Anetal.
Journal of Orthopaedic Surgery and Research
https://doi.org/10.1186/513018-024-04595-1

(2024) 19:137

Journal of Orthopaedic
Surgery and Research

The effects of resveratrol in animal models

®

Check for
updates

of primary osteoporosis: a systematic review

and meta-analysis

Rongxian An'", Qian Luo?", Lei Li', Dinglu Cui' and Jingchun Jin""

Abstract

of primary OP.

Man 5.4 and Stata 14.0.

Background There is still a lack of sufficient evidence-based medical data on the effect of resveratrol (Res) on pri-
mary osteoporosis (OP). This meta-analysis aimed to comprehensively evaluate the role of Res in animal models

Methods The PubMed, Cochrane Library, Web of Science and Embase databases were searched up to August 2023.
The risk of bias was assessed by the SYRCLE RoB tool. Random- or fixed-effects models were used to determine
the 90% confidence interval (Cl) or standardized mean difference (SMD). Statistical analysis was performed with Rev-

Results A total of 24 studies containing 714 individuals were included. Compared with those in the control group,
the bone mineral density (BMD) (P<0.00001), bone volume/total volume (BV/TV) (P<0.001), trabecular thickness (Tb.
Th) (P<0.00001), and trabecular number (Tb.N) (P<0.00001) were markedly greater, and the trabecular separation
(Tb.Sp) (P<0.00001) was significantly greater. Compared with the control group, the Res group also exhibited marked
decreases in alkaline phosphatase (ALP) (P<0.05), tartrate-resistant acid phosphatase 5b (TRAP5b) (P<0.01), and type
I collagen strong carboxyl peptide (CTX-1) (P<0.00001) and a marked increase in osteoprotegerin (OPG) (P <0.00001).

Conclusion In summary, we concluded that Res can markedly increase BMD, improve morphometric indices
of trabecular microstructure and serum bone turnover markers (BTMs), and exert a protective effect in animal models
of primary osteoporosis. This study can supply experimental reference for Res in primary osteoporosis treatment.

Keywords Primary osteoporosis, Resveratrol, Animal models

Introduction

Osteoporosis (OP) is a systemic bone disease char-
acterized by damage to the bone microstructure and
decreased bone mass, resulting in bone fragility and easy
fracture [1, 2]. Primary osteoporosis, as a major part of
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OP, is currently a major public health problem facing
patients and medical practitioners globally. A decreas-
ing BMD not only increases the incidence of fractures
but also has an incalculable impact on patients’ finan-
cial status and personal and even whole-family quality of
life, given that most patients with primary OP are elderly
patients (postmenopausal OP and senile OP) [3, 4]. Clini-
cally, anti-OP drugs are categorized into anti-absorptive
and pro-synthetic drugs. Widely used options include
bisphosphonates (BP), selective estrogen receptor mod-
ulators (SERM), and RANK-ligand inhibitors. Despite
their popularity, these drugs are associated with vari-
ous adverse effects. For example, Denosumab, a type of
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BP, significantly increases BMD in the spine and hip of
postmenopausal women with OP. However, due to severe
gastrointestinal reactions such as acid reflux, nausea, and
vomiting, many patients opt for intravenous administra-
tion over oral, potentially impacting treatment compli-
ance of patients [5-8]. For another example, although
oestrogen replacement treatment has a significant effect
on treating postmenopausal OP [9], studies have shown
that this therapy may increase the risk of breast and uter-
ine cancer. Thus, there is a critical need to identify drugs
that are more effective, convenient, and safer for primary
OP.

Resveratrol (Res) is a polyphenolic phytoestrogen that
is present in the skin of red grapes, peanuts and various
other fruits [10, 11] and has potent antioxidant, anti-
inflammatory, antiageing, neuroprotective, anticarci-
nogenic and cardioprotective effects [12, 13]. In vitro
evidence has shown that Res can improve the activity of
osteoblasts and inhibit the differentiation of osteoclasts
[14, 15]. For example, in vitro, Res increases ALP in a
dose-dependent manner by promoting the differentiation
of osteoblasts [16]. In vivo studies have shown that Res
can improve BMD and prevent bone loss in young rats
subjected to tail suspension, in ovariectomized (OVX)
rats and in old rats subjected to hind limb suspension
[17-19]. However, a large number of existing studies
have not yet systematically summarized and analyzed
the topic. Therefore, this review aims to comprehensively
explore the role of Res in an animal model of primary OP
through the use of a meta-analysis of animal experiments
for the first time.

Methods

The meta-analysis was performed in accordance with
PRISMA guidelines (Additional file 1 ) and registered on
the PROSPERO platform of the International Register of
Systematic Evaluations (No. CRD42023478041).

Data sources and search

Cochrane Library, PubMed, Web of Science and
EMBASE were searched for studies of Res in animal
models of primary OP up to August 2023.

