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AKT-GSK3p-NFATc1 signaling pathway

(T2DOP) has not been reported.

SHJTT in managing type 2 diabetes osteoporosis.

Ethnopharmacological relevance: Sanhuang Jiangtang tablet (SHIJTT), has been widely used to treat type 2 diabetes
mellitus (T2DM). However, the potential and mechanism of SHJTT in treating type 2 diabetes osteoporosis

Aim of the study: The aim of this work was to investigate the role and the underlying molecular mechanism of

Materials and methods: The target genes of each component consisting of SHITT were obtained by searching the
ETCM database. The target genes of osteoporosis and diabetes were individually acquired by analyzing the
DisGeNET and OMIM disease databases. Then the potential therapeutic genes were obtained from the inter-
section of the herbal medicine targets and the disease targets which were imported into the R and STRING
platform for the analysis of GO terms, KEGG pathways and PPI network. The key modules of PPI network were
constructed by Cytoscape software. Finally, leptin receptor deficiency (db/db) mice were confirmed as an animal
model of type 2 diabetic osteoporosis (T2DOP) through phenotype assessment and the key genes of SHIJTT

against T2DOP were validated by quantitative real-time PCR (qRT-PCR).

Results: A total of 786 target genes of SHJTT were obtained from ETCM. Simultaneously, a total of 3906 oste-
oporosis and type 2 diabetes associated targets were acquired from DisGeNET and OMIM databases. Then, 97
common targets were found by overlapping them. On the basis of the GO and KEGG enrichment analysis and PPI
network, we found that the related pathway of SHJTT in type 2 diabetes osteoporosis was AKT-GSK3p-NFATc1
pathway which is tightly associated with osteoclast differentiation. The expression of key genes including Akt1,
Mapk3, Gsk3p, Mmp9, Nfkbl were significantly down-regulated by SHJTT in T2DOP mice (p < 0.05).

Conclusions: SHJTT had a protective effect on T2DOP via regulating AKT-GSK3p-NFATc1 signaling pathway. This
study might provide a theoretical basis for the application of SHJTT for the treatment of type 2 diabetic

osteoporosis.

* Corresponding author.
** Corresponding author.
*** Corresponding author.
E-mail addresses: wangbaohua@gzhtcm.edu.cn (B. Wang), hipknee@163.com (H. Wang), docchen777 @gmail.com (P. Chen).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jep.2021.113946

Received 2 December 2020; Received in revised form 7 February 2021; Accepted 14 February 2021
Available online 26 February 2021

0378-8741/© 2021 Published by Elsevier B.V.


mailto:wangbaohua@gzhtcm.edu.cn
mailto:hipknee@163.com
mailto:docchen777@gmail.com
www.sciencedirect.com/science/journal/03788741
https://www.elsevier.com/locate/jethpharm
https://doi.org/10.1016/j.jep.2021.113946
https://doi.org/10.1016/j.jep.2021.113946
https://doi.org/10.1016/j.jep.2021.113946
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jep.2021.113946&domain=pdf

Q. He et al.

1. Introduction

The morbidity of type 2 diabetes mellitus (T2DM) increases with
economic development and extension of life spans, posing a substantial
psychological challenge on patients and heavy economic burden on the
healthcare system (Khan et al., 2020). Accumulating studies had shown
that 1-3 times risk of fractures could occur in T2DM patients indicating
that skeletal fragility-related diseases such as osteoporosis should be
taken into account as the severe complications associated with T2DM
(Janghorbani, Van Dam, Willett and Hu, 2007; Napoli et al., 2017;
Shanbhogue, Mitchell, Rosen and Bouxsein, 2016; Strotmeyer et al.,
2005). Unfortunately, less attention was attracted to osteoporosis than
other diabetic complications such as cardiovascular disease, kidney
disease as well as brain disorders (Abdulameer, Sulaiman, Hassali,
Subramaniam and Sahib, 2013; Hamann, Kirschner, Giinther and Hof-
bauer, 2012). Therefore, it is urgent to investigate the effective approach
to manage type 2 diabetic osteoporosis (T2DOP). The main treatments of
T2DOP depend on hypoglycemic drugs combined with anti-osteoporotic
drugs (Vestergaard, 2007). T2DOP currently has little monotherapy,
thus the exploration of novel targeted therapeutic agents for T2DOP may
lead to an opportunity to break through the bottleneck of current clinical
treatment status. For millennia, herbal medicines especially Traditional
Chinese Medicine had played a significant role in maintaining health.
Many studies had demonstrated that TCM is an effective strategy to
ameliorate T2DM (Cui et al., 2018; Guo et al., 2019; Tian et al., 2013).

