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of cardioprotective effects of resveratrol
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review and meta-analysis
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Abstract

Introduction Diabetic cardiomyopathy (DCM) is a significant complication of diabetes, characterized primarily

by the development of heart failure in individuals with diabetes. Numerous animal studies have indicated that
resveratrol enhances cardiac function in diabetic cardiomyopathy; however, its reliability and underlying mechanism
remain unclear. This study aims to assess the cardioprotective effects of resveratrol on DCM and explore its potential
mechanism.

Methods We searched PubMed, EMBASE, WOS, Cochrane Library, CNKI, CBM, Chinese VIP, and Wan Fang Database
until March 31st, 2024, without language restrictions. Continuous outcome measures were analyzed using weighted
mean difference or standardized mean difference, and heterogeneity was assessed with I°. The risk of bias in animal
experiments was evaluated using the SYRCLE tool, and evidence reliability was determined with the GRADE tool.

All data were analyzed using Review Manager 5.4.1 and Stata 17. This study has been registered on the PROSPERO
(CRD42024523944).

Results A total of 18 studies meeting the criteria were identified. The analysis revealed that the resveratrol
intervention group exhibited significant improvements in LVEF (WMD=17.88), LVFS (WMD=8.77), HW/BW (SMD=-
2.92), SOD (SMD=4.53), and MDA (SMD=-5.07) compared to the control group. The GRADE grading assessment
indicated moderate certainty for LVEF, HW/BW, and MDA, while certainty for other factors was considered low.

Conclusion Our research suggests that resveratrol may protect cardiac function in DCM through anti-inflammatory
and anti-oxidative stress effects. However, these findings are based on preclinical data, and further extensive trials are
needed to confirm their effectiveness and safety before clinical application.
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Introduction

Diabetic cardiomyopathy (DCM), alternatively referred
to as diabetic myocardial disorder, represents a patho-
physiological state emanating from diabetes. It is dis-
tinguished by myocardial dysfunction and structural
irregularities, ultimately culminating in heart failure,
even in the absence of hypertension, coronary artery
disease, or any other cardiac valve ailments [1]. The
European Society of Cardiology (ESC) Heart Failure
Association and Myocardial and the Pericardial Diseases
Working Group has proposed a new definition of dia-
betic cardiomyopathy in its latest consensus statement
for 2024, describing it as a dysfunction in heart contrac-
tility and relaxation that occurs in the presence of dia-
betes [2]. Cardiovascular disease is the leading cause of
death among diabetic patients, and mitigating the risk
of cardiovascular events in individuals with diabetes has
emerged as a pivotal objective in diabetes care and man-
agement [3]. Cardiovascular disease is the leading cause
of death among diabetic patients, and mitigating the
risk of cardiovascular events in individuals with diabetes
has emerged as a pivotal objective in diabetes care and
management [3]. Diabetic cardiomyopathy has emerged
as a significant contributor to the development of heart
failure and subsequent patient mortality, irrespective of
other risk factors. substantialregardless [4—6].

Early manifestation of DCM is characterized by myo-
cardial fibrosis and increased stiffness, leading to sub-
sequent development of left ventricular hypertrophy,
cardiac remodeling, and impaired diastolic function.
It ultimately leads to reduced ejection fraction and the
onset of heart failure [7]. DCM involves intricate meta-
bolic pathways in its pathogenesis [8]. DCM The current
clinical management of DCM primarily relies on con-
ventional pharmacotherapy to regulate blood pressure,
reduce heart rate, and manage hyperglycemia rather than
providing individualized solutions for diabetes patients
with concurrent heart failure [10]. Traditional treatment
methods cannot meet the current status of cooccurrence
and development in clinical practice rather exploration is
needed to discover more efficient preventive and thera-
peutic approaches [11].

The latest research has demonstrated the favorable
impact of plants and their extracts on diabetic cardio-
myopathy. Resveratrol (RES), a natural polypheno-
lic compound derived from various phytology such as
blueberry(Vaccinium spp.) and grape(Vitis vinifera L.),
is scientifically known as 3,5,4’-trihydroxy-trans-stil-
bene [12]. RES’s blood glucose control efficacy has been
extensively validated through numerous clinical trials [6,
13, 14]; however, investigation into the cardioprotective
effects against DCM is currently limited to animal stud-
ies, with the underlying mechanisms yet to be elucidated.
Multiple studies have demonstrated that RES exhibits
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antioxidant effects, enhances vascular relaxation, sup-
presses angiogenesis, mitigates inflammation and cell
apoptosis, effectively safeguards cardiomyocytes, and
may improve the cardiac condition of DCM through a
variety of mechanisms, fcit [15-19]. Research on RES’s
role in DCM has mainly involved animal models and in
vitro studies, with limited human clinical trials. Thus,
its mechanisms and effectiveness in humans are unclear.
Given the lack of robust clinical evidence, we conducted
a comprehensive meta-analysis of animal studies to
investigate RES’s efficacy and mechanisms.

Our study aimed to summarize the preclinical evidence
on the cardioprotective effects of RES in DCM and elu-
cidate the underlying mechanisms, providing a system-
atic and empirical evidence base for subsequent clinical
studies.

