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ABSTRACT

Environmental exposure to endocrine-disrupting chemicals (EDCs) is one of the causes of
premature ovarian failure (POF). Hexavalent chromium (CrV]) is a heavy metal EDC widely used
in more than 50 industries, including chrome plating, welding, wood processing, and tanneries.
The US is one of the world's leading producers of chromium compounds. Recent data from
USEPA indicate increased levels of Cr in drinking water from several American cities, which
potentially predispose residents to various health problems. Women working in dichromate
manufacturing industries and tanneries and living around Cr-contaminated areas experience
several gynecological illnesses such as premature abortion, postnatal hemorrhage, birth
complications, sub-fertility, and infertility. CrVI can pass through the placental barrier and cause
adverse effects on the developing embryos and impair the reproductive functions in F1 offspring.
Although epidemiological studies indicate that CrVI causes adverse reproductive health effects
including infertility in women, the association between CrVI exposure and POF in unknown. The
current study was performed to identify the molecular mechanism behind CrVI-induced POF.
Results showed that prenatal exposure to CrVI in rats increased the risk of POF by increasing germ
cell/oocyte apoptosis, accelerated germ cell nest (GCN) breakdown, advanced primordial follicle
assembly and primary follicle transition in F1 offspring. CrVI increased germ cell apoptosis by
upregulating the expression of p53, PUMA, p27, BAX, caspase-3 proteins and downregulating the
expression of key cell survival proteins p-AKT, p-ERK, BCL2, BCL-XL, and XIAP. Though CrVI
increased the expression of antioxidant enzyme SOD?2, its antioxidant activity was diminished by
Cr by increasing the translocation of p53 to mitochondria to co-localize with SOD-2. CrVI

increased germ cell apoptosis by mediating p53-SIRT1-miR34a signaling network exhibited by

i



increased expression of acetyl-pS3 and miR34a, and decreased expression of SIRT1. Inhibition of
SIRT1 attenuated CrVI-induced germ cell death by upregulating pro-apoptotic proteins and
downregulating anti-apoptotic proteins through p53 acetylation. While ex vivo treatment of ovaries
with CrVI and miR34a mimetics increased germ cell apoptosis, miR34a inhibitor treatment
mitigated the effect of CrVI on germ cell apoptosis. CrVI advanced GCN breakdown and increased
follicle atresia in F1 female progeny by targeting X-prolyl aminopeptidase (Xpnpep) 2, a POF
marker in humans. CrVI increased Xpnpep2 expression during GCN breakdown, and decreased
Xpnpep2 expression during postnatal follicle development. In all the developmental stages studied,
Xpnpep2 inversely regulated the expression of Collagens 1, 3, and 4. As a result of the above

events, CrVI induced early reproductive senescence or POF in CrVI exposed F1 offspring.
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1. INTRODUCTION

Chromium

Chromium (Cr) is a naturally occurring metal present in the earth’s crust. It is also found
in rocks and soil but in smaller amounts. Cr has multiple valence states ranging from Crll to CrVI,
but the thermodynamically stable forms are the elemental Cr(0), trivalent CrIII and hexavalent
CrVI (1). In nature, elemental Cr(0) does not occur, and out of the three stable forms, the most
stable form of Cr compounds is trivalent CrlIl. It exists in CrllI state in ores such as ferrochromite
or chromite [(FeCr204] (2). The second stable form is the hexavalent CrVI which is present in
small quantities in various minerals. While CrVI occurs mostly as CrO4>" or HCrO4-, CrlII occurs
as Cr(OH)n(3-n)+ in the environment (3). CrVI compounds have high solubility in water compared
to CrlIl compounds.

In humans, CrllI is an essential dietary element with a daily recommended dose of 50 to
200 pg/day for adults and is taken in various forms, such as chromium picolinate, niacin-bound
chromium, chromium chloride, chromium nicotinate, and chromium-rich yeast (4-9). Its
deficiency in humans is found to cause glucose intolerance, fasting hyperglycemia, glycosuria,
hypoglycemia, elevated circulating insulin, decreased insulin receptor number and insulin binding,
elevated body fat, increased ocular pressure, peripheral neuropathy, encephalopathy, low
respiratory quotient and abnormal nitrogen metabolism (4). Crlll is essential for normal lipid,
carbohydrate and protein metabolism. It acts as insulin cofactor by being part of chromodulin, an
oligopeptide required to potentiate insulin action by facilitating the binding of insulin to its
receptors (5). Briefly, increased glucose concentration in the blood leads to the release of insulin,

binding to its receptor and activation of insulin signaling pathway in the target insulin-dependent



cells. This increase of insulin concentration in plasma leads to mobilization of chromium to
insulin-dependent cells from blood. After entering the cell, four CrllI ions bind to apochromodulin,
which is in the cytosol and nucleus, and produces holochromodium (i.e. Cr4-chromodulin). The
newly formed holochromodium binds to insulin-stimulated receptors and enhances the insulin
signaling by maintaining the receptor in its active conformation (5).

CrVI has been widely used in more than 50 industries worldwide for over 100 years (10).
The main use of Cr is the production of alloys such as stainless steel because of its high strength
and anti-corrosive properties. Both Crlll and CrVI forms are used in chrome plating, dye and
pigment manufacturing, metallurgical, chemical, leather, refractory and textile industries, in the
toner for copying machines, drilling muds, and cooling tower water treatment facilities (2).
Chromium compounds from these industries are released into the environment matrices such as
soil, air and water and exposing humans and animals to CrVI via inhalation, ingestion or through
dermal contact. The safety limit for Cr in drinking water set by World Health Organization (WHO)
is 50 pg CrVI/L (0.05 parts per million (ppm) or 50 parts per billion (ppb) and United States
Environmental Protection Agency (EPA) approved safety limit for total chromium level in
drinking water is 100 ug CrVI/L (0.1 ppm or 100 ppb) (11), but exceeding levels of Cr were found
in surface and ground waters in the US (12). The safe level of chromium in the air set by
Occupational Safety and Health Administration (OSHA) is 5ug/m?, for an 8 hr time-weighted
average. The atmospheric levels of CrVI to which general population is exposed in the US range
from 1-100 ng/cm?® but the levels can exceed the range in and around chromium manufacturing
areas (12). Such environmental and occupational exposure to chromium is known to cause various
health problems and increases the risk of various types of cancer in humans (13). The USEPA and

International Agency for Research on Cancer (IARC) report chromium as a group “A” carcinogen
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based on epidemiological and experimental studies in humans and mice (12). It has been postulated
that CrlIl is less toxic than CrVI. However, when mice were exposed to CrllII or CrVI, a significant
increase in genotoxicity by CrllI rather than CrVI was observed due to more deletions in DNA in
postnatal day 20 mice offspring (14). Thus, it is evident that CrlIII is more toxic than CrVI once

inside the cells.

CrVI distribution in the world

It is estimated that chromium and its compounds severely affect 300,000 people around the
globe annually (12,15). On a worldwide basis, domestic waste water effluents are the major source
of chromium contamination in aquatic ecosystems which account for 32.2% of the total volume of
the aquatic ecosystems (2,16). Other major sources are metal manufacturing (25.6%), ocean
dumping of sewage (13.2%), chemical manufacturing (9.3%), smelting and refining of nonferrous
metals (8.1%), and atmospheric fallout (6.4%) (2,17). The largest contributor to the total chromium
released into soil is the disposal of commercial products that contain chromium, (51%), electric
utilities and other industries (33.1%), agricultural and food wastes (5.3%), animal wastes (3.9%),
and atmospheric fallout (2.4%) (2,17).

Total Cr levels in drinking water sources in developing countries such as China, India,
Bangladesh, and Mexico have been recorded as high as 19-50 ppm (18-20). In the Netherlands, a
mean concentration of 0.7 pg/L and a maximum of 5pg/L were measured with 76% of the supplies
below 1 pg/L and 98% below 2 pg/L. In India, tanning industries release about 2000-3000 tons of
chromium with concentration ranging from 2000-5000 mg/L in the form of aqueous effluent to the
environment (21). In the Vellore district of Tamil Nadu state in India, which has more than 60%
of Indian tanneries, it has been estimated in 2011-2012 that more than 50,000-hectare fertile lands

were contaminated by CrVI with a concentration >200 mg/L, predisposing the human population
3



to various ailments including cancer and infertility (22). Other places in India such as Faridabad,
Vapi and Sukinda valley (chromate capital of the world) had been heavily contaminated with CrVI
which disposed the population to serious ailments including dermatitis and cancers (Blacksmith

Institute, 2007).

CrVI distribution in the US

In the United States (US), majority of chromium ores used for mining is imported from
other countries. From 2013 to 2016, US imported Cr from South Africa (38%), Kazakhstan (10%),
Russia (6%), and other countries (46%) (23). In 2017, consumption of about 6% of world chromite
ore production is expected in the US in various forms of imported materials, such as chromite ore,
chromium chemicals, chromium ferroalloys, chromium metal, and stainless steel (23). In the US,
industries that use chromium fundamentally are the metallurgy, refractory, and chemical
industries. The metallurgical industry accounts for 83.9% of the total domestic chromite
consumption where chromium is used for the production of stainless steels, alloy cast irons,
nonferrous alloys, and other miscellaneous materials. In the chemical industry, both Crlll and CrVI
are used to make pigments (2).

Significant contamination with CrVI has been found in drinking water sources of more
than 30 cities and people living in more than 7000 communities in the US. drink tap water
contaminated with Cr in the US (24). According to a 2016 report from Environmental Working
Group (EWGQG), CrVI is found to have contaminated the tap water supplies of 218 million
Americans in all 50 states (25). In fresh water, dissolved chromium levels range from 10 to 500
ng/L. However, freshwater from industrial zones have levels exceeding 1 mg/L (26). It is estimated
that approximately 18% of the population of the US are exposed to drinking-water levels between

2 and 60pg/L and <0.1% to levels between 60 and 120 pg/L (3). Chromium waste slag containing
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potentially hazardous levels of CrVI compounds was used as land fill material in the US and is
estimated that more than 90,000,000 lbs of CrVI is released into the environment from these land
fill sites annually (13). In the US, total soil chromium concentrations range from 1 to 1,000 mg/kg,
with an average concentration of 14 to 70 mg/kg (27).

In 2009, it is estimated in the US that chromium compounds of 30,156,862 pounds were
released from 1,334 domestic manufacturing and processing facilities to soils which accounted for
about 83% of the estimated total environmental releases from facilities required to report to the
Toxics Release Inventory (TRI). At least 1,127 of the 1,699 hazardous waste sites in EPA National
Priorities List were found to contain chromium (2). The occurrence of both individual species and
total chromium in 407 water sources in the US were investigated by a Water Research Foundation-
funded study. Outcome of the study states that a significant proportion of groundwater sources had
total chromium concentrations, with CrVI exclusively. The database maintained by California
Department of Public Health shows that CrVI has been detected in 2,310 California drinking water
sources (28). Thirty percent of the drinking water sources monitored in California had detectable
amounts of CrVIL, out of which 86% had peak concentrations of < 10 pg/L (29). The EPA has set
the maximum contaminant level of total chromium as 100 pg/L or 0.1 ppm, but a well water from
Midland, Texas was found to contain 5.28 ppm Cr. Strikingly, in one of the ground-water
monitoring wells in Hinkley, California, a CrVI concentration of 5280 pg/L was reported (29,30).
However, California’s State Water Resources Control Board has set the maximum contamination

limit (MCL) for total chromium as 50 pg/L or 0.05 ppm or 50 ppb of total chromium (31).



Toxicokinetics of chromium
Absorption

In humans, gastrointestinal absorption of chromium as estimated by many quantitative
studies was less than 10% of the ingested dose (2). In the gastrointestinal tract, Crlll is absorbed
very poorly after oral exposure and less than 1% of the administered dose was recovered in the
urine of experimental animals (32,33). The difference in toxicity between CrVI and CrllIl is almost
1000 fold due to the ability of CrVI to enter cells (34). CrVI is readily taken up by cells via anion
transporters due to its structural similarity to sulfate and phosphate anions (34). It is proposed that
CrlII may cross the cell membrane through pinocytosis while it has been considered that CrllII is
not the substrate of anion transport system therefore it is poorly absorbed (13).

The absorption fraction of soluble Crlll, as chromium picolinate, a common form of CrlII
supplement was greater than CrCls, suggesting that chromium picolinate could be toxic after its
absorption and entry into the cell, and the urinary excretion was approximately 16 fold higher than
CrCls (35). In a study with rat model, when CrClz was administered orally to adult and neonate
rats (2-day old through gavage), neonates were found to absorb 10 times higher amount of
chromium than the adult rats, and 35% of Cr remained in the intestine of the neonate after 1 week
of gavage (36). The high absorption of chromium in immature rats suggest that infant and children

may be more susceptible to chromium toxicity than the adults.

Distribution

The factors that determine the distribution of CrVI and CrllI containing compounds are
total chromium concentration, pH, redox potential, redox reaction kinetics, the presence of
oxidizing or reducing agents, and insoluble CrlII salts or CrllIl complex formation (3). Based on

the autopsy studies in the US, chromium concentrations were highest in liver, aorta, lung, kidney,
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pancreas, spleen and heart at birth and found to decrease with age. The levels in aorta, spleen, and
heart rapidly declined between the first 45 days of life and 10 years and the levels in kidney and
liver declined after the second decade of life. The levels in the lung increased from midlife to old
age with a decline in the early period of life (2,37). In a mice study to test the distribution of
chromium to different organs, 4.4, 5.0 or 14.2 mg CrVI/kg/day as potassium dichromate or 4.8,
6.1 or 12.3 mg Crlll/kg/day as CrlII chloride was given through drinking water, and the chromium
content was measured after one year in major organs like lung, heart, kidney, liver, spleen, and
testes. In Crlll-treated mice, chromium was detected only in the liver whereas in CrVI treated mice
chromium was accumulated in all the organs with the highest level in spleen and liver. CrVI treated
group had 40-90 times higher level of chromium accumulation compared to Crlll treated group
(2,38). Another study showed that the levels of chromium in kidney, liver, bone, and spleen of
CrVI treated rats were 9 times higher than CrllI treated rats when administered through drinking
water for one year (39). Accumulation of higher levels of chromium in tissues after administration
of CrVI than after CrlII reflect the higher toxicity of CrVI by reducing to CrllIl after traversing
plasma membrane.

Kargacin et al., (1993) compared the distribution of CrVI between male Fisher rats and
C57BL/6j mice exposed by drinking water or by intraperitoneal injection in various organs. The
concentrations of chromium accumulated in various organs (liver, kidney, spleen, femur, lung,
heart, muscle, and blood) were different between rats and mice (40). A similar difference in CrVI
accumulation was observed in various organs in a 2-year study by National Toxicology Program,
where CrVI was administered to male and female rats and mice through drinking water (41). The
results of the study showed that CrVI was carcinogenic in male and female rats and mice whereas

CrlIllI at much higher concentrations may have been carcinogenic in male rats but was not
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carcinogenic in mice or female rats. Also, Cr concentrations in the liver and glandular stomach
were higher in mice, whereas kidney concentrations were higher in rats. These data suggest that
any toxicological extrapolations across species need to be factored even if the routes of

administration are same.

Metabolism

Once CrVI enters the cell through anion transporters, it undergoes a series of rapid
metabolic reductions to intermediate species like Cr(V), Cr(IV), and is ultimately reduced to CrlII
(34). CrVI reduction to CrIII occurs both extracellularly and intracellularly. The majority of the
extracellular reduction of CrVI takes place in the gastrointestinal system (34,42). De Flora et al.,
(1997) reported the capacities of chromium reduction in various parts of the body through ex vivo
data (42). CrVI from the body can be eliminated by reduction through saliva, gastric juice,
intestinal bacteria, liver, blood, epithelial lining fluid, pulmonary alveolar macrophages, bronchial
tree and peripheral lung parenchyma (42). For humans, overall CrVI-reducing capabilities were
estimated to be 0.7-2.1 mg/ day for saliva, 8.3-12.5 mg/day for gastric juice, 11-24 mg for intestinal
bacteria eliminated daily with feces, 3,300 mg/hour (h) for liver, 234 mg/h for males and 187 mg/h
for females for whole blood, 128 mg/h for males and 93mg/h for females of red blood cells, 0.1-
1.8 mg/h for epithelial lining fluid, 136 mg/h for pulmonary alveolar macrophages, and 260 mg/h
for peripheral lung parenchyma (2).

After oral exposure of CrVI, the gastric juice in the gastric environment and ascorbate play
an important role in the reduction of CrVI to CrllIlI constituting the first line of defense (42,43).
Saliva and gastric juice readily reduce the CrVI after ingestion and is also sequestered by bacteria
that are present in the intestine (42,44). Gastric juice, the main reducing agent has a high reducing

capacity ranging from approximately 8 mg/L (fasting) to 31 mg/L (Fed). In the stomach,
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extracellular CrVI reduction to CrllIl has been considered as a protective mechanism, as about
1000-1500 ml/day (fasting) plus 800 ml/meal (Fed) of gastric juice is secreted daily which could
convert CrVI to CrllI (~80 mg/day). This accounts for a low genotoxic and carcinogenic potential
in animals exposed to CrVI orally through drinking water but a proportion of CrVI can escape the
detoxification process by the gastrointestinal system which is evident by the presence of
intracellular chromium in many tissues (34).

De Flora et al., (1997) reported that red blood cells accomplish the major detoxification of
chromium with over half of a 100 pg dose of CrVI being sequestered or reduced by 1 ml of blood
within 60 minutes (42,45). A number of enzymatic and non-enzymatic antioxidants reduce
intracellular CrVI at physiological pH. For CrVI, some of the reductants are non-enzymatic
antioxidants such as ascorbate, reduced glutathione, and cysteine (46,47). Both the cellular
availability and reaction rate determine the primary reducing agent. In addition to non-enzymatic
antioxidants, microsomal enzymes are also found to play a role in the reduction of CrVI to CrlIl
(48). Hepatic microsomal proteins from Sprague Dawley rat liver reduced CrVI to Crlll and the
rate of reduction was found to depend on the concentration of nicotinamide adenine dinucleotide
phosphate (NADPH) and the concentration of microsomal protein (48). It is suggested that the
capacity to reduce CrVI is much greater in human liver compared to rat liver and the metabolism
of CrVI in rodent systems may not be extrapolated to humans readily (2).

Ascorbate accounts for 80-90% of CrVI reduction in vivo where its concentration ranges
from ~1-3 mM (34). In general, the intracellular concentration of ascorbate is very high, and levels
of ~1-5 mM are present in the ovary, placenta, and brain (49,50). Extracellular reduction by
ascorbate plays a protective role, where the reduced CrllIl is retained and poses little or no toxic

and carcinogenic activity as they cannot enter the cells (34). Intracellular reduction of CrVI to
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CrlII is pro-oxidative, where after 3 h of exposure, 10 to 20 fold accumulation of Crlll, and after
24 h of exposure, 100-fold accumulation of CrllIl occurs intracellularly (1). During this
intracellular reduction process, transient intermediates like CrV and CrIV are produced along with
a spectrum of reactive oxygen species (ie, superoxide [O2¢—], hydrogen peroxide [H202], and
hydroxyl radical [*OH]), which increase oxidative stress inside the cell (51). CrIII and the transient
intermediates can cause many forms of DNA damage: binary DNA adducts, DNA double-strand
breaks, DNA interstrand cross-links, oxidized bases, and DNA-protein adducts (52-54). In rats,
the reduction of CrVI by microsomes can also form reactive Cr(V), which may interact with DNA

and lead to cancer (55).

Excretion

Chromium which is absorbed by the body is mainly excreted by urinary tract, as about 60%
of the ingested CrVI is eliminated by human kidney within 8 h in the reduced form of CrIIl. While
lower concentrations of chromium are excreted in sweat, hair, milk, and nails, bile excretion
eliminates about 10% of ingested and absorbed chromium in the body. Also, excretion of CrlIl
from plasma is slower than the excretion of CrVI of the same dose which is eliminated within
hours of ingestion (13,56,57). About 20-70% of the administered dose of inhaled CrVI is excreted
in urine and feces. In oral exposure, Cr compounds are excreted mainly in feces due to its low
absorption. Chromium is excreted in the form of complexes like CrllI-glutathione complex in urine

and feces (58).
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Mechanisms of chromium toxicity

The molecular mechanisms by which metals cause toxicity is not completely understood
but the most important mechanism involved in the metal-induced carcinogenicity is its potential
to generate reactive oxygen species (ROS) and change the cellular redox states (59,60). Fenton-
type reaction is the well-known mechanism by which metal ions produce intracellular ROS during
which a highly toxic ‘OH is generated when a transition metal ion reacts with H>O». CrlIl, CrV,
and CrIV can generate free radicals via the Fenton-type reaction (53). Another mechanism by
which metals induce the generation of ROS is the Haber-Weiss reaction where ‘OH is generated
from H>O> mediated by O>~ (61,62). CrllIl, CrIV, CrV, and CrVI, can generate ROS by Haber-
Weiss-type mechanism. The higher toxicity of CrVI is due to its higher redox potential. As
discussed earlier, CrVI, once entering cells through anion transport system, is reduced rapidly by
reductants such as ascorbate, GSH, cysteine, NADPH etc. to Crlll. During this conversion, CrVI
is found to generate “OH, O»~, and H,O; via both Fenton and Haber-Weiss reactions (63-65). The
scheme for generation of ROS, mainly ‘OH by the reaction of CrVI with biological reductants are
as follows (53)
CrVI + reductants — Cr(V)+H202—CrVI+HO™+ ‘OH
CrVI + reductants— Cr(V) + reductants— Cr(IV) + reductants— Crlll + H,O>— CrVI +HO™+ -OH
CrVI+ GSH—GSSR+ Oz” + CrVI — Cr(V)+ O2+ H,O, — CrVI + HO+ -OH

When cells are exposed to ROS chronically, the balance between the ROS levels and
antioxidant system’s potential to detoxify it gets disrupted and it causes oxidative stress inside the
cell (66). The key metabolite involved in oxidative stress is H2O2 which has the capacity to freely
diffuse in and out of cells, and form the most highly toxic ‘OH radical (67). The potential targets

of ‘OH radicals are DNA, lipids and proteins (68,69). DNA damage can cause cell death induced
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by pyknosis, apoptosis, and or necrosis (70-72). In mammalian cells, the most abundant adduct
product by the oxidative DNA damage is 8-hydroxydeoxy guanosine (8-OHdG) which mediate
transversion of G:C to T:A (73,74). During DNA replication, the 8-OHdG formation mediates
transversion of A:T to C:G and is used as a biomarker for ROS induced DNA damage (75). The
structural damage induced by chromium include DNA strand breaks, DNA-protein crosslinks,
DNA-DNA inter-strand crosslinks, chromium-DNA adducts, and chromosomal damage (2).
Functional damage includes DNA and RNA polymerase arrest, mutagenesis and changes in gene
expression. Double strand breaks that occur due to Cr-DNA ternary adduct formation can lead to
DNA repair errors and collapsed replication fork during DNA replication (2,76). These events
caused by ROS induced oxidative DNA damage can cause cancer in humans. In human lung cells,
chromium-induced chromosome instability mediated through centrosome and spindle assembly
checkpoint bypass lead to lung cancer development (77-79).

In vitro, Cr-induced oxidative stress by ROS generation has been shown to result in the
induction and inhibition of the transcription factors, NFkB and AP-1, p53 activation, HIF-1
(hypoxia-inducible factor 1), cell-cycle arrest, and p53-dependent apoptosis (53,80). Oral
administration of mice with 5 or 10 mg/kg body weight potassium dichromate (CrVI) resulted in
increased lipid peroxide (LPO) levels indicating increased oxidative stress and decreased GSH,
vitamin C, SOD and catalase in the ovary(81). CrVI-induced apoptosis in Chinese hamster ovary
(CHO) cells involves disruption of mitochondrial stability. Treatment with sodium chromate
increased the time-dependent release of mitochondrial cytochrome ¢ in cytosolic extracts of CHO
cells. Co-treatment of these cells with cyclosporine A (a cytochrome c inhibitor) inhibited the

release of cytochrome ¢ and abrogated CrVI-induced apoptosis and DNA fragmentation (82).
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Chromium exposure and risk to human
Major sources of chromium in the environment

Earth’s crust has chromium and the continental dust present in the environment is the main
natural source of exposure to humans. In addition, anthropogenic stationary point sources like
combustion of natural gas, oil, and coal from industrial, commercial, and residential sources are
the main sources of release of chromium to the atmosphere. In the US, it is estimated that about
2.7-2.9 kilotons of chromium are emitted to the atmosphere annually from anthropogenic sources,
out of which one-third of it is CrVI (2). Chromium compounds that are present mainly as fine dust
particles in the air settle down over the water and land eventually, and contaminate them. About
80-90 % of chromium from industrial processes are released as waste to different environmental
compartments, while only 10-20 % of chromium actually ends up with the product. Chemical
industries release approximately 82.3% of the total chromium on land, and landfilling is the most
prevalent disposal method of chromium wastes from those industries. It is very important to treat
the chromium-containing wastes before it is disposed to the environment. CrVI waste can be
treated by reducing it to CrllI using a reducing agent and precipitating out with the use of caustic
soda or lime to its hydrous oxide, which has low soil mobility, and low plant and animal
availability. CrlII waste can also be disposed by converting to its hydrous oxide or converted to its

oxide by incineration before disposal (2).

Environmental exposure of human population to chromium

The general population is environmentally exposed to chromium by inhaling air, drinking
water from contaminated sources, or eating food or food supplements that contain chromium. It is
estimated that tap water polluted with total chromium is consumed by at least 74 million people in

nearly 7000 communities, and 1.7 million people in 42 communities from New Jersey, drink water
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that is contaminated with CrVI in the US (83). It is estimated that adults in the US ingest
approximately 60 pug/day of chromium through food (84). In most foods, total chromium levels
typically range from less than 10 pg/kg to 1,300 pg/kg, and high concentrations of chromium were
found on foods like fish, meat, vegetables, and fruits (3). Inhalation of cigarette smoke is also
another source of chromium exposure as the mean chromium level found in US cigarettes range
from 1.4 to 3.2 ug/g of dry tobacco (85) and cigarette smoke was found to contain 0.0002-0.5 ug

of chromium per cigarette (86).

Occupational exposure to chromium

Occupational exposure to chromium is a major health concern due to its potential to cause
adverse health effects. Exposures to families can also occur when the workers bring their
contaminated shoes and contaminated clothing to their home. Exposure to chromium occurs
mainly from stainless steel production, welding, chromate and chrome pigment production,
chrome plating, and from working in tanning industries (87). It is estimated that professional
workers in 80 industrial categories may be exposed to CrVI and are two fold more at risk compared
to the general population exposure group (45). Workers from these industries are exposed to
chromium mainly by inhalation exposure to chromium as dust, fumes, mist, and particles, in
addition to dermal exposure. Inhalation is the main route of exposure through which occupational
workers are exposed to chromium and lung is the primary target organ for inhalation exposure.
Occupational exposure to chromium containing compounds causes its toxicity in various organs
such as cancer in the respiratory tract, renal damage, allergy, asthma etc. Women working in Cr
industries are predisposed to various gynecological disorders and infertility. Likewise, men
working in Cr industries have health effects including infertility. Please see health effects section

for more details.
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Chromium exposure-epidemiological studies

Epidemiological studies in chromium exposed populations have reported health problems
such as asthma, cancer, dermatitis, hypertension, back pain, bronchitis, hemoglobin changes,
chromosome aberrations and DNA changes in lymphocytes (1,2,13,88,89). Blood chromium
levels reported in workers from developed countries such as the USA, UK, Canada, Germany, and
Spain, were lower than the values detected in the workers of developing countries such as India,
China, Poland, and Pakistan. For examples, blood chromium levels detected in workers from
various countries were as follows Germans: 1.5 pg/L; Spanish: 1.31 pg/L; Pakistani: 16 pg/L;
Indian: 147 pg/L; Chinese: 22 pg/L (13,89-93). It is clear from the above Cr levels that workers
from developing countries have much higher levels of blood Cr compared to developing countries.
These workers were exposed to high level of chromium due to improper disposal of industrial
waste, lack of advanced and efficient production technologies and lapse in implementing health
safety regulations.

In Canada, CAREX (Carcinogen exposure) has estimated that 104,000 workers (92% male)
are exposed to CrVI occupationally. Among them, the largest exposure group industries were
automotive repair and maintenance; printing and support activities; sawmills and wood
preservation; commercial and industry machine repair and architectural/structural metals
manufacturing. The largest exposed group (n=20,000 male and n=800 female) were engaged in
welding (94). In 1990, European CAREX estimated that in European Union alone about 0.8
million workers were exposed to CrVI compounds. Above 58% of these workers were in four
major industrial sectors which were fabricated metal products manufacturing except machinery (n
= 178,329), high-tech machinery other than electrical equipment (n = 114,452), household and

personal services (n = 85,616), and transport manufacturing industries (n = 82,359) (13).
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A high incidence of cancers has been reported among occupationally exposed workers
through various epidemiological studies. In 1987, increased rate of mortality for lung cancer,
stomach cancer, and total cancer was observed in communities with CrVI contaminated drinking
water in Liaoning Province, China. Relatively high concentrations of CrVI (20 mg/L or 20 ppm)
were seen in drinking water wells with noticeable yellow color in some wells (95,96). A similar
increase in mortality due to stomach cancer and lung cancer was reported in the regions with CrVI
contaminated drinking water in Liaoning province of China (95).

In an ecological mortality study in the Oinofita region of Greece, a significant increase in
mortality due to liver cancer, lung cancer, renal cancer, and cancers of other genito-urinary organs
among women was observed with the ingestion of drinking water contaminated with CrVI (97). A
study in Kanpur, India reported an increase of digestive and dermatological disorders, and
hematological abnormalities in a high CrVI exposed population through groundwater (~20 mg/L)
(98). The health risk of the surgical instrument manufacturing industry workers was evaluated by
Junaid et al., (2016) and found that chromium levels in the matrices like blood, urine, saliva,
auxillary and scalp hair were significantly higher in the exposed group compared to the control
group (Blood: control 5.48 pg/L; exposed 16.30 ng/L; Urine: control 4.47 pg/L; exposed 58.15
ng/L; Saliva: control 0.93 ng/L; exposed 1.25 pg/L; Auxiliary hair: control 1.20 pg/g; exposed

2.90 ng/g; and Scalp hair: control 1.38 pg/g; exposed 2.36 pg/g) (99).
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Adverse health effects of CrVI exposure

Acute or accidental exposure to CrVI and severe health effects in the human and experimental

animals

Human ingestion of very high doses of chromium compounds either intentionally or
accidentally has caused severe hepatic, renal, respiratory, gastrointestinal, cardiovascular,
hematological, dermal, immunological and lymphoreticular effects in patients who survived

because of treatment or as part of the sequence ultimately leading to death (12).

Hepatic effects

Liver damage was reported in a chrome plating worker who ingested plating fluid
containing chromium trioxide who exhibited toxic hepatitis, jaundice development, increase in
serum lactic dehydrogenase and bilirubin levels and severe anemia (100). Female rats were more
susceptible to liver damage compared to males, as only females were found to exhibit cellular
histiocyte infiltration and chronic focal inflammation in the liver when exposed to chromium
(101). Various mice and rat studies with different exposure periods of chromium compounds
reported increased activity of alanine aminotransferase and aspartate aminotransferase, increased
sinusoidal, necrosis, hepatocyte cytoplasmic vacuolization, chronic inflammation, histiocytic
cellular infiltration, eosinophilic and basophilic foci, and fatty change with females showing more

susceptibility to ingested chromium (2).

Renal effects

Upon analyzing the human exposure cases to chromium, acute renal failure seems to be the
major cause of death in case of chromium compounds ingestion (2). Ingestion of chromium
trioxide by a chrome plating worker developed tubular nephritis and acute renal failure

characterized by proteinuria, anuria, and hematuria (100). Necrosis of renal tubules was observed
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in three different individuals who died after ingestion of chromium (2,102-104). In rats, oral CrVI
exposure increased the accumulation of lipids, phospholipids, and triglycerides, inhibition of acid
phosphatase, alkaline phosphatase, lipase and glucose-6-phosphatase in the kidneys (105).
Glomeruli vacuolization, degeneration of Bowman's capsule’s basement membrane, and renal
tubular epithelial cells are some of the changes in the histopathology of the kidneys observed in

rats that were exposed to potassium chromate (2).

Respiratory effects
Two autopsy case reports revealed cardiopulmonary arrest after ingestion of sodium
dichromate revealed pulmonary edema, pleural effusion, acute bronchopneumonia, severe

bronchitis and lungs congested with blood-tinged bilateral pleural effusions (2).

Gastrointestinal effects

In humans, people who ingested chromium compounds were found to experience vomiting,
abdominal pain, hemorrhage, and gastrointestinal burns before death; and autopsy of people who
died ingesting chromium compounds revealed gastrointestinal ulceration, gastrointestinal
hemorrhage, necrosis, hematemesis, nausea, and bloody diarrhea. Occupational exposure to
chromium compounds was reported to cause acute gastritis, epigastric and substernal pain, and
subjective symptoms of gastritis, stomach cramps, duodenal ulcers, and indigestion. Changes in
the histopathology of the gastrointestinal tissues, gastrointestinal hemorrhage and irritation were

observed when rats were orally exposed to CrVI compounds (2).

