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Abstract

Background Dipeptidyl peptidase-4 inhibitor (DPP4-I) is

clinically used as a new oral antidiabetic agent. Although

DPP4 is reportedly associated with the progression of chronic

liver diseases, the effect of DPP4-I on liver fibrosis develop-

ment is still obscure. This study was designed to elucidate the

effect of DPP4-I on liver fibrosis development in conjunction

with the activated hepatic stellate cells (Ac-HSCs).

Methods The antifibrotic effect of DPP4-I was assessed

in vivo and in vitro using porcine serum-induced experimental

liver fibrosis model. DPP4-I, sitagliptin, at a clinically com-

parable low dose was administered by gavage daily.

Results DPP4-I significantly attenuated liver fibrosis

development along with the suppression of hepatic trans-

forming growth factor (TGF)-b1, total collagen, and tissue

inhibitor of metalloproteinases-1 in a dose-dependent

manner. These suppressive effects occurred almost con-

currently with the attenuation of HSCs activation. Our

in vitro studies showed that DPP4-I inhibited platelet-

derived growth factor-BB-mediated proliferation of the

Ac-HSCs as well as upregulation of TGF-b1 and a1(I)-

procollagen at magnitudes similar to those of the in vivo

studies. The inhibitory effects of DPP4-I against HSCs

proliferation and fibrogenic gene expression are mediated

through the inhibition of the phosphorylation of ERK1/2,

p38 and Smad2/3, respectively.

Conclusions DPP4-I markedly inhibits liver fibrosis

development in rats via suppression of HSCs proliferation

and collagen synthesis. These suppressive effects are

associated with dephosphorylation of ERK1/2, p38 and

Smad2/3 in the HSCs. Since DPP4-I is widely used in

clinical practice, this drug may represent a potential new

therapeutic strategy against liver fibrosis in the near future.
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Abbreviations

Ac-HSCs Activated hepatic stellate cells

CHC Chronic hepatitis C

DM Diabetes mellitus

DPP4-I Dipeptidyl peptidase-4 inhibitor

ECM Extracellular matrix

ERK1/2 Extracellular-signal regulated kinase 1/2

FAP Fibroblast activation protein

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

GLP-1 Glucagon-like peptide 1

HCC Hepatocellular carcinoma

JNK c-Jun N-terminal kinase

MAPK Mitogen-activated protein kinase

MTT Tetrazolium 3-(4, 5-dimethylthiazol-2,5-yl)

-2,5-diphenyltetrazolium bromide

NASH Nonalcoholic steatohepatitis

PBC Primary biliary cirrhosis

PDGF Platelet-derived growth factor

a-SMA a-Smooth muscle actin

TGF-b1 Transforming growth factor-b1

Introduction

Liver cirrhosis can be defined as the end stage of chronic liver

diseases, and hepatic failure due to liver cirrhosis is caused
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by progressive fibrosis that ultimately results in nodular

regeneration with loss of function [1]. Liver fibrosis is a

common feature of chronic liver diseases regardless of their

etiology, such as hepatitis B, hepatitis C, autoimmune dis-

orders, alcohol abuse and nonalcoholic steatohepatitis

(NASH), characterized by excessive accumulation of

extracellular matrix (ECM) and activated hepatic stellate

cells (Ac-HSCs) [2, 3]. Because liver fibrosis progresses and

the status of chronic liver disease progress over a long period,

therapies should be tolerable and safe over decades, with

good targeting to the liver and few adverse effects on other

organs. However, no antifibrotic agent has been approved in

clinical practice yet [4]. Thus, an alternative approach may

be to find a clinically used compound that also shows anti-

fibrotic activity until new drugs become widely available [5].

It has been reported that several drugs used in different

clinical liver diseases might exert a suppressive effect on

liver fibrosis, targeting Ac-HSCs. For example, blockers of

the renin–angiotensin–aldosterone system, such as the

angiotensin-converting enzyme inhibitor, angiotensin-II

receptor blocker and selective aldosterone blocker, which

are commonly used as antihypertensive agents, can report-

edly suppress the progression of hepatic fibrosis [6–9].

Moreover, recent reports have demonstrated that imatinib

mesylate, an inhibitor of specific protein kinases such as Bcr-

Abl fusion protein expressed in chronic myeloid leukemia

and c-KIT in gastrointestinal stromal tumors, could attenuate

liver fibrosis development via inhibition of the platelet-

derived growth factor receptor (PDGFR) in an experimental

animal model [10, 11].

