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Toll-like receptor 4 (TLR4) contributes to the pathophysiology of diabetes. This happens, at least in part, because

TLR4 TLR4 modulates the enzyme NADPH oxidase, a primary source of ROS in vascular structures. Increased oxidative

NADPH oxidase
ROS

Diabetes
COVID-19

stress disrupts key vascular signaling mechanisms and drives the progression of diabetes, elevating the likelihood
of cardiovascular diseases. Recently, it has been shown that patients with diabetes are also at a higher risk of
developing severe coronavirus disease 2019 (COVID-19). Given the importance of the interaction between TLR4

and NADPH oxidase to the disrupted diabetic vascular system, we put forward the hypothesis that TLR4-
mediated NADPH oxidase-derived ROS might be a critical mechanism to help explain why this disparity ap-
pears in diabetic patients, but unfortunately, conclusive experimental evidence still lacks in the literature.
Herein, we focus on discussing the pathological implications of this signaling communication in the diabetic
vasculature and exploring this crosstalk in the context of diabetes-associated severe COVID-19.

1. Introduction

The innate immune receptor, Toll-like receptor 4 (TLR4), exerts
critical roles in acute and chronic diseased states [1]. The former occurs
as this receptor recognizes lipopolysaccharide (LPS), a key component of
Gram-negative bacteria's outer membrane [2], and the latter as the
activation of TLR4 by endogenous ligands also induces low-grade
inflammation and oxidative stress. These downstream effects of TLR4
mainly result from its signaling communication with the transcriptional
factor Nuclear factor (NF)-kB and the enzyme nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, respectively. Furthermore, a
feed-forward interplay exists between NF-kB and reactive oxygen spe-
cies (ROS), the byproduct of NADPH oxidase [3]. The link between TLR4
and NF-kB has been extensively explored in the literature [4]; conse-
quently, we will concentrate our efforts in disclosing the other patho-
logical arm of this receptor, the NADPH oxidase, which has also been
reported to modulate NF-kB activation. While a direct connection be-
tween TLR4 and this enzyme was described more than fifteen years ago
[5], there is still debate about its underlying consequences in chronic
diseases, such as diabetes. Vascular oxidative stress plays a causal role in
the pathophysiology of diabetes, driving morbidity and mortality in
diabetic patients; therefore, the understanding of these mechanisms is of

utmost importance for this disease. Furthermore, diabetic patients are at
a greater risk of requiring intensive care following a diagnostic of
coronavirus disease 2019 (COVID-19) [6,7], the disease caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus
[8], in the ongoing pandemic, which already claimed more than three
million lives worldwide [9]. Interestingly, previous studies have inde-
pendently linked TLR4 and NADPH oxidase to COVID-19, but whether
there is a direct connection between these mechanisms and COVID-19
outcomes in diabetic patients is still elusive. Herein, we focus on dis-
cussing the pathological implications of this signaling interaction in the
diabetic vasculature and exploring this crosstalk in the context of
diabetes-associated severe COVID-19.

2. TLR4-mediated activation of vascular NADPH oxidase in
diabetes

NADPH oxidase is a main source of ROS [i.e., superoxide (03~) and
hydrogen peroxide (H205)] in biological systems, especially because its
pathological activation also modulates other ROS-generating enzymes,
such as uncoupled endothelial nitric oxide synthase (eNOS) and
xanthine oxidase (for review, [10]). Mammalian organisms express
seven isoforms of this enzyme; however, only four variants are
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commonly found in the vascular wall. These isoforms — NOX1, NOX2,
NOX4, and NOX5 - are asymmetrically distributed in the layers of blood
vessels playing an essential part in maintaining vascular homeostasis. In
diabetes, however, perturbations in the redox balance of vascular
NADPH oxidase trigger an exacerbation in ROS production, which has
severe pathological implications for the disease mechanisms [11]. While
hyperglycemia, a hallmark of both types of diabetes, can increase this
enzyme's expression and activity in the vasculature, evidence also points
to TLR4 as an additional regulator of NADPH oxidase-mediated ROS in
this disease.

