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Abstract
Male fertility can be defined as the ability of the male reproductive system to impregnate a woman, while 
infertility is the condition of a married couple who have been married for one year or more and have had sexual 
intercourse regularly or without using contraception but do not have a pregnancy or offspring. About 10% of 
married couples experience infertility. The main organ of male reproduction is the testes because in the testes 
the process of forming spermatozoa and the hormone testosterone occurs. The hormone testosterone plays a 
direct role in the continuity of spermatogenesis. Testosterone is produced through a series of steroidogenesis 
mechanisms in testicular Leydig cells. Several factors influence the course of steroidogenesis such as Leydig 
cells, steroidogenesis proteins, related genes to the influence of free radicals. These factors are closely 
related to diet and lifestyle. This study is important to understand in efforts to prevent infertility in men.
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Introduction

The health of the reproductive and sexual systems 
is closely related to mental, physical attitudes, and the 
social relations of each individual. The incidence of 
sexual dysfunction (SD) is estimated to be able to affect 
the sexual activity of men aged over 40 years by 52% 
and has the same potential for fertility in men aged under 
30 years. Feldman et al.1)A decrease in reproductive 
function in men can be indicated by a decrease in the 
quality and number of spermatozoa which can be used 
as biomarkers for male reproductive health (2). Disease 
and lifestyle such as cardiovascular disease, obesity, 
depression, anxiety, and smoking are some examples 

of “classic” risk factors that correlate with reproductive 
and sexual system problems(3).

Spermatogenesisis a biochemical process in 
the body thatisregulated and acted on by endocrine 
hormones and several other related regulatory factors 
such as Luteinizing Hormone (LH), Folliclestimulating 
hormone (FSH), and testosterone and growth hormone 
in men.Spermatogenesisisfacilitated by the presence of 
other hormones, but only the hormone testosteroneplays 
a very important role in maintaining and maintaining the 
stability of the spermatogenesis process. Testosterone 
can beproduced by changingcholesterolthrough a 
steroidogenesis process initiated by the StARprotein 
(Steroidogenic Acute Regulatory Protein). StAR protein 
works under the stimulation of Luteinizing Hormone 
(LH) in mobilizing and transporting cholesterol to the 
inner membrane of the mitochondria of Leydig cells(4). 
Research shows thatthere are severalrolesplayed by the 
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StARprotein as a biomarker of steroidogenesisactivity, 
one of whichisthat the inhibition of thisproteinis capable 
of causing disruption of the hypothalamus-pituitary-
testis axis whichsubsequently impacts LH secretion(5,6). 
Apart fromstimulating the performance of Leydig Cells 
for Steroidogenesis, LH togetherwithandrogensalsoplay 
an important role in the proliferation and differentiation 
of Leydig cells(7). 

Currently, disease monitoring usingbiomarker and 
molecularapproaches has been widelypracticed in the 
field of healthresearch and clinical practice. One of 
the uses of biomarkersthat can bedone in monitoring 
sexual and reproductive healthisthroughunderstanding 
the pattern of steroidogenesis. The steroidogenesis 
process isregulated at variouslevels, especially at the 
level of transcription of genesencodingsteroidogenic 
enzymes as well as severalco-factors to post-translationa
lproteinsassociatedwithSteroidogenesis. Understanding 
of steroidogenesisfactors can alsobefacilitated by 
identifyinggeneticlesions/defectsthat can disruptthis 
process. An understanding of steroidogenesisisvery 
important to be able to determine the occurrence 
of sexualdifferentiation, reproduction, fertility, 
hypertension, obesity, and physiologicalhomeostasis(8).

In thisreview, wewillprovide information and 
some important findingsregarding the mechanism, 
disordersfactors, genefunction, and the role of 
steroidogenesis in male fertility. Severalexamples of 
research on Steroidogenesisdisorderswillalsobepresented 
in thisreview.

Methods

This studyisbased on the results of 
scientificresearchrelated to Steroidogenesis published 
from various local and international scientific sources, 
thesis, and dissertation. The internet isalsoused for data 
collection that has been published in various scientific 
journals(9). 

Testis and Leydig Cells

The testes are the reproductive organs in male and 
male animals. Men have two testes that are wrappedwith 

a scrotum. In mammals, the testes are locatedoutside the 
body, are connected by the spermatic tubule, and are 
locatedinside the scrotum. This is consistent with the 
factthat the spermatogenesis process in mammalsis more 
efficient at temperatureslowerthan body temperature 
(<37°C). The testes are covered by a fibrous layer called 
the Tunica Albuginea. In the spermatic tubule, thereis 
a cremaster muscle whichwhencontractedwill lift the 
testiclecloser to the body. When the temperature of 
the testicleswillbelowered, the cremaster muscles will 
relax and the testes will move awayfrom the body. This 
phenomenonisknown as the cremaster reflex(10,11).

The testes have two main functions, namely, 
where spermatogenesis and steroidogenesis occur. 
Spermatogenesis occurs in a structure called the 
seminiferous tubule. These tubules are grooved in 
lobules where all the ducts then leave the testis and 
enter the epididymis. Androgen production by Leydig 
cells contained in the interstitial space. The hormones 
testosterone and spermatozoa are the two main products 
of the testes. The seminiferous tubule is the site of the 
Spermatogenesis process and Leydig cells which have 
a role in producing the hormone testosterone are located 
in the cavity between the seminiferous tubules. Leydig 
cells can be a single number or in groups. Apart from 
Leydig cells, there are also cells in the interstitial space 
such as macrophages, master cells, fibroblasts, nerves, 
and endothelium cells. Leydig cells are surrounded by 
fibroblasts, macrophages, and binding tissue (12).

Biomarker Related to Steroidogenesis

The regulationcarried out by steroid hormones 
includesvariousprocessesboth in development 
and physiology from the fetal phase to the adult 
phase. All components of steroid hormones are 
synthesized from cholesterol and have a structure 
known as Cyclopentanophenanthrene. This structure 
wasdiscovered in the 1930s and became a precursor to 
the understanding of steroidogenesis(13). 

