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Abstract. Diabetic nephropathy (DN) and diabetic osteopo-
rosis (DOP) are frequent and debilitating complications of
diabetes mellitus (DM), sharing pathological features such as
oxidative stress, inflammation and metabolic dysregulation.
However, current therapies rarely address these comorbidities
simultaneously. In the present study, a type 2 DM rat model
presenting both DN and DOP characteristics was established.
Rats were treated with Akebia saponin D (ASD), Semaglutide,
or their combination. Renal function, calcium-phosphate
metabolism, bone microarchitecture and mechanical prop-
erties were evaluated. Network pharmacology, molecular
docking and knockdown validation were employed to eluci-
date underlying mechanisms. Combination therapy markedly
improved glomerular structure, decreased fibrosis, restored
trabecular bone volume and strength and corrected metabolic
imbalance more effectively than monotherapy. Bioinformatic
analysis identified the Klotho-p53 signaling axis as a potential
target. ASD exhibited high binding affinity to Klotho in silico
and adeno-associated virus-mediated Klotho knockdown
reversed therapeutic benefits, confirming its pivotal role. ASD
and Semaglutide synergistically alleviated both DN and DOP
by modulating the Klotho-p53 axis, offering a promising
strategy for comprehensive DM complication management.

Introduction
Diabetes mellitus (DM) is a common chronic metabolic

disorder with multifactorial etiology (1). It is characterized
by elevated blood glucose levels or hyperglycemia, which

Correspondence to: Dr Yaoming Xue, Department of
Endocrinology and Metabolism, Nanfang Hospital, Southern
Medical University, 1838 Guangzhou Avenue North, Guangzhou,
Guangdong 510515, P.R. China

E-mail: xueyaoming999@126.com

Key words: Akebia saponin D, Semaglutide, diabetic nephropathy,
diabetic osteoporosis, Klotho-p53 signaling axis

results from either insufficient insulin production due to
B-cell dysfunction or impaired insulin action secondary to
insulin resistance (2). In recent years, the incidence and preva-
lence of DM have risen sharply due to changes in lifestyle,
including prolonged physical inactivity, sedentary behavior
and excessive intake of high-fat and high-sugar (HFHS)
diets. According to the latest epidemiological data from the
International Diabetes Federation, >425 million people world-
wide are currently affected by DM, a figure expected to rise
to 629 million by 2045 (3), underscoring the growing threat of
DM to global health.

Diabetic nephropathy (DN) is one of the most common
complications of DM, affecting ~40% of patients with DM
throughout disease progression (4). DN is primarily attributed
to chronic hyperglycemia-induced microvascular damage
in the kidneys, which leads to impaired renal perfusion
and subsequently triggers inflammation, oxidative stress,
glomerulosclerosis and tubulointerstitial fibrosis, ultimately
resulting in progressive and irreversible renal dysfunction.
As DN progresses, patients may develop symptoms such as
edema, hypertension and proteinuria; in advanced stages,
some individuals require dialysis to maintain internal homeo-
stasis, which severely compromises both life expectancy and
quality of life (5). Diabetic osteoporosis (DOP) is another
common complication of DM, with a complex pathogenesis
involving multiple pathophysiological mechanisms, including
diminished insulin-mediated inhibition of bone resorption,
enhanced bone destruction due to chronic inflammation and
local accumulation of advanced glycation end-products in
bone tissue (6). The principal complication associated with
DOP is fragility fractures. Clinical investigations have shown
that individuals with DM are 1.38-1.7 times more likely to
sustain proximal femoral fractures and 2.03 times more likely
to experience vertebral fractures than healthy individuals (7-9).
Although fractures associated with DOP are not directly fatal,
they markedly impair the self-care ability of patients with
DM, imposing a substantial burden on both patients and their
families. More importantly, there appears to be a potential
link between DN and DOP, two major complications of DM.
A study by Xia et al (10) demonstrated that patients with DN
are at markedly higher risk of developing DOP compared with
those with DM without DN. Conversely, a case-control study
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by Yan et al (11) identified osteoporosis (OS) as an independent
risk factor for DN among patients with DM. These findings
indicate that treatment strategies for DM must consider both
kidney and bone status to prevent the reciprocal exacerbation
between DN and DOP, a key step toward improving clinical
outcomes and extending patient lifespan.

Akebia saponin D (ASD), a natural small-molecule bioac-
tive compound isolated from Dipsacus asper, exhibits multiple
pharmacological properties, including anti-inflammatory,
antioxidant and anti-apoptotic effects (12). Previous cellular
and animal studies have demonstrated the therapeutic poten-
tial of ASD in diseases such as bronchial asthma, cerebral
hemorrhage and hepatic steatosis (13-15). However, the
efficacy of ASD in treating DM complications remains largely
unexplored.

Semaglutide, a long-acting glucagon-like peptide-1 (GLP-1)
receptor agonist, has been widely used in clinical practice for
the management of type 2 DM (T2DM) (16). Specifically,
Semaglutide facilitates glycemic control and weight reduc-
tion in patients with T2DM by enhancing insulin secretion,
suppressing glucagon release, delaying gastric emptying and
improving insulin sensitivity (17). However, the therapeutic
potential and underlying mechanisms of Semaglutide in DN
and DOP remain inadequately elucidated.

Accordingly, the present study intended to construct
a dual-complication DM rat model characterized by both
DN and DOP using high-fat feeding and repeated low-dose
streptozotocin (STZ) injections. ASD, selected for its docu-
mented anti-inflammatory, antioxidant and anti-apoptotic
properties and its potential benefits in metabolic disorders
and Semaglutide were then administered to the animals to
comprehensively assess their combined efficacy in improving
DN and DOP, as well as to explore the potential mechanisms
involved. It was hypothesized that ASD and Semaglutide may
exert synergistic protective effects against DN and DOP by
modulating the Klotho-p53 signaling axis. The outcomes of
this research may provide a theoretical basis for the combined
use of ASD and Semaglutide and contribute novel perspectives
on the management of DM complications.