Cardiovascular effects
An autopsy of people who died by cardiopulmonary arrest after ingestion of sodium

dichromate or potassium dichromate revealed hypoxia in the myocardium and hemorrhages in the
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heart. In rats, hemorrhage in the heart, necrosis, fibrosis, and vacuolization were observed after

dosing potassium dichromate for 3 weeks (2,103,106).

Hematological effects

Sublethal or lethal doses of CrVI ingestion in humans causing hematological effects were
reported (2). The indicative effects of intravascular hemolysis such as decreased hemoglobin and
hematocrit content, increased total WBC and reticulocyte counts, and increased free plasma
hemoglobin were observed in humans after the chromium ingestion (107). Accidental swallowing
of chromium trioxide by a chrome plating worker resulted in severe hemorrhage followed by

anemia was reported (100).

Dermal effects
Ingestion of CrVI as potassium dichromate worsened dermatitis in 11 out of 31 individuals
who are sensitive to chromium (108). Dermatitis leading to dyshidrotic lesions was observed on

the hands of a building worker while administering potassium dichromate in an oral tolerance test

(109).

Immunological and Lymphoreticular effects
In mice and rat studies, it was reported that exposure of CrVI as sodium dichromate through
drinking water had led to histiocytic cellular infiltration, basophilic and clear cell focus, mesenteric

and pancreatic lymph nodes, changes in lymphatic tissues, and hemorrhage (101).

Neurological effects
Salama et al., (2016) reported acute brain injury in Albino Wistar rats when treated with
potassium dichromate (110). An alteration in the locomotor activity in the brain and contents of

oxidative stress biomarkers, interleukin-13 (IL-18), phosphorylated protein kinase B (PKB), and
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cyclooxygenase 2 (COX-2) were observed in Cr exposed rats (110). CrVI reduced the number of
neuronal cells and affected the cholinergic and dopaminergic neuronal cells as well as the

locomotor activity of drosophila (111).

Reproductive effects of chromium in male

Chromium is known to cause adverse effects on the male reproductive system contributed
by various environmental, genetic, and lifestyle factors. The current understanding of the male
reproductive toxicity of Cr is based on short-term exposure and/or high-dose studies from animal
experiments. In general, toxins including metals may accumulate in the epididymis, prostate gland,
seminal vesicle or seminal fluid and impair sperm motility. Also, the neuroendocrine axis can be
affected and cause an imbalance in hormones by disrupting androgen secretion from Leydig cells
or inhibin B secretion from Sertoli cells (112). All of these effects can reduce sperm motility and
its ability to fertilize the oocyte causing an increase in the risk of subfertility and infertility (113).

Significant reduction in the sperm count and sperm motility with high serum follicle
stimulating hormone and low levels of zinc, lactate dehydrogenase and lactate dehydrogenase C4
isoenzyme in seminal plasma were reported in male workers who were exposed to CrVI for 1-15
years occupationally in electroplating industry (114). Danadevi et al., (2003) reported a 67%
decrease in sperm concentration with high blood chromium level in workers from a welding plant
(115). Acute and chronic exposure studies in laboratory animals show that CrVI produces adverse
reproductive effects on males. In monkeys, rabbits, and rats, oral intermediate exposure to CrVI
targets the male reproductive system. When Wistar rats were exposed to CrVI, testis weight was
decreased, and prostate and seminal vesicles’ weight were increased. An increase in serum FSH
and a decrease in LH and testosterone with changes in the morphology of seminiferous tubules

were also observed (116). A decrease in sperm count, sperm motility, and decreased concentration
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of superoxide dismutase, catalase and reduced glutathione in seminal plasma were observed, when
adult monkeys were exposed to high doses of CrVI for 6 months. These effects were reversed with
the cessation of chromium treatment and simultaneous administration of vitamin-C (117). Another
study reported that when monkeys were exposed to CrVI through drinking water for 180 days,
decreased sperm count along with histopathological changes to the epididymis like ductal
obstruction, microcanal development, accumulation of immature germ cells and multinucleate

giant cells in the epididymal lumen were exhibited (118).

Reproductive effects of chromium in female
Epidemiological studies indicating reproductive toxicity of CrVI

Several reproductive problems have been reported in women living near or working in
chromium industry that include: pregnancy loss, preterm labor, still-birth, spontaneous abortion,
low birth rate, intrauterine growth restriction (IUGR), low birth weight offspring, infertility etc.
(119-121). The placenta plays an important role in mediating fetal programming since it
determines the growth, development, and health of the growing fetuses. It has been postulated that
irrespective of the chromium exposure period either during or before gestation, the level of Cr in
the placenta was increased. Cr accumulates during the treatment period and continues to remain in
the maternal tissue compartments. The accumulated Cr can pass through the placenta to the
developing fetuses during gestation and affect their growth and development (120,122).

An interesting birth cohort study was conducted among 7290 pregnant women in Hubei
province, China. The study evaluated the association between preterm birth risk and maternal
exposure to CrVI during pregnancy. The data indicated that higher chromium levels increased the
risk of preterm birth. The association was more pronounced in male infants suggesting that Cr,

apart from increasing the preterm birth risk, it’s effect is also sexually dimorphic (122). A recent
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study from our laboratory on the human term placenta revealed a positive correlation between Cr
burden in the placenta and oxidative stress. We also observed sexual dimorphism in chromium
effects, where a sex-dependent decrease in antioxidant proteins and elevated levels of apoptotic
protein with an increase in Cr burden was seen (123).

Epidemiological and clinical data were analyzed recently to quantify the reproductive toxic
effects of CrVI in a non-occupational population from Willits, CA. Remco Hydraulics Inc. used
CrVI for chromium electroplating of hydraulic cylinders from 1963 to 1995 (124). The plant
dumped toxic waste into local creeks at the top of the Eel river wastershed and contaminated
ground water at four sites in and near Willits. Hexavalent chromium was the primary chemical of
concern that was released. The on-site groundwater was highly contaminated with CrVI and total
Cr. CrVI has been measured as high as 900 ppm and total chromium as high as 960 ppm. CrVI in
on-site soil has been measured at levels up to 430 ppm and total Cr at levels up to 8,710 ppm (124).
In the study, longitudinal hospital records of a newborn from 29,311-unexposed (control) and
5036-exposed (Willits population), as well as 31,444-unexposed (control) and 5558-exposed
pregnant women (Willits population) were analyzed. The results indicate that CrVI adversely
affected pregnancy outcomes and subsequent health of two generations, resulting in low birth rate,
higher risk of pregnancy loss, and spontaneous abortion. Infants of CrVI exposed women
experienced a higher rate of birth defects, perinatal jaundice, and respiratory problems. This was
the first study to report the harmful reproductive effects of non-occupational CrVI exposure in

women and their infants in the US (125).

Animal studies indicating reproductive toxicity of CrVI
In female Swiss albino mice, multiple reproductive effects were reported by Murthy et al.,

(1996) (126). Dose-dependent reproductive effects were observed when the mice were exposed to
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different concentrations (high doses of 250, 500 and 750 ppm for 20 days and low doses of 0.05,
0.5 and 5 ppm for 90 days) of CrVI through drinking water. At different maturation stages, the
number of small, medium and large follicles were significantly reduced. With the highest dose of
CrVI exposed group, the duration of estrus cycle was increased with changes in the histology of
the ovary resulting in atretic follicles, cumulus cells with pyknotic nuclei and follicular cells with
karyorrhexis (126). Increased post-implantation loss and decreased litter size with a high incidence
of resorption sites were observed when pregnant mice were exposed to CrVI in drinking water
during the entire gestation period (127). Junaid et al., (1996) reported embryotoxic and fetotoxic
effects of CrVI in Swiss albino mice. When high doses of CrVI (250, 500 and 750ppm) were
administered through drinking water during the organogenesis period (gestation days 6-14), CrVI
retarded fetal development, reduced fetal weight and litter size with an increase in fetal resorption
with high doses of CrVI (128). Female mice offspring that were exposed to CrVI or Crlll
experienced reduced fertility by delayed sexual maturation. CrVI reduced the number of
implantations and viable fetuses whereas CrllI reduced body weight and in particular ovarian and
uterine weights in female offspring (129). Our studies also exhibited similar phenotypes in CrVI
exposed rats (130). However, experiments from Junaid et al., (1996) (128), have used a very high
amount of CrVI compared to our laboratory. We used a rat model and Junaid et al., (1996) studies
used a mouse model. We have used several doses of CrVI ranging from the regulatory dose of 100
ppb to 200 ppm in our studies. Our higher doses were reflective of the environmental exposure to
drinking water Cr levels in the developing countries, while lower doses were relevant to Cr levels

in drinking water sources in the US.
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Reproductive and developmental toxicity of CrVI: Evidence from our laboratory

Research in our lab has two major goals: (1) to determine the molecular mechanisms of
CrVlI-induced female reproductive and developmental toxicity; and (2) to identify intervention

strategies to mitigate CrVI effects.

In vivo studies

CrVI delayed puberty by disrupting ovarian development, steroidogenesis and pituitary
hormone synthesis.

Rationale: When lactating women working in Cr industry or living around Cr contaminated area
are exposed to Cr, the offspring were exposed to Cr through the mother’s milk. This can cause
several adverse health effects in the F1 progeny. Therefore, in order to check the mechanisms of
Cr-induced adverse effects, the lactating dams were exposed to Cr and F1 pups were exposed to

Cr through mother’s milk and the analyses were performed in the F1 offspring.

Experimental Design: Lactating dams were administered with potassium dichromate (200 mg/L)
in drinking water from postpartum days 1-21. Vitamin C (500 mg/L) was administered to control
and CrVI-treated rats through oral gavage. The pups received CrVI during postnatal days (PND)
1-21 via the mother's milk and the effects of CrVI were studied on PND 21, PND 45 and PND 65.
Results and conclusion: Data indicated that lactational exposure to CrVI (i) delayed puberty; (ii)
extended diestrous phase of the estrous cycle; (iii) On PND 21 and PND 45, CrVI decreased the
number of primordial, primary, and secondary follicles in the ovaries. On PND 65, CrVI decreased
the development of primordial and primary follicles without affecting the secondary and antral
follicle development; (iv) CrVI also affected ovarian steroidogenesis by decreasing the levels of

estradiol, testosterone, and progesterone in F1 female rats. CrVI increased the levels of FSH
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without altering LH and decreased the levels of pituitary hormones, GH and PRL; (v) Vitamin C
protected the ovary by mitigating or inhibiting the adverse effects of CrVI suggesting that vitamin
C intake could be considered as a preventive measure to protect women from Cr-induced
reproductive toxicity (130). Thus, lactational exposure to CrVI delayed puberty and impaired

steroidogenesis in the ovary of F1 female offspring.

CrVI increased follicular atresia in F1 offspring through increased oxidative stress and
depletion of antioxidant enzymes

Rationale: In the US and in developing countries, the usage of Cr has been increasing
exponentially and the environmental contamination of Cr is one of the major threats to human
health as it is not possible to remove Cr from the drinking water completely. Thus, it is imperative

to develop potential intervention strategies against Cr-induced ovarian toxicity.

Experimental Design: Lactating dams were divided into the following groups: (1) control- rats
received regular drinking water; (2) CrVI treatment- rats received 50 ppm CrVI, 100 ppm CrVI,
and 200 ppm CrVI doses of potassium dichromate dissolved in drinking water; and (3) CrVI +
Vitamin C treatment- rats received 50 ppm CrVI, 100 ppm CrV]I, and 200 ppm doses of CrVI with
vitamin C (500mg/kg body wt) supplementation through gavage. The lactating dams received CrVI
treatment from the day of parturition to day 21 postpartum. The pups received CrVI during
postnatal days (PND) 1-21 via the mother's milk and the effects of CrVI were studied on PND 21,

PND 45 and PND 65.

Results and conclusion: Data indicated that (i) CrVI dose-dependently increased follicular atresia
compared to control group; (i1) CrVI decreased steroidogenesis exhibited by the decreased levels

of estradiol, testosterone, and progesterone in a dose-dependent manner in PND 25, 45, and 65

25



rats; (iii)) CrVI increased oxidative stress in both ovary and plasma by increasing ROS
demonstrated by increased levels of H,O> and LPO in a dose-dependent manner; (iv) CrVI
decreased the antioxidant enzymes (AOXs) GPx1, GR, SOD, and catalase; and increased
glutathione S-transferase in both plasma and ovary; and (v) Vitamin C mitigated or inhibited the
above mentioned Cr-induced toxic effects and protected the ovary. Thus lactational exposure to
CrVTI accelerated follicular atresia and decreased steroidogenesis by altering the ratio of ROS and

AOXs in the ovary of F1 female offspring (131).

Edaravone mitigates CrVI-induced oxidative stress and depletion of antioxidant enzymes while
estrogen restores antioxidant enzymes in the rat ovary in F1 offspring

Edaravone (EDA) is a potential free radical inhibitor which has been used to treat cancer
and cardiac ischemia clinically. The efficacy of EDA against Cr-induced ovarian toxicity in F1

offspring was evaluated in this study.

Experimental Design: Lactating dams were divided into the following three groups: 1) control-
rats received regular drinking water; 2) CrVI treatment- rats received 50 ppm CrVI in drinking
water, 3) CrVI+EDA treatment- rats received 50 ppm CrVI with EDA (15 mg/kg body wt) through
intra peritoneal (i.p.) injections. In the study, the lactating dams received CrVI in drinking water
from the day of parturition to postpartum day 21. During this period, F1 female rats received
respective treatments through mother's milk and the effects were studied on PND25 ovaries.

Results and conclusion: Results showed that: (i) CrVI significantly increased the percentage of
atretic follicles with degenerated oocytes and granulosa cells with pyknotic nuclei; (ii) CrVI
increased follicle atresia by increasing the expression of cleaved caspase-3 and decreasing the

expression of BCL2 and BCL2I1 in the ovary, and EDA mitigated the CrVI-induced increase in
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cleaved caspase-3 and decrease in BCL2 and BCL2I1 in the Ovary; (iii) CrVI delayed the onset of
puberty and decreased estradiol, progesterone and testosterone, and EDA inhibited the effects of
CrVI on those hormones; (iv) CrVI increased oxidative stress by increasing the levels of LPO and
H>03, and decreased activity of AOX enzymes SOD1, CAT, GPX1, and GSR in the ovary of F1
rats; and (v) EDA inhibited CrVI-induced oxidative stress and inhibited the adverse effects of CrVI
on all AOX enzymes. This was the first study to demonstrate the protective effects of EDA against
any toxicant in the ovary and it suggests that EDA could be a potential agent to protect women

from Cr-induced reproductive toxicity (132).

Resveratrol protects the ovary against chromium-toxicity by enhancing endogenous antioxidant
enzymes and inhibiting metabolic clearance of estradiol
The protective effects of resveratrol (RVT) on CrVI-induced ovarian toxicity, and estradiol

turnover were determined.

Experimental Design: Lactating dams were divided into the following three groups: 1) control-
rats received regular drinking water; 2) CrVI treatment- rats received 50 ppm CrVI in drinking
water, 3) CrVI+RVT treatment- rats received 50 ppm CrVI with RVT (10mg/kg body wt) through
oral gavage daily. In the study, the lactating dams received CrVI in drinking water from the day
of parturition to postpartum day 21. During this period, F1 female rats received respective

treatments through mother's milk and the effects were studied on PND25 ovaries.

Results and conclusion: Results showed that: (i) CrVI increased atresia of primordial, primary,
secondary and antral follicles and RVT supplementation mitigated CrVI-induced increase in
follicle atresia; (i1) CrVI increased apoptosis by upregulating cytochrome c¢ and cleaved caspase-

3, and down-regulating the key cell survival proteins BCL2, BCL-XL and HIFla, while RVT
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inhibited the CrVI effects on BCL2 and HIFla effectively, but not on BCL-XL; (iii) CrVI
significantly decreased the expression of GPX1, SOD1, SOD2, CATALASE, TXN2, and PRDX3,
while RVT mitigated the effects of CrVI by upregulating AOXs; (iv) The serum levels of E2, P4,
and T were significantly reduced by CrVI by downregulating key steroidogenesis proteins, StAR,
3B-HSD and p450 aromatase. RVT mitigated the effects of CrVI on the expression of StAR, and
aromatase, but not on 3f-HSD; and (v) CrVI increased the metabolic clearance of E; and RVT
restored E; levels by inhibiting hydroxylation, glucuronidation, and sulphation of E>. This was the

first study to report the protective effects of RVT against any toxicant in the ovary (133).

In vitro studies
Findings from our laboratory demonstrated toxic effects of Cr on the ovary and multiple

mechanisms behind the adverse effects of exposure to CrVI (134-136).

CrVI increased oxidative stress and decreased steroid hormone synthesis and antioxidant
machinery

Experimental design: Primary cultures of rat granulosa cells and spontaneously immortalized rat
granulosa cells (SIGC) were used to study the effect of heavy metal toxicity on granulosa cells.
Cells were grown to 70% confluence in DMEM-F12 supplemented with 2% DC-FBS (Dextran-
charcoal coated fetal bovine serum) were divided into three treatment groups: (1) control: cells
were treated with 2% DC-FBS media; (2) CrVI-12h: cells were treated with 10uM potassium
dichromate for 12 h in 2% DC-FBS media; (3) CrVI-24 h: cells were treated with 10uM potassium
dichromate for 24 h in 2% DC-FBS media.

Results: In SIGC, CrVI decreased the mRNA expression of StAR, SF-1, 17B-HSD-1, 17B-HSD-

2,FSHR, LHR, ERa and ER (137). These proteins play a key role in steroid biosynthesis pathway

28



that regulate ovarian function. CrVI increased oxidative stress, depleted the level of endogenous
antioxidants or downregulated the mRNA of antioxidants in the cells. Furthermore, CrVIincreased
ROS levels and decreased mRNA levels of cytosolic and mitochondrial antioxidant enzymes such
as SOD1, SOD2, GR, catalase, GLRX1, GSTM1, GSTM2, GSTA4, PRDX3, TXNI1, TXN2, and

TXNRD?2 in SIGC and primary cultures of granulosa and theca cells (138).

CrVI treatment delayed follicle development by altering cell cycle regulatory proteins

Experimental design: Primary cultures of rat granulosa cells and SIGC grown to 70% confluence
in DMEM-F12 supplemented with 2% DC-FBS were divided into three treatment groups: (1)
control: cells were treated in media with 2% DC-FBS; (2) CrVI-12h: cells were treated with 10uM
potassium dichromate for 12 h in media with 2% DC-FBS; (3) CrVI-24 h: cells were treated with

10uM potassium dichromate for 24 h media with 2% DC-FBS.

Results: CrVI decreased cell proliferation and arrested cell cycle at the G1 phase with a decreased
number of cells in S and G2-M phases. CrV1 also decreased protein levels of G1-S phase regulators
CDK-4, CDK-6, cyclin D2 and cyclin D3 in granulosa cells. These data suggest that granulosa
cells were accumulated at the G1-phase due to down-regulation of CDK-4,-6/D-type cyclins (135).
We found that CrVI also decreased cells in S-phase of the cell cycle. During the G1-S phase
transition, cyclin E binds to CDK-2, resulting in hyperphosphorylation of Rb and activation of
transcription factors and S-phase proteins such as thymidylate synthase and dihydrofolate
reductase. Progression to S-phase is directed by the cyclin A/CDK2 complex (139). CrVI treatment
down-regulated the expression of cyclin E2 and CDK-2 in granulosa cells causing a decrease in

G1 to S phase progression (135).
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CrVI upregulated the expression of CDK inhibitors p15, p16 and p27 in granulosa cells in
vitro. In the mammalian ovary, p27 is a predominant CDK-inhibitor which tightly regulates
primordial to primary follicle transition by negatively regulating cyclin E/CDK2 and cyclin
A/CDK2 complexes. Increased primordial to primary follicle transition was observed in p27-
Knockout mice leading to infertility due to exhaustion of follicle reserve (140). PCNA is expressed
in the nuclear matrix of cells during all phases of the cell cycle, reaching a maximum in S and G2-
phase, and its expression is required during DNA replication (141,142). In granulosa cells, PCNA
is expressed from the primary follicle stage and its expression level increases during the
preovulatory follicular development (143). CrVI treatment decreased PCNA in granulosa cells
suggesting that the decrease in follicle number and delay/arrest in development of follicle at the
secondary follicular stage caused by the CrVI (136) might be due to the reduced expression of
PCNA. In G2-M phase check point, cyclin A associates with CDK1 and CDK1/cyclin B assembly
is active for mitosis to occur (144). In granulosa cells, treatment of CrVI decreased cell populations
in the G2-M phase by downregulating cyclin B1/CDK-1 expression. Thus, in vitro exposure to
CrVI delayed cells from entering into G2-M phase, and its progression by downregulating the

levels of cyclin A and cyclin B1, and CDK-1 (135).

CrVI treatment induced granulosa cell apoptosis by altering the sub-cellular localization of
BCL2 family members, p53 and ERK1/2

Experimental design: Primary cultures of rat granulosa cells and SIGC were grown to 70%
confluency in DMEM-F12 medium supplemented with 5% FBS. After 24 h fasting in 2% DC-
FBS, cells were divided into the following treatment groups: (1) control: cells were treated with
DMEM-F12 medium with 2% DC-FBS; (2) CrVI-12h: cells were treated with 10uM potassium

dichromate for 12 h in DMEM-F12 medium with 2% DC-FBS; (3) CrVI-24 h: cells were treated
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with 10uM potassium dichromate for 24 h in DMEM-F12 medium with 2% DC-FBS; (4) Vitamin
C: cells were pre-treated with vitamin C for 2 h, then treated with DMEM-F12 medium with 2%
DC-FBS; (5) Vitamin C pretreatment + CrVI-12h: cells were treated with 10uM potassium
dichromate for 12 h in DMEM-F12 medium with 2% DC-FBS; (3) CrVI-24 h: cells were treated

with 10uM potassium dichromate for 24 h in DMEM-F12 medium with 2% DC-FBS.

Results: Findings from our laboratory revealed that CrVI treatment induced apoptosis of granulosa
cells in vitro through multiple mechanisms such as mitochondria-mediated intrinsic apoptosis,
p53-mediated apoptosis, and ROS-mediated apoptosis (135,136). BCL2, BCL-XL, BAX, and
BAD are key proteins of BCL2 family members that mediate the intrinsic apoptotic pathway. In
addition, HSP70 protects the cells from undergoing apoptosis by inhibiting translocation of BAX
from the cytosol to the mitochondria, cytochrome c release from the mitochondria into the cytosol
and caspase-3 and PARP activation (145-147). We found that CrVI treatment decreased expression
of BCL2, BCL-XL, HSP70 and HSP90 which are key survival anti-apoptotic proteins. On the
other hand CrVI increased the translocation of pro-apoptotic proteins, BAX and BAD from cytosol
to the mitochondria. This translocation increased membrane permeability of mitochondria,
facilitated the cytochrome ¢ release and activated caspase-3 and PARP proteins leading the
granulosa cells to undergo apoptosis (136). These results suggest that CrVI attenuated anti-
apoptotic pathways in order to stabilize pro-apoptotic members to execute apoptosis of granulosa
cells.

DNA damage leads to apoptosis by promoting phosphorylation and subsequent
stabilization of p53 (148). Phosphorylation of p53 at multiple serine residues is required for
apoptosis (149). Different events and agents like H2O> (150), ionization (151), UV irradiation

(152) and ultimately oxidative stress (153) can induce phosphorylation of p53 at ser-15. CrVI
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increased phosphorylation of p53 at ser-6, ser-9, ser-15, ser-20, ser-37, ser-46 and ser-392 and
selectively translocated active p53 protein into mitochondria in granulosa cells in vitro. Cell death
mediated by p53 requires its selective translocation into mitochondria to trigger a rapid pro-
apoptotic response (154,155) and its association with antioxidants and apoptotic proteins (156-
159). After translocation, the p53 protein could interact with endogenous anti-apoptotic BCL-XL
and/or BCL2 protein, induce oligomerization of BAK protein, increase mitochondrial outer
membrane permeabilization and result in the release of cytochrome-c (160), or interact with
MnSOD and inhibit its ability to scavenge free radicals (159). AKT and ERK pathways are the
major cell survival pathways and are associated with expression of anti-apoptotic BCL2 and BCL-
XL proteins and phosphorylation of the pro-apoptotic BAD protein. CrVI increased the
phosphorylation of ERK and JNK, and induced activation and selective translocation of ERK1/2
into nucleus and mitochondria. CrVI decreased phosphorylation of AKT, which plays a key role
in cell survival. Thus, CrVI targets multiple molecular targets to cause apoptosis of the granulosa

cells.
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Folliculogenesis

Primordial germ cells and primordial follicle formation

Mouse primordial germ cells originate in the extra embryonic mesoderm at 7.5 days of
development of the embryo (E7.5). The signals that are derived from the visceral endoderm and
extra-embryonic ectoderm aid in their initial development. BMP2, BMP4, and BMP8b are the
TGF family factors that are needed for primordial germ cell formation and regulation of gene
expression (161-163). In mouse, primordial germ cells migrate to the genital ridge at E9.5-E11.5
(164). Between E10.5 and E13.5, primordial germ cells proliferate by the process of mitosis during
which time they are called oogonia (165-167). In humans, mitosis begins at 5-week post
conception and ends at 10-16 week post-conception (164). The migration, proliferation,
colonization, and survival of primordial germ cells is controlled by the secretion of various factors,
and their interaction with the surrounding somatic cells. In mouse, BMP2 and BMP4 are found to
increase the number of primordial germ cells in culture while a reduction in the number of
primordial germ cells were observed in BMP7 knockout mice (168-170). BLIMP1 and PRDM14
are critical for primordial germ cell proliferation and migration (171). In mouse, activin inhibits
primordial germ cell proliferation whereas it is found to increase primordial germ cell numbers in
humans (172). OCT4, NANOG, FIGLA, NANOS3, DND1, KIT and KITL are some of the factors
that play important roles in the survival of primordial germ cells. Any mutation in the gene coding
these factors will cause a depletion of germ cells, which leads to a defect in the primordial follicles
formation (173).

Sex determination starts around the period of primordial germ cell migration and
colonization to genital ridge. Sry, the Y-linked gene, influences the XY genital ridge to

differentiate into a testis. The XX gonads develop into ovaries which seems to be the default
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pathway as these gonads have no SRY (174). During mitosis, germ cells or oogonia divide and
form germ cell nests connected by intercellular bridges due to incomplete cytokinesis at ~E10.5
(164,167,175,176). Most of the germ cells divide synchronously and contain 2" germ cells in a
single germ cell cluster in a nest (175,176). Nests containing a cluster of 2 or 4 cells were observed
at E11.5-E12.5 whereas large nests containing clusters of 8 or 16 mitotic cells were observed at
E13.5. While 8 and 16 mitotic cells were seen in largest mitotic clusters, the number cannot grow
larger than 32 cells (175). The somatic cells surround the germ cell nests and this grouping of
somatic cells and germ cells is called the ovigerous cords (177). The ovigerous cords are
surrounded by a basal lamina (178). Following the sex determination and germ cell nest formation,
mitotic divisions stop and the meiosis phase is initiated by the oogonia at E13.5 in mice and
oogonia become primary oocytes (167,179,180). In humans, meiosis is initiated at 13-week post-
conception (181). In the embryonic ovaries of the mouse, initiation of meiosis begins in response
to retinoic acid and the expression of Stra8 (stimulated by retinoic acid gene 8), a female germ cell
factor expressed just prior to entering the prophase of first meiotic division (182). Stra8 is required
for premeiotic DNA replication and meiotic prophase events such as chromosome condensation,
cohesion, synapsis, and recombination (183). During meiosis, oocytes proceed through leptotene,
zygotene, and pachytene stages of prophase I, and become arrested at the diplotene stage, where
the oocytes undergo a prolonged resting phase beginning at E17.5 with most cells reaching
diplotene by PNDS5 (184,185). Oocytes that are located at the inner cortical and medullary region
begin meiosis and grow first (167,186,187).

Around E17.5, germ cell nest breakdown occurs when the oocytes separate and the
ovigerous cords surrounding the germ cell nest become fragmented with the remodeling of the

basal lamina. During germ cell nest breakdown, the single oocyte become enclosed by a single
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layer of flattened, crescent-shaped squamous granulosa cells and this structure, defined as
primordial follicle is formed (188,189). This process is called primordial follicle assembly (167).
The formation of primordial follicle following nest breakdown involves important communication
between the oocyte and surrounding somatic cells. In rodents, GDF9, BMP15, FOXL2 and
NOBOX were found to play an important role in this germ cell nest breakdown process. Lack of
those genes, decreased expression, and reduced function of those proteins affect the timing of nest
breakdown and impair the germ cell nest breakdown process (173). Throughout the germ cell nest
breakdown process, substantial numbers (about two-thirds) of oocytes are lost through apoptosis
(167). In the ovary, apoptosis plays a major role in follicular atresia and determines the pool of
primordial follicles. Oocytes that are not surrounded by granulosa cells during the follicle
assembly process undergo cell death by apoptosis. In the cortex of the ovary, oocyte death and
germ cell nest breakdown begin after birth while in the medulla, they begin as early as E17.5 (190).

The follicles that begin to develop first are found closer to the medullary region (191).

Progression from the primary to the secondary follicular stage

The essentiality of fertility is the establishment of the pool of primordial follicles, as the
oocytes contained in them represent the absolute pool accessible during the entire reproductive life
period of women (192). Thus, any alteration in this process might lead to a reduced primordial
follicle pool size, resulting in POF. The primordial follicles are recruited continuously from this
resting pool and begin to form primary follicle, where the oocyte begins to grow extensively
surrounded by a single layer of cuboidal granulosa cells that is proliferative. In the primary stage,
the oocyte is separated from the surrounding granulosa cells by the formation of a glycoprotein
polymer capsule, the zona pellucida. The primary follicle becomes a secondary follicle when it is

surrounded by more than one layer of granulosa cells with oocytes in mid-growth stages. Oocyte-
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secreted factors recruit theca cells, and surround the outermost layer and basal lamina, and
becomes theca externa and theca interna after cytodifferentiation. Also, an intricate network of
capillary vessels is formed between theca externa and interna for circulating the blood around the
follicle (193). In both mouse and humans, the initial growth and development of primary and
secondary follicles are gonadotropin-independent as their growth occurs in the absence of
hormones even though FSHR is present on the granulosa cells of those follicles (194,195).

The communication between the oocyte and surrounding somatic cells is important for the
growth and development of preantral follicles. The transition from primary to secondary follicles
is driven by the secretion of local intra-ovarian paracrine factors by oocytes, granulosa, and theca
cells (196). Though the rate of development of follicle is dependent primarily on the oocyte, it still
relies on the somatic cells for its own growth and development. The oocyte-secreted growth factor
critical for the function of the somatic cells are GDF9 and BMP15, two members of the TGFf
superfamily. GDF9 is expressed by the oocytes of primary follicle and aids in the transition of the
follicle to further stages (197,198). In female mice ovaries that lack GDF9, primordial follicles
are able to form and can proceed to primary follicle formation but are not able to progress to further
stages resulting in sterility (199,200). BMP15 plays an important role in stimulating the
proliferation of undifferentiated granulosa cells (201). In human and mouse primordial follicles,
NTF5 and BDNF, the neurotrophins expressed in primordial follicles signal through NTRK2 on
the oocyte (202,203). They both play an important role in the preantral folliculogenesis, as the
number of primary and secondary follicles are reduced with a compromise in the ability of follicles
to grow beyond primary follicle stage when there is a concomitant loss of NTF5 and BDNF (202).
TATA box binding protein (TBP)-associated factor (TAF4B), is a transcription factor expressed

primarily in germ cells but also present in granulosa cells, whose absence in the female mice
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ovaries had reduced number of primordial and growing follicles showing its role in the follicle
development process (204,205). Mice ovaries lacking TBP2 (TATA-binding protein), another

transcription factor specific to oocyte showed a reduction in secondary follicle numbers (206).

Progression from Pre-antral to Antral follicle stage

A preantral follicle is discernable from the antral follicle, also called Graafian follicle, by
the presence of fluid-filled cavity called the antrum. As the follicle progresses from pre-antral stage
to antral follicle stage, the antrum is formed by the coalescence of the fluid-filled spaces within
the granulosa cell layers in the follicle, along with increased thecal layer vascularization, continued
oocyte growth, and granulosa and thecal cell proliferation (207). The antral follicular stage is
reached by most growing follicles once they enter the growing pool, and they unavoidably undergo
atresia. During the peri-menstrual period, a small cohort of antral follicles are rescued from
undergoing atresia by the elevated circulating FSH levels, and they continue to grow. The
granulosa and theca cells continue to proliferate by mitosis along with an increase in antral volume
and these follicles are referred to as tertiary follicles.

In the tertiary follicle, granulosa cell differentiates by the action of oocyte-secreted factors
to form four subtypes based upon location within the follicle: corona radiata, surrounding the zona
pellucida; membrana, interior to the basal lamina; cumulus oophorus, connecting the membrana
and corona radiata together; and peri-antral, adjacent to the antrum. At this stage, granulosa cells,
theca cells, and oocytes secrete various factors inside the follicles to ensure the successful
maturation of the follicle and ovulation. Granulosa cells secrete activins and BMP-6, theca cells
secrete BMP-2, BMP-4, and BMP-7 or both cells secrete TGF-beta, and oocytes secrete GDF-9
and BMP-15 (208). These factors act either alone or synergistically on selected follicles which can

increase the FSH levels secreted by the pituitary, and induce the granulosa cell proliferation (193).
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FSH binds to the FSHR, a G protein coupled receptor that activates the PKA pathway. In this
pathway, the transcription factor CREB (cAMP Response Element Binding Protein) is
phosphorylated and activated which regulates the expression of genes that are essential for the
follicle development. FSH binding can also activate the PKA independent pathway where SGK1
(serum and glucocorticoid-induced kinase 1) and AKT is phosphorylated, and activated through
the PI3K pathway. In granulosa cells, the PI3K pathway is also activated by IGF-1. Both IGF-1
and FSH, through the PI3K pathway regulate the expression of FOXO1 which is important for the
proliferation, differentiation, and survival of granulosa cells. IGF-1 also increases FSHR levels in
granulosa cells and increases FSH sensitivity (176). All these molecular events help the granulosa

and theca cells to proliferate in the recruited cohort of follicles.

