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A B S T R A C T   

Type 2 diabetes mellitus, obesity, hypertension, and other associated metabolic complications have been 
demonstrated as a crucial contributor to the enhanced morbidity and mortality of patients with coronavirus 
disease 2019 (COVID-19). Data on the interplay between metabolic comorbidities and the outcomes in patients 
with COVID-19 have been emerging and rapidly increasing. This implies a mechanistic link between metabolic 
diseases and COVID-19 resulting in the exacerbation of the condition. Nonetheless, new evidences are emerging 
to support insulin-mediated aggressive glucose-lowering treatment as a possible trigger of high mortality rate in 
diabetic COVID-19 patients, putting the clinician in a confounding and difficult dilemma for the treatment of 
COVID-19 patients with metabolic comorbidities. Thus, this review discusses the pathophysiological link among 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), angiotensin-converting enzyme 2 (ACE2), 
metabolic complications, and severe inflammation in COVID-19 development, especially in those with multi- 
organ injuries. We discuss the influence of several routinely used drugs in COVID-19 patients, including anti- 
inflammatory and anti-coagulant drugs, antidiabetic drugs, renin-angiotensin-aldosterone system inhibitors. 
Especially, we provide a balanced overview on the clinical application of glucose-lowering drugs (insulin and 
metformin), angiotensin-converting-enzyme inhibitors, and angiotensin receptor blockers. Although there is 
insufficient evidence from clinical or basic research to comprehensively reveal the mechanistic link between 
adverse outcomes in COVID-19 and metabolic comorbidities, it is hoped that the update in the current review 
may help to better outline the optimal strategies for clinical management of COVID-19 patients with metabolic 
comorbidities.   

1. Introduction 

Diabetes and its related metabolic complications have been demon
strated as the primary comorbidities potentiating severe acute respira
tory syndrome coronavirus 2 (SARS-CoV-2) infection. Data from 
patients with confirmed coronavirus disease 2019 (COVID-19) in the U. 

S. [1] and China [2] consistently demonstrated that hypertension, dia
betes mellitus, and cardiovascular diseases were the most common 
comorbidities. SARS-CoV-2 infection causes potent immune response, 
which results in severe systemic inflammation in COVID-19 patients [3]. 
Cytokine storm during COVID-19 development is considered one of the 
triggers to cause acute respiratory distress syndrome and multiorgan 
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failure [3]. Given that type 2 diabetes and its related metabolic disorders 
are predominantly characterized by systemic, chronic, and low-grade 
inflammation, increasing evidence supports that inflammatory 
response functions as one of the key mechanisms linking COVID-19 and 
metabolic diseases [4,5]. 

Angiotensin-converting enzyme 2 (ACE2) has been well established 
as a co-receptor for viral entry for SARS-CoV-2 with a growing body of 
evidence supporting its dominant role in the development of COVID-19 
[6]. Although the significance of ACE2 expression on the development of 
COVID-19 and its related mortality remains largely unknown, there has 
been considerable evidence in animal studies in couple with some 
human data demonstrating the enhancement in ACE2 expression in the 
heart, brain, and even in urine consequent to the treatment with specific 
antihypertensive medications, such as angiotensin-converting enzyme 
inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) [7–10]. 
Thus, there has been a raised concern that the treatment with ACEIs and 
ARBs affects the severity and mortality of COVID-19. 

Another major concern about clinical management of metabolic 
comorbidities focuses on the application of glucose-lowering drugs in 
COVID-19 patients. Indeed, clinical and translational data regarding the 
interplay between metabolic comorbidities and the outcomes in patients 
with COVID-19 have been increasing dramatically. A large retrospective 
study revealed that type 2 diabetes mellitus (T2DM) with poorly 
controlled blood glucose was associated with higher mortality in 
COVID-19 patients [11]. Nonetheless, new evidences are emerging to 
demonstrate insulin-mediated aggressive glucose-lowering treatment as 
a possible trigger of high fatality in diabetic COVID-19 patients [12], 
putting the clinician in a confounding and difficult dilemma for the 
treatment of COVID-19 patients with metabolic comorbidities. Hence, 
the update of the new evidence is urgently needed for the exploration of 
optimal strategies to yield better outcomes in diabetic COVID-19 
patients. 

