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Abstract. Advanced glycation end products (AGEs)
play an important role in collagen deposition in
diabetic cardiomyopathy. TRB3, a mammalian ho-
molog of Drosophila tribbles, functions to increase
glucose intolerance and regulates cell proliferation.
We demonstrated that AGEs induce collagen type I
expression but inhibit collagen type III expression,
accompanied by increased TRB3 expression. Further-
more, the collagen type I induced by AGEs was down-

regulated after inhibition of ERK and p38-MAPK, the
collagen type III reduced by AGEs was up-regulated
after inhibition of ERK. The expression of collagen
types I and III regulated by AGEs through MAPK was
partly reversed after treatment with TRB3 siRNA. It
suggests that the TRB3/MAPK signaling pathway
participates in the regulation of collagen types I and
III by AGEs and may provide new therapeutic
strategies for diabetic cardiomyopathy.

Keywords. Advanced glycation end products, cardiac fibroblasts, collagen, tribble 3, mitogen-activated protein
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Introduction

Diabetic cardiomyopathy is one of the leading causes
of increased morbidity and mortality in patients with
diabetes. It is characterized by myocyte loss and
myocardial fibrosis, leading to decreased elasticity and
impaired contractile function. There is accumulating
evidence that advanced glycation end products

(AGEs) have a pathogenic role in the development
of diabetic cardiomyopathy. Excessive AGEs pro-
duced as a result of hyperglycemia are known to
produce irreversible cross-links between extracellular
matrix (ECM) proteins [1, 2], compromising tissue
compliance and causing myocardial stiffness [3].
AGEs also exert their detrimental effect by interact-
ing and up-regulating their receptors, including the
receptor for advanced glycation end products
(RAGE), Through these receptors, AGEs activate
several critical molecular pathways which trigger
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production of profibrogenic growth factors, connec-
tive tissue growth factor (CTGF), and TGFb1 [1, 4],
stimulate the production of the ECM and inhibit its
degradation.
The composition of ECM, a complex network of
structural proteins, mainly collagen types I and III in
the myocardium, provides architectural support for
the myocardium and plays an important role in
myocardial function [5]. Several studies have demon-
strated an accumulation of collagens including colla-
gen types I and III in diabetic cardiomyopathy, which
has been related to left-ventricular diastolic and
systolic dysfunction [6, 7]. However, the effect of
AGEs on the expression of the subtype of collagens in
cardiac fibroblasts and the intracellular mechanism(s)
whereby AGEs induce cardiac fibrosis remain poorly
understood.
AGEs lead to activation of multiple signaling path-
ways, including mitogen-activated protein kinases
(MAPK), through interacting with the receptor for
AGE (RAGE) [8, 9], and MAPK have been demon-
strated to participate in collagen expression in fibro-
blasts and to be an important mediator of the fibrotic
process [10, 11], which suggests that AGEs may
participate in cardiac fibrosis through the MAPK
signaling pathway.
The Drosophila protein Tribbles regulates string
activity and, hence, mitosis during ventral furrow
formation [12]. Its mammalian homolog, Tribble 3
(TRB3), was induced in mouse liver under fasting
conditions and found to promote glucose output [13].
TRB3 also serves as a molecular switch and regulates
the relative activation of the three classes of MAPK
[14].We previously reported increased total collagen
content in myocardium, along with significantly
increased TRB3 mRNA expression in the hearts of
streptozotocin-induced diabetic rats [15].
In light of the relationship between AGEs, MAPK and
TRB3 in cardiac fibrosis, we hypothesized that TRB3
regulates collagen expression induced by AGEs in
cardiac fibroblasts through an MAPK signaling path-
way. We studied rat cardiac fibroblasts cultured in
AGE-albumin to determine: 1) whether AGEs affect
collagen production in these cells; 2) whether MAPK
are involved in AGE-induced collagen production; 3)
whether the expression of TRB3 is increased in
cardiac fibroblasts induced by AGEs; 4) whether
TRB3 is involved in AGE-induced MAPK activity
and collagen production.

