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Link Between Immune Dysregulation in COVID-19
and Beta-Cell Dysfunction
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Abstract

Background: The increased rates of new-onset hyperglycemia dur-
ing coronavirus disease 2019 (COVID-19) illness gave reason to
assume that the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection could damage the insulin-producing pancre-
atic beta cells and also interfere with glucose metabolism. The aim of
the current study was to investigate the role of SARS-CoV-2 infection
and the related inflammation in pathogenesis of pancreatic beta-cell
dysfunction and different types of newly emerging disorders of car-
bohydrate metabolism following infection.

Methods: In the current study, 100 patients (34 males and 66 women)
were included (mean age 53.07 + 3.27 years). They were divided into
three groups: group 1 (unselected patients with active COVID-19 in-
fection; n = 32), group 2 (individuals with newly diagnosed carbo-
hydrate disorders after proven COVID-19 or post-COVID-19 group;
n = 35) and group 3 (COVID-19-negative persons with metabolic
syndrome; n = 33). Standard biochemical and hormonal and immu-
nological parameters were measured using enzyme-linked immuno-
sorbent assay (ELISA) and electrochemiluminescence immunoassay
(ECLIA) methods, as wells as some indices for assessment of insulin
secretion, and sensitivity was calculated using the corresponding for-
mula.

Results: Patients with active coronavirus infection had significantly
higher levels of hypoxia inducible factor-1 alpha (HIF-10)) compared
to the other two groups (P < 0.001) and also demonstrated higher
levels of interferon-gamma (INF)-y (P < 0.001) and human comple-
ment factor D (HCFD) (P < 0.001), compared to the post-COVID-19
group, whereas the latter had significantly higher levels of 8-epi-pros-
taglandyn F2 alpha (8-epi-PGF2a, P < 0.001). Both groups (active
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and post-COVID-19) demonstrated similar levels of cluster of dif-
ferentiation (CD)4, CDS, interleukin (IL)-7, IL-17A and IL-10 (P >
0.05). Among the individuals in the post-COVID-19 group, a positive
correlation was found between fasting glucose (r = 0.369; P < 0.05)
and glycated hemoglobin (HbA1c) levels (r = 0.510; P < 0.05).

Conclusions: The changes in immune homeostasis (during and after
recovery from COVID-19) including imbalance between pro- and an-
ti-inflammatory cytokines, along with the cellular immune response
and the complement system, are grounds to assume that in some of
the cases of newly emerging disorders in glucose homeostasis after
COVID-19, immunological disorders are present, as well as an imbal-
ance between pro- and antioxidants.

Keywords: COVID-19; Beta-cells dysfunction; Immune dysregula-
tion; New-onset carbohydrate disorders

Introduction

The increased rates of new-onset hyperglycemia during coro-
navirus disease 2019 (COVID-19) gave reason to assume that
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection could damage the insulin-producing pancre-
atic beta cells and also interfere with glucose metabolism. This
fact has set a new focus of research interest in studying poten-
tial mechanisms leading to hyperglycemia or diabetes mellitus
(DM). Literature data indicate that coronaviruses can damage
pancreatic beta cells by direct or indirect mechanisms and
cause changes in insulin synthesis, secretion and sensitivity.

SARS-CoV-2 has multidirectional effects on pancreatic
beta cells, leading to alterations in their function [1, 2]. These
include increased levels of cellular stress [3], cell death (apop-
tosis) [1, 4], beta-cell dedifferentiation and transdifferentiation
[3], as well as insulin resistance (IR) and alterations in lipid
metabolism [5, 6].

The link between SARS-CoV-2 and type 1 diabetes mel-
litus (TIDM) [7] has now been proven. COVID-19 may act
as a trigger for new-onset T1DM or accelerate its progression,
particularly in individuals with pre-existing autoimmune risk,
by damaging pancreatic islet cells (direct viral-induced beta-
cell injury) and potentially through autoimmune mechanisms
(immune-mediated damage) [8].

During the pandemic, an increase in cases of hyperglyce-
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mia, diabetic ketoacidosis (DKA), and new diagnosed T1DM
has been observed, pointing to a potential link with SARS-
CoV-2 [9-13]. Reports from the first wave of COVID-19 in
2020 indicated an increased incidence of new-onset glutamic
acid decarboxylase (GAD)-65 positive TIDM among children
and adolescents after recovery from the infection [9, 10]. Sev-
eral studies later confirmed an increase in cases of new-onset
T1DM [11, 12], including those of COVID-19-induced T1DM
presenting with hyperglycemia, DKA, low C-peptide levels,
and negative antibodies [13]. According to data from the Cent-
ers for Disease Control and Prevention in USA (2022), COV-
ID-19 is associated with a twofold higher risk of developing
T1DM among individuals aged < 18 years (hazard ratio (HR)
=2.66, 95% confidence interval CI = 1.98 - 3.56) [14].

Another mechanism proposed for potential diabetogenic
effect of the virus is based on the fact that SARS-CoV-2,
exhibiting organotropism, can also attack the islet capillar-
ies due to the increased angiotensin-converting enzyme 2
(ACE2) expression. This leads to the development of acute
pancreatitis due to virus-induced micro-occlusion in the cap-
illaries of the islets of Langerhans, with subsequent ischemia,
necrosis and insulinopenia [15]. An association between pan-
creatic thrombofibrosis and new-onset diabetes in patients
with COVID-19 has also been reported [16]. Anyway, the re-
ported cases of acute pancreatitis in the course of COVID-19
are not so numerous as to accept this etiological cause as the
leading one.

SARS-CoV-2 infection can also act as a trigger of type 2
diabetes mellitus (T2DM). A few meta-analyses [17, 18] con-
firmed that COVID-19 was associated with an increased risk
(relative risk (RR) of 1.70, 95% CI:1.32 - 2.19) of new-onset
T2DM [18], both in children and adolescents [19]. Research
has indicated that SARS-CoV-2 infection can lead to the de-
velopment of T2DM within 6 months of the diagnosis, under-
scoring the potential long-term impacts of the virus, with male
gender and infection severity substantially linked to a higher
risk of diabetes [20].

The main pathogenetic mechanisms for the emergence of
T2DM following COVID-19 include impaired insulin secre-
tion due to beta-cell dysfunction, IR, and prolonged subclini-
cal inflammation, with persistent high levels of inflammatory
cytokines contributing to the maintenance of IR and beta-cell
dysfunction [5, 6].

Investigations into the association between prediabetes
and COVID-19 are almost uncharted [21]. It is plausible that
similar COVID-19-induced changes observed in individu-
als with new-onset T2DM (new-onset or worsened beta-cell
dysfunction and IR) may also act as triggers in people with
new-onset prediabetes. An increased risk of prediabetes af-
ter COVID-19 was reported in a cohort from Nigeria (RR
= 17.55, 95% CI: 3.76 - 15.17) [22]. However, the lack of
enough standardized studies prevents general conclusions
from being drawn.

The specific COVID-19 secretome (specific cytokine pro-
file) may also alter beta-cell function and survival and induce
IR and beta-cell dysfunction, which can be transient or perma-
nent [5, 6]. All these data give reason to assume that SARS-
CoV-2 induces specific morphological and functional changes
in pancreatic beta cells, which in long term, would have an

impact on the metabolic homeostasis of the individuals with a
potential risk of future development of DM.

Aim of the study

The aim of the current study is to investigate the role of SARS-
CoV-2 infection and the related inflammation in pathogenesis
of pancreatic beta-cell dysfunction and different types of newly
emerging disorders of carbohydrate metabolism following in-
fection.