Substantially, studies have focused more on the 
performance of steroid hormones than on how theyoccur. 
This couldbebecausesteroids are a widelyuseddrug and 
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somethinkthatsteroid hormone disruption onlyoccurs in 
people with rare geneticlesions. Advances in science and 
technology, especially in the healthsector, have succeeded 
in providing the latest information regardingsteroidogenic 
enzymes and the role of theirgenesused in the 

diagnosis of certain diseasessuch as hypertension and 
polycysticovary syndrome throughthisapproach(13). A 
list of genes in humansthat can beused as biomarkers 
in studyingsteroidogenicfunctionispresented in Table 1 
below. 

Table 1. List of humangenescoding for enzymes and steroidogenic and theirrolesthatpotentialcan beused as 
a reference for biomarkers

Enzyme Gene
Gene 
size 
(kb)

Function and References

StAR STAR 8 Steroidogenesis, cholesterol transports to cytochrome P450scc in the inner 
mitochondrial membrane(14)

P450scc CYP11A1 30

Catalysis of the synthesis of cholesterol, sex hormones, and othersteroid 
hormones such as estrogen, testosterone, aldosterone, and cortisone(15) 
Loss of enzyme activitywill cause hermaphroditism, decreased estradiol, 

decreasedtestosteronewhich leads to male fertility.

P450c11β CYP11B1 9.5 Neurosteroidbiosynthesisexpressed in the brain(16)

P450c11AS CYP11B2 9.5 Gene expression occursonly in the adrenal zona glomerulosa and has an 
important role in adrenalsteroidogenesis(17).

P450c17 CYP17A1 6.6 Androgensynthesisregulator and the only enzyme that has the capacity to 
convert the C21 precursor to the androgenprecursor, 17-ketosteroid(18).

P450c21 CYP21A2 3.4 Synthesis of cortisol, as well as a decrease in this enzyme, causes 
congenitaladrenal hyperplasia(19). 

P450aro CYP19A1 130 Regulates the calcium-binding protein, calbindinwhich has the potential to 
determinesexuallydimorphicbrain structures(20)

3 β HSD1 HSD3B1 8 Synthesis of potentintratumoralandrogensfromextragonadalprecursors(21)

3 β HSD2 HSD3B2 8
Adrenal and gonadalsteroidbiosynthesis and deficiency/mutation of 

thesegenes and enzymes will cause a rare disease of congenitaladrenal 
hyperplasia(22).

11 β HSD2 HSD11B2 6.2
Blood pressure regulationactivates 11-hydroxy steroids in the kidneyso as 
to protect non-selectivemineralo-corticoid (MR) receptorsfrom occupation 

by glucocorticoids(23)
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11 β HSD1 HSD11B1 7
Regulation of conversion from inactive cortisone to active cortisol. 

Thus, this enzyme isconsidered an effective marker for the treatment of 
diabetes(24).

17 β HSD1 HSD17B1 3.3
Synthesis of estradiol and currentlyknown inactivation of 

dihydrotestosterone (DHT), whichexhibits dual function in breast cancer 
cellproliferation(25).

17 β HSD2 HSD17B2 63 Estradiol estrogenmetabolism(26)

17 β HSD3 HSD17B3 67 Markers are used in endocrine evaluation in prepubertal patients by 
measuringlevels of androstenedione and testosterone(27)

17 β HSD6
(RoDH)

HSD17B6 24.5 Regulation of retinoidhomeostasis in the eye(28)

AKR1C1 AKR1C1 14.3
Accelerate the progesteronemetabolism to 20α-hydroxyprogesterone in 

cervical fibroblasts. The increase in thisgene can impact the possibility of 
prematurebirth(29)

AKR1C2 AKR1C2 13.8 Progesteronereceptors(30)

AKR1C3 AKR1C3 13.0 Producingintratumoraltestosterone and 17β-estradiol by reducingandrogen 
and estrogenprecursors(31)

AKR1C4 AKR1C4 22.1 Specificfunctionsrelated to the liver can alsobeassociatedwithhypomanics in 
men(32–34)

5α-Reductase 1 SRD5A1 36 Trans-activation of androgenreceptors and inhibitors in the treatment of 
benign prostate disease(35)

5α-Reductase 2 SRD5A2 56 Testosterone production and deficiency of this enzyme have an impact on 
male fertility(36)

SULT2A1 SULT2A1 17 Contributes to the metabolic activation of procarcinogens and 
iswidelyexpressed in the liver, small intestine, and adrenal cortex(37)

PAPSS2 PAPSS2 85 Contributesphysiologically to androgen activation(38)

P450-oxidoreductase POR 69 Steroid hormone metabolism and deficiency of this enzyme can lead to 
impairedsexualdevelopment(39)

Ferredoxin FDX1 35 The main regulator of mitochondrial steroidogenesisattempted in the 
zebrafishinterrenal glands(40)

Cont... Table 1. List of humangenescoding for enzymes and steroidogenic and theirrolesthatpotentialcan 
beused as a reference for biomarkers
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Ferredoxinreductase
FDXR

11 Steroidbiogenesis(41)

Cytochrome b5 CYB5A 32 Steroidogenesisregulates and has a number of functions in clinical 
conditions(42)

H6PDH H6PD 36.5 Glucocorticoidsynthesis and possiblyotherroles in electrontransfer for the 
steroidogenic enzyme P450(43)

Note: Enzyme, Gene, and Gene Size sourcedfrom Miller and Auchus et al.(13) 

Cont... Table 1. List of humangenescoding for enzymes and steroidogenic and theirrolesthatpotentialcan 
beused as a reference for biomarkers

