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STRAG6: The key to inflammatory pathways in COVID-19
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Abstract

The COVID-19 pandemic, caused by SARS-CoV-2, has infected more
than 260 million people worldwide, causing more than 5.2 million deaths.
Unlike other viral infections, COVID-19 is characterized by widespread
and severe systemic effects, immune dysregulation, pneumonia, ARDS, and
multiple organ damage. It also causes serious inflammatory, autoimmune,
endocrine, and neuropsychiatric diseases that are also called post-COVID
syndromes. This broad spectrum of disease seen in COVID-19 cannot
be explained by the previously described mechanism of viral tropism
based on a single receptor mediated by ACE2 and TMPRSS2 receptors.
The pathogenesis of COVID-19 can only be explained by the influence
of many receptors and signaling pathways. At a crossroads in retinol
metabolism and multiple inflammation-related cellular signaling pathways,
STRAG6 plays a key role in the pathogenesis of COVID-19. Systemic
organ involvement, neuroendocrine involvement, and immunological
involvement in COVID-19 can be explained very clearly through STRA6
signaling. Retinoid metabolism and STRAG6 activity interact. It has been
previously shown that retinol levels are reduced in COVID-19. Due to
retinol depletion in COVID-19, the functions of STRAG are also impaired.
This leads to the disruption of multiple cellular signaling pathways
associated with inflammation. STRA6 has a key role in the regulation of
inflammatory pathways and in retinoid signaling in the pathogenesis of
COVID-19 and is at the center of the inflammatory process in COVID-19
due to the multiple cellular signaling pathways it directs. Targeting STRA6
and its associated signaling pathways may yield results in the prevention
and treatment of many inflammatory diseases as well as COVID-19.
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Introduction

The COVID-19 pandemic, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), infected more than 260 million
people worldwide, causing more than 5.2 million deaths [1]. It seems that
some success has been achieved against the epidemic with vaccines and
strict isolation measures developed to combat the COVID-19 epidemic
with an extraordinary effort around the world [2, 3]. The emergence of new
SARS-CoV-2 mutants and recombinant strains has unfortunately reduced the
effectiveness of vaccines in the fight against the pandemic [3]. For this reason,
it is returned to the beginning every 3-4 months in the epidemic. Despite
the vaccine, the number of patients who had severe COVID-19 and died is
not small [4]. Therefore, it remains important to clarify the pathogenesis of
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COVID-19 clearly. Developing effective vaccines and drugs
against COVID-19 will only be possible with a very good
understanding of pathogenesis. Omicron, the most recently
emerged variant of SARS-CoV-2, started to slow down the
pandemic due to the fact that it did not cause severe disease
despite its rapid transmission [2, 3]. With this development,
the devastating effect of COVID-19 on societies has begun
to diminish. The pathogenesis of COVID-19 needs to
be well understood in order to combat similar epidemics
that may occur in the coming years and to manage many
chronic autoimmune, inflammatory, degenerative and
neuropsychiatric diseases that emerged after COVID-19 and
are now called disease or post-COVID syndromes. The wide
spectrum of diseases seen in COVID-19 cannot be explained
by the viral tropism mechanism mediated by ACE2 and
TMPRSS2 receptors [S]. The systemic effects and post-
COVID syndromes in COVID-19 cannot be explained by
the mechanism of viral tropism mediated by ACE2 receptors.
These effects in COVID-19 can be explained by the multi-
receptor mechanism and retinoid signaling disorder involving
many receptors and many signaling pathways [5]. STRA6,
one of the receptors and signaling pathways involved in the
pathogenesis of COVID-19, has a very important role due to
retinol metabolism and the inflammatory signaling pathways
itdirects. Therefore, STRAG has a key role in the pathogenesis
of COVID-19 [5, 6]. Likewise, the pathogenesis mechanism
in COVID-19 can be clearly explained by retinoid signaling
disorder and STRAG6-directed signaling pathways. STRA6
and its associated signaling pathways play important role in
this COVID-19 pathogenesis mechanism [5, 6].

