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Myocardial fibrosis and inflammation are intricately linked in diabetic cardiomyopathy (DCM), and resveratrol has been shown to
attenuate oxidative stress, inflammation, and fibrosis in several cell types or animal models. High mobility group box 1 (HMGB
1), a proinflammatory cytokine, has been reported to regulate fibrosis and inflammation in various organs. Then the present
study aimed to reveal the expression of HMGB 1-mediated signaling pathway and oxidative stress in resveratrol-treated diabetic
mice. The significant increase in serum HMGB 1 concentration in diabetic mice was attenuated by treatment with resveratrol.
Similarly, western blot analysis revealed a significant increase of HMGB 1 protein in monocytes and heart tissues of diabetic mice,
and resveratrol partly normalized the changes. In addition, resveratrol abrogated the increased expression of HMGB 1-mediated
signaling pathway, oxidative stress, fibrosis, and inflammation in diabetic hearts. In conclusion, inhibition of HMGB 1-mediated
signaling pathway and oxidative stress may contribute to resveratrol-induced anti-inflammatory and antifibrotic effects in DCM.

1. Introduction

The leading causes of mortality in patients with diabetes
mellitus (DM) are cardiovascular complications including
hypertension, coronary heart disease, and diabetic cardiomy-
opathy (DCM) [1, 2]. The latter complication is a complex
condition characterized by both early-onset diastolic and
late-onset systolic dysfunctions without hypertension and
coronary heart disease [3]. Epidemiological studies have
shown that DCM is a major etiologic factor contributing to
heart failure [4]. Until recently, the mechanisms involved in
the pathogenesis of DCM remain incompletely understood;
however, numerousmechanisms have been proposed includ-
ing oxidative stress, inflammation, and fibrosis [5, 6].

Resveratrol, a polyphenolic compound and naturally
occurring phytoalexin present in red wine and vegetable
foods, has been shown to delay the progression of DCM
[7–10]. Many pieces of evidence have implicated that

the cardioprotection of resveratrol was, in part, due to
its antioxidative effect. However, the precise cellular and
molecular mechanism underling resveratrol-induced cardio-
protection in DCM is still far from being fully elucidated.

High mobility group box 1 (HMGB 1) is a highly con-
served nuclear protein present in various cells including
eukaryotic cells [11]. A considerable number of studies have
indicated upregulated HMGB 1 in various diseases including
heart failure, stroke, and severe sepsis. Since convincing in
vitro and in vivo evidence suggest that HMGB 1 increases in
patients with DM or high glucose condition [12–15], HMGB
1 may be a novel cytokine contributing to pathological pro-
cesses of DCM. Recently, the importance ofHMGB 1 inDCM
was also documented in studies utilizing genetic inhibition of
HMGB 1, thus mitigated cardiac fibrosis and remodeling in
DCM [16]. Additionally, Delucchi et al. found that resveratrol
partly but significantly inhibited the upregulated HMGB-1
levels in diabetic rats [10]. It appears that HMGB-1 may be
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a therapeutic target for resveratrol in DCM; however, the
underlying mechanism remains poorly understood.

HMGB 1 exerts its proinflammatory effect via binding to
receptor for advanced glycation end products (RAGE) and
toll-like receptors (TLRs) [11]. Binding of HMGB 1 to RAGE
or TLRs leads to NF-𝜅B activation, which is known to evoke
inflammatory response [11]. In addition to inflammation,
HMGB 1 plays an important role in fibrogenesis [17–19].
However, there is little information regarding HMGB 1-
RAGE/TLRs-NF-𝜅B pathway in resveratrol-treated DCM
mice model.

Therefore, in this present study, we hypothesize that
resveratrol administration may inhibit HMGB 1-RAGE/
TLRs-NF-𝜅B pathway, oxidative stress, inflammation, and
fibrosis in streptozocin- (STZ-) induced diabetic hearts.

2. Methods

2.1. Animals and Procedures. The experimental and feeding
protocols were approved by and in accordance with the laws
and regulations controlling experiments on live animals in
China and the Asian Convention for the Protection of Ver-
tebrate Animals Used in Experimental and Other Scientific
Purposes. The animal experiments were approved by the
Medical Ethics Committee of Drum Tower Hospital affiliated
to Nanjing University Medical School. Mice (male) were
purchased from Model Animal Research Center of Nanjing
University. Mice were randomly assigned into four age- and
weight-matched groups containing eight mice each. Diabetic
mice were induced by consecutive intraperitoneal adminis-
tration of STZ (40mg/kg/day, Sigma-Aldrich, St. Louis, MO,
USA) for 5 days. For glucose levels measurements, blood
was withdrawn from mouse tail-vein and blood glucose was
detected with a blood glucose monitor, while plasma insulin
was not measured in this experiment. Nonfastingmice with a
blood glucose level above 13.9mM at 3 days after the last STZ
injection were considered as diabetic mellitus. Just one STZ-
injectedmouse (about 11% of themice injected with STZ) was
excluded from the study as the blood glucose did not reach
13.9mM.

