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KEY WORDS Abstract  Vascular calcification (VC) is a marker of substantial vascular damage in patients with dia-
betes and has been recognized as a predictor of cardiovascular events and all-cause mortality. To date, no
effective therapeutic strategy has been formulated for the management of VC. In this study, we integrated
the treatment regimen of the Danlian-Tongmai (DLTM) formula, a traditional Chinese medicine (TCM)
with anti-diabetic VC (anti-DVC) effects with intermittent fasting (IF), and established the Chinese med-
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Dietary pattern in vivo and in vitro. Transcriptomic sequencing revealed that the miR21-5p/Tpml axis mediated the
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anti-calcification effect of CMIT. MiR21-5p promoted the overproliferation, migration, and osteogenic
differentiation of vascular smooth muscle cells (VSMC) by negatively regulating 7pm/, while CMIT in-
hibited such processes. In conclusion, this study demonstrated that CMIT inhibited the osteogenic differ-
entiation of VSMC and restored its contractile phenotype by inhibiting the activation of the miR21-5p/
Tpml axis, thus exerting a therapeutic effect on DVC. CMIT may be a promising approach for the treat-

ment of DVC.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Vascular calcification (VC) is a common vascular pathology in
patients with diabetes mellitus (DM) and is characterized by
abnormal calcium phosphate deposition and vessel wall disorders
and poses a serious threat to human health. Previous studies have
shown that diabetic VC (DVC) is an active process regulated by
multiple genes. DM-induced metabolic disorders first promote the
osteogenic differentiation of vascular smooth muscle cells
(VSMCs) in the vessel wall and induce aberrant calcium phos-
phate accumulation, leading to vascular sclerosis, impaired
vascular function, and increased cardiovascular risks'. As an in-
termediate state between DM and DM-induced damage to target
organs, such as the heart and kidney, VC has been prioritized for
cardiovascular 1.5-level screening and intervention in patients
with DM?. However, to date, an effective therapeutic strategy to
prevent or halt the progression of VC in DM is lacking.
Traditional Chinese medicine (TCM) practitioners have accu-
mulated rich clinical experience over a long term of practice,
especially in the field of metabolic and cardiovascular diseases.
Based on the concept of “preventing disease progression after
disease onset”, TCM has demonstrated significant therapeutic
advantages in preventing and treating early metabolic and vascular
damage. The Danlian-Tongmai (DLTM) formula, which is
composed of five TCM herbal medicines (Salvia miltiorrhiza
Bunge., Coptis chinensis Franch., Polygonum cuspidatum Sie-
bold & Zucc., Prunus mume (Siebold) Siebold & Zucc., and
Rhodiola crenulata (Hook.f. & Thomson) H. Ohba), has been
widely used in the clinical treatment of diabetic coronary heart
disease and DVC. In a previous study, we identified 108 major
compounds of DLTM, including ferulic acid, berberine, and
resveratrol, through ultra-performance liquid chromatography. We
found that DLTM significantly ameliorated VC in diabetic rats and
exerted its therapeutic effects of attenuating aortic calcium salt
deposition and alleviating vascular inflammatory injury®.
Recently, medical nutrition therapy represented by dietary
pattern interventions have played a key role in the management of
DM and its complications®. Intermittent fasting (IF) is a dietary
pattern that restricts calorie intake within a specific period,
including alternate-day fasting, time-restricted fasting, and the 5:2
diet. Numerous clinical and preclinical studies have highlighted
the potential of IF in improving the symptoms and cardiovascular
risk factors in patients with diabetes, including modulating
glucose-lipid metabolism disorders, improving insulin sensitivity,
and attenuating atherosclerosis and vascular remodeling®™®.
Recently, emerging evidence suggested that IF combined with a
low-calorie herbal nutritional regimen may be effective in
improving long-term DM remission rates, restoring pancreatic
islet function, and ameliorating metabolic abnormalities by

improving intestinal dysbiosis”'®. Another study found that IF
combined with Shen-Ling-Bai-Zhu-San and prebiotics amelio-
rated glucose and lipid metabolism disorders as well as aberrant
liver and kidney functions and restored the diversity of the in-
testinal flora in diabetic mice''. In addition, considering the high
drug burden of patients with diabetes, the combined dietary
pattern can not only enhance the effect of drug therapy but also
synergistically reduce the risk of cardiovascular events, serving as
a comprehensive management strategy for patients with diabetes
with a high risk of vascular complications. Therefore, this study
aimed to integrate TCM and dietary therapy to establish a
drug—food integration intervention strategy combining DLTM and
IF (Chinese medicine and intermittent fasting integration therapy
(CMIT)), assess the effectiveness of CMIT in the treatment of
DVC, and explore its synergistic mechanisms by constructing a rat
model of DVC and an in-vitro calcification model of VSMC.

2. Material and methods
2.1.  Animal experiments

Six-week-old specific-pathogen-free (SPF)-grade male
Sprague—Dawley (SD) rats were purchased from SiPeiFu (Bei-
jing) Biotechnology Co., Ltd. SCXK (Beijing 2019-0010). All rats
were housed in cages (five to six rats per cage) in a SPF-grade
animal facility (with sterilized water and feed) at a temperature of
22 + 2 °C, a humidity of 55 4+ 5%, and a 12 h/12 h light cycle.

To model DVC, 30 mg/kg of streptozotocin (STZ) was injected
intraperitoneally into the rats for 3 days to induce DM, and
achieving fasting blood glucose >11.1 mmol/L was considered a
successful modeling of DM'2. After the blood glucose level was
stabilized for 1 week, VC was induced by intraperitoneal injection
of high-dose vitamin D3 (5.5 x 10° IU/kg) for 4 days as described
in the literature’.

To specifically overexpress miR21-5p in rats, a recombinant
adeno-associated virus (AAV) serotype 8 gene transfer vector
carrying shRNA and rno-miR21-5p sequences under the U6 pro-
moter was constructed and administered via lateral tail vein in-
jection. Ultimately, the packaged viral constructs were designated
as miR21-5p OE (overexpression) and miR21-5p NC (negative
control). Similarly, to specifically knock down 7pml in rat
VSMCs, we constructed a recombinant AAV serotype 8 gene
transfer vector that carries shRNA targeting Tpml sequences,
driven by the Sm22a gene promoter to ensure specific manipula-
tion of VSMCs. This vector was then administered via lateral tail
vein injection. The packaged viral constructs were designated as
Tpml KD (knockdown) and Tpmi NC (negative control). The
enhanced green fluorescent protein incorporated in the vector
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served as a visual marker to verify viral transfection efficiency and
monitor target sequence expression. The injection dose for each
rat was 5 x 10'" gene copies/mL'?, with an injection volume of
0.1 mL. The animal experiments were conducted according to the
animal ethical standards and were approved by the Animal Ethics
Committee of Xiyuan Hospital, China Academy of Chinese
Medical Sciences (approval No.: 2024XLC014-2), and adhered to
the National Institutes of Health guidelines for the care and use of
laboratory animals (NIH Publication No. 85-23, revised 1996).

2.2.  Drug and dietary administration

The Chinese herbal tablets and the DLTM extract powder used in
the study were identified and processed by the Institute of Chinese
Meteria Medica, China Academy of Chinese Medical Sciences. A
previous study by our research team was consulted for the prep-
aration method and drug composition®. One gram of the DLTM
extract powder contained 23.5 g of raw herbs, and the drug so-
lution was freshly prepared with purified water immediately
before use. The optimal dose (0.96 g/kg/day) identified in the
previous study was used for oral gavage.

For IF, the 16:8 time-restricted fasting pattern was adopted'?.
The start of light exposure (8 am) was defined as ZT0, and the end
of light exposure (8 pm) was defined as ZT12. The rats were
allowed to eat for 8 h from 10 pm (ZT14) to 6 am (ZT22), and the
feed was withdrawn until 10 pm on the second day. Only food
intake was restricted throughout the fasting period, while water
intake was not restricted.

