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without diabetes
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Second Affiliated Hospital and Yuying Children’s Hospital of Wenzhou Medical University,
Wenzhou, China, 3Department of Nephrology, The Second Affiliated Hospital and Yuying Children’s
Hospital of Wenzhou Medical University, Wenzhou, China
Introduction: Liraglutide (Lrg), a novel anti-diabetic drug that mimics the

endogenous glucagon-like peptide-1 to potentiate insulin secretion, is

observed to be capable of partially reversing osteopenia. The aim of the

present study is to further investigate the efficacy and potential anti-

osteoporosis mechanisms of Lrg for improving bone pathology, bone- related

parameters under imageology, and serum bone metabolism indexes in an animal

model of osteoporosis with or without diabetes.

Methods: Eight databases were searched from their inception dates to April 27,

2024. The risk of bias and data on outcome measures were analyzed by the

CAMARADES 10-item checklist and Rev-Man 5.3 software separately.

Results: Seventeen eligible studies were ultimately included in this review. The

number of criteria met in each study varied from 4/10 to 8/10 with an average of

5.47. The aspects of blinded induction of the model, blinding assessment of

outcome and sample size calculation need to be strengthened with emphasis.

The pre-clinical evidence reveals that Lrg is capable of partially improving bone

related parameters under imageology, bone pathology, and bone maximum

load, increasing serum osteocalcin, N-terminal propeptide of type I procollagen,

and reducing serum c-terminal cross-linked telopeptide of type I collagen

(P<0.05). Lrg reverses osteopenia likely by activating osteoblast proliferation

through promoting the Wnt signal pathway, p-AMPK/PGC1a signal pathway,

and inhibiting the activation of osteoclasts by inhibiting the OPG/RANKL/RANK

signal pathway through anti-inflammatory, antioxidant and anti-autophagic

pathways. Furthermore, the present study recommends that more reasonable

usage methods of streptozotocin, including dosage and injection methods, as

well as other types of osteoporosis models, be attempted in future studies.

Discussion: Based on the results, this finding may help to improve the priority of

Lrg in the treatment of diabetes patients with osteoporosis.
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1 Introduction

TheWorld HealthOrganization (WHO) defined osteoporosis as a

progressive systemic skeletal disease characterized by low bone mass

and microarchitectural deterioration of bone tissue, leading to

increased bone fragility and susceptibility to fracture (1, 2). Aside

from established risk factors including age, cigarette smoking, low

physical activity, the use of drugs such as glucocorticoids, and low

calcium and vitamin D levels (3, 4), diabetes has recently gained

increased attention as a potential risk factor for osteoporosis and

fragility fractures (5, 6). The likely reasons are related to insulin

deficiency (7) and the impact of high glucose on calcium and

phosphorus metabolism (8). Given that diabetes is a systemic

disease associated with a range of chronic and severe complications,

the disability and mortality rates are high once fractures occur in

patients (6). Although conventional anti-osteoporosis drugs such as

calcium tablets, vitamin D, bisphosphonates, denosumab, and

teriparatide have been used to treat osteoporosis (2), they do not

address the sustained effects of insulin deficiency and high glucose

toxicity on bone metabolism. Therefore, besides conventional

treatments, it is advantageous to explore drugs that offer both

hypoglycemic and anti-osteoporosis effects.

New therapies for diabetes such as glucagon-like peptide-1

receptor agonists (GLP1Ras) have been shown to exert multiple

effects on various organs and tissues, including the cardiovascular

system (9–12), arteries (13–15), lipid metabolism (16), and bone

metabolism (17, 18). Liraglutide (Lrg), a representative GLP1Ras, is a

novel anti-diabetic and widely used drug that mimics the endogenous

GLP-1 to potentiate insulin secretion (19). Studies have demonstrated

that osteoblastic cells express functional receptors for GLP-1 (20),

and continuous subcutaneous infusion of GLP-1 or Lrg in diabetes-

related osteoporosis models normalized their impaired trabecular

architecture and promoted bone formation (8, 21). These findings

highlight the potential use of Lrg in combating diabetes-related bone

loss. However, the evidence provided by a single literature source is

limited, and the mechanism of Lrg for osteoporosis- or diabetes-

related osteoporosis has not been systematically summarized. Thus,

the present study aims to investigate the pre-clinical evidence and

possible mechanisms of Lrg in animal models of osteoporosis.
2 Methods

The Preferred Reporting Items for Systematic Review and Meta

Analyses (PRISMA) checklist was used to structure this study (22).
2.1 Data sources and search strategies

A literature search was conducted to identify all published animal

experimental studies of Lrg for osteoporosis in PubMed, EMBASE,

Cochrane library, Web of Science database, WanFang, Chinese

Science and Technology Journal Database, Chinese Biomedical

Database, and China National Knowledge Infrastructure from their

inception dates to April 27, 2024. “Liraglutide OR Victoza” AND

“Osteoporosis OR Bone Loss OR Osteopenia OR Bone Metabolism”
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were used as the search terms in PubMed and were modified to suit

other databases. A complete record of search strings in PubMed is

provided as an example in Appendix 1. Additionally, the reference

lists of potential articles were searched for relevant studies.
2.2 Eligibility criteria

