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ABSTRACT

Introduction and aim. The ovaries are almond-shaped organs that produce the female gametes and reproductive hormones.
They also play a critical role of ovulation under well-coordinated hormonal regulation. However, chemotherapy involving the
application of drugs to combat chronic diseases (like cancer) results in toxicity to tissues like ovaries. Similarly, exposure to
heavy metals has a toxic effect on the ovaries. Hence, potential therapeutic agents including vitamin antioxidants have been
explored to combat ovarian toxicity caused by drugs or heavy metals.

Material and methods. This review was based on previous articles archived on Web of Science, PubMed, Scopus and Google
Scholar databases. After initial assessment, the relevant articles were selected for further critical assessment.

Analysis of the literature. Induction of oxidative stress and activation of inflammo-apoptotic signaling were indicated as the
major mechanisms of ovarian toxicity due to exposure to drugs and heavy metals. Moreover, vitamins such as alpha-tocopher-
ol, ascorbic acid and folic acid demonstrated therapeutic effects against drug and heavy metal-induced ovarian toxicity based
on their modulatory effect on the downstream mechanisms of the toxicity.

Conclusion. Vitamins exert a therapeutic effect against ovarian toxicity caused by drugs or heavy metal exposure due to their
antioxidant, anti-inflammatory and anti-apoptotic properties.

Keywords. experimental animal model, ovarian toxicity, vitamins

Introduction al stages including primordial primary, secondary, pre-

The ovaries (or gonads) of female humans are al-
mond-shaped organs which perform the function of pro-
duction of female gametes (oocytes) and reproductive
hormones.! The basic functional unit of the ovary, re-
garded as the ovarian follicle is comprised of the oocyte
surrounded by granulosa and thecal cells.? However, the
interaction of all the morphological components of the
ovaries, which include the germ cells (oocytes), granulo-
sa cells (GCs), theca cells and ovarian stroma, determines
the normal physiology of the female gonads and fertility.
Moreover, follicular development spans through sever-

antral, and graafian stages and culminate into ovulation
during each monthly reproductive cycle.>*

As a pivotal function of the ovaries, follicular de-
velopment is highly regulated by hormones (gonado-
tropins) such as follicle stimulating hormone (FSH) and
luteinizing hormone (LH), secreted by the anterior pi-
tuitary gland under the control of gonadotropin-releas-
ing hormone (GnRH) secreted by the hypothalamus.>?
Essentially, human ovaries achieve the critical role of
oocyte release (ovulation) under well-coordinated hor-
monal regulation. Hence, the exposure to agents (such
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as chemotherapeutic agents or heavy metals) with abili-
ty to disrupt the highly-connected hormonal regulation
of the ovarian function, could cause ovarian toxicity and
dysfunction that may culminate into female infertility.>*

Chemotherapy, which involves application of drugs
to combat chronic diseases (like cancer), has resulted in
adverse effects and toxicity of non-target tissues includ-
ing the ovaries. Drug-induced ovarian toxicity has been
characterized with ovarian atrophy, depletion of ovari-
an follicles leading to iatrogenic premature ovarian in-
sufficiency (POI) and infertility.”® The mechanisms of
drug-induced ovarian toxicity included impairment of
ovarian anti-oxidative capacity and oxidative damage
of ovaries characterized with apoptosis of GCs due to
accumulation of reactive oxygen species (ROS).” Oth-
er associated mechanisms included mitochondrial dys-
function due to excess production of superoxide leading
to ROS-induced lipid peroxidation and ferroptosis.”!

Furthermore, exposure to heavy metals has been
reported to exhibit a significant toxic effect on body
tissues including the ovaries. Heavy metal-induced
ovarian toxicity primarily occurs through the induction
of oxidative stress due to accumulation of ROS within
the ovarian tissue. Moreover, the ROS accumulation in-
duced DNA damage in the oocytes can activate cascades
of apoptotic signaling.!! In addition, the heavy met-
al-induced ovarian toxicity has been characterized with
follicular atresia, reduced estrogen secretion and culmi-
nate into ovarian insufficiency and infertility."

