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Abstract: Angiotensin converting enzyme 2 (ACE2) presents pleiotropic actions. It hydrolyzes
angiotensin I (AngI) and angiotensin II (AngII) into angiotensin-(1-9) (Ang-(1-9)) and angiotensin-(1-
7) (Ang-(1-7)), respectively, as well as participates in tryptophan uptake in the gut and in COVID-19
infection. Our aim was to investigate the metabolic effect of ACE2 deletion in young adults and elderly
mice under conditions of high calorie intake. Male C57Bl/6 (WT) and ACE2-deficient (ACE2-/y) mice
were analyzed at the age of 6 and 12 months under standard diet (StD) and high-fat diet (HFD). Under
StD, ACE2-/y showed lower body weight and fat depots, improved glucose tolerance, enhanced
insulin sensitivity, higher adiponectin, and lower leptin levels compared to WT. This difference was
even more pronounced after HFD in 6-month-old mice, but, interestingly, it was blunted at the age
of 12 months. ACE2-/y presented a decrease in adipocyte diameter and lipolysis, which reflected in
the upregulation of lipid metabolism in white adipose tissue through the increased expression of
genes involved in lipid regulation. Under HFD, both food intake and total energy expenditure were
decreased in 6-month-old ACE2-/y mice, accompanied by an increase in liquid intake, compared to
WT mice, fed either StD or HFD. Thus, ACE2-/y mice are less susceptible to HFD-induced obesity in
an age-dependent manner, as well as represent an excellent animal model of human lipodystrophy
and a tool to investigate new treatments.

Keywords: angiotensin-converting enzyme type 2; obesity resistance; glycemic signaling; aging

1. Introduction

Angiotensin-converting enzyme type 2 (ACE2; EC 3.4.17.23) is a pivotal component
of the renin-angiotensin system (RAS), which functions as a peptidase that hydrolyzes
angiotensin I (AngI) and angiotensin II (AngII) into angiotensin-(1-9) (Ang-(1-9)) and
angiotensin-(1-7) (Ang-(1-7)), respectively [1,2]. This enzyme is, therefore, considered as a
negative regulator of the RAS for decreasing the levels of AngII through the angiotensin
type 1 receptor and increasing Ang-(1-7) [3]. These actions confer ACE2 a protective role
in cardiovascular diseases [3–5]. Furthermore, ACE2 was recently demonstrated to be
the receptor for the entry of the SARS-CoV-2 virus into cells, leading to the emergence of
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COVID-19 [6]. The mechanism of entry of SARS-CoV-2 into cells is the binding of the viral
spike protein to ACE2 in several cell types, including the epithelium of the respiratory
system [6,7]. Increased susceptibility to SARS-CoV-2 infection in patients with chronic
diseases, such as obesity [8] and diabetes [8,9], is related to increased ACE2 expression in
these diseases [10,11].

The pathological accumulation of adipose tissue is one of the major risk factors for
cardiovascular disease [12,13]. In this context, studies also involving the RAS have largely
been conducted to better understand the metabolic and cardiovascular pathophysiology,
both in animals [14,15] and humans [12,16]. Thus, considering the severity of metabolic
diseases, the ACE2 pathway of the RAS is an important pathway to be mechanistically
investigated. The role of the ACE2/Ang-(1-7)/Mas axis in homeostasis is widely demon-
strated in several metabolic studies [17–19]. ACE2 inhibits liver fibrosis [19], protecting
against the development of diabetic retinopathy [20] and acute lung failure [21], whereas
the genetic deletion of this enzyme leads to endothelial dysfunction and redox imbalance in
mice [22], as well as hepatic steatosis [18]. In fact, ACE2 has been shown to exert pleiotropic
actions [3–5,22,23] and the impairment in its expression or activity leads to, among others,
cardiac [3], vascular [24,25], and renal disorders [26].

ACE2 has also been described as a regulator of dietary amino acid transport in the
gut [23,27]. In mice, the deficiency results in high susceptibility to intestinal inflammation
induced by epithelial damage, since the uptake of the essential amino acid tryptophan via
the B0AT1/ACE2 transport pathway on the small intestinal epithelial cells is impaired in
these animals, resulting in dysregulation of the gut microbiota and propensity to inflamma-
tion [23]. Moreover, our group has shown that this decreased uptake of tryptophan, the
amino acid precursor of serotonin (5-HT), causes reduction in 5-HT levels in the blood and
brain in ACE2-deficient mice [28]. Moreover, tryptophan hydroxylase (TPH) 1-deficient
mice, animals with low peripheral 5-HT, are protected from high-fat diet-induced obe-
sity [29]. Under HFD conditions, the inhibition of 5-HT synthesis in mice reduced body
weight gain, improved glucose tolerance, and decreased lipogenesis in white adipose
tissue [30].

Despite their relevance, the precise roles of ACE2 in lipid metabolism and adipose
tissue remain unclear. Considering the emersion of metabolic diseases and the multifunc-
tionality of ACE2, as well as its emerging role in the onset and severity of COVID-19, our
aim was to investigate the effect of HFD during the lifespan in ACE2-deficient mice, espe-
cially regarding systemic metabolism of lipids and glucose. Therefore, the hypothesis was
that ACE2 interferes with glycemic and lipid pathways due to its key role in homeostasis,
and ACE2-/y mice may present a different profile from high-fat diet-induced obesity. In
this study, we showed that the deletion of ACE2 decreases the white fat depots and the
susceptibility to high-fat diet-induced obesity in young adults, but not in elderly mice. In
addition, ACE2 deficiency improved glycemic metabolism, a central mechanism controlling
metabolic homeostasis.

2. Results
2.1. ACE2 Deficiency Decreases White Fat Depots and the Susceptibility to High-Fat
Diet-Induced Obesity

Under StD, ACE2-/y showed a lower BW, total fat, and WAT index at 6 and 12 months
of age compared to WT (Figure 1A–C, respectively). These differences were even more
pronounced after HFD in 6-month-old mice; however, surprisingly, they disappeared at the
age of 12 months. In addition, ACE2-/y displayed a decrease in white adipocyte diameter
in 6-month-old mice under both HFD and StD (Figure 1D).
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Figure 1. (A) Body weight; (B) Total fat; (C) WAT index of C57Bl/6 and ACE2-/y mice at the age of 6 
and 12 months under standard diet (StD, chow) and high-fat diet (HFD); (D) White adipocyte di-
ameter of C57Bl/6 and ACE2-/y mice at the age of 6 months (Mon) under StD and HFD. Each bar 
graph represents the mean ± SEM. ANOVA (one way): * p < 0.05; ** p < 0.01; *** p < 0.001 KO vs. WT. 

The significant decrease in fat depots led us to evaluate whether lipolysis was modi-
fied. In vivo, ACE2-/y mice presented lower NEFA release after selective β3-adrenoceptor 
agonist stimulation under both StD and HFD when compared to WT mice (Figure 2A). 
Nonetheless, in vitro, these differences were no longer observed (Figure 2B). To 
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Figure 1. (A) Body weight; (B) Total fat; (C) WAT index of C57Bl/6 and ACE2-/y mice at the age
of 6 and 12 months under standard diet (StD, chow) and high-fat diet (HFD); (D) White adipocyte
diameter of C57Bl/6 and ACE2-/y mice at the age of 6 months (Mon) under StD and HFD. Each bar
graph represents the mean ± SEM. ANOVA (one way): * p < 0.05; ** p < 0.01; *** p < 0.001 KO vs. WT.
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The significant decrease in fat depots led us to evaluate whether lipolysis was modi-
fied. In vivo, ACE2-/y mice presented lower NEFA release after selective β3-adrenoceptor
agonist stimulation under both StD and HFD when compared to WT mice (Figure 2A).
Nonetheless, in vitro, these differences were no longer observed (Figure 2B). To understand
the mechanism of altered lipolysis in ACE2-/y, we evaluated the expression of genes in-
volved in this pathway in WAT. Under StD, the mRNA levels for lipoprotein lipase (LPL)
and adrenergic β3-receptor (Adrβ3) (Figure 2C,D) did not differ between the groups in
6-month-old mice but were significantly decreased in 12-month-old ACE2-/y mice. In HFD
condition, LPL mRNA showed no difference between the groups. However, interestingly,
the Adrβ3 mRNA levels were significantly increased in ACE2-/y, both in 6 and 12-month-
old mice. Consistent with this, in WAT, the expression of hormone-sensitive lipase (HSL), a
lipase that hydrolyzes stored triglycerides to free fatty acids, was significantly increased
in 6-month-old ACE2-/y mice in both diet conditions, but not in 12-month-old animals
(Figure 2E).