The studies were screened by two independent authors (ZW and

WD) and included if they met the following criteria: (1) studies

assessing the efficacy of Lrg for osteoporosis or bone loss in animal

models were included, (2) the treatment group used Lrg as

monotherapy with unrestricted medicament type, dosage, duration,

and route of administration, compared with a blank control or

placebo in the control group, and (4) bone pathology and/or bone

mineral density [including lumbar spine bone mineral density (L-

BMD) and femur bone mineral density (F-BMD)] and/or bone

histomorphometric parameters under micro-CT [trabecular

number (Tb.N) and trabecular thickness (Tb.Th)] and/or bone

maximum load and/or bone turnover markers [C-terminal cross-

linked telopeptide of type I collagen (CTX), N-terminal propeptide of

type I procollagen (PINP), and osteocalcin (OC)] and/or indicators of

adverse reactions were selected as the primary outcome measures.

Indicators reflecting the mechanisms of anti-osteoporosis action of

Lrg were selected as secondary outcome measures. Studies were

excluded if they (1) were not controlled experiments or in vivo

animal experiments, (2) included combination medication in the

treatment group, (3) lacked primary outcome indicators or had

incomplete data, (4) had inconsistencies between graphic and

textual data, and (5) were duplicate publications.
2.3 Data extraction

Two reviewers (ZW and YY) independently and systematically

performed data extraction, focusing on study design characteristics,

animal information, modeling methods, anesthetic details,

interventions, and outcomes. Only data pertaining to the highest

dose and the final time point were included when the experiments

featured multiple Lrg dose groups or various measurement times.

Graphical data were measured using Photoshop when results were

only available in graphic from and no response was received from

the corresponding authors.
2.4 Risk of bias in individual studies

Two independent authors (WD and JX) utilized the

CAMARADES 10-item quality checklist (23) with minor

modifications to assess study quality. The modifications included F

—anesthetics without significant bone toxicity or protective activity

and G—appropriate animal model with complications or risk factors

(including aged, diabetes, hyperlipemia, or hypertensive). The

authors first independently selected studies, extracted data, and

scored the studies and then discussed disagreements with the

corresponding author (QZ) until a consensus was reached.
frontiersin.org
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2.5 Statistical analysis

We performed all of the analyses available using RevMan 5.3

software. For continuous data, standardized mean differences

(SMDs) and 95% confidence intervals (95% CIs) were

calculated to estimate the combined overall effect sizes.

Heterogeneity was assessed using the Cochrane Q-statistic test

(P < 0.05 was considered statistically significant) and the I2

statistic test (I2 < 50% was considered homogeneous). Data

were aggregated using a random-effects model if there was high

heterogeneity (I2 > 50%); otherwise, a fixed-effects model was

adopted. Potential publication bias was assessed by a visual

inspection of the funnel plot and asymmetry test to ensure the

reliability of results. Sensitivity analysis and subgroup analyses

were performed if necessary.
3 Results

3.1 Study selection

The electronic search yielded 128 studies, of which 17 eligible

studies (8, 21, 24–38) were ultimately included in this review. The

specific search data and exclusion process are shown in Figure 1.
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3.2 Characteristics of included studies

Seven studies published in English and 10 in Chinese, spanning

from 2013 to 2024, were included. The animal models involved

were female Sprague–Dawley (SD) rats (51.3%), female Wistar rats

(3.9%), female C57BL/6 mice (6.4%), male SD rats (28.8%), and

male ApoE−/− mice (9.6%). A total of 132 rats and 25 mice were

treated with Lrg; 130 rats and 25 mice served as controls. The

primary outcome measures included bone pathology in three

studies (26, 27, 37), F-BMD in 11 studies (21, 24, 27–31, 33–35,

39), L-BMD in three studies (8, 29, 36), Tb.Th and Tb.N in five

studies (25, 28, 33, 35, 38), bone maximum load in three studies (24,

28, 30), CTX in five studies (21, 26, 31, 32, 37), OC in five studies

(21, 31–34), and PINP in four studies (8, 30, 32, 37). Relevant

mechanism indicators such as superoxide dismutase (SOD), tumor

necrosis factor-a (TNF-a), and other detailed characteristics of the

eligible studies are shown in Table 1.
3.3 Study quality

The number of criteria met in each study ranged from 4/10 to 8/

10, with an average of 5.47. The review authors’ judgments on each

risk of bias item for each included study are presented in Table 2.
FIGURE 1

Summary of the process for identifying candidate studies.
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TABLE 1 Characteristics of the included studies.