In this Review, we summarize the data showing the pathophysio
logical link among SARS-CoV-2, ACE2, metabolic complications, and 
severe inflammation in the development of COVID-19. We highlight the 
emerging data demonstrating the benefits and potential risks related to 
the use of various drugs targeting the disorders in glucose and lipid 
metabolism in COVID-19 patients. The overall aim of this Review is to 
provide a balanced overview and update on current data demonstrating 
the pathophysiological and therapeutic link between metabolic comor
bidities and COVID-19, which might benefit for optimal strategies for 
the treatment of COVID-19 patients with metabolic comorbidities. 

2. ACE/ACE2 imbalance aggravates metabolic diseases after 
SARS-CoV-2 infection 

2.1. The SARS-CoV-2 virus caused COVID-19 by invading target organs 
containing ACE2 and TMPRSS2 

As the largest positive-strand RNA virus, coronavirus has a lot of 
spike (S) glycoprotein on its surface, giving it the appearance of a crown 
under the electron microscope, hence its name [13]. Based on the 
genomic structure and phylogenetic analysis, the coronavirus family is 
currently divided into four groups: alpha-CoV (or group 1), beta-CoV 
(group 2), gamma-CoV (group 3), and delta-CoV (group 4) [88]. The S 
protein is a coronavirus structural protein that mainly mediates invasion 
of the virus by binding to the host cell receptor [14]. The specificity of 
the host depends on the type of receptor on the surface of the host cell 
that is bound to the coronavirus. ACE2 is considered a key receptor 
facilitating SARS-CoV-2 infection in various cell populations. Further
more, the host serine protease transmembrane protease serine 2 
(TMPRSS2) is essential for the activation of SARS-CoV-2. TMPRSS2 
processes human coronaviruses by enzymatic cleavage of the spike 
protein and support cell entry [15,16]. 

2.2. ACE2 as a key modulator in the renin-angiotensin system 

ACE2 was originally characterized and identified from the cDNA li
brary of 2000 patients with heart failure [17], which opened a new 
branch in the renin–angiotensin–aldosterone system (RAAS) [7]. The 
RAAS functions as a key player in modulating cardiovascular physiology 
and homeostasis through regulating cell proliferation, apoptosis, 
fibrosis, oxidative stress, and inflammation [18]. It is mainly composed 
of two mutually antagonistic axes, the ACE/Ang II/AT1R axis and the 
ACE2/Ang-(1-7)/Mas receptor (MasR) axis. Angiotensinogen (AGT) is 
the sole precursor protein that harbors angiotensin I (Ang I) at the 
N-terminus and is specifically cleaved by renin [19]. ACE then catalyzes 
the cleavage of two amino acids from the C-terminal of Ang I to form 
angiotensin II (Ang II), mainly on the surface of endothelial cells, alve
olar cells, and intestinal and renal proximal tubule epithelial cells [19]. 
Ang II increases hypertension and promotes inflammation, fibrosis, and 
myocardial hypertrophy by action in its two different cell-surface re
ceptors, angiotensin II type 1 and 2 receptors (AT1R and AT2R) [18]. 
AT1R mediates most of the recognized detrimental effects of Ang II and 
is widely expressed in the cardiovascular system. Nonetheless, AT2R 
appears to oppose the effects of AT1R, mediating anti-inflammatory, 
anti-fibrosis, vasodilatory and antigrowth effects [19]. Like ACE, ACE2 
belongs to the family of zinc metalloproteases with considerable ho
mology to human ACE but quite different biological activity. ACE2 
mainly degrades Ang II into the heptapeptide Ang-(1-7), and then 
Ang-(1-7) binds to the Mas receptor to produce an antagonistic effect on 
the ACE-Ang II-AT1R axis [20]. The ACE2/Ang-(1-7)/MasR axis has the 
opposite effect on the ACE/Ang II/AT1R axis, such as anti-inflammation, 
anti-fibrosis, anti-thrombus, and antihypertension and cardiovascular 
protection [21] (Fig. 1). 

