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Abstract

The high incidence of post-covid symptoms in humans confirms the need for effec-
tive treatment. Due to long-term complications across several disciplines, special
treatment programs emerge for affected patients, emphasizing multidisciplinary care.
For these reasons, we decided to look at current knowledge about possible long-term
complications of COVID-19 disease and then present the effect of flavonoids, which
could help alleviate or eliminate complications in humans after overcoming the
COVID-19 infection. Based on articles published from 2003 to 2021, we summarize
the flavonoids-based molecular mechanisms associated with the post-COVID-19 syn-
drome and simultaneously provide a complex view regarding their prophylactic and
therapeutic potential. Review clearly sorts out the outcome of post-COVID-19 syn-
drome according particular body systems. The conclusion is that flavonoids play an
important role in prevention of many diseases. We suggest that flavonoids as critical
nutritional supplements, are suitable for the alleviation and shortening of the period
associated with the post-COVID-19 syndrome. The most promising flavonoid with

noteworthy therapeutic and prophylactic effect appears to be quercetin.
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receptor (angiotensin receptor) of the kidneys or blood vessels, fur-

ther manifested by vasoconstriction, increased blood pressure, water

At present, physicians and scientists are investigating why COVID-19
disease (COVID-19) causes such long-term health problems or perma-
nent damage, even to systems other than the respiratory system. It is
probably the key question to address.

Studies show that COVID-19 is induced by a SARS-CoV-2 virus,
which attaches to its S protein's angiotensin-converting enzyme
2 (ACE2) receptor. Present on the surface of host respiratory cells (Jia
et al, 2005) such as alveolar cells type Il in the lung (Hamming
et al, 2004), cells in tissues such as heart, kidney, testis (Tipnis
et al., 2000), brain, liver, intestine (Doobay et al., 2007). The binding
of the SARS-CoV-2 virus to the ACE2 receptor triggers a cascade of
reactions, including inhibition of the ACE2 angiotensin Il receptor,
which does not change angiotensin Il to angiotensin 1-7. Angiotensin

Il levels rise in patients' blood. Angiotensin Il interacts with the AT1

retention, inflammatory reactions, and subsequent apoptosis. In the
lung interstitium, angiotensin Il causes apoptosis, which initiates the
inflammatory process and produces inflammatory cytokines. The first
aid for a patient in this condition is increased oxygen uptake by pul-
monary ventilation, which is, however, insufficient in the case of so-
called cytokine storm (an exaggerated autoimmune response) that
causes lung damage (Rothlin, Vetulli, Duarte, & Pelorosso, 2020)
(Figure 1).

Since ACE2 receptors are expressed in many human tissues,
including kidney epithelial cells, heart, small intestine, blood vessels,
liver, endothelial cells (Hamming et al., 2004), hematopoietic stem,
and progenitor cells (Jarajapu, 2021), they also damaged by cytokine
storms. Thus, the complications associated with COVID-19 are not

surprising.
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Mechanism of action of angiotensin Il under physiological conditions (black arrows) and its negative effect induced by inhibition of

ACE2 receptors by SARS-CoV-2 virus (green arrows). Inhibition of ACE2 receptors by SARS-CoV-2 virus binding results in a fourfold increase in
angiotensin |l levels, resulting in cell apoptosis followed by inflammation. As a result of the cytokine storm, acute respiratory distress syndrome
development occurs. Original figure made for this review using the Zoner Photo Studio X

COVID-19 therapy is currently mesmerizing and approached very
carefully. We believe that COVID-19 treatment could be potentially
more effective by understanding the interaction of SARS-CoV-2 with
ACE2 receptors. Specifically, how SARS-CoV-2 inhibits its binding to
the cell surface receptor. Nevertheless, the inhibition of ACE2 recep-
tors could lead to an undesirable angiotensin Il increase. Another
approach to facilitating the course and outcome of COVID-19 would
be using the ACE1 inhibitors, which would reduce angiotensin Il level
and inhibit the conversion of nonapeptide angiotensin 1-9 to hepta-
peptide angiotensin 1-7. This could lead hypothetically to the unde-
sirable upregulation of ACE2 receptors and increases the possibility of
SARS-CoV-2 virus binding to the cell surface. On the other hand,
stimulation of ACE2 activity toward angiotensin 1-7 production could
lead to an antiinflammatory effect, which would have a beneficial pro-
tective effect on the lungs and other organs possibly.

Hypothetically, the effective COVID-19 therapy, in addition to
ACE2 inhibitors, should include the use of the ACE1 inhibitors, which
reduce the level of angiotensin Il by blocking the formation of angio-
tensin Il from angiotensin I. Moreover, the ACE1 inhibitors converts
angiotensin | to angiotensin Il, which increases blood pressure. Thus,
increased ACE1 activity and angiotensin Il levels higher than basal
cause hypertension and damage (Benigni, Cassis, &
Remuzzi, 2010). On the other side, these inhibitors would block both
the site of interaction between SARS-CoV-2 virus and cell, as well as

levels

the renin-angiotensin signaling pathway, causing acute lung injury

(Imai, Kuba, & Penninger, 2008) associated with high levels of
angiotensin Il.

The severity of COVID-19 is also associated with high levels of
phospholipase A2. Miiller et al. revealed that inhibition of cPLA2
impairs an early step of coronavirus replication in the cell culture
(Muller et al., 2018). sPLA2 group IIA (sPLA2-11A) plays a central role
in severe and fatal COVID-19 disease outcomes (Snider et al., 2021).
Snider et al. demonstrated that a high level of circulating enzymati-
cally active secreted PLA2-1IA is an essential indicator of the COVID-
19 severity. He introduced the PLA-BUN index with his team, charac-
terized by PLA2 and blood urea nitrogen (BUN) concentration in
plasma. The PLA-BUN index is a factor for mitochondrial dysfunction,
sustained inflammatory injury, and lethal COVID-19. A high level of
circulating catalytically active PLA2-IIA (210 ng/ml) is an indicator for
severe COVID-19 course associated with hyperglycemia, kidney dys-
function, hypoxia, anemia, and multiple organ dysfunctions (Snider
et al., 2021). Early administration of PLA2 inhibitors represents an
option to reduce COVID-19 mortality and treat the chronic inflamma-
tory conditions in the post-COVID syndrome.

