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Abstract: Fluorene-9-bisphenol (BHPF) has been increasingly used as a bisphenol A sub-
stitute in the synthesis of various products. Previous studies have suggested that BHPF
can be released from plastic bottles into drinking water, and BHPF accumulation has been
reported to cause various adverse effects in humans. Nevertheless, the impact of BHPF
exposure on endometrial epithelial cells remains largely unexplored. Here, we investi-
gated the effects of exposure to different concentrations of BHPF on endometrial cells and
used integrated metabolomic and transcriptomic methods to elucidate the underlying mo-
lecular mechanisms. Our results revealed significant associations between specific metab-
olites and genes, indicating that low-concentration exposure to BHPF affects endometrial
epithelial cells by targeting pathways related to primary immunodeficiency, in which the
key genes are IL7R and PTPRC. High-concentration exposure to BHPF decreased cell via-
bility by regulating the purine metabolism pathway, as well as dysregulating the expres-
sion of PGM1, PDE3B, AK9, and ENTPDS. Our study highlights that the health risk of
BHPF exposure to endometrial epithelial cells is concentration-dependent and that inte-
grated analysis of metabolomic and transcriptomic data not only revealed the biological
effects of BHPF and its underlying mechanisms, but also provided key candidate target
genes for further exploration.

Keywords: fluorene-9-bisphenol (BHPF); endometrium; transcriptome; metabolome;
mechanism

1. Introduction

Fluorene-9-bisphenol (BHPF), also referred to as 9,9-bis(4-hydroxyphenyl)-fluorene,
is extensively utilized in the production of a diverse range of products, including protec-
tive coatings, composites, molded products, and insulation materials [1-3]. In recent
years, as a substitute for bisphenol A (BPA), BHPF has been a rising application in the
manufacturing of food contact materials and containers, such as drinking bottles, baby
bottles, and feeding bottles, in response to the restrictions or bans imposed on BPA use
[4]. Notably, BHPF has been detected in the serum of individuals who have consumed
water out of beverage bottles made with BHPF over an extended period of time, suggest-
ing that BHPF can be released from plastic bottles into drinking water and accumulate in
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humans [4]. Moreover, the concentrations of BHPF were recorded to reach 0.069 and 0.067
ng/L in the Hunhe River and Liaohe River, respectively, in Northeast China [5]. According
to field investigations conducted in Beijing, BHPF was detected in 60% of surface waters,
with a mean value of 10.49 + 6.33 ng/L [6]. Zhang et al. reported that even at exposure
concentrations below the no-observed-adverse-effect-level (NOAEL) of BPA, BHPF can
still interfere with endocrine function and produce antiestrogenic effects in mice [4], indi-
cating that BHPF potentially has a stronger endocrine-disrupting adverse effect on the
endocrine system than BPA. In addition, recent studies revealed that short-term exposure
of zebrafish (Danio rerio) to high BHPF levels causes thyroid disruption and histopatho-
logical changes in gill and liver tissues [7], and disrupts myelination by influencing the
hypothalamic-pituitary-thyroid axis [8]. In addition, acute exposure to BHPF led to early
developmental abnormalities, delayed cardiac morphogenesis, and impaired cardiac con-
tractility of zebrafish [9]. Adverse impacts on behavior, locomotor activity, development,
and lipid metabolism were also observed in embryonic or larval zebrafish after exposure
to BHPF [10,11]. Moreover, experimental studies in mice have shown that BHPF can injure
the liver and ovarium, inhibit the maturation of Leydig cells, and induce anxiety- and
depression-like behaviors [12-16]. Additionally, BHPF treatment induced inflammation
and ulcers in the colon and rectum in a mouse model of colitis [17]. High levels of BHPF
were also shown to suppress the synthesis of aldosterone, cortisol, testosterone, and es-
tradiol by downregulating steroidogenic genes in H295R cells via the AC/cAMP/PKA sig-
naling pathway [18]. These studies indicate that BHPF is a threat to the health and safety
of animals that should not be neglected.

On the other hand, numerous studies have been undertaken to investigate the effects
of BHPF on the reproductive system. Jia et al. demonstrated that 100 uM BHPF exposure
for 14 h could induce cytotoxicity in mouse oocytes and cause ovarian damage [13]. Jiao
et al. reported that treatment with 100 uM BHPF for 12 h could affect the meiosis matura-
tion of mouse and porcine oocytes by inhibiting the emission of the first polar body [19].
Another study suggested that 50 uM BHPF induced oxidative stress, decreased the mito-
chondrial membrane potential, and caused DNA damage in porcine Sertoli cells after 48
h of exposure [20]. In addition, research on placental cells has shown that 5 pg/mL BHPF
affects cell viability and necrosis [21]. Moreover, recent studies demonstrated the signifi-
cance of BHPF exposure on endometrial cells. Wang et al. reported that BHPF inhibits the
epithelial-mesenchymal transition of Ishikawa cells by repressing the TGF-{3 signaling
pathway [22]. Jin et al. performed an in vivo study and reported that 10 uM BHPF inhibits
decidualization in both mouse and human models during early pregnancy [23]. Never-
theless, the potential effects of BHPF exposure on human endometrial epithelial cells and
the underlying mechanisms remain largely unexplored.

In this study, we performed in vitro assays using Ishikawa cells, a commonly em-
ployed model for investigating endometrial physiology and pathology, to obtain new in-
sights at the metabolomic and transcriptomic levels.

2. Materials and Methods

2.1. Chemicals and Reagents

Fluorene-9-bisphenol (BHPF, 298%, HPLC grade) was acquired from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO) (>99%, GC grade)
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Methanol (299.9%, HPLC grade)
was procured from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Phos-
phate-buffered saline (PBS) was sourced from Thermo Fisher Scientific (Carlsbad, CA,
USA). TRIzol reagent was obtained from Sigma—-Aldrich Trading Co., Ltd. (Shanghai,
China).
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2.2. Cell Culture and Exposure to Chemicals

Human endometrial adenocarcinoma Ishikawa cells were purchased from Guang-
zhou Cellcook Biotech Co, Ltd. (Guangzhou, China). Ishikawa cells were maintained in
RPMI 1640 (GIBCO, Grand Island, NY, USA) enriched with 15% (v/v) fetal bovine serum
(FBS, Shanghai Excell Biological Technology Co., Ltd.), and 1% (v/v) penicillin-streptomy-
cin (Gibco, Grand Island, NY, USA). The cells were incubated at 37 °C in a humidified
incubator with 5% COa.

