
Introduction
 Ovarian function is integral to fertility and relies primarily on mi-
tochondrial beta-oxidation for cellular function during folliculogene-
sis. Infertility has become a global health issue, with female infertility 
contributing to 37% of infertile couples [1]. The female factors con-
tributing to infertility is estimated to be 15% in India [2]. Infertility 
arising due to ovarian dysfunction also known as Premature Ovarian 
Insufficiency (POI), constitutes roughly 1% of cases of infertility in fe-
males. During the mammalian reproductive lifetime, ovarian follicles  
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mature through the course of folliculogenesis, in which a good quality 
oocyte is selected for ovulation. As a feature of the folliculogenesis 
process, a few follicles are disposed of by follicular atresia, chiefly by 
apoptosis. It has been shown that there are other known ways of pro-
grammed ovarian cell death apart from apoptosis, such as autophagy, 
paraptosis and necroptosis [3-5].

 The excessive rate of follicular atresia is usually the cause of pre-
mature cessation of ovarian function, as in POI. Other causes of ab-
errant folliculogenesis causing female infertility include Polycystic 
Ovarian Syndrome (PCOS), where there is an increased number of 
immature follicles found. Mutiple biomarkers have been studied for 
diagnosis of PCOS [6-8]. Mitochondrial activity has been explored in 
PCOS, and therefore, it is vital to study mitochondrial dynamics in 
the regulation of folliculogenesis [9]. Mitochondrial beta oxidation is 
essential for folliculogenesis, and the Mitochondrial Fatty Acid Shut-
tle System (MFAS) is a prerequisite for beta oxidation. Mitochondria 
function in close association with the Endoplasmic Reticulum (ER). 
Mitochondrial dysfunction has been shown to cause ER stress, which 
leads to cellular dysfunction. Therefore, mitochondrial-ER crosstalk 
is vital to understand folliculogenesis and ovarian function.

Premature Ovarian Insufficiency

 Folliculogenesis requires energy, which is derived mainly from 
mitochondrial beta oxidation [10]. Premature Ovarian Insufficiency 
(POI), also known as early menopause or premature menopause, is 
the cessation of ovarian function before 40 years of age [11]. POI 
occurs when the ovaries lose their germinative and hormonal func-
tions because of the decline in ovarian follicles prior to the physio-
logical age of menopause [12]. POI is defined by the loss of ovarian 
activity before the age of 40 years. Clinically, POI is diagnosed by 
menstrual disturbances (amenorrhea or oligomenorrhea) with raised 
gonadotropins (FSH level > 25 IU/L) and low estradiol (< 10 pg/
ml). Multiple etiologies have been associated with POI, such as ge-
netic, autoimmune, iatrogenic, nutritional, and environmental factors, 
but the majority of POI cases remain idiopathic [13-16]. POI poses 
a significant challenge to women’s fertility and lifelong health. The 
condition exhibits remarkable heterogeneity, encompassing a broad 
spectrum of phenotypes and etiologies. Usually, POI is diagnosed at 
later stages, but the pathogenesis starts much earlier.