It is well accepted that oxidative stress plays a major role in the
pathophysiology of diabetes and that NADPH oxidase is a core cause of
ROS in the vasculature of diabetic animals; however, there is still limited
data from human studies. Narrowing this gap, we previously demon-
strated that human type 1 diabetic and hypertensive donors have
increased levels of p22phox and NOX1, a tendency towards higher levels
of NOX2, p47phox, and p67phox, as well as reduced expression of
NOX4. Interestingly, in this population, it is also possible to establish a
strong positive correlation between p22phox and TLR4 as well as
p22phox and its co-adaptor MD2 [12], but whether targeting TLR4
could avert alterations in the levels of p22phox in the human diseased
aorta is still unknown. Nevertheless, further studies are warranted to
answer this and other questions in this context, which will hopefully
diminish the toll NADPH oxidative-induced ROS production exerts in
the diabetic vasculature.

In VSMCs challenged with high glucose, there is a drastic increase in
03~ and H30, production, and TLR4 inhibition with CLI-095, which
targets TLR4 via the TIR domain, prevents these alterations [12,13].
Pharmacological blockade of TLR4 with this inhibitor is also able to
avoid increased levels of O3 in endothelial cells exposed to palmitate
[14]. In human macrovascular endothelial cells, high glucose stimulates
TLR4 triggering inflammatory mediators and ROS [15]. Interestingly,
the authors showed that high glucose was capable of modulating both
MyD88-dependent and TRIF-dependent pathways. Furthermore, in type
1 diabetic rats, acute inhibition of TLR4 attenuates O3~ generation in
isolated aortas, which ultimately improves vascular function in these
animals [12]. Similarly, chronic blockade of this receptor with an anti-
TLR4 neutralizing antibody reduces ROS levels in mesenteric arteries
[14], and even lowers systemic blood pressure [12]. Unfortunately,
although it seems that these outcomes were produced following the
downregulation of NADPH oxidase, these studies were unable to
pinpoint the specific source of ROS affected by TLR4. Insights into this
interplay were demonstrated in a previous study, which specifically
showed that type 2 diabetic mice with a mutation in TLR4 were pro-
tected against endothelial dysfunction as they had reduced induction of
NOX1 and NOX4 [16].

Together, these data corroborate the notion that TLR4 contributes to
the activation of NADPH oxidase during diabetes, and that this crosstalk
might be a core mechanism driving the pathophysiology of diabetic
vascular complications.

3. TLR4 and vascular NADPH oxidase in diabetes: Pathological
implications

Excessive ROS production, especially O3 triggers vascular
dysfunction as it hampers the availability of nitric oxide (NO), a short-
lived gaseous transmitter [17]. In a healthy vasculature, there is a bal-
ance between the levels of ROS and NO, but unfortunately, during dia-
betes, this equilibrium is lost, which favors oxidative stress, and
ultimately, diabetic vascular disease. O3~ directly interacts with NO to
form peroxynitrite, a highly toxic molecule capable of oxidizing tetra-
hydrobiopterin, an eNOS cofactor. Reduced NO bioavailability can also
happen following eNOS uncoupling, a mechanism mediated by acti-
vated NADPH oxidase during pathological conditions. Nevertheless,
whether direct or indirect, lower levels of NO compromises the vessel's
integrity and it is a hallmark for developing complications in the
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vascular system, particularly because NO contributes to a plethora of
intrinsic mechanisms, such as regulation of vascular tone and mainte-
nance of blood pressure [18]. Interestingly, in diabetic animals, the
blockade of TLR4 with an anti-TLR4 antibody enhances nitrite levels in
the corpus cavernosum, a vascular-like structure [19]. Similarly, it in-
creases NO content in aortas isolated from SHR [20], and in animals
lacking TLR4, HMGBI negative effects on eNOS are reduced, improving
endothelial-dependent relaxation [21]. In summary, it seems that pre-
venting TLR4 activation in diabetic vascular tissues ameliorates vascular
function not only by reducing NADPH oxidase activity but also by ul-
timately restoring NO levels.

