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Abstract

Polycystic ovary syndrome (PCOS) portrays a common which impacts the reproductive capacity as well as causes irregular 
menstrual cycles. Apart from criteria set at the time of Rotterdam syndrome ESHRE/ASRM-sponsored PCOS consensus, in 
the last decade, a newer problem insulin resistance (IR) has been observed more commonly along with subjects having PCOS 
greater IR in view of different for instance overweight in addition to obesity, however clarification is lacking in patients with 
PCOS who are of normal weight, thereby validating the posit that IR takes place independent of weight. It has been confirmed 
by proof that there is existence of the complicated pathophysiological conditions taking place resulting in dysfunctional post 
insulin receptor signalling particularly in PCOS patients having familial diabetes. Furthermore PCOS patients documented a 
greater incidence of non-alcoholic fatty liver disease (NAFLD) associated with hyperinsulinemia, which was observed to be 
greater in obese subjects having PCOS. Here in this narrative review we have concentrated on how as a further corollary to 
the in-depth work of the group of Genazzani AD; applications might be made with regards to utilization of very low-calorie 
ketogenic diet (VLCKD) along with Mediterranean diet (MD) for the treatment of PCOS apart from part of the glycaemic index 
in addition to glycaemic load in the generation of PCOS as well as prevention of its complications as well as trans generational 
transmission to the progeny.
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Phosphoglycan; TSH: Thyroid Stimulating Hormone; FSH: 
Follicle Stimulating Hormone; ALA: Alpha Lipoic Acid; 
AMP: Adenosine Mono Phosphate; AMPK: Activated Protein 
Kinase; SHBG: Sex Hormone Binding Globulin; HIE: Hepatic 
Insulin Extraction; MMP: Mitochondria Membrane Potential; 
RCR: Respiratory Control Rate; CAP: Controlled Attenuation 
Parameter; EDC: Endocrine-Disrupting Chemicals; QOL: 
Quality of Life.

Introduction

Polycystic ovary syndrome (PCOS) represents a disease 
which is substantially frequent, having an incidence of 
5-21% in women at the time of their fertile duration (18-
45 year age) world over [1]. Clinical diagnosis of PCOS gets 
made with the utilization of Rotterdam’s criteria [2] (any two 
of the following three criteria after similar exclusion,
•	 Clinical (for instance acne, hirsutism) as well as /or 

biochemical androgen excess
•	 Chronic anovulation conditions (oligoovulation or 

anovulation till amenorrhea, and 
•	 Micro polycystic morphology on ultrasonology 

transducer having a frequency bandwidth 8MHZ (≥20 
follicles/ ovary, or an ovarian volume ≥10ml on any 
ovary [2-4]. 

Combination of these 3 criteria emphasizes 4 unique 
phenotypes of which maximum robust are where all 3 criteria 
are present [5]. Despite full prevalence of PCOS is akin over 
all countries, significant variations have been observed in 
view of ethnic factors impacting the phenotypic presentation 
of the syndrome for instance the prevalence of PCOS in case 
of Caucasian women varies from 4.7-6.8% [6]. Moreover, it 
has been displayed that once groups shift from one region 
to other regions, they have sustenance of susceptibility of 
their ethnicity to the generation of the PCOS in addition 
to the dysfunctional metabolism whose sustenance takes 
place secondary to hyperinsulinemia as well as/or diabetes 
mellitus (DM) as found for instance in women now based 
in Britain but are basically from Indian subcontinent Asian 
origin, who have greater prevalence of PCOS in addition to 
T2DM [6]. From these outcomes obtained manifestation it 
might be deduced that there exists an environmental as well 
as genetic constituent to PCOS in view of diet, exercise in 
addition to lifestyle possess broader ethnic differences.

Insulin resistance (IR) portrays a particular 
biological adaptation which stimulates a compensatory 
hyperinsulinemia in about 15-30% lean women having a 
diagnosis of PCOS established [3,7]. IR is commonly observed 
in subjects having PCOS irrespective of their body mass index 
(BMI), taking into account that as much as 50% subjects 
having PCOS are overweight/ obese. Noticeably, overweight 
as well as obesity are commonly found in patients of PCOS 

with phenotype A, the maximum robust of the 4 phenotypes 
[5].

Sequentially these metabolic properties (for instance 
plasma insulin quantities assessment, body weight or BMI 
computation) need to be taken into account at the time of 
assessment of patients of PCOS. Actually, 2 alternate kinds of 
PCOS have been posited
•	 Canonical reproductive phenotype of PCOS in addition 

to a newer 
•	 Having metabolic risk along with dysfunction known as 

‘’metabolic reproductive syndrome’’ [8].

Earlier we had reviewed on the aetiopathogenesis 
of PCOS, part in perimenarchal girls, trans generational 
transmission of PCOS, advances in BAT physiology for PCOS 
treatment, role of flutamide identification of PCOS women 
at risk for generation of metabolic disease in normal weight 
PCOS as a predisposing factor for the generation of non-
alcoholic fatty liver disease(NAFLD) [9-15]. In view of the 
germanises of the metabolic impact of PCOS here we have 
further concentrated on the newer aspects which have been 
recently elucidated.

