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Abstract A number of reports during the last few decades

have shown that human fertility has been declining with

rising environmental pollutants. Epidemiological and

experimental studies performed during the last three dec-

ades have established that exposure to excess hexavalent

chromium [Cr(VI)] as one of the major threats to male

reproductive health. Rapid industrialization and inappro-

priate discharge of Cr-contaminated effluents from a vari-

ety of industries contribute to environmental Cr(VI)

contamination. Consumption of excess Cr(VI) either

through drinking water or air or food adversely affects

spermatogenesis and steroidogenesis in the testis and post-

testicular sperm maturation in the epididymis, leading to

subfertility/ infertility. The multiprong attacks of Cr(VI)

lead to sperm anomalies such as low sperm count, reduced

sperm motility and viability, compromise in the integrity of

acrosome, damage to blood-testis barrier in Sertoli cells

leading to disruption of spermatogenesis at round sper-

matid stage. Leydig cells, present in the interstitial com-

partment of the testis, are extremely vulnerable to Cr(VI)

toxicity resulting in subdued activity /function of the key

components of steroidogenic machinery, culminating in

hypoandrogenism, which in turn affects the regulation of

spermatogenesis and post-testicular sperm maturation. The

present review attempts to enlighten the readers about the

points mentioned above. We propose the hypothesis ‘‘ex-

posure to excess Cr(VI) during critical periods of differ-

entiation and maturation of the testis disrupts the

hypothalamo-hypophyseal-testicular axis by inducing

oxidative stress and thus, affecting male fertility.’’
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Introduction

Human fertility has been dwindling, and the male factor is

thought to be responsible for roughly 15–20% of infertility

cases (Choy and Eisenberg 2018; Calogero et al. 2021).

Men’s sperm count and sperm quality have been consis-

tently declining worldwide (Geoffroy-Siraudin et al. 2012).

The causes of male infertility are complex and the reason

for around half of infertility is unclear. Although genetic

factors can account for a small portion of male infertility,

rising environmental pollution might also contribute to the

steady rise in male infertility (Nordkap et al. 2012; Gao

et al. 2015). Males are exposed to environmental pollutants

throughout their life. Fetal and postnatal exposure to

environmental pollutants inhibit spermatogenesis leading

to male subfertility/infertility (Skakkebaek et al. 2001).

Fetal exposure to environmental chemicals leads to repro-

ductive tract anomalies such as cryptorchidism and

hypospadias, testicular cancer, and subfertility/infertility in

males, referred to as Testicular Dysgenesis Syndrome

(TDS) (Skakkebaek et al. 2001). A rise of cryptorchidism

and testicular cancer might significantly contribute to male

subfertility/infertility (Jorgensen et al. 2011; Loebenstein

et al. 2019).
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Many molecules present in the environment such as

xenobiotics, chemicals, and heavy metal pollutants, clas-

sified as ‘environmental endocrine disruptors or endocrine-

disrupting chemicals (EDCs)’ interfere with the synthesis,

secretion, and action of endogenous hormones in humans

and wildlife (Kavlock et al. 1996; Diamanti-Kandarakis

et al. 2009; Gore et al. 2015). These EDCs are linked to

genetic mutations, stunted growth, repeated miscarriages,

fetal growth restriction, preeclampsia, preterm birth, and

declining fertility (Diamanti-Kandarakis et al. 2009; Krieg

et al. 2016; Schjenken et al. 2021). The reproductive sys-

tem is highly sensitive to EDCs and their adverse effect on

reproductive health include reduced fertility, poor semen

quality, and growth rate among humans and other animals,

which may be a stress response too (Rehman et al. 2018;

Sharma et al. 2020). Among various heavy metals, chro-

mium (Cr) is an established endocrine disruptor and

reproductive toxicant. It is extremely deleterious to the

growing fetus, as these can cross the feto-placental barrier

(Saxena et al. 1990a, b; Kumar et al. 2017; Banu et al.

2018). A few epidemiological studies and many experi-

mental studies on animals clearly indicate Cr(VI) as a

reproductive toxicant (World Health Organization 2003;

Campbell 2009; Banu et al. 2008, 2011, 2015, 2016, 2018;

Sivakumar et al. 2014; Kumar et al. 2017; Shobana et al.

2020; Navin et al. 2017; 2021). Increased incidence of birth

and developmental defects among children born in families

living around various industries using Cr(VI) further bol-

ster this metal as a potent threat to human reproductive

health (Blacksmith Report 2007). Extensive studies in

monkeys and rats have established that Cr(VI) directly

targets the testis and epididymis (Aruldhas et al. 2004

2005, 2006; Subramanian et al. 2006). The purpose of this

review is to define Cr(VI)-induced reproductive toxicity,

which includes substantial research on the metal’s negative

effects on spermatogenesis and steroidogenesis.

Environmental Endocrine Disruptors

The Wingspread work session in 1991 on ‘‘Chemically

Induced Alterations in Sexual Development: The Wildlife /

Human Connection’’ (Colborn and Clement 1992) kick-

started the research on environmental endocrine disruptors.

A consensus from that meeting, reached by a panel of

expert scientists was that ‘‘many compounds introduced

into the environment by human activity are capable of

disrupting the endocrine system of animals, including fish,

wildlife, and humans (Hotchkiss et al. 2008). As per United

States Environmental Protection Agency (US EPA), ‘‘EDC

is an exogenous agent that interferes with the production,

release, transport, metabolism, binding, action, or elimi-

nation of natural hormones in the body and is responsible

for homeostasis, reproduction, and developmental

processes (Kavlock et al. 1996). EDCs exert their effects

on endocrine and reproductive systems through nuclear

receptors, non-nuclear steroid hormone receptors (mem-

brane estrogen receptors), non-steroid receptors (neuro-

transmitters such as serotonin, dopamine, norepinephrine

receptors), orphan receptors (aryl hydrocarbon receptor),

and enzymatic pathways controlling steroid biosynthesis

and/or metabolism (Erkekoglu and Kocer-Gumusel 2016).

In both animals and humans, EDCs are the primary causes

of male infertility (Skakkebaek et al. 2001). Globally, ris-

ing rates of hypospadias, cryptorchidism, testicular germ

cell cancer, and decreased sperm count, and fertility rates

have prompted concerns about the effects of EDCs on male

reproductive health (Sharpe and Skakkebaek 1993; Acerini

and Hughes 2006; Nordkap et al. 2012).

