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Abstract
Obesity is a global health crisis, with increasing evidence linking environmental factors such as exposure to endocrine-disrupting chemicals 
(EDCs) to its development. This study examines the transgenerational effects of exposure to the model obesogen, tributyltin (TBT), on 
obesity and metabolic health, specifically focusing on how these effects interact with a diet modeling the 50th percentile of US dietary 
consumption [the Total Western Diet (TWD)]. Pregnant F0 dams were exposed to TBT, and their offspring were subjected at adulthood to 
different diets, including a high-fat diet and TWD, across multiple subsequent generations (F1-F3). We found that TBT exposure predisposed 
male offspring to increased fat accumulation, insulin resistance, and metabolic dysfunction, effects that were exacerbated by the TWD. Notably, 
male offspring displayed elevated leptin levels, hepatic fibrosis, and inflammatory responses under TWD exposure, suggesting an additive or 
synergistic relationship between obesogen exposure and dietary fat intake. These transgenerational effects were largely absent in female 
offspring, underscoring sex-specific vulnerabilities to environmental and dietary factors. Our results demonstrated that the combination of 
prenatal TBT exposure and TWD amplifies metabolic disturbances across generations, highlighting the need to consider both environmental 
chemicals and dietary patterns in addressing the obesity pandemic. This study underscores the critical role of early-life EDC exposures and 
dietary factors in shaping long-term metabolic health and the potential for transgenerational programming of susceptibility to obesity and 
metabolic disorders.
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Obesity is a significant public health challenge, adding more 
than $200 billion annually to healthcare costs in the United 
States (1). Over 42% of US adults were classified as obese, 
and the pandemic disproportionately affects certain popula
tions, including African Americans, Hispanics, and women 
(1, 2). The prevalence of obesity has continued to rise despite 
increased physical activity levels and stable caloric intake, in
dicating that additional factors beyond diet and exercise are 
contributing to the obesity epidemic (3, 4). One emerging fac
tor is the role of early-life exposure to endocrine-disrupting 
chemicals, which can reprogram metabolic pathways and pre
dispose individuals to obesity and related disorders (5, 6).

The obesogen hypothesis posits that specific endocrine- 
disrupting chemicals, such as tributyltin (TBT), promote adi
pogenesis and disrupt metabolic homeostasis, contributing to 
obesity (7, 8). Due to its toxic effects on marine ecosystems 
and potential health risks, TBT was globally banned in 2008 
under the International Maritime Organization Anti-Fouling 
Systems Convention. However, TBT remains approved for 
other uses, and its persistence in the environment and contin
ued bioaccumulation pose ongoing exposure risks (9). 

Previous research has demonstrated that prenatal TBT expos
ure biases mesenchymal stem cells toward the adipose lineage, 
leading to increased fat accumulation and metabolic dysfunc
tion in multiple generations (10, 11). However, the interaction 
between TBT-induced metabolic reprogramming and dietary 
factors, particularly the high-fat, energy-dense Western diet, 
remains poorly understood.

The Total Western Diet (TWD) models the 50th percentile 
of macro- and micronutrient composition in the US diet, pro
viding a relevant model for studying how diet modifies the ef
fects of environmental obesogens (12). Emerging evidence 
suggests that the combination of obesogen exposure and a 
Western diet could have additive or synergistic effects, pro
moting greater fat accumulation and metabolic disturbances 
than either factor alone. Our recent findings indicated that 
TBT exposure not only increased adiposity but also led to hep
atic fat accumulation, disturbances in brown adipose tissue, 
and a “thrifty phenotype” in which calories were more readily 
stored than expended, even during fasting conditions (10, 11).

This study aimed to investigate the molecular mechanisms 
underlying the interaction between transgenerational effects 
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of prenatal TBT exposure and the TWD. Specifically, we hy
pothesized that TBT exposure would sensitize animals to in
creased dietary fat, exacerbating metabolic dysfunction 
across generations. By focusing on this critical interplay be
tween obesogen exposure and diet, we aim to uncover novel 
insights into the mechanisms driving transgenerational obes
ity and metabolic health risks. Understanding the potentially 
interacting effects of environmental chemicals and poor diet
ary patterns is essential for addressing the obesity pandemic.

Here, we investigate the transgenerational impacts of pre
natal and early-life TBT exposure on obesity and metabolic 
health in mice subjected to a human-relevant diet, the TWD. 
Given concerns about environmental obesogens and their 
interaction with diet, this study aims to determine how ances
tral TBT exposure modulates metabolic outcomes across gen
erations. We also explore potential sex-specific differences 
and alterations in metabolic hormone and cytokine regula
tion. Understanding these interactions is critical for develop
ing comprehensive prevention strategies that address both 
environmental and lifestyle factors.

Materials and Methods
Chemicals and Reagents
TBT, dexamethasone, and insulin were obtained from 
Sigma-Aldrich (St. Louis, MO). Blood glucose meter kits 
(BG1000) were procured from Clarity Diagnostics (Boca 
Raton, FL). Mouse Leptin ELISA Kit (#90030, RRID: 
AB_2722664), mouse C-peptide ELISA kit (#80954, RRID: 
AB_3677465), and mouse insulin ELISA kit were sourced 
from Crystal Chem (Elk Grove Village, IL).

Animal Maintenance and Exposure
C57BL/6J mice were acquired from the Jackson Laboratory 
(Sacramento, CA) and housed in micro-isolator cages under 
controlled environmental conditions. The housing facility 
maintained a temperature-controlled environment (23-24 °C) 
with a 12-hour light/dark cycle. Mice were provided ad libitum 
access to water and food unless specified otherwise. All proce
dures involving animal subjects were conducted in accordance 
with the guidelines approved by the Institutional Animal Care 
and Use Committee of the University of California, Irvine. 
Measures were taken to ensure humane treatment and minim
ize suffering throughout the study.

