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Abstract
Background: People with alcohol use disorder (AUD) may be at higher risk for 
COVID-19. Angiotensin-converting enzyme 2 (ACE2) and transmembrane serine pro-
tease 2 (TMPRSS2) are required for cellular entry by SARS-CoV-2, but information on 
their expression in specific brain regions after alcohol exposure is limited. We sought 
to clarify how chronic alcohol exposure affects ACE2 expression in monoaminergic 
brainstem circuits and other putative SARS-CoV-2 entry points.
Methods: Brains were examined for ACE2 using immunofluorescence after 4 weeks 
of chronic intermittent ethanol (CIE) vapor inhalation. We also examined TMPRSS2, 
Cathepsin L, and ADAM17 by Western blot and RAS pathway mediators and pro-
inflammatory markers via RT-qPCR.
Results: ACE2 was increased in most brain regions following CIE including the olfac-
tory bulb (OB), hypothalamus (HT), raphe magnus (RMG), raphe obscurus (ROB), locus 
coeruleus (LC), and periaqueductal gray (PAG). We also observed increased colocali-
zation of ACE2 with monoaminergic neurons in brainstem nuclei. Moreover, soluble 
ACE2 (sACE2) was elevated in OB, HT, and LC. The increase in sACE2 in OB and HT 
was accompanied by upregulation of ADAM17, an ACE2 sheddase, while TMPRSS2 
increased in HT and LC. Cathepsin L, an endosomal receptor involved in viral entry, 
was also increased in OB. Alcohol can increase Angiotensin II, which triggers a pro-
inflammatory response that may upregulate ACE2 via activation of RAS pathway re-
ceptors AT1R/AT2R. ACE2 then metabolizes Angiotensin II to Angiotensin (1-7) and 
provokes an anti-inflammatory response via MAS1. Accordingly, we report that AT1R/
AT2R mRNA decreased in OB and increased in the LC, while MAS1 mRNA increased 
in both OB and LC. Other mRNAs for pro-inflammatory markers were also dysregu-
lated in OB, HT, raphe, and LC.
Conclusions: Our results suggest that alcohol triggers a compensatory upregulation 
of ACE2 in the brain due to disturbed RAS and may increase the risk or severity of 
SARS-CoV-2 infection.
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INTRODUC TION

At the onset of the COVID-19 pandemic, respiratory symptoms were 
the primary concern following infection by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Since the initial observation 
that anosmia was an early symptom of infection, concern over neu-
rological symptoms such as headache, dizziness, ageusia, ataxia, loss 
of autonomic respiratory control, lethargy, depression, and anxiety 
has gained urgency (Haidar et al.,  2021; Mao et al.,  2020). Direct 
evidence of SARS-CoV-2 protein in post-mortem brain tissues, as 
well as increased inflammatory markers and pathology also under-
scores the potential for CNS invasion and long-term neurological 
complications. (Bulfamante et al., 2021; Song et al., 2021). With the 
prevalence of “long COVID” and the devastating impact of these 
neurological symptoms on quality of life, delineating the mecha-
nisms of SARS-CoV-2 pathophysiology in the CNS is now a top pri-
ority in COVID-19 research.

Uncovering risk factors and comorbidities that lead to a greater 
risk of severe infection, development, or progression of symptoms, 
and death has been critical to developing an effective response to 
the COVID-19 pandemic. Alcohol use disorder (AUD), as well as 
other substance use disorders (SUD), have been hypothesized to 
increase the risk of SARS-CoV-2 infection (Althobaiti et al.,  2021; 
Testino,  2020). While limited clinical or epidemiological data are 
available on the specific contribution of alcohol to disease severity, 
emerging evidence shows an increased rate of symptomatic SARS-
CoV-2 infection (Saurabh et al.,  2021) or increased risk of death 
(Alberca et al., 2021) due to chronic alcohol consumption in infected 
individuals. Given that chronic alcohol consumption has been linked 
to increased viral titers, pulmonary pathology, and death from in-
fluenza infection (Meyerholz et al.,  2008) and is more generally 
associated with poorer health outcomes, it is necessary to address 
whether alcohol consumption directly contributes to the severity of 
SARS-CoV-2 infection.

The primary mediators of SARS-CoV-2 cellular entry, Angiotensin-
Converting Enzyme-2 (ACE2), a Renin–angiotensin system (RAS) re-
ceptor, and Transmembrane Serine Protease 2 (TMPRSS2), which 
cleaves its trimeric spike (S) protein prior to viral internalization, 
have also been linked to alcohol-related pathophysiology. Elevated 
circulating levels of ACE2 have been detected in AUD subjects 
(Okuno et al., 1986), while elevated transcript levels of both ACE2 
and TMPRSS2 have been measured in brain tissues isolated from 
AUD subjects (Muhammad et al., 2021). Evidence for ACE2 levels 
broadly impacting the risk of severe infection is supported by find-
ings of increased lung ACE2 expression following nicotine vapor in-
halation (Lallai et al., 2021). The mechanism by which ACE2 levels 
are up-regulated in the alcohol brain has not been delineated, how-
ever previous work has shown that the Angiotensin II receptor (RAS 
harmful axis) is activated during alcohol administration and trig-
gers the pro-inflammatory pathway (Maul et al.,  2005). Moreover, 
Angiotensin II-mediated neuroinflammation is reported widely in the 
CNS (Gowrisankar & Clark, 2016; Kandalam & Clark, 2010; Quijano 

et al., 2022; Reeh et al., 2019; Tran et al., 2022). Although there is no 
definitive evidence that changes in ACE2 levels impact susceptibility 
to infection, considerable attention has focused on whether ACE2 
levels impact severity and health outcomes.

Research on SARS-CoV has shown that ACE2 mediates viral inva-
sion of the CNS via the olfactory bulb (McCray et al., 2007; Netland 
et al., 2008). In addition, the vagus nerve might provide an additional 
route of SARS-CoV-2 CNS entry from infected lungs (Bulfamante 
et al., 2021). Because ACE2 is associated with CNS entry and alcohol 
consumption has been linked to more severe outcomes, we sought 
to test whether alcohol consumption would impact ACE2 levels. 
More specifically, we tested the hypothesis that chronic intermit-
tent EtOH exposure (CIE) would result in increased expression of cell 
membrane receptor ACE2, TMPRSS2, ADAM17 (ACE2 sheddase), or 
Cathepsin L (endosomal receptor for SARS-CoV2) in the mouse CNS. 
After EtOH exposure, we quantified expression levels of these pro-
teins in discrete brain regions associated either with viral entry or 
that are directly relevant to neurological symptoms of SARS-CoV-2 
infection, including locus coeruleus, raphe nuclei, periaqueductal 
gray, hypothalamus, thalamus, and amygdala. Overall, CIE resulted 
in the upregulation of ACE2 levels in a subset of these brain regions. 
Moreover, to understand the underlying mechanism of how alcohol 
consumption increases the risk of SARS-CoV-2 infection, we mea-
sured the mRNA levels of the receptors that are involved in the 
renin–angiotensin system (RAS) and pro-inflammatory markers that 
are known to contribute to AUD or SARS-CoV-2 infection. These 
findings provide a possible mechanism for increased incidence or 
severity of neurological symptoms associated with SARS-CoV-2 in-
fection in AUD.

