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Cang-Fu-Dao-Tan Formula exerts positive multigenerational effects
on the offspring of polyendocrine metabolic ovarian syndrome
mouse model through alleviating uterine inflammation
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Abstract: Background: Polyendocrine metabolic ovarian syndrome (PMOS), formerly known as polycystic ovary syndrome, is
the most prevalent endocrine disorder among women of reproductive age. Cang-Fu-Dao-Tan formula (CFDTF), a traditional
formula, has been reported to exert endocrine-metabolic regulatory effects in the treatment of PMOS. However, the effects and
mechanisms by which CFDTF interrupts multigenerational PMOS-related features remain unknown. This study aimed to
determine whether preconceptional CFDTF administration alleviates pathological phenotypes in the offspring of mothers with
PMOS and to identify the potential underlying mechanisms. Methods: Prenatal anti-Miillerian hormone (PAMH)-induced
PMOS mouse models (F0) were established, followed by preconceptional administration. Reproductive and glucolipid metabolic
phenotypes were assessed in F1 and F2 offspring, and uterine transcriptomic profiling (RNA-seq) was performed in FO, F1, and
F2 female offspring to investigate the potential mechanisms underlying CFDTF’s effects. Results: Preconceptional CFDTF
administration significantly ameliorated reproductive abnormalities across generations. In FO - F2 females, it maintained estrous
cyclicity, balanced testosterone levels, and reduced uterine inflammatory infiltration; in F1 males, it reduced abnormal
seminiferous tubules. It also significantly improved glucolipid metabolism by lowering fasting glucose, total cholesterol, and
hepatic lipid accumulation in F1 and F2 male and female offspring. RNA-seq analysis revealed multigenerational effects of
preconceptional CFDTF administration on PMOS-associated uterine inflammatory signaling and immune microenvironment
remodeling, which operate through a conserved cytokine network functionally linked to the interferon (IFN) inflammatory axis.
Conclusions: Preconceptional CFDTF administration exerts positive multigenerational reproductive and glucolipid metabolic
effects in a PMOS mouse model, through the alleviation of uterine inflammation.

Key words: Polyendocrine metabolic ovarian syndrome; Cang-Fu-Dao-Tan Formula; Multigenerational effects; Uterine
inflammation.

1 Introduction

Polyendocrine metabolic ovarian syndrome (PMOS), formerly known as polycystic ovary syndrome
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(Teede et al., 2026), affects approximately 11 - 13% of women worldwide, making it one of the most
prevalent endocrine disorders among women of reproductive age (Stener-Victorin et al., 2024). The
nomenclature was revised from PCOS to PMOS to emphasize that the syndrome is a systemic, polyendocrine
and metabolic disorder involving multiple organs, rather than a condition confined to the ovaries (Teede et al.,
2026). PMOS is characterized by insulin resistance and androgen excess and is closely associated with
early-onset type 2 diabetes, cardiovascular risk, anovulatory infertility, and heightened risks of pregnancy
complications (Stener-Victorin, et al., 2024). Despite its high prevalence, the underlying mechanisms remain
incompletely understood, and treatment is still largely symptom-driven (Teede et al., 2023). Emerging
evidence also suggests that PMOS may have multigenerational features, with maternal endocrine and
metabolic disturbances potentially contributing to reproductive, cardiometabolic, and neurodevelopmental
dysfunction in offspring (Risal et al., 2019; Risal et al., 2021).

One aspect of PMOS that has received growing attention is its effect on uterine function. Compared
with healthy controls, women with PMOS exhibit endometrial differences, including chronic low-grade
inflammation, impaired immune regulation, altered hormonal receptor expression, abnormal endometrial gene
profiles, and disrupted vascular structure. All these factors can compromise embryo implantation and increase
the risk of miscarriage (Palomba et al., 2021). A key mechanism driving this uterine dysfunction is
androgen-driven immune dysregulation, with studies showing a drastic reduction of eosinophils in the uterus,
along with higher frequencies of natural killer cells and elevated interferon (IFN) -y and TNF-a levels in
uterine tissue (Banerjee et al., 2023; Torstensson et al., 2024). These findings identify the uterus as a major
site of androgen-mediated immune disruption in PMOS.

Cang-Fu-Dao-Tan formula (CFDTF) is a traditional Chinese medicine (TCM) dating back to the Ming
dynasty. It contains a repertoire of bioactive compounds with independently documented anti-inflammatory,
insulin-sensitizing, and androgen-modulating activities (Park et al., 2019; Wang et al., 2020; Yi et al., 2021,
Liu et al., 2022; Yang and Zhou, 2025). Clinically, CFDTF-based therapy has been reported to improve
pregnancy and ovulation rates in women with PMOS (Wu et al., 2022). Our group has also systematically
characterized CFDTF's active constituents and elucidated their multi-target mechanisms in PMOS, providing
a pharmacological foundation for its clinical application (Hu et al., 2024). Although CFDTF has been shown
to alleviate PMOS symptoms, the effects and mechanisms by which CFDTF interrupts the transmission of
PMOS-related features across generations are unknown. This study investigates whether preconceptional
CFDTF administration can alleviate pathological phenotypes in the offspring of mothers with PMOS and
explores the potential underlying mechanisms.

2 Materials and methods
2.1 Animals and ethical approval

All experimental procedures were approved by the Animal Ethics Committee of MSLT BIOTECH
(Hangzhou) Co., Ltd. (Approval No. 2023H311106) and conducted in accordance with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) 2.0 guidelines (Percie Du Sert et al., 2020). Female C57BL/6J
mice (13 weeks old, body weight 18 - 22 g) were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). Mice were housed in groups of 5 - 6 per individually ventilated cage,
with bedding, nesting material, and shelter provided as environmental enrichment. Animals were maintained
under a 12 h light/dark cycle (lights on at 08:00 h) at 22 + 2° C with ad libitum access to standard chow
and water. All mice were acclimated for one week prior to experimental manipulation.

2.2 Preparation and administration of CFDTF
The CFDTF comprised nine TCM herbs: Atractylodes lancea (Thunb.) DC. (Cangzhu, 10 g), Cyperus
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rotundus L. (Xiangfu, 10 g), Citrus reticulata Blanco (Chenpi, 15 g), Poria cocos (Schw.) Wolf (Fuling, 15 g),
Arisaema erubescens (Wall.) Schott (Tiannanxing, 10 g), Citrus aurantium L. (Zhike, 10 g), Pinellia ternata
(Thunb.) Makino (Banxia, 10 g), Zingiber officinale Roscoe (Shengjiang, 10 g), and Glycyrrhiza uralensis
Fisch. (Gancao, 10 g). All herbs were purchased as processed decoction pieces from Hangzhou Huadong
Chinese Medicine Pieces Co., Ltd. (Hangzhou, China).

We authenticated the botanical identity and quality of each herb in accordance with the Chinese Pharma-

copeia (2020 edition) and the Zhejiang Provincial Processing Standards for Chinese Materia Medica (2015
edition), using macroscopic, microscopic, and chromatographic (thin-layer = chromatography
[TLC]/high-performance liquid chromatography [HPLC]) methods. Table S1 provides detailed information
regarding botanical origin, source region, authentication methods, batch numbers, and chemical marker con-
tents. Each 100 g batch of herbs was decocted twice in distilled water at 100° C, first at a 1:10 (w/v) ratio for
1 h and then at a 1:8 (w/v) ratio for 45 min. The combined extracts were filtered, concentrated under reduced
pressure, and lyophilized (Scientz, Ningbo, China). The extraction yield was approximately 10% (w/w), cor-
responding to a drug - extract ratio (DER) of 10:1. The lyophilized powder was stored at -20° C and recon-
stituted in normal saline before use. For quality control, the freeze-dried CFDTF powder was dissolved in
methanol, filtered through a 0.22 1 m membrane, and analyzed at Zhejiang University using HPLC. Repre-
sentative chromatographic fingerprints are depicted in Fig. S1. Hesperidin and naringin were selected as
marker compounds and identified using authenticated reference standards (Table S2).
The daily dose for each mouse was calculated using the body surface area (BSA) normalization method (Nair
and Jacob, 2016). The standard human dose is 100 g of crude herb per day for a 60 kg adult. Applying a con-
version coefficient of 12.3, the equivalent mouse dose was 20.5 g/kg/d (crude herb equivalent), corresponding
to 2.05 g/kg/d of the lyophilized powder. The exact dosage should be further calculated based on the amount
of lyophilized powder obtained from each batch of the herbal preparation.

