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ABSTRACT: The recent coronavirus disease of 2019 (COVID-19) pandemic has adversely affected people worldwide. A growing
body of literature suggests the neurological complications and manifestations in response to COVID-19 infection. Herein, we
explored the inflammatory and immune responses in the post-mortem cerebral cortex of patients with severe COVID-19. The
participants comprised three patients diagnosed with severe COVID-19 from March 26, 2020, to April 17, 2020, and three control
patients. Our findings demonstrated a surge in the number of reactive astrocytes and activated microglia, as well as low levels of
glutathione along with the upregulation of inflammation- and immune-related genes IL1B, IL6, IFITM, MX1, and OAS2 in the
COVID-19 group. Overall, the data imply that oxidative stress may invoke a glial-mediated neuroinflammation, which ultimately
leads to neuronal cell death in the cerebral cortex of COVID-19 patients.
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■ INTRODUCTION

In December of 2019, a novel coronavirus called severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in
Wuhan, China, causing the coronavirus disease of 2019
(COVID-19).1 Although COVID-19 is primarily a respiratory
virus, it may spread to nonrespiratory sites like the brain with
associated neurological manifestations including smell and taste
disturbances, headaches, vision impairment, and stroke.2 The
presence of COVID-19 in the brain has been shown by the
detection of COVID-19 RNA in the cerebrospinal fluid (CSF)
in patients with COVID-19.3 In addition, it is revealed that the
spike 1 protein (S1) of COVID-19 can cross the murine blood−
brain barrier (BBB) through the adsorptive transcytosis-
mediated mechanism.4 However, the bulk of reports suggest
that COVID-19 is not detectable in the CSF of patients with
COVID-19 and neurological symptoms.5 Moreover, the post-
mortem analysis of brain tissues from COVID-19 infected

individuals reveal inflammatory response-mediated blood vessel
damage with no evidence of viral infection.6 It suggests that the
virus cannot directly attack the brain in the infected patients.
Herein, given the negative result of the COVID-19 test in the
CSF of COVID-19 patients in this study, we sought to explore
the impact of neuroinflammatory and antiviral responses
combined with the oxidative stress that might play major roles
in neuronal cell death in the cerebral cortex of patients with
COVID-19.
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■ RESULTS AND DISCUSSION
COVID-19 Triggers a Reduction in the Number of

Neuronal Cells and Changes the Spatial Arrangement of
the Neurons in the Cerebral Cortex. The participants
included three patients with severe COVID-19 and three age-
and sex-matched control groups (Table 1). A hematoxylin and

eosin (H&E) staining of the cerebral cortex showed a decrease
in the number of neurons in the brain of individuals infected by
COVID-19 (Figure 1A,B; Supplementary Figure S1).Moreover,

the brains from COVID-19 exhibited marked histological
damages with increased infiltration and vasculitis (Figure 2). A
Voronoi tessellation of the cerebral cortex neurons in the control
and COVID-19 groups was performed (Figure 3A). The data
revealed that 34.2% of the areas of the Voronoi polygons in the

cerebral cortex in the control group were in the range of less than
or equal to 300 μm2. However, in COVID-19 only 11.11% of the
polygon areas of the neurons were in this range. Besides, in the
COVID-19 group, most of the polygon areas (27.77%) were in
the range of 300−500 μm2 (Figure 3B). On the basis of the
spatial distribution of neurons, the mean coefficient of variation
(CV) of polygon areas in both groups was in a random range
(33%−64%) (Figure 3C).
Herein, the neuronal loss in the cerebral cortex of the

COVID-19 group was demonstrated by a reduction in the
number of neurons and also substantial changes in the spatial
arrangement of neurons. Moreover, the areas of the Voronoi
polygons showed a variation in the COVID-19 infected group,
indicating irregularities in the dendritic length due to cell death
or an inflammatory process in the brain of these cases.