Preovulatory follicle development and ovulation
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Fig. 1.1. Schematic diagram of complete follicular development. Reprinted with permission from

(209).

A single dominant follicle is preferentially chosen to grow from the cohort of recruited

follicles, while the subordinate follicles undergo atresia and the process is termed as follicle
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selection (210-212). The follicle maturation and selection of dominant follicle is coordinated by
the positive and negative feedback mechanisms in the HPG axis. It is suggested that the dominant
follicle is more sensitive to FSH due to the increase in a number of the granulosa cells and FSH
receptors, which further stimulate the expression of FSH and LH receptors in the granulosa cells
and theca cells respectively. During the mid-follicular phase, the dominant follicle produces
estrogens and inhibins which suppress the secretion of FSH from pituitary through negative
feedback mechanism (213). The subordinate follicles fail to survive due to the declining levels of
FSH and eventually undergo atresia (214,215).

In the late-follicular phase, the dominant follicle continues to grow with an increase in the
proliferation of granulosa cells and increase in activity of aromatase, resulting in an increase in the
levels of estradiol. The level of estradiol increases both in the follicle and in circulation, during
which time the follicle reaches the pre-ovulatory stage. In preparation for ovulation, only one antral
follicle develops each month into a pre-ovulatory follicle during the follicular phase of the
menstrual cycle in 14 days. During the pre-ovulatory period, increase in response to gonadotropins
and its sensitivity in the follicle mediates its growth, LH receptor expression, and over 90%
production of estradiol by the granulosa cells (193). Just before the ovulation or the day before LH
surge, the granulosa cells stop proliferating in the dominant pre-ovulatory follicle, its production
of estradiol peaks, and stimulate the LH surge by its positive feedback at the hypothalamus and
pituitary. In the pre-ovulatory follicle, increased expression of LH receptor in the granulosa cells
makes it respond to LH surge. Within 24 h of the LH surge, the highly vascularized pre-ovulatory
follicle responds to the LH, and the ovulation occurs by the initiation of a cascade of events leading
to oocyte meiotic resumption, cumulus expansion, follicle rupture and release of the oocyte (216).

Before ovulation, the oocyte in the follicle is arrested at the diplotene stage, which resume and
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complete meiosis I during each month from puberty to menopause giving rise to a secondary
oocyte arrested at metaphase II stage. After ovulation, these secondary oocytes will complete
meiosis II if sperm penetrates fertilizing the egg. The schematic sequence of complete follicular

development is shown in Fig. 1.1.

Activation of primordial follicles

Activation of the primordial follicles is a tightly controlled process and very dynamic. The
process of folliculogenesis is initiated when the primordial germ cells become activated and are
recruited in cohort continuously. The PI3K/AKT signaling pathway is present in oocytes from
primordial and primary follicle stage, and is the major pathway required for primordial follicle
activation (217,218). In oocytes, loss of PTEN leads to increased phosphorylation of AKT and
FOXO3a due to increased activity of PI3K. FOXO3, a transcription factor whose activation is
found to lead the cell to undergo cell cycle arrest and apoptosis. In the mouse oocytes, FOXO3 is
expressed and is found to repress the activation of primordial follicles (219). Premature activation
of primordial follicles and postnatal depletion of follicles occurs in FoxO3 null mutant mice.
Similarly, depletion of the primordial follicle pool is observed in mice lacking PTEN (217). mTOR
signaling pathway also plays an important role in preventing the early activation of primordial
follicles. It has been shown in a mouse model that TSCI1 (tumor suppressor tuberous sclerosis
complex 1) negatively regulates mTORCI1 (mammalian target of rapamycin complex 1) and
prevents the activation of primordial follicles and maintains them in a quiescent state. In oocytes,
null mutation of these factors leads to early activation of primordial follicles and depletion of
follicles leading to premature ovarian failure (220).

Anti-mullerian hormone (AMH), a TGFp superfamily member expressed in granulosa cell

is required to maintain a balance between the primordial follicles that stay in the resting pool and
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follicles that are being activated. The recruitment of primordial follicles into the growing pool is
inhibited by AMH in mouse (221,222). In Amh null mutant mice, primordial follicles were
recruited more and the resting pool of follicles was rapidly depleted with more preantral and small
antral follicles observed in the knockout compared to the wild type (223). The interaction of KIT,
an oocyte-expressed receptor and its somatic cell expressed ligand, KIT ligand promotes the
recruitment of theca cell, proliferation of granulosa cells and the growth of oocyte and controls the
initiation of follicle growth (224). In vitro, it has been shown that PI3K/AKT pathway is regulated
by KIT ligand in oocytes, activating AKT by increasing its phosphorylation and hence repressing
the activity of FOXO3 leading to premature activation of primordial follicles (218).
Neurotrophins, the growth factors that play a role in the nervous system plays a role in
regulating early folliculogenesis process. Nerve growth factor (NGF) is expressed both in the
oocytes and somatic cells even before formation of the follicle plays a role in primordial follicle
activation (225). It is suggested that NGF signaling is required for the primordial to primary follicle
transition as the reduced population of primary and secondary follicles were observed in mice
ovaries lacking NGF (226). Sohlhl and Nobox, two other transcription factors expressed in the
oocytes are important regulators of early oogenesis and folliculogenesis, as they are very important
for the primordial follicles to progress to the primary follicle stage. In the absence of Nobox in
ovaries, the majority of follicles are arrested at the primordial stage with the degeneration of
oocytes (227). Similarly, in null mutant mice for Sohlhl, follicles did not progress to the primary
follicle stage and the growth of primordial follicle is arrested (164). BMP4, a member of the TGFf
superfamily, also determine primordial follicle progression. In neonatal rat ovaries, in vitro
exposure to BMP4 reduced the arrested primordial follicle number and enhanced the proportion

of developing primary follicles (228). Thus, BMP4 promotes the development of primordial
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follicle and its transition to the primary follicle.

Follicular dynamics

In the human, early menopause and infertility may occur due to early depletion of
primordial follicles or poor stocking of the initial pool of primordial follicles (229). The decline
of the non-growing, resting primordial follicle reserve due to age in human ovaries has been
predicted by mathematical analyses. It predicted that at around 40 years of age menopause would
occur if at birth an ovary had 35,000 non-growing follicles, but if the ovary began with 2.5 million
non-growing follicles then the menopause would be delayed to 60 years (230,231). The
mathematical analysis of the number of follicles leaving the resting non-growing pool shows that
this number increases through childhood, peaking at 900 follicles/month at 14 years of age, then
falling to 600/month at 25 years of age, and 200/month at 35 years of age (230). In mice, the loss
of primordial follicles per ovary is minimal following the sharp decline of primordial follicles
during the neonatal period. The primordial follicle loss occurs with an average of less than one
follicle per day for up to 14 weeks and the number declines significantly up to 300 days (232-235).

It has been thought that intra-ovarian mechanisms limits the decline of the reserve of
primordial follicles to conserve the stock of follicles in the early phases of postnatal life including
and beyond puberty. The growing follicle pool may exert a brake in addition to inhibition by
intracrine and/or paracrine factors to maintain the quiescence of the resting follicles and regulate
the rate of recruitment of primordial follicles (236-239). In the postnatal mouse ovary, it has been
suggested that a ‘quorum-sensing’ model may explain the preservation of a set number of follicles
in the primordial follicle reserve which suggests that the excess primordial follicles can be
eliminated via a BCL2 cell death mechanism but the ovary cannot add primordial follicles to an

insufficient primordial follicle reserve (240,241).
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Cell survival and cell death pathways

Apoptosis or programmed cell death is the major process, which determines the ultimate
number of primordial follicles that are present in the reserve during the reproductive life of a
female. It also influences the fertility and menopausal timing of women by regulating the oocyte
number available for ovulation.

The two apoptotic pathways in mammalian cells are the intrinsic apoptotic pathway and
extrinsic apoptotic pathway (242,243). Developmental cues and stress stimuli such as oxidative
stress, hypoxia, heat, detachment from the extracellular matrix, DNA damage, cytokine
deprivation and chemotherapy are known to activate the intrinsic apoptotic pathway (244).
Whereas FAS ligand and TNF-alpha activate the extrinsic apoptotic pathway by binding to their
respective cell surface death receptors (242). The pro-apoptotic and anti-apoptotic BCL2
superfamily members regulate the intrinsic apoptosis pathway (243). Based on the function and
structure, the BCL2 family of apoptotic regulators is divided to three groups: 1) the pro-apoptotic
BH3-only proteins initiates the intrinsic apoptosis pathway by sensing cell stress and includes
pathway members PUMA, NOXA, tBID, BIK, BAD, BMF, BIM, and HRK; ii) the pro-survival
BCL2 like proteins include BCL2, BCL-XL, BCL-W, A1 and MCLI1 which are important for cell
survival by inhibiting apoptosis; and iii) the members of pro-apoptotic effector proteins that
activate cell death are BAX, BAK, and BOK (245,246).

The pro-apoptotic BH3-only proteins such as PUMA, NOXA bind to the pro-survival
BCL2 family proteins such as BCL2, BCL-XL and inhibit their activity thereby releasing its
inhibition on the pro-apoptotic effectors BAX and BAK and activating them (246). BAX and
BAK can also be activated directly by the binding of pro-apoptotic BH3-only proteins PUMA,

tBID and BIM (247). In the absence of apoptotic stimulus, the pro-survival proteins prevent the
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activation of BAX and BAK by sequestering those pro-apoptotic BH3-only proteins to the
cytoplasm (247). BAX and BAK activation results in the destabilization of mitochondria by
permeabilizing the mitochondrial outer membrane causing the release of cytochrome c.
Cytochrome c release results in the formation of apoptosome, promoting the activation of initiator
caspase-9 and effector caspases (caspase-3, -7, -6) resulting in apoptosis (243). In the absence of
apoptotic stimulus and presence of survival cues, the pro-survival proteins such as BCL2, BCL-
XL or MCLI1 are activated and heterodimerize with pro-apoptotic BH3-only proteins at the
mitochondria and sequesters them preventing cytochrome c release resulting in cell survival.

The extrinsic apoptotic pathway is activated by the binding of TNFa and FASL to their
respective receptors leading to cleavage of caspase-8 and effector caspase activation and apoptosis.
Caspase8 can also cleave BID and generate tBID which can engage the intrinsic apoptosis pathway
(248,249). The roles of key anti-apoptotic and pro-apoptotic proteins that promote the cell survival
and cell death of germ cells are discussed below.

BCL2, the pro-survival protein regulates the primordial follicle pool size at birth as it's
overexpression in transgenic mice increased the number of primordial follicles at birth but the
increase in number was not maintained in postnatal life (250). Also, mice lacking functional BCL2
protein showed reduced primordial follicle numbers compared to wild-type (251). Thus, BCL2
may act as an anti-apoptotic factor in the ovary which increased the primordial follicle pool size
by promoting follicle survival and decreasing the germ cells that undergo apoptosis during ovary
development (250).

BCL-XL, another anti-apoptotic member of the BCL2 family plays a key role in
maintaining germ cell survival during gonadogenesis (252). BCL-XL hypomorphic mice showed

a severe reduction in the population of primordial and primary follicles and impaired fertility. At
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E13.5, the number of oocytes was reduced and by E15.5 primordial germ cells were depleted
following germ cell migration indicating a role for BCL-XL in embryonic germ cell apoptosis
(252).

It has been implicated that BAX is one of the key pro-apoptotic factors that initiate
apoptosis in both oocytes and granulosa cells (253). BAX mutant mice exhibited a reduction in the
primordial and primary follicle atresia due to defects in apoptosis which prolonged the
reproductive lifespan of the ovary in aged mutant females (254). Mutation of the BAX gene
increased the oocyte number, and germ cell nests contained more oocytes at E13.5, E15.5, PND4,
and PND7 (255). Also, mouse oocytes that are deficient in BAX were resistant to apoptosis
induced by chemotherapy, suggesting its pro-apoptotic role in the ovary (256).

Caspases are involved in regulating ovarian germ cell viability (257). Decreased germ cell
death was observed in caspase-2-deficient mice with a greater number of primordial follicles
compared to wild-type in the PND4 ovary (258). In both in vivo and in vitro, the absence of
caspase-3 did not affect oocyte death initiated by either developmental cues or pathological insults,
however, caspase-3 mutant female mice showed aberrant atretic follicles containing granulosa
cells that failed to be eliminated by apoptosis (259).

PUMA-mediated apoptosis plays a key role in establishing the ovarian reserve by
determining the primordial follicle number. Mice lacking PUMA were reported to have twice the
number of primordial follicles by 15.5 to 17.5 dpc (260). In postnatal mouse oocytes and somatic
cells, DNA damage repair failure triggers the intrinsic apoptosis pathway via PUMA and NOXA.
Oocytes deficient in PUMA and NOXA were more resistant to DNA damage induced by v-
irradiation suggesting the key role played by them in removing the primordial follicles from the

reserve that have DNA damage (234,246).
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p53-miR34a-SIRT1 Signaling Network

P33

p53 is a tumor suppressor gene which is activated by DNA damage and cellular stress such
as radiation, oxidative stress, hypoxia, carcinogens and chemotherapeutic drugs (261). Under
normal conditions, p53 is destabilized and degraded; therefore, resting cells contain small amounts
of p53. However, genotoxic stress leads to stabilization of p53 which accumulates inside cells,
inducing cell cycle arrest, senescence, and apoptosis (262-265). pS3 regulates cell proliferation in
part by acting as a transcription factor, and either activating or suppressing a huge array of gene
transcriptions (262,266). The transcriptional regulation of target genes by p53 involves the direct
binding of p53 to the DNA-responsive elements present within their promoters of genes that
mainly increases their expression (267). p53 also acts as a transcription factor for pro-apoptotic
effector protein-encoding genes and is involved in transcription-independent cellular signaling
leading directly to apoptosis (261). Apart from regulating target genes, pS3 can also regulate the

expression of micro RNAs (miRNA) (268).

Activation of p53

Ataxia Telangiectasia protein (ATM), the ATM-related protein (ATR), the Nejmeegen
Breakage Syndrome (NBS) protein and poly(ADP-ribose)polymerase (PARP) are some of the
sensors of DNA strand break induced by radiation (269). Following exposure to ionizing radiation,
ATM protein can phosphorylate p53 either directly at serl5 or indirectly via CHK2 (ser20), INK
(ser37) or c-Abl (269,270). ATM activates the sequence-specific binding of p53 by activating a
phosphatase that dephosphorylate p53 specifically at ser376 allowing for the binding of the 14-3-

3 protein (271). ATM also stabilizes p53 by phosphorylating COP1 ubiquitin ligase leading to its
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dissociation from p53 (272). In non-stressed cells, the proteins implicated in the degradation of
p53 by ubiquitination are MDM2 and JNK. MDM2 binds tightly to the N-terminus of p53 leading
to the ubiquitination and subsequent proteasome-mediated degradation of p53. It also blocks p53
transcriptional function by interacting with transcription activation domain of p53. Also, MDM?2
promotes the nuclear export of p53 into the cytoplasm (273). p14ARF (ARF) is one of the mediator
of oncogene-induced p53 activation by binding to Mdm2 and inhibiting it (274). DNA damage-
induced kinases promote acetylation within the C-terminus of p53 and activate p53 as a
transcription factor (275). Hypoxia activates p53 and stimulates apoptosis through mechanisms
that involve ATR, HIF la (hypoxia inducible factor) and VHL (von Hippel-Lindau) (276). While
HIF1a is degraded through its interaction with VHL under normal conditions, hypoxic conditions
disrupts the interaction of HIF 1o with VHL thereby stabilizing it. Stable HIF 1 a stabilizes p53 by
binding to it. Also, VHL can also activate p53 by interacting with it directly and promoting the
phosphorylation and acetylation of p53 (275). Thus various proteins play a role in activating p53

under stress conditions.

miR34a

miRNAs are small single-stranded non-coding RNA of about 20-24 nucleotides (277) that
negatively regulate gene expression both at mRNA and protein levels through direct binding of
3’UTR of mRNAs in a sequence-specific manner and/or by silencing translation (278). miRNAs
are transcribed as capped and polyadenylated primary transcripts (pri-miRNAs) by RNA
polymerase II. A protein complex known as the microprocessor complex that contains Drosha
ribonuclease IIl enzyme cleaves the primary transcripts and produce an approximately 70-
nucleotide stem-loop precursor miRNA (pre-miRNA) (279). Dicer ribonuclease (Dcr-1) further

cleaves the pre-miRNA to generate the mature miRNA and antisense miRNA star. The mature
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miRNA is incorporated into RNA-induced silencing complex (RISC), which can cleave, degrade
or suppress translation or target mRNAs depending on the complementarity between mRNA and
miRNA (280). A perfect complementarity between seven consecutive nucleotides in the target
mRNAs 3" UTR and the nucleotide 2—8 (seed sequence) at the miRNA's 5’ end is required to reduce
the protein levels of the target (281). On the contrary, miRNAs have the capability of activating
gene expression directly or indirectly in response to different cell types and conditions and in the
presence  of  distinct cofactors. In  miRNA-mediated upregulation,  miRNPs
(microribonucleoproteins) act in trans in promoting their target mRNAs’ expression. The mRNA
expression could be activated by the direct action of miRNPs and/or could be indirectly relieved
from miRNA-mediated repression by abrogating the action of repressive miRNPs (282). For
example, Mmu-miR34a/34b-5p binds the 3'-UTR and upregulated translation of an alternatively
cleaved and polyadenylated longer variant of B-actin mRNA without increasing mRNA levels at
neuronal synapses in mouse neuronal cells (283).

p53 can regulate the expression of a set of miRNAs, including miR34 family (miR34a,
miR34b, and miR34c), miR107, miR145, miR192, and miR215, contributing to the tumor
suppression role of p53 (284). The miR34 family is directly regulated by p53 and it modulates cell
cycle progression, senescence, and apoptosis (268,285). Ectopic miR34a acts as a tumor-
suppressor gene by inducing G1 cell cycle arrest, senescence, and apoptosis (285,286). MiR34a
expression is silenced in several types of cancers such as prostate and melanoma due to aberrant
CpG methylation of its promoter and subsequent transcriptional silencing (287). Overexpression
of miR34a promoted G1 phase cell cycle arrest and apoptosis. Conversely, the decrease of
endogenous miR34 suppresses apoptosis (285). p53 can induce miR34a expression in irradiated

mice and cultured fibroblast cells (285). Transcriptional activation of miR34a was found to
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contribute to p5S3-mediated apoptosis (288). In mouse embryonic fibroblast cells deficient in p53,
expression of miR34 family was correlated with p53 status. The study showed that the genes
encoding miR34 family are direct transcriptional targets of p5S3, whose induction by DNA damage
and oncogenic stress depends on p53 both in vivo and in vitro. (289). The gene encoding miR34a
has a p53 binding site and p53 was shown to bind directly to p53 responsive element located
upstream of the miR34 family gene (288,290). Thus, p53 acts as a transcription factor to increase
miR34 family of gene expression. miR34a plays a pivotal role in a positive feedback loop that

includes p53, miR34a, and SIRTI1.

SIRTI1

SIRTuin 1 (SIRT1) is one of the target genes of miR34a as the 3> UTR of SIRT1 has a
response element for miR34a (291). SIRT1, an NAD+-dependent deacetylase, is one of the seven
mammalian SIRTuins and it plays diverse roles in various physiological and pathological events,
including life-span extension, neurodegeneration, age-related disorders, obesity, heart disease,
inflammation, and cancer (292). Interestingly, SIRT1 was reported to improve the follicle reserve
and prolong the ovarian lifespan of diet-induced obesity in female mice (293). Resveratrol, an
activator of SIRT1, has an anti-aging effect and is beneficial to the cardiovascular system and
diabetes and obesity (294,295). Consistently, it prolongs the ovarian lifespan and protects against
age-associated infertility in rodents (296,297). SIRT1 plays a key role in protecting cells from
DNA damage and oxidative stress (298,299). Apart from deacetylating histones and histone
methyl-transferases, SIRT1 can also deacetylate non-histone proteins such as p53, E2F1 and NFkB
(300). SIRTI can interact with p53 and deacetylate it at Lysine-382 residue decreasing the p53-
mediated transcriptional activation and hence reduces downstream target gene regulation (268).

Overexpression of SIRT1 was found to represses pS3-dependent cell cycle arrest and apoptosis in
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response to oxidative stress and DNA damage (301,302). SIRT1 protein levels were decreased
when miR34a was overexpressed in HCT116 cells and conversely, miR34a knockdown increased
the protein expression of SIRTI1. Thus, miR34a targets SIRT1 and suppresses it by post-

transcriptional inhibition (291).

Endocrine disrupting chemicals and their effects on female reproductive system

Endocrine disrupting chemicals (EDCs) or endocrine disruptors are naturally occurring
compounds or man-made synthetic chemicals or mixture of chemicals that act on the endocrine
systems of humans and animals by mimicking, blocking and/or interfering in some manner with
the natural cell signaling pathway of hormones in cells and produce adverse reproductive,
neurological, developmental, and immune effects (303,304). These exogenous agents interfere
with processes regulated by endogenous hormones. One such process is a female reproductive
function where the major reproductive organ is the ovary. EDCs disrupt ovarian processes and
cause adverse outcomes such as infertility, anovulation, menstrual cycle problems, endometriosis,

estrogen deficiency, adverse pregnancy outcomes and premature ovarian failure (305).

BPA

(Bisphenol-A) BPA is a plasticizer and a high production volume monomer, used
commonly in epoxy resins, plastics, food and drinks containers, dental sealants, and grocery
receipts. BPA leaches out from food and beverage containers because of incomplete
polymerization, leaching of unbound BPA and degradation of the polymers by chemicals and
exposure to higher temperatures. It is estimated that around 6.6 mg/person/day of BPA is
consumed by the ingestion of foods packaged in epoxy resin coated cans. Approximately, 90-99%

of BPA exposure in children and adults is through ingestion from food and water.
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In the developing fetal ovary, maternal exposure to BPA affects the earliest stages of
oogenesis and the embryos that are produced from the BPA exposed female with the mitotic
defects will be chromosomally abnormal in the adult stage. Multiple oocyte follicles (MOF)
originate from improper germ cell nest breakdown. After birth, the germ cell nest breakdown is
initiated by decreased levels of estrogen. BPA acts as a synthetic estrogen and prevents the proper
germ cell nest breakdown after birth (306). It is also suggested that exposure of BPA to the fetus
may limit the expansion of the primordial germ cells by down regulating the mitotic cell-cycle
genes based on the gene ontology analysis (307). Follicle activation is confirmed by Chao et al.,
(2012) who found that ovaries exposed to BPA postnatally have significantly decreased primordial
follicles but increased the primary, secondary and antral follicles (308). These might be caused by
the estrogenic stimulatory effect of BPA on the early folliculogenesis and during the prepubertal
stage, it caused an acceleration of folliculogenesis leading to increased follicular atresia (309). A
cohort study of women undergoing infertility treatments correlated with higher BPA levels with
lower antral follicle counts suggesting that ovarian failure might be accelerated by BPA exposure

(305,310).

Methoxychlor

Methoxychlor (MXC) is an organochlorine pesticide used to kill insects that attack
vegetables, fruits and home gardens. It is estimated that MXC and other pesticide residues are
contained in 35% of agricultural commodities (311). Even though production and usage of MXC
were banned in the US, human exposure occurs through importing of agricultural products
containing MXC into the US from other countries. Humans are mainly exposed to MXC through
food and water. MXC is highly persistent in the soil as its residues were seen even after 18 months

in soil that were treated with MXC biodegrading microorganisms (312).
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Inside the body, MXC is metabolized to 1,1,1-trichloro-2-(4-hydroxyphenyl)-2-(4-
methoxyphenyl) ethane (MOH) and 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl) ethane (HPTE) by
cytochrome p450 enzymes (313). MXC and its metabolites were found to interfere with
folliculogenesis. In vivo, treatment with MXC (100mg/kg) reduces the expression of Esr2 and
increases the expression of anti-Mullerian hormone (AMH) in early antral and preantral follicles
and inhibits the folliculogenesis (314). Also in vitro data has shown that treatment of MXC or its
metabolite reduces the expression of G1-S phase cells cycle regulators such as cyclin D2 (Ccnd2)
and cyclin-dependent kinase 4 (Cdk4), upregulates the expression of proapoptotic factor Bax and
downregulates the expression of anti-apoptotic factor Bcl2 and inhibits the growth of isolated
antral follicles (315,316). Treatment of MXC also found to inhibit ovarian steroidogenesis by
inhibiting the expression of important cytochrome P450 enzymes involved in steroid hormone
synthesis (317,318).

Dioxin

Dioxins comprise a group of organochlorine compounds including polychlorinated
biphenyls (PCBs), polychlorinated dibenzofurans (PCDFs), and polychlorinated dibenzodioxins
(PCDDs). Dioxins are formed during waste incineration and smelting and refining of metals and
are used as lubricants, insulators, flame-retardants and machine and transformer fluids (319).
Polybrominated diphenyl ethers (PBDE) are another group of dioxins used primarily as flame-
retardants. TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) is an environmental contaminant that is
produced as a by-product of pesticide and herbicide manufacturing process, burning of municipal
solid waste and in pulp and paper mills during bleaching process (320,321). Dioxins accumulate

in adipose tissue due to their fat-soluble nature and contaminate the food chain. In addition, it is
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also found in breastmilk, blood serum and ovarian follicular fluid (322,323). It is not readily
metabolized and excreted and has a long half-life of approximately 7-11 years in human (324).

In the rat ovary, TCDD has an anti-proliferative effect by decreasing the number of antral
follicles without causing an increase in atresia (325). TCDD was found to block ovulation in
immature rats by reducing the number of granulosa cells in S phase and inhibiting the levels of
cell cycle regulatory proteins Cdk2 and Cend2 (326). It also interferes with ovarian steroidogenesis
due to its ability to inhibit the important steroidogenic enzymes like Hsd17b1 and Cyp19al (327).
In isolated mouse antral follicles, TCDD exposure decreased steroid hormones like progesterone,
androstenedione, testosterone, and estradiol in a dose-dependent manner (327). In Lewis rats,
TCDD exposure accelerated the onset of acyclicity and caused early reproductive senescence with

age (328).

Phthalate

Phthalates are plasticizers which is a synthetic chemical used as softeners of plastics. It
determines the suppleness, flexibility, and elasticity of polymers such as PVC. DEHP, Di (2-ethyl
hexyl phthalate), the most common plasticizer used for PVC is produced more than 2 million tons.
Dibutyl phthalate (DBP), diethyl phthalate (DEP) and butyl benzyl phthalate (BBP) are used
commonly in consumer products and are also produced in high volumes. It is used in products
such as upholstery, infant toys, shower curtails, industrial solvents, cosmetics, blood transfusion
bags, industrial paints etc. Humans are exposed to phthalate through food and skin absorption.

Phthalates have been shown to alter the development and growth of follicles and also
impair steroidogenesis. In mice, studies have shown that DEHP exposure (20 pg-750 mg/kg/day)
for 10 to 30 days accelerate the primordial follicle recruitment through over activation of the PI3K

pathway (329). Apart from affecting folliculogenesis, phthalates also affect the health of follicles.
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Increase in atretic follicle numbers and a decrease in primary and secondary follicles were
observed when DEHP (600 mg/kg) was exposed to mice through oral gavage for 60 days (330).
MEHP inhibits the growth of antral follicle by increasing the oxidative stress and disrupting the
levels of superoxide dismutase 1 and glutathione peroxidase (331). Phthalates are also found to
alter steroidogenesis. In rats, exposure to DEHP (300 and 600 mg/kg) decreased serum estradiol
levels by decreasing Cyp19al expression (330). Serum estradiol levels were also decreased in
mouse antral follicles when exposed to DEHP (10 and 100 pg/ml). In cultured mouse antral
follicles, exposure to MEHP (0.1-10 pg/ml) decreased testosterone, estradiol and estrone levels by
inhibiting the gene expression of Cypl7al, Hsd17bl, and Cyp19al (332,333). In a cross-sectional
survey using the National Health and Nutrition Examination Survey, an earlier mean age at
menopause was observed in women with high levels of phthalate metabolites compared to women
with low levels of phthalate metabolites suggesting that phthalate exposure causes premature

ovarian failure in women (305,334).

Heavy metals

Since ancient times, heavy metals have been used by humans for various purposes, and its
production and use increased exponentially after the industrial revolution (304). Metals may be
divided into four groups: (a) metals that are widely spread in the human environment with greatest
toxicological significance such as arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), lead
(Pb), and uranium (U), (b) essential metals required in trace quantities such as cobalt (Co), copper
(Cu), iron (Fe), manganese (Mn), selenium (Se), and zinc (Zn), (c) other metals which are of
biological interest such as Vanadium (V) and nickel (Ni), and (d) metals of pharmacological

interest such as gallium (Ga), aluminum (Al), and lithium (Li) (304,335). The earliest EDC known
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to disrupt endocrine functions in humans are the heavy metals. Following are the effects of few
heavy metals on the ovary. Anthropogenic uses of heavy metals was reviewed by Banu (336) and
Banu et al., (2018) (Encyclopedia of reproduction)

Exposure to As significantly reduces antioxidants by inducing oxidative stress and results
in the production of free radicals that can cause DNA single-strand breakage. As exposure to
pregnant women resulted in the increased abortion rate, preterm birth, neonatal mortality and
decreased birth weight (337).

The USEPA listed Cadmium (Cd) as one of the 126 priority pollutants. Cd exposure during
human pregnancy has been linked to decreased birth weights and premature birth, with the
enhanced levels of Cd in the placenta. In the placenta, Cd alters human chorionic gonadotropin
and zinc transfer and induced ultrastructural changes such as syncytiotrophoblastic vesiculations,
stromal edema, vacuoles in Hofbauer cells and necrosis.

Copper (Cu) is an essential trace metal and is essential for normal reproduction. Cu in its
unbound form is toxic and it's overexposure can cause various toxic effects, by causing redox
imbalance due to its highly redox-active nature.

In women, increased iron intake is found to increase fertility in women but its overexposure
is found to affect their reproductive health. Its contamination in drinking water occurs mainly
through corroded pipes. The iron burden is found to be deleterious to the ovary and could
predispose women to the development of ovarian cancers. The iron burden in the ovary of
thalassemia major patients had an inverse correlation with AMH levels and non-transferrin bound
iron. Also, a higher incidence of ovarian cancer is associated with the iron storage disease

hemochromatosis through increased iron uptake.
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Lead (Pb) is a ubiquitous pollutant whose atmospheric concentrations increased as a
consequence of industrialization and environmental pollution. Women occupationally exposed to
Pb showed an increased incidence of spontaneous abortion, decreased birth weight and minor
congenital malformations in their babies, infertility, and changes in ovarian function.

High doses of mercury (Hg) in its three common forms (elemental, inorganic and
methylmercury) produce adverse health effects and the most toxic form is methyl mercury. Most
people are exposed to Hg through consumption of Hg-contaminated fish. Epidemiological studies
indicate that occupational exposure to Hg in women resulted in abnormal menstrual cycles in terms
of bleeding pattern and cycle length (338). Decreased fertility is experienced by dental assistants
exposed to Hg vapor.

Exposure of humans to Mn is widespread and is known to cause DNA damage and
chromosome aberrations in mammalian cells. In mammals, exposure to large amounts of Mn affect
fertility and is also toxic to the embryo and fetus (339). The concentration of Mn in umbilical cord
blood is directly correlated with intrauterine growth restriction in newborn children compared to
newborns appropriate for gestational age (340).

Nickel is an another EDC heavy metal where the general public is exposed through
consumption of contaminated drinking water, inhalation of dust, dermal contact with bath/shower
water, soil, or dust, and ingestion of Ni-contaminated soil. In Northwestern Russia, women
working in a metal refinery were reported to have spontaneous abortions, and the newborns
suffered from congenital musculoskeletal defects, and perinatal mortality (341).

