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Abstract
The SARS-CoV-2 spike S1 subunit (S1) can cross the blood–brain barrier and elicit neuroinflammatory response independent 
of viral infection. Here we examined whether S1 influences blood pressure (BP) and sensitizes the hypertensive response to 
angiotensin (ANG) II by enhancing neuroinflammation and oxidative stress in hypothalamic paraventricular nucleus (PVN), 
a key brain cardiovascular regulatory center. Rats received central S1 or vehicle (VEH) injection for 5 days. One week after 
injection, ANG II or saline (control) was subcutaneously delivered for 2 weeks. S1 injection induced greater increases in BP, 
PVN neuronal excitation and sympathetic drive in ANG II rats but had no effects in control rats. One week after S1 injection, 
mRNA for proinflammatory cytokines and oxidative stress marker were higher but mRNA of Nrf2, the master regulator of 
inducible antioxidant and anti-inflammatory responses, was lower in the PVN in S1-injected rats than in VEH-injected rats. 
Three weeks after S1 injection, mRNA for proinflammatory cytokines and oxidative stress marker, microglia activation and 
reactive oxygen species in the PVN were comparable between S1 and VEH treated control rats but were elevated in two 
groups of ANG II rats. Notably, ANG II-induced elevations in these parameters were exaggerated by S1. Interestingly, ANG 
II increased PVN Nrf2 mRNA in VEH-treated rats but not in S1-treated rats. These data suggest that S1 exposure has no 
effect on BP, but post-S1 exposure increases susceptibility to ANG II-induced hypertension by downregulating PVN Nrf2 
to promote neuroinflammation and oxidative stress and augment sympathetic excitation.
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Introduction

Coronavirus disease 2019 (COVID-19) caused by SARS 
coronavirus-2 (SARS-CoV-2) has now raged worldwide 
for more than 3 years and remains a major threat to public 
health. As of August 28. 2022, 600 million cases have been 
confirmed, leading to over 6.4 million deaths worldwide 
[Word Health Organization, COVID-19 Dashboard, https://​
covid​19.​who.​int/]. Despite COVID-19 is primarily a res-
piratory disease, it also affects other systems, such as the 
central nervous system and the cardiovascular system [1–4]. 
COVID-19 patients with cardiovascular disorder (CVD) 
develop a more severe clinical course with a significantly 

increased risk of death than non-CVD patients [1]. Moreo-
ver, emerging evidence reveals that COVID-19 patients 
without a history of pre-existing cardiovascular disorders 
have a greater risk of developing cardiovascular disease after 
COVID-19 recovery [3].

Hypertension is a major risk factor for a variety of car-
diovascular diseases, including stroke, coronary artery dis-
ease, heart failure, and renal disease [5]. Several clinical 
studies showed that arterial blood pressure was significantly 
elevated in COVID-19 patients after recovery from infection 
[3, 6]. These observations suggest that hypertension might 
be a sequela of COVID-19 infection, but the mechanisms 
underlying elevated blood pressure in the post-acute phase 
of COVID-19 infection are unclear.

It has long been established from both animal and human 
studies that excessive activation of the sympathetic nervous 
system plays a primary role in the development and progres-
sion of the essential hypertension [7–9]. Inflammation and 
oxidative stress in the brain, particularly in the hypothalamic 
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paraventricular nucleus (PVN), a cardiovascular regulatory 
center in the brain that integrates neural and humoral signals 
driving the sympathetic nervous system, are key factors in 
regulating sympathetic nerve activity and blood pressure 
[10, 11]. Previous studies have indicated that the presence of 
several central inflammatory challenges can enhance hyper-
tensive response to subsequent angiotensin (ANG) II admin-
istration by promoting inflammation in the brain to increase 
sympathetic excitation [9, 12–14]. The S1 subunit of the 
SARS-CoV-2 spike protein (S1) has been shown to cross the 
blood–brain barrier (BBB) and cause inflammatory response 
in the brain independent of SARS-CoV-2 cellular infection 
[15, 16]. However, whether S1 protein has an impact on 
blood pressure is unknown. In the present study, we exam-
ined whether S1 protein exposure influences blood pressure 
and sensitizes ANG II-induced hypertensive response and 
if so, whether post-S1 protein exposure promotes inflamma-
tory response and oxidative stress in the PVN and augments 
sympathetic excitation.