2.3. ACE2 downregulation consequent to SARS-CoV-2 infection enhances 
metabolic disorders 

Functioning as key mediators for the entry of SARS-CoV-2 into cells, 
ACE2 is widely expressed in multiple organs including the kidneys, 
testes, adipose, and brain tissue, vascular smooth muscle cells, and the 
gastrointestinal tract and lungs [22,23]. Thus, SARS-CoV-2 damages 

Fig. 1. Opposite effects of ACE and ACE2 in RAAS AGT is specifically cleaved 
by renin into Ang I, which is then catalyzed by ACE to form Ang II. Ang II exerts 
enhancing effects on hypertension, inflammation, fibrosis, myocardial hyper
trophy, and vasoconstriction in cardiovascular system by action mainly in its 
AT1R. ACE2 mainly degrades Ang II into the heptapeptide Ang-(1-7) that binds 
to the MasR to produce an antagonistic effect on the ACE- Ang II-AT1R axis. 
AGT, Angiotensinogen; ACE, angiotensin-converting enzyme; ACE2, 
angiotensin-converting enzyme 2; Ang, angiotensin; AT1R, angiotensin II type 1 
receptor; AT2R, angiotensin type 2 receptor; MasR, Mas receptor; RAAS, 
renin–angiotensin–aldosterone system. 
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multiple organs, as reviewed elsewhere [24]. In regard that the ho
meostasis of glucose and lipid metabolism is predominantly orches
trated by metabolic organs including liver, pancreas, heart, and gut [25, 
26], we focus on recent advances in the effects of SARS-CoV-2 infection 
on ACE/ACE2 imbalance, which significantly contributes to the 
dysfunction in various metabolic organs. The data may help to under
stand mechanisms underlying worsen outcomes in COVID-19 patients 
with metabolic morbidities (Fig. 2). 

2.3.1. Liver 
The liver is vital for the regulation of glucose and lipid metabolism. 

Damage to the liver consequent to coronavirus invasion may explain the 
disordered glucose and lipid metabolism in patients with COVID-19. 
Some retrospective studies have shown that patients with COVID-19 
have abnormal liver biochemistry [27,28], although recent reports 
indicate that ACE2 and TMPRSS2 are mainly expressed in human 
cholangiocytes, not hepatocytes [29]. Another study revealed that 
gamma-glutamyl transferase (GGT), a diagnostic biomarker of chol
angiocyte injury, was elevated in 30 (54%) of 56 patients hospitalized 
with COVID-19 [27]. These results suggest that SARS-CoV-2 might 
directly bind to ACE2- and TMPRSS2-positive cholangiocytes. 
SARS-CoV-2 infection impairs the barrier and bile acid transporting 
functions of cholangiocytes in human liver ductal organoids and con
tributes to the bile acid accumulation and consequent liver damage. Of 
note, liver dysfunction in severely ill COVID-19 patients may also be due 
to drug hepatotoxicity and immune-mediated inflammation. To date, 
however, little is known about the direct viral infection of the liver by 
SARS-CoV-2. 

2.3.2. Pancreas 
Recent research suggests that ACE2 and TMPRSS2 are expressed in 

acinar, ductal, beta, alpha, mesenchymal and endothelial cells in the 
pancreas [30,89]. This suggests that SARS-CoV-2 may infect the 
exocrine and endocrine pancreas and damage islet cells to cause acute 
diabetes [31]. In a retrospective analysis of COVID-19 patients, 17% of 
severely ill patients had pancreatic injuries [89]. Another study of 52 
patients with COVID-19 pneumonia revealed that 17% had pancreatic 
injury. When compared with those without pancreatic injury, COVID-19 
patients with pancreatic injury had a lower level of CD3+ T cells and 
CD4+ T cells, and a higher level of aspartate aminotransferase (AST), 
GGT, creatinine, lactate dehydrogenase, and erythrocyte sedimentation 
rate (ESR) [33]. Meanwhile, ACE2 is involved in the control of insulin 
secretion to the extent by regulating the levels of Ang II and/or 

Ang-(1-7) in pancreatic islets [34]. These findings suggest that pancre
atic injury in COVID-19 patients may be directly due to the cytopathic 
effect mediated by ACE/ACE2 imbalance and virus-evoked immune 
response. Given that the pancreas is a key organ in the regulation of 
glucose homeostasis, any damage may adversely impact glucose meta
bolism. This may represent the key mechanism corresponding to 
abnormal blood glucose levels in patients with COVID-19. 

2.3.3. Heart 
ACE2 and TMPRSS2 are highly expressed in the heart [86]. Clinical 

studies demonstrated that 40% of patients with SARS-CoV-2 infection 
had cardiac-cerebrovascular disease [36]. Likewise, virus-related heart 
injury occurred in 12% of COVID-19 patients [3]. The decreased 
expression of ACE2 after coronavirus invasion increases Ang II and de
creases Ang-(1-7) [37]. Ang II causes vascular remodeling of the aorta, 
evidenced by a significant increase in medial wall thickening and peri
vascular fibrosis [38]. Besides, the reduced Ang-(1-7) will weaken or 
extinguish the cardiovascular protection [38]. Therefore, SARS-CoV-2 
may mediate myocardial inflammation and down-regulate myocardial 
ACE2 expression, causing an increase in Ang II and decreased Ang-(1-7). 

