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Abstract: Polycystic ovary syndrome (PCOS) is the most frequent endocrinopathy during women’s
reproductive age. PCOS is a heterogeneous disorder featuring specific cardiometabolic properties.
The association between the presence of metabolic disorders and PCOS supports the claim that the
regulation of glycemic status is very important in these patients. There is a wide range of therapeutic
options (including those treating diabetes mellitus type 2) with potential advantages available for the
management of PCOS. Sodium–glucose cotransporter type 2 inhibitors (SGLT-2is) improve glucose
metabolism, reduce fat tissue, lower blood pressure, reduce oxidative stress and inflammation,
and protect the cardiovascular system. Currently, the use of SGLT-2is is not widespread in PCOS
therapy, although these drugs represent a promising new therapeutic approach. Therefore, it is
necessary to initiate further study in order to determine more effective therapies for PCOS and
investigate the effect of SGLT-2is, both as a monotherapy and in combination with other drugs. It is
necessary to understand the mechanisms underlying SGLT-2is in PCOS and their effects on long-term
complications, especially since the gold standard treatment for PCOS, such as metformin and oral
contraceptives, do not have long-term cardioprotective effects. The effects of SGLT-2is seem to involve
cardiac protection, while diminishing endocrine and reproductive abnormalities in PCOS. In the
current narrative review, we examine the most recent clinical evidence and discuss the potential
applications of SGLT-2is for PCOS therapy.

Keywords: polycystic ovary syndrome; treatment; oxidative stress; hyperinsulinism; hyperandrogenism;
obesity

1. Introduction

Polycystic ovary syndrome (PCOS) is the most frequent endocrinopathy experienced
during women’s reproductive age and the most common cause of chronic anovulation.
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PCOS is not a specific endocrinological disorder with a single pathogenic mechanism,
but a heterogeneous disorder whose diagnosis is established by the presence of certain
criteria. Once diagnosed, the treatment approach involves eliminating all systemic factors
that can falsely be presented as a PCOS and addressing its symptoms and hidden risks
that are a recognized consequence of this complex syndrome. PCOS can be diagnosed
in one third of women with normal ovulatory cycles. The specific definition of what
PCOS represents in all its manifested and hidden forms is very important because these
patients have an increased risk of developing infertility, dyslipidemia, diabetes mellitus
type 2 (T2DM), obesity, hypertension, cardiovascular diseases, dysfunctional bleeding, and
endometrial cancer [1].

PCOS is characterized by a constellation of interrelated reproductive abnormalities
including inadequate gonadotropin secretion, hyperandrogenism, chronic anovulation,
and polycystic ovarian morphology. The sources of excess levels of androgens in PCOS are
the ovaries and the adrenal glands. Common comorbidities of PCOS are hyperinsulinemia
and centripetal obesity. About 30–60% of PCOS patients suffer from obesity and 95% of
such patients have insulin resistance. Metabolic abnormalities affiliated with this syndrome
are associated with impaired glucose metabolism, diabetes mellitus, irregular adipokine
activity of adipocytes, irregular production of adipose tissue, and a persistent state of
low-grade inflammation [1,2].

In 1990, the National Institute of Child Health and Human Development (NICHD)
set the criteria for the diagnosis of PCOS: hyperandrogenism or hyperandrogenemia,
menstrual dysfunction, and exclusion of other endocrinopathies that have a similar clinical
presentation. ESHRE and ASRM modified this definition in 2003 in Rotterdam, according
to which the PCOS diagnosis required the presence of two of the following three entities:
oligoanovulation, a clinical or biochemical sign of hyperandrogenism, and ultrasound-verified
cystic formations on the ovaries, i.e., the presence of 12 follicles with a diameter of 2–9 mm and
an ovarian volume greater than 10 mL3, simultaneously excluding other endocrinopathies that
may have a similar clinical manifestation. AE PCOS stated in 2006 that the diagnosis of PCOS
implies hyperandrogenism or hyperandrogenemia and ovarian dysfunction (oligoanovulation
or PCOS) with the exclusion of other causes of hyperandrogenism.

Although PCOS has been known for decades, little progress has been made when it
comes to the therapeutic regimen, which could lead to a complete resolving of the puz-
zle of this syndrome. Great efforts in the scientific community have been made to find
out its precise pathophysiological mechanisms and define curative therapeutic protocols.
However, until now, there has been no uniform attitude regarding etiopathogenic, diag-
nostic, or therapeutic issues related to this heterogeneous syndrome and all its known or
lesser-known manifestations. In the current narrative review, we explored the most recent
clinical evidence and discuss the potential application of sodium–glucose cotransporter
type 2 inhibitors (SGLT-2is), which represents a promising new therapeutic approach for
PCOS management.

2. Current Pathophysiological Considerations of PCOS

Despite many years of effort trying to determine the exact etiopathogenic mechanism
that leads to this complex condition, the etiology of PCOS still remains unclear and the
pathophysiology remains multifactorial, involving genetic, epigenetic, endocrinological,
metabolic, and environmental factors.

Although the mechanisms underlying this complex disorder have not yet been fully
explained, there are certain epigenetic factors [3,4], including a disorder in gonadotropin
secretion [5,6], inadequate maturation of follicles [7], and insulin resistance [8], which are
considered the most important factors.

When it comes to the hypothalamic–pituitary–ovarian axis, there is a defect in ge-
netically predisposed women, resulting in an increased pulsatility of the secretion of
luteinizing hormone (LH) and an increased ratio of LH to follicle-stimulating hormone
(FSH) (LH/FSH). An excess of LH hyperstimulates the theca cells to produce androgens,



Biomedicines 2023, 11, 998 3 of 16

while a low level of FSH and a high level of anti-Mullerian hormone (AMH) leads to
the absence of dominant follicle selection and, furthermore, to anovulation. Increased
production of androgens in theca cells promotes the secretion of insulin-like growth factor 1
(IGF1) and insulin resistance reduces the secretion of the globulin that binds sex hormones
(SHBG) in the liver. It is the excess of free androgens in the circulation that leads to the
manifestations of hyperandrogenism.

3. Current Treatment Options for PCOS

Despite the progresses that have been made in unrevealing hidden PCOS aspects, par-
ticularly cardiometabolic symptoms, the treatment remains incomplete and insuficient [9].
A complete therapeutic approach should be directed to the regulation of hyperandrogenism
and menstrual cycles, the induction of ovulation, the prevention of endometrial hyper-
plasia, and the regulation of metabolic disorders, such as insulin resistance, dyslipidemia
and the regulation of body weight if the PCOS phenotype expresses obesity. PCOS, as a
cardiometabolic disorder, is related to an increased risk of developing dyslipidemia, obe-
sity, glucose intolerance [10], T2DM [11–13], low-grade inflammation [14], non-alcoholic
fatty liver disease (NAFLD) [15,16], and metabolic syndrome [17,18]. The phenotype of
PCOS, which includes centripetal obesity, abnormalities in the distribution and function
of adipocytes, hyperlipidemia, and NAFLD, interfere with the development of cardio-
vascular diseases and chronic diseases related to adipocyte disorders [19–21]. Although
cardiometabolic disorders are not criteria for diagnosing PCOS, they certainly affect the
deterioration of the condition and its prognosis [22].

Body weight regulation has a beneficial effect for obesity in women with PCOS.
Changes in lifestyle and habits, such as the regulation of body weight, as well as the
implementation of exercise and eating regimens, are the core at the beginning of any PCOS
treatment. Body weight loss is important as it leads to the improvement of prediabetes,
diabetes, obstructive sleep apnea, and NAFLD, prevents the onset of cardiovascular dis-
eases, and reduces mortality. Moreover, research has shown that patients with heart failure
who received dapaglifozin had a lower risk of their condition worsening or death from
cardiovascular disease [23].

Traditional PCOS therapy involves regulation of the menstrual cycle, hirsutism, and
ovulatory dysfunction. The first line of treatment is oral contraceptives due to their pos-
itive effect on hyperandrogenism, irregularity of the menstrual cycle, and prevention of
endometrial cancer. Anovulation is treated by metformin, clomiphene citrate, letrozole, or
gonadotropins. The last line of defense against infertility is in vitro fertilization.