As expected, according to the amount of WAT, ACE2-/y mice presented higher
adiponectin and lower leptin levels in plasma, with the same holding true for the gene
expression of leptin and adiponectin in WAT compared to WT. These differences were again
blunted at the age of 12 months under HFD (Figure 2F–I).

The percentage of muscle and water was evaluated to assess whether changes in
these parameters contributed to the decrease in BW presented by ACE2-/y mice. Under
StD, the results showed no difference in the percentage of muscle between 6-month-old
ACE2-/y mice and WT, but a significant increase was observed in 12-month-old ACE2-/y

mice compared to WT (Table 1). Nevertheless, under HFD, the percentage of muscle
in 6-month-old ACE2-/y mice was greater in comparison to WT, a fact not observed in
12-month-old ACE2-/y mice under HFD. The data further demonstrate that at 6 months,
ACE2-/y under HFD compared to ACE2-/y under StD showed less muscle mass reduction
than at 12 months. In terms of the percentage of water, no differences were observed
between ACE2-/y mice compared to WT groups (Table 1).

Under StD, the plasma lipid profile showed no difference in TG and TCOL levels in
6- and 12-month-old ACE2-/y mice compared to WT (Table 1). Notwithstanding, ACE2
deletion induced a significant decrease in NEFA levels in 6-month-old mice under isocaloric
conditions, but not under HFD (Table 1). No differences were observed in NEFA levels
between 12-month-old groups. As previously published by our group [18], under StD,
ACE2-/y mice presented hepatic steatosis with high deposition of NEFA in the liver, which
explains its lower systemic concentration.
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Adrβ3 receptor in WAT; (E) Relative expression of hormone-sensitive lipase (HSL) in WAT; (F) Relative expression of Adiponectin in WAT. (G) Adiponectin levels in 
plasma; (H) Relative expression of Leptin in WAT; (I) Leptin levels in plasma of C57Bl/6 and ACE2-/y mice at the age of 6 and 12 months (Mon) under standard diet 
(StD) and high-fat diet (HFD). Each point on the graph represents the mean ± SEM. ANOVA (two ways): * p < 0.05; ** p < 0.01 KO vs. WT. Each bar graph represents 
the mean ± SEM. ANOVA (one way): * p < 0.05; ** p < 0.01; *** p < 0.001 KO vs. WT. ### ACE2-/y StD vs. WT StD; ΦΦ WT HFD vs. WT StD; δδδ ACE2-/y HFD vs. WT 
HFD. 
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Figure 2. (A) Lipolysis in vivo; (B) Lipolysis in vitro; (C) Relative expression of lipoprotein lipase (LPL) in white adipose tissue (WAT); (D) Relative expression of Adrβ3
receptor in WAT; (E) Relative expression of hormone-sensitive lipase (HSL) in WAT; (F) Relative expression of Adiponectin in WAT. (G) Adiponectin levels in plasma;
(H) Relative expression of Leptin in WAT; (I) Leptin levels in plasma of C57Bl/6 and ACE2-/y mice at the age of 6 and 12 months (Mon) under standard diet (StD) and
high-fat diet (HFD). Each point on the graph represents the mean ± SEM. ANOVA (two ways): * p < 0.05; ** p < 0.01 KO vs. WT. Each bar graph represents the mean
± SEM. ANOVA (one way): * p < 0.05; ** p < 0.01; *** p < 0.001 KO vs. WT. ### ACE2-/y StD vs. WT StD; ΦΦ WT HFD vs. WT StD; δδδ ACE2-/y HFD vs. WT HFD.
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Table 1. Metabolic parameters, food intake, and total energy expenditure of C57Bl/6 and ACE2-/y mice at the age of 6 and 12 months under standard (StD) and
high-fat diet (HFD).

Parameters

6 Months 12 Months

Standard Diet High-Fat Diet Standard Diet High-Fat Diet

C57Bl/6 ACE2-/y C57Bl/6 ACE2-/y C57Bl/6 ACE2-/y C57Bl/6 ACE2-/y

Muscle % 67.77 ± 1.54 72.85 ± 1.78 48.11 ± 1.40 c 64.85 ± 1.12 bd 69.50 ± 0.74 72.84 ± 0.27 a 49.92 ± 1.17 c 51.85 ± 1.88 b

Water % 7.15 ± 0.11 7.34 ± 0.4 6.47 ± 0.13 c 6.43 ± 0.18 b 6.54 ± 0.19 6.71 ± 0.12 6.16 ± 0.11 6.54 ± 0.14
Triglyceride (mg·dL−1) 22.02 ± 1.9 16.57 ± 2.3 26.9 ± 2.2 29.0 ± 1.7 b 33.9 ± 3.3 32.9 ± 7.4 45.8 ± 6.0 44.9 ± 3.9
Cholesterol (mg·dL−1) 36.97 ± 2.1 45.23 ± 4.4 126.3 ± 4.7 c 140.7 ± 10.2 b 68.1 ± 5.7 73.3 ± 12.6 173.6 ± 11.1 c 210.3 ± 27.6 b

NEFA (mmol·L−1) 0.29 ± 0.03 0.14 ± 0.01 a 0.49 ± 0.05 c 0.49 ± 0.05 b 0.48 ± 0.1 0.27 ± 0.07 0.42 ± 0.04 0.42 ± 0.09
Glucose (mg·dL−1) 121.6 ± 8.8 103.5 ± 7.0 153.0 ± 9.3 c 165.2 ± 7.8 b 138.8 ± 9.0 130.6 ± 6.6 187.8 ± 6.7 c 176.8 ± 6.9 b

Insulin (pg·dL−1) 179.2 ± 12.2 175.7 ± 4.9 238.7 ± 25.8 184.1 ± 4.4 303.5 ± 6.8 301.2 ± 9.2 333.0 ± 17.5 331.1 ± 17.3
Food intake (g·day−1) 5.12 ± 0.44 4.64 ± 0.15 4.57 ± 0.37 3.34 ± 0.18 bd ND ND ND ND

Liquid intake (g·day−1) 3.00 ± 0.3 4.27 ± 0.1 a 2.61 ± 0.2 4.68 ± 0.4 d ND ND ND ND
Total Energy Expenditure (kcal·h−1) 0.55 ± 0.03 0.49 ± 0.01 0.58 ± 0.01 0.48 ± 0.01 d ND ND ND ND

Each value represents the mean ± SEM. ANOVA (one way). a p < 0.05 ACE2-/y StD vs. C57Bl/6 StD. b p < 0.05 ACE2-/y HFD vs. ACE2-/y StD. c p < 0.05 C57Bl/6 HFD vs. C57Bl/6 StD.
d p < 0.05 ACE2-/y HFD vs. C57Bl/6 HFD. ND: not defined.
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2.2. ACE2 Deficiency Improved Glucose Control and Insulin Signaling

Glycemic profile was evaluated by fasting glucose and insulin measurements, as well
as by assessing glucose tolerance and insulin sensitivity [31]. Fasting glucose levels showed
no difference between ACE2-/y and WT groups at both ages under StD and HFD. However,
compared with StD, the HFD increased fasting glucose levels in WT and ACE2-/y (Table 1).
The levels of fasting insulin in plasma showed no significant difference between the groups
under StD and HFD (Table 1).

ACE2 deletion increased glucose tolerance at the ages of 6 and 12 months (Figure 3A,B,
respectively) and enhanced insulin sensitivity under StD (Figure 3C,D, respectively). Even
after HFD, 6-month-old ACE2-/y mice continued to present better glucose tolerance and
insulin sensitivity compared to WT mice. Nevertheless, in 12-month-old ACE2-/y mice,
these improvements were blunted after HFD.

