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Abstract. The Sertoli cell, which is the supporting cell of 
spermatogenesis, has an important role in the endocrine and 
paracrine control of spermatogenesis. Functionally, it provides 
the cells of the seminiferous epithelium with nutrition, conveys 
mature spermatids to the lumen of seminiferous tubules, 
secretes androgen-binding protein and interacts with endo-
crine Leydig cells. In addition, the levels of cholesterol, as well 
as its intermediates, vary greatly between nongonadal tissues 
and the male reproductive system. Throughout spermatogen-
esis, a dynamic and constant alteration in the membrane lipid 
composition of Sertoli cells occurs. In several mammalian 
species, testis meiosis-activating sterol and desmosterol, as 
well as other cholesterol precursors, accumulate in the testes 
and spermatozoa. In addition, certain cholesterogenic genes 
exhibit stage‑specific expression patterns during spermato-
genesis, including the cytochrome P450 enzyme lanosterol 
14α-demethylase. Inconsistency in the patterns of gene expres-
sion during spermatogenesis indicates a cell‑type specific and 
complex temporary modulation of lipids and cholesterol, which 
also implicates the dynamic interactions between Sertoli cells 

and germ cells. Furthermore, in the female reproductive tract 
and during epididymal transit, which is a prerequisite for 
valid fertilization, the modulation of cholesterol occurring 
in spermatozoal membranes further indicates the functional 
importance of sterol compounds in spermatogenesis. However, 
the exact role of cholesterol metabolism in Sertoli cells in 
sperm production is unknown. The present review article 
describes the progress made in the research regarding the 
characteristics of the Sertoli cell, particularly the regulation of 
its cholesterol metabolism during spermatogenesis.
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1. Introduction

Subfertility refers to the failure of conception following unpro-
tected intercourse for at least one year. Many couples suffer 
from subfertility problems worldwide, with estimates ranging 
from 10-20%. Of the total infertility cases, ~50% are attrib-
uted to male infertility (1). Dysfunctional spermatogenesis is 
among the leading causes of male subfertility, and assessment 
of the quality of spermatogenesis is crucial for the evaluation 
and treatment of subfertility in men. A previous study reported 
that the Sertoli cell promotes sperm production through 
various functions, including nurturing seminiferous epithelial 
cells, transporting spermatids and secreting androgen-binding 
protein (ABP) (2). In addition, studies have also identified 
that cholesterol metabolism-associated genes, including 
ATP-binding cassette (ABC) subfamily A member 1 
(ABCA1)/G5 (3,4), apolipoprotein B (5), cystic fibrosis trans-
membrane conductance regulator (6) and cAMP-responsive 
element modulator (7), are essential for normal male fertility. 
Sertoli cells exert phagocytic functions similar to macrophages 
and possess the ability to efflux excess lipids and cholesterols 
after engulfing membrane‑rich structures. By means of the 
basement membrane, Sertoli cells are isolated from interstitial 
capillaries, which blocks the passage of low density lipoprotein 
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(LDL) but permits the entry of high density lipoprotein (HDL) 
to the seminiferous tubules (8). The molecular pathways 
responsible for the regulation of lipid exchange between the 
periphery and testes remain unclear, but are of great interest 
due to the critical role of cholesterol in spermatogenesis 
and steroidogenesis. Furthermore, Leydig and Sertoli cells 
produce reproductive steroid hormones. Leydig cells secrete a 
number of different types of androgens, including dihydrotes-
tosterone and testosterone, which modulate the development 
and maturation of spermatozoa (9). The uptake of testosterone 
by Sertoli cells leads to its conversion into dihydrotestosterone 
and estradiol. Leydig cells obtain cholesterol either via de novo 
synthesis pathways or through the uptake of cholesterol from 
HDL (10). In addition, although Sertoli cells use acetate to 
synthesize cholesterol, their primary source of cholesterol 
is from HDL entry from the plasma or androgens that are 
transported from Leydig cells (8,11,12). The following review 
is a concise overview of the progress of research concerning 
cholesterol metabolism in Sertoli cells in addition to its role in 
spermatogenesis.

