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ABSTRACT: D-Pinitol (DP) is primarily found in Vigna sinensis, which has been shown to have hypoglycemic and protective effects
on target organs. However, the mechanism of DP in treating diabetic sarcopenia (DS) is still unclear. To explore the underlying
mechanism of DS and the protective targets of DP by high-throughput analysis of 16S rRNA gene, metabolome, and the proteome.
Streptozotocin-induced SAMP8 mice were intragastrically administrated DP (150 mg/kg) for 8 weeks. Fecal 16S rRNA gene
sequencing and gastrocnemius muscle metabolomic and proteomic analyses were completed to investigate the gut−muscle axis
interactions. DP significantly alleviated the muscle atrophy in diabetic mice. Dysfunction of the gut microbiota was observed in the
DS mice. DP significantly reduced the Parabacteroides, Akkermansia, and Enterobacteriaceae, while it increased
Lachnospiraceae_NK4A136. Metabolome and proteome revealed that 261 metabolites and 626 proteins were significantly changed
in the gastrocnemius muscle of diabetic mice. Among these, DP treatment restored 44 metabolites and 17 proteins to normal levels.
Functional signaling pathways of DP-treated diabetic mice included nucleotide metabolism, β-alanine, histidine metabolism, ABC
transporters, and the calcium signaling pathway. We systematically explored the molecular mechanism of DS and the protective
effect of DP, providing new insights that may advance the treatment of sarcopenia.
KEYWORDS: D-pinitol, diabetic sarcopenia, gut microbiota, metabolome, proteome

1. INTRODUCTION
Sarcopenia, significantly influenced by diabetes mellitus, is
characterized by muscle atrophy, muscle strength, and function
decline.1 Diabetic sarcopenia (DS), considered as a complica-
tion of diabetes, leads to an increased risk of falls, fractures,
physical disabilities, and even mortality. The condition severely
impacts the quality of life for those diabetic patients and
escalates the economic burden on the country, society, and
families.2 Numerous studies have identified hyperglycemia,
insulin resistance, oxidative stress, and inflammation as pivotal
factors in the development and progression of DS.3,4 The
precise molecular mechanisms underlying DS are complex and
need further exploration. Therefore, elucidating the molecular
mechanisms and searching for effective therapeutic drug
targets hold considerable clinical significance.
At present, the treatment of DS has primarily centered on

nutrition and exercise interventions. Additionally, multiple
hypoglycemic drugs have proven effective in treating diabetes
mellitus.5 However, the clinical data of antidiabetic drugs on
DS is still insufficient, with contradictory findings in different
studies. In recent years, an array of natural compounds,
including resveratrol, curcumin, geniposide, catechin, and
flavonoids, have demonstrated potential in the prevention
and management of sarcopenia.6−8 Our former research found
that D-pinitol (DP) had hypoglycemic activity and cardiopro-
tective effect in diabetic mice.9,10 DP has a wide range of plant
sources in nature, mainly found in Vigna sinensis, soybean, and

pine plants. This compound is endowed with various
physiological activities, such as insulin sensitization, hypo-
glycemic, antioxidation, anti-inflammatory, and antitumor
effects, among others. Emerging evidence suggests that DP
could improve postprandial hyperglycemia and insulin
sensitivity in patients with type 2 diabetes.11,12 Zhang et al.
reported that extract of ice plant (main component DP)
modulated gut microbiota composition and attenuated hyper-
glycemia in diabetic GK rats.13 However, the molecular
mechanisms of DP in treating diabetes, especially DS, remain
elusive.
The gut−muscle axis is believed to be a micronutrient and

metabolites derived from the gut microbiota can modulate
muscle function and mass.14 Recent investigations have
unveiled a significant correlation between gut microbiota and
sarcopenia, which plays a crucial role in the maintenance of
skeletal muscle homeostasis. It has been reported that gut
microbiota affects muscle protein synthesis by regulating the
host’s inflammatory response, oxidative stress, mitochondrial
function, nutrient absorption and hormone levels.15−17 More-
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over, gut microbiota plays an important part in the
pathogenesis of diabetes.18 Therefore, gut microbiota emerge
as an important factor in the pathogenesis of DS. However, the
intrinsic mechanisms of the gut−muscle axis in DS remain
elusive.
With the development of multiomics technology and

bioinformatics analysis, microbiome integrated with metab-
olome and proteome can now be used to better understand the
gut microbial community and the mechanisms of sarcopenia.19

