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Abstract

Cortisol, a stress hormone, plays a crucial role in regulating metabolic, hemody-
namic, inflammatory, and behavioral processes. Its secretion is governed by the
hypothalamic-pituitary-adrenal axis. However, prolonged activation of this axis and
increased cortisol bioavailability in tissues can result in detrimental metabolic
effects. Chronic exposure to excessive cortisol is associated with insulin resistance
and visceral obesity, both significant contributors to metabolic syndrome. This
review delves into the regulation of the hypothalamic-pituitary-adrenal axis, the
molecular mechanisms underlying cortisol synthesis and its actions, as well as the
key factors influencing cortisol bioavailability. Furthermore, it provides a summary of
available clinical research data on the involvement of cortisol in metabolic syn-
drome, alongside a discussion on the various biomatrices used for cortisol mea-
surement in clinical settings.
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1. Introduction

The hypothalamic-pituitary-adrenal (HPA) axis is the major com-
ponent of the neuroendocrine system reacting to both internal and external
challenges [1]. The activation of HPA axis results in the increased secretion
of corticotropin-releasing hormone (CRH) in the hypothalamus triggering
the synthesis of adrenocorticotropic hormone (ACTH) in the pituitary
cells. The secretion of ACTH induces the de novo synthesis of gluco-
corticoids (cortisol in humans) from their precursor cholesterol in the zona
fasciculata of adrenal cortex [2].
Cortisol exerts its biological effect through genomic and non-genomic

pathways [3]. Glucocorticoids play a crucial role in reproduction, meta-
bolism, growth, coagulation, bone turnover, stress, cognition, water and
electrolyte homeostasis, as well as inflammatory and immune responses [4].
Thus, dysregulation of HPA axis have been linked to several mental and
physical disorders, including depression, general anxiety disorder, post-
traumatic stress disorder, obesity, cardiovascular disease (CVD) and meta-
bolic syndrome (MetS) [1,5].
The metabolic impacts of cortisol encompass the release of energy stores,

leading to heightened concentrations of glucose and free fatty acids (FFAs) in
the bloodstream [6]. This process aids in shielding against shock, thereby
influencing hemodynamics and fluid equilibrium, while also exerting anti-
inflammatory properties. However, when cortisol secretion remains
chronically elevated, these effects can become maladaptive, resulting in
metabolic alterations characteristic of Cushing's syndrome [7]. These
alterations include central obesity, hypertension, glucose intolerance, and
dyslipidemia, mirroring the diagnostic criteria for MetS. The notable parallels
between the manifestations of Cushing's syndrome and those of MetS have
prompted speculation that irregularities in cortisol secretion or function may
contribute to the interconnections among the features of MetS [8].

2. Cortisol

2.1 Hypothalamic-pituitary-adrenal (HPA) axis and
cortisol synthesis

Neurophysiologic response to stress consists of the coordinated activation
of the HPA axis and the locus coeruleus/norepinephrine autonomic ner-
vous system [9–11]. The HPA axis is composed of the paraventricular
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nuclei (PVN) of the hypothalamus, the pituitary gland, and the adrenal
cortex [9] (Fig. 1). In response to physical or psychosocial stressors, PVN
neurons are activated and secrete corticotropin-releasing hormone (CRH)
and arginine vasopressin (AVP) into the anterior pituitary where they bind
to specific G protein-coupled transmembrane receptors (CRH-R1 and
V1B receptor, respectively). CRH–CRH-R1 interaction activates ade-
nylate cyclase which leads to the increased intracellular concentration of
cyclic adenosine monophosphate (cAMP) and enhanced cAMP-dependent
protein kinase A (PKA) activity. The cAMP dependent PKA signaling
pathway leads to the increased proopiomelanocortin (POMC), the pre-
cursor of ACTH, expression. AVP has a potent synergistic effect on ACTH
release as it binds to arginine vasopressin receptor 1B (AVPR1B) and
activates protein kinase C signaling which results in increased POMC
synthesis and enhanced CRF-R1 expression in the anterior pituitary gland.

Fig. 1 Regulation of glucocorticoid secretion by the hypothalamic-pituitary-adrenal
(HPA) axis. Reprinted with permission S. Ramamoorthy, J.A. Cidlowski, Corticosteroids.
Mechanisms of action in health and disease. Rheum. Dis. Clin. North Am. 42 (2016) 15–31,
https://doi.org/10.1016/j.rdc.2015.08.002.
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The overall effect of CRH and AVP secretion is the synthesis and release of
ACTH which is secreted into the systemic circulation by the corticotroph
cells. Finally, increased ACTH results in activation of type 2 melanocortin
receptors (MC2-R) located in the zona fasciculata cells of the adrenal
cortex, adenylate cyclase is activated, intracellular cAMP is increased, and
biosynthesis of cortisol is initiated [9,11,12]. Cortisol is the end product of
the HPA axis and it is immediately secreted into the periphery by diffusion
[13]. Peak cortisol level is observed 15–20 min after stimulus onset [11].
The regulation of the HPA axis is under the control of long and short
feedback loops, i.e., cortisol exerts negative feedback by inhibiting CRH
(long feedback loop) and ACTH release whereas ACTH inhibits CRH
secretion (short feedback loop) [9,13,14] (Fig. 1).
Because cortisol is a steroid hormone, the primary substrate of cortisol

synthesis is cholesterol which enters the cell via receptor-mediated uptake
of low density lipoprotein (LDL)-derived cholesterol (receptor-mediated
endocytosis) or is synthesized de novo from acetyl-CoA in the endoplasmic
reticulum of the adrenal cortex cells [15]. Internalized LDL is transported
to lysosomes, where the protein component is degraded to free amino acids
and the cholesterol ester is converted to free cholesterol and FFAs by acid
lipase [16–18]. Additionally, the production of ACTH-induced cAMP
inhibits acyl-CoA cholesterol acyltransferase activity and activates
β-hydroxy-β-methylglutaryl-CoA reductase resulting in the increased free
cholesterol in the adrenal cortex cell. The unesterified cholesterol is loaded
into the outer mitochondrial membrane. The steroidogenic acute reg-
ulatory protein (StAR) is involved in transferring cholesterol from the
outer to the inner mitochondrial membrane where the first steroidogenesis
reaction occurs [17,18].
Two enzyme classes are involved in adrenal steroidogenesis, i.e.,

cytochromes P450 (CYP) and hydroxysteroid dehydrogenases (HSD).
CYP enzymes, containing a heme prosthetic group, use reduced nico-
tinamide adenine dinucleotide phosphate (NADPH) as an electron
donor, activate molecular oxygen, and during the enzymatic reaction
one oxygen atom oxidizes the substrate molecule while another is
reduced to produce water [18,19]. Reactions catalyzed by CYP are
irreversible [15,19].
The CYP enzymes can be categorized into two distinct groups, type 1

and type 2 CYP. Type 1 enzymes are localized in the inner mitochondria
membrane and rely on iron-sulfur protein ferredoxin and flavoprotein
enzyme ferredoxin reductase. Type 2 enzymes are localized in the
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endoplasmic reticulum and depend on P450 oxidoreductase (POR)
containing FAD and FMN as coenzymes. Both type 1 (CYP11A1 and
B1) and type 2 (CYP17A1, CY21A2) CYP enzymes are involved in the
cortisol biosynthesis [15,18]. HSD enzymes employ NAD(P)H and NAD
(P)+ as coenzymes, catalyzing both forward and reverse reactions in the
conversion of hydroxysteroids to the corresponding ketosteroids [19].
Although four HSD enzymes (HSD3B2, HSD11B1, HSD11B2, HSD17)
are involved in steroidogenesis, only HSD3B2 participates in cortisol
synthesis [15,18].
The adrenal cortex is divided into three functional zones, i.e., zona

glomerulosa, zona fasciculata, zona reticularis, which differ in the expres-
sion of the genes encoding steroidogenic enzymes. The initial step in the
biosynthesis of all adrenal steroid hormones involves the CYP11A1 cata-
lyzed conversion of cholesterol to pregnenolone [15,17,19,20]. In the zona
fasciculata, pregnenolone, generated through the CYP11A1 catalyzed
cleavage of the cholesterol side chain, undergoes conversion to 17α-
hydroxyprogesterone (17OHP) by HSD3B2 and CYP17A1 17α-hydro-
xylase. Subsequently, CYP21A2 catalyzes the conversion of 17OHP to
11-deoxycortisol. In the final stage, CYP11B1 converts 11-deoxycortisol
to cortisol [19] (Fig. 2).

2.2 Molecular mechanisms of glucocorticoid action
Glucocorticoid (cortisol) signaling is mediated through genomic and non-
genomic pathways [3,21,22]. These molecules play a role in maintaining
optimal cardiovascular function, regulate intermediary metabolism mainly
through catabolic actions in the liver, muscle, and adipose tissue, and
significantly impact the quantity and quality of inflammatory and immune
responses [3,21].
The conventional genomic effects of glucocorticoids are facilitated by

the glucocorticoid receptor (GR). The human GR (hGR) is an intracel-
lular protein that belongs to the steroid receptor family of the nuclear
receptor superfamily of ligand-activated transcription factors. In humans,
the hGR gene is located on the short arm of chromosome 5 and is com-
prised of 10 exons. Two main protein isoforms, hGRα and hGRβ, are
generated through the alternative use of two distinct exons (9α and 9β)
[3,21–25]. The GR consists of three distinct functional domains: a
transactivation domain located at the N-terminus; a DNA binding
domain in the central region; and a C-terminal ligand-binding domain
[21,22,24]. In the absence of ligand, GR is mainly located in the
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cytoplasm, where it forms a large multiprotein complex. This complex
contains chaperone proteins such as hsp90, hsp70, and p23, as well as
immunophilins FKBP51 and FKBP52. Upon ligand binding to the GR, a
conformational change is initiated, leading to the dissociation of the
multiprotein complex. This change exposes the two nuclear localization
signals of the GR protein, facilitating its rapid transport into the nucleus
through nuclear pores [21,26]. Once inside the nucleus, GR form homo-
or hetero-dimers and attach to specific DNA sequences, glucocorticoid
response elements (GREs), located in the promoter regions of target

