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Abstract
Chromium (Cr), an essential trace element, turns into an endocrine disruptor and male reproductive toxicant when its 
concentration in drinking water exceeds the safe limit. Improper disposal of effluents from more than 50 industries 
that use Cr contaminate the environment, in addition to occupational exposure of the workers. Testis has come to stay 
as a target for the reproductive toxicity of hexavalent Cr (CrVI), whereas its impact on fetal testicular differentiation 
remains elusive. We tested the hypothesis “In utero exposure to CrVI may alter the level of specific proteins controlling 
differentiation of testicular cell types”. Pregnant Wistar rats were exposed to drinking water containing 50, 100 and 
200 ppm potassium dichromate (CrVI) during gestational days 14 to 21, covering the period of fetal differentiation 
of testicular cells. Testes were collected on postnatal day 1 and subjected to light microscopic histological studies and 
immunohistochemical detection of cell-specific proteins. Testis of neonatal rats with gestational exposure to high doses 
of CrVI showed shrunken and dispersed tubules with fewer gonocytes, extensive vacuolization of seminiferous cord 
accompanied by damaged epithelium, and shrunken Leydig cells present in large interstitial spaces and loose compaction 
of cells when compared  coeval control group. Immunosignals of androgen and estrogen receptor β increased, whereas 
those of estrogen receptor α, follicle stimulating hormone receptor, anti-Mullerian hormone, P450 aromatase, inhibin, c-fos 
and c-jun decreased. Immunosignals of steroidogenic acute regulatory protein and CYP11A1 increased, whereas 3β - 
hydroxy steroid dehydrogenase and CYP17A1 proteins decreased, indicating compromised steroidogenic function. Our 
findings support the proposed hypothesis and we conclude that gestational exposure to CrVI disrupts specific hormones 
and hormone receptors that control fetal differentiation of testicular cells. The detrimental effect of gestational exposure 
to CrVI on functional differentiation of testicular cells may have a bearing on testicular function at adulthood.

Abbreviations
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1. Introduction
Endocrine disrupting chemicals (EDCs) are major caus-
ative factors of male infertility, both in animals and 
humans1. Increasing incidences of hypospadias, cryptor-
chidism, testicular germ cell cancer, and declining sperm 
count and fertility rates worldwide due to EDCs have 
raised apprehensions about environmental influence on 
male reproductive health2-4. Chromium (Cr), an essen-
tial trace element5-8 is also one among the top ten heavy 
metal pollutants of the environment9 and endocrine dis-
ruptor10,11. Recent reports have shown that Cr pollution 
is one of the top six toxic threats to the world12. It is used 
in more than 50 industries across the world with applica-
tions including tanneries, wood processing, chrome plat-
ing, welding, wax, paint, steel manufacturing, alloy, cast 
iron, ammunition, etc13,14. Its exponential usage in various 
industries worldwide and improper disposal of the efflu-
ent contaminate the environment, which has deleterious 
effect on human health, including reproduction15. CrVI, 
released from industries, is deposited in the landfills and 
waterways, and affects millions of people exposed to the 
polluted sites, who drink Cr-containing water16. It has 
been envisaged that approximately 74 million people in 
7000 communities who drink tap water polluted with Cr 
across the world are at risk17. The concentration of Cr in 
drinking water supplied in different parts of USA has been 
reported to be higher than the safe limit17-21 approved by 
US EPA i.e. 0.1 mg/L (0.1ppm)21. In many parts of India 
also, Cr concentration in drinking water is higher than 
the recommended safe level,16,22,23 particularly in Ranipet 
(Tamil Nadu State, India), a flourishing tanneries site, 
which has total Cr in the range of 3.1 to 246 ppm in drink-
ing water wells, whereas in Kanpur, another hub of tan-
neries (Uttar Pradesh State, India ), it is between 1.05 and 
35.34 ppm24. 

Chromium has become a potential threat to human 
reproductive health25. 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 the adverse effect of 
Cr on reproduction16. Abortion by 12 weeks in pregnant 
women employed in a dichromate manufacturing factory 
in Russia has been reported26. Exposure to CrVI decreased 
sperm counts and increased sperm abnormalities by dis-
rupting germ cell arrangement and spermatogenesis in 
rat and humans27. Welders who work in stainless steel 
industry have poor sperm quality when compared to oth-

ers28,29. Subfertility in 673 welders from Danish popula-
tion in the same geographical area was reported and the 
study lead to the conclusion that 79% of wives of welders 
had increased rate of delayed conception30. Poor semen 
quality, sperm abnormalities and infertility in work-
ers exposed to CrVI in mild steel welding industry was 
attributed to developmental problems including cancer in 
children31. Altered sex ratio with reduced male births due 
to paternal exposure to the metal fumes containing Ni 
and Cr has been reported in workers in an Italian mint32. 

