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Abstract
Engineered nanomaterials (ENM) are capable of crossing the placental barrier and accumulating in fetal tissue. Specifi-
cally, the ENM nano-titanium dioxide (nano-TiO2), has been shown to accumulate in placental and fetal tissue, resulting in 
decreased birthweight in pups. Additionally, nano-TiO2 is an established cardiac toxicant and regulator of glucose homeo-
stasis, and exposure in utero may lead to serious maladaptive responses in cardiac development and overall metabolism. 
The current study examines weight gain and cardiac function in male and female Sprague–Dawley rats exposed to 12 mg/m3 
nano-TiO2 or filtered air for 6 non-consecutive days in utero between gestational days 12–19. These animals were randomly 
assigned to receive a grain-based or high-fat diet (60%) between postnatal weeks 12–24 to examine the propensity for weight 
gain and cardiac response as adults. Our results show a sexually dimorphic response to weight gain with male rats gaining 
more weight after high-fat diet following in utero nano-TiO2 exposure, and female rats gaining less weight on the high-fat diet 
respective of exposure. Male rats exposed to nano-TiO2 in utero had reduced ejection fraction prior to diet when compared to 
air controls. Female rats subjected to in utero nano-TiO2 exposure showed a significant decrease in cardiac output following 
12 weeks of high-fat diet. Development of cardiovascular impairments and ultimately cardiac dysfunction and disease fol-
lowing in utero exposures highlights the need for occupational and environmental monitoring of nanoparticulate exposure.
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Introduction

Critical windows during fetal development, such as organo-
genesis, are highly susceptible to environmental insults that 
can lead to failed organ development, teratogenesis, or even 
death. A properly functioning mammalian placenta serves 
a protective barrier during gestation as it selectively allows 
certain nutrients and other molecules to pass between mater-
nal and fetal circulation, while impeding other molecules, 
toxicants, or pathogens from entering the fetal circulation. 
However, in the case of improper placentation or placen-
tal damage, harmful elements from the maternal circula-
tion may impinge upon fetal development. Engineered 

nanomaterials (ENM) are one such toxicant that have been 
shown to cross the placenta and into the fetus. Multiwall 
carbon nanotubes [1, 2], fullerenes [3], and nano-titanium 
dioxide (nano-TiO2) [4, 5] have all been shown to accumu-
late in fetal tissues. Nano-TiO2 is used across a wide range of 
commercial applications from a food colorant to ultraviolet 
light protection in cosmetics [6, 7]. Due to the accelerated 
use and ubiquitous nature of nano-TiO2 exposure, reproduc-
tive studies on the impacts of ENM during gestation are 
critical for determining risks toward fetomaternal health and 
regulatory or clinical guidelines.

Gestational nano-TiO2 exposure has been shown to 
alter maternal gut microbiota [8], neonatal body weight 
[9], neonatal pulmonary development [10], and fetal-to-
young adult cardiac function [11] in rodents. Nano-TiO2 
accumulates in human and rodent cardiac tissue [12–14], 
and nano-TiO2 particles are internalized by rat cardiomyo-
blasts in vitro, impacting cell viability, proliferation, and 
mitochondrial function [15]. Oral nano-TiO2 exposure 
reduces levels of cellular cytochrome C (Cyt-C), increases 
apoptosis and collagen depositions in rat cardiac tissue 
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[16]. Furthermore, chronic nano-TiO2 exposure decreases 
systolic and diastolic blood pressure in rats, with onset 
of cardiac changes appearing earlier in female rats when 
compared to males [17].

Following phagocytosis, nano-TiO2 particles can bind 
to the mitochondrial membrane, disrupting the electron 
transport chain and generating oxides within the cell 
[18]. Prolonged permeabilization of the mitochondrial 
membrane activates cellular apoptotic and necrotic path-
ways, ultimately leading to cell death [19]. In addition to 
the induction of oxidant production, nano-TiO2 severely 
inhibits the activity of several antioxidant enzymes such as 
superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GSH-Px), and glutathione (GSH) [20]. While 
most commonly studied for damaging effects to the liver, 
nano-TiO2 is a ubiquitous toxicant that has been shown to 
cause damage in the heart, brain, kidneys, and reproduc-
tive systems [21].

