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The liver has a remarkable capacity to regenerate following loss 
of hepatic tissue with marvelous sequential changes in gene 
expression, growth factors, and morphologic structure.[1] Liver 
regeneration following partial hepatectomy (PHx) involves 
the proliferation of all mature cell populations comprising 
the organ, especially the hepatocytes, the main cellular 
components of liver. They are highly differentiated cells that 
do not divide under normal physiological conditions; however, 
hepatic resection leads to their hypertrophy and hyperplasia 

allowing the liver to regenerate to its original size.[2,3] In 
contrast to normal liver, fibrotic and cirrhotic liver has 
impaired and slow regeneration.[4,5] Defective regeneration 
and dysfunction of cirrhotic liver result in postoperative 
deaths after surgery.[6] Reduced hepatocellular proliferation 
and increased extracellular matrix are main reasons for the 
retarded regeneration of fibrotic and cirrhotic livers.[4,7,8]

Several substances including angiotensin converting 
enzyme (ACE) inhibitors have been identified that 
potentiate liver regeneration following PHx.[9‑11] These 
drugs enhance liver regeneration by increased production 
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of hepatocyte growth factor (HGF); a potent growth factor 
for hepatocytes.[9,10] Renin‑angiotensin axis blockade by 
angiotensin receptor antagonists also results in improved 
liver regeneration following PHx.[10] In addition to facilitating 
liver regeneration, ACE inhibitors have been reported to 
affect hepatic fibrogenesis.[12,13] Several studies concerning 
potential benefits of ACE inhibitors against hepatic fibrosis 
have been conducted.[14‑16] Angiotensin II, the product of 
renin‑angiotensin system, enhances hepatic fibrosis by 
hepatic stellate cells activation and augmented transforming 
growth factor‑β1 (TGF‑β1) production; the major profibrotic 
cytokine.[17,18] ACE inhibitors by inhibiting the production 
of Angiotensin II inhibits the progression of hepatic fibrosis 
due to decreased extracellular matrix production.[15] In view 
of the role of ACE inhibitors in normal liver regeneration 
and hepatic fibrosis, the present study has been designed 
to evaluate the efficacy of an ACE inhibitor, lisinopril, on 
fibrotic liver regeneration.

MATERIAL AND METHODS

Animals
Eight‑weeks old female Sprague‑Dawley rats weighing 
approximately 200‑225 g and bred in animal house facilities 
of Quaid‑i‑Azam university Islamabad were used in the 
study. Animals were kept under controlled environmental 
conditions at 25°C with a 12 h light/dark cycle.

Induction of fibrosis and experimental procedure
The already established carbon tetrachloride (CCl4) induced 
fibrotic rat model[19] was used for scheduling the CCl4 dose 
regimen. In brief, rats were orally treated with CCl4 at an 
initial dose of 412 mg/kg for 9 weeks. After establishment of 
fibrosis, animals were divided into 3 groups:
I. First group received 1 ml saline for 1 week followed by 

sham surgery (n = 5)
II. The second group served as control. Animals in this group 

also received saline for 1 week followed by 70% partial 
hepatectomy (n = 6)

III. The animals in the third group received oral dose of 
1 mg/kg lisinopril for 1 week followed by 70% partial 
hepatectomy (n = 6).

Partial hepatectomy
The animals were subjected to sham surgeries or 70% 
partial hepatectomy according to the already reported 
instructions.[20] In brief, animals were anesthetized with 
diethyl ether and a midline incision was made; the median 
and left lateral lobes were ligated by silk suture and resected. 
The peritoneum was then reapproximated with catgut 
followed by closure of the skin with silk sutures. Animals 
were dissected 48 h after the surgery. The liver remnants 
were removed and weighed for liver regeneration rate (LRR) 

determination. Blood was collected by cardiac puncture; 
serum was collected and stored at − 20°C for biochemical 
analysis. For histopathological examination, parts of the 
excised livers were processed for histology.

