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Abstract: The metabolic syndrome (MetS) is a complex disease of metabolic abnormalities, including
obesity, insulin resistance, hypertension and dyslipidaemia, and it is associated with an increased risk
of cardiovascular disease (CVD). Diabetic retinopathy (DR) is the leading cause of vision loss among
working-aged adults around the world and is the most frequent complication in type 2 diabetic
(T2D) patients. The gut microbiota are a complex ecosystem made up of more than 100 trillion of
microbial cells and their composition and diversity have been identified as potential risk factors for
the development of several metabolic disorders, including MetS, T2D, DR and CVD. Biomarkers
are used to monitor or analyse biological processes, therapeutic responses, as well as for the early
detection of pathogenic disorders. Here, we discuss molecular mechanisms underlying MetS, the
effects of biological sex in MetS-related DR and gut microbiota, as well as the latest advances in
biomarker research in the field. We conclude that sex may play an important role in gut microbiota
influencing MetS-related DR.

Keywords: biological sex; biomarkers; cardiovascular disease; diabetic retinopathy; gut microbiota;
metabolic syndrome

1. Introduction

The metabolic syndrome (MetS) is associated with a cluster of comorbidities, including
obesity, insulin resistance, hypertension and dyslipidaemia, and it is closely linked to
an increase of atherosclerotic cardiovascular disease in individuals with type 2 diabetes
(T2D), as well as in non-diabetics [1–3]. Early diagnosis is crucial in order to successfully
implement lifestyle and risk factor modification. Globally, the prevalence of MetS varies
and frequently relates to the incidence of obesity [4,5]. There is a major influence of
race/ethnicity, age and biological sex. About a quarter of people in Europe are affected by
MetS [2]. In the USA, the prevalence is about 32.1% among obese teenagers [6]. Although
south-east Asia has a lower prevalence of MetS, it is quickly catching up to rates seen in
the western world. It has been reported that a higher socio-economic status is a protective
factor, probably starting in early adolescence, while its positive effect may eventually wane
with advancing age [7]. Lower incomes and levels of education are related with a higher
prevalence of MetS in both men and women, while this correlation is significantly greater
in women than in men [8–10]. According to recent data, MetS prevalence is often higher
in men than women, but only up until the age of 50, at which point there is a shift in
the opposite direction [11]. In addition, postmenopausal women are more susceptible to
develop MetS and experience more cardiovascular events compared with men of the same
age [12]. After menopause, a woman’s chance of developing MetS and insulin resistance
rises, which is correlated with a drop in high-density lipoproteins and an increase in
circulating triglycerides and low-density lipoproteins [13]. In women with T2D, hormone
therapy (HT) has been linked to positive effects on glycaemic management [14].

Insulin resistance is defined as a compromised physiologic response of target tissues,
predominantly the muscle, liver and adipose tissue, to insulin stimulation. Hyperinsu-
linemia and increase in beta-cell insulin synthesis occur as a result of impaired glucose
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elimination. Hyperglycaemia, dyslipidaemia, hypertension, obesity, hyperuricemia, in-
creased inflammatory markers, endothelial dysfunction and a prothrombic state are some
of the metabolic consequences of insulin resistance. T2D and MetS can develop as a result
of the progression of insulin resistance [4,15]. Uncontrolled T2D may increase the chance
of developing diabetic complications. Immune dysfunction and microvascular diseases
are frequent diabetic complications, ultimately leading to several pathologies, including
nephropathy, neuropathy, diabetic ulcer disease, cerebrovascular episodes, cardiovascular
disease (CVD) and retinopathy [16–18]. Among these pathologies, diabetic retinopathy (DR)
is a common microvascular complication [19]. Gut microbiota have recently emerged as a
crucial component in both health and disease. In particular, gut microbiota are expected
to have a major impact on MetS, T2D, as well as CVD, which could be in a sex-biased
manner [20,21]. In fact, the association between MetS-related vascular complications and
gut microbiota is demonstrated in several studies assessing vascular stiffness [22]. Here, we
discuss molecular mechanisms underlying MetS, the effects of biological sex in MetS-related
DR and gut microbiota, as well as the latest advances in biomarker research in the field.