Sanhuang Jiangtang tablet, based on Supplemented Taohe Chenggqi
decoction, consists of Huangqi (Radix Astragali), Dihuang (Rehmannia
glutinosa (Gaertn.) DC.), Dahuang (Rheum palmatum L), Shanyao (Dio-
scorea batatas), Gegen (Radix Puerariae Lobatae) and Gancao (Glycyrrhiza
uralensis Fisch). SHJTT is an effective medicine on diabetes. Although
there are a few pharmacological studies on this formula in English-
language databases, multiple researches about its herbal ingredients
being used in the treatment of diabetes and even osteoporosis (Deng,
Xiong and Kuang, 2004; Zhu, Xiong and Lin, 1997). Huangqi is widely
used to treat diabetes in China due to the great clinical effect (Nie et al.,
2014). Yue et al. revealed that Huangqi may stimulate insulin secretion,
improve insulin resistance and promote glucose utilization by system-
atic analysis (Yue et al., 2017). A systematic review based on clinical and
experiment research indicated that Shanyao had both effect on reducing
blood glucose and increasing bone mass (Sun et al., 2020). Another re-
view about Gegen showed that it can enhance the glucose-lowering ef-
fect meanwhile declining the adverse events (Yang et al., 2019).
According to the review written by Liu et al., those formulas contain
Dihuang will enhance the effect of anti-osteoporosis (Liu et al., 2017).
Taken together, we hypothesized that SHJTT combined with the above
herbs could not only treat diabetes, but also have an anti-osteoporosis
effect.

In this study, the mechanism of SHJTT therapy for T2DOP was
explored through bioinformatics analysis and experimental verification.
Due to SHJTT widely used in the clinical treatment of T2DM, we firstly
put forward the hypothesis that it may be involved in bone remodeling
to treat OP caused by T2DM. Subsequently, the targets of SHJTT against
T2DM and OP were obtained. Module analysis was applied to generate
the key genes and core signaling pathways. Finally, we conducted in-
vivo experiments to verify the therapeutic effects of SHJITT on T2DOP.
Our research maybe accounts for the molecular mechanism of under-
lying SHJTT and provides a theoretical groundwork for extensive use of
SHJTT in the treatment of T2DOP.

2. Methods
2.1. Preparation of SHITT
SHJTT consists of six types of TCM ingredients (Table 1). All SHJTTs

(Product Approval Number: Z20070824) were purchased from the First
Affiliated Hospital of Guangzhou University of Traditional Chinese
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Medicine. All herbs’ botanical names listed in Table 1 can be searched in
“The Plant List” (www.theplantlist.org) and the indexes of them were
congruent with the standards of the Chinese Pharmacopoeia (2010).

2.2. Data preparation

2.2.1. Screening the target genes of the Sanhuang Jiangtang tablet

SHJTT mainly contains six Chinese herbal medicines: Huangqi
(Hedysarum Multijugum Maxim), Dihuang (Rehmannia glutinosa Libosch),
Dahuang (Radix Rhei Et Rhizome), Shanyao (Rhizoma Dioscoreae), Gegen
(Radix Puerariae) and Gancao (licorice). The Encyclopedia of Traditional
Chinese Medicine (ETCM), a comprehensive database, was used to
obtain the target genes of SHJTT (Xu et al., 2019). The ETCM not only
integrates active chemical ingredients, candidate target genes, but also
provides systematic analysis of target genes. Further, the target genes
from the ETCM were predicted by MedChem Studio (version 3.0) and
those genes with high structural similarity (Tanimoto score > 0.8) to
active components would be selected.

2.2.2. Acquiring the disease targets of osteoporosis and diabetes

Disease-gene association database (DisGeNET) and Online Mende-
lian Inheritance in Man (OMIM) were used to screened relative disease
targets. We input the disease keywords such as osteoporosis, type 2
diabetes mellitus respectively. Then we combined the results from two
databases to improve the accuracy of prediction.

2.2.3. Obtaining the potential therapeutic targets of SHJTT on diabetic
osteoporosis

We imported target genes of SHJTT, osteoporosis and type 2 diabetes
mellitus into R (version 3.6.3). Then the ‘VennDiagram’ R package was
used to generate a Venn diagram intersected by the above third part.
Furthermore, we could obtain the gene interaction network about
SHJTT treating osteoporosis and type 2 diabetes mellitus.