Study selection

The inclusion criteria were as follows: (1) The animal
model was primary OP; (2) The animal models of pri-
mary OP were established by all kinds of methods, such
as age-related OP, orchiectomy and ovariectomy; (3) The
treatment group was given Res only, while the control
group was given either no treatment or saline treatment;
(4) The main results were bone mineral density (BMD);
the second outcomes were morphometric indices of tra-
becular microstructure, including bone volume/total
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volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), and trabecular separation (Tb.Sp); and
serum bone turnover markers (BTMs), including osteoc-
alcin (OC), alkaline phosphatase (ALP), serum osteopro-
tegerin (OPG), bone alkaline phosphatase (bALP), type I
collagen strong carboxyl peptide (CTX-1), and tartrate-
resistant acid phosphatase 5b (TRAP5b). The exclusion
criteria were as follows: (1) reviews, cases, clinical trials,
cell studies or other studies; (2) other animal models; and
(3) other medicines.

Data extraction

Two authors independently extracted the study charac-
teristics (publication year, first author and sample size),
method of modeling, basic characteristics, intervention,
and outcome information. All the data were acquired,
and several subgroup analyses were carried out for differ-
ent dosages, modeling-established standards or patient
positions. Disputes between the two radiologists were
resolved by talking with a third person.

The risk of bias assessment

The risk of bias of the included studies was evaluated by
the SYRCLE risk of bias tool [20] (Fig. 2); the risk of bias
was classified as “high’; “low” or “unclear”. Disagreements
between An and Luo were resolved by Dr. Jin.

Subgroup and sensitivity analysis

Because of the limited sample size, the number of female
animals was greater than the number of male animals,
the data on age and weight were incomplete, and the
methods of modeling were different. In this review, a
subgroup analysis was conducted even though it was dif-
ficult. If there was obvious heterogeneity in the primary
outcome (I*>50%), this study was subjected to sensitiv-
ity analysis. Moreover, the stability of all outcomes was
evaluated by ignoring each study in sequence.

Data synthesis

Excel 2016, Stata 14.0, and RevMan 5.4 were used to
perform this analysis. When the data were reported as
the mean + SEM (standard error of the mean), we trans-
formed the SEM into the standard deviation (SD) using
the formula 0SEM =SD/square root of the sample sizeP
to avoid obfuscating the distinctive usage between the SD
and SEM. Statistical heterogeneity was assessed by the
chi-square test and the I? test. A fixed-effects model was
selected if I was<50%; otherwise, the random-effects
model was selected. Several independent groups in a
study (e.g., various doses) were considered separate data-
sets. P<0.05 indicated statistical significance.
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Results

A total of 714 studies were selected. After removing
duplicates, 351 studies remained. Sixty studies were
left for full-text screening after screening the titles and
abstracts. Finally, 24 studies were analyzed. The basic
characteristics of the final 24 studies [15, 17, 19, 21-41]
are shown in Table 1. The search process is shown in
Fig. 1.

The risk of bias and publication bias

Several studies (Fig. 2) were thought to have an “unclear
risk of bias’, for example, random sequence generation,
random housing and random outcome assessment. A
low risk of bias was observed for incomplete outcome
data, baseline characteristics and selective reporting in
all studies except one [19]. Moreover, the funnel plot
(n>ten papers) showed that the stability of the results
was not affected by publication bias (Additional file 1 ).

Effectiveness

Primary outcomes-BMD (Figs. 3 and 4)

Analysis of 45 studies [17, 19, 23-26, 28-32, 34, 36,
39, 40] showed that, compared with the control group,
the Res group had a markedly greater BMD (n=587;
SMD, 1.59; 95% confidence interval (CI), 1.22 to 1.96;
[’=60%, P<0.00001). Due to the high heterogene-
ity, we analyzed the BMD subgroups according to the
methods of modeling, test methods and test positions
(Fig. 4). Subgroup analysis according to the above sev-
eral points showed no significant reduction in hetero-
geneity, which may remind us to search for other more
suitable points (Additional file 1).

Secondary outcomes
Morphometric indices of the trabecular microstructure
(Figs.5, 6,7, 8)

1. BV/TV

Analysis of 18 studies [15, 25-27, 30, 33, 35-38, 40,
41] showed that, compared with those in the con-
trol group, the BV/TV in the Res group was mark-
edly greater (n=252; SMD, 1.44; 95% CI, 0.68 to 2.19;
P=80%, P<0.001).

2. Tb.N
Analysis of 18 studies [19, 25-27, 33, 35-38, 40,
41] showed that, compared with the control group,
the Res group had markedly greater total bilirubin
(Tb.N) (n=242; SMD, 1.68; 95% CI, 0.95 to 2.42;
PP=74%, P<0.00001).

3. Tb.Th
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Analysis of 18 studies [19, 25, 26, 30, 33, 35-37, 40,
41] showed that, compared with that in the control
group, the Tb.Th in the Res group was markedly
greater (n=248; SMD, 1.73; 95% CI, 1.09 to 2.37;
I*=71%, P<0.00001).
4. Tb.Sp

Analysis of 20 studies [19, 25-27, 30, 33, 35-38, 40,
41] showed that, compared with that in the control
group, the Tb.Sp in the Res group was markedly
lower (n=278; SMD, —1.76; 95% CI, —2.35 to —1.16;
P>=70%, P<0.00001).