Theoretically, the drug used in COVID-19 therapy should interact
with ACE2 and ACE1 receptors and have a higher affinity for ACE2
than virus affinity (SARS-CoV-2) for the ACE2. Treatment should
stimulate ACE2 enzymatic activity in the active conversion of angio-
tensin |l to angiotensin 1-7 and inhibit the ACE 1 to reduce the angio-
tensin Il levels, and inhibits phospholipase A2 (PLA2-group lIA)
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activity. At the same time, it is necessary to consider that these con-
cepts are hypotheses. Only clinical trials will show us the real poten-
tials of COVID-19 treatment.

2 | METHODS

The information was collected from articles published from 2003 to
2021 from international and national scientific databases such
PubMed, Medline, Scopus, ScienceDirect using the following key
words “flavonoids” and “COVID-19,” or “antiinflammatory.”

3 | FLAVONOIDS

Currently, great attention is paid to research focused on bioactive
substances of natural origin. Many studies point to a significant effect
of plant polyphenols—chalcones and their flavonoid derivatives, which
have been shown to modulate cell pathophysiological processes. Fla-
vonoids possess many antioxidant (Bhuiyan, Mitsuhashi, Sigetomi, &
Ubukata, 2017; Brunetti, Di Pollastri, &
Tattini, 2013; Losada-Barreiro & Bravo-Diaz, 2017), anticancer
(Gorlach, Fichna, & Lewandowska, 2015; Kello, Kulikova, Vaskova,
Nagyova, & Mojzis, 2017), antiinflammatory (Alissa & Ferns, 2017;
Maleki, Crespo, & Cabanillas, 2019), antimutagenic (Makhafola,
Elgorashi, McGaw, Verschaeve, & Eloff, 2016; Miyazawa &
Hisama, 2003), antimicrobial (Xie, Yang, Tang, Chen, & Ren, 2015),
and antiviral (Kaul, Middleton, & Ogra, 1985) properties, and their pri-

Ferdinando, Fini,

mary sources are fruits, vegetables, herbs, and other plants (Babu,
Liu, & Gilbert, 2013).

The antiviral properties of flavonoids concerning human viruses
were already mentioned in 1985 by Kaul et al. (1985). Where Schwarz
et al. 2014 found that kaempferol derivatives have antiviral activity.
Later, Dai et al. 2019 demonstrated the antiviral efficacy of flavonoids
against Enterovirus 71 infection.

Flavonoids are generally considered safe. However, repeated
application of high doses of flavonoids may lead to side effect/toxicity
including hematotoxicity, hepatotoxicity, nephrotoxicity, reproductive
toxicity or allergy (Galati & O'Brien, 2004). Due to the possible side
effects of flavonoids in terms of overdose, their administration should

be performed under the supervision of a doctor or pharmacist.

3.1 | Flavonoids and COVID-19 infection

Researchers began intensively addressing the interactions of flavo-
noids with host cell ACE receptors during the massive spread of the
SARS-CoV virus in 2002-2003. Many scientific studies have come
from these and later periods, with the result that flavonoids interact
with ACE1 and ACE2 receptors, inhibit their activity and have an ant-
iviral effect (Baez-Santos, St John, & Mesecar, 2015; Deng, Aluko, Jin,
Zhang, & Yuan, 2012; Gong et al., 2008; L. Guerrero et al., 2012; D. P.

Han, Penn-Nicholson, & Cho, 2006; Hettihewa, Hemar, &

Rupasinghe, 2018; Ho, Wu, Chen, Li, & Hsiang, 2007; W. Li
et al., 2003; Loizzo et al, 2007; Nguyen et al., 2012; Ojeda
et al, 2010; Sui et al., 2010; Takahashi, Yoshiya, Yoshizawa-
Kumagaye, & Sugiyama, 2015; M. S. Yu et al., 2012).

Recent research teams characterized the interaction site of the S
protein of the SARS-CoV-2 virus and revealed that flavonoids can
bind ACE2, regulate the ACE1 and ACE2 levels, and maintain their
basal levels (Bhowmik, Nandi, Prakash, & Kumar, 2021; Derosa,
Maffioli, D'Angelo, & Di Pierro, 2021; El-Missiry, Fekri, Kesar, &
Othman, 2021; J. Gao et al., 2021; Gour, Manhas, Bag, Gorain, &
Nandi, 2021; H. Chen & Du, 2020; Cherrak, Merzouk, & Mokhtari-
Soulimane, 2020; Khan et al., 2021; Mendonca & Soliman, 2020;
Muchtaridi, Fauzi, lkram, Gazzali, & Wahab, 2020; Omotuyi
et al, 2021; Russo, Moccia, Spagnuolo, Tedesco, & Russo, 2020;
Tutunchi, Naeini, Ostadrahimi, & Hosseinzadeh-Attar, 2020; J. W. Yu,
Wang, & Bao, 2020). In addition, disruption of the interaction
between ACE2 and the SARS-CoV-2 spike protein is the main effect
of flavonoids. Thus, SARS-CoV-2 cannot fuse with ACE2 (Abderrazak
et al, 2015; Muchtaridi et al., 2020; J. W. Yu et al, 2020; Zhai
2020).
glycyrrhizin (H. Chen & Du, 2020), epigallocatechin-3-gallate,

et al., Baicalin, scutellarin, hesperetin, nicotianamine,
theaflavin gallate (Maiti & Banerjee, 2021), naringenin, quercetin,
luteolin (Maurya, Kumar, Prasad, Bhatt, & Saxena, 2020), fisetin,
kaempferol (Pandey et al., 2020) were due to anti-SARS-CoV-2 effect
and to the low toxicity selected as potential candidates for COVID-19
treatment.

Because of multisystemic disease COVID-19, many studies have
been published confirming the anti-SARS-CoV-19 effect of flavonoids
(Palit, Mukhopadhyay, & Chattopadhyay, 2021; Santana et al., 2021).

The use of flavonoids is hypothetically a prerequisite for success-
ful respiratory viral infections (Brendler et al., 2021) and COVID-19
supportive therapy. However, caution should be exercised in the con-
clusions, whether inhibition of ACE2 in patients with severe COVID-
19 would be desirable.

