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Abstract: Liver cirrhosis, a progressive disease, presents no obvious symptoms in the early stage. So far, no compre-
hensive study has focused on the dynamic changes of liver function and the metabolic ability of CYP450 enzymes. 
In this study, thirty-two Sprague-Dawley Rats were randomly divided into two groups: Control-group (n=10) and 
cirrhosis-group (n=22). The cirrhotic rat model was developed by subcutaneous injection of CCl4 for 8 weeks. The 
blood biochemistry was monitored at 0, 2, 4, 6, 8, and 10 weeks. The metabolic ability of CYP450 was evaluated by 
pharmacokinetics of six CYP450 probe drugs at 10 weeks. The results showed that the level of alkaline phosphatase 
(AKP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and bile acid (BA) were all increased sig-
nificantly at 2 weeks, and were subsequently maintained at a high level. Albumin gradually decreased and globulin 
(GLO) gradually increased, showing a statistically significant difference at 4 weeks (P<0.05). The pharmacokinetic 
study showed that except for testosterone, the AUC(0-t), AUC(0-∞), MRT(0-t), MRT(0-∞), t1/2, and Tmax of the five probe drugs 
phenacetin, bupropoin, omeprazole, tolbutamide, and metoprolol were all increased in cirrhotic rats compared with 
the control group (P<0.05). In conclusion, ALT, AST, AKP, BA, and GLO can be used as sensitive indices for the early 
stage development of cirrhosis, and the metabolic ability of CYP450 enzymes was significantly inhibited.
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Introduction

Liver cirrhosis is commonly caused by long-
term alcohol abuse, hepatitis B and C infection, 
and fatty liver disease, and is a major cause of 
morbidity and mortality [1]. According to a sys-
tematic analysis of liver cirrhosis mortality in 
187 countries, global liver cirrhosis deaths 
increased from around 676,000 in 1980 to 
over 1 million in 2010 [2]. Liver cirrhosis is a 
progressive disease. There are no obvious 
symptoms in the early stage of the disease, but 
at the advanced stage, various symptoms 
appear, such as visible blood capillaries on the 
skin of the upper abdomen, fatigue, itchy skin, 
loss of appetite, nausea, and other symptoms. 
During the past ten years, numerous studies 
have performed on the progression of advanced 
cirrhosis [3-5]. However, few studies focus on 

the dynamic changes of blood biochemistry 
that occur during the progression of cirrhosis. 
Additionally, the change of metabolic ability of 
the intrahepatic cytochrome P450 (CYP450) 
enzyme has not been studied in depth. CYP450 
enzymes play an important role in the metabo-
lism of many molecules including steroid hor-
mones and certain fats and drugs [6]. 

A study of gene expression during liver cirrhosis 
showed there were 19 genes of CYP450 
enzymes associated with inflammatory res- 
ponse, immune response, and oxidative stress 
[7]. CYP450 was confirmed to be involved in the 
progression of cirrhosis. CYP1A2, CYP2B6, 
CYP2C19, CYP2C9, CYP2D6, and CYP3A4 are 
widely presented in liver, and are considered 
important isozymes in drug metabolism [8, 9]. 
The changed metabolic ability of CYP450 
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enzyme will lead to different plasma levels of 
substrate drugs [10]. Without a comprehensive 
study of liver function and the metabolic ability 
of CYP450 enzymes in the liver, it is difficult for 
doctors to make accurate drug dosage adjust-
ments for patients with cirrhosis. This study 
aims to dynamically monitor the blood bio-
chemical changes and metabolic ability of the 
CYP450 enzyme in cirrhotic rats. 

Material and methods

Drugs and reagents

The probe drugs omeprazole, phenacetin, tol-
butamide, bupropion, metoprolol, and testos-
terone (all >98%) and the internal standard 
diazepam (IS) were purchased from Sigma-
Aldrich Company (St. Louis, MO, USA). Tetrach- 
loromethane (CCl4) was analytical grade and 
purchased from Siyou Company (Tianjin, China). 
Ultra-pure water was prepared by a Millipore 
Milli-Q purification system (Bedford, USA, resis-
tance >18 mΩ). The methanol and acetonitrile 
were both HPLC grade and purchased from 
Merck Company (Darmstadt, Germany). All 
other chemicals were of analytical grade. 

