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 Background: Paeoniflorin is a monoterpene glycoside extracted from the roots of Paeonia lactiflora and is used in Chinese 
herbal medicine to treat hyperlipidemia. The aim of this study was to evaluate the effects of an enriched ex-
tract of paeoniflorin on cholesterol levels, hemodynamics, and oxidative stress in a hyperlipidemic rat model.

 Material/Methods: Male Sprague-Dawley rats were fed high-cholesterol diets and treated with three different doses of paeoniflo-
rin for 12 weeks. The effects of paeoniflorin treatment were assessed on cholesterol levels, cholesterol metab-
olism, red blood cell vascular flow using hemorheology, antioxidant enzymes, and expression of the rate-limit-
ing enzyme in the mevalonate pathway, 3-hydroxy-3-methylglutharyl-coenzyme A reductase (HMG-CoAR). Rat 
liver histology and immunohistochemical analysis were performed to evaluate the expression of nuclear factor 
erythroid 2–related factor 2 (Nrf2), cytochrome P450 7A1 (CYP7A1), and peroxisome proliferator-activated re-
ceptors (PPAR)-a. Protein expression HMG-CoAR, low-density lipoprotein receptor (LDLR), PPAR-a and CYP7A1 
was measured by Western blotting. Antioxidant activity in rat liver was determined by measuring superoxide 
dismutase (SOD) and malondialdehyde (MDA).

 Results: Serum and hepatic cholesterol, hepatic steatosis and the products of cholesterol metabolism were reduced by 
paeoniflorin treatment, which also reduced the activity of HMG-CoAR and upregulated the expression of LDLR, 
PPAR-a, and CYP7A1 expression, increased SOD, decreased MDA, and upregulated Nrf2 expression.

 Conclusions: The findings of this study in a rat model of hyperlipidemia have shown that paeoniflorin regulates hepatic cho-
lesterol synthesis and metabolism and may also protect the liver from oxidative stress.
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Background

Hyperlipidemia, including hypercholesterolemia and hypertri-
glyceridemia, is associated with reduced levels of high-densi-
ty lipoprotein (HDL) [1,2]. Due to changes in lifestyle and diet, 
hyperlipidemia is associated with obesity, ischemic heart dis-
ease, and diabetes mellitus [3]. Because hyperlipidemia is a 
risk factor for cardiovascular disease that can reduce life ex-
pectancy, control of hyperlipidemia is an important area of pre-
ventive medicine [4,5]. Currently, statin therapy is used in the 
medical treatment of hyperlipidemia, but there are several side 
effects of statins, including rhabdomyolysis, polyneuropathy, 
and hepatotoxicity [6–9]. In Chinese herbal medicine, alterna-
tive approaches are used for the treatment of hyperlipidemia.

Paeoniflorin is a monoterpene glycoside extracted from the 
roots of Paeonia lactiflora and is used in Chinese herbal med-
icine to treat hyperlipidemia [10]. Paeoniflorin also has va-
sodilator effects [11]. A previous study by our group showed 
that an enriched extract of paeoniflorin could reduce the level 
of blood lipids and protect hepatic function in hyperlipidemic 
mice mice on a diet containing egg yolk [12]. Paeoniflorin has 
also been shown to reduce cholesterol levels in the experimen-
tally-induced hyperlipidemia in Wistar rats [13].

Circulating plasma cholesterol levels depend on the balance 
among intestinal absorption, hepatic synthesis, and hepatic 
conversion into bile acids [14]. The enzyme 3-hydroxy-3-meth-
ylglutharyl-coenzyme A reductase (HMG-CoAR) is one of the 
most important enzymes involved in cholesterol biosynthesis 
in organisms and is the rate-limiting enzyme that synthesiz-
es cholesterol via mevalonic acid (MVA) [15]. When reduction 
of cholesterol synthesis occurs, cells begin to consume stored 
cholesterol, there is an increase in the number of low-densi-
ty lipoprotein receptors (LDLR) resulting in a decrease in lev-
els of total cholesterol (TC) and LDL-C, as well as influencing 
other lipid metabolic processes, with LDLR playing a vital role 
in the endocytosis of cholesterol [16].

Total cholesterol includes free cholesterol (FC) and choles-
terol esters (CE). Although hyperlipidemia is one of the com-
mon causes of nonalcoholic fatty liver disease, the liver is a 
vital organ in lipid metabolism, with peroxisome prolifera-
tor-activated receptors (PPAR)-a playing a significant role in 
the pathogenesis of hepatic steatosis and enhancing hepatic 
elimination of excess cholesterol [17]. The liver plays an im-
portant role in the synthesis and net excretion of cholesterol 
either directly as free cholesterol in the bile or after its con-
version into bile acid, initiated by cholesterol 7a-hydroxylase 
(CYP7A1) [18,19]. CYP7A1 plays an important role in choles-
terol metabolism [20,21].