Serum BTM concentrations (Figs. 9,10, 11, 12, 13 and 14)
1. ALP

Analysis of 16 studies [15, 19, 22, 24, 25, 31, 39, 40]
showed that, compared with that in the control
group, ALP was markedly lower in the Res group
(n=198; SMD, —1.69; 95% CI, —3.01 to —0.37;
P=87%; P<0.05).

2. bALP
Analysis of 3 studies [21, 36, 37] showed that, com-
pared with those in the control group, the bALP lev-
els in the Res group were markedly greater (n=52;
SMD, 4.11; 95% CI, —0.77 to 8.99; ?=95%, P>0.05).

3. OC
Analysis of 10 studies [15, 22, 25, 31, 33] showed that,
compared with that in the control group, the OC in
the Res group was markedly lower (n=134; SMD,
—0.86; 95% CI, —2.11 to 0.39; =86%, P>0.05).

4. Serum OPG
Analysis of 8 studies [22, 31, 35, 36, 40] showed that,
compared with the control group, the Res group had
markedly greater OPG levels (n=108; SMD, 2.49;
95% CI, 1.45 to 3.53; I*=68%, P<0.00001).

5. CTX-1
Analysis of 9 studies [24, 27, 36, 39, 40] showed that,
compared with the control group, the Res group had
markedly lower CTX-1 levels (n=100; SMD, —1.81;
95% CI, —2.41 to — 1.21; P=37%, P<0.00001).

6. TRAP5b
Analysis of 7 studies [22, 31, 36, 37, 40] showed that,
compared with the control group, the Res group
had markedly lower TRAP5b levels (n=100; SMD,
—2.78; 95% CI, —4.44 to — 1.12; P=85%, P<0.01).

Discussion

This review assessed the protective effects of Res in ani-
mal models of primary osteoporosis. Twenty-four articles
were analyzed, and eleven results were obtained. This
review showed that Res can markedly increase BMD,
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o Cochrane(n = 5)

= Web of science(n = 213)
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Fig. 1 Flowchart of the literature search and selection process
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Incomplete outcome data (attrition hias)
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Other hias

1 Il
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Fig. 2 Risk-of-bias summary using the SYRCLE risk of bias tool
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Std. Mean Difference

SD _Total Weight IV, Random, 95% Cl

Experimental Control

Study or Subgroup Mean SD_Total Mean

Alka Khera 2018 0.068 0.011 B 0.061 0.007 6 3.0%
BasemH 2021 0126384 0.013837 10 0.0940959 0.0129151 10  3.0%
Haifeng Zhao 2014 a1 0151757 0.023163 10 0147764 0.031948 3 28%
Haifeng Zhao 2014 a2 0165335 0.028754 10 0147764 0.031948 3 28%
Haifeng Zhao 2014 a3 0.180511 0.023163 10 0147764 0.031948 4 29%
Hussein 2023 a1 0.25 0.015625 8 0221875 0.015625 8 30%
Hussein 2023 a2 0.160938 0.009375 8 0145313 0.0125 8 31%
Jing Feng 2014 a1 0173 0.041 8 0.165 0.05 3 28%
Jing Feng 2014 a2 0.205 0.023 8 0.165 0.05 3 26%
Jing Feng 2014 a3 0.214 0.053 8 0.165 0.05 2 24%
Jing Feng 2014 b1 20 32 8 152 42 3 25%
Jing Feng 2014 b2 330 52 8 152 42 3 1.7%
Jing Feng 2014 b3 358 40 8 152 42 2 11%
Liwei YWei 2023 0152672 0.01832 § 0.070229 0.0091603 8 16%
Mohamed M 2021 0.117627 0.000676 6 0.0971568 0.001356 6 02%
Qian Lin 2005 a1 0.23 0 8 0.21 0.01 3

Qian Lin 2005 a2 0.23 0.01 8 0.21 0.01 3 23%
Qian Lin 2005 a3 0.24 0.01 8 0.21 0.01 2 1.7%
Qian Lin 2005 b1 0.23 0 8 0.22 0 3

