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Abstract
Patients affected by COVID-19 present mostly with respiratory symptoms but acute neurological symptoms are also com-
monly observed. Furthermore, a considerable number of individuals develop persistent and often remitting symptoms 
months after infection, characterizing the condition called long-COVID. Since the pathophysiology of acute and persistent 
neurological manifestations is not fully established, we evaluated the expression of different genes in hippocampal slices 
of aged rats exposed to the serum of a post-COVID (sPC) individual and to the serum of patients infected by SARS-CoV-2 
[Zeta (sZeta) and Gamma (sGamma) variants]. The expression of proteins related to inflammatory process, redox homeo-
stasis, mitochondrial quality control and glial reactivity was determined. Our data show that the exposure to sPC, sZeta and 
sGamma differentially altered the mRNA levels of most inflammatory proteins and reduced those of antioxidant response 
markers in rat hippocampus. Furthermore, a decrease in the expression of mitochondrial biogenesis genes was induced by 
all serum samples, whereas a reduction in mitochondrial dynamics was only caused by sPC. Regarding the glial reactivity, 
S100B expression was modified by sPC and sZeta. These findings demonstrate that changes in the inflammatory response 
and a reduction of mitochondrial biogenesis and dynamics may contribute to the neurological damage observed in COVID-
19 patients.
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Introduction

A considerable number of individuals infected by 
SARS-CoV-2 present with neurological manifestations 
with astrocyte and neuron injury possibly related to a 

neuroinflammatory process triggered by the so-called 
cytokine storm (Vabret et al. 2020; Najjar et al. 2020; 
Monje and Iwasaki  2022). These acute neurological 
symptoms include anosmia, ageusia, cognitive impair-
ment, depression, and anxiety (Nasserie et  al. 2021). 

 * Yorran Hardman A. Montenegro 
 yorran_montenegro@hotmail.com

 * Guilhian Leipnitz 
 guilhian@ufrgs.br

1 Programa de Pós-Graduação em Neurociências, Instituto 
de Ciências Básicas da Saúde, Universidade Federal do Rio 
Grande do Sul, RS, Porto Alegre, Brazil

2 Programa de Pós-Graduação em Ciências da Saúde: 
Cardiologia, Instituto de Cardiologia/ Fundação Universitária 
de Cardiologia, RS, Porto Alegre, Brazil

3 Centro de Desenvolvimento Científico e Tecnológico, Centro 
Estadual de Vigilância em Saúde da Secretaria de Saúde 
do Estado do Rio Grande do Sul, RS, Porto Alegre, Brazil

4 Setor de Pesquisa da Gerência de Ensino, Pesquisa e 
Inovação do Grupo Hospitalar Conceição (GHC), RS, 
Porto Alegre, Brazil

5 Programa de Pós-Graduação em Avaliação de Tecnologias 
para o SUS do GHC, Porto Alegre, RS, Brazil

6 Escola de Medicina, Pontifícia Universidade Católica do Rio 
Grande do Sul, Porto Alegre, RS, Brazil

7 Programa de Pós-Graduação em Ciências Biológicas: 
Bioquímica, Instituto de Ciências Básicas da Saúde, 
Universidade Federal do Rio Grande do Sul, RS, 
Porto Alegre, Brazil



 Journal of NeuroVirology

1 3

Additionally, mounting evidence has shown that a consid-
erable percentage of individuals previously infected with 
SARS-CoV-2 develop persistent and often remitting symp-
toms months after infection (Spudich and Nath 2022). 
The presence of these lasting neurological sequelae is 
referred to as post-COVID-19 condition or long COVID 
(Subramanian et al. 2022; Raveendran et al. 2021; Halpin 
et al. 2021).