Materials and Methods

Study design

A prospective observational study was conducted in 100 hos-
pitalized participants (34 men and 66 women) at the Clinic of
Pulmonology and Phthisiology and the Clinic of Endocrinol-
ogy and Metabolic Diseases at the University Hospital “Dr.
Georgi Stranski” - Pleven, Bulgaria. In order to study the role
of basic and other poorly studied pathophysiological mecha-
nisms involved in the genesis of carbohydrate disorders and
pancreatic beta-cell dysfunction, individuals were selected
according to precisely defined criteria and divided into three
groups, and similar diagnostic, metabolic, biochemical and
hormonal aspects were studied in each of them.

Study population

The study population included three groups of patients aged
between 18 and 90 years: 1) Group 1: unselected patients with
active COVID-19 infection (32 individuals). COVID-19 di-
agnosis was made using a polymerase chain reaction (PCR)
test confirming the presence of the viral genetic material; 2)
Group 2: individuals with newly diagnosed/emerging carbo-
hydrate disorders after proven COVID-19 (post-COVID-19
group, 35 individuals). All individuals were unvaccinated and
had a history of a positive PCR test for COVID-19 at least 6
months before they were newly diagnosed with carbohydrate
disorders. They were diagnosed with T1DM, T2DM, and pre-
diabetic conditions (impaired fasting glucose (IFG) and im-
paired glucose tolerance (IGT)), as well as patients with IR
and/or hyperinsulinemia. Diagnosis of DM was made accord-
ing to the World Health Organization (WHO) criteria [23].
Prediabetic conditions (IFG, IGT) were diagnosed based on
the WHO criteria (2015) [24]. In order to study the carly stages
of disturbances in beta-cell function, individuals with labora-
tory constellation for IR and/or hyperinsulinemia, as indica-
tors for beta-cell dysfunction, were also included; 3) Group
3: persons who did not suffer from COVID-19 (COVID-19
negative), with the characteristic of metabolic syndrome (MS,
33 individuals). The diagnosis of MS was made using the In-
ternational Diabetes Federation (IDF) criteria (2009) [25, 26].

To achieve statistical reliability of the obtained results,
each group included more than 30 participants.
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Methods

All participants received a survey; anthropometric measure-
ments and basic clinical exams were also performed.

A survey is administered to all participants regarding their
age, family history of diabetes and carbohydrate disorders/
socially significant disorders, presence of diabetes or predia-
betes, its duration and treatment, concomitant diseases and
therapy for them, allergies, harmful habits, lifestyle and physi-
cal activity.

They also underwent clinical exams including basic an-
thropometric measurements (height, weight, waist circumfer-
ence, body mass index (BMI)), blood pressure measurement
and additional measures according to the case.

Laboratory tests were performed after venipuncture of the
cubital vein. Blood was collected into two tubes, and all inva-
sive procedures were performed after informed consent was
signed by the patients.

The blood were divided into two samples: 1) Venous
plasma was isolated from peripheral venous blood, taken by
venipuncture with a vacutainer with added anticoagulant (K-
EDTA) and stored at -18 °C until the study of the markers; 2)
Another tube for blood serum is centrifuged to separate the
serum, which was frozen in a refrigerator at -18 °C until the
time of performing the immunological markers.

The hormonal samples were studied by electrochemilumi-
nescence immunoassay (ECLIA), according to the methodol-
ogy of each test, on an automated analyzer. All immunologi-
cal samples, as well as the samples for some of the hormonal
studies, were investigated by enzyme-linked immunosorbent
assay (ELISA), with a multifunctional plate reader “Mithras
LB-943”, using the appropriate commercial kits.

Evaluated parameters

Standard biochemical parameters

Standard biochemical parameters included fasting plasma
glucose, glycated hemoglobin (HbAlc), lipid profile param-
eters (total cholesterol, triglycerides, high-density lipoprotein
(HDL)-cholesterol, low-density lipoprotein (LDL)-cholester-
ol), uric acid, and liver function tests (aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT)).

Hormonal parameters

Hormonal parameters measured included fasting insulin, C-
peptide, proinsulin, glucagon, golgi protein-73 (GP-73), lep-
tin, and adiponectin.

Immunological parameters

Immunological parameters included cluster of differentiation
(CD)4, CDS, interleukin (IL)-7, IL-10, IL-17A, interferon-

gamma (IFN-y), tumor-necrosis factor-alpha (TNF-a)); human
complement factor D (HCFD), 8-epi-prostaglandyn F2 alpha
(8-epi-PGF2a), nuclear factor erythroid 2-related factor 2
(NFE2L2) and hypoxia inducible factor-1 alpha (HIF-1a): 1)
CD4 and CD8 were evaluated as markers for T-helper lympho-
cyte (Th-Ly) and T-cytotoxic lymphocyte (Tc-Ly), respectively,
in assessing the cell-mediated immune response; 2) IL-7 and
IL-10 were evaluated for their function as anti-inflammatory
cytokines along with their function in maintaining immune ho-
meostasis; 3) IL-17A along with TNF-a and INF-y levels were
monitored to study the role of some potent pro-inflammatory
cytokines; 4) HCFD levels were monitored as a marker for al-
ternative pathway of complementary system; 5) 8-epi-PGF2a
and NFE2L2 were monitored as markers for oxidative stress
and antioxidant defense, respectively; 6) Serum HIF-1a levels
were followed in order to assess cellular hypoxia.

Additional indices

Additional indices included the assessments of insulin secre-
tion and sensitivity by determining surrogate insulin indices,
calculated according to corresponding the formula: 1) home-
ostasis model assessment of insulin resistance (HOMA-IR)
was used to assess IR and was calculated according to the
formula: HOMA-IR = fasting plasma glucose (mmol/L) %
fasting insulin (uWIU/mL)/22 [27]; 2) HOMA%B was used to
assess beta-cell function and was calculated according to the
formula: HOMA%B = 20 x fasting insulin (uIU/mL)/fast-
ing plasma glucose (mmol/L) - 3.5 [27]; 3) Insulin/proinsulin
ratio was used to assess beta-cell function and as a marker
for disproportionate hyperproinsulinemia. It was calculated
according to the formula: insulin/proinsulin ratio = insulin
(pmol/L)/proinsulin (pmol/L). Previously, the values of in-
sulin and proinsulin were converted into the corresponding
units of measurement, respectively, according to the formu-
las: insulin (pmol/L) = insulin (uIU/mL)/6.945; proinsulin
(pg/mL) = proinsulin (ng/mL)/6.945; 4) C-peptide/glucose
ratio was calculated as additional marker for beta-cell dys-
function according to the formula: C-peptide/glucose ratio =
C-peptide (ng/mL)/fasting glucose (mg/dL) (x 100). Previ-
ously, glucose values were converted to the corresponding
unit of measurement using the formula: glucose (mg/dL) =
glucose (mmol/L) x 18.018; 5) Adiponectin/leptin ratio was
calculated according to the formula: adiponectin/leptin ratio
= adiponectin (pg/mL)/leptin (ng/mL). Previously, adiponec-
tin values were converted to the corresponding unit of meas-
urement using the formula: adiponectin (pg/mL) = adiponec-
tin (ng/mL)/1,000. It was used as an indicator for adipocyte
dysfunction as well as for IR.

