Regulatory Mechanisms

in Biosystems

Clinical and diagnostic significance of oxidative stress
in post-COVID olfactory dysfunction associated with acute rhinosinusitis

Y. V. Svitlychna, A. V. Lupyr, N. O. Shushliapina
Kharkiv National Medical University, Kharkiv, Ukraine

Article info

Received 06.10.2025

Received in revised form
30.10.2025

Accepted 23.11.2025

Kharkiv National
Medical University,
Nauky av., 4,

Kharkiv, 61022, Ukraine.
Tel.: +38-099-521-88-29.

Svitlychna, Y. V., Lupyr, A. V., & Shushliapina, N. 0. (2025). Clinical and diagnostic significance of oxidative stress in post-
COVID olfactory dysfunction associated with acute rhinosinusitis. Regulatory Mechanisms in Biosystems, 16(4), e25188.
doi:10.15421/0225188

Anosmia is a common long-term complication of COVID-19. Its development is poorly understood. In the current study, the
impact of rhinosinusitis-associated olfactory dysfunction in post-COVID-19 patients on the redox metabolism of circulating
blood cells was investigated. The patients enrolled for the study suffered from rhinosinusitis with post-COVID-19 olfactory dys-
function and were tested by the Sniffin’ Sticks test to determine the olfactory function (normosmia, hyposmia, and anosmia).
Thereafter, flow cytometry-based detection of reactive oxygen species (ROS) levels in circulating granulocytes, lymphocytes and
erythrocytes was performed using a ROS-sensitive probe (2',7-dichlorodihydrofluorescein diacetate). The degree of eryptosis
was additionally detected by analysis of phospholipid membrane scrambling (Annexin V-FITC staining). According to the re-
sults of olfactometry, anosmia was identified in 20 patients and hyposmia in 53 patients. Among the 57 patients who reported
recovery of olfactory function, hyposmia was observed in 86% of cases on the threshold test and in 75% on the identification test.
Our findings suggest that anosmia in post-COVID-19 patients is associated with elevated intracellular ROS levels in viable circu-
lating granulocytes, lymphocytes and erythrocytes. Of note, elevation was found to be statistically significant compared to both
normosmic and hyposmic patients. Notably, eryptosis induction was not observed in anosmic patients even on the background of
oxidative damage to erythrocytes. Anosmia in post-COVID-19 promotes redox homeostasis imbalance in blood granulocytes,
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lymphocytes and erythrocytes, which might be of diagnostic significance.
Keywords: COVID-19; anosmia; eryptosis; erythrocytes; leukocytes; reactive oxygen species; rhinosinusitis.
Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), which caused the coronavirus infectious disease-2019 (COVID-
19) pandemic, is considered a highly contagious single-stranded RNA
virus belonging to Coronaviridae family (Hillary & Ceasar, 2023; Li
et al., 2023). According to the current estimates performed by the
WHO, over 770 million verified cases of COVID-19 were reported
by November 2023 with over 6 million lethal outcomes (Amer et al.,
2024). Thus, COVID-19 is one of the most severe challenges to the
healthcare systems worldwide in the 21st century, representing a huge
medical, social and economic burden.

In addition to unprecedentedly high mortality rates, COVID-19 is
characterized by a myriad of long-term effects (over 50 effects are
reported), among which fatigue, headache, attention disorder, hair
loss, and memory loss are the most common (Lopez-Leon et al.,
2021). It is important to note that at least one out of the multiple de-
scribed long-term complications of COVID-19 develops in over 80%
of patients (Lenz et al., 2024). Importantly, anosmia, which is a loss
of olfaction, is a frequent long-term effect of COVID-19 that has been
reported to occur in 22-68% of patients (Carrillo-Larco & Altez-Fer-
nandez, 2020). The mechanisms that underlie its development are still
under scrutinous investigation. However, there is accumulating evi-
dence that massive apoptosis of olfactory sensory neurons, expression
of angiotensin-converting enzyme 2 (ACE2) on olfactory epithelial
cells, which is required to provide entrance of SARS-CoV-2 into the
cells, and local inflammation associated with excessive tumor necro-
sis factor o (TNF-0) and interleukin 1 (IL-1) mediating tissue damage
(Shamsundara & Jayalakshmi, 2023) play an important role in its de-
velopment. Additionally, SARS-CoV-2 fuels inflammation in the ol-
factory epithelium binding to toll-like receptors (TLRs) promoting
pyroptosis resulting in the release of IL-1p and IL-18 via the inflam-
masome/caspase-1-mediated pathway (Karimian et al., 2022). Thus,
the pivotal role in COVID-19-associated anosmia is played by de-
struction of olfactory cells by the pathogen and related inflammation.

