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Adiponectin (APN) is an adipokine concerned in the regulation of glucose metabolism, insulin sensitivity
and fatty acid oxidation. APN plays a critical role in viral infections by regulating the immune response
through its anti-inflammatory/pro-inflammatory axis. Reduction of APN may augment the severity of
viral infections because APN inhibits immune cells’ response via suppression of inflammatory signaling
pathways and stimulation of adenosine monophosphate protein kinase (AMPK). Moreover, APN inhibits
the stimulation of nuclear factor kappa B (NF-jB) and regulates the release of pro-inflammatory cytoki-
nes, such as tumor necrosis factor alpha (TNF-a) and interleukins (IL-18, IL-6). In COVID-19, abnormali-
ties of the fatty tissue due to oxidative stress (OS) and hyperinflammation may inhibit the production and
release of APN. APN has lung-protective effect and can prevent SARS-CoV-2-induced acute lung injury
(ALI) through the amelioration of endoplasmic reticulum (ER) stress, endothelial dysfunction (ED) and
stimulation of peroxisome proliferator-activated receptor-alpha (PPAR-a). It has been established that
there is a potential correlation between inflammatory signal transduction pathways and APN that con-
tributes to the development of SARS-CoV-2 infections. Deregulation of these molecular pathways affects
the expression of APN and vice versa. In addition, the reduction of APN effect in SARS-CoV-2 infection
could be a potential cause of the exacerbation of pro-inflammatory effects which are associated with
the disease severity. In this context, exploratory, developmental, and extensive prospective studies are
necessary.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is observable and anticipated that an increasing proportion of
the population is susceptible to a condition of energy surplus that
supports exponentially the expansion of obesity-related disorders
and other metabolic disorders (i.e., diabetes, gout, etc.) as food
intake and unhealthy lifestyles increase with the emergence of
modern amenities. During instances of nutritional abundance,
white adipocytes deposit energy as triglycerides. However, when
its storage load is reached, extra fat is diverted to non-adipose cells
and tissues, where it reaches additional non-oxidative mechanisms
and stimulates the generation of harmful lipid metabolites in par-
ticular organs. Due to it being demonstrated to have pro-metabolic
actions via modulating glucose and lipid levels, the involvement of
adipocytes or fatty tissues as an endocrine regulator secreting
numerous adipokines, in particular adiponectin (APN), has gained
significance for the management of metabolic syndrome and types
of diabetes (Martínez de Morentin et al., 2010).

APN (considered a polypeptide hormone and also an adipokine
produced from adipose tissue, skeletal muscles, placenta, and
brain) is intricate in the regulation of insulin sensitivity, glucose
metabolism, and fatty acid oxidation, as it is summarized in
Fig. 1. This molecule was initially described in 1995 in the differen-
tiated adipocytes by Scherer et al. (Scherer et al., 1995), then it was
recognized in mice adipocytes (Maeda et al., 1996), and later on in
2007, it was exposed that APN was involved in the differentiation
of adipocytes (Lara-Castro et al., 2007). The APN gene is found on
the chromosome region 3q27, which upsurges the predisposition
to type 2 diabetes mellitus (T2DM). Thus, reduction of circulating
Physiological role of adiponectin (APN): APN improves insulin sensitivity and uti
ing the activity of vascular endothelium through inhibition of monocyte adhesio
n, APN effects on the liver inhibit triglyceride synthesis, influx of free fatty acids
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APN level is correlated with the risk of T2DM development (Al-
Kuraishy and Al-Gareeb, 2016). APN production from the adipose
tissue is contrariwise linked to body mass index (BMI). Therefore,
obesity or metabolic syndrome diminish APN. (Al-Kuraishy and
Al-Gareeb, 2016).

Unlike other adipokines, APN is produced from visceral adipose
tissue, mainly from bone marrow adipose tissue (Cawthorn et al.,
2014). APN is highly present in plasma compared to other adipo-
kines. APN’s normal level range is 5–10 lg/mL with 2–5 h half-
life. It is higher in woman than in men and reduced in obesity
and T2DM (Al-Kuraishy and Al-Gareeb, 2016, Bungau et al.,
2020). The highest insulin-sensitizing action in the liver cells is
upregulated by trimers with reduced molecular mass, which
oligomerize to establish hexamers as the intermediate form, which
in turn aggregate to generate a high-level configuration of oligo-
mers of approximately 800 kDa. APN disperses in a mixture of
these three configurations. Furthermore, the liver and kidneys both
play a supporting role in the clearance of circulating APN (Halberg
et al., 2009).

APN plasma level is increased during starvation as in anorexia
nervosa, due to the release from adipose tissue with bone marrow
(Cawthorn et al., 2014). High APN plasma level inhibits adipocyte
differentiation and decreases metabolic derangement, which
increases the risk of insulin resistance (IR), T2DM, and metabolic
syndrome (Liu et al., 2018). Notably, APN enhances insulin sensi-
tivity through inhibition of hepatic glucose production and periph-
eral fatty acid oxidation (Al-Kuraishy and Al-Gareeb, 2016). High
molecular APN is the most active biological form concerning glu-
cose homeostasis (Oh et al., 2007). Likewise, high molecular weight
lization of free fatty acids with a reduction of triglycerides in the skeletal muscles,
n, vascular proliferation, and migration with inhibition of vascular inflammation. In
, and glucose output with improvement of free fatty acids oxidation.
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(HMW) APN is positively connected with coronary artery disease
(Rizza et al., 2010). APN levels are increased by caloric restriction,
aging, estrogen deficiency, and cigarette smoking (Combs et al.,
2003). APN acts on precise receptors which are AdipoR1 (mainly
in skeletal muscles), AdipoR2 (mainly in the liver) and T-
cadherin-CDH13 (mainly expressed in neurons and blood vessels)
(Fig. 2) (Yamauchi and Kadowaki, 2013).