Methods

This manuscript was finalized with the assistance of the
Cochrane Handbook [20] and encompasses all necessary
components outlined in the PRISMA 2020 checklist [21].
The comprehensive PRISMA checklist can be found in
Supplementary file 1. This study has been registered on
the PROSPERO platform (CRD42024523944).

Search strategy

Two researchers comprehensively analyzed data from
eight databases (PubMed, EMBASE, Web of Science,
Cochrane Library, Chinese National Knowledge Infra-
structure, Chinese Biomedical Literature Database, Chi-
nese VIP Database, and WanFang Database) until March
31st, 2024. There is no language restriction. The search
strategy employed the following terms: (“RES” OR “Vitis
vinifera”) and (“Diabetic cardiomyopathy” OR “Diabetic
Cardiomyopathies”) for English databases; while for the
Chinese database, it was “bai li lu chun” (meaning RES)
and “tang niao bing xin ji bing” (meaning Diabetic car-
diomyopathy). We implemented adjustments for different
databases according to their characteristics. The detailed
search formula can be found in Supplementary file 2. The
disagreement between the two researchers was resolved
through team discussions, leading to a consensus. The
flowchart of article screening is illustrated in Fig. 1.

Selection criteria

The eligibility criteria for the study were as follows: (i)
Subjects: Animal models of DM(Diabetes Mellitus) or
DCM,; (ii) Intervention: The treatment group is exposed
to RES as a single therapy, with no restrictions on dos-
age, drug type, administration route, or duration of treat-
ment; (iii) Comparison: The control group consists of
untreated controls or placebo controls; (iv)At least one
of the outcome indicators had been reported: Cardiac
dysfunction and cardiac hypertrophy measures: Left
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Fig. 1 The flowchart of the article screening

Ventricular Ejection Fraction (LVEF), Left Ventricular
Fractional Shortening Rate (LVES), Ratio of peak E to
peak A (E/A), Heart weight to body weight (HW/BW);
Oxidative stress measures: Superoxide Dismutase(SOD),
Malonaldehyde(MDA). SOD, an antioxidant enzyme,
exhibits antioxidative properties. MDA is a three-carbon
aldehyde derived from the free radicals of polyunsatu-
rated fatty acids, indicating lipid oxidation levels [22].

We excluded specific studies based on the following
criteria: (i) In vitro studies or clinical trials; (ii) Not writ-
ten in Chinese or English; (iii) Duplicate data; (iv) Only

providing abstracts without full text; (v) Incomplete
experimental data.

Data extraction

Two researchers independently extracted the following
data. Our initial approach was to extract numerical data
from tables, text passages, or numeric values provided
in the study. In cases where such data was not reported
explicitly, we first tried to contact the article’s author for
access. When unavailable, we utilized digital ruler soft-
ware (Engauge Digitizer) to retrieve information from
charts. Furthermore, the highest dose group and the final
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time point were selected if there were numerous dose
groups and multiple measurement time points.

The following information was extracted from the eli-
gible studies independently: (i) Study ID (first author’s
name and publication year); (ii) Number of animals in
the RES intervention group and control group for the
DM/DCM model, along with the modeling methods
employed; (iii) Dosage and administration route of the
intervention; (iv) Duration of the intervention; (v) Pri-
mary and second outcome measures.

Quality assessment

We used the SYRCLE animal experiment risk of bias
assessment tool to assess the quality of the included
studies [23]. Two independent authors evaluated studies
separately, and a third author was consulted to decide in
case of disagreement. Items will be assessed in three cat-
egories: low risk of bias, unclear risk of bias, and high risk
of bias. Furthermore, we employ the GRADE tool (Grad-
ing of Recommendations Assessment Development and
Evaluation) to evaluate the credibility of evidence, which
is categorized into three tiers: low, moderate, and high
[24].

Statistical analysis

Due to variations in the experimental designs of ani-
mal studies, a random effects model is utilized to com-
bine effect sizes. The weighted mean difference (WMD)
method compares continuous variables when measure-
ment methods and units are consistent across different
studies; otherwise, the standardized mean difference
(SMD) method is utilized. The findings are the aver-
age and standard deviation derived from converting the
median and quartiles. Furthermore, 95% confidence
intervals (95% CI) are computed with statistical signifi-
cance at P<0.05. Heterogeneity among included studies
is assessed using I?, whereby significant heterogeneity is
indicated when 1% exceeds 75%. We performed a meta-
regression analysis and subgroup analysis considering
various factors, including sample size(=20 or <20), ani-
mal species (mice or rat), specific strains (SD rats, Wistar
rats, FVB mice, Cardiac-Specific SIRT1 Knockout mice,
or C57/BL6J mice), methods of model establishment
(simple STZ injection or STZ injection combined with a
high-fat diet or other methods), sex of the animal models
(male, female, or unclear), administration route, dosage,
and duration of intervention to assess the influence of
these variables on the study outcomes. The effect of pub-
lication bias was explored via funnel plot or Egger’s test.
Data analyses were performed by review manager 5.4.1
and Stata 17.
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Result

