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Abstract

Background: This study aimed to investigate the role of nicotinamide adenine dinucleotide (NAD+) in endometrial decidualization prior
to embryo implantation and to elucidate the underlying mechanism. Methods: In this study, primary human endometrial stromal cells
(hEnSCs) were isolated and cultured in vitro. Decidualization was induced under three conditions: an experimental group (EG) treated
with nicotinamide mononucleotide (NMN) alongside the standard decidualization cocktail to increase intracellular NAD+ levels; a con-
trol group (CG) that received only the standard decidualization cocktail; and a blank group (BG) that received no decidualization stimuli.
Decidualization was evaluated by examining morphological changes and by measuring the secretion of specific markers, prolactin (PRL)
and insulin-like growth factor binding protein-1 (IGFBP-1) using an enzyme-linked immunosorbent assay (ELISA). To explore the un-
derlying mechanisms, transcriptomic sequencing and bioinformatics analysis were performed on cells from all three groups, followed
by experimental validation. Results: The results indicated that increased intracellular NAD+ enhanced endometrial decidualization, as
evidenced by higher secretion of the decidual markers PRL and IGFBP-1. Transcriptomic analysis revealed significant differences be-
tween the decidualized groups (CG and EG) and the nondecidualized group (BG), which reflect major cellular reprogramming. However,
transcriptomic differences between the EG and CG groups were minimal. This finding suggests that NAD+ elevation does not initiate
decidualization via broad transcriptional reprogramming but instead provides a fine-tuning, supportive effect on the already induced
decidual state. Gene Set Enrichment Analysis (GSEA) indicated that NAD+ supplementation may influence decidualization through
modulating DNA replication and cell cycle pathways. In addition, NAD+ effectively reduced apoptotic activity in decidualizing hEn-
SCs compared with the CG. Conclusions: This study establishes that increasing intracellular NAD+ level promotes decidualization of
hEnSCs. Rather than causing widespread changes in gene expression, NAD+ appears to refine and support the decidualization process,
likely through effects on DNA replication and cell cycle pathways and by reducing apoptosis. These early findings provide insight into
how cellular metabolism may regulate decidualization and suggest a potential supportive role for NAD+ modulation.
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1. Introduction
Endometrial decidualization, which involves stromal

cell differentiation into decidual cells, is essential for em-
bryo implantation and is driven by estrogen and proges-
terone. This process is characterized by an epithelial-like
transition, secretion of prolactin (PRL) and insulin-like
growth factor binding protein-1 (IGFBP-1), as well as reg-
ulation of the cell-cycle, modulation of immune responses,
and formation of new blood vessels [1,2]. Impaired decidu-
alization causes implantation failure due to insufficient nu-
tritional and immune support for the embryo [3]. Although
luteal support therapies and immunomodulatory drugs are
commonly used to enhance decidualization, 30%–40% of
women with recurrent implantation failure (RIF) do not re-
spond to these treatments [4,5], underscoring the urgent
need to identify new metabolic targets for intervention.

Nicotinamide adenine dinucleotide (NAD+), a key
molecule in cellular redox balance and epigenetic regula-
tion, modulates cell cycle regulators and antiapoptotic path-

ways [6,7]. In pregnant mouse models, inhibition of NAD+

synthesis prevents decidualization and causes embryo re-
sorption [8]. Beyond its role in stromal cell decidualiza-
tion, recent research shows that NAD+ metabolism is es-
sential for immune homeostasis in the decidua, supporting
the anti-inflammatory functions of decidual macrophages,
which are vital for sustaining pregnancy [9]. Our previous
study on primary human endometrial stromal cells (hEn-
SCs) found that patients with RIF exhibited significantly re-
duced oxidative phosphorylation and inactivation of perox-
isome proliferator-activated receptor-gamma coactivator-
1α due to hyperacetylation. This defect was reversed by
supplementation with the NAD+ precursor nicotinamide
mononucleotide (NMN), which also increased PRL and
IGFBP-1 expression [10]. As NAD+ influences multiple
cellular processes, understanding its specific transcriptional
effects in human decidualization is essential. However, the
precise regulatory network and the extent of the role of
NAD+ in hEnSCs decidualization remain unclear.
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Building on these insights, this study employed an in
vitro decidualization model of primary hEnSCs to exam-
ine how increasing intracellular NAD+ levels via NMN
supplementation affect the decidual phenotype and its un-
derlying transcriptional program. This study proposes that
NAD+ functions primarily as a metabolic regulator rather
than a direct inducer, subtly adjusting the decidualization
process. By carefully comparing morphological, molecu-
lar, and transcriptomic data across controlled experimental
groups, we aimed to clarify the specific roles of NAD+ in
promoting human endometrial decidualization and to eluci-
date the underlying mechanisms.

