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ARTICLE INFO ABSTRACT
Keywords: Background: Zhuang-Gu-Fang (ZGF) has been proved to treat osteoporosis in ovariectomized rats
Zhuang-gu-fang by increasing osteogenic related factors Leptin, Ghrelin and Peptide YY(PYY). However, the

Diabetic osteoporosis

mechanism of ZGF in the treatment of diabetic osteoporosis (DOP) remains unclear. The aim of
Type H vessel

this study was to explore the therapeutic effect of ZGF on DOP and its potential molecular

Notchl .
Noggin mechanism.
VEGF Methods: Using GK rats as models, the pharmacodynamic effects of ZGF on bone loss were

evaluated by hematoxylin-eosin (H&E) staining and micro-computed.

tomography (micro-CT). The expression levels of CD31 and endomucin (Emcn) were detected by
immunofluorescence to assess the role of ZGF in angiogenic osteogenic coupling. Finally, real-
time quantitative PCR (RT-PCR) and Western Blot (WB)were used to detect the expression
levels of osteogenic and angiogenesis-related genes and proteins Notchl, Noggin and vascular
endothelial growth factor (VEGF).

Results: Administration of ZGF demonstrated a significant mitigation of bone loss attributable to
elevated glucose levels. H&E staining and micro-CT showed that ZGF notably improved the
integrity of the trabecular and cortical bone microarchitecture. Moreover, ZGF was found to
augment the density of type H vessels within the bone tissue, alongside elevating the expression
levels of Osterix, a transcription factor pivotal for bone formation. Furthermore, our findings
suggest that ZGF facilitates the activation of the Notchl/Noggin/VEGF pathway, indicating a
potential mechanism through which ZGF exerts its osteoprotective effects.

Conclusion: Our results suggest that ZGF potentially facilitates the formation of type H vessels
through the Notch1/Noggin/VEGF pathway. This action not only enhances angiogenic-osteogenic
coupling but also contributes to the improvement of bone structure and density. Consequently,
ZGF emerges as a promising therapeutic agent for the prevention and management of DOP, of-
fering a novel approach by leveraging angiogenesis-dependent osteogenesis.
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1. Introduction

Diabetes osteoporosis (DOP) is a chronic metabolic disease, which is related to bone metabolism changes and bone microstructure
damage caused by long-term exposure to the environment of diabetes [1]. This is considered to be one of the serious chronic com-
plications of diabetes. A large number of studies have found that diabetes is positively correlated with fracture risk [2-4]. A
meta-analysis conducted by Shah et al. showed that the risk of hip fracture in patients with type I diabetes is 4-5 times higher than that
in non-diabetic patients [5]. Similarly, another study highlighted that patients with suboptimal glycemic control in type 2 diabetes
exhibit a 47%-62% increased risk of fracture in compared with non-diabetic patients or those with good glycemic control [6]. With the
rapid increase of diabetes population, the cost of fracture treatment for diabetic patients has increased due to complications such as
prolonged wound healing time [7]. Therefore, it is necessary to formulate effective strategies to prevent bone loss and osteoporosis
caused by diabetes mellitus (DM).

Bone is a tissue filled with a functional vascular network [8]. Blood vessels within bone not only provide a structural framework for
bone development but also enrich the osteogenic microenvironment with key elements such as minerals, growth factors, and osteo-
genic progenitor cells [9]. Previous studies focused on the effect of DM on bone metabolism disorders [10]. However, more and more
recent evidence supports that DM induced osteovascular disease is another important cause of diabetes osteoporosis [11,12]. Changes
in the vascular supply of bones (especially cortical bones) may impair bone formation [13]. Type H vessel is a newly discovered
vascular subtype, which mainly exists in bone tissue. It mediates the local growth of vascular system, provides microenvironment
signals for osteoprogenitors, and can couple angiogenesis and osteogenesis [14]. There is a causal relationship between the number of
type H vessels and osteoporosis [15,16], and inducing the formation of type H blood vessels can stimulate bone formation [17,18]. This
suggested that enhancing type H angiogenesis and osteogenesis could be a potential molecular pathway for the therapy of
diabetes-induced osteoporosis.