2.3 Establishment of the PAMH model and experimental grouping

We used the prenatal anti-Miillerian hormone (PAMH) model to recapitulate human PMOS, following
the protocol as previously described (Tata et al., 2018; Mimouni et al., 2021). Timed-pregnant C57BL/6J
dams at embryonic day E14.5 - E15.5 were randomly assigned to two prenatal treatment arms: (i) Control
(phosphate-buffered saline [PBS], intraperitoneal injection [i.p.], n = 6 dams) and (ii) PAMH (recombinant
human AMH at 0.12 mg/kg/day, i.p., n = 12 dams), administered daily from E16.5 to E18.5. This injection
window was selected to coincide with the period of maximal testosterone sensitivity in the developing female
hypothalamic - pituitary - gonadal (HPG) axis (Tata, et al., 2018).

Female founder-generation (F0) offspring were weaned at postnatal day (P) 21 and were subsequently
randomized into three experimental groups at P60: (i) FO-Control (PBS; PBS-injected dam offspring receiving
vehicle gavage, n = 6); (ii)) FO-PMOS (PAMH; PAMH dam offspring receiving vehicle gavage, n = 6); and (iii)
FO-CFDTF (PAMH + CFDTF; PAMH dam offspring receiving CFDTF by oral gavage, n = 6). Vehicle or
CFDTF was administered once daily for 4 weeks; then FO females were mated with untreated wild-type
C57BL/6J males. Female first-generation (F1) offspring were raised to P90 without further treatment and were
subsequently mated with naive males to generate second-generation (F2) offspring. F2 female offspring were
also raised to adulthood. After each generation, all breeders were replaced to avoid confounding by paternal
PMOS exposure. We did not perform any formal a priori power calculation to determine sample size (Percie
Du Sert, et al., 2020), instead the sample size was chosen based on previous studies using comparable PAMH
models, our preliminary observations, and the group sizes commonly used in similar in vivo studies (Tata, et
al., 2018; Mimouni and Giacobini, 2021; Mimouni, et al., 2021). Offspring were selected from multiple litters,
and the number of offspring contributed by each litter was balanced across experimental groups to minimize
potential litter effects.

At approximately 25 weeks of age, FO - F2 mice from all groups were euthanized using consistent pro-
tocols. Mice were anesthetized using isoflurane (RWD Life Science, China), and terminal blood was collected
via retro-orbital puncture. After clotting, serum was harvested by centrifugation and stored at -80° C for fur-
ther analysis, including testosterone level measurement. Following blood collection, animals were euthanized
via CO: inhalation. Representative organs were harvested, and specific portions were fixed in 4% paraform-
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aldehyde for histological evaluation; the remaining tissues were snap-frozen in liquid nitrogen and stored at
-80° C for molecular processing. All female mice were euthanized at the diestrus stage and males at the
equivalent circadian time point to minimize estrous cycle-dependent variation in serum hormone levels and
histological parameters.

2.4 In vivo systematic evaluation of reproductive and metabolic phenotypes in offspring

We monitored estrous cyclicity exclusively in female offspring for 14 consecutive days beginning at P70
using daily vaginal lavage cytology. Smears were stained with 0.1% crystal violet and classified as proestrus,
estrus, metestrus, or diestrus based on the predominant cell type (Byers et al., 2012).

At approximately 25 weeks of age, FO - F2 mice from all groups were euthanized, and terminal blood
was collected to obtain serum. Before sacrifice, and after a 12 h fast, we measured fasting blood glucose and
performed an oral glucose tolerance test (OGTT) using a glucometer (Accu-Chek, Roche). Serum testosterone
levels were measured at diestrus in females and at the equivalent circadian time point in males using spe-
cies-specific enzyme-linked immunosorbent assay (ELISA) kits (EM1850, FineTest, China). We quantified
serum profiles of total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and
low-density lipoprotein cholesterol (LDL-C), total bile acids (TBA), total bilirubin (TBIL), and direct biliru-
bin (DBIL) using colorimetric or enzymatic assay kits (Nanjing Jiancheng Bioengineering Institute, China),
following the manufacturer's instructions. For histomorphological assessment, ovarian, uterine, testicular, and
subcutaneous adipose tissues were fixed in 4% paraformaldehyde, paraffin-embedded, sectioned at 5 B m,
and stained with hematoxylin and eosin (H&E). We classified seminiferous tubules as abnormal when they
exhibited a small or irregular lumen with loss of the normal stratified germinal epithelium, containing only a
single layer of Sertoli cells or a few scattered germ cells, a focal Sertoli-cell-only-like pattern that resembles
the histology described in mouse models of impaired spermatogenesis (Nakamoto et al., 2004). Ovaries were
serially sectioned at 5 1 m thickness; one section was sampled every nine consecutive sections to avoid re-
peated counting of the same follicle. We counted ovarian cystic follicles, corpora lutea, and antral follicles
separately under light microscopy and estimated the total per ovary by multiplying the number counted by 10
(Swindells et al., 2026). Cystic follicles were defined as large fluid-filled structures exceeding the diameter of
healthy late antral follicles, with a thinned granulosa cell layer, no identifiable oocyte, and occasional theca
layer condensation (Myers et al., 2004). Because whole-ovary follicle counting requires exhaustive serial sec-
tioning, fewer ovaries were processed for this analysis than for histological endpoints assessed on single sec-
tions. Liver tissues were cryosectioned at 8 - 10 1 m and stained with Oil Red O to assess neutral lipid depo-
sition. A detailed description of the methods used for quantifying average adipocyte size and the relative area
of lipid droplets is provided in the Supplementary Material (Methods). All histological analyses were per-
formed by an observer blinded to group assignment, and the prepared slides were scanned for subsequent
analysis. For each mouse, one tissue section was analyzed, and the counts from all microscopic fields of that
section were averaged to generate a single value per animal; these animal-level values were used for statistical
analysis to avoid pseudo replication.

2.5 Uterine transcriptomic profiling (RNA-seq)

Uterine horns were collected at diestrus phase, snap-frozen, and stored at -80°C. Total RNA was ex-
tracted from homogenized uterine tissue using the TRIzol reagent (Invitrogen, USA), with quality verified
using an Agilent 2100 Bioanalyzer (A260/280 > 1.8 and RIN > 7.0). Four biological replicates were se-
quenced for each group and generation, and all samples were processed and sequenced in a single batch.
RNA-seq library construction and 150-bp paired-end sequencing were performed by LC-Bio Technologies
(Hangzhou, China) on an Illumina NovaSeq 6000 platform. Bioinformatic analysis was conducted using the
OmicStudio platform (Lyu et al., 2023).