Materials and methods

Experimental animals. A total of 42 male Sprague-Dawley
rats (SPF grade; 180-220 g; 8 weeks old) were provided by
Guangdong Medical Laboratory Animal Center [Production
License No. SCXK (Yue) 2022-0002]. Only male rats were
used in order to avoid the potential variability associated with
the estrous cycle in females, which could influence glucose
metabolism, bone turnover and renal function (18,19). This
approach was chosen to minimize hormonal fluctuations and
ensure experimental consistency. Rats were housed under
controlled conditions (20-26°C; 30-70% humidity; 12 h
light/dark cycle) with free access to food and water. Ethical
approval for the present study was obtained from the Animal
Welfare and Ethics Committee of Guangdong Medical
Laboratory Animal Center (approval no. D202505-13).

Reagents, virus construction and animal grouping. STZ, ASD
and Semaglutide were obtained from MedChemExpress and
the chemical structures of ASD and Semaglutide are shown

in Fig. 1A and B. STZ (30 mg/kg) was freshly prepared in
0.1 M sodium citrate buffer (pH 4.5) and administered
intraperitoneally once daily for two consecutive days. ASD
(90 mg/kg/day) was dissolved in DMSO (Beijing Solarbio
Science & Technology Co., Ltd.) and diluted with PBS
(Beijing Solarbio Science & Technology Co., Ltd.; pH 7.4)
for oral gavage, with a final volume of 10 ml/kg. Semaglutide
(120 ug/kg/day, subcutaneous injection, 12 weeks) was
dissolved in PBS(pH 7.4) and administered subcutaneously at
a dose volume of 1 ml/kg (20). The dosage was selected based
on previous clinical and preclinical studies demonstrating safe
and effective exposure (21,22). A formal dose-response trial
was not conducted in the present study. All doses were adjusted
according to body surface area to ensure pharmacological
equivalence (23). To silence Klotho expression, a recombinant
adeno-associated virus (AAV) encoding either Klotho-specific
short hairpin (sh)RNA (sh-Klotho) or non-targeting control
shRNA (shNC) was synthesized by Shanghai GenePharma
Co., Ltd. Viral particles were prepared using standard proto-
cols and purified by polyethylene glycol precipitation and
ultracentrifugation and administered via tail vein injection
(200 ul/injection) every three days.

Following one week of acclimatization, the rats were
randomly assigned into seven groups (n=6 per group). During
the modeling process, two rats in the MOD group and one rat
in the M + S group died and one rat in the MOD group did not
meet the diabetic criteria (fasting blood glucose <7.8 mmol/l).
Thus, the final numbers of rats analyzed were: Control (n=6),
MOD (n=3), M + A n=6), M + S (n=5), M + A + S (n=0),
M+ A + S + shNC (n=6) and M + A + S + sh-Klotho (n=6).
A T2DM model was established based on previously validated
methods (24-26), involving high-fat high-sucrose (HFHS)
feeding for 8 weeks followed by two consecutive low-dose
intraperitoneal injections of streptozotocin (STZ; 30 mg/kg).
This combination is widely recognized as a reliable method
to induce T2DM-like phenotypes, as it produces insulin
resistance with partial -cell dysfunction rather than complete
B-cell destruction typical of type 1 diabetes (T1DM). Rats
with fasting blood glucose (FBG) >7.8 mmol/l and reduced
insulin sensitivity were considered successfully modeled. The
experimental groups were as follows: i) Control: Standard
diet + vehicle (sodium citrate buffer, i.p.) + saline via oral
gavage for 12 weeks. ii) Model (MOD): HFHS diet + STZ +
saline via oral gavage for 12 weeks. iii) MOD + ASD (M + A):
MOD model + ASD via oral gavage for 12 weeks. iv) MOD +
Semaglutide (M + S): MOD model + Semaglutide via subcu-
taneous injection for 12 weeks. v) MOD + ASD + Semaglutide
M + A + S): Combined ASD (oral gavage) and Semaglutide
(subcutaneous) for 12 weeks. vi) M + A + S + shNC: Same as
group 5, plus tail vein injection of AAV-shNC every three days.
vii) M + A + S + sh-Klotho: Same as group 5, plus tail vein
injection of AAV-shKlotho every three days. The ASD dose
used in the present study was referenced from the research by
Yu et al (27), while the Semaglutide dose was based on the
clinically recommended safe and effective dosage (21,22).

Sample collection and processing. After the final treatment,
rats were placed in PhenoMaster metabolic cages (TSE
Systeme GmbH) for 24 h, with free access to water but no
food. Urine was collected, centrifuged (1,000 x g; 5 min;
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Figure 1. Chemical structures of ASD and Semaglutide and their effects on glucose metabolism and renal function in diabetic rats. Two-dimensional structures
of (A) ASD and (B) Semaglutide were retrieved from PubChem. Enzyme-linked immunosorbent assay analysis of (C) FBG, (D) FSI and (E) HOMA-IR.
(F-I) Biochemical analysis of BUN, Cr, 24-up and renal index. ‘P<0.05, “P<0.01 vs. Control; #P<0.01 vs. MOD; 2P<0.05, 2*P<0.01 vs. M + A; *P<0.05,
**P<(0.01 vs. M + S. ASD, akebia saponin D; FBG, fasting blood glucose; FSI, fasting serum insulin; HOMA-IR, homeostatic model assessment of insulin
resistance; BUN, blood urea nitrogen; Cr, creatinine; 24-up, 24-h urinary protein.

