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Introduction

The mechanism of ginger and its processed
products in the treatment of estradiol valerate
coupled with oxytocin-induced dysmenorrhea in
mice via regulating the TRP ion channel-mediated
ERK1,>2/NF-kB signaling pathway+

2P Xianglong Meng,*° Xiaojuan Su,®® Kele Ren,®®
@b Xiaoming Qi*® and Shuosheng Zhang**®

Xiaoqin Liu,
Chenxu Ning,

Ginger (Rhizoma zingiberis, RZ) has been used as a food, spice, supplement, flavoring agent, and as an edible
herbal medicine. It is characterized by its pungency and aroma, and is rich in nutrients with remarkable
pharmacological effects. It is used in traditional medicine clinics to treat diseases and symptoms, such as
colds, headache, and primary dysmenorrhea (PD). In China, a variety of processed products of RZ are used
as herbal medicines, such as baked ginger (BG) or ginger charcoal (GC) to treat different diseases and symp-
toms. However, the molecular mechanism of the therapeutic effect of RZ and its processed products
(RZPPs, including BG or GC) against PD has not been well characterized. Moreover, whether the transient
receptor potential (TRP) ion channels are involved in this process is not clear. In the present study,
UHPLC-Q-TOF MS was adopted to analyse the differential quality markers (DQMs) between RZ and RZPPs.
In addition, differential metabolomics (DMs) was acquired between RZ- and RZPPs-treated estradiol valerate
coupled with an oxytocin-induced PD mouse uterus using untargeted metabolomics (UM). A correlation
analysis between DQMs and DMs was also conducted. Benzenoids, lipids, and lipid-like molecules were the
main DQMs between RZ and RZPPs. RZ and RZPPs were found to improve the pathological status of the
uterus of a PD mouse, with significantly decreased serum levels of E,, PGF,,, TXB, and remarkably increased
levels of PROG and 6-keto-PGFy,. Moreover, RZ and RZPPs alleviated PD in mice via regulating the TRP ion
channel-mediated ERKy,»/NF-kB signaling pathway. Our results indicate that the therapeutic effect of RZ and
RZPPs against PD may be mediated by regulating the TRP ion channel-mediated ERK;,»/NF-kB signaling
pathway, and provide a reference for the development of new dietary supplements or medicines.

incidence of up to 90%."* The main clinical symptom of PD is
pain. Onset of PD is closely associated with several factors,

Primary dysmenorrhea (PD) is driven by a non-pelvic organic
lesion and its onset typically occurs during puberty with an
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tElectronic supplementary information (ESI) available: Fig. S1: HPLC chro-
matogram of 6-gingerol (A), Rhizoma zingiberis (B), baked ginger (C), and
ginger charcoal (D). Fig. S2: the DQMs between RZ and RZPPs. (A) Total ion
chromatograms in the negative ion mode; (B) volcano plots between RZ and
BG in negative ion mode; (C) volcano plots between BG and GC in negative
ion mode; (D) PCA score plot for each group in negative ion mode; (E)
OPLS-DA score plots between RZ and BG in negative ion mode; (F) 200-time
permutations were performed and plotted between RZ and BG in negative ion
mode. (G) OPLS-DA score plots between BG and GC in negative ion mode; (H)
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including prostaglandin (PG), oxytocin, estrogen, progesterone,
endothelin, nitric oxide, calcium (Ca®*), and p-endorphin.’

200-time permutations were performed and plotted between BG and GC in
negative ion mode. Fig. S3: UM results. PCA score plot for each group in posi-
tive (A) and negative (H) ion mode. OPLS-DA score plots and 200-time permu-
tations were performed and plotted between different groups in positive (B)-
(G) and negative (I)-(N) ion mode. Table S1: the 6-gingerol, 10-gingerol,
6-shogaol, and 8-shogaol contents in RZ and RZPPs. Table S2: DQMs between
RZ and BG. Above: DQMs up-regulated; below: DQMs down-regulated.
Table S3: DQMs between BG and GC. Above: DQMs up-regulated; below:
DQMs down-regulated. Table S4: differential metabolites (DMs) in PD mice
treated with RZ and RZPPs. N: normal group; C: control group; RZ: Rhizoma
zingiberis group; BG: baked ginger group; GC: ginger charcoal group; above:
up-regulated DMs; below: down-regulated DMs. See DOI: https://doi.org/
10.1039/d2fo01845d
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Specifically, excessive prostaglandin F,, (PGF,,) during the
menstrual phase can lead to uterine spasmodic contraction
resulting in regional ischemia, hypoxia, and reduced blood
flow, which are the leading causes of PD.* In addition, Ca®" is
involved in PD by affecting the synthesis and release of partial
neurotransmitters in vivo. In modern medicine, non-steroidal
anti-inflammatory drugs (NSAID), Ca®>" antagonists, and
B-receptor agonists are mainly used to alleviate symptoms of
PD; however, the therapeutic effect is unsatisfactory, and these
drugs cause varying degrees of adverse events.” Transient
receptor potential (TRP) ion channels were reported to play a
role in the treatment of PD. Upon activation, they can either
induce cation influx (such as Ca**) to activate Ca**-dependent
protease and cause damage to the cytoskeleton® or indirectly
regulate the PGF,, level, leading to alleviation of PD.”