2.3. Bioinformatic analysis

2.3.1. Assessing the enrichment analysis of potential genes

‘DOSE’, ‘org.Hs.eg.db’, ‘clusterProfiler’ and ‘stringr’ R packages
were used to accomplish the enrichment analysis of potential genes
screened by intersection. The target genes were read into the R studio
and we could obtain the outcomes of Gene Ontology (GO) functional
annotations and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways. Finally, the enrichment analysis of biological process (BP),
molecular function (MF) and KEGG were mapped.

2.3.2. Establishment of the PPI network

The potential therapeutic targets were input to the STRING database
and revised by high confidence (confidence score > 0.7). Then, the TSV
file was imported into Cytoscape software (version 3.7.1) and protein-
protein interaction (PPI) network was visualized by the software.
Furthermore, MCODE cluster analytical tool was performed to generate
the correlated functions network module.

Table 1
The ingredients of Sanhuang Jiangtang tablet.
Chinese Botanical names Origin Amount in
name preparation (g)
Huangqi Astragalus membranaceus Nei meng 30
(Fisch.) Bunge gu
Dihuang Rehmannia glutinosa (Gaertn.) ~ Hu bei 15
DC.
Dahuang Rheum palmatum L Si chuan 6
Gegen Pueraria lobata (Willd.) Ohwi Liao ning 15
Shanyao Dioscorea batatas Decne. He nan
Gancao Glycyrrhiza uralensis Fisch Xin jiang 5
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2.4. Animal model and experimental intervention

Six-week-old male C57BL/Ks db/db mice with T2DM (30-40 g) and
C57BL/6 J mice (20-25 g) were provided by the Animal Laboratory
Center of Nanjing university (SCXK (Su) 2018-0008). The genetically
diabetic mouse (db/db) has a homozygous point mutation on the
chromosome 4 that lacks a functional hypothalamic leptin receptor (H.
Chen et al., 1996; Friedman, Leibel, Siegel, Walsh and Bahary, 1991;
Yiying Zhang et al., 1994). The syndrome of type 2 diabetes mellitus in
db/db mice is alike to type 2 diabetes patients and is characterized by
obesity, insulin resistance, hyperinsulinemia and progressive hypergly-
cemia (Giesbertz et al., 2015; Portha, 2005; Yoon et al., 1988). The mice
were maintained on an alternating 12 h light/dark cycle with a tem-
perature of 22-25 °C and humidity of 55-60% in the Laboratory Animal
Center of Guangzhou University of Traditional Chinese Medicine (SYXK
(Yue) 2018-0034). After adaptively feeding for 1 week, the db/db mice
were randomly divided into two groups (n = 10 in each group): model
group and SHJTT group. And the C57BL/6 J mice were used as wild-type
group (n = 10). Throughout the experiment, mice were given 0.5ml
distilled water orally for 8 weeks in wild-type and model groups. The
SHJTT group were perfused with SHJTT solution (2.6 g/kg body weight)
following the same dose and schedule (Fig. 1). The dosage of mice
intragastric administration was calculated according to the dose
equivalents between humans and laboratory animals based on ratios of
body surface area (Ralph D, 2008). All the experimental steps used in
our study were approved by the Ethics Committee of the First Affiliated
Hospital of Guangzhou University of Chinese Medicine (License no.
TCMF1-2019056).

2.5. Bone densitometry

Model iNSiGHT VET dual-energy X-ray absorptiometry (DXA,
Osteosys, Korea) was used to measure the whole Lower limbs bone
mineral density (BMD) and bone mineral content (BMC). Mice were
anesthetized by intraperitoneal injection of 0.5% chloral hydrate
(0.2 ml-0.3 ml). Sedated mice were then placed on the scanning table in
a prostrate position. Each DXA measurement took about 25 s, including
10 s of radiation output (Yeu et al., 2019). With the software provided by
the manufacturer, the embedded DXA algorithm was used to calculate
the body composition value.
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Fig. 1. Schematic diagram of the animal experimental design. w: week; db/db:
type 2 diabetic mice with Leptin receptor deficiency; and db/db + SHJTT: db/
db mice were perfused with SHITT solution.
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2.6. Micro-CT scanning