Cr disrupted ovarian function in women working in chromium industries who exhibited
increased levels of Cr in their blood and urine. Those women experienced abnormal menses,

infertility or increased postpartum bleeding (342). We have reported that lactational exposure to
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CrlII during postnatal age extended estrous cycle, delayed follicular development, decreased the
number of healthy follicles, arrested the growth or development of follicles, and increased
follicular atresia in PND 21 rats. Cr also delayed pubertal onset and decreased levels of
testosterone, estradiol, and progesterone in F1 rats (131). The female reproductive effect of Cr was
discussed in detail in the health effects section (Page no -17). To date, there are no studies available
reporting the association between CrVI and premature ovarian failure. Thus, it is important to
determine whether Cr is causing premature ovarian failure and if so, the underlying mechanisms

of premature ovarian failure should be determined.
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Fig. 1.2. Schematic of the normal developmental stages of ovarian follicles and some of the EDCs
that adversely affect the ovary. Reprinted with permission from (305).
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Premature Ovarian Failure

Premature ovarian failure (POF) is classically defined as 4-6 months of amenorrhea in
women under the age of 40 years associated with the menopausal level of serum gonadotropins
and hypoestrogenism and is also referred as hypergonadotropic hypogonadism (343). POF affects
approximately: one in 10,000 women by age 20; one in 1,000 women by age 30; one in 100 women
by age 40 (344). The two types of consequence generated by primary ovary insufficiency are
premature hypoestrogenism and infertility. Premature hypoestrogenism causes the premature
aging of estrogen acting tissues and untreated POF can induce a two-fold age-specific increase in
mortality due to an increased incidence of osteoporosis and cardiovascular diseases, but it can be
treated by hormone replacement therapy generally given until the menopausal age. The second
consequence is infertility where the clinical indication is absent. Unlike premature
hypoestrogenism, recovery of fertility is not possible when the POF patients reach diagnosis stage
as the fertility is often compromised in the initial phases of the disease. However, the premature
cessation of menses can be predicted by identifying the markers. FSH, estradiol, inhibin-B, or anti-
Mullerian hormone, since these are the biomarkers commonly used to diagnose POF which is
indicated by irregular menstrual cycle. Biochemically, POF is characterized by low levels of

steroid hormones (estradiol and inhibin B) and high levels of gonadotropins (FSH and LH) (343).

Etiology of premature ovarian failure

The etiological causes of premature ovarian failure are highly heterogeneous and include
genetic, chromosomal, metabolic, autoimmune ovary damage, viral infections, and iatrogenic
factors (Radiotherapy or chemotherapy) (345). About 25% of all forms of POF are caused by

iatrogenic causes and more than 50% of the cases remain idiopathic where the POF origin is still
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unknown. These etiological causes can attribute to the origin of premature ovarian failure through
either of the three possible mechanisms: (i) an initial primordial follicle pool decrease; (ii) an
accelerated follicular atresia; or (iii) an altered primordial follicles maturation or recruitment. In
most of the cases, POF occurs because of an anticipated primordial follicular pool depletion (343).
POF is viewed as a complex multifactorial disease which involves several alleles contributing to
its pathogenesis (346). POF can be either syndromic where the condition is part of a complex
phenotype involving other tissues and organs, or non-syndromic where POF arises apparently in a

woman before 40 years of age (343).

Genetic causes of premature ovarian failure

The genetic basis of premature ovarian failure is supported by the occurrence of families
with several affected women (347). In as much as 5% of cases, X chromosome abnormalities
account for a significant number of genetic causes of POF (345). Reduced gene dosage and non-
specific chromosome effects that impair meiosis are some of the genetic mechanisms that can lead
to premature ovarian failure by causing a decrease in the pool of primordial follicles, increased
follicular atresia due to apoptosis or failure of follicle maturation. Broadly the genetic causes of
POF can be caused by single gene or chromosome, involving the autosomes or X chromosome
(345). These abnormalities range from a complete deletion of one X (Turner’s syndrome or 45 X)
and trisomy X to partial defects in form of deletions, isochromosomes and balanced X autosome
translocations (348).

Cytogenetic and molecular analyses of women with POF carrying a balanced X-autosome
translocation allowed the identification of a ‘‘critical region’’ for ovarian development and
function on the long arm of the X chromosome from Xq13.3 to Xq27. This region could be split

into two functionally different portions: Xql3-21 and Xq23-27 (349,350). Breakpoints in the
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Xq13-21 region are responsible for balanced translocations, whereas breakpoints in the Xq23-27
region result in interstitial deletions. Heterochromatin rearrangements of the Xq13-21 region were
reported to downregulate oocyte-expressed genes during oocyte and follicle maturation, indicating
that X-linked POF may be an epigenetic disorder (351). Translocations that affect X chromosome
structure increase apoptosis of germ cells (352), leading to POF. Direct disruption of relevant loci
or a ‘‘position effect’” caused by the rearrangements on contiguous genes can also result in POF.
Transcriptional characterization of breakpoint regions in balanced translocations led to the
identification of five genes interrupted by translocations (the Xpnpep2 gene in Xq25 (353), the
POF1B gene in Xq21.2 (354), the DACH2 gene in Xq21.3 (354), the CHM gene in Xq21.2 (355),
and the DIAPH2 gene in Xq22 (356) and classified as POF marker genes in humans. However,

the mechanism by which translocations in the Xq critical region may cause POF is not clear.

Premature ovarian failure marker genes

POFIB

The POF1B gene is a novel evolutionary gene mapped to proximal Xq21 by FISH (357).
The gene is found only in vertebrates and presents a large coiled region in the C-terminal half of
the protein that shows significant homology to the myosin heavy chain rod domain as well as to
the C-terminal coil of barmotin/7H6, a tight junction-associated protein (358,359). The gene is
located in the critical region for normal ovarian function and it escapes X inactivation (360). The
Pof1b gene in the mouse is found to be highly homologous to the human. When mouse and human
are compared, it was found that the nucleotide sequence of the coding region is 87% identical and
the aminoacid sequence is 89% identical. It is expressed at low level in the intestine, kidney and

lung and absent in adult, fetal brain, spleen and liver and are barely detectable in the heart. During

60



mouse development, Pof1b mRNA was absent at E13.5, it appeared at E14.5 and was up-regulated
at E15.5 of mouse development (358,361). A reciprocal translocation between chromosomes X
and 3 and an additional heterozygous missense mutation in the X-linked gene POFIB were
detected in a patient affected by premature ovarian failure (362).

The binding of POF1B to actin filaments may play an important role in the ovarian-follicle
formation and the disruption of its binding to actin may have various consequences. It is speculated
that due to the homology of POF1B to myosin, POF1B could play an important role in the pairing
of meiotic chromosomes and its alteration like the homozygous mutations could lead to germ cell
apoptosis resulting in drastic reduction in the final number of oocytes that were created during
ovarian development. It is also suggested that POF1B could play a vital role in regulating germ-
cell apoptosis through a role in cytoskeletal dynamics. It has been implicated that alterations in the
actin cytoskeleton dynamics could lead to the release of reactive oxygen species from

mitochondria resulting in germ cell apoptosis (361).

DACH?2

The dachshund/Dach gene family encodes transcriptional cofactors that are conserved
between insects and humans. In the Drosophila eye, DAC is a key component of the retinal
determination gene network (RDGN) which governs the normal initiation of the morphogenetic
furrow and eye development (363). A single dachshund gene is present in the fruitfly Drosophila
melanogaster whereas, in mice, humans, and chickens, two DACH genes (DACHI and DACH?2)
have been identified (364-366). The presence of two highly conserved domains, Dachshund
domain 1 (DD1) and Dachshund domain 2 (DD2) were identified by amino acid sequence
comparison of DACH1, DACH2, and Dachshund proteins. The first domain, Dachshund Domain

1 (DD1), is located near the N-terminus (107aa length) and the second conserved region, DD2, is
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located near the C-terminus which is 84 amino acids in length. Mouse DACH?2 and Drosophila
DACH share 74% identity and 82% similarity for DD1 and 52% identity and 67% similarity for
DD2. Mouse Dach2 encodes an additional 13 amino acids located at the C-terminus of the DD1
domain, compared to chick DACH?2 and mouse DACH1 (367). Analogous to the expression profile
of Drosophila DACH, mouse DACHI and DACH?2 are both expressed in the developing retina,
limbs, and nervous system. DACH also plays a role in metazoan development, regulating ocular,
limb, brain and gonadal development (363).

Translocation breakpoints and point mutations within DACH?2 have been documented in
cases of X-linked premature ovarian failure (POF). Mutations in DACH?2 were found in patients
entering amenorrhea at very variable ages, ranging from 17 to 42 years. Like DIAPH?2 and the
XPNPEP2, the genes which were found interrupted in POF patients, the DACH2 gene was
subjected to X inactivation in POF patients. In DACH?2, missense mutations were found in highly
conserved residues and they caused (P36L, R37L, F316S) non-conservative amino acid
substitutions (368). In the fruit fly, the eya gene was reported to have an essential role in oogenesis
for the correct differentiation of somatic follicle cells into polar cells (369). In
DACHI/DACH?2 double mutants, female reproductive tract development is severely disrupted.
This defect was associated with the mullerian duct (370). It is suggested that due to high level of
functional conservation, a complex involving DACH2 and one of the mammalian EYA and SIX
genes may play an important role in the development of mammalian gonads, and alteration of the
human DACH2 protein may act as a risk-factor for POF by altering the correct process of ovarian

follicle differentiation (354).
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DIAPH?

Formins belong to a family of conserved actin filament assembly factors that nucleate
linear, unbranched filaments and remain attached to the growing barbed ends of filaments (371).
The FH2 domain of formins directly nucleates actin nucleation and remains bound to the growing
barbed end during elongation of the filament (processive capping) (372,373). Formins change the
kinetics of filament elongation by directing the addition of profilin-actin onto barbed ends at rates
much faster than onto filaments without associated formins and slow the rate of addition of G-
actin without profilin onto filaments (374). Formins also protect filament barbed ends from
capping proteins and depolymerization (375). Additionally, some formins can bundle or sever F-
actin in vitro (376). Formin family proteins are located throughout the cell on both F-actin and
microtubule structures, as well as on endosomes and mitochondria (377). Formins, and DRFs in
particular are critical for directly regulating microtubule dynamics in migrating cells, suggesting
that formins are potential mediators of actin-microtubule interplay during cell motility (378). A
candidate for regulating F-actin assembly in the lamella during cell migration is the diaphanous-
related formin (DRF) protein family (379). Diaphanous-related formins (DRF) contain a proline-
rich FH1 domain adjacent to the FH2, which greatly accelerates actin assembly by allowing
formins to efficiently recruit profilin-bound actin monomers (374). It is characterized by the
presence of a C-terminal Diaphanous-autoregulatory domain (DAD), which interacts with an N-
terminal Diaphanous inhibitory domain (DID) and contributes to actin nucleation (380). It is
shown that auto-inhibitory DID-DAD interactions in DRFs are released by binding of
RhoGTPases to an N-terminal GTPase-binding domain (GBD) (381,382). Although they act as
effectors for Rho family small GTPases, the DRFs mDial and mDia2 have been shown to mediate

assembly of F-actin in stress fibers and filopodia (383).
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XPNPEP2

The XPNPEP?2 gene encodes the protein X-propyl aminopeptidase, which belongs to the
family of “pita bread” metalloenzymes. It is expressed in prokaryotes and eukaryotes and
hydrolyzes N-terminal Xaa-Pro bonds, where proline is the penultimate residue. Mammals have
both a membrane-bound and a soluble XPNPEP2, with different tissue distributions. The
membrane-bound XPNPEP2 is a heavily glycosylated glycosylphosphatidylinositol-anchored
protein of 673 amino acids encoded by the XPNPEP2 gene on human Xq25. Several biologically
active polypeptides, including collagens (Cols), hormones, growth factors, and cytokines, contain
N-terminal Xaa-Pro sequences and therefore are potential substrates for XPNPEP2. Because Cols
contain a high proportion of such “triplets,” XPNPEP2 has the potential for intracellular
(lysosomal) degradation of Col fibrils. In fact, proline and hydroxyproline constitute 20%-25% of
the residues in Cols, and none of the lysosomal proteinases is capable of cleaving these linkages
(384).

Within the ovary and follicle, the extracellular matrix (ECM), including Cols, provides
structural support, organizes and connects cells, serves as a reservoir for signaling molecules and
growth factors that regulate follicle growth, provides a filtration barrier, and guides cell migration
(385,386). The ECM also regulates the establishment of the basement membrane, oocyte
maturation, follicle atresia, steroidogenesis, and cell lineage (387-390). The ECM components of
the basal membrane affect follicle development in the ovary and are important for maintaining the
polarity and the degree of polarization of granulosa cells (391-393). A recent study found that Coll
is spatially and temporally expressed in immature rat ovaries and is regulated by gonadotropins,
suggesting a role for Coll in morphogenesis of follicles as well as corpus luteum formation and

regression (394). Coll is expressed in the basal lamina of follicles and participates in the
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organization of the basal lamina (395). Another study using Esr2-null mice showed that Esr2
regulates Col gene expression in the ovary before puberty. Dysregulation of Esr2-mediated ECM
gene expression in early postnatal life disrupts folliculogenesis and contributes to the impaired
response of immature Esr2-null granulosa cells to follicle-stimulating hormone (396). To date,
there are no studies available reporting the association between CrVI and premature ovarian
failure. Thus, it is important to determine whether Cr is causing premature ovarian failure and if

s0, the underlying mechanisms in causing premature ovarian failure should be determined.
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Rationale

Occupational exposure to CrVI is found among approximately half a million industrial
workers in the US and several million worldwide. The health risk assessment of CrVI has largely
been based on data from occupationally exposed people, although little attention has been given
to reproductive and developmental effects. Women working in dichromate manufacturing
industries and tanneries and living around Cr-contaminated areas have high levels of Cr in blood
and urine and experience several gynecological illnesses such as premature abortion, postnatal
hemorrhage, birth complications, subfertility, and infertility. Because CrVI can pass through the
placental barrier, it can cause adverse effects on the developing embryos/fetuses /newborn children
and impair embryonic development, implantation, fetal viability, and reproductive functions in the
F1 offspring. Although CrVIis known to adversely affect reproductive health in women, the actual
mechanism of reproductive toxicity is not clearly understood. Even though epidemiological studies
indicate that CrVI causes infertility in women (120,397-400), there are no reports about an
association between CrVI exposure and POF in women. Thus, it is imperative to identify whether

CrVI causes POF, and the underlying mechanisms under CrVI-induced POF and infertility.

Central Hypothesis

The central hypothesis of the current study is that “in utero exposure to CrVI causes
premature ovarian failure in the F1 offspring”. The objectives are to (i) determine the role of CrVI
in causing premature ovarian failure, and (i1) understand the underlying molecular mechanisms in

F1 female offspring that were exposed to CrVI prenatally.
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Specific Aim-1:

Determine the effects of prenatal exposure to CrVI on premature ovarian failure in the F1
offspring.

Hypothesis:

This aim was based on the working hypothesis that “Prenatal exposure to CrVI causes premature
ovarian failure by increasing germ cell death, advancing germ cell nest breakdown and primordial
follicle assembly by activating apoptotic pathways and inhibiting cell survival pathways”.
Objectives:

The objectives were to (i) determine the effects of prenatal exposure to CrVI on pregnancy rate
and litter size in the F1 offspring; (ii) evaluate the role of CrVI on germ cell nest breakdown; (iii)
understand the role of CrVI on primordial follicle assembly and atresia; (iv) assess the effects of
CrVI on the cell survival machinery such as p-AKT, p-ERK and XIAP; and (v) explore the
mechanism of p53 in CrVI-induced germ cell apoptosis, germ cell nest breakdown, and primordial

follicle assembly.

Specific Aim-2:

Determine the p53-mediated mechanisms of prenatal exposure to CrVI on germ cell apoptosis,
and germ cell nest breakdown, in F1 offspring.

Hypothesis:

This aim was driven by the working hypothesis that “CrVI-induced germ cell apoptosis and
advancement of germ cell nest breakdown are mediated through a p53-miR34a-SIRTI signaling

network”.
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Objectives:

The above hypothesis was tested by the following objectives: (i) to study the effect of CrVI on
expression of acetylated p53, SIRT1 and miR-34a; (ii) to delineate the mechanism of CrVI-
induced p53 activation by injecting various doses of EX-527, a SIRT1 inhibitor (SIRT-I) on both
CrVI exposed and unexposed pregnant dams; (iii) to determine the effects of EX-527 on apoptosis
of germ cells; and (iv) to understand the p53-mediated mechanisms by assessing the effects of
SIRT1 inhibitor on the anti-apoptotic proteins BCL2, BCL-XL, pAKT and pro-apoptotic proteins

BAX, cleaved Caspase-3 and PUMA.

Specific Aim-3:

Determine the mechanism of miR34a in modulating CrVI-induced germ cell apoptosis.
Hypothesis:

This aim was driven by the working hypothesis that “miR34a increases CrVI-induced germ cell
apoptosis by abrogating the association between p53 and SIRT1 .

Objectives:

The above hypothesis was tested by the following objectives: To determine the effects of miR34a
mimetic and/or inhibitor on: (i) apoptosis of germ cells; (ii)) mRNA expression of p53, Bcl2, Bax,
Akt and Sirtl genes; (iii) protein levels of acetyl p53, SIRT1, cleaved caspase-3, BAX BCL2, and

BCL-XL; and (iv) possible association/interaction between p53 and SIRT1
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Specific Aim-4:

Determine the role of POF marker Xpnpep-2 in CrVI-induced premature ovarian failure in F1
offspring.

Hypothesis:

This aim was based on the working hypothesis that “Prenatal exposure to CrVI causes POF by
targeting POF marker Xpnpep?2 during fetal ovarian development”.

Objectives:

The objectives were to determine the effects of prenatal exposure to CrVI on (i) the germ cell
apoptosis during fetal and postnatal ovarian development; (ii) the spatiotemporal expression of
POF candidate protein aminopeptidase-2, encoded by the POF marker gene Xpnpep-2 during
ovarian development; and (iii) the targets or substrates for Xpnpep-2, namely the Cols Coll, Col3,
and Col4 during GCN breakdown, primordial follicle assembly and during postnatal ovary

development.
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2. MATERIALS AND METHODS

In vivo dosing of the animals and experimental design

Specific aim-1

Pregnant Sprague Dawley (SD) rats of 60-70 days of age were divided into two groups:
Group-1: Control (n=15) and Group-2: CrVI (n=15). Control rats received regular drinking water
and diet ad libitum. Rats from the CrVI group received 25 ppm potassium dichromate in drinking
water from gestational day (GD) 9.5-14.5. The first set of control (n=5) and CrVI (n=5) treated
rats were euthanized on GD 20, and placentae were removed to estimate chromium levels. The
second set of rats (n=5) were allowed to deliver pups. When the pups were born, ovaries were
removed from pups on PND 1 for further analyses. The third set of rats (n=5) was maintained with
their F1 female offspring and provided with regular drinking water and diet ad libitum until
weaning on PND 22. After weaning, the F1 female pups were maintained separately and fed with
regular diet and drinking water ad libitum. On PND 60, F1 offsprings from control (n=15) and
CrVlI-treated (n=15) rats were allowed to mate with normal fertility-proven male rats. The
appearance of vaginal plug or presence of sperm in the vaginal lavage was considered as 0.5 day
of pregnancy. Soon after the birth of F2 offspring, the pups were removed and mothers (F1) were
allowed to return to the estrous cycle to be mated again. The percentage of F1 females that achieved
a successful pregnancy and the number of pups/litter were calculated at 2-4, 4-6, 6-8 and 8-10

months of age.
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Specific aim-2

Pregnant SD rats of 60-70 days of age were divided into eight groups: (1) Control (n=5) :
Rats received regular drinking water and diet ad libitum; (2) CrVI (n=5) : Rats received 10 ppm of
potassium dichromate in drinking water from GD 9.5 to GD 14.5; (3) CrVI+SIRT-I-1mg (n=5) :
Rats received 10 ppm of CrVI in drinking water and 1mg of SIRT-I through intraperitoneal (IP)
injection from GD 9.5 to GD 14.5; (4) CrVI+SIRT-I-5mg (n=5) : Rats received 10 ppm of CrVIin
drinking water and Smg of SIRT-I through IP injection from GD 9.5 to GD 14.5; (5) CrVI+SIRT-
1-50mg (n=5) : Rats received 10 ppm of CrVI in drinking water and 50mg of SIRT-I through IP
injection from GD 9.5 to GD 14.5; (6) SIRT-I alone-1mg (n=5) : Rats received 50mg of SIRT-I
through IP injection; (7) SIRT-I alone-5mg (n=5): Rats received 5mg of SIRT-I through IP
injection; and (8) SIRT-I alone-50mg (n=5): Rats received 50mg of SIRT-I through IP injection.
The rats were allowed to deliver pups (F1 pups) and ovaries were removed on PND 1 for further

analyses.

Specific aim-3
In vitro culture of the fetal ovary and experimental design

In vitro culture of the fetal ovary was performed based on the protocol developed and
published by our laboratory (10). Timed-pregnant rats of age 60—70 days were euthanized by CO»
asphyxiation followed by cervical dislocation on 13.5 dpc. According to the AVMA guidelines
(401), the death of the dams was confirmed and the uteri were cut open quickly. The embryos were
removed and immersed along with the intact amniotic sac in ice-cold physiological saline in a
glass beaker until they became completely immobile. Amniotic sacs were cut open after
confirming that the embryos were immobile and the embryos were decapitated using the scissors,

and placed under a zoom stereo microscope. Using sterile surgical instruments, the ovaries were
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removed carefully without any damage along with the mesonephros. The removed ovaries were
placed carefully on top of a sterile membrane floating on the culture media in a 24-well culture
plate. To prevent the ovaries from drying, a drop of the culture media was placed on top of the
ovaries. Ovaries were cultured in Ham's-F-12/DMEM (1:1) media containing 1 mg/ml BSA, 1
mg/ml Albumax, 27.5 pg/ml transferrin, 5 U/ml penicillin, and 5 pg/ml streptomycin; and placed
in a CO; incubator. E13.5 was considered as culture day (CD) 1, and ovaries were cultured for a
period of 7 days and harvested on CD 9, which recapitulates PND1.

The maximum contamination level (MCL) or regulatory dose of Cr according to EPA in
the drinking water is 0.1 ppm (0.1 mg/L) (11). In the current study, 0.1 ppm potassium dichromate
which is the regulatory dose was used. The groups were (1) Control - Ovaries were treated with
media without any treatment; (2) CrVI - Ovaries were treated with media containing 0.1 ppm CrVI;
(3) CrVI+miR34a mimetics - Ovaries were treated with media containing 0.1 ppm CrVI and
miR34a mimetics (100 nM); (4) CrVI+miR34a inhibitor - Ovaries were treated with media
containing 0.1 ppm CrVI and miR34a inhibitor (100 nM); (5) miR34a mimetics alone - Ovaries
were treated with media containing miR34a mimetics (100 nM); (6) miR34a inhibitor alone -
Ovaries were treated with media containing miR34a inhibitor (100 nM); and (7) miR scramble -
Ovaries were treated with media containing miR-scramble (100 nM). Media containing the
respective treatments were added every 24 h from CD 2 through CD 8 (E14.5-20.5) (Fig. 2.1).

The followed miRNA transfection procedure is as follows.

Transfection of miR34a mimetics/inhibitor

Ex vivo cultured ovaries were transfected with miR34a mimetics (100 nM, miRIDIAN

microRNA  Rat  mo-miR-34a-5p -  Mimic, mature miRNA  Sequence -
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UGGCAGUGUCUUAGCUGGUUGU, Cat. C-320335-05-0005, Dharmacon) and miR34a
inhibitor (100 nM, miRIDIAN microRNA Rat rno-miR-34a-5p - Hairpin Inhibitor, mature
miRNA  Sequence- UGGCAGUGUCUUAGCUGGUUGU, Cat. IH-320335-06-0005,
Dharmacon). The endogenous miR34a was upregulated using miRIDIAN™ miRNA mimics to
study miR34a gain-of-function effects and miRIDIAN™ miRNA inhibitor was used to suppress
endogenous miR34a for loss-of-function study. These miRNA mimetics and inhibitor were
delivered using DharmaFECT Transfection Reagent as per manufacturer’s instructions (Cat. T-
2001-02, Dharmacon, Lafayette, CO). All steps of the following transfection procedure were
performed in a laminar flow cell culture hood using sterile techniques. The stock (20uM) and
working stock (5uM) of mimetics and inhibitor were prepared using siRNA buffer (Cat. B-
002000-UB-100, Dharmacon). miR34a mimetics or inhibitor and the DharmaFECT transfection
reagent were diluted in separate tubes using antibiotic (AB)/serum free media. In separate tubes,
miR34a mimetics or inhibitor is diluted by adding 4ul of 5uM miR34a mimetics or inhibitor to
46ul of antibiotic (AB)/serum free media and DharmaFECT transfection reagent is diluted by
adding 0.75ul of DharmaFECT transfection reagent to 49.25ul of AB/serum free media. The
contents of each tube were gently mixed by pipetting carefully up and down, and incubated for 5
minutes at RT. After incubation, the contents of both tubes were added together (total volume of
100ul) and mixed well by pipetting carefully up and down and incubated for 20 minutes at RT.
Finally, 100ul of AB/serum free media was added to the above-prepared mix to yield a final
volume of 200uL (100nM) transfection medium. The culture medium from the well was removed
and 200uL of the appropriate prepared transfection medium was added to each well carefully

without disturbing the membrane containing the ovaries. The plates were incubated at 37°C in 5%
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CO2 until harvest. A drop of the transfection medium was added to the ovaries every 24 hours to
prevent the ovaries from drying.

On CD 9, PNDI1 ovaries were removed and fixed overnight at 4°C. Next day, the tissues
were removed from the fixative and transferred to 70% ethanol and embedded in paraffin blocks

using the routine histological procedures. Ovaries harvested for RNA isolation were immediately

transferred to RNAlater (Cat. 76104, Qiagen) and stored at -80°C.
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Fig. 2.1. Experimental design for treatment with CrVI (0.1 ppm), miR34a mimetic (100 nM) & inhibitor
(100 nM) ex vivo. Embryonic/fetal ovaries were removed from normal pregnant dams on a gestational day
13.5 and cultured for 9 days. Embryonic day (E) 13.5 was considered as culture day (CD) 1, and CD 9
recapitulates PNDI as given in the schematic diagram. Media containing respective treatments were added
on CD 2 and media was changed every 24h and CrVI was freshly added every day for 7 days. Ovaries were
harvested on CD 9 which recapitulates PNDI1.

Specific aim-4
Pregnant SD rats (age, 60-70 days) were divided into two groups: control (n=25) and CrVI
(n=25). Control rats received regular drinking water and diet ad libitum. Rats from the CrVI group

received 25 ppm of potassium dichromate in drinking water from GD 9.5 to GD 14.5. The first
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and second sets of control (n=5 per set) and CrVI (n=5 per set) rats were euthanized on GD 15.5
and GD 17.5, respectively. The third and fourth sets of control (n=5 per set) and CrVI (n=5 per
set) rats were allowed to deliver pups (F1 pups). Ovaries from F1 pups were removed on PND 1
and PND 4 for further analyses. The fifth set of F1 pups from control (n=5) and CrVI (n=5) rats
were maintained in a separate cage with their respective mothers, weaned on PND22, fed with
regular drinking water and diet ad libitum, and euthanized on PND25. Blood and the ovaries were
collected from these pups for further analyses.

In all the studies, animal use protocols were approved by the Animal Care and Use
Committee of Texas A&M University and were in accordance with the standards established by
Guiding Principles in the Use of Animals in Toxicology and Guidelines for the Care and Use of

Experimental Animals by National Institute of Health.

Estimation of placental chromium

Total Cr levels in the placenta were estimated by the Trace Element Research Laboratory
(TERL) core facility, College of Veterinary Medicine and Biomedical Sciences, Texas A&M
University, based on the published standard protocol followed in our laboratory which is as follows
(402). Placental tissue samples were digested with nitric acid (HNO3) and hydrogen peroxide
(H20,) after transferring to polyethylene cryotubes. After digestion, the digestates were transferred
to 15 ml polypropylene centrifuge tubes and the samples were diluted with deionized water.
Digests were diluted to obtain a nitric acid concentration of 2% or less and then analyzed by ICP-
MS on a Perkin Elmer DRC II instrument (PerkinElmer Life and Analytical Sciences, Shelton,
CT). >2Cr is analyzed in “reaction cell mode” using ammonia as a reaction gas to eliminate
interferences from molecular ions. Instrument performance changes and slight differences in

viscosity and surface tension between samples and standards were compensated by running
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internal standards (eg, 89Y, 115In). Calibration was based on a blank and 4 standards and was
verified initially by analyzing independent standards and regularly through the analytical process
by analyzing a midrange standard and a blank. A blank, a spiked blank, a certified reference
material, a duplicate sample, and a spiked sample were used as laboratory quality control samples
to evaluate background contamination, accuracy, and precision. For each placenta, an average of
Cr estimates from the 3 different regions was calculated and this average used for relating to

placental function (402).

Histology

Histological processing of the ovary was performed by the Histology core lab facility,
College of Veterinary Medicine & Biomedical Sciences, Texas A&M University, based on the
standard protocols for paraffin-embedded sections that were cut at 5 um thickness and stained with
hematoxylin and eosin (H&E).
Analysis of oocyte numbers

Oocyte numbers were determined by counting the number of germ cells positive for the
germ cell marker, Vasa, found within each optical section used for analyzing GCN breakdown and
follicle development. The numbers were averaged and reported as number of oocytes per ovary in
percentage.
Analysis of GCN breakdown and follicle development

For each ovary, two cores were visualized and counted. A core is a region 135 x 135 umz

consisting of optical sections at four different depths in the ovary, each 15-20 pm apart. Thus, for
each ovary, two cores were obtained consisting of four optical sections per core for a total of eight

optical sections per ovary. The number of germ cells found in the nest relative to the total number
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of oocytes was determined for each ovary by analyzing each section and was reported as percent
single oocytes. In order to determine whether oocytes were in nests or not, for each of the four
optical sections in a core, a z-stack of images each 1 um apart were obtained with five images
above the section and five images below the section being analyzed. This allowed us to determine
whether an oocyte was part of a GCN above or below the plane of focus. Follicle development
was determined by counting the number of primordial and primary follicles present in relation to

the total number of follicles found and reported as percent primordial and primary follicles.

TUNEL assay

Paraffin-embedded tissue sections were deparaffinized in xylene and dehydrated in a
graded ethanol series: 90%, 80%, and 70% for 3-6 min followed by washing in double distilled
water. Nuclei of tissue sections were stripped of proteins by incubating with protease solution
(100mg of protease in 200ml of PBS) for 5 min at 37°C, and washed in double distilled water and
subsequently in PBS. Endogenous peroxidase was inactivated by incubating sections with 3%
H202 in methanol for 10 min at room temperature (RT) and blocked with 3% BSA in PBS for 30
min. Slides were rinsed twice in PBS followed by the addition of 50 pl of TUNEL reaction mixture
to the sections followed by incubation for 60 min at 37°C in a humidified chamber in the dark.
The sections were rinsed and incubated with the TUNEL detection antibody (Roche) labeled with
peroxidase for 30 min at 37°C in a humidified chamber in the dark. The peroxidase was visualized
with diaminobenzidine. Slides were mounted using aqueous mounting media and analyzed by light
microscopy. The intensity of staining was quantified in 10 randomly selected high power fields
from each experimental group, using Image-Pro Plus software (Media Cybernetics, Bethesda, MD)
as described previously (131,403) according to the manufacturer's instructions.

The apoptosis index was calculated as the average percentage of TUNEL-positive germ
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cells/oocytes from 20 ovaries at 400x magnification. To avoid choosing the same follicle or oocyte,
we used every 12th unstained section of the ovary from PND1 and PND4 and every 40th unstained
section of the ovary from PND 25 as described by Devine et al., (2002) (404). Only oocyte-
containing follicles were counted. For E15.5 and E17.5, we used every 10th section. We employed
this method to analyze ovarian sections for TUNEL, H&E, and THC to avoid repeating the
measurements on the same oocyte/follicle. Germ cells/oocytes from 20 to 35 fields were counted

for E15.5, E17.5, PND1, and PND4, and those from 200 fields were counted for PND25.

Whole-mount fluorescence immunohistochemistry

Ovaries were dissected out, washed in PBS and fixed with 5.3% formaldehyde (Cat#18814,
Polysciences) overnight at 4°C. The ovaries were washed for 30min in PBS+0.1% Triton-X-100
(PT) and incubated in PT+5% BSA for 1 h at RT. They were then labeled with primary antibodies
for both Vasa and the somatic cell marker, Gata4; p53 and SOD2; Xpnpep2 and Col3; or Xpnpep2
and Col4 at the appropriate dilution (Table. 2.2) in PT+5% BSA by incubating overnight at 4°C.
Then the ovaries were washed in PT+1% BSA for 30 min at RT, incubated in RNase A (5 pl of 20
mg/ ml RNase A in 1 ml PT+1% BSA, Cat# 12091-039, Life Technologies, Carlsbad, CA) for 30
min. Further, the tissues were incubated with fluorophore-conjugated secondary antibodies in
PT+5% BSA for 4 h at RT. Then the tissues were washed 3 times in PT+1% BSA for 30 min at
RT, rinsed once in PBS and mounted on a glass slide using Prolong Gold antifade reagent (Life
Technologies). The slides were kept in dark overnight and images were obtained using a Zeiss
Stallion Dual Detector Imaging System with Intelligent Imaging Innovations Software (Carl Zeiss,
Thornwood, NY) and a Zeiss 510 Meta multiphoton/confocal microscope (Carl Zeiss) with a plan
apochromat 633/1.4 NA oil objective. For the green dye, an argon laser set was used with an

excitation of 488 nm and emission (collected with a band-pass filter) of 500-550 nm. For the red
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dye, a helium-neon laser was used with an excitation of 543 nm and emission (collected with a

long-pass filter) of 560 nm. At least eight images were collected per treatment.

