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Objective: Although Ge-Gen decoction (GGD) has beneficial effects on primary dysmenorrhea (PD), the underlying mechanisms
remain poorly understood. Our previous proteomic data revealed decreased level of heat shock protein 90 (HSP90) in uterine tissues of
rats with PD after GGD treatment. However, the potential role of HSP90 in the anti-PD effect of GGD and the underlying mechanisms
remain unexplored. This study investigated the potential role and mechanism of HSP90 in the anti-PD effect of GGD using a PD rat
model.

Methods: Wistar female rats were used to investigate the potential role of HSP90 in the anti-PD effect of GGD. The rat PD model
was established by injecting estradiol benzoate and oxytocin. GGD, Terazosin (an agonist of HSP90) or GGD combined with
Terazosin were orally administered to the PD rats. The expression levels of protein and cytokines, including HSP90, nucleotide-
binding oligomerization domain-like receptor protein 3 (NLRP3), nuclear factor kappa B (NF-kB) and cyclooxygenase-2 (COX-2) in
the uterine tissue of rats in each group were detected by immunohistochemical assay or Western blot.

Results: GGD ameliorated the writhing response, suppressed the protein levels of HSP90 and inflammation-associated proteins,
including NLRP3, NF-«kB, and COX-2 in uterine tissues of rats with PD. Terazosin attenuated the anti-PD effect of GGD and reversed
the effects of GGD on the protein levels of NLRP3, NF-kB and COX-2 in uterine tissues.

Conclusion: GGD exerts an anti-PD effect and suppresses levels of HSP90 and some inflammation associated proteins in uterine
tissues of rats.

Keywords: primary dysmenorrhea, heat-shock protein 90, nucleotide-binding oligomerization domain-like receptor protein 3, nuclear
factor kappa B, cyclooxygenase-2

Introduction
Primary dysmenorrhea (PD), also known as menstrual cramps or functional painful periods, is one of the most common
gynecological disorders in young women with prevalence varies between 45% and 95%.' Although nonsteroidal anti-
inflammatory drugs (NSAIDs) are currently the first-line medication for PD with rapid efficacy, their renal and
gastrointestinal side effects cannot be ignored.' Recently, many traditional Chinese medicine compounds were shown
to effectively treat PD with the least adverse effects.®®

Ge-Gen decoction (GGD), containing Pueraria Lobata, Ephedrae, Cinnamon Twig, Paeonia Lactiflora, Ginger,
Glycyrrhizae Radix Et Rhizome, and Red Dates (dry weight ratio of 4:1:3:3:2:2:4), is a traditional Chinese medicine
compound. A previous ex vivo and in vivo study revealed that GGD possessed a significant spasmolytic effect on uterine
tetanic contraction as well as improvement on uterine artery blood velocity which may involve PGF2a and Ca*"
signaling.” A randomized controlled trial study by Chai et al® showed that GGD can greatly relieve the severity of

menstrual pain of PD patients without obvious adverse effects, and the therapeutic effect of GGD on PD may be related
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to the regulation of pituitary hypothalamic ovarian hormones, and interfering with the metabolic change. However, the
anti-PD mechanisms of GGD remain poorly understood, which limits the application of GGD on a larger scale.

The pathogenesis of PD is still unclear. Uterine inflammation is one of the main pathogenesis of dysmenorrhea.’ !
Pro-inflammatory cytokines, such as interleukin-6 (IL-6), IL-1p, and IL-18, stimulate the release of prostaglandins (PG),
leading to excessive contraction of uterine smooth muscles in PD.”"'" The nucleotide-binding oligomerization domain-
like receptor protein 3 (NLRP3) inflammasome is a core part of inflammation and is implicated in diverse diseases that
are worsened by the presence of inflammation.'? Recently, activation of NLRP3 inflammasome was shown to induce
deleterious effects in PD mice.'" Previous studies showed that GGD alleviated inflammation in the uterine tissues of rats
with PD.” However, the underlying mechanisms remain unexplored.