Statistical analysis

The Statistical Package for Social Sciences version 25
(SPSS-25) was used for data statistical analysis. The data
were presented in suitable tables and figures. Tests were used
to check the normality of the distribution of quantitative vari-
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Table 1. General Clinical Characteristics of the Study Population

Variable Group 1 (n =32) Group 2 (n = 35) Group 3 (n =33) All (n =100)
Age (mean) 66.71 =4.87 45.35+4.98 48.21 +4.51 53.07+3.27
Gender

Male N =18 (56.25%) N=13(37.15%) N=3(9.1%) N =34 (34%)

Female N =14 (43.75%) N =22 (62.85%) N =30 (90.90%) N =66 (66%)
Family history of DM

Yes N=7(21.88%) N =14 (40%) N =15 (45.45%) N =136 (36%)

No N =25 (78.12%) N =21 (60%) N =18 (54.55%) N = 64 (64%)
Residence

Urban N =22 (68.75%) N=25(71.43%) N =23 (69.70%) N =70 (70%)

Rural N=10(31.25%) N =10 (28.57%) N =10 (30.30%) N =130 (30%)
Smoking

Yes N=7(21.88%) N =28 (22.86%) N =10 (30.30%) N =25 (25%)

No N =25(78.12%) N=27(77.14%) N =23 (69.70%) N =75 (75%)
Sedentary lifestyle

Yes N =22 (68.75%) N=13(37.15%) N =20 (60.60%) N =55 (55%)

No N=10(31.25%) N =22 (62.85%) N =13 (39.40%) N =45 (45%)

DM: diabetes mellitus.

ables and to search for relationships between qualitative vari-
ables. Quantitative variables were expressed as mean value,
standard deviation (SD), standard error of the mean, and a
95% CI for the mean. The determined mean values and their
SDs are denoted as mean + SD. Kruskal-Wallis and Mann-
Whitney tests were used to determine statistically significant
differences. Differences at an empirical significance level of
P < 0.05 were considered statistically significant. Correlation
analysis was performed in order to search for a correlation
coefficient (r) showing an association between the variables
evaluated. Only statistically significant correlations (P <
0.05) were considered.

Ethical principles

The study is performed after receiving ethical approval from
the Ethical Commission of Medical University Pleven (Proto-
col No. 72/23.06.23). The study adhered to the ethical princi-
ples of the Declaration of Helsinki. Each person included in
the study declared their voluntary willingness to participate in
the study and gave their consent for the publication of their
deidentified clinical data by signing and dating the consent
form. The researcher also signed the informed consent, declar-
ing his obligation to comply with the ethical principles set out
in the Declaration of Helsinki. No psychological pressure was
allowed on the volunteers to sign the informed consent.

Results and Discussion

Table 1 shows the main demographic features of the popula-

tion studied. The mean age of the studied cohort is 53.07 +
3.27 years old. The oldest group is the one with active COV-
ID-19 (66.71 + 4.87 years), followed by the referent group of
COVID-19-negative subjects with MS (48.21 + 4.51 years);
and the youngest group is presented by patients with new-on-
set carbohydrate disorder following COVID-19 (45.35 +4.98
years), with significant difference between the three groups
(P<0.01).

Female predominance is most pronounced in the refer-
ent group (group 3), whereas in the other two groups, the
ratio between female and male are almost similar. Table 1
also shows data about the family history of DM, residence
smoking and sedentary lifestyle (defined as spending > 6 h
per day sitting or lying down and lacking significant physical
activity in daily life).

In Table 2, some basal parameters with influence on the
metabolic homeostasis of the studied population are present-
ed, including BMI, history of preexisting DM, newly diag-
nosed DM, as well as type of newly diagnosed carbohydrate
disorder (for individuals from group 2). Limitations of the
current data are the lack of BMI values in the group with ac-
tive coronavirus infection (group 1). Given the general clini-
cal condition of the patients at the time of hospitalization
and due to the life-threatening nature of the disease, it was
not possible to perform basic anthropometric measurements
(height and weight).

Metabolic profile of patients from group 1

The group included a total of 32 individuals with proven coro-
navirus infection confirmed by PCR. In the studied group, 16
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Table 2. Metabolic Characteristics of the Study Population

Variable Group 1 (n =32) Group 2 (n =35) Group 3 (n =33) All (n =100)
BMI

Mean - 31.91 £2.57 35.67+2.8

<18.5 kg/m? - N =0 (0%) N =0 (0%)

18.5 - 24.99 kg/m? - N =7 (20%) N =4 (12.12%)

25 -29.99 kg/m? -

30 - 34.99 kg/m? -

35 - 39.99 kg/m? -

> 40 kg/m? -
DM

Yes N =16 (50%)

No N =16 (50%)
New-diagnosed DM

Yes N=17(21.88%)

No N =25 (78.12%)
Type of carbohydrate disorder

T1DM

T2DM

IFG

IGT

IR/hyper-insulinemia

N =9 (25.72%)
N =6(17.15%)
N = 8 (22.85%)
N =5 (14.28%)

N = 19 (54.28%)
N = 16 (45.72%)

N = 19 (54.28%)
N = 16 (45.72%)

N = 8 (22.85%)
N =11 (31.43%)
N =4 (11.43%)
N =3 (8.57%)
N =9 (25.72%)

N =4 (12.12%)
N = 8 (24.24%)
N =6 (18.18%)
N =11 (33.33%)

N =11 (33.33%)
N =22 (76.76%)

N =2 (6.06%)
N =31 (93.94%)

N =0 (0%)
N =11 (33.33%)
N =4 (12.12%)
N =2 (6.06%)
N = 16 (48.48%)

N =46 (46%)
N =54 (54%)

N =28 (28%)
N =72 (72%)

BMI: body mass index; T1DM: type 1 diabetes mellitus; T2DM: type 2 diabetes mellitus; IFG: impaired fasting glucose; IGT: impaired glucose toler-

ance; IR: insulin resistance; DM: diabetes mellitus.

individuals (50%) had DM. In seven of them (21.88%), hy-
perglycemia was registered (three women and four men) dur-
ing hospitalization, so they were newly diagnosed with T2DM
according to WHO diagnostic criteria for DM. The remaining
nine individuals (28.12%) had already been diagnosed with
T2DM (three women and six men). Of these, only one (3.13%)
was on insulin treatment at the time of hospitalization, while
the remaining eight (25%) were on non-insulin therapy includ-
ing sulfonylurea (SU), metformin, sodium-glucose cotrans-
porter 2 (SGLT-2) inhibitors and glucagon-like peptide-1 re-
ceptor analogues (GLP-1 RA).

Metabolic profile of patients from group 2

The group included a total of 35 individuals with newly emerg-
ing carbohydrate disorders after a coronavirus infection. In the
studied group, 19 individuals (54.28%) had newly diagnosed
DM. Eight of them were diagnosed with T1DM, including la-
tent autoimmune diabetes in adults (LADA, 22.85%), while
the remaining 11 individuals (31.43%) were diagnosed with
T2DM. Prediabetes as IGT was found in three individuals
(8.57%), and IFG in four subjects (11.43%). The remaining
nine individuals, who were normoglycemic (25.72%), had data
for basal and/or stimulated hyperinsulinemia and IR (Fig. 1).
All patients, except those with TIDM, had higher BMI

values > 30 kg/m2. According to the type of carbohydrate
disorder and the mean BMI values in the corresponding sub-
group, the distribution of the patient was made and analyzed.
As expected, the subgroup of individuals with TIDM report-
ed mean BMI values within the normal body weight range
(23.63 kg/m?). The highest mean BMI values were reported
in the subgroup of individuals with T2DM (36.64 kg/m?) and
those with evidence of IR and/or hyperinsulinemia (36.89 kg/
m?). Patients with IFG and IGT demonstrated quite similar
values of mean BMI (32.75 kg/m? and 33.33 kg/m?, respec-
tively) (Table 2).

