic images were obtained for 30 
minn (10 min 5 s per frame and 20 min at 60 s per frame) at the 140 KeV99mTc- peak with a 
20%% window in a 128x128 matrix. Data were processed on a Hermes workstation (Nuclear 
Diagnostics).. The liver uptake was calculated based on a technique described by Ekman 
ett al [17]. The method calculates the clearance of mebrofenin from the blood by liver 
uptake,, based on increasing activity in the liver and the total clearance of mebrofenin from 
thee blood. This method includes all possible routes of elimination, based on decreasing 
activityy in the blood pool. The amount of activity that accumulates in the liver and the 
accumulationn rate over a given period of time can be expressed as a percentage of total 
injectedd doses per time unit. The algorithm was adapted for rat hepatobiliary scintigraphy 
basedd on the faster hepatic extraction of mebrofenin in rats as described elsewhere [18,19], 



Regionss of interest (ROI) were drawn around the liver, the heart and large vessels within 
thee mediastinum (serving as blood pool) and around the total field of view (indicative 
off total activity). The liver ROI was drawn automatically on a threshold-based algorithm 
usingg 20% of the maximum liver value on a summed image of the first 2.5 min of the 
acquisitionn as cut-off. Three different time-activity curves were generated based on the 
liver,, blood pool and total field of view. Liver uptake was calculated as %/min, based on 
thesee three parameters. Calculations of hepatic 99mTc-mebrofenin uptake were performed 
usingg scanned radioactivity values acquired between 30 and 120 sec post-injection, to 
makee sure that calculations were made during a phase of homogenous distribution of the 
agentt in the blood pool and before the rapid phase of hepatic excretion [18]. Furthermore, 
aa second liver ROI was drawn excluding large bile ducts and superimposing bowel loops. 
Thiss ROI was used to create a hepatic time activity -curve for calculation of the time at 
whichh maximal hepatic activity occurred (T peak), as well as the time required for a peak 
activityy to decrease by 50% (T 1/? p e a k ) . 

Histopatholog y y 

Liverss were fixed in 10% formaldehyde and embedded in paraffin and 4- urn sections were 
routinelyy stained with haematoxylin-eosin (HE) and Sirius red (0. 1% Fast red, Immunotech, 
Thee Netherlands, in picric acid for collagen depositions) and mounted. Histopathological 
examinationn was carried out by two independent investigators blinded to treatment 
groupss using light microscopy in 30 high- power fields per sample with a magnification 

TABLEE 1 Histopathology score of hepatic lesions 

Histologica ll  criteri a 

Steatosis s 

Descriptio n n 

0 0 

1 1 

2 2 

3 3 

Inflammationn None 0 

1 1 

2 2 

3 3 

Necrosiss Absent 0% 0 

1 1 

2 2 

3 3 

Fibrosisbb Absent 0 

1 1 

2 2 

3 3 

aa = amount of inflammatory cells, b mild = moderately thickened centrolobular vein (CLV), marked= markedly 
thickenedd CLV, severe= cirrhosis 

Absent t 

Mild d 

Marked d 

Severe e 

None e 

Moderate e 

Marked d 

Severe e 

Absent t 

Mild d 

Marked d 

Severe e 

Absent t 

Mild d 

Marked d 

Severe e 

<10% % 

10-30% % 

31-60% % 

>60% % 

Scatteredd 8 

Foci3 3 

Diffuse3 3 

0% % 

<10% % 

10-50% % 

>50% % 

3 3 

3 3 
o o 
cr r 

n n 
5' ' 
j2 2 

W* * 

-! ! 
3" " 

5' ' 

x x 
O O 

3 3 
rr rr 
£L L 
(/> > 
r* r* 
O O 

w w 
r r r 
O O 

109 9 



off 40 X. Histopathological features of hepatic steatosis were evaluated using a semi-

quantitative,, histopathology score adapted from the recently accepted AASLD criteria for 

steatosiss staging (Table 1) [20], 

Hepati cc  triglyceride s analysi s 
Thee liver samples were homogenized in buffer (phosphate buffered saline, pH 7.2) and 
centrifugedd (4000xg, 10 min, . Hepatic lipids were extracted by the chloroform: 
methanoll extraction method according to Folch et a\. [21]. The triglycerides in the liver 
tissuee extracts were measured enzymatically using commercial kits (Trig/GB, Roche, 
Switzerland,, Cholesterol Biomerieux, Boxtel, Netherlands). The total protein concentration 
wass measured with a BCA Protein Assay kit (Pierce, Rockford, US) and the concentrations 
weree expressed per total liver protein. 