As mentioned, the severity of COVID-19 is also associated with
high levels of phospholipase A2. Flavonoids specifically affect the
activity of inflammatory enzymes, which include phospholipase A2,
cyclooxygenases, lipooxygenases, tyrosine kinase, serine-threonine
protein kinase, phospholipase C, thus reducing the concentrations of
crucial mediators of inflammation such as arachidonic acid, prostaglan-
dins, leukotrienes, and NO. Phospholipase A2 (PLA2) is an enzyme
that catalyzes the hydrolysis of membrane phospholipids, releasing
free fatty acids and lysophospholipids. There are six main groups of
phospholipases A2: secretory (sPLA2), cytosolic (cPLA2), calcium-
independent (iPLA2), platelet-activating factor acetyl hydrolases (PAF-
AH), lysosomal PLA2 (LyPLA2), and adipose-specific PLA2 (AdPLA2),
including their different isoforms (Murakami et al., 2014). Phospholi-
pase A2 classification and pathologies associated with secretory PLA2
are reported by Quach, Arnold, and Cummings (2014).

The best-known flavonoid that inhibits sPLA2-1l is quercetin
(Lattig et al., 2007; Lesjak et al., 2018; Valerio et al., 2009). Myricetin
and kaempferol also have a significant inhibitory effect on cPLA2 and
COX-2 (Kang, Belal, Choe, Shin, & Shim, 2018; Lindahl &
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Tagesson, 1997). However, a weaker inhibition is observed with hes-
peridin, naringenin, apigenin, amentoflavone (Jin et al., 2020; Lee, Son,
Chang, Kang, & Kim, 1997; Welton et al., 1986). Known flavonoids
inhibiting sPLA2-1IA activity include a group of biflavonoids such as
ochnaflavone, amentoflavone which inhibit the enzymatic and biologi-
cal activities of sPLA2-IIA (Chang et al., 1994; Moon et al., 2002).
Ginkgetin reduces a pro-inflammatory gene expression such as induc-
ible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2) (100 mg/
kg) (Q. Li, Ye, Long, & Peng, 2019), and inhibits sPLA2-IIA. Flavonoids
have been shown to affect inflammatory responses. Quercetin and
kaempferol cause inhibition of iINOS, cyclooxygenase-2, and C- reac-
tive protein (CRP) (Garcia-Mediavilla et al., 2007).

An essential function of flavonoids is the reduction of inflamma-
tory markers, cytokine expression, modulation of transcription factors,
and the effect on transduction signals. Silymarin inhibition of the NF-
Macadk Kubaskova,

Bardel¢ikova, 2020) has a potential therapeutic role in alleviating the

kB pathway (Hrckova, Mudronova, &
severe form of COVID-19. Ginkgetin, a biflavonoid from Ginkgo
biloba, effectively decreased the expression of inflammation-related
protein prostaglandin E2 (PGE2), tumor necrosis factor-alpha (TNF-a),
interleukin-18 (IL-1p), interleukin-6 (IL-6), and interleukin-8 (IL-8)
(Q. Li et al., 2019). At the same time, these inflammatory markers are
associated with chronic inflammation.

Theoharides and Cont described the significant effect of luteolin
due to its antiviral and antiinflammatory properties. It could be admin-
istered to patients in the acute phase of COVID-19 together with
dexamethasone. Luteolin can inhibit mast cells, a significant source of
cytokines in the lung (Theoharides & Conti, 2020). Pawar et al. points
out the possible use of quercetin in COVID-19 therapy because of
structural resemblance with dexamethasone (Pawar & Pal, 2020).

4 | POST-COVID-19 SYNDROME

The COVID-19 infection is associated with the development of
inflammatory syndromes known as post-COVID-19 inflammation syn-
drome with related clinical manifestations (Chandrashekara
et al., 2020).

Post-COVID-19 symptoms include long-term health problems
with lungs, heart, brain, kidney, and digestion. In some patients, there
is a presumption of post-COVID-19 chronic diseases associated with
damaged lungs, heart, brain, and persistent problems with blood
clotting, impaired immune system. All of this is related to clinical mani-
festations, especially myalgia, intense fatigue, the sensation of fever,
shortness of breath, chest tightness, tachycardia, headaches, and anxi-
ety (Davido, Seang, Tubiana, & de Truchis, 2020; Oronsky
et al., 2021), which could persist for several years, as it was the case
in the 2003 SARS epidemic (P. Zhang et al., 2020).

Not only the elderly and people with many serious health prob-
lems but also younger people may develop persistent post-COVID-19
symptoms. Even for weeks or months after infection. These people
are referred to as “long haulers.” At present, it is not yet possible to

say what long-term consequences it may have or whether they are

temporary or permanent. This condition is also called “Long covid” or
post-COVID-19 syndrome.

The most common complications of patients seeking medical atten-
tion after COVID-19 include muscle pain, severe fatigue, chronic fatigue,
sleep disturbances, persistent fever, chronic cough, chest pain, palpita-
tions, joint pain, headache and anxiety, mood swings, cognitive dysfunc-
tion (memory disorders), taste and smell disorders, diarrhea, hair loss
(Carfi, Bernabei, Landi, & Gemelli Against, 2020; Fu et al., 2020; C. Huang
et al, 2021; Mo et al., 2020; Rai, Sharma, & Kumar, 2021; Stavem,
Ghanima, Olsen, Gilboe, & Einvik, 2020; Zhou et al., 2020). The most
severe complications are difficulty in breathing, persistent shortness of
breath, pulmonary fibrosis (Rai et al., 2021), decreased total lung vital
capacity (Torres-Castro et al., 2020), impaired liver function (An
et al.,, 2021; Cai et al., 2020) and kidneys (D. H. Jiang & McCoy, 2020;
Oyelade, Algahtani, & Canciani, 2020), mass muscle reduction
(Mo et al,, 2020; Rai et al., 2021; Stavem et al., 2020). Other complica-
tions include hematological complications (Debuc & Smadja, 2021), such
as increased platelet activity and the formation of small blood clots (Vechi,
Maia, & Alves, 2020). All these findings indicate the need for ongoing
investigation regarding the long-term consequences of COVID-19 where
long-term respiratory, cardiovascular, neuropsychological, gastrointestinal,
nephrological, hematological, dermatological, musculoskeletal problems

may persist for more than 4 weeks after the coronavirus infection.