To systematically characterize uterine transcriptional remodeling and its transgenerational propagation,
we implemented an integrative bulk RNA-seq analytical framework combining differential expression analy-
sis, single-sample pathway activity inference, and cross-generation concordance assessment. Differentially
expressed genes (DEGs) were identified using a threshold of | log2FC | >1.0000 and g < 0.05 (where q rep-
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resents the adjusted P-value). Functional enrichment and molecular signature identification were performed
via Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, and Gene
Set Enrichment Analysis (GSEA) (g < 0.05). To quantify higher-order biological states, we conducted Gene
Set Variation Analysis (GSVA) on MSigDB hallmark gene sets, focusing specifically on inflammatory and
immune signaling. An IFN module score was calculated as the mean of Z-score-normalized GSVA enrich-
ment scores for IFN-a response and IFN-y response hallmarks per sample.

IFN module score = [Z (GSVA- IFN-a) + Z (GSVA- 1 [FN-y)] / 2.

2.6 Rescue gene identification and rescue signature scoring

Unlike GSVA or GSEA, which assess the activity of predefined gene sets, the rescue score is data-driven.
It is calculated using only genes empirically identified as dysregulated in the disease model and reversed by
the treatment, thereby directly quantifying treatment-induced transcriptional normalization at the individu-
al-sample level. The combined z-score formulation follows the established single-sample gene-set scoring
framework (Hanzelmann et al., 2013; Foroutan et al., 2018). First, we identified DEGs between Control and
PMOS to capture model-associated transcriptional perturbations, and between CFDTF and PMOS to capture
treatment-associated changes. Genes that were significantly dysregulated in both comparisons and changed in
opposite directions were defined as rescue genes and classified by direction:
® Rescue-up genes: downregulated in Control vs. PMOS (log2 FC pyvos/conrot <-1, adjusted P < 0.05) and

upregulated in CFDTF vs. PMOS (log2 FC crprremos > 1, adjusted P < 0.05).
® Rescue-down genes: upregulated in Control vs. PMOS (log2 FC pymos/coniror > 1, adjusted P < 0.05) and

downregulated in CFDTF vs. PMOS (lOgZ FC crprripmos< -1, adjustedP < 0.05).

Only a directional reversal was required, and CEDTF expression levels were not required to approach
those of the Control group. This inclusive, direction-based definition was used to capture coordinated but po-
tentially subtle transcriptional shifts that converge on pathway-level restoration.

A rescue score was calculated for each sample to quantify transcriptional restoration. Across all samples,
gene expression values were standardized for each gene to obtain z-scores:

Zig=(xig- Kg)/ og,

where xig is the expression of gene g in sample i, and M gand 0 g are the mean and standard deviation
across all samples. The rescue score for each sample was then computed as:

Rescue score; = mean (Zi,Rescue-up) - mean (Z[,Rescue—down),

where mean (Z; rescue-up) and mean (Z; rescue-down) represent the mean z-scores over the rescue-up and res-
cue-down gene sets, respectively. A higher Rescue score indicates stronger transcriptional restoration toward
the control state (Foroutan, et al., 2018). This strategy is conceptually consistent with the combined z-score
framework used in single-sample gene-set scoring (Hanzelmann, et al., 2013).

2.7 Hub rescue gene identification

Rescued genes from each generation were mapped to the STRING database (confidence score > 0.4) to
construct protein - protein interaction (PPI) networks (Szklarczyk et al., 2023). Key nodes within each net-
work were then identified using the cytoHubba plugin in Cytoscape (v3.10.4) (Chin et al., 2014). To ensure
robustness, we calculated top-ranked nodes using the Maximal Clique Centrality (MCC), Maximum Neigh-
borhood Component (MNC), and Degree algorithms. The intersection of these three ranking methods was
defined as the final rescue hub gene set for downstream analysis.

2.8 Candidate gene identification

Genes shared among the three consistently enriched KEGG pathways (mmu05323—Rheumatoid Arthri-
tis; mmu05321—Inflammatory Bowel Disease; and mmu04060—Cytokine-cytokine receptor interaction)
were intersected with hub genes from each generation. Candidate genes were further filtered by significant
correlation with the IFN module score (Pearson r, p < 0.05).
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2.9 Immune cell infiltration analysis

To characterize the uterine immune microenvironment across generations, we conducted immune cell in-
filtration analysis separately for each generation using ImmuCellAl-mouse in the OmicStudio platform
(Newman et al., 2015; Miao et al., 2022; Lyu, et al., 2023). We compared immune cell fractions within each
generation using one-way analysis of variance (ANOVA), followed by Tukey’ s honest significant difference
(HSD) post hoc test.

2.10 Immunohistochemical staining and quantitative real-time PCR (RT-qPCR)

Paraffin-embedded uterine tissues from FO, F1, and F2 female offspring were sectioned, deparaffinized,
and rehydrated, then subjected to antigen retrieval. After blocking endogenous peroxidase activity and non-
specific binding, the sections were incubated with primary antibodies of 7nf(17590-1-AP, Proteintech, China),
1117a (ER1902-37, HUABIO, China), //1a (ER1802-36, HUABIO, China), Tgfb! (81746-2-RR, Proteintech,
China), and Cd68 (83014-5-RR, Proteintech, China) overnight at 4° C and then with HRP-conjugated sec-
ondary antibodies. Immunoreactivity was visualized using DAB, and nuclei were counterstained with hema-
toxylin. Images were captured under a light microscope (dScan-D240 slide scanner (Dingjia, China), and
staining intensity was quantified using ImageJ (version 1.54p). For each sample, at least three microscopic
fields were randomly selected from one section per animal and analyzed. We averaged measurements across
fields to obtain a single value per animal, and used these animal-level means for statistical analysis.

Total RNA was extracted from uterine tissues (n = 6 per group) using TRIzol reagent (Takara, Japan)
according to the manufacturer's instructions. RNA concentration and purity were assessed using a NanoDrop
spectrophotometer (Thermo Scientific, USA), and samples with an A260/A280 ratio of between 1.8 and 2.1
were used for subsequent analysis. The syntheses of the first-strand cDNA and real-time PCR quantitation
were performed according to the manufacturer's instructions (RR047A and RR420A, Takara, Japan) on a

Roche LightCycler 480 II system. Relative mRNA expression was calculated using the 2"~ " *“method and
normalized to Gapdh as the internal reference. Primer sequences are listed in the Supplementary Materials.

2.11 Statistical analysis

Phenotypic data are expressed as mean I standard deviation (SD). Multiple group comparisons were
performed using one-way ANOVA followed by Tukey’ s HSD post hoc test. All repeated-measures data (e.g.,
OGTT, weight change) were analyzed using two-way repeated-measures ANOVA with the Greenhouse -
Geisser correction to account for potential violations of the sphericity assumption, followed by Tukey’ s
multiple comparisons test. The Greenhouse - Geisser epsilon ( € ) is reported where the correction was ap-
plied. All statistical analyses for phenotypic data were performed in GraphPad Prism v9.5 (GraphPad Soft-
ware, San Diego, CA, USA). We considered P < 0.05 (two-tailed) statistically significant.