Immunohistochemistry

Ovaries were fixed in 4% buffered paraformaldehyde (PFA) (6g PFA, 325mg NaOH, and
15ml 10x PBS in 100ml diethylpyrocarbonate-treated double distilled H2O, pH 7.2) for 1 h at 4°C
and processed using standard procedures (233). Paraffin sections (5 pum) were used for
immunohistochemical (IHC) localization of proteins using a Vectastain Elite ABC kit (Vector
Labs, Burlingame, CA) according to the manufacturer's protocols. Briefly, paraffin-embedded
ovary sections were deparaffinized in xylene and dehydrated in a graded ethanol series: 100%,
95%, and 70% for 5 min followed by washing in 1xPBS. Antigen retrieval was performed by
incubating with in protease solution (100mg of protease in 200ml of 1x PBS) for 5 min at 37°C,
and washed three times in double distilled water and once in PBS. Endogenous peroxidase activity
was removed by fixing sections in 0.3% H20; in methanol. Tissue sections were blocked in 1.5%
serum of the host species where the antibody was raised for 1 h at room temperature. The tissue
sections were incubated with primary antibodies as indicated in Table. 2.2 overnight at 4°C. The
sections were further incubated with the secondary antibody (biotinylated IgG) for 45 min at RT.
Negative controls included serum or IgG from the appropriate species related to the primary
antibody at the same dilution. Digital images were captured using a Zeiss Axioplan 2 microscope
with an Axiocam HR digital camera (Carl Zeiss). To determine the abundance of each protein, we
included both healthy follicles and atretic follicles from the CrVI-exposed ovaries using blind and
random selection criteria. The intensity of staining for each protein was quantified using Image-
ProPlus 6.3 image processing and analysis software (Media Cybernetics, Inc.). In brief, six images

of the ovary at 400x magnification were captured randomly without hot-spot bias in each tissue
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section per animal. Integrated optical density (IOD) of immunostaining was quantified in the RGB

mode. Numerical data were expressed as the least square mean = SEM.

Immunofluorescence

Paraffin-embedded ovary sections were deparaffinized in xylene and dehydrated in a
graded ethanol series: 100%, 95%, and 70% for 5 min followed by washing in 1xPBS. Antigen
retrieval was performed by incubating in protease solution (100mg of protease in 200ml of 1x
PBS) for 5 min at 37°C, and washed three times in double distilled water and once in PBS.
Subsequently, the tissues were permeabilized by washing the sections twice for 10 minutes with
1% goat serum in PBST (PBS containing 0.4% Triton X-100) and incubated with blocking buffer
(PBS containing 0.4% Triton X-100 and 5% goat serum) for 1 h at room temperature. Then the
sections were incubated overnight at 4 °C with rabbit polyclonal antibody specific for p53 and
SIRT1. On the following day, the sections were washed in PBST for 3 times and incubated with
Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody and Alexa Fluor 594-conjugated
goat anti-mouse secondary antibody at 1:200 dilutions for 1 h at room temperature. The sections
were washed with PBST and mounted using ProLong Gold antifade reagent with DAPI
(Invitrogen, Eugene, Oregon). The slides were kept in the dark overnight at room temperature and
confocal images were captured using a Zeiss 510 Meta multiphoton/confocal microscope (Carl
Zeiss) with a plan apochromat 633/1.4 NA oil objective. For the green dye, an argon laser set was
used with an excitation of 488 nm and emission (collected with a band-pass filter) of 500-550 nm.
For the red dye, a helium-neon laser was used with an excitation of 543 nm and emission (collected

with a long-pass filter) of 560 nm. At least eight images were collected per treatment.
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Real-Time RT-PCR

The procedure to isolate total RNA and perform Real-Time RT-PCR was followed as
previously described (10,402). Total RNA was isolated using RNeasy Micro Kit (Cat. No. 74004,
Qiagen) according to manufacturer’s instructions. The purity and concentration of RNA were
determined spectrophotometrically by measuring the absorbance at 260/280nm and a purity of 1.8-
2.0 was considered acceptable for the real-time reverse transcription (RT)-PCR analysis. The first
strand cDNA was synthesized using 100ng total RNA by QuantiTect RT kit (Cat. 205311, Qiagen)
according to manufacturer’s instructions. Real-time PCR was performed using the Power SYBR
Green master mix (Cat. 4368577, Life Technologies) according to manufacturer’s instructions.
cDNA (2 pl) was mixed with 10 pl master mix (ANTP mix, AmpliTaq Gold DNA polymerase,
optimized buffer components, and SYBR Green I dye), sense and antisense oligonucleotide
primers for respective genes and b-actin gene for internal control, with the total reaction volume,
made up to 20 ml with RNase free water. The reaction cycles were as follows: PCR enzyme initial
activation at 95°C for 15min; initial denaturation at 94°C for 15s, annealing at 60°C for 30s, and
elongation at 72°C for 30s. All reactions were run in triplicate. The PCR amplification of all
transcripts was performed on the step-one plus real-time PCR machine (Life Technologies,
Carlsbad, California). The fold differences (ddCt) were calculated by normalizing the relative
expression of the gene of interest with b-actin and the results expressed as fold changes. Details of
the sense and antisense oligonucleotide primer sequences used for the real-time PCR analysis were
given in Table. 2.1. All currently available nucleotide sequences encoding each gene analyzed in
this study in the human were downloaded from the GenBank database. Primers were designed
using the DNasis software, and commercially synthesized and obtained from Integrated DNA

Technologies (Coralville, lowa) (10,402).
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Table. 2.1. Details of primer sequences used

S.No Gene Sequence
Forward 5'-TCAGGTTCACCCAGTGACAA-3'
: AKT Reverse 5'-AGGGCTGTAAGGAAGGGATG-3'
5 BCL2 Forward 5-CTGGCATCTTCTCCTTCCAG-3'
Reverse 5-CCTGAAGAGTTCCTCCACCA-3'
Forward 5-CCTTTCAGAACCACCAAAGCG-3'
3 SIRT Reverse 5'-GCAAGGCGAGCATAAATACC-3'
Forward 5-AGGTTCGTGTTTGTGCCTGT-3'
4 ps3 Reverse 5'-CTTCGGGTAGCTGGAGTGAG-3'
Forward 5'-GGAGACACCTGAGCTGACCT-3'
> BAX Reverse 5'-GGAGGAAGTCCAGTGTCCAG-3'
6 B ACTIN Forward 5'-CAACCTTCTTGCAGCTCCTC-3'
Reverse S“TTCTGACCCATACCCACCAT-3'

miRNA Real-Time RT-PCR

Total RNA from the PNDI1 ovary was isolated using mirVana miRNA isolation kit (Cat.
AM1561, Invitrogen) according to manufacturer’s instructions. The purity and concentration of
RNA were determined spectrophotometrically by measuring the absorbance at 260/280nm and a
purity of 1.8-2.0 was considered acceptable for the miRNA real-time reverse transcription (RT)-
PCR analysis. Reverse transcription was performed using TagMan® MicroRNA Reverse
Transcription kit (Cat. 4366596, Applied Biosystems) according to manufacturer’s instructions.
Each 15uL RT reaction included 0.3 pL of dNTPs (100mM), 3uL of MultiScribe™ Reverse
Transcriptase (50 U/uL), 1.5uL of Reverse Transcription buffer (10x), 0.19 uL of RNase inhibitor
(20 U/uL), 1.01uL of nuclease-free water, 6 uLL of RT primer (A primer pool was made by adding

10uL of 5x miR34a primer and 10uL of 5x U6 primer to 980uL of H>O), and 3uL. of RNA sample
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(600ng). The RT reaction mixture was incubated for 30 min at 16°C and for 30 min at 42°C and
was finally heat-inactivated for 5 min at 85°C programmed in a thermal cycler. miRNA real-time
PCR of TaqMan™ microRNA Assay hsa-miR-34a-5p (Mature miRNA Sequence:
UGGCAGUGUCUUAGCUGGUUGU, miRBase Accession Number: MI0000268, Assay ID:
000426, Cat. 4427975, Applied Biosystems) and TagMan"" microRNA Control Assay U6 (NCBI
Accession Number: NR 004394, Assay ID: 001973, Cat. 4427975, Applied Biosystems) was
performed with TagMan universal master mix II with UNG (Cat. 4440038, Applied Biosystems).
Each 20uL. qPCR reaction included 1pL of miR34a or U6 Taq Man® Small RNA Assay (20x),
1.33uL of RT reaction product, 10uL of TagMan® Universal PCR Master Mix II with UNG (2x),
and 7.67 pL of Nuclease-free water. The reaction cycles were as follows: AmpErase®UNG activity
at 50°C for 2min; enzyme activation at 95°C for 10 min; and 40 PCR cycles of denaturation at
95°C for 15s, and annealing at 60°C for 60s. All reactions were run in triplicate. The PCR
amplification of all transcripts was performed on the step-one plus real-time PCR machine (Life
Technologies, Carlsbad, California). The fold differences (ddCt) were calculated by normalizing

the relative expression of miR34a with U6 and the results were expressed as fold changes.

Cell culture and transfection

Spontaneously immortalized rat granulosa cells (SIGC) were cultured in Dulbecco
modified Eagle medium/F12 (DMEM/F12, Sigma, Saint Louis, MO) containing 15 mM HEPES
and supplemented with 5% fetal bovine serum (FBS, Hyclone, Logan, UT), penicillin 100 U/ml,
streptomycin (100png/ml) and amphotericin-B (2.5pug/ml) in 100mm tissue culture plates in a
humidified atmosphere with 95% air, 5% CO2 at 37°C. At 70%-80% confluency, cells were used
for the transfection experiment. The groups were (1) Control: Cells were treated with media

without any treatment; (2) CrVI: Cells were treated with media containing 0.1 ppm CrVI; (3)
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CrVI+miR34a mimetics: Cells were treated with media containing 0.1 ppm CrVI and miR34a
mimetics (100nM); (4) CrVI+miR34a inhibitor: Cells were treated with media containing 0.1 ppm
CrVI and miR34a inhibitor (100nM); (5) miR34a mimetics alone: Cells were treated with media
containing miR34a mimetics (100nM); and (6) miR34a inhibitor alone: Cells were treated with
media containing miR34a inhibitor (100nM).

The endogenous miR34a was upregulated using miRIDIAN™ microRNA Mimics (Cat.
C-320335-05-0002, Dharmacon) to study miR34a gain-of-function effects and miRIDIAN™
microRNA Inhibitor (Cat. IH-320335-06-0005, Dharmacon) was used to suppress endogenous
miR34a for loss-of-function studies. The mimics and inhibitors were delivered using
DharmaFECT reagent as per manufacturer’s instructions (Dharmacon, Lafayette, CO). Briefly,
miR34a mimic or inhibitor (100nM/well) and DharmaFect-1 (1ul/well) were diluted in 50ul
AB/serum-free DMEM/F12 medium separately and incubated for 5 min at room temperature.
After incubation, miR34a mimic/inhibitor and DharmaFECT reagent were mixed (total volume of
100 pl) and incubated at room temperature for 20 min. Then 100ul mimic/inhibitor:DharmaFECT
reagent mixture was added to each well in a total volume of 400ul/well antibiotic-free DMEM/F12
medium with 5% FBS. After 24 h, cells were harvested 24 h post-transfection for protein isolation

to analyze for Immunoprecipitation and western blotting.

Protein isolation

After the CrVI treatment with or without miR34a mimetics or miR34a inhibitor, total
protein from granulosa cells was isolated for immunoblotting/western blotting. Briefly, the cells
were harvested using 1% Trypsin-EDTA and pelleted by centrifuging at 13, 200 rpm for 10
minutes at 4°C. The cell lysates were sonicated in sonication buffer which consisted of 20 mM

Tris—HCI, 0.5 mM EDTA, 100 uM DEDTC, 1% Tween, 1mM phenylmethylsulfonyl fluoride, and
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protease inhibitor cocktail tablets: complete EDTA-free (1 tablet/50 ml) and PhosStop (1 tablet/10
ml). Sonication was performed using a Microson ultrasonic cell disruptor (Microsonix
Incorporated, Farmingdale, NY). After sonication, the samples were centrifuged at 13,200rpm for
15 minutes at 4°C. The supernatant was recovered and protein concentration was determined using

the Bradford method and a Bio-Rad Protein Assay kit.

Immunoprecipitation

Immunoprecipitation (IP) was carried out using protocols provided by Santa Cruz
Biotechnology and/or Cell Signaling Technology and as published (405). Briefly, total cell lysate
(1 mg, ~120-125 pl) was precleared by incubating with ImmunoCruz F preclearing matrix B-
rabbit (50ul/ml) (Cat. SC-45057, Santa Cruz Biotechnology, Dallas, TX) for 30 min at 4°C. After
incubation, matrix was pelleted by microcentrifugation at 1000rpm for 1 min at 4° C. The pellet
was discarded and the precleared lysate (~120—125 ul) was incubated with rabbit oligoclonal
acetyl-p53 antibody (1pg/ml) (Cat. 710294, ThermoFisher scientific) overnight at 4°C with
rotation. After overnight incubation, the mixture was further incubated with immunoprecipitation
ImmunoCruz F IP matrix (50 pl/ml) (Cat. SC-45043, Santa Cruz Biotechnology, Dallas, TX)
overnight at 4°C. Protein-antibody IP complexes were precipitated and washed three times using
500ul of IP buffer: 20mM Tris-HCl, 0.5mM EDTA, 100 uM DEDTC, 1% Tween, 1 mM phenyl
methyl sulfonyl fluoride, and protease inhibitor cocktail tablets, that is, complete EDTA-free (1
tablet/S0 ml) and PhosStop (1 tablet /10 ml). Finally, the protein-antibody IP complexes were
resuspended in 40ul of 2x SDS sample buffer, boiled at 100°C for 5-10 min, and then resolved in

10% SDS PAGE gel. Rabbit IgG was immunoprecipitated and was used as an internal control.
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Western blotting

Approximately 75-pug aliquots of total proteins were loaded in each lane and
electrophoresed on 10% SDS polyacrylamide gels followed by electrotransfer onto nitrocellulose
membranes (Amersham Pharmacia Biotech, Montreal, PQ, Canada). Prestained protein markers
(Fisher, BP3603-1) were used as molecular weight standards for each analysis. The blots were
stained with 0.5% ponceau-stain in 1% acetic acid for evaluating the quality of protein transfer.
Proteins were blocked overnight at 4°C with 5% fat-free dry milk powder in PBS and 0.05%
Tween-20 (PBST). The blots were incubated with SIRT1 primary antibody for 12 h at 4°C at a
dilution of 1:1000 in 2% fat-free dry milk powder in PBST. The blots were washed 3 times at 10-
min intervals in PBS-T and then incubated with secondary antibody (goat anti-rabbit IgG
conjugated with horseradish peroxidase; Jackson Immunoresearch Laboratories, West Grove, PA)
for 1 h at room temperature at a dilution of 1:10 000 in 2% fat-free dry milk powder in PBS-T.
Blots were then washed 3 times at 10-min intervals in PBS-T. Chemiluminescent substrate was
applied according to the manufacturer's instructions (Pierce Biotechnology). The blots were
exposed to Blue X-Ray film and densitometry of autoradiograms was performed using an Alpha

Imager (Alpha Innotech Corporation, San Leandro, CA).

Antibodies
Sources of antibodies, catalog numbers, dilution, host species, immunogen and homology

with rat/mouse are given in Table. 2.2.

Statistical analysis
Aim I: Effects of CrVI on various parameters in the ovary were analyzed and the results

were expressed as mean+SEM. Student t-test was used to compare groups and p values less than
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0.05 were considered significant. Pearson's correlation was used to derive ‘R’ values for
colocalization between control and treatment groups.

Aim 2: All numerical data were subjected to one-way ANOVA to detect the effects of
SIRTI1 inhibitor (1, 5 and 50 mg/kg body weight) treatment and dose interactions, in the presence
of absence of CrVI. Tukey—Kramer HSD test was used to adjust for multiple pair-wise
comparisons of means. Least squares regression analysis was used to determine effects of
treatment, dose and treatment x dose interactions in in vivo studies. We take into account the nested
structure in the design. Mixed models analysis was used to account for any correlation between
the results of pups from the same mother. Mixed models were used to model both fixed effects (in
this case treatment) and random effects (in this case mothers and pups) (406).

Aim 3: For ex vivo fetal whole ovarian culture studies, least squares regression analysis
was used to determine effects of treatment (Control, miR34a inhibitor, miR34a mimetic, CrVI,
CrVI+ miR34a inhibitor or CrVI, CrVI+ miR34a mimetic). Each value is the mean+SEM from 8§
ovaries per treatment. Similar results were obtained in three different experiments performed.
Statistical analyses were performed using general linear models of Statistical Analysis System
(SAS, Cary, NC) and P < 0.05 was considered significant.

Aim 4: Effects of CrVI on various parameters in the ovary were analyzed and the results
expressed as the mean £ SEM. Student z-test was used to compare groups, and P-values of less

than 0.05 were considered to be statistically significant.
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Table. 2.2. Primary and secondary antibodies, company, catalog number, dilution, immunogen,
dilution and application.

. Company o . Immun- Secondary o Applica-
Antibody & Cat # Dilution | Host species ogen antibody Dilution tion
Cell . .
p-AKT signaling; 1:50 Rabbit Mouse Goat. anti- 1:200 IHC
monoclonal rabbit
3787
Cell . .
p-ERK signaling; 1:100 Rabbit Human Goat. anti- 1:200 IHC
monoclonal rabbit
4370
. . Goat anti-
p53 Abcam; 1:200 Rabbit Human rabbit alexa 1:200 Whole
131442 polyclonal mount
488 green
Sigma; Rabbit Goat anti- )
SOD-2 1450 2 pg/ml polyclonal Human rabbit 1:200 IHC
Cell . .
Caspase-3 | signaling; 1:50 Rabbit Fuman | 003t ant- 1:200 IHC
polyclonal rabbit
9661
Sigma; . .
BAX SAB 11000 | RO puman | O0atant- 12200 THC
4502549 oy
Cell . .
XIAP signaling; 1:100 | Rabbit Fuman | 003t anti- 1:200 IHC
monoclonal rabbit
2045
Cell . .
p27 signaling; 1:500 Rabbit Mouse Goat. anti- 1:200 IHC
polyclonal rabbit
2552
. . Goat Anti-
VASA Abcam; 1:100 Rabbit Human rabbit alexa 1:200 Whole
13840 polyclonal mount
488 green
. Goat anti-
GATA-4 Santa Cruz; 1:50 Mouse Human mouse alexa 1:200 Whole
25310 monoclonal mount
594 red
Abcam; . Rabbit Goat anti- .
p33 131442 1:300 polyclonal Human rabbit 1:200 THC
Invitrogen; . Rabbit Goat anti- .
pS3-acetyl 710294 1:50 polyclonal Human rabbit 1:200 HC
SIRT1 Abcam; 1:100 Mouse Human | HOPSC ARt 1900 HC
110304 monoclonal mouse
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Table. 2.2 Continued

. Company o . Immun- Secondary o Applica-

Antibody & Cat # Dilution | Host species ogen antibody Dilution tion
Cell Rabbit Goat anti- Western

SIRT1 signaling; 1:3000 Human . 1:20,000

polyclonal rabbit blot

9475s
Abcam; . Rabbit Goat anti- .

PUMA 9643 1:500 polyclonal Human rabbit 1:200 IHC
Abcam; . Rabbit Goat anti- .

BCL2 7973 1:200 polyclonal Human rabbit 1:200 HC
Abcam; . Rabbit Goat Anti- .

Col-1 AB292 1:500 polyclonal Human rabbit 1:200 IHC

Col-3 Sigma; 1:100 | Mouse Human | HOTSEANt- 1900 THC
C7805 monoclonal mouse
Sigma; M it Anti

Col-4 SAB42005 | 1:750 ouse Human orse A1 12200 IHC
00 monoclonal mouse
Abcam; . Rabbit Goat Anti- .

XPNPEP2 AB97852 1:100 polyclonal Human rabbit 1:200 HC
Santa Cruz; ) Goat Rabbit Anti- )

EMBP 3C-33938 1:250 polyclonal Mouse goat 1:200 IHC
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3. PRENATAL EXPOSURE TO HEXAVALENT CHROMIUM INDUCES EARLY
REPRODUCTIVE SENESCENCE BY INCREASING GERM CELL APOPTOSIS AND

ADVANCING GERM CELL NEST BREAKDOWN IN THE F1 OFFSPRING"

Specific Aim-1:
Determine the effects of prenatal exposure to CrVI on premature ovarian failure in the F1

offspring.

Hypothesis:
This aim was based on the working hypothesis that “in utero exposure to CrVI causes premature
ovarian failure by increasing germ cell death, advancing germ cell nest breakdown and primordial

follicle assembly by activating apoptotic pathways and inhibiting cell survival pathways”.

Objectives:

The objectives were to (i) determine the effects of prenatal exposure to CrVI on pregnancy rate
and litter size in the F1 offspring; (ii) evaluate the role of CrVI on germ cell nest breakdown; (iii)
understand the role of CrVI on primordial follicle assembly and atresia; (iv) assess the effects of
CrVI on the cell survival machinery such as p-AKT, p-ERK and XIAP; and (v) explore the
mechanism of p53 in CrVI-induced germ cell apoptosis, germ cell nest breakdown, and primordial

follicle assembly.

* Parts of this section are reprinted with permission from “Prenatal exposure to chromium induces early reproductive
senescence by advancing oocyte nest breakdown and increasing primordial follicle atresia in F1 offspring”.
Sivakumar KK, Stanley JA, Arosh JA, Pepling ME, Burghardt RC, Banu SK. Developmental Biology. 2014. Apr;
388(1): 22-34. PMID: 24530425. Copyright-2014. doi: 10.1016/j.ydbio.2014.02.003. Epub 2014 Feb 12.
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Results
Prenatal exposure to CrVI increased Cr levels in the placenta

Almost all tissues accumulate chromium (407). In order to determine if Cr passes through
the placenta, we determined Cr levels in the placenta on gestational day 20. Rats were given CrVI
through drinking water in order to mimic human exposure to CrVI. Gestational exposure to CrVI

significantly elevated total Cr levels in the placenta (Fig. 3.1, A).

CrVI induced early reproductive senescence

Our previous studies indicated that Cr exposure through lactation increased follicular
atresia. In order to determine if prenatal exposure to Cr induces reproductive failure in F1
offspring, pregnancy rates, live births and litter size in Cr-exposed F1 females for a period of 10
months were monitored. Results showed that prenatal exposure to CrVI decreased pregnancy rate
(Fig. 3.1, B) and litter size (Fig. 3.1, C) in F1 offspring up to 10 months. At the end of 10 months
of age, only 2% of rats became pregnant in the CrVI-treatment group. It is evident that prenatal
exposure to CrVI decreased pregnancy outcome and reduced litter size in F1 offspring (Fig. 3.1,

B & C).
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Fig. 3.1. Prenatal exposure to CrVIincreased Cr accumulation in the placenta (A), and decreased pregnancy
rate (B), and litter size (C) in the F1 female offspring. Pregnant mother rats (F0O) received either regular
drinking water (control) or CrVI (potassium dichromate 25 ppm) in drinking water from 9.5 to 14.5 days
postcoitum (DPC). Developing fetuses (F1) received CrVI through placental transfer from gestational days
(GD) 9.5 to 14.5. On the GD 20, one group (n=5) of control and experimental mothers were euthanized and
the placentae were removed. Total Cr was estimated in the placenta. Another set of control and CrVI-treated
F1 females were allowed to breed for a period of 12 months (n=15). Numbers of rats that attained pregnancy
(% pregnancies) (B) and delivered live pups were recorded every month. The number of pups/litter (litter
size) (C) was recorded. “control vs CrVI, p<0.05. Each value represents mean+SEM of 20 F1 rats during a
period of 2 months.
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CrVI accelerated oocytes/germ cells and somatic/granulosa cells apoptosis and advanced
primordial follicle assembly and primary follicle transition

The number of primordial follicles within the ovary determines the life-time follicle reserve
(260). Even though successful assembly of the primordial follicle is one of the most critical events
and the first step in folliculogenesis, proper timing of primordial follicle assembly is strictly
regulated. The timing of folliculogenesis varies from species to species; however, both genesis and
survival of primordial follicles determine the reproductive life of a female (408). Effects of CrVI
on germ cells apoptosis and primordial follicle assembly were determined. On E15.5 and E17.5,
control ovaries were packed with rounded GCN containing healthy germ cells and few
degenerating germ cells. In contrast, ovaries from CrVI-exposed F1 pups had greater numbers of
degenerating germ cells with pyknotic nuclei on E15.5 and E17.5 (Fig. 3.2, A-D). On PND1, GCN
from control ovaries were filled with healthy germ cells surrounded by invading somatic or
pregranulosa cells, whereas CrVI treatment accelerated GCN breakdown and advanced primordial
and primary follicle formation (Fig. 3.2, E & F). On PND4, control ovaries were predominantly
filled with healthy primordial and few primary follicles, whereas ovaries from the CrVI exposed
rats had several primary and a few secondary follicles. Interestingly, CrVI decreased healthy
primordial and primary follicles and increased follicle atresia in rats exposed to CrVI in utero

(Figs. 3.2, G and H).
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Fig. 3.2. Effects of prenatal exposure to CrVI on ovarian follicle development. Pregnant mother rats (FO;,
n=5) received either regular drinking water (control) or CrVI (potassium dichromate, 25 ppm; n=10) in
drinking water from GD 9.5 to GD 14.5. During this period, fetuses were exposed to CrVI via transplacental
transfer. On E15.5 and E17.5, ovaries from the fetuses were removed. On PND1 and PND4, ovaries were
removed from F1 female pups and processed for histology (H&E). The width of field for each image is 220
or 350 um. Arrowheads indicate pyknotic nuclei. Representative images are shown for E15.5 (A and B),
E17.5 (C and D), PNDI1 (E and F), and PND4 (G and H). E, eosinophils; PMF, primordial follicle; PF,
primary follicle; ATF, atretic follicle; OC-oocyte; GC, granulosa cells.
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CrVI advanced germ cell nest breakdown

In mice, GCN breakdown begins in the medulla approximately at 17.5 dpc and in the cortex
at 19.5 dpc, peaks at PND2 and 3, and continues up to PND4 with a concomitant loss of oocytes
(189). Effects of CrVI on GCN breakdown were determined by co-immunolocalization of the germ
cell marker, VASA, and the somatic cell marker, GATA4, in whole-mount ovaries. Control ovaries
at E15.5 and E17.5 consisted of clusters of 10-29 intact and healthy germ cells within a GCN with
no primordial follicles (Fig. 3.3 and 3.4, A, C, & E). In CrVI —treated rats, GCNs were broken
down into smaller nests on E15.5 and E17.5 (Fig. 3.3 and 3.4, B, D, & F). In particular, penetration
of the somatic cells in between the germ cells was very obvious on E15.5 and E17.5 in CrVI-
exposed ovaries compared to control ovaries (Fig. 3.3 and 3.4, C & D). On PND1, control ovaries
(Fig. 3.5, A, C & E) consisted of intact and healthy germ cells arranged as groups of 10-24 healthy
round oocytes inside the nests with no detectable primordial follicles; whereas, few nests and
mostly primordial and primary follicles or small groups of irregularly shaped oocytes were present
in the ovaries from CrVI treated animals indicative of advanced germ cell nest breakdown (Fig.
3.5, B, D & F). CrVI also decreased the number of intact oocytes per section (Fig. 3.5, G), and

increased the number of single oocytes (Fig. 3.5, H).
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Fig. 3.3. Prenatal exposure to CrVI accelerated GCN breakdown in the fetal ovary on E15.5. Ovaries from
E15.5 were processed for whole-mount double immunofluorescence assay and imaged by confocal
microscopy. Germ cells were identified by VASA immunostaining (green; A and B) and somatic cells by
GATA4 immunostaining (red; C and D), with overlays shown (E and F). The average number of germ cells
or oocytes per ovary (G) and the percentage of single oocytes (H) are also shown. Arrows indicate germ
cells; arrowheads indicate somatic cells. A circle or ellipse indicates a GCN. The width of field for each
image is 115 pm. *P<0.05, control vs. CrVL
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Fig. 3.4. Prenatal exposure to CrVI accelerated GCN breakdown in the fetal ovary on E17.5. Ovaries from
E17.5 were processed for whole-mount double immunofluorescence assay and imaged by confocal
microscopy. Germ cells were identified by Vasa immunostaining (green; A and B) and somatic cells by
Gata4 immunostaining (red; C and D), with overlays shown (E and F). The average number of germ cells
or oocytes per ovary (G) and the percentage of single oocytes (H) are also shown. Arrows indicate germ
cells; arrowheads indicate somatic cells. A circle or ellipse indicates a GCN. The width of field for each
image is 115 pm. *P<0.05, control vs. CrVL
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Fig. 3.5. Prenatal exposure to CrVI accelerated GCN breakdown and advanced primordial follicle assembly
and primary follicle transition. On PNDI, ovaries from F1 female pups were processed for whole mount
double immunofluorescence assay or histology. Germ cells were identified by germ cell marker VASA
(green, A and B), and somatic cells by somatic cell marker GATA-4 (red, C and D), with overlay shown in
E and F. Number of germ cells or oocytes per section (G) and percentage of single oocytes (H) are shown.
Every 10th section of the paraffin-embedded ovary was stained with H and E for counting primordial and
primary follicles."control vs CrVI, p<0.05. Each value represents mean+SEM of 10-15 ovaries of the F1

pups.
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CrVIincreased germ cell apoptosis

Germ cell death is one of the major events that occur during GCN breakdown and follicle
formation. Approximately one-third of the primordial follicles undergo atresia within a few days
after birth (409). In the current study, CrVI increased the number of TUNEL-positive germ cells
on E15.5, E17.5, PNDI, PND4, and PND25 compared to control (Fig. 3.7) and increased
eosinophilic infiltration on E15.5 and E17.5 (Fig. 3.6). CrVI increased germ cell death. Several

pyknotic nuclei were found within the GCN.
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Fig. 3.6. Effects of prenatal exposure to CrVI on the expression of the eosinophilic major basic protein
(EMBP) in the E15.5 (A-C) and E17.5 (D-F) ovaries. On E15.5 and E17.5, ovaries from fetuses were
removed and processed for IHC. Integrated optical density (IOD) was quantified by Image ProPlus
software. Each value represents the mean+=SEM of 20-24 ovaries. A circle or ellipse indicates a GCN.
Arrowheads indicate healthy germ cells within the nest; arrows indicate degenerating germ cells. The width
of field for each image is 220 or 350 um. EI, eosinophilic infiltration (red staining). *P< 0.05, control vs.
CrVL
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Fig. 3.7. Prenatal exposure to CrVI increased germ cell/oocyte apoptosis. The apoptosis index (AI) was
calculated as the average percentage of TUNEL- positive germ cells/oocytes from 20 ovaries. Average
number of TUNEL-positive cells in each control group was considered to be 10%. Each value represents
the mean+=SEM of TUNEL-positive germ cells/oocytes counted from 25 fields at E15.5 (A-C); from 30 to
35 fields at E17.5 (D-F), PND1 (G-I), and PND4 (J-L), and 195 fields in PND25 (M-O). The width of field
for each image is 220 or 350 um. Arrowheads indicate TUNEL-positive (apoptotic) germ cells or oocytes;
arrows indicate healthy germ cells or oocytes. *P<0.05, control vs. CrV1L.
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CrVI down-regulated cell survival proteins p-AKT, p-ERK1/2 and XIAP and up-regulated BAX
and Caspase-3

p-AKT, p-ERK1/2 and XIAP are abundantly expressed in control ovaries. Prenatal
exposure to CrVI down-regulated the expression of p-AKT, p-ERK and XIAP proteins in the
PNDI1 ovaries of F1 pups (Fig. 3.8, A-I). It is well established that the size of the primordial follicle
pool is regulated by BAX (410), and BAX is a marker protein for POF (411). PNDI ovaries of
control F1 pups indicated that BAX and Caspase-3 levels were very low whereas prenatal exposure
to CrVI exhibited increased expression of BAX and Caspase-3 compared to control (Fig. 3.9, A-

F).
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Fig. 3.8. Prenatal exposure to CrVI down regulated the expression of p-AKT, p-ERK and XIAP proteins
in the PNDI1 ovaries of the F1 pups. On PNDI, ovaries from F1 female pups were processed for
immunohistochemistry. Integrated Optical Density (I0D) was quantified by Image ProPlus software. Each
representative image was magnified to 400X; p-AKT (A-C), p-ERK (D-F), and XIAP (G-I). *: control vs
CrVI, p<0.05. Each value represents mean+=SEM of 10-15 ovaries of the F1 pups.
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Fig. 3.9. Prenatal exposure to CrVI up-regulated the expression of BAX and cleaved-caspase-3 proteins in
the PNDI1 ovaries of the F1 pups. On PNDI, ovaries from F1 female pups were processed for
immunohistochemistry. Integrated Optical Density (I0D) was quantified by Image ProPlus software. Each
representative image was magnified to 400X; BAX (A, B, E) and cleaved caspase-3 (C, D, F). *: control vs
CrVI, p<0.05. Each value represents mean+SEM of 10-15 ovaries of the F1 pups.
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CrVI up-regulated p53, SOD-2, and p27

p53 is a tumor suppressor protein, and our previous findings indicated that CrVI increased
granulosa cell apoptosis through a p53-mediated pathway (412). However, there are no data
available on the role of p53 in GCN breakdown under normal conditions or in response to any
toxicant. p27 is also a tumor suppressor and negative regulator of cell cycle progression, that
activates caspase-3, and follicular atresia (413), and plays a crucial role in fetal ovary development
(413,414). In order to determine the expression of p53 and p27 in GCN breakdown, both proteins
were analyzed by IHC. p53 expression in control PNDI1 ovaries was non-detectable whereas
gestational exposure to CrVI increased p53 protein expression (Fig. 3.10, A, B & G). CrVI also
significantly increased p27 expression compared to control. In both control and CrVI-treated
ovaries, p27 was localized in the somatic cells rather than the germ cells (Fig. 3.10, C, D and H).
Previous findings indicated that p53 reduces SOD-2 activity (415). SOD-2 is expressed in the
oocytes of the dormant primordial follicles (416). CrVI significantly upregulated SOD-2 (Fig.