MATERIAL S AND METHODS

Animals

All experiments were performed on adult male C57BL/6J mice (3 to 
6 months) following the ethical guidelines of NIH guidelines for ani-
mal research and approved by the Institutional Animal Care and Use 
Committee (IACUC) at the University of Iowa. Animals were housed 
in a ventilated and temperature-controlled vivarium on a standard 
12 h cycle (lights on at 0230) with ad libitum access to food (Envigo 
NIH-31 Modified Open Formula 7913) and water.

Chronic intermittent EtOH (CIE) exposure

CIE exposure was achieved via vapor inhalation as previously de-
scribed (Marcinkiewcz et al.,  2014). Briefly, mice were placed in 
standard mouse cages in Plexiglas® vapor chambers (30 × 10 × 15 cm, 
La Jolla Alcohol Research Inc.) and exposed to EtOH volatilized by 
heating 95% EtOH mixed with fresh air at a rate of ≈10 L/min. To fa-
cilitate intoxication and stabilize blood EtOH concentration (BECs), 
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mice were injected daily with an alcohol dehydrogenase inhibitor, 
pyrazole (Sigma; dosage: 1 mmol/kg, i.p.), and a loading dose of EtOH 
(1.57 g/kg) immediately before placement in vapor chambers. Air 
controls received only pyrazole and were placed in an alternate cage 
in the same room and exposed to room air. Each cycle of CIE or air 
exposure lasted 16 h per day (in at 1700 h, out at 0900 h), followed by 
an 8 h withdrawal for 4 consecutive days of exposure followed by an 
80 h withdrawal. This cycle was repeated for a total of 4 weeks and 
the mice were perfused 80 h after the last cycle to collect brains for 
further immunostaining procedures. Two additional cohorts were 
generated to collect fresh brains and were snap-frozen for down-
stream applications (Western blot and RT-qPCR).

Reverse Transcriptase-Quantitative PCR (RT-qPCR)

Following the extractions, the brains were dissected to collect the 
olfactory bulb (OB), hypothalamus (HT), locus coeruleus (LC), and 
medullary raphe MR; which comprises raphe magnus (RMG), raphe 
obscurus (ROB). Total RNA from the above-mentioned brain re-
gions was isolated using TRIzol reagent (Ambion, USA) followed by 
DNA-free™ DNA Removal Kit (Life Technologies) as described pre-
viously (Balasubramanian et al.,  2021). RNA was quantified using 
NanoDrop 1000 Spectrophotometer (Thermo Scientific). The re-
verse transcription was performed using iScript cDNA synthesis 
kit (Bio-Rad Laboratories) using the thermal profile: 25°C for 5 min, 
45°C for 20 min, and 95°C for 1  min. Quantitative reverse tran-
scription PCR (RT-qPCR) for the target gene β-actin, Ace2, Adam17, 
SARS-CoV-2 entry receptors: Tmprss2, Cathepsin L; RAS receptor: 
At1r, At2r, Mas1, and pro-inflammatory markers: Il-6, Nfkb1, Tnfα, 
Nlrp3, Stat3 were performed using SYBR green qPCR master mix 
(Bio-Rad Laboratories) on CFX96™ Real-time-PCR System (Bio-Rad 
Laboratories). The specific primer sets used for the amplification of 
target cDNA are listed in Table 1. The thermal profile used for RT-
qPCR was as follows: 95°C for 10 min followed by 40 cycles of 95°C 
for 30 s, 60°C for 30 s, followed by a melt curve analysis profile: 60 
to 95°C in 0.5°C increments at a rate of 5 s/step. Fold changes in the 
mRNA levels were determined for each gene after normalization to 
β-actin using the 2−ΔΔCt method (Schmittgen & Livak, 2008). Results 
are represented as fold changes in the mRNA levels (±SEM).

Western blot

A separate group of mice was decapitated under isoflurane an-
esthesia to collect brains and serum for Western blot experi-
ments as reported previously (Sagarkar et al.,  2021; Selvakumar 
et al.,  2020). Briefly, specific brain regions were dissected (OB, 
HT, LC, and MR) for the Western blot of β-actin, ACE2, TMPRSS2, 
ADAM17, and Cathepsin L. Total protein from all the tissues were 
isolated using RIPA lysis buffer. The proteins were quantified using 
the BCA method (ThermoFisher Scientific) and an equal quantity 
of proteins was resolved in a 10% SDS-PAGE gel. According to the 

standard procedures, resolved proteins were further transferred 
to a PVDF membrane (0.45 μm; Millipore) for immunoblotting and 
the blots were blocked using Starting Block T20 (TBS) Blocking 
Buffer (ThermoFisher Scientific) for 1  h at room temperature. 
Further, the membranes were incubated overnight with antibodies 
specific to ACE2, TMPRSS2, ADAM17, Cathepsin L, GAPDH and 
β-actin at 4°C, then incubated with secondary antibodies (IR dye) 
for 1 h (Table 2). The blots were visualized, and the images were 
acquired using Sapphire Biomolecular Imager (Azure Biosystems 
Inc.) at 700 and 800 nm. Protein bands were quantified using 
ImageJ 1.45 software (National Institutes of Health). The average 
relative density of the ACE2, TMPRSS2, ADAM17, and Cathepsin L 
was determined after normalization to β-actin or GAPDH. Results 
are represented as a mean relative density of the protein levels 
(±SEM).

TA B L E  1  List of primers used for quantitating mRNA expression 
using RT-qPCR

Gene name
Forward/reverse 
(5′-3′) Sequence

β-Actin Forward CCAGC​CTT​CCT​TCT​TGGGTA

Reverse GAGGT​CTT​TAC​GGA​TGT​
CAACG

Ace2 Forward TGGGA​CAC​GGA​GAC​TTCAGA

Reverse TGGCT​CCG​TTT​CTT​AGCAGG

Tmprss2 Forward TGAAA​CGC​CAG​AGC​AGGATT

Reverse AAATG​CCG​TCC​AGT​ACCTCG

Adam17 Forward GAAGA​CCC​CAG​CAC​AGACTC

Reverse CCTTT​TCG​CTC​CTG​GTGACT

Cathepsin L Forward GTCTT​GTT​GGG​CGT​TTAGCG

Reverse TGAGC​GTG​AGA​ACA​GTCCAC

At1r Forward ACAAC​TGC​CTG​AAC​CCTCTG

Reverse ACCTC​AGA​ACA​AGA​
CGCAGG

At2r Forward TTTGT​TCT​GGG​CTT​CGTCCC

Reverse CTTGC​CAT​TTG​CTG​GGTCTG

Mas1 Forward ACCTC​CAG​CAG​AAA​TGCCTC

Reverse TCCCA​TTC​TCC​ACA​AAGCCC

Il-6 Forward GAGAC​TTC​CAT​CCA​GTT​
GCCT

Reverse TCCTC​TGT​GAA​GTC​TCC​
TCTCC

Nfκb1 Forward ACTGT​CTG​CCT​CTC​TCGTCT

Reverse CCGTG​GGG​CAT​TTT​GTTCAG

Tnfα Forward CGGGC​AGG​TCT​ACT​TTGGAG

Reverse ACCCT​GAG​CCA​TAA​TCCCCT

Nlrp3 Forward CAAGG​CTG​CTA​TCT​GGA​
GGAA

Reverse TTCTC​GGG​CGG​GTA​ATCTTC

Stat3 Forward TTGTC​GGT​TGG​AGG​TGTGAG

Reverse AAGTG​GGA​AAG​GAA​
GGCAGG
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Immunofluorescence