The expression of genes involved in glucose and insulin regulation was measured
in WAT and muscle. Under StD, 6-month-old ACE2-/y mice showed augmented levels
of insulin receptor (IR) mRNA in both organs, but with statistical significance only in the
muscle (Figure 3E,F). However, after HFD, IR expression significantly increased in WAT,
but not in the muscle. Meanwhile, 12-month-old ACE2-/y mice showed no difference in
IR mRNA in WAT and muscle under StD and HFD (Figure 3E,F, respectively). The levels
of glucose transporter type 4 (GLUT4) mRNA in WAT were not different between groups at
both ages under StD (Figure 3G). However, such levels were significantly higher in WAT of
6-month-old ACE2-/y after HFD but not in 12-month-old ACE2-/y (Figure 3G). In muscle,
no difference in GLUT4 expression was observed between groups (Figure 3H). These results
partly explain the better glucose tolerance and insulin sensitivity in 6-month-old ACE2-/y

animals, even after HFD ingestion, which was lost in the 12-month-old animals.
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Figure 3. Glycemic curve and area under curve (AUC) of the glucose tolerance (A,B) and insulin
sensitivity (C,D) of C57Bl/6 and ACE2-/y mice at the age of 6 (A,C) and 12 (B,D) months (Mon)
under standard (StD) and high-fat diet (HFD). (E,F) Insulin receptor (IR) mRNA expression in white
adipose tissue (WAT) and muscle, respectively, and (G,H) GLUT4 mRNA expression in WAT and
muscle, respectively, in 6-month-old animals under StD and HFD. Each point on the graph represents
the mean ± SEM. ANOVA (two ways): * p < 0.05, ** p < 0.01, *** p < 0.001 KO vs. WT. Each bar graph
represents the mean ± SEM. ANOVA (one way): * p < 0.05; ** p < 0.01; KO vs. WT.

2.3. ACE2 Deficiency Leads to Impairment in Energy Balance

The balance between energy intake and expenditure reflects the control of BW and fat
depots. Both parameters were decreased in 6-month-old ACE2-/y compared to WT mice
after HFD but not StD. On the other hand, liquid intake was increased in 6-month-old
ACE2-/y animals compared to WT under StD and HFD (Table 1).

2.4. ACE2 Deficiency Did Not Alter Antioxidant Enzyme Activity in WAT

To evaluate the involvement of antioxidant enzymes in the mechanism of resistance to
high-fat diet-induced obesity, the activity of SOD and CAT was measured and normalized
by total protein concentration in WAT [32]. As observed in Figure 4, in 6-month-old animals
under StD and HFD, no difference in SOD or CAT activity is found in ACE2-/y compared
to WT mice (Figure 4A,B, respectively).
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Figure 4. (A) Superoxide Dismutase (SOD) and (B) Catalase (CAT) activities in white adipose tissue
(WAT) of C57Bl/6 and ACE2-/y mice at the age of 6 months (Mon) under standard diet (StD) and
high-fat diet (HFD). Each bar graph represents the mean ± SEM. ANOVA (one way).

3. Discussion

The present study demonstrates that the deletion of ACE2 leads to diminished BW
and WAT depot, regardless of age, in addition to the lower susceptibility to HFD-induced
obesity in young adult (but not elderly) mice, confirming our hypothesis that ACE2-/y mice
are protected from high-fat diet-induced obesity. The impact of elevated ACE2 expression
in adipose tissue on health is still controversially discussed. This discussion has become
even more evident with the emergence of COVID-19, since the novel coronavirus SARS-
CoV-2 causes ACE/ACE2 balance disruption by using ACE2 as a receptor to enter host
cells [6]. In COVID-19 patients, pre-existing comorbidities, such as obesity, contribute to
severe forms of the disease and, consequently, higher mortality rates [8,33]. The present
study demonstrated that ACE2 deletion in mice decreased the susceptibility to HFD-
induced obesity and improved glucose homeostasis, suggesting a prominent role of ACE2
in the emergence of metabolic disorders. In consistency with our findings, Gupte and
coauthors [34] showed that ACE2 is upregulated in adipose tissue of rodents with HFD-
induced obesity.

The decrease in fat deposition and adipocyte diameter presented by ACE2-/y, even
after HFD, was reflected in the downregulated lipolysis in vivo. Nevertheless, under
StD, there was an increase in HSL at 6 months and a reduction in LPL at 12 months.
Meanwhile, under HFD, there was an augmentation in adrenergic β3 receptors and in HSL,
which are lipolysis stimulators. In that regard, Cai and colleagues [35] demonstrated
that the infusion of AngII for 2 weeks in C57BL/6 mice induced body and white adipose
tissue weight loss by promoting lipolysis by activating the AMPK signaling pathway,
which partially explains the results presented by ACE2-/y mice as a function of possible
increased AngII levels. Furthermore, it was postulated that catalase activity could be
involved in the mechanism, since it has been shown that 3-Amino-1,2,4-Triazole, a catalase
inhibitor, induces quick fat loss in mice with high fat-induced metabolic syndrome [36].
However, the catalase activity in WAT was not altered in ACE2-/y mice in either StD or
HFD conditions. Therefore, it is postulated that the marked decrease in adipose tissue
deposition in ACE2-/y mice could reflect lipodystrophy, considering that there is a greater
uptake of NEFA by the liver [18] and, consequently, their lower systemic levels. In this
context, in the long term, it was reflected in the decrease in lipolysis due to the decrease in
WAT deposition and less size expansion of adipocytes under HFD. WAT stores energy and
is considered a complex and dynamic endocrine organ with key metabolic, cardiac, and
vascular regulatory functions [37,38]. A disorder in this tissue triggers reduced production
of adipocytokines, such as adiponectin, and upregulation of the expression of leptin,
tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6), promoting insulin resistance
in association with increased visceral adiposity [14,39]. Systemic adiponectin levels are
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inversely correlated with the amount of WAT, and the opposite is observed for leptin
levels [40]. This is consistent with the observation that the lower WAT index presented
by ACE2-/y resulted in an increase in adiponectin and decrease in leptin levels in plasma,
even after HFD consumption at 6 months of age. Among its several biological functions,
adiponectin plays an anti-inflammatory and insulin sensitizing role [41]. Meanwhile, in
knockout mice, adenoviral adiponectin overproduction ameliorates diet-induced insulin
resistance [42]. Additionally, Combs et al. [43] identified a dominant mutation in the
collagenous domain of this adipocytokine that elevated its circulating levels in mice and also
improves insulin sensitivity [43]. In the present work, the increase in systemic levels of this
hormone in ACE2-/y mice contributed to a better insulin sensitivity and glucose tolerance
profile, even concomitantly with HFD consumption. Contributing to this favorable glycemic
profile, ACE2-/y mice presented higher expression of IR in the muscle under StD, and
of IR and GLUT4 in WAT under HFD. It is important to highlight that after 60 min of
the intraperitoneal application of insulin in 6-month-old ACE2-/y mice during the test,
insulin sensitivity was so intense that glucose reached extremely low levels and, to avoid
hypoglycemic shock, glucose (5% in saline, 10 µL·g−1·BW−1) was applied subcutaneously
at the end of the experiment. Taken together, these data suggest a greater uptake of glucose
in these important metabolic organs.

Leptin, in turn, plays a key role in regulating energy intake and expenditure, and
the levels of this protein in the blood positively correlate with adipose mass [44]. Thus,
one could expect increased food intake of ACE2-/y mice, since the arcuate nucleus of the
hypothalamus recognizes the lower circulating levels of leptin, ultimately stimulating
food intake and decreasing energy expenditure [45]. As expected, under HFD, 6-month-
old ACE2-/y mice showed lower energy expenditure, but, surprisingly, they presented
decreased food intake, which, in part, is in accordance with the lower fat depots and
the lower susceptibility to HFD-induced obesity in these mice. However, since ACE2
deficiency in mice results in high susceptibility to the dysregulation of the gut microbiota
and intestinal inflammation, induced by epithelial damage [23], this system may contribute
to lower food intake, despite the decreased levels of leptin. Furthermore, ACE2-/y mice
showed an increase in water intake independent of the diet, probably induced by the high
levels of AngII, since it stimulates thirst [46].

The phenotype of ACE-deficient mice, exhibiting lower BW, body fat, and plasma
leptin, is similar to that of ACE2-/y mice found in the present work. Jayasooriya and
colleagues, however, did not associate these findings with decreased food intake, since no
differences were detected in daily food intake in ACE-/- mice, but they associated their
observations to a high energy expenditure related to an increased metabolism of fatty acids
in the liver, instead [47].

