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ABSTRACT

Over the past decade, engineered nanomaterials (ENMs) have
garnered great attention for their potentially beneficial applica-
tions in medicine, industry, and consumer products due to their
advantageous physicochemical properties and inherent size.
However, studies have shown that these sophisticated molecules
can initiate toxicity at the subcellular, cellular, and/or tissue/
organ level in diverse experimental models. Investigators have
also demonstrated that, upon exposure to ENMs, the physico-
chemical properties that are exploited for public benefit may
mediate adverse endocrine-disrupting effects on several end-
points of mammalian reproductive physiology (e.g., steroido-
genesis, spermatogenesis, pregnancy). Elucidating these complex
interactions within reproductive cells and tissues will signifi-
cantly advance our understanding of ENMs as an emerging class
of novel endocrine disruptors and reproductive toxicants.
Herein we reviewed the recent developments in reproductive
nanotoxicology and identified the gaps in our knowledge that
may serve as future research directions to foster continued
advancement in this evolving field of study.

endocrine disruptors, engineered nanomaterials, nanotoxicology,
reproduction, steroidogenesis

INTRODUCTION

In recent years, the emerging advancement of nanotechnol-
ogies for potential therapeutic and consumer benefit has
elevated concern regarding the possible toxicological conse-
quences of such molecules in biological systems and the
environment [1–3], both with respect to physiologic effects
generally and reproductive function and fertility in particular
[4]. Nanotechnology, as defined by the United States
Nanotechnology Initiative, is ‘‘the understanding and control
of matter at dimensions of roughly 1–100 nanometers, where
unique phenomena enable novel applications’’ [5]. Intriguing-
ly, it has been estimated that nanotechnology may exceed the

impact of the Industrial Revolution and is projected to become
a $1 trillion market by the year 2015 [6]. Engineered
nanomaterials (ENMs) such as quantum dots (QDs), den-
drimers, silica, carbon nanotubes and fullerenes, oxides (e.g.,
titanium dioxide, iron oxide), metals (e.g., gold, silver, and
aluminum), and liposomes have been exploited and utilized for
their unique physicochemical properties (e.g., enhanced surface
area, surface reactivity and functionalization, solubility, shape,
and aggregative potential) due to their inherent size [7]. Note
that this is not an exhaustive list; ENMs come in vastly
different sizes, shapes, and compositions (Fig. 1). Size-related
properties (i.e., surface area and size distribution), chemical
composition (i.e., purity, crystallinity, electronic properties),
surface structure (i.e., surface reactivity, surface groups,
inorganic/organic conjugates, morphology), solubility, shape,
and aggregative potential have been exploited for consumer
products, such as sporting goods, tires, stain-resistant clothing,
sunscreens, cosmetics, and electronics [8, 9]. Gold nanoparti-
cles (GNPs) have also been investigated for many beneficial
applications that include novel uses in targeted drug delivery
[10], electronics [11], bioimaging [12], and industry [13, 14].
For example, CYT-6091, a novel nanomedicine composed of
recombinant human tumor necrosis factor alpha conjugated to
27-nm GNPs, has shown promise in targeting malignant
tumors in vivo and has exhibited less toxicity than recombinant
human tumor necrosis factor alpha alone [10]. However, other
studies have shown that in vivo exposure to GNPs can induce
pulmonary toxicity [15], neurotoxicity [16], cardiotoxicity
[17], nephrotoxicity [18], and hepatotoxicity [19] in rodents.
Hence, exposure to ENMs may yield health effects that justify
the current public health concern. The elevated current and
future uses of ENMs augment the potential risk for
environmental and occupational exposures to ENMs that might
ultimately cause detrimental health effects to workers and the
general population. With that said, it is reasonable to postulate
that the same aforementioned physicochemical properties that
are exploited for medical and consumer applications may
indeed be the initiators of unforeseen toxicological effects that
result in harmful cytotoxicity, which upon biodistribution and
cell entry [20, 21], could ultimately alter gene [22] and protein
[23] expression; induce cellular states of oxidative stress,
inflammation, and cell death [24, 25]; and/or modulate enzyme
activity [26]. Such evidence suggests that the potentially
deleterious consequences of ENM exposure include disruption
of complex biochemical and physiologic processes involved in
mammalian reproduction (e.g., gonadal steroidogenesis). The
purposes of this minireview were (1) to briefly explore our
current understanding of the possible health effects of ENM
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exposure on mammalian reproductive physiology; (2) to gain
an appreciation for the potential safety risks associated with the
consumer and therapeutic medical applications of ENMs, and;
(3) to highlight future research directions that will enhance our
understanding of the potential impacts of ENMs on the
mammalian reproductive system.

