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Abstract
Accumulating molecular evidence suggests that insulin resistance, rather than SARS-CoV-2- provoked beta-cell impair-
ment, plays a major role in the observed rapid metabolic deterioration in diabetes, or new-onset hyperglycemia, during the 
COVID-19 clinical course. In order to clarify the underlying complexity of COVID-19 and diabetes mellitus interactions, we 
propose the imaginary diabetes-COVID-19 molecular tetrahedron with four lateral faces consisting of SARS-CoV-2 entry 
via ACE2 (lateral face 1), the viral hijacking and replication (lateral face 2), acute inflammatory responses (lateral face 3), 
and the resulting insulin resistance (lateral face 4). The entrance of SARS-CoV-2 using ACE2 receptor triggers an array of 
multiple molecular signaling beyond that of the angiotensin II/ACE2-Ang-(1–7) axis, such as down-regulation of PGC-1 α/
irisin, increased SREBP-1c activity, upregulation of CD36 and Sirt1 inhibition leading to insulin resistance. In another arm 
of the molecular cascade, the SARS-CoV-2 hijacking and replication induces a series of molecular events in the host cell 
metabolic machinery, including upregulation of SREBP-2, decrement in Sirt1 expression, dysregulation in PPAR-ɣ, and 
LPI resulting in insulin resistance. The COVID-19-diabetes molecular tetrahedron may suggest novel targets for therapeutic 
interventions to overcome insulin resistance that underlies the pathophysiology of worsening metabolic control in patients 
with diabetes mellitus or the new-onset of hyperglycemia in COVID-19.
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Abbreviations
COVID-19  Coronavirus disease 2019
SARS-CoV-2  Severe acute respiratory syndrome corona-

virus 2
DM  Diabetes mellitus
SREBP  Sterol regulatory element binding protein
SOCS 3  The suppressor of cytokine signaling 3
FFA  Free fatty acid
ROS  Reactive oxygen species
AMPK  AMP-activated protein kinase
P38MAPK  Phosphorylation of p38 mitogen-activated 

protein kinase
PPARɣ  Peroxisome proliferator-activator receptor 

ɣ

NR  Nuclear hormone
Glut4  Glucose transporter4
CAP  C-Cbl-associated protein
LPI  Lysophosphatidylinositol
GPR55  G protein-coupled receptor 55
IRS  Insulin receptor protein
mTORC1  Mammalian target of rapamycin complex 

1
TLR  Toll-like receptor
DPP4  Dipeptidyl peptidase 4
NAD+  Nicotinamide adenosine dinucleotide
UCP2  Uncoupling protein 2
FNDC5  Fibronectin type III domain-containing 

protein 5
VEGF  Vascular endothelial growth factor
MMP9  Matrix metalloproteinase 9
JNK  Jun NH2-terminal kinase
ISR  Integrated stress response
LPA  Lysophosphatidic acid
DAG  Diacylglycerol
GLP-1  Glucagon-like peptide-1
FNDC5  Fibronectin type III domain containing 5
Ag  Angiotensin
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ACE  Angiotensin converting enzyme
IRS1  Insulin receptor substrate
PI3K  Phosphoinositide 3-kinase
PDK1  Phosphoinositide-dependent kinase 1
RGC   Ral-GAP complex
AS160  Akt substrate of 160 kDa
MCP1  Monocyte chemoattractant protein-1
TNF-α  Tumor necrosis factor α
IL-6  Interleukin 6
NF-κB  Nuclear factor kappa B
PGC1  Peroxisome proliferator-activated receptor 

γ coactivator 1

Introduction

The well-known association of viral infections with meta-
bolic disorders has been further highlighted following the 
emergence of the novel coronavirus disease 2019 (COVID-
19) caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). More recently, evidence has been 
accumulated to suggest potential cross-talk between diabetes 
mellitus (DM) and COVID-19 [1]. Diabetes mellitus has 
been described as a risk factor for severe COVID-19 with an 
increased risk of mortality [1, 2]. Interestingly, COVID-19 
has been associated with new onset diabetes mellitus [3], the 
precipitation of acute complications of DM, such as diabetic 
ketoacidosis and hyperosmolar hyperglycemic state [4] and 
with an increased requirement of insulin in patients with 
diabetes mellitus [4].

In COVID-19, the entity of “new-onset hyperglycemiaˮ 
can be classified as “stress- induced hyperglycemia,ˮ “new-
onset DMˮ in previously unrecognized pre-diabetes patients, 
hyperglycemia following pancreatic damage caused by 
SARS-CoV-2, and drug-induced hyperglycemia or “ sec-
ondary diabetes ˮ following use of glucocorticoids [5].

The recruitment of host metabolic pathways by SARS-
COV-2 has been suggested for its replication and pathogen-
esis. This viral interaction with intracellular tissue and organ 
metabolic processes in conjunction with the adoptive host 
cellular responses may be responsible for the observed meta-
bolic derangements in COVID-19 and diabetes mellitus [6]. 
Nowadays, accumulating clinical evidence on COVID-19 
demonstrates that, in addition to DM, other components of 
the metabolic syndrome such as hypertension and obesity 
could be considered as risk factors for developing severe 
COVID-19 [7]. These findings may imply that unhealthy 
metabolic conditions produce a more permissive milieu for 
the pathogenesis of SARS-CoV-2.