The understanding of the aforementioned mech-
anisms of ovarian toxicity induced by drugs or heavy
metals constitute the pivotal rationale for the discov-
ery and development of effective therapeutic interven-
tion in order to protect the morphology and function
of ovaries and preserve female fertility. In this regard,
the therapeutic potential of essential vitamins has been
harnessed to mitigate drug or heavy metal-induced
ovarian toxicity. Accordingly, preclinical studies have
demonstrated the therapeutic effect of vitamins (such
as alpha-tocopherol, ascorbic acid and folic acid) via
modulation of the downstream mechanisms of drug-in-
duced or heavy metal-induced ovarian toxicity.

Aim

This narrative review was thereby aimed at presenting
the current findings on therapeutic effect of the select-
ed vitamins against ovarian toxicity induced by drugs
or heavy metals in experimental animal models. The re-
view further highlights the associated mechanisms and
signaling factors that culminate into the therapeutic ef-
fect of the selected vitamins.

Material and methods
Relevant research articles were searched across the dif-
ferent scientific databases which include Web of Science,

PubMed, Scopus and Google Scholar. The keywords used
for the search included ‘antioxidant activity of vitamins,
‘anti-inflammatory activity of vitamins, ‘anti-apoptot-
ic activity of vitamins, ‘vitamins mitigate ovarian toxici-
ty, ‘vitamins mitigate drug-induced ovarian toxicity, and
‘vitamins mitigate heavy metal-induced ovarian toxicity’
The search results were critically assessed to select arti-
cles which contain relevant findings about the therapeutic
role of vitamins against drug-induced and heavy met-
al-induced ovarian toxicity in experimental animal mod-
els. The criteria for the eligibility of articles in this review
included: articles published in English language, articles
which contain findings that are relevant to the scope of
the review, and articles published in peer-reviewed jour-
nals. Conversely, the criteria for exclusion included dupli-
cate articles and articles published in predatory journals.

Analysis of the literature

The induction of oxidative stress and activation of in-
flammatory and apoptotic signaling pathways in the
ovarian tissue have been demonstrated as the major cel-
lular mechanisms that triggers ovarian toxicity follow-
ing exposure to drugs and heavy metals in experimental
animal models. Hence, potential therapeutic agents
such as essential vitamins like alpha-tocopherol, ascor-
bic acid and folic acid, with antioxidant, anti-inflamma-
tory and antiapoptotic properties, have been explored
in preclinical studies to demonstrate their therapeutic
effect against drug-induced and heavy metal-induced
ovarian toxicity.

Drug-induced ovarian toxicity and associated mecha-
nisms

The selected chemotherapeutic agents in the cur-
rent narrative review (including busulfan, cyclophos-
phamide, cisplatin and doxorubicin) possess unique
structural formulas (Fig. 1) and exhibit characteristic
pharmacological (anti-cancer) effects. However, they
also exhibit toxic effects on the morphology and func-
tion of the ovaries (female gonads) outlined in Table 1.

. O\\S//O Cl.. «NHg
3 \//S\\/ \/\/\O/ \CH3 Cl/Pf\NH
O O Busulfan Gisplatin 3
B HN\P/O
\/;\l/ §o
Cl OH

Cyclophosphamide

Doxorubicin NH,

Fig. 1. Molecular structures of selected drugs with female
gonadotoxic effects
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Busulfan is an alkylating agent commonly used as
anti-cancer drug, in combination with cyclophospha-
mide. Experimental animal studies have reported that
the chemotherapeutic agents individually cause female
gonadotoxicity and both demonstrate a synergistic tox-
ic effect during combined exposure resulting into POI
and infertility."” Busulfan-induced ovarian toxicity in
experimental animal models is characterized with ovar-
ian atrophy, weight loss, dysregulation of hormones, and
significant depletion of primordial and primary ovari-
an follicles.'"*'> Other associated mechanisms of busul-
fan-induced ovarian toxicity included an increase in
DNA-damage in oocytes and induction of apoptosis in
GCs.'® Aside from the significant loss of ovarian follicles
at all developmental stages, busulfan exposure further
caused a decrease in serum levels of oestradiol, proges-
terone, and anti-mullerian hormone (AMH) leading to
toxic effect on GCs and ovarian reserve.*!

