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Abstract: Obesity, chronic pain, and aging are prevalent global challenges with profound
implications for health and well-being. Central to these processes are adrenal hormones,
particularly cortisol and dehydroepiandrosterone (DHEA), along with its sulfated form
(DHEAS). Cortisol, essential for stress adaptation, can have adverse effects on pain
perception and aging when dysregulated, while DHEA/S possess properties that may
mitigate these effects. This review explores the roles of cortisol and DHEA/S in the
contexts of obesity, acute and chronic pain, aging, and age-related diseases. We examine
the hormonal balance, specifically the cortisol-to-DHEA ratio (CDR), as a key marker of
stress system functionality and its impact on pain sensitivity, neurodegeneration, and
physical decline. Elevated CDR and decreased DHEA/S levels are associated with
worsened outcomes, including increased frailty, immune dysfunction, and the
progression of age-related conditions such as osteoporosis and Alzheimer’s disease. This
review synthesizes the current literature to highlight the complex interplay between these
hormones and their broader implications for health. It aims to provide insights into
potential future therapies to improve pain management and promote healthy weight and
aging. By investigating these mechanisms, this work contributes to a deeper
understanding of the physiological intersections between pain, aging, and the endocrine
system.

Keywords: cortisol; DHEA; DHEAS; cortisol-to-DHEA ratio; obesity; aging; acute pain;
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1. Introduction

Obesity, pain, and aging represent significant healthcare challenges globally. Over
the past three decades, obesity rates have increased significantly, more than doubling
between 1990 and 2022. In 2022, one in eight people worldwide were living with obesity,
amounting to a total of over one billion individuals affected [1]. Pain is the most common
symptom for seeking medical consultation. It is estimated that 1 in 5 adults worldwide
experience pain, and 1 in 10 are diagnosed with chronic pain each year [2]. It is proposed
that chronic pain affects an estimated 20% of adults globally [3]. Simultaneously, the
population is growing rapidly, with projections indicating that by 2030, 1 in 6 people
globally will be aged 60 or older [4]. Given the growing number of individuals impacted
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by these conditions, extensive research has been dedicated to understanding their
physiological and clinical implications.

While acute cortisol release aids short-term adaptation, its prolonged elevation may
contribute to adverse effects, including weight gain, altered pain perception, and
accelerated aging. In contrast, the roles of adrenal androgens DHEA/S, known for their
anti-glucocorticoid and potential anti-aging effects, remain poorly explored in these
contexts [5].

In this narrative review, we aim to provide a comprehensive overview of the role of
cortisol and DHEA/S in obesity, pain, aging, and age-related diseases, analyzing the
current literature to elucidate how these hormones influence these processes. Ultimately,
this work seeks to provide insights that can inform clinical practice and guide future
research toward more effective approaches to obesity, pain management, and aging,
improving the well-being of individuals living with obesity, pain, or age-related
morbidities. Furthermore, we will examine current therapeutic strategies and explore
potential pathways for future interventions aimed at mitigating age-related changes in the
human body.

2. Regulation of Cortisol Secretion and Its Effects

Cortisol is a glucocorticoid (GC) produced by adrenal glands, mainly by the zona
fasciculata. It plays a vital role in various processes, including regulating stress response
and maintaining homeostasis. Cortisol synthesis and secretion are controlled by the HPA
axis, a key system in the body’s response to stress [5]. In the absence of stressors and under
normal conditions, cortisol is secreted in circadian and ultradian rhythms, controlled by
the suprachiasmatic nucleus located in the hypothalamus. Figure 1 graphically represents
the diurnal cortisol pattern [6]. When a stressor is detected or when there is a
psychological response, the HPA axis is activated. Corticotropin-releasing hormone
(CRH) is secreted by the paraventricular nucleus of the hypothalamus into the
hypophyseal portal system. This stimulates the anterior pituitary gland to secrete
adrenocorticotropic hormone (ACTH). ACTH then circulates through the bloodstream to
the adrenal cortex, where it attaches to melanocortin receptors, leading to the synthesis
and release of cortisol [7]. Cortisol synthesis and secretion are regulated by a negative
feedback loop mechanism (Figure 2) [8].
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Figure 1. Cortisol circadian secretion pattern. Created in BioRender. Erceg, N.; Micic, M. (2024),
https://BioRender.com/d14h073 (accessed on 10 December 2024).
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Figure 2. HPA axis, cortisol feedback loop. Created in BioRender. Erceg, N.; Micic, M. (2024),
https://BioRender.com/p520659 (accessed on 10 December 2024).

In the circulation, cortisol molecules exist in a free, active form (5%) and bound
inactive form (95%). GCs secreted into the bloodstream bind to the cortisol-binding
globulins (CBGs) or albumin. In order to exert their effect, free soluble cortisol molecules
must bind to specific cytosolic, glucocorticoid, and mineralocorticoid receptors (GRs and
MRs). Upon ligand binding to those cytosolic receptors, ligand-receptor complexes are
translocated to the nucleus where they act as transcriptional factors influencing gene
expression [9].

Cortisol plays a vital role in mediating stress response in humans. Moreover, cortisol
is involved in the regulation of metabolism, inflammatory responses, and immune
function. In order to increase glucose concentration and improve its availability in the
blood, cortisol promotes gluconeogenesis and glycogenolysis, while also inducing insulin
resistance in peripheral tissues. Cortisol has anti-inflammatory and immunosuppressive
properties [9]. It also influences the cardiovascular system by maintaining blood pressure
[6]. Although cortisol has a critical effect in managing the stress response, prolonged
exposure to elevated cortisol levels seen in chronic stress conditions or during the aging
process could have detrimental effects on health such as the increased risk of developing
various chronic diseases, pain sensitivity, obesity, immune suppression, depression, and
cognitive impairments [5]. Prolonged or excessive elevation of cortisol levels can trigger
adaptive mechanisms in the body, leading to a decrease in the sensitivity or number of
GRs. This phenomenon, known as GR down-regulation or resistance, impairs the normal
binding of cortisol to these receptors. As a consequence of recurrent stress exposure, the
body’s cortisol regulation system may eventually become compromised [10]. The
dysregulation of cortisol signaling can lead to various pathological conditions,
highlighting the importance of maintaining hormonal balance [11].

3. Role and Secretion Regulation of DHEA/S

DHEA and its sulfated form, DHEAS, are steroid androgenic hormones produced by
the adrenal glands, predominantly by the zona reticularis and significantly less so by the
zona fasciculata [5]. While DHEAS is exclusively produced by adrenals, DHEA can
originate from gonads and other extra-adrenal regions as well [12]. ACTH, intra-adrenal,
and extra-adrenal factors influence DHEA/S secretion [13]. DHEA secretion shows diurnal
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variations with the lowest levels observed in the morning, while DHEAS levels tend to
remain stable during the day mostly due to a lower clearance rate. DHEA/S are bonded
to albumin in the circulation [12].

DHEA/S secretion has been shown to be sex- and age-dependent. Males show higher
DHEAS levels compared to females. Furthermore, DHEA levels typically decline with
age. Fetal and early postnatal life is accompanied by high levels of DHEA/S. Soon after
birth, the DHEA/S level falls quickly, remaining low until adrenarche between 10 and 12
years of age. The peak of DHEA/S levels is reached during the 30 s. Androgen levels then
gradually drop by 1-2% annually. By the fifth decade, both male and female androgen
levels had already decreased by 60% of the peak production in a process called
andropause. Androgen levels then continue to drop throughout life reaching 20-30% of
the peak production in the eighth and ninth decade of life [14] (Figure 3). Moreover,
DHEA levels seem to decrease in certain stress-related conditions which can impact
overall well-being and pain perception [5].
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Figure 3. DHEAS levels during life. Created in BioRender. Erceg, N.; Micic, M. (2024),
https://BioRender.com/I150y500 (accessed on 10 December 2024).