Insulin Effects along with Insulin Resistance 
(IR)

The part of the insulin in case of mammals is of 
considerable significance in case of humans, insulin being 
the major controller of the glucose homeostasis resulting in 
induction of the glucose uptake in all the tissues inclusive 
of specifically adipose tissue (AT), muscle, heart, as well 
as liver. Insulin further leads to reduction of lipolysis, thus 
diminishing the quantities of the free fatty acids (FFA) in the 
blood that partially leads to modulation of the actions of the 
insulin on the generation of the glucose by the liver [16]. Apart 
from these metabolic actions, insulin possesses the part in 
the form of the cogonadotropin. In particular it results in the 
modulation of the ovarian working by augmentation of the 
effects of the luteinizing hormone (LH) on theca cells thereby 
taking part in the androgen liberation of androstenedione 
from the ovaries [17]. These cogonadotropin actions are 
partially direct in addition to partially indirect in view of 
insulin promotes the expression of its own receptor on the 
granulosa cells, however further on LH in addition to Insulin 
like growth factor 1 (IGF1 ) receptors. Once IR takes place, the 
escalated plasma quantities of the insulin lead to enhanced 
stimulation of the ovaries, causing over stimulation of the 
formation of the androgens [16,17]. Clarification is present 
with regards to enhanced insulin apart from resulting in 
dysfunctional ovarian working, however further on the 
central neuroendocrine regulation of the reproductive axis 
(Figure 1) [18].
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Figure 1: Courtesy ref no-18-Schematic summary of 
insulin actions on the reproductive axis.

Insulin plays specific roles centrally on gonadotropin-
releasing hormone through a positive action on kisspeptin 
release thus inducing luteinizing hormone secretion. At 
the ovarian level, insulin amplifies luteinizing hormone 
signalling and improves androgen production. Insulin also 
plays a role in sexual hormone-binding globulin production 
and in dehydroepiandrosterone release from the adrenal 
gland.

DHEA = Dehydroepiandrosterone; GnRH = Gonadotropin-
releasing Hormone; IGFBP1 = Insulin-like Growth Factor 
Binding Protein 1; LH = Luteinizing Hormone; SHBG = Sex 
Hormone-binding Globulin.

Actually recent studies have displayed the association 
amongst Kisspeptin (Kp) in addition to gonadotropin releasing 
hormone (GnRH) stimulated liberation of LH ,the manner 
observed by the concurrent liberation of the pulsatile peaks 
of both the hormones [19]. Furthermore, KP as well as LH 
have been observed to be coliberated in case of eumenorrheic 
PCOS however not in the case of oligomenorrheic PCOS [20]. 
Additionally, plasma quantities of the insulin were observed 
to be significantly correlated with plasma quantities of 
LH as well as Kp in case of patients with PCOS along with 
functional hypothalamic amenorrhea (FHA) [1,21]. In total 
,these outcomes validate the posit that insulin possesses 
the germane part in the regulation of the reproduction in 
healthy situations as well as pathophysiological conditions 
for instance FHA [22], in addition to PCOS patients who 
are overweight as well as obese [21,22]. Escalated insulin 
possesses the capacity of disrupting GnRH liberation at the 
hypothalamic level, via increased KP thereby resulting in 
escalated stimulation of gonadotropin liberation in addition 
to associated LH over liberation [2]. The converse takes 
place in FHA subjects [21]. Actually, FHA subjects display 
minimal quantities of insulin which are associated with the 
minimal quantities of LH. Thereby plasma insulin quantities 
are desirably not to be escalated in the blood along with any 
sort of escalation might be resulting in particular metabolic 
actions apart from the ones on the reproductive aspects. The 

part of the insulin is to keep the glucose quantities regulated; 
nevertheless for achieving this a significantly intricate 
network of hormones as well as peptides secreted basically 
from the pancreas (namely insulin) however further from 
the brain, liver, as well as from the adipose along with the 
muscle tissue. Amongst this network the pancreas possess a 
crucial part in release of blood glucose diminishing hormone 
insulin in addition to its antagonist glucagon [23]. In case 
of imbalanced insulin in addition to glucagon equilibrium 
with plasma insulin escalating in the existence of the normal 
plasma glucose quantities, IR occurs; that greater insulin 
quantities are needed for the sustenance of the normal 
glucose quantities in the blood flow for the sustenance of the 
glucose homeostasis (Figure 2) [23,24].

Figure 2: Courtesy ref no-18-Glucose (panel A) and insulin 
(panel B) response to the oral glucose tolerance test in a 
group of patients who are obese with polycystic ovary 
syndrome (n=25) and healthy controls who are obese 
(n=23).

Though the glucose response was similar in both groups, 
the insulin response was higher in subjects with polycystic 
ovary syndrome. This observation suggests that, in patients 
who are obese with polycystic ovary syndrome, higher levels 
of insulin are needed to maintain normal glycaemic control. 
It cannot be excluded that such hyperinsulinemia response 
might be due to a reduced insulin clearance. The green 
line represents the actual maximal insulin response under 
oral glucose tolerance test considered within normality 
[19]. PCOS = polycystic ovary syndrome.

IR takes place once the capacity of insulin for the 
induction of its particular effects is diminished along with 
the metabolic uptake as well as generation of glucose along 
with dysfunctional lipolysis. Sequentially, a compensatory 
mode of liberating greater quantities of insulin occurs, in 
addition to greater quantities of insulin are liberated both at 
base line as well as subsequent to glucose load [7,16]. 

IR possesses particular negative actions on certain 
organs in addition to tissues. In case of liver, as well as 

https://medwinpublishers.com/WHSJ


Women’s Health Science Journal
4

Kaur KK. Therapeutic Clinical Implications of Insulin Resistance (IR) in Polycystic Ovary Syndrome 
(PCOS) in Lean/Obese PCOS Patients- Development of Non-alcoholic Fatty Liver Disease (NAFLD)-A 
Narrative Review. Womens Health Sci J 2024, 8(1): 000207.