For this transgenerational experiment, designated as T5, a 
total of 65 male and 185 female C57BL/6J mice (5 weeks of 
age) were procured. Female mice (92 per treatment group) 
were randomly allocated to different F0 treatment groups 
and exposed to 50 nM TBT or 0.1% dimethyl sulfoxide 
(DMSO) vehicle (both diluted in 0.5% carboxymethyl cellulose 
in water to maximize solubility) for 7 days prior to mating 
as we have described previously (11). This dose is within 
the range of environmentally relevant exposures and has 
been widely used in previous metabolic studies of TBT. 
Breeding was facilitated by housing 1 male with 2 vehicle 
or TBT-exposed F0 females per cage during the dark cycle. 
Vaginal plug appearance was defined as embryonic day (E) 
0.5. Chemical treatment was removed during mating then 
resumed for F0 females after copulation plugs were detected 
(and males removed), then maintained until the pups were 
weaned at postnatal day 21. The selected TBT concentration 
was based on prior studies (10, 11); notably, this is 5-fold 

lower than the established no observed adverse effect level 
for rodents (13).

Chemical exposures during gestation in multiparous ani
mals can be confounded by litter effects. These are controlled 
by using the entire litter as the “n” or by selecting 1 male 
and 1 female per litter as representative. Litter size and sex ra
tio can affect growth trajectories and subsequent body com
position leading to litter effects when assessing metabolic 
endpoints such as obesity (14). We avoid this by controlling lit
ter sizes and rejecting those with fewer than 6 or more than 8 
pups and with fewer than 2 members of 1 sex. We tested litter 
size and sex distribution in each generation to identify poten
tial litter effects and found none. From each generation, we 
randomly chose only 1 male and 1 female per litter for end
point analysis and another 1 male and 1 female per litter for 
breeding to produce the next generation. To randomize the 
breeding process and avoid selection bias, we did not breed sib
lings and never bred females from the same litter with the same 
male. Control animals were bred within the control group, and 
TBT-exposed animals were paired within the treatment group.

Diet Challenge and Body Composition Analysis
Animals from control and treatment groups were initially 
maintained on a standard diet (PicoLab 5053, 24.5% Kcal 
from protein, 13.1% Kcal from fat, and 62.3% Kcal from 
carbohydrates) from weaning onward, with body weight 
and composition monitored weekly using EchoMRI™ 
Whole Body Composition Analyzer. Daily food intake was 
recorded for all groups to assess potential differences in calor
ic intake. No significant differences were observed between 
TBT-exposed and control groups. Subsequently, F1, F2, 
and F3 descendants underwent a diet challenge in 2 separate 
arms. In the first, animals were transitioned to a higher-fat 
diet (PicoLab 5058, 20.3% Kcal from protein, 21.6% Kcal 
from fat, and 58.1% Kcal from carbohydrates) for 6 weeks 
while controls were maintained with ad libitum food access 
to a standard diet. In the second arm, the animals were tran
sitioned to fully synthetic diets. Half of the animals were fed 
with the TWD (Envigo TD.160422; 17.3% Kcal from pro
tein, 40.4% Kcal from fat, and 42.3% Kcal from carbohy
drates) for 6 weeks while control groups were maintained 
on ad libitum food access to AIN-93M (Envigo TD.94048; 
14% Kcal from protein, 10% Kcal from fat, and 76% Kcal 
from carbohydrates). TWD models the 50th percentile of 
the US dietary intake of micro- and macronutrients (12), 
whereas AIN-93M is a standard synthetic rodent diet. 
Weekly assessments continued to track changes in body com
position, with 12-hour fasting conducted prior to euthanasia 
and tissue collection. To minimize variability, all animals 
were housed under controlled conditions, with males and fe
males housed separately. Tissue collection was performed be
tween 8:00 and 10:00 AM for all animals to reduce potential 
circadian influences on metabolic parameters. While we did 
not monitor the estrous cycle in female mice, prior studies 
suggest that standardizing collection time mitigates fluctua
tions in metabolic and hormonal endpoints. Blood was col
lected via the saphenous vein at week 12 and week 20 
(before and after diet challenge) for F1 and at weeks 12 and 
18 for F2, F3, and F4. Blood was collected into heparinized 
tubes and then centrifuged for 15 minutes at 5000 RPM at 
4 °C. Resulting plasma was transferred to a clean tube and 
preserved at −80 °C.
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Tissue Histology
Samples of gonadal white adipose tissue (gWAT) and liver 
of male mice were sent to the University of California Irvine 
Experimental Tissue Resources for processing. The tissues 
underwent paraffin embedding, sectioning, and staining 
with Masson’s trichrome or hematoxylin and eosin. 
Paraffin-embedded tissues were sectioned at 5 μM, and after 
standard processing, the sections were stained with Masson’s 
trichrome for visualizing collagen fibers, nuclei, and cyto
plasm. Examination under a light microscope at 20 ×  magni
fication allowed for the documentation of adipocyte droplet 
size, potential fibrosis, and other histological features. This 
standardized methodology ensured the acquisition of high- 
quality tissue sections suitable for detailed histological ana
lysis, enabling investigation into the transgenerational effects 
of TBT exposure on adipose tissue dynamics.