Cyclophosphamide is an alkylating therapeutic
agent used in the management and treatment of neo-
plasms which has been indicated to exhibit a female
gonadotoxic effect primarily through the induction of
oxidative stress and activation of inflammatory and
apoptotic signaling. Cyclophosphamide-induced ovari-
an toxicity has been characterized with atrophy of ovar-
ian tissue, reproductive hormone dysregulation, and
marked reduction of ovarian follicles in experimental
animal models.”"® Cyclophosphamide exposure also

caused adverse morphological alterations of ovaries
such as GCs derangement, ovarian stroma vacuoliza-
tion, and formation of edema and fibrosis within the
ovarian interstitium.'®"® Other associated mechanisms
of cyclophosphamide-induced ovarian toxicity includ-
ed decreased levels of AMH, increased levels of MDA,
TNEF-a, IL-6 factors, downregulation of estradiol, Bcl-
2, VEGF-A and SIRT1 expression while Bax, caspase-3,
P13k-AKT, HIF-1, Ac-Foxo3a, and p-Foxo3a expres-
sions were upregulated. '%2**!

Another chemotherapeutic agent - cisplatin, used
for treatment of different forms of cancer, has been re-
ported to cause female gonadotoxicity through induc-
tion of oxidative stress and activation of inflammatory
and apoptotic signaling resulting in impairment of ovar-
ian function. Cisplatin exposure in experimental models
causes ovarian histopathological changes and decreased
serum AMH levels.”? Moreover, the cellular mecha-
nisms associated with cisplatin-induced ovarian toxic-
ity in experimental models included elevated levels of
ROS, MDA, IL-6, TNF-a, NF-kB, and upregulation of
Bax, cytochrome-c, caspase-3, PARP-1, PTEN, P-AKT,
P-mTOR, and P-AMPKa expressions.”** In addition,
cisplatin exposure caused reduced levels of GSH, SOD,
CAT, and Bcl-2 expression in ovarian tissues in experi-
mental animal models.?**

Doxorubicin, a common anti-cancer drug, is wide-
ly known for its adverse effects on multiple body tissues

Table 1. Profile of selected drugs and mechanisms of ovarian toxicity

Selected drugs Molecular formula Properties and uses Mechanisms of ovarian toxicity References
(Molecular weight)
Busulfan CH,.08, - white crystalline powder - ovarian atrophy and weight loss Thonen etal.”
(246.30 g/mol) - slightly soluble in water or ethanol - dysregulation of reproductive hormones Sakurada et al."
- used as chemotherapeutic drug for - depletion of ovarian follicles Pengetal.”
treating cancer - increased DNA-damage in oocytes Del Castillo et al.'
- induction of apoptosis in GCs Jiang etal.”
- reduced levels of reproductive hormones
Cyclophosphamide CH,CN,0.P - white crystalline powder - distortion of ovarian histoarchitecture Pengetal.”
(261.08 g/mol) - used for treating cancer and - decreased level of AMH Pascuali et al.™
autoimmune diseases -increased levels of MDA, TNF-a, IL-6 factors Nan etal.”
- reduced estradiol, Bcl-2, VEGF-A, SIRT1 levels Xiuetal.®
- upregulation of Bax, caspase-3, P13k-AKT, HIF-1, Ac-Foxo3a, and Notghi et al.?
p-Foxo3a expressions
Cisplatin Pt(NH,),Cl, - yellow or orange crystalline - ovarian histopathological changes Eid etal.2
(300.10 g/mol) powder, - elevated MDA, IL-6, TNF-q, NF-kB levels Said et al.?
- used as anti-cancer drug - upregulation of Bax, caspase-3, PARP-1, PTEN, P-AKT, P-mTOR, P-AMPKa Lietal®
- reduced levels of GSH, SOD, CAT, and Bcl-2 Soyman etal.®
- reduced AMH level
Doxorubicin C,;HyNO,, - orange-red lyophilized, water- - increased ROS level Ben-Aharon et al.*

(543.52 g/mol) soluble powder

- used to treat cancer

- reduced MMPs level
- upregulation of Bax, Bcl-2, p53, StAR expressions
- impairment of folliculogenesis and oogenesis
- dysfunctional ovulatory and endometrial cycle