During the in vitro assays, BHPF was initially dissolved in DMSO and subsequently
diluted with medium to prepare a series of working concentrations (0, 2.5, 3.75, 5, 6.25,
12.5, 25, 37.5, 50, 62.5, 75, 87.5, and 100 pM) with final DMSO concentrations of <0.02%
(v/v). The scramble group was cultured under the identical culture conditions, absent of
both BHPF and DMSO, and the control group was maintained under equivalent condi-
tions with 0.02% DMSO (v/v). The effects of BHPF were analyzed after 48 h of exposure.

2.3. Cell Viability Assay

Ishikawa cells were plated at a density of 1 x 10° cells per well in 96-well plates and incu-
bated at 37 °C with 5% CO.. After cultured for 24 h, the culture medium was exchanged for
fresh medium containing various working concentrations of BHPF, and the mixture was con-
tinuously incubated for 48 h. After incubation, the cells were washed with PBS and cell viabil-
ity was assessed using the CCK-8 assay with a Cell Counting Kit-8 (Dojindo Molecular Tech-
nologies, Inc., Kumamoto, Japan) following the manufacturer’s instructions. All values repre-
sent the mean of three independent experiments conducted in triplicate.

2.4. Cell Treatment for Metabolomics and Transcriptomics

A total of 5 x 10¢ cells were initially plated in 10 cm culture dishes. When 60% conflu-
ency was reached after 24 h of culture, the cells were exposed to varying concentrations
of BHPF (0.5 uM or 5 uM). Medium containing 0.02% DMSO was used as a vehicle control.
After treatment with 0.5 uM or 5 uM of BHPF or 0.02% DMSO for 48 h, the cells were
harvested for the following experiments. Three duplicates were prepared for each group.
For the metabolomics study, culture medium was carefully aspirated from each plate, and
the cells were washed with ice-cold PBS twice to remove residual medium. The cells were
quenched with 1.5 mL of ice-cold methanol and then collected with cell scrapers. The cell
samples were subsequently centrifuged at 800 rpm for 10 min at 4 °C. The supernatant
was evaporated, and the cells were snap frozen in liquid nitrogen. The samples were sub-
sequently stored at —80 °C before metabolite extraction and metabolomics analysis. For
transcriptome profiling, the cells were washed with sterile PBS before the addition of 1
mL of TRIzol reagent for total RNA extraction after exposure to BHPF or 0.02% DMSO.
The samples were stored at —80 °C before transcriptome sequencing.

2.5. Quantitative Reverse Transcription PCR

Total RNA was isolated using the RNAprep Pure Cell Kit (TTANGEN, Beijing, China)
and was reverse-transcribed using M-MLYV reverse transcriptase (Promega, Madison, W1,
USA). cDNA was used as a template for quantitative reverse transcription PCR (qQRT-PCR)
using the Stratagene MX3000P Sequence Detection System with SYBR Green qPCR mix-
ture (Invitrogen, Carlsbad, CA, USA). Each qRT-PCR experiment was performed in trip-
licate. ACTB was used as a loading control. The primer sequences of the indicated genes
are provided in Supplementary Table S1.
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2.6. Statistical Analyses
2.6.1. Metabolomics Data Analysis

In this study, 18,714 peaks were detected and 380 metabolites remained after using a
relative standard deviation denoising method. Missing values were imputed with half of
the minimum observed value, and a normalization procedure was applied during data
analysis. The resulting dataset, featuring the peak number, sample name, and normalized
peak areas, was then imported into the SIMCA16.0.2 software (Sartorius Stedim Data An-
alytics AB, Umea, Sweden) for multivariate analysis. The data were scaled and subjected
to logarithmic transformation to diminish the influence of noise and address the high var-
iance among the variables. After transformations, principal component analysis (PCA)
and orthogonal projections to latent structures—discriminant analysis (OPLS-DA) were
performed. R? and 2 values were computed, and the variable importance in projection
(VIP) values for the first principal component of the OPLS-DA model were determined.
Metabolites exhibiting VIP values greater than 1 and p-values less than 0.05 (Student'’s ¢-
test) were deemed significantly altered. Pathway enrichment analysis was performed us-
ing commercial databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/).

2.6.2. Transcriptomic Data Analysis

Total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s guidelines. RNA quantity and purity were
evaluated with a Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent Technolo-
gies, Santa Clara, CA, USA), selecting high-quality RNA samples with a RIN value ex-
ceeding 7.0 for library preparation. The cDNA libraries exhibited an average insert size of
300 + 50 bp. Paired-end sequencing (2 x 150 bp, PE150) was conducted on an Illumina
NovaSeq™ 6000, following the recommended protocol of the manufacturer.

The raw sequencing data were initially processed with Trimmomatic (v 0.36) to gen-
erate clean reads. These data were aligned to the reference genome using HISAT2 (v
2.2.1.0). Gene expression levels were quantified by calculating fragments per kilobase per
million (FPKM) values with Cufflinks, and read counts were determined using HTSeq-
count (v 0.9.1). Differential expression analysis was carried out in R, with genes exhibiting
a p-value < 0.05 and a fold change > 2 classified as differentially expressed genes (DEGs).
Hierarchical clustering of DEGs was performed to elucidate gene expression patterns
among various samples. Additionally, Gene Ontology (GO) and KEGG pathway enrich-
ment analyses were conducted to further characterize the DEGs.

2.6.3. Joint Analysis

Pathway-based joint analysis of all differentially expressed metabolites (DEMs) (n =
48) and DEGs (n = 29) was performed using MetaboAnalyst (v 5.0), with a p-value < 0.05
from the hypergeometric test. For correlation-based joint analysis, involving the repre-
sentative DEMs (n = 6), DEGs (1 = 6), and cytokines (1 = 3), MetScape (v 3.8.2) was utilized.
Spearman’s correlation coefficients (two-tailed) were applied to assess the nonparametric
relationships. Additional data analyses were executed with GraphPad Prism (v 9.1.1). Sta-
tistical significance between control and experimental groups was evaluated using a one-
way or two-way analysis of variance (ANOVA), with Bonferroni and Dunnett tests ap-
plied for post hoc comparisons following one and two-way ANOVA, respectively. A p-
value < 0.05 was considered statistically significant.
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3. Results
3.1. Effects of BHPF on Ishikawa Cell Viability

To assess whether human endometrial epithelial cells are affected by BHPF, we uti-
lized the Ishikawa cell line as a study model for our research. Ishikawa cells are derived
from an individual with endometrial adenocarcinoma and are a well-differentiated cell
line with numerous advantages as a study model, providing a comprehensive represen-
tation of the state of endometrial cells. We first commenced the investigation by evaluat-
ing the impact of BHPF on the viability of Ishikawa cells through a CCK-8 assay. Ishikawa
cells were exposed to BHPF at progressively higher concentrations (0, 2.5, 3.75, 5, 6.25,
12.5, 25, 37.5, 50, 62.5, 75, 87.5, and 100 uM) following 48 h of exposure, and the half-
maximal inhibitory concentration (EC50) value was determined. As illustrated in Figure
1A, BHPF exhibited a concentration-dependent inhibition of Ishikawa cell proliferation,
with a mean EC50 of 42.82 uM.
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Figure 1. BHPF inhibits the cell viability of endometrial cells. (A) Viability curve at 48 h post-treat-
ment, reflecting the percentage of viable cells across a BHPF gradient. (B) Cell viability of Ishikawa
cells after treatment for 48 h was measured by CCK-8 assays. Data are presented as the mean + SD
of at least 3 independent experiments. * p < 0.05, ** p < 0.01. Abbreviation: EC50, median effect con-

centration; SD, standard deviation; n.s, not significant.