TRP ion channels are non-selective cation channels distribu-
ted on cell membranes or intracellular organelle membranes.
There are 7 subfamilies, that include TRPC, TRPV, TRPM, TRPN,
TRPA, TRPP, and TRPML, of which the latter two are evolutiona-
rily more distant.® TRPV1 and TRPMS8 channel proteins play
important roles in the onset and development of PD.”'® The
TRPV1 channel protein is involved in the pathology of post-
inflammatory hyperalgesia in PD after activation by multiple
ligand-like substances, inflammatory mediators (such as arachi-
donic acid metabolites), and tissue injury stimuli.'"'* The
TRPMS8 channel protein can be activated by cold temperatures
(<28 °C) or in response to pain, to induce a cation influx (includ-
ing Ca”"), affecting the initiation of PD.""'***> Through this
mechanism, activated ~Ca**/calmodulin-dependent protein
kinase II (CaMK II) can up-regulate the downstream extracellular
regulated protein kinases (ERKj;). Phosphorylated ERK;,, can
subsequently initiate the expression of nuclear factor-«B (NF-kB),
and thereby regulate the expression of cyclooxygenase-2 (COX-2).
Studies have shown that COX-2 is an important rate-limiting
enzyme involved in PGF,, transformation and synthesis, which
supports its potential role in the treatment of PD.'¢™*8

Ginger (Rhizoma zingiberis, RZ) originates from Zingiber
officinale Rosc. and was first described in the Shennong’s
Classic of Materia Medica (25-220 C.E.). RZ has been used as a
food, spice, supplement, flavoring agent, and as an edible
herbal medicine, and is characterized by its pungency and
aroma, and rich nutrient content with remarkable pharmaco-
logical effects.'>?® As a kind of cash crop, RZ is widely planted
and is in huge demand fuelled by a large international trade
volume, especially in Arab nations, Burma, China, Japan,
India, and other economies.> A wide variety of raw or pro-
cessed forms of RZ are commercially available in the form of
spices, condiments, cakes, porridge, and other foods. Modern
medicine research has supported the use of RZ as a nutritional
dietary supplement or medicine for nausea, upset stomach,
diarrhea, arthritis, and rheumatism.?" It is also used in tra-
ditional medicine to treat diseases and symptoms, such as
cold, headache, and dysmenorrhea, and as a carminative, anti-
flatulent, and digestant.”> Ancient literature and modern
studies have demonstrated the anti-inflammatory, bacterio-
static, anti-oxidant, anti-tumour, anti-blood stasis, neuropro-
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tective, and reproductive-system-protective effects of RZz.>*7®
Moreover, in China, a variety of processed products of RZ,
such as baked ginger (BG) or ginger charcoal (GC), are used as
herbal medicines to meet different clinical needs. The active
ingredients responsible for the therapeutic effect of RZ include
essential oils (camphene and o-zingiberene), non-volatile com-
pounds (6-gingerol, 8-gingerol, 10-gingerol, gingerol), diphenyl
heptane compounds, and other chemical constituents.’® RZ
turns into BG or GC on sand stir-frying, resulting in a change
in its constituents. For example, GC possesses higher zingiber-
ene and f-sesquicerin contents than RZ. It also contains
a-cypressene, decannl, and y-eleutherene, which are not found
in RZ. Besides, gingerol may turn into gingerols and ginger
ketones.>®*° However, there is a paucity of reports on the
molecular mechanism of the therapeutic efficacy of RZ and its
processed products (RZPPs, including BG or GC) against PD;
moreover, whether the TRP ion channels are involved in this
process is not clear.