2. Overview of Altered Molecular Mechanisms in Metabolic Syndrome

The players that appear important in the pathophysiology of MetS and its complica-
tions are inflammation, neurohormonal activation and insulin resistance. In addition, both
obesity and insulin resistance induce systemic oxidative stress, which, in turn, increases
the activation of downstream signalling cascades that result in atherogenesis and tissue
fibrosis (Figure 1). Tumour necrosis factor α (TNF-α), the most extensively studied cytokine,
plays a crucial role in the modulation of insulin resistance seen in obesity and T2D [23].
Increased blood TNF-α levels are linked to obesity and insulin resistance, both of which
are major contributors of MetS [24]. The metabolic effects of obesity are caused by the
action of interleukin 6 (IL-6), a cytokine released by adipocytes and macrophages. In the
liver, endothelium and bone marrow, IL-6 leads to the production of acute phase reactants,
particularly c-reactive protein (CRP). It has been reported that there is a clear association
between high levels of CRP and cardiac events, T2D and MetS [25].
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The renin-angiotensin-aldosterone system (RAAS) is one the crucial neurohormonal
pathways that plays an important role in the pathophysiology of MetS. After activation
of angiotensin-converting enzyme, the adipose tissue produces angiotensin II (Ang II).
Increased plasma Ang II levels have been associated with insulin resistance and obesity [26].
In addition, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is activated by
Ang II, which leads to pathogenic consequences that result in an increase in reactive oxygen
species (ROS) [27]. LDL oxidation, platelet aggregation, endothelial injury, increased
protein levels of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
and synthesis of lipoprotein receptor-1 (LOX-1) on endothelium and vascular smooth
muscle cells (VSMCs) are just a few effects of ROS production [28]. RAAS, ROS and LOX-1
have positive feedback that starts a cascade of inflammation, endothelial damage and
fibroblast proliferation, which all lead to the progression of insulin resistance, hypertension,
dyslipidaemia and CVD (Figure 1).

3. Diabetic Retinopathy

Diabetic retinopathy (DR) is one of the most common complications of T2D and is the
leading cause of blindness across the globe, resulting in a severe handicap that compromises
freedom and has a considerable negative impact on quality of life [29,30]. The multiple
risk factors associated with DR include hyperglycaemia, hypertension, dyslipidaemia,
pregnancy, puberty, cataract surgery, the progression of diabetes, nephropathy and sleep
apnoea syndrome [31]. Based on the degree of microvascular degeneration and associated
ischaemic damage, DR can be divided into two forms: non-proliferative DR and advanced,
proliferative DR. Diabetic maculopathy is the term used to describe DR that affects the
macula, and this form is most common in the latter stages of the disease [32]. Diabetic
maculopathy causes vascular leakage and ultimately can lead to vision loss in diabetic
patients, which can happen at any stage of the disease [33].

The development of DR is associated with changes in the retinal vasculature, such as
progressive damage and subsequent loss of vascular endothelial cells and pericytes, occlusion
of capillaries, damage of the blood–retinal barrier, vascular basement membrane thickness,
as well as anomalies in neuroretina cells [34]. The key common factor in the pathophysiology
of DR is caused by hyperglycaemia, including changes in the calibre and vessel diameter,
which result in neovascularization [32]. Retinal neovascularisation occurs as DR progresses.
Furthermore, oxidative stress plays a critical role in the development of DR (Figure 2). The
retinal arteries may become damaged due to an excessive build-up of circulating ROS,
thereby damaging cells of target organs, such as the retina, resulting in DR [35]. It has been
shown that four molecular pathways are involved in the pathogenesis of DR: the protein
kinase C (PKC) pathway, the hexosamine pathway, the polyol pathway, and accumulation
of advanced glycation end products (AGEs). In addition to the aforementioned pathways,
epigenetic modifications, dysfunction in the activity of nuclear factors and antioxidant
responses, as well as impaired mitochondrial function have been reported with the excessive
accumulation of ROS in DR [36–39]. These pathways not only further increase oxidative
stress, but also inflammation, cell death and vascular occlusion, causing upregulation of
endothelial growth factors that might contribute to the progression of DR [38].

