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Osteoporosis (OP) is a metabolic disease characterized by bone formation and
resorption disturbances. Quanduzhong Capsule (QDZC) is a common treatment for
OP in China; however, the effective components and metabolites of the drug after oral
administration remain largely unknown. This study aims to identify the active
components, analyze the metabolite changes, and investigate the underlying mecha-
nism against OP. In the study, ovariectomy-induced rat OP model was established, then
treated with QDZC. Alendronate sodium tablets (ASTs) were used as a reference drug.
The chemical constituents of QDZC were analyzed by UPLGQTOF-MS (ultra-perfor-
mance liquid chromatography coupled with quadrupole time-of-flight mass spectrom-
etry) and network pharmacology. The metabolomics was used to analyze differences in
serum metabolites of rats in different groups [Sham, Model, Model + QDZC, and Model
+ AST] at 4, 8, and 12 weeks. Body weight and bone mineral density (BMD) were
assessed. Enzyme-linked immunosorbent assay was used to determine serum levels of
Akt, p-Akt, ERK, and p-ERK. Our data suggested 86 different chemicals from QDZC,
including nine core compounds. QDZC significantly requlated 25 biomarkers linked to
arachidonic acid metabolism and unsaturated fatty acid biosynthesis, and promoted
serum expression of Akt, p-Akt, ERK, and p-ERK. QDZC might act by activating PI3K-Akt
and MAPK signaling pathways. In addition, QDZC may use arachidonic acid derivatives
to inhibit osteoclast generation and bone resorption and enhance calcitriol formation
to improve calcium absorption and increase bone mass.
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Introduction

Osteoporosis (OP) is a common bone metabolism disease
resulting in bone fragility and fracture susceptibility.1 A 2022
epidemiological research report covering 11 provinces and
5,728 people in China found that among postmenopausal
women over age 40, the prevalence of OP was 32.5%
(95% confidence interval: 30.3-34.7%) and positively corre-
lated with age.2 Epidemiological studies from 2020 and 2021
clarified that age was closely associated with OP risk, and
China has the highest proportion of patients with OP world-
wide.># The 2000 Fifth National Census of China found that
6.96% of the total population was aged 65 years or more. The
percentage was expected to be 8.87% in 2010 and 13.5% in
2020. An aging population poses a series of challenges. For
example, by 2050, 150 million people are expected to be
diagnosed with OP, likely increasing China’s future medical
and socioeconomic burdens.

Duzhong (DZ) is the dry cortex of Eucommia ulmoides
Oliv.% and recorded in the ancient herbal medicine book
Shennong Ben Cao Jing. Quanduzhong Capsule (QDZC) is a
modern traditional Chinese medicine preparation recorded
in the Pharmacopoeia of the People’s Republic of China. Its
clinical applications include antihypertension, liver, and
kidney nourishment, and anti-OP. The main components in
DZ are iridoids, lignans, phenylpropanoids, organic acids,
steroids, and terpene.””'" However, QDZC’s components
remained largely unknown, and trace components are usu-
ally not captured by traditional methods. Therefore, relevant
biomarkers and the drug’s efficacy must be evaluated to
better understand QDZC'’s anti-OP mechanisms. This study
used ultra-performance liquid chromatography MSE mode,
quadrupole time-of-flight mass spectrometry (UPLC-QTOF-
MS), and network pharmacology and metabolism to illus-
trate QDZC’s anti-OP mechanisms.

Material and Methods

Materials and Chemicals

QDZCs (Lot number: 200701) were supplied by Jiangxi
Puzheng Pharmaceutical Co., Ltd. (Jiangxi, China). Alendro-
nate sodium tablets (ASTs) were purchased from CSPC Ouyi
Pharmaceutical Co., Ltd. (Hebei, China). The reference stan-
dard aucubin, catalpol, geniposidic acid, and chlorogenic acid
(purity > 98%) were purchased from the National Institutes
for Food and Drug Control (Beijing, China). Standard iso-
chlorogenic acid A (purity 98%) was purchased from Shang-
hai Boyun Biotech Co., Ltd. (Shanghai, China); pinoresinol
diglucoside, isochlorogenic acid C, neochlorogenic acid,
cryptochlorogenic  acid, deacetylasperulosidic  acid,
(—)-syringaresinol di-O-glucoside, and asiatic acid (purity
> 98%) were acquired from Shanghai Standard Technology
Co., Ltd (Shanghai, China); chenodeoxycholic acid (CDCA,;
purity > 98%) was purchased from Meyer Chemical Technol-
ogy Co., Ltd. (Shanghai China). Formic acid (FA) and acetoni-
trile (ACN) of LCG-MS (liquid chromatography-mass
spectrometry) grade were purchased from Adamas Reagent
(Shanghai, China). Analytical-grade methyl alcohol was pur-
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chased from Shanghai Titan. Pure distilled water was from
Watson's Water (Guangzhou, China). A Milli-Q water system
produced ultrapure water.