4°C) and supernatant was analyzed for protein concentration
using a BCA kit (Shanghai Lianshui Biotechnology Co., Ltd.).
Results were recorded as 24-h urinary protein (24 up) levels.
The following morning, rats were anesthetized and sacrificed
by intraperitoneal injection of sodium pentobarbital at a dose
of 150 mg/kg. Body and kidney weights were measured to
calculate the renal index (kidney weight/body weight). Blood
samples were collected via abdominal aorta, centrifuged
(1,500 x g; 5 min; 4°C) and serum stored at -80°C. Both
kidneys and femurs were harvested under sterile conditions,
cleared of soft tissues and stored at -80°C for further analysis.

Biochemical analysis. The femoral tissues were defatted,
crushed and acid-digested. Serum, urine and femur extracts
were analyzed for blood urea nitrogen (BUN), creatinine
(Cr), calcium (Ca2?*) and phosphate (PO,*) levels using a
HITACHI-7170S automatic biochemical analyzer (Hitachi
High-Technologies Corporation). Serum levels of glyco-
metabolic and bone turnover markers were measured using
commercial enzyme-linked immunosorbent assay (ELISA)
kits. Glycometabolic indicators included fasting blood glucose
(FBG; cat. no. E02G0462; Shanghai BlueGene Biotech),
fasting serum insulin (FSI; cat. no. mlE2721; Shanghai
Enzyme-linked Biotechnology Co., Ltd.). The homeostatic

model assessment of insulin resistance (HOMA-IR), which was
calculated using the formula: HOMA-IR=(FBG x FSI)/22.5.
This calculation was used to indirectly evaluate insulin sensi-
tivity in the diabetic rat model. Bone turnover markers were
quantified using rat ELISA kits from Shanghai Enzyme-linked
Biotechnology Co., Ltd: alkaline phosphatase (ALP;
cat. no. ml107021), procollagen type I N-terminal propeptide
(PINP; cat. no. ml038224-1), C-terminal telopeptide of type I
collagen (CTX-I; cat. no. ml003410) and tartrate-resistant
acid phosphatase (TRAP; cat. no. ml059485). Each assay was
performed in triplicate.

Histological analysis of kidney and femur tissues. After fixa-
tion in 4% paraformaldehyde solution for 24 h at 4°C, kidney
and femur tissues were embedded in paraffin and sectioned
into 4-pum slices using a microtome (Leica Biosystems). Kidney
sections were made in the coronal plane and femur sections
along the longitudinal axis. Sections were deparaffinized in
xylene and rehydrated through graded ethanol solutions (28).
Hematoxylin and eosin (H&E) staining was performed to
assess renal and femoral structural integrity. The glomerulo-
sclerosis index (GSI) and renal tubular interstitial injury index
(RTI) were calculated according to previous studies (29). In
femoral sections, osteoblasts and osteocytes were quantified.
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Additional staining included periodic acid-Schiff (PAS)
for glomerular basement membrane injury: 0.5% periodic
acid for 10 min at room temperature (RT), Schiff reagent
15 min, two sulfite washes (5 min each), and hematoxylin
counterstain 2 min, followed by dehydration, clearing, and
mounting. Masson's trichrome was performed for renal
fibrosis evaluation: Bouin's solution 56°C, 30 min, Weigert's
iron hematoxylin 10 min, Biebrich scarlet-acid fuchsin 10 min,
phosphomolybdic/phosphotungstic acid 10 min, aniline blue
10 min, and 1% acetic acid 2 min, followed by dehydration,
clearing and mounting. Images were acquired an Olympus
BX53 microscope (Olympus Corporation) and quantified
using ImageJ v1.53 (NIH) based on three randomly selected
fields per section.

Micro-computed tomography (micro-CT) analysis. Femoral
microarchitecture was assessed by SkyScan 1276 micro-CT
(Bruker Corporation). Scanning parameters included 300 A
tube current, 75 kV tube voltage, 75 msec exposure time,
0.7° rotation step and 12 uym voxel resolution, averaging
2 frames per step. Images were reconstructed with NRecon
(version 1.7.4.6; Bruker Corporation) software and the region
of interest was defined as a 2.4 mm volume of trabecular bone
starting 1 mm proximal to the distal growth plate. Quantitative
analysis using CTAn (version 1.20.3.0; ROI) software included
measurements of bone mineral density (BMD), bone mineral
content (BMC), bone volume/tissue volume (BV/TV), bone
surface/bone volume (BS/BV), trabecular separation (Tb.Sp),
trabecular thickness (Tb.Th), trabecular number (Tb.N) and
structure model index (SMI).

Three-point bending test. Femoral biomechanical properties
were evaluated using an RGWF4005 electronic universal
testing machine (Shenzhen Reger Instrument Co. Ltd.) after
micro-CT scanning. During testing, the distal and proximal
ends of the femur were fixed on two support points spaced
10 mm apart and a vertical downward force was applied to the
midshaft of the femur until fracture occurred. The ultimate
load, bending strength and Young's modulus were recorded to
evaluate mechanical integrity.

Immunofluorescence staining. Paraffin-embedded kidney and
femur sections (4 ym; prepared as aforementioned) were baked
at 60°C for 30-60 min before staining. Paraffin sections were
subjected to heat-induced antigen retrieval in 0.01 M sodium
citrate buffer (pH 6.0) at 95°C, followed by blocking with
3% BSA (MilliporeSigma) for 1 h. Sections were incubated
overnight at 4°C with primary antibodies anti-Klotho (1:200;
cat. no. PA5-21078), anti-p53 (1:200; cat. no. MAS5-12453) and
anti-y-H2AX (1:200; cat. no. MA5-33062), all from Invitrogen
(Thermo Fisher Scientific, Inc.). After primary incubation, slides
were washed in PBST (3x5 min), incubated with fluorophore-
conjugated secondary antibodies for 1 h at RT, and washed
again in PBST (3x5 min). Nuclei were counterstained with DAPI
(1 ug/ml, 5 min, RT; protected from light), rinsed in PBS, and
mounted with anti-fade medium. Images were captured from
three random fields on an Olympus fluorescence microscope
(Olympus Corporation) using 10x, 20x, and 40x objectives
(identical acquisition settings across groups), and fluorescence
intensities were quantified using ImagelJ v1.53 (NIH).