Scoring of Liver and Fat Histology for Lipid 
Accumulation, Fibrosis and Inflammation
Liver tissues were sectioned and stained for histological examin
ation to assess liver fibrosis and injury. An experienced patholo
gist (R. Edwards), blinded to the treatment groups, performed 
the scoring to ensure unbiased evaluation. Histological scoring 
remains the gold standard in metabolic disease and toxicol
ogy research, particularly in assessing fibrosis and lipid accu
mulation in liver tissues (15, 16). Each slide was evaluated on 
a semiquantitative scale from 0 to 3, where 0 indicated no 
injury or fibrosis, 1 represented mild injury or fibrosis, 2 in
dicated moderate injury or fibrosis, and 3 denoted severe 
injury or fibrosis. The parameters scored included stea
tosis, cytoplasmic vacuolization, and fibrosis in intraportal/ 
periportal, perivascular, and intralobular/intercellular regions. 
Both the F1 and F2 generation slides were scored using the 
same criteria. Data were collated into 2 sheets, Raw Data 
and Summary, ensuring a comprehensive analysis of liver 
histopathology across generations.

Glucose and Insulin Tolerance Tests
Glucose and insulin tolerance assessments were conducted fol
lowing published guidelines (17). In brief, during the intraper
itoneal glucose tolerance test, animals were subjected to a 
12-hour fasting period overnight in unused cages to minimize 
feces reuptake. Blood samples were collected from the tail 
vein. Subsequently, glucose was administered intraperito
neally at 2 g/kg body weight; then blood samples were ob
tained at specified time intervals and measured by glucometer.

In the intraperitoneal insulin tolerance test, animals were 
tested in a fed state. Soluble insulin was intraperitoneally in
jected at a dosage of 0.75 IU/kg body weight, followed by 
blood sample collection from the tail vein. Blood glucose lev
els were determined using a glucometer. Notably, the phase of 
the estrous cycle was not monitored during the execution of 
the intraperitoneal glucose tolerance test or intraperitoneal in
sulin tolerance test.

Quantitative Real-time RT-PCR
Tissue samples, previously snap-frozen in liquid nitrogen, 
were cut into approximately 20 mg pieces and lysed using 
Trizol following the manufacturer’s recommended proto
col (Thermo Fisher Scientific, MA). Total RNA was recov
ered after isopropanol precipitation (Fisher Chemical, PA). 

Complementary DNA was synthesized from 5 μg of total 
RNA utilizing the SuperScript IV First-Strand Synthesis 
System (Thermo Fisher Scientific) following the manufacturer- 
recommended instructions. Gene expression analysis was con
ducted via real-time quantitative PCR (qPCR) employing 
SYBR™ Green PCR Master Mix (Thermo Fisher Scientific) 
on a Roche LightCycler 480 II system (Roche, Switzerland). 
Primer sequences for the target genes are listed in 
Supplementary Fig. S1 (18). Cycle threshold values were 
determined as the second derivative maximum utilizing 
LightCycler software (Roche, Switzerland). Data analysis 
was performed using the 2−ΔΔCt method (19), adjusted 
for primer efficiency (20). The expression of genes studied 
in this article was normalized to the housekeeping gene 
GAPDH and compared to the DMSO descendant group. 
Error bars indicate the SEM calculated from 12 biological 
replicates, employing standard propagation of error (21).

Measurement of Blood Cytokine Levels
Serum levels of leptin were quantified using enzyme immuno
assay (Crystal Chem #90030; Elk Grove Village, IL) at 2 dis
tinct time points (pre- and postdiet challenge) in plasma 
derived from blood samples collected after a 12-hour over
night fast. Similarly, insulin levels were assessed via enzyme 
immunoassay (Crystal Chem #90080) in plasma obtained 
from blood samples collected following a 12-hour overnight 
fast. To further study the profile of serum cytokine, a 
MILLIPLEX® Multiplex Assays customized kit was used 
and ghrelin, glucan-like peptide-1 (GLP-1), glucagon, IL-6, 
resistin, TNF, leptin, and insulin were measured using 
50 uL serum collected at the end point of the diet challenge.

Results
Transgenerational Effects of TBT Exposure on Body 
Fat Accumulation and Interaction With Diet
Pregnant F0 dams were exposed to 50 nM TBT or DMSO ve
hicle via drinking water throughout pregnancy and lactation 
(Fig. 1A). We selected 50 nM TBT based on previous studies 
demonstrating its obesogenic effects in mammalian models 
(10, 22, 23). Offspring were divided into 2 experimental 
arms to assess body fat accumulation in response to different 
diets. In the first arm, mice were placed on either a control 
chow diet (5053) or a higher-fat chow diet (5058) at 
12 weeks of age, and body composition was measured 
weekly using EchoMRI. TBT-exposed males exhibited sig
nificant increases in body fat under the high-fat diet, while 
DMSO controls showed no such effect (Fig. 1B–1D). 
These findings confirm and extend our previous studies dem
onstrating male-specific susceptibility to obesity following 
gestational and lactational TBT exposure across multiple 
transgenerational experiments (10, 11, 24).

In the second arm, we examined the impact of a synthetic, 
human-relevant diet, the TWD, compared to the synthetic 
AIN93M control diet. A priori power analysis determined a 
group size of 16 per condition. TBT-exposed males on the 
TWD exhibited significantly greater fat accumulation (∼28% 
body fat) than those on the high-fat chow diet (∼20%) 
(Fig. 1E–1G). Notably, even DMSO control males displayed in
creased adiposity on TWD compared to AIN93M, indicating a 
dietary effect independent of TBT exposure. Food intake did 
not differ significantly between groups, suggesting that the 
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observed increases in body fat in TBT-exposed males were not 
due to increased caloric intake. No differences in body fat accu
mulation were observed in females across any conditions 
(Supplementary Fig. S2) (18). Given its relevance to human 
dietary patterns, subsequent experiments focused on TWD vs 
AIN93M comparisons.