Metabolic profile of patients from group 3

This group consisted of 33 individuals who had not suffered
from COVID-19 and were pre-selected with the characteris-
tic of MS according to IDF criteria. Of these, 11 individuals
(33.33%) had the diagnosis of T2DM, and only two of them
(6.06%) were newly diagnosed. The remaining individuals had
preadiabetes, including two with IFG (6.06%), four with IGT
(12.12%) and the remaining normoglycemic 16 (48.48%) had
data for basal and/or hyperinsulinemia and IR.

When we evaluated the BMI in the different subgroups
(according to the present disorder), it was notable that all in-
dividuals had increased BMI values of > 30 kg/m2. The sub-
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Group 2

35%

30%

25%

TiDM T2DM

20%
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10%
-
0%

IFG

IGT IR

Figure 1. Distribution of the patients from group 2 (post-COVID-19 group) according to the type of carbohydrate disorder. T1DM:
type 1 diabetes mellitus; T2DM: type 2 diabetes mellitus; IFG: impaired fasting glucose; IGT: impaired glucose tolerance; IR:

insulin resistance; COVID-19: coronavirus disease 2019.

group of individuals with IFG had the highest BMI (41 kg/m?),
followed by those with T2DM (BMI: 38.45 kg/m?), which was
also higher than the average BMI for the entire group (33.67
kg/m?). Normoglycemic individuals with IR demonstrated the
lowest BMI (32.69 kg/m?), compared with those with T2DM
and IFG, while those with IGT demonstrated similar levels
(33.5 kg/m?) (Table 2).

Lipid profile

Lipid profile parameters were also evaluated and analyzed in
all three groups with similar metabolic characteristics (Table
3). Interestingly, the patients with active COVID-19 demon-

strated higher levels of serum triglycerides and LDL-choles-
terol compared to the post-COVID-19 group and group with
MS. Similar in those groups, the lowest levels of HDL-choles-
terol were registered.

In contrast, the group with MS demonstrated higher lev-
els of uric acid, whereas the active COVID-19 group had the
lowest levels. Across all groups, individuals with diabetes ex-
hibited higher uric acid levels compared to non-diabetic coun-
terparts from the corresponding group.

As expected, patients with active coronavirus infection
demonstrate higher levels of AST and ALT (Table 3). Similar
to our findings, many authors have reported elevated levels
of liver aminotransferases, and in particular AST and ALT, in
patients with COVID-19 [28, 29]. Significantly higher levels

Table 3. Standard Biochemical Parameters (Lipid Profile, UA and Liver Function Test) of the Study Population

Variable (mean + SD) Group 1 (n =32) Group 2 (n =35) Group 3 (n =33) P value
Lipid profile parameters

TC (mmol/L) 4.00+1.11 4.87 +£1.46 4.89+1.14 <0.05*

< 0.05%%**

TG (mmol/L) 2.05+0.86 1.88+0.84 1.90 +0.82 NS

LDL-C (mmol/L) 3.23+0.93 3.10+1.37 3.19+0.96 NS

HDL-C (mmol/L) 0.72 £ 0.24 0.96 +0.38 0.87 +0.23 <0.05%*
UA (umol/mL) 367.79 £ 159.0 398.23 £101.58 416.31 +£101.37 < 0.05%**
Liver function test

AST (IU/L) 32.72 +30.52 20.13+£13.73 24.50 +19.35 NS

ALT (IU/L) 34.77 +26.54 34.34+45.74 26.09 +20.81 NS

GGT (IU/L) 106.78 £ 199.04

NS: no significance; P < 0.05 indicates a statistically significance difference. *P < 0.05: statistically significant difference between group 1 and group
2; **P < 0.05: statistically significant difference between group 2 and group 3. ***P < 0.05: statistically significant difference between group 1 and
group 3. SD: standard deviation; TC: total cholesterol; TG: triglycerides; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein
cholesterol; UA: uric acid; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT. gamma-glutamyl transferase.
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Table 4. Immunological and Other Parameters Evaluated Among the Study Population

Variable (mean + SD) Group 1 (n =32) Group 2 (n =35) Group 3 (n =33) P value
CD4 (ng/mL) 8.65+2.07 8.24 £3.18 4.41+1.30 P <0.05%**
CDS8 (ng/mL) 18.70 £4.21 24.45+ 827 31.08 +7.73 NS
IL-7 (pg/mL) 36.70 4.2 3438+ 11.71 55.22 +10.52 P <0.05%*
P < (.05%**
IL-10 (pg/mL) 4.54+1.84 3.45+1.48 2.99 £0.45 NS
IL-17A (pg/mL) 29.44 +1.90 30.26 +5.23 40.45 + 12.62 P < 0.05%*
IFN-y (pg/mL) 12.23 £1.29 5.90 + 1.51 14.90 + 2.09 P <0.05%*
P < 0.05%%**
TNF-a (pg/mL) 117.09 +30.13 129.09 + 40.17 86.36 + 25.82 NS
HCFD (ng/mL) 8,027.77 +5,178.25 966.18 +700.37 34,611.23 +10,086.35 P<0.05*
P <0.05%*
P <0.05%**
8-epi-PGF2a (pg/mL) 46.74 +3.91 62.64 + 8.47 85.81 + 28.41 P <0.05%
P <0.05%*
P <0.05%**
NFE2L2 (pg/mL) 229.21 +£26.27 24591 +£95.33 220.42 + 38.32 NS
HIF-1a (pg/mL) 1,321.51 £474.21 358.76 + 164.45 558.87 £ 168.36 P<0.05%
P <0.05%*
P <0.05%**

NS: no significance; P < 0.05 indicates statistically significance difference. *P < 0.05: statistically significant difference between group 1 and group 2;
**P < 0.05: statistically significant difference between group 2 and group 3; ***P < 0.05: statistically significant difference between group 1 and group
3. SD: standard deviation; CD: cluster of differentiation; IL: interleukin; IFN-y: interferon-gamma; TNF-a: tumor-necrosis factor-alpha; HCFD: human
complement factor D; 8-epi-PGF2a: 8-epi-Prostaglandyn F2 alpha; NFE2L2: nuclear factor erythroid 2-related factor 2; HIF-1a: hypoxia inducible

factor - 1 alpha.

were reported in severely and critically ill patients [30].

In the present study, a positive correlation was found be-
tween AST levels and one of the pro-inflammatory cytokines
IL-17A (r=0.397; P<0.05) in individuals with active infection
(group 1). Similarly, Effenberger et al reported a correlation
between serum levels of AST and another pro-inflammatory
cytokine, IL-6 [31]. Another positive correlation (r = 0.514;
P < 0.05) was found between the levels of ALT and IL-17A
in group 1. Those findings are reasons to assume that IL-17A
is one of the main participants in the process of liver involve-
ment and damage during the course of the infection, along with
other pro-inflammatory molecules.

Gamma-glutamyl transferase (GGT) levels were also
monitored in the study population, particularly in group 1,
where the average level was 106.78 IU/L. Elevated levels
(GGT > 35 IU/L) were observed in nine individuals (28%).

Immunological parameters

To study the changes in post inflammatory immune response
during and following SARS-CoV-2 infection, and the conse-
quence - especially those affecting glucose homeostasis - the
levels of some of the pro-inflammatory cytokines, for which
there is evidence that they participate in the pathogenesis of

the so-called “cytokine storm”, as well as some with a less
thoroughly studied role, were evaluated (Table 4).