We subsequently conducted experiments with a series of low-concentration gradi-
ents to further investigate the impact of BHPF. Ishikawa cell survival remained largely
unchanged at BHPF concentrations of 0.5, 1, or 2 uM when compared to scramble and
control treatments, whereas cells exposed to 5 uM BHPF represented considerably in-
creased cytotoxicity (p < 0.05) (Figure 1B). Therefore, the threshold concentration at which
there was no significant reduction in cell viability or cell phenotype (0.5 uM) was chosen
as the low concentration, and the lowest concentration at which cell viability was signifi-
cantly inhibited (5 uM) was chosen as the high concentration for further studies. Notably,
according to the data reported in the literature [23], the concentrations used for acute ex-
posure research were significantly greater than those used for in vivo study; therefore, the
concentrations we used in this study were rationally chosen and more closely related to
the physiological conditions.

3.2. Metabolomic Analysis
3.2.1. Effects of BHPF Exposure on Metabolic Patterns in Ishikawa Cells

To characterize the metabolic profile of the BHPF-exposed endometrial epithelial cells,
nontargeted metabolomics (LC-MS/MS) analyses of cell extracts was carried out. A total of
18,714 peaks were identified, and 380 metabolites were screened. These metabolites were fur-
ther categorized into 230 lipids and lipid-like molecules, 62 organic acids and derivatives, 34
organoheterocyclic compounds, 15 organic nitrogen compounds, and 14 benzenoids (Figure
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S1A), etc. PCA and OPLS-DA plots indicated that exposure of 0.5 uM and 5 uM BHPF resulted
in metabolic profiles that were distinct from those of the control (Figure S2A,B).

By integrating VIP values > 1.0 with p-values < 0.5, 178 DEMs were found. All of the
DEMs were visualized via a heatmap generated by hierarchical clustering analysis, and this
visualization clearly grouped all biological replicates of the metabolomics samples together,
reflecting the high repeatability and suitable homogeneity among the replicates (Figure S1B).

To further elucidate the metabolic changes that occurred during the accumulation of
BHPF at 0.5 pM and 5 uM, all 178 annotated DEMs were sorted into nine clusters on the
basis of their accumulation patterns via the K-means clustering algorithm (Figure S1C and
Table S2). Using the accumulation patterns of the clusters, we discerned metabolites that
exhibited selective enrichment in endometrial epithelial cells at different concentrations.
The metabolites in cluster 3 and cluster 6 decreased gradually during the accumulation of
BHPF, whereas those in clusters 5 and 7 significantly accumulated during the accumula-
tion process, suggesting that they are closely related to the cytotoxicity of BHPF.

3.2.2. Differentially Expressed Metabolite Identification

We identified 28 and 128 DEMs in the 0.5 uM and 5 uM BHPF exposure group, respec-
tively, compared to the control, and the Venn diagram displays the number of common DEMs
identified at different exposure concentrations of BHPF (Figure 2A and Table S3). More DEMs
were detected at 5 uM than at 0.5 uM compared to the control. Hierarchical clustering analysis
was conducted, and a heatmap for each comparison group is shown (Figure 2B,C). Volcano
plots were generated to illustrate the distribution of DEMs among the comparison groups
(Figure 2D). The top 20 significant DEMs in each comparison group are presented in Figure
2E. Moreover, we analyzed the correlations among the DEMs and visualized the relationships
via chord plots (Figure 3). In the chord plots, metabolite classes are arranged around the circle,
with a total of seven distinct classes represented.
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Figure 2. Metabolomics profiles of Ishikawa cells exposed to BHPF. (A) Numbers of up- and down-
regulated DEMs in different BHPF-treatment groups. (B,C) Heatmap of hierarchical clustering anal-
ysis for DEMs between different groups. (D) Volcano plot of BHPF-induced DEMs in the control vs.
0.5 uM and 5 uM groups. (E) Up- and downregulation of the top 20 DEMs. Each group consisted of
n=3,%p<0.05 *p<0.01, ** p<0.001.
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Figure 3. Chord plot analysis of interrelation of DEMs in the two BHPF-treatment groups. (A) Chord
plot analysis of interrelation of DEMs between Control and low-exposure group. (B) Chord plot

analysis of interrelation of DEMs between Control and high-exposure group.
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3.2.3. KEGG Pathway Enrichment Analysis

To identify specific metabolic pathways altered by different concentrations of BHPF
in endometrial epithelial cells, KEGG pathway analysis of the DEMs was performed. The
results revealed that the DEMs in the 0.5 uM BHPF exposure group were considerably
enriched in propanoate metabolism, the biosynthesis of amino acids, and 2-oxocarboxylic
acid metabolism (Figure 4A,B). Moreover, 44 metabolic pathways were identified in the 5
uM BHPF exposure group (Table S4), including choline metabolism in cancer, arginine
and proline metabolism, glycine, serine, and threonine metabolism, the biosynthesis of
amino acids, and ABC transporters. Fifteen pathways are presented in Figure 4C,D.
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Figure 4. Enrichment analysis of DEMs. (A,C) KEGG enrichment based on the rich factor for DEMs
in the control vs. 0.5 uM and 5 uM BHPF exposure groups. (B,D) Differential abundance score for
DEMs. (E,F) Pathway analysis for DEMs in different groups. * p < 0.05, ** p <0.01, *** p <0.001.