The Number of Glial Cells Is Increased in the Cerebral
Cortex of COVID-19 Patients. The stereological analysis of
the cerebral cortex also demonstrated a considerable surge in the
number of glia cells in the cerebral cortex of individuals with
COVID-19 (Figure 1A,C). Moreover, a cell count analysis by
immunohistochemistry also showed elevated numbers of Iba-1-
positive microglia cells and GFAP-positive astrocytes (both are
glia cells) in the cerebral cortex samples of COVID-19 patients
(Figure 4A−C).
Previous reports have indicated the possibility of the

development of reactive astrogliosis in COVID-19 patients.7

For instance, Kangberg et al. revealed that the plasma
concentration of the GFAP significantly increases in moderate
to severe COVID-19 patients.8 In addition, Reichard et al.
reported a generalized increase in GFAP expression in the white
matter of a COVID-19 patient who had passed away due to
disseminated encephalomyelitis.9

COVID-19 Causes Alterations in the Morphological
Characteristics of Microglia Cells. To quantitatively
investigate the morphology of microglial cells, a Sholl analysis
was performed. Accordingly, COVID-19 infection remarkably
reduced the morphological complexity of the microglia in terms
of long branching processes (Figure 5A). Similarly, the
examination of the length of the microglia processes unveiled
that the process length of these cells had significantly decreased
in the COVID-19 group (Figure 5B), indicating the presence of
activated microglia with a reduced process length, which paves
the way for the production of pro-inflammatory cytokines.10

Similarly, prior reports unveiled that activated microglia and
reactive astrocytes are involved in the pathology of neuro-
degenerative disorders.11 Thus, the elevated number of these
cells can be associated with inflammation and brain tissue
damage.

The Upregulation of Inflammation- and Immune-
Related Genes and Low Glutathione Levels in the
Cerebral Cortex of COVID-19 Patients. The expression
level of interleukin 1 beta (IL-1β), interferon-inducible
transmembrane (IFITM), MX dynamin-like GTPase 1
(MX1), interleukin 6 (IL-6), 2′,5′-oligoadenylate synthetase 2
(OAS2), and angiotensin-converting enzyme 2 (ACE2) were
assessed by real-time (RT) quantitative polymerase chain
reaction (qPCR) (Figure 6). Accordingly, we observed the
upregulation of inflammatory and immune-related genes IL-1β,
IL-6, IFITM, MX1, and OAS2 in the COVID-19 group
compared to the healthy individuals. However, the expression
level of ACE2 showed no significant difference between
COVID-19 and healthy groups.

Table 1. Demographic and Clinical Characteristics of
Subjects in the Study Groups

variables control case P value

sex
male/female 3/0 2/1 0.273

age 35.33 ± 5.03 42.33 ± 7.50 0.251
RT-PCR for COVID-19 negative positive

Figure 1. (A) H&E staining of the cerebral cortex. Black arrows show
neurons (N) and glial cells (G) in control and COVID-19 groups. (B)
The number of neurons decreased in COVID-19 patients compared to
the control group (***P < 0.001), while the number of glial cells
remarkably increased in the COVID-19 group in comparison with the
control (***P < 0.001).

Figure 2. H&E-stained brain sections of the cerebral cortex in control
and COVID-19 groups. Healthy vessel (arrowhead) and vasculitis
(long arrow) are depicted.
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Multiple lines of evidence have shown that both microglia and
astrocytes are highly sensitive to the pro-inflammatory
cytokines.12−15 In fact, the widespread release of inflammatory
cytokines in severe COVID-19 patients may be sufficient to
undermine the tight junctions of astrocytes and BBB endothelial
cells, which facilitates the viral entry.16,17 Moreover, microglia
and astrocytes are part of the local neuroinflammatory responses
in the central nervous system (CNS). Thus, there are cellular
receptors essential for the initiation or/and amplification of the
innate immune responses of the CNS.18−22 Furthermore, the
exposure to proinflammatory cytokines like IL-6, tumor necrosis
factor alpha (TNF-α), IL-1β, and reactive proinflammatory
microglia as well as exposure to damage- and pathogen-
associated molecular patterns may lead to the expression of
proinflammatory genes in astrocytes, which is associated with
neurodegeneration and neuroinflammation.21−24 Herein, we
observed the increased expression of genes such as IL-1β, IL-6,
IFITM, MX1, and OAS2 in COVID-19 samples, suggesting the
critical role of proinflammatory proteins (IL-1β, IL-6) as well as
interferon (IFN) responses marked by the upregulation of a
subset of interferon-stimulated genes (IFITM, MX1, OAS2) in
severe COVID-19 patients (Figure 6).
Spike glycoproteins of COVID-19 play an important role in