Hyperlipidemia is associated with increased blood viscosity, 
which can increase the risk of platelet aggregation and throm-
bosis [22]. An increase in levels of total cholesterol (TC) and 
triglyceride (TG) increases cell membrane cholesterol, which 
could decrease the fluidity of red cell membranes and the de-
formation of erythrocytes, resulting in microcirculation distur-
bance, hypoxia, blood stasis, lowing hemorheology, reduction 
of blood flow, and increased blood viscosity. Nitric oxide (NO) 
is maintains hemodynamic balance in the cardiovascular sys-
tem and results in the relaxation of blood vessels, while nitric 
oxide synthase (NOS) catalyzes NO. Hyperlipidemia and ath-
erosclerosis restrain the production and release of NO, which 
leads to increased endothelin and vasoconstriction, which 
damage endothelial cells [23].

Oxidative free radicals are associated with lipid peroxidation, 
which leads to vascular endothelial damage, and is associat-
ed with atherosclerosis [24]. In the process of production of 
oxidized lipids, malondialdehyde (MDA) is the product of poly-
unsaturated fatty acids and an active oxygen reaction [25]. 
Superoxide dismutase (SOD) is an antioxidant enzyme with 
a level that reflects the ability of free radicals to remove oxy-
gen in the body [25]. Antioxidants such as nuclear factor ery-
throid 2–related factor 2 (Nrf2), which is a redox-sensitive tran-
scription factor that is activated under conditions of oxidative 
stress and activates a range of antioxidant and cytoprotective 
genes such as the SOD gene [26,27].

At this time, there have been few studies to investigate the 
mechanisms of action of paeoniflorin in the reduction of hy-
perlipidemia. Furthermore, it is still unclear whether paeoni-
florin also is effective in improving hemodynamic function and 
in protecting the liver from oxidative injury. Therefore, the aim 
of this study was to evaluate the effects of an enriched extract 
of paeoniflorin on cholesterol levels, hemodynamics, and ox-
idative stress in a hyperlipidemic rat model.

Material and Methods

Material and reagents

Paeoniflorin was obtained from Zelang Medical Technology Co. 
(Nanjing, Jiangsu, China) and the purity was 52% as detect-
ed by high-performance liquid chromatography (HPLC) analy-
sis (Figure 1). Simvastatin was obtained from Zhejiang Jingxin 
Pharmaceutical Co., Ltd. (Zhejiang, China) (Lot No: 0908221) 
and was dissolved in distilled water at 0.2 mg/ml as a posi-
tive control. Commercial kits used for determination of serum 
and total fecal cholesterol (TC), were obtained from Shanghai 
Fosun Long March Medical Science Co. Ltd (Shanghai, China). 
The liver TC, malondialdehyde (MDA), superoxide dismutase 
(SOD), nitric oxide (NO), and nitric oxide synthase (NOS) were 
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obtained from Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). Enzyme-linked immunosorbent assay (ELISA) 
kits for measuring hepatic 3-hydroxy-3-methylglutharyl-co-
enzyme A reductase (HMG-CoAR) activity, plasma free cho-
lesterol (FC) and cholesterol ester (CE) were obtained from 
Beijing Rigorbio Science Development Co. Ltd (Beijing, China). 
Hematoxylin (Lot No: 20140919), eosin (Lot No: 20140919) and 
Masson trichrome reagent (Lot No: 20140919) were purchased 
from Nanjing Technology Co., Ltd. (Jiangsu, China). Antibodies 
against peroxisome proliferator-activated receptor (PPAR)-a 
(Lot No: sc-9000), low-density lipoprotein receptor (LDLR) (Lot 
No: sc-11824) and nuclear factor erythroid 2–related factor 2 
(Nrf2) (Lot No: SC-722) were from Santa Cruz Biotechnology 
(CA, USA). Mouse and rabbit specific horseradish peroxidase 
(HRP)/diabenobenzidine (DAB), avidin-biotin complex (ABC) 
detection kit for immunohistochemistry (IHC) kit (Ab64264) 
were obtained from Abcam (Cambridge, MA, USA).

HPLC analysis of the purity of paeoniflorin

Paeoniflorin crude extract from Radix paeoniae rubra was ana-
lyzed with HPLC-diode array detection (DAD). Briefly, the pae-
oniflorin sample extract was diluted with methanol and filtered 
through a 0.22 mm membrane filter. The Agilent HPLC 1200 
(Agilent Technologies Inc., Palo Alto, CA, USA) was used to de-
terminate the content of paeoniflorin in extracts with the use 
of a C18 column (250×4.5 mm). The mobile phases consist-
ed of acetic acid and phosphoric acid solutions (19: 81, v/v); 

the solvent flow rate was 1 ml/min with a column tempera-
ture of 25 ºC. The injection volume was 5ml. The setting for 
the photodiode array detector was 230 nm with a total run-
ning time of 20 min. The HPLC chromatogram of the extracts 
is shown in Figure 1B.