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were used to
predict the molecular mechanism of DP and provide
comprehensive insight into its biological functions and
associated biochemical pathways. By employing 16S rRNA
gene sequencing to characterize gut microbiota, in conjunction
with nontargeted metabolomic profiling and TMT proteomic
analysis of the gastrocnemius muscle, this study endeavors to
elucidate the potential mechanisms of DS and targets of DP.
The data were analyzed through advanced bioinformatics to
establish the cross-sectional framework of gut−muscle axis and
provide a beneficial approach of new therapies for sarcopenia.

2. MATERIALS AND METHODS
2.1. Materials. Streptozotocin (STZ) and D-pinitol (purity 95%,

lot no.: BCCB9551) were supplied by Sigma-Aldrich (St. Louis,
USA). TMT 10 plex kit was obtained from Thermo Scientific
(Carlsbad, USA). The antibodies were described in Supporting
Information (SI) Table 1. All additional chemical reagents were
purchased as analytical grade.
2.2. Animals and Groups. The Supporting Information

contained detailed procedure descriptions. R1 (n = 10): control
SAMR1 group; CC (n = 10): control SAMP8 group, DM (n = 12):
STZ-induced SAMP8 group, and DP (n = 12): DP treated STZ-
induced SAMP8 group. The Shandong University Animal Ethics
Committee gave its approval to all procedures (approval no.: 21170).
All animal trials followed the Experimental Animal Center of
Shandong University’s protocols and the ARRIVE guidelines. At the
end of the experiments, all animals were starved overnight and killed
under sodium pentobarbital anesthesia. Fasting blood and cecal
contents were obtained, and the gastrocnemius muscles were
dissected. The samples were maintained at −80 °C until further
examination.
2.3. Grip Strength, Rota-rod Tests, and Body Composition

Measurement. Forepaws grip strength, coordination, and balance of
mice was determined with a force gauge and rota-rod apparatus
(Yiyan Technology Development, Jinan, China). Mice caught by tail
grasped the grid connected to the force gauge with its forepaws. Mice
were pulled until they released their forepaws from the grid. After
three repeats, the average value of the grip strength (g) was recorded.
Mice were trained for 3 days. The acceleration settings were 40 rpm,
and the running time (latency to fall, S) until the first fell off was
recorded for three testing periods. Lean mass, bone mineral density
(BMD), and fat mass were measured with an XR-800 dual-energy X-
ray absorptiometry (Norland, USA).
2.4. Estimation of Body Weight (BW), Gastrocnemius

Weight (GW)/BW, GW/Tibia Length (TL), and Fasting Blood
Glucose (FBG). Mice and gastrocnemius were weighed at the end of
the experiment. The ratios of GW/BW (mg/g) and GW/TL (mg/
mm) were computed by using TL measurements. Serum FBG levels
were measured using an Automatic Biochemistry and Analysis
Instrument (Bayer, Germany).
2.5. Light Microscopy. The gastrocnemius was removed,

preserved in 4% paraformaldehyde, embedded in paraffin, and
sectioned into 4 μm thick pieces. Hematoxylin and eosin (HE)
staining was performed.
2.6. 16s rRNA Gene Sequencing. The OMEGA Soil DNA Kit

(Omega Bio-Tek, Norcross, USA) was used to extract microbial DNA

from cecal content samples (n = 9 for each group, CC, DM, and DP),
in accordance with the manufacturer’s instructions. The quantity and
quality of DNAs were measured using a NanoDrop NC 2000
spectrophotometer (Thermo Fisher Scientific, USA) and agarose gel
electrophoresis. The 16S rRNA gene’s variable V3−V4 regions were
amplified using a bacterial universal primer pair (338F and 806R).
The Illumina MiSeq system (Illumina MiSeq, USA) was used to
determine the sequencing. Raw sequencing data were mainly
performed with QIIME 2 (version 2019.4).
2.7. Nontargeted Metabolomic Analysis of Gastrocnemius