Although gestational nano-TiO2 exposure is known to 
cross into the fetoplacental unit [22] and exert toxic effects 
on the heart [11], brain [23], liver [24], and transcriptome 
[25] of the progeny, adult health deficits resulting from 
in utero exposure have only been studied sparingly. It has 
been shown in a rat model that in utero ENM exposure 
may lead to the development of coronary artery disease 
and morphological changes in the heart independent of 
inflammatory and lipidomic changes [26]. Given the sub-
stantial impact of placental function on the fetal heart and 
development of congenital heart defects [27], the current 
study seeks to ascertain lasting cardiac and metabolic 
effects of in utero nano-TiO2 exposure, in combination 

with a high-fat diet, which serves as a second insult in 
adulthood (Table 1).

Materials and Methods

Animal Model

Female, Sprague–Dawley (SD rats) were purchased from 
Hilltop Laboratories (Scottdale, PA), and housed in an 
Assessment and Accreditation of Laboratory Animal Care 
(AAALAC) approved facility at West Virginia Univer-
sity (WVU) under a regulated temperature and 12:12 h 
light–dark cycle. Rats (n = 6 per group) were randomly 
assigned to sham-control or nano-TiO2 exposure groups and 
acclimated for 48–72-h before mating. Rats had ad libitum 
access to food and water throughout the acclimation period. 
Vaginal smears were used to confirm estrus prior to pair-
ing, and pregnancy was confirmed via presence of a seminal 
plug. To increase the likelihood of viable progeny, preg-
nant rats were exposed to nano-TiO2 aerosols as described 
below after implantation on gestational day 10 (GD 10), 
as prior indications of inhalation exposure results in near 
to total loss of pregnancy [22]. Weights of pregnant dams 
were recorded weekly. Dams were allowed to deliver pups 
naturally, and dam characteristics can be found in Table 2. 
Pups were housed with dams postnatally and weaned based 
on sex on postnatal day 21. Weight-matched pups from 
typical litters were selected for subsequent analysis. Litters 
of < 5 were omitted as atypical as offspring are significantly 
larger. A total of 32 (n = 8 per group) animals were selected 
and divided evenly into the 4 filtered air groups, while 48 
animals (n = 12 per group) were divided evenly among the 
nano-TiO2 exposed group. At 12 weeks of age animals 
were randomly assigned respective groups were placed 
on high-fat diets (Fig. 1). Animal received either a grain-
based diet (T2918, Teklad INC ®), or the D12492 rodent 
diet with 60 kcal% fat (high-fat diet/HFD; Research Diets 
INC ®; Table 1). Complete formulations including micro-
nutrient vales can be found in Supplemental Table 1. The 
HFD was refreshed every 2–3 days to limit oxidation and 
prevent spoiling. Animals continued to be weighed weekly 
for 8 weeks; at which time a subsequent echocardiographic 
assessment were conducted at 20 weeks of age. Animals 

Table 1   Macronutrient compositions of dietary conditions used in 
study

Values expressed as percent of total composition for diets

Grain-Based Diet High-Fat Diet

Cat. number 2918 D12492
Protein 18.40% 26.20%
Fiber 3.80% 6.50%
Carbohydrates 44.20% 25.60%
Fat 6% 34.90%

Table 2   Maternal Litter 
characteristics for each exposure 
condition

Data provided as mean ± standard error

Dam Characteristics

Exposure Number of Litters 
(N)

Weight (g)
GD Day 19

Litter size Sex ratio
Male: Female

Sham-Control 5 333 ± 16.71 10 ± 1.04 0.440.55 ± 0.06
Nano-TiO2 Exposed 6 319 ± 15.09 13 ± 1.34 0.46:0.53 ± 0.04
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continued on the diet for four additional weeks before final 
weights were taken and animals were euthanized. All pro-
cedures were approved by the Institutional Animal Care and 
Use Committee of West Virginia University.