To explore the anti-PD mechanisms of GGD, we previously investigated the differentially expressed proteins (DEPs)
in the uterine tissues of rats with PD following GGD administration using label-free quantitative proteomics, and found
that heat shock protein 90 (HSP90) was decreased in the uterine tissues of PD rats after GGD administration.'> HSP90 is
a molecular chaperone that is involved in the activation and expression of disparate client proteins.'* Through its ability
to chaperone client proteins, HSP90 is implicated in various human diseases including cancer, inflammation, and diseases
associated with protein misfolding.'* However, the role of HSP90 in the development of PD remains unknown. It is
demonstrated that HSP90 plays a key role in regulating inflammatory processes via its regulation of the NLRP3
inflammasome and secretion of the pro-inflammatory cytokine IL-1p."> Excessive and dysregulated inflammation is
known to contribute to the progression of PD.”'" Therefore, it is worthwhile to investigate whether HSP90 mediates the
anti-PD effect of GGD through regulation of the inflammatory response.

In this study, we explored the potential role and mechanism of HSP90 in the anti-PD effect of GGD using a PD rat
model.

Materials and Methods

Experimental Animals

Female Wistar rats (weighing 200 + 20 g; 8—10 weeks-of-age) were acquired from Huachuang Sino Co., Ltd. (Taizhou,
China). The rats were kept in plastic cages at 22 + 2 °C on a 12 h light/dark cycle with free access to pellet food and
water. Food and water were supplied as required, and cages were changed every week.

GGD Preparation

GGD consists of Pueraria Lobata (20g), Ephedrae (5g), Cinnamon Twig (15g), Paeonia Lactiflora (15g), Ginger
(10g), Glycyrrhizae Radix Et Rhizome (10g), and Red Dates (20g). All of the drugs were provided by the pharmacy
of Taicang Hospital of Traditional Chinese Medicine. These materials were soaked in 1000 mL water for 30 minutes and
then decocted with boiling water twice for 2 h each time. Finally, we mixed these two times filtered solutions together in
a water-bath at 60°C and evaporated them to 100 mL. The final extract was bottled and stored at 4°C for further use.

Construction of PD Rats and Treatment

The animal experiment design and schedule are shown in Figure 1. The rat model of PD was established by injecting
estradiol benzoate and oxytocin, as described previously.'> The GGD concentration is calculated by mass conversion
based on the effective clinical. Previous research by our team set up three concentrations of high (3.6 g/kg), middle (1.8
g/kg), and low (0.9 g/kg) for pre-experiment. The experimental results determined that the concentration of 1.8 g/kg in
the GGD animal experiment was appropriate (Figure S1). One week after adaptation, thirty rats were randomly divided
into five groups (n = 6 rats/group): sham group, PD group, GGD group, Terazosin group, GGD + Terazosin group. The
rats in the GGD group were intragastrically administered GGD (1.8 g/kg) once a day. The rats in the Terazosin group
were intragastrically administered Terazosin (0.08g/kg) once a day. The rats in the GGD + Terazosin group were
intragastrically administered GGD (1.8 g/kg) and Terazosin (0.08g/kg) once a day. The rats in sham and PD groups
were given once daily with the same amount of distilled water. All rats were anesthetized by inhalation of 10% chloral
hydrate (Proteinbio Biotechnology Co., Ltd., Nanjing, China) and sacrificed by cervical dislocation. After anesthetic
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Figure | Figure of the animal experiment design and schedule.

euthanasia, the uteruses were removed, rinsed with phosphate buffered saline (PBS) and measured. The uterine tissues
were cryopreserved at —80°C until further analysis. All experiments were approved by the Ethics Committee of Taicang
Hospital of Traditional Chinese Medicine (No. 2021-031) and followed the guidelines for the ethical review of laboratory
animal welfare issued by Regulations of Jiangsu Laboratory Animal Management.

Measurement of Writhing Response

The writhing times and the writhing latency of each rat were observed within 30 mins after the injection of
oxytocin. Writhing response was evidenced by contractions and indentations on the abdomen, trunk, and posterior
of each of the experimental rats. Writhing latency: from intraperitoneal injection of oxytocin to the first writhing

reaction.