Qian Lin 2005 b2 0.24 0.01 8 0.22 0 3

Qian Lin 2005 b3 0.24 0.01 8 0.22 0 2

Qian Lin 2005 ¢1 0.21 0.01 g 0.2 0.01 3 26%
Qian Lin 2005 c2 0.21 0.01 8 0.2 0.01 3 26%
Qian Lin 2005 c3 0.22 0.01 8 0.2 0.01 2 21%
Sewal 2023 a1 1.3494 045783 12 0903614 0.168676 6 32%
Sewal 2023 a2 1.36145 0.34939 12 0903614 0.168676 6 31%
Stephan 2008 a1 624.9 154.2231 11 646.1 88.55 5 32%
Stephan 2008 a2 627.1 10414 11 646.1 88.55 6 33%
WeiWang 2020 a1 0.201183 0.023669 10 0180473 0.011835 3 27%
WeiWang 2020 a2 0.251479 0.029586 10 0180473 0.011835 3 22%
WeiWang 2020 a3 0301775 0.032545 10 0180473 0.011835 4 1.8%
WeiWang 2020 b1 0.239645 0.029586 10 0221893 0.023669 3 28%
Wei¥Wang 2020 b2 0.281065 0.029586 10 0221893 0.023669 3 24%
Wei¥Wang 2020 b3 0.328402 0.038462 10 0221893 0.023669 4 23%
X-H.CHEN 2019 0.436686 0.035503 § 0337278 0.035503 8  26%
. Wang 2022 a1 868.056  31.944 8 850 1.389 4 29%
X.Wang 2022 a2 900  33.333 8 850 1.389 4 26%
Yan-Ling Feng 2018 729.66 4.81 10 693.79 1146 10 2.4%
Ye Zhang 2020 a1 0.129688 0.021875 8 0109375  0.01875 3 27%
Ye Zhang 2020 a2 0.190625 0.029688 g8 0109375  0.01875 3 20%
Ye Zhang 2020 a3 0.220312 0.035938 8 0109375  0.01875 2 16%
Yujin Zhang 2020 a1 0.130923 0.010465 8 0120063 0.010465 3 26%
Yujin Zhang 2020 a2 0.152049 0.010465 8 0.120063 0.010465 3 1.9%
Yujin Zhang 2020 a3 0.151081 0.009302 8 0.120063 0.010465 2 16%
ZP 2005 05 003 11 0.45 003 11 33%
Total (95% Cl) 395 192 100.0%

Heterogeneity: Tau®= 0.80; Chi*= 99.92, df= 40 (P < 0.00001); F= 60%
Test for overall effect: Z=8.50 (P < 0.00001)

Fig. 3 The meta-analysis results of the Res for BMD

Std. Mean Difference
IV, Random, 95% ClI
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0.70[-0.48,1.89]
2.31[1.12,3.50]
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1.34[0.22, 2.45]
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Not estimahle
Not estimahle
Not estimahble
0.91 [-0.50,2.32)
0.91 [-0.50, 2.32)
1.81 [-0.05, 3.66]
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3.94[1.87,6.02
0.58 [-0.74,1.89]
1.92[0.36, 3.49]
2.82[1.13,4.51]
2.65[1.21, 4.09]
0.62 [-0.61, 1.86]
1.65(0.21,3.10]
3.91[2.30,5.52]
0.88 [-0.53,2.29]
2.69[0.76, 4.62]
2.92[0.66,5.19]
0.95[-0.47, 2.36]
2.79[0.82,4.77]
2.96 [0.69, 5.24]
1.60[0.62, 2.59]

1.59[1.22, 1.96]

]
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Favours [experimental] Favours [control]

Number of SMD P for 12 P for subgroup
group [95%CI] subgroup interactions
comparisons outcomes

Models

Orchiectomy 3 1.76[1.09,2.44] P<<000001 0%  P<<000001

Ovariectomy 42 1.59[1.19,1.99] P<<000001 62%

Test Methods

Micro-CT 9 1.72[0.67,2.78] P<<001 79% P<<000001

X-ray 36 1.56[1.19,1,93] P<<00001 49%

Text Positions

femur 21 1.73[1.23,2,24] P<<00001 59% P<<000001

lumbar spine 12 1.81[1.07,2.54] P<<00001 50%

tibia 12 1.38[0.66,2.10] P<<001 68%

Fig. 4 Subgroup analysis of Res for BMD
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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% ClI IV, Random, 95% CI

Alice 2014 19.186 0.969 7 22.2868 0.5814 7 52% -3.63[-5.53,-1.73)

Isabel F 2014 31.044 3.8461 10 25 3.8462 10 6.7% 1.51[0.49, 2.52) I

Jing Feng 2014 a1 15 3 8 10 3 3 58% 1.52[-0.02,3.07] —

Jing Feng 2014 a2 28 3 8 10 3 3 33% 5.49(2.33, 8.64) —

Jing Feng 2014 a3 33 4 8 10 3 2 3.0% 5.34[1.96,8.72)

LiweiWei 2023 25.0382 2.4427 8 916031 1.83209 8 35% 6.95[4.01, 9.90] -

Sewal 2023 a1 9.20455 1.19315 12 8.86364 1.10795 6 6.8% 0.28[-0.71,1.26] T

Sewal 2023 a2 9.54545 1.10795 12 8.86364 1.10795 6 6.8% 0.59[-0.42,1.59] T

¥ Wang 2022 a1 0.270456 0.14069 8 0.230122 0124138 4 6.4% 0.27 [-0.93,1.48] -1

K. Wang 2022 a2 0.310768 0.211034 8 0.230122 0124138 4 6.4% 0.39[-0.82,1.61] T

Yan-Ling Feng 2018 36.14 8.62 10 20.88 7.53 10 6.7% 1.81[0.73, 2.88) I

Ye Zhang 2020 a1 0.2013 0.074 8 0.2528 0.034 3 B61% -0.70 [-2.08, 0.68) I

Ye Zhang 2020 a2 0.361 0.042 8 0.2528 0.034 3 53% 2.45(0.61, 4.29) -

Ye Zhang 2020 a3 0.3629 0.033 8 02528 0.034 2 45% 3.00(0.71,5.29)] -

Yixuan Jiang 2020 0.306087 0.045217 4 0.156522 0.048695 4 44% 277[0.41,512)

