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Abstract

Baicalein is a flavonoid extracted from the root of Scutellaria baicalensis (Chinese Skullcap) and
is consumed as part of this botanical dietary supplement to reduce oxidative stress, pain and
inflammation. We previously reported that baicalein can also modify receptor signaling through
the progesterone receptor (PR) and glucocorticoid receptor (GR) /n vitro, which is interesting due
to the well-established roles of both PR and GR in reducing inflammation. To understand the
effects of baicalein on PR and GR signaling /n vivo in the uterus, ovariectomized CD-1 mice were
treated with DMSQO, progesterone (P4), baicalein, P4 with baicalein, and P4 with RU486, a PR
antagonist, for a week. The uteri were collected for histology and RNA sequencing. Our results
showed that baicalein attenuated the anti-proliferative effect of P4 on luminal epithelium as well
as on the PR target genes HAND2 and ZBTB16. Baicalein did not change levels of PR or GR
RNA or protein in the uterus. RNA sequencing data indicated that many transcripts significantly
altered by baicalein were regulated in the opposite direction by P4. Similarly, a large portion

of GO/KEGG terms and GSEA gene sets were altered in the opposite direction by baicalein as
compared to P4 treatment. Treatment of baicalein did not change body weight, organ weight, or
blood glucose level. In summary, baicalein functioned as a PR antagonist /77 vivo and therefore
may oppose P4 action under certain conditions such as uterine hyperplasia, fibroids, and uterine
cancers.
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Progesterone is a steroid hormone that plays a vital role in female reproductive health,
particularly in uterine biology.! Progesterone exerts its transcriptional regulation through
the nuclear progesterone receptor (PRA and PRB) in tissues such as the uterus, breast,
ovary and pituitary.2 Upon binding to its ligand progesterone, PR dimerizes and translocates
into the nucleus to regulate gene transcription.3 Progesterone signaling is critical for

early pregnancy events such as implantation and decidualization and it is essential for
maintaining pregnancy.® In the uterus, progesterone is known to counteract the proliferative
effects of estrogen on the epithelial cells and thus exerts a protective function.® In

addition, expression of PR is associated with longer survival times in endometrial and
ovarian cancer patients.%” Because progesterone is not bioavailable orally unless formulated
as micronized progesterone, synthetic analogs of progesterone are often prescribed to
patients with fibroids and endometrial cancer.89 Selective progesterone receptor modulators
(SPRMs) are a class of synthetic molecules capable of interacting with PR with agonist

and antagonist properties. For instance, onapristone and ulipristal acetate both act as PR
antagonist and have been used for treatment of endometriosis, fibroids and breast cancer19.11
However, synthetic PR ligands usually have some affinity to the androgen receptor (AR)

or glucocorticoid receptor (GR) and interactions with these are associated with side effects
such as cardiovascular diseases, weight gain and stroke.12.13 Thus, the identification of
progestins with minimal side effects would be beneficial. Botanical supplements possessing
progestin-like compounds and anti-inflammatory characteristics have not been studied
extensively for this biological activity.

Herbal dietary supplements are becoming increasingly popular as people turn to them for
health benefits. The herbal dietary supplements market increased by 8.6% to $9.6 billion in
total US sales in 2019 from the previous year.14 In 2020, amid the COVID-19 pandemic,
the market for herbal supplements was estimated at $10.8 billion and projected to reach
$16.9 billion by 2027.15 It is common for women to consume botanical supplements to
treat gynecological conditions such as menopausal or post-menopausal symptoms, cyclic
mastalgia, infertility or endometriosis.1® Plants with estrogenic activities used in dietary
supplements include soy, red clover, hops, chasteberry, flaxseed and licorice.1” Plant based
compounds with estrogenic activities are known as phytoestrogens, and they can bind to the
estrogen receptor (ER) to trigger transcriptional activation due to their similar structures or
functions to estrogens.18 Herbal supplements containing phytoestrogens have been used for
alleviating menopausal symptoms, however, botanical supplements are usually composed of
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mixtures of compounds and recent data suggest that some botanicals contain ligands that act
on PR and GR.17:19 For instance, studies have shown that apigenin and kaempferol from
botanical supplements counteract the proliferative effects of genistein in the uterus.20:21
These compounds can bind to PR and trigger transcriptional action similar to progesterone,
thus are termed as phytoprogestins.