Evaluatio nn of inflammatio n in plasm a and live r 
Plasm aa and hepati c TNF-a was evaluated for the detection of systemic and local 
inflammation,, respectively. Livers were homogenized in buffer (NaPi 5 mM, pH 6.0) and 
centrifugedd (10,000x g, , 10 min) and the supernatants were used for the assay. TNF-
aa was measured using an enzyme-linked immunosorbent assay (Quantikme Rat TNF-a, 
RnDD Systems Europe Ltd, UK) according to manufacturer's instructions. All samples were 
measuredd in duplicate in a 96-well microtitre plate and the concentrations were calculated 
fromm a standard curve. The hepatic TNF-a concentration was expressed per total protein 
measuredd as mentioned above. 
Evaluatio nn of hepatocellula r damag e and synthesi s functio n 

Afterr imaging, a blood sample was collected by vena cava puncture, centrifuged (10 min, 
3,0000 rpm, ) and stored at -80'C. The degree of hepatocellular injury was assessed by 
measuringg plasma levels of AST and ALT. For indirect evaluation of hepatic metabolic and 
excretoryy function, plasma bilirubin was assessed. For evaluation of hepatocellular synthetic 
function,, plasma levels of albumin (the major hepatic protein product) and prothrombin 
timee (PT, marker of short-term protein synthesis) were used. All samples were analyzed in 
thee Department of Clinical Chemistry using standard laboratory methods. 

Statistica ll  Analysi s 
Thee data analysis was performed with GraphPad Prism 3.02 for Windows (GraphPad 
Softwaree Inc., San Diego, US). The results are presented as mean  SEM. The significant 
differencess were tested using one-way ANOVA, the Student's t-test and Spearman rank 
correlation.. All statistical tests were two -tailed and differences were evaluated at the 
55 % level of significance. To correlate the mebrofenin-handling parameters with other 
parameterss of structure and function, the relationship between mebrofenin handling, 
hepaticc structure and functional impairment was evaluated. 

no o 



Result s s 

Histopathologica ll  an d biochemica l assessmen t 

Noo pathological changes were seen in control rats (Fig.1a). Rats treated with the MCD diet 
showedd a combination of mild micro- and macrovesicular steatosis affecting 20- 30% of 
hepatocytess after 1 week (Fig. 1b) and moderate, mainly macrovesicular steatosis affecting 
40-60%% hepatocytes after 3 weeks (Fig. 1c). After 5 weeks, severe macrovesicular steatosis 
affectingg more than 60% of hepatocytes was present with prominent inflammatory cell 
infiltratess and increased portal fibrosis (Fig.ld) (confirmed by Sirius red staining for fibrosis, 
dataa not shown). 
Inn steatotic rats, the mean histopathology score increased during feeding of the diet 
simultaneouslyy with progression of steatosis and was 5.0  0.41 after 5 weeks, compared 
withh 0.4  0.25 in controls (p<0.05, f -test) (Table 2). In correspondence with the 
histolopathologyy score, the hepatic triglycerides levels increased 12-fold to 0.36  0.05 
mmol/mgg protein after 5 weeks (vs. controls 1 mmol/mg, p<0.05, t -test) (Table 
3).. Furthermore, hepatic TNF-a was increased after 5 weeks (1,562  367 pg/mg protein 
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FIGUREE 1. Representative liver histopathology of control rat and a rat with mild, moderate and severe 
steatosiss (HE staining). No pathological changes were seen in control rats (A). After 1 week (B), mild 
micro-- and macrovesicular steatosis was present without inflammatory changes. After 3 weeks (C) and 5 
weekss (D), moderate and mainly macrovesicular steatosis with a few foci of inflammatory cells and severe 
macrovesicularr steatosis affecting > 60% of hepatocytes with prominent inflammatory cell infiltrates were 
observed,, respectively. 
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TABLEE 2 Analysis of histopathology 