Yuguan Shi 2022 8.51064 1.06383 8 553191 1.06383 8 6.0% 2.65(1.21, 4.09) I

ZAMA 2020 39.7163  11.91489 11 36.7376 9.9291 1 7.0% 0.26 [-0.58,1.10] T

Zuozhong Liu 2021 8.2 1.2 6 6.6 0.2 6 6.1% 1.72[0.31,3.13) -

Total (95% Cl) 152 100 100.0% 1.44[0.68, 2.19] L 2

Heterogeneity: Tau®= 1.92; Chi®= 83.53, df= 17 (P < 0.00001); = 80% RN + 5 p T

Test for overall effect: Z=3.73 (P = 0.0002)

Fig. 5 The meta-analysis results of Res for BV/TV

Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Haifeng Zhao 2014 a1 518 0.74 10 5 0 3 Not estimable
Haifeng Zhao 2014 a2 6.24 112 10 5 0 3 Not estimable
Haifeng Zhao 2014 a3 6.43 0.86 10 5 0 4 Not estimahle
Isabel F 2014 10,1573 1.7079 10 835955  0.62921 10 8.2% 1.34[0.35,2.33] I
Jing Feng 2014 a1 25 0.5 8 1.8 0.6 3 6.9% 1.22[-0.25, 2.69] N
Jing Feng 2014 a2 3.3 0.5 8 1.8 0.6 3 5.8% 262[0.71,4.52) -
Jing Feng 2014 a3 3.8 0.6 8 1.8 0.6 2 49% 3.01[0.71,5.31]
Liwei VWei 2023 445802  0.61068 8 225954  0.24428 8 55% 4.47 [2.43,6.50]
X Wang 2022 a1 3.50336 1.61073 8 3.02013 1.32886 4 7.6% 0.29 [-0.92,1.50) -1
K. Wang 2022 a2 3.42282 1.85235 8 3.02013 1.32886 4 7.6% 0.22[-0.99,1.42) I
Yan-Ling Feng 2018 479 026 10 2.94 079 10 7.2% 3.01[1.65,4.37]
Ye Zhang 2020 a1 3.446 0.858 8 3178 0179 3 7.3% 0.32 [-1.02, 1.66) A
Ye Zhang 2020 a2 3.967 0.695 8 3178 0179 3 6.9% 1.17 [-0.29, 2.63] .
Ye Zhang 2020 a3 4.065 0.715 8 3178 0179 2 6.4% 1.19[-0.50, 2.88] I
Yixuan Jiang 2020 417391 0.76522 4 1.98261 0.73043 4 51% 255(0.31,4.78)
Yuguan Shi 2022 319149 0.19149 8 217021 0.25532 g 5.7% 4.28[2.31,6.25) -
ZAMA 2020 11.2035 2.2341 11 12.0325 2766 11 8.5% -0.32[-1.16,0.52) T
Zuozhong Liu 2021 0.052973 0.0064865 6 0.0367568 0.0054054 6 6.4% 2.51(0.84,4.17]
Total (95% CI) 151 91 100.0% 1.68 [0.95, 2.42] >
Heterogeneity: Tau®= 1.46; Chi*= 53.30, df= 14 (P < 0.00001); = 74% V) ) : 1 1

Test for overall effect: Z= 4.49 (P < 0.00001)

Fig. 6 The meta-analysis results of Res for Tb.N

improve morphometric indices of the trabecular micro-
structure and serum BTMs concentration, and exert a
protective effect on animal models of primary OP.

BMD, a gold standard for diagnosing OP, can be
detected via dual-energy X-ray (DXA) or micro-CT. Miz-
utani K et al. reported that Res can alleviate the decrease
in femoral BMD induced by ovariectomy in rats [18, 42],
while Li YT et al. suggested that inhibiting bone resorp-
tion may be related to the ability of Res to increase BMD
because Res can inhibit the production of prostaglandin
e2 and interleukin-6 [43]. Kenny reported that the serum
testosterone concentration is positively correlated with
the BMD, and Res may ameliorate bone loss caused by
male hypogonadism by maintaining the balance between

Favours [experimental] Favours [control)