DR is a complex disease where, in addition to microvascular changes, neurodegen-
eration plays an important role in the progression of the disease, including apoptosis
and glial alteration [40]. Glial activation, decreased retinal neuron function and increased
neural apoptosis are all consequences of diabetes-induced neuroglial degeneration that can
be seen in diabetic animal models and in post-mortem retina of diabetic patients [41,42].
Alzheimer’s and Parkinson’s diseases share certain overlapping mechanisms with DR,
such as glial activation [43]. Müller cells and astrocytes are crucial for regulating retinal
homeostasis by controlling the flow of blood through the retina, water balance in the brain
parenchyma and vascular permeability [44]. Gliosis often causes blood–retinal barrier
malfunction and increased expression of vascular endothelial growth factor (VEGF) and
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proinflammatory cytokines. As a result, reactive gliosis may be crucial in retinal brain
injury and may be associated with neurodegenerative complications [45,46].
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4. Gut Microbiota

A wide range of microorganisms live in the complex heterogeneous ecosystem known
as the human gut microbiome [47]. More than 100 trillion microbial cells make up the intesti-
nal microbial community that resides in the human gut. This community has a mutualistic
relationship with its host and plays an important role in the host’s metabolism, for exam-
ple, producing vitamins and other metabolites required for the host’s physiology [48,49].
Energy, glucose and lipid homeostasis are just a few of the host’s metabolic processes that
are regulated by gut microbiota (GM). Numerous studies have shown a causal connection
between microbial function and metabolic perturbations and microbial impairment, also
known as dysbiosis [50]. Moreover, the variety and abundance of GM play an important
role in the composition of intestinal flora [51]. Therefore, decompensation of the intestinal
bacteria may result in a variety of diseases, including obesity, inflammatory bowel disorder,
asthma, diabetes, neurodegenerative disease, depression and CVD [52–54]. According to
recent data, changes in the GM work as a critical internal environmental modulator that
influences pathogenic mechanisms underlying consequences of T2D, such as DR [55].

T2D is commonly associated with MetS and altered GM, influenced by genetic and
environmental factors, ultimately leading to CVD, kidney failure and retinopathy [56]. GM
are expected to play an important role in obesity. The composition of GM of obese indi-
viduals with and without T2D was significantly different from that of the healthy control
group [57]. Changes in Akkermansia, Fecalibacterium, Oscillibacter and Alistipes, as well as
in serum metabolites, were also related to GM functional capacity and composition [58].
In another study, isolated Enterobacter clocacae B29 from obese volunteers transplanted to
germ-free C57BL/6J mice induced obesity and insulin resistance on a high-fat diet, but not
on a regular diet, whereas the germ-free control mice on a high-fat diet did not exhibit the
same disease phenotype [59]. These findings demonstrate that GM are crucial regulators of
the host’s ability to store fat, which in turn influences the development of obesity. Hyper-
glycaemia is strongly associated with GM dysbiosis [59]. A microbiome analysis in male
Zucker diabetic fatty rats revealed that the progression of the disease and age is linked to
changes in faecal microbes. Firmicutes, Bacteroidetes, Actinomcrobiota, and Proteobacteria were
among the phyla that made up many of the faecal microorganisms in rats at all develop-
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mental stages from 8 to 15 weeks. However, in 8- to 10-week-old rats, Lactobacillus and
Turicibacter were the two most common genera [60]. Moderate dysbiosis has been shown in
both humans and animals with T2D. Particularly, in T2D individuals, the abundance of
some microbiota that are metabolically advantageous, such as butyrate-producing bacteria,
is reduced, while the abundance of pathogenic bacteria, which are known to cause several
disorders, is severely increased [61]. It has been reported that administration of one specific
microbe, i.e., Akkermansia muciniphila, a mucin-degrading bacterium that allocates in the
mucus layer of gut epithelium, prevents MetS in mice [62,63].