In the present study, ultrahigh-performance liquid chrom-
atography combined with quadrupole time-of-flight mass spec-
trometry (UHPLC-Q-TOF MS) was first adopted to analyze the
differential quality markers (DQMs) between RZ and RZPPs.
Then, a murine model of PD was established using estradiol
valerate and oxytocin (EV coupled with OT). Moreover, untar-
geted metabolomics (UM) was applied to explore the effect of
the DQMs on uterine metabolites in a PD mouse model.
Furthermore, we investigated whether the molecular mecha-
nism of the therapeutic effect of RZ and RZPPs in the treat-
ment of PD is mediated via regulating the TRP ion channel-
mediated ERK;/,,/NF-kB signaling pathway. This study attempts
to uncover the scientific connotations of RZ processing and
provide a reference for the development of new dietary sup-
plements or medicines.

Materials and methods
Preparation of RZ and RZPPs

RZ was purchased from Shanxi Yuanhetang Chinese Herbal
Medicine Co., Ltd (Shanxi, China) and identified as the dry
root of Zingiber officinale Rosc. by Shuosheng Zhang from
Shanxi University of Chinese Medicine. The voucher specimen
was deposited in the Herbarium of Shanxi College of
Traditional Chinese Medicine (SXTCM), Taiyuan, China
(SXTCM-Zhang-2021001).

For BG, RZ was sand stir-fried at 270 °C for approximately
5 min until it became bulged and tanned. It was then placed
at room temperature to cool down (unpublished).

For GC, RZ was fried in a pot at 290 °C for approximately
15 min until it turned black on the outside and tanned inside.
It was then outfired with water and stored at room temperature
to cool down (unpublished).

Preparation of aqueous extracts of RZ and RZPPs

100 g RZ, 100 g BG, and 100 g GC were extracted in a 6-fold
volume of distilled water through heating under reflux twice

Food Funct., 2022,13,11236-11248 | 11237
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(1 h each) and then filtered. The filtrate was concentrated
under reduced pressure until 1 ¢ mL™, and aqueous extracts
of RZ and RZPPs were stored at 4 °C for in vivo experiments.
The final yield of aqueous extracts of RZ, BG, and GC were
40.92%, 36.83%, and 30.23%, respectively.

According to the principle and procedure in the China
Pharmacopeia (2000 edition), the 6-gingerol, 10-gingerol,
6-shogaol, and 8-shogaol content in RZ and RZPPs was deter-
mined by high performance liquid chromatography HPLC
(U3000, Thermo Fisher Scientific, Waltham, MA, USA), respect-
ively (Fig. S11).>' The contents of these four compounds in
each herb sample are shown in Table S1.}

UHPLC-Q/TOF-MS

DQMs between RZ and RZPPs were identified based on the
method previously used by our team. To analyse the differen-
tial uterine metabolites in PD mice treated with RZ and
RZPPs, a supernatant of the uterus treated with RZ or RZPPs
was obtained and then uploaded to the Agilent 1290 Infinity
LC system equipped with a HILIC chromatographic column.
Mass spectrometric detection was performed both in positive
ion mode (PIM) and negative ion mode (NIM) with electrospray
ionization (ESI) using a Triple TOF 6600 mass spectrometer
(AB SCIEX).***

PD modeling and drug administration

Specific pathogen-free (SPF) female BALB/c mice (age: 6-8
weeks; weight: 18 + 2 g; 4-5 d sexual cycle) were purchased
from SiPeiFu, Beijing, China (SCXK-Jing-2019-0010). The mice
were allowed to drink water freely and to acclimatize for 1
week in a controlled environment (temperature: 25 + 2 °C; rela-
tive humidity: 55 + 5%; 12 h/12 h light/dark cycle). All animal
procedures followed Animal Research Reporting In Vivo
Experiments Guidelines (ARRIVE), with the permission of the
Ethics Committee of the Shanxi University of Chinese
Medicine (permit no. 2021DW676).