The theoretical system of traditional Chinese medicine (TCM) posits that the fundamental cause of osteoporosis is “kidney defi-
ciency” [19]. The root cause of diabetes is the deficiency of “qi” and “yin” [20]. Both “Kidney deficiency” and deficiency of “qi” and
“yin” can lead to blood stasis. Based on the above pathological characteristics, our research group selected six traditional Chinese
medicines, including Epimedium Herb, Eucommia Bark, Rhizoma Dioscoreae, Milkvetch Root, Salvia Miltiorrhiza, and Radices
Pseudoginseng, to formulate ZGF. TCM holds that Epimedium Herb and Eucommia Bark are effective in “tonifying the kidney” and
“strengthening bones” [21,22]. Recent studies have found that extracts from Epimedium Herb, Eucommia Bark, and Rhizoma Dio-
scoreae can increase bone mineral density (BMD) and repair fractures in cancellous bone and trabeculae [23-25]. Milkvetch Root is not
only widely used for “tonifying qi”, but also exhibits anti-diabetes activity [26,27]. Extracts from Salvia Miltiorrhiza and Radices
Pseudoginseng are known to repair vascular endothelial damage and regulate blood circulation [28,29]. Therefore, ZGF complies with
the treatment principles of DOP.

The previous research [30] has confirmed that ZGF can treat osteoporosis in ovariectomized rats by increasing the levels of
osteogenic related factors leptin, Ghrelin and PYY. Our clinical research also demonstrates that ZGF has excellent efficacy in treating
postmenopausal low bone mass populations and DOP [31,32]. However, the potential and mechanisms of ZGF in the treatment of DOP
have not yet been elucidated. It has been found that the increase of leptin level can enhance the expression of vascular endothelial
growth factor (VEGF) [33], the most important angiogenic factor in the body. Promoting the release of VEGF in the bone matrix is
beneficial for bone angiogenesis [34]. Many findings suggest that VEGF is a vital factor in the tight integration of angiogenesis and
osteogenesis during fracture repair [35]. In addition, Wang et al. found that Ghrelin may promote angiogenesis through Jagged1/-
Notch2/VEGF pathway [36]. Therefore, we speculate that ZGF may interfere with DOP by regulating bone angiogenesis.

The purpose of this study is to verify whether ZGF can interfere with the formation of type H vessels and the potential molecular
pathway to treat high glucose induced bone loss. GK rats were treated with different doses of ZGF. After 12 weeks, we observed the
morphology of rat bone tissue and the level of type H angiogenesis, and detect the expression of mRNA and protein related to
osteogenesis and angiogenesis.

2. Materials and methods
2.1. Animals

Four-month-old SPF male GK rats (i.e., Goto-Kakizaki rats, a model rat in the early stage of non-obese type 2 diabetes, weighing
340-380 g) exhibit pathological characteristics similar to the clinical manifestations of human type 2 diabetes [37], making them

Table 1
Composition of ZGF.
Latin scientific name Chinese name Amount used (g)
Epimedium sagittatum (Sieb. et Zucc.) Maxim. Berberidaceae Yinyanghuo 30
Astragalus membranaceus (Fisch.) Bge. Leguminosae Huangqi 20
Dioscorea opposita kunb. Dioscoreaceae Shanyao 15
Eucommia ulmoides Oliv. Eucommiaceae Duzhong 15
Salvia miltiorrhiza Bge. Labiatae Dansheng 15
Panax notoginseng (Burk.) F. H. Chen. Araliaceae Tianqi 10
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suitable for simulating diabetic osteoporosis. 4-Month-old Wistar rats (weighing 280-320 g) were purchased from Changzhou Cavens
Laboratory Animal Co., Ltd. (Laboratory animal license No. SCXK (Su) 2016-0010). Feeding environment: room temperature
25 °C-28 °C, ventilation, natural lighting, free eating and drinking of rats.

2.2. Drugs

ZGF (Table 1) was purchased from the First Affiliated Hospital of Guangxi University of Traditional Chinese Medicine, conforming
to the standards of the 2015 edition of the Pharmacopoeia of the People’s Republic of China. It was identified by Professor Tian Hui
from the Department of Traditional Chinese Medicine Identification at Guangxi University of Traditional Chinese Medicine. The
specific preparation method refers to the previous literature [30]. Calcium carbonate D3 (Beijing Zhendong Kangyuan Pharmaceutical
Co., Ltd., Batch N0.20190357). Calciferol « (Chongqing Yaoyou Pharmaceutical Co., Ltd., Batch No.19071820). Metformin (Shandong
Shibangde Pharmaceutical Co., Ltd., Batch No.1920813).