Western blot analysis. Total protein was extracted from
bilateral residual kidney and femur tissues using RIPA lysis
buffer (Cell Signaling Technology, Inc.) supplemented with
protease and phosphatase inhibitors. Protein concentrations
were determined using a BCA protein assay kit (Beyotime
Biotechnology) and 30 ug protein per lane was loaded. Equal
amounts of protein were separated by 10% SDS-PAGE
(Bio-Rad Laboratories, Inc.), transferred to polyvinylidene
fluoride (PVDF) membranes (Wuhan Servicebio Technology
Co., Ltd.) and blocked in 5% non-fat milk for 1 h at room
temperature. Membranes were then incubated overnight at 4°C
with the following primary antibodies (all from Invitrogen;
Thermo Fisher Scientific, Inc.): TGF-B1 (cat. no. MA5-16949;
1:1,000), a-smooth muscle actin (a-SMA; cat. no. 14-9760-82;
1:1,000), Collagen I (cat. no. PA1-26204; 1:1,000), Collagen IV
(cat. no. PA5-104508; 1:1,000), osteoprotegerin (OPG; cat. no.
MAS5-15715; 1:1,000), osteocalcin (OCN; cat. no. MA1-20786;
1:1,000), receptor activator of nuclear factor x-b ligand
(RANKL; cat. no. MA1-41161; 1:1,000), Runt-related tran-
scription factor 2 (RUNX2; cat. no. PA5-82787; 1:1,000),
Klotho (cat. no. MA5-32784, 1:1,000), y-Histone H2AX
(y-H2AX; cat. no. MA5-33062, 1:1,000), ataxia-telangiectasia
mutated protein (ATM; cat. no. MA1-23152; 1:1,000), phos-
phorylated (p-)ATM (cat. no. MA1-2020; 1:1,000), p53
(VMAS5-12557; 1:1,000), p21 (cat. no. MA5-14949, 1:1,000)
and GAPDH (VM A5-15738; 1:5,000). After TBST washes,
HRP-conjugated secondary antibodies (cat. nos. 32460
and 62-6520; 1:10,000; Thermo Fisher Scientific, Inc.) were
applied for 1 h at room temperature. Bands were visualized
using an ECL chemiluminescent substrate (SuperSignal West
Pico PLUS, Thermo Fisher Scientific, Inc.) and imaged on a
Tanon 5200 system (Tanon Science and Technology Co., Ltd.).
Densitometry was performed using ImageJ v1.53 (NIH), and
target signals were normalized to GAPDH. Each sample was
analyzed in triplicate.

Bioinformatics analysis. Transcriptomic datasets related
to DN and OS were obtained from the Gene Expression
Omnibus (GEO) (https:/www.ncbi.nlm.nih.gov/geo/)
(GSE30528 and GSE35958). Data were downloaded using
GEOquery (v2.70.0; Bioconductor; https://bioconductor.
org/packages/GEOquery) in R (v4.3.2; The R Foundation;
https://www.r-project.org/), normalized and batch-corrected
with limma (v3.58.1; Bioconductor; https://bioconductor.
org/packages/limma) and differentially expressed genes
(DEGs) were identified using DESeq2. Targets of ASD and
Semaglutide were retrieved from ChEMBL (https:/www.ebi.
ac.uk/chembl), intersected with DEGs related to DN and OS.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were conducted via
ClusterProfiler to explore biological functions and pathways.
Protein structures were downloaded from the Protein Data
Bank (https://www.rcsb.org/) and compound structures from
PubChem (https:/pubchem.ncbi.nlm.nih.gov/). Docking was
performed in AutoDock Vina (The Scripps Research Institute)
and visualized using PyMOL v2.5.4 (https://www.pymol.org/).

Statistical analysis. Statistical analyses were performed using
SPSS 24.0 (IBM Corp.). The Shapiro-Wilk test and Levene's
test were applied to assess normality and homogeneity of
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variances. If the data met these assumptions, one-way ANOVA
followed by Tukey's post hoc test was conducted. Data were
presented as mean + standard deviation (SD). P<0.05 was
considered to indicate a statistically significant difference.

Results

ASD and Semaglutide improve glucose metabolism and renal
function in diabetic rats. Abnormal glucose metabolism and
impaired renal filtration and barrier functions are key features
of DM and DN. To evaluate the pharmacological effects
of ASD and Semaglutide, the present study first assessed
metabolic and renal indicators.

ELISA results showed that the levels of FBG, FSI and
HOMA-IR in the MOD group were markedly higher than
those in the Control group. However, treatment with ASD
or Semaglutide alone (M + A/M + S group) reduced these
markers and the combined therapy (M + A + S group) led
to the most significant improvement (Fig. 1C-E). Similarly,
biochemical analysis revealed that the levels of BUN, Cr, 24-up
and renal index were markedly increased in the MOD group.
All parameters were markedly decreased following treatment,
with the M + A + S group showing superior renoprotection
(Fig. 1F-I). These findings suggested that ASD and Semaglutide
together improve glucose homeostasis and attenuate renal
dysfunction in diabetic rats, with combination therapy outper-
forming monotherapy. Although body weight after 6 weeks of
HFHS feeding was not recorded in the present study, previous
reports using the same modeling protocol have consistently
shown an initial increase in body weight during HFHS feeding
followed by a moderate decline after STZ injection, reflecting
typical T2DM progression rather than TIDM (25).