Another key pathological mechanism linked to elevated ROS levels is
the subsequent low-grade sterile inflammation. TLR4 is a critical regu-
lator of NF-B, a transcriptional factor that plays regulatory roles in the
secretion of pro-inflammatory cytokines, including IL-6 and TNF-o [22].
Blockade of TLR4 reduces the circulating levels of these inflammatory
mediators in murine models of hypertension [23,24] as well as their
local expression in vascular and vascular-like structures [24,25]. These
effects are attributed to the fact that NF-xB is downstream TLR4, but it is
also possible that reduced NADPH oxidase activity, and consequently,
ROS levels contribute to this process. Crosstalk exists between NF-xB
and ROS [3] and between ROS and pro-inflammatory cytokines [26].
Strengthening this argument, the ability of TLR4 to elicit pro-
inflammatory responses is hampered in cells lacking the NOX4 iso-
form [5,27,28], which might indicate that this enzyme also modulates
sterile inflammation following TLR4 activation. It is undeniable that
further studies are needed to dissect the interplay between TLR4,
vascular NADPH oxidase, and inflammatory cytokines in diabetes,
which will shed light on diabetes' underlying pathophysiological
mechanisms.

In a murine model of type 1 diabetes, chronic inhibition of TLR4 and
its co-adaptor MD2, lowers systemic blood pressure [12].
Hyperglycemia-induced renin-angiotensin system (RAS) activation in
kidneys involves the MD2-TLR4-MAPK pathway [29]. The RAS system
is a crucial regulator of this hemodynamic parameter, and angiotensin II
(Angll), its main vasoconstrictor peptide, directly modulates NADPH
oxidase activity [30]. Likewise, Angll is a potent activator of the TLR4-
MD2 complex [31,32]. While the role of the RAS system in blood pres-
sure control is undeniable, TLR4-mediated effects in this parameter are
less clear and somewhat controversial [33,34]. However, it has been
proposed to be a unifying mechanism in hypertension with emergent —
yet not fully understood - roles in the kidneys, central nervous system,
and vasculature [35]. In the context of diabetes, we argue that reduced
levels of ROS and pro-inflammatory cytokines as well as downregulation
of the RAS system are sufficient mechanisms to positively impact blood
pressure, which is extremely important for this disease since 20-60% of
diabetic patients subsequently develop hypertension [36], increasing
the risk of cardiovascular events.

The RAS is multifaceted, and consequently, it is also critical to
consider a potential impact of TLR4-mediated NADPH oxidase-derived
ROS in the ACE2/Ang(1-7) axis. Activation of ACE2 is capable of
improving endothelium-dependent relaxation in diabetic and hyper-
tensive animals and the mechanism involves reduction in vascular ROS
production [37]. Building into these findings, a previous study demon-
strated that in endothelial cells, ACE2 prevents increased ROS genera-
tion in response to Angll by regulating p22phox [38]. Moreover, ACE2
knockout vascular smooth muscle cells display higher ROS production
and NADPH oxidase activity upon Angll stimulation [39]. While the
literature lacks a report examining a direct role of TLR4-derived ROS
and ACE2 in the vasculature, it is possible that increased oxidative
stress, downstream TLR4, is also a detrimental factor for ACE2 expres-
sion/activity. It has been demonstrated that Angll-derived NOX2-
dependent ROS acts as a negative regulator of ACE2 [40,41]. Increased
ROS phosphorylates p38 MAPK, leading to the activation of TACE (a.k.a,
ADAM17) and cleavage of ACE2 active ectodomain [40-42]. Never-
theless, it is unknown if increased ROS levels mediated by TLR4 in
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diabetes would also impact ACE2.