2. Materials and Methods
2.1 Reagents and Materials

Dulbecco’s modified Eagle’s medium (DMEM/F12)
was purchased from Hyclone (Catalog No. SH30023.01;
Shanghai, China). To eliminate potential interference
from exogenous steroid hormones, all experiments used
charcoal-stripped fetal bovine serum (FBS; Catalog No.
3830-0050; Vivacell, Shanghai, China; 50 mL). Con-
ventional decidualization medium consisted of 100 nM
estradiol (Catalog No. E2758; Sigma-Aldrich, Shang-
hai, China), 10 µM medroxyprogesterone 17-acetate (Cat-
alog No. M1629; Sigma-Aldrich, Shanghai, China),
and 50 µM 8-bromoadenosine cAMP (8-Br-cAMP; Cata-
log No. B7880; Sigma-Aldrich, Shanghai, China). All
reagents, kits, and antibodies utilized in the present in-
vestigation are documented in the supplementary materials
(Supplementary Table 1), including manufacturer details,
product or lot numbers, and locations.

2.2 Participant Enrollment

Three donors with regular menstrual cycles were re-
cruited at Beijing Chao-Yang Hospital, Capital Medical
University from June 2020 to June 2022. Eligibility was
confirmed via ultrasound and hysteroscopic examination of
normal endometrial morphology. The study was approved
by the hospital’s ethics committee (2020-Science-279), and
all participants provided written informed consent.

2.3 Isolation and Culture of hEnSCs

After obtaining informed consent, hEnSCs were iso-
lated from endometrial biopsies collected during the late
proliferative phase, defined as 5–7 days after menstrua-
tion and 3–5 days before ovulation, confirmed by ultra-
sound showing a dominant follicle of 14–16 mm diam-
eter [11]. This method ensures a consistent estrogen-
primed stromal environment necessary for decidualization
research. Tissue collection was performed using a Pipelle®
curette (Catalog No. 8200; CooperSurgical, Inc., Trum-
bull, CT, USA) following established protocol [10]. All
tissue donors tested negative in preoperative screenings
for relevant pathogens, includingMycoplasma, Hepatitis B
virus, Hepatitis C virus, human immunodeficiency virus,

and Treponema pallidum. For cell isolation and culture,
endometrial tissues were washed twice, minced into 1–2
mm fragments, and then dissociated with 0.25% trypsin–
ethylenediaminetetraacetic acid (0.53 mM) at 37 °C for 30
min. The resulting cell suspension was then filtered using a
sterile 100 µm cell strainer. The endometrial cells were sus-
pended in DMEM/F12 medium with 2% charcoal-stripped
FBS. Cells were plated onto standard culture plates. Cell
identity was confirmed by characteristic spindle-shaped
morphology and immunofluorescence: positive staining for
the mesenchymal markers vimentin (Catalog No. ab92547;
Abcam, Cambridge, UK) and CD90 (Catalog No. 555595;
BDBiosciences, San Jose, CA,USA), and negative staining
for the epithelial marker cytokeratin 18 (CK18; Catalog No.
ab668; Abcam, Cambridge, UK) (Supplementary Fig. 1).
The cells were used at low passage numbers (passages 2–4)
for all subsequent experiments.

2.4 Experimental Grouping and Morphological
Assessment

Primary hEnSCs were assigned into three exper-
imental groups, as presented in Fig. 1: the blank
group (BG), in which cells were cultured in standard
medium without decidualization-inducing agents; the con-
trol group (CG), cultured in standard decidualization in-
duction medium; and the experimental group (EG), cul-
tured in the same induction medium but supplemented with
200 µM NMN. Cells from each group were seeded on
poly-L-lysine–coated 35-mm dishes in DMEM/F12 con-
taining 10% FBS and then allowed to adhere for 24
h. Morphological changes were monitored, and images
were captured using a phase-contrast microscope (Olym-
pus, Tokyo, Japan) equipped with a complementary metal-
oxide-semiconductor (CMOS) digital camera (Model No.
DP74; Olympus Corporation, Tokyo, Japan).