It has been shown that APN improves the cognitive function
through modulation of synaptic plasticity and memory function.
APN acts in conjugation with leptin (Lep) in the regulation of appe-
tite (Forny-Germano et al., 2019). Moreover, APN have antioxidant
and anti-inflammatory effects (La Russa et al., 2020) and might be
a potential target for diverse drugs and herbal agents that increase
APN expression and production, including statins, omega-3 fatty
acids, curcumin, and gingerol (Shetty et al., 2009).

On the other hand, different SARS-CoV-2 mutations are the
source of coronavirus disease 2019 (COVID-19). The final SARS-
CoV-2 mutation that propagated to about 136 nations constituted
the final form that the World Health Organization (WHO) formally
accepted on November 26, 2021 (Schmidt et al., 2021). Acute
inflammation, oxidative stress (OS), and multi-organ damage like
acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS) are hallmarks of SARS-CoV-2 infections) (Behl et al.,
2022). COVID-19 leads to pulmonary and extrapulmonary manifes-
tations with critical complications mainly in severely affected
patient (Schmidt et al., 2021).

The scientific topic has been chosen for a variety of reasons:
first, it is not sufficiently and clearly described in the literature;
moreover, information is dispersed, and, at the same time, we
aimed to complete at a highest level our interests for research,
our teammembers having recently published many articles in both
areas of interest (obesity/metabolic syndrome markers and COVID-
19), but without a connection between the two (APN and COVID-
19). The most relevant medical databases were screened, choosing
data linked to the present topic, and developing a comprehensive
Review type article. The current literature research evaluated the
possible function of APN in SARS-CoV-2 infections, considering
its antioxidant and anti-inflammatory properties, pathways of
action, related factors, and outcomes. The impact of APN activators
Fig. 2. Expression of adiponectin receptors (AdipoRs): APN acts on Adipo1 and
Adipo2, which are expressed mainly in the muscle and liver, respectively, leading to
induction of adenosine monophosphate kinase and peroxisome proliferator activa-
tor alpha with subsequent improvement of glucose uptake and fatty acid oxidation.
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and APN agonists on this disease and associated impairments have
been analyzed, providing important information for clinicians in
optimizing the management of severe forms of COVID-19, possibly
associated with decreased APN effect.
2. Methodology of research

The present paper centralizes and filters scholar publications on
the molecular implications of APN in the evolution of COVID-19,
provided by a comprehensive literature search related to immuno-
logical and inflammatory processes and biomolecular systems that
contribute to the signaling networks, also correlating APN with ALI
within COVID-19 evolution. In this regard, medical literature
research was conducted by using large and valuable abstract and
citation databases that cover a wide range of biomedical topics
(e.g., PubMed, ScienceDirect, SpringerLink, and Nature). The search
methodology included in the first step an assessment of the topic
in the medical literature in terms of research areas, content type,
and total number of publications (Fig. 3), while the second search
algorithm is based on PRISMA flow diagram criteria that evaluate
the flow of information through this review (Fig. 4).

In the first step, searches were conducted using two essential
items (e.g., APN and COVID-19), the correlation between them
being analyzed using three basic boolean operators: AND, OR,
and NOT. Although the number of studies on APN or COVID-19
per se is numerous, publications evaluating the correlations
between the two are fewer, resulting in a need for further research.
According to SpringerLink, the main subject areas correlated with
types of publications related to APN AND COVID-19 are depicted
in Fig. 3 (one publication can be included multiple categories).

Moreover, a comprehensive search of the scientific literature
was conducted on all publications connected to the interaction of
APN with inflammatory signaling pathways through its regulatory
function with regard to the pathophysiology of SARS-CoV-2 infec-
tions. Predetermined algorithms were utilized for in-depth search-
ing in the PubMed, ScienceDirect, SpringerLink, and Nature
databases. Fig. 4 depicts the PRISMA-based operating processes,
along with details on the selection, evaluation, and final inclusion
of publications utilized as bibliographic references, which was
realized according to Page et al. recommendations (Page et al.,
2021).

Publications that were not written in English, were not very
informative, or were not article-type have been excluded before
screening. A total of 111 bibliographic references between 1995
and 2022 were selected and cited to validate the data in the pre-
sent paper.
3. APN and inflammation

APN exhibits preventive effects against the onset of numerous
illnesses associated with obesity. The inverse correlation involving
blood APN concentrations and a variety of inflammation biomark-
ers has been shown in numerous studies (Fantuzzi, 2008, Popa
et al., 2020). By regulating signaling processes in several cell pop-
ulations, APN reduces inflammatory reactions to a multitude of
stressors. One of the main factors contributing to APN’s favorable
effects on metabolic and cardiovascular diseases, especially IR
and atherosclerosis, may be its anti-inflammatory effects. The con-
trol of inflammatory and immunological reactions is significantly
influenced by APN. The dysregulation of adipose tissue in obesity,
T2DM, and metabolic syndrome with the release of various types
of pro-inflammatory cytokines may reduce circulating APN
(Fantuzzi, 2008, Popa et al., 2020). Of note, adipose tissue-
mediated low-grade inflammations inhibits APN production
(Fantuzzi, 2008), this manner might explain low APN levels in obe-



Fig. 3. Publications on the COVID-19/APN relationship and related research areas and manuscript types identified in medical databases using boolean search operators.