Results of the literature search and characteristics of the
studies

This meta-analysis comprises 18 studies [18, 19, 25-40]
and includes 363 animals (181 experimental and 182 con-
trol). Eight articles are written in Chinese [33—40], while
the rest are in English [18, 19, 25-32]. The sample size
ranged from 8 to 36 per study. Regarding species, rats
accounted for 57.6% (209/363) of the animals, while mice
accounted for 42.4% (154/363). In more detail, SD rats
accounted for 53.2% (193/363), Wistar rats accounted
for 4.4% (16/363), C57/BL6] mice accounted for 18.7%
(68/363), FVB mice accounted for 9.9% (36/363), Spon-
taneous T2DM C57BLKS/] db/db mice accounted for
8.3% (30/363), and the Generation of the Cardiac-Spe-
cific SIRT1 Knockout (SIRT1 KO) mice accounted for
5.5% (20/363). Regarding sex, male animals accounted
for the majority (77.1%, 280/363), while female animals
accounted for 9.1% (33/363), and the remaining 13.8% of
individuals (50/363) were not specified as male or female.
The modeling methods were a high-fat diet combined
with streptozotocin (STZ) intraperitoneal injection or
STZ intraperitoneal injection alone. The diverse dosages
of RES administered at levels ranging from 2.5 to 400 mg/
kg/d and the duration of interventions exhibited vari-
ability, spanning from as short as five days up to seven
months; however, it is worth noting that one study omit-
ted reporting the specific intervention duration. Table 1
presents the characteristics of the included studies.

Risk of bias assessment

Regarding the randomization items, 14 studies showed
a low risk, while the remaining 4 showed an unclear risk
due to the lack of reporting specific methods for ran-
domization. Regarding baseline characteristics, 4 studies
showed a low risk due to having similar baseline charac-
teristics. One study showed a high risk in terms of con-
cealment of allocation. All studies had an uncertain risk
of blindness and other bias. Details of the methodological
quality assessment are shown in Fig. 2.

Pooled analysis of all studies

Pooled analysis of cardiac dysfunction and cardiac
hypertrophy measures

Thirteen studies were included in the analysis, and
the findings demonstrated a significant improve-
ment effect of RES on LVEF index in animal models of
DCM(WMD=17.88, 95%CI: [8.15, 27.61], P=0.0003,
Fig. 3). There was significant heterogeneity among the
studies, with an I? value of 99%. Similarly, combining thir-
teen studies, the LVES index in the intervention group
was superior to that in the control group (WMD=8.77,
95%CI: [6.11, 11.44], P<0.0001, Fig. 4), but there was
high heterogeneity between groups (I>=96%). Only one
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Table 1 Basic characteristics of included studies

Study ID Species (sex) sample intervention control Weight Model Intervention Control Duration of Out-
(author, (method) group (method) group treatment comes
year) (method)
Canbolat, SD rats(male) 12 6 6 200- DM, by by Treated with Equal 4 weeks MDA
i P,2020 2209 intra- Resveratrol volume

peritoneal (ip,70 mg/kg/d)  Saline(ig)

injection

of

streptozocin
Diao, SD albino 20 10 10 100- DCM, by Resveratrol Equal 8 weeks LVEF,
J,2019 rats(male) 1509 high-fat dissolved with di- volume LVFS

diet(4weeks) methyl sulfoxide  Saline(ig)
and strepto- and administered
zotocin (ig,10 mg/kg/d)
intraperito-
neal injec-
tion(30 mg/
kq).
Dong, SD rats(male) 16 8 8 180- T2DM, by Treated with Carboxy- 6 weeks SOD,
H.L,2013 2209 high- resveratrol methylcel- MDA
sucrose- (i9,40 mg /kg) lulose
fat diet sodium
(8weeks)
and a single
intraperito-
neal
injection of
STZ(35mg
/kQ)
Du, Spontane- 30 15 15 50459 Spontane-  Treated with Untreated 12 weeks SOD
HX,2017 ousT2DM ousT2DM resveratrol
C57BLKS/) C57BLKS/) (19,400 mg/kg/d)
db/db db/db mice
mice(unknown)
Fang,W.  SPFSD 8 4 4 150420g DM, by by Treated with Untreated 16 weeks LVEF,
J,2018 rats(male) feeding the  Resveratrol LVFS,
ratsa high-  (po,50 mg/kg/d) E/A,
fat diet HW/
and BW,
injecting SOD,
them with MDA
low-dose
STZ (35 mg/
kg intraperi-
toneally)
Huang, SD rats(male) 24 12 12 - TIDM,bya  Treated with Equal 8 weeks LVEF,
AQ.,2017 singleintra-  resveratrol volume LVFS,
peritoneal (i9,50 mg/kg/d)  dimethyl HW/
injection sulfoxide(ig) BW
streptomy-
cin(65 mg/
k)
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Study ID Species (sex) sample intervention control Weight Model Intervention Control Duration of Out-
(author, (method) group (method) group treatment comes
year) (method)
Liu, SD rats(male) 10 5 5 150 £ T2DM, by Treated with Untreated 12 weeks LVEF,
G.J,2018 209 high- resveratrol LVFS,
sucrose- (i9,100 mg/kg/d) SOD,
fat diet MDA
(12weeks)
and a single
intraperi-
toneal
injection of
STZ(30 mg
/kg)
Ma, Cardiac-Specific 20 10 10 - DCM, by in-  Treated with Untreated 5 days LVEF,
S.,2017 SIRT1 Knockout traperitone-  resveratrol LVFS
(SIRT1 KO) ally injected  (ip,25 mg/kg/d)
mice(unknown) with strepto-
zotocin
(150 mg/
kg /day,
for seven
consecutive
days)
Moham-  SD rats(male) 24 12 12 300- DM, by Resveratrol in Untreated 4 months SOD
mad- 3509 injection of  aqueous
shahi, streptozoto-  solution(po,5 mg/
M.2014 cin (50 mg/ kg was regulated
/kg/ip) every week)
ShamsEl-  Wistar 16 8 8 200- DM, by Treated with Untreated - LVEF,
deen, A.  rats(female) 2309 asingle Resveratrol LVFS,
M. 2019 injection of  (ip,2.5 mg/kg/d) SOD,
streptozoto- MDA
cin (55 mg/
kg/ip)
Song, SD rats(male) 20 10 10 160— DCM, by Treated with Untreated 8 weeks HW/
X.,2020 17049 high- Resveratrol BW,
sucrose-fat (15 mg/kg) SOD,
diet(8weeks) MDA
and
intravenous
administra-
tion of STZ
(30 mg/kg)
Tan, C57/BL6J 36 18 18 25-30g TI1DM, byin- Treated with Equal 12 weeks LVEF,
XT,2018  mice(male) traperitoneal resveratrol volume LVFS
injection (ip,7.5 mg/kg/ Saline(ip)

