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Abstract
Hypertension and diabetes are the major risk factors for patients with Coronavirus
disease 2019 (COVID-19). The physiological link between the diseases is still
obscure. A growing body of evidence indicates that Angiotensin-converting enzyme
2 (ACE2) could be one of the critical agents linking diabetes with hypertension and
COVID-19. Whether an up- or rather a down-regulation of ACE2 is responsible for
the higher risk for COVID-19 is not clear. Experimental evidence and theoretical
models exist for both. We show here that in addition to the overall up-/downregulation of ACE2 at the whole-body level, we need to consider the tissue- and
cell-specific dysregulations of ACE2, determining the risk of patients with diabetes
for COVID-19.
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Highlights


Hypertension and diabetes are the major risk factors for patients with COVID-19.



Dysregulation of ACE2 expression links hypertension and diabetes with COVID-19.



Tissue- and cell-specific ACE2 dysregulations better determine the risk for COVID-19
then an overall whole-body up- or down-regulation of ACE2 expression.

Introduction
The epidemic of Coronavirus disease 2019 (COVID-19), caused by the Severe Acute
Respiratory Syndrome - Coronavirus-2 (SARS-CoV-2), is rapidly spreading and affecting
millions of people all over the world. Clinical studies have shown that hypertension and
diabetes represent the leading risk factors for COVID-19.1 The underlying physiological
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processes linking these comorbidities with COVID-19 are still obscure. The relationship
between diabetes and COVID-19 is incredibly complex, and several studies have contributed
to a better understanding of how diabetes is linked to more severe COVID-19 illness and
death, for review2–4. As diabetes, in particular Type 2 Diabetes Mellitus (T2DM), is strongly
associated with elevated adipose tissue mass, obesity with a high BMI might be an essential
risk factor for a severe course of COVID-19.5 However, not merely the BMI reflects the risk,
but the body fat distribution may be a better proxy for obesity-related health risks. Novel
findings suggest an independent role of increased gluteofemoral fat mass to maintain
metabolic health, and the risk of visceral adiposity might be equally important as the risk of a
lower amount of lower-body fat mass.6 Interestingly, once the patients with COVID-19 are in
the intensive care unit, obesity is known to confer a survival advantage, the so-called “obesity
paradox”. Patients with a BMI > 25 kg⁄m2 have a better chance to survive mechanical
ventilation and severe septic states than patients with a normal or low BMI.7
The relationship between T2DM and obesity with COVID-19 is multifactorial and may also
be bi-directional. One of the main risks of obesity and adipocyte dysfunction is a low
persistent inflammation, i.e., meta-inflammation.7 Adipocytes and immune cells act
cooperatively to produce cytokines and chemokines that mobilize the rapid recruitment of
inflammatory macrophages.8 The immune cells interaction in adipose tissue in obesity is
related to the macrophage shift, and the circulating inflammatory markers, including
cytokines and chemokines, are often related to non-alcoholic fatty liver disease (NAFLD).9 An
excessively activated immune response may contribute to a severe COVID-19. The host
inflammatory response can reach the hyperinflammatory phase, as viral levels already
decline.10 The hyperreactivity of the immune system can result in adipocyte inflammation,
NAFLD, and T2DM.11 The bi-directional relationship between diabetes and COVID-19 has
been discussed 12, and was also reported for SARS CoV, showing that SARS CoV can enter
the pancreas and damage islets, causing acute diabetes.13
In our previous work, data mining analysis of publications in PubMed has revealed three
main routes linking diabetes and COVID-19 via systemic inflammation, liver dysfunction, and
dysregulated Angiotensin-Converting Enzyme 2 (ACE2) expression.14 The dysregulation of
ACE2 has attracted interest by several researcher groups because ACE2 serves as the
cellular entry point for virus SARS-CoV-2.3,15,16 In an early phase of T2DM, ACE2 might be
upregulated,17, 18 and could be an adaptive response compensating the low-grade systemic
inflammation characterizing T2DM,19 as ACE2 is known as an effective anti-inflammatory and
antifibrogenic agent 20. In a later phase of T2DM, however, the ACE2 might be
downregulated,18 which associates with several complications, e.g., diabetic nephropathy,
oxidative stress in the pancreas, and impaired insulin secretion.17,21
Here we discourse the influence of ACE2 dysregulations on the course of COVID-19. We
link the ACE2 dysregulations to age and chronic diseases that might potentiate the risk for a
more severe course of COVID-19. In particular, T2DM is in the main focus of this study. We
compare the importance of an overall whole-body ACE2 dysregulation with the tissue- and
cell-specific ACE2 overexpression.