Instruments 

A fully automatic biochemical analysis system 
(AU5800 series, USA Beckman) was used to 
monitor blood biochemistry, a UPLC-MS/MS 
system (Waters Corp., Milford, MA, USA) com-
posed of an ACQUITY I-Class UPLC and a XEVO 
TQD triple quadrupole mass spectrometer was 
used to analyze concentration of probe drugs, 
and the Masslynx 4.1 software (Waters Corp., 
Milford, MA, USA) was used for data acquisition 
and instrument control. 

Animals 

A total of 32 Sprague-Dawley (SD) rats aged 8 
weeks and weighing 200-230 g were purchas- 
ed from the Laboratory Animal Center of 
Wenzhou Medical University (Wenzhou, China). 
The rats were housed in standard plastic cages 
and maintained on normal diets and fresh 
water at 23-25°C with relative humidity 
55±10% and a natural light-dark cycle. All 
experimental procedures were conducted 
according to the Guide of Animal Care and Use 
Committee of Wenzhou Medical University. 

Experimental design 

The rats were randomly divided into 2 groups: 
the cirrhosis group (n=22) and the control group 
(n=10). CCl4 was dissolved in corn oil at 40% 
concentration, and 0.3 ml/100 g was adminis-
trated to the backs of rats by subcutaneous 
injection in the cirrhosis group. The chemical 
was administrated twice every week for 8 
weeks. Rats in the control group were given 
normal saline with the same administration 
method.  

The blood biochemistry test was monitored at 
0, 2, 4, 6, 8, and 10 weeks and the metabolic 
change of CYP450 was studied at 10 weeks. At 
10 weeks, the rats were sacrificed and the cir-
rhotic rat models were validated by pathologi-
cal examination. 

Dynamic monitoring of blood biochemistry 

Starting on a Saturday (0) and then again on 
the Saturday of the 2nd, 4th, 6th, 8th, and 10th 
week of treatment, 0.5 mL blood sample was 
drawn from the caudal vein into a 1.5 mL cen-
trifuge tube that contained 80 IU heparin. The 
plasma samples were separated immediately 
by centrifugation at 8000 rpm for 10 min, and 
analyzed using the fully automatic biochemistry 
analyzer. The blood biochemistry indexes 
including liver and kidney indexes were ana-
lyzed with the independent-samples T test 
using the statistic package for social science 
(SPSS) 16.0. 

Metabolic change of CYP450 enzymes

The metabolic ability of CYP450 was evaluated 
by a cocktail probe method. A mixture of six 
CYP450 probe drugs, bupropion, metoprolol, 
omeprazole, tolbutamide, phenacetin and tes-
tosterone (at concentrations of 10, 10, 10, 1, 
10, and 10 mg/kg, respectively) were adminis-
tered to rats by intragastric administration at 
the 10th week. 

Sample collection and preparation

After administration of the cocktail of six 
CYP450 probe drugs, 0.3 mL blood samples 
were collected into heparinized 1.5 mL centri-
fuge tubes from the caudal vein after 0.25, 0.5, 
1, 2, 3, 4, 6, 8, 12, and 24 h and immediately 
centrifuged at 8000 rpm for 10 min. 
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Subsequently, 0.1 mL plasma was drawn into a 
separate 1.5 mL centrifuge tubes. To this sam-
ple, 10 μL of the internal standard working solu-
tion (1.0 μg/mL) was added, and then 0.2 mL 
acetonitrile was added to precipitate the pro-
tein. The mixture was shaken for 30 s, centri-
fuged for 10 min at 15000 rpm, and 2 μL of the 
supernatant was injected into the UPLC-MS/
MS system for analysis.