Moreover, to identify the pathways that were most closely associated with DEMs,
MetaboAnalyst was applied for metabolic pathway enrichment via topological analysis.
A total of 8 and 36 metabolic pathways were detected in the 0.5 uM and 5 uM BHPF ex-
posure groups, respectively (Figure 4E,F). Taurine and hypotaurine metabolism, ether li-
pid metabolism, arginine and proline metabolism, and primary bile acid biosynthesis
were the major four significantly different pathways between the 0.5 puM BHPF exposure
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group and the control group (Figure 4E). In addition, these four pathways were likewise
regulated in the 5 pM BHPF exposure group compared with the control group. These
findings suggest that the commonly regulated pathways may play a crucial role in the
pathogenic mechanisms of BHPF after exposure. Furthermore, uniquely regulated path-
ways, such as beta-alanine metabolism, sphingolipid metabolism, D-glutamine and D-
glutamate metabolism, the citrate cycle, and butanoate metabolism, could be involved in
specific pathways when exposed to 5 uM BHPF (Figure 4F).

3.3. Transcriptomic Analysis
3.3.1. Transcriptome Sequencing and DEG Identification

To investigate the molecular impact of BHPF on the endometrial epithelial cells, gene
expression profiles of the control and BHPF exposure groups were constructed via tran-
scriptomic analysis. Nine samples yielded 52.95 Gb of clean data in total. Table S5 pro-
vides a full summary of detailed information on the raw reads, clean reads, and Q20 and
Q30 values, all of which suggest the high reliability of the sequencing data. The mapping
efficiency of these samples with the reference genome was greater than 96% (Figure S3).

Differential expression analysis of endometrial cells exposed to two concentrations
of BHPF was performed, and the DEGs identified in this study presented a minimum two-
fold change (absolute log2 fold change with FPKM 2> 1) and significant difference (false
discovery rate (FDR) < 0.05). Volcano plots were created to visualize the differential gene
distribution between cells exposed to BHPF and cells treated with 0.02% DMSO (control).
The blue and red dots in Figure 5A,B represent the significantly downregulated and up-
regulated genes, respectively. A total of 64 DEGs (54 upregulated and 10 downregulated)
were detected between the 0.5 uM BHPF exposure group and the control group, whereas
6799 DEGs (1258 upregulated and 5541 downregulated) were detected between the 5 uM
BHPF exposure group and the control group. More genes were upregulated in the 0.5 uM
BHPF exposure group, whereas more genes were downregulated in the 5 uM BHPF ex-
posure group (Figure 5C). Additionally, we compared all the aforementioned DEGs and
identified certain DEGs regulated by different BHPF concentrations (Figure 5D). The 5 uM
BHPF exposure group clearly presented more specific DEGs than those in the 0.5 uM
BHPF exposure group, indicating a difference between 5 uM and 0.5 pM BHPF exposure
at the transcriptomic level. To further illustrate the differences between the DEGs in the
three groups, heatmaps were created in accordance with the top 100 DEGs with the lowest
q values (Figure 5E,F).
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Figure 5. Transcriptomic analysis in Ishikawa cells after BHPF exposure. (A) Volcano plot illustrat-
ing the DEGs identified in the transcriptomes of the control vs. 0.5 uM BHPF exposure group. (B)
Volcano plot of DEGs of the control vs. 5 uM BHPF exposure group. (C) Number of upregulated
and downregulated DEGs in different comparison groups. (D) Venn diagram showing the signifi-
cantly DEGs in each pairwise comparison and the overlap among them. (E,F) Heatmap of DEGs

between the different comparison groups. Each group consisted of n = 3.

3.3.2. GO and KEGG Enrichment Analysis

To explore the response of endometrial cells to BHPF further, GO enrichment analy-
sis was used to functionally annotate the DEGs. GO annotation included biological pro-
cess (BP), molecular function (MF), and cellular compartment (CC) terms (Figure S4A,B),
and the top 20 significantly enriched GO terms are shown in Figure 6A,B. In the 0.5 uM
BHPF exposure group, the most significant GO terms were enriched in antigen binding,
the B-cell receptor signaling pathway, the adaptive immune response, and the immuno-
globulin complex, which are associated mainly with the immune response (Figure 6A).
However, in the 5 uM BHPF exposure group, DEGs were significantly enriched in signal
transduction, ion transport, DNA repair, cytoskeleton, and oxidation-reduction processes
(Figure 6B). These results indicate that a low concentration of BHPF activates the immu-
nological response of endometrial cells and that an increased concentration of BHPF ex-
posure influences cell signal transduction and other biological processes, resulting in a
reduction in cell viability. This finding is consistent with the inhibitory effect on cell via-
bility caused by high BHPF concentrations (Figure 1B).
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Figure 6. Enrichment analysis of DEGs. (A,B) Scatter plot of the top 20 significantly enriched GO

terms. (C,D) KEGG pathway enrichment of DEGs from different comparison groups.

Moreover, a KEGG pathway enrichment analysis of the DEGs was performed to il-

lustrate the pivotal pathway changes in endometrial cells exposed to different concentra-
tions of BHPF. Compared with those in the control group, the pathways enriched in the
0.5 uM BHPF exposure group were associated with primary immunodeficiency and cell
adhesion molecules (Figure 6C). For 5 uM BHPF exposure, the majority of the DEGs were
related to amino acid metabolism, lipid metabolism, the RLR signaling pathway, and the
NF-xB signaling pathway (Figure 6D).

3.4. Joint Analysis of Metabolome and Transcriptome

Furthermore, an integrative analysis was performed, correlating the transcriptome
with the metabolome by examine the relationships between DEGs and DEMs. According
to the shared pathways by KEGG analysis in transcriptomics and metabolomics (Table
56), the abundance of DEMs and DEGs involved in these pathways was analyzed, and the
Pearson correlation coefficients are shown in Table S7.

We then performed a joint KEGG enrichment analysis between the DEMs and DEGs
to identify key metabolites and functional genes implicated in BHPF exposure in endo-
metrial cells. Two pathways, namely, primary immunodeficiency [hsa05340] and cell ad-
hesion molecules [hsa04514], were significantly enriched in the 0.5 uM BHPF exposure
group (Figure 7A and Table S8). Therefore, the DEMs and DEGs involved in these two
pathways were integrated and analyzed. Taking the primary immunodeficiency as an ex-
ample, genes encoding IL7R and PTPRC were upregulated in endometrial cells under 0.5
uM BHPF exposure; moreover, DEMs such as propionic acid, taurine, dodeca-
noylcarnitine, trans-Hexadec-2-enoyl carnitine, and tetradecanoylcarnitine were enriched
in the related metabolic pathways. As BHPF accumulated at a relatively high
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concentration, the number of signaling pathways affected in endometrial cells increased
dramatically (Figure 7B and Table S8). We observed that 81 pathways were significantly
enriched when the cells were exposed to 5 uM BHPF. The affected pathways play im-
portant roles in amino acid metabolism, energy metabolism, and nucleotide metabolism,
and include the crucial signal transduction pathways, such as the PI3K-Akt signaling
pathway, the AMPK signaling pathway, and the TNF signaling pathway, etc. Therefore,
we propose that the metabolites and genes associated with these signaling pathways play
pivotal roles in the functional abnormalities of endometrial cells caused by the cytotoxicity
of high BHPF concentrations.

s[hsad4s14]

Glycerophosphe

Inositol phosphate metal

......