Experimental studies performed in animal models 
pointed out that excess Cr may be a male reproductive 
toxicant. Direct effect of Cr on mammalian testis was pre-
dicted with the finding of its accumulation in the inter-
stitial tissues of rat33. This view got entrenched by the 
finding of uptake of CrVI by the testis and its persistence 
in the tissue for a prolonged period in the form of CrIII in 
rat and mouse34. Edema of interstitial tissues, congestion 
of blood vessels and complete absence of spermatocytes 
in the seminiferous tubules have been found in rabbits 
administered 0.7 mg CrVI/kg body weight CrVI through 
oral route for six weeks36. Administration of 2 or 3 mg 
CrVI/kg body weight for 69 days to adult rats decreased 
sperm count and motility, and disrupted spermatogen-
esis with decreased late stage spermatids and germ cell 
number at stage VII, and altered activities of testicular 
enzymes sorbitol dehydrogenase, lactate dehydrogenase, 
λ-glutamyl transpeptidase and glucose-6-phosphate 
dehydrogenase37. Intraperitoneal (i.p.) injection of CrVI 
(0.5 mg/kg body weight) for five days a week for eight 
weeks led to testicular atrophy and reduced sperm counts 
and motility in rats, which could be reversed after eight 
weeks of reversal period38,39. Injections (i.p.) of 2 mg CrVI/
kg body weight/day to adult rats for 15 days resulted in 
ultrastructural changes in testis, which included leakage 
of SC tight junctions in seminiferous tubules, cytoplas-
mic vacuolization and degeneration of mitochondria in 
the seminiferous epithelium and disruption of mitochon-
drial sheaths in the tail and mid-piece of spermatids40,41. 
Enlarged intercellular spaces, tissue loosening and sig-
nificant loss of gametes into the lumen of seminifer-
ous tubules, decreased sperm motility and number, and 
increased sperm abnormality were observed in adult rats 
treated CrVI (1 or 2 mg/kg body weight) for fifteen con-
secutive days42.

Studies performed in our laboratory43,44 on a non-
human primate (Macaca radiata) model entrenched the 
male reproductive toxicity of sub-lethal doses of CrVI 
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(50, 100, 200, 400 ppm) administered through drinking 
water for a chronic period of six months. Adult monkeys 
exposed to different doses of CrVI experienced decreased 
sperm counts and forward motility from the second month 
onwards leading to azoospermia by the sixth month43,46. 
Ultrastructural studies on these monkeys revealed the pres-
ence of multi-nucleate hypertrophied germ cells undergo-
ing degeneration in the lumen of testis and epididymis45, 
which was attributed to oxidative stress in these organs46. 
Azoospermia in CrVI-treated monkeys was associated 
with free radical toxicity due to decreased specific activi-
ties of antioxidant enzymes, superoxide dismutase (SOD) 
and catalase (CAT), and the concentration of reduced 
glutathione in seminal plasma, which was reversed by 
supplementation of various doses of vitamin C (0.5, 1, 2 
mg/L)44. The level of H2O2 in the seminal plasma/sperm 
of monkeys increased with increasing doses and duration 
of CrVI exposure44. While all these changes were reversed 
after 6 months of Cr-free exposure period, simultaneous 
supplementation of vitamin C prevented the development 
of Cr-induced oxidative stress44. Electron micrographs of 
testis of Cr-treated monkeys revealed premature release of 
spermatocytes and round spermatids into the lumen, which 
underwent degeneration beginning with hypertrophy; 
epididymis developed micro-canalization in an adaptive 
mechanism to avoid extravasation of sperm in monkeys 
exposed to Cr45. Abundance of basal cells, intraepithelial 
macrophages and lipofuscin (LF) material in these cell 
types of the epididymis increased in CrVI treated mon-
keys; the principal cells phagocytosed dead sperm from the 
lumen due to CrVI exposure and processed them partially 
into LF material47.

It was further reported from our laboratory that swol-
len LCs with large vacuoles and lipid inclusions, swollen 
mitochondria with collapsed cristae and vacuoles in SER 
of prepubertal (PND30) and young adult (PND 60) rats 
born to mothers with gestational exposure to 50 ppm /100 
ppm CrVI, whereas LCs in PND90 rats had normal orga-
nization48. Gestational or lactational exposure to CrVI led 
to temporal reversible changes in serum testosterone and 
estradiol titres in rats48. Recently, we reported atrophy of 
seminiferous tubules and interstitial edema with distorted 
tubular morphology and increased interstitial space in 
adult rats of mothers with gestational exposure to CrVI10. 

The above report also showed disruption of inter-SC tight 
junctions and SC-GC junctions leading to disruption of 
spermatogenesis and premature release of round sper-
matids into the lumen in sequel to decreased expression 

of Ar and Fshr and tight junction proteins occludin and 
claudin-11 in SCs.

An in vitro study has proved the adverse effect of Cr 
on differentiation and self-renewal mechanisms of sper-
matogonial stem cells (SSCs) and disruption of steroido-
genic apparatus due to decreased expression of Cyp11a1 
and 3βHsd and increased Star and Cyp17a1 expression 
in TM3 LC lines challenged with various concentrations 
of CrVI; TM4 SC line challenged with CrVI showed 
decreased expression of tight junction signaling and 
cell receptor molecules like Tjp1, Ocln, Vim, and thus 
impaired secretory functions49. 