2.3.  Invivo identification of DLTM prototype compounds

SPF male SD rats (n = 8; 6-weeks-old, 200 £ 20 g) were pur-
chased from SiPeiFu (Beijing) Biotechnology Co., Ltd. (SCXK
(Beijing) 2019-0010) and randomly divided into two groups
(n = 4 per group): a normal control group and a normal
control + DLTM treatment group. The DLTM group was
administered DLTM at 0.96 g/kg, a dose approximately four times
the clinical daily dosage for DVC patients, while the control group
received an equivalent volume of water. Blood samples (approx-
imately 0.25 mL) were collected from the retinal venous plexus
into EDTA-K2 anticoagulant tubes immediately before DLTM
administration and at 0, 0.5, 1, 2, 4, 6, 8, 12, 14, 16, 18, 24, 36, and
48 h afterward. After centrifugation at 12,000 rpm (MR 23i
Centrifuge, Thermo scientific, MA, USA) for 15 min, the resulting
plasma was stored at —20 °C. All samples were pooled via the
AUC method and deproteinated with 0.1% formic acid in meth-
anol (v/v). Following vortex mixing and centrifugation
(12,000 rpm, 10 min, 4 °C), the supernatant was dried under ni-
trogen, reconstituted in 100 pL of 50% methanol (v/), and son-
icated (40 kHz) for 30 min. The mixture was then centrifuged
again at 12,000 rpm (MR 23i Centrifuge, Thermo scientific) for
10 min, and 1.0 pL of the final supernatant was injected into a
UPLC—Q-TOF—MS/MS system for analysis. The HPLC—Q-
TOF—MS/MS settings were as our previous study”.

2.4. Cell lines and cultures

Human aortic vascular smooth muscle cells (HAVSMCs) were
purchased from Hunan Fenghui Biotechnology Co., Ltd. (Cat. No.
CLO115) and cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum (Solarbio, Beijing, China) and
1% double-antibody. To induce VSMC calcification, 30 mmol/L

of glucose (Glu, Solarbio, Beijing, China), 10 mmol/L §-glycer-
ophosphate (8-GP, Sigma), and 3 mmol/L calcium chloride
(CaCl,, Sigma) were added to the medium, followed by incuba-
tion for 7 days'>. The medium was replaced every 2 days.

An miR21-5p mimic, miR21-5p inhibitor, and the corre-
sponding NC (RiboBio, China, Guangzhou) were transfected into
cells using Lipofectamine 2000 per the manufacturer’s in-
structions. Tpml siRNA and control siRNA (Sangon Biotech,
China, Shanghai) were transfected into VSMC at a cell confluency
of 60%—70% using Lipofectamine 2000. The corresponding
sequence information is listed in Supporting Information Table S1.

2.5.  Human peripheral blood mononuclear cells (PBMC) and
aorta samples

Peripheral blood samples were obtained from outpatients and in-
patients with Type 2 Diabetes Mellitus (T2DM) at the Department
of Cardiovascular Medicine, Xiyuan Hospital, China Academy of
Chinese Medical Sciences from March 2023 to March 2024. A
total of 18 patients with T2DM with coronary artery calcification
(CAC) and 10 patients with T2DM without CAC were recruited
for this study. PBMCs were extracted from the peripheral blood
using Ficoll-Hypaque (Solarbio, Beijing, China) gradient centri-
fugation. The extracted mixture was centrifuged at 800 rpm for
20 min (MR 23i Centrifuge, Thermo scientific), and the interface
was collected as PBMCs. Clinical and biochemical parameters
were collected from the patient’s electronic medical records in the
hospital. The study was conducted in accordance with the
guidelines of the Declaration of Helsinki and was approved by
Xiyuan Hospital, CACMS (2023XLA027-2). All patients pro-
vided informed consent before participating in the study.

Aortic samples were collected from six individuals, including
three patients with T2DM complicated by CAC who underwent
coronary artery bypass grafting at Peking University Third Hos-
pital (Beijing, China), and three control subjects without diabetes
or any clinical history of cardiovascular or metabolic diseases,
with tissues obtained from a forensic institute, between April and
October 2023. Clinical parameters were obtained from the hos-
pital’s electronic medical records. Aortic calcification was diag-
nosed using computed tomography and a definite Agatston score
of >0. The clinical procedure was conducted according to the
guidelines of the Declaration of Helsinki and was approved by the
institutional review board of Peking University Third Hospital
(2023 Medical Ethics Review No. (145-02)). All patients and their
families provided informed consent before participating in the
study.

2.6.  Transcriptome RNA sequencing

Total RNA was isolated from fresh rat aorta using Trizol. Library
construction and sequencing were performed by Beijing
CapitalBio Technology Co., Ltd. Briefly, poly A-containing
mRNA was purified using poly T oligonucleotide-attached mag-
netic beads. The mRNA was then cleaved into small fragments,
followed by complementary DNA synthesis. The cDNA products
were purified and amplified by polymerase chain reaction (PCR)
to create the final cDNA library. Clusters were generated using
cBot, and the libraries were diluted to 10 pmol/L before being
sequenced using an Illumina NovaSeq 6000 (Illumina, CA, USA).
A P-value of <0.05 and an FC > 1.2 were used as the thresholds
for identifying significantly differentially expressed genes
(DEGs). Gene Ontology (GO) pathway enrichment analysis of
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DEGs and the corresponding graphs were made using the clus-
terProfiler R package'®. Protein—protein interaction (PPI) net-
works of DEGs were constructed using the STRING database'”,
which were visualized using Cytoscape 3.9. Raw data from
Transcriptome RNA Sequencing has been deposited at China
National ~Genomics Data Center. Accession number:
PRICA035668.

2.7.  Histopathology and immunofluorescence

Fresh rat aortic arches were fixed with 4% paraformaldehyde
(PFA). Aortic arches were embedded in paraffin and serially
sectioned from the proximal end at a thickness of 5 um. For
vascular histological analysis, three independent aortic sections
were selected every 100 um for each sample.

For alizarin red S staining, the aorta fixed with 4% PFA was
immersed in 2% alizarin red S staining solution (Servicebio,
China) overnight at 26 °C. The aorta was rinsed with 2% potas-
sium hydroxide solution and photographed with an inverted mi-
croscope. For aortic arch sections, paraffin-embedded sections
were dewaxed and stained with 1% alizarin red S solution for
5 min. After dehydration and fixation, the sections were observed
under a digital microscope, and images were taken. VSMCs were
rinsed thrice with phosphate buffer saline and fixed in 4% PFA for
15 min. After rinsing with PBS, VSMCs were stained with 1%
alizarin red S solution (Servicebio, China) for 15 min.

For Von Kossa staining, paraffin-embedded aortic arch sections
were dewaxed before 5% silver nitrate solution was added drop-
wise, followed by irradiation with ultraviolet light for 30 min, and
rinsed thrice with distilled water. Thereafter, 5% sodium thiosulfate
was added for 5 min to neutralize the unreacted silver. After rinsing
thrice with distilled water, 0.1% nuclear fast red was added to re-
stain the cell nucleus for 2 min. The sections were dehydrated and
fixed, and images were taken using a digital microscope.

For the immunofluorescence experiment, 5-um sections of
human or rat aorta were dewaxed and rehydrated. Heat-mediated
antigen retrieval was performed using a 10% citrate buffer. After
the samples were incubated overnight with primary antibodies
(anti-aSMA, anti-Tpm1), secondary antibodies were added
dropwise and incubated for 60 min. Finally, coverslips were fixed
in a fixation medium containing diamidino phenylindole (DAPI)
(Abcam, UK). Images were obtained using a digital microscope.

2.8.  Alkaline phosphatase (ALP) activity

Aortic tissue was lysed with inhibitor-free radio immunoprecipi-
tating assay lysis buffer (Beyotime, China). ALP activity in the
supernatant was measured using an ALP assay kit (Beyotime,
China). The total protein content of the supernatant was deter-
mined by using the bicinchoninic acid method, and ALP activity
(Ul/g protein) was standardized by dividing it by the protein
content.