Mitochondria and MFAS

 Mitochondria are double membrane-bound organelles known as 
the powerhouses of the cell, as they produce energy in the form of 
ATP, and their proper functioning is vital for various cellular activities, 
including cell division, redox balance, calcium homeostasis, adaptive 
thermogenesis and cell death or apoptosis [17,18]. Mitochondria also 
play a role to play in human fertility [19]. Fatty acid metabolism via  
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 Ovarian function is integral to women’s reproductive health. Mi-
tochondria, recognized as the cellular powerhouses, are pivotal in 
sustaining cellular activities by generating ATP and regulating vari-
ous processes such as cell division, redox reactions and apoptosis. 
All these processes are important events of folliculogenesis. There-
fore, mitochondrial function is linked to cellular energy homeostasis 
during folliculogenesis. Mitochondria function in close association 
with the endoplasmic reticulum both at structural and molecular lev-
els thereby regulating cellular harmony. With infertility emerging as 
a global health concern, understanding the role of mitochondria and 
its cross talk in fertility becomes crucial. This manuscript focuses on 
mitochondrial-endoplasmic reticulum crosstalk and its influence on 
ovarian folliculogenesis and its clinical implication in pathophysiolo-
gy of premature ovarian insufficiency.
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beta oxidation is vital for folliculogenesis. MFAS is a prerequisite 
for beta oxidation and consists of l-Carnitine (LC), Organic Carnitine 
Transporter 2 (OCTN2), Coenzyme A (CoA), Carnitine Palmitoyl-
transferase I (CPT1), Carnitine Palmitoyltransferase II (CPT2), and 
Carnitine-Acylcarnitine Translocase (CACT) [20]. Long-chain fat-
ty acyl-CoAs can cross the inner mitochondrial membrane only via 
shuttle proteins. Acyl-CoA molecules get conjugated to carnitine by 
CPT1. Acylcarnitines need CACT to be transported across the inner 
mitochondrial membrane. Free acyl-CoAs are released into the mito-
chondrial matrix by CPT2 and the free carnitine is then transported 
back to the cytoplasm (Figure 1).

Mitochondria: Role in folliculogenesis

 Folliculogenesis and oogenesis are well-coordinated events where 
the oocyte and surrounding granulosa cells influence each other’s de-
velopment [21]. During folliculogenesis, oocyte maturation passes 
through meiotic arrest and resumption phases, in which meiosis I is 
completed, and a secondary oocyte is formed that again gets arrest-
ed in metaphase II just before ovulation [22]. Mitochondrial proteins 
are needed during oocyte maturation and many in vitro studies have 
shown the role of LC and CPT1 in oocyte maturation [23-25]. It has 
been shown that the number of mitochondria increases during oo-
genesis and the maturation of oocytes [26]. The activity and distribu-
tion of mitochondria represent a critical point for oocyte maturation 
[27]. Previous literature has highlighted the importance of lipid me-
tabolism in maintaining good oocyte quality [24,25]. Some in vitro 
maturation studies have indicated that LC supplementation increases 
the rate of beta-oxidation, fertilization and blastocyst development 
[28,29]. CPT1 is also critical for meiotic resumption in mice oocytes 
[24].

 Oocyte maturation is linked to cumulus cells, which ensure met-
abolic substrates in the form of ATP [30]. Higher levels of ATP in 
cumulus-enclosed oocytes were observed, as cumulus cells provide 
metabolic support for oocytes [31]. Similarly, inhibition of beta-ox-
idation during in vitro maturation of bovine and mouse oocytes im-
pairs blastocyst development [24,25]. CPT2 gene mutation has been 
linked to infertility and therefore has implications for in vitro fertil-
ization [31]. CPT1 deficiency aggravates pressure overload-induced 
cardiac hypertrophy caused by lipotoxicity [32]. These data suggest 
that downregulation of MFAS leads to lipotoxicity, which may be  

detrimental for cell function. All these studies suggest that mitochon-
dria and MFAS are critical for folliculogenesis and oocyte maturation.

Mitochondria and endoplasmic reticulum crosstalk

 ER and mitochondria are considered the cell’s main source and 
sink of calcium, respectively. Mitochondria and ER interact with each 
other via specialized membranes known as Mitochondrial-Associated 
Membranes (MAMs). These mitochondrial membranes are associat-
ed with various important cellular functions, such as lipid synthesis, 
Ca2+ signaling, and the control of mitochondrial biogenesis and intra-
cellular trafficking [33]. Inositol 1,4,5-Trisphosphate Receptor (IP3R) 
interacts with mitochondrial Voltage-Dependent Anion Channel 1 
(VDAC1) at the Outer Mitochondrial Membrane (OMM) and is con-
nected via the molecular chaperone Glucose Regulator 75 (GRP75), 
thereby regulating Ca2+ uptake by the OMM (Figure 2).

