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the endocrine system can be restored by effective treat-
ment of overweight and obesity.

The role of adipose tissue in hormonal 
homeostasis

Research over the past 20 years has changed our un-
derstanding of the role of adipose tissue in maintaining 
the body’s homeostasis. It is no longer perceived solely 
as an energy store, but also as a secretory organ that 
produces substances (adipokines) that affect the func-
tioning of other organs and tissues [1]. At the same time, 
adipose tissue is the site of synthesis and metabolism 
of several steroid hormones, which are released into 
the bloodstream and contribute to the pool of endog-
enous steroids [2]. The proper functioning of the en-
docrine system is determined by signals received from 
adipose tissue and by normal steroid hormone metabo-
lism in adipocytes.

The effect of secretory activity of adipose tissue 
on endocrine gland function
The hypothalamic–pituitary–insulin–like growth 
factor 1 axis
The adipokine best studied for its modulatory effect on 
the hypothalamic-pituitary-insulin-like growth factor 1 

Introduction

The concept and definition of the endocrine system have 
evolved over the past several years. Nowadays, we do 
not consider it only as classical endocrine glands under 
the control of the hypothalamic-pituitary axis, but we 
also incorporate the presence of other sources of hor-
mones such as adipose tissue. There are complex interac-
tions between “classical” and “non-classical” endocrine 
glands that, in a state of health, ensure the body’s ho-
meostasis. On the one hand, under- and over-activity of 
the “classical” endocrine glands affects the metabolism 
and function of adipose tissue, the effects of which are 
part of the clinical picture observed in, for example, 
patients with hypercortisolaemia, hypothyroidism, 
or hypogonadism. On the other hand, abnormalities 
in adipocyte metabolism and secretory activity, such 
as those seen in patients with obesity, can translate 
into changes in pituitary, thyroid, or gonadal function. 
The ability to identify the primary cause of the ob-
served hormonal abnormalities is crucial for choosing 
an appropriate therapeutic strategy.

The purpose of this narrative review is to present 
the impact of adipose tissue on endocrine gland activity, 
both in the physiological state and in obesity-related 
dysfunction. It will also discuss how the function of 
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in hypothalamic-pituitary-gonadal (HPG) axis dys-
function, while administration of leptins can stimulate 
central networks regulating gonadotropin secretion 
[12], whereas obesity-related hyperleptinaemia can 
exert an inhibitory effect on the gonads and result in 
impaired fertility and symptoms of hypogonadism, as 
discussed in the following sections. 

Ovarian cells also express receptors for other adi-
pokines. For example, resistin, through activation of its 
receptors present in human granulosa cells, inhibits 
progesterone and estradiol secretion in response to 
IGF-1 stimulation in vitro [13]. In addition, this pro-in-
flammatory adipokine, by enhancing the activity of 
17a-hydroxylase, promotes the ovarian synthesis of 
testosterone and in a dose-dependent manner regulates 
LH release from the pituitary gland [14, 15]. How-
ever, the in vivo effect of resistin on the HPG axis may 
depend on nutritional status and co-morbidities: in 
women with anorexia nervosa serum resistin levels 
correlated positively with LH and estradiol levels, while 
in patients with polycystic ovarian syndrome (PCOS) 
it correlated negatively [16, 17]. In turn, adiponectin, 
by binding its receptors (AdipoR1 and AdipoR2), was 
found to decrease ovarian steroidogenesis in vitro by 
inhibition of the cytochromes CYP17A1 and CYP11A1 
[18]. Interestingly, adiponectin receptors are also 
expressed in the hypothalamus. Experimental data 
suggest that short-term administration of adiponectin 
inhibits GnRH, and subsequently LH, secretion. Be-
cause high LH levels induce adiponectin release from 
the ovaries, this mechanism resembles a classic feed-
back loop [19]. Interestingly, the effect of adiponectin 
on steroidogenesis in the testes is the opposite of that 
in the ovary: it increases testosterone synthesis, which 
is accompanied by increased anti-oxidative enzyme 
activity [20]. A similar gender-dependent effect on 
steroidogenesis in the gonads is observed for visfatin. 
In the ovaries, visfatin, by activation of sirtuin 1 gene 
expression, can promote steroidogenesis, and it leads to 
increased estradiol secretion by granulosa cells in vitro 
[21]. However, it exerts the opposite effect on the testes 
by inhibiting testosterone synthesis [22].

The hypothalamic–pituitary–thyroid axis
Leptin also plays an important role in the regulation of 
the hypothalamic-pituitary-thyroid (HPT) axis by con-
trolling thyrotropin-releasing hormone (TRH) gene ex-
pression in the paraventricular nucleus and by regulat-
ing thyrotropin (TSH) release from the pituitary gland 
[23]. Moreover, the HPT axis is indirectly regulated by 
the interaction of leptin with the melanocortin pathway, 
because alpha-MSH (melanocyte-stimulating hormone) 
stimulates and AgRP (agouti-related protein) blocks 
TRH release [24]. In addition, leptin can increase the ex-

(IGF-1) axis is leptin, a pleiotropic hormone that af-
fects multiple areas of the brain and thus regulates food 
intake, motivation, learning, memory, cognitive func-
tion, neuroprotection, energy expenditure, and more 
[3]. From the point of view of endocrine functions, 
the effect of leptin on growth and gonadal function is 
particularly important.

