
 

 

 University of Groningen

Therapeutic effects of the traditional medicinal plant Ipomoea stolonifera for the treatment of
liver diseases
Bai, Xueting

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bai, X. (2016). Therapeutic effects of the traditional medicinal plant Ipomoea stolonifera for the treatment of
liver diseases. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/e04c5876-00e5-40f6-b9d8-e855370a799b


 

105 
 

 

Chapter 5 

Short and early treatment with esculetin effectively 

ameliorates CCl4-induced liver injury and fibrosis in mice 

 
 
 
 
 
 
 
 
 
 
 
 

Xueting Bai1, 2, Bozhi Cai3, Peixuan Yang4, He Chen1, Weidong Chen, Yongdong 
Niu1, Han Moshage2, Klaas Nico Faber2*, Ganggang Shi1* 

 
 
 
1Dept. Pharmacology, Shantou University Medical College, Shantou, China; 2Dept. 
Hepatology and Gastroenterology, University Medical Center Groningen, University 
of Groningen, Groningen, the Netherlands; 3Laboratory of Molecular Cardiology, The 
First Affiliated Hospital of Shantou University Medical College, Shantou, China; 
4Health Care Center, The First Affiliated Hospital of Shantou University Medical 
College, Shantou, China. 

 
 
 

Manuscript in preparation 
  



Chapter 5     

106 
 

Abstract 

Background: Liver fibrosis develops as a result of chronic liver injury, as in viral 
hepatitis, autoimmune hepatitis, alcoholic and non-alcoholic steatohepatitis 
((N)ASH). Fibrosis is a result of excessive extracellular matrix production, including 
collagens, by hepatic myofibroblasts. Fibrosis is largely reversible, but when liver 
injury persists may progress to cirrhosis and hepatocellular carcinoma. No 
drug-based therapy is available to treat liver fibrosis. Esculetin is present in many 
medicinal plants and harbors hepatoprotective properties. Here, we analyzed the 
optimal timing and delivery-route to ameliorate CCl4-induced liver injury and 
fibrosis in mice. 

Methods：Kunming mice were treated for 4 weeks with CCl4 with 1-week esculetin 
co-treatment either in week 2, week 3 or week 4. Esculetin was administered by i.p. 
injection (10 mg/kg for 7 consecutive days) or by i.v. injection (6 mg/kg for 5 
consecutive days). Animals were sacrificed 48 h after the last CCl4 injection. Liver 
tissue was harvested for histological analysis, protein and RNA isolations, and serum 
samples were collected for biochemical parameters. 

Results: CCl4 strongly induced serum transaminases (AST and ALT) and hepatic 
Collagen 1a1 and a-SMA expression in mice. Esculetin most effectively suppressed 
CCl4-induced AST and ALT when it was administered in the 2nd week of the 4-week 
CCl4 treatment. Intravenous esculetin most effectively reduced Collagen1a1 and Acta2 
(encoding a-SMA) expression; the earlier it was administered the stronger the 
suppression of fibrotic markers. Collagen deposition was reduced in mice treated 
with esculetin in the 2nd week of the 4-week CCl4 liver toxicity model. 

Conclusions: Esculetin provides long-lasting protection against CCl4-induced liver 
injury and fibrosis in mice and this natural compound is therefore a relevant drug 
candidate for the prevention and treatment of chronic liver disease. 
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Introduction 

Chronic liver diseases, such as viral hepatitis, autoimmune hepatitis and 
(non-)alcoholic liver disease ((N)ASH), invariably lead to liver fibrosis [1-3]. Liver 
fibrosis develops due to an uncontrolled wound healing response to chronic injury 
and is characterized by the deposition of excessive amounts of extracellular matrix 
proteins, particularly collagens and fibronectins, between hepatic cells. This impairs 
blood flow through the liver and disrupts the hepatic architecture resulting in 
reduced liver function and portal hypertension. Damage to the liver leads to the 
production of pro-inflammatory cytokines, chemokines, growth factors and reactive 
oxygen species. These conditions induce the transdifferentiation of quiescent hepatic 
stellate cells (HSC) into migratory and proliferative myofibroblasts that produce 
excessive amounts of extracellular matrix proteins and are characterized by high 
expression of α smooth muscle actin (α SMA) [4, 5]. Both animal and human studies 
have shown that fibrosis is largely reversible and that, upon removal of the 
underlying cause, hepatic fibrosis resolves, reestablishing a near-normal liver 
architecture. However, upon continued liver injury, fibrosis may progress to 
cirrhosis, where the excessive ECM deposition leads to irreversible scarring of the 
liver that can cause liver failure and predisposes to liver cancer [6, 7]. Hepatocellular 
carcinoma is a leading cause of liver-related mortality in patients with cirrhosis [8-10]. 
At present, liver transplantation is the only available treatment for liver failure and 
primary liver cancer. Thus, there is a need for drug-based therapies that ameliorate 
and preferably reverse liver fibrosis. A critical parameter for the clinical success of 
effective anti-fibrotic drug is not only its potency to prevent, suppress and/or reverse 
liver fibrosis, but also that single doses (or short treatment periods) have long lasting 
effects.  

