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ABSTRACT
Angiotensin converting enzyme-2 (ACE2) is the cell-surface receptor enabling cellular entry of 
SARS-CoV-2. ACE2 is highly expressed in adipose tissue (AT), rendering AT a potential SARS-CoV-2 
reservoir contributing to massive viral spread in COVID-19 patients with obesity. Although rodent 
and cell studies suggest that the polyphenol resveratrol alters ACE2, human studies are lacking. 
Here, we investigated the effects of 30-days resveratrol supplementation on RAS components in 
AT and skeletal muscle in men with obesity in a placebo-controlled cross-over study. Resveratrol 
markedly decreased ACE2 (~40%) and leptin (~30%), but did neither alter angiotensinogen, ACE 
and AT1R expression in AT nor skeletal muscle RAS components. These findings demonstrate that 
resveratrol supplementation reduces ACE2 in AT, which might dampen SARS-CoV-2 spread in 
COVID-19.
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Introduction

Most severe acute respiratory coronaviruses (SARS- 
CoVs) use the hosts angiotensinogen-converting 
enzyme 2 (ACE2) as cell-surface receptor enabling 
viral entry [1]. This also applies to the novel corona-
virus SARS-CoV-2, which binds to the membrane- 
bound form of ACE2 and thereby initiates the release 
of the viral genome intracellularly [2]. ACE2 is part of 
the renin-angiotensin-system (RAS), which not only 
regulates electrolyte homoeostasis and blood pressure, 
but also mediates pro-inflammatory signalling, throm-
botic processes and fibrosis, thus contributing to patho-
logical changes of organ structure and function[3]. 
Since RAS components are highly expressed in adipose 
tissue (AT), it is tempting to speculate that the excess 
AT in people with obesity may serve as a reservoir for 
SARS-CoV-2, thereby contributing to the high viral 
spread and the poor clinical outcomes of coronavirus 
disease 2019 (COVID-19) patients with obesity[4].

The ACE2 receptor and other components of the 
RAS have been suggested to play a pivotal role in the 
SARS-CoV-2 infection as well as COVID-19 progres-
sion and may provide a key target for the prevention 
and treatment of COVID-19 [2,3]. ACE2 downregula-
tion might have beneficial effects prior to SARS-CoV-2 

infection, since it may dampen cellular entry and repli-
cation of SARS-CoV-2. Once infected with SARS-CoV 
-2, however, the expression of ACE2 drops [5], which 
subsequently may result in elevated angiotensin II (Ang 
II) levels and worsened clinical outcomes. Indeed, cir-
culating Ang II concentrations were markedly elevated 
in a small cohort of patients with COVID-19 compared 
to healthy controls, and were positively associated with 
viral load and lung injury[6]. Therefore, ACE2 upregu-
lation might be beneficial following SARS-CoV-2 infec-
tion, since this may counteract the detrimental effects 
of high Ang II levels. To summarize, there is a clear 
necessity for compounds that block the ACE2 cellular 
receptor or reduce its expression to prevent SARS-CoV 
-2 entry in AT and viral spread to other organs, while 
agents that increase ACE2 expression and inhibit Ang 
II action may have beneficial effects on clinical out-
comes in COVID-19 patients.

There is increasing evidence from rodent studies and 
in vitro experiments that the polyphenolic compound 
resveratrol may influence ACE2 expression. So far, 
studies have only investigated the effects of resveratrol 
on components of the RAS in rodents and cell lines [7– 
10]. Interestingly, these studies showed that in vivo 
resveratrol supplementation or in vitro incubation 
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with resveratrol increased the expression of ACE2 in 
several types of tissues and cell lines, including AT [7– 
10]. More specific, resveratrol decreased the expression 
of angiotensinogen (AGT) [10], angiotensin-converting 
enzyme (ACE) [7,9,10], and the Ang II type 1 receptor 
(AT1R) [8,10], and increased the expression of the 
AT2R [9,10] and Mas receptor (MAS-R) [9,10]. From 
these studies, it seems that resveratrol may stimulate 
the beneficial ACE2-Ang(1-7)-AT2R-MAS-R axis, 
while reducing the activity of the detrimental ACE- 
Ang II-AT1R axis. However, no human clinical trials 
have been performed so far to investigate if resveratrol 
impacts the expression of RAS component in humans 
in vivo as well.