Copyright©   Kaur KK.

skeletal muscle, IR escalates lipolysis by the accrual of the 
non-esterified fatty acids (NEFA). Subsequent to accrual 
of lipids amongst the hepatocytes they cause activation of 
the diacyl glycerol (DAG)/ protein kinase C in addition to 
hampering of the insulin receptor [15,16]. Within the skeletal 
muscle IR plausibly results in the induction of the hampering 
of the phosphatidyl inositol 3- kinase(PI3K) as well as 
phosphorylation of the insulin receptor substrate-1(IRS-1), 
thereby altering the expression of the glucose transporter 4 
(GLUT4) vesicles as well as diminishing glucose upload [25].

Noticeably, IR takes place more commonly in PCOS 
subjects who are overweight as well as obese, specifically 
those having central obesity [4], nevertheless an exhaustive 
search illustrated that IR is further feasible in normal 
weight PCOS subjects irrespective of the BMI [7,25].The 
corroboration that IR takes place in lean PCOS subjects 
pointing to the posit of the existence of the post receptor 
defect might be impacting the glucose upload [26,27] instead 
of serine phosphorylation of the insulin receptor [8,25]. 
Overweight/obese remains central for the initiation of the 
canonical PCOS symptoms, the manner it got illustrated 
recently by the meta-analysis performed by Behboudi-
Gandevani et al. [28]. Noticeably, aberrant glucose regulation 
as well as /or type 2 diabetes (T2D) have further been found to 
be generated at a greater pace in contrast to control patients 
[28].This validation underpins the posit of the requirement 
of an oral glucose tolerance test (OGTT) [29], an approach 
for the determination of body’s reaction to glucose lasting 
for minimal 2 hours for determination of the insulin reaction 
under situations of metabolic stress. OGTT displays the 
patients hyperinsulinemia situation, once insulin reaction is 
greater than 50μU/ml within 30-90’ of glucose load [24,30].

Insulin Signalling along with Insulin 
Resistance(IR): Part of Inositols

It is usually found that a greater proportion of the PCOS 
subjects having treatment with the utilization of insulin 
sensitizers (for instance metformin) find considerable 
enhancement apart from in metabolic along with hormonal 
paradigm, basically that of the hyperinsulinemia state, 
however further in the hyper androgenic signs with the 
return of the practically normal menstrual cycle along with 
working of the ovaries [31]. To our misfortune the dose of 
metformin is based on obesity grade in addition to their 
hyperinsulinemia situation, further greater the doses greater 
the gastrointestinal inimical sequelae [32]. Any deficiency in 
the inositol phosphoglycan (IPG) second messenger pathway 
might reason out hyperinsulinemia appearing through the 
dysfunction of post receptor insulin stimulated signal-this 
finding is the reason of posit of the innovative therapeutic 
approaches for the tackling of the hyperinsulinemia in case 
of PCOS subjects [33]. Actually, IPG portrays a necessary 

biological step in the transport of a particular metabolic 
along with hormonal signals formed subsequent to insulin 
gets associated with the membrane receptor. Generation 
of the IPG takes place at the level of the cellular membrane 
subsequent to hydrolysis of the glycerol phosphatidyl inositol 
lipids with placement on the internal of the cell membrane 
[34], followed by which IPGs become an integral part of the 
post receptor intracellular mode which is parallel to the 
second messenger .This insulin stimulated intracellular mode 
regulates the oxidative as well as non-oxidative metabolism 
in addition to glucose uptake by GLUT4 from the extracellular 
milieu [8,35]. In view of this utilization of Inositols have been 
done in the form of an integral approach for the improvement 
of the cellular reactions to the metabolic stepwise patterns 
whose activation takes place subsequent to insulin binding to 
its receptor .Nevertheless, apart from insulin, other peptide 
hormones, for instance thyroid stimulating hormone (TSH), 
follicle stimulating hormone (FSH) further utilize them in the 
form of the second messengers [34,36]. Inositols are part of 
a family comprised of 9 isomers, of which just 2 are germane 
for the modes detailed earlier namely
•	 My inositol (Myo)
•	 D chiroinositol (DCI)

Inositols are existent in plants, vegetables for instance 
beans as well as fruits. Despite belonging to the vitamin group 
it possesses a chemical formula which is akin to glucose 
in addition to possesses the capacity of being generated 
by human biology, however maximum production of the 
inositols takes place from food [7,37]. On gaining entry into 
the cells its conversion takes place into phosphatidyl-myo-
inositol followed by to inositol triphosphate that constitutes 
the actual second messenger of peptide hormones (for 
instance insulin ,FSH, TSH) [34,38]. As per Larner et al. [39], 
a particular balance is the requirement amongst 2/9 isomers 
of inositol that implies amongst Myo as well as DCI. Just one 
variation is present at the position of one hydroxyl group 
along with DCI gets obtained from Myo by the actions of 
epimerase [39].