Methods

Animals

All procedures were approved by the Institutional Animal 
Care and Use Committee and performed in accordance with 
the guidelines of the Animal Care and Use Committee at 
Shandong University. Male Sprague–Dawley rats (Beijing 
Laboratory Animal Research Center, Beijing, China) that 
weighed between 220 and 250 g on arrival to the labora-
tory were housed in temperature- and humidity-controlled 
rooms (22 ± 1 °C; 50 ± 5%) under a 12–12 h light–dark cycle 

with standard rat chow and water ad libitum. All rats were 
allowed ≥ 1 week of habituation to the laboratory before the 
start of experiments.

Experiment Protocols

The protocols for experiments are presented in Fig. 1. In 
protocol 1, we examined whether S1 protein exposure would 
alter blood pressure and sensitize ANG II-induced hyper-
tension. Rats were randomly assigned to 4 groups: (1) rats 
treated with intra-cisterna magna (ICM) injection of vehi-
cle (VEH, artificial cerebrospinal fluid) and subcutaneous 
(SC) infusion of saline (VEH + Saline); (2) rats treated 
with ICM injection of S1 protein and SC infusion of saline 
(S1 + Saline); (3) rats treated with ICM injection of VEH 
and SC infusion of ANG II (VEH + ANG II); (4) rats treated 
with ICM injection of S1 protein and SC infusion of ANG 
II (S1 + ANG II). Recombinant SARS-CoV-2 full-length S1 
protein were obtained from RayBiotech (GA, USA). Some 
animals from each group (n = 7 rats/per group) received a 
telemetry implant for continuous recording daily mean blood 
pressure (MBP) and heart rate (HR). After 1 week recovery 
from surgery, baseline MBP and HR were measured over 
5 days to ensure stable MBP and HR recordings. VEH or S1 
protein was then given by ICM injection once every other 
day for 5 days (three applications total). The dose of S1 
protein and the route of administration used here were based 
on a previous study in rats demonstrating the neuroinflam-
matory effects of S1 protein in several brain areas includ-
ing hypothalamus [16]. We wanted to determine the direct 
effects of the S1 protein in the brain, and this route of admin-
istration avoids the peripheral inflammatory effects that 
would be caused by an intravenous injection and therefore 

Fig. 1   Schematic diagram of the 
experimental protocol
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eliminates a potential confounder. One week after final S1 
protein injection was completed, animals were implanted 
with subcutaneous osmotic mini-pumps that delivered a 
slow-pressor dose of ANG II (120 ng/kg/min in a volume of 
0.5 µL/h) over 14 days. One day prior to sacrifice, ganglionic 
blockade was produced by intraperitoneal injection of hex-
amethonium bromide (30 mg/kg) to evaluate the sympathetic 
contribution to BP and HR, as previously described [17]. 
The animals were then euthanized to collect blood and brain 
tissues for molecular studies. Additional animals from each 
group without telemetry probe implantation were treated 
identically. At the end of the experiment, animals were per-
fused transcardially with 4% paraformaldehyde (n = 6 rats/
per group) or directly euthanized to collect brain (n = 6 rats/
per group) for immunohistochemical studies. Protocol 2 was 
conducted to determine whether S1 protein exposure would 
have an effect on molecular signaling in the PVN 1 week 
after completion of S1 injection (before ANG II infusion). 
Rats were randomly assigned to VEH and S1 protein expo-
sure groups (n = 7 rats/per group). VEH or S1 protein was 
administrated identically to protocol 1; however, telemetry 
devices were not implanted. Animals were euthanized one 
week after final S1 protein injection and the brains were 
collected for molecular studies.

Telemetry Probe Implantation and Measurement 
of BP and HR

Arterial BP and HR in individual animals were directly 
recorded using a telemetry probe (HD-S10, Data Sciences 
International, (DSI® 89), St. Paul, MN) as described previ-
ously [17]. Briefly, rats were anesthetized with a mixture of 
ketamine and xylazine (90% ketamine and 10% xylazine, 
IP) and a ventral incision was made to assess the femoral 
artery. The right femoral artery was isolated, and the catheter 
of the telemetric device was inserted into the right femoral 
artery. Through the same ventral incision, a pocket along the 
right flank was formed. The body of the telemetric device 
was placed in the pocket and secured with tissue adhesive 
(Vetbond, 3 M Animal Care Products, St Paul, MN, USA). 
The ventral incision was then closed with suture. All ani-
mals were allowed 1 week for recovery before being used 
in experiments.