2.3.4. Gut 
Absorptive enterocytes in the ileum and colon show ACE2 expression 

in patients with COVID-19 [39,40]. Furthermore, ACE2 and TMPRSS2 
were detected in the ileal epithelium and lymphocytes [35]. A case in 
the United States demonstrated that SARS-CoV-2 was detected in stool 
samples of a patient who developed diarrhea and abdominal discomfort 
in addition to persistent fever and cough [41]. In contrast, although 
gastrointestinal symptoms have been infrequently reported in China 
[39], 17% of patients with COVID-19 in Singapore reported diarrhea 
[42]. Interestingly, SARS-CoV-2 RNA was detected in 50% of patient 
stool samples [42]. ACE2 has a RAAS-independent function, regulating 
dietary amino acid homeostasis, innate immunity, gut microbial ecol
ogy, and transmissible susceptibility to colitis [43]. Enhanced ACE2 
expression has been observed in patients with inflammatory bowel 
disease [43]. These findings suggest that patients with colitis may be 
more vulnerable to SARS-CoV-2, and that the digestive system is a po
tential route for SARS-CoV-2 infection. 

Fig. 2. ACE2 as a key contributor to SARS-CoV- 
2 infection in metabolic organs. ACE2 is widely 
expressed in metabolic organs including liver, 
pancreas, heart, and gut. SARS-CoV-2 infection 
evokes notable downregulation of ACE2 and 
consequent imbalance of ACE/ACE2, thereby 
causing virus-induced damage and dysfunction 
in metabolic organs and consequent worsen 
metabolic complications in patients with 
COVID-19. SARS-CoV-2, syndrome coronavirus 
2; ACE, angiotensin-converting enzyme; ACE2, 
angiotensin-converting enzyme 2.   
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3. Metabolic inflammation links cytokine storm and multiorgan 
failure during COVID-19 progression 

3.1. Cytokine storm is involved in disease progression of severe COVID-19 

Cytokine storm is considered one of the major causes of acute res
piratory distress syndrome (ARDS) and multiorgan failure [44]. Serum 
levels of many pro-inflammatory cytokines (IFN-γ, IL-1β, IL-6, IL-12, and 
TGF-β) and chemokines (CCL2, CXCL10, CXCL9, and IL-8) are markedly 
elevated in patients with COVID-19 [3,45]. Moreover, IL-6 is a potential 
biomarker for severe illness, evidenced by serum IL-6 levels that were 
increased 10-fold in COVID-19 patients in ICU [5,45]. Further study has 
also demonstrated a high concentration of IL-1β, interferon-gamma 
(IFN-γ), interferon-induced protein 10 (IP-10), and monocyte chemo
tactic protein-1 in COVID-19 patients that might lead to activated 
T-helper-1 (Th1) cell responses [3,45]. 

Further study of immune mechanisms in animal models revealed that 
innate immunity was activated immediately and adaptive immunity 
quickly after SARS-CoV-2 infection. Following initial infection, lung- 
resident respiratory dendritic cells caught the pathogens or antigens 
from infected lung epithelial cells, processed the antigen, then migrated 
and presented the processed antigens to naive T cells [46,47]. The T cells 
were then activated and could proliferate and migrate to the site of 
infection. After reaching the site of infection, activated virus-specific 
effector T cells produced antiviral cytokines (IFN-γ, TNF-α, IL-2) and 
chemokines (CXCL-9, 10, and 11) that recruited more innate and 
adaptive cells [46,47]. The accumulated and activated mononuclear 
macrophages will produce more chemoattractants (such as CCL2, CCL7, 
and CCL12), resulting in further accumulation of macrophages and 
enhanced production of pro-inflammatory cytokines (TNF, IL-6, IL-1β) 
[48]. Meanwhile, virus-specific CD4 and CD8 T cells also clear the virus 
by eliminating virus-infected cells [47]. The chemokines produced by 
activated T cells boost the recruitment of innate and adaptive cells. 
Thus, following coronavirus infection, an overactive innate immunity 
may induce a cytokine storm and cause pathophysiological changes in 
multiple organs, especially the lungs. 