To be similar to clinic, the administration of resveratrol
was performed after one-month induction of diabetes as
previously reported [6, 20].Onemonth after induction of dia-
betes, mice were treated with resveratrol (5 or 25mg/kg/day
via intragastrical administration, Sigma-Aldrich, St. Louis,
MO, USA) for another two months. Mice treated with saline
containing 0.5% CMC (vehicle) were used as control group.
The dose of resveratrol was adjusted every week based
on any change in body weight during the whole period
of study. Normal chow and water were freely available.
Experimental studies showed the dose of intragastrically
administered resveratrol leading to cardioprotection range
between 2.5mg/kg/day and 20mg/kg/day [7, 10, 21], so the
resveratrol doses of 5 and 25mg/kg/day were selected in this
experiment.

Changes in body weight and blood glucose were recorded
weekly until sacrifice, while 24 h urine output was detected at
the end of this experiment.

2.2. Masson’s Trichrome Staining. Heart samples were fixed
in 4% paraformaldehyde and were imbedded in paraffin
according to the standard procedures. 4 𝜇m serial sections
were longitudinally cut from subepicardial to subendocardial
layer and subjected to Masson’s trichrome staining. Three
sections with 10 fields for one sample were analyzed. Mas-
son’s trichrome staining was used to evaluate the extent of
fibrosis in all sections. Myocardial cells were stained red
and collagenous fibers were stained blue. Collagen volume
fraction (CVF) was detected to measure the percentage of
heart sectional area comprised of fibrous tissue using Image
Pro Plus software. The calculation formula of CVF in each
view of the slice is CVF = collagen area/total area × 100%.

2.3. Dihydroethidium (DHE) Staining. In this study, DHE
staining was used to evaluate superoxide expression. The
heart sections were incubated with 2 𝜇m/mL DHE dye
(Beyotime Institute of Biotechnology, Haimen, China) for
30min at 37∘C protected from light. Fluorescence pictures
were obtained using a fluorescence microscope. Red staining
indicating oxidative stress was quantified in 3 randomly
selected regions in heart sections in 4 animals/group using
Image Pro Plus software.

2.4. Western Blot. Left ventricular tissues were homogenized
in RIPA buffer containing a 1 : 100 dilution of protease
inhibitor (Sigma-Aldrich, St. Louis, MO, USA), and the
supernatants were used for western blot after centrifugation.
Equal protein samples were subjected to SDS-PAGE. Proteins
were transferred electrophoretically to polyvinylidene difluo-
ridemembranes (MerckMillipore, Billerica,MA,USA).Then
the blotswere blocked and incubatedwith primary antibodies
as follows: anti-HMGB 1 (1 : 2000, Bioworld Technology, Inc.,
St. Louis,MN,USA), anti-RAGE (1 : 500, Abcam, Cambridge,
MA, UK), anti-TLR4 (1 : 500, Bioworld Technology, Inc., St.
Louis, MN, USA), anti- NF-𝜅B (1 : 1000, Bioworld Technol-
ogy, Inc., St. Louis, MN, USA), anti-p66shc (1 : 2000, Santa
Cruz Biotechnology, Inc., Dallas, TX, USA), anti-gp91phox
(1 : 1000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
anti-p47phox (1 : 500, Bioworld Technology, Inc., St. Louis,
MN, USA), anti-TNF-𝛼 (1 : 500, Bioworld Technology, Inc.,
St. Louis, MN, USA), and anti-iNOS (Cell Signaling Tech-
nology, Danvers, MA, USA). Anti-𝛽-actin antibody (1 : 2000,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was used
as the internal control. After four washes in TBST, the
blots were incubatedwith horseradish peroxidase-conjugated
secondary antibodies. The washes were repeated, and the
membranes were then treated with Super Signal Substrate
Western Blotting Reagent (Merck Millipore, Billerica, MA,
USA). The bands were quantified using Bio-Rad Quantity
One imaging software.

2.5.Measurement of SerumHMGB-1 Levels. At the end of this
investigation, the mice were anaesthetized and sacrificed by
cervical decapitation; the blood was collected for serum sep-
aration. Then serum HMGB-1 concentrations were detected
using a mouse HMGB-1 ELISA kit (Uscn Life Science Inc.,
Wuhan, China) according to the manufacturer’s instructions.