Control group Outcome index (time)

ubcutaneous injection of an equal
me of NS after modeling and
d 12 weeks

1. BMD (femur)
2. Maximum load and elastic modulus
3. Serum levels of OPG and tartrate
resistant acid phosphatase
4. Bone levels of FoxO3a mRNA,
Wnt2 mRNA, and b⁃ndA,aat mRNA

ubcutaneous injection of an equal
me of NS after modeling and
d 12 weeks

1. BMD (femur)
2. Bone-related parameters under
micro-CT (Tb.N, Tb.Th, and BV/TV)
3. Maximum load, yield load, and
elastic modulus
4. Content of bone mineral salt
5. Serum levels of ROS, CAT, GSH-
Px, and MDA
6. Serum level of cAMP
7. Bone levels of p-PKA/PKA and p-
CREB/CREB

ubcutaneous injection of an equal
me of NS after modeling and
d 8 weeks

1. BMD (lumbar)
2. Serum level of type I PINP and
AKP
3. Serum level of TNF-a, IL-6, and IL-
1b
4. Bone level of phosphorus
and calcium

ubcutaneous injection of an equal
me of NS after modeling and
d 8 weeks

1. Bone pathology
2. Serum level of ALP and CTX-1
3. TRAP activity
4. Bone level of OPG, RANKL, Runk2,
and BMP
5. Bone level of STAT3 and p-STAT3

ubcutaneous injection of an equal
me of NS after modeling and
d 8 weeks

1. Bone pathology
2. BMD (femur)
3. Serum level of OPG and RANKL
4. Bone level of p-PI3K, PI3K, p-Akt,
and Akt

ubcutaneous injection of an equal
me of NS after modeling and
d 12 weeks

1. BMD (femur)
2. Bone-related parameters under
Micro-CT (Tb.N and Tb.Th, BV/TV)
3. Bone level of ROS, SOD and MDA
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Study (years) Species (sex,
n = experimental/

control
group, weight)

Model (method) Anesthetic Treatment group (method
to astragal sides)

Lin 2022 (24) Female SD rats (14/14,
NM, NM)

1. Bilateral oophorectomy Pentobarbital By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 12 weeks

By
volu
last

Chong 2021 (28) Female SD rats (12/12,
220 g, 6 to 7 weeks old)

1. Bilateral oophorectomy
2. Intraperitoneal injection of STZ (30
mg/kg)
3. High-fat and high-sugar diet

Diethyl ether By subcutaneous injection of
liraglutide with 0.1 mg/kg/day for 4
weeks after modeling; then, the daily
dose was increased to 0.2 mg/kg/day
for 8 weeks

By
volu
last

Chen 2021 (8) Female SD rats (10/10,
249.8 ± 56.2
g, 6 months old)

1. Bilateral oophorectomy 2. Injection
of STZ (60 mg/kg)

Phenobarbital By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 8 weeks

By
volu
last

Wang 2021 (26) Female SD rats (8/8, NM,
8 weeks old)

1. Bilateral oophorectomy 2.
Intraperitoneal injection of STZ (60
mg/kg)

Chloral hydrate By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 8 weeks

By
volu
last

Zhang 2021 (27) Female SD rats (10/10,
200 ± 10 g, NM)

1. Bilateral oophorectomy 2.
Intraperitoneal injection of STZ (30
mg/kg)
3. High-fat and high-sugar diet

NM By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 8 weeks

By
volu
last

Yang 2020 (39) Female SD rats (10/10,
220 ± 10 g, 8 weeks old)

1. Intramuscular injection of 0.1 ml
dexamethasone (1 mg/kg) solution
twice a week

Chloral hydrate By subcutaneous injection of
liraglutide with 0.2 mg/kg/day after
modeling and lasted 12 weeks

By
volu
last
s
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TABLE 1 Continued

Control group Outcome index (time)

4. Bone level of Beclin-1, At95, Map1-
LC3-II, and p62/SQSTMl

cutaneous injection of an equal
e of NS after modeling and
16 weeks

1. BMD (whole body, thoracolumbar
spine, bilateral femoral pelvis, and
lumbar spine)
2. Blood glucose and serum insulin
levels
3. Serum level of miRNA-19a and
miRNA-144
4. Serum level of Cad-11/GAPDH and
IRS-1//GAPDH

cutaneous injection of an equal
e of water after modeling and
12 weeks

1. BMD (femur)
2. Bone-related parameters under
micro-CT (BV/TV and BMC)
3. Serum level of ALP, type I PINP
4. Peak load
5. Bone level of AMPK, PGC1a,
and AdipoR1

cutaneous injection of an equal
e of NS after modeling and
8 weeks

1. BMD (femur)
2. Serum level of ALP, OC, OPG,
RANKL, TRACR and CTX-1
3. Bone level of calcium, phosphorus,
Wnt3a, LRP-5, and b-catenin

cutaneous injection of an equal
e of NS after modeling and
3 months

1. BMD (femur)
2. Bone-related parameters under
Micro-CT (Tb.N and Tb.Th, BV/TV)
3. Serum level of TRACP, CTX-I,
ALP, and OC
4. Blood glucose

cutaneous injection of an equal
e of NS after modeling and
10 weeks

1. Serum level of OC, PINP, PTH,
CTX, and TRACP
2. Serum level of AGE, TC, and TG.
3. Bone level of RAGE-mRNA and
RAGE protein

cutaneous injection of an equal
e of NS after modeling and
8 weeks

1. BMD (femur)
2. Serum level of OC, OPG, CTX-I,
and RANKL
3. Bone level of OPG and
RANKL mRNAs
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n = experimental/

control
group, weight)