Analysis of the cellular-mediated immune response

The mean levels of CD4, a marker for Th-Ly subpopulations
and the immune response mediated by them, were evaluated in
the studied population. The highest levels were observed in indi-
viduals with active COVID-19, which were comparable to those
observed in the post-COVID-19 group. There was a significant
difference between the levels in subjects with active infection
(group 1) and those without disease (group 3) (P=0.001), where
the lowest levels were detected. Thess findings suggest that
there is an activation of Th-Ly-mediated immune response in
the acute phase, which persists following COVID-19.

CD8 is evaluated as a marker for Tc-Ly subpopulations
and the immune reactions with their active participation. The
results showed that its levels were the highest in the COVID-
19-negative group, followed by the post-COVID-19 group
with newly emerging carbohydrate disorders (group 2), and
the lowest was found in people with active coronavirus infec-
tion (group 1), with no statistically significant differences be-
tween the three groups (P =0.110). The lowest levels of Tc-Ly
marker CD8 suggest virus-induced suppression of the Tc-Ly
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during the active stage of the infection, with subsequent recov-
ery in the convalescent period.

The answer to the question of the extent to which virus-in-
duced changes in the T-cell-mediated immune response can be
associated with glycemic disorders is provided by the results
of the correlation analysis.

A positive assocciation was found in all three groups be-
tween CD4 and CDS levels, with the strongest found in group
1 (r=0.899; P < 0.05), followed by group 2 (r = 0.789; P <
0.05). The same was found in group 3 (r = 0.799; P < 0.05).
This is not surprising, given the complex intercellular interac-
tions between immune cells that have been observed in the
context of SARS-CoV-2 infection, and once again it confirms
the observation that immune responses potentiate each other
and even persist, maintaining a chronic subclinical inflamatory
state, which is main characteristic of the MS.

Analysis of pro- and anti-inflammatory cytokines

Levels of some cytokines are also followed - some with pro- or
anti-inflammatory roles, and others well known for their major
role in immunomodulation.

TNF-0, as a major cytokine with pleiotropic properties,
well known modulator of pro-inflammatory immune reactions,
as well as one of the main components of the cytokine storm
observed in COVID-19 [32], was evaluated in selected popu-
lation, and no significant differences were found between the
three groups (P = 0.126). Anyway, higher levels were regis-
tered among individuals in the post-COVID-19 group (group
2), and they were similar to those in individuals with active
infection group (group 1), which is a reason to assume its role
in the genesis of both acute and chronic subclinical inflamma-
tion. The lowest values of TNF-a were registered in the refer-
ence COVID-19-negative group (group 3).

Another potent cytokine, often considered a key effector
of immunity, [FN-y, was also monitored in our study. Known
for its major role in activation of cell-mediated immune re-
sponse (macrophages, natural killer (NK) cells), IFN-y is also
considered one of the major and key components of the cy-
tokine storm [32, 33]. Looking at the levels of INF-y in the
three groups, it is interesting that subjects in group 3 had the
highest levels of INF-y, which were close to those observed in
the acute phase (group 1), with no significant difference found
between the two groups (P = 0.142). All this suggests that
IFN-y is potentiating and maintaining chronic inflammation in
MS, and probably during SARS-CoV-2 infection.

When comparing IFN-y levels between the two COVID-
19-related groups (active COVID-19 (group 1) and post-COV-
ID-19 (group 2)), it turned out that higher levels were found in
the acute phase and lower in the post-COVID-19 phase. Inter-
estingly, subjects in group 2 had significantly lower levels of
INF-y, compared to those in group 1 (P < 0.001) and group 3
(P<0.001).

In contrast to our observations, Montefusco et al found
statistically significant (P = 0.0061) higher INF-y levels in the
post-COVID-19 group compared to the active COVID-19 one
[5]. A possible reason may be the fact that individuals from our

group 2 were strictly selected, according to additional crite-
ria - having previously been infected with SARS-CoV-2, with
newly emerging carbohydrate disorders. This is the reason to
assume that lower levels of INF-y, a key modulator of the im-
mune response, may be linked to the pathogenesis of those
new-onset disorders in glucose metabolism.

IL-7, a hematopoietic growth factor, is one of the most
widely studied cytokines. It plays a central, key role in main-
taining immune homeostasis, regulating the development,
differentiation, and survival of a number of immune cells.
Maintaining optimal IL-7 levels is critical for a normal im-
mune response, as both deficiency and elevated levels can
cause some severe immune deficiencies or be associated with
the pathogenesis of some autoimmune diseases and leukemias
[34, 35]. When comparing its levels in the three groups, it was
observed that individuals from groups 1 and 2 demonstrated
similar results (P = 0.005). These results give reason to as-
sume that immune homeostasis is disrupted in both active and
asymptomatic post-COVID-19 phase. The highest levels were
found among individuals with MS, which differed significant-
ly from those observed in group 2 (P < 0.001) and group 1 (P
< 0.001). Anyway, all patients demonstrated increased serum
IL-7 levels (42.25 £ 5.79 pg/mL), reflecting immune dysregu-
lation associated with both acute and chronic inflammation
observed in COVID-19 and MS.

An interesting relationship was found between INF-y and
IL-7 among COVID-19-related groups. In the group with ac-
tive infection (group 1), along with the post-COVID-19 group
(group 2), a positive correlation was observed between INF-y
and IL-7 levels, which was weaker in group 1 (r = 0.462; P <
0.05) and stronger among individuals from group 2 (r = 0.609;
P < 0.05). This is another evidence that there is a crosstalk
between the immune cells and cytokines during the course and
after the disease.

To study the role of anti-inflammatory immune reaction in
the course of the disease and after, levels of IL-10, a potent anti-
inflammatory cytokine playing an essential and often crucial
role in preventing inflammatory and autoimmune reactions [36],
were monitored. Our findings were quite similar to those report-
ed in the literature [36, 37]. Patients with active SARS-CoV-2
infection (group 1) demonstrated higher levels, compared to the
post-COVID-19 group (group 2). It can be assumed that there is
a recovery of its levels. The reference group with MS (group 3)
demonstrated the lowest levels, with no statistically significant
differences observed between the three groups (P = 0.94).

Levels of IL-17A, another pro-inflammatory cytokine,
were followed too. It is known for its important role in initiat-
ing and maintaining a potent immune inflammatory response
in a number of diseases, including COVID-19 [38, 39]. Similar
values were observed in both groups 1 and 2, without signifi-
cant difference between them (P = 0.023). However, statisti-
cally significant differences (P = 0.001) were found between
the mean values of IL-17A in groups 2 and 3, with individuals
in group 3 having the highest levels. Elevated levels in indi-
viduals with MS could be interpreted as a reflection of sub-
clinical inflammation accompanying the condition. Namely,
the reduced levels during the active phase of infection (group
1), as well as after recovery (group 2), are grounds to assume
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that the SARS-CoV-2 virus interferes with immune regulation,
causing lasting immune suppression, both in the acute and sub-
sequent convalescent phases of the disease.

Analysis of the complement system

It is assumed that over-activation of the tightly controlled com-
plement system triggers immune and inflammatory pathways
that, in addition to exacerbating inflammation, also lead to en-
dothelial damage and hypercoagulation, which in turn leads to
a vicious cycle of further complement activation and damage
[40-42].