DHEA/S have pleiotropic effects. Despite their significance, the full extent of their
physiological effects and the mechanisms through which they operate are not completely
understood. Figure 4 graphically represents how DHEA/S may exert their physiological
effects [15]. DHEA/S are mostly considered as a precursor hormone due to their weak
androgenic effects. After being transformed into a potent androgen or estrogen, DHEA/S
exert a full biological effect. Also, DHEA/S function as neurosteroids, highlighting their
versatility. Even though DHEA/S are known for their anti-aging properties, they perform
a variety of roles within the body, including providing neuroprotection, promoting
neurite outgrowth, exerting antagonistic effects on oxidative agents and glucocorticoids,
and modulating the immune system as well as lipid and glucose metabolism [14,16].
DHEA/S exert anti-obesity, anti-diabetic, anti-carcinogenic, anti-atherosclerotic, anti-
inflammatory, anti-osteoporotic, and pro-immune effects as well (Figure 5) [12]. This wide
range of actions underscores their potential impact on maintaining physiological balance
and responding to stressors [16]. Lower levels of DHEA/S are associated with age-related
diseases, obesity, frailty, cardiovascular events, and mortality, while higher DHEA/S
levels correlate with improved well-being, health outcomes, psychological status,
functional abilities, and longevity [17]. Moreover, there is growing evidence of the
DHEAS role in pain modulation that will be discussed later.
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Figure 4. Mechanisms of DHEA/S actions (NMDA —N-methyl-d-aspartate; SIR —sigma-1 receptor
AR —androgen receptor; ER—estrogen receptors; TST—testosterone; DHT —dihydrotestosterone;
E2—estradiol; PPARa—peroxisome proliferator-activated receptor; CAR — constitutive androstane
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Figure 5. DHEA/S regulation and their effects. Created in BioRender. Erceg, N.; Micic, M. (2024),
https://BioRender.com/m89f416 (accessed on 10 December 2024).

4. Cortisol-DHEA/S Balance

The cortisol-to-DHEA ratio (CDR) has been proposed to precisely reflect HPA axis
functionality [18]. Currently, DHEA and its sulfated counterpart, DHEAS, are recognized
for their important roles in counteracting elevated cortisol levels and in the biosynthesis
of androgens and estrogens [16]. With their anti-glucocorticoid properties acting both
centrally and peripherally while counteracting the negative effects of cortisol, they have
been involved in neuroprotection, immunomodulation, and metabolism regulation [5].

Due to cortisol and DHEA diurnal variation, the most pronounced CDR elevation
has been observed in the morning. Throughout the lifespan, the CDR exhibits a U-shaped
curve as illustrated in Figure 6, based on the values reported in the study by Yen and
colleagues [19]. Moreover, studies have shown that higher molar CDR has been observed
during both physiological and pathological aging [20]. Higher CDR has also been
associated with enhanced neurotoxicity, with implications for the development of age-
related diseases in the aged population [17]. Even though GCs are crucial in managing the
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body’s fight-or-flight response, exposure to elevated levels of GCs could exert negative
effects on human health. GCs have the effect of dampening many immune system
activities. In contrast, DHEAS predominantly boosts immune function and exhibits
properties that counteract the effects of GCs. The relationship between cortisol, DHEAS,
and immune function is well documented. High cortisol levels and a high CDR are
associated with reduced natural killer cell activity (NKA), a critical component of the
immune response. Conversely, higher DHEAS levels are linked to improved NKA,
particularly in premenopausal women. This suggests that maintaining a balance between
cortisol and DHEAS is essential for immune health, which can influence pain perception
and management [21].
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Figure 6. Cortisol-to-DHEAS molar ratio across the lifespan.

Moreover, it is thought that DHEAS may mitigate some of the physiological impacts
associated with cortisol, particularly those related to stress [22]. CDR has gained attention
as a valuable marker for understanding the balance between catabolic and anabolic
processes, as well as for evaluating chronic stress and overall health [23]. Chronic stress
and chronic diseases impact the HPA axis, causing changes in how cortisol and DHEA
respond. Research has shown that individuals with higher lifetime stress exposure tend
to exhibit reduced cortisol responses but increased DHEA responses when faced with
acute stress. Therefore, altered HPA axis functioning and CDR may contribute to
increased susceptibility to stress-related disorders, chronic pain, and age-related diseases,
highlighting the importance of understanding the cumulative impact of stress on
hormonal balance [5].

5. Obesity

Clinically, obesity is diagnosed in individuals whose Body Mass Index (BMI) exceeds
30 kg/m?2. It is characterized by an excessive expansion of adipose tissue through both
hyperplasia and hypertrophy of adipocytes in order to store excessive amounts of lipids.
As adipose tissue enlarges, it secretes adipokines and pro-inflammatory cytokines in a
dysfunctional manner, coupled with an increased release of free fatty acids that
contributes to chronic low-grade inflammation and the onset of insulin resistance,
dyslipidemia, and other obesity-related metabolic disorders. Obesity also involves a
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disrupted HPA axis, altered cortisol secretion profiles, and diurnal salivary cortisol
rhythms [24]. GCs participate in several processes within adipose tissue, including
adipogenesis, metabolism, inflammation, and adipokine production. Prolonged,
excessive cortisol levels have been associated with higher body weight, obesity, the
expansion of central (particularly visceral) adipose tissue, a reduction in subcutaneous
adipose tissue, and impairment of brown adipose tissue [25,26]. Notably, the expansion
of visceral adiposity has been more strongly linked to obesity-related metabolic disorders
such as insulin resistance, dyslipidemia, diabetes mellitus, and cardiovascular
complications. Chronic corticosteroid use directly correlates with abdominal weight gain,
and obesity itself is linked to a significantly higher use of glucocorticoids [24,27].

Although blood, saliva, and urine cortisol levels have not shown a consistent
relationship with obesity —possibly due to the circadian pattern of cortisol secretion —hair
cortisol concentration (HCC) has demonstrated a stable association. Specifically, HCC
correlates positively with BMI and the waist-hip ratio, with an observed 9.8% increment
in HCC linked to a 2.5 kg/m? higher BMI [27]. As hair grows at approximately 1 cm per
month, HCC reflects long-term cortisol exposure and thereby indicates HPA axis function
over an extended period. Higher HCC values have been found in obese individuals
compared to those who are overweight or of normal weight, and these elevated HCC
measurements are also associated with an increased prevalence of metabolic syndrome
[24]. Even though heightened GC levels drive the aforementioned changes in the human
body, responses to identical GC increments can vary among individuals because of
differences in GC sensitivity. Consequently, GC responses depend not only on the
concentration of GCs but also on their availability and on the sensitivity of the receptors
[27].

While it is not yet fully elucidated, both the GR and the MR appear to be significantly
involved in the pathogenesis of obesity [28]. Polymorphisms in the NR3C1 gene, which
codes for GR, lead to variations in GC sensitivity, metabolic profiles, and body
composition, thereby representing potential risk factors for obesity-related diseases and
adverse cardiometabolic profiles. Two polymorphisms, N363S and Bcll, are associated
with increased GC sensitivity and correlate with unfavorable lipid profiles, abdominal
obesity, hyperinsulinemia, and hypertension. Conversely, the ER22/23EK and 9§
polymorphisms show greater resistance to GC and are linked to more favorable metabolic
profiles, including less central obesity. In men, these polymorphisms have been associated
with increased height and muscle strength, while in women, they are linked to smaller
waist and hip circumferences [29]. GC sensitivity can be assessed in vivo through the
dexamethasone suppression test or in vitro using reverse transcription—quantitative
polymerase chain reaction (RT-qPCR) [27]. These tests aid in evaluating the risk factors
for various metabolic diseases and in predicting responses to GR-targeted therapies, as
well as the likelihood of adverse effects—such as disturbances in glucose homeostasis—
during treatment with adrenal cortex hormones [30]. However, further research is
necessary to confirm their clinical utility.