Fig. 4. Literature selection depicted in a PRISMA 2020 type flow diagram.
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Fig. 5. Role of APN in vascular inflammation: APN inhibits vascular inflammation and the development of vascular diseases through improvement of endothelial cell
functions, inhibition of smooth muscle proliferation, and macrophage activation.
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sity. Visceral fat accumulation suppresses the production and
release of APN, which show important immunological effects,
including the inhibition of macrophages activity and the persever-
ation of endothelial and smooth muscle cells through inhibition of
monocyte adhesion (Fig. 5) (Lau et al., 2017).

Principally, HMWAPN inhibits immune cells’ response via stim-
ulation of AMP and the suppression of inflammatory signaling
pathways. The emission of pro-inflammatory cytokines (i.e., IL-
18, IL-6) and tumor necrosis factor alpha (TNF-a) and nuclear fac-
tor kappa B (NF-jB) stimulation are inhibited by APN action (Ouchi
et al., 2011). The anti-inflammatory effects of APN can reduce vas-
cular inflammation, ALI, and cardiac ischemia, via controlling pro-
inflammatory molecules (Shibata et al., 2005). Though, APN has
pro-inflammatory effects by increasing the expression of
cyclooxygenase-2 (COX2) in the synovial tissues (Lubbeke et al.,
2014). Furthermore, APN regulates the innate immunity through
sensing of metabolic stress. APN has an identical structure to com-
plement factor C1q, which regulates macrophage polarization and
Fig. 6. Anti-inflammatory effect of APN: APN inhibits inflammatory signaling pathways
APN promotes macrophage polarization toward anti-inflammatory M2 with the release o
pathogen.
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other immune cells by promoting clearance apoptotic cells, thus
plummeting the risk of autoimmunity. APN promotes anti-
inflammatory M2 macrophage and its biomarkers, including IL-
10 or arginase-1. Therefore, it inhibits the macrophage mediated
inflammation (Fukushima et al., 2009).

Moreover, AdipoR1, Adipo2 and T-cadherin are highly
expressed in monocytes and macrophages. Of interest, AdipoR1
inhibits the expression of NF-jB on the macrophages; AdpR2
induces macrophage polarization, whereas T-cadherin activates
APN-induced macrophage proliferation (Mandal et al., 2011). Nev-
ertheless, blocking APNRs has minor effect on APN anti-apoptotic
action (Takemura et al., 2007), signifying an unidentified mecha-
nism of APN on the macrophage action. APN can also inhibit
macrophage activity through modulation of TLR1-NF-jB signaling
pathway (Yamaguchi et al., 2008).

In contradiction of its anti-inflammatory role, by stimulating
the NF-jB/ERK axis, APN induces the increase in expression of
pro-inflammatory mediators (Park et al., 2007). The pro-
, proinflammatory cytokines and the augmentation of anti-inflammatory cytokines.
f IL-10 and arginase. APN inhibits inflammatory signaling pathways in SARS-CoV-2
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inflammatory action of APN during infection is temporary, and its
potential function is to neutralize lipopolysaccharide (LPS). Hence,
chronic pro-inflammatory effect of APN induces LPS resistance and
preclude TNF-a release from macrophages (Park et al., 2007). Like-
wise, APN induces B cells activation and release of inhibitory pep-
tide on T cell maturations and migrations (Chimen et al., 2015).
Certainly, B and T cells expressing AdipoRs are highly inhabitant
in the adipose tissues concerned in the induction of IR and T2DM
(Costanzo et al., 2015). Therefore, APN diminishes monocyte
effects on M1 macrophage to release cytokines that are stimulating
the inflammatory response, such as TNF-a or IL-6 and monocyte
chemoattractant protein (MCP), but it advances the release of IL-
10. APN and inflammatory signaling processes that have been in-
volved in the pathophysiology of SARS-CoV-2 infection also inter-
act among themselves. The expression of APN is impacted by the
dysregulation of these inflammatory signaling pathways, and
reciprocally. As a result, the intensification of pro-inflammatory
effects, which are associated with the severity of COVID-19, might
be caused by a decrease in APN function during SARS-CoV-2 expo-
sure (Fig. 6).

As part of the molecular mechanism of action of APN on
immunological and inflammatory responses, pro-inflammatory
mediators are inhibited and anti-inflammatory molecules are stim-
ulated (Wulster-Radcliffe et al., 2004). Likewise, APN can constrain
astrocyte-induced inflammation and mitochondrial dysfunction
(Wu et al., 2020). Though, APN can’t be categorized as either
inflammatory or anti-inflammatory, as the net effect of APN is
mostly depend on the inflammatory status and immune response
(Agarwal and Balasubramanyam, 2015).
4. Role of APN and viral infections

It has been reported that APN is involved in various viral infec-
tions during acute and chronic phase. APN plays a critical role in
viral infections by regulating the immune response through its
anti-inflammatory/pro-inflammatory axis. The reduction of APN
may increase the severity of viral infections (Siagris et al., 2007).