viral binding to cellular receptors, particularly to the enzyme
ACE2. Ubiquitous in the body, ACE2 plays a variety of
physiological roles, including controlling inflammation and
blood pressure. COVID-19 has a strong affinity with the ACE2
receptors. This receptor is present in neurons, endothelial cells,
bronchial epithelial cells, andmany other organs.25,26 It has been
shown that ACE2 is expressed in a wide range of brain structures

Figure 3. (A) A micrograph of neurons and a schematic of a Voronoi tessellation in the cerebral cortex in the control and COVID-19 groups. Each
polygon represents the space that a cell occupies. (B)Distribution of Voronoi polygon area (%) and (C)CV of the spatial distribution of neurons in the
cerebral cortex.

Figure 4. (A) Immunohistochemical staining against GFAP and Iba-1
was conducted in both COVID-19 and control groups. Black arrows
represent GFAP positive astrocytes and Iba-1 positive microglia. (B, C)
The number of astrocytes (***P < 0.001) and microglia (**P < 0.01)
increased significantly in COVID-19 patients compared to the control.
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including the hypothalamus, cortex, striatum, and brain-
stem.27−29 In addition, ACE2 is expressed in both neurons
and glial cells throughout the brain, making both cell types
vulnerable to the viruses.29 In this regard, we measured the
expression level of ACE2 using real time polymerase chain
reaction (RT-PCR) in the human cerebral cortex region, but no
significant difference was observed between COVID-19 and
healthy groups (Figure 6). This is in line with a recent study that
demonstrated very low or absence of ACE2 expression at
transcript and protein levels in the human brain.30

Recent studies have shown that COVID-19 patients with
severe symptoms manifested lower glutathione (GSH) levels
and higher reactive oxygen species (ROS).31 This demonstrates
high ROS/GSH ratios in patients with critical conditions as
opposed to those with mild symptoms. In fact, GSH acts as the
main antioxidant in all tissues. The high concentration of its
reduced forms highlights its major function in controlling
different mechanisms such as immune response, protein folding,

antiviral defense, and detoxification.32,33 Therefore, the reduced
GSH concentration in cells increases the viral replication
cycle,34,35 which may be a possible cause of augmented COVID-
19 infection in patients.31 In line with these studies, our results
illustrated a significant decline in GSH level in the cerebral
cortex of the COVID-19 group compared to that of the control
(Figure 7). The GSH depletion in the alveolar fluid in patients

with acute respiratory distress syndrome (ARDS) was found to
be associated with enhanced ROS-mediated lung cell damage
and inflammation.36,37 In fact, both a cytokine storm and ARDS
have been known to be involved in severe stages of COVID-
19.1,38 Similarly, the use of antioxidant agents can decrease the
cytokine storm, which is caused by viral infection.39 In fact,
antioxidative-related treatments have been shown to repair
damages caused by COVID-19 in infected patients.40,41

Polonikov et al. studied COVID-19 patients with moderate to
severe symptoms, reporting that, while three cases with high or
normal plasmaGSH recovered expediently, one patient with low
levels of GSH and high plasma levels of ROS and ROS/GSH
ratio disclosed the most severe complications and was still sick
until the publication of this paper.42 Overall, glia cells such as
reactive astrocytes and activated microglia are able to produce
free radicals, which could be neutralized by some antioxidant

Figure 5. (A) Sholl analysis revealed a reduction in the microglial structural complexity with respect to long branching processes in the COVID-19
group. Moreover, (B) the total length of microglia processes was significantly reduced in the cerebral cortex of COVID-19 patients. (*) shows the
difference between the control and COVID-19 group (***P < 0.001).