Metabolomics Study

Animals

Female bilateral ovariectomy (OVX; Sprague-Dawley) rats
(35 weeks, 350 + 20 g) were obtained from Zhejiang Vital River
Laboratory Animal Technology Co., Ltd. (Zhejiang, China) and
kept at the National Advanced Medical Engineering Research
Center for at least 7 days at 25+2°C, 50+ 10% humidity, a
12-hour dark-light cycle, and unlimited access to distilled
water and sterilized food. All experimental procedures were
approved by the Animal Ethical Committee of the Shanghai
Institute of Pharmaceutical Industry (SYXK 2019-0027).

The rats were randomly allocated to one of four groups
(n=8 per group), including one Sham group and three
bilateral (OVX) groups: Model (OVX), QDZC (OVX+ QDZC,
1g/kg/d, 2 times the clinical dose), and AST (OVX+ AST,
6 mg/kg/wk) groups. QDZC and AST were orally administered
to rats in the OVX 4+ QDZC and OVX + AST groups after OVX for
12 weeks. We obtained blood from the rats’ ocular venous
plexuses at 4, 8, and 12 weeks postadministration. The blood
was centrifuged at 5,000 rpm for 10 minutes at 4°C to extract
serum and kept at —80°C for metabolomics analysis. We used
iNSiGHT VET DXA (Dual-energy X-ray absorptiometry,
Osteosys, Korea) to measure the bone mineral density
(BMD) of the entire lumbar spine and femur in all live rats at
week 8.

Sample Collection and Preparation

Using a Multi-Tube vortexer (Targin VX-II, Beijing Targin
Technology Co. Ltd., China), we mixed 100 puL of plasma
with 300 puL of methanol before centrifuging at 14,000 rpm
for 15 minutes at 4°C. In addition, we collected 5 pL of
supernatant for mass spectrometry analysis.

Identical volumes (10 pL) of each plasma sample were
pooled to create a quality control (QC) sample, which was
analyzed like the other samples. During the analytical run,
the QC sample was examined to track the stability of the
sequence analysis. Ten QC sample replicates were injected
(every 5 injections) throughout the study.

UPLC-QTOF-MS Conditions

A Xevo G2-XS QTOF-MS system (Waters, United Kingdom)
with an ESI (electrospray ionization) source was used to
conduct the MS study. All collected data were managed via
Masslynx v4.1 (Waters, United States). The chromatograph-
ic separation was performed at a 0.3 mL/min flow rate at
40°C using a Waters HSS T3 column (2.1 mm, 100 mm, 1.8
m). The binary mobile phase contained water (A) (0.1% FA)
and ACN (B).

The metabolomics analysis evaluation gradient became
as follows: 0-4 minutes, 15% B; 4-9 minutes, 15-30% B; 9-
22 minutes, 30-50% B; 22-27 minutes, 50% B; 27-37 minutes,
50-70% B; 37-39 minutes, 70-100% B; 39-42 minutes, 100% B;
42.1 minutes, 15% B; 42.1-44 minutes, 15% B.
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MS spectrometry was conducted as follows. Using a
0.3-second scan period, the mass scan data were detected
from 50 to 1,500 Da; the flow rate and temperature of the
nitrogen desolvation gas were 600 L/h and 250°C, respec-
tively; the cone gas flow rate and source temperature were
50 L/h and 100°C; the sampling cone voltage was 40V. The
low and high energy modes were 6V and 25-60V in MSE
mode. The lock mass compound was leucine enkephalin (LE;
0.2ng/mL). To achieve accurate mass measurements, LE
produced reference ions in both positive and negative ion
modes (m/z 556.2771 [M +H]* and m/z 554.2615 [M — H| ).
QDZC compound analysis was performed using non-real-
time mass correction. The metabolomics analysis was per-
formed with real-time mass correction. A solution of sodium
formate (0.5 mmol/L HCOONa/50% ACN) at a ratio of (1/9)
was used for mass calibration.