To study the role of the complement system in the patho-
genesis of new-onset carbohydrate disorders and beta-cell dys-
function following COVID-19, serum levels of HCFD were
monitored. Analysis of the mean levels of HCFD showed that
there were statistically significant differences between all the
three groups (P < 0.001), with individuals in group 2 demon-
strating lower levels compared to those in group 1. It can be
assumed that in the active phase of COVID-19, an inflamma-
tory response with the participation of complement occurs,
which is not so pronounced in the convalescent period (group
2), where it is most significantly suppressed. The lowest levels
observed in the post-COVID-19 group could also be interpret-
ed as a reflection of the exhausted complement activity during
the active inflammatory state.

An additional comparison was made between the inflam-
matory markers in subgroups with or without DM belonging
to group 1 (active COVID-19) and group 2 (post-COVID-19)
to investigate the role of diabetes and the associated immune
dysfunction during and after the SARS-CoV-2 infection (Fig.
2). As shown by the data, patients with DM in both the active
COVID-19 and post-COVID-19 groups demonstrated higher
mean levels in almost all of the evaluated immunological mark-
ers. A statistically significant difference was found between non-
diabetic patients for IL-7 (P = 0.029) and IL-17A levels (P =
0.019), whereas both diabetic and non-diabetic patients showed
a significant difference in INF-y levels (P <0.001). HCFD levels
significantly differed between diabetic subgroups (P = 0.014)
but not in non-diabetics. This is the reason to conclude that both
the virus and diabetes, as the terrain on which the disease occurs,
act synergistically towards excessive activation of the immune
system and subsequent dysregulation.

Monitoring of oxidative stress and antioxidant defense,
along with hypoxia

To study the potential role of oxidative stress and hypoxia dur-
ing and after the disease, some oxidative stress and antioxidant
defense indicators were monitored in both the acute phase of
the disease and in the asymptomatic phase (Fig. 3).

Analysis of oxidative stress

8-epi-PGF20, as a marker of oxidative stress and lipid per-

oxidation [43], was evaluated; and the lowest values were
recorded during the acute phase of infection (group 1), with
a subsequent significant increase (P < 0.001) observed in the
convalescent period (group 2). The highest values were found
among individuals with MS (group 3), which differed signifi-
cantly from the other two groups (P < 0.05). Based on this,
it can be concluded that the oxidative stress that arise during
the active phase of coronavirus infection not only persists, but
also worsens after recovery, especially among individuals with
newly emerging disorders in glucose metabolism. Among in-
dividuals with MS, however, the levels of oxidative stress are
significantly higher (P < 0.05), which can be explained by the
underlying subclinical inflammation and its duration. Similar
levels were detected among both diabetics and non-diabetics
from all the three groups (P> 0.05), but statistically significant
difference was found between the separate subgroups (diabet-
ics (P=0.011) and non-diabetics (P = 0.025)) among individu-
als from groups 1 and 2 (Fig. 3).

Analysis of antioxidant response

To investigate the antioxidant defense, mean levels of NFE2L2
were monitored. Considered one of the main protectors against
oxidative stress, NFE2L2 plays an essential role in antioxidant
protection of cells during COVID-19 [44]. Similar levels were
found between the three studied groups, with no statistically
significant difference between them (P = 0.167). However, the
highest values were recorded among individuals from post-
COVID-19 group (group 2), supporting the hypothesis of its
protective role during the recovery period. Lower levels were
found among individuals with active SARS-CoV-2 infection
(group 1). All of this suggests that the massive viral invasion
exhausts its protective capacity. The lack of antioxidant pro-
tection in patients with pre-existing DM is a manifestation of
an exhausted antioxidant response involving NFE2L2. Inter-
estingly, diabetic patients from group 2 demonstrated higher
levels than non-diabetics from the same group, whereas no
such difference was observed in group 1; in any case, no sta-
tistically significant difference was found (P > 0.05) (Fig. 3).
This suggests that hyperglycemia causes oxidative stress per
se, and the increase in NFE2L2 levels could be a manifesta-
tion of an antioxidant response with still preserved antioxidant
capacity, as the hyperglycemia is still of short duration.

A moderately strong positive correlation was found be-
tween the levels of NFE2L2 and the pro-inflammatory cy-
tokine IL-17A (r = 0.367; P < 0.05) in group 2, giving reason
to assume that one of the main mechanisms of antiviral and an-
tioxidant protection of NFE2L2 may be its counteraction of the
effects mediated by IL-17A (a product of Th17-Ly and Tc-Ly).

Analysis of cellular hypoxia and its consequences

Serum levels of HIF-la were monitored to follow virus-in-
duced cellular hypoxia and its role in the development of the
cell-mediated inflammatory response, as well as in the patho-
physiological changes in blood glucose, insulin secretion and
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Figure 2. Immunological parameters (mean values) in patients with DM (DM+) and without DM (DM -) in patients from group 1
(active COVID-19) and group 2 (post-COVID-19 with new-onset carbohydrate disorders). The blue star indicates a statistically
significant difference (P < 0.05) between the two subgroups (DM+ and DM-). CD: cluster of differentiation; IL: interleukin; IFN-y:
interferon-gamma; TNF-a: tumor-necrosis factor - alpha; HCFD: human complement factor D; DM: diabetes mellitus; COVID-19:

coronavirus disease 2019.

sensitivity. HIF-1a is known as a master regulator of the cel-
lular and systemic homeostatic response to hypoxia, activating
the transcription of many genes, including those involved in
energy metabolism, angiogenesis, apoptosis, and others whose
products increase oxygen delivery or facilitate metabolic adap-
tation to hypoxia [45, 46].

As expected, higher HIF-1a levels were registered in the
active SARS-CoV-2 infection group (group 1) with a signifi-
cant difference (P < 0.001) compared with that from the post-
COVID-19 group (group 2). Our data are consistent with the
study of Tian et al [47], who also found that HIF-1a levels
were significantly elevated during SARS-CoV-2 infection.
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Figure 3. Oxidative stress, antioxidant defense and hypoxia indicators (mean values) in patients with DM (DM+) and without
DM (DM-) in patients from group 1 (active COVID-19) and group 2 (post-COVID-19 with new-onset carbohydrate disorders).
The blue star indicates a statistically significant difference (P < 0.05) between the two subgroups (DM+ and DM-). 8-epi-PGF2a:
8-epi-prostaglandyn F2 alpha; NFE2L2: nuclear factor erythroid 2-related factor 2; HIF-1a: hypoxia inducible factor-1 alpha; DM:

diabetes mellitus; COVID-19: coronavirus disease 2019.

They concluded that it was the virus that induced an increase
in HIF-1a levels, which in turn exacerbated viral infection and
inflammatory response. Da Silva et al [48] suggested that pro-
longed or dysregulated activation of HIF-1a was a key driver
of systemic inflammation, silent hypoxia, and pathological tis-
sue remodeling in both the acute and post-acute phases of the
disease and may contribute to chronic dysfunctions associated
with the post-acute COVID-19 syndrome (PACS). They also
pointed out the possible dual role of HIF-1a, which may ei-
ther aggravate inflammatory responses and viral persistence or
promote adaptive mechanisms that reduce cellular damage, all
depending on the dynamic adaptation of the body to an oxygen
deprivation [48, 49].

The highly elevated levels of HIF-1a in the acute phase of
infection highlight its role as a critical regulator in the body’s
response to hypoxia and viral infection. The lowest values,
found in recovered individuals with new-onset carbohydrate
disorders, with no significant difference between diabetics and
non-diabetics, raise the question of whether it plays a role in
the genesis of these disorders.