After 1 week, the mice were randomly divided into twelve
groups (n = 8): normal (blank), control (model), IBF (ibupro-
fen, 0.12 g kg™* d™"), RZL (low-dose RZ, 0.75 g kg™'), RZM
(medium-dose RZ, 1.5 g kg™"), RZH (high-dose RZ, 3 g kg™ "),
BGL (low-dose BG, 0.75 g kg™"), BGM (medium-dose BG, 1.5 g
kg™"), BGH (high-dose BG, 3 g kg™"), GCL (low-dose GC, 0.75 g
kg™"), GCM (medium-dose GC, 1.5 g kg '), and GCH (high-
dose GC, 3 g kg™"). Except for the normal mice, mice in the
other groups received intragastric administration of EV
(0.5 mg kg™") (20201038, Bayer Health Care) once daily for 14
consecutive days, and the mice were couple-stimulated using
an ice-water mixture (0-4 °C) administered to the lower
abdomen once daily (8 min per time) to establish the PD
model. On day 6 of modeling, different doses of RZ and RZPP
aqueous extracts (as described in the preparation of aqueous
extracts of RZ and RZPP section) and IBF were administered by
gavage once daily for 10 consecutive days.*>*® The experi-
mental doses were set based on the following: as stated in the
China Pharmacopeia (2020 edition), the maximum clinical dose
of RZ, BG, and GC for humans is 10 g-60 kg™*. Conventionally,
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there is a 9.1-fold dose relationship for a mouse compared
with a human dosage; therefore, a 1.5 g kg™' dose for mice
was converted correspondingly. Considering that the final con-
centration in the aqueous extracts was 1 g mL ™" relative to the
original medicinal material, a dose of 1.5 g kg™ of aqueous
extracts was used in the present study as the medium dose for
the in vivo study. The 0.5 and 2 times medium doses were the
low and the high doses, respectively.

On day 15, OT (10 U kg™") (Anhui Hongye Pharmaceutical
Co. Ltd, Bengbu, Anhui, China) was administered intraperito-
neally. The latency period and frequency of writhing response
in mice within 30 min were monitored. After that, the mice
were sacrificed. Blood samples were extracted from the
abdominal aorta and centrifuged at 4000 rpm and 4 °C for
15 min. Serum samples were collected and preserved in a
freezer at —80 °C (DW-HL538, Meling Biomedical, Hefei,
Anhui, China). The dorsal root ganglion (DRG) in the lumber
5-sacral 1-segment was instantly extracted. The uterus was iso-
lated and weighed, and the viscera index was calculated
(viscera index = organ mass/body mass x 100%).>” The DRG
and uterus were fixed with 4% formaldehyde or stored at
—80 °C for further use.

Hematoxylin & eosin (H&E) staining

The uterus was fixed with 4% formaldehyde for 24 h, de-
hydrated, embedded, and then stained with H&E dye solution
according to the standard process. Pathological changes in the
uterus were observed by 200x optical microscopy (DM1000;
Leica, Wetzlar, HESSEN, Germany).

Enzyme linked immunosorbent assay (ELISA)

Optical density (OD) values of serum estrogen (E,), progester-
one (PROG), PGF,,, 6-keto-PGF,,, and thromboxane B, (TXB,)
were read on a microplate reader (SynergHT, Bio Tek,
Vermont, New England, USA) using corresponding ELISA kits
(no. 2021091021, 2021091698, 2021092315, 2021091908,
2021092259; Shanghai Enzyme-linked, Shanghai, China).

Western blotting

Total proteins of the DRG and uterine tissues were obtained
using T-PER tissue protein extraction reagent. The Bradford
method was adopted to examine protein concentration.
SDS-PAGE was performed to obtain 30 pg of proteins, which
were then transferred to a nitrocellulose membrane. The mem-
brane was blocked at room temperature for 2 h, followed by
overnight incubation with primary antibodies, including
TRPV1, TRPMS, CaMKII, p-ERKj,,/ERKj,,, p-NF-kB (p65)/NF-
kB (p65), p-IkB,/IkB,, COX-2, and f-actin (ABclonal Technology
Co. Ltd, Wuhan, China) at 4 °C. TBST washing was performed.
Subsequently, secondary antibodies of HRP-conjugated goat
anti-rabbit IgG (BST16E18B16E55, Boster Technology Co. Ltd,
Wuhan, China) were added at room temperature for 4 h.
Protein bands were developed by a GeneGnome system
(GeneGnome XRQ, Gene, USA) and analyzed by Image]
(Image]2, NIH, USA) according to the grey value.*®

This journal is © The Royal Society of Chemistry 2022
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Immunohistochemistry (IHC)