Glial cells actively participate in cognitive function by 
interacting with neurons, regulating the activity of neural 
circuits and also by forming and maintaining the integrity 
of the blood–brain barrier (BBB). Furthermore, these cells 
have an important role during viral infections since their 
activation leads to the release of proinflammatory mole-
cules, stimulating both the innate and the adaptive immune 
systems (Chen and Li 2021). In the context of COVID-19, 
it has been shown that the immune response to SARS-
CoV-2 in the respiratory system may cause neuroinflam-
mation, inducing the activation of resident microglia and 
astrocytes. In turn, astrocyte reactivity may induce BBB 
disruption and neural circuit impairment (Zhang et al. 
2021). Consistent with these observations, studies have 
shown high plasma levels of glial fibrillary acidic protein 
(GFAP) in COVID-19 patients (Kanberg et al., 2020) and 
the presence of SARS-CoV-2 particles in astrocytes of 
patients (Crunfli et al. 2020).

In addition, mitochondria have been also suggested to 
participate in the pathogenesis of COVID-19 owing to their 
role in the innate immune system (Bhowal et al. 2022). After 
SARS-CoV-2 invasion in cells, an increase in mitochondrial 
reactive oxygen species (ROS) generation with subsequent 
respiratory chain impairment leads to the release of mito-
chondrial DNA and cardiolipin. These so-called damage-
associated molecular patterns (DAMPs) activate Toll-like 
receptors (TLR) and nuclear factor kappa B (NFκB), as 
well as the release of inflammatory cytokines. Furthermore, 
SARS-CoV-2 is known to modulate Mitochondrial Antiviral 
Signal (MAVS), which further contributes to the produc-
tion of cytokines and induction of a hyperinflammatory state 
(Burtscher et al. 2020; Banoth and Cassel 2018).

Little is known about the mechanisms underlying the neu-
rological dysfunction observed in SARS-CoV-2 infection, 
as well as in long-COVID. Moreover, whether the neuroin-
flammation occurs via direct viral invasion into the central 
nervous system (CNS) or by a sustained systemic inflam-
mation that disrupts the BBB is still a matter of debate. Our 
hypothesis is that pro-inflammatory factors present in the 
blood of patients may alter the expression of different genes 
in the brain thereby contributing to neurological manifes-
tations. Therefore, in the present study, we evaluated the 
expression of genes related to glial reactivity, mitochondrial 

function, and inflammation in hippocampal slices from aged 
rats exposed to the serum of COVID-19 patients.

Methods

Serum sample collection and viral variant analysis

Serum from four individuals (three individuals that had 
SARS-CoV-2 infection and one individual that was not 
infected) was used in the experiments. Blood was collected 
from two individuals infected with SARS-CoV-2 at Grupo 
Hospitalar Conceição, Porto Alegre, RS, Brazil (process 
number: CEP/GHC 4280802), at the time of admission to the 
intensive care unit (ICU) during the acute phase of COVID-
19, during the period of January 05, 2021, and June 11, 2021. 
The collection followed the internal protocol of Grupo Hospi-
talar Conceição. Blood was also collected from an individual 
previously infected with SARS-CoV-2 but tested negative for 
SARS-CoV-2 (PCR test) during the blood collection. A pre-
COVID control serum (naive) was used as a control for gene 
expression analysis. The serum of each patient was aliquoted 
and kept in an ultra-freezer at -80 ºC until the moment of use.

SARS‑CoV‑2 detection in serum

SARS-CoV-2 detection was conducted through reverse 
transcription-quantitative polymerase chain reaction (RT-
qPCR). The RNA was extracted from samples using a 
MagMAX Viral/Pathogen II Isolation kit on a KingFisher 
Flex extractor (Thermo Fisher Scientific, Waltham, USA) 
and the pathogen detection was performed using the All-
plex SARS-CoV-2 Assay (Seegene Inc, Seoul, Republic of 
Korea) in a CFX Opus Real-Time PCR System (Bio-Rad, 
Hercules, CA, USA). A CT higher than 30 indicated low 
levels or absence of viral particles.