2.3. Animals and experimental design

Fifty 4-month-old GK rats were randomly divided into model control group (MG), positive control group (PC 85 mg kg~! Calcium
carbonate D3 and 0.1 pg kg ! Calciferol o treatment), low dose group of ZGF (ZGF-L 5.5 g kg ! ZGF treatment), medium dose group of
ZGF (ZGF-M 11 g kg~ ! ZGF treatment), and high dose group of ZGF (ZGF-H 22 g kg~ ZGF treatment) using a random number table
method, with 10 animals in each group. Additionally, ten 4-month-old Wistar rats were taken as the blank control group (BC). Both the
BC and MC groups were given an equal volume of physiological saline by gavage. The other four groups received their respective anti-
osteoporosis treatments on the basis of administering metformin tablets 200 mg kg™ by gavage to reduce blood sugar. The dose
administered to each rat by gavage was calculated based on the equivalent adult dose of body surface area [38]. Intragastric
administration was performed once daily for 12 weeks, after which the animals were sacrificed, and tibiae were collected for further
analysis.

2.4. Histological analysis

The tibiae from the right hind limbs of rats from the six groups were collected, focusing on the metaphyseal portion. The soft tissue
attached to the tibia was dissected away and the bone were fixed in 4% paraformaldehyde solution for 24 h. The tibiae were then
decalcified in 7% EDTA for 14 days, dehydrated step by step through ethanol, and then embedded in paraffin to make paraffin sections
[371. The sections were deparaffinized in xylene, and hydrated in decreasing concentrations of alcohol. Next, the specimens were
stained with hematoxylin and eosin (Shanghai Zhanyun Chemical Co., Ltd., China), dehydrated and mounted, and images were
observed and collected using a light microscope (IX71, OLYMPUS, Japan).

2.5. Micro-computed tomography (micro- CT)

After 12 weeks of treatment, GK rats and Wistar rats were euthanized, and tibial specimens from rats in each group were analyzed
using micro-CT (Skyscan, Aartselaar, Belgium). The parameters for Skyscan 1176 micro-CT were set at 50 kV voltage, 800 pA current,
and 12 pm scan spatial resolution. After scanning, three-dimensional image reconstruction was performed using N-Recon, software
included with micro-CT. The CT-AN software was utilized to conduct a three-dimensional analysis of bone trabeculae in the region of
interest [7], obtaining the following parameters: bone volume/total volume (BV/TV), trabecular thickness (Tb-Th), trabecular number
(Tb-N), trabecular separation (Tb.Sp) structural model index (SMI) and BMD.

2.6. Immunofluorescence

Bone tissues from each group of rats were processed for routine paraffin embedding. The slices were incubated at 3% H,0,/PBS at
room temperature for 10 min to quench endogenous peroxidase activity. After rinsing with PBS, the slices were immersed in antigen
repair solution. Blocking was performed with 5% BSA. Then, anti-CD31 antibody (1:200; Abcam, ab24590, UK), anti-endomucin
(Emcn) antibody (1:200, Abbkine, ABP55560, China), and anti-Osterix antibody (1:1000, Abcam, ab209484) were added. The sli-
ces were incubated overnight at 4 °C, followed by washing with PBS. Corresponding Goat Anti-Rabbit (1:200, Proteintech, SAO0003-2,
USA) and Anti-Mouse (1:200, Proteintech, SA00009-1) secondary antibodies were added for 1 h. At last, the slices were stained with
Hochest (Solarbio, Beijing, China), dehydrated, mounted, and observed under a microscope.

2.7. RT-PCR analysis

Total RNA 5.0 pL was extracted from bone tissues using TRIzol reagent (Invitrogen, CA, USA). cDNA was obtained from total RNA
using a reverse transcription kit (Thermo, USA) following the manufacturer ‘s instructions. Subsequently, RT-PCR was performed using
the SYBR Green PCR kit (Thermo, USA). The PCR instrument preheat to 94 °C for 10 min, initiating the amplification cycle. In each
cycle, initial denaturation was performed at 94 °C for 20 s, then followed by 55 °C for 20 s and 72 °C for 20 s. This cycle was repeated
40 times. The expression differences of the target genes between groups were analyzed by the 2AACT method. Gapdh (1:5000,
Proteintech, 60004-1-Ig) was used as a normalization control. The RT-PCR primer sequences used in the study (Table 2).
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2.8. Western blot analysis