APN plasma level is increased in patients with viral hepatitis B
and C (HCV), and positively correlated with necro-inflammation
stage (Siagris et al., 2007). Liu et al. establish that APN plasma level
was linked with viral characteristics of HCV in the induction of IR
(Liu et al., 2005). Thus, hyperadiponectinemia reflects the severity
of IR and hepatic injury (Liu et al., 2005). As well, APN has a new
function in the control of the immune response during HCV infec-
tion (Palmer et al., 2008). A prospective study illustrated that
HMW APN serum level was reduced in lean patients with HCV
infection due to higher anti-HCV antibody. HMW APN improves
anti-HCV immune response by induction release of interferon
(INF) via T cell activation (Palmer et al., 2008).This verdicts sug-
gests that APN plasma level is inversely correlated with anti-HCV
antibody level. Besides, APN has anti-inflammatory and pro-
inflammatory role, the inflammatory role being mediated by the
activation of mitogen activated protein kinase (MAPK) in regulat-
ing INF response during different viral infections (Palmer et al.,
2008). As a result, APN is increased in acute HCV infection and
reduced after development of anti-HCV antibody. Decreasing of
APN plasma level is associated with the progression of steatosis
in patients with HCV (Petit et al., 2005).

Moreover, Tsatsanis et al. reported that the reduction of APN
plasma level in obese patients could be a potential casual factor
for the severity of H1N1 (Tsatsanis et al., 2010). It has been shown
that high APN levels can aggravate influenza infection in elderly
patients through increase of anti-inflammatory IL-10 (Jiang et al.,
2020). Of note, APN is regarded as a negative regulator of T cells
during antigenic stimulation (Wilk et al., 2011). Concerning less
6

than 10 % of circulating T cells expressed AdpR1, and most of the
T cells store AdpR1 in the intracellular compartment. Following
stimulation by antigens, these receptors up-regulated on the sur-
face of T cells and interacted to induce T cell apoptosis and inhib-
ited cytokine production in response to viral antigenic stimulation
(Wilk et al., 2011). Of interest, weight gain during respiratory syn-
cytial virus infection may be exacerbated by a deficiency of APN
(Kim et al., 2021). Though, APN can improve OS and airway inflam-
mation in experimental obese-induced asthma through modula-
tion of adenosine monophosphate kinase (AMPK) pathway (Zhu
et al., 2019).

Concerning the role of APN in HIV infection, different studies
reported conflicting results regarding HIV and its therapeutic reg-
imens. Mynarcik et al. establish that the deficiency of APN in HIV
infected patients is implicated in the development of lipodystro-
phy and reduction of insulin sensitivity (Mynarcik et al., 2002).
In HIV infected patients, APN level expression is reduced in dys-
trophic fat. So, APN level in HIV infected men is about 50 % of those
without lipodystrophy (Kinlaw and Marsh, 2004). Furthermore,
low APN levels in HIV infected patients is associated with the pro-
gression of subclinical cardiovascular complications (Fantuzzi,
2008). These findings indicated that low APN level in HIV infected
could be a possible factor for long-term complications like T2DM
and cardiovascular complications.

It has been observed that adipocyte dysfunction in various viral
infections releases abnormal adipocyte defense cell response and
molecules that are pro-inflammatory, resulting in inhibition pro-
duction and release of APN (Agarwal and Balasubramanyam,
2015) (Fig. 7).
5. Role of APN in SARS-CoV-2 infection

SARS-CoV-2 enters infected tissues and cells via the angiotensin
converting enzyme 2 (ACE2) receptor. Binding of SARS-CoV-2 with
ACE2 triggers deregulation of the renin-angiotensin system (RAS),
which is characterized by down-regulation of ACE2, reduction of
Ang1-7 with anti-inflammatory potential and elevation of angio-
tensin II (AngII) as a pro-inflammatory molecule (Yenicesu et al.,
2005). High AngII and low Ang1-7 in hypertension and T2DM
decrease circulating APN level, hence ACE inhibitors (ACEIs) or
angiotensin receptor blockers (ARBs) may augment APN level in
patients with hypertension and T2DM (Yenicesu et al., 2005). In
addition, ACE2 has a significant contribution in the management
of APN generation. Ang1-7 or ACE2 assuage inflammation caused
by fatty tissue in the heart by increasing APN function (Patel
et al., 2016). According to Liu et al., fosinopril improves hepatic
fibrosis through increasing the APN’s function via ACE2/Ang1-7
expression (Liu et al., 2012). RAS dysregulation in COVID-19 may
therefore be the plausible explanation for the decreased APN
concentration.

Remarkably, a case-control study included 29 patients with res-
piratory failure, 12 COVID-19 patients and 17 non-COVID-19 indi-
viduals, indicated that COVID-19 patients with respiratory distress
had lower APN concentrations even after alteration for sex, age,
and BMI (Kearns et al., 2021). Though, a single center prospective
study comprising 60 COVID-19 patients with mild to severe symp-
toms, showed that APN/Lep ratio was not associated with the
severity of disease, because of the compensating rise in APN’s
capacity to counteract systemic inflammation (Di Filippo et al.,
2021). Ho et al. found that aging and comorbidities augment risk
of the ARDS in COVID-19, and SARS-CoV-2-induced inflammation
can cause IR and APN paradox (Ho et al., 2021). Therefore, inhibi-
tion of APN paradox-mediated inflammation could be beneficial
in this regard (Ho et al., 2021). In this state, it was clarify that
the increase of circulating APN and the development of APN para-



Fig. 7. The potential role of APN in viral infections: the immune response in viral infections releases pro-inflammatory proteins which affect expression and APN’s release.