Experimental animals and animal diets

Male Sprague–Dawley rats weighing 180–220 g were all pur-
chased from Zhejiang Academy of Medical Sciences Laboratory 
Animal Center (Certificate No: SCXK2008-0033, Zhejiang, 
China) and acclimated for at least one week. All animals were 
supplied with fresh water and standard rodent laboratory 
chow was available ad libitum, as well as daily inspection in 
a controlled room, with a temperature of 25±1°C, humidity of 
55±5°C, and a 12/12h light/dark cycle. All procedures were 
performed in strict compliance with the Peoples’ Republic of 
China Legislation on the Use and Care of Laboratory Animals 
and with the Animal Management Rules of the Health Ministry 
of China (Document No: 55,2001).

After one week all rats were randomly divided into six groups 
of ten animals each. The normal control group (NC) was fed 
basic diet (8.1% water, 18.6% protein, 5.3% fiber, 3.6% fat, 
1.54% calcium); the other groups were fed a high cholester-
ol diet (77.5% basic diet, 10% lard, 2% cholesterol, 0.5% so-
dium cholate, 10% dried egg yolk) [28]. The rats were ran-
domly divided into five groups as follows: a high cholesterol 
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Figure 1.  High-performance liquid chromatography (HPLC) diode array detection (DAD) analysis of paeoniflorin. (A) The route diagram 
of preparing paeoniflorin enriched extracts. (B) HPLC chromatogram of paeoniflorin extracts detected at 230 nm. ‘Peak a’ 
was identified to be paeoniflorin. (C) HPLC chromatogram of paeoniflorin standard substance detected at 230 nm. ‘Peak a’ 
was identified to be paeoniflorin.
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group (HC); a high cholesterol + simvastatin group (HC-S); a 
high cholesterol + high dose of paeoniflorin group (HC-PNH); 
a high cholesterol + medium dose of paeoniflorin group (HC-
PNM); a high cholesterol + low dose of paeoniflorin group (HC-
PNL), respectively.

Rats in the HC-PNH, HC-PNM, and HC-PNL groups were treat-
ed daily with paeoniflorin intragastrically (i.g.) at the doses of 
500 mg/kg, 300 mg/kg, and 100 mg/kg for twelve weeks. The 
NC group and the HC group of experimental animals were giv-
en the same volume of physiological saline for several weeks 
by intragastric administration. All animals were given free ac-
cess to food and water during the experimental period. Food 
intake and rat body weight were recorded daily.

During the experimental period, blood samples were drawn 
from the ophthalmic venous plexus at regular intervals and 
then centrifuged at 3,000 rpm for 10 min using a Thermo 
Scientific MicroCL 17 microcentrifuge (Thermo Ltd., Budapest, 
Hungary). At the end of the experiment, all animals had fecal 
collection to measure fecal cholesterol were then fasted for 
twelve hours before being sacrificed. Before death, blood sam-
ples were drawn from the ophthalmic venous plexus and di-
vided into two. One sample was directly centrifuged at 3,000 
rpm for 10 min for lipid analysis; the other sample was eval-
uated using hemorheology.

At post-mortem, the liver was excised from each rat, rinsed 
in ice-cold normal saline, gently blotted on filter paper, and 
fresh samples were taken of 0.5 gm in weight and stored in 
ice-cold normal saline; the remaining liver was fixed in 4% 
neutral-buffered formalin, processed, and sectioned for light 
microscopic evaluation.

Serum and hepatic lipid analysis

Concentrations of total cholesterol (TC) and low-density lipopro-
tein-cholesterol (LDLC) in serum were determined using com-
mercially available enzyme kits and analyzed with a Selectra E 
Chemistry Analyzer (Vital, Netherlands). Concentrations of TC in 
the liver were determined using a PowerWave 340 absorbance 
microplate reader (Biotek Medical Device Co.Ltd., VT, USA).

Products of cholesterol metabolism: fecal TC and CE

The fecal samples of the rats were homogenized in cold sa-
line (1g feces in 9ml of normal saline) and then centrifuged 
at 3,500 rpm for 10 min, and the supernatants were collected. 
The concentrations of fecal TC were determined using com-
mercially available enzyme kits and analyzed with a Selectra 
E Chemistry Analyzer (Vital, Netherlands). The concentrations 
of fecal FC and CE were measured using commercial radioim-
munoassay kits (Beijing Rigorbio Science Development Co., Ltd, 

Beijing, China) by Thermo LabSystems Multiskan MK3 (Thermo 
Fisher Scientific Inc. MA, USA).

Hemorheology analysis

Blood samples (5 ml) from the fundus vein plexus, were hep-
arinized to anticoagulate the samples. Whole blood viscosity 
was determined and the whole blood reductive viscosity under 
high, middle and low shear force were analyzed from 1 ml an-
ticoagulated blood, respectively using an LBY-N6B Automatic 
Hemorheological Tester (Beijing Precil Instrument Co., Ltd., 
Beijing, China), and the remaining anticoagulated blood was 
used to determine plasma viscosity.

Liver antioxidant profiles

The liver tissues were homogenized in cold saline (1 gm liv-
er tissue in 9 ml of normal saline) and then centrifuged at 
3,000 rpm for 20 min, and the supernatants were collected. 
The Coomassie blue protein binding method was used to de-
termine the protein concentrations using bovine serum al-
bum as a standard [29]. The levels of MDA and the activity of 
SOD were measured according to the manufacturer’s speci-
fication (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China) [29,30].

