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Abstract: The receptor for advanced glycation end products (RAGE), a well-known player of diabetes
mellitus (DM)-related morbidities, was supposed to be involved in coronavirus disease-19 (COVID-19),
but no data exist about COVID-19, DM, and the soluble RAGE (sRAGE) forms. We quantified total
sRAGE and its forms, the endogenously secretory esRAGE and the membrane-cleaved cRAGE,
in COVID-19 patients with and without DM and in healthy individuals to explore how COVID-19
may affect these molecules and their potential role as biomarkers. Circulating sSRAGE and esRAGE
were quantified by enzyme-linked-immunosorbent assays. cRAGE was obtained by subtracting
esRAGE from total sSRAGE. sRAGE, esRAGE, cRAGE, and the cRAGE/esRAGE ratio did not differ
between DM and non-DM patients and had the same trend when compared to healthy individuals.
Levels of total SRAGE, cRAGE, and cRAGE/esRAGE ratio were upregulated, while esRAGE was
downregulated. The lack of difference between DM and non-DM COVID-19 patients in the levels
of SRAGE and its forms supports the hypothesis that in COVID-19 the RAGE system is modulated
regardless of glycemic control. Identifying how sRAGE and its forms associate to COVID-19 prognosis
and the potential of RAGE as a therapeutic target to control inflammatory burden seem of relevance
to help treatment of COVID-19.
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1. Introduction

Receptor for advanced glycation end products (receptor for AGE, RAGE) and its soluble form,
sRAGE, are involved in diabetes mellitus (DM)-related diseases [1,2]. RAGE is a membrane-bound
receptor expressed at low levels in most human tissues, but with the lungs being the richest ones [3].
The corresponding soluble form, SRAGE, can play a role as a decoy receptor and disease biomarker [4-6].
sRAGE is composed of the endogenously secretory form (esRAGE) and the membrane-cleaved
form (cRAGE). The first is considered the real decoy receptor, the second a surrogate marker of
inflammation [1,2], but both can block ligand from binding to membrane RAGE. Engagement of
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RAGE increases its expression, activates inflammation, downregulates esSRAGE, and promotes RAGE
cleavage into cRAGE. In patients with DM, sSRAGE has been shown to increase as a counter-regulatory
mechanism against AGE, which reaches very high levels due to hyperglycemia [1,2].

RAGE and its ligands have been reported to promote lung inflammation and fibrosis, and to play
a detrimental role in pathogen-induced pneumonia [3,7]. Recently, RAGE was reported to be involved
in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [8]. This hypothesis
developed from a study suggesting that angiotensin II (ATII) receptor type 1 (AT1R) can activate RAGE
regardless of RAGE ligands [9]. SARS-CoV-2 uses the angiotensin-converting enzyme 2 (ACE2) as
a receptor for cell invasion and, by inducing its downregulation, it increases ATII levels and AT1R
activation [10,11]. Exosomes have been also shown to transfer ACE2 to recipient cells, thus contributing
to spread of infection [12]. Recently, it was observed that plasma-derived extracellular vesicles from
severe coronavirus disease-19 (COVID-19) patients are enriched in a newly identified RAGE binding
protein (EN-RAGE) [13]. Furthermore, the gene encoding for this protein (S100A12) was upregulated
in peripheral blood mononuclear cells from COVID-19 patients and strongly related to EN-RAGE
protein levels in plasma [14].

Up to now, no studies have explored plasma levels of SRAGE and its forms in COVID-19 patients.
Since the risk of severe hypoxia and death increases with increasing comorbidities like DM, in this
study we evaluated how SARS-CoV-2 infection may affect these molecules in patients with and without
DM and their potential role as biomarkers.

2. Experimental Section

2.1. Study Design and Participants

This is a retrospective observational study that involved 33 patients affected by COVID-19
admitted to the IRCCS Policlinico San Donato between 2 April and 25 April, 2020 and 99 healthy
individuals (CTR). The diagnosis of SARS-CoV-2 infection was confirmed by real-time PCR on a
nasopharyngeal swab specimen. A serum sample was taken at admission and stored at —80 °C. Patients
were classified as affected by type 2 DM if they had a history of disease before enrolment which
was previously diagnosed according to the following cut-off values: fasting glucose > 126 mg/dL,
HbA1lc > 48 mmol/mol, oral glucose tolerance test (75 g glucose) > 200 mg/dL after 2 h, random glucose
> 200 mg/dL. Demographic, clinical, and biochemical data were obtained at admission. Biochemical
parameters were assayed using Cobas 6000 analyzer (Roche Diagnostics, Milan, Italy) as previously
reported [15,16]. The work was approved by Local Ethics Committee (75/INT/2020) and carried out in
accordance with the Declaration of Helsinki. Patients signed a written informed consent.