Engineered Nanomaterial

Nano-TiO2 powder was obtained from Evonik (Aeroxide 
TiO2, Parsippany, NJ). It is a mixture composed of anatase 
(80%) and rutile (20%) TiO2. Particle characteristics have 
been determined including the primary particle size (21 nm), 
the specific surface area (48.08 m/g), and the Zeta potential 
(− 56.6 mV) [7].

Aerosol size distributions were determined in the expo-
sure chamber while the target mass concentration was being 
maintained at 12 ± 0.13 mg/m3 with: (1) a high-resolution 
electrical low-pressure impactor (ELPI + ; Dekati, Tam-
pere, Finland), (2) a scanning particle mobility sizer (SMPS 
3938; TSI Inc., St. Paul, MN), and (3) an aerodynamic par-
ticle sizer (APS 3321; TSI Inc., St. Paul, MN), and a Nano 

Micro-Orifice Uniform Deposit Impactor (MOUDI 115R, 
MSP Corp, Shoreview, MN).

Inhalation Exposure

Nano-TiO2 aerosols were generated using a high-pressure 
acoustical generator (HPAG, IEStechno, Morgantown, WV). 
The output of the generator was fed into a Venturi pump 
(JS-60 M, Vaccon, Medway, MA) which further de-agglom-
erated the particles. The nano-TiO2 aerosol/air mix then 
entered the whole-body exposure chamber. A personal Data-
RAM (pDR-1500; Thermo Environmental Instruments Inc., 
Franklin, MA) was utilized to sample the exposure chamber 
air to determine the aerosol mass concentration in real-time. 
Feedback loops within the software automatically adjusted 
the acoustic energy to maintain a stable mass concentra-
tion during the exposure. Gravimetric measurements were 
conducted on Teflon filters concurrently with the DataRAM 
measurements to obtain a calibration factor. The gravimetric 
measurements were also conducted during each exposure to 
calculate the mass concentration measurements reported in 

Fig. 1   Schematic detailing the study timeline of in utero exposures, dietary treatments, and cardiac and metabolic endpoints
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the study. Bedding material soaked with water was used in 
the exposure chamber to maintain humidity (30–70%) dur-
ing exposures. Sham-control animals were exposed to HEPA 
filtered air only (25 mL/min) with similar temperature and 
humidity chamber conditions.

Inhalation exposures in F0 dams lasted for 6 non-con-
secutive days after GD 10 to decrease animal stress and 
problems with implantation. Exposures began on GD 12 
and lasted until GD19. The pregnant rats were exposed to 
an average target concentration of 12 mg/m3. While trace 
amounts of TiO2 may be ingested with grooming following 
exposures, there was no direct exposure of TiO2 to the off-
spring after birth for the duration of the study. This concen-
tration of 12 mg/m3 was chosen to match our previous late 
gestation inhalation exposure studies [14, 15]. To estimate 
lung dose with nano-TiO2 aerosols [13] we used the equa-
tion: D = F⋅V⋅C⋅T, where F is the deposition fraction (10%), 
V is the minute ventilation (208.3 cc), C equals the mass 
concentration (mg/m3), and T equals the exposure duration 
(minutes) [67]. This exposure paradigm (12 mg/m3, 6 h/
exposure, 6 days) produced an estimated target lung dose 
of 525 ± 16 µg with the last exposure conducted 24 h prior 
to sacrifice and experimentation. These calculations repre-
sent total lung deposition and do not account for clearance 
(MPPD Software v 2.11, Arlington, VA).

Echocardiography M‑Mode, and Doppler Imaging

At 20 weeks of age, the F1 Sprague–Dawley offspring of the 
F0 dams exposed to nano-TiO2 or filtered air were taken for 
echocardiography. Prior to imaging, animals were anesthe-
tized via isoflurane (2.5–3%) adjusted to maintain a steady 
heartrate, and a depilatory cream was used to remove excess 
hair from the chest. Ultrasound images were taken using the 
Vevo F2 Imaging System (Visual Sonics, Toronto, Canada). 
Briefly, M-mode measurements were taken along the short-
axis plane to determine the LV thickness (interventricular 
septal, inner, and posterior wall) were conducted on adja-
cent end-systolic and end-diastolic peaks in relation to LV 
trace analysis. All ultrasound procedures were carried out 
by one imaging specialist, taken at a frame rate of 109–284 
frames/s. M-mode and Doppler echocardiography were 
examined using averaged values from at least three replicate 
analyses from each animal. All measures were completed by 
one analyst blinded to exposure groups.

