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A B S T R A C T   

The Spike glycoprotein of SARS-CoV-2, the virus responsible for coronavirus disease 2019, binds to its ACE2 
receptor for internalization in the host cells. Elderly individuals or those with subjacent disorders, such as obesity 
and diabetes, are more susceptible to COVID-19 severity. Additionally, several SARS-CoV-2 variants appear to 
enhance the Spike-ACE2 interaction, which increases transmissibility and death. Considering that the fruit fly is a 
robust animal model in metabolic research and has two ACE2 orthologs, Ance and Acer, in this work, we studied 
the effects of two hypercaloric diets (HFD and HSD) and aging on ACE2 orthologs mRNA expression levels in 
Drosophila melanogaster. To complement our work, we analyzed the predicted binding affinity between the Spike 
protein with Ance and Acer. We show for the first time that Ance and Acer genes are differentially regulated and 
dependent on diet and age in adult flies. At the molecular level, Ance and Acer proteins exhibit the potential to 
bind to the Spike protein in different regions, as shown by a molecular docking approach. Acer, in particular, 
interacts with the Spike protein in the same region as in humans. Overall, we suggest that the D. melanogaster is a 
promising animal model for translational studies on COVID-19 associated risk factors and ACE2.   

1. Introduction 

Obesity, diabetes mellitus (DM), and elderly individuals are associ-
ated with increased susceptibility to infection and progression of Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), responsible 
for the coronavirus disease 2019 (COVID-19). After the first detection in 
Wuhan, China, it quickly spread worldwide and was declared a 
pandemic by the World Health Organization (WHO) [1–5]. The entry of 
SARS-CoV-2 into the host cell is through its binding to the angiotensin- 
converting enzyme 2 (ACE2), similar to the previous coronavirus SARS- 
CoV [5–9]. ACE2 and its angiotensin-converting enzyme (ACE) homo-
logue perform as a significant component of the renin-angiotensin- 
aldosterone system (RAAS), a dynamic system in vascular function, 
blood pressure, and immune response regulation. The enzymatic activity 
of ACE2 is associated with the degradation of Angiotensin II (Ang II) to 

Angiotensin 1-7 (Ang 1-7), stimulating vasodilation and anti- 
inflammatory effects and, to a lesser extent, cleaving Angiotensin I 
(Ang I) to Angiotensin 1-9 (Ang 1-9). Adversely, ACE converts Ang I to 
Ang II, a potent vasoconstrictor and pro-inflammatory agent [5–7]. 

Initially, higher ACE2 protein levels were considered the main cause 
of the susceptibility to SARS-CoV-2 infection [5,8,10]. However, con-
flicting data show that patients with COVID-19 complications also had 
an increased pro-inflammatory profile and reduced ACE2 baseline levels 
associated with upregulation of Ang II and downregulation of Ang-(1-7) 
levels [7,8]. Among the available hypothesis, it is thought that people in 
the risk group have an imbalance between ACE and ACE2 activity that 
leads to pro-inflammatory responses, predisposing them to cytokine 
storm syndrome [8]. Furthermore, the quickly SARS-CoV-2 propagation 
has triggered mutations in its genetic code at a fast rate: studies based on 
genome sequencing have identified at least 13 coronavirus variants 
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[11,12]. To date, it is known that most mutations occur in the Spike 
protein, and some of the variants are more transmissible and lethal than 
others [11,13]. The lack of knowledge about COVID-19 variants and the 
relationship of the RAAS system underscores the need for continued 
RAAS system research, especially on the most vulnerable groups of 
individuals. 

The fruit fly Drosophila melanogaster is a model organism with wide 
availability of genetic tools, high similarity of virus pathways compared 
to vertebrates, and the possibility of therapeutic drug discovery 
[6,14,15]. Remarkably, D. melanogaster expresses two catalytic ortho-
logs of ACE and ACE2, the angiotensin-converting enzyme (Ance) and 
angiotensin-converting enzyme related (Acer) [6,16]. For this reason, 
the fruit fly has been discussed in several reviews as a potential animal 
model for COVID-19 research [6,14,17], although, it has been over-
looked in experimental COVID-19 research so far. Therefore, in the 
present study, we investigated the Ance and Acer mRNA expression 
levels in fruit fly models of obesity/DM and aging, that reproduce risk 
factors for COVID-19. Additionally, we analyzed the Ance and Acer 
proteins’ binding affinity with the SARS-CoV-2 Spike protein by mo-
lecular docking. In this way, this investigation helps to elucidate the 
relationship between the COVID-19 risk groups and the RAAS system 
and the possibility of using this organism for in vivo and ex vivo studies 
related to COVID-19 and other coronaviruses. 