2.9.  Calcium content detection

VSMCs and aortic tissues were lysed with inhibitor-free radio
immunoprecipitating assay lysis buffer (Beyotime, China). Cal-
cium content in the supernatant was measured using a calcium
assay kit (Beyotime, China). The total protein content of the su-
pernatant was determined by using the bicinchoninic acid method,
and the calcium content was standardized by dividing it by the
protein content (U/g protein).

2.10.  Quantitative real-time PCR

Total RNA was extracted from aortic tissues and VSMCs using the
Trizol reagent (Servicebio, China) per the manufacturer’s in-
structions. The concentration of extracted RNA was measured
using a spectrophotometer (NanoDrop, Thermo Fisher Scientific,
USA). RNA was reverse transcribed into c¢cDNA using a
PrimeScript RT kit (Vazyme, China). The cDNA obtained was
amplified via PCR using SYBR Green (Vazyme, China). Relative
mRNA expression levels were analyzed using the 2~ 22" method
with B-actin or U6. Primer sequences specific to the target genes
are listed in Supporting Information Table S2.

2.11.  Western blot (WB) analysis

Proteins were extracted from VSMCs and aortic tissues by using
the RIPA lysis buffer (Beyotime, China) supplemented with the
complete protease inhibitor mix (Beyotime, China), and the pro-
teins were boiled for 10 min at 100 °C in the loading buffer
(Beyotime, China). Equal amounts of proteins were separated on
sodium dodecyl sulfate-polyacrylamide gels and transferred to
polyvinylidene fluoride membranes (Millipore, Germany), which
were incubated with primary antibodies at 4 °C overnight. On the
next day, the membrane was incubated with an appropriate horse
radish peroxidase-conjugated secondary antibody for 1 h at room
temperature. Antibody binding was determined using the elec-
trochemiluminescence assay (Millipore, Germany). Relative
quantification of immune staining intensity was performed by
grayscale analysis in ImagelJ. The antibodies used in this study are
listed in Supporting Information Table S3.

2.12.  Statistical analysis

Statistical analysis and data visualization were performed using
IBM SPSS Statistics (V26.0), Graphpad Prism (V9.5.0), and
ImageJ. All data were expressed as mean + standard error. For
normally distributed data, one-way analysis of variance and
Dunnett’s test were performed for comparison between two or
more groups. For non-normally distributed data, the
Kruskal—Wallis test was performed. A P < 0.05 indicated that the
differences were statistically significant. The VC Agatston score
was a non-standardized parameter, and the logarithmic trans-
formation of the Agatston score was used in the correlation
analysis (Pearson correlation analysis). A P < 0.05 suggested that
the difference was statistically significant.

3. Results
3.1.  CMIT inhibited the formation of DVC

To comprehensively assess the effects of CMIT on DVC and
determine the synergistic effects of DLTM and IF in ameliorating
DVC, the effects of three treatment methods, namely, DLTM, IF,
and CMIT, were compared (Fig. 1A). After modeling, the rats
with DVC were randomly divided into four groups, namely the
model group (DVC group), the group receiving DLTM (DLTM
group), the group receiving IF (IF group), and the group receiving
CMIT (CMIT group). A blank group was established using SD
rats (CON group). As expected, STZ combined with excessive
calcium led to a significant increase in blood glucose levels,
weight loss, and elevated serum calcium and ALP levels in rats.
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Figure 1 DLTM, in combination with IF, synergizes against DVC. (A) Flow chart of the animal experiment. Combination of STZ and vitamin
D3 was used to construct a rat model of DVC, and the therapeutic effects of the three interventions, namely DLTM, IF, and CMIT, were observed;
(B) Left: changes in the body weight of rats in each group during the experimental period (n = 12); Right: changes in fasting blood glucose levels
of rats in each group during the experimental period (n = 12); (C) Representative images of alizarin-red staining of the aorta of rats in each group
(n = 3); (D) Representative images of alizarin-red staining of the aorta arch of rats in each group (n = 3,4 x , 10 x ); (E) Quantitative alizarin-
red staining of the entire aorta of rats in each group (n = 3); (F) Quantitative alizarin-red staining of the aorta arch of rats in each group (n = 3);
(G) Calcium content in the aorta of rats in each group (n = 8); (H) ALP activity in the aorta of rats in each group (n = 7—8); (I) Representative
WB images of Runx2, Bmp2, «SMA, and Sm22« expressions (n = 3) in the aorta of rats in each group; (J) Quantitative analysis of Runx2,
Bmp2, aSMA, and Sm22« expressions in [ (n = 3). FBG: fasting blood glucose. Data are expressed as mean = SEM. Compared with the CON
group, #Hhp < 0.001; compared with the DVC group, P < 005 7P < 0.01, P < 0.001; compared with the CMIT group, 4p < 0.05,
“€Ep < 0.001.

DLTM, IF, and CMIT treatments resulted in limited improvement
in blood glucose levels and body weight (Fig. 1B and Supporting
Information Fig. S1A and S1B). However, serum calcium and
ALP levels were influenced to varying degrees in the rats. Among
the treatment methods, CMIT significantly reduced serum calcium
and ALP levels in rats compared with DVC, and the effect was

significantly better than that of DLTM and IF (Fig. SIC—S1E). In
addition, the food intake of rats in the IF and CMIT groups was
significantly reduced after fasting; however, no significant differ-
ence in food intake in each group throughout the experimental
cycle was observed (Fig. S1F and S1G). Subsequently, the aortic
calcification of rats in each group was observed. Compared with



Chinese medicine and intermittent fasting integration therapy ameliorates diabetic vascular calcification 357

the CON group, extensive calcified nodules and calcium salt de-
posits were observed in the entire aorta and the aortic arch of rats
in the DVC group, and the lesions were mainly seen in tunica
media and intima (Fig. 1C—F and Fig. S1H and S1I). Compared
with the DVC group, the level of aortic calcification was reduced
in the DLTM, IF, and CMIT groups sequentially. It should be
noted that the aortic calcification in the CMIT group was the least
severe and was significantly lower than that in the DLTM and IF
groups (Fig. 1IC—F and Fig. S1H and S1I). Similarly, the calcium
content and ALP activity in the aortic tissues of rats in the DVC
group were significantly higher than those in the CON group,
confirming that the calcium deposition in the DVC group was
more severe (Fig. 1G and H). Compared with the DVC group, the
aortic calcium content and ALP activity of rats in the DLTM, IF,
and CMIT groups decreased in that order. Moreover, the vascular
calcium content of the CMIT group was significantly lower than
that of the DLTM and IF groups, and the ALP activity of the
CMIT group was significantly lower than that of the DLTM group
(Fig. 1G and H). These findings indicated that the anti-VC effect
of DLTM and IF was significantly enhanced when combined.

Osteogenic differentiation of VSMC plays a crucial role in VC.
Hence, the effects of these three treatments on the osteogenic
differentiation of VSMC were explored. Compared with the CON
group, the in vivo expressions of osteogenic markers Bmp2 and
Runx2 were significantly increased in the aorta of rats in the DVC
group. In contrast, the expressions of contractile proteins «aSMA
and Sm22« decreased (Fig. 11 and J). No significant changes in
contractile and osteogenic proteins were seen in the DLTM group
compared with the DVC group. However, the expression of Runx2
was relatively decreased in the IF group; however, no significant
change was seen in Bmp2 and contractile proteins. Significant
decreases in the expressions of osteogenic proteins Runx2 and
Bmp2, as well as significant increases in the expressions of con-
tractile proteins «SMA and Sm22«, were observed only in rats in
the CMIT group (Fig. 11 and J), which indicated that CMIT
inhibited the osteogenic differentiation of VSMC in vivo. In
conclusion, these data suggested that the CMIT strategy of
combining TCM and diet was effective in inhibiting DVC and that
the efficacy was significantly better than that of DLTM and IF
monotherapies.

Next, to further clarify the role of CMIT on VSMC calcifica-
tion in vitro, we first tracked the prototype compounds of DLTM
(i.e., the chemical constituents observed in both DLTM and
plasma) to identify those with potential bioactivity against VC.
Combining previous mass spectrometry results, we identified a
total of 31 prototype compounds (Supporting Information
Table S4), among which 8 were confirmed to have anti-
calcification effects, including salidrosidelg, gallic acidlg, resver-
atrol?®, rosmarinic acid®', rutin®, luteolin®, curcumin®*, and
tanshinone ITA%.