GONADAL STEROIDOGENESIS: AN EMERGING
TARGET OF ENGINEERED NANOMATERIALS

Brief Overview of Steroidogenesis

Steroid biosynthesis is a biochemical pathway that is critical
to gonadal (i.e., ovarian [theca and granulosa cell] and
testicular [Leydig and Sertoli cell]) function [27, 28]. Herein,
we will briefly review the steps of steroidogenesis prior to our
discussion of ENMs as potential endocrine disruptors (Fig. 2).
The molecular precursor for steroid biosynthesis is cholesterol.
Cholesterol arrives at the gonad via low-density lipoproteins in
the blood stream [27]. Upon binding of the cholesterol to low-
density lipoprotein receptors, the resultant complexes are
internalized and hydrolyzed via lysosomes that release
cholesterol for steroid biosynthesis [29]. This is the predom-
inant mechanism of cellular cholesterol acquisition, in addition
to liberation of cholesterol from intracellular lipid droplets; de
novo local synthesis of cholesterol occurs but does not serve as
a major contributing source in vivo [30]. In order to be used as
a substrate for steroid biosynthesis, cholesterol must translocate
from the thecal or Leydig cytosol into the mitochondria via the
steroidogenic acute regulatory (STAR) protein of the outer
mitochondrial membrane [31]. STAR acts to transport
cholesterol from the thecal or Leydig outer mitochondrial
membrane to the inner mitochondrial membrane. Hence,
STAR’s action is the rate-limiting step in acute steroid
biosynthesis. Additionally, recent evidence has shown that
STAR’s action requires the presence and coordination of the
peripheral-type benzodiazepine receptor/translocator protein
(PBR/TSPO); thus, the cooperative action of several proteins
may be necessary for trans- and intramitochondrial transport of
cholesterol in steroid synthesis [32]. Upon reaching the inner
mitochondrial membrane, cholesterol is made available as a
substrate for the side-chain cleavage enzyme (CYP11A1),
which catalyzes the conversion of cholesterol to pregnenolone
[33]. Thereafter, pregnenolone diffuses to the thecal or Leydig
smooth endoplasmic reticulum and is converted into proges-
terone (P4) via the action of 3b-hydroxysteroid dehydrogenase
enzyme (HSD3B1) or into 17a-hydroxypregnenolone via 17a-
hydroxylase (CYP17A1) [33, 34]. Additionally, within thecal
or Leydig smooth endoplasmic reticulum, P4 and 17a-
hydroxypregnenolone may be converted to 17a-hydroxypro-

gesterone via CYP17A1 and HSD3B1, respectively. 17a-
Hydroxyprogesterone is then metabolized to androstenedione
by the cleavage of the C-20, 21 side chain via the enzyme
17,20 lyase (CYP17A1). Likewise, 17a-hydroxyprogesterone
can be directly converted to androstenedione or may be
converted to dehydroepiandrosterone (DHEA; a weak andro-
gen) via the enzyme 17,20 lyase (CYP17A1) and thereafter
catalyzed to androstenedione by HSD3B1 [34]. Then andro-
stenedione, a weak androgen, may be converted to testosterone,
a potent androgen, via 17b-hydroxysteroid dehydrogenase
(HSD17B3) but may alternatively be converted to the estrogen
estrone via the enzyme aromatase (CYP19A1). Testosterone
can also be converted to estradiol-17b via CYP19A1, and
estrone to estradiol-17b via HSD17B3 [34]. Thus, both
androstenedione and testosterone can serve as precursors for
estrogen production. The smooth endoplasmic reticulum of
ovarian granulosa and testicular Sertoli cells constitutes the
major site of estrogen synthesis via CYP19A1. Several
enzymes and other factors in the ovarian steroidogenic pathway
(e.g., CYP11A1, STAR, CYP19A1) are regulated by the
gonadotropins luteinizing hormone (LH) and follicle-stimulat-
ing hormone (FSH) from the anterior pituitary gland [35],
which are themselves controlled in part via the complex
feedback actions of E2 and P4 [36]. In summary, steroidogen-
esis involves the intricate coordination of several proteins and
enzymes that ultimately yield the sex hormones required for
optimal fertility. Hence, disruption of gonadal cells and tissues
and/or steroidogenesis via exogenous molecules and particles
such as ENMs would affect steroidogenic output and ultimately
perturb mammalian reproductive function.

