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Abstract

Tributyltin (TBT) is an environmental obesogen and endocrine-disrupting chemical that promotes adipogenesis
and transgenerational metabolic dysfunction in mice. Although developmental TBT exposure has been linked to male-biased
adiposity, insulin dysregulation, and hepatic pathology, its effects on the immune system remain unclear. We investigated
whether maternal TBT exposure is associated with persistent immune dysregulation in F1 and F3 offspring. Peripheral blood
immunophenotyping data generated by the German Mouse Clinic were reanalyzed in F1 offspring of control- and TBT-
exposed dams. Maternal TBT exposure was associated with increased B-cell representation, reduced T-cell representation,
an altered B-cell-to-T-cell balance, a reduced CD4/CD8 ratio, and decreased NK-cell frequencies. We then analyzed splenic
immune-marker expression and circulating inflammatory cytokines in an independent transgenerational cohort. In F1
males, TBT exposure was associated with reduced expression of T-cell- and myeloid-associated markers and increased
expression of inflammatory cytokines. Similar changes were observed in unexposed F3 male descendants of the TBT
lineage, whereas F3 females showed no significant changes in the immune markers examined. Plasma TNF and IL-6 were
increased in F1 and F3 males but not females. These findings identify the immune system as a potential target of
developmental obesogen exposure and support a persistent, male-biased immune phenotype characterized by altered
splenic immune-marker expression and elevated inflammatory cytokines across generations.
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Obesity and related metabolic diseases are increasingly recognized
as disorders programed by early-life environmental exposures (1).
In addition to lifestyle and genetics, mounting evidence supports
the developmental origins of health and disease (DOHaD) para-
digm, which posits that perturbations during critical windows of
development can produce potentially adverse long-term metabolic
outcomes (2, 3). Among these perturbations, exposure to a subset
of endocrine-disrupting chemicals, which are known as obesogens,
has emerged as a key contributor to altered energy balance, adipo-
cyte fate, and systemic metabolism (1, 4-6).

Tributyltin (TBT) is a well-characterized obesogen that pro-
motes adipogenesis in vitro and in vivo by acting as an agonist
of peroxisome proliferator-activated receptor gamma (PPARYy)
and its heterodimeric partner retinoid X receptor (RXR) (7, 8).
TBT was widely used as a biocide in marine antifouling paints
and remains an environmental contaminant of concern because
of its persistence in aquatic systems and accumulation in marine

organisms (9). As a result, dietary exposure can occur through
contaminated food, particularly seafood, as well as through con-
taminated water and other environmental sources (10).
Importantly, TBT and related organotins can cross the placental
barrier, providing a route by which maternal exposure can direct-
ly affect the developing fetus (11). In addition to RXR/PPARYy ac-
tivation, TBT has been reported to disrupt other endocrine
pathways. For example, organotins can inhibit aromatase activ-
ity, potentially reducing estrogen production from androgen sub-
strates, and low-dose TBT chloride has been reported to affect
estrogen receptor-a signaling in MCF-7 cells (12). These
endocrine-disrupting actions broaden the potential relevance
of TBT beyond adipogenesis and suggest that developmental ex-
posure may affect sexually dimorphic endocrine and immune
pathways. Previous work from our lab demonstrated that pre-
natal and early-life TBT exposure increased fat depot size, hepat-
ic steatosis, and insulin resistance in directly exposed F1 and F2

Received: May 5, 2026. Accepted: August 21, 2026. Corrected and Typeset: September 4, 2026

© The Author(s) 2026. Published by Oxford University Press on behalf of the Endocrine Society.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.org/licenses/by-nc-nd/4.0/), which
permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and that the work is properly cited. For
commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link
on the article page on our site—for further information please contact journals.permissions@oup.com. See the journal About page for additional terms.

920z 4oquieydas | uo 1sanb Aq £880./8/2606eba/01/291/9[01E/0pUS/WOS"dNO"DIWSPEDE WO} PAPECIUMOQ


https://orcid.org/0000-0003-3235-1959
https://orcid.org/0009-0006-6429-7052
https://orcid.org/0009-0005-5541-0618
https://orcid.org/0009-0009-1906-0808
https://orcid.org/0000-0002-4694-7107
https://orcid.org/0000-0001-5434-9521
https://orcid.org/0000-0002-6076-0111
https://orcid.org/0000-0002-5143-2677
https://orcid.org/0000-0002-7898-2353
https://orcid.org/0000-0002-8016-8414
mailto:blumberg@uci.edu
https://doi.org/10.1210/endocr/bqag097

Endocrinology, 2026, Volume 167, Issue 10

mice, with transgenerational effects observed in unexposed F3
and F4 generations (13-15). Our prior work linked these metabol-
ic phenotypes with chromatin remodeling in multipotent mesen-
chymal stromal stem cells (a.k.a., mesenchymal stem cells,
MSCs), shifts in MSC lineage commitment and germline epigenet-
ic alterations (16, 17). We also showed that TBT enhanced macro-
phage inflammation and promoted lipolysis in cocultured
adipocytes via a PPARy-dependent mechanism (18), highlighting
the potential for immune-metabolic disruption.