Subsequently, we constructed a high-glucose calcification
model of VSMCs in vitro. VSMC calcification was assessed by
Alizarin Red staining, cell viability, calcium content, and the
expression of osteogenic and contractile proteins. VSMC was
divided into ordinary medium group (NG group), high glucose
medium group (HG group) and high glucose osteogenic medium
group (HGCM group) (Supporting Information Fig. S2A).
Consistent with the findings of previous studies, high glucose
levels combined with osteogenic medium (high phosphorus and
calcium levels) significantly promoted VSMC calcification,
including significant increases in the intensity of alizarin red
staining and calcium content, an elevation in the expressions of

the osteogenic markers Bmp2 and Runx2, and a decrease in the
expressions of contractile proteins o«SMA and Sm22«
(Fig. S2B—S2E).

Then, we simulated in vitro ischemic conditions with serum
deprivation (IF) and observed the effects of these DLTM com-
pounds on VSMC activity and calcium content with and without
combined IF. We found that, compared to the NG group, VSMCs
in the HGCM group exhibited a pronounced hyperproliferative
phenotype, and all DLTM compounds and IF effectively inhibited
VSMC proliferation (Supporting Information Fig. S3A). Notably,
the combination of DLTM with IF significantly amplified the
suppression of VSMC hyperproliferation compared to individual
DLTM compounds (Fig. S3A).

In addition, compared to the NG group, the calcium content in
HGCM group cells was significantly increased. IF intervention did
not notably affect cellular calcium content, while most DLTM
compounds effectively reduced cellular calcium levels. Impor-
tantly, compared to intervention with individual DLTM com-
pounds, the combination with IF often further enhanced their
calcium-lowering effects, particularly for resveratrol, rosmarinic
acid, curcumin, and tanshinone IIA (Fig. S3B). Although some
individual compounds did not exhibit significant synergistic ef-
fects following combined IF, overall, CMIT could more signifi-
cantly inhibit VSMC phenotype transformation and calcification.

3.2.  Tpml may be a potential target for the anti-DVC effects of
CMIT

To elucidate the unique synergistic mechanism of CMIT for the
treatment of DVC, the validation strategy involving the filtering of
RNA sequencing was adopted. Transcriptome sequencing analysis
showed significant changes in the aortic transcriptome profiles of
rats in the DVC group, with a total of 494 DEGs filtered compared
with the CON group. Among them, there were 137 upregulated
genes and 357 downregulated genes. DLTM, IF, and CMIT
treatments all had significant effects on the aortic transcriptomic
profiles of rats (Fig. 2A and Supporting Information Fig. S4A).
Analysis of intersecting DEGs revealed that the DEGs regulated in
the CMIT group were the most abundant compared with those
regulated in the DLTM and IF groups (Fig. 2A). Given the optimal
effect of CMIT in ameliorating DVC, we hypothesized that the
synergistic anti-VC mechanism of CMIT might be related to the
61 DEGs independently regulated by CMIT. GO enrichment
analysis based on these DEGs showed enrichment in multiple
biological processes related to cytoskeletal structure and con-
tractile actions, such as cytoskeleton organization, cardiac muscle
cell development, and regulation of heart contraction (Fig. 2B and
Fig. S4B—S4D). The Kyoto Encyclopedia of Gene and Genomes
pathway analysis showed that CMIT significantly affects the gene
expressions of signaling pathways such as cardiac structure and
muscle contraction (Fig. 2C and Fig. S4E). Among the top DEGs
associated with calcification, special attention was paid to Tpml,
as it was enriched in multiple core pathways and demonstrated
significant intergroup differences in its expressions (Fig. 2C—E,
Fig. S4F). Previous studies have shown that 7pml was closely
related to VSMC status and phenotypic transformation and is
involved in several important processes, such as cytoskeletal
regulation, as well as skeletal and cardiac muscle contraction®®. To
understand the correlation between Tpml and DVC, we assessed
the expression levels of Tpm/ in DVC and the effects of different
interventions. As expected, the decrease in Tpml expression
induced by DVC was reversed by CMIT therapy at both
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Figure 2 CMIT targets 7pm! in regulating DVC. (A) Upper panel: up- and downregulation of DEGs in each group compared. Lower panel:
Venn diagram of DEGs in each group compared; (B) Bar graph of the top 15 enriched GO entries of DEGs; (C) Bubble chart of the top 10
enriched KEGG pathways of DEGs; (D) Heat map of the expression of the core targets in PPI between different groups; (E) PCR validation of the
expressions of core targets in each group (n = 3); (F) Representative WB images of Tpm expression in the rat aorta of each group (n = 3); (G)
Representative images of immunofluorescence staining of aSMA (green) and Tpml (red) in aortic sections of each group of rat, and the nuclei
were re-stained with DAPI (blue) (n = 3, 20 x ); (H) Quantitative analysis of Tpml protein expression (n = 3, 20 x ); (I) TpmI mRNA
expression in the rat aorta in each group (n = 7); (J) Quantitative analysis of the fluorescence intensity of 7pm!I in G (n = 3); (K) Quantitative
analysis of the fluorescence intensity of aSMA in G (n = 3); (L) Representative WB images of Tpm1 expression in HAVSMC in each group
(n = 3); (M) Quantitative analysis of Tpm1 expression in L (n = 3); (N) TpmI mRNA expression in HAVSMC in each group (n = 5). GO: Gene
Ontology, KEGG: Kyoto Encyclopedia of Genes and Genomes, DEG: differentially expressed genes. Data are expressed as mean + SEM.
Compared with the CON group or the NG group, P < 0.05, P < 0.01, ™P < 0.001; compared with the DVC group or the HG group,
*P < 0.05, 7P < 0.01, P < 0.001; compared with the CMIT group, P < 0.05, *P < 0.01.

transcriptional and protein levels, while DLTM and IF in- calcification model of VSMCs in vitro, the expressions of Tpml
terventions had less effect on Tpmli (Fig. 2F—K). In addition, we protein and mRNA gradually decreased with the increased calci-
also observed the expression levels of Tpml in the high-glucose fication (Fig. 2L—N). These findings suggested that Tpml was
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involved in the osteogenic differentiation and calcification of
VSMC:s and that Tpml may be a potential target of the anti-DVC
effect of CMIT.

Given that Tpml expression gradually decreases during dia-
betic VC and VSMC osteogenic differentiation, we next attempted
to assess whether the knockdown of Tpml would exacerbate VC
in diabetic rats. We used recombinant AAV carrying scrambled
shRNA (TpmlI NC) or Tpmi shRNA (TpmlI KD) to regulate Tpml
expression in VSMCs (Fig. 3A). Compared to the control group,
the expression of Tpml in the aorta of rats was significantly
reduced after 7pml knockdown (Fig. 3B and C). We then

Figure 3

examined body weight, blood glucose levels, and the status of VC
across different groups of rats. Consistent with previous results,
compared with the CON group, the DVC and intervention groups
showed significantly reduced body weight and elevated blood
glucose levels (Supporting Information Fig. SSA—S5D). In addi-
tion, serum calcium, phosphate, and ALP levels were increased
(Fig. SSE—S5G). However, no significant differences in these
parameters were observed among the intervention groups
(Fig. SSA—S5G).