We previously conducted a well-controlled clinical 
trial in which healthy males with obesity received 
resveratrol supplementation for 30 days (150 mg/day) 
in a randomized, placebo-controlled, cross-over study 
[11]. In the present study, we examined for the first 
time if resveratrol supplementation impacts the expres-
sion of RAS components in AT and skeletal muscle 
compared to placebo in people with obesity.

Methods

The current study was part of a previously published 
randomized, double-blind, placebo-controlled cross- 
over trial[11]. The original study protocol was reviewed 
by the Medical Ethics Committee of Maastricht 
University (clinicaltrial.gov: NCT00998504). Eleven 
males with obesity who were otherwise healthy (no 
family history of diabetes or any other endocrine dis-
order and not using any kind of medication throughout 
the present study) participated in this study. Participant 
characteristics are presented in Table 1. Further details 
can be found in Timmers et al. 2011[11]. The study had 
two treatment conditions: 30 days of placebo and 
30 days of 150 mg/day trans-resveratrol (99.9%; DSM 
Nutritional Products Ltd.). All participant adhered to 

the protocol, which was verified by analyses of free and 
conjugated resveratrol in plasma. Both compounds 
were present in plasma during the resveratrol treatment 
period, while no resveratrol could be detected during 
placebo treatment. At the end of each treatment period, 
an abdominal subcutaneous adipose tissue biopsy 
(6 hours after ingestion of a high-fat liquid meal) as 
well as a skeletal muscle biopsy (m. vastus lateralis; 
under fasted conditions) were collected by needle 
biopsy, as previously described [11,12]. Total RNA 
was extracted from the biopsies and stored at −80 
degrees Celsius until analyses. Next, total RNA was 
reverse transcribed using the High-Capacity-RNA-to- 
cDNA-kit (Applied Biosystems) and qRT-PCR was per-
formed in the CFX384 Real-Time System (Biorad) (for 
details see Supplementary Methods qRT-PCR, includ-
ing primer sequences). Gene expression was defined 
using a derivative of the ΔΔCt method[13]. The expres-
sion of the housekeeping genes were presented as 2−ΔCt. 
Data are presented as mean ± SEM. Differences 
between resveratrol and placebo treatment were inves-
tigated by Student’s paired t-test using SPSS 24.0 (IBM 
USA). The significance threshold was set at p < 0.05.

Results

Resveratrol supplementation significantly decreased 
gene expression of ACE2 and leptin in abdominal sub-
cutaneous AT compared to placebo (Figure 1; p = 0.029 
and p = 0.041, respectively). No significant differences 
were found in AT gene expression of AGT, ACE and 
AT1R between resveratrol and placebo (Figure 1; 
p > 0.05). Furthermore, no detectable differences were 
observed in the gene expression of AGT (fold change: 
1.11 ± 0.17 versus placebo, p = 0.461) and ACE (fold 
change: 1.26 ± 0.08 versus placebo, p = 0.203) in ske-
letal muscle (data not shown). Expression of ACE2, 
AT1R and leptin could not be assessed reliably in 
skeletal muscle.

Table 1. Baseline characteristics of study participants*.
Placebo Resveratrol P-value

Age, years 53 ± 2# 53 ± 2# N/A
Body weight, kg 100.1 ± 3.5 99.6 ± 3.7 0.50
BMI, kg/m[2] 31.6 ± 0.7 31.4 ± 0.8 0.48
Body fat, % 26.4 ± 0.53# 26.4 ± 0.53# N/A
Systolic blood pressure, mmHg 131 ± 3.1 132 ± 3.0 0.22
Diastolic blood pressure, mmHg 82 ± 2.5 83 ± 2.6 0.20
Glucose, mmol/l 5.44 ± 0.10 5.44 ± 0.13 0.96
Insulin, mU/l 16.37 ± 1.76 15.38 ± 2.05 0.67
Triglycerides, mmol/l 1.86 ± 0.19 1.92 ± 0.21 0.80
Nonesterified fatty acids, μmol/l 357 ± 69 320 ± 31 0.56