ASD and Semaglutide alleviate renal pathological damage
in diabetic rats. Kidney injury in DN involves both functional
impairment and structural abnormalities. To assess the histo-
pathological improvements following treatment, H&E, PAS
and Masson staining were performed.

H&E staining (Fig. 2A) revealed pronounced glomerular
hypertrophy, basement membrane thickening, mesangial
expansion and inflammatory infiltration in the MOD group.
The two monotherapies partly alleviated these lesions, while
the M + A + S group demonstrated the most comprehensive
improvement, as reflected by markedly reduced GSI and RTI
scores (Fig. 2B and C). PAS staining (Fig. 2D and E) showed
marked glomerular and tubular basement membrane thick-
ening in the MOD group, along with prominent PAS-positive
deposits. Treatment reversed these changes, withthe M + A + S
group achieving the greatest reduction in PAS-positive area.
Masson staining (Fig. 2F and G) showed extensive collagen
deposition in MOD rats, which was markedly reduced after
treatment. The collagen area percentage was lowest in the
M + A + S group, indicating superior antifibrotic efficacy.
At the molecular level, western blot analysis (Fig. 2H and I)
confirmed significant upregulation of TGF-B1, a-SMA,
Collagen I and Collagen IV in the MOD group. These profi-
brotic markers were markedly downregulated by combination
therapy, with levels approaching those of the Control group.

Collectively, these findings demonstrated that ASD and
Semaglutide synergistically attenuate renal injury, reduce
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basement membrane thickening and suppress renal fibrosis,
with the combination therapy yielding superior outcomes
compared with monotherapy.

ASD and Semaglutide improve calcium and phosphate
metabolism in diabetic rats. Disrupted calcium and phosphate
metabolism is a common feature of internal environment
disturbance in patients with DM and may play an important
role in DM-related renal injury and OS (30). Therefore, the
levels of Ca?* and PO,* in serum, urine and femur were
measured in the present study to evaluate the therapeutic effects
of ASD and Semaglutide. As shown in Fig. 3A-F, the MOD
group exhibited markedly elevated serum PO,* (Fig. 3B),
increased urinary excretion of Ca?* and PO,* (Fig. 3C and D)
and reduced femoral Ca?* and PO, content (Fig. 3E and F),
indicating systemic calcium-phosphate imbalance. Treatment
with either ASD or Semaglutide partly restored these param-
eters, while the combined treatment (M + A + S) achieved the
most substantial correction, including normalization of serum
phosphate, reduction in renal loss and restoration of bone
mineral content. In summary, these findings suggested that
ASD and Semaglutide synergistically restore mineral homeo-
stasis in diabetic rats, with combination therapy demonstrating
superior efficacy.

ASD and Semaglutide alleviate diabetic osteoporosis-related
femoral damage. DOP is characterized by reduced trabecular
bone, decreased bone density and disrupted bone structure (31).
To evaluate structural changes, H&E staining and micro-CT
were performed.

H&E staining (Fig. 4A) revealed sparse, thinned and
disorganized trabeculae in MOD rats. Treatment with ASD
or Semaglutide partially improved trabecular integrity, while
the combined group (M + A + S) showed the most substantial
recovery, as confirmed by markedly higher osteocyte counts
(Fig. 4B). Micro-CT analysis (Fig. 4C and D) demonstrated
that MOD rats had markedly lower BMD, BMC, BV/TV,
Tb.Th and Tb.N, accompanied by elevated BS/BV, Tb.Sp
and SMI. These changes reflect weakened and porous bone
architecture. All parameters improved following treatment
and the M + A + S group exhibited the most pronounced
normalization, indicating a synergistic effect of ASD and
Semaglutide in preventing DOP-related skeletal deterioration.

ASD and Semaglutide improve bone strength and restore
osteogenic-resorptive balance in diabetic rats. DOP is
associated with both reduced bone mechanical strength and
dysregulated bone metabolism, increasing fracture risk in
patients with DM (32,33). In the present study, the effects of
ASD and Semaglutide on femoral bone strength, metabolism
and remodeling were comprehensively evaluated.

Three-point bending tests revealed that MOD rats
exhibited markedly reduced ultimate load, bending strength
and elastic modulus, indicating biomechanical fragility.
ASD and Semaglutide both improved these parameters,
while the combination therapy (M + A + S) led to the most
substantial enhancements, suggesting superior restorative
effects (Fig. SA-C).

To further explore underlying mechanisms, serum and
tissue markers related to bone formation and resorption
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collagen deposition. (H) Western blot analysis of TGF-f1, a-SMA, Collagen I and Collagen IV. (I) Quantification of protein expression normalized to GAPDH.
"P<0.05, “P<0.01 vs. Control; #P<0.01 vs. MOD; *P<0.05, **P<0.01 vs. M + A; *P<0.05, **P<0.01 vs. M + S. ASD, akebia saponin D; H&E, hematoxylin and
eosin; GSI, glomerulosclerosis index; RTI, renal tubular interstitial injury index; PAS, periodic acid-Schiff; a-SMA, a-smooth muscle actin.
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Figure 4. ASD and Semaglutide alleviate femoral damage in diabetic rats. (A and B) H&E staining was employed to examine femoral structure and count
osteocytes and osteoblasts. (C and D) Micro-CT was adopted to assess trabecular microstructure of the femur and to perform quantitative analysis of related
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H&E, hematoxylin and eosin; Micro-CT, micro-computed tomography.