2. The role of Sertoli cells in spermatogenesis

The Sertoli cell, which was initially identified by Enrico Sertoli 
in 1865, performs a critical role during the process of sper-
matogenesis. Sertoli cells are recognized as ‘nurse cells’ that 
are responsible for extending nutritional and energy support to 
the development of germ cells. It has been widely demonstrated 
that germ cells require a sufficient level of energy resources, 
otherwise they decay and enter apoptosis (13,14). The devel-
opment of germ cells requires specific metabolic substrates, 
such as lactate, which is used as a substrate for ATP produc-
tion (15). Through the secretion of metabolic intermediates or 
nutrients, including carbohydrates, lipids, vitamins, metal ions 
and amino acids, Sertoli cells provide the nutritional require-
ments of germ cells (16,17).

Additionally, through characteristic zones of cellular 
membrane tight junctions, Sertoli cells form connections 
with one another and divide the germinal epithelium into an 
adluminal and a basal compartment; the blood-testis barrier of 
the testis is also formed by these tight junctions. After passing 
this barrier, the germ cells are protected from extraneous 
substance diffusion in the adluminal compartment during 
spermatogenesis (2). Therefore, the blood-testis barrier acts as 
a multifunctional boundary between haploid and diploid germ 
cells, in addition to separating testicular tissue from blood. 
Furthermore, a functional Sertoli cell provides energy, differ-
entiation factors and adequate mitogens to the developing 
germ cells, and prevents them from harm that may result from 
the host's own immune system (18). Sertoli cells also produce 
various types of enzymes, growth factors and hormones, 
including plasminogen activator, ABP, ceruloplasmin, 
insulin-like growth factor, transforming growth factors 
α and β, anti-Müllerian hormone (AMH) and inhibin B (2,18).

Sertoli cells express the sex-determining region Y gene, 
and thereby decide the male sex of the gonad. By producing 
AMH, Sertoli cells also suppress the development of internal 
female genitalia. Together with the peritubular cells, these cells 
are critical for the formation of the testis cords. The immature 
Sertoli cell varies greatly from the mature one in terms of 

biochemical activity and morphology. During puberty, the 
Sertoli cells are stretched and begin to form connections 
through tight junctions. Furthermore, they secrete seminiferous 
fluid, transforming testis cords into seminiferous tubules. The 
mature differentiated Sertoli cell alters its protein expression 
pattern, producing various factors, including the inflammatory 
cytokine interleukin-1α and transferrin. As puberty develops, 
despite the consecutive division of mature Sertoli cells, their 
proliferative activity is reduced. After the formation of tight 
junctions, Sertoli cells exhibit no proliferative capacity (18). 
Follicle-stimulating hormone (FSH) serves as the predominant 
endocrine factor responsible for the regulation of Sertoli cell 
function. In the testes, the Sertoli cell exclusively expresses 
FSH receptors, which is required for the appropriate prolifera-
tion of Sertoli cells. Spermatogenesis relies on an appropriate 
intratesticular level of testosterone. Furthermore, Sertoli cells, 
but not germ cells, express the androgen receptor, indicating 
that Sertoli cells mediate the effects of androgen on the semi-
niferous epithelium. The androgen receptor is necessary for 
the correct functioning of the blood-testis barrier, as well as 
for the normal development of germ cells, and its expression 
on Sertoli cells was reported to be amplified throughout the 
maturation process of germ cells (18). Therefore, Sertoli cells 
have crucial roles in the autocrine and/or paracrine regulation 
of spermatogenesis (2).

3. The role of cholesterol in Sertoli cells during 
spermatogenesis

Lipids and cholesterols are essential for spermatogenesis 
as they serve as ‘fuel’ for Sertoli cells and are crucial for 
the membrane remodeling of developing germ cells. The 
biosynthesis pathway of cholesterol comprises a succession of 
enzymatic reactions implicating diverse intermediates. Among 
them, meiosis-activating sterols were reported to have strong 
meiosis-activating potency through screening of naturally 
occurring compounds. In addition, various factors are respon-
sible for the regulation of cholesterol content in Sertoli cells, 
including ABCA1 and scavenger receptor class B member 1 
(SR-BI) (8,9,18,19).