ENMs as Novel Endocrine Disruptors: Effects on
Steroidogenesis

Recent research suggests that ENMs represent an evolving
class of novel endocrine disruptors that may cause reproductive
toxicity [4, 37, 38]. Many of the clues pertaining to the
steroidogenic effects of particulate matter have been gleaned
from studies of ambient carbon nanoparticles (e.g., diesel
exhaust and carbon black) [39–44]. For instance, Komatsu et
al. [43] evaluated the direct effect of diesel exhaust particles,
titanium dioxide, and carbon black nanoparticles on mouse
Leydig TM3 cells. Quantitative real-time reverse-transcription
PCR (Q-RT-PCR) revealed that cells treated with 100 lg/ml
diesel exhaust particles for 16 h significantly increased their
expression of the inducible form of heme oxygenase-1
(Hmox1). Hmox1 is known to exert antioxidant properties
and is a sensitive marker of oxidative stress. A similar effect
was not observed in cells treated with titanium dioxide or

FIG. 1. Examples of incidental and engineered nanomaterials. (Adapted with permission from Stern ST, McNeil SE. Nanotechnology safety concerns
revisited. Toxicol Sci 2008; 101:4–21; Oxford University Press on behalf of the Society of Toxicology).
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carbon black. Thus, diesel exhaust particles may indeed induce
oxidative stress in mouse Leydig cells. Additionally, a
significant effect on Star expression was not observed after
16 h under any treatment condition; however, significantly
enhanced mRNA expression of Star was observed in cells
treated with diesel exhaust particles or carbon black after a 48-
h period of incubation. Other studies have demonstrated that
low exposure (15.4 6 1.0 lg/m3) to nanoparticle-rich diesel
exhaust particles can elevate plasma testosterone concentra-
tions in male rats via increased expression of associated
steroidogenic genes (i.e., Star, Cyp11a1, and Cyp17a1) [42].
Moreover, Li et al. [39] demonstrated that exposing pregnant
rats to either nanoparticle-rich or filtered diesel exhaust for 19
days of gestation yielded a significantly decreased serum
concentration of maternal progesterone, concomitant with a
significant decrease in the expression of P450 side-chain
cleavage enzyme (Cyp11a1), 3-beta-hydroxysteroid dehydro-
genase (Hsd3b1), and LH receptor (Lhcgr) in the corpus
luteum compared to that in controls (i.e., exposed to clean air).
As one might expect, these experimental groups also yielded a
significant increase in serum concentrations of LH compared to
that in controls. These observations of hormonal changes
suggest the possible suppression of corpora lutea upon
exposure to nanoparticle-rich or filtered diesel exhaust, which
could ultimately result in pregnancy loss. The knowledge
gained from these studies serves as a foundation for
investigations focused on evaluating ENMs as potential
endocrine-disrupting toxicants.

Our laboratory has shown that 10-nm GNPs (2.85 3 1010

particles/ml) are able to enter rat ovarian granulosa cells,
translocate into lipid droplets, alter mitochondrial morphology,
and subsequently modulate estrogen production [45]. Specif-
ically, transmission electron microscopy studies showed GNPs
within the cytoplasm (at 1 and 3 h of culture), vacuoles (at 1 h),
and lipid droplets (at 5 h) after in vitro coculture of granulosa
cells and GNPs. Interestingly, 10-nm GNPs were found to be
juxtaposed with the outer mitochondrial membrane of healthy
mitochondria (at 24 h) and inside apparently damaged, swollen
mitochondria (at 5 and 24 h). Furthermore, granulosa cells
incubated with 10-nm GNPs for 1, 3, and 5 h precipitated an
increased accumulation/efflux of E2. However, after 24 h, there
was a decrease in E2 accumulation by granulosa cells. Based
on our results, it is reasonable to rationalize that GNPs enter
ovaries, perturb the mitochondrial membrane(s), and signifi-
cantly affect steroidogenesis and gene expression via an
oxidative stress-mediated mechanism.