The manner cited previously a particular balance is 
the requirement exists amongst Myo as well as DCI [39,40]. 
Particularly both Myo as well as DCI are germane for 
regulation the right transportation of the metabolic signals 
of insulin subsequent to its binding with the membrane 
receptor. Insulin binding with its receptor causes activation 
of particular kinase stepwise patterns that in turn results 
in activation of phosphorylation of protein kinase B (AKT) 
which leads to translocation of the GLUT 4 vesicles on the 
cell membrane to upload glucose [39]. Additionally, insulin 
binding initiates one more stepwise pattern of processes 
which results in transformation of the Myo into DCI via the 
activation of enzymes phospholipase as well as epimerase 
[35]. DCI stimulates induction of glycogen synthase in the 
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cytoplasm for the transformation of glucose into glycogen in 
addition to simultaneously activating mitochondrial pyruvate 
dehydrogenase phosphatase that stimulates the oxidation of 
glucose in the mitochondria [7,35]. It is well acknowledged 
that the part of Myo as well as DCI is germane biologically. 
Sustenance of an appropriate equilibrium amongst these 2 
aids in an appropriate upload of sugar from the outer aspect 
of the cell ;via glucose oxidation within the mitochondria in 
addition to conversion of glucose into glycogen; a gradient of 
content is attained- aiding in extra glucose upload from the 
outer aspect of the cell via GLUT 4 vesicles [8]. The manner 
it can be thought vividly, what results in the alteration of the 
equilibrium amongst Myo as well as DCI influences glucose 
upload in addition to its conversion to glycogen or oxidation 
in the mitochondria. Particularly processes which possess 
the capacity of negatively influencing epimerases diminish 
DCI generation along with cause dysfunctional glucose 
upload, diminishing rate of glucose upload thereby insulin 
(hyperinsulinemia) for indemnity for dysfunctional Myo into 
DCI transformation.

Actually, studies performed on animals as well as humans 
having diabetes displayed existence of greater quantities of 
Myo urinary excretion whereas DCI was diminished [33,40]. 
This observation is thought to be reasoned out by diminished 
expression along with/or biological action of the epimerases 
[41]. Sequentially, these outcomes corroborate the posit 
that IR takes place in view of an aberrant expression of the 
enzymes instead of other acknowledged causes [7]. In the 
form of an illustration of aberrant expression of the enzymes, 
different studies have concentrated on the part possessed by 
inositols on insulin sensitivity [7]. Despite Myo efficaciously 
diminished IR at the time of OGTT in case of normal weight 
patients with PCOS [25], a differential IR was found in 
overweight /obese PCOS patients [24]. This observation 
evoked the probability that particular factors (for instance 
the dysfunctional epimerase expression) might be the 
reason behind the differential actions of epimerase enzyme. 
Taking into account the earlier illustration with regards to 
changed DCI formation as well as urinary excretion [33,41], 
clarification of biological importance of DCI was found on DCI 
delivered to overweight /obese PCOS patients [42]. All the 
patients illustrated reduction in insulinemia on utilization of 
an incorporated treatment in addition to improvement of IR 
the manner illustrated by OGTT; nevertheless, the individuals 
who documented the existence of familial diabetes in 1st 
degree relatives (parents/grandparents) illustrated a greater 
IR on utilization of OGTT as well as greater enhancement 
with treatment [43]. These events confirmed theposit that 
once DCI was incorporated positively, it rectified a reduction 
in endogenous DCI generation in case of familial diabetes.

Taking into account that diabetes might portray a robust 
factor which escalates the susceptibility for the diminished 

insulin sensitivity escalating IR along with hyperinsulinemia, 
it has been pointed that delivery of inositols might be based 
on the capacity of epimerise in the transformation of the 
Myo into DCI in enough quantities [42,44]. In case of no 
such familial susceptibility, delivery of lone Myo appears 
feasible [45], or on Myo as well as DCI [46]; that once DCI 
was incorporated, possesses a key part in case of existence of 
familial diabetes [7,42-44].

Alpha Lipoid Acid Modulation of Insulin 
Sensitivity Silently

Taking into account the complicated nature of human 
biology it is not feasible that just the inositols are implicated 
in the regulation of the cellular glucose uptake as well as 
thereby in regulating glycaemia in the biological fluids. 
Actually one more substance has been recently believed to 
be germane for the treatment of IR, namely alpha lipoid acid 
(ALA). In case of animal models ALA has been observed to 
modulate the utilization of glucose by escalating adenosine 
mono phosphate (AMP)-activated protein kinase (AMPK) in 
skeletal muscles, thereby escalating GLUT4 [45].

ALA has been further believed to be thioctic  acid which is 
imperative for the working of different enzymes responsible 
for oxidative metabolism [46]. The Initial utilization of ALA 
was detailed in 1959 for the treatment of the mushrooms 
poisoning, particularly Amanita phyllodes poisoning [47]. 
ALA is frequently observed in the vegetables for instance 
spinach as well as broccoli in addition to tomatoes along with 
meats in case of mammals. Generation of ALA takes place in 
mitochondria by the enzyme, lipoid acid synthase (LASY): 
that possesses the capacity of getting down regulated in the 
variable situations for instance diabetes [48]. ALA as well 
as its reduced kind dihydro lipoid acid, possess a myriad of 
biochemical function
•	 working in the form of antioxidants (for instance metal 

chelators) that reduce the oxidized kinds of antioxidants 
(for instance Vitamin C,E as well as glutathione) in 
addition to modulation the signalling transduction of 
various pathways (for instance insulin along with nuclear 
factor κB (NFκB)) [45] of the plethora of functions 

•	 ALA causes improvement of endothelial dysfunction 
•	 Decreases OS subsequent to exercise training [49],
•	 Conferring protection against generation of 

atherosclerosis [49]. 