Dipeptidyl peptidase 4 inhibitors (DPP4-I) have been

recently developed as a new viable option for treatment of

type-2 diabetes mellitus (DM) [12–14]. DPP4-I can exert an

antidiabetic action due to the enhancement of the function of

incretin, including glucagon-like peptide 1 (GLP-1). GLP-1,

a prominent active compound of the incretin family, is a gut-

derived peptide secreted in a nutrient-dependent manner

from the small intestine and stimulates glucose-dependent

insulin production and secretion via specific receptors

expressed on the islet b cells [14–17]. It potentiates insulin

synthesis and secretion, inhibits glucagon secretion, increa-

ses islet cell proliferation, and decreases cell apoptosis.

Although GLP-1 contributes to improve hyperglycemia, its

functions are rapidly inactivated in serum because of the

degradation of GLP-1 by DPP4. Therefore, continuous

inhibition of DPP4 by DPP4-I can enhance the effects

of GLP-1, and consequently may lower the serum glucose

[12, 14].

Besides its key role in the regulation of incretin, DPP4

has multiple the functions in various organs [18, 19]. In the

liver, DPP4 also plays a role in fibronectin-mediated inter-

action of hepatocytes with ECM [18, 20, 21]. Moreover,

it has been noted that DPP4 is possibly involved in several

liver diseases, such as chronic hepatitis C (CHC), primary

biliary cirrhosis (PBC), chronic cholestasis and hepato-

cellular carcinoma (HCC) [22–26]. Previous reports

revealed that DPP4 is expressed on the surface of reactive

fibroblasts including Ac-HSCs [27–29]. However, the

effect of DPP4-I against liver fibrosis development has yet

to be clarified.

In the current study, we examined the direct effect of

DPP4-I against liver fibrosis induced in rats by porcine

serum to evaluate the feasibility of future clinical appli-

cations of DPP4-I. We also attempted to investigate the

related mechanisms possibly involved therein.

Materials and methods

Animals and reagents

Male Fischer 344 rats, aged 6 weeks, were purchased from

Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan). They were

housed in stainless steel, mesh cages under a controlled

temperature (23 ± 3 �C) and relative humidity

(50 ± 20 %), with 10–15 air changes per hour and illu-

mination for 12 h a day. The animals were allowed access

to tap water ad libitum throughout the experimental peri-

ods. Sitagliptin (DPP4-I) and porcine serum were pur-

chased from Merck & Co., Inc. (Whitehouse Station, NJ,

USA) and Life Technologies Japan Ltd. (Tokyo, Japan),

respectively.

Animal treatment

To validate the effect of DPP4-I against liver fibrosis

development in vivo, we employed a model of liver

fibrosis; namely, the porcine serum model [30]. The

experimental period of all experiments was 8 weeks. The

rats were randomly divided into 4 groups (n = 10, in each

group). Groups 1–3 (G1–3) were given 0.5 ml of porcine

serum intraperitoneally twice weekly for 8 weeks. G1

received distilled water by gavage daily as the positive

control group. G2 was treated with DPP4-I by gavage daily

at 100 mg/kg, as the low-dose DPP4-I-treated group. G3

was treated with DPP4-I at 300 mg/kg, as the high-dose

DPP4-I-treated group. Group 4 (G4) was injected with PBS

and received distilled water by gavage. At the end of the

experiments, all rats were anesthetized and several indices

were examined. All animal procedures were approved by

our Institutional Animal Care Committee, and conducted in

accordance with the Nara Medical University Guidelines

for the Care and Use of Laboratory Animals.
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Histological and immunohistochemical analyses

In all experimental groups, 5-lm-thick sections of forma-

lin-fixed and paraffin-embedded livers were processed

routinely for Sirius-red (S-R) staining to determine the

development of liver fibrosis. Immunohistochemical

staining techniques of a-smooth muscle actin (a-SMA)

(DAKO, Kyoto, Japan) were performed as described pre-

viously [6]. Semi-quantitative analyses of fibrosis devel-

opment and the immunopositive cell area of a-SMA were

carried out with Adobe Photoshop software and National

Institute of Health image software in 6 microscopic visual

fields (magnification 940) per specimen in 10 rats as

described previously with minor modifications [6].

Several indices in the liver

The hepatic hydroxyproline content was determined as

described previously using 200 mg of frozen liver samples.

