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ABSTRACT

This review is devoted to a description of the factors that underlie various phenotypes of
obesity, their interrelationships, a predictor role in predicting metabolic health, maintaining
it, in response to various options for therapeutic interventions.The review covered only key
parameters: the role of the localization and morphology of adipose tissue in its metabolic activity
and secretome characteristics, the role of the main adipokines and hormones involved in the
regulation of nutritional metabolism, regulation of appetite and eating behavior and sensitivity
to them in the development of obesity of various phenotypes.The role of unmodifiable factors
(age and gender) is outlined, and the prospects for using these data in the fight against the
obesity epidemic are briefly described.
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Abbreviations: TNF — tumor necrosis factor,
AH — arterial hypertension, BP — blood pressure,
WAT — white adipose tissue, BAT — brown adipose
tissue, VAT — visceral adipose tissue, VO — visceral
obesity, GIP — glucose-dependent insulinotropic pep-
tide, GLP1 — glucagon-like peptide 1, HSL — hor-
mone-sensitive lipase, DLP — dyslipidemia, FA — fat-
ty acids, AT — adipose tissue, CHD — coronary heart
disease, IL — interleukin, BMI — body mass index,
IR — insulin resistance, IGF — insulin-like growth
factor, LH — luteinizing hormone, HDL — high-den-
sity lipoproteins, LPL — lipoprotein lipase, LR —
leptino resistance, MH — metabolic health, MHO —
metabolically healthy obesity, MUO — metabolically
unhealthy obesity, MS — metabolic syndrome, NA-
FLD — non-alcoholic fatty liver disease, CMD — car-
bohydrate metabolism disorder, TV — thigh volume,
WC — waist circumference, SAT — subcutaneous ad-
ipose tissue, sLR — soluble leptin receptors, DM2 —
type 2 diabetes mellitus, FFA— free fatty acids,
HF — heart failure, CV — cardiovascular, TG — tri-
glycerides, AF — atrial fibrillation, CKD — chronic
kidney disease, CCK — cholecystokinin.

INTRODUCTION

1. Obesity as a problem of modern
civilization

Obesity is a heterogeneous condition characterized
by excessive accumulation of fat in various fat depots.
Normally, fat is deposited mainly in the subcutaneous
fat depot. In conditions of excess energy (nutrients),
its excess accumulates in white adipocytes of subcu-
taneous adipose tissue (SAT), becoming both a reserve
that can be consumed under conditions of energy defi-
ciency and protection against cooling. Meanwhile, in
the conditions of modern life, these functions of SAT
have ceased to be relevant for most people, and since
the consumption of fat from the depot practically does
not occur due to the lack of energy deficiency, its re-
serves become excessive, exceeding the depositing
capacity of cells. The role of genetic predisposition in
the spread of the obesity epidemic is significantly in-
ferior to the contribution of lifestyle, since the highest
increase in the frequency of obesity has been observed
in the last 40 years. As Joslin described a hundred years
ago, “genetics probably loads the gun, while lifestyle
in our obesogenic environment pulls the trigger for
the spreading of the obesity epidemic.” In addition to
overeating and hypodynamia, a number of additional
environmental, behavioral and socio-economic fac-
tors affect calorie intake and/or consumption, causing
weight gain [1]. Normally, SAT accounts for more than
80% of the entire fat layer, while visceral adipose tis-

sue (VAT) accounts for about 10% in women and 20%
in men [2]. However, the continued excess supply of
nutrients leads to the fact that energy begins to accu-
mulate in other depots — in the visceral adipose tissue
and in the periorgan and intraorgan areas. Undoubtedly,
this scheme of the sequence of development of various
obesity options is extremely simplified, and this issue
should be discussed in more detail.

2. Obesity and metabolic health — what de-
termines the latter?

Different phenotypes of obesity are definitions of
metabolically healthy obesity.

Dynamics of understanding

The localization of the accumulation of adipose
tissue (AT) in certain areas of the body (gluteofemo-
ral, abdominal) and fat depots (subcutaneous, visceral)
is influenced by many factors. The most pronounced
shifts in the production of biologically active substanc-
es involved in the regulation of metabolic processes are
noted in visceral obesity (VO), which is usually meta-
bolically unhealthy. Meanwhile, the differences in the
effects on metabolic health (MH) and cardiovascular
(CV) risks are not only in VAT and SAT, but also in the
localization of SAT (gluteofemoral, abdominal). Adipo-
cytes of abdominal SAT are characterized by rapid cap-
ture and conservation of energy after eating, high lipid
metabolism rate (lipolysis), whereas fat deposits of the
lower body have a low lipid metabolism rate and isolate
lipids that would otherwise enter non-fat tissues (ecto-
pia of AT). Thus, SAT of the lower body has a higher
ability to deposit and preserve lipids [3]. As the body
mass index (BMI) increases, the rate of lipid metabo-
lism slows down. Recent studies have shown that there
are differences not only for AT localized in different ar-
eas of the body, but also for those located at different
depths from the skin. The deeper layers of SAT have
structural and functional differences: a higher expres-
sion of pro-inflammatory, lipogenic and lipolytic genes,
a lower methylation level of DNA PPAR-y, and contain
a higher proportion of small adipocytes. That is, deeper
layers of SAT have a greater adipogenic potential. The
morphology of AT also affects MH. Although obesity is
usually characterized by a combination of hypertrophy
and hyperplasia of adipocytes, the prevalence of hyper-
trophy is associated with an unfavorable cardiometa-
bolic profile [4]. The large size of adipocytes is asso-
ciated with a low rate of lipid metabolism in them and
the presence of negative cardiometabolic changes. At
the same time, there are contradictions in the data on
which localization of adipocyte hypertrophy (visceral
or subcutaneous) determines cardiovascular risks. In
some studies, the relationship of hypertrophy of VAT
cells with insulin resistance (IR) and cardiovascular
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diseases was established [5], in others, hypertrophy of
visceral adipocytes was associated with dyslipidemia
(DLP), while hypertrophy of subcutaneous adipocytes
was associated with insulin resistance [6, 7] and the de-
velopment of type 2 diabetes mellitus (DM2) [8], and
normalization of their volume with weight loss was ac-
companied by normalization of insulin sensitivity [9].