Genome sequencing of SARS‑CoV‑2 genome 
in the patients´ serum

Whole genome sequencing of SARS-CoV-2 in the patients’ 
serum was performed using the Illumina COVIDSeq pro-
tocol (Illumina Inc, USA) on the Illumina MiSeq platform, 
according to the manufacturer's instructions. The pipeline 
ViralFlow v1.0 (https:// viral flow. github. io) was used to 
perform genome assembly, variant calling, and consensus 
generation. The SARS-CoV-2 lineages assignment was 
performed using the web-based software Pangolin v4.2 
(Phylogenetic Assignment of Named Global Outbreak Lin-
eages), available at https:// pango lin. cog- uk. io.



Journal of NeuroVirology 

1 3

Animals

Male Wistar rats (n = 4–6) were obtained from the Depart-
ment of Biochemistry, ICBS, Federal University of Rio 
Grande do Sul (UFRGS), Brazil. Rats were maintained on 
a 12:12 h light/dark cycle (lights on 7:00 am—7:00 pm) in 
a constant temperature (22 ± 1 °C) colony room, with free 
access to water and 20% (w/w) protein commercial chow 
(SUPRA, RS, Brazil). All animal experiments were per-
formed following the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals and 
were approved by the Animal Care and Use Committees 
of the Federal University of Rio Grande do Sul (process 
number 42979). Considering that age is a risk factor asso-
ciated with a greater rate of mortality due to COVID-19 
(Kang and Jung 2020), we used 365-day-old rats.

Hippocampal slice preparation

At the age of 365 days, the animals were euthanized by 
decapitation under anesthesia with isoflurane (1–2%, inha-
lation). Hippocampi were rapidly dissected and transversely 
sliced (300 μm) in a McIlwain Tissue Chopper. The slices 
were separated and incubated individually in culture plates (1 
slice per well) at room temperature (25 °C). The incubation 
medium contained oxygenated saline buffer with 120 mM 
NaCl, 2 mM KCl, 1 mM  CaCl2, 1 mM  MgSO4, 25 mM 
HEPES, 1 mM  KH2PO4 and 10 mM glucose, pH 7.4. The 
medium was changed every 15 min with fresh saline buffer 
at room temperature. After a stabilization period of 60 min, 
the slices were incubated under different conditions (see topic 
2.4) at 30 °C for 2 h (Bobermin et al. 2020) (Fig. 1a).

Exposure of hippocampal slices to the blood serum

After stabilization, the slices were exposed for 2 h to the fol-
lowing: i) saline solution containing serum (10% v/v) from 
one individual (naive) that was not infected with SARS-
CoV-2; ii) saline solution containing serum (10% v/v) from 
one individual previously infected with SARS-CoV-2 but 
negative at the moment of the collection; iii and iv) saline 
solution containing serum (10% v/v) from two different 
SARS-CoV-2 positive patients with two different viral vari-
ants. At the end of the incubation period, the slices submit-
ted to the same treatment were pooled in tubes containing 
the Trizol reagent. Incubations with blood serum were car-
ried out in a biosafety level 2 (NB2) laboratory, as recom-
mended by the Pan American Health Organization (PAHO) 
and the Ministry of Health (Brazil). It should be noted that 
our approach consists of an acute model (2-h exposure), 
which was used to guarantee the maintenance of cell viabil-
ity, as previously shown (Nardin et al. 2009).

RNA extraction and cDNA conversion

Total RNA was isolated from the hippocampal slices using 
the Trizol reagent (Invitrogen, CA, USA) (Bobermin et al. 
2020). RNA concentration and purity were determined 
spectrophotometrically (Biodrop Duo, Biochrom) at a ratio 
of 260:280. Total RNA (0.15 g) was reversed transcribed 
to obtain complementary DNA (cDNA) using the Applied 
Biosystems™ High Capacity Reverse Transcription kit in 
a reaction volume of 20 μL, according to the manufac-
turer's instructions (Applied Biosystems, Thermo Fisher 
Scientific).