Tissue. Gastrocnemius tissues (n = 9 each group, CC, DM, and DP)
were selected to extract metabolites. Then 200 μL of precold water,
800 μL of precooled methanol acetonitrile, and 20 mg of each sample
were added and thoroughly mixed. Using a high-speed vacuum
concentration centrifuge, we evaporated the supernatant is evapo-
rated. HILIC column and Shimadzu-LC30 ultra high-performance
liquid chromatography (UHPLC) were used to separate the sample.
Positive and negative ion modes were used for the ESI-MS
investigations, respectively. The main steps include sample collection,
metabolite extraction, QC preparation, LC-MS/MS mass spectrom-
etry, and data analysis. More detailed methods are described in the
Supporting Information.
2.8. TMT-Labeled Quantitative Proteomic Analysis of

Gastrocnemius Tissue. Proteins were extracted from gastrocnemius
tissues (n = 9 in each group: CC, DM, and DP). Then three samples
of each group were mixed into a pool. SDT was used to lyse the
gastrocnemius tissue, and the BCA method was used to quantify the
results. TMT reagent was applied to label the digested samples in
accordance with the kit’s instructions. The Q Exactive HF-X mass
spectrometer coupled with an Easy nLC 1200 (Thermo Fisher
Scientific) was carried out. The main steps include sample
preparation, TMT peptide labeling and peptide grading, LC-MS/
MS analysis, database retrieval, and statistic methods.20 More
information was described in the Supporting Information.
2.9. Integrated Analysis of Between Microbiome and

Metabolome and Between Metabolome and Proteome. The
correlation and molecular interaction networks of differential
microbes and metabolites were analyzed using R (version: 4.0.5)
and Cytoscape 3.8.2. Additionally, Cytoscape 3.8.2 and R (version:
4.0.5) were utilized to examine the molecular interaction networks
and considerably enhanced KEGG pathways of differentially ex-
pressed metabolites and proteins.
2.10. Western Blot Analysis. The samples of gastrocnemius were

homogenized in PMSF-containing ice-cold lysis buffer (Beyotime
Biotechnology, Jiangsu, China). A similar quantity of protein was
separated using 10% SDS-PAGE and then put onto membranes made
of polyvinylidene difluoride. After sealing the membrane with either
PBST-5% skim milk or PBST-5% BSA, the antibody was incubated at
4 °C for the whole night as follows: ADP ribosylation factor-like
GTPase 6 interacting protein 5 (Arl6ip5, 1:1000), sorting nexins 6
(SNX 6, 1:5000), and tripartite motif containing protein 54 (Trim54,
1:1000). An hour was spent at room temperature by applying the
secondary antibody (1:1000). The immunoblot band intensity was
calibrated by using β-actin (1:2000) as the reference. Densitometry
was used to quantify each detected protein band, and ImageJ
densitometry software was used for analysis.
2.11. Statistical Analysis. Data were expressed in the form of

mean ± SD. One-way analysis of variance (ANOVA) was used for the
statistical analysis between the groups, and Tukey’s HSD test was
used for multiple comparisons. To identify various genera of bacteria,
metagenomeSeq analysis and linear discriminant analysis effect size
(LEfSe) were employed. With Fisher’s exact test, GO and KEGG
enrichment analyses were carried out. A P-value of less than 0.05 was
deemed statistically noteworthy. Version 22.0 of SPSS for Windows
was used for all analyses (SPSS, Chicago, USA).

3. RESULTS
3.1. Effects of DP on BW, Grip Strength, and Latency

to Fall, GW/BW, GW/TL, and FBG. At the end of the
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experiment, the survival numbers for the R1 group, CC group,
DM group, and DP group were 10, 10, 10, and 11, respectively.
The BW, grip strength, and latency to fall, GW/BW, and GW/
TL of the DM group were significantly lower than those in the
CC group, while DP significantly increased them (P < 0.01,
Figure 1A−E). FBG of mice showed a significant increase in
the DM group (P < 0.01), while DP significantly decreased the
FBG of diabetic mice (P < 0.01, Figure 1F).
3.2. Effects of DP on Lean Mass, Fat Mass, BMD, and