Bone tissue sample were ground with liquid nitrogen and then mixed with RIPA lysate solution. After sufficient lysis, the mixture
was centrifuged for 10 min, and the supernatant was collected. Measure the protein concentration using the BCA kit (KeyGEN Bio
TECH, China). Then, 5 x SDS loading buffer was added to the extracted proteins, which were subsequently heated in a boiling water
bath for 5 min. Equal amounts of protein lysates were separated by 10% SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred onto polyvinylidene difluoride membranes. The membranes were incubated overnight at 4 °C with anti-VEGF (1:1000, Boster,
BA0407), anti-Notchl (1:1000, Abcam, ab52627) and anti-Noggin antibodies (1:1000, Abcam, ab16054). After washing with TBST
buffer, horseradish peroxidase-labeled Goat Anti-rabbit (ZSGB-Bio, ZB2301) and Anti-Mouse (ZSGB-Bio, ZB2305) antibodies, diluted
at 1:5000, were added and incubated for 1 h at room temperature. The membrane was then treated with an appropriate amount of ECL
luminescent liquid (Beijing Dingguo Changsheng Biotechnology Co., Ltd., China) and imaged using an integrated chemiluminescence
instrument (ChemiScope 5300 Pro).

(We have provided an unprocessed original version of the Western blot experimental images in Additional file 1.)

2.9. Statistical analysis

All data are presented as mean =+ standard deviation (SD). Use the Normality and Lognormality Tests function of GraphPad Prism 9
software (GraphPad software, USA) to verify whether the data satisfy a normal distribution. If the distribution is normal and the
variance is homogeneous, differences between multiple groups are analyzed using one-way analysis of variance (ANOVA). Subse-
quently, Tukey test was used to determine whether the difference between any two groups was significant. If the variance is uneven,
use Brown-Forsythe and Welch ANOVA. Differences were judged to be statistically significant when P < 0.05.

3. Results
3.1. ZGF antagonizes bone loss, increases BMD and protects bone microstructure in GK rats

To evaluate the efficacy of ZGF on DOP, we conducted H&E staining and bone morphometric analysis on the tibia of rats after 12
weeks of different treatments. The data demonstrated a normal distribution and showed similar variation between groups. Micro-CT
analysis results showed that the cancellous bone mass in GK rats significantly decreased, the microstructure deteriorated, and bone
fragility increased (Fig. 1A-B). Treatment groups with Calcium carbonate D3 + calciferol a and ZGF improved bone loss to varying
degrees after intervention (Fig. 1A-B). Compared with the model group, both the PC group and ZGF group increased BMD, BV/TV, Tb.
Th, Tb. N in GK rats, and decreased Tb. Sp and SMI. The therapeutic effect of ZGF-H group was consistently better than that of the PC
group. The ZGF-L group showed a therapeutic effect only on BMD and SMI (Fig. 1C). H&E staining also revealed that following ZGF
therapy, the bone trabecular area in GK rats increased compared to the model group, the bone tissue structure became more compact,
and the bone marrow cavity decreased (Fig. 1 D). Overall, the improvement in bone tissue structure in ZGF-H group was more obvious.

3.2. ZGF promotes type H angiogenesis and osteogenic differentiation in GK rats

A defining characteristic of type H endothelial cells is their high expression of CD31 and Emcn [14]. We assessed the level of type H
angiogenesis by measuring CD31 and Emcn expression through immunofluorescence staining. According to the experimental results
(Fig. 2A-C), CD31 and Emcn were positively expressed in the BC group. However, they were expressed at considerably lower levels in
the GK rats. Following ZGF therapy, the expression levels of CD31 and Emcn increased, with the high-dose group exhibiting the most
significant effect. Treatment with Calcium carbonate D3 and calciferol « failed to affect the expression of CD31 and Emcn. These
findings indicate that ZGF possesses special functional properties in promoting the expression of CD31 and Emcn.