In view of these effects ALA might be a putative 
substance for the treatment of numerous chronic diseases 
having a considerable epidemiological, cost in addition to 
social influence ; for instance hypertension [50], Alzheimer’s 
disease [51], cognitive impairment as well as diabetes 
mellitus(DM) along with its complications [48].
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Sequentially, ALA has been hypothesized in the form of a 
substance for numerous diseases, particularly DM along with 
PCOS in view of the existence of the aberrant dysmetabolic 
profile [52]. Recently, various studies have illustrated 
the remarkable effectiveness of ALA in regulating insulin 
sensitivity. Actually, recently it was observed that delivery of 
ALA at a dosage of 400 mg daily was efficacious in decreasing 
IR in addition to enhancement of insulin sensitivity in 
subjects having PCOS as illustrated by significant decrease in 
homeostatic model assessment index particularly in subjects 
having PCOS with familial diabetes [53]. These outcomes 
validate the point that delivery of ALA possesses the capacity 
of getting over the dysfunction canonically existence in case 
of familial diabetes which down regulates the expression of 
the LASY with in the mitochondria of mammals as well as 
in humans [48,54]. Actually, decreased endogenous ALA 
generation, stimulates a lesser glucose uptake in skeletal 
muscle, on which is dependent the generation of insulin 
resistance (IR) [48].This deficient effect reduces AMPK 
quantities in skeletal muscles [55], thereby diminishing 
GLUT4 induction [46]. Nevertheless, apart from this 
advantage just subjects having familial diabetes illustrated 
plasma transaminase quantities intricate to the upper 
quantities of normality in addition to greater in contrast to 
patients not having familial diabetes [56,57]. ALA delivery 
in case of subjects having familial diabetes significantly 
reduced LASY plasma transaminase quantities to normal 
plasma quantities. These observations are in agreement 
with the posit that the incorporation of the ALA delivery 
(simulating endogenous ALA) deplete maximum of the 
metabolic dysfunctions in subjects having PCOS particularly 
in familial diabetes.

The utilization of ALA for the treatment possesses 
considerable importance .As per a recent review non-
alcoholic fatty liver disease (NAFLD) is observed in a 
remarkable proportion (40-70%) of PCOS patients [58], 
along with the combination of PCOS with obesity as well as 
IR is inimical as apart from stimulating NAFLD plausibly it 
further stimulates the generation of T2D [58]. The capacity 
of ALA delivery in diminishing transaminase quantities 
in subjects having familial diabetes validates the capacity 
of liver protection as detailed previously [47], along with 
pointing that ALA positively impacts liver working in subjects 
having PCOS by diminishing the risk of generation of liver 
dysfunction for instance NAFLD as well as subsequently T2D 
[53]. This counters one more illustration not in agreement 
with this posit or displaying these actions [59].

In view of these, in addition to taking into account the 
advantages of Myo as well as DCI, ALA has been incorporated 
with Myo/ DCI for the enhancement of advantageous actions 
over insulin sensitivity. Different studies have illustrated 
the advantageous actions of LASY the combination of ALA 

with Myo/ DCI significantly resulted in enhancement of the 
reproductive as well as metabolic results in subjects having 
PCOS with and without familial diabetes [56,57]. Actually, in 
view of subjects having PCOS with familial diabetes exhibited 
diminished expression of the LASY in addition to that of 
epimerase, rectification of insulin sensitivity in addition 
to reproductive working apparently illustrates substantial 
enhancement on combination of ALA with DCI [56], that 
is considerably efficacious further once there is no familial 
diabetes [56]. The combination of ALA with Myo further 
causes improvement of the reproductive axis in addition to 
metabolic dysfunction; nevertheless, in familial diabetes it 
is not efficacious in overtaking the decreased expression /
working of epimerise [59].

Hepatic Insulin Extraction-an Index of Hepatic 
Implication in Insulin Resistance(IR) in PCOS

A canonically silent in addition to asymptomatic hepatic 
disease is NAFLD. NAFLD is more commonly found however 
not possessing the properties of escalated transaminase 
quantities (for instance alanine amino transferase (ALT) as 
well as aspartate amino transferees (AST)) [58], which are 
believed to be germane pointers of the existence of NAFLD in 
view of usually intricate to the upper quantities of normality 
[42,60]. Accumulating proof is escalating with regards to the 
sharing of akin stimulating factors [61], along with NAFLD 
has greater association with IR instead of liver fat levels [62]. 
The incidence of NAFLD in case of fertile women having 
PCOS has been correlated with IR, changed lipid quantities 
along with plasma androgen quantities [63]. Despite, 
androgen quantities might not vary amongst subjects having 
PCOS in addition to female subjects having NAFLD without 
PCOS [64], lesser quantities of Sex hormone binding globulin 
(SHBG) have been posited in the form of an acknowledged 
modulator amongst IR as well as NAFLD- SHBG portrays a 
steroid transporter in addition to pointer of the metabolic 
along with the nutritional status, whose hepatic generation 
is controlled by insulin [15,58,65].