ACE2 expression was quantified across specific brain regions using 
standard immunofluorescence methods. ACE2 distribution in dif-
ferent cell types in the brain regions was analyzed using immuno-
fluorescence of ACE2 with neuronal (NeuN), microglial (Iba1), and 
astrocytic (GFAP) markers. Serotonergic or dopaminergic/noradren-
ergic neuron-specific expression was determined using tryptophan 
hydroxylase 2 (TPH2) or tyrosine hydroxylase (TH) immunofluo-
rescence, respectively, as markers for identification. Briefly, mice 
were anesthetized with Avertin and transcardially perfused with 
phosphate-buffered saline (PBS), followed by 4% paraformaldehyde 
(PFA). The brains were extracted, post-fixed in PFA overnight, trans-
ferred serially to sucrose solutions (10%, 20%, and 30%), and then 
cut using a cryomicrotome (Leica Microsystems, Wetzlar, Germany) 
to a thickness of 20 μm. For each region of interest (ROI), 4 to 5 sec-
tions were used across the rostral-caudal axis. Sections were washed 
in PBS and permeabilized in 0.5% Triton X-100/PBS for 30 min, 
followed by blocking in 10% normal donkey serum in 0.1% Triton 
X-100/PBS and then incubated with the respective primary and sec-
ondary antibodies (Table 3) according to standard immunostaining 
procedures. Images were acquired on an Olympus FV-3000 confocal 
microscope in 0.5 μm steps and converted to maximum projection 
images using Image J software. For every ROI, multiple tiles were 
imaged, and mosaic stitching was performed using FV3000 Multi-
Area Time-Lapse (MATL) Software. Images were analyzed by trained 
researchers blind to experimental conditions for expression param-
eters in ImageJ (Fiji) software as described previously (Sagarkar 
et al., 2021). Immuno-colocalization was analyzed by measuring the 
percentage of co-localization area pixels by total immunoreactive 
area pixels after setting color thresholding parameters in ImageJ 
(Fiji). All the results analyzed were represented as mean percentage 
immunoreactive area (±SEM). To measure the degree of colocaliza-
tion between ACE2 and neuronal markers, the Pearson correlation 
coefficient (PCC) and Mander's overlap coefficient (MOC) was 
calculated using the Just Another Colocalization plugin (JACoP) in 
ImageJ (Fiji) for all the colocalization analyses (Dunn et al.,  2011). 
The results for both coefficients were represented as the mean of 
the correlation coefficient values (±SEM).

Data and statistical analysis

The statistical analysis was performed using GraphPad Prism 9. The 
significance of differences between the two groups (Air control vs. 
CIE) was assessed using the Student's unpaired t-test with Welch's cor-
rection. A p-value <0.05 was considered significant for all the analyses. 
In addition, % change among the group was also calculated for all the 
measures. All the statistical information is mentioned in Tables S1–S9.

RESULTS

Alcohol exposure impacts ACE2 expression in the 
mouse olfactory bulb

Our initial results show widespread ACE2 expression across brain 
regions, but more limited TMPRSS2 expression (Figure S1), and the 
ACE2 levels were increased in the serum using ELISA and Western 
blot (Figure S2A,B). Next, we turned to immunofluorescent labeling 
of mouse brain sections to quantify ACE2 and TMPRSS2 expres-
sion patterns with finer spatial resolution. Consistent with data 
from Figure S1, we observe robust ACE2 expression throughout the 
mouse OB (Figure  1A) using immunofluorescence staining. Like in 
serum, ACE2 expression significantly increased in the OB following 
CIE (p = 0.0220; Figure 1A–C). Western blot of ACE2 showed two 
fractions: a transmembrane protein (cACE2) and a soluble catalytic 
ectodomain (sACE2). sACE2 levels in the OB were increased signifi-
cantly (p = 0.0136) following CIE, however, cACE2 was not altered 
(Figure 1G). We also analyzed the effect of CIE on ADAM17, a shed-
dase protease that proteolytically cleaves ACE2 to sACE2 (Zipeto 
et al., 2020). sACE2 protein levels were increased in the OB coher-
ently with ADAM17 following CIE (p = 0.0136, sACE2, Figure 1G; 
p  =  0.0136, ADAM17, Figure  1H). Our data also show expression 
of TMPRSS2 throughout the OB (Figure 1D), but no change in ex-
pression was observed using immunofluorescence (Figure  1E,F) 
and Western blot (Figure  1H) following CIE. However, endosomal 
Cathepsin L protein levels were increased (p = 0.0241) in the OB fol-
lowing alcohol exposure suggesting that the CIE might increase the 
risk for endosomal entry of SARS-CoV-2 (Figure 1H). Moreover, we 

TA B L E  2  Details of the antibodies used in the Western blot experiments

Antibodies Use Catalog details Company Dilution

ACE2 Primary AF933 Novus Biologicals 1:250

TMPRSS2 Primary sc-515727 Santa Cruz Biotechnology 1:1000

Cathepsin-L Primary sc-390385 Santa Cruz Biotechnology 1:1000

ADAM17 Primary NBP2-15281 Novus Biologicals 1:1000

β-Actin Primary sc-47778 Santa Cruz Biotechnology 1:8000

GAPDH Primary G9545 Millipore Sigma 1:8000

IRDye 800CW anti-Mouse Secondary 926-32212 LI-COR 1:6000

IRDye 680RD anti-Goat Secondary 926-68074 LI-COR 1:6000

IRDye 680RD anti-Rabbit Secondary 926-68073 LI-COR 1:6000
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also analyzed the mRNA levels of ACE2, TMPRSS2, ADAM17, and 
Cathepsin L, but no change was observed following CIE (Figure 1I).

Alcohol exposure increased ACE2 levels in discrete 
hypothalamic regions

The spread of viral expression into several hypothalamic regions 
has also been reported following viral entry into the OB (Netland 
et al., 2008). Hypothalamic projections from the olfactory bulb could 
mediate this route of viral invasion (Papp, 2014). With these findings in 
mind, we tested for differential ACE2 expression levels in discrete hy-
pothalamic regions following CIE. Figure 2 shows robust ACE2 immu-
nolabeling in the paraventricular nucleus of the hypothalamus (PVN) 
(Figure 2A,D), the lateral hypothalamus (LH) (Figure 2B,E), or the arcu-
ate nucleus (ARC) (Figure 2C,F). Consistent with our observations in the 
OB, we observed a significant increase in ACE2 expression in both the 
PVN (p = 0.0424) and LH (p = 0.0100) but observed no changes in the 
ARC (p = 0.1449; Figure 2G–I). We also observed heightened levels of 
sACE2 (p = 0.0234) and a trend toward an increase in cACE2 levels by 
Western blot following CIE (p = 0.0876; Figure 2J). Moreover, we also 
observed heightened mRNA levels of ACE2 following CIE (p = 0.037, 
Figure 2L) similar to Western blot and immunofluorescence. ADAM17 
protein levels were also increased significantly (p = 0.0418, Figure 2K), 
which can be related to higher sACE2 in CIE mice. While TMPRSS2 
was increased following CIE (p = 0.037, Figure 2K), no change was ob-
served in the Cathepsin L expression in the hypothalamus.

Differential expression of ACE2 in serotonergic raphe 
nuclei following CIE exposure

We expanded our investigation into regions that could under-
lie the neurological symptoms associated with SARS-CoV-2. 