Data Acquisition and Processing

All metabolomics data were preprocessed by Progenesis QI
2.0 (Nonlinear Dynamics, Newcastle, United Kingdom). The
adduct ions were the same as UNIFI (Waters, United States).
Progenesis QI was used for peak peaking, deconvolution, and
alignment to generate a data matrix and determine the
molecular weight and retention time. Using the EZinfo
software (Waters Corporation), principal component analy-
sis (PCA) and orthogonal partial least square-discriminant
analysis (PLS-DA) were performed on the data matrix. An
analysis of variance was used for result confirmation. Metab-
olites were identified from the Human Metabolome Data-
base (HMDB) database and filtered by VIP value, t-test
(p <0.05), and fold change (FC > 2).

Study on Network Pharmacology

UPLC-QTOF-MS Research of QDZC

Most of the DZ compounds were collected from
references.>'%12-18 The compound library contains com-
pounds’ names, molecular formulas, accurate molecular
weights, and structures. We confirmed the structures using
online databases such as PubMed, PubChem, CNKI, Science
Direct, Springer Link, and Drugfuture. We ultimately found
286 compounds of DZ.

An exact 1.0g powder sample of QDZC was weighed,
steeped in cold solvent (7.5 mL 50% methanol for 30 minutes),
then ultrasonically extracted for an hour. The extract was
purified with a membrane pore size 0.22um filter, and
injected with a 5 pL aliquot for AST analysis. The conditions
were the same as given in the section “UPLC-QTOF-MS Con-
ditions.” The gradient was: 0-4 minutes, 5% B; 4-10 minutes,
5-15% B; 10-25 minutes, 10-13% B; 25-37 minutes, 13-27%
B; 37-45minutes, 27-90% B; 45-49minutes, 90% B;
49-50 minutes, 90-5% B; 50-55 minutes, 5% B.”

The library and MS data were imported to UNIFI™
software for differentiating by retention time, UV absorption,
accurate molecular mass, ions, or neutral loss fragments and
references. The retention time ranged from 0 to 55 minutes.
The target match tolerance was 5ppm. The adducts in
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positive mode were [M +H]", [M+Na]*, and [M +K]*, and
in negative mode were [M-H]| , [M-+HCOO]", and
[M+Cl]™.

Gene Selection and Network Generation

We searched five databases and references from 2020 to the
present to obtain comprehensive OP targets. Targets were
collected from DrugBank (n=235), Genecards (n=1,173),
OMIM (n=11), PharmGKB (n=12), and TID (n=30); the
reference targets were investigated in Pubmed, including
CNR2, EFNB2, EPHB4, ITGB1, NFE2L2, GSK3B, FOXF2, SIRT3,
TSC1, BHLHE40, GSTM1, and TFRCU.'%-?° We identified 1,374
targets related to OP after deleting duplicates. We searched
for the 85 DZ targets checked by UNIFI from ETCM, HERB, and
SwissTargetPrediction. These databases contained 53 com-
pounds linked with 334 targets. Every target was trans-
formed into a gene symbol using the Uniprot station.

We analyzed multiple proteins’ STRING database functions
as OP and DZ targets. We set the species as homo sapiens and
confidence at 0.3 and clicked five times on the more button.
We used Cytoscape to determine protein-protein interactions
(PPIs) and compound-target networks. We used the CytoNCA
plugin to calculate degree, betweenness, and closeness values.
The nine core compounds were filtered by the degree values
>10 when closeness was the top 15. The core targets’ degrees
related to the nine compounds were >3. The notes in the
compound-target network were ranked by betweenness val-
ue. DAVID (Database for Annotation, Visualization and Inte-
grated Discovery, https://david-d.ncifcrf.gov, ver. 6.8) station
was used for pathway enrichment.

Biological Verification

According to the manufacturer’s instructions, rat Akt, p-Akt,
ERK, p-ERK, and estrogen receptor (ER) using enzyme-linked
immunosorbent assay (ELISA; R&D Systems Inc., United States)
were tested at weeks 4 and 8 using the following procedure:
prewarm all reagents to room temperature before assay. Add
100 pL standard or sample to the wells, mix well, and incubate
for 20 minutes at 37°C. Wash the plate five times. Add 100 uL
enzyme conjugate and wait for 10 minutes at 37°C. Wash plate.
Add 100 pL TMB solution and wait for 15 minutes in the dark.
Add a stop solution to each well. Assay the optical density at
450 nm using a microplate reader (DENLEY DRAGON Wellscan
MK 3, Thermo, Finland) within 30 minutes.