Notably, inflammation is widely promoted by oxidative stress as-
sociated with accumulation of reactive oxygen species (ROS) or reac-
tive nitrogen species (RNS) against the background of the antioxidant
system depletion (Biswas, 2016). Dysregulation of redox homeostasis
has been widely reported for COVID-19 (Dos Santos et al., 2022).
Moreover, severity of systemic oxidative stress has been reported to
be a hallmark of COVID-19 (Bastin et al., 2023) and its prognostic
significance has been emphasized (Uysal et al., 2023). It has been
suggested that oxidative stress mediates long-term complications
associated with post-COVID syndrome. For instance, elevation of
circulating thiobarbituric acid-reactive substances (TBARS) in long
COVID-19 has been demonstrated (Stufano et al., 2023). Moreover,
post-COVID-19 fatigue is reported to be linked with superoxide ani-
on elevation in blood samples and oxidative stress-induced DNA
breaks (Hofmann et al., 2023). It is important to note that oxidative
stress along with hyper-inflammation has been even suggested to be a
major driver of long COVID-19 (Vollbracht & Kraft, 2022). Thus,
systemic markers of oxidative stress might be of huge importance in
determining development of post-COVID complications.

Anosmia as a neurological complication of COVID-19 is associ-
ated with neuroinflammation, which is commonly accompanied by
redox imbalance triggered, in particular, by mitochondrial dysfuncti-
on with excessive mitochondrial ROS (mitROS) generation and
fueled in a cytokine-dependent manner (Thakur et al., 2023). Howev-
er, despite the current advances in our understanding of the factors
contributing to anosmia development, the precise pathogenesis of this
condition is still unknown and the role of oxidative stress is yet-to-be-
elucidated. Moreover, it has become clear that a high percentage of
COVID-19 patients faces post-COVID-19 syndrome, but the predis-
posing factors and prognostic criteria remain to be revealed (Maglietta
et al., 2022). It is tempting to suggest that oxidative stress markers
might be beneficial to identify populations at the highest risk of lack
of olfactory function recovery. The aim of this study was to investi-
gate the role of oxidative stress in the occurrence of post-COVID
olfactory dysfunction in patients with acute rhinosinusitis.
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Materials and methods

Ethics. The study was performed in accordance with the Declara-
tion of Helsinki and approved by the Bioethics Commission of
Kharkiv National Medical University (Protocol No. 8 dated
06.10.2021). All participants were fully informed about the study and
provided written consent to participate.

Patients and groups. The study included 130 patients, aged 18—
60 years (mean age 42.8 + 1.2 years), who suffered from acute postvi-
ral rhinosinusitis with varying degrees of olfactory dysfunction after
COVID-19. The patients were enrolled from the University Hospital
of Kharkiv National Medical University (Kharkiv, Ukraine) from
September 2021 to June 2024.