SEVERAL FACTORS INHIBITOR OF 
STEROIDOGENESIS PROCESS

Severalfactors can cause Steroidogenesisdisorders 
in men, including:

a. Decrease in the Number and Function of Leydig 
Cells

The incidence of infertility in men is a 
fundamentalproblemfrom the initial failure of the 
spermatogenesis process(44,45). Geneticfactors are only 
a small part of severalfactorscausing the decrease in 
the number of Leydig cells(46–48). One indicatorthat 
can beused as a basic referenceregarding the potential 
for male infertilityislowserumtestosteronelevels(49). 
In addition, the decline in the function of Leydig 
cellswithincreasingageisalso the reason for the incidence of 
infertility in men (50)but untilnowthisisstillbeingdebated. 
This isevidenced by the results of researchfrom 
Petersen et al(51)whoconductedexperimentsusing male 
subjects of variousages and paid attention to the total 
number of Sertoli and Leydig cells in their testes. 
Theseresultsindicatethatthereis a significantdecrease 
in the number of Sertolicells as men age. It 
isinterestingthattherewas no decrease in Leydig cellswith 
a unilateralmeannumber of 99 × 106 (range: 47 × 106 to 
245 × 106, coefficient of variation (CV) = 0.48).

Food has been reported to reduce the number of 
Leydig cells in severalstudies. As reported by Dantas 
et al(52)thatfoodcontaminated by synthetic herbicides 
such as Ametryn can cause reproductive performance 
disorders (decreased Leydig cells, lipidperoxidation, 
Superoxide dismutase, catalase) and animal life (male 
Wistar rats). Consumption of foods high in fat can also 
cause a decrease in the number and diameter of Leydig 
cells in male Wistar rats(53).

b. Adrenal steroidogenesis defects

The incidence of defectiveadrenalsteroidogenesis 
can cause impairedsexualdevelopment. This incident 
not only affects the disruption of sexualdevelopment but 
isalso capable of causingmild to severedisturbances in 
the synthesis of glucocorticoids and mineralocorticoids. 
Therefore, an examination of glucocorticoids and 
mineralocorticoids can bedone to find out information 
about steroidogenesisdefects in patients.

c. StAR protein

Steroidogenic acute regulatoryprotein (StAR) is a 
mitochondrial proteinthat has a molecularweight of 30 
kDa in the adrenal and gonads and plays an important 
role in facilitating the rapidmovement of cholesterolfrom 
the outside to the innermitochondrial membrane(54). On 
the other hand, StARprotein has a characteristicrole in 
regulatingsteroidbiosynthesis in steroidogenic tissues(55).
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The role of StAR in regulatingsteroidogenesis has 
been demonstrated in patients suffering from congenital 
lipoidadrenal hyperplasia (lipoid CAH), an autosomal 
recessive disorder that causes impairedadrenal 
and gonadalbiosynthesis due to mutations of the 
StARgene(56–58). Recentresearch has shownthat 
hormone-sensitive lipase (HSL), a neutral cholesteryl 
ester hydrolase (NCEH), plays an important role in 
regulating the expression of the StARgene in adrenal 
and gonadalcells(59).

The results of other studies confirm that StARprotein 
plays an important role in the steroidogenesis process. 
According to the results of research by Walsh et 
al.(60)usingenvironmentalpollutants, organochlorine 
insecticide lindane and organophosphate insecticide 
Dimethoate on MA-10 cells  directlyinhibits  the 
expression of StARprotein which correlates 
withsteroidogenesis in Leydig cellsduringconsumption. 
vegetable and fruit products contaminated with 
insecticides.

d. Free radicals by cytochrome P450

Free radical production and lipidperoxidation are 
potential initial mediators in the physiologicalprocesses 
of the testes and their disruption. Increasedlevels 
of ReactiveOxygenSpecies (ROS) are seenin 80% 
of infertility men. Certain levels of free radicals are 
necessary for normal spermfunction, but in excess, they 

can have a detrimentaleffect on the steroidogenesis 
process. Oxidative stress can occurwhen an imbalance 
arises between the process of free radical formation 
and antioxidantlevels in the male reproductive system, 
especially in the spermatogenesis process. 

DEVELOPMENT OF STEROIDOGENESIS 
RESEARCH IN ANIMAL STUDIES

Currently, molecularmechanisms have led to the 
use of biomarkers in understanding the function of 
steroidogenesis in the testes. Severalgrowthfactorssuch 
as fibroblasts 9 (FGF9) are alsoreported to be able to 
beused as an indicator of earlygonadaldevelopment and 
testicularsteroidogenesisfunctionduring the process of 
sexualmaturity(61). The role of the steroidogenesisgene 
can beidentifiedfrom histone H3K9 trimethylation 
(H3K9me3) whichwasstudied in vivo in rat testes 
exposed to arsenic for a long time. The function of 
steroidogenicgenessuch as Lhr, Star, P450scc, Hsd3b, 
Cyp17b, and Aromdecreasedafter arsenic exposure, 
but increased histone H3K9me3 methyltransferase. 
Theseresultsindicatethat arsenic exposureis able 
to suppresssteroidogenicgene expression by 
activating the H3K9me3 status in the process of 
inhibitingsteroidogenesis in rat testes (62). The following 
are some of the results of research reports on the effects 
of severaltoxic substances on steroidogenesis in the 
testes (Table 2).

Table 2.Effects of severaltoxic, drug, and chemical exposures on testicularsteroidogenesis in several Animal 
trial research

No Animal 
subject Material induction (dose & duration) Results and References

1 Male 
guineapig

Exposure to aluminum (300 mg AlCl3 / L) 
and fluoride (150 mg NaF / L) orally for 13 

weeks

Fluoride exposure can induce a decrease in testosterone 
and sperm count as well as downregulation of 

Steroidogenesisgenessuch as StAR and P450scc. Al 
isonly able to attenuate the toxicityeffects of F to a certain 

time(63)

2 Male mice

Copper sulfate pentahydrate (CuSO4.5H2O, 
200 mg / kg, p.o) wasgiven for 90 days. And 
three groups weregiventreatmentwithTribu
lusterrestrisextract (TTE) (10 mg / kg, p.o); 

Enalapril (30 mg / kg, p.o), and Losartan (10 
mg / kg, p.o).