Fig. 8. Adipose tissue malfunction after the infection with SARS-CoV-2: viral infection of adipose tissue provokes type I interferon response (INF) and activation of innate
immune response with reduction of APN and APN/Lep ratio. These changes trigger pancreatic b-cell dysfunction and hyperglycemia.
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dox was due to COVID-19-induced IR, and the researchers have not
measured APN serum level, but they predicted that APN could be
elevated (Ho et al., 2021). This clarification has been incomplete,
since APN level is reduced in COVID-19 patients with respiratory
failure (Kearns et al., 2021) and increased in mild-moderate
COVID-19 patients as a compensatory mechanism against exagger-
ated immune-inflammatory disorders (Di Filippo et al., 2021).

Consequently, APN could be increased in mild to moderate
COVID-19 patients as a compensatory mechanism against SARS-
CoV-2-induced inflammation, and reduced in individuals with sev-
ere COVID-19 symptoms because of the infection-induced adipose
tissue dysfunction with succeeding reduction of APN (Kirino et al.,
2012). Furthermore, adipose tissue infection provokes type I inter-
feron response (INF) and activation of innate immune response
with reduction of APN and APN/Lep ratio. These changes trigger
pancreatic b-cell dysfunction and hyperglycemia, Fig. 8 shows
the malfunction of the adipose tissue induced by the viral
infection.

In COVID-19, lymphopenia is a marker of SARS-CoV-2-induced
inflammatory mechanisms, related to lymphopoiesis suppression
and exhaustion of T cells with anti-inflammatory function. Craw-
ford et al. found that APN is generated by lymphocytes and acts
as a down-regulator of bone marrow production of granulocytes,
with the activation of regulatory T cells (Treg) (Crawford et al.,
2010). Lack of APN increases T cells activation with the reduction
of Treg that exacerbates the severity of the disease [56]. Further-
7

more, APN is essential for T cell development in thymus (Zhang
et al., 2021). As a result, low APN due to SARS-CoV-2-induced adi-
pose tissue dysfunction and production from T lymphocytes may
enhance inflammatory reaction and development of lymphopenia
in a vicious cycle.

Dipeptidyl peptidase 4 (DPP4) is overexpressed in fatty tissue in
obesity, which lowers the level of APN produced in young individ-
uals (Kirino et al., 2012). A systematic review showed that DPP4
inhibitors like sitagliptin and vildagliptin increased circulating
APN (Sahebkar et al., 2016). It was shown that SARS-CoV-2 can
bind and activate DPP4, causing systemic inflammation. A prospec-
tive study illustrated that the inhibition of DPP4 by sitagliptin
improved patient clinical outcomes in severely affected COVID-
19 (Al-Kuraishy et al., 2021). Therefore, the activation of DPP4 in
adipose tissue could be the possible mechanism for low APN in
COVID-19.

Additionally, the production of reactive oxygen species (ROS),
activating NADPH oxidase but also decreasing body antioxidant
capacity, all contribute to OS being increased in COVID-19
(Chernyak et al., 2020). OS can encourage vasoconstriction, ED,
thrombosis and progression of inflammatory disorders (Chernyak
et al., 2020). Notably, OS in obesity inhibit APN production and
release, since adipocytes are sensitive to the effect of ROS (Soares
et al., 2005). In addition, OS attenuates the expression of peroxi-
some proliferator activator alpha (PPAR-a), which is involved in
the activation of APN synthesis (Soares et al., 2005). Essick et al
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showed that the modulating effect of APN on the OS-induced
autophagy in rat cardiomyocytes (Essick et al., 2013). APN has been
shown to prevent cardiometabolic complications by inhibiting the
induction and progression of OS (Matsuda and Shimomura, 2014).
Thus, SARS-CoV-2 infection-induced OS could be the possible
mechanism behind reduction of APN in COVID-19.

These observations proposed that higher expression of DDP4,
OS and hyperinflammation may be involved in the reduction of
APN in COVID-19 patients.

5.1. APN and inflammatory signaling pathways in SARS-CoV-2
infection

The pathophysiology of COVID-19 involves encompasses sev-
eral inflammatory signaling mechanisms. The ORF7a viral protein
substantially stimulates the NF-jB signaling cascade during
viral infection, which causes the production of pro-inflammatory
mediators (Su et al., 2021). By lowering the function of inflamma-
tory molecules, NF-jB inhibitors play a significant part in the mit-
igation of COVID-19 evolution (Ma et al., 2020). Ouchi et al.
revealed that APN inhibits NF-jB signaling pathway via cyclic ade-
nosine monophosphate dependent pathway (Ouchi et al., 2000). As
well, APN blocks the activation of macrophage toll-like receptor 4/
NF-jB axis (Yamaguchi et al., 2005). Thus, the reduction of APN in
COVID-19 may exacerbate the activation of NF-jB signaling
pathway.

The stimulation of natural killer cells and the NF-jB signaling
mechanisms that releases interferon gamma are both attributed
to the nod like receptor pyrin 3 receptor (NLRP3) inflammasome.
NLRP3 inflammasome antagonists can lessen organ harm brought
on by a heightened immune reaction and cytokine storm (Rojas
et al., 2014). Indeed, APN can inhibit NLRP3 inflammasome activa-
tion and OS by regulating AMPK pathway in experimental cerebral
ischemia (Liu et al., 2020). Wang et al. confirmed that APN attenu-
ates NLRP3 inflammasome activation via modulation of AMPK
pathway and production of ROS (Wang et al., 2018). Moreover,
the reduction of APN in viral infections triggers NLRP3 inflamma-
some activation with succeeding inflammatory complications.