Oxidative stress is a well-known inhibitor of ovarian sex
steroid production [46]. For instance, it is reasonable to
postulate that ENMs such as GNPs may impact sex steroid
hormone production via altered expression of steroidogenesis-
related and/or oxidative stress-related enzymes or STAR, as
observed with ambient particulates. However, we also have
demonstrated that low-dose GNPs (;7 nm) can subtly
modulate steroidogenic gene expression, independent of
oxidative stress or inhibin, in an ex-vivo ovarian culture model
[22]. Regression analyses showed a positive relationship

FIG. 2. A simplified representation of gonadal steroidogenesis. Yellow and blue represent the biochemical steps that occur within the mitochondria or
smooth endoplasmic reticulum, respectively. *Steroidogenic gene that has been shown to be dysregulated upon exposure (in vitro, ex vivo, and/or in vivo)
to a particular type of nanoparticle. Star ¼ steroidogenic acute regulatory protein; Pbr/Tspo ¼ peripheral-type benzodiazepine receptor/translocator
protein; Cyp11a1¼ side-chain cleavage enzyme; Cyp17a1¼17-alpha-hydroxylase/17,20 lyase; Hsd3b1¼3b-hydroxysteroid dehydrogenase; Hsd17b3¼
17b-hydroxysteroid dehydrogenase; Cyp19a1¼ aromatase.
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between both Star (P , 0.05, r2 ¼ 0.278) and Cyp11a1 (P ,
0.001, r2 ¼ 0.366) expression and P4 accumulation upon
exposure to 1.43 3 106 particles/ml. Additional analyses
showed that estradiol accumulation was positively associated
with Hsd3b1 (P , 0.05, r2¼0.181) and Cyp17a1 (P , 0.01, r2

¼ 0.301) expression upon exposure to 1.43 3 103 and 1.43 3
109 particles/ml, respectively. To our knowledge, the lowest
experimental dose included in this study (i.e., 1.43 3 103

particles/ml) is the lowest effective exposure dose of GNPs to
be reported to date. Interestingly, we estimated this experi-
mental dose to be approximately 200,000-fold less than the
amount of GNPs administered in a therapeutic dose of CYT-
6091 [22]. The results of this study suggest that low-dose
GNPs are capable of eliciting endocrine-modulating effects via
unique nonmonotonic mechanisms, similar to those used by
other endocrine disruptors such as bisphenol A, rather than a
traditional dose-dependent (i.e., monotonic) response [47]. Li
et al. [48] have also shown that in-vivo exposure of mice to x-
aminoethyl polyethylene glycol (PEG-NH

2
)-modified GNPs

(45 mg/kg) elevated plasma testosterone concentrations after
all experimental time periods (i.e., 7, 14, 21, and 30 days)
without a concurrent impact on plasma LH or FSH or on
fertility. However, exposure of mice to x-methoxy polyethyl-
ene glycol (mPEG)-modified GNPs (45 mg/kg or 225 mg/kg)
in the same study had no effect on plasma testosterone
concentrations compared to that in controls or other treatment
groups. This evidence suggests that the surface functionality of
a particular ENM may mediate a biological response(s).
Moreover, titanium dioxide (TiO

2
) nanoparticles have been

shown to modulate serum concentrations of sex-steroid
hormones in female rodents [49, 50]. For example, Gao et al.
[50] demonstrated that TiO

2
nanoparticles (;6 nm; 10 mg/kg)

elevated serum concentrations of E2, P4, and FSH and reduced
serum concentrations of LH and testosterone in treated mice
compared to that in controls. DNA microarray analysis also
revealed that ;228 genes of known ovarian function (e.g.,
Star, Cyplla1, and Cyp17a1) were upregulated in treated mice
(compared those in controls). Conversely, zinc oxide [51] and
calcium phosphate [52] nanoparticles have been shown to lack
any effect on steroidogenesis in vivo and in vitro, respectively.
Therefore, further research is required to identify the specific
factors (e.g., sex) that drive nanotoxicologic effects on
reproductive physiology.