Baicalein is isolated from Scutellaria baicalensis Georgi, or Chinese skullcap, a medicinal
plant used in traditional Chinese medicine.22 Baicalein is one of the most abundant
compounds and bioactive flavonoids in Chinese skullcap, which has been shown to possess
anti-cancer and anti-inflammatory properties.23 Baicalein is mainly extracted from the root
and represents approximately 10% of the total Chinese skullcap extract.24 Baicalein is
known to possess anti-inflammatory functions by inhibiting hyperpermeability, expression
of cell adhesion molecule (CAM), and migration of leukocytes for vascular inflammatory
diseases.?" It reduced lipopolysaccharide induced inflammation via suppressing Janus
protein tyrosine kinase/Signal transducers and activators of transcription (JAK/STATS)
activation and ROS production in macrophages. Baicalein induced apoptosis in epidermal
growth factor receptor tyrosine kinase inhibitors (EGFR TKI)-resistant lung cancer.26 In
undifferentiated thyroid cancer cells, baicalein induced apoptosis through blocking the
ERK/PI3K/Akt pathway?’. In breast cancers, baicalein inhibited cell growth and induced
apoptosis of cancer cells, and suppressed breast cancer cell adhesion, migration and
invasion.2428.29 However, the effects of baicalein as a phytoprogestin on the uterus, a

PR rich tissue, remain poorly understood. In a previous study, we screened compounds
with structural similarity to apigenin and kaempferol, and identified baicalein using a
fluorescence polarization competitive binding assay for PR and GR with 1Csq values of

15 and 19 pM, respectively.30 Baicalein activated a hormone responsive luciferase construct
and regulated gene expression in both uterine and breast cancer cell lines. In the present
study, we investigated the effects of baicalein on the uterine tissue /n vivo for the first time
since PR and GR signaling can play an important role in the uterus, particularly as it relates
to fibroids, endometriosis and inflammation.

RESULTS AND DISCUSSION

Baicalein Attenuates The Inhibitory Effect Of Progesterone on Uterine Epithelial Cell
Proliferation.

We previously reported that baicalein acts as a PR antagonist /7 vitro and that it increased
expression of the GR target gene, glucocorticoid-induced leucine zipper (Gilz) in the uterus
in vivo, which could be blocked by the PR and GR antagonist, RU486.3! To investigate the
effects of baicalein on uterine cell proliferation, CD-1 mice (n=5/group) were injected IP
with 10% DMSO, 1 mg/kg progesterone (P4), 25 mg/kg baicalein, 1 mg/kg P4 combined
with 25 mg/kg baicalein, or 1 mg/kg P4 combined with 10 mg/kg RU486 for 7 days. In

the control group, immunohistochemistry for PCNA staining found that 49% of the luminal
and glandular epithelial cells were proliferating (Figure. 1A), but in the P4 treated group, a
significant number of the epithelial cells (93%) were quiescent (Figure 1B). When treated
with P4 and baicalein, there were more proliferating epithelial cells (32%) compared to the
P4 group (7%), which were not different than control (Figure. 1C). Baicalein alone resulted
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in 47% of the luminal epithelial cells stained for proliferation marker PCNA. This result
indicated that baicalein alone does not reduce the percentage of PCNA positively stained
luminal epithelium, but baicalein attenuated the anti-proliferative effects of P4 on epithelial
proliferation. Mice were also treated with P4 in combination with the PR antagonist,
RU486, and the uteri had 23% proliferating epithelial cells, which was not statistically
different compared to the control group (Figure 1D). In the uterus, it is well understood
that steroid hormones, such as estradiol (E2) and P4, have opposing actions in regulating
cell proliferation and differentiation in a paracrine manner.32-35 Estradiol, acting through
stromal ER alpha, drives epithelial proliferation through the secretion of factors such as
Fgf10, Hox10a and Bmp8a.3® On the other hand, P4 inhibits expression of Fibroblast
growth factors (FGFs) and blocks estrogen-induced epithelial proliferation through PR.37
Treating with baicalein combined with P4 reduced the anti-proliferative effect of P4. In
addition, studies showed that baicalein blocked proliferation and induced apoptosis in the
cervical carcinoma Hela cell line.38:39 Women with certain gynecological diseases such as
endometriosis and uterine fibroids are treated with progestin antagonists.*?41 These diseases
often involve inflammation that contributes to abdominal pain.4243

Baicalein Decreased P4 Induced HAND2 Expression.

Heart and neural crest derivatives-expressed protein 2 (HAND?) is a transcription factor
that is exclusively expressed in the sub-epithelial stromal regions in the uterus and has

a critical role in regulating uterine epithelial functions.** HAND?2 is induced by P4 in
ovariectomized mice and blocked by RU486.37 We evaluated HAND2 protein expression by
immunohistochemistry (IHC) after mice were treated with baicalein and our results showed
that HAND?2 protein was limited to a thin layer of sub-epithelial stromal cells in the control
group (Figure. 2A), but its expression was upregulated and extended to deep regions of the
stromal in the mouse uteri treated with P4 (Figure. 2B). In mice treated with the combination
of P4 and baicalein, HAND?2 staining was more diffuse than in the P4 group (Figure. 2C).
HAND?2 protein levels were comparable between the control group and the P4 combined
with RU486 group (Figure. 2D). HAND2 expression was limited to the small region close
to epithelium when treated with baicalein (Figure. 2E), indicating that baicalein alone did
not increase HAND?2 abundance compared the control group. Studies have reported that

P4 upregulates HAND2, and HAND? inhibits the expression of stromal FGFs that induce
luminal epithelial proliferation through the ERK1/2 pathway in a paracrine manner.37:45
Together with the proliferation data, the data indicate that P4 induces HAND?2 and inhibits
luminal epithelial proliferation, while baicalein blocks the P4-induced HAND2 expression
and the inhibition of proliferation similar to RU486, the established PR antagonist.