TRPV1, TRPMS, and COX-2 expressions were visualized using
immunohistochemistry. For antigen retrieval, 0.1% trypsin was
used to digest sections at 37 °C for 30 min. Then tissues were
incubated overnight with primary antibody against mice
TRPV1 (1:200), TRPMS (1 :200) or COX-2 (1:200) at 4 °C, fol-
lowed by labelling with biotinylated horseradish peroxidase
(HRP)-conjugated secondary antibody for 30 min at 37 °C and
detection using a diaminobenzidine chromogen. Photographs
were obtained with a microscope system (DM1000; Leica,
Wetzlar, HESSEN, Germany) at a magnification of 400x.*’
ImageScope software (Leica Biosystems, Wetzlar, HESSEN,
Germany) was used to identify and analyze the strongly-posi-
tive, moderately-positive, weakly-positive, and negative stained
areas (in pixels) in each IHC image, and the percentage posi-
tive staining was calculated. Strongly-positive, moderately-posi-
tive, weakly-positive, and negative stained areas in tissue sec-
tions were labeled as dark brown, brown yellow, light yellow,
and blue, respectively. The H-score was calculated for semi-
quantification of tissue staining using the following formula:
H-score = Y (PI x I) = (percentage of cells of weak intensity x 1)
+ (percentage of cells of moderate intensity x 2) + (percentage
of cells of strong intensity x 3), where PI is the percentage of
positive cells among all cells in the section, and I stands for
color intensity.>**°

Statistical analysis

Data processing for LC-MS/MS. Data from UHPLC-Q/
TOF-MS were processed by principal component analysis (PCA)
and orthogonal partial least-squares discriminant analysis
(OPLS-DA). DQMs or DMs were identified by VIP > 1 or VIP > 2
and P < 0.05. The MetaboAnalyst 5.0 database was used to
perform metabolic pathway enrichment analysis.>?

Statistical analysis. Data are presented as mean + standard
error of mean (SEM) from three independent experiments.
Differences between groups were assessed using one-way ana-
lysis of variance (ANOVA) with a post hoc Tukey test in
GraphPad Prism (version 5.0; GraphPad Software, La Jolla, CA,
USA). P values <0.05 were considered indicative of statistical
significance.

Results
DQMs between RZ and RZPPs

Total ion chromatograms (TIC) of QC samples were obtained
and aligned. The response intensity and retention time
between each chromatographic peak were basically overlap-
ping (Fig. 1A). A total of 1591 and 927 quality markers in the
PIM and NIM were obtained, respectively. Based on univariate
analysis, the differential metabolites with fold change (FC) >
1.5 or FC < 0.67 and P value <0.05 in positive ion mode are
visually displayed in the form of a volcanic map (Fig. 1B and
C). The results of PCA demonstrated significant separation of
the samples with RZ and RZPPs (Fig. 1D). To minimize the
effects of other independent variables caused by the difference

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

in chemical components between RZ and RZPPs, OPLS-DA was
performed. The OPLS-DA model was able to distinguish two
sets of samples (Fig. 1E and G). The results of permutation
testing showed that the R*> and Q® of the random model
reduced with a decrease of replacement retention, indicating
good model stability without overfitting issues (Fig. 1F and H)
(Fig. S21).

According to VIP > 2 in OPLS-DA and P < 0.05, there were 40
DQMs between RZ and BG in the PIM, including 12 up-regu-
lated markers and 28 down-regulated markers. Between BG
and GC, there were 43 DQMs, including 15 up-regulated
markers and 28 down-regulated markers, which were mainly
involved in benzenoids (such as [6]-gingerol) and lipids and
lipidoids (such as (+)-carvone) (Tables S2 and S37). Correlation
analysis revealed that 2-methyl-n-(4-methylphenyl)alanine and
Pyroglu-phe were the two DQMs that showed the most positive
correlation with other markers, while 2,5-di-tert-butylaniline
and Val-Ala, 5.beta.-pregnane-3.alpha.,17,21-triol-11,20-dione
and Phe-pro showed the most negative correlation with other
markers (Fig. 1I and J).

Effect of RZ and RZPPs on pathological signs in PD mice

The latency period of writhing response, uterus index, and
pathological manifestations of the uterus were analysed and
recorded to study the effects of RZ and RZPPs on pathological
signs in PD mice.