Furthermore, the progression of acute cardiac damage and ALI
in infections with the novel coronavirus is linked to the pro-
inflammatory cascade of p38 mitogen activated protein kinase
(p38MAPK) (Grimes and Grimes, 2020). The up-regulation of
p38MAPK in COVID-19 is due to the downregulation of ACE2 and
augmentation of AngII level. The virus can rapidly initiate the
p38MAPK signaling mechanisms, resulting in systemic inflamma-
tion, ED, vasoconstriction, and thrombosis (Grimes and Grimes,
2020). Thus, p38 MAPK inhibitors may attenuate COVID-19 sever-
ity and associated complications. APN’s anti-inflammatory proper-
ties can be achieved by p38MAPK suppression (Wang et al., 2017).
An in vitro cell line study demonstrated that APN reduced glucose-
mediated apoptosis via inhibition of p38MAPK and activation of
AMPK pathways (Wang et al., 2017). Yan et al. establish that APN
had anti-lipogenic effect through the inhibition of p38MAPK and
activating transcription factor 2 (ATF-2) (Yan et al., 2013). These
observations pointed out that activated p38MAPK and associated
hyperinflammation in COVID-19 could be a causal factor for the
reduction of APN.

The mechanistic target of rapamycin (mTOR) framework, which
acts as the primary modulator of cell formation and expansion,
multiplication, metabolism, and lifespan, was developed. More-
over, it is part of the kinase family and detects both external and
internal cell regulatory stimuli to regulate organelle synthesis,
autophagy, and the activation of inflammatory genes (Zheng
et al., 2020). Terrazzano et al. hypothesized that throughout the
infections with the novel coronavirus, the mTOR biochemical route
is active and engaged in viral transcription and mRNA translation.
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The inhibition of the mTOR pathway by everolimus might limit the
multiplication of viral particles, making it a potential molecule
with pharmacotherapeutic use in COVID-19 (Terrazzano et al.,
2020). As well, APN inhibited vascular calcification and regulated
the differentiation of vascular smooth cells via inhibiting mTOR
pathway (Zhan et al., 2014). Likewise, AdipR agonists regulated
the differentiation of vascular smooth cells by suppressing mTOR
pathway via AMPK-independent pathway (Fairaq et al., 2017).
Additionally, obesity, which is associated with the activation of
the mTOR pathway (Bolourian and Mojtahedi, 2020) and a
decrease in APN production (Al-Kuraishy and Al-Gareeb, 2016), is
considered to be a potential risk factor for disease severity. These
observations concluded that by activating mTOR pathway in
COVID-19, the beneficial effect of APN against the viral infection
could be blocked.

Additionally, advanced glycation end products (AGE) are associ-
ated with diabetic vasculopathy and IR through the attenuation of
APN production (Monden et al., 2013). Lee et al. confirmed that
APN could be a beneficial therapeutic tool against diabetic
nephropathy by inhibiting the production of AGE (Lee et al.,
2019). Receptors for advanced glycation end (RAGE) are part of
the COVID-19 pathophysiology. Though, soluble RAGE (sRAGE) is
effective for mitigating disease severity (Yalcin Kehribar et al.,
2021). Therefore, abnormal reactivity and interaction of AGE may
reduce APN production in COVID-19.

Through modulating apoptosis, the protein forkhead box O
(FoxO) has an essential role in maintaining cell homeostasis, OS,
and survival, as well as the maturation of lymphocytes and the pro-
duction of anti-inflammatory cytokines (Cheema et al., 2021). FoxO
possesses anti-inflammatory properties, hence its enhancers might
lessen the disease severity (Cheema et al., 2021). The anti-
inflammatory effect of FoxO can reduce the severity of illness
and longevity by regulating the inflammatory biological environ-
ment and cellular balance (Tia et al., 2018). Zhang et al. suggested
that systemic anti-inflammatory effect of APN is mediated by the
activation of FoxO (Zhang et al., 2014). Consequently, the reduction
of APN in COVID-19 may decrease the protective effect of FoxO
against SARS-CoV-2 infection.

A published study proposed an interaction between BDNF-
derived neurotrophic factor (brain) and APN, which interfered with
fat regulation (Jo et al., 2020).

Additionally, it has been shown that there is a strong correlation
between the inflammation that is present in COVID-19 and the
level of APN, a protein that is primarily synthesized in white adi-
pose tissue. As a result, there is an inversely proportional relation-
ship between APN amount and the identification of distinctive
metabolic cardiovascular risk indicators. According to available
research, APN levels have risen proportionally with aging. There-
fore, it might represent an action taken by the fatty tissue to coun-
teract Sars-CoV-2 inflammatory processes. The BDNF/APN ratio can
thus be considered a reliable marker of this result (Minuzzi et al.,
2021).

Furthermore, APN/Lep ratio, which is an accurate biomarker of
adipose function and metabolic health, was severely decreased
(by 10-fold) in infected patients as opposed to ARDS+; it was also
reduced by 6 times higher than ARDS matched controls (Reiterer
et al., 2021a,b).

Published data also suggested that fatty tissue malfunction is
characteristic in infections with the novel coronavirus and might
result in hyperglycemia. APN/Lep ratios and APN were significantly
decreased in COVID-19 patients. According to investigations, SARS-
CoV-2-infected hamsters had significantly lower levels of APN and
viral RNA in their fatty tissue (Reiterer et al., 2021a,b). These
results suggest that this contagious infection targeting among
others fat tissues is one of the underlying mechanisms explaining
both IR and adipose tissue dysfunction. However, more studies
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remain to be conducted, determining which type of adipose tissue
cells are infected. As a future perspective, an accurate diagnosis of
the adipose dysfunction in COVID-19 can potentiate the clinical
medical actions (by assessing circulating adipokine levels), taking
into account drugs (e.g., thiazolidinediones), which improve both
the insulin sensitivity and adipose function (Reiterer et al.,
2021a,b).