Materials and Methods

Chemicals and reagents. Dulbecco�s modified Eagle�s
medium (DMEM), fetal bovine serum and trypsin

were purchased from Gibco (Grand Island, NY,
USA). 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tet-
razolium bromide (MTT) was purchased from Sigma
(St. Louis, MO, USA), PD98059, SB203580 and
SP600125 were obtained from Cell Signaling Tech-
nology (Danves, MA, USA). Trizol reagent was from
Invitrogen (Carlsbad, CA, USA). Reagents for real-
time RT-PCR were obtained from Promega Biotech
(Madison, WI, USA). Phospho-specific antibodies for
ERK1/2, p38-MAPK, and JNK and antibodies against
total ERK1/2, p38-MAPK, and JNK were purchased
from Cell Signaling Technology (Danves, MA, USA),
Anti-trb3 antibody was provided by Dr. Jingti Deng
(Shandong University, Jinan, P.R.China). X-treme-
GENE siRNA Transfection was from Roche Co.
(Mannheim, Germany). The chemiluminescence
(ECL) kit was obtained from Amersham Pharmacia
(Piscataway, NY, USA). The enzyme-linked immuno-
sorbent assay (ELISA) kits for procollagen types I and
III C-terminal peptide (PICP) were purchased from
Bionewtrans Pharmaceutical Biotechnology (Frank-
lin, MA, USA). Other chemicals were of the highest
purity grade.

Cell cultures. Cardiac fibroblasts were prepared from
the ventricles of adult male, 300 – 350 g Wistar rats and
was identified according to the method described
previously [16]. After digesting the minced left
ventricular free wall with trypsin (6 mg/ml) and
collagenase type 2 (100 U/ml), collected cells were
preincubated in DMEM with 10 % FBS for two hours
to separate CFs from myocytes. The cells were then
cultured in DMEM supplemented with 10 % fetal
bovine serum (FBS) in 5 % CO2 and 95 % humidified
air at 37 8C. The purity of these cultures was positive
for >95 % cardiac fibroblasts as measured by vimen-
tin expression and negative by von Willebrand factor,
a-smooth muscle actin, and a-sarcomeric actin as
previously described [17]. All studies were performed
with cells at passages 2 – 4. Animal experiments were
conducted in accordance with guidelines established
by the Animal Care and Use Committee of Shandong
University. Cells were stimulated with AGEs or BSA
at concentrations of 200 mg/ml. To examine the effect
of the MAPK pathway on collagen expression by
AGEs, a specific ERK (PD98059, 10 mmol/L), p38
inhibitor (SB203580, 10 mmol/L) and JNK inhibitor
(SP600125, 10 mmol/L) were added 30 min. before
stimulations. To examine the effect of TRB3 on
collagen expression by AGEs, TRB3 siRNA
(30 mmol/L) was transfected 24 h before stimulations.

Preparation of AGEs. AGE-BSA was prepared by
incubating BSA in phosphate- buffered saline (PBS,
10 mmol/L, pH 7.4) with 50 mmol/L D-glucose for
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eight weeks at 37 8C as described previously [18, 19].
Unmodified BSA was incubated under the same
conditions without glucose as control. Protein con-
centrations were measured by the Bradford method.
All AGE-protein specific fluorescence intensities
were measured at a protein concentration of 1 mg/
ml. AGEs and control BSA contained 66.5 and 6.33
units of AGEs per milligram of protein, respectively.
All reagents were prepared under endotoxin-free
conditions. Each preparation was tested by Limulus
amoebocyte lysate assay (EToxate, Sigma, St. Louis,
MO, USA) for endotoxin content (<0.8 EU endotox-
in per ml).

Small interfering RNA (siRNA) transfection. Twenty-
one nucleotide long siRNAs for rat TRB3 were
chemically synthesized by Invitrogen. The 5’-GGCA-
CAGAGUACACCUGCATT-3’ and 5’-UGCAGGU-
GUUACUCUGUGCCTT-3’ oligoribonucleo- tides
were used to inhibit TRB3 synthesis, The TRB3
siRNA is located in the region of the TRB3 transcript
(GenBankTM accession number NM_144755) of the
sequence. The 5’-GUAUGACAACAGCCUCA-ACHTUNGTRENNUNGAGTT-3’ and 5’-CUUGAGGCUGUUGUCAU
ACTT-3’ oligoribonucleotides were used as a
GAPDH postive control. As a negative control, we
used a randomly mixed sequences of the TRB3 siRNA
5’-UUCUCCGAA CGUGUCACGUTT-3’ and 5’-
ACGUGACACGUUCGGAGAATT-3’ oligoribonu-
cleotides. siRNA was transiently transfected into cells
grown in a six-well plate by using X-treme GENE
siRNA Transfection according to the manufacturer�s
protocol. To determine if the transfection was toxic to
cardiac fibroblasts, the cytotoxic effect of the treat-
ment was assessed by cell viability determined with
MTT assay. We tested this reaction after 4 h– 48 h
using an ELISA reader (Bio-Rad) at 570 nm, with a
690 nm filter as reference. The result showed that
siRNA for 24 h and 48 h had no significant effect on
cell viability compared to the control (supplement

2B). The siRNA with SFM (a fluorochrome) was
transiently transfected into cells growing in a six-well
plate using X-treme GENE siRNA transfection
according to the manufacturer�s protocol, the effi-
ciency of transfection reached 70 – 80 % at 24 h after
transfection. In each experiment, a series of wells was
dedicated to the evaluation of the silencing of the
TRB3 by real-time quantitative RT-PCR and western
blotting analysis. All RNAi experiments were per-
formed on at least three independent occasions with
comparable results.