It has been postulated that the COVID-19-induced new 
onset DM might be mediated by virus-induced damage of 
β-cells following the viral invasion and entrance through 
ACE2 receptors [8]. The observed high levels of pancreatic 

enzymes in COVID-19-induced new onset DM [9] rein-
force this hypothesis. Although several lines of evidence 
suggest that the interaction between ACE2, ADAM17, and 
TMPRSS2 is pivotal for SARS-CoV-2 related pancreatic β 
cells injury [10], data on the pancreatic β cells pathologic 
alterations and the resulting long-term changes remain 
inconclusive. However, more recent studies showed that the 
systemic proinflammatory milieu following the COVID-19 
cytokine storm may play a major role in insulin resistance, 
beta cell hyperstimulation and disruption of insulin signal-
ing, eventually leading to SARS-CoV-2- induced DM [11, 
12].

Undoubtedly, the omics-derived data will reveal the 
underlying mysterious molecular mechanisms of the 
COVID-19 and DM interactions. Recently, the large-scale 
multi-omics landscape of COVID-19 has clarified 219 bio-
molecules that have been strongly involved in COVID-19 
status and its clinical severity [13]. These underlying meta-
bolic alterations during COVID-19 may be involved in the 
development of DM or precipitation of its acute metabolic 
complications.

The mutual interplay between diabetes mellitus and 
COVID-19 involves a series of overlapping complex net-
works, each with a degree of redundancy and with alter-
native pathways which might cross-talk with each other 
in multiple known and unknown interfaces. The dynamic 
equilibrium of the network components of underlying hyper-
glycemia and glycometabolic control could be disturbed by 
SARS-CoV-2 at multiple sites to emerge an untoward behav-
ior, such as insulin resistance. In order to understand the 
interactions among the different elements of the complex 
network of the COVID-19 and diabetes mellitus, we provide 
a tetrahedron molecular model.

The tetrahedron is one kind of triangular pyramid com-
posed of four triangular faces. The base of this tetrahedron 
is a triangle, and the lateral faces are also triangles; three 
triangular faces connecting the base to a common point. In 
the proposed COVID-19-diabetes mellitus molecular tetra-
hedron, the molecular pathways for SARS-CoV-2 entry via 
ACE2 (lateral face 1), the viral hijacking and replication 
(lateral face 2), acute inflammatory responses (lateral face 
3) and the resulting insulin resistance (lateral face 4) consti-
tute the four lateral faces of the tetrahedron. Although the 
perturbation of glycometabolic complex system is usually 
initiated via attachment of the SARS-CoV-2 spike protein 
to its receptor, ACE2, followed by the viral hijacking and 
replication and pro-inflammatory reactions that create insu-
lin resistance in the host, the numerical sequence of lateral 
faces of the tetrahedron molecular model is arbitrary here. 
At the present, it could not be demonstrated which of the 
molecular pathways of the lateral faces of the tetrahedron 
may have important role in pathogenesis when compare with 
the others. All four lateral faces of a tetrahedron are the 
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same size and shape (congruent) and all edges are the same 
length, all the components (e.g. molecular pathways in the 
lateral faces) in our proposed COVID-19-diabetes mellitus 
molecular tetrahedron have the same specific weight in the 
pathogenesis. Since the lateral faces of a tetrahedron are 
congruent triangles, the vertex (diabetes mellitus) is directly 
above the center of the triangular base (insulin resistance) 
(Fig. 1).

This review presents multiple metabolic pathways and 
potential hubs for pathogenesis of COVID-19-induced 
new-onset diabetes based on the reported transcriptional 
and proteomic data from COVID-19 patients and based on 
previous well-known metabolic pathways and mediators 
involved in the pathogenesis of pancreatic β-cell damage, 
insulin hyposecretion, and insulin resistance.

Viral entrance (lateral face 1)

Angiotensin II/ACE2/Ang‑(1–7) axis

The attachment of SARS-CoV-2 with ACE2 as its cellu-
lar receptor triggers internalization of the complex into the 
target cells leading to down-regulation of the ACE2 recep-
tor [14]. Cao et al. reported that knockout  (ACE2−/Y) mice 
showed impaired glucose tolerance, reduced first phase 
secretion of insulin and a significantly inhibited level of 
hepatic Akt, as one of the pivotal mediators in glucose and 
lipid metabolism [15].