Metformin therapy and body weight loss of at least 5% improves insulin resistance,
hyperandrogenism, menstrual dysfunction, and fecundability [24]. Metformin blocks
the production of ATP and increases the level of AMP, which leads to an energy deficit
in those cells, and the cell adapts by phosphorylating AMP, which restores the cell’s
activity, increases the sensitivity of the GLUT4 transporter, and has a favorable effect on
the occurrence of ovulation. However, this has not been approved as a monotherapy for
the induction of ovulation in anovulatory women with PCOS [25]. Metformin also reduces
gluconeogenesis in the liver by inhibiting glycogenolysis and lipogenesis and increasing
insulin sensitivity in perihepatic tissue [26]. Metformin lowers the level of free testosterone
and improves lipid metabolism and endothelial function [27]. There is a dilemma as to
whether metformin can be used as a therapy for non-obese infertile women with PCOS.
A meta study showed that with metformin therapy, there is a higher rate of conception,
but the rate of spontaneous abortions is also increased. Adding clomiphene citrate to
metformin therapy increases the pregnancy rate and reduces the rate of spontaneous
abortions, although there is no statistically significant difference compared to monotherapy
of ovulation induction with clomiphene citrate; even letrozole as a monotherapy has shown
better results in such cases [28].

The regulation of insulin resistance could be the highlight of therapies for PCOS and
attempts have been made to treat this syndrome by increasing insulin sensitivity. Met-



Biomedicines 2023, 11, 998 4 of 16

formin, as the gold standard, enables the loss of body weight in obese patients undergoing
monotherapy, but a dose of 1000 mg per day for 25.5 weeks is required in order to perceive
its effect, while gastrointestinal complications are common [29].

Reducing the body weight of obese patients with PCOS provides numerous bene-
fits [30]. Body mass regulation reduces the occurrence of prediabetes, diabetes, dyslipi-
demia, fatty degeneration of the liver, cardiovascular diseases, and obstructive sleep apnea.
Formerly popular drugs that increased insulin sensitivity, do not have long-term cardiopro-
tective mechanisms and, therefore, newer treatment methods are of greater importance [31].
The favorable effect of body weight loss has led to the conclusion that antidiabetics such as
glucagon-like peptide 1-receptor agonists (GLP-1RAs) can also be used in PCOS patients.
In previous years, numerous studies have shown that they studied both the efficacy and
safety of the use of GLP-1RAs in patients with PCOS. There is a pilot study that showed
that using long-acting GLP-1RAs in one-third of obese PCOS patients resulted in a 15%
loss of body weight [32]. GLP-1RAs have been shown to be effective in their injectable
form, however, this causes discomfort in patients. In addition, a greater number of patients
want to use oral therapy in order to avoid pain at the site of injection and possible infection
at the injection site [33]. The effect of GLP-1RAs in therapy, together with metformin, in
obese PCOS women was also monitored [34]. It has been shown that the combination of
GLP-1RAs and metformin improves postprandial insulin secretion compared to metformin
alone. Yeribeygi et al. assume that GLP-1RAs improve insulin sensitivity by highlighting
potential molecular mechanisms [35]. GLP-1RAs reduce body weight, regulate the men-
strual cycle, and improve hyperandrogenism even better than metformin, but they are
disadvantaged due to the need for subcutaneous administration [36]. The proven effect
of GLP-1RAs and SGLT-2is on metabolic processes may suggest they are suitable for the
treatment of dyslipidemia, NAFLD, obstructive sleep apnea, and PCOS [37,38].

Gliptins, also known as dipeptidyl peptidase-4 inhibitors (DPP-4i), are oral antidiabet-
ics used as a treatment for T2DM. Their effectiveness is mainly driven by the inhibition of
enzymes responsible for the degeneration of GLP-1RA. Performed studies have shown that
sitagliptin, the most studied DPP-4i, improved insulin sensitivity and ovarian morphology
and reduced fasting blood glucose and androgen levels [39,40]. There is evidence of the im-
portance of targeting microRNAs (miRNAs), non-coding single stranded RNA molecules,
for potential PCOS therapies. miRNAs are found in PCOS and have approximately 22
nucleotides in sequence that regulate post-transcriptional gene expression. miRNAs are
related to the differentiation of adipocytes and might be potential biomarkers of obesity
and its associated metabolic disorders [41].

Mio-inositol (MYO), one of the 9 forms of inositol (carbocyclic sugar present in human
cells) plays an essential role in insulin signal transduction. Inositol is used as a safe dietary
supplement in PCOS [42]. The intake of MYO is well-tolerated, and its recommended dose
is 2–4 g/MYO per day [39]. It is beneficial for the regulation of ovulation and the response
to the in vitro fertilization of infertile PCOS women because MYO improves ovulation by
enhancing follicular growth and oocyte maturation and regulating hormonal disorders [39].

4. SGLT-2 Inhibitors: Current Knowledge on Their Therapeutic Potential in PCOS

Selective SGLT-2is are drugs that play an important role in the regulation of glucose
metabolism by lowering glucose levels through an insulin-independent mechanism, reduc-
ing hyperinsulinism, and improving insulin sensitivity. They stimulate the excretion of
glucose through the urine by inhibiting the reabsorption of glucose in the proximal parts of
the kidney tubules (up to 50%). Glycosuria reduces the level of glycaemia by one-third of
its value [43].

Many studies have shown that SGLT-2is reduce the amount of fat tissue, lower blood
pressure, improve glucose metabolism, reduce oxidative stress and inflammation, and
protect the cardiovascular system [44]. Loss of calories and accelerated lipolysis (from
catabolism) are the mechanisms by which body mass loss occurs in SGLT-2i therapy.
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With a therapeutic dose, 60–100 g of glucose is excreted through the urine, directly
removing glucose from the circulatory system and lowering the glycaemia value in the
blood. It has been observed that a 12-month treatment with SGLT-2is reduces levels of
glycosylated hemoglobin by 0.5–0.9% (5–9 mmol/mol), decreases body weight by approxi-
mately 2 kg, and lowers both systolic and diastolic blood pressure by 2.5–5.0 mmHg and
1–2 mmHg, respectively, without accelerating the heartbeat rate and with a low risk of
causing hypoglycemia [45,46]. Studies have shown that two thirds of body mass loss is
fat tissue loss [47]. Except for T2DM treatment, these drugs can be safely administered in
patients with heart failure and a reduced ejection fraction as well as in those with chronic
renal insufficiency. Although SGLT-2is are not registered for the treatment of PCOS, clinical
studies are underway that support this potential therapeutic approach. This group of
antidiabetics are highly useful because of their glycemic and cardiovascular effects, which
are common problems in patients with this disorder [48].

The role of SGLT-2is in the treatment of PCOS has not yet been fully studied. However,
their method of action may be beneficial for several pathophysiological disorders related
to PCOS, including the aforementioned insulin resistance (IR), hypertension, obesity, and
dyslipidemia. The action of SGLT2i inhibitors does not depend on the insulin secretion
function of beta cells or IR [39,49,50].

SGLT-2is attain further reductions in blood glucose levels by increasing insulin sensi-
tivity, increasing muscle glucose uptake, reducing hepatic gluconeogenesis, and enhancing
the release of first-phase insulin pancreatic beta cells. All described processes improve
the metabolic profile of patients with T2DM, including the level of lipids and uric acid
in the serum, which could also be useful for patients with PCOS. It has been shown that
SGLT-2is reduce the occurrence of late complications of PCOS. The mechanism of action by
which SGLT-2is act on the pathophysiological changes in PCOS could be explained by the
reduction of oxidative stress mediated by sodium hydrogen exchange and the inhibition
of nicotinamide dinucleotide phosphate [51]. In addition, there is evidence showing that
women with PCOS have an increased risk of developing atherosclerosis of blood vessels
even at an early age [52]. Within this syndrome, endothelial dysfunction often occurs, which
is an indicator of the atherosclerosis development, and its early treatment can prevent the
onset of cardiovascular diseases [52].

There are many metabolic disorders associated with PCOS, therefore, the regulation
of glycemic status is very important. There are no studies showing the superiority of
metformin in reducing body mass index (BMI) or centripetal obesity [53], while GLP-
1RAs have a good metabolic effect, but must be administered subcutaneously, and DPP-4i,
although administered orally, has not been shown to have a cardioprotective effect [54].
Therefore, it is very important to examine new therapeutic principles that will prove to be
safe and effective in regulating the metabolic changes of PCOS.