2. Methods and materials 

2.1. Flies and housing 

In this study, we used the Oregon-R wild-type strain of 
D. melanogaster (female and male), maintained in an incubator at a 
constant temperature (25 ◦C) with 40–55 % humidity and a 12:12 h 
light-dark photoperiod. Adult flies were collected at 0–3 days of age 
(post-eclosion) and transferred to a separate vial containing the different 
experimental diets for three or forty days, depending on the group. At 
the end of each protocol, flies were anesthetized on ice and weighed (n 
= 5). 

2.1.1. Obesity and diabetes model 
To induce obesity and DM in flies, we used two food diets: the high- 

fat diet (HFD) and the high-sugar diet (HSD), as illustrated in Table 1. 
Based on previous studies, the diets contain 30 % of margarine and 30 % 
of sucrose, respectively [18–20]. The experimental tests were performed 
after three days. To validate our models, we performed the analysis of 
body weight, glucose and triglyceride amount, as well as InR and dilp5 
mRNA expression levels, two markers of insulin resistance. 

2.1.2. Aging model 
The aging flies used in this work had 40 days old (post-eclosion) and 

were transferred into a new food (CD) every two days, separated by sex 
[21]. 

2.2. Triglyceride, glucose, and protein measurements 

After three days of exposure to the diets, we separated five whole 

flies and prepared them as described by Tennessen et al. [22]. We used 
the Serum Triglyceride Determination Kit (Sigma-Aldrich, Saint Louis, 
MO) and the Glucose GO Assay Kit (Sigma-Aldrich, Saint Louis, MO) to 
measure triglycerides (TAG) and glucose levels according to the manu-
facturer’s instructions. Approximately 20–30 flies were used for hemo-
lymph TAG and glucose levels analysis, as described by Ecker et al. [20], 
with a few modifications: Flies were left without food for at least 2 h 
before TAG and glucose level analysis. For hemolymph extraction, the 
samples were frozen 2× in nitrogen liquid and centrifuged at 13,000 
rpm for 10 min at 4 ◦C. We measured spectrophotometrically at 540 nm. 
Although Hildebrandt et al. [23] demonstrate that absorbance at 540 nm 
does not detect eye pigment color, we performed a blank (no color re-
agent) for each sample. All tests were normalized with the respective 
homogenate protein concentrations as determined by the Bradford [24] 
method, using bovine serum albumin as the standard. 

2.3. Climbing assay 

The locomotion of D. melanogaster was determined using the climb-
ing test described previously by Jimenez-Del-Rio et al. [25] with some 
modifications. Groups of 10 flies were anesthetized on the ice during 
1–2 min to immobilization and transferred to glass tubes (length, 20 cm; 
diameter, 2 cm). After 30 min at room temperature (25 ◦C) for recovery, 
the flies were gently tapped to the bottom of the tube and allowed to 
climb up for 10 s. Climbing ability was determined as the average height 
reached by flies in each tube, and results were expressed as the mean of 
trials repeated three times at 1-minute intervals. 

2.4. RNA isolation and RT-PCR 

Whole bodies of 20 flies per group (CD, HFD, HSD, and aging sepa-
rated by sex) were used to measure InR, dilp5, Ance, Acer, and β-Actin 
mRNA expression levels by the real-time reverse transcription- 
polymerase chain reaction (RT-PCR). Total RNA was extracted using 
TRIzol (Invitrogen, Brazil), according to the manufacturer’s in-
structions. The quantification was performed using NanoDrop™ 2000/ 
2000c Spectrophotometer (Thermo Fisher Scientific) and analyzed with 
the Desjardins and Conklin [26] protocol. For RNA purification, we 
treated the samples with DNase I (Invitrogen, Brazil), and synthesized 
cDNA with the Applied Biosystems™ High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific). Subsequently, we used a 
thermocycler (Applied Biosystems) to incubate the samples according to 
the manufacturer’s instructions. RT-PCR was performed with 5 μL of 
PowerUp SYBR Green MasterMix (Thermo Fisher Scientific), 4.4 μL of a 
sample containing 100 ng/μL of cDNA, 0.3 μL of forward and reverse 
primer [30 μM], and 0.3 μL of DEPC-treated water. StepOnePlus Real- 
Time PCR System (Applied Biosystems) was used to load the samples, 
with the following cycling protocol: 2 min at 50 ◦C, 2 min at 95 ◦C 
finished by 40 cycles of 15 s at 95 ◦C, and 1 min at 60 ◦C. Melting curve 
analysis (15 s at 95 ◦C and 1 min at 60 ◦C) was used to determine specific 
amplification products and the possible formation of primer dimers. We 
analyzed all samples as triplicates with negative control and manually 
determined the CT (cycle threshold) value using StepOne Software v2.3 
(Applied Biosystems, NY). We utilized the 2^-DDCT [27] method to 
calculate mRNA normalization with the β-Actin mRNA expression levels. 