In animal models, intrathalamic administration of 
leptin increases the secretion of growth hormone-re-
leasing hormone (GHRH) through direct effects on 
relevant neurons, as well as through inhibition of so-
matostatin secretion [4]. Moreover, leptin can stimulate 
growth hormone secretion via its impact on somatotro-
pin-releasing cells in the pituitary [5]. Subsequently, 
individuals with congenital leptin deficiency may have 
growth hormone (GH) concentrations at the lower limit 
and decreased GH response to insulin-induced hypo-
glycaemia [6].

The relationship between other adipokines and GH 
secretion is not so direct. By influencing body com-
position, including adipose tissue content, GH-IGF-1 
can modulate the secretion of, for example, adiponec-
tin, resistin, or visfatin. Consequently, children with 
growth hormone deficiency have higher adiponectin 
and lower resistin concentrations than healthy peers [7].

The hypothalamic–pituitary–gonadal axis
In the brain, leptin acts also on ventral premammillary 
neurons, which secrete kisspeptin (Kiss1) to stimulate 
proper gonadotropin-releasing hormone (GnRH) pul-
satility, necessary for gonadotropin release [8]. In addi-
tion to its stimulating effect at the level of the hypothala-
mus, leptin also exerts a direct effect on its receptors 
located in the anterior lobe of the pituitary. Thus, leptin 
can stimulate the release of luteinizing hormone (LH) 
and, to a lesser extent, folliculotropic hormone (FSH) [9]. 
In addition to affecting the secretion of GnRH and go-
nadotropins, leptin has a direct effect on the gonads. 
The presence of leptin receptors has been demonstrated 
on the surface of ovarian follicular cells, including 
granulosa cells, theca cells, and interstitial cells as well 
as Leydig cells [10, 11]. However, the effect of leptin on 
ovarian target cells is biphasic: while its physiological 
levels are crucial for ovulation and steroid hormone 
synthesis, high concentrations of leptin have an inhibi-
tory effect on ovulation and steroidogenesis in the ova-
ries. In men, the prepubertal increase in leptin promotes 
testicular development. However, the decrease in leptin 
levels in prepubertal boys reflects the inhibition of leptin 
secretion by rising androgens. In adult men, leptin 
levels are between 10% and 50% of those in women, 
and high leptin concentrations inhibit testicular func-
tion (reviewed in [8]). Consistently, leptin deficiency 
(in the course of, for example, eating disorders) results 
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pression of prohormone convertases PC1/3 and PC2, 
responsible for the activation of TRH from proTRH 
[25]. These phenomena occur in a dose-dependent [26]. 
Even though leptin deficiency is usually not associated 
with abnormal thyroid hormone levels, it interrupts 
the circadian rhythm of TSH [27]. 

The effects of other adipokines on HPT axis func-
tion are less well investigated. However, clinical stud-
ies suggest a positive association between circulating 
adiponectin levels and free thyroxine (fT4) [28]. Even 
though this relationship may be partly secondary to 
the effect of thyroid hormones on insulin sensitivity, 
the carboxy-terminal globular structure of adiponectin 
was shown to have an affinity for the gC1q receptor in 
the mitochondria of thyrocytes, and thus adiponec-
tin may regulate thyroid hormone production [29]. 
There has also been much controversy about studies 
suggesting a protective role for adiponectin in thyroid 
cancer risk. However, based on existing data, it is not 
clear whether adiponectin plays a protective role in thy-
roid cancer alongside or independently of nutritional 
status [30]. In turn, resistin has been found to regulate 
the activity of iodothyronine deiodinase type I, and its 
serum levels may correlate positively with fT4 concen-
trations [16], while chemerin concentrations correlate 
positively with the risk of thyroid autoimmunity [31]. 
In contrast, data on the effects of visfatin and vaspin on 
HPT axis function, TSH, and thyroid hormone levels are 
inconsistent and depend on the type of study popula-
tion and the co-occurrence of autoimmune thyroid 
disease in study participants [reviewed in 32].

Of note, the physiological relation between the HPT 
axis and adipose tissue is bidirectional, because adipo-
cytes express receptors for thyroid hormones and TSH, 
which can subsequently modulate adipose tissue me-
tabolism [31, 33]. Indeed, TSH was found to stimulate 
the expression of leptin and proinflammatory cytokines 
including interleukin 6 (IL-6) and tumour necrosis 
factor-alpha (TNF-a) [34]. 

The hypothalamic–pituitary–adrenal axis
The hypothalamic-pituitary-adrenal (HPA) axis is also 
subject to the modulating effect of adipokines. Leptin 
can inhibit glucocorticoid synthesis, both centrally 
in the paraventricular nucleus of the hypothalamus 
[35] and peripherally in the adrenals [36]. During 
starvation, leptin levels decrease, which triggers 
a counter-regulatory increase in cortisol, activating 
brain circuits that drive motivation to eat [37]. Moreover, 
leptin induces the adrenal production of aldosterone, 
and its deficiency is associated with hypotension [6, 38]. 
Similarly, adiponectin, via activation of its receptors in 
the adrenal cortex, was found to inhibit corticosterone 
and  aldosterone secretion, which was accompanied 

by decreased expression of the key genes involved in 
steroidogenesis [39]. The effects of other adipokines 
on adrenal steroidogenesis are currently the subject of 
numerous basic and clinical studies.