Real-time quantitative RT-PCR. Total RNA was
extracted by using Trizol according to the manufac-
turer�s procedures. Two micrograms of total RNA
were reverse transcribed in a 20 ml volume containing
0.5 mg oligo-dT primer, 1 ml dNTP mixture, 1.25 ml
RNase inhibitor, and 4 units reverse transcriptase.
Real-time quantitative PCR involved the SYBR-
based method in a 20 ml reaction in a Roche light-
cycler. Reaction specificity was confirmed by analyz-
ing melting curves and by electrophoresis on 2.0%
agarose gel analysis of products. The relative changes
in gene expression were analyzed by the 2(-Delta
Delta C(T)) method and normalized according to the
expression of the housekeeping gene b-actin(26).
Respective primer and product specifications are in
Table 1.

Enzyme-linked immunosorbent assay (ELISA). Solu-
ble collagen types I and III proteins were determined
by secretion of procollagen types I and III C-terminal
peptide (PICP), a marker for procollagen types I and
III production by a PICP detection ELISA kit
according to the manufacturer�s protocol.

Western blot analysis. Cells were harvested in sample
buffer, resolved by SDS-polyacrylamide gel electro-
phoresis, transferred to a polyvinylidene difluoride
membrane, subjected to western blot using a 1 : 1000

Table 1. Primers used for RT-PCR.

Name GenBank
accession

Primers Size
(bp)

b-actin NM_031144 Forward:5’AGACCTTCAACACCCCAG3’;
Reverse: 5’CACGATTTCCCTCTC AGC3’

255

GAPDH XR_001863.1 Forward:5’-CTGATGCCCCCATGTTTAAT-3’;
Reverse: 5’- TTAATGGGCTCTCTGATGCC-3’

240

procollagen type
I,a1

XM_213440 Forward:5’TTCACCTACAGCACGCTTGT3’;
Reverse:5’TTGGGATGGAGGGAGTTTAC3’

196

procollagen type
III,a1

NM_032085 Forward:5’GGTCACTTTCACTGGTTGACGA3’;
Reverse:5’TTGAATATCAAACACGCAAGGC3’

201

TRB3 NM_144755 Forward: 5’TGATGCTGTCTGGATGACAA3’;
Reverse: 5’GTGAATGGGGACTTTGGTCT3’

292
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dilution of antibody for MAPKs, 1 :500 dilution of
antibody for TRB3, the membrane was then incubat-
ed with 1 :3000 horseradish peroxidase-conjugated
anti-mouse antibodies, and detected using an en-
hanced chemilumine- scence detection system. The
density of the resulting protein bands was analyzed
using the ImageMaster totallab software (version
2005, Amersham Pharmacia Biotech, USA).

Statistical analysis. All values are shown as means �
SEM. Differences between two groups were deter-
mined by unpaired Student�s t-test. ANOVA was used
for multiple comparisons. P < 0.05 was considered
statistically significant.

Results

AGEs regulate the expression of collagen types I and
III in cardiac fibroblasts. Several studies have sug-
gested that AGEs participate in cardiac fibrosis in
diabetic cardiomyopathy [1, 20]; however, the effect
of AGEs on the collagen subtype expression is still
undetermined. In the present study we first examined
the expression of collagen types I and III after
treatment with AGEs. As shown in Figure1, compared
with the BSA group, AGEs increased both the mRNA
expression of procollagen type I (Fig. 1A) and the
protein expression of collagen type I (Fig. 1B) in
cardiac fibroblasts in a time-dependent manner within
12 h for mRNA and 72 h for protein. However, AGEs
decreased both the mRNA expression of procollagen

type III (Fig. 1C) and protein expression of collagen
type III (Fig. 1D) by cardiac fibroblasts. Thus, AGEs
induce the expression of collagen types I but reduce
slightly the expression of collagen types III by cardiac
fibroblasts. These findings corroborate with previous
studies showing that AGEs breakers inhibit cardiac
remodeling in diabetic rats [1].