Serum measurements of nitric oxide (NO) and activity of 
nitric oxide synthase (NOS)

Fresh blood (1 ml) was centrifuged at 3,000 rpm for 10 min at 
room temperature. The concentration of NO and the NOS ac-
tivity were determined using a nitrate reductase kit and NOS 
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
and a PowerWave 340 absorbance microplate reader (Biotek 
Medical Device Co.Ltd., VT, USA).

Measurement of 3-hydroxy-3-methylglutharyl-coenzyme A 
reductase (HMG-CoAR) activity

The hepatic HMG-CoAR activities were measured using com-
mercial radioimmunoassay kits (Beijing Rigorbio Science 
Development Co., Ltd. Beijing, China) and a Thermo LabSystems 
Multiskan MK3 (Thermo Fisher Scientific Inc. MA, USA).

Rat liver histopathology and immunohistochemistry (IHC)

Fresh rat liver was fixed in 4% neutral-buffered formalin, pro-
cessed and embedded using an EC360 Tissue Embedder (Meiko, 
Germany) and cut into 4 mm sections using a LEICA ARM2245 
tissue sectioning machine (Leica, Germany) and stained with 
hematoxylin and eosin (H&E) and Masson trichrome.

3415
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Hu H. et al.: 
Paeoniflorin and choleterol metabolism…
© Med Sci Monit, 2017; 23: 3412-3427

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Immunohistochemistry (IHC) was performed using the mouse 
and rabbit specific HRP/DAB (ABC) detection kit were used for 
the development localization reaction to primary antibodies to 
PPARa, CYP7A1 and Nrf2 in hepatic tissues, which were then 
were counterstained with hematoxylin. Light microscopy was 
performed using a Leica B5-223IEP (Leica, Germany).

Western blots

Samples were collected and lysed in RAPI buffer (Solarbio, 
Beijing, China) with a protease/phosphatase inhibitor (Cell 
Signaling Technology, Canada). After treatment on ice for 30 
min, lysates centrifuged at 12,000 rpm for 15 min at 4°C, and 
the protein content was measured using a BCA protein assay 
kit (Beyotime, Jiangsu, China).

Protein samples were mixed with 5×loading buffer (Beyotime, 
Jiangsu, China). The samples were separated by SDS-PAGE and 
electrotransferred onto polyvinylidene difluoride (PVDF) mem-
branes (Pall Corporation, Mexico). The membranes were blocked 
with BSA blocking buffer for two hours at room temperature, 
incubated overnight at 4°C with the primary antibodies (Santa 
Cruz Biotechnology, USA or Cell Signaling Technology, Canada) 
in PBST. After washing, the membranes were incubated with the 
appropriate secondary antibody (Santa Cruz Biotechnology, USA) 
for 30 min. The membranes were incubated with streptavidin 
HRP (Thermo, USA) for 30 min after washing. The blotted pro-
tein bands were detected using a chemiluminescent substrate kit 
(Bio-Rad, USA). The signal intensity of blotting was normalized 
to the Western signal of the corresponding total protein. Relative 
intensities of protein bands were analyzed by Image J software.

Statistical analysis

All values are expressed as the mean ± standard deviation 
(SD) and subjected to one-way analysis of variance (ANOVA) 
by using SPSS 19.0 for Windows. The least significant differ-
ence (LSD) t-tests were applied when homogeneity of variance 
assumptions were satisfied. Otherwise, the Dunnett’s t-test 
was used. The value of P<0.05 was considered to be statisti-
cally significant.

Results

Changes in rat body weight

As shown in Figure 2, the initial body weight of the six groups 
of rats showed no significant difference, while five groups fed 
high-cholesterol diet (HC, HC-S, HC-PNH, HC-PNM, HC-PNL) were 
heavier than the normal control (NC) group fed basic diet from 
the ninth day. The data suggested that a high-cholesterol diet 
in the longterm could cause weight gain.

Serum and hepatic lipids

As shown in Figure 3A, rats fed a high cholesterol diet from the 
fifth week, showed serum levels of total cholesterol (TC) in the 
HC group were greater than that of the NC group (P<0.01), in-
dicating that the hypercholesterolemic model was successful-
ly established. However, the serum levels of TC in all the three 
groups treated with paeoniflorin (HC-PNH, HC-PNM, HC-PNL) 
were significantly reduced by 18.67%, 31.92%, and 23%, re-
spectively (P<0.05) after treatment with paeoniflorin for five 
weeks, when compared with the HC group. Furthermore, af-
ter treatment with paeoniflorin for eleven weeks, the serum 
levels of TC in these groups (HC-PNH, HC-PNM, HC-PNL) were 
significantly reduced by 31.99%, 34.64%, 17.38%, respective-
ly (P<0.05), compared with the HC group.

As shown in Figure 3B, the hepatic levels of TC in the HC-PNH, 
HC-PNM, and HC-PNL groups were significantly reduced by 
22.58%, 30.77%, 23.95%, respectively when compared with 
the HC group. These data suggested that paeoniflorin could 
reduce cholesterol levels.