The use of SGLT-2is is not currently widespread in PCOS therapy. The 2018 Interna-
tional Guideline for PCOS Therapy emphasizes the importance of body weight regulation
in obese PCOS patients, and anti-obesity medications (AOM) could be an optional treat-
ment for PCOS patients with obesity after, or in conjunction with, lifestyle changes. In
2013, canagliflozin (the first SGLT-2i) was approved by the FDA for the treatment of T2DM.
Until now, these agents had only received an indication for the treatment of heart failure,
T2DM, and kidney failure. It has been shown that SGLT-2is can lead to body weight loss in
women who do not have T2DM [55,56]. Based on the anthropometric and metabolic effects
of SGLT-2is, their applications in PCOS therapy is of great interest [3], as shown in Table 1.
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Table 1. The effects of different SGLT-2is on anthropometric, hormonal, and metabolic parameters.

Given Dose Anthropometric
Parameters Hormonal Parameters Metabolic Parameters Other Reference

Tan et al. 50 mg of licogliflozin for
8 months -

DHEAS ↓
A4 ↓

SHBG ↑
Free T =
DHEA =

FG, FI ↑ - [34]

Pruett et al. 10 mg/kg/day of EMPA to
the rats for 3 weeks BMI ↓ -

HbA1c =
Leptin,

Triglyceride ↓
Blood pressure ↓

IR =

Angiotensin-converting
enzyme ↓ [44]

Javed et al.
25 mg of EMPA for

12 weeks, compared to 1500
mg metformin for 12 weeks

BMI ↓
FG ↓

DHT =↔
Insulin =

BP ↓
Cholesterol = GHB ↓ [56]

CAI et al. 100 mg of canagliflozin for
12 weeks BMI ↓ DHEAS ↓ Triglyceride↓

Total fat mass ↓ Uric acid↓ [57]

Zhang et al.

100 mg of canagliflozin
once daily plus 1000 mg

metformin twice daily for
3 months

BMI =

FSH =
LH =

Androstenedione =
SHBG =

FBG =
Insulin =

Triglyceride =
TT ↓

LDL =

Menstrual frequency = [58]

EMPA—empagliflozin, BMI—body mass index, FG—fasting glucose, DHT—dihydrotestosterone, BP—blood pressure, GHB—gamma-hydroxybutyrate, HBA1c—hemoglobin A1c,
insulin resistance, DHEAS—dehydroepiandrosterone sulfate, A4—androstenedione, SHBG—sex hormone-binding globulin, T—testosterone, DHEA—dehydroepiandrosterone,
FI—fasting insulin, FSH—follicle-stimulating hormone, LH—luteinizing hormone, FBG—fasting blood glucose, TT—total testosterone, LDL—low-density lipoprotein, ↓—decrease,
↑—increase, = no change,↔—both directions.
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5. Discussion

To date, there have only been a few small studies that have compared the efficacy of
SGLT-2is as a monotherapy or in conjunction with metformin, as shown in Table 2. A recent
small clinical study compared the use of empagliflozin (EMPA) with metformin therapy
for the reduction of body mass, BMI, and fat level in patients with PCOS; however, insulin
resistance, lipid profile, and hyperandrogenism was not modified [56,59]. Androgen-
induced increase in intrarenal ACE expression reduces EMPA indirectly by lowering
blood pressure [60]. Interestingly, these effects of EMPA occurred without modification of
dihydrotestosterone in the plasma or fasting plasma levels of glucose, insulin, or cholesterol.
Contrary with these results, Javed and Mudaliar claimed that SGLT-2is have been proven
to lower blood pressure and the level of glycosylated hemoglobin in both humans and
rodents [61].

Pruett’s study from 2021 [44] is one of the few studies that examined the effect of
EMPA on an animal model of PCOS mice and showed that in hyperandrogenemic mice,
EMPA lowered blood pressure and the amount of fat tissue, but did not obtain adequate
results in the regulation of hormonal status. The study showed that androgens increase the
renal expression of SGLT-2, SGLT-4, and GLUT2, but decrease the expression of SGLT-3.
There is also increased intrarenal expression and activity of ACE caused by androgens,
while EMPA lowers blood pressure and reduces the amount of fat and levels of leptin in
the plasma as well as blood pressure, while failing to improve IR and albuminuria.

Tan et al. [34] showed that two weeks of therapy with licogliflozin leads to the reg-
ulation of hyperandrogenism and hyperinsulinism. Licogliflozin improves metabolic
parameters and lowers the level of androstenedione and DHEAS, which are testosterone
precursors. A single-blinded comparative study that lasted 24 weeks proved that treatment
with 10 mg of licogliflozin per day and then 2 mg per week has the same effectiveness
as 2000 mg of metformin per day in reducing body weight and waist circumference. In
contrast to Javed’s study, the study by Tan et al. came to the conclusion that after 2 weeks of
licogliflozin administration, the level of androstenedione and dehydroepiandrosterone sul-
fate (DHEAS) improved, while the regulation of androstenedione (A4) was considered the
key in the regulation of ovarian hyperandrogenism by reducing the activity of 17–20 lyase.

In a study in China, 53 PCOS patients used canagliflozin and it proved to be as effective
as metformin on all anthropometric, metabolic, and hormonal factors [62]. Another study
showed that PCOS therapy with canagliflozin is not inferior to metformin therapy [57].
That study monitored the effect of the combination of canagliflozin and metformin on
anthropometric parameters, gonadotropin secretion, the menstrual cycle, and glucose and
lipid homeostasis. Usage of canagliflozin combined with metformin led to a greater lower-
ing of free testosterone, better regulation of glucose metabolism, and greater body weight
loss compared to the use of metformin as a monotherapy. Therapy with canagliflozin and
metformin significantly improved menstrual bleeding, as well as the level of triglycerides
and lipid status. An important difference in the comparison of canagliflozin with metformin
is that canagliflozin is significantly more effective at lowering the level of uremic acid and
reducing gastrointestinal problems.

Binayak Sinha et al. showed that the use of dapagliflozin for 2 weeks led to significant
improvements in metabolic parameters such as a body weight loss, regulation of blood
glucose levels, and improved HOMA-IR. When it comes to the hormones, it led to an
improvement in DHEAS values, while there was no change in the level of testosterone or
SHBG [31]. DHEAS was elevated in 40–70% of women with hyperandrogenism [63]. The
regulation of DHEAS achieved by SGLT-2i therapy is very useful because hyperinsulinism
induced by an increase of DHEAS can be a risk factor for the development of T2DM.
Lowering the levels of DHEAS leads to body weight loss, hyperinsulinism, and lower
levels of free testosterone; also, the use of glucose is favored, which could be useful for
breaking the vicious cycle of hyperinsulinism and hyperandrogenism, which are the basis
of the pathophysiology of PCOS [31].
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Table 2. The effects of SGLT-2is on different parameters from preclinical and clinical studies.

Population in Study Type of Study Duration Weight Loss Drugs Given and
Compared Other Remarks Reference

Women, aged between
18 and 45 years, BMI

between 25 and 38 kg/m2
Meta-analysis

reduction in body weight (SMD:
−0.68, 95% CI −1.16 to
−0.19, <0.01),

- reduced fasting plasma glucose
(FPG) (SMD: −0.59, 95% CI −0.99
to −0.19, p < 0.01),

- reduced insulin resistance as
assessed with the HOMA-IR
(SMD: −0.39, 95% CI −0.76 to
−0.03, p = 0.03

- improved DHEAS levels (SMD:
−0.55, 95% CI −0.94 to −0.16,
p < 0.01).

[32]

Women, 15 PCOS patients
fulfilled the Rotterdam

criteria for phenotype A
or B, i.e., were overweight

or obese and
insulin-resistant

Randomized, double-blind,
phase 2 trial. 2 weeks

- mean weight 103.9 (14.49)
106.6 (22.84) 105.2 (18.68)

- BMI (kg/m2) mean 36·8 (4.39)
- 39.5 (7.74)
- 38.1 (6.27)

licogliflozin 50 mg or
placebo three times a day

- reduced A4 by 19% (TRLIK066:
TRPCB [A4]: 0.81; 90% CI:
0.68–0.99; p = 0.089)

- reduced DHEAS by 24%
(TRLIK066: TRPCB [DHEAS]: 0.76;
90% CI: 0.65–0.89; p = 0.008).