Analytical condition 

The analytes were eluted within 3 min by gradi-
ent elution using 0.1% formic acid and acetoni-
trile at a flow rate of 0.4 mL/min using a BEH 
C18 column (2.1 mm×100 mm, 1.7 μm) at 
40°C. Nitrogen was used as the cone gas (50 
L/h) and the desolvation gas (1000 L/h). The 
mass conditions were set as follows: source 
temperature 150°C; capillary voltage 2.5 kV; 
and desolvation temperature 500°C.

Omeprazole, tolbutamide, bupropion, phenac-
etin, metoprolol, and testosterone and the IS 
were detected. The multiple reaction monitor-
ing (MRM) model was set as follows: m/z 
240.1→184.1 for bupropion, m/z 180.1→ 
109.9 for phenacetin, m/z 268.1→115.8 for 
metroprolol, m/z 346.1→ 197.8 for omepra-
zole, m/z 304.2→124.0 for testosterone, m/z 

271.2→155.1 for tolbutamide, and m/z 
285.1→193.1 for IS. 

Method validation

The dependent linear equations for bupropion, 
omeprazole, tolbutamide, phenacetin, meto-
prolol, and testosterone were constructed in 
the range of 10-10000 ng/mL (10, 50, 250, 
500, 1000, 2500, 5000, and 10000 ng/mL) by 
the ratios of peak area to concentrations. Three 
different quality-control (QC) samples (80, 800, 
and 8000 ng/mL) were prepared to validate 
the accuracy, precision, and recovery according 
to published literature [11]. Each validation run 
consisted of one set of calibration standards 
and six replicates of QC plasma samples.  

Pharmacokinetic analysis 

The plasma concentrations of probe drugs 
were determined by UPLC-MS/MS and the 
pharmacokinetic parameters were calculated. 
The time and concentrations were analyzed 
with a two compartment model and 1/cc weight 
coefficients using the Drug and Statistics 2.0 
software (DAS 2.0). The differences in the phar-
macokinetic parameters and blood biochemis-
try indexes between the two groups were ana-
lyzed by SPSS16.0. 

Table 1. Dynamic monitoring of blood biochemistry in cirrhosis group and control group (mean ± SD)
Index 0 Week (n=22) 2 Week (n=22) 4 Week (n=19) 6 Week (n=17) 8 Week (n=17) 10 Week (n=14)
TP Cirrhosis 61.2±6.6 58.9±6.8 61.2±9.5 62.3±7.3 61.6±3.8 63.8±7.4 

Control 61.2±6.9 60.4±6.6 62.2±5.6 60.1±5.8 58.2±4.1 58.4±4.4 
ALB Cirrhosis 37.0±7.3 34.0±2.3 33.5±6.8 33.7±5.9 33.3±2.2 32.0±4.2 

Control 37.1±7.6 36.1±6.8 37.1±7.0 35.2±6.2 33.7±5.4 33.1±5.6 
GLO Cirrhosis 23.4±4.5 24.8±5.2 27.6±5.7 28.6±4.0 28.2±4.3 31.7±4.0 

Control 23.2±4.6 22.6±4.3 23.0±4.6* 21.9±2.9** 20.8±2.0** 21.0±2.12** 
ALT Cirrhosis 81.1±19.2 301.3±90.5 422.1±99.6 398.5±182.3 512.2±348.1 380.2±180.0 

Control 77.7±10.8 69.3±19.8** 74.2±15.5** 71.0±19.8** 70.3±21.3** 58.1±17.9** 
AST Cirrhosis 181.7±51.1 438.2±247.7 735.6±203.7 743.3±481.8 647.6±494.1 627.0±483.8 

Control 182.4±38.4 207.8±22.5** 190.0±29.1** 223.8±35.7** 234.2±34.7** 230.6±33.7**

AKP Cirrhosis 110.5±17.6 242.7±88.2 277.4±157.3 358.9±132.4 347.1±160.9 327.31±135.9
Control 242.7±90.7 252.7±92.4** 214.8±57.5* 239.2±62.1* 258.1±51.7** 252.5±56.8 