Characteristics of participants measured at the start of each intervention period (day 0). Values are given as mean ± SEM. *Data obtained from Timmers et. al 
201111; #Only measured once, at the start of the first intervention period by dual-energy X-ray absorptiometry; N/A, not applicable 
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Discussion

Here, we report that 30-days of resveratrol supplemen-
tation significantly decreased the expression of ACE2 
with about 41%, and leptin with about 31% in abdom-
inal subcutaneous AT in males with obesity. SARS-CoV 
-2 uses the hosts ACE2 as cell-surface receptor for 
entering the cells, which is followed by the release of 
the viral load and lysosomal breakdown of ACE2. 
Hence, ACE2 expression and/or activity in target tis-
sues is an attractive target for prevention or reduction 
of SAR-CoV-2 host cell infection and viral shedding. 
People with obesity often display increased activation of 
the RAS, systemically as well as in AT [3,14]. It has thus 
been proposed that ACE2 in AT provides an important 
link between obesity and the increased susceptibility to 
and severity of SARS-CoV-2 infection[3]. Hence, low-
ering expression of ACE2 by resveratrol supplementa-
tion could be an interesting strategy to lower the entry 
of SARS-CoV-2 into AT.

In the present study, we also found that resveratrol 
decreased the expression of leptin in AT, which was 
functionally reflected in lower serum leptin levels, as 
previously described[11]. Leptin is a well-characterized 
pro-inflammatory adipokine that is produced by AT. 
Leptin has been suggested to be involved in the onset of 
several local and systemic effects reported in critically 
ill patients with COVID-19[15]. Significantly higher 
levels of serum leptin have recently been reported by 
in COVID-19 patients requiring mechanical ventilation 
compared to control critically ill non-infected patients 
with similar BMI[15]. Moreover, Van der Voort et al 
[15]. suggested that excessive AT and leptin production 
could contribute to the development of respiratory 

failure in COVID-19 patients[15]. Thus, it can be 
speculated that the reduced leptin expression upon 
resveratrol supplementation in people with obesity 
might have beneficial effects on COVID-19 outcome. 
Effects of resveratrol on RAS were not seen in skeletal 
muscle, which may imply that resveratrol has no effects 
on the expression of AGT and ACE in skeletal muscle 
or the dose and/or bioavailability of resveratrol was too 
low to render effects in skeletal muscle. Future studies 
are warranted to further investigate the effects of 
resveratrol supplementation on protein expression 
(e.g. Western Blot/immunohistochemical assays) or 
activity of RAS components in human adipose tissue.

To conclude, our data demonstrate that resveratrol 
supplementation significantly reduces the expression of 
ACE2 and leptin in human adipose tissue. Our findings 
could have implications for individuals with obesity, 
since resveratrol supplementation might render them 
less susceptible for SARS-CoV-2 via lower ACE2 recep-
tor expression in AT. Moreover, resveratrol decreased 
AT leptin expression, which might have beneficial 
effects on COVID-19 outcome. It should be noted 
that ACE2 expression is suppressed following SARS- 
CoV-2 entry, which may result in elevated Ang II levels 
and may worsen clinical outcomes in patients with 
COVID-19. Hence, studying the impact of resveratrol 
on ACE2 gene expression and SARS-CoV-2 clinical 
outcomes during infection is important. In addition, 
the effects of resveratrol supplementation on viral 
load, viral shedding and COVID-19 outcome in people 
with obesity and other risk populations are also worth 
examining. Finally, future studies should investigate 
which dose of resveratrol has the most pronounced 
effect on ACE2 expression.

Figure 1. Effect of 30-days resveratrol supplementation on gene expression of RAS components in human adipose tissue. 
Resveratrol treatment significantly decreased the expression of ACE2 and leptin in adipose tissue but did not alter the expression of 
AGT, ACE and AT1R compared to placebo (n = 10). Values are presented as fold change, mean ± SEM. *p < 0.05, by Student’s paired 
t-test. AGT, angiotensinogen; ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; AT1R, angiotensin II 
type 1 receptor.
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