RANK and OPG [31]. Therefore, our study evaluated the
ability of Res to improve BMD in primary OP patients.
This study showed that the BMD in the Res group
increased significantly. In addition, the subgroup analysis
according to the modeling methods, detection methods
or detection positions also yielded significant results. In
addition, due to the high heritability of BMD, one study
had explored the reason why individual differences exist
in the effectiveness of bisphosphonates (a first-line anti-
OP drug at present) from the genetics. The findings
revealed that, in contrast to rs1544410 A/G, another vari-
ant, rs2228570 C/T associated with the vitamin D recep-
tor, exhibited a correlation with a favorable response to
antiresorptive therapy. This study prompts us to explore
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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 IV, Random, 95% CI
Haifeng Zhao 2014 a1 42.96 312 10 43.29 2.06 3 6.3% -0.10[-1.39,1.19) -1
Haifeng Zhao 2014 a2 52.36 214 10 43.29 2.06 3 42% 3.971.73,6.21]
Haifeng Zhao 2014 a3 58.71 1.24 10 43.29 2.06 4 1.7% 9.70[5.31,14.10] _—
Isabel F 2014 0.648543 0.13299 10 0605437 0127064 10 7.3% 0.32[-0.57,1.20] T
Jing Feng 2014 a1 61 10 8 47 11 3 58% 1.25[-0.23,2.73) T
Jing Feng 2014 a2 a3 9 8 47 1" 3 4.2% 3.47[1.23,5.72) -
Jing Feng 2014 a3 86 12 8 47 11 2 41% 2.97 [0.69, 5.24]
LiweiWei 2023 0.0278626 0.0030534 8 0.0167939 0.0022901 8 5.0% 3.88[2.05,5.71] R
Sewal 2023 a1 0.909836 0.040984 12 0.893443 0.040983 6 71% 0.38 [-0.61,1.37) T
Sewal 2023 a2 0.92623 0.04918 12 0.893443 0.040983 6 7.0% 0.67 [-0.34, 1.68] T
¥.Wang 2022 a1 0.092069 0.0051724 8 0.0848276 0.0051724 4 B1% 1.29 [-0.06, 2.65) —
X.Wang 2022 a2 0105517 0.01138 8 0.0848276 0.0051724 4 57% 1.92 [0.40, 3.45) I
Yan-Ling Feng 2018 78.67 14.76 10 51.8 3.74 10 6.5% 2.39[1.19,3.60] I
Ye Zhang 2020 a1 0.0712 0.027 8 0.0627 0.015 3 6.2% 0.31 [-1.02,1.65) -1
Ye Zhang 2020 a2 0.0946 0.016 8 0.0627 0.015 3 5.5% 1.85(0.21, 3.49] —
Ye Zhang 2020 a3 01072 0.049 8 0.0627 0.015 2 55% 0.87 [-0.75, 2.50] T
Yuguan Shi 2022 0.0421053 0.0025263 8 0.0311579 0.0042105 g 57% 2.98 [1.44,452] I
Zuozhong Liu 2021 3.22078  0.62338 6 2.38961 0.31169 6 61% 1.56(0.19, 2.92) —
Total (95% Cl) 160 88 100.0% 1.73[1.09, 2.37] L 4
Heterogeneity: Tau®= 1.26; Chi*= 58.15, df= 17 (P < 0.00001); F=71% T + 7 t s
Test for overall effect: Z=5.30 (P < 0.00001) Favours [experimental] Favours [control]
Fig. 7 The meta-analysis results of Res for Tb.Th
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
Haifeng Zhao 2014 a1 167.24 828 10 179.06 9.38 3 53% -1.30[2.72,013) [
Haifeng Zhao 2014 a2 132.44 1063 10  179.06 9.38 3 36% -4.16 [-6.48,-1.85)
Haifeng Zhao 2014 a3 117.24 954 10 179.06 9.38 4 27% -6.09 [-9.00,-3.19]
Isabel F 2014 0.075887 0.0131154 10 0.100782 0.020984 10 6.3% -1.36 [-2.36,-0.37) I
Jing Feng 2014 a1 0.44 0.04 8 0.49 0.07 3 54% -0.95[-2.36,0.47) T
Jing Feng 2014 a2 0.28 0.08 8 0.49 0.07 3 44% -2.47 [4.31,-0.62)
Jing Feng 2014 a3 0.25 0.06 8 0.49 0.07 2 32% -3.53 [-6.06,-1.01]
LiweiWei 2023 0122137 0.016103 8 0.169466 0.016794 8 52% -2.72[-4.18,-1.26) I
Sewval 2023 a1 3.91813 0.32164 12 4.06433 0.2924 6 6.3% -0.45[-1.44,0.55] -
Sewal 2023 a2 374269 023392 12 4.06433 02924 6 6.1% -1.21[-2.28,-0.13) -
. Wang 2022 a1 0.310067  0.15302 8 0374497 01651 4  58% -0.38 [-1.59,0.83] T
K. Wang 2022 a2 0326174 0165101 8 0374497 01651 4 58% -0.27 [1.48,0.94) i
Yan-Ling Feng 2018 0.13 0.0z 10 0.24 0.04 10 53% -3.33[-4.78,-1.88] I
Ye Zhang 2020 a1 0.326 0.047 8  0.3691 0.024 3 54% -0.92[-2.33,0.49) T
Ye Zhang 2020 a2 0.1641 0.054 8 0.3691 0.024 3 3.4% -3.83[6.23,-1.43] -
Ye Zhang 2020 a3 0.1528 0.075 8 03691 0.024 2 37% -2.76 [-4.96,-0.57) -
Yixuan Jiang 2020 0.410949 0.066373 4 0719168 0181421 4 42% -1.96 [-3.90,-0.03]
Yuguan Shi 2022 0.238298 0.025532 8 0.285106 0.017022 8 57% -2.04 [-3.31,-0.77) -
ZAMA 2020 0.0515 0.008 11 0.048 00095 11 67% 0.38[-0.46,1.23] T
Zuozhong Liu 2021 0.261333 0.032 6 0.309333 0.010667 6 5.3% -1.86 [-3.31,-0.41] I
Total (95% CI) 175 103 100.0% -1.76 [-2.35, -1.16] <
Heterogeneity: Tau®= 1.18; Chi*= 64.04, df = 19 (P < 0.00001); F= 70% —

Test for overall effect. Z=5.80 (P < 0.00001)

Fig. 8 The meta-analysis results of Res for Tb.Sp

whether the genetic characteristics of diverse primary OP
conditions influence the efficacy of resveratrol in improv-
ing BMD, given its promising results [44].