3.2. Metabolic diseases are strongly related to the sustained production of 
pro-inflammatory cytokines 

Metabolic diseases, such as obesity, T2DM, hypertension, and 
nonalcoholic fatty liver disease, are typically associated with an atypical 
immune system and several active cytokines. Tumor necrosis factor α 
(TNF-α) induces insulin resistance in rodents and animal models. A 
raised level of TNF-α induces insulin resistance in adipocytes and pe
ripheral tissues by impairing insulin signaling through serine phos
phorylation with consequent development of T2DM [49]. Similarly, 
hypertension is considered a low-grade inflammatory condition char
acterized by the presence of various pro-inflammatory cytokines: TNF-α 
is associated with salt-sensitive hypertension and related renal injury 
[50]. Interestingly, IL-1β is involved in pancreatic β-cell damage, 
whereas TNF-α is a key molecule involved in peripheral insulin resis
tance [51]. Meanwhile, the inhibition of IL-1β or the blockade of IL-1 
receptor exerts protective effects on hypertension and hyperglycemia 
[52]. Moreover, IL-6 can either increase or decrease insulin resistance 
and enhance insulin secretion. In healthy individuals, IL-6 is a beneficial 
regulator of glucose disposal. On the contrary, in obese patients, IL-6 
enhances the prevailing inflammation and precipitates insulin resis
tance and β-cell secretory dysfunction [51]. Expression of IL-6 has also 
been shown to be increased in hypertension and a decrease affords 
protection against Ang II-induced thrombosis, avoiding further damage 
due to hypertension [53]. 

The presence of T2DM is correlated significantly with increased 
production of interferon-gamma (IFN-γ), as well as alterations in the 
proliferation of macrophages and impaired function of natural killer 
cells [54,55]. When CD4+ T cells are encountered by IL-6 and TGF-β, 

they tend to differentiate to Th17 cells that play a pathogenic role in 
various inflammatory disorders. CD4+ T cells polarize more easily to 
pro-inflammatory Th1 cells and Th17 cells in T2DM patients, with the 
polarization of anti-inflammatory Th2 cells simultaneously decreased 
[56]. Innate immunity also participates in the process of hypertension. 
Th1 and Th17 effectors participate in inflammation that causes 
increased blood pressure. Beyond T2DM and hypertension, cytokines 
may play a role in other long-term complications, including 
non-alcoholic steatohepatitis and cardiovascular complications [57]. 

Moreover, high glucose directly promotes SARS-CoV-2 replication in 
close association with enhanced production of reactive oxygen species 
and proinflammatory cytokines (TNF-α, IL-1β, and IL-6) [58]. Hence, 
T2DM and its associated metabolic complications have been supported 
by a growing body of evidence as crucial contributors to the enhanced 
morbidity and mortality in COVID-19 patients. This impaired ability to 
heal due to metabolic inflammation results in prolonged recovery with 
the consequent risk of severe SARS-CoV-2 infection and ultimately a 
cytokine storm that may accelerate organ failure, even cause death 
(Fig. 3). 

4. The use of glucose-lowering drugs in COVID-19 patients 

4.1. Insulin 

Insulin is one of the most commonly used glucose-lowering drugs 
currently. It has been documented that insulin is widely used in the 
clinical management of COVID-19 patients with hyperglycemia, espe
cially in severe cases [59]. Nonetheless, contradictory evidence is 
recently emerging to show that insulin therapy per se may promote fa
tality in patients with COVID-19 and diabetes [12]. The retrospective 
study investigating 689 patients with COVID-19 and T2DM revealed that 
insulin treatment for patients with COVID-19 and T2DM was associated 
with a significant increase in mortality (27.2% vs. 3.5%), which was 
accompanied by promoted systemic inflammation and enhanced in
juries of vital organs, indicating that insulin treatment for patients with 
COVID-19 and T2DM should be used with caution. Thus, these data 
highlight the importance of close monitoring of blood glucose, vital 
signs, and organ injuries during clinical management of patients with 
COVID-19 and T2DM. Nonetheless, more robust data from large, ran
domized prospective controlled clinical trials are required to consolidate 
the findings regarding deleterious effects of insulin therapy in COVID-19 
patients. 