Serotonergic nuclei have reciprocal projections with the hypothala-
mus (Papp, 2014), and dysfunction in these nuclei is associated with 
neurological and affective changes. Therefore, we tested whether 
dorsal raphe nucleus (DRN) serotonergic neurons are vulnerable to 
changes in ACE2 or TMPRSS2 expression following CIE vapor treat-
ment. We labeled serotonergic neurons by immunostaining for 
5-hydroxytryptamine (5-HT) and co-labeled for ACE2 or TMPRSS2 
(Figure  3A–T). While we observe ACE2 and TMPRSS2 expression 
throughout the DRN, only a subset of serotonergic neurons shows 
co-labeling for either protein. Further, we observe substantial ACE2 
and TMPRSS2 expression in other cell types. In the DRN, we also ob-
serve a significant increase in 5-HT immunostaining (p = 0.0251) and 
a trend toward increased ACE2% immunoreactive area (p = 0.0614), 
but no significant changes in TMPRSS2 (p = 0.7964; Figure 3U) after 
CIE. Further analysis reveals a significant increase in 5HT/ACE2 
colocalization by % immunoreactive area (p = 0.0354; Figure 3V) and 
increased Pearson correlation coefficient (p = 0.0118; Figure 3W). 
Quantification of Mander's overlap coefficient also shows a sig-
nificant increase in ACE2/5HT colocalization, indicating increased 
ACE2 expression in 5-HT neurons (M2, p = 0.0117; Figure 3X).

While the DRN comprises a majority of CNS 5-HT neurons, 
ACE2 expression in the medullary serotonergic nuclei is highly rel-
evant to SARS-CoV-2 infection as the brainstem is vulnerable to 
SARS-CoV-2 neuroinvasion (Bulfamante et al., 2021). We next tested 
whether CIE exposure impacts ACE2 expression levels in the raphe 
magnus. Here we labeled serotonergic neurons using an anti-TPH2 
antibody (Figure 4A). We also observed robust ACE2 expression in 
the RMG, some of which localizes to cells with neuronal morphol-
ogy (Figure  4B). As in the DRN, ACE2 is expressed in a subset of 
RMG serotonergic neurons, with other cell types comprising the re-
mainder of the immunolabeling (Figure 4C). Unlike the DRN, EtOH 
vapor exposure increased ACE2% immunoreactive area (p = 0.0153; 
Figure 4E,G) and decreased TPH2 immunoreactive area (p = 0.05; 
Figure 4D,G). Quantification of immunofluorescence also revealed 

TABLE  3 Details of the antibodies used in immunofluorescence experiments

Antibodies Use Catalog details Company Dilution

ACE2 Primary AF933 Novus Biologicals 1:250

TMPRSS2 Primary sc-515727 Santacruz 1:300

TPH2 Primary NB100-7455 Novus Biologicals 1:1000

5HT Primary 20080 Immunostar 1:4000

TH Primary MAB-318 Millipore 1:200

NeuN Primary ABN90 Millipore 1:2000

GFAP Primary ab4674 Abcam 1:5000

Iba-1 Primary ab178846 Abcam 1:1000

Donkey Anti-Goat Secondary 705-165-147 Jackson Immunoresearch laboratories 1:800

Donkey Anti-Mouse Secondary 715-545-150 Jackson Immunoresearch laboratories 1:800

Donkey Anti-Rabbit Secondary A31573 Invitrogen 1:800

Donkey Anti-Rabbit Secondary 711-475-152 Jackson Immunoresearch laboratories 1:800

Donkey Anti-Guinea Pig Secondary 706-475-148 Jackson Immunoresearch laboratories 1:800

Donkey Anti-Chicken Secondary 703-605-155 Jackson Immunoresearch laboratories 1:800
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a significant decrease in TPH2/ACE2 co-localization following CIE 
(p  =  0.0031; Figure  4F,H). Further analysis revealed no change in 
the Pearson correlation coefficient (p = 0.1438; Figure 4I), but a sig-
nificant decrease in the Mander's overlap coefficient for ACE2 and 
TPH2 co-expression (M2, p = 0.0349; Figure 4J).

Figure 5 shows similar results for the ROB, another medullary 
serotonergic nucleus. ROB functions include regulation of breathing 
and gut motility, both of which are highly relevant to SARS-CoV-2 
symptoms. Neuronal projections to the lungs or gut have also been 
proposed as a route for CNS viral entry (Lima et al., 2020). In Figure 5, 
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we quantified ACE2 expression and tested whether CIE impacted lo-
calization in the ROB. We observe robust TPH2 immunolabeling of 
serotonergic neurons (Figure 5A) and ACE2 expression (Figure 5B). 
Only a subset of serotonergic neurons in the ROB express ACE2, but 
ACE2 labeling was also widely observed in non-serotonergic cells 
(Figure  5C). Based on cellular morphology, other neuronal popu-
lations in the ROB potentially express ACE2. Following CIE, TPH2 
and ACE2-mediated immunofluorescence increased significantly 
(Figure 5D,E, respectively), as quantified in Figure 5G (p = 0.0234 for 
ACE2 and p = 0.0051 for TPH2). In addition to an increase in overall 
levels, we also see increases in metrics of co-expression, including % 
immunoreactive area (p = 0.0230; Figure 5F,H), increased Pearson 
correlation coefficient (p  =  0.0127; Figure  5I), and both Mander's 
overlap coefficients (Figure 5J; p = 0.0193 and p = 0.0243 for M1 
and M2, respectively).

We pooled the tissue from raphe magnus and obscurus to quan-
titate the protein and mRNA levels for ACE2 using Western blot and 
RT-qPCR, respectively. The Western blot showed a trend toward an 
increase in cACE2 levels (Figure 5K), while no change was observed 
in the sACE2 levels. On the contrary, the RT-qPCR showed a decrease 
in the ACE2 mRNA expression following alcohol exposure (p = 0.022; 
Figure 5L). Moreover, the mRNA levels of other receptors ADAM17 
and TMPRSS2 did not alter, however, Cathepsin L was decreased on 
alcohol exposure (p = 0.0002; Figure 5L). Altogether the protein and 
mRNA levels in the medullary raphe suggest that the increase in ACE2 
is more relevant to the cellular form and not the soluble form and this 
could be due to undetected ADAM17 and unaltered TMPRSS2.

Impact of alcohol exposure on expression levels 
in noradrenergic locus coeruleus

Next, we turned our attention to the LC, the primary source of no-
radrenergic neurons in the CNS which receives projections from 
the DRN. We identified noradrenergic neurons by labeling for ty-
rosine hydroxylase (TH; Figure 6A). Again, we observed ACE2 im-
munolabeling throughout the LC and in a subset of TH-positive 
cells (Figure 6B,C, respectively). Following chronic EtOH exposure, 
we saw increased labeling of both TH and ACE2 in the locus coer-
uleus (Figure  6D,E, respectively). Although ACE2 continued to be 
expressed in TH-positive neurons, there was no indication that 
this increase in expression was limited to noradrenergic neurons 
(Figure 6F). Quantification of immunolabeling (Figure 6G) indicates 

an increased ACE2 expression (p  =  0.0102) and TH expression 
(p = 0.0266). Analysis of co-localized area (6H) or Pearson correla-
tion coefficient (6I) did not indicate any changes in co-expression 
(p = 0.1377 and p = 0.1737, respectively). However, Mander's over-
lap analysis indicates that a significant increase in ACE2 expression 
occurs within TH-positive cells, with a trend toward increased M1 
coefficient (p  =  0.0609) and a significant increase in M2 coeffi-
cient (p = 0.0434; Figure 6J). Moreover, we analyzed the levels of 
cACE2 and sACE2 by Western blot in LC and found that cACE2 
was not altered, whereas sACE2 was increased significantly in the 
CIE group (p = 0.032, Figure 6K). Consistent with our observation 
in the immunofluorescence and Western blot analyses, we also 
observed that ACE2 mRNA expression was higher in the CIE mice 
when compared with the air controls (p  =  0.018, Figure  6M). We 
also quantified TMPRSS2 and Cathepsin L protein levels by Western 
blot and observed that TMPRSS2 was increased significantly in the 
CIE group (p = 0.0078, Figure 6L), but no change was observed in 
the Cathepsin L protein levels. Overall, these data show that ACE2 
expression in the LC significantly increases following CIE exposure, 
and the viral internalization might be through TMPRSS2 and not by 
endosomal Cathepsin L.