The term dyslipidaemia describes abnormally high levels of lipids or lipoproteins
in the blood that can be brought on by inherited or acquired conditions. In vitro and
in vivo studies have shown that dyslipidaemia can result in unbalanced GM, and that
GM dysbiosis can accelerate lipid metabolic disorders [64]. Mice fed a high-glucose and
high-fructose diet showed less diverse GM. The number of Bacteroidetes was low and
the fraction of Proteobacteria was noticeably higher in the high-glucose and high-fructose
diet groups. Lipid accumulation was greatly increased as well [65]. Rats that developed
spontaneous hypertension had considerably lower abundance, variety and homogeneity of
GM, but the ratio of Firmicutes/Bacteroidetes increased. A decrease in the number of the
microorganisms that generate acetic acid and butyrate coincides with these changes [65].

Purine metabolic abnormalities and reduced uric acid excretion are the two main
causes of hyperuricemia. Hyperuricemia is the most significant biochemical cause of gout
and MetS symptoms [66]. Studies in humans and experimental animals have revealed a
connection between intestinal dysbacteriosis and hyperuricemia [64]. It has been reported
that there was a much lower frequency of Firmicutes and Bacteroides at the phylum level in a
mouse model of hyperuricemia. Bacteroidales, Bacteroidaceae, Prevotellaceae and Rikenellaceae
were more prevalent in this mouse model at the family level. At the genus level, some
specific bacterial populations, such as Clostridium, Ruminococcaceae and Lactobacillus, were
frequent in the hyperuricemic mice [67]. It has been documented that the GM of gout
patients showed increased abundance of the genus Bacteriodes and decreased abundance of
the genera Faecalibacterium and Bifidobacterium [68].

The effects of intermittent fasting on the progression of DR, including abnormal
growth of capillaries and immune infiltration, have been demonstrated in a study using a
diabetic db/db mouse model of diabetes. The intermittent fasting diet augmented levels of
Firmicutes; however, both levels of Verrucomicrobiota and Bacteroidetes were decreased [69].
It has been reported that patients with T2D and DR have altered GM in terms of abun-
dance and diversity. DR patients show lower levels of anti-inflammatory, probiotic, and
pathogenic bacteria than healthy individuals and T2D patients [70]. In particular, anti-
inflammatory GM, i.e., Lachnospira, Roseburia, Coprococcus, Phascolarctobacteium, Blautia and
Anerostipes, were decreased in T2D patients. In the DR group, in addition to the genera,
such as Roseburia, Lachnospira and Blautia, several other anti-inflammatory genera, such
as Faecalibacterium, Bifidobacterium, Ruminococcus, Mitsuokella, Streptocoocus, Lactobacillus
and Butyrivibrio, were also decreased. Lipopolysaccharide (LPS) is one of the crucial com-
ponents of bacterial translocation in chronic inflammation [71]. LPS from Desulfobacterota
and Bacteroidetes has the potential to cause inflammatory damage, leading to impaired
metabolism and endotoxin tolerance reduction, all of which are connected to the progres-
sion of DR. Moreover, the presence of high levels of Escherichia coli (E.coli) in the microbiome
of T2D patients raises the level of uric acid, which causes the production of ROS, which in
turn leads to an extensive damage to retinal endothelial cells and neuronal cell apoptosis,
and accelerates the progression of DR [72]. Malfunction of the intestinal flora composition
and overproduction of Heliobacter pylori induces the expression of both IL-6 and TNF-α,
leading to vascular endothelial cell damage. Vascular endothelial cell death causes changes
in vascular tone and wall, which activates the complement system and increases vascular
permeability, ultimately causing microvascular occlusion and growth of new blood vessels
and therefore DR [73].
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Recently, a cross-sectional study carried out in Japanese individuals has shown that the
composition and functional profiles for GM in T2D patients were significantly different from
those in the healthy group [74]. Moreover, the habitual dietary intake, especially sucrose
intake, was more strongly associated with these differences, suggesting that reducing
sucrose intake might help prevent the onset of T2D through prevention of gut dysbiosis [75].
In the same study, the abundance of Actinobacteria was higher in T2D individuals than in
the healthy group, while the abundance of Bacteroidetes was higher in the healthy group
than in T2D individuals. Furthermore, the abundance of Bacteroides was lower in T2D
patients than in control individuals, whereas the abundance of Bifidobacterium was higher
in T2D individuals than in the healthy group. Sucrose intake was negatively associated
with Parabacteroides and Bacteroides and positively associated with Bifidobacterium [75].