3 Results
3.1 Effects of CFDTF on the PMOS reproductive phenotypes of the PAMH-induced model mice

To evaluate CFDTF’ s multigenerational effects, we established the PMOS model in the FO generation
and generated female and male F1 (F1F and F1M, respectively) and F2 (F2F and F2M, respectively) offspring,
as shown in Fig. la. Histological analysis confirmed that preconceptional CFDTF administration attenuated
the anovulatory phenotype in the FO-PMOS group, decreasing the number of total antral follicles and cystic
follicles (Figs. 1b and 1c). Preconceptional CFDTF administration also significantly rescued the disrupted
estrous cyclicity in FO-PMOS mice (Fig. 1d). This cyclic abnormality was characterized by shortened metes-
trus and diestrus phases, coupled with a prolonged estrus phase (Fig. 1e). Consistent with the restoration of
ovarian function, endocrine profiling revealed that CFDTF treatment significantly lowered the elevated serum
testosterone levels in FO-PMOS mice (Fig. 1h). With respect to metabolic profile, preconceptional CFDTF
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intervention markedly attenuated the endpoint body weight gain in FO-PMOS mice (Fig. 1i), reduced hepatic
lipid deposition (Figs. 1f and 1g), and normalized the aberrant serum profiles of TC, TG, LDL and HDL (Fig.
1j; all P<0.05). CFDTF administration also significantly improved fasting blood glucose and glucose toler-
ance in the OGTT (Figs. Im-1o; € = 0.5855 for the FO OGTT analysis). Histopathological examination of
uterine tissues revealed increased cellularity within the uterine stromal/myometrial compartments (Fig. 1k).
Immunohistochemical staining further showed abundant CD68-positive macrophage-associated signals in the
uterine tissues of FO-PMOS mice, which were significantly reduced by preconceptional CFDTF administra-
tion (Figs. 1k and 11). Collectively, these findings indicate that preconceptional CFDTF administration effec-
tively rescues the primary PMOS phenotype in the FO generation, providing a foundation for further assess-
ment of its protective effects across subsequent generations.
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Fig. 1 CFDTF’ s effects on the reproductive phenotypes of PMOS model mice. (a) The experimental design of the in
vivo study. (b) The typical histological staining of ovaries in FO mice; # represents corpora lutea and * represents
cystic follicles; scale bar = 400 u m. (¢c) The number of cystic follicles, corpora lutea, and antral follicles per ovary of
FO0 mice. (d) and (e) The representative estrous cyclicity and statistical analysis of each stage over the 14-day monitor-
ing period in three groups of founder-generation (F0) mice: P, proestrus; E, estrus; M, metestrus; D, diestrus. (f) and
(g) Typical Oil Red O staining (scale bar = 50 1 m) and the relative area of lipid droplets of the livers in FO mice. (h)
Serum testosterone in FO mice at 6 months. (i) The weight of FO mice at 6 months. (j) The serum levels of total choles-
terol (TC), triglycerides (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) of F0 mice. (k)
Typical H&E staining (scale bar = 50 1 m) and immunohistochemical validation of Cd68 (scale bar = 100 K m) in
uterine tissues of FO mice. (I) Quantification of the positive staining area in immunohistochemical analyses of Cd68 in
F0 mice. (m) The fasting blood glucose levels of FO mice. (n) The oral glucose tolerance test (OGTT) of FO mice. (0)
The comparison of the area under the curve (AUC) of the OGTT. Data represent mean * standard deviation (SD), n
=5 - 6 per group, except (c), where n =4 - 5 per group. Ns, non-significant, * P < 0.05, ** P <0.01, **** P <(0.0001.

3.2 The multigenerational effects of preconceptional CFDTF administration on the reproductive
phenotypes of F1 and F2 offspring of the PMOS mouse model
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Preconceptional CFDTF administration effectively restored normal estrous cyclicity (Figs. 2a and 2b)
and further decreased testosterone levels in F1F-PMOS offspring (all P<0.05; Fig. 2e). However, estrous cy-
clicity in F2F offspring was comparable among the three groups (Figs. 2c and 2d), and the elevated serum
testosterone levels in F2F-PMOS only exhibited a non-significant decreasing trend following preconceptional
CFDTF administration (P=0.0517; Fig. 2g). Histologically, in F1 and F2 female offspring, preconceptional
CFDTF administration significantly decreased the number of cystic follicles, and the number of antral folli-
cles also showed a decreasing trend (F1F: P=0.1640; F2F: P=0.8642; Figs. 2f and 2h). The corpora lutea re-
mained comparable among the three groups (Figs. 2f, 2i, 2h and 2j). Inflammatory infiltration in the myome-
trium was observed in the uterine tissues of both F1F- and F2F-PMOS mice; these inflammatory lesions were
markedly attenuated following preconceptional administration of CFDTF (Figs. 2k and 21). In F1F offspring,
Cd68 immunostaining showed a non-significant increasing trend in the PMOS group (P=0.0870; Fig. 2m),
while the FIF-CFDTF group exhibited significantly lower Cd68-positive infiltration than the PMOS group
that was comparable to that of controls (Fig. 2m). In F2F offspring, Cd68 positivity did not differ significantly
among the three groups (Fig. 2p).

For the male offspring, CFDTF decreased the elevated testosterone levels in FIM-PMOS mice (Fig. 2n).
Histologically, the FIM-PMOS group showed a significantly higher incidence of abnormal seminiferous tu-
bules, and this pathological feature was substantially rescued by preconceptional CFDTF administration in FO
(Figs. 20 and 2s); however, these differences were less pronounced in the F2 male offspring (Figs. 2q, 2r, and
2t).
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Fig. 2 The multigenerational effects of preconceptional CFDTF administration on the reproductive phenotypes of F1
and F2 offspring of the PMOS mouse model. (a) and (c) Representative estrous cyclicity of first-generation (F1F) and
second-generation female (F2F) offspring: P, proestrus; E, estrus; M, metestrus; D, diestrus. (b) and (d) The statistical
analysis of each stage over the 14-day monitoring period in three groups of F1F and F2F offspring. (e) and (g) The se-
rum testosterone levels of F1F and F2F offspring. (f) and (h) The number of cystic follicles, corpora lutea and antral
follicles per ovary of F1F and F2F offspring. (i) and (j) Typical H&E staining of the ovaries of F1F and F2F offspring;
scale bar =100 b m. (k) and (I) Typical H&E staining and immunohistochemical validation of Cd68 in uterine tissues
of F1F and F2F offspring; scale bar = 100 1 m, arrow shows the inflammatory lesion. (m) and (p) Quantification of
the positive staining area in immunohistochemical analyses of Cd68 in F1F and F2F offspring. (n) and (q) Serum tes-
tosterone levels of first-generation (F1M) and second-generation male (F2M) offspring at 6 months. (o) and (r) Pro-
portion of abnormal seminiferous tubules in F1M and F2M offspring. (s) and (t) Typical H&E staining of testicular
tissues in F1M and F2M offspring; scale bar = 100 1 m. Data represent mean =+ standard deviation (SD), n=5-6
per group. Ns, non-significant, * P <0.05, ** P < (.01, **** P <(.0001.

3.3 Multigenerational effects of preconceptional CFDTF administration on the glucolipid metabolism of
F1 and F2 female offspring of the PMOS mouse model

Preconceptional CFDTF administration in FO effectively mitigated glucolipid metabolic disturbances in
female offspring. For glucose metabolism, preconceptional CFDTF administration in FO significantly de-
creased the fasting blood glucose levels in F1F- and F2F-PMOS group (all P<0.001, Figs. 3a and 3d). The
OGTT remained comparable across the three groups of F1 female offspring ( € =0.5550 for F1F and ¢
=0.4502 for F2F; Figs. 3b and 3e), and the F2F-PMOS group showed significantly higher glucose tolerance
than the F2F-Control mice (Figs. 3¢ and 3f).

