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Abstract

Aims Advanced glycation end products (AGEs) have

been implicated in pulmonary and renal fibrosis. Herein,

we investigated whether AGEs are associated with liver

fibrosis and examined the underlying mechanism by fo-

cusing on hepatic stellate cell (HSC) activation and au-

tophagy induction.

Methods Liver fibrosis was assessed by transient elas-

tography (FibroScan). Serum AGE levels were determined

by ELISA. Rat primary HSCs and HSC-T6 were treated

with BSA–AGEs, cell proliferation was examined by

WST-1 assay, and cell activation was evaluated by qPCR

for transcripts of a-SMA and collagen type Ia1 and by

Western blotting. Autophagy was measured by detection of

LC3-II lipidation, p62 degradation, and puncta GFP-LC3

formation. Receptor of AGE (RAGE)-blocking antibodies

and soluble RAGE were employed to inhibit AGE–RAGE

signaling.

Results First, elevated AGE levels were observed in CHC

patients than patients with chronic hepatitis B, especially in

those with insulin resistance. Second, compared to con-

trols, AGE-treated rat primary HSCs displayed an en-

hanced cell proliferation (1.39-fold), increased transcripts

of a-SMA (2.40-fold) and proCOL1A1 (1.76-fold), and a

higher level of a-SMA protein (1.85-fold). Moreover,

AGE-induced HSC activation improved autophagy flux, as

evidenced by significantly more LC3-II lipidation, p62

degradation, as well as GFP-LC3 puncta formations. In

addition, our results showed that AGE-induced HSC au-

tophagy and HSC activation could be reduced by RAGEs.

Conclusion AGEs were found to induce autophagy and

activation of HSCs, which subsequently contributes to the

fibrosis in CHC patients. Blocking AGE–RAGE signaling

may be a promising way to alleviate fibrosis.
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Abbreviations

AGEs Advanced glycation end products

ALB Albumin

ALP Alkaline phosphatase

ALT Alanine aminotransferase

APRI AST-to-platelet ratio index

APTT Activated partial thromboplastin time

AST Aspartate transaminase

a-SMA a-Smooth muscle actin

BA1 Bafilomycin A1
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BUN Blood urea nitrogen

CHOL Serum cholesterol

CML Carboxy-methyl lysine

CREA Creatinine

DBIL Direct bilirubin

Fbg Fibrinogen

GGT Gamma glutamyl transpeptidase

Glu Glucose

Hb Hemoglobin

HCV Hepatitis C virus

HOMA Homeostatic model assessment

HSCs Hepatic stellate cells

IR Insulin resistance

LC Liver cirrhosis

LSM Liver stiffness measurement

PLT Platelet

PT Prothrombin time

proCOL1A1 Procollagen a 1 chain type I

RAGE Advanced glycation end products

RBC Red blood cell count

TBIL Total bilirubin

TP Total protein

c-GGT gamma Glutamyl transpeptidase

UA Uric acid

WBC White blood cell count

Introduction

Approximately 170 million people worldwide are

chronically infected with hepatitis C virus (HCV). Chronic

HCV infection is the leading cause for the development of

liver fibrosis. While fibrosis remains largely asymptomatic

for years, it slowly progresses to cirrhosis, which is an end-

stage liver disease and the major cause of HCV-related

morbidity and mortality. Treatment with pegylated inter-

feron and ribavirin can prevent advanced liver fibrosis. A

recent discovery suggests that insulin resistance (IR) can

weaken the efficacy of anti-HCV therapy, resulting in

hepatic fibrosis [1]. Although efforts have been devoted to

characterize the biological mechanisms, the primary cause

remains poorly understood.

Advanced glycation end products (AGEs), a heteroge-

neous group of irreversible reactive derivatives formed by

non-enzymatic glycation and oxidation of proteins and

lipids, elicit oxidative stress generation, subsequently evoke

inflammation [2], and have been implicated in pulmonary

[3] and renal fibrosis [4]. AGE levels are elevated in non-

alcoholic steatohepatitis patients (NASH) [5] and chronic

alcohol misuse patients [6, 7]. There are no data on AGE

levels in hepatitis C patients; however, AGE levels inde-

pendently correlate with IR [8]. Our clinical data previously

have shown that IR is closely associated with HCV infection

and advanced liver cirrhosis [9]. These observations led us

to speculate that AGEs could also play a role in the patho-

genesis of liver fibrosis, especially in those with IR.