However, these features are not always taken into
account in the assessment of metabolically healthy/un-
healthy obesity. Metabolically healthy obesity (MHO)
is generally understood as obesity, in which there are
no significant metabolic disorders [DLP, carbohydrate
metabolism disorders (DOE), hyperuricemia, etc.], ar-
terial hypertension (AH), or there is no more than one
such disorder. Additionally, an unfavorable inflamma-
tory profile (CRP level 3 g/l) and insulin resistance
(HOMA-IR < 2.5) are included, however, recommen-
dations for MHO criteria are very variable, as well as
assessments of its prevalence (from 6% to 40%) [10].
Most studies include the presence of the main com-
ponents of metabolic syndrome (MS) [blood pressure
(BP) > 130/85 mmHg, high-density lipoprotein choles-
terol (HDL) 1.04 mmol/L in men, 1.3 in women, tri-
glycerides (TG) > 1.7 mmol/L, fasting plasma glucose >
5.6 mmol/L] in the determination of MHO/MUO. Less
than half include an assessment of insulin resistance,
usually using a surrogate homeostatic model of insulin
resistance (HOMA-IR) [11], in some small studies hy-
perinsulinemic-eugenemic clamp was used [12-14]. A
number of authors believe that hyperinsulinemia, not
IR, determines metabolically unhealthy obesity (MUO)
[14, 15]. Assessment of the level of other hormones is
not included in standard definitions.

However, the current definitions of MHO are not
optimal, as recent longitudinal studies have shown that
most patients with MHO eventually shift into the met-
abolically unhealthy category [ 16—21]. Predictors of
MH loss include older age [22] and more “poor” base-
line metabolic parameters, including lower HDL level
[18, 20], higher TG [20], more “central” obesity [20]
and IR [18, 20]. Development of new methods for as-
sessing the number and localization of various types of
AT (subcutaneous gluteofemoral or abdominal, viscer-
al, liver, pancreas, epicardial AT, etc.) made it possible
to form new components of the MHO — predictors of
its preservation. Thus, in a recent prospective study
of patients with insulin-sensitive and insulin-resistant
obesity (assessment of insulin sensitivity by the method
of euglycemic hyperinsulinemic clamp), it was shown
that the predictors of the preservation/loss of MH, in
addition to normal insulin sensitivity, were the pheno-
type of obesity identified by the volume of VAT and
waist circumference (VC), lean body mass, body mass
index, diastolic BP, fasting serum insulin level and fat
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in the liver [14]. At the same time, the dynamic assess-
ment after 5 years in the group with initially IR-obesity,
the fat content in the android region increased signifi-
cantly (p = 0.0087), as did the volume of VAT (p {jme<
0,001) [14].

A recent study by Zembic, et al. (2021) showed that
only obese patients who did not have AH and CMD
[systolic BP = 130 mmHg, without antihypertensive
therapy, no diabetes (plasma glucose 110 mg/dL) with-
out antidiabetic therapy] and having peripheral obesity
type [WC to thighs volume (TV) ratio < 0.95 for wom-
en and 1.03 for men] did not have an increased risk
of CV events and mortality, regardless of body weight
[23]. Unexpectedly, there was no link between DLP and
CV prognosis in this study. Of the interesting features
of this work, it is worth noting the evaluation of the
WC/TV ratio rather than WC for assessing the obesi-
ty phenotype, and the QUICKI index instead if HO-
MA-IR for the assessment of IR. Although WC allows
confirming the central (androidic) nature of obesity by
estimating the amount of VAT localized in the abdom-
inal cavity, however, when assessing WC, subcutane-
ous abdominal fat is also included in the value, which
has less adverse effects on metabolism than visceral fat
[24]. On the contrary, TV reflects the amount of SAT lo-
calized in the lower half of the body, which has at least
neutral and possibly protective effects on metabolism
[24—26]. Other studies have also shown a higher pre-
dictor power of WC/TV compared to WC for assessing
the risk of death than WC in obesity [27]. The use of
the QUICKI index, which is more strongly associated
with metabolic risks than the NOMA index, has also
improved the predictor value of the study. This study
once again emphasized the high importance of local-
ization of AT in the formation of CV risks. The lack of
correlation between DLP and the risk of death (CV and
general) in this study may be explained by the fact that
among the causes of death in obese patients, heart fail-
ure (HF), chronic kidney disease (CKD) and oncology
dominate, for which DLP is not a key risk factor.

An important causal factor in the development of
various cardiometabolic diseases in obesity is the ac-
cumulation of AT in the target organs and periorgan
space. AT ectopia in various organs is a significant
factor in the formation of obesity phenotypes that are
heterogeneous in the consequences. At the same time,
each variant of organ ectopia of AT: epicardial, mesen-
teric (around the intestine), retroperitoneal (including
perirenal), gonadal, mental (stomach, spleen), hepat-
ic, pancreatic fat, brings features to the clinical course
[28] (Figure 1). Thus, the accumulation of AT in the
renal hilum correlates with BP and albuminuria, accu-
mulation in the epicardial region is associated with an
increased risk of AH, coronary heart disease (CHD),
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atrial fibrillation (AF) and HF, in the gonadal region (in
the scrotum) — with impaired testosterone production
in men and impaired fertility, the accumulation of fat
in the pancreas is inversely correlated with secretory
function beta cells, and in the liver is associated with
hepatic IR, increased fetuin-A secretion, and the devel-
opment of non-alcoholic liver disease NAFLD. In ad-
dition, liver steatosis also contributes to the disruption
of secretory activity of pancreatic endocrinocytes [28]
and is another strong determinant of insulin sensitivity
in obesity [29]. Concurrently, the accumulation of fat in
different sites can vary greatly in different patients. The
causal factors of these differences have not been fully
established, and their determination is a key task, the
solution of which will allow developing a personalized
approach to the prevention of a number of metabolic
diseases.

