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Abstract
COVID-19 is an intriguing infectious condition with multisys-
temic manifestations and variable outcomes that are influ-
enced by the concomitant presence of non-communicable 
diseases, such as obesity, diabetes, and cardiovascular dis-
ease, which were previously well established epidemics and 
therefore are considered global syndemics. Although an 
enormous progress towards understanding mechanisms of 
SARS-CoV-2 infection leading to COVID-19 has been made, 
there are still many areas of uncertainty to clarify. Systemic 
diseases are characterized by common links that allow inte-
grating apparently unrelated disease manifestations. The 
authors launch the provocative hypothesis that serotonin is 
the putative mediator linking the lung, gut, cardiac, neuro-
logical, and other systemic manifestations that characterize 
severe COVID-19 in individuals with diabetes and obesity. In 
support of a role for serotonin in the mechanisms leading to 
disease severity are the similarities between acute and post-
acute COVID-19 manifestations and neuroendocrine tumors 
presenting with carcinoid syndrome. Scientific discussion is 

set by highlighting the available clues that support this 
working hypothesis to trigger future research aimed at un-
ravelling the molecular pathways underlying SARS-CoV-2 in-
fection that are still far from being fully disclosed.

© 2022 S. Karger AG, Basel

Introduction

Interaction between immune and neuroendocrine sys-
tems throughout lung and gut epitheliums is crucial in 
the response to environmental aggressions, such as infec-
tious agents and allergens, as well as in chronic inflamma-
tory conditions [1]. Neuro-immune cell units are defined 
as immune and neuronal cells anatomically co-localized 
that functionally interact to steer tissue physiology and 
protection. Neuro-immune cell units are important or-
chestrators of multiple physiological processes including 
inflammation, tissue repair, and thermogenesis, among 
many others [2]. Cytokines liberated by immune cells and 
hormones, neurotransmitters secreted by neuroendo-
crine cells are key mediators between the two systems and 
responsible for acute and chronic responses to aggres-
sion.



Santos/Couto/Pereira/MonteiroNeuroendocrinology2
DOI: 10.1159/000522115

Ta
b

le
 1

. S
er

ot
on

in
-m

ed
ia

te
d 

ef
fe

ct
s,

 N
EN

, a
nd

 C
O

VI
D

-1
9 

cl
in

ic
al

 m
an

ife
st

at
io

ns

5-
H

T-
m

ed
ia

te
d 

ef
fe

ct
s

N
eu

ro
en

do
cr

in
e 

ne
op

la
si

a
A

cu
te

 C
O

VI
D

-1
9

Po
st

-a
cu

te
 C

O
VI

D
-1

9

G
en

er
al

Fe
ve

r
Sw

ea
tin

g
Sh

iv
er

in
g

D
ia

p
ho

re
si

s

Fa
tig

ue
Fe

ve
r

Sw
ea

tin
g

D
ia

p
ho

re
si

s

Fa
tig

ue

Pu
lm

on
ar

y
H

ig
h 

p
ul

m
on

ar
y 

p
re

ss
ur

e
D

ry
 c

ou
gh

, e
xe

rt
io

na
l d

ys
p

ne
a,

 
w

he
ez

in
g 

m
im

ic
ki

ng
 a

st
hm

a 
(D

IP
N

EC
H

, B
P-

N
EN

)

D
ry

 c
ou

gh
D

ys
p

no
ea

H
yp

ox
ia

D
ys

p
no

ea
D

ec
re

as
ed

 e
xe

rc
is

e 
ca

p
ac

ity
H

yp
ox

ia

D
ig

es
tiv

e
In

cr
ea

se
d 

m
ot

ili
ty

In
cr

ea
se

d 
se

cr
et

io
n

Va
so

di
la

tio
n

A
ct

iv
at

io
n 

of
 e

xt
rin

si
c 

af
fe

re
nt

 n
er

ve
s

Pr
o-

in
fla

m
m

at
or

y,
 n

eu
ro

p
ro

te
ct

iv
e,

 a
nd

 tr
op

hi
c 

ef
fe

ct
s

A
b

do
m

in
al

 p
ai

n
Bl

oa
tin

g
Fl

us
hi

ng
D

ia
rr

he
a

M
es

en
te

ric
 fi

b
ro

si
s

D
ia

rr
he

a
Ir

rit
ab

le
 b

ow
el

 s
yn

dr
om

e?