Heavy metals are bio-persistent toxic pollutants that

accumulate in the top-of-food-chain organisms (Scheifler

et al. 2006). Apart from natural causes such as seepage

from rocks, volcanic activity, and forest fires, the main

sources of heavy metals in the environment are anthro-

pogenic-industrial activities and motor vehicles (INSA

2011). Humans exposed to polluted air, water, and/or food

with heavy metals have neurodegenerative and cardiovas-

cular diseases, increased risk of cancer, developmental

disorders, and reproductive dysfunction (EEA 2005).

Lead(Pb), mercury(Hg), arsenic (As), and chromium (Cr)

are the most common heavy metal contaminants that have

been linked to endocrine disruption and reproduction

(Amadi et al. 2017).

Hexavalent Chromium [Cr(VI)]: A Heavy Metal

Environmental Pollutant and EDC

Cr(VI) is one of the top ten pollutants of the environment

(Pure earth 2015) that contaminates land and water in the

environment (Wuana and Okieimen 2011). Cr toxicity in

humans normally occurs from exposures to environmental

pollution via soil and water contamination or occupational

exposure (Garg et al. 2012). Cr concentrations in the

environment have risen dramatically as a result of rapid

industrialization (Bhattacharya et al. 2019). The high

concentration of Cr in the environment is due to an inap-

propriate discharge of Cr-contaminated effluents from a

variety of industries such as tanning, electroplating, steel

production, ore refining, automobile manufacturing, alloy,

ammunition, and wood treatment (De Flora, 2000; Bagchi

et al. 2002; Fernandez et al. 2018). Industrial products

(pigments for textile dyes, glassware cleaning solutions,

metal finishing, paints, inks, and plastics) and their waste

are the prominent sources for the presence of Cr in the soil

and water (Ferreira et al. 2019). Cigarette smoke and

automobile emissions are also additional sources for the
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contamination of the environment through the release of

Cr(VI) (Zhu et al. 2020).

Total Cr exposure limits have been set at 5 mg/m3 per

typical working day due to substantial health risks, while

the limit is 100 mg/l in drinking water (Wilbur et al. 2012).

However, Cr(VI) concentrations in groundwater have been

found to be higher than the permitted limit in many

countries (Homa et al. 2016; Ahmed and Mokhtar 2020;

Khan et al. 2020; Paithankar et al. 2021).

Mechanism of Toxicity of Cr(VI)

Cr is the world’s seventh most abundant element (Cer-

vantes et al. 2001), and exists in –2 to ? 6 oxidation state,

albeit only Cr(III) and Cr(VI) are commonly found within

the pH and redox potential ranges seen in environmental

systems (Shupack 1991). Cr(VI), the most toxic form, is

found as oxyanions like chromate (CrO4
2-) or dichromate

(Cr2O7
2-), whereas Cr(III) is found as oxides, hydroxides,

sulfates, or organically bound in the soil and aquatic

environments (Zayed and Terry 2003).

Due to its structural resemblance to the tetrahedral sul-

fate and phosphate anions, Cr(VI) is easily absorbed by

cells via sulfate transporters; the chromate anion (CrO4
2-)

also enters the cell via active sulfate transporters (Collins

et al. 2010). Cr(III) is not actively transported, but enters

cells through slow diffusion; once Cr(VI) is absorbed into

the cell, it is reduced to Cr(III), via low molecular weight

thiols such as glutathione and cysteine and antioxidants

such as ascorbate; all cell types can take up Cr(VI) and

reduce it to Cr(III) with the help of intracellular reductants

like ascorbate and glutathione (Costa 2003; Xu et al.

2004, 2005; McCarroll et al. 2010, Zhitkovich 2011; Sun

et al. 2015). The intracellularly reduced Cr(III) binds

directly to DNA, forming Cr(III)-DNA adduct and causes

DNA–protein cross-linkages to form stable DNA adducts

(Cohen et al.1993; Costa et al. 1997), leading to mutage-

nesis. In addition, the reduction of Cr(VI) within the cell

leads to the formation of unstable Cr(V) and Cr(IV) and

thiol radicals; Cr(VI) also reacts with oxygen to form

reactive oxygen species (ROS), such as hydroxyl radicals

and hydrogen peroxide radicals (Borges et al. 1991; Lay

and Levina 1998;. Zhitkovich 2011) Intermediate Cr forms

catalyze Fenton reaction in the presence of H2O2 and

generate highly reactive OH� radicals (Shi and Dalal 1990;

Zhitkovich 2011. The production of Cr(VI) intermediates

and ROS cause damage to DNA and mutagenesis (McNeill

and McLean 2012). Thus, oxidative stress-induced geno-

mic instability and epigenetic changes are considered as the

primary causes of Cr-induced health adversity (Wise et al.

2008; Chen et al. 2019).

Within the cell, glutathione, ascorbate, cysteine, lipoic

acid, NADH, fructose, and ribose are all possible enzymes

and non-enzymatic cellular reductants capable of reducing

Cr(VI) (Quievryn et al. 2003). Glutathione and cysteine

may be the most critical cofactors for Cr(VI) reduction in

the cell, but ascorbic acid in the presence of NAD/NADH,

microsomal cytochrome P450, and proteins like hemoglo-

bin and glutathione reductase may also be involved (Dayan

and Paine 2001). Cr(VI) in the blood is taken up into red

blood cells, where it undergoes reduction and forms

stable complexes with hemoglobin and other intracellular

proteins (USEPA 2010).

Male Reproductive Toxicity of Cr(VI):

Epidemiological Studies

Epidemiological studies have proven a negative correlation

between exposure to EDCs and male reproductive health

(Thankamony et al. 2009; Bornehag et al. 2012). The

deleterious effect of EDCs on reproductive health includes

delayed pubertal timing, the development of testicular

dysgenesis syndrome-particularly a rise in germ cell

malignancies in Caucasian populations around the world

(Parent et al. 2015; Skakkebaek 2016). Cr, a heavy metal

EDC, can be absorbed and passed to fetuses through the

placenta and to newborns through breast milk, and it is

primarily eliminated in urine (USEPA 2005). Shmitova

(1980) found that pregnant women working in a dichro-

mate manufacturing factory in Russia had abortions by

12 weeks; Cr levels in umbilical cord blood, placenta,

breast milk, and the aborted fetuses were all significantly

higher in these mothers. The above study also reported

complications during pregnancy and labor in 20/26

exposed women who had high levels of Cr in their blood

and urine. Collectively, these reports suggest that Cr can

cause developmental abnormalities. Increased incidences

of birth and developmental defects among children born to

mothers living around tanneries, chrome, and leather

industries in the developing world may attest to the adverse

effect of Cr on reproduction (Blacksmith report 2007).