Impact of TBT Exposure and Dietary Patterns on 
Leptin Levels and Metabolic Phenotypes
In previous studies, we demonstrated that TBT-exposed ani
mals exhibited elevated circulating leptin levels when subjected 
to a higher-fat chow diet (∼21% Kcal from fat) (10, 11, 24). 
This increase in leptin levels in the presence of obesity is com
monly considered to be indicative of leptin resistance in clinical 
settings (25). Leptin resistance, characterized by diminished re
sponse to leptin signaling, is associated with various metabolic 

disorders (26). To investigate the potential presence of leptin re
sistance in TBT-exposed animals exposed to the TWD, we as
sessed leptin levels before and after the diet challenge (Fig. 2). 
Under the AIN diet, there were no significant differences in 
plasma leptin levels between the DMSO and TBT groups. 
However, in the TWD group, males exhibited markedly ele
vated plasma leptin levels, with significant differences observed 
between the DMSO and TBT offspring (Fig. 2A–2C). Plasma 
leptin levels were higher in DMSO group animals on the 
TWD diet compared to the AIN diet. Interestingly, despite 
the increased leptin levels elicited by the diet challenge, we 
did not observe significant differences in food intake between 
the DMSO and TBT groups in any generation throughout the 
diet challenge period (Fig. 2D–2F). In contrast to the situation 
in males, no significant differences in plasma leptin levels or 
food intake were observed in females across the same condi
tions and generations (Supplementary Fig. S3) (18).

A

B C D

E F G

Figure 1. The consistent increase in body fat among male offspring exposed to TBT following different types of diet challenge. (A) Pregnant F0 dams 
received either DMSO vehicle or 50 nM TBT throughout pregnancy and lactation. Offspring were divided into 8 groups, with 1 male and 1 female per 
litter subjected to the dietary challenge. (B-D) Regular chow diet (5053) vs higher-fat diet (5058) and (E-G) control diet (AIN93M) vs TWD. Only male data 
are presented because female offspring did not exhibit significant changes in body fat across any diet condition, irrespective of ancestral TBT exposure. 
Panels B-D depict 12 animals per sex exposed to either the control or high-fat diet from 12 weeks of age, while panels E-G show 16 animals per group 
exposed to control or TWD high-fat diet. Weekly measurements of body composition and weight were conducted, and body fat was normalized to body 
weight for each animal. Statistical significance was determined using 2-way ANOVA, with pair-wise Bonferroni post hoc tests applied to compare 
different groups across all panels. Data are presented as mean ± SEM, with *P < .05, **P < .01, and ***P < .001 indicating significance. Error bars are 
shown for all data points but may not be visible at certain time points due to minimal variation in body weight measurements among individual animals. 

Abbreviations: DMSO, dimethyl sulfoxide; TBT, tributyltin; TWD, Total Western Diet.
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Transgenerational Impact of TBT Exposure 
and TWD on Hepatic Fat Accumulation, Fibrosis 
and Inflammation
Obesity is strongly linked to an elevated risk of metabolic 
dysfunction-associated steatotic liver disease (MASLD), 
formerly known as nonalcoholic fatty liver disease (27). 
MASLD is characterized by hepatic steatosis resulting from ex
cessive fatty acid uptake and de novo fatty acid synthesis. We 
assessed liver phenotypes to examine the impact of TBT and 
TWD on hepatic fibrosis (Fig. 3A–3D), lipid accumulation 
(Fig. 3E–3H), expression of inflammatory TNF (Fig. 3I, 3J), 
and expression of mRNAs encoding various markers of fibro
sis, adipogenesis, and inflammation (Fig. 3K–3M).

Fibrosis was evaluated using Masson’s trichrome staining 
(Fig. 3A) Histologically, animals exposed to the AIN93M 
diet exhibited minimal to no detectable fibrosis in the liver 
in either vehicle or TBT groups. In contrast, TWD-treated 
animals displayed increased fibrosis in both vehicle and 
TBT groups, with increased fibrosis in TBT compared with 
vehicle animals (Fig. 3B–3D). Additionally, the TWD diet 
caused detectable fibrosis in the liver of DMSO-treated ani
mals compared to those on the AIN diet. Hepatic lipid accu
mulation was evaluated using hematoxylin and eosin and 
Masson’s trichrome staining (Fig. 3E). Livers were scored 
as 1 = no obvious lipid vesicles, 2 = small vesicles, 3 =  
many vesicles but equal to or smaller than nuclei, and 4 =  
many vesicles larger than nuclei (Fig. 3E). There were no de
tectable lipid vesicles in vehicle or TBT groups in the AIN 
group, whereas both vehicle and TBT groups showed a sig
nificant increase in lipid vesicle size and number in TWD 
group male animals. TBT exposure significantly exacerbated 
both the number and size of lipid droplets, many of which 

were substantially larger than the nuclei in the 
TWD-treated animals (Fig. 3F–3H). Thus, we inferred that 
TWD exposure exacerbated hepatic lipid accumulation pro
moted by TBT exposure, consistent with our previous find
ings on a chow diet (10). We measured hepatic TNF 
protein levels to evaluate liver inflammation and found in
creased TNF levels in TBT F1, F2, and F3 offspring chal
lenged by the TWD (Fig. 3J) but not the AIN93M control 
diet (Fig. 3I). Gene expression analysis revealed significant 
upregulation of fibrotic genes including collagen 1A1 
(Col1a1), collagen 3A1 (Col3a1), collagen 5A1 (Col5a1), 
and collagen 6A1 (Col6a1) and lipogenic genes including 
lipase E (Lipe), lipoprotein lipase (Lpl), fatty acid binding 
protein 4 (Fabp4), and peroxisome proliferator activated re
ceptor gamma (Pparg2), as well as inflammatory genes in
cluding TNF (Tnf) and IL-1 β (Il1b) in TBT animals 
treated with TWD compared to controls in F1 (Fig. 3K), 
F2 (Fig. 3L), and F3 (Fig. 3M) generation male animals. 
There were no such effects in females (data not shown). 
Collectively, these results indicate that direct or ancestral 
TBT exposure can elicit liver damage when animals are ex
posed to TWD. This damage is reflected by increased fibro
sis, larger lipid droplet size and number, and elevated 
inflammatory gene expression and cytokine levels. This ef
fect was male-specific, as no differences were detected in 
the female groups.