Regarding lipid metabolism, preconceptional CFDTF intervention markedly attenuated the endpoint
body weight gain in FIF-PMOS mice (all P<0.01; Fig. S2a), but the weight change remained comparable
among the three groups in F2F offspring (¢ =0.3151 for F2F, Figs. S2b-c). CFDTF administration signifi-
cantly suppressed the abnormally elevated levels of TG, LDL and TBA in F1F-PMOS offspring (all P < 0.05;
Figs. 3g-h), but HDL and DBIL levels were not restored by CFDTF and differed between the PMOS and
CFDTF conditions in F1F mice (Figs. 3g-h). In F2F mice, the metabolic phenotype was less extensive: LDL
levels were significantly reduced by CFDTF treatment (Fig. 31), whereas the levels of TBA, TBIL, and DBIL
remained comparable among groups in F2F (Fig. 3j). Histologically, preconceptional CFDTF administration
significantly reversed the larger subcutaneous adipocytes in both F1F- and F2F-PMOS mice (Figs. 3k-1) and
prevented the hepatic lipid deposition observed in F1F-PMOS mice, with a similar but statistically
non-significant trend in F2F-PMOS mice (P = 0.2930; Figs. 3m-n).
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Fig. 3 The multigenerational effects of preconceptional CFDTF administration on the glucolipid metabolism of F1
and F2 female offspring of the PMOS mouse model. (a) and (d) Fasting blood glucose levels in the first-generation
(F1F) and second-generation female (F2F) offspring. (b) and (e) Oral glucose tolerance test (OGTT) of F1F and F2F
offspring. (c) and (f) Comparison of the area under the curve (AUC) of the OGTT. (g) and (i) Serum levels of total
cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) of F1F and
F2F offspring. (h) and (j) Serum levels of total bile acid (TBA), total bilirubin (TBIL), and direct bilirubin (DBIL) of
F1F and F2F offspring. (k) and () Typical H&E staining of the subcutaneous adipose tissues and the average size of
adipocytes of F1F and F2F offspring; scale bar =50 1 m. (m) and (n) Typical Oil Red O staining and the relative area
of lipid droplets of the livers in F1F and F2F offspring; scale bar = 50 1 m. Data represent mean =+ standard devia-
tion (SD), n =5 - 6 per group. Ns, non-significant, * P <0.05, ** P <0.01, *** P<0.001, **** P <(.0001.

3.4 Multigenerational effects of preconceptional CFDTF administration on the glucolipid metabolism of
the F1 and F2 male offspring of the PMOS mouse model

For male offspring, preconceptional CFDTF intervention tended to attenuate the endpoint body weight
gain in FIM-PMOS mice (P = 0.0658; Fig. S2d), and significantly reduced 6-month and 9-week body weight
in F2M-PMOS mice (all P < 0.05; ¢ = 0.6888; Figs. S2e-f). The glucose metabolism analysis showed that
preconceptional CFDTF administration significantly decreased the higher fasting blood glucose levels in
F1M- and F2M-PMOS mice (Fig. 4a), while the OGTT revealed a relatively higher glucose tolerance among
FIM-PMOS mice ( ¢ = 0.7539 for FIM and ¢ = 0.6447 for F2M; Figs. 4b-c). In F2M offspring, preconcep-
tional CFDTF administration significantly reduced fasting blood glucose levels as well as abnormal glucose
tolerance in F2M-PMOS mice (Figs. 4d-f). For lipid metabolism, CFDTF significantly suppressed the elevat-
ed levels of TC and LDL in the FIM-PMOS mice (Fig. 4g) and significantly decreased the number of hepatic
lipid droplets in both FIM-PMOS and F2M-PMOS mice (Figs. 4m-n), whereas no significant differences in
TC or LDL levels were observed among the three F2M groups (Fig. 4i). Serum markers of hepatic function
and biliary excretion, including TBA, TBIL and DBIL, remained comparable among the groups of F1 and F2
male mice (Figs. 4h and 4j). Furthermore, the average area of subcutaneous adipocytes was comparable
among the three groups of F1M and F2M offspring (Figs. 4k-1).
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Fig. 4 The multigenerational effects of preconceptional CFDTF administration on glucolipid metabolism of the F1
and F2 male offspring of the PMOS mouse model. (a) and (d) Fasting blood glucose levels of first-generation (F1M)
and second-generation male (F2M) offspring. (b) and (e) Oral glucose tolerance test (OGTT) of F1IM and F2M off-
spring. (c) and (f) Comparison of the area under the curve (AUC) of the OGTT. (g) and (i) Serum levels of total cho-
lesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) of F1M and F2M
offspring. (h) and (j) Serum levels of total bile acid (TBA), total bilirubin (TBIL), and direct bilirubin (DBIL) of F1IM
and F2M offspring. (k) and (1) Typical H&E staining of the white adipose tissue and the average size of adipocytes of
FIM and F2M offspring; scale bar = 200 1 m. (m) and (n) Typical Oil Red O staining and the relative area of lipid
droplets of the livers in F1IM and F2M offspring; scale bar = 100 1 m. Data represent mean * standard deviation
(SD), n = 6 per group, except (m) and (n), where n =5 per group. Ns, non-significant, * P < 0.05, ** P <0.01, *** P <
0.001, **** P <0.0001

3.5 Reshaping of conserved IFN-driven inflammatory activation by preconceptional CFDTF admin-
istration across three generations of the PMOS mouse model

We found that preconceptional CFDTF administration significantly attenuated inflammatory infiltration
in the uterine tissues of both F1F- and F2F-PMOS mice (Figs. 2k and 21). To explore the mechanisms under-
lying the effects of CFDTF on the offspring of PMOS and to ensure cross-generational comparability, uterine
tissues were collected from consistent anatomical sites and at approximately 25 weeks and diestrus stages
across all three generations, providing a rigorous foundation for transcriptomic comparison (Fig. 5a).

GSVA-based principal component analysis (PCA) revealed that while the expression landscapes of the
three groups exhibited considerable overlap in the FOF and F1F offspring, a clearer separation emerged in F2F,
where preconceptional CFDTF administration shifted from the PMOS cluster toward the control (Figs. 5b-d).
At the phenotype level, GSEA identified IFN-a and IFN-y responses as the hallmarks most consistently re-
versed by preconceptional CFDTF administration in FOF and F1F, positioning IFN inflammatory signaling as
a primary therapeutic target in PMOS uteri (Figs. Se-f). In F2F, however, neither IFN hallmark was enriched;
instead, allograft rejection, epithelial-mesenchymal transition and early estrogen response were identified as
the predominant altered hallmarks, indicating a generational shift such as transcriptomic dysregulation (Fig.
5g). At the sample level, heatmap analysis showed that the significant elevation of both IFN hallmarks in
PMOS model uteri was effectively reversed by preconceptional administration of CFDTF in FO. In F1F, the
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quantitative GSVA enrichment scores and IFN module scores remained significantly lower in the CFDTF
group than in the PMOS group (Figs. 5k-1), suggesting that therapeutic imprinting of CFDTF is partially sus-
tained across generations (Figs. Sh and 5i). Notably, F2F-PMOS uteri showed paradoxical suppression of IFN
hallmark signaling, with F2F-CFDTF and F2F-Control groups having relatively higher IFN module scores
(Figs. 5j and 5m). Taken together, these results established that the therapeutic effects of preconceptional
CFDTF administration on PMOS-associated uterine inflammation are multigenerationally sustained through a
conserved cytokine network, which is functionally linked to the IFN inflammatory axis.
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Fig. 5. The preconceptional CFDTF administration reshapes conserved IFN-driven inflammatory activation across gen-
erations of the PMOS mouse model. (a) The workflow of the uterine tissue collection in three generations. Uterine sam-
ples of all three generations were collected at comparable adult ages of approximately 25 weeks (F0 and F1 post-weaning,
after completed uterine involution; F2 nulliparous adults) from the middle segment of the uterine horn. (b-d) Principal
component analysis (PCA) of gene set variation analysis (GSVA) scores and the number of up- or down-rescued differ-
entially expressed genes (DEGs) in three generations. (e-g) Gene set enrichment analysis (GSEA) plots of significantly
enriched rescued hallmark pathways of CFDTF in three generations. (h-j) Heatmap of GSVA enrichment scores of in-
terferon (IFN) -related signaling pathways in three generations. (k-m) Violin plots showing the scaled GSVA scores
for hallmark IFN-o response and hallmark IFN-y response and the IFN module scores in three generations. Data repre-
sent mean * standard deviation (SD), n = 4 per group. Ns, non-significant, * P < 0.05, ** P < 0.01, *** P <0.001, **** P <
0.0001.