Figure 7. Joint analyses of differential transcripts and metabolites. (A) Bubble plot of joint KEGG
enrichment analysis between the DEMs and DEGs in the control vs. 0.5 uM BHPF exposure group.
(B) Bubble plot joint KEGG enrichment analysis between the DEMs and DEGs in the control vs. 5
uM BHPF exposure group.

4. Discussion

In this study, we pioneered an exploration into the effects and underlying mecha-
nisms of BHPF exposure on the endometrial epithelial functions by in vitro experiments
and integrative metabolomics with transcriptomics analyses. We demonstrated that BHPF
exerts cytotoxic effects on endometrial epithelial cells, including alterations in cell viabil-
ity, metabolic changes, and aberrant gene expression at the transcriptional level, which
suggests potential health risks of BHPF.

Metabolomics revealed 28 DEMs after exposure to 0.5 puM BHPF, whereas the num-
ber of DEMs increased significantly to 128 after exposure to 5 uM BHPF. Pathway analysis
revealed that four pathways were significantly affected in the two groups, namely taurine
and hypotaurine metabolism, ether lipid metabolism, arginine and proline metabolism,
and primary bile acid biosynthesis. We found that the taurine and hypotaurine metabo-
lism pathways and the primary bile acid biosynthesis pathway exert biological effects
through a reduction in taurine levels. As reported, taurine can protect cells from oxidative
stress damage and regulate anti-inflammatory responses to maintain the immune home-
ostasis, and is ubiquitous in the uterus [24,25]. Our data demonstrated a reduction in tau-
rine levels in both the low-concentration group (0.5 uM BHPF) and the high-concentration
group (5 uM BHPF), suggesting that endometrial epithelial cells may be more susceptible
to oxidative damage, leading to an imbalance in the immune inflammatory response and
increases in the susceptibility of the immune system to inflammation caused by exposure
to BHPF. Moreover, ether lipid metabolism, along with arginine and proline metabolism,
has been proven to have significant associations with immune system, tumor growth, and
invasion, among other processes [26-29]. These pathways play essential roles in various
biological processes, including signaling transduction, the immune response, cell growth,
and so on, highlighting that endometrial epithelial cells trigger immunological reactions
persistently, activate important signaling pathways, and ultimately impact cell viability



Toxics 2025, 13, 100

13 of 17

when cells are exposed to BHPF at low to high concentrations. Furthermore, the 5 uM
BHPF exposure group presented unique regulated pathways, primarily associated with
energy metabolism and amino acid metabolism. We mainly found that pyruvic acid de-
creased significantly by approximately 3.6 times in the 5 uM BHPF exposure group and
that beta-alanine decreased by more than 6.7 times. Pyruvic acid is well known to partic-
ipate in pyruvate metabolism, butanoate metabolism, the citrate cycle, alanine, aspartate,
and glutamate metabolism. Reduction of pyruvic acid impairs the synthesis of ATP,
amino acids, lipids, and proteins; and influence cellular processes, resulting in the disrup-
tion of the cell proliferation, differentiation, and survival of endometrial cells [30-32]. In
addition, beta-alanine is a crucial nonessential amino acid that participates in the synthe-
sis of important coenzymes, such as coenzyme A (CoA), influencing cellular metabolism
and energy utilization [33,34]. Additionally, it can neutralize intracellular free radicals,
mitigate oxidative stress-induced cellular damage, and maintain cellular homeostasis [35].
Thus, the high-concentration exposure of BHPF to endometrial epithelial cells results in a
decreased level of beta-alanine, thereby leading to disrupted cellular energy metabolism
and ultimately causing severe adverse effects on cellular function. To explore the under-
lying molecular mechanism by which BHPF exerts adverse effects on endometrial epithe-
lial cells, a transcriptome analysis was performed. Transcriptomic analysis revealed that
primary immunodeficiency was the main enriched biological process after low-concen-
tration exposure to BHPF. With increasing exposure concentration, multiple signaling
pathways related to metabolism, the immune response, DNA damage, and oxidation-re-
duction process, such as the RLR signaling pathway and the NF-kB signaling pathway,
were affected, which is consistent with the metabolomics analysis results.

By combining the data obtained from untargeted metabolomics and transcriptomics,
we observed a significant upregulation of IL7R and PTPRC in the 0.5 uM BHPF exposure
group, and validated the expression level by qRT-PCR (Figure S5). Research has indicated
that IL7R is upregulated and enhances responsiveness to IL-7 signaling pathway to aug-
ment the effectiveness of immune responses when subjected to immune stimulation
[36,37]. Moreover, CD45, encoded by PTPRC, is a crucial phosphatase located on the cell
membrane. Upon the external stimuli-induced upregulation of PTPRC, CD45 modulates
the phosphorylation levels of receptors and signaling molecules, thereby influencing cell
survival and proliferation and participating in cellular immune responses [38,39]. There-
fore, we found that exposure to low concentrations of BHPF in endometrial epithelial cells
activated receptors and signaling pathways associated with primary immunodeficiency,
such as IL7R and PTPRC, which may trigger inflammatory responses and sustain cell sur-
vival through the continuous consumption of taurine. For the 5 uM BHPF exposure group,
our findings indicate a significant enrichment of metabolic signaling pathways, particu-
larly the purine metabolism pathway. The investigation revealed a notable upregulation
of PGM1, alongside a significant downregulation of the genes PDE3B, ENTPDS, and AK9
within the purine metabolism pathway (Figure S5). The literature corroborates the critical
role of the ENTPDS8 gene in mediating intracellular purine and pyrimidine metabolism
[40]. The downregulation of ENTPDS potentially disrupts DNA and RNA synthesis and
repair mechanisms, consequently inducing metabolic dysregulation. Furthermore, aber-
rant conversion of NDP and NMP catalyzed by ENTPDS profoundly impacts cellular en-
ergy generation and utilization [41-43]. Moreover, it is well known that PGM1, PDE3B,
and AK9 are crucial regulatory genes in cellular energy metabolism. Studies have shown
that PGM1 encodes phosphoglucomutase 1, which participates in the regulation of both
gluconeogenesis and glycolysis pathways, maintaining cellular energy balance and influ-
encing cell viability and proliferation [44,45]. PDE3B, as a member of the phosphodiester-
ase family, modulates intracellular signal transduction and is involved in the regulation
of cell growth and energy homeostasis [46,47]. Additionally, AK9 is closely associated
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with intracellular energy metabolism and nucleic acid synthesis, and may be involved in
the cell’s response to energy depletion and stress, regulating the adaptive mechanisms of
the cell [48]. Consequently, the upregulation of PGM1 expression, coupled with the down-
regulation of PDE3B and AK9, may have a significant impact on cellular energy metabo-
lism, signal transduction, and processes such as cell growth and proliferation. Therefore,
our functional experiments demonstrated that the exposure of endometrial epithelial cells
to high concentrations of BHPF significantly inhibited cell viability. The underlying mo-
lecular mechanism involves the aberrant expression of key genes in the purine metabo-
lism pathway, triggering stress responses that disrupt cellular metabolism and ultimately
lead to a significant reduction in cell viability.