Gastrocnemius Histological Findings. The lean mass, fat
mass, BMD of mice showed a significant decrease in the DM
group compared with CC group (P < 0.01). However, DP
treatment, the lean mass and BMD were significantly improved
in the diabetic mice (P < 0.01, Figure 2A−C). Under light
microscopy, skeletal muscles showed smaller fiber size and
myofibers cross-sectional area (CSA) in diabetic mice, which
were improved by DP treatment (P < 0.01, Figure 2D,E).
3.3. Effects of DP on Gut Microbiota Diversity

Analysis and Composition. The α-diversity indexes have
Chao 1, Simpson, Shannon, Pielou_e, Observed_species,
Faith_pd, and Goods_coverage. The richness and diversity
of diabetic mice were lower than those in the CC group. DP
improved the richness and diversity (Figure 3A). Moreover,
the overall structure of gut microbiota obtained through
Jaccard based PCoA indicates that clear separation was showed
in the CC, DM, and DP groups (Figure 3B). Based on
univariate analysis, the composition of gut microbiota was

analyzed at the phylum, class, order, family, and genus levels
(Figure 3C−G).
3.4. Effects of DP on Gut Microbiota Species.

Microbiomics analysis showed that 689 amplicon sequence
variants (ASVs) had significantly changed between the DM
group and CC group. Among these, DP treatment restored 110
differential ASVs to normal levels (Figure 4A, and SI, Table 2).
The clustering heatmap showed significantly altered genus
levels in the combined data sets. Genus levels plotted based on
log-transformed fold change in abundance between DM group
and CC group (Figure 4B), between the DP group and DM
group (Figure 4C).
The linear discriminant analysis effect size and cladogram

displaying differentially abundant taxonomic clade analysis
were compared with between DM group and CC group
(Figure 4D,F), and between DP group and DM group (Figure
4E,G). Dysfunction of gut microbiota was found in the diabetic
mice, such as increase in Parabacteroides, Akkermansia, and
Enterobacteriaceae, and decrease in Lachnospiraceae_N-
K4A136 (P < 0.01). DP significantly reduced the Para-
bacteroides, Akkermansia, and Enterobacteriaceae, while
increased Lachnospiraceae_NK4A136 in DP group (P <
0.01, Figure 4H).
3.5. Metabolites Identification and Potential Targets

of DP in Treating DS. Principal component analysis (PCA),
orthogonal partial least-squares discriminant analysis (OPLS-
DA), and permutation tests were performed to further filter
out differential metabolites in positive and negative ion mode

Figure 1. Effects of DP on BW, grip strength, and latency to fall, GW/BW, GW/TL, and FBG in STZ induced SAMP8 mice. (A) Body weight
changes of the mice. (B) Grip strength changes of the mice. (C) Latency to fall changes of the mice. (D) GW/BW changes of the mice. (E) GW/
TL changes of the mice. (F) Serum FBG changes of the mice. *P < 0.05, **P < 0.01 compared with CC group; #P < 0.05, ##P < 0.01 compared
with DM group. R1, control SAMR1 group; CC, control SAMP8 group; DM, STZ induced SAMP8 group; DP, DP treated STZ induced SAMP8
group. DP, D-pinitol; BW, body weight; GW, gastrocnemius weight; TL, tibia length; FBG, fasting blood glucose; STZ, streptozotocin.
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of CC group, DM group, and DP group (SI, Figure 1; Figure
5A,B). Metabolomics analysis showed that 261 differentially
regulated metabolites (DRMs) had significantly changed
between DM group and CC group. Among these, DP
treatment restored 44 metabolites to normal levels (Figure
5C, and SI, Table 3). The back-regulated metabolites include
carnosine, histidine (His), uridine 5′-monophosphate (5′-
UMP), cytidine 5′-monophosphate (5′-CMP), D-carnitine, α-
aminoadipate, 4-hydroxy-6-methylpyran-2-one, and 5,7-dihy-
droxyflavanone. Volcano plot and cluster heatmap showed
significantly altered metabolites in the combined data set.
Metabolites plotted for log-transformed fold change in
abundance between DM group and CC group (Figure
5D,F), between DP group and DM group (Figure 5E,G).
KEGG signaling pathways in the DM group are shown in