 The ATP synthesized via mitochondria is utilized by the Sarco-
plasmic/Endoplasmic Reticulum Ca2+-ATPase (SERCA) channels on 
the ER membrane, which control the uptake of calcium in the ER 
lumen (Figure 3). Decreased mitochondrial ATP reduces calcium up-
take into the ER, leading to ER stress by activating ER stress sensors 
[34]. Thus, decreased beta oxidation can lead to ER stress.

Figure1: Components of mitochondrial shuttle system.

LC: L-carnitine; OCTN2: Organic carnitine transporter 2; CoA: coen-
zyme A; CPT1: Carnitine palmitoyltransferase I; CPT2: Carnitine pal-
mitoyltransferase II; CACT: Carnitine-acylcarnitine translocase; IMM: 
Inner mitochondrial membrane; OMM: Outer mitochondrial membrane

Figure 2: Endoplasmic reticulum and Mitochondria crosstalk via mitochondrial as-
sociated membranes (MAMs).

ER: Endoplasmic reticulum; IMM: Inner mitochondrial membrane; OMM: Outer 
mitochondrial membrane; VDAC1: Voltage-dependent anion-selective channel 1; 
GRP75: glucose-regulated protein 75; IP3R: inositol 1,4,5-trisphosphate receptor; 
RYR: Ryanodine receptors

Figure 3: Mitochondrial ATP utilization by endoplasmic reticulum by 
SERCA channels.

ER: Endoplasmic reticulum; Ca2+: calcium; SERCA: sarcoplasmic/endo-
plasmic reticulum Ca2+-ATPase
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Unfolded protein response and ER stress

 ER function is essential for most cellular activities and survival. 
Abnormal ER function causes the accumulation and aggregation of 
unfolded proteins. Transmembrane receptors on the ER detect and 
initiate the Unfolded Protein Response (UPR) to bring back ER func-
tion. Should stress endure, or if the adaptive mechanism falters, apop-
totic cell demise ensues. ER has been chiefly acknowledged as the 
hub for producing and correctly folding secreted, membrane-bound, 
and certain organelle-directed proteins. Several factors are required 
for ideal protein folding, including ATP, Ca2+, and an oxidizing en-
vironment to allow disulfide-bond formation [35]. As a result of this 
special oxidizing environment, the ER is highly sensitive to stresses 
that disturb cellular energy levels, the redox state, or Ca2+ concentra-
tion.

 Protein folding capacity reduces as a result of cellular stress of the 
ER, resulting in the accumulation and aggregation of unfolded pro-
teins, thereby causing ER stress. Protein aggregation is toxic to cells 
in numerous pathophysiological conditions such as ischemia, neuro-
degenerative diseases, and diabetes [36]. The orchestration of UPR 
primarily hinges on three ER transmembrane receptors: Pancreatic 
ER Kinase (PKR)-like ER Kinase (PERK), Activating Transcription 
Factor 6 (ATF6) and Inositol-Requiring Enzyme 1 (IRE1). In normal 
conditions when the cell is in the resting stage, all these three ER 
stress receptors are kept in an inactive state through their association 
with the ER chaperone, GRP78.

 In this way, at whatever point there is an accumulation of un-
folded proteins, GRP78 separates from the three receptors, prompt-
ing the enactment of UPR, which is a pro-survival response. UPR 
at first attempts to reduce the accumulation of unfolded proteins and 
reestablish normal ER function [37]. In case protein aggregation is 
persistent, the pro-survival signalling switches to pro-apoptotic. Mo-
lecular mechanisms behind this switching over are still needs to be 
explored. Upon aggregation of unfolded proteins, GRP78 dissociates 
from the three ER stress receptors, PERK, ATF6 and IRE1, allowing 
their activation.