11 week MCDD 

33 weeks MCDD 

55 weeks MCDD 

Controls s 

** p <0.05 vs controls, 

1.33 * 

3.55 9 V * 

5.00 1 *,** 

0.44 0 25 

== p <0.05 vs previous diet group. 
Dataa expressed as mean  SEM, analysis by one- way ANOVA and t- test, 

TABLEE 3 Bochemical parameters related to steatosis 

Hepaticc triglycerides (mmol/mg protein) 

Hepaticc TNF -a (pg/mg protein) 

Plasmaa TNF -a (pg/ml) 

Plasmaa bilirubin (umol//l) 

Plasmaa albumin (g/l) 

Plasmaa AST (IU/I) 

Plasmaa ALT (IU/I) 

Plasmaa PT (s) 

0.211 * 

3744  80 

11.44 + 0.8* 

1.11 * 

36.22  1.2 

1500 + 5* 

4 6 + 2 2 

17.33  1.1* 

0.255 * 

7622  140* 

12.11 * 

3.11 * 

36.88  1.8 

2033  149* 

1555 * 

18.00  1.0* 

0.366 * 

15622  367* 

12.88  0.8* 

3.55 * 

38.22 2 

1999  36* 

4511 * 

18.22 * 

0.033 1 

3688  61 

Undetectable e 

Undetectable e 

40.55 6 

699 3 

444 3 

15.22 + 0.2 

p<0.055 vs controls, Data expressed as mean  SEM. Data analysis by one-way ANOVA and t -test. 

vss controls 368  60 pg/mg, p<0.05, t -test, Table 3) in accordance with the increased 
numberr of inflammatory foci seen at histopathological examination. 
Plasmaa bilirubin increased significantly during the whole MCD diet period and was 3.5
0.11 pmol/l after 5 weeks of diet compared with normal levels in controls (p<0.01, ANOVA) 
(Tablee 3). Plasma ALT and AST levels increased during the MCD diet compared with the 
controll rats (p<0.05, f -test). Also, plasma PT increased during the MCD diet and was 18.2 

 0.1 s in the steatosis group after 5 weeks (15.2  0.2 s vs. control group, p<0.05, f-test). 
Noo differences in plasma albumin were seen between the steatotic and the control rats (p 
== 0.08, ANOVA). 

Correlatio nn of histopathologica l and biochemica l assessmen t of 
steatosis ,, and inf lammatio n 

Too evaluate the validity of the histopathology score, the correlation between the 
histopathologyy score and biochemical assessment of steatosis (hepatic triglycerides and 
TNF-u)) was analysed. For this correlation analysis, all control and steatotic rats were 
included.. Therefore, the parameters analysed represented a range of values that would 
nott have been possible to create if the analysis had been performed with separate groups 
only. . 

Thee histopathological scores showed a significant correlation with the hepatic and plasma 
TNF-uu concentrations (r2 =0.72, p<0.0001, r2 =0.53, p<0.0001, respectively, Spearman 



TABLEE 4 Correlation of biochemical, structural and functional parameters 

Hepaticc TNF-a 

Plasmaa TNF-a 

Hepaticc triglycerides 

Plasmaa bilirubin 

Plasmaa AST 

Plasmaa ALT 

Plasmaa PT 

0.522 (<0.001) 0.72 (<0.0001) 

0.722 (<0.0001) 0.53 (<0.0001) 

0.82(<0.0001)) 0.67 (<0.0001) 

0.755 (<0.0001) 0.88 (<0.0001) 

0.29(0.02)) 0.19(0.08) 

0.32(0.02)) 0.60 (<0.001) 

0.70(<0.001)) 0.70(0.0026) 

Histopathologyy score 0.83 (<0 0001) 

Dataa are correlation coefficients (r2), with p values in parenthesis. Data analysis. Spearman rank correlation. 

rankk correlation) (Table 4). Furthermore, correlation with the hepatic triglycerides content 
wass also significant (r2 =0.67, p<0.0001, Spearman rank correlation). The histopathology 
scoress also correlated significantly with plasma PT and bilirubin (r2 =0.70, p<0.003 and r2 

=0.88,, p<0.0001, respectively, Spearman 
rankk correlation) and ALT (r2 =0.60, 
p<0.001,, Spearman rank correlation); 
however,, the correlation with AST was not 
significantt (r2 =0.19, p =0.08, Spearman 
rankk correlation). 