Nonetheless, the empirical results reported here should be considered in the light of
several limitations. One concern with this study is that although Ishikawa cells are a
standard cell model for research purposes, the consideration of cellular heterogeneity
along with the distinctions between in vitro and in vivo experiments suggests that future
investigations using animal models or human tissues should be performed for more pro-
found exploration. Second, this study represents a short-term acute investigation in which
we explored the effects of acute exposure to low-concentration BHPF in endometrial epi-
thelial cells. Subsequent studies may consider extending the duration of exposure,
whether in vivo or in vitro. Additionally, the multiomics data from this study demonstrate
that the exposure of endometrial epithelial cells to BHPF significantly affects cell adhesion,
ion transport, and other associated functions, which provide new insights for future re-
search. Building on these findings, future studies will aim to investigate the regulatory
mechanisms informed by the omics analysis results, to further elucidate the underlying
molecular mechanisms.

5. Conclusions

Through comprehensive multiomics studies, we elucidated the toxic effects of BHPF
exposure on endometrial epithelial cells. Specifically, at low concentrations, cells do not
undergo changes in cell viability or phenotype; however, immune stress and inflamma-
tory responses, accompanied by significant alterations in metabolite levels and metabolic
dysregulation, were still evident in the cells. As BHPF gradually accumulates at high con-
centrations, numerous signaling pathways in cells undergo substantial changes, accom-
panied by abnormal gene expression levels and significant alterations in the metabolic
profile, thus leading to a significant impairment in cell viability.
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www.mdpi.com/xxx/s1, Figure S1: Non-targeted metabolomic analysis of Ishikawa cells under
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ysis histogram of DEGs; Table S1: K-Means Analysis data matrix; Table S2: Venn matrix; Table S3:
KEGG pathway enrichment analysis of DEMs in different concentrations of BHPF exposure; Table
S4: Mapping efficiency of all samples with the reference genome; Table S5: The shared pathways by
KEGG analysis in transcriptomics and metabolomics; Table S6: pathways by KEGG analysis in tran-
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DEGs after BHPF exposure; Table S8: The primers for qPCR.

Author Contributions: Conceptualization, X.T. and J.Q.; Formal analysis, X.T.; Funding acquisition,
X.T. and J.Q.; Investigation, N.O.; Methodology, W.W.; Resources, X.T.; Writing—original draft
preparation, X.T.; Writing—review and editing, ].Q. All authors have read and agreed to the pub-

lished version of the manuscript.



Toxics 2025, 13, 100 15 of 17

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 82203328, GuangDong Basic and Applied Basic Research Foundation, grant number
2020A1515010263; the National Natural Science Foundation of China, grant numbers 42107118 and
42477112; the Science and Technology Projects in Guangzhou, grant number 2023A04J2080; and the
State Key Laboratory of Organic Geochemistry, GIGCAS, grant number SKLOG2024-02.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the

corresponding author.

Acknowledgments: We gratefully thank Biotree Biotech Co., Ltd. (Shanghai, China) for providing

technology for transcriptomic and metabolomic sequencing and data analyzing.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

Dai, Z; Li, Y.F,; Yang, S.G.; Zhao, N.; Zhang, X.L.; Xu, J. Kinetics and thermal properties of epoxy resins based on bisphenol
fluorene structure. Eur. Polym. ]. 2009, 45, 1941-1948.

den Braver-Sewradj, S.P.; van Spronsen, R.; Hessel, E.V.S. Substitution of bisphenol A: A review of the carcinogenicity, repro-
ductive toxicity, and endocrine disruption potential of alternative substances. Crit. Rev. Toxicol. 2020, 50, 128-147.

Liu, W.; Wang, J.; Qiu, Q.H.; Ji, L.; Wang, C.Y.; Zhang, M.L. Synthesis and characterisation of 9,9-bis(4-hydroxyphenyl)-fluorene
catalysed by cation exchanger. Pigm. Resin. Technol. 2008, 37, 9-15.

Zhang, Z.B.; Hu, Y.; Guo, J.L.; Yu, T.; Sun, L.B.; Xiao, X.,; Zhu, D.S.; Nakanishi, T.; Hiromori, Y.; Li, J.Y.; et al. Fluorene-9-bi-
sphenol is anti-oestrogenic and may cause adverse pregnancy outcomes in mice. Nat. Commun. 2017, 8, 14585.

Jin, H.B.; Zhu, L.Y. Occurrence and partitioning of bisphenol analogues in water and sediment from Liaohe River Basin and
Taihu Lake, China. Water Res. 2016, 103, 343-351.

Fan, X.; Guo, J; Jia, X.; Mao, X,; Zhou, Y.; Wang, Y.; Guo, X.; Shen, J.; Huai, N.; Zhang, K.; et al. Reproductive Toxicity and
Teratogenicity of Fluorene-9-bisphenol on Chinese Medaka (Oryzias sinensis): A Study from Laboratory to Field. Environ. Sci.
Technol. 2023, 57, 561-569.

Ozkan-Kotiloglu, S.; Arslan, P.; Akca, G.; Gunal, A.C. Are BPA-free plastics safe for aquatic life? —Fluorene-9-bisphenol induced
thyroid-disrupting effects and histopathological alterations in adult zebrafish (Danio rerio). Comp. Biochem. Physiol. C Toxicol.
Pharmacol. 2022, 260, 109419.

Jin, M.; Dang, J.; Paudel, Y.N.; Wang, X.; Wang, B.; Wang, L.; Li, P.; Sun, C.; Liu, K. The possible hormetic effects of fluorene-9-
bisphenol on regulating hypothalamic-pituitary-thyroid axis in zebrafish. Sci. Total Environ. 2021, 776, 145963.