Diagnosis of acute rhinosinusitis was verified in accordance with
EPOS 2020 guidelines (Fokkens et al., 2020) based on typical clinical
manifestations such as nasal obstruction, nasal discharge, facial pain,
and olfaction reduction or loss. Olfactory function was evaluated
using the Sniffin” Sticks test (Rumeau et al., 2016; Vandersteen et al.,
2022). The test is based on the ability to identify 16 odors such as
peppermint, orange, fish, leather, rose, cloves, coffee, pineapple, lico-
rice, anise, lemon, banana, cinnamon, apple, turpentine, and garlic.
Smoking, eating and drinking was prohibited at least for 15 minutes
before testing. Odors were presented to a blindfolded patient by an
examiner wearing rubber gloves. The subtests were performed to
evaluated olfactory threshold and identification with the time interval
of 3-5 min between them. The threshold subset included three sticks,
among which two contained exclusively a solvent, while one of them
presented an odorant soaked in n-butanol. The test started with the red
marker No. 1 presenting the highest concentration of the odorant.
Then triplets of markers were offered sequentially with increasing
concentration until the first correct answer was obtained. The patient's
answers were recorded as either correctly identified (+) or not identi-
fied (—). The concentration at which the patient gave two consecutive
correct answers (++) was considered a turning point. Thereafter, the
examiner presented three matching sticks with lower concentrations
until the first incorrect answer was provided (+—), which was consid-
ered the second turning point. Then a higher concentration of odor-
ants was used until two correct answers were provided (++, the third
turning point). The olfactory threshold score was defined as the aver-
age value of the turning points and was evaluated as follows: anosmia
(1 point), hyposmia (2—6 points), and normosmia (7—16 points).

The identification subtest included 16 blue or 12 black markers.
Each marker was introduced to a patient once with the time interval of
at least 30 seconds to avoid olfactory desensitization. For each odor-
ant, the patient was required to select among 4 answer options. The
identification score corresponded to the number of correct answers
and was assessed as follows: anosmia (06 points), hyposmia (7—
10 points), and normosmia (11-12 points).

To determine ROS production in erythrocytes and various leuko-
cyte subpopulations, as well as to assess eryptosis in circulating eryth-
rocytes, patient blood samples were analyzed by flow cytometry.

ROS detection in circulating leukocytes of patients with post-
COVID-19 anosmia. Leukocyte suspension was prepared from fresh-
ly collected blood delivered within 2 h in EDTA-containing vacutai-
ner tubes. The commercially available lysing solution (BD FACS™
Lysing Solution, Becton Dickinson, San Jose, CA, USA) was em-
ployyed. An aliquot of 100 pL was mixed with 2 mL of the solution
mentioned above. Following vortexing and incubation for 10 min at
24 °C, the samples were centrifuged during 5 min (500 g). The super-
natant was discarded and the pellets were washed twice in phosphate-
buffered saline (PBS) and resuspended in a working solution of 2',7'-
dichlorodihydrofluorescein diacetate (InvitrogenTM, Weltham, USA).
The final probe concentration was 10 uM. Thereafter, 10 pL APC-
CyTM 7-labelled mouse anti-human CD45 (BD Pharmingen, USA)
was added. The samples were incubated for 30 min in the dark. The
samples were washed with PBS and 10 pL 7-aminoactinomycin D
(7-AAD, BD Pharmingen, USA) was added. The samples were incu-
bated for 15 min in the dark.

ROS detection in circulating erythrocytes of patients with post-
COVID-19 anosmia. To assess ROS production in erythrocytes, an
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aliquot of freshly collected blood samples (5 pL) was added to Ringer
solution (5 mM glucose, 32 mM HEPES, 125 mM NaCl, 5 mM KClI,
2 mM CaClz, and 2 mM MgCly). The cells were washed twice (cen-
trifugation at 1800 g for 5 min). Thereafter, an aliquot of the erythro-
cytes was resuspended in 2',7"-dichlorodihydrofluorescein diacetate
solution in PBS at the final dye concentration of 10 uM. Incubation
with no exposure to light lasted for 30 min.

Phosphatidylserine externalization in circulating erythrocytes of
patients with post-COVID-19 anosmia. Eryptosis was assessed by de-
termining the degree of cell scrambling, i.e. phosphatidylserine exter-
nalization, by Annexin V-FITC staining. Erythrocyte suspensions
were prepared as described above. Then, erythrocytes were stained
with 5 uL FITC-labelled annexin V (BD Pharmingen™ FITC An-
nexin V, Becton Dickinson, USA) dissolved in 100 pL annexin-bin-
ding buffer (BD Pharmingen™ Annexin V Binding Buffer, Becton
Dickinson, USA). The resuspended cells were incubated for 15 min
in the dark.