As shown in Figure 3C, in rats fed high-cholesterol diets from 
the third week, the serum levels of LDLC in the HC group were 
significantly greater than that of the NC group (P<0.05), indi-
cating that the hypercholesterolemic model was successfully 
established. However, the serum levels of LDLC in all the three 
groups treated with paeoniflorin (HC-PNH, HC-PNM, HC-PNL) 
were significantly reduced by 26.83%, 43.40%, and 30.63%, 
respectively (P<0.05) following treatment with paeoniflorin 
for five weeks, compared with the HC group. Furthermore, af-
ter administration paeoniflorin for eleven weeks, the serum 
levels of LDLC in the groups treated with paeoniflorin signifi-
cantly declined by 36.43%, 44.08%, and 15.70%, respectively 
(P<0.05), compared with the HC group.

The products of cholesterol metabolism

The changes in free cholesterol (FC) and cholesterol ester (CE) in 
each group are shown in Figure 4A and Figure 4B. When com-
pared with the NC group, the plasma FC and CE in the HC groups 
were significantly increased (P<0.01). However, the three differ-
ent doses of paeoniflorin reduced plasma FC by 16.27%, 14.95%, 
and 22.88%, respectively (P<0.01), and also reduced the plas-
ma CE by 13.45%, 14.84%, and 19.94%, respectively (P<0.01).

The concentrations of fecal TC in each group are shown in 
Figure 4C. When compared with the HC group, the concentra-
tions of fecal TC in the group treated with paeoniflorin were 
increased, while the concentrations of plasma CA, as shown 
in Figure 4D, decreased significantly by 23.80%, 34.92%, 
and19.01%, respectively (P<0.05). These results showed that 
paeoniflorin could promote the metabolism of cholesterol.
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Hemorheology

As shown in Figure 5A and Figure 5B, in rats fed a high-cho-
lesterol diet for the twelve weeks, the whole blood viscosity 
(WBV) and the whole blood reductive viscosity (WBRV) in the 
HC group were significantly greater when compared with the 
NC group (P<0.05), while the WBV and WBRV in all the three 
groups treated with paeoniflorin (HC-PNH, HC-PNM, HC-PNL) 
were reduced.

As shown in Figure 5C, the plasma viscosity (PV) in the HC 
group was increased, compared with the NC group, but in the 
treated HC-PNM group PV was reduced by 4.53%. These data 
demonstrated that paeoniflorin could improve hyperviscosity 
induced by a high-cholesterol diet.

Superoxide dismutase (SOD) and malondialdehyde (MDA)
in serum and liver

The changes in SOD and MDA in each group are shown in 
Figure 6A and Figure 6B. When compared with the NC group, 
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Figure 3.  Hyperlipidemia lowering effects of paeoniflorin on total cholesterol (TC) and (low-density lipoprotein-cholesterol) LDL-C 
in rats fed a high cholesterol diet. (A) The effect on serum TC. The serum TC was measured at 3w, 5w, 7w, 11w, 12w after 
paeoniflorin treatment. The data are expressed as mean ±SD (n=9–10). (B) The effect on hepatic TC. The hepatic total 
cholesterol was measured after the last paeoniflorin treatment. The data are expressed as mean ±SD (n=9–10). (C) The 
effect on serum LDL-C. The serum LDL-C was measured at 3w, 5w, 7w, 11w, 12w after paeoniflorin treatment. The data are 
expressed as mean ±SD (n=9–10). G1=NC: normal control group; G2=HC: high cholesterol group; G3=HC-S: high cholesterol 
with simvastatin group; G4=HC-PNH: high cholesterol with 500 mg/kg paeoniflorin group; G5=HC-PNM: high cholesterol with 
300 mg/kg paeoniflorin group; G6=HC-PNL: high cholesterol with 100 mg/kg paeoniflorin group. # P<0.05, ## P<0.01 vs. NC 
group, * P<0.05, ** P<0.01 vs. HC group.
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the activity of hepatic SOD in the HC group were significant-
ly lower (P<0.01), while the levels of MDA were significantly 
greater (P<0.05). However, the three different doses of paeoni-
florin in the rats fed high-cholesterol diet significantly reduced 
hepatic SOD by 10.94%, 22.98%, and 18.80%, respectively and 
also significantly reduced the hepatic MDA by 6.01%, 13.23%, 
and 8.77%, respectively. As shown in Figure 6C and Figure 6D, 
in the HC-PNM group, the concentration of serum NO and the 
activity of serum NOS were significantly increased, 60.85% and 
14.73%, respectively, compared with the HC group.

Hepatic HMG-CoAR activity

As shown Figure 7, the hepatic HMG-CoAR activities were sig-
nificantly greater in the HC group as compared with that of the 
NC group. However, in all the three groups, paeoniflorin treat-
ment had a significant inhibitory effect on the hepatic HMG-
CoAR activity of rats fed a high cholesterol diet (P<0.05). These 

results suggested that paeoniflorin could inhibit the biosyn-
thesis of cholesterol.