3.6 Attenuation of inflammatory signaling and immune microenvironment remodeling by preconcep-
tional CFDTF administration across generations

KEGG enrichment analysis of rescued DEGs consistently identified mmu05323—Rheumatoid Arthritis,
mmu05321—Inflammatory Bowel Disease, and mmu04060—Cytokine-cytokine receptor interaction as
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common top-enriched rescued pathways across all three generations (Figs. 6a-c), indicating that cyto-
kine-driven inflammatory signaling is a stable target of CFDTF in alleviating uterine pathology associated
with PMOS across generations. Immune cell infiltration analysis of uterine tissues revealed genera-
tion-dependent compositional changes, with the most prominent PMOS-associated immune dysregulations
and their normalization by preconceptional CFDTF administration observed in the F2 generation (Figs. 6d-f,
S3). In FO, the only significant difference among groups was a reduction in memory CD8* T cells in the
FOF-PMOS group compared with the FOF-Control group (P = 0.029), which was not restored by CFDTF (Fig.
6d). In F1, eosinophils were reduced in the F1F-PMOS group compared with the F1F-Control group (P =
0.020), whereas M2 macrophages were significantly increased in the FIF-CFDTF group relative to both
F1F-PMOS (P = 0.002) and F1F-Control (P = 0.002) groups, indicating a treatment-induced M2 shift rather
than a reversal of the model effect (Fig. 6¢). In F2, the F2F-PMOS group exhibited significantly increased
memory B cells and M1 macrophages, together with reduced Th17 cells, monocytes, and resting NK cells,
compared with the F2F-Control group (all P < 0.05). Preconceptional CFDTF administration shifted these
alterations toward the Control-like direction: monocytes and resting NK cells were significantly restored,
whereas memory CD8" T cells and naive CD8" T cells differed significantly between the F2F-CFDTF and
F2F-PMOS groups. The shifts in memory B cells, M1 macrophages, and Th17 cells followed the same direc-
tion but did not reach statistical significance (P = 0.1132, P = 0.3545, and P = 0.0513, respectively). Eosino-
phils were specifically elevated in the F2F-CFDTF group relative to both F2F-PMOS (P = 0.008) and
F2F-Control (P =0.011) groups (Fig. 6f).

To evaluate the multigenerational impact of CFDTF, we integrated the scoring systems and immune pro-
files across FOF, F1F, and F2F. As shown in Fig. 6g, CFDTF effectively attenuated the marked inflammatory
activation indicated by the high IFN score in the FOF generation. As IFN signaling in the PMOS group shifted
from strong activation in FOF toward a potentially exhausted state in F2F, CFDTF maintained a consistent
buffering effect across generations. Although the between-group difference gradually decreased, CFDTF still
limited the transmitted inflammatory imprint and promoted IFN-related homeostasis by F2F (Fig. 6g). Con-
sistent with this observation, the significance of the rescue scores in the CFDTF groups exhibited a gradual
decline across generations, indicating that the extent of transcriptomic normalization diminished from FOF to
F2F (Fig. 6h). The robustness of these findings was confirmed by sensitivity analyses using four more strin-
gent rescue-gene definitions (e.g., > 50% or complete restoration toward control levels); the rescue scores re-
mained significantly higher in the CFDTF group under all criteria, and hub-gene identification was largely
unaffected (Table S3). We then compared immune cell populations showing significant alterations in each
generation across generations (Fig. 6i). Consistent with the generation-specific pattern observed at the tran-
script level, no immune cell population was significantly altered in all three generations. Memory CD8" T
cells came closest, as they were significantly affected in every generation, but in different directions and con-
trasts—reduced in FOF-PMOS and in F1F-CFDTF, yet restored by CFDTF in F2. Memory B cells showed
opposite directions across generations (numerically lower in FO- and F1-PMOS, but significantly increased in
F2-PMOS), and eosinophils were altered in both F1 and F2 but in different contexts (reduced by PMOS in F1;
elevated by CFDTF in F2). Overall, immune dysregulation under PMOS conditions was sparse in F0, largely
treatment-induced in F1, and broadest in F2, where preconceptional CFDTF administration also achieved the
most extensive normalization.
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Fig. 6 Preconceptional CFDTF administration attenuates inflammatory signaling and immune microenvironment re-
modeling across generations. (a-c) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of rescued
differentially expressed genes (DEGs) across three generations; the red line indicates the common pathway. (d-f) Signifi-
cantly changed cell types in immune cell infiltration analysis using ImmuCellAI-mouse across three generations. (g)
Changes in the interferon (IFN) module scores across three generations. (h) Changes in DEGSs’ rescue scores across three
generations. (i) Stacked bar chart of uterine immune cell composition estimated by ImmuCellAI-mouse; cell populations
showing significant differences in at least one generation are displayed individually, and all remaining populations are
merged as 'Others'. n =4 per group. * P <0.05, ** P <0.01, *** P <0.001, **** P <(.0001.

3.7 Identification of multigenerational inflammatory hub genes modulated by the preconceptional
CFDTF administration

No common DEGs were identified across the three generations (Table S4). There were 12 hub rescue
genes in FOF, 11 in F1F, and 19 in F2F; furthermore, hub rescue genes were shared across the generations
(Table S5 and Figs. 7a-c). We then further filtered 11 candidate genes based on significant correlation with
the IFN module score (Figs. 7a-c and Table S6), supporting functional coupling between rescue-associated
transcriptional remodeling and interferon-related immune activation. In FOF, Tnf, Il17a, A2m, and Ly6g were
significantly positively associated with IFN-score, while 4rg2 was negatively related to IFN-score (Figs. 7a).
In F1F, Illa, Ptgs2, Nos2, Cxcl2, Lif, and Bmall were significantly positively associated with IFN-score and
Ccl2 was negatively associated with IFN-score (Fig. 7b). In F2F, Tyrobp, Fcgr3, Ccl5, Fcerlg, Cd74, Tgfbl,
and Ctss were significantly positively associated with IFN-score (Fig. 7c). Among these, Tnf and /1 7a over-
lapped with hub genes in FOF, ///a in F1F, and Tgfb! in F2F. Notably, Tnf, I/17a, Il1a and Tgfbl showed a
significant positive correlation with the IFN score (Table S5 and Figs. 7a-c).

To validate the transcriptomically nominated candidate genes at the tissue level, immunohistochemical
analyses of [lla, Il17a, Tnf, and Tgfbl in the uterine tissues of the three generations were performed (Figs.
7d-f), complemented by RT-qPCR quantification of the same genes (Figs. 7j-1). At the protein level, //17a was