The increased levels of HIF-la among diabetics from
all three groups confirm the reported data on dysregulation
of HIF-1a in conditions of hyperglycemia. It has been found
that the diabetogenic microenvironment suppresses the cellu-
lar response mediated by HIF-1la (the so-called HIF-1/HRE
response) and thus negatively interferes with the adaptive cel-
lular mechanisms occurring in hypoxia. This leads to reduced
production of various growth factors, such as vascular cell ad-
hesion molecule (VCAM), and impaired cell migration [50].

Regarding the relationship with pancreatic function, most
data suggest that there is a bidirectional regulation between
beta-cell function and HIF-1a. It has been shown that a slight
increase in HIF-1a is beneficial for beta-cell function and glu-
cose tolerance, but high levels are detrimental to their func-
tional state [51].

Levels of HIF-1a differed statistically among individuals
with diabetes (P = 0.001) and without diabetes (P = 0.027) in
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both active COVID-19 group (group 1) and post-COVID-19
group (group 2).

When evaluating differences in HIF-1a levels among in-
dividuals in group 2 according to the type of carbohydrate dis-
order, some differences were found. Significantly, higher aver-
age levels were detected in individuals with TIDM (589.83 =
896.98 pg/mL), which were even higher than the average for
the entire group 2. Next were the individuals with IGT (541.83
+314.31 pg/mL) and IFG (462.51 +396.79 pg/mL), who dem-
onstrated similar levels. The lowest values were reported in
the subgroup of individuals with IR and/or hyperinsulinemia
(169.86 + 135.71 pg/mL) and T2DM (257.6 + 183 pg/mL).

All these findings indicate that hypoxia and the subse-
quent activated intracellular signaling pathways, with the ac-
tive participation of HIF-1a, play a role in the occurrence of
carbohydrate disorders. The significantly lower levels in this
group suggest that persistent hypoxia, even at the cellular lev-
el, could have an impact on beta-cell function.

Glycemic and hormonal parameters

In order to investigate the influence of SARS-CoV-2 infection
and the following disturbances in glucose metabolism, major
glycemic parameters and hormones involved in glucose home-
ostasis were monitored in the patients of each group (Table 5).

Fasting plasma glucose levels were evaluated in individu-
als with active coronavirus infection (group 1) prior to starting
glucocorticoid (GCS) therapy. The highest values were found
among individuals in group 2, followed by those in group
1, and the lowest values were found in individuals in group
3. Statistically significant differences were found between
groups 1 and 3 (P <0.001), as well as between groups 2 and 3
(P=0.039).

These data were not surprising, given the fact that only
50% (n = 16) of the patients in group 1 were diabetic. The
average fasting blood sugar level among individuals with dia-
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Table 5. Evaluated Glycemic and Hormonal Parameters Among the Studied Population

Variable (mean + SD) Group 1 (n=32) Group 2 (n = 35) Group 3 (n=33) P value
Fasting glucose (mmol/L) 7.37+1.81 7.64+3.7 5.69+1.76 P <0.05%*
P < 0.05%%**
HbAlc (%) 6.33 +£0.83 8.00 +2.69 7.04+14 NS
Insulin (uIU/mL) 26.19 +16.52 20.11+19.5 31.86 +62.38 NS
C-peptide (ng/mL) 1.21+1.21 1.54+£1.29 0.41+£0.61 P <0.05%*
P <0.05%**
Proinsulin (pg/mL) 56.03 +34.14 41.55+39.98 54.22 +52.37 NS
Glucagon (pg/mL) 6,456.68 +£2,391.16 5,403.88 +1,999.43 8,152.59 + 1,492.96 P <0.05%*
P <0.05%**
GP-73 (ng/mL) 20.78 £9.7 42.39 +£20.34 4891 £26.15 P<0.05*
P < 0.05%**
Leptin (ng/mL) 20.25 +£26.30 32.14 +25.69 52.02 +34.59 P<0.05*
P <0.05%**
Adiponectin (pg/mL) 23.53+3.92 25.03+1.84 25.87 +0.60 NS

NS: no significance; P < 0.05 indicates statistically significance difference. *P < 0.05: statistically significant difference between group 1 and group 2;
**P < 0.05: statistically significant difference between group 2 and group 3; ***P < 0.05: statistically significant difference between group 1 and group
3. SD: standard deviation; HbA1c: glycated hemoglobin; GP-73: golgi protein-73.

betes (n = 16) was 7.79 mmol/L, while among individuals with
newly diagnosed diabetes (n = 7), it was lower (6.86 mmol/L).
In 14 individuals (43.75%) in the group, blood glucose levels
> 7.0 mmol/L were observed, while only two of them (6.25%)
had levels > 11.1 mmol/L. In contrast, our study found stress
hyperglycemia (fasting blood glucose (FBG) > 7.8 mmol/L,
HbAlc < 6.5% in patients without pre-existing DM) in only
four (12.5%) of all cases in group 1 (Fig. 4).

The bidirectional relationship between coronavirus in-
fection and hyperglycemia has been confirmed by a number
of studies [52-55]. There is ample evidence supporting the ob-
servation that hyperglycemia is an independent risk factor for
more severe disease, the development of complications during

Group 1

= DM pre-existing = DM new onset

® non-DM ® non-DM

Group 2

O ¢

= DM pre-existing

the course of infection, and death [52]. Not only hyperglycemia
on admission [56] but also fluctuations in glucose levels during
hospitalization [57] influence the severity, course and outcome
of the disease. On the other hand, COVID-19 is associated with
new-onset diabetes and hyperglycemia even in patients without
preexisting disturbances in glucose metabolism [6].

In the post-COVID-19 group with newly developed car-
bohydrate disorders (group 2), the average blood glucose level
was 9.43 mmol/L in diabetics, and 5.21 mmol/L in non-diabet-
ics, respectively. In 11 patients (31.43%), blood glucose levels
> 7.0mmol/L were found, while only five (14.28%) had levels
> 11.1 mmol/L.

Among the individuals in the group, a week positive corre-

Group 3

= DM new onset = DM pre-existing = DM new onset

= non-DM

Figure 4. Distribution of the patients according to the diagnosis of DM and its duration among the three groups. DM: diabetes

mellitus.
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lation was also found between the levels of blood glucose and
IL-10 (r=10.369; P < 0.05). A similar correlation was found by
Da Porto et al [58] among individuals with active coronavirus
infection. They reported that patients with stress hyperglyce-
mia, measured by stress hyperglycemia ratio (SHR) > 1.14,
had significantly higher plasma insulin, HOMA-IR, and IL-10
levels.

In the reference group of individuals with MS (group 3),
the average fasting glucose level was 7.16 mmol/L in the dia-
betics, and 4.96 mmol/L in the non-diabetics, respectively. In
only four (12.12%) of all patients, values > 7.0 mmol/L were
found, while in only one (3.03%), fasting glucose levels > 11.1
mmol/L were recorded.

HbAlc levels were also monitored, with the highest val-
ues been found among individuals from group 2, followed by
those from group 3, and the lowest values in individuals from
group 1. Statistically significant differences were not found
between the individual groups (P = 0.162). A likely reason
for the discrepancy between the values of fasting glucose and
HbA 1c between the groups is the small number of individuals,
in whom HbA 1¢ was tested, especially in group 3 (n=12).

In group 1, a total of 16 individuals (50%) of all those
studied had DM, and it was pre-existing in only nine of them
(28.13%). The remaining seven individuals (21.87%) had
newly diagnosed diabetes (four women and three men, respec-
tively) (Fig. 4).