2.5 RNA Sequencing (RNA-seq) and Data Analysis
Culture medium was changed every 48 hours for all

groups to ensure consistent conditions. Following a 6-day
culture, hEnSCs were collected, snap-frozen in liquid ni-
trogen, and stored for RNA extraction. Total RNA isola-
tion was performed using the RNeasy Plus Mini Kit (Cata-
log No. 74134; Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. RNA purity and concentration
were quantified on a Qubit® 2.0 Fluorometer (Catalog No.
Q32866; Thermo Fisher Scientific, Waltham, MA, USA)
with the Qubit® RNA Assay Kit (Catalog No. Q32852;
Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. RNA integrity was as-
sessed using an Agilent Bioanalyzer 2100 system (Soft-
ware Version B.02.09; Agilent Technologies, Santa Clara,
CA, USA). For each sample, RNA-seq libraries were con-
structed from 3 µg of total RNA using the TruSeq RNA
Library Prep Kit v2 (Catalog No. RS-122-2001; Illumina,
San Diego, CA, USA). cDNA fragmentation and fragment
purificationwere conducted following standard procedures.
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Fig. 1. Experimental workflow for hEnSC treatment. After endometrial tissue collection, samples were processed in vitro to establish
primary hEnSC cultures. TheBG received no decidualization stimulus, the CGwas treatedwith the conventional decidualization protocol,
and the EG received the same protocol supplemented with NMN. hEnSC, human endometrial stromal cells; BG, blank group; CG, control
group; EG, experimental group; NMN, nicotinamide mononucleotide.

Sequencing was conducted on the Illumina NovaSeq 6000
platform (Illumina, San Diego, CA, USA). This approach
yielded an average of approximately 6 gigabytes (Gb) of
data for each sample.

Raw paired-end RNA-seq reads were quality-checked
and trimmed for adapters using Trimmomatic (v0.39; Us-
adel Lab, Aachen, Germany). Cleaned reads were aligned
against the GRCh38 reference genome with HISAT2
(v2.0.5; Johns Hopkins University, Baltimore, MD, USA)
and subsequently assembled using StringTie (v2.1.4; Johns
Hopkins University, Baltimore, MD, USA). FeatureCounts
(v2.0.1; Walter and Eliza Hall Institute, Melbourne, Aus-
tralia) was used to quantify reads for each gene anno-
tated using Ensembl v98 (European Bioinformatics Insti-
tute, Cambridge, UK). Gene expression was expressed as
raw read counts and then normalized to fragments per kilo-
base of transcript per million mapped reads (FPKM) for
visualization, such as heatmaps or sample clustering [12].

Differential expression analysis was performed with DE-
Seq2 (v1.34.0; Bioconductor, Buffalo, NY, USA) [13], us-
ing criteria of an adjusted p-value of <0.05 (Benjamini–
Hochberg correction) and an absolute fold change of >1.5.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses of the
differentially expressed genes (DEGs) were performed us-
ing custom Python scripts (v3.8; Python Software Founda-
tion, Wilmington, DE, USA). Gene Set Enrichment Anal-
ysis (GSEA; v4.1.0; Broad Institute, Cambridge, MA,
USA) was employed with gene sets obtained from the
MSigDB database (MSigDB; Broad Institute, Cambridge,
MA, USA). The complete list of gene sets used is provided
in Supplementary Table 2. Gene signatures are supplied
upon request. Statistical significance was set at a false dis-
covery rate (FDR) <0.25 and p < 0.05.
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2.6 Quantitative Real‑Time Polymerase Chain Reaction
(qRT-PCR)

As instructed by the manufacturer, total RNAwas iso-
lated using the TRIzol® Plus RNA Purification Kit (Cat-
alog No. 12183555; Thermo Fisher, Carlsbad, CA,
USA). Complementary DNA (cDNA) was synthesized us-
ing the SuperScript™ III First-Strand Synthesis Super-
Mix (Catalog No. 11752250; Thermo Fisher, Carlsbad,
CA, USA). qRT-PCR was performed using PowerUp™
SYBR™ Green Master Mix (Catalog No. A25742; Ap-
plied Biosystems, Carlsbad, CA,USA) following themanu-
facturer’s guidelines. The qRT-PCR cycling program com-
prised an initial denaturation step at 95 °C for 2 min, fol-
lowed by 40 amplification cycles. Target gene expression
was normalized to β-actin and analyzed using the 2−∆∆Ct

method [14]. Results are presented as fold change rela-
tive to the mean of the control group. The corresponding
primer sequences are detailed in the supplementary materi-
als (Supplementary Table 3).