At the genus level, Roseburia, Faecalibacterium, Lachnospira and Romboustia were de-
pleted in T2D-DR patients compared with the healthy group, whereas Akkermansia was
enriched in the T2D-DR group [76]. Furthermore, compared with T2D patients but without
DR, the T2D-DR group showed elevated Prevotella, Faecalibacterium, Subdoligranulum, Agath-
obacteria and Olsenella, and reduced Bacillus Veillonella and Pantoea abundances at the genus
level. Faecalibacterium and Lachnospira were depleted in the T2D without DR individuals
compared with the healthy group at the genus level, and Klebsiella and Enterococcus were
enriched [76]. Lately, it has been reported at the phylum level, Actinobacteria decreased, but
Bacteroidetes were abundant in T2D-DR patients when compared with those in the healthy
group. In addition, at the genus level, Bifidobacterium and Lactobacillus decreased in faecal
samples. Cellular, environmental and metabolism-related pathways were found to be at
higher levels in the GM in T2D-DR patients [74].

5. Effects of Biological Sex

In various diseases, including CVD, there are fundamental differences between the
sexes in manifestation and outcome, as well as the response to treatment [77–90]. Overall,
sex differences are generally attributed to genetic and epigenetic mechanisms, regulating
major biological processes, including cell death, extracellular matrix deposition and inflam-
mation, as well as sex hormones and their receptors [77,82,83,86–89,91–129]. Along this
line, there are significant sex differences in the context of obesity. It is generally thought
that women are slightly more likely than men to be obese [130]. However, in contrast to
men, women are shielded from various metabolic disorders and sequelae linked to the
development of obesity-related disease [131,132]. The patterns of fat deposition, use of
fat, and the consequences of both excess and insufficient fat storage vary between men
and women. Compared with men, women experience fewer disorders linked to obe-
sity [133]. Sex steroids are important regulators of the relationship between obesity and
disease [134–136]. In this context, women are less likely to develop T2D before menopause,
as they are resistant to free fatty acid-induced insulin release, but this tendency sharply
reverses after menopause. Impairment in glucose tolerance, which reflects postprandial
insulin resistance, is more common in women than in men, whereas impairment in fasting
blood glucose, which reflects fasting insulin resistance, is more common in men than in
women [137–139].

The difference in the prevalence of diabetes mellitus is related to sex-biased differences
in the prevalence of DR. Although type 1 diabetes affects more men than women, no cur-
rent study has discovered a discernible difference in the prevalence of DR [140]. However,
women with DR are more expected to have the proliferative form of diabetes mellitus,
and the female sex is an independent risk factor for the development of DR, according
to a retrospective analysis of T2D patients under treatment in Japanese clinics [141]. The
shift in blood hormone levels during pregnancy is one of the factors to both new cases
of retinopathy and the worsening of pre-existing cases [142]. It is believed that oestrogen
protects against eye disorders on a preventative basis, most likely as a result of its vasodila-
tory effects that lower vascular resistance [143]. Nevertheless, it may not always have
a preventative effect; unfavourable occurrences like thrombosis might also occur when
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oestrogen is used as hormonal contraception [144]. In a large clinical study in Denmark,
where patients with T2D were followed for several years, it was found that the risk for
reaching sight-threatening DR was significantly greater in men [145]. Additionally, men
had higher retinal haemorrhages at the baseline examination, higher haemoglobin A1c
(HbA1c) levels and higher levels of both diastolic and systolic blood pressure values than
women. Since these are known risk factors for developing DR, it may explain why men
more frequently develop this disorder [146].