Figure 5H and SI, Table 4. The signaling pathways mainly
include ABC transporters, mTOR, FoxO, AMPK, and CAMP
signaling pathway, nucleotide, His, purine, and β-alanine
metabolism. KEGG signaling pathways in the DP group were
shown in Figure 5I and SI, Table 5. The signaling pathways
mainly include ABC transporters, nucleotide, His, pyrimidine,
and β-alanine metabolism.
3.6. Protein Identification and Potential Targets of

DP Therapy for DS. PCA plots for the proteomics are shown
in SI, Figure 2. Proteomics analysis showed that 626 proteins
had significantly changed between DM group and CC group.
Among these, DP treatment restored 17 proteins to normal
levels (Figure 6A, and SI, Table 6). The back-regulated
proteins include methyltransferase-like 26 (Mettl26), peptidyl-

prolyl isomerase (Fkbp1a), Arl6ip5, SNX6, and Trim54.
Volcano plot and cluster heatmap showed significantly altered
proteins in the combined data set. Proteins plotted for log-
transformed fold change in abundance between DM group and
CC group (Figure 6B,D), between DP group and DM group
(Figure 6C,E).
We analyzed the biological processes (BP), cellular

components (CC), and molecular functions (MF) of differ-
entially expressed proteins (DEPs) between the CC group and
DM group. The majority was involved in metabolic process
and nitrogen compound metabolic process, cytoplasm, and
catalytic activity (Figure 6F). The back-regulated proteins by
DP treatment were involved in cytosolic calcium ion transport,
sarcoplasmic reticulum membranes, and transforming growth
factor beta receptor binding (Figure 6G). The subcellular
localization of the DM group mainly occurred in the
cytoplasm, membrane, and mitochondria (Figure 6H). The
back-regulated proteins by DP treatment were mainly located
in the cytoplasm, membrane, and endoplasmic reticulum
(Figure 6I).
3.7. KEGG Pathway Enrichment and PPI Network

Analysis, Validation of DP Targets of Proteome with
Western Blot. KEGG signaling pathways analyzed DM
groups and proteins treated with DP (Figure 7A,B; SI, Tables
7 and 8). KEGG signaling pathways in the DM group mainly
include focal adhesion, amino acids, and aminoacyl-tRNA
biosynthesis, metabolic, and PPAR signaling pathways. KEGG
signaling pathways in the DP group mainly include calcium
signaling pathway, GnRH signaling pathway, and GABAergic

Figure 2. Effects of DP on lean mass, fat mass, BMD, and gastrocnemius histological findings. (A) Lean mass changes of the mice. (B) Fat mass
changes of the mice. (C) BMD changes of the mice. (D) Representative light micrographs of the heart (HE, bar: 100 μm). (E) Myofibers CSA
changes of the mice. *P < 0.05, **P < 0.01 compared with CC group; #P < 0.05, ##P < 0.01 compared with DM group. R1, control SAMR1 group;
CC, control SAMP8 group; DM, STZ induced SAMP8 group; DP, DP treated STZ induced SAMP8 group. DP, D-pinitol; BMD, bone mineral
density; CSA, cross-sectional area.
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synapse. PPI pathway−gene and pathway−pathway network
analyzed DEPs between DM group and CC group and
between DP group and DM group (Figure 7C−F). PPI
pathway-gene networks by DP treatment were related to
calcium signaling pathway, and GnRH signaling pathway.
Compared to the CC group, the protein expression of

Arl6ip5 and SNX6 was up-regulated, while the expression of
Trim54 was down-regulated in the gastrocnemius tissues of the
DM group. DP could inhibit Arl6ip5 and SNX6 expression and
increased Trim54 expression (P < 0.01, Figure 7G−J).
3.8. Associations Between Gut Microbiome and