Oxidative Medicine and Cellular Longevity 3

Table 1: Resveratrol modulated blood glucose, 24 h urine output, and body weight in diabetes mellitus.

Groups N DM DMR5 DMR25
Blood glucose (mmol/L) 7.4 ± 0.5 27.2 ± 2.8∗∗ 24.6 ± 1.2# 20.9 ± 1.3##

24 h urine output (mL) 0.98 ± 0.24 11.4 ± 2.3∗∗ 8.0 ± 1.9## 6.2 ± 1.72##

Body weight (g) 30.4 ± 1.5 23.0 ± 1.5∗∗ 24.6 ± 1.2 25.2 ± 1.6#

Data are expressed as mean ± SD. Number of animals: 8 per group. ∗∗𝑝 < 0.01 versus N group. #𝑝 < 0.05 versus DM group. ##𝑝 < 0.01 versus DM group. N:
normalmice; DM: diabeticmice; DMR5: diabeticmice with 5mg/kg/day resveratrol treatment; DMR25: diabeticmice with 25mg/kg/day resveratrol treatment.

2.6. Isolation of Monocytes from Mouse Bone Marrow.
Bone marrow-derived monocytes were isolated as previously
described [22]. Briefly, bone marrow was collected from the
femurs and tibias and was flushed with cold PBS. After
being resuspended in red blood cell lysing buffer, the cells
were centrifuged and the monocytes were collected by Ficoll
Paque PLUS (GE Healthcare Life Sciences, Little Chalfont,
Buckinghamshire, UK) density gradient centrifugation of
bone marrow.

2.7. Statistical Analysis. One-way analysis of variance (nor-
mally distributed) or Kruskal-Wallis test (nonnormally dis-
tributed) was used for four groups in this investigation.
Values of 𝑝 < 0.05 were considered significant, and all 𝑝
values were two-sided. Analyses were performed with SPSS
21.0.

3. Results

3.1. Resveratrol Treatment Partially Regulated Biological
Parameters in Diabetic Mice. Table 1 details the character-
istics of four groups of mice at the end of the experimental
period. DM mice exhibited markedly elevated blood glucose
levels compared with normal mice and such alterations were
partially reversed by resveratrol at a dose of 5mg/kg/day
or 25mg/kg/day. The 24 h urine volume is an important
characteristic of type 1 diabetes, so it is also recorded in this
experiment. As shown in Table 1, 24 h urine volume in DM
groupwas increased to 11.63 times as comparedwithN group,
while it was reduced in both DMR5 and DMR25 groups
compared toDMgroup. In addition, the reduced bodyweight
induced by DM was significantly reversed by resveratrol at a
dose of 25mg/kg/day.

3.2. Resveratrol Decreased HMGB 1 in Serum and in Bone
Marrow-Derived Monocytes from Diabetic Mice. It was
observed that HMGB 1 in serum was higher in DM group
as compared to N group, while it was normalized with
resveratrol at a dose of 25mg/kg/d (Figure 1(a)). As shown
in Figure 1(b), the increased intracellular HMGB 1 protein
in monocytes was abrogated by resveratrol treatment (Fig-
ure 1(b)).

3.3. Resveratrol Inhibited HMGB 1-Mediated Signaling Path-
way in Diabetic Hearts. To investigate the role of HMGB
1 in cardioprotective effect of resveratrol in DCM, HMGB
1 and its downstream effectors were examined by western
blot. Similar to its protein level in serum and monocytes,

increased expression of HMGB 1 in diabetic hearts was
inhibited by treatment with 25mg/kg/day resveratrol (Fig-
ure 2(b)). RAGE and TLR4, as receptors of HMGB 1,
were both upregulated in STZ-induced diabetic mice; how-
ever, treatment with 25mg/kg/day resveratrol reversed these
changes in DMmice. In addition, treatment of diabetic mice
with resveratrol at a low dose of 5mg/kg/day significantly
attenuated DM-induced HMGB 1 expression in hearts. As
HMGB 1 exhibited its effects in cardiovascular system by
binding to RAGE/TLRs, resulting in activation of NF-𝜅B,
the expression of NF-𝜅B was also tested by western blot in
this study. As illustrated in Figure 2(e), compared with the
N group, the DM group showed significantly higher NF-
𝜅B expression, which was suppressed in DMR5 and DMR25
groups.

3.4. Resveratrol Suppressed Oxidative Stress in Diabetic Hearts.
Resveratrol demonstrated its cardioprotection via inhibition
of oxidative stress, which was considered to be associated
with HMGB 1. So western blot was performed to analyze
expressions of p66shc, p47phox, and gp91phox, which are
all oxidases contributing to oxidative stress. As shown in
Figure 3(b), the expression of p66shc was higher in DM
group than that in N group, while its protein level in
DMR25 group was significantly lower than that of DM
group. Moreover, upregulated expressions of NADPH oxi-
dase subunits p47phox and gp91phox induced by DM were
significantly attenuated by treatment of both 5mg/kg/day and
25mg/kg/day resveratrol.