The transport of cholesterol in Sertoli cells. A large propor-
tion of nutrients, such as lipids, used for spermatogenesis are 
provided by supporting Sertoli cells. Sertoli cells have the 
ability to synthesize cholesterol using acetate in vitro (19), 
however, it has been demonstrated that this source of choles-
terol is insufficient for steroidogenesis in vivo. As the amount 
of cholesterol required for spermatogenesis far exceeds the 
capacity of Sertoli cells biosynthesis, specialized cholesterol 
transporters such as SR-BI facilitate the uptake of cholesterol 
from the blood (20). Research has revealed that, at least in 
rodents, HDL serves as the primary source of cholesterol 
for Sertoli cells (21), which may be further supported by the 
observations that the basal membrane segregating seminif-
erous tubules from blood capillaries blocks the entry of LDL 
but permits HDL entry (8,21). In rats, Sertoli cells obtain 
cholesterol from HDL primarily through apolipoprotein 
E-dependent pathways (22). In addition, Sertoli cells may also 
obtain cholesterol from phagocytosed apoptotic germ cells 
and lipid-rich remnant recycling (22). To eliminate toxicity, 
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surplus cholesterol undergoes esterification and storage in 
lipid droplets, which is instrumental in the maintenance of 
cholesterol equilibrium. Lipid droplets are highly mobile and 
dynamic structures, and are reported to interact with cell junc-
tions and organelles via transient or stable surface exchange, 
ensuring the effective synthesis, uptake, usage and elimination 
of cholesterol (23). Furthermore, Sertoli cells also maintain 
cholesterol homeostasis through reverse cholesterol transport 
(RCT). RCT involves various procedures that enable the efflux 
of excess cholesterol to HDL and promote the transport of 
cholesterol from non-hepatic peripheral tissue back to the liver 
via the plasma to maintain cholesterol homeostasis, which 
primarily relies on the ABCA1 cholesterol transporters (3). 
The excessive accumulation of cholesterol esters (CE) in 
Sertoli cells leads to disruption of cholesterol homeostasis, 
ultimately resulting in complete subfertility or infertility. 
This phenomenon was demonstrated in various knockout 
mouse models that are deficient in functional nuclear recep-
tors, such as retinoid X receptor (RXR) (24,25), and also 
in ABCA1 knockout mice (3). As ABCA1 is an established 
liver X receptor (LXR) target gene, in double knockout 
mice (LXR α/β-/-), the deficiency of ABCA1 decreases the 
cholesterol efflux from Sertoli cells and results in the accu-
mulation of CE (3,24). Therefore, Sertoli cells modulate every 
step of cholesterol metabolism, including cholesterol uptake, 
efflux, storage and recycling, which indicates that Sertoli cells 
should be a focus in the interpretation of spermatogenesis. 
Fig. 1 is a graphic illustration of the transport of cholesterol 
in Sertoli cells.