2.5. Primers design 

Forward and reverse primers were designed using National Center 
for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih. 
gov/), BLAT - UCSC Genome Browser (https://genome.ucsc.edu/cgi-b 
in/hgBlat) and OligoAnalyzer™ Tool (https://www.idtdna.com/pag 
es/tools/oligoanalyzer). The primers’ sequences are shown in Table 2. 

Table 1 
Content and energetic value of control (CD), aging, high-fat (HFD), and high- 
sugar (HSD) diet.  

Ingredients CD and Aging HFD HSD 

Agar (g) 1.5 1.5 1.5 
Sucrose (g) 5 5 30 
Yeast (g) 10 10 10 
Margarine (g) 0 30 0 
Nipagin 10 % (mL) 3 3 3 
Propionic acid (mL) 0.3 0.3 0.3 
Total kcal 58.3 274.3 158.3  
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2.6. Molecular docking 

We use protein docking to predict protein-protein binding affinities 
between Ance and Acer proteins and Spike protein. The binding models 
were generated by ClusPro 2.0 protein-protein docking server [28,29] 
and studied using PyMol software (https://pymol.org). ClusPro follows 
three computational steps: (i) rigid-body docking using the fast Fourier 
transform (FFT) correlation approach, (ii) root mean square deviation 
(RMSD)-based clustering to find the largest cluster that will represent 
the likely models of the complex and (iii) refinement of selected struc-
tures. We chose the Spike protein PDB ID 6VSB [30] and the Ance PDB 
ID IJ36 [31] to perform the docking analysis. Nevertheless, Acer crys-
tallographic structure is not available in the Protein Data Bank. Hence, 
we use the Acer 3D structure predicted by Alpha Fold (https://alphafold. 
ebi.ac.uk/entry/Q9VLJ6) [32]. We remove unstructured terminal resi-
dues from all proteins and predict complexes considering four scoring 
schemes: (i) balanced, (ii) electrostatic-favored, (iii) hydrophobic- 
favored, and (iv) van der Waals + electrostatics. The protein complex 
of the largest cluster from the balanced scoring schema was used for 
further analysis. 

2.7. Data analysis 

Statistical analysis was done using an unpaired t-test. Concerning 
comparison between treatments, a one-way analysis of variance 
(ANOVA) followed by a Tukey comparisons test was used. For com-
parisons between treatment and sex, a two-way ANOVA was performed, 
followed by Sidak’s multiple comparisons test. The correlation was 
analyzed by Pearson’s correlation coefficients. The normality of data 
and homogeneity of variances were analyzed using the Shapiro-Wilk 
test, and results were expressed as means ± standard error of means 
(S.E.M.). The data were analyzed using GraphPad Prism 8.0 (GraphPad 
Software, San Diego California USA, www.graphpad.com), and all sig-
nificances were set at p ≤ 0.05. 

3. Results and discussion 

Epidemiological studies of COVID-19 revealed that individuals with 
obesity, DM, and advanced age have a higher susceptibility to severe 
infections and mortality [1,3,4]. In addition, obesity and DM are major 
public health concerns affecting >650 million people worldwide and are 
known to alter the RAAS system, often treated with ACE inhibitors 
(ACEI) [8,10,33]. In this context, the present work aimed to investigate 
risk factors for COVID-19 and ACE/ACE2 through a translational study 
using the fruit fly as an organism model. It is well-reported that the main 
metabolic pathways that regulate energy homeostasis are highly 
conserved in the fruit fly. For example, a high lipid or sugar content in 
fruit fly food could induce hyperlipidemia, hyperglycemia, body weight 
gain, and insulin resistance, like in humans [18,34–36]. Concerning the 
food composition of fruit flies, such as types and concentrations of in-
gredients, there is a high variability in previous animal studies 
[18,20,21,34]. Therefore, the first step was to standardize two diets to 

induce obesity and DM in adult D. melanogaster based on previous 
studies with high content of lipids and sugar [18,20,21]. Since we 
intended to investigate the Ance and Acer mRNA expression levels in 
three groups (high fat, high sugar, and aging), we used the same dietary 
basis for all models. 

It is noteworthy that typical obesity models use coconut oil as a fat 
source [34,36]. However, many flies did not survive when we used this 
substance due to coconut oil making the medium less homogeneous and 
more humid (data not shown). Nevertheless, considering a prior study 
by Musselman et al. [18] that utilized hydrogenated shortening as a fat 
source, we tested margarine, a similar ingredient. Concerning sugar, we 
chose sucrose since it is the most common sugar and is used in our 
control diet (CD), based on D. melanogaster aging studies [19]. Also, we 
used an equal feed period for HFD and HSD, aiming to prevent a possible 
interfering factor in the results. To analyze diets efficacy, we: (i) 
weighed the fruit flies; (ii) analyzed glucose and triglyceride amount in 
the total body also hemolymph; and then (iii) evaluated the insulin re-
ceptor (InR) and Drosophila insulin-like peptide 5 (dilp5) mRNA 
expression levels, two essential genes involved in the metabolic insulin 
signaling pathway. 