It is well-known that the morphometric indices of the
trabecular microstructure play a vital role in the diag-
nosis of osteoporosis [45]. The BV/TV is one of the key
indices of trabecular microstructure, and an increase in
this parameter indicates that bone anabolism is more
common than catabolism and that the bone mass is
greater, and vice versa. Ozturk S et al. reported that Res
(80 mg/kg/day) can reduce the BV/TV, Tb.N and Tb.Th
and prevent a sharp decrease in bone mass caused
by ovariectomy by improving the microstructure and

4 2 0 2 4
Favours [experimental] Favours [control]

biophysical and chemical properties of bone [27]. There-
fore, our study evaluated the BV/TV in an animal model
of primary OP and revealed that Res can improve bone
mass and bone metabolism by increasing the BV/TV. In
addition, Tb.Th, Tb.N, and Tb.Sp are the primary param-
eters used to evaluate the spatial morphological structure
of trabecular bone. Once osteoporosis occurs, the Tb.Sp
increases, while the Tb.N and Tb.Th decrease. Therefore,
by evaluating the above three indices, this study revealed
that Res can increase the Tb.Th and Tb.N while reducing
the Tb.Sp, thus improving bone loss in an animal model
of OP.
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subaroup Mean SD _Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alice 2014 113.298  7.979 7 90.1596 0 7 Not estimahle
BasemH 2021 278.967  11.07 10 241328 59.779 10  8.3% 0.84 [-0.08,1.76) —
Haifeng Zhao 2014 a1 2893 17.35 10 2905 17.29 3 8.0% -0.06 [-1.35,1.23] T
Haifeng Zhao 2014 a2 236 9.38 10 2905 17.29 3 B7% -4.51 [-6.96,-2.07] -
Haifeng Zhao 2014 a3 2313 1147 10 2905 17.29 4 7.0% -4.21 [-6.38,-2.03] I —
Hussein 2023 a1 431.25 65625 8 2625 46875 8 7.8% 2.80[1.31,4.29] -
Jing Feng 2014 a1 194.3 426 8 2371 39.2 3 7.9% -0.93[-2.35,0.48] .
Jing Feng 2014 a2 171.8 47.4 8 2371 39.2 3 78% -1.31 [-2.80,0.19] |
Jing Feng 2014 a3 160.8 39.6 8 2371 39.2 2 74% -1.74 [-3.58,0.09]
Mohamed M 2021 516.7 1019 6 077 1227 6 22% -1563(-23.35-7.92] ¥
Ye Zhang 2020 at 58.3486 121101 8 55.0459 121101 3 8.0% 0.25[-1.08, 1.58] -
Ye Zhang 2020 a2 83.6697 18.7153 8 550459 121101 3 7.8% 1.50 [-0.04, 3.04] —
Ye Zhang 2020 a3 85.8716 18.7154 8 55.0459 121101 2 75% 1.54 [-0.23,3.32) T
Yujin Zhang 2020 a1 114362 4371 8 149152 1068 3 B61% -5.02 [-7.95,-2.08] I —
Yujin Zhang 2020 a2 79.0096 3.8834 8 149152 1068 3 33% -1053[16.18,-488) ¢
Yujin Zhang 2020 a3 86.3719  6.3112 8 149152 1068 2 40% -809[1290,-328] ¥
Total (95% ClI) 133 65 100.0% -1.69[-3.01,-0.37] -

Heterogeneity: Tau*=5.19; Chi*=109.10, df= 14 (P < 0.00001); F=87%
Test for overall effect. Z=2.52 (P=0.01)

Fig. 9 The meta-analysis results of Res for ALP

|
4 2 0 2 4
Favours [experimental] Favours [control]

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
Liwei ¥Wei 2023 9.64885 1.09925 8 6.10687 085496 8 357% 3.40[1.73,5.07] -
Omnia Ameen 2020 464.73 3805232 10 771.784 27555 10 36.8% -0.89 [-1.81,0.04]
Yuguan Shi 2022 0.349296 0.014084 8 0.174648 0.014084 8 27.5% 11.72 [6.94, 16.50] - —
Total (95% Cl) 26 26 100.0% 4.11[-0.77,8.99]

. 2_ - ChiF= - - + + T t t
Heterogeneity: Tau®= 16.60; Chi*= 41.25, df= 2 (P < 0.00001); F= 95% =0 10 0 10 20

Test for averall effect. Z=1.65(P=0.10)

Fig. 10 The meta-analysis results of Res for bALP

Favours [experimental] Favours [control]

