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Obesity has been followed with interest as a risk factor for COVID-19, with triglycerides as one of four
common criteria used to define obesity, which have been used to study the mechanism of obesity. In this study,
we showed that angiotensin-converting enzyme-2 (ACE2) is widely expressed in the mouse body, including
the kidney, spleen, brain, heart, lung, liver, and testis, and that ACE2 levels increased after a high-fat diet. The
ACE2 levels were recorded at 0 days, 3 days, 7 days, and 14 days after a high-fat diet, and they increased at 14
days after high-fat diet initiation. In addition, triglyceride levels were also significantly increased at 14 days
after high-fat diet initiation, but body weight was not changed. Furthermore, we examined the ACE2 levels in
Calu3 cells (a lung cancer cell line) after triglyceride treatment, and the results indicated that ACE2 levels were
increased at 25 lM and reached their peak at 200 lM. Finally, we found that the mRNA level of mthfd1 was
significantly increased in the high-fat diet group. Given these findings, we hypothesize that triglycerides can
regulate the expression of ACE2 and Mthfd1.
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1. Introduction

The COVID-19 pandemic is bringing public health to
the forefront, and it is thought to be related to the
SARS virus. Currently, more than 5 million people
have contracted COVID-19, and cumulative deaths
exceed 340,000 (WHO Coronavirus Disease (COVID-
19) Dashboard, published 24 May 2020). There are
many risk factors for virus infection, and an increasing
number of studies have found that obesity is one of the
major risk factors for COVID-19 (Kassir 2020; Lighter
et al. 2020; Zhang et al. 2020).
Triglycerides (TGs) are mainly synthesized in the

liver and adipose tissue, often as biomarkers for obe-
sity. Following an increasing number of studies, TGs
have been reported to play an important role in many
diseases, including those in various tissues and organs,

such as the brain(Croteau et al. 2018), heart (Goldberg
2018), liver (Alves-Bezerra and Cohen 2017), lung
(Zuber et al. 2016), kidney (Bobulescu et al. 2014),
spleen (Portois et al. 2007), and testis (Wang et al.
2019). We know that SARS-CoV-2 not only causes
lung injury but also causes complications in most other
organs, and additional studies have found that obesity
increases the mortality of infected people and serves as
one of the risks of viral infection (Jose and Manuel
2020; Peng et al. 2020; Simonnet et al. 2020; Zheng
et al. 2020). Thus, we hypothesize that TGs may be
involved in these processes, which will contribute to
research on the mechanism of the novel coronavirus.
Angiotensin-converting enzyme-2 (ACE2) receptors

are widely expressed in the heart, vessels, gut, lung,
testis, and brain and are also present in lung alveolar
epithelial cells, small intestine enterocytes, arterial and
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venous endothelial cells and arterial smooth muscle
cells (Harmer et al. 2002; Hamming et al. 2004). The
ACE2 structure includes an N-terminal and a C-ter-
minal domain with a single transmembrane helix and
an intracellular segment (Ye et al. 2017). The patho-
logical function of ACE2 is to mediate entry into the
cells of some coronaviruses (Verdecchia et al. 2020).
Recently, ACE2 receptors have been shown to be
functional receptors for SARS-CoV-2 to enter host
target cells (Kai and Kai 2020). SARS-CoV-2, through
the viral structural spike (S) protein, binds to the ACE2
receptor to target cells (Sanders, Monogue et al. 2020).
The mechanism is that SARS-CoV-2 attaches to cells
through ACE2. Then, the type II transmembrane pro-
tease serine 2 (TMPRSS2) processes SARS-CoV-2-S
to expose a cell-membrane fusion peptide. Once
membrane fusion occurs, viral RNA is released into the
infected host cell and begins viral replication (Nit-
ulescu et al. 2020). Currently, it has been proposed that
inhibiting this interaction might be used in treating
patients with COVID-19 (Jackson et al. 2020). In this
study, we will study the relationship between triglyc-
erides and ACE2 in mice and cells to explain the
specific mechanism by which obesity leads to increased
viral infections.