were assessed. As shown in Fig. 5D-G, MOD rats displayed  osteogenesis and enhanced bone resorption. Treatment with
decreased levels of ALP and PINP and increased levels = ASD or Semaglutide partially reversed these abnormalities,
of CTX-I and TRAP. These changes indicate suppressed with M + A + S showing the most marked correction. At the
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Figure 5. Effects of ASD and Semaglutide on bone metabolism and remodeling in diabetic rats. (A-C) Three-point bending tests measuring ultimate load,
bending strength and Young's modulus of the femur. The serum levels of (D) ALP, (E) PINP, (F) CTX-1 and (G) TRAP were measured using ELISA.
(H) Western blot and (I) quantification of femoral protein expression (OPG, OCN, RANKL and RUNX?2). "P<0.05, “P<0.01 vs. Control; “P<0.05, “P<0.01 vs.
MOD; 2P<0.05, 22P<0.01 vs. M + A; ¥*P<0.05, **P<0.01 vs. M + S. ASD, akebia saponin D; ALP, alkaline phosphatase; PINP, procollagen type I N-terminal
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protein level (Fig. 5H and I), MOD rats exhibited reduced
expression of OPG, OCN and RUNX?2, along with upregula-
tion of RANKL, a key stimulator of osteoclastogenesis. ASD
and Semaglutide effectively normalized these markers, with
combination therapy demonstrating the most pronounced
modulation.

Together, these results indicated that the combined
administration of ASD and Semaglutide enhances both bone
mechanical integrity and metabolic homeostasis in DOP,
probably by promoting osteogenesis and inhibiting bone
resorption and achieves greater therapeutic efficacy than either
agent alone.

Network pharmacology analysis of ASD and Semaglutide.
After demonstrating the effectiveness of ASD and Semaglutide
in treating DN and DOP, the present study used network
pharmacology methods to further investigate their potential
molecular targets and mechanisms. Through transcriptomic
data analysis and KEGG enrichment analysis, the key
molecules and signaling pathways were identified.

The transcriptomic datasets for DN (GSE30528) and OS
(GSE35958) were both obtained from the GEO database. As
shown in Fig. 6A and B, after differential expression analysis
(adj. P<0.05; llog,FCI >1), 1,787 disease-related genes were iden-
tified. Drug-related targets of ASD and Semaglutide (n=252)
were obtained from ChEMBL. Their intersection yielded

26 overlapping genes (Fig. 6C), which were used to construct a
protein-protein interaction network (Fig. 6D), with TNF, PTEN
and ESR1 emerging as central hub genes. GO enrichment
analysis showed that these targets were involved in apoptotic
signaling, oxidative stress response, MAPK cascade and calcium
ion homeostasis (Fig. 6E-G). Cellular localization included
neuronal compartments and membrane microdomains, while
molecular functions encompassed chemokine binding, oxido-
reductase and death domain activity. KEGG pathway analysis
(Fig. 6H) revealed enrichment in p53 signaling, sphingolipid
metabolism, T-cell receptor and apoptosis-related pathways,
suggesting potential involvement of these signaling cascades in
the pharmacological actions of ASD and Semaglutide.

These findings implied that ASD and Semaglutide may
exert therapeutic effects via shared molecular targets involved
in inflammation, apoptosis and cellular stress responses, with
the p53 pathway emerging as a potential mechanistic link.

Molecular docking and expression analysis of Klotho in
diabetic rats. Given the emerging role of Klotho in diabetic
complications and its potential interaction with the p53
pathway (34), the present study explored whether ASD could
directly bind to Klotho or p53 proteins using molecular
docking. The binding energy of ASD with Klotho was-9.5
kcal/mol, while that with p53 was-7.6 kcal/mol, indicating a
stronger affinity for Klotho (Fig. 7A and B).
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Immunofluorescence and western blotting results showed
that the Klotho protein level was markedly reduced in the
kidney and femur tissues of rats in the MOD group, while
treatment with ASD or Semaglutide markedly increased its
expression, with the most pronounced effect observed in the
M + A + S group (Fig. 7C-E).

These results implied that ASD may modulate the p53
pathway by targeting Klotho protein, thereby playing a role in
the prevention of DN and DOP.

ASD and Semaglutide inhibit the p53 pathway and DNA
damage in the kidney and femur tissues of diabetic rats.
Abnormal activation of the p53 signaling pathway can lead
to DNA damage, thereby exacerbating tissue injury (35).
Therefore, the present study further investigated whether
ASD and Semaglutide alleviated DN-related renal damage
and DOP-related bone damage by inhibiting the p53
signaling pathway.

Immunofluorescence results (Fig. 8A and B) revealed
markedly elevated levels of p53 and the DNA damage marker
v-H2AX in MOD rats. Treatment with ASD or Semaglutide
reduced their expression, with the most pronounced suppres-
sion observed in the M + A + S group. Consistently, western

blot analysis (Fig. 8C-F) showed upregulation of key proteins
involved in DNA damage signaling, including ATM, p-ATM,
p53, p21 and y-H2AX, in MOD rats. All these markers were
downregulated following ASD or Semaglutide treatment and
combination therapy yielded the strongest inhibitory effect.
These results suggested that combined treatment with ASD
and Semaglutide could suppress the excessive activation of
the p53 signaling pathway to reduce DNA damage, thereby
exerting a protective effect in DN and DOP.

Knockdown of Klotho reverses the therapeutic effects of
ASD and Semaglutide in diabetic nephropathy and diabetic
osteoporosis. To further confirm whether Klotho served as a
key target for the protective effects of ASD and Semaglutide,
the present study applied AAV to knock down Klotho and
observed its effect on the therapeutic outcomes.

Western blotting results confirmed successful Klotho
knockdown in both kidney and femur tissues in M + A + S +
sh-Klotho group (Figs. 9A and 10A). Functionally, renal injury
indicators, including BUN, Cr, 24-up and renal index, were
markedly elevated in the MOD group and attenuated by M +
A + S treatment. However, these improvements were partially
or fully reversed upon Klotho knockdown (Fig. 9B-E).
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Figure 7. Molecular docking and expression analysis of Klotho in diabetic rats. Molecular docking models illustrating the interaction between ASD and
(A) Klotho or (B) p53. (C) Immunohistochemical detection of Klotho levels in rat kidney tissues. Western blotting and quantitative analysis of Klotho protein
levels in the (D) kidney and (E) femur. “P<0.01 vs. Control; ¥P<0.05, #P<0.01 vs. MOD; **P<0.01 vs. M + A; **P<0.01 vs. M + S. ASD, akebia saponin D.