Model (method) Anesthetic Treatment group (method
to astragal sides)

Wang 2020 (29) Female SD rats (10/10,
162.6 ± 7.4 g, 4 to 6
weeks old)

1. Bilateral oophorectomy 2.
Intraperitoneal injection of STZ (35
mg/kg)
3. High-fat and high-sugar diet

Diethyl ether By subcutaneous injection of
liraglutide with 0.1 mg/kg/day for 4
weeks after modeling; then, the daily
dose was increased to 0.2 mg/kg/day
for 12 weeks

By sub
volum
lasted

Subhashis 2019 (30) Female SD rats (10/10,
250–300 g, adult)

1. Bilateral oophorectomy Xylazine (10
mg/kg) and
ketamine (40
mg/kg)

By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 12 weeks

By sub
volum
lasted

Tang 2019 (31) Male SD rats (10/10,
200–230 g, 6 to 8
weeks old)

1. Intraperitoneal injection of STZ (30
mg/kg)
2. High-fat and high-sugar diet

Chloral hydrate By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 8 weeks

By sub
volum
lasted

Yang 2019 (33) Male SD rats (8/10, 220
± 10 g, 6 to 8 weeks old)

1. Intramuscular injection of 0.1 ml
dexamethasone (1 mg/kg) solution
twice a week for 3 months

NM By subcutaneous injection of
liraglutide with 0.2mg/kg/day after
modeling and lasted 3 months

By sub
volum
lasted

Zhang 2019 (32) Male ApoE−/− mice (15/
15, NM, NM)

ApoE−/− mice NM By subcutaneous injection of
liraglutide with 0.4 mg/kg/day after
modeling and lasted 10 weeks

By sub
volum
lasted

Wen 2018 (21) Female SD rats (6/6, NM,
9 weeks old)

1. Bilateral oophorectomy 2.
Intraperitoneal injection of STZ (60
mg/kg)

Chloral hydrate By subcutaneous injection of
liraglutide with 0.6 mg/kg/day after
modeling and lasted 8 weeks

By sub
volum
lasted
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TABLE 1 Continued

(method
ides)

Control group Outcome index (time)

n of
g/day after
eks

By subcutaneous injection of an equal
volume of NS after modeling and
lasted 4 weeks

1. BMD (femur)
2. Serum level of calcium and
phosphorus
3. Serum level of BAP, OC, OPG, and
RANKL
4. Serum level of TNF-a and IL-6
5. Bone level of OPG mRNAs and
RANKL mRNAs

n of
g/day after
eks

By subcutaneous injection of an equal
volume of NS after modeling and
lasted 4 weeks

1. Bone pathology
2. Serum level of calcium, phosphorus,
calcitonin, 25-OH-D, PTH, FGF-23,
PINP, OPG, RANKL, b-CTX, BALP,
and TRAP

n of
g/day after
eks

By subcutaneous injection of an equal
volume of NS after modeling and
lasted 4 weeks

1. BMD (whole body, thoracolumbar
spine, bilateral femoral pelvis, and
lumbar spine)
2. Serum level of calcium, phosphorus,
calcitonin, ALP, ALT, TG, and TC
3. Blood glucose and fasting insulin

n of
g/day after
onths

By subcutaneous injection of an equal
volume of NS after modeling and
lasted 2 months

1. BMD (femur)
2. Bone-related parameters under
Micro-CT (Tb.N and Tb.Th, BV/TV)
3. Body weight and blood glucose
4. Serum level of PPARg, ALP, Col-1,
and Runx2

n of
g/day after
eks

By subcutaneous injection of an equal
volume of NS after modeling and
lasted 4 weeks

1. Bone related parameters under
micro-CT (Tb.N and Tb.Th, BV/TV)
2. Serum level of calcitonin and
sclerostin
3. GLP-1 receptor in bone tissue

rats, Sprague–Dawley rats; TNF-a, tumor necrosis factor-a; Tb.N, trabeculae linear density; Tb.Th, trabeculae
hatase; PINP, N-terminal propeptide of type I procollagen; TRACP, tartrate-resistant acid phosphatase; BMP,
ozotocin; Cad-11, cadherin 11; IRS-1, insulin receptor substrate-1; TC, total cholesterol; TG, triglyceride; AGE,
e mineral content; AMPK, phosphorylated AMP-dependent protein kinase; PGC1a, peroxisome proliferator-
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control
group, weight)

Model (method) Anesthetic Treatment group
to astragal s

Hou 2017 (34) Male SD rats (10/10,
338.64 ± 10.49 g, 24
weeks old)