Macroscopic hepatic morphology

The livers of the NC group rats, had a normal color, while the 
livers of the HC group rats were enlarged in size with a pale 
color. The livers of the three groups treated with paeoniflorin 
were more normal in appearance than the HC group.

Microscopic hepatic morphology

The livers of the NC group rats, showed normal hepatic histolo-
gy, with normal hepatocytes, no cell enlargement, no inflamma-
tion, no fatty change, and no necrosis, as shown in Figure 8A. 
Liver histology of the rats fed high-cholesterol diets showed fat-
ty change (steatosis) with cytoplasmic lipid vacuoles and an in-
flammatory cell infiltrate (steatohepatitis) as shown in Figure 8B.
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Figure 4.  Effect of paeoniflorin treatment on cholesterol metabolism in rats. (A) The effect on plasma fecal cholesterol (FC). The data 
are expressed as mean ±SD (n=12). (B) The effect on plasma cholesterol ester (CE). The data are expressed as mean ±SD 
(n=12). (C) The effect on total fecal cholesterol (TC). The data are expressed as mean ±SD (n=12). (D) The effect on plasma 
CA. The data are expressed as mean ±SD (n=12). G1=NC: normal control group; G2=HC: high cholesterol group; G3=HC-S: 
high cholesterol with simvastatin group; G4=HC-PNH: high cholesterol with 500 mg/kg paeoniflorin group; G5=HC-PNM: high 
cholesterol with 300 mg/kg paeoniflorin group; G6=HC-PNL: high cholesterol with 100 mg/kg paeoniflorin group. # P<0.05, 
## P<0.01 vs. NC group, * P<0.05, ** P<0.01 vs. HC group.
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As shown in Figure 8C, simvastatin resulted in no obvious ef-
fect on hepatic steatosis. In addition, as presented in Figure 
8E and Figure 8F, the quantity of lipid droplets and inflamma-
tory cells in the HC-PNM and HC-PNL group (300 mg/kg body 
weight and 100 mg/kg body weight per day) were reduced 
when compared with the HC group, suggesting that paeoniflo-
rin could reduce the accumulation of lipid droplets and inhibit 
inflammation, thereby having a protective effect on the liver.

Implications of these results on targets of paeoniflorin in 
the reduction of hyperlipidemia

The results of this study can be summarized, based on the 
understanding that HMG-CoAR is the rate-limiting enzyme 
in the synthesis of cholesterol, while CYP7A1 is the rate-lim-
iting enzyme in the classic pathways of bile acid enzymes. 
The Western blotting results for HMG-CoAR, LDLR, PPARa and 
CYP7A1 are presented in Figure 9A. The protein expressions 
of PPARa and LDLR were found to be significantly lower in 
the HC group compared with the NC group. HMG-CoAR was 
markedly upregulated. However, paeoniflorin treatment sig-
nificantly inhibited the expression of HMG-CoAR (Figure 9B), 

as well as increasing the activation of LDLR (Figure 9C), PPARa 
(Figure 9D), and CYP7A1(Figure 9E). The results of immunohis-
tochemistry analysis of the protein expressions of Nrf2, PPARa 
and CYP7A1 are presented in Figure 10, which were lower in 
the HC group compared with the NC group. However, paeoni-
florin treatment upregulated the expression of Nrf2, PPARa 
and CYP7A1. Figure 11 shows that paeoniflorin could regulate 
synthesis and metabolism of cholesterol, hemodynamic and 
oxidative stress, as well as prevent hepatic injury.

Discussion

Paeoniflorin is a monoterpene glycoside extracted from the 
roots of Paeonia lactiflora and is used in Chinese herbal med-
icine to treat hyperlipidemia. In this study, in a hyperlipidemic 
rat model, serum and hepatic cholesterol, hepatic steatosis and 
the products of cholesterol metabolism were reduced by pae-
oniflorin treatment, which also reduced the activity of 3-hy-
droxy-3-methylglutharyl-coenzyme A reductase (HMG-CoAR) 
and upregulated the expression of low-density lipoprotein 
receptor (LDLR), peroxisome proliferator-activated receptors 
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Figure 6.  Effect of paeoniflorin treatment on antioxidant profiles and vasoactive substance in rats. (A) The effect on plasma superoxide 
dismutase (SOD). The data are expressed as mean ±SD (n=10). (B) The effect on plasma malondialdehyde (MDA). The data 
are expressed as mean ±SD (n=10). (C) The effect on serum nitric oxide (NO). The data are expressed as mean ±SD (n=10). 
(D) The effect on serum nitric oxide synthase (NOS). The data are expressed as mean ±SD (n=10). G1=NC: normal control 
group; G2=HC: high cholesterol group; G3=HC-S: high cholesterol with simvastatin group; G4=HC-PNH: high cholesterol 
with 500 mg/kg paeoniflorin group; G5=HC-PNM: high cholesterol with 300 mg/kg paeoniflorin group; G6=HC-PNL: high 
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Figure 7.  Effect of paeoniflorin on activity of 3-hydroxy-3-
methylglutharyl-coenzyme A reductase (HMG-CoAR). 
The data are expressed as mean ±SD (n=7–8). G1=NC: 
normal control group; G2=HC: high cholesterol 
group; G3=HC-S: high cholesterol with simvastatin 
group; G4=HC-PNH: high cholesterol with 500 mg/
kg paeoniflorin group; G5=HC-PNM: high cholesterol 
with 300 mg/kg paeoniflorin group; G6=HC-PNL: high 
cholesterol with 100 mg/kg paeoniflorin group. # 
P<0.05, ## P<0.01 vs. NC group, * P<0.05, ** P<0.01 vs. 
HC group.
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Figure 8.  Effect of paeoniflorin on hepatic tissue morphology in rats fed a high-cholesterol diet. Photomicrographs of liver tissue 
sections stained with hematoxylin and eosin (H&E). The arrow in the pictures indicates fat droplets or inflammatory cells. 
Liver histology is shown from the following groups: (A) Normal control group (NC). (B) High cholesterol group (HC). (C) High 
cholesterol with simvastatin group (HC-S). (D) High cholesterol with 500 mg/kg paeoniflorin group (HC-PNH). (E) High 
cholesterol with 300 mg/kg paeoniflorin group (HC-PNM). (F) High cholesterol with 100 mg/kg paeoniflorin group (HC-PNL).
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Figure 9.  The potential drug targets for regulating blood lipids by paeoniflorin. (A) The expression of protein. (B) The quantification 
analysis of Western blot. The data are expressed as mean ±SD (n=3). G1 – normal control group; G2 – model control group; 
G3 – paeoniflorin group. # P<0.05, ## P<0.01 vs. normal control group, * P<0.05, ** P<0.01 vs. model control group.