Sperm Anomalies with Cr(VI) Exposure

Disruption of spermatogenesis in men can reduce total

sperm count, increase aberrant sperm count, affect sperm

chromatin integrity, or damage sperm DNA at any stage of

cell differentiation (Pizent et al. 2012). Worsening of the

semen quality is one of the main contributing factors in

declining human fertility (Danadevi et al. 2003; Murawski

et al. 2007). The epidemiological testimonies attest

abnormal sperm parameters and infertility due to occupa-

tional Cr exposure. Among 3119 metal workers, specifi-

cally, welders who were investigated for sperm quality

showed inferior sperm quality compared with their non-

welder counterparts (Mortensen 1988). Bonde (1990a)

Proc Zool Soc (Oct-Dec 2021) 74(4):617–633 619

123



examined the semen quality of 35 stainless steel welders,

46 mild steel welders, and 54 non-welding metal workers

and electricians, and found unaltered sperm concentration

either in mild steel or stainless-steel welders; however,

sperm count per ejaculate, the proportion of normal sperm,

the degree of sperm motility and linear penetration rate

were significantly decreased. Subfertility in 673 welders

from the Danish population in the same geographical area

showed a higher prevalence of delayed conception in 79%

of wives of the welders (Bonde et al. 1990b). Poor semen

quality, sperm abnormalities, and infertility in workers

exposed to Cr(VI) in the mild steel welding industry were

attributed to developmental problems including cancer in

children (Bonde et al. 1993). The workers exposed to

Cr(VI) in an electroplating factory in Henan, China, had

decreased sperm count (by 47%) and motility, albeit no

change in semen and liquefaction time observed (Li et al.

2001). The study also revealed augmentation of FSH,

decreased concentration of zinc as well as reduced activi-

ties of lactate dehydrogenase (LDH-x) and total LDH in the

seminal plasma of exposed workers. Since there was no

data on the amount and type of Cr(VI) to which the sub-

jects were exposed to, the validity of the findings of Li

et al. as an outcome of Cr(VI) exposure was questioned

(Duffus 2002). The occupational Cr exposure to 57 weld-

ing workers in welding/ electroplating industries in India

revealed severe semen abnormalities and low sperm con-

centration (by 67%) (Danadevi et al. 2003). Specifically,

the exposed workers’ sperm germline was shown to be

damaged by welding fumes, demonstrating a definite link

between poor semen quality and infertility in men with

occupational exposure to Cr (Danadevi et al. 2003). These

epidemiological investigations suggest that Cr(VI) expo-

sure in occupational setup adversely affects the quality of

sperm leading to subfertility/infertility. Though these

studies pointed out the involvement of Cr in male fertility,

none of them was able to prove a definitive association

between Cr exposure and infertility as the involvement of

other factors such as heat, and stress was not ruled out.

Cr exposure was found to cause multiple levels of sperm

damage. Kumar et al. (2005) investigated sixty-one sub-

jects occupationally exposed to Cr in a Cr2(SO4)3

manufacturing industry and fifteen control subjects (unex-

posed to Cr compounds); the outcome showed a positive

correlation between the percentages of abnormal sperm

morphology and blood Cr levels. Wirth et al. (2007) also

reported an association between Cr and reduced semen

quality in rodents and humans. Blood collected from 219

men and women with fertility issues in Michigan (USA)

showed increased blood Cr level and serum prolactin

(Meeker et al. 2009), and a non-linear decrease in serum

inhibin b (Meeker et al. 2009) after adjusting for age, BMI,

and smoking status, or other metals in both studies. These

investigations entrench a link between multilevel sperm

damage and hormonal changes with occupational Cr

exposure.

Altered Sex Ratio with Cr(VI) Exposure

The sex ratio is an indicator of reproductive hazards (James

1995). Heavy metal pollutant Cr is known to alter the sex

ratio. An epidemiological investigation showed alteration

in sex ratio with reduced male births due to paternal Cr

exposure (Cr ? Ni fumes) among male workers in an

Italian mint (Figa-Talamanca and Petrelli 2000). This is the

only epidemiological report that showed occupational

exposure to Cr modify sex ratio of progeny, albeit no

evidence of the causal link between sex ratio and Cr

exposure is known. James (1995) opined that sex ratio may

be influenced by hormonal concentration, probably a boost

in gonadotropin and diminished testosterone level favoring

the birth of females. Nevertheless, more research is needed

to fully comprehend the skewed males’ biased sex ratio as

a result of Cr exposure.

Male Reproductive Toxicity of Cr(VI):

Experimental Studies

Chromium has become a potential threat to human repro-

ductive health (Remy et al. 2017). Many experimental

studies have demonstrated Cr is an endocrine disruptor and

reproductive toxicant (Aruldhas et al. 2000;

2004, 2005, 2006; Cheng et al. 2002; Subramaniam et al.

2006; Banu et al. 2008; Sekhar et al. 2011; Marouani et al.

2012; Kumar et al. 2017; Navin et al 2017, 2021; Shobana

et al. 2020). Cr have adverse effects on development, and

spermatogenesis, and steroidogenesis.

Accumulation of Cr

An early study in rat Leydig cells showed that Cr accu-

mulates in the testicular interstitial cells (Danielsson

et al.1984). Subsequent studies also established the uptake

of Cr by the testis and the reduction of Cr(VI) to Cr(III),

which remains in the tissue for a prolonged period

(Sipowicz et al. 1997; Sutherland et al., 2000). Recently,

our group has reported that prenatal exposure to 50, 100,

and 200 ppm Cr(VI) through drinking water leads to

accumulation of Cr (CrIII) in the testis of F1 progeny rats

(Kumar et al. 2017; Shobana et al. 2020; Navin et al. 2021).

These studies suggest that mammalian testis is a direct

target of the heavy metal Cr.
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Chromium Toxicity and Spermatogenesis

Mammalian testis consists of seminiferous tubules con-

tribute to spermatogenesis (de Kretser and Kerr, 1988).

Germ cells give rise to spermatozoa originated from sper-

matogonial stem cells in the seminiferous tubules; Sertoli

cells (SCs) support spermatogenesis, and Leydig cells

(LCs) secrete androgens, and peptide hormone such as

insulin-like 3 (INSL3) to regulate the development of the

male reproductive tract, the descent of testis and the

spermatogenesis (de Kretser and Kerr 1988). SCs are

essential for the assembly of the testis cords particularly

during the fetal and neonatal ages, while in adult testis, SCs

maintain spermatogenesis (Rebourcet et al. 2014, 2016;

Smith et al. 2015). The elimination of SCs in newborn mice

testis resulted in hampered development of adult Leydig

cells, whereas the same in adult testis led to loss of germ

cells (Rebourcet et al. 2014). The number of SCs in rodents

and humans increases dramatically during fetal life, slows

after birth, and approaches adult levels in early puberty

(Sharpe et al. 2003; O’Shaughnessy et al. 2007; Guo et al.