While the impact of TBT on immune system development and
immune lineage specification remains incompletely understood,
a substantial body of literature has demonstrated immunotoxic
and immunomodulatory effects of TBT in vertebrate and cell-based
models. A recent comprehensive review summarized studies show-
ing that TBT alters cytokine expression and immune cell viability
both in vivo and in vitro, thereby disrupting immune homeostasis
(19). Rodent studies reported thymic atrophy and depletion of cor-
tical thymocytes, suggesting impaired lymphoid development (20).
Human natural killer (NK) cells exhibited persistent suppression of
cytotoxic function following brief TBT exposure, including reduc-
tions in binding and lytic activity (21). Ex vivo studies on human
peripheral immune cells showed that TBT dysregulated IL-1f3 secre-
tion, with low TBT concentrations increasing IL-1§ secretion and
higher TBT concentrations blocking IL-13 release via MAPK/
NF-xB-dependent pathways; secretion of other cytokines, including
IL-6 and TNFa, was also affected (22). In aquatic vertebrate models
such as zebrafish, TBT exposure impaired innate immune function
and disrupted immune-related gene expression (23).

The immune system plays a central role in energy homeostasis
and metabolic disease. Chronic low-grade inflammation and al-
tered immune cell composition contribute to adipose dysfunc-
tion, insulin resistance, and hepatic pathology (24, 25).
Importantly, PPARy not only governs adipogenesis but also reg-
ulates immune cell differentiation and function, including
macrophage polarization and regulatory T cell biology; this sug-
gests a mechanistic link between obesogen signaling and im-
mune development (26). Whether early-life TBT exposure
disrupts immune cell homeostasis in offspring, and if such
changes persist across generations, has not been investigated.

Here, we tested the hypothesis that maternal TBT exposure in-
duces persistent immune alterations in offspring. We analyzed
peripheral immune cell profiles together with splenic immune-
marker expression and circulating inflammatory cytokines in F1
and F3 male and female offspring of FO dams treated during
pregnancy. We found that maternal TBT exposure altered periph-
eral lymphocyte composition in F1 offspring and was associated
with reduced splenic immune-marker expression and elevated
circulating inflammatory cytokines in male descendants across
generations. These findings expand the known scope of
TBT-induced developmental programming beyond metabolism
and adipogenesis and support the idea that the immune system
is an additional target of ancestral obesogen exposure.

Materials and methods

Animal model and breeding strategy

C57BL/6J mice were purchased from The Jackson Laboratory
(Sacramento, CA) and housed in micro-isolator cages under a

12-hour light/dark cycle in a temperature- and humidity-
controlled facility. Animals had ad libitum access to water and
a standard chow diet (PicoLab 5053; 24.5% kcal from protein,
13.1% kcal from fat, and 62.3% kcal from carbohydrates). All ex-
perimental procedures were approved by the Institutional
Animal Care and Use Committee at the University of California,
Irvine, and conducted in accordance with institutional and fed-
eral ethical guidelines.

For the German Mouse Clinic (GMC) analysis, F1 male and fe-
male descendants of treated FO dams were sent to the GMC at ap-
proximately 5 weeks of age, acclimatized for 2 weeks, and then
subjected to their standard primary phenotyping workflow.
GMC peripheral blood immunophenotyping was performed at
approximately 7 weeks of age on 4 sex-by-treatment groups: con-
trol males (n = 15), TBT males (n=15), control females (n = 15),
and TBT females (n =15). Each animal represented a biological
replicate, and within each sex and treatment group, animals
were derived from distinct litters. Treated and control offspring
were not littermates. The GMC F1 animals were generated as a
separate cohort from the F1 and F3 animals used for spleen
quantitative PCR (qPCR) and plasma ELISA analyses in the trans-
generational study described below.

For the spleen qPCR and plasma ELISA analyses, a separate
transgenerational experiment followed our established protocol,
and materials were generated from our recently published study
(15). Briefly, 5-week-old female mice (FO) were exposed via drink-
ing water to either 50 nM TBT or vehicle control (0.1% DMSO) dis-
solved in 0.5% carboxymethyl cellulose for 7 days prior to
mating. Sires were unexposed. Treatment was paused during
mating and resumed upon confirmation of pregnancy (vaginal
plug =EO0.5), continuing until postnatal day 21 (weaning). To
avoid potential litter bias, only 1 male and 1 female per litter
were randomly selected for analysis or breeding in each gener-
ation (F1-F3). Sibling mating was avoided. Descendants from
each generation were maintained on standard chow without
dietary intervention, and tissues were collected at approximately
12 weeks of age. Estrous cycle stage was not monitored at the
time of sample collection; therefore, female immune phenotypes
were analyzed without stratification by cycle stage. For the
spleen gPCR and plasma ELISA analyses, the F1 cohort was gen-
erated from 12 control FO dams and 12 TBT-exposed FO dams,
contributing 12 control litters and 12 TBT litters. The F3 cohort
was generated from 12 control-lineage litters and 12
TBT-lineage litters. Because only one male and one female
were selected from each litter for analysis, each animal repre-
sented an independent litter within each sex and treatment

group.