BA Cirrhosis 6.9±2.6 19.6±7.2 29.4±18.3  30.3±19.8 38.0±32.3 33.8±37.3 
Control 8.4±3.6 11.7±5.8** 12.1±6.0* 12.4±6.2* 13.9±6.0** 13.8±6.4 

TBIL Cirrhosis 1.5±0.2 1.9±0.9 2.8±2.6 3.5±2.3 3.2±2.3 2.7±2.2 
Control 1.8±0.6 1.7±0.7 1.8±0.6 1.9±0.6 2.0±0.5 1.9±0.4 

CR Cirrhosis 23.0±3.6 27.9±6.2 25.6±5.4 24.5±3.0 24.8±3.3 21.8±2.0 
Control 21.9±2.9 20.1±1.9 20.0±2.00 19.9±2.0 23.8±2.3 20.0±2.5 

*P<0.05, **P<0.01.
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Pathological observation

All rats of the two groups were examined by 
pathological observation to validate the suc-
cess of the cirrhotic rat models. After pharma-
cokinetic study, the rats were anesthetized with 
10% chloral hydrate (i.p., 20 mg/kg), and then 
liver tissues were rapidly isolated and immersed 
into 4% w/v formaldehyde. Subsequently, histo-
logic sections of liver tissues were prepared by 

embedding in paraffin, and liver sections were 
stained with hematoxylin and eosin by routine 
hematein eosin (HE) method. 

Results 

Dynamic blood biochemistry changes

As shown in Table 1 and Figure 1, there were 9 
indexes of blood biochemistry analyzed in this 

Figure 1. Dynamic change of blood biochemistry in Cirrhosis rats (A: TP, ALB, GLO; B: ALT, AST, AKP; C: BA, TBIL, Cr).

Figure 2. The concentration-time curves of six probe drugs in rats of Cirrhosis-group and Control-group, bupropoin 
(A), metoprolol (B), omeprazole (C), phenacetin (D), tolbutamide (E), testosterone (F), Data were presented as mean 
± SD in each group.
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study including total protein (TP), albumin 
(ALB), globulin (GLO), alkaline phosphatase 
(AKP), alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), bile acid (BA), 
total bilrubin (TBIL), and creatinine (CR). The 
ALB level gradually decreased and GLO gradu-
ally increased, showing statistical differences 
starting at 4 weeks (P<0.05). Additionally, ALT, 
AST, AKP, and BA were obviously increased at 2 
weeks and maintained at a high level, with sig-
nificant statistical differences (P<0.01). The CR 
and TBIL were both unchanged indexes in this 
study, which indicated that there was no kidney 
function damaged during the modeling period.

Pharmacokinetics of probe drugs 

Using the UPLC-MS/MS method, the plasma 
concentrations of bupropion, metoprolol, ome- 
prazole, tolbutamide, phenacetin, and testos-
terone were determined. The concentration-
time curves and pharmacokinetic parameters 

of the six CYP450 probe drugs are shown in 
Figure 2 and Tables 2, 3. The concentrations of 
omeprazole, bupropion, metoprolol, phenace-
tin, and testosterone were all under the lowest 
detectable limit of the UPLC-MS/MS method 
after 8 hours in the control group, so the time 
profile of concentrations was presented from 0 
to 8 hours. 

According to the pharmacokinetic results calcu-
lated by DAS, there was no statistical differ-
ence in testosterone, and the MRT(0-t), MRT(0-∞), 
t1/2, and Tmax were not obviously increased or 
decreased. However, the pharmacokinetic 
parameters of the other five probe drugs were 
dramatically changed in the cirrhosis-group. 
Their AUC(0-t) and AUC(0-∞) were all increased and 
CL and Vz were decreased (P<0.05). The MRT(0-t), 
MRT(0-∞), and Tmax of bupropion, omeprazole, 
and phenacetin were all increased (P<0.01). 
For all except testosterone and tolbutamide, 
the t1/2z was increased. 