The interplay between TLR4 and NADPH oxidase can also result in
the activation of MAPK. While it has been described that MAPKs are
recruited downstream TLR4, ROS are also well-known mediators of
MAPK [43]; therefore, elevated oxidative stress can act as a second TLR4
signal pathway to induce MAPK during diabetes. In type 1 diabetic rats,
stimulation of TLR4 contributes to diabetic cardiomyopathy [44], and
renal fibrosis and dysfunction [29] via modulation of MAPK-induced
activation of the transcription factor AP-1 and MAPK-mediated RAS
system, respectively. Even though these studies did not specifically
evaluated levels of ROS, increased oxidative stress is present in both the
heart and kidneys during diabetes [45]. Furthermore, elevated levels of
MAPK direct impact the functionality of vascular structures. Blockade of
MAPK, ERK1/2 and p38, attenuates high glucose-induced vascular
endothelial dysfunction [46]. Similar results were also observed in the
corpus cavernosum of murine diabetic animals following the inhibition
of ERK1/2 [47] and p38 [48]. In this sense, the TLR4-ROS-MAPK
pathway has, at least, twofold importance acting via indirect and
direct mechanisms during diabetes; nevertheless, in both cases, the
vessel's integrity will likely be compromised, and vascular dysfunction
will prevail.

An intriguing aspect of TLR4 is the fact that the impact of its acti-
vation appears to be greater in inducing inflammation in cultured
microvascular than in macrovascular endothelial cells [49], but whether
a similar pattern also occurs for oxidative stress is unknown. This could
be of utmost importance for the vasculature in the brain, which contains
arteries that branches extensively into smaller arteries [50]. A recent
study demonstrated that (a) ischemic stroke not only increases TLR4
expression in total brain homogenates but that it also substantially af-
fects TLR4 expression in the brain microvasculature and (b) the
blockade of TLR4 ameliorates neurovascular injury [51]. Furthermore,
in brain microvascular endothelial cells challenged with the conditions
observed in post stroke bleeding, TLR4 inhibition attenuated NF-xB
expression and IL-6, further improving membrane permeability and
elevating tight junction proteins, survival, and angiogenesis [51], which
highlights a role for TLR4 in the brain vasculature under diabetes. Ce-
rebral microvascular NADPH oxidase is intrinsically linked to a healthy
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cerebrovascular environment, but it can also participate in disease
mechanisms [52]. While it is still elusive if TLR4 directly modulates
cerebral microvascular NADPH oxidase during diabetes leading to
inflammation, its role in mediating the systemic form of this enzyme is
more established. For example, in human microvascular endothelial
cells, NADPH oxidase-derived ROS is critical for palmitate to activate
TLR4-induced NF-kB [53], which calls for additional investigation in the
context of the complex cerebrovascular environment.

While it is critical to disentangle these unwanted transfers of signals
(Fig. 1), it is unquestionable that TLR4-mediated NADPH oxidase acti-
vation is a key target-mechanism in diabetes, especially because as we
discussed it crosstalk with major signaling pathways that are well-
accepted to drive the pathophysiology of diabetic vascular disease,
and it might be a candidate pathway to help explain COVID-19 severity
in diabetic patients.

4. COVID-19 in diabetic patients: Is there a role for TLR4-
mediated NADPH oxidase activation?

Severe COVID-19 mainly occurs in patients with pre-existing con-
ditions [54], including diabetes [6]. While the knowledge about the
mechanisms involved in the pathogenesis and pathophysiology of SARS-
CoV-2 infection has grown exponentially in the last year, there are still
many missing pieces in this puzzle. In diabetes, both TLR4 and NADPH
oxidase levels/activity are altered, and it seems that these mechanisms,
whether together or independently, might play a role in diabetes-
associated severe COVID-19. It has been proposed that increased
oxidative stress occurs in response to the impact of SARS-CoV-2 [55],
and recently, it was reported that COVID-19 patients receiving intensive
care have disrupted systemic oxidative stress status [56]. NADPH oxi-
dase is involved in the pathogenesis of viral infections [57], and it might
be a critical player during the course of COVID-19 [58], mainly because
it has been demonstrated that, compared with controls, COVID-19 pa-
tients have higher circulating levels of soluble NOX2-derived peptide (s-
NOX2-dp) [59]. Furthermore, s-NOX2-dp levels are even higher in
COVID-19 patients receiving intensive care, similarly to what happened
to patients with or without thrombotic events [59]. As discussed, TLR4