4.1 | Flavonoids and their therapeutic potential in
post-COVID-19 syndrome

Improper treatment and association of bacterial infection, an inflam-
matory mediators increase might lead to several chronic diseases
where the recovery period may be prolonged. The inflammatory cyto-
kines present after the acute phase of COVID-19 are therapeutic tar-
gets to treat inflammatory disease. Flavonoids could be used to
alleviate or even eliminate the post-COVID-19 symptoms associated
with post-infection inflammation.

Their antiinflammatory effect is one of the most important activi-
ties and probably depends on their chemical structure (Figure 2).

The essential features modulating the antiinflammatory effect of
flavonoids include (a) number, and position of hydroxyl groups at the
A and B rings, namely at C5 and C7 in the A ring, at C3' and C4' in the
B ring, (b) presence of keto group at C4 in C ring, (c) glycosylation/
non-glycosylation of the molecule, (d) presence/absence of double
bond between C2 and C3 in the C ring (Kim, Son, Chang, &
Kang, 2004; Lago et al., 2014; Ribeiro et al., 2014).

Numerous experimental studies have tried to analyze the effect
of flavonoids depending on their structure and present the hydroxyl
groups. The 3/, 4'-dihydroxylated flavonoids—quercetin and luteolin—
have a proven higher ability to inhibit one of the most important cyto-
kines, tumor necrosis factor (TNF-a, in a concentration-dependent
manner, however. The 4’-hydroxylated flavonoids as kaempferol and
apigenin reduced TNF-o,p secretion approximately 40-50% at 50 pM
(Comalada et al., 2006). The inhibitory capacity is virtually abolished if
the flavonoid does not have an OH group on its B-ring.
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FIGURE 2 Flavonoids chemical structure of flavonoids with red
marked sites showing their effect. Original figure made for this review
using the Zoner Photo Studio X

The effect of flavonoids is monitored at several levels: (a) at the
cell level, (b) at the level of enzyme activity, (c) at the level of modula-
tion of gene expression. Regarding flavonoids with anti-SARS-CoV-19
effect such as baicalin, scutellarin, hesperetin, nicotianamine,
glycyrrhizin (H. Chen & Du, 2020), epigallocatechin-3-gallate,
theaflavin gallate (Maiti & Banerjee, 2021), naringenin, quercetin,
luteolin (Maurya et al., 2020), fisetin, kaempferol (Pandey et al., 2020),
the info about their therapeutic in post-COVID-19 syndrome or pre-
ventive effects are vastly missing due to minimal data availability. Fla-
vonoids with great antiinflammatory potential possess an influence on
the function of different immune cell types; B cells—chrysin (C. C. Lin
et al., 2012), rutin (Roseghini et al., 2009), T cells—genistein (Abron
et al., 2018), icariin (Tao et al., 2013), NK cells—quercetin (Middleton
Jr, Kandaswami, & Theoharides, 2000), tangeritin (Vanhoecke
et al., 2005), basophils—quercetin (Chirumbolo et al., 2010), fisetin,
apigenin (Middleton Jr. & Drzewiecki, 1984), neutrophils—quercetin,
kaempferol, and isorhamnetin (Zielinska, Kostrzewa, &
Ignatowicz, 2000), cirsimaritin (J. P. Wang, Chang, Hsu, Chen, &
Kuo, 2002), eosinophils—quercetin (X. J. Weng, Chen, & Zhang, 2008),
baicalein (Nakajima, Imanishi, Yamamoto, Cyong, & Hirai, 2001),
macrophages—Iluteolin (Xagorari, Roussos, & Papapetropoulos, 2002),
apigenin (X. Zhang, Wang, Gurley, & Zhou, 2014), mast cells—chrysin,
kaempferol, pinocembrin, galangin (Nakamura et al, 2010), and
platelets—quercetin, catechin (Pignatelli et al., 2000).

The flavonoid's mechanism of action on cells is mainly through
apoptosis induction, proliferation inhibition, cell cycle arrest induction,
differentiation induction, cytokine inhibition, chemokines, or anti-
bodies production.

We should mention that untreated inflammation caused by
inflammatory cytokine overproduction might lead to chronic disease.
The cytokines involved in chronic inflammation and mediating
humoral responses are IL-4, IL-5, IL-6, IL-7, and IL-17 (Feghali &
Wright, 1997; Leyva-Lopez, Gutierrez-Grijalva, Ambriz-Perez, &
Heredia, 2016).

In chronic diseases, studies such as cancer, obesity, liver, and
Alzheimer's disease associated with inflammation significant progress

was made. This is primarily done by investigating inflammasome
NLRP3 (nucleotide-binding domain, leucine-rich-repeat-containing
receptor, pyrin domain-containing-3) who may inhibit or activate pro-
inflammatory cytokine release. In the case of COVID-19, the over-
production of inflammatory markers induced by NLRP3 inflammation
may lead to a post-COVID-19 syndrome as a chronic disease. This
might explain many of the symptoms in humans after overcoming
COVID-19 infection. Inflammasome NLRP3 is considered a target site
for the treatment of chronic diseases (119, 120). This piece of evi-
dence could be used to eliminate or alleviate the symptoms of the
post-COVID-19 syndrome, which is accompanied by many complica-
tions leading to chronic diseases. Flavonoids affect the release of
NLRP3-mediated cytokines (Lim, Min, Park, & Kim, 2018). The NLRP3
myricetin  (H. Chen
et al., 2019), rutin (Aruna, Geetha, & Suguna, 2014), murine (Tianzhu,
Shihai, & Juan, 2014), quercetin, luteolin, and apigenin (Marquez-Flo-

inflammasome  activation inhibitors are

res, Villegas, Cardeno, Rosillo, & Alarcon-de-la-Lastra, 2016). The
effect of flavonoids on the release of inflammatory markers in chronic
diseases is apparent. The mechanism of inhibiting NLRP3 by flavo-
noids is likely to inhibit cytokine release in post-COVID-19 patients.

The following sections describe particular body systems with their
post-COVID 19 symptoms and review available data where the
assessment and potential use of flavonoids were suggested or
studied.