RT‑qPCR

RT-qPCR analysis was preceded by a 1:20 cDNA dilution. 
Subsequently, RT-qPCR reactions were performed using 
Taqman probes (ThermoFisher, MA, USA) for the follow-
ing targets: β-Actin; p21 (Rn00589996_m1); citrate synthase 
(CS) (Rn01774376_g1); dynamin-related protein 1 (DRP1; 
Rn00586466_m1); GFAP (Rn00566603_m1); heme oxy-
genase 1 (HO-1; Rn01536933_m1); interferon-induced 
transmembrane protein 3 (IFITM3; Rn03811114_s1); 
interleukin-1 beta (IL-1ß; Rn00580432_m1); interleukin 1 
receptor type 1 (IL1R1; Rn00565482_m1); p38 mitogen-
activated protein kinase (p38 MAPK; Rn00578842_m1); 
mitofusin 1 (MFN1; Rn00594496_m1); nuclear factor 
of activated T cells 3 (NFAT; Rn01426728_m1); NFκB 
p65 (Rn01502266_m1); nuclear factor erythroid-derived 
2-like 2 (Nrf2; Rn00582415_m1); peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α; 
Rn00580241_m1); calcineurin (CaN; Rn00690508_m1); 
cyclooxygenase 2 (COX-2; Rn01483828_m1); S100 calcium 
binding protein B (S100B; Rn04219408_m1); signal trans-
ducer and activator of transcription 3 (STAT3; Rn00680715_
m1); TLR2 (Rn02133647_s1); TLR3 (Rn01488472_g1); 
TLR4 (Rn00569848_m1); tumor necrosis factor alpha 
(TNF-α; Rn99999017_m1); tumor necrosis factor receptor 1 
(TNFR1; Rn01492348_m1); translocase of outer mitochon-
drial membrane 70 kDa (Tom70; Rn01444393_g1); voltage 
dependent anion channel 1 (VDAC1; Rn00821325_g1). Tar-
get mRNA levels were normalized by β-actin. The results 
were analyzed using the 2-ΔΔCt method.

Statistical analysis

The results were analyzed by ANOVA followed by Tuk-
ey's test if they were normally distributed. Otherwise, the 
non-parametric Kruskal–Wallis test was used. p < 0.05 was 
considered significant.
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Results

Viral variant determination

Two SARS-CoV-2 positive patients with different vari-
ants were recruited at Grupo Hospitalar Conceição, Brazil. 

The profiles of these individuals are described in Table 1. 
The analysis of the variants in the blood of these patients 
showed that the first patient had Zeta variant (also known 
as B.1.1.28), whereas the second patient had Gamma variant 
(also known as B.1.1.248). Zeta variant carries the lineage-
defining mutations ORF1ab:L3468V, ORF1ab:synC11824U, 

Fig. 1  a Schematic representation of the experimental approach used 
to expose rat hippocampal slices to different treatments. Hippocam-
pal slices (300 mm) were obtained from 365-day-old rats and main-
tained for an equilibration period of 1 h (cellular recovery). After this 
period, the slices were treated with different sera for 2 h: serum from 
an individual not infected with SARS-CoV-2 (naïve), serum from 
a post-COVID patient (sPC), serum of a patient infected with Zeta 
variant (sZeta), and serum of a patient infected with the Gamma vari-

ant (sGamma). b-j mRNA expression of IL-1b b, IL1R1 c, TNFa d, 
TNFR1 e, NFAT f, NF-kB g, COX-2 h, Nrf2 i and HO-1 j. In black, 
expression levels in slices exposed to naïve serum; in pink, expres-
sion levels in slices exposed to sPC; in green, expression levels in 
slices exposed to sZeta; and, in purple, expression levels in slices 
exposed to sGamma. Data represent means ± SD of at least four 
experimental determinations performed in triplicate
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N:A119S, and S:E484K, and was described for the first 
time in the city of Rio de Janeiro, Brazil (Varela et al. 2021; 
Faria et al. 2021; Voloch et al. 2021). Gamma variant has 
twelve mutations in the S protein (three were identified in 
our analysis: K417N, E484K, N501Y) and was described 
for the first time in the city of Manaus, Brazil. Viral load 
was determined in the sera of patients before the experimen-
tal treatment; however, low levels or no virus was detected 
(CT > 30; data not shown).