Statistical Analysis

A two-tailed t-test was used for analysis, and all outcomes
were reported as means+standard deviation. p-Values
<0.05 were considered statistically significant.

Results and Discussion
Pharmacodynamic Index

Results of the Body Weight and BMD of OVX Rats
Body weights of rats in different groups were measured at 4,
8, and 12 weeks, and shown in =Fig. 1A. Model group’s body
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Fig. 1 Impact of QDZC on (A) body weight and (B) BMD of OVX rats (n =7-8 per group). *p < 0.05, *p < 0.01, **p < 0.001. BMD, bone mineral

density; OVX, ovariectomy; QDZC, Quanduzhong Capsule.

weight was significantly higher than the Sham group at 4, 8,
and 12 weeks, confirming a weight gain induced by the OVX.
However, OVX-induced the weight gain was significantly
reversed by additional QDZC treatment. Meanwhile, AST
produced same change trend as QDZC, yet, its effect was
weaker than QDZC.

BMD values of total, lumbar, and femoral were tested at
week 8. As shown in =Fig. 1B, BMD values of Model and
treated groups was lower than the Sham group. In addition,
BMD values of the treated groups was marginally higher
than the Model group, suggesting that QDZC could increase
total, spine and femur BMD in rats after 8 weeks of
administration.

Metabolomics Study

Metabolite Profiling

We obtained mass spectrum profiles for each group in
positive and negative modes after 4, 8, and 12 weeks of
administration (=Fig. 2). By week 8, the first half signal
strength of the QDZC group (H) was significantly different
from the Model group (G), which was pulled back to the
Sham group (F).

Multivariate Data Analysis
MS data processing and multivariate statistical analyses
were conducted by QI software (Waters, Milford, MA,
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Fig. 2 Metabolite mass spectrum profile of each group at week 4, 8, and 12. Positive mode: (A) Sham group, (B) Model group, (C) QDZC group,
(D) AST group. Negative mode: (F) Sham group, (G) Model group, (H) QDZC group, (l) AST group. AST, alendronate sodium tablet; QDZC,
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least square-discriminant analysis; QDZC, Quanduzhong Capsule.

United States). The PCA diagrams of the Model and Sham
groups and QC after 4, 8, and 12 weeks of administration are
shown in =Fig. 3A. QC samples were centralized, confirma-
tion of good instrumental stability. In addition, a separation
trend between the Sham and Model groups was found while
some data portions overlapped. After administration for 8
and 12 weeks, the Sham and Model groups showed signifi-
cant separation, indicating that different metabolites were
generated by the two groups.

PLS-DA models of Sham, Model, QDZC, and AST groups
(=Fig. 3B) suggested that the plasma metabolite-related OP
was positively regulated by the QDZC and AST groups. The
AST group appeared similar to the Model group at week 4;
however, by week 12, it differed from the Model group and
resembled the Sham group. These results suggest that long-
term AST administration is indicated in patients with OP. On
the other hand, QDZC differed from the Model group (and

appeared closer to the Sham group) at three time points.
These results suggest that QDZC effectively treated OP.
Nevertheless, it was necessary to further analyze the changes
of metabolites in vivo caused by QDZC during OP treatment
and predict its mechanism of action.

Potential Biomarker and Biological Significance

Metabolites and their trends are shown in =Tables 1, 2, and 3.
A total of 25 biomarkers were identified over three adminis-
tration cycles by comparing the HMDB database (https://
hmdb.ca/) and mass spectrum fragmentation information.
Most of these endogenous metabolites were phosphatidylcho-
lines, sterols, unsaturated fatty acids, and bile acids, suggesting
that QDZC treated OP through different metabolic pathways.
The eight common metabolites identified at weeks 4 and 8
were phosphatidylcholines. In addition, there were nine com-
mon metabolites—including phosphatidylcholines, CDCA, and
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Table 1 Metabolites and their trends between Sham and Model or QDZC and Model of three administration cycles