(PPAR)-a, and cytochrome P450 7A1 (CYP7A1) expression, in-
creased superoxide dismutase (SOD), decreased malondialde-
hyde (MDA), and upregulated nuclear factor erythroid 2-relat-
ed factor 2 (Nrf2) expression.

A high cholesterol diet leading to hyperlipidemia is regarded as 
an important factor in the development of ischemic heart dis-
ease, and so far the focus has mainly been on the systemic and 
coronary vascular effects of cholesterol [31,32]. Hyperlipidemia 
is the major cause of cardiovascular disease [33], which is the 
leading cause of mortality in industrialized countries and has 
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Figure 10.  Effect of nuclear factor erythroid 2–related factor 2 (Nrf2), peroxisome proliferator-activated receptors (PPAR)-a, and 
cytochrome P450 7A1 (CYP7A1) exposure on hepatic cells in the hyperlipidemia rat model. G1 – normal control group; 
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Figure 11.  Regulation of the synthesis and 
metabolism of cholesterol, and the 
effects of paeoniflorin enriched 
extract on hemodynamic and 
oxidative stress.
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Figure 10.  Effect of nuclear factor erythroid 2–related factor 2 (Nrf2), peroxisome proliferator-activated receptors (PPAR)-a, and 
cytochrome P450 7A1 (CYP7A1) exposure on hepatic cells in the hyperlipidemia rat model. G1 – normal control group; 
G2 – model control group; G3 – paeoniflorin group.
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become a global problem [34]. In China, medicinal plants that 
reduce hyperlipidemia may be useful in decreasing the risk of 
the development of cardiovascular disease.

In the establishment of hyperlipidemia animal model, the rela-
tively common modeling methods include feeding a high-cho-
lesterol diet [35], a high-lipid emulsion [36], intraperitoneal 
injection of egg yolk emulsion [12], and intravenous infusion 
of the lipoprotein lipase inhibitor, Triton WR1339 [37,38]. In 
this study, a hyperlipidemic rat model was chosen to inves-
tigate the effects of the traditional Chinese herbal medicine, 
paeoniflorin, which is used to treat hyperlipidemia. The ad-
vantages of this model over other models of hyperlipidemia, 
including egg yolk emulsion and Triton WR1339, is that our 
model more closely mimics dietary hyperlipidemia seen in hu-
mans. The most appropriate animal model of hyperlipidemia 
should be similar to human disease, have a high reproducibil-
ity, and should be simple to perform. Therefore, a high-cho-
lesterol diet was used to establish an animal model of hyper-
lipidemia in this study.

Previous studies have shown that rats who were fed a high-
cholesterol diet for 16 weeks showed a significant increase in 
serum levels of total cholesterol (TC) and low-density lipopro-
tein cholesterol (LDLC) [39], which was consistent with the find-
ings of our study, demonstrating that the hypercholesterolemic 
model was successfully established. Hyperlipidemia is a seri-
ous condition that requires treatment in humans, because it is 
strongly associated with the development of atherosclerosis, 
atherothrombosis, and ischemic heart disease (IHD), includ-
ing myocardial infarction (MI) [34,40]. Our study demonstrates 
that paeoniflorin could effectively reduce the levels of serum 
and hepatic TC in rats fed a high cholesterol diet. HGowever, 
this study did not show that paeoniflorin had a dose-depen-
dent effect, and the reasons for this are unclear.