3.1. Diets models produce obesity and diabetes phenotypes 

In humans, obesity is defined as an excessive body fat accumulation, 
and the most common parameter employed for its diagnosis is the Body 
Mass Index (BMI). Generally, obesity is associated with an elevated risk 
of developing metabolic abnormalities, including DM, characterized by 
high sugar blood concentrations [35]. At the onset, as obesity and DM 
parameters, we investigated the effects of HFD and HSD on weight, 
stored fat (triglycerides), and glucose levels. Both diets produced weight 
gain in females (Fig. 1A) and male flies (Fig. 1B). Other previous studies 
with HFD and HSD displayed an increased fly body mass [34,37]. 

Regarding the effects of HFD and HSD on glucose and triglyceride 
levels, no significant change in glucose total body levels was observed 
(Fig. 2A and B). However, there was an increase up to three times in 
glucose when assessed in the hemolymph, most significantly for flies on 
HSD (Fig. 2C and D). The factor that may have contributed to this result 
is on account of lipids are less efficiently converted into glucose 
compared to sucrose [38]. Moreover, we found an increase in the TAG 
levels in the total body (Fig. 2E and F) and hemolymph (Fig. 2G and H) 
of all groups. Earlier studies with high-fat and high-sugar diets also 
showed hyperlipidemia and hyperglycemia in adult fruit flies 
[18,20,34,36]. These results support the efficacy of HFD and HSD to 
induce obesity/DM in flies. 

3.2. Aging flies reduced locomotion 

The lifespan of wild-type flies at 25 ◦C is approximately 60 days [39]. 
Despite the short life span, the survival curves of D. melanogaster include 
the “youth” period (0–30 days) with a low mortality rate, the “old age” 
period (30–60 days) when the survival rate starts to drop rapidly, and 
“extreme old age” period (60–80 days) [39,40]. In vertebrates, aging is 
associated with several age-related functional deficits, such as locomo-
tor impairments [25,40,41]. It is well established that flies exhibit age- 
dependent locomotor dysfunction, measured through the climbing 
ability. The climbing assay takes advantage of fruit flies negative 
geotaxis, a natural tendency to climb upwards against gravity [25,40]. 
Since locomotor behavior naturally decreases with age, we analyze the 
climbing behavior of the D. melanogaster at 3, 20, 30, and 40 days old, as 
a marker of aging. As expected, the climbing capacity steadily decreased 
in older flies: nearly 70 % at 30 days and 80 % at 40 days lower climbing 
activity than in the youngest flies (3 and 20 days) in both sexes (Fig. 3). 
This pattern agrees with the findings of earlier studies, which used the 
geotaxis behavior of flies to demonstrate the decreasing capacity of 
aging flies to climb vertical walls indicating locomotor deficits [40,41]. 

Table 2 
Primer sequences.  

Gene  Primer Sequence 

InR Forward GTTCGTCGTGCGGAAAATCA 
Reverse CATTCACGAAATGCTGGGGC 

dilp5 Forward GCGGATTTGGATAGCTCCGA 
Reverse AAAGGAACACGATTTGCGGC 

Ance Forward CGGTCACGTTCGATTGGTTG 
Reverse GGTTACCGCCAAAGTAGCCA 

Acer Forward ACTCGCGCAGCAGATAAAGCT 
Reverse CCCAATTTGGATAGGTGCTCG 

β-Actin Forward TCGATCATGAAGTGCGACGT 
Reverse ACCGATCCAGACGGAGTACT  

T. Duarte et al.                                                                                                                                                                                                                                  

https://pymol.org
https://alphafold.ebi.ac.uk/entry/Q9VLJ6
https://alphafold.ebi.ac.uk/entry/Q9VLJ6
http://www.graphpad.com


BBA - Molecular Basis of Disease 1868 (2022) 166551

4

3.3. High fat and sugar diets disrupt the insulin pathway 

The adipose fly body is a multifunctional organ involved in hormone 
secretion, with functional similarities to the vertebrate liver and adipose 
tissue [42]. Therefore, it also regulates nutrient-sensitive hormones, 
including insulin [18]. Insulin is an anabolic hormone stimulated by 
increased blood glucose, with action in skeletal muscle, liver, and 

adipose tissue. Hyperglycemia and hypertriglyceridemia shown in our 
work (Fig. 2C, D, E, F, G, and H) could lead to failure to secrete or 
recognize this hormone [8]. The insulin receptor (IR) is responsible for 
recognizing insulin or insulin-like peptides (ILPs) [43]. Despite some 
differences, vertebrate and invertebrate IR are equivalent and activated 
by similar mechanisms. In the fruit flies, the insulin receptor is the 
insulin-like receptor (InR). While vertebrates have only one gene 