After equalization of the protein contents, the total collagen

and TGF-b1 in the liver were determined by Sircol Soluble

Collagen Assay (Biocolor Ltd., Newtownabbey, Northern

Ireland) and TGF-b1 ELISA kit (Bender MedSystems

GmbH, Vienna, Austria), respectively, according to the

manufacturer’s instructions. We also examined tissue

inhibitor of metalloproteinase (TIMP)-1 and monocyte

chemotactic protein (MCP)-1 by ELISA kit (R&D Sys-

tems, Tokyo, Japan) according to the manufacturer’s

instructions. We also evaluated the effects of DPP4-I on the

production of total collagen and TGF-b1 in PDGF-BB-

mediated Ac-HSCs (n = 8 per group) as described for

measurement of the whole liver.

Quantitative real-time RT-PCR

The total RNA was extracted by RNeasy mini kit (QIAGEN,

Tokyo, Japan) according to the manufacturer’s instructions.

The total RNA (2 lg) from each sample was reverse-tran-

scribed to complementary DNA (cDNA) using a High

Capacity RNA-to-cDNA kit (Applied Biosystems Inc.,

Foster City, CA, USA) according to the manufacturer’s

instructions. The mRNA expressions of TGF-b1 and

a1(I)-procollagen were estimated by quantitative real-time

PCR using the StepOnePlus real-time PCR system (Applied

Biosystems) with Fast SYBR Green master mix (Applied

Biosystems). The relative gene expression was measured

using glyceraldehyde-3-phosphate dehydrogenase (GAP-

DH) as an internal control. The relative amount of target

mRNA in each sample was determined by applying the

threshold cycle to the standard curve. The primer sequences

were as follows: TGF-b1-forward, 50-CGG CAG CTG TAC

ATT GAC TT-30 and reverse, 50-AGC GCA CGA TCA TGT

TGG AC-30; a1(I)-procollagen-forward, 50-AAA GCA GAA

ACA TCG GAT TTG G-30 and reverse, 50-CGT GTC ATC

CCT TGT GCC GCA-30; GLP-1-forward, 50-CAG AAG

TTG GTC GTG AGG CA-30 and reverse, 50-GCC TTT CAC

CAG CCA AGC AA-30; DPP4-forward, 50-CTC CAG AGG

ACA ACC TTG AC-30 and reverse, 50-GGA CAA GTG

TGC TCT TGA GT; GAPDH-forward, 50-GTA TGA CTC

TAC CCA CGG CAA GT-30 and reverse, 50-TTC CCG TTG

ATG ACC AGC TT-30.

Cell isolation and culture

The primary HSCs were isolated from the liver of F344

rats, as described previously, with minor modifications

[31]. The cell viability was over 95 %, as determined by

the Trypan blue exclusion test. The freshly isolated HSCs

were plated at a density of 5 9 105 cells/ml on uncoated

plastic dishes. After a 5-day culture period, the HSCs

became myofibroblast-like with reduced lipid vesicles and

increased immunoreactive a-SMA. After 7-day plating, all

cells were well spread and a-SMA positive.

Cell proliferation and signaling assay

The effects of DPP4-I (0.5–10 lM) on PDGF-BB (10 nM)-

induced in vitro proliferation of Ac-HSCs were determined

by tetrazolium, 3-(4, 5-dimethylthiazol-2,5-yl)-2,5-diphe-

nyltetrazolium bromide (MTT) assay as described previ-

ously (n = 8 per group) [10]. This assay was performed

following incubation of the Ac-HSCs with PDGF-BB and

DPP4-I for 24, 48, and 72 h, respectively. The effects of

DPP4-I on PDGF-BB-induced phosphorylation of mitogen-

activated protein kinase (MAPK), including ERK1/2, p38,

and JNK in Ac-HSCs were measured by ELISA (Ray-

Biotech, Inc., Norcross, GA, USA). It has been reported

that the PDGF-BB (10 nM)-induced maximum phosphor-

ylation of ERK1/2, p38, JNK was achieved at 10–15 min

after treatment of the Ac-HSCs [10, 32]. Moreover, the

effect of DPP4-I on PDGF-BB-induced phosphorylation of

Smad2/3 was evaluated by ELISA (R&D Systems, Inc.,

Minneapolis, MN USA). The Ac-HSCs were incubated

with PDGF for 15 min. The cell lysate in each experiment

was prepared after PDGF-BB stimulation with or without

0.5–10 lM DPP4-I. The total and phosphorylated ERK1/2,

p38, JNK and Smad2/3 were measured by ELISA according

to the manufacturer’s instructions (n = 8 in each group).