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% ClI IV, Random, 95% CI
Alice 2014 0.0734375 0.00625 7 0146875 0.010938 7 B.2%  -7.72[11.25,-419) Y
BasemH 2021 323.247 26.568 10 232472 33.211 10 10.7% 2.89[1.56,4.22] -
Hussein 2023 a1 4125 B84.375 8 276.563 56.25 8 11.0% 1.79(0.58, 3.01] -
Isabel F 2014 5.80645 3.46774 10 8.54833 5.08061 10 11.5% -0.60[-1.50, 0.30) T
Jing Feng 2014 a1 455 10.8 g 497 9.1 3 107% -0.37 [1.71,0.97) .
Jing Feng 2014 a2 405 16.4 g 497 9.1 3 10.7% -0.56 [-1.92, 0.80] -1
Jing Feng 2014 a3 371 109 8 49.7 9.1 2 10.0% -1.06 [-2.73, 0.60] 1
Yujin Zhang 2020 a1 2.26471 0.11764 8 25 0.08824 3 10.0% -1.92 [-3.59,-0.26) I
Yujin Zhang 2020 a2 2.08824 0.17647 g 25 0.08824 3 97% -2.34[-4.14,-0.54) -
Yujin Zhang 2020 a3 217647 0.14706 g 25 0.08824 2 9.4% -2.07 [[4.01,-0.13]
Total (95% Cl) 83 51 100.0% -0.86 [-2.11, 0.39] -
Heterogeneity: Tau®= 3.33; Chi*= 63.67, df= 9 (P < 0.00001); *= 86% f t

Testfor overall effect: Z=1.35{(P=0.18)

Fig. 11 The meta-analysis results of Res for OC

Intermediate metabolites or enzymes produced dur-
ing bone turnover are called serum BTMs. BTMs can be
classified as bone formation or bone resorption mark-
ers. The former indicates osteoblast activity and bone
formation, such as ALP, bALP and OC, while the latter
reflects osteoclast activity and bone resorption, such as
CTX-1 and TRAP5b. BTMs play a role in diagnosing
various bone diseases, determining bone turnover types,
predicting the risk of fracture, monitoring treatment

4 2 0 2 4
Favours [experimental] Favours [control]

compliance and evaluating drug efficacy [22, 36, 40]. The
level of BTMs in primary OP is usually normal or slightly
elevated. Feng ] et al. reported that Res inhibits the gen-
eration of osteoclasts in OVX rats by decreasing RANKL
and TRAP5b and increasing OPG. This difference may
be related to the antiapoptotic, antioxidative and anti-
inflammatory effects of Res [26]. Elesawy reported that
chronic administration of Res can significantly improve
the BMD of the tibia, and the protective mechanism
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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 IV, Random, 95% CI

BasemH 2021 176.852 1111 10 96.2963 37.9627 10 14.8% 2.76[1.46, 4.05] -

Hussein 2023 a1 191.406 17.578 8 957031 19.5308 8 105% 4.87 [2.69, 7.05) -

Liwei Wei 2023 1.64122  0.19084 8 1.22137 0.13359 8 14.4% 2.41[1.04,3.78] -

K. Wang 2022 a1 0.4 0076923 g 0.3 0.069231 4 146% 1.24 [-0.11, 2.58] —

K. Wang 2022 a2 0.653846 0.084615 8 0.3 0.069231 4 9.9% 4.07[1.75,6.39) -

Ye Zhang 2020 a1 77.3289 10 8 76.2426 11.6592 3 147% 0.10[1.23,1.42) T

Ye Zhang 2020 a2 133.713  18.333 8 76.2426 11.6592 3 10.9% 3.08(0.99, 5.16) -

Ye Zhang 2020 a3 136.756 20 8 76.2426 11.6592 2 10.2% 2.85(0.62, 5.08] I
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Fig. 12 The meta-analysis results of Res for OPG
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Fig. 14 The meta-analysis results of Res for TRAP5b

may involve increasing the levels of OC, OPG and ALP
[22]. Therefore, the present study showed that ALP,
CTX-1 and TRAP5b in the Res group were significantly
decreased, and OC tended to decrease. In addition, bALP
showed an opposite trend to that of the other indicators,
which may be due to the small amount of data. OPG is
a metabolite secreted by osteoblasts and can inhibit the
formation of osteoclasts by competitively binding with
RANK [22, 36, 40]. Our results showed that the OPG in
the Res group increased significantly, which improved
the state of primary OP. In addition to the above markers,

Favours [experimental] Favours [control]

there are other bone metabolic intermediates, includ-
ing plnp, plcp, LCa/Cr, dpyr, and ntx [45, 46]. Unfortu-
nately, this review did not pursue further investigation
due to challenges in acquiring adequate data.

The study limitations were as follows: (1) Language
bias; (2) the reliability of the risk of bias assessment was
limited to low-quality included studies; and (3) most of
the results were highly heterogeneous; however, we per-
formed a subgroup analysis. The results of the sensitivity
analysis were robust (Additional file 1).
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Conclusions

Res can markedly increase BMD, improve morphomet-
ric indices of the trabecular microstructure and serum
BTM concentration, and exert a protective effect on ani-
mal models of primary osteoporosis. This study can pro-
vide an experimental reference for Res in primary OP. In
the future, additional studies are needed to evaluate the
effects of Res as an anti-primary OP drug.
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