Fig. 1. Overview of the mechanisms affected
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activates NADPH oxidase in the vasculature, and not surprisingly, this
receptor also responds to viral infection [60], including to SARS-CoV-2
[61,62] contributing to inflammation [63]. Briefly speaking, stimulation
of TLR4 can lead to the activation of MyD88-dependent (i.e., canonical)
and TRIF-dependent (i.e., alternative) pathways to induce inflammatory
genes and type I interferon (for review, please see [64]). Therefore, with
the ongoing pandemic, the interaction between TLR4 and NADPH oxi-
dase under diabetes has gained an additional layer of importance,
particularly because it may help explain why the diabetic population has
increased susceptibility for developing the serious form of this disease,
which is associated with higher average-case mortality. Still, to the best
of our knowledge, at this point, experimental evidence demonstrating a
direct and causative role for TLR4 and NADPH oxidase in diabetic pa-
tients suffering from concomitant COVID-19 lacks in the literature.

The severity of COVID-19 in diabetic patients might occur because
the SARS-CoV-2 virus crosstalk with one or more crucial pathway(s) [6],
and it is likely to involve the activation of TLR4 and NADPH oxidase.
The internalization of SARS-CoV-2 occurs via ACE2 [65], an enzyme
with counterregulatory actions in the cardiovascular system, that is
affected during diabetes [66]. The binding of this virus to ACE2 reduces
its availability, negatively impacting the functionality of the biological
systems where this enzyme exerts critical physiological functions [67],
including in the diabetic vasculature [66]. Reduced levels of ACE2
associate with higher levels of Angll (vasoconstrictor) and lower
expression of Ang(1-7) (vasodilator), which in the context of diabetes
contributes to the pathophysiology of vascular complications. It is well
accepted that, in diseased states, augmented NADPH oxidase-derived
ROS can impact ACE2 levels. Likewise, ACE2 deficiency increases the
generation of NADPH oxidase-derived ROS [68]. Therefore, we hy-
pothesized that since diabetic patients already have disturbance in these
mechanisms, partly caused by the interaction between TLR4 and
NADPH oxidase, subsequent exposure to the SARS-CoV-2 virus, leading
to a diagnostic of COVID-19, will most likely amplify this disruption,
contributing to, among others, a ROS storm, consequently leaving these
patients vulnerable to the complications that arise with the more serious
form of this disease.

TLR4 levels are upregulated in COVID-19 patients, and its activation
contributes to disease progression [69]. While a conclusive mechanism
of activation for TLR4 during SARS-CoV-2 infection is yet-to-be-
confirmed, it is possible that this receptor is answering to both exoge-
nous (PAMPs) and endogenous (DAMPs) ligands. Diabetic patients
already have higher circulating levels of PAMPs [70-72] and DAMPs
[73], which are potentially exacerbated following a diagnostic of
COVID-19. The upregulation in DAMP production might lead to an
intensified response by immune receptors, such as TLR4, and could be a
mechanism driving dysregulated immune activation in diabetic patients,
including in the vascular system as it innermost layer (i.e., endothelium)
constantly interacts with these circulating agents. A potential outcome
of increased TLR4 activation, besides higher production of inflammatory
mediators through NF-kB, is the over-production of ROS via NADPH
oxidase, which in a positive feedback loop is also capable of inducing
inflammation. As highlighted, augmented ROS levels damage the
vasculature, and since the vascular system is in direct contact with all
systems in the human body, it likely contributes to systemic tissue
damage, which is observed in many COVID-19 patients receiving
intensive care.