streptomy-  day)
cin(50 mg/
kg/day,

for five
consecutive

days)
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Study ID
(author,
year)

Species (sex)  sample

intervention control

Weight

Model
(method)

Intervention
group (method)

Control

group
(method)

Duration of Out-

treatment

comes

Wang,
G.,2018

Wang,
W.Q,2023

Wu, Z.
Y,2017

B.2020

Wu,
GX,2019

Yan,
R.2016

FVB mice(male) 36 18 18

C57/BL6) 20 10 10
mice(male)

SD rats(male) 12 6 6

C57/BL6) 12 6 6
mice(male)

SPF SD 30 15 15
rats(male)

SD rats(female) 17 9 8

22-26¢

250~
300g

250-
300g

247+19g

T1DM, by
intraperito-
neally

given
multiple
low doses of
streptozoto-
cin

(40 mg/kg /
day, for

fve consecu-
tive days)
DCM, by in-
traperitoneal
injection
streptomy-
cin(50 mg/
kg/day,

for five
consecutive
days)

T1DM, by a
single
intravenous
injection of
STZ (50 mg/
kg)

DM, by in-
jection STZ
citrate buffer
solution

(55 mg/

kg, for five
consecutive
days)

DCM, by a
single intra-
peritoneal
injection
streptomy-
cin(60 mg/
kg)

DCM, by a
single intra-
peritoneal
injection of
streptozoto-
cin (65 mg/
kg)

Treated with
Resveratrol
(po,10 mg/kg/d)

Treated with
resveratrol
(i9,25 mg/kg/d)

Treated with
Resveratrol
(i9,50 mg/kg/d)

Treated with
resveratrol
(ip,50 mg/kg/d)

Treated with
resveratrol
(i9,50 mg/kg/d)

Treated with
trans-Resveratrol
(ip,2.5 mg/kg/d)

Untreated

Equal
volume
dimethyl

sulfoxide(ig)

Untreated

Untreated

Equal
volume
Saline(ig)

Untreated

6 months

12 weeks

8 weeks

7 days

10 weeks

7 months

LVEF,
LVFS

LVEF,
LVFS,
MDA

LVEF,
LVFS,
HW/
BW

LVEF,
LVFS

LVEF,
LVFS,
HW/
BW

LVEF,
LVFS

study reported E/A with an effect value of MD=-0.64,
95%CI: [-0.75,-0.53]. Five studies reported HW/BW,
with 94 animals included in the analysis. The results
showed that HW/BW in the RES group was significantly
lower than that in the model group (SMD=-2.92, 95%ClI:
[-4.53,-1.31], P<0.0001, Fig. 5), with high heterogeneity
between groups (I>=84%). We further discussed this high

heterogeneity among studies in subsequent meta-regres-
sion and subgroup analysis.

Pooled analysis of oxidative stress measures

A total of 64 animals from 7 studies were included in
the analysis on SOD. The pooled analysis results showed
that the SOD levels in the RES group were higher than
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the allocation sequence was generated or applied adequately |

the baselines of each group were the same
the allocation concealment was sufficient | ||

the animals were randomly placed during the experiment
the researchers were blinded

the animals were randomly selected in the evaluation result |

the result evaluator adopted a blind method |
incomplete data were reported
the research repoit has nothing to do with the selective result report