Mi, P.; Tang, Y.-Q.; Feng, X.-Z. Acute fluorene-9-bisphenol exposure damages early development and induces cardiotoxicity in
zebrafish (Danio rerio). Ecotox Environ. Safe 2020, 202, 110922.

Zhang, S.; Xu, Y.; Zhang, S.; Zhao, C.; Feng, D.; Feng, X. Fluorene-9-bisphenol exposure decreases locomotor activity and in-
duces lipid-metabolism disorders by impairing fatty acid oxidation in zebrafish. Life Sci. 2022, 294, 120379.

Sun, L.M,; Ling, Y.H.; Jiang, ] H.; Wang, D.; Wang, ].X,; Li, ].Y.; Wang, X.D.; Wang, H.L. Differential mechanisms regarding
triclosan bisphenol A and fluorene-9-bisphenol induced zebrafish lipid-metabolism disorders by RNA-Seq. Chemosphere 2020,
251, 126318.

Yang, L.; Guo, X.; Mao, X.T.; Jia, X.J.; Zhou, Y.; Hu, Y.; Sun, L.B.; Guo, J.L.; Xiao, H.; Zhang, Z.B. Hepatic toxicity of fluorene-9-
bisphenol (BHPF) on CD-1 mice. Ecotox Environ. Safe 2021, 219, 112298.

Jia, Z.Z.; Wang, H.Y.; Feng, Z.Y.; Zhang, S.Z.; Wang, L.N.; Zhang, ] W.; Liu, Q.Q.; Zhao, X; Feng, D.F.; Feng, X.Z. Fluorene-9-
bisphenol exposure induces cytotoxicity in mouse oocytes and causes ovarian damage. Ecofox. Environ. Safe 2019, 180, 168-178.
Meng, F.; Li, X;; Li, J.; Zhu, Y.; Su, M,; Zhang, B.; Wang, Y.; Ge, R.S. Fluornen-9-bisphenol increases Leydig cell proliferation but
inhibits maturation in pubertal male rats via interacting with androgen receptor as an antagonist and estrogen receptor alpha
as an agonist. Chem. Biol. Interact. 2022, 363, 110024.

Zuo, X.; Zhang, S.; Bai, H.; Yu, Q.; Zhao, Q.; Sun, M.; Zhao, X.; Feng, X. Effects of fluorene-9-bisphenol exposure on anxiety-like

and social behavior in mice and protective potential of exogenous melatonin. Environ. Sci. Pollut. Res. Int. 2024, 31, 29385-29399.



Toxics 2025, 13, 100 16 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ji, XM.; Shi, L.L,; Yin, X.; Huai, Z.Q.; Li, Y.M,; Ren, ].Y.; Fu, Y.Y.; Du, Y.R,; Gao, Y.; Song, L.; et al. Sex- and developmental stage-
dependent effects of fluorene-9-bisphenol exposure on emotional behaviors in mice. Chemosphere 2019, 225, 890-896.

Yin, F.; Huang, X,; Lin, X,; Chan, T.F,; Lai, K.P.; Li, R. Analyzing the synergistic adverse effects of BPA and its substitute, BHPF,
on ulcerative colitis through comparative metabolomics. Chemosphere 2022, 287, 132160.

Huang, Y.; Zhang, W.; Cui, N.; Xiao, Z.M.; Zhao, W.Y.; Wang, R.G.; Giesy, ].P.; Su, X.O. Fluorene-9-bisphenol regulates steroido-
genic hormone synthesis in H295R cells through the AC/cAMP/PKA signaling pathway. Ecotox. Environ. Safe 2022, 243, 113982.
Jiao, X.F.; Ding, ZM.; Meng, F.; Zhang, X.Y.; Wang, Y.S.; Chen, F.; Duan, Z.Q.; Wu, D.; Zhang, S.X.; Miao, Y.L.; et al. The toxic
effects of Fluorene-9-bisphenol on porcine oocyte in vitro maturation. Environ. Toxicol. 2020, 35, 152-158.

Zhang, S.X.; Sun, B.X,; Wang, D.L.; Liu, Y.; Li, J.; Qi, ].].; Zhang, Y.H.; Bai, C.Y.; Liang, S. Chlorogenic Acid Ameliorates Damage
Induced by Fluorene-9-Bisphenol in Porcine Sertoli Cells. Front. Pharmacol. 2021, 12, 678772.

Jo, Y.S.; Ko, H.S.; Kim, A.Y.; Jo, H.G.; Kim, W.].; Choi, S.K. Effects of polycyclic aromatic hydrocarbons on the proliferation and
differentiation of placental cells. Reprod. Biol. Endocrinol. 2022, 20, 47.

Wang, L.; Zhuang, T.; Li, F.; Wei, W. Fluorene-9-bisphenol inhibits epithelial-mesenchymal transition of human endometrial
cancer Ishikawa cells by repressing TGF-beta signaling pathway. Environ. Sci. Pollut. Res. Int. 2019, 26, 27407-27413.

Jin, Z.Y.; Liu, CK,; Hong, Y.Q.; Liang, Y.X,; Liu, L.; Yang, Z.M. BHPF exposure impairs mouse and human decidualization.
Environ. Pollut. 2022, 304, 119222.

Serim, I.; Demirel, H.H.; Zemheri-Navruz, F.; Ince, S. Taurine exhibits antioxidant, anti-inflammatory, and antiapoptotic effects
against pyraclostrobin exposure in rats. Toxicol. Res. 2024, 13, tfae120.

Wang, L.F; Xie, Z.X.;; Wu, M.X,; Chen, Y.Y.; Wang, X,; Li, XK,; Liu, F.L. The role of taurine through endoplasmic reticulum in
physiology and pathology. Biochem. Pharmacol. 2024, 226, 116386.

Henry, W.S.; Muller, S.; Yang, ].S.; Innes-Gold, S.; Das, S.; Reinhardt, F.; Sigmund, K.; Phadnis, V.V.; Wan, Z.; Eaton, E.; et al.
Ether lipids influence cancer cell fate by modulating iron uptake. bioRxiv 2024. https://doi.org/10.1101/2024.03.20.585922.
Papin, M.; Fontaine, D.; Goupille, C.; Figiel, S.; Domingo, I.; Pinault, M.; Guimaraes, C.; Guyon, N.; Cartron, P.F.; Emond, P.; et
al. Endogenous ether lipids differentially promote tumor aggressiveness by regulating the SK3 channel. ]. Lipid Res. 2024, 65,
100544.