Figure 6. Expression levels of IL1B, MX1, OAS2 (***P < 0.001),
IFITM (**P < 0.01), and IL6 (*P < 0.05) were noticeably increased,
while there was no significant difference in the expression level of
ACE2. Beta actin (ACTB) is used as a housekeeping gene. The fold
change for the control group was considered one for all genes, and the
fold change for COVID-19 group was reported compared to that of the
control.

Figure 7. Graph shows a remarkable decrease in the level of GSH in
COVID-19 patients as opposed to the controls (*P < 0.05).
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enzymes like the GSH enzyme. Therefore, the decreased level of
this enzyme in neurons can render neurons vulnerable to free
radicals, ultimately leading to neuronal cell death.

The major cause of mortality in COVID-19 patients is a
cytokine storm, which is possibly caused by ROS.43 It has also
been shown that, in a seasonal influenza, the ROS level of the
immune system decreases, and nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase-dependent bacterial clear-
ance is suppressed. In viral infections, oxidative stress is
associated with macrophage activation. In addition to the
release of ROS, the activated phagocytes are also able to release
pro-oxidant cytokines (e.g., TNF and IL-1), which can induce
iron uptake in the reticuloendothelial system.44 Similarly, viral
infections not only can cause a neutrophil infiltration and ROS
release but also can weaken the antioxidant defenses.45

Therefore, it can be concluded that oxidative stress occurs
because of an imbalance between the production of oxidants and
antioxidant mechanisms, leading to oxidative damage (e.g.,
DNA oxidation and lipid peroxidation).
It has been shown that an increased level of IL-6 and a

decreased level of GSH (in a positive feedback cycle) due to
SARS-CoV infection can potentially elucidate the mechanism of
a cytokine storm in this disease.46 Likewise, a persistent GSH
decrease is accompanied by an elevation of the levels of TGF, IL-
6, and IL-10 in patients with human immunodeficiency virus
(HIV).47 This association was also confirmed by another study,
in which they have found out that, following an administration of
exogenous GSH (liposomal GSH), the level of these

inflammatory cytokines returned to normal.48 Altogether,
these reports might shed a light on the impact of ROS species
on the antiviral and proinflammatory signaling in patients with
severe COVID-19 infection.
Despite the prominent role of oxidative stress-mediated

neuroinflammation in the neuronal death observed in patients
with COVID19, there are a host of limitations in this study that
need to be properly addressed in future work. First, to strongly
corroborate the findings, the number of subjects should be
increased. Second, the levels of both oxidized and reduced forms
of glutathione could be linked to other ROS/oxidative stress
markers to evidently elucidate the role of oxidative stress and
how it is related with neuroimflammatory response in the
COVID-19 context. Third, to cast light on the infiltration of
inflammatory cells, the quantification of other inflammatory
cells such as brain pericytes, T cells, and mast cells needs to be
conducted in severe COVID-19 patients.
In conclusion, our data suggest that glial-mediated neuro-

inflammation induced by oxidative stress plays a major role in
the loss of neurons during a severe COVID-19 infection.

■ METHODS
Ethics and Informed Consent. The study was approved by the

ethics committee of Shahid Beheshti University of Medical Sciences,
Tehran, Iran (ethics committee No. IR.SBMU.RETE-
CH.REC.1399.1118).