4.2. Metformin 

Metformin is well considered as the preferred glucose-lowering drug 
for T2DM patients. Pleiotropic effects may contribute to its anti-diabetic 
benefits, such as the enhancement of glucose uptake in skeletal muscle 
and adipose tissues, the decrease in the amount of glucose generated in 
the liver, and the decrease in the absorption of glucose from the intestine 
[60]. A large retrospective cohort analysis recruiting 6256 patients 
demonstrated that metformin treatment was significantly associated 
with decreased mortality in female patients with COVID-19 and T2DM, 
but not in male patients [61]. Although the precise mechanisms un
derlying the gender effect of metformin treatment remains poorly un
derstood, the benefit of clinical use of metformin in diabetic patients 
with COVID-19 is supported by additional retrospective studies [62,63]. 
Nonetheless, the retrospective nature of these studies exploring met
formin’s effects should be fully taken into consideration because of 
various potential confounders. In addition, metformin may have po
tential effects on the upregulation of ACE2, which may promote the 
progression of COVID-19 [64]. 

4.3. Other anti-diabetic drugs 

Apart from insulin and metformin, several side effects have been 

S. Hua et al.                                                                                                                                                                                                                                     



Biomedicine & Pharmacotherapy 140 (2021) 111685

5

reported in other anti-diabetic drugs, including hypoglycemia associ
ated with sulfonylureas [65], dehydration and euglycemic diabetic 
ketoacidosis associated with SGLT-2 inhibitors [66]. In addition, 
single-use of either dipeptidyl peptidase-4 inhibitors or α-glucosidase 
inhibitors exhibits insufficient effectiveness to control blood glucose in 
diabetes patients [67]. Although these side effects are rare, an expert 
panel has recommended that these drugs should be discontinued for 
patients with severe symptoms of COVID-19 [66]. 

5. Antihypertensive drugs ACEIs and ARBs 

Coronavirus binding to ACE2 can cause extensive degradation of the 
protein, resulting in decreased expression of ACE2. Thus, SARS-CoV-2 is 
associated with the activation of RAAS and blunted cardiovascular 
protection and antihypertensive effects of the ACE2/Ang-(1-7)/MasR 
axis [37,87]. Given the pivotal role of the ACE2 receptor in cell entry of 
SARS-CoV-2, antihypertensive therapies, especially clinical use of two 
most common antihypertensive drugs ACEIs or ARBs, has raised 
considerable debate around the optimized strategy to treat COVID-19 
patients with hypertension [6]. Profiling data revealed relatively 
enriched ACE2 expression in type II alveolar cells in the lung and 
vascular endothelium [36]. Meanwhile, some reports demonstrated 
enhanced ACE2 expression after the exposure to antihypertensive drugs 
[7–10]. Thus, these findings have raised the concern that the treatment 
with ACEIs/ARBs may facilitate viral entry of SARS-CoV-2 entry thus 
promoting COVID-19 development. Hence, we summarize recent studies 
on this topic and provide a comprehensive and unbiased overview of the 
biological effects and clinical evidence about the use of ACEIs/ARBs and 
COVID-19 development. 

5.1. ACEIs and ARBs may enhance ACE2 expression 

ACEIs reduce the production of Ang II by inhibiting ACE, while ARBs 
block the Ang II receptor AT1 [68]. Early experiments have shown that 
ARBs and recombinant human ACE2 protein can reduce lung injury by 
antagonizing angiotensin receptor subtype 1a (AT1aR) and inactivating 
Ang II, respectively [69]. Therefore, for patients with COVID-19, 
ACEIs/ARBs remain important antihypertensive drugs and may reduce 
lung injury and prevent or reduce ARDS. 

In theory, using renin-angiotensin system blockers such as ACEIs or 
ARBs may increase susceptibility to SARS-CoV-2. ACEIs or ARBs anti
hypertensive drugs may increase ACE2 while inhibiting ACE or AT1R 
[7]. This concern is supported by the most recent data demonstrating 
that human ACE2 transgenic mice infected with SARS-CoV-2 develop 
severe and fatal respiratory disease [70]. In an experiment to study the 
effect of ACEIs and ARBs on the cardiac ACE2 gene, selective blocking of 
Ang II synthesis increased cardiac ACE2 mRNA expression and activity 
[7]. Furthermore, some experiments confirmed that ARBs can increase 
the expression of ACE2 in the kidneys, heart, and lungs [8–10]. 
Although blood pressure decreased after the treatment with ACEIs and 
ARBs, both ACEIs and ARBs caused an increase in cardiac ACE2 mRNA 
[71]. Nonetheless, the other study failed to demonstrate such shifts in 
ACE2, although Ang-(1-7) and Ang II balance is positively shifted to
wards the beneficial vasopeptide Ang-(1-7) significantly [72]. Likewise, 
recent clinical data demonstrated that therapy with ACEIs and ARBs did 
not increase plasma ACE2 concentrations [32]. Therefore, the patho
physiological relevance of potential alteration in ACE2 expression 
consequent to the therapy with ACEIs/ARBs in the development of 
COVID-19 warrants further investigations. 