TBT Exposure and TWD Intervention Altered 
Expression of Adipose Tissue Marker Genes
To characterize the impact of TBT exposure on adipocyte 
gene expression, we utilized qPCR to analyze mRNA levels 

A B C

D E F

Figure 2. TBT increased plasma leptin levels in T5 male mice, despite no significant change in food intake. Plasma samples were collected before and 
after the diet challenge at different time points (F1: 8 weeks, F2 and F3: 6 weeks), and leptin levels were measured using enzyme immunoassay for (A) 
F1, (B) F2, and (C) F3. Weekly food intake was assessed for (D) F1, (E) F2, and (F) F3, calculated twice per week and presented as the weekly intake per 
animal throughout the entire diet challenge period. Statistical analysis was conducted using 2-way ANOVA for panels A and B. Pair-wise Bonferroni 
posttests were employed to compare different groups across all panels. The data are depicted as mean ± SEM, with significance denoted as *P < .05, 
**P < .01. 

Abbreviation: TBT, tributyltin.
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of marker genes specific for beige (Teme26, Cd40, Cd137), 
white (Fabp4, Lpl, Fsp27), and brown (Ebf2, Pdk4, Zic1) adi
pocytes (Fig. 4A) across multiple generations (28).

In gWAT from F1, F2, and F3 mice, qPCR analysis revealed 
a significant upregulation of white adipocyte-specific genes 
(Fabp4, Lpl, Fsp27) in the TBT-exposed groups compared 

A B C D

I J

K L M

E F G H

Figure 3. The impact of the TWD diet challenge on hepatic stress, which was exacerbated by TBT exposure. (A-D) Effect on hepatic fibrosis. (A) 
Masson’s trichrome staining highlighted fibrosis, with blue staining indicating fibrotic regions. (B-D) Quantitative analysis of fibrosis in F1-F3 male 
animals as analyzed by an experienced histologist blinded to the experimental groups. (E-H) Effects on hepatic lipid storage. (E) H&E staining revealed 
lipid droplets, indicated by white holes (red arrows). TBT + TWD treatment notably increased the size and quantity of lipid droplets compared to DMSO  
+ TWD and the control diet (AIN93M). (F-H) The size and number of droplets were evaluated by 3 blinded investigators, showing statistically significant 
differences. (I, J) ELISA analysis of TNF protein levels. (I) Expression of hepatic TNF protein levels in AIN-93M group animals. (J) Expression of hepatic 
TNF protein levels in TWD group animals. (K-M) mRNA expression of marker genes for fibrosis (Col1a1, Col3a1, Col5a1, Col6a1), adipogenesis (Lipe, 
Lpl, Fabp4, Pparg2), and inflammation (Tnf, Il1b). Statistical significance was determined using a t-test. Data are presented as mean ± SEM, with 
significance denoted as *P < .05, **P < .01, ***P < .001. 

Abbreviations: DMSO, dimethyl sulfoxide; H&E, hematoxylin and eosin; TBT, tributyltin.
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to controls (Fig. 4B–4D). This consistent increase suggests 
that the number of white adipocytes has increased in gWAT, 
consistent with our previous results (10). Beige adipocytes 
are typically found in the inguinal white adipose tissue 
(WAT); therefore, we assessed the expression of beige markers 
in inguinal WAT, together with FAB4 as a WAT control 
(Fig. 4E–4G). As was the case for gWAT, FABP4 expression in
creased, indicating that the number of white adipocytes was 
likely increased. However, beige-specific markers (Teme26, 
Cd40, Cd137) decreased in the TBT group, indicating that the 
development of beige adipocytes was likely to be impaired.

Lastly, analysis of brown adipose tissue from F1, F2, and F3 
animals (Fig. 4H–4J) demonstrated a sharp reduction in levels 
of mRNA encoding brown adipocyte markers (Ebf2, Pdk4, 
Zic1) in TBT-exposed offspring, while Fabp4 expression lev
els were low and remained unchanged. This indicates that 
TBT exposure adversely affects brown adipocyte gene expres
sion. Overall, our findings suggest that TBT exposure pro
motes increased WAT depot size, accompanied by a 
decrease in the size, number, and/or function of thermogenic 
beige and brown adipocytes.

Assessment of Glucose Tolerance and Insulin 
Sensitivity in TBT-exposed Offspring
Obesity is closely linked to the development of insulin resist
ance and type 2 diabetes. To evaluate potential glucose 

intolerance or insulin resistance in these animals, we con
ducted glucose tolerance tests and insulin tolerance tests. 
These well-established assays assess insulin receptor sensitiv
ity by monitoring changes in blood glucose levels before and 
after glucose or insulin administration. Our findings revealed 
no significant differences in glucose tolerance between the ve
hicle control (DMSO) or TBT offspring from F1 to F3 follow
ing glucose administration (Fig. 5A–5C). Despite optimizing 
the insulin dose in preliminary experiments, analysis of F1 
blood glucose data during the insulin tolerance test revealed 
that both DMSO and TBT F1 offspring maintained blood glu
cose levels at approximately 80% of fasting glucose levels 
after insulin administration (Fig. 5D). This indicated the 
need for further insulin dose optimization. Subsequently, 
we adjusted the insulin dose, standardizing it to an increase 
from 1 U/kg to 1.5 U/kg starting with the F2 animals. 
Administering 1.5 U/kg resulted in a considerable reduction 
in blood glucose levels after insulin administration (Fig. 5E
and 5F). The F2 and F3 TBT group offspring exhibited a 
weaker decrease in blood glucose levels after insulin admin
istration, suggesting insulin resistance (Fig. 5E and 5F). This 
observation was further supported by calculating the area 
under the curve, which demonstrated significantly reduced 
insulin sensitivity in both F2 and F3 males (Fig. 5E and 
5F). These findings aligned with our previous report of ele
vated blood insulin levels due to impaired insulin clearance 