1. High-fat diet Chloral hydrate By subcutaneous injectio
liraglutide with 0.4 mg/k
modeling and lasted 4 w

Huang 2016 (37) Male SD rats (9/9, 200 ±
24 g, 6 to 8 weeks old)

1. Intraperitoneal injection of STZ (35
mg/kg)
2. High-fat and high-sugar diet

NM By subcutaneous injectio
liraglutide with 0.8 mg/k
modeling and lasted 4 w

Zhao 2016 (36) Male SD rats (11/7, 200–
224 g, NM)

1. Intraperitoneal injection of STZ (35
mg/kg)
2. High-fat and high-sugar diet

Pentobarbital
sodium

By subcutaneous injectio
liraglutide with 0.8 mg/k
modeling and lasted 4 w

Lu 2015 (35) Female Wistar rats (6/6,
NM, 6 weeks old)

1. Bilateral oophorectomy Chloral
hydrate/ether

By subcutaneous injectio
liraglutide with 0.6 mg/k
modeling and lasted 2 m

Pereira 2015 (38) C57Bl/6NCrl mice (10/
10, NM, 12 weeks old)

1. Bilateral oophorectomy NM By subcutaneous injectio
liraglutide with 0.3 mg/k
modeling and lasted 4 w

BMD, bone mineral density; ALP, alkaline phosphatase; GSH, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; CAT, catalase; SD
thickness; BV/TV, object surface/volume ratio; OC, osteocalcin; CTX, C-terminal cross-linked telopeptide of type I collagen; TRAP, tartrate-resistant acid phos
bone morphogenetic protein; Runx2, runt-related transcription factor 2; NS, normal saline; RANKL, receptor activator of nuclear factor-k B ligand; STZ, strep
advanced glycation end product; PPARg, peroxisome proliferator-activated receptor g; FoxO3a, Forkhead box protein O3a; OPG, osteoprotegerin; BMC, bon
activated receptor gamma coactivator 1-alpha; AdipoR1, adiponectin receptor 1.
e

e

e

e

p
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3.4 Effectiveness

3.4.1 Bone pathology
Bone pathology was used as the primary outcome measure in

three studies (26, 27, 37). Wang et al. (26) reported that diabetes

osteoporosis rats treated with Lrg showed a marked improvement

of osteoblasts on the surface of the femoral head, flattening of

osteocytes, empty bone lacunae, and pyknosis of bone nuclei in the

subchondral region. Two studies (27, 37) found that Lrg could

increase trabecular bone and reduce trabecular bone spacing in

diabetes osteoporosis rats compared with the control group.
Frontiers in Endocrinology 07
3.4.2 Bone-related parameters under imageology
and bone maximum load

Under dual energy X-ray absorptiometry, 11 studies (21, 24, 27–

31, 33–35, 39) reported the effect of Lrg on F-BMD. After excluding

one study where the author did not specify the number of rats in

each group (30), a meta-analysis of 10 studies showed a significant

effect of Lrg in increasing F-BMD [n = 192, SMD 1.95, 95% CI (1.59,

2.31), P < 0.00001; heterogeneity: c2 = 8.02, I2 = 0%; Figure 2].

Three studies (8, 29, 36) demonstrated the positive effect of Lrg on

increasing L-BMD with high heterogeneity [n = 58, SMD 2.27, 95%

CI (-0.03, 4.58), P < 0.00001; heterogeneity: c2 = 19.59, I2 = 90%].
TABLE 2 Risk of bias of the included studies.

Study A B C D E F G H I J Total

Lin
2022 (24)

√ √ √ √ √ 5

Chong
2021 (28)

√ √ √ √ √ √ √ √ 8

Chen
2021 (8)

√ √ √ √ √ √ 6

Wang
2021 (26)

√ √ √ √ √ √ 6

Zhang
2021 (27)

√ √ √ √ √ √ √ 7

Wang
2020 (29)

√ √ √ √ √ 5

Yang
2020 (39)

√ √ √ √ √ √ 6

Subhashis
2019 (30)

√ √ √ √ √ √

Tang
2019 (31)

√ √ √ √ √ 5

Yang
2019 (33)

√ √ √ √ 4

Zhang
2019 (32)

√ √ √ √ √ 5

Wen
2018 (21)

√ √ √ √ √ √ 6

Hou
2017 (34)

√ √ √ √ 4

Huang
2016 (37)

√ √ √ √ 4

Zhao
2016 (36)

√ √ √ √ √ √ 5

Lu
2015 (35)

√ √ √ √ √ √ √ 7

Pereira
2015 (38)