 Testicular differentiation is a critical event dur-
ing male sex development, beginning at GD14 with the 
appearance of seminiferous cords in rat50 and is strictly 
regulated by proteins and hormones of testicular origin. 
However, the impact of excess CrVI on fetal testicular dif-
ferentiation remains a grey area of research. Therefore, we 
hypothesized that in utero exposure to CrVI may affect 
the expression of specific proteins controlling differentia-
tion of testicular cell types, which we put to test in this 
study. 

2. Materials and Methods

2.1 Experimental Animals and Chemicals
The experiments in Wistar rats (Rattus norvegicus) were 
approved by the Institutional Animal Ethics Committee 
for studies on experimental animals (Ref: IAEC No. 
03/013/08), which had a nominee of the Committee 
for Prevention of Cruelty and Safety to Experimental 
Animals (CPCSEA), Government of India, Ministry of 
Environment, Forests and Climate Change, New Delhi. 
The entire study was conducted in triplicate with rats 
in three separate batches. The female rats were divided 
into four groups: Group 1, Control: Pregnant rats which 
received regular normal drinking water. Groups 2, 3 and 
4 (CrVI-treated): Pregnant rats which received drinking 
water containing 50, 100 and 200 ppm K2Cr2O7 respec-
tively, from gestational day (GD) 14 to GD21, encompass-
ing the critical window of fetal testicular differentiation50. 
These doses of Cr have been in practice in our laboratory 
for more than a decade based on dose-response studies 
performed in rat and monkey models43,46,51. Among the 
selected doses, 50 ppm is the minimum effective dose, 
100 ppm is the half-maximal effective dose and 200 ppm 
is the maximum effective dose, which induced reproduc-
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tive toxicity as assessed by serum hormones and sper-
matogenesis/sperm counts without any mortality in rats10. 
Doses lower than 50 ppm (12.5 and 25 ppm) did not pro-
duce any obvious change in reproductive physiology or 
hormonal profiles of experimental animals43,46,51. Since 
the objective of the study has been to test the reproduc-
tive toxicity of the metal, we did not test lower doses pre-
scribed for ‘No-observed adverse effect level (NOAEL)’ 
for carcinogenic responses52 in the present study. These 
doses are above the USEPA (2017) guideline for safe limit 
of Cr (0.1 ppm) in drinking water and comparable to Cr 
level in drinking water in many developing countries 
with Cr based industries16,53. Throughout the study, rats 
were fed standard rat pellet feed (Brooke Bond Lipton 
India Ltd.,Bengaluru) ad libitum and maintained under 
controlled temperature (25±1 °C) and photoperiod (12h 
Dark: 12h Light). The animals were dewormed with alben-
dazole (10 mg/kg body weight, orally) one week before 
use. The estrous cyclicity of rats was checked by observ-
ing the vaginal smear, daily morning and evening under 
the microscope (Long and Evans, 1922). Adult male rats 
with proven fertility (stud) were dewormed and allowed 
to mate with the females (1:2) at late proestrous phase. 
Presence of vaginal plug in the morning confirmed suc-
cessful mating and that day was considered as day ‘0’ of 
pregnancy, and the conceptus was considered as one day 
old, 24 h later  i.e., day 1 post-coitum (dpc) or gestaional 
day (GD 1). On PND1 the male pups were euthanized (3 
pups in each group from three sets of animals i.e. a total 
of 9 pups  in each group), testes were randomly dissected 
out and fixed in 4% para-formaldehyde solution for sec-
tioning followed by immunohistochemical localization of 
various key proteins associated with testicular differentia-
tion, whereas 10% neutral buffered formalin was used as 
fixative for histological analysis of testis.

2.2 Hematoxylin and Eosin Staining
Testes of newborn (PND1) rats were dissected and fixed 
in 10% neutral buffered formalin solution for 3 days. The 
tissues were embedded in paraffin and sectioned at 5 
μm thickness, and prepared for Harris’ hematoxylin and 
Eosin. The sections were mounted in Distyrene Plasticizer 
Xylene (DPX). The sections were examined in a Nikon 
Eclipse 80i microscope and photographs were obtained at 
400x magnification using Network Internet System (NIS) 
-imaging and capturing software (Nikon Instruments, 
Tokyo, Japan).