Osterix is a transcription factor related to osteoblast differentiation and bone formation. Osterix + osteoprogenitor cells are
selectively localized around the H-type endothelium and are contribute to bone formation by osteoblasts and chondrocytes [39]. In
Osx-deficient mice, the proliferation, maturation, and function of osteocytes are severely compromised, leading to the failure to ex-
press another osteogenic related transcription factor, Runx2 [40]. To investigate the role of ZGF in osteogenic differentiation, we

Table 2

Primer sequences.
Primer Sequence (5'-3")
VEGF (RAT)-RT-F GAGTATATCTTCAAGCCGTCCTGTGTG
VEGF (RAT)-RT-R GTTCTATCTTTCTTTGGTCTGCATTCA
GAPDH (RAT)-RT-F ACGACCCCTTCATTGACCTCAACTACA
GAPDH (RAT)-RT-R GACATACTCAGCACCAGCATCACCCCA
Notchl (RAT)-RT-F ACAGTGCCGAGTGTGAGTGGGATGG
Notchl (RAT)-RT-R CAGGAAGTGGAAGGAGTTGTTGC

GT

NOG (RAT)-RT-F CCAGCACTATCTACACATCCGCCCA
NOG (RAT)-RT-R GCGTCTCGTTCAGATCCTTCTCCTT
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Fig. 1. ZGF reduces bone loss in GK rats. (A-B) Representation of GK rat tibial metaphysis (2D) and bone microstructure (3D) in micro-CT images
for each group. (C) Quantitative analysis of bone morphological parameters of the tibial metaphysis in rats. (D) Rats from each group were stained
with H&E 12 weeks after receiving various treatments. The pink area indicated by the arrow is the trabecular bone. Scale, 50 pm *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 VS. MC group. *P < 0.05, **P < 0.01, **#P < 0.001, **##P < 0.0001 VS. PC group. P < 0.05, P <0.01, P <
0.001, P < 0.0001 VS. BC group, (n = 3). (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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utilized immunofluorescence staining to detect the expression of Osterix in bone tissue from rats in each group. We found that the
expression of Osterix in the MC group was significantly reduced. After treatment with calcium carbonate D3 + calciferol « and ZGF (11
g kg™! and 22 g kg™1), Osterix expression increased to different extents, but the effect was most pronounced in the ZGF-H (22 g kg™)
group (Fig. 3A-B). The above experimental results support the hypothesis that type H angiogenesis is accompanied by osteogenic
differentiation, providing evidence that ZGF can promote osteogenic coupling of angiogenesis.

3.3. ZGF promotes the activation of Notchl/noggin/VEGF pathway

We showed in the above study that type H angiogenesis occurs in parallel with bone formation in GK rats treated with ZGF. To
further investigate the specific mechanism by which ZGF intervenes in angiogenic osteogenic coupling, we detected the expression
level of genes related to angiogenesis and osteogenesis. Research shows that the Notchl signal, one of Notch receptors, positively
influences the fracture healing process [41]. Noggin protein is a vascular endothelial secretion factor, which plays an important role in
the skeletal development system [42]. VEGF, a key regulator of angiogenesis, has been widely studied in the context of bone formation
[43]. These three factors are important mediators between angiogenesis and osteogenesis [3,28]. The results of the RT-PCR experiment
(Fig. 4 A) showed that the target genes Noggin, Notch1, and VEGF were expressed considerably lower in GK rat models compared to
the BC group. Following the intragastric administration of ZGF, the expression levels of these target genes increased to various extents,
with the high-dose treatment showing the most significant effect. Compared to the GK group, treatment with calcium carbonateDs +
calciferol a also increased the mRNA and protein expression levels of Noggin, but had no significant effect on VEGF and Notchl
expression levels. In addition, western bolt analysis was consistent with the trends observed in RT-PCR data (Fig. 4 B and C).

4. Discussion

The effect of diabetes on the bone marrow microenvironment has been underestimated. Several new studies conducted in mice, rats
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Fig. 2. ZGF increases the abundance of H-type blood vessels in bone tissue of GK rats. (A) Representative immunofluorescence images of CD31 and
Emcn staining in the metaphysis of Wistar and GK rats. (B-C) Analyzing CD31 and Emcn expression level quantitatively in Wistar and GK rats’
metaphyses. Scale, 20 p m. Data are expressed as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 VS. MC group. #p < 0.05, *#p <
0.01, ###p < 0.001, *###P < 0.0001 VS. PC group. P < 0.05, P < 0.01, P < 0.001, P < 0.0001 VS. BC group, (n = 3).
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Fig. 3. ZGF can mediate osteogenic differentiation in GK rats. (A) Representative immunofluorescence images of Osterix staining in the metaphysis
of Wistar and GK rats. (B) Analyzing Osterix expression level quantitatively in Wistar and GK rats’ metaphyses. Scale, 20 p m. Data are expressed as
mean =+ SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 VS. MC group. “P < 0.05, **P < 0.01, *##P < 0.001, *###p < 0.0001 VS. PC
group. P < 0.05, P < 0.01, P < 0.001, P < 0.0001 VS. BC group, (n = 3).