All the mice were sacrificed by cervical dislocation, and the left tibiae
were isolated and fixed in 4% paraformaldehyde for 24 h. Samples were
then washed and stored in phosphate buffered saline until further use.
The bones were scanned with a Skyscan 1172 micro-CT scanner (Bruker,
Belgium), in rigid plastic tubes containing 70% ethanol. Then, the tibia
was analyzed by a micro-CT imaging system with 80 kV voltage, 100 pA
electricity, 0.4° rotation step and 5 pm slice thickness. After scanning,
using Skyscan NRecon software and the Feldkamp-Davis-Kress algo-
rithm, the two-dimensional image sequence is automatically recon-
structed into a three-dimensional volume of 15.9 pm isotropic voxel size.
The tibial trabecular microstructure was analyzed by selecting a height
of 1.0 mm volume of interest (VOI), starting from 0.45 mm below the
proximal tibia growth plate to 1.0 mm at the distal end. And the cortical
bone analysis selected a VOI (1 mm) at the upper 5 mm (D. Chen et al.,
2020). The structural parameters for evaluating the trabecular bone,
including bone volume/tissue volume (BV/TV, %), trabecular thickness
(Tb.Th, mm), trabecular separation (Tb.Sp, mm), trabecular number
(Tb.N, 1/mm) and structure model index (SMI), while cortical bone
thickness (Ct.Th, mm), cortical bone area (Ct.Ar, mm?) were measured
to observe the cortical bone parameters. The above data was manipu-
lated and analyzed using the Custom Analysis program (CTAn, Skyscan).

2.7. Bone histomorphometric analysis

14% ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) were
used to decalcify left tibia at 37 °C for 1 week. Next, all samples were
dehydrated by a gradient series of ethanol, and then embedded in
paraffin (Zhao et al.,, 2019). After the paraffin block was trimmed,
5pm-thick sections were cut on a paraffin slicing machine and stained
with hematoxylin and eosin (Solarbio, Beijing, China) and TRAcP. Sec-
tions were imaged with an Olympus BX53 light microscope (Olympus
America). Bone histomorphometric parameters, including the osteoblast
surface ratio (Ob.S/BS), number of osteoclasts (Ob.N/BS, 1/mm) and
osteoclast surface/bone surface (Oc.S/BS) were analyzed by using Image
J software (Wayne Rasband, National Institutes of Health, USA).

2.8. Total RNA isolation and quantitative real-time PCR analysis

For total RNA isolation, fresh whole right tibia was snap-frozen in
liquid nitrogen and grounded to a fine powder with a mortar and pestle.
By using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), total RNA was
extracted and measured quality by Nanodrop 2000 (Thermo Scientific,
Rockford, IL, USA). 1000ng of total RNA were reverse-transcribed into
c¢DNA through using Evo M-MLV RT Kit (AG, China). QRT-PCR was
performed using SYBR Green Pro Tap (AG, China) in a Bio-Rad CFX96
device with the specific primers listed in Table 2. Using the following
parameters for PCR amplification: 40 cycles of 95 °C for 30 s, 95 °C for 5
s, and 60 °C for 40 s, and a final extension step of 65 °C 5 s, 0.5 °C

Table 2
Quantitative real-time PCR primer sequences.

Genes Forward (5'-3) Reverse (5'-3")

Akt1 GGACTACTTGCACTCCGAGAAG CATAGTGGCACCGTCCTTGATC
Pik3ca CACCTGAACAGACAAGTAGAGGC ~ GCAAAGCATCCATGAAGTCTGGC
Nfkb1 CTGACCTGAGCCTTCTGGAC GCAGGCTATTGCTCATCACA

Gsk3p GAGCCACTGATTACACGTCCAG CCAACTGATCCACACCACTGTC

Mapk3 GGCTTTCTGACGGAGTATGTGG GTTGGAGAGCATCTCAGCCAGA
Ctsk CCAGTGGGAGCTATGGAAGA AAGTGGTTCATGGCCAGTTC
Acp5 CAGCAGCCAAGGAGGACTAC ACATAGCCCACACCGTTCTC
Mmp9 CGTGTCTGGAGATTCGACTTGA TTGGAAACTCACACGCCAGA
Atp6v0d2  GTGAGACCTTGGAAGTCCTGAA GAGAAATGTGCTCAGGGGCT

Bglap1 GCAATAAGGTAGTGAACAGACTCC CCATAGATGCGTTTGTAGGCGG
Runx2 CCTGAACTCTGCACCAAGTCCT TCATCTGGCTCAGATAGGAGGG
Collal GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

18s TGGTTGCAAAGCTGAAACTTAAAG AGTCAAATTAAGCCGCAGGC
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increments for 60 s. Relative mRNA expression levels were calculated by
using 18s as internal control and the 2724C" method. Each sample was
assayed at least three times.