Despite the association between advanced age and consumption of HFD, conditions
that are already known to favor the onset of metabolic diseases [48], the deletion of ACE2
at the age of 12 months did not change BW, fat deposition, or plasma lipid and glucose
homeostasis, demonstrating a delayed effect of HFD in ACE2-/y mice, suggesting that
ACE2 in an old age no longer interferes with these parameters as observed at younger ages,
and that the mechanism of protection against HFD-induced obesity could be age-dependent.
In addition to this, since both ACE2 deficiency and obesity have been characterized as an
accelerated aging phenotype [49], both conditions together could explain the reason why
some of the beneficial effects observed in ACE2-/y disappear in the 12-month age.

In addition to the RAS, ACE2 deficiency also interferes with the 5-HT system [28].
Considering that 5-HT has localized effects on adipose tissues, specifically on the lipogene-
sis of WAT [30], as well as the fact that the decrease in peripheral 5-HT confers protection
from HFD-induced obesity [29,30], and that ACE2-/y mice have less 5-HT [28] due to the
defective intestinal absorption of the 5-HT precursor amino acid, tryptophan [23], it is
plausible to consider that their protection against HFD-induced obesity is mediated by
decreased levels of 5-HT. Singer and colleagues [27] also demonstrated that the intestinal
absorption of amino acids was defective in ACE2-deficient mice. The authors confirmed
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the absorptive defect by the intensified increase in L-tryptophan and other neutral amino
acids in the lumen of the ileum, associated with decreased levels of these amino acids in
the plasma and muscle of ACE2-deficient mice.

In contrast to our findings, other authors [50,51] previously reported that ACE2-/y

mice, under StD, had normal insulin sensitivity and glucose tolerance, and after HFD
these parameters were even impaired. Furthermore, unlike Takeda et al. [50] and Niu et al.
(2008), our ACE2-/y mice showed lower BW, which, together with the lower fat depots and
the insulin sensitizing action exerted by the elevated adiponectin levels, resulted in the
improvement of glucose and insulin homeostasis. These results were the same in three
different experiments performed by our group. We can only speculate about the reasons
for the discrepant results between our study and the previous ones. The two other groups
used different ACE2-deficient animals than ours. Takeda et al. deleted exon 3 of the ACE2
gene, which leaves the collectrin-like domain intact. There may be still residual expression
of a shortened ACE2 in the small intestine, which lacks the enzymatic function but retains
the transporter role. This would allow for tryptophan transport and, thereby, the mice may
have normal 5-HT levels, while our strain has clearly lost this function [28]. However, in the
study by Niu and colleagues, the exact targeting strategy for the ACE2 gene is not described,
and tryptophan or serotonin levels are also not given. Recently, a short isoform of ACE2
was described in humans transcribed from a promoter in intron 9 and also coding for a
protein which retains the collectrin-like domain [52]. However, this short ACE2 isoform
has not yet been reported to exist in mice, and thus, it remains unclear whether it may
be expressed in some of the different ACE2-deficient mouse models. Nevertheless, we
propose that in our mice, the protective effects mediated by the lack of 5-HT overweigh
the deleterious effects of the lack Ang-1-7, and this may explain the difference between
our results and other studies. Despite their relevance, the precise role of ACE2 in lipid
metabolism and adipose tissue remains unclear.

Hence, despite the beneficial effect shown in the present work (summarized in
Figure 5), previous studies by our group demonstrated that ACE2 deletion leads to en-
dothelial dysfunction and vascular oxidative stress [22], as well as steatosis and impaired
insulin signaling in the liver [18]. Taken together, given its pleiotropic action, our data
suggest that the level and location of ACE2 expression differentially control important
hormone systems, such as the RAS and the 5-HT system, to ensure cardiovascular and
metabolic homeostasis.
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presented a decrease in body weight (BW), ❸ total fat, white adipose tissue (WAT) index, white 
adipocyte diameter, and leptin gene in WAT; decrease in lipolysis in vivo, increase in lipolytic (HSL, 
Adrβ3) and adiponectin genes in WAT. ❹ Systemically, these effects reflected in the increase in glu-
cose tolerance, insulin sensitivity, and adiponectin, as well as a decrease in leptin protein. ❺ In the 
gastrocnemius muscle, it is observed that there is a decrease in insulin receptor (IR) gene and % mus-
cle, which possibly reflects in ❻ the decrease in total energy expenditure (TEE) and food intake 
detected in ACE2-/y mice. Regarding the liquid intake, ACE2-/y mice present an increase, probably 
induced by the high levels of AngII, since it stimulates thirst. ❼ The deletion of ACE2 at the age of 
12 months did not change BW, fat deposition, or plasma glucose homeostasis under HFD, demon-
strating a delayed effect of HFD in ACE2-/y mice, suggesting that ACE2 in an old age no longer in-
terferes with these parameters as observed in younger ages, and that the mechanism of protection 
against HFD-induced obesity could be age-dependent. *** p < 0.001. 
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C57Bl/6 (WT) and ACE2-deficient (ACE2-/y) mice [3] were used in this study in ac-
cordance with the “Guide for the Care and Use of Laboratory Animals” (NIH publication 
86–23, 1996). To reduce the hormonal influence in the analyses, male mice were used. To 
ensure the deletion of ACE2 in mice, genotyping was carried out by Polymerase Chain 
Reaction (PCR) using an ear clip. All ACE2-/y mice used in this study had gene deletion 
confirmed. Throughout the study, the mice were kept on a 12 h light/dark cycle and fed 
ad libitum, with controlled humidity and environmental temperature (21–22 °C). In the 
experimental design, WT and ACE2-/y mice were placed on a high-fat diet (HFD). For anal-
ysis at an advanced age, and another group of WT and ACE2-/y mice were placed on HFD 

Figure 5. ❶ The 6-month-old ACE2-/y mice are protect against HFD-induced obesity. ❷ The animals
presented a decrease in body weight (BW), ❸ total fat, white adipose tissue (WAT) index, white
adipocyte diameter, and leptin gene in WAT; decrease in lipolysis in vivo, increase in lipolytic (HSL,
Adrβ3) and adiponectin genes in WAT. ❹ Systemically, these effects reflected in the increase in glucose
tolerance, insulin sensitivity, and adiponectin, as well as a decrease in leptin protein. ❺ In the
gastrocnemius muscle, it is observed that there is a decrease in insulin receptor (IR) gene and % muscle,
which possibly reflects in ❻ the decrease in total energy expenditure (TEE) and food intake detected
in ACE2-/y mice. Regarding the liquid intake, ACE2-/y mice present an increase, probably induced
by the high levels of AngII, since it stimulates thirst. ❼ The deletion of ACE2 at the age of 12 months
did not change BW, fat deposition, or plasma glucose homeostasis under HFD, demonstrating a
delayed effect of HFD in ACE2-/y mice, suggesting that ACE2 in an old age no longer interferes
with these parameters as observed in younger ages, and that the mechanism of protection against
HFD-induced obesity could be age-dependent. *** p < 0.001.

4. Materials and Methods
4.1. Animals and Experimental Procedures

C57Bl/6 (WT) and ACE2-deficient (ACE2-/y) mice [3] were used in this study in
accordance with the “Guide for the Care and Use of Laboratory Animals” (NIH publication
86–23, 1996). To reduce the hormonal influence in the analyses, male mice were used. To
ensure the deletion of ACE2 in mice, genotyping was carried out by Polymerase Chain
Reaction (PCR) using an ear clip. All ACE2-/y mice used in this study had gene deletion
confirmed. Throughout the study, the mice were kept on a 12 h light/dark cycle and fed
ad libitum, with controlled humidity and environmental temperature (21–22 ◦C). In the
experimental design, WT and ACE2-/y mice were placed on a high-fat diet (HFD). For
analysis at an advanced age, and another group of WT and ACE2-/y mice were placed on
HFD for 20–22 weeks before 12 months of age. The standard diet (StD, V1536-kJ: 10% fat,
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23% protein, and 67% carbohydrates) and HFD (E15744-347-kJ: 45% fat, 20% protein, and
35% carbohydrates), both diets from SSNIFF® (Arnsberg, Germany), were used.