Gonadal hormones have a sex-biased impact on the pathogenesis of T2D. Hormone
therapy prevents T2D in menopausal women [131]. Similarly to women, men with low
levels of testosterone can delay the onset of T2D through hormone therapy [147]. The
maintenance of body composition and metabolism depends heavily on the proper balance
of androgens and oestrogens. It is well-established that both androgens and oestrogens
play an important role in the bidirectional modulation of glucose metabolism in both
sexes. Higher androgen levels in cisgender women are associated with an increase in body
weight and visceral fat; female-to-male transgender individuals may experience the same
consequences. In general, the incidence of T2D is correlated with considerably greater
testosterone levels in women and lower levels in men [147]. Polycystic ovarian syndrome
(PCOS) is a condition where women are more likely to experience excess androgen and
hyperinsulinemia associated with T2D, obesity and increased CVD risk. The increased
prevalence of metabolic disorders in both men and women supports the impact of genetic
factors. Obesity is a crucial mediator of impaired glucose metabolism in men and first-
degree relatives of women with PCOS [148,149].

Along this line, the composition of GM varies according to sex. In a large cohort from
four European countries, men were found to have higher amounts of bacteria from the
genera Prevotella and Bacteriodes than women, which may reflect nutrition patterns and have
an impact on weight loss [150,151]. Numerous studies have examined the effects of GM
by changing factors like nutrition, medications and lifestyle [152–154]. Bacteria from the
genera Slackia and Butyricimonas were significantly linked with oestradiol levels in women,
while those from the genera Acinetobacter, Megamonas and Ruminococcus were strongly asso-
ciated with testosterone levels in men [155]. In addition to exhibiting increased levels of
gut inflammation (a typical symptom of obesity and cardiometabolic disease), female mice
receiving male donor GM experienced raised levels of testosterone [156,157]. The relation-
ship between sex hormones and GM has been further investigated in animal models using
hormones and gonadectomy [158]. Oestradiol is used in hormone therapies to counteract
the loss of ovarian oestrogen that menopausal women commonly experience. High-fat
diet-fed female mice treated with oestradiol showed lower body mass, improved glucose
tolerance and insulin sensitivity as signs of protection from cardiometabolic disorders
compared with the corresponding untreated controls. Furthermore, oestradiol modified
the GM by reducing the Firmicutes/Bacteroidetes ratio that typically rises in mice on a
high-fat diet [158,159]. In addition, male mice treated with oestradiol are less susceptible to
gut epithelial permeability, weight gain and inflammation than untreated male mice [160].

6. Biomarkers

Biomarkers discovered in blood or other biological fluids and tissues have the power
to indicate the presence of illness or an abnormal condition, thereby identifying those who
are more likely to develop a disease, those at early stages of disease, as well as monitoring
the impact of therapy [161,162]. Sex differences are noticeable in the presence of various
fat-related biomarkers. The regulation of satiety, food intake and energy storage depends on
leptin. Additionally, leptin affects both peripheral insulin resistance and the insulin glucose
pathways [163,164]. Adiponectin influences lipid and glucose metabolism in a variety of
ways and improves target organ insulin sensitivity. The progression of T2D is associated
with the dysregulation of the function of adiponectin [165]. It has been shown that women
with higher adiponectin levels and its receptor in their abdominal adipose tissue might
be correlated to a lower CVD risk [166]. Metanalyses have often found that women show
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higher adiponectin and leptin levels than men of similar body mass index (BMI) and age,
which may be associated with sex hormone levels [167]. Increased plasma leptin, which
reflects body mass fat and is closely correlated with subcutaneous fat, has been linked in
several long-term studies to an increased risk of diabetes in men. However, in obese and
diabetic individuals, there is an adverse relationship between insulin sensitivity and plasma
adiponectin levels, which is generally more obvious in women [164,166,168]. It has been
reported that the hepatokine fetuin A, which was revealed to be associated with T2D onset
solely in women, is one of the novel risk factors related to sex-related differences [169].