Fig. 1. HFD and HSD induces weight gain and aging 
decreases locomotion. (A) adult females and (B) adult 
males (n = 15–20 per experimental group). Errors 
bars indicated means ± S.E.M. Significance between 
values for each experimental group and control was 
determinate with a t-test (Fig. 1A and B). Significance 
between relative abundance values was determined 
with a two-way analysis of variance (ANOVA) fol-
lowed by Sidak’s multiple comparisons test (Fig. 1C), 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001 and 
**** = p < 0.0001.   

Fig. 2. Effects of HFD and HSD on triglycerides and glucose levels. Measures of TAG levels in total body on (A) females and (B) males, TAG levels in hemolymph of 
(C) females and (D) males, glucose levels in the total body of (E) females and (F) males, glucose levels in hemolymph of (G) females and (H) males (n = 3 per 
experimental group). Errors bars indicated means ± S.E.M. Significance between values for each experimental group and control was determinate with a t-test, * = p 
< 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001. 

T. Duarte et al.                                                                                                                                                                                                                                  
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responsible for insulin production, the D. melanogaster genome encodes 
eight insulin-like peptides (Ilp1–8). Ilp1–7 interacts with only one InR, 
and among them, Ilp2–3 and 5 have particular importance for glycemic 
control due to acting similarly to human insulin [18,43,44]. 

To investigate HFD and HSD’s role in nutrient-sensitive responses, 
we measured the InR e dilp5 mRNA expression levels by RT-PCR. Both 
diets showed a decrease in the two genes, except for females fed with 
HSD, with a significant 2-fold difference in HFD compared to HSD for 
InR in males and dilp5 in females (Fig. 4). Previous studies with HFD and 
HSD in adult flies demonstrated reduced insulin/insulin-like signaling 
(IIS), including InR and dilp5 [37,42]. This IIS dysfunction induced by 
diets in flies resembles the corresponding pathway dysregulations in 
obese and diabetic humans, which occurs as a depletion in the insulin 
receptors, associated with insulin resistance [8,44]. Consistent with the 
literature, our data suggest that the HFD and HSD tested in this work are 

suitable models for obesity and DM studies. 

3.4. Risk groups from COVID-19 alter differently Ance and Acer genes 
expression 

In humans, the ACE gene encodes two proteins with homologous 
domains: ACE and ACE2. On the other hand, D. melanogaster has six Ace 
genes encoding ACE orthologs, of which only Ance and Acer genes 
encode for proteins predicted to have zinc-metallopeptidase activity 
[16,45]. This feature makes Acer and Ance proteins similar to 
mammalian ACE and ACE2, thus classifying them as “ACE-like enzymes” 
[6]. ACE is a widely prescribed target of many antihypertensive drugs, 
while the ACE2 potential as a therapeutic target has only recently 
emerged given its involvement as a receptor for coronaviruses, including 
SARS-CoV-2 [6,9]. Through its function in the RAAS system, ACE2 plays 
a dual role in COVID-19 infections: as a receptor for the virus and an 
anti-inflammatory protective molecule. There is significant controversy 
about whether ACE2 overexpression would facilitate infection or restrict 
the disease process manifestations. Thus, positive or negative ACE2 
regulation can have adverse consequences for the body. Changes in the 
ACE2 mRNA expression level and its regulatory mechanism before and 
after Spike protein binding to the ACE2 receptor remain unclear. 
Therefore, it is crucial to investigate the ACE and ACE2 mRNA expres-
sion levels and their relationship with coronavirus transmission and 
infection pathways to understand the pathogenesis and treatment op-
tions for COVID-19. 

One limitation of the present study is that D. melanogaster has no 
conserved RAAS substrates, which could raise questions about the Ance 
and Acer functions in vivo in this organism. However, the phenotypes 
observed in Ance and Acer disruption are remarkably similar to those 
observed in models with conserved RAAS, such as the murine models 
[6,10,33]. Moreover, ACE and ACE2 share many features with Ance and 
Acer. In line with this, a work conducted by Lubbe et al. [9] demon-
strated that Ance and Acer have ACE endopeptidase activity conserved, 
and Liao et al. [43] showed that ACE2 and Acer share the same cardiac 

Fig. 3. Effect of aging on locomotor activity. Adult flies at 3, 20, 30, and 40 
days old (n = 10–15 per experimental group). Errors bars indicated means ± S. 
E.M. Significance between values for each experimental group and control was 
determinate with a t-test. Significance between relative abundance values was 
determined with a two-way analysis of variance (ANOVA) followed by Sidak’s 
multiple comparisons test, * = p < 0.05, and **** = p < 0.0001. 