Hepatic stellate cells (HSC) play a central role in liver

fibrosis [10]. Activation of HSCs is a pivotal event in the

development of cirrhosis. In HSC line LI90, glycer-AGEs

increased cell proliferation and upregulated transcripts

encoding a-SMA and TGF-b [11]. Beside this, little is

known about the impact of AGEs on HSCs. Recently,

several studies and our data support that autophagy con-

tributes to HSC activation [12, 13]. Moreover, AGEs

binding to murine HSCs can stimulate the generation of

reactive oxygen species, which subsequently induces au-

tophagy [14]. Finally, an increased autophagosome number

is observed in liver specimens from hepatitis C-infected

patients by using electron microscopy [15]. However,

knowledge about the capability of AGEs activating HSC

and its underlying molecular mechanism is limited.

To address the role played by AGEs in live fibrosis, we

examined whether AGEs were associated with fibrosis,

especially in those with IR, and investigated the effect of

AGEs on autophagy in HSCs.

Materials and methods

Subjects

A total of 79 patients with CHC were recruited for this study.

All patients attended the First Teaching Hospital of Xi’an

JiaoTong University from May 2013 to April 2014 and were

recently diagnosed with chronic HCV infection. Clinical pa-

rameters including liver stiffness, fasting insulin level, liver

biochemistry, coagulation function, HCV RNA load, and

upper abdominal CT scanwere evaluated. Esophageal varices

were also assessed for most patient participants using elec-

tronic gastroscopy or barium radiography. Contemporarily, a

group of 79 age- and liver function-matched patients with

hepatitis B virus infection were enrolled as control. All pa-

tients provided written informed consent to participate in this

research, which was approved by the Ethics Committee of

First Affiliated Hospital of Xi’an Jiaotong University.

Measurements

Liver stiffness was measured by transient elastography

(FibroScan, Echosens, Paris). Liver fibrosis was assessed

using APT-to-platelet ratio index (APRI) [AST (U/L)/up-

per limit of normal platelet (109/L)]. An APRI equivalent

to or above 1.5 was considered significant fibrosis (corre-

sponding to a biopsy score CF2). IR was evaluated in

homeostatic model assessment (HOMA) [fasting insulin

(mIU/L) 9 fasting plasma glucose (mmol/L)/22.5] [9].
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Serum AGE assay

Carboxy-methyl lysine (CML) is one of the most prevalent

AGEs and widely used as a representative biomarker of

glycosylation in numerous animal and human studies [12,

16]. Serum CML concentration was measured by AGE–

CML enzyme-linked immunosorbent assay (ELISA; Mi-

croCoat GmbH, Bernried, Germany), and the results were

reported in lg/mL.

Reagents

GFP-LC3 construct was kindly provided by Dr. Zixu Mao

(Emory University, Atlanta, USA). Anti-RAGE (#6479),

anti-LC3 (#8899), and anti-SQSTM1/p62 (#5114) anti-

bodies were obtained from cell signaling (Danvers, MA).

Anti-a-SMA (ab5694) antibody from Abcam (Cambridge,

MA), and anti-GAPDH (sc-74424), anti-actin (c-11), and

RAGE-blocking antibodies (n-16 and c-20) were acquired

from Santa Cruz biotechnology (Dallas, TX). BSA–AGEs

were purchased from BioVision Inc (Milpitas, CA).

Isolation, culturing, and treatment of rat primary

HSCs

HSCs were isolated from killed rat via sequential digestion of

the liver with pronase and collagenase, followed by gradient

centrifugation, as previously described [17, 18].Adequate cell

viability (95 %) was determined using trypan blue exclusion

staining accompanied with 90–99 % purity. Rat HSCs were

then cultured in Dulbecco’s modified Eagle’s medium

(DMEM) (GIBCO/BRL; Grand Island, NY) supplemented

with 10 % fetal bovine serum and 2 mM L-glutamine and

maintained at 37 �C and 5 % CO2-humidified atmosphere.

Culture of HSC-T6

HSC-T6 cells were subcultured as described elsewhere [19].

Briefly, cells were maintained in Waymouth MB 752/1

medium (Gibco, NY) supplemented with 10 % fetal bovine

serum (FBS) and 50 U/ml penicillin/streptomycin at 37 �C
under 5 % CO2. Cells were split when 70–80 % confluence

was reached. For matrigel culture, HSC-T6 cells were tryp-

sinized and 0.5 mL cell suspension (106 cells/mL) was

seeded on plastic dishes coated with matrigel (50 lL/cm2 of

growth surface). Gel was prepared according to the

manufacturer’s instructions (BDBiosciences, Bedford,MA).