C
ar

di
ov

as
cu

la
r

H
yp

er
te

ns
io

n
Va

lv
ul

op
at

hy
Ve

nt
ric

ul
ar

 fi
b

ro
si

s 
an

d 
hy

p
er

th
ro

p
hy

A
tr

ia
l a

rr
hy

th
m

ia
s

C
or

on
ar

y 
sp

as
m

Ri
gh

t v
al

ve
 re

gu
rg

ita
tio

n 
(f

ib
ro

si
s)

C
on

ge
st

iv
e 

he
ar

t f
ai

lu
re

C
he

st
 p

ai
n

A
rr

hy
th

m
ia

, s
in

us
 ta

ch
yc

ar
di

a
C

ar
di

ac
 in

fla
m

m
at

io
n

C
ar

di
om

yo
p

at
hy

A
cu

te
 h

ea
rt

 fa
ilu

re

Pa
lp

ita
tio

ns
D

ys
p

ne
a

C
he

st
 p

ai
n

A
rr

hy
th

m
ia

Ta
ch

yc
ar

di
a

A
ut

on
om

ic
 d

ys
fu

nc
tio

n
M

yo
ca

rd
ia

l f
ib

ro
si

s

N
eu

ro
p

sy
ch

ia
tr

ic
A

nx
ie

ty
C

on
fu

si
on

A
gi

ta
tio

n
A

ta
xy

H
yp

om
an

ia
H

yp
er

vi
gi

la
nc

e
Se

iz
ur

es
C

om
a

D
ea

d 
(s

er
ot

on
in

 s
yn

dr
om

e)

M
em

or
y 

lo
ss

, a
tt

en
tio

n,
 a

nd
 

co
nc

en
tr

at
io

n 
lo

ss
H

yp
os

m
ia

/a
no

sm
ia

H
yp

og
eu

si
a/

ag
eu

si
a

A
nx

ie
ty

In
so

m
ni

a
A

ng
er

Fe
ar

D
ep

re
ss

io
n

H
yp

os
m

ia
/a

no
sm

ia
H

yp
og

eu
si

a/
ag

eu
si

a
A

nx
ie

ty
, d

ep
re

ss
io

n
C

on
fu

si
on

Lo
ss

 o
f m

em
or

y 
(“

b
ra

in
 fo

g”
)

Sl
ee

p
 d

is
tu

rb
an

ce
s

Po
st

-t
ra

um
at

ic
 s

tr
es

s 
di

so
rd

er

H
em

at
ol

og
ic

Pl
at

el
et

 a
gg

re
ga

tio
n

–
A

rt
er

ia
l o

r v
en

ou
s 

th
ro

m
b

oe
m

b
ol

is
m

C
yt

ok
in

e 
st

or
m

s
Pu

lm
on

ar
y 

em
b

ol
is

m
La

rg
e 

ve
ss

el
 o

cc
lu

si
on

s
D

is
se

m
in

at
ed

 in
tr

av
as

cu
la

r 
co

ag
ul

at
io

n

Th
ro

m
b

oe
m

b
ol

ic
 e

ve
nt

s 
(<

5%
)



Serotonin and COVID-19 Severity in 
Diabetes and Obesity

3Neuroendocrinology
DOI: 10.1159/000522115

SARS-CoV-2 as a Systemic Inflammatory Disease 
in Obese and Diabetic Patients: Interplay with 
Neuropeptides in Neuroendocrine Neoplasia