4.2 | Pulmonary post-COVID-19 syndrome

The severity of the lung injury caused by the SARS-CoV-2 virus has
been primarily described. A severe complication in individuals after
COVID-19 infection is pulmonary fibrosis (Rai et al., 2021), difficulty
breathing, persistent shortness of breath, and reduced overall vital
capacity of the lungs (Torres-Castro et al., 2020).

Weerahandi has found that even a month after patients were
discharged, more than 70% of post-COVID-19 patients reported
shortness of breath, and 13.5% were still using oxygen at home
(Weerahandi et al., 2021). Other reports state that 43% of patients
in Italy suffered from persistent dyspnea an average of 60 days
after symptom onset (Carfi et al, 2020). In France, 42% of
COVID19 survivors had dyspnea an average of 111 days after hos-
pital admission (Garrigues et al., 2020). The highest risk to develop
lung fibrosis is in an elderly patient who requires ICU care and
mechanical ventilation. Currently, no fully proven options for post-
inflammatory COVID-19 pulmonary fibrosis (Rai et al., 2021). Pul-
monary fibrosis is preceded by cytokine storm, and dysregulated
release of matrix metalloproteinases is a known consequence of
acute respiratory distress syndrome (ARDS). It has been found that
40% of patients with COVID-19 develop ARDS, and 20% of ARDS
cases were severe (Rai et al., 2021; Wu et al., 2020). Although
SARS-CoV-2 induced pulmonary fibrosis differs from idiopathic pul-
monary fibrosis, treatment includes antifibrotic therapy. Antifibrotic
and antiinflammatory drugs, such as pirfenidone and nintedanib,
should be used even in the acute phase of COVID-19 pneumonia
(Collins & Raghu, 2019).
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Flavonoids can also be used to support respiratory disease treat-
ment. Several studies confirm the antifibrotic potential of flavonoids
(Cordoba et al., 2015). Apigenin (L. Chen & Zhao, 2016),
epigallocatechin (EGCC) (Sriram, Kalayarasan, & Sudhandiran, 2009)
and quercetin (Baowen et al., 2010) are flavonoids that reduce
bleomycin-induced pulmonary fibrosis. Grape seed extract recovers
lung fibrosis by inhibiting of inflammatory cytokine TGF-p1 and
metalloproteinase MMP-9 expression (Liu et al., 2017).

Leaf extract of flavonoid-rich antioxidant Ginkgo biloba improves
blood flow, protects from free radicals, blocks platelet aggregation
and blood clotting (Dubey, Shankar, Upadhyaya, & Deshpande, 2004;
Ernst, 2002; Mahady, 2002). It also has been examined for antifibrotic
effect in the bleomycin model (Daba et al., 2002; Moeller, Ask,
Warburton, Gauldie, & Kolb, 2008). The most studied natural ingredi-
ents with antifibrotic properties are those used in Traditional Chinese
Medicine (L. C. Li & Kan, 2017). The most well-known and influential
agents tested in rat models are baicalein, tectorigenin, quercetin, and
luteolin (Baowen et al., 2010; Y. Gao et al., 2013; C. Y. Chen, Peng,
Wu, Wu, & Hsu, 2010; L. C. Li & Kan, 2017; H. Zhang et al., 2010). A
noteworthy flavonoid associated with pulmonary fibrosis treatment is
naringenin which reversed Mycoplasma pneumoniae-induced lung
inflammation and fibrosis by inhibiting autophagy (Y. Lin, Tan, Kan,
Xiao, & Jiang, 2018).

4.3 | Cardiovascular post-COVID-19 syndrome

A German study on 100 patients overcoming COVID-19 revealed that
by MRI exams, heart abnormalities in 78 of them, and 60 showed viral
myocarditis. Even in people who experienced only mild COVID-19
symptoms. Acute myocarditis may develop due to the virus's direct
effect or the inflammation on the heart itself. This may increase the
risk of heart failure or other heart complications (Puntmann
et al., 2020). Altogether, the increased metabolic rate, a severe inflam-
matory storm can lead to cardiac depression and either to new-onset
heart failure or acute decompensation of chronic heart failure (Bader,
Manla, Atallah, & Starling, 2021).

Patients who overcame severe heart failure due to COVID-19
require special care. It includes both—change in diet and a change in
food composition. In terms of flavonoids effectiveness, the diet
should be enriched by a higher intake of fruits, vegetables, and other
natural resources. The flavonols quercetin and keampferol in apples,
broccoli, blueberries, red wine, tea, and onion have a significant cardi-
oprotective effect, which according to Knekt et al., are associated with
a decrease in ischemic heart disease mortality (Hertog, Feskens, Hol-
Iman, Katan, & Kromhout, 1993; Knekt et al., 2002). The other sources
of flavonoids associated with cardiovascular disease are parsley and
celery containing luteolin and apigenin (Erdman et al., 2007), honey,
propolis with chrysin (Testai, Martelli, Cristofaro, Breschi, &
Calderone, 2013), and citrus fruits with naringenin and hesperetin
(Sanchez-Recillas et al., 2019). In addition to the necessary physician-
led therapy, additional supportive care, which may well include flavo-
noids and become part of innovative therapeutic management, seems

appropriate.

The myocarditis, accompanied by significant elevation of creatine
kinase and creatine kinase MB in COVID patients (Y. Zhang
et al.,, 2020), is probably related to the action of the pro-inflammatory
enzymes PLA2, COX-2, and the secretion of pro-inflammatory cyto-
kines, in conjunction with the production of oxygen radicals. In addi-
tion to the antiinflammatory effect, flavonoids also have an
antioxidant effect (Sanchez et al., 2019). Effective flavonoids with
antioxidant properties include quercetin being the most potent anti-
oxidant (Mirossay, Onderkova, Mirossay, Sarissky, & Mojzis, 2001;
Rice-Evans, Miller, & Paganga, 1996), than kaempferol, myricetin, hes-
peridin, naringenin (Knekt et al., 2002), catechin (Grzesik, Naparlo,
Bartosz, & Sadowska-Bartosz, 2018), and others.