ACE2 levels in the PAG are increased following 
CIE exposure

The periaqueductal gray (PAG) is vulnerable to SARS-CoV infec-
tion and impacts critical autonomic functions such as heart rate 
and breathing (Faull et al., 2019). In investigating this brain region, 
our initial results showed ACE2 is also expressed in the ventral/
lateral (Figure  7A) and dorsal/medial PAG (Figure  7B). We then 
tested whether ACE2 levels were also increased in this midbrain 
locus following CIE. Our results indicate a significant increase in % 
ACE2 immunoreactive area in the ventral/lateral PAG (Figure 7C,D) 
and a trend toward increased expression in the dorsal/medial PAG 
(Figure 7E,F; p = 0.0393 and p = 0.0577, respectively).

Reduced ACE2 levels in amygdala following chronic 
EtOH exposure

Finally, we considered whether alcohol exposure impacts ACE2 ex-
pression in the paraventricular thalamus (PVT) and amygdala (AMY). 

F I G U R E  1  Effect of chronic intermittent EtOH (CIE) exposure on the ACE2, TMPRSS2, ADAM17, and Cathepsin L expression in the 
olfactory bulb (OB). (A, B) Representative confocal images of ACE2 positive cells in OB of air control and CIE mice. Scale bar = 200 μm. (C) 
Histogram represents the % ACE2 immunoreactive area in OB. (D, E) Representative confocal images of TMPRSS2 in OB of air control and 
CIE mice. Scale bar = 200 μm. (F) Histogram showing the % TMPRSS2 immunoreactive area in OB. (G) Representative Western blot (WB) and 
histogram showing the cACE2 and sACE2 protein levels in the OB. (H) Representative WB and histogram showing the TMPRSS2, ADAM17, 
and Cathepsin L protein levels in the OB. (I) Histogram showing the ACE2, TMPRSS2, ADAM17, and Cathepsin L mRNA levels in the OB. 
Values (n = 4 to 5/group for IF and n = 7 to 8/group for WB and RT-qPCR) are represented as mean (±SEM) and the data were analyzed by 
unpaired Student's t-test with Welch's correction (*p < 0.05, **p < 0.01, vs. air control).
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F I G U R E  2  Effect of chronic intermittent EtOH (CIE) exposure on the ACE2, TMPRSS2, ADAM17, and Cathepsin L expression in 
hypothalamic nuclei. Representative confocal images of ACE2 positive cells in (A, D) PVN, (B, E) LH and (C, F) ARC of air control and CIE 
mice. Scale bar = 100 μm. (G–I) Histograms showing the % ACE2 immunoreactive area in PVN, LH, and ARC. (J) Representative Western blot 
(WB) and histogram showing the cACE2 and sACE2 protein levels in the hypothalamus. (K) Representative WB and histogram showing the 
TMPRSS2, ADAM17, and Cathepsin L protein levels in the hypothalamus. (L) Histogram showing the ACE2, ADAM17, and Cathepsin L mRNA 
levels in the hypothalamus. Values (n = 4 to 5/group for IF and n = 7-8/group for WB and RT-qPCR) are represented as mean (±SEM) and the 
data were analyzed by unpaired Student's t-test with Welch's correction (*p < 0.05, **p < 0.01, ***p < 0.001 vs. air control).
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Both brain regions receive extensive sensory input and projections 
from other brain regions. The thalamus is a key node in multiple neu-
ronal circuits and is highly vulnerable to damage from chronic EtOH 
consumption (Segobin et al., 2019). In both brain regions, we ob-
served robust baseline levels of ACE2 (Figure 8A,D) in control mice. 
Surprisingly, we saw a trend toward decreased ACE2 expression in 
the PVT following alcohol exposure (p = 0.0704; Figure 8B,C) and 
significantly lower ACE2 levels in the AMY (p = 0.0364; Figure 8E,F).

ACE2 expression in different cell types of the 
raphe nuclei

Our results so far have implicated that the ACE2 is expressed in 
monoaminergic neurons and is altered after CIE exposure. We 
also noticed ACE2 expression in other cells of medullary raphe 
(MR; RMG and ROB) and hypothalamic regions (PVN, ARC, and 
LH) that are not monoaminergic. We then co-stained ACE2 with 
a neuronal (NeuN), astrocytic (GFAP), and microglial (Iba1) marker 
in the hypothalamic (PVN, ARC, and LH) and raphe (RMG and 
ROB) nuclei. The immunofluorescent staining showed that ACE2 
is expressed abundantly in neurons and is also expressed to an 
extent in microglia. However, no signs of ACE2 in astrocytes were 
observed in these regions (MR: Figure 9A–J). Similar observations 
were also noticed in the hypothalamic nuclei (PVN, ARC, and LH; 
Figure S3).

Impact of alcohol exposure on mRNA expression 
levels of the receptors of the RAS pathway

The binding of angiotensin II to the receptor (AT1R or AT2R) induces 
a pro-inflammatory signaling cascade, while the binding of angio-
tensin (1-7) to the MAS1 receptor initiates an anti-inflammatory 
signaling pathway. The homeostasis between these pathways is 
regulated by ACE2 which cleaves angiotensin II to angiotensin (1 to 
7) (Burrell et al., 2004). To understand the underlying mechanism 
for the CIE-induced increase in ACE2 expression, we measured 
mRNA expression levels of the receptors of the RAS pathway (At1r, 
At2r, and Mas1) in the OB, HT, MR, and LC. The mRNA levels of At1r 
and At2r were reduced in the OB (p = 0.002 for At1r and p = 0.024 
for At2r; Figure 10A) and increased in LC (p = 0.014 for AT1R and 
p = 0.002 for AT2R; Figure 10G). However, in the HT, the RT-qPCR 
showed an increasing trend for the At1r mRNA (Figure  10C) and 
no change in the MR. Likewise, the Mas1 receptor was increased 
significantly in the OB (p = 0.020; Figure 10A) and LC (p = 0.020; 
Figure 10G) following CIE, and no change was observed in the MR 
(Figure 10C). However, mRNA levels show an increasing trend of 
Mas1 expression in the HT following CIE (p = 0.097; Figure 10B). 
Overall, the RT-qPCR data suggest that the CIE induces an increase 
in the pro-inflammatory RAS pathway, which in turn upregulates 
ACE2 levels in the brain to initiate compensatory anti-inflammatory 
RAS signaling.

