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BACKGROUND: Obesity is an increasingly alarming public health problem. Emerging evidence suggests that a dysregulation of
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sympathetic nervous system activity, particularly related to the adrenergic system, can play a role in the pathophysiology of obesity.
OBJECTIVE: This systematic review explores the complex interplay between the adrenergic system and obesity.

METHODS: PubMed, Web of Science and Scopus were searched until June 2023 using the following Boolean expression: (obese OR
obesity) AND (adrenaline OR noradrenaline OR epinephrine OR norepinephrine). No time frame or other filters were set.
Observational or interventional studies reporting plasma or urinary adrenaline and/or noradrenaline concentrations in adults with
obesity were included.

RESULTS: Among the 8680 studies, 35 met the eligibility criteria, comprising a total of 2588 subjects from which 1617 with general
obesity or abdominal obesity. Despite some heterogeneity across studies, the evidence suggests a hyperadrenergic state in
subjects with obesity, characterized by higher noradrenaline and lower adrenaline plasmatic concentrations, coupled with a
blunted response to sympathetic stimuli, compared with their lean counterparts. Additionally, the adrenergic overdrive seems to be
more pronounced when subjects with obesity are also diagnosed with obesity-associated comorbidities, except for hypertension.
Abdominal fat weight loss interventions have a positive effect not only on reducing baseline noradrenaline levels, but also on
restoring the impaired sympathetic response observed in subjects with obesity.

CONCLUSION: Overall, this systematic review highlights the complex interplay between catecholamines and obesity. It synthesizes
current evidence and identifies key research gaps, thus providing valuable insights to guide future biomedical research and clinical

practice.

International Journal of Obesity; https://doi.org/10.1038/541366-025-01924-0

INTRODUCTION

Obesity, defined by the World Health Organization (WHO) as an
“abnormal or excessive fat accumulation that may impair health”,
characterized by a body mass index (BMI) greater than 30 kg/m?
[1], is an increasingly alarming global public health challenge that
has reached epidemic proportions [2, 3]. It is now recognized as
one of the leading causes of poor health worldwide [4]. Ranked as
the fourth highest cause of death, following high blood pressure,
dietary and tobacco use [5], overweight and obesity affect nearly
one in three children’s and almost 60% of adults, resulting in more
than 1.2 million deaths across the WHO European Region every
year [6].

Globally, obesity, particularly abdominal obesity, and its
determinants, are significant risk factors for the development of
noncommunicable diseases associated with increased mortality,
such as cardiovascular diseases [7], type 2 diabetes [8], certain
types of cancers [9] and infertility [10-12]. Additionally, excessive

fat accumulation can lead to various health problems, including
psychosocial problems [13], obstructive sleep apnea (OSA) [14],
and osteoarthritis [15]. Identifying the underlying factors con-
tributing to obesity development and progression is a critical step
toward its early detection and diagnosis [16]. While the traditional
view primarily attributes obesity to excessive energy storage
rather than energy expenditure [17, 18], obesity is currently
recognized as a multifactorial disease [19]. Although the observed
associations with health outcomes may be partly due to the
effects of enlarged fat cells and to the increased secretion of
proinflammatory cytokines [20], there is a growing consensus that
alterations in the sympathetic nervous system (SNS) activity can
play a role in the pathophysiology of obesity [21-24]. Furthermore,
a complex triangular relationship seems to exist between
adipocytes, the SNS and immune cells [25, 26].

The SNS plays an essential role in the regulation of metabolic
and cardiovascular homeostasis [22].
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Central to this regulation are the catecholamines (CAs)—
adrenaline (AD), mainly produced and secreted by the adrenal
medulla, and noradrenaline (NA), its biosynthetic precursor and
the principal neurotransmitter of the SNS [27-30]. Their effects are
mediated through the activation of adrenergic receptors (adre-
noceptors), classified into a (ay, a;) and B (B, B Bs) subtypes [31].
AD activates both a- and -adrenoceptors, while NA primarily
stimulates a-adrenoceptors and, to a smaller extent, B;-adreno-
ceptors [28]. These receptors are differentially distributed across
tissues with B;-adrenoceptors primarily located in the heart, 3, in
bronchial and vascular smooth muscle, and (3; predominantly in
adipose tissue, where they regulate lipolysis [30, 32]. In humans,
CAs regulate lipid metabolism by stimulating or inhibiting
lipolysis, respectively, through B- and a,-adrenoceptors [33],
Additionally, CAs modulate lipogenesis, thermogenesis and the
secretion of adipocyte-derived hormones that control whole-body
energy homeostasis [34] thereby positioning them as key players
in obesity pathophysiology.

This systematic review aims to explore the complex interplay
between the adrenergic system and obesity. We specifically aim
to (1) determine whether subjects with obesity exhibit an
adrenergic overdrive, assessed through plasmatic and/or
urinary AD and NA concentrations; (2) explore this phenomenon
in the presence or absence of obesity-associated comorbidities;
and (3) investigate whether stress, exercise, glucose intake and
weight loss (induced by diet, exercise or surgery) modulate the
adrenergic system.

METHODOLOGY

Study protocol

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines [35] and is registered in the Open Science
Framework (OSF): https://doi.org/10.17605/OSF.I0/6RFU2. The
PRISMA statement checklist is provided as Supplementary File 1.

Information sources and search strategy

The search was performed on the 22nd of June 2023 in PubMed,
Web of Science and Scopus using the following Boolean
expression: (obese OR obesity) AND (adrenaline OR noradrenaline
OR epinephrine OR norepinephrine). No time frame or other filters
were set.

Eligibility criteria
Studies were eligible according to the following inclusion and
exclusion criteria following the PICOS tool [36]:

® P (population)—Subjects with general obesity (classified as
BMI = 30.0 kg/m? [37, 38]) or abdominal obesity [classified as
WC=80cm in women and =94cm in men [38-41] or
WC=88cm in women and =102 cm in men [42]].

® | (Interventions/exposure)—with or without intervention (e.g.,
weight loss programs, or other interventions except
pharmacological-based interventions).

® (C (Comparator)—with the comparator/control group regard-
ing anthropometric characteristics or other variables such as
obesity-associated comorbidities, sex, or others.

® (outcomes)—adrenergic response markers (plasmatic or
urinary AD and/or NA concentration).

® S (Study design)—quantitative studies.

Duplicate articles, reviews, meta-analyses, systematic reviews,
letters, abstracts-only, single-case studies, books, conference
papers and articles lacking access to the full text despite attempts
to contact the authors were not included. Studies with no clear
definition of the obesity cutoff criteria and those evaluating
pharmacological-based interventions were also excluded. Articles
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were not excluded based on language or country where the
intervention took place to avoid bias.

Selection process and data collection process

After identifying records in databases and excluding dupli-
cates, the screening process was conducted by two indepen-
dent reviewers. First, studies were screened based on the title,
and second, they were screened based on the abstract. During
the eligibility phase, both reviewers screened the full-text
reports to determine whether they met the inclusion criteria.
Disagreements were resolved through discussion and con-
sensus among all three authors. The reviewers were not
blinded to the journal title or study authors. Finally, the eligible
studies were summarized in two tables, including information
on authors, publication year, first author affiliation country,
study design, main sample characteristics, obesity cutoff
criteria, intervention (if applicable), main outcomes, compara-
tor and main results. Tables 1 and 2 summarize the
characteristics of the observational and experimental/interven-
tional studies, respectively. The articles are summarized in
more detail in Supplementary File 2.

Quality assessment/study risk of bias assessment

The included studies were subjected to a quality assessment by
two independent reviewers using The Standard Quality Assess-
ment Criteria for Evaluating Primary Research Papers from a
Variety of Fields [43]. Journal impact factor and quartile were also
included—Supplementary File 2.

Data management

Studies were categorized as observational or interventional/
experimental, and interventions were briefly described. The
baseline characteristics of the study subjects were described,
and comparisons between study groups were performed as
follows:

(@) Within-subject comparisons focused on differences related

to:
() Timing: comparing data before and after the intervention

(i) Type of intervention: when different interventions were
compared

(b) Between-subject focused on differences

related to:
(i) BMI categories
(ii) WC categories
i) Obesity-associated comorbidities
Other variables (sex, ethnicity, chronotype, genotype, etc.)

comparisons

)
)
(iii)
(iv)

The outcomes were analyzed with a focus on adrenergic
markers, specifically urinary or plasmatic AD or NA concentrations.
When justified, other markers related to the sympathetic nervous
activity, including muscle sympathetic nerve activity (MSNA), skin
sympathetic nerve activity (SSNA), NA clearance and NA spillover,
were included in the analysis.

The results were described and simplified as higher or increased,
lower or decreased, or similar based on statistical significance as
follows: non-significant; p < 0.05; p <0.01 and p < 0.001.