Western blotting

Both the total- and phospho-PDGF receptor (PDGFR)-b
levels in the Ac-HSC were evaluated by a Western blotting

assay as described previously [10]. The cell lysate was

prepared after PDGF-BB stimulation with or without
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0.5–10 lM DPP4-I. The proteins were separated by SDS-

PAGE and then transferred to PVDF membranes. The

membranes were blocked with PBS-T (PBS, 0.05 %

Tween-20) containing 10 % skim milk and were then

incubated with 1:1000 diluted total-PDGFR-b antibody and

phospho-PDGFR-b (Tyr751) antibody (Cell Signaling

Technology, Inc., Danvers, MA, USA) in PBS-T contain-

ing 5 % skim milk for 1 h at room temperature. After

washing, the membranes were incubated with horseradish

peroxidase-conjugated antibody (1:1000) for 1 h at room

temperature.

Statistical analyses

To assess the significance of differences in the quantitative

data between groups, Bonferroni’s multiple comparison

test was used after one-way ANOVA. This was followed

by Bartlett’s test to determine the homology of variance.

Table 1 Characteristic features of the experimental groups

G1 (n = 10) G2 (n = 10) G3 (n = 10) G4 (n = 10)

Body weight (g)a 209.5 ± 7.1 203.9 ± 6.5 207.3 ± 7.8 213.6 ± 6.3

Liver weight (% body)a 4.27 ± 0.23b 4.09 ± 0.15b 3.92 ± 0.11b 3.01 ± 0.17

ALT (IU/l)a 42.2 ± 4.3 39.7 ± 4.8 46.3 ± 5.1 45.3 ± 5.6

Alb (g/dl)a 3.8 ± 0.2 3.6 ± 0.2 3.8 ± 0.1 3.9 ± 0.2

T-Bil (mg/dl)a 0.17 ± 0.02 0.18 ± 0.03 0.17 ± 0.02 0.11 ± 0.02

Serum glucose (mg/dl)a 197.4 ± 21.3 204.5 ± 19.1 203.5 ± 10.8 187.2 ± 17.1

Plasma insulin (ng/ml)a 1.01 ± 0.11 1.04 ± 0.09 1.02 ± 0.11 1.01 ± 0.08

Plasma glucagon (pg/ml)a 49.4 ± 9.8 51.6 ± 8.8 50.9 ± 11.1 48.9 ± 10.2

ALT alanine aminotransferase, Alb albumin, T-Bil total bilirubin
a The data represent the mean ± SEM
b Statistically significant as compared with G4, respectively (p \ 0.01)

Fig. 1 DPP4-I ameliorates liver fibrosis development induced by

treatment of porcine serum. a An extensive fibrosis development was

observed in the vehicle-treated control group (G1). Treatment with

DPP4-I at 100 mg/kg/day (G2) showed significant inhibitory effect

against liver fibrosis. Treatment with DPP4-I at 300 mg/kg/day (G3)

exerted a stronger inhibitory effect than in G2. No fibrosis

development was observed in the PBS-treated rats (G4) (original

magnification 940). b Semi-quantitative analysis confirmed histo-

logical findings. The data represent the mean ± SEM (bars n = 10).

Asterisk indicates a statistically significant difference between the

indicated experimental groups (p \ 0.01)
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Results

General findings

The general findings of the rats at the age of 14 weeks are

shown in Table 1. No significant differences in the final

body weights could be observed. The relative liver weights

of the PS-treated rats (G1–G3) were higher than those of

the PBS-treated rats (G4), whereas no significant differ-

ences were observed among G1–G3. Regarding the sero-

logical data, no significant differences in the levels of

alanine aminotransferase (ALT), albumin (Alb) and total

bilirubin (T-Bil) could be observed. The levels of serum

glucose, plasma insulin and glucagon were not altered by

treatment with DPP4-I at the current dose. Similarly, there

were no significant differences among G1G4 in the levels

of the expression of hepatic GLP-1 mRNA (data not

shown), indicating that local GLP-1 alteration was not

involved in the antifibrotic effects of DPP4-I.