Thereby clarification is there with regards to 
existence of an intricate association amongst IR as well as 
hyperinsulinemia along with the probable existence of 
hepatic dysfunctional state for instance NAFLD, which is 
plausibly correlated with escalated transaminase quantities. 
Sequentially, different studies have illustrated the existence 
of the dysfunctional insulin clearance in overweight /obese 
patients [66], akin to the overweight /obese PCOS patients 
[67]. Recently Genazzani AD, group conducted hepatic 
insulin extraction (HIE) index in PCOS patients who were 
either overweight or obese in addition to observed that HIE 
index suggested dysfunction particularly in subjects having 
PCOS with familial diabetes in a minimum in one 1st degree 
relatives(parents/grandparents) [67].
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Utilization of different algorithms [64,68] can be done for 
computation of HIE, where computation of the ratio amongst 
insulin as well as C peptide plasma quantities is substantially 
simple [68], Recent studies displayed that diminished liver 
working as well as the capacity of taking part in insulin 
clearance results in improvement of IR [64,68]. From the 
physiological angle HIE portrays insulin kinetics meant in 
the form of balance amongst generation from the pancreas in 
addition to clearance imparted by liver. In view of clearance 
of C peptide is practically nil, C peptide might be meant to 
portray the insulin generation by the pancreas [69]. Actually, 
at the level of the pancreas, from the cleavage of pro- insulin, 
a molecule of insulin along with a molecule of C peptide is 
formed. Despite, at the level of the pancreas generation ratio 
amongst insulin along with C peptide is 1; computation of 
this ratio is feasible by the utilization of circulating quantities 
of the 2 peptides. In this manner the ratio substantially 
portrays the balance amongst insulin hepatic clearance 
kinetics as well as insulin release from the pancreatic βcells 
which is parallel to the quantities of C peptide, in view of in 
its practically negligible hepatic clearance [70]. Generally 
working of the liver performs around 50% of the extraction of 
the insulin that has been administered to it by the pancreas, 
30% extraction is performed by kidney, 15-30% by muscles 
of whatever quantities are still there subsequent to the 1st 
pass in the liver (Figure 3) [71,72]. 

Figure 3: Courtesy ref no-18-Insulin secretion and removal 
from the general circulation depend on pancreatic activity 
and from the clearance exerted by various organs: liver 
(-50%), kidney (-30%), muscles (-15 to -35%).

Insulin secretion from β cells of Langherhans islets of 
the pancreas derives from cleavage of pro-insulin into insulin 
and C-peptide, and the products are secreted into the portal 
vein. The blood passes through the liver, which extracts 
about 50% of the newly secreted insulin. The remaining 
insulin exits from liver and enters into the systemic arterial 
circulation via the hepatic veins. The remaining amount of 
insulin is removed while passing through the kidneys and 
the muscles. Whenever liver clearance ability is impaired, a 

lower amount of insulin is degraded.

HIE is based on the appropriate expression/generation 
of the insulin breakdown enzymes [69,73]. Assessment 
of HIE has been performed in PCOS patients that are 
overweight /obese while taking into account if there was 
existence of familial diabetes in 1st degree relatives(parents/
grandparents) [74]. A study observed that apart from PCOS 
patients having familial diabetes possessed the greater 
plasma quantities of insulin in baseline situations, subsequent 
to overnight fasting, they further illustrated greater HIE in 
contrast to subjects not having PCOS with familial diabetes 
[61]. Additionally, PCOS patients having familial diabetes 
further illustrated ALT as well as AST plasma quantities 
the upper quantities of normality in addition to greater 
in contrast to patients not having familial diabetes [74]. 
These outcomes stimulate the deduction that a particular 
dysfunction might be stimulated bya familial susceptibility 
to diabetes impacting hepatocyte working. Actually, PCOS 
patients having familial diabetes illustrated greater IR in 
contrast to PCOS patients not having familial diabetes at the 
time of OGTT [61]. In view of C peptide reactions did not vary 
amongst the 2 groups HIE outcomes were greater in PCOS 
patients having familial diabetes practically all through the 
time of OGTT, in view of diminished hepatic insulin clearance 
[61]. Recently the incorporative strategy in PCOS utilization 
of lone ALA [53], or the combination of ALA with Myo [56], 
or DCI [57] illustrated greater effectiveness in PCOS patients 
having familial susceptibility to diabetes [58].

These outcomes validated the posit that the susceptibility 
to familial diabetes in certain manner apart from causing 
dysfunctional peripheral insulin sensitivity via lesser/ 
deficient expression/ generation, of both LASY in addition to 
epimerises however further the capacity of the hepatic insulin 
clearance when there is no familial diabetes, just overweight 
/obesity are implicated in the peripheral deficiency in insulin 
sensitivity , thereby stimulating a corrective greater insulin 
(in addition to generation); however in the existence of the 
familial diabetes the dysfunctional working/ generation of 
the LASY in addition to epimerase is extra to the deficiency 
in hepatic insulin clearance in view of deficiency in insulin 
breakdown enzymes working/their expression. The 
combination of these processes estimates greater circulating 
insulin (in view of over generation in addition to lesser 
clearance) in case of PCOS patients with familial diabetes 
in contrast to patients without familial diabetes. The more 
common existence of the escalated (despite not pathological) 
ALT as well as AST quantities have to be taken care of, it 
being a pointer of hepatic dysfunction. The combination of 
hyperinsulinemia in addition to escalated transaminases 
have been taken into account in the form of a stimulator of 
NAFLD which takes place more commonly in case of PCOS 
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patients in contrast to normal population [59].

How Utilization of Mitochondrial Dysfunction 
Might be Conducted to Unravel PCOS 
Pathophysiology

Having reviewed earlier the part of the mitochondrial 
unfolding protein response in reproduction and aging with 
use of autologous mitochondrial injections in mitochondrial 
diseases along with in aging oocytes here we further describe 
how it might be utilized in unravelling PCOS pathophysiology 
[75]. Recently Siemens, et al. [76], detailed six predefined 
mitochondrial functions, as illustrated in (Figure 4), as well 
as then summarize PCOS-correlated observations findings 
in the ovary (granulosa cells in addition to oocytes), uterus, 
placenta, along with peripheral circulation. The emerging 
designs are demonstrated in (Figure 5). Hopefully this work 
of theirs would lay the groundwork which is the requirement 
for generating of innovative diagnostic along with therapeutic 
strategies for people with PCOS in addition to ameliorate the 
trans generational sequelae for their progeny.