The role of cholesterol metabolism in spermatogenesis. The 
role of cholesterol in sperm production and male fertility is 
well established. The process of spermatogenesis consists of a 
sequence of differentiation and proliferative phases, which are 
further divided into spermatogenic, meiotic and mitotic stages. 
Each stage involves different cell types, including spermatids, 
spermatocytes and spermatogonia (26,27). Additionally, 
increases in lipid droplets are observed throughout spermato-
genesis (28), demonstrating an intimate association between 
lipid metabolism alterations and fertility during spermato-
genesis. Steroidogenesis also requires large amounts of 
cholesterol (29), while in the seminiferous tubules, cholesterol 
is required for the differentiation of germinal cells to sperma-
tozoids (gametogenesis/spermatogenesis) (30). Considerable 
evidence also indicates that, in males and females, cholesterol 
is required for the development of fertility and gametes. In 
male mice, the absence of the 24-dehydrocholesterol reduc-
tase gene, which encodes a cholesterol biosynthetic enzyme, 
induces infertility (31). Therefore, cholesterol is required for 
the mass production of germ cells during spermatogenesis. 
The plasma membranes of sperm are also heavily loaded with 
cholesterol when sperm are released from the seminiferous 
epithelium. Previously, experiments that determined the role of 
cholesterol de novo synthesis identified that the incorporation 
rate of 14C acetate into cholesterol was increased during the 
development of pachytene, leptotene and zygotene stages (32). 
This indicates that de novo synthesis of cholesterol is increased 
in these germ cells, which was associated with increased 
diameter and surface area of germ cells. In late pachynema, 
the rate of cholesterol synthesis tends to decrease and remains 

low throughout the following phases of spermatogenesis, 
including sperm maturation. In contrast to cholesterol, the 
incorporation capacity of acetate into dolichol was enhanced 
in round spermatids and late pachytene spermatocytes, and 
later diminished and remained low in mature sperm cells (32). 
These observations indicate that the preliminary phases of 
cholesterol synthesis in round spermatids and pachytene 
spermatocytes may precede dolichol synthesis, which acts as 
a critical constituent in the production of membrane glyco-
proteins. However, the detailed role of cholesterol metabolism 
within germ cells has not been identified clearly, which is 
primarily due to the complex connections between germ cells 
and the supporting Sertoli cells.

Proteins responsible for the regulation of cholesterol 
metabolism in Sertoli cells
ABCA1. ABCA1, a member of the ABC transporter super-
family, transfers phospholipids and cholesterol out of the 
peripheral cells to lipid-free apolipoprotein A1, which results 
in the formation of pre-βHDL and is the rate-limiting step 
in the process of HDL biosynthesis (33,34). Genetic muta-
tions in ABCA1 lead to the absence of plasma HDL, the 
accumulation of CE in various body tissues and an increased 
incidence of atherosclerosis (AS), which are collectively 
termed Tangier disease (35). By contrast, ABCA1 overexpres-
sion in mice enhances plasma HDL levels and prevents the 
development AS (36,37). However, research has demonstrated 
that, although ABCA1 in macrophages has an important 
role in preventing atherosclerosis, it has limited influence on 
HDL levels in the plasma. In addition, in mice, liver ABCA1 
serves as a predominant factor to determine plasma HDL 
levels (38,39). ABCA1 is highly expressed in the testes (40,41), 
indicating that ABCA1 may also be involved in the regula-
tion of testicular lipid transport, which is largely segregated 
from the peripheral circulation (42). Selva et al (3) observed 
that, in the seminiferous tubule, Sertoli cells account for 
the majority of the ABCA1 expression. Consistent with the 
high ABCA1 expression levels, Sertoli cells that express 
ABCA1 exhibit substantial cholesterol efflux to lipid-free 
apolipoprotein A1. Conversely, ABCA1‑deficient Sertoli cells 
exhibited decreased cholesterol efflux and accumulation of 
oil red O-positive lipid droplets, effects that were reversed by 
ABCA1 restoration, demonstrating that the cholesterol efflux 
from cultured Sertoli cells is mediated by ABCA1. Fig. 2 is 
a schematic representation of the regulation of cholesterol 
content in Sertoli cells. Importantly, in apolipoprotein A1-/- 

mice, Sertoli cells do not exhibit excess lipids, indicating 
that deficiency of plasma HDL is insufficient to lead to lipid 
accumulation in Sertoli cells and that ABCA1 has a direct 
role in modulating Sertoli cell lipid efflux (43). Furthermore, 
ABCA1-/- mice exhibit reduced testosterone levels and fewer 
spermatozoa compared with wild-type (WT) mice, indi-
cating that ABCA1 deficiency compromises the Sertoli cell 
functions and male fertility, but does not lead to complete 
sterility (3). A deeper understanding of the roles of ABCA1 
in lipid transport in spermatogenesis requires further 
investigation. 