It should also be noted that glucocorticoid hormones 
are important regulators of lipid metabolism in adipose 
tissue, promoting lipolysis in acute conditions but lipo-
genesis with chronic exposure. This differential effect 
of glucocorticoids on lipid metabolism is mediated by 
different receptors. Stimulation of the glucocorticoid 
receptor (GR) type a has a lipolytic effect. In contrast, 
the receptor for mineralocorticoids, also activated by 
cortisol, appears to be the main stimulator of adipogen-
esis. GRb, on the other hand, can be regulated by both 
glucocorticoids and insulin, resulting in the promotion 
of lipogenesis [40]. The final effect is influenced not 
only by the pool of circulating glucocorticoids but also 
by those produced locally in adipocytes, as described 
in the next section.

Adipose tissue as a site of hormone synthesis 
and metabolism
Adipose tissue is an important site for the synthesis 
and metabolism of steroid hormones (Fig. 1). Clas-
sical steroidogenic tissues (e.g. adrenals, gonads, 
and placenta) are able to synthesize steroid hormones 
de novo from cholesterol, whereas steroidogenesis in 
other tissues mainly involves the conversion of various 
precursors obtained from the circulation [2]. This rule 
applies to adipose tissue, although the early stages of 
steroid synthesis can also take place in adipocytes [41]. 

The primary steroid metabolism occurring in adi-
pose tissue concerns the conversion of androgens to 
oestrogens. Aromatase (CYP19A1) is a key enzyme for 
oestrogen synthesis; however, the effect of its activ-
ity depends on the local availability of its substrates, 
the androgens. While in the ovary (where the main 
androgen available is testosterone) CYP19A1 activity 
results in the synthesis of estradiol (E2), in adipo-
cytes [where the main substrate is androstenedione 
synthesized from dehydroepiandrosterone (DHEA) 
and its sulphate produced in the adrenals] aroma-
tization leads to the synthesis of estrone (E1) [2]. 
An alternative pathway for E1 synthesis in adipose 
tissue is the oxidation of E2 in a reaction catalysed by 
the 17b-hydroxysteroid dehydrogenases (17bHSD) 
types 1, 7, and 12. E1 formed by both types of reac-
tions can be converted by steroid sulfotransferase 
(STS) to estrone sulphate, which is the most important 
component of the circulating oestrogen pool. Another 
enzyme regulating the local availability of sex steroids 
is hormone-sensitive lipase (LIPE), which hydroly-
ses the fatty acyl esters (FAEs) of DHEA and E2. E2 
esterified with fatty acyl esters is its storage form, in-



471

Endokrynologia Polska 2023; 74 (5)

R
EV

IE
W

capable of exerting its biological functions. Therefore, 
the balance between esterification and hydrolysis of 
E2 is an important mechanism regulating the levels of 
biologically active steroids [42]. 

The pool of steroid hormones accumulated in 
adipose tissue is significant: in pre- and postmeno-
pausal women, progesterone, DHEA, androstenedione, 
and E1 are 5-20 times higher in subcutaneous and vis-
ceral adipose tissue than in serum [43]. Irrespective of 
gender, the most abundant steroids in adipose tissue 
are DHEA and androstenedione. However, in women, 
E2 concentrations in subcutaneous adipose tissue 
are higher than in men, which correlates with higher 
expression of genes encoding oestrogen-converting 
enzymes [42]. Importantly, the course of steroidogen-
esis in adipose tissue may depend on menopausal 
and nutritional status. Conversely, cortisol in adipose 
tissue and cortisone in women is reportedly only 
10–20% of the concentrations found in serum [43]. 
Glucocorticoid metabolism in adipocytes is primar-
ily regulated by 11b-hydroxysteroid dehydrogenase 
type 1 (11bHSD1), an enzyme converting inactive 
11b-ketoglucocorticoid metabolites (e.g. cortisone) to 
active 11b-hydroxylated metabolites (e.g. cortisol). 
11bHSD1 is highly expressed in human adipose 
tissue, particularly in the visceral depot; however, 

adipocyte-specific cortisol synthesis amplifies its local 
concentrations without affecting circulating levels [44]. 

Obesity-related adipose tissue dysfunction

Up to 60% of the European adult population is over-
weight and obese, which is associated with more than 
200 complications affecting virtually all tissues and or-
gans in the human body [45]. Many obesity-related 
complications are caused by phenomena within the adi-
pose tissue itself.

Hypertrophy in response to excess nutrients causes 
profound changes in adipocyte metabolism. The prima-
ry mechanism involved in this process is mitochondrial 
dysfunction, manifested by decreased activity of cellular 
pathways of fatty acid oxidation, ketone body metabo-
lism, and the tricarboxylic acid cycle, together leading 
to adipocyte apoptosis, defective differentiation of 
preadipocytes into mature cells, and adipose tissue 
fibrosis (reviewed in [46]). These phenomena result in 
increased expression of genes encoding cytokines, che-
mokines, and adhesion molecules that attract immune 
cells (mainly macrophages and various subpopulations 
of lymphocytes), which further contribute to the syn-
thesis of pro-inflammatory mediators. Pro-inflamma-
tory cytokines (such as IL-1b, IL-6, or TNF-a) impair 

Figure 1. Simplified diagram of adipocyte steroidogenesis. DHEA — dehydroepiandosterone; DHEAS — dehydroepiandrosterone sulfate; 
STS — steroid sulfotransferase; E1 — estrone; E2 — estradiol; HSD17b — 17b-hydroxysteroid dehydrogenase; AKR1C3 — aldo-keto 
reductase family 1 member C3; LIPE — hormone-sensitive lipase; FAE — fatty acyl esters
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adipocyte metabolism in an auto- and paracrine manner 
but also affect the function of distant tissues and organs, 
including endocrine glands [47].