Fig. 3. Inflammatory mechanisms underlying the aggra
vation of COVID-19 patients with pre-existing metabolic 
disorders. The infection of SARS-CoV-2 evokes potent 
adaptive immunity, which is predominantly modulated by 
T-cell responses. In patients with pre-existing metabolic 
disorders, chronic and systemic inflammation largely 
mediated by innate immune cells (NK cells, neutrophils, 
monocyte, and macrophages) promotes the susceptibility 
to cytokine storm through the interplay with virus-elicited 
adaptive immune response, thereafter aggregating the 
development of ARDS and multiorgan failure. SARS-CoV-2, 
syndrome coronavirus 2; ARDS, acute respiratory distress 
syndrome.   
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5.2. ACEIs/ARBs did not aggravate cytokine storm or metabolic disease 
in patients with severe COVID-19 

The recombinant human ACE2 protein (GSK2586881) has been 
demonstrated to protect against severe lung injury [73,74]. In human 
studies, although the physiology and clinical indicators of patients with 
ARDS were not improved by GSK2568881, it rapidly decreased 
Ang-(1-7) and Ang-(1-5) levels [74]. Consistently, the mice with ACE2 
deficiency were dramatically susceptible to endotoxin-induced ARDS 
when compared with wild-type control mice [75]. Furthermore, a sys
tematic review and meta-analysis revealed that ACEIs exerted a putative 
protective role with close association with a decrease in 
pneumonia-related mortality, especially in patients with the previous 
stroke [76]. 

Some latest retrospective reviews of medical records from hospital
ized COVID-19 patients with hypertension showed that ACEIs and ARBs 
improved the clinical outcomes and reduced a cytokine storm [77,78]. 
Another multicenter, retrospective study that included 1128 adult pa
tients with hypertension diagnosed with COVID-19 also showed that 
inpatients’ use of ACEIs/ARBs were associated with a lower risk of 
all-cause mortality compared with ACEIs/ARBs non-users [79]. 
Currently, a multicenter, double-blind, placebo-controlled phase 2 ran
domized clinical trial investigating losartan use in patients with 
COVID-19 in an outpatient setting (ClinicalTrials.gov identifier: 
NCT04311177) and an in-patient setting (ClinicalTrials.gov identifier: 
NCT04312009) are being planned [80]. More clinical or scientific evi
dence is required from epidemiological studies and prospective trials 
before it can be concluded whether ACEIs/ARBs are safe to use and 
whether they can reduce the incidence or mortality of COV
ID-19–associated acute lung injury or ARDS. 

6. Abnormal blood coagulation as a player contributing to the 
potentiating effects of metabolic disorders on the development of 
COVID-19 

Severely ill patients with COVID-19 have also been shown to have 
higher levels of C-reactive protein and D-dimer [2,40]. It was observed 
that elevated D-dimer levels at initial presentation predicted bleeding 
complications, thrombotic complications, critical illness, and death 
[81]. Likewise, many COVID-19 patients have been reported with clot
ting disorders and micro-thrombotic formation in peripheral blood 
vessels [82]. Anticoagulation therapy is recommended in patients with 
early-stage COVID-19 [81]. The level of D-dimer is a potential measur
able prognostic biomarker with potential benefits for clinical manage
ment and prognosis of COVID-19 patients. A current study suggests that 
a D-dimer level on admission greater than 2.0 µg/mL (four-fold in
crease) could effectively predict in-hospital mortality in patients with 
COVID-19 [83]. Furthermore, hyper-fibrinolysis associated with 
plasmin led to elevated D-dimer in severely ill patients [84]. A plas
minogen system may prove a promising therapeutic target for 
combating COVID-19. 