- increased SHBG by 15%
(TRLIK066:TRPCB [SHBG]: 1·15;
90% CI: 0.97–1.36; p = 0.173),

- Hyperinsulinemia reduced by
70% by licogliflozin (highest
insulin concentration [MAXI];
TRLIK066:TRPCB [MAXI]: 0·26; 90%
CI:0.20–0.34; p < 0.001 and area
under the curve insulin [AUCI];
TRLIK066:TRPCB [AUCI]: 0.32; 90%
CI: 0.25–0.41; p < 0.001).

[34]
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Table 2. Cont.

Population in Study Type of Study Duration Weight Loss Drugs Given and
Compared Other Remarks Reference

19 women, between 18 and
45 years old, BMI

≥25 kg/m2, diagnosed
with PCOS based on the

Rotterdam criteria

Randomized open-label
study 12 weeks

- weight (EMPA: −1.4 ± 3.2%
vs. metformin: 1.2 ± 2.3%;
p = 0.006)

- BMI (EMPA: −1.4 ± 3.2%
vs. metformin: 1.1 ± 2.2%;
p = 0.006)

- waist circumference (EMPA:
−1.6 ± 2.8% vs. metformin:
0.2 ± 2.1%; p = 0.029)

- hip circumference (EMPA:
−2.0 ± 3.0% vs. metformin:
1.1 ± 1.9%; p = 0.001),

- basal metabolic rate (EMPA:
−1.8 ± 2.9% vs. metformin:
0.1 ± 1.9%, p = 0.024) -fat
mass (EMPA: −0.7 ± 4.9%
vs. metformin, 3.2 ± 5.0%;
p = 0.023)

EMPA 25 mg (n = 19) or
metformin 1500 mg (n = 20)

daily

- no significant changes in
hormonal or metabolic parameters

- fasting glucose (mmol/L)a
−0.8 ± 5.8

[62]

27 women aged 18 to
45 years with PCOS and IR

A randomized, open-label,
noninferiority trial 12 weeks

- reduced body weight and
total fat mass and decreased
triglyceride levels

canagliflozin (100 mg OD)

- lowering of HOMA-IR
(least-squares mean difference
−0.81% [95% confidence interval
−2.13 to 0.51

- significant advantages in reducing
uric acid

- reduced DHEAS
- improved menstrual pattern

[57]



Biomedicines 2023, 11, 998 10 of 16

Table 2. Cont.

Population in Study Type of Study Duration Weight Loss Drugs Given and
Compared Other Remarks Reference

51 overweight or obese
non-diabetic PCOS women
between 18 and 40 years old

Randomized controlled trial 3 months

- BMI in the CANA/MET
group (p < 0.0001 and
p < 0.0001, respectively)

- CANA/MET
- body weight (kg) 75.40 ± 8.68

d −6.66 ± 4.24
- CANA/MET group had a

mean weight loss of 5.83 kg

CANA/MET group
received CANA 100 mg

once daily plus MET 1000
mg twice daily, while the
MET group received MET

1000 mg twice daily

- improvement in menstrual cycle
irregularity was detected in
CANA/MET group
(80.95%, 17/21

- decrease in TT in the CANA/MET
group compared to MET
[CANA/MET: −2.49 ± 1.55 vs.
MET: −2.20 ± 1.30; (p = 0.0233)

- CANA/MET group, the FAI
decreased (p = 0.0457)

- CANE/MET decreased in
- AUCGlu [CANA/MET:

−158 ± 225.4 vs. MET:
2.63 ± 180.7; (p = 0.0182)]

- AUCIns/AUCGlu ratio
[CANA/MET: −2.86 ± 5.71
vs. MET: 0.51 ± 0.61; (p = 0.0164)]
compared with MET

[64]

4-week-old rats Preclinical animal study 3 weeks
- − 25.08 ± 4.17 vs.

4.82 ± 5.85%, p < 0.0001 EMPA (10 mg/kg/day)

- increased urinary
glucose excretion

- increased frequency of small
adipocytes around 550 µm2

- increased SOD2 expression in
PCOS (0.41 ± 0.17 vs.
− 0.34 ± 0.12, p < 0.001)

- increased SOD2 expression in
PCOS (0.41 ± 0.17 vs.
− 0.34 ± 0.12, p < 0.001)

- increase SOD1 mRNA expression
in the mWAT (0.20 ± 0.15 vs.
− 0.23 ± 0.11, p < 0.05)

- lower citrate synthase activity
(32 ± 5 vs. 61 ± 8 nmol/min/mg
protein, p < 0.05)

[65]

EMPA—empagliflozin, SOD2—superoxide dismutase2 PCOS—polycystic ovary syndrome, MWAT—mesenteric white adipose tissue, BMI—body mass index, HOMA-IR—homeostatic
model assessment for insulin resistance, DHEAS—dehydroepiandrosteron sulfate, A4—androstenedione, SHBG-sex hormone-binding globulin, CANA—canagliflozin, MET-metformin,
TT—total testosterone, FAI—free androgen index.
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Zhang et al. were the first to perform a meta-analysis by collecting data on the
efficacy and safety of SGLT-2is in the treatment of PCOS. A study that compared the use
of canagliflozin with metformin alone showed no changes in the menstrual cycle, level
of FSH, LH, free androgen, androgen-binding globulin, A4, or lipid status. However,
there was a significant difference in the reduction of free testosterone, BMI, regulation of
glycemic status, and insulin secretion [58]. Zhang also demonstrated that SGLT-2is reduce
lipotoxicity and improve androgen metabolism in PCOS [58]. In addition, in obese women
with PCOS, canagliflozin therapy in combination with metformin compared to metformin
as a monotherapy has similar effects on the menstrual cycle, body weight, and IR, but
lowers the free testosterone levels more and has a better effect on glucose metabolism [58].
Therefore, Zhang concluded, after considering the beneficial effect on metabolic parameters
and the cardioprotective effect, that the application of SGLT-2is could be effective in the
treatment of PCOS.

A large number of studies have shown the excellent impact of SGLT-2is on reducing
the risk of cardiovascular disorders. By reducing the reabsorption of glucose and sodium
and causing sodium in urine and glycosuria, these drugs lead to a loss of body mass
of about 1.6–2.5 kg, affecting mainly adipocytes. SGLT-2is also have a positive impact
on dyslipidemia, increasing high-density lipoprotein (HDL) and lowering low-density
lipoprotein (LDL) and total cholesterol levels [64]. However, not many studies investigated
the effects of SGLT-2is in the setting of PCOS-induced animal models.

Pruett and colleagues applied SGLT-2is in PCOS models and found out that there was
a decrease in body mass and BMI by increasing glycosuria. EMPA reduces the amount
of adipose tissue by acting only on the frequency of small adipocytes, which leads to a
decrease in leptin in the plasma [44]. The mitochondrial DNA of circulating leukocytes is
decreased in women with PCOS [66].

Based on the knowledge that SGLT-2is reduce oxidative stress in the heart, blood,
and urine of male rodents with induced T2DM, Pruett and coworkers studied adipocyte’s
vorkersound color can be removed.t.mitochondrial function in a PCOS model, as well
as local oxidative stress in fat tissue [67–69]. They concluded that the level of oxygen
radicals in oocytes in PCOS models is increased in mice, and that in subcutaneous fat
tissue, both mitochondrial and cytoplasmic superoxide dismutase (SOD) are decreased
with increased activity of catalase [70]. EMPA increases the expression of both cytosolic and
mitochondrial SOD. They found that hyperadrenogenic female rats have mitochondrial
dysfunction in white adipose tissue. SGLT-2is increase the expression of mitochondrial
SOD in white adipose tissue, while in visceral adipose tissue they do not have such an
effect, but instead act directly on GLUT1 and GLUT4 because it has been shown that they
exist in adipocytes [71]. The affinity of SGLT-2is to GLUT1 and GLUT4 is greater than the
affinity to sodium and hydrogen exchange (NHE). Mitochondrial dysfunction also occurs
in endothelial cells because oxidative stress occurs when induced by increased activity of
TNF alpha, which increases the cytoplasmic level of sodium and leads to the formation of
reactive oxygen radicals. EMPA reduces inflammation induced by oxygen radicals and
reduces NHE.