Histopathological analysis (Fig. 9F-H) demonstrated that
glomerular damage, basement membrane thickening and
fibrosis, improved in the M + A + S group, were exacerbated
again in the M + A + S + sh-Klotho group. Correspondingly,
TGF-p1, a-SMA, Collagen I and IV expression levels were
re-elevated (Fig. 91 and J), confirming that the anti-fibrotic
effects of the therapy depended on Klotho expression.

In terms of the femur, trabecular structure improvements
observed in the M + A + S group were abolished in sh-Klotho
rats, with reduced osteoblast/osteocyte numbers and increased
marrow cavity (Fig. 10B and C). Micro-CT analysis revealed
that BMD improvements were also lost following Klotho
knockdown (Fig. 10D). Moreover, the osteoanabolic proteins
OPG, OCN and RUNX?2 decreased again, while RANKL
increased, indicating a shift back toward osteoclastic activation
(Fig. 10 E and F).

Collectively, these results demonstrated that the therapeutic
effects of ASD and Semaglutide on DN and DOP are Klotho-
dependent, confirming Klotho as a critical mechanistic target.

Discussion

The present study indicated that co-administration of ASD and
Semaglutide exerted significant therapeutic effects on both DN

and DOP, potentially through modulation of the Klotho-p53
signaling axis. To the to the best of the authors' knowledge, the
present study was the first to confirm the effect of ASD and
Semaglutide combination therapy in DM complications and to
elucidate the specific signaling pathways involved. Clinically,
the present study provides a novel dual-target strategy for the
comprehensive prevention and management of DM-associated
complications. Since patients with DM often face both renal
damage and osteoporosis, the combined therapy of ASD and
Semaglutide may represent a highly valuable therapeutic strategy,
potentially reducing damage to the kidney and skeletal systems
while controlling blood glucose, which is of great importance for
improving patient quality of life and prolonging lifespan.

The first challenge of the present study lies in how to
establish an animal model that accurately reflects the charac-
teristics of patients with T2DM with both DN and DOP in the
real world. Although a high-fat, high-sugar diet combined with
STZ injection is widely recognized as the primary method for
constructing a DM animal model, the optimal STZ protocol
remains a subject of debate (36). A single high-dose injection
is generally regarded as mimicking T1DM, whereas multiple
low-dose injections, when combined with dietary manipula-
tion, are more often employed to simulate the progressive
insulin resistance and partial f-cell dysfunction characteristic
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of T2DM (33). The present study therefore adopted the latter
approach, seeking to more closely approximate the clinical
features of T2DM and its associated complications. Specifically,
both single high-dose STZ injection and multiple low-dose
STZ injections have been used in different studies. However,
the mainstream view is that a single high-dose STZ injection
(typically 50-75 mg/kg) directly destroys pancreatic B-cells,
leading to absolute insulin deficiency and rapidly inducing
hyperglycemia, simulating TIDM. By contrast, multiple
low-dose STZ injections (typically 20-40 mg/kg per injection,
sustained for more than 4 weeks) gradually destroy pancreatic
[B-cells and simulate the chronic process of insulin resistance
and [-cell dysfunction, improved mimicking the pathological
features of T2DM (37). Therefore, the present study adopted
a high-fat, high-sugar diet combined with repeated low-dose
STZ injections to attempt to establish a T2DM rat model.
Comparing the MOD group rats with the Control group rats, it
was found that the MOD group rats exhibited increased fasting

blood glucose, elevated HOMA-IR, abnormal renal function
indicators, destruction of kidney tissue structure, damage to
femoral trabecular microstructure and reduced femoral biome-
chanical properties, thereby confirming that the MOD group
rats exhibited both the kidney damage characteristics of DN
and the bone damage characteristics of DOP. This provides a
solid foundation for subsequent research.

The present study systematically evaluated the therapeutic
synergy of ASD and Semaglutide from multiple perspec-
tives. When examining the effects of the combined treatment
of ASD and Semaglutide in alleviating DN kidney injury,
the present study addressed three aspects: Serum and urine
markers, kidney tissue structure and the degree of kidney
fibrosis. First, it was found that after receiving ASD and
Semaglutide combination therapy, the serum metabolic waste
products BUN and Cr levels were markedly reduced in T2DM
rats, indicating a recovery in kidney filtration function; 24-up
levels decreased, suggesting an improvement in glomerular
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barrier function; and the kidney index decreased, indicating
alleviated kidney enlargement and congestion. Secondly, H&E
staining visually showed reduced damage to the glomeruli and
renal tubules; PAS staining showed decreased local deposition
of glycation end products that directly damage the kidneys;
and Masson staining reflected the inhibition of the kidney
fibrosis process. Furthermore, combination therapy markedly
downregulated TGF-f1, a key pro-fibrotic cytokine, as well as
the major fibrotic matrix components a-SMA, Collagen I and
Collagen IV (38), further confirming a significant improve-
ment in kidney fibrosis. Lu er al (39) found that ASD slows
DN progression by activating the NRF2/HO-1 pathway and
inhibiting the NF-kB pathway and multiple studies have

confirmed the anti-DN effects of Semaglutide (40,41), which
are consistent with the findings of the present study.