Table 2. Pharmacokinetic parameter of bupropoin, omeprazole, phenacetin in Control and Cirrhosis 
group (mean ± SD)

Parameters
Bupropoin Omeprazole Phenacetin

Control Cirrhosis Control Cirrhosis Control Cirrhosis
AUC(0-t) ug/L*h 1073.0±521.8 3135.8±926.1** 2916.0±2281.0 7039.5±3418.1** 3690.3±1533.0 13308.9±3756.7**

AUC(0-∞) ug/L*h 1155.2±546.6 5420.0±3076.3** 3005.5±2274.7 8712.8±4695.7** 3704.1±1535.1 24735.7±15800.5**

MRT(0-t) h 1.8±0.2 3.3±0.4** 1.6±0.3 3.0±0.5** 1.6±0.1 3.2±0.8**

MRT(0-∞) h 2.2±0.5 5.2±3.4** 2.1±0.6 5.0±2.4** 1.7±0.1 7.6±5.2**

T1/2z h 1.2±0.5 3.5±2.5** 1.6±0.8 2.8±1.7* 1.0±0.4 4.3±3.6**

Tmax h 0.8±0.4 2.7±0.9** 0.7±0.2 1.1±0.3** 1.0±0.2 2.54±1.55**

CLz L/h/kg 10.6±4.9 2.5±1.5** 4.2±1.6 1.5±0.9** 3.1±1.2 0.6±0.3**

Vz L/kg 19.7±12.1 10.0±5.4* 9.9±6.0 5.3±2.9* 4.8±2.9 2.1±0.9*

Cmax ug/L 500.6±184.1 648.4±174.7 1637.2±1266.9 1706.1±697.2 1955.9±14.7 2775.0±470.9**

*Compared with Control group P<0.05, **Compared with Control group P<0.01.

Table 3. Pharmacokinetic parameter of metoprolol, testosterone, tolbutamide in Control and Cirrhosis 
group (mean ± SD)

Parameters
Metoprolol Testosterone Tolbutamide

Control Cirrhosis Control Cirrhosis Control Cirrhosis
AUC(0-t) ug/L*h 3557.7±1309.9 7271.5±3348.7** 2884.5±806.7 4094.9±1799.5* 10419.4±1542.7 21863.8±2858.2**

AUC(0-∞) ug/L*h 3724.7±1294.6 12187.9±9595.4** 3167.3±945.1 4439.5±1824.4* 20072.1±7328.6 40316.5±17421.3**

MRT(0-t) h 2.7±0.3 3.0±0.6 2.4±0.7 2.6±0.4 5.7±0.4 5.5±0.7
MRT(0-∞) h 3.0±0.4 3.7±1.8 3.5±1.9 3.3±1.3 16.1±7.4 14.1±11.0
T1/2z h 1.4±0.3 2.7±2.1* 2.0±1.4 1.7±1.2 10.2±5.3 9.6±7.8
Tmax h 1.8±0.8 2.1±1.1 1.0±1.0 1.5±1.0 3.1±1.2 5.7±1.3**

CLz L/h/kg 2.9±1.0 1.4±1.2* 3.3±0.8 2.6±1.3 0.5±0.1 0.2±0.1**

Vz L/kg 6.5±3.1 3.7±1.8* 9.7±7.2 6.4±4.6 7.1±1.8 3.1±1.4**

Cmax ug/L 1171.9±582.8 1615.5±507.4* 1172.7±15.3 1193.8±461.7 1385.2±257.1 2529.6±440.4**

*Compared with Control group P<0.05, **Compared with Control group P<0.01.
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Morphological changes of liver 

The pathological examination of the liver sam-
ples revealed significant morphologic differ-
ences between the cirrhosis group and the con-
trol group. There was no morphologic damage 
observed in the control group specimens. The 
normal structure of hepatic lobules, portal 
area, and central vein could be observed clear-
ly. The hepatic cells were tightly connected and 
radically arranged along central veins. 