Mebrofeni nn scintigraph y 
parameter s s 

Inn all rats, the hepatic 99mTc-mebrofenin 
activityy was homogenously distributed in 
thee liver. In the steatotic livers, the 99mTc-
mebrofeninn uptake was slower (Fig 2, 
3).. The 39mTc-mebrofenin uptake rate 
progressivelyy declined while the degree 
off steatosis increased (Table 5) and the 
uptakee rate was significantly decreased in 
alll steatotic rats compared with controls 

FIGUREE 3. Representative time activity curves of 
99mTc-mebrofeninn uptake in the steatotic and 
controll rats. For superior graphic representation, 
dataa are restricted to time points with 1- min 
intervalss during 30 mm. The 99mTc-mebrofenin 
uptakee rate in steatotic rats was decreased while 
thee severity of steatosis increased as compared 
withh controls. 

sO O 

3 3 

3 3 
a a 
or or 
~ ~ 
o o 

3 3 

(A A 

D. . 
5' ' 
r l l 

w' ' 
' • ; ; 

V V 

•a •a 

X X 
TD D 
fD D 

3 3 

V) ) 

rt rt 
W W 
rt rt 
O O 

13 3 



1000 0 

800 0 
* * 
i i 

; 6 0 0--

•• : • : > * • , 
•• • 

-*+--*+-
» • • , , 

o o 
4 0 0 * * 

• * • • **••„ „ Normall  liver 
Steatotkk liver 

200 0 "+*+ "+*+ 

100 20 

Tiraee (min) 

30 0 

FIGUREE 2. Hepatobiliary scintigraphy after i.v. injection of 40 MBq 99mTc-mebrofenin Images are reframed 
too 30 s /frame. The white arrow indicates bile excretion, a Control rat showing fast and homogenous liver 
uptakee with visible excretion into the bowel starting from 3 min post injection. 
bb Hepatobiliary scintigraphy in a rat with severe steatosis. Homogeneous liver uptake is demonstrated; 
however,, both the liver uptake and bile excretion of 99mTc-mebrofenin are delayed. 

TABLEE 5 Hepatic mebrofenin Handlinc 

99mTc-mebrofeninn uptake rate 

(%/min) ) 

TT peak (min) 

TT Vi peak (min) 

MCDD die t MCD die t MCD die t 

60.988 * 

2.588 * 

8.888  1.23* 

50.655  3.57* 

3.377 * 

9.544 + 0.88* 

42.988 * 

3.588  0.45* 

10.399 * 

76.177  1.60 

2.066 + 0.09 

6.155 8 
p<0.055 vs controls. Data expressed as mean  SEM. Data analysis was by ANOVA and t -test. 

(p<0.005,, ANOVA) . The 99mTc-mebrofenin uptake rate declined just 1 week diet of the 
MCDD diet to 61.0  7.5% /min compared with 76.2  1.6% /min in controls (p<0.05, f -
test). . 
Correspondingg with the decreased uptake rate, the time required for maximal activity (T 

peak)) was significantly longer after just 1 week of diet (2.58  0.20 min vs 2.06  0.09 min 
inn controls, p<0.01, f -test, Table 5) and was further delayed to 3.58  0.45 min after 5 
weekss of diet (vs controls, p<0.01, f -test). T 1/2 peak followed the pattern of mebrofenin 
uptakeuptake rate (Table 5) and was prolonged at all time points in the steatotic rats (vs controls, 
p<0.001,, ANOVA) T 1/2 peak was prolonged to 10.39  2.56 min after 5 weeks of diet (vs 
6.155  0.38 min in controls, p<0.05, t -test). The correlation between T 1/2peak and T eak 

wass also significant, confirming the internal consistency between parameters (r2 =0.79, 
p=0.0003,, Spearman rank correlation, data not shown). 