The ACE2 down-regulation following the viral attach-
ment would potentially result in an increased overall ratio of 
Ang II to Ang-(1–7). This imbalance results in attenuation of 
the MasR function [16] leading to hepatic insulin resistance 

because Cao, et al. showed that the ACE2/ Ang-(1–7)/MasR 
axis improved hepatic insulin sensitivity via activation of the 
Akt/PI3K/IRS1/JNK pathway [15] (Fig. 2A). In addition, in 
an experimental study, ACE2/Ang-(1–7) ameliorated free 
fatty acid (FFA)-induced oxidative stress and inflammation, 
leading to decreased levels of reactive oxygen species (ROS) 
[15], lesser hepatic lipid accumulation [17] and better insulin 
sensitivity [18]. In an animal model, Ang-1–7 resulted in 
better insulin sensitivity [19] and improved insulin produc-
tion in pancreatic β-cells [20].

The SARS-CoV-2-induced down-regulation of ACE2 and 
the resulting increased Ang II may be a critical promoter of 
observed insulin resistance in COVID-19 [11, 12] because 
increased levels of Ang II has been associated with deterio-
ration of β-cell function [21]. In fact, in vivo studies showed 
that Ang II disrupts insulin-stimulated IRS-1/IRS-2-asso-
ciated PI3-kinase pathway activities, thereby impairing 
GLUT-4 translocation into membrane of insulin-sensitive 
tissues such as muscle, liver and adipose tissue [22, 23]. 
Therefore, it can be hypothesized that one of contributing 
pathologic factor in the observed systemic insulin resistance 
of COVID-19 may be the disruption of insulin signaling via 
SARS-CoV-2-induced down-regulation of ACE2 that leads 
to Ang II hyperactivity, accompanied with insulin signaling 
impairment.

Taken together, in COVID-19, the increased level of Ang 
II which is accompanied with an Ang-(1–7) decrement may 
be accompanied with β-cell dysfunction and insulin hypose-
cretion, resulting in SARS-COV-2-induced DM.

Dipeptidyl peptidase‑4 (DPP4)

MERS-CoV binds to human dipeptidyl peptidase-4 (DPP4/
CD26) [24]. The transgenic mice expressing human DPP4 
with diet-induced T2D developed a prolonged phase of 
severe disease and delayed recovery following MERS-CoV 
infection, indicating a pathological role for DPP4 in the 
association of type 2 diabetes and MERS-CoV [25]. The 
docked complex model of COVID-19 spike glycoprotein 
and DPP4/CD26 suggests that DPP4/CD26 may also act as 
receptor for SARS-CoV-2 [26]. Hence, DPP4 has been intro-
duced as a potential link between type 2 diabetes and sever-
ity of clinical presentations in patients with COVID 19 [27]. 
Since DPP4 is also a contributing agent in inflammatory and 
immune reactions, targeting it might be a good modality 
to control severity of COVID 19. Although, a multicenter, 
case–control, retrospective, observational study showed 
that sitagliptin treatment in patients with type 2 diabetes 
and COVID-19 was associated with reduced mortality and 
improved clinical prognosis in comparison to standard-of-
care treatment [28], contradictory results for the impact of 
DPP4 on COVID-19 have been reported in some observa-
tional clinical studies [29]. Therefore, the DPP4 inhibitors 

Fig. 1  The COVID-19—Diabetes Mellitus molecular tetrahedron: 
The molecular pathways for SARS-CoV-2 entry via ACE2 (lat-
eral face 1), the viral hijacking and replication (lateral face 2), acute 
inflammatory responses (lateral face 3) and the resulting insulin 
resistance (lateral face 4) constitute the four lateral faces of the tet-
rahedron. Since the lateral faces of a tetrahedron are congruent tri-
angles, the resulting vertex (diabetes mellitus) is directly above the 
center of the triangular base (insulin resistance)
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treatment in patients with type 2 diabetes in order to reduce 
SARS-Co-2 entry and replication should be addressed in an 
ongoing randomized, placebo-controlled trial.

Viral hijacking and replication (lateral face 2)

Peroxisome proliferator‑activator receptor ɣ 
(PPARɣ)

PPARs are transcription factors belonging to a ligand-
activated nuclear hormone (NR) receptor superfam-
ily including three main subtypes [30]. PPARɣ, as one 
member of the PPAR family, has pleotropic functions 
on lipid and glucose metabolism [31] through eliciting 
the glucose transporter4 (Glut4) and c-Cbl-associated 
protein (CAP) transcription [32]. PPARɣ exerts its anti-
inflammatory properties through modulation of M2 mac-
rophages with inhibition of inflammatory cytokine bursts 
[33], and inactivation of NF-κB via silencing pro-inflam-
matory genes and p65 [34]. It has been well known that 

PPARɣ is down-regulated during influenza A infection 
[33]. Furthermore, a recent study on biopsied lung tissue 
from COVID-19 patients revealed a significant dysregula-
tion of genetic programs in PPARɣ-dependent pathways 
[35]. Hence, dysregulated PPARɣ-dependent unbalanced 
inflammatory responses and disturbed post-receptor sign-
aling of PPARɣ might induce insulin resistance during 
SARS-CoV-2 infection.