Considering their overall effect, the inflammatory signaling
mechanisms are augmented in infections with the novel coron-
avirus, resulting in systemic abnormalities. Fortunately, APN has
potential effect in mitigation of hyperinflammation through atten-
uation expression and release of inflammatory signaling pathways.

5.2. APN and ALI in infections with SARS-CoV-2

ARDS and ALI are commonly developed in severe COVID-19,
connected with the advancement of the cytokine storm and direct
pulmonary inflammation brought on by the viral infection. An
experimental study demonstrated that APN attenuates LPS-
induced ALI in mice via the inhibition of endothelial cell activation.
Moreover, hypoadiponectimia in obese patients predisposes to the
development of ALI by exaggerating inflammatory and immune
responses in the pulmonary vascular endothelium (Konter et al.,
2012).

Wei et al. illustrated that APN protected obese rats from ALI by
inhibiting ER stress (Wei et al., 2020). Disruption homeostasis of ER
by various viral infections, including SARS-CoV-2, promotes ER
stress, which is correlated with pulmonary ED (Banerjee et al.,
2020). A previous study showed that APN mitigate pulmonary ER
stress via activation of PPAR-a and AMPK pathways (Liu et al.,
2016). Tsuchida et al. demonstrated that PPAR-a activators
improve APN level and reduce obesity-mediated inflammation
(Tsuchida et al., 2005). Moreover, PPAR-a activators reduced vas-
cular leakage and inflammation in a murine model of ALI
(Schaefer et al., 2008). APN can decrease ED through modulation
of AMPK and COX-2 pathways, with mitigation of endothelial cells
apoptosis and release of pro-inflammatory cytokines (Shah et al.,
2017). Furthermore obesity mediated ED increases the risk of ALI
as high circulating free fatty acids induce pulmonary endothelial
cells ER stress (Rojas et al., 2014). ED is regarded as a global marker
of SARS-CoV-2 infection mediated complications, including ALI/
ARDS (Froldi and Dorigo, 2020).

As well, in vitro published data revealed the fact that APN inhi-
bits the IL-6 expression as well through murine endothelial pul-
monary cells, reducing the lung inflammation induced by
bacterial liposaccharides during ARDS (Konter et al., 2012).

A prospective study, a total of 170 critically ill patients (48
without sepsis + 122 with sepsis) were registered in the moment
of their admission to an intensive care unit (ICU) and being com-
pared with a group of 60 patients (healthy controls). Patients’ rate
of survival was followed almost 3 years. APN serum concentrations
registered no differences between the two groups mentioned
above. Nonetheless, the subjects having decompensated liver cir-
rhosis manifested significantly increased serum APN levels. Like
non-critical patients, ICU patients with pre-existing obesity or dia-
betes had significantly reduced circulating APN. In addition,
inflammatory cytokine values were not correlated with serum
APN. The interesting aspect of the study was that, when hospital-
ized in the ICU, low levels of APN were an independent, positive
predictor of both short and overall term survival (Koch et al.,
2011). More medical data were brought to the field by an observa-
tional, single-center, prospective study assessing COVID-19. Both
APN and Lep were determined in 60 subjects with mild (n = 11,
outpatients), moderate (n = 25, hospitalized without requiring
intensive care) and severe (n = 24, ICU or death) disease. Patients
with moderate symptoms presented the most elevated APN/Lep
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ratio. The ratio APN/Lep was correlated with the systemic inflam-
mation (APN or Lep alone not having the same action). When the
patients were divided into APN/Lep tertials, APN was at the highest
level, whereas Lep was at the lowest level in the 3rd and maximal
tertile. Subjects included in the most elevated APN/Lep tertial
revealed significantly reduced rates of obesity, diabetes, and high
blood pressure, as well as decreased ratios of admission to ICU/
death vs other tertiles. C-reactive protein predicted significantly
APN/Lep (p = 0.022, b = 0.291), if considering the linear regression
in the entire cohort; meanwhile, diabetes (p = 0.028, b = �0.257),
women (p = 0.016, b = �0.289), and hypertension (p = 0.043, b =
�239) were negative predictors (Di Filippo et al., 2021).

An observational prospective single-center study included 63
(36 of them were negative controls and 27 were infected with
the novel coronavirus) immunocompetent subjects having pneu-
monia in a severe form; the majority of patients needed critical
medical assistance. Their biological/clinical features (i.e., adipoki-
nes detected in plasma, glucose metabolism, and cytokine
amounts) and final outcomes were assessed. Patients with
COVID-19 (having similar initial severity) required a significantly
longer period of mechanical ventilation than the negative controls
(p = 0.0049). Plasma levels of APN/Lep were correlated with glu-
cose metabolism and BMI (insulinemia and glycemia), being scar-
cely distinct between the two sets that were evaluated.
Adipokines were not linked with the majority of the various
inflammatory proteins, duration of mechanical ventilation, or ini-
tial severity (SOFA score), although Lep concentrations were inver-
sely linked with IL-1 and IL-6 (Blot et al., 2021).

Therefore, through improving ER function, ED, or activating
PPAR-a, APN has a pulmo-protective impact and can prevent ALI
secondary to this viral infection. For that reason, the reduction of
APN in COVID-19 increases the risk for ALI development (Fig. 9).