2.7 Western Blot (WB)
Protein extraction from hEnSCs in each group was

performed using radioimmunoprecipitation (RIPA) assay
buffer (Catalog No. 89900; Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with added protease
and phosphatase inhibitors (Catalog No. 78440; Thermo
Fisher Scientific, Waltham, MA, USA). Protein concen-
tration was determined with a bicinchoninic acid assay kit
(Catalog No. P0012S; Beyotime Biotechnology, Shanghai,
China). For each sample, 30–50 µg of total protein was
separated by SDS-PAGE and transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Hybond-P; Catalog No.
10600023; GE Healthcare, Chicago, IL, USA) via wet
transfer. Following a 1-hour block at room temperature
in Tris-buffered saline with 0.1% Tween-20 (TBST), the
membranes were incubated overnight at 4 °C with pri-
mary antibodies diluted in the same blocking buffer. Af-
ter thorough washing with TBST, the membranes were in-
cubated with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:5000; Catalog No. 31460;
Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at
room temperature. Protein bands were visualized using the
SuperSignal West Dura Extended Duration Chemilumines-
cent Substrate (Catalog No. 34075; Thermo Fisher Scien-
tific, Waltham, MA, USA) and detected on X-ray film or
with a digital imaging system. Band intensities were quan-
tified with Image Pro Plus 6.0 software (v6.0; Media Cy-
bernetics, Rockville, MD, USA). For total proteins, such as
IGF2BP2, GSS, and POLD1, expression levels were nor-
malized to β-actin. For phosphorylated Akt and cleaved
Caspase-9, signals were normalized to total Akt and total
Caspase-9 levels, respectively.

2.8 Statistical Analysis
The clinical characteristics of tissue donors are sum-

marized in Supplementary Table 4. Before analysis, data

normality was assessed with the Shapiro–Wilk test, and
homogeneity of variance was confirmed using Levene’s
test. Comparisons between groups used an unpaired two-
tailed Student’s t-test. For three or more groups, one-way
analysis of variance (ANOVA) was performed, followed
by Tukey’s honestly significant difference (HSD) test for
post-hoc comparisons when the ANOVA result was signifi-
cant. All statistical analyses were conductedwithGraphPad
Prism (v9.5; GraphPad Software, Boston, MA, USA) or R
(v4.2.2; R Foundation for Statistical Computing, Vienna,
Austria). A p-value of <0.05 was considered statistically
significant.

3. Results
3.1 NAD+ Enhances the Decidualization of hEnSCs

To determine the optimal NMN concentration, the
NAD+/NADH redox ratio was measured in endometrium
cells treated with 0-500 µM NMN (Supplementary Table
5). Treatment with 200 µM NMN led to a consistent two-
fold increase in the ratio without causing cytotoxicity and
was used for all subsequent experiments (Fig. 2a). By day 6,
hEnSCs in both the CG and EG demonstrated typical mor-
phological changes, transitioning from slender, spindle-
shaped fibroblasts to round, polygonal cells, whereas cells
in the BG retained their fibroblastic morphology (Fig. 2b
and Supplementary Fig. 2). Immunofluorescence stain-
ing for F-actin confirmed this shift: after decidualization,
the cells became rounded, exhibiting a “cobblestone” ap-
pearance and prominent peripheral actin rings, unlike the
elongated stress fibers observed in nondecidualized cells
(Fig. 2c). The secretion of the decidual markers PRL and
IGFBP-1, measured using enzyme-linked immunosorbent
assay (ELISA), was significantly higher in both the CG and
EG compared with BG, with the EG displaying the highest
level (Fig. 2d). These findings indicate that increasing in-
tracellular NAD+ by NMN supplementation enhances the
morphological and functional changes associated with de-
cidualization in hEnSCs.