Tharp, K.M.; Kersten, K.; Maller, O.; Timblin, G.A.; Stashko, C.; Canale, F.P.; Menjivar, R.E.; Hayward, M.-K.; Berestjuk, I.; ten
Hoeve, J.; et al. Tumor-associated macrophages restrict CD8+ T cell function through collagen deposition and metabolic repro-
gramming of the breast cancer microenvironment. Nat. Cancer 2024, 5, 1045-1062.

Wang, D.; Duan, J.J.; Guo, Y.E.; Chen, ].].; Chen, T.Q.; Wang, J.; Yu, S.C. Targeting the glutamine-arginine-proline metabolism
axis in cancer. ]. Enzyme Inhib. Med. Chem. 2024, 39, 2367129.

Young, V.J.; Brown, ].K,; Maybin, J.; Saunders, P.T.; Duncan, W.C.; Horne, A.W. Transforming growth factor-beta induced War-
burg-like metabolic reprogramming may underpin the development of peritoneal endometriosis. J. Clin. Endocrinol. Metab. 2014,
99, 3450-3459.

Li, C; Liu, F.Y,; Shen, Y.; Tian, Y.; Han, F.J. Research progress on the mechanism of glycolysis in ovarian cancer. Front. Immunol.
2023, 14, 1284853.

Prochownik, E.V.; Wang, H. The Metabolic Fates of Pyruvate in Normal and Neoplastic Cells. Cells 2021, 10, 762.

Budczies, ].; Brockmoller, S.F.; Muller, B.M.; Barupal, D.K.; Richter-Ehrenstein, C.; Kleine-Tebbe, A.; Griffin, J.L.; Oresic, M.;
Dietel, M.; Denkert, C.; et al. Comparative metabolomics of estrogen receptor positive and estrogen receptor negative breast
cancer: Alterations in glutamine and beta-alanine metabolism. ]. Proteomics 2013, 94, 279-288.

Wilson, K.; Hess, J.; Zhang, G.F.; Brunengraber, H.; Tochtrop, G. Metabolism of Beta-Alanine in Rat Liver: Degradation to Ace-
tyl-CoA and Carboxylation to 2-(aminomethyl)-malonate. FASEB ]. 2017, 31, 655-3.

Schnuck, ].K.; Sunderland, K.L.; Kuennen, M.R.; Vaughan, R.A. Characterization of the metabolic effect of beta-alanine on mark-
ers of oxidative metabolism and mitochondrial biogenesis in skeletal muscle. J. Exerc. Nutrition Biochem. 2016, 20, 34—41.
Desvaux, E.; Hemon, P.; Soret, P.; Le Dantec, C.; Chatzis, L.; Cornec, D.; Devauchelle-Pensec, V.; Consortium, P.C.; Elouej, S.;
Duguet, F.; et al. High-content multimodal analysis supports the IL-7/IL-7 receptor axis as a relevant therapeutic target in pri-
mary Sjogren's syndrome. J. Autoimmun. 2023, 149, 103147.

Wang, C.; Kong, L.; Kim, S.; Lee, S.; Oh, S;; Jo, S.; Jang, I.; Kim, T.D. The Role of IL-7 and IL-7R in Cancer Pathophysiology and
Immunotherapy. Int. ]. Mol. Sci. 2022, 23, 10412.

Al Barashdi, M.A.; Ali, A.; McMullin, M.F.; Mills, K. Protein tyrosine phosphatase receptor type C (PTPRC or CD45). ]. Clin.
Pathol. 2021, 74, 548-552.

Tchilian, E.Z.; Beverley, P.C. Altered CD45 expression and disease. Trends Immunol. 2006, 27, 146-153.



Toxics 2025, 13, 100 17 of 17

40.
41.

42.

43.

44.

45.

46.

47.
48.

Massé, K.; Dale, N. Purines as potential morphogens during embryonic development. Purinerg. Signal. 2012, 8, 503-521.
Fausther, M.; Lecka, ].; Kukulski, F.; Lévesque, S.A.; Pelletier, J.; Zimmermann, H.; Dranoff, ].A.; Sévigny, J. Cloning, purifica-
tion, and identification of the liver canalicular ecto-ATPase as NTPDase8. Am. |. Physiol.-Gastr. L 2007, 292, G785-G795.

Tani, H.; Li, B.; Kusu, T.; Okumura, R.; Nishimura, J.; Okuzaki, D.; Motooka, D.; Arakawa, S.; Mori, A.; Yoshihara, T.; et al. The
ATP-hydrolyzing ectoenzyme E-NTPDS attenuates colitis through modulation of P2X4 receptor-dependent metabolism in my-
eloid cells. Proc. Natl. Acad. Sci. USA 2021, 118, €2100594118.

An, Y.; Cai, H; Yang, Y.; Zhang, Y.; Liu, S.; Wu, X.; Duan, Y.; Sun, D.; Chen, X. Identification of ENTPDS8 and cytidine in pan-
creatic cancer by metabolomic and transcriptomic conjoint analysis. Cancer Sci. 2018, 109, 2811-2821.

Jin, G.Z;; Zhang, Y.J.; Cong, W.M.; Wu, X.Y.; Wang, X.J.; Wu, S.Y.; Wang, S.Y.; Zhou, W.P.; Yuan, S.X.; Gao, H.; et al. Phos-
phoglucomutase 1 inhibits hepatocellular carcinoma progression by regulating glucose trafficking. PLoS Biol. 2018, 16, €2006483.
Li, Y.P; Liang, R.H.; Sun, M.M.; Li, Z; Sheng, H.; Wang, ].Y.; Xu, P.J.; Liu, S.P.; Yang, W.C; Lu, B.; et al. AMPK-dependent
phosphorylation of HDACS triggers PGMI1 expression to promote lung cancer cell survival under glucose starvation. Cancer
Lett. 2020, 478, 82-92.

Krause, P.N.; McGeorge, G.; McPeek, J.L.; Khalid, S.; Nelin, L.D.; Liu, Y.; Chen, B. Pde3a and Pde3b regulation of murine pul-
monary artery smooth muscle cell growth and metabolism. Physiol. Rep. 2024, 12, e70089.

From PDE3B to the regulation of energy homeostasis. Curr. Opin. Pharmacol. 2011, 11, 676-682.

Sha, Y.; Liu, W,; Li, S.; Osadchuk, L.V.; Chen, Y.; Nie, H.; Gao, S.; Xie, L.; Qin, W.; Zhou, H.; et al. Deficiency in AK9 causes

asthenozoospermia and male infertility by destabilising sperm nucleotide homeostasis. EBioMedicine 2023, 96, 104798.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