The complexity of taking these changes into account
when assessing risks in various patients is determined
by the high cost of the examination which makes it pos-
sible to assess ectopic AT (magnetic resonance imag-
ing, proton spectroscopy, densitometry).

Another type of AT, the assessment of which is little
available in routine practice, but the interest in which in
scientific research does not weaken, is brown adipose tis-

sue (BAT). Unlike white AT (WAT), BAT generates heat,
increasing energy consumption, instead of depositing en-
ergy in the form of fat. In humans, it is represented by two
types — “true” BAT, which is detected only in infants and
is localized in the interscapular region and the “inducible
thermogenic” BAT, localized mostly in the supraclavicu-
lar region [30]. This AT is also called beige, as it contains
both white and brown adiposytes and is characterized by
the ability to redifferentiate — “switching” between white
and beige adiposytes by activation of uncoupling protein
1 (UCP1). This process (redifferentiation of white adi-
pocytes into brown ones) is called WAT browning. A de-
crease in both the mass and activity of BAT can play a role
in the development of obesity and DM2, and its metabolic
activity is inversely proportional to the thickness of the fat
layer [31] and positively correlates with insulin sensitivity
[32]. An increase in the content of TG in the area of local-
ization of BAT is also a negative metabolic predictor and
is associated to a high degree with the development of IR
and CMD [33].

IR in obesity is closely related not only to an in-
crease in the amount of VAT, but also to the loss of
muscle mass, especially in old age [34], the deficiency
of which can be considered as a marker of IR and a pre-
dictor of development of MUO [29]. Even with normal

Fig. 1. Examples of the relationship between the localization of the accumulation of

ectopic VAT and clinical manifestations
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body weight, muscle deficiency leads to the develop-
ment of IR.

Summing up, the main criteria for determining
MHO can be considered an increase in the number of
VAT and the ratio of the amount of VAT to lean body
weight. The simplest method for estimating the amount
of VAT, available in routine practice, is the assessment
of WC and the WC/TV ratio. More complex is the tar-
geted determination of the risk of developing individual
metabolic disorders and diseases. For the development
of CMD, such factors are an increase in the TG content
in the liver and pancreas, for cardiovascular diseases
(AH, CHD, AF, HF) — thickening of epicardial AT, for
development chronic kidney disease — accumulation
of AT in the renal hilum. It requires the use of complex,
expensive instrumental research methods, therefore, in
recent years, research attempts have been made to iden-
tify laboratory markers that could become a convenient
and affordable alternative to instrumental examination.
In addition, the evaluation of biomarkers helps to better
understand the mechanisms of the formation of various
disorders underlying the transition of MHO to MUO
and the basis for the development of individual meta-
bolic disorders.

3. Differences in hormonal and biomarker
profiles in different phenotypes of obesity — blood
test for predicting metabolic health — myth or
reality?

To date, there is no doubt about the presence of en-
docrine functions in AT, which produces more than 50
hormones (adiposytokines, adipokines) and biological-
ly active substances with various functions [ 35] (Figure
2). They have effects through paracrine, autocrine and
endocrine mechanisms, affecting metabolic processes,
inflammation, coagulation, glucose and lipid homeosta-
sis. These include: adiponectin, leptin, free fatty acids
(FFA), tumor necrosis factor (TNF)-a, interleukin (IL)
-6, interleukin (IL) -8, MCP 1, visfatin, fetuin A, in-
sulin-like growth factor (IGF), plasminogen-I activa-
tor inhibitor (PAI-1), angiotensinogen, angiotezin-II,
prostaglandins, estrogens, resistin and many others.
Changes in the level of hormones and biomarkers —
AT products in the blood — to a certain extent reflect
the functional imbalance of both AT cells and other or-
gans involved in the formation of typical MUO disor-
ders (liver, kidneys, pancreas, neuroendocrine cells of
the gastrointestinal tract).

One of the typical differences noted in visceral obe-
sity (MUO), is the change in the balance of adipocyto-
kines — adiponectin (decrease), leptin (increase) and
other secretion products of the fat cell. This is accompa-
nied by modulation of pro-inflammatory and metabolic
processes. Physiologically, it is SAT that is designed to
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deposit excess calories, and its genetically determined
high depositing ability allows you to maintain a good
MH for a long time. As noted above, it’s the SAT of
the gluteofemoral region that has the maximum depos-
iting capacity. It is believed that oxygen supply, which
is highly determined by angiogenesis, is of great impor-
tance in the features of AT secretoma. The main regula-
tors of adipose tissue deposit include components.

AGE

Adipose tissue is a dynamic system, the effects of
which on modulation of systemic metabolism and in-
flammation change at different age periods [36]. In
childhood and in young people, AT has high plasticity,
adapting to environmental changes and rapidly chang-
ing its endocrine, inflammatory and metabolic functions
[37]. With age, the ability to differentiate preadipocytes
decreases due to a decrease in the expression and activ-
ity of the CCAAT/enhancer-binding protein alpha (C/
EBPa) and the peroxis-activated gamma proliferator
receptor (PPARY) [38, 39], mainly in SAT, the rate of
lipid metabolism slows down and lipids are redistributed
in the VAT depot [40]. With age, under the influence of
cellular stress reactions caused by lipotoxicity, hypox-
ia and/or replication disorders [41, 42], gene expression
may change with the formation of cellular phenotypes
resembling activated macrophages [43]. Aging also con-
tributes to the infiltration of immune cells into AT and
leads to an increase in T-cell populations, mainly in VAT
[44]. In addition, the progression of AT dysfunction with
age is associated with the accumulation of aging cells
[45], which are pro-inflammatory and develop a pheno-
type characterized by a secretion with the production of
cytokines, chemokines, matrix metalloproteinases and
growth factors that induce inflammatory processes in
preadiposytes, inhibit differentiation and stimulate infil-
tration of immune cells. With increasing age, many hor-
monal and metabolic changes occur in the body. After
40-50 years, there is a gradual decrease in the level of
sex hormones (estradiol, testosterone), growth hormone,
thyroxine and, conversely, an increase in the level of
leptin and cortisol, a sex steroid-binding protein. These
changes reach a peak after 60 years. The main, constant-
ly acting factors underlying these changes are a decrease
in both the number of many endocrinocytes due to an
increase in apoptosis activity with age and their secreto-
ry activity, a decrease in the amplitude of the pulsatory
secretion of many hormones, a change in the number and
sensitivity of receptors. In particular, an increase in age
is a significant factor in increasing the risk of glucose in-
tolerance, since with age, the ratio of proliferation/apop-
tosis of beta cells increasingly shifts towards a predomi-
nance of apoptosis [46]. Due to the increase in apoptosis
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of beta cells, the proliferation of alpha cells is disrupt-
ed — the percentage of endocrinocytes shifts towards
glucagon-producing alpha cells with the development of
relative insulin deficiency, which facilitates the develop-
ment of CMD. Cellular aging can also play a central role
in the pathogenesis of age-related resistance to insulin