Cell proliferation assay

To test the proliferative effect of AGEs on HSC, BSA–

AGEs, and non-glycated BSA were added to the culture

medium. Approximately 104 HSC cells were introduced to

individual well in a 96-well plate and subcultured for 48 h

prior to spectrophotometric analysis. Ten microliters of

WST-1 reagent (Roche Applied Science) was then added

into each well and incubated for 1 h. Absorbance at

450 nm was measured using a Synergy HT Multi-Mode

Microplate Reader (Bio-Tek).

Quantitative real-time PCR

Total RNA was isolated using TRIzol� (Gibco/BRL).

Single-stranded complementary DNA was synthesized

from 2 lg of RNA using RETROscript� First Strand Syn-

thesis kit (Ambion, AM1710) and followed by the qPCR

reactions with primer sets as follows: a-SMA, 50- ACTGGG
ACGACATGGAAAAG-30 (F) and 50-TAGATGGGGACA
TTGTGGGT-30 (R); proCOL1A1, 50- GCTCCTCTTAGG
GGCCACT-30 (F) and 50-CCACGTCTCACCATTGGGG-30

(R); and actin, 50-AAGGACTCCTATAGTGGGTGACGA-
30 (F) and 50-ATCTTCTCCATGTCGTCCCAGTTG-30 (R).
qPCR was performed using SYBR Green assay contained

12.5 lL SYBR Green PCR Master Mix (Bio-Rad) [20, 21].

SDS-PAGE and Western blot analysis

Western blots were performed in SDS-PAGE sample buf-

fer containing protein extracts of HSC-T6 cells and pri-

mary rat HSC cultures. A total of 50 lg of total proteins

were loaded onto a 4–12 % polyacrylamide gel and then

electrically blotted on nitrocellulose membrane (Bio-Rad).

Filters were hybridized with antibodies against RAGE (at a

1:1000 dilution) or LC3-II (1:1000) or SQSTM1/p62

(1:1000) or GAPDH (1:10,000) and then detected using

HRP-conjugated specific secondary antibodies and ECL.

ImageJ was used to quantify bands.

Measurement of autophagic flux

HSC-T6 cells were plated at 1.5 9 105 cells/well in

12-well plates and transfected with 50 ng of GFP-LC3 with

Lipofectamine 2000 (Invitrogen, California). For the de-

tection of the autophagic flux following AGE exposure,

GFP-LC3 puncta were visualized using a Leica DM6000B

microscope at 24 h after AGE treatment. Quantitative mi-

crograph analysis was carried out using ImageJ software

(National Institute of Health).

Statistical analysis

Data were presented as mean ± standard deviation (range)

unless otherwise specified. Statistical analysis was performed

by SPSS software 13.0 (SPSS Inc., Chicago, IL). The fol-

lowing variables were included in the univariate analysis:

demographics (age, sex), alcohol intake, viral titer, and other
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test results (e.g., ALT, AST, ALP, GGT, CHOL, TBIL,

DBIL, TP, ALB, BUN, Cr, Glu, UA, Na, K, Cl, RBC, WBC,

PLT, PT, APTT, FIB, LSM, AGEs, and APRI). All con-

tinuous variables were analyzed with Student’s t test or one-

way ANOVA followed by post hoc Tukey’s analysis or

Kruskal–Wallis test depending on the data distribution, and

category variables were compared by x2. A two-tailed

P value of\0.05 was considered statistically significant.

Results

AGEs were elevated in CHC patients with IR

Previous studies have shown that pulmonary fibrosis and

renal fibrosis are associated with a higher AGE level [3, 4].