ICM Injection

ICM injection was performed as described previously [16]. 
Briefly, animals were anaesthetized with isoflurane (5% for 
induction, 3% for maintenance) in oxygen. The dorsal aspect 
of the skull was shaved and disinfected with iodine solu-
tion and 70% ethanol. A sterile 27-gauge needle attached via 
sterile PE50 tubing to a 25 μl Hamilton syringe was inserted 
into the cisterna magna. After verification by withdrawing 

2 μl of clear CSF, the S1 protein or VEH was injected over 
a 30 s period. After the injection was completed, the needle 
was left in place for 30 s to allow for diffusion of drug.

Measurement of mRNA Expression in the PVN

mRNA levels for proinflammatory cytokines interleu-
kin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α, 
and NAD(P)H oxidase subunits NOX2 and NOX4 in the 
hypothalamic PVN were assessed using real-time PCR 
as described previously [17–19]. Briefly, the PVN tissues 
were micropunched from the forebrain and RNA was iso-
lated from the PVN using the RNeasy plus mini kit (QIA-
GEN China Co. Ltd., Shanghai, China). The RNA was then 
reverse transcribed into cDNA using iScript™ cDNA Syn-
thesis Kit (Bio-Rad Laboratories, Inc, Hercules, CA, USA). 
The primers used for real-time PCR are presented in Table 1. 
cDNA was amplified and analyzed using the QuantStudio 3 
Real-Time PCR System (Applied Biosystems, Carlsbad, CA, 
USA). Changes in mRNA expression levels were normalized 
to β-actin levels and calculated using the comparative cycle 
threshold method. Results are expressed as fold change rela-
tive to VEH + Saline or VEH group.

Immunofluorescence and Immunohistochemistry

Rats were anesthetized and perfused with 0.1 M phosphate-
buffered saline (PBS) followed by 4% paraformadlehyde in 
PBS. Brains were removed and placed in 4% paraformadle-
hyde overnight and then in 30% sucrose for 2 days. Brains 
were sectioned into several 20-μm transverse sections using 

Table 1   Sequences for primers

Gene Primers Sequences

IL-1β Forward primer:
Reverse primer:

5′-CAC​CTC​TCA​AGC​AGA​GCA​CAG-3′
5′-GGG​TTC​CAT​GGT​GAA​GTC​AAC-3′

IL-6 Forward primer:
Reverse primer:

5′-TCC​TAC​CCC​AAC​TTC​CAA​TGCTC-
3′

5′-TTG​GAT​GGT​CTT​GGT​CCT​TAGCC-
3′

TNF-α Forward primer:
Reverse primer:

5′-AAA​TGG​GCT​CCC​TCT​CAT​CAG​
TTC​-3′

5′-TCT​GCT​TGG​TGG​TTT​GCT​ACGAC-
3′

NOX2 Forward primer:
Reverse primer:

5′-CAA​GAT​GGA​GGT​GGG​ACA​GT-3′
5′-GCT​TAT​CAC​AGC​CAC​AAG​CA-3′

NOX4 Forward primer:
Reverse primer:

5′-GGA​TCA​CAG​AAG​GTC​CCT​AGC-3′
5′-AGA​AGT​TCA​GGG​CGT​TCA​CC-3′

Nrf2 Forward primer:
Reverse primer:

5′-GCC​AGC​TGA​ACT​CCT​TAG​AC-3′
5′-GAT​TCG​TGC​ACA​GCA​GCA​-3′

β-actin Forward primer:
Reverse primer:

5′-CAG​GGT​GTG​ATG​GTG​GGT​ATGG-
3′

5'-AGT​TGG​TGA​CAA​TGC​CGT​GTTC-3′
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a cryostat microtome and stored at − 20 °C until processed 
for immunohistochemistry. Slices were washed in 0.1 M 
PBS for 3 times, incubated in 1% hydrogen peroxide for 
30 min to block endogenous peroxidase, and blocked with 
3% goat serum for 1 h. The sections were then incubated 
with mouse monoclonal primary antibodies against CD11b 
(clone OX-42, Chemicon, Temecula, USA) or against Fra-
LI (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 
2 days at 4 °C. Subsequently, the sections were incubated 
in an anti-mouse Alex Fluor 488 (Invitrogen, Carlsbad, CA, 
United States) or anti-mouse biotinylated IgG for 1 h at room 
temperature. After washing in PBS, sections were cover-
slipped with mounting medium and images were taken with 
a Zeiss LSM 710 confocal microscope or an Olympus BX51 
microscope. The number of Fra-LI positive neurons, total 
and activated microglia in the PVN were manually counted 
as previously described [20]. Activated microglia were pre-
sented as a percentage of the total number of microglia.