We also evaluated the presence of SARS-CoV-2 copies in 
the hippocampal slices after 2-h incubation, but low levels 
or no viral copies were detected in the slices (CT > 30; data 
not shown).

Serum of COVID‑19 patients induces changes 
in the expression of genes related to inflammatory 
response, mitochondrial function, and glial 
reactivity in the hippocampus of aged rats

Our results showed variable alterations in gene expression 
of hippocampal slices of 365-day-old rats incubated with 
the serum of an individual previously infected with SARS-
CoV-2 (post-COVID: PC; serum of PC individual: sPC) and 
with the serum of patients infected with the variants Zeta 

(sZeta) and Gamma (sGamma) as well as. First, we deter-
mined the mRNA levels of inflammatory genes, including 
cytokines, receptors and signaling factors. Figure 1b dem-
onstrates an increase in the expression of IL-1β in the slices 
exposed to sPC and a reduction when exposed to sGamma 
(p < 0.05). Furthermore, a trend to an increase in the lev-
els of IL-1β by sPC and sZeta (p < 0.05) can be also seen. 
On the other hand, IL1R1 expression was decreased by 
sPC and sZeta (p < 0.05) (Fig. 1c). We further verified that 
the mRNA levels of TNF-α (p < 0.05) (Fig. 1d), TNFR1 
(p < 0.05) (Fig. 1e), and NFAT (p < 0.05) (Fig. 1f) were 
reduced or had a tendency towards a reduction in slices 
incubated with sPC and sZeta.

The expression of NFκB p65, a transcriptional factor 
that regulates the expression of cytokines, chemokines, and 
immunoreceptors (Dresselhaus and Meffert 2019), was sig-
nificantly reduced by sZeta (p < 0.05) and had a tendency 
towards a reduction by sGamma (p < 0.05) (Fig. 1f). Moreo-
ver, reduced mRNA levels of Nrf2 (Fig. 1i), a regulator of 
antioxidant and inflammatory gene expression (Seminotti 
et al. 2021), were observed in slices exposed to sPC and 
sZeta (p < 0.01). On the other hand, the expression of HO-1 
(Fig. 1j), a downstream target of Nrf2 and an upstream mod-
ulator of NFκB p65, had a trend towards a decrease by sPC 
and a significant increase by sZeta (p < 0.05). In contrast, 
COX-2 expression was not modified (p > 0.05) (Fig. 1h).

Next, we evaluated the expression of genes related to clas-
sical receptors of the immune response. We verified that the 
expression of TLR2 was significantly increased in hippocampal 
slices exposed to sPC, sZeta and sGamma (p < 0.05) (Fig. 2a). 
Furthermore, the expression of TLR3 was significantly 
increased by sZeta and had a tendency towards an increase by 
sGamma, whereas it was decreased by sPC (p < 0.05) (Fig. 2b). 
TLR4 was markedly downregulated after the exposition to 
sGamma (p < 0.05) (Fig. 2c). Additionally, IFITM3 expression 
was significantly decreased by sPC (p < 0.05) (Fig. 2).

Table 1  Serum and Patient Profile

N/A: Not Applicable; Normal C-reactive protein levels: < 5mg/L

Viral Variant Sex Age C-reactive 
protein 
(mg/L)

Hospitalization

Naïve Woman 60 y.o. < 5mg/L N/A
Post-COVID-19 Man 61 y.o. < 5mg/L N/A
Zeta Woman 65 y.o. > 5mg/L Dec, 12th 2020
Gamma Man 61 y.o. > 5mg/L Jun, 11th 2021