The enzyme 3-hydroxy-3-methylglutharyl-coenzyme A reduc-
tase (HMG-CoAR) is the key enzyme in the biosynthesis of cho-
lesterol, and its inhibitors are very effective in reducing serum 
cholesterol on most animal species, including humans [41–43]. 
In our study, when compared with the high cholesterol group, 
the activity of HMG-CoAR was reduced by 62.42%, 61.99%, 
and 56.40%, respectively in the three groups of paeoniflorin 
treated rats with different treatment doses. Paeoniflorin treat-
ment significantly inhibited the expression of HMG-CoAR, in-
dicating that the decrease in cholesterol levels of animals ad-
ministrated with paeoniflorin might be partially attributable 
to the attenuation of the hepatic HMG-CoAR activity. During 
the consumption of stored hepatic cholesterol, the increase 
in the number of low-density lipoprotein receptors (LDLR) and 
activity in liver cells. Our results demonstrated that paeoniflo-
rin treatment significantly upregulated the expression of LDLR, 
reducing the levels of TC and LDL-C.

The acceleration of cholesterol metabolism could effectively 
reduce cholesterol levels [44]. Bile acids are synthesized from 
cholesterol in the liver and are eventually released into the 
small intestine, recovered, and then returned to the liver for 
reuse [45]. The hepatic conversion of cholesterol into bile ac-
ids and then the subsequent excretion of bile acids into the 
feces represent the major route for cholesterol excretion that 
is important in whole-body sterol homeostasis [46]. CYP7A1 is 
the rate-limiting enzyme for classic synthetic pathways of bile 
acid enzymes that play an important systemic role in main-
taining the body cholesterol metabolism balance. In our study, 
we discovered that the administration of paeoniflorin could 
increase the concentrations of fecal TC and decrease the con-
centrations of plasma FC and CE, and significantly upregulated 
the expression of CYP7A1, indicating that paeoniflorin could 
inhibit the absorption of cholesterol in the gut to lower the 
concentrations of FC and CE.

Liver cells are involved in many stages of lipid metabolism, 
and it is possible that hyperlipidemia drives the development 
of fatty liver (steatosis) [47,48]. PPARa plays a significant role 
in the pathogenesis of hepatic steatosis. Our results indicated 
that the concentration of hepatic TC was lowered by 30.77% 
in paeoniflorin treatment group (300 mg/kg body weight per 
day), as well as significantly upregulating the expression of 
PPARa. We also observed that the quantity of lipid droplets 
and inflammatory cells in the HC-PNM group were significant-
ly lower than those of HC group, suggesting that paeoniflorin 
plays an important role in preventing hepatic steatosis of rats 
fed a high-cholesterol diet.

Oxidative stress is the unifying mechanism for many cardiovas-
cular diseases risk factors, especially in atherogenesis [49,50]. 
In the plasma, an antioxidant defense system normally exists 
that consists of enzymes and non-enzymatic compounds that 
prevent oxidative damage of lipoproteins [51]. SOD is one of 
the key enzymes involved in the oxidative defense system [52]. 
Nrf2 and the antioxidant responsive element system act as es-
sential antioxidant pathways that play crucial roles in various 
diseases. Cholesterol-rich diets have varying effects on lipid 
peroxidation, cholesterol oxides, and antioxidant enzymes [53]. 
Following a high cholesterol diet, oxidative changes in the 
plasma and cardiovascular system have been shown to play 
an additive role in the formation of atheromatous plaques in 
rabbit aorta [54]. A previously reported study has shown that 
extracts from Ajuga iva increased the antioxidant enzyme ac-
tivity in red blood cells of rats fed a cholesterol-rich diet [55]. 
MDA is derived from lipid peroxides, and changes in MDA con-
centration reflects changes in lipid oxidation level which may 
be predictive of atherosclerotic events [56]. Our results dem-
onstrated that paeoniflorin could recover the activity of SOD 
and lowered the levels of MDA in the liver, as well as signifi-
cantly upregulating the expression of Nrf2, demonstrating that 
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it has an inhibitory role in inhibiting oxidative stress induced 
by a high cholesterol diet.

Nitric oxide (NO) plays a regulating function of the cardiovas-
cular system and maintains hemodynamic balance; vascular 
injury associated with atherogenesis that can be inhibited by 
nitric oxide [57]. A high-cholesterol diet decreases nitric oxide 
synthase (NOS) activity in erythrocytes from rats [58]. Plasma 
viscosity and whole-blood viscosity were related to prevalent 
cardiovascular disease, triglyceride, HDL cholesterol, and cho-
lesterol with very low-density lipoprotein (VLDL) [59]. Our re-
sults suggest that paeoniflorin at a dose of 300mg/kg body 
weight per day could improve blood viscosity of rats fed a 
high-cholesterol diet. In our study, we found that paeoniflorin 
at a dose of 300mg/kg body weight per day could significantly 

enhance the levels of NO in serum, which suggests that pae-
oniflorin could also have a protective role in the vasculature.

Conclusions

The findings of this study in a rat model of hyperlipidemia 
have shown that paeoniflorin regulates hepatic cholester-
ol synthesis and metabolism and may also protect the liver 
from oxidative injury.
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