√ √ √ √ 4
fronti
"√" Means meeting the single criteria. Studies fulfilling the criteria of A—peer reviewed publication, B—control of temperature, C—random allocation to treatment or control, D—blinded
induction of model (group randomly after modeling), E—blinded assessment of outcome, F—use of anesthetic without significant protective and toxic effects on bones, G—appropriate animal
model (aged, hyperlipemia, hypertensive, or diabetes), H—sample size calculation, I—compliance with animal welfare regulations (including three or more of the following points: preoperative
anesthesia, postoperative analgesia, nutrition, disinfection, environment temperature, environment humidity, circadian rhythm, and euthanasia), and J—statement of potential conflict
of interests.
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Sensitivity analyses of L-BMD were conducted; a meta-analysis of

two studies (8, 29) showed a significant effect of Lrg in increasing L-

BMD [n = 40, SMD 3.29, 95% CI (2.26, 4.31), P < 0.00001;

heterogeneity: c2 = 1.06, I2 = 5%; Figure 3] after excluding one

study (36) due to differing modeling methods. Under micro-CT, a

meta-analysis of five studies (25, 28, 33, 35, 38) showed significant

effects of Lrg in increasing Tb.N [n = 92, SMD 1.65, 95% CI (1.15,

2.15), P < 0.00001; heterogeneity: c2 = 6.00, I2 = 33%; Figure 4A],

Tb.Th [n = 92, SMD 1.93, 95% CI (0.68, 3.19), P = 0.003; Tau2 =

1.63, c2 = 22.56, I2 = 82%; Figure 4B], and BV/TV [n = 114, SMD

1.86, 95% CI (0.65, 3.08), P < 0.00001; Tau2 = 1.84, c2 = 31.99,

I2 = 84%; Figure 4C). Sensitivity analyses of Tb.Th and BV/TV were

conducted, showing that heterogeneity did not change substantially

after removing any one study. Three studies reported that Lrg could

improve bone maximum load (24, 28, 30), three-point bending

stress (24, 28), and elastic modulus (24, 28) (P < 0.05) compared

with the control group.

3.4.3 Serum OC, PINP, and CTX
A meta-analysis of five studies (21, 31–34) demonstrated a

significant effect of Lrg in increasing OC [n = 102, SMD 1.33, 95%

CI (0.89, 1.77), P < 0.00001; heterogeneity: c2 = 0.78, I2 = 0%;

Figure 5]. Three studies (8, 30, 37) showed a significant effect of Lrg

on increasing PINP (P < 0.05), although one study reported

contrary efficacy (32) (P < 0.05). Additionally, five studies (21, 26,

31, 32, 37) reported that Lrg could reduce serum CTX compared

with the control group (P < 0.05).

3.4.4 Subgroup analysis
Does the combination of diabetes make a difference in the effect

of Lrg on bone resorption? We conducted a subgroup analysis on

the primary outcome measure BMD, considering whether diabetes
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was present. The results indicated that, although the difference was

not statistically significant, the effect value of Lrg in the osteoporosis

with diabetes group was better than that in the osteoporosis without

diabetes group (SMD 2.05 ± 0.52 vs. SMD 1.85 ± 0.50, P = 0.59;

Figure 6). Although not pronounced, Lrg appears to potentially

increase the efficacy by mitigating the harmful effects of high blood

sugar on osteoporosis while combating the disease itself. Further

animal research is required to verify this potential advantage in

the future.
3.4.5 Mechanism indicators
A meta-analysis of five studies (21, 26, 27, 34, 37) demonstrated

that Lrg could increase the level of osteoprotegerin (OPG) both in

serum and bone [n = 88, SMD 3.13, 95% CI (1.27, 4.99), P = 0.001;

heterogeneity: Tau2 = 3.33, c2 = 27.95, I2 = 86%; Figure 7], and the

heterogeneity of serum OPG was low (Tau² = 0.00; c2 = 0.19, I² = 0;

Figure 7). A meta-analysis of five studies (21, 24, 26, 27, 34) also

showed that Lrg could reduce the level of receptor activator of

nuclear factor-kappa B ligand (RANKL) both in serum and bone [n

= 86, SMD 2.99, 95% CI (1.49, 4.50), P < 0.0001; heterogeneity: Tau2

= 2.06, c2 = 18.36, I2 = 78%; Figure 8], and the heterogeneity of

serum RANKL was low (Tau² = 0.00; c2 = 0.39, I² = 0; Figure 8).

STAT3 was reported as a potential target activated by Lrg to

downregulate RANKL/OPG (P < 0.05) (26). Two studies (8, 34)

indicated that Lrg could significantly reduce the levels of TNF-a,
interleukin-6, and interleukin-1b (P < 0.05). Another two studies

(25, 28) reported significant reductions in the level of reactive

oxygen species (ROS) and malondialdehyde (MDA) (P < 0.05).