2. Materials and methods

2.1 Animals and cells

Male C57BL/6 mice were purchased from SLAC
Company (Shanghai, China) in this study. All proce-
dures performed in these studies involving animals
were in accordance with the ethical standards of the
University Committee on Animal Care of Soochow
University and the Guidelines of Animal Use and Care
of the National Institutes of Health (NIH). The number
and date for ethical approval was 202005A033. Calu3
cells (ATCC: HTB-55) were purchased from FuHeng
BioLogy Company (Shanghai, China).

2.2 Western blot analysis

After high-fat diet consumption, the whole lungs of
mice were collected, ground in liquid nitrogen and
stored at -80�C. Approximately 100 mg of tissue was
added to 200 ll of lysis buffer for 30 min on ice and
centrifuged for 30 min at 4�C and 16,000 9g. The
supernatants were mixed with loading buffer and

boiled for 10 min at 96�C for Western blot analysis
after cooling. Approximately 30 lg samples were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then transferred to nitrocellu-
lose membranes. Membranes were blocked, incubated
with the primary antibody, incubated with the sec-
ondary antibody, and then developed. The densitome-
try of the bands was analysed with Alpha Ease Image
Analysis Software V3.1.2. Anti-ACE2 (CY5787)
antibodies were purchased from Abways Technology
Company (Shanghai, China); mouse monoclonal anti-
Actin (ER62585) antibodies were purchased from
HUABIO Company (Hangzhou, China).

2.3 Reverse transcription polymerase chain
reaction

Total RNA was extracted from lung tissues. Reverse
transcription of cDNA was conducted with SYBR
green for reverse transcription PCR (RT-PCR).
GAPDH (forward: CATGGCCTTCCGTGTTCCTA;
reverse: CTTCACCACCTTCTTGATGTCATC) was
used as a control. Mthfd1 (forward: AGAGGGC-
GAGCTTTATCACG; reverse: CCAGGTTCCCGAT-
GAGCTTT) was detected.

2.4 Cell viability and triglyceride detection

Cell viability was detected by a CCK8 Assay Kit
(CK04, DOJINDO Co., Ltd., Shanghai, China) in a
96-well cell culture plate, 10 ll per well was added,
and the OD value was measured after 2 h. Serum
triglycerides (TGs) in mice were measured by using a
Triglyceride Colorimetric Assay Kit (E-BC-K261-M,
Elabscience Biotechnology Co., Ltd., Wuhan, China)
according to the manufacturer’s instructions.

2.5 Statistical analysis

All data are expressed as the means ± SEMs. Graph-
Pad Prism 6 (GraphPad Software Inc., La Jolla, CA,
USA) was used for statistical analysis. In figure 3E
Student’s t-test was used to determine the differences.
In figure 2A, B, and D one-way analysis to compare
differences was used. P\0.05 was considered statisti-
cally significant.
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3. Results

3.1 Levels of ACE2 in mouse tissues

Previous studies reported that ACE2 exists in various
tissues and cells (Hamming et al. 2004), and we
examined the distribution of ACE2 in different tissues
of mice by Western blot. We found that ACE2 was
highly expressed in the kidney and lowly in the spleen
(figure 1A); there was a similar expression level in the
brain, heart, lung, liver, and testis (figure 1A). Quan-
titative analysis confirmed the expression of ACE2 in
different tissues (figure 1B).