Fig. 2 Schematic overview of adrenal steroidogenesis and peripheral modulation of
steroid bioactivity. Reprinted with permission L. Schiffer, L. Barnard, E.S. Baranowski, L.C.
Gilligan, A.E. Taylor, W. Arlt, C.H.L. Shackleton, K.-H. Storbeck, Human steroid biosynthesis,
metabolism and excretion are differentially reflected by serum and urine steroid meta-
bolomes: a comprehensive review. J. Steroid Biochem. Mol. Biol. 194 (2019) 105439,
https://doi.org/10.1016/j.jsbmb.2019.105439.
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genes. Interaction of GR with GRE induces conformational changes in
GR, initiating sequential and coordinated recruitment of nuclear receptor
co-activators (p160, p300/CREB-binding protein (CBP), and p300/
CBP-associated factor) and chromatin-remodeling complexes (including
switching/sucrose nonfermenting complex and vitamin D receptor-
interacting protein/thyroid hormone receptor-associated protein com-
plex). The formation of this molecular complex influences the activity of
the RNA polymerase II and its associated proteins, subsequently acti-
vating the transcription of glucocorticoid-responsive genes [3,21,22].
Similarly, the binding of GR to the negative GRE (nGRE) facilitates
glucocorticoid-induced suppression of target genes by recruiting cor-
epressors (NCoR1 and SMRT) and histone deacetylases [21,22,24]. The
ligands-activated hGRα-induced changes in gene expression can be
achieved in a manner independent of GREs. Specifically, hGRα can
physically interact with other transcription factors, including NF-κB,
activator protein-1 (c-Fos/c-Jun, AP-1), p53 and signal transducers and
activators of transcription (STATs), resulting in either increasing or
decreasing their transcriptional activity. GR can also function in a
composite manner by directly binding to the GRE and forming a physical
association with AP1 or NF-kB, which are bound to adjacent sites on the
DNA [3,21,22,24,26] (Fig. 3).
Non-genomic action of glucocorticoids occurs within seconds or

minutes, does not rely on protein synthesis, and it is mediated by the
physiochemical interaction of glucocorticoids with cytosolic or mem-
brane-bound GR. The non-genomic mechanism is associated with sev-
eral kinases (phosphoinositide 3-kinase, protein kinase B, mitogen-acti-
vated protein kinases) and release of accessory proteins after the binding
of glucocorticoids to GR. These accessory proteins are known to parti-
cipate in secondary signaling pathways. For example, once liberated from
the inactive GR protein complex, c-Src tyrosine kinase activates a sig-
naling cascade that inhibits phospholipase A2 and phosphorylate annexin
1 and decreases arachidonic acid release [21,22]. Rapid non-genomic
glucocorticoid effects are important for inhibiting inflammatory factors
and the inflammatory response by suppressing T-cell receptor signaling.
Moreover, it is suggested that inhibition of the glycogenesis during the
early stages of the stress response is also mediated by the non-genomic
mechanism of glucocorticoid action [27]. Despite these observations, the
non-genomic mechanism of action is not completely understood and
requires further study.
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2.3 Cortisol bioavailability
ACTH secretion is episodic, each pulse being followed 10 min later by
cortisol secretion which displays a circadian rhythm. Cortisol circadian
rhythm typically shows a rise in cortisol during the night, reaching a peak
within the first hour after awakening (7–8 am). Cortisol declines rapidly

Fig. 3 Genomic effects of glucocorticoid receptor. Reprinted with permission S.
Ramamoorthy, J.A. Cidlowski, Corticosteroids. Mechanisms of action in health and dis-
ease. Rheum. Dis. Clin. North Am. 42 (2016) 15–31, doi: 10.1016/j.rdc.2015.08.002.
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during morning hours, increases slightly after the mid-day meal, and gra-
dually decreases throughout the rest of the day to its lowest at 2–4 am
[28,29]. The majority (80–90%) of circulating cortisol is bound to corti-
costeroid binding globulin (CBG), some (5–10%) is bound to albumin
with < 10% as free hormone [19,30].
Cortisol and its inactive metabolite cortisone are the main glucocorticoids

found in blood. The actions of glucocorticoids are modulated by 11β-hydro-
xysteroid dehydrogenase (HSD11B) which catalyzes the reversible conversion
of cortisol to inert 11-ketosteroid metabolite cortisone. There are two distinct
HSD11B isoforms, i.e., type 1 11β-hydroxysteroid dehydrogenase (HSD11B1)
and type 2 11β-hydroxysteroid dehydrogenase (HSD11B2). The conversion of
cortisol to cortisone is catalyzed by HSD11B2 which is active in its monomeric
form and uses NAD+ as a cofactor [31]. This enzyme is primarily expressed in
the mineralocorticoid target tissues, such as renal cortex, colon, placenta salivary
and sweat glands. The mineralocorticoid receptors (MR) display similar affinity
for aldosterone and cortisol and significantly lower affinity for cortisone. Despite
a 100- to 1000-fold higher concentration of cortisol compared with aldos-
terone, the MR in aldosterone target cells is not stimulated by glucocorticoids
under normal physiologic conditions. This phenomenon can be explained by
the protective role of HSD11B2 which converts cortisol to cortisone in the
above mentioned mineralocorticoid target tissues [32].
In contrast, the conversion of cortisone to biologically active cortisol is

facilitated by 11β-hydroxysteroid dehydrogenase 1 (HSD11B1) which acts
as a dimer or tetramer utilizing NADPH as a coenzyme [31]. HSD11B1 is
highly expressed in many metabolic tissues, including the liver, brain and
white adipose [17]. It is suggested that increased HSD11B1 is associated
with the development of MetS [31]. Although the ratio of cortisol and
cortisone in blood is relatively constant, HSD11B is an important mod-
ulator of cortisol bioavailability at both the systemic and tissue level [19,33].
Glucocorticoid hormones are metabolized and excreted in urine and

feces. Prior to the excretion, enzymatic oxidation-reduction reactions
occur, primarily in the liver. Liver 5α/5β-reductases reduce C]C double
bonds, while 3α/3β-hydroxysteroid dehydrogenases catalyzes the reduc-
tion of the carbonyl group (C]O), resulting in formation of water-soluble
di- or tetra-hydrosteroids [31].

2.4 Measurement of cortisol in biological samples
Although in routine clinical laboratories cortisol is usually measured in
serum/plasma and urine, the utilization of saliva, hair or nail samples are
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especially important for research purposes [34–36]. In contrast to blood,
saliva collection is simple, non-invasive and useful for serial measurement
[36,37]. In fact, previous studies have shown a linear relationship between
cortisol in saliva and plasma (r = 0.78), support its use as an alternative
biofluid for steroid hormone measurement [34,37]. Unfortunately, saliva
may be contaminated with blood or food residue which might interfere
with measurement [36,37].
The analysis of cortisol in saliva, serum/plasma reflects short-term

changes in hormone concentration while utilization of hair or nail spe-
cimens are beneficial for long-term alterations in HPA axis (Table 1)
[35,37]. The collection of hair is simple, non-invasive and require no
special transport/storage. In addition, only a small amount of hair sample
(∼10 mg) is required for reliable analysis of cortisol. Importantly, hair
possesses a “long-term memory” vs instantaneous or short-term fluc-
tuations (Table 1) [38]. In this regard, it is important to consider the
length of the hair sample. Although hair growth is variable, the average
rate is ∼1 cm per month. Hair is generally collected from posterior vertex
region because of less variability in growth rate. Hair segments should
be < 6 cm in length due to the significant natural decline of cortisol in
distal hair (often termed ‘wash-out’ effect) thus setting a natural limit to
the 6-month period that can be retrospectively examined [5,39]. In
addition, distal hair will be subject to more environmental exposure
potentially “leaking” steroid hormones from the internal hair structures
[40,41]. Alternatively, hair may also be contaminated with chemicals or
creams and ointments containing steroid hormones [42]. Interestingly,
Abell et al. [43] reported that hair cortisol was lower in individuals who
reported using hair dyes. Hair cortisol is lower in women and higher in
some ethnic groups. Additionally, depressive symptoms, diabetes and the
usage of corticosteroids or cardiovascular medications have been asso-
ciated with increased hair cortisol.
Nail samples can serve as a valuable alternative for testing cortisol to

retrospectively evaluate the HPA axis. Because nail growth is ∼0.1 mm
per day, a 1 mm segment represents cortisol secretion for 10-day period
from three to five months earlier. The advantages of nail specimen col-
lection is similar to that of hair [35,44]. Additional benefits include
consistent specimen availability which permits sampling in distinct
populations, including subjects of different ages, ethnicities and cultural
beliefs [44]. Unfortunately, little is known about the effect of potential
trait-like confounders of fingernail cortisol [45]. For optimal storage,
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most suggest freezing at −20 °C, −30 °C or −80 °C. Accordingly, hair
remains the primary specimen for the long-term assessment of steroid
hormone secretion [35].