Liver regenerative capacity following lisinopril pretreatment 
was determined by estimating LRR through the following 
formula[21]

LRR (%) =100 × {(C − (A − B)}/A

where A is the estimated liver weight at surgery; B is the 
excised liver weight at surgery; and C is the remnant liver 
weight at dissection. Estimated liver weight was calculated 
by the equation A = B/0.70

Histopathological examination
Liver specimens were fixed in 4% paraformaldehyde 
followed by dehydration in ascending grades of alcohol, 
clearing in xylene, and embedding in paraffin. Thin 
sections were stained with hematoxylin and eosin (H and E) 
for histomorphological examination. Mitotic figures 
and binuclear hepatocyte cell frequency were manually 
enumerated at 400× magnification and were expressed as 
percentage. Using  ImageJ2X (Rawak Software), hepatocyte 
nuclear and cellular area was calculated in the same sections. 
For collagenous connective tissue assessment in liver tissue, 
Gomori’s trichrome staining was done. In brief, sections 
were deparaffinized in xylene and hydrated with descending 
alcohol grades to distilled water and stained with Weigert’s 
hematoxylin for 10 mins. Slides were washed in running 
water for 10 mins. Sections were stained for 15 to 20 mins 
in Gomori’s trichrome stain. Differentiation was done in 
0.5% acetic acid by placing slides in it for 2 mins followed by 
dehydration with alcohol, clearing in xylene, and mounting 
with distyrene plasticizer xylene (DPX).

Immunohistochemistry
Proliferating cell nuclear antigen staining
C e l l  p r o l i f e r a t i o n  w a s  a l s o  e v a l u a t e d  w i t h 
immunohistochemical staining for proliferating cell nuclear 
antigen (PCNA) using  Invitrogen PCNA staining kit, UK. 
After deparaffinization in xylene and rehydration with 
alcohol, sections were treated with 3% hydrogen peroxide 
in methanol for 10 min to block the endogenous peroxidase 
activity. Heat induced epitope retrieval (HIER) was used to 
enhance the specific antigen staining by placing the slides in 
antigen retrieval solution at 89°C for 10 min. The solution 
was slowly cooled to room temperature and the specimens 
were incubated with ready to use blocking solution at room 
temperature for 10 mins. Tissues were then incubated 
with biotinylated monoclonal mouse anti‑PCNA primary 
antibody in a moist chamber for an hour followed by rinsing 
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with phosphate buffer saline (PBS). The specimens were 
incubated with streptavidin‑peroxidase at room temperature 
for 10 min and with diaminobenzidine (DAB) chromogen 
for 5 min. Hematoxylin was used for counterstaining. 
Hepatocytes with PCNA‑positive nuclei and the total 
number of hepatocytes were counted in five random 
microscopic fields at 400× magnification to compute the 
cell proliferation index.

Alpha‑smooth muscle actin staining
Activated hepatic stellate cells were identified by alpha 
smooth muscle actin (α‑SMA) immunostaining. In brief, 
following deparaffinization and rehydration, the sections 
were treated with 3% hydrogen peroxidase in methanol for 
15 min to block endogenous peroxidase activity and were 
then washed with PBS. Antigen retrieval was performed by 
heating the slides for 10 min in a microwave oven in 0.1 
mol/L citrate buffer (pH 6.0). Tissue sections were treated 
with normal horse serum for 10 min to avoid non‑specific 
immunoreactivity and were again washed twice with PBS. 
Sections were then incubated with primary mouse actin 
smooth muscle (BioGenex, USA clone 1A4) antibody for 
30 min at room temperature. After washing with PBS, tissues 
were incubated at room temperature with biotinylated goat 
anti‑mouse antibody for 10 min followed by incubation 
with streptavidin horseradish peroxidase conjugate at room 
temperature for 10 min. Slides were again washed with 
PBS and the bound peroxidase was detected using DAB 
chromogen. Hematoxylin was used for counterstaining.

Biochemical analysis
Hepatic functional capability
Liver functional capability following PHx under lisinopril 
pretreatment was evaluated by serum biochemical analysis. 
Serum concentrations of alanine aminotransferase (ALT), 
aspartate transaminase (AST), alkaline phosphatase (ALP), 
lactate dehydrogenase (LDH), and total bilirubin were 
spectrophotometrically determined by using commercially 
available  AMP Diagnostics kits, Austria. All the reactions 
were performed at 37°C.