Flow cytometry data acquisition and post-acquisition data analy-
sis. Fluorescence of fluorescent dyes applied in the current study was
acquired by BD FACSCantoTM |1 flow cytometer (BD Biosciences,
Franklin Lakes, USA, 2020). Fluorescent dyes used for H2DCFDA
and annexin V-FITC staining were excited by a 488 nm laser, and
their emission was detected at 525 nm. 7-AAD emission was ac-
quired at 650 nm following excitation by a 488 nm laser. APC-Cy7
emission was collected at 780 nm after excitation by a 633 laser.

The gating strategy included identification of CD45-positive cells
based on APC-C7 fluorescence, populations of lymphocytes and gra-
nulocytes based on CD45 staining and side scatter (SSC) parameters.
Viable cells were discriminated based on 7-AAD staining. 7-AAD-
negative cells were considered live. Following this gating, 2',7'-di-
chlorofluorescein (DCF) fluorescence was analyzed to quantify ROS
production by detecting mean fluorescence intensity (MFI) parame-
ters (Tkachenko et al., 2020; Onishchenko et al., 2022).

Analysis of erythrocytes implied identification of Annexin VV-po-
sitive cells, which were considered eryptotic (Yefimova et al., 2023;
Prokopiuk et al., 2024). In addition, DCF fluorescence in erythrocytes
was quantified to assess redox homeostasis of these cells (Tkachenko
etal., 2021; Onishchenko et al., 2023).

FlowJo™ (v10, BD Biosciences, Franklin Lakes USA, 2012)
software was used to process the obtained data.

The following exclusion criteria were applied: chronic rhinosi-
nusitis with/without nasal polyps, exacerbation of chronic inflamma-
tory diseases, acute Covid-19, obesity, hypertension, diabetes melli-
tus, pregnancy, smoking, cardiovascular diseases, atopic diseases,
asthma, no informed consent provided.

Statistical analysis. Flow cytometry-based data were analyzed by
applying the ANOVA test following by Bonferroni post-hoc analysis.
Data are represented as mean + SD. Differences were believed to be
statistically significant at P < 0.05. Analysis was performed applying
GraphPad Prism 5.0 software (GraphPad Software, Inc., USA, 2010).

Results

In the current study, 20 patients were identified as anosmic with
the average of 0.9 + 0.4 points for the threshold subtest and 4.4 + 1.3
points for the identification subtest. Additionally, a total of 53 patients
were classified as hyposmic (3.5 £ 1.3 and 7.1 + 1.6 points, respec-
tively). Of note, out of 57 patients self-reported as having recovery of
olfactory function, 86% had hyposmia based on the threshold test (5.5
+ 1.1 points), while 75% of patients were hyposmic in accordance
with the identification subtest (9.4 + 1.4 points). Based on the out-
come of the Sniffin” Sticks test, the patients were selected for further
flow cytometry-based detection of redox homeostasis in circulating
leukocytes and eryptosis markers.

Demographic data of patients selected for further flow cytometry-
based research are summarized in Table 1. There were no differences
in gender, age and body mass index (BMI) parameters of patients.
Notably, circulating levels of C-reactive proteins were analyzed to
allow comparison between groups. As illustrated in Figure 1a, analy-
sis the association between olfaction disorders in post-COVID-19 pa-
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tients with ROS levels in granulocytes revealed that anosmic patients
had a statistically significant elevation of intracellular ROS compared
with both normosmic and hyposmic individuals. The fluorescence

Table 1

Demographic data of patients with olfactory dysfunction after COVID-19

intensity of a ROS level-reflecting dye was evaluated in the popula-
tion of viable granulocytes (Figure 2), which mainly comprises neu-
trophils.