Fig. 2  mRNA expression of TLR2 a, TLR3 b, TLR4 c and ITFIM3 
d. In black, expression levels in slices exposed to naïve serum; in 
pink, expression levels in slices exposed to sPC; in green, expression 

levels in slices exposed to sZeta; and, in purple, expression levels in 
slices exposed to sGamma. Data represent means ± SD of at least four 
experimental determinations performed in triplicate
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Considering that mitochondria participate in the innate 
immune response and are key drivers of inflammation (Vringer 
and Tait 2022), we also evaluated the expression of genes 
regulating mitochondrial function (Fig. 3). Our results dem-
onstrated that VDAC1 expression was significantly reduced 
in slices exposed to sPC as well as to sZeta and sGamma 
(p < 0.05) (Fig. 3a). CS expression was reduced by sPC and 
had a trend toward a decrease by sZeta (p < 0.05) (Fig. 3b). 
However, Tom70 expression was not significantly modi-
fied in any group (p > 0.05) (Fig. 3c). We also found that the 
expression of PGC-1α gene was decreased in the hippocampus 
exposed to sPC and sZeta (p < 0.05) and that the expression 
of MFN1 and DRP1 was reduced by sPC (p < 0.05) (Fig. 3d).

We further studied the expression levels of CaN, p21, p38 
MAPK and STAT3, classical proteins involved in cellular 
regulatory and signaling functions, and did not verify any 
significant alteration (p > 0.05) (Fig. 4a-d). Finally, since 
inflammation and mitochondrial dysfunction are often 
associated with glial reactivity induction (Sanz and Garcia-
Gimeno 2020), we determined the expression of S100B 
and GFAP. Figure 4e demonstrates that S100B expression 
was increased only by sZeta and had a slight tendency to be 
decreased by sPC (p < 0.05), whereas GFAP was not signifi-
cantly modified in any condition (p > 0.05) (Fig. 4f).

Discussion

Mounting evidence has shown that neuroinflammation 
is involved in the pathophysiology of the neurological 
manifestations observed in COVID-19 patients (Monje 
and Iwasaki 2022). Nevertheless, little is known about the 
exact mechanisms leading to the inflammatory response in 
the CNS, so we evaluated here the acute effects of serum 
from COVID-19 patients on the expression of genes related 
to inflammatory response, mitochondrial biogenesis and 
dynamics, as well as glial reactivity in the hippocam-
pus of aged rats. Noteworthy, since age is a known fac-
tor of COVID-19 severity (Mueller et al. 2020), we used 
365-day-old rats to better mimic the aged neural circuitry. 
It is important to note that we also tested the serum of indi-
viduals infected with two different viral variants of SARS-
CoV-2 to evaluate the impact of these mutations on neural 
parameters associated with brain homeostasis.

First, we decided to use hippocampus in our experimental 
model because this brain structure is crucial for learning 
and long-term memory consolidation, and its physiological 
processes are susceptible to endogenous and exogenous fac-
tors that can interfere with synaptic signaling (Bartsch and 
Wulff 2015; Shivarama and Sajikumar 2017). Hippocampus 

Fig. 3  mRNA expression of VDAC a, citrate synthase (CS) b, Tom70 
c, PGC-1a d, MFN1 (e) and DRP1 (f). In black, expression levels 
in slices exposed to naïve serum; in pink, expression levels in slices 
exposed to sPC; in green, expression levels in slices exposed to sZeta; 

and, in purple, expression levels in slices exposed to sGamma. Data 
represent means ± SD of at least four experimental determinations 
performed in triplicate
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is also a region of great interest to evaluate the effects of 
viruses with tropism for neural cells. Previous studies 
showed alterations in neurons and astrocytes caused by dif-
ferent viruses, such as Zika virus (Bobermin et al. 2020), 
Herpes simplex virus type I (Yong et al. 2021), and Influ-
enza A virus (Hosseini et al. 2021). Interestingly, a study 
recently showed that SARS-CoV-2 is able to infect the hip-
pocampus of mice after intranasal administration (Song et al. 
2021). Additionally, the hippocampus is a key structure for 
understanding the aging process and its impact on cogni-
tion since significant changes are observed in this region, 
such as volume reduction, neuronal loss, vascular degen-
eration, reduction of synaptic plasticity and inflammation 
with up-regulation of cytokines and microglial activation 
(Cribbs et al. 2012; von Bernhardi et al. 2010; von Bettio 
et al. 2017).