the other bias

Fig. 2 Risk of Bias Summary

Resveratrol Model Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight V. Random, 95% CI IV, Random, 95% CI
Diao, J.,2019 68.6 1.82 10 612 245 10 7.8% 7.40[5.51,9.29] =
Fang, W. J.,2018 68.11 4.21 4 55.6 55 4  75% 1251[5.72,19.30] -
Huang,A.Q.,2017 71.34 5.13 12 53.23 6.11 12 7.7% 18.11[13.60, 22.62] -
Liu,G.J.,2018 69.849 6.411 5 53.445 5528 5 7.5% 16.40[8.98, 23.82] -
Ma, S.,2017 62 5 10 483  3.51 10 7.7% 13.70[9.91, 17.49] -
ShamsEldeen, A. M., 2019 74.9975 10.7221 8 41.8128 5.8078 8 7.4% 33.18[24.73,41.63] -
Tan,X.T.,2018 58.435 8.143 18 37121 4.298 18  7.7% 21.31[17.06, 25.57] -
Wang, G.,2018 80.05 3.6 18 6625 325 18  7.8% 13.80[11.56, 16.04] -
Wang,W.Q.,2023 68.7 3.9 10 56.4 23 10 7.8%  12.30[9.49, 15.11] -
Wu,B.,2020 64.316  2.189 6 5459 2188 6 7.8% 9.73[7.25, 12.20] -
Wu,G.X.,2019 70.82 1.12 6 2142 1.61 6 7.8% 49.40[47.83,50.97] -
Wu, Z.Y.,2017 71.548 3.285 15  53.15 3.742 15  7.8% 18.40[15.88,20.92] -
Yan, R.,2016 78.81 4.842 9 72252 5159 8 1.7% 6.56 [1.78, 11.33] -
Total (95% CI) 131 130 100.0% 17.88 [8.15, 27.61] L 4

Heterogeneity: Tau? = 314.74; Chiz = 1677.52, df = 12 (P < 0.00001); I* = 99%

Test for overall effect: Z = 3.60 (P = 0.0003) -100 -50 0 50 100

Favours [Resveratrol] Favours [Model]

Fig. 3 Forest plot of the effect of RES on LVEF

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Diao, J.,2019 38.1 0.96 10 346 1.19 10 85% 3.50 [2.55, 4.45] -
Fang, W. J.,2018 322 3.8 4 4211 5 4 59% -9.91[-16.06, -3.76]
Huang,A.Q.,2017 4156  2.01 12 2732 435 12 7.9% 14.24[11.53, 16.95] -
Liu,G.J.,2018 4232 4.561 5 30.261 2.88 5 6.8% 12.06[7.33, 16.79] -
Ma, S.,2017 327 351 10 227 2.08 10 8.0%  10.00[7.47,12.53] -
ShamsEldeen, A. M.,2019  40.6872 5.8078 8 29.0616 2.2338 8 7.0% 11.63[7.31, 15.94] -
Tan,X.T.,2018 29.071 2232 18 21.023 2.187 18  84% 8.05[6.60, 9.49] -
Wang, G.,2018 48.22 4.5 18 36 3.63 18  7.9%  12.22[9.55, 14.89] -
Wang,W.Q.,2023 36.8 14 10 33.3 1.2 10 8.4% 3.50 [2.36, 4.64] -
Wu,B.,2020 40.169 1.369 6 26379 228 6 8.1% 13.79[11.66, 15.92] -
Wu,G.X.,2019 3242 242 15 2112 1.41 15 84%  11.30[9.88,12.72] -
Wu, Z.Y.,2017 40.998 1.935 6 26.895 2.845 6 79% 14.10[11.35, 16.86] -
Yan, R.,2016 42507 5.055 9 36.716 4.108 8 7.0% 5.79 [1.43, 10.15] -
Total (95% CI) 131 130 100.0% 8.77 [6.11, 11.44] >

Heterogeneity: Tau? = 21.58; Chi? = 275.65, df = 12 (P < 0.00001); I> = 96%

Test for overall effect: Z = 6.45 (P < 0.00001) -20 10 0 10 20

Favours [Resveratrol] Favours [Model]

Fig. 4 Forest plot of the effect of RES on LVFS

those in the model group (SMD=4.53, 95% CI: [0.78, analysis section, we further explored the heterogene-
8.28], P=0.002, ’=95%, Fig. 6). Research on SOD has ity. Regarding MDA, we analyzed a total of 102 samples
shown high heterogeneity. When the study by Du, H.X.  and found that the MDA levels in the model group were
et al. was excluded, the heterogeneity was significantly = higher than those in the RES group (SMD=-5.07, 95% CI:
reduced (I°=70%), suggesting that these studies may be  [-6.53,-3.60], P=0.002, Fig. 7). There was moderate het-
a significant source of heterogeneity. In the subgroup erogeneity among the studies (I*=56%).
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV. Random, 95% CI 1V, Random, 95% CI
Fang, W. J.,2018 298 0.35 4 385 0.56 4 19.5% -1.62 [-3.40, 0.16] |
Huang,A.Q.,2017 8 0.4 12 10 1 12 22.8% -2.54 [-3.66, -1.41] -
Song, X.,2020 2.9927 0.1443 10 3.1786 0.2078 10 23.6% -1.00 [-1.94, -0.05] ]
Wu,G.X.,2019 6.12  0.31 15 82 051 15 21.1% -4.80 [-6.28, -3.31] -
Wu, Z.Y.,2017 6.2263 0.2962 6 10.2528 0.825 6 13.0% -6.00 [-9.13, -2.86] - =
Total (95% CI) 47 47 100.0%  -2.92[-4.53, -1.31] -
Heterogeneity: Tau? = 2.64; Chiz = 24.27, df = 4 (P < 0.0001); I? = 84% i 1 0 5 0 5 1’0
Test for overall effect: Z = 3.55 (P = 0.0004) Favours [Resveratrol] Favours [Model]
Fig. 5 Forest plot of the effect of RES on HW/BW