As compared to the normal group, the uterus index in the
control group was significantly higher (P < 0.0001). After drug
administration, the latency period of writhing response was
significantly prolonged (BGL, P < 0.05; RZL, RZM, GCL, GCM,
P < 0.01; IBF, P < 0.0001) while the uterus index was signifi-
cantly decreased (RZL, BGL, BGM, P < 0.05; GCL, GCH, P <
0.01; GCM, P < 0.001; IBF, P < 0.0001), as compared to the
control group. When compared to the RZL group, the uterus
index was much lower in the GCM group (P < 0.05) and the IBF
group (P < 0.001) (Fig. 2A and B).

In addition, drug administration led to varying degrees
of decrease in uterine volume (Fig. 2C), accompanied by
thinning of uterine smooth muscle, a smaller number of
inflammatory cells, and relatively normal cell arrangement
(Fig. 2D).

RZ and RZPPs decrease serum E,, PGF,,, TXB, but increase
PROG and 6-keto-PGF, in PD mice

Enzyme linked immunosorbent assay (ELISA) was used to
determine the serum levels of estrogen (E,), progesterone
(PROG), PGF,,, 6-keto-PGFy,, and thromboxane B, (TXB,) in
PD mice.

As compared to the normal group, the serum levels of E, (P
< 0.001), PGF,, (P < 0.01), and TXB, (P < 0.01) were signifi-
cantly increased in the control group, while the serum levels of
PROG (P < 0.01) and 6-keto-PGF,, (P < 0.0001) were signifi-
cantly decreased.

After treatment, the serum levels of E, (RZL, RZH, BGM,
GCL, P < 0.05; IBF, RZM, GCH, P < 0.01), PGF,, (IBF, BGM,
BGH, GCH, P < 0.05; RZM, RZH, P < 0.01), TXB, (IBF, BGH,

Food Funct., 2022,13, 1236-11248 | 11239
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Fig. 1 The DQMs between RZ and RZPPs. (A) Total ion chromatograms in the positive ion mode. (B) Volcano plots between RZ and BG in positive
ion mode. (C) Volcano plots between BG and GC in positive ion mode. (D) PCA score plot for each group in positive ion mode. (E) OPLS-DA score
plots between RZ and BG in positive ion mode. (F) 200-Time permutations were performed and plotted between RZ and BG in positive ion mode.
(G) OPLS-DA score plots between BG and GC in positive ion mode. (H) 200-Time permutations were performed and plotted between BG and GC in
positive ion mode. (I) Heat map exhibiting intensities of DQMs between RZ and BG in positive ion mode. (J) Heat map exhibiting intensities of DQMs

between BG and GC in positive ion mode.

GCM, P < 0.05), PROG (IBF, GCH, P < 0.01) and 6-keto-PGF,
(IBF, BGL, BGH, GCM, P < 0.05; BGM, P < 0.01; GCL, GCH, P <
0.001) exhibited a conversely changing trend.

Additionally, as compared to the RZM group, the PROG
level was significantly increased in the IBF and GCH groups
(both P < 0.01) and 6-keto-PGF,, was significantly increased in
the GCH group (P < 0.05). As compared to the RZH group,
PROG and 6-keto-PGF,, were remarkably higher in the GCH
group (both P < 0.05) (Fig. 2E).

Effects of RZ and RZPPs on uterine metabolic profiles in PD
mice

According to VIP > 2 in OPLS-DA and P < 0.05, the differential
uterine metabolites were mainly involved in benzenoids,
organic acids and derivatives (Table S4) (Fig. S3t). Enrichment
analysis revealed 31 differential metabolic pathways between
the normal and control groups, mainly including an amino
acid metabolism pathway, a protein metabolism pathway, an
energy metabolism pathway, a lipid metabolism pathway, and
a neuron-associated metabolism pathway. Of note, the TRP ion
channels were different between the two groups, indicating

1240 | Food Funct.,, 2022,13,11236-11248

that the inflammatory mediator regulation of TRP channels
was a potential therapeutic target in the treatment of PD
(Fig. 3A and B). Furthermore, as compared to the control
group, there was mainly one differential metabolic pathway
(for histidine metabolism) in the RZ group, nine differential
metabolic pathways (p-arginine and p-ornithine metabolism,
central carbon metabolism in cancer and protein digestion
and absorption) in the BG group, and five differential meta-
bolic pathways (sphingolipid metabolism, cAMP signalling
pathway, mineral absorption, pentose phosphate pathway and
central carbon metabolism in cancer) in the GC groups
(Fig. 3C and D).