Whole-body ACE2 expression
The consequences of a whole-body downregulation of ACE2 expression in patients with a
developed T2DM are not entirely understood.18 On the one hand, ACE2 plays a protective
role because of its anti-inflammatory role,7,20 however, on the other hand, it represents the
virus entry point, and a dilemma arises what the net effect of this dysregulation in ACE2
expression is. For elderly patients, it is even more challenging because the whole-body level
ACE2 expression might decrease with age,22 and this downregulation appears to be
accelerated in patients with T2DM.23,24 Therefore, it might be speculated that a whole-body
downregulation of ACE2 expression could explain the higher mortality for COVID-19 in
elderly patients with T2DM.
The link between the risk for severity of COVID-19 and the whole-body ACE2 expression is
not so trivial. It should be noted that other researchers couldn’t find any statistically relevant
differences in the whole-body ACE2 expression related to age.25 The diverse outcomes could
be explained by noting that the expression of ACE2 differs in different organs and tissues.
The ACE2 expression can be upregulated in one part of the body and downregulated in the
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others without any net-effect on the whole-body ACE2 expression. Indeed, Xu et al.26 have
shown that the expression of ACE2 in the lung increases with age, and they also showed that
an up-regulation in a particular tissue depends on the grade of injury. In gastric tissue, for
example, ACE2 expression was gradually increased from chronic gastritis, metaplasia to
early cancer26 . In the lung, elevated expression of ACE2 was found in cigarette smokers. 27,28
It has been speculated that long-term smoking may increase the risk for COVID-19 because
ACE2 is not only a receptor but is also involved in post-infection regulation, including immune
response, cytokine secretion, and viral genome replication.28
The systemic whole-body regulation of ACE2 expression might be misleading when related
to pathologies, and in particular, in COVOD-19, it can lead to diverse, often contradictory,
conclusions. This interrelation between the diseases is additionally challenging when patients
with diabetes and/or hypertension are treated with Angiotensin-Converting Enzyme inhibitors
(ACEi) and Angiotensin Receptor Blockers (ARBs), the known drugs for influencing the
ACE2 expression.3,4,19,29 Therefore, we focus on the tissue- and cell-specific ACE2
expression that can give better insight into the pathology of COVID-19 and its relationship
with the most common comorbidities, i.e., T2DM, CVD, and obesity.

Tissue- and cell-specific upregulation of ACE2
expression
ACE2 is differently expressed among tissues,30 and the distribution of ACE2 changes with
age and in dependence on the stage of disease.26 In particular, chronic diseases might shift
the ACE2 expression considerably.3 T2DM, characterized by chronic low-grade inflammation,
influences the distribution of ACE2, and this might not only be at the whole-body level,18 but it
is usually tissue specific. Wysocki et al.31 have shown experimentally for db/db and db/m
models of diabetic mice that the ACE2 activity is upregulated explicitly in the renal cortex.
Renal failure is a severe complication of COVID-19. Due to the known anti-inflammatory role
of ACE2,7,20 it might be speculated that ACE2 is upregulated in the tissues mostly affected by
the low-grade inflammation caused by the comorbid chronic disease. Therefore, the tissuedependent upregulations in ACE2 expression indicate a link between diabetes, chronic
inflammation, and ACE2 in patients with COVID-19.
Notably, the expression of ACE2 might not only be tissue-dependent, but it may
considerably differ among the cells in a given tissue. For example, in diet-induced obese
mice, but not in lean mice, a higher expression of ACE2 was explicitly observed in the lung
epithelial cells. In the human lungs, ACE2 was also overexpressed exclusively in the
epithelial cells.32 This might be of particular importance in the epidemic of COVID-19
because several fatal cases are linked to damages in the lung epithelial tissue. Kruglikov and
Scherer33 argue that ACE2 is overexpressed in adipocytes and adipocyte-like cells, such as
pulmonary lipofibroblasts. The expression of ACE2 is upregulated in adipocytes of patients
with obesity and diabetes. The pulmonary lipofibroblasts potentially transdifferentiate into
myofibroblasts that can lead to pulmonary fibrosis and significantly increase the severity of
COVID-19. In verifying this hypothesis, they show that thiazolidinediones, the well-known
anti-diabetic drugs, can stabilize lipofibroblasts, preventing the transition to myofibroblasts,
reducing the development of pulmonary fibrosis, and thereby lowering the risk for severity of
COVID-19.33
Assessing ACE2 expression in normal and diseased human myocardial tissues profiled by
bulk and single nucleus RNA-seq, the bulk RNA-seq data from these individuals show no
significant alterations in ACE2 expression in the context of dilated or hypertrophic
cardiomyopathy (DCM and HCM, respectively) compared to non-failing controls.34 However,
single nucleus RNA-seq highlighted a stark upregulation in ACE2 expression in
cardiomyocytes in DCM and HCM, and a concomitant downregulation of ACE2 expression in
fibroblasts, pericytes, and vascular smooth muscle. Along the line of this study, Guo et al.35
have also found that ACE2 expression in cardiomyocyte of heart failure samples was higher
than in the normal heart. These results suggest that cardiovascular disorders are
predominant drivers of cardiomyocyte-specific increased transcription of ACE2.
In another study, high expression of ACE2 was revealed in pericytes of patients with basic
heart failure disease,30 The increased ACE2 expression was found at both mRNA and
protein levels. Furthermore, He et al.36 have found that ACE2 is specifically and highly
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expressed in microvascular pericytes of the heart and brain, but not in the endothelial cells of
the same tissue. Interestingly, mice with pericyte ablation showed increased expression and
release of Von Willebrand Factor from microvascular endothelial cells, which indicates that
pericytes regulate thrombogenic responses in neighboring endothelial cells. This finding,
identifying pericytes rather than endothelial cells as the cells with high ACE2 expression in
the microvasculature, may explain why diabetes, hypertension, and obesity are risk factors
for severe COVID-19 patients, as these comorbidities are characterized by an impaired
endothelial barrier function, allowing SARS-CoV-2 to reach and infect the pericytes that are
normally shielded from the blood behind an intact endothelial barrier.36 The effect of diabetes
on endothelial barrier function is well established, and there is evidence that endothelial
permeability is increased in obesity.37 The tissue- and cell-specific ACE2 overexpression
characterizing particular pathologies, recognized as COVID-19 comorbidities, are
schematically presented in Figure 1.