Our findings showed that the exposure of hippocampal 
slices to all sera evaluated caused changes in the inflam-
matory response. A decrease in the expression of IL1R1 
and TNFR1 was verified after incubation with sZeta and 
sPC, whereas a decrease in IL-1β was seen with sGamma. 
In this regard, data from the literature demonstrated that 
the reduction in IL1R1 levels is associated with the per-
sistence of the viral infection, allowing an immune escape 

from activated T cells (Kim et al. 2012; Orzalli et al. 2018). 
These observations are also in line with findings showing 
that SARS-CoV-2 causes a delay in the type I interferon 
(IFN-1) response and consequently in the expression of pat-
tern recognition receptors and cytokine production (Lowery 
et al. 2021). Noteworthy, although SARS-CoV-2 was not 
detected in hippocampal slices, the sera triggered a relevant 
inflammatory process.

While TNF-α is important for synaptic signaling pro-
cesses (Beattie et  al.  2002), neurotransmitter receptor 
trafficking (Stellwagen et al. 2005), and regulation of gli-
otransmission (Santello et al. 2011), NFAT regulates the 
expression of genes involved in  Ca2+ homeostasis and 
axonal growth (Nguyen and Di Giovanni 2008; Kraner and 
Nossis 2018). Therefore, the downregulation of TNF-α and 
NFAT caused by the sera reinforces that a reduction in the 
inflammatory process occurred in rat hippocampus. Consist-
ent with this, the expression of NFκB p65, a crucial regula-
tor of the immune response (Mitchell et al. 2016), was also 
reduced. Furthermore, it should be noted that in the CNS, 
NFκB p65 presents specific roles in synaptic processing and 
neuron-glia communication (Dresselhaus and Meffert 2019).

In addition, a decreased expression of Nrf2 was observed 
after exposition to sZeta and sPC, suggesting that the ability 

Fig. 4  mRNA expression of CaN a, p21 b, p38 MAPK c, STAT3 
d, S100B (e) and GFAP (f). In black, expression levels in slices 
exposed to naïve serum; in pink, expression levels in slices exposed 
to sPC; in green, expression levels in slices exposed to sZeta; and, 

in purple, expression levels in slices exposed to sGamma. Data rep-
resent means ± SD of at least four experimental determinations per-
formed in triplicate
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of cells to upregulate the antioxidant defenses is compro-
mised (Ma 2013). This is in line with a previous work show-
ing a reduction of Nrf2 levels in the plasma of COVID-19 
patients (Gümüs et al. 2022). Consistent with this, it has 
been demonstrated that a reduction in Nrf2 expression may 
be associated with an increase in the efficiency of the viral 
reproduction process (Olagnier et al. 2020; Khan et al. 2021; 
Bousquet et al. 2020). It should be also noted that the NFκB 
subunit p65, which is decreased in our model, negatively 
regulates the transcriptional activation of Nrf2 (van der 
Horst et al. 2022).

Previous data suggested that some viruses can modulate 
TLR to support their metabolism (Carty and Bowie 2010). 
Our observations showed that the sera modulated mRNA 
levels of TLR2 and TLR3, suggesting that these receptors 
may play an important role in the response to SARS-CoV-2 
infection and an adaptation of the hippocampus to cope with 
inflammatory mediators that are present in the sera. Consist-
ent with this hypothesis, a study demonstrated that TLR2 
leads to a pro-inflammatory response against SARS-CoV-2 
infection that is independent on viral entry into the cells 
(Zheng et al. 2021). Furthermore, it was demonstrated that 
the intranasal administration of a TLR3/MDA5 agonist ini-
tially caused upregulation of innate immunity-related genes 
in the lungs of mice infected with a lethal dose of SARS-
CoV-2 followed by a reduction of viral load and expression 
of cytokines, chemokines and interferon in the brain of these 
animals (Tamir et al. 2022). It should be further noted that 
there were very low or no viral particles in the cells of hip-
pocampal slices, at least after a 2 h incubation, which might 
have facilitated the induction of adaptive mechanisms by 
neural cells via mitochondrial response.