Associations between DQMs and DMs

R version 4.2.0 (https://cran.r-project.org/) was used to con-
struct a correlation network of DQMs and DMs in the uterine
tissue of PD mice (Fig. 3E and F). DQMs of RZ and BG, leuko-
triene.e4, showed the strongest correlation with its uterine
differential metabolite, urocanate. DQMs of BG and GC,
2-butoxypyridine, showed the strongest correlation with its
uterine differential metabolite, fenpropidin.

This journal is © The Royal Society of Chemistry 2022
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dose RZ, BGL: low-dose BG, BGM: medium-dose BG, BGH: high-dose BG, GCL: low-dose GC, GCM: medium-dose GC, GCH: high-dose GC. *###p
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< 0.05 vs. RZH group.
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Fig. 3 UM and correlation analyses. TRP signaling pathway (A) (https://www.kegg.jp/kegg-bin/show_pathway?mmu04750+C04742); KEGG
pathway enrichment analyses of normal and control (B), BG and control (C), GC and control (D); the correlation network of DQMs of RZ and BG and
DMs in PD mouse uterus (E), DQMs of BG and GC and DMs in PD mouse uterus (F).

RZ and RZPPs significantly elevate the expression levels of
TRPV1, p-IkB,/IkB, and reduce the expression levels of
TRPMS, CaMKII, p-ERK; ,/ERK, ,, p-NF-kB (p65)/NF-kB (p65)
and COX-2

To study the underlying mechanism of the action of RZ and
RZPPs, western blotting was used to determine the protein levels

1242 | Food Funct,, 2022, 13, 11236-11248

of TRPV1, TRPMS, CaMKII, p-ERK,,/ERK;,, p-NF-kB (p65)/NF-
kB (p65), p-IkB,/IkB, and COX-2 in the uteri of PD mice, and the
protein levels of TRPV1 and TRPMS in the DRG of PD mice.

The levels of TRPV1 (P < 0.0001) and p-IkB,/IkB, (P < 0.001)
in the control group were significantly reduced compared to
those in the normal group, but the levels of TRPMS (P < 0.01),

This journal is © The Royal Society of Chemistry 2022
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showed that the levels of TRPV1 (BGL, GCM, P < 0.05; IBF,
RZH, BGM, GCH, P < 0.01) were significantly increased. The
levels of TRPMS (IBF, BGM, BGH, P < 0.05; RZL, RZM, RZH,
GCH, P < 0.01) and COX-2 (IBF, RZH, P < 0.05; RZM, BGH, P <
0.01; BGL, BGM, GCM, GCH, P < 0.001) were remarkably
reduced (Fig. 5).

Discussion

TRP ion channels are closely involved in the sensation of
temperature and pain. TRPV1 and TRPMS8 channel proteins
play important roles in the onset and development of PD.
TRPV1 regulates pain signals under the mediation of PKA and
PKB, produced by the sensitization effect of inflammatory
molecules (such as bradykinin), Ca**/CaMKIl, and arachidonic
acid metabolites.’* In addition, TRPV1 can aggravate pain or
induce hyperalgesia after sensitization with other pro-inflam-
matory mediators (such as PGs) via activation of the PI3K and
ERK pathways.*"*> TRPM8 can be cold-activated to increase
heat production, thereby maintaining an ambient temperature
in the body.**** Activated TRPV1 and TRPMS8 can increase the
intracellular Ca®>" content while the activated Ca**/CaMKII can
subsequently elevate the expression of downstream ERK;, to
mediate an oxytocin signal and regulate the production of
inflammatory cytokines.*>*” Phosphorylated ERK can affect
the phosphorylation of IkB,, an important indicator of the acti-
vation of the NF-«xB pathway, which in turn can induce the
aberrant activation of some key proteins, such as p65.*%
Phosphorylated NF-kB can induce the expression of COX-2 and
limit the rate of transformation of arachidonic acid to PGs.*’
PGF,,, PGI,, and TXA, are PGs with biological activities pro-
duced by the human uterus. Given the relatively short half-life
of PGI, and TXA,, their stable metabolites, TXB, and 6-keto-
PGF,,, are commonly used as markers of PGs in the uterus. It
has been established that PROG promotes the synthesis of PGs
in endometrium, stimulates uterine smooth muscle contrac-
tion, and subsequently aggravates pain sensations. Under the
guidance of TCM theory, traditional herbal medicines are pro-
cessed by traditional pharmaceutical technology according to
the needs of clinical medication and the nature of drugs,
which can play a role in modifying drug properties, reducing
toxicity, and improving the curative effect.’*>> RZ and RZPPs
are commonly used to alleviate PD, which has been proven by
modern pharmacological research.”*°® A study by Kim et al.
suggested that the antioxidant effects of ginger extract and its
pungent constituents were mediated through TRPC5 and
TRPA1.>” Yang et al. found that gingerol derived from ginger
may improve digestive function by stimulating secretion from
endocrine cells of the gut by inducing TRPAl-mediated
calcium influx.>® These findings suggest that ginger and its
constituents can regulate TRP channels. However, whether the
TRP ion channels are involved in mediating the therapeutic
effect of RZ and RZPPs in PD has rarely been reported. To the
best of our knowledge, this is the first study to verify that the
therapeutic effect of RZ and RZPPs against PD is mediated via