However, AGE level in HCV-related fibrosis is rarely re-

ported. Our earlier study demonstrated that CHC is asso-

ciated with IR [22], assessed by HOMA–IR. To evaluate the

AGE level in patients with CHC, a cohort of 79 HCV pa-

tients was enrolled, and concurrently, age- and sex- mat-

ched patients with chronic hepatitis B were included as

control subjects. Differences in disease duration, BMI, al-

cohol intake, and cholesterol and glucose concentrations

that have potential impacts on both IR and AGE levels were

insignificant between the two groups (Table 1). In com-

parison with patients with hepatitis B, a remarkable eleva-

tion in AGE level was observed in CHC patients

(0.77 ± 0.82 lg/mL vs. 1.21 ± 0.71 lg/mL, P = 0.013),

which is consistent with our previous findings [9]. Next,

patients with CHC were divided into IR or non-IR groups

based on HOMA–IR, among which 33 chronic HCV

Table 1 Clinical characteristic

of patients with HCV and HBV
Parameter (unit) Hepatitis B (n = 79) Hepatitis C (n = 79) P value

Age (years) 47.98 ± 15.29 48.52 ± 15.07

Male n (%)a 52 (65.82 %) 52 (65.82 %)

Disease durationa 20 (2–56) 18 (4–36)

BMI 20.6 ± 3.82 20.9 ± 4.22

Alcohol intake n (%)a 42 (53.16 %) 46 (58.22 %)

ALT (IU/ml) 95.69 ± 79.43 94.65 ± 78.70 0.83

AST (IU/ml) 89.80 ± 62.84 82.18 ± 79.03 0.23

ALP (IU/ml) 124.96 ± 33.24 167.50 ± 21.14 0.14

GGT (IU/ml) 116.86 ± 77.22 110.99 ± 45.11 0.83

TBIL (lmol/L) 42.35 ± 74.52 44.55 ± 22.49 0.26

DBIL (lmol/L) 31.62 ± 17.38 33.65 ± 10.08 0.32

TP (g/L) 67.66 ± 10.02 62.40 ± 9.89 0.12

ALB (g/L) 35.36 ± 6.13 35.75 ± 6.17 0.38

BUN (mmol/L) 4.51 ± 1.90 5.89 ± 5.25 0.08

Cr (lmol/L) 74.60 ± 21.57 82.59 ± 40.02 0.11

UA (mmol/L) 280.69 ± 102.55 234.53 ± 111.65 0.11

CHOL (mmol/L) 3.53 ± 1.37 3.72 ± 1.38 0.14

Glu (mmol/L) 5.81 ± 2.11 5.62 ± 7.14 0.81

RBC (1012/L) 3.82 ± 0.74 3.45 ± 0.80 0.21

Hb (g/L) 123.30 ± 39.75 118.42 ± 24.55 0.21

WBC (109/L) 4.65 ± 2.31 5.27 ± 2.40 0.11

PLT (109/L) 115.34 ± 71.13 108.48 ± 93.57 0.32

PT (S) 14.09 ± 3.40 14.81 ± 6.37 0.32

APTT (S) 49.08 ± 16.55 51.05 ± 19.57 0.21

PTA (%) 84.75 ± 20.68 79.50 ± 23.53 0.07

Fbg (g/L) 2.00 ± 0.63 1.95 ± 0.96 0.80

AGEs (lg/mL) 0.77 ± 0.82 1.21 ± 0.71 0.01

Values are expressed as mean ± SD unless otherwise stated

ALT alanine aminotransferase, AST aspartate transaminase, ALP alkaline phosphatase, c-GGT gamma

glutamyl transpeptidase, TBIL total bilirubin, DBIL direct bilirubin, TP total protein, ALB albumin, BUN

blood urea nitrogen, CREA creatinine, UA uric acid, RBC red blood cell count, Hb hemoglobin, WBC white

blood cell count, PLT platelet, PT prothrombin time, APTT activated partial thromboplastin time, Fbg

fibrinogen, AGEs advanced glycation end products
a Values are median (range) or percentage
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patients (41.72 %) were determined as IR, while 46 patients

(58.23 %) were non-IR. Notably, CHC patients without IR

did not exhibit an increased AGE level when compared to

CHB patients (0.77 ± 0.82 lg/mL vs. 0.82 ± 0.23 lg/mL,

P = 0.24), whereas the highest levels (0.82 ± 0.23 lg/mL

vs. 1.52 ± 0.65 lg/mL, P = 0.002) were found in the CHC

patients with IR (Table 2). Thus, elevated AGE level was

associated with IR, but not HCV infection.