Endothelial homeostasis is a target that SLGT-2i could act on as well. Pruett’s study
from 2022 [70] came to the conclusion that SGLT-2is could be used in therapy together with
insulin sensitizers by stating that lowering body weight with SGLT-2i therapy fixes the
frequency of small adipocytes in visceral fat tissue. Various preclinical studies showed that
EMPA improved left ventricular filling pressure, causing isovolumetric relaxation, bettering
vascular endothelial dysfunction and cardiac superoxide stress, and also showing a good
impact on the kidneys by reducing proteinuria and the renal resistivity index, thereby
reducing hemodynamic stress [65,72,73].

Certain side effects can occur during SGLT-2i administration. The use of SGLT-2is is
associated with a more frequent incidence of genitourinary tract infections, acute renal
failure, diabetic ketoacidosis, and bone fractures. Considering that the use of SGLT-2is
increases the excretion of glucose via urine, clinical studies have shown that their use
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increased the rate of genitourinary infections by 3 to 5 times. Genitourinary infections
are mostly of fungal origin, such as candidiasis [74,75]. Use of antifungal medications is
usually sufficient in female patients to combat infection, without the need to stop SGLT-
2i therapy [76]. In addition, these adverse effects have been shown in elderly diabetic
patients as well, considering that diabetes represents a disease with an onset of frequent
genitourinary infections. Therefore, patients must be educated on the importance of
maintaining personal hygiene and consuming enough water daily in order to prevent
genitourinary infections. Daily intake of water is also important to prevent dehydration
and risk for falls because studies such as CANVAS accentuated the relative risk of fractures
after SGLT-2i administration (hazard ratio 1.26) [77]. Moreover, there have been cases
reported of Fournier’s gangrene (necrotizing fasciitis of the perineum) associated with
SGLT-2i usage. On the contrary, a meta-analysis that included over 69,000 patients found
no increased risk of Fournier’s gangrene, and completely excluded an increased risk for its
occurrence [78]. Rarely, SGLT-2is can cause ketoacidosis by increasing glucose excretion and
reducing insulin secretion, leading to hyperglucagonemia, which increases the tendency
to create ketone bodies [79]. In addition, an increased synthesis of glucagon, cortisol, and
epinephrine can be caused by hypovolemia due to increased diuresis using SGLT-2is, which
leads to lipolysis and ketogenesis [80]. Thus, the patients who are using SGLT-2is commonly
feel nausea, shortness of breath, weakness, and an urge to vomit, and even in the case of
normoglycemia, urine and ketones in plasma should be tested [81]. It is worth mentioning
that EMPA belongs to category C of medications, so it should be avoided during fetal
renal development and in the late second and third trimester because of the possibility of
hypoglycemia and its complications. There are only two case reports describing its use
during pregnancy with good outcomes [82]. Therefore, the effects of the use of SGLT-2is in
pregnancy is still not fully elucidated.

6. Conclusions and Future Perspectives

Cardiometabolic problems are as prevalent in PCOS as reproductive abnormalities.
These pathophysiological events, which are frequently underdiagnosed or ignored, could
have a negative impact on metabolic and cardiovascular health. It is acknowledged that the
insulin pathway plays a crucial role in PCOS’s metabolic dysfunction, hyperandrogenism,
and reproductive failure. Both obese and lean PCOS patients may have an aggravation
of hyperandrogenemia due to hyperinsulinemia. Considering that PCOS has a detrimen-
tal effect on quality of life, it is crucial to lower cardiovascular risk factors while also
addressing the reproductive and endocrine complications of PCOS. While determining
the cardiovascular risk factors for PCOS patients, it is important to take into account the
interactions between genetic variables, environmental influences, insulin resistance, obesity,
and metabolic and reproductive dysfunctions. These characteristics may be used to identify
a crucial window of time when weight increases significantly contribute to the onset of
PCOS and this signals the need for preventative action against metabolic and cardiovas-
cular diseases. In this way, different doses and treatment regimens of SGLT-2is should be
carefully investigated for all PCOS phenotypes. In addition, the influence of SGLT-2is on
the regulation of the menstrual cycle, ovulation induction, regulation, as well as the rate
of pregnancies and the number of live births should be examined. Moreover, there is a
significant lack of preclinical investigation regarding SGLT-2i effects on ovarian structure
and function. This type of preclinical research will provide the mechanistic base for the
already confirmed beneficial effects of SGLT-2is on the anthropometric parameters of PCOS
at the very least, but likely also on the hormonal and metabolic parameters.

Various therapeutic options with potential advantages are available for the treatment
of metabolic comorbidities in PCOS. SGLT2is are promising new drugs in the treatment
of PCOS, however, it is certainly necessary to initiate more studies in order to determine
more effective therapies for PCOS and the effect of SGLT-2is, both as a monotherapy and in
addition to other drugs. Understanding the mechanisms underlying the effects of SGLT-2is
in PCOS treatment and their effects on long-term complications are important, especially
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since metformin and oral contraceptives do not exert a long-term cardioprotective effect,
while the effects of SGLT-2is seem to exert systemic and molecular effects in cardioprotection
while diminish endocrine and reproductive abnormalities in PCOS. SGLT-2is are safe
hypoglycemic drugs, and the loss of body mass, prevention of late PCOS complications,
and improvement of hormonal status could be the place of action of SGLT-2is in PCOS
management. The heterogeneity of studies using SGLT-2is in PCOS in the way of significant
diversity in the dose regimen, follow-up duration, PCOS phenotypes, and laboratory testing
methodologies may all have an impact on the validity of the review’s conclusions.
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Bělohlávek, J.; et al. Dapagliflozin and the Incidence of Type 2 Diabetes in Patients with Heart Failure and Reduced Ejection
Fraction: An Exploratory Analysis from DAPA-HF. Diabetes Care 2021, 44, 586–594. [CrossRef]

21. Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; PRISMA-P Group. Preferred
re-porting items for systematic review and meta-analysis protocols (PRISMA-P). Syst. Rev. 2015, 4, 1. [CrossRef] [PubMed]

22. Oliver-Williams, C.; Vassard, D.; Pinborg, A.; Schmidt, L. Risk of cardiovascular disease for women with polycystic ovary
syndrome: Results from a national Danish registry cohort study. Eur. J. Prev. Cardiol. 2020, 28, e39–e41. [CrossRef]

23. Packer, M. Reconceptualization of the molecular mechanism by which sodiumglucose cotransporter 2 inhibitors reduce the risk
of heart failure events. Circulation 2019, 140, 443–445. [CrossRef]

24. Rondanelli, M.; Perna, S.; Faliva, M.; Monteferrario, F.; Repaci, E.; Allieri, F. Focus on metabolic and nutritional correlates of
polycystic ovary syndrome and update on nutritional management of these critical phenomena. Arch. Gynecol. Obstet. 2014, 290,
1079–1092. [CrossRef] [PubMed]

25. Sharpe, A.; Morley, L.C.; Tang, T.; Norman, R.J.; Balen, A.H. Metformin for ovulation induction (excluding gonadotrophins) in
women with polycystic ovary syndrome. Cochrane Database Syst. Rev. 2019, 2019, CD013505. [CrossRef] [PubMed]

26. Bennett, W.L.; Aschmann, H.E.; Puhan, M.A.; Robbins, C.W.; Bayliss, E.A.; Wilson, R.; Mularski, R.A.; Chan, W.V.; Leff, B.;
Sheehan, O.; et al. A benefit–harm analysis of adding basal insulin vs. sulfonylurea to metformin to manage type II diabetes
mellitus in people with multiple chronic conditions. J. Clin. Epidemiol. 2019, 113, 92–100. [CrossRef]

27. Diamanti-Kandarakis, E.; Christakou, C.D.; Kandaraki, E.; Economou, F.N. Metformin: An old medication of new fashion:
Evolving new molecular mechanisms and clinical implications in polycystic ovary syndrome. Eur. J. Endocrinol. 2010, 162,
193–212. [CrossRef]