3.2 Levels of ACE2 in mouse lung tissue in fat
mice

To reveal the relationship between obesity and ACE2
protein, we selected 12 mice of the same age, and they
were divided two groups, high weight and light weight.
We tested the TG concentration in the different mice
serum, and then took the lung tissue to test the
expression of ACE2. The results showed that higher
TG concentration in high weight mice (figure 2B), and
the expression of ACE2 was also significantly
increased in high weight mice (figure 2C and 2D).
To further prove the relationship between TG and

ACE2,we established an obese mouse model by using

a high-fat diet (60% fat) to feed mice and monitored
body weight and triglycerides at 3, 7 and 14 days after
the high-fat diet initiation. Although body weight did
not change after the high-fat diet (P=0.1218,
figure 3A), serum triglyceride levels significantly
increased at 14 days after high-fat diet initiation
(P=0.0145, figure 3B). To study the relationship
between serum triglycerides and ACE2, we recorded
ACE2 levels at 0 days, 3 days, 7 days, and 14 days
after high-fat diet initiation. ACE2 expression
increased at 14 days after high-fat diet initiation
(figure 3C-DAYS). These results suggest that triglyc-
erides may be an important factor in regulating the
expression of ACE2.

3.3 Levels of ACE2 in Calu3 cells after triglyceride
treatment

To further prove that the expression of ACE2 was
regulated by serum triglycerides, we examined ACE2
levels in Calu3 cells, a lung cancer cell line, after TG
treatment. We treated cells with TGs (25 lM, 50 lM,
100 lM, 200 lM, and 400 lM) and cultured them for
48 hours in an incubator (37 �C, 5% CO2). First, we
detected the expression of ACE2 by Western blot. The
results showed that ACE2 levels increased at 25 lM
and reached their peak at 200 lM TG (figures 4A and
3B). Then, a CCK8 Assay Kit was used to test the
activity of the cells after TG treatment. The results
showed that a low concentration of TGs did not affect
cell survival (figure 4C).

3.4 mRNA levels of Mthfd1 in mouse lung tissue
after a high-fat diet

Previous studies indicate that methylenetetrahydrofo-
late dehydrogenase (MTHFD1) is a protein that affects
immune function and obesity (Christensen et al. 2014;
Vohra et al. 2020). To explore the mechanism by which
TG leads to increased ACE2, we examined the
expression of MTHFD1 by RT-PCR in mice after a
high-fat diet. We extracted RNA from mouse lung
tissue and detected the level of the mthfd1 gene. As
shown in figure 4D, the mRNA level of mthfd1 was
significantly increased in mice fed a high-fat diet
compared with that in control mice. The statistical
analysis is shown in figure 4E (p\0.05).

Figure 1. The distribution of ACE2 in mouse tissue. ACE2
levels were determined by Western blot in different tissue of
mice. The representative photographs showed ACE2; Actin
was used as a loading control (A). The quantitative analysis
was performed on the ratio of ACE2 to Actin (B), mean with
SEM, N=3.
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4. Discussion

Obesity has become a worldwide health concern
because it increases the risk of some diseases (Wang
et al. 2011). Scientists predict that 86% of adults will
be overweight or obese in the USA by 2030 (Ginter
and Simko 2014). At present, the number of COVID-
19 viral infections is approximately 160 million people,
and the number of deaths is over 3300,000 worldwide;
the United States has the largest number of infections,
which may be related to its high obesity rate. Most
studies have confirmed that obesity can aggravate the
condition of COVID-19 patients and increase the
fatality rate (Finer et al. 2020; Kassir 2020; Stefan et al.
2020). Metabolically healthy obese (MHO) sets four
common criteria used to define obesity, including blood
pressure, HDL cholesterol, triglycerides, and plasma
glucose (Bergman et al. 2011). Hypertriglyceridemia is
the most prevalent metabolic change in obesity (Gui-
jarro de Armas et al. 2012). Our results showed that the
concentration of TGs was significantly increased in
high weight mice (figure 2B) and high-fat diet
(figure 3B), in accordance with the symptoms of obe-
sity, although the body weight of mice did not change