Significant flavonoids effects concerning cardiovascular diseases
were described in the past. Their function is both cardioprotective
and regenerative. The German study describes significant heart dam-
age in patients after overcoming COVID-19. Among others, patients
recently recovered from COVID-19 had lower left ventricular ejection
fraction and higher left ventricle volumes (Puntmann et al., 2020). A
longer recovery time is expected in these patients. In association with
the effect of flavonoids and their products in regeneration processes,
it is appropriate to report the positive impact of flavonoids in rats in
which flavonoid-rich diets have been shown to reduce myocardial
post-ischemic damage (Facino et al., 1999). Their diet contained
procyanidins—health-promoting flavonoids from Viti's vinifera seeds.
The result of the study was that all rats fed by procyanidins signifi-
cantly regained left ventricular function at the end of reperfusion.
Procyanidins are derived from proanthocyanidins naturally occurring
in the plant kingdom. Procyanidins are usually found in fruits, vegeta-
bles, legumes, grains, seeds, and nuts. Widely consumed foods con-
taining procyanidins are listed in Rue et al.'s publication (Rue, Rush, &
van Breemen, 2018).

Post-COVID-19 patients often come to the outpatient clinics due
to increased blood pressure. The flavonoids are a great source of
functional antihypertensive products (L. Guerrero et al., 2012). Data
showed that daily consumption of 150 mg quercetin for 6 weeks
reduced systolic blood pressure and simultaneously decreased plasma
concentrations of atherogenic oxidized LDL (Egert et al., 2009).

Flavonoids in propolis such as isosakuranetin,
dihydrokaempferide, and betuletol are antihypertensive flavonoids
affecting vasodilation (Maruyama, Sumitou, Sakamoto, Araki, &
Hara, 2009). Their effect depends on the additional structures on the
flavonoid skeleton. As mentioned above, flavonoids relative to ACE2,
a type | transmembrane metallocarboxypeptidase, have a significant
impact on high blood pressure. ACE1 converts angiotensin | to angio-
tensin Il, which increases blood pressure. Flavonoids as ACE inhibitors
control the renin-angiotensin-aldosterone system by inhibition of the
ACE1 activity. Flavonoids are considered cardioprotective drugs. Sig-
nificant structural features enhancing ACE1 activity include a catechol
group in the B-ring, the double bond between C2, C3 at the C-ring,
and the ketone group in C4 at the C-ring (L. Guerrero et al., 2012). A
study from 1993 showed that dietary intake of flavonoids leads to
reduced incidence and mortality of cardiovascular disease (Hertog
et al., 1993). Flavonoids with antihypertensive activity such as querce-
tin, hesperidin, naringenin, epicatechin, epigallocatcheningallate,
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procyanidin, delphinidin-3-O-glucoside, daidzein, genistein, luteolin,
kaempferol (Hugel, Jackson, May, Zhang, & Xue, 2016) were reported
by Hugel et al. (2016). Important sources of these flavonoids are blue-
berries, cranberries, strawberries, blackcurrants, blood orange juice,
black tea (Cassidy et al., 2011).

A significant complication of the post-COVID-19 syndrome is the
persistent presence of blood clots. Flavonoids have a place in this area
too. The effect of flavonoids is antithrombotic, anti-platelet
(J. A. Guerrero et al, 2005), and anticoagulant (Correia-da-Silva
et al,, 2011; Kumar, Narwal, Kumar, & Prakash, 2011. Flavonoids can
modulate platelet function through many pathways. The mechanism
of flavonoids action is through binding of flavonoids to TXA2 (Mufioz,
Garrido, & Valladares, 2009 #145), which decreases the levels of
TXAZ2 related to the inhibition of COX-1—genistein, daidzein, equol
(Corvazier & Maclouf, 1985), and kaempferol (H. Wang et al., 2000).
Another way is the induction of conformational changes of GPlIb/llla
receptors with epicatechin (Pearson et al., 2005), tangeritin, naringin,
and naringenin (Holt, Actis-Goretta, Momma, & Keen, 2006), and
occupation of GPlIb/llla receptors. The most significant antiplatelet
activity was shown by flavonoids naringin, naringenin, and coumarins
such as franxetin and esculetin. It has been revealed that naringin
showed a considerably high ability to interact with GPlIb/llla recep-
tors (Zaragoza et al., 2016). The effective antithrombotic agents seem
to be quercetin and rutin found in apples (Gryglewski, Korbut,
Robak, & Swies, 1987; Shafi et al., 2019), kaempferol, and tiliroside
from raspberry leaves (N. Han et al, 2012) myricetin, fisetin, and
morin from white mulberry (Tzeng, Ko, Ko, & Teng, 1991).

Because of increased bleeding, which could be a severe adverse
effect, only a clinical study will show whether it is appropriate to
deliver flavonoids with anticoagulant ability to post-COVID-19
patients. In most COVID-19 patients, the coagulation pathways are
usually activated. Some patients may uncommonly develop subarach-
noid hemorrhage due to COVID-19 (Batcik et al., 2021). Therefore,
flavonoids should be used with caution in patients with COVID-19 or
post-COVID-19.

4.4 | Neurological post-COVID-19 syndrome

The development of mental disorders such as depression and anxiety
are predisposed by genetic background, biological factors, and the
population's epidemiologic, social, and economic situation. Headaches
and anxiety, depression, mood swings, cognitive dysfunction—
memory disorders, chronic fatigue, and sleep disorders (Fu
et al., 2020; Pandharipande et al., 2013; Zhou et al., 2020) associated
with neurotransmitter imbalance and elevation of pro-inflammatory
cytokines are also common symptoms in people with the post-
COVID-19 syndrome. Neuropsychiatric disorders, including major
depression, are also related to oxidative changes in nucleotides and
polymorphisms in several genes associated with the metabolism of
reactive oxygen species. The pathophysiology of depression likely lies
in mitochondrial dysfunction, which results in free radicals, nonradical
molecules, reactive oxygen and nitrogen species, oxidative stress of
the cell modulation (Vavakova, Durackova, & Trebaticka, 2015).