4.2. Glucose Tolerance and Insulin Sensitivity Tests

The glucose tolerance was evaluated after an overnight fast (12 h). The animals were
weighed, and the blood was collected from the tail vein for measuring glycaemia (Merck®,
Hesse, Germany) before intra-peritoneal (i.p.) injection of 2 g glucose per kg of body weight.
Subsequently, the glucose levels were measured at 15, 30, 60, 90, and 120 min. An insulin
sensitivity test was assessed with the animal in the fed state. Similar to the aforementioned
test, the animals were weighed, and the blood was collected for measuring glucose before
the injection of 0.75 units insulin.kg−1, i.p. (Huminsulin, Lilly®, Indianapolis, IN, USA)
and after injection at 15, 30, 45, and 60 min [31]. For all blood glucose measurements, a
handheld glucometer was used (Accu-Chek AVIVA, Roche®, Mannheim, Germany).

4.3. Metabolic Cage System

The mice were adapted in metabolic cages for 2 days. After this, the measurements of
24 h activity, energy expenditure, food, and water consumption were performed using a
combined indirect calorimetry system (TSE Systems GmbH, Bad Homburg, Germany) for
three days. The results were expressed as the average of three days.

4.4. Body Composition Analysis

The body composition was performed in unanesthetized mice using the non-invasive
and non-destructive Bruker® minispec LF90II nuclear magnetic resonance (NMR) technol-
ogy analyzer mq10 (Bruker Optics, Billerica, TX, USA). In the test, mice were individually
placed in small tubes and then inserted into an NMR analyzer to provide quantitative
analysis of tissue and body fluids. The body weight (BW), total fat, muscle, and water
were recorded.

4.5. Lipolysis In Vivo and In Vitro

For the assessment of lipolysis in vivo, mice were i.p. administered with 1 mg per
kg body weight of the selective β3-adrenoreceptor agonist CL-316,243 hydrate (C5976;
Sigma-Aldrich®, Hanover, Germany). Non-esterified fatty acids (NEFAs) were measured
in blood collected from the tail vein before (basal) and 15 and 30 min after the injection.

Lipolysis was assessed in vitro in white adipose tissue collected after euthanasia. The
tissue was incubated in a culture medium (DMEM, Gibco® 11880; Hesse, Germany) in a
bath (37 ◦C; 95% O2; 5% CO2) for 30 min, and then the β3-adrenoceptor agonist CL-316,243,
0.1 mM, was added to the medium. The free fatty acids were measured in the medium at 0
and 180 min of incubation and normalized by the amount of fat used.

4.6. Euthanasia and Ex Vivo Experiments

At the end of the experimental design, in a fasted state, all mice were anesthetized
(100 mg·kg−1 ketamine, 10 mg·kg−1 xylazine, i.p.) and euthanized by exsanguination
through cardiac puncture of the right ventricle. The whole blood was collected and cen-
trifuged (4000 rpm for 10 min), and the plasma was separated. The animals were perfused
with heparinized saline, and, in sequence, white adipose tissue (WAT) and gastrocnemius
muscle were carefully removed and weighed. All tissues were immediately frozen in dry
ice and stored at −80 ◦C until the analyses were performed. WAT index was calculated
using the following formula: WAT index (%) = Epididymal fat + Perirenal fat)/(Body
Weight × 100.

4.7. Biochemical Analyses

For measurement of insulin, leptin, and adiponectin, ELISA assays were used (Millipore®,
Hesse, Germany) according to the manufacturers’ instructions. A Wako NEFA kit was
used to measure plasma and liver NEFA concentrations (Wako Chemicals GmbH®, Neuss,
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Germany). Triglycerides (TG) and total cholesterol (TCOL) levels were assayed using com-
mercial kits (Labtest®, Belo Horizonte, Brazil), following the manufacturers’ instructions
with adaptations for microplates. All measurements were performed using a TECAN®

Infinite 200 PRO plate reader (Zurique, Switzerland).

4.8. Superoxide Dismutase (SOD) and Catalase (CAT) Activities

Total SOD activity was assessed in WAT by commercial colorimetric kit (Sigma Aldrich,
Hanover, Germany) and read in a microplate reader (Thermo Scientific, Software 2.4 Multiskan
Spectrum, Vantaa, Finland) at 450 nm. The obtained values were normalized by total protein
concentration [32] in the WAT and expressed as IU·protein−1. Catalase activity was measured
according to Xu and coauthors [15], being expressed as µmol/min/mL·protein−1, mg [32].

4.9. Adipose Tissue Histological Analysis

Small fragments of WAT were fixed in 4% buffered formaldehyde, embedded in paraf-
fin, and sectioned at 10 µm. Adipose tissue was stained with hematoxylin and eosin (H&E)
staining in order to determine the adipocyte diameter [18]. The sections from each animal
were histologically examined in light microscope (Keyence® microscope, BZ 9000, Osaka,
Japan), photographed, and analyzed using the “BZ-9000 Generation II Analyzer” image
processing software (Keyence® BZ 9000 Software, Ver.2.1 (BZ-H2A/H2AE), Osaka, Japan).

4.10. Quantitative Real-Time PCR

Total RNA was isolated from WAT and muscle tissues by using trizol (TRizol® Reagent,
Darmstadt, Germany) and cleaned using the RNeasy Mini kit (Qiagen, Hilden, Germany) to
ensure high-quality total RNA extraction. RNA was quantified by using spectrophotometry
(NanoDrop®, München, Germany), and 1 µg was used for the synthesis of cDNA (Reverse
Transcriptase–Invitrogen®) performed using M-MLV (S1000™ Thermal Cycler, Bio-Rad®

München, Germany). The reaction product was amplified using the GoTaq qPCR Master
Mix (Promega®; Mannheim, Germany) by real-time quantitative PCR (ABI 7900HT Real-
Time PCR System-Applied Biosystems, Darmstadt, Germany). mRNA was quantified as a
relative value compared with an internal reference, Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The expression levels were obtained from the cycle threshold (Ct) associated with
the exponential growth of the PCR products. Quantitative values for mRNA expression
were obtained by the parameter 2−∆∆Ct, in which ∆Ct represents the subtraction of the
GAPDH Ct values from the others. The sequence and length of all primers used for real-time
quantitative PCR (amplicons between 100–150 bp) are listed in Table 2.

Table 2. Sequences of primer used for real-time quantitative PCR (amplicons between 100–150 bp).

Primers Sequence Forward and Reverse (5′–3′) and Length (bp)

Leptin F: CGTGTGTGAAATGTCATTGATCCT (24)
R: GACACCAAAACCCTCATCAAGAC (23)

Adiponectin F: GGAACTTGTGCAGGTTGGAT (20)
R: CCTTCAGCTCCTGTCATTCC (20)

Lipoprotein lipase F: AGTGGCCGAGAGCGAGAAC (19)
R: CCACCTCCGTGTAAATCAAGAAG (23)

Hormone-sensitive lipase F: ACGGATACCGTAGTTTGGTGC (21)
R: TCCAGAAGTGCACATCCAGGT (21)

Adrenergic β3 receptor F: GCTGACTTGGTAGTGGGACTC (21)
R: TAGAAGGAGACGGAGGAGGAG (21)

Glucose transporter type 4 F: TGATTCTGCTGCCCTTCTGT (20)
R: GGACATTGGACGCTCTCTCT (20)

Insulin receptor F: CCACCAATACGTCATTCACAAC (22)
R: GGGCAGATGTCACAGAATCAA (21)

Glyceraldehyde 3-phosphate dehydrogenase F: CCATCACCATCTTCCAGGAG (20)
R: GTGGTTCACACCCATCACAA (20)
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4.11. Statistical Analysis

Data are expressed as mean ± standard error of the mean (S.E.M), and p < 0.05 was
considered statistically significant. Analyses to compare multiple groups were performed
by using one-way ANOVA, to evaluate an independent variable, or two-way ANOVA
followed by Bonferroni post-test, to analyze two independent variables (GraphPad Prism®

5.0, San Diego, CA, USA).

5. Conclusions

In summary, ACE2-/y mice are less susceptible to HFD-induced obesity in an age-
dependent manner. Moreover, our data suggest that to ensure cardiovascular and metabolic
homeostasis, ACE2 controls important hormone systems, such as the RAS and the 5-HT
system, as well as represents an excellent animal model of human lipodystrophy and a
research tool to investigate new treatments, as well as to better comprehend the signaling
pathways involved in metabolic diseases.