Retinoid signaling disorder occurs due to retinol depletion
(vitamin A deficiency) and metabolic defects occurring in
COVID-19. The findings and symptoms here are common
with many other inflammatory diseases, and it should not
be overlooked that vitamin A deficiency is the etiology of
many of them [7, 8, 9, 10]. Vitamin A is a powerful anti-
inflammatory agent and its deficiency has been known for
years to be associated with the inflammatory process [8,
9]. Some previous studies have shown that retinol levels
decrease in severe COVID-19 patients and that retinol can be
completely depleted in severe disease [11, 12]. STRA6 and
retinoid activity interact with each other. Decreased STRA6
activity, which is synthesized due to retinoid signaling activity,
impairs the retinoid signaling mechanism [6]. Since the
disruption of STRA6 function affects many cellular signaling
pathways, it causes the inflammatory process to go out of
control, leading to pathogenetic consequences [6]. Therefore,
the STRAG receptor has a key role in the pathogenesis of
COVID-19, in the regulation of retinoid metabolism, and in
the control of inflammatory pathways. We think that STRA6
and the retinoid signaling pathway represent a target receptor
and signaling pathway for the prevention and treatment of
many inflammatory diseases as well as COVID-19.
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STRAG6 key to inflammatory pathways, retinoid
signaling disorder, and COVID-19

Retinoids are a group of chemicals related to vitamin A
that are essential for chordate mammals. It has been involved
in many basic biological processes, including embryogenesis
and vision. Retinol is transported to target tissues by binding
to the retinol-binding protein (RBP) in the bloodstream and
taken into the cell by binding to STRAG6 [13,14]. Intracellular
retinol is involved in genomic and nongenomic biological
activities after conversion to retinoic acids (RA). A two-step
dehydrogenase-catalyzed enzymatic reaction is required for
the production of RA from retinol. Retinol is first converted
to retinal and then irreversibly converted to RAs. RAs interact
with a nuclear retinoic acid receptor (RAR) and retinoid X
receptor (RXR) to regulate the expression of targeted genes
[15, 16]. Retinoid levels are tightly controlled from intake
to metabolism and subsequent cellular effects to prevent
toxicity. Retinoic acid metabolism is mainly provided through
the CYP450 (A26, B26, and C26 subgroups) monooxidase
system.

Transmembrane transporter and signaling receptor
STRA6, which is one of the important components of
the retinoid metabolism network, plays a critical role in
facilitating the cellular entry and exit of retinol [13]. STRA6
stimulated by endogenous RA levels and CRBP-1 supports
retinol uptake into the cell [6]. The maintenance of normal
cellular functions depends on vitamin A homeostasis and
normal levels of endogenous retinoic acids [7, 13, 14]. Plasma
retinol binding protein (RBP) is a specific transporter in
plasma of retinol, the most common form of vitamin A. The
integral membrane receptor STRAG initiates cellular uptake
of vitamin A by recognizing RBP-retinol and triggering
the release and internalization of retinol [14]. The STRA6
transmembrane protein is the first protein to be recognized
as a cytokine signal carrier, in addition to working as a cell
surface receptor that facilitates cellular uptake of retinol by
binding to the retinol-binding protein [13].

STRAG6 initiates cellular retinol uptake in immune
cells to improve immune system homeostasis in diverse
populations [17]. Due to the critical function of vitamin
A in the development of immune cells, STRA6 can be
expressed in varying amounts in all subseries of peripheral
blood mononuclear cells [17]. In a recent study, all T cells,
monocytes, natural killer cells, and dendritic cell subsets
were found to express the retinol-binding receptor STRA6
[17]. Many independent studies have found that STRA6
mediates the uptake of retinol from RBP into the cell and
carries out this function together with intracellular proteins
such as CRABP-1 [15, 16]. STRAG6 plays a critical role in
regulating cellular retinoic acid levels [17, 18]. Retinoic acids
are also an important morphogen [15]. Retinol and retinoic
acid metabolism and regulation are critical in the process of
organogenesis. It has been determined that both vitamin A
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deficiency and excess vitamin A can have a teratogenic effect
[19]. Likewise, STRA6 mutations, which are key in retinol
regulation, are known to cause a wide range of complications
related to malformations such as congenital heart defects,
lung hypoplasia, anophthalmia, alveolar capillary dysplasia,
diaphragmatic hernia, and mental retardation [20]. Recent
findings show that mutations in the STRA6 gene are
associated with congenital eye malformations, coloboma,
and anophthalmia [21]. Single nucleotide polymorphisms
or mutations (SNPs) in STRA6 are associated with the
recurrence of type 2 diabetes [22]. In addition, Pasutto et
al. showed that STRA6 mutations are responsible for many
lung malformations, diaphragm anomalies, eye and heart
defects, and mental retardation in humans, as in Matthew-
Wood syndrome [23]. Although it is not as severe as in
individuals with mutant STRA6, the STRA6 null mutation
caused a significant reduction of retinoid in the neurosensory
retina and retinal pigment epithelium and decreased eye
morphology and visual responses [24].