7. Conclusions and future perspectives 

T2DM and its associated metabolic comorbidities have been sup
ported by a growing body of evidence as a predominant contributor to 
increased susceptibility and disease aggravation in patients with severe 
COVID-19, for which ACE2 and TMPRSS2 may play a key role. Hence, 
there are at least two important messages for the clinical management of 
COVID-19 patients with metabolic diseases. First, the optimal manage
ment of metabolic homeostasis of blood pressure, glucose, and lipids is 
essential to ensure better clinical outcomes and avoid exacerbating the 
disease. Second, in addition to symptomatic treatment, attention should 
be paid to the ACE/ACE2 imbalance, a cytokine storm caused by SARS- 
CoV-2 infection, and potential risk consequent to insulin treatment. 

To ensure better clinical outcomes in COVID-19 patients, new drugs 

with potent anti-inflammatory capacity are urgently needed, especially 
for those with metabolic comorbidities. Several drugs targeting 
inflammation, including tocilizumab, sarilumab, siltuximab (IL-6 re
ceptor antagonist monoclonal antibodies), anakinra (IL-1 inhibitors), 
the Janus kinase inhibitors fedratinib and baricitinib, and the C-C che
mokine receptor type 5 (CCR5) antagonist leronlimab are all being tri
aled in COVID-19 patients. Nonetheless, the beneficial effects of anti- 
inflammatory drugs must be weighed against the possible detrimental 
effect of impaired immunity. Other emerging treatments for cytokine 
release syndrome (such as TMPRSS2 inhibitor, Vitamin C, Chloroquine, 
and hydroxychloroquine) [85], which may serve as potential therapies 
for severe COVID-19 patients, warrant further investigation in future 
studies. 
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Antiapoptotic effect of angiotensin-II type-1 receptor blockade in renal tubular 
cells of hyperoxaluric rats, Urol. Res. 38 (2010) 71–80. 

[9] Y. Ishiyama, P. Gallagher, D. Averill, E. Tallant, K. Brosnihan, C. Ferrario, 
Upregulation of angiotensin-converting enzyme 2 after myocardial infarction by 
blockade of angiotensin II receptors, Hypertension 43 (2004) 970–976. 

[10] J. Kaiqiang, M. Minakawa, K. Fukui, Y. Suzuki, I. Fukuda, Olmesartan improves left 
ventricular function in pressure-overload hypertrophied rat heart by blocking 
angiotensin II receptor with synergic effects of upregulation of angiotensin 
converting enzyme 2, Ther. Adv. Cardiovasc Dis. 3 (2) (2009) 103–111. 

[11] L. Zhu, Z.-G. She, X. Cheng, J.-J. Qin, X.-J. Zhang, J. Cai, F. Lei, H. Wang, J. Xie, 
W. Wang, H. Li, P. Zhang, X. Song, X. Chen, M. Xiang, C. Zhang, L. Bai, D. Xiang, M. 
M. Chen, Y. Liu, Y. Yan, M. Liu, W. Mao, J. Zou, L. Liu, G. Chen, P. Luo, B. Xiao, 
C. Zhang, Z. Zhang, Z. Lu, J. Wang, H. Lu, X. Xia, D. Wang, X. Liao, G. Peng, P. Ye, 
J. Yang, Y. Yuan, X. Huang, J. Guo, B.H. Zhang, H. Li, Association of blood glucose 
control and outcomes in patients with COVID-19 and pre-existing type 2 diabetes, 
Cell Metab. 31 (6) (2020), 1068-1077.e1063. 

[12] B. Yu, C. Li, Y. Sun, D.W. Wang, Insulin treatment is associated with increased 
mortality in patients with COVID-19 and type 2 diabetes, Cell Metab. 33 (1) (2021) 
65–77, 65-77.e62. 

[13] D. Tyrrell, P. Sparrow, A. Beare, Relation between blood groups and resistance to 
infection with influenza and some picornaviruses, Nature 220 (1968) 819–820. 

[14] T. Gallagher, S. Perlman, Public health: broad reception for coronavirus, Nature 
495 (7440) (2013) 176–177. 

[15] N. Iwata-Yoshikawa, T. Okamura, Y. Shimizu, H. Hasegawa, M. Takeda, N. Nagata, 
TMPRSS2 contributes to virus spread and immunopathology in the airways of 
murine models after coronavirus infection, J. Virol. 93 (6) (2019) e01815-01818. 

[16] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, T. 
S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Müller, C. Drosten, 
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