(figure 3A). Gillian et al. (Rice et al. 2006) showed a
correlation between ACE2 and triglyceride levels, and
our results confirmed that high triglycerides can cause
ACE2, a protein that promotes the entry of viruses into
cells, to be significantly increased in animal experi-
ments (Figures 2C and 3C). In addition, ACE2 levels
were significantly increased in Calu3 cells compared
with those in control cells after TG treatment
(figure 4A). Our results suggested that more serious
illness may be caused by increased expression of ACE2
in high-triglyceride people with COVID-19.
ACE2 consists of an 805 amino acid type I trans-

membrane glycoprotein and contains a short intracel-
lular cytoplasmic tail and a longer extracellular domain
(Lambert et al. 2010). ACE2 was reported to be a
potential receptor in infections with severe acute res-
piratory syndrome coronavirus (SARS-CoV) in 2003
(Li et al. 2003; Peiris et al. 2003). The mechanism is
that SARS infections are initiated by the binding of the
spike protein trimers of SARS-CoV to a hydrophobic
pocket of the extracellular catalytic domain of ACE2
(Li et al. 2005). The novel coronavirus is a type of
coronavirus that also plays an important role.
Methylenetetrahydrofolate dehydrogenase 1 (MTHFD1)

Figure 2. The levels of TG and ACE2 in fat mouse. The same age mice were divided two groups, high weight and light
weight. Weight of mice (A). The triglyceride concentration was detected by ELISA kit in mouse serum (B). ACE2 levels
were determined by Western blot (C). Quantitative analysis of ACE2 levels was performed (D). Mean with SEM, N=6,
*P\0.05, versus the light weight group.
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is a pivotal enzyme in the folic acid metabolic pathway.
It can regulate nucleotide formation and DNA methy-
lation. The average global DNA methylation was
reduced by 40% in the mthfd1 mutant phenotype
compared with that in the WT, and MTHFD1 is
required for epigenetic silencing (Groth et al. 2016).
Obesity may also induce alterations in DNA methyla-
tion signatures in offspring (Samblas et al. 2019), and
saturated fatty acids induce some gene hypermethyla-
tion, increasing or decreasing the expression of these
genes (Flores-Sierra et al. 2016). In our studies, we
found that the mRNA level of Mthfd1 was significantly
increased after the high-fat diet (figure 4D), and we
hypothesize that triglycerides regulate the expression of
ACE2 through Mthfd1 and influence DNA methyla-
tion. Notably, this hypothesis needs additional experi-
mental research to confirm. In the future, we will

examine the transcription and protein expression levels
of ACE2 after overexpression and knockout of
MTHFD1 in cells, and clarify the relationship between
ACE2 and Mthfd1. According to previous studies, we
know that both triglycerides (Yu et al. 2018) and
mthfd1 (Groth et al. 2016) are related to DNA
methylation, we will test the levels of DNA methyla-
tion after used ACE2 inhibitors or Mthfd1 inhibitors
under the TG treatment, to conform that TG regulates
the expression of Ace2 through Mthfd1 affects the
methylation levels of Ace2 gene.
In summary, we showed that the expression of

ACE2 is closely related to the triglyceride content. In-
depth studies have found that triglycerides can regu-
late the expression of Mthfd1, and previous studies
have reported that Mthfd1 can affect DNA methyla-
tion. Therefore, we speculate that triglycerides can

Figure 3. The levels of ACE2 in mouse lung tissue after the high-fat diet. Mice were fed with high-fat diet 3 days, 7 days,
and 14 days, the control group was feed with Normal diet. The weight of mice was examined after high-fat diet. The
representative photograph (A). The concentration of TG was tested after High-fat Diet. Representative photograph (B). ACE2
levels were evaluated according to Western blot (C) and the quantitative analysis was performed on the ratio of ACE2 to
Actin (D). Mean with SEM, N=6, *P\0.05, versus the control group.
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affect the expression of mthfd1 and regulate the ACE2
protein level by affecting the methylation of the Ace2
gene.
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