3.2 Elevated NAD+ Levels Induce Minimal
Transcriptional Divergence During Decidualization

To evaluate the global transcriptional effects of NAD+

supplementation, RNA-seq was performed on hEnSCs
from the three experimental groups. Unsupervised analysis
showed that the two decidualized groups (CG and EG) clus-
tered together and were clearly distinct from the nondecid-
ualized group (BG), as shown by hierarchical clustering of
all expressed genes (Fig. 3a) and principal component anal-
ysis (Fig. 3b). This pattern was supported by the number of
DEGs, with the fewest identified in the direct comparison
between CG and EG (Fig. 3c, Supplementary Table 6).
A targeted heatmap of these DEGs highlighted their lim-
ited number and consistent expression trends (Fig. 3d). In
agreement with their higher transcriptional activity, KEGG
pathway analysis of BG vs. CG and BG vs. EG compar-
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Fig. 2. Effects of NAD+ on decidualization of hEnSCs. (a) Optimization of NMN concentration. The NAD+/NADH ratio reached
its maximum at 200 µM NMN. (b) Morphological transformations during decidualization. Cells in both the CG and EG showed char-
acteristic decidual change. Before induction, hEnSCs presented fibroblast-like spindle shapes with elongated cell bodies and processes,
organized in parallel or swirling bundles. After induction, the cells underwent an epithelioid transition, adopting a rounded, polygonal,
or cobblestone-like morphology, accompanied by marked increase in cell volume and cytoplasmic content, scale bar = 100 µm. (c)
F-actin and nuclear staining. Representative immunofluorescence images of hEnSCs labeled for F-actin (phalloidin-Alexa Fluor 488,
green) and nuclei (DAPI, blue). Before decidualization, cells in the CG and EG displayed spindle-shaped morphology with elongated
stress fibers. Following decidualization, cells acquired a rounded, polygonal cobblestone-like appearance, accompanied by increased
cell size and prominent peripheral actin rings. Nuclear morphology also changed from elongated/oval to large and round. Scale bar = 50
µm. (d) Secretion of decidual markers. Concentrations of PRL and IGFBP-1 in the culture supernatant were measured by ELISA after
6 days of treatment. Compared with the BG, the secretion levels of both PRL and IGFBP-1 were significantly elevated in the CG and
EG. Furthermore, the EG demonstrated significantly higher secretion of both markers than the CG. (*p < 0.05, **p < 0.01, ****p <

0.0001). PRL, prolactin; IGFBP-1, insulin-like growth factor binding protein-1; ELISA, enzyme-linked immunosorbent assay.

isons revealed only one commonly upregulated pathway
(ko03110: chaperones and folding catalysts; Supplemen-
tary Tables 7,8). Interestingly, DNA replication and cell
cycle pathways (ko04110 and ko03032) were selectively
downregulated in the EG compared with the BG. No path-
way achieved statistical significance in the CG vs. EG com-
parison, emphasizing the subtle nature of NAD+-induced
transcriptional changes. Therefore, within the context of

this study, increasing NAD+ does not activate a separate
transcriptional program but produces a profile closely re-
sembling that induced by standard hormonal stimuli. The
selective downregulation of replication and cell cycle genes
in EG may signify a refined regulation of the decidualiza-
tion process, warranting further research.
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Fig. 3. Overview of gene expression patterns across the three treatment groups. (a) The heatmap of all identified genes for the
three treatment groups. (b) PCA plot of all samples from the three treatment groups. (c) Differentially expressed genes (DEGs) between
different groups. (d) Heatmap of DEGs in EG vs CG.

3.3 GSEA Suggests DNA Replication, Cell Cycle, and
RNA-Binding Footprints of NAD+

GSEA was performed to identify subtle transcrip-
tional differences between EG and CG. All significant gene
sets were enriched in the CG and, therefore, downreg-
ulated in EG (Table 1). The top-ranking categories in-
cluded “DNA replication” (Fig. 4a; Supplementary Tables
9,10) and gene sets associated with “IGF2BP2 binding”
(Fig. 4b; Supplementary Tables 9,11). Core genes within
the DNA replication module, such as POLD1, POLD2,
and MCM7, were consistently downregulated in the EG
(Fig. 4a). Considering the established role of IGF2BP2