To further corroborate the effect of resveratrol on oxida-
tive stress in diabetes, we detected ROS production by DHE
staining. As shown in Figure 3(e), treatment with resvera-
trol at a single dose of 25mg/kg/d protected the diabetic
mice from oxidative stress as indicated by decreased red
signaling.

3.5. Resveratrol Ameliorated Cardiac Fibrosis and Inflamma-
tion in Diabetic Heart. In this section, we detected changes
of myocardial fibrosis and inflammation in hearts of different
groups. Masson’s staining was used to identify the degree
of myocardial fibrosis. The collagen volume fraction (CVF)
increased significantly compared with N group; however,
25mg/kg/day resveratrol reduced the degree of myocardial
fibrosis in diabetic hearts (Figures 4(a) and 4(b)). In this
investigation, we found enhanced expressions of TNF-𝛼 and
iNOS in DCM models, while treatment with resveratrol
at a dose of 25mg/kg/day significantly ameliorated these
expressions (Figures 4(c) and 4(d)).
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Figure 1: Resveratrol regulated HMGB 1 in serum andmonocytes. (a) Resveratrol reduced the secretion of HMGB 1 to serum. (b) Resveratrol
downregulated HMGB 1 expression in monocytes. Number of animals: 8 per group. ∗𝑝 < 0.05 versus N group; ∗∗𝑝 < 0.01 versus N group;
#𝑝 < 0.05 versus DM group; ##𝑝 < 0.01 versus DM group. HMGB 1: high mobility group box-1; N: normal mice; DM: diabetic mice; DMR5:
diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day resveratrol treatment.

4. Discussion

The present study shows that treatment with resveratrol
can prevent HMGB1/RAGE/TLR4/NF-𝜅B pathway, oxidative
damage, myocardial fibrosis, and inflammation in STZ-
induced type 1 diabetic hearts.

Over the last 5 years, growing evidence considered
HMGB 1 as a key factor in promoting and maintaining
diabetic complications [12, 23, 24]. Recently, Wang and
Delucchi found that HMGB 1 was diffusely expressed in the
myocardium of diabetic mice [10, 16]. The findings are in
agreement with our results provided in Figure 2(b). HMGB
1, a proinflammatory factor, is secreted from immune cells
to serum under some conditions. So we detected the level
of HMGB 1 in serum and monocytes from diabetic mice.
Interestingly, a significant increase of HMGB 1 in serum and
monocytes was observed in DM group, and the elevated
HMGB 1 expressionwas normalized by resveratrol treatment.
In favor of this deduction, Yang et al. recently found that
resveratrol reduced lipopolysaccharide-induced expression
of HMGB 1 in murine macrophage-like RAW264.7 cells
[25]. Indeed, the results from the present study showed that
HMGB 1 may be a potential target for resveratrol in DCM.

Oxidative stress has been recognized as an important
link between DM and DCM. NADPH oxidase is considered
to be a major source of ROS and plays a critical role
in diabetic complications. By detecting the expressions of
p47phox and gp91phox with western blot, NADPH oxidase
activity was elevated in hearts of STZ-induced type 1 DM,
whereas resveratrol-treated DM mice revealed ameliorated
NADPH oxidase activity. This notion is strongly supported

by a previous study suggesting the decreasedNADPHactivity
of resveratrol treatment in type 2 DM [21]. Consistent with
a previous observation [26], p66shc, another oxidative stress
related protein, was also upregulated in STZ-induced type 1
diabetic hearts. Interestingly, the main new finding of this
study was that the increased expression of p66shc in diabetic
hearts was reversed by treatment of resveratrol.

As mentioned above, HMGB 1 as well as oxidative stress
was increased in DM, thus, it could speculate that HMGB 1
might be linked to oxidative stress in DM. H2O2 converted
from superoxide stimulated macrophages and monocytes to
actively release HMGB 1 [27]. Once released, extracellular
HMGB 1 might cause activation of NADPH oxidase as well
as increased ROS production in a TLR4-depended pathway
[28]. Recently, we have previously found that HMGB-1 was
involved in diabetes-induced oxidative stress in endothelial
progenitor cells [22]. Together, these findings indicate that
HMGB 1might be an inducer of oxidative stress or an effector
of oxidative stress in DCM (Figure 5), which needs to be
confirmed by further studies.