Summarizing their work in the whole ovary they 
documented that they observed that mitochondrial 
biogenesis as well as downstream mitochondrial quantity 
along with quality assessment have been performed in a 
wide variation of PCOS models. Even with separate models 
of PCOS induction, rodent models assessing biogenesis in 
whole ovary uniformly demonstrate decreased quantities 
of Peroxisome Proliferator Activated Receptor γ captivator 
-1α (PGC-1α), nuclear respiratory factor-1 (NRF-1), NRF-1, 
in addition to transcription factor A (TFAM) [75]. Metformin 
treatment escalated PGC-1α, as well as TFAM expression, 
the manner a traditional Chinese medicine, cangfudaotan 
decoction [75], neurokinin-B antagonist [75], two separate 
carnitine formulations [75], along with the overexpression 
of SIRT3; an NAD- based deacetylase did [75]. 

Just one study directly assessed mtDNA in ovarian 
tissue [77]. Jiang, et al. [77], documented greater injured in 
addition to fragmented mtDNA in the ovaries of a letrozole-
induced rat model of PCOS that was further administered a 
high-fat diet, however the delivery of neither cangfudaotan 
or metformin significantly diminished mtDNA injury as well 
as fragmentation [77]. 

There was minimal documenting of mitochondria 
ultrastructure amongst the ovary as a whole, along with 
most studies examined this amongst particular cell kinds 
like the GCs in addition to oocytes. Jiang et al. [77], illustrated 
mitochondrial membrane swelling as well as rupture in 
ovarian tissue in addition to observed that cangfudaotan 
or metformin reduced the total percentage of injured 
mitochondria, despite not as little as in the control groups 

[77]. On the whole, Jiang’s [77], observations point that 
mtDNA injury further impacts ultrastructure, respiration, as 
well as downstream energy generation. 

Numerous other studies assessed ATP quantities, 
complicated proteins, along with citrate synthase for 
getting insight with regards to the functional role of ovarian 
mitochondria in PCOS. Generally, ATP quantities were lesser 
in PCOS-exposed ovaries [75,76], which might be explained 
by reduced bio generation as well as mitochondrial injury. 
Intriguingly, studies of neonatal ovaries exposed to PCOS in 
utero had ATP quantities akin to the controls [56]. Uniformly, 
all other rodent PCOS studies, excluding the in utero-exposed 
models, further documented lesser Complexes I, III, and IV, as 
well as total complex enzyme activity [76,77]. Although the 
in utero exposed model did not exhibit complex enzymatic 
activity, the authors documented a lower expression of a 
particular subunit within Complex IV in contrast to the 
controls [76]. Dysfunctional complex activity in PCOS ovaries 
was rescued by cangfudaotan, Bushen Huatan Granules, or 
selenium delivered by nanoparticles [76,77]. One study 
observed that that PCOS was correlated with lower citrate 
synthase activity however this escalated with the delivery of 
metformin or sodium selenite [76]. Furthermore, two akin 
studies uniformly documented that PCOS decreased the 
mitochondria membrane potential (MMP), which formed 
ATP-driving gradients in rat ovaries [76,77]. In both cases, 
cangfudaotan along with selenium nanoparticles, in addition 
to metformin alone, caused improvement of MMP. 

Just 2 studies determined real-time cellular 
bioenergetics to assess mitochondrial respiration. One study 
observed that PCOS led to a lower oxygen consumption rate 
(OCR) as well as respiratory control rate (RCR) in isolated 
mitochondria [77]. The other study examined bioenergetics 
via extracellular flux analyses in whole neonatal ovaries 
from an in utero PCOS-exposed rat model. PCOS-exposed 
neonatal ovaries had escalation of basal, maximal, along 
with ATP- correlated linked OCR, in addition to an escalated 
proton leak [77]. Together, these observations point that 
PCOS results in dysfunctional mitochondrial respiration in 
the adult ovary, however exposing the generating ovary to 
PCOS in utero causes a responsive increase in mitochondrial 
oxygen consumption that could be correlated with oxidative 
stress across a lifespan.

In studies evaluating the mitochondrial dynamics in the 
whole ovary, a common theme of imbalance was observed, 
specifically with dysfunctional fusion as well as escalated 
fission, a state that escalates mitophagy in addition to 
oxidative stress whereas impairing important networking 
with other organelles. For fusion, rodent studies observed 
lesser quantities of mitofusins 1 as well as 2(MFN1 as well as 
MFN2), optic atrophy 1 mitochondrial dynamin-like GTPase 
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(OPA1), however their expression quantities escalated with 
interventions of cangfudaotan, sodium selenite, or metformin 
[76,77]. The fission genes DRP1 as well as FIS1 were greater 
in rat PCOS models however reduced with cangfudaotan, 
sodium selenite, or metformin [76,77]. Many studies 
assessed oxidative stress (OS) in PCOS ovaries. Overall, PCOS 
escalated mitochondrial superoxide [76], lipid peroxidation 
(malondialdehyde (MDA)), and protein oxidation, along with 
DNA oxidation [77]. Cangfudaotan reverted increased ROS 
production [77]. Selenium, sodium selenite, metformin, in 
addition to genistein all successfully decreased MDA levels 
[76,77], as well as metformin along with sodium selenite 
reduced protein carbonyls [76,77]. Genistein treatment 
reversed DNA oxidation in DHEA-induced PCOS [76]. 