AGE-associated fibrosis in patients with IR

Next, association between IR and fibrosis, determined by

AST-to-platelet ratio index (APRI) [23] and transient

elastography [24], was also investigated. Opposed to non-

IR CHC patients, CHC patient with IR displayed a higher

APRI (0.81 ± 0.04 vs. 2.04 ± 0.15, P\ 0.0001) and in-

creased liver stiffness (9.66 ± 4.73 kpa vs. 14.00 ± 6.07,

P = 0.0012) (Fig. 1). Our results indicated that AGE level

was correlated with IR and IR associated with fibrosis, and

it was thus postulated that whether AGEs were also in-

volved in IR-related fibrosis. As shown in Fig. 2b, a

positive correlation between liver stiffness and serum

AGEs was identified (r = 0.5731, P\ 0.001). Further-

more, our data show that the correlation between liver

stiffness and serum AGEs was insignificant in non-IR

group (r = 0.0774, P = 0.596) (Fig. 2c), whereas it was

more significant in IR group (r = 0.6640, P\ 0.001)

(Fig. 2d). Thus, the role of AGEs in the pathogenesis of

fibrosis needs further investigation.

AGEs stimulate primary rat HSC proliferation

HSCs have been considered as the key cellular source of

extracellular matrix synthesis in the liver. Morphology

changes of HSCs from quiescent to myofibroblast-like cells

indicate the enhanced synthesis of extracellular matrix

components. To determine whether AGEs affect the pro-

liferation properties of HSCs, primary rat HSC cells were

incubated with different concentrations of BSA–AGEs

ranging from 12.5 to 200 lg/mL for 48 h, and cell prolif-

eration was measured using WST-1 assay. In contrast to

non-glycated BSA control, significant increase in cell

viability was seen in AGE-treated cells, and the maximum

cell proliferation was observed at 100 lg/ml BSA–AGEs

(Fig. 3).

AGEs induce HSC activation

Consistent with cell proliferation data, qPCR results also

suggested a dose-dependent increase in a-SMA and pro-

COL1A1 transcripts (Fig. 4a, b). Next, we tested whether

the protein levels were changed following AGE treatment.

HSC-T6 cells were incubated with non-glycated BSA

control or 100 lg/mL BSA–AGE for 24 h and analyzed by

Western blotting. As expected, AGE treatment sig-

nificantly stimulated the production of a-SMA protein and

demonstrated 1.85- and 3.3-fold increases compared to

blank and non-glycated BSA control, respectively (Fig. 4c,

d). As a result, treatment with AGEs increased a-SMA and

proCOL1A11 at both transcript level and protein level, not

only in HSC-T6 cell line but also in primary rat HSCs,

showing that HSCs undergo activation process by AGEs.