Baicalein Decreased Progesterone Induced ZBTB16 Expression.

Zinc finger and BTB domain-containing 16 (ZBTB16) is a transcriptional factor that belongs
to the family of Kriippel-like zinc finger proteins and is involved in cell cycle control
differentiation of myeloid cells, and spermatogenesis.*6 ZBTB16 is induced by P4 in the
female reproductive tract and is essential for stromal cell decidualization.*” Kommagani and
colleagues reported in a study of human endometrial stromal cells that ChIP-Seq identified
more than 10 progesterone response elements within the Zbtb16 gene, indicating that it

may be a direct target of PR signaling.8 We evaluated the effects of baicalein on ZBTB16
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abundance, and our results showed that there was very little ZBTB16 in the control group
(Figure. 3A), but its abundance was elevated in the P4 treated group (Figure. 3B). When
treated with P4 and baicalein, the abundance level of ZBTB16 was reduced compared to
P4 treatment alone, similar to the P4 and RU486 group (Figure. 3D). When treated with
baicalein alone, ZBTB16 was at basal level, similar to the control (Figure. 3E). These
results suggest that baicalein acts as a PR antagonist that decreases P4-induced ZBTB16
expression in the uterus. Furthermore, Qiu and colleagues reported that ZBTB16 was one of
the downstream targets promoted by FOXA1 and higher FOXAL expression was correlated
with a higher incidence of endometrial cancer.*® ZBTB16 was also found to be regulated
by both GR and PR and it functioned as a tumor suppressor that inhibits proliferation and
metastasis in breast cancer cells. 5051

Baicalein Did Not Alter PR Protein Levels.

To evaluate the effects of baicalein on PR protein levels, uterine sections were
immunostained for PR. The results showed that PR was expressed uniformly in the luminal
and glandular epithelial cells in the control group (Figure. 4A). Treatment of P4, P4 with
baicalein, or P4 with RU486 did not alter PR expression (Figure. 4B-D). Similarly, treatment
of baicalein alone did not cause a difference in PR expression in the uterus compared to the
control or P4 group (Figure. 4E). In our previous study, we also showed that baicalein did
not change PR expression in breast cancer cells.3! The results are consistent with the 7 vitro
data.

Baicalein’s Effect on GR Expression.

GR is a constitutively expressed transcription factor.52 GR is expressed in the uterus of both
mouse and human.>3 To evaluate the effect of baicalein on GR protein, uterine sections were
stained for GR. The results showed that GR was abundantly expressed in both the stromal
and epithelial cells in the control (Figure. 5A). In the P4 treated group, GR was expressed in
the uterine stromal cells, but very little was in the luminal epithelial cells (Figure. 5B). When
mice were treated with P4 and baicalein, GR was expressed intensively in the stroma as well
as luminal epithelium, similar to the P4 and RU486 (Figure. 5 C and D). When mice were
treated with baicalein alone, GR was expressed in both stroma and epithelium, resembles
the control group (Figure. 5E). These data suggest that baicalein alone does not alter the
expression of GR, but it could reverse the P4 induced stromal-only expression of GR to both
stromal and epithelial expression. The exact effects of P4 on GR localization is not clear and
the biological significance of epithelial and stromal expression remains unknown, however,
GR expression in the uterus is associated with poor prognosis in ER-expressing endometrial
tumors.>* Future studies are required to understand the role of GR in the uterus.

Common Genes And Pathways Altered Oppositely By Progesterone And Baicalein.

To evaluate and compare the transcriptomic profiles of the mouse uteri, we extracted

mRNA from the control, P4, and baicalein groups and subjected it to RNA sequencing
(n=4). Results for significantly altered transcripts are summarized in Figure 6. Baicalein
treatment significantly upregulated 46 genes and downregulated 131 genes. We found a large
portion of genes that were upregulated by baicalein were downregulated by P4. Of the 131
mRNA significantly downregulated by baicalein, 44 were upregulated by P4; while 18 of
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46 transcripts significantly upregulated by baicalein were downregulated by P4. The full list
of commonly altered transcripts is presented in Table 1. Full lists of significantly altered
mMRNA by each group are available as Supporting Information tables. DAVID functional
annotation analysis showed that 46% (24 of 52) GO terms downregulated by baicalein
were upregulated by P4, and 48% (13 of 27) KEGG pathways downregulated by baicalein
were upregulated by P4. The top three oppositely regulated common KEGG pathways are
focal adhesion, proteoglycan in cancer and cGMP-PKG signaling pathway, with nine, five
and five genes in the pathway respectively. Full lists of altered GO/KEGG terms by each
group are available as Supporting Information tables. Among these common genes changed
in the opposite direction by baicalein and P4, studies have reported that many of them

are regulated by P4 in uterine biology.>>>7 For instance, CdkI2 transcript was upregulated
by baicalein treatment, but downregulated in the P4 treatment group. A previous study