As for the mitochondrial markers, VDAC1 expression 
was reduced by the sZeta and sGamma whereas PGC-1α 
was decreased by sZeta. Since VDAC1 is the most abundant 
protein in the mitochondrial outer membrane and usually 
reflects mitochondrial mass (Fang and Maldonado 2018), 
and PGC-1α is considered the master regulator of mito-
chondrial biogenesis, these results indicate a decrease 
in mitochondrial biogenesis. It should be also noted that 
PGC-1α may be associated with NFκB (Alvarez-Guardia 
et al. 2010), which is in accordance with the decreased 
expression of this transcription factor. In contrast, the expo-
sure to sGamma did not change PGC-1α. In line with this, it 
was shown that the levels of some cytokines may even take 
days during or after the infection to change in the serum of 
COVID-19 patients, thus implying that sGamma may take 
longer periods to modulate this protein (Tan et al. 2021). 
Moreover, it is also known that VDAC1 mediates the mito-
chondrial release of ROS (Shoshan-Barmatz et al. 2010). 
Thus, the reduction in the expression of VDAC1 as well 
as of Nrf2 reinforce that oxidative stress is induced by the 

sera. Conversely, a different study demonstrated an increase 
in VDAC1 levels in a specific population of T cells from 
acutely ill COVID-19 patients that is more susceptible to 
apoptosis. These differential effects may be explained by 
the different approaches used to evaluate VDAC1 expres-
sion as well as by the different tissue/cell type evaluated in 
each study (rat hippocampal slices versus peripheral blood 
mononuclear cells) (Thompson et al. 2020).

Regarding the alterations caused specifically by sPC, 
we observed more pronounced effects on the expression of 
genes related to mitochondrial homeostasis. Not only the 
expression of mitochondrial biogenesis markers (PGC-1α, 
VDAC1, and CS) was markedly reduced by sPC but also 
the mRNA levels of mitochondrial dynamics proteins were 
decreased, suggesting that both fusion and fission processes 
are disturbed. The balance between mitochondrial fusion 
and fission is necessary to maintain mitochondrial integrity 
and is intimately involved in the regulation of cell death 
(Chen et al. 2020). These observations indicate that distur-
bances in mitochondrial quality control may play a key role 
in the pathophysiology of neurological dysfunction in long-
COVID. Nevertheless, it is difficult to explain why only sPC 
caused these effects, but we speculate that longer periods of 
exposure to sZeta and sGamma might be necessary to induce 
alterations in these mitochondrial processes. Moreover, we 
should consider that the pre-existence of neuropsychiatric 
conditions and psychosocial effects caused by the pandemic 
may differentially modulate molecular markers involved in 
COVID-19 pathophysiology (Quincozes-Santos et al. 2021).

Additionally, the exposure to sZeta caused a marked 
increase in the expression of the glial marker S100B, indica-
tive of brain damage (Angelopoulou et al. 2021). In line with 
this, elevated S100B levels were demonstrated in the plasma of 
COVID-19 patients that did not survive (Kokkoris et al. 2022).

Conclusion

Our findings provide evidence that the sera of patients 
infected with the SARS-CoV-2 variants gamma and zeta 
induce alterations in the inflammatory profile in the hip-
pocampus of aged rats. It should be emphasized that no viral 
particles were verified in the hippocampal slices, so the 
effects observed here were possibly induced by pro-inflam-
matory molecules associated with viral infection, and not by 
the direct action of the virus. However, the present data must 
be taken with caution since we evaluated the effects of the 
serum of one patient affected by each variant. Moreover, we 
found that the serum of the post-COVID-19 individual (sPC) 
caused pronounced alterations in the mitochondrial function, 
especially dynamics, suggesting that these may be key fac-
tors underlying the neural cell injury seen in long-COVID.
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Data Availability Data will be made available upon request.
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