RESULTS

Search, study selection and quality assessment

Figure 1 summarizes the selection process. The 35 included
articles were published between 1987 and 2022. The quality
ratings of the studies ranged from 0.63 to 0.95, with a mean score
of 0.88. The lower scores were due to a poor description of the
subject selection method, sampling appropriateness and lack of
confounding assessment (Supplementary File 3).
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Studies and subjects’ characteristics

Overall, 12 studies were observational (all cross-sectional) and 23
were experimental. The included studies involved a total of
2588 subjects, of which 1617 (63%) had obesity/abdominal obesity.
Most of the studies involved both males and females (60%). The
sample sizes ranged from six males with obesity [44] to 742 subjects
with chronic heart failure (HF), among whom 247 (33%) with
obesity [45]. Among the subjects with obesity/abdominal obesity,
the mean + SD for age and BMI ranged from 21.73 + 0.47 years [46]
to 70 + 10 years [45] and from 30.3 + 0.7 kg/m? [47] to 45 + 4 kg/m?
[48], respectively. The highest assessed WC average was
119.7 £ 20.6 cm [49]. In terms of disease characteristics, 18 studies
(51%) included subjects with obesity-associated comorbidities
(Table 3), and one of the studies included subjects with obesity
with two distinct genotypes [50].

In most studies (n = 66%), participants were either not taking
any medication or had discontinued their medication prior to the
study [47, 51-54]. Some studies did not specify participants’
medication use [46, 50, 55-59]. In a few studies, participants were
under pharmacological treatment, including loop diuretics
[45, 60], antihypertensives [45, 61-65], cardiac glycosides and
antiplatelet/anticoagulant therapy [45]. Additionally, some parti-
cipants were using oral contraceptives [63, 64, 66], psychiatric,
antidiabetic, anti-inflammatory, statins and corticosteroids [63, 64].

Regarding interventions, the individuals were subjected to
stress, exercise, glucose intake and weight loss programs (induced
by diet, exercise or surgery), as summarized in Table 3. In terms of
adrenergic response markers, most of the studies (86%) assessed
plasma CAs, while urinary CAs were analyzed in five studies.
Notably, none of the studies simultaneously evaluated the plasma
and urinary concentrations of AD and NA. However, a small
number of studies have also examined other clinical parameters
related to the SNS, including muscle sympathetic nerve activity
(MSNA) (14%), skin sympathetic nerve activity (SSNA) (6%), NA
clearance (9%) and NA spillover (9%).

Methodology wise, plasmatic and urinary CAs were predomi-
nantly assessed by high-performance liquid chromatography, with
some exceptions in which CAs were assessed via radioenzymatic
assays [55, 671, radioimmunoassays [65, 68], enzyme-linked
immunosorbent assays [46, 54, 69-71], and high-resolution liquid
chromatography [45]. One study did not specify the method used
[56]. CAs were generally assessed under fasting, except in some
studies where they were measured after a light breakfast with
overnight abstinence from alcohol, smoking, and coffee
[49, 52, 72]. Additionally, some studies did not specify the
sampling conditions [45, 56, 57, 60].

With respect to comparators, some studies have conducted
multiple analysis. AD and/or NA plasmatic or urinary concentra-
tions were compared between (i) subjects with and without
obesity (17 studies, 49%), (ii) subjects with obesity, with versus
without obesity-associated comorbidities (12 studies, 34%) and (iii)
subjects with obesity before and after an intervention or after
different types of interventions (23 studies, 66%). A subset of
studies (n=8; 23%) also compared AD and/or NA plasmatic or
urinary concentrations in relation to additional variables, such as
sex [64], chronotype (morning vs. evening type) [59], insulin
sensitivity (sensitive vs. resistant) [47, 58], ethnicity (black vs.
white) [49], response to induced hypoglycemia [48], genotype
(ADRB2 Glu27Glu vs. GIn27GIn) [50] and response to OGTT (in the
feeding or fasting state) [73].

in Ob-HT vs. Ob without

(similar) between Ob-NT and Ob-

between the three groups (NS)
HT (NS)

NA > in Ob (with HT and without HT)

vs. lean (higher, p < 0.05)

Results

AD

NA

AD and NA
HT (NS)

(a) regarding BMI (with Ob

vs. lean)
(b) regarding Ob associated

comorbidities (HT)
(a) regarding Ob associated

Between groups:
Between groups:
comorbidities (HT)

Comparator

Plasma AD (pg/mL)
Plasma NA (pg/mL)
Plasma AD (pg/mL)
Plasma NA (pg/mL)

Main outcomes

Obesity criteria
BMI > 30 kg/m?
BMI > 30 kg/m?

=20)

r, 57.1% F
2

5 55.6% F
2
2
2
2

; 50% F

9)

with both Ob and HT (n =33)
2
with Ob and Borderline-HT

53+ 10yr
with Ob without HT (n = 25)

characteristics; sex (% F); BMI
with both Ob and HT (n = 14)

(kg/m?); WC (cm)

n=41

Sample size; health
35.5 + 4.3 kg/m

With Ob (n=27)
34.6 £5.9 kg/m

Lean without HT (N
222 +2.1 kg/m
n=67; 100% F
33.3+2.8kg/m

34.1 £3.3 kg/m

Bold values represent statistically significant.
Ob obesity, BMI body mass index, WC waist circumference, yr years, F females, NA noradrenaline, AD adrenaline, HF heart failure, OSA obstructive sleep apnea, PCOS polycystic ovary syndrome, WHR waist-to-

30.9+5.2y
30.3+5.4yr,
31+£49yr,

33 +3.4kg/m
49+ 11 yr

47 £9yr

(n

Study
design
Cross-
sectional
Cross-
sectional

Differences in adrenergic system

In subjects with obesity versus those without obesity. There is a
significant variability in plasma AD and NA concentrations across
studies. Among the 17 studies comparing subjects with and
without obesity, five (29.4%) reported significantly higher
circulating concentrations of NA in subjects with obesity than in
those without obesity [p < 0.001 [74, 75]; p < 0.01 [72, 76]; p < 0.05

continued
Country
Germany

Italy
height ratio, MetS metabolic syndrome, HT hypertension, NT normotension, MSNA muscle sympathetic nerve activity, SSNA skin sympathetic nerve activity, N/Ow normal weight/overweight.

Ref.
[37]
[48]

Table 1.
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Fig. 1 Literature review flow diagram, adapted from Page et al. [35].
[51]]. One study revealed significantly lower concentrations of NA
(p<0.001) in subjects with obesity compared to those without
obesity, both groups with chronic HF [45]. In addition, 24-h urinary
NA excretion rates were also significantly higher in subjects with
obesity compared to lean (p < 0.01) [61]. However, more than half
of these studies (59%) reported no statistically significant
differences between groups.

With respect to AD, assessed in seven of these studies, a subset
(n=3/7) reported significantly lower concentrations in subjects
with obesity at rest than in their normal weight counterparts
(p <0.05) [73] as well as after physical exercise, compared with
their lean counterparts [p < 0.01 [55] and p < 0.05 [67]], even when
plasma AD concentrations were similar [55, 67] under resting
conditions. In contrast, one study [76] reported significantly higher
concentrations of AD in subjects with obesity compared to those
with normal weight (p <0.01), while three studies [51, 54, 57]
reported similar concentrations under resting conditions.

In subjects with obesity regarding obesity-associated comorbidities.

Compared with their counterparts with obesity and without OSA,
subjects with OSA presented significantly higher NA

International Journal of Obesity

)
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Té Studies included in qualitative synthesis
= (n=35)
—/

concentrations [p=0.02 [70] and p <0.05 [72]]. However, after
adjustment for potential confounding factors such as age, sex,
BMI, WC, alcohol intake, physical activity, and urinary sodium
excretion, this difference was no longer significant (p = 0.15) [70].
In addition, no significant differences were found in plasma AD
(p = 0.18) [70]. However, MSNA values were significantly higher in
subjects with OSA than in those without OSA, and MSNA was
positively associated with WHR (p < 0.01) in a multivariate analysis
conducted on subjects with and without obesity, with and without
OSA. However, the SSNA values remained similar among the four
groups [72].

Similarly, compared with their counterparts with obesity with-
out this syndrome, subjects with metabolic syndrome (MetS) also
presented significantly higher NA concentrations (p < 0.001) and
non-significant AD concentrations (p=0.313) [63]. However,
according to Grassi et al., although plasma NA values were
significantly higher in patients with MetS (p < 0.05), this trend was
not observed in those with obesity or hypertension (HT) alone,
despite a concomitant and marked increase in MSNA observed in
all these clinical conditions [52].