Thee correlation of scintigraphy with steatosis, inflammation and hepatocellular injury 
Thee correlation between the severity of steatosis assessed by the histopathology score 
andd  the 99mTc-mebrofenin uptake rate was strongly significant (r2 =0.83, p<0.0001, 
Spearmann rank correlation) (Table 4). Also when the degree of steatosis was assessed 



byy hepatic triglycerides content, there was a significant, negative correlation with 99mTc-
mebrofeninn uptake rate (r2 =0.82, p<0.0001, Spearman rank correlation). When systemic 
inflammationn was evaluated by plasma TNF-ct, the correlation with 99mTc-mebrofenin 
uptakee rate was strong (r2 =0.72, p<0,0001, Spearman rank correlation). The correlation 
betweenn 99mTc-mebrofenin uptake rate and hepatic TNF-a was moderate but significant 
(r22 =0.52, p<0.001. Spearman rank correlation). 
99mTc-- mebrofenin uptake rate correlated strongly with plasma bilirubin and PT (r2 = 
0.75,, p<0.0001 and r2 =0.70, p<0.001, respectively, Spearman rank correlation) but the 
correlationn with ALT and AST values was weak (r2 =0.29, p=0.02 and r2 =0.32, p = 0.02 
respectively,, Spearman rank correlation) (Table 4). 

Discussio n n 

Thiss study firstly shows the utility of 99nTTc-mebrofenin scintigraphy for the evaluation 
off hepatobiliary function in a rat model of hepatic steatosis. The severity of steatosis, 
ass determined by both histopathological and biochemical markers, correlated with 
hepatobiliaryy function as evaluated by 99mTc-mebrofentn uptake during progression of 
steatosiss from a mild to a severe inflammatory form. These results suggest that 99mTc-
mebrofeninn scintigraphy is a potential method for assessing the severity of liver disease in 
patientss with steatosis. 

Hepaticc steatosis was induced with a commonly used diet based on methione and 
cholinee deficiency [75]. Methionine and choline are amino acids essential for hepatic 
lipidd excretion and the deficiency instigates lipid accumulation within hepatocytes. 
Furthermore,, during the MCD diet the key histopathological features of human steatosis 
suchh as lipid peroxidation, progressive inflammation and fibrosis are observed. In other 
steatosiss models such as in leptin- deficient rodents (Zucker rats, 

o b / o bb mice), only simple steatosis develops [15,20], The extent of steatosis was assessed 
usingg the gold standard i.e. histopathological evaluation and the applied histopathology 
scoree was adapted from the recently agreed staging criteria for steatosis [20]. The 
excellentt correlation between this score and the other parameters for steatosis confirmed 
thee validity of histopathological assessment in our study. 

Hepatobiliaryy scintigraphy using either iminodiacetic acid (IDA) analogues or 99mTc-
galactosyll human serum albumin (GSA) has been applied in several animal models of acute 
andd chronic liver disease [11-13, 22]. We chose the IDA analogue mebrofenin because 
off its rapid and hepatocellular- specific transport. Compared with other IDA analogues, 
mebrofeninn also has an exceptionally low competition for hepatobiliary excretion of 
bilirubinn [23]. In addition, bilirubin levels reported to interfere with mebrofenin transport 
aree considerably higher than the levels detected in our study. The use of 99mToGSA in 
ourr model would be limited as it is not excreted into bile and therefore does not evaluate 
hepaticc excretion function. Furthermore, GSA is to date available only for the Japanese 
market. . 

Thee hepatic uptake rate of mebrofenin was chosen as it is directly applicable to the clinical 
situationn unlike analytical methods applied in other experimental studies using mebrofenin 



scintigraphy.. Data in these studies are derived from time-activity- curves, by invasive 
sampling,, or without correction for blood pool activity, or a longer analysis time of up to an 
hourr is required. The complexity of these data acquisition methods hinders extrapolation 
off results to the clinical situation. [12,13,24], Furthermore, we have reported a good 
correlationn of hepatic mebrofenin uptake rate with other quantitative liver function tests 
suchh as the indocyanine green clearance test [14]. More importantly, we have reported 
thee predictive value of mebrofenin uptake rate with postoperative morbidity and mortality 
afterr liver resection [25], 

Thee mebrofenin uptake rate was calculated based on the method described by Ekman 
ett al., which is considered a true measure of uptake because it takes into account the 
fluxess between systemic and hepatic blood pools [17,19,26]. We have shown in a previous 
studyy that calculations with this algorithm are highly reproducible and present only minor 
inter-subjectt variation under standardized conditions [18]. The dynamic acquisition was 
adaptedd to the faster metabolic rate in rats to ensure that all calculations wrould be 
derivedd from the homogenous blood distribution phase before bile excretion. This was 
alsoo confirmed in our study in control rats, in which rapid hepatic uptake and excretion 
off mebrofenin occurred according to the first-pass metabolism of mebrofenin kinetics as 
previouslyy reported [9,17]. 