in stabilizing m6A-modified transcripts, NAD+ was hy-
pothesized to modulate the expression of its potential tar-
gets. Reverse transcription quantitative polymerase chain
reaction (RT-qPCR) analysis confirmed that mRNA levels
of IGF2BP2, GSS, and POLD1 were significantly lower
in the EG than in both CG and BG (Fig. 4c). At the pro-
tein level, WB analysis confirmed the significant downreg-
ulation of IGF2BP2 and GSS, whereas POLD1 exhibited a
consistent but nonsignificant decreasing trend (Fig. 4d). To
explore a potential epitranscriptomic mechanism, in silico
analysis was performed using the m6A-Atlas database [15].
This analysis predicted multiple putative m6Amodification
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Table 1. Overview of the gene sets identified by GSEA that were significantly enriched in the EG compared with the CG.
Comparison_ID Dataset shortname Sub-dataset name Regulation Enriched_pathway_No. (NOM

p-val < 0.01, FDR q-val <0.25)
Upregulated gene percentage Downregulated gene percentage

EG_vs_CG C2 down 27 48.90% 51.10%
EG_vs_CG C2 up 0 48.90% 51.10%
EG_vs_CG C3 Transcription factors down 1 48.90% 51.10%
EG_vs_CG C3 microRNA down 1 48.90% 51.10%
EG_vs_CG C3 Transcription factors up 0 48.90% 51.10%
EG_vs_CG C3 microRNA up 0 48.90% 51.10%
EG_vs_CG C5 down 7 48.90% 51.10%
EG_vs_CG C5 up 0 48.90% 51.10%
EG_vs_CG C8 down 0 48.90% 51.10%
EG_vs_CG C8 up 0 48.90% 51.10%
val, value; FDR, false discovery rate; GSEA, Gene Set Enrichment Analysis.

Table 2. Predicted m6A modification sites within key regulators of genome replication and apoptosis.
Genesymbol Chr_No. Chr_start Chr_end Strand Position_type m6A_site_sequence

POLD1 chr19 50886474 50886474 + upstream;downstream other CCTCAGGGTCACCTCCCTGGACAAGGTGAATCAGAACTCAC
POLD1 chr19 50902218 50902218 + exonic protein_coding GCCATCCCAATTCGAGGAGGACCTGGCACTGATGGAGGAGA
POLD1 chr19 50902688 50902688 + exonic protein_coding GCCCACACCACCAGCGCTGGACCCCCAGACAGAGCCCCTCA
POLD1 chr19 50902696 50902696 + exonic protein_coding CACCAGCGCTGGACCCCCAGACAGAGCCCCTCATCTTCCAA
POLD1 chr19 50906811 50906811 + exonic protein_coding CACCGGTTACAACATCCAGAACTTCGACCTTCCGTACCTCA
POLD1 chr19 50906846 50906846 + exonic protein_coding ACCTCATCTCTCGGGCCCAGACCCTCAAGGTGAGGGCTGGG
POLD1 chr19 50909445 50909445 + exonic protein_coding CCTCTCCTCCTCAGGTACAAACATTCCCTTTCCTGGGCCGT
POLD1 chr19 50919497 50919497 + intronic other ACAGACTCTGTGGCCCAGAGACTCCGTGACCTCCGACCCCA
POLD1 chr19 50921180 50921180 + exonic protein_coding CAGCTCCTGCGGCGCTTCGGACCCCCTGGACCTGAGGCCTG
POLD1 chr19 50921189 50921189 + exonic protein_coding CGGCGCTTCGGACCCCCTGGACCTGAGGCCTGGTGACCTTG
GSS chr20 33516316 33516316 - UTR3 protein_coding AGTGCCTGACTTGGGATAGGACTGAGTGGTAGGAGGAGGGG
GSS chr20 33516328 33516328 - UTR3 protein_coding TCAGCAGGTTCCAGTGCCTGACTTGGGATAGGACTGAGTGG
GSS chr20 33516731 33516731 - exonic protein_coding GGAAAAGACACTCGTGATGAACAAGCACGTGGGGCATCTAC
GSS chr20 33516880 33516880 - intronic protein_coding GACTCCAGAGAGGCATAGAGACTCTAAAATCCTAGCACTTT
GSS chr20 33516932 33516932 - intronic protein_coding TAGCACCAAGAGGACTCAGAACACATGGTTTGACAACCTAG
GSS chr20 33517342 33517342 - exonic protein_coding GGCCCTGAAACAGCTGAAGGACAGTGAGGAGAGGGCCTCCT
GSS chr20 33517353 33517353 - exonic protein_coding GAAATGGTACAGGCCCTGAAACAGCTGAAGGACAGTGAGGA
GSS chr20 33519884 33519884 - exonic protein_coding ACATGCTGCCAAGTGCCCAGACATTGCCACCCAGCTGGCTG
GSS chr20 33524621 33524621 - exonic protein_coding ACATCCATGTGATCCGACGAACATTTGAAGATATCTCTGAA
GSS chr20 33529563 33529563 - exonic protein_coding TCTAATAATCCCAGCAAGGGACTGGCCCTGGGAATTGCCAA
GSS chr20 33529632 33529632 - exonic protein_coding AGCCATCTCTCTTCCAACAGACATGTTCTCAGTGTCCTGAG
UTR3, 3’-untranslated region.7
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Fig. 4. GSEA identifies downregulated pathways in the EG group and validation of candidate targets. (a) Enrichment of the
DNA replication pathway. (Left) GSEA enrichment plot for the “DNA replication” pathway in EG vs. CG. (Right) Heatmap of core-
enriched genes from this pathway; red indicates higher expression in the CG. (b) Enrichment of IGF2BP2-binding gene set. (Left) GSEA
enrichment plot. (Right) Heatmap of core-enriched genes from this set; red indicates higher expression in the CG. (c) mRNA expression
of candidate targets. Relative mRNA levels of IGF2BP2, GSS, and POLD1 in BG, CG, and EG groups, measured by qPCR. Data are
normalized to β-actin and presented as mean ± SD. (d) Protein expression of candidate targets. Representative WBs (performed in
triplicate) are shown with β-actin as the loading control. Bar graphs display quantified protein levels (mean ± SD). (*p < 0.05, **p <