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random, 95% CI IV. Random. 95% CI
Dong,H.L.,2013 76.94 738 8 4361 452 8 15.3% 5.15[2.87, 7.43] —
Du,H.X.,2017 26804 05155 15 4.4454 02886 15 15.9% -4.11[-5.44, -2.79] -
Fang, W. J.,2018 6.3622 0.1786 4 35005 0.2963 4 10.2% 10.17 [3.04, 17.30] -
Liu,G.J.,2018 5.8407 0.2974 5 1.9327 0.4461 5 121% 9.31[3.92, 14.70] e
Mohammadshahi, M., 2014  3.7412 0.3249 12 1.4833 0.2932 12 152% 7.04 [4.72,9.37] —
ShamsEldeen, A. M.,2019  4.3749 0.5718 8 2.1849 0.2859 8 15.4% 4.58[2.51, 6.65] —_
Song, X.,2020 3.9571 0.3022 10 3.0908 0.2878 10 15.9% 2.81[1.50, 4.12] -
Total (95% Cl) 62 62 100.0% 4.53[0.78, 8.28] .
Heterogeneity: Tau? = 22.64; Chi? = 126.21, df = 6 (P < 0.00001); I2 = 95% izo - 1 o 0 1’0 2(;
Test for overall effect: Z = 2.37 (P = 0.02) Favours [Resveratrol] Favours [Model]

Fig. 6 Forest plot of the effect of RES on SOD

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Canbolat, i P.,2020 286.1 223 6 402.8 325 6 17.5% -3.87 [-6.07, -1.66] -
Dong,H.L.,2013 4.38 0.41 8 8.13 0.94 8 17.6% -4.89 [-7.07, -2.71] -
Fang, W. J.,2018 1.5925 0.0698 4 2.7127 0.0169 4 1.2% -19.18 [-32.45, -5.92] I —
Liu,G.J.,2018 1.103 0.1145 5 3.5758 0.6161 5 12.6% -5.04 [-8.14, -1.94] -
ShamsEldeen, A. M.,2019  19.5315 3.6187 8 60.1594 5.3164 8 10.9% -8.45[-11.96, -4.94] —
Song, X.,2020 3.9625 0.1243 10 4.4813 0.1693 10 22.4% -3.35[-4.80, -1.89] -
Wang,W.Q.,2023 1.79 0.16 10 3.02 0.25 10 17.9% -5.61[-7.74, -3.48] -
Total (95% CI) 51 51 100.0% -5.07 [-6.53, -3.60] L 4
Heterogeneity: Tau? = 1.95; Chiz = 13.56, df = 6 (P = 0.03); I2 = 56% _2’0 i 1 o 5 1’0 2’0

Test for overall effect: Z=6.77 (P < 0.00001)
Fig. 7 Forest plot of the effect of RES on MDA

Meta-regression and subgroup analysis

We conducted a regression analysis on LVEF and LVES
concerning these two primary outcome measures, but
no statistically significant findings were observed.Sub-
sequently, we further expanded our subgroup analysis
based on specific factors, including sample size, animal
species, animal strains, methods of establishing animal
models, gender of animal models, specific administra-
tion methods, dosage, and intervention duration. How-
ever, these factors do not contribute to the heterogeneity
observed in LVEF and LVES. Results of the regression are
presented in Supplementary Table 1a, b. Given that the
number of studies on HW/BW and SOD is both less than
10, we did not conduct a meta-regression analysis but
instead conducted subgroup analysis directly. The results
indicated that for HW/BW, the route of administration
may serve as a source of heterogeneity; in contrast, for
SOD, factors such as animal species, strain, method of
model establishment, and route of administration could
contribute to heterogeneity.

Favours [Resveratrol] Favours [Model]

Sensitivity analysis and publication bias

Through a systematic process of elimination, we con-
ducted a sensitivity analysis on five outcome measures,
LVEF, LVES, HW / BW, SOD, and MDA. We found that
no one study had a significant impact on the results,
which shows the fact that the results of our research are
stable. The result is shown in Figure Sla-e.

We examined the visual funnel plots and found no sig-
nificant publication bias in LVEF, HW/BW, SOD, and
MDA (Figure S2a-e). The Egger’s test indicates no pub-
lication bias in LVEF (p=0.023) but in LVES (p=0.13).
For LVES, we performed the shear method and added
two more virtual studies, and the analysis results were
consistent with the original. The results are presented
in the Supplementary file 5. The GRADE grading assess-
ment revealed that the evidence supporting LVEF, HW/
BW, and MDA exhibited a moderate level of certainty,
whereas the remaining factors demonstrated a low level
of certainty. Table 2 provides detailed findings.
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Table 2 Results of the grading assessment for primary outcomes
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Outcomes N¢ of Study Riskof  Inconsistency Indirectness Imprecision Other Absolute Effect  Certainty

studies  design Dbias considerations

LVEF 13 ran- not serious not serious not serious  none -MD 17.88 SPppO
domised serious higher Moderate
trials (8.15 higher to

27.61 higher)