EFFECTS OF ENMS ON OTHER ENDPOINTS
OF MAMMALIAN REPRODUCTION

Males

In general, studies pertaining to the effects of ENMs on
mammalian reproduction in males have focused on testicular
steroidogenesis, in-vivo biodistribution to testis and/or epidid-
ymis (e.g., gold [20, 48, 53], silver [54–56], titanium [57, 58],
ceria [59], and cobalt-chromium [60] nanoparticles), spermato-
genesis [61–64], and sperm viability [65–68]. For example,
Balasubramanian et al. [53] demonstrated that 20-nm GNPs
were still present in rat testis (at a concentration of 0.6 [0.01]
ng/mg tissue; mean 6 SD) 1 month after intravenous injection
(15.1 lg gold/ml). Lee et al. [56] demonstrated that after a 4-
month recovery period, the presence of silver in testis was
persistent compared to that in ovary after daily exposures (100
mg/kg/day and 500 mg/kg/day) of rats to silver nanoparticles
(10 and 25 nm, respectively) via oral gavage for 4 weeks. This
evidence supports the notion that biological barriers (e.g.,
blood–testis barrier) play a role in the particodynamics of
ENMs and ultimately mediate the potential for bioaccumula-
tion and/or compartmentalization of nanoparticles in vivo.

Braydich-Stolle et al. [69, 70] reported that silver nanoparticles
significantly inhibited proliferation of mouse spermatogonial
stem cells (compared to that in controls) in vitro and suggested
that the molecular mechanism of this toxic effect may involve
disruption of the GDNF/FYN kinase signaling pathway.
Recently, Gromadzka-Ostrowska et al. [64] reported that silver
nanoparticles exert a decrease in rat epididymal sperm count
that is dependent on particle size (20 and 200 nm), dose (5 and
10 mg/kg body mass), and time (1, 7, or 28 days) compared to
that in controls in vivo. Similarly, in vivo exposure of mice to
zinc oxide nanoparticles (ZnO-NP; diameter not reported; 50
and 300 mg/kg) for 35 consecutive days has been shown to
significantly reduce the number of testicular and epididymal
sperm compared to that in controls [71]. In this study, ZnO-
NP-treated epididymal sperm also exhibited a decrease in
motility and an increase in the presence of morphological
abnormalities compared to that in controls. It has also been
demonstrated that weekly intra-articular injections of cobalt-
chromium nanoparticles (500 lg/kg) into adult male rats (1
injection/week for a total of 10 weeks) yielded a significant
reduction in epididymal sperm motility, viability, and concen-
tration with a concurrently elevated presence of sperm
abnormalities and testicular damage (compared to that in
controls) [60]. Moreover, Gao et al. [58] reported that TiO

2
nanoparticles (5–6 nm) induced testicular damage and reduced
spermatogenesis and sperm viability (i.e., decreased motility
and increased abnormalities) in a dose-dependent (2.5, 5, and
10 mg/kg) manner in vivo (intragastric administration each day
for a total of 90 days) compared to that in controls. The results
of that study also revealed a statistically significant dose-
dependent increase in serum concentrations of E2 and P4, with
a concurrent decrease in the serum concentrations of LH, FSH,
and testosterone compared to those in controls. Gene
expression studies showed significant dysregulation of genes
related to spermatogenesis (e.g., Adam3, Ly6e), apoptosis/
oxidative stress (e.g., Gpx5), and signal transduction (i.e., Cfd
and Gyk1) in high-dose-treated mice compared to those in
controls. Interestingly, Bai et al. [72] reported that repeated
intravenous injections of water soluble carbon nanotubes
caused reversible testicular damage with no significant effect
on fertility. Therefore, further research is necessary to
comprehensively delineate the mechanistic effects of ENMs
on the male reproductive system.