Over the last decade, AGE/RAGE was considered to
be a key element contributing to diabetic complications.
HMGB 1, another ligand of RAGE, was also involved in
diabetes-induced myocardial fibrosis, where they reported
that HMGB 1 inhibition improved cardiac function and
remodeling in diabetic mice [16]. Besides that, HMGB 1
was shown to be associated with hepatic fibrosis [18] and
renal fibrosis [29]. The underlying mechanisms were poorly
understood, although several studies demonstrated that the
profibrotic effect of HMGB 1 might be due to binding to
its receptors such as RAGE, TLR4, and TLR2 [18, 30].
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Figure 2: Western blot analysis of HMGB 1, RAGE, TLR4, and NF-𝜅B proteins in hearts of four groups. (a) Representative immunoblots of
HMGB 1, RAGE, TLR4, and NF-𝜅B in four groups. ((b)–(e)) Protein analysis of HMGB 1, RAGE, TLR4, and NF-𝜅B. Number of animals: 8
per group. ∗𝑝 < 0.05 versus N group; ∗∗𝑝 < 0.01 versus N group; #𝑝 < 0.05 versus DM group; ##𝑝 < 0.01 versus DM group. HMGB 1; high
mobility group box-1; RAGE: receptor for advanced glycation end products; TLR4: toll-like receptor 4; NF-𝜅B: nuclear factor 𝜅B; N: normal
mice; DM: diabetic mice; DMR5: diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day resveratrol
treatment.

In line with our investigation, several reports indicated that
RAGE, NADPH oxidase, and fibrosis were enhanced in
diabetic hearts [31, 32]. In this investigation, TLR4 expression
andROSproductionwere upregulated inDMmice compared
to normal mice. Consistent with the findings, TLR4 as well
as ROS was upregulated in diabetic hearts, suggesting the
critical role of ROS/TLR4 inDCM[33, 34].More importantly,
the expression of HMGB 1/RAGE/TLR4 and cardiac fibrosis
were attenuated by administration of resveratrol, supporting
the previous observation that resveratrol inhibited RAGE
and TLR 4 dependent pathways [35, 36]. Cardiac fibroblasts,

the main cells involved in myocardial fibrosis, were consid-
ered to promote fibrosis via proliferation, collagens expres-
sion, and differentiation into myofibroblast phenotype in
DCM [6, 37]. Several studies indicated that fibroblasts were
the source of HMGB 1 [16, 38, 39]. Besides, damage-
associatedmolecular patterns (includingHMGB 1) have been
shown to provoke fibroblast activation and trigger myocar-
dial fibrosis [16, 39], suggesting that the crosstalk between
HMGB 1 and cardiac fibroblasts might play an important
role in myocardial fibrosis in DCM. Taken together, the data
demonstrated that inhibition of ROS/HMGB 1/RAGE/TLR4
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Figure 3: Effects of resveratrol on DM-induced oxidative stress. ((a)–(d)) Western blot analysis of p66shc, p47phox, and gp91phox levels in
four groups. ((e), (f)) Observation of ROS by DHE staining in heart sections. Number of animals: 8 per group. ∗𝑝 < 0.05 versus N group;
∗∗𝑝 < 0.01 versus N group; #𝑝 < 0.05 versus DM group; ##𝑝 < 0.05 versus DM group. Bar = 50 𝜇m. DHE: dihydroethidium; N: normal
mice; DM: diabetic mice; DMR5: diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day resveratrol
treatment.

pathway and HMGB 1-mediated activation of fibroblasts are,
at least in part, responsible for the antifibrotic effect of
resveratrol in DCM.

DM is an inflammatory disease, and inflammation plays
an important role in the pathogenesis of DCM. The present

study indicated that treatment with resveratrol provided
anti-inflammatory effect and limited HMGB 1 expression in
diabetic hearts, suggesting that inhibition of inflammatory
response in diabetic hearts might be linked to normalized
HMGB 1 secretion.
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Figure 4: Resveratrol attenuated myocardial fibrosis and inflammation in the hearts of experimental type 1 diabetic mice. (a) Representative
Masson’s staining in four groups. (b) Quantitative analysis of CVF in four groups. (c) Representative western blot of TNF-𝛼 expression. (d)
Representative western blot of iNOS level. Number of animals: 8 per group. ∗𝑝 < 0.05 versus N group; ∗∗𝑝 < 0.01 versus N group; #𝑝 < 0.05
versus DM group. Bar = 50 𝜇m. CVF: collagen volume fraction; TNF-𝛼: tumor necrosis factor-𝛼; iNOS: inducible nitric oxide synthase; N:
normal mice; DM: diabetic mice; DMR5: diabetic mice with 5mg/kg/day resveratrol treatment; DMR25: diabetic mice with 25mg/kg/day
resveratrol treatment.