Flow cytometry analysis of peripheral
blood leukocytes (GMC dataset)

Blood samples were collected from isoflurane-anesthetized mice
by retrobulbar sinus puncture into heparinized tubes. The cell
pellet was used for flow cytometric analysis of peripheral blood
leukocytes. These analyses were performed as previously de-
scribed. Briefly, peripheral blood leukocytes had been stained
with fluorescence-conjugated monoclonal antibodies and
analyzed using a 3-laser, 10-color Gallios flow cytometer
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(Beckman Coulter). Flow cytometry gating followed the standard
GMC immunology phenotyping workflow. Briefly, leukocytes
were first identified within the CD45" population, and major per-
ipheral blood leukocyte subsets were then defined by lineage-
marker expression. T cells were identified as CD3" cells, with
CD4" and CD8" T-cell subsets further defined within the T-cell
compartment. Regulatory T cells were defined as CD4"CD25"
cells. y8 T cells were defined as CD3"ySTCR" cells. B cells were
identified as CD19'B220" cells. NK cells were defined as
NKp46"NK1.1°CD5™ cells, whereas NKT cells were defined as
NKp46"NK1.1°CD5" cells. Monocytes were defined as non-NK,
nongranulocyte, CD11b" cells. Additional subsets included T cells
coexpressing CD62L or CD44, B cells coexpressing IgD and/or
MHCII, and NK cells expressing CD11b. The GMC peripheral blood
immunophenotyping dataset analyzed here has not been previ-
ously published, and no public accession number is available.

Spleen RNA extraction and qPCR analysis

Spleens were snap-frozen in liquid nitrogen immediately after
dissection and stored at —80 °C until further processing. For
RNA extraction, approximately 20 mg of tissue was homogenized
in TRIzol reagent (Thermo Fisher Scientific, MA) following the
manufacturer-recommended protocol. Total RNA was recovered
by chloroform extraction and isopropanol precipitation (Fisher
Chemical, PA). RNA concentration and purity were assessed us-
ing a Nanodrop spectrophotometer (Thermo Fisher Scientific).

Complementary DNA was synthesized from 5 pg of total RNA
using the SuperScript IV First-Strand Synthesis System (Thermo
Fisher Scientific) according to the manufacturer-recommended
protocol. gPCR was performed using SYBR™ Green PCR Master
Mix (Thermo Fisher Scientific) on a Roche LightCycler 480 II sys-
tem (Roche, Switzerland). Amplification specificity was verified
through melting-curve analysis. Relative gene expression was
calculated using the 2722t method (27) and normalized to the
expression of the housekeeping gene Gapdh. Gapdh was selected
as the housekeeping gene based on its common use in mouse
spleen gPCR analyses and its stable Ct values across sex, gener-
ation, and treatment groups in this dataset. Cycle threshold (Ct)
values were determined using the second derivative maximum
algorithm in the LightCycler software. All qPCR reactions were
performed in triplicate, and data are presented as mean+
SEM. For fold-change calculations derived from the 2724 meth-
od, standard propagation of error was used according to estab-
lished procedures used in our previous studies (15). A P-value
< .05 was considered statistically significant. Primer sequences
used in this study are listed in Table S1 (28).

Splenic protein extraction and ELISA
analysis

Snap-frozen spleen tissues were homogenized in RIPA lysis buffer
(25 mM Tris-HCl, pH 7.6; 150 mM NaCl; 1% NP-40; 1% sodium de-
oxycholate; 0.1% SDS) containing protease inhibitor cocktail
(Abcam, #ab201111) and centrifuged to collect the supernatant.
Protein concentrations were measured using the Qubit Protein
Assay Kit (A50668, ThermoFisher). Plasma and splenic protein
levels of inflammatory cytokines were measured using TNF

(Crystal Chem Cat# C67100, RRID:AB_3752618)) and IL-6 ELISA
kits (Crystal Chem Cat# C66100, RRID:AB_3752619) following
the manufacturer-recommended protocol. All ELISA samples
and standards were run in duplicate. Cytokine concentrations
were calculated from standard curves generated on each plate.
No samples included in the final analyses were outside the assay
range or below the limit of detection. No wells failed technical
quality control; if a technical replicate had failed, that well would
have been excluded and the sample reassayed when sufficient
material was available.

Statistical analysis

Data are presented as mean + SEM. Statistical significance was
determined using an unpaired 2-tailed Student t-tests for com-
parisons between 2 groups. For comparisons involving more
than 2 groups, 1-way or 2-way ANOVA followed by the Tukey
post hoc test was used, as appropriate. For 2-way ANOVA ana-
lyses, the main effects of treatment and sex, as well as the treat-
ment X sex interaction term, were evaluated. When a significant
interaction was detected, multiple-comparison post hoc tests
were used to compare treatment effects within sex; when the
interaction term was not significant, interpretation focused on
the relevant main effects. Because only one animal per sex
from each litter was included in each analysis group, each animal
represented an independent litter within that sex and treatment
group. Therefore, litter was not included as an additional random
effect in the statistical models. All analyses were performed using
GraphPad Prism (version 10; GraphPad Software, San Diego, CA),
and P < .05 was considered statistically significant.

Results

Altered immune cell profiles in F1
peripheral blood following maternal TBT
exposure

The GMC provides comprehensive, standardized phenotyping
across multiple physiological systems, including immunology,
in large cohorts of mice. This platform enables unbiased detec-
tion of immune-related phenotypes that may not be apparent
in smaller, single-laboratory studies. To leverage this resource,
we analyzed previously unpublished peripheral blood immuno-
phenotyping data generated by the GMC from a maternal TBT ex-
posure cohort generated at UCI. These data provided an initial
indication that developmental TBT exposure may be associated
with altered immune cell distributions in offspring and motivated
subsequent tissue-level analyses.