Copeptin has been shown to be associated with the risk of developing T2D in both
men and women [170]. This biomarker is the C-terminal component of the precursor of
vasopressin and a reliable marker of arginine vasopressin secretion [169]. This may indicate
a closer connection between the pathophysiology of T2D and the arginine vasopressin
stress adaptation system. After consuming fat, the small intestine’s endocrine-like N-cells
peripherally release proneurotensin, which functions as a neurotransmitter in the central
nervous system. However, in the peripheral neurological system, it works as a hormone,
boosting pancreatic and biliary secretion, decreasing gastric motility, and facilitating fatty
acid translocation. Fasting plasma levels of proneurotensin are typically lower in women
than in men, but they predict incident CVD and diabetes, as well as overall CVD mortality
in women but not in men [171,172]. Low 25(OH) vitamin D3 was shown in middle-aged
Caucasians to be linked with T2D in women but not in men. Women with 25(OH) vitamin
D3 levels below the cut-off of 15 ng/mL doubled their risk of having recently diagnosed
diabetes [173].

Based on their involvement in the progression of DR, biomarkers for DR in the systemic
circulation or local tissues may serve as an indicator of pathological processes related to
DR [174]. They can now be measured in tears in addition to blood, lens, cornea, retina,
vitreous and aqueous humor [175]. There is a big number of serum proteins that have
been found to be altered in DR, such as IL-6, TNF-α, pigment epithelium-derived factor
(PEDF), plasminogen activator inhibitor 1 (PAI-1), vascular adhesion endothelial molecule 1
(VCAM-1) and VEGF [176–178]. VEGF is one of the most well-known biomarkers associated
with retinopathies [177]. Its expression causes retinal injury and results in choroidal
neovascularization [179]. CRP, VCAM-1, intercellular adhesion molecule 1 (ICAM-1),
soluble glycoprotein 130 (sgp 130) and TNF receptor 1 have been found to be significantly
higher in the serum of T1D individuals with DR compared with those without DR [180].
The vitreous humor contains several proteins that have been identified as DR biomarkers at
various stages of the disease. Numerous studies have found components of the acute phase
response, coagulation pathway, complement system and other inflammatory pathways in
DR patients [181,182].

Antimicrobial peptides, inflammatory peptides and short-chain fatty acids (SCFA)
levels are examples of faecal biomarkers that are emerging as non-invasive screening tools
for determining and diagnosing medical disorders [183]. Understanding the relationship
between the host and GM has been enriched thanks to metabolomics, which involves
the analysis of small molecules found in any type of biological sample. Several clinical
characteristics are related with metabolic diseases with hundreds of serum or faecal metabo-
lites [184]. It has been shown that a decrease in the synthesis of Bacteroides thetaiotaomicron,
a glutamate fermenting commensal, in individuals with obesity is inversely associated
with serum glutamate [185]. Moreover, positive associations between microbial function
and insulin resistance are driven by Prevotella copri and Bacteriodes vulgatus, among others,
indicating that they may play a role in host metabolism [185]. A comprehensive analysis
of the oral microbiome revealed Granulicatella and Neisseria as bacteria enriched in MetS
patients and Peptococcus as bacteria abundant in the healthy group [186].
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7. Sex-Biased Effects of Gut Microbiota in Metabolic Syndrome-Related
Diabetic Retinopathy

Actinobacteria, Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria and Verrucomicrobia
are the six phyla that make up most of the bacteria in the gut, with Bacteroidetes and
Firmicutes accounting for 90% of the total GM composition [187]. Numerous conditions are
frequently linked to variations in the prevalence of Firmicutes and Bacteroidetes, as well
as the overall increase or decrease in the Firmicutes:Bacteriodetes ratio [188]. It has been
reported that a decrease in the abundance of A. muciniphila increases gut permeability, a
known feature in T2D [189]. The decrease in this group is consistent with a study comparing
the GM patterns of women with active versus sedentary lifestyles, which found an increase
in this genus, as well as other species of bacteria that are health-promoting, including
Roseburia hominis, Faecalibacterium prausnitzii and Akkermansia muciniphila in women with an
active lifestyle [190]. Vascular disorders are a leading cause of morbidity and mortality in
both men and women with T1D and T2D. However, the incidence, development and patho-
physiology of both microvascular and macrovascular complications differ between the
sexes. Importantly, the presence of diabetes confers higher risk for vascular consequences
in women compared with men, and the contribution of sex hormones and sex-biased risk
factors play an important role [191]. A distinctive GM profile in T2D associated with DR
individuals has been identified [76].