Tissue Collection

At the conclusion of the study, animals were anesthetized via 
isoflurane (5%) and euthanized via exsanguination. Cardiac 
tissue was then immediately removed and rinsed in ice-cold 
phosphate buffered saline to remove excess blood before 
being processed for mitochondrial extraction. Other organs 

were excised, weighed, and flash-frozen for independent 
studies.

Mitochondrial Function Assays

ETC Complex activities (I, II, III, IV, and V) were measured 
in hearts of adult offspring as previously described [28]. Left 
and right ventricular tissue was homogenized using the Pol-
ytron PowerGen 500 S1 tissue homogenizer (Fisher Scien-
tific, Hampton, NH) in NP-40 buffer (20 mM Tris, 137 mM 
NaCl, 10% Glycerol, 1% Triton × 100, 2 mM EDTA) [29]. 
Samples were centrifuged for 10 min at 10 000 xg (4 °C) 
and the supernatant was used for the activity assays. The 
protein homogenates were used to measure activities of ETC 
complexes I, II, III, IV, and V (ATP synthase). ETC com-
plex I and III activities were determined by measuring the 
reduction of decylubiquinone (I) and cytochrome c (III) in 
cardiac protein lysate of adult offspring. ETC complex II 
activity was measured using the reduction of dichlorophe-
nolindophenol. ETC complex IV activity was determined 
by measuring the oxidation of reduced cytochrome c, while 
complex V activity was determined by measuring oligomy-
cin-sensitive ATPase activity through pyruvate kinase and 
phosphoenolpyruvate in cardiac protein lysate of adult off-
spring. The Molecular Devices Flex Station 3 Multi-Mode 
microplate reader (Sunnyvale, CA) was used to measure all 
assays spectrophotometrically. Protein content was normal-
ized using the Bradford method, with bovine serum albu-
min protein assay standards. Final values were expressed 
as Unit/nanogram (I-IV) or milligram (V) of protein, where 
Unit = nanomoles of substrate oxidized (minute − 1).

Statistical Analysis

Weight gain was analyzed using two-way analysis of vari-
ance (ANOVA) with repeated measures. All other physi-
ological characteristics were assessed by two-way mixed-
effects ANOVA. If statistical significance occurred, then a 
Tukey post hoc test was used for all ANOVA analysis. All 
data are reported as mean ± SEM, unless otherwise stated. 
Significance was set at p ≤ 0.05. All data was analyzed in 
GraphPad Prism 10.

Results

Animal Weights

Animals were weighed weekly starting at 6 weeks of age 
to measure changes in weight gain. At 6 weeks of age, both 
males (106 ± 1.8) and females (94 ± 2.9) receiving in utero 
exposure to nan-TiO2 weighed significantly less than filtered 
air controls (137 ± 3.2: 116 ± 1.4, respectively (Fig. 2A). 
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Males maintained on the GBD grew to 506 ± 16.0 g in the 
air control and 492 ± 8.0 g in the nano-TiO2 group. Males 
given the HFD showed significant increases in weight gain 
to 645 ± 18.9 g in the air control, and 544 ± 10.2 g in the 
nano-TiO2 exposed group. Females on the GBD grew to 
295 ± 3.2 g in the air control and 268 ± 3.6 g in the nano-
TiO2 exposed group. Females on the HFD also showed sig-
nificant increases in growth, weighing 342 ± 7.3 g in the 
air control and 338 ± 8.2 g in the nano-TiO2 exposed group 
(Fig. 2B).