2.3 Immunohistochemical Analysis
PND1 rat testes for immunohistochemistry were ran-
domly selected after completion of treatment period from 
GD14 to GD21. Testes were fixed in 4% paraformaldehyde 
(Fisher Scientific, Mumbai, India) for 3 days, processed and 
embedded in paraffin at 58 ºC, sectioned at 5 μm thickness 
and stored at room temperature until processed for immu-
nostaining. The sections were deparaffinized by using 
xylene and rehydrated with different dilutions of alcohol in 
their descending percentages, then treated with 3% H2O2 
in methanol to suppress endogenous peroxidase activity. 
Antigen retrieval was performed by heating the sections 
in citrate buffer (1:10 dilution in deionized water, pH 6.0) 
(Sisco Research Laboratories, Mumbai, India). The avidin-
biotin peroxidase method was used for immunostaining54. 
The sections were incubated with 1% normal bovine serum 
albumin in TBS for 45 min to reduce nonspecific staining. 
Thereafter, the sections were kept for incubation over-
night at 4 ºC with specific primary antibodies (Santa Cruz 
Biotechnology, Santa Cruz, CA). The optimal working dilu-
tion of each antibody was determined by incubating sec-
tions with various concentrations of antibody ranging from 
(1:150 to 1:250 μL dilution). Following incubation with 
the primary antibody, the slides were washed in TBS (Tris 
Buffer Saline) and incubated with biotinylated secondary 
antibody anti-rabbit IgG or anti-goat IgG (1:300 μL) for 
1 hour at room temperature, and then with avidin-biotin 
peroxidase (1:200 μL) (Vector Labs, Burlingame, CA) for 
30 min. Further, the sections were exposed to 3, 3’ diami-
nobenzidine tetra-hydrochloride (DAB) (Impact, Vector 
Labs, Burlingame, CA), counterstained with hematoxy-
lin, and mounted with DPX (Sisco Research Laboratories, 
Mumbai, India).

The stained sections, after mounting, were observed 
in a Nikon Eclipse 80i microscope and photographed 
using NIS element software at 400x magnification. At 
least five 40x power fields were digitized for each sample 
with a NIS element software camera (Nikon Eclipse 80i 
microscope). The immunostained cells and the intensity 
of staining of each testicular subpopulation were consid-
ered to find the outcome in each group for analysis. 

2.4 Statistical Analysis 
All statistical analyses were performed using Prism (ver-
sion 6.0; Graph Pad Software, San Diego, CA). For com-
parison of control and CrVI-treated (50 ppm, 100 ppm and 
200 ppm) animals, one-way ANOVA followed by Newman 
Keuls post-test for multiple comparisons was used.
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3. Results

3.1 Measurement of Anogenital Distance 
(AGD) 
F1 progeny of mothers exposed to drinking water contain-
ing 100 ppm and 200 ppm CrVI during GD14 to 21 had 
decreased AGD as compared to coeval control rats. The 
AGD of 50ppm CrVI treated male rats were comparable 
to the control (Figure 1). 

3.2 Histological Changes 
Testis of control rats showed normal arrangement of the 
spermatogenic cords with mononucleate gonocytes and 
spindle-shaped mesenchymal cells having normal distri-
bution in interstitium (Plate 1A). F1 progeny of mothers 
who consumed drinking water containing CrVI mani-
fested various histopathological changes, which were 
exponential with increasing concentrations of the metal 
(Plate 1A-D). The F1 progeny of mothers exposed to 50 
ppm CrVI during gestational period showed unaltered 
histoarchitecture in general, except for loosening of tubu-
lar compaction and increased interstitial space (Plate 
1B), whereas neonates of mothers exposed to 100 ppm 
CrVI showed shrunken tubules with damaged SCs with 
highly vacuolated cytoplasm and increased interstitial 

space (Plate 1C). The neonatal rats of mothers exposed 
to the highest concentration of (200ppm) CrVI exhibited 
marked disruption of spermatogenic cells with appear-
ance of some multinucleate and vacuolated gonocytes 
(Plate 1D). The spermatogonial cells had increased het-
erochromatin in the 200 ppm CrVI treated neonatal rats. 

3.3 Immunohistochemical Changes
AMH exhibited strong signal within the seminiferous 
tubule of control rat testis retrieved on PND1 (Plate 2A); 
consistent with the fact that SCs are its source, intense 
AMH signal was seen in and around these support-
ive cells. However, the signal intensity decreased in F1 
 progeny of mothers exposed to 50 ppm, 100 ppm and 200 
ppm CrVI during gestational period (Plate 2B,C,D) 

Inhibin showed immunopositivity and strong signal 
of inhibin in seminiferous tubules (Plate 3A). Though the 
staining pattern in CrVI-treated pups bore resemblance 
to the testis of control rats, the signal intensity in 50 ppm, 
100 ppm and 200 ppm CrVI-treated rats decreased sig-
nificantly as compared to control (Plate 3B,C,D).

FSHR protein in F1 neonatal rats showed strong 
immunostaining in control rats (Plate 4A), whereas a sig-
nificant reduction in signal was observed in pups born to 
mothers who consumed drinking water containing CrVI 
during gestation (Plate 4B,C,D). 

The LHR protein showed no immunopositive signal 
in the testis of F1 neonatal rats of either control or CrVI 
treated group (Plate 5).

 PND1 rat pups belonging to the control groups 
exhibited no conspicuous immunosignal of AR protein in 
the interstitium, peri-tubular myoid (PTM) cells and SCs 
of newborn control rat testis. Coeval rats born to moth-
ers with gestational exposure to CrVI also showed very 
weak signal in the interstitium and PTM, especially in the 
group exposed to 200 ppm CrVI (Plate 6). 