STRAG can act not only as a receptor of the vitamin A
transporter but also as a cytokine receptor. After binding
to Holo-RBP, STRAG6 is directly phosphorylated at the
tyrosine residue 643 site, which triggers and recruits STATS
and Janus Kinase 2 gene (JAK2) activation [25]. Recent
evidence suggests that STRA6 may function not only as a
retinoid transporter but also as a switch on its own, a complex
signaling center [26, 27, 28]. STRA6 determines cell fate by
integrating retinoid signaling with many different signaling
pathways such as p53, JAK/STAT, Wnt/catenin, SOCS, and
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calcium calmodulin [13, 28, 29, 33]. STRAG is synthesized
and functions by a healthy metabolism of retinol and retinoic
acid. In this context, impaired retinol and retinoid metabolism
in COVID-19 cause disruptions in the synthesis and functions
of STRAG6. The inevitable consequence of this is loss of
control of STRAG over inflammatory signaling pathways and
excessive inflammatory cytokine release.

In Figure 1, STRAG6 appears to be at the crucial junction
of retinol's receptor, transporter, metabolic regulator, and
cellular signaling. While inflammatory cascades are kept
within physiological limits by the rhythmic activity of
STRAG, tetanic stimulation or downregulation of STRA6
results in an excessive inflammatory process [6]. The MAPK,
PI3K/Akt and Jak/STAT p53, Wnt/catenin, SOCS, and
calcium calmodulin pathways are under the control of the
non-genomic signaling of retinoic acids. Here, non-genomic
signaling cascades are modulated by STRA6 and membrane-
associated RARs through RA recruitment, leading to
activation or inactivation of NFkB [6, 29, 30]. It has been
found that SOCS and STATS3 signaling pathways are disrupted
in COVID-19 and are associated with severe clinical pictures
[31, 32]. Since the genes responsible for STRA6 synthesis
are retinol-dependent genes [33], the decrease in endogenous
retinoic acid levels due to retinol depletion may cause loss
of synthesis and function of the STRAG6 receptor. Retinol
depletion in COVID-19 leads to both down-regulation and
blockade (down-regulation) of the STRAG receptor, leading
to retinoid signaling disorder and excessive inflammatory
process [6, 31, 32, 33]. Figure 1.
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Figure 1: Association of STRA6 with retinol, retinoic acids, and CRABP-1. STRAG6 inhibits NFkB activation and inflammatory cytokine
release by inhibiting MAPK, PI3K/Akt, and Jak/STAT tonic signaling. RA depletion and downregulation of STRA6 cause decompression
of MAPK, PI3K/Akt, JAK/STAT, Wnt/catenin, and calcium calmodulin pathways, NFkB, and STAT activation, and excessive inflammatory

cytokine discharge.
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STRAG6 and retinoid signaling disorders explains
neuroendocrine disorders in COVID-19

The association of STRA6 with retinoid signaling and
cholesterol and steroid hormone regulation may also explain
the neuroendocrine disorders very common in COVID-19
patients. Diabetes, thyroid, reproductive and adrenal disorders
are very common in COVID-19. Endocrine problems in
COVID-19 have an important place in both acute disease and
chronic residual diseases defined as post-COVID syndromes
[34]. In addition to glucose regulation disorder, severe
deterioration in cholesterol regulation occurs in COVID-19
[36, 37]. STRA6 mediates the uptake of cholesterol as well
as retinol [35, 39]. It has been found that plasma cholesterol
levels decrease in COVID-19 and this is associated with
severe disease [36, 37].