MR also plays a fundamental role in adipose tissue, particularly during adipocyte
differentiation, in regulating adipokine secretion and autophagy, and in corticosteroid-
induced adipogenesis [31]. As adipocytes mature, MR expression increases. MR activation
has detrimental effects on adipose tissue, including adipocyte hypertrophy, increased
macrophage infiltration and pro-inflammatory polarization, upregulated expression of
pro-inflammatory adipokines, mitochondrial dysfunction, excessive reactive oxygen
species (ROS) production, and impaired browning processes [32]. When MR activation is
excessive—such as in obesity, where adipocyte MR expression is elevated —it promotes
the dysfunctional processes characteristic of metabolic syndrome, including increased fat
mass, endothelial dysfunction, oxidative stress, and inflammation [32,33]. On the other



Diseases 2025, 13, 42

8 of 28

hand, studies show that MR knockdown in primary human visceral preadipocytes
disrupts their differentiation and reduces PPARy expression, a key transcriptional
regulator of adipogenesis. Obese patients exhibit increased MR expression in adipocytes,
both in visceral and subcutaneous adipose tissue with higher expression among visceral
adipocytes. Research indicates that dexamethasone application elevates leptin and
adiponectin levels while reducing pro-inflammatory cytokines (e.g., IL-6, TNF, and
MCP1). Conversely, aldosterone heightens the expression of pro-inflammatory cytokines
(PAI-1 and MCP1) and suppresses adiponectin expression [28]. Several studies following
treatment with MR antagonists have shown significant reductions in central fat mass and
BM]I, restoration of insulin sensitivity, lowered fasting triglyceride levels, and improved
brown adipose tissue function. Thus, MR antagonists exert anti-adipogenic effects by
inhibiting adipose differentiation and reducing PPARY expression [32].

Elevated DHEA levels have been associated with a reduced prevalence of obesity in
both men and women, as well as with less abdominal fat accumulation in men. In contrast,
low DHEA levels correlate with increased adiposity and a higher incidence of various
age-related diseases, including obesity, type 2 diabetes, and atherosclerosis [34]. Multiple
studies examining the impact of DHEA on adipose tissue suggest that it inhibits adipocyte
proliferation and differentiation, stimulates triacylglycerol hydrolysis, enhances glucose
uptake, suppresses 11-fHSD1 activity and leptin synthesis, and upregulates adiponectin
gene expression [35].

Obesity is a significant risk factor for numerous health conditions and diseases. It
contributes to cardiovascular diseases (hypertension, coronary arterial disease, heart
failure, and stroke) and metabolic disorders (type 2 diabetes mellitus, dyslipidemia, and
metabolic syndrome) and it is closely linked to respiratory disorders (obstructive sleep
apnea, obesity hypoventilation syndrome, and asthma). It increases the risk of developing
various cancers including breast, colorectal, endometrial, pancreatic, esophageal, prostate,
and kidney cancer. Furthermore, excess weight significantly impacts the musculoskeletal
system, increasing the risk of osteoarthritis, gout, and chronic back pain. Gastrointestinal
and liver diseases (non-alcoholic fatty liver disease and gallbladder disease) are also more
prevalent in individuals with obesity. Obesity significantly affects reproductive health
and hormonal balance, increasing the risk for polycystic ovary syndrome, infertility, and
pregnancy complications. Moreover, psychological conditions such as depression and
anxiety and impaired cognition have been associated with obesity. Chronic low-grade
inflammation caused by obesity also weakens the immune system, increasing
susceptibility to infections and severe outcomes from illnesses [36].

Obesity and pain are intricately connected, with longitudinal studies identifying
obesity as a significant risk factor for the development of chronic pain. Research indicates
that individuals with obesity exhibit a lower pain threshold to electrical and mechanical
stimuli, along with a higher prevalence of pain, greater pain extent, and more persistent
pain complaints in both adults and adolescents. As BMI increases, reports of pain,
particularly low back pain, become more common. Furthermore, obesity is strongly
associated with the onset, progression, and severity of osteoarthritis, often necessitating
surgical intervention. Notably, evidence suggests that weight loss can significantly
alleviate chronic pain in individuals with obesity, underscoring the importance of weight
reduction in pain relief strategies [37].

6. Pain

Pain serves as a warning of tissue damage, signaled by specific receptors and fiber
systems that extend from the periphery to the brain [38]. Acute pain, typically lasting from
a few minutes to less than six months, is triggered by injury, surgery, illness, trauma, or
other medical procedures and is usually resolved once the underlying cause is treated or
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healed. It aims to produce behavior that will prevent further injury [39]. While acute pain
can be beneficial to the affected patient by signaling injury or harm, chronic pain does not
always serve this purpose, and it may be present despite the initial cause being resolved.
Chronic pain can result from various causes, including injury, inflammation, underlying
diseases, or idiopathic conditions, and it may have elements of central sensitization
[39,40]. Timely management of acute pain lowers the risk of developing chronic pain
syndromes [39]. It is believed that cognitive and emotional factors can play a crucial role
in pain perception due to the interconnected brain regions involved in pain processing,
attention, expectation, and emotional regulation [39]. Although the underlying
pathophysiology of different pain conditions remains unclear, recent studies have
increasingly focused on gaining a deeper understanding of the physiological processes
involved in pain, with a particular emphasis on neurobiological mechanisms [41].

Recent studies have shown the role of GR expression in human pain-sensing dorsal
root ganglion (DRG) neurons. Deep single-soma RNA sequencing and RNAscope have
revealed robust expression of GRs in DRG neurons, with levels significantly exceeding
those observed in traditional stress-responsive brain regions like the hippocampus [42].
These findings underscore the unique role of DRG neurons in stress and glucocorticoid
signaling. Mechanistically, GR activation in sensory neurons has been shown to drive
hyperexcitability and aberrant plasticity. Specifically, glucocorticoid receptor-dependent
transcriptional programs promote neurite sprouting and peripheral axon regeneration,
which may contribute to nociceptive hypersensitivity and pain persistence [43]. This
aligns with clinical observations correlating cortisol with pain sensitivity, providing
essential molecular insight by linking these changes to specific transcriptional
mechanisms in sensory neurons.

Chronic pain affects over 50 million Americans, but treatments remain inadequate
due to a limited understanding of its underlying biological mechanisms [3]. Over time,
chronic pain significantly impacts quality of life by restricting mobility, disrupting sleep,
causing depression and anxiety, and reducing overall productivity [40]. In recent years,
chronic musculoskeletal pain conditions have gained growing medical interest. Pain
biomarkers could help identify altered biological pathways and phenotypic expressions,
offer insights into treatment targets, and detect at-risk patients for early intervention [3].
Continuous research has demonstrated that cortisol abnormalities correlate with pain,
whether acute (e.g., postoperative) or chronic [44]. The next section will provide a detailed
explanation of the connection between acute and chronic pain and its relationship with
cortisol and DHEA/S.