Notably, the excess of nutrients not only induces 
the adipocyte to synthesize pro-inflammatory me-
diators but also alters the physiological secretion of 
adipokines. This applies, for example, to adiponectin, 
the levels of which, measured in the serum and adipose 
tissue of obese individuals, are significantly lower com-
pared to normal-weight individuals [48]. Conversely, 
obesity is accompanied by increased leptin secretion 
and the subsequent development of leptin resistance. 
As a result, in obese individuals, leptin does not exert 
an anorectic effect, but through modulation of macro-
phage and T cell function, it enhances the production 
of several inflammatory cytokines (including TNF-a, 
IL-6) [49].

The phenomena described above are referred to 
as adipose tissue dysfunction and have systemic con-
sequences.

Endocrine consequences of obesity-related 
adipose tissue dysfunction

The hypothalamic–pituitary–insulin-like growth 
factor 1 axis
Obesity is associated with reduced spontaneous 
and stimulated GH secretion that is reversible after 
weight loss [50]. There are several hypotheses explain-
ing the suppression of GH secretion in obesity. The chief 
role in this process is played by hyperinsulinaemia 
resulting from peripheral insulin resistance caused 
by excessive fat mass accumulation and related meta-
bolic inflammation. This hypothesis provides that 
in human obesity, insulin sensitivity is preserved in 
some tissues (e.g. in the hypothalamus and pituitary 
gland). By inhibiting pituitary GH secretion, insulin 
suppresses hepatic synthesis of IGF-1 binding protein 
(IGFBP-1) and subsequently increases free IGF-1 avail-
ability and feedback inhibition of GH secretion [50, 51].

The hypothalamic–pituitary–gonadal axis
In both men and women, obesity leads to severe dis-
ruption of the HPG axis. In a recent meta-analysis, 
the prevalence of hypogonadism in obese men [as-
sessed by a decrease in total testosterone (TT)] was 
estimated at 43.8%. However, among severely obese 
patients referred for bariatric surgery, low TT concen-
trations affect up to 75% of men [52]. Several underly-
ing mechanisms are responsible for the development of 
obesity-related hypogonadism in men. Firstly, obesity is 
associated with increased cytochrome P450 aromatase 
activity in adipose tissue, which results in enhanced 
conversion of testosterone to estradiol. Subsequently, 

higher concentrations of estradiol, via stimulation of 
oestrogen receptor b, result in the downregulation of 
glucose transporter (GLUT) 4 in muscle and adipose 
tissue, exacerbating insulin resistance [53]. The meta-
bolic inflammation associated with obesity also induces 
insulin resistance in the liver, resulting in decreased 
synthesis of sex hormone-binding globulin (SHBG), 
which translates into more TT available for conversion 
to estradiol in adipose tissue. In turn, high levels of 
oestrogen inhibit the secretion of gonadotropins from 
the pituitary gland. Therefore, obesity also impairs 
sperm concentration, motility, and morphology [54]. 
In addition, the HPG axis is modulated by adipokines. 
For example, elevated leptin levels inhibit testosterone 
production by Leydig cells, while low adiponectin 
levels contribute to hepatic insulin resistance, thus 
further affecting SHBG synthesis [53, 55]. Moreover, 
the obesity-related HPA axis dysfunction resulting in 
functional hypercortisolaemia described below may 
contribute to the inhibition of gonadotropin secretion 
and subsequent reduction in testosterone levels [56].

In contrast to obese men who are testosterone defi-
cient, the most common manifestation of obesity-related 
HPG axis dysfunction in women is hyperandrogenism, 
often associated with hyperinsulinaemia and infertility. 
The exact prevalence of biochemical hyperandrogen-
ism in obese women is difficult to assess because most 
epidemiological studies have focused on the prevalence 
of polycystic ovary syndrome (PCOS), the diagnosis 
of which in adult women does not always require 
the presence of clinical/biochemical androgen excess. 
The prevalence of PCOS in obese women is similar to 
that in the general population (25–29%), but increases 
with greater body mass index (BMI) [52]. In turn, obesity 
is present in 40–70% of PCOS patients [57].