2.2. Quantification of SRAGE, esRAGE and cRAGE

A measure of total sSRAGE was obtained by the human ELISA kit from R&D Systems (Human
RAGE Duo Set ELISA DY1145, Minneapolis, MN, USA) thich utilizes a monoclonal antibody that
can detect both the cleaved and the alternatively spliced variant of RAGE (cRAGE and esRAGE,
respectively). esRAGE was quantified by the ELISA assay from B-Bridged International (K1009-1,
Santa Clara, CA, USA). This kit uses a monoclonal antibody able to bind only to esRAGE. The values
of the intra- and inter-assay coefficient of variation were 6.37% and 4.78-8.97%, respectively. cRAGE
was obtained by subtracting esSRAGE from total SRAGE. cRAGE to esRAGE ratio (c(RAGE/esRAGE)
was than calculated. The GloMax®-Multi Microplate Multimode Reader was used for photometric
measurements (Promega, Milan, Italy).

2.3. Quantification of Glycated Albumin

Glycated albumin (GA, g/L) and albumin were measured by the enzymatic QuantILab® Glycated
Albumin assay (Instrumentation Laboratory, Milan, Italy) using the ILab650 system (Instrumentation
Laboratory). The percentage of glycated albumin (GA%) was automatically calculated by the ILab
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analyzer as GA/albumin ratio and corrected by an arithmetic algorithm that aligns the results to
the HPLC reference method [17-19]. The minimum detectable concentration of GA is 1.15 g/L.
The maximum intra- and inter-assay coefficient of variation values were 2.1% and 1.3% for GA and
1.2% and 1.0% for GA%, respectively.

2.4. Statistical Analysis

Qualitative variables are summarized as numbers and percentages. Quantitative variables are
expressed as mean with standard deviation (SD). The normality of data distribution was assessed by the
Kolmogorov-Smirnoff test. Differences across groups were compared by one-way ANOVA followed by
Bonferroni post hoc test. Comparison between two groups was performed by unpaired t-test and Fisher
exact tests, as appropriate. A p-value < 0.05 was considered as statistically significant. Analyses were
performed using GraphPad Prism 5.0 biochemical statistical package (GraphPad Software, San Diego,
CA, USA).

3. Results

The main characteristics of coronavirus disease-19 (COVID-19) patients and healthy individuals
(CTR) are described in Table 1. COVID-19 patients are classified in diabetes mellitus (DM+) and not
diabetes mellitus (DM).

Table 1. Patient’s characteristics.

DM+ DM- CTR
N 11 22 99
Age, years 72.6 (15.8) *° 55.6(22.5)° 43.5(11.5)
Males (1, %) 8(72.7) 13 (59) 53 (53.5)
COVID-19 Severity
Mild (n, %) 4 (36.4) 11 (50.0) -
Moderate (11, %) 6 (54.5) 7 (31.8) -
Severe (n, %) 1(9.1) 4(18.2) -
Other comorbidities
Hypertension (1, %) 5 (45.5) 6(27.3) -
History of cardiovascular disease (1, %) 4 (36.4) 2(9.1) -
Chronic renal disease (1, %) 1(9.1) 1 (4.5) -
COPD (n, %) 1(9.1) 1 (4.5) -
Smoking (1, %) 1(9.1) - -
Biochemical data
CRP (mg/dL) 5.5 (5.6) 5.8 (6.6) -
eGFR (mL/min/1.73 m?) 58.4 (20.6) *°  73.6 (23.4) 84.0 (8.9)
White blood cell count (x1000/pL) 8.90 7.20 -
Drugs
Antidiabetic drugs (1, %) 11 (100) *° - -
Aspirin (1, %) 3 (27.3) 2(9.1) -
ACEI/ARB (1, %) 2 (18.2) 4(18.2) -
B-Blockers (11, %) 3(27.3) 4(18.2) -
Calcium channel blokers (1, %) 1(9.1) 3 (13.6) -
Statins (1, %) 3(27.3) 1(4.5) -

Data are expressed as number or percentage or mean and (SD). ACEL: angiotensinogen-converting enzyme inhibitor;
ARB: angiotensin receptor blockade; CRP, C reactive protein; COPD, chronic obstructive pulmonary disease; eGFR,
estimated glomerular filtration rate; N, number. * p < 0.05, * p < 0.001 vs. DM—; ° p < 0.001 vs. controls (CTR).