SR‑BI. SR-BI, which belongs to the SR superfamily, is an 
important integral membrane glycoprotein on the cell 
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membrane. Structurally, SR-BI and CD36 share 30% homology 
in amino acid sequence. Functionally, it is a physiological 
receptor for HDL that facilitates the uptake of HDL-CE, 
a process that is termed RCT (44). Unlike LDL receptors, 
which internalize whole lipoprotein particles, SR-BI selec-
tively uptakes cholesterol from HDL into cells. In the testes, 
the highest expression of SR-BI is observed in steroidogenic 
Leydig cells (45,46), and the remaining expression occurs in 
Sertoli cells (46). Previously, Shiratsuchi et al (47) demon-
strated that the activity of phosphatidylserine (PS)-mediated 
phagocytosis of spermatogenic cells by Sertoli cells was 
enhanced by SR-BI upregulation and inhibited by an 
anti-SR-BI antibody, indicating that SR-BI acts as a PS 
receptor, enabling Sertoli cells to recognize and phagocy-
tose spermatogenic cells. Furthermore, Rigotti et al (45) 
demonstrated that in the testes, a large proportion of 
lipoprotein-derived cholesterol used for steroidogenesis is 
acquired through SR-BI (45). Akpovi et al (20) observed that, 
in mink testes, the overexpression of SR-BI is associated with 
increased esterified cholesterol levels in Sertoli cells. In addi-
tion, Casado et al (48) reported that hormone-sensitive lipase 
knockout mice exhibited upregulated SR-BI expression, 
increased phosphorylated (p)-extracellular signal-regulated 
kinase, p-Akt and p-SRC proto-oncogene levels, and lipid 
accumulation in Sertoli cells, indicating that SR-BI may 
be involved in the uptake of CE for spermatogenesis and 
steroidogenesis in the testes.

LXRα/β. LXRα/β have important roles in the maintenance 
of cellular cholesterol homeostasis. The tissue distribution 
of these two LXR isoforms is different. LXRβ is expressed 
ubiquitously throughout the body, while LXRα is predomi-
nantly distributed in the kidney, liver and intestine (49,50). 
Oxysterols, which are the oxidized derivatives of choles-
terol, are the endogenous ligands for LXRs. In addition, 
T0901317 and GW3965 are synthetic specific ligands. Upon 
activation, LXRs form heterodimers with RXRs, which are 
capable of activating the transcription of genes involved in 
cholesterol efflux. Previously established LXR target genes 

include ABCA1/G1/G5/G8 (51-53), apolipoprotein A1, apoli-
poprotein E (54,55) and SR-BI (56). Robertson et al (25) 
demonstrated that from as early as 2.5 months, cholesterol 
began to accumulate in the Sertoli cells of LXRβ-/- mice. At 
around 10 months, although Sertoli cells structure remained 
comparatively intact and spermatocytes and spermatogonia 
were still detectable, large and numerous droplets, in addition 
to the absence of mature germ cells, were observed. By 
20 months, lipid accumulation was highest and few cell types 
were observed. Genetic data from whole testis indicated that 
the LXRβ was the predominant transcript in the testis (25). 
Furthermore, Annicotte et al (57) reported that LXRβ was 
present specifically in the Sertoli cells and seminiferous 
tubules as early as 16.5 days post-conception in embryos, 
which further highlights the importance of LXRβ in these 
cells. Furthermore, results also indicated that LXRα cannot 
be detected with in situ hybridization (57), and that LXRα-/- 
mice did not exhibit lipid accumulation and exhibited almost 
undisturbed spermatogenesis, indicating that the presence of 
LXRβ is enough to maintain cholesterol homeostasis in the 
testis. More importantly, in the LXRα-/-/β-/- mouse, the testicular 
phenotype is more destructive compared with that observed 
in the LXRβ-/- mouse. Furthermore, it was also demonstrated 
that WT animals that were fed a diet mixed with the synthetic 
LXR agonist T0901317 exhibited increased levels of the LXR 
target genes sterol regulatory element-binding protein-1c 
(SREBP-1c) and ABCG1 in their testes (53,58), which was 
supported by results in MSC-1 cells treated with T0901317 
where ABCA1 levels were increased (51). LXR deficiency 
may also cause dysfunction in these regulatory elements in 
Sertoli cells. However, the accurate molecular mechanisms 
underlying the regulation of cholesterol homeostasis by LXR 
in Sertoli cells and male fertility require further investigation.