AGEs activate MAPK signaling pathways in cardiac
fibroblasts. MAPK is known to be an important
mediator which participates in collagen expression by
fibroblasts [10, 11, 21], while the p38 MAPK signaling
cascade is an important pathway in the progression of
left ventricular dysfunction and pathologic remodel-
ing [21]. In the previous study we found that high
glucose induced collagen expression via the ERK1/2
signaling pathway [22], Therefore, we further exam-
ined the activation of the MAPK signaling pathway
after treatment with AGEs. As shown in Figure 2,
AGEs inducing the activity of ERK1/2 and p38-
MAPK were increased significantly by AGEs in a
time-dependent manner within 30 min., decreasing to
baseline levels at 60 min. (Figs. 2A and 2B), and JNK
was increased significantly by AGEs in a time-
dependent manner at 30 min., decreasing to baseline
levels at 60 min. (Fig. 2C). These data indicate that
AGEs promote the phosphorylation of MAPK in rat
cardiac fibroblasts.

Blocking of MAPK modifies the expression of
collagen types I and III in cardiac fibroblasts by
AGEs. To further determine whether MAPK are

Figure 1. Real-time PCR and
ELISA analysis demonstrate
that AGEs induce collagen type
I and induce loss of collagen type
III in cardiac fibroblasts. (A)
AGEs but not BSA induce the
mRNA expression of procolla-
gen type I in a time-dependent
manner within 12 h. (B) AGEs
but not BSA induce collagen
type I protein expression 24 h –
72 h after treatment. (C) AGEs
but not BSA significantly de-
crease mRNA expression of pro-
collagen type III. (D) AGEs but
not BSA decrease protein ex-
pression of collagen type III after
24 h – 72 h. Cardiac fibroblasts
were treated with 200 mg/ml of
AGEs (black squares) and
200 mg/ml of BSA (white
squares). Data are means �
SEM from at least six independ-
ent experiments. *P < 0.05 and
**P < 0.01 compared with BSA.
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involved in the expression of collagen types I and III in
cardiac fibroblasts by AGEs, we tested the mRNA
expression of procollagen types I and III at 12 h and
the protein expression of collagen types I and III at
24 h by AGEs after blockade of MAPK. As shown in
Figure 3, both the mRNA and protein expression of
collagen type I up-regulated by AGEs were reduced
by a specific p38-MAPK inhibitor, SB203580
(P < 0.01) and a specific ERK inhibitor, PD98059
(P < 0.01), the inhibitory effect of PD98059 was
greater than that of SB203580 (Figs. 3A and 3B).
Both the mRNA and protein expression of collagen
type III down-regulated by AGEs were slightly
decreased by PD98059 (P < 0.05), but SB203580
partly reversed the effects of AGEs (P < 0.01)
(Figs. 3C and 3D). However, a specific JNK inhibitor
SP600125 had no significant effect on the expression
of collagen types I and III (Figs. 3A –3D). These
results demonstrate that AGEs regulate the produc-
tion of collagen types I and III mainly via the ERK1/2
and p38-MAPK pathway.

TRB3 is involved in the expression of collagen types I
and III regulated by AGEs in cardiac fibroblasts
through activation of ERK1/2 and p38-MAPK. To test
the efficacy of the selected siRNA sequence, we

measured the mRNA level of TRB3 after 24 h
transfection with TRB3 siRNA. The TRB3 mRNA
expression in the cells transfected with TRB3 siRNA
(30 mM) was lower than that in the cells transfected
with the control siRNA. The addition of AGEs to
cardiac fibroblasts increased TRB3 mRNA expres-
sion 4.53-fold that of BSA (Fig. 4A) and increased
TRB3 protein expression 2.3-fold that of BSA at
30 min (Fig. 4B). After inhibiting the expression of
TRB3 by TRB3 siRNA, both the mRNA expression
of procollagen type I (Fig. 4C) and protein expression
of collagen type I (Fig. 4D) were decreased markedly
(P < 0.01), and the mRNA expression of procollagen
type III (Fig. 4E) and protein expression of collagen
type III (Fig. 4F) were slightly increased (P < 0.05).
After transfection with TRB3 siRNA, the activity of
ERK1/2 and p38-MAPK induced by AGEs was
depressed significantly at 30 min. (Fig. 5A and 5B).
These data suggest that the TRB3- activated ERK1/2
and p38-MAPK signaling pathway play a pivotal role
in AGE-induced expression of collagen types I and III
by cardiac fibroblasts.