also found that Cdk12 was downregulated by P4 in mouse uterus.®® In human endometrial
stromal cells (HESC), knockdown of PR leads to downregulation of Ccdc69.5° Our data
showed baicalein treatment downregulated Ccdc69 similar to knockdown of PR. In another
study with microarray data, Cdr2 expression was enhanced by P4, but it was downregulated
by baicalein in our study.5% Progesterone is critical for successful pregnancy, and PR signals
regulate many genes that important for implantation and decidualization.*61 We found

that baicalein downregulated integrin Itga7 in the mouse uterus, but it was upregulated

in human myometrium and decidualized stromal cells during pregnancy, which again

is consistent with working to oppose P4 action.52:63 Similarly, Tcf23, another baicalein-
downregulated gene, was shown to be critical and upregulated in decidualization in HESC
by P4.%4 Baicalein also regulated genes involved in uterine pathologies such as fibroids

and endometrial cancer. Fibroids are benign smooth muscle tumors originated from the
myometrium. Their development is highly dependent on ovarian hormones, and PR actions
play a key role in fibroid growth.® A genomic and transcriptomic study revealed Hspb7
was associated with cell proliferation in fibroids, but it was downregulated by baicalein

in our study.%° Baicalein upregulated Mal2 in the mouse uterus, and Mal2 was previously
found to be linked with proliferation, migration, and invasion in endometrial cancer, which
is known to be related to reduced P4 action.%8 Interestingly, a few IncRNAs involved in PR
signaling or tumorigenesis were also oppositely regulated by baicalein and P4. For example,
Fam107a was downregulated by baicalein, but it was reported to be upregulated by MPA in
myometrial explants in pregnant women.8” Fam212b has been shown to be one of the core
regulators of endometrial carcinogenesis, and was downregulated by baicalein treatment in
our study.58

Significantly downregulated transcripts by baicalein were subjected to DAVID KEGG
pathway analysis and our result identified 27 pathways. In addition to the common pathways
oppositely regulated by baicalein and P4, baicalein downregulated 14 other pathways
including cAMP signaling pathway, oxytocin signaling pathway GnRH signaling pathway
and ECM-receptor interaction (Figure. 6E). The role of baicalein in these pathways needs
further investigation. Overall, these data suggest that baicalein regulates a subset of genes
that are important in uterine physiology and pathology in the opposite direction of P4 and
has antagonistic effect on PR in the uterus /n vivo.
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Gene Sets Regulated Oppositely By Progesterone And Baicalein.

RNAseq data was further analyzed by GSEA to evaluate significantly altered gene sets
(Table 3 and Figure. 7). Our data showed that 2 of 8 hallmark gene sets were negatively
enriched in baicalein group but positively enriched in P4 group. These gene sets were UV
response and myogenesis, and the normalized enrichment scores were 1.76 and 1.47 for
P4, -1.94 and —2.29 for baicalein, respectively. Three of 12 hallmark genes were positively
enriched in the baicalein group but negatively enriched in the P4 group. These gene sets
were E2F targets, G2M checkpoint and DNA repair, and the normalized enrichment scores
were —2.59, —2.26 and —1.61 for P4 and 1.95, 1.88 and 1.41 for the baicalein group
respectively. The full list of significantly enriched gene sets is shown in Table 3. These
overlapping gene sets indicate a role of baicalein in regulating cell cycle and proliferation.
Furthermore, some of the significantly enriched gene sets by baicalein alone are also
involved in gynecological diseases. For instance, it is well understood that Epithelial To
Mesenchymal Transition (EMT) plays an important role in the progression of many cancers
including endometrial cancer.89.70 Baicalein suppresses metastasis of breast cancer cells
by inhibiting EMT 71, Wnt/beta-catenin signaling is involved in several aspects of the
genesis of fibroids, and inactivation of Wnt/beta-catenin signaling suppresses endometrial
cancer cell growth Jn vitro.7273 Interestingly, our GSEA data showed both EMT and
Whnt/beta-catenin signaling gene sets were negatively enriched by baicalein, suggesting a
potential benefit on gene regulated in fibroids and endometrial cancer. These data suggest
that baicalein has additional functions other than mediating PR signaling. Future studies are
needed to elucidate the effects of baicalein on other gene sets and pathways.

Baicalein Did Not Alter Body Weight, Organ Weights Or Blood Glucose Level.

In order to evaluate whether baicalein could exert glucocorticoid side effects such as weight
gain and diabetes, the body weight, and organ weights were measured at the end of the
animal study. The weights of the body, uteri and liver for each group are summarized in
Table 4. There was no significant difference in body weight or organ weights in any treated
group. The blood level of glucose was also measured and there was no difference in glucose
level in any treated group. Although common glucocorticoid side effects include obesity,
antagonism of insulin action and osteoporosis, our results showed no difference in body
weight or serum glucose level of the mice. More research is warranted to investigate the role
of baicalein on GR.