Flavonoids and their derivatives—flavonoid glycosides as
antiinflammatory agents can affect the CNS-mediated activities asso-
ciated with neurochemical changes. Particularly as either sedative-
hypnotics, analgesics, or both. It was revealed that the flavonoid gly-
cosides such as hesperidin, linarin, naringin, diosmin, neohesperidin,
and gossypin induce CNS depressant action in mice (Fernandez
et al., 2006; Fernandez et al., 2009). The maximal anxiolytic effect of
flavones was reached at the 10 mg/kg concentration without seda-
tion, myorelaxation, or significant reduction in locomotor activity
(Fernandez et al., 2006; Marder & Paladini, 2002). Low doses of
gossypin and naringin induced a strong anxiolytic effect comparable
to diazepam 2 mg/kg. At high doses, both flavonoids caused sedative
effects. Moreover, naringin also possesses myorelaxant activity
(Fernandez et al., 2006). Another study has shown that baicalein,
directly injected into the mice CNS, promoted anxiolytic-like and sed-
ative effects (de Carvalho, Duarte, & de Lima, 2011). Flavonoids as
natural products are classified as new effective antidepressant drugs.
A significant antidepressant-like mechanism of hesperidin has been
revealed in mice exposed to chronic mild stress (C. F. Li et al., 2016).
Furthermore, the antidepressant effect was described in chrysin from
propolis and honey (Borges et al., 2016), astilbin from Hypericum
perforatum (Aruna et al., 2014; Lv et al., 2014), icariin from Herba
Epidemii (Wei et al., 2016), kaempferitrin from beans, apples, spinach,
onions, strawberries (Cassani, Dorantes-Barron, Novales, Real, &
Estrada-Reyes, 2014), luteolin from Mexico oregano (de la Pena
et al, 2014; L. Z. Lin, Mukhopadhyay, Robbins, & Harnly, 2007),
vitexin from hawthorn (Can, Demir Ozkay, & Ucel, 2013), and
nobiletin from citrus fruit (H. Huang et al., 2016).

Post-COVID-19 syndrome also includes chronic fatigue syn-
drome associated with tiredness, malaise, headaches, sleep distur-
bance, difficulty in concentration and memory, muscular and
skeletal pain. Sathyapalan, Beckett, Rigby, Mellor, and Atkin (2010)
stated that high cocoa polyphenol-rich chocolate might reduce the
burden of symptoms associated with chronic fatigue syndrome
(Sathyapalan et al., 2010). Many flavonoids are reported to alleviate
this syndrome. Still, the most important is epigallocatechin, an
(Sachdeva, Kuhad, &
Chopra, 2011), and naringin and curcumin (Gupta et al., 2009; Vij,
Gupta, & Chopra, 2009).

essential component of green tea

4.5 | Kidney failure at post-COVID-19 syndrome
The new coronavirus SARS-CoV-19 also attacks the cells of the excre-
tory system. This observation explains the number of renal damage
cases reported worldwide (Legrand et al., 2021), where the virus can
infect various organs and exacerbate previous kidney health
problems.

Kidney damage can result from several circumstances. The puta-
tive mechanism of renal injury is induced by viral cytokine damage of
podocytes and renal tubular epithelial cells via ACE2 receptor proteins
expressed at high levels in the kidney (Zou et al., 2020). The cells dam-
age can also be caused by abnormally low levels of blood oxygen or
by the presence of tiny clots in the bloodstream.



BARDELCIKOVA €T AL.

WILEY_| 2%

Not surprisingly, many COVID-19 patients required kidney
replacement therapy (F. Jiang, Zhang, Xie, Zhang, & Wang, 2019), and
post-COVID regeneration in such patients took much longer. Kidney
involvement in SARS-CoV-2 infection is associated with kidney tubu-
lar injury, impaired glomerular filtration, and manifests as proteinuria,
hematuria with increased serum creatinine and urea nitrogen level
(X. Han & Ye, 2021; N. Chen et al., 2020; Naicker et al., 2020). In a
study by Richardson et al., 454 of 5,700 hospitalized COVID-19
patients had underlying kidney disease, of which 81 patients were
treated by renal replacement therapy (Richardson et al., 2020).

Regarding renoprotective effectiveness, flavonoids are well-
known antihypertensive substances that promote diuresis and natri-
uresis. Rutin can be found in onion, apples, red wine, tea, citrus fruit,
and figs. It may decrease elevated blood pressure, cardiac fibrosis, left
ventricular stiffness, hypertrophy, normalize plasma uric acid, amelio-
rate renal fibrosis and proteinuria. Thus, improve creatinine clearance
and normalize plasma creatinine concentrations (Diwan, Brown, &
Gobe, 2017; Y. Han, Lu, Xu, Zhang, & Hong, 2015; Panchal, Poudyal,
Arumugam, & Brown, 2011). Oral administration of pectolinaringenin
from the aerial parts of Cirsium chanroenicum remarkably improved
kidney tubular injury after unilateral ureteral obstruction via inhibition
of TGFB/SMAD3 and JAK2/STAT3 signaling (Y. Li, Guo, Huang, Ma, &
Fu, 2021). Astragali radix (AR) root extract from Astragalus
membranaceus (Fisch.) is a well-known source of flavonoids used for
the anti-nephrotic syndrome (L. P. Chen, Zhou, & Yang, 2004). In addi-
tion to its antiinflammatory, anticancer, and diuretic action, AR
increased kidney blood perfusion and glomerular filtration rate and
reduced podocyte injury and urinary protein. The treatment with
quercetin improved renal function in a rat model of adenine-induced
chronic kidney disease. Also, it decreased the urine protein-to-
creatinine ratios, urinary uric acid, creatinine, BUN levels. Reduction
in the abnormal histopathological renal changes, including the chronic
interstitial inflammation, renal inflammation, and renal tubular damage
(H. Yang, Song, Liang, & Li, 2018) was also observed. The grape seed
proanthocyanidins show an anti-nephrotic effect via attenuation of
renal JNK and p38 kinase activities resulting in decreased proteinuria,
renal hypertrophy, renal fibrosis, and oxidative stress markers (Lan
et al., 2015).

Since flavonoids have adverse effects, only clinical studies can
confirm or refute the use of flavonoids in the treatment of renal fail-
ure. For instance, rutin via mast cell activation can increase the TNF-a
(S. S. Chen, Gong, Liu, & Mohammed, 2000), augment kidney injury,
and decrease kidney function. Rutin, together with naringenin and
catechin, cannot alleviate a chronic kidney disease (Peng et al., 2012).