LVFS 13 ran- not not serious serious not serious  publication -MD 8.77 higher PO
domised serious bias strongly (6.11 higher to Low
trials suspected 1144 higher)

HW/BW 5 ran- not serious serious not serious  strong -SMD 2.92 lower HPHPHO
domised serious association (4.53 lower to Moderate
trials 1.31 lower)

SOD 7 ran- not serious serious not serious  none SMD 4.53 higher OO
domised serious (0.78 higher to Low
trials 8.28 higher)

MDA 7 ran- serious  not serious serious not serious  strong SMD 5.07 lower  HDHDO
domised association (6.53 lowerto 3.6 Moderate
trials lower)

Discussion are more likely to provide reliable support for subsequent

Summary of the current evidence

Our study included 18 studies with 363 animals and
showed that RES significantly improved cardiac func-
tion markers in the animal model of diabetic cardiomy-
opathy: LVEF (WMD=17.88), LVES (WMD=8.77), and
HW/BW(SMD=-2.92); anti-inflammatory and antioxi-
dant markers also showed significant improvement: SOD
(SMD=4.53) and MDA(SMD=-5.07). All these results
were statistically significant (p<0.05). The GRADE grad-
ing assessment indicated that the certainty of LVEF, HW/
BW, and MDA was moderate, while the certainty of other
factors was lower. In summary, our study results suggest
that RES can improve cardiac function in patients with
diabetic cardiomyopathy, which may be related to mito-
chondrial function and its anti-inflammatory and anti-
oxidant stress effects.

Strengths

This study represents the first preclinical systematic
review and meta-analysis, assessing the cardioprotec-
tive effects and underlying mechanisms of RES in an ani-
mal model of DCM. Firstly, we focused exclusively on a
single component of RES, excluding its various deriva-
tives, thereby providing a foundational basis for precise
research and development of RES in treating diabetic car-
diomyopathy. Secondly, we adhered to PRISMA guide-
lines throughout the meta-analysis process, ensuring
that two independent investigators executed all steps to
minimize errors and enhance study robustness. Thirdly,
meta-regression and subgroup analyses were performed
to identify sources of heterogeneity, while various analyt-
ical methods, including sensitivity analysis, were utilized
to assess the stability of our findings. Lastly, we applied
the GRADE tool to evaluate the quality of evidence from
included animal studies; high-quality experimental data

clinical investigations.

Limitations

It is imperative to acknowledge the limitations inher-
ent in our research. (i)The diagnosis and definition of
DCM have always been controversial. In this study, when
including the DCM animal model, we considered using
the latest definition proposed by guidelines, which refers
to impaired cardiac systolic and/or diastolic function
occurring in patients with diabetes [2]. (ii) Our meta-
analysis only focused on a limited number of outcome
measures, including cardiac function indicators (LVEF,
LVFES, HW/BW) and oxidative stress indicators (SOD,
MDA). This is due to the differences in research designs
that address different questions, with most studies com-
monly focusing on cardiac function as reflected by echo-
cardiography. (iii)There was significant heterogeneity
among studies. Meta-regression and subgroup analyses
could not identify the sources of heterogeneity for LVEF
and LVFES; however, the heterogeneity in HW/BW may
relate to the administration route of RES, while that in
SOD may stem from species, strain, model establishment
methods, and administration routes used in animals.
Thus, more high-quality large-sample studies are needed
to validate our findings. Regarding publication bias, we
conducted a trim-and-fill analysis to combine results
from two dummy studies and found no statistically sig-
nificant change in overall study outcomes. (iv) There may
be an imbalance in the reporting of sex, as some studies
did not report the sex of the included animals (50 cases,
13.7%). And it is known that the incidence of DCM is dif-
ferent between men and women. For diabetic patients,
the probability of DCM in women is greater than that in
men [41-43]. Therefore, the shortcomings of our study
must be acknowledged, and this meta-analysis cannot



Yan et al. Diabetology & Metabolic Syndrome (2024) 16:275

reflect the differences in DCM between animal models of
different sexes, nor whether there is a sex-specific effect
of RES on DCM. (v) Due to the lack of clinical studies,
we only included animal studies. However, there are dif-
ferences in animal model, dose, treatment period and
evaluation indicators between different studies, which
may affect the direct comparison and comprehensive
analysis of results. There are differences between ani-
mals and humans in physiological, biochemical and
genetic aspects, so the results of animal models may not
be directly applied to humans. The environmental condi-
tions, feeding methods and experimental designs in ani-
mal experiments may not be consistent with the actual
human conditions, thus affecting the applicability and
repeatability of the results. In addition, the long-term
effects and safety of RES have not been fully evaluated.
Although short-term studies have shown benefits of RES,
whether long-term use leads to adverse effects or resis-
tance is an open question, and extrapolation from animal
models to human contexts may also be challenging. (vi)
Despite our best efforts to search all relevant literature, it
is also worth noting that there are no negative or conflict-
ing data. This may be due to factors such as study design,
sample size, or publication bias. Therefore, we cannot
completely rule out the possibility of negative results that
have not yet been published or confirmed.