2.5 Analytical methods for measuring cortisol
Enzyme-linked immunosorbent assay (ELISA) and chemiluminescent
microparticle immunoassay (CMIA) are the most common techniques for
measuring steroid hormones in clinical chemistry laboratories. These methods
vary widely on analytical performance, i.e., sensitivity, specificity, etc, as well
as cost-effectiveness [47,48]. Most testing is performed using automated
immunoassay platforms for higher throughput and more reproducible testing
[47–49]. Unfortunately, key limitations are variable specificity due to cross-
reactivity, limited dynamic range, susceptibility to matrix effects and inter-
ferences, as well as the ability to measure only one hormone at a time [48,49].
Fortunately, the utilization of mass spectrometry (MS)-based methods, such as
those coupled to gas or liquid chromatography (GC–MS or LC–MS) or
tandem MS (GC–MS/MS or LC–MS/MS), were found to overcome these
limitations. The major advantages of GC-MS method are high chromato-
graphic resolution and sensitivity, small sample volume requirement, auto-
mation possibilities and the analysis of multiple analytes simultaneously.
Unfortunately, steroid hormones are poorly volatile thus requiring derivati-
zation which can prolong processing and potentially contribute to the for-
mation of derivative isomers and change in mass. Furthermore, analytical run
times are generally long, ranging from 0.5–1 h [49]. In contrast, LC-MS and
LC-MS/MS are rapidly becoming the approach of choice for analysis of
steroid hormones in a clinical laboratory setting. The careful selection of
analytical columns, solvent systems and chromatographic separation parameters
enables the efficient separation and analysis of complex mixtures of steroids.
Other benefits are short analysis time, high sensitivity, reliability, small sample
volume requirement, high-throughput, wide dynamic range and simple
processing, i.e., avoids the need for derivatization [49–51]. The major lim-
itation is that high-resolution MS systems are expensive and may only be
warranted for specialized applications rather than routine steroid analysis [48].
LC-MS/MS is useful for steroid hormone analysis in a variety of

matrices, i.e., serum, saliva, dried blood spots, urine, hair and nail
[35,46,49,50,52,53]. For example, Gao et al. [50] successfully used LC-MS/
MS to determine the concentration of seven steroid hormones (cortisol,
cortisone, testosterone, progesterone, corticosterone, androstenedione) in
human hair. The limits of quantification (LOQ) were below (or equal to)

Cortisol in metabolic syndrome 141



0.1 pg/mg for all steroids, except of DHEA for which the LOQ was
0.9 pg/mg. Similarly, this research group also established an HPLC-MS/ MS
assay for simultaneous measurement of estradiol, cortisol, cortisone, testos-
terone, progesterone, corticosterone and dehydroepiandrosterone in human
saliva [51]. Results demonstrated LOQ below (or equal to) 5 pg/mL for all
steroids, except for DHEA for which the LOQ was 10 pg/mL. Intra- and
inter-assay coefficient of variation (CV) was 4.7–10.8% and 5.7–10.1%,
respectively. Other LC-MS assays for hair cortisol showed high sensitivity
with LOQ ranging from 0.09 to 100 pg/mg. Comparison of methods for
cortisol analysis in various matrices are summarized (Table 2).

Table 2 The comparison of analytical methods employed for the analysis of steroid
hormones in biological samples [48,49].
Method Advantages Disadvantages

Immunoassay High sensitivity
Fast, easy to perform
High throughput
Commercially available
Available for autoanalyzers

Low specificity
Limited to analysis of one
analyte at a time
Limited dynamic range

GC-MS (GC-
MS/MS)

High specificity
Small sample volume
requirement
Can be fully automated
Multiple steroid
measurement

Low throughput
Intensive sample
preparation (derivatization
required)
Lengthy analysis times

LC-MS (LC-MS/
MS)

High specificity
High sensitivity
Small sample volume
requirement
High throughput
Wide dynamic range
Less sample preparation
(derivatization is not
required)
Short analysis time
Can be fully automated
Multiple steroids
measurement

High associated costs

GC–MS, Gas chromatography–mass spectrometry; GC–MS/MS, gas chromatography–tandem mass
spectrometry; LC–MS, liquid chromatography–mass spectrometry; and LC–MS/MS, liquid chroma-
tography–tandem mass spectrometry.
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3. Metabolic syndrome (MetS)

3.1 Definition of MetS
Metabolic syndrome (MetS) is a cluster of inter-related metabolic risk
factors for development of CVD. It was originally described as syndrome X
by Reaven in 1988 [54] and encompasses a set of metabolic disorders,
including hyperglycemia, central obesity, hypertension, and atherogenic
dyslipidemia, e.g. hypertriglyceridemia and decreased high density lipo-
protein (HDL) cholesterol. Since MetS was first described, numerous
definitions by various authors and organizations have been proposed. In the
first attempt by the World Health Organization (WHO) in 1998, the
definition was based on insulin resistance and required any two additional
criteria from obesity, hypertension, hypertriglyceridemia, reduced HDL
cholesterol, and microalbuminuria [55]. The latter was excluded from the
definition criteria in the following year by the European Group for the
Study of Insulin Resistance (EGIR) [56]. Currently widely accepted MetS
definition was first proposed by The National Cholesterol Education
Programs Adult Treatment Panel III (ATP-III) 2001 with at least three out
of five criteria present: abdominal obesity, based on waist circumference,
increased triglyceride, decreased HDL cholesterol, elevated blood pressure
and fasting glycemia [57]. The International Diabetes Federation (IDF)
stressed the role of central obesity and included increased waist cir-
cumference as an obligatory factor for MetS diagnosis [58]. Finally, in
2009, a consensus agreement from IDF, American Heart Association,
WHO, International Atherosclerosis Society, International Association for
the Study of Obesity was released proposing three out of five criteria,
without obligatory components, necessary for MetS diagnosis [59]. The
summary of diagnostic MetS criteria is provided in Table 3.

3.2 Pathobiology of MetS
The pathogenic mechanisms of MetS are complex and not fully under-
stood. Whether the individual components of MetS represent distinct
pathophysiology or a common pathogenic mechanism is behind various
manifestations of MetS is still debated. Some authors suggest that visceral
adipose tissue and its hormones play a critical role in MetS development
[60], while other argue that insulin resistance precedes obesity, and not all
obese individuals develop insulin resistance, but remain metabolically
healthy [61].

Cortisol in metabolic syndrome 143



Ta
b
le

3
D

ia
gn

os
tic

cr
ite

ria
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e.
O
rg
an

iz
at
io
n

W
H
O
(1
99
8)

EG
IR

(1
99
9)

N
C
EP

A
TP

III
(2
00
1)

ID
F
(2
00
5)

C
on

se
n
su
s

g
ui
d
el
in
es

(2
00
9)

O
be
sit
y

W
ai
st
-t
o-
hi
p
ra
tio

>
0.
9
in
m
en
or

>
0.
85
in
w
om
en

or
B
M
I

>
30
kg
/m

2

W
C
≥
94
cm

in
m
en
or
≥
80
cm

in
w
om
en

W
C

≥
10
2
cm
(A
sia
n
≥

90
cm
)
in
m
en
or

≥
88
cm

(A
sia
n
≥

80
cm
)
in
w
om
en

In
cr
ea
se
d
W
C

(p
op
ul
at
io
n

sp
ec
ifi
c)

In
cr
ea
se
d
W
C

(p
op
ul
at
io
n

sp
ec
ifi
c)

B
lo
od pr
es
su
re

≥
14
0/
90
m
m
H
g

≥
14
0/
90
m
m
H
g
or

m
ed
ic
at
io
n

≥
13
0/
85
m
m
H
g
or

m
ed
ic
at
io
n

≥
13
0/
85
m
m
H
g
or

m
ed
ic
at
io
n

≥
13
0/
85
m
m
H
g
or

m
ed
ic
at
io
n

T
ri
gl
yc
er
id
e

≥
15
0
m
g/
dL

≥
18
0
m
g/
dL
or

m
ed
ic
at
io
n

≥
15
0
m
g/
dL
or

m
ed
ic
at
io
n

≥
15
0
m
g/
dL
or

m
ed
ic
at
io
n

≥
15
0
m
g/
dL
or

m
ed
ic
at
io
n

H
D
L-
C

<
35
m
g/
dL
in

m
en
or

<
40
m
g/
dL
in

w
om
en

<
40
m
g/
dL
or

m
ed
ic
at
io
n

<
40
m
g/
dL
in

m
en
or

<
50
m
g/
dL
in

w
om
en
or

m
ed
ic
at
io
n

<
40
m
g/
dL
in

m
en
or

<
50
m
g/
dL
in

w
om
en
or

m
ed
ic
at
io
n

<
40
m
g/
dL
in

m
en
or

<
50
m
g/
dL
in

w
om
en
or

m
ed
ic
at
io
n

G
lu
co
se

IG
T
,
IF
G
or
D
M

IG
T
,
IF
G
or
D
M

FB
G
≥
10
0
m
g/
dL

or
D
M

FB
G
≥
10
0
m
g/
dL

or
D
M

FB
G
≥
10
0
m
g/
dL

or
D
M

C
ri
te
ri
a
fo
r

di
ag
no
sis

IG
T
,
IF
G
,
D
M
or

in
su
lin
re
sis
ta
nc
e

pl
us
tw
o
or
m
or
e

of
th
e
fo
llo
w
in
g

ri
sk
fa
ct
or
s

T
hr
ee
or
m
or
e

cr
ite
ri
a,
on
e
of

th
em

sh
ou
ld
be

in
su
lin
re
sis
ta
nc
e

T
hr
ee
or
m
or
e

cr
ite
ri
a

T
hr
ee
or
m
or
e

cr
ite
ri
a,
on
e
of

th
em

sh
ou
ld
be

ce
nt
ra
l
ob
es
ity

T
hr
ee
or
m
or
e

cr
ite
ri
a

N
C
E
P
A
T
P,
T
he
N
at
io
na
lC
ho
le
ste
ro
l.
E
du
ca
tio
n
Pr
og
ra
m
A
du
lt
T
re
at
m
en
tP
an
el
;I
D
F,
th
e
In
te
rn
at
io
na
lD
ia
be
te
sF
ed
er
at
io
n;
E
G
IR
,h
e
E
ur
op
ea
n
G
ro
up
fo
rt
he
stu
dy
of

In
su
lin
R
es
ist
an
ce
;W

H
O
,t
he
W
or
ld
H
ea
lth
O
rg
an
iz
at
io
n;
A
A
C
E
,t
he
A
m
er
ic
an
A
ss
oc
ia
tio
n
of
C
lin
ic
al
E
nd
oc
rin
ol
og
y;
W
C
,w
ai
st
ci
rc
um
fe
re
nc
e;
H
D
L-
C
,h
ig
h
de
ns
ity

lip
op
ro
te
in
ch
ol
es
te
ro
l;
B
M
I,
bo
dy
m
as
s
in
de
x;
FB
G
,
fa
sti
ng
bl
oo
d
gl
uc
os
e;
IG
T
,
im
pa
ire
d
gl
uc
os
e
to
le
ra
nc
e;
IF
G
,
im
pa
ire
d
fa
sti
ng
gl
uc
os
e;
D
M
,
di
ab
et
es
m
el
lit
us
.