3.10, E, F & I), compared to control (Fig. 3.10, E, F & I).
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Fig. 3.10. Prenatal exposure to CrVI up-regulated the expression of p53, p27 and SOD-2 proteins in the
PNDI1 ovaries of the F1 pups. On PNDI, ovaries from F1 female pups are processed for
immunohistochemistry. Integrated Optical Density (IOD) is quantified by Image ProPlus software. Each
representative image is magnified to 400 x; p53 (A, B, and G), p27 (C, D and H), and SOD-2 (E, F, and I).
Green arrow heads indicate somatic cells, and purple arrow heads indicate germ cells or oocytes. *: control
vs CrVI, p<0.05. Each value represents mean+SEM of 10-15 ovaries of the F1 pups.
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CrVIincreased co-localization of p53 and SOD-2 in whole mount ovaries

[HC showed increased expression of p53 and SOD-2 in CrVI-treated rats (Fig. 3.10). SOD-
2 is associated with granulosa cell (131) and primordial follicle survival (417), as a protective
mechanism to prevent oxidative stress (417). Therefore, we monitored co-localization of SOD-2
and p53, by evaluating the levels of expression and co-localization of both the proteins in the
PNDI1 ovaries. In control PND1 ovaries, p53 expression was non-detectable (Fig. 3.11, A & D);
and SOD-2 was abundantly expressed (Fig. 3.11, B & E). Interestingly, CrVI increased the
expression levels of both p53 (Fig. 3.11, G & J), and SOD-2 (Fig. 3.11, H and K). CrVI
significantly increased p53-SOD-2 co-localization compared to control (Fig. 3.11, C, F, I, L & M-

P).
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Fig. 3.11. Prenatal exposure to CrVI increased co-localization of p53 and SOD-2 proteins in the PNDI
ovaries of the F1 pups. On PNDI1, ovaries from F1 female pups were processed for whole mount double
immunofluorescence. Co-localization of p53 and SOD-2 proteins was measured by co-localization index
of the p53 and SOD-2; and the degree of co-localization was measured by the “color composite” and “co-
localization” functions in Image-ProPlus software. In control group, p53 expression was very minimal
(green, A and D); and SOD-2 was abundantly expressed (red, B and E). CrVI increased the expression
levels of both p53 (G and J), and SOD-2 (H and K). CrVI significantly increased co-localization of p53 and
SOD-2 proteins compared to control (overlay, C, F, I, L and M-P). The scatter plot displays the intensity
range of red and green pixels in the image (N and P). Integrated Optical Density (IOD) was quantified by
Image ProPlus software. : control vs CrVI, p<0.05. Each value represents mean+SEM of 10-15 ovaries of
the F1 pups.
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Discussion

Gestational exposure to CrVI increased total Cr levels in the placenta, indicating that Cr
can traverse the placenta and increase Cr burden in the placental compartments. After crossing the
placental barrier, Cr could possibly affect the fetal development and also the reproductive potential
of the F1 pups in their later period of life. Reproductive outcomes such as pregnancy rate, live
births and litter size were monitored for a period of 10 months in order to determine if Cr causes
early reproductive senescence in Cr exposed F1 females. Interestingly, 2% of rats from CrVI-
exposed group could become pregnant at the end of 10 months while ~60% of rats from the control
group could become pregnant. Thus it is evident from these results that gestational exposure to
CrVIinduced early reproductive senescence in the F1 female rats.

The fertility rate of a female is determined by the number of primordial follicles that are
present in the ovarian reserve. This is also called follicle endowment; which is the total number of
oocytes available throughout the fertile lifespan for fertilization. The important developmental
stage in the formation of the germline is the germ cell nest formation which is evolutionarily
conserved in both vertebrates and invertebrate species (418). GCN breakdown is a prerequisite for
the primordial follicle development (180). During folliculogenesis, one of the most critical events
followed by GCN breakdown is the primordial follicle assembly where the primordial germ cells
form primordial follicles under the influence of various secreted factors such as GDF9, BMP15,
Kit-ligand, AMH, NGF, AKT1 etc. (167). In mice, germ cell nest breakdown begins at E17.5 (419)
and continues up to PND4 (189). The maximum number of germ cells were observed at the time
of entry of primary oocytes into meiotic prophase, after which up to two-thirds of the germ cells
are lost either by autophagy or apoptosis before the ovarian reserve is established (260,420). The

ultimate size of the ovarian reserve is determined by the extent of germ cell loss during that period
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(260,421). POF or infertility results when there is a defect in either the timing or process of germ
cell nest breakdown which can result in improper primordial follicle assembly and/or increased
loss of germ cells (418). Therefore, the above period/window is a critical/vulnerable window
during fetal ovarian development. Any insult or exposure to chemicals/EDCs during this period
could potentially affect the entire fertility of the female offspring during the adult life. Therefore,
there is a critical need to study the mechanism of GCN breakdown and germ cell death not only
during the normal development of the ovary but also in response to EDCs. In order to identify the
mechanism by which gestational exposure to CrVI caused early reproductive senescence, we
studied the effect of CrVI on germ cell nest breakdown, primordial follicle assembly and germ cell

death during the early development of the ovary.

CrVI increase germ cell apoptosis, accelerate germ cell nest breakdown, and advance the
primordial follicle assembly

During oogenesis of developing rodent ovary, germ cell apoptosis occurs at all stages with
two main waves: the first wave of cell death coincides with the entry of oogonia into meiosis
(E13.5-15.5); and the second wave occurs between E17.5 and PNDI, marking the GCN
breakdown and the beginning of primordial follicle assembly (10,251,422). Results indicated that
CrVI treatment accelerated germ cell nest breakdown and advanced primordial and primary
follicle formation. Specifically, on E15.5 and E17.5, rounded germ cell nest containing 10-29
healthy germ cells with no primordial follicles were observed in control group, whereas CrVI
treated ovaries exhibited more number of degenerating germ cells with pyknotic nuclei. Control
ovaries of PNDI1 were filled with nests of healthy germ cells surrounded by invading somatic or
pre-granulosa cells, whereas CrVI treatment group had an enormous number of primordial follicles

and primary follicles indicating early germ cell nest breakdown and advanced primordial and
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primary follicle formation. Control ovaries had 10-24 healthy oocytes contained in the nest within
the ovigerous cords with the infrequent observation of pyknotic nuclei of germ cells and somatic
cells. Whereas, >65% of CrVI treated ovaries had their nest broken down into fewer nests with
disrupted ovigerous cords. On PND4, healthy primordial and few primary follicles were observed
in control ovaries, whereas CrVI treated ovaries had several primary and few secondary follicles.
Thus, it is very evident that prenatal exposure to CrVI adversely affected follicular development
process by accelerating the GCN breakdown, and advancing primordial follicle assembly.

Germ cell death is one of the major events that occur during GCN breakdown and follicle
formation (409). In the current study, CrVI increased the number of TUNEL-positive germ cells
compared to control group on E15.5, E17.5, PND1, PND4, and PND25. It was also observed that
most of the primordial and primary follicles were undergoing atresia. Also, eosinophilic infiltration
was observed on E15.5 and E17.5. Eosinophil peroxidase has been shown to increase the ability
of macrophage to phagocytize tumor cells. We suggested that increased eosinophils in CrVI-
exposed ovaries might facilitate the resorption of apoptotic and/or degenerating germ cells. Also,
localized eosinophilic infiltration has been linked to POF in women with eosinophilic oophoritis
and eosinophilic perifolliculitis, a variant of autoimmune oophoritis (423-426).

Thus the current study documented for the first time that prenatal exposure to CrVI
accelerated GCN breakdown, advanced the primordial follicle assembly and caused early
reproductive senescence by increasing the germ cell and somatic cell apoptosis. In order to identify
the underlying mechanisms behind germ cell death, key apoptotic and cell survival pathways were

determined in the PND1 ovary of F1 offspring.
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CrVI affects PI3K/AKT & MAPK signaling pathway

The PI3K-AKT signaling pathway plays a key role in critically regulating the ovarian
function including survival, quiescence, and activation of primordial follicles, granulosa cell
proliferation and differentiation, and meiotic oocyte maturation (427). Dysregulation of this
pathway may contribute to infertility caused by impaired follicular development, intra-follicular
oocyte development, and ovulation (427). AKT is the master regulator of the PI3K/AKT pathway
involved in the following functions: (i) controls cell survival and growth by phosphorylating BAD,
FOXO1, GSK3p, and p27; (i1) promotes cell proliferation by phosphorylating and inactivating
FOXO3a to sequestrate FOXO3a in the cytoplasm; (iii) regulates cell cycle progression by
indirectly stabilizing cyclin D1 and c-Myc, (iii) activates AKT, phosphorylates TSC2, and controls
mTOR, which in turn controls translation, suppresses autophagy, regulates HIF1a, and VEGF
expression (427). The MAPK/ERK signaling pathway have been implicated as key regulators of
cell proliferation, differentiation, migration, senescence, and apoptosis (428). While the function
of MAPK signaling is largely unknown in the early development of the ovary, recent research
suggests that MAPK signaling plays an important role in primordial follicle activation through
mTOR-KITL signaling (429). Results from the current study indicated that ovaries from control
rats expressed p-AKT and p-ERK abundantly. Whereas CrVI decreased the expression of p-AKT
and p-ERK compared to control in PNDI1 ovaries of F1 pups, suggesting that CrVI may have
accelerated germ cell nest breakdown and increased germ cell death partly by decreasing the levels

of p-AKT and p-ERK, which are critical for the growth and survival of germ cells.
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CrVI disrupts germ cell survival by targeting XIAP

XIAP is also known as BIRC4 (baculoviral IAP repeat-containing protein 4) belongs to the
inhibitor of apoptosis protein family that regulates apoptotic signaling by directly interacting with
caspase targets, including caspases-3, -7 and -9 (430-432). In rats, XIAP is found to be expressed
in granulosa cells, theca cells and oocytes of follicles from the preantral stage onwards (433). It
has been reported that XIAP self-degrades in vitro in a proteasome-dependent manner in response
to apoptotic stimuli by self-ubiquitination due to its ubiquitin-protein ligase activity (434). Apart
from self-ubiquitination and degradation, XIAP also acts as an ubiquitin-protein ligase for caspase-
3 which promotes the degradation of caspase-3 by ubiquitination, resulting in anti-apoptosis or
cell survival (435). XIAP also mediates the polyubiquitination of caspase-9 (436). In the current
study, CrVI decreased the expression of XIAP and increased the expression of cleaved caspase-3
in PNDI ovary suggesting a CrVI-induced down-regulation of XIAP by self-ubiquitination. On
the other hand, with a decreased expression of XIAP, caspase-3 might have become more stable
and functional. Thus by decreasing XIAP expression or increasing its degradation and upregulating

cleaved caspase-3, CrVI might have increased or activated germ cells apoptosis.

CrVI increases germ cell apoptosis through intrinsic apoptosis pathway

BAX is a pro-apoptotic factor belonging to the family of BCL2 proteins that play a key
role in regulating the size of the primordial follicle pool (254,255). It is upregulated in fetal germ
cells undergoing apoptosis in the ovary and serves as a POF marker (255,437,438). Prolonged
reproductive longevity was observed in BAX mutant mice due to slower depletion of the
primordial follicle reserve (255). In the current study, CrVI increased BAX expression. Thus,
increased BAX might have contributed to the increased germ cell apoptosis and atresia of follicles

resulting in POF. A significant increase in the expression of cleaved caspase-3 that is downstream
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of BAX was also observed in the ovaries of CrVI-exposed F1 rats, suggesting the caspase-3
dependent mechanism of germ cell apoptosis. On the other hand, undetected levels of cleaved
caspase-3 expression in control ovaries suggests the likelihood of caspase-3-independent
mechanism of germ cell apoptosis during the normal development of ovary. This data is supported
by a study in mice where a similar phenomenon of caspase-3-independent mechanism was reported
in the germ cell apoptosis (439). Notably, Akt-dependent phosphorylation of pro-apoptotic BAX
on Ser'®* suppresses its translocation to mitochondria (440) thereby preventing the release of
cytochrome ¢ from mitochondria and activation of caspases to make the cell undergo apoptosis.
Thus CrVI-induced increase in germ cell apoptosis might have been partly mediated through down
regulation of AKT and also by increasing the expression of BAX, leading to increased
translocation to mitochondria to execute apoptosis.

In addition, CrVI increased the expression of p27 protein. p27 is a negative regulator of
cell cycle progression and also a tumor suppressor protein (441). It has also been reported that
caspase-9, -3, -7- PARP apoptosis pathway is suppressed in p27 /" ovaries leading to increased
follicle survival. p27 induces follicular atresia by inhibiting Cdk2/Cdc2-cyclin A/B1 kinase
activities and activating apoptotic cascade in follicles (413). Our data revealed higher expression
of p27 in the ovaries of CrVI-exposed F1 offspring with predominant expression in somatic cells
and not in oocytes. Thus, increased somatic cells apoptosis and disrupted paracrine communication
between germ cells and somatic cells by upregulating p27 may have potentially contributed to

follicle atresia.

CrVI promoted p53 translocation to the mitochondria and inhibition of SOD2 activity
p53 is a well-established homotetrameric transcription factor that plays a key role in tumor

suppression by inducing apoptosis or cell cycle arrest by transcriptional and post-translational
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mechanisms. It induces apoptosis by translocating to mitochondria and promoting changes in
mitochondrial membrane potential, cytochrome c release and caspase activation (442). Oxidative
stress-induced apoptosis involves phosphorylation of p53 at multiple sites of serine. Previous
finding from our lab indicated that CrVI phosphorylated p53 protein at ser-9, ser-15, ser-20, ser-
37, ser-46 and ser-392, and got translocated to mitochondria to induce apoptosis of granulosa cells
(443). In the present study, CrVI up-regulated the expression of p53, while the levels are
undetected in control ovaries. Interestingly, CrVI also upregulated the expression of SOD-2
(MnSOD-manganese superoxide dismutase) which is the mitochondrial antioxidant enzyme that
detoxifies the superoxide free radical (O>"") generated by mitochondrial respiration (442). It has
been reported that pS3 localizes to the matrix of the mitochondria and physically interact with
SOD-2 and increases oxidative stress by inhibiting its superoxide scavenging activity (415,442).
Therefore, in the present study, we performed two-color immunofluorescence on whole mount
ovaries to test whether CrVI increases p53-SOD2 colocalization. Interestingly, CrVI upregulated
the expression of both p53 and SOD2 confirming the immunohistochemistry results, and also
increased the co-localization of p53 and SOD-2 in PNDI1 ovaries. Thus, CrVI not only increased
the expression of p53 and SOD-2 but also enhanced the association between p53-SOD2, enhanced
translocation of p53 to mitochondria to bind with SOD2 and to inhibit ROS scavenging of SOD-
2. All these events could potentially increase oxidative stress followed by germ cells apoptosis and
early germ cell nest breakdown.

Taken together, as given in our working model (Fig. 3.12), CrV1 is rapidly transported into
the cells and reduced to CrlIIl. During this reduction process, a large amount of reactive oxygen
species is generated, which increases oxidative stress and depletes antioxidants. In turn, CrlIl

either dephosphorylates or reduces the phosphorylation of p-AKT and p-ERK, decreases XIAP
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and thus inhibits cell survival machinery. CrlIl up-regulates caspase-3 and BAX which leads to
increased apoptosis of germ cells. CrllI also increases the expression and activation of p53 and
facilitates the mitochondrial transport of pS3. p53 interacts with SOD-2 and arrests its scavenging
of reactive oxygen species which, in turn, augments the apoptotic response in germ cells. As a
result of these molecular events, the large majority of the germ cells undergo apoptosis, or
prematurely assemble into primordial follicles and transit into primary follicles, thus reducing the
healthy primordial follicle pool.

In summary, these studies indicate that CrVI causes early reproductive senescence by (i)
increasing germ cell apoptosis through the p53/p27-BAX—caspase-3pathway; (i1) advancing germ
cell nest break down and primordial follicle assembly; (iii) increasing primordial follicle transition
into primary follicles; (iv) increasing follicular atresia; and (v) depleting the healthy primordial

follicle pool resulting in a reduced follicular reserve.
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Fig. 3.12. Schematic diagram representing CrVI-induced ovotoxicity during fetal ovary development.
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4. ROLE OF SIRTUIN-1 ON CRVI-INDUCED GERM CELL APOPTOSIS MEDIATED
THROUGH P53 ACETYLATION

Specific Aim-2:

Determine the p53-mediated mechanisms on CrVI-induced germ cell apoptosis in F1 offspring.

Hypothesis:
This aim was based on the working hypothesis that “CrVI-induced germ cell apoptosis and
advancement of germ cell nest breakdown are mediated through a p53-miR34a-SIRTI signaling

network”.

Objectives:

The above hypothesis was tested by the following objectives: (i) to study the effect of CrVI on
expression of acetylated p53 (K-382), SIRT1 and miR34a; (ii) to delineate the mechanism of CrVI
on p53 activation by injecting CrVI-treated pregnant rats with various doses of EX-527, a SIRT1
inhibitor; (iii) to determine the effects of EX-527 on apoptosis of germ cells; and (iv) to understand
the effects of SIRT1 inhibitor on the anti-apoptotic proteins BCL2, BCL-XL, pAKT and pro-

apoptotic proteins BAX, cleaved Caspase-3 and PUMA.
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Results
Inhibition of SIRTI1 aggravates CrVI induced germ cell apoptosis

In the current study, ovaries from PNDI1 pups that were exposed to CrVI showed a
significant increase in the percentage of apoptotic germ cells with pyknotic nuclei compared to
control group. TUNEL staining revealed that administration of SIRT1 inhibitor increased germ
cell apoptosis in a dose-dependent manner (Fig. 4.1, A, D, G, J, & M). SIRTI inhibitor also
enhanced CrVI-induced germ cell apoptosis in a dose-dependent manner (Fig. 4.1, B, E, H, K, &
N). The lowest dose of SIRT1 inhibitor (1mg/kg b.wt) did not have significant effects on germ cell
apoptosis in either control or CrVI-treated group. However, higher doses (5 mg/kg b.wt and 50
mg/kg b.wt) significantly increased germ cell apoptosis both under normal as well as CrVI-treated

groups (Fig. 4.1, N).
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Fig. 4.1. Effect of SIRT1 inhibitor (EX-527) on CrVI-induced germ cell apoptosis. Pregnant dams were
exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI exposed and unexposed
dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0 and 50 mg/kg body
weight). On PNDI1 the F1 offspring were euthanized and ovaries were processed for TUNEL assay as
described under Materials and Methods. Representative images of ovaries are shown from control (A),
CrVI (B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative images
from the ovaries of CrVI-treated dams: CrVI+SIRT1-I, 1.0 mg (E), 5.0 mg (H), and 50 mg (K) are shown.
Histogram shows percentage of TUNEL-positive apoptotic cells (C-L). Each value is mean £SEM of 10
ovaries from five litters. Dose response of SIRT1-I in the absence of CrVI treatment (M) and presence of
CrVItreatment (N) is shown. *: control vs CrVI(C), SIRT1-1-1.0 mg vs CrVI+SIRT1-I-1.0 mg (F), SIRT1-
1-5.0 mg vs CrVI+SIRT1-1-5.0 mg (I), or SIRT1-I-50 mg vs CrVI+SIRT1-1-50 mg (L). (M) Control vs
SIRT1-I 1.0, 5.0 or 50 mg/kg body weight. (N) CrVI (10 ppm) vs CrVI+SIRT1-1 (1.0, 5.0 or 50 mg/kg
b.wt). p<0.05. Arrows indicate apoptotic TUNEL-positive cells.
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Dose-response of SIRTI inhibitor (EX-527) on the CrVI-induced regulation of acetylated-p53
Results from Specific Aim-1 indicated that CrVI increased the expression of p53 in PND1
ovaries. Also, CrVI decreased SIRT1 expression in PNDI1 ovaries (Fig. 4.2, A, B, & C). It has
been reported that EX-527 treatment increased acetylation of p53 (Lysine (K) 382) after DNA
damage in primary human mammary epithelial cells and several cell lines (444). In order to
understand if CrVI increased germ cell apoptosis by increased p53 acetylation, expression of p53
(K-382) was studied in the ovaries exposed to SIRT1 inhibitor. Results indicate that (i) SIRT1
inhibitor significantly increased acetyl-p53 (K382) expression in PNDI ovaries in a dose-
dependent manner under basal condition (Fig. 4.2, A, D, G, J, & M); (ii) CrVI significantly
(p<0.05) increased the expression of acetyl-p53 (K-382) in PND1 ovaries (Fig. 4.2, A, B, & C);
and (ii1) SIRT1 inhibitor attenuated CrVI-induced increase in the expression of acetyl-p53 (K-382)

at the dose of 5 mg/kg b.wt and 50 mg/kg b.wt, but not 1 mg/kg b.wt (Fig. 4.2, B, E, H, K, & N).
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Fig. 4.2. SIRT1 inhibitor (EX-527) attenuated CrVI-induced increase in acetyl-p53 expression in the PND1
ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI
exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0
and 50 mg/kg body weight). On PNDI1 the F1 offspring were euthanized and ovaries were processed for
Immunohistochemistry as described under Materials and Methods. Representative images of ovaries from
control (A), CrVI(B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative
images from the ovaries of CrVI-treated dams: CrVI+SIRT1-], 1.0 mg (E), CrVI+SIRT1-I, 5.0 mg (H), and
CrVI+SIRTI1-I, 50 mg (K). Histogram shows integrated optical density (IOD) (Panel-3, C, F, I and L). Each
value is mean £SEM of 10 ovaries from five litters. Dose-response of SIRT1-I in the absence of CrVI
treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C), SIRT1-I-1.0 mg vs
CrVI+SIRT1-I-1.0 mg (F), SIRT1-I-5.0 mg vs CrVI+SIRT1-I-5.0 mg (I), or SIRTI-I-50 mg vs
CrVI+SIRT1-1-50 mg (L). (M) Control vs SIRT1-I 1.0, 5.0 or 50 mg/kg body weight. (N) CrVI (10 ppm)
vs CrVI+SIRTI1-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05.
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CrVI and SIRTI inhibition increases miR34a expression

It has been shown that miR34a is one of the miRNAs which can regulate the expression of
SIRT1 by targeting it directly (445). Interestingly, p53 regulates the expression of miR34a and
induces apoptosis, cell cycle arrest, and senescence (290). Results from Specific Aim-1 indicate
that CrVI increased the expression of acetyl-p53 (K-382) in PND1 ovaries. In order to understand
if CrVI-induced acetyl-p53 (K-382) expression regulates the miR34a expression which could in
turn regulate SIRT1, expression of miR34a was studied in the ovaries exposed to SIRT1 inhibitor.
Results indicated that (i) CrVI significantly (p<0.05) increased miR34a expression in PNDI
ovaries; and (i1) treatment with SIRT1 inhibitor synergistically enhanced CrVI-induced increase

in the expression of miR34a (Fig. 4.3).
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Fig. 4.3. Effect of CrVI and SIRT1 inhibitor (EX-527) on miR34a expression. Pregnant dams were exposed
to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI exposed and unexposed dams were
injected (7.p.,) with 50 mg/kg body weight SIRT1 inhibitor. On PND1 the F1 offspring were euthanized
and ovaries were processed for RNA isolation and real-time PCR of miR34a was performed as described
under Materials and Methods. Histogram shows the fold change normalized to the internal control U6.
Each value is mean +SEM of 3 replicates. *: Control vs SIRT1-1-50 mg/kg body weight, CrVI (10 ppm) vs
CrVI+SIRT1-1-50 mg/kg b.wt. p<0.05.
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Dose-response of SIRTI inhibitor (EX-527) on the CrVI-induced regulation of BCL2

BCL2 is an important cell survival protein that prevents apoptosis by directly binding and
inhibiting the pro-apoptotic BAX and BAK (446). Over expression of BCL2 in the oocytes
increased the size of the primordial follicle pool at birth in mice (250). In order to understand if
BCL2 is regulated through SIRT1, BCL2 expression was studied in the ovaries exposed to the
SIRTI1 inhibitor. Results indicate that (i) BCL2 is abundantly expressed in the control ovaries of
PND1 pups (Fig. 4.4, A); (i1) CrVI significantly (p<0.05) decreased the expression of BCL2
compared to control (Fig. 4.4, A, B, & C); (iii) SIRT1 inhibitor decreased the expression of BCL2
in a dose-dependent manner in PND1 ovaries (Fig. 4.4, A, D, G, J, & M); (iv) SIRT1 inhibitor
attenuated CrVI-induced decrease in the expression of BCL2 at the dose of 5 mg/kg b.wt and 50

mg/kg b.wt significantly (p<0.05), but not 1 mg/kg b.wt (Fig. 4.4, B, E, H, K, & N).
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Fig. 4.4. SIRT1 inhibitor (EX-527) attenuated CrVI-induced decrease in BCL2 expression in the PNDI
ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI
exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0
and 50 mg/kg body weight). On PND1 the F1 offspring were euthanized and ovaries were processed for
Immunohistochemistry as described under Materials and Methods. Representative images of ovaries from
control (A), CrVI(B), SIRT1-Ialone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative
images from the ovaries of CrVI-treated dams: CrVI+SIRT1-I, 1.0 mg (E), CrVI+SIRT1-1, 5.0 mg (H), and
CrVI+SIRTI1-I, 50 mg (K). Histogram shows integrated optical density (IOD) (Panel-3, C, F, I and L). Each
value is mean £SEM of 10 ovaries from five litters. Dose-response of SIRT1-I in the absence of CrVI
treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C), SIRT1-I-1.0 mg vs
CrVI+SIRT1-1-1.0 mg (F), or SIRT1-1-5.0 mg vs CrVI+SIRT1-I-5.0 mg (I). (M) Control vs SIRT1-I 1.0,
5.0 or 50 mg/kg b.wt. (N) CrVI (10 ppm) vs CrVI+SIRT1-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05.
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Dose-response of SIRTI inhibitor (EX-527) on the CrVI-induced regulation of BCL-XL
BCL-XL is an anti-apoptotic protein that plays a key role in determining germ cell fate in
early gonadal development (447). Mice deficient in BCL-XL showed a decrease in number of
primordial follicles compared to wild type (252). In order to understand if BCL-XL is regulated
through SIRT1, BCL-XL expression was studied in the ovaries exposed to SIRT1 inhibitor.
Results indicate that (i) BCL-XL is abundantly expressed in the primordial germ cells of control
ovaries of PNDI pups (Fig. 4.5, A); (i1) CrVI significantly (p<0.05) decreased the expression of
BCL-XL compared to control (Fig. 4.5, A, B, & C); (iii) SIRT1 inhibitor decreased the expression
of BCL-XL in a dose-dependent manner in PNDI1 ovaries (Fig. 4.5, A, D, G, J, & M); (iv) SIRT1
inhibitor attenuated CrVI-induced decrease in the expression of BCL-XL at the dose of 50 mg/kg

b.wt significantly (p<0.05), but not 1 mg/kg b.wt and 5 mg/kg b.wt (Fig. 4.5, B, E, H, K, & N).
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Fig. 4.5. SIRT1 inhibitor (EX-527) attenuated CrVI-induced decrease in BCL-XL expression in the PND1
ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI
exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0
and 50 mg/kg body weight). On PNDI1 the F1 offspring were euthanized and ovaries were processed for
Immunohistochemistry as described under Materials and Methods. Representative images of ovaries from
control (A), CrVI(B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative
images from the ovaries of CrVI-treated dams: CrVI+SIRT1-], 1.0 mg (E), CrVI+SIRT1-I, 5.0 mg (H), and
CrVI+SIRT1-I, 50 mg (K). Histogram shows integrated optical density (I0OD) (Panel-3, C, F, I and L). Each
value is mean =SEM of 10 ovaries from five litters. Dose-response of SIRT1-I in the absence of CrVI
treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C), SIRT1-1-1.0 mg vs
CrVI+SIRT1-I-1.0 mg (F), or SIRT1-I-5.0 mg vs CrVI+SIRT1-1-5.0 mg (I). (M) Control vs SIRT1-I 1.0,
5.0 or 50 mg/kg b.wt. (N) CrVI (10 ppm) vs CrVI+SIRT1-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05. Arrow
indicates healthy germ cells in the nest expressing BCL-XL.
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Dose-response of SIRTI inhibitor (EX-527) on the CrVI-induced regulation of pAKT
PI3K/AKT pathway is very important for the survival, dormancy, and activation of the
primordial follicle and any disruption of AKT pathway could lead to infertility (427). AKT is the
critical regulator of cell survival and proliferation (448). Results from Specific Aim-1 indicated
that CrVI decreased pAKT expression in postnatal ovaries (Fig. 3.5, A, B, & C). In order to
understand if AKT is regulated through SIRT1, AKT expression was studied in the ovaries
exposed to the SIRT1 inhibitor. Results indicate that (i) SIRT1 inhibitor decreased pAKT
expression in PNDI1 ovaries in a dose-dependent manner (Fig. 4.6, A, D, G, J, & M); (ii) CrVI
significantly (p<0.05) decreased pAKT (Fig. 4.6, A, B, & C); and (iii) SIRT1 inhibitor attenuated
CrVI-induced decrease in the expression of pAKT at all three doses (1 mg/kg b.wt, 5 mg/kg b.wt,

and 50 mg/kg b.wt) (Fig. 4.6, B, E, H, K, & N).
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Fig. 4.6. SIRT1 inhibitor (EX-527) attenuated CrVI-induced decrease in pAKT expression in the PND1
ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI
exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0
and 50 mg/kg body weight). On PNDI1 the F1 offspring were euthanized and ovaries were processed for
Immunohistochemistry as described under Materials and Methods. Representative images of ovaries from
control (A), CrVI(B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative
images from the ovaries of CrVI-treated dams: CrVI+SIRT1-], 1.0 mg (E), CrVI+SIRT1-1, 5.0 mg (H), and
CrVI+SIRT1-I, 50 mg (K). Histogram shows integrated optical density (I0OD) (Panel-3, C, F, I and L). Each
value is mean =SEM of 10 ovaries from five litters. Dose-response of SIRT1-I in the absence of CrVI
treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C), SIRT1-I-1.0 mg vs
CrVI+SIRT1-I-1.0 mg (F), SIRT1-I-5.0 mg vs CrVI+SIRT1-I-5.0 mg (I), or SIRTI-I-50 mg vs
CrVI+SIRT1-1-50 mg (L). (M) Control vs SIRT1-I 1.0, 5.0 or 50 mg/kg body weight. (N) CrVI (10 ppm)
vs CrVI+SIRT1-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05. Arrows indicate oocytes expressing pAKT.
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Dose response of SIRTI inhibitor (EX-527) on CrVI-induced regulation of p53 upregulated
modulator of apoptosis (PUMA)

Results from Specific Aim-1 indicate that CrVI increased the expression of p53 in PNDI1
ovaries. PUMA (p53 upregulated modulator of apoptosis) is the direct target of p53, and a critical
regulator of germ cell death during ovarian development. PUMA -mediated cell death limits the
primordial follicle number established in the initial ovarian reserve (421). In order to understand
if PUMA is regulated through SIRT1, expression of PUMA was studied in the ovaries exposed to
SIRT1 inhibitor. Results indicated that (i) SIRT1 inhibitor significantly increased the expression
of PUMA in PNDI1 ovaries at the dose of 5 mg/kg b.wt and 50 mg/kg b.wt, but not 1mg (Fig. 4.7,
A, D, G,J, & M); (ii) CrVI significantly (p<0.05) increased the expression of PUMA (Fig. 4.7, A,
B, & C); and (ii1) SIRT1 inhibitor attenuated CrVI-induced increase in the expression of PUMA

in a dose dependent manner (Fig. 4.7, B, E, H, K, & N).
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Fig. 4.7. SIRT1 inhibitor (EX-527) attenuated CrVI-induced increase in PUMA expression in the PNDI
ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI
exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0
and 50 mg/kg body weight). On PND1 the F1 offspring were euthanized and ovaries were processed for
Immunohistochemistry as described under Materials and Methods. Representative images of ovaries from
control (A), CrVI(B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative
images from the ovaries of CrVI-treated dams: CrVI+SIRT1-I, 1.0 mg (E), CrVI+SIRT1-1, 5.0 mg (H), and
CrVI+SIRT1-I, 50 mg (K). Histogram shows integrated optical density (I0D) (Panel-3, C, F, I and L). Each
value is mean £SEM of 10 ovaries from five litters. Dose-response of SIRT1-I in the absence of CrVI
treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C), SIRT1-1-1.0 mg vs
CrVI+SIRT1-I-1.0 mg (F), SIRT1-I-5.0 mg vs CrVI+SIRT1-I-5.0 mg (I), or SIRTI-I-50 mg vs
CrVI+SIRT1-I-50 mg (L). (M) Control vs SIRT1-I 1.0, 5.0 or 50 mg/kg body weight. (N) CrVI (10 ppm)
vs CrVI+SIRTI-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05. Arrow indicates healthy follicle (D) and follicle
undergoing apoptosis (H).
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Dose response of SIRTI inhibitor (EX-527) on the CrVI-induced regulation of BAX