Effects of DPP4-I on liver fibrosis development

We first examined the effects of DPP4-I on liver fibrosis

induced by administration of porcine serum. As shown in

Fig. 1a and b, liver fibrosis development was significantly

suppressed by treatment with a low-dose DPP4-I (G2) as

compared to the control group (G1). The high-dose DPP4-I

(G3) exerted a more potent inhibitory effect than the low-

dose treatment. No fibrosis development could be observed

in the PBS-treated control rats (G4). We next carried out an

immunohistochemical analysis of a-SMA to examine the

effects of DPP4-I on HSCs activation during liver fibrosis

development. The a-SMA immunopositive Ac-HSCs

drastically decreased by treatment with DPP4-I (Fig. 2a).

Computer-assisted semiquantitative analysis showed that

a-SMA-positive cells in the DPP4-I-treated groups signif-

icantly decreased in comparison with the control group

(Fig. 2b). We also found that DPP4-I markedly suppressed

the hepatic TGF-b1, total collagen and hydroxyproline

contents in comparison with the control group (Fig. 3a, b

and c, respectively). These inhibitory effects closely cor-

related with the changes in mRNA expressions of TGF-b1

and a1(I)-procollagen (Fig. 4a and b, respectively). We

also examined the PDGF-BB and PDGFR-b mRNA

expression levels in the liver. As shown in Fig. 4c and d,

PDGF-BB and PDGFR-b mRNA expression levels were

elevated in the porcine serum-induced fibrotic liver,

whereas DPP4-I did not significantly suppress both

augmentations. We also measured the protein levels of

hepatic TIMP-1 and MCP-1 by ELISA. As shown in

Fig. 3d, hepatic TIMP-1 increased in G1, and this increase

was suppressed by treatment of high dose of DPP4-I.

Fig. 2 a-SMA immunopositive Ac-HSCs were attenuated by admin-

istration of DPP4-I. a: The a-SMA immunopositive cells significantly

decreased following administration of DPP4-I in the 100 mg/kg/day-

treated group (G2) as compared with the control group (G1). A more

potent inhibitory effect was observed in the 300 mg/kg/day-treated

group (G3). No a-SMA immunopositive cells were observed in the

PBS-treated rats (G4) (original magnification 940). b Semi-quantita-

tive analysis confirmed that the a-SMA immunopositive cells

decreased in the DPP4-I-treated-groups in parallel with the reduction

of liver fibrosis (original magnification 940). The data represent the

mean ± SEM (bars n = 10). Asterisk indicates a statistically signif-

icant difference between the indicated experimental groups (p \ 0.01)
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The MCP-1 expression level was also increased in the liver

of PS-treated rats. However, this increase was not signifi-

cantly suppressed in the DPP4-I-treated rats, indicating that

the DPP4-I did not regulate the MCP-1 production in the

current experimental model (Fig. 3e).

Effects of DPP4-I on proliferation, TGF-b1, and total

collagen of the Ac-HSCs

To elucidate the possible mechanisms, we examined the

effects of DPP4-I on the Ac-HSCs from several aspects.

First, we examined the effect of DPP4-I on PDGF-BB-

induced proliferation of the Ac-HSCs in vitro. As shown in

Fig. 5a, DPP4-I significantly attenuated PDGF-BB-induced

proliferation of the Ac-HSCs in a dose-dependent manner.

Moreover, we examined the effects of DPP4-I on the

protein production of TGF-b1 and total collagen in Ac-

HSCs. We observed that the protein levels of both TGF-b1

and total collagen increased by stimulation with PDGF-BB,

and these increased levels were reduced in the presence of

DPP4-I (Fig. 5b). Similar to the relation of a-SMA-posi-

tive cells in the liver, the suppressive effect of DPP4-I on

the Ac-HSCs proliferation closely correlated with the

reduction of TGF-b1 and total collagen production in vitro.

In addition to protein production, we investigated the

effects of DPP4-I on PDGF-BB-stimulated TGF-b1 and

a1(I)-procollagen mRNA expressions of the Ac-HSCs. We

found that both TGF-b1 and a1(I)-procollagen mRNA

expressions stimulated by PDGF-BB were downregulated

in the presence of DPP4-I in a dose-dependent manner

(Fig. 6a and b, respectively). Moreover, we noticed that

this downregulation of these genes in vitro was of similar

magnitude to the reduction of both mRNA levels in the

in vivo fibrotic liver.

Effects of DPP4-I on the phosphorylation of ERK1/2,

p38 and Smad2/3 in the Ac-HSCs

We firstly examined whether or not DPP4-I directly inhib-

ited the phosphorylation of PDGF receptor (PDGFR)-b.