A sufficient number of studies have accumulated in the
literature regarding the role of cholesterol regulation in
COVID-19, but sufficient explanation has not been made
about the mechanism by which cholesterol is involved in the
pathogenesis of COVID-19 and its causes and consequences
[37]. As is known, cholesterol is the precursor of steroid
hormones and has been associated with severe disease in
COVID-19 patients [38, 39]. In COVID19, it has been shown
in many studies that cholesterol decreases as well as retinol in
patients with COVID-19 [11, 12, 36, 37, 38]. Retinoic acids
and STRAG are involved in the transport and regulation of
cholesterol into cells. Especially in immune system cells,
retinoic acids upregulate ABCA1 expression and provide
cholesterol flow [35, 39]. We think that the dysfunction of
STRAG and the development of retinoid signaling defect in
COVID-19 may cause serious disruption in steroid hormone
synthesis and structural and functional disorders in many
endocrine organs since cholesterol is a precursor in steroid
hormone synthesis.

Serious anatomical and functional disorders have been
reported in the adrenal glands, thyroid, ovary, and testes,
especially the hypothalamus, which is the neuroendocrine
regulation center, in COVID-19 [40, 43, 44]. In addition to
diabetes and hypothyroidism, menstrual and reproductive
disorders due to low estrogen and testosterone, and adrenal
dysfunction due to adrenal gland damage have also been
reported very frequently in COVID-19 patients [41, 42, 43].
It has been reported that testosterone and estradiol levels
decrease in COVID-19 [44, 45]. In addition to being a disease
that predisposes to severe COVID-19, diabetes can occur due
to COVID-19 due to anatomical and metabolic disorders on
the pancreas and peripheral tissues of COVID-19 [42]. We
think that the adrenal gland is affected in two different ways
and in two stages in COVID-19. In the first stage, which is
the early stage of the disease, the hypothalamic-pituitary-
adrenal axis gains excessive activity due to the stress
brought on by the disease, causing cortisol levels to rise.
This is a pathological hormonal response that develops with
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emotional effects and the neuro-adrenal center being affected.
However, due to the worsening of the disease and excessive
inflammatory mediator release, ischemic damage and adrenal
insufficiency develop in the adrenal gland. At this stage,
serum cortisol levels are found to be low in patients. There
are also studies reporting both high and low serum cortisol
levels in COVID-19 patients [46, 47].

Dysfunction and retinoid signal defect in STRAG6 are
responsible for both acute systemic effects and chronic post-
COVID neuroendocrine syndromes in COVID-19 [5,6].
Neurological disorders seen in COVID-19, cardiovascular
disorders, hormonal imbalances, immune system
dysregulation, excessive inflammatory response (cytokine
storm), lymphopenia, ineffective RIG-I activity, Type-I
interferon synthesis disorder, thrombosis tendency, loss
of smell and taste, and STRA6 dysfunction results from
retinol depletion and retinoid signaling impairment [6, 7].
It should not be overlooked that the tissues most active in
terms of retinoid metabolism are the parts most affected in
COVID-19 [48, 49]. The correlation between COVID-19 and
retinoid activity reveals the cause-effect relationship between
COVID-19 and retinoid metabolism [50].

Systemic organ involvement, brain involvement, and
endocrine organ involvement in COVID-19 cannot be
explained by the viral tropism mechanism explained by
ACE2 [5]. Likewise, ACE2 receptors, which enable the
internalization of SARS-CoV-2 into host cells, are either
absent or poorly expressed in these severely affected organs.
Likewise, it is known that STRAG is very intensely expressed
in these tissues [54, 55, 56]. Virus could not be isolated in
damaged tissues, especially testicular and adrenal tissues
of some patients severely affected by COVID-19 [47, 57,
58]. Postmortem adrenal tissue examination of COVID-19
patients revealed infarction, thrombus, hemorrhage and
necrosis in the adrenal tissue, but SARS-CoV-2 genomes
could not be detected [47]. All this shows us that the virus
causes retinoid signaling disorder rather than direct damage,
causing systemic effects and severe inflammation and multi-
organ damage.