This journal is © The Royal Society of Chemistry 2022
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regulation of the TRP ion channels-mediated ERK;,,/NF-kB sig-
naling pathway, and it provides a reference for the develop-
ment of new dietary supplements or medicines.

In the present study, UM was applied to prove that RZ and
RZPPs alleviated pain in PD mice by regulating the TRP ion
channels. Both medicines were found to ameliorate the patho-
logical changes of PD, including increased secretion from endo-
metrial glands, extensive infiltration of inflammatory cells and
edema, uterine smooth muscle thickening, cellular hypertrophy,
and disordered arrangements. In addition, RZ and RZPPs
decreased the serum levels of E,, PGF,,, TXB,, but increased
the levels of PROG and 6-keto-PGF,, in PD mice. The results of
UM showed that the DMs of the normal group and the control
group were enriched in the inflammatory mediator regulation
of TRP channels, indicating a certain correlation between the
TRP channels and PD. Therefore, from the perspective of TRP
channel proteins, WB and IHC were used to detect protein
expression levels of the TRP ion channel-mediated ERK; ,/NF-
kB signaling pathway. The results showed remarkably elevated
levels of TRPV1, p-IkB,/IkB, and reduced levels of TRPMS,
CaMKII, p-ERK, ,/ERK; 5, p-NF-kB (p65)/NF«B (p65) and COX-2
after treatment. Admittedly, there were other enriched pathways
between each treatment group and the control group; therefore,
further research is necessary.

The present study also identified crossovers between RZ
and BG, while there was a distinct discrimination between RZ
and GC. We reasoned that during processing, the chemical
components of RZ change with increasing temperatures and
time extensions. This study also established a connective
network between the DQMs and the uterine metabolic path-
ways in PD mice. Due to the limited availability of experi-
mental samples and inter-individual differences, there was no
significant dose-dependence of RZ and RZPPs, but we did
observe a treatment trend. Therefore, further research is
required to support this theory and to enable in-depth charac-
terization of the mechanism of action.

Conclusions

To conclude, RZ and RZPPs can improve the pathological
status and pain in estradiol valerate coupled with oxytocin-
induced dysmenorrhea via regulating the TRP ion channel-
mediated ERK,,/NF-kB signaling pathway.

Abbreviations

ANOVA Analysis of variance

ARRIVE Animal research reporting in vivo experiments
guidelines

BG Baked ginger

Ca** Calcium

CaMKII Calmodulin-dependent protein kinase II

COX-2 Cyclooxygenase-2

DMs Differential metabolomics
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E, Estrogen

ERK; ), Extracellular regulated protein kinases;,

ESI Electrospray ionization

EV Estradiol valerate

GC Ginger charcoal

H&E Hematoxylin & eosin

IHC Immunohistochemistry

NF-«xB Nuclear factor-xB

NIM Negative ion mode

NSAID Non-steroidal anti-inflammatory drugs

OPLS-DA Orthogonal partial least-squares discriminant
analysis

oT Oxytocin

PCA Principal component analysis

PD Primary dysmenorrhea

PG Prostaglandin

PGF,, Prostaglandin Fy,

PIM Positive ion mode

PROG Progesterone

RZ Rhizoma zingiberis, ginger

RZPPs Rhizoma zingiberis processed products

SPF Specific pathogen-free

TCM Traditional Chinese medicine

TIC Total ion chromatograms

TRP Transient receptor potential

TXB, Thromboxane B,

UHPLC-Q- Ultra high-performance liquid chromato-

TOF MS graphy combined with quadrupole time-of-
flight mass spectrometry

UM Untargeted metabolomics
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