Among the 33 patients, 5 were classified as having severe, 13 moderate, and 15 mild COVID-19.
There was no evidence of difference in the classification of severity between non-DM and DM groups,
as well as in the co-existence of other comorbidities and the use of drugs, except for antidiabetic drugs,
which was greater in DM group. DM patients were older and with a lower estimated glomerular
filtration rate (eGFR) than non-DM patients and CTR.
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Glucose levels were higher in both non-DM and DM COVID-19 patients compared with CIR
(p < 0.001) and in DM compared with non-DM patients (p < 0.001) (Figure 1a). However, in non-DM
group, glucose was higher than the cut-off point for DM diagnosis of 126 mg/dL just in three patients.
GA was higher in DM patients compared with both CTR and non-DM patients (p < 0.001). There was
no evidence of difference in the mean GA values between non-DM patients and CTR (Figure 1b).

We observed no evidence of difference between non-DM and DM groups in sRAGE, esRAGE
and cRAGE levels, and cRAGE/esRAGE ratio (Figure 1c, 1d, 1e, and 1f, respectively). Mean sRAGE
levels were higher in both non-DM and DM patients than in CTR, but the statistical significance was
reached just in DM group (p < 0.05) (Figure 1c). esRAGE concentrations were lower in both non-DM
(p <0.001) and DM (p < 0.01) groups, while cRAGE levels were higher in both groups compared with
CTR (p < 0.001) (Figure le). cRAGE/esRAGE ratio had the same trend of cRAGE (p < 0.001 for non-DM
vs. CTR and p < 0.05 for DM vs. CTR) (Figure 1f).
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Figure 1. (a) Blood glucose, (b) glycated albumin, (c) SRAGE (soluble receptor for advanced glycation
end products), (d) esRAGE (endogenously secretory receptor for advanced glycation end products),
(e) cRAGE (membrane-cleaved receptor for advanced glycation end products), and (f) cRAGE/esRAGE
ratio in COVID-19 (coronavirus disease-19) patients with and without diabetes mellitus (DM). CTR,
healthy individuals; DM-, COVID-19 patients without DM; DM+, COVID-19 patients with DM.
*p <0.05vs. CTR, ** p < 0.01 vs. CTR, *** p < 0.001 vs. CTR, °°° p < 0.001 vs. DM-.

4. Discussion

DM patients affected by COVID-19 are at high risk of acute respiratory distress, severe hypoxia,
and death [20]. In DM patients, chronically activated RAGE axis was suggested as one of the potential
mechanisms that increase the risk of developing severe COVID-19 and having a worse outcome [8,20].
In patients with DM, the high levels of AGE and other RAGE ligands can promote pro-inflammatory
and a pro-thrombotic states, endothelial cells dysfunction, and vascular leakage, thus predisposing to
further damage by SARS-CoV-2 infection [8,21,22].

It is known that any noxa affecting RAGE can also modulate the soluble forms of the receptor.
However, how SARS-CoV-2 infection, alone or in association with DM, may affect them has never been
explored before now.

We observed, for the first time, that in COVID-19 patients, sSRAGE, esRAGE, cRAGE,
and cRAGE/esRAGE ratio show a trend that seems to be independent of DM. DM patients had
higher fasting plasma glucose and GA levels, which confirm the diagnosis of DM. Although non-DM
patients have higher glucose levels than CTR, this increase was within the physiological range, except
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for three patients. GA, which is a medium-term retrospective marker of glucose metabolism (about
20 days), confirmed that patients classified as non-DM did not experience hyperglycemia prior to
admission to first aid.