To assess whether maternal TBT exposure influenced circulat-
ing immune cell populations in F1 offspring, we reanalyzed raw
GMC flow cytometry data from peripheral blood collected from
F1 male and female mice whose FO dams were exposed to vehicle
(DMSO) or TBT during pregnancy. All animals were maintained on
a standard chow diet without postnatal dietary intervention.
Reanalysis revealed reproducible alterations in lymphoid cell
composition in TBT-exposed offspring (Fig. 1). In both males
and females, the relative proportion of B cells was increased,
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Figure 1 Maternal TBT exposure alters peripheral blood lymphocyte composition in F1 offspring. Peripheral blood immunophenotyping data generated
by the German Mouse Clinic were reanalyzed from raw flow cytometry tables and replotted. Immune cell populations are shown as percentages of total
CD45" leukocytes in F1 offspring of dams exposed to vehicle (DMSO) or TBT during pregnancy. Data are presented separately for males and females.
Shown are (A) B cells, the relationship between B-cell and T-cell percentages in (B) males and (C) females, (D) T cells, (E) the CD4/CD8 ratio, and (F) NK
cells. Control males, TBT males, control females, and TBT females each included 15 animals. Each animal represents an independent biological
replicate derived from a distinct litter. Each point represents an individual animal; horizontal bars in A, D, E, and F indicate mean + SEM. Statistical
significance in A, D, E, and F was assessed by 2-way ANOVA evaluating the main effects of treatment and sex and the treatment X sex interaction,
followed by the Tukey multiple-comparisons test where appropriate. *P < .05, **P < .01, ***P < .001, and ****P < .0001; ns, not significant.

whereas the proportion of T cells was decreased in the TBT group
compared with controls (Fig. 1A-1D). These changes were further
supported by analysis of the B cell-to-T cell relationship, which
showed a shift toward B-cell predominance in TBT-exposed off-
spring of both sexes (Fig. 1B and 1C). In addition, the CD4/CD8 ra-
tio was reduced, particularly in females, and NK cell frequencies
were also decreased in TBT-exposed offspring of both sexes
(Fig. 1E and 1F). Together, these findings indicate that maternal
TBT exposure is associated with altered peripheral lymphocyte
composition in F1 offspring.

Because these analyses were performed on peripheral blood at
a single developmental time point, we interpreted the GMC find-
ings as evidence of altered immune homeostasis rather than overt
pathology. We therefore performed follow-up analyses in spleen
and plasma to determine whether these immune alterations
were associated with tissue-level and systemic inflammatory
changes and whether such effects persisted across generations.

Maternal TBT exposure alters splenic
immune gene expression in F1 offspring in
a sex-dependent manner

To determine whether maternal TBT exposure affected immune
homeostasis in secondary lymphoid organs, we performed qPCR
analysis of lineage-specific markers in archived F1 spleen tissue
collected from a recently completed transgenerational experi-
ment (15). We measured expression of lineage-specific genes
for T cells, B cells, NK cells, and myeloid cells, as well as inflam-
matory cytokines.

In male offspring (Fig. 2), we observed a significant reduction
in expression of mMRNAs encoding multiple T cell-associated
genes in the TBT group, including Cd3e (P < .05), Cd4 (P < .05),
and Foxp3 (P<.001). Cd44 expression was not significantly
changed (Fig. 2A-2D). These findings are consistent with reduced
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Figure 2 Maternal TBT exposure alters splenic immune-marker expression in F1 male offspring. Quantitative PCR analysis was performed using spleen
tissue from F1 male offspring in the independent transgenerational spleen/plasma cohort following maternal exposure to vehicle (DMSO) or TBT during
pregnancy (n = 12 per group). Expression levels of lineage-associated and inflammatory genes were normalized to Gapdh and are presented relative to
the mean of the DMSO control group. (A-D) T-cell markers, Cd3e, Cd4, Cd44, and Foxp3. (E, F) B-cell markers, Cd19 and Cd79a. (G, H) NK-cell markers,
Nkg7 and Ifng. (I-L) Myeloid-associated markers, Ly6c1, Cd11b, Cd14, and Cd163. (M, N) Inflammatory cytokine genes, Tnf and /l6. Each point represents
an individual animal; horizontal bars indicate mean + SEM. Each animal was selected from a distinct litter; therefore, n represents both the number of
animals analyzed and the number of independent litters contributing to each group. Statistical significance was determined using an unpaired 2-tailed
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expression of helper T-cell- and regulatory T-cell-associated
markers in the male spleen. B cell markers Cd19 and Cd79a
were unchanged (Fig. 2E and 2F). NK cell marker Nkg7 did not
change (Fig. 2G), but expression of Ifng, a cytokine associated
with NK and Thl cell function, was significantly elevated
(P < .05) (Fig. 2H), indicating a possible pro-inflammatory shift.
Myeloid cell associated genes Ly6cl, Cd1lb, and Cd163 were
significantly decreased, while Cd14 remained unchanged
(Fig. 21-2L). We also observed increased expression of inflamma-
tory cytokines Tnf (P <.05) and /l6 (P < .001), consistent with an
inflammatory phenotype (Fig. 2M and 2N).