6.1. Cortisol, DHEA, and Acute Pain

The link between cortisol and stress has been studied, with acute pain recognized as
a form of stress. Research has demonstrated that cortisol abnormalities correlate with
pain, whether acute (e.g., postoperative) or chronic [44]. Salivary cortisol levels have been
proven to be effective in reflecting pain responses across a range of procedures, from
abdominal surgery to molar extractions, underscoring its value as a marker for stress- and
pain-related research. In one study of 102 subjects, salivary cortisol jumped from a median
of 7 ng/mL to 17 ng/mL after tooth extraction [45]. Bariatric surgeries utilizing robotic,
minimally invasive techniques have also been shown to significantly reduce physiological
stress compared to traditional open surgeries. In one study, patients undergoing these
procedures experienced lower self-reported pain levels, which corresponded with
reduced cortisol levels (mean of 114 ng/mL vs. 76.3 ng/mL 24 h postop) [46]. This pattern
has been consistently observed in the studies reviewed. A study of 60 patients found that
a novel bupivacaine protocol during cardiac surgery not only improved subjective pain
outcomes as measured by a visual analog scale (3.4 + 1.1 vs. 1.1 £ 0.6) but also reduced
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ICU stays with these improvements quantitatively linked to lower levels of free cortisol
(631 £ 505 ug vs. 401 + 297 ug at 24 h) [47]. Indeed, this novel, preemptive intervention
seems to have improved pain and cortisol levels as much as minimally invasive surgery.
However, evidence suggests that cortisol levels themselves may influence acute pain
sensitivity.

Abnormal cortisol levels appear to influence pain perception in surgical patients,
with notable effects observed even in response to acute cortisol changes. Preoperative
stress-induced cortisol fluctuations have demonstrated a particularly significant impact.
For example, a laboratory study found that mice with an increased adrenal gland index
(~160 mg/kg vs. ~125 mg/kg), induced by preoperative stressors (such as food deprivation,
restraint stress, tilted cage, cold swimming, and overnight illumination) experienced
prolonged pain recovery following surgery (indicated by earlier paw withdrawal
threshold to mechanical stimuli and intolerance to cold stimuli) [48]. In addition, studies
have shown that acutely abnormal cortisol enhances pain sensitivity in general but not
necessarily when induced by surgery. A randomized, double-blind, and placebo-
controlled study with 100 subjects found that 20 mg oral hydrocortisone decreased female
subjects’ visceral pain threshold as measured by rectal pressure under time (37.3 mmHg
before treatment vs. 31.8 mmHg after treatment); however, this effect was less pronounced
in men (34.2 mmHg before treatment vs. 32.8 mmHg after treatment) [49]. Another study
of 176 subjects also found that after baseline cortisol was controlled for, increased cortisol
suppression after DEX administration and lower recovery cortisol levels were associated
with higher pain ratings during a cold pressor test (Bs =-2.42 to —17.82; with Bs = change
in the pain rating for each 1-unit increase in cortisol levels) as well as with reduced
conditioned pain modulation via heat stimulus (Bs =-0.92 to -1.68) [50]. This phenomenon
is believed to result from dysfunction of the HPA axis, which can arise from various
physiological or psychological factors [51].

Interestingly, a study of 201 patients found that blood cortisol concentrations
measured on the first postoperative day serve as a prognostic marker for the risk of
developing persistent postoperative pain syndrome, with this effect being more
pronounced in older individuals (B = 0.86 + 0.08, odds ratio 2.36) [52]. Advancing age and
increasing frailty have been associated with a gradual decline in hypothalamic sensitivity,
resulting in elevated cortisol levels and a disrupted diurnal rhythm. These changes
weaken the negative feedback mechanisms of the HPA axis [53]. In contrast, a review of
32 and 21 studies examining the predictive factors for postoperative pain intensity and
analgesic use, respectively, revealed that age frequently exhibited a negative correlation
with both analgesic consumption (as noted in six studies) and postoperative pain intensity
(also in six studies). Only one study indicated a positive correlation between age and
postoperative pain [54].

Growing evidence suggests that emotional distress caused by impending surgery
may affect cortisol levels. A recent study of 71 patients undergoing total joint arthroplasty
found that the pre-surgical and 24 h post-surgical samples showed a marked increase in
cortisol levels (>200 ng/mL) when compared to non-surgical controls [55]. The researchers
postulated that it is possible that psychological stress experienced during the pre-surgical
period is sufficient to elevate patients’ serum cortisol levels [40]. Another study
demonstrated that pain hypervigilance served as a strong predictor of subjective acute
postoperative pain (17% explained variance) in patients undergoing chest malformation
correction surgery [56]. This explained variance increased to 35% when combining the
hypervigilance parameters plus heat pain threshold, cortisol suppression, and
somatoform symptoms [56]. Additionally, a prospective study of 168 patients found that
pain score at discharge had a significant negative correlation with baseline cortisol levels
(r =-0.142) and heightened psychological stress (measured by DASS stress total) —often
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associated with minority status and single individuals—contributed to the development
of increased pain in patients with traumatic injuries [57].

A new area of interest is the connection between DHEA, cortisol, and pain
perception. In terms of acute pain, a study of 20 female anorexia nervosa patients found
that thermal pain threshold correlated negatively with DHEA (r = —0.53) and positively
with cortisol/DHEA (r = 0.76) and cortisol/DHEAS (r = 0.54) [58]. These findings were
corroborated by another study involving 20 patients undergoing total knee arthroplasties.
Postoperative pain scores exhibited a negative correlation with DHEA, as demonstrated
by a Spearman rho of —0.64 for 24 h pain scores at rest and —0.63 for 48 h pain scores at rest
[59]. Additionally, postoperative pain scores were positively correlated with the CDR,
showing a Spearman rho of 0.60 for 24 h pain scores at rest and 0.60 for 48 h pain scores
at rest [59]. These results emphasize the role of an increased cortisol-to-DHEA balance in
enhancing pain perception during the postoperative period [59].

6.2. Cortisol, DHEA, and Chronic Pain

Dysregulation of the stress response system can contribute to the persistence and
exacerbation of chronic pain [10]. Research has demonstrated that prolonged stress
exposure can result in an attenuated cortisol awakening response (CAR), which serves as
a predictor for pain intensity and fatigue severity observed in various chronic pain
syndromes, including fibromyalgia, chronic fatigue syndrome, and persistent pelvic pain.
This neuroendocrine dysregulation is frequently linked to enhanced nociception and
increased inflammatory processes, contributing to the pathophysiology of chronic pain
conditions [60,61]. For example, individuals experiencing chronic musculoskeletal pain
across multiple anatomical areas frequently show reduced cortisol levels upon waking,
along with a less pronounced diurnal decline. These patterns suggest an underactive HPA
axis, reflecting a potential disruption in the body’s stress response system [62]. In
fibromyalgia, numerous investigations have identified irregularities in the HPA axis
function. Research by Riva and colleagues demonstrated that fibromyalgia patients
exhibited reduced cortisol concentrations in the morning and a diminished CAR when
compared to controls. These alterations in cortisol dynamics may contribute to pain
sensitization and other symptoms [63]. Moreover, GRc, as an essential regulator within
the HPA axis, mediates cortisol’s anti-inflammatory and immunosuppressive effects.
Dysregulated GR signaling is also linked to chronic pain conditions, such as fibromyalgia
and neuropathic pain, where altered receptor expression or sensitivity impairs the
regulation of inflammation and nociceptive processing, contributing to pain persistence
[51].

DHEA and its sulfated form, DHEAS, have not been extensively explored as
biomarkers for chronic pain [64]. DHEAS has been identified as an endogenous modulator
of Kv7 channels, exhibiting a unique mechanism of action that diminishes M-current
suppression. This newly discovered form of Kv7 channel modulation decreases the
sensitivity of M-currents to stimulation by Gqg-coupled receptors. Such a modulatory
effect holds significant potential for attenuating heightened neuronal activity, positioning
DHEAS as a promising candidate for therapeutic interventions [65].