Insulin resistance-mediated increase in circulating FFAs is believed to
play a pivotal role in the pathogenesis of MetS. Insulin increases glucose
uptake in muscle and liver and inhibits lipolysis and hepatic gluconeo-
genesis. Insulin resistance in adipose tissue impairs insulin-mediated inhi-
bition of lipolysis, leading to an increase in circulating FFAs that further
inhibit the antilipolytic effect of insulin [62]. FFAs inhibit muscle protein
kinase leading to reduced glucose uptake. They increase protein kinase
activation in the liver that promotes gluconeogenesis and lipogenesis. The
net effect is the creation of a hyperinsulinemic state to maintain eugly-
cemia. Eventually, the compensation fails and insulin secretion decreases.
FFAs are also lipotoxic to beta cells of the pancreas causing decreased
insulin secretion. Insulin resistance also contributes to the development of
hypertension due to loss of the vasodilator effect of insulin and vasocon-
striction caused by FFAs [63]. Additional mechanisms include increased
sympathetic activation and sodium reabsorption in the kidneys. Insulin
resistance also causes an increase in serum viscosity, induction of a pro-
thrombotic state, and release of pro-inflammatory cytokines from the
adipose tissue that contribute to increased risk of CVD.
Visceral fat deposits contribute to insulin resistance more than sub-

cutaneous fat, as visceral lipolysis leads to an increased supply of FFAs to the
liver. Increase in FFAs leads to increased triglyceride synthesis and the
production of apolipoprotein B containing triglyceride-rich very LDL
(VLDL) in the liver [64]. Increase in small dense LDL cholesterol and
reduction in HDL cholesterol are indirect effects of insulin resistance
caused by altered lipid metabolism in the liver.
VLDL, chylomicron remnants, and LDL are removed from the circu-

lation primarily by the liver, a process promoted by insulin and impaired in
insulin resistance [65]. Insulin stimulates the expression of the LDL
receptor (LDLR) in the liver, which binds to apolipoprotein B100 for the
reuptake of these lipoprotein into the liver cells from the circulation [66].
Proprotein convertase subtilisin/kexin type 9 (PCSK9), produced by the
liver, binds to LDLR at the epidermal growth factor-binding site, initiating
endocytosis and subsequent lysosomal degradation of the LDLR, thereby
preventing recycling of the LDLR to the cell surface, which results in less
efficient removal of LDL particles from the circulation [67]. The adverse
effects of insulin resistance on LDLR availability are two-fold– while
hepatic insulin resistance impairs the insulin-stimulated LDLR production,
PCSK9 increases with insulin resistance, leading to a net decrease of
available LDLR on the cell surface for ApoB particle clearance [68,69].
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Low HDL in insulin-resistant states can be attributed largely to accel-
erated catabolism [70]. One factor that accounts for this is activity of
cholesteryl ester transfer protein (CETP), enhanced during the insulin
resistance state, which mediates the transfer of cholesterol ester from HDL
to apoB-containing lipoproteins in exchange for triglycerides. In an
insulin-resistant state, increased apoB-containing lipoprotein particles, such
as VLDL, may drive an increased rate of CETP-mediated enrichment of
triglycerides in HDL while depleting them from cholesteryl esters.
Increased TG content make HDL particles more susceptible to hydrolysis
by hepatic lipase whose activity is increased in insulin resistance, con-
tributing to further reduction in HDL size [71].
Visceral adipose tissue displays metabolic activity, producing notable

quantities of bioactive compounds like plasminogen activator inhibitor,
fostering a prothrombotic environment, and heparin-binding epidermal
growth factor, stimulating smooth muscle cell proliferation and vascular
restructuring [72].
Inflammation appears to serve as the pathologic connection between

obesity and metabolic disorders by triggering the immune system.
Increased immune cells, i.e., macrophages, and acute-phase proteins, i.e.,
C-reactive protein, shift cytokine production to a pro-inflammatory pro-
file, thus establishing a state of silent low-grade inflammation [73]. This
state is associated with disorders of energy metabolism, especially damage
and insulin metabolism disorders in peripheral tissues [74].

3.3 Metabolic effects of cortisol
Cortisol ensures adequate glucose availability in the bloodstream during
times of increased energy demand, i.e., fasting, stress and physical exertion.
Its actions on gluconeogenesis are an adaptive response to maintain energy
homeostasis and provide a crucial energy source for various tissues, parti-
cularly the brain, red blood cells and other glucose-dependent organs.
Cortisol stimulates gluconeogenesis and inhibits glycogenesis. It also sti-
mulates lipolysis and proteolysis which provides oxidative substrates for
metabolism. Glucocorticoids are known to be involved in the pathophy-
siology of insulin resistance and diabetes [6].
Cortisol has both direct and indirect effects on insulin secretion

depending on dosage and exposure duration [75]. Increased cortisol was
associated with decreased insulin secretion in a Japanese population-based
study [76]. The compensatory increase in insulin secretion during long-
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term glucocorticoid exposure is likely in response to the profound decrease
in insulin action.
Glucocorticoids impair insulin sensitivity at multiple sites in the liver,

muscle and adipose [77]. When insulin binds to hepatocytes, it decreases
hepatic glucose output and endogenous glucose production via inhibition
of gluconeogenesis. Glucocorticoids upregulate forkhead box O1
(FOXO1) and increase expression of MAP kinase phosphatase-3 (MKP-3)
resulting in hepatic gluconeogenesis by increased transcription of key
regulatory enzymes such as phosphoenolpyruvate carboxykinase and glu-
cose-6-phosphatase [78].
Indirectly, cortisol boosts hepatic glucose output by increasing FFAs.

Upregulation of FOXO1 enhances lipid accumulation in hepatocytes
through various pathways (MKP-3, PPAR-γ, FAS, SCD1, and ACC2),
contributing to hepatic steatosis [7]. Newly synthesized lipids are converted
to diacylglycerol and ceramides, both implicated with reduced insulin
action in the liver.
Cortisol stimulates lipolysis in subcutaneous adipose, but induces

lipogenesis in visceral adipose, with its action augmented by insulin [79].
This specific variation in activity is likely linked to its actions on intra-
cellular hormone sensitive lipase, intravascular lipoprotein lipase, and
AMP-activated protein kinase (AMPK) [80]. The result is an overall
increase in FFA turnover with an overall decrease in insulin action.
Cortisol plays an important role in myocyte ability to clear glucose.

Muscle is the primary source for glucose disposal, accounting for 70–80%
of the body’s glucose use. To maintain normal blood glucose during fasting
or starvation, glucocorticoids promote proteolysis, while released amino
acids serve as precursors for hepatic gluconeogenesis. Cortisol also impairs
the expression of GLUT4 on the cell surface, resulting in reduced glucose
uptake by muscle and adipose [81]. Cortisol decreases GLUT4 transloca-
tion and exocytosis both directly and indirectly due to defective insulin
receptor signaling. The net result of excess cortisol is hyperglycemia due to
a significant decrease in glucose clearance.
Glucocorticoids decrease phosphorylation of the insulin receptor which

is required for binding insulin receptor substrate 1 (IRS1) to activate insulin
receptor signaling.
Downstream signaling is also impaired by decreased phosphinositide-3-

kinase (PI3K) activity resulting in disruption of glycogen synthase activity.
Glucocorticoids exert significant control over inflammation, and their

anti-inflammatory properties have been recognized and applied in clinical
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settings for many years. Nevertheless, prolonged exposure to chronic
stress fosters persistent, unresolved inflammation within the CNS by
gradually inducing resistance to glucocorticoids, thereby exacerbating the
inflammatory response [82,83]. Analysis of saliva cortisol and inflamma-
tory markers in the Multi-Ethnic Study of Atherosclerosis study showed
that persons with increased interleukin-6 had less pronounced cortisol
awakening response, a less steep daily decline and higher total cortisol
output [84].

3.4 Role of cortisol in MetS
High cortisol leads to development of Cushing syndrome, and the simi-
larities between the clinical features of Cushing syndrome and those of
MetS raised the hypothesis that cortisol might play an important role in
MetS pathogenesis [85]. Cushing syndrome is characterized by an accu-
mulation of adipose at central sites of the body, mainly in the truncal region
and visceral depots, and similarly, central obesity is one of the main
components of MetS.
However, research examining the association of cortisol in MetS has

yielded inconsistent results, with some studies showing positive association
[86–88] while others found none [89,90]. These discrepancies may stem
from challenges in accurately measuring cortisol as well as clinically diag-
nosing MetS.
Many studies investigating cortisol in MetS typically assess cortisol in

blood and saliva. However, these measurements are sensitive to various
factors, including circadian rhythm and psychological stress induced by
collection procedure itself.
The development of MetS may be more influenced by prolonged

elevations in cortisol, which can be better assessed using hair as a marker for
long-term activation of the HPA axis.
The level of cortisol is influenced by the activation of the HPA axis and

intracellular regulation via 11β-hydroxysteroid dehydrogenases [91]. Local
regulation is relevant because it represents a key tissue-level source of
cortisol, and a potential ligand of both the glucocorticoid receptor and
MR, which may not be reflected in circulating cortisol alone. The activity
of 11β-HSD1 may be relevant in obesity because 11β-HSD1 is expressed
in adipose tissue which is increased in obesity [92].
Studies examining the association between serum cortisol and MetS

have also been inconsistent. For example, in a Korean study Park et al. [93]
found that increased MetS risk was associated with increased serum cortisol
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even after adjustment for age and body mass index. Vogelzangs et al. [94]
showed that elderly persons with higher free cortisol index (total serum
cortisol/cortisol binding globulin) showed a higher odds ratio of MetS.
However, a study conducted in a sample of older Italian men demonstrated
no significant relationship between MetS and serum cortisol [95]. Similar
results were found in older Italian women [96].
The findings from studies that relied on saliva or urine testing exhibited

even greater variability. These discrepancies could be attributed to inade-
quate sample collection as well as poor or non-compliance with sampling
protocols such as inaccurate timing of collection. Accordingly, these pre-
analytic issues may be more achievable in a controlled setting where
standardized protocols are employed. Additionally, exposure to light after
awakening could also influence salivary cortisol levels. In 2018, Garcez
et al. [97] performed a systematic review and meta-analysis of 26 original
research studies that included 11,808 subjects and evaluated the association
between basal cortisol (serum, urine and saliva) and prevalence of MetS.
Pooled results showed no significant difference in basal cortisol in subjects
with and without MetS. There was, however, high study heterogeneity. As
such, role of cortisol in the development of MetS remains controversial.
It is likely that persistent changes in cortisol may be more relevant.