Fig. 4. Effects of HFD and HSD on D. melanogaster relative mRNA expression levels of (A) InR and (B) dilp5 after three days of feeding. Errors bars indicated means ±
S.E.M., n = 3–5 per experimental group. Significance between relative abundance values was determined with a one-way analysis of variance (ANOVA) followed by a 
Tukey comparisons test, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 
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functions. Noteworthy, both D. melanogaster orthologs are effectively 
used in studies with ACE inhibitors [46,47]. Similar to ACE and ACE2, 
Ance and Acer also have a few distinct biophysical and biochemical 
properties. For example, while Ance can convert Ang I to Ang II with a 
catalytic efficiency, Acer does not cleave Ang I even at enzyme con-
centrations eight times higher than that required for 25 % hydrolysis by 
Ance. These two enzymes can hydrolyze the bradykinin, a vasodilator 
peptide, although Acer is less effective than Ance and ACE [6,16]. To 
date, only one study analyzed these two genes’ mRNA expression levels, 
conducted during pupal development in fruit flies [16]. Likewise, ACE2 
expression in human subcutaneous adipose tissue could be regulated by 
dietary changes [2,10]. For these reasons, we evaluate the Ance and Acer 
mRNA expression levels simultaneously in adult fruit flies for compar-
ison purposes. 

We assessed Ance and Acer’s mRNA expression levels in eight groups 
(CD, HFD, HSD, and aging, categorized into females and males) by RT- 
PCR. Our results show an increase in Ance mRNA expression levels in all 
groups compared to respective control groups (Fig. 5A and B), with a 
significant increase of eight times in the male aging group (Fig. 5B). 
Conversely, flies fed with HFD presented a decrease in the Acer mRNA 
expression levels compared with control groups, while flies fed with 
HSD did not differ from control flies (Fig. 5C and D). Additionally, 40 
days-old females demonstrated lower Acer mRNA expression levels 
compared with the young females (Fig. 5C), while 40 days-old males 
presented 2 times increase compared with the young males (Fig. 5D). 
These results indicated that Ance and Acer mRNA expression levels could 
be regulated by metabolism and age in adult flies [6,42]. Furthermore, 
HFD-feeding flies presented decreased Acer mRNA levels (Fig. 5C and D) 
along with a more significant decrease in InR and dilp5 mRNA expression 
levels (Fig. 4) compared to the respective control groups, demonstrating 
that HFD is more detrimental to metabolism when compared to HSD. 
This difference could be attributed to the food source type (fat versus 
sugar) or the calorie amount, considering that in this work, the HFD diet 
contained almost twice the calorie quantity compared to the HSD diet 
(Table 1). More studies will be needed to find out the causes of these 
alterations. 

Acer is strongly expressed within the fat body, especially in the head 

and abdomen [6]. Even so, flies with higher TAG (Fig. 2E, F, G, and H) 
did not exhibit increased Acer mRNA expression levels; in contrast, they 
presented increased Ance mRNA expression levels (Fig. 5A and B), 
indicating that fat accumulation in flies from HFD group is not related to 
Acer mRNA expression levels. Meanwhile, Ance is highly expressed in 
the vesicular structures including spermatocytes and immature sper-
matids [6]. One could expect that Ance’s mRNA expression levels would 
be differently modulated in males and females. Although, both male and 
female flies from all groups tested showed a significant increase in Ance 
mRNA expression levels. However, the increase in Ance mRNA expres-
sion levels was almost twice in females (3.37 fold change) than males 
(1.6 fold change) from the HSD group, while in the aging group males 
(8.3 fold change) had 3.3 times more Ance mRNA expression levels than 
the females (2.48 fold change) suggesting sex-specific effects on Ance 
mRNA expression levels. 

Glover et al. [42] suggested the IIS pathway as a candidate Acer- 
modulated pathway. To better understand the relation between the in-
sulin pathway and Acer, we performed correlations between Acer and 
InR mRNA expression levels and between Acer and dilp5 mRNA 
expression levels (Fig. S1). We made the same correlations with the Ance 
gene, despite the absence of data in the literature about its involvement 
in the IIS pathway (Fig. S2). Our results indicate a positive correlation 
between Acer and InR mRNA expression levels in males and female flies 
(Fig. S1A and B). Similarly, there was a positive correlation between 
Acer and dilp5 mRNA expression levels in female flies (Fig. S1C), but no 
correlation between Acer and dilp5 mRNA expression levels in male flies 
(Fig. S1D). These results suggest a possible involvement of IIS in Acer 
mRNA expression levels, at least in females, although it’s not clear how 
the different diets can modulate this pathway. On the other hand, a 
negative correlation was observed between Ance and InR mRNA 
expression levels as well as Ance and dilp5 mRNA expression levels in 
male flies. However, there was no correlation between the mRNA 
expression levels of Ance and InR and Ance and dilp5 in females. 