ERα protein exhibited strong signal in tubular com-
partment as well as in interstitial cells of control neona-
tal rat testis. On the other hand, F1 progeny of mothers 
with gestational exposure to CrVI revealed decreased sig-
nal intensity in a dose-dependent manner, compared to 
coeval control in the order of control >50 ppm > 100 ppm 
> 200 ppm CrVI treated groups (Plate 7).

Neither control nor experimental rats with exposure to 50 
ppm and 100 ppm CrVI showed any immunopositivity for 
ERβ. However, neonates born to mothers in 200 ppm group 
showed ERβ positivity in a few interstitial cells (Plate 8).

Figure 1. Impact of gestational exposure to CrVI on the 
AGD of neonatal rats. X-axis indicates doses of CrVI;the 
bar above each histogram denotes the SEM of five animals 
; alphabets above each histogram indicate the statistical 
significance of difference between means;same alphabets 
in two means indicate no significance,whereas different 
alphabets indicate statistically significant difference at 
p<0.05 between the two means.
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 LCs of neonatal control rat testis showed immu-
nopositivity of StAR protein, whereas F1 progeny of 
mothers in 50 ppm, 100 ppm and 200 ppm CrVI treated 
groups exhibited increased signal intensity in SC cyto-
plasm along with LCs (Plate 9).

The control and F1 neonates of mothers in 50 ppm 
CrVI treated group showed immunopositivity of 
CYP11A1 protein in LCs, and the intensity of the signal in 
both groups was comparable, whereas the signal intensity 
increased in 100 ppm and 200 ppm CrVI treated groups, 
not only in interstitial LCs but also in intraluminal com-
partment containing SC component. The shift in enzyme 
signal was more pronounced in SCs than interstitial LCs 
in the neonatal rats of mothers in 200 ppm CrVI group 
(Plate 10).

The interstitial LCs of neonatal control rats showed 
immunopositivity for 3βHSD protein, whereas F1 prog-
eny of mothers exposed to CrVI during gestational period 
exhibited diminished signal compared to coeval control 
in a dose-dependent manner. The intensity of the signal 
was in the order: control > 50 ppm > 100 ppm > 200 ppm 
(Plate 11).

The immunopositivity of CYP17A1 protein exhib-
ited strong signal in the interstitium of control testis, 
which decreased in CrVI-treated rats. While decreased 
CYP17A1 signal intensity was observed in 50 ppm CrVI 
treated group, testicular cells of newborn rats of moth-
ers in 100ppm and 200ppm CrVI treated groups did not 
show any immunopositive signal for CYP17A1 protein 
(Plate 12).

Immunostaining for P450 aromatase protein showed 
positivity in LCs and a weak signal within the seminif-
erous tubules of neonatal control rats and 50 ppm CrVI 
treated group. On the other hand, neonates of mothers 
with gestational exposure to 100 or 200 ppm CrVI exhib-
ited no or very weak signal of aromatase, compared to 
coeval control (Plate 13).

 The immunohistochemical localization of c-fos 
showed intense staining in the tubular compartment as 
well as LCs of control neonatal rat testis. The F1 progeny 
of mothers with gestational exposure to CrVI exhibited 
diminished intensity in a dose-dependent manner, in the 
order: control > 50 ppm > 100 ppm > 200 ppm (Plate 14).

c-Jun protein, showed immunopositivity in the tubu-
lar and interstitial compartments of control rat testis, the 
intensity of which decreased in F1 neonatal rats of moth-
ers with gestational exposure to CrVI (Plate 15).

4. Discussion
The histological pictures clearly attest interruption in the 
testicular differentiation process in newborn F1 progeny 
rats of mothers who consumed drinking water contain-
ing CrVI at concentrations higher than the safe limit pre-
scribed by US EPA21. The changes that appeared in the 
seminiferous cords of fetal testis suggest that CrVI expo-
sure during the critical window of differentiation inter-
feres with the normal development of testicular structure. 

Another important finding of the present study is that 
gestational exposure to CrVI may alter the male pheno-
typical characters in the progeny. This could be deduced 
from shortened AGD, a biomarker for male phenotype, 
which is longer in males than in females attesting its 
androgenic control55. AGD is known to be shortened in 
male rats exposed to numerous endocrine disruptors 
during prenatal period56. Puberty acceleration, sex dif-
ferentiation and secondary sexual characters in rodents 
are marked by the AGD57 which is under the control of 
androgens58. Thus, reduced AGD has been considered as 
a proxy indicator of decreased testosterone level59. The 
reduction of AGD in male rats with gestational exposure 
to flutamide, an anti-androgen, was attributed to sub-
normal androgen status56. Therefore, decreased AGD 
observed in the present study in new-born (PND1) rats 
of mothers exposed to CrVI during gestational period 
suggests that the heavy metal treatment has modified the 
androgen-dependent male phenotype. Our earlier report 
has shown sub-normal testosterone level in adult F1 
progeny of mothers with gestational exposure to CrVI10. 
Presumably, the F1 neonatal male progeny rats of the pres-
ent study might also have been in a state of skewed andro-
gen status during the critical window of fetal testicular 
differentiation, resulting in reduced AGD. 