28. Magzoub, R.; Kheirelseid, E.A.; Perks, C.; Lewis, S. Does metformin improve reproduction outcomes for non-obese, infertile
women with polycystic ovary syndrome? Meta-analysis and systematic review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2022, 271,
38–62. [CrossRef]

29. Chen, X.; He, S.; Wang, D. Effects of metformin on body weight in polycystic ovary syndrome patients: Model-based meta-analysis.
Expert Rev. Clin. Pharmacol. 2020, 14, 121–130. [CrossRef]

30. Garvey, W.T. New Horizons. A New Paradigm for Treating to Target with Second-Generation Obesity Medications. J. Clin.
Endocrinol. Metab. 2021, 107, e1339–e1347. [CrossRef]

31. Sinha, B.; Ghosal, S. A Meta-Analysis of the Effect of Sodium Glucose Cotransporter-2 Inhibitors on Metabolic Parameters in
Patients with Polycystic Ovary Syndrome. Front. Endocrinol. 2022, 13, 830401. [CrossRef] [PubMed]

32. E Elkind-Hirsch, K.; Chappell, N.; Seidemann, E.; Storment, J.; Bellanger, D. Exenatide, Dapagliflozin, or Phentermine/Topiramate
Differentially Affect Metabolic Profiles in Polycystic Ovary Syndrome. J. Clin. Endocrinol. Metab. 2021, 106, 3019–3033. [CrossRef]

33. Palomba, S.; De Wilde, M.A.; Falbo, A.; Koster, M.P.; LA Sala, G.B.; Fauser, B.C. Pregnancy complications in women with
polycystic ovary syndrome. Hum. Reprod. Update 2015, 21, 575–592. [CrossRef]

34. Tan, S.; Ignatenko, S.; Wagner, F.; Dokras, A.; Seufert, J.; Zwanziger, D.; Dunschen, K.; Zakaria, M.; Huseinovic, N.; Basson, C.T.;
et al. Licogliflozin versus placebo in women with polycystic ovary syndrome: A randomized, double-blind, phase 2 trial. Diabetes
Obes. Metab. 2021, 23, 2595–2599. [CrossRef] [PubMed]

35. Yaribeygi, H.; Sathyapalan, T.; Sahebkar, A. Molecular mechanisms by which GLP-1 RA and DPP-4i induce insulin sensitivity.
Life Sci. 2019, 234, 116776. [CrossRef]

36. Han, Y.; Li, Y.; He, B. GLP-1 receptor agonists versus metformin in PCOS: A systematic review and meta-analysis. Reprod. Biomed.
Online 2019, 39, 332–342. [CrossRef] [PubMed]

37. Minze, M.G.; Will, K.J.; Terrell, B.T.; Black, R.L.; Irons, B.K. Benefits of SGLT2 Inhibitors Beyond Glycemic Control—A Focus on
Meta-bolic, Cardiovascular and Renal Outcomes. Curr. Diabetes Rev. 2018, 14, 509–517. [CrossRef] [PubMed]

38. Sinha, B.; Datta, D.; Ghosal, S. Meta-analysis of the effects of sodium glucose cotransporter 2 inhibitors in non-alcoholic fatty liver
disease patients with type 2 diabetes. JGH Open 2020, 5, 219–227. [CrossRef]

39. Abdalla, M.A.; Deshmukh, H.; Atkin, S.; Sathyapalan, T. A review of therapeutic options for managing the metabolic aspects of
polycystic ovary syndrome. Ther. Adv. Endocrinol. Metab. 2020, 11, 2042018820938305. [CrossRef] [PubMed]

40. Ferjan, S.; Janez, A.; Jensterle, M. DPP4 Inhibitor Sitagliptin as a Potential Treatment Option in Metfor-Min-Intolerant Obese
Women with Polycystic Ovary Syndrome: A Pilot Randomized Study. Endocr. Pract. 2018, 24, 69–77. [CrossRef]

41. Sathyapalan, T.; David, R.; Gooderham, N.J.; Atkin, S.L. Increased expression of circulating miRNA-93 in women with polycystic
ovary syndrome may represent a novel, non-invasive biomarker for diagnosis. Sci. Rep. 2015, 5, 16890. [CrossRef]

http://doi.org/10.1210/jc.2004-1045
http://doi.org/10.1056/NEJMoa1911303
http://doi.org/10.2337/dc20-1675
http://doi.org/10.1186/2046-4053-4-1
http://www.ncbi.nlm.nih.gov/pubmed/25554246
http://doi.org/10.1177/2047487320939674
http://doi.org/10.1161/CIRCULATIONAHA.119.040909
http://doi.org/10.1007/s00404-014-3433-z
http://www.ncbi.nlm.nih.gov/pubmed/25200687
http://doi.org/10.1002/14651858.CD013505
http://www.ncbi.nlm.nih.gov/pubmed/31845767
http://doi.org/10.1016/j.jclinepi.2019.03.014
http://doi.org/10.1530/EJE-09-0733
http://doi.org/10.1016/j.ejogrb.2022.01.025
http://doi.org/10.1080/17512433.2021.1863788
http://doi.org/10.1210/clinem/dgab848
http://doi.org/10.3389/fendo.2022.830401
http://www.ncbi.nlm.nih.gov/pubmed/35265039
http://doi.org/10.1210/clinem/dgab408
http://doi.org/10.1093/humupd/dmv029
http://doi.org/10.1111/dom.14495
http://www.ncbi.nlm.nih.gov/pubmed/34263971
http://doi.org/10.1016/j.lfs.2019.116776
http://doi.org/10.1016/j.rbmo.2019.04.017
http://www.ncbi.nlm.nih.gov/pubmed/31229399
http://doi.org/10.2174/1573399813666170816142351
http://www.ncbi.nlm.nih.gov/pubmed/28814245
http://doi.org/10.1002/jgh3.12473
http://doi.org/10.1177/2042018820938305
http://www.ncbi.nlm.nih.gov/pubmed/32670541
http://doi.org/10.4158/EP-2017-0027
http://doi.org/10.1038/srep16890


Biomedicines 2023, 11, 998 15 of 16

42. Genazzani, A.D.; Lanzoni, C.; Ricchieri, F.; Jasonni, V.M. Myo-inositol administration positively affects hyperinsulinemia and
hormonal parameters in overweight patients with polycystic ovary syndrome. Gynecol. Endocrinol. 2008, 24, 139–144. [CrossRef]
[PubMed]

43. DeFronzo, R.A.; Hompesch, M.; Kasichayanula, S.; Liu, X.; Hong, Y.; Pfister, M.; Morrow, L.A.; Leslie, B.R.; Boulton, D.W.;
Ching, A.; et al. Characterization of Renal Glucose Reabsorption in Response to Dapagliflozin in Healthy Subjects and Subjects
with Type 2 Diabetes. Diabetes Care 2013, 36, 3169–3176. [CrossRef] [PubMed]

44. Pruett, J.; Fernandez, E.T.; Everman, S.; Vinson, R.; Davenport, K.; Logan, M.; Ye, S.; Romero, D.; Cardozo, L.Y. Impact of SGLT-2
Inhibition on Cardiometabolic Abnormalities in a Rat Model of Polycystic Ovary Syndrome. Int. J. Mol. Sci. 2021, 22, 2576.
[CrossRef] [PubMed]

45. Hussein, H.; Zaccardi, F.; Khunti, K.; Davies, M.J.; Patsko, E.; Dhalwani, N.N.; Kloecker, D.E.; Ioannidou, E.; Gray, L.J. Efficacy and
tol-erability of sodium-glucose co-transporter-2 inhibitors and glucagon-like peptide-1 receptor agonists: A systematic review
and network meta-analysis. Diabetes Obes. Metab. 2020, 22, 1035–1046. [CrossRef] [PubMed]

46. Toyama, T.; Neuen, B.L.; Jun, M.; Ohkuma, T.; Neal, B.; Jardine, M.J.; Heerspink, H.L.; Wong, M.G.; Ninomiya, T.; Wada, T.; et al.
Effect of SGLT2 inhibitors on cardiovascular, renal and safety outcomes in patients with type 2 diabetes mellitus and chronic
kidney disease: A systematic review and meta-analysis. Diabetes Obes. Metab. 2019, 21, 1237–1250. [CrossRef] [PubMed]