Author Contributions: Conceptualization, L.A.R. and V.N.-S.; Methodology, F.Q., L.A.R., N.A., V.M.
and V.N.-S.; Formal Analysis, F.Q., L.A.R., V.M. and V.N.-S.; Investigation, F.Q., L.A.R., N.A., V.M.
and V.N.-S.; Resources, L.A.R., M.B., N.A. and R.A.S.S.; Data Curation, F.Q., L.A.R., V.N.-S. and
M.B.; Writing—Original Draft Preparation, L.A.R. and V.N.-S.; Writing—Review and Editing, L.A.R.,
M.B., N.A. and R.A.S.S.; Visualization, L.A.R. and N.A.; Supervision, L.A.R., N.A., M.B. and R.A.S.S.;
Project Administration, L.A.R. and N.A.; Funding Acquisition, L.A.R., N.A., M.B. and R.A.S.S. All
authors have read and agreed to the published version of the manuscript.

Funding: Valeria Nunes-Souza was supported by the Fellowship DAAD/CNPq/CAPES-Brazil
(Grant 246794/2012-7). Valentina Mosienko was supported by the Career Development Award from
the Medical Research Council, MR/T031115/1. Natalia Alenina was supported by CNPq (Grant BJT
407352). Michael Bader and Natalia Alenina were supported by a grant of the DFG (SFB1365).

Institutional Review Board Statement: The animal study protocol was approved by the Landesamt
fur Gesundheit und Soziales” (LAGeSo, Berlin), protocol G-0047/14, approved 15 July 2014.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: We thank Sabine Grueger, Susanne da Costa Gonçalves, and Andrea Rodak for
their technical assistance in animal care, as well as Martin Taube for technical support with body
composition analyses.

Conflicts of Interest: The authors have declared that no conflicts of interest exist.

References
1. Donoghue, M.; Hsieh, F.; Baronas, E.; Godbout, K.; Gosselin, M.; Stagliano, N.; Donovan, M.; Woolf, B.; Robison, K.; Jeyaseelan,

R.; et al. A novel angiotensin-converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1–9.
Circ. Res. 2000, 87, E1–E9. [CrossRef] [PubMed]

2. Tipnis, S.R.; Hooper, N.M.; Hyde, R.; Karran, E.; Christie, G.; Turner, A.J. A human homolog of angiotensin-converting enzyme.
Cloning and functional expression as a captopril-insensitive carboxypeptidase. J. Biol. Chem. 2000, 275, 33238–33243. [CrossRef]
[PubMed]

3. Crackower, M.A.; Sarao, R.; Oudit, G.Y.; Yagil, C.; Kozieradzki, I.; Scanga, S.E.; Oliveira-dos-Santos, A.J.; da Costa, J.; Zhang, L.;
Pei, Y.; et al. Angiotensin-converting enzyme 2 is an essential regulator of heart function. Nature 2002, 417, 822–828. [CrossRef]
[PubMed]

4. Rabelo, L.A.; Alenina, N.; Bader, M. ACE2-angiotensin-(1-7)-Mas axis and oxidative stress in cardiovascular disease. Hypertens.
Res. 2011, 34, 154–160. [CrossRef]

5. Zhong, J.; Basu, R.; Guo, D.; Chow, F.L.; Byrns, S.; Schuster, M.; Loibner, H.; Wang, X.-H.; Penninger, J.M.; Kassiri, Z.; et al.
Angiotensin-converting enzyme 2 suppresses pathological hypertrophy, myocardial fibrosis, and cardiac dysfunction. Circulation
2010, 122, 717–728. [CrossRef]

6. Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 2022, 23, 3–20.
[CrossRef]

https://doi.org/10.1161/01.RES.87.5.e1
https://www.ncbi.nlm.nih.gov/pubmed/10969042
https://doi.org/10.1074/jbc.M002615200
https://www.ncbi.nlm.nih.gov/pubmed/10924499
https://doi.org/10.1038/nature00786
https://www.ncbi.nlm.nih.gov/pubmed/12075344
https://doi.org/10.1038/hr.2010.235
https://doi.org/10.1161/CIRCULATIONAHA.110.955369
https://doi.org/10.1038/s41580-021-00418-x


Int. J. Mol. Sci. 2024, 25, 9515 19 of 20

7. Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; et al. Characterization of spike glycoprotein of
SARS-CoV-2 on virus entry its immune cross-reactivity with, SARS-CoV. Nat. Commun. 2020, 11, 1620. [CrossRef]

8. Klang, E.; Kassim, G.; Soffer, S.; Freeman, R.; Levin, M.A.; Reich, D.L. Severe Obesity as an Independent Risk Factor for COVID-19
Mortality in Hospitalized Patients Younger than 50. Obesity 2020, 28, 1595–1599. [CrossRef]

9. Ebinger, J.E.; Achamallah, N.; Ji, H.; Claggett, B.L.; Sun, N.; Botting, P.; Nguyen, T.-T.; Luong, E.; Kim, E.H.; Park, E.; et al.
Pre-existing traits associated with Covid-19 illness severity. PLoS ONE 2020, 15, e0236240. [CrossRef]

10. Herman-Edelstein, M.; Guetta, T.; Barnea, A.; Waldman, M.; Ben-Dor, N.; Barac, Y.D.; Kornowski, R.; Arad, M.; Hochhauser, E.;
Aravot, D. Expression of the SARS-CoV-2 receptorACE2 in human heart is associated with uncontrolled diabetes, obesity, and
activation of the renin angiotensin system. Cardiovasc. Diabetol. 2021, 20, 90. [CrossRef]

11. Garreta, E.; Prado, P.; Stanifer, M.L.; Monteil, V.; Marco, A.; Ullate-Agote, A.; Moya-Rull, D.; Vilas-Zornoza, A.; Tarantino, C.;
Romero, J.P.; et al. A diabetic milieu increases ACE2 expression and cellular susceptibility to SARS-CoV-2 infections in human
kidney organoids and patient cells. Cell Metab. 2022, 34, 857–873.e9. [CrossRef] [PubMed]

12. Alberti, K.G.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.C.; James, W.P.T.; Loria, C.M.; Smith,
S.C., Jr. Harmonizing the metabolic syndrome: A joint interim statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World Heart Federation;
International Atherosclerosis Society; and International Association for the Study of Obesity. Circulation 2009, 120, 1640–1645.

13. Oikonomou, E.K.; Antoniades, C. The role of adipose tissue in cardiovascular health and disease. Nat. Rev. Cardiol. 2019, 16,
83–99. [CrossRef] [PubMed]

14. Azushima, K.; Ohki, K.; Wakui, H.; Uneda, K.; Haku, S.; Kobayashi, R.; Haruhara, K.; Kinguchi, S.; Matsuda, M.; Maeda, A.;
et al. Adipocyte-Specific Enhancement of Angiotensin II Type 1 Receptor-Associated Protein Ameliorates Diet-Induced Visceral
Obesity and Insulin Resistance. J. Am. Hear. Assoc. 2017, 6, e004488. [CrossRef] [PubMed]

15. Xu, P.; Costa-Goncalves, A.C.; Todiras, M.; Rabelo, L.A.; Sampaio, W.O.; Moura, M.M.; Santos, S.S.; Luft, F.C.; Bader, M.; Gross, V.;
et al. Endothelial dysfunction and elevated blood pressure in MAS gene-deleted mice. Hypertension 2008, 51, 574–580. [CrossRef]

16. Mahmood, I.H.; Abed, M.N.; Merkhan, M.M. Effects of blocking of angiotensin system on the prevalence of metabolic syndrome
in type 2 diabetic patients. Pak. J. Med. Sci. 2013, 29, 140–143.