Heart Function

Echocardiography was performed at 20 weeks of age, fol-
lowing 8 weeks on respective diets. F1 females presented 
with higher heartrate across all exposure groups when com-
pared to males counterparts (Fig. 3A). F1 males receiving 
in utero exposure to nano-TiO2 presented with higher over-
all heartrate compared to filtered air controls, with no sig-
nificant difference by diet. Female exposed to nano-TiO2 in 

utero presented with significant decreases in cardiac output 
and stroke volume compared to filtered air control females 
(Fig. 3B, C). Additionally, F1 exposed females has signifi-
cantly decreased diastolic diameter and volume when com-
pared to filtered air controls. Both sexes showed significant 
changes in left ventricular posterior wall (LVPW) thickness 
during diastole due to diet. Data from both sexes are sum-
marized in Table 3.

Mitochondrial Function

Heart tissue homogenate was used to isolate cardiac mito-
chondrial fractions from each group. Males receiving the 
grain-based diet showed a significant reduction in Complex I 
activity due to in utero nano-TiO2 exposure compared to fil-
tered air controls. In contrast, females exhibited a significant 
increase in Complex I activity as a result of exposure in both 
dietary groups. Additionally, HFD females had significantly 
increased Complex I activity compared to the grain-based 
diet group among filtered air in utero exposure (Fig. 4A). 

Fig. 2   A Baseline animal weights at 6  weeks of age between expo-
sures. B Animal weights at 24 weeks of age. C, D Cumulative weight 
gain over the course of the study for male and female animals, respec-

tively. Asterisks show significance (p < 0.05) by 2-Way ANOVA (A 
and B, or by 2-way repeated measures ANOVA (C and D)
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Males in the nano-TiO2 grain-based diet group had a sig-
nificant reduction in Complex II activity, with no significant 
changes in Complex II activity observed in males on the 
HFD or females across all groups (Fig. 4B). Males in the 
nano-TiO2 HFD group had significantly increased Complex 
III activity compared to filtered air controls on the same 
diet. No significant changes were observed in Complex III 
activity in males on the grain-based diet or female animals 
between all groups (Fig. 4C). Filtered air HFD males showed 
a significant reduction in Complex IV activity when com-
pared to grain-based diet controls, a similar although non-
significant reduction was also observed in nano-TiO2 males 
(Fig. 4D). There was no observed change in Complex IV 
activity in females between all groups (Fig. 4D). Male ani-
mals showed no difference in Complex V activity between 
all groups, while there was a trend for reduced Complex V 
activity in nano-TiO2 grain-based diet females compared to 
filtered air controls (p = 0.076).

Discussion

Similar to previous studies [22, 30], in utero nano-TiO2 
exposure resulted in decreased pup weight that persisted 
6 weeks after birth. Risks for low birth weight following 
maternal inhalation of air pollution and specifically partic-
ulate matter are well documented [31–33]. Recent studies 
characterizing impacts of specific elements of airborne fine 

particulate matter found increases in titanium (Ti) within 
particulate matter to be associated with a 12% increased risk 
of low birth weight [34]. The present study found a sexually 
dimorphic response to weight gain between animals exposed 
to nano-TiO2 in utero. Exposed males gained significantly 
less weight on a HFD compared to air controls, whereas 
exposure did not significantly affect cumulative weight gain 
in females. Though it has been reported that intraperitoneal 
injection of nano-TiO2 may cause loss of appetite in mice 
[35], it is unclear to what extent the in utero exposure may 
alter nutritional regulation into adulthood. Given that both 
sexes receiving nano-TiO2 exposure in utero had persistently 
lower body weight throughout sexual maturity (Fig. 2A), it 
seems unlikely the sex-specific response to HFD was com-
pensatory from a nutritional standpoint, and more likely 
driven by differences in endocrine or neural signaling. The 
current study utilized a commercially available dietary for-
mulation for our HFD groups. Differences in macronutrient 
and micronutrient diversity between the two groups may 
have significant metabolic impacts. Though the described 
study lacked the statistical number necessary to incorporate 
an ingredient-matched control group, future studies may 
benefit from exploring more refined metabolic adjustment of 
in utero exposed offspring during development. Previously, 
our laboratory has shown endocrine disruption, specifically 
estradiol, in directly exposed dams and F1 female offspring 
during gestation [30]. Additionally, in utero exposure also 
results in significant impairment in cognitive behaviors in 