Compared with their counterparts without the syndrome,

SPRINGER NATURE
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Table 3. Summary of the main study features.
n (%)
First author affiliation
Italy 7 20.0
Germany 4 11.4
Australia 4 114
Spain 3 8.6
Sweden 2 57
Brazil 1 29
Iraq 1 29
Canada 1 29
Turkey 1 29
France 1 29
Slovakia 1 29
Journal quartile
Q1 14 40.0
Q2 13 371
Q3 4 114
Q4 4 11.4
Studies by sex
Males 8 229
Females 6 17.1
Both 21 60.0
Obesity characterized by
BMI 29 829
wcC 4 1.4
Both 2 57
Obesity associated comorbidities 18 51.4
HT 7 20.0
MetS 4 1.4
OSA 2 57
PCOS 1 29
chronic HF 1 29
MetS and OSA 1 29
HT and congestive HF 1 29
Interventions
Exercise 8 34.8
Induces tests 3 13.0
Oral glucose tolerance tests 4 17.4
Weight loss program induced by diet 2 8.7
Weight loss program induced by diet and exercise 3 13.0
Weight loss induced by surgery 3 13.0
Main outcomes
Both plasma AD and NA concentrations 16 45.7
Only plasma NA concentrations 13 37.1
Only plasma AD concentrations 1 29
Urinary AD and NA concentrations 4 11.4
Only urinary NA concentrations 1 29
MSNA 5 14.3
SSNA 2 5.7
NA clearance 3 8.6
NA spillover 3 8.6

HT hypertension, MetS metabolic syndrome, OSA obstructive sleep apnea,
PCOS polycystic ovary syndrome, HF heart failure, MSNA muscle sympa-
thetic nerve activity, SSNA skin sympathetic nerve activity.

subjects with polycystic ovary syndrome (PCOS) presented
significantly higher AD concentrations, both in the lying and
standing positions (both p <0.001). Moreover, the plasma AD
concentration in the lying position was higher in subjects with
PCOS when compared to the control group (p <0.001) and

SPRINGER NATURE

both BMI and WHR were positively correlated with the plasma
AD concentration (both p<0.05). Overall, this evidence
suggests a chronic elevation in sympathetic activity in subjects
with PCOS [56].

On the one hand, subjects with congestive HF presented
significantly higher NA concentrations and MSNA values than
did their counterparts without congestive HF (both p <0.01).
Furthermore, compared with a healthy group, MSNA signifi-
cantly increased in the groups of subjects with obesity, HT,
and congestive HF. In addition, this increase was particularly
pronounced and reached its maximum when obesity and HT
cooccurred in the presence of congestive HF (p < 0.01) [60]. On
the other hand, significantly lower NA concentrations were
observed in subjects with obesity and chronic HF compared to
subjects without obesity. Additionally, BMI and obesity were
significantly associated with lower NA concentrations
(p <0.001) [45].

Studies with subjects with both obesity and HT (n = 6) have
yielded controversial results. Some (n=2) reported signifi-
cantly higher NA concentrations in subjects with both obesity
and HT than in normotensive subjects with obesity, both
under fasting (p <0.05) [75] and during OGTT conditions
(p <0.001) [74]. Conversely, other studies reported similar AD
and NA concentrations [51, 55, 62] in subjects with HT
compared with their normotensive counterparts. In addition,
one study [54] reported significantly higher plasma AD levels
in subjects with both obesity and HT (p <0.01), highlighting
the significant impact of HT on baseline plasma AD (F = 8.345,
p =0.006) but not on NA concentrations.

In subjects with obesity before and after intervention

Adrenergic response to dietary interventions: When the impact
of diet-induced weight loss across five studies that implemented
different dietary intervention types was examined, it was evident
that both circulating and urinary NA concentrations consistently
decreased across studies, at rest, after weight loss [p <0.05
[68, 771; p < 0.001 [47, 53, 66]], regardless of the dietary regimen. In
addition, MNSA and plasma resting NA spillover rates significantly
decrease in subjects with abdominal obesity after weight loss
treatment, whereas no changes in NA plasma clearance were
noted [47, 53]. Moreover, the concentration of NA decreased with
weight loss but remained stable during follow-up (p = 0.012) [66],
indicating that this decrease was induced by weight loss.
However, findings regarding AD concentrations, assessed in four
of these studies, are less conclusive. On the one hand, a significant
increase in the daily urinary AD concentration in subjects with
obesity was identified after a 2-month period of a very low-energy
diet (450-800 kcal/day), followed by 10 months of a weight loss
maintenance diet (p < 0.05) [77]. However, Altree et al. [77] did not
find a correlation between urinary CAs and weight loss. On the
other hand, evidence also suggests a slight decrease in AD
concentrations after 2 weeks on a commercial diet, followed by a
significant increase 6 weeks later during the follow-up period
(p<0.05) [66]. In addition, AD concentrations also seem to
decrease after 4 weeks of underfeeding at 300 kcal/day
(p < 0.05) [68].

Adrenergic response to exercise. When the impact of exercise on
the adrenergic response was examined, two types of analyses
were performed: (1) CAs response during exercise in subjects with
obesity in comparison to their lean counterparts as well as across
different types of exercise and (2) CAs response at rest in subjects
with obesity after weight loss induced by exercise.

Overall, there is evidence suggesting a significant increase in AD
[p<0.05 [78]] and NA [p<0.05 [78, 79]; p<0.01 [50]] concentra-
tions during exercise in both subjects with and without obesity
[p<0.05 [79]], regardless of the exercise type. Furthermore,
evidence points to similar [67] and higher NA concentrations in

International Journal of Obesity



subjects with obesity compared to their lean counterparts
(p <0.05), even when both groups present similar NA concentra-
tions at rest [79]. Conversely, there is also evidence suggesting
significantly lower AD concentrations in subjects with obesity
compared with their lean counterparts after 90 min of exercise
(p <0.05) [67]. In addition, changes in plasma NA concentrations
during a 10 min treadmill test were significantly higher in lean
subjects than in subjects with obesity (p <0.01) [55].

Regarding different types of exercise, evidence shows a
significant increase in AD and NA after 90 min of aerobic exercise
[67] as well as after 60 min of moderate exercise (50%V02 max)
[78]. In contrast, no statistically significant changes were found in
the levels of CAs when exercise intensity and time were compared
in a study involving 15 males with obesity submitted to a single
bout of cycling exercise at both lower and higher intensities [46].

With respect to the CA response at rest, after weight loss
induced by exercise, evidence suggests a decrease in AD and NA
concentrations after a 6-week weight loss program, promoted by
3 sessions per week of supramaximal exercise training, both in
subjects with obesity and in their normal weight counterparts
(both p <0.01) [76]. In contrast, no statistically significant changes
were found in AD or NA after a 12-week weight loss exercise
program in either the high- or moderate-intensity groups,
although the anthropometric measurements were significantly
lower at week 12 than at baseline in all groups (all p < 0.017)[69].

Adrenergic response to a combination of diet and exercise: When
assessing the impact of weight loss programs that incorporate dietary
modifications and exercise, evidence indicates a significant decrease
in NA concentrations after weight loss [p < 0.01 [47] and p < 0.05 [53].
In addition, NA spillover rates were significantly lower after weight
loss intervention with both diet plus exercise, whereas no changes in
NA plasma clearance were recorded [53]. Additionally, Wirth et al. [68]
revealed a decrease in both AD and NA plasma concentrations after
4 weeks in both the diet restriction and the diet restriction plus
exercise groups (p < 0.05). Specifically, AD at rest declined by 45% in
the diet restriction group and by 74% in the diet restriction plus
exercise group [68].

Adrenergic response to weight loss surgery: With respect to
surgical interventions, specifically bariatric surgery, there were no
significant differences in AD or NA concentrations in subjects with
obesity after bariatric surgery, with a 32% weight reduction [48].
However, NA concentrations were significantly lower in a group of
subjects with both obesity and HT at both 4 and 12 months after
bariatric surgery (p < 0.05) [65]. In addition, the NA excretion rate
(nmol/24 h) significantly decreased (p <0.01) in subjects with
obesity 1 year after gastroplasty (Karason et al. [61]). Karason et al.
[61] also reported that, after 1 year, the NA excretion rate was
significantly higher in those who followed a dietary intervention
than in those who underwent surgery (p = 0.047). However, the
weight of the subjects in the dietary group increased during the
intervention, whereas those who underwent surgery decreased
their weight [61].

Adrenergic response to stress: Compared with their baseline
values, subjects with obesity presented a significant increase in
plasma NA concentrations under stressful conditions (p <0.001).
However, no significant difference was found between groups
when comparing subjects with obesity with their normal weight
counterparts. However, the percent change in NA (pre- vs. post-
stress) was correlated with BF% (r=0.614, p=0.044) and BMI
(r=0.733, p=0.010) in the group of subjects with obesity [71]. In
addition, one session of social stress also induced a significant
increase in plasma AD and NA concentrations in both subjects
with obesity and overweight, however, subjects with obesity
showed a higher hormonal response to psychosocial stress (AD,
p <0.05; NA, p <0.01 in subjects with overweight vs. AD, p < 0.01;
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NA, p <0.001 in subjects with obesity) [57]. Under mental stress,
both AD and NA concentrations increased significantly in both
groups of subjects with and without obesity (both p < 0.001), with
subjects with HT showing heightened adrenergic responses to
stress, suggesting enhanced sympathetic activation in response to
mental stress in young untreated patients in the early stage of HT
compared with healthy controls without any influence of obesity
(both p < 0.05) [54].