No. Compound ID RT (min) | Description Sham vs. Model | QDZC vs. Model | Time (wk)
M1 HMDB0030964 | 38.06 Linolenelaidic acid # 1™ 4
M2 HMDB0255576 | 3.210 Nialamide T T 4
M3 HMDB0062656 | 36.25 Linoleamide 1 T 4
M4 HMDB0001043 | 39.47 Arachidonic acid 1## 7 4
M5 HMDB0013039 12.96 Prostaglandin G1 T## ) 8
M6 HMDB0000747 | 19.45 Isovalerylalanine L #HH l 8
M7 HMDB0035440 | 28.59 o, B-Dihydroxanthohumol L #H L 8
M8 HMDB0004673 | 32.11 11,12-Epoxyeicosatrienoic acid | 1 ™ 8
M9 HMDB0000207 | 33.66 Oleic acid L i L 8
M10 | HMDB0000569 | 6.250 Deoxypyridinoline L #HH e 12
M11 HMDB0005082 | 6.920 Lipoxin B4 1# 1 12
M12 HMDB0304121 8.280 3-Dehydrocholate L L 12
M13 HMDB0031900 | 6.250 Methyl (2E,47,6E,8E,10E)-4,8 L i L 12

-dimethyl-12-0x0-2,4,6,8,

10-dodecapentaenoate

Note: *p <0.05, *p < 0.01, ##p <0.001 vs. Sham group; *p < 0.05, **p <0.01, **p < 0.001 versus Model group.

Table 2 Eight common metabolites at week 4 and 8, or week 8 and 12

No. Compound ID RT Description Sham vs. Model QDZC vs. Model
(min) group group

4 wk 8 wk 4 wk 8 wk
M14 HMDBO0010384 36.69 LysoPC (18:0/0:0) 1 14# 1 17"
M15 HMDB0012108 32.37 LysoPC (17:0/0:0) ! # 1 T
M16 HMDB0240599 32.50 LysoPE (P-18:1(92)/0:0) L #t L #i# T L

8 wk 12 wk 8 wk 12 wk
M17 HMDB0000518 18.91 Chenodeoxycholic acid TH## - 1 T
M18 HMDB0001999 10.05 Eicosapentaenoic acid L ## l Lo !
M19 HMDB0006228 26.99 24-Hydroxycalcitriol T 1# 1 ™
M20 HMDB0010392 10.13 LysoPC (20:2(11Z, 142)/0:0) k= 1 I 1

Note: *p < 0.05, *#p < 0.01, *#p <0.001 vs. Sham group; *p <0.05, **p < 0.01, **p < 0.001 vs. Model group.

Table 3 Nine common metabolites at week 4, 8, and 12

No. | Compound ID RT Description Sham vs. Model group | QDZC vs. Model group
(i) 4wk | 8wk [ 12wk | 4wk | 8wk | 12 wk

M21 | HMDB0010381 | 25.45 | LysoPC (15:0/0:0) | e | 1 1 1* 1

M22 | HMDB0011490 | 36.87 | LysoPE (0:0/22:0) | 1 | 1 1 T 1

M23 | HMDBO0010395 | 19.84 | LysoPC (20:4(5Z, 87, 112, 142)[0:0) | 1### L ## 1## 7 U 1

M24 | HMDB0011511 | 32.37 | LysoPE (20:0/0:0) ! T# T# T T T

M25 | HMDB0258493 | 36.69 | 2-Lysophosphatidylcholine 1 T T4 1 7 7

Note: #p <0.05, #p <0.01, **p <0.001 vs. Sham group; *p < 0.05, **p <0.01, **p <0.001 vs. Model group.
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24-hydroxycalcitriol (24-HCT)—at weeks 8 and 12. Five phos-
phatidylcholine metabolites are generally up-regulated after
4, 8, and 12 weeks of administration.

Due to their lack of estrogen, castrated rats exhibit bone
loss and bone metabolism disorder symptoms. Estrogen
deficiency can stimulate RAKNL expression and extend
osteoclasts’ lifespans while shortening osteoblasts’>® En-
richment analysis of pathways containing 25 differential
metabolites revealed five pathways: unsaturated fatty acid
biosynthesis, arachidonic acid metabolism, glycerophospho-
lipid metabolism, steroid biosynthesis pathway, and primary
bile acid biosynthesis. Only the first two pathways had
p-values <0.05 with —log (p) > 2; consequently, arachidonic
acid metabolism and unsaturated fatty acid biosynthesis
were selected for analysis.