0.01, *** p < 0.001, **** p < 0.0001, ns, not significant). qPCR, quantitative polymerase chain reaction; SD, standard deviation; WB,
western blot.

sites within the transcripts of GSS (10 sites) and POLD1
(11 sites), compared with only two sites in the control gene
BAD (Table 2). Together, these data supports a model in
which increased NAD+ levels correlate with the suppres-
sion of specific genes, some of which are predicted m6A
targets, potentially implicating an IGF2BP2-related path-
way. However, this link remains speculative and requires
direct experimental validation.

3.4 NAD+ Attenuates Apoptosis-Related Signaling in
Decidualized hEnSCs

Significant downregulation of the Akt phosphorylates
targets in the cytosol pathway in the EG (versus CG) was
identified through GSEA against the Reactome database
(normalized enrichment score = –1.83; Fig. 5a and Sup-
plementary Table 9). Core genes within this set included
AKT1S1, CASP9, and the proapoptotic factor BAD, im-
plying a potential suppression of apoptotic signaling by
NAD+. Advanced analysis further corroborated this con-
clusion by revealing a coordinated suppression of genes
involved in cell cycle and apoptosis pathways in the EG
(Supplementary Fig. 3). A heatmap of genes from the
cell cycle gene set visually supported this finding, show-

ing higher expression (red) mainly in the CG (Fig. 5b).
To confirm these transcriptional changes functionally, the
activation state of key apoptotic mediators was assessed.
WB analysis revealed that phosphorylatedAkt (Ser473) and
the cleaved (active) Caspase-9 fragment levels were sig-
nificantly lower in the EG than in CG (Fig. 5c). Quan-
titative analysis of p-Akt/total Akt and cleaved Caspase-
9/total Caspase-9 ratios indicated that both Akt kinase ac-
tivity and Caspase-9 proteolytic activation were reduced at
higher NAD+ level (Fig. 5d). These findings suggest that
NAD+ supplementation suppresses the proapoptotic Akt
signaling pathway at both the transcriptional and protein
functional levels during decidualization.