In obese women, metabolic inflammation-related 
insulin resistance in the liver, as in men, results in a de-
crease in SHBG synthesis leading to a relative increase 
in oestrogen concentrations, which stimulates pulsatile 
LH secretion and subsequent steroidogenesis in theca 
cells. Similarly, high levels of insulin and IGF-I influ-
ence higher 17a-hydroxylase activity in theca cells 
and increased ovarian androgen synthesis and secretion 
[58]. A significant part of circulating androgens in obese 
women originates from the adrenals due to the abnor-
mal HPA axis function (see the following sections). In 
contrast, the adipose tissue of obese women is character-
ized by a higher 5a-reductase activity, which converts 
testosterone into the much more active androgen di-
hydrotestosterone [59]. Obesity also disrupts the physi-
ological balance between the oestrogens produced in 
adipose tissue, e.g. causing enhanced conversion of 
androstenedione to the less active oestrogen — estrone. 
The rate of conversion of androstenedione into estrone 
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increases with age and body fat volume and is higher 
in women with gynoid obesity than in women with 
android obesity [2]. The result of the phenomena 
described above is clinical hyperandrogenism (most 
commonly hirsutism) and menstrual and/or ovulatory 
disorders. Therefore, excess adiposity in women with 
PCOS exacerbates not only metabolic but also hormonal 
dysfunction [reviewed in 60].

Abnormal adipokine secretion also plays its part in 
the obesity-related disruption of ovarian steroidogen-
esis and ovulation. Low levels of adiponectin in obese 
women with PCOS negatively increase LH secretion 
in the pituitary gland, resulting in a high LH and an-
drogen level and ovulation dysfunction [61]. Simi-
larly, high concentrations of leptin, which, through 
its receptors in the ovary, inhibit follicle maturation as 
well as steroidogenesis, are also implicated in the oc-
currence of ovulatory disorders in obese women [8]. 
In addition, proinflammatory cytokines secreted due 
to adipose tissue dysfunction contribute to impaired 
pituitary gonadotropin secretion [62]. Consequently, 
the percentage of ovulatory cycles decreases with 
BMI, reaching only 12% in those with a BMI ≥ 35 
kg/m2, and obese women, even when eumenorrheic, 
have reduced fertility and poorer in vitro fertiliza-
tion (IVF) outcomes [63]. It is also important to note 
that metabolic inflammation has a negative impact 
on oocyte and embryo development, as manifested 
by impaired meiotic spindle formation and mito-
chondrial function. In addition, pro-inflammatory 
cytokines have toxic effects on reproductive tissues, 
including the endometrium, which is characterized by 
impaired stromal decidualization and thus reduced 
receptivity. All these factors contribute to an increased 
incidence of miscarriage, stillbirth, and pre-eclampsia 
in obese women [64].

In conclusion, hyperandrogenism and infertility 
appear to be the main manifestations of obesity-re-
lated HPG axis dysfunction in women, and in both 
cases weight control should be considered as first-line 
therapy. 

The hypothalamic–pituitary–thyroid axis
Both overt and subclinical hypothyroidism are more 
prevalent in obese individuals than in normal-weight 
subjects, and they can affect up to 15.0% of patients 
[65]. The pathogenesis of obesity-related changes in thy-
roid hormone levels is complex [34]. The increase in TSH 
levels in obese patients may be explained by a central re-
sistance to locally produced triiodothyronine (T3), and it 
represents an adaptive process to increase basal energy 
expenditure. TSH concentrations correlate positively 
with BMI and leptin levels, which in turn can directly 

stimulate TRH and TSH secretion [23, 31]. In addition, 
leptin has been found to activate deiodinases, enzymes 
responsible for increasing the conversion of fT4 to free 
T3 (fT3), which is thought to be another mechanism 
to increase basal metabolism and energy expenditure 
[66]. However, obesity-related increases in TSH levels 
are usually accompanied by normal fT4 and fT3 con-
centrations (corresponding to central hypothalamic 
and pituitary resistance) in contrast to subclinical hy-
pothyroidism, in which thyroid hormone levels are 
usually low normal [67]. 

Nevertheless, when TSH and fT4 levels in obese 
patients suggest a diagnosis of subclinical hypothy-
roidism, screening for autoimmune thyroiditis (AITD) 
should be performed, especially because elevated 
leptin levels predispose to thyroid autoimmunity [68]. 
In this case, the determination of thyroid antibod-
ies is helpful not only in the diagnosis of AITD but 
also in identifying individuals at risk of developing 
overt hypothyroidism. Importantly, both subclinical 
and overt hypothyroidism are risk factors for impaired 
glucose metabolism, and the fT3/fT4 ratio was found 
to correlate positively with insulin resistance [69]. 
Of note, individuals with grade III obesity (BMI ≥ 40 
kg/m2) are characterized by a higher prevalence of 
autoimmune thyroiditis compared to subjects with 
a BMI of 30–39.9 kg/m2 [31].

 The ultrasound diagnosis of AITD in obese patients 
is challenging because they more often present with 
a hypoechoic thyroid parenchymal picture. The hy-
poechoic thyroid image in obese patients is due to 
increased permeability of the thyroid blood vessels 
caused by pro-inflammatory cytokines secreted by 
dysfunctional adipose tissue. A fine-needle thyroid bi-
opsy performed in an obese person with a hypoechoic 
thyroid gland usually does not show lymphocyte in-
filtration, ruling out Hashimoto’s disease. Therefore, 
the correlation of a suggestive ultrasound image of 
the thyroid with AITD can be found in only 20% of 
obese individuals compared to 85.7% in normal-weight 
controls [70]. 