2.9. Statistical analysis

All experiments performed were replicated a minimum of three
times. Data are expressed as means + standard error of mean (SEM).
Statistical analysis was by one-way analysis of variance (ANOVA), fol-
lowed by Turkey’s multiple comparison test for multiple groups, and
comparison between two groups was detected using student’s t-test
(GraphPad Prism 7.0). Differences were considered statistically signifi-
cant (P< 0.05).

3. Results
3.1. The target genes of Sanhuang Jiangtang tablet

After inputting the main herbs of SHJTT, we obtained prediction
genes from ETCM database. Through eliminating the repeated genes, we
totally screened 786 target genes.

3.2. The therapeutic genes of SHITT in osteoporosis and diabetes

Through searching the target genes of osteoporosis and diabetes in
the DisGeNET and OMIM databases, combining the target genes from
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both database and deleting the duplicate results, we acquired 1101
disease targets for osteoporosis and 2805 for diabetes. Then, the inter-
section of target genes of SHJTT, osteoporosis and diabetes were map-
ped (Fig. 2A). The Venn diagram revealed that 97 predicted therapeutic
targets of SHJTT in osteoporosis and diabetes.

3.3. GO and KEGG pathway analysis of common therapeutic genes

The 97 overlapped genes above were mapped for an enrichment
analysis of the GO terms and KEGG pathways (Fig. 2B-E). GO biological
process analysis showed that multicellular organismal homeostasis,
response to peptide hormone, regulation of small molecule metabolic
process, response to steroid hormone, steroid metabolic process, etc.
play significant roles in the treatment of SHJTT in osteoporosis and
diabetes. GO molecular function analysis revealed that steroid binding,
coenzyme binding, nuclear receptor activity, transcription factor activ-
ity and direct ligand regulated sequence-specific DNA binding account
for the main position of the molecular function of SHJTT in the treat-
ment of osteoporosis and diabetes. The outcome of KEGG pathway
analysis unveiled that HIF-1 signaling pathway, insulin resistance,
osteoclast differentiation, estrogen signaling pathway and TNF signaling
pathway play important roles in related signaling pathways of SHJITT
treating in osteoporosis and diabetes.
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Fig. 2. Venn diagram of drug-disease intersection target of SHJTT for osteoporosis and diabetes (A), Dot plot of the GO biological processes (B), cellular components
(C), molecular function (D) and KEGG pathways (E) of common targets of SHJTT in the treatment of osteoporosis and diabetes.
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3.4. PPI network of shared genes

The interactions of 97 shared targets were visualized by the PPI
network diagram so that we could better understand the potential
mechanism of SHJTT in the treatment of osteoporosis and diabetes
(Fig. 3A). The network contains 83 nodes and 616 edges. Furthermore,
algorithm of MCODE was used to obtain the key modules. On the basis of
the network score, the top 3 clusters were obtained (Fig. 3B). 19 hub
genes were divided from the whole target genes. It indicates that the hub
genes may be key genes in the therapeutic mechanisms which remain to
be elucidated.

Journal of Ethnopharmacology 273 (2021) 113946

3.5. SHJTT treatment ameliorated bone microarchitecture in db/db-
induced osteoporosis mice

DXA analyses of the whole lower limbs bone indicated that model
group has a significantly lower BMD and BMC as compared to wild-type
group (Fig. 4B). In the SHJITT group, BMD was higher than model group,
and we found no significant difference in BMC. Reconstructed 3D images
of the proximal tibia revealed that db/db mice induced significant bone
loss and the treatment with SHJTT inhibited bone loss in the db/db mice
(Fig. 4A). In the quantitative analysis, BV/TV, Tb.Th, Tb.N were found
to be prominently lessened while Tb.Sp, SMI were increased in model
group relative to wild-type group (Fig. 4C). Trabecular separation, a
parameter inversely proportional to structural connectivity, was
increased, suggesting that the trabecular structure was more disjointed
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Fig. 3. PPI network diagram (A) of common targets and key module (B) of SHJTT in the treatment of osteoporosis and diabetes.
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Fig. 4. SHJTT prevents bone loss of murine db/db-induced osteoporosis with T2DM in vivo. (A) Representative 2D and 3D reconstruction micro-CT images of tibiae
in the different groups; (B) BMD and BMC were calculated based on DXA results (n = 10); (C) BV/TV, Tb.N, Tb.Sp, Tb.Th, SMI and Ct.Th, Ct.Ar were analyzed based