There is growing evidence that COVID-19 acts as a vascular disease
[74-76]. In fact, the pathways derangements caused by SARS-CoV-2 are
a hallmark for the development of vascular complications. In general,
endothelial cells, which forms the inner layer of blood vessels, abun-
dantly express ACE2; therefore, they can be a target of the virus, which,
as discussed by others, could lead to immune activation, RAS alterations,
and pro-thrombotic imbalance in vascular endothelial structures (for
review, please see [75]), which, accordingly, would be potential
mechanisms exacerbated by the pre-existence of diabetes. Moreover,
endothelial cells-associated therapies have been proposed to
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counterbalance the impact of SARS-CoV-2 infection [77]. While the
mechanisms of COVID-19-associated damage are still under extensive
investigation, post-mortem analysis of COVID-19 patients revealed
involvement of endothelial cells in multiple vascular beds [78]. The
observed endotheliitis appeared to be the result of the interplay between
viral infection and host-response, and it could help explain the systemic
impairment of microcirculatory function [78]. Immune activation via
TLR4 in the vasculature contributes to low-grade inflammation and ROS
generation [12,13,20,23,25]. Likewise, Angll is a potent pro-
inflammatory and ROS modulator acting via the AT1r and TLR4 [79],
and reported data show that COVID-19 patients have a remarkable in-
crease in the circulating levels of this RAS mediator [80], potentially as a
consequence of ACE2 downregulation. Finally, ROS crosstalk with NF-
kB, reinforcing the vicious cycle. Nevertheless, it is yet-to-be-established
if host-derived DAMPs are activating TLR4 during COVID-19, which
would contribute to inflammation and oxidative stress, as well as
whether this process is amplified by the presence of diabetes.

While no studies have specifically investigated DAMP alteration in
diabetic patients with COVID-19, there are many other DAMP mole-
cules, besides Angll [80], that could be altered in the course of the
disease, such as S100A9 [69] and HSP70 [81], to name a few. For
example, evidence suggests that HSP70 might be another prime DAMP
candidate, since it answers to viral infections and its expression levels
are modulated by fever [82,83], a common symptom of COVID-19. More
compelling, it has been demonstrated that the circulating levels of
HSP70 were remarkably elevated in COVID-19 patients receiving
intensive care [81]. During diabetes, HSP70 co-exist in the intra- and
extra-cellular (i.e., iHSP70 and eHSP70, respectively) environment [84].
eHSP70 interacts with the TLR4-MD2 complex [85,86], triggering its
downstream mediators, potentially in diabetes [87], and both fractions
of this protein have an intricate relationship with the NADPH oxidase
enzyme [88]. The induction of iHSP70 might bring beneficial effects to
the host organism, including increased capacity of re-fold damaged
proteins and inhibition of pro-apoptotic pathways. iHSP70 also cross-
talks with Cat handling mechanisms in the vasculature [89,90] in a
sex-dependent manner [91], which could also be an affected mechanism
in diabetic patients suffering from COVID-19, a disease where the var-
iable sex influences its outcome [92]. Not surprising, it has been hy-
pothesized that the controlled induction of iHSP70 could be a
therapeutical approach against SARS-CoV-2, including in diabetic pa-
tients [93]. Nevertheless, there are still many unanswered questions that
must be addressed to fully expose these mechanisms, which will even-
tually allow researchers to determine if they are suited targets to manage
COVID-19 in diabetic patients.

5. Final considerations

The current literature supports the notion that TLR4-mediated
NADPH oxidase activation is a key pathological mechanism in the dia-
betic vasculature. Increased ROS production in diabetes is a risk factor
for the appearance of complications in the vascular system as it impacts
a myriad of mechanisms, including the availability of NO, levels of pro-
inflammatory cytokines, the phosphorylation status of MAPK, and even
blood pressure. Furthermore, in diabetic patients, the previous disrup-
tion of these signaling mechanisms, favoring increased oxidative stress,
might be a contributing factor for the outcome of an infection by SARS-
CoV-2 especially because ROS crosstalk with ACE2 impacting both arms
of the RAS system (Fig. 2), and therefore this topic deserves further
investigation. In fact, a very throbbing problem at this point is to
determine if the mechanism by which diabetic patients infected with the
SARS-CoV-2 virus elicit a more pathological response resulting in severe
COVID-19 involves this candidate pathway. This is important since,
overall, following modulation of TLR4, reduced oxidative stress is
observed in animal models of diabetes, which is due, at least in part, to
decreased NADPH oxidase activity. Even though there is mounting ev-
idence that the activation of TLR4 has pathological consequences in the