As mentioned earlier, flavonoids with their anticoagulant and anti-
thrombotic effect also have a renoprotective impact in preventing kid-

ney damage by blood clots.

4.6 | Gastrointestinal post-COVID-19 syndrome

Viral disease COVID-19 also affects the digestive tract what is accom-

panied by gastrointestinal symptoms such as abdominal pain, diarrhea,

vomiting, or loss of smell and taste. Gastrointestinal symptoms have
also been observed in similar viral respiratory diseases, such as SARS,
which occurred in 2003, and respiratory syndrome in the Middle East,
which happened in 2012 (Assiri et al., 2013; Leung et al., 2003). While
the presence of SARS-CoV-19 in the gastrointestinal tract is demon-
strated in COVID-19 patients, despite multiple SARS-CoV-2 RT-PCR
tests performed on oropharyngeal and nasopharyngeal swab samples,
were COVID-19 negative (Brogna et al., 2021) and without respira-
tory syndrome (Jin et al., 2020). A virus was detected in the feces,
thus confirming its feco-oral transmission (Y. Chen et al., 2020). In
some patients' endoscopic examination confirmed the ulcers and
bleeding in gastrointestinal tissues associated with COVID-19. The
most severe complication of COVID-19 related to the ACE2 receptors
on pancreatic islets and cytokine storm is pancreatic injury related,
resulting in a higher incidence of anorexia and diarrhea (F. Wang
et al., 2020).

Due to the highly expressed ACE2 receptors in the colonic tissue,
it is expected that patients will be at risk of further Gl complications
after overcoming COVID-19 infection. Gastrointestinal sequelae due
to COVID-19 involved loss of appetite, nausea, acid reflux, and diar-
rhea. They were common in patients 3 months after discharge from
hospitalization (J. Weng et al., 2021).

Pancreatic cells express the ACE receptor of SARS-CoV-2 on
their surface. The risk of viral damage to the pancreas is high. The
association between COVID-19 and acute pancreatitis or pancreas
injury is based on evidence provided by many authors (Aloysius
et al, 2020; Anand, Major, Pickering, & Nelson, 2020; Lattig
et al, 2007; Samies, Yarbrough, & Boppana, 2021; F. Wang
et al., 2020). An important issue regarding the consequences of pan-
creas injury or acute pancreatitis caused by COVID-19 is the possibil-
ity of developing diabetes mellitus type | (Sathish, Kapoor, Cao,
Tapp, & Zimmet, 2021; Unsworth et al., 2020; J. K. Yang, Lin, Ji, &
Guo, 2010).

The consequences of COVID-19 on the pancreas related to the
origin and development of diabetes mellitus type | (or type II) will
probably be known in a few years. Until then, it is necessary to man-
age both the patients and healthcare resources properly. The role of
flavonoids in the prevention of diabetic complications was discovered
in animal models. Concerning diabetes mellitus, flavonoids have a sig-
nificant antidiabetic effect. They can modulate carbohydrate and lipid
metabolism, improve adipose tissue metabolism, inhibit a-glucosidase,
attenuate hyperglycemia, insulin resistance, and dyslipidemia
(A.Y. Chen & Chen, 2013; Kumar et al., 2011; Sarian et al., 2017). Sig-
nificant preventive antidiabetic effect of flavonoids was observed in
quercetin and chrysin (Lukacinova et al., 2008), apigenin (Panda &
Kar, 2007), baicalein (Keshari et al., 2016), hesperidin, and naringin
(Ahmed, Mahmoud, Abdel-Moneim, & Ashour, 2012). Luteolin attenu-
ated insulin resistance and hepatic steatosis (Kwon, Jung, Park, Yun, &
Choi, 2015).

The abnormal liver function associated with COVID-19 is one of
the nonpulmonary manifestations. Liver injury is defined as any liver
damage that occurs during disease progression related to COVID-19

treatment in patients with or without a history of previous liver
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disease (Lozano-Sepulveda, Galan-Huerta, Martinez-Acuna, Arellanos-
Soto, & Rivas-Estilla, 2020). Elevated hepatic enzymes such as aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT) are
clinical markers of liver dysfunction in blood serum. Their elevated
levels are associated with the highest mortality risk (de la Rica
et al., 2020). Liver infection in patients with COVID-19 directly con-
tributes to hepatic impairment and is manifested by microvesicular
steatosis and mild lobular and portal activity (Xu et al., 2020). The
most liver damage is of hepatocellular type (Cai et al., 2020). The
other significant liver damage is antiviral drug-induced and is poten-
tially hepatotoxic (Piszczatoski & Powell, 2020). After a morin admin-
istration, a remarkable effect was observed in rats with IFOS-induced
liver injury. Morin, found in white berry and cranberry branches,
decreases the levels of hepatic enzymes AST, ALP, and ALT, reduces
the lipid peroxidation product—malondialdehyde, and decreases the
levels of inflammatory markers (Ozdemir, Kucukler, Comakli, &
Kandemir, 2020). Ternatin, silymarin, quercetin, glycone (rutin),
gossypin, and hydroxyetilrutinoside display a vigorous anti-
hepatotoxic  activity (Kvasnicka, Biba, Sev¢ik, VoldRich, &
Kratka, 2003; Rao et al., 1994; Sikder, Kesh, Das, Manna, &
Dey, 2014;

Malhotra, 1991).

Vijayaraghavan, Sugendran, Pant, Husain, &

5 | CONCLUSION

This review addresses the systemic complications in patients with the
post-COVID-19 syndrome and emphasizes the modulatory potential
of flavonoids as critical nutritional supplements after the SARS-CoV-2
infection. At the same time, we think that potent ACE1 inhibitory and
ACE2 stimulatory effects, as well as inhibitory effects on PLA2-IIA the
flavonoids, should be considered in both: prevention and supportive
care in asymptomatic patients tested positive for the SARS-CoV-2.
This study is aimed to instigate a more rigorous interest in flavonoids
research and support the hypothesis that flavonoids could represent
an excellent supportive care strategy specifically for patients suffering
from the post-COVID-19 syndrome. The list flavonoids holding thera-
peutic and prophylactic properties, which may potentially modulate

the post post-COVID-19 syndrome outcome, is presented in Table 1.
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