Pioglitazone is a potent PPAR-γ agonist that reduces 
chronic inflammation in T2DM patients, which is manifested 
in a decrease in the secretion of various pro-inflammatory 
cytokines, including TNF-α, IL-1, and IL-6, and other 
inflammatory markers. Therefore, it has been hypothesized 
that administering pioglitazone to T2DM patients who have 
SARSCoV-2-driven hyperinflammation and cytokine storm 
syndrome will improve their clinical prognosis [36]. Cur-
rently, two randomized clinical trial have been designed 
to investigate the effects of pioglitazone on type 2 diabe-
tes mellitus with COVID-19 (https:// clini caltr ials. gov/ ct2/ 
show/ NCT04 604223) and https:// clini caltr ials. gov/ ct2/ show/ 
NCT04 535700).

Fig. 2  A The ACE2/ Ang-(1–7)/MasR axis improves insulin sensitiv-
ity via activation of the Akt/PI3K/IRS1/JNK pathway. Ang II-induced 
AT1R activation disrupts insulin-stimulated IRS-1/IRS-2-associated 
PI3-kinase pathway activities through p38 MAPK, thereby impair-
ing GLUT-4 translocation into membrane of insulin-sensitive tis-
sues. Increased activity of AT1R also has inhibitory effects on insulin 
receptor signaling and PPARɣ expression through the activation of 
p38MAPK. B CD36 orchestrates an intracellular metabolic cascade 

which is involved in metabolism of lipids, leading to overexpression 
of inflammatory enzymes which inhibit intracellular signaling of 
insulin receptor. CD36 also induces overexpression of inflammatory 
cytokines and DPP4 through interaction with TLR2/4. Inflammatory 
cytokines such as NF-κB, TNF-α, IL6, IL12 have inhibitory effects 
on insulin signaling. DPP4 inactivates GLP-1/GIP, resulting to dis-
ruption of glucose metabolism

https://clinicaltrials.gov/ct2/show/NCT04604223
https://clinicaltrials.gov/ct2/show/NCT04604223
https://clinicaltrials.gov/ct2/show/NCT04535700
https://clinicaltrials.gov/ct2/show/NCT04535700


4017Molecular Biology Reports (2022) 49:4013–4024 

1 3

Lysophosphatidylinositol (LPI)

Lysophosphatidylinositol (LPI) has been introduced as an 
active molecule involved in the regulation of glucose homeo-
stasis and insulin signaling [37]. It triggers insulin release 
from pancreatic β-cells via activation of its G protein-cou-
pled receptor 55 (GPR55) [38] and subsequent intracellular 
 Ca2+ mobilization with an increased intracellular level of 
cAMP [39]. GPR55 is highly expressed in pancreatic islets 
cells. A disruption in the activity of LPI has been reported 
in the recovery phase of SARS-CoV [37]. Therefore, the LPI 
activity during COVID-19 infection should be investigated 
to reveal the involvement of LPI dysfunction in the patho-
genesis of insulin resistance and hyposecretion of insulin 
during COVID-19.

Sterol response element‑binding protein 1 
(SREBP‑1)

SARS-CoV-2 relies on the host lipid machinery for mem-
brane fusion, envelopment, and transformation for viral 
replication, endocytosis, and exocytosis [40]. Although 
the mechanisms and induced perturbation of lipid complex 
pathways mediated by SARS-CoV-2 infection has yet to be 
revealed, targeting lipid metabolism in COVID-19 to inter-
fere with the viral replication has been recently noticed.

Sterol regulatory element binding protein (SREBP) may 
be a potential target for the modulation of cellular lipid 
metabolism in COVID-19 [40, 41] as an antiviral therapy. 
The SREBP family consists of three transcription factors: 
SREBP-1a, SREBP-1c, and SREBP-2. SREBP-1a and 
SREBP-1c are mainly involved in the activation of tran-
scription for fatty acid and triglyceride synthesis, whereas 
SREBP-2 mediates the transcription of genes in cholesterol 
biosynthetic pathways. Sterol depletion activates SREBP-2 
expression, while insulin glucose and fatty acids control 
SREBP-1c expression [42].

SARS-CoV-2-mediated ACE2 decrement may lead to an 
increase in SREBP-1c activity. In fact, increased SREBP-1c 
protein has been observed in ACE2 knockdown mice [15]. 
The dysregulated lipid metabolism following the entrance 
of the virus with an increase in SREBP also has been sug-
gested [43]. Shimomura et al., who produced aP2-SREBP-1c 
transgenic mice overexpressing SREBP-1c in adipose tis-
sue, showed marked insulin resistance with 60-fold elevation 
in the plasma levels of insulin. These aP2-SREBP-1c mice 
were markedly resistant to the injected insulin in order to 
decrease elevated blood glucose (300 mg/dl) [44]. There-
fore, the observed insulin resistance and new onset of DM 
following COVID-19 may be ascribed by dysregulation in 
lipid metabolism which is accompanied by SREPB-1c over-
expression following the virus entrance.