on micro-CT and DXA results (n = 10). All data are expressed as means + SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA with Tukey’s
multiple comparison test); ns: not significant.
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Fig. 5. SHJTT attenuated histomorphological damage of murine db/db-induced osteoporosis with T2DM. Representative H&E and TRAcP staining images of
proximal tibia (A, B) (Black arrow indicates osteocytes, blue arrow indicates osteoblasts and red arrow indicates osteoblasts; Scale bars = 50 pm). The quantifications
of Ob.S/BS, Ob.N/BS, and Oc.S/BS were calculated based on H&E and TRACcP staining by using the Image J software(C, D). Data are expressed as means + SEM.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA with Tukey’s multiple comparison test); ns: not significant. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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in db/db mice. This coincided with the increased SMI, which suggests
that the normally platelike trabeculae observed in the wild-type mice
had been converted to more rodlike structures (Hildebrand and Riieg-
segger, 1997). And the SHJTT treatment group generated a
skeletal-protecting phenotype in db/db mice with T2DM, as evidenced
by increasing in BV/TV, Tb.Th, Tb.N and decreasing in Tb.Sp, SMI
compared with the model group. The model group showed reductions in
Ct.Ar and Ct.Th compared with the wild-type group (Fig. 4C).
Conversely, we found that the metrics above increased in the SHJTT
group.

3.6. SHJTT attenuated bone tissue morphological damage of T2DM-
induced osteoporosis in db/db mice

H&E and TRACP staining of the proximal tibia uncovered thinner,
smaller trabeculae with more microcracks in the model group relative to
wild-type groups (Fig. 5A, B). In contrast, the SHJTT group showed
thickened, coarse trabeculae compared to the model group. Relative to
wild-type groups, the Ob.S/BS and Ob.N/BS were consistently reduced
in the model group (Fig. 5C). As before, SHJITT markedly decreased the
values of Oc.S/BS (Fig. 5D). Altogether, these results significantly sug-
gested that SHJTT was able to hold back histomorphological damage in
db/db-induced osteoporosis mice.

3.7. SHJTT facilitates bone formation-related genes expression and
reduces the expression of bone resorption-related gene through impairing
AKT-GSK3-NFATc1 signaling pathway

Gene expression analysis was conducted after crushing all murine
right tibia in a mortar with liquid nitrogen. Runx2, Bglap and Collal
were significantly down-regulated in the model group (Fig. 6F-H).
Conversely, the osteoclast-specific genes have been shown to upregulate
expression in model group, including Nfatc1, Acp5, Mmp9, Atp6v0d2 and
Nfkb1 (Fig. 6A-E). Akt as a hub gene that obtained from network analysis
has association with osteoclasts. The AKT-GSK3p is one such pathway
regulating the expression of Nfatcl in osteoclasts (Xiao et al., 2020).
Over-expression of Akt promoted the phosphorylation of GSK3p and
nuclear localization of NFATc1, and that overexpression of a constitu-
tively active form of GSK3p attenuates osteoclast formation through
downregulation of NFATcl (Lin et al, 2019; Wu et al.,, 2017). We
identified that the expression of Akt and Nfatcl in SHJTT group was
noticeably lower than model group, while GSK3p was upregulated
(Fig. 6J-L). The decreased gene expression of NFATc1 is consistent with
inhibiting osteoclast formation, whereas lower expressions of Acp5,
Mmp9 and Atp6v0d2 correspond well with reduced bone resorptive
function. Therefore, the SHJTT leads to promoting bone formation and
impaired the efficiency of RANKL-induced osteoclast formation by
inhibiting of the Akt-GSK3p-NFATc1 signaling axis ultimately (Fig. 7).

4. Discussion

Osteoporosis is the most frequent complication from type 2 diabetes,
and it is also the main reason for the long-term pain and dysfunction of
physical skeleton of diabetic patients (Lecka-Czernik, 2017). The path-
ogenesis of T2DOP is complex, with many influencing factors, involving
the interaction of multiple pathways and the therapeutic options of
T2DOP are still largely limited (H. L. Chen, Deng and Li, 2013). It is
reported that SHJTT had a good clinical effect on treating T2DM (Xiong,
Lin and Zhu, 1997), but none researches have proved that SHJTT can
reduce the occurrence of OP induced by T2DM and illuminate the
mechanism of SHITT against T2DOP at the level of molecular at present.
On the basis of bioinformatics analysis and experimental verification,
we found that AKT-GSK3p-NFATcl signaling pathway were mainly
involved in the treatment of SHJTT against T2DOP.