Sample and Data Collection. This study was conducted on three
patients with COVID-19 and three age- and sex-matched healthy
control groups. Control data were obtained from people in the age
range of 20−40 years who met the following criteria: no history of
neurological complications or addiction, dying of cardiac arrest or
accident in which no head trauma was induced, and patients died of
complications such as internal bleeding. The subjects were selected
from among patients admitted to the intensive care unit (ICU) of a
major university-affiliated hospital between March 26, 2020the
outbreak of the epidemic in Iranand April 17, 2020. Three patients
with clinical features including anosmia and respiratory symptoms
compatible to COVID-19 were intubated due to respiratory distress.
The diagnosis of COVID-19 was confirmed by RT-PCR. Additionally, a
computed tomography (CT) scan showed pneumonia in the COVID-
19 group.With a 30° rod telescope trough and an endoscopic transnasal
approach, the cortex was harvested following the resection of the
middle turbinate. In the control group, the brain tissues from three
patients with myocardial infarction were included in this study.

Total RNA Isolation and cDNA Synthesis. The total RNA was
successfully extracted from the brain tissues using RNX-Plus
(SinaClon) according to the manufacturer’s instructions. RNA

Figure S1. Supplementary Figure S1. Gross brain sections of control
and COVID-19.

Table 2. Primer Sequences for qPCR

primer sequence gene name accession No.

F-CCCTGGACTTCGAGCAAGAG ACTB NM_001101
R-ACTCCATGCCCAGGAAGGAA
F-GGGATCAGAGATCGGAAGAAGAAA ACE2 NM_021804.3
R-AGGAGGTCTGAACATCATCAGTG
F-AATCTGTACCTGTCCTGCGTGTT Il1b NM_000576.3
R-TGGGTAATTTTTGGGATCTACACTCT
F-GGTACATCCTCGACGGCATCT Il6 NM_001371096.1
R-GTGCCTCTTTGCTGCTTTCAC
F-TGGCATAACCAGAGTGGCTG MX1 NM_002462.5
R-CACCACCAGGCTGATTGTCT
F-GCTTCCGACAATCAACAGCCAAG OAS2 NM_016817.3
R-CTTGACGATTTTGTGCCGCTCG
F-TCAACATCCACAGCGAGACC IFITM NM_003641.5
R-TGTCACAGAGCCGAATACCAG
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concentration, purity, and integrity were determined using an Epoch2
microplate reader (BioTeK) followed by the electrophoresis of the 5 μL
of extracted RNA in 2% agarose gels stained with ethidium bromide,
which were visualized under a ultraviolet (UV) light. The cDNA from
500 ng of the total RNA isolated from the tissues was synthesized in 20
μL of total volume using a RevertAid H Minus First Strand cDNA
Synthesis Kit according to the manufacturer’s instructions and then
stored at −20 °C.
Quantitative Real Time PCR. Real-time quantitative PCR analysis

was conducted using specific primers listed in Table 2 on a Rotor
Gene6000 real-time PCR machine (Corbett Research, Qiagen). Beta
actin (ACTB) was used as a housekeeping gene. Each reaction
contained 1 μL of the cDNA template, 0.4 μL of each primer (20
pmole), and 10 μL of SYBRAmpliqon, in the final volume of 20 μL. The
real-time PCR was performed in following steps. Stage 1: initial
denaturation, 1 cycle at 95 °C for 90 s followed by stage 2: PCR, 40
cycles, each cycle lasting 95 °C for 15 s, 55 °C for 30 s. The comparative
real-time qPCR quantitation was performed in candidate groups using
the Relative Expression Software Tool (REST) 2009 (Qiagen).49 The
gene expression was reported as fold change compared with the control.
Estimating the Number of the Neuron and Glial Cells. The