Chong et al. also reported that the levels of superoxide dismutase

(SOD), catalase (CAT), and glutathione peroxidase (GSH) were

increased by Lrg (P < 0.05) (28). Lrg was found to significantly

reduce the levels of Beclin-1, Atg5, and Map1-LC3-II and increase
FIGURE 2

Forest plot: effects of liraglutide for increasing femur bone mineral density (F-BMD) compared with the control group.
FIGURE 3

Forest plot: effects of liraglutide for increasing lumbar spine bone mineral density (L-BMD) compared with the control group.
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the level of p62/SQSTMl (25). Furthermore, some studies reported

that Lrg could increase the levels of Wnt3a, low-density lipoprotein

receptor-related protein 5 (LRP-5), b-catenin (31), adiponectin

receptor 1 (AdipoR1), and peroxisome proliferator-activated

receptor gamma coactivator 1-alpha (PGC1a) in osteoblasts (30).
4 Discussion

4.1 Summary of evidence

This is the first animal systematic review to include 17 studies

with acceptable quality that estimate the efficacy and mechanisms of

Lrg in models of osteoporosis. The findings indicate that Lrg

possesses anti-osteoporosis potential while also lowering blood

glucose levels.
4.2 Limitations

Several limitations exist within the current studies: (1) the

potential for negative studies to exaggerate the efficacy of Lrg in

osteoporosis due to reporting biases, (2) selection bias is likely due

to the exclusive search of Chinese and English language databases,

(3) methodological deficiencies are evident in the lack of blinded

induction of models, blinded assessment of outcomes, and adequate

sample size calculations, (4) the impact of obesity factors on

osteoporosis remains controversial (40)—thus, caution is advised
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hyperlipidemia with liraglutide, (5) no study reported on

disinfection during invasive procedures such as intraperitoneal

injections, subcutaneous injections, and blood glucose

measurements, which are crucial in maintaining integrity in

animal studies, especially diabetic models, (6) the majority of

studies did not document the incidence of rats being dropped due

to complications during the modeling process, and (7) few studies

addressed bone pathology directly.
4.3 Implication

In terms of methodology, although most studies met the scoring

points of the CAMARADES 10-item quality checklist (23), the

absence of crucial standards such as blinded induction of models,

blinded assessment of outcomes, and rigorous sample size

calculations could undermine the reliability of the findings.

Adherence to the ARRIVE guidelines (41) is recommended to

address these issues. When describing sample size calculation, the

rational for the number of animals used should be clearly stated

along with details of any calculations performed (42, 43). Measures

taken to minimize the effects of subjective bias when allocating

animals to treatments (e.g., randomization procedures) and when

assessing results (e.g., details on who was blinded and at what stage)

should also be documented. Wang et al. (44) provided a robust

example of how to describe sample size, random grouping post-

modeling, and blinded evaluation of outcomes.
A

B

C

FIGURE 4

(A) Forest plot: effects of liraglutide for increasing trabeculae linear density (Tb.N) compared with the control group. (B) Forest plot: effects of
liraglutide for increasing trabeculae thickness (Tb.Th) compared with the control group. (C) Forest plot: effects of liraglutide for increasing object
surface/volume ratio (BV/TV) compared with the control group.
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Experimental animals with comorbidities such as advanced age,

obesity, hypertension, hyperglycemia, or other risk factors may

more closely mirror the physiology of patients with osteoporosis,

potentially increasing the clinical relevance of research findings

(45). However, it is necessary to adjust modeling approaches, such

as drug dosage and mode of administration to optimize the success

rate and safety of complex models in animals. In the included

studies, six utilized an ovariectomized osteoporosis model with

diabetes (8, 21, 26–29). Based on bilateral oophorectomy, three

studies (8, 21, 26) established a diabetes model using an
Frontiers in Endocrinology 10
intraperitoneal injection of STZ at doses greater than or equal to

60 mg/kg; three studies (27–29) used STZ doses between 30 and 35

mg/kg combined with a high-fat and high-sugar diet. The

inappropriate use of high doses of STZ has been associated with

increased animal suffering and mortality (46). Previous studies (46–

48) have shown that doses of 60 mg/kg body weight and above can

be harmful or lethal to rats. Therefore, it is inappropriate to inject

large doses of STZ in conjunction with major surgical models such

as bilateral ovariectomy without concurrently reporting mortality,

side effects, and corresponding treatments (8, 21, 26). The multiple
FIGURE 6

Forest plot: effects of liraglutide on femur bone mineral density in the subgroup of whether diabetes is combined.
FIGURE 7

Forest plot: effects of liraglutide for increasing the level of osteoprotegerin (OPG) both in serum and bone compared with the control group.
FIGURE 5

Forest plot: effects of liraglutide for increasing the level of osteocalcin (OC) compared with the control group.
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dosage usage of STZ in the composite model is detailed in Table 3

(49–58). The authors recommend that low-dose STZ or low-dose

STZ plus high-fat feeding may be more suitable for composite

models. Moreover, it is worth noting that almost all included

diabetes models used intraperitoneal instead of intravenous

injections of STZ for modeling. This is significant as an accidental

delivery of STZ into the sub-peritoneal or bowel space may decrease

the success rate and increase the mortality (46, 59). Osteoporosis

models with increased bone resorption as the dominant

mechanism, including ovariectomized osteoporosis, diabetic

osteoporosis, and glucocorticoid models, were used in the present

studies. It is suggested that future composite models can be based
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on other osteoporosis models rather than solely on the

ovariectomized osteoporosis model.