Inn steatotic rats, hepatic mebrofenin uptake rate decreased throughout the period of 
steatosiss progression. There was a significant inverse correlation between the uptake rate 
andd the relevant features present in human steatosis [20]. The decreased mebrofenin 
uptakeuptake rate correlated closely with hepatic fat accumulation, increased inflammation 
andd other histopathological changes. Also, in the presence of prominent parenchymal 
inflammation,, the correlation between functional and structural parameters remained 
significantt indicating the sensitivity of mebrofenin uptake in the presence of both steatosis 
andd inflammatory activity. Together with the mebrofenin uptake rate, the T k for hepatic 
maximumm uptake and T 1,2 k for excretion were calculated. Both the T k and T }/2 

peakk were prolonged in steatotic rats according to the severity of steatosis but a poorer 
correlationn with liver histopathology and biochemical parameters was observed (data 
nott shown). Calculations for T k and Ty2 k are derived from the time-activity curves 
withoutt taking into account the clearance rate of injected mebrofenin as a quantitative 
parameter.. Therefore T peak and T 1/2peak w e r e considered more descriptive parameters of 
thee mebrofenin time- activity curve. 

Thee impairment of 99mTc-mebrofenin uptake in the steatotic rats was most likely related to 
thee decreased hepatocyte uptake and excretion capacity, reflected also by the increased 
plasmaa bilirubin levels. The blood distribution of mebrofenin can also be influenced by 
hypoalbuminemiaa (the main blood carrier of mebrofenin); however, this was not seen 
inn our model. Mebrofenin is an organic anion conjugated to an acetanilide (a lidocaine 
analog)) and to 99m -Tc compounds. The hepatic uptake occurs via the main salt and 
organicc anion transporters (OATP) -1 and -2 and excretion into the bile occurs through 
multidrugg resistance proteins (MRP) -2 and -3 [10,27,28,29]. Interestingly, the increased 
proinflammatoryy response (measured by histopathology and TNF -a levels) observed in this 
studyy is the most probable explanation for the impaired mebrofenin uptake and excretion. 
TNFF -a downregulates the expression of bile excretion transporters MRP -2 and -3 and IL 



-6,, also released by liver macrophages, downregulates the liver expression of the uptake 
transporterss OATP -1 and -2 but also the expression of MRP -2 [28-30], This negative effect 
off IL-6 and TNF-ct is also reported in mebrofenin excretion in vivo [31]. However, together 
withh proinflammatory cytokines, the ATP-dependent excretion transporters, bile excretory 
pumpp and MRP -2 and -3, might also be affected by the impairment of mitochondrial 
ATPP generation in steatotic livers [15]. Furthermore, in steatotic livers, the expression of 
bilee excretion transporters is downregulated and bile secretion is impaired owing to lipid 
accumulation,, progressive inflammation and hepatocellular injury [3, 15]. In our model, 
bothh 99rnTc-mebrofenin uptake rate and excretion were delayed, in conjunction with 
increasedd plasma bilirubin levels. Therefore, the observed changes cannot be attributable 
solelyy to uptake or excretory malfunction. It is more likely that a combination of factors, 
suchh as increased proinflammatory activity and ATP depletion, contribute to the affected 
mebrofeninn uptake and excretion. 
Togetherr with the scintigraphic studies, we assessed the utility of hepatocellular markers 
ALT,, AST and prothrombin time (PT) , in the presence of steatosis. The increased levels 
off ALT correlated only weakly with 99mTc-mebrofenin uptake rate and with PT. However, 
ALTT had a strong correlation with the histopathological findings, apparently reflecting 
thee pathological changes more than actual hepatocellular function. Interestingly, 99mTc-
mebrofeninn uptake had a strong correlation with plasma PT indicating potential use of PT 
ass a plasma marker for parenchymal disease severity in the setting of steatosis. However, 
furtherr studies are required to investigate this in a clinical setting. 
Inn conclusion, 99mTc-mebrofenin scintigraphy is a reliable test for repeated noninvasive 
assessmentt of hepatic structural and functional changes in an experimental animal model 
off steatosis. Even though these results of experimental studies need verification in clinical 
studies,, this study suggests the utility of hepatobiliary scintigraphy with 99mTc-mebrofenin 
inn the evaluation of progression of clinical steatosis. 
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