Zhang etal.?
Mohan et al.®
Xiao et al.?”
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including ovarian tissue through induction of oxidative
stress and apoptotic signaling. Previous studies in ex-
perimental animal models have reported that exposure
to doxorubicin caused a reduction in ovarian size and
weight which could be attributed to a significant decline
in the population of different stages of ovarian follicles.?
Doxorubicin-induced ovarian toxicity also caused in-
duction of GCs apoptosis, increased ROS levels, and
reduced MMPs levels.” Other mechanisms of doxoru-
bicin-induced ovarian toxicity included upregulation of
Bax, p53, StAR expressions, and oocyte mitochondri-
al dysfunction characterized with impaired calcium sig-
naling and ER stress.”*® In essence, doxorubicin impairs
folliculogenesis and oogenesis leading to dysfunction-
al ovarian and endometrial cycles.® Moreover, the toxic
effect of doxorubicin on the three pivotal ovarian func-
tions (development of ovarian follicles, hormone secre-
tion and oocyte maturation) has been demonstrated to
exhibit dose-dependency.”

Heavy metal-induced ovarian toxicity and associated
mechanisms

Heavy metals are metallic elements which possess high
densities and atomic weight, derived from different
sources (both natural and industrial) and used for vari-
ous applications as outlined in Table 2. Generally, expo-
sure to different heavy metals potently exhibits a toxic
effect on ovarian morphology and function (includ-
ing reproductive and endocrine) by inducing oxidative

stress through direct or indirect mechanisms, thereby
culminating into oxidative damage, ovarian dysfunc-
tion, and infertility.*

The exposure to toxic heavy metals like cadmium
(Cd) often leads to its accumulation in body tissues in-
cluding the ovary, causing severe deleterious effects and
female infertility. Cd-induced ovarian toxicity, primar-
ily due to induction of oxidative stress, is characterized
by ovarian follicular apoptosis, dysregulation of repro-
ductive hormones and oocyte growth impairment.”!
Exposure to cadmium further caused distorted ovari-
an histoarchitecture, reduced ovarian follicular growth,
ovarian follicular atresia, decreased serum levels of LH
and FSH, and an impaired reproductive cycle.***

Copper (Cu) is a heavy metal which exhibits tox-
ic effects on ovarian tissue. In preclinical studies, expo-
sure to Cu has been reported to cause oxidative stress
and inflammation in ovarian tissue which in turn caus-
es impaired ovarian folliculogenesis and disrupted
reproductive hormonal signaling thereby causing ste-
roidogenesis disorder.**** Cu-induced ovarian toxicity
was further characterized by upregulation of Bax, Fas,
Caspase8, and Caspase3 expressions thereby indicating
the caspase-dependent apoptosis signaling as a pivotal
mechanism.*

Arsenic (As) is also a heavy metal that acts as en-
docrine disruptor and induces oxidative stress to exert
toxic effects on the ovarian tissue. As-induced ovarian
toxicity has been characterized with decreased levels of

Table 2. Profile of heavy metals and mechanisms of ovarian toxicity

Heavymetals  Molar mass Sources
(symbol)

Applications

Mechanisms of ovarian toxicity References

Cadmium (Cd)  112.41 g/mol contaminated water, food, or

beverages, earth's crust, cigarette

production of batteries, paints,
plastics, television screens,

- ovarian follicular atresia and apoptosis Bhardwaj etal !
- dysregulation of reproductive hormones and impairment of growth of ~ Oyewopo et al.*

smoke, welding, mining cosmetics oocytes Massanyi et al.®
- distorted ovarian histoarchitecture Khan et al.#
- reduced follicular growth
- decreased serum levels of LH and FSH

Copper(Cu) ~ 63.55g/mol decaying vegetation, volcanic  production of electric wires, cooking - impaired ovarian folliculogenesis Wang etal *
eruptions, forest fires, mining, dietary  utensils, heat sinks, electronics, - disruption of reproductive hormonal signaling - steroidogenesis disorder  Yigin etal

sources (liver, oysters, avocados, nuts, electric motors, copper alloys, - upregulation of Bax, Fas, Caspase8, and Caspase3 expressions Chenetal®

salmon, potatoes, mushrooms plumbing pipes, jewelry
Arsenic (As) ~ 74.92¢g/mol  contaminated water or groundwater,  production of insecticide, alloys, - mitochondrial dysfunction and autophagy Chenetal.”