Figure 4: Courtesy ref no-77-Key elements that regulate 
mitochondria number and function to influence cell 
processes and fate. 

In addition to oxidative damage, some studies evaluated 
if PCOS possessed the capacity of changing the antioxidant 
capacity in the ovary, which would significantly influence 
its capacity to react to oxidative stress. Overall, the studies 
suggest that PCOS lowers antioxidant capacity, particularly 
SOD1 mRNA expression and SOD activity, in ovary tissue 
[76]. In contrast, two other studies observed increased 
quantities of SOD2 protein [76], which might be a cellular 
reaction to oxidative stress (OS). Others reported impaired 
GSH, glutathione peroxidase (GPx), GR, and GSH: GSSG ratio, 
whereas one study opposed this with reports of increased 
GSH-Px [76]. Three different studies observed decreased 
CAT activity, which got rescued with both genistein along 
with neurokinin-B antagonists [76]. Studying both ROS 
generation in addition to antioxidant capacity is significant 
in view of when once ROS exceeds antioxidant capacity, 
oxidative damage and cell death take place. This is 

highlighted by two studies that further did assessment of 
mitochondrial permeability transition pore (mPTP) opening 
as well as quantities of cytochrome C in the cytosol, both of 
which are primary controllers cell death. PCOS increased 
these markers in rat ovaries, but they were significantly 
reduced with cangfudaotan along with metformin, or Bushen 
Huatan Granules, respectively [76,77]. They suggested that 
differences in antioxidant capacity within these studies 
are related to both the methods of PCOS induction and the 
timing of tissue collection, as antioxidant capacity might to 
start with be “overawed” by ROS however escalate over time 
in reaction to on-going OS. 

Figure 5: Courtesy ref no-77-Summary of reported 
alterations in mitochondrial biogenesis, genome, 
ultrastructure, metabolism, dynamics, and ROS in the 
ovary, oocyte, granulosa cell, uterus, placenta, and 
peripheral blood and plasma of PCOS. Offspring exposure 
studies were excluded. 

Conclusions and Future Directions

Here the significance of the utilization of an appropriate 
strategy in the treatment of PCOS is emphasized apart 
from gynecolologic aspects; however from the aspect of 
the internal medicine specialists as well. The proof pointed 
that a greater existence of the dysmetabolic diseases for 
instance diabetes as well as dyslipidemia in addition to 
NAFLD along with non-alcoholic steatohepatitis (NASH) in 
case of PCOS patients particularly in the ones having familial 
diabetes; thereby particular assessment is warranted. In 
the case of their referral to a gynecolologist for any specific 
reproductive or simply irregular menstrual cycle in the 
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form of the oligomenorrheic/amenorrhea, anovulation 
need a detailed metabolic assessment. Furthermore, Wang, 
et al. [78], illustrated that the PCOS patients with obesity 
possessed a significantly greater higher prevalence of NAFLD 
on performance of alteration in addition to impacting factors 
of liver controlled attenuation parameter (CAP). Additionally, 
in PCOS patients with obesity, liver CAP was correlated with 
abnormalities of lipid metabolism, insulin resistance, as well 
as hyperandrogenemia, with elevated testosterone quantities 
being an independent risk factor for NAFLD in PCOS patients 
with obesity. Moreover, as illustrated by us earlier these facts 
have made the application of very low-calorie ketogenic 
diet (VLCKD) along with Mediterranean diet (MD) in the 
treatment of PCOS as recently corroborated by Calcaterra, et 
al. [79], in adolescents with PCOS [79].

As a further corollary nutrition, with regards to nutrient 
constitution, dietary, endocrine-disrupting chemicals (EDC), 
as well as food processing along with preparation, that 
has acquired considerable interest in the pathogenesis in 
addition to the therapeutic strategy of PCOS. Manta, et al. 

[80] emphasized on how carbohydrate ingestion is a key 
point in the diet recommendations. Glycaemic index as well 
as glycaemic load compose the indexes of the influence of 
dietary carbohydrates on postprandial glucose quantities. 
Numerous studies have indicated that a greater glycaemic 
index in addition to the glycaemic load diet might exaggerate 
insulin resistance, a critical characteristic of the syndrome, 
as well as a risk for its generation along with complications. 
On the other hand, low-glycaemic index in addition to low-
glycaemic load diets apparently cause improvement of 
insulin sensitivity, menstrual cycles, and control as well as 
ameliorate the risk of comorbidities with PCOS, for instance 
obesity, changes in body constitution, type2 diabetes (T2D), 
cardiovascular disease, along with quality of life (QOL). The 
objective of this exhaustive review by Manta, et al. [80], was 
the exploration of the germanises of nutrition along with 
more particularly, the correlation of glycaemic index in 
addition to glycaemic load with the different perspectives 
of PCOS, in addition to evaluate the plausible advantages of 
manipulating those indexes in the dietary approach for the 
syndrome (Figures 6 & 7).

Figure 6: Courtesy ref no-80-Etiology and underlying mechanisms of PCOS.

Figure 7: Courtesy ref no-80-Effects of GI and GL on PCOS. GI: glycaemic index; GL: glycaemic load; IR: insulin resistance; OS: 
oxidative stress; QoL: quality of life.
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