Chinese Skullcap has been widely used as a medicinal plant in Asian countries for centuries,
and the main bioactive compound is baicalein.22 Baicalein is orally consumed and well
absorbed from the stomach and small intestine, and the plasma concentration of baicalein
reaches maximum 0.75-3 h after administration. It is predominantly metabolized in the liver
and small intestine by glucuronidation via uridine 5’-diphospho-glucuronosyl-transferase
systems.” In two studies where healthy adults were given baicalein chewable tablets at
either a single dose of 100-2800 mg or multiple doses of 200-800 mg daily, researchers
found no signs of liver or kidney toxicity and minimal mild side effects, indicating oral
intake of baicalein was safe and well tolerated.”>76 Our data show that baicalein opposes P4
action on the luminal epithelium and it blocks the expression of PR target genes HAND?2
and ZBTB16. RNA sequencing analysis indicates that baicalein regulates a subset of PR
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target genes in the opposite direction of P4. This study is the first to show baicalein can
repress some actions of PR in the murine uterus.

EXPERIMENTAL SECTION

Animal Study and Chemicals

Ovariectomized CD1 mice (age 6—8 weeks from Envigo) were used for the animal studies.
Baicalein (purity = 95%) was purchased from Cayman (70610, Cayman Chemical, Ann
Arbor, MI). In the first animal study, five mice were randomly assigned into each treatment
group and received 10% DMSO, 1 mg/kg progesterone, or 25 mg/kg baicalein for 7 days
through IP injection. RNA was extracted from the uteri of these mice for RNA sequencing
analysis. In the second animal study, five mice were randomly assigned into each treatment
group and received 10% DMSO, 1 mg/kg progesterone, 25 mg/kg baicalein, 1 mg/kg
progesterone with 25 mg/kg baicalein, or 1 mg/kg progesterone with 10 mg/kg RU486 for
7 days through IP injection. After treatment, the animals were weighted and euthanized.
The uterine tissue was collected and weighted. One uterine horn was snap-frozen in liquid
nitrogen and stored at =80 °C for RNA extraction and the other uterine horn was fixed in
10 mL of 10% buffered formalin for 24 h, transferred into 70% EtOH and processed for
histology using a Shandon 1000 Processor (Thermo) as described before.”” The processed
tissue was embedded with paraffin into 5 mm thick blocks and then sectioned into 5 pm
thick sections using a microtome. The slides were dried for at least 24 h before being
processed for further analysis. All animal studies were approved by the UIC Institutional
Animal Care and Use Committee (Protocol number 18-205).

Blood Glucose Level Analysis

Serum samples were collected for blood glucose measurement at the end of the animal
study. Briefly, blood was drawn immediately after euthanasia from the posterior vena cava
and cooled on ice for 30 min, then 15 min at room temperature (rt) to clot. The samples were
centrifuged at 1000 x g for 10 min to remove the clot, and the supernatant liquid component
(serum) was submitted to the Diagnostic Laboratory of the Biologic Resources Laboratory at
UIC for measurement. Five samples per group were measured.

Immunohistochemical Staining

Immunohistochemistry (IHC) was performed for PCNA, HAND2, FKBP5 on uterine
samples as previous described.’® Briefly, slides of uterine horns were deparaffinized using
three xylenes washes and rehydrated though a series of decreasing concentrations of EtOH,
then subjected to heat-induced antigen retrieval with sodium citrate buffer at 100 °C for 30
min and allowed to cool to rt. This was followed by inactivation of endogenous peroxidase
activity with 0.3% H,O,/MtOH for 15 min in dark. The samples were then rinsed with
phosphate buffered saline with Tween-20 (PBST) and incubated in blocking solution
consisting of 5% horse serum (Vectastain ABC kit, Vector Laboratories, Inc.) diluted in
19%BSA/PBST at RT for 60 min. The tissue sections were incubated with following primary
antibodies overnight at 4 °C: PCNA (1:200, 13110 Cell Signaling), FKBP5 (1:200, 14155-1
Protein Tech), PR (1:200, AB101688 Abcam), GR (1:100, 12041 Cell Signaling), HAND?2
(1:200, ab200040 Abcam) and ZBTB16 (1:200, PA5-112862 Invitrogen). Next day, slides
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were rinsed with PBST prior to incubation with anti-goat biotinylated secondary antibody
(Vectastain ABC kit, Vector Laboratories, Inc.) at 1:200 dilution in PBST for 60 min at rt.
Slides were then rinsed and incubated in ABC solution (PBS: A: B=50:1:1) (Vectastain ABC
kit, Vector Laboratories, Inc.) for 30 min at rt. For visualization of the immunoreactivity, all
slides were subjected to chromogen 3’3-diaminobenzidine (DAB) (Vector Laboratories, Inc.
Burlingame, CA) for 30 seconds. Slides were rinsed in tap water for 10 min to stop the DAB
reaction. Thereafter, the slides were counterstained with hematoxylin for 1 min followed by
dehydration and cover-slipping. After drying for 24 h, the slides were cleaned and imaged
using Nikon E600 Eclipse microscope with CMOS C-Mount microscope camera.