Detection of Reactive Oxygen Species (ROS) 
Production

The nonfixed sections were used for to detect superoxide 
in situ in the PVN by laser scanning confocal microscope as 
described previously [18, 19]. Briefly, the brain was removed 
and immediately frozen at –80 °C for 1 h, blocked in the 
coronal plane, and cut at − 20 °C using a cryostat microtome 
at 30 μm. The sections at the level of the PVN were mounted 
on microscope slides and incubated with DHE (Molecular 
Probes, Eugene, OR, USA) for 30 min at 37 °C in a light-
protected humidified chamber. The stock solution of DHE 
was made by dissolving 5 mg of the dye in 1 mL of water; 
for staining, it was diluted to 5 µmol/L in PBS. Images were 
visualized and DHE fluorescence in the PVN were analyzed 
by NIH image software.

Biochemical Assay

Trunk blood was collected at the time of euthanasia for bio-
chemical assay. Plasma levels of norepinephrine (NE) were 
measured with a commercial ELISA kit (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturers’ 
instructions.

Statistical Analysis

All data are presented as the mean ± S.E.M. Kolmogo-
rov–Smirnov test and Levene’s test were applied to verify 
normal distributions and equal variances, respectively. Sta-
tistical analyses were performed with Student’s t-test or two-
way ANOVA followed by Tukey’s post hoc test for multiple 
group comparisons, using GraphPad Prism 8.0 (GraphPad 

Software, San Diego, CA). P < 0.05 was considered statisti-
cally significant.

Results

Effects of S1 Protein Exposure on BP and HR

Figure 2A displays average daily MBP during baseline 
recordings (day B1-5), S1 protein exposure (days 1–5), one 
week post S1 protein or VEH exposure (days 6–12), first 
week of ANG II or saline infusion (days 13–19) and second 
week of ANG II or saline infusion (days 20–26). There was 
no significant difference in MBP during baseline recordings, 
S1 protein exposure and one week post S1 protein exposure 
across 4 experimental groups. After ANG II or saline infu-
sion, VEH + ANG II rats experienced a gradual increase in 
MBP compared with VEH + Saline rats and a significant 
elevation in MBP began on day 18, whereas S1 + ANG II 
rats showed a more rapid elevation in MBP during ANG II 
infusion and a significant elevation in MBP began on day 
16. Furthermore, ANG II-induced increase in MBP was 
greater in S1 + ANG II rats than that in VEH + ANG II rats 
on days 22–26. MBP in S1 + Saline rats did not differ from 
that in VEH + Saline rats during saline or ANG II infusion. 
Figure 2B shows MBP blocked by phase. Compared with 
VEH + Saline rats, MBP was significantly higher in both 
groups of ANG II-infused rats in the first and second phases 
of ANG II infusion. However, S1 + ANG II rats showed a 
greater increase in MBP than VEH + ANG II rats in the sec-
ond phase of ANG II infusion. Average daily HR (Fig. 3A) 
and HR blocked by phase (Fig. 3B) were comparable among 
4 experimental groups throughout the experimental protocol.

To evaluate the contributions of the sympathetic nervous 
system activation to BP, ganglionic blocker hexamethonium 
bromide was administered at the end of the study. Although 
hexamethonium bromide caused a significant reduction in 
MBP in all 4 groups (Fig. 2C), the depressor response was 
significantly bigger in VEH + ANG II and S1 + ANG II rats 
than VEH + Saline rats. When compared with VEH + ANG 
II rats, S1 + ANG II rats had a significantly greater depressor 
response. S1 + Saline rats had a similar depressor response 
to VEH + Saline rats.

Effect of S1 Protein Exposure on Sympathetic 
Excitation

We next assessed effects of S1 protein exposure on sympa-
thetic excitation by measuring Fra-LI positive PVN neurons 
(a marker of chronic neuronal excitation) and plasma levels 
of NE (an indicator of global sympathetic excitation). As 
shown in Fig. 4, VEH + Saline or S1 + Saline rats had few 
Fra-LI positive neurons in the PVN 2 weeks after saline 
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infusion and there was no difference between two groups 
in the number of Fra-LI positive neurons (Fig. 4A and B). 
Compared with VEH + Saline rats, the number of Fra-LI 
positive neurons in the PVN was markedly higher in both 
VEH + ANG II and S1 + ANG II rats. Notably, S1 + ANG 
II rats had more Fra-LI positive neurons in the PVN than 
VEH + ANG II rats.

There were no differences between VEH + Saline and 
S1 + Saline rats in plasma levels of NE (Fig. 4C). Plasma lev-
els of NE were significantly increased in both VEH + ANG 
II and S1 + ANG II rats, but the increases were greater in 
S1 + ANG II rats than VEH + ANG II rats.