Table 2 Clinical characteristic of CHC patients with IR or non-IR

Parameter (Unit) Non-IR (n = 46) IR (n = 33) P value

Age (years)a 48.08 ± 14.51 49.65 ± 15.13 0.80

Male gender n (%)a 30 (65.2 %) 22 (66.6 %) 0.893

BMI 21.3 ± 3.82 22.1 ± 3.17 0.962

CHOL (lmol/L) 3.53 ± 1.17 3.26 ± 1.22 0.93

Glu (mmol/L) 5.35 ± 1.87 6.37 ± 2.39 0.968

HCV RNAb 5.71 ± 0.29 5.12 ± 0.37 0.21.5

ALT (IU/ml) 75.61 ± 33.65 118.98 ± 173.65 0.01

AST (IU/ml) 88.58 ± 37.5 104.57 ± 129.89 0.00

ALP (IU/ml) 126.93 ± 130.04 106.46 ± 49.7 0.14

GGT (IU/ml) 111.58 ± 94.2 116.55 ± 91.55 0.78

TBIL (lmol/L) 52.87 ± 73.28 58.87 ± 88.12 0.67

DBIL (lmol/L) 23.09 ± 39.38 22.59 ± 41.07 0.79

TP (g/L) 66.08 ± 11.96 69.41 ± 7.43 0.26

ALB (g/L) 35.25 ± 5.95 35.53 ± 6.92 0.45

BUN (mmol/L) 4.23 ± 1.56 4.38 ± 1.71 0.84

Cr (lmol/L) 73.1 ± 15.5 72.69 ± 18.73 0.40

UA (mmol/L) 276.55 ± 96.14 288.29 ± 112.98 0.37

RBC (1012/L) 3.87 ± 0.62 3.84 ± 0.82 0.11

Hb (g/L) 119.1 ± 19.58 121.33 ± 21.71 0.39

WBC (109/L) 4.3 ± 2.28 4.98 ± 2.35 0.50

PLT (109/L) 108.57 ± 68.51 98.65 ± 78.34 0.58

PT (S) 13.97 ± 3.38 14.73 ± 1.20 0.34

APTT (S) 48.2 ± 17.23 53.42 ± 17.70 0.742

TT (S) 18.63 ± 1.29 19.45 ± 1.97 0.129

PTA (%) 87.04 ± 18.02 19.45 ± 1.97 0.25

Fbg (g/L) 2.1 ± 0.8 1.70 ± 0.44 0.16

LSM (Kpa) 8.22 ± 5.42 11.5 ± 6.52 0.005

AGEs (lg/mL) 0.82 ± 0.23 1.52 ± 0.65 0.002

Values are expressed as mean ± SD unless otherwise stated

ALT alanine aminotransferase, AST aspartate transaminase, ALP al-

kaline phosphatase, c-GGT gamma glutamyl transpeptidase, TBIL

total bilirubin, DBIL direct bilirubin, TP total protein, ALB albumin,

BUN blood urea nitrogen, CREA creatinine, UA uric acid, RBC red

blood cell count, Hb hemoglobin, WBC white blood cell count, PLT

platelet, PT prothrombin time, APTT activated partial thromboplastin

time, Fbg fibrinogen, LSM liver stiffness measurement, AGEs ad-

vanced glycation end products, BMI body mass index, CHOL serum

cholesterol, Glu glucose
a Values are median (range) or percentage
b Titer log10 (IU/mL)
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AGEs induce autophagy in HSCs

Next, the underlyingmechanism for HSC activation byAGEs

was investigated. Recent studies suggested that autophagy

provides the energy that is essential for HSC activation [12,

13]. Autophagy is a catabolic process through which cyto-

plasmic components are degraded by their own lysosome.We

explored whether AGEs induce autophagy in HSCs by de-

tecting the lipidated form of LC3-II, a widely monitored

marker offering biochemical insights on autophagy [25].

Western blot results showed a more intense band of LC3-II,

indicating the occurrence of autophagy during HSC activa-

tion induced by AGEs (Figs. 4c, d, 5a, b, 6a, c–f).

LC3-II itself behaves as a substrate of autophagy and

can also be degraded by lysosomes. If cells are treated with

the lysosomal proton pump inhibitor bafilomycin A1 (BA),

the degradation of LC3-II is blocked, resulting in the ac-

cumulation of LC3-II [26]. It is a well-established method

for monitoring autophagosome synthesis [25]. In the case

that LC3-II further accumulates in the presence of BA, it

suggests the enhancement of the autophagic flux; if the

LC3-II level maintains unchanged, the autophagosome

accumulation is likely attributed to inhibition of autophagic

degradation. As shown in Fig. 5a, b, the overall LC3

lipidation was increased (lane 2 vs. lane 1) following AGE

treatment, and more importantly, incubation with AGEs

Fig. 1 Insulin resistance

associated with fibrosis.

Comparisons of AST-to-platelet

ratio index (a) and liver stiffness
measurement (b) in CHC

patients with or without IR.

P value was indicated

Fig. 2 AGEs associated with

fibrosis. a Comparisons of AGE

concentration in CHC patients

with or without IR. P value was

indicated. Correlation of AGE

concentration with liver

stiffness measurement in

patients with CHC (b), CHC
patients without insulin

resistance (IR) (c), and CHC

patients with IR (d)
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and BA together had introduced a further increase in LC3-

II lipidation. These results demonstrated that the accumu-

lation of autophagosomes was indeed attributed to the in-

crease in autophagic flux rather than the inhibition of

autophagic degradation. Alternatively, autophagic flux can

be characterized by measuring the degradation of p62

(SQSTM1/sequestosome), a long-lived scaffolding protein.

Differences in p62 expression level between AGE-treated

and non-treated cells have been noticed, suggesting an

enhanced p62 degradation by AGEs (Fig. 5b).

The puncta formation by GFP-LC3 is a reliable au-

tophagy marker for autophagosomes [25]. Increased for-

mation of LC3 puncta reflects that more autophagosomes

have been developed. Figure 5c, d shows the comparison

of LC3 puncta formation in GFP-LC3-transfected HSC-T6

cells. The outcome indicated that more autophagosomes

were formed during AGE-induced HSC activation.