Several observational studies have identified links between DHEA levels and chronic
pain disorders. In a comprehensive study utilizing data from the Midlife in the United
States (MIDUS) cohort, Li et al. analyzed blood levels of DHEA/S, in relation to chronic
pain among 1216 adults aged 34 to 84 years. They found that women with chronic pain
had significantly lower DHEAS levels compared to pain-free women, with a dose-
response relationship observed for pain interference. Interestingly, no association was
found between DHEA/S and chronic pain in men. Emerging evidence indicates that sex
hormones, particularly estrogen and androgen, significantly influence chronic pain
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conditions, with testosterone linked to lower pain sensitivity and estrogen exhibiting
complex associations with pain. Low levels of estradiol and progesterone in women may
heighten pain vulnerability by impairing the endogenous opioid system, while decreased
DHEAS levels could predict chronic pain due to their role in sex hormone production [41].

Comparable results indicating decreased DHEA/S levels in chronic pain conditions
have been observed in studies focusing on specific disorders. Freitas et al. observed lower
salivary DHEA levels in women with fibromyalgia compared to healthy controls. For
fibromyalgia syndrome (FMS), patients exhibited reduced cortisol concentrations (10.10 +
4.08 ug/dL) compared to the control group (11.78 + 3.6 ug/dL). Similarly, serum DHEAS
levels were notably lower in FMS patients (89.93 + 53.96 pg/dL) than in controls (143.15 +
107.92 ug/dL). These findings suggest alterations in the HPA axis and steroid hormone
production in individuals with fibromyalgia [66]. In a pilot study led by Grimby-Ekman
involving individuals with chronic neck pain, plasma DHEAS levels were generally lower
in the pain group compared to the control group. The baseline levels of age and sex-
adjusted estimated DHEAS were 2.3 umol/L (95% confidence interval [CI] 1.34 to 4.08) for
the pain group, while the control group had levels of 3.7 umol/L (95% CI 1.90 to 7.14)
Additionally, the response of DHEAS to exercise differed between the groups. In the
control group, there was a tendency for DHEAS levels to decrease following exercise,
whereas in the chronic pain group, DHEAS levels either slightly increased or remained
unchanged [67]. Also, experimental studies provide further evidence for DHEA’s role in
pain modulation. Kibaly et al. demonstrated that DHEA administration reduced
mechanical hypersensitivity in a mouse model of neuropathic pain. The analgesic effects
were mediated through sigma-1 receptors and associated with decreased spinal
neuroinflammation [68].

Understanding the roles of cortisol and DHEAS in chronic stress and chronic pain
has significant clinical implications. Therefore, assessing cortisol and DHEAS levels could
help identify individuals at risk of developing chronic pain and those who may benefit
from stress management interventions. Further empirical studies are essential to explore
the potential of hormone replacement therapy targeting DHEA/S pathways as a novel
approach to chronic pain management [69].

7. Changes in Cortisol and DHEA/S Secretion/Levels Related to Aging
7.1. Aging Process

Aging is defined as a progressive loss of physiological integrity leading to functional
impairment and an increased likelihood of death [70]. It involves a gradual decline in an
organism’s ability to adapt to its environment accompanied by a diminished capacity for
tissue and organ regeneration across the body [71]. Aging is caused by several molecular
mechanisms such as DNA damage, mutations and epigenetic alterations, accumulation of
damaged and dysfunctional proteins, changes in cell metabolism, greater levels of
oxidative stress and mitochondrial dysfunction, and finally, cellular senescence. All of
these mechanisms play a crucial role in aging, making affected cells more prone to various
stressors [72].

The hallmarks of the aging of the endocrine system are disruption of negative
feedback loops and alteration in hormone production with a decrease in hormone levels
being the most common [73]. It is accompanied by numerous changes involving a gradual
decline in organ functions such as cognition, reduction in bone density, lower muscle
mass, increased insulin resistance, immune dysfunction, and many others [17]. Even
though the aforementioned changes are physiological, the presence of inflammation,
chronic diseases, and low nutrition leads to an increased risk of developing age-associated
diseases [73]. It is important to assess risk factors and causes of age-associated diseases in
order to prevent and treat them efficiently.
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7.2. HPA Axis, Cortisol, and Aging Process

Extensive quantitative and qualitative changes in the HPA axis as well as its
regulation and hormone secretion patterns have been observed throughout the process of
aging. As a result of adrenal cells’ senescence, multiple structural and functional changes
are seen in aging adrenal glands [74] (Table 1). When aged adrenal glands were analyzed,
adrenal atrophy with reduced zona reticularis, concomitantly increased zona fasciculata,
and discontinuous zona glomerulosa were shown. All of these changes imply altered
hormone production which will be discussed further in the next section. Additionally, an
increased incidence of adrenal nodules/tumors has been observed in the aged population
when compared to younger individuals [75].

Table 1. Changes in adrenal glands with increasing age.

Structural Changes Functional Changes
Reduction in the zona reticularis Increased cortisol levels
Concomitant increase in the zona fasciculata  Decreased DHEA and DHEAS levels
Discontinuous zona glomerulosa Increased levels of 11-deoxy cortisol

Increased incidence of adrenal tumors

Aging is accompanied by higher basal HPA axis activity, HPA axis disruption,
increased mean cortisol concentration levels, normal secretion patterns with a flattened
diurnal secretion slope, decreased diurnal cortisol variations, attenuated morning
awakening response, earlier morning level peak, and higher late-afternoon, early-evening,
and night nadir of cortisol with the shortening of the evening cortisol quiescent period
[17,76-79] (Table 2). The HPA negative feedback loop disruption seen is characterized by
decreased responsiveness to ACTH, inadequate drops of hormones after exogenously
applied hydrocortisone or dexamethasone during suppression tests, and decreased
number and sensitivity of GRs [17,20,76,80,81]. Boscaro et al. investigated ACTH
responses after hydrocortisone administration in younger (18-26 years old) and aged (65—
99 years old) men. Besides both groups having similar cortisol responses, the group of
aged men showed an insignificant decline in ACTH in the first 15 min after the
hydrocortisone administration, followed by a marked decline from 15 to 60 min after the
administration. On the contrary, the group of younger subjects showed a more prominent
decline in ACTH levels within the first 15 min after the hydrocortisone administration and
a less pronounced decline from 15 to 60 min [80]. The study conducted by Carroll and
colleagues revealed that older participants were more likely to not have adequate drops
of cortisol after dexamethasone administration compared to the younger ones [81].
Besides HPA axis disruption, a possible explanation for Carroll’s results could be an
increase in the number of cortisol-producing adenomas that are more commonly seen in
the aged population. Incongruous results have been observed in studies that investigated
CRH sensitivity in older adults, with some showing that exogenously applied CRH
exhibited no age-related difference, while others proved an increased sensitivity to it [74].
Interestingly, the activity of an enzyme that converts inactive cortisone to active cortisol,
113-HSD1, has been shown to increase with age in the central nervous system, bones,
skeletal muscles, and skin [17,82]. Therefore, adverse effects of high cortisol levels present
in the peripheral tissues could be seen in the elderly [17]. Decreased steroid sulfation and
thus inactivation, an increased concentration of GC-precursor 11-deoxy cortisol, and
lower cortisol-binding globulins, especially in males, may be additional factors
contributing to higher cortisol levels in the aging population [83-85]. Age-related changes
in cortisol profiles and the HPA axis may lead to an increased risk of developing age-
related diseases such as osteoporosis, neurocognitive deficits, Alzheimer’s disease, insulin
resistance, and many others [17,78].
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Table 2. Changes in the HPA axis related to aging.