Hepatic hydroxyproline content
Hepatic hydroxyproline levels were determined through 
alkaline hydrolysis of dry liver samples, as was previously 
described.[22] Hydroxyproline levels in tissue hydrolyzates 
were analyzed using Chloramine‑T and Ehrlich’s reagent. 
The absorbencies of chromophore produced by standards 
and samples were read at 550 nm and the results are reported 
as mg hydroxyproline/g of dry tissue.

Statistical analysis
Data were presented as mean ± SD and was analyzed by using 
student’s t‑test and one way analysis of variance (ANOVA) 

with Tukey post hoc test. Statistical significance was taken 
at P < 0.05.

RESULTS

Liver regeneration assessment
Effect of lisinopril pretreatment on fibrotic liver regeneration 
at 48 h following 70% PHx was assessed by estimating 
somatometric and histomorphological parameters. Results 
showed that lisinopril did not affect LRR and PCNA count, 
however, a decreasing effect on mitotic activity was seen 
[Table 1]. PHx increased the nuclear and hepatocyte area 
whereas binucler cells were decreased. No statistically significant 
effect of lisinopril on hepatocyte cellular area, nuclear area, and 
binuclear count was observed [Table 2 and Figure 1].

Liver functional capability
In order to evaluate liver functional capability, serum 
biochemical analysis of different liver‑specific enzymes and 
metabolite was done. PHx resulted in elevation of all the 
studied parameters. Levels of ALT, ALP, and total bilirubin 
were significantly increased whereas a non‑significant 
increase in AST and LDH levels were seen. A considerable 

Figure 1: Effect of lisinopril treatment on hepatic histomorphology 
following partial hepatectomy (PHx). Compared to the sham (a and d), 
cells at different stages of cell cycle could be seen in regenerating livers 
(b and c, e and f). Lisinopril did not affect PCNA count, however, a 
decreasing effect on hepatic mitotic activity had been seen (f and c). 
PHx significantly increased the hepatocyte nuclear and cellular area 
whereas binuclear hepatocyte frequency was decreased (b). No 
significant morphological alterations regarding these parameters under 
lisinopril treatment was observed (c). (H and E stain; ×400)
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Table 1: Effect of ACE‑inhibitor, lisinopril, on 
liver regeneration rate, proliferating cell nuclear 
antigen (PCNA) index, and mitotic activity at 48 h 
following partial hepatectomy

Treatment Groups LRR (%) PCNA Index (%) Mitotic Count (%)
Control 68.32±7.56 33.48±5.76 2.69±0.39
Lisinopril 72.12±5.35 34.94±5.10 2.30±0.37
No statistical significance observed among the group (Student’s t-test)

Table 2: Effect of ACE‑inhibitor, lisinopril, on hepatocyte 
cellular area, hepatocyte nuclear area, and binuclear 
cell count at 48 h following partial hepatectomy

Treatment 
Groups

Hepatocyte 
Area (μm2)

Nuclear 
Area (μm2)

Binuclear 
cell (%)

Sham 249.49±61.87 49.98±12.57 4.76±0.93
Control 336.53±74.08* 64.21±13.28* 3.08±1.02*
Lisinopril 344.96±69.64 68.92±12.10 3.63±1.01
*P<0.001 sham vs. control

Table 3: Effect of ACE‑inhibitor, lisinopril on liver 
specific enzymes and total bilirubin at 48 h following 
partial hepatectomy

Treatment 
Groups

Sham Control Lisinopril

ALT (U/L) 69.85±9.55 100.29±12.01* 82.71±16.07
AST (U/L) 213.54±30.07 265.80±20.40 239.05±18.35
ALP (U/L) 228.11±40.13 610.44±120.05*** 570.39±60.60
LDH (U/L) 828.36±108.06 935.83±121.74 701.03±58.64††

Bilirubin (mg/dL) 0.64±0.09 1.02±0.12** 0.67±0.17†

*P<0.05, **P<0.01, ***P<0.001 Sham vs. Control; †P<0.05, ††P<0.01 Control 
vs. Lisinopril

decrease in LDH and total bilirubin levels in lisinopril‑treated 
rats 48 h following PHx was observed. ALT, AST, and ALP 
levels were also low in that group, however, the reduction 
was not statistically significant [Table 3].