At the same time, Tpml knockdown significantly aggravated
VC in diabetic rats, including promoting the deposition of

Knockdown of Tpml aggravates arterial calcification in vivo. (A) Schematic diagram of animal experiments. Injecting AAV Tpml

KD/NC constructed 7pmI knockdown and control rat models via the tail vein. DVC was induced using STZ in combination with vitaminD; to
observe the effect of Tpml knockdown on the anti-calcification effect of CMIT; (B) Representative WB images of Tpm1 expression in the rat
aorta of each group (n = 3); (C) Quantitative analysis of Tpm1 expression in (B) (n = 3); (D) Representative images of alizarin-red staining of
the aorta of rats in each group (n = 3); (E) Quantitative alizarin-red staining of the entire aorta of rats in each group (n = 3); (F) Calcium content
in the aorta of rats in each group (n = 9); (G) ALP activity in the aorta of rats in each group (n = 9); (H) TpmI mRNA expression in the aorta of
rats in each group (n = 3); (I) Representative WB images of Tpm1, Runx2 and BMP2 expressions in the aorta of rats in each group (n = 3); (J)
Quantitative analysis of Tpm1, Runx2 and BMP2 expressions in (I) (n = 3). Data are expressed as mean == SEM. Compared with the CON/Tpm1

NC group, *P < 0.05, ¥ P < 0.001; compared with the TpmI KD group, ‘P < 0.05, P < 0.01, P < 0.001; compared with the CMIT + Tpm1
NC group, 4P < 0.05, 4P < 0.01, “** P < 0.001.
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calcification nodules in the aorta (Fig. 3D and E), increasing aortic
calcium content and ALP levels (Fig. 3F and G), and upregulating
the expression of osteogenic markers Runx2 and Bmp2, indicating
that the lack of Tpml worsens VC in diabetic rats (Fig. 3H—J).
Notably, we found that the knockdown of Tpm/ reversed the anti-
DVC eftects of CMIT (Fig. 3D—J). In conclusion, these results
suggest that Tpm/ is a key molecule in the development of DVC
and a potential target for CMIT’s action against DVC.

3.3.  Tpml was negatively regulated by miR21-5p and was
involved in the development of DVC

Gene expression regulation is a multilevel and complex process.
We have identified the role of Tpm! in the development of DVC.
Previous studies have shown that 7pm/ plays a key role in a va-
riety of vascular-related diseases as it is regulated by microRNAs
(miRNAs)?”?8. Since miRNAs are extensively involved in the
regulation of multiple biological processes, including VC?, bio-
informatics approaches were adopted to further predict and vali-
date the upstream miRNAs regulating Tpml. Tpml-targeted
miRNAs were predicted by using DIANA-microT and

Figure 4

miRTarBase, and the two databases produced a total of three
intersecting miRNAs, including rno-miR21, rno-miR29, and rno-
miR338 (Fig. 4A). Based on the research findings on these three
miRNAs®3%3! " the expressions of miR21-5p, miR29c-3p, and
miR338-3p were further validated in vivo and in vitro. The results
showed that in vivo, only miR21-5p was significantly upregulated
in the aorta of rats with DVC (Fig. 4B). In the in vitro VSMCs
model, miR21-5p expression progressively increased with the
addition of high-glucose osteogenic medium. Notably, miR21-5p
levels in the HGCM group were significantly higher than those in
the HG group alone (Fig. 4C), suggesting that miR21-5p is
markedly synergistic activated by high-glucose and calcification.
Previously, miR21-5p was shown to directly target Tpml and
negatively regulate its expression in multiple disease models and
cell lines*>™*. Consistent with those reports, our results suggesting
that miR2/-5p may be a key upstream regulatory molecule
through which TpmI influences DVC. In addition, CMIT inhibits
miR21-5p expression in rat aorta and in high-glucose calcified
VSMCs (Fig. 4B, Fig. S5H and SS5I).

To confirm the clinical association between the miR21-5p/
Tpml axis and DVC, TPMI1 and miR2I-5p expressions were

TPM1 is negatively regulated by miR21-5p and is associated with an exacerbated risk of DVC. (A) Venn diagram showing the

upstream miRNAs of Tpml predicted using the DIANA-microT and miRTarBase databases; (B) Expression levels of miR21-5p, miR29c-3p, and
miR338-3p in the rat aorta in each group (n = 3—5); (C) Expression levels of miR21-5p, miR29c-3p, and miR338-3p in the HAVSMC of each
group (n = 6); (D) Expression of miR2/-5p in the PBMCs of T2DM patients in the CAC and non-CAC groups (n (CAC) = 18, n (non-
CAC) = 10); (E) Expression of TPM1 in the PBMCs of T2DM patients in the CAC and non-CAC groups (n (CAC) = 18, n (Non-CAC) = 10);
(F) Correlation between miR21-5p expression levels and VC scores in patients with T2DM (n = 28, with R-values and P-values of the Pearson
correlation coefficient); (G) Correlation between TPM 1 expression levels and VC scores in patients with T2DM and CAC (n = 28, with R-values
and P-values of the Pearson correlation coefficient). (H) Representative images of immunofluorescence staining of «SMA (green) and TPM1 (red)
in the aortic sections from healthy volunteers and patients with T2DM with CAC, and the cell nuclei were re-stained with DAPI (blue) (n = 3,
10 x ). DAPI: diamidino phenylindole, CAC: coronary artery calcification. Data are expressed as mean = SEM. Compared with the CON or NG
or Non-CAC groups, *P < 0.05, P < 0.01, P < 0.001. Compared with DVC or HG groups, ‘P < 0.05, ““P < 0.001.
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examined using mRNA from PBMCs of 28 patients with diabetes
with or without CAC (Fig. 4D—G). The CAC scores were
significantly higher in T2DM patients with CAC compared to
those without CAC (424.00 (57.50, 856.75) vs. 0.00 (0.00, 0.00)).
Compared with patients with diabetes without VC, there were
more male patients with diabetes with VC, and the miR21-5p
levels in the peripheral blood were significantly increased
(Fig. 4D, Supporting Information Table S5, 1.00 £ 0.53 vs.
4.64 £+ 0.86, P < 0.01). In contrast, TPM1 levels were signifi-
cantly decreased (Fig. 4E, Table S5, 8.61 4 3.03 vs. 1.31 + 0.49,
P < 0.01). Moreover, miR21-5p expression was positively corre-
lated with the coronary VC Agatston score in patients with DVC
(Fig. 4F, P < 0.01). In contrast, TPM1 expression was negatively
correlated with the coronary VC Agatston score (Fig. 4G,
P < 0.01). There were no significant differences in other tradi-
tional cardiovascular risk factors (blood pressure, heart rate,
smoking and alcohol consumption, and lipid metabolism), serum
calcium and phosphorus levels, and renal function between the
two groups (P > 0.05). In addition, immunofluorescence staining
was performed for TPM1 and aSMA in the aortas of patients with
diabetic CAC and healthy volunteers for validation. As expected,
the expressions of TPM1 and the contractile marker «SMA were
consistently decreased in calcified arteries (Fig. 4H). In conclu-
sion, these data collectively suggested that the miR21-5p/Tpml
axis is involved in the progression of DVC and may be a key
pathway for the anti-DVC effect of CMIT.

3.4.  Overexpression of miR21-5p promoted osteogenic
differentiation of VSMC through Tpml downregulation

VSMCs are the main site for the onset of DVC, and the differ-
entiation from a contractile to an osteogenic phenotype is a
critical part of VC onset. Next, we examined whether miR21-5p/
Tpmli affected the osteogenic differentiation of VSMCs. The
effects of miR21-5p on cell function and calcification of VSMCs
were observed by transfecting the miR21-5p mimic, the miR21-
5p inhibitor, and the corresponding NC (Fig. 5A). The results
showed that the miR27/-5p mimic significantly upregulated
miR21-5p expression in VSMCs, while the miR21-5p inhibitor
significantly inhibited miR21-5p expression in VSMCs, indi-
cating that the transfection was successful (Fig. 5B). CCK-8 and
scratch assays showed that compared with the NG group, VSMC
proliferation and migration were significantly enhanced in the
HGCM group (Fig. 5C and D). Compared with cells in the
HGCM group, overexpression of miR21-5p turther enhanced the
proliferation and migration of VSMCs, while inhibition of
miR21-5p ameliorated the excessive proliferation and migration
of VSMCs (Fig. 5C and D).