HMGB 1 could evoke the activation of proinflammatory
pathways in cardiovascular system via binding to RAGE
[40–43]. In this investigation, we found that both HMGB 1
and RAGE were increased in diabetic compared to normal
animals, while treatment with resveratrol could inhibit the
changes. The results supported a previous observation that
resveratrol abrogated DM-induced RAGE expression [35]. In
addition, TLR4, another receptor of HMGB 1 induced by dia-
betes, was also attenuated by supplement of resveratrol. More
and more evidence revealed the important role of TLR4-
mediated signaling pathway in inflammation. Recently, it
was shown that HMGB 1/TLR4 signaling contributed to
inflammation in hepatic ischemia/reperfusion injury [44].
However, Mudaliar et al. suggested TLR4 as an important

mediator for inflammation in high glucose-induced endothe-
lial cells [45]. Furthermore, the TLR4-mediated inflamma-
tion was inhibited by resveratrol in various diseases [36,
46, 47]. Thus, taking the present results together, resveratrol
may prevent inflammation in DCM via inhibition of HMGB
1/TLR4 pathway. NF-𝜅B is a major downstream molecule of
RAGE/TLR4 as well as an important transcriptional factor
of various inflammatory mediators. As expected, NF-𝜅B
expression was suppressed in diabetic mice by treatment of
resveratrol. Similar toHMGB 1 andNF-𝜅B, the expressions of
TNF-𝛼 and iNOS in hearts were both increased inDMgroup,
but treatment with resveratrol restored them to normal
in DMR25 group, which is in agreement with a previous
investigation [21]. In addition, these results also supported
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Figure 5: Schematic diagram for the possible mechanisms of
the cardioprotection of resveratrol in diabetic cardiomyopathy. By
binding to RAGE or TLRs, HMGB 1 stimulates ROS production and
activation of NF-𝜅B, which triggers inflammation and fibrosis in
diabetic hearts. Increased ROS production and inflammation may
be responsible for upregulated HMGB 1 with a positive feedback.
Treatment with resveratrol attenuates genesis of ROS and HMGB 1
to prevent cardiac dysfunction in diabetes.

previous observation that resveratrol exhibited its cardio-
protective effect or cerebroprotective effect via inhibition
of TNF-𝛼 related inflammation [48, 49], indicating TNF-
𝛼 as an important inflammatory factor in DCM. Currently,
increasing studies have showed that HMGB 1 could promote
proinflammatory expression including TNF-𝛼. For example,
HMGB 1 was shown to mediate high glucose-induced TNF-
𝛼 expression in cardiomyocytes [12]. However, Chen et al.
[50] found that direct suppression of TNF-𝛼 activity partially
attenuated HMGB 1 release from macrophages, suggesting
that some inflammatory cytokines in turn triggered the
activation of many immune cells and enhanced HMGB
1 expression [51]. Namely, HMGB 1 can function as a
proinflammatory cytokine, which in turn forms a positive
feedback loop, thus exaggerating inflammatory state in DM
(Figure 5). Thus, in the present study, it is worth mentioning
that HMGB 1 might be an inducer or an effector of TNF-
𝛼 and iNOS in DCM. In conclusion, the results demon-
strated that resveratrol ameliorated upregulated HMGB 1
release and related proteins, accompanied with ROS genesis,
myocardial fibrosis, and inflammation in diabetic hearts,
though our study raises more questions than answers regard-
ing the relationship and crosstalk between them. Taken
together, we present HMGB 1-mediated signaling pathway
as a novel therapeutic strategy of resveratrol in treatment of
DCM.

Competing Interests

The authors declare that they have no competing interests.

Authors’ Contributions

Han Wu and Zhen-Qiang Sheng contributed equally to this
paper.

Acknowledgments

This work was supported by grants from the Natural Science
Foundation of China (81070195, 81200148, and 81270281),
Jiangsu Key Laboratory for Molecular Medicine of Nanjing
University, Jiangsu Provincial Special Program of Medical
Science (BL2012014), State Key Laboratory of Pharmaceutical
Biotechnology (KF-GN-200901), the Peak of Six Personnel in
Jiangsu Province (2013-WSN-008), Funds for Distinguished
Young Scientists in Nanjing (Xie Jun), and Natural Science
Foundation of Jiangsu Province (BK2010107).

References

[1] IDF Diabetes Atlas Group, “Update of mortality attributable to
diabetes for the IDF Diabetes Atlas: estimates for the year 2013,”
Diabetes Research and Clinical Practice, vol. 109, no. 3, pp. 461–
465, 2015.