According to the enrichment analysis, we found that the SHJTT
likely affects osteoclasts through the metabolic pathways. The results of
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biological process unveiled that various metabolic processes such as
steroid metabolic process, regulation of small molecule metabolic pro-
cess, etc. be influenced. Besides, the outcomes of KEGG pathways
revealed that potential therapeutic targets enriched in osteoclast dif-
ferentiation, HIF-1 signaling pathway and insulin resistance. Further-
more, the PPI network and key module showed hub genes like Ins, Akt1,
Mapk3, Vegfa, Mmp9, Nfkb1 and Esrl which had great association with
bone remodeling and metabolic regulation played significant roles in the
mechanism of SHJTT treating in T2DOP. Then, we performed a series of
experiments to verify our prediction and analysis.

In this experiment, we firstly used db/db mice as a model of T2DOP.
Although the bone phenotype caused by db/db mice remains contro-
versial (Ducy et al., 2000), a large number of researches have testified
that serious deterioration in bone microstructure and reduction in bone
strength can be observed in type 2 diabetic mice. For example, Ealey KN,
He H and others found that bone mass, the mechanical strength and
bone formation rate were consistently lower in db/db mice than WT
mice (Ealey, Fonseca, Archer and Ward, 2006; He et al., 2004). Besides,
Williams et al. further proved that the microstructure of the cancellous
and cortical bone of tibia of db/db mice was damaged and the thickness
was reduced in cortical bone of vertebrae by micro-CT (Williams et al.,
2011). Moreover, the bone formation rate also decreased significantly.
Through high-resolution micro-CT and histomorphometric analysis, we
further confirmed that the tibia of db/db mice was significantly
decreased in bone volume fraction, trabecular thickness and cortical
bone thickness. Even bone microstructure was destroyed, which was
consistent with the findings of Da Jing et al. (Jing et al., 2016)

SHJTT is a Chinese medicine prescription used to treat T2DM and
many other illnesses (Y. Zhang et al., 2016; Zhou et al., 2020). In
addition to playing an important role in regulating insulin resistance,
hemorheology and microcirculation, SHJTT have different degrees of
effects in preventing heart failure and hypertension (Deng et al., 2004;
Lebedev, Lyasnikova, Vasilyeva, Babenko and Shlyakhto, 2020; Li,
Xiong and Lin, 2000; Miura et al., 2020). By using the murine model of
db/db induced type 2 diabetic osteoporosis, SHJITT was demonstrated
by histomorphological assessment that it could ameliorate change of
bone microarchitecture in such a model. What is more, the quantified
parameters from bone histomorphological uncovered that SHJTT
increased the number and surface area of osteoblasts and inhibited the
increases in the number and area of osteoclasts.

To further clarify the molecular mechanisms underlying the role of
SHJTT on bone loss of T2DM, the mRNA expression levels of several
genes related to bone metabolism in tibiae were analyzed. RUNX2,
BGLAP, ALP and COL1A1 are defined broadly as positive regulator of
osteogenic differentiation and bone formation (Drissi et al., 2000;
Komori, 2017), whereas NFATc1 serves as a key regulatory factor of
osteoclastogenesis (Kobayashi et al., 2001; Nakahama, 2010). In our
research, compared with the model group, Runx2, Bglap and Collal
were upregulated, whereas Nfatcl, Acp5, Mmp9, Atp6v0d2 and Nfkbl
were downregulated in SHJTT group. It means that SHJTT can promote
osteogenesis and inhibit bone resorption simultaneously (Kanzaki et al.,
2016; Walsh et al., 2006).