2020; Tan et al. 2020).

Cr(VI) is known to be converted to Cr(III) once within

the cells, passing through intermediary forms such as

Cr(V), (IV), and Cr(III). Intermediate Cr forms produce

extremely reactive OH radicals in the presence of H2O2

(Shi et al. 1990; Zhitkovich 2011). The intermediate forms

of Cr(VI) have also been reported to be reprotoxic. Male

mice exposed to high doses (1000, 2000, 5000 mg/L) of

Cr(III) (CrCl3) through drinking water for 12 weeks

recorded decreased weight of testis, seminal vesicles, and

preputial gland in a dose-dependent manner, whereas

females exposed to the same doses of Cr(III) showed fetal

loss (Elbetieha and Al-Hamood 1997). Male rats exposed

to 40 mg Cr(III) through drinking water for 12 weeks

exhibited altered sexual behavior like reduction in the

number of mounts, increased post-ejaculatory interval,

decreased rate of ejaculation and aggressive behavior

towards other males, and decreased absolute weight of

testis, seminal vesicles, and preputial glands; male fertility

indices were normal after exposure to Cr(III), although the

untreated females mated with treated males exhibited

increased resorptions (Bataineh et al. 1997). Cheng et al.

(2002) reported increased serum corticosterone and glucose

levels, and IGF-BP1 expression in the ten-week-old off-

spring of mice with pre-conceptional exposure to 1 mmol/

kg Cr(III) (CrCl3) for two weeks before mating.

Cr(VI) exposure during fetal, neonatal, pubertal, and

adulthood have a variety of negative consequences on

spermatogenesis. Rabbits given 0.7 mg Cr(VI)/kg/bw

intraperitoneally (i.p.) for six weeks, recorded significant

edema of interstitial tissues, blood vessel congestion, and

the complete absence of spermatocytes in the seminiferous

tubules (Behari et al. 1978). Male rats administered with 2

or 3 mg Cr(VI)/kg/bw (i.p.) for 69 days showed decreased

sperm count and motility, disturbed spermatogenesis with

decreased late-stage spermatids and germ cell number at

stage VII, and altered levels of testicular enzymes like

sorbitol dehydrogenase, lactate dehydrogenase, k-glutamyl

transpeptidase and glucose-6-phosphate dehydrogenase

(Saxena et al. 1990b). Mice fed with Cr(III) [(Cr2(SO4)3]

and Cr(VI) (K2Cr2O7) at concentrations of 100, 200, and

400 ppm in the diet for 35 days which resulted in an

ambiguous level of degeneration in the outermost cellular

layers of the testicular seminiferous tubules, reduced

spermatogonia per tubule, arrest of spermatogenesis in the

resting spermatocytes stage, reduced sperm count in the

epididymis, and increased percentage of morphologically

abnormal sperm in all animals given Cr2(SO4)3, irrespec-

tive of the dose (Zahid et al. (1990). Testicular atrophy and

reduced epididymal sperm count and motility were

observed in rats administered high doses (0.5 mg/kg.bw) of

Cr(VI) (i.p.), five days a week for eight weeks, which were

reversed after eight weeks of the unexposed period (Ernst

1990; Ernst and Bonde 1992). Ultrastructural studies of the

testis of adult rats given 2 mg Cr(VI)/kg bw/day (i.p.) for

15 days revealed leaking of SC tight junctions in semi-

niferous tubules, cytoplasmic vacuolization, and degener-

ation of mitochondria in the seminiferous epithelium and

disruption of mitochondrial sheaths in the tail and midpiece

of spermatids (Murthy et al. 1991a, b). Feeding of Na2CrO4

(20, 40 and 60 mg/kg daily for 90 days) to rats impaired

spermatogenesis in a dose-dependent manner, coupled with

reduced testicular protein, DNA, and RNA level (Chowd-

hury 1995); though the number of spermatogonia was not

affected by the treatment, the number of resting and

pachytene spermatocytes and stage-7 spermatids signifi-

cantly decreased (Chowdhury 1995). A single dose (i.p.) of

CrO3 (CrVI), 1.0 mg/kg.bw to Swiss mice showed signif-

icantly decreased sperm count and increased rate of sperm

abnormality accompanied by the diminished activity of

testicular antioxidant enzymes superoxide dismutase

(SOD), peroxidase and catalase (CAT) and concentration

of ascorbic acid with a concomitant increase in the level of

lipid peroxidation (LPO) and H2O2 from 5 to 8th week

(Acharya et al. 2006). Chowdhuri et al. (2001) reported a

dose-dependent decrease in the number of sperm attaching

to the ova and the content of DNA, RNA, and protein under

sperm-zona binding conditions in mice exposed to Pb and

Cr. Male rabbits exposed to chemical mixtures of As, Cr,

Pb, chloroform, phenol, and trichloroethylene through

drinking water from day 20 of pregnancy till weaning

resulted in subnormal sperm quality and defective LC

function (Veeramachaneni et al. 2001). Rabbits exposed to

Cr(VI) (5 mg K2Cr2O7/kg/bw, given orally for 10 weeks)

showed decreased testosterone level, body weight, the
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relative weight of testis and epididymis, and subnormal

semen quality (Yousef et al. 2006). The above study also

revealed increased levels of thiobarbituric acid reactive

substances, and decreased activities of glutathione-s-

transferase, transaminases, and phosphatases in the seminal

plasma were observed as well; folic acid supplementation

effectively protected Cr-induced reproductive toxicity.

Chandra et al. (2007) reported reduced sperm count, serum

testosterone level, and decreased accessory sex organs

weight and reduced SOD and catalase activities but

enhanced lipid peroxidation in adult rats administered 0.2,

0.4, and 0.6 mg/kg/bw (i.p.) Cr(VI) for 13 and 26 days.

Male Wistar rats (puberal) given daily i.p. injection of

K2Cr2O7 (1 or 2 mg/kg/bw) for 15 consecutive days

recorded decreased testis weight and increased seminal

vesicles and prostate weights (Marouani et al. 2012).

Additionally, increased FSH, whereas decreased LH and

testosterone titer in a dose-dependent manner were noticed

along with decreased sperm motility and numerous

abnormal spermatozoa in the epididymis of in Cr(VI)

exposed rats. These studies indicate that Cr(VI) attacks at

multiple levels to engender spermatogenic abnormalities.