Alizarin red staining showed that the cells in the HGCM group
demonstrated scattered dark red calcified nodules compared with
the NG group after 7 days of induction with high glucose osteo-
genic medium. Compared with the HGCM group, calcification
was enhanced in cells in the miR2/-5p mimic group, while no
significant calcified nodules were observed in the miR21-5p in-
hibitor group (Fig. 5E). In addition, the calcium content of
HAVSMCs in each group was determined by colorimetric assay,
and the calcium content of cells in the HGCM group was signif-
icantly higher than that in the NG group. Compared with cells in
the HGCM group, the calcium content of cells in the miR21-5p
mimic group was further increased. In contrast, that of cells in the
miR21-5p inhibitor group was significantly decreased, which was
consistent with the results of alizarin red staining (Fig. SF). These

findings indicated that overexpression of miR21-5p promoted
VSMC calcification in vitro, while inhibition of miR2I-5p
inhibited this process. Next, the levels of contractile and osteo-
genic proteins in HAVSMCs in each group were further examined.
As expected, miR21-5p overexpression promoted the osteogenic
differentiation of VSMCs, including upregulation of osteogenic
proteins RUNX2 and BMP2, as well as downregulation of con-
tractile proteins «SMA and SM22« (Fig. 5G and H). Inhibition of
miR21-5p reversed this process (Fig. 5G and H). It was further
found that miR21-5p downregulated TPM1 expression in VSMCs
at both transcriptional and protein levels (Fig. 5SI—L), which was
consistent with the results of a previous study®>. These findings
suggested that miR21-5p was a key regulator of the osteogenic
differentiation of VSMCs, and the regulation was possibly ach-
ieved through regulating the downstream target 7TPM1.

3.5.  Tpml silencing eliminated the anti-osteogenic
differentiation effect of miR21-5p inhibitor for VSMCs

To verify whether the regulation of VSMC osteogenic differenti-
ation by miR21-5p requires mediation by TPM1, the effects of
TPM1 siRNA on the function and osteogenic differentiation of
VSMC were examined with silenced miR2/-5p. Compared with
cells transfected with control siRNA, TPMI expression was
significantly downregulated in VSMCs transfected with TPMI
siRNA (Fig. 6A). CCK-8 and scratch assays showed that TPM1
siRNA significantly eliminated the inhibitory effect of the miR21-
5p inhibitor for the hyperproliferation and migration of cells
(Fig. 6B—D). Similarly, alizarin red staining and calcium content
assay showed that TPM1I siRNA blocked the inhibitory effect of
the miR21-5p inhibitor on VSMC calcification (Fig. 6E and F). In
addition, WB results showed that the downregulation of BMP2
and RUNX2 expressions, as well as the upregulation of aSMA
and SM22« expressions in VSMCs by the miR21-5p inhibitor,
were also inhibited by 7PM1 siRNA (Fig. 6G and H). PCR and
WB assays further confirmed the direct negative regulatory rela-
tionship between miR21-5p and TPM1 (Fig. 61—L). In conclusion,
these findings suggest that Tpm/ plays a key role in the regulation
of osteogenic differentiation of VSMC by miR21-5p. Inhibition of
the miR21-5p/Tpml axis may be a potential strategy for treating
osteogenic differentiation of VSMC and DVC.

3.6.  Overexpression of miR21-5p reversed the anti-DVC effect
of CMIT

To further determine the role of the miR21-5p/Tpml axis in the
CMIT treatment of DVC, an AAV-miR21-5p overexpression
driven by U6 promoter was constructed to induce the over-
expression of miR21-5p in rats (Fig. 7A). AAV-miR21-5p over-
expression/NC was injected intravenously via the tail vein 1 week
after STZ injection, and CMIT therapy was performed for 4 weeks
continuously starting from 4 weeks after the injection (Fig. 7A).
The injection of AAV-miR21-5p OE can significantly increase the
expression of miR21-5p in rat aorta (Fig. 7B). During the exper-
iment, compared with the CON group, a substantial increase in
blood glucose level and a significant decrease in body weight were
observed in the DVC group (Supporting Information
Fig. S6A—S6D), and the fluctuations of body weight and blood
glucose level in the intervention groups were comparable to those
in the DVC group. Whereas in terms of food intake, no significant
effects of calcification and fasting were observed (Fig. S6E and
S6F). Alizarin red staining showed that overexpression of



362 Wenting Wang et al.

Figure S miR21-5p promotes osteogenic differentiation of VSMCs by regulating Tpmi. (A) Schematic diagram of the cellular experiments.
In vitro, calcification of HAVSMCs was induced by using high glucose and osteogenic medium. The calcified HAVSMCs were treated with
miR21-5p mimic or inhibitor, respectively, and the corresponding NC groups were set to observe the cell function, degree of calcification, and
expression level of contractile proteins; (B) Expression level of miR21-5p after transfection with miR2/-5p mimic or inhibitor (n = 6); (C) CCK-8
assay to determine the proliferative activity of HAVSMCs in each group (n = 3); (D) Left: scratch assay to determine cell migration of
HAVSMC:s in each group at 24 h (n = 3, 20 x ), right: migration rate of HAVSMCs in each group (n = 3); (E) Representative images of alizarin
red staining of HAVSMCs in each group (n = 3). The upper panel shows the overall calcification staining in the culture dishes of different
treatment groups, and the lower panel shows the calcified areas observed under the microscope (4 x ); (F) Calcium content of HAVSMCs in each
group (n = 3); (G) Representative WB images of RUNX2, BMP2, «aSMA, and SM22« expressions in the HAVSMCs in each group (n = 3); (H)
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miR21-5p significantly aggravated VC in diabetic rats. Although
CMIT therapy alleviated VC to a large extent, the above protective
effect was eliminated when miR21-5p was overexpressed
(Fig. 7C—F). Then, the serum calcium, phosphorus, and ALP
levels of rats in each group were examined. Compared with the
CON group, the serum calcium, phosphorus, and ALP levels of
rats in the DVC group were significantly increased. miR21-5p
overexpression further increased the serum calcium levels of rats
but had little effect on serum phosphorus and ALP levels.
Meanwhile, no significant impact of CMIT therapy on serum
calcium, phosphorus, and ALP levels was observed (Fig. 7G—I).
In addition, aortic calcium levels and ALP activity in rats with
miR21-5p overexpression were significantly higher than those in
rats of the DVC group and the corresponding NC groups. CMIT
therapy was effective in decreasing aortic calcium levels, and ALP
activity; however, the above effects were suppressed after miR21-
5p overexpression (Fig. 7J and K). Similarly, miR21-5p over-
expression also significantly promoted the osteogenic differenti-
ation of VSMC in vivo. CMIT therapy inhibited the osteogenic
differentiation of VSMC in rat aorta, including the downregulation
of Bmp2 and Runx2 expressions as well as the upregulation of
aSMA and Sm22« expressions. However, the above effects dis-
appeared after miR21-5p overexpression (Fig. 7L and M). These
findings suggested that the miR21-5p/Tpm1 axis is essential for the
treatment of DVC by CMIT.

3.7.  CMIT inhibited the activation of the miR21-5p/Tpml axis
in vivo

Next, the effects of the CMIT therapy on the aortic miR21-5p/
Tpml axis at the transcriptional and protein levels were observed.
As expected, the CMIT therapy significantly decreased aortic
miR21-5p levels (Fig. 8A), restored miR2I-5p-mediated down-
regulation of 7pml and the contractile phenotype of VSMCs
(Fig. 8B—F), and inhibited the activation of the miR21-5p/Tpml
axis in vivo (Fig. 8A—C and G). All these findings suggested that
CMIT exerted a therapeutic effect on DVC by inhibiting the
activation of the miR21-5p/Tpml axis and preventing the osteo-
genic transformation of VSMC.

4. Discussion

VC is a vascular pathological marker and predictor of cardio-
vascular risk in patients with diabetes®. Early prevention and
treatment of VC are important for preventing advanced target
organ damage. However, due to its variable clinical manifestations
and complex pathogenesis, there has still been a lack of effective
therapeutic options. Previous studies have shown that early
intervention with TCM can effectively slow the progression of
VC, preserve vascular integrity, and serve as an important strategy
for preventing damage to target organs such as the heart and
kidney®’. However, since VC results from the accumulation of
multiple metabolic risk factors, pharmacological treatment alone
is often insufficient to achieve long-term disease control.