Western Blotting

Western blotting assays were performed as previously depicted in 13. The antibodies used in this study were as follows:
anti-NF-kB (Cat. No. 66535-1-Ig, 1:2000, Proteintech, Wuhan, China), anti-COX-2 (Cat. No. 66351-1-Ig, 1:2500,
Proteintech, Wuhan, China), and B-Actin (Cat. No. AC026, 1:10,000, ABclonal, Wuhan, China). B-actin was used as
a loading control. Signals were detected by using an ECL substrate (Thermo Scientific) and exposure with the Tanon
5800 imaging system. The intensity of the bands was quantified by Photoshop 2022.
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Histopathological Examination

Uterine tissues were washed in phosphate buffer, fixed in 5% formalin at room temperature, dehydrated in a graded
concentration of ethanol, and then embedded in paraffin. Tissue sections of 4 um were stained with hematoxylin and
eosin (H&E) to evaluate the histopathological changes of the uterus. Digital images of uterine morphology at 200x
magnification were obtained using a light microscope (Olympus CKX53, Tokyo, Japan).

Immunohistochemistry (IHC)

The 4 pum sections of uterine tissues were used for immunolabeling analysis. Briefly, the uterine sections were
permeabilized, blocked, and then incubated with primary antibodies against HSP90 (Cat. No. ab203126, 1:10,000,
Abcam, USA), NLRP3 (Cat. No. ab263899, 1:2000, Abcam, USA), overnight at 4°C, followed by incubation with
a corresponding secondary antibody at ordinary temperature for 1 h. Staining was developed using peroxidase 3,30-
diaminobenzidine (DAB) substrate and counterstained with hematoxylin. Images were obtained using an
Immunohistochemical scanner (Pannoramic MIDI, 3D histech, Hungary). The relative fluorescence intensity of positive
cells was quantified using Image-Pro Plus software. The integrated optical density (IOD) and mean optical density
(AOD) were quantified using Image-Pro Plus 6.0 software. AOD = IOD sum/area sum.

Statistical Analysis

The data represent the mean + standard deviation (SD) from at least three separate experiments. Statistical analyses were
carried out using GraphPad Prism (version 9.0, USA). Student’s #-test was used to analyze differences between two
groups. When comparisons between multiple groups were carried out, one-way ANOVA followed by SNK tests was
employed. Statistical significance was considered when P < 0.05.

Results
GGD Exerts an Anti-PD Effect in Rats

To detect the effects of GGD on PD, we examined writhing response and writhing latency in GGD-pretreated rats after
treatment with estradiol benzoate and oxytocin. As shown in Figure 2A, there was no writhing reaction in the sham
group, whereas the writhing response numbers significantly increased in the PD group. Compared with the PD group, the
writhing response numbers notably decreased (Figure 2A), and the writhing latency significantly increased (Figure 2B) in
the GGD group. H&E examination of uterine tissues showed that there was no inflammation or edema in the sham group,
whereas a large number of inflammatory cell infiltrations and mild edema were observed in the PD group (Figure 2C). In
the GGD group, inflammation and edema were rarely observed (Figure 2C). The above data indicated that GGD exerts an
anti-PD effect in rats.

GGD Decreases the Level of HSP90 in Uterine Tissues of Rats with PD

Our previous proteomic data revealed decreased level of HSP90 in uterine tissues of rats with PD after GGD treatment
13. Therefore, uterine tissues were examined by IHC to detect the level of HSP90. The results showed that compared
with the sham group, the level of HSP90 in the PD group was increased (Figure 3). Compared with the PD group, the
level of HSP90 in the GGD group was decreased (Figure 3). These results suggested that GGD decreases the level of
HSP90 in uterine tissues of rats with PD.