Cr(VI) in drinking water, even at sub-lethal doses turn to

be a male reproductive toxicant. A series of reports ema-

nated from our laboratory (Aruldhas et al.

2000, 2004, 2005, 2006; Subramaniam et al. 2006) on a

non-human primate (Macaca radiata) model entrenched

the male reproductive toxicity of sublethal doses of Cr(VI)

given through drinking water for a chronic period of six

months. Adult monkeys exposed to 50,100, 200, and

400 ppm Cr(VI) (K2Cr2O7) in drinking water for six

months experienced decreased sperm count, and sperm

forward motility from the second month onwards leading

to azoospermia by the sixth month (Aruldhas et al.

2000, 2005). Ultrastructural studies indicated the presence

of multi-nucleated hypertrophied germ cells undergoing

degeneration in the testicular and epididymal lumens of

these monkeys (Aruldhas et al. 2004), which was attributed

to oxidative stress (Aruldhas et al. 2005). Azoospermia in

Cr(VI) treated monkeys was associated with free radical

toxicity in the semen, which was reversed by supplemen-

tation of vitamin C (0.5, 1, 2 mg/L) (Subramanian et al.

2006). Cr(VI) treatment decreased sperm count, sperm

forward motility, and the specific activities of antioxidant

enzymes, SOD and CAT, and the concentration of reduced

glutathione in both, seminal plasma, and sperm in a dose-

and duration-dependent manner. The quantum of H2O2 in

the seminal plasma/sperm from monkeys increased with

increasing dose and duration of Cr(VI) exposure. All these

changes were reversed after 6 months of the Cr-free

exposure period. Simultaneous supplementation of vitamin

C prevented the development of Cr-induced oxidative

stress (Subramanian et al. 2006). Thus, induction of

oxidative stress in the testis and its ancillary parts appears

to be the possible mechanism underlying the reproductive

toxicity of Cr(VI) (Aruldhas et al. 2005). Electron micro-

scopic pictures of the testis of monkeys with chronic

exposure to Cr(VI) revealed the pre-mature release of

spermatocytes and round spermatids into the lumen, which

underwent degeneration beginning with hypertrophy. Epi-

didymis of monkeys exposed to Cr(VI) revealed micro-

canalization as an adaptive mechanism to avoid the

extravasation of sperm (Aruldhas et al. 2004). The abun-

dance of basal cells and intraepithelial macrophages and

the content of LF (lipofuscin) material in these cell types of

the epididymis increased in Cr(VI)-treated monkeys

(Aruldhas et al. 2006). The principal cells in the epididymis

phagocytosed the dead sperm from the lumen resulting

from Cr(VI) exposure and processed them partially into

lipofuscin (LF) material, which was acquired by the basal

cells and intraepithelial macrophages and processed further

(Aruldhas et al. 2006). In this study, the LF material–laden

basal cells and intraepithelial macrophages appeared to

leave the epithelium, accompanied by recruitment of fresh

basal cells and intraepithelial macrophages. These inves-

tigations revealed that sublethal doses of Cr(VI) can reduce

sperm count and sperm forward motility leading to

azoospermia due to elevated oxidative stress; these effects

of Cr(VI) are reversible and preventable as six months of

Cr-free exposure reversed the outcome, whereas simulta-

neous supplementation of antioxidant vitamins protected

the testis and epididymis from the toxic effects of Cr(VI).

Sekar et al. (2011) reported a temporal response of

testosterone and estradiol in rats exposed to 50 and

100 ppm Cr(VI) during the gestational and lactational

period. Gestational exposure to Cr(VI) increased testos-

terone level in prepubertal rats, but the trend was reversed

by PND60, and by PND120 its level was more than that of

the coeval controls; while serum estradiol level decreased

in PND30, it was elevated in PND60 rats but decreased by

PND120. A similar trend was noticed in rats exposed to

Cr(VI) during the lactational period but for a consistent

increase in both steroids in rats at PND30 and PND60,

which were exposed to 50 ppm Cr(VI), but it was

decreased in 100 ppm Cr(VI) treated rats. By PND90,

testosterone remained elevated or normal, but by PND120

its level increased in both, 50 ppm and 100 ppm treated

rats. On the contrary, serum estradiol in these rats was low

by PND90 and became normal by PND 120 (Sekar et al.

2011). Cr(VI) on sex steroids may be temporal and may

vary in a dose dependent manner. Besides, hypertrophy and

disintegration of the prematurely released germ cells in the

lumen were also observed by these authors, which may be

attributed to damage to Blood-Testis Barrier (BTB). This

may be deduced from the finding of the disruption of

Sertoli-Sertoli tight junction and high vacuolization of SCs,
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round spermatids, and LCs in rats with Cr(VI) exposure

during prenatal or early postnatal period (Sekar 2005;

Sekar et al. 2011). In another study, gestational exposure to

50, 100, and 200 ppm Cr(VI) manifested atrophy of sem-

iniferous tubules and interstitial edema with distorted

tubular morphology and increased interstitial spaces,

mainly in F1 rats exposed to 100 ppm and 200 ppm (Ku-

mar et al. 2017). Tubular lumen showed a reduced number

of spermatozoa, perturbed GCs with evidence of sloughing

of spermatocytes and round spermatid into the lumen along

with degenerating multinucleated GCs. Though, the chan-

ges were drastic with granulomatous tissues filling the

lumen of seminiferous tubules whose epithelial lining

appeared shriveled in the rats exposed to 200 ppm Cr(VI).

As a result of these research, it appears that Cr(VI) expo-

sure during pregnancy and lactation has a significant neg-

ative impact on hormonal status, as well as structural and

morphological characteristics of the testis, at various ages.

Outstandingly, the spermatogonial stem cells were spared

by detrimental effects of Cr on the testis, and the animals

were able to revert to normal spermatogenesis and

steroidogenesis after withdrawal of Cr, ascertaining the

reversibility of Cr(VI)-induced adverse changes in the

testicular structure and functions.