In conclusion, the majority of obese individuals are 
in a euthyroid state although their TSH levels tend to 
exceed the values observed in normal-weight individu-
als. Furthermore, obesity is associated with reduced 
echogenicity of the thyroid gland on ultrasound, which 
does not reflect the presence of autoimmune thyroid 
disease. Regardless, obesity increases the risk of thy-
roid autoimmunity. While several studies (described 
in the following sections) have found that weight loss 
leads to the normalization of TSH in most obese indi-
viduals, the effect of weight normalization on thyroid 
echogenicity remains unknown.
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The hypothalamic–pituitary–adrenal axis
Obese patients are a highly heterogeneous group in 
terms of HPA axis function [71]. Whilst in some of them 
the HPA axis acts normally, in others it is hyper-acti-
vated and leads to functional hypercortisolism. This 
condition results both from the increased sensitivity of 
the HPA axis to stimuli, as well as from the increased 
peripheral cortisol synthesis (resulting from the ac-
tivation of the 11bHSD1 enzyme) and the increased 
number of glucocorticoid receptors in peripheral tissues 
[72]. Although increased 11bHSD1 gene expression 
and enzyme activity in adipose tissue correlate with 
BMI in humans, it is unclear whether this phenomenon 
is a cause or consequence of obesity [72]. Adipose-specif-
ic overexpression of 11bHSD1 in experimental animals 
results in a significant increase in intra-adipose cortisol 
levels and subsequent development of visceral obesity 
and its metabolic complications [73]. Otherwise, over-
expression of 11bHSD2 (responsible for the inactivation 
of cortisol to cortisone) in adipose tissue protects from 
the development of high-fat diet-induced obesity [74]. 
Similar phenotypes represent mice with knockout 
of the gene encoding 11bHSD1: they are resistant 
to diet-induced visceral obesity, with an enhanced 
lipid metabolism and a decreased adipose tissue in-
flammation profile [75]. These findings suggest that 
reduced cortisol levels in adipose tissue may counteract 
the development of metabolic diseases. This hypothesis 
was confirmed in a clinical trial, in which 12-week ad-
ministration of a selective 11bHSD1 inhibitor to patients 
with type 2 diabetes or metabolic syndrome resulted 
in a decrease in glycosylated haemoglobin level, blood 
pressure, and body weight [76].

In healthy subjects, adipose-specific glucocorti-
coid metabolism amplifies local glucocorticoid con-
centrations without significantly altering circulating 
levels. Therefore, it is difficult to assess the extent to 
which an increase in 11bHSD1 activity in adipose tissue 
contributes to obesity-related functional hypercorti-
solism manifesting as increased nocturnal cortisol levels 
and increased urinary excretion of cortisol metabolites 
[77]. This hypercortisolism is characterized also by 
an increased nocturnal adrenocorticotropin (ACTH) 
release and enlargement of adrenal glands in imaging 
studies, which suggests also hyperactivation of the cor-
ticoliberin (CRH) pathway in the hypothalamus [77]. 
Irrespective of the pathogenesis, the abnormal HPA axis 
function is associated with a worse metabolic profile in 
obese individuals, including higher waist-to-hip ratio 
(WHR), total and low-density lipoprotein cholesterol, 
and blood pressure. In addition, obesity-associated HPA 
axis overactivity may inhibit the secretion of sex steroids 
and growth hormone and in this way contribute to 
the development of other hormonal dysfunctions [71]. 

In summary, abnormalities of HPA function are 
a common phenomenon among obese individuals; 
however, due to a variety of hormonal responses, 
several phenotypes can be distinguished that differ 
in metabolic risk and health consequences.

The role of obesity treatment 
in the restoration of hormonal homeostasis 

Both clinical and preclinical studies show that weight 
reduction constitutes an effective treatment for obesi-
ty-related adipose tissue dysfunction. Lifestyle inter-
ventions based on diet combined with exercise lead to 
the suppression of metabolic inflammation (measured, 
e.g., as a decrease in C-reactive protein [CRP], IL-6, 
and TNF-a levels) and the restoration of normal adipo-
kine secretion (e.g. a decrease in leptin and increase in 
adiponectin concentrations) [78]. Supporting the treat-
ment of obesity with pharmacotherapy or metabolic 
surgery yields even better results in this field [79, 80]. 
Restoring the proper function of adipose tissue in terms 
of both adipokine secretion and steroidogenesis has 
a beneficial effect on the endocrine system.

Behavioural interventions
Behavioural interventions constitute a basic therapeutic 
strategy for weight management, regardless of whether 
they are supported by pharmacotherapy and/or sur-
gery, and even applied alone they have a beneficial 
effect on the endocrine system.

 Lifestyle interventions are efficient in the reduc-
tion of obesity-associated thyroid dysfunction. Dietary 
restriction exerts an inhibitory role on the HPT axis, 
resulting in a net decrease in circulating TSH and thy-
roid hormones, thus contributing to a reduction in 
energy expenditure to compensate for the reduction 
in energy intake [81]. A 20% energy deficit results not 
only in a decrease in BMI and percentage body fat 
but also leptin and TSH serum concentrations with 
a subsequent increase in fT3/fT4 index. Of importance, 
an increase in energy deficit from 20% to 50% provokes 
a greater decline in thyroid hormone plasma concen-
tration, which could hinder further mass reduction 
[82]. However, a moderate calorie restriction results in 
a decrease in the number of individuals with TSH levels 
above the normal range (from 17.2% to 6.2%) [83]. These 
findings strongly suggest that obesity-associated hyper-
thyrotropinaemia is transient and resolves after weight 
loss. The decrease in TSH level during weight loss can 
be explained by a restoration of normal leptin secre-
tion and sensitivity. However, body weight reduction 
results in a parallel decline in the peripheral conversion 
of fT4 to fT3, suggesting that the effects of leptin on 
the HPT axis do not fully explain the changes in thy-
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roid hormone homeostasis observed during weight loss, 
and this phenomenon requires further research [84].