When elucidating the effects of ASD combined with
Semaglutide in alleviating DOP bone tissue damage, the
present study also provided evidence from multiple perspec-
tives. First, H&E staining clearly showed that the trabecular
structure was markedly restored in T2DM rats following
combined treatment. Second, micro-CT results indicated that
the combined therapy markedly increased the trabecular health
indicators BMD, BMC, BV/TV, Tb.Th and Tb.N, while mark-
edly decreasing the trabecular rarity indicators BS/BV, Tb.Sp
and SMI, suggesting an improvement in trabecular structure.
Furthermore, three-point bending tests demonstrated that
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the combined treatment markedly enhanced the mechanical
strength and stability of T2DM rat bones. Last, following
combined treatment, osteogenesis-related biomarkers such as
ALP, PINP, OPG, OCN and RUNX?2 were markedly elevated,
while bone resorption-related markers, including CTX-1,
TRAP and RANKL, were markedly decreased (42), further
confirming the osteogenic and anti-osteoporotic effects of ASD
and Semaglutide. Previous studies have shown that Semaglutide
improves bone metabolism in patients with DM (43,44), which
is consistent with our findings. However, limited research has
explored whether ASD can improve bone quality, making this
one of the significant innovations of our study.

Importantly, to clarify the interdependency of renal and
skeletal protection, the present study investigated whether ASD
and Semaglutide synergistically attenuated the progression of
both DM-related complications and further examined calcium
and phosphorus metabolism in T2DM rats. Previous studies
have shown that dysregulation of calcium-phosphorus metabo-
lism is a key factor in the mutual aggravation of DN and DOP.
Specifically, during DN progression, tubular damage often
leads to phosphate retention and hyperphosphatemia, which
suppresses osteoblast activity and calcium absorption, ulti-
mately exacerbating osteoporosis. Conversely, as bone tissue
serves as a reservoir for calcium and phosphate, disturbances
in bone metabolism can result in excessive phosphate release,
increasing the burden on renal excretion and accelerating
renal dysfunction and DN progression (45,46). The present
study showed that combined ASD and Semaglutide treatment
markedly reduced serum phosphate levels, decreased urinary
calcium and phosphate excretion and enhanced bone miner-
alization, thereby alleviating calcium-phosphorus metabolic
disorders and playing a critical role in the simultaneous
protection of kidney and bone health.

Upon confirming the dual efficacy of ASD and Semaglutide
in ameliorating DN and DOP, the present study further inves-
tigated the potential molecular mechanisms, with a focus on
the Klotho-p53 signaling axis. Klotho was initially identi-
fied as an anti-aging protein highly expressed in renal distal
tubules and the choroid plexus of the brain (47). Subsequent
studies revealed that soluble Klotho is widely present in urine,
blood and cerebrospinal fluid and participates in multiple
physiological processes by regulating various intracel-
lular signaling pathways, including insulin/IGF-1, p53 and
Wnt (48,49). Aberrant Klotho expression is now recognized
as a hallmark of DM (50,51). Nie et al (52) reported mark-
edly lower serum Klotho levels in patients with DM compared
with healthy controls, with levels declining further as disease
duration increased. Similarly, Kim ef al (53) found that serum
Klotho may serve as an early predictor of DN risk. Among
the proteins regulated by Klotho, p53 is particularly relevant
to DM. While p53 normally maintains oxidative balance
by upregulating antioxidant genes, its role in DM is largely
deleterious, contributing to disease progression (54). pS3 can
induce B-cell DNA damage, promote [3-cell apoptosis, inhibit
glucose transport and glycolysis, promote gluconeogenesis
and downregulate insulin receptor expression, all contributing
to insulin resistance and DM progression (55). Based on this, it
was hypothesized that upregulation of Klotho to suppress p53
signaling may represent a key mechanism underlying the thera-
peutic effects of ASD and Semaglutide. To test this, the present

study first conducted a bioinformatics analysis. Among 1,787
DN/DOP-related targets and 246 ASD/Semaglutide-related
targets, multiple Klotho-p53 axis-associated molecules
were enriched, with KEGG pathway analysis highlighting
the p53 pathway. Furthermore, molecular docking showed
strong interactions between ASD and both Klotho and p53,
with low binding energies. In vivo, combined ASD and
Semaglutide therapy markedly increased Klotho protein levels
and reduced p53 expression in renal and femoral tissues,
while Klotho knockdown attenuated their protective effects,
supporting the hypothesis that the Klotho-p53 axis mediates
their therapeutic action.

Nevertheless, the optimal dosing strategy and long-term
safety of this combination therapy require further evaluation.
Specifically, the present study did not investigate dose-response
relationships or potential adverse effects associated with
prolonged administration of ASD and Semaglutide. This
limitation restricts the immediate clinical application of the
therapy and future studies should therefore focus on optimizing
dosing regimens, monitoring toxicity profiles and conducting
long-term safety assessments in both preclinical and clinical
settings. In addition, several limitations of the present study
should be acknowledged. First, the research was conducted
in a rat model of T2DM, which may not fully replicate the
complexity of human diabetic nephropathy and osteoporosis
and therefore the translational relevance should be interpreted
with caution. Second, the sample size was relatively modest,
which may limit the statistical power to detect subtle effects.
Third, although the present study focused on the Klotho-p53
signaling axis, other molecular pathways could also contribute
to the observed therapeutic benefits and further mechanistic
exploration is warranted. Finally, the present study did not
include long-term follow-up or clinical validation and thus the
efficacy and safety of ASD combined with Semaglutide need
to be confirmed in larger preclinical studies and clinical trials.

In summary, the present study demonstrates that the
natural small-molecule compound ASD and the long-acting
GLP-1 receptor agonist Semaglutide exert a significant syner-
gistic effect in the treatment of DN and DOP, with superior
efficacy compared with either agent alone. Mechanistically,
their combined action in mitigating DM-related complications
is likely mediated through modulation of the Klotho-p53
signaling axis. These findings offer new insights into the
prevention and treatment of DM-associated complications.
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