As shown in Fig. 7a, the phosphorylated PDGFR-b level

was not altered by treatment of DPP4-I, indicating that the

DPP4-I is not an antagonist of PDGFR-b. We next exam-

ined the effects of DPP4-I on the MAPK and Smad2/3

pathway in the Ac-HSCs. As shown in Fig. 7b–d, ERK1/2,

p38 and JNK phosphorylation was markedly upregulated by

Fig. 3 DPP4-I inhibited several fibrotic markers in the liver. a The

TGF-b1 level increased in the vehicle-treated control group (G1) as

compared with the PBS-treated group (G4). This increase was

significantly suppressed by DPP4-I in the 100 mg/kg/day-treated

group (G2) and 300 mg/kg/day-treated group (G3). The suppression

of TGF-b1, total collagen, hydroxyproline with treatment of DPP4-I

was of similar magnitude to the inhibition of liver fibrosis and a-SMA

positive cells (b and c, respectively). d The hepatic TIMP-1 was

increased in G1 when compared to the PBS-treated group (G4), and

this increase was suppressed by DPP4-I treatment (G3). e The MCP-1

was increased in the liver of PS-treated rats (G1), but this increment

was not significantly suppressed in the DPP4-I-treated rats (G2 and

G3). The data represent the mean ± SEM (bars n = 10). Asterisk

indicates a statistically significant difference between the indicated

experimental groups (p \ 0.01)
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PDGF-BB. DPP4-I treatment significantly suppressed the

ERK1/2 phosphorylation in a dose-dependent manner

(Fig. 7b). The p38 phosphorylation was only suppressed by

a high dose (10 lM) of DPP4-I (Fig. 7c). On the other hand,

phosphorylation of JNK was not affected by DPP4-I treat-

ment even at a dose of 10 lM (Fig. 7d). Figure 7e shows

that Smad2/3 phosphorylation induced by PDGF-BB was

attenuated by DPP4-I in a dose-dependent manner.

Discussion

DPP4 is identical to CD26 (DPP4, EC 3.4.14.5), a mole-

cule of 110-kDa membrane-associated sialoglycoprotein

with serine protease activity that catalyzes the release of

N-terminal dipeptides from peptides and proteins with

proline, hydroxyproline and alanine at the penultimate

position. In humans, DPP4 is present in several organs

including the liver [33]. Furthermore, DPP4 is expressed in

various cell types such as the capillary endothelial cells

[34, 35]. It has been assumed that DPP4 may play an

important role in the control of proliferation and growth of

these cell types through regulation of the extracellular

concentration of biologically active peptides, and that

DPP4 contributes to various physiological and pathological

events such as cancer, angiogenesis, and organ fibrosis

development [28, 36, 37]. In clinical practice, DPP4 is now

commonly recognized as a target of therapy for hypergly-

cemia due to its function of inhibiting incretin [12–14].

In the current study, we firstly demonstrated that DPP4-I

could exert an antifibrotic effect on the experimental hepatic

fibrosis in rats. It has been reported that the serum DPP4

activity was augmented in tetrachloromethane-induced cir-

rhotic rats [38]. In humans, the serum DPP4 activity was

suppressed by treatment with interferon in patients with

CHC [25]. Furthermore, it has also been stated that the serum

DPP4 activity might be an indicator of the severity and

progression of PBC [24]. DPP4 also participates in the

fibroblast activation, and plays a role in hepatocyte-ECM

interactions [20, 21]. Fibroblast activation protein (FAP),

which is a cell surface protein exhibiting DPP4, is expressed

by the Ac-HSCs, indicating that the high DPP4 level may

contribute to the Ac-HSCs-induced ECM accumulation in

the liver [27–29]. Interestingly, we observed the DPP4

mRNA expression in the Ac-HSCs, but not in the quiescent

HSCs (data not shown). This observation was consistent with

the results of a previous report showing that the DPP4 could

only express on the Ac-HSCs [27]. Our in vivo studies

Fig. 4 DPP4-I inhibited TGF-b1 and a1(I)-procollagen mRNA

expression in the liver. The TGF-b1 (a) and a1(I)-procollagen

(b) mRNA expression significantly increased in the vehicle-treated

control group (G1) as compared with the PBS-treated group (G4).