J Zhejiang Univ-Sci B (Biomed & Biotechnol) in press | 15

significantly upregulated in both FO- and F1-PMOS uteri compared with the corresponding controls, and these
elevations were significantly attenuated by preconceptional CFDTF administration (Figs. 7g-h). /l/a did not
differ significantly between the PMOS and Control groups in either generation, although its expression was
significantly lower in FO-CFDTF than in FO-PMOS (Fig. 7g). Tnf and Tgfbl immunostaining showed no sig-
nificant group differences in any generation, and none of the four markers differed significantly among groups
in F2 (Fig. 71). At the mRNA level (Figs. 7j-1), the transcriptomic predictions were broadly confirmed: //1a,
1117a, and Tgfbl were significantly upregulated in the PMOS groups of all three generations and reversed to-
ward control levels by CFDTF, with Tnf exhibiting the same pattern in F1 and F2. Notably, ///a exhibited
distinct spatial patterns across generations, being diffusely distributed across uterine layers in FO- and
F1-PMOS but confined to the endometrial layer in F2-PMOS (Figs. 7d-f). These findings support genera-
tion-specific expression of candidate inflammatory genes and their potential roles as mediators of
IFN-associated uterine inflammation across generations, although weaker protein-level concordance in F2
suggests post-transcriptional regulation or limited sensitivity of immunohistochemical quantification, and
causal roles remain to be established by functional experiments.
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tion in uterine tissues across three generations. (a-c) Correlation analyses with the interferon (IFN) score and hub genes
across three generations were identified based on the PPI networks. The circle-PPI network represents the “Degree”
levels; the darker the nodes, the more important the gene. Blue text represents a negative correlation with the gene and
IFN-score, while red text represents a positive correlation. The boxed items highlight the candidate genes identified after
the final intersection analysis. (d-f) Inmunohistochemical validation of I/1a, Il17a, Tnf and Tgfb1 in uterine tissues across
three generations. Consecutive sections from the same uterus were stained with different antibodies; scale bar = 200pm.
(g-i) Quantification of the positive staining area in immunohistochemical analyses across three generations, n = 5 per
group. (j-1) Relative expression levels of target genes in uterine tissues across three generations based on quantitative
real-time PCR (RT-qPCR), n = 6 per group. Ns, non-significant, * P <0.05, ** P <0.01, *** P <0.001, **** P <(0.0001.

4 Discussion

Chronic low-grade inflammation is increasingly recognized as a key contributor to PMOS pathogenesis
and is closely associated with insulin resistance, ovarian dysfunction, and metabolic disturbance (Deng et al.,
2024; Liu et al., 2024). Sustained uterine inflammatory activation may disrupt endometrial structure and func-
tion, impair embryo implantation, and alter the intrauterine environment, thereby influencing offspring devel-
opmental programming (Aboeldalyl et al., 2021; Stener-Victorin and Deng, 2021; Deng, et al., 2024). Persis-
tent uterine inflammation may therefore represent a biological link between maternal PMOS status and ad-
verse reproductive or metabolic outcomes in descendants. In the present study, we found that preconceptional
CFDTF administration attenuated PMOS-associated uterine inflammatory phenotypes, with genera-
tion-dependent patterns. Therefore, reduced inflammatory infiltration and improved uterine pathology in oft-
spring suggest that CFDTF may interrupt PMOS multigenerational transmission, at least in part, by reshaping
the uterine inflammatory microenvironment.

Before turning to the uterine mechanism, it is worth noting that the reproductive phenotypes themselves
showed generation-dependent patterns. The accumulation of antral and cystic follicles observed in FO, F1F,
and F2F is consistent with the disrupted folliculogenesis reported in PAMH and other PMOS-like models
(Tata, et al., 2018), in which altered follicle-stage distribution rather than true follicular cysts is the predomi-
nant histological feature. However, this morphological phenotype was only partially reversed: cystic follicle
numbers were significantly reduced in both generations, whereas antral follicle accumulation persisted and
corpora lutea numbers were comparable among groups. The offspring ovary’s follicular pool is programmed
during fetal and early postnatal development (Smith et al., 2009; Findlay et al., 2015) and may thus be less
amenable to a preconceptional intervention than functional readouts, which remain plastic in adulthood
(Mimouni et al., 2021). The benefits of preconceptional CFDTF administration are thus reflected primarily by
functional and inflammatory improvements rather than by complete normalization of ovarian morphology.
Uterine Cd68 quantification revealed a generation-dependent pattern of low-grade inflammation: a significant
increase in the directly exposed FO generation, an intermediate, non-significant increase in F1F offspring, and
no detectable difference in F2F offspring. This graded attenuation parallels the transgenerational attenuation
of the reproductive and metabolic phenotypes described above. In F1F offspring, the significantly lower Cd68
positivity in the CFDTF group relative to the PMOS group, in the absence of a significant Control-PMOS dif-
ference (P = 0.0870), should be interpreted as a partial normalizing trend rather than rescue of a fully pene-
trant inflammatory phenotype; importantly, Cd68 levels in CFDTF-treated offspring did not differ from those
of controls, indicating that the intervention did not suppress basal uterine immune surveillance. Notably, alt-
hough uterine samples from the three generations were collected at comparable adult ages, FO and F1 females
were parous (post-weaning) whereas F2 females were nulliparous. Given that parity can influence endometrial
morphology and uterine immune cell content, uterine comparisons were restricted to within-generation groups,
and cross-generational patterns should be interpreted with caution.

Within this generation-dependent phenotype gradient, estrous cyclicity changed most markedly. FO and
F1F-PMOS mice displayed disrupted cycles, whereas the three F2F groups exhibited comparable cyclicity.
Notably, F2F-PMOS mice still retained persistent reproductive, metabolic, and uterine inflammatory abnor-
malities. Our observations diverge from those of Mimouni et al., who reported sustained estrous cycle disrup-
tion in PAMH F2 females (Mimouni, et al., 2021). Two methodological differences may explain this incon-
sistency. First, their cyclicity assessments relied on larger sample sizes (n = 1219, compared with n = 6 in our
study). Second, the estrous cycle monitoring window differed modestly, as they recorded cycles for 16 con-
secutive days across P60-P90, whereas our monitoring spanned 14 days starting at P70. We cannot rule out
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faint residual cycle changes that fall beneath the detection threshold of our animal cohort. Biologically, phe-
notypes transmitted exclusively via the F1 germline tend to weaken with successive generations. As a func-
tional readout of the hypothalamic—pituitary—ovarian axis, estrous cyclicity may recover sooner than ovarian
structural or metabolic phenotypes.

Beyond the reproductive axis, the metabolic alterations differed between F1F and F2F offspring, sug-
gesting a generation dependent pattern rather than complete phenotypic replication. In F1F offspring, PMOS
exposure increased TG, LDL, and TBA levels, whereas these alterations were largely attenuated in F2F. Nota-
bly, the elevated TBA in F1F-PMOS offspring was corrected by preconceptional CFDTF administration,
while the LDL phenotype persisted into the F2F generation and remained amenable to CFDTF correction.
This generation-dependent attenuation and remodeling of programmed traits is consistent with reports that
molecular and metabolic outcomes of prenatal androgen or AMH exposure vary across generations rather than
being identically reproduced (Risal, et al., 2019; Mimouni, et al., 2021). The generation specific elevation of
TBA further suggests that bile acid homeostasis may contribute to the metabolic programming of PMOS oft-
spring: bile acid metabolism is closely linked to PCOS pathophysiology (Qi et al., 2019), and an adverse ma-
ternal metabolic environment can disrupt offspring bile acid homeostasis and hepatic lipid metabolism
(Thompson et al., 2022). However, because we measured only total bile acids, without profiling individual
bile acid species or regulatory pathways, we cannot resolve the underlying mechanism here. The more pro-
nounced effects of CFDTF in F1F offspring may reflect modification of the maternal endocrine-metabolic
environment before conception (Risal, et al., 2019), thereby altering developmental programming of the di-
rectly exposed F1 generation, whereas the limited effects in F2F likely reflect partial attenuation of the pro-
grammed phenotype. This is consistent with previous studies showing that CFDTF ameliorates lipid and met-
abolic abnormalities in PCOS models (Yi, et al., 2021; Liu, et al., 2022), although the precise mechanisms
remain incompletely defined. Interestingly, while impaired glucose tolerance was not observed in F1F off-
spring, it emerged in the F2F generation. Generation-specific manifestation of metabolic phenotypes has also
been reported in prenatal androgen and PAMH models (Risal, et al., 2019; Mimouni and Giacobini, 2021).
One possible explanation is that direct in utero exposure in F1 offspring elicits compensatory developmental
adaptations that preserve glucose tolerance, whereas in F2 offspring—which are never directly ex-
posed—germline-transmitted programming may selectively affect glucose homeostasis. Alternatively, a sub-
tler F1F phenotype may have been below the detection limit of the present sample size.