In a mammalian testis, the BTB is formed by a specific

junction between adjacent SCs at the basement membrane

in the seminiferous tubule (Wu et al. 2019). Cr(VI) is

known to target BTB and induce its disruption by attacking

specific proteins associated with it. The intermediate form

Cr(V) affects the functional integrity of the BTB leading to

testicular injury. Pereira et al. (2002) administered 0.5 ml

Cr(V) [Cr(V)-BT]2-, (BT: bis(hydroxyethyl) Amino tris

(hydroxymethyl) methane) to adult mice for 5 days resul-

ted in disruption of BTB as evident from permeability

check where Cr(V) permeated to intracellular space,

intercellular junctions between the neighboring SCs and

reached the adluminal compartment of SC. The findings

suggest that Cr(V) may be involved in the bio-toxic process

of testis damage by disrupting the BTB. Further investi-

gations revealed seminiferous epithelium abnormalities

including intraepithelial vacuolation and degeneration of

SCs, spermatocytes, and spermatids accompanied by the

premature release of germ cells into the tubular lumen of

[Cr(V)-BT]2- exposed mice (Pereira et al. 2005). Addi-

tionally, a reduction in sperm acrosome integrity was also

observed, albeit sperm motility and density were unaltered.

These studies witness that Cr species in intermediate oxi-

dation states are the potential reproductive hazards.

Cr(VI) exposure to twenty-one-day-old rats caused

delocalization of the gap junction protein connexin 43 from

the membrane to the cytoplasm of SCs (Carettte et al.

2013). Exposure to low concentrations of Cr(VI) (10 lg/l)

increased the trans-epithelial resistance without altering

claudin-11 and N-cadherin proteins, indicating Cr(VI)-in-

duced alteration of connexin-43 indirectly mediates the

effect of this metal on the dynamics of BTB. In another

study, TM4 SC lines challenged with 0, 3.125, 6.25, 12.5,

25 or 50 l M Cr(VI) for 24 h affected the differentiation

and self-renewal mechanisms of spermatogonial stem cells

(SSCs) along with decreased tight junction (TJ) signaling

and cell receptor molecules like tight junction protein-1

(Tjp1), occluding (Ocln) and vimentin (Vim) that impaired

secretory functions (Das et al. 2015). All reports on the

response of testicular architecture at light microscopic and

electron microscopic level, that emanated from our labo-

ratory established the TJ between SCs and that between SC

and gem cells undergo distortion due to Cr(VI) exposure,

irrespective of the period of exposure, either during pre-

natal, early postnatal or adulthood (Kumar et al. 2017;

Shobana et al. 2020). We have reported that gestational

exposure to 50, 100, and 200 ppm Cr(VI) lead to atrophy

of seminiferous tubules and disruption of SCs TJ by

diminishing the levels of TJ proteins, occludin and claudin-

11 (Kumar et al. 2017) (Fig. 1). Besides, the above study

also revealed decreased FSHR and AR levels in SCs of

postnatal rats with transient gestational exposure to

Cr(VI). In a recent study we attempted to understand the

molecular mechanism by which transient gestational

exposure to Cr(VI) diminishes AR and FSHR in SCs of

postnatal rats by testing the response of specific tran-

scription factors that control the expression of Ar and Fshr

in prepubertal rats. This study attributed diminished

expression of FSHR and AR to attenuation of their specific

transcriptional regulators (USF-1, USF-2, SF-1, c-fos,

c-jun, GATA 1, Sp-1, ARA54, SRC-1, and CBP) and their

interaction with the respective promoter by Cr(VI) (Sho-

bana et al. 2020). Thus, Cr(VI) exposure can disrupt BTB

in SCs leading to impaired spermatogenesis by diminishing

the expression of Ar and Fshr by its adverse effect on

specific transcription factors that control the expression of

the gene through interference with the protein interaction

of these transcription factors with the promoter region of

Ar and Fshr. One of the major causative factors for this

adverse effect of Cr(VI) on SC appears to be the induction

of oxidative stress (Fig. 2).

Developmental toxicity of Cr

Cr(VI)-exposure is detrimental to embryos and fetuses in

the animals (Junaid et al 1996a, b; Marouani et al. 2011).

Trivedi et al. (1989) exposed mice to 250, 500, and

1000 ppm Cr(VI) daily through drinking water during the

entire gestational period and found decreased fetal weight,

increased resorption, and increased abnormalities (tail

kinking and delayed cranium ossification), as well as the

complete absence of uterine implantation in the high-dose
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group in Cr(VI)-exposed mice. Cr levels in the placenta

and fetal tissue of rats and mice exposed to Cr(VI) in

drinking water during pregnancy have been found to be

elevated, implying that Cr can pass through the placenta

(Saxena et al. 1990a). From gestational day 6 to14, preg-

nant female Swiss albino mice given drinking water con-

taining 250, 500, or 750 ppm K2Cr2O7 experienced fetal

growth retardation, reduction in the number of fetuses per

dam in general, increased incidence of stillbirths, and post-

implantation loss in mothers treated with 500 and 750 ppm

Cr (Junaid et al. 1996a, b). Al-Hamood et al. (1998) found

that gestational or lactational exposure to 1000 ppm Cr(III)

(CrCl3)/CrVI (K2Cr2O7) led to the lower weight of male

and female reproductive organs, delayed sexual

development, and a reduction in the number of implanta-

tion and fetuses in adult male and female mice. On oocyte

fertilization and subsequent embryo development, Cr(VI)-

treated sperm have shown a deleterious effect. In an

in vitro investigation, sperm from mice exposed to Cr(VI)

concentrations of 0, 3.125, 6.25, 12.5, 25, or 50 M for 3 h

showed decreased sperm viability and acrosome reaction

when used for IVF of oocytes (Yoisungnern et al. 2016).

With increasing levels of Cr(VI) exposure, IVF success

was lowered by increasing developmental arrest at the two-

cell stage of embryos and delaying blastocyst formation.

These studies witness the amount of toxicity of Cr on the

development.

Fig. 1 Cr(VI)-induced oxidative stress disrupts spermatogenesis

through altering gene expression: Cr(VI) enters the cell through

sulfate/ phosphate anion channels located on the plasma membrane,

gets reduced to Cr(III) by passing through intermediate products such

as Cr(V), Cr(IV) along with generation of large quantity of ROS that

damages lipid, proteins, and dissolve DNA. Cr(III), the stable metabo-

lite of Cr(VI), binds with DNA to form Cr(III)-DNA adduct; severe

cellular injuries cause cell cycle arrest leading to apoptosis. The

increase in ROS induces a decrease in antioxidants (SOD, CAT,

GPx), nutrients status (retinoic acid, tocopherol, lactate, and pyru-

vate), albeit ascorbic acid increased; SCs specific AMH and inhibin

hormones level, and receptors of androgen and estrogen decreased,

leading to cellular homeostatic disruption. In addition, Cr(VI)-

induced oxidative stress adversely affects ectoplasmic specialization

around a sperm head [Fig. EM (A)], damages mitochondria and

vacuolated cytoplasm with enriched electron dense bodies in SCs

[Fig. EM (B)]; and prominently damages BTB in SCs [Fig. EM (C) &

(D)], all of which lead to disruption of spermatogenesis (Aruldhas

et al. 2004, 2005, 2006, Subramaniam et al. 2006, Zhitkovich et al.