Age-Related HPA Axis Disruptions
Attenuated cortisol awakening response
Increased mean cortisol levels

Flattened diurnal cortisol secretion pattern
Higher evening and nighttime nadir
Shorter evening cortisol quiescent period
Decreased responsiveness to ACTH
Reduced steroid sulfation

Increased 11B-HSD1 activity in peripheral tissues
Decreased numbers of GRs

Lower CBG levels in plasma

7.3. DHEA/S and Aging

DHEA/S levels show a notable decline with advancing age, particularly in the
elderly. Individuals in their 80s or 90s remain with just 20-30% of their DHEA peak
secretion [14]. Studies have shown that advancing age is associated with decreased
activity of 17,20-lyase, an enzyme responsible for converting 17a-hydroxy pregnenolone
to DHEA. Moreover, the decrease in IGF-I and IGF-II have been proposed to affect adrenal
androgen levels [19]. Interestingly, it has been shown that levels of 11-deoxy androgen,
the precursor of DHEA, remain stable during aging [86,87]. The exact mechanism
underlying lower DHEA and DHEAS and stable 11-deoxy androgen is not yet fully
known but the key reason for this discrepancy might be the reduction in zona reticularis
[74]. Besides low plasma concentrations of DHEA observed in the elderly, Henley et al.
measured cortisol and DHEA in the saliva of subjects. They found that older participants
had significantly higher cortisol AUC, reduced overall DHEA levels (with the most
prominent reduction in the morning), and lower DHEA AUC. Moreover, with increasing
age, the diurnal DHEA slope became less steep and the CDR linearly increased. The
higher CDR seen in the morning might be a significant factor contributing to the aging
process [88].

7.4. Factors Altering Hormone Secretion in the Elderly and the Implications

Aberrant hormone production and secretory-associated senescence phenotype in the
aging adrenals affect the body’s functions and metabolism, inducing the senescent
phenotype of the aging individual. The altered hormone patterns increase oxidative stress
and genomic damage resulting in telomere shortening and stress-induced cellular
senescence of neighboring and distant cells [74].

Higher cortisol levels have been associated with age-associated diseases, while
DHEA exerts a positive effect with higher levels associated with better survival in males
[89]. The natural decline in DHEA/S levels over the lifespan has prompted researchers to
investigate the potential consequences of this age-related reduction. As these pro-
hormones diminish, there is growing evidence to suggest that their depletion may
contribute to the deterioration of metabolic and physical functions commonly associated
with aging. This deficiency is hypothesized to play a role in the onset and progression of
various age-related disorders, potentially through mechanisms involving immune system
dysregulation, chronic inflammation, and increased oxidative stress [90,91]. Additionally,
chronic stress accelerates aging and promotes the development of age-related diseases.
Individuals with accelerated aging had typical impairment of cortisol circadian rhythm
with consistently high levels of cortisol throughout the day [92]. Researchers have found
that social disadvantages are associated with increased activity of the HPA axis [93] and
those who are experiencing social stress and daily discrimination have been identified as
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having morning hypocortisolism and flatter diurnal cortisol slopes [94]. Higher diurnal
cortisol profiles among people with low social support and poor resilience are associated
with an increased risk of developing chronic diseases [95]. Also, adverse childhood
experiences are linked to HPA axis dysregulation and the presence of chronic diseases in
older age [96]. Therefore, healthy aging could be affected by several factors including all
kinds of chronic stress (social stress, emotional stress, etc.), lifestyles, genetics, chronic
diseases, and environments. The next section will discuss several age-associated diseases
and evaluate hormone levels in relation to the clinical data.

8. Cortisol and DHEA/S Connections with Age-Related Diseases

8.1. Dementia

Aging can exert a harmful effect on the human brain which could be clinically
presented as a broad spectrum of symptoms, from mild cognitive impairment to
dementia. Dementia is defined by progressive or persistent loss of cognitive functioning
which interferes with a person’s daily life and activities [97]. Currently, Alzheimer’s
disease (AD) is the most common form of dementia, affecting 10% of individuals over 65
and 50% of those over 85. Alzheimer’s disease is characterized by the loss of neurons,
synapse loss, and the accumulation of amyloid plaques and neurofibrillary tangles. Risk
factors for developing AD are age, positive family history, presence of the APOE &4 allele,
genetic variations, chronic diseases, and lifestyle [98]. Although the exact
neuropathological mechanism of AD is still being studied, researchers have been paying
a lot of attention to the connection between chronic stress and AD, recognizing chronic
stress as an important risk factor for AD. It has been noted that those who experienced a
higher degree of perceived stress had a significantly higher risk for AD development [99].

Chronic stress occurs when the stressor persists over an extended period of time and
negatively affects the physiological and psychological functioning of the individual.
Chronic stress accelerates aging and promotes the development of age-related diseases,
especially AD. Exposure to chronic stressors affects the HPA axis in a similar way as aging
does due to high cortisol levels seen in both cases [6,100,101]. Hypercorticolism observed
during chronic stress affects brain function through several mechanisms (Figure 7).
Moreover, high cortisol levels lead to a decrease in the volume of the HC, PFC, and
temporal-parietal-occipital regions and to an increase in the volume of the amygdala
which clinically presents as anxiety and cognitive impairment [17,102,103]. Importantly,
the HC and PFC regulate cortisol’s diurnal rhythm, predominantly inhibiting the limbic—
HPA axis activity, whereas the amygdala seems to activate the stress response [17].

The etiopathogenetic mechanism of worse cognition with increasing levels of cortisol
is explained by the theory of two types of receptors present in the brain that could bind
GC—GR and MR. While GRs are expressed ubiquitously across the neurons in the central
nervous system, MR expression is more restricted on several structures including the
hippocampus (HC), prefrontal cortex (PFC), paraventricular nucleus, nucleus of the
solitary tract, locus coeruleus, and amygdala. Also, MRs are expressed in glial cells. MRs
have a higher affinity to the cortisol molecule compared to the GRs, resulting in the
occupation and activation of the MRs at the basal GC levels. GRs become occupied and
activated when GC levels reach a certain level during a circadian peak or stress. The HC
neurons have both types of receptors, and based on their activation, different cellular
responses are generated. Therefore, sustained activation of GRs in the HC neurons seems
to negatively affect synaptic plasticity and reduce brain-derived neuronal factor (BDNF)
levels, leading to impaired memory performance. Contrarily, the activation of MRs is
required for HC plasticity [17,104]. Lupien et al. conducted longitudinal research on
healthy-aged individuals (60-90 years old), dividing them into three groups based on
their basal cortisol levels and cortisol slopes—Increasing/High, Increasing/Moderate, and
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Decreasing/Moderate cortisol groups. First, they found that individuals from the
Increasing/High cortisol group had significantly diminished declarative memory
performance compared to the other two groups. Next, they performed an MRI on
individuals from the Increasing/High and Decreasing/Moderate cortisol groups, finding
that the Increasing/High cortisol group had a 14% lower volume of HC compared to the
other group. Therefore, showing that the degree of cortisol elevation over time and current
basal cortisol levels correlated with the individuals” HC volume suggests that higher
cortisol levels are associated with the reduction in HC volume and with learning and
memory impairments [105]. Moreover, higher CSF cortisol levels and CSF CDR were
associated with higher p-tau and tau CSF levels and lower amygdala and insula volumes
at the baseline [106].

How does hypercortisolemia affect brain functioning?
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Figure 7. Diagram illustrating the potential impacts of elevated cortisol levels on brain function
Created in BioRender. Erceg, N.; Micic, M. (2024), https://BioRender.com/w11y943 (accessed on 10
December 2024).

Studies have shown that cortisol could exhibit a neurotoxic effect on neurons by
stimulating their death and inducing a reduction in dendritic length and degeneration
through increased vulnerability to metabolic and vascular injuries [107]. Using near-
infrared spectroscopy, researchers have demonstrated that higher hair cortisol
concentrations are negatively associated with frontal lobe oxygenation [108]. Moreover,
FDG PET analysis of participants who had normal cognition, mild cognitive impairment,
or AD showed that higher plasma cortisol levels were associated with lower glucose
metabolism in medial and lateral parietal regions in all three groups [102].