Esculetin, or 6,7-dihydroxycoumarin, is present in many different plants with 
medicinal properties, including Fraxinus rhynchophylla[11], Artemisia scoparia, 
Artemesia capillaris, and in the leaves of Citrus limonia [12, 13]. Various therapeutic 
properties have been assigned to esculetin, including anti-antioxidant, 
anti-inflammatory and anti-tumor activities [14-16]. With respect to liver disease, 
esculetin has been shown to protect against acute [17, 18] and chronic [19] liver injury 
and it suppresses the development of liver cancer as well [20, 21]. Esculetin is a 
non-competitive inhibitor of lipoxygenases (5-lipoxygenase (5-LO) and 12/15-LO) 
and inhibition of 5-LO suppresses HSC proliferation and activation [22]. We have 
recently shown that esculetin strongly suppresses HSC proliferation and activation in 
vitro as well as CCl4-induced liver fibrosis in C57BL/6 mice (Chapter 4). Esculetin 
was given daily intraperitoneally (i.p.) in the final 2 weeks of a 4-week CCl4 
treatment and completely blocked fibrosis progression as established after the first 2 
weeks of CCl4 treatment (Chapter 4). In this follow-up study, we aimed to determine 
whether 1) esculetin also ameliorates CCl4-induced liver fibrosis in a different mouse 
strain 2) short term esculetin treatment reveals long-lasting anti-fibrotic effects and 3) 
intraperitoneal (i.p.) application of esculetin, as used in our preceding study, is 
superior to intravenous (i.v.) application of this compound. 
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In order to answer these questions, Kunming mice received 2 CCl4 injections per 
week for 4 weeks to induce liver fibrosis. Esculetin was given i.p. or i.v. every day in 
week 2, or in week 3, or in week 4 of the CCl4 treatment (Fig. 1). Mice were sacrificed 
2 days after the final CCl4 treatment at the start of week 5 and blood and liver tissue 
were analyzed for liver damage and fibrosis markers. Our data show that a 1-week 
esculetin treatment is most effective in preventing hepatocyte damage and liver 
fibrosis when given intravenously to mice early in a 4-week CCl4 exposure protocol. 

Material and methods 

Animals, model of CCl4-induced liver fibrosis and esculetin treatment regimes 

Male Kunming mice (18~22g, age 6-8 weeks) were provided by the laboratory animal 
center of the Shantou University Medical College and hosted in a SPF animal facility 
under standard 12hr light/12hr dark cycle and fed standard rodent chow and water 
ad libitum. After 7 days adjustment, mice were randomly divided into eight 
treatment groups (See Fig. 1; one control group, seven CCl4-treatment groups, six of 
which received 1-week esculetin treatment (i.p. or i.v.) in week 2, or week 3, or week 
4. All groups contained 5 animals. CCl4-treatment to induce liver fibrosis was 
performed as previously described [23] by twice-weekly injections of CCl4 (i.p.; 0.4 
µl/g BW) diluted 1:3 in olive oil CP (Aladdin Chemistry Co. Ltd, Shanghai, China) 
for 4 weeks (total 9 injections). Esculetin treatment was performed either in week 2, 
or week 3 or week 4, applied either by i.p. injection (10 mg/kg for 7 consecutive days) 
or i.v. injection (6 mg/kg for 5 consecutive days). Sham control mice only received 
olive oil. Mice were sacrificed 48 h after the last CCl4 injection. Blood samples were 
collected at sacrifice for biochemical analyses. The left lateral liver lobe was prepared 
for histological analyses. Remaining liver tissue was snap-frozen in liquid nitrogen 
and stored at -80°C for RNA and protein isolation. 

Serum biomarkers 

Alanine transaminase (ALT), aspartate transaminase (AST), lactate dehydrogenase 
(LDH) and albumin (Alb) were measured using Flex reagent cartridge (Siemens 
Healthcare diagnostics Inc. Newark, USA ) specific for Integrated Chemistry System 
(Dimension RxL Max, Siemens). 