Short‑Term Effects of S1 Protein Exposure 
on Neuroinflammation and Oxidative Stress 
in the PVN

One week after completion of S1 protein or VEH injection, 
brains were collected to assess neuroinflammation and oxi-
dative stress in the PVN. Real-time PCR showed that mRNA 
expression for inflammatory cytokines IL-1β (Figs. 5A) 
and TNF-a (Figs. 5C), and mRNA expression of oxidative 
stress marker NOX2 (Figs. 5D) were significantly increased 
in the PVN in rats treated with S1 protein compared with 
rats treated with VEH. There were no differences between 
groups in mRNA expression of inflammatory cytokine IL-6 
(Figs. 5B) or oxidative stress marker NOX4 (Figs. 5E).

mRNA expression of nuclear factor erythroid 2-related 
factor (Nrf2), a key transcription factor that plays a critical 
role in the regulation of the antioxidant and anti-inflamma-
tory responses, was decreased in the PVN in rats treated with 
S1 protein as compared to rats treated with VEH (Fig. 5F).

Effects of Post‑S1 Protein Exposure on ANG 
II‑Induced Neuroinflammation and Oxidative Stress 
in the PVN

Three weeks after VEH or S1 protein exposure and 2 weeks 
after saline or ANG II infusion, brains were collected to 
assess neuroinflammation and oxidative stress in the 
PVN. As shown in Fig. 6, levels of mRNA for all meas-
ured proinflammatory cytokines and oxidative stress mark-
ers in the PVN were comparable between S1 + Saline and 
VEH + Saline rats. Both VEH + ANG II and S1 + ANG II 
rats had significant increase in mRNA expression of IL-1β 
(Fig. 6A), IL-6 (Fig. 6B), TNF-α (Fig. 6C) and NOX2 
(Fig. 6D) compared with VEH + Saline rats, but mRNA 
expression of IL-1β, TNF-α, and NOX2 was higher in 
S1 + ANG II rats compared with VEH + ANG II rats. There 
was no difference in mRNA expression of NOX4 in the PVN 
across groups (Fig. 6E).

mRNA expression of Nrf2 was significantly lower in the 
PVN in S1 + Saline or S1 + ANG II rats, compared with 
VEH + Saline rats, but was higher in VEH + ANG II rats 

Fig. 2   A Daily mean blood 
pressure (MBP) during baseline 
recordings, SARS-CoV-2 spike 
protein S1 (S1) or vehicle 
(VEH) exposure, 1 week post 
S1 or VEH exposure, first 
week of angiotensin II (ANG 
II) or saline infusion, and 
second week of ANG II or 
saline infusion in each group. 
B MAP blocked by phase in 
each group. C The peak changes 
(Δ) in MBP in response to 
ganglionic blockade at the end 
of the study in each group. 
Values are mean ± SEM (n = 7 
for each group). *P < 0.05 vs. 
VEH + saline; †P < 0.05 vs. 
VEH + ANG II
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Fig. 3   A Daily mean heart rate 
(HR) during baseline record-
ings, SARS-CoV-2 spike protein 
S1 (S1) or vehicle (VEH) expo-
sure, 1 week post S1 or VEH 
exposure, first week of ANG II 
or saline infusion, and second 
week of ANG II or saline infu-
sion in each group. B Mean HR 
blocked by phase in each group. 
Values are mean ± SEM (n = 7 
for each group). *P < 0.05 vs. 
VEH + Saline; †P < 0.05 vs. 
VEH + ANG II
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Fig. 4   A Representative pho-
tomicrographs showing Fra-LI 
(a marker of chronic neuronal 
excitation) positive PVN neu-
rons in the PVN in rats 3 weeks 
after completion of S1 or VEH 
exposure and two weeks after 
chronic ANG II or saline infu-
sion. Dark dots indicate Fra-LI 
positive neurons. B Quantifica-
tion of Fra-LI positive neurons 
in the PVN in each group. C 
Plasma levels of norepinephrine 
(NE), an indicator of global 
sympathetic excitation, in each 
group. Values are mean ± SEM 
(n = 6 for each group). *P < 0.05 
vs. VEH + Saline; †P < 0.05 vs. 
VEH + ANG II
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(Fig. 6F). There was no difference between S1 + Saline and 
S1 + ANG II rats in Nrf2 mRNA expression in the PVN.