Post-COVID-19 patients with restored

Post-COVID-19 patients with reduced

Post-COVID with severely affected

Parameters olfactory function (n = 17) olfactory function (hyposmia) (1=53) olfactory function (anosmia) (n = 20) P-value
Gender (female/male) 8/9 (47.1%/52.9%) 20/33 (37.7%/ 62.3%) 8/12 (40.0% / 60.0%) 0.79
Average age, years 446+11.8 456+12.1 443+11.6 0.83
BMI 227+24 24017 224+21 0.29
C-reactive protein, mg/L 7627 82+19 79+25 0.96
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Fig. 1. Alterations of redox homeostasis in leukocytes and their subpopulations, as well as eryptosis parameters, in patients
with COVID-19-associated rhinosinusitis with different degrees of olfaction disorders: ROS generation was investigated in viable
granulocytes (a), lymphocytes (b), and erythrocytes (c); eryptosis degree was assessed by evaluating phosphatidylserine
externalization following Annexin V-FITC staining (d); ANOVA test, Bonferroni post-hoc test, mean + SD

250K = 250K =

200K =
4

200K ] Granulocytes -

150K = 150K =1,

SSC
SSsC

100K = 100K

50K =

4 Viable granulocytes

100 =

a CDA45 APC-Cy7 b

105 LUSSLAMAL . AL | g L |
3 3 4
-10 0 10 10 10

7-aminoactinomycin D c Intracellular ROS levels

Fig. 2. Oxidative stress evaluation in blood granulocytes in COVID-19 rhinosinusitis patients with olfactory disorders:
the gating strategy for selecting granulocytes was based on CDas staining and side scatter (SSC) parameters (a); viable granulocytes
were identified following 7-AAD staining (b); the content of ROS inside the cells was judged by 2’,7"-dichlorofluorescein fluorescence (c);
light blue line —anosmia, red line — hyposmia, blue line — restored olfactory function

Figure 1b clearly demonstrates that anosmia is accompanied by a
statistically significant elevation of intracellular ROS in circulating
lymphocytes compared with the normosmic individuals. Importantly,
ROS production in viable lymphocytes (Figure 3) of anosmic patients
was higher than in hyposmic patients as well. It is important to note
that elevation of lymphocytic ROS in anosmia was in line with data
reported for granulocytes above. This is of particular interest due to

the fact that ROS play a less significant role in biology of lymphocy-
tes compared to neutrophils.

The same trend observed for circulating granulocytes and lym-
phocytes in this study was revealed for erythrocytes. As shown in Fi-
gure 4a, circulating erythrocytes in anosmic patients generated more
ROS compared with normosmic and hyposmic patients.
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Fig. 3. Redox homeostasis was evaluated in circulating lymphocytes in COVID-19-associated rhinosinusitis with normal, reduced
and lost olfaction: CD45-APC-Cy7 fluorescence and side scatter (SSC) signals were used to identify the subpopulation of lymphocytes (a);
7-AAD staining was applied to discriminate live and dead cells (b); ROS concentrations in lymphocytes were compared based on evaluation
of 2,7"-dichlorofluorescein fluorescence (c); light blue line —anosmia, red line — hyposmia, blue line —restored olfactory function
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Fig. 4. Analysis of eryptosis parameters in COVID-19 rhinosinusitis patients with olfaction disorders was performed
based on 2',7'-dichlorodihydrofluorescein diacetate staining (a) and annexin V-FITC staining (b);
light blue line —anosmia, red line — hyposmia, blue line — restored olfactory function
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Oxidative stress is a widely reported trigger of eryptosis, which is
defined as cell death of erythrocytes morphologically and functionally
similar to apoptosis of nucleus-containing cells. Thus, the next step of
our research was to detect the degree of this process in circulating ery-
throcytes. Unexpectedly, we revealed no statistically significant diffe-
rence between the percentage of eryptotic cells in patients with no ol-
factory dysfunction, reduced olfactory function and its lack. As de-
monstrated in Figure 4b, eryptosis was evaluated by determining cell
membrane scrambling, i.e. transfer of phosphatidylserine molecules
from the inner leaflet of the phospholipid bilayer and their exposure
on the surface of cells.