17. Silva, A.R.; Aguilar, E.C.; Alvarez-Leite, J.I.; da Silva, R.F.; Arantes, R.M.; Bader, M.; Alenina, N.; Pelli, G.; Lenglet, S.; Galan, K.;
et al. Mas receptor deficiency is associated with worsening of lipid profile and severe hepatic steatosis in ApoE-knockout mice.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R1323–R1330. [CrossRef]

18. Nunes-Souza, V.; Alenina, N.; Qadri, F.; Penninger, J.M.; Santos, R.A.S.; Bader, M.; Rabelo, L.A. CD36/Sirtuin 1 Axis Impairment
Contributes to Hepatic Steatosis in ACE2-Deficient Mice. Oxidative Med. Cell. Longev. 2016, 2016, 6487509. [CrossRef]

19. Österreicher, C.H.; Taura, K.; De Minicis, S.; Seki, E.; Penz-Österreicher, M.; Kodama, Y.; Kluwe, J.; Schuster, M.; Oudit, G.Y.;
Penninger, J.M.; et al. Angiotensin-converting-enzyme 2 inhibits liver fibrosis in mice. Hepatology 2009, 50, 929–938. [CrossRef]

20. Verma, A.; Shan, Z.; Lei, B.; Yuan, L.; Liu, X.; Nakagawa, T.; Grant, M.B.; Lewin, A.S.; Hauswirth, W.W.; Raizada, M.K.; et al. ACE2 and
Ang-(1-7) confer protection against development of diabetic retinopathy. Mol. Ther. J. Am. Soc. Gene Ther. 2012, 20, 28–36. [CrossRef]

21. Imai, Y.; Kuba, K.; Rao, S.; Huan, Y.; Guo, F.; Guan, B.; Yang, P.; Sarao, R.; Wada, T.; Leong-Poi, H.; et al. Angiotensin-converting
enzyme 2 protects from severe acute lung failure. Nature 2005, 436, 112–116. [CrossRef] [PubMed]

22. Rabelo, L.A.; Todiras, M.; Nunes-Souza, V.; Qadri, F.; Szijártó, I.A.; Gollasch, M.; Penninger, J.M.; Bader, M.; Santos, R.A.; Alenina,
N. Genetic Deletion of ACE2 Induces Vascular Dysfunction in C57BL/6 Mice: Role of Nitric Oxide Imbalance and Oxidative
Stress. PLoS ONE 2016, 11, e0150255. [CrossRef]

23. Hashimoto, T.; Perlot, T.; Rehman, A.; Trichereau, J.; Ishiguro, H.; Paolino, M.; Sigl, V.; Hanada, T.; Hanada, R.; Lipinski, S.; et al.
ACE2 links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 2012, 487, 477–481. [CrossRef]

24. Rentzsch, B.; Todiras, M.; Iliescu, R.; Popova, E.; Campos, L.A.; Oliveira, M.L.; Baltatu, O.C.; Santos, R.A.; Bader, M. Transgenic
angiotensin-converting enzyme 2 overexpression in vessels of SHRSP rats reduces blood pressure and improves endothelial
function. Hypertension 2008, 52, 967–973. [CrossRef]

25. Patel, V.B.; Bodiga, S.; Basu, R.; Das, S.K.; Wang, W.; Wang, Z.; Lo, J.; Grant, M.B.; Zhong, J.; Kassiri, Z.; et al. Loss of angiotensin-
converting enzyme-2 exacerbates diabetic cardiovascular complications and leads to systolic and vascular dysfunction: A critical
role of the angiotensin II/AT1 receptor axis. Circ. Res. 2012, 110, 1322–1335. [CrossRef]

26. Oudit, G.Y.; Liu, G.C.; Zhong, J.; Basu, R.; Chow, F.L.; Zhou, J.; Loibner, H.; Janzek, E.; Schuster, M.; Penninger, J.M.; et al. Human
recombinant ACE2 reduces the progression of diabetic nephropathy. Diabetes 2010, 59, 529–538. [CrossRef] [PubMed]

27. Singer, D.; Camargo, S.M.; Ramadan, T.; Schäfer, M.; Mariotta, L.; Herzog, B.; Huggel, K.; Wolfer, D.; Werner, S.; Penninger, J.M.; et al.
Defective intestinal amino acid absorption in Ace2 null mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 303, G686–G695. [CrossRef]

28. Klempin, F.; Mosienko, V.; Matthes, S.; Villela, D.C.; Todiras, M.; Penninger, J.M.; Bader, M.; Santos, R.A.; Alenina, N. Depletion of
angiotensin-converting enzyme 2 reduces brain serotonin and impairs the running-induced neurogenic response. Cell Mol. Life
Sci. 2018, 75, 3625–3634. [CrossRef]

29. Crane, J.D.; Palanivel, R.; Mottillo, E.P.; Bujak, A.L.; Wang, H.; Ford, R.J.; Collins, A.; Blümer, R.M.; Fullerton, M.D.; Yabut, J.M.;
et al. Inhibiting peripheral serotonin synthesis reduces obesity and metabolic dysfunction by promoting brown adipose tissue
thermogenesis. Nat. Med. 2015, 21, 166–172. [CrossRef]

30. Oh, C.M.; Namkung, J.; Go, Y.; Shong, K.E.; Kim, K.; Kim, H.; Park, B.Y.; Lee, H.W.; Jeon, Y.H.; Song, J.; et al. Regulation of
systemic energy homeostasis by serotonin in adipose tissues. Nat. Commun. 2015, 6, 6794. [CrossRef] [PubMed]

https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1002/oby.22913
https://doi.org/10.1371/journal.pone.0236240
https://doi.org/10.1186/s12933-021-01275-w
https://doi.org/10.1016/j.cmet.2022.04.009
https://www.ncbi.nlm.nih.gov/pubmed/35561674
https://doi.org/10.1038/s41569-018-0097-6
https://www.ncbi.nlm.nih.gov/pubmed/30287946
https://doi.org/10.1161/JAHA.116.004488
https://www.ncbi.nlm.nih.gov/pubmed/28264860
https://doi.org/10.1161/HYPERTENSIONAHA.107.102764
https://doi.org/10.1152/ajpregu.00249.2013
https://doi.org/10.1155/2016/6487509
https://doi.org/10.1002/hep.23104
https://doi.org/10.1038/mt.2011.155
https://doi.org/10.1038/nature03712
https://www.ncbi.nlm.nih.gov/pubmed/16001071
https://doi.org/10.1371/journal.pone.0150255
https://doi.org/10.1038/nature11228
https://doi.org/10.1161/HYPERTENSIONAHA.108.114322
https://doi.org/10.1161/CIRCRESAHA.112.268029
https://doi.org/10.2337/db09-1218
https://www.ncbi.nlm.nih.gov/pubmed/19934006
https://doi.org/10.1152/ajpgi.00140.2012
https://doi.org/10.1007/s00018-018-2815-y
https://doi.org/10.1038/nm.3766
https://doi.org/10.1038/ncomms7794
https://www.ncbi.nlm.nih.gov/pubmed/25864946


Int. J. Mol. Sci. 2024, 25, 9515 20 of 20

31. Nunes-Souza, V.; Cesar-Gomes, C.J.; Da Fonseca, L.J.; Guedes Gda, S.; Smaniotto, S.; Rabelo, L.A. Aging Increases Susceptibility
to High Fat Diet-Induced Metabolic Syndrome in C57BL/6 Mice: Improvement in Glycemic and Lipid Profile after Antioxidant
Therapy. Oxidative Med. Cell. Longev. 2016, 2016, 1987960. [CrossRef] [PubMed]

32. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef] [PubMed]

33. Gao, M.; Piernas, C.; Astbury, N.M.; Hippisley-Cox, J.; O’Rahilly, S.; Aveyard, P.; AJebb, S. Associations between body-mass
index and COVID-19 severity in 6.9 million people in England: A prospective, community-based, cohort study. Lancet Diabetes
Endocrinol. 2021, 9, 350–359. [CrossRef]

34. Gupte, M.; Boustany-Kari, C.M.; Bharadwaj, K.; Police, S.; Thatcher, S.; Gong, M.C.; English, V.L.; Cassis, L.A. ACE2 is expressed
in mouse adipocytes and regulated by a high-fat diet. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R781–R788. [CrossRef]

35. Cai, Z.; Fang, L.; Jiang, Y.; Liang, M.; Wang, J.; Shen, Y.; Wang, Z.; Liang, F.; Huo, H.; Pan, C.; et al. Angiotensin II Promotes White
Adipose Tissue Browning and Lipolysis in Mice. Oxidative Med. Cell. Longev. 2022, 2022, 6022601. [CrossRef] [PubMed]