Microglia are the resident immune cells of the brain and 
have been considered as the primary source of proinflam-
matory cytokines within the brain [21]. Given that post-S1 
protein exposure promoted ANG II-induced proinflamma-
tory cytokines in the PVN, we assessed microglia activa-
tion using immunofluorescence study. As presented in 
Fig. 7, there was no difference in the number of total micro-
glia in the PVN among 4 experimental groups at 2 weeks 
after saline or ANG II infusion (Fig. 7A and B). Very few 

activated microglia characterized by strong CD11b immu-
noreactivity, an enlarged soma, fewer and shorter processes, 
were found in the PVN in VEH + Saline or S1 + Saline rats. 
By contrast, activated microglia were clearly observed in 
the PVN in both VEH + ANG II and S1 + ANG II rats at this 
time point. Furthermore, the number of activated microglia 
was significantly greater in S1 + ANG II rats when compared 
with VEH + ANG II rats (Fig. 7A and C).

To further confirm the effect of post-S1 protein expo-
sure on ANG II-induced oxidative stress in the PVN, we 
measured intracellular ROS production using DHE staining. 

Fig. 5   mRNA expression for 
proinflammatory cytokines 
IL-1β (A), IL-6 (B) and TNF-α 
(C), oxidative stress markers 
NOX2 (D) and NOX4 (E), and 
mRNA expression of Nrf2 (F), 
the master regulator of induc-
ible antioxidant and anti-inflam-
matory responses, in the PVN in 
rats one week after completion 
of S1 or VEH exposure. Values 
are mean ± SEM (n = 7 for each 
group). Real-time PCR results 
are expressed as a fold change 
relative to VEH. *P < 0.05 vs. 
VEH

Fig. 6   mRNA expression for 
proinflammatory cytokines 
IL-1β (A), IL-6 (B) and TNF-α 
(C), oxidative stress mark-
ers NOX2 (D) and NOX4 
(E), and mRNA expression of 
Nrf2 (F) in the PVN in rats 
three weeks after completion 
of S1 or VEH exposure and 
two weeks after chronic ANG 
II or saline infusion. Values 
are mean ± SEM (n = 7 for 
each group). Real-time PCR 
results are expressed as a fold 
change relative to VEH + saline. 
Values are mean ± SEM (n = 7 
for each group). *P < 0.05 vs. 
VEH + saline; †P < 0.05 vs. 
VEH + ANG II
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No difference in the intensity of DHE fluorescence in the 
PVN was observed between VEH + Saline and S1 + Saline 
rats 2 weeks after Saline or ANG II infusion (Fig. 8). The 
intensity of DHE fluorescence in the PVN was significantly 
increased in both VEH + ANG II and S1 + ANG II rats, and 
the increase in the intensity of DHE fluorescence was higher 
in S1 + ANG II rats than VEH + ANG II rats.

These immunofluorescence observations are consistent 
with mRNA data, indicating that S1 protein exposure does 
not cause long-lasting neuroinflammation and oxidative 

stress in the PVN, but post-S1 protein exposure exaggerates 
ANG II-induced neuroinflammation and oxidative stress in 
the PVN.

Discussion

The major findings of the present study are: (1) S1 protein 
exposure doesn't alter BP, but post-S1 protein exposure 
causes enhanced pressure response to a slow-pressor dose 

Fig. 7   A Representative photo-
micrographs showing CD11b-
immunoreactive microglia in 
the PVN in each group three 
weeks after completion of S1 or 
VEH exposure and two weeks 
after chronic ANG II or saline 
infusion. B and C Quantitative 
analysis of total and activated 
microglia in the PVN in each 
group. Values are mean ± SEM 
(n = 6 for each group). *P < 0.05 
vs. VEH + saline; †P < 0.05 vs. 
VEH + ANG II

Fig. 8   In situ detection of 
superoxide by DHE fluo-
rescence. A Representative 
photomicrographs showing 
DHE fluorescence in the PVN 
in each group three weeks 
after completion of S1 or VEH 
exposure and two weeks after 
chronic ANG II or saline infu-
sion. B Quantitative comparison 
of DHE fluorescence intensity 
in the PVN in each group. 
Values are mean ± SEM (n = 6 
for each group). *P < 0.05 vs. 
VEH + saline; †P < 0.05 vs. 
VEH + ANG II
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of ANG II by promoting sympathetic nerve activity; (2) S1 
protein exposure induces short-term elevations in neuroin-
flammation and oxidative stress and a long-lasting downreg-
ulation of Nrf2, the master regulator of inducible antioxidant 
and anti-inflammatory responses, in the PVN; (3) post-S1 
protein exposure leads to exaggerations of neuroinflamma-
tion and oxidative stress in the PVN in response to ANG II. 
Taken together, these data suggest that S1 protein exposure 
alone has no effect on BP, but a history of S1 protein expo-
sure may make individuals more susceptible to developing 
hypertension by exaggerating central neuroinflammation and 
oxidative stress to promote sympathetic excitation.