Discussion

In the current study, we investigated the impact of rhinosinusitis-
associated olfactory dysfunction in post-COVID-19 patients in circu-
lating cells to shed a light on the possible role of redox homeostasis
imbalance and provide insights into new possible markers of the ol-
factory dysfunction. Indeed, we have revealed that anosmia is associ-
ated with ROS overproduction in granulocytes, lymphocytes, and
erythrocytes. Of note, endogenous ROS in granulocytes, which pri-
marily comprise the fraction of neutrophils, play a pivotal role in host
defense mediating the oxidative burst due to the activity of NADPH
oxidase in neutrophils (Chen & Junger, 2012). It is important to em-
phasize that excessive ROS generation in neutrophils has been report-
ed for severe COVID-19 (Veenith et al., 2022). There is evidence that
neutrophils participate in destruction of the olfactory epithelium in
COVID-19 (Bourgon et al., 2022). Our findings are in line with this
report, since overproduction of ROS indicates activation of neutro-
phils and the ability to destroy cells. It can be assumed that anosmia is
secondary to activation of neutrophils. However, the cause-and-effect
relationships between olfactory dysfunction and activation of neutro-
phils in post-COVID-19 should be further explored to deepen our
knowledge in the field.

In contrast to neutrophils where ROS are crucial for the oxidative
burst and macrophages where ROS regulate the involvement of inflam-
masomes and pyroptosis-associated cytokine release (Wang et al.,
2019), the contribution of ROS to cellular biology of B-cells and T-
lymphocytes is less studied. However, their importance for growth,
differentiation and activation of lymphocytes is beyond doubt (Bas-
soy et al., 2021). Additionally, the role of lymphocytes-derived ROS
in COVID-19 and long COVID-19 is poorly elucidated. In general, in
COVID-19, anosmia is associated with a higher lymphocyte count
(Talavera et al., 2020). Furthermore, local infiltration of the olfaction
epithelium with CD3+ lymphocytes was reported in COVID-19-asso-
ciated anosmia (Finlay et al., 2022). Our findings supplement these
data indicating that oxidative stress in lymphocytes is observed at the
systemic levels as well contributing to anosmia in post-COVID-19
patients.

Oxidative stress induced by COVID-19 affects the functionality
of cells resulting in the increased deformability of cells (Russo et al.,
2022). It is important to mention that erythrocytes are sensitive to oxi-
dative stress due to the imperfect antioxidant system and ROS are
important regulators of their survival affecting primarily Ca?* signa-
ling, which is crucial for erythrocytes (Tkachenko, 2024). Of note,
ROS production shown in this study for anosmic post-COVID-19 pa-
tients is a well-known trigger of eryptosis (Bissinger et al., 2019).
Moreover, multiple studies have provided links between oxidative
stress in erythrocytes and eryptosis in COVID-19 (Soma & Bester,
2022; Khedr et al., 2023). Therefore, we used a common hallmark of
eryptosis, namely phosphatidylserine externalization, to detect wheth-
er olfactory dysfunction might induce this regulated cell death. No
eryptosis induction observed in this study indicating that the elevation
of ROS occurred at the subthreshold levels and might be compensa-
ted for. Of note, long COVID-19 has been known to be associated
with anemia (Lechuga et al., 2023) and eryptosis frequently contribu-
tes to anemia development (Lang et al., 2017). However, in this case,
this association was not established.

It is worth noting that the effectiveness of multiple oxidative
stress markers in COVID-19 and post-COVID-19 patients for diag-

nostic purposes has been reported (Ahmed et al., 2023). However, to
our knowledge, the diagnostic significance of links between olfactory
dysfunction and oxidative stress in circulating leukocytes and erythro-
cytes has not been investigated. Our findings indicate that determina-
tion of ROS levels in circulating granulocytes, lymphocytes, and ery-
throcytes can be of diagnostic importance in patients with post-
COVID-19 olfactory dysfunction.

Conclusions

According to the results, patients cannot always objectively as-
sess their condition, but the use of diagnostic tests with a decrease in
odor concentration makes it possible to detect disorders that tell us
about the presence of ongoing degenerative disorders. In the current
study, the association between intracellular ROS levels in circulating
granulocytes, lymphocytes and erythrocytes and anosmia has been es-
tablished in post-COVID-19 patients. There is no association between
eryptosis degree with the severity of olfactory dysfunction. These fin-
dings might expand our knowledge about the pathogenesis of olfacto-
ry dysfunction in post-COVID-19 and add novel diagnostic tools.
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