BAX regulates the primordial germ cell survival and apoptosis in mice (252). BAX mutant
mice exhibited three times larger follicle pool when compared to wild-type (254). In order to
understand if BAX is regulated through SIRT1, BAX expression was studied in the ovaries
exposed to the SIRT1 inhibitor. Results indicate that (i) SIRT1 inhibitor significantly increased
BAX expression in PND1 ovaries at the dose of 5 mg/kg b.wt and 50 mg/kg b.wt, but not 1 mg/kg
b.wt (Fig. 4.8, A, D, G, J, & M); (i1) CrVI significantly (»p<0.05) increased the expression of BAX
(Fig. 4.8, A, B, & C); and (iii) SIRT1 inhibitor attenuated CrVI-induced increase in the expression
of BAX at the dose of 5 mg/kg b.wt and 50 mg/kg b.wt, but not 1 mg/kg b.wt (Fig. 4.8, B, E, H,

K, & N).
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Fig. 4.8. SIRT1 inhibitor (EX-527) attenuates CrVI-induced increase in BAX expression in the PNDI
ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5 dpc. CrVI
exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-I, 1.0, 5.0
and 50 mg/kg body weight). On PND1 the F1 offspring were euthanized and ovaries were processed for
Immunohistochemistry as described under Materials and Methods. Representative images of ovaries from
control (A), CrVI(B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight. Representative
images from the ovaries of CrVI-treated dams: CrVI+SIRT1-I, 1.0 mg (E), CrVI+SIRT1-1, 5.0 mg (H), and
CrVI+SIRT1-I, 50 mg (K). Histogram shows integrated optical density (I0D) (Panel-3, C, F, I and L). Each
value is mean £SEM of 10 ovaries from five litters. Dose-response of SIRT1-I in the absence of CrVI
treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C), SIRT1-1-1.0 mg vs
CrVI+SIRT1-I-1.0 mg (F), SIRT1-I-5.0 mg vs CrVI+SIRT1-I-5.0 mg (I), or SIRTI-I-50 mg vs
CrVI+SIRT1-I-50 mg (L). (M) Control vs SIRT1-I 1.0, 5.0 or 50 mg/kg body weight. (N) CrVI (10 ppm)
vs CrVI+SIRT1-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05.
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Dose response of SIRTI inhibitor (EX-527) on CrVI-induced regulation of cleaved caspase-3
Results from Specific Aim-1 indicated that CrVI increased cleaved caspase-3 expression
in PND1 ovaries. In order to understand if caspase-dependent germ cell apoptosis is regulated
through SIRT1, cleaved caspase-3 expression was studied in the ovaries exposed to the SIRT1
inhibitor. Results indicate that (i) SIRT1 inhibitor significantly increased cleaved caspase-3
expression in PND1 ovaries at the dose of 5 mg/kg b.wt and 50 mg/kg b.wt, but not 1 mg/kg b.wt
(Fig. 4.9, A, D, G, J, & M); (i1) CrVI significantly (p<0.05) increased the expression of cleaved
caspase-3 (Fig. 4.9, A, B, & C); and (iii) SIRT1 inhibitor attenuated CrVI-induced increase in the
expression of cleaved-caspase-3 at the dose of 5 mg/kg b.wt and 50 mg/kg b.wt, but not 1 mg/kg

b.wt (Fig. 4.9, B, E, H, K, & N).
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Fig. 4.9. SIRT1 inhibitor (EX-527) attenuated CrVI-induced increase in cleaved-Caspase-3 expression in
the PND1 ovary. Pregnant dams were exposed to CrVI (10 ppm) through the drinking water from 9.5-14.5
dpc. CrVI exposed and unexposed dams were injected (i.p.,) with various doses of SIRT1 inhibitor (SIRT-
I, 1.0, 5.0 and 50 mg/kg body weight). On PNDI the F1 offspring were euthanized and ovaries were
processed for Immunohistochemistry as described under Materials and Methods. Representative images of
ovaries from control (A), CrVI (B), SIRT1-I alone 1.0 mg (D), 5.0 mg (G), and 50 mg (J) /kg body weight.
Representative images from the ovaries of CrVI-treated dams: CrVI+SIRT1-1, 1.0 mg (E), CrVI+SIRT1-],
5.0 mg (H), and CrVI+SIRT1-L, 50 mg (K). Histogram shows integrated optical density (IOD) (Panel-3, C,
F, I and L). Each value is mean =SEM of 10 ovaries from five litters. Dose response of SIRT1-I in the
absence of CrVI treatment (M) and presence of CrVI treatment (N) is shown. *: control vs CrVI (C),
SIRT1-I-1.0 mg vs CrVI+SIRT1-1-1.0 mg (F), SIRT1-I-5.0 mg vs CrVI+SIRT1-1-5.0 mg (I), or SIRT1-I-
50 mg vs CrVI+SIRT1-1-50 mg (L). (M) Control vs SIRT1-I 1.0, 5.0 or 50 mg/kg body weight. (N) CrVI
(10 ppm) vs CrVI+SIRT1-1 (1.0, 5.0 or 50 mg/kg b.wt). p<0.05. Arrow indicate healthy follicle (D) and
follicle undergoing apoptosis (H).
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Discussion
CrVI Stabilizes p53 by increasing its acetylation

Results from Specific Aim-1 indicated that gestational exposure to CrVI caused POF by
increasing germ cell apoptosis during fetal ovarian development in F1 offspring. Germ cell
apoptosis in F1 fetuses was mediated through p53 pathway. Strikingly, CrVI increased the
translocation of p53 to mitochondria where it binds to the SOD2 antioxidant enzyme and decreased
its activity. When cells are exposed to oxidative stress, toxicants, stress, DNA damage and hypoxia
signals, p53 protein is stabilized, activated and transported into the nucleus and induces cell growth
arrest, senescence or apoptosis (268,449). Our results indicated that CrVI increased the expression
of total-p53 in PND 1 ovaries of F1 pups. Cellular stress can cause several changes in p53 both at
the level of transcription and post-translational modification. CBP/p300, a histone acetyl-
transferase (HAT), acts as a coactivator of p53 and potentiates its transcriptional activity as well
as biological function in vivo by specifically acetylating p53 in the C-terminal regulatory domain
at multiple lysine residues (Lys-370, Lys-371, Lys-372, Lys-381, Lys-382) (450,451).

Stress can also cause post-translational modifications in p53 such as ubiquitination,
phosphorylation, and acetylation (450). Mdm?2 is one of the key negative regulators of p53. Mdm?2
inhibits p53 by ubiquitination followed by proteasome degradation (452). However, acetylation of
p53 on the C-terminal domain abrogates its ubiquitination by Mdm?2 stabilizing the p53 protein
under physiological conditions (450). Thus acetylation of p53 plays a critical role in stabilizing
p53 to exert its anti-proliferative effects, growth arrest, apoptosis, and cell senescence, in response
to stress signals (268). Interestingly, results from the current study indicated that gestational

exposure to CrVI stabilized p53 by increasing its acetylation, resulting in germ cell apoptosis.
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Activation of p53 by CrVI induced regulation of SIRTI

It is evident from the above studies that CrVI acetylates p53 in causing germ cell apoptosis.
Therefore, current study further explored the mechanism behind CrVI-induced p53 acetylation.
Silent information regulator or SIRTuin 1 (SIRT1) is a highly conserved nicotinamide adenine
dinucleotide (NAD)+-dependent protein deacetylase that participates in several cellular functions
such as cell cycle, response to DNA damage, metabolism, apoptosis, and autophagy in response
to oxidative and genotoxic stress (268,453). SIRT1 protects and mediates the survival of cells from
cellular oxidative stress and DNA damage through the inhibition of apoptosis. Upon activation,
SIRT1 deacetylates histones and histone methyl-transferases. SIRT1 also deacetylates a variety of
non-histone target proteins and one of which is the tumor suppressor p53. SIRT1 physically
interacts with p53 and deacetylates p53 at Lys-382 in an NAD"- dependent manner, resulting in
inhibition of p53-mediated apoptosis due to decreased p53-mediated transcriptional activation of
target proteins (268,453). Our data indicated that CrVI decreased the expression of SIRTI,
therefore, SIRT1’s ability to deacetylate p53 was minimized. As a result, p53 might have been
stabilized and remained in an active form to induce germ cell apoptosis through its downstream
signaling cascade under CrVI treatment.

To delineate the mechanism of CrVI-induced p53 activation, both CrVI exposed and
unexposed pregnant dams were injected (i.p.,) with various doses of EX-527, a SIRT1 inhibitor
(1, 5 and 50 mg/kg body weight). EX-527 binds deep in the catalytic cleft of SIRT1, occupies the
nicotinamide site and displaces the NAD" nicotinamide, forcing the cofactor into an extended
conformation by contacting the ribose of NAD" which sterically prevents substrate binding,
namely the p53, thus inhibiting the deacetylation function of SIRT1 (454,455). Results indicate

that (i) CrVI dose-dependently decreased SIRT1 expression in the F1 ovaries on PNDI1; (i)
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Inhibition of SIRT1 in normal rats increased germ cell apoptosis, with the maximum effect with 5
or 50 mg/kg body weight; (iii) SIRT1 attenuated CrVI-induced germ cell apoptosis; and (iv) SIRT1
inhibition increased p53 acetylation in a dose-dependent manner, facilitating increased germ cell
apoptosis. All the above results indicated that CrVI might potentially stabilize pS3 by increasing
its acetyl form by down regulating SIRT1 expression. Interestingly, p53 acetylation could have
increased its half-life and its ability to transactivate p53-responsive target genes by preventing it

from undergoing ubiquitination mediated proteasomal degradation.

Regulation of p53-miR34a-SIRTI pathway by CrVI

While SIRT1 expression is controlled at multiple levels by transcriptional and post-
translational mechanisms under physiological and pathological conditions, it has been shown that
miRNAs can regulate the expression of SIRT1 by targeting it directly (445). Some of the miRNAs
that can directly regulate SIRT1 are miR34a, miR-181a, miR-9, miR-146, miR-143, miR-132,
miR-34c, and miR-217. Interestingly, miR34a directly increases p53 gene expression and
represses SIRT1 gene expression (445). Moreover, p53 increases miR34a (268) and inhibits SIRT1
expression through a miR34a-binding site within the 3’ UTR of SIRT1. This regulatory network
between miR34a-p53-SIRT1 lead to an increase in p53-downstream candidates p21 and PUMA,
transcriptional targets of p53 that regulate the cell cycle and apoptosis (291).

miR34a is found to repress not only the SIRT1 expression but also its activity by targeting
NAMPT, the rate-limiting enzyme of the NAD" salvage pathway (445). In osteosarcoma cells,
miR34a overexpression was found to inhibit cell viability, migration, invasion and promote cell
apoptosis by downregulating SIRT1 and deactivating p38/ERK/AKT and Wnt--catenin signaling
pathways (456). The BCL2 family of intracellular proteins governs the intrinsic apoptotic pathway

where BCL2, one of the pro-survival proteins, prevents cytochrome c release from the
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mitochondria and inhibits apoptosis (457). BCL2 has been identified as a direct target of miR34a
as its overexpression was found to suppress BCL2 and inactivated the PI3K/AKT pathway in
cervical cancer cells (285,458,459). Interestingly, ovaries from CrVI-exposed F1 offspring
exhibited an increased expression of miR34a compared to the control group. On the other hand,
CrVI downregulated the expression of pAKT, as well as BCL2, the key players in cell survival.
Taken together, current data suggest that (i) CrVI-induced decrease in SIRT1 could be partly due
to the inhibition of SIRT1 by miR34a, in order to stabilize p53 to activate apoptosis of germ cells;
(i1) CrVI-induced upregulation of miR34a may have decreased the expression of AKT and BCL2,

thereby inhibiting cell survival pathway mediated through PI3K/AKT.

CrVIincreased germ cell apoptosis through p53-mediated mechanisms

During UV-induced apoptosis, PUMA promotes the translocation of BAX by interacting
with BAX directly (460). Current data clearly shows a significant increase in PUMA. Early studies
from our laboratory showed that CrVI altered the selective sub-cellular translocation of
phosphorylated p53 from cytosol into mitochondria (443). Our data indicate that CrVI increased
the expression of PUMA as well as BAX in PNDI1 ovaries suggesting that the p53-mediated
transcriptional activation of PUMA could have promoted the translocation of BAX to
mitochondria to initiate germ cell apoptosis. However, our future studies will confirm CrVI-
induced selective translocation of BAX from cytosol to mitochondria. It has been demonstrated
that p53 deficient mice exhibited an increase in BCL2 and decrease in BAX, a pro-apoptotic
protein that disrupts mitochondrial membrane potential and causes apoptosis by releasing
cytochrome ¢ and activating caspases (461). Our data indicated that CrVI decreased the expression
of anti-apoptotic proteins BCL2 and BCL-XL, and increased the expression of pro-apoptotic

proteins BAX and cleaved caspase-3 in the F1 ovaries compared to control. Thus CrVI
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downregulated anti-apoptotic proteins, upregulated pro-apoptotic proteins, increased the
translocation of p53 to mitochondria forming complexes with BCL2 and BCL-XL proteins thereby
increasing the permeabilization of the outer mitochondrial membrane. Thus, impaired
mitochondrial membrane integrity leads to cytochrome c¢ release, and activation of caspase-3,
inducing germ cell apoptosis through a p53-mediated transcription independent mechanism. Thus,
CrVI might have increased germ cell apoptosis by both pS3-mediated transcription-dependent and
independent mechanisms.

Gene encoding miR34a is a direct transcriptional target of p53 and the expression of
miR34a was increased by p53 in response to genotoxic stress. Also, miR34a is a pro-apoptotic
transcriptional target of p53 as miR34a inactivation was found to compromise p53-dependent
apoptosis (288). Cellular stress due to arsenic exposure or folate deprivation was shown to
upregulate miR34a (462). Taken together our data indicate that CrVI increased p53 expression,
which increases the expression of miR34a that targets and downregulates the levels of SIRTI.
Down-regulation of SIRT1 in turn increases the expression and activity of p53. The resulted
increase of p53 increases the synthesis and activation of miR34a.

In summary, the results indicate that CrVI increased germ cell apoptosis and accelerated
the GCN breakdown through the p53-miR34a-SIRT1 network (Fig. 4.9). These novel findings for
the first time indicate clear evidence for the key roles played by p53 in CrVI induced germ cell
apoptosis through the p53-miR34a-SIRT1 regulatory network which may lead to premature

depletion of follicles resulting in early reproductive senescence or POF.
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Fig. 4.10. Schematic diagram of p53-SIRT1-mi34a signaling network on CrVI-induced germ cell
apoptosis:

The results of the Specific Aim-2 are summarized as follows. CrVI increases the expression,
activation and stabilization of p53 and by increasing acetylation of-p53 (1).CrVI decreases the
expression and activity of the SIRT1 protein (2). Decreased levels and activity of SIRT1 failed to
deacetylate p53 at Lys382 (3), resulting in increased acetylated p53 (K-382) levels and its
activation (4). CrVI increases the miR34a expression (5), which decreased the expression of SIRT1
(6). Increase in miR34a also increases the expression and activation of p53 (7). In turn, activated
p53 increases the expression of miR34a (8). Increase in P53 activation decreases the expression of
BCL2, BCL-XL and increases the expression of Bax and PUMA (9). Increase in miR34a
expression decreases the phosphorylation of AKT at Ser-473 (10). Decrease in phosphorylation of
AKT inhibits the cell survival machinery (11), resulting in increased apoptosis (13).
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5. CHROMIUM ACTIVATES P53-SIRT1-miR34A SIGNALING NETWORK TO
INDUCE GERM CELL APOPTOSIS DURING FETAL OVARIAN
DEVELOPMENT

Specific Aim-3:

Determine the mechanism of miR34a in modulating CrVI-induced germ cell apoptosis.

Hypothesis:
This aim was driven by the working hypothesis that “miR34a increases CrVI-induced germ cell

apoptosis by abrogating the association between p53 and SIRTI .

Objectives:

The above hypothesis was tested by the following objectives: To determine the effects of miR34a
mimetic and/or inhibitor on: (i) apoptosis of germ cells; (ii)) mRNA expression of p53, Bcl2, Bax,
Akt and Sirtl genes; (iii) protein levels of acetyl p53, SIRT1, cleaved caspase-3, BAX BCL2, and

BCL-XL; and (iv) association/interaction between p53 and SIRTI.

Results from the above studies indicated a clear role for miR34a in CrVI-induced apoptosis of
germ cells. In order to further delineate the mechanism of miR34a in CrVI-induced germ cell
apoptosis, we transfected the fetal whole ovaries with miR34a mimetic and/or inhibitor ex vivo,
and treated the ovaries with CrVI, and determined machinery that mediates cell survival and

apoptosis at the mRNA and protein levels.
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Results
Effects of miR34a mimetic or inhibitor on CrVI-induced germ cell apoptosis

Results indicate that ex vivo cultured ovaries on CD9 (which recapitulated PND1) that were
exposed to CrVI showed a significant increase in the percentage of apoptotic germ cells with
pyknotic nuclei compared to the control group (Fig. 5.1, A & B). TUNEL staining revealed that
transfection with miR34a mimetic increased germ cell apoptosis both in the presence or absence
of CrVI (Fig. 5.1, C & D). Transfection with miR34a inhibitor alone did not have any effect on
germ cell apoptosis, whereas ovaries transfected with miR34a inhibitor mitigated the CrVI-

induced increase in germ cell apoptosis (Fig. 5.1, E & F).
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Fig. 5.1. Effects of miR34a mimetic or inhibitor on CrVI-induced germ cell apoptosis in cultured fetal
whole ovaries. Fetal ovaries from E13.5 were cultured for 8 days ex vivo and treated with or without CrVI
(0.1 ppm) from culture day (CD)2 to CDS8. Ovaries treated with and without CrVI (0.1 ppm) were
transfected with miR34a mimetic (100 nM) and miR34a inhibitor (100 nM) from CD2 to CD8, and
harvested on CD9 (which recapitulated PND1). Ovaries were harvested and processed for TUNEL assay
as described under Materials and Methods. Representative images of the ovaries are control (A), CrVI (B),
miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone (E), and CrVI+miR34a
inhibitor (F). Histogram shows TUNEL positive apoptotic cell percentage (G & H). Each value represents
mean = SEM of 10 ovaries. *: Control vs miR34a mimetic alone (G); or * CrVI vs CrVI+ miR34a mimetic
(H); ** miR34a mimetic alone vs miR34a inhibitor alone (G); or CrVI+miR34a mimetic vs CrVI+ miR34a
inhibitor (H). p<0.05.
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Effect of miR34a mimetic on mRNA expression of key cell survival and cell death pathway
proteins

Results indicate that (i) Transfection with miR34a mimetic downregulated the mRNA
expression of cell survival proteins AKT, BCL2 and SIRT! significantly (p<0.05) compared to
control ovaries; and (ii) miR34a mimetic significantly (p<0.05) upregulated the mRNA expression

of p53 and anti-apoptotic BAX compared to control ovaries (Fig. 5.2).
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Fig. 5.2. Effect of miR34a mimetic on mRNA expression of key cell survival and cell death pathway
proteins in fetal ovaries. Fetal ovaries from E13.5 were cultured for 8 days ex vivo and transfected with
miR34a mimetic (100nM) from CD2 to CD8, and harvested on CD9 (which recapitulated PND1). Ovaries
from culture were harvested and processed for RNA isolation and real-time PCR was performed as
described under Materials and Methods. Histogram shows the fold change normalized to the internal
control U6. Each value is mean £SEM of 3 replicates. *: Control vs miR34a mimetic.
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Effects of miR34a mimetic or inhibitor on CrVI-induced increase in acetyl-p53 (K-382)
expression

To understand the possible regulatory role of miR34a on acetylated p53, we studied the
expression of acetyl-p53 in the ovaries transfected with miR34a mimetic or miR34a inhibitor.
Results indicated that (i) CrVI significantly (p<0.05) increased the expression of acetyl-p53
compared to control group in fetal ovaries on CD9 (Fig. 5.3, A & B); (i1) Transfection with miR34a
mimetic significantly (p<0.05) increased acetyl-p53 expression both in the presence or absence of
CrVI (Fig. 5.3, C & D); (ii1) Transfection with miR34a inhibitor mitigated CrVI-induced increase
in acetyl-p53 expression, whereas, miR34a inhibitor alone did not have any effect on acetyl-p53

expression (Fig. 5.3, E & F).
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Fig. 5.3. Effects of miR34a mimetic or inhibitor on CrVI-induced increase in acetyl-pS3 expression in
cultured fetal whole ovaries. Fetal ovaries from E13.5 were cultured for 8 days ex vivo and treated with or
without CrVI (0.1 ppm) from culture day (CD)2 to CD8. Ovaries treated with and without CrVI (0.1 ppm)
were transfected with miR34a mimetic (100 nM) and miR34a inhibitor (100 nM) from CD2 to CDS, and
harvested on CD9 (which recapitulated PND1). Representative images of the ovaries are control (A), CrVI
(B), miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone (E), and CrVI+miR34a
inhibitor (F). Histogram shows integrated optical density (IOD) quantified using Image ProPlus software
(G & H). Each value represents mean = SEM of 10 ovaries. *: Control vs miR34a mimetic alone (G); or *
CrVI vs CrVI+ miR34a mimetic alone (H); ** miR34a mimetic alone vs miR34a inhibitor alone (G); or
CrVI+miR34a mimetic vs CrVI + miR34a inhibitor (H). p<0.05.
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Effects of miR34a mimetic or inhibitor on CrVI-induced decrease in SIRT1 expression

In order to understand if SIRT1 is regulated through miR34a, SIRT1 expression was
studied in the ovaries transfected with miR34a mimetic and miR34a inhibitor. Results indicate that
(1) CrVI significantly (p<0.05) decreased the expression of SIRT1 compared to control group in
cultured fetal ovaries on CD9 (Fig. 5.4, A & B); (ii) Transfection with miR34a mimetic
significantly (p<0.05) decreased SIRT1 expression both in the presence or absence of CrVI (Fig.
5.4, C & D); and (iii) Transfection with miR34a inhibitor mitigated CrVI-induced decrease in

SIRT1 expression (Fig.5.4, E & F).
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Fig. 5.4. Effects of miR34a mimetic or inhibitor on CrVI-induced decrease in SIRT1 expression in cultured
fetal whole ovaries. Fetal ovaries from E13.5 were cultured for 8 days ex vivo and treated with or without
CrVI (0.1 ppm) from culture day (CD)2 to CD8. Ovaries treated with and without CrVI (0.1 ppm) were
transfected with miR34a mimetic (100 nM) and miR34a inhibitor (100 nM) from CD2 to CD8, and
harvested on CD9 (which recapitulated PND1). Representative images of the ovaries are control (A), CrVI
(B), miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone (E), and CrVI+miR34a
inhibitor (F). Histogram shows integrated optical density (IOD) quantified using Image ProPlus software
(G & H). Each value represents mean = SEM of 10 ovaries. *: Control vs miR34a mimetic alone (G); or *
CrVI vs CrVI+ miR34a mimetic (H); ** miR34a mimetic vs miR34a inhibitor (G); or CrVI+miR34a
mimetic vs CrVI + miR34a inhibitor (H). p<0.05.
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Effects of miR34a mimetic or inhibitor on the ratio of p53 & SIRTI

Data from IHC showed increased expression of acetyl-p53 and decreased expression of
SIRT1 in CrVlI-treated ovaries (Fig. 5.3 and 5.4). As mentioned earlier, SIRT1 mediates cell
survival by physically interacting with p53 and deacetylating at Lys-382 residue resulting in a
decrease in the p53-mediated transcriptional activation (268). Also, it has been reported that SIRT1
inhibition increased acetylation of p53 at Lysine-382 after DNA damage in primary human
mammary epithelial cells (444). Therefore, colocalization of p53 and SIRT1 was studied by double
immunofluorescence in cultured fetal ovaries on CD9. Results indicate that (1) CrVI significantly
(»<0.05) increased the ratio of p53:SIRT1 compared to control group (Fig. 5.5, A.,D, G, J, M, &
N); (i1) Transfection with miR34a mimetic significantly (p<0.05) increased the ratio of p53:SIRT1
both in the presence or absence of CrVI (Fig. 5.5, B, E, H, K, M, & D); and (ii1) Transfection with
miR34a inhibitor alone mitigated CrVI-induced increase in p53:SIRT1 ratio compared to control

(Fig. 5.5,C, F, I, L, M, & N).
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Fig. 5.5. Effects of miR34a mimetic or inhibitor on the ratio of p53 and SIRT1 in cultured fetal whole
ovaries. Fetal ovaries from E13.5 were cultured for 8 days ex vivo and treated with or without CrVI (0.1
ppm) from culture day (CD)2 to CDS8. Ovaries treated with and without CrVI (0.1 ppm) were transfected
with miR34a mimetic (100 nM) and miR34a inhibitor (100 nM) from CD2 to CD8, and harvested on CD9
(which recapitulated PND1). Representative images of the p53 expression in the ovaries of control (A),
miR34a mimetic alone (B), miR34a inhibitor alone (C), CrVI (G), CrVI+miR34a mimetic (H) and
CrVI+miR34a inhibitor (I). Representative images of the SIRT1 expression in the ovaries of control (D),
miR34a mimetic alone (E), miR34a inhibitor alone (F), CrVI (J), CrVI+miR34a mimetic (K) and
CrVI+miR34a inhibitor (L). Histogram shows the ratio between p53 and SIRT1 based on integrated optical
density (I0D) quantified using Image ProPlus software (M & N). Each value represents mean = SEM of 10
ovaries. *: Control vs miR34a mimetic alone (M); or * CrVI vs CrVI+ miR34a mimetic (N); ** miR34a
mimetic vs miR34a inhibitor (M); or CrVI+miR34a mimetic vs CrVI + miR34a inhibitor (N). p<0.05.
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Effect of CrVI and miR34a on the interaction between p53 and SIRT1

IHC showed increased expression of acetyl-p53 and decreased expression of SIRT1 in CrVI-
treated ovaries (Fig. 5.3 and 5.4). SIRT1 physically interacts with p53 and deacetylates its Lys-
382 residue resulting in a decrease in the p5S3-mediated transcriptional activation (268). In order
to validate the interaction between SIRTland p53 and to understand the role of miR34a in
regulating the SIRT1-p53 interaction, spontaneously immortalized rat granulosa cells (SIGC) were
transfected with miR34a mimetic or miR34a inhibitor, and treated with or without CrVI and
immunoprecipitation (IP) was performed with acetyl-p53 (K-382) antibody, and western blot was
performed with SIRT1 antibody. Results from the immunoblot analysis indicate that (i) SIRT1
interacts with p53 in the control group; (i1) CrVI significantly (p<0.05) decreased the interaction
between SIRT1 and p53 proteins compared to control; (iii) Transfection with miR34a mimetic
significantly (p<0.05) decreased the interaction between SIRT1 and p53 both in the presence or

absence of CrVI (Fig. 5.6).
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Fig. 5.6. Effect of miR34a mimetic and CrVI on p53-SIRT1 interaction. SIGC cells were cultured in
DMEM-F12 with 5% fetal bovine serum (FBS) with antibiotics and antimycotics. At 70-80% confluency,
cells treated with or without CrVI (0.1 ppm) were transfected with miR34a mimetic (100 nM). Cells were
harvested 24 h post-transfection to isolate protein for Immunoprecipitation (with acetyl p53 (K-382
antibody) and western blotting (with SIRT1 antibody) as described under Materials and Methods. The blots
were exposed to Blue X-Ray film and densitometry of autoradiograms was performed using an Alpha
Imager (Alpha Innotech Corporation, San Leandro, CA). Histogram shows integrated optical density (IOD)
relative to control. *: Control vs miR34a mimetic alone; or * CrVI vs CrVI+ miR34a mimetic. p<0.05.
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Effect of miR34a mimetic or inhibitor on interaction between p53 and SIRT1

Data from IHC showed that CrVI increased expression of acetyl-pS3 and decreased expression of
SIRT1 in CrVI-treated ovaries (Fig. 5.3 and 5.4). SIRT1 physically interacts with p53 and
deacetylates Lys-382 residue resulting in a decrease in the p53-mediated transcriptional activation
(268). Transcriptional activation of miR34a was found to contribute to p5S3-mediated apoptosis
and miR34a was also found to target SIRT1 in colon cancer cells (288,291). Therefore, in order to
understand whether miR34a affects the physical interaction between p53 and SIRT, we monitored
co-localization of p53 and SIRT in the cultured fetal whole ovaries treated with and without CrVI
and transfected with miR34a mimetic or inhibitor. Results indicate that (i) SIRT1 interacts with
p53 in the control group (Fig. 5.7, A, B & C); (i1) CrVI significantly (p<0.05) decreased the
interaction between SIRT1 and p53 proteins compared to control (Fig. 5.7, J, K & L); (ii1)
Transfection with miR34a mimetic significantly (p<0.05) decreased the interaction between
SIRT1 and p53 both in the presence or absence of CrVI (Fig. 5.7, D, E, F, M, N & O); and (iv)
Transfection with miR34a inhibitor mitigated the CrVI-induced decrease in interaction between

SIRT1 and p53 (Fig. 5.7, G, H, I, P, Q & R).
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Fig. 5.7. Effect of miR34a mimetic or inhibitor on interaction between p53 and SIRT1 in cultured fetal whole ovaries.
Fetal ovaries from E13.5 were cultured for 8 days ex vivo and treated with or without CrVI (0.1 ppm) from culture
day (CD)2 to CD8. Ovaries were transfected with miR34a mimetic (100 nM) and miR34a inhibitor (100 nM) on
E13.5. Twenty four h post-transfection ovaries were treated with or without CrVI (0.1 ppm) from CD2 to CDS, and
harvested on CD9 (which recapitulated PND1). Harvested ovaries were fixed in 4% buffered paraformaldehyde and
processed for Immunofluorescence as described under Materials and Methods. Representative images of p53 (Green),
SIRT1 (Red), and merge: Control (A, B & C), miR34a mimetic alone (D, E & F), miR34a inhibitor alone (G, H & 1),
CrVI(J,K & L), CrVI+miR34a mimetic (M, N & O), and CrVI+miR34a inhibitor (P, Q & R). Degree of colocalization
of p53 and SIRTI1 proteins was measured by pearson’s correlation coefficient using Image ProPlus software.
Histogram shows p53-SIRT1 colocalization coefficient (S). *: Control vs miR34a mimetic alone (M); or * CrVI vs
CrVI+ miR34a mimetic (N); ** miR34a mimetic vs miR34a inhibitor (M); or CrVI+miR34a mimetic vs CrVI +
miR34a inhibitor (N), p<0.05. Each value represents mean+SEM of 10 ovaries.
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Effects of miR34a mimetic or inhibitor on CrVI-induced increase in cleaved caspase-3
expression

In order to understand if cleaved caspase-3 is regulated through miR34a, cleaved caspase-
3 expression was studied in the ovaries transfected with miR34a mimetic or miR34a inhibitor.
Results indicated that (i) CrVI significantly (p<0.05) increased the expression of cleaved caspase-
3 compared to control group in cultured fetal ovaries on CD9 (Fig. 5.8, A & B); (i1) Transfection
with miR34a mimetic significantly (p<0.05) increased cleaved caspase-3 expression both in the
presence or absence of CrVI (Fig. 5.8, C & D); and (iii) Transfection with miR34a inhibitor
mitigated CrVI-induced increase in cleaved caspase-3, whereas, miR34a inhibitor alone did not

have any effect on caspase-3 expression (Fig. 5.8, E & F).
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Fig. 5.8. Effects of miR34a mimetic or inhibitor on CrVI-induced increase in cleaved caspase-3 expression
in cultured fetal whole ovaries. Fetal ovaries from E13.5 were transfected with miR34a mimetic (100 nM)
or miR34a inhibitor (100 nM) from CD2 to CDS, treated with or without CrVI (0.1 ppm) from culture day
(CD)2 to CD8, and harvested on CD9 (which recapitulated PND1). Representative images of the ovaries
are control (A), CrVI (B), miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone
(E), and CrVI+miR34a inhibitor (F). Histogram shows integrated optical density (IOD) quantified using
Image ProPlus software (G & H). Each value represents mean + SEM of 10 ovaries. *: Control vs miR34a
mimetic alone (G); or * CrVI vs CrVI+ miR34a mimetic alone (H); ** miR34a mimetic vs miR34a inhibitor

(G); or CrVI+miR34a mimetic vs CrVI + miR34a inhibitor (H). p<0.05.
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Effects of miR34a mimetic or inhibitor on CrVI-induced increase in BAX expression

BAX expression in the ovaries transfected with miR34a mimetic or miR34a inhibitor was
studied in order to understand the possible regulatory role of miR34a on BAX. Results indicate
that (i) CrVI significantly (p<0.05) increased the expression of BAX compared to control group
in cultured fetal ovaries on CD9 (Fig. 5.9, A & B); (ii) Transfection with miR34a mimetic
significantly (p<0.05) increased BAX expression both in the presence or absence of CrVI (Fig.
5.9, C & D); (ii1) Transfection with miR34a inhibitor mitigated CrVI-induced increase in BAX

expression (Fig. 5.9, E & F).
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Fig. 5.9. Effects of miR34a mimetic or inhibitor on CrVI-induced increase in BAX expression in cultured
fetal whole ovaries. Fetal ovaries from E13.5 were transfected with miR34a mimetic (100 nM) or miR34a
inhibitor (100 nM) from CD2 to CD8, treated with or without CrVI (0.1 ppm) from culture day (CD)2 to
CD8, and harvested on CD9 (which recapitulated PND1). Representative images of the ovaries are control
(A), CrVI (B), miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone (E), and
CrVI+miR34a inhibitor (F). Histogram shows integrated optical density (IOD) quantified using Image
ProPlus software (G & H). Each value represents mean = SEM of 10 ovaries. *: Control vs miR34a mimetic
alone (G); or * CrVI vs CrVI+ miR34a mimetic alone (H); ** miR34a mimetic vs miR34a inhibitor (G);

or CrVI+miR34a mimetic vs CrVI + miR34a inhibitor (H). p<0.05.
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Effects of miR34a mimetic or inhibitor on CrVI-induced decrease in BCL2 expression

In order to understand if BCL2 is regulated through miR34a, BCL2 expression was studied
in the ovaries transfected with miR34a mimetic or miR34a inhibitor. Results indicate that (i) CrVI
significantly (p<0.05) decreased the expression of BCL2 compared to control group in cultured
fetal ovaries on CD9 (Fig. 5.10, A & B); (i1) Transfection with miR34a mimetic significantly
(»<0.05) decreased BCL2 expression both in the presence or absence of CrVI (Fig. 5.10, C & D);
(i11) Transfection with miR34a inhibitor attenuated CrVI-induced decrease in BCL2 expression,

whereas, miR34a inhibitor alone did not have any effect on BCL2 expression (Fig. 5.10, E & F).
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Fig. 5.10. Effects of miR34a mimetic or inhibitor on CrVI-induced decrease in BCL2 expression in cultured
fetal whole ovaries. Fetal ovaries from E13.5 were transfected with miR34a mimetic (100 nM) or miR34a
inhibitor (100 nM) from CD2 to CDS, treated with or without CrVI (0.1 ppm) from culture day (CD)2 to
CD8, and harvested on CD9 (which recapitulated PND1). Representative images of the ovaries are control
(A), CrVI (B), miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone (E), and
CrVI+miR34a inhibitor (F). Histogram shows integrated optical density (IOD) quantified using Image
ProPlus software (G & H). Each value represents mean + SEM of 10 ovaries. *: Control vs miR34a mimetic
alone (G); or *: CrVI vs CrVI+ miR34a mimetic alone (H); **: miR34a mimetic vs miR34a inhibitor (G);
or CrVI+miR34a mimetic vs CrVI + miR34a inhibitor (H). p<0.05.