[2] G. Danaei, C. M. Lawes, S. Vander Hoorn, C. J. Murray, and
M. Ezzati, “Global and regional mortality from ischaemic
heart disease and stroke attributable to higher-than-optimum
blood glucose concentration: comparative risk assessment,”The
Lancet, vol. 368, no. 9548, pp. 1651–1659, 2006.

[3] S. Boudina and E. D. Abel, “Diabetic cardiomyopathy revisited,”
Circulation, vol. 115, no. 25, pp. 3213–3223, 2007.

[4] M. Galderisi, K. M. Anderson, P. W. F. Wilson, and D. Levy,
“Echocardiographic evidence for the existence of a distinct
diabetic cardiomyopathy (The Framingham Heart Study),”The
American Journal of Cardiology, vol. 68, no. 1, pp. 85–89, 1991.

[5] O. Lorenzo, B. Picatoste, S. Ares-Carrasco, E. Ramı́rez, J. Egido,
and J. Tuñón, “Potential role of nuclear factor 𝜅b in diabetic
cardiomyopathy,” Mediators of Inflammation, vol. 2011, Article
ID 652097, 9 pages, 2011.

[6] H. Wu, G.-N. Li, J. Xie et al., “Resveratrol ameliorates myocar-
dial fibrosis by inhibiting ROS/ERK/TGF-𝛽/periostin pathway
in STZ-induced diabetic mice,” BMC Cardiovascular Disorders,
vol. 16, no. 1, article 5, 2016.

[7] M. Mohammadshahi, F. Haidari, and F. G. Soufi, “Chronic
resveratrol administration improves diabetic cardiomyopathy
in part by reducing oxidative stress,” Cardiology Journal, vol. 21,
no. 1, pp. 39–46, 2014.

[8] M.-S. Beaudoin, C.G. R. Perry, A.M.Arkell et al., “Impairments
in mitochondrial palmitoyl-CoA respiratory kinetics that pre-
cede development of diabetic cardiomyopathy are prevented by
resveratrol in ZDF rats,” Journal of Physiology, vol. 592, no. 12,
pp. 2519–2533, 2014.

[9] M. Sulaiman, M. J. Matta, N. R. Sunderesan, M. P. Gupta, M.
Periasamy, and M. Gupta, “Resveratrol, an activator of SIRT1,
upregulates sarcoplasmic calciumATPase and improves cardiac
function in diabetic cardiomyopathy,” American Journal of
Physiology—Heart and Circulatory Physiology, vol. 298, no. 3,
pp. H833–H843, 2010.



Oxidative Medicine and Cellular Longevity 9

[10] F. Delucchi, R. Berni, C. Frati et al., “Resveratrol treatment
reduces cardiac progenitor cell dysfunction and prevents
morpho-functional ventricular remodeling in type-1 diabetic
rats,” PLoS ONE, vol. 7, no. 6, Article ID e39836, 2012.

[11] H. Yang and K. J. Tracey, “Targeting HMGB1 in inflammation,”
Biochimica et Biophysica Acta—Gene Regulatory Mechanisms,
vol. 1799, no. 1-2, pp. 149–156, 2010.

[12] H. C. Volz, C. Seidel, D. Laohachewin et al., “HMGB1: the
missing link between diabetes mellitus and heart failure,” Basic
Research in Cardiology, vol. 105, no. 6, pp. 805–820, 2010.

[13] D. Yao and M. Brownlee, “Hyperglycemia-induced reactive
oxygen species increase expression of the receptor for advanced
glycation end products (RAGE) and RAGE ligands,” Diabetes,
vol. 59, no. 1, pp. 249–255, 2010.

[14] X. Ye, M. Chopp, X. Liu et al., “Niaspan reduces high-mobility
group box 1/receptor for advanced glycation endproducts after
stroke in type-1 diabetic rats,” Neuroscience, vol. 190, pp. 339–
345, 2011.

[15] L. J. Wang, L. Lu, F. R. Zhang, Q. J. Chen, R. De Caterina, and
W. F. Shen, “Increased serum high-mobility group box-1 and
cleaved receptor for advanced glycation endproducts levels and
decreased endogenous secretory receptor for advanced glyca-
tion endproducts levels in diabetic and non-diabetic patients
with heart failure,” European Journal of Heart Failure, vol. 13,
no. 4, pp. 440–449, 2011.

[16] W.-K. Wang, B. Wang, Q.-H. Lu et al., “Inhibition of high-
mobility group box 1 improves myocardial fibrosis and dys-
function in diabetic cardiomyopathy,” International Journal of
Cardiology, vol. 172, no. 1, pp. 202–212, 2014.