5.3. APN activators in COVID-19

Interestingly, some of the repurposed drugs in the management
of COVID-19 produce their effects through the activation of APN
production. Omega-3 fatty acid improves circulating APN in
patients with T2DM (Bahreini et al., 2018), sustaining its helpful
effect in the management of T2DM through the APN-dependent
pathway. A recent systematic review by Rausch et al. discovered
that omega-3 fatty acid increased APN level and reduced Lep/
APN ratio (Rausch et al., 2021). Moreover, omega-3 fatty acid sup-
plements also improve clinicopathological and biological results in
patients with a severe form of infection via modulation of inflam-
matory milieu and thrombotic disorders (Safaei Ardestani and
Rahideh, 2022). Due to their anti-inflammatory properties with
improvement of APN levels, omega-3 fatty acids could be a poten-
tial therapeutic tool against this viral infection-induced dysregula-
tion of APN expression.

Likewise, PPAR-c and -a activators, including rosiglitazone and
fenofibrate, improves APN production in rats (Choi et al., 2005).
Carboni et al. concluded that PPAR-c agonist pioglitazone might
be favorable in treating COVID-19, by elevating anti-
inflammatory APN and by diminishing pro-inflammatory cytokines
(Carboni et al., 2020). Similarly, the PPAR-agonist fenofibrate
reduced the pathological processes of the novel coronavirus infec-
tion by improving APN functions or improving pro-inflammatory
cytokine release. (Yasmin et al., 2021).

Furthermore, pleiotropic effects of the lipid-lowering medica-
tion statins occur, although their influence on circulating APN is
contested and contradictory research linked statins to a reduction
in APN levels (Singh et al., 2018). However, a meta-analysis and
systematic review illustrated that statins enhanced and increased
APN levels by modulation of inflammatory cytokines (Chruściel
et al., 2016). Moreover, statins have been shown to be effective



Fig. 9. Role of APN against development of acute ALI in SARS-CoV-2 infection: APN inhibits endoplasmic reticulum stress and downregulation of peroxisome proliferator
activator, resulting in improved endothelial function and inhibition of pro-inflammatory cytokine release and cytokine storm development.
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by reducing mortality in severe forms of infection (Zhang et al.,
2020). Statins’ potential beneficial impact in COVID-19 is mediated
by suppressing the pro-inflammatory cytokines (Zhang et al., 2020)
and could be through the increase of APN levels.

Indeed, resveratrol is a polyphenol found in red wine that has a
potent anti-inflammatory effect by rising APN production and inhi-
bits the expression of inflammatory genes in mononuclear cells in
patients with coronary artery diseases (Tomé-Carneiro et al.,
2013). Jimoh et al. showed that resveratrol increased APN levels
in rats with experimental hypercholesterolemia (Jimoh et al.,
2018). It has been reported that resveratrol, can also mitigate
immuno-thrombotic complications in COVID-19 (Giordo et al.,
2021).

Furthermore, AdipoR agonists (e.g., AdipRon), which stimulate
both AdipoR1 and AdipoR2 ameliorate lipotoxicity and diabetic
complications via the reduction of sphingolipids and ceramide sub-
species (Choi et al., 2018). AdipoRon can reduce ED and OS in
T2DM in experimental mice with diabetic nephropathy (Choi
et al., 2018). AdipoRon reduces the expression of pro-
inflammatory cytokines and glomerular inflammation in mice with
induced obesity through the inhibition of p38MAPK and NF-jB sig-
naling pathway (Lindfors et al., 2021). Wu et al. confirmed in an
in vitro study that AdipoRon reduced T2DM-induced peritonitis
by enhancing autophagy (Wu et al., 2022). Notoriously, no study
evaluated the effect of AdipoRon on SARS-CoV-2 infection. Thus,
AdipoRon could be a novel therapeutic strategy against viral infec-
tions by modulating pro-inflammatory molecules or inflammatory
signaling pathways.

Overall, APN activators and AdipoR agonists might be efficient
against the infection with SARS-CoV-2 and related consequences
through modulation of the pro-inflammatory/anti-inflammatory
axis.
6. Conclusions

The present manuscript provides an updated comprehensive
description of the biomolecular implications of APN in COVID-19,
highlighting effects due to multiple physiological roles, molecular
pathways of action, and associated factors, by presenting the cur-
rent state of knowledge in this subfield. APN is a relevant adipo-
kine, mainly produced from visceral adipose tissue, and having
dual anti-inflammatory and pro-inflammatory role in different
inflammatory conditions. It is the most prevalent adipokine in
human plasma and has been shown in multiple studies to have
both antioxidant and insulin-sensitizing properties. Because of adi-
pose tissue malfunction, it is dysregulated in a variety of viral ill-
nesses, such as the infection with the novel coronavirus. In
COVID-19, OS, activation of inflammatory signaling pathways,
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and hyperinflammation-induced adipose tissue dysfunction may
reduce production of APN with subsequent exacerbation of inflam-
matory disorders. It could additionally suggest that patients with
low APN levels are more susceptible to COVID-19 respiratory fail-
ure. Adipose tissue impairment is indicated by a decreased APN/
Lep ratio. The lowest APN/Lep ratio is found in patients with car-
diometabolic disorders, indicating that it may be a contributor to
worsening COVID-19 prognosis.

Studies on the potential molecular implications of APN in the
development of COVID-19 have been continuously developed in
recent years to provide a more accurate assessment of interactions
at the biomolecular level in inflammatory, metabolic, and immune
pathways. The potential role of APN in COVID-19 has been
described by various observational, case-control, and experimental
studies, but additional medical research is required in order to
thoroughly examine the putative molecular role of APN in
COVID-19.
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