Gastrocnemius Metabolome and Proteome. We further
validated the possible interaction between the gut microbiome
and host gastrocnemius metabolome by analyzing the
correlation between the two data. Spearman correlation
analysis between gut microbiota and metabolites revealed
several significant associations in the DM group and DP group.
Correlation coefficient matrix heatmap, hierarchical clustering
heatmap, and network diagram between DM group and CC
group, between DP group and DM group (SI, Figure 3). The
increase in abundance of Parabacteroides was mainly positively

correlated with DL-β-hydroxybutyric acid, and negatively
correlated with 5′-UMP, benzoic acid +1O, O-hex, and
aniline-2-sulfonic acid (r = 0.453, r = −0.616, r = −0.569, r
= −0.569, P < 0.05). The increase in abundance of
Akkermansia was mainly positively correlated with 3-(sec-
butyl)-2-hydroxy-3H- benzo[E][1,4]diazepin-5(4H)-one, and
negatively correlated with citraconic acid, carnosine, and nonic
acid (r = 0.554, r = −0.703, r = −0.630, r = −606, P < 0.05).
The decrease in abundance of Lachnospiraceae_ UCG-006
was mainly positively correlated with aniline-2-sulfonic acid,
carnosine, and 5′-CMP (r = 0.627, r = 0.589, r = 0.469, P <
0.05). The decrease in abundance of Lachnospiraceae_N-
K4A136 was mainly positively correlated with carnosine and
negatively correlated with dichlorophene (r = 0.536, r =
−0.513, P < 0.05). The down-regulation of carnosine was
mainly negatively correlated with Prevotellaceae_ UCG-001
and Corynebacterium_1 (r = −0.785, r = −0.748, P < 0.05).
His was mainly negatively correlated with Robinsoniella (r =
−0.638, P < 0.05). The correlation between 5′-UMP and
Ruminococcaceae was significantly positive correlation (r =
0.667, P < 0.05). 5′-UMP was mainly negatively correlated

Figure 3. Effects of DP on gut microbiota diversity analysis and composition in the diabetic mice. (A) Alpha diversity indexes (Chao 1, Simpson,
Shannon, Pielou_e, Observed_species, Faith_pd, and Goods_coverage indexes). (B) Jaccard PCoA analysis of gut microbiota based on the ASV
data. (C−G) Composition of gut microbiota at phylum, class, order, family, and genus levels. ASV, amplicon sequence variant; DP, D-pinitol.
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Figure 4. Effects of DP on gut microbiota species. (A) Venn analysis of ASVs. Cluster heatmap indicating significantly altered gut microbiota at
genus levels: (B) between DM group and CC group, (C) between DP group and DM group. LDA scores of gut microbiota: (D) between DM
group and CC group, (E) between DP group and DM group. LEfSe was used to identify the taxa with the greatest differences in gut microbiota
abundance: (F) between DM group and CC group, (G) between DP group and DM group, (H) comparison of the sequences proportions of
Parabacteroides, Akkermansia, Enterobacteriaceae, and Lachnospiraceae_NK4A136. *P < 0.05, **P < 0.01 compared with CC group; #P < 0.05,
##P < 0.01 compared with DM group; CC, control SAMP8 group; DM, STZ induced SAMP8 group; DP, DP treated STZ induced SAMP8 group.
DP, D-pinitol; ASV, amplicon sequence variant.
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with Robinsoniella and Corynebacterium-1 (r = −0.693, r =
−0.697, P < 0.05). 5′-CMP was negatively correlated with
Corynebacterium-1 and Paenochrobactrum (r = −0.688, r =
−0.673, P < 0.05).
Based on 261 DRMs and 626 DEPs of the DM group,

KEGG and network pathways mainly included mTOR, HIF-1,
FoxO, and CAMP signaling pathway, amino, nucleotide, sugar
metabolism, β-alanine, pyrimidine, alanine, aspartate, and
glutamate metabolism, biosynthesis of amino acids, ABC
transporters, and aminoacyl-tRNA (Figure 8A,C). Based on 44
DRMs and 17 DEPs by DP restoration, KEGG and network
pathways mainly included the apelin signaling pathway, β-

alanine, pyrimidine, His, and purine metabolism, ABC
transporters, and glycosphingolipid biosynthesis (Figure
8B,D). Metabolic pathways between the DM group and CC
group and between the DP group and DM group are shown in
the Figure 8E,F.