Accordingly, analysis of hair may provide an alternative and more viable
approach in the retrospective assessment of cortisol secretion long-term.
In fact, a recent systematic review examined the relationship between

hair cortisol and MetS [98]. The eight studies included a total of 1960
participants (526 with and 1434 without MetS). Three reported increased
hair cortisol in MetS [99–101] whereas one reported the opposite [102].
Interestingly, four studies found no association [103–106]. It should be
noted, however, that the latter included patients with psychiatric diseases
and the role of cortisol in MetS was not the primary objective.

4. Conclusions

MetS is a cluster of cardiometabolic risk factors that include obesity
(particularly central obesity), increased triglyceride, decreased HDL cho-
lesterol, hypertension and hyperglycemia. It is suggested that cortisol could
play a role in the pathophysiology of MetS as cortisol stimulates gluco-
neogenesis, lipolysis, proteolysis and inhibits glycogenesis. Glucocorticoids
play an important role in the insulin secretion and inflammation. To assess
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the link between MetS and the HPA axis, cortisol has been measured in
various biological samples using numerous analytical methods.
Unfortunately, the lack of standardized approaches and use of well-con-
trolled study populations, has contributed to inconsistent findings. Further
work may include the development of a gold standard for cortisol deter-
mination. As such, it is clear that additional research is required to more
firmly establish the biochemistry and pathophysiology of cortisol hyper-
secretion in MetS.

Declaration of AI and AI-assisted technologies in the writing
process
During the preparation of this work the authors used ChatGPT 3.5 in order to improve
readability and language. After using this tool/service, the authors reviewed and edited the
content as needed and take full responsibility for the content of the publication.

References
[1] C. Leistner, A. Menke, Chapter 4—Hypothalamic–pituitary–adrenal axis and stress,

in: R. Lanzenberger, G.S. Kranz, I.B.T.-H. of C.N. Savic (Eds.), Sex Differences in
Neurology and Psychiatry, 175 Elsevier, 2020, pp. 55–64 ISBN 0072-9752.

[2] K. Liyanarachchi, R. Ross, M. Debono, Human studies on hypothalamo-pituitary-
adrenal (HPA) axis, Best. Pract. Res. Clin. Endocrinol. Metab. 31 (2017) 459–473,
https://doi.org/10.1016/j.beem.2017.10.011

[3] N.C. Nicolaides, E. Kyratzi, A. Lamprokostopoulou, G.P. Chrousos,
E. Charmandari, Stress, the stress system and the role of glucocorticoids,
Neuroimmunomodulation 22 (2014) 6–19, https://doi.org/10.1159/000362736

[4] R. Lengton, A.M. Iyer, E.S. van der Valk, E.K. Hoogeveen, O.C. Meijer, B. van der
Voorn, et al., Variation in glucocorticoid sensitivity and the relation with obesity,
Obes. Rev. 23 (2022) e13401, https://doi.org/10.1111/obr.13401

[5] V.L. Wester, E.F.C. van Rossum, Clinical applications of cortisol measurements in
hair, Eur. J. Endocrinol. 173 (2015) M1–M10, https://doi.org/10.1530/EJE-15-0313

[6] A. Rafacho, H. Ortsäter, A. Nadal, I. Quesada, Glucocorticoid treatment and
endocrine pancreas function: implications for glucose homeostasis, insulin resistance
and diabetes, J. Endocrinol. 223 (2014) R49–R62, https://doi.org/10.1530/JOE-14-
0373

[7] A. Sharma, A. Vella, Glucose metabolism in Cushing’s syndrome, Curr. Opin.
Endocrinol. Diabetes Obes. 27 (2020).

[8] B.R. Walker, Cortisol—cause and cure for metabolic syndrome? Diabet. Med. 23
(2006) 1281–1288, https://doi.org/10.1111/j.1464-5491.2006.01998.x

[9] N.C. Nicolaides, E. Charmandari, G.P. Chrousos, T. Kino, Circadian endocrine
rhythms: the hypothalamic-pituitary-adrenal axis and its actions, Ann. N. Y. Acad.
Sci. 1318 (2014) 71–80, https://doi.org/10.1111/nyas.12464

[10] M. Keller-Wood, Hypothalamic-pituitary-adrenal axis-feedback control, Compr.
Physiol. 5 (2015) 1161–1182, https://doi.org/10.1002/cphy.c140065

[11] G. Russell, S. Lightman, The human stress response, Nat. Rev. Endocrinol. 15 (2019)
525–534, https://doi.org/10.1038/s41574-019-0228-0

[12] N.G. Burford, N.A. Webster, D. Cruz-Topete, Hypothalamic-pituitary-adrenal axis
modulation of glucocorticoids in the cardiovascular system, Int. J. Mol. Sci. 18 (2017)
1–16, https://doi.org/10.3390/ijms18102150

150 Eglė Mazgelytė and Dovilė Karčiauskaitė

http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref1
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref1
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref1
https://doi.org/10.1016/j.beem.2017.10.011
https://doi.org/10.1159/000362736
https://doi.org/10.1111/obr.13401
https://doi.org/10.1530/EJE-15-0313
https://doi.org/10.1530/JOE-14-0373
https://doi.org/10.1530/JOE-14-0373
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref7
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref7
https://doi.org/10.1111/j.1464-5491.2006.01998.x
https://doi.org/10.1111/nyas.12464
https://doi.org/10.1002/cphy.c140065
https://doi.org/10.1038/s41574-019-0228-0
https://doi.org/10.3390/ijms18102150


[13] A. Papadimitriou, K.N. Priftis, Regulation of the hypothalamic-pituitary-adrenal axis,
Neuroimmunomodulation 16 (2009) 265–271, https://doi.org/10.1159/000216184

[14] C. Tsigos, G.P. Chrousos, Hypothalamic-pituitary-adrenal axis, neuroendocrine
factors and stress, J. Psychosom. Res. 53 (2002) 865–871, https://doi.org/10.1016/
S0022-3999(02)00429-4

[15] I.-A. Bacila, C. Elder, N. Krone, Update on adrenal steroid hormone biosynthesis
and clinical implications, Arch. Dis. Child. 104 (2019) 1223–1228, https://doi.org/
10.1136/archdischild-2017-313873

[16] D.M. Spillane, J.W. Reagan, N.J. Kennedy, D.L. Schneider, T.-Y. Chang,
Translocation of both lysosomal LDL-derived cholesterol and plasma membrane
cholesterol to the endoplasmic reticulum for esterification may require common
cellular factors involved in cholesterol egress from the acidic compartments (lyso-
somes/endosomes), Biochim. Biophys. Acta—Lipids Lipid Metab. 1254 (1995)
283–294, https://doi.org/10.1016/0005-2760(94)00190-A

[17] T.J. Cole, K.L. Short, S.B. Hooper, The science of steroids, Semin. Fetal Neonatal
Med. 24 (2019) 170–175, https://doi.org/10.1016/j.siny.2019.05.005

[18] H.K. Ghayee, R.J. Auchus, Basic concepts and recent developments in human steroid
hormone biosynthesis, Rev. Endocr. Metab. Disord. 8 (2007) 289–300, https://doi.
org/10.1007/s11154-007-9052-2

[19] L. Schiffer, L. Barnard, E.S. Baranowski, L.C. Gilligan, A.E. Taylor, W. Arlt, et al.,
Human steroid biosynthesis, metabolism and excretion are differentially reflected by
serum and urine steroid metabolomes: a comprehensive review, J. Steroid Biochem.
Mol. Biol. 194 (2019) 105439, https://doi.org/10.1016/j.jsbmb.2019.105439

[20] K.-H. Storbeck, L. Schiffer, E.S. Baranowski, V. Chortis, A. Prete, L. Barnard, et al.,
Steroid metabolome analysis in disorders of adrenal steroid biosynthesis and meta-
bolism, Endocr. Rev. 40 (2019) 1605–1625, https://doi.org/10.1210/er.2018-00262

[21] S. Ramamoorthy, J.A. Cidlowski, Corticosteroids. Mechanisms of action in health
and disease, Rheum. Dis. Clin. North. Am. 42 (2016) 15–31, https://doi.org/10.
1016/j.rdc.2015.08.002

[22] K.L. Gross, N.Z. Lu, J.A. Cidlowski, Molecular mechanisms regulating glucocorti-
coid sensitivity and resistance, Mol. Cell. Endocrinol. 300 (2009) 7–16, https://doi.
org/10.1016/j.mce.2008.10.001

[23] C. Stahn, M. Löwenberg, D.W. Hommes, F. Buttgereit, Molecular mechanisms of
glucocorticoid action and selective glucocorticoid receptor agonists, Mol. Cell.
Endocrinol. 275 (2007) 71–78, https://doi.org/10.1016/j.mce.2007.05.019

[24] M.J.M. Schaaf, J.A. Cidlowski, Molecular mechanisms of glucocorticoid action and
resistance, J. Steroid Biochem. Mol. Biol. 83 (2002) 37–48, https://doi.org/10.1016/
S0960-0760(02)00263-7

[25] H. Huang, W. Wang, Molecular mechanisms of glucocorticoid resistance, Eur. J.
Clin. Invest. 53 (2023) 1–12, https://doi.org/10.1111/eci.13901

[26] M.A. Sacta, Y. Chinenov, I. Rogatsky, Glucocorticoid signaling: an update from a
genomic perspective, Annu. Rev. Physiol. 78 (2016) 155–180, https://doi.org/10.
1146/annurev-physiol-021115-105323

[27] C.L. Jiang, L. Liu, J.G. Tasker, Why do we need nongenomic glucocorticoid
mechanisms? Front. Neuroendocrinol. 35 (2014) 72–75, https://doi.org/10.1016/j.
yfrne.2013.09.005