Adrenergic response to the oral glucose tolerance test: The
evidence indicates a significant increase in the NA concentration
after oral glucose loading with subjects with obesity showing a
significantly higher increase compared with their lean counter-
parts (p <0.001) [74, 75], as well as in subjects with both obesity
and HT compared with their normotensive counterparts [p < 0.05
[75] and p<0.001 [74]]. In addition, a group of subjects with
obesity had lower plasma concentrations of AD than their normal-
weight counterparts did in response to glucose (p=0.018),
whereas NA concentrations did not significantly differ between
groups. Suppression of AD secretion in response to carbohydrate
ingestion was significantly blunted in overweight and obesity
compared to subjects compared with normal weight subjects,
indicating that most of the variance in basal AD was related to
whole BF%, since fasting plasma AD concentrations were inversely
correlated with BF% (r=—0.437; p=0.001) [73]. After glucose
loading, the sympathetic response, assessed by MSNA, was also
blunted and delayed in a group of subjects with both obesity and
insulin resistance compared with their insulin-sensitive counter-
parts, even when endogenous NA concentrations were similar in
both the insulin-resistant and insulin-sensitive groups at baseline,
which indicated that central adiposity was associated with a
blunted MSNA response [58].

Effects of other variables, such as sex, ethnicity, genotype,
insulin resistance and chronotype, on the adrenergic system
With respect to chronotype, subjects with both obesity and OSA, with
an evening chronotype who reported sleeping less than 6.5 h per
night, presented significantly higher concentrations of 24-h urinary
AD (p <0.05) and slightly, albeit no significantly, higher concentra-
tions of 24-h urinary NA (NS; p=0.052) than their morning
chronotype counterparts did [59]. In addition, moving from morn-
ingness to eveningness scores was associated with an increase in BMI
and neck circumference [59]. Moreover, sex-specific distinctions were
observed within this context, since the levels of both urinary CAs were
significantly higher in men with obesity than in women (both
p =0.004) [64]. Furthermore, the plasma concentration of AD was
significantly in males than in females, irrespectively of BMI (p = 0.001);
however, this sex difference disappeared after adjustment for body
fat percentage (BF%), whereas no sex-related differences were found
in NA concentrations [73].

With respect to ethnicity, differences were not found in NA
concentrations between black and white females with obesity
[49]. In addition, differences were not found in the CAs
concentrations between the ADRB2-Glu27Glu genotype and the
ADRB2-GIn27GIn genotype [50].

Both males and females with abdominal obesity and insulin
resistance presented NA concentrations similar to those of their
insulin-sensitive counterparts [47, 58]. However, MNSA and NA
clearance were significantly higher in the insulin-resistant groups
(p < 0.05), whereas the NA spillover rate was slightly higher, albeit not
significantly different, in the insulin-resistant groups (NS; p =0.11), as
similar NA concentrations were detected in both groups [58].

DISCUSSION

Summary and reflection of the main results

In this systematic review, our primary aim was to identify
differences in the adrenergic system between subjects with and
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without obesity. Additionally, we sought to explore these
differences while considering obesity-associated comorbidities
and possible modulators of the adrenergic system.

Overall, our review revealed heterogeneous results regarding
neurotransmitter concentrations in adults with obesity. Most
studies reported similar (10/17) or higher (6/17) plasmatic or
urinary NA levels in individuals with obesity than in their
counterparts without obesity, both at rest and during exercise.
In contrast, studies on AD levels have shown similar (3/7) or lower
(3/7) concentrations in individuals with obesity.

A meta-analysis (2019), which included approximately 1400 sub-
jects, also revealed heterogeneous results regarding sympathoa-
drenal activity in human obesity when it was assessed via
plasmatic or urinary NA assays [80]. Across more than 40 studies
[80], NA plasma levels in subjects with obesity were reported to be
lower, similar, or higher than those without obesity, suggesting
that SNS activity does not significantly differ between subjects
with and without obesity. However, studies have also reported
lower plasma AD concentrations, both at rest and in response to
stimuli such as physical activity [81], in agreement with our review.
More recently, with a cross-sectional approach, Reimann et al. [73]
described a lower fasting concentration of venous plasma
metanephrine, a metabolite of AD, in individuals with obesity,
suggesting not only lower AD secretion but also potentially lower
AD storage, possibly linked to adrenal medullary dysfunction.

In a mouse model, overnutrition was shown to increase plasma
NA levels leading to insulin resistance, adipose tissue dysfunction
and hepatic steatosis [82]. The authors have shown that this
metabolic dysfunction was due to lipolysis-induced free fatty acids
release into the bloodstream, which can then accumulate in non-
adipose tissues and disrupt insulin signaling [82].

The introduction of microneurography to assess MSNA in
peripheral nerves provides more consistent findings than plasma
CAs measurements. Recent meta-analyses demonstrate pro-
nounced sympathetic overactivity in subjects with obesity [80]
and MetS [83], even without concomitant comorbidities. Addi-
tionally, hyperinsulinemia appears to contribute to sympathetic
activation independently of other metabolic factors [84].

Therefore, discrepancies in NA and AD levels across studies
likely result from a combination of biological heterogeneity and
methodological differences. In agreement with some authors [81],
differences in baseline CAs levels and their responsiveness to
physiological stimuli may be partially explained by individual
variability in body composition, fat distribution, diet, sex, age,
presence or absence of comorbidities, insulin sensitivity, and
physical activity level. Our review highlights the role of body
composition, particularly fat degree and distribution, in these
discrepancies, with significant associations between CAs concen-
trations and anthropometric measurements. Higher NA concen-
trations correlate positively with both BF% and WHR, while AD
concentrations display an inverse relationship with BF% [73],
suggesting a potential link between these hormonal changes and
obesity-related factors. Furthermore, the degree of sympathetic
responsiveness was inversely related to measures of central
adiposity [47]. Although the exact mechanisms by which central
obesity triggers increased sympathetic activity are not fully
understood, SNS activity associates more strongly with visceral
than subcutaneous fat mass [53, 80, 83, 84]. Hence, visceral
adiposity may be more relevant than traditional anthropometric
measures such as body weight, BMI, WC, lean body mass, and
subcutaneous fat [63]. In this context, differences in adiposity may
also account for hormonal differences in AD between men and
women [73]. In addition, our review highlighted a potential
increase in adrenergic system activity in subjects with obesity and
with an evening chronotype [59] or with insulin resistance.
Besides, it is well known that aging is associated with progressive
changes in body composition, including an increase in total fat
mass, redistribution of fat from the subcutaneous to the visceral
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compartment, and a reduction in lean body mass [85, 86].
Moreover, CAs-induced lipolysis decreases with age, favoring
adiposity and insulin resistance [87]. However, no conclusions can
be drawn within the scope of this review, as it was not possible to
examine data according to age.

Despite the limited number of studies, evidence suggests
higher NA concentrations in subjects with OSA, MetS and
congestive HF. In contrast, similar AD concentrations in subjects
with OSA and MetS and higher AD concentrations in subjects with
PCOS were found. However, the underlying reasons for this
heightened adrenergic system activity remain unexplained. In
addition, there are still conflicting views regarding whether
subjects with HT exhibit abnormal adrenergic system activity
based on plasma or urine CAs concentrations, in agreement with
the ongoing debate outlined in prior reviews [88, 89]. Interest-
ingly, when obesity and HT are both present in the same patient,
the degree of sympathetic activation is higher than that in those
with either condition alone [60, 90]. In addition, recently, SNS
overactivity has been firmly established in the pathogenesis,
maintenance and progression of HT [91]. Additionally, divergent
findings across studies may be explained by the regional
differences in SNS activity, which are inadequately captured by
systemic CAs measurements [52]. Microneurography techniques
have demonstrated that SNS responses vary between target
organs and vascular beds, allowing localized overactivity despite
unchanged plasma or urinary CAs levels. Therefore, measuring
regional NA release is essential to capture organ-specific
sympathetic tone and better understand selective activation
patterns in different conditions [92].

Furthermore, beyond their release, the sympathetic tone
regulation involves CAs transport and degradation mechanisms
that may be also altered in obesity. The upregulation of
extraneuronal CAs transport—primarily mediated by organic
cation transporters (OCTs)—accelerates CAs metabolism, contri-
buting to diminished lipolysis and adipose tissue dysfunction [87].
OCT3, expressed in adipocyte cell membranes, plays a key role in
regulating B-adrenoceptors signaling by actively removing NA
from the local microenvironment, thereby reducing extracellular
concentrations and attenuating 3-AR/cAMP/PKA signaling path-
ways [93].

Furthermore, both the variable expression of 3 and a, receptors
in adipose tissue and the different CAs affinity for these receptors
can lead to distinct metabolic responses to these hormones [94].
Moreover, the mechanisms underlying CAs resistance in adipo-
cytes appear to involve B3-adrenergic receptor downregulation,
although this process remains incompletely understood [95].
These biological factors, combined with technical variations in
sampling protocols, timing, and handling procedures across
studies, likely contribute to the observed inconsistencies in the
literature regarding AD and NA levels in obesity.