Impact of alcohol exposure on the mRNA 
expression of the pro-inflammatory markers

To further understand CIE-induced dysregulation of the RAS path-
way and the downstream activation of pro-inflammatory signaling, 
we analyzed mRNA levels of key pro-inflammatory markers (Il-6, Nfkb, 
Tnfα, Nlrp3, and Stat3) that are involved in SARS-CoV-2 etiology (Jiang 
et al.,  2022). Il-6 was increased significantly in the OB (p  =  0.044; 
Figure 10B) and locus coeruleus (p = 0.003; Figure 10H) following 
CIE and no change was observed in the HT and MR (Figure 10D,F). 
Nfkb1 was decreased in the OB (p = 0.043) and remained unaltered 
in other regions tested (Figure 10B,D,F,H). Tnfα was decreased in the 
HT (p = 0.031; Figure 10D) and MR (p = 0.002; Figure 10F), increased 
in LC (p  =  0.042; Figure  10H), and unaltered in the OB following 
CIE. Nlrp3 mRNA expression was increased significantly in the HT 
(p = 0.046; Figure 10D) and MR (p = 0.032; Figure 10F), and no change 
was observed in the OB and LC (Figure  10B,H) following CIE. The 
transcription factor Stat3 was increased significantly in LC (p = 0.023; 
Figure  10H) and decreased in the OB (p  =  0.030; Figure  10B), HT 
(p = 0.019; Figure 10D), and MR (p = 0.045; Figure 10F).

DISCUSSION

While SARS-CoV-2 respiratory infection and related complications 
have driven hospitalizations and mortality and were the primary focus 
early in the pandemic, a significant proportion of infections result in ex-
tensive neurological symptoms. Furthermore, accumulating evidence 
shows that SARS-CoV-2 invasion of the CNS underlies neurological 
complications (Siddiqui, 2021). Previous work shows the SARS-CoV-2-
associated genes ACE2 and TMPRSS2 were upregulated in the frontal 
and motor cortex of chronic AUD patients (Muhammad et al., 2021). 
In the present study, we examined a larger set of brain regions for the 
expression of ACE2 in mice exposed to 4 weeks of CIE. Our results 
show that ACE2 levels were altered after CIE in the OB, HT, AMY, 
and monoaminergic brainstem regions. The relevance of monoamine 
neuron function to addiction is well established (Jaatinen et al., 2013; 
Marcinkiewcz et al., 2016), but altered ACE2 levels in these neurons 
may also heighten the severity of SARS-CoV-2 infection after chronic 
alcohol exposure. Elevated ACE2 in the OB, HT, and brainstem might 
increase the risk of neuroinvasion, while infection of monoaminergic 
neurons could augment the spread via the widespread network of sero-
tonergic and noradrenergic projections throughout the brain. Altered 
activity or loss of these neurons may also account for increasing reports 
of neuropsychiatric complications in the wake of COVID-19 infection.

Alcohol alters the ACE2 expression in the SARS-
CoV-2 entry points—the olfactory bulb and 
hypothalamus

RT-qPCR and Western blot data showing widespread ACE2 ex-
pression in the current study are consistent with previous findings 
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F I G U R E  4  Effect of chronic intermittent EtOH (CIE) exposure on the TPH2 and ACE2 immunoreactivity in raphe magnus (RMG). 
Representative confocal images showing (A, D) TPH2 (green) (B, E) ACE2 (red) (C, F) TPH2-ACE2 (yellow) positive neurons in RMG of air 
and CIE mice. Scale bar = 50 μm. Graph showing (G) % immunoreactive area for ACE2 and TPH2, (H) % immunoreactive area for TPH2-
ACE2 positive neurons, (I) Pearson correlation coefficient for TPH2-ACE2 colocalization (J) Mander's overlap coefficient for TPH2-ACE2 
colocalization in RMG. Values (n = 4 to 5/group) are represented as mean (±SEM) and the data were analyzed by unpaired Student's t-test 
with Welch's correction (*p < 0.05, **p < 0.01 vs. air control).

F IGURE  3 Effect of chronic intermittent EtOH (CIE) exposure on the 5HT, ACE2, and TMPRSS2 immunoreactivity in dorsal raphe 
nucleus (DRN). Representative confocal images showing (A, B) 5-HT in the DRN (blue; scale bar = 100 μm) and (C, D) a single tile image (scale 
bar = 50 μm) from the boxed area of air control and CIE mice. (E, F) Representative images of ACE2 (red; scale bar = 100 μm) in the DRN 
and (G, H) a single tile image (scale bar = 50 μm) from the boxed area in air control and CIE mice. (I, J) TMPRSS2 (green; scale bar = 100 μm) 
in the DRN and (K, L) a single tile image (scale bar = 50 μm) from the boxed area in air control and CIE mice. (M, N) 5HT-ACE2 (magenta) 
colocalization in the DRN and (O, P) a single tile image from the boxed area in air control and CIE mice. (Q, R) 5HT-TMPRSS2 (white) positive 
neurons in the DRN and (S, T) a single tile image from the boxed area of air control and CIE mice. Histogram showing (U) % immunoreactive 
area for 5HT, ACE2, and TMPRSS2, (V) % immunoreactive area for 5HT-ACE2 positive neurons, (W) Pearson correlation coefficient for 5HT-
ACE2 colocalization (X) Mander's overlap coefficient for 5HT-ACE2 colocalization in DRN. Values (n = 4 to 5/group) are represented as mean 
(±SEM) and the data were analyzed by unpaired Student's t-test with Welch's correction (*p < 0.05 vs. air control).
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(Doobay et al., 2007; Qiao et al., 2020). ACE2 exists as a transmem-
brane protein (cACE2) and as a soluble catalytic ectodomain (sACE2), 
detectable in CSF (García-Escobar et al.,  2021). Interestingly, we 
detected differential expression of sACE2 in several brain regions 
with elevated ACE2 immunoreactivity that were accompanied by 
elevated TMPRSS2 and/or ADAM17, which cleave cACE2 to gen-
erate sACE2 (Heurich et al., 2014). The suggested mechanisms for 
coronavirus propagation within the brain include internalization in 
nerve terminals by endocytosis, retrograde transportation, axonal 
transport, and transsynaptic mode of spreading (Dubé et al., 2018), 
so high levels of sACE2 in brain regions such as the olfactory bulb 
and hypothalamus may help SARS-CoV-2 propagate into other brain 
regions.

COVID-19 patients display anosmia as an early indication of 
infection. Growing evidence of ACE2 expression in the OB con-
firms the intranasal/olfactory system route is highly relevant to 
SARS-CoV-2 CNS invasion (Jiao et al., 2021; Qiao et al., 2020; Song 
et al., 2021; Ueha et al., 2020). An intranasal administration of SARS-
CoV-2 in hACE2 mice further confirms an infection in sustentacular 
cells and olfactory neurons (Tang et al., 2021). Interestingly, we ob-
served an increase in sACE2 levels and a non-significant change in 
TMPRSS2 after CIE. However, the endosomal receptor Cathepsin L 
was increased following CIE, suggesting that CIE might increase the 
risk for endosomal entry of SARS-CoV-2.

Identification of the SARS-CoV genome in the hypothalamus 
has also been reported following viral entry into the OB (Netland 
et al., 2008). Since acute and chronic exposure to alcohol has direct 
or indirect effects on endocrine functions, which are mediated by the 
HPA axis (Rachdaoui & Sarkar,  2017), we examined ACE2 levels in 
various hypothalamic nuclei and observed an increase in the LH and 
PVN following CIE. Moreover, sACE2 levels were increased along with 
ADAM17 and TMPRSS2 in the hypothalamus. The hypothalamus in-
tegrates information from almost all regions of the brain, in particular 
the brainstem, upon receiving peripheral sensory inputs from different 
sources including the olfactory system (Papp, 2014).