[28] C.A. Elverson, M.E. Wilson, Cortisol: circadian rhythm and response to a stressor,
Newborn Infant. Nurs. Rev. 5 (2005) 159–169, https://doi.org/10.1053/j.nainr.
2005.09.002

[29] N.A.S.M. Azmi, N. Juliana, S. Azmani, N.M. Effendy, I.F. Abu, N.I.M.F. Teng, et al.,
Cortisol on circadian rhythm and its effect on cardiovascular system, Int. J. Environ.
Res. Public. Health 18 (2021) 1–15, https://doi.org/10.3390/ijerph18020676

Cortisol in metabolic syndrome 151

https://doi.org/10.1159/000216184
https://doi.org/10.1016/S0022-3999(02)00429-4
https://doi.org/10.1016/S0022-3999(02)00429-4
https://doi.org/10.1136/archdischild-2017-313873
https://doi.org/10.1136/archdischild-2017-313873
https://doi.org/10.1016/0005-2760(94)00190-A
https://doi.org/10.1016/j.siny.2019.05.005
https://doi.org/10.1007/s11154-007-9052-2
https://doi.org/10.1007/s11154-007-9052-2
https://doi.org/10.1016/j.jsbmb.2019.105439
https://doi.org/10.1210/er.2018-00262
https://doi.org/10.1016/j.rdc.2015.08.002
https://doi.org/10.1016/j.rdc.2015.08.002
https://doi.org/10.1016/j.mce.2008.10.001
https://doi.org/10.1016/j.mce.2008.10.001
https://doi.org/10.1016/j.mce.2007.05.019
https://doi.org/10.1016/S0960-0760(02)00263-7
https://doi.org/10.1016/S0960-0760(02)00263-7
https://doi.org/10.1111/eci.13901
https://doi.org/10.1146/annurev-physiol-021115-105323
https://doi.org/10.1146/annurev-physiol-021115-105323
https://doi.org/10.1016/j.yfrne.2013.09.005
https://doi.org/10.1016/j.yfrne.2013.09.005
https://doi.org/10.1053/j.nainr.2005.09.002
https://doi.org/10.1053/j.nainr.2005.09.002
https://doi.org/10.3390/ijerph18020676


[30] G. Cizza, K.I. Rother, Cortisol binding globulin: more than just a carrier? J. Clin.
Endocrinol. Metab. 97 (2012) 77–80, https://doi.org/10.1210/jc.2011-3090

[31] A.E. Michael, L.M. Thurston, M.T. Rae, Glufile:///Users/vartotojas/Desktop/
962903.pdfcocorticoid metabolism and reproduction: a tale of two enzymes.
Reproduction 126 (2003) 425–441.

[32] M. Barbot, F. Ceccato, C. Scaroni, The pathophysiology and treatment of hyper-
tension in patients with Cushing’s syndrome, Front. Endocrinol. (Lausanne). 10
(2019) 1–9, https://doi.org/10.3389/fendo.2019.00321

[33] I. Perogamvros, D.W. Ray, P.J. Trainer, Regulation of cortisol bioavailabil-
ity—effects on hormone measurement and action, Nat. Rev. Endocrinol. 8 (2012)
717–727, https://doi.org/10.1038/nrendo.2012.134

[34] J.G. Lewis, Steroid analysis in saliva: an overview, Clin. Biochem. Rev. 27 (2006)
139–146.

[35] R. Phillips, A.K. Kraeuter, B. McDermott, S. Lupien, Z. Sarnyai, Human nail
cortisol as a retrospective biomarker of chronic stress: a systematic review,
Psychoneuroendocrinology 123 (2021), https://doi.org/10.1016/j.psyneuen.2020.
104903

[36] D. French, Advances in bioanalytical techniques to measure steroid hormones in
serum, Bioanalysis 8 (2016) 1203–1219, https://doi.org/10.4155/bio-2015-0025

[37] R.S.P. Malon, S. Sadir, M. Balakrishnan, E.P. Córcoles, Saliva-based biosensors:
noninvasive monitoring tool for clinical diagnostics, Biomed. Res. Int. (2014) 1–20,
https://doi.org/10.1155/2014/962903

[38] L. Koren, O. Mokady, T. Karaskov, J. Klein, G. Koren, E. Geffen, A novel method
using hair for determining hormonal levels in wildlife, Anim. Behav. 63 (2002)
403–406, https://doi.org/10.1006/anbe.2001.1907

[39] K.D. Wright, R. Hickman, M.L. Laudenslager, Hair cortisol analysis: a promising
biomarker of HPA activation in older adults, Gerontologist 55 (2015) S140–S145,
https://doi.org/10.1093/geront/gnu174

[40] G. Noppe, Y.B. De Rijke, K. Dorst, E.L.T. Van Den Akker, E.F.C. Van Rossum,
LC-MS/MS-based method for long-term steroid profiling in human scalp hair, Clin.
Endocrinol. (Oxf). 83 (2015) 162–166, https://doi.org/10.1111/cen.12781

[41] C.D. Voegel, M. Hofmann, T. Kraemer, M.R. Baumgartner, T.M. Binz,
Endogenous steroid hormones in hair: investigations on different hair types, pig-
mentation effects and correlation to nails, Steroids 154 (2020) 108547, https://doi.
org/10.1016/j.steroids.2019.108547

[42] R. Gow, S. Thomson, M. Rieder, S. Van Uum, G. Koren, An assessment of cortisol
analysis in hair and its clinical applications, Forensic Sci. Int. 196 (2010) 32–37,
https://doi.org/10.1016/j.forsciint.2009.12.040

[43] J.G. Abell, T. Stalder, J.E. Ferrie, M.J. Shipley, C. Kirschbaum, M. Kivimäki, et al.,
Assessing cortisol from hair samples in a large observational cohort: the Whitehall II
study, Psychoneuroendocrinology 73 (2016) 148–156, https://doi.org/10.1016/j.
psyneuen.2016.07.214

[44] S. Fischer, S. Schumacher, N. Skoluda, J. Strahler, Fingernail cortisol—state of
research and future directions, Front. Neuroendocrinol. 58 (2020) 100855, https://
doi.org/10.1016/j.yfrne.2020.100855

[45] S. Schumacher, S. Laufer, S. Fischer, Fingernail cortisol: a biological signal of lifetime
major depressive disorder, Neuropsychobiology 82 (2023) 300–305, https://doi.org/
10.1159/000531315

[46] M.J.E. Greff, J.M. Levine, A.M. Abuzgaia, A.A. Elzagallaai, M.J. Rieder, S.H.M. van
Uum, Hair cortisol analysis: an update on methodological considerations and clinical
applications, Clin. Biochem. 63 (2019) 1–9, https://doi.org/10.1016/j.clinbiochem.
2018.09.010

152 Eglė Mazgelytė and Dovilė Karčiauskaitė

https://doi.org/10.1210/jc.2011-3090
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref31
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref31
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref31
https://doi.org/10.3389/fendo.2019.00321
https://doi.org/10.1038/nrendo.2012.134
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref34
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref34
https://doi.org/10.1016/j.psyneuen.2020.104903
https://doi.org/10.1016/j.psyneuen.2020.104903
https://doi.org/10.4155/bio-2015-0025
https://doi.org/10.1155/2014/962903
https://doi.org/10.1006/anbe.2001.1907
https://doi.org/10.1093/geront/gnu174
https://doi.org/10.1111/cen.12781
https://doi.org/10.1016/j.steroids.2019.108547
https://doi.org/10.1016/j.steroids.2019.108547
https://doi.org/10.1016/j.forsciint.2009.12.040
https://doi.org/10.1016/j.psyneuen.2016.07.214
https://doi.org/10.1016/j.psyneuen.2016.07.214
https://doi.org/10.1016/j.yfrne.2020.100855
https://doi.org/10.1016/j.yfrne.2020.100855
https://doi.org/10.1159/000531315
https://doi.org/10.1159/000531315
https://doi.org/10.1016/j.clinbiochem.2018.09.010
https://doi.org/10.1016/j.clinbiochem.2018.09.010


[47] A.E. Taylor, B. Keevil, I.T. Huhtaniemi, Mass spectrometry and immunoassay: how
to measure steroid hormones today and tomorrow, Eur. J. Endocrinol. 173 (2015)
D1–D12, https://doi.org/10.1530/EJE-15-0338

[48] W. Gao, C. Kirschbaum, J. Grass, T. Stalder, LC–MS based analysis of endogenous
steroid hormones in human hair, J. Steroid Biochem. Mol. Biol. 162 (2016) 92–99,
https://doi.org/10.1016/j.jsbmb.2015.12.022

[49] S.E. Conklin, C.E. Knezevic, Advancements in the gold standard: measuring steroid
sex hormones by mass spectrometry, Clin. Biochem. 82 (2020) 21–32, https://doi.
org/10.1016/j.clinbiochem.2020.03.008

[50] W. Gao, T. Stalder, P. Foley, M. Rauh, H. Deng, C. Kirschbaum, Quantitative
analysis of steroid hormones in human hair using a column-switching LC-APCI-MS/
MS assay, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 928 (2013) 1–8,
https://doi.org/10.1016/j.jchromb.2013.03.008

[51] W. Gao, T. Stalder, C. Kirschbaum, Quantitative analysis of estradiol and six other
steroid hormones in human saliva using a high throughput liquid chromatography-
tandem mass spectrometry assay, Talanta 143 (2015) 353–358, https://doi.org/10.
1016/j.talanta.2015.05.004

[52] A. Mažeikienė, S. Bekesiene, D. Karčiauskaitė, E. Mazgelytė, G. Larsson,
T. Petrėnas, et al., The association between endogenous hair steroid hormones and
social environmental factors in a group of conscripts during basic military training,
Int. J. Environ. Res. Public. Health 18 (2021) 1–18, https://doi.org/10.3390/
ijerph182212239

[53] L. Couchman, R.P. Vincent, L. Ghataore, C.F. Moniz, N.F. Taylor, Challenges and
benefits of endogenous steroid analysis by LC–MS/MS, Bioanalysis 3 (2011)
2549–2572, https://doi.org/10.4155/bio.11.254

[54] G.M. Reaven, Role of insulin resistance in human disease, Diabetes 37 (1988)
1595–1607, https://doi.org/10.2337/diab.37.12.1595

[55] K.G.M.M. Alberti, P.Z. Zimmet, Definition, diagnosis and classification of diabetes
mellitus and its complications. Part 1: Diagnosis and classification of diabetes mellitus.
Provisional report of a WHO Consultation, Diabet. Med. 15 (1998) 539–553,https://
doi.org/10.1002/(SICI)1096-9136(199807)15:7 < 539::AID-DIA668 > 3.0.CO;2-S.