In contrast, DHEA stimulates neuronal long-term potentiation, neurite growth, and
survival by protecting neurons from structural and functional damage. It also promotes
glial survival [109]. Therefore, an increased CDR could have a detrimental effect on the
human brain which subsequently results in the development of age-related
neurodegenerative diseases.

Studies have shown that higher salivary cortisol, nighttime cortisol, hair cortisol
concentration, diurnal and nocturnal urinary cortisol, and CSF cortisol are associated with
worse cognitive functions in aged adults. Contrastingly, larger diurnal drops and higher
CARs were associated with better cognitive performance [103,106,108,110,111]. Ennis et
al. investigated whether cortisol dysregulation is related to the risk of developing AD.
They took samples of creatinine (Cr) and 24 h urinary free cortisol (UFC) from the
volunteers participating in the Baltimore Longitudinal Study of Aging and calculated the
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UFC/Cr levels and UFC/Cr variability. The results showed that participants who had
increased UFC/Cr levels and increased UFC/Cr variability predicted an increased risk of
AD on average 6 years before the disease onset [112]. Next, Ouanes et al. demonstrated
that higher CSF cortisol levels predicted a more marked cognitive decline over 36 months,
while higher cortisol and DHEAS predicted more pronounced disease progression over
the same period [106].

Comparing the patients with AD and healthy subjects (HSs), researchers found that
patients with AD had significantly higher cortisol levels (in plasma, saliva, urine, and CSF)
than HSs and it correlated negatively with memory performance [103,104,106,113,114].
Also, studies reported that patients with AD are more likely to have lower DHEA levels
both in CSF and plasma [106]. More research needs to be carried out to determine the role
and effect of cortisol and DHEA on the development of AD. Even though it is still unclear
whether cortisol is the cause or just correlative of AD, it could be assessed as a potential
biomarker of the increased risk of AD or even as a target of preventive and/or
therapeutical strategies in the future.

8.2. Depression

Aging is associated with several conditions that increase the risk of depression,
including chronic medical illnesses, cognitive impairment, sleep disturbances, circadian
rhythm disruptions, reduced social support, social isolation and loneliness, limited
physical activity, and impaired overall functioning. These factors collectively contribute
to chronic stress and diminished functional capacity [115-117]. Both aging and chronic
stress, as well as depressive disorders, are characterized by dysregulation of the HPA axis,
typically manifested by elevated basal cortisol levels and a flatter diurnal cortisol slope.
Studies indicate that higher cortisol levels and decreased HPA axis sensitivity correlate
with poorer cognitive outcomes, vascular and degenerative dementias, depression, and
anxiety, while a flattened diurnal cortisol slope has been linked to adverse emotional and
physical health outcomes [17,118,119]. Moreover, age- and stress-related changes in brain
structure and function are associated with increased vulnerability to depression, cognitive
decline, and anxiety [17].

Depression itself is marked by disrupted pulsatile cortisol secretion,
hypercortisolemia, a reduced CAR, elevated urinary free-cortisol levels, increased
cerebrospinal fluid CRH, and lower DHEA/S levels. Additionally, patients with
depression show higher cortisol responses after dexamethasone administration and an
enhanced cortisol response during post-stressor recovery [17,120-122]. An elevated CDR
may further predict delays in recovery [123]. Alterations in cortisol and DHEA/S levels
have also been observed in older adults with depression. Belvederi et al. reported that
older adults with depression had significantly higher basal cortisol levels throughout the
day—especially during the evening and night—compared to healthy, age-matched
controls. The authors suggested that this pattern may be due to an age-associated
reduction in MR function, which, in younger patients, compensates for impaired GR
activity commonly seen in depression. As this compensatory mechanism wanes with age,
HPA axis overactivity is likely exacerbated [124]. Elevated cortisol levels in older adults
with depression have also been linked to significantly smaller hippocampal volumes
compared with non-depressed controls [19]. Furthermore, older depressed individuals
may exhibit decreased dexamethasone availability for suppressing plasma cortisol levels
as well as elevated basal cortisol and heightened stress-related cortisol secretion [125].
Notably, significant differences in DHEAS levels and CDR have been observed between
depressive and non-depressive centenarians. A further decrease in DHEAS levels among
depressed individuals reinforces the additional role of depression in the age-related
increase in CDR [126].
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Aging is associated with higher consumption of various medications, many of
which—such as antihypertensives, antiparkinsonian agents, chemotherapy drugs,
hormones, and benzodiazepines—have been implicated in the onset or exacerbation of
depressive symptoms [127]. Among these, GCs are particularly notable due to their
widespread therapeutic use and potential to induce depression as a side effect. This
condition, known as glucocorticoid-induced depression, arises from the exogenous
administration of GCs, which mimic the physiological and pathological effects of
endogenous hypercortisolemia [128]. GCs are among the most commonly prescribed
medications, valued for their potent anti-inflammatory and immunosuppressive
properties. They are used to manage a wide range of inflammatory and autoimmune
disorders, including rheumatoid arthritis, asthma, inflammatory bowel disease, and
sarcoidosis. Additionally, they are utilized in treating adrenal insufficiency, preventing
transplant rejection, alleviating cerebral edema, and addressing other conditions
requiring anti-inflammatory or hormone replacement therapies [129,130]. Chronic GC
administration, however, can lead to hypercortisolemia and associated adverse effects,
including neuropsychiatric symptoms such as depression. These effects mirror those seen
in endogenous hypercortisolism, such as that observed in Cushing syndrome [131] (156).
Excessive or prolonged GC use also increases the risk of developing iatrogenic Cushing
syndrome, further complicating the clinical picture. More than half of patients with
Cushing syndrome experience depression, while up to three-quarters of those undergoing
prolonged exogenous steroid therapy may exhibit mood alterations [123].

To mitigate these risks, GCs should be prescribed judiciously, ensuring their use is
limited to well-established indications. Dosage should be carefully adjusted according to
the patient's age and weight, with attention to minimizing the duration and dose
whenever possible [130]. Early recognition of depressive symptoms is crucial, as timely
intervention can prevent progression and improve outcomes. Physicians should remain
vigilant for the potential psychiatric side effects of GC therapy, including depression, to
optimize patient safety and quality of life.

8.3. Osteopenia and Sarcopenia

One of the most prominent changes happening during aging is a loss in bone density
and loss of muscle mass. Those processes are called osteopenia/osteoporosis and
sarcopenia. Due to reduced bone and muscle mass, aging is associated with a higher risk
of falls, fractures, and frailty. Osteoporosis is caused by an imbalance between bone
reabsorption by osteoclasts and bone formation by osteoblasts. Different factors have an
effect on bone formation and reabsorption, including sex, age, genetics, nutrients, physical
activity, BMI, drugs, lifestyle, and chronic medical conditions [132].

Being the most common cause of secondary osteoporosis, long-term GC therapy
negatively affects bone formation and reduces bone mass by suppressing the maturation,
proliferation, and function of osteoblasts, stimulating osteoblast and osteocyte apoptosis,
and extending osteoclast survival [133]. With the advancement of age, higher cortisol
levels negatively affect bone formation and metabolism via the same mechanisms
mentioned before [73,134]. Moreover, higher diurnal cortisol levels have been linked with
frailty, a state of increased vulnerability. Conversely, lower diurnal cortisol levels are
associated with longevity [17]. Postmenopausal women with higher salivary cortisol
levels in the morning and the evening were more likely to suffer from sarcopenia, while
those who had higher levels of DHEAS showed lower bone loss in a 15-year follow-up
time [135,136]. Researchers have found that higher DHEA/S levels observed in the elderly
are associated with increased bone density as well as greater muscle mass and strength,
mobility, well-being, and physical functioning [17], while low DHEAS levels are
associated with a higher prevalence of frailty and low back pain present in both sexes, a
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higher risk of non-vertebral fractures in aged men, and slower rehabilitation rates
observed in women [14,137].