AKT-GSK3p-NFATcl axis, a key signaling pathway in the regulation
of osteoclast function, can be stimulated by RANKL-induced signaling
pathways in space and time (Z. H. Lee et al., 2002; Moon et al., 2012;
Sugatani and Hruska, 2005). Besides, AKT-GSK3p pathway is closely
related to glucose metabolism, which indicates that SHITT may correct
glucose metabolism disorder by AKT-GSK3p pathway (Huang, Liu, Guo
and Su, 2018; J. Lee, Noh, Lim and Kim, 2021). Our results demon-
strated that SHJITT down-regulated Aktl expression, which abundantly
expressed in osteoclasts (Kawamura et al., 2007). Decreasing in AKT
contributed to keep the activation of GSK3p, which reduced downstream
NFATc1 transcription to the nucleus, directly suppressing osteoclast
differentiation. Thus, these indicated the inhibitory action of SHJTT on
the AKT-GSK3p-NFATc1 pathway in vitro.

Although we showed the protective effect of SHITT on T2DOP mice
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Fig. 6. The effects of SHJTT treatment on the mRNA expression of osteoclastogenesis-specific genes Nfatcl, Acp5, Mmp9, Atp6v0d2 and Nfkb1 (A-E), osteogenesis-
specific genes Runx2, Bglap and Collal (F-H) and Akt, Gsk3p, Mapk3, Pik3ca (J-L). These gene expression levels were standardized to 18s expression. Data are
expressed as means + SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA with Tukey’s multiple comparison test); ns: not significant.
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and also gained insights into its regulating mechanism, this research had
a number of limitations and still need further study. First, there was a
lack of accurate quantitative index for evaluating T2DM induced oste-
oporosis with db/db model, and we did not use blood samples to eval-
uate bone turnover markers and endogenous hormone levels, so we were
unable to observe fundamental changes in the balance of bone meta-
bolism in animal models. Second, it was very hard to measure the
femoral neck in mice, so we scanned the proximal tibia instead of
femoral neck with micro-CT, thus it might not be applicable to patients
with type 2 diabetes whose fracture site was in the femur (Shan et al.,
2011). Third, we cannot rule out whether the effect of SHJTT on glucose
metabolism also plays an anti-osteoporosis role because T2DOP has
many causes and we lack cellular experiments and clinical trials to
further support this ultimateness (Montagnani, Gonnelli, Alessandri and
Nuti, 2011). To sum up, further experiments are required to validate the
conclusions of this study and determine its clinical utility.

5. Conclusion

Our research indicates that SHJTT possesses significant anti-
osteoporosis activities against db/db-induced type 2 diabetes mellitus
mice, which can be attributed to its role in the direct regulation of
osteoblast and osteoclast, or through affecting glucose metabolism to
regulate bone homeostasis indirectly. Further mechanism revealed that
SHJTT has a latent protective effect on T2DOP via regulating AKT-
GSK3p-NFATc1 signaling pathway. In a word, the results of this study
suggest that SHIJTT could be used as a potential drug for the treatment of
T2DOP and further experiments are required to validate the conclusions
of this study and determine its clinical utility.

Authors’ contributions

Haibin Wang, Peng Chen, and Qi He designed the study. Qi He and
Junzheng Yang wrote the manuscript. Baohua Wang, Meng Zhang, Qi
He and Junzheng Yang designed the animal experiment. Qi He, Junz-
heng Yang and Zhaofeng Pan participated in animal experiment. Gangyu

Zhang, Zhaofeng Pan, Qi He and Junzheng Yang analyzed micro-CT
data. Qi He and Junzheng Yang performed histological examination.
Qi He, Junzheng Yang, Zhaofeng Pan and Jiaxu Zeng participated in
qPCR and western blotting. Qi He and Lijun Su performed the statistical
analysis. Peng Chen, Qi He, Junzheng Yang and Zihao Wang revised the
manuscript.

Data accessibility

The data supporting this study is open access and can be found in the
corresponding databases described in this paper.

Declaration of competing interest
All the authors state that they have no interest conflicts for this work.
Acknowledgments

This research was supported by National Natural Science Foundation
of China (No. 81774339; NO. 82074462), Major research project of
Guangzhou University of Chinese Medicine (No. XK2019012), the
Guangdong Science Province and Technology Program project (No.
2017A020213030) and the Guangzhou Science and Technology Plan-
ning Project (No. 201707010319).

Abbreviations (alphabetical)

BP Biological process

BV/TV  Bone volume/tissue volume
Ct.Ar Cortical bone area

Ct.Th Cortical bone thickness

DisGeNET Disease-gene association database

EDTA  Ethylenediaminetetraacetic acid

ETCM  The Encyclopedia of Traditional Chinese Medicine
GO Gene Ontology

H&E Hematoxylin and eosin staining



Q. He et al.

KEGG  Kyoto Encyclopedia of Genes and Genomes
MF Molecular function
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