TTE and Enalapril can protectagainst damage to 
testicularsteroidogenesiscaused by excessexposure to Cu, 
sothey can bedeveloped as prophylacticdrugs of choice in 

the face of hypertension and testiculardysfunction(64)
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3

3-month-
old rams 

(pre-
puberty)

Eight rams wereused as control and 
eightothersweregivenlinseedoil (LO) (4% dry 

matter of total feed) for 81 days.

LO administration was able to increase the development 
of the testes (seminiferous tubules and the number of 

Sertolicells) during the peri-pubertyperiodwith the 
expression of expressions related to Steroidogenesis in the 

testes of rams(65)

4
Male 

golden 
hamster

Male hamsters wereexposed to 
differentphotoperiod conditions, 

namelycritical (CP; 12.5L: 11.5D); short 
days- (SD; 8L: 16D) and Long days- (LD; 

16L: 8D) for 10 weeks

Photoperiod by regulating circulation and local 
melatoninlevels and expression of the MT1R gene in the 
testes can enhance the steroidogenesis process to improve 

the reproductive status of male golden hamsters(66)

5 Male mice
Bisphenol A (BPA) exposurewasgivenorally 
at a dose of 0.005; 0.5; 50; and 500 µg / kg 

body weight / day) for 45 days.

BPA is able to interferewithinsulinsignaling and glucose 
transport processes in the testes of rats, resulting in 

impairedtesticularfunction(67)

6 Male 
Wistar rat

Administration of tert-butylhydroquinone 
(tBHQ) (50 mg / kg bw / day) for 14 

daysagainst a single injection of Cisplatin 
(Cis) (7 mg / kg BW, intraperitoneal on day 

8)

Cis triggers upregulation of NF-kB, TNF-α, IL-10, and 
IL-1β genes, decreasedtesticulargermcellproliferation, 

testicularsteroidogenesis (expression of StAR, CYP11A1, 
3β-HSD and 17β-HSD and protein), decreasedstimulating 

hormone follicles, luteinizing, and testosterone. Cis 
also triggers decreasedsperm count, motility, viability, 

morphology, and Johnsen score(68) 
However, induction withtBHQis able to reduceoxidative 

stress by upregulating the Nrf2 gene, suppressing 
inflammation, apoptosis, and increasingtesticulargermcellpr

oliferation, steroidogenesis, and spermquality.

7 Male mice Vitamin D3 treatment in d-gal induced rats
Vitamin D3 can regulatetesticularsteroidogenic markers by 
increasing CYP19A1 and decreasing AR expression in the 

testis of old and normal micewith d-gal induction(69)

8

Puberty 
Sprague 
Dawley 

Rat

Dexmedetomidine (DEX) (0.015-1.5 µM) 
induction for 3 hours.

DEX is can inhibit the activity of steroidogenic enzymes 
and down-regulate the Cyp17a1 and Srd5a1 genes. An 
increase in ROS alsooccurswhich causes a decrease in 
androgen production in immature Leydig cells in the 

process(70)

9 Male 
mouse

Male rats wereinduced by streptozotocin and 
nicotinamide (60 mg / kg + 120 mg / kg). 
Stevia rebaudianaBertoniextract (400 mg / 

kg)

Decreased body weight, serum LH and testosteronelevels, 
expression of genesassociatedwithStARSteroidogenesis, 

changes in testicularstereology, and increasedlevels of FBS 
in the diabetes group.

Stevia rebaudianaBertonisignificantlyincreases body 
weight, testicular volume, sperm count, and motility and is 

a potentialdrug for the reproductive system(71)

Cont... Table 2.Effects of severaltoxic, drug, and chemicalexposures on testicularsteroidogenesis in 
severalAnimal
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Conclusion

Nearly 40% of the incidence of married couples’ 
infertility is caused by malefactors. Steroidogenesis is an 
important aspect of male fertility. The important point of 
steroidogenesis is the transport of cholesterol as a base 
material for testosterone from the outer membrane to the 
inner mitochondria by the StAR protein. Testosterone 
as a result of steroidogenesis is a male sex hormone 
produced through steroidogenesis which functions to 
maintain the spermatogenesis process. Several factors 
can inhibit steroidogenesis, including Leydig cells, 
adrenal steroidogenesis defects, StAR enzyme activity, 
cytochrome P450, and exposure to free radicals. 

Acknowledgment: The author would like to thank 
the Study Program Biology, Faculty of Health Sciences, 
Science and Technology, Universitas Dhyana Pura 
and Faculty of Medicine, Udayana University, Bali, 
Indonesia for supporting the writing of this scientific 
article.The author also thanks reviewers who have 
provided useful criticism, suggestions, and input for our 
writing. 

Competing of Interest: The authors declare they 
have no competing interest. 

Ethical Approval: Ethical approval was not 
obtained to review this article because it did not involve 
participants, humans, or experimental animals.

Source of Funding: Self.

References

1.  Feldman HA, Goldstein I, Hatzichristou DG, 
Krane RJ, McKinlay JB. Impotence and Its 
Medical and Psychosocial Correlates: Results 
of the Massachusetts Male Aging Study. J Urol 
[Internet]. 1994 Jan;151(1):54–61. Available from: 
http://www.jurology.com/doi/10.1016/S0022-
5347%2817%2934871-1

2.  Eisenberg ML, Li S, Cullen MR, Baker LC. 
Increased risk of incident chronic medical conditions 
in infertile men: analysis of United States claims 
data. Fertil Steril [Internet]. 2016 Mar;105(3):629–
36. Available from: https://linkinghub.elsevier.

com/retrieve/pii/S0015028215020877

3.  Perez-Garcia LF, Dolhain R, te Winkel B, 
Carrizales JP, Bramer WM, Vorstenbosch S, et al. 
Male Sexual Health and Reproduction in Cutaneous 
Immune-Mediated Diseases: A Systematic Review. 
Sex Med Rev [Internet]. 2020 Sep; Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S2050052120300743

4.  Beattie MC, Chen H, Fan J, Papadopoulos V, Miller 
P, Zirkin BR. Aging and Luteinizing Hormone 
Effects on Reactive Oxygen Species Production 
and DNA Damage in Rat Leydig Cells1. Biol 
Reprod. 2013;88(4). 