Figure 2. Western blot analysis demonstrates that AGEs activate the MAPK signaling pathway. (A) Representative western blots
performed with anti-phospho-ERK1/2 (p-ERK1/2) and anti-ERK1/2 (ERK1/2) antibodies in cardiac fibroblasts incubated for 0 min. –
60 min. in the presence of AGEs and BSA. (B) Representative western blots performed with anti-phospho-p38 (p-p38) and anti-p38 (p38)
antibodies in cardiac fibroblasts incubated for 0 min. – 60 min. in the presence of AGEs and BSA. (C) Representative western blots
performed with anti–phospho-JNK (JNK) and anti-JNK (JNK) antibodies in cardiac fibroblasts incubated for 0 min. – 60 min. in the
presence of AGEs and BSA. Cardiac fibroblasts were treated with 200 mg/ml of AGEs (black squares) and 200 mg/ml of BSA (white
squares). Data represent results from six independent experiments. *P < 0.05 and **P < 0.01 compared with BSA.
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Discussion

In the present study we demonstrated that AGEs up-
regulated the expression of collagen type I in rat cardiac
fibroblasts through activation of ERK1/2 and p38-
MAPK and down-regulated the expression of collagen
type III through activation of p38-MAPK; however,
ERK1/2 activated by AGEs induce the expression of
collegen type III slightly ,which is different from the
role of p38-MAPK. Moreover, AGEs significantly up-
regulated the expression of TRB3, the mammalian
homolog of the mitosis regulator Tribbles, in cardiac
fibroblasts. After inhibition of TRB3 with TRB3
siRNA, both phosphorylation of ERK1/2 and p38-
MAPK by AGEs were attenuated and the AGE-
induced expression of collagen type I was markedly
decreased, whereas the expression of collagen type III
down-regulated by AGEs was significantly increased.
Thus, the differential regulation of collagen types I
and III in cardiac fibroblasts by AGEs through TRB3
mediated activation of a MAPK pathway ERK1/2 and
p38-MAPK.
Cardiac fibroblasts are the predominant secretary
cells of collagen in the heart and the key mediators of
normal and pathological cardiac remodeling [23].
However, their role, mainly to produce collagen types
I and III [24], has not been recognized in diabetic

conditions. Our previous study showed that high
glucose induced the expression of collagen types I
and III in rat cardiac fibroblasts [22]. Here, we showed
that AGEs significantly up-regulated both the mRNA
expression of procollagen type I and the protein
expression of collagen type I in adult rat cardiac
fibroblasts, but the mRNA expression of procollagen
type III and the protein expression of collagen type III
were down-regulated by AGEs. These results suggest
that AGEs might be one of the causes which improve
the ratio of collagen type I / collagen type III, a signal
index of cardiac remodeling in the later stage of heart
failure [5]. This is different from the effect of high
glucose, which increases both the production of
collagen type I and collagen type III in rat cardiac
fibroblasts [22].
AGEs regulate collagen types I and III by an ERK1/
2- and p38-MAPK-dependent pathway. MAPK plays
an important role in collagen production in cardiac
fibroblasts [22, 25, 26] and activation of MAPK has
previously been demonstrated in various cell types in
response to AGEs [9, 27, 28] . In the present study,
AGEs activated ERK1/2 and p38-MAPK within
30 min. after treatment. Furthermore, both the
mRNA expression of procollagen type I and the
protein expression of collagen type I induced by
AGEs were significantly inhibited by the addition of

Figure 3. Effect of MAPK inhib-
itors on the expression of colla-
gen type I and collagen type III in
rat cardiac fibroblasts by AGEs.
AGE-induced procollagen type I
mRNA expression at 12 h (A)
and protein expression of colla-
gen type I at 24 h (B) are blocked
by a specific ERK1/2 inhibitor
(PD98059) and p38-MAPK in-
hibitor (SB203580). AGE-re-
duced procollagen type III
mRNA expression at 12 h (C)
and protein expression of colla-
gen type III at 24 h (D) are
blocked by SB203580, but
PD98059 decreases the expres-
sion of collagen type III. Cardiac
fibroblasts were treated with
AGEs (200 mg/ml) and BSA
(200 mg/ml) after being given a
specific MAPK inhibitors. Data
are means � SEM from six
independent experiments.
*P < 0.05 and **P < 0.01 com-
pared with BSA control and
treatments with the MAPK in-
hibitors.
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PD98059 or SB203580, the inhibitory role of
PD98059 was more significant than that of
SB203580. The mRNA expression of procollagen
type III and the protein expression of collagen type
III reduced by AGEs were increased after treatment
with SB203580 but PD98059 enhanced the inhibitory
effect of AGEs on the expression of collagen type III.
Though JNK was slightly activated by AGEs, the
inhibitor of JNK has no significant effect on the

production of collagen types I and III. Thus, AGEs
likely mediate the expression of collagen types I and
III directly through the following MAPK pathway:
AGE-induced collagen type I expression requires
activation of ERK 1/2 and p38- MAPK; however,
decreased collagen type III expression by AGEs
requires ERK 1/2 activation and the p38-MAPK
pathway up-regulates collagen type III expression
slightly in rat cardiac fibroblasts.