Females

Research evaluating the impacts of ENMs on endpoints of
female reproduction (other than steroidogenesis) are severely
lacking in both scope and number. To date, the vast majority of
such studies are focused on pregnancy [63, 73–80] and in vitro/
ex vivo models of placental transfer [81–83], with few studies
addressing the potential effects of ENMs on oogenesis [84, 85],
oocyte maturation and follicular development [86–89], or the
estrogen-receptor signaling pathway [90]. For example, Blum
et al. [73] showed that daily inhalation of 230 lg/m3 cadmium
oxide nanoparticles decreased the incidence of pregnancy by
23%, delayed maternal weight gain, altered placental weight,
decreased fetal length, and delayed neonatal growth in a CD-1
mouse model. In addition, Tian et al. [76] demonstrated that
intrauterine inflammation can enhance the maternofetal transfer
of GNPs (3 and 13 nm) in a size-dependent manner in the late
gestational stages of mouse pregnancy (compared to those in
healthy controls); however, 32-nm GNPs were not shown to
cross the placenta of either healthy controls or mice with
intrauterine inflammation. Other studies have shown that
exposure of pregnant dams to TiO

2
nanoparticles induces
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reproductive toxicity (in male offspring [63]), neurotoxicity
[78, 79], or hepatic toxicity [80] in offspring. With respect to
oogenesis, Boisen et al. [84] reported that daily inhalation
exposure to TiO

2
nanoparticles (i.e., ;42.4 mg/m3 from

gestation days [GD] 8–18) by pregnant C57Bl/6J mice did not
increase the rate of extended simple tandem repeat (ESTR)
mutations in the female germ line of second generation (F2)
offspring compared to those in control mice exposed to filtered
clean air. Similarly, Boisen et al. [85] also reported that in vivo
exposure of pregnant C57Bl/6J mice to carbon black
nanoparticles via intratracheal instillation (67 lg/animal; GD
7, 10, 15, and 18) did not affect the rate of ESTR mutations in
F2 females compared to that in controls. Exceedingly few
studies have evaluated the effects of ENMs on oocyte
maturation and follicle development. For instance, TiO

2
nanoparticles (25 nm, 12.5–50 lg/ml) have been shown to
inhibit rat follicle development and oocyte maturation in vitro
[86]. That study also revealed a dose-dependent decrease in the
survival rate of follicles, the formation rate of antral follicles,
and the release rate of the cumulus-oocyte complex. Similar
studies using QDs (e.g., CdSe-cored and ZnS-coated CdSe
[87]; Cdse/CdS/ZnS [88]; and CdTe/ZnTe QD-transferrin
bioconjugates [89]) suggest that these extremely diverse and
complex ENMs significantly disrupt oocyte maturation and/or
follicular development in vitro (compared to that in controls).
Moreover, Jain et al. [90] reported that CdTe QDs induce, via
both genomic and nongenomic estrogen-signaling pathways,
estrogenic effects (e.g., cell proliferation) in vitro (using the
human breast cancer cell line MCF-7), comparable to estradiol-
17b treatment (as a positive control). Interestingly, pretreat-
ment with ICI 182,780, a selective estrogen receptor
antagonist, abolished the estrogenic effects observed in the
MCF-7 cells, thus further supporting the potential interaction of
CdTe QDs and estrogen receptors. In the same study,
additional experiments demonstrated that QDs can mediate
estrogenic effects on the murine uterus in vivo. For instance,
chronic exposure (i.e., alternate day dosing [25 mg/kg] for 2
weeks via intraperitoneal injection) of prepubertal mice to QDs
yielded an approximately 2-fold increase (P , 0.001) in
uterine weight compared to that in both positive (estradiol-17b)
and negative (sterile double-distilled water) controls. More-
over, using the identical chronic exposure regimen with an
adult ovariectomized mouse model, it was shown that QDs (25
mg/kg) induced a ;2.5-fold increase in uterine weight
(compared that in negative controls, P , 0.001) to an extent
that was comparable to estradiol-17b (;2.0-fold increase in
uterine weight compared with that in negative control, P ,
0.001). Hence, CdTe QDs are potential endocrine-disrupting
molecules that necessitate further research.