To explore the molecular basis of these generation-dependent phenotypes, we performed transcriptomic

sequencing on uterine tissues from FOF, F1F, and F2F offspring. Interestingly, no common rescue DEGs were
identified across the three generations; however, GSEA and GSVA enrichment analyses revealed that hallmark
IFN-a/y responses were commonly rescued by preconceptional CFDTF administration in uterine transcrip-
tomes across all three generations. Meanwhile, KEGG enrichment analysis of rescue DEGs consistently re-
vealed convergence on a shared set of cytokine-driven inflammatory signaling across generations, and the
genes shared by the three KEGG pathways were significantly correlated with the IFN module score, support-
ing a functional coupling between rescue-associated transcriptional remodeling and IFN-related immune acti-
vation. We obtained these mechanistic data exclusively from female uterine tissue; the sex specificity of the
proposed mechanism is addressed in the discussion of the limitations below.
The observed "positive-to-negative" shift in the IFN module score in the PMOS group across generations
supports the dynamic nature of multigenerational immune programming. The high IFN module score in
FOF-PMOS reflects the immediate inflammatory stress induced by the PMOS-like environment, while the
negative score in F2F-PMOS may reflect a compensatory dampening of the uterine immune responsiveness
following ancestral stress, potentially through epigenetic mechanisms (Heard and Martienssen, 2014). The
reduced differences in inflammatory levels among the Control, CFDTF, and PMOS groups in F2F offspring
suggest less divergence in inflammatory phenotypes in later generations. However, the mechanisms underly-
ing this observation remain unclear. Given the limited evidence for spontaneous resolution of
PMOS-associated uterine inflammation across generations, these findings cannot determine whether reduced
divergence results from attenuated transmitted traits, a persistent effect of CFDTF intervention, or both (Risal,
et al., 2019; Luyckx et al., 2025). Further longitudinal analyses of uterine inflammatory and histopathological
changes are needed to clarify these mechanisms

Collectively, these findings suggest that CFDTF's multigenerational rescue effects are mediated by re-
storing a common pathway-level regulatory program rather than by identical effector genes (Yin et al., 2025).
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This aligns with the understanding that PMOS transmission involves complex epigenetic developmental pro-
gramming rather than isolated molecular events (Stener-Victorin and Deng, 2025). This network-level mecha-
nism explains how consistent pathological phenotypes persist across generations despite shifting gene expres-
sion profiles, suggesting that targeting conserved inflammatory pathways is a promising strategy for prevent-
ing multigenerational uterine inflammation (Deng, et al., 2024; De Robles et al., 2025).

Building on this pathway-level understanding, we next identified the candidate molecular mediators within
these conserved programs for each generation: Trnf and //17a in FOF, I/l1a in F1F, and Tgfb! in F2F. Tnf and
1l1a are classical pro-inflammatory cytokines involved in innate immune activation and inflammatory ampli-
fication, whereas ///7a is a key Th17-related effector cytokine that promotes cytokine and chemokine produc-
tion, immune-cell recruitment, and tissue inflammatory remodeling (Turner et al., 2014; Huangfu et al., 2023;
Mills, 2023). Tgfbl plays pleiotropic roles in immune regulation, tissue remodeling, and Treg/Th17 balance
(Massague and Sheppard, 2023; Wang et al., 2023). The coordinated alterations in these molecules, along with
transcriptomic enrichment of inflammatory pathways and pathological evidence of uterine inflammation,
suggest that a network of innate and adaptive immune responses, rather than a single inflammatory mediator,
may drive the mechanisms underlying CFDTF’s multigenerational effects on PMOS-associated uterine ab-
normalities.

At the cellular level, ImmuCellAl-mouse analysis further revealed that uterine immune dysregulation
was itself generation-dependent: sparse in FO, largely treatment-induced in F1, and broadest in F2, where
preconceptional CFDTF administration also achieved the most extensive normalization. There are two notable
features of this pattern. First, memory CD8" T cells were the only population significantly altered in all three
generations, albeit in different directions, mirroring the generation-specific organization observed at the tran-
script level. Second, the prominent M2 macrophage polarization in the F1-CFDTF group was treat-
ment-induced rather than model-driven, suggesting that CFDTF may actively promote an anti-inflammatory
uterine milieu instead of merely blocking the model effect. These findings support conceptualizing the uterus
as an immune-regulated environment shaped by local inflammatory networks, a hallmark of PMOS pathology
(Wang et al., 2021), and indicate that preconceptional CFDTF administration helps restore uterine immune
homeostasis, with the most pronounced effects in the F2 generation.

Nevertheless, several limitations should be acknowledged. First, our investigation primarily focused on
the reproductive and glucolipid metabolic systems, as these are the most frequently reported and phenotypi-
cally prominent areas of dysfunction in PMOS offspring. However, the systemic nature of PMOS suggests
that CFDTEF’s effects on other domains of PMOS offspring must be explored to provide a more holistic under-
standing of its multigenerational benefits. Second, due to the lack of fresh tissue samples, we could not per-
form flow cytometry to complement our validation of immune cell infiltration. While transcriptomic decon-
volution and histopathological evidence indicated significant immune remodeling, further work incorporating
fresh-tissue-based quantification is required to confirm these cellular shifts more robustly. Third, any thresh-
old-based definition of rescued genes involves a degree of arbitrariness; however, sensitivity analyses apply-
ing more stringent criteria, up to complete restoration toward Control levels, yielded consistent results, sup-
porting the robustness of our conclusions to the choice of rescue definition. Fourth, the mechanisms underly-
ing the multigenerational effects of CFDTF on the PMOS offspring remain at the pathway and association
level: our transcriptomic, RT-qPCR, and immunohistochemical data demonstrate an association between
CFDTF treatment, the interferon-centered hub genes (Tnf, 1l17a, Il1a, and Tgfbl), and the uterine inflamma-
tory phenotype but cannot establish causality. Additionally, the whole-uterus bulk RNA-seq analysis could not
distinguish changes in immune cell composition from cell-intrinsic transcriptional regulation. The proposed
IFN axis should be treated as a mechanistic hypothesis requiring validation through in vitro experiments, such
as cytokine stimulation and hub-gene perturbation in endometrial epithelial or stromal cell models, along with
single-cell analysis and functional proteomics. Fifth, we performed all mechanistic investigations exclusively
in female uterine tissue, so we cannot infer from the present data whether the benefits observed in male off-
spring are mediated by the same mechanism. As the uterus constitutes the intrauterine environment for both
sexes, uterine improvements may contribute to male phenotypes via the maternal gestational milieu, a hy-
pothesis requiring validation in gestational uterine/placental and male offspring tissues. Sixth, because litters
per group were limited, we treated offspring rather than litters as the experimental unit; therefore, residual
litter effects cannot be fully excluded. Future studies should increase litter numbers and model litter as a ran-
dom effect. Seventh, we recorded body weight only at the experimental endpoint for the F1 generation. For
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the F2 cohort, we also. Monitored body weight weekly from 3 to 10 weeks of age alongside endpoint weight
measurement. Therefore, body weight data from these two generations cannot be directly compared. Finally,
we did not formally assess fertility using a dedicated continuous-mating design, and this should be addressed
in future work.

5 Conclusions

Preconceptional CFDTF administration effectively attenuated PMOS-like reproductive and metabolic ab-
normalities across generations by alleviating uterine inflammation.
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