In this review, we also aimed to understand how the adrenergic
system responds in subjects with obesity when exposed to
different stimuli, including stress, exercise, glucose intake and
weight loss (induced by diet, exercise, or surgery). Overall, despite
differences between studies, consistent patterns have emerged.
Collectively, evidence suggests that stress can lead to significant
adrenergic responses characterized by increased AD and NA
concentrations [54, 57, 71]. In the case of obesity, while NA
responses to stress may be similar to those in subjects with normal
weight, there is evidence of a correlation between the NA
response and obesity-related factors (BMI and BF%) [71]. In
addition, subjects with obesity exhibit a diminished and delayed
response to sympathetic stimuli, specifically glucose intake (both
at rest and during exercise), compared with their lean counter-
parts. The reduced sensitivity of adrenergic receptors caused by
obesity could further contribute to this phenomenon [96].
Furthermore, compared with their insulin-sensitive counterparts,
with obesity, insulin-resistant subjects with MetS presented
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reduced NA spillover and delayed MSNA responses to oral glucose
[47]. Reimann et al. [73] revealed that the AD response to oral
glucose was diminished in subjects with increased BMI. Further-
more, BF% is a significant predictor of fasting AD concentrations
and a determinant of sex differences in adrenal medullary
function [73]. In terms of exercise, our results agree with a prior
review reporting a significant increase in CAs concentrations in
both subjects with and without obesity, regardless of the exercise
type [96]. However, Zouhal et al. [96] reported that these
concentrations remained lower in subjects with obesity compared
to their counterparts without obesity in response to submaximal
or maximal exercise. In contrast, our review presents conflicting
results, as we found studies reporting similar [67] higher [67, 79]
and lower [55] increases in NA concentrations in subjects with
obesity than in their lean counterparts. Moreover, our review
highlights that weight loss, particularly abdominal fat loss
interventions, whether induced by diet, exercise or surgery, exerts
a positive effect not only on reducing baseline adrenergic system
activity, particularly NA concentrations, but also on restoring the
impaired sympathetic response observed in subjects with obesity
[47]. This effect also results in significant improvements in MetS
components, including blood pressure; fasting plasma glucose,
triglyceride, and high-density lipoprotein cholesterol levels; and
insulin sensitivity [53]. Additionally, a decrease in WHR and
abdominal fat mass was strongly associated with lower whole-
body NA spillover, and changes in body weight, total body and
trunk fat, and plasma leptin concentration were the main
predictors of changes in MSNA. Therefore, the impact of weight
loss on SNS might be dependent mainly on the degree of weight
reduction [53].

Reflection on the interplay between obesity and the
adrenergic system

Obesity appears to be linked to alterations in CAs release,
reuptake, and responsiveness [71, 97-100]. However, the patho-
physiological mechanisms involving adrenergic system over-
activity and obesity need further elucidation. Additionally, the
debate persists as to whether SNS activation is the cause or
consequence of obesity. On the one hand, there is evidence
indicating that chronic increased sympathetic activity can
contribute to central obesity, hyperinsulinemia and elevated
adipokine levels [101], creating a vicious cycle that may contribute
to the development of conditions such as HT, MetS, and
cardiovascular and kidney diseases [89]. Some reviews also
support these connections, emphasizing that elevated baseline
sympathetic activity, which is mainly determined by plasma NA
concentrations, could predispose individuals to the development
of obesity-related HT. In addition, it is also linked to future weight
gain, higher blood pressure and elevated insulin levels [102, 103].
Furthermore, Lansdown and Rees [104] highlighted an association
between common features of PCOS, such as central obesity,
hyperinsulinemia and OSA, and chronic sympathetic overactivity,
suggesting a role in its pathogenesis [104]. Moreover, blunted
sympathetic responsiveness to stimuli such as an oral glucose load
has been shown to be related to increased central adiposity [103].
On the other hand, there is also evidence indicating that obesity,
impaired baroreflex sensitivity, hyperinsulinemia, and high levels
of adipokines, such as leptin, may contribute to increased
sympathetic nerve activity in metabolic abnormalities [104].
Furthermore, weight loss is associated with substantial improve-
ments in glucose control, the plasma lipid profile, blood pressure,
and reductions in leptin concentrations, suggesting a complex
interplay between CAs and adiposity-related factors [53, 105].

In line with existing evidence, our review underscores the
importance of adipose tissue, particularly visceral adipose tissue,
in the interplay between the adrenergic system and obesity,
regardless of whether sympathetic activation contributes to
weight gain or results from obesity. First, CAs induce adipose
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tissue lipolysis [26, 106], and the desensitization of adrenergic
receptors, caused by sympathetic activation, may contribute to
weight gain [53, 107]. Furthermore, chronic sympathetic over-
activity can potentially disrupt CAs signaling in fat tissue, leading
to reduced metabolism and increased insulin resistance
[104, 108, 109]. Second, dysregulated adipokine production and
secretion from visceral fat, with a permissive role of leptin, can also
trigger sympathetic activation [89]. Increased adiposity, along with
elevated circulating leptin or changes in other products of visceral
fat, may contribute to obesity-related sympathetic activation [110].
Third, there is evidence of an interaction between SNS activation
and inflammatory pathways in adipose tissue. The presence of
macrophages, which are more prevalent in adipose tissue from
subjects with obesity, can lead to increased levels of proinflam-
matory factors such as tumor necrosis factor-a and interleukin-6
[103, 111]. Furthermore, recent findings indicate that macro-
phages [112] and adipocytes [113] are able to produce, secrete
and respond to CAs, suggesting their role as key signaling
molecules in the regulation of immune-metabolic crosstalk within
adipose tissue [114].

Strengths and limitations of the review
This systematic review is not the first to identify differences in the
adrenergic system in subjects with obesity; however, to the best of
our knowledge, it is the first to consider the variability of factors
inherent to obesity that may be related to these differences.
This systematic review has several limitations. The limited
number of included studies, coupled with the inherent hetero-
geneity in experimental designs and baseline clinical conditions
among subjects, challenges the establishment of direct compar-
isons among studies. In addition, indirect markers such as
plasmatic or urinary AD or NA concentrations do not reflect
regional differences in sympathetic nerve activity and are
influenced by clearance, metabolism and uptake from the
circulating blood [99]. In addition, the lack of a uniform cutoff
for obesity across studies could introduce a potential source of
bias since the definitions of obesity based on BMI and/or WC
conducted to the exclusion of numerous studies during the
screening phase. Thus, achieving consensus regarding the most
accurate measure for characterizing obesity is crucial. A more
comprehensive and careful characterization of subjects with
obesity considering the presence of overt metabolic and
cardiovascular diseases would be crucial in the scope of the
review. Additionally, only a few studies have considered the
potential impact of body fat distribution on subjects’ differences in
adrenergic system behavior. In this context, metrics such as BF%,
WHR, WC and distinctions between visceral and subcutaneous
body fat distributions could offer valuable insights into the
relationship between the adrenergic system and obesity. An
accurate assessment of the relationship between each of these
components and neurohormonal activation could yield more
valuable insights. Finally, the cross-sectional nature of most
studies does not allow the establishment of causality.

Further studies

Future studies should focus on adrenergic system differences in
terms of BF% and fat (visceral and subcutaneous) distributions. In
addition, exploring variations in sympathetic nerve activity by
specifically targeting visceral fat cells, also known for releasing
CAs, could offer valuable insights into the distinctions between
subjects with and without obesity. Additionally, further research
should focus on determining the conditions and mechanisms
linking adiposity to heightened sympathetic activity, as well as
those associated with lower sympathetic activity. These findings
could help to identify appropriate targets for better prevention
and treatment of obesity. Additionally, to increase the reprodu-
cibility of plasmatic NA concentrations as a reflective measure of
sympathetic activity, conducting assays on multiple robust
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samples and subsequently averaging the obtained data could be
employed in further studies. Furthermore, prospective studies
focusing on a large and wide population coupled with longer
follow-up periods would address knowledge gaps in under-
standing the possible bidirectional relationship between obesity
and the adrenergic system.

CONCLUSIONS

In summary, this systematic review highlights the complex
interplay between CAs, obesity and, especially, adiposity-related
factors. The evidence suggests a hyperadrenergic state in subjects
with obesity coupled with a blunted response to sympathetic
stimuli compared with their lean counterparts. Additionally,
adrenergic overdrive seems to be potentiated when subjects with
obesity are also diagnosed with obesity-associated comorbidities
such as MetS, OSA, PCOS and congestive HF, whereas the results
from studies involving subjects with both obesity and HT are less
conclusive. The difference in those hormonal responses may be
attributed to variations in body composition, since an intriguing
association emerged between hormonal concentrations and BMI
and BF%. In addition, abdominal visceral fat appears to be an
important depot linking obesity and the SNS. The activation of the
SNS appears to be regionally specific. Weight loss programs,
whether induced by diet, exercise or surgery, exert a positive
effect not only by reducing baseline adrenergic system activity,
particularly NA concentrations, but also by restoring the impaired
sympathetic response observed in subjects with obesity. Further
studies are still needed to understand whether these differences
are the cause or consequence of obesity. Moreover, there is a
crucial need to explore the specific relationship between the
adrenergic system and adipose tissue. Addressing this gap in
research can advance our understanding of the mechanisms
behind dysfunction in the adrenergic system related to obesity,
leading to more effective and personalized approaches to address
obesity and its associated complications.