8.4. Insulin Resistance and Diabetes Mellitus

Aging is accompanied by impaired glucose tolerance and insulin resistance which
can eventually lead to the occurrence of diabetes mellitus [138]. Moreover, quantitative
and qualitative changes in insulin secretion in beta cells of pancreatic Langerhans islets
significantly contribute to the pathogenesis of diabetes in aged patients [73]. Cortisol, as a
catabolic hormone, raises blood sugar levels by stimulating gluconeogenesis in the liver
and makes muscle and fat tissues less sensitive to insulin, resulting in higher blood sugar
levels and insulin resistance [139]. Higher cortisol levels and flatter diurnal cortisol
profiles in older people are associated with a higher risk of developing diabetes [95,140].
The effect of DHEA/S on insulin resistance is still inconsistent and more research needs to
be conducted [14].

8.5. Immune Dysfunction

The immune system, like any other system, goes through extensive changes with
increasing age and that process is called immunosenescence [76]. It involves
inflammaging and the accumulation of senescent cells. Inflammaging represents the
existence of chronic low-grade inflammation that advances with increasing age. Senescent
cells acquire a specialized phenotype called secretory-associated senescent phenotype
(SASP) which is responsible for the secretion of pro-inflammatory cytokines, growth
factors, and chemokines. Those cells significantly contribute to the inflammaging leading
to the development of age-related diseases [141,142]. It is well known that the elderly are
more prone to infectious diseases and have a higher risk of severe outcomes. Moreover,
advancing age is associated with an increased incidence of autoimmune diseases and
tumors. All of this points out that immune function becomes dysfunctional with the
advancing age which eventually leads to higher morbidity and mortality [143]. This
happens due to complex changes affecting both innate and acquired immunity, including
humoral and cellular components. Thymic involution, a decrease in naive T and B cells,
an increase in memory T and B cells, the dysfunctional activation of immune cells, and the
predominance of pro-inflammatory cytokines are hallmarks of aging [142].

Cortisol and DHEA have opposite modulatory effects on the immune system and
immune response. While cortisol is known to suppress the immune response, DHEA
enhances it [17]. Cortisol has an anti-inflammatory and immunosuppressive effect. Higher
cortisol levels are linked with boosting the function of suppressor T cells, lymphopenia,
lower cytokine secretion, lymphoid organ atrophy, altered T cell traffic, and lower T cell
proliferation [144]. On the other hand, DHEAS exerts an immunostimulatory effect,
increasing the release of IL-2 by mitogen-stimulated CD4+ T cells [145]. Daily DHEA
supplementation (50 mg) during the 20 weeks among the age-advanced males with low
DHEAS levels showed a marked increase in IGF-Ilevels, immune cells (monocytes, B cells,
ILC2, and NK cells), the mitogenic responses of both T and B cells, and the cytotoxicity of
NK cells and cytokines. Moreover, patients who took DHEA supplementation showed a
decreased CDR compared to the placebo group [146]. Higher CDR in the elderly is
associated with a decline in immune functioning. Aged patients with hip fractures who
had a higher CDR had increased infection rates, decreased neutrophil responses, and
lower overall survival [17,75,147]. Therefore, it is proposed that the increase in cortisol
and decrease in DHEA in the aged population may partly contribute to the increased
susceptibility to infections, tumors, and inflammatory diseases.
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9. Anti-Aging Strategies

Effective anti-aging strategies need to be introduced due to the ever-increasing
number of people in the aging population. There are some drugs and therapeutic agents
(resveratrol, rapamycin, and senolytics—dasatinib and quercetin) in the preclinical and
clinical trials that show promising effects in modulating the aging process, but further
research needs to be conducted before they can start being used for their anti-aging
properties [148]. Even though many studies showed that DHEA/S have therapeutic and
preventive effects on age-associated diseases, a 2-year randomized placebo control
double-blind study with participants aged at least 60 years old failed to show any
significant beneficial effect on body composition, physical performance, insulin
sensitivity, or quality of life after a daily supplementation of 50 (for women) or 75 mg (for
males) of DHEA. Also, DHEA replacement therapy has not shown any major adverse
effects during the study [149]. Physical activity, calorie restriction, and stress management
have been shown to positively affect the aging process and lower the CDR which results
in better immune function, cognition, and well-being [148,150-154].

10. Conclusions

This review has explored the intricate interplay between cortisol, DHEA/S, obesity,
pain perception, and aging, revealing several clinically significant insights. Hormonal
imbalances, particularly elevated cortisol levels and reduced DHEA/S concentrations play
a pivotal role in both acute and chronic pain while contributing to weight gain, accelerated
aging, and age-related diseases. Dysregulation of the hypothalamic-pituitary—adrenal
(HPA) axis emerges as a key factor in these processes, with consistent findings of altered
cortisol awakening responses and disrupted diurnal rhythms.

Obesity is a complex condition involving genetic and hormonal factors. Dysregulated
cortisol and DHEA secretion, along with the variations in hormone receptor expression
and sensitivity, drive adipose tissue dysfunction, chronic inflammation, and metabolic
disorders. Insulin resistance, dyslipidemia, and central adiposity heighten the risk of
cardiovascular disease, musculoskeletal issues, and certain cancers. Continued research
into these underlying mechanisms is essential to develop novel prevention and treatment
strategies. Notably, weight reduction has been shown to significantly alleviate chronic
pain and reduce morbidity, underscoring the urgent need for targeted therapies to
address the multifaceted burden of obesity.

In pain management, the cortisol-to-DHEA ratio (CDR) shows potential as a
biomarker for pain sensitivity, especially in surgical settings where higher ratios are
associated with increased postoperative pain. This understanding may enable more
individualized pain management strategies, including preoperative cortisol testing to
identify patients at risk of heightened pain sensitivity and tailored interventions, such as
psychotherapy or multimodal analgesia, to mitigate postoperative hyperalgesia. The
mixed results regarding the correlation between postoperative pain and age underscore
the need for further research in this area.

The role of DHEA/S as both a diagnostic indicator and therapeutic target is
emphasized by its consistently reduced levels in chronic pain conditions and its novel
mechanisms of action, such as modulation of Kv7 channels and neuronal activity. Gender-
specific associations between DHEA/S levels and chronic pain further highlight its
potential utility as a biomarker and therapeutic focus. Further empirical studies are
essential to explore the potential of hormone replacement therapy targeting DHEA/S
pathways as a novel approach to chronic pain management. While some evidence
suggests that DHEA may influence pain modulation through various mechanisms,
comprehensive clinical investigations are necessary to establish its efficacy and optimize
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treatment protocols. This focused research could significantly enhance our understanding
of DHEA's role in pain relief.

Aging is marked by rising cortisol levels and declining DHEA/S concentrations,
contributing to age-related conditions such as cognitive decline, depression, bone density
loss, metabolic disorders, and immune dysfunction. Elevated cortisol levels are
particularly detrimental in neurodegenerative conditions, correlating with accelerated
cognitive deterioration. These findings stress the importance of maintaining hormonal
balance to support healthy aging, healthy weight, and effective pain management.

Standardizing hormonal assessment methodologies, such as blood, saliva, or urine
testing, could provide reliable tools for both pain management and age-related disease
prevention. Additionally, studies focusing on the relationship between CDR and acute
pain, as well as the impact of preoperative mental health interventions on postoperative
outcomes, could offer valuable insights.

By integrating hormonal assessments and interventions into clinical practice, this
understanding of neuroendocrine dysfunction opens new opportunities for improving
diagnostic accuracy, therapeutic strategies, and overall patient outcomes in the contexts
of obesity, pain, and aging.
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