is a possible link between proinflammatory secretion in
age-related dysfunction of AT and skeletal muscles. In
addition, with age, the influence of intermittently acting
factors grows, such as the development of somatic dis-
eases (chronic renal failure, liver pathology, etc.), nutri-
tion, alcohol, smoking, increasing frequency of obesity,

aggravating the changes described above. Thus, age-re-
lated changes affect cellularity, insulin response, secre-

and DM2 [41]. Age-related sarcopenia contributes to the
increase in IR with age [34]. It is highly likely that there
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tion and inflammatory status of AT, which leads to its
dysfunction. Age determines the shift in fat deposit from
the subcutaneous to the visceral depot with the transition
of MHO to MUO.

GENDER

The function and predominant localization of AT
differ depending on gender, which is determined by
differences in the profile of sex hormones. In women,
a normal level of estrogen ensures fat deposition in the
gluteofemoral region, and a high leptin secretion with a
high sensitivity to it. Men accumulate more VAT, which
leads to the formation of an android (central) phenotype
of obesity, which strongly correlates with an increase
in cardiovascular risk. Women of reproductive age ac-
cumulate more fat in the subcutaneous depot, but after
menopause, estrogen levels decrease and fat deposition
shifts to the visceral depot. Thus, the gender effects
are determined by differences in the effects of sex hor-
mones, which will be discussed later.

HORMONES

Sex hormones

The effects of sex hormones on the deposit of adi-
pose tissue are largely determined by the genetic sex.
Thus, in women, an increased level of androgens is as-
sociated with IR, increased fat deposition in the viscer-
al depot, and the development of CMD. At the same
time, in men, a high level of testosterone ensures the
differentiation of pluripotent progenitor cells into my-
ocytes and a change in body composition towards the
predominance of muscle tissue over fatty [48]. In con-
ditions of testosterone deficiency in men, on the con-
trary, fat deposition in the visceral depot increases and
myogenesis decreases. Testosterone normally activates
hormone-sensitive lipase (HSL) in adipotytes, activates
lipolysis and thus reduces fat mass. The activity of li-
poprotein lipase (LPL) limits the rate of fat accumula-
tion, and it is higher in the SAT of the gluteofemoral
region as compared to VAT in women, which ensures
the gynoid-type accumulation of fat. On the contrary, in
men, the activity of LPL is higher in VAT. These gen-
der differences in the distribution of AT are enhanced
by the influence of testosterone, which suppresses LPL
in the SAT of the gluteofemoral region in men. With
obesity, the expression and activity of the aromatase
enzyme which provides the conversion of testosterone
to estradiol, increases. As a result, the aromatization of
testosterone into estradiol increases drastically and its
amount decreases. Estradiol inhibits the production of
luteinizing hormone (LH) in the pituitary gland, which
is accompanied by a decrease in testosterone produc-
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tion in the testicles and a further decrease in its level in
the blood [49]. Leptin also inhibits testicular function
in adults, but promotes testicular development during
puberty [50]. With changes in the production of adipo-
sytokines in AT, IR and insulin levels increase. In con-
ditions of hyperleptinemia and hyperinsulinemia, the
level of sex steroid-binding globulin and testosterone
decreases even more. Under conditions of testosterone
deficiency, lipoprotein lipase in AT is activated and the
capture of TG by adipotocytes increases, which con-
tributes to the progression of obesity [49]. At the same
time, a high level of testosterone suppresses the produc-
tion of leptin [50]. Age makes a significant contribution
to the nature of the relationship between leptin and go-
nadal function in men. Thus, in prepubertal period, the
level of leptin in boys increases, and this contributes to
the development of testicles. During puberty, the lev-
el of leptin decreases under the influence of increasing
levels of androgens. Accordingly, in adult men, leptin
levels are significantly lower than in women, and the
increase in leptin levels due to factors, including obe-
sity, inhibits the function of the testicles, leading to de-
creased testosterone [47, 50].

Estrogens, as already noted, contribute to the
deposit of fat in SAT in women, mainly in the glu-
teofemoral region and in the chest area. This is due
to gender-dependent differences in the expression of
receptors for leptin and estrogens. Estrogens directly
or through the activation of their receptors on adipo-
sytes [estrogen receptors alpha (ERa) and beta (ERp)]
facilitate fat deposition and activate functions of AT.
The lipolytic effect of estrogens is mainly mediated
through ERa, and ERS can act as a repressor [51, 52].
The distribution of estrogen receptors in different AT
depots differs in men and women, making a significant
contribution to the sexual dimorphism of obesity phe-
notypes. In women, a higher ERo/f ratio in VAT limits
fat accumulation in this depot, while a lower ERa/ERf
ratio in gluteofemoral SAT ensures its accumulation.
In men, the amount of ERa in VAT is significantly low-
er, and a low ratio of ERa/ERB increases the deposi-
tion of fat in the visceral depot [52]. Activation of ERa
improves the function of AT by reducing its inflam-
mation and improving insulin sensitivity. Estrogens
can regulate (increase) angiogenesis of AT, thereby
reducing the severity of hypoxia [53]. Hypoxia is a key
inducer of oxidative stress, inflammation and hyper-
trophy of AT. This allows us to consider the effects of
estrogens on angiogenesis as an important mechanism
by which estrogens reduce inflammation and fibrosis
of AT. Sexual dimorphism also affects the activity and
distribution of lipolytic B1-2 and antilipolytic a2-ad-
renergic receptors. Estradiol increases the number of
a2-adreno receptors in SAT, but does not affect them