In addition, retinoic acids have assumed critical
physiological roles such as synaptic plasticity, learning
and memory, adult neurogenesis, and hormone production
[30, 48]. Retinoic acid deficiency causes progenitor cell
differentiation failure in the olfactory epithelium, and as a
result, olfactory neuron differentiation does not occur [48].
An explant system has shown that if retinoic acid synthesis
fails, retinoic acid synthesis in the olfactory epithelium is
inhibited, resulting in olfactory dysfunction [48]. Extensive
neuropsychiatric and endocrine problems in COVID-19 [49,
50] can be explained by the deterioration of the effectiveness
of retinoid signaling in sensory and nerve functions [50].
The olfactory dysfunction in COVID-19 is caused by the
cessation of differentiation of progenitor cells in the olfactory
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epithelium to sensory neurons due to retinol depletion and
retinoid signaling defect, and the decrease in the synthesis
and activity of the glutamine receptor GluR1, which is
responsible for the presynaptic transmission of the olfactory
signal [6]. GluR1 is synthesized by the nongenomic activity
of RAs [30].

STRAG6, retinol depletion and biphasic
immunopathogenesis in COVID-19

Disruption of retinol and cholesterol regulation provided
by STRAG leads to the impaired regulatory function of the
immune system [51, 52, 53]. There are many studies on the
effect of retinol on immune system regulation. Although
cholesterol is not as much as retinol, it participates in the
regulation of the immune system. Cholesterol levels also
play important roles in immune cells such as monocyte
priming, neutrophil activation, hematopoietic stem cell
mobilization, and enhanced T cell production [59]. The
cause of immune system dysregulation and biphasic immune
pathogenesis in COVID-19, which is widely accepted by
the scientific community, is retinol depletion and retinoid
signaling disorder [6, 7]. Vitamin A and RAs have important
modulatory functions in the immune system [51, 60]. In
fact, retinol is an important hormone and immune system
regulator. It works with zinc to improve the function of the
immune system [7, 61].

Retinoids are retinyl esters, all-trans-retinal and all-
trans retinoic acid (ATRA) [62], which have qualitative
activity relative to retinol. RAs are involved in genomic
and non-genomic pathways in the form of natural and
adaptive responses via RA receptors (RAR/RXR) [13, 30,
63]. Retinoids are typically enhancers for NK cells, Innate
Lymphoid Cells (ILCs), and antigen presenting cells (DCs).
ATRA is required for the development of the immune system
itself and for the development and homing of ILCs. The
determination of cell fate of RAs, cell differentiation and wide
range of effects on lymphocyte functioning are mediated by
ATRA [52].

In the immune system, the effect of ATRA on the
development of T and B lymphocytes has been shown in many
studies [66, 67]. ATRA has a critical function in increasing
regulatory T cells (Tregs) and regulating immune tolerance
in the immune system [67]. When serum retinol is at normal
concentrations, Treg dominance continues in immune system
regulation. Treg dominance confers immune tolerance
against the gut microbiota in the host while developing self-
tolerance against its own tissues. In retinol depletion and
retinoid signaling disorder, Treg dominance decreases, while
effector Th17 cells, which cause excessive inflammatory
cytokine release, take over. This causes inflammatory process
activation, loss of self-tolerance, and immune tolerance. The
main disorder underlying the pathogenesis of autoimmune
diseases is immune dysregulation and Treg/Thl7 cell
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imbalance [6, 7, 68]. Retinol depletion and impaired retinoid
signaling mechanism underlie immune dysregulation,
biphasic immune pathogenesis, and autoimmune syndromes
in COVID-19. Figure2.