RXR α/β/γ. RXRα/β/γ belongs to the vertebrate nuclear 
receptor superfamily (59). In rats, RXRα/β transcripts are 
distributed widely throughout the body, whereas RXRγ is only 
expressed in certain types of tissues. It has been demonstrated 
that RXRβ is necessary for normal spermatogenesis in rats, 

Figure 1. The transport of cholesterol in Sertoli cells. Generally, ABCA1 and SR-BI, two important cholesterol transporters on the membrane, mediate the 
transport of cholesterol in Sertoli cells. Sertoli cells obtain a large amount of cholesterol from the uptake of HDL-cholesterol esters through SR-BI. In addi-
tion, ABCA1 mediates the efflux of surplus cholesterol in Sertoli cells, which maintains the homeostasis of cholesterol levels. ABCA1, ATP‑binding cassette 
subfamily A member 1; SR-BI, scavenger receptor class B member I; HDL, high-density lipoprotein.
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and RXRβ-/- males exhibit abnormalities in spermiogenesis 
and spermiation. The biological functions of Sertoli cells may 
be severely affected by abnormal RXRβ expression, which is 
supported by various observations. In the testes of WT mice, 
only Sertoli cells express RXRβ. In addition, in RXRβ-/-mice, 
Sertoli cell abnormalities precede the presence of abnormal 
spermatids by at least a week. In 29-day-old mutants, prior to 
the completion of the first spermatogenic cycle, lipid droplets 
were observed in Sertoli cells (49). Therefore, the earliest lipid 
accumulation detected in Sertoli cells cannot due to the phago-
cytosis of spermatids remnants. Furthermore, in the testes of 
retinoic acid receptor (RAR)α-/- mice and not RARβ-/-mice, 
although sperm release was blocked during phagocytosis of 
retained spermatids, lipid droplets in Sertoli cells were not 
observed (60), indicating that lipid accumulation cannot be 
attributed to the impaired spermiation. Combined, the results 
indicate that the lipid deposition observed in the Sertoli cells of 
RXRβ-/- mice reflects a complex metabolic disorder. As Sertoli 
cells are critical for spermatid maturation, the obstacles of 
spermiation and spermiogenesis in RXRβ-/- mutant testes may 
due to compromised function of Sertoli cells. Furthermore, as 
RXRβ may serve as a heterodimeric partner for peroxisome 
proliferator-activated receptor (PPAR)β, which is expressed 
abundantly in Sertoli cells (61), compromised PPAR function 
may also contribute to the lipid deposition in RXRβ-/- mutant 
Sertoli cells (62). However, the role of RXR in the lipid 
metabolism of Sertoli cells requires further investigation.

FSH and insulin. FSH, which is produced and secreted by 
the anterior pituitary gland, is a crucial reproduction factor 
in mammals. In females, FSH facilitates the maturation of 
follicles and the production of estrogen, while in males it 
enhances Sertoli cell proliferation in the immature testis 
and mature spermatogenesis (63,64). The levels of FSH are 
regulated by hormones released by gonadotropin through 

estrogen feedback and the hypothalamic pituitary gonadal 
axis (65). Guma et al (66) demonstrated that FSH and insulin 
promoted the lipid metabolism of Sertoli cells by augmenting 
acetate incorporation into Sertoli cell lipids. These stimulatory 
activities of FSH and insulin do not involve protein synthesis, 
indicating a potential effect via modulation of enzyme activity 
or glucose transport in Sertoli cells. In addition, treatment 
with insulin, but not FSH, also enhanced the ATP citrate lyase 
activity, indicating the biological relevance of insulin on the 
fatty acid synthesis of Sertoli cells. Oliveira et al (67) demon-
strated that insulin signaling is indispensable for Sertoli cell 
lipid metabolism, as the absence of insulin transforms Sertoli 
cell metabolism from glycolysis to the Krebs cycle, which 
inhibits the development of germ cells.