5.  Jia X. Natural Flavonoids in StAR Gene Expression 
and Testosterone Biosynthesis in Leydig Cell 
Aging. Basic Clin Endocrinol Up-to-Date. 2011; 

6.  Qu X, Yan L, Guo R, Li H, Shi Z. ROS-induced 
GATA4 and GATA6 downregulation inhibits 
StAR expression in LPS-treated porcine granulosa-
lutein cells. Oxid Med Cell Longev. 2019;2019. 

7.  Svechnikov K, Izzo G, Landreh L, Weisser J, Sder 
O. Endocrine disruptors and leydig cell function. J 
Biomed Biotechnol. 2010;2010. 

8.  Bremer AA, Miller WL. Regulation of 
Steroidogenesis. Cell Endocrinol Heal Dis. 
2014;207–27. 

9.  Ali SA, Sharief NH, Mohamed YS. 
Hepatoprotective Activity of Some Medicinal 
Plants in Sudan. Evidence-Based Complement 
Altern Med [Internet]. 2019 Dec 18;2019:1–16. 
Available from: https://www.hindawi.com/
journals/ecam/2019/2196315/

10.  Foley GL. Mechanisms of Male Reproductive 
Organ Toxicity Overview of M ale Reproductive 
Pathology. Toxicol Pathol. 2001;29(1):49–63. 

11.  Ziser. Introduction to Anatomy & Physiology : 
Reproductive System. Ziser Lect Notes. 2005;1–
11. 

12.  Lara NLM, Costa GMJ, Avelar GF, Lacerda SMSN, 
Hess RA, França LR. Testis physiology-overview 
and histology. Encyclopedia of Reproduction. 
Elsevier Inc.; 2018. 105–116 p. 

13.  Miller WL, Auchus RJ. The Molecular Biology, 



1464    Indian Journal of Forensic Medicine & Toxicology, October-December 2021, Vol. 15, No. 4

Biochemistry, and Physiology of Human 
Steroidogenesis and Its Disorders. Endocr 
Rev [Internet]. 2011 Feb 1;32(1):81–151. 
Available from: https://academic.oup.com/edrv/
article/32/1/81/2354857

14.  Arakane F, Kallen CB, Watari H, Foster JA, 
Sepuri NBV, Pain D, et al. The mechanism of 
action of steroidogenic acute regulatory protein 
(StAR): StAR acts on the outside of mitochondria 
to stimulate steroidogenesis. J Biol Chem. 
1998;273(26):16339–45. 

15.  Komoda T, Matsunaga T. Metabolic Pathways in 
the Human Body. In: Biochemistry for Medical 
Professionals [Internet]. Elsevier; 2015. p. 25–63. 
Available from: https://linkinghub.elsevier.com/
retrieve/pii/B9780128019184000049

16.  Mellon SH, Deschepper CF. Neurosteroid 
biosynthesis: genes for adrenal steroidogenic 
enzymes are expressed in the brain. Brain Res 
[Internet]. 1993 Dec;629(2):283–92. Available 
from: https://linkinghub.elsevier.com/retrieve/
pii/000689939391332M

17.  Fardella CE, Hum DW, Rodriguez H, Zhang G, 
Barry FL, Ilicki A, et al. Gene conversion in the 
CYP11B2 gene encoding P450c11AS is associated 
with, but does not cause, the syndrome of 
corticosterone methyloxidase II deficiency. J Clin 
Endocrinol Metab [Internet]. 1996 Jan;81(1):321–
6. Available from: https://academic.oup.com/jcem/
article-lookup/doi/10.1210/jcem.81.1.8550772

18.  Qin K, Rosenfield RL. Role of cytochrome P450c17 
in polycystic ovary syndrome. Mol Cell Endocrinol 
[Internet]. 1998 Oct;145(1–2):111–21. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0303720798001774

19.  Hu M-C, Chung B. Expression of Human 
21-Hydroxylase (P450c21) in Bacterial and 
Mammalian Cells: A System to Characterize 
Normal and Mutant Enzymes. Mol Endocrinol 
[Internet]. 1990 Jun;4(6):893–8. Available from: 
https://academic.oup.com/mend/article-lookup/
doi/10.1210/mend-4-6-893

20.  Lephart ED, Lund TD, Horvath TL. Brain 
androgen and progesterone metabolizing enzymes: 

biosynthesis, distribution and function. Brain Res 
Rev [Internet]. 2001 Nov;37(1–3):25–37. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0165017301001114

21.  Almassi N, Reichard C, Li J, Russell C, Perry J, Ryan 
CJ, et al. HSD3B1 and Response to a Nonsteroidal 
CYP17A1 Inhibitor in Castration-Resistant 
Prostate Cancer. JAMA Oncol [Internet]. 2018 
Apr 1;4(4):554. Available from: http://oncology.
jamanetwork.com/article.aspx?doi=10.1001/
jamaoncol.2017.3159

22.  Baquedano MS, Ciaccio M, Marino R, Perez 
Garrido N, Ramirez P, Maceiras M, et al. A 
Novel Missense Mutation in the HSD3B2 Gene, 
Underlying Nonsalt-Wasting Congenital Adrenal 
Hyperplasia. New Insight Into the Structure-
Function Relationships of 3β-Hydroxysteroid 
Dehidrogenase Type II. J Clin Endocrinol Metab 
[Internet]. 2015 Jan;100(1):E191–6. Available 
from: https://academic.oup.com/jcem/article-
lookup/doi/10.1210/jc.2014-2676