Figure 1. Tissue- and cell-specific ACE2 overexpression associated with COVID-19
comorbidities.
A dysregulated expression of ACE2 among cells and tissues might explain the reasons for
the vulnerability of patients with diabetes and other chronic diseases for COVID-19. The cells
with an upregulated expression of ACE2 enhance the probability for entry of SARS-CoV-2
and hence increase the risk of infection. Figure 1 shows that the leading COVID-19
comorbidities (T2DM, obesity, CVD including hypertension, age, and smoking) specifically
upregulate ACE2 expressions in the most often attacked tissues and cells in COVID-19 (lung
and particularly the lung epithelial cells, cardiomyocytes, vasculature and particularly the
pericytes, and the renal cortex). In Fig. 1, the references are added to the known
relationships between COVID-19 comorbidities and the corresponding tissue- and cellspecific ACE2 overexpression. However, it should be noted that the interconnections
presented in Fig. 1 are probably even more complex and will need to be amended in the
course of further investigations.
Here we are dealing with the risk of a tissue- and cell-specific ACE2 up-regulation.
However, the risk of tissues and cells with a down-regulated ACE2 expression should also be
considered. Concerning the pathology of COVID-19, the cells with less ACE2 might be
associated with a weaker anti-infection ability of the tissue, and the activation of the
inflammatory response induced by SARS-CoV-2 infection.35 Therefore, a fine-tuned
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regulation of ACE2 expression among the cells and tissues is vital for effective prevention
and control of COVID-19.

Conclusions
A dysregulated ACE2 expression in the body might represent a higher risk for COVID-19.
Several age-related pathologies are related to ACE2 dysregulations. We provide evidence
that the tissue- and cell-specific overexpression of ACE2 enables a better understanding of
the relationship between COVID-19 and its comorbidities than considering changes in the
whole-body ACE2 expression. The data collected in Fig. 1 shows that T2DM, together with
obesity, CVD including hypertension, age, and smoking, specifically upregulate ACE2
expression in tissues and cells of those organs that are most frequently a target of injury in
COVID-19 (lung, heart, vasculature, and kidneys). The reality is that patients with T2DM are
often obese and hypertense. Therefore, in particular, elderly and obese patients with T2DM
are at elevated risk of dysregulated ACE2 expression and a more severe form of COVID-19.
Smoking will potentiate this risk.
In the process of aging and developing age-related pathologies, the cell-specific ACE2
expression in different tissues might follow a redistribution of ACE2 to places of a higher
tissue injury caused by an underlying chronic disease. In particular, T2DM, systemic disease
with an underlying low-grade chronic inflammation, might contribute considerably to the
pathological dysregulations of ACE2 expression among the cells in different tissues. Also,
other chronic diseases with inflammatory and fibrotic scarring effects might cause tissue
injuries with a consequent pathophysiological dysregulation of ACE2 expression, typically
with an up-regulation of ACE2 in one part of the cells and a concomitant down-regulation in
other cell types of the tissue.34,35
It should be noted, however, that several other factors might also influence the role of
ACE2 in explaining the risk factors for COVID-19. Regarding the ACE2 as a receptor for
SARS-CoV-2, it has been found that enzyme Transmembrane protease serine 2 (TMPRSS2)
was only expressed in a subset of ACE2+ cells,38 which suggests that SARS-CoV-2 might use
alternative pathways for entering the cells. It has indeed been shown that SARS-CoV-2 could
also enter TMPRSS2− cells using cathepsin B/L.39
In this paper, we have focused on the membrane-bound ACE2, but it should be pointed out
that the soluble ACE2 (sACE2) might also play an essential role in the pathology of COVID19.40 Because sACE2 can interact directly with SARS-CoV-2, sACE2 could potentially act as
a virus trap and its effective inactivator 40-42. Therefore, a new medical treatment was
proposed by implementing a recombinant sACE2 that would inhibit the infection with SARSCoV-2 by shifting the competition with membrane-bound ACE2 toward the sACE2 that
cannot promote viral entry into the cell.40–42 Although it sounds promising, further studies will
be needed to understand better the comprehensive role of ACE2 in COVID-19 and its
comorbidities.
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