47. Cefalu, W.T.; A Leiter, L.; Yoon, K.-H.; Arias, P.; Niskanen, L.; Xie, J.; A Balis, D.; Canovatchel, W.; Meininger, G. Efficacy and safety
of canagliflozin versus glimepiride in patients with type 2 diabetes inadequately controlled with metformin (CANTATA-SU): 52
week results from a randomised, double-blind, phase 3 non-inferiority trial. Lancet 2013, 382, 941–950. [CrossRef]

48. Moran, L.J.; Norman, R.J.; Teede, H.J. Metabolic risk in PCOS: Phenotype and adiposity impact. Trends Endocrinol. Metab. 2015, 26,
136–143. [CrossRef]

49. Satoh, H. Pleiotropic effects of SGLT2 inhibitors beyond the effect on glycemic control. Diabetol. Int. 2018, 9, 212–214. [CrossRef]
50. Tripathy, P.; Sahu, A.; Sahu, M.; Nagy, A. Ultrasonographic evaluation of intra-abdominal fat distribution and study of its

influence on subclinical atherosclerosis in women with polycystic ovarian syndrome. Eur. J. Obstet. Gynecol. Reprod. Biol. 2017,
217, 18–22. [CrossRef]

51. Ishibashi, Y.; Matsui, T.; Yamagishi, S. Tofogliflozin, A Highly Selective Inhibitor of SGLT2 Blocks Proinflammatory and
Proapoptotic Effects of Glucose Overload on Proximal Tubular Cells Partly by Suppressing Oxidative Stress Generation. Horm
Metab Res. 2016, 48, 191–195. [CrossRef]

52. Dawson, A.J.; Sathyapalan, T.; Smithson, J.A.; Vince, R.V.; Coady, A.M.; Ajjan, R.; Kilpatrick, E.S.; Atkin, S.L. A comparison of
cardio-vascular risk indices in patients with polycystic ovary syndrome with and without coexisting nonalcoholic fatty liver
disease. Clin. Endocrinol. 2014, 80, 843–849. [CrossRef] [PubMed]

53. Morley, L.C.; Tang, T.; Yasmin, E.; Norman, R.J.; Balen, A.H. Insulin-sensitising drugs (metformin, rosiglitazone, pioglitazone,
D-chiro-inositol) for women with polycystic ovary syndrome, oligo amenorrhoea and subfertility. Cochrane Database Syst. Rev.
2017, 11, CD003053. [CrossRef] [PubMed]

54. Jensterle Sever, M.; Kocjan, T.; Pfeifer, M.; Kravos, N.A.; Janez, A. Short-term combined treatment with liraglutide and metformin
leads to significant weight loss in obese women with polycystic ovary syndrome and previous poor response to metformin. Eur. J.
Endocrinol. 2014, 170, 451–459. [CrossRef] [PubMed]

55. Lundkvist, P.; Sjöström, C.D.; Amini, S.; Pereira, M.J.; Johnsson, E.; Eriksson, J.W. Dapagliflozin once-daily and exenatide
once-weekly dual therapy: A 24-week randomized, placebo-controlled, phase II study examining effects on body weight and
prediabetes in obese adults without diabetes. Diabetes Obes. Metab. 2017, 19, 49–60. [CrossRef] [PubMed]

56. Javed, Z.; Papageorgiou, M.; Deshmukh, H.; Rigby, A.S.; Qamar, U.; Abbas, J.; Khan, A.Y.; Kilpatrick, E.S.; Atkin, S.L.; Sathyapalan,
T. Effects of empagliflozin on metabolic parameters in polycystic ovary syndrome: A randomized controlled study. Clin. Endocrinol.
2019, 90, 805–813. [CrossRef] [PubMed]

57. Cai, M.; Shao, X.; Xing, F.; Zhang, Y.; Gao, X.; Zeng, Q.; Dilimuzhati, D.; Qu, S.; Zhang, M. Efficacy of canagliflozin versus
metformin in women with polycystic ovary syndrome: A randomized, open-label, noninferiority trial. Diabetes Obes. Metab. 2022,
24, 312–320. [CrossRef]

58. Zhang, J.; Xing, C.; Cheng, X.; He, B. Canagliflozin combined with metformin versus metformin monotherapy for endocrine and
metabolic profiles in overweight and obese women with polycystic ovary syndrome: A single-center, open-labeled prospective
randomized controlled trial. Front. Endocrinol. 2022, 13, 1003238. [CrossRef]

59. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.;
Woerle, H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373,
2117–2128. [CrossRef]

60. Kojima, N.; Williams, J.M.; Slaughter, T.N.; Kato, S.; Takahashi, T.; Miyata, N.; Roman, R.J. Renoprotective effects of combined
SGLT2 and ACE inhibitor therapy in diabetic Dahl S rats. Physiol. Rep. 2015, 3, e12436. [CrossRef]

61. Mudaliar, S.; Polidori, D.; Zambrowicz, B.; Henry, R.R. Sodium-Glucose Cotransporter Inhibitors: Effects on Renal and Intestinal
Glucose Transport: From Bench to Bedside. Diabetes Care 2015, 38, 2344–2353. [CrossRef]

62. Cai, M.; Zhang, Y.; Qu, S.; Zhang, M. 132-LB: The Safety and Efficacy of Canagliflozin in Women with Polycystic Ovary Syndrome:
A Randomized Control Trial. Diabetes 2021, 70 (Suppl. S1), 132-LB. [CrossRef]

http://doi.org/10.1080/09513590801893232
http://www.ncbi.nlm.nih.gov/pubmed/18335328
http://doi.org/10.2337/dc13-0387
http://www.ncbi.nlm.nih.gov/pubmed/23735727
http://doi.org/10.3390/ijms22052576
http://www.ncbi.nlm.nih.gov/pubmed/33806551
http://doi.org/10.1111/dom.14008
http://www.ncbi.nlm.nih.gov/pubmed/32077218
http://doi.org/10.1111/dom.13648
http://www.ncbi.nlm.nih.gov/pubmed/30697905
http://doi.org/10.1016/S0140-6736(13)60683-2
http://doi.org/10.1016/j.tem.2014.12.003
http://doi.org/10.1007/s13340-018-0367-x
http://doi.org/10.1016/j.ejogrb.2017.08.011
http://doi.org/10.1055/s-0035-1555791
http://doi.org/10.1111/cen.12258
http://www.ncbi.nlm.nih.gov/pubmed/23746214
http://doi.org/10.1002/14651858.CD003053.pub6
http://www.ncbi.nlm.nih.gov/pubmed/29183107
http://doi.org/10.1530/EJE-13-0797
http://www.ncbi.nlm.nih.gov/pubmed/24362411
http://doi.org/10.1111/dom.12779
http://www.ncbi.nlm.nih.gov/pubmed/27550386
http://doi.org/10.1111/cen.13968
http://www.ncbi.nlm.nih.gov/pubmed/30866088
http://doi.org/10.1111/dom.14583
http://doi.org/10.3389/fendo.2022.1003238
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.14814/phy2.12436
http://doi.org/10.2337/dc15-0642
http://doi.org/10.2337/db21-132-LB


Biomedicines 2023, 11, 998 16 of 16

63. Wild, R.A.; Umstot, E.S.; Andersen, R.N.; Ranney, G.B.; Givens, J.R. Androgen parameters and their correlation with body weight
in one hundred thirty-eight women thought to have hyperandrogenism. Am. J. Obstet. Gynecol. 1983, 146, 602–606. [CrossRef]
[PubMed]

64. Storgaard, H.; Gluud, L.L.; Bennett, C.; Grøndahl, M.F.G.; Christensen, M.; Knop, F.K.; Vilsbøll, T. Benefits and Harms of
Sodium-Glucose Co-Transporter 2 Inhibitors in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis. PLoS
ONE 2016, 11, e0166125. [CrossRef] [PubMed]

65. Habibi, J.; Aroor, A.R.; Sowers, J.R.; Jia, G.; Hayden, M.R.; Garro, M.; Barron, B.; Mayoux, E.; Rector, R.S.; Whaley-Connell, A.; et al.
Sodium glucose transporter 2 (SGLT2) inhibition with empagliflozin improves cardiac diastolic function in a female rodent model
of diabetes. Cardiovasc. Diabetol. 2017, 16, 9. [CrossRef]