Extracellular matrix content
Hepatic hydroxyproline content
Lisinopril administration could not reduce hepatic 
hydroxyproline levels 48 h following PHx [Figure 2].

Histopathological collagen estimation
All partially hepatectomized rats showed lipid droplets 
and increased extracellular matrix 48 h post PHx during 
histopathological liver evaluation. Activated hepatic stellate 
cells, as detected by α‑SMA immunostaining, were more 
numerous in partially hepatectomized rats compared 
to sham. These cells could be detected at vascular and 
sinusoidal spaces. Gomori triple staining also showed the 
same result with increased collagen fibers in hepatectomized 
rats. Lisinopril treatment did not produce marked reduction 

in hepatic collagen content following PHx because, in both 
control and treated groups, prominent collagen fibers along 
with α‑SMA positive cells were visible [Figure 3].

DISCUSSION

In this study, the efficacy of an ACE inhibitor, lisinopril, in 
improving the fibrotic liver regeneration has been evaluated. 
Liver regeneration following PHx is a combined effect of 
hypertrophy and hyperplasia.[3] Liver regenerative ability 
of fibrotic rats 48 h post PHx under lisinopril treatment 
had been assessed by estimating different hyperplasic and 
hypertrophic parameters. ACE inhibitor, lisinopril, has 
been reported to enhance normal liver regeneration after 
70% hepatectomy.[9,10] Hepatic PCNA expression has been 
shown to significantly increase by ACE inhibitors and other 
related drugs during normal liver regeneration.[10] The 
present study showed that lisinopril did not enhance the 
regeneration rate of fibrotic livers because LRR was almost 
unchanged in the treated group compared to control. PCNA 
count also remained unchanged with lisinopril treatment, 
however, a decreasing trend in hepatocyte mitotic activity 
had been seen after hepatectomy, showing that lisinopril 
administration did not affect hepatocytes in the S phase of 
cell cycle, however, it inhibited the cells to enter in the M 
phase [Figure 1]. Studies reported on the effect of ACE 
inhibitors and angiotensin receptor antagonists on liver 
regeneration used PCNA, bromo‑deoxyuridine (BrdU), and 
Ki‑67 as proliferative markers,[9‑11] but no study showed the 
effect of these drugs on mitotic count. The reasons of less 
mitotic count are unknown because ACE inhibitors enhance 
the hepatic regeneration after PHx by bradykinin B2 receptor 
activation and angiotensin II production inhibition, both 
of which may result in increased HGF production, thus 
resulting in enhancement of liver regeneration as HGF is 
the most important growth factor of hepatocytes.[23] One 
reason could be the involvement of HSCs because lisinopril 
treatment could not decrease their number. An ACE inhibitor 
captopril was found to enhance the liver regeneration at 
earlier stages by increasing HSCs rather than hepatocytes. 
In fact, it decreased the hepatocyte proliferation, as assessed 
by Ki‑67 antibody.[11] HSCs generate such factors at later 
stages of liver regeneration such as TGF‑β1, which inhibit 
hepatocyte proliferation.[24]

Moreover, angiotensin receptor antagonists have been 
reported to produce inhibition of hepatic proliferative 
activity after PHx when PCNA was used as a proliferative 
marker[25] whereas these receptors have been found to 
enhance the hepatic regeneration ability like lisinopril 
when liver regenerative response was measured by BrdU 
incorporation.[10] It can be said that different regenerative 
indexes may show different results under a certain treatment.
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Figure 3: Changes in hepatic extracellular matrix under lisinopril 
treatment following partial hepatectomy (PHx). Gomori triple stain 
indicated increased extracellular matrix in regenerating livers compared 
to sham during histopathological liver evaluation (a-c). Activated hepatic 
stellate cells as detected by &#945;-SMA immunostaining were also 
more numerous in partially hepatectomized rats than sham. &#945;-
SMA positive cells could be seen at vascular and sinusoidal spaces 
(d-f). No marked reduction in hepatic collagen content following PHx 
under lisinopril treatment was seen (c and f). (×400)
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Partial hepatectomy results in the hypertrophy of hepatocytes, 
as indicated by increased hepatocyte area;[3] the same 
hypertrophic effect could be seen during fibrotic liver 
regeneration because the size of hepatocytes increased 
significantly after PHx [Figure 1]. Along with hepatocellular 
area, increase in hepatocyte nuclear was also observed. 
Increased hepatocyte ploidy during liver regeneration 
following PHx has already been reported.[26] ACE inhibitor 
captopril was found to decrease the hepatocyte cellular 
size at 48 h after PHx during normal liver regeneration[11] 
whereas in this study we observed that lisinopril treatment 
did not affect hepatocyte nuclear or cellular area, leading to 
conclude that it had no effect on hepatocyte hypertrophy 
during fibrotic liver regeneration.