4. DISCUSSION
The acceleration of population aging had led to an increased
prevalence of DS, characterized by elevated rates of falls,
functional disability, and fractures. More research spanning
from basic science to clinical studies, has revealed the
complexity of DS, however, no specific treatments have been

Figure 5. Metabolites identification and potential targets of DP in treating DS. OPLS-DA score plots of metabolic profiles of CC, DM, and DP
groups: (A) positive ion mode, (B) negative ion mode. (C) Metabolomics analysis of 44 back-regulated metabolites after DP therapy in the
gastrocnemius of diabetic mice. Volcano plot indicating significantly altered metabolites identified in the combined data sets: (D) between DM
group and CC group, (E) between DP group and DM group. Cluster heatmap indicating significantly altered metabolites identified in the
combined data sets: (F) between DM group and CC group, (G) between DP group and DM group. KEGG signaling pathways of differentially
regulated metabolites: (H) between DM group and CC group, (I) between DP group and DM group. CC, control SAMP8 group; DM, STZ
induced SAMP8 group; DP, DP treated STZ induced SAMP8 group. DP, D-pinitol.
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established.21−24 Therefore, it is crucial to identify new targets
for sarcopenia, muscle mass, and function loss caused by
sustained hyperglycemia. In our present study, we compre-
hensively investigated the interactions of gut−muscle axis by
evaluating multiomics, including gut microbiome, gastro-
cnemius metabolome, and proteome.
The concept of the gut−muscle axis represents a novel

development in the fields of nutrition and sports medicine.
Recent investigations from both animal and human studies
have illuminated gut microbiota can affect the host’s muscle
mass and function.25,26 Moreover, lack of gut microbiota has
been linked to skeletal muscle damage, whereas the restoration
of both mouse and healthy human microbiota has shown

potential for restoring muscle function.27,28 Many studies have
found that the regulation of gut microbiota as a potential
therapeutic strategy for sarcopenia based on gut−muscle
axis.14,29

Our data reveal that the administration of DP ameliorates
sarcopenia in STZ-induced SAMP8 mice by regulating the gut
microbiota composition. DP reduced the Parabacteroides, and
Enterobacteriaceae, while it increased Lachnospiraceae_N-
K4A136 in diabetic mice. Lee et al. reported that the content
of Parabacteroides and Enterobacteriaceae significantly in-
creased among sarcopenic patients.30 Enterobacteriaceae was
negatively correlated with muscle mass.16 Lachnospiraceae, a
normal gut microbiota, was significant diminished in cancer

Figure 6. Protein identification and potential targets of DP in treating DS. (A) Proteomics analysis of 17 back-regulated proteins after DP therapy
in the gastrocnemius of diabetic mice. Volcano plot indicating significantly altered proteins identified in the combined data sets: (B) between DM
group and CC group, (C) between DP group and DM group. Cluster heatmap indicating significantly altered proteins identified in the combined
data sets (D) between DP group and CC group, (E) between DP group and DM group. GO analysis of differentially expressed proteins (F)
between DM group and CC group, (G) between DP group and DM group. Subcellular localization of differentially expressed proteins (H) between
DM group and CC group, (I) between DP group and DM group. CC, control SAMP8 group; DM, STZ induced SAMP8 group; DP, DP treated
STZ induced SAMP8 group. DP, D-pinitol.
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cachexia mice.31 Our results suggested that the regulation of
gut microbiota by DP partly contributed to the improvement
of DS.
Among the identified metabolites, carnosine, His, 5′-UMP,

and 5′-CMP decreased in the gastrocnemius of STZ-induced
SAMP8 mice and were restored by DP treatment. Carnosine,
mainly found in skeletal muscle, is synthesized by carnosine
synthetase from β-alanine and His. It plays a crucial role in pH
homeostasis and increases muscle strength by enhancing the
sarcomere’s sensitivity to calcium. The concentrations of
carnosine become depleted in sarcopenia.32,33 His, an essential
amino acid, is not only vital for treating various diseases and
providing tissue protection but also as a supplement to
improve muscle performance.34 Kumar et al. reported that
salbutamol could ameliorate skeletal muscle atrophy in diabetic
rats by restoring the His-to-tyrosine ratio and inhibiting the
pro-inflammatory cytokines.35 Moreover, 5′-UMP and 5′-CMP