and humans have shown that diabetes can lead to a variety of bone marrow microenvironment defects, such as small vessel disease
(microvascular disease), nerve endings depletion (neuropathy), and impaired stem cell mobilization (mobility disease) [44]. Peng
et al. believe that in diabetes, the damage to angiogenesis is the main cause of reduced bone formation and imbalance [45]. The
discovery of type H blood vessels provides strong support for vascular dysplasia as a factor in the reduction of osteogenesis. Type H
vessels were mainly distributed in the metaphysis of bone, and type H endothelial cells (ECs) accounted for a very small proportion of
all ECs in bone, approximately 1.77%. However, Osterix + osteoprogenitor cells accumulated around these vessels directly affected
osteoblast differentiation [39,46]. Type H vessels can secrete active substances to provide a microenvironment for the osteogenic
lineage, and regulate the activity of perivascular skeletal cells through the paracrine pathway, so that angiogenesis and bone formation
are coupled to each other [14,47]. These results suggest that type H vessels coordinate the growth and differentiation of vascular tissue
and bone tissue may be the key factors to initiate bone regeneration [16].

In this study, we compared the amounts of CD31, Emcn, and Osterix expression in the rat bone tissues of each group. It was found
that the decreased expression levels of CD31, Emcn, Osterix in diabetes rats were accompanied by the decreased bone density, the
number of bone trabeculae, and the osteoporosis of bone structure. Therefore, it is speculated that the damage of type H vessel coupling
with osteogenesis may be one of the important reasons affecting the progression of diabetic osteoporosis. This result is consistent with
Hu et al.’s finding that intraosseous vascular abnormalities, particularly type H vessels, cause angiogenesis and osteogenesis to become
uncoupled in diabetic mice [11].

Currently, most anti-osteoporosis drugs mostly inhibit bone resorption, ignoring the relationship between impaired bone vascular
function and certain bone diseases. There has been limited research on the use of traditional Chinese medicine to treat diabetic
osteoporosis from the perspective of type H vessels. In this study, we demonstrate the effect of ZGF on the abundance of type H vessels
and the coupling of angiogenesis and osteogenesis. We used the conventional anti-osteoporosis drugs calcium carbonate D3 and
calciferol a, as positive controls and found that the combination of these two drugs had a certain delaying effect on high glucose-
induced bone loss, but the effect was consistently lower than that of the high dose ZGF group. However, the two drugs did not
significantly promote type H angiogenesis, indicating that the strategy of ZGF targeting type H vessels may be more advantageous for
treating DOP.

Previous studies have demonstrated that Notch signal is involved in type H angiogenesis [14,47]. The researchers found that Notch
signal was highly expressed in type H ECs. CD31 and Emcn expression decreased simultaneously with Notch signal after blocking
Notch signal using blockers [48]. Type H vascular ECs secrete many growth factors associated with osteoprogenitor cell survival and
proliferation, such as Noggin and VEGF, which are closely associated with bone formation and repair. Noggin is a secreted



X. Jin et al. Heliyon 10 (2024) e28014

A

< NOG & Notch1 < VEGF
r4 . Z =
g 15 2 15 5 1.5+
S € S
N Y e
[ [o] o
s 10 ) . s 107 L w s ol L
[ [ 7
3 ] i ] ¢ B
s - s . s .
0.5 = 0.5- 4
; B : - Foos{l L
2 - s >
5 B s
E 0.0 T T T 4 E 0.0- ° 0.0 T— T T
O O O Ly Q> O & O v N R x O O O v LY R
QT N Y &V Y« VT N Y LV Y & C20ER\ - A X
1@ 49 9 © S 4@ 1 19;( s
B
Noggin W -
Notchl WD e v - e
VEGF v - - - - - —
caron D D D G5 B -
BC MC PC ZGF-L ZGF-M ZGF-H
c < c
O 157 S 159 o 157
o - o
o % o iy
3£ 101 iy e o= 07 T s 104 ok
c 3 £L c® s
0 O 9 [} q—,g P
52 o e °-.Z. _ g2 -
a’s 0.5 Aan oy BN E. © 0.5 - '5. © 0.5+ AAAA
o o o T
2 2 >
5 k- 5
&’ 0.0 T T T & 0.0 T T T S o &’ 0.0 T T T
O O O v N R O @ L v O O O v N R
LI R g P R M e LR I A
&5 48 S P © QAP