CLOSING REMARKS

ENMs have garnered immense consideration for potentially
beneficial applications in medicine/science, consumer prod-
ucts, and technology; yet toxicological investigation of the
possible adverse effects of ENMs on mammalian reproduction
and fertility remains in its nascency. Research has shown that
the advantageous physicochemical properties of these mole-
cules, which are exploited for commercially beneficial
applications, may dictate in vivo biodistribution and ultimately
mediate mechanisms of cellular toxicity, for example, oxidative
stress, altered gene expression, and cell death via necrosis,
apoptosis, or autophagy. In recent years, our laboratory has
explored GNPs as potentially novel ovarian endocrine
disruptors by using both in vitro and ex-vivo experimental
approaches. Although such models may significantly contrib-

ute to our knowledge of gonadal nanotoxicity, they may not
adequately predict potential effects of ENMs under physiolog-
ical conditions in situ. Recent evidence has illustrated the
apparent lack of correlation between in vitro and in vivo effects
of ENMs on pulmonary function [91], tumor growth [92], and
human integument [93]. For instance, Zogovic et al. [92]
demonstrated that nano-C

60
(buckminsterfullerenes or ‘‘bucky-

balls’’) exhibit potent anticancer activity in vitro but may
actually potentiate tumor growth in vivo. Conversely, other
investigators have demonstrated that in vivo ENM studies may
indeed support in vitro findings [94–96]. In lieu of such
variability, the extremely complex interactions between
physiological condition (e.g., pH, temperature, metabolic state,
hormonal status) and unique physicochemical properties (e.g.,
size, surface chemistry, surface area) exhibited by ENMs
support the possibility of a diverse, yet specific, in vivo
response upon exposure, different from that in vitro, thereby
making such effects difficult to model. Such molecular
complexities warrant the comprehensive study of the effects
of ENMs on reproductive physiology in vivo. Furthermore, in
vivo study permits (1) the systemic evaluation of pharmaco-
kinetics/toxicokinetics/particokinetics and pharmacodynamics
(i.e., absorption, distribution, metabolism, and excretion
[ADME]) of nanoparticles under physiologic conditions); (2)
the evaluation of potential long-term (i.e., months, years, or
throughout a particular animal’s lifespan) impacts of acute and
chronic exposures of ENMs on mammalian reproduction (such
evidence is currently absent from the literature); and (3) the
assessment of critical mechanistic endpoints of subcellular
function (e.g., cell death, gene and protein expression, and
oxidative stress) in response to realistic and environmentally
relevant routes of exposure to ENMs (e.g., dermal, inhalation,
ingestion). All of these factors may contribute significantly to
an observed toxicological response upon ENM exposure and
therefore must be thoroughly investigated. In addition, it is
important to note that the comparison of the experimental
nanomaterial concentrations described here with those that are
relevant to the environment and humans is very difficult due to
the current challenges of predictive exposure modeling in the
risk assessment of nanomaterials [97] and a lack of nano-
material-specific analytical measurement techniques [98–99].
These challenges are perpetuated by the diverse biophysico-
chemical properties of ENMs that (1) are much more complex
than those of more widely studied endocrine disruptors such as
dioxin and bisphenol A; and that (2) ultimately dictate the
interactions of ENMs within biologic and environmental
matrices [100].

In summary, the long-term goal is to better understand, at
molecular, cellular, and organ systems levels, the role of ENMs
as potential endocrine disruptors and/or toxicants in mamma-
lian reproductive tissues. The incipient and evolving field of
reproductive nanotoxicology will advance and expedite the
evaluation of the potential effects of ENMs on reproductive
endpoints (e.g., steroid hormone production), which will
significantly benefit and contribute to the development of risk
assessments focused on ENMs and mammalian fertility. In
turn, the knowledge gained will (1) foster the creation of
interventions so as to more closely and meticulously monitor
and then prevent excessive exposure to ENMs that can exert
untoward effects on reproductive physiology; (2) serve to
advance discovery and education within the emerging fields of
nanotoxicology and reproductive nanomedicine [101–103];
and (3) most importantly, contribute to the knowledge required
to further educate our society about the potentially harmful
effects of ENMs.
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