Treatment with DPP4-I at 100 mg/kg/day (G2) markedly suppressed

the expressions of both TGF-b1 and a1(I)-procollagen in comparison

with G1. More potent suppressive effects were observed in DPP4-I at

300 mg/kg/day-treated group (G3). PDGF-BB (c) and PDGFR-b
(d) mRNA expression levels were elevated in the porcine serum-

induced fibrotic liver (G1) when compared to the PBS-treated group

(G4). DPP4-I did not significantly suppress both augmentations (G2

and G3). The data represent the mean ± SEM (bars n = 10). Asterisk

indicates a statistically significant difference between the indicated

experimental groups (p \ 0.01)
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showed that DPP4-I inhibited liver fibrosis development and

production of both hepatic TGF-b1 and total collagen, along

with the attenuation of the a-SMA positive Ac-HSCs. These

results indicate that the antifibrotic effect of DPP4-I may be

achieved by suppression of the function of the Ac-HSCs.

Furthermore, our in vitro studies confirmed that DPP4-I

could repress the function of the Ac-HSCs. The proliferation

of the Ac-HSCs induced by PDGF-BB was significantly

Fig. 5 Treatment of DPP4-I attenuated the PDGF-BB-stimulated

proliferation and production of TGF-b and total collagen in the Ac-

HSCs. a PDGF-BB-stimulated HSCs proliferation was suppressed by

treatment with DPP4-I in a dose-dependent manner. b Similar to the

changes in the cell proliferation, the production of TGF-b1 and total

collagen in the Ac-HSCs was suppressed by treatment with DPP4-I.

Each bar represents the mean ± SEM (n = 8). Asterisk indicates a

statistically significant difference between the indicated experimental

groups (p \ 0.01). Filled square PDGF-BB only, filled triangle

PDGF-BB and 0.5 lM DPP4-I, open square PDGF-BB and 1 lM

DPP4-I, open rectangle PDGF-BB and 10 lM DPP4-I, filled circle

untreated

Fig. 6 DPP4-I inhibited PDGF-

BB-stimulated TGF-b1 and

a1(I)-procollagen mRNA

expressions in the Ac-HSCs.

Both TGF-b1 (a) and a1(I)-

procollagen (b) mRNA

expressions stimulated by

PDGF-BB were downregulated

in the presence of DPP4-I in a

dose-dependent manner. This

downregulation was of similar

magnitude to reduction of both

mRNA levels in the in vivo

fibrotic liver. Each bar

represents the mean ± SEM

(n = 8). Asterisk indicates a

statistically significant

difference between the indicated

experimental groups (p \ 0.01)
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attenuated by treatment with DPP4-I in a dose-dependent

manner. Several reports have demonstrated that inhibition of

DPP4 suppressed the activation of ERK1/2 [39, 40]. The

inhibitors of DPP4-like activity could attenuate phosphory-

lation of ERK stimulated by TGF-b in the normal and keloid-

derived skin fibroblasts [39]. In our study, we found that

DPP4-I induced the dephosphorylation of ERK1/2 in the Ac-

HSCs, and the magnitude of this suppressive effect was

almost parallel to the antiproliferative effect. Consequently,

these results suggest that the inhibitory effect of DPP4-I on

the Ac-HSCs proliferation is mainly associated with sup-

pression of ERK1/2 phosphorylation. DPP4-I also inhibited

the TGF-b-Smad2/3 signaling pathway in the Ac-HSCs, and

led to suppression of collagen synthesis. TGF-b1 is the most

potent stimulus to hepatic fibrogenesis through the TGF-b1-

Smad signaling pathway [41]. The activated TGF-b recep-

tors stimulate the phosphorylation of the receptor-regulated

Smad2 and Smad3 proteins (R-Smads), which in turn form

complexes with Smad4. This complex translocates from the

cytoplasm into the nucleus, where the Smads regulate the

transcription of target genes including a1(I)-procollagen

[41, 42]. In our current study, we showed that treatment with

DPP4-I inhibited a1(I)-procollagen expression induced by

PDGF-BB in the Ac-HSCs, along with the attenuation of

TGF-b expression and phosphorylation of Smad2/3, indi-

cating that the antifibrotic effect of DPP4-I is, at least par-

tially, associated with prevention of this signaling pathway

as well as the ERK1/2 pathway. We also found that DPP4-I

could interfere with p38 MAPK phosphorylation in the Ac-

HSCs. A recent study has revealed that p38 MAPK regulates

the a1(I)-collagen gene expression and increases the a1(I)-

collagen mRNA stability in the HSCs [43]. These actions of

DPP4-I on p38 phosphorylation are also likely to be involved

in the inhibitory effect against liver fibrosis in the current

study. However, in the current study, we only observed the

possible correlations between DPP4-I and several signaling

cascades, and not the direct interaction. DPP4-I could sup-

press Smad2/3 and ERK1/2 that are known to be important

molecules in TGF-b and proliferation signaling pathways.