SARS-CoV-2 infection is consensually accepted as a 
multisystem acute disease involving several systems and 
organs, with particular emphasis on the lungs and gut, 
which in more severe cases can lead to well-documented 
cytokine and chemokine storm (Table  1) [3]. Diseases 
characterized by low grade chronic inflammatory states, 
such as obesity [4, 5], visceral obesity defined as a high 
waist-to-hip ratio [6], and type 2 diabetes (T2D) [7], pro-
vide a substantial increase in the risk of SARS-CoV-2 in-
fection morbidity and mortality as shown in Figure 1 [8]. 
Adipose tissue is well documented to act as viral reservoir. 
Angiotensin-converting enzyme 2, which serves as recep-
tor for SARS-CoV-2 to initiate infection, is widely ex-

pressed in adipocytes, and its expression is enriched in 
adipocytes of individuals with obesity and T2D [9].

Insulin resistance (IR) is a state of subclinical metabolic 
endotoxemia characterized by a pro-inflammatory and 
prothrombotic state with overproduction of mediators in-
cluding cytokines (interleukin 6 [IL-6], tumor necrosis fac-
tor, among others) and fibrinogen. Subsequent endothelial 
dysfunction and thrombosis are the ultimate mechanisms 
that lead to cardiovascular disease in obesity and T2D [10]. 
All those mechanisms involved in chronic inflammation 
states that characterize IR, obesity, T2D, and cardiovascular 
disease are acutely over activated in SARS-CoV-2 infection 
and seem to be responsible for the multisystemic manifesta-
tions of the disease and poorer patient outcomes, in subjects 
with those comorbid conditions.

IR along with compensatory hyperinsulinism is hy-
pothesized to be one of the major mechanisms underlying 

Fig. 1. Putative mechanisms linking obesity, T2D, and serotonin (5-HT), with SARS-CoV-2 infection severity.
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the positive association of obesity and T2D with several 
malignancies [11, 12]. Well differentiated gastro-entero-
pancreatic neuroendocrine neoplasia (NEN) was also re-
cently described to be associated with visceral obesity and 
elevated fasting plasma glucose [13], while the available 
data suggests the putative role of inflammatory cytokines, 
such as interleukin-2 (IL-2) in functioning [14, 15] and 
IL-6 in both nonfunctioning pancreatic NEN and gastro-
intestinal NEN [14].

Serotonin (5-hydroxytryptamine or 5-HT) is a key 
neurotransmitter synthesized by specialized entero-
chromaffin cells within GI mucosa, so-called enteroen-
docrine cells (EC). The pulmonary endothelium is ca-
pable of removing and metabolizing 5-HT carried by 
the venous blood, while there is evidence that impair-
ment of uptake of 5-HT by the lung might portend 
more serious endothelial damage, whenever the barrier 
function of the endothelium is compromised [16]. 
5-HT is the main responsible for typical carcinoid syn-
drome manifestations, including secretory diarrhea 
and flushing that are common clinical features in pa-
tients with small intestinal NEN [17], as well as allergic 
reactions and bronchospasm causing atypical carcinoid 
syndrome, which are present in 1–5% of functioning 
bronchopulmonary carcinoids [18]. 5-HT is also re-
sponsible for the mesenteric and cardiac valve fibrosis, 
associated with carcinoid-related advanced disease [19, 
20]. Besides these well-documented 5-HT effects, other 
peripheral actions were recently described, namely a 
role in glucose homeostasis regulation, lipid metabo-
lism, bone density, and diseases associated with meta-
bolic syndrome, such as obesity and T2D. So, 5-HT 
seems to act as a key neurotransmitter that mediates the 
GI luminal sensory role of EC, as these cells can inte-
grate clues from ingested nutrients, the enteric nervous 
system, and the gut microbiome [21]. Whether 5-HT is 
also involved in the mechanisms that could explain 
SARS-CoV-2 induced acute hyperglycemia state is un-
known, but interestingly, 5-HT levels were found to be 
elevated in patients with COVID-19 and diarrhea, as 
well as positively correlated with IL-6 levels and disease 
severity [22, 23]. 5-HT and dopamine also seem to be 
involved in the neurological manifestations of the 
SARS-CoV-2 induced disease, as defective angiotensin-
converting enzyme 2 expression might be paralleled by 
dopa decarboxylase dysfunction, leading to altered 
neurotransmitters’ levels [24]. Besides, 5-HT is in-
volved in human taste signaling and threshold [25] in 
both rodents and insects, since one of the main role is 
to indirectly suppress the inputs at the first stage of ol-