Figure 4. Effect of TRB3 on the expression of collagen type I and collagen type III by AGEs (200 mg/ml) in rat cardiac fibroblasts. (A) Real
time RT-PCR revealed that AGEs induce TRB3 mRNA expression in cardiac fibroblasts. Cardiac fibroblasts were treated with 200 mg/ml
of AGEs (black squares) and 200 mg/ml of BSA(white squares). (B) Representative western blots performed with anti-TRB3 and anti-
GAPDH antibodies in cardiac fibroblasts incubated for 15 min. in the presence of AGEs and BSA. (C) and (D) AGE-induced mRNA
expression of procollagen type I at 12 h and the protein expression of collagen type I at 72 h are inhibited after silencing TRB3 with TRB3
siRNA. (E) and (F) AGE-induced mRNA expression of procollagen type III at 12 h and the protein expression of collagen type III at 72 h
are inhibited after silencing TRB3 with TRB3 siRNA. Cardiac fibroblasts were treated with AGEs (200 mg/ml) and BSA(200 mg/ml) after
blockade of TRB3 with TRB3 siRNA. (C) – (F) Cardiac fibroblasts were treated with 30 mmol/LTRB3 siRNA (black squares) and 30 mmol/
L control siRNA (white squares). Data represent means � SEM from at least six independent experiments. *P < 0.05 and **P < 0.01
compared with BSA control or treatment with AGEs.

Figure 5. TRB3 siRNA inhibit
the phosphorylation of ERK1/2
and p38-MAPK activated by
AGEs. Representative western
blot showing that the phosphor-
ylation of ERK1/2 (A) and p38-
MAPK (B) induced by AGEs
(200 mg/ml) at 30 min. is blocked
by a TRB3 siRNA (30 mmol/L).
Data represent the results from
three independent experiments.
*P < 0.05 and **P < 0.01 com-
pared with the control siRNA.
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A novel and significant finding is that TRB3 is
involved in the expression of collagen types I and III
regulated by AGEs through activation of ERK1/2 and
p38-MAPK pathways. Firstly, AGEs induced TRB3
mRNA expression as early as four hours after treat-
ment, after the phosphorylation of ERK1/2 and p38-
MAPK. Secondly, after blockade of TRB3 with TRB3
siRNA, the AGE-induced phosphorylation of ERK1/
2 and p38-MAPK was decreased significantly. Finally,
knockdown of TRB3 expression by TRB3 siRNA
suppressed the AGE-induced production of collagen
type I and slightly increased the production of
collagen type III. Activation of MAPK signaling
pathways occurs in response to a wide range of
stimuli, ultimately leads to changes in gene expres-
sion, and the de novo synthesized proteins contribute
to the cellular response. TRB3 proteins could act
either as activators or inhibitors of MAPK activity,
depending on the ratio of TRB3 to MAPKK in the
cell [29] . In mammalian cells, TRB3 at a relatively
low level can bind to and regulate MAPKK and
hence activate MAPK phosphorylation, especially
ERK1/2 phosphorylation [14].
Our results appear to contradict previous results that
Tribbles inhibits cell proliferation in Drosophila and
human cells [12, 30, 31]. However, a similar result in
Hela cells showed that overexpression of TRB3
interferes with starvation-induced apoptosis and re-
stores the growth ability, and it was postulated that
overexpression of TRB3 interferes with apoptosis by
titrating out potential growth inhibitory binding
partners [32]. TRB3 may have a different effect in
various cell types and dosages, and more detailed
studies in different cell types is required to clarify the
precise function of TRB3.
In summary, the present study presents evidence that
AGEs stimulate the expression of collagen type I and
decrease the expression of collagen type III through
an ERK1/2- and p38-MAPK-dependent pathway.
Moreover, our results suggest that TRB3 is involved
in these processes through regulating the activity of
the ERK1/2 and p38-MAPK pathways. Although our
results suggest that blockage of TRB3 activity could
be a therapeutic approach to inhibit AGE-induced
collagen expression, future study is required to
elucidate the role of the TRB3-MAPK pathway on
cardiac fibrosis in diabetic animal studies.

Electronic supplementary material. Supplementary material is
available in the online version of this article at springerlink.com
(DOI 10.1007/s00018-008-8255-3) and is accessible for authorized
users.

Acknowledgements. This work was supported by the National
Natural Science Foundation of P.R. China ( No. 30670874 and
No. 30570748) and the Natural Science Foundation of Shandong

Province of P.R. China (No. Y2005C11).We thank M.D. Fenghua
Zhou and M.D. Wang Rong from the cardiovascular research
center of Shandong University for technical assistance.