23.  Ferrari P, Krozowski Z. Role of the 
11β-hydroxysteroid dehydrogenase type 2 in 
blood pressure regulation. Kidney Int [Internet]. 
2000 Apr;57(4):1374–81. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/
S008525381546884X

24.  Sakkiah S, Meganathan C, Sohn Y-S, Namadevan 
S, Lee KW. Identification of Important Chemical 
Features of 11β-Hydroxysteroid Dehydrogenase 
Type1 Inhibitors: Application of Ligand Based 
Virtual Screening and Density Functional Theory. 
Int J Mol Sci [Internet]. 2012 Apr 23;13(4):5138–
62. Available from: http://www.mdpi.com/1422-
0067/13/4/5138

25.  Aka JA, Zerradi M, Houle F, Huot J, Lin S-X. 
17beta-hydroxysteroid dehydrogenase type 1 
modulates breast cancer protein profile and impacts 
cell migration. Breast Cancer Res [Internet]. 
2012 Jun 12;14(3):R92. Available from: http://
breast-cancer-research.biomedcentral.com/
articles/10.1186/bcr3207

26.  Bulun S, Cheng Y-H, Pavone M, Yin P, Imir 
G, Utsunomiya H, et al. 17β-Hydroxysteroid 



 Indian Journal of Forensic Medicine & Toxicology, October-December 2021, Vol. 15, No. 4      1465

Dehydrogenase-2 Deficiency and Progesterone 
Resistance in Endometriosis. Semin Reprod Med 
[Internet]. 2010 Jan 27;28(01):044–50. Available 
from: http://www.thieme-connect.de/DOI/
DOI?10.1055/s-0029-1242992

27.  Mendonca BB, Costa EMF, Inacio M, Oliveira 
Junior AA, Martin RM, Nishi MY, et al. 46,XY 
DSD due to 17β-Hydroxysteroid Dehydrogenase 
3 Deficiency. In: Genetic Steroid Disorders 
[Internet]. Elsevier; 2014. p. 191–7. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
B9780124160064000132

28.  Sahu B, Maeda A. Retinol Dehydrogenases 
Regulate Vitamin A Metabolism for Visual 
Function. Nutrients [Internet]. 2016 Nov 
22;8(11):746. Available from: http://www.mdpi.
com/2072-6643/8/11/746

29.  Ye L, Guo J, Ge R-S. Environmental Pollutants and 
Hydroxysteroid Dehydrogenases. In 2014. p. 349–
90. Available from: https://linkinghub.elsevier.
com/retrieve/pii/B9780128000953000134

30.  Ji Q, Aoyama C, Nien Y-D, Liu PI, Chen PK, 
Chang L, et al. Selective Loss of AKR1C1 and 
AKR1C2 in Breast Cancer and Their Potential 
Effect on Progesterone Signaling. Cancer Res 
[Internet]. 2004 Oct 15;64(20):7610–7. Available 
from: http://cancerres.aacrjournals.org/lookup/
doi/10.1158/0008-5472.CAN-04-1608

31.  Zeng C-M, Chang L-L, Ying M-D, Cao J, 
He Q-J, Zhu H, et al. Aldo–Keto Reductase 
AKR1C1–AKR1C4: Functions, Regulation, 
and Intervention for Anti-cancer Therapy. Front 
Pharmacol [Internet]. 2017 Mar 14;8. Available 
from: http://journal.frontiersin.org/article/10.3389/
fphar.2017.00119/full

32.  Deyashiki Y, Ogasawara A, Nakayama T, Nakanishi 
M, Miyabe Y, Sato K, et al. Molecular cloning of 
two human liver 3 α-hydroxysteroid/dihydrodiol 
dehydrogenase isoenzymes that are identical 
with chlordecone reductase and bile-acid binder. 
Biochem J [Internet]. 1994 Apr 15;299(2):545–
52. Available from: https://portlandpress.com/
biochemj/article/299/2/545/30764/Molecular-
cloning-of-two-human-liver-3

33.  Johansson AGM, Nikamo P, Schalling M, Landén 
M. AKR1C4 gene variant associated with low 
euthymic serum progesterone and a history of 
mood irritability in males with bipolar disorder. J 
Affect Disord [Internet]. 2011 Sep;133(1–2):346–
51. Available from: https://linkinghub.elsevier.
com/retrieve/pii/S0165032711001613

34.  Johansson AGM, Nikamo P, Schalling M, 
Landén M. Polymorphisms in AKR1C4 and 
HSD3B2 and differences in serum DHEAS 
and progesterone are associated with paranoid 
ideation during mania or hypomania in bipolar 
disorder. Eur Neuropsychopharmacol [Internet]. 
2012 Sep;22(9):632–40. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/
S0924977X12000259

35.  Azzouni F, Mohler J. Role of 5α-reductase inhibitors 
in benign prostatic diseases. Prostate Cancer 
Prostatic Dis [Internet]. 2012 Sep 14;15(3):222–30. 
Available from: http://www.nature.com/articles/
pcan20121

36.  Kang H-J, Imperato-McGinley J, Zhu Y-S, 
Rosenwaks Z. The effect of 5α-reductase-2 
deficiency on human fertility. Fertil Steril 
[Internet]. 2014 Feb;101(2):310–6. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0015028213033888

37.  Thomae BA, Eckloff BW, Freimuth RR, Wieben 
ED, Weinshilboum RM. Human sulfotransferase 
SULT2A1 pharmacogenetics: genotype-to-
phenotype studies. Pharmacogenomics J [Internet]. 
2002 Jan 14;2(1):48–56. Available from: http://
www.nature.com/articles/6500089