The SREBP-1c overexpression with resulting elevated 
lipogenesis and hyperinsulinemia may aggravate insulin 
resistance via down-regulation of the mRNA for insulin 
receptor protein 2 (IRS2) [45]. Thus, SARS-CoV-2-in-
duced SREBP-1c overexpression may accentuate insulin 
resistance through down-regulation of IRS2, a pivotal com-
ponent of the insulin-signaling pathway. Previously, it has 
been reported that SREBPs interfere with the effect of the 
insulin response element on the IRS2 promoter leading to 
suppression of the down-stream insulin signaling pathway 
[45]. The possible effect of SARS-CoV-2-mediated SREBP 
overexpression on other components of the insulin signal-
ing cascade, including the mammalian target of rapamycin 
complex 1 (mTORC1), should be investigated because the 
mTOR is a major effector of PI3K/Akt signaling in the insu-
lin-dependent regulation of SREBP-1c [46].

Interestingly, SARS-CoV-2-induced SREBP-2 up-regula-
tion was reported in the peripheral blood mononuclear cells 
of infected patients. This up-regulation was accompanied 
with inflammatory responses and the observed cytokine 
storm in patients with COVID-19 [47]. The involve-
ment of COVID-19-activated SREBP-2 in insulin resist-
ance via inflammatory complex pathways warrants more 
investigations.

Fatty acid translocase (CD36)

Fatty acid translocase, so-called CD36, is a member of the 
class B scavenger receptor family, and a multifunctional 
transmembrane glycoprotein receptor which has attracted 
attention for its involvement in DM and its complications 
[48]. It is highly expressed in fat tissue and plays as a co-
receptor for the toll-like receptor 2 (TLR2) ligand that is 
essential for some TLR2/6 responses which are evoked by 
pathogens, leading to a classic TLR signaling cascade and 
the subsequent production of TNF-α, IL-6, and IL-12 [49] 
(Fig. 2B). In obesity it is proposed that this molecule medi-
ates a cross-talk between adipocytes and macrophages [50]. 
The obesity-induced CD36 up-regulation is closely related 
to chronic inflammation which might induce insulin resist-
ance [48].

In fact, CD36 knockout mice had better insulin sensi-
tivity profiles and lower pro-inflammatory markers such as 
IFN-ɣ, MCP-1, and TNF-α in response to oxidized LDL (ox 
LDL) in adipose tissue [51]. Goudrian et al. demonstrated 
that  CD36−/− mice had better whole-body insulin-mediated 
glucose uptake and better insulin sensitivity in muscle but 
more hepatic insulin resistance [52].

The activation of TLR4 and CD36-dependent pathways 
results in up-regulation of dipeptidyl peptidase 4 (DPP4) 
[53]. It has been revealed that DPP4, as a trans-membrane 
glycoprotein with catalytic activity, interacts with other 
ligands, such as the MERS-CoV spike protein [54] and 
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its activity has been associated with the degree of insulin 
resistance [53]. TLR4, as an important component of the 
immune system, has direct interaction with CD36 in mac-
rophages and monocytes [53]. The overactivity of TLR4 
signaling inflammatory pathways in circulating mononu-
clear cells of patients with COVID-19 has been shown 
[55]. Therefore, it could be postulated that TLR4-induced 
up-regulation of CD36 may result in the increased activity 
of DPP4, which may subsequently lead to abnormal insulin 
secretion and insulin resistance in COVID-19.

An animal study demonstrated that ACE2 knock-
out mice had increased expression of CD36 in the liver 
[56]. Additionally, angiotensin II resulted in indirect 
increased expression of CD36 through down-regulation 
of sirtuin 1 (which negatively regulates CD36) [56]. 
Thus, SARS-CoV-2 induced ACE2 attenuation may also 
result in increased levels of CD36 that might switch on 
inflammatory processes, leading to insulin resistance. In 
a compelling and very recent in vitro study, Gomez Diaz 
et  al. reported that SRAS-CoV-2 infection modulates 
lipid metabolism via CD36 pathways in monocytes. The 
observed CD36 overexpression in monocytes suggests an 
increment of lipid uptake and hijacking of the host LDLs 
to enhance the viral replication [57].

Taken together, the observed ACE2/Ang II imbalance 
and decreased level of sirt1 may result in overexpression 
of CD36 leading to inflammatory states accompanied with 
insulin resistance.

Sirtuin1

The ancient protein sirtuin1 (Sirt1), as one of the most con-
served mammalian nicotinamide adenosine dinucleotide 
 (NAD+)-dependent histone deacetylases, has significant 
roles in metabolic pathways, in the protection of organism 
against oxidative stress, and the promotion of DNA stability 
and attenuation of age-related disorders such as neurodegen-
erative diseases and cancers [58–60]. This protein modulates 
intracellular metabolic pathways by targeting cellular pro-
teins such as NF-κB and peroxisome proliferator-activated 
receptor ɣ (PPARɣ) [61].