Up-Regulation of HSP90 Reverses the Anti-PD Effect of GGD

To investigate the role of HSP90 down-regulation in the anti-PD effect of GGD, the level of HSP90 was up-regulated in
GGD-treated PD rats using Terazosin, an agonist of HSP90. Compared with the GGD group, the writhing response
numbers significantly increased (Figure 4A), and the writhing latency notably decreased (Figure 4B) in the GGD +
Terazosin group. H&E examination showed that compared with the GGD group, infiltrations and edema in the GGD +
Terazosin group were increased (Figure 4C). The above data indicated that up-regulation of HSP90 reverses the anti-PD
effect of GGD.
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Figure 2 Inhibitory effects of GGD on PD model rat. (A) The writhing numbers of rats in each group. (B) The writhing latency of rats in each group. (C) Pathological
changes in the uterine tissue of rats in each group by H&E staining (Magnification x 200). Data are presented as the means + SD. **P<0.01, n=6.
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Figure 3 Inhibitory effect of GGD on HSP90 expression. The protein levels of HSP90 in the uterine tissue of rats in each group were detected by IHC and quantified

(Magnification x 400). Data are presented as the means * SD. **P<0.0l, n=6.
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Figure 4 Inhibitory effects of Terazosin on the anti-PD effect of GGD. (A) The writhing numbers of rats in each group. (B) The writhing latency of rats in each group. (C)
Pathological changes in the uterine tissue of rats in each group by H&E staining (Magnification x 200). Data are presented as the means + SD. **P<0.01, n=6.

Up-Regulation of HSP90 Reverses GGD-Reduced NLRP3 Expression in Uterine

Tissues of Rats with PD

We then investigated the mechanism underlying HSP90-mediated anti-PD effect of GGD. NLRP3 is the key regulator of
inflammatory response.'> Our and other previous studies revealed that GGD exerts its protective function on PD by
regulating the inflammatory response.”'* Furthermore, NLRP3 expression was shown to be regulated by HSP90.'*'¢
Therefore, uterine tissues were examined by IHC to detect the level of NLRP3. The results showed that compared with
the sham group, the level of NLRP3 in the PD group was increased (Figure 5). Compared with the PD group, the level of
NLRP3 in the GGD group was decreased (Figure 5). Compared with the GGD group, the level of NLRP3 in the GGD +
Terazosin group was increased (Figure 5). These results suggested that up-regulation of HSP90 reverses GGD-reduced
NLRP3 expression in uterine tissues of rats with PD.

Up-Regulation of HSP90 Reverses GGD-Inactivated NF-kB/COX-2 Axis in Uterine
Tissues of Rats with PD

NF-kB/COX-2 axis is an important downstream target of NLRP3-mediated inflammatory response, and plays a critical
role in the pathological process of PD.'" Therefore, we explored whether NF-kB/COX-2 axis is involved in HSP90-
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Figure 5 Inhibitory effects of Terazosin on the GGD-reduced NLRP3 expression. The protein levels of NLRP3 in the uterine tissue of rats in each group were detected by
IHC and quantified (Magnification % 400). Data are presented as the means * SD. **P<0.01, n=6.

N
196\
N & & .
O S X * -
& Q & &2 X o+ [— | —
) Q @ A ) o~ —
c 6 *— c 10
.% — .% mrm
COX-2 66 kDa gg g’_? 8-
xX © 4- X ©
o< o< 6
~ P n®
b s
x 6 % 5
32 £3 4
° 24 (]
NF-«B 67 kDa 2 é 2L "
s K
= ©
& 0- 4 0-
O &
& & L & & € L & S
2 g rd & &
& & @ A%
A £ x
00 000
©

Figure 6 Inhibitory effects of Terazosin on the GGD-inactivated NF-kB/COX-2 axis. The protein levels of NF-kB and COX-2 in the uterine tissue of rats in each group were
detected by Western blotting. Data are presented as the means + SD. *P<0.05, **P<0.01, n=6.

mediated anti-PD effect of GGD. Western blotting analyses showed that compared with the sham group, the levels of NF-
«B and COX-2 in the PD group was increased (Figure 6). Compared with the PD group, the levels of NF-xkB and COX-2
in the GGD group was decreased (Figure 6). Compared with the GGD group, the levels of NF-kB and COX-2 in the
GGD + Terazosin group was increased (Figure 5). These results suggested that up-regulation of HSP90 reverses GGD-
inactivated NF-kB/COX-2 axis in uterine tissues of rats with PD.