food, earths crust, in combined form  lasers, bronzing, semiconductors
with other metals, sulphur or oxygen  (gallium arsenide), pyrotechnics

- downregulation of StAR, CYP11A1, HSD3@1, mTOR and Bcl-2 Ommati etal.®
expressions
- decreased levels of gonadotropins
- upregulation of PDK,, PI3K, Beclin1, TSC2, AMPK, ULKT, ATG13, LG3,

P62, ATG3, ATG7, and p62 factors

Mercury (Hg) ~ 200.59 g/mol weathering of rocks, volcanic production of mirrors,

- overall depletion of ovarian follicles, Massanyi et al.»

eruptions, coal, contaminated  thermometers, batteries, fluorescent - increased atretic, cystic ovarian follicles Merlo etal.*
seafood, water, air or food, industrial lamps, cosmetics, - elevated ovarian fat accumulation
wastes - distortion of ovarian histomorphology
- decreased serum levels of LH and FSH
Lead (Ph)  207.2g/mol vehicle exhaust, burning of fossil fuels,  production of pipes, gasoline, - distortion of ovarian cytoarchitecture Quetal®

volcanic eruptions, weathering of
rocks, mining, smelting, landfills

roofing sheets, paints, alloys,
ammunition, weights, batteries,
cosmetics, and gasoline

Wassem et al.*
Fatima et al.*?
Yang etal.®

- dedine in ovarian follicles population
- decreased AMH, MFF and MPP levels
- disruption of HPG axis, steroidogenesis
- increased levels of SDHA, mitofilin and MTC02, OPAT, MFN and FIS1
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gonadotropins, downregulation of StAR, CYP11A1, and
HSD3p1 resulting into decline of mature ovarian folli-
cles and an increased population of atretic follicles.”
Other mechanisms of As-induced ovarian toxicity in-
cluded induction of mitochondrial dysfunction and au-
tophagy via the upregulation of associated factors such
as PDK,, PI3K, TSC2, AMPK, ULK1, ATG13, Beclinl,
LC3, P62, ATG3, ATG7, and p62 and downregulation of
mTOR and Bcl-2 factors in the ovaries.®

Mercury (Hg) is a heavy metal which exhibits se-
vere toxic effects during body tissue exposure including
the ovaries. Hg-induced ovarian toxicity in experimen-
tal animal models is characterized by induction of ox-
idative stress and inflammation which further results
in overall depletion of ovarian follicles, increased atret-
ic and cystic ovarian follicles, and ovarian fat or lipid
droplet accumulation.” Exposure to Hg has also been
reported to cause distortion of ovarian histomorpholo-
gy, decreased follicular growth and serum levels of LH
and FSH.”

Exposure to lead (Pb), a common heavy toxic met-
al, has also been indicated as a potential cause of ovarian
toxicity. Pb-induced ovarian toxicity resulted primari-
ly from the disruption of antioxidant defense systems
and excess production of ROS.* It was further charac-
terized by distortion of ovarian cytoarchitecture, and a
decreased population of ovarian follicles.**' Pb expo-
sure further caused disruption of the hypothalamic-pi-
tuitary-gonadal (HPG) axis and decreased reproductive
hormone (AMH) level leading to dysregulation of follic-
ulogenesis and steroidogenesis.**** Other mechanisms
of Pb-induced ovarian toxicity included increased lev-
els of SDHA, mitofilin and MTCO2, OPA1, MFN and
FIS1; decreased levels of MFF and MPP, and inhibition
of phosphorylation in the P38 pathway.”