A.A. de Oliveira and K.P. Nunes

Vascular Pharmacology 139 (2021) 106879

Hyperglycemia
- tem
:

lpecoccocoocsccoccoe

Fig. 2. The hypothesis that TLR4-mediated
NADPH oxidase derived ROS contributes to
COVID-19 severity in diabetic patients. Hy-
perglycemia, a hallmark of both types of
v @ diabetes, modulates the TLR4-MD2 complex

as well as the activity of the enzyme NADPH
oxidase. The TLR4-MD2 complex also inde-
pendently stimulates NADPH oxidase-
induced ROS as well as the transcriptional
factor NF-xB, leading to the release of pro-

TLR4-MD2]

inflammatory mediators. NF-kB can also be

—

Inflammatory
mediators °

recruited by other pathways (dashed ar-
rows). There is an interplay between ROS
and NF-xB and ROS and inflammatory me-
diators. Elevated levels of ROS, mediated by
the ATlr, also impact the availability of
ACE2 via ADAM17, which ultimately favors
Angll in detriment of Ang(1-7). Addition-
ally, Ang(1-7) acting via the MASR impairs
ROS and inflammatory mediators. Diabetic
patients infected by the SARS-CoV-2 virus,
which binds to ACE2, are at a greater risk of
‘ developing severe COVID-19. Both TLR4 and

eo00

[21wvav] | [ z3ov .

NADPH oxidase are involved in the response
orchestrated by infected organisms against
virus and are potential candidates in the

L-LONV

ongoing pandemic. In this context, it is
possible that, since these mechanisms are
already activated in diabetic patients, the
response against the SARS-CoV-2 virus is
exacerbated triggering a ROS storm in this

population. Additionally, these mechanisms can also trigger over-production of DAMPs to sustain a vicious cycle. These endogenous signals created at dispropor-
tional levels could be, in turn, responsible for dysregulated immune responses in diabetic patients. Created with BioRender.com.

diabetic vasculature, one might argue that there is still a long road to
fully uncover the contributions of this receptor in this condition,
particularly in the context of COVID-19. Equally important is our lacking
understanding of the mid- to long-term implications of targeting this
receptor in chronic diseases. TLR4 has a myriad of functions in
mammalian organisms, from recognizing invading pathogens to
orchestrating immune responses. Thus, it has been proven difficult to
devise strategies to modulate this receptor without compromising the
host's ability to fight infections, and with the ongoing pandemic caution
should be exercised when drawing conclusions from animal reports.

There are, however, many other pressing queries that should be
taken into perspective when one analyzes the interplay between TLR4
and vascular NADPH oxidase during diabetes in the context of COVID-
19. Here, we would like to briefly share some of these ideas.

e There is growing concern with the fact that COVID-19 could be
precipitating/inducing new onset diabetes [94-97], as the SARS-
CoV-2 virus might damage the pancreatic islets [98]. Conse-
quently, elevating the widespread damage, and ultimately,
increasing the circulation of glucose and glucose-related DAMPs. If
this is the case, would these DAMPs also amplify the TLR4-mediated
vascular NADPH oxidase response?

COVID-19 patients are at a higher risk of developing neurologic
complications, including stroke [99], a diabetic complication in
which TLR4 was previously implicated [51], but whether this is
exacerbated by the presence of diabetes remains unknown, and if
TLR4 is involved in this process, at this point, is even less clear.

It has been shown that ACE2 is an interferon-stimulated gene [100].
TLR4 activates interferon regulatory factor 3 via TRIF pathway
[101]. Therefore, it has been proposed that SARS-CoV-2 could be
stimulating TLR4 to induce ACE2 expression [102]. In this case,
could TLR4 be playing a dual role (i.e., both its arms are activated)?

e Considering the involvement of TLR4 [69] and NADPH oxidase [59]
in the pathophysiology of SARS-CoV-2, could these mechanisms offer
new therapeutical strategies to manage COVID-19?

Lastly, we would like to leave the reader with a final question. What
are the mid- to long-term implications of severe COVID-19 to the vasculature,
especially the diabetic one?
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