can promote myogenic differentiation and mitochondrial
biogenesis and reduce muscular atrophy.36,37 Our results
suggested that the restoration of the carnosine, His, 5′-UMP,
and 5′-CMP by DP treatment significantly contributes to the
improvement of DS.
ARL6IP5 (also known as addicin in mice, glutamate

transporter associated protein 3-18 (GTRAP3-18) in rats,
and JWA in humans) is a member of the prenylated Rab
receptor (PRA) 1 domain family and a multifunctional
physiological and pathological regulatory factor with wide-
spread expression in tissues, including the skeletal muscle,
heart, brain, and kidney.38 Moreover, it plays an important role
in cell differentiation regulation, amino acid metabolism,
cytoskeleton formation, DNA damage and repair, oxidative
stress, cell proliferation, and apoptosis.39 Barbagallo reported
that the transcription factor CEBPA is an important regulatory
factor in islets β apoptosis through regulated the ARL6IP5

Figure 7. KEGG pathway enrichment and PPI network analysis, validation of DP targets of proteomics with Western blot. KEGG signaling
pathways of differential expression proteins: (A) between DM group and CC group, (B) between DP group and DM group. PPI pathway−gene
network: (C) between DM group and CC group; (D) between DP group and DM group. PPI pathway−pathway network: (E) between DM group
and CC group; (F) between DP group and DM group. (G) A, Western blot images of Arl6ip5, SNX6, and Trim54 in the gastrocnemius tissue.
(H−J) Data were expressed as the expression ratio of Arl6ip5/β-actin, SNX6/β-actin, and Trim54/β-actin. *P < 0.05, **P < 0.01 compared with
CC group; #P < 0.05, ##P < 0.01 compared with DM group. CC, control SAMP8 group; DM, STZ induced SAMP8 group; DP, DP treated STZ
induced SAMP8 group. DP, D-pinitol.
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function.40 GTRAP3-18 regulates glutamate transport as a
negative regulator of EAAT3 function.41 Glutamate is not only
crucial for energy metabolism, amino acid transport, protein
biosynthesis, and neurotransmitter transmission but also has
been identified as a biomarker and potential therapeutic target
for sarcopenia in type 2 diabetes patients.42 Furthermore, our
results found that DP increased the expression of Trim54
protein in the gastrocnemius of diabetic mice. Trim54 is
known to be a significant player in anti-inflammation and
antiapoptosis.43 Heterozygous Trim54 mutations and homo-
zygous Trim63 play important roles in severe cardiomyopathy
and skeletal muscle disease.44 These proteins provide new
insights into DS therapeutic targets.
The correlation analysis has revealed a significant association

between gut microbiota (Parabacteroides, Akkermansia,
Lachnospiraceae) and gastrocnemius metabolites (carnosine,
5′-UMP, 5′-CMP), indicating that the gut−muscle axis is
instrumental in the pathogenesis of DS. Moreover, the
common pathway between metabolome and proteome
consisted of β-alanine, His, purine, pyrimidine metabolism,
and ABC transporters. β-Alanine is the main metabolite of β-
alanine metabolism, which is absorbed by skeletal muscles and
combines with His to form carnosine. Furst et al. reported that
β-alanine supplementation could improve muscle strength in
the elderly.33 His metabolism is another important pathway
closely related to sarcopenia. ABC transporters, a family of
membrane proteins, are involved in many crucial physiological
processes, including those related to DS.45,46 Beyond gut

microbiota and host gastrocnemius metabolite interactions, the
integrated analysis of DRMs-DEPs provided new insights into
the mechanism of DS and therapeutic targets of DP.
In conclusion, our study established the relationship

between gut microbiota, gastrocnemius metabolites, and
proteins in the STZ induced SAMP8 mice treated with or
without DP. DP treatment can improve sarcopenia by
regulating the gut microbiota, metabolites, and proteins in
diabetic mice. The protective mechanism is mainly related to
β-alanine, His metabolism, ABC transporters, and the calcium
signaling pathway. This study verified the important role of the
gut−muscle axis in the pathogenesis of DS. The effectiveness
of DP in this study provides a rationale for its clinical
application and offers a theoretical basis for the development
of new treatments targeting these pathways to improve
outcomes for patients with DS.
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