2005, 2011a; Sekar et al. 2005, 2011; Das et al. 2015; Kumar et al.

2017; Shobana et al. 2020, Navin et al. 2017, 2021). Abbreviations:
OH�, Hydroxyl radicals; SOD, Superoxide dismutase; ) O2

-, super-

oxide radicals, GPx, Glutathione Peroxidase, CAT, Catalase, ROS,

Reactive oxygen species; BTB, Blood–Testis Barrier, DS DNA,

Double stranded DNA; SS DNA, Single stranded DNA; PKA, Protein

kinase A; AMH, Anti-Mullerian hormone; TJ proteins, Tight junction

proteins; FSH, Follicle-stimulating hormone; FSHR, FSH receptor;

AR, Androgen receptor; ER, Estrogen receptor; EM, Electron

microscopy
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Chromium Toxicity and Steroidogenesis

Steroid hormones regulate critical phases of development

and are essential for physiological homeostasis. LCs of the

testis are responsible for producing T, which is essential for

spermatogenesis and maintenance of secondary sexual

functions. Steroidogenesis is a multi-step biochemical

process involved in the production of steroid hormones

from cholesterol (Savchuk 2017). Endocrine disruptors,

including Cr, can influence T production.

Cr(VI) exposure [Na2CrO4 (20, 40 and 60 mg/kg daily

for 90 days)] to rats decreased LCs population with altered

nuclear diameter, 3b-hydroxysteroid dehydrogenase (3b-

HSD) activity, and sub-normal serum testosterone level,

whereas testicular cholesterol concentration increased

(Chowdhury 1995). Neonatal rats (PND30) of mothers

exposed to 50 ppm Cr(VI) during gestational period

exhibited enlarged LCs with huge vacuoles harboring cell

debris within smooth endoplasmic reticulum (SER),

whereas 100 ppm Cr(VI) treated rats showed disorganized

LCs (Sekar et al. 2011). Abundant lipid inclusions, swollen

mitochondria with collapsed cristae, and vacuoles in the

SER were also reported in the above paper. In the pubertal

rats (PND60) large vacuoles containing cell debris were

present only in LCs of experimental rats exposed to

50 ppm and 100 ppm Cr(VI), whereas LCs of adult

animals (PND90) had normal organization. However, in

the F1 progeny of mothers that were exposed to 50 ppm

and 100 ppm Cr(VI) during gestation, transmission elec-

tron microscopy revealed LCs with damaged mitochondria

and macrophages with phagocytosed cell debris, although

the LCs appeared fully normal by PND120. Sekar et al.

(2011) also investigated the impact of lactational exposure

to Cr(VI) on the testis and observed by PND30 nascent

ALCs containing fewer mitochondria in 50 ppm Cr(VI)

treated rats, whereas rats with 100 ppm Cr(VI) exposure

showed LCs with collapsed mitochondrial cristae. In

PND60 old rats with lactational exposure to 50 ppm Cr(VI)

LCs contained abundant lipid inclusions, whereas by

PND90 rats exposed to 100 ppm Cr(VI) during the lacta-

tional period had large vacuoles in the LCs. However, in

PND120 old rats with lactational exposure to Cr(VI) at

100 ppm concentration, the LCs were normal (Sekar et al.

2011). Recently we reported disruption of steroidogenic

apparatus in LCs of puberal rats with transient prenatal

exposure to Cr(VI) (Navin et al. 2021). Prenatal exposure

to 50, 100 and 200 mg/L Cr(VI) disrupted the steroido-

genic pathway in the F1 rats by decreasing steroidogenic

acute regulatory protein (StAR), cytochrome P450 11A1

(CYP11A1), cytochrome P450 17A1 (CYP17A1), 3b- and

17b-hydroxysteroid dehydrogenases (3b-HSD and 17b-

HSD), cytochrome P450 aromatase and 5a reductase

Fig. 2 Cr(VI) affects interaction of transcription factors with the Fshr
promoter: The interaction of USF-1 and USF-2, the transcription

factors of Fshr, with their specific response element in the promoter

region is inhibited by Cr(VI)-induced oxidative stress and Cr(III),

resulting in interference with transcription initiation and attenuation

of Fshr. Reduced FSHR reduces the tight junction proteins occludin-1

and claudin-11 and disrupts BTB in SCs, resulting in impairment of

spermatogenesis (Kumar et al. 2017; Shobana et al. 2020). Abbre-

viation: ROS, Reactive oxygen species; USF-1, Upstream stimulatory

factor-1; USF-2, Upstream stimulatory factor-2; E-box, Enhancer

box; BTB, Blood-Testis Barrier; SCs, Sertoli cells; FSHR, Follicle-

stimulating hormone
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proteins leading to diminished testosterone level (Navin

et al. 2021). The investigations also revealed decreased

specific activity of key steroidogenic enzymes 3b-HSD and

17b-HSD, and increased LH, FSH, and E2, and diminished

PRL, and T levels with the reduction in LHR, FSHR, AR,

and ERa and augmentation in ERb. The diminution of

LHR and FSHR led to testicular resistance to gonado-

tropins, while AR and ERa disrupted local regulatory

network in the steroidogenic machinery of LCs (Fig. 3). In

an in vitro study, Das et al. (2015) challenged TM3 LC

lines with 0, 3.125, 6.25, 12.5, 25 or 50 lM Cr(VI) for 24 h

and found disruption of steroidogenic machinery in LCs by

diminishing Cyp11a1 and 3bHsd, and augmenting Star and

Cyp17a1 gene expression.

Fetal development is a critical period as dynamic

interaction occurs between the maternal/external environ-

ments and the developing organs and tissues (Drago et al.

2020). Neonatal rats (PND1) of mothers with transient

gestational exposure to 50, 100, and 200 ppm Cr(VI)

during the gestational period augmented StAR and

CYP11A1 proteins, and diminished 3b-HSD and

CYP17A1 proteins that led to compromised steroidogenic

functions in LCs (Navin et al. 2017). Besides, the study

also noticed histopathological changes such as shrunken

and dispersed tubules with fewer gonocytes, extensive

vacuolization of seminiferous cord accompanied by dam-

aged epithelium, and shrunken LCs present in large inter-

stitial spaces and loose compaction of cells revealing

hampered fetal differentiation of testicular cells. In another

study, female pregnant rats, gavaged with Cr(VI) [potas-

sium dichromate (0, 3, 6, and 12 mg/kg)] exhibited

biphasic effects on fetal LCs development; while low dose

(3 mg/kg) stimulated testosterone production, high dose

(12 mg/kg) inhibited it (Zheng et al. 2018). In addition,

Cr(VI)-exposure reduced LCs size and cytoplasmic size

with a concomitant decrease in Lhcgr, Hsd17b3, and Igf1

mRNA at high dose, whereas low dose of the metal aug-

mented Lhcgr, Scarb1, and Hsd3b1 mRNA. Overall, these

investigations entrench that Cr(VI) can bring about struc-

tural changes and interfere with both, enzymatic and non-

enzymatic proteins of the steroidogenic apparatus, culmi-

nating in altered testosterone status.