Since the suppression of TGF-b pathway by DPP4-I was not

likely to ameliorate all other intra-cellular signaling cascades

including proliferation, we presume that DPP4-I would

suppress each cascade independently although the exact

mechanism is still obscure at this time. Further detailed

studies, such as binding assay is required in the future.

DPP4-I is now recognized as a new agent providing

beneficial effects for diabetic patients [12–14]. DM plays

an important role in development of some liver diseases,

Fig. 7 PDGF-BB-stimulated phosphorylation of ERK1/2, p38 and

Smad2/3 in the Ac-HSC was inhibited in the presence of DPP4-I.

a Effect of DPP4-I on the phosphorylation of PDGF receptor

(PDGFR)-b. The level of phosphorylated PDGFR-b was upregulated

in the presence of PDGF-BB, while this up-regulation was not

influenced by DPP4-I. b ERK1/2 phosphorylation stimulated by

PDGF-BB was downregulated in the presence of DPP4-I in a dose-

dependent manner. c p38 MAPK phosphorylation was suppressed

only by treatment of 10 lM DPP4-I. d JNK phosphorylation was not

affected by treatment with DPP4-I. e Smad2/3 phosphorylation was

suppressed by DPP4-I in a dose-dependent manner. Each bar

represents the mean ± SEM (n = 8). Asterisk indicates a statistically

significant difference between the indicated experimental groups

(p \ 0.01)
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such as NASH [44]. Several reports have recently dem-

onstrated that antidiabetic agents might exert beneficial

effects for patients with NASH [45–47]. Moreover, it has

recently been reported that GLP-1 receptor agonism could

improve biochemical and histopathological indices in the

experimental NASH model [48]. In the current study, we

observed that DPP4-I suppressed liver fibrosis develop-

ment, while both the concentrations of serum glucose,

insulin and glucagon and the hepatic GLP-1 expression

level showed no differences among the experimental

groups. These results indicate that the antifibrotic effect of

DPP4-I was independent of the improvement of DM or

upregulation of hepatic GLP-1 in this study. Further studies

are needed to elucidate whether the antifibrotic effect of

DPP4-I could take place under the condition of DM in the

future.

Noteworthy was the finding that the inhibitory effects of

DPP4-I were achieved at clinically comparable low doses. A

dose of 50–100 mg/body/day of sitagliptin (DPP4-I) is

commonly used for treatment of type-2 DM. When DPP4-I is

administered to man at 100 mg/body/day continuously, the

Cmax level is about 1 lM. In the current study, we employed

a dose of 500 nM to 10 lM including 1 lM for the in vitro

studies. Accordingly, we assume that the dose of DPP4-I in

the current study was comparable to that used in clinical

practice. Similarly, in some recent studies, sitagliptin was

administered to rats at the dose of 100–400 mg/kg/day to

examine the antidiabetic effect [49–51]. Furthermore, we

also observed that sitagliptin did not cause any adverse effect

at a dose of 300 mg/kg/day, which was consistent with a

previous report using 500 mg/kg/day (Merck & Co., Inc.

personal communication). We also observed that DPP4-I

could suppress the liver fibrosis development in the CCl4-

induced, as well as porcine serum-induced (under the con-

dition of insulin resistance) models of liver fibrosis. These

results indicated that the anti-fibrotic effect of DPP4-I was

not model-specific, and demonstrated not only its preventive

effect on the liver fibrosis development, but also the thera-

peutic potential (data not shown).

In summary, we could herein show that treatment with a

clinically used DPP4-I markedly inhibited liver fibrosis

development along with suppression of proliferation and

collagen synthesis in the Ac-HSC. These suppressive

effects possibly involved the suppression of several intra-

cellular signaling pathways including ERK1/2, p38 and

Smad2/3. It is noteworthy that the inhibitory effects of

DPP4 against liver fibrosis development could be achieved

at a clinically comparable low dose. Since DPP4-I has

already been proved clinically useful for type-2 DM and is

safe and widely used, this drug may represent a potential

new therapeutic strategy against liver fibrosis in the near

future.
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