Therefore, incorporating healthy lifestyle management is essential
to complement the clinical prevention and treatment of VC. IF as
an effective dietary intervention, is increasingly recognized as a
promising approach to alleviating various cardiometabolic disor-
ders’®, particularly in individuals with metabolic conditions such
as diabetes. Moreover, IF has the potential to reduce the dosage
requirements of medications in diabetic patients, thereby showing
great promise as part of a combination therapy®’. However, the
metabolic benefits of IF are closely tied to caloric intake and are
significantly influenced by patient adherence over time. In-
dividuals may develop compensatory behaviors such as “rebound
eating”, which could diminish or even negate the beneficial
metabolic effects of IF*’. Emerging evidence indicates that
although IF can initially reduce blood glucose levels in severe
diabetic mouse models, after approximately four months of sus-
tained intervention, these mice develop “IF-resistant” character-
ized by rising blood glucose levels and reduced autophagic flux*'.
These findings suggest that relying solely on IF may be insuffi-
cient for the stable and sustained management of chronic meta-
bolic diseases, underscoring the need for more robust and
synergistic combination strategies.

In this study, we innovatively proposed a combined interven-
tion integrating TCM and IF, and established a comprehensive
therapeutic approach—CMIT—for the prevention and manage-
ment of DVC. This approach aims to alleviate the medication
burden in diabetic patients through IF, while leveraging the multi-
target regulatory effects of TCM to reinforce and prolong the
metabolic benefits conferred by IF. Among them, TCM with
DLTM has been proven to be effective in improving VC in dia-
betic rats during the early stage®. At the same time, IF has been
shown to exert significant therapeutic effects on systemic and
micro-vascular dysfunction in DM®. The efficacy of CMIT in
improving calcium and phosphorus metabolism and ameliorating
VC in diabetic rats was significantly better than that of DLTM and
IF monotherapies. In terms of mechanism of action, the effects of
CMIT were related to the regulation of the miR21-5p/Tpml axis,
as CMIT prevented the osteogenic differentiation of VSMC by
inhibiting the activation of the miR21-5p/Tpml axis, thus
improving DVC.

Diabetes-induced systemic metabolic disorders, including im-
balances in blood glucose and calcium and phosphorus meta-
bolism, are the initiating factors of VC*¢. Hyperglycemia induces
local oxidative stress and endothelial cell dysfunction through
abnormal glucose metabolism pathway“, which stimulates
excessive migration, proliferation, and osteogenic differentiation
of VSMCs in the tunica media**. The imbalance of calcium and
phosphorus metabolism is also a key factor for pathological VC
onset***¢_In this study, significant disorders of the blood glucose
and calcium-phosphorus metabolism, as well as elevated FBG,
serum calcium, and ALP levels, were observed in rats with DVC,
which corresponded to severe VC injury. DLTM, IF, and CMIT
interventions partially ameliorated VC and reduced serum calcium
and ALP levels in diabetic rats. In particular, CMIT was superior
to DLTM and IF monotherapies in improving calcium-phosphorus
metabolism and reducing VC area, suggesting that DLTM and IF

Quantitative analysis of RUNX2, BMP2, «SMA, and SM22« expressions in (G) (n = 3); (I) Representative WB images of TPM1 expression in
HAVSMC:s in each group (n = 3); (J) Quantitative analysis of TPM1 expression in I (n = 3); (K) miR21-5p expression levels in HAVSMCs in
each group (n = 3); (L) TPMI mRNA levels in HAVSMCs in each group (n = 3). Data are expressed as mean + SEM. Compared with NG,
#P < 0.05, ™ P < 0.001. Compared with the HGCM group, P < 0.05, P < 0.01, ""P < 0.001. Compared with mimic/inhibitor in the NC

group. ¢ P < 0.05, ¥4 p < 0.001.
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Figure 6 TPM] silencing counteracts the effect of miR21-5p inhibitor on the osteogenic differentiation of VSMC. (A) The mRNA expression
level of TPM1 after transfection with 7PM1 siRNA or siRNA (n = 6); (B) CCK-8 assay to determine the proliferative activity of HAVSMCs in
each group (n = 3); (C) A scratch assay to determine the cell migration of HAVSMCs in each group at 24 h (n = 3, 20 x ); (D) HAVSMCs
migration rates in each group (n = 3); (E) Representative images of alizarin red staining of HAVSMC:s in each group (n = 3). The upper graph
shows the overall calcification staining in culture dishes of different treatment groups, while the lower graph shows the calcified area observed
under the microscope (4 x ); (F) Calcium content of HAVSMCs in each group (n = 3); (G) Representative WB images of RUNX2, BMP2,
aSMA, and SM22« expressions in the HAVSMCs in each group (n = 3); (H) Quantitative analysis of RUNX2, BMP2, «SMA, and SM22«
expressions in G (n = 3); (I) Representative WB images of TPM1 expression in HAVSMCs in each group (n = 3); (J) Quantitative analysis of
TPMI expression in (I) (n = 3); (K) miR21-5p expression level in each group of HAVSMCs (n = 3); (L) TPM1 mRNA levels in HAVSMCs in
each group (n = 3). Data are expressed as mean == SEM. Compared with NG, P < 0.05, P < 0.01, P < 0.001; compared with the HGCM
group, P < 0.05, “P < 0.01, P < 0.001; compared with miR2I-5p inhibitor + siRNA, P < 0.05, ““P < 0.01, ¢““P < 0.001.
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Figure 7  MiR21-5p overexpression eliminates the anti-VC effect of CMIT. (A) Schematic diagram of animal experiments. Injecting AAV
miR21-5p overexpression/NC constructed miR21-5p overexpression and control rat models via the tail vein. DVC was induced using STZ in
combination with vitamin D3 to observe the effect of miR21-5p overexpression on the anti-calcification effect of CMIT; (B) Expression levels of
miR21-5p in the rat aorta in miR21-5p NC and miR21-5p OE group (n = 5); (C) Representative image of the alizarin red pathological staining of
the entire aorta in each group of rats (n = 3); (D) Quantification of alizarin red staining of the entire aorta (n = 3); (E) Quantification of alizarin
red staining of the aortic arch of rats in each group (n = 3); (F) Representative images of alizarin red staining of the aortic arch of rats in each
group (n = 3); (G) Serum calcium level of rats in each group (n = 5); (H) Serum phosphorus level of rats in each group (n = 5); (I) Serum ALP
level of rats in each group (n = 5); (J) Aortic calcium level of rats in each group (n = 5); (K) Aortic ALP activity of rats in each group
(n = 4-5); (L) Representative WB images of Runx2, Bmp2, aSMA, and Sm22« expressions in the aorta of rats in each group (n = 3); (M)
Quantitative analysis of Runx2, Bmp2, «SMA, and Sm22« expressions in (L) (n = 3). Data are expressed as mean = SEM. Compared with CON
7P < 0.05,"P < 0.01, ™ P < 0.001; compared with the DVC group, "P < 0.05, P < 0.01, “"P < 0.001. Compared with the CMIT + miR21-5p
NC group, 4P < 0.05, “4*P < 0.01, “““P < 0.001.
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Figure 8 MiR21-5p/Tpml axis mediates the anti-DVC effect of CMIT. (A) Expression levels of miR2/-5p in the rat aorta in each group
(n = 3); (B) Representative WB images of Tpm1 expression in the rat aorta in each group (n = 3); (C): Quantification of Tpmlexpression in the
rat aorta in each group in (B) (n = 3); (D) Representative images of immunofluorescent staining of «SMA (green) and Tpm1 (red) in rat aortic
sections in each group, with cell nuclei re-stained with DAPI (blue) (n = 3, 20 x ); (E) Quantitative analysis of fluorescence intensity of aSMA in
(D) (n = 3); (F) Quantitative analysis of fluorescence intensity of Tpml in (D) (n = 3); (G) TpmI mRNA levels in the rat aorta in each group
(n = 3). DAPI: diamidino phenylindole. Data are expressed as mean &= SEM. Compared with CON, *P < 0.05, P < 0.001; compared with the

kot

DVC group, P < 0.01,

synergistically enhanced the regulation of calcium-phosphorus
homeostasis and vascular repair. In addition, we independently
identified the anti-calcification prototype compounds in DLTM
and simulated the effect of CMIT on VSMCs in vitro by
combining these compounds with intermittent serum deprivation.
Consistent with the in vivo findings, co-treatment with IF signif-
icantly enhanced the effects of DLTM compounds (resveratrol,
rosmarinic acid, tanshinone IIA, etc.) in inhibiting excessive cell
proliferation and reducing intracellular calcium levels. These re-
sults further support the potential of CMIT to inhibit calcium
deposition and delay the progression of vascular calcification both
in vivo and in vitro. These findings prompted a deeper

P < 0.001; compared with the CMIT + miR2I-5p NC group, P < 0.05, %P < 0.01, “*¥P < 0.001.

investigation into the molecular targets and mechanisms under-
lying CMIT’s therapeutic effects.