A

B C D

E F G

H                                  I J

Figure 4. Impact of TBT in combination with different diets on marker gene expression in different adipose tissue types. (A) Venn diagram showing the 
overlap of differentially expressed genes in beige, brown, and white adipose tissues, identifying unique and shared gene sets between the groups. 
(B-D) qPCR analysis of WAT genes: Fabp4, Lpl, and Fsp27 in gWAT of F1, F2, and F3 offspring, respectively, comparing DMSO and TBT-exposed 
groups. (E-G) qPCR analysis of beige genes (Teme26, Cd40, Cd137) and the white gene Fabp4 in iWAT of F1, F2, and F3 offspring, respectively, 
comparing DMSO and TBT-exposed groups. (H-J) qPCR analysis of BAT genes (Ebf2, Pdk4, Zic1) and the white adipose gene Fabp4 in BAT of F1, F2, 
and F3 offspring, respectively, comparing DMSO and TBT-exposed groups. Data are expressed as mean ± SEM. Significant differences between 
DMSO and TBT groups are indicated (P < .05, P < .01, *P < .001). 

Abbreviations: BAT, brown adipose tissue; DMSO, dimethyl sulfoxide; gWAT, gonadal white adipose tissue; iWAT, inguinal white adipose tissue; TBT, 
tributyltin; WAT, white adipose tissue.
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in animals from a previous transgenerational experiment. 
Considering that F3 male mice exhibited decreased insulin 
sensitivity together with significant increases in body fat, it 
is plausible that insulin insensitivity may be associated 
with obesity in these animals. This may be due, in part, to 
decreased expression of insulin-degrading enzymes.

We next studied insulin clearance by measuring plasma in
sulin levels after either glucose or insulin injection. Glucose 
was injected to stimulate intrinsic insulin secretion, and the re
sults showed that elevated intrinsic insulin levels were de
tected at 15 minutes post-glucose injection (Fig. 5G–5I). The 
TBT group maintained significantly increased plasma insulin 
levels even after 120 minutes post-glucose injection 
(Fig. 5G–5I for F1, F2, F3 mice, respectively). Following the 
injection of recombinant insulin, we observed an increase in 
plasma insulin at 15 minutes postinjection, with the TBT ani
mals maintaining higher plasma insulin levels after 120 mi
nutes (Fig. 5J–5L for F1, F2, F3 offspring, respectively). 
These results suggest a decrease in insulin clearance of both in
trinsic and injected insulin, consistent with impaired expres
sion of insulin-degrading enzyme and reduced insulin 
clearance. Overall, the data showed that TBT-exposed ani
mals exhibited impaired insulin clearance after stimulation 
with either glucose or insulin.

Transgenerational Effects of TBT Exposure: Altered 
Expression of Metabolic Hormones and Cytokines in 
F3 Offspring
We examined the impact of ancestral TBT exposure on F3 off
spring, which were derived from F0 dams exposed to TBT 
throughout pregnancy and lactation. F1 animals were ex
posed to TBT in utero and while nursing. There was no subse
quent TBT exposure in the F2 or F3 generations. The serum 
samples were collected and analyzed using the Millipore 
multiplex kit to assess levels of various metabolic hormones 
and cytokines. These included ghrelin, GLP-1, glucagon, 
IL-6, TNF, leptin, insulin, and resistin (Fig. 6). Comparisons 
between the TBT-exposed and control groups revealed signifi
cant alterations in hormone and cytokine levels. Specifically, 
mice in the TBT group exhibited significantly decreased levels 
of ghrelin and glucagon compared to the control group 
(Fig. 6A and 6B). Levels of TNF, leptin, IL-6, insulin, and re
sistin were significantly increased in the TBT-exposed mice 
compared to controls (Fig. 6C–6G), whereas GLP-1 levels 
did not change significantly (Fig. 6H). These findings suggest 
that transgenerational TBT exposure may induce substantial 
changes in circulating levels of key metabolic hormones and 
cytokines, potentially contributing to metabolic dysregulation 
in the exposed offspring (Fig. 7). In contrast, there were no de
tectable changes in any of these hormones or cytokines in the 
female groups (Supplementary Fig. S4) (18).

Discussion
Our study delved into the transgenerational effects of TBT ex
posure on body fat accumulation and its interaction with a 
human-relevant diet, the TWD. We exposed pregnant F0 
dams to either DMSO vehicle or 50 nM TBT during preg
nancy and lactation and observed notable alterations in 
body fat levels in subsequent generations. Although we did 
not directly measure serum TBT concentrations in pregnant 
animals, prior studies demonstrate that TBT bioaccumulates 

in tissues and is transferred to offspring via the placenta and 
lactation (9). Male offspring exhibited significant increases 
in body fat upon exposure to a modestly increased fat diet 
(high-fat diet) in the TBT groups, while the DMSO vehicle 
group did not. These findings confirm and extend our earlier 
studies and underscore the persistent predisposition to in
creased body fat induced by F0 TBT exposure across multiple 
generations in repeated experiments. Moreover, we found 
that exposure to the TWD, which modeled the 50th percentile 
of US dietary macro- and micronutrient intake, substantially 
elevated body fat levels in both control and exposed groups, 
with TBT exposure exacerbating these effects. This indicates 
that a Western dietary pattern exacerbates the effects of ex
posure to obesogens such as TBT.