RNA Isolation and RNA Sequencing Profiling

Uteri of mice treated with 10% DMSO, 1 mg/kg progesterone, or 25 mg/kg baicalein for

7 days in the first animal study were subjected to RNA isolation and RNA sequencing.
RNA sequencing of uterine tissue was profiled using n=4 per treatment group. Total

RNA was extracted from uterine tissues of mice using the Qiagen RNeasy Mini kit

(Qiagen #74104) according to the manufacturer’s instructions. The concentration of mMRNA
was determined by a nanodrop. RNA libraries (three technical replicates/treatment) were
created. RNA quality determination, mMRNA enrichment, library construction, sequencing,
and transcriptome statistical analysis were performed at the Genomics Core Facility at
Northwestern University. Samples with RINs of 7 or greater were prepared with TruSeq
MRNA-Seq Library Prep (Illumina) with 1 ug of RNA and 12 cycles of PCR amplification.
The libraries were barcoded, pooled and sequenced on the HiSeq Sequencing 50 followed by
statistical analysis.

Statistical and Bioinformatics Analysis

For RNA-Seq data, gene set enrichment of differentially expressed genes was performed
using DAVID Webservice and GSEA. Gene sets with an FDR adjusted p-value <0.01

were considered significant. All data were analyzed utilizing GraphPad Prism software 8
(GraphPad Prism). Data are presented as means = standard error of the means (SEM).
Unpaired student’s t test and one-way ANOVA were performed. Tuckey’s test was used for
multiple comparison. A statistical significance was assigned at p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Baicalein attenuates the inhibitory effect of progesterone on luminal and glandular
epithelial cell proliferation.

Immunohistochemical staining against proliferation marker PCNA on uterine cross sections
of 10% DMSO (A), 1 mg/kg progesterone (B), 25 mg/kg baicalein and 1 mg/kg
progesterone (C), 1 mg/kg progesterone and 10 mg/kg RU486 (D) and 25 mg/kg baicalein
(E) treated mice. (F) Percentage of proliferating luminal epithelial cells in each treatment
group. Arrows indicate positive stains. Scale bar = 300 um. N=5/group. Inset images were
taken at 4x magnification. Asterisks indicate * p<0.05, ** p<0.01,*** p<0.001.

J Nat Prod. Author manuscript; available in PMC 2023 January 28.
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Figure 2. Baicalein decreased progesterone induced HAND2 expression in mouse uteri.
Immunohistochemical staining against progesterone receptor target HAND2 on uterine cross

sections of 10% DMSO (A), 1 mg/kg progesterone (B), 25 mg/kg baicalein and 1 mg/kg
progesterone (C), 1 mg/kg progesterone and 10 mg/kg RU486 (D) and 25 mg/kg baicalein
(E) treated mice. Arrows indicate positive stains. Scale bar = 150 um. Inset images were
taken at 4x magnification.
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Figure 3. Baicalein decreased progesterone induced ZBTB16 expression in mouse uteri.
Immunohistochemical staining against progesterone receptor target ZBTB16 on uterine

cross sections of 10% DMSO (A), 1 mg/kg progesterone (B), 25 mg/kg baicalein and 1
mg/kg progesterone (C), 1 mg/kg progesterone and 10 mg/kg RU486 (D) and 25 mg/kg
baicalein (E) treated mice. Arrows indicate positive stains. Scale bar = 150 um. Inset images
were taken at 4x magnification.

J Nat Prod. Author manuscript; available in PMC 2023 January 28.
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Figure 4. Baicalein did not alter PR protein levels in mouse uteri.
Immunohistochemical staining against progesterone receptor on uterine cross sections of

10% DMSO (A), 1 mg/kg progesterone (B), 25 mg/kg baicalein and 1 mg/kg progesterone
(C), 1 mg/kg progesterone and 10 mg/kg RU486 (D) and 25 mg/kg baicalein (E) treated
mice. Arrows indicate positive stains. Scale bar = 150 pm. Inset images were taken at 4x
magnification.
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Figure 5. Baicalein’s effect on GR expression in mouse uteri.
Immunohistochemical staining against glucocorticoid receptor on uterine cross sections of

10% DMSO (A), 1 mg/kg progesterone (B), 25 mg/kg baicalein and 1 mg/kg progesterone
(C), 1 mg/kg progesterone and 10 mg/kg RU486 (D) and 25 mg/kg baicalein (E) treated
mice. Arrows indicate positive stains. Scale bar = 150 pm. Inset images were taken at 4x
magnification.

J Nat Prod. Author manuscript; available in PMC 2023 January 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

A

C

Page 20

Altered Genes B  Altered Genes E - ,
P4 Up Bai Down P4 Down Bai Up Adrenergic Calcium signaling P y - )
Renin secretionf———
e
Dopaminergic synapse4———————
Oxytocln slgna ng pathway{———————————

cAMP S| gnallng y

lig nteraction{ 1
alaria4———————
Sallvary secretion{
—_—

Circadian e
DAVID GO T DAVID KEGG T R’"°“"°"<’;?n’9’-3f(’<’;' ionanng ptwar—————
erms erms nalin
D :?;:Lo.:l:::l::ln cancer H: nP hi gl %aln n can:;.r-
3 A rophic cardiom g —
P4 Up Bai Down P4 Up Bai Down | €GMP-PKG signaling pathway ype! g ted c:m|gm¥g$¢h¥.:
Oxytocin signaling pathway GABAergic synapse{——)
GnRH signaling pathway GnRH signal n%pathway- e
Circadian entrainment Protein digestion and absorption{——————
Leukocyte transendothelial migration Cholinergic pse{
Cholinergic synapse < Glutamatergic synap:
Dopaminergic synapse L yte tr lial
Calcium signaling pathway Serogonerg p :