1 Candido, R., Forbes, J. M., Thomas, M. C., Thallas, V., Dean,
R. G., Burns, W. C., Tikellis, C., Ritchie, R. H., Twigg, S. M.,
Cooper, M. E.,and Burrell, L. M. (2003) A breaker of ad-
vanced glycation end products attenuates diabetes-induced
myocardial structural changes. Circ. Res. 92, 785–792.

2 Brownlee, M. (2005) The pathobiology of diabetic complica-
tions: a unifying mechanism. Diabetes 54, 1615–1625.

3 Aronson, D. (2003) Cross-linking of glycated collagen in the
pathogenesis of arterial and myocardial stiffening of aging and
diabetes. J. Hypertens. 21, 3–12.

4 Zhou, G., Li, C. and Cai, L. (2004) Advanced glycation end-
products induce connective tissue growth factor-mediated
renal fibrosis predominantly through transforming growth
factor beta-independent pathway. Am. J. Pathol. 165, 2033–
2043.

5 Pauschinger, M., Knopf, D., Petschauer, S., Doerner, A.,
Poller, W., Schwimmbeck, P. L., Kuhl, U. and Schultheiss, H. P.
(1999) Dilated cardiomyopathy is associated with significant
changes in collagen type I/III ratio. Circulation 99, 2750–2756.

6 Mizushige, K., Yao, L., Noma, T., Kiyomoto, H., Yu, Y.,
Hosomi, N., Ohmori, K. and Matsuo, H. (2000) Alteration in
left ventricular diastolic filling and accumulation of myocardial
collagen at insulin-resistant prediabetic stage of a type II
diabetic rat model. Circulation 101, 899–907.

7 Westermann, D., Rutschow, S., J�ger, S., Linderer, A., Anker,
S., Riad, A., Unger, T., Schultheiss, H. P., Pauschinger, M. and
Tschçpe, C. (2007) Contributions of inflam- mation and cardiac
matrix metalloproteinase activity to cardiac failure in diabetic
cardiomyopathy: the role of angiotensin type 1 receptor
antagonism. Diabetes 56, 641–646.

8 Zill, H., Bek, S., Hofmann, T., Huber, J., Frank, O., Linden-
meier, M., Weigle, B., Erbersdobler, H. F., Scheidler, S., Busch,
A. E., and Faist, V. (2003) RAGE-mediated MAPK activation
by food-derived AGE and non-AGE products. Biochem.
Biophys. Res. Commun. 300, 311–315.

9 Chang, P. C., Chen, T. H., Chang, C. J., Hou, C. C., Chan, P.
and Lee, H. M. (2004) Advanced glycosylation end products
induce inducible nitric oxide synthase (iNOS) expression via a
p38 MAPK-dependent pathway. Kidney Int. 65, 1664–1675.

10 Papakrivopoulou, J., Lindahl, G. E., Bishop, J. E. and Laurent,
G. J. (2004) Differential roles of extracellular signal-regulated
kinase 1/2 and p38MAPK in mechanical load-induced procol-
lagen alpha1(I) gene expression in cardiac fibroblasts. Cardi-
ovasc. Res. 61, 736–744.

11 Purdom, S. and Chen, Q. M. (2005) Epidermal growth factor
receptor-dependent and -independent pathways in hydrogen
peroxide-induced mitogen-activated protein kinase activation
in cardiomyocytes and heart fibroblasts. J. Pharmacol. Exp.
Ther. 312, 1179–1186.

12 Mata, J., Curado, S., Ephrussi, A. and Rorth, P. (2000) Tribbles
coordinates mitosis and morphogenesis in Drosophila by
regulating string/CDC25 proteolysis. Cell 101, 511–522.

13 Du, K., Herzig, S., Kulkarni, R. N. and Montminy, M. (2003)
TRB3: a tribbles homolog that inhibits Akt/PKB activation by
insulin in liver. Science 300, 1574–1577.

14 Kiss-Toth, E., Bagstaff, S. M., Sung, H. Y., Jozsa, V., Dempsey,
C., Caunt, J. C., Oxley, K. M., Wyllie, D. H., Polgar, T., Harte,
M., O�neill, L. A., Qwarnstrom, E. E., and Dower, S. K. (2004)
Human tribbles, a protein family controlling mitogen-activated
protein kinase cascades. J. Biol. Chem. 279, 42703–42708.

15 Zhang, W., Zhong, M., Tang, M. X., Ma, X., Miao, Y., Sun, H.
and Zhang, Y. (2006) [Effect of valsartan on Tribble 3 gene
expression in rats with experimental diabetic cardiomyop-
athy]. Zhonghua Xin Xue Guan Bing Za Zhi 34, 212–216.