A recent literature review [6] reported five mechanisms with an 
overlapping function between Ance or Acer and its human orthologue: 
Ance was related to fertility and aging; while Acer was related to car-
diovascular function, neurodegeneration, and metabolism. In this work, 

Fig. 5. Relative Ance and Acer mRNA expression 
levels on HFD, HSD and aging. The Ance gene 
expression levels in (A) females and (B) males. The 
Acer gene expression levels in (C) female and (D) 
male (n = 3–5 per experimental group). Errors bars 
indicated means ± S.E.M. Significance between 
values for each experimental group and control was 
determinate with a one-way analysis of variance 
(ANOVA) followed by a Tukey comparisons test, * =
p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** =
p < 0.0001.   
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all flies’ models demonstrated an upregulation of Ance’s mRNA 
expression levels, including elderly flies, with an even more expressive 
increase in old males (Fig. 5A and B). Although Acer has not been related 
to aging, the male 40 days-old flies showed increased levels of Acer 
mRNA expression levels (Fig. 5C and D). Regarding metabolism, while 
Ance was influenced by both diets, Acer was influenced only by HFD, 
indicating that Ance is more responsive to metabolic alterations than 
Acer. 

Considering the Acer mRNA expression levels in the old flies, Acer 
mRNA expression levels show sexual dimorphism. Old females demon-
strated a decrease in their mRNA expression levels of Acer compared 
with young females (Fig. 5C) while there was an increase of almost twice 
in Acer expression levels in males compared with the young males 
(Fig. 5D). Even though senescence is known to regulate the RAAS 
positively [4], and there are some studies on the effect of sex on ACE2 
levels [48,49], the actual data on ACE2 mRNA expression levels across 
ages and sex are contradictory [50–52]. 

The literature on ACE2 in obese or diabetic humans is sparse 
compared to animal models. For ethical reasons, trial participants do not 
receive diets high in calories, fat or sugar. Thus, the influence of diet on 
ACE2 mRNA expression levels is based on interventions by dietary re-
strictions or weight loss [53,54]. Also, research related to ACE2 mRNA 
expression levels in organs, such as the heart or liver, is obtained from 
biopsies [55,56]. These facts reinforce the importance of an animal 
model for in vivo and ex vivo COVID-19 studies. Based on the scientific 
literature and our data, we believe that the alterations in ACE2 orthologs 
mRNA expression levels observed in the fly models of obesity/DM, and 
aging, COVID-19 risk groups, may help to elucidate the pathophysiology 
of this disease. Future studies will be necessary to confirm the role of 
ACE2 orthologs genes in SARS-CoV-2 infection. Since we analyzed the 
Ance and Acer mRNA expression levels for possible ACE2 translational 
studies, we believe it would be relevant to analyze whether Ance and 
Acer proteins could be a potential binding affinity with Spike protein. To 
predict Spike-Ance and Spike-Acer interactions, we performed molecu-
lar docking. 

3.5. Ance and Acer proteins have predicted interaction affinity with 
SARS-CoV-2 Spike protein 

In 1995, a protein highly homologous to the human ACE was isolated 
and purified from D. melanogaster embryos and called Ance [57]. A year 
later, researchers identified Acer, another D. melanogaster gene whose 
predicted translation product shared homology with mammalian 

testicular ACE and Ance [45]. The sequence identity between ACE and 
ACE2 is about 40 %, with a similarity of 61 %, as well as in fruit fly 
orthologs [6,16]. Specifically, comparing ACE and ACE2 values with 
Ance and Acer, the amino acid similarity ratio with ACE is 61 % (45 % 
identity, 48 % coverage) and 58 % (41 % identity, 45 % coverage) with 
Ance and Acer, respectively. For ACE2, the similarity with Ance is 56 % 
(36 % identity, 71 % coverage) and with Acer is 54 % (35 % identity, 68 
% coverage) [6]. 