66. Reddy, T.V.; Govatati, S.; Deenadayal, M.; Sisinthy, S.; Bhanoori, M. Impact of mitochondrial DNA copy number and displacement
loop alterations on polycystic ovary syndrome risk in south Indian women. Mitochondrion 2019, 44, 35–40. [CrossRef] [PubMed]

67. Croteau, D.; Luptak, I.; Chambers, J.M.; Hobai, I.; Panagia, M.; Pimentel, D.R.; Siwik, D.A.; Qin, F.; Colucci, W.S. Effects of
Sodium-Glucose Linked Transporter 2 Inhibition with Ertugliflozin on Mitochondrial Function, Energetics, and Metabolic Gene
Expression in the Presence and Absence of Diabetes Mellitus in Mice. J. Am. Heart Assoc. 2021, 10, e019995. [CrossRef] [PubMed]

68. Shao, Q.; Meng, L.; Lee, S.; Tse, G.; Gong, M.; Zhang, Z.; Zhao, J.; Zhao, Y.; Li, G.; Liu, T. Empagliflozin, a sodium glucose co-
transporter-2 inhibitor, alleviates atrial remodeling and improves mitochondrial function in high-fat diet/streptozotocin-induced
diabetic rats. Cardiovasc. Diabetol. 2019, 18, 165. [CrossRef]

69. Takagi, S.; Li, J.; Takagaki, Y.; Kitada, M.; Nitta, K.; Takasu, T.; Kanasaki, K.; Koya, D. Ipragliflozin improves mitochondrial
abnormalities in renal tubules induced by a high-fat diet. J. Diabetes Investig. 2018, 9, 1025–1032. [CrossRef]

70. Pruett, J.E.; Everman, S.J.; Hoang, N.H.; Salau, F.; Taylor, L.C.; Edwards, K.S.; Hosler, J.P.; Huffman, A.M.; Romero, D.G.; Cardozo,
L.L.Y. Mitochondrial function and oxidative stress in white adipose tissue in a rat model of PCOS: Effect of SGLT2 inhibition. Biol.
Sex Differ. 2022, 13, 45. [CrossRef]

71. Chadt, A.; Al-Hasani, H. Glucose transporters in adipose tissue, liver, and skeletal muscle in metabolic health and disease.
Pflügers Arch. Eur. J. Physiol. 2020, 472, 1273–1298. [CrossRef] [PubMed]

72. Lee, T.-M.; Chang, N.-C.; Lin, S.-Z. Dapagliflozin, a selective SGLT2 Inhibitor, attenuated cardiac fibrosis by regulating the
macrophage polarization via STAT3 signaling in infarcted rat hearts. Free Radic. Biol. Med. 2017, 104, 298–310. [CrossRef]

73. Lin, B.; Koibuchi, N.; Hasegawa, Y.; Sueta, D.; Toyama, K.; Uekawa, K.; Ma, M.; Nakagawa, T.; Kusaka, H.; Kim-Mitsuyama, S.
Glycemic control with empagliflozin, a novel selective SGLT2 inhibitor, ameliorates cardiovascular injury and cognitive dysfunc-
tion in obese and type 2 diabetic mice. Cardiovasc. Diabetol. 2014, 13, 148. [CrossRef] [PubMed]

74. Li, D.; Wang, T.; Shen, S.; Fang, Z.; Dong, Y.; Tang, H. Urinary tract and genital infections in patients with type 2 diabetes treated
with sodium-glucose co-transporter 2 inhibitors: A meta-analysis of randomized controlled trials. Diabetes Obes. Metab. 2016, 19,
348–355. [CrossRef]

75. Zaccardi, F.; Webb, D.; Htike, Z.; Youssef, D.; Khunti, K.; Davies, M. Efficacy and safety of sodium glucose co-transporter-2
in-hibitors in type 2 diabetes mellitus: Systematic review and network meta-analysis. Diabetes Obes. Metab. 2016, 18, 783–794.
[CrossRef]

76. Donnan, J.R.; Grandy, C.A.; Chibrikov, E.; PharmD, C.M.; Aubrey-Bassler, K.; Johnston, K.; Swab, M.; Hache, J.; Curnew, D.;
Nguyen, H. Dose response of sodium glucose cotransporter-2 inhibitors in relation to urinary tract infections: A systematic
re-view and network meta-analysis of randomized controlled trials. CMAJ Open 2018, 6, E594–E602. [CrossRef]

77. Neal, B.; Perkovic, V.; Mahaffey, K.W.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R.; et al.
Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. J. Med. 2017, 377, 644–657. [CrossRef] [PubMed]

78. Silverii, G.A.; Dicembrini, I.; Monami, M.; Mannucci, E. Fournier’s gangrene and sodium-glucose co-transporter-2 inhibitors:
A meta-analysis of randomized controlled trials. Diabetes Obes. Metab. 2020, 22, 272–275. [CrossRef]

79. Ferrannini, E.; Muscelli, E.; Frascerra, S.; Baldi, S.; Mari, A.; Heise, T.; Broedl, U.C.; Woerle, H.-J. Metabolic response to
sodium-glucose cotransporter 2 inhibition in type 2 diabetic patients. J. Clin. Investig. 2014, 124, 499–508. [CrossRef] [PubMed]

80. Peters, A.L.; Buschur, E.O.; Buse, J.B.; Cohan, P.; Diner, J.C.; Hirsch, I.B. Euglycemic Diabetic Ketoacidosis: A Potential
Complication of Treatment with Sodium–Glucose Cotransporter 2 Inhibition. Diabetes Care 2015, 38, 1687–1693. [CrossRef]

81. Garofalo, C.; Borrelli, S.; Liberti, M.E.; Andreucci, M.; Conte, G.; Minutolo, R.; Provenzano, M.; De Nicola, L. SGLT2 Inhibitors:
Nephroprotective Efficacy and Side Effects. Medicina 2019, 55, 268. [CrossRef] [PubMed]

82. Grünert, S.C.; Rosenbaum-Fabian, S.; Schumann, A.; Selbitz, A.C.; Merz, W.; Gieselmann, A.; Spiekerkoetter, U. Two successful
preg-nancies and first use of empagliflozin during pregnancy in glycogen storage disease type Ib. JIMD Rep. 2022, 63, 303–308.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/0002-9378(83)90998-5
http://www.ncbi.nlm.nih.gov/pubmed/6223527
http://doi.org/10.1371/journal.pone.0166125
http://www.ncbi.nlm.nih.gov/pubmed/27835680
http://doi.org/10.1186/s12933-016-0489-z
http://doi.org/10.1016/j.mito.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29278759
http://doi.org/10.1161/JAHA.120.019995
http://www.ncbi.nlm.nih.gov/pubmed/34169737
http://doi.org/10.1186/s12933-019-0964-4
http://doi.org/10.1111/jdi.12802
http://doi.org/10.1186/s13293-022-00455-x
http://doi.org/10.1007/s00424-020-02417-x
http://www.ncbi.nlm.nih.gov/pubmed/32591906
http://doi.org/10.1016/j.freeradbiomed.2017.01.035
http://doi.org/10.1186/s12933-014-0148-1
http://www.ncbi.nlm.nih.gov/pubmed/25344694
http://doi.org/10.1111/dom.12825
http://doi.org/10.1111/dom.12670
http://doi.org/10.9778/cmajo.20180111
http://doi.org/10.1056/NEJMoa1611925
http://www.ncbi.nlm.nih.gov/pubmed/28605608
http://doi.org/10.1111/dom.13900
http://doi.org/10.1172/JCI72227
http://www.ncbi.nlm.nih.gov/pubmed/24463454
http://doi.org/10.2337/dc15-0843
http://doi.org/10.3390/medicina55060268
http://www.ncbi.nlm.nih.gov/pubmed/31212638
http://doi.org/10.1002/jmd2.12295
http://www.ncbi.nlm.nih.gov/pubmed/35822091

	Introduction 
	Current Pathophysiological Considerations of PCOS 
	Current Treatment Options for PCOS 
	SGLT-2 Inhibitors: Current Knowledge on Their Therapeutic Potential in PCOS 
	Discussion 
	Conclusions and Future Perspectives 
	References