REFERENCES

1. World Health Organization (2021) Obesity and overweight. Available at: https://
www.who.int/news-room/fact-sheets/detail/obesityand-overweight/. [Accessed
Jun. 2, 2023].

2. Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends in obesity
among US adults, 1999-2008. JAMA. 2010;303:235-41.

3. Rodgers A, Woodward A, Swinburn B, Dietz WH. Prevalence trends tell us what
did not precipitate the US obesity epidemic. Lancet Public Health.
2018;3:e162-3.

4. Swinburn BA, Kraak VI, Allender S, Atkins VJ, Baker PI, Bogard JR, et al. The global
syndemic of obesity, undernutrition, and climate change: the Lancet Commis-
sion report. Lancet. 2019;393:791-846.

5. Deaths by risk factor in WHO European Region, both sexes, all ages, 2019. In: Viz
Hub [website]. Seattle (WA): Institute for Health Metrics and Evaluation; 2021.
http://ihmeuw.org/502n.

6. World Health Organization. WHO European Regional Obesity Report 2022.
Copenhagen: WHO Regional Office for Europe; 2022.

7. Powell-Wiley TM, Poirier P, Burke LE, Després JP, Gordon-Larsen P, Lavie CJ, et al.
Obesity and cardiovascular disease: a scientific statement from the American
Heart Association. Circulation. 2021;143:E984-1010.

8. Ruze R, Liu T, Zou X, Song J, Chen Y, Xu R, et al. Obesity and type 2 diabetes
mellitus: connections in epidemiology, pathogenesis, and treatments. Front
Endocrinol. 2023;14:1161521.

9. Pati S, Irfan W, Jameel A, Ahmed S, Shahid RK. Obesity and cancer: a current
overview of epidemiology, pathogenesis, outcomes, and management. Cancers.
2023;15:485.

10. Cannarella R, Crafa A, Curto R, Condorelli RA, La Vignera S, Calogero AE. Obesity
and male fertility disorders. Mol Asp Med. 2024;97:101273.

11. Dag Z, Dilbaz B. Impact of obesity on infertility in women. J Turk Ger Gynecol
Assoc. 2015;16:111-7.

12. Lei R, Chen S, Li W. Advances in the study of the correlation between insulin
resistance and infertility. Front Endocrinol. 2024;15:1288326.

SPRINGER NATURE

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

. Leite F, Leite A, Rasini E, Gaiazzi M, Ribeiro L, Marino F, et al. Dopaminergic

pathways in obesity-associated immuno-metabolic depression. Psychol Med.
2018;48:2273-5.

. Tai JE, Phillips CL, Yee BJ, Grunstein RR. Obstructive sleep apnoea in obesity: a

review. Clin Obes. 2024;14:e12651.

. Godziuk K, Hawker GA. Obesity and body mass index: past and future con-

siderations in osteoarthritis research. Osteoarthr Cartil. 2024;32:452-9.

. Safaei M, Sundararajan EA, Driss M, Boulila W, Shapi'i A. A systematic literature

review on obesity: understanding the causes & consequences of obesity and
reviewing various machine learning approaches used to predict obesity. Com-
put Biol Med. 2021;136:104754.

. Wen X, Zhang B, Wu B, Xiao H, Li Z, Li R, et al. Signaling pathways in obesity:

mechanisms and therapeutic interventions. Signal Transduct Target Ther.
2022;7:298.

. Lee SJ, Shin SW. Mechanisms, pathophysiology, and management of obesity. N

Engl J Med. 2017;376:1491-2.

. Diels S, Vanden Berghe W, Van Hul W. Insights into the multifactorial causation

of obesity by
2020;21:213019.
Abdelaal M, le Roux CW, Docherty NG. Morbidity and mortality associated with
obesity. Ann Transl Med. 2017;5:161.

da Silva AA, do Carmo J, Dubinion J, Hall JE. The role of the sympathetic nervous
system in obesity-related hypertension. Curr Hypertens Rep. 2009;11:206-11.
Martinez-Sanchez N, Sweeney O, Sidarta-Oliveira D, Caron A, Stanley SA,
Domingos Al. The sympathetic nervous system in the 21st century: neu-
roimmune interactions in metabolic homeostasis and obesity. Neuron.
2022;110:3597-626.

Guarino D, Nannipieri M, lervasi G, Taddei S, Bruno RM. The role of the auto-
nomic nervous system in the pathophysiology of obesity. Front Physiol.
2017;8:665.

Snitker S, Macdonald |, Ravussin E, Astrup A. The sympathetic nervous system
and obesity: role in aetiology and treatment. Obes Rev. 2000;1:5-15.

Sé& Gomes A, Leite F, Ribeiro L. Adipocyte-macrophage crosstalk upon the
expression of catecholamine synthesis pathway genes. Mol Biol Cell.
2019;30:3075.

Larabee CM, Neely OC, Domingos Al. Obesity: a neuroimmunometabolic per-
spective. Nat Rev Endocrinol. 2020;16:30-43.

Euler USv. A specific sympathomimetic ergone in adrenergic nerve fibres
(sympathin) and its relations to adrenaline and nor-adrenaline. Acta Physiol
Scand. 1946;12:73-97.

Goldstein DS. Adrenaline and noradrenaline. eLS.

Goldstein DS, Eisenhofer G, Kopin IJ. Sources and significance of plasma levels of
catechols and their metabolites in humans. J Pharm Exp Ther. 2003;305:800-11.
Tank AW, Lee Wong D. Peripheral and central effects of circulating catechola-
mines. Compr Physiol. 2015;5:1-15.

Ahlquist RP. A study of the adrenotropic
1948;153:586-600.

Samanta S, Bagchi D, Bagchi M. Physiological and metabolic functions of the
B(3)-adrenergic receptor and an approach to therapeutic achievements. J
Physiol Biochem. 2024;80:757-74.

Lafontan M. [Kidney, adipose tissue, adipocytes-what's new?]. Nephrol Ther.
2011;7:69-79.

Evans BA, Merlin J, Bengtsson T, Hutchinson DS. Adrenoceptors in white, brown,
and brite adipocytes. Br J Pharm. 2019;176:2416-32.

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. BMJ. 2021;372:n71.

Methley AM, Campbell S, Chew-Graham C, McNally R, Cheraghi-Sohi S. PICO,
PICOS and SPIDER: a comparison study of specificity and sensitivity in three
search tools for qualitative systematic reviews. BMC Health Serv Res.
2014;14:579.

Obesity: preventing and managing the global epidemic. Report of a WHO
consultation. World Health Organ Tech Rep Ser. 2000;894:1-253.

Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al. 2013
AHA/ACC/TOS guideline for the management of overweight and obesity in
adults: a report of the American College of Cardiology/American Heart Asso-
ciation Task Force on Practice Guidelines and The Obesity Society. Circulation.
2014;129:5102-38.

Clinical guidelines on the identification, evaluation, and treatment of over-
weight and obesity in adults—the Evidence Report. National Institutes of
Health. Obes Res. 1998;6515-209s.

Executive summary of the 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 Ill). JAMA. 2001;285:2486-97.

integrated genetic and epigenetic analysis. Obes Rev.

receptors. Am J Physiol.

International Journal of Obesity


https://www.who.int/news-room/fact-sheets/detail/obesityand-overweight/
https://www.who.int/news-room/fact-sheets/detail/obesityand-overweight/
http://ihmeuw.org/5o2n

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

Alberti KG, Zimmet P, Shaw J. Metabolic syndrome—a new world-wide defini-
tion. A Consensus Statement from the International Diabetes Federation. Diabet
Med. 2006;23:469-80.

Alberti KG, Zimmet P, Shaw J. The metabolic syndrome—a new worldwide
definition. Lancet. 2005;366:1059-62.

Kmet, L. M., Lee, R. C, & Cook, L. S. Standard Quality Assessment Criteria for
Evaluating Primary Research Papersfrom a Variety of Fields (HTA Initiative No.
13). Alberta Heritage Foundation for Medical Research. Retrieved from https://
www.ihe.ca/advanced-search/standard-quality-assessment-criteria-for-
evaluating-primary-research-papers-from-a-variety-offields. 2004

Crampes F, Marion-Latard F, Zakaroff-Girard A, de Glisezinski I, Harant |, Thala-
mas C, et al. Effects of a longitudinal training program on responses to exercise
in overweight men. Obes Res. 2003;11:247-56.