Compared with the control group, there were 
significant changes in the cirrhotic rats. The col-
lagen fibrils and hepatic cells exhibited signifi-
cant hyperplasia and there was liver cell cord 
derangement. The structures of hepatic lobules 
were disordered and difficult to recognize. 
There were congestion in hepatic sinusoid and 
central vein, and the normal structure of the 
portal phase disappeared, the regenerative 
nodules of hepatocytes were surrounded by the 
deposition of fibrous tissue. In summary, the 
pathology indicated that the liver cirrhotic 
model was successfully developed. The patho-
logical examination is shown in Figure 3.

Discussion 

According to the dynamic monitoring of blood 
biochemistry, the levels of ALT, AST, and AKP 
changed significantly compared with other 
blood indexes, which indicated there were a 
large number of liver cells damaged in the 
development of cirrhotic model. This effect was 
long lasting, as the level of ALT, AST, and AKP 
remained at a high concentration even at the 
end of experiment. Although there was sus-

tained liver cell damage, the fundamental func-
tions remained. For example, the synthetic 
function for proteins was not affected, as there 
was no significant reduction in protein synthe-
sis for TP and ALB. Nevertheless, the level of 
GLO was gradually increased in a statistically 
significant manner by 4 weeks (P<0.05), and 
continued to increase with modeling time. This 
change is consistent with the pathological 
examination that revealed evidence of cirrho-
sis, as shown in Figure 3. Compared with ALB, 
GLO was a more sensitive index for the develop-
ment of cirrhosis. Cr was previously confirmed 
as a sensitive index for kidney function. Since 
there was no change in Cr levels, we can con-
firm there was no kidney function damage in 
the cirrhotic rats. 

The blood biochemistry and pathological exam-
ination confirmed the liver cirrhosis. As there 
was no obviously low level of ALB and ascites, 
these cirrhotic rats were in early cirrhotic 
phase. However, the metabolic abilities of 
CYP450 enzymes were influenced significantly, 
as indicated by the pharmacokinetic results of 
the cocktail of probes. CYP450 enzymes par-
ticipate in the metabolism of most clinically 
administered drugs. Commonly, CYP1A2, 
CYP2B6, CYP2C9, CYP2C19, CYP2D6, and 
CYP3A4 are considered as six important meta-
bolic enzymes in humans [12]. The metabolic 
ability of these enzymes can be evaluated 
using probe drugs, such as phenacetin 
(CYP1A2), metoprolol (CYP2D6), testosterone 
(CYP3A4), tolbutamide (CYP2C9), omeprazole 
(CYP2C19), and bupropion (CYP2B6) [13]. In 
this study, except for testosterone, there were 

Figure 3. Morphological changes of liver in Cirrhosis-group (A) and Control-group (B). 
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significant changes in the pharmacokinetic 
parameters of the probe drugs in the cirrhotic 
rats. CYP3A4 is responsible for the metabolism 
of approximately 55% of marketed drugs, and it 
is one of the most abundant enzymes in the 
liver relative to the other five CYP450 enzymes 
[14]. Nevertheless, rats are different from 
humans, for example, CYP3A1 (the main CYP3A 
form in the rat liver) is not induced by rifampicin 
[15]. The species-specific differences may par-
tially explain why no pharmacokinetic parame-
ters were changed for testosterone.

Conclusions

In this study, a cirrhotic model of rat was suc-
cessfully developed by subcutaneous injection 
of CCl4. The dynamic monitoring of blood bio-
chemistry showed that the levels of ALT, AST, 
AKP, and BA were all increased significantly at 2 
weeks, and subsequently maintained at a high 
level. GLO gradually increased and was statisti-
cally different at 4 weeks. These blood bio-
chemistry indices can be used to monitor the 
development of cirrhosis. Moreover, the AUC(0-t), 
AUC(0-∞), MRT(0-t), MRT(0-∞), t1/2, and Tmax of four 
probe drugs, bupropoin, omeprazole, tolbuta-
mide, and metoprolol were all increased in cir-
rhotic rats, which indicated inhibition of the 
metabolic ability of CYP450 enzymes in the 
liver.
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