Sexual differentiation, particularly masculinization 
programming window, is driven by anti-Mullerian hor-
mone (AMH) and androgens secreted by fetal testis60,61. 
The earliest event in the testis differentiation beginning 
at GD14 in rat is the appearance of seminiferous cords 
within the gonadal ridge where the first appeared SCs 
undergo differentiation62,63; these fetal SCs secrete the 
essential male factor AMH which facilitates masculiniza-
tion of the fetus by degenerating Mullerian duct60 and, 
thus, ensure the development of male reproductive sys-
tem under the direction of androgens61. Fetal SCs secrete 
AMH until birth, even after regression of Mullerian 
ducts64,65. Therefore, subnormal level of AMH detected in 



99

Ajit Kumar Navin, Navaneethabalakrishnan Shobana, Sankar Venkatachalam,  
Mohammad Abdulkader Akbarsha, Sakhila K. Banu and Mariajoseph Michael Aruldhas

Journal of Endocrinology and ReproductionVol 21 (2) | December 2017 | http://www.informaticsjournals.com/index.php/jer/index

experimental rat pups of the present study may suggest 
that gestational exposure to CrVI might interfere with sex 
differentiation process. Studies performed in our labora-
tory have clearly shown the predominance of female pups 
born to mothers with gestational exposure to CrVI66,67. 
The manifestation of LC hyperplasia and infertility have 
been reported in Amh  knockout mice68 indicating the 
role of AMH in regulating fetal LC function69. In the fetal 
testis, both AMH and testosterone coexist in higher con-
centrations70. Moreover, AMH is an impeccable marker 
for SC differentiation as its expression sharply drops dur-
ing the perinatal and prepubertal period71. The hormone 
dependence of masculinization renders this process sus-
ceptible to disruption by factors interfering with hormone 
production72. Taken together, the findings of the present 
study, such as decreased AMH and diminution of andro-
gen status evident from reduced AGD, and steroidogenic 
proteins (3βHSD and CYP17A1) and hormone receptors 
(LHR and FSHR ) suggest that CrVI might have evoked 
an adverse effect on the fetal masculinization process by 
affecting differentiation of testicular cell types. 

Another peptide hormone secreted from SCs is 
inhibin, first detected on GD14.5 in fetal rat73, which selec-
tively suppresses FSH secretion74. Fetal FSH stimulates SC 
proliferation, and secretion of AMH and inhibin75. Based 
on diminished level of inhibin in the F1 newborn rats of 
mothers exposed to CrVI during gestational period, one 
may anticipate a possible shoot-up in FSH secretion and 
action on the testis. However, decreased FSHR noticed 
in the testis of the progeny of mothers with gestational 
exposure to CrVI in the present study goes against this 
suggestion. Thus, gestational exposure to CrVI, particu-
larly during the male programming window, might have 
altered sexual differentiation by altering hormonal status 
and, thus, testicular function in F1 rats. 

Immunohistochemical studies on gonadotropin 
receptors revealed that the testis of newborn (PND1) rats 
express both Fshr and Lhr with the former being predom-
inant. FSH interacts through its specific receptor on SCs, 
the number of which begins to rise by GD 20 in rodents76. 
Fshr mRNA is first detected at GD14.5 in SCs, and 
responds to FSH from GD15.5 onwards in rats77,78. SCs 
divide during the fetal and neonatal periods and cease 
to proliferate by PND17–18 in mice.79 The proliferation 
of SCs is FSH-dependent during late fetal life in rats as 
decapitation or treatment with anti-FSH of rat fetuses at 
GD18.5 led to a decreased proliferation of SCs at GD20.5 
and GD21.5, which was rescued by injections of FSH51,80. 

FSHR -/- mice had reduced number and proliferation 
index of SCs at birth suggesting that fetal FSH promotes 
the proliferation of SCs81. The FSH dependent prolifera-
tion of SCs during late fetal life has also been validated 
in the rats80,82. Thus, FSH and its receptor play a crucial 
role in the proliferation and functional differentiation of 
fetal SCs. Therefore, decreased level of FSHR noticed in 
F1 progeny of mothers with gestational exposure to CrVI 
may be expected to have adverse effect on testicular dif-
ferentiation by affecting the proliferation and functional 
differentiation of SCs. Histological pictures of the testis 
and secretory proteins of SCs of these animals may attest 
this suggestion.

The c-Fos and c-Jun are members of the AP-1 family of 
transcription factors (TFs) that stimulate the expression 
of genes in rat SCs83. Fshr gene in rat, mouse and sheep 
contain a number of important regulators including AP-1 
site in the core promoter region84. Therefore, diminution 
of Fshr protein detected in the testis of neonates with pre-
natal exposure to CrVI may be linked to reduced level of 
c-Fos and c-Jun proteins. The reduction in Fshr may be 
attributed to defective SC proliferation and function in F1 
progeny of mothers exposed to CrVI during pregnancy.