Sex sterols and PPAR α/β/δ/γ. Sex steroids are also involved 
in the modulation of cholesterol metabolism in Sertoli cells. 
The effects of 5α-dihydrotestosterone on Sertoli cell choles-
terol metabolism resembled those of insulin, but were less 
obvious. By contrast, 17β-estradiol (E2) promotes increases 
in acetate concentration by amplifying the transcript levels of 
acetyl-CoA hydrolase, therefore contributing to the production 
of by-products that are essential for the maintenance of 
cholesterol synthesis in Sertoli cells (68). In mature Sertoli 
cells, 18-carbon polyunsaturated fatty acids (PUFAs) are 
efficiently converted into 22‑ and 24‑carbon PUFAs with the 
assistance of certain metabolic enzymes, including fatty acid 
elongases, and Δ5 and Δ6 desaturases (69). However, hormonal 
dysregulation may disrupt PUFA synthesis, as Sertoli cells 
treated with testosterone exhibited reduced activities of the Δ5 
and Δ6 desaturases, therefore repressing the steps involving 
Δ5 and Δ6 desaturases (70). These effects are important 
as inhibition of Δ5 and Δ6 desaturases activity is likely to 
restrict the incorporative process of long chain PUFAs into 
sperm membranes, which may ultimately decrease sperm 

Figure 2. The regulation of cholesterol content in Sertoli cells. The cholesterol metabolism in Sertoli cells is regulated by various factors, including transporters, 
transcription factors and hormones. LXR/RXR heterodimers increase the cellular cholesterol content by enhancing the levels of SREBP-1c and decrease 
cholesterol levels by increasing ABCA1 expression. In addition, cholesterol levels are increased by PPAR via increased expression of SR-BI. Furthermore, 
FSH, insulin and certain sex sterols, including 17β-estradiol (E2), increase the cholesterol content in Sertoli cells by increasing acetate incorporation. Insulin 
also increases the levels of cholesterol and fatty acids by stimulating the activity of ATP citrate lyase. LXR, liver X receptor; RXR, retinoid X receptor; 
SREBP-1c, sterol regulatory element-binding protein-1c; ABCA1, ATP-binding cassette subfamily A member 1; PPAR, peroxisome proliferator-activated 
receptor; SR-BI, scavenger receptor class B member I; FSH, follicle-stimulating hormone; ATP, adenosine triphosphate; E2, 17β-estradiol (E2).
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membrane flexibility and fluidity. PUFAs possess several 
double bonds in their backbone, which, with an increased 
number of lipids, improves the fluidity and flexibility of sperm 
membranes (71).

In addition, lipid oxidation in Sertoli cells is also regulated 
by PPARα/β/δ/γ, which serve as sensors and derivatives of 
fatty acids and thus influence the lipid and cholesterol meta-
bolic pathways. Regueira et al (72) demonstrated that the 

activation of PPARα and PPARβ/δ augmented the expression 
of the cholesterol transporter SR-BI in Sertoli cells, therefore 
promoting the selective uptake of CE. Furthermore, PPAR 
activation enhanced acetyl-CoA carboxylase phosphorylation, 
resulting in reduced enzyme activity, which promotes the 
incorporation of fatty acyl-CoA into the mitochondria for 
further oxidation, and increased long and medium chain 
dehydrogenase enzyme and L-carnitine palmitoyl transferase 