Arachidonic acid plays a key role in arachidonic acid
metabolism, and is a precursor for synthesizing prostaglan-
dins, leukotrienes, and thromboxanes. For example,
11,12-epoxyeicosatrienoic acid (11,12-EET), a metabolite
of AA catalyzed by CYP4A, reportedly inhibits osteoclast
production and bone resorption by reducing the effect of
RNAKL on nuclear factor kappa B (NF-kB) activation.>! EETs
simultaneously activate PI3K-Akt and ERK signal transduc-
tion and promote ERK phosphorylation,32 consistent with
the increase of Akt and p-ERK concentrations in the Sham
and DZ groups according to the ELISA results. In addition, AA
and 11,12-EETs were significantly up-regulated compared
with the Model group in the Sham and drug administration
groups.

Oleic acid, linolenelaidic acid, arachidonic acid, and eico-
sapentaenoic acid (EPA) participate in the biosynthesis of
unsaturated fatty acids. EPA increases the expression of
Runx2 and reduces PPARY to promote the differentiation of
mesenchymal stem cells (MSCs) into osteoblasts. Further-
more, EPA can combine with PPARy in MSCs to inhibit the
transcriptional activity of NF-kB, thereby inhibiting osteo-
clast formation.*3

24-HCT is a metabolite whose content increased in the
blood sample at weeks 8 and 12, an effect closely related to
vitamin D (VD). As a therapeutic drug for treating OP, VD is
mainly used to promote intestinal absorption of calcium and
advance bone mineralization.>* VD is metabolized to gener-
ate calcifediol and calcitriol and then is transformed into
24-HCT. 24-HCT was significantly up-regulated in the Sham
and drug administration groups compared with the Model
group. Calcitriol is an active VD and can directly treat OP
without activating kidney 1a-hydroxylase. Long-term use of
CDCA could increase bone density, likely related to promot-
ing VD absorption.35 The Sham and QDZC groups had higher
CDCA than the Model group. Therefore, QDZC treats OP by
enhancing CDCA secretion, increasing VD absorption, in-
creasing calcitriol formation, and promoting intestinal ab-
sorption of calcium to increase bone mass.

Different trends in Lipoxin B4 (LXB4), a metabolite closely
related to OP, also appeared in week 12. LXB4Z was signifi-
cantly increased in the Sham and drug administration groups
compared with the Model group. Inflammation could pro-
mote bone resorption. For instance, tumor necrosis factor-a
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can help differentiate osteoclast precursors into mature
osteoclasts and attract monocytes, thus increasing bone
absorption.3‘6 Lipoxin A4 (LXA4) and LXB4 possess analgesic
effects on inflammatory and neuropathic pain, help elimi-
nate proinflammatory factors, and lessen mechanical pain in
the spinal cord in patients with late-stage bone cancer.
Moreover, LXA4 could interfere with the MAPK signal path-
way and inhibit NF-kB and AP-1 expression, thus controlling
proinflammatory cytokine release. Additionally, EPA is a
precursor for pro-resolving lipid mediators (SPMs). SPMs,
also called resolvins, are important for reducing inflamma-
tion. As an SPM derived from AA, LXB4 inhibits inflammation
by counteracting the proinflammatory effects of leukotriene
and prostaglandin and stimulating macrophages to clear
apoptotic neutrophils.>’

Deoxypyridinoline (DPD) is one of the best-characterized
bone resorption markers and often appears simultaneously
with pyridinoline. The higher the DPD content, the higher the
bone resorption level.*® DPD was much lower in the Sham
and administration groups than in the Model groups, sug-
gesting that QDZC could reduce bone resorption.

Network Pharmacology Research

Analysis of QDZC

We analyzed a 50% methanol extract of QDZC using UPLC-
QTOF-MS. The data were screened by matching with a self-
built database using UNIFI software. As shown in =Fig. S1 (in
the Supporting Information, available in online version), 86
peaks were detected and tentatively characterized. These
peaks comprised 31 lignans, 17 organic acids, 13 iridoids, 2
phenylpropanoids, 2 aldehydes, 1 alcohol, 1 coumarin, 1
ionone, 1 carbohydrate, 1 triterpene, 9 other compounds,
and 7 unidentified compounds. Eleven compounds were
identified by comparing their retention times, accurate
mass-to-charge ratios, and fragment ions with standards.
The 86 components are detailed in =Table S1 (in the
Supporting Information, available in online version).