Lhr in fetal LCs is first detected on GD 16.5, and sig-
nificant amounts of LH are not seen until testosterone 
begins to decrease towards the end of gestation85,86. In 
addition, the male reproductive tract of Lhr knockout 
mice was similar to control animals at birth, supporting 
LH-independent production of testosterone87. The differ-
entiation of FLCs does not require stimulation by LH88,89 

and, thus, lack of LH or LHR may not perturb FLC func-
tion or fetal gonadal development90,91. Since LH does not 
play role in steroidogenesis during fetal period, the unal-
tered level of LHR in the neonates due to CrVI exposure 
in the present study may not be of any significance. 

The FLCs contain most of the steroidogenic pro-
teins/enzymes such as StAR, CYP11A1, 3βHSD III and 
CYP17A1 except 17βHSD III which is located in SCs 
and converts androstenedione to testosterone92,93. During 
normal fetal development, intra-testicular testosterone 
level increases steadily from GD15.5 onwards with a peak 
on GD19.5 and subsequently declines on PND194. In LCs, 
the translocation of cholesterol to the inner mitochondrial 
membrane is mediated by the transduceosome complex, 
an assembly of proteins including a marker trans-mem-
brane protein StAR95,96, to facilitate the conversion of cho-
lesterol to pregnenolone by enzyme CYP11A197,98. The 
augmented immunosignal of StAR and CYP11A1 and an 
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opposite trend in other components of steroidogenesis 
such as 3βHSD, CYP17A1 and P450 aromatase in the LCs 
of newborn rats of mothers exposed to CrVI during preg-
nancy indicate enzyme/protein specific interference. This 
might jeopardize steroidogenic activity in neonates with 
gestational exposure to CrVI. In addition, it is interesting 
to notice the shift of enzyme signal to the intraluminal 
compartment of the testis in pups of mothers with ges-
tational exposure to CrVI, which appears to be a devise 
to cope up with the cellular stress generated due to CrVI 
toxicity. The attendance of StAR and CYP11A1 immuno-
signal in other than LCs in rats exposed to CrVI is consis-
tent with the findings that expression of these proteins in 
SCs is a protective stress response99, 100. 

 3βHSD and CYP17A1 enzymes of steroidogenic 
machinery catalyze conversion of pregnenolone to pro-
gesterone and progesterone to androstenedione, respec-
tively101,102. Reduced immunodetection of 3βHSD and 
CYP17A1 clearly points out that gestational exposure to 
CrVI might have led to subnormal production of steroids. 
In addition, even the available substrate (pregnenolone) 
also might not have been utilized for the synthesis of 
progesterone and androstenedione since CrVI treatment 
had decreased the level of both 3βHSD and CYP17A1. 
Moreover, enhanced levels of StAR and CYP11A1 seen in 
CrVI treated pups might have been an attempt to coun-
terbalance the decreased levels of 3βHSD and CYP17A1. 
Thus, our findings clearly indicate interference of CrVI at 
each level of steroidogenic pathway. 

Fetal and neonatal testicular cells possess P450 aromatase, 
ERα and ERβ103-106, which are known to regulate differen-
tiation of testicular cells during late gestational period, and 
inhibit the number and activity of somatic and germ cells107, 
Fetal and neonatal testes are estrogen sensitive, as the inacti-
vation of ERα increased steroidogenesis, whereas ERβ inacti-
vation enhanced development of the germ cell lineage in the 
male107. ERα knockout mice (ERαKO) showed increased tes-
tosterone production by the fetal testes as early as GD13.5108. 
The activity of FLCs increased by inactivation of the ERα 
gene causing hypertrophy of these cells and augmented 
expression of genes transcribing steroidogenic enzymes108. 
ErβKO mice showed increased number of gonocytes after 
birth due to boosted proliferation and decreased apopto-
sis.109,110 Therefore, diminution of P450 aromatase and ERα, 
and augmented ERβ (200 ppm CrVI) in the rats exposed 
to might have also adversely affected the somatic and germ 
cells population, and functionality of FLCs by perturbing the 
expression of steroidogenic protein/enzymes, and thus cel-

lular differentiation of fetal testis. Data on AR suggest that 
CrVI exposure did not modify this nuclear hormone recep-
tor in any significant manner.