Figure 3. The role of Sertoli cells in spermatogenesis. Sertoli cells provide the nutritional requirements of germ cells, including carbohydrates, lipids, vitamins, 
metal ions and amino acids in spermatogenesis. Furthermore, a functional Sertoli cell produces various types of enzymes, growth factors and hormones, 
and prevent germ cells from harm. Sertoli cells also express the AR and receptors for FSH. AR, androgen receptor; FSH, follicle-stimulating hormone; PA, 
plasminogen activator; ABP, androgen-binding protein; TGF, transforming growth factor; AMH, anti-Müllerian hormone; IL, interleukin.
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1 mRNA levels (72). These results indicate that PPARα and 
PPARβ/δ are indispensable for cholesterol metabolism and 
lipid oxidation in Sertoli cells, while the upstream factors 
regulated by the PPAR system remain uncertain.

4. Conclusions and perspectives

Sertoli cells are essential for spermatogenesis as they provide 
developing germ cells with physical support and a source of 
growth factors, hormones, nutrients and energy. The regula-
tion of Sertoli cell metabolism has received attention from 
numerous reproductive biologists as it may be involved 
in the fate of germ cells. In fact, the maintenance of sper-
matogenesis primarily relies on the metabolic collaboration 
between Sertoli and germ cells, which is shown as a sche-
matic representation in Fig. 3. It involves various metabolic 
pathways and a network of signal transduction. Various 
factors regulate metabolic activity in Sertoli cells, which are 
primary targets for hormonal signaling. Any alterations in the 
metabolic behavior of Sertoli cells may cause abnormalities 
in spermatogenesis and ultimately lead to male fertility. Thus, 
Sertoli cells metabolism has a key role in the regulation of 
spermatogenesis.

Currently, the source of cholesterol utilized for Sertoli 
cell metabolism and spermatogenesis is not well-established, 
which is largely because the process is complex and suit-
able in vitro systems are scarce. Sertoli cells obtain a small 
portion of cholesterol from the de novo synthesis pathway, 
whereas the majority of cholesterol is obtained from lipo-
protein particles in the interstitial compartment, as described 
above. The uncertainty may be resolved by thoroughly 
checking the phenotypes of conditional cell knockouts of 
genes that are implicated in cholesterol synthesis and trans-
port in various types of testicular cells. In this respect, such 
a model has not previously been developed. Certain studies 
have examined mouse models with large-scale inactivation 
of genes responsible for cholesterol transport, with the results 
indicating that cholesterol transport is essential for normal 
spermatogenesis. For example, mice with overall knockout of 
type 2 apolipoprotein E receptor (73) and mice with partial 
knockout of apolipoprotein B (74) exhibited severely abnormal 
fertility. In addition, further cholesterol-associated genes and 
proteins are also implicated in male fertility, as demonstrated 
by different mouse models (51-56). Furthermore, negative 
effects of overload of dietary cholesterol on fertility in 
mice further demonstrated the importance of cholesterol 
transport in sperm development (75,76). The examination 
of conditional knockouts of cytochrome P450 family 51 in 
the testis indicated that de novo cholesterol synthesis has an 
important role in spermatogenesis. Detecting the phenotypes 
of the testis and fertility in these knockout models provides 
important insights into the importance of cholesterol synthesis 
and transport in germ and Sertoli cells, as well as in male 
fertility.

Additionally, certain developed methods, including 
high-resolution lipid imaging in vivo or in vitro, may be 
instrumental in understanding the process of cholesterol 
metabolism in Sertoli cells (77). For example, Gimpl and 
Gehrig‑Burger (78) reported that fluorescent and photoreactive 
sterol probes reflect the movement and location of these lipids, 

in addition to the cross-talk with proteins. Although these 
novel methods have not been largely applied to the investiga-
tion of Sertoli cell metabolism, they hold huge promise for 
understanding cholesterol and lipid metabolism in Sertoli cells 
during spermatogenesis, and may also help to explain previ-
ously unexplained male infertility cases, which may be caused 
by perturbations of cholesterol metabolism in the testes due to 
various environmental or genetic factors.
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