Effects of miR34a mimetic or inhibitor on CrVI-induced decrease in BCL-XL expression

In order to understand if BCL-XL is regulated through miR34a, BCL-XL expression was
studied in the ovaries transfected with miR34a mimetic or miR34a inhibitor. Results indicate that
(1) CrVI significantly (p<0.05) decreased the expression of BCL-XL compared to control group
in cultured fetal ovaries on CD9 (Fig. 5.11, A & B); (ii) Transfection with miR34a mimetic
significantly (p<0.05) decreased BCL-XL expression both in the presence or absence of CrVI (Fig.
5.11, C & D); (iii) Transfection with miR34a inhibitor alone attenuated CrVI-induced decrease in

BCL-XL expression (Fig. 5.11, E & F).
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Fig. 5.11. Effects of miR34a mimetic or inhibitor on CrVI-induced decrease in BCL-XL expression in
cultured fetal whole ovaries. Fetal ovaries from E13.5 were transfected with miR34a mimetic (100 nM) or
miR34a inhibitor (100 nM) from CD2 to CDS, treated with or without CrVI (0.1 ppm) from culture day
(CD)2 to CD8, and harvested on CD9 (which recapitulated PND1). Representative images of the ovaries
are control (A), CrVI (B), miR34a mimetic alone (C), CrVI+miR34a mimetic (D), miR34a inhibitor alone
(E), and CrVI+miR34a inhibitor (F). Histogram shows integrated optical density (IOD) quantified using
Image ProPlus software (G & H). Each value represents mean + SEM of 10 ovaries. *: Control vs miR34a
mimetic alone (G); or *: CrVI vs CrVI+ miR34a mimetic alone (H); **: miR34a mimetic vs miR34a
inhibitor (G); or CrVI+miR34a mimetic vs CrVI + miR34a inhibitor (H). p<0.05.
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Discussion

Results from Specific Aim-3 indicate that CrVI activates p53-SIRT1-miR34a signaling
network to induce germ cell apoptosis by increasing the expression of p53 and miR34a, and
decreasing the SIRT1 expression. It is evident that SIRT1 directly interacts with p53 protein to
deacetylate and inactivate p53 in cancer cells (463). However, the role of CrVI in modulating p53-
SIRT1 interaction is unknown. In order to investigate the effect of CrVI on p53-SIRT1 interaction,
fetal whole ovaries were cultured ex vivo and transfected with miR34a mimetic or inhibitor with
or without CrVI. Results indicated that transfection with miR34a mimetic: (i) increased apoptosis
of germ cells, (ii) increased mRNA expression of p53 and Bax, and decreased Bcl2, AKT, and
SIRTI; (i1) increased protein expression of acetyl-p53 (K-382), cleaved caspase-3, BAX and
decreased SIRT1, BCL2 and BCL-XL expression; (iii) decreased interaction between p53 and
SIRT1 proteins compared to control; and (iv) miR34a mimetic attenuated the effects of CrVI on
the above parameters. In turn miR34a inhibitor: (v) protected germ cells from CrVI-induced
apoptosis; (vi) increased protein expression of SIRT1, BCL2 and BCL-XL and decreased
expression of acetyl-p53, cleaved caspase-3 and BAX, (vii) increased interaction between p53 and
SIRT1 proteins compared to control; and (viii) miR34a inhibitor mitigated or inhibited adverse
effects of CrVI on germ cells survival.

Results indicate that transfection with miR34a mimetic decreased SIRT1 expression both
in the presence or absence of CrVI and transfection with miR34a inhibitor mitigated CrVI-induced
decrease in SIRT1 expression. It has been reported that SIRT1 is one of the targets of miR34a as
the 3’UTR of SIRT1 has a response element for miR34a (291). Overexpression of miR34a
decreased the SIRT1 protein levels in HCT116 cells and conversely, miR34a knockdown increased

the SIRT1 protein expression. Thus miR34a targets SIRTI and suppresses it by post-
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transcriptional inhibition (291). Results indicate that transfection with miR34a mimetic increased
acetyl-p53 expression both in the presence or absence of CrVI suggesting that CrVI-induced
increase in the expression of miR34a could have targeted SIRT1 and decreased its expression by
binding to the 3’UTR response elements in SIRT1. Since the function of SIRTI is to deacetylate
p53 at Lysine-382, the miR34a caused decrease in the expression of SIRT1 could have decreased
the deacetylation function of SIRT1 thereby leading to increased levels of acetylated p53. It has
been reported that AKT enhances the ubiquitination-promoting function of MDM2 by
phosphorylation of Ser186 resulting in the reduction of p53 protein (464). Our data indicate that
miR34a mimetic decreased the expression of pAKT both in the presence or absence of CrVI,
suggesting that CrVI could have increased the half-life of p53 by reducing MDM?2 mediated
ubiquitination and proteasomal degradation of p53 by decreasing the phosphorylation of MDM2
by AKT.

Acetylated form of p53 is an active form which activates the transcription of the p53-target
genes. It has been reported that PUMA is one of the target for activation by p53 (465). The function
of PUMA is to bind to the anti-apoptotic BCL2 and mediate p53-induced cell death through the
cytochrome c/Apaf-1-dependent pathway (465). Our data indicate that CrVI and SIRT1 inhibition
increased the expression of PUMA, suggesting that miR34a could have mediated germ cell death
through activation of PUMA by increasing the expression of acetyl-pS3. Also, transfection with
miR34a mimetic significantly decreased the expression of BCL2 and BCL-XL both in the presence
and absence of CrVI. This suggests that activation and binding of PUMA to pro-survival BCL2
could have released the inhibition of BCL2 on the pro-apoptotic effectors BAX and BAK resulting
in their activation (246). It has been reported that PUMA promotes BAX translocation by both

directly interacting with BAX and by binding to BCL-XL during UV-induced apoptosis (460).
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Data indicate that miR34a increased the expression of BAX and cl.capase-3 both in the presence
and absence of CrVI. Thus CrVI-increased levels of PUMA could have interacted directly with
BAX and promoted its translocation to mitochondria or PUMA could have activated BAX
indirectly by relieving BAX from BCL2/BCL-XL inhibition and promoted its translocation to
mitochondria resulting in the permeabilization of mitochondrial outer membrane and change in
membrane potential. This change in mitochondria membrane potential could have released the
cytochrome c and activated caspase-3 ultimately leading the germ cell to undergo apoptosis.
Findings from the literature clearly indicate that inhibition of SIRT1 induces growth arrest
and apoptosis in a variety of cancer cells (466,467). Furthermore, p53 is a target for SIRT1; SIRT1
binds and deacetylates p53 resulting in its inactivation (292). In turn, activated p53 can induce the
expression of miR34a which in turn targets and suppresses SIRT1 (268). p53-null mice have
increased levels of SIRT1 and several p53-null tumor cell lines show SIRT1 overexpression (468).
In line with the literature, our results clearly demonstrate that pS3 and miR34a partner with each
other to negatively regulate SIRT1 and induce germ cell apoptosis. Inhibition of miR34a
ameliorates CrVI-induced germ cell apoptosis, and restore cell survival proteins such as AKT,
BCL2 and BCL-XL against the adverse effects of CrVI. Thus, data from the Specific Aim-3 clearly
demonstrated that targeting miR34a could emerge as a potential therapeutic strategy to protect the

ovaries from CrVI-induced toxic effects.

P33, Xpnpep2, and POF

Our data indicate that CrVI increases germ cell apoptosis and accelerates germ cell nest
breakdown by upregulating p53. Since CrVI accelerated the germ cell apoptosis and accelerated
germ cell nest breakdown and primordial follicle assembly by upregulating p53 which ultimately

led to early reproductive senescence in adult female rats, we ventured to identify the mechanism
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by which CrVI causes POF through p53. It has been reported that Tripterygium glycosides, a
component extracted from the Chinese herb Tripterygium wilfordii Hook. f. induce POF in rats by
inducing apoptosis and necrosis in rat ovarian tissues by inducing the p53 activation (469).

Upon cytogenetic and molecular analyses of women with POF, transcriptional
characterization of breakpoint regions in balanced translocations led to the identification of five
genes interrupted by translocations, the Xpnpep2 gene in Xq25 (353), the POF1B gene in Xq21.2
(354), the DACH2 gene in Xq21.3 (354), the CHM gene in Xq21.2 (355), and the DIAPH2 gene
in Xqg22 (356) and classified as POF marker genes in humans. Translocations that affect X
chromosome structure increase apoptosis of germ cells (352), leading to POF.

It has been reported that forced expression of ectopic p53 in dermal fibroblasts repressed
Col gene expression, whereas the absence of cellular p53 was found to be associated with the
significantly enhanced transcriptional activity of the Type I Col gene (COL1A42) and Col synthesis
by repressing TGFB pathway (470). Interestingly, Col is one of the main substrates for the
translated product of POF candidate protein gene Xpnpep2 which encodes the protein X-propyl
aminopeptidase belonging to the family of ‘‘pita bread’’ metalloenzymes. It is expressed in
prokaryotes and eukaryotes and hydrolyzes N-terminal Xaa-Pro bonds, where proline is the
penultimate residue (471). The membrane-bound Xpnpep2 is a heavily glycosylated
glycosylphosphatidylinositol-anchored protein of 673 amino acids encoded by the Xpnpep2 gene
on human Xq25 (472). Apart from cols several biologically active polypeptides, including
hormones, growth factors, and cytokines, contain N- terminal Xaa-Pro sequences and therefore are

potential substrates for Xpnpep2.
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Substrates of Xpnpep2

Because Cols contain a high proportion of such “triplets”, Xpnpep2 has the potential for
intracellular (lysosomal) degradation of Col fibrils (473-475). In fact, proline and hydroxyproline
constitute 20%-25% of the residues in Cols (476), and none of the lysosomal proteinases is capable
of cleaving these linkages (474). Within the ovary and follicle, the extracellular matrix (ECM),
including Cols, provides structural support, organizes and connects cells, serves as a reservoir for
signaling molecules and growth factors that regulate follicle growth, provides a filtration barrier,
and guides cell migration [28, 29]. The ECM also regulates the establishment of the basement
membrane, oocyte maturation, follicle atresia, steroidogenesis, and cell lineage (387-390). The
ECM components of the basal membrane affect follicle development in the ovary and are
important for maintaining the polarity and the degree of polarization of granulosa cells (391-393).
A recent study found that Coll is spatially and temporally expressed in immature rat ovaries and
is regulated by gonadotropins, suggesting a role for Coll in morphogenesis of follicles as well as
corpus luteum formation and regression (394). Coll is expressed in the basal lamina of follicles
and participates in the organization of the basal lamina (395). Thus, Cols are important in
maintaining the histoarchitecture of the ovary and maintaining the microenvironment of the
follicles and is imperative to identify the role played by Xpnpep2, the POF candidate gene whose
main substrate is Col in the CrVI caused POF condition.

It has been also reported that peptidase D (PEPD), an enzyme that hydrolyzes dipeptides
with proline or hydroxyproline at the carboxy terminus binds and suppresses nuclear and
cytoplasmic p53 under normal conditions. It binds to the proline-rich domain in p53, which inhibits
nuclear p53 phosphorylation and MDM?2-mediated mitochondrial translocation of cytoplasmic and

nuclear p53 (477). PEPD is expressed ubiquitously and is also important for Col metabolism
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(478,479). The function of Xpnpep2 is similar to PEPD except that Xpnpep2 hydrolyzes peptides
with proline or hydroxyproline in N-terminus while PEPD hydrolyzes PEPD in C-terminus. It is
also reported that melatonin, the hormone secreted by pineal gland protects from POF by reducing
oxidative stress and apoptotic damage via activation of SIRT1 signaling in a receptor-dependent
manner (480). It is well known that SIRT1 deacetylates p53 and protects the cell from undergoing
apoptosis while our data indicate that CrVI increased germ cell apoptosis by downregulating
SIRT1 and upregulating p53. Thus the functional relation of Xpnpep2 with PEPD and its effects
on p53, along with the connection between p53 and POF through SIRT1 and in turn the connection
of Xpnpep2 to POF as a candidate gene logically directed us to explore and identify the role played
by Xpnpep2 during normal ovary development and during CrVI exposure leading to POF in the

following Specific Aim-4.
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6. IDENTIFYING A NOVEL ROLE FOR X-PROLYL AMINOPEPTIDASE
(XPNPEP)2 IN CRVI-INDUCED ADVERSE EFFECTS ON GERM CELL NEST

BREAKDOWN AND FOLLICLE DEVELOPMENT IN RATS"

Specific Aim-4:
Determine the role of POF marker Xpnpep-2 in CrVI-induced premature ovarian failure in F1

offspring.

Hypothesis:
This aim was based on the working hypothesis that “Prenatal exposure to CrVI causes POF by

targeting POF marker Xpnpep?2 during fetal ovarian development”.

Objectives:

The objectives were to determine the effects of prenatal exposure to CrVI on (i) the germ cell
apoptosis during fetal and postnatal ovarian development; (ii) the spatiotemporal expression of
POF candidate protein aminopeptidase-2, encoded by the POF marker gene Xpnpep-2 during
ovarian development; and (iii) the targets or substrates for Xpnpep-2, namely the Cols Coll, Col3,
and Col4 during GCN breakdown, primordial follicle assembly and during postnatal ovary

development.

* Parts of this section are reprinted with permission from “Identifying a novel role for X-prolyl aminopeptidase
(Xpnpep) 2 in CrVI-induced adverse effects on germ cell nest breakdown and follicle development in rats”. Banu
SK, Stanley JA, Sivakumar KK, Arosh JA, Mouneimne RB, Burghardt RC. Biology of Reproduction. 2015.
Mar;92(3):67. PMID: 25568306. Copyright-2015. doi: 10.1095/biolreprod.114.125708. Epub 2015 Jan 7.
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Results
Expression of Xpnpep2 and collagen distribution on the E15.5 ovary

The Xpnpep?2 gene is one of the marker genes for POF in women (481,482) and is involved
in the hydrolysis of Cols (474). We recently showed that gestational exposure to CrVI induced
POF in F1 rats (483). To understand the role of Xpnpep2 in regulating the distribution of Cols
during GCN breakdown and ovarian development, we determined the distribution of Xpnpep2,
Coll, Col3, and Col4 in the ovaries on E15.5, E17.5, PND1, PND4, and PND25.

On E15.5, the expression of Xpnpep2 was greater in the ovaries of CrVI-treated animals
compared to control (Fig. 6.1, A-C). In the control ovaries, Coll was highly expressed, with the
Coll bundles thicker along the ovigerous cords surrounding the GCN, and minimally expressed
inside the GCN and between the germ cells (Fig. 6.1, D-F). CrVI significantly decreased the
expression of Coll, and because the GCN had broken down to smaller nests, the penetration of
Coll within the nests and a few single oocytes was very obvious. In control ovaries on E15.5, Col3
and Col4 were distributed along the ovigerous cords (borders surrounding the GCN). CrVI down-

regulated the expression of Coll, Col3, and Col4 (Fig. 6.1, D-L).
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Fig. 6.1. Effects of prenatal exposure to CrVI on the expression of Xpnpep2 (A-C), Coll (D-F), Col3 (G-
I), and Col4 (J-L) proteins in the E15.5 ovaries. Ovaries from E15.5 fetuses were processed for IHC, and
the integrated optical density (IOD) of staining was quantified using Image ProPlus software. The width of
field for each image is 220 or 350pm. Arrowheads indicate germ cells. The ellipse indicates a GCN; an
arrow indicates ovigerous cord (OVC). Each value represents the mean 6 SEM of 20-24 ovaries. *P<0.05,
control vs. CrVL.
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Expression of Xpnpep2 and collagen distribution on E17.5 ovary

On E17.5, ovaries from both control and CrVI groups had high expression of Xpnpep2,
although expression was significantly greater in the CrVI group (Fig. 6.2, A-C). Coll was
expressed in both control and CrVI groups, whereas Coll was significantly decreased in the CrVI
group (Fig. 6.2, D-F). In the control group, Coll was distributed at the periphery of the GCN along
the ovigerous cords. In the CrVI group, Coll was distributed around the smaller and disrupted
nests of germ cells, with an increased thickness of Col bundles. Col3 and Col4 expression were
very low, being sporadic and homogeneous in both control and CrVI-exposed ovaries, with a slight

increase in the ovarian surface epithelium (OSE) in the control ovaries.
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Fig. 6.2. Effects of prenatal exposure to CrVI on the expression of Xpnpep2 (A-C), Coll (D-F), Col3 (G-
I), and Col4 (J-L) proteins in the E17.5 ovaries. Ovaries from E17.5 fetuses were processed for IHC and
the integrated optical density (IOD) of staining was quantified using Image ProPlus software. The width of
field for each image is 220 or 350 um. Arrowheads indicate germ cells. The ellipse indicates a GCN; an
arrow indicates ovigerous cord (OVC). Each value represents the mean 6 SEM of 20-24 ovaries. *P<0.05,
control vs. CrVL.
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Expression of Xpnpep2 and collagen distribution on PNDI1 ovary

On PNDI, CrVI significantly decreased ovarian Xpnpep2 levels compared to control (Fig.
6.3, A-C). Xpnpep2 was localized primarily within the oocytes compared to surrounding stroma
and/or somatic cells. Accompanying the decreased Xpnpep2 levels in CrVI-treated animals, the
expression of Coll, Col3, and Col4 was significantly increased compared to control animals (Fig.
6.3, D-L). The elevated Coll, Col3, and Col4 levels were predominantly localized around

follicular basal lamina (Fig. 6.3, E, H, & K).
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Fig. 6.3. Effects of prenatal exposure to CrVI on the expression of Xpnpep2 (A-C), Coll (D-F), Col3 (G-
I), and Col4 (J-L) proteins in the PND1 ovaries. Ovaries from PND1 pups (F1) were processed for IHC and
the integrated optical density (I0D) of staining was quantified using Image ProPlus software. The width of
field for each image is 220 or 350 um. Arrowheads indicate germ cells or oocytes (OC); arrows indicate
ovigerous cord basal lamina (BL) of the follicles. The ellipse indicates a GCN. Each value represents the
mean 6 SEM of 15-18 ovaries. *P<0.05, control vs. CrV1.
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Expression of Xpnpep2 and collagen distribution on PND4 ovary

On PND4, Xpnpep2 was highly expressed in the oocytes and moderately expressed in
granulosa cells of control ovaries. In the CrVI group, Xpnpep2 was expressed only in the oocytes
and at a very low level (Fig. 6.4, A-C), and the expression of Coll, Col3, and Col4 was elevated
compared to control. Coll, Col3, and Col4 were distributed in the follicular basal lamina, stroma,

and interstitium in both the control and CrVI groups (Fig. 6.4, D-L).
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Fig. 6.4. Effects of prenatal exposure to CrVI on the expression of Xpnpep2 (A-C), Coll (D-F),
Col3 (G-I), and Col4 (J-L) proteins in the PND4 ovaries. Ovaries from PND4 pups (F1) were
processed for IHC and the integrated optical density (IOD) of staining was quantified using Image
ProPlus software. The width of field for each image is 220 or 350 um. Each value represents the
mean 6 SEM of 20-24 ovaries. Arrows indicate basal lamina (BL) of the follicle. A circle or ellipse
indicates a primordial follicle (PRM) or primary follicle (PF). OC, oocyte; GC, granulosa cell.
*P<0.05, control vs. CrVI.
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Expression of Xpnpep2 and collagen distribution on PND25 ovary

On PND25, Xpnpep2 remained highly expressed in the oocytes and granulosa cells of
control ovaries and barely detectable in CrVI-exposed ovaries (Fig. 6.5, A-C). In the control
ovaries, Coll was highly expressed in the follicular basal lamina, stroma, and theca/interstitial
cells and in the OSE (Fig. 6.5, D). In the CrVI-treated animals, Coll expression was elevated in
the granulosa cells, follicular fluid, follicular basal lamina, stroma, and interstitium (Fig. 6.5, E).
In both the control and CrVI groups, Col3 and Col4 were expressed around the oocytes, within the
granulosa cells, and around the antrum and follicular basal membrane (Fig. 6.5, G-L); however,
CrVIup-regulated Col3 and Col4 and increased their expression within the oocyte, follicular fluid,

follicular basal lamina, and theca interstitium (Fig. 6.5, H & K).
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Fig. 6.5. Effects of prenatal exposure to CrVI on the expression of Xpnpep2 (A-C), Coll (D-F), Col3 (G-
I), and Col4 (J-L) proteins in the PND25 ovaries. Ovaries from PND25 pups (F1) were processed for [IHC
and the integrated optical density (IOD) of staining was quantified using Image ProPlus software. The width
of field for each image is 220 or 350 um. Each value represents the mean 6 SEM of 20-24 ovaries. OC,
oocyte; GC, granulosa cells; TC, theca cells; ATF, atretic follicle; STR, stroma; AC, antral cavity; FF,
follicular fluid. *P<0.05, control vs. CrVI.
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Xpnpep?2 is colocalized with Col3 and Col4 in fetal ovaries

Data from the IHC showed a significant negative correlation between the expressions of
Xpnpep2 and Coll, Col3, and Col4. To confirm the colocalization of Xpnpep2 and Cols, we
performed whole-mount double immunofluorescence labeling of Xpnpep2 with Col3 and Col4 on
E17.5. Xpnpep2 was colocalized with Col3 (Fig. 6.6, A-F) and Col4 (Fig. 6.7, A-F) in both control
and CrVI groups around the germ cells, GCN, and along the ovigerous cords. However, CrVI

significantly increased colocalization of Xpnpep2 with Col3 (Fig. 6.6, G) and Col4 (Fig. 6.7, G).
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Fig. 6.6. Effects of prenatal exposure to CrVI on colocalization of Xpnpep2 and Col3 proteins in the E17.5
ovaries. On E17.5, ovaries from fetuses were processed for whole-mount double immunofluorescence
assay. Colocalization of Xpnpep2 and Col3 proteins was evaluated by confocal microscopy. CrVI
significantly increased colocalization of Xpnpep2 and Col3 proteins compared to control (overlay; E and
F). Width of the images was 115 um. Arrowheads indicate localization of Xpnpep2 (A and B), localization
of Col3 (C and D), and colocalization of Xpnpep2 and Col4 (E and F) in a GCN. Histogram of
colocalization coefficient (G), and negative control (H) are shown. *P<0.05, control vs. CrVL
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Fig. 6.7. Effects of prenatal exposure to CrVI on colocalization of Xpnpep2 and Col4 proteins in the E17.5
ovaries. On E17.5, ovaries from fetuses were processed for whole-mount double immunofluorescence
assay. Colocalization of Xpnpep2 and Col4 proteins was evaluated by confocal microscopy. CrVI
significantly increased colocalization of Xpnpep2 and Col4 proteins compared to control (overlay; E and
F). The width of field for images was 115um. Arrowheads indicate localization of Xpnpep2 (A and B),
localization of Col4 (C and D), and colocalization of Xpnpep2 and Col4 (E and F) in a GCN. Histogram of
colocalization coefficient (G) and negative control (H) are shown. *P<0.05, control vs. CrVL
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Discussion
Xpnpep2 and its potential targets

Xpnpep2, the gene that encodes the protein X-propyl aminopeptidase belonging to the
family of “pita bread” metalloenzymes are one of the marker genes for POF in women and it
hydrolyzes N-terminal Xaa-Pro bonds, where proline is the penultimate residue (356,471). Some
of the potential targets of Xpnpep2 are collagens (Cols), hormones, growth factors, and cytokines
as they contain N terminal Xaa-Pro sequences. Xpnpep2 has the potential for intracellular
(lysosomal) degradation of Col fibrils as they contain a high proportion of such ‘triplets’ (474-
476). In the ovary, the normal follicle development and oocyte maturation are relying on the
intracellular communication among the various cell types and the stroma which is highly
dependent on the follicular architecture (484). The extracellular matrix (ECM) is composed of a
variety of molecules, which can include collagens, laminin, fibronectin, proteoglycans, and
polysaccharides (485).

Within the ovary and follicle, the ECM including Cols provides structural support, provides
a filtration barrier, organizes and connects cells, serves as a signaling molecule and growth factor
reservoir, and guides cell migration (388,486). There are a number of different compartments and
ECM in ovary follicles. These include the follicular basal lamina, follicular fluid, zona pellicuda,
membrana granulosa, cumulus, and either theca interna and theca externa in larger antral follicles,
or the stroma in the smaller primordial and preantral follicles (487). While the matrices of follicles
have each been studied to varying degrees, the specific role of ECM in germ cell nest breakdown
or early development of the follicles is not known yet. Since Xpnpep2 is a POF candidate gene

and hydrolyzes cols, we ventured to understand the role of Xpnpep2 in regulating the distribution
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of Cols during GCN breakdown and ovarian development by determining the distribution of

Xpnpep2, Coll, Col3, and Col4 in the ovaries on E15.5, E17.5, PND1, PND4, and PND25.

Spatiotemporal expression of Xpnpep2 and Col distribution during GCN breakdown

Our data for the first time showed that Xpnpep2 is involved in germ cell nest breakdown
under normal physiological conditions and that CrVI advances and accelerates GCN breakdown
by up-regulating Xpnpep2 and decreasing the distribution of Coll, Col3, and Col4 in the fetal
ovary on E15.5 and E17.5. During germ cell nest breakdown, a negative correlation in the levels
of Xpnpep2 and Cols were observed suggesting that Xpnpep2 may be a direct regulator of Cols
during nest breakdown. To confirm this, we colocalized Xpnpep2 with Col3 and Col4 in the E15.5
and E17.5 whole mount ovaries. Results indicated that in both E15.5 and E17.5, Xpnpep2 was co-
localized with Col3 and Col4 along the ovigerous cords, within the germ cell nest, and around the
germ cells in both control and CrVI groups. Both control and CrVI groups had lower levels of
Col3 and Col4, and their co-localization with Xpnpep-2 was stronger on E17.5, a time point when
the germ cell nest breakdown just began in control group, whereas CrVI group had already reached
its peak level. It is suggested that hydrolysis or degradation of Col3 and Col4 may facilitate germ
cell nest breakdown. These results indicate that CrVI advanced germ cell nest breakdown by
upregulating Xpnpep2 and whether under normal physiological conditions or CrVI exposure,

Xpnpep2 may facilitate germ cell nest breakdown by regulating the hydrolysis of Cols.

Spatiotemporal expression of Xpnpep?2 and Col distribution during postnatal ovary development
To investigate whether Xpnpep2 play a role during postnatal ovarian development, we
studied the expression of the Xpnpep2 protein in the ovaries at PND1, PND4, and PND25 under

normal physiological conditions and following gestational exposure to CrVI. Results indicated an
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interesting spatio-temporal pattern of Xpnpep2 expression during primordial follicle assembly and
primary follicle transition. Xpnpep2 expression was increased from E17.5 to PNDI1, a window
where germ cell nest breakdown peaks and its expression declined on PND4 and PND25. Whereas,
CrVI down-regulated Xpnpep2 on PND1, PND4, and PND25, when an increased follicle atresia
was observed compared to control. In all studied age groups, we observed a negative correlation

of expression of Coll, Col3, and Col4 with Xpnpep2 expression.

CrVIincreased follicular atresia by targeting Xpnpep2

The ECM sequesters and provides a repository for cytokines, enzymes, and growth factors
and contributes significantly to establishing stage-specific follicle microenvironments that allow
or restrict access of growth factors and hormones to the follicle (484,488). Hence the ECM
components have to be degraded or hydrolyzed to release these active molecules necessary for the
follicle development or else the developing follicle will be deprived of the growth factors and will
eventually undergo atresia. Analyzing these data together, increased col accumulation due to
decreased Xpnpep2 expression during the postnatal ovary development suggest that increased Cols
may have altered the histoarchitecture of the ovary and microenvironment of the follicles, thus
preventing intercellular communication and/or paracrine signaling by inhibiting the release and
distribution of active growth factors required for the survival and growth of the follicle. This could
be the reason for the observation of an increased number of atretic follicles in CrVI exposed groups
during fetal and postnatal ovary development.

In summary, results of Specific Aim-4 indicate that Xpnpep2 may play a critical role during
germ cell nest breakdown and primordial follicle assembly by regulating the distribution of Cols
during normal development of the ovary. During germ cell nest breakdown, CrVI up-regulates

Xpnpep2 and decreases Col distribution, and during primordial follicle assembly, CrVI down-
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regulates Xpnpep2 and up-regulates Col in a spatiotemporal pattern. And CrVI increases
accumulation of Cols by decreasing expression of Xpnpep2 that eventually leads to an increase in
follicle atresia in F1 offspring. These novel findings suggest, to our knowledge for the first time
that disruption of the Xpnpep2 gene in women with POF may result in abnormal accumulation of

Cols, follicle atresia, and early reproductive senescence or infertility.
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7. SUMMARY AND CONCLUSIONS

. Prenatal exposure to CrVI significantly elevated total Cr levels and increased its accumulation
in the placenta when SD rats were administered with 25ppm CrVI, a dose relevant to
human/environmental exposure through drinking water in order to mimic human exposure to
CrVL

. CrVI decreased pregnancy outcome and reduced litter size, and induced early reproductive
senescence in F1 offspring.

. CrVI accelerated oocytes/germ cells and somatic/granulosa cells apoptosis on E15.5, E17.5,
PND 1, PND 4, and PND 25 ovaries.

. CrVI upregulated the expression of the pro-apoptotic p53, p27, BAX, and cleaved-caspase-3,
along with SOD-2. CrVI increased co-localization of p53 and SOD-2 proteins, and p53
inhibited the antioxidant function of the SOD-2. CrVI also downregulated the expression of p-
AKT, p-ERK, and XIAP thus reduced the pro-survival pathways in the PND-1 ovaries of F1
pups. As a result of these events, CrVI accelerated germ cell and somatic cell apoptosis,
advanced germ cell nest breakdown, primordial follicle assembly, and enhanced primordial to
primary follicle transition, culminating in increased follicular atresia.

. CrVIincreased germ cells apoptosis and accelerated germ cell best breakdown by mediating a
positive loop of the p53-miR34a-SIRT1 regulatory network by increasing the expression and
activation of p53, increasing miR34a expression and decreasing SIRT1 expression. pS3 and
miR34a partner with each other to negatively regulate SIRT1 and induced germ cell apoptosis
by down-regulating the cell survival anti-apoptotic factors and upregulating the pro-apoptotic

factors.
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6. Xpnpep2, a POF marker gene may play a critical role during germ cell nest breakdown and
primordial follicle assembly by regulating the distribution of Cols during normal development
of the ovary. CrVI up-regulates Xpnpep2 and decreases Col distribution during germ cell nest
breakdown and CrVI down-regulates Xpnpep2 and up-regulates Col during primordial follicle
assembly. CrVI induces decreased expression of Xpnpep2 and increased accumulation of Cols
that eventually leads to an increase in follicle atresia.

All these adverse effects of CrVI ultimately resulted in early reproductive senescence/POF in

the F1 rat offspring.

The contribution of this dissertation to society is significant as the results and outcomes of this
research work can be translated to clinics by developing intervention strategies, which may help
to treat the reproductive health problems faced by the women who were affected by CrVI exposure

either directly or indirectly.
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