Discussion

The beneficial effects of GGD on PD have been observed in animal models or clinical patients. However, the anti-PD
mechanism of GGD has not been thoroughly elucidated. The present study investigated the anti-PD mechanism of GGD.
Our previous proteomic data revealed that HSP90 was decreased in uterine tissues of rats with PD after GGD
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treatment.'> Therefore, the role of HSP90 in the anti-PD effect of GGD was first investigated. Our study showed that
GGD-reduced HSP90 contributes to the anti-PD effect of GGD. To the best of our knowledge, this is the first report of
the central role of HSP90 in the anti-PD effect of GGD. Therefore, we investigated the major molecular pathways that
regulated by HSP90 to mediate the anti-PD effect of GGD.

NLRP3 inflammasome, an oligomeric complex comprised the NLRP3, the adaptor ASC, and caspase-1, is the key
regulator of inflammation.'”'® Previous studies revealed that NLRP3 inflammasome is activated and expressed in PD,
and inactivation NLRP3 inflammasome attenuates PD.!! Moreover, it is demonstrated that NLRP3, the critical compo-
nent of the inflammasome, is one of the HSP90 clients and the protein stability of NLRP3 is compromised by HSP90
inhibition.'>'” Therefore, we investigated whether HSP90 mediates the anti-PD effect of GGD by regulating NLRP3
expression. Our results showed that NLRP3 expression was obviously increased in the uterine tissues of PD rats, which
was significantly decreased after GGD administration. When the level of HSP90 in GGD-treated PD rats was up-
regulated by Terazosin, NLRP3 expression was obviously increased. These data indicate that GGD-reduced NLRP3 is
attributed to the decreased level of HSP90 in the uterine tissues of PD rats.

NF-«B is a transcription factor that has an essential role in inflammation.?’ NF-kB was reported to play a crucial role
in PD via regulation of COX-2, a key enzyme catalyzes prostaglandin biosynthesis.”’ COX-2 and its downstream product
prostaglandin E2 (PGE2) play a key role in generation of the inflammatory microenvironment in uterine tissues of
PD.*>** The NF-kB/COX-2 signaling axis has been demonstrated to play a pathogenic role in PD.""! Recently,
MCC950, a potent and specific small-molecule inhibitor of the NLRP3 inflammasome, was shown to alleviate the
pain and pathological damage via suppression of the NF-kB/COX-2 signaling axis in uteruses of PD mice,'" indicating
that NLRP3 inflammasome is responsible for the activation of NF-kB/COX-2 signaling axis in PD. Therefore, the
activation of NF-kB/COX-2 signaling axis was investigated in our study. Consistent with previous study, we observed the
activation of NF-xB/COX-2 pathway in the uterine tissues of PD rats. GGD obviously reduced the activation of
activation of NF-kB/COX-2 pathway, which was reversed by Terazosin administration. These results indicate that NF-
kB/COX-2 signaling axis acts as a downstream of NLRP3 inflammasome in HSP90-mediated anti-PD effect of GGD.

PG content plays an important role in the pathogenesis of PD. Our previous study showed that GGD reduces the
content of PG in the uterus of PD rats.'® It is worth further exploring whether HSP90 is involved in GGD-reduced PG
content and the underlying mechanism. Furthermore, the uterus of the rat is anatomically different than human uterus.
Whether the uterine pain of rat is consistent with that of PD patients is still unknown. The resemblence of uterine pain in
humans and rats needs to be investigated.

Conclusion

In conclusion, the current study demonstrates that GGD exerts an anti-PD effect in vivo. GGD downregulated
inflammation associated proteins (NLRP3, NF-kB and COX-2) in uterine tissues of PD rats. The HSP90 was also
involved in the inflammation regulation of GGD treatment. Our findings suggest that GGD may be useful as an anti-PD
medicine owing to its unique anti-inflammatory activity.
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