16 Meszaros, J. G., Gonzalez, A. M., Endo-Mochizuki, Y., Ville-
gas, S., Villarreal, F. and Brunton, L. L. (2000) Identification of
G protein-coupled signaling pathways in cardiac fibroblasts:

Cell. Mol. Life Sci. Vol. 65, 2008 Research Article 2931



cross talk between G(q) and G(s). Am. J. Physiol. Cell.
Physiol. 278, C154–C162.

17 Villarreal, F. J., Kim, N. N., Ungab, G. D., Printz, M. P. and
Dillmann, W. H. (1993) Identification of functional angiotensin
II receptors on rat cardiac fibroblasts. Circulation 88, 2849–
2861.

18 Abe, H., Matsubara, T., Iehara, N., Nagai, K., Takahashi, T.,
Arai, H., Kita, T. and Doi, T. (2004) Type IV collagen is
transcriptionally regulated by Smad1 under advanced glyca-
tion end product (AGE) stimulation. J. Biol. Chem. 279,
14201–14206.

19 Doi, T., Vlassara, H., Kirstein, M., Yamada, Y., Striker, G. E.
and Striker, L. J. (1992) Receptor-specific increase in extrac-
ellular matrix production in mouse mesangial cells by advanced
glycosylation end products is mediated via platelet-derived
growth factor. Proc. Natl. Acad. Sci. USA 89, 2873–2877.

20 Norton, G. R., Candy, G. and Woodiwiss, A. J. (1996) Amino-
guanidine prevents the decreased myocardial compliance
produced by streptozotocin-induced diabetes mellitus in rats.
Circulation 93, 1905–1912.

21 See, F., Thomas, W., Way, K., Tzanidis, A., Kompa, A., Lewis,
D., Itescu, S. and Krum, H. (2004) p38 mitogen-activated
protein kinase inhibition improves cardiac function and
attenuates left ventricular remodeling following myocardial
infarction in the rat. J. Am. Coll. Cardiol. 44, 1679–1689.

22 Tang, M., Zhang, W., Lin, H., Jiang, H., Dai, H. and Zhang, Y.
(2007) High glucose promotes the production of collagen types
I and III by cardiac fibroblasts through a pathway dependent
on extracellular-signal-regulated kinase 1/2. Mol. Cell. Bio-
chem.

23 Weber, K. T. (2004) Fibrosis in hypertensive heart disease:
focus on cardiac fibroblasts. J. Hypertens. 22, 47–50.

24 Booz, G. W. and Baker, K. M. (1995) Molecular signalling
mechanisms controlling growth and function of cardiac fibro-
blasts. Cardiovasc. Res. 30, 537–543.

25 Livak, K. J. and Schmittgen, T.D. (2001) Analysis of relative
gene expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 25, 402–408.

26 Liu, X., Sun, S. Q., Hassid, A. and Ostrom, R. S. (2006) cAMP
inhibits transforming growth factor-beta-stimulated collagen
synthesis via inhibition of extracellular signal-regulated kinase
1/2 and Smad signaling in cardiac fibroblasts. Mol. Pharma-
col. 70, 1992–2003.

27 Li, L., Sawamura, T. and Renier, G. (2004) Glucose enhances
human macrophage LOX-1 expression: role for LOX-1 in
glucose-induced macrophage foam cell formation. Circ.
Res. 94, 892–901.

28 Lin, C. L., Wang, F. S., Kuo, Y. R., Huang, Y. T., Huang, H. C.,
Sun, Y. C. and Kuo, Y. H. (2006) Ras modulation of superoxide
activates ERK-dependent fibronectin expression in diabetes-
induced renal injuries. Kidney Int. 69, 1593–1600.

29 Xia, Z., Dickens, M., Raingeaud, J., Davis, R. J. and Green-
berg, M. E. (1995) Opposing effects of ERK and JNK-p38
MAP kinases on apoptosis. Science 270, 1326–1331.

30 Grosshans, J. and Wieschaus, E. (2000) A genetic link between
morphogenesis and cell division during formation of the
ventral furrow in Drosophila. Cell 101, 523–531.

31 Ohoka, N., Yoshii, S., Hattori, T., Onozaki, K. and Hayashi, H.
(2005) TRB3, a novel ER stress-inducible gene, is induced via
ATF4-CHOP pathway and is involved in cell death. Embo. J.
24, 1243–1255.

32 Schwarzer, R., Dames, S., Tondera, D., Klippel, A. and
Kaufmann, J. (2006) TRB3 is a PI 3-kinase dependent indicator
for nutrient starvation. Cell Signal. 18, 899–909.

To access this journal online:
http://www.birkhauser.ch/CMLS

2932 M. Tang et al. TRB3 involved in AGE-regulated collagens

http://www.birkhauser.ch/CMLS