Fig. 3 AGEs stimulate rat primary HSC proliferation. Rat primary

HSC cells on day 4 treated with BSA–AGEs for 48 h were subjected

to a cell proliferation assay with WST-1 reagent. Data are shown as

mean ± SEM from three independent experiments. **P\ 0.01

compared to the value of non-glycated BSA control

Fig. 4 AGEs induce HSC activation. Rat primary cells on day 4 were

incubated with non-glycated BSA or BSA–AGEs at the concentration

indicated for 4 h, followed by qPCR measurement of mRNA

encoding a-SMA (a) and proCOL1A1 (b), transcript level normalized

to housekeeping gene GAPDH. Data are shown as mean ± SD from

three independent experiments. **P\ 0.01 compared to the value of

non-glycated BSA control. HSC-T6 cells were treated with BAS or

BAS–AGEs at the final concentration of 100 lg/mL for 24 h.

Western blotting analysis of a-SMA and LC3-II with specific

antibodies as indicated. GAPDH used as protein loading control.

Images presented are representative of three independent experiments

(c). Protein a-SMA and LC3-II ratios (normalized to GAPDH) were

used to quantify fold change relative to control and are shown in (d).
*P\ 0.05; **P\ 0.01 compared to untreated control
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Taken together, our data showed that AGEs increase

LC3 lipidation, autophagic flux, long-lived protein degra-

dation, and autophagosome formation.

Blocking RAGE attenuates HSC activation

and autophagy induction

RAGE, receptor of AGEs, is physiologically highly ex-

pressed in lung and pathologically expressed in the setting

of diabetes, aging, inflammation, neurodegeneration, and

tumors; however, its role in HCV-related liver fibrosis

remains controversial [27]. In our current attempt, the

RAGE expression data were used to delineate its role in

HSC activation and proliferation. As shown in Fig. 6a,

only 50 KD RAGE was expressed in quiescent HSC-T6

cells, and 46 KD RAGE was merely detected. Upon

BAS–AGE stimulation, both 50 KD and 46 KD RAGE

bands were expressed, and over the time, the 46 KD

RAGE displayed increased levels with the highest band

intensity at 48 h of AGE stimulation. In addition, RAGE

expression in liver sample from CHC patients with IR and

from rat was confirmed by Western blot analysis

(Fig. 6b).

To further confirm whether autophagy induction and

HSC activation by AGEs are RAGE dependent, RAGE-

blocking antibody was employed. As shown in Fig. 6c, d,

AGEs alone induce LC3 lipidation and a-SMA expression,

which is consistent with our pervious finding, suggesting

HSC activation and autophagy induction. However,

RAGE-blocking antibody attenuated such effects, espe-

cially in HSCs treated with higher concentration. Soluble

form of RAGE (sRAGE) binds RAGE ligands, thereby

preventing downstream signaling and damage [28]. Next,

sRAGE was used to block AGE–RAGE signaling. Con-

sistent with blocking antibody, sRAGE also reduced AGE-

induced LC3-II lipidation and a-SMA expression, sug-

gesting that blocking RAGE signaling inhibits AGE-in-

duced autophagy and HSC activation.

Fig. 5 AGE-induced autophagy in HSC. HSC-T6 cells were treated

with non-glycated BSA or BSA–AGEs in the presence or absence of

bafilomycin A1 for 24 h. Lysates were analyzed for the protein levels

of LC3-II and SQSTM1/p62 as indicated. Images presented are

representative of three independent experiments (a). Protein was

quantified by densitometry and normalized by GAPDH expression

levels. Data were represented as mean ± SD from three independent

experiments. **P\ 0.01 (b). HSC-T6 cells were transfected with

GFP-LC3 for 12 h and then treated with BSA–AGEs or non-glycated

BAS control for 24 h. Images are representative of three independent

experiments (c). The average number of GFP-LC3 dots per cell was

quantified in[10 cells per sample (d). The data shown represent the

mean ± SD from three independent experiments. **P\ 0.01
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Discussion

HSC activation plays a central role in liver fibrosis. Here,

our clinical data showed that serum AGE levels were

elevated in patients with CHC and correlated with liver

stiffness in patients with IR, but not patients without IR,

indicating the involvement of AGEs in IR-related liver fi-

brosis. Next, we found that AGEs stimulate primary rat

HSC proliferation and induce a-SMA and proCOL1A1

mRNA transcription and protein expression, suggesting

that HSCs were activated by AGEs. Recently, autophagy

has been implicated in HSC activation [29]. Our data un-

covered AGE-induced autophagy in HSCs. Moreover,

blockade RAGE signaling attenuated both autophagy and

HSC activation. Our results integrate AGEs, HSC activa-

tion, and autophagy into a common framework that un-

derlies the molecular mechanism of IR-related fibrosis.