84

Tom N21 ‘ 1 ‘ 2021‘



OB30Pbl | REVIEWERS .II

in VAT [54], differentially increasing sympathetic tone
in various AT depots. As a result, the accumulation of
lipids in SAT in women and in VAT in men increas-
es [55]. Estrogens can modulate the ability of fat cells
to increase volume, strengthening it in the subcutane-
ous depot and inhibiting it in the visceral. Mammary
adipocytes have the highest plasticity. They de-dif-
ferentiate during pregnancy and remain in a state of
de-differentiation during breastfeeding. After stop-
ping feeding, they proliferate and re-differentiate into
adiposytes. Estradiol modulates the activity of a num-
ber of hormones involved in the regulation of hunger
and satiety, increases the effects of anorexigenic sub-
stances such as cholecystokinin, apolipoprotein A-1V,
leptin, brain-derived neurotrophic factor (BDNF), and
reduces the activity of orexigenic hormones, such as
melanocortin and ghrelin [55]. Estrogens also protect
against weight gain by increasing energy consumption
by activating their receptors in the ventral medial nu-
cleus of the hypothalamus [53]. Estrogens increase the
metabolic activity of AT and potentiate browning. As
a result, the metabolic rate of AT is higher in women
due to the greater number of brown AT and higher ex-
pression of genes involved in mitochondrial function,
including the separating protein (UCP-1) [55].

The female brain is more sensitive to the effects of
leptin on regulating food intake and energy consump-
tion, indicating a strong synergy between the obesity
hormone leptin and estrogens in the regulation of repro-
duction and energy homeostasis [53]. There is a two-
way relationship between leptin and estrogens. With
a decrease in the level of leptin or sensitivity to it, the
secretion of kisspeptin is suppressed through it — a de-
crease in production and a violation of circadian gonad-
otropin. In addition, leptin stimulates the production of
receptors to gonadotropins and gonadotropin-releasing
hormone. On the other hand, a high level of estrogens
(an increase in their production during the menstrual cy-
cle) stimulates an increase in the level of leptin, which
reaches its maximum by the middle of the cycle [50].

Hormones of AT and gastrointestinal tract,
involved in depositing energy substances

When discussing the role of hormones such as insu-
lin, adiposytokines, incretins, ghrelin, we should focus
on two aspects: changes in the level of these hormones
and sensitivity to them. The role of insulin and sensi-
tivity to it in the development of metabolic disorders
included in MS is beyond doubt. Although until recent-
ly, the indication of IR by various methods has been
considered a key method for assessing the risk of met-
abolic disorders, recent studies have shown that fast-
ing hyperinsulinemia (fasting insulin above 15 pg/ml
in normoglycemia) is also a fairly reliable marker [56].

Adipose tissue hormones

Leptin, at AT hormone that has systemic effects me-
diated by its binding to a specific receptor. The key effect
of leptin is appetite control [57]. Under normal physio-
logical conditions, leptin provides the onset of a feeling
of satiety, reducing calorie intake, has a glucose-low-
ering effect, reduces ectopic fat accumulation through
central and peripheral mechanisms, which should have
a beneficial effect on metabolic health. The magnitude
of leptin effects depends on the tissue, gender and con-
ditions of action [58]. Leptin secretion increases un-
der the influence of a number of hormones (estrogens,
growth hormone, thyroxine, glucocorticoids and insu-
lin), changes in glucose, when eating, with obesity, and
decreases on an empty stomach, under the influence
of catecholamines, iron, FFA, testosterone. It exhibits
many metabolic effects on various tissues, and its ef-
fects in normal sensitivity to it include: a) in the central
nervous system — reducing calorie intake, increasing
energy consumption, improving cognitive functions
and memory; b) in the liver — reducing the accumu-
lation of lipids and glucose; c¢) in the pancreas — in-
hibiting the secretion of glucagon and insulin; d) in
muscles — increased oxidation fatty acids and glucose
metabolism; e) in AT — in BAT it increases utilization
of glucose, in WAT it activates lipolysis and inhibits
lipogenesis; e) in bones it accelerates metabolism. The
glucose-lowering effects of leptin are partially provid-
ed by its direct action in peripheral tissues, but the main
effector pathway of leptin is through the central ner-
vous system, mainly through modulation of the activi-
ty of neurons of the hypothalamus nuclei. This can be
explained by a significantly higher expression of leptin
receptors in the central nervous system. Many effects of
leptin depend on the presence of insulin and/or sensitiv-
ity to it. Thus, under conditions of normoinsulinemia,
leptin stimulates lipolysis, reducing the deposit of fat in
white AT and increasing energy consumption, howev-
er, in conditions of insulin deficiency and/or its effects
(IR), on the contrary, inhibits lipolysis. In insulin-resis-
tant patients with type 2 diabetes, leptin administration
did not improve glucose homeostasis [59], which may
be due to both IR and leptin resistance (LR) [60, 61].
Insulin can act on AT by stimulating the synthesis and
secretion of leptin [62, 63], while leptin inhibits insulin
secretion. Meanwhile, leptin and insulin, with normal
sensitivity of AT to them, act synergistically on it, in-
creasing the browning of white adipocytes and thereby
contributing to an increase in energy consumption [64].
In addition to AT, leptin and its receptor were identi-
fied in the gastric mucosa [65, 66]. Its secretion in the
stomach occurs under the influence of cholecisto kinin
(CCK), pentagastrin and secretin [65, 66], as well as
adiposytic leptin participates in the regulation of appe-
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tite, acting directly in hypothalamus or together with
CCK through the vagus [66].