Network Construction and Pathway Analysis

Nine core compounds and 19 core targets were obtained
by screening the PPI network (=Table S2, [available in
online version]). The “compound-target” network of
eucommiol II, madecassic acid, (+)1-hydroxypinoresinol,
isochlorogenic acid A, aucubin, neochlorogenic acid, pinor-
esinol, catalpol, chlorogenic acid, and their related targets
is shown in =Fig. 4. We identified an additional 143
pathways by enriching core targets in DAVID. After delet-
ing unrelated pathways—like cancer and bacterial infec-
tion—14 pathways (~Table 4) with degree values >10 and
p-values <0.05 were selected. These pathways could be
key pathways of QDZC on OP.

To reflect the targets of compounds on the pathway, we
established a compound-target-pathway map (~Fig. 5) that
displayed the interactions between nine substances on vari-
ous signaling pathways, including estrogen, PI3K-Akt, MAPK,
FoxO, IL-17, Wnt, lipid, and atherosclerosis, and ovarian
steroidogenesis signaling pathways. Several compounds
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Fig. 4 Component (orange): target protein (blue) network of QDZC. The dark blue is the 19 core targets related to QDZC and OP. DZ01, (+)1-
hydroxypinoresinol; DZ13, asiatic acid; DZ15, aucubin; DZ16, catalpol; DZ17, chlorogenic acid; DZ23, eucommiol Il; DZ29, isochlorogenic acid A;
DZ32, neochlorogenic acid; DZ39, pinoresinol. OP, osteoporosis; QDZC, Quanduzhong Capsule.

affected the targets ER, RTK, ERK, IGF1R, TNFR, IL-6, and IL-1,
potential anti-OP targets of QDZC. We selected the PI3K-Akt,
MAPK, and estrogen signaling pathways as core pathways for
biological verification because most compounds act on tar-
gets located on these pathways. Akt and ERK are pathway
intersections. Eucommiol II, asiatic acid, and isochlorogenic
acid A may act on ERK and appear related to meiosis, mitosis,
and anaphase functions. Chen et al*® reported that ERK
promoted the differentiation of osteoblasts from bone mar-
row stem cells after phosphorylation and prevented further
OP-related deterioration.

We used the HMDB database to integrate the results of
metabolomics and network pharmacology and identify
potential biomarker targets (using the same method as
in the section “Gene Selection and Network Generation”)

Pharmaceutical Fronts  Vol. 5 No. 3/2023 © 2023. The Author(s).

to establish the PPI of metabolites. The relationships of
metabolites, enzymes, biomarker targets, related path-
ways, and nine core QDZC compounds are shown
in =Fig. 6. The pathways depicted in =Fig. 6 comprise
overlap between metabolites and compounds, meaning
that those components may affect the pathways’ metabolic
enzymes to up- or down-regulate various biomarkers. For
example, pink targets PPARGC1A, NFKBIA, ESR1, SMAD3,
NR3C1, and SP1 are shared with the component-target
protein network and metabolite-target-compound net-
work, meaning the compound may act on these targets
to influence biomarker synthesis or secretion. For exam-
ple, genetic variations in ESR1 were correlated with
BMD.*® By combining the results of the two networks,
we predicted that 1-hydroxypinoresinol, asiatic acid, and
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Table 4 Fourteen key pathways of QDZC on osteoporosis
KEGG ID Pathway Gene hit
hsa05417 Lipid and atherosclerosis 17
hsa04151 PI3K-Akt signaling pathway 15
hsa01522 Endocrine resistance 14
hsa04010 MAPK signaling pathway 14
hsa04068 FoxO signaling pathway 13
hsa04657 IL-17 signaling pathway 12
hsa04625 Gtype lectin receptor signaling pathway 12
hsa04066 HIF-1 signaling pathway 12
hsa04380 Osteoclast differentiation 12
hsa04620 Toll-like receptor signaling pathway 11
hsa04926 Relaxin signaling pathway 1
hsa04915 Estrogen signaling pathway 11
hsa04550 Signaling pathways regulating pluripotency of stem cells 1
hsa04150 mTOR signaling pathway 11
Abbreviation: mTOR, mammalian target of rapamycin.
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A
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Fig. 6 Metabolite-target-compound network. The meaning of colors and shapes: metabolites (green, diamond), enzymes (purple, hexagon),
targets (pink and blue, ellipse), pathway (cyan, round rectangle), compounds (orange, rectangle). The pink circle means the core targets are

shared with the “compound-target” network.

pinoresinol affected ER expression, potentially changing
AA, 24-HCT, 11,12,-EET, or CDCA concentrations.