Interestingly, it has been shown in both humans and mice that mitochondrial adipose
tissue functions are increased in females and closely associated with adiposity, insulin
resistance and plasma lipids. A genetic locus on mouse chromosome 17 was identified that
regulates mitochondrial mass and function in adipose tissue in a sex- and tissue-specific
manner by using a panel of diverse inbred strains of mice [192]. This locus contains the
Ndufv2 (NADH: ubiquinone oxidoreductase core subunit 2) gene, which regulates the
expression of at least 89 mitochondrial genes in females, including oxidative phosphory-
lation genes and those related to mitochondrial DNA content [192]. In the hybrid mouse
diversity panel (HMDP), which consists of a panel of about 100 genetically diverse inbred
mouse strains [193], female HMDP mice were found to have higher adipose expression
of oxidative phosphorylation (OXPHOS) genes compared with males. In addition, sim-
ilar tissue-by-sex interactions in human samples were observed, with the subcutaneous
adipose tissue of women showing higher expression of OXPHOS genes compared with
that of men. Moreover, mitochondrial DNA (mtDNA) levels were strongly associated with
metabolic traits, for instance the homeostatic model for insulin resistance (HOMA-IR), in
females [192]. To summarize, the regulation of adipose mitochondrial function in a tissue-
and sex-specific manner has a significant impact on several metabolic variables linked to
T2D and CVD in humans and mice. The complex I protein NDUFV2 was also identified as
an important contributor to sex differences. Another study has showed increased levels
of the brown adipocyte marker uncoupling protein 1 in women, which indicates that the
higher relative contribution of the fat mass to the resting metabolic rate (RMR) in women
may be explained by an increased number of brown adipocytes shown in this group [194].

8. Conclusions

Metabolic disorders are strongly associated with impaired GM in a sex-dependent
manner. Studies have shown that in both animal models and humans with diabetes and its
consequences, such as DR, there are different GM compositions compared with controls,
affected by biological sex. Macrovascular and microvascular disorders might result from
uncontrolled diabetes, as well as metabolic problems associated with lipid metabolism
dysregulation, hypertension and excessive ROS production. One of the most common
microvascular consequences of diabetes is DR, which can ultimately lead to blindness.
Currently, there are a few therapeutic options to treat DR: laser photocoagulation, intravitreal
corticosteroids and intravitreal anti-VEGF. However, these treatments are mainly focused
on later stage disease [195], and the effects of biological sex are poorly understood.
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Both prevention and treatment of MetS involve lifestyle changes and therapeutic
agents together to decrease CVD risk. In addition to medications lowering insulin demand
and enhancing insulin responsiveness [4], nutritional interventions, including calorie
restriction, are also important in the treatment of insulin resistance. An improvement in
glucose metabolism, insulin sensitivity and suppression of pro-inflammatory cytokines
have been associated with Lactobacillus fermentum, plantarum and casei, Roseburia intestinalis,
Akkermansia muciniphila and Bacteriodes fragilis [196]. Metformin, which is frequently used to
treat diabetes, has been shown to modulate the composition of the GM [197]. In preclinical
models of DR, altering the GM by administering probiotics has demonstrated beneficial
effects. It has been shown that administration of recombinant Lactobacillus paracasei in mice
with DR decreased cell loss and inflammatory cytokine production in the retina [198]. In
parallel, administration of Lactobacillus paracasei secreting Ang1-7 in diabetic mice improved
glucose tolerance and reduced diabetes-induced damage in the kidney and retina [199].
Controlling GM through probiotics, prebiotics, synbiotics, or faecal microbiota could be a
successful way of treating diabetes and its consequences. However, further research and
clinical trials, including appropriate representation of female individuals, are necessary.
Identifying bacterial signatures and metabolites will enable early detection of disease
risks and mechanisms, allowing for personalisation of healthcare interventions based on
individual stage, needs and complications of disease in both men and women.
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