While normalization of the HPT axis after 
weight-loss interventions is widely described, only 
single studies carried out on groups of about 30 indi-
viduals show that weight loss normalizes the excre-
tion of cortisol and cortisone metabolites in the urine, 
which correlates with a decrease in the expression of 
the gene encoding 11bHSD1 in subcutaneous adipose 
tissue [85]. Although this observation needs to be con-
firmed by sufficiently powered studies, the concept 
of an effect of caloric restriction on 11bHSD1 activity 
is plausible because animal studies suggest that a hy-
percaloric, high-sugar/fat diet stimulates unfavourable 
changes in cortisol metabolism that can be restored 
by a calorie restriction and proper macronutrient 
composition [86].

Lifestyle interventions are also a first-line therapy 
for women with obesity-related hyperandrogenism, 
regardless of the presence of PCOS [60, 87]. Calorie 
restriction combined with a low glycaemic index/low 
carbohydrate regimen was shown to be effective in 
the restoration of the ovulatory function of ovaries 
and reduction of androgen level [88]. Moreover, in 
a study of obese women with PCOS, a 20-month 
lifestyle intervention aiming at weight loss resulted 
in a complete recovery from all PCOS features (nor-
mal androgen blood levels, hirsutism score below 8, 
and normal menses and ovarian morphology) in 37% 
of participants, while 48% of patients showed partial 
improvement [89]. However, it has to be underlined 
that the restoration of the HPG axis in obese women in 
response to lifestyle modifications only is highly heter-
ogenous and unpredictable [90].

Because obesity can lead to functional male hypogo-
nadism, which, in a vicious circle, can further promote 
obesity, the first-line therapy should also be focused on 
weight management. However, non-invasive approach-
es focused on lifestyle modification aiming at 5% weight 
loss are frequently insufficient to normalize testosterone 
levels [91]. In turn, due to the potential risks (e.g. those 
related to increased prothrombotic activity), testos-
terone replacement is not routinely recommended in 
obese individuals with functional male hypogonadism.

Pharmacological treatment
Unfortunately, lifestyle interventions are seldom 
effective in the long run, and most patients regain 
weight and fail to maintain a normal BMI. Moreover, 
the probability of successful and sustainable weight loss 
is adversely proportional to the BMI value [92]. There-
fore, contemporary guidelines of obesity management 
advise the introduction of pharmacological treatment 
in individuals with BMI ≥ 30 kg/m2 and in those with 

BMI ≥ 27 kg/m2 in whom overweight is associated with 
at least one obesity-related complication [93, 94]. 

The choice of the therapeutic option depends on 
the patient’s clinical characteristics. In those with 
an emotional background in which weight gain 
seems to dominate in the clinical picture, a combina-
tion of bupropion with naltrexone is recommended. 
Conversely, if the metabolic complications of obesity 
and/or cardiovascular risk are of therapeutic priority, 
glucagon-like peptide 1 receptor agonists (GLP-1RAs 
e.g. liraglutide 3 mg/day or semaglutide 2.4 mg)/week) 
are the therapy of choice [93, 94]. The cardiometabolic 
complications of obesity are closely related to adipose 
tissue dysfunction, and the utility of GLP-1RAs, in 
this case, is justified by their favourable impact on 
the metabolic inflammation and restoration of normal 
adipokine secretion and action, including downregu-
lation of resistin, TNF-a, IL-1b, and IL-6 serum level 
with a parallel increase in adiponectin concentrations 
and leptin sensitivity [95, 96, 97]. The abovementioned 
GLP-1RAs introduced changes that translate also to 
the improved function of the endocrine system. More-
over, GLP-1RAs may have a direct, drug-specific impact 
on the endocrine glands’ function. 

GLP-1 provides a permissive signal to support fer-
tility when metabolic homeostasis is adequate, and its 
analogues help to restore HPG axis function impaired 
by obesity [98]. A 16-week administration of liraglutide 
to obese, hypogonadal patients resulted in a significant 
enhancement of gonadotropins and testosterone levels 
[99]. Moreover, in obese, hypogonadal men with type 2 
diabetes (T2D) chronic liraglutide treatment was more 
effective in increasing testosterone levels than testoster-
one replacement and metformin alone [100]. The impact 
of GLP-1RA treatments on ovarian steroidogenesis 
was extensively studied in hyperandrogenic women. 
A meta-analysis including studies published from 2008 
to 2015 revealed that liraglutide treatment in women 
diagnosed with PCOS resulted in a significant de-
crease in testosterone levels without influencing SHBG 
and androstenedione concentrations [101]. The validity 
of the use of GLP-1RA analogues for the treatment of 
overweight/obesity in patients with PCOS has been 
confirmed in several clinical trials. The effect of GLP-1RA 
therapy is not only weight loss but also an improvement 
in insulin sensitivity and a reduction in hyperandroge-
naemia. This treatment may also increase spontaneous 
and in vitro pregnancy rates. Therefore, in obese women 
with PCOS, GLP-1RAs offer an opportunity not only to 
lose weight but also to improve metabolic, hormonal, 
and fertility parameters [60].