Leptin is a key hormone involved in appetite regulation and 
energy balance that plays a pivotal role in metabolic homeo
stasis (26). Our investigation into the impact of TBT exposure 
and dietary patterns on leptin levels and metabolic phenotypes 
revealed intriguing findings. While both DMSO and TBT 
groups exhibited markedly elevated plasma leptin levels fol
lowing exposure to the TWD, the TBT group displayed par
ticularly heightened leptin levels. These observations suggest 
a potential link among TBT exposure, dietary patterns, and al
terations in leptin signaling pathways. Despite the significant 
increase in leptin levels in TBT group animals, there were no 
corresponding differences in food intake between the 
DMSO and TBT groups. This reveals the complexity of leptin 
regulation in the context of obesogen exposure and that fur
ther exploration into the mechanisms underlying leptin resist
ance and its association with transgenerational obesogen 
exposure and dietary patterns will be important.

Leptin levels and fibrosis markers were significantly in
creased in TBT-exposed males, whereas no substantial 
changes were observed in females. This sex-specific effect is 
consistent with prior studies suggesting differential metabolic 
responses to endocrine disruptors. Although we did not dir
ectly assess insulin or leptin receptor expression, previous re
search indicates that TBT exposure can disrupt insulin 
signaling and leptin regulation, potentially contributing to 
the metabolic dysfunction observed in our study (8, 10). 
Further investigations are needed to determine the precise 
mechanisms by which TBT influences these pathways.

MASLD represents a significant health concern, with obesity 
serving as a primary risk factor for its development (27). Our 
investigation into the hepatic phenotypes revealed substantial 
alterations induced by TBT exposure and the TWD. TBT ex
posure exacerbated hepatic lipid accumulation, inflammation, 
and fibrosis, and this effect was elevated in response to the 
TWD. These findings demonstrate the combined effects of 
obesogen exposure and the Western dietary pattern on im
paired hepatic health and emphasize the importance of com
prehensive interventions targeting both factors in combatting 
MASLD and related metabolic disorders.

Histological examination of gWAT revealed that while TBT 
exposure and dietary patterns influenced adipocyte morph
ology in male mice, with significant increases observed in adi
pocyte size in response to the TWD, no discernible changes 
were noted in female mice. Additionally, quantitative analysis 
of fibrosis ranking revealed consistent trends across treatment 
groups, suggesting minimal fibrotic alterations in the gWAT 
sections. These findings show the sex-specific effects of TBT 
exposure and dietary interventions on adipose tissue morph
ology and fibrosis severity.
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Insulin resistance is typically coincident with obesity and 
metabolic dysregulation, with significant implications for 
the development of type 2 diabetes (29). Our evaluation of 
glucose tolerance and insulin sensitivity in TBT-exposed off
spring revealed that while no significant differences in 

glucose tolerance were observed between the DMSO and 
TBT offspring, alterations in insulin sensitivity were noted, 
particularly in response to TWD exposure. These results sup
port a potential link between TBT exposure, dietary pat
terns, and insulin resistance (30) and highlight the need for 

A B C

C E F

G H I

J K L

Figure 5. Assessment of insulin sensitivity and glucose tolerance in F1-F3 mice following TWD challenge. Prior to endpoint dissection, (A) F1, (B) F2, 
and (C) F3 animals underwent overnight fasting, followed by administration of 1.5 g of glucose/kg body mass to conduct the glucose tolerance test, with 
blood glucose levels measured over time. For the insulin tolerance test, (D) F1 received an injection of 1 U insulin/kg body weight, while (E) F2 and (F) F3 
received 1.5 U insulin/kg body weight. The area under the curve was computed and is depicted as mean ± SEM. Statistical significance was evaluated 
using t-tests. (G-I) Insulin levels measured at 0, 15, and 120 minutes following glucose injection in F1, F2, and F3 offspring, respectively. TBT-exposed 
mice showed significantly lower insulin levels at the 120-minute time point compared to DMSO controls in all generations (P < .05, P < .01). (J-L) Insulin 
levels measured at 0, 15, and 120 minutes following insulin injection in F1, F2, and F3 offspring, respectively. TBT-exposed mice exhibited significantly 
reduced insulin clearance at the 120-minute time point compared to DMSO controls, particularly in F1 and F2 offspring (P < .001, P < .01). Data are 
expressed as mean ± SEM, with significant differences between DMSO and TBT groups indicated. 

Abbreviations: DMSO, dimethyl sulfoxide; TWD, Total Western Diet.
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Figure 6. Impact of transgenerational TBT exposure on metabolic hormones and cytokines in F3 male offspring. Serum samples from F3 offspring 
were collected and analyzed using the Millipore multiplex kit to assess levels of metabolic hormones and cytokines, including (A) ghrelin, (B) glucagon, 
(C) TNF, (D) leptin, (E) IL-6, (F) insulin, (G) resistin, and (H) glucagon. Comparative analysis between the TBT-exposed group and the control group 
revealed significant alterations in hormone and cytokine levels. TBT-exposed mice exhibited significantly decreased levels of ghrelin and glucagon 
compared to controls (A, B), while TNF, leptin, IL-6, insulin, and resistin levels were notably increased in the TBT-exposed mice compared to controls 
(C-G). These findings suggest that transgenerational TBT exposure may induce substantial changes in the secretion of key metabolic hormones and 
cytokines, potentially contributing to metabolic dysregulation in the exposed offspring. Statistical significance was evaluated using t-tests. The data are 
depicted as mean ± SEM, with significance denoted as *P < .05, **P < .01. 