Alcohol alters ACE2 expression in monoaminergic 
brainstem nuclei

Most serotonergic neurons arise from the DRN, which spans the 
midbrain and brainstem and plays a significant role in the etiol-
ogy of neuropsychiatric disorders and AUD (Marcinkiewcz,  2015). 
Following CIE, we observed an increase in 5-HT levels in the DRN 

in accordance with a previous study reporting hyperexcitability of 
DRN neurons after CIE vapor (Lowery-Gionta et al., 2015). Our re-
sults also align with a post-mortem study indicating greater TPH 
immunoreactivity in alcohol-dependent individuals throughout the 
rostral-caudal axis of DRN (Underwood et al.,  2007). The DRN is 
also known to participate in modulating the core respiratory net-
works of the brainstem (Smith et al., 2018), and a recent report in-
dicates the expression of ACE2 in 5-HT neurons in the DRN of rats 
(Hernández et al., 2021). We examined ACE2 and TMPRSS2 levels 
in DRN and found that while global ACE2 expression did not change 
significantly, there was a significant increase in ACE2 colocalization 
with 5-HT neurons. Although there was no significant change in 
TMPRSS2 after CIE exposure, the caudal region showed a significant 
colocalization of 5-HT and TMPRSS2.

A clinical study reported immunoreactivity for nucleoprotein 
(NP) of SARS-CoV-2 in neurons and glial cells of respiratory centers 
of the brainstem and medulla (Bulfamante et al., 2021). In addition, 
vagus nerve afferent fibers in the medulla of COVID-19 patients 
showed intense NP immunostaining, arguing for viral trafficking 
between the brainstem and the lung or gut. The present study 
confirms the prominent expression of ACE2 in serotonin and non-
serotonin neurons in the raphe magnus and obscurus/palladium. It 
is worth noting that ACE2 expression in these regions was highly 
conspicuous when compared with the DRN and was significantly 
increased after CIE exposure. Altogether, it is conclusive that ACE2 
is prominently expressed in the medullary raphe nucleus and is a 
viable candidate for SARS-CoV-2 neuroinvasion via the vagal nerve. 
Interestingly, TPH2 expression was bidirectionally modulated by CIE 
in these nuclei, with an increase in the TPH2-immunoreactivity in 
obscurus/palladium and a decrease in the magnus. Because of the 
difference in the TPH2-immunoreactive area in these regions, the 
number of TPH2 neurons expressing ACE2 was greater in obscurus/
palladium and lesser in magnus in CIE mice. To our knowledge, this is 
the first report of the effects of chronic alcohol on these medullary 
raphe nuclei in adult animals.

Noradrenergic neurons in the LC have been associated with a 
wide array of physiological functions including cardiovascular and 
respiratory control (de Carvalho et al., 2017) via direct projections 
to the spinal cord or projections to autonomic nuclei (Samuels & 
Szabadi, 2008). As autonomic functions are impaired in COVID-19 
patients after infection (Becker, 2021) and the LC is one of the re-
gions that is associated with these functions, we tested ACE2 im-
munoreactivity in LC neurons after CIE exposure. Many TH-positive 
neurons in the LC were positive for ACE2 expression as previously 

F I G U R E  5  Effect of chronic intermittent EtOH (CIE) exposure on the ACE2-TPH2 immunoreactivity in raphe obscurus (ROB) and 
ADAM17, TMPRSS2, and Cathepsin L expression in medullary raphe. Representative confocal images showing (A, D) TPH2 (green) (B, 
E) ACE2 (red) (C, F) TPH2-ACE2 (yellow) positive neurons in ROB of air control and CIE mice. Scale bar = 50 μm. Graph showing (G) % 
immunoreactive area for ACE2 and TPH2, (H) % immunoreactive area for TPH2-ACE2 positive neurons, (I) Pearson correlation coefficient for 
TPH2-ACE2 colocalization (J) Mander's overlap coefficient for TPH2-ACE2 colocalization in ROB. (K) Representative Western blot (WB) and 
histogram showing the cACE2 and sACE2 protein levels in the medullary raphe. (L) Histogram showing the ACE2, TMPRSS2, ADAM17, and 
Cathepsin L mRNA levels in the medullary raphe. Values (n = 4 to 5/group for IF and n = 7 to 8/group for WB and RT-qPCR) are represented 
as mean (±SEM) and the data were analyzed by unpaired Student's t-test with Welch's correction (*p < 0.05, **p < 0.01 vs. air control).
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reported (Hernández et al., 2021) and the number of TH-ACE2 neu-
rons was increased in CIE mice, suggesting an increased vulnerability 
of LC neurons to SARS-CoV-2 infection. More specifically, sACE2 
levels were increased in the LC with an increase in the sheddase or 
viral internalizing protein TMPRSS2. The increase in TH expression 
in LC could be the effect of “kindling” caused by repeated withdraw-
als of substances as previously reported (Fitzgerald, 2013).

The PAG is another brainstem region that also plays a critical role 
in autonomic function, especially breathing (Faull et al., 2019), and 
shows increased viral antigen for SARS-CoV in hACE2 mice after 
3 days of intranasal inoculation (Netland et al.,  2008). Moreover, 
acute and chronic alcohol exposure is known to induce robust en-
hancement of glutamatergic synaptic transmission in dopamine neu-
rons of the VL-PAG (Li et al., 2013). We then investigated the effects 

of CIE on the ACE2 expression levels in VL-PAG and DM-PAG and 
found that ACE2 levels were increased significantly in the VL-PAG, 
suggesting that alcohol can potentiate the vulnerability of this re-
gion to viral infection.

Alcohol impacts ACE2 expression in brain regions 
associated with sensory stimuli and emotional valence

The thalamus is a structure of the diencephalon that has extensive 
nerve connections to the brainstem and the cerebral cortex and is 
functionally involved in transmitting sensory information to the cor-
tex. A few clinical reports have shown a significant role of the thala-
mus in encephalitis after viral infection (Abel et al., 2020). Moreover, 

F IGURE  7 Effect of chronic intermittent EtOH (CIE) exposure on the ACE2 immunoreactivity in the ventrolateral and dorsomedial 
periaqueductal gray (VL-PAG, DM-PAG). Representative confocal images showing ACE2 positive cells in (A, D) VL-PAG and (B, E) DM-PAG of 
air and CIE mice. Scale bar = 100 μm. (C) Histogram showing the % ACE2 immunoreactive area in VL-PAG and (F) DM-PAG. Values (n = 4 to 
5/group) are represented as mean (±SEM) and the data were analyzed by unpaired Student's t-test with Welch's correction (*p < 0.05 vs. air 
control).

F I G U R E  6  Effect of chronic intermittent EtOH (CIE) exposure on the ACE2, TH, ADAM17, TMPRSS2, and Cathepsin L expression in locus 
coeruleus (LC). Representative confocal images showing (A, D) TH (green) (B, E) ACE2 (red) (C, F) TH-ACE2 (yellow) positive neurons in LC of 
air and CIE mice. Scale bar = 50 μm. Graph showing (G) % immunoreactive area for ACE2 and TH, (H) % immunoreactive area for TH-ACE2 
positive neurons, (I) Pearson correlation coefficient for TH-ACE2 colocalization (J) Mander's overlap coefficient for TH-ACE2 colocalization 
in LC. (K) Representative Western blot (WB) and histogram showing the cACE2 and sACE2 protein levels in the LC. (L) Representative WB 
and histogram showing the TMPRSS2, and Cathepsin L protein levels in the LC. (M) Histogram showing the ACE2, ADAM17, and Cathepsin 
L mRNA levels in the LC. Values (n = 4 to 5/group for IF and n = 7-8/group for WB and RT-qPCR) are represented as mean (±SEM) and the 
data were analyzed by unpaired Student's t-test with Welch's correction (*p < 0.05, **p < 0.01 vs. air control).
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thalamic abnormalities are a key feature in alcohol-related brain dys-
function. In the present study, we observe decreased ACE2 levels 
in the PVT following CIE. However, it is possible that this reduction 
in ACE2 could be due to shrinkage of the thalamus as previously re-
ported in clinical studies of alcohol dependence (Pitel et al., 2015).