In contrast, female offspring (Fig. 3) exhibited a distinct gene
expression profile. Similar to males, Cd3e, Cd4, and Foxp3 expres-
sion were reduced in TBT females (P < .05), indicating reduced
expression of T-cell-associated markers, including Foxp3
(Fig. 3A-3D). However, unlike in males, TBT-exposed females
also showed significant reductions in B cell markers Cd19 and
Cd79a (P <.05), indicating a possible broader suppression of
adaptive immune components (Fig. 3E and 3F). NK cell marker
genes were not significantly altered: Nkg7 remained unchanged,
and Ifng was not detectable in either group (Fig. 3G and 3H).
Among myeloid markers, only Cd11b was significantly elevated
(P < .05); other markers were unchanged (Fig. 3I-3L). Expression
of /l6 was modestly but significantly elevated (P < .05), whereas
Tnf remained unchanged (Fig. 3M and 3N).

These data are consistent with a model in which maternal TBT
exposure alters splenic immune cell gene expression in a sex-
dependent manner. Male offspring exhibited decreased T cell
and myeloid gene expression with concomitant increases in in-
flammatory cytokines; female offspring showed reductions in
both T and B cell markers and limited pro-inflammatory activa-
tion. These findings suggest that maternal TBT exposure is asso-
ciated with sex-dependent changes in splenic immune-marker
expression, which may intersect with previously reported sex-
specific metabolic phenotypes.

Transgenerational effects of ancestral TBT
exposure on splenic immune gene
expression in F3 offspring

To assess whether immune gene expression changes observed in
prenatally exposed F1 persisted in unexposed F3 descendants,
we analyzed spleen samples from F3 male and female offspring.
We measured the same lineage and inflammatory markers exam-
ined in F1 to determine whether any of the TBT-induced immune
phenotypes were heritable.

In F3 male offspring (Fig. 4), we found that expression of all
T cell-associated genes Cd3e, Cd4, Cd44, and Foxp3 was signifi-
cantly downregulated in the TBT group (P < .05 for all), mirroring
the T cell suppression observed in F1 (Fig. 4A-4D). Expression of B
cell markers Cd19 and Cd79a remained unchanged (Fig. 4E and
4F). NK cell genes Nkg7 and Ifng were also unchanged (Fig. 4).
Interestingly, expression of myeloid markers Cd11b, Cd14, and
Cd163 was significantly decreased in the TBT group (P <.05),
whereas Ly6cl was unaffected. Expression of both inflammatory
cytokine genes Tnf and /l6 was significantly upregulated (P < .05),
suggesting that the pro-inflammatory phenotype persisted into
the F3 generation.

In contrast, F3 female offspring (Fig. 5) showed no significant
changes in expression of any measured genes. Expression of
Cd3e, Cd4, Foxp3, Cd19, Cd79a, Nkg7, Ifng, and all 4 myeloid
markers (Ly6cI, Cd11b, Cd14, Cd163) did not change significantly.
Similarly, expression of inflammatory markers Tnf and IL6 was
not significantly different between groups.

We infer from these results that alterations in splenic immune-
marker expression persist in F3 male descendants following ances-
tral TBT exposure. The persistence of reduced T cell- and
myeloid-associated gene expression together with elevated proin-
flammatory cytokine expression is consistent with transgenera-
tionally persistent immune dysregulation in male descendants.

TBT exposure increases circulating
inflammatory cytokines in F1 and F3 male
offspring

To determine whether the immune alterations observed at the
transcript level were reflected in systemic inflammation, we
measured circulating levels of pro-inflammatory cytokines in
plasma samples from F1 and F3 offspring using ELISA.

In F1 males, plasma levels of both TNF and IL-6 were signifi-
cantly elevated in the TBT group compared to controls (TNF:
P < .05; IL-6: P < .05), indicating likely increased systemic inflam-
mation (Fig. 6A and 6B). In contrast, F1 females did not show sig-
nificant changes in either cytokine (Fig. 6C and 6D).

We observed a similar sex-specific pattern in F3 animals.
Plasma TNF and IL-6 levels were significantly increased in F3
males following ancestral TBT exposure (P<.05 for both;
Fig. 6E and 6F), while no changes were detected in F3 females
(Fig. 6G and 6H).

These data indicate that ancestral TBT exposure is associated
with persistent, male-specific increases in circulating inflamma-
tory cytokines. Together with the spleen gene expression data,
these findings support the possibility that in utero TBT exposure
is associated with a heritable pro-inflammatory state in male
descendants.

Discussion

Our analysis began with peripheral blood immunophenotyping
data generated by the GMC, which revealed altered lymphocyte
composition in F1 offspring following maternal TBT exposure.
These unbiased observations, derived from standardized large-
cohort phenotyping, suggested that early-life TBT exposure
may be associated with altered immune homeostasis in periph-
eral blood and motivated further tissue-level investigation.