African tr
Vascular smooth muscle contraction ypanos
Protein digestion and absorpt Regulation of lipolysis in adipocy _—

ECM-receptor interaction 0 2 4 6 8 10

Figure 6. Common genes and pathways altered oppositely in the uteri of mice treated with
progesterone and baicalein.

(A) 44 common genes were upregulated by progesterone but downregulated by baicalein
treatment. (B) 18 common genes were downregulated by progesterone but upregulated by
baicalein treatment. DAVID analysis revealed 24 GO terms (C) and 13 KEGG terms (D)
that were altered oppositely by progesterone and baicalein treatment. (E) DAVID KEGG
pathways downregulated by baicalein treatment. Full list of genes and GO terms can be
found in Supplementary Info.
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Figure 7. Common GSEA genes sets altered oppositely in the uteri of mice treated with
progesterone and baicalein.

(A) Two gene sets were upregulated by progesterone but downregulated by baicalein
treatment (left) and three gene sets were downregulated by progesterone but upregulated by
baicalein treatment (right). (B) Enrichment plots of the common gene sets altered oppositely
by progesterone (top) and baicalein (bottom) treatment. NES: normalized enrichment score.
FDR<0.05 is noted as significant.
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Table 1.

Genes Upregulated in P4 but Downregulated in Baicalein Treatment

Gene Symbol  Entrez ID Description Fold Change pValue FDR Adj p Value

Plin4 57435 perilipin 4 -1.43 3.03E-08 5.77E-05
Zbtb16 235320 zinc finger and BTB domain containing 16 -1.35 3.75E-06 2.28E-03
Tcf23 69852 transcription factor 23 -1.14 1.94E-08 4.20E-05
Nexn 68810 nexilin -1.13 7.41E-07 6.11E-04
Fam107a 268709 family with sequence similarity 107, member A -1.11 1.32E-04 2.67E-02
Gnaol 14681 guanine nucleotide binding protein, alpha O -1.07 3.74E-05 1.14E-02
Mirl45a 387163 microRNA 145a -1.07 3.88E-04 4.12E-02
Cytll 231162 cytokine-like 1 -1.07 1.79E-04 2.84E-02
Ccdc187 329366 coiled-coil domain containing 187 -1.05 1.15E-04 2.49E-02
Npas4 225872 neuronal PAS domain protein 4 -1.05 2.14E-07 2.32E-04
Bvht 545261 braveheart long non-coding RNA -1.03 4.63E-06 2.43E-03
Jph2 59091 junctophilin 2 -1.01 4.19E-05 1.22E-02
Asb2 65256 ankyrin repeat and SOCS box-containing 2 -0.99 1.39E-04 2.70E-02
Slit3 20564 slit homolog 3 (Drosophila) -0.98 2.23E-05 7.57E-03
Ptger3 19218 prostaglandin E receptor 3 (subtype EP3) -0.96 1.82E-04 2.84E-02
Ptprb 19263 protein tyrosine phosphatase, receptor type, B -0.94 7.24E-05 1.68E-02
Fstl3 83554 follistatin-like 3 -0.93 4.19E-04 4.32E-02
Cdr2 12585 cerebellar degeneration-related 2 -0.91 2.68E-04 3.44E-02
Itga7 16404 integrin alpha 7 -0.90 1.50E-04 2.70E-02
Hspb7 29818 heat shock protein family, member 7 (cardiovascular) -0.89 1.23E-04 2.59E-02
Mn1 433938 meningioma 1 -0.89 1.47E-04 2.70E-02
Ccdc69 52570 coiled-coil domain containing 69 -0.89 1.55E-04 2.74E-02
Tubb6 67951 tubulin, beta 6 class V -0.87 2.09E-04 2.96E-02
Pdlim3 53318 PDZ and LIM domain 3 -0.86 3.98E-04 4.20E-02
Speg 11790 SPEG complex locus -0.86 1.82E-06 1.31E-03
Smoc2 64074 SPARC related modular calcium binding 2 -0.85 5.45E-04 4.98E-02
Fam212b 109050 family with sequence similarity 212, member B -0.82 2.63E-04 3.41E-02
Clmp 71566 CXADR-like membrane protein -0.81 3.51E-04 3.95E-02
Prkca 18750 protein kinase C, alpha -0.80 8.95E-05 2.01E-02
Slprl 13609 sphingosine-1-phosphate receptor 1 -0.79 2.64E-04 3.41E-02
1gsfob 235086 immunoglobulin superfamily, member 9B -0.76 2.00E-04 2.90E-02
Wipf3 330319 WAS/WASL interacting protein family, member 3 -0.73 2.65E-05 8.82E-03