Fig. 4. ZGF Promotes VEGF/Notch1/Noggin Pathway Activation. (A) RT-PCR was used to detect NOG, Notch1, and VEGF mRNA expression levels
in the tibial metaphysis of Wistar and GK rats. (B-C) Target proteins NOG, Notch1l, and VEGF expression levels were measured by Western blot in
the tibial metaphysis of Wistar and GK rats. (Uncropped Western blot images are included in Additional file 1.) Data are expressed as mean =+ SD. *P
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 VS. MC group. *P < 0.05, **P < 0.01, **#P < 0.001, **#*#P < 0.0001 VS. PC group. P < 0.05,
“P <0.01, P < 0.001, P < 0.0001 VS. BC group, (n = 3).

homodimeric glycoprotein that is involved in the functional regulation of osteoblasts and is closely related to cartilage repair [47]. It
has been found that endothelial cell-derived noggin can relieve bone loss by regulating type H angiogenesis [49]. Notch activation in
ECs is required for endothelial cell proliferation and stimulation of Noggin production. Noggin expression is significantly reduced in
mutants that specifically lack Notch activation in ECs, which interferes with osteogenic and chondrocyte development via their
vascular secretory function [43]. Angiogenesis is usually triggered by VEGF, and the key step is to induce proliferation and migration of
ECs [50]. VEGF is one of the main mediators promoting angiogenesis, and binding with VEGF receptors 1(VEGFR-1) and 2(VEGFR-2)
can promote bone repair [51]. When VEGF levels are persistently elevated, it can promote angiogenesis, restore revascularization,
increase blood flow, and affect bone growth and development by affecting tissue perfusion levels [52]. The proliferation of chon-
drocytes in the proliferative layer of the growth plate promotes bone development, while the underlying chondrocytes can secrete
VEGFA, which promotes type H blood vessels to invade the growth plate and drive bone differentiation [53]. Exogenous noggin can
increase alkaline phosphatase activity, promote osteogenic differentiation, and counteract angiogenic abnormalities brought on by
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decreased VEGF expression in chondrocytes when used at specific dosages [47,54]. This suggests that Notch, Noggin, and VEGF are
required for efficient coupling of angiogenesis and osteogenesis during skeletal development and repair.

In the current study, we found that Notch1, Noggin, and VEGF mRNA and protein expression levels were significantly decreased in
the tibial metaphysis of GK rats. This suggests that impaired Notch1/Noggin/VEGF pathway may be a specific mechanism by which
diabetic osteoporosis impacts type H vascular coupling to osteogenesis. In the bone tissue of diabetic rats, ZGF can enhance the
expression levels of mRNA and proteins associated to osteogenesis and angiogenesis, including Notch1, Noggin, and VEGF. The above
gene and protein expression levels were not significantly increased after calcium carbonate D3 combined with calciferol o treatment.
These results suggest that ZGF can activate Notch/Noggin/VEGF pathway to regulate type H vascular and osteogenic coupling.

This experiment did not set up a separate metformin treatment group, which cannot completely eliminate the role of metformin in
the treatment of osteoporosis. There may be a preference for therapeutic effects when comparing the ZGF treatment group and positive
control group with the model group. Both the ZGF treatment group and positive control group were treated with the same dose of
metformin. Therefore, the comparison of the therapeutic effects of ZGF with conventional anti osteoporosis drugs (calcium carbonate
D3 and calcitonin ) was not disturbed. There is no doubt that the high-dose group of ZGF has a stronger effect on promoting type H
angiogenesis than any other group, so the conclusion that ZGF may have more advantages in treating DOP through promoting type H
angiogenesis is still reliable. In addition, it is not yet clear whether there is a synergistic effect between ZGF and metformin when used
simultaneously. We will add the metformin alone treatment group and the ZGF alone treatment group in the next study to eliminate the
additional effects.

5. Conclusions

High glucose induced type H vascular injury may be the key factor in bone loss and damage to bone formation in DOP. ZGF can
enhance the coupling of type H vessels and osteogenesis by activating the Notch1/Noggin/VEGF pathway, improve bone density,
enhance bone tissue structure, and delay the progression of diabetes induced osteoporosis. Our results strongly support the clinical
application of ZGF. It also provides new insights into exploring early intervention targets for type H vascular injury and diabetes
induced osteoporosis.
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