The insulin signaling and PI3K/Akt pathway activation 
are positively regulated by sirt1 (Fig. 3A). Yoshizaki et al. 
reported that sirt1 knockdown in adipocyte resulted in inhi-
bition of insulin-stimulated glucose uptake and increased 
serine phosphorylation of insulin receptor substrate1 (IRS1) 
[62]. The modulation of sirt1 on insulin-induced tyros-
ine phosphorylation of IRS2 was also reported [63]. The 

Fig. 3  A The MasR-induced expression of sirtuin1 results in 
increased expression of PPARɣ and enhanced intracellular signaling 
of insulin receptor through Akt activation. Sirtuin1 has an inhibitory 
effect on SREBP-1c expression through negative regulation of P53. 
In β-cells, sirtuin 1 inhibits UCP2 in which prevents the release of 
insulin. SREBP1 interferes with the effect of the insulin response 
element on the IRS2 promoter leading to suppression of the down-
stream insulin signaling pathway. B In skeletal muscles, irisin is 

derived from FNDC5 under the stimulatory effect of MasR through 
the PGC1-α activation. It leads to overexpression of GLUT4 through 
activation of p38MAPK in insulin-sensitive tissues. Irisin also 
induces production of betatrophin which induces proliferation of 
β-cells. During COVID-19, the possible alteration of irisin production 
may induce inflammatory pathway through the activation of p-JNK 
and p-ERK. This will lead to overproduction of NF-κB, TNF-α, IL6, 
IL1β and MCP1 and disturbed insulin signaling
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sirt1-dependent Akt activation signaling has been shown 
to be pivotal in promoting PI3 binding and activation [64]. 
Lower expression of sirt1 disrupts insulin secretion [65] 
through an increased expression of uncoupling protein 2 
(UCP2) in pancreatic β-cells [66]. Taken together, sirt1 
exerts its effect on energy metabolism and insulin resistance 
through a variety of molecular mechanisms [67].

The sirtuins machinery system is used by the host cells 
as a defense mechanism against DNA and RNA viral patho-
gens. Therefore, sirtuins have been defined as critical regu-
latory hubs in a variety of metabolic and regulatory pro-
cesses, such as fatty acid oxidation and tricarboxylic acid 
cycle metabolism, which are affected during viral infections 
[68, 69]. Hence, SARS-CoV-2 may struggle for control 
over sirtuin functions to promote its replication and pro-
tein assemblage. Interestingly, Bordoni et al. demonstrated 
a significant decrease in the sirt1 expression of peripheral 
blood mononuclear cells of COVID-19 patients resulting 
in the maintenance of p53 active form and a dysregulated 
p53/sirt1 axis and a provoked inflammatory stat [70]. The 
observed repressed sirt1 in COVID-19 may be involved in 
insulin resistance and metabolic derangement.

However, COVID-19 mediated ACE2 depletion, and the 
resulting Ang-(1–7)/AngII imbalance which results in sirt1 
inhibition in liver and up-regulation of CD36 [56], leading 
to increased insulin resistance, should also be considered.

Irisin

Irisin, which is derived from fibronectin type III domain-
containing protein 5 (FNDC5) [71], is highly produced by 
skeletal muscle in response to exercise [72] (Fig. 3B). This 
dependent PPARɣ co-activator 1-α (PGC1-α) myokine has 
a pivotal role in the induction of subcutaneous fat brown-
ing through increased expression of uncoupling protein 1 
(UCP1), leading to higher energy expenditure, higher weight 
loss, and improvement of glucose metabolism [73–75]. Irisin 
reduces the expression of TLR4 protein and subsequently 
reduces the activation of NF-κB through down-regulation of 
the MAPK signaling pathway that can subsequently improve 
insulin sensitivity. Additionally, this molecule reduces the 
phosphorylation of p-JNK and p-ERK, leading to a reduction 
of crucial inflammatory cytokines such as TNF-α, MCP-
1, IL-6, and IL-1β that are involved in the pathogenesis of 
inflammation-induced insulin resistance [76]. Irisin induces 
the expression of UCP1 and betatrophin through the acti-
vation of MAPK pathways (P38 and ERK) [77]. The new 
hormone betatrophin resulted in regeneration of pancreatic 
β-cells and an increase in the mass of pancreatic β-cells of 
mice [72]. Furthermore, the ROS-mediated activation of 
AMPK which is caused by irisin results in more glucose 
uptake through higher expression of GLUT4 in muscles 
[78]. As a result, irisin may ameliorate insulin resistance by 

targeting peripheral muscles through a different metabolic 
pathway [72].

Bernardi et al. demonstrated that ACE2 knockout mice 
had significantly decreased expression of the PGC1-α pro-
tein [79]. In agreement with this finding, Cao et al. also 
reported down-regulation of PGC-1α in the liver of ACE2 
knockdown mice [15]. These findings may support the 
potential involvement of ACE2/Ang-(1–7)/Mas axis in 
irisin production via PGC-1α activity. Therefore, it could 
be hypothesized that SARS-CoV-2-mediated ACE2 down-
regulation, which is accompanied with down-regulation 
of PGC-1α, would result in the lower production of irisin 
in COVID-19, leading to insulin resistance through mul-
tiple metabolic pathways. Curiously, transcriptional anal-
ysis revealed that irisin down-regulates the genes that are 
involved in the pathogenesis of severe forms of COVID-19, 
such as FURIN and ADAM10, which are also involved in 
virus replication [80].