It is well established that neuroinflammation and oxida-
tive stress in the brain cardiovascular regulatory centers 
including the PVN contribute to the progression of hyper-
tension by augmenting sympathetic nerve activity [18, 19]. 
Neuroinflammation can cause oxidative stress and reduces 
cellular antioxidant capacity; oxidative stress can in turn 
activate a variety of transcription factors to generate more 
pro-inflammatory cytokines and chemokines, facilitating 
neuroinflammatory response [22]. These two components 
create a vicious cycle of neuroinflammation and oxidative 
stress enhancing each other and so leading to neuronal exci-
tation and sympathetic overdrive. SARS-CoV-2 infection 
can cause neuroinflammation and oxidative stress as well 
as neurological disorders, which can persist for an extended 
period after resolution of the infection [16, 23]. Recent stud-
ies demonstrated that S1 protein derived from SARS-CoV-2 
can enter the brain and function as a pathogen-associated 
molecular pattern to elicit neuroinflammatory immune 
responses independent of viral infection, and thus play a role 
in the complications of COVID-19 [15, 16]. To date, how-
ever, no studies have examined the influence of S1 protein 
on BP. In the present study, we found that BP was not altered 
during or after central S1 protein injection in S1 + Saline 
rats when compared with VEH + Saline rats. Importantly, 
we observed that post-S1 protein exposure induced a sig-
nificantly enhanced hypertensive response to a slow pressor 
infusion of ANG II when compared to post-VEH exposure. 
It is widely recognized that there are at least two distinct 
phases of hypertension induced by a slow pressor infusion 
of ANG II. First, an initial increase in pressure is associated 
with an ANGII-mediated systemic vasoconstriction. Then, 
this phase is replaced by a second, long-term, neurogenic 
component [9, 24, 25]. In the present studies, the initial 
increase in BP response to systemic ANG II administration 
during the first week was comparable between rats pretreated 
with S1 protein and rats pretreated with VEH. During the 
second week, ANG II-induced increase in BP accelerated in 
rats pretreated with S1 protein compared with rats pretreated 
with VEH. This suggests that sensitization occurs during the 
time when neurogenic mechanisms are contributing to the 
progression of increased BP. In support of this hypothesis, 

we assessed BP response to ganglionic blocker hexametho-
nium bromide, Fra-LI positive PVN neurons, and plasma 
levels of NE. Our data showed that S1 + ANG II rats, com-
pared with VEH + ANG II rats, had a significantly greater 
depressor response to hexamethonium bromide, much 
more Fra-LI positive PVN neurons, and greater increases 
in plasma levels of NE. These results demonstrate that S1 
protein exposure alone has no effect on BP, but it leads to 
sensitization of ANG II-induced hypertension by augment-
ing sympathetic nerve activity.

We next verified neuroinflammation and oxidative stress 
in the PVN. We found that S1 protein exposure induced neu-
roinflammation and oxidative stress in the PVN at 1 week 
after completion of S1 protein injection as indicated by 
increased mRNA expression for proinflammatory cytokines 
and oxidative stress marker, which are consistent with pre-
vious report showing that central administration of S1 pro-
tein induced neuroinflammation in the hypothalamus that 
could last for up to 7 days [16]. Three weeks after comple-
tion of VEH or S1 protein injection, mRNA expression of 
proinflammatory cytokines, number of activated microglia 
that are major source of proinflammatory cytokines in the 
brain, mRNA expression of oxidative stress marker, and 
production of ROS were comparable between S1 + Saline 
and VEH + Saline groups. These data suggest that the S1 
protein exposure induces a short-term, low-grade neuroin-
flammatory response and oxidative stress in the PVN that 
are insufficient to elevate BP and can decrease and resolve 
after 3 weeks. However, a 2 week ANG II infusion, starting 
1 week after completion of VEH or S1 protein injection, 
induces marked increases in mRNA expression for proin-
flammatory cytokines and oxidative stress marker, number 
of activated microglia, and ROS production in the PVN in 
both rats pretreated with VEH and rats pretreated with S1 
protein, but the increases were significantly greater in rats 
pretreated with S1 protein. These observations indicate that 
post-S1 protein exposure leads to exaggerations of neuroin-
flammation and oxidative stress in the PVN in response to 
ANG II and subsequently greater elevation in BP.