[56] B. Balkau, M. Charles, Comment on the provisional report from the WHO consultation,
Diabet. Med. 16 (1999) 442–443, https://doi.org/10.1046/j.1464-5491.1999.00059.x

[57] Third Report of the National Cholesterol Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III) Final Report, Circulation 106 (2002) 3143, https://doi.org/10.
1161/circ.106.25.3143

[58] K.G.M.M. Alberti, P. Zimmet, J. Shaw, The metabolic syndrome—a new worldwide
definition, Lancet 366 (2005) 1059–1062, https://doi.org/10.1016/S0140-6736(05)
67402-8

[59] K.G.M.M. Alberti, R.H. Eckel, S.M. Grundy, P.Z. Zimmet, J.I. Cleeman,
K.A. Donato, et al., Harmonizing the metabolic syndrome: a joint interim statement
of the international diabetes federation task force on epidemiology and prevention;
National heart, lung, and blood institute; American heart association; World heart
federation; International, Circulation 120 (2009) 1640–1645, https://doi.org/10.
1161/CIRCULATIONAHA.109.192644

[60] Y. Matsuzawa, T. Funahashi, T. Nakamura, The concept of metabolic syndrome:
contribution of visceral fat accumulation and its molecular mechanism, J. Atheroscler.
Thromb. 18 (2011) 629–639, https://doi.org/10.5551/jat.7922

[61] M. Blüher, The distinction of metabolically ‘healthy’ from ‘unhealthy’ obese indi-
viduals, Curr. Opin. Lipidol. 21 (2010).

Cortisol in metabolic syndrome 153

https://doi.org/10.1530/EJE-15-0338
https://doi.org/10.1016/j.jsbmb.2015.12.022
https://doi.org/10.1016/j.clinbiochem.2020.03.008
https://doi.org/10.1016/j.clinbiochem.2020.03.008
https://doi.org/10.1016/j.jchromb.2013.03.008
https://doi.org/10.1016/j.talanta.2015.05.004
https://doi.org/10.1016/j.talanta.2015.05.004
https://doi.org/10.3390/ijerph182212239
https://doi.org/10.3390/ijerph182212239
https://doi.org/10.4155/bio.11.254
https://doi.org/10.2337/diab.37.12.1595
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref55
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref55
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref55
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref55
https://doi.org/10.1046/j.1464-5491.1999.00059.x
https://doi.org/10.1161/circ.106.25.3143
https://doi.org/10.1161/circ.106.25.3143
https://doi.org/10.1016/S0140-6736(05)67402-8
https://doi.org/10.1016/S0140-6736(05)67402-8
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.5551/jat.7922
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref61
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref61


[62] G. Boden, Effects of free fatty acids (FFA) on glucose metabolism: significance for
insulin resistance and type 2 diabetes, Exp. Clin. Endocrinol. Diabetes 111 (2003)
121–124, https://doi.org/10.1055/s-2003-39781

[63] J.E. Tooke, M.M. Hannemann, Adverse endothelial function and the insulin resis-
tance syndrome, J. Intern. Med. 247 (2000) 425–431, https://doi.org/10.1046/j.
1365-2796.2000.00671.x

[64] S. Nielsen, F. Karpe, Determinants of VLDL-triglycerides production, Curr. Opin.
Lipidol. 23 (2012).

[65] T. Hirano, Pathophysiology of diabetic dyslipidemia, J. Atheroscler. Thromb. 25
(2018) 771–782, https://doi.org/10.5551/jat.RV17023

[66] M.E. Haas, A.D. Attie, S.B. Biddinger, The regulation of ApoB metabolism by
insulin, Trends Endocrinol. Metab. 24 (2013) 391–397, https://doi.org/10.1016/j.
tem.2013.04.001

[67] G. Rakipovski, G.K. Hovingh, M. Nyberg, Proprotein convertase subtilisin/kexin
type 9 inhibition as the next statin? Curr. Opin. Lipidol. 31 (2020).

[68] S.G. Lakoski, T.A. Lagace, J.C. Cohen, J.D. Horton, H.H. Hobbs, Genetic and
metabolic determinants of plasma PCSK9 levels, J. Clin. Endocrinol. Metab. 94
(2009) 2537–2543, https://doi.org/10.1210/jc.2009-0141

[69] G. Ramakrishnan, A. Arjuman, S. Suneja, C. Das, N.C. Chandra, The association
between insulin and low-density lipoprotein receptors, Diabetes Vasc. Dis. Res. 9
(2012) 196–204, https://doi.org/10.1177/1479164111430243

[70] D. Denimal, S. Monier, B. Bouillet, B. Vergès, L. Duvillard, High-density lipo-
protein alterations in type 2 diabetes and obesity, Metabolites 13 (2023).

[71] J.T. Stadler, G. Marsche, Obesity-related changes in high-density lipoprotein meta-
bolism and function, Int. J. Mol. Sci. 21 (2020).

[72] J.H.N. Lindeman, H. Pijl, K. Toet, P.H.C. Eilers, B. van Ramshorst, M.M. Buijs,
et al., Human visceral adipose tissue and the plasminogen activator inhibitor type 1,
Int. J. Obes. 31 (2007) 1671–1679, https://doi.org/10.1038/sj.ijo.0803650

[73] Chmelar Kyoung-Jin, Chavakis, J.C. Triantafyllos, The role of innate immune cells in
obese adipose tissue inflammation and development of insulin resistance, Thromb.
Haemost. 109 (2013) 399–406, https://doi.org/10.1160/TH12-09-0703

[74] M.S. Ellulu, I. Patimah, H. Khaza’ai, A. Rahmat, Y. Abed, Obesity and inflamma-
tion: the linking mechanism and the complications, Arch. Med. Sci. 13 (2017)
851–863, https://doi.org/10.5114/aoms.2016.58928

[75] C. Beaupere, A. Liboz, B. Fève, B. Blondeau, G. Guillemain, Molecular mechanisms
of glucocorticoid-induced insulin resistance, Int. J. Mol. Sci. 22 (2021).

[76] A. Kamba, M. Daimon, H. Murakami, H. Otaka, K. Matsuki, E. Sato, et al.,
Association between higher serum cortisol levels and decreased insulin secretion in a
general population, PLoS One 11 (2016) e0166077.

[77] R.A. Rizza, L.J. Mandarino, J.E. Gerich, Cortisol-induced insulin resistance in man:
impaired suppression of glucose production and stimulation of glucose utilization due
to a postreceptor defect of insulin action, J. Clin. Endocrinol. Metab. 54 (1982)
131–138, https://doi.org/10.1210/jcem-54-1-131

[78] Z. Wu, P. Jiao, X. Huang, B. Feng, Y. Feng, S. Yang, et al., MAPK phospha-
tase–3 promotes hepatic gluconeogenesis through dephosphorylation of forkhead
box O1 in mice, J. Clin. Invest. 120 (2010) 3901–3911, https://doi.org/10.
1172/JCI43250

[79] J.M. Hazlehurst, L.L. Gathercole, M. Nasiri, M.J. Armstrong, S. Borrows, J. Yu,
et al., Glucocorticoids fail to cause insulin resistance in human subcutaneous adipose
tissue in vivo, J. Clin. Endocrinol. Metab. 98 (2013) 1631–1640, https://doi.org/10.
1210/jc.2012-3523

154 Eglė Mazgelytė and Dovilė Karčiauskaitė

https://doi.org/10.1055/s-2003-39781
https://doi.org/10.1046/j.1365-2796.2000.00671.x
https://doi.org/10.1046/j.1365-2796.2000.00671.x
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref64
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref64
https://doi.org/10.5551/jat.RV17023
https://doi.org/10.1016/j.tem.2013.04.001
https://doi.org/10.1016/j.tem.2013.04.001
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref67
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref67
https://doi.org/10.1210/jc.2009-0141
https://doi.org/10.1177/1479164111430243
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref70
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref70
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref71
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref71
https://doi.org/10.1038/sj.ijo.0803650
https://doi.org/10.1160/TH12-09-0703
https://doi.org/10.5114/aoms.2016.58928
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref75
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref75
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref76
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref76
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref76
https://doi.org/10.1210/jcem-54-1-131
https://doi.org/10.1172/JCI43250
https://doi.org/10.1172/JCI43250
https://doi.org/10.1210/jc.2012-3523
https://doi.org/10.1210/jc.2012-3523


[80] M. Christ-Crain, B. Kola, F. Lolli, C. Fekete, D. Seboek, G. Wittmann, et al., AMP-
activated protein kinase mediates glucocorticoid- induced metabolic changes: a novel
mechanism in Cushing’s syndrome, FASEB J. 22 (2008) 1672–1683, https://doi.org/
10.1096/fj.07-094144

[81] K.E. Merz, D.C. Thurmond, Role of skeletal muscle in insulin resistance and glucose
uptake, Compr. Physiol. (2020) 785–809 ISBN 9780470650714.

[82] I.J. Elenkov, Neurohormonal-cytokine interactions: implications for inflammation,
common human diseases and well-being, Neurochem. Int. 52 (2008) 40–51, https://
doi.org/10.1016/j.neuint.2007.06.037

[83] Y.-Z. Liu, Y.-X. Wang, C.-L. Jiang, Inflammation: the common pathway of stress-
related diseases, Front. Hum. Neurosci. 11 (2017).