38.  Baranowski ES, Arlt W, Idkowiak J. Monogenic 
Disorders of Adrenal Steroidogenesis. Horm 
Res Paediatr [Internet]. 2018;89(5):292–310. 
Available from: https://www.karger.com/Article/
FullText/488034

39.  Pandey A V., Sproll P. Pharmacogenomics of human 
P450 oxidoreductase. Front Pharmacol [Internet]. 
2014 May 9;5. Available from: http://journal.
frontiersin.org/article/10.3389/fphar.2014.00103/
abstract



1466    Indian Journal of Forensic Medicine & Toxicology, October-December 2021, Vol. 15, No. 4

40.  Griffin A, Parajes S, Weger M, Zaucker A, Taylor 
AE, O’Neil DM, et al. Ferredoxin 1b (Fdx1b) Is 
the Essential Mitochondrial Redox Partner for 
Cortisol Biosynthesis in Zebrafish. Endocrinology 
[Internet]. 2016 Mar 1;157(3):1122–34. 
Available from: https://academic.oup.com/endo/
article/157/3/1122/2422713

41.  Shi Y, Ghosh M, Kovtunovych G, Crooks DR, 
Rouault TA. Both human ferredoxins 1 and 2 and 
ferredoxin reductase are important for iron-sulfur 
cluster biogenesis. Biochim Biophys Acta - Mol 
Cell Res [Internet]. 2012 Feb;1823(2):484–92. 
Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0167488911003041

42.  Storbeck K-H, Swart AC, Goosen P, Swart P. 
Cytochrome b5: Novel roles in steroidogenesis. 
Mol Cell Endocrinol [Internet]. 2013 May;371(1–
2):87–99. Available from: https://linkinghub.
elsevier.com/retrieve/pii/S0303720712005126

43.  Foster CA, Mick GJ, Wang X, McCormick 
K. Evidence that adrenal hexose-6-phosphate 
dehydrogenase can effect microsomal P450 
cytochrome steroidogenic enzymes. Biochim 
Biophys Acta - Mol Cell Res [Internet]. 
2013 Sep;1833(9):2039–44. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/
S016748891300178X

44.  de Kretser D. Male infertility. Lancet [Internet]. 
1997 Mar;349(9054):787–90. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/
S0140673696083419

45.  Skakkebaek NE, Rajpert-De Meyts E, Buck Louis 
GM, Toppari J, Andersson A-M, Eisenberg ML, 
et al. Male Reproductive Disorders and Fertility 
Trends: Influences of Environment and Genetic 
Susceptibility. Physiol Rev [Internet]. 2016 
Jan;96(1):55–97. Available from: https://www.
physiology.org/doi/10.1152/physrev.00017.2015

46.  Krausz C, Escamilla AR, Chianese C. 
Genetics of male infertility: from research to 
clinic. REPRODUCTION [Internet]. 2015 
Nov;150(5):R159–74. Available from: https://rep.
bioscientifica.com/view/journals/rep/150/5/R159.
xml

47.  McLachlan RI, O’Bryan MK. State of the Art for 
Genetic Testing of Infertile Men. J Clin Endocrinol 
Metab [Internet]. 2010 Mar 1;95(3):1013–24. 
Available from: https://academic.oup.com/jcem/
article/95/3/1013/2596494

48.  Olesen IA, Andersson A-M, Aksglaede L, 
Skakkebaek NE, Rajpert–de Meyts E, Joergensen 
N, et al. Clinical, genetic, biochemical, and 
testicular biopsy findings among 1,213 men 
evaluated for infertility. Fertil Steril [Internet]. 
2017 Jan;107(1):74-82.e7. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/
S0015028216628352

49.  Andersson A-M, Jørgensen N, Frydelund-
Larsen L, Rajpert-De Meyts E, Skakkebæk NE. 
Impaired Leydig Cell Function in Infertile Men: 
A Study of 357 Idiopathic Infertile Men and 
318 Proven Fertile Controls. J Clin Endocrinol 
Metab [Internet]. 2004 Jul 1;89(7):3161–7. 
Available from: https://academic.oup.com/jcem/
article/89/7/3161/2844108

50.  Andersson A-M, Jensen TK, Juul A, Petersen 
JH, Jørgensen T, Skakkebæk NE. Secular 
Decline in Male Testosterone and Sex Hormone 
Binding Globulin Serum Levels in Danish 
Population Surveys. J Clin Endocrinol Metab 
[Internet]. 2007 Dec 1;92(12):4696–705. 
Available from: https://academic.oup.com/jcem/
article/92/12/4696/2597312

51.  Petersen PM, Seierøe K, Pakkenberg B. The total 
number of Leydig and Sertoli cells in the testes of 
men across various age groups - a stereological 
study. J Anat [Internet]. 2015 Feb;226(2):175–9. 
Available from: http://doi.wiley.com/10.1111/
joa.12261

52.  Dantas TA, Cancian G, Neodini DNR, Mano 
DRS, Capucho C, Predes FS, et al. Leydig cell 
number and sperm production decrease induced 
by chronic ametryn exposure: a negative impact on 
animal reproductive health. Environ Sci Pollut Res 
[Internet]. 2015 Jun 6;22(11):8526–35. Available 
from: http://link.springer.com/10.1007/s11356-
014-4010-5



 Indian Journal of Forensic Medicine & Toxicology, October-December 2021, Vol. 15, No. 4      1467

53.  Widhiantara IG, Permatasari AAAP, Siswanto 
FM, Dewi NPES. Ekstrak Daun Sembung (Blumea 
balsamifera) Memperbaiki Histologi Testis Tikus 
Wistar Yang Diinduksi Pakan Tinggi Lemak. J 
Bioteknol Biosains Indones. 2018;5(2):111. 