The development of leptin resistance and IR annuls
these effects in obesity, changing the direction vector
of leptin effects. The relationship between leptin, AT
mass and metabolic effects of leptin are complex and
are determined by factors such as leptin level, severity
of its receptor effects, deterministic sensitivity of leptin
receptors and non — receptor effects. Concurrently,
leptin’s ability to lower glucose and have antilipogenet-
ic effects regardless of leptin regulation of body weight
[58]. It is highly probable that the sensitivity to leptin,
and not its absolute level, is an indicator of MH. How-
ever, no clear criteria for their differentiation have been
developed.

Obesity is always characterized by the development
of hyperleptinemia, as well as some other pathological
conditions. This is confirmed by a laboratory assess-
ment of the level of leptin, which is always higher in
obesity than in people with normal weight. However, it
is much more difficult to detect the presence of leptin
resistance. The term LR can be used to denote a condi-
tion in which the level of leptin is chronically high, but
its effects are weakened and hyperleptinemia does not
cause suppression of hunger and loss of AT mass. The
development of LR in obesity is associated with multi-
ple mechanisms: impaired transport through the blood-
brain barrier, weakened leptin signaling, endoplasmic
reticulum stress, inflammation, autophagy deficiency. It
can be assumed that with obesity, the development of
LR is a gradual dynamic process, during which, under
the influence of excess leptin, the amount of which in-
creases in proportion to the amount of AT, the number
of leptin receptors gradually decreases, since the con-
centration of leptin regulates both their production and
their degradation [67, 68]. Accordingly, the method of
indicating LR based on the level of this hormone on an
empty stomach is inaccurate, since a high level of leptin
combines the states of hyperleptinemia and LR. Mod-
ern approaches to the detection of LR use an assess-
ment of indices and mathematical models, including, in
addition to determining leptin, an assessment of soluble
leptin receptors (sLR) in circulation, leptin ratios, sLR
and BMI. Meanwhile, the exact method of assessing
LR is a matter of future research.

Adiponectin is an adipokine produced almost ex-
clusively in the AT and highly expressed in the cells
of WAT in healthy people with normal body weight.
In pathological conditions characterized by chronic
non-infectious inflammation, including obesity, the
level of adiponectin decreases [69]. Morphological and
functional changes in WAT that occur during obesity
are a highly probable cause. Due to the excessive ac-
cumulation of TG, adipocytes in obese people increase
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in size. The hormonal activity of adipocytes of WAT
depends on their size, and larger adipocytes, typical
for people with obesity, produce significantly less ad-
iponectin, but significantly more pro-inflammatory
cytokines, such as TNF-a [70]. At the same time, ad-
iponectin and proinflammatory cytokines (TNF-a and
IL-6) mutually inhibit each other’s secretion [71, 72].
Negative regulation of adiponectin expression is also
the result of hypoxia and oxidative stress [73, 74]. De-
creased expression and secretion of adiponectin in AT
in obesity can be considered as an inducing factor in
the development of inflammation accompanying obesi-
ty and entails the activation of a variety of pathological
processes, including the development of IR [75]. Thus,
adiponectin mediates protective effects in metabolic
and vascular diseases associated with obesity, mainly
through its anti-inflammatory effect. An interesting ex-
perimental finding was that chronic overexpression of
adiponectin is accompanied by an increase in the mass
of SAT and protects against hypercaloric nutrition-in-
duced resistance to insulin [76]. According to our data,
with a sharp decrease in the mass of SAT in patients un-
dergoing bariatric surgery, the expression of adiponec-
tin in SAT, on the contrary, decreases, while its level in
circulation increases [77] .

Gastrointestinal hormones

When studying obese patients, we noted not only an
imbalance of adiposytokines (leptin and adiponectin),
but also an imbalance of incretins [glucagon-like peptide
1 (GLP1) and glucose-dependent insulinotropic peptide
(GIP)] and ghrelin. These hormones are produced by
L- and K cells in the intestine in response to stimulation
by food. Therefore, normally their level is very low on
an empty stomach and increases postprandially. GLP-1
in a glucose-dependent way increases insulin secretion,
normalizes glucagon secretion, reduces apoptosis and in-
creases the replication of beta cells. Studying the level of
incretins in obesity, we noted an increase in the level of
GPP-1 on an empty stomach, which is probably due to
resistance to this hormone, since the dynamics of its lev-
el in the postprandial status was weakened, and the level
of GIP, on the contrary, was significantly reduced both
on an empty stomach and postprandially, which indicates
its deficiency [77-80].

The role of GIP in the regulation of energy storage
in AT and the development of metabolic disorders is
not fully defined. GIP has effects on all key tissues that
are important for the control of glucose and lipid ho-
meostasis, stimulates the biosynthesis and secretion of
insulin and increases the viability of islet cells. In addi-
tion, GIP regulates lipid metabolism directly through its
receptor (GIPRs) on adipocytes (modulating lipolysis
and lipogenesis depending on the level of insulin). The
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effect of GIP on adipose tissue is partially regulated by
the activation of LPL. Increased insulin secretion after
the release of GIP inhibits lipolysis in adipotytes and
stimulates adipogenesis while maintaining insulin re-
ceptor sensitivity (INSR) [81].

On an empty stomach, GIP stimulates glucagon
secretion and lipolysis in SAT. In the post-food status
(increased glucose and insulin levels), it inhibits the
secretion of glucagon, stimulates insulin secretion and
adipogenesis in SAT, and increases the intake of TG in
SAT. It is believed that GIP is responsible for depos-
iting excess energy in SAT. Accordingly, a deficiency
of GIP can contribute to the redistribution of fat from
SAT to visceral. The effects of GIP on LPL are mediat-
ed by resistin, which also disrupts insulin signaling and
contributes to the development of oxidative stress in
human vascular cells. On the other hand, there are stud-
ies that have demonstrated that GIP stimulates the ex-
pression of pro-inflammatory factors and chemokines,
contributing to the deterioration of insulin sensitivity
of adipocytes and the formation of AT inflammation.
Meanwhile, it cannot be ruled out that these effects
were noted in the violation of tissue sensitivity to GIP
(GIP-resistance), a phenomenon that is poorly studied
at the present time.