To determine whether immune alterations extended beyond
peripheral blood and persisted across generations, we examined
splenic immune-marker expression and circulating inflammatory
cytokine levels in F1 and F3 offspring of FO dams treated with TBT
throughout pregnancy and lactation. We found that maternal
TBT exposure was associated with reduced splenic expression
of T cell- and myeloid-associated genes and with elevated TNF
and IL-6 levels in F1 males, with similar patterns persisting in un-
exposed F3 male descendants. These effects were not observed
in females. Together, these findings indicate that developmental
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Figure 3 Maternal TBT exposure alters splenicimmune-marker expression in F1 female offspring. Quantitative PCR analysis was performed using spleen
tissue from F1 female offspring in the independent transgenerational spleen/plasma cohort following maternal exposure to vehicle (DMSO) or TBT
during pregnancy. Expression levels of lineage-associated and inflammatory genes were normalized to Gapdh and are presented relative to the mean of
the DMSO control group. (A-D) T-cell markers, Cd3e, Cd4, Cd44, and Foxp3. (E, F) B-cell markers, Cd19 and Cd79a. (G, H) NK-cell markers, Nkg7 and Ifng.
(I-L) Myeloid-associated markers, Ly6c1, Cd11b, Cd14, and Cd163. (M, N) Inflammatory cytokine genes, Tnf and /6. Each point represents an individual
animal; horizontal bars indicate mean + SEM. Up to 12 animals were analyzed per group. Each animal was selected from a distinct litter; therefore, n
also represents the number of independent litters contributing to each group. Statistical significance was determined using an unpaired 2-tailed
Student t-test. *P < .05, **P < .01, ***P <.001; ns, not significant; n.d., not detected.
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Figure 4 Ancestral TBT exposure is associated with persistent splenicimmune-marker dysregulation in F3 male offspring. Quantitative PCR analysis was
performed using spleen tissue from F3 male offspring in the independent transgenerational spleen/plasma cohort derived from dams ancestrally

exposed to vehicle (DMSO) or TBT during pregnancy. Expression levels of lineage-associated and inflammatory genes were normalized to Gapdh and are
presented relative to the mean of the DMSO control group. (A-D) T-cell markers, Cd3e, Cd4, Cd44, and Foxp3. (E, F) B-cell markers, Cd19 and Cd79a. (G, H)
NK-cell markers, Nkg7 and Ifng. (I-L) Myeloid-associated markers, Ly6c1, Cd11b, Cd14,and Cd163. (M, N) Inflammatory cytokine genes, Tnfand /l6. Each
point represents an individual animal; horizontal bars indicate mean + SEM. Up to 12 animals were analyzed per group. Each animal was selected from a
distinct litter; therefore, n also represents the number of independent litters contributing to each group. Statistical significance was determined using
an unpaired 2-tailed Student t-test. *P < .05, **P < .01, ***P <.001; ns, not significant; n.d., not detected.
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Figure 5 Ancestral TBT exposure does not significantly alter splenic immune-marker expression in F3 female offspring. Quantitative PCR analysis was
performed using spleen tissue from F3 female offspring in the independent transgenerational spleen/plasma cohort derived from vehicle (DMSO) or TBT
lineages. Expression levels of lineage-associated and inflammatory genes were normalized to Gapdh and are presented relative to the mean of the
DMSO control group. (A-D) T-cell markers, Cd3e, Cd4, Cd44, and Foxp3. (E, F) B-cell markers, Cd19 and Cd79a. (G, H) NK-cell markers, Nkg7 and Ifng. (I-L)
Myeloid-associated markers, Ly6cl, Cd11b, Cd14,and Cd163. (M, N) Inflammatory cytokine genes, Tnfand /l6. Each point represents an individual animal;
horizontal bars indicate mean + SEM. Up to 12 animals were analyzed per group. Each animal was selected from a distinct litter; therefore, n also
represents the number of independent litters contributing to each group. Statistical significance was determined using an unpaired 2-tailed Student
t-test. *P <.05, **P < .01, ***P <.001; ns, not significant; n.d., not detected.

920z 4oquieydas | uo 1sanb Aq £880./8/2606eba/01/291/9[01E/0pUS/WOS"dNO"DIWSPEDE WO} PAPECIUMOQ



10 Endocrinology, 2026, Volume 167, Issue 10
A F1Male Blood B F1MaleBlood C  F1Female Blood D £ Female Blood
TNF Cytokine Level IL-6 Cytokine Level TNF Cytokine Level IL-6 Cytokine Level
* 154 ns ns
2.59 . * > . L iy LY
L] . . L]
204 o e 104 . 4 . . 8- .
2 £ | L ol edte T =
2 g s 2 | o & gol s e o o A
= 4 X 5 Tedes . [ te . =) .
a 1.0+ . Q 24 o S 4 .
n L]
0.5 g 1 2+
DMSO TBT |
0.0 T T 7T 0-
DMSO TBT DMSO TBT DMSO TBT
E F G H
F3 Male Blood F3 Male Blood F3 Female Blood F3 Female Blood
TNF Cytokine Level IL-6 Cytokine Level TNF Cytokine Level IL-6 Cytokine Level
* 20 * 8 20
4= ’—‘ ns ns
o 3 . _ 15 i . 6 :' | ) 154
. % . . "' ..,
D [ sge e £ 401 & E 4] £ 101 s
£ 2 Y s g = g == “E g = 'ﬁ}
(=8 . . 5 b " 2 [ ” 5 -
1_
-1 0- 0 T T
T DMSO TBT DMSO TBT DMSO TBT
DMSO TBT