 There is series of activation of these receptors, with PERK be-
ing the first, followed by ATF6, and the last one to get initiated is 
IRE1. Activated PERK phosphorylates eukaryotic initiation factor 2α 
(eIF2α), which blocks protein synthesis. This is followed by trans-
lation of ATF4 by the eIF2α-independent translation pathway. ATF4 
translocate to the nucleus and induces gene transcription to restore 
ER homeostasis. Another transcription factor ATF6 translocate from 
the ER to the Golgi apparatus and gets activated by proteolysis. Ac-
tive ATF6 mediates the expression of ER chaperones and another 
transcription factor, X Box-Binding Protein 1 (XBP1). XBP1 under-
goes mRNA splicing for its activation, which is carried out by IRE1. 
Spliced XBP1 Protein (sXBP1) then enters to the nucleus and leading 
to the transcription of chaperones, co-chaperones, and the PERK-in-
hibitor P58IPK. All these events ultimately try to normalise ER func-
tion by further inhibiting the buildup of proteins, increasing the fold-
ing capacity, and initiating the degradation of protein aggregates [38] 
(Figures 4 & 5).

ER stress and apoptosis

 During normal conditions, the pro-apoptotic proteins Bax and Bak 
(Bax/Bak) are kept in inactive by interaction with BCL2 present on  

mitochondrial as well as ER membranes, whereas Bim (BH3) binds 
to cytoskeletal dynein proteins and is inhibited. Severe and continous 
ER stress activates c-Jun N-terminal kinase (JNK) and CHOP protein 
(initiation phase). This eliminates the anti-apoptotic effect of BCL2. 
CHOP blocks BCL2 expression, whereas JNK phosphorylates BCL2. 
JNK phosphorylates Bim, thereby releasing it from the cytoskeleton 
and causing its activation (commitment phase). These changes en-
act Bax and Bak, sending signals from ER to the mitochondria that 
lead to the execution of cell demise (execution stage) [38] (Figure 6). 
Dysfunction of MFAS leads to the accumulation of fatty acids and 
lipotoxicity that can cause ER stress via the initation of ER stress 
sensors (Figure 7) [39].

ER stress and follicular atresia

 The intrafollicular environment, rich in excess lipids, induces ER 
stress and impairs oocyte nuclear maturation. During folliculogene-
sis, UPR is observed in phases of follicular growth, maturation and 
atresia. Morphological ER disturbances and persistent ER stress lead 
to follicular atresia [40]. An exaggerated rate of follicular atresia is 
one of the major causes of POI, and the ER stress-induced apoptosis 
of granulosa cells and oocytes together lead to follicular atresia.

Figure 4: Endoplasmic reticulum during normal cell physiology.

GRP78: glucose-regulated protein78; ATF6: activating transcription fac-
tor 6; IRE1 alpha: inositol-requiring enzyme 1; PERK: pancreatic ER ki-
nase (PKR)-like ER kinase.

Figure 5: Unfolded Protein Response (UPR) signaling during stress con-
ditions in ER.

GRP78: glucose-regulated protein78; ATF6: activating transcription 
factor 6; IRE1 alpha: inositol-requiring enzyme 1;PERK: pancreatic ER 
kinase (PKR)-like ER kinase; CHOP: CCAAT-enhancer-binding protein 
homologous protein; XBP1: X-Box-Binding Protein; ATF4: activating 
transcription factor 4
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Future Directions
 Aberrant function of MFAS can affect beta oxidation. It can be 
hypothesized that decreased beta-oxidation by causing decreased ATP 
production, lipotoxicity and ER Stress leads to abnormal follicular 
development or excessive follicular atresia leading to premature ovar-
ian insufficiency.

 The given hypothesis can be the basis of future studies where 
the effect of MFAS and ER Stress can be studied in understanding 
the pathophysiology of POI. The experimental animal model of POI 
can be created by using MFAS inhibitors, and its effect on ER Stress 
markers and ovarian morphology can be assessed. POI human cases 
can be studied for genetic aberrations also for biochemical distur-
bances in ER stress markers, MFAS protein expression, and apoptotic 
markers.

Conclusion
 Normal folliculogenesis and oocyte maturation are integral to 
female reproductive health. The maintenance of a functional set of 
maternally derived mitochondria and functional crosstalk with the 
ER is pivotal for reproductive function and embryonic development. 
Mitochondrial-ER crosstalk is vital for cellular homeostasis and, con-
sequently, for folliculogenesis. Therefore, studying the role of this in-
ter-organelle communication in the pathophysiology of POI is crucial 
and equally intriguing.
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