Similar to other viruses, the coronavirus needs to become intracel-
lular to use the enzymatic machinery of the host cell and make new virus 
copies. In this sense, SARS-CoV-2 employs its Spike protein to interact 
with ACE2 and other cellular proteins [58]. According to Shen et al. 
[13], a greater affinity between the mutant Spike protein of coronavirus 
variant B.1.1.7 with the human ACE2 receptor is responsible for the 
elevated infectivity of the mutant coronavirus. In this work, we evalu-
ated the ACE2 ortholog mRNA expression levels in different fruit fly 
models and the predicted interaction of their proteins with the SARS- 
CoV-2 Spike protein. We used the obtained 3D Acer and Ance protein 
models to predict the interaction energies complexes at the protein- 
protein interface between them and SARS-CoV-2 Spike protein. Our 
molecular docking results show that both proteins have potential sites 
for interaction with the Spike protein (Fig. 6A and B). The docking 
binding occurs at different sites: Acer exhibited higher binding affinity 
to the Spike Chain A and C (binding energy of − 921 kcal mol− 1), while 
Ance shows higher affinity to the Spike Chain C (binding energy of 
− 994 kcal mol− 1) and appears to make small contacts to the Spike chain 
B (Fig. 6A and B). Of note, the binding site of Acer protein with Spike 
protein seems to be similar to that found in humans [59,60]. 

Previous studies demonstrated in silico comparisons of the binding 
affinities of SARS-CoV-2 Spike protein with ACE2 from several species. 
Interestingly, it was predicted that SARS-CoV-2 could bind ACE2s in 
various vertebrates, but not in the murine model, demonstrating an 
advantage in using the fruit fly for COVID-19 studies [61–63]. In addi-
tion, a work conducted by Sartore et al. [64] evaluated the interaction 
between human ACE2 receptors and SARS-CoV-2 Spike protein under 
different conditions of the hyperglycemic environment through a 
computational approach. The analysis supports the hypothesis that 
glycation, a consequence of hyperglycemia in patients affected by DM, 
could have a role in the SARS-CoV-2 infection, possibly modulating 
other binding sites for SARS-CoV-2 access into the body. No experi-
mental validation regarding the interaction between D. melanogaster 
ACE-like proteins and Spike protein was performed in the present work. 
Even so, we believe that further investigations about COVID-19 may 

Fig. 6. Docking of Ance and Acer to the Spike protein. (A) Acer docked in the chains A and C of the Spike protein (PDB: 6VSB) [Wrapp, et al., 2020] with a lowest 
binding energy of − 921 kcal mol− 1. The Acer 3D structure was predicted using Alpha Fold [Jumper et al., 2021]. (B) Ance (PDB: 1J36) [Kim et al., 2003] docked to 
the chain C of the Spike protein with the lowest binding energy of − 994 kcal mol− 1. Ance also appears to make small contacts to chain B. 
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benefit from the analysis provided here. 

4. Conclusion 

Although it has been more than two years since the COVID-19 
epidemic outbreak, there is still a paucity of data on comorbidities 
and mechanisms that modulate viral pathogenesis. Our work explores 
the effects of HFD, HSD, and aging on Ance and Acer mRNA expression 
levels in the fruit fly. Furthermore, we evaluated by molecular docking 
whether the interaction of Ance and Acer proteins with the SARS-CoV-2 
Spike protein arises as it occurs with ACE2 in humans. Our study shows 
that high fat and sugar diets can profoundly affect the weight, glucose, 
and triglycerides levels, as well as induce insulin resistance in adult flies, 
which validates our obesity and DM models. Flies at 40 days old had 
drastically decreased locomotor performance and were used as the aging 
model. For the first time, Ance and Acer’s mRNA expression levels were 
evaluated and compared in different diets, ages, and sexes. Altogether, 
we show that HFD, HSD, and aging distinctly affected Ance and Acer 
gene expression levels in adult flies. Differences between females and 
males were observed depending on the analysis. Interestingly, both Ance 
and Acer proteins have predicted binding regions with the SARS-CoV-2 
Spike protein. In summary, these results emphasize the fruit fly as a 
crucial tool to investigate the pathogenesis of COVID-19, including ge-
netic variations, and to identify new treatments and prevention 
strategies. 

CRediT authorship contribution statement 

Conceptualization: T.D., C.L.D.C.; Methodology: T.D., C.L.D.C., M.M. 
S.; Formal analysis: T.D., C.L.D.C.; Perform experiments: T.D., M.M.S., P. 
M.; Bioinformatics: B. C. F.; M. D.; Data curation: T.D., C.L.D.C.; Writing 
- original draft: T.D., C.L.D.C.; Writing - review & editing: T.D., C.L.D.C., 
N.B.V.B, B. C. F.; M. D.; J.B.T.R; Supervision: C.L.D.C. 

Funding 

This study was supported by grants from the Coordenação de Aper-
feiçoamento de Pesquisa Pessoal de Nível Superior (CAPES EPIDEMIAS 
09 #88887.505377/2020) and Fundação de Amparo à Pesquisa do 
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