36. Nunes-Souza, V.; Dias-Júnior, N.M.; Eleutério-Silva, M.A.; Ferreira-Neves, V.P.; Moura, F.A.; Alenina, N.; Bader, M.; Rabelo, L.A.
3-Amino-1,2,4-Triazole Induces Quick and Strong Fat Loss in Mice with High Fat-Induced Metabolic Syndrome. Oxidative Med.
Cell. Longev. 2020, 2020, 3025361. [CrossRef]

37. Rodriguez, A.; Ezquerro, S.; Mendez-Gimenez, L.; Becerril, S.; Fruhbeck, G. Revisiting the adipocyte: A model for integration of
cytokine signaling in the regulation of energy metabolism. Am. J. Physiol. Endocrinol. Metab. 2015, 309, E691–E714. [CrossRef]

38. Luo, L.; Liu, M. Adipose tissue in control of metabolism. J. Endocrinol. 2016, 231, R77–R99. [CrossRef]
39. Airaksinen, K.; Jokkala, J.; Ahonen, I.; Auriola, S.; Kolehmainen, M.; Hanhineva, K.; Tiihonen, K. High-Fat Diet, Betaine, and

Polydextrose Induce Changes in Adipose Tissue Inflammation and Metabolism in C57BL/6J Mice. Mol. Nutr. Food Res. 2018, 62,
e1800455. [CrossRef]

40. Gavrila, A.; Chan, J.L.; Yiannakouris, N.; Kontogianni, M.; Miller, L.C.; Orlova, C.; Mantzoros, C.S. Serum adiponectin levels are
inversely associated with overall and central fat distribution but are not directly regulated by acute fasting or leptin administration
in humans: Cross-sectional and interventional studies. J. Clin. Endocrinol. Metab. 2003, 88, 4823–4831. [CrossRef]

41. Yamauchi, T.; Kamon, J.; Waki, H.; Terauchi, Y.; Kubota, N.; Hara, K.; Mori, Y.; Ide, T.; Murakami, K.; Tsuboyama-Kasaoka, N.;
et al. The fat-derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity. Nat. Med.
2001, 7, 941–946. [CrossRef]

42. Maeda, N.; Shimomura, I.; Kishida, K.; Nishizawa, H.; Matsuda, M.; Nagaretani, H.; Furuyama, N.; Kondo, H.; Takahashi, M.;
Arita, Y.; et al. Diet-induced insulin resistance in mice lacking adiponectin/ACRP30. Nat. Med. 2002, 8, 731–737. [CrossRef]
[PubMed]

43. Combs, T.P.; Pajvani, U.B.; Berg, A.H.; Lin, Y.; Jelicks, L.A.; Laplante, M.; Nawrocki, A.R.; Rajala, M.W.; Parlow, A.F.; Cheeseboro,
L.; et al. A transgenic mouse with a deletion in the collagenous domain of adiponectin displays elevated circulating adiponectin
and improved insulin sensitivity. Endocrinology 2004, 145, 367–383. [CrossRef]

44. Rosenbaum, M.; Nicolson, M.; Hirsch, J.; Heymsfield, S.B.; Gallagher, D.; Chu, F.; Leibel, R.L. Effects of gender, body composition,
and menopause on plasma concentrations of leptin. J. Clin. Endocrinol. Metab. 1996, 81, 3424–3427. [PubMed]

45. Kelesidis, T.; Kelesidis, I.; Chou, S.; Mantzoros, C.S. Narrative review: The role of leptin in human physiology: Emerging clinical
applications. Ann. Intern. Med. 2010, 152, 93–100. [CrossRef] [PubMed]

46. Fitzsimons, J.T. Angiotensin, thirst, and sodium appetite. Physiol. Rev. 1998, 78, 583–686. [CrossRef]
47. Jayasooriya, A.P.; Mathai, M.L.; Walker, L.L.; Begg, D.P.; Denton, D.A.; Cameron-Smith, D.; Egan, G.F.; McKinley, M.J.; Rodger,

P.D.; Sinclair, A.J.; et al. Mice lacking angiotensin-converting enzyme have increased energy expenditure, with reduced fat mass
and improved glucose clearance. Proc. Natl. Acad. Sci. USA 2008, 105, 6531–6536. [CrossRef]

48. Bailey-Downs, L.C.; Tucsek, Z.; Toth, P.; Sosnowska, D.; Gautam, T.; Sonntag, W.E.; Csiszar, A.; Ungvari, Z. Aging exacerbates
obesity-induced oxidative stress and inflammation in perivascular adipose tissue in mice: A paracrine mechanism contributing to
vascular redox dysregulation and inflammation. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2013, 68, 780–792. [CrossRef]

49. Silva RA, P.; Chu, Y.; Miller, J.D.; Mitchell, I.J.; Penninger, J.M.; Faraci, F.M.; Heistad, D.D. Impact of ACE2 deficiency and
oxidative stress on cerebrovascular function with aging. Stroke 2012, 43, 3358–3363. [CrossRef]

50. Takeda, M.; Yamamoto, K.; Takemura, Y.; Takeshita, H.; Hongyo, K.; Kawai, T.; Hanasaki-Yamamoto, H.; Oguro, R.; Takami, Y.;
Tatara, Y.; et al. Loss of ACE2 exaggerates high-calorie diet-induced insulin resistance by reduction of GLUT4 in mice. Diabetes
2013, 62, 223–233. [CrossRef]

51. Niu, M.J.; Yang, J.K.; Lin, S.S.; Ji, X.J.; Guo, L.M. Loss of angiotensin-converting enzyme 2 leads to impaired glucose homeostasis
in mice. Endocrine 2008, 34, 56–61. [CrossRef] [PubMed]

52. Blume, C.; Jackson, C.L.; Spalluto, C.M.; Legebeke, J.; Nazlamova, L.; Conforti, F.; Perotin, J.-M.; Frank, M.; Butler, J.; Crispin, M.;
et al. A novel ACE2 isoform is expressed in human respiratory epithelia and is upregulated in response to interferons and RNA
respiratory virus infection. Nat. Genet 2021, 53, 205–214. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1155/2016/1987960
https://www.ncbi.nlm.nih.gov/pubmed/27057272
https://doi.org/10.1016/0003-2697(76)90527-3
https://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1016/S2213-8587(21)00089-9
https://doi.org/10.1152/ajpregu.00183.2008
https://doi.org/10.1155/2022/6022601
https://www.ncbi.nlm.nih.gov/pubmed/35799891
https://doi.org/10.1155/2020/3025361
https://doi.org/10.1152/ajpendo.00297.2015
https://doi.org/10.1530/JOE-16-0211
https://doi.org/10.1002/mnfr.201800455
https://doi.org/10.1210/jc.2003-030214
https://doi.org/10.1038/90984
https://doi.org/10.1038/nm724
https://www.ncbi.nlm.nih.gov/pubmed/12068289
https://doi.org/10.1210/en.2003-1068
https://www.ncbi.nlm.nih.gov/pubmed/8784109
https://doi.org/10.7326/0003-4819-152-2-201001190-00008
https://www.ncbi.nlm.nih.gov/pubmed/20083828
https://doi.org/10.1152/physrev.1998.78.3.583
https://doi.org/10.1073/pnas.0802690105
https://doi.org/10.1093/gerona/gls238
https://doi.org/10.1161/STROKEAHA.112.667063
https://doi.org/10.2337/db12-0177
https://doi.org/10.1007/s12020-008-9110-x
https://www.ncbi.nlm.nih.gov/pubmed/18956256
https://doi.org/10.1038/s41588-020-00759-x
https://www.ncbi.nlm.nih.gov/pubmed/33432184

	Introduction 
	Results 
	ACE2 Deficiency Decreases White Fat Depots and the Susceptibility to High-Fat Diet-Induced Obesity 
	ACE2 Deficiency Improved Glucose Control and Insulin Signaling 
	ACE2 Deficiency Leads to Impairment in Energy Balance 
	ACE2 Deficiency Did Not Alter Antioxidant Enzyme Activity in WAT 

	Discussion 
	Materials and Methods 
	Animals and Experimental Procedures 
	Glucose Tolerance and Insulin Sensitivity Tests 
	Metabolic Cage System 
	Body Composition Analysis 
	Lipolysis In Vivo and In Vitro 
	Euthanasia and Ex Vivo Experiments 
	Biochemical Analyses 
	Superoxide Dismutase (SOD) and Catalase (CAT) Activities 
	Adipose Tissue Histological Analysis 
	Quantitative Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