Inflammation (lateral face 3) and insulin 
resistance (lateral face 4)

From the aforementioned molecular mechanisms relat-
ing COVID-19 and diabetes mellitus or hyperglycemia, it 
appears that the common root of new-onset hyperglycemia 
or its worsening in preexisting diabetes mellitus during 
multiple clinical phases of COVID-19 could be SARS-
CoV-2-induced insulin resistance. In fact, the entrance of 
SARS-CoV-2 to host cells using ACE2 or DPP4 as its entry 
receptors and the viral hijacking-replication mechanisms 
trigger insulin resistance via perturbation in insulin signal-
ing primarily in the IRS/PI3K/AKT/mTORC2 axis through 
multiple diverse pathways. Therefore, the observed SARS-
CoV-2–induced hyperglycemia or ketoacidosis in ketosis-
prone diabetes and the association of diabetes mellitus/
obesity with severe COVID-19 may be primarily described 
by the appearance or worsening of insulin resistance dur-
ing this catastrophic viral infection [1, 81]. However, the 
modulation of immune reactions, provocation of inflamma-
tory responses, and the cytokine storm of COVID-19 should 
also be considered in the aggravation of insulin resistance 
and dysregulation of glucose metabolism in patients with 
severe COVID-19 [82].

In an Italian cohort study with hospitalized COVID-19 
patients without pre-existing history of diabetes mellitus, 
presence of new-onset hyperglycemia, insulin resistance, 
abnormal cytokine profile, beta cell hyperstimulation 
including higher insulin, proinsulin, C-peptide levels 
as compared to the controls were reported during acute 
and post recovery phases of COVID-19 [11]. These find-
ings demonstrate that SARS-CoV-2 induces an insulin 
resistance state per se leading to aberrant glycometabolic 
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control, which can persist in the patients who recovered 
from COVID-19. In another 6-month prospective study, 
it was shown that SARS-CoV-2 induced the risk of insu-
lin resistance in patients without prior history of diabe-
tes, which persisted at both 3-month and 6-month post 
COVID-19 phases [12]. Therefore, SARS-CoV-2 may 
induce and aggravate an insulin resistance state based on 
a proinflammatory milieu, resembling that which could be 
seen in patients with type 2 diabetes mellitus.

Ang II via Ang II type 1A receptor (AT1R) signalling 
contributes to a powerful inflammatory response. The up-
regulation of AT1R through Ang II elicits inflammation by 
both immune cells and tissue-resident cells. This interaction 
creates an enhanced vascular permeability that is associated 
with production of reactive oxygen species (ROS), proin-
flammatory cytokines and chemokines including prostaglan-
dins, VEGF, NFκB, TNFα, IL-1β, IL-6, and IFNγ [83]. In 
fact, initial plasma concentrations of IL1B, IL1RA, IL7, IL8, 
IL9, IL10,, IFNγ, TNFα, interferon gamma-induced protein 
10 (IP10), monocyte chemoattractant protein 1 (MCP1), 
macrophage inflammatory protein 1 α (MIP1A), MIP1B, 
and VEGF were higher in patients with COVID-19 than in 
the healthy controls [2].

Furthermore, immune cell recruitment [84] and overex-
pression of TLR4, TLR2, CD40, and matrix metallopro-
teinase 9 (MMP9) provoke a hyperinflammatory state [85, 
86], leading to the cytokine storm. Thus COVID-19 can be 
classified as an inflammatory condition in nature. It must be 
considered that the end product of almost all aforementioned 
pathways is over-activity of the inflammatory state. Inflam-
mation can induce insulin resistance and β-cell dysfunction 
through different mechanisms which are mediated by inflam-
matory mediators such as IL-1, IL-6, TNFα, INF-ɣ, and 
MCP1.

Pro-inflammatory cytokines block the insulin signaling 
receptors in β-cells [87]. IL-1β as master pro-inflammatory 
mediator down-regulates IRS-1 through ERK-dependent and 
ERK-independent mechanisms in post-transcriptional levels 
leading to insulin resistance [88].

The mechanisms which are involved in the pathogenesis 
of IL-6 mediated insulin resistance are versatile and consist 
of the prevention of non-oxidative glucose metabolism [89], 
suppression of lipoprotein lipase that increases triglycerides 
[90], and activation of SOCS [91] that is opposing the action 
of insulin [92].

TNF-α phosphorylates serine 307 in IRS-1 and induces 
insulin resistance through activation of NF-κB and Jun NH2-
terminal kinase (JNK) [87]. Overproduction of MCP-1, 
which resulted in an increased proliferation of macrophages 

in adipose tissue [93], in combination with an increased pro-
duction of CCR5 [94], may induce insulin resistance. Oxida-
tive stress caused by inflammation over-activates stress sign-
aling pathways, such as JNK and NF-κB [87], and promotes 
secretion of TNF-α and IL-6—the condition that interferes 
with glucose uptake in peripheral tissues.