factory processing [26]. Loss of taste and smell are fre-
quent manifestations of COVID-19 infection [27]. Re-
cently, thrombosis and hemorrhage were described as 
rare side effects of SARS-CoV-2 vaccines. This phe-
nomenon is called “Vaccine Induced Immune Throm-
botic Thrombocytopenia,” and was demonstrated to be 
caused by antibodies antiplatelet factor 4, the same 
mechanism that underlies heparin-induced thrombo-
cytopenia, a rare clotting disorder that affects 1–2% of 
individuals after heparin exposure [28]. 5-HT release 
assay that measures 5-HT release from dense granules 
when platelets are activated is used as a “gold standard” 
to confirm heparin-induced thrombocytopenia [29]. 
Interestingly, platelets granules store the largest pool of 
peripheral 5-HT at millimolar concentrations. Platelet 
activation leads to granules release and thereby increas-
es local and systemic 5-HT levels. 5-HT levels not only 
contribute to regulate vascular tone, hemostasis, and 
clot formation but also have direct effects on immune 
functions [30]. The use of selective serotonin reuptake 
inhibitors, as antidepressants were associated with low-
er risk of intubation or even death in patients hospital-
ized for COVID-19 [31]. Patients with COVID-19 
treated with the selective serotonin reuptake inhibitor 
fluvoxamine presented lower risk of hospitalization 
[32, 33]. Also, serotonin receptor (5HT-2) antagonists 
seem to reverse serotonin-mediated pulmonary vaso-
constriction, lessen pulmonary platelet trapping, inhib-
it platelet activation and aggregation, and normalize in-
creased respiratory drive, which is common pulmonary 
findings in severe COVID-19 [34]. In addition, the use 
of 5-HT2A receptor antagonists in patients with severe 
COVID-19 was found to be inversely associated with 
mortality [35]. Overall, these studies point toward a role 
for serotonin in COVID-19, acting via 5-HT2A recep-
tor and 5-HT transporter. Although other serotonergic 
system components may also be involved in the mecha-
nisms of COVID-19, those known to be involved in im-
mune modulation, more evidence is still needed.

Moreover, in support of a role for serotonin in the 
mechanisms leading to disease severity are the similari-
ties between lung manifestations observed in COVID-19 
and diffuse idiopathic pulmonary neuroendocrine cell 
hyperplasia [36, 37], as well as the fact that neuroendo-
crine tumors presenting with typical or atypical carcinoid 
syndrome, mediated by 5-HT among other neuropep-
tides, are recognized to affect predominantly the lung and 
gut [38]. In addition, gastro-entero-pancreatic NEN are 
often associated with visceral obesity and high fasting 
plasma glucose levels [13], while COVID-19 related cyto-
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kine storm tends to occur more frequently in patients 
with obesity and T2D, which also points towards com-
mon systemic inflammatory pathways and further sug-
gests that these entities could potentially share the same 
neuroendocrine mediators.