5. Conclusion
Taken together, the findings on enzymatic / non-enzy-
matic proteins of the steroidogenic apparatus, along with 
hormone receptors and peptide hormones AMH and 
inhibin, support our hypothesis so as to conclude that 
exposure of pregnant mothers to drinking water contain-
ing high concentration of CrVI much above the permissi-
ble safe level may disrupt the fetal endocrines controlling 
differentiation of the testis and male phenotype. 
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Plate 1. Testicular histology at PND1. (A) Testis of new born control rats showing seminiferous tubules with gonocytes 
surrounded by SCs around the periphery, and LCs present in the interstitial spaces. Testis of CrVI-exposed pups shows lack of 
compaction, and constricted tubules with large interstitial spaces (double-headed arrow). (B) Gestationally exposed to CrVI 
(50 ppm). Little if any change is indicated. (C & D) Testis of pups which had exposure to the higher doses of CrVI (100 & 200 
ppm) exhibit reduced number of gonocytes. Gonocytes are located centrally in the seminiferous tubules due to vacuolization 
of SC cytoplasm (black single-headed arrow). Multinucleate gonocytes (red-forked arrow) are also visible in testes of pups 
whose mothers had exposure to 200 ppm CrVI. Hematoxylin and Eosin (H&E) staining. Original magnification: 400x.

Plates 2-3. Immunohistochemical localization of AMH (Plate 2) and inhibin (Plate 3) proteins in testis of PND1 rats. The 
AMH protein shows strong immunostaining within the tubule of control rat testis (A) as compared to all groups treated with 
CrVI. The F1 progeny of mothers with exposure to the high dose (200 ppm) CrVI show atrophied and constricted tubules 
(Plate 2). Inhibin protein shows strong immunopositivity in seminiferous tubules of control rat testis (A), whereas decreased 
intensity in all the treatment groups (B, C, D) as compared to control (Plate 3). Original magnification: 400x.

Plates 4-5. Immunostaining of FSHR protein shows intense signal in the SCs of control neonate testis (A) and very weak/
no immunostaining in the testis of F1 progeny rats of mothers with transient gestational exposure to CrVI (B, C, D) (Plate 4). 
LHR protein shows no immunosignal in LCs of either control or F1 neonates of mothers exposed to 50 ppm, 100 ppm and 200 
ppm CrVI (Plate 5). Original magnification: 400x.
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Plates 6-8. Neonate testis at PND1 immunostained for AR, ERα and ERβ. The AR signal shows intense staining in 
the interstitium, peri-tubular myoid (PTM) cells and weak/no staining in the SCs of neonatal testis of 200 ppm CrVI-
treated rats as compared to coeval control, 50 ppm and 100 ppm CrVI-treated testis (Plate 6). The ERα immunostaining 
shows its presence in the tubular compartment as well as interstitial LCs in the testis of control rats. The changes in the 
immunohistochemical staining show a progressive decrease in a dose-dependent manner in CrVI treated pups (Plate 7). ERβ 
shows immunopositivity in testis, particularly in LCs, of F1 progeny of mothers exposed to 200 ppm CrVI only (D) (Plate 8). 
Original magnification: 400x.

Plates 9-10. Immunohistochemical detection of steroidogenic protein StAR and CYP11A1 enzyme. The immunopositive 
signal of StAR protein appears in the LCs of control rats, whereas all CrVI treated neonates exhibit higher intensity as 
compared to coeval control. There is also a shift in the enzyme signal into the intra-luminal compartment containing SCs 
with mild staining in 50 ppm and maximally in 100 ppm and 200 ppm CrVI treated group (Plate 9). CYP11A1 shows 
immunopositivity in LCs of control and 50 ppm CrVI treated groups and are comparable; 100 ppm and 200 ppm CrVI treated 
groups exhibit increased signal intensity with shift in the enzyme signal into the intra-luminal compartment of seminiferous 
tubule (Plate 10). Original magnification: 400x. 
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Plates 11-13. Immunohistochemical detection of steroidogenic enzymes 3βHSD, CYP11A1 and P450 aromatase. Intense 
signal of 3βHSD appears in LCs of control rats (A) and progressively diminishes in intensity in pups with gestational exposure 
to 50 ppm, 100 ppm and 200 ppm CrVI (B,C,D) compared to control (Plate 11). The steroidogenic enzyme CYP17A1 shows 
immunostaining in the interstitium as well as in tubular compartments of control testis (A), marked decrease in signal 
intensity of 50 ppm CrVI treated rats (B) and no visible detection in F1 progeny of mothers with gestational exposure to 100 
ppm (C) and 200 ppm (D) CrVI (Plate 12). P450 aromatase protein shows strong intensity within seminiferous tubules and 
LCs of neonatal control rats and 50 ppm CrVI treated group; no signal is seen in the seminiferous tubules and LCs of 100ppm 
CrVI group, whereas 200 ppm treated group shows decreased intensity of aromatase in LCs only (D) compared to control 
(Plate 13). Original magnification: 400x.

Plates 14-15. Immunohistochemical detection of c-Fos and c-Jun proteins. c-Fos shows strong immunopositivity in the 
tubular and interstitial compartments of control rat (PND1) testis; however, testis of F1 neonates with gestational exposure 
to 50 ppm, 100 ppm and 200 ppm CrVI shows progressively diminished signal (Photomicrograph 13). Strong c-Jun signal 
intensity appears in the tubular as well as interstitial compartments of control rat testis, and no signal in F1 neonatal rats of 50 
ppm, 100 ppm and 200 ppm CrVI exposure groups. (Plate 15). Original magnification: 400x.