RNA Isolation and Q-PCR  

Total RNA of liver tissue was isolated, purified and reverse transcribed following the 
protocol of the manufacturer (TaKaRa, Japan). Quantification of reverse-transcription 
polymerase chain was performed using SYBR green (TaKaRa) on the Eco Real-Time 
PCR System (Illumine USA), each sample in duplicate wells. Cycle numbers at which 
the sample fluorescence signal increases above a fixed threshold level (Ct value) were 
normalized to the endogenous control (Gapdh) and correlated inversely with initial 
mRNA levels. Relative quantification was performed using the ddCT method. All 
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primers applied were synthesized by BGI (Shenzhen, China), as follows: Acta2 
forward primer: 5’-GGA GAA GCC CAG CCA GTC GC-3’; reverse primer: 5’-AGC 
CGG CCT TAC AGA GCC CA-3’. Collagen 1a1 forward primer: ACT TCA GCT TCC 
TGC CTC AG; reverse primer: TGA CTC AGG CTC TTG AGG GT. Alox12/15 
forward primer: ATG GTG CTG AAG CGG TCT AC; reverse primer: ATC CGC TTC 
AAA CAG AGT GC. Gapdh forward primer: 5’-GCA CAG TCA AGG CCG AGA 
AT-3’; reverse primer: 5’-GCC TTC TCC ATG GTG GTG AA-3’.  

Western blot analysis 

Liver samples were homogenized in RIPA lysis buffer (P0013B; Beyotime). Equal 
amounts of proteins (50 µg) were separated by SDS-PAGE and transferred to 
nitrocellulose filter membranes. Following blocking, membranes were probed with 
primary antibodies: mouse anti α-SMA monoclonal antibody 1:2,000 (Sigma), and 
mouse anti-GAPDH monoclonal antibody 1:3,000 (ZSGB-BIO, Beijing), followed by 
HRP-conjugated secondary mouse antibody 1:60,000 or secondary rabbit antibody 
1:80,000 (ZSGB-BIO, Beijing) at room temperature for 1 h. Target proteins were 
visualized using the enhanced chemiluminescence SuperSignal West Dura detection 
system (Thermo Scientific, IL, USA). Signals were quantified by Quantity One 
(Bio-Rad). 

Histology and immunohistochemical studies 

Liver samples were fixed in 4% paraformaldehyde and embedded in paraffin. 4-µm 
paraffin sections were processed following routine methods. Masson trichrome and 
Sirius-red staining were performed according to manufacturer’s instructions (Beijing 
Leagene Biotechnology Co. Ltd.). 

Statistical Analysis 

All data are presented as mean ± standard deviation. Significance of differences 
between groups was tested by one-way ANOVA and t-test. Calculations were made 
using the software of GraphPad Prism 5. Results were considered statistically 
different when the p value <0.05. 
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Figure 1. Overview of the experimental groups. Male Kunming mice were randomly divided into 8 

groups (n=5). Control group (green bars) received olive oil as vehicle control. CCl4-treated groups 

(blue bars) received CCl4 (i.p. 0.4 ul/g b.w.) diluted 1:3 in olive oil and injected twice a week for 4 

weeks (total 9 injections). Esculetin treatment groups (red bars) received esculetin administered i.p. 

(10 mg/kg for 7 consecutive days) or i.v. (6 mg/kg for 5 consecutive days) during the second, third 

and fourth week of CCl4 challenge. Animals were sacrificed 48 h after the last CCl4 injection. 

Results 

Early esculetin therapy effectively suppresses liver damage caused by continued 
CCl4 treatment. 

Chronic treatment with CCl4 caused a strong increase in serum AST and ALT levels 
48 h after the final (9th) CCl4 injection in Kunming mice in comparison to 
sham-treated control mice (Fig. 2 A and B). Intraperitoneal (CCl4+Esc p3) or 
intravenous (CCl4+Esc v3) esculetin treatment in the 4th week did not significantly 
reduce the ALT and AST levels though trends towards a reduction in the 
transaminases were observed. In contrast, esculetin treatments, either i.p. or i.v.,  in 
the 2nd or 3rd week of the CCl4 protocol significantly and strongly reduced ALT and 
AST levels in the serum of these mice. ALT levels were reduced by 61% (i.p) and 72% 
(i.v.) when mice were treated with esculetin in the 3rd week, while the reduction of 
these liver damage markers was even more pronounced when the CCl4-treated mice 
were co-treated with esculetin in the 2nd week (-73% for i.p. and -81% for i.v.; Fig. 2A) 
Similar data were obtained for AST (Fig. 2B), where both treatment regimens (i.p. 
and i.v.) given in the 2nd week completely prevented the CCl4-induced increase at the 
end of the 4-week protocol. A 4-week CCl4 treatment did not affect the serum 
albumin levels, which was also not further changed by the various esculetin 
treatments (Fig. 2C). Similarly, also serum LDH levels were hardly changed by CCl4 
and the esculetin co-treatments (Fig. 2D). 
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Figure 2. Early esculetin treatment effectively suppresses serum liver injury markers in CCl4-treated 

Kunming mice. Serum liver damage and function markers at sacrifice: A) alanine transaminase (ALT), 

B) aspartate transaminase (AST), C) albumin (Alb) and D) lactate dehydrogenase (LDH). *P ≤ 0.05, ** P 

≤ 0.01, *** P ≤ 0.001. 