Farré N, Aranyé J, Enjuanes C, Verdu-Rotellar JM, Ruiz S, Gonzalez-Robledo G,
et al. Differences in neurohormonal activity partially explain the obesity paradox
in patients with heart failure: the role of sympathetic activation. Int J Cardiol.
2015;181:120-6.

Park J, Willoughby DS, Song JJ, Leutholtz BC, Koh Y. Exercise-induced changes in
stress hormones and cell adhesion molecules in obese men. J Inflamm Res.
2018;11:69-75.

Straznicky NE, Lambert GW, McGrane MT, Masuo K, Dawood T, Nestel PJ, et al.
Weight loss may reverse blunted sympathetic neural responsiveness to glucose
ingestion in obese subjects with metabolic syndrome. Diabetes. 2009;58:
1126-32.

Guldstrand M, Ahrén B, Wredling R, Backman L, Lins PE, Adamson U. Alteration
of the counterregulatory responses to insulin-induced hypoglycemia and of
cognitive function after massive weight reduction in severely obese subjects.
Metabolism. 2003;52:900-7.

Brownley KA, Light KC, Grewen KM, Bragdon EE, Hinderliter AL, West SG.
Postprandial ghrelin is elevated in black compared with white women. J Clin
Endocrinol Metab. 2004,89:4457-63.

Macho-Azcarate T, Marti A, Gonzélez A, Martinez JA, Ibafez J. GIn27Glu poly-
morphism in the beta2 adrenergic receptor gene and lipid metabolism during
exercise in obese women. Int J Obes Relat Metab Disord. 2002;26:1434-41.
Licata G, Scaglione R, Ganguzza A, Corrao S, Donatelli M, Parrinello G, et al.
Central obesity and hypertension. Relationship between fasting serum insulin,
plasma renin activity, and diastolic blood pressure in young obese subjects. Am
J Hypertens. 1994;7:314-20.

Grassi G, Quarti-Trevano F, Seravalle G, Dell'Oro R, Dubini A, Mancia G. Differ-
ential sympathetic activation in muscle and skin neural districts in the metabolic
syndrome. Metabolism. 2009;58:1446-51.

Straznicky NE, Lambert EA, Nestel PJ, McGrane MT, Dawood T, Schlaich MP, et al.
Sympathetic neural adaptation to hypocaloric diet with or without exercise
training in obese metabolic syndrome subjects. Diabetes. 2010;59:71-9.
Garafova A, Penesova A, Cizmarova E, Marko A, Vicek M, Jezova D. Cardiovas-
cular and sympathetic responses to a mental stress task in young patients with
hypertension and/or obesity. Physiol Res. 2014;63:5459-67.

Weber MA, Neutel JM, Smith DH. Contrasting clinical properties and exercise
responses in obese and lean hypertensive patients. J Am Coll Cardiol.
2001;37:169-74.

Hashim ZH, Hamdan FB, Al-Salihi AR. Autonomic dysfunction in women with
polycystic ovary syndrome. Iran J Reprod Med. 2015;13:27-34.

Kubera B, Hubold C, Wischnath H, Zug S, Peters A. Rise of ketone bodies with
psychosocial stress in normal weight men. Psychoneuroendocrinology.
2014;45:43-8.

Straznicky NE, Lambert GW, Masuo K, Dawood T, Eikelis N, Nestel PJ, et al.
Blunted sympathetic neural response to oral glucose in obese subjects with the
insulin-resistant metabolic syndrome. Am J Clin Nutr. 2009;89:27-36.

Lucassen EA, Zhao X, Rother KI, Mattingly MS, Courville AB, de Jonge L, et al.
Evening chronotype is associated with changes in eating behavior, more sleep
apnea, and increased stress hormones in short sleeping obese individuals. PLoS
ONE. 2013;8:56519.

Grassi G, Seravalle G, Quarti-Trevano F, Dell'Oro R, Bolla G, Mancia G. Effects of
hypertension and obesity on the sympathetic activation of heart failure patients.
Hypertension. 2003;42:873-7.

Karason K, Mglgaard H, Wikstrand J, Sjéstrém L. Heart rate variability in obesity
and the effect of weight loss. Am J Cardiol. 1999;83:1242-7.

Kanai H, Matsuzawa Y, Kotani K, Keno Y, Kobatake T, Nagai Y, et al. Close
correlation of intra-abdominal fat accumulation to hypertension in obese
women. Hypertension. 1990;16:484-90.

Cizza G, de Jonge L, Piaggi P, Mattingly M, Zhao XC, Lucassen E, et al. Neck
circumference is a predictor of metabolic syndrome and obstructive sleep
apnea in short-sleeping obese men and women. Metab Syndr Relat Disord.
2014;12:231-41.

International Journal of Obesity

B. Araujo et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

de Jonge L, Zhao XC, Mattingly MS, Zuber SM, Piaggi P, Csako G, et al. Poor
sleep quality and sleep apnea are associated with higher resting energy
expenditure in obese individuals with short sleep duration. J Clin Endocrinol
Metab. 2012;97:2881-9.

Flores L, Vidal J, Nufiez I, Rueda S, Viaplana J, Esmatjes E. Longitudinal changes
of blood pressure after weight loss: factors involved. Surg Obes Relat Dis.
2015;11:215-21.

Wardzinski EK, Hyzy C, Duysen KU, Melchert UH, Jauch-Chara K, Oltmanns KM.
Hypocaloric dieting unsettles the neuroenergetic homeostasis in humans.
Nutrients. 2021;13:3433.

Mittendorfer B, Fields DA, Klein S. Excess body fat in men decreases plasma fatty
acid availability and oxidation during endurance exercise. Am J Physiol Endo-
crinol Metab. 2004;286:E354-62.

Wirth A, Vogel |, Schémig A, Schlierf G. Metabolic effects and body fat mass
changes in obese subjects on a very-low-calorie diet with and without intensive
physical training. Ann Nutr Metab. 1987;31:378-86.

Atigan A, Ardic F, Findikoglu G, Aybek H, Yaylali GF. Similar effects of three
endurance exercise protocols in women with metabolic syndrome: interest of
moderate-intensity aerobic exercise training with a pedometer. Sci Sports.
2021;36:68.e1-68.e10.

Araujo LD, Fernandes JFR, Klein M, Sanjuliani AF. Obstructive sleep apnea is
independently associated with inflammation and insulin resistance, but not with
blood pressure, plasma catecholamines, and endothelial function in obese
subjects. Nutrition. 2015;31:1351-7.

Huang CJ, Franco RL, Evans RK, Mari DC, Acevedo EO. Stress-induced micro-
vascular reactivity in normal-weight and obese individuals. Appl Physiol Nutr
Metab. 2014;39:47-52.

Grassi G, Seravalle G, Brambilla G, Buzzi S, Volpe M, Cesana F, et al. Regional
differences in sympathetic activation in lean and obese normotensive indivi-
duals with obstructive sleep apnoea. J Hypertens. 2014;32:383-8.

Reimann M, Qin N, Gruber M, Bornstein SR, Kirschbaum C, Ziemssen T, et al.
Adrenal medullary dysfunction as a feature of obesity. Int J Obes.
2017;41:714-21.

Corica F, Allegra A, lentile R, Buemi H, Corsonello A, Bonanzinga S, et al. Changes
in plasma, erythrocyte, and platelet magnesium levels in normotensive and
hypertensive obese subjects during oral glucose tolerance test. Am J Hypertens.
1999;12:128-36.

Corica F, Corsonello A, lentile R, De Gregorio T, Malara A, Artemisia A, et al. Leptin
and norepinephrine plasma concentrations during glucose loading in normoten-
sive and hypertensive obese women. Am J Hypertens. 2001;14:619-26.

Jabbour G, lancu HD. Supramaximal-exercise training improves heart rate
variability in association with reduced catecholamine in obese adults. Front
Physiol. 2021;12:654695.

Altree TJ, Bartlett DJ, Marshall NS, Hoyos CM, Phillips CL, Birks C, et al. Predictors
of weight loss in obese patients with obstructive sleep apnea. Sleep Breath.
2022;26:753-62.

Marion-Latard F, Crampes F, Zakaroff-Girard A, De Glisezinski I, Harant |, Stich V,
et al. Post-exercise increase of lipid oxidation after a moderate exercise bout in
untrained healthy obese men. Horm Metab Res. 2003;35:97-103.

Goodpaster BH, Wolfe RR, Kelley DE. Effects of obesity on substrate utilization
during exercise. Obes Res. 2002;10:575-84.

Grassi G, Biffi A, Seravalle G, Trevano FQ, Dell’'Oro R, Corrao G, et al. Sym-
pathetic neural overdrive in the obese and overweight state. Hypertension.
2019;74:349-58.

Young JB, Macdonald IA. Sympathoadrenal activity in human obesity: het-
erogeneity of findings since 1980. Int J Obes Relat Metab Disord. 1992;
16:959-67.