Chronic HCV infection is more likely to favor IR by

the viral protein. IR plays a pivotal role in accelerating the

severity of hepatic fibrosis in CHC patients. In non-obese,

non-diabetic patients, serum AGE level is correlated with

HOMA–IR. This phenomenon drives us to investigate the

Fig. 6 Blocking AGE–RAGE axis attenuates autophagy and HSC

activation. a HSC-T6 cells in quiescent state highly expressed RAGE

50 KD, and dim RAGE 46 KD was also detected. Upon BAS–AGE

stimulation, HSC-T6 cells expressed both 50 KD and 46 KD RAGE

in a time-dependent manner. b RAGE was detected in human liver

tissue from an CHC patients with IR (left), rat liver tissue, and HSC-

T6 cells. HSC-T6 cells were treated with RAGE-blocking antibody at

the final concentration of 10 lg/mL (Ab1) or 30 lg/mL (Ab2) for

2 h, followed by AGE exposure for additional 24 h, non-glycated

BSA as a control. Lysates were analyzed for the protein levels of

LC3-II and a-SMA as indicated. Images are representative of three

independent experiments (c). Protein was quantified by densitometry

and normalized to GAPDH. The data shown represent the

mean ± SD from three independent experiments. **P\ 0.01.

HSC-T6 cells were treated with sRAGE (20 lg/mL) for 2 h, followed

by AGE exposure for additional 24 h, non-glycated BSA as a control.

Lysates were analyzed for the protein levels of LC3-II and a-SMA as

indicated. Images are representative of three independent experiments

(e). Protein was quantified by densitometry and normalized to

GAPDH. The data shown represent the mean ± SD from three

independent experiments (f). **P\ 0.01 (b)
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role AGEs played in fibrosis in HCV-infected patients.

Two important clues were found from our clinical data.

First, serum AGE level elevated only in patients with

HCV infection, but not in patients with HBV infection,

and the concentration was much higher in those with IR.

Second, AGE level correlated with liver stiffness. The

correlation was more apparent in those patients with IR,

but not those without IR, which indicated that AGE level

may be a useful noninvasive biomarker for assessing fi-

brosis. Both kidney and liver are involved in the removal

of AGEs [30]. In our study, the kidney function of all

subjects was normal, and the liver function was compared

between HBV group and HCV group. Thus, the accumu-

lation of AGEs was conceivable as a consequence of in-

creased formation de novo. AGE formation can be

enhanced by oxidative stress or non-oxidative reactions of

sugars and their adducts to proteins and lipids. Compared

with chronic hepatitis B, chronic hepatitis C is particularly

more effective at generating oxidative stress [31]. This

notion could partially explain our observation that AGEs

were specifically increased in CHC patients. Finally, our

data indicated that elevated AGE level was associated with

IR, but not HCV infection. Similar findings were reported

by Arsov et al. [32] in 2010, with the conclusion that

independent markers of AGE accumulation were age,

diabetes mellitus, and cardiovascular disease, but not

hepatitis C.

Furthermore, the molecular mechanism of HSC acti-

vation by AGEs was investigated. We demonstrated here

that AGEs induce autophagy, as indicated by increased

LC3 lipidation, autophagosome formation, autophagy

flux, and long-lived protein degradation. These results

point to autophagy as a possible target in the prevention

of HSC activation and liver fibrosis. AGEs exert their

effect by binding to different ligands including RAGEs.

High constitutive RAGE expression is restricted to the

lung, while other tissues display low expression. Although

whether HSCs express RAGE remained controversial, we

confirmed that RAGE is expressed not only in liver

sample from CHC patients and rat, but also in HSC-T6

cells.

More importantly, RAGE antibody reversed AGE-in-

duced autophagy induction and HSC activation, and this

observation was reinforced by blocking RAGE signaling

using sRAGE. The results in current study not only indi-

cated that autophagy and HSC activation may be coupled,

but also suggested that AGE–RAGE axis plays a role in

HSC activation and subsequent liver fibrosis. Reduction in

the AGE–RAGE signaling, by avoiding overcooked foods,

sensitizing insulin function, controlling of high glucose,

and oxidant supplement digestion [33], may be a promising

way to lower the risk of fibrosis, especially in those CHC

patients with IR and increased AGEs.
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