Impairment and dysfunction of STRAG6 receptor synthesis
due to retinol depletion and retinoid signaling disorder leads to
disruption of retinol transfer to the cell, resulting in a decrease
in endogenous retinoic acid levels and retinoid signaling
disorder. Therefore, STRA6 and retinoid metabolism are
interrelated and interdependent and intertwined processes.
Retinoid signaling disorder causes immune system
dysregulation, disruption of type I IFN synthesis, severe
inflammatory cytokine release, and devastating systemic
multi-organ damage in COVID-19 [6,50]. Impaired
retinoid signaling mechanism can also explain chronic,
inflammatory, degenerative, autoimmune, neuroendocrine,
and neuropsychiatric post-COVID syndromes [6,50].
Impaired retinoid signaling mechanism also seems to
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Figure 2: Retinoic acid signaling is essential in establishing
immune tolerance through promoting differentiation of Tregs and
inhibiting the development of proinflammatory Th17 cells. The
balance between Treg and Th17 cells defines immune tolerance or
inflammation. Both Treg and Thl17 cells differentiate from naive
T cells under different cellular and tissue milieu requiring TGF-p.
In the presence of sufficient ATRA levels, the interaction between
signaling pathways from RA, TGF-B, and cytokines blocks IL-6
signaling and induce FoxP3 transcription factor that ultimately
leads to differentiation of naive T cells into Tregs, which induce
expression of anti-inflammatory cytokines, such as IL-2, IL-4, and
IL-10, and suppress the inflammatory response that culminates in
the establishment of self-tolerance (immune tolerance circle, green
circled arrows). In the presence of low orno ATRA, retinoid signaling
is weak or absent and fails to block IL-6 signaling, leading to the
expression and activation of RORyt that reprogram differentiation of
naive T cells into pro-inflammatory Th17 cells. Effector Th17 cells
have a high activity of NF-kB signaling that leads to the expression
and release of various proinflammatory cytokines such as IL-6, IL-
17, and IL-23, generating an inflammatory response that may lead
to the development of autoimmune diseases. (inflammation circle,
red circled arrows).
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be responsible for chronic, inflammatory, degenerative,
autoimmune, neuroendocrine and neuropsychiatric post-
COVID syndromes [6, 50].

Retinoids can directly stimulate the expression of
Interferon-stimulated gene (ISG) Messenger RNA (mRNA)
including IFN regulatory factor 1 (IRF-1) and retinoic acid-
inducible gene I (RIG-I) [64]. RIG I signaling is essential in
the production of antiviral Type I interferon and is responsible
for the severe clinical picture resulting in interruption of type
I IFN synthesis in COVID-19 due to retinol depletion. Type 1
IFN synthesis defects with excessive inflammatory reactions
in COVID-19 are the main pathogenetic disorders [69].
ATRA can inhibit the release of the inflammatory cytokine
IL6, which is central to the pathogenesis of COVID-19 [70].
Likewise, ATRA can also prevent lung fibrosis with its
suppressor activity on IL6 [71].

It has been found in Vero E6 cells that ATRA can exert
an antiviral effect by binding to SARS-CoV-2 3CLpro in cell
culture and inhibit SARS-CoV-2 replication together with
other retinoids [72]. Synthetic and natural retinoids also have
potent inhibitory effects on the replication of many viruses
such as MeV, cytomegalovirus, influenza, norovirus, and
hepatitis B virus (HBV) [73, 74]. There is also additional
evidence that retinoid signaling activation can effectively
suppress coronaviruses. Japanese researchers have shown
that SARS-CoV-2 replication can be inhibited by ATRA over
RIG-I in cell culture [75].

Conclusion

Dysfunction of STRA6 due to retinol depletion in
COVID-19 further deepens the problem of retinol depletion
andretinoid signaling in COVID-19. Due to the interdependent
nature of STRAG6 and retinoid metabolism, a vicious circle
occurs. STRAG6 synthesis defect, which develops due to
retinol depletion, causes a decrease in endogenous retinoic
acid levels and a deepening of retinoid signaling disorder. As
a result, multisystemic organ damage occurs due to immune
dysregulation, suppression of the congenital immune
system, lymphopenia, ineffective RIG-I pathway, type I
interferon synthesis defect, and especially hyperactivation
of the adaptive immune system and excessive inflammatory
cytokine release (cytokine storm).

Retinoid signaling defect also causes acute COVID-19
findings such as neurological disorders, diabetes, hormonal
imbalance, thrombosis and loss of smell and taste, and chronic,
degenerative, inflammatory, autoimmune neuroendocrine,
and neuropsychiatric syndromes referred to as post-COVID
syndromes. In conclusion, we think that the STRAG6 receptor
plays a key role in the pathogenesis of COVID-19 due to its
central location in cellular signaling pathways. Targeting
STRAG6 and the cellular signaling pathways it directs in
COVID-19 may lead to the development of new treatments
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for the severe clinical picture of COVID-19 and post-COVID
syndromes. In addition to the serious and systemic effects in
COVID-19, it is obvious that inflammatory, degenerative,
autoimmune, and neuropsychiatric syndromes are also
associated with disruption of signaling via STRA6 and
retinoid signaling disorder. In this respect, these studies for
COVID-19 may open different doors for us to prevent and
better manage these chronic diseases, which are not caused
by microorganisms, but increase and spread in an epidemic.
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