Abbreviation: TBT, tributyltin.

Figure 7. Comprehensive summary of transgenerational effects of TBT exposure on metabolic health across generations. 

Abbreviation: TBT, tributyltin.
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further investigation into the underlying mechanisms driving 
these metabolic alterations.

Our examination of metabolic hormones and cytokines in 
F3 offspring exposed to TBT revealed significant alterations, 
indicative of metabolic dysregulation (31). Specifically, the 
observed decrease in ghrelin and glucagon levels may reflect 
a disruption in hunger signaling and glucose homeostasis. 
Ghrelin is primarily known for its role in stimulating appetite 
and has been linked to energy balance and adiposity. Reduced 
ghrelin levels in TBT-exposed mice could suggest a shift in en
ergy regulation and/or energy storage (32, 33). Similarly, glu
cagon plays a crucial role in maintaining glucose levels by 
promoting gluconeogenesis and glycogenolysis (34); its de
creased levels might indicate impaired glucose mobilization, 
potentially leading to hypoglycemic states or altered glucose 
dynamics in these animals (35). Increased levels of TNF, lep
tin, IL-6, and insulin suggest a state of chronic low-grade in
flammation and insulin resistance (36). Elevated TNF and 
IL-6 are well-known markers of inflammation and have 
been implicated in the development of obesity-related insulin 
resistance (37). The rise in leptin levels, often associated with 
leptin resistance, further supports the notion of disrupted en
ergy homeostasis and adiposity regulation in TBT-exposed 
mice (38). The concomitant increase in insulin levels indicates 
a compensatory response to insulin resistance, which may pre
dispose these animals to metabolic disorders such as type 2 
diabetes (39). These findings highlight the transgenerational 
impact of TBT exposure on metabolic health and the intricate 
interplay between obesogen exposure, metabolic hormones, 
and cytokines in shaping metabolic phenotypes across gener
ations (40). Understanding these hormonal and cytokine alter
ations provides crucial insights into how environmental 
factors like TBT contribute to the metabolic dysfunction ob
served in descendants, potentially setting the stage for obesity 
and related diseases.

While we did not assess genital alterations (eg, imposex) in 
newborns in this study, previous research has shown that TBT 
can interfere with sexual differentiation and aromatase activ
ity, potentially affecting fat metabolism and reproductive de
velopment (41, 42). The extent to which these effects 
contribute to the metabolic differences observed in our study 
remains an open question and warrants further investigation. 
Sex steroid hormones play a critical role in metabolic regula
tion, and disruptions in steroidogenesis have been linked to 
obesity and metabolic dysfunction. While we did not observe 
significant differences in testosterone or estradiol levels before 
dietary intervention, prior studies suggest that TBT can inter
fere with steroidogenesis and aromatase activity, potentially 
modulating metabolic pathways (41, 42). These findings high
light the need for further investigation into whether sex ster
oid alterations contribute to the sex-specific metabolic 
effects observed in response to TBT exposure, particularly 
under dietary challenges. However, in our study, no differen
ces in fecundity were observed between groups, and the sex ra
tio of offspring remained unchanged, suggesting that TBT 
exposure did not overtly affect reproductive outcomes in 
our model. Given the established links between steroid hor
mones and metabolic health, future studies should examine 
whether TBT-induced metabolic effects are mediated, at least 
in part, through disruptions in sex hormone signaling.

The consistent absence of phenotypic changes in female 
offspring following TBT exposure could be attributed to sev
eral factors that differentiate male and female responses to 

environmental stressors. One possibility is the role of sex hor
mones, such as estrogen, which may provide a protective ef
fect against the obesogenic and metabolic disruptions 
observed in males (43). Estrogens have been shown to modu
late energy balance, glucose metabolism, and lipid storage, 
potentially buffering females from the effects of endocrine 
disruptors like TBT (43). Additionally, sex-specific differen
ces in gene expression and epigenetic regulation may contrib
ute to the observed discrepancy (44). For instance, females 
may activate compensatory mechanisms that mitigate the im
pact of TBT on metabolic pathways, which are not as robust 
in males (45). The timing and dosage of exposure, as well as 
differences in the metabolism of TBT between sexes, could in
fluence the degree of susceptibility to obesogenic effects (46). 
Lastly, variations in the distribution and function of adipose 
tissues between males and females might also play a role, as 
females tend to store fat subcutaneously, which is less meta
bolically active than visceral fat typically accumulated by 
males (47). These factors, alone or in combination, might 
underlie the lack of observable phenotypic changes in female 
offspring within the context of this study.

In summary, our study provides compelling evidence that 
exposure of pregnant F0 dams to TBT has lasting and pro
found transgenerational effects on metabolic health and sus
ceptibility to diet-induced metabolic disturbances. We 
demonstrated that TBT exposure leads to significant altera
tions in metabolic hormone and cytokine levels, resulting in 
disrupted energy balance, increased adiposity, and markers 
of chronic inflammation and insulin resistance across multiple 
generations. This was accompanied by increased hepatic lipid 
storage and fibrosis together with WAT inflammation in 
males of F1-F3 generations. These findings are particularly 
concerning given the widespread presence of metabolism dis
ruptors such as TBT in the environment, highlighting their po
tential role in the global obesity pandemic and related 
metabolic disorders. By elucidating the specific metabolic 
pathways impacted by TBT, our research advances the under
standing of how environmental factors contribute to metabol
ic dysfunction and emphasizes the urgent need for strategies to 
mitigate these effects and protect future generations from the 
burden of metabolism disrupting agent-induced metabolic 
diseases.
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