Fig. 3 The potential sites of action of Cr(VI) on the steroidogenic

machinery of Leydig cells (LCs): Cr(VI) passes through the cell

membranes which on internalization get reduced to the stable Cr(III),

which in turn affects androgen biosynthesis by repressing LHR and

PRLR, attenuating cholesterol transport by StAR protein, and

represses the expression and/or activity of different steroidogenic

enzymes (e.g. CYP11A1, 3bHSD, CYP17A1, 17bHSD). Cr(VI)

promotes testicular resistance to LH due to diminished LHR.

Attenuation of functioning of these target proteins by Cr(VI) leads

to subnormal steroidogenesis in LCs and impairment of androgen-

dependent physiological processes. Resistance of SCs FSHR to FSH

leads to decreased synthesis of paracrine factors (activin, inhibin,

IGF-1, and ABP) controlling steroidogenesis in LCs, resulting in

hypoandrogenism (Navin et al. 2021). Abbreviations: LH, luteinizing

hormone; LHR, luteinizing hormone receptor; PRL, prolactin; PRLR,

prolactin receptor; FSH, follicle stimulating hormone; FSHR, follicle

stimulating hormone receptor; AC, adenylate cyclase; cAMP, cyclic

AMP; PKA, protein kinase A; StAR, Steroidogenic acute regulatory

protein; arom, P450aromatase; 5aR-1, 5a reductase-1; DHT, dihy-

drotestosterone; AR, Androgen receptor, ERa, Estrogen receptor a,

ERb, Estrogen receptor b; IGF-1, Insulin-like growth factor1; ABP,

Androgen binding protein
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Neuroendocrine Toxicity of Cr: An Indirect Effect

on Male Reproduction

Many chemicals discharged into the environment as a

result of industrial activities are known to impair the

endocrine signaling programs. Thus, gametes, pregnant

women, and developing fetuses are especially vulnerable to

the damaging effects of environmental toxins (Caserta

et al. 2011; Shah and Balkhair, 2011; Vecoli et al. 2016).

For example, Cr is a known endocrine disruptor (Kumar

et al. 2017; Shobana et al. 2017, 2020; Navin et al.

2017, 2021; Banu et al. 2018) and is emitted by industrial

plants, adversely affects both male and female reproductive

health by acting on the hypothalamic-pituitary—gonadal

axis. Shreds of evidence show that Cr can alter the hor-

monal balance by affecting the neuroendocrine system,

interrupting the secretion of androgens from LCs and

inhibin b from SCs (Jensen et al. 2006). Quinteros et al.

(2007) found that Cr(VI) accumulated in the pituitary and

hypothalamus, resulting in oxidative stress and a reduction

in serum prolactin (PRL). The preceding investigation

revealed oxidative stress in the pituitary, which resulted in

apoptosis, as evidenced by nuclear fragmentation and

caspase 3 activations, both in vivo (adult male Wistar rats

were subjected to 500 ppm Cr(VI) for 30 days) and

in vitro. The study suggests that the pituitary could be the

target for Cr(VI) toxicity, and Cr accumulation in the

hypothalamic-pituitary axis might have an adverse influ-

ence on the neuroendocrine control of reproductive func-

tion. In another study, rats were given 100 ppm Cr(VI)

(K2Cr2O7) in their drinking water for 30 days, which

caused oxidative stress and elevated Cr concentration in the

hypothalamus and pituitary gland (Nudler et al. 2009). The

authors reported increased lipid peroxidase (LPO) in both

the hypothalamus and pituitary, whereas it augmented the

same only in the pituitary and glutathione reductase (GR)

activity in the hypothalamus alone. Besides, the expression

of SOD and other markers of oxidative stress also showed

organ-specific variations; while hemeoxigenase-1 (HO-1)

expression increased in both hypothalamus and pituitary,

metallothionein-1 (MT-1) and MT-3 expression increased

in anterior pituitary and hypothalamus, respectively.

Together, the investigations established that chronic

exposure to Cr(VI) produces excessive oxidative stress on

the hypothalamus and pituitary gland, which negatively

impact the reproductive neuroendocrine axis in male rats.

In a recent study performed in our laboratory (Navin 2018)

it was shown that prenatal exposure to Cr(VI) diminished

hypothalamic GnRH, whereas it augmented GnRH recep-

tor in the pituitary. The decrease in hypothalamic GnRH

was accompanied by a parallel diminution of its tran-

scription activator Kisspeptin1 and its receptor GPR54 and

Pit-1 and GATA-4; it also diminished ERa, AR, aromatase

and 5a reductase. Interestingly, increased immunopositiv-

ity of GnRH receptor in the pituitary was accompanied by a

boost in ERa, ERb, AR, aromatase and 5a reductase pro-

teins in the pituitary, whereas diminished inhibin b. Taken

together, the above study and our previous report (Navin

2018) point out that prenatal Cr(VI) exposure disrupts the

network of hypothalamic -pituitary–testicular axis and thus

the negative feedback loop of testicular steroids on

gonadotropins.

Conclusion

Environmental contamination with heavy metal Cr

adversely affects the testicular cells and impairs sper-

matogenesis and steroidogenesis leading to subfertility/

infertility. Various sperm abnormalities due to the Cr(VI)

exposure are the defined causes of subfertility/infertility in

the male. Cr(VI) also targets BTB which contributes to the

impairment of spermatogenesis. Besides, the vulnerability

of steroidogenic machinery in the LCs to Cr(VI) exposure

that alters T levels also adds to the adversity of male

reproduction. Cr(VI) adversely affects the development of

the embryos and fetuses as well. The available data indi-

cate Cr(VI) disrupts the hypothalamus-pituitary–testicular

axis, and thus impairment of spermatogenesis and

steroidogenesis. There are many more lacunae in our

knowledge on the impact of Cr(VI) on specific functions of

testicular cell types that control spermatogenesis and

steroidogenesis.
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