Biological Verification

According to the ELISA results (~Fig. 7), the groups’ proteins
differed after modeling. Akt and p-Akt expression increased
significantly at week 8 compared with week 4. Meanwhile,
ERK, p-ERK, and ER remained unchanged. Compared with the

Sham group, the Model group’s ER expression level was
significantly increased at week 4. After 8 weeks of administra-
tion, the ER content in the QDZC and AST groups displayed a
downward trend compared with the Model group; however,
these changes were not statistically significant. Furthermore,
the Model group’s p-Akt content was higher than the Sham
group’s (p < 0.01) at week 4, while it was lower than the Sham
group’s at week 8 (p < 0.05). The QDZC and the AST groups’
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Fig.7 ELISA analysis demonstrated the expression levels of Akt, p-Akt, ERK, p-ERK, p-Akt/Akt, and p-ERK/ERK in rat plasma. Data were presented
as the mean +SD (n=7-8 per group). ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.
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p-Akt were significantly increased (p < 0.05) compared with
the Model group.

Further confirmatory p-Akt/Akt ratio analyses indicated
that QDZC and AST might activate the PI3K/Akt pathway. In
addition, the Model group’s p-ERK level was lower than the
Sham group’s after 8 weeks of administration; however, this
difference did not rise to the level of statistical difference. The
trend of initial increases, followed by decreases, was shown in
the p-ERK content of the QDZC and AST groups at weeks 4 and
8, but no statistical differences were observed. ERK levels in the
QDZC group were highest at weeks 4 and 8 compared with
other groups; similar results were obtained for p-ERK. Al-
though these outcomes did not achieve statistical significance,
QDZC may increase ERK and p-ERK levels. Further analysis of
the p-ERK/ERK ratio verified this result, indicating that QDZC
might also play a protective role by regulating the MAPK
pathway. When we integrated the QDZC map and biological
target verification, QDZC's protective effects on OP rats
appeared related to PI3K/Akt and MAPK pathway regulation.

Conclusion

Bioactive components of QDZC (i.e., eucommiol II, asiatic acid,
pinoresinol, (+)1-hydroxypinoresinol, isochlorogenic acid A,
aucubin, neochlorogenic acid, chlorogenic acid, and catapol) act
on PI3K-AKT and MAPK signaling pathways. We used ELISA to
verify increased Akt and ERK expression in the QDZC group and
found that QDZC affected PI3K-AKT and MAPK signal pathways.
Although we did not observe the up-expression of the ER protein,
we could not rule out a connection between QDZC and the
estrogen signaling pathway for the network pharmacology and
metabolomics results related to ESR1 and the estrogen signaling
pathway. Based on the metabonomic analysis, QDZC appears to
increase calcium absorption and inhibit bone absorption associ-
ated with OP. First, 11,12-EETs and EPA arachidonic acid deriv-
atives inhibited osteoclast formation and bone resorption.
PI3K-Akt and ERK signal pathways were activated by EPA to
promote ERK phosphorylation and then regulate cell proliferation
and differentiation. EPA could also be derived from resolvins to
inhibit inflammation and reduce bone absorption.

Second, QDZC might improve bone mass by promoting
CDA secretion, increasing calcitriol synthesis, and enhancing
calcium absorption. Finally, network pharmacology and
metabonomics were used to clarify the mechanism of OP
and provide a starting point for future research involving rat
models or cellular-level experiments.

Supporting Information

The base peak intensity (BPI) chromatograms of QDZC in
negative positive and ion modes; the secondary mass spectra
of several representative chemical constituents of E. ulmoides
and its possible cleavage pathways; the serum BPI chromato-
grams of QDZC in negative; the chemical constituents of E.
ulmoides by UHPLC-QTOF-MS in negative and positive ion
modes; the nine core compounds and 19 core targets of
QDZC identified; as well as the components of QDZC in serum

Yu et al.

are included in the Supporting Information (=Figs.
$1,52,51.1-51.5, ~Tables S1-S3 [available in online version]).
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