Gjad 14612 gap junction protein, alpha 4 -0.70 1.47E-04 2.70E-02
Neurlla 18011 neuralized E3 ubiquitin protein ligase 1A -0.69 3.69E-04 4.02E-02
Dmpk 13400 dystrophia myotonica-protein kinase -0.68 2.61E-04 3.41E-02
Col6a3 12835 collagen, type VI, alpha 3 -0.64 2.76E-04 3.50E-02
Myrip 245049 myosin VIIA and Rab interacting protein -0.64 1.34E-04 2.67E-02
Thbs3 21827 thrombospondin 3 -0.61 6.15E-05 1.50E-02
Msn 17698 moesin -0.56 1.63E-04 2.83E-02
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Gene Symbol  Entrez ID Description Fold Change pValue FDR Adj p Value
Ehbp1l1 114601 EH domain binding protein 1-like 1 -0.55 1.70E-05 6.39E-03
Esyt2 52635 extended synaptotagmin-like protein 2 -0.54 2.77E-04 3.50E-02
Ppplri2c 232807 protein phosphatase 1, regulatory subunit 12C -0.53 2.73E-05 8.93E-03
Cap2 67252 CAP, adenylate cyclase-associated protein, 2 (yeast) -0.50 4.66E-04 4.57E-02
Tgm2 21817 transglutaminase 2, C polypeptide -0.48 3.10E-04 3.65E-02
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Gene Symbol Entrez ID Description Fold Change pValue FDR Adj p Value
Bcl2115 229672 BCLI2-like 15 1.10 2.36E-04 3.22E-02
Nsg2 18197 neuron specific gene family member 2 0.88 1.76E-04 2.84E-02
Fgf16 80903 fibroblast growth factor 16 0.88 5.18E-04 4.85E-02
Tjp3 27375 tight junction protein 3 0.87 5.06E-05 1.30E-02
Mal2 105853 mal, T cell differentiation protein 2 0.83 1.46E-05 5.74E-03
Lamb3 16780 laminin, beta 3 0.79 3.80E-04 4.08E-02
Zfp7 223669 zinc finger protein 7 0.74 3.84E-04 4.11E-02
Bnipl 171388 BCL2/adenovirus E1B 19kD interacting protein like 0.74 2.45E-04 3.28E-02
Fxyd3 17178 FXYD domain-containing ion transport regulator 3 0.73 4.52E-04 4.57E-02
Rab11fip4 268451 RABL11 family interacting protein 4 (class ) 0.72 4.86E-05 1.30E-02
Krt80 74127 keratin 80 0.71 1.20E-04 2.56E-02
Ctsh 13036 cathepsin H 0.64 4.97E-05 1.30E-02
Tacstd2 56753 tumor-associated calcium signal transducer 2 0.63 2.97E-04 3.65E-02
Spintl 20732 serine protease inhibitor, Kunitz type 1 0.61 3.52E-04 3.95E-02
Ngef 53972 neuronal guanine nucleotide exchange factor 0.60 1.54E-04 2.74E-02
2010300C02Rik 72097 RIKEN cDNA 2010300C02 gene 0.53 4.65E-04 4.57E-02
Tpd52 21985 tumor protein D52 0.50 1.32E-04 2.67E-02
Cdkl2 53886 cyclin-dependent kinase-like 2 (CDC2-related kinase) 0.46 5.32E-04 4.93E-02
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Significantly Enriched Hallmark Gene Sets by Baicalein Treatment

Table 3.

Gene Sets Normalized Enrichment Score  FDR g-value
Xenobiotic metabolism 2.18 <0.001
Oxidative phosphorylation 1.96 0.001
E2F targets 1.96 <0.001
G2M checkpoint 1.88 0.001
Coagulation 1.72 0.004
Bile acid metabolism 1.65 0.007
Complement 1.59 0.012
Reactive oxygen species pathway 1.57 0.010
Estrogen response late 1.56 0.011
Estrogen response early 1.48 0.022
Peroxisome 141 0.042
DNA repair 141 0.040
Myogenesis -2.30 <0.001
Epithelial mesenchymal transition -2.25 <0.001
UV response -1.94 <0.001
Notch signaling -1.74 0.004
Whnt beta-catenin signaling -1.63 0.007
Kras signaling -1.59 0.009
Myc target -1.52 0.018
Apical junction -1.48 0.023
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Table 4.
Body Weights, Organ Weights and Blood Glucose Levels

Group DMSO P4 Bai P4+Bai P4+RU486
Body Weight (g) 3042 3042 3042 301 2942
Ut Weight (g) 0.033+0.010 0.02620.001 0.021+0.001 0.024+0.001  0.021+0.002
MG Weight (g) 0224002  026+002  024+002  023+004  0.17+0.01
Liver Weight (g) 1.30.04 1.4%0.06 1.420.07 1.2+0.04 1.2+0.04
Glucose level (mg/dL)  231.6+£18.66 196.2+1352 209.4+1357 179.8422.11 198.2+16.84
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