However, it is still unclear whether GLP-1RAs have 
a beneficial effect on the HPG axis in the absence of 
weight loss. In rodents, activation of GLP-1Rs increas-



476

Adipose tissue and endocrine disorders Alina Kuryłowicz

R
EV

IE
W

es hypothalamic levels and stimulates GnRH secretion 
in a normal energy balance state; however, it does not 
rescue LH inhibition during negative energy balance 
[102]. In nonobese, eugonadal men administration of 
intravenous infusion of GLP-1 reduced food intake but 
did not alter serum levels of reproductive hormones, 
including LH and testosterone pulsatility [103]. This 
finding suggests that weight loss and associated restora-
tion of proper adipose tissue function play the primary 
role in the GLP-1RAs’ induced improvement of HPG 
axis function in men. However, clinical studies did not 
address whether the impact of GLP-1 RAs on hyperan-
drogenism in women is due to a reduction in weight or 
reflect a direct action of GLP-1RAs at the ovaries [98].

GLP1-RAs therapy has been of concern in terms 
of increased risk of thyroid disease, as suggested 
by preclinical studies in rodents. Nevertheless, a re-
cent meta-analysis showed that GLP-1 analogues have 
no significant influence on the risk of thyroid cancer, 
hyperthyroidism, hypothyroidism, thyroiditis, thy-
roid mass, and the prevalence of goitre [104]. Moreover, 
liraglutide treatment, parallel to weight loss, leads to 
a decrease in TSH accompanied by restoration of im-
paired TRb expression and in this way may improve 
obesity-associated thyroid hormone resistance [105]. 

Bariatric surgery
Even though appropriately selected pharmacotherapy 
enables the achievement of significant weight reduction, 
bariatric surgery remains the only treatment option for 
some patients. New guidelines of the American Society 
of Metabolic and Bariatric Surgery and the International 
Federation for the Surgery of Obesity and Metabolic 
Disorders recommend bariatric surgery in patients 
with BMI ≥ 35 kg/m2. Surgical treatments should also be 
considered in individuals with obesity-related compli-
cations and a BMI of 30–34.9 kg/m2, while in the Asian 
population, as early as BMI ≥ 27.5 kg/m2 [106]. As well 
as leading to significant weight loss, bariatric surgery is 
also effective in restoring proper adipose tissue func-
tion. A decrease in pro-inflammatory cytokines (e.g. 
TNF-a, IL-6, IL-8) and acute-phase protein serum levels 
are systematically reported in bariatric patients [107]. 
This phenomenon is associated with morphological 
changes in adipose tissue (reduction in adipocyte size 
and the number of infiltrating macrophages) and favour-
able changes in secretion of adipokines, which translate 
to the improvement of endocrine gland function [108]. 

The influence of bariatric procedures on the HPT 
axis has been investigated in several prospective 
and observational studies, with controversial results; 
however, meta-analyses consistently report that 
surgically-induced weight loss leads to a decrease 
in TSH and FT3 levels [109]. These phenomena cor-

relate with a decline in inflammatory parameters 
and changes in vaspin and leptin concentrations 
and may contribute to the compensatory reduction 
of energy expenditure and catabolism that typically 
accompany weight loss [110]. 

The effect of bariatric surgery on improving HPG 
axis function in both sexes has also been widely re-
ported. Despite some differences in results between 
individual studies, meta-analyses confirmed that sus-
tained weight loss induced by bariatric surgery leads to 
a significant improvement of reproductive hormones: 
an increase in gonadotropins, total testosterone, 
and SHBG levels and, conversely, a decrease in DHEA 
and E2 concentrations in males, while in females: 
increase in gonadotropins and SHBG and decrease 
in androstenedione and testosterone levels [111, 112]. 
Subsequently, significant resolution of hirsutism is 
observed in 53% of women with PCOS after bariatric 
surgery, while the resolution of menstrual dysfunction 
is seen in 96% [113].

There are also data showing that bariatric surgery, 
by reducing metabolic inflammation, leads to the res-
toration of the GH-IGF-1 axis [114].

Conclusions

The increasing incidence of obesity confronts physicians 
with the need to diagnose and treat this group of pa-
tients. In selecting appropriate management, it is crucial 
to distinguish which endocrine abnormalities observed 
in obese individuals are a manifestation of primary en-
docrine gland disease and which are functional and sec-
ondary to obesity-related adipose tissue dysfunction. In 
the case of obesity-induced functional endocrine system 
impairment, weight loss management is crucial. Weight 
loss by ceasing metabolic inflammation and restoring 
normal steroidogenesis and adipokine secretion in adi-
pose tissue can be an effective and causative treatment 
for obesity-related endocrine dysfunction. Furthermore, 
a purely symptomatic approach (e.g. levothyroxine 
supplementation for obesity-induced hyperthyrotro-
pinaemia or testosterone administration to obese men 
with functional hypogonadism) may not only fail to 
produce clinical effects but potentially expose the pa-
tient to complications associated with unwarranted 
therapy [65].
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