Early intravenous esculetin therapy effectively suppresses fibrotic marker 
expression in CCl4 treated mice. 

Acta2 (encoding α-SMA) and Collagen 1a1 expression was strongly (2.2-fold and 
14-fold, respectively) induced in 4-week CCl4-treated Kunming mice compared to 
sham-treated animals (Fig. 3A, B). Intravenous therapy with esculetin in week 2 
significantly reduced expression of these markers of fibrosis, and Acta2 expression 
was even back to control levels. Intravenous esculetin treatment in week 3 or in week 
4 did not significantly reduce Acta2 and Coll1a1 expression although a trend towards 
reduced expression was observed. Intraperitoneal esculetin therapy suppressed 
Coll1a1 expression most effectively when given in week 3 (-55%). A trend to lower 
Acta2 expression was also observed in this therapy group, although not reaching 
significance. Intraperitoneal esculetin treatments in week 2 or week 4 did no lower 
Acta2 and Coll1a1 expression level. Hepatic α-SMA protein levels were strongly 
increased (4.5-fold) upon 4-week CCl4-treatment and early treatment with esculetin 
in week 2, either i.p. or i.v., significantly reduced the level of this maker of fibrosis 
(-44% and -48%, respectively; Fig. 3C). Esculetin is a non-competitive inhibitor of 
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lipoxygenases and previously we found that esculetin therapy in the final 2 weeks of 
a 4-week CCl4 treatment period fully suppressed the CCl4-induced Alox12/15 mRNA 
expression in C57BL/6 mice (Chapter 4). CCl4 also strongly induced Alox12/15 
expression in Kunming mice (27-fold), which was partly suppressed to a similar 
extent in all esculetin treatment groups by approximately 60% (Fig. 3D). 

 

 

Figure 3. Early intravenous esculetin treatment most effectively suppresses CCl4-induced expression 

of markers of fibrosis. Liver homogenates were analyzed for mRNA levels of A) Acta2, B) Collagen 

1a1 and D) Alox12/15. C) α-SMA protein expression was determined by Western blotting, using 

GAPDH as loading control. Protein bands were quantified by densitometry and corrected for 

GAPDH.* P ≤0.05. 

Early esculetin treatment suppresses collagen deposition in CCl4 treated mice. 

Based on the results described above, we selected the groups that were treated with 
esculetin in week 2 for further histological analysis. Masson’s trichrome staining for 
collagen showed that the 4-week CCl4 treatment induced significant liver fibrosis in 
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Kunming mice, as compared to mice treated with the vehicle alone (Fig. 4A and B). 
Collagen deposition was particularly detected in the pericentral area and periportal 
regions, resulting in bridging fibrosis. Some pericellular fibrosis was also observed. 
Esculetin treatment in week 2, either i.p. or i.v., significantly reduced collagen 
deposition in the 4-week CCl4 treated mice (Fig. 4C and D). Some diffuse pericentral 
and periportal collagen was still observed, but bridging fibrosis was absent.  

Collectively, these data show that early, transient esculetin therapy significantly 
reduces liver injury and liver fibrosis development in Kunming mice treated for 4 
weeks with CCl4. 

 

 

Figure 4. Early esculetin treatment decreases hepatic collagen deposition. Collagen deposition was 

determined by Masson trichrome staining (original magnification 200×) in control mice, 4-week CCl4 

treated mice; and mice treated in de 2nd week with esculetin either i.p. (CCl4+Esc p1) or i.v. (CCl4+Esc 

v1). 
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Discussion 

In this study, we compared the hepatoprotective effect of a short esculetin treatment 
period at different time points during CCl4 treatment. We show that a short esculetin 
intravenous treatment period for 5 consecutive days (i.v.; 6 mg/kg each) in week 2 
was most effective in suppressing serum liver damage markers, as well as liver 
fibrosis markers at the end of the CCl4 treatment period of 4 weeks, when compared 
to esculetin treatment in week 3 or 4. Thus, early treatment with the natural 
compound esculetin has long-lasting therapeutic effects on the development of 
CCl4-induced liver fibrosis in mice. 