sRAGE levels and its forms are known to be increased in patients with DM [4]. sRAGE
is a circulating pool composed of cRAGE, which derives from the proteolytic cleavage of the
membrane-bound RAGE, and esRAGE, a splice variant which contains just the extracellular
domains [23]. Activation of membrane RAGE promotes inflammation and upregulates inflammatory
enzymes, such as metalloproteases, that, by cleaving RAGE, increase cRAGE levels [24]. The reduced
availability of membrane RAGE and the increased levels of circulating cRAGE are considered two
important counter-regulatory mechanisms to protect against RAGE activation [25,26]. In addition to
sRAGE, DM patients have also higher serum levels of ADAM 10 (A disintegrin and metalloproteinase
10), a metalloprotease which was found to correlate with serum levels of cRAGE [27]. Considering
that the activation of a pro-inflammatory response and of counter-regulatory mechanisms that protect
against RAGE ligands are the main mechanisms affecting the levels of sSRAGE and its forms, we can
suppose that the same pathways may be activated also during SARS-CoV-2 infection. Notably,
increased levels of specific RAGE ligands have been observed in COVID-19 patients [13,14]. However,
we cannot exclude that the increased levels of cRAGE depend on the activation of other mechanisms
modulated by the virus during cell invasion, such as ACE2 downregulation. Considering sSRAGE and
its forms, we expected to observe this scenario in DM patients because it reflects the activation and
modulation of the RAGE system due to hyperglycemia and increased AGE levels. Maybe, the higher
age and the worse kidney function observed in DM patients are additional factors that can further
increase SRAGE and cRAGE, and downregulate esSRAGE levels in this group. Nevertheless, it is worth
noting that the levels of SRAGE, esRAGE, cRAGE and cRAGE/esRAGE ratio did not differ between
DM and non-DM patients, despite the co-existence of additional factors that can affect the RAGE
axis in DM group. The only slight difference between non-DM and DM patients was observed by
comparing sRAGE levels to those of CTR. In fact, in non-DM patients the rise of SRAGE levels did not
reach the statistical significance. However, the observation that the specific forms increase or decrease
significantly in both groups compared with CTR confirms the existence of the same trend. Therefore,
SARS-CoV-2 infection seems to play a major role in modulating the circulating levels of these molecules
regardless of glycemic control and other factors that can additionally affect the same pathway.

Up to now, the few data existing on RAGE and COVID-19 have just focused on the potential
pathological role of RAGE axis in lung inflammation, disease onset, and progression [8,14,21,28].
We did not explore the potential molecular mechanisms linking SARS-CoV-2 infection and changes
in the levels of SRAGE and its forms. Maybe, as previously supposed, changes in ATII levels during
infection could activate the RAGE pathway and amplify the pro-inflammatory response [9], but this
needs further investigation. Since we just focused on the soluble forms of the receptors and we
did not explore membrane RAGE and its ligand, we can not make any conclusion that confirms
or refuses the pivotal role of RAGE in worsening the clinical outcome of patients affected by DM,
as previously supposed.

Our study is of novelty because it opens to the possibility to look at sSRAGE and its forms as
potential disease biomarkers for COVID-19. We know that the circulating levels of these molecules
may be affected by different diseases [29], but the observation that the overall trend was the same
regardless of the existence of comorbidities (i.e., DM) and other confounding factors (i.e., age and
kidney function) emphasizes the potential of these molecules in the clinical management of COVID-19.

In our opinion, cRAGE/esRAGE ratio could be of particular interest as a biomarker because it
integrates the levels of the two different forms [24,30]. Being the two molecules produced by different
mechanisms [24,31], the ratio can be better than the single forms because it suggests how they can be
proportionally or disproportionally affected at the same time.

Our study has the limitation of being an observational study that includes a low number of
patients. Moreover, the small number of severe patients did not allow us to consider any potential link
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between disease’s severity and the levels of sSRAGE and its forms. No conclusion about the potential
use of these molecules as biomarkers can be drawn now, but the results encourage longitudinal studies
to further explore their role.

5. Conclusions

In conclusion, our data seem to support the hypothesis that COVID-19 can activate and modulate
the RAGE system regardless of other factors. Identifying the role of SRAGE and its forms as biomarkers,
their association to COVID-19 prognosis, and also the potential of the RAGE pathway as a therapeutic
target seem of relevance to control inflammatory burden and to help treatment of COVID-19.
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