S1 protein contains a receptor-binding domain that 
can specifically bind to angiotensin-converting enzyme 2 
(ACE2) receptor [26]. ACE2 is widely expressed through-
out the brain including PVN and colocalizes with neurons, 
astrocytes, and endothelial cells [27]. However, expression 
in microglia was not found [16]. Additionally, there is no 
evidence that S1 signaling via ACE2 induces inflammatory 
mediators. A recent study shows that S1 protein directly 
induces a proinflammatory response in primary microglia 
[16]. Microglia express several toll-like receptor [28], thus 
S1 protein might promote inflammatory response in micro-
glia through toll-like receptor but not ACE2.

Inflammation and oxidative stress can be regulated by 
Nrf2, which is a master regulator of the antioxidant cellular 
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defense system and expressed in most tissues including 
brain [29, 30]. Under physiological conditions, Nrf2 binds 
to Kelch-like ECH-associated protein 1 (keap1) in the cyto-
plasm. Upon exposure to ROS, Nrf2 is released from keap1 
in the cytoplasm and translocates to the nucleus, where it 
upregulates downstream antioxidant target genes to prevent 
oxidative stress. Nrf2 also suppresses activation of the tran-
scription factor nuclear factor-kappa B to inhibit the pro-
duction of proinflammatory cytokines [29, 30]. Deficiency 
of Nrf2 has been shown to cause the failure to upregulate 
downstream antioxidant target genes in the brain in response 
to acrylamide, resulting in exaggerated microglia activation, 
oxidative stress, neuroinflammation and enhanced neurotox-
icity in mice [31]. In contrast, pharmacologic activation of 
Nrf2 reduces activation of microglia and neuroinflammation, 
alleviates neurotoxicity, and improves synaptic and mito-
chondrial function in animals following lipopolysaccharide 
challenge [32, 33]. Recent studies have shown that levels of 
Nrf2 and its antioxidant target genes in the plasma and tis-
sues are significantly lower in COVID-19 patients than con-
trol subjects and that a lower levels of Nrf2 are negatively 
correlated with the levels of proinflammatory markers [23, 
34, 35]. In the present study, we found that mRNA expres-
sion of Nrf2 was decreased in the PVN 1 week after comple-
tion of S1 protein injection and remained significantly lower 
3 weeks later. Interestingly, mRNA expression of Nrf2 in 
the PVN was significantly increased in rats pretreated with 
VEH but not in rats pretreated with S1 protein in response 
to a 2 week ANG II infusion. These findings suggest that S1 
protein-induced downregulation of Nrf2 results in the failure 
to trigger anti-inflammatory and antioxidant defense system 
in response to ANG II, leading to exaggerated neuroinflam-
mation and oxidative stress in the PVN.

In the present study, S1 protein was directly delivered to 
the brain by ICM injection. Although the dose of S1 protein 
used in our study was tenfold lower than the dose used in a 
previous study in mice by intravenous injection, we could 
not exclude the possibility that S1 protein might promote 
ANG II-induced hypertension in part by impairing periph-
eral blood vessels to enhance ANG II-mediated systemic 
vasoconstriction. Additionally, S1 protein exposure followed 
by ANG II infusion (S1 + ANG II) was conducted to exam-
ine whether S1 protein exposure could influence the devel-
opment of ANG II-dependent hypertension. Because some 
patients might already have high levels of plasma ANG II 
before COVID-19 infection, further studies are warranted to 
determine whether ANG II infusion followed by S1 protein 
exposure can replicate the results of S1 + ANG II obtained 
in the present study.

In conclusion, the present study demonstrates that S1 
protein exposure has no effect on BP, but post-S1 protein 
exposure enhances the hypertensive response to ANG II by 
promoting PVN neuroinflammation and oxidative stress and 

augmenting sympathetic nerve activity. S1 protein-induced 
downregulation of Nrf2 in the PVN might account for exag-
gerated neuroinflammation and oxidative stress in response 
to ANG II. Our findings suggest that post-acute phase of 
COVID-19 infection might enhance susceptibility to devel-
oping hypertension by augmenting sympathetic excitation 
in individuals who have some disorders with high levels of 
circulating ANG II, such as obesity or diabetes mellitus. 
Activation of Nrf2 in the brain might provide a novel poten-
tial strategy to prevent the development of hypertension 
in individuals with high levels of circulating ANG II after 
recover from COVID-19 infection.
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