Esculetin is a natural compound found in many medicinal plants [11, 24, 25]. One of 
its molecular actions is the inhibition of lipoxygenases, enzymes involved in the 
inflammatory and fibrotic cascade [26-30]. We have previously shown that esculetin 
directly inhibits hepatic stellate cell proliferation and activation and arrests,-and in 
part reverses- the development of liver fibrosis when given in the final 2 weeks of a 
4-week CCl4 treatment of C57BL/6 mice (Chapter 4). A concentration-dependent 
anti-fibrotic effect was observed for esculetin when given in daily i.p. doses of 5, 10 
and 20 mg/kg. In this follow-up study, a 4 week CCl4 treatment was applied to 
Kunming mice and esculetin was given i.p. for 7 consecutive days at 10 mg/kg or i.v. 
for 5 consecutive days at 6 mg/kg. The 4-week CCl4 treatment of Kunming mice 
resulted in highly comparable elevation of liver damage markers AST and ALT as 
well as liver fibrosis markers as compared to C57BL/6 mice, confirming that this 
outbred mouse strain that is derived from Swiss albino mice and is commonly used 
in China as a laboratory animal is a good model to study CCl4-induced liver toxicity. 
Indeed, similar observations have recently been reported by others, both using acute 
[31-34] and chronic CCl4 models [35, 36].  

The 2 week esculetin treatment in the 2nd part of the 4 week CCl4 protocol in 
C57BL/6 mice did not affect Alox5 expression, while the CCl4-induced Alox12/15 
mRNA levels (+23-fold) were fully suppressed to control levels in to C57BL/6 mice 
(Chapter 4). Alox 12/15 mRNA levels were similarly enhanced in 4-week CCl4-treated 
Kunming mice (+27-fold), but only partly reduced (~50-60%) by a short esculetin 
treatment in this study. Remarkably though, very similar reductions in Alox 12/15 
mRNA levels were observed in all treatment groups, independent of application 
method (i.p. or i.v.) and moment of treatment (in 2nd, 3rd or 4th week of CCl4 

exposure). Although the Alox 12/15 mRNA level is merely a marker for the 
inflammatory/fibrotic signaling cascade and not for the level of activity as result of 
the esculetin-mediated inhibition, it does indicate that the length of the esculetin 
treatment determines the level of suppression of Alox12/15 expression and is 
independent of the timing within the 4-week CCl4 protocol. In contrast, early 
esculetin treatment, either i.p. or i.v., had the most pronounced effect on hepatocyte 
injury markers (AST and ALT) and appeared less effective when given at later 
moments in the 4-week CCl4 protocol. This suggests that the hepatoprotective effect 
of esculetin requires a relatively long period to reach its full potential. A direct 
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hepatoprotective effect of esculetin has been reported in acute models of liver injury, 
including models of a single dose of CCl4 or paracetamol in rats [18, 37-39], which is 
particularly relevant for therapeutic application in acute liver disease. The 
long-lasting hepatoprotective effect of esculetin observed in this study may be even 
more relevant as it may protect against acute challenges to the liver at later time 
points. The pharmacokinetics of esculetin have not been analyzed in this study, but a 
recent study found that it quickly distributes to the liver and kidneys of rats after oral 
intake [40]. Plasma levels peaked already after 5 minutes upon oral administration 
and dropped to undetectable levels 3 h post-administration, at which time point 
significant amounts remained detectable only in liver and renal tissue. In light of 
these results, it is now highly relevant to determine whether esculetin remains present 
in the liver and if so in which liver cells, in the period after the last dose. 

Although apparently equally protective against hepatocyte injury as i.p. 
administration, early i.v. administration of esculetin appeared to be more potent in 
suppressing markers of liver fibrosis (Acta2 and Coll1a1 expression). This was not 
related to the total esculetin exposure, since the total exposure was actually more than 
2-fold lower in the i.v. therapy group (5 days x 6 mg/kg=30 mg esculetin /kg bw in 
the i.v. group vs. 7 days x 10 mg/kg = 70 mg esculetin/kg bw in the i.p. group). 
Obviously, these differences warrant further investigation, but it suggests that the 
administration route of esculetin affects its therapeutic potential. 

In conclusion, we show that esculetin, a natural product of medicinal plants, has 
potent and long-lasting therapeutic effects on CCl4-induced liver injury and fibrosis in 
mice, which warrants future studies on establishing the molecular mechanisms 
involved and translating this knowledge to clinical studies in humans. 
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