The effects of GIP are modulated by the metabolic
environment, in particular the level and sensitivity to
other hormones involved in the metabolism of AT, glu-
cose and lipid levels in the bloodstream. In healthy peo-
ple without obesity, the level of GIP is low on an empty
stomach, does not change with euglycemia, increases
with hypoglycemia, and decreases with hyperglycemia
(insulin clamp). In healthy people, GIP increases the
secretion of leptin and ghrelin, increases blood flow
in AT, reduces blood lipids (LDL and TG) due to their
deposition in SAT, and increases HDL in women [82].
That is, normally, the effects of GIP are aimed at pre-
serving MH. In patients with MHO, the level of GIP is
low on an empty stomach, but its post-food peak on a
high-fat diet is enhanced. As BMI increases, the level
of GIP increases [82]. At the same time, with MUO,
the level of GIP is also increased on an empty stom-
ach, and its effects are weakened, since the intake of
TG into SAT under the influence of GIP is reduced with
MUO in comparison with people without obesity. With
hyperinsulinemia and IR, the deposit of fat in VAT in-
creases sharply. At the same time, GIP contributes more
to the redistribution of TG and fatty acids (FAs) in VAT
in men than in women. Despite TG deposition in VAT,
high levels of GIP in hyperinsulinemia and hyperglyce-
mia were associated with increased levels of TG in the
bloodstream [81]. However, according to other authors,
the level of fasting GIP increases only with CMD. Tak-
ing into account the revealed differences with MHO

and MUO, the level of GIP may depend on IR, and not
on BMI. Thus, factors that modulate the level of GIP
can be the sensitivity of tissues to insulin, the level of
glycemia, and in the post-nutritional status, also the ra-
tio of various nutrients in food. There is a high prob-
ability that MUO develops resistance of SAT to GIP
primarily in men, since they had twice the higher level
of GIP after meals, which was associated with minor fat
deposition in SAT and major fat deposition in VAT. In
patients with diabetes, the fasting GIP level is elevated
and does not change postprandially, and its effects are
impaired: with an increased GIP, insulin secretion does
not increase, glucagon secretion is not inhibited, and
the intake of TG inti SAT is reduced.

In addition to GLP-1 and GIP, a number of other
hormones produced by neuroendocrine cells of the gas-
trointestinal tract (cholecystokinin, peptide YY (PYY),
somatostatin) are involved in food metabolism. Almost
all of them are characterized by the presence of an an-
orexigenic effect, except for the orexigenic hormone
ghrelin.

Ghrelin

Grelin is a hormone produced mainly by neuroen-
docrine cells of the gastric fundus (about 65%) [83].
A small number of ghrelin-producing cells were found
in the small and large intestine, pituitary gland [84]; a-
[85], B- [86], and delta cells [87] of the islets of Lang-
erhans and neurons of the arcuate nucleus of the hypo-
thalamus [88, 89]. Insignificant ghrelin expression was
also detected in kidneys, testicles, placenta [90-92] and
immunocytes [93]. Ghrelin secretion in the stomach is
regulated by nutritional and hormonal factors [94]. It is
inhibited by somatostatin, interleikin 1p (IL-1p), STH,
high fat food, increased vagal activity, while hunger
and low-protein nutrition stimulate ghrelin expression
and secretion. Accordingly, ghrelin levels are normally
highest on an empty stomach and decrease after eat-
ing, unlike other hormones involved in regulating the
absorption and deposit of nutrients. Reports on the ef-
fects of leptin on ghrelin production are contradictory
[95, 96], which can be determined by the preservation
of sensitivity to the effects of leptin and the influence
of other factors. The associated effects of leptin and
ghrelin can provide a regulatory feedback system in-
volving the gastrointestinal tract and central nervous
system, and act as an interface between the regulatory
appetite centers in the hypothalamus and functions of
the gastrointestinal tract in the management of metabo-
lism and growth [97].

This hormone plays an important role both in the
regulation of eating behavior and in the regulation of
insulin secretion and insulin sensitivity. Ghrelin has
been identified as an endogenous ligand for somatotro-
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pin receptors (GHS). It functions as an orexigenic (ap-
petite-stimulating) signal from the stomach [98]. The
main effects of ghrelin include: an acute decrease in
insulin sensitivity; regulation, in an antagonistic man-
ner to leptin, of the synthesis and secretion of several
neuropeptides in the hypothalamus, namely increase of
appetite through stimulation of the production of neu-
ropeptide Y (NPY) and agouti peptide (AgRP); stimu-
lation of the secretion of counter-regulatory hormones
(cortisol, glucagon, catecholamines), mainly through
central mechanisms, suppression of adiponectin and in-
sulin secretion; decreased hepatic insulin sensitivity by
blocking hepatic transmission of insulin signal at the
phosphatidylinositol-3-kinase level; stimulation of fat
deposition (adipogenesis); increase of activity of lac-
totrophs and corticotrophs; increase of gastric motility
and hydrochloric acid secretion.

Many researchers note that in obesity, ghrelin level
is significantly lower on an empty stomach than in peo-
ple with normal body weight and negatively correlate
with BMI, fat, fasting insulin and Ieptin levels [99].
Our data, like other studies, indicate a more significant
increase in leptin and a lower decrease in ghrelin than
in men [47]. When trying to normalize weight, ghrelin
prevents weight loss, as weight loss is accompanied by
an increase in ghrelin levels, which correlates positive-
ly with the degree of weight loss [100] and increases
hunger. In the post-food status, most patients with obe-
sity do not have an additional decrease in its level, un-
like healthy people, which, firstly, may be a sign of the
development of ghrelin resistance, and secondly, may
contribute to increased food intake [101].