[84] A.S. DeSantis, A.V. DiezRoux, A. Hajat, A.E. Aiello, S.H. Golden, N.S. Jenny,
et al., Associations of salivary cortisol levels with inflammatory markers: the multi-
ethnic study of atherosclerosis, Psychoneuroendocrinology 37 (2012) 1009–1018,
https://doi.org/10.1016/j.psyneuen.2011.11.009

[85] V. Vicennati, F. Pasqui, C. Cavazza, U. Pagotto, R. Pasquali, Stress-related devel-
opment of obesity and cortisol in women, Obesity 17 (2009) 1678–1683, https://doi.
org/10.1038/oby.2009.76

[86] S.B. Abraham, D. Rubino, N. Sinaii, S. Ramsey, L.K. Nieman, Cortisol, obesity, and
the metabolic syndrome: a cross-sectional study of obese subjects and review of the
literature, Obesity 21 (2013) E105–E117, https://doi.org/10.1002/oby.20083

[87] A.C. Phillips, D. Carroll, C.R. Gale, J.M. Lord, W. Arlt, G.D. Batty, Cortisol,
DHEAS, their ratio and the metabolic syndrome: evidence from the Vietnam
experience study, Eur. J. Endocrinol. 162 (2010) 919–923, https://doi.org/10.1530/
EJE-09-1078

[88] Y. Sen, D. Aygun, E. Yilmaz, A. Ayar, Children and adolescents with obesity and the
metabolic syndrome have high circulating cortisol levels, Neuro Endocrinol. Lett. 29
(2008) 141–145.

[89] A. DeSantis, A. DiezRoux, A. Hajat, S. Golden, N. Jenny, B. Sanchez, et al.,
Associations of salivary cortisol levels with metabolic syndrome and its components:
the multi-ethnic study of atherosclerosis, J. Clin. Endocrinol. Metab. 96 (2011)
3483–3492, https://doi.org/10.1210/jc.2011-0483

[90] S. Kidambi, J.M. Kotchen, C.E. Grim, H. Raff, J. Mao, R.J. Singh, et al., Association
of adrenal steroids with hypertension and the metabolic syndrome in blacks,
Hypertension 49 (2007) 704–711, https://doi.org/10.1161/01.HYP.0000253258.
36141.c7

[91] C.D. Pereira, I. Azevedo, R. Monteiro, M.J. Martins, 11β-Hydroxysteroid dehy-
drogenase type 1: relevance of its modulation in the pathophysiology of obesity, the
metabolic syndrome and type 2 diabetes mellitus, Diabetes, Obes. Metab. 14 (2012)
869–881, https://doi.org/10.1111/j.1463-1326.2012.01582.x

[92] R. Baudrand, C.A. Carvajal, A. Riquelme, M. Morales, N. Solis, M. Pizarro, et al.,
Overexpression of 11β-hydroxysteroid dehydrogenase type 1 in hepatic and visceral
adipose tissue is associated with metabolic disorders in morbidly obese patients, Obes.
Surg. 20 (2010) 77–83, https://doi.org/10.1007/s11695-009-9937-0

[93] S.B. Park, J.A. Blumenthal, S.Y. Lee, A. Georgiades, Association of cortisol and the
netabolic syndrome in Korean men and women, J. Korean Med. Sci. 26 (2011)
914–918, https://doi.org/10.3346/jkms.2011.26.7.914

[94] N. Vogelzangs, A.T.F. Beekman, M.G. Dik, M.A. Bremmer, H.C. Comijs,
W.J.G. Hoogendijk, et al., Late-life depression, cortisol, and the metabolic syn-
drome, Am. J. Geriatr. Psychiatry 17 (2009) 716–721, https://doi.org/10.1097/
JGP.0b013e3181aad5d7

Cortisol in metabolic syndrome 155

https://doi.org/10.1096/fj.07-094144
https://doi.org/10.1096/fj.07-094144
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref81
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref81
https://doi.org/10.1016/j.neuint.2007.06.037
https://doi.org/10.1016/j.neuint.2007.06.037
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref83
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref83
https://doi.org/10.1016/j.psyneuen.2011.11.009
https://doi.org/10.1038/oby.2009.76
https://doi.org/10.1038/oby.2009.76
https://doi.org/10.1002/oby.20083
https://doi.org/10.1530/EJE-09-1078
https://doi.org/10.1530/EJE-09-1078
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref88
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref88
http://refhub.elsevier.com/S0065-2423(24)00101-X/sbref88
https://doi.org/10.1210/jc.2011-0483
https://doi.org/10.1161/01.HYP.0000253258.36141.c7
https://doi.org/10.1161/01.HYP.0000253258.36141.c7
https://doi.org/10.1111/j.1463-1326.2012.01582.x
https://doi.org/10.1007/s11695-009-9937-0
https://doi.org/10.3346/jkms.2011.26.7.914
https://doi.org/10.1097/JGP.0b013e3181aad5d7
https://doi.org/10.1097/JGP.0b013e3181aad5d7


[95] M. Maggio, F. Lauretani, P.G. Ceda, S. Bandinelli, S. Basaria, A. Ble, et al., Association
between hormones and metabolic syndrome in older Italian men, J. Am. Geriatr. Soc.
54 (2006) 1832–1838, https://doi.org/10.1111/j.1532-5415.2006.00963.x

[96] M. Maggio, F. Lauretani, G.P. Ceda, S. Bandinelli, S. Basaria, G. Paolisso, et al.,
Association of hormonal dysregulation with metabolic syndrome in older women:
data from the InCHIANTI study, Am. J. Physiol. Metab. 292 (2007) E353–E358,
https://doi.org/10.1152/ajpendo.00339.2006

[97] A. Garcez, H.M. Leite, E. Weiderpass, V.M.V. Paniz, G. Watte, R. Canuto, et al.,
Basal cortisol levels and metabolic syndrome: a systematic review and meta- analysis of
observational studies, Psychoneuroendocrinology 95 (2018) 50–62, https://doi.org/
10.1016/j.psyneuen.2018.05.023

[98] S. Kuckuck, R. Lengton, M.R. Boon, E. Boersma, B.W.J.H. Penninx, M. Kavousi,
et al., Long-term glucocorticoids in relation to the metabolic syndrome and cardi-
ovascular disease: a systematic review and meta-analysis, J. Intern. Med. 295 (2024)
2–19, https://doi.org/10.1111/joim.13739

[99] L.K. Kuehl, K. Hinkelmann, C. Muhtz, L. Dettenborn, K. Wingenfeld, C. Spitzer,
et al., Hair cortisol and cortisol awakening response are associated with criteria of the
metabolic syndrome in opposite directions, Psychoneuroendocrinology 51 (2015)
365–370, https://doi.org/10.1016/j.psyneuen.2014.09.012

[100] E. Mazgelytė, A. Mažeikienė, N. Burokienė, R. Matuzevičienė, A. Linkevičiūtė,
Z.A. Kučinskienė, et al., Association between hair cortisol concentration and
metabolic syndrome, 16 (2021) 873–881, https://doi.org/10.1515/med-2021-0298

[101] T. Stalder, C. Kirschbaum, N. Alexander, S.R. Bornstein, W. Gao, R. Miller, et al.,
Cortisol in hair and the metabolic syndrome, J. Clin. Endocrinol. Metab. 98 (2013)
2573–2580, https://doi.org/10.1210/jc.2013-1056

[102] T. Langerak, L.W.J. van den Dries, V.L. Wester, S.M. Staufenbiel, L. Manenschijn,
E.F.C. van Rossum, et al., The relation between long-term cortisol levels and the
metabolic syndrome in HIV-infected patients, Clin. Endocrinol. (Oxf). 83 (2015)
167–172, https://doi.org/10.1111/cen.12790

[103] L.L. van den Heuvel, S. du Plessis, T. Stalder, D. Acker, C. Kirschbaum, J. Carr,
et al., Hair glucocorticoid levels in Parkinson’s disease, Psychoneuroendocrinology
117 (2020) 104704, https://doi.org/10.1016/j.psyneuen.2020.104704

[104] L.L. van den Heuvel, A.M. Smit, T. Stalder, C. Kirschbaum, S. Seedat, R. Emsley,
Hair cortisol levels in schizophrenia and metabolic syndrome, Early Interv. Psychiatry
16 (2022) 902–911, https://doi.org/10.1111/eip.13238

[105] L.L. van den Heuvel, T. Stalder, S. du Plessis, S. Suliman, C. Kirschbaum, S. Seedat,
Hair cortisol levels in posttraumatic stress disorder and metabolic syndrome, Stress 23
(2020) 577–589, https://doi.org/10.1080/10253890.2020.1724949

[106] S.M. Staufenbiel, M.A. Koenders, E.J. Giltay, B.M. Elzinga, L. Manenschijn,
E. Hoencamp, et al., Recent negative life events increase hair cortisol concentrations
in patients with bipolar disorder, Stress 17 (2014) 451–459, https://doi.org/10.3109/
10253890.2014.968549

156 Eglė Mazgelytė and Dovilė Karčiauskaitė

https://doi.org/10.1111/j.1532-5415.2006.00963.x
https://doi.org/10.1152/ajpendo.00339.2006
https://doi.org/10.1016/j.psyneuen.2018.05.023
https://doi.org/10.1016/j.psyneuen.2018.05.023
https://doi.org/10.1111/joim.13739
https://doi.org/10.1016/j.psyneuen.2014.09.012
https://doi.org/10.1515/med-2021-0298
https://doi.org/10.1210/jc.2013-1056
https://doi.org/10.1111/cen.12790
https://doi.org/10.1016/j.psyneuen.2020.104704
https://doi.org/10.1111/eip.13238
https://doi.org/10.1080/10253890.2020.1724949
https://doi.org/10.3109/10253890.2014.968549
https://doi.org/10.3109/10253890.2014.968549

	Cortisol in metabolic syndrome
	1 Introduction
	2 Cortisol
	2.1 Hypothalamic-pituitary-adrenal (HPA) axis and cortisol synthesis
	2.2 Molecular mechanisms of glucocorticoid action
	2.3 Cortisol bioavailability
	2.4 Measurement of cortisol in biological samples
	2.5 Analytical methods for measuring cortisol

	3 Metabolic syndrome (MetS)
	3.1 Definition of MetS
	3.2 Pathobiology of MetS
	3.3 Metabolic effects of cortisol
	3.4 Role of cortisol in MetS

	4 Conclusions
	Declaration of AI and AI-assisted technologies in the writing process
	References