Figure 6 Maternal and ancestral TBT exposure are associated with increased circulating inflammatory cytokines in male offspring. Enzyme-linked
immunosorbent assay analysis was performed to measure plasma TNF and IL-6 concentrations in F1 and F3 offspring from the independent
transgenerational spleen/plasma cohort derived from vehicle (DMSO) or TBT lineages. (A, B) Plasma TNF and IL-6 concentrations in F1 males. (C, D)
Plasma TNF and IL-6 concentrations in F1 females. (E, F) Plasma TNF and IL-6 concentrations in F3 males. (G, H) Plasma TNF and IL-6 concentrations in
F3 females. Each point represents an individual animal; horizontal bars indicate mean + SEM (n = 12 per group). Cytokine concentrations are expressed
as pg per mg of total protein. Each animal was selected from a distinct litter; therefore, n also represents the number of independent litters contributing
to each group. Statistical significance was determined using an unpaired 2-tailed Student t-test. *P < .05, **P < .01, ***P <.001; ns, not significant.

TBT exposure is associated with a heritable, male-specific
pro-inflammatory phenotype, rather than only transient changes
in circulating immune cell distributions.

Our findings are also consistent with prior work showing that
TBT disrupts cytokine networks in vivo. Lawrence et al reported
that acute TBT exposure altered a wide range of serum cytokines
in BALB/c mice, including IFNy, TNFa, IL-183, IL-2, IL-5, IL-7,
IL-12p40, IL-13, IL-15, MIP-1B, RANTES, KC, and MIP-2 (29).
Some cytokines, such as IFNy and TNFa, were transiently
elevated within hours of exposure, whereas others (eg, IL-2,
IL-7, IL-15) were decreased at later time points (29). These data
demonstrated that TBT can rapidly dysregulate both pro- and
anti-inflammatory signaling in serum. Our study extends these
observations by showing that developmental exposure is associ-
ated with long-lasting, male-biased alterations in splenic
immune-marker expression and inflammatory cytokines, with re-
lated effects persisting into unexposed generations.

Our findings extend a substantial body of work showing that
TBT is immunotoxic and immunomodulatory in diverse systems.
Previous studies reported thymic atrophy and impaired T-cell de-
velopment in rodents (20), suppressed NK cell cytotoxic function
in human immune cells (21), and altered cytokine secretion,
including IL-1f dysregulation, in peripheral immune cells (22).

In aquatic models such as zebrafish, TBT reduced lysozyme activ-
ity and IgM levels and disrupted immune gene expression (23). A
recent review emphasized that TBT affects both innate and adap-
tive immune functions across taxa (19). Extending these prior re-
ports of direct immunotoxicity, our study suggests that prenatal
TBT exposure is also associated with longer-lasting, male-biased
alterations in splenic immune-marker expression and inflamma-
tory cytokine levels, with related effects persisting into
unexposed descendants. These findings support the possibility
that TBT not only exerts acute effects on immune function
but may also contribute to lasting transgenerational immune
phenotypes.

These results extend previous work from our lab showing that
ancestral TBT exposure increased adiposity, impaired insulin
signaling, and promoted hepatic pathology in a male-biased
manner (13, 30). The current findings identify a parallel
male-biased immune phenotype characterized by reduced splen-
ic T cell- and myeloid-associated marker expression together
with elevated Tnf/Il6 expression and increased circulating TNF
and IL-6. Because chronic low-grade inflammation is closely
linked to adipose tissue dysfunction, insulin resistance, and liver
pathology, these immune alterations may represent an immune
component of the broader male-biased metabolic phenotype
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previously reported in this lineage. A study using a synthetic diet
that modeled the 50th percentile of US dietary consumption fur-
ther demonstrated that TBT-lineage mice exhibited elevated
plasma cytokines, including TNF and IL-6, consistent with chron-
ic low-grade inflammation (15). Our current findings build on
these observations by identifying the spleen as a potential site
of altered immune homeostasis associated with ancestral TBT
exposure.

Although prior studies from our group identified epigenetic al-
terations associated with TBT-induced metabolic phenotypes,
the present study did not directly assess DNA methylation, chro-
matin accessibility, or other epigenetic marks in immune cells.
Therefore, we interpret the current findings as evidence of im-
mune phenotypes associated with ancestral TBT exposure, ra-
ther than direct demonstration of epigenetic inheritance in
immune cells.

We also previously demonstrated that TBT promoted macro-
phage M1 polarization and enhanced lipolysis in cocultured adi-
pocytes (18). The observed decrease in Cd14, Cd11b, and Cd163
expression in spleens of F1 and F3 TBT males suggested that
TBT altered myeloid-associated gene expression and innate im-
mune homeostasis in vivo. These alterations may reflect reduced
representation or altered functional state of anti-inflammatory
monocyte/macrophage populations, thereby contributing to sys-
temic inflammation.