[17] M. He, H. Kubo, K. Ishizawa et al., “The role of the receptor
for advanced glycation end-products in lung fibrosis,”American
Journal of Physiology—Lung Cellular and Molecular Physiology,
vol. 293, no. 6, pp. L1427–L1436, 2007.

[18] C.-T. Tu, Q.-Y. Yao, B.-L. Xu, J.-Y. Wang, C.-H. Zhou, and S.-C.
Zhang, “Protective effects of curcumin against hepatic fibrosis
induced by carbon tetrachloride: modulation of high-mobility
group box 1, Toll-like receptor 4 and 2 expression,” Food and
Chemical Toxicology, vol. 50, no. 9, pp. 3343–3351, 2012.

[19] M. Entezari, D. J. Weiss, R. Sitapara et al., “Inhibition of high-
mobility group box 1 protein (HMGB1) enhances bacterial
clearance and protects against Pseudomonas aeruginosa pneu-
monia in cystic fibrosis,” Molecular Medicine, vol. 18, no. 1, pp.
477–485, 2012.

[20] Y.-H. Kim, Y.-S. Kim, S.-S. Kang, G.-J. Cho, and W.-S.
Choi, “Resveratrol inhibits neuronal apoptosis and elevated
Ca2+/calmodulin-dependent protein kinase II activity in dia-
betic mouse retina,” Diabetes, vol. 59, no. 7, pp. 1825–1835, 2010.

[21] H. Zhang, B. Morgan, B. J. Potter et al., “Resveratrol improves
left ventricular diastolic relaxation in type 2 diabetes by
inhibiting oxidative/nitrative stress: in vivo demonstration with
magnetic resonance imaging,”American Journal of Physiology—
Heart and Circulatory Physiology, vol. 299, no. 4, pp. H985–
H994, 2010.

[22] H.Wu, R. Li, Z.-H.Wei et al., “Diabetes-induced oxidative stress
in endothelial progenitor cells may be sustained by a positive
feedback loop involving high mobility group box-1,” Oxidative
Medicine and Cellular Longevity, vol. 2016, Article ID 1943918, 9
pages, 2016.

[23] J. Kim, E. Sohn, C.-S. Kim,K. Jo, and J. S. Kim, “The role of high-
mobility group box-1 protein in the development of diabetic
nephropathy,”American Journal of Nephrology, vol. 33, no. 6, pp.
524–529, 2011.

[24] A. Soro-Paavonen, A. M. D. Watson, J. Li et al., “Receptor for
advanced glycation end products (RAGE) deficiency attenuates
the development of atherosclerosis in diabetes,” Diabetes, vol.
57, no. 9, pp. 2461–2469, 2008.

[25] Y. Yang, S. Li, Q. Yang et al., “Resveratrol reduces the proinflam-
matory effects and lipopolysaccharide—induced expression of
HMGB1 and TLR4 in RAW264.7 cells,” Cellular Physiology and
Biochemistry, vol. 33, no. 5, pp. 1283–1292, 2014.

[26] E. de Cillis, A. Leonardini, L. Laviola, F. Giorgino, L. D. L.
Tupputi Schinosa, andA. S. Bortone, “Different gene expression
in human heart tissue and progenitor cells from control and
diabetic subjects: relevance to the pathogenesis of human
diabetic cardiomyopathy,” Surgical Technology International,
vol. 19, pp. 165–174, 2010.

[27] D. Tang, Y. Shi, R. Kang et al., “Hydrogen peroxide stimulates
macrophages and monocytes to actively release HMGB1,” Jour-
nal of Leukocyte Biology, vol. 81, no. 3, pp. 741–747, 2007.

[28] J. Fan, Y. Li, R. M. Levy et al., “Hemorrhagic shock induces
NAD(P)H oxidase activation in neutrophils: role of HMGB1-
TLR4 signaling,” Journal of Immunology, vol. 178, no. 10, pp.
6573–6580, 2007.

[29] M. M. Rabadi, T. Ghaly, M. S. Goligorksy, and B. B. Ratliff,
“HMGB1 in renal ischemic injury,” American Journal of
Physiology—Renal Physiology, vol. 303, no. 6, pp. F873–F885,
2012.

[30] E. Marcolin, B. San-Miguel, D. Vallejo et al., “Quercetin treat-
ment ameliorates inflammation and fibrosis in mice with
nonalcoholic steatohepatitis,” Journal of Nutrition, vol. 142, no.
10, pp. 1821–1828, 2012.

[31] T.-W. Lee, Y.-H. Kao, T.-I. Lee, C.-J. Chang, G.-S. Lien, and Y.-
J. Chen, “Calcitriol modulates receptor for advanced glycation
end products (RAGE) in diabetic hearts,” International Journal
of Cardiology, vol. 173, no. 2, pp. 236–241, 2014.
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