4. Discussion
This study revealed that increasing intracellular

NAD+ level improves the decidualization capacity of pri-
mary hEnSCswithout inducingwidespread changes in gene
expression. Building on earlier research linking NAD+

metabolism to endometrial receptivity [6–8], these find-
ings demonstrated a “fine-tuning” effect, in which NAD+

supplementation strengthens an already initiated decidual
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Fig. 5. GSEA identifies the downregulation of Akt signaling in the EG group, confirmed at the protein level. (a) GSEA enrichment
plots in the EG vs. CG. (b) Heatmap of genes labeled in the cell cycle gene set, with red indicating higher expression in the CG. (c) Protein
expression analysis of Akt and CASP9. Representative blots for phosphorylated Akt (Ser473, pAkt), total Akt, cleaved Caspase-9, total
Caspase-9, and loading control β-actin are shown (performed in triplicate). (d) Bar graphs show the quantitative ratios of p-Akt/total Akt
and cleaved Caspase-9/total Caspase-9, representing relative kinase and protease activity. Data are presented as mean± SD; *p < 0.05,
**p < 0.01.

process. This process is characterized by increased secre-
tion of classical markers PRL and IGFBP-1 [1,16], reduced
proapoptotic signaling [7,8], andminimal transcriptional al-
terations.

A key observation is the stark difference between
the marked functional improvement and the minimal
transcriptomic variations observed between the NAD+-
supplemented group (EG) and the standard stimulation
group (CG). Both groups reached the same early decid-
ual stage, as evidenced by their shared early decidual gene
signatures (Fig. 2b) [17]. This observation indicates that
NAD+ does not accelerate developmental progression but
rather boosts functional performance within the same stage.
This intra-stage enhancement is supported by three key

points: (1) increased secretion of markers accompanied by
reduced apoptotic signals; (2) high overall transcriptional
similarity and few gene expression differences between the
EG and CG (Fig. 3 and Supplementary Table 5); and (3)
pathway-level modifications, including the downregulation
of DNA replication and cell cycle modules (e.g., POLD1
and MCM7) [18,19], possibly reflecting a more complete
exit from proliferation, which is essential for stable decid-
ualization.

The unbiased transcriptomic analysis performed in
this study mechanistically identified the RNA-binding pro-
tein IGF2BP2 as a candidate for further investigation.
GSEA revealed a downregulation of gene sets associated
with IGF2BP2 binding activity in the EG group (Fig. 3a,c).
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Fig. 6. Proposed model illustrating the effect of NAD+ on decidualization.

Moreover, IGF2BP2 expression, along with its potential
targets GSS and POLD1, was decreased at both mRNA and
protein levels (Fig. 4). In silico analysis also predicted sev-
eral m6A modification sites within these transcripts (Ta-

ble 2) [20]. It should be emphasized that these findings
are correlational and serve to generate testable hypothe-
ses. Our study did not directly validate m6A methylation,
RNA binding, or the functional role of IGF2BP2. Conse-
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quently, the proposed IGF2BP2-m6A axis remains a plau-
sible but unconfirmed model by which NAD+ could regu-
late mRNA stability, pending validation using approaches
such as m6A-RIP, RNA immunoprecipitation, or loss-of-
function experiments. Furthermore, NAD+ supplementa-
tion was associated with reduced proapoptotic signaling, as
inferred from decreasedAkt phosphorylation and lower lev-
els of cleaved Caspase-9 (Fig. 5). This observation supports
the established role of NAD+-dependent sirtuins in promot-
ing cell survival [7,8] and suggests a model in which NAD+

improves decidual cell health by modulating gene expres-
sion and supporting survival (Fig. 6).

Limitations
This study has several limitations that highlight its

preliminary status. First, the analysis is based on a single
early time point (6 days). Longitudinal sampling is neces-
sary to determine whether the fine-tuning effects persist or
change over time. Second, the study involves a relatively
small sample size. Although three independent experiments
were conducted to improve reliability, a larger sample size
would yield greater statistical power and stronger evidence
for the findings. Lastly, while the in vitro model was
well-controlled, it may not fully capture the multifaceted
paracrine-immune cross-talk of the decidua in vivo.

5. Conclusions
In summary, our results support a model in which

NAD+ functions as a metabolic regulator of human en-
dometrial decidualization. It enhances functional perfor-
mance and cell survival without triggering a specific tran-
scriptional program, possibly by influencing pathways such
as cell cycle exit and RNA metabolism. Although the pre-
cise mechanisms, particularly the role of IGF2BP2, require
further investigation, this research emphasizes the thera-
peutic potential of targeting NAD+ metabolism to enhance
endometrial receptivity. Future research involving func-
tional validation, multi-omics time courses, and in vivo
models will be crucial for translating these mechanistic in-
sights into clinical strategies for patients with implantation
challenges.
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