It is logical to assume that since the first hormonal
reaction upon food intake to the quantity and qualitative
composition of nutrients is the secretion of incretins
and ghrelin, then it is their imbalance that is primary.
Meanwhile, with the development of insulin resistance
(increased NOMA-IR), a decrease in the sensitivity of
GIP receptors in tissues develops. Hypothetically, the
sequence of changes can be expressed in the form of a
diagram shown in Fig. 3.

GENETIC DETERMINANTS

As it was noted at the beginning, genetic determi-
nation has a much smaller contribution to the forma-
tion of both obesity itself and its metabolic complica-
tions than lifestyle. A very beautiful example of this
is the data presented in the article by Ligthart S, et al.
(2021), which assessed the polygenic risk of develop-
ing type 2 diabetes in patients with normal body weight
and obesity in 8,243 individuals enrolled in the ARIC
study and 7,428 participants included in the Rotherdam
Study (RS) [102], based on a polygenic evaluation of
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403 common DNA sequences, identified as risk factors
for type 2 diabetes [103]. The authors first assessed the
polygenic risk and divided the examinees into groups
of low, moderate and high risk. The lifetime risk of
developing DM2 in people aged 45 years was 22.8%
(95% CI 18.4—27.3) in the low genetic risk category;
30.6% (95% CI 27.9—33.4) in the intermediate genet-
ic risk category and 35.5% (95% CI 30.6—40.5) in the
high genetic risk category in the RS cohort and 32.6%
(95% CI 27.8—37.4) in the low genetic risk category;
41.1% (95% CI 38.9—43.2) in the intermediate genet-
ic risk category and 47.6% (95% CI 44.3—50.8) in the
high genetic risk category in the ARIC cohort. Obese
participants had more than twice the risk of develop-
ing diabetes compared to people with normal weight in
the moderate and high risk categories. At the same time,
among participants with a high genetic risk, normal
weight was associated with a 56% lower risk of diabetes
in the ARIC study and 55% lower risk for RS compared
to obesity.

In recent studies, molecular genetic studies of adi-
pose tissue itself have attracted attention. Most studies,
like our own earlier findings, show a higher expression
of the leptin gene and mRNA in SAT compared to VAT
in obese people [77]. In people without obesity, leptin
expression in both sites is lower than [104] or compa-
rable [105] to that in obesity. A higher expression of the
leptin gene in SAT is observed in women, correlating
with its level in the circulation, unlike men, which may
be explained by the peculiarities of the formation of
obesity: men are characterized by earlier and priority
accumulation of fat in VAT with a characteristic imbal-
ance of adipokine production [106]. The expression of
adiponectin gene and mRNA is reduced during obesity
in AT, but, unlike leptin, changes in its expression are
more pronounced in VAT [107]. Finally, a recent study
that examined the contribution of expression of various
adipokines in individual AT sites (VAT and SAT) to their
circulation levels showed that only the expression of the
leptin gene in SAT has significant influence on its level
in circulation, which means it can determine its system-
ic effects [108].

Meanwhile, genome-wide studies can reveal new
ways to implement the mechanisms for the formation of
various phenotypes of obesity, changes in the hormonal
and biomarker background, the causes of differences in
prognosis and response to therapy. The formation of a
huge number of genes, for which a link with the risk
of developing obesity and changes in various metabolic
parameters has been shown, already today makes it pos-
sible to form genetic panels that determine the develop-
ment of MHO or MUO, CMD and DM, AH, DLP with
high accuracy. A detailed description of these studies is
a topic for a separate article.
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The analysis presented in this review showed that
maintaining metabolic health requires the mainte-
nance/restoration of normal sensitivity to leptin, GIP,
ghrelin, which is inseparable from normalization of the
morphology of AT and insulin sensitivity. Maintaining
the level of sex hormones at the level of reproductive

Meal intake

age can also significantly restrain the development of
changes towards MUO.

An intervention aimed at eliminating causal fac-
tors is always optimal. As it was noted at the begin-
ning of this review, the key causal factors of obesity
and loss of metabolic health are overeating and inac-
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tivity, which are complemented by sleep disorders, ex-
posure to sociopathogenic environmental factors and
stress. However, the differences in impacts can already
be personalized based on gender differences: the re-
sponse to a high-fat diet is radically different in men
and women. In men, ketogenic diets cause adverse met-
abolic changes (an increase in the level of unsaturated
FA and inflammatory markers), which are not observed
in women [109]. Age also influences the choice of in-
terventions — the choice of therapy in favor of drugs
that slow down cellular aging, such as metformin, al-
lows you to modulate the speed of these processes. The
involvement of sex hormone replacement therapy can
also significantly slow down the rate of age-related
changes. The duration of obesity, CMD also determines
the response. In patients with a short history of obesity,
with a decrease in body weight, normalization of adi-
pocyte volume was noted, while in patients with a long
duration, even bariatric interventions did not eliminate
hypertrophic changes [2]. Weight loss by 10% or more
and a decrease in liver TG in patients with a short his-
tory (up to 6 years) of type 2 diabetes made it possible
to achieve remission of diabetes [110], while with the
duration of the disease ( more than 10 years) remission
is unlikely even after bariatric interventions.

Future directions of personalization of obesity ther-
apy involve the use of drugs that target the accumula-
tion of fat in VAT and its excessive ectopic accumula-
tion. The use of angiogenesis activity, fibrosis and mod-
ulation of receptor activity/hormone levels involved in
fat depositing in various fat depots as targets can help
in solving these problems. Modulation of sensitivity to
GIP seems promising, resistance to which redirects lip-
ids from the subcutaneous to the visceral depot. Activa-
tion of browning AT with increased metabolic activity
of adipocytes also looks attractive. Already today, the
ability to influence its activity is being discussed in a
number of drugs (GLP-1 receptor agonists, glyflozins,
reduxin), which have demonstrated the ability not only
to reduce body weight, but also to improve metabolic
parameters. Clarification of molecular genetics path-
ways for the formation of various obesity phenotypes
will help in the development of new drugs for individ-
ual choice in therapy.
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