Binucleation is an interesting feature of hapatocytes; whose 
number decreases after 70% PHx.[27,28] During fibrotic liver 
regeneration, the binuclear cell count decreased significantly, 
and in lisinopril‑treated rats a non‑significant increase of 
binuclear cells was seen. More binucleate cells and less 
mitotic activity during hepatic regeneration after lisinopril 
treatment are related events because there exists a close 
parallel relation between mitotic division and the fall in 
binucleation after 70% PHx.[29]

Although lisinopril failed to enhance the hyperplasic or 
hypertrophic events during fibrotic liver regeneration, 
it did not negatively affect the studied parameters, with 
the exception of hepatocyte mitosis, because most of the 
parameters remained unchanged rather than reduced by the 
lisinopril treatment.

Serum biochemical analysis showed that liver function 
enzymes, i.e., ALT, AST, ALP, LDH and total bilirubin levels, 
were elevated after PHx due to increased cellular damage 
by surgery.[30] Lisinopril was successful in significantly or 

non‑significantly decreasing all the studied liver functional 
parameters of regenerating fibrotic liver at 48 h following 
PHx. Lisinopril pretreatment has already been reported 
to significantly decrease the hepatic ischemia reperfusion 
induced increase in hepatic enzymes and total bilirubin 
levels.[31] Captopril was also found to improve the liver 
function during early stages of normal liver regeneration;[11] we 
previously reported that lisinopril administration significantly 
decrease the hepatic functional markers 24 h post PHx during 
fibrotic liver regeneration.[32] Moreover, ACE‑inhibitors and 
Angiotensin II blockers have been shown to reduce the above 
mentioned liver function markers in several studies.[33,34]

ACE inhibitors are known to reduce oxidative stress in 
different pathophysiological conditions.[35,36] They can 
reduce plasma malondialdehyde and increase erythrocyte 
glutathione content in rats.[37] The decreased lipid 
peroxidative stress by ACE inhibitors may result in the 
structural integrity of hepatocytes, thus improving the overall 
liver function.

A characteristic feature of lipid accumulation after PHx[38] 
and increased collagen content[39] had been seen in all the 
hepatectomized rats in the study. Anti‑fibrogenic effect 
of ACE inhibitors has been observed by histopathological 
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Figure 2: Effect of ACE-inhibitor, lisinopril on hepatic hydroxyproline 
content (mg/g dry mass) 48 hours following partial hepatectomy
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examination.[14,40] In the present study, no considerable 
reduction in hepatic collagen content in fibrotic rats under 
lisinopril treatment after hepatectomy was seen, as is 
evident by Gomori triple staining. α‑SMA immunostaining 
cleared the picture and showed almost unaffected number 
of activated hepatic stellate cells in treated rats compared 
to control. It could be said that lisinopril treatment can 
reduce fibrosis in normal rats significantly, however, in 
regenerating fibrotic livers, it cannot produce a significant 
effect. These drugs are reported to activate stellate cells 
in regenerating livers,[41] which are the major fibrogenic 
cells of liver.[42]

We concluded that ACE inhibitor, lisinopril did not produce 
major histomorphological alterations in regenerating 
fibrotic livers 48 h following PHx with the exception of 
non‑significant mitosis inhibition and increased hepatocyte 
binucleation. However, it may improve the hepatic functional 
capability of fibrotic rats after surgery. More detailed studies 
with sampling at earlier time points after surgery may better 
explain the effect of lisinopril on fibrotic liver regeneration.
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