tissue samples were fixed in 10% formalin for one week. Then, tissues
were embedded in paraffin blocks and cut into 20 μm thick sections
with a microtome. For the microscopic descriptive analysis of each
group, slides were stained by H&E. The optical disector method was
used to determine the total numbers of the neuron and glial cells.
Moreover, an unbiased counting frame containing the exclusion and
inclusion boundaries was superimposed on the images of sections
observed on the monitor. The focal plane moved down in the Z
direction, and a microcator was connected to the microscope stage to
measure the z-axis motion. Each nucleus of neurons and glial cells
coming into maximal focus was selected if it was within the counting
frame. The following formula was used to calculate the numerical

density (Nv): Nv=
Q

P h a
f

∑
∑ × ×

t
BA

× . Here,∑Q indicates the number of

nuclei, h is the dissector height, a/f is the frame area, and∑P indicates
total numbers of the unbiased counting frame in each field. Moreover, t
denotes the real thickness of the section gauged in all fields with a
microcator. In addition, BA stands for the microtome block advance.50

The Measurement of Spatial Distribution of Neurons. The
spatial distribution of neurons in the cerebral cortex was measured by a
Voronoi tessellation method. The cerebral cortex neurons were
mapped by the ImageJ Voronoi Plugin (Java. NIH). Each polygon
was drawn around the cell body of neurons. In this regard, brain
sections images were captured by 40× objective lens (Nikon Eclipse E-
200). Then, each image was imported to ImageJ, and the polygons were
drawn by clicking on the nuclei, followed by the assessment of the
polygon area and coefficient of variation. CV values of 33%−64% are
associated with a random distribution of the neurons; CVs less than
33% indicate a regular pattern, and those more than 64% are considered
as a clustered distribution.51

Immunohistochemistry. Brain tissues were placed in formalin
before being prepared and placed on the slides. The primary antibodies
against GFAP (ABCAM, catalogue No. ab7260, 1:300) and Iba-1
(ABCAM, catalogue No. ab108539, 1:300) were diluted in the
phosphate-buffered saline (PBS) solution containing 0.3% Triton X-
100 and 1% bovine serum albumin (BSA). After the slide preparation,
sections were incubated in primary antibodies overnight at 4 °C. They
were then incubated with the avidin−biotin complex substrate in the
milieu of the 0.05 m Tris-buffer (pH 7.6) containing 0.05% 3,3-
diaminobenzidine tetrahydrochloride and 0.03% hydrogen peroxide.
Finally, sections were mounted and counter-stained followed by the
implementation of the optical disector method to determine the total
numbers of microglia and astrocytes. The results were reported as a
numerical density (number/mm3).
The Assessment of Microglia Morphology by a Sholl

Analysis. To specifically detect microglial cells, the cells were labeled
with Iba-1 antibody (a microglia-specific marker). The microscopic
images were captured by a 40× objective lens (Nikon Eclipse E-200).

Thirty individual microglial cells per patient were selected for the
reconstruction and also for the measurement of the length of microglia
processes using ImageJ (Java. NIH).52

Measurement of GSH Content. When they were received, the
brain tissues (the cerebral cortex) were stored at−80 °C. On the day of
sample preparation, brain tissues were removed from the −80 °C
storage and thawed in the PBS lysis buffer (pH 7.4) containing 320 mM
sucrose, 1% of 1.0 M Tris-HCl (pH = 8.8), 0.098 mM of MgCl2, 0.076
mM of ethylenediaminetetraacetic acid (EDTA), and the phosphatase
inhibitor cocktail (Sigma-Aldrich). The brain tissues were homogen-
ized by 10 quick pulses using a hand-held homogenizer. The
homogenates were centrifuged at 14 000g for 10 min to remove
cellular debris. GSH reacts with 5,5-dithiobis (2-nitrobenzoic acid)
(DTNB) to form the colored product 2-nitro-5-thiobenzoic acid, which
was estimated at 412 nm.53

Statistical Analyses. All statistical analyses were performed using
SPSS 23.0 (SPSS, Inc.). Data are presented as mean ± standard
deviation (SD). Differences between experimental groups were
investigated by the independent sample t-test. P values less than 0.05
were considered as significant.
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