Sakamoto K, Butera MA, Zhou C, Maurizi G, Chen B, Ling L, et al. Overnutrition
causes insulin resistance and metabolic disorder through increased sympathetic
nervous system activity. Cell Metab. 2025;37:121-37.e6.

Alvarez GE, Beske SD, Ballard TP, Davy KP. Sympathetic neural activation in
visceral obesity. Circulation. 2002;106:2533-6.

Davy KP, Orr JS. Sympathetic nervous system behavior in human obesity.
Neurosci Biobehav Rev. 2009;33:116-24.

Al-Sofiani ME, Ganji SS, Kalyani RR. Body composition changes in diabetes and
aging. J Diabetes Complications. 2019;33:451-9.

Malandrino N, Bhat SZ, Alfaraidhy M, Grewal RS, Kalyani RR. Obesity and aging.
Endocrinol Metab Clin North Am. 2023;52:317-39.

Ahmed F, Vranic M, Hetty S, Mathioudaki A, Patsoukaki V, Fanni G, et al.
Increased OCT3 expression in adipose tissue with aging: implications for cate-
cholamine and lipid turnover and insulin resistance in women. Endocrinology.
2023;165:bqad172.

Goldstein DS. Plasma catecholamines and essential hypertension. An analytical
review. Hypertension. 1983;5:86-99.

SPRINGER NATURE

19


https://www.ihe.ca/advanced-search/standard-quality-assessment-criteria-for-evaluating-primary-research-papers-from-a-variety-offields
https://www.ihe.ca/advanced-search/standard-quality-assessment-criteria-for-evaluating-primary-research-papers-from-a-variety-offields
https://www.ihe.ca/advanced-search/standard-quality-assessment-criteria-for-evaluating-primary-research-papers-from-a-variety-offields

B. Araujo et al.

20

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Canale MP, Manca di Villahermosa S, Martino G, Rovella V, Noce A, De Lorenzo A,
et al. Obesity-related metabolic syndrome: mechanisms of sympathetic over-
activity. Int J Endocrinol. 2013;2013:865965.

Grassi G. Sympathetic overdrive and cardiovascular risk in the metabolic syn-
drome. Hypertens Res. 2006;29:839-47.

Delalio LJ, Sved AF, Stocker SD. Sympathetic nervous system contributions to
hypertension: updates and therapeutic relevance. Can J Cardiol. 2020;36:712-20.
Corry DB, Tuck ML. Obesity, hypertension, and sympathetic nervous system
activity. Curr Hypertens Rep. 1999;1:119-26.

Song W, Luo Q, Zhang Y, Zhou L, Liu Y, Ma Z, et al. Organic cation transporter 3
(Oct3) is a distinct catecholamines clearance route in adipocytes mediating the
beiging of white adipose tissue. PLoS Biol. 2019;17:2006571.

Richard AJ, White U, Elks CM, Stephens JM. Adipose tissue: physiology to
metabolic dysfunction. In: Feingold KR, Anawalt B, Blackman MR, Boyce A,
Chrousos G, Corpas E, et al, editors. Endotext. South Dartmouth (MA):
MDText.com, Inc.; 2024.

Valentine JM, Ahmadian M, Keinan O, Abu-Odeh M, Zhao P, Zhou X, et al. 33-
Adrenergic receptor downregulation leads to adipocyte catecholamine resis-
tance in obesity. J Clin Invest. 2022;132:e153357.

Zouhal H, Lemoine-Morel S, Mathieu ME, Casazza GA, Jabbour G. Catecholamines
and obesity: effects of exercise and training. Sports Med. 2013;43:591-600.
Coppack SW, Horowitz JF, Paramore DS, Cryer PE, Royal HD, Klein S. Whole body,
adipose tissue, and forearm norepinephrine kinetics in lean and obese women.
Am J Physiol. 1998;275:E830-4.

Agapitov AV, Correia M, Sinkey CA, Haynes WG. Dissociation between sympa-
thetic nerve traffic and sympathetically mediated vascular tone in normotensive
human obesity. Hypertension. 2008;52:687-95.

Dobrek L, Thor P. Current concepts in clinical and laboratory assessments of
autonomic nervous system activity. J Pre Clin Clin Res. 2015;9:63-8.

Limberg JK, Evans TD, Blain GM, Pegelow DF, Danielson JR, Eldridge MW, et al.
Effect of obesity and metabolic syndrome on hypoxic vasodilation. Eur J Appl
Physiol. 2012;112:699-709.

Thorp AA, Schlaich MP. Relevance of sympathetic nervous system activation in
obesity and metabolic syndrome. J Diab Res. 2015;2015:341583.

Masuo K, Kawaguchi H, Mikami H, Ogihara T, Tuck ML. Serum uric acid and
plasma norepinephrine concentrations predict subsequent weight gain and
blood pressure elevation. Hypertension. 2003;42:474-80.

Lambert GW, Schlaich MP, Eikelis N, Lambert EA. Sympathetic activity in obesity:
a brief review of methods and supportive data. Ann N Y Acad Sci.
2019;1454:56-67.

Lansdown A, Rees DA. The sympathetic nervous system in polycystic ovary
syndrome: a novel therapeutic target?. Clin Endocrinol. 2012;77:791-801.
Straznicky NE, Howes LG, Barrington VE, Lam W, Louis WJ. Effects of dietary
lipid modification on adrenoceptor-mediated cardiovascular responsiveness
and baroreflex sensitivity in normotensive subjects. Blood Press.
1997;6:96-102.

Galton DJ, Bray GA. Studies on lipolysis in human adipose cells. J Clin Invest.
1967,46:621-9.

Julius S, Valentini M, Palatini P. Overweight and hypertension: a 2-way street?.
Hypertension. 2000;35:807-13.

Howard BV, Adams-Campbell L, Allen C, Black H, Passaro M, Rodabough RJ, et al.
Insulin resistance and weight gain in postmenopausal women of diverse ethnic
groups. Int J Obes Relat Metab Disord. 2004;28:1039-47.

SPRINGER NATURE

109. Jamerson KA, Julius S, Gudbrandsson T, Andersson O, Brant DO. Reflex sym-
pathetic activation induces acute insulin resistance in the human forearm.
Hypertension. 1993;21:618-23.

110. Smith MM, Minson CT. Obesity and adipokines: effects on sympathetic over-
activity. J Physiol. 2012;590:1787-801.

111. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adi-
pose tissue macrophage polarization. J Clin Invest. 2007;117:175-84.

112. Flierl MA, Rittirsch D, Huber-Lang M, Sarma JV, Ward PA. Catecholamines-crafty
weapons in the inflammatory arsenal of immune/inflammatory cells or opening
pandora’s box?. Mol Med. 2008;14:195-204.

113. Vargovic P, Ukropec J, Laukova M, Cleary S, Manz B, Pacak K, et al. Adipocytes as
a new source of catecholamine production. FEBS Lett. 2011;585:2279-84.

114. Gomes A, Leite F, Ribeiro L. Adipocytes and macrophages secretomes cor-
egulate catecholamine-synthesizing enzymes. Int J Med Sci. 2021;18:582-92.

AUTHOR CONTRIBUTIONS

BA: conceptualization, methodology, analysis and writing of the original draft of the
paper. FL: analysis and revised the final draft of the paper. LR: conceptualization,
analysis, supervision and revised the final draft of the paper. All authors contributed
and approved the final paper.

FUNDING

This work was supported by FCT—Fundacao para a Ciéncia e Tecnologia, I.P. by
project reference: 2022.13996.BD, and DOI identifier: https://doi.org/10.54499/
2022.13996.BD.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541366-025-01924-0.

Correspondence and requests for materials should be addressed to Laura Ribeiro.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to
this article under a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.

International Journal of Obesity


https://doi.org/10.54499/2022.13996.BD
https://doi.org/10.54499/2022.13996.BD
https://doi.org/10.1038/s41366-025-01924-0
http://www.nature.com/reprints
http://www.nature.com/reprints

	The interplay between the adrenergic system and obesity: a systematic review
	Introduction
	Methodology
	Study protocol
	Information sources and search strategy
	Eligibility criteria
	Selection process and data collection process
	Quality assessment/study risk of bias assessment
	Data management

	Results
	Search, study selection and quality assessment
	Studies and subjects&#x02019; characteristics
	Differences in adrenergic system
	In subjects with obesity versus those without obesity
	In subjects with obesity regarding obesity-associated comorbidities
	In subjects with obesity before and after intervention
	Adrenergic response to dietary interventions

	Adrenergic response to exercise
	Adrenergic response to a combination of diet and exercise
	Adrenergic response to weight loss surgery
	Adrenergic response to stress
	Adrenergic response to the oral glucose tolerance test


	Effects of other variables, such as sex, ethnicity, genotype, insulin resistance and chronotype, on the adrenergic system

	Discussion
	Summary and reflection of the main results
	Reflection on the interplay between obesity and the adrenergic system
	Strengths and limitations of the review
	Further studies

	Conclusions
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