Thus, it can be concluded that inflammation may be the 
beating heart for the dysregulation of glucose metabolism 
and hyperglycemia which is occurring during COVID-19.

The imbalance of other potent cytokines which modu-
late low grade chronic inflammation in adipose tissue may 
contribute to SARS-CoV-2-provoked insulin resistance. In 
a very recent study, Reiterer et al. showed lower levels of 
adiponectin as a protective adipocytokine against diabe-
tes in hyperglycemic COVID-19 patients [95]. They also 
suggested adipose tissue dysfunction and resulting insulin 
resistance as a feature of SARS-CoV-2 infection [95]. The 
complex interactions among preexisting chronic low grade 
inflammation and alterations in ACE2 [80], PPAR-ɣ [34], 
SREBP [96], CD36 [97], sirtuin [98], irisin [99] in obesity, 
and the dysregulation in secreted adipocytokines from adi-
pose tissue in SARS-CoV-2 infection need further investiga-
tions in severe COVID-19.

The next step would be to determine whether other 
molecular mechanisms underlying insulin resistance, such 
as integrated stress response (ISR), free radical overload, 
and mitochondrial dysfunction, could be involved in SARS-
CoV-2-induced hyperglycemia [81]. The involvement of ISR 
pathways in the down-regulation of insulin signaling via ser-
ine phosphorylation of insulin receptor substrates by frag-
ments of viral RNA has been suggested in COVID-19 [81].

Conclusions

Experimental, clinical, and epidemiologic evidence has 
accrued for a bidirectional relationship between diabetes 
mellitus and COVID-19. On one hand, preexisting diabetes 
is accompanied with COVID-19 severity, and on the other, 
worsening metabolic control in patients with diabetes lead-
ing to diabetic ketoacidosis, hyperglycemic hyperosmo-
lar syndrome, or new-onset of hyperglycemia have been 
reported in COVID-19 [1].

The results of recently published studies that have 
been reflected in the COVID-19-diabetes mellitus molec-
ular tetrahedron provide support for the hypothesis of a 
potential diabetogenic effect of COVID-19, beyond stress 
response associated with severe illness, pre-existing undi-
agnosed diabetes, steroid-induced hyperglycemia, and 
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SARS-CoV-2-induced β-cell impairment [100]. Thus, it is 
plausible that COVID-19 could create a perturbation in the 
glycometabolic complex system with resulting hyperglyce-
mia and insulin resistance that can not only complicate the 
pathophysiology of pre-existing diabetes but also may lead 
to new-onset diabetes. Very recent studies showed that 
aberrant glycometabolic control and aggravated insulin 
resistant in COVID-19 patients without pre-existing dia-
betes persisted for at least 6 months after the infection [11, 
12]. Whether elevated glucose concentrations (in a non-
diabetes range) or new-onset diabetes, is likely to remain 
permanent is not known at the present time.

The more recent molecular evidence suggests that insu-
lin resistance, rather than SARS-CoV-2-provoked beta-cell 
impairment, plays a major role in the observed rapid meta-
bolic deterioration in diabetes or the new-onset hypergly-
cemia during the COVID-19 clinical course.

The entrance of SARS-CoV-2 using ACE2 receptor 
triggers an array of multiple molecular signaling beyond 
that of the angiotensin II/ACE2-Ang-(1–7) axis such as 
down-regulation of PGC-1 α/irisin, increased SREBP-1c 
activity, upregulation of CD36 and Sirt1 inhibition leading 
to insulin resistance. In another arm of the molecular cas-
cade, the SARS-CoV-2 hijacking and replication induces 
a series of molecular events in the host cell metabolic 
machinery including upregulation of SREBP-2, decre-
ment in Sirt1 expression, dysregulation in PPAR-ɣ, and 
LPI resulting in insulin resistance.

Taken together, it could be argued that insulin resist-
ance is the predominant common cascade for a diverse 
cytokine, molecular signaling pathways, and SARS-CoV-
2-induced inflammatory responses that mediate the dia-
betes-COVID-19 relationship. The complexity of these 
molecular interactions that are triggered by SARS-CoV-2 
entry via ACE2 (lateral face 1), the viral hijacking and 
replication (lateral face 2), and inflammatory responses 
(lateral face 3), leading to insulin resistance (lateral face 
4), can be imagine as a mysterious tetrahedron with ACE2 
at its center, which we call the COVID-19-diabetes molec-
ular tetrahedron (Fig. 4).

This imaginary molecular tetrahedron presents an 
array of intertwined molecular interactions at its four lat-
eral faces. Clarification of hierarchy of the complex net-
work components across different organizational levels 
may expand our armamentarium of treatments to tackle 
SARS-CoV-2 via different therapeutic strategies to over-
come insulin resistance underlying the pathophysiology 
of worsening metabolic control in patients with diabetes 
mellitus or new-onset hyperglycemia seen in COVID-19.
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