The chronicity of COVID-19 is now stated as long CO-
VID since a wide spectrum of long-term sequelae in 
postinfectious disease is being described [39, 40]. Dys-
pnea, decreased exercise capacity and hypoxia are com-
mon manifestations, which result from reduced oxygen 
diffusion capacity, restrictive respiratory function as well 
the presence of ground-glass opacities and fibrotic chang-
es on lung computed tomography [40]. Late complica-
tions of SARS-CoV-2 lung disease also include interstitial 
pulmonary fibrosis that can occur in up to 17% of the 
patients [41]. The true mechanisms for this late complica-
tion are unknown but renin-angiotensin system and 
acute inflammatory mediators, such as interleukins (IL-6, 
IL-1), vascular epithelial growth factor, and TGF-beta, as 
well as the exacerbated wound healing response caused 
by chronic activation of fibrinogen and metalloprotein-
ases, have been appointed as potential culprits [42]. Be-
sides respiratory sequelae already described long-lasting 
symptoms that persist for more than 12 weeks after the 
start of acute symptoms include fatigue, joint and chest 
pain, headaches, cognitive blunting (“brain fog”); rashes, 
mental health conditions including depression and 
thromboembolic disease. Interestingly, some of these 
symptoms also occur in serotonin-related syndromes, 
such as carcinoid syndrome and psychiatric conditions 
[43]. Indeed, psychiatric disorders such as depression and 
anxiety [44], and neurocognitive conditions such as 
memory, attention, and concentration disorders are more 
frequent in patients with NEN associated with carcinoid 
syndrome [45]. Whether 5-HT is also involved in post-
COVID-19 syndrome is unknown but understanding the 
roles of 5-HT and other neurotransmitters like GRP and 
CRGP is urgently needed.

Metformin, an oral antidiabetic drug that targets IR, 
was described as the first agent that reverses lung fibrosis 
in a bleomycin model of lung fibrosis in mice [46]. Acting 
on inflammation, metformin seems to reduce the risk of 
mortality in patients with COVID-19 and diabetes [47]. 
Although not demonstrated, it was hypothesized that so-
matostatin analogues could potentially reduce the inci-
dence of carcinoid heart disease by preventing carcinoid-
related fibrosis associated with chronic high levels of 
5-HT [20]. Additionally, tryptophan hydroxylase inhibi-
tion is a promising novel therapy for serotonin-induced 
fibrosis [48].

SARS-CoV-2 Infection as Part of a Syndemic: Final 
Remarks

Until now, the management of COVID-19 pandemic 
has been mostly driven by epidemiologists, internists, 
and intensivists. The fact that COVID-19 is more than an 
acute respiratory disease, points toward the fact that this 
disease should be considered a syndemic health condi-
tion, according to the anthropological concept that bio-
logical and social interactions are crucial for disease prog-
nosis and should all be considered with managing and 
treating the condition as well as by health policies [49, 50]. 
Syndemic criteria include: (1) two (or more) diseases or 
health conditions cluster within a specific population; (2) 
contextual and social factors create the conditions in 
which two (or more) diseases or health conditions cluster; 
and (3) the clustering of diseases results in adverse disease 
interaction, either biological or social or behavioral, in-
creasing the health burden of affected populations [49]. If 
the context variable is introduced, it implies that from the 
anthropological point of view, public health policies 
should take into consideration the organic specificities 
that are ethnically/genetically differentiated and the in-
teractions that result from the adaptation process to the 
social and demographic environment. In this case, the 
context works as an analytical tool that establishes meth-
odological boundaries. Diabetes prevalence and popula-
tion density are not uniform across the world, neither is 
average life expectancy, nor food availability and envi-
ronmental conditions. This implies that the pandemic 
public health policies, overshadowed by the impact of 
COVID-19, will have distinctive impacts according to the 
different contexts.

So, the COVID-19 pandemic should be managed in a 
global context that integrates not only the chronic non-
communicable diseases, considered the 21st century’s ep-
idemics driven by the human lifestyle modifications, but 
also the social, ethnic, and environmental conditions [51, 
52]. In that sense, the SARS-CoV-2 infection pandemic 
can be considered the first global acute infectious disease 
caused by human-driven environment aggressions, 
which in turn has mainly affected the western lifestyle in 
developed countries. In sum, SARS-CoV-2 threat could 
also be an opportunity for a global change into the world 
as it was previously known.
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