Besides the brainstem and hypothalamus, ACE2 was also highly 
expressed in the amygdala (Piras et al., 2021), a brain region impli-
cated in anxiety, stress-related disorders, and the reinforcing effects 
of alcohol and other drugs of abuse (Roberto et al., 2021). Moreover, 
RNA-sequencing analysis of the amygdala tissue of COVID-19 pa-
tients displays upregulation of interferon-related neuroinflamma-
tion genes as well as downregulation of synaptic and other neuronal 
genes (Piras et al., 2021). Based on COVID-19 reports and the sig-
nificance of amygdalar circuits in alcohol dependence, we measured 
ACE2 levels in the amygdala of CIE mice and found that they de-
creased after exposure. Amygdalar ACE2 is known to reduce anxiety 
by activating MAS receptor signaling (Wang et al., 2016), which is a 
potential mechanism for observations of increased anxiety in mice 
after CIE.

Mechanistic interpretation of alcohol exposure and 
increased risk of SARS-CoV-2 infection

To reconcile the overall mechanism of how EtOH intoxication in-
creases ACE2 levels in the brain, we suggest that heightened lev-
els of sACE2 and ADAM17 (sheddase) in the CNS could be due to 
an environment with high levels of Angiotensin II, which initiates a 
pro-inflammatory cascade via AT1R. These pro-inflammatory media-
tors, in turn, may upregulate gene expression of ACE2 and ADAM17 
(Clarke et al., 2014). This is perhaps because sACE2 which retains 
its catalytic activity can easily access and cleave Angiotensin II to 
Angiotensin 1-7 (Zipeto et al.,  2020). Therefore, an increase in 
sACE2 indicates that Angiotensin II is elicited under CIE conditions, 
and sACE2 is shed by ADAM17 to counterbalance the harmful ef-
fects of the RAS pathway. In line with this, previous reports show 
that transgenic rats expressing antisense RNA against Angiotensin 
II consumed less alcohol when compared with wild-type controls 
and indicated that the central effect of Angiotensin II on alco-
hol consumption is mediated by angiotensin receptor AT1R (Maul 

F I G U R E  8  Effect of chronic intermittent EtOH (CIE) exposure on the ACE2 immunoreactivity in the paraventricular thalamic nucleus 
(PVT) and amygdala (AMY). Representative confocal images showing ACE2 positive cells in (A, B) PVT (D, E) AMY of air and CIE mice. Scale 
bar = 100 μm. Histogram showing the % ACE2 immunoreactive area in (C) PVT (F) in AMY. Values (n = 4 to 5/group) are represented as mean 
(±SEM) and the data were analyzed by unpaired Student's t-test with Welch's correction (*p < 0.05 vs. air control).
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et al., 2005). An increase in MAS1 receptor after CIE in the current 
study is another indication for the deregulation of the RAS pathway, 
where MAS1 levels are heightened to meet the requirement of the 
cell to counterbalance higher Angiotensin II levels and initiate anti-
inflammatory pathways as a response to a harmful pro-inflammatory 
signal triggered by AT1R and AT2R.

Several studies have reported sACE2 as a decoy receptor 
and showed its beneficial and protective role in therapeutics for 
COVID-19 (Pang et al.,  2020; Tang et al.,  2020). Surprisingly, clin-
ical information suggests that patients with low cACE2 and high 

sACE2 had a poorer prognosis (Basit et al., 2021), conflicting with 
the therapeutic potential of sACE2. Based on our data and recent 
reports (Rahman et al., 2021), we suggest that the increase in sACE2 
is a response to heightened Angiotensin II in AUD patients and this 
might elevate the risk of SARS-CoV-2 infection, leading to depletion 
of cACE2 and sACE2 by forming an ACE2-virus complex (Figure 11). 
This in turn exacerbates RAS homeostasis, thereby increasing 
Angiotensin II levels and leading to a cytokine storm (Mahmudpour 
et al., 2020; Tran et al., 2022) and other pathological complications 
(Kai & Kai, 2020).

F IGURE  9 ACE2 distribution in neurons, microglia, and astrocyte in medullary raphe nuclei. The raphe magnus (RMG), and raphe 
obscurus (ROB) were stained for neuronal marker NeuN (panel A, F); microglia marker Iba1 (panel B, G); astrocyte marker GFAP (panel C, H) 
and ACE2 (panel D, I). Panel E shows the merged image of the RMG stained with all the markers (panels A–C) with ACE2 (panel D). Panel J 
shows the merged image of the ROB stained with all the markers (panels F–H) with ACE2 (panel I). Yellow arrows indicate the colocalization 
of ACE2 and Iba1 (yellow in the merge panels) and white arrows indicate the colocalization of ACE2 and NeuN (magenta in the merge 
panels). Scale bar = 100um.
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It is known that Angiotensin II activates JAK2/STAT3 pathway 
and induces IL-6 and NFkB production in cultured rat brainstem cells 
(Gowrisankar & Clark, 2016; Kandalam & Clark, 2010), and this aligns 

with our observation of increased STAT3, IL-6 and NFkB mRNA lev-
els in the LC after CIE. However, IL-6 was increased in the OB with a 
drop in STAT3 levels, which could be due to the feedback inhibition 

F I G U R E  1 0  Effect of chronic intermittent EtOH (CIE) exposure on mRNA expression of the RAS pathway and pro-inflammatory 
receptors. RAS pathway receptor (AT1R, AT2R, MAS1) mRNA expression in (A) olfactory bulb (C) hypothalamus (E) medullary raphe (G) locus 
coeruleus. Pro-inflammatory marker (Il-6, Nfkb1, Tnfα, Nlrp3, Stat3) mRNA expression in (B) olfactory bulb (D) hypothalamus (F) medullary 
raphe (H) locus coeruleus. Values (n = 7 to 8/group) are represented as mean (±SEM) and the data were analyzed by multiple unpaired 
Student's t-test (*p < 0.05, **p < 0.01, vs. air control).
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of the IL-6 classical pathway (Reeh et al., 2019). Moreover, in the HT 
and MR nuclei, NLRP3 was increased after CIE due to the activa-
tion of the Angiotensin II-AT1R-mediated pro-inflammatory pathway 
as noticed before in the substantia nigra of aging and PD models 
(Quijano et al., 2022).

Altogether, our study provides evidence that chronic alcohol 
exposure and withdrawal increases ACE2 levels in monoaminergic 
neuronal circuits and may potentiate the risk of CNS-viral entry as 
well as cardiovascular, respiratory, and neuropsychiatric complica-
tions. We also conclude that the increase in sACE2 levels is a sign 
of chronic RAS-AT1R activation that potentiates pro-inflammatory 
signaling in AUDs, and that ACE2 may act as a molecular brake 
on excessive neuroinflammation. While this study provides a 
mechanism for increased SARS-CoV-2 severity in individuals who 
chronically consume alcohol, it represents only an indirect sign of 
potential vulnerability. Follow-up research is needed to directly 
show that EtOH-dependent changes in ACE2 levels impact SARS-
CoV-2 CNS invasion, disease severity, or prevalence of neurological 
symptoms.
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