CH3
Ho CHz CHg CHg
HsC 0 Cha CH3
CHg Alpha-tocopherol
0. OH
HO H 0
Ho. ~_2\_0 0 /Q)Lﬁ OH
N [¢]
\/\q “| )E[ j/\u
HO  OH HJNJ\N N7

Ascorbic acid Folic acid

Fig. 2. Molecular structures of vitamins B, Cand E

Therapeutic potential of selected vitamins against ovar-
ian toxicity induced by drugs or heavy metals

Vitamins are micronutrients which play an essential
role in the physiological and metabolic functions of the
body, help to reduce the risk of diseases and deficien-

cies result in diverse tissue disorders.” The two classes
of vitamins, namely fat-soluble and water-soluble vita-
mins, are comprised of different vitamins with diverse
properties based on their varying structures. Vitamins
such as alpha-tocopherol, ascorbic acid, and folic acid
possess variable structural conformations (Fig. 2) and
exhibit diverse properties. Previous preclinical studies
have demonstrated their therapeutic effect against ovar-
ian toxicity induced by drugs or heavy metals in experi-
mental animal models as outlined in Table 3.

Alpha-tocopherol - therapeutic role against ovarian
toxicity in experimental model

Alpha-tocopherol is a fat-soluble vitamin which is abun-
dantly derived from cereals, vegetables oils, eggs, fruits,
and meats, and one of the eight essential compounds
(four tocopherols and four tocotrienols) of the vitamin
E family.*® The vitamin E family possesses a chromane
ring with a hydroxyl group and side chain with tocoph-
erol members possessing saturated side chain while to-
cotrienol members bear an unsaturated isoprenoid side
chain with double bonds at third, seventh, and eleventh
carbon.” Alpha-tocopherol acts as an antioxidant which
protects tissue against oxidative damage that results
from activities of free radicals.***® Hence, it has demon-
strated protective effect against drug-induced ovarian
toxicity in preclinical studies.

In a previous study using experimental model, ther-
apeutic activity of alpha-tocopherol against cisplatin-in-
duced ovarian toxicity was characterized with reversal
of follicle developmental disorders and ovarian fibro-
sis, increased level of reproductive hormones, marked
inhibition of ferroptosis and abrogation of lipid perox-
idation leading to the restoration of ovarian function.”
In addition, the mitigating effect of alpha-tocopherol on
cyclophosphamide-induced ovarian toxicity was char-
acterized with elevated levels of ovarian tissue antiox-
idant (GSH), proliferating cell nuclear antigen (PCNA)
and growth differentiation factor-9 (GDF-9).”® Fur-
thermore, as a natural non-enzymatic antioxidant, the
ability to scavenge free radicals and inhibit lipid per-
oxidation highlighted its mitigating potential on heavy
metal-induced toxicity of body tissues.’** On this ba-
sis, alpha-tocopherol has demonstrated mitigating effect
on ovarian toxicity caused by exposure to heavy metals
in experimental animal models. The associated mecha-
nisms of amelioration of heavy metal-induced ovarian
toxicity by alpha-tocopherol further included the mod-
ulation of the NF-kB, Nrf2 and MAPK signaling path-
ways.”

Ascorbic acid - therapeutic role against ovarian toxicity
in experimental model

Ascorbic acid (vitamin C) is a water-soluble vitamin
which is abundantly derived from natural sources like
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Table 3. Profile and therapeutic role of selected vitamins against ovarian toxicity

Vitamins Molecular formula Natural sources Possible mechanisms of therapeutic effect against ovarian toxicity References
(other names) (molecular weight)
Alpha-tocopherol CHs,0, almonds, nuts, butter, spinach, vegetable - reversal of follicle disorders and ovarian fibrosis Duetal.®
(vitamin E) (430.71 g/mol) oils, cereals, meat, egg, avocado, fruits, - increased levels of reproductive hormones, Giirgen etal.*®
wheat - inhibition of ferroptosis and lipid peroxidation Zhaietal.®
- elevated levels of GSH, PCNA, GDF-9 factors Fanetal®
- modulation of NF-kB, Nrf2 and MAPK signaling
Ascorbic acid CgHy0, orange, tomato, guava, potato, mango, - stimulated antioxidant enzymes like SOD, CAT, GPx Giirgen etal.*®
(vitamin C) (441.4 g/mol) lemon, pepper, strawberries, grape fruits - enhanced the activity of Nrf2, Ref-1, AP-1 Gegotek et al.*®
- preservation of ovarian morphology Gegotek et al.””
- elevated levels of GSH, PCNA, GDF-9
- preserve ovarian follicular growth
Folic acid CgHo N0, banana, papaya, orange, green peas, - increased GSH and TAC levels Gliszczyriska-Swigto
(vitamin B,) (176.124 g/mol) kidney bean, crab, tomato juice, avocado, - reduced MDA level etal.