Fig. 3   Echocardiography of 
F1 male and female hearts at 
20 weeks of age after 8 weeks 
of diet treatment. A Heart rate. 
B Cardiac output C Stroke 
volume, D Ejection fraction. 
Asterisks show significance 
(p < 0.05) by 2-Way ANOVA
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adult F1 males [23]. Taken together, these studies show 
sexually dimorphic endocrine and neuronal responses of 
rats into adulthood and may contribute to the differences 
in weight gain between males and females observed herein.

Obesity is a known risk factor for the development of car-
diovascular disease (CVD; [36]). Given the low birthweight 
previously seen due to ENM exposure [37], along with the 
persistent low post pubertal weight in exposed offspring and 
weight gain observed in this study, we investigated potential 

deficits in cardiac function. Echocardiographic assessment 
found few differences in overall heart function for males 
following 8 weeks of HFD. Females showed more robust 
alterations in cardiac function, where in utero nano-TiO2 
exposed rats presented with significantly lower cardiac out-
put than both in utero exposed animals on grain-based diet 
and filtered air controls on HFD. CVD remains the leading 
cause of mortality for both men and women in the United 
States and worldwide [38]. Despite similar rates in overall 

Table 3   Cardiac parameters by echocardiography taken at 20 weeks of age

Asterisks show significance (p < 0.05) by 2-Way ANOVA

Male Female

Parameter Source of Vari-
ation

% of total vari-
ation

P value Summary Source of Vari-
ation

% of total vari-
ation

P value Summary

Heart rate Interaction 0.1345 0.8541 ns Interaction 9.899 0.1868 ns
Exposure 25.42 0.0191 * Exposure 0.3457 0.8002 ns
Diet 0.3221 0.7762 ns Diet 0.1163 0.8832 ns

Diameter;Systole Interaction 1.308 0.6025 ns Interaction 1.419 0.6014 ns
Exposure 10.33 0.1531 ns Exposure 14.47 0.1073 ns
Diet 0.2695 0.8126 ns Diet 0.02518 0.9443 ns

Diameter;Diastole Interaction 0.000008085 0.999 ns Interaction 25.11 0.0214 *
Exposure 8.028 0.2132 ns Exposure 9.761 0.1325 ns
Diet 0.04192 0.9268 ns Diet 4.297 0.3092 ns

Volume;Systole Interaction 0.9174 0.6674 ns Interaction 0.8814 0.6853 ns
Exposure 6.893 0.2463 ns Exposure 11.61 0.1529 ns
Diet 1.235 0.6184 ns Diet 0.1758 0.8561 ns

Volume;Diastole Interaction 0.02018 0.9496 ns Interaction 23.58 0.0287 *
Exposure 6.506 0.264 ns Exposure 8.566 0.168 ns
Diet 0.3266 0.7993 ns Diet 2.367 0.4594 ns

Stroke Volume Interaction 0.2793 0.8158 ns Interaction 29.2 0.0141 *
Exposure 4.547 0.3524 ns Exposure 6.059 0.23 ns
Diet 0.003658 0.9787 ns Diet 2.816 0.4078 ns

Ejection Fraction Interaction 10.07 0.1565 ns Interaction 6.617 0.2623 ns
Exposure 5.865 0.2739 ns Exposure 6.555 0.2645 ns
Diet 0.7323 0.6947 ns Diet 0.8344 0.6857 ns

Cardiac Output Interaction 0.483 0.7471 ns Interaction 32.89 0.0082 **
Exposure 13.51 0.0996 ns Exposure 5.933 0.2212 ns
Diet 0.003228 0.9789 ns Diet 3.483 0.3442 ns

LVAW; Systole Interaction 0.8895 0.6753 ns Interaction 4.881 0.3569 ns
Exposure 4.925 0.3293 ns Exposure 1.59 0.5959 ns
Diet 1.314 0.611 ns Diet 0.007306 0.9712 ns