The possible mechanisms of Lrg-mediated bone protection from

the current findings are summarized as follows: (1) In bone tissue,

OPG competitively binds to RANKL, blocking its blinding to RANK

on the surface of osteoclasts, thus inhibiting osteoclast maturation

(60). Studies indicate that the OPG/RANKL/RANK signaling

pathway is increased to counteract bone resorption after Lrg

treatment. STAT3 has been identified as a potential target activated

by Lrg to upregulate OPG/RANKL (P < 0.05) (26); (2) The levels of

OPG, RANKL, and RANK are regulated by a variety of cytokines and

hormones that either promote or inhibit osteoclast formation,
FIGURE 8

Forest plot: effects of liraglutide for reducing the level of receptor activator of nuclear factor-k B ligand (RANKL) both in serum and bone compared
with the control group.
TABLE 3 Discrepancies between blood glucose levels, type of diabetes, and mortality with varying doses of STZ.

Dose of STZ and
route

of administration

Efficiency (blood
glucose level)

Type of
diabetes

Animal Comments Mortality References

70 mg/kg (single i.p./i.v.) 500 mg/dL Type 1 Wistar rats Lethal end point 100% (40)

65 mg/kg (single i.p./i.v.) 350–500 mg/dL Type 1 Albino rats Gastric ulcerations, decrease in
muscle mass and bone volume,
reproductive dysfunction,
nephrotoxicity, and
bronchial exacerbations

20–50% (41, 42)

55 mg/kg (single i.p./i.v.) 450 mg/dL Type 1 Albino rats Increased LVEDP, decreased
body weight,
and nephrotoxicity

10–30% (43)

45 mg/kg (single i.p./i.v.) 300–400 mg/dL Type 1 Wistar rats Cardiovascular complications,
decreased body weight

10% (44, 45)

40 mg/kg (qd for 5d, i.p.) 300 mg/dL Type 2 SD rats Stable hyperglycemia,
significantly higher kidney
weight, kidney/body weight
ratio, and greater impairment
of kidney function

0 (46)

High-fat diet + 35 mg/kg
(single i.p.)

16.7 mmol/L Type 2 SD rats Stable hyperglycemia, low
nephrotoxicity, and decreased
body weight

NM/7.14% (47, 48)

30 mg/kg (twice/day, i.p.) 250 mg/dL Type 2 Wistar rats Stable hyperglycemia and
low nephrotoxicity

0 (49)
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including parathyroid hormone (61), estrogen (62), 1,25(OH)2D3

(63), TNF-a, and IL-6 (64). Lrg exhibits anti-inflammatory effects by

reducing the levels of TNF-a, IL-6, and IL-b (P < 0.05) (8, 34); (3)

ROS, a critical factor in bone remodeling and homeostasis, promotes

osteoclast differentiation, accelerates bone resorption, and contributes

to a reduction in trabecular bone mass (65, 66). It is regulated by

protective antioxidant enzymes, such asMDA, SOD, and CAT, which

subsequently inhibit RANKL-induced osteoclastogenesis (67). Lrg is

reported to reduce ROS and MDA levels (25, 28) and increase SOD,

CAT, and GSH (28) (P < 0.05) through the cAMP/PKA/CREB

pathway (28); (4) Excessive autophagy can lead to bone cell

apoptosis or transition to autophagic death, causing bone

metabolism disorders (25). Yang et al. reported that Lrg could

inhibit excessive autophagy by reducing the levels of Beclin-1, Atg5,

and Map1-LC3-II and increasing the level of p62/SQSTM1 under the

intervention of high-dose dexamethasone (25); (5) Wnt3a, an

upstream signaling molecule of the classical Wnt signaling

pathway, binds with receptor LRP5 to recruit b-catenin into cells

and translocate it to the nucleus, subsequently regulating bone

proliferation genes and promoting osteoblast proliferation (68, 69).

Lrg has been found to increase the levels of Wnt3a, LRP-5, and b-
catenin (31). Moreover, activation of AdipoR1 in osteoblasts results

in the upregulation of PGC1a, a mitochondrial biogenesis factor,

leading to its osteogenic effect. Subhashis et al. reported that Lrg

upregulated AdipoR1 and PGC1a through PKA-mediated AMPK

stimulation of mitochondrial function in osteoblasts (30). The

mechanism diagram is summarized in Figure 9.
4.4 Conclusion

The pre-clinical evidence reveals that Lrg is capable of partially

reversing osteopenia in animal models likely by activating osteoblast

proliferation through promoting the Wnt signal pathway and p-

AMPK/PGC1a signal pathway and inhibiting the activation of
Frontiers in Endocrinology 12
osteoclasts by inhibiting the OPG/RANKL/RANK signal pathway

through anti-inflammatory, anti-oxidant, and anti-autophagic

pathways. This finding may help to improve the priority of Lrg in

the treatment of diabetes patients with osteoporosis.
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