54.  Manna PR, Stetson CL, Slominski AT, Pruitt K. 
Role of the steroidogenic acute regulatory protein 
in health and disease. Endocrine [Internet]. 2016 
Jan 14;51(1):7–21. Available from: http://link.
springer.com/10.1007/s12020-015-0715-6

55.  Miller WL, Bose HS. Early steps in steroidogenesis: 
intracellular cholesterol trafficking. J Lipid Res 
[Internet]. 2011 Dec;52(12):2111–35. Available 
from: http://www.jlr.org/lookup/doi/10.1194/jlr.
R016675

56.  Bose HS, Sugawara T, Strauss JF, Miller WL. 
The Pathophysiology and Genetics of Congenital 
Lipoid Adrenal Hyperplasia. N Engl J Med 
[Internet]. 1996 Dec 19;335(25):1870–9. Available 
from: http://www.nejm.org/doi/abs/10.1056/
NEJM199612193352503

57.  King SR, Bhangoo A, Stocco DM. Functional and 
Physiological Consequences of StAR Deficiency: 
Role in Lipoid Congenital Adrenal Hyperplasia. 
In 2011. p. 47–53. Available from: https://www.
karger.com/Article/FullText/321214

58.  Stocco DM. Clinical disorders associated with 
abnormal cholesterol transport: mutations in the 
steroidogenic acute regulatory protein. Mol Cell 
Endocrinol [Internet]. 2002 May;191(1):19–25. 
Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0303720702000485

59.  Manna PR, Slominski AT, King SR, Stetson CL, 
Stocco DM. Synergistic Activation of Steroidogenic 
Acute Regulatory Protein Expression and Steroid 
Biosynthesis by Retinoids: Involvement of cAMP/
PKA Signaling. Endocrinology [Internet]. 2014 Feb 
1;155(2):576–91. Available from: https://academic.
oup.com/endo/article/155/2/576/2423423

60.  Walsh LP, McCormick C, Martin C, Stocco DM. 
Roundup inhibits steroidogenesis by disrupting 
steroidogenic acute regulatory (StAR) protein 
expression. Environ Health Perspect [Internet]. 
2000 Aug;108(8):769–76. Available from: https://

ehp.niehs.nih.gov/doi/10.1289/ehp.00108769

61.  Gao X, Yao X, Yang H, Deng K, Guo Y, Zhang T, 
et al. Role of FGF9 in sheep testis steroidogenesis 
during sexual maturation. Anim Reprod Sci 
[Internet]. 2018 Oct;197:177–84. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0378432018302884

62.  Alamdar A, Tian M, Huang Q, Du X, Zhang J, Liu 
L, et al. Enhanced histone H3K9 tri-methylation 
suppresses steroidogenesis in rat testis chronically 
exposed to arsenic. Ecotoxicol Environ Saf 
[Internet]. 2019 Apr;170:513–20. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0147651318313228

63.  Dong C, Cao J, Cao C, Han Y, Wu S, Wang 
S, et al. Effects of fluoride and aluminum on 
expressions of StAR and P450scc of related 
steroidogenesis in guinea pigs’ testis. Chemosphere 
[Internet]. 2016 Mar;147:345–51. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S004565351530518X

64.  Arafa MH, Amin DM, Samir GM, Atteia HH. 
Protective effects of tribulus terrestris extract and 
angiotensin blockers on testis steroidogenesis 
in copper overloaded rats. Ecotoxicol Environ 
Saf [Internet]. 2019 Aug;178:113–22. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0147651319304257

65.  Li W, Tang D, Li F, Tian H, Yue X, Li F, et al. 
Supplementation with dietary linseed oil during 
peri-puberty stimulates steroidogenesis and 
testis development in rams. Theriogenology 
[Internet]. 2017 Oct;102:10–5. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/
S0093691X17303126

66.  Mukherjee A, Haldar C. Photoperiodic regulation 
of melatonin membrane receptor (MT1R) 
expression and steroidogenesis in testis of adult 
golden hamster, Mesocricetus auratus. J Photochem 
Photobiol B Biol [Internet]. 2014 Nov;140:374–80. 
Available from: https://linkinghub.elsevier.com/
retrieve/pii/S1011134414002735

67.  D’Cruz SC, Jubendradass R, Jayakanthan M, 
Rani SJA, Mathur PP. Bisphenol A impairs 



1468    Indian Journal of Forensic Medicine & Toxicology, October-December 2021, Vol. 15, No. 4

insulin signaling and glucose homeostasis and 
decreases steroidogenesis in rat testis: An in 
vivo and in silico study. Food Chem Toxicol 
[Internet]. 2012 Mar;50(3–4):1124–33. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0278691511006326

68.  Nna VU, Ujah GA, Suleiman JB, Mohamed 
M, Nwokocha C, Akpan TJ, et al. Tert-
butylhydroquinone preserve testicular 
steroidogenesis and spermatogenesis in cisplatin-
intoxicated rats by targeting oxidative stress, 
inflammation and apoptosis. Toxicology 
[Internet]. 2020 Aug;441:152528. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0300483X20301670

69.  Jeremy M, Gurusubramanian G, Roy VK. Vitamin 
D3 mediated regulation of steroidogenesis mitigates 
testicular activity in an aged rat model. J Steroid 

Biochem Mol Biol [Internet]. 2019 Jun;190:64–75. 
Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0960076018307465

70.  Wang Y, Chen Y, Ni C, Fang Y, Wu K, Zheng 
W, et al. Effects of dexmedetomidine on the 
steroidogenesis of rat immature Leydig cells. 
Steroids [Internet]. 2019 Sep;149:108423. 
Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0039128X19301138

71.  Gholizadeh F, Dastghaib S, Koohpeyma F, Bayat 
E, Mokarram P. The protective effect of Stevia 
rebaudiana Bertoni on serum hormone levels, 
key steroidogenesis enzymes, and testicular 
damage in testes of diabetic rats. Acta Histochem 
[Internet]. 2019 Oct;121(7):833–40. Available 
from: https://linkinghub.elsevier.com/retrieve/pii/
S0065128119301862 