black-eyed pea, peanuts, spinach, beef

liver

- increased ovarian reserve or antral follicle count
- inhibition of ovarian follicle degeneration
- preservation of normal ovarian morphology
- downregulation of apoptotic factors

Asbaghi et al.®
Liao et al.%
Kadir et al.®

Shohda et al.*

oranges, lemons, grape, vegetables and is composed of
an almost planar five-member ring with two chiral cen-
ters that resolves into the four stereoisomers.”*** Es-
sentially, ascorbic acid is a natural antioxidant which
interacts with other antioxidants (including tocopher-
ol and glutathione) and stimulates the biosynthesis and
activation of antioxidant enzymes like SOD, CAT, GPx.
It further enhanced the activity of Nrf2, Ref-1, AP-1
which then upregulate genes encoding antioxidant pro-
teins.***” Hence, ascorbic acid possesses ability to scav-
enge free radicals that follows the exposure of body
tissues to potential toxicants (such as drugs or heavy
metals) thereby abrogating oxidative damage of tissues
due to the exposure.”*

The therapeutic potential and antioxidant proper-
ties of ascorbic acid has been explored in experimen-
tal animal models to mitigate ovarian toxicity induced
by drugs or heavy metals. Previous experimental stud-
ies have demonstrated the potency of ascorbic acid in
mitigating cyclophosphamide-induced ovarian toxicity
characterized with preservation of ovarian morpholo-
gy, elevated levels of ovarian tissue antioxidant (GSH),
proliferating cell nuclear antigen (PCNA) and growth
differentiation factor-9 (GDF-9) thereby preserving the
growth of ovarian follicles.>

Folic acid - therapeutic role against ovarian toxicity in
experimental model

Folic acid (or folate or vitamin B,) is a member of vita-
min B family which is abundantly derived from dietary
sources such as banana, papaya, orange, green peas, kid-
ney bean, crab, tomato juice, avocado, black-eyed peas,
peanuts, and spinach.®® The chemical structure of fo-
lic acid is composed of a methylated pteridine ring at-
tached to p-aminobenzoic acid (PABA), and is in turn

linked to the « nitrogen of glutamic acid via carbox-
yl group. It is an essential vitamin that plays a key role
in biosynthesis of purine and pyridine bases as well as
during prenatal development.*

Furthermore, folic acid has been demonstrated to
exhibit antioxidant properties comparable to alpha-to-
copherol and ascorbic acid in vivo, with its supplemen-
tation contributing to the role of tissue antioxidant
systems in scavenging free radicals and inhibiting lip-
id peroxidation.® The antioxidant role of folic acid was
characterized with significantly increased GSH and
TAC levels and reduced MDA level.**¢ Hence, it has po-
tential to mitigate pathologies of tissues (including ova-
ries) following exposure to drugs and heavy metals.

Moreover, folic acid supplementation has enhanced
ovarian function and ensures high ovarian reserve or
antral follicle count thereby promoting the overall fe-
male reproductive health.®® Treatment with folic acid
has further demonstrated protective effects against
methotrexate-induced ovarian toxicity in experimen-
tal models characterized by inhibition of ovarian follicle
degeneration, preservation of normal ovarian morphol-
ogy and downregulation of apoptotic factors.®

Conclusion

The exposure of ovarian tissue to potential toxins, in-
cluding drugs and heavy metals, triggers ovarian toxici-
ty primarily due to the induction of oxidative stress and
activation of inflammatory and apoptotic signaling. The
resultant ovarian toxicity results in distortion of ovarian
morphology and loss reproductive function leading to
infertility. This narrative review presents the therapeutic
effect of selected vitamins including alpha-tocopherol,
ascorbic acid and folic acid against drug or heavy met-
al-induced ovarian toxicity primarily through suppres-
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sion of oxidative stress and inhibition of inflammatory
and apoptotic signaling pathways. The therapeutic effect
of the selected vitamins thereby underscores their effi-
cacy in therapeutic intervention against drug or heavy
metal-induced ovarian toxicity.
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