T cell-associated genes, including Cd3e, Cd4, and Foxp3, were
also consistently suppressed in TBT males. The decrease in Foxp3
expression raises the possibility that developmental TBT expos-
ure disrupts pathways related to regulatory T cell maintenance
or function. Because PPARYy is required for Treg accumulation
and anti-inflammatory activity in adipose tissue (26, 31), it is
plausible that RXR/PPARYy signaling during development contrib-
utes to this altered immune balance. This interpretation is con-
sistent with the increased Tnf and Il6 expression and
circulating cytokine levels observed in F1 and F3 TBT males.

Future studies will be needed to define the cellular and mo-
lecular mechanisms underlying these immune phenotypes.
Important next steps include sorting splenic T cell and mono-
cyte/macrophage populations from F1 and F3 control- and
TBT-lineage animals, followed by DNA methylation, chromatin
accessibility, and transcriptional profiling to determine whether
persistent immune alterations are associated with
cell-type-specific epigenetic changes. Functional assays will
also be important, including tests of regulatory T cell suppressive
capacity and monocyte/macrophage cytokine production, to de-
termine whether the observed changes in immune-marker ex-
pression correspond to altered immune cell function.

Importantly, these immune phenotypes were male-biased and
persisted across generations, mirroring the sex bias observed in
TBT-associated metabolic phenotypes (13, 14). The mechanistic
basis for this sex difference remains unclear, but several nonmu-
tually exclusive mechanisms may contribute. First, sex hormones
regulate both innate and adaptive immune responses, and devel-
opmental TBT exposure may interact with sexually dimorphic
endocrine signaling during immune system maturation (32).
Second, sex chromosome complement and sex chromosome-
linked epigenetic regulation may contribute to baseline differen-
ces in immune-cell development or responsiveness to environ-
mental exposures. Third, immune development itself is
sexually dimorphic, including differences in T cell regulation,

macrophage function, and inflammatory cytokine responses
(33). These mechanisms may help explain why male descendants
showed persistent suppression of splenic T cell- and
myeloid-associated markers together with elevated TNF and
IL-6, whereas females exhibited weaker or non-persistent inflam-
matory changes. Importantly, the male-biased immune pheno-
type observed here does not indicate that females are
generally insensitive to TBT. Previous studies revealed that TBT
can disrupt female reproductive and endocrine physiology, in-
cluding ovarian folliculogenesis, ovarian reserve, uterine morph-
ology, and hypothalamic-pituitary-gonadal axis function (34,
35). Thus, TBT effects are likely to be tissue-, endpoint-,
developmental-window-, and generation-specific. In the present
study, females exhibited several F1 spleen immune-marker
changes, but these changes did not persist as a broad inflamma-
tory cytokine phenotype in F3 females, suggesting that female
TBT responses may follow mechanisms distinct from the

male-biased immune-metabolic trajectory observed here.
Future studies examining sex hormone signaling, sex
chromosome-associated epigenetic regulation, and

cell-type-specific immune function will be needed to define the
basis of this male-biased phenotype.

These data raise the possibility that immune dysfunction may
contribute to the “thrifty phenotype” observed in previous stud-
ies (14). Reduced Foxp3 expression may reflect impaired
regulatory T cell abundance or function, while reduced
myeloid-associated markers may indicate altered monocyte/
macrophage composition or activation state. Together with ele-
vated Tnf and /l6 expression and increased circulating TNF and
IL-6, these changes are consistent with a shift toward chronic
low-grade inflammation. Such an inflammatory state could
plausibly contribute to impaired insulin signaling, adipose tissue
dysfunction, and hepatic pathology, all of which were observed
in our prior metabolic studies (14, 15). However, this remains
to be shown, and the present study does not directly test
whether immune alterations cause these metabolic outcomes.
Therefore, we interpret these findings as supporting the possibil-
ity that immune dysregulation may be one component of the
broader phenotype induced by early-life obesogen exposure.

Several limitations should be considered. First, the relation-
ship between the immune alterations reported here and the
metabolic phenotypes described in our prior studies is correla-
tive. Although the male-biased increases in TNF and IL-6 and
changes in splenic immune-marker expression are consistent
with chronic low-grade inflammation, the present study does
not directly test whether these immune changes cause the in-
creased adiposity, insulin resistance, or hepatic pathology ob-
served in our published study (14, 15). Second, our spleen
gPCR analyses were performed using bulk tissue RNA.
Therefore, reduced expression of lineage-associated markers
such as Foxp3, Cd3e, Cd4, Cd11b, or Cd163 cannot distinguish be-
tween changes in immune cell abundance and changes in gene
expression within specific immune cell populations. Third, im-
mune readouts were assessed at a single time point in each gen-
eration, which limits our ability to determine when these
immune alterations first emerge, whether they change with
age, or how they relate temporally to metabolic phenotypes.
Finally, although prior studies from our group identified epigen-
etic alterations associated with TBT-induced metabolic pheno-
types (14, 17), the present study did not directly assess DNA
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methylation, chromatin accessibility, histone modifications, or
other epigenetic marks in immune cells.

In conclusion, our findings suggest that the immune system
is an important target of TBT-induced developmental program-
ming. The reduced expression of lymphoid- and
myeloid-associated markers together with elevated inflamma-
tory cytokines in TBT-exposed male descendants supports the
idea that immune dysregulation is a transgenerational,
male-biased phenotype of environmental obesogen exposure.
These results broaden the known scope of TBT’s effects and war-
rant further investigation into how immune alterations intersect
with metabolic outcomes.
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