LVAW; Diastole Interaction 0.06277 0.9113 ns Interaction 3.791 0.3369 ns
Exposure 4.178 0.3685 ns Exposure 12 0.0966 ns
Diet 1.924 0.5393 ns Diet 22.53 0.0276 *

LVPW; Systole Interaction 5.436 0.2499 ns Interaction 1.916 0.493 ns
Exposure 0.04973 0.9108 ns Exposure 19.21 0.0404 *
Diet 22.22 0.0268 * Diet 11.2 0.1086 ns

LVPW; Diastole Interaction 1.545 0.5144 ns Interaction 0.6001 0.7086 ns
Exposure 0.7396 0.651 ns Exposure 10.4 0.1321 ns
Diet 32.23 0.0068 ** Diet 20.71 0.0393 *
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mortality, the prevalence of CVD is higher in males, with 
an earlier onset. Men and women share several common 
risk factors for CVD, including diabetes, hypertension, and 
smoking, while there are several female-specific risk factors 
such as menopause, polycystic ovary syndrome, and adverse 
pregnancy outcomes [39]. The reduced cardiac output in 
the female HFD animals receiving the in utero nano-TiO2 
exposure was of particular interest given the accompanying 
mitochondrial changes. Given these data, further investiga-
tion into cardiac stress and the role of endocrine signaling 
for cardioprotective effects may be insightful. This current 

study utilized a relatively short timeframe to examine car-
diovascular changes, where future research may benefit 
from more long-term analysis of the development of cardiac 
dysfunction.

Male cardiac mitochondria had decreased function 
in complexes 1–4 across the exposure and dietary condi-
tions when compared to air controls on the grain-based 
diet. Female cardiac mitochondria exhibited a pronounced 
exposure-driven increase in Complex I (NADH: ubiqui-
none oxidoreductase) activity. Complex I has high capacity 
for the generation of reactive oxygen species (ROS; [40]), 

Fig. 4   Cardiac mitochondrial function assessment across all complexes. Asterisks show significance (p < 0.05) by 2-Way ANOVA
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being able to produce both superoxide (predominantly) as 
well as hydrogen peroxide [41]. Previous reports on rats 
exposed to nano-TiO2 in utero showed that young adult rats 
(6–12 weeks) presented with decreased Complex I activity 
[11]. Mitochondria in female ventricular cardiomyocytes 
have been shown to exhibit higher incorporation of subunits 
into supercomplexes, limiting mito-ROS production when 
compared to males [42]. At the onset of exposure (GD 10), 
fetal cardiac myocytes are considered “very immature,” 
gradually increasing in complexity and metabolic capability. 
The metabolic shift from glycolysis (predominantly oxida-
tive phosphorylation) does not fully transition until approxi-
mately 3 weeks postnatally [43]. One potential explanation 
for functional differences in mitochondrial activity is car-
diac distribution. Male cardiac mitochondria in mice have 
been reported to be both moderately less abundant, as well 
as morphologically impaired (fragmented, shorter in size) 
when compared to matched female cardiac mitochondria 
[44]. The standardization methods for the mitochondrial 
activity assays may be unable to account for these sex dif-
ferences. The potential effects of nano-TiO2 to produce ROS-
driven mitochondrial dysfunction in fetal cardiomyocytes 

remains understudied, and lasting effects on mitochondria 
of adult cardiomyocytes also needs to be studied further for 
impacts on cardiac health.

Altogether, data collected within this study present clear 
sexually dimorphic responses in offspring weight gain and 
cardiac function due to in utero exposure and/or dietary 
treatment in adulthood. Female rats had significant expo-
sure-driven increases in mitochondrial Complex I activity, 
and F1 female rats receiving nano-TiO2 and HFD had sig-
nificantly reduced cardiac output (Fig. 5). In contrast, male 
rats showed reduced weight gain on the HFD, independ-
ent of changes in cardiac function. Future studies should 
investigate the underlying mechanism(s) conferring these 
sexually dimorphic changes, including endocrine disruption, 
epigenetic modifications, and changes in orexigenic and ano-
rexigenic neural populations.
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