Transcriptomics sequencing is important for understanding
TCM combinations with multiple targets as well as therapeutic
regimens combining multiple interventions, as it can compre-
hensively reveal the dynamics of the gene regulatory network of
the organism®’. In this study, CMIT significantly affects the aortic
transcriptome profile of rats with DVC, involving more DEGs than
that of DLTM and IF. Enrichment analysis showed that these
DEGs affected a large number of biological processes and path-
ways, including cardiac contractile regulation and muscle cell
development, which were also related to the phenotypic trans-
formation of VSMCs*®, calcium signaling malfunctions*’, and
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Figure 9

hemodynamic disorders®® during the onset of VC. Through PPI
analysis, attention was drawn to Tpml. Tpml belongs to the
tropomyosin family. It is an actin-binding protein that is widely
distributed in cells and regulates cell shape, strength, and mo-
lecular signaling by modulating the interaction between actin and
myosin?®. Recently, TpmI has been found to be closely related to
the state and phenotypic transformation of VSMC. The gene
expression of Tpml in rabbit VSMC was correlated with the
dedifferentiated state of VSMC, and the upregulation of TpmI
suggested the transformation of VSMC into a contractile pheno-
type®!. Activation of endogenous 7pml inhibited tissue necrosis
factor-a-induced inflammatory response in VSMC, reduced the
expression of adhesion molecules vascular cell adhesion
molecule-1 and intercellular adhesion molecule-1, and down-
regulated the levels of intranuclear inflammatory genes NFxB and
CCN4, thus maintaining the normal contractile phenotype of
VSMC?™. In this study, significant downregulation of Tpml was
observed in the aorta of rats with DVC, in an in vitro model of
VSMC calcification, as well as in the peripheral blood and aorta of
patients with diabetic CAC. The impact of such a phenomenon
was closely related to the osteogenic differentiation of VSMC.
CMIT also has an independent regulatory effect on Tpml as it
could reverse the downregulation of 7pml/ induced by DVC.
Subsequently, we further confirmed that in vivo knockdown of
Tpml exacerbated arterial calcification and simultaneously abol-
ished the anti-calcification effects of CMIT. These findings pro-
vide direct evidence that Tpm1 serves as a critical target mediating
the therapeutic efficacy of CMIT against vascular calcification.
The regulation of gene expression is usually affected by mul-
tiple mechanisms. As important upstream regulators, miRNAs can
bind to the 3'UTR of mRNAs and regulate gene expression by
destabilizing mRNAs or affecting the translation efficiency of
mRNAs>?. Previous studies have shown that miRNAs regulate
Tpml to influence the progression vascular diseases such as
atherosclerosis  and  vascular  dementia®*™. Therefore,

CMIT alleviates vascular calcification by inhibiting the activation of miR21-5p/Tpml axis.

bioinformatics analysis was performed to further explore whether
miRNAs are involved in regulating 7pml! expression in DVC. It
was found that miR21-5p negatively regulated Tpml to promote
calcification in vivo and in vitro. miR21-5p was closely involved in
the osteogenic differentiation of cells. It promoted osteogenic
differentiation by improving the development of the actin cyto-
skeleton, promoting the expression of osteogenic markers, and
inhibiting osteoblast maturation®®>”. Previous dual-luciferase as-
says demonstrated that the seed sequence of Tpm/ in the mRNA
3-UTR is complementary to miR21-5p°%, providing direct evi-
dence that Tpml is a downstream target mRNA of miR21-5p.
Furthermore, studies have shown that the activation of miR21-5p
in the aorta reduces cytoskeletal stability and promotes the
phenotypic transformation, migration, and proliferation of VSMC
through the downregulation of TpmI”’. other research indicates
that miR21-5p targeting Tpml is involved in high glucose-induced
VSMC osteogenic differentiation. Under high glucose conditions,
miR21-5p is activated, inhibiting the expression of its downstream
target Tpml. This activation leads to downregulation of the con-
tractile protein «SMA and upregulation of the osteogenic protein
OPN, promoting the transformation of VSMCs into an osteogenic
phenotype®®. This study also showed that miR2I-5p over-
expression significantly reduced the mRNA and protein levels of
Tpml, which led to the over-proliferation, migration, and calcifi-
cation of VSMCs, which in turn aggravated DVC. Tpml is an
actin-binding protein and is closely related to the formation, sta-
bilization, and regulation of cytoskeletal actin filaments. Cyto-
skeletal reorganization, a process mediated by Tpml, is essential
for cell shape change, cell proliferation, and migration®®'. Tpm1
deficiency would result in the dysregulation of the movement and
contraction of actin filaments, which may lead to cytoskeletal
reorganization, resulting in cell proliferation and excessive
migration®®. Meanwhile, the downregulation of Tpm/ also inhibits
the stable binding of «SMA in stress fibers, resulting in reduced
contractile properties and enhanced phenotypic differentiation
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potential of myocytes®. We hypothesized that overexpression of
miR21-5p would lead to significant inhibition of Tpm/ and further
downregulation of the contractile proteins «SMA and Sm22a«,
leading to the destabilization of cellular stress fibers. Such struc-
tural change was accompanied by a significant upregulation of the
expressions of osteogenic proteins Runx2 and Bmp2, which pro-
moted the differentiation of VSMC toward an osteogenic pheno-
type and ultimately led to the production of calcification nodules
and the massive deposition of calcium salts, resulting in VC.

Furthermore, to elucidate whether the anti-calcification effect
of CMIT is associated with the miR21-5p/Tpml axis-mediated
phenotypic transformation of VSMCs, we established rat models
with either miR21-5p overexpression or negative control using
AAYV, followed by CMIT intervention. Our findings reveal that,
compared to the control group, rats with miR21-5p overexpression
exhibited a significant exacerbation of DVC and a concurrent
downregulation of Tpml expression in the aorta. Importantly,
CMIT therapy inhibits the activation of miR21-5p in the aorta and
restores the expression level of Tpml. This restoration inhibited
VSMC osteogenic differentiation, thereby alleviating DVC.
Notably, in the context of miR21-5p overexpression, the anti-DVC
effects of CMIT were completely reversed. These results suggest
that CMIT exerted its anti-DVC effects by inhibiting miR21-5p/
Tpml axis-mediated osteogenic differentiation of VSMCs (Fig. 9).

A limitation of this study was that only the effect of time-
restricted fasting in combination with DLTM was tested, and the
effect of alternate-day fasting or other IF methods in combination
with DLTM on ameliorating DVC was not explored. Additionally,
the upstream transcriptional regulators of miR21-5p expression,
which modulate its effects on cytoskeletal targets, remain un-
identified. Besides TpmlI, miR21-5p also acts on other cytoskeletal
proteins, such as Gelsolin®. Studies have shown a direct associ-
ation between gelsolin and the progression of abdominal aortic
calcification®. The synergistic role of Tpml, gelsolin, and other
cytoskeletal proteins in the regulation of VC should be investi-
gated in the future.

5. Conclusions

In this study, we proposed and demonstrated for the first time that
combining TCM and IF prevents the osteogenic differentiation of
VSMC by inhibiting the activation of the miR21-5p/Tpml axis,
thus exerting therapeutic effects on DVC, which provided new
evidence for combining TCM and diet in the prevention and
treatment of patients with DVC.
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