Implications

To achieve a more comprehensive understanding of the
role of RES in diabetic cardiomyopathy, future research
must address several key areas: (i) Our study considered
a limited number of outcome indicators; therefore, due to
the significant heterogeneity among sources, subsequent
experiments should incorporate larger sample sizes and
additional indicators to validate the cardioprotective
effects of RES. (ii) Given the established sex differences
in disease onset, it is crucial to report sex-specific data
to clarify findings. Future investigations may also ben-
efit from exploring sex-specific drug effects on diabetic
cardiomyopathy. Additionally, it may be a meaningful
direction to investigate the synergistic effect of RES in
combination with other therapeutic modalities, such as
mesenchymal stem cell therapy [28]. (iii) While animal
studies have provided preliminary evidence for the car-
dioprotective effects of RES in diabetic cardiomyopathy,
several challenges must be addressed before these find-
ings can be applied clinically. First, variations in animal
models and experimental designs impact the reproduc-
ibility of results, necessitating the establishment of a
standardized animal model based on relevant guidelines
[44—46]. Second, long-term follow-up studies are crucial
for thoroughly assessing the safety and efficacy of RES,
focusing not only on cardiac function outcomes but also
on potential side effects and overall long-term safety.
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Additionally, positive results from animal models must
be validated in human trials, considering species differ-
ences in bioavailability when generalizing findings [47].
Finally, the duration of RES intervention is a key factor
influencing clinical outcomes. Since changes in cardiac
function typically occur gradually in diabetic patients, an
insufficient follow-up period may hinder the detection of
significant improvements [48, 49].

Possible mechanisms

RES exhibits a range of therapeutic effects, including
antioxidative, anti-inflammatory, anti-metabolic disor-
der, anti-apoptotic, and anti-fibrotic signaling, which
contribute to the prevention and treatment of DCM [50,
51]. Furthermore, the cardioprotective effects of RES on
DCM are suggested to involve multiple pathways, includ-
ing the SIRT1/PGC-la, SIRT3/TFAM, AMPK/mTOR,
JNK1/mTOR, Nrf2, Cx43 protein and gap junction chan-
nels, UCP2 expression, HMGB1-RAGE axis, and energy
metabolism regulation [52-67]. We have encapsulated
this understanding in a mechanism diagram (Fig. 8).

Based on these pathways, studies have shown that
RES inhibits cardiomyocyte hypertrophy and improves
cardiomyocyte fibrosis by up-regulating SIRT1 expres-
sion, reducing reactive oxygen species (ROS) accumula-
tion, and regulating mitochondrial homeostasis through
SIRT1/PGC-la pathway [52, 53]. Moreover, RES acti-
vates SIRT and inhibits the polarization of M2 macro-
phages stimulated by advanced glycation end products
(AGEs) [54]. This is complemented by the findings of
Pankaj K. Bagul et al., who noted that SIRT-3 deficiency
decreases the activity of mitochondrial transcription fac-
tor A (TFAM), while RES regulates TEAM’s acetylation
state and improves cardiac mitochondrial function [55].

Shifting focus to AMPK (AMP-activated protein
kinase), it plays a role in various aspects of mitochon-
drial homeostasis, such as mitophagy, thereby affecting
mitochondrial health [56]. Studies have shown that RES
can delay fibrosis in DCMby regulating the mitophagy
response through the AMPK/SIRT1-mediated IREla/
PTEN-induced PINK signaling pathway [57, 58]. Addi-
tionally, Kui Xu et al. observed that RES can activate
AMPK and JNK1, inhibit mTOR and its downstream
effects, regulate mitophagy and apoptosis, and thus exert
a protective effect on DCM cardiomyocytes [59].

Nrf2, which is linked to increased inflammatory
response and oxidative stress in diabetic cardiomyopathy
[60], is also targeted by RES. Experimental evidence con-
firms that RES enhances Nrf2 expression and transcrip-
tion, preventing DCM through anti-inflammatory and
antioxidant effects [61].

Furthermore, research indicates that RES dimin-
ishes the upregulation of Cx43 and apoptosis in H9c2
cells caused by high glucose, potentially enhancing the
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Fig. 8 Mechanistic diagram of RES's cardioprotective effects in an animal DCM model. Figure Legend: 1: Improve; |: Reduce; <>: Regulate

electrical conductivity of the diabetic heart and stimulat-
ing the autophagy signaling pathway [62, 63].

Expanding on the protective mechanisms, Han Wu’s
experiments on STZ-induced diabetic mice revealed that
RES prevents myocardial fibrosis by regulating the bone
morphogenetic protein signaling pathway, inhibiting
UCP?2 expression, and reducing ROS production [64].

Additionally, studies have shown that RES may allevi-
ate HMGBI1-mediated myocardial ischemia-reperfusion
injury in diabetic rats by inhibiting HMGB1 or RAGE-
mediated autophagy, reducing oxidative stress and
inflammation [65, 66].

Beyond these molecular signaling pathways, energy
regulation and metabolism are also key mechanisms by
which RES combats DCM. Studies indicate that RES
can normalize free fatty acid (FFA) oxidation in diabetic
conditions, enhance glucose utilization, and regulate oxi-
dative stress biomarkers, thereby reducing myocardial
damage [67, 68].

Conclusion

Our research findings suggest that RES may possess the
potential to protect cardiac function in animal models
with diabetic cardiomyopathy, possibly due to its anti-
inflammatory and antioxidant properties. However,
further clinical trials are needed to explore its clinical
efficacy.
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