The average value of HbAlc among diabetics in group 1
was 6.55%, while in non-diabetics, it was 5.56%. Among in-
dividuals with newly diagnosed diabetes, the value of HbAlc
was slightly higher than the average for diabetics in general
(6.66%). Average levels of hemoglobin were within the nor-
mal reference range (117.07 g/L and 147.75 g/L), which gives
reason to assume that the relatively low levels of HbAlc are
due to impaired glycation processes in the context of corona-
virus inflammation.

Increased mortality was reported among individuals with
new-onset diabetes during hospitalization for coronavirus in-
fection (HR: 9.42; 95% CI: 2.18 - 40.7) compared to those
with hyperglycemia alone [54]. Our findings support this hy-
pothesis, as there were two deaths in our cohort, both in pa-
tients with newly diagnosed diabetes.

Individuals from group 2 were pre-selected according to
criteria including newly occurring disorders in glucose metab-
olism without a history of such, before suffering from corona-
virus infection. The diagnosis of newly diagnosed diabetes was
made in 19 individuals (54.28%) from group 2 (10 women and
nine men, respectively). And eight of them (17.14%) were di-
agnosed with T1DM, including LADA, the remaining 11 indi-
viduals (34.43%) were diagnosed with T2DM. Among the rest
of the patients, four (11.43%) were diagnosed with IFG and
three (8.57%) with IGT, while the remaining nine (25.71%)
were categorized as patients with IR and/or hyperinsulinemia
with normoglycemia (Fig. 4).

The average value of HbA 1¢ among diabetics in the group
was 9.16%, while in the non-diabetic patients, it was 5.35%.
Interestingly, a positive moderately strong correlation between
HbA1c and IL-10 levels (r = 0.510, P < 0.05) was also found
in the group.

In group 3, DM was detected among 11 of the individu-
als (33.33%), and only two of them (6.06%) were newly di-
agnosed. The average HbAlc level was 6.8% in this group,
compared with 5.9% in the others.

As seen, individuals with DM in group 3 demonstrated
the best glycemic control compared to diabetics from the other
groups. This is partly explained by the fact that most of them
are undergoing some treatment, and there is also no influence
of SARS-CoV-2 infection.

Glucagon

Glucagon levels were monitored to assess pancreatic alpha
cells. When examining glucagon levels in the three groups, the
highest levels were found in the non-COVID-19 group (group
3) and the lowest levels in the post-COVID-19 one (group 2).
Individuals with active coronavirus infection (group 1) dem-
onstrated intermediate levels, which were higher than those
in group 2, although no significant difference was found (P =
0.068). There was a statistically significant difference between
groups 1 and 3 (P =0.003), as well as between groups 2 and 3
(P <0.001). It is well known that in T2DM, reduced beta-cell
function, leading to insufficient insulin secretion, is indeed ac-
companied by increased glucagon secretion, thereby contrib-
uting to the hyperglycemia characteristic [59]. The registered
increased levels of glucagon among individuals from the two
COVID-19-related groups suggest that virus-induced inflam-
mation may affect glucagon secretion, damage alpha cells, and
thereby interfere with glucose homeostasis.

Insulin and C-peptide

In order to assess pancreatic beta-cell function, serum levels
of insulin and C-peptide were followed among individuals
from each group. When examining fasting insulin, the highest
levels were found in the reference group with MS (group 3),
whereas the lowest levels were found in the post-COVID-19
group with new-onset disorders (group 2). Patients with active
coronavirus infection (group 1) also demonstrated higher lev-
els compared to those who had recovered, with no significant
difference been found between the three groups (P =0.159).

Interestingly, among all three groups, there is evidence of
basal hyperinsulinemia, most pronounced among the group of
individuals with MS. This, together with the data on increased
glucagon production, in an analogous manner among all three
groups, gives reason to assume that there is an overproduction of
the major hormones produced by the main pancreatic cell type.

Following C-peptide levels among the study population,
the highest values were observed in group 2 (post-COVID-19),
followed by individuals with active coronavirus infection
(group 1), and the lowest was observed in the reference group
with MS (group 3). Statistically significant differences were
found between groups 1 and 3 (P =0.001), as well as between
groups 2 and 3 (P < 0.001), but not between groups 1 and 2 (P
> (0.05) where similar values were observed.

A probable reason for the dissonance observed between
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insulin and C-peptide levels, especially pronounced among
individuals in group 3 (COVID-19-negative with MS), could
be explained by impaired insulin clearance among those with
obesity and metabolic dysfunction-associated fatty liver dis-
ease (MAFLD) [60, 61]. Given the fact that MAFLD is a com-
mon hepatic manifestation of MS, and MS is the main charac-
teristic of all individuals in this group, it is possible to assume
that it is the reduced insulin clearance in patients with MAFLD
that accounts for the increased levels among some individuals.
Dissonance between insulin and C-peptide levels was also
observed in individuals with newly emerging carbohydrate dis-
orders following previous SARS-CoV-2 infection (group 2). In
these cases, the differences are not so pronounced, but the afore-
mentioned disorders in insulin clearance, which are specific to
the individual types of diabetes, could still be considered a prob-
able cause in individuals with newly diagnosed diabetes. Hypo-
thetically, the possibility of viral influence on liver function, and
consequently on insulin clearance, should also be considered,
along with stress-induced hyperglycemia, which could also in-
terfere with the regulation of hepatic insulin clearance [62].

Proinsulin

Analysis of proinsulin levels showed the highest values in pa-
tients with active coronavirus infection (group 1), with a slight
difference from the reference non-COVID-19 group (group
3), while the lowest levels were found in the post-COVID-19
group with new-onset carbohydrate disorders (group 2). Pa-
tients from group 1 demonstrated increased levels compared
to group 2, with no significant difference between the three
groups (P = 0.147). Diabetics from all three groups demon-
strated higher mean levels of proinsulin, as expected, given the
fact that in patients with DM, the amount of proinsulin being
secreted is higher due to the observed hyperinsulinemia and
impaired proinsulin to insulin conversion [63]. Interestingly, in
the active COVID-19 group, the difference between diabetics
and non-diabetics was not so pronounced (59.45 ng/mL and
52.34 ng/mL, respectively, P > 0.05), whereas it was demon-
strative in the post-COVID-19 group (51.82 ng/mL and 28.53
ng/mL, respectively, P > 0.05). Based on these observations,
it can be suggested that SARS-CoV-2 infection has additional
influence on the proinsulin to insulin cleavage, thereby con-
tributing to beta-cell function impairment.

The characteristics of proinsulin and insulin secretion are
similar in the two groups associated with COVID-19: indi-
viduals with active infection (group 1) demonstrated higher
rate compared to the individuals with new-onset carbohydrate
disorders following COVID-19 (group 2). This is a reason to
assume that the disease has an impact on beta-cell function,
in particular the secretion of insulin and proinsulin, and along
with overstimulation and over-secretion by the cells, and the
predominance of proinsulin secretion was also observed.

GP-73

GP-73 is an intracellular protein localized in the Golgi ap-

paratus, playing a physiological role in maintaining glucose
homeostasis by stimulating hepatic glucose production in the
fasting state. Its production and secretion are increased early
in the course of both viral and non-viral liver diseases. During
COVID-19, GP-73 is secreted by various tissues during fasting
and is significantly increased in lung, liver and kidney. In turn,
GP-73 contributes to the increase in blood glucose levels by
stimulating hepatic gluconeogenesis [64].

In order to study its role in etiopathogenesis of new-on-
set disorders in glucose metabolism, serum levels of GP-73
were monitored in our cohort of patients. The highest values
were found in patients with MS (COVID-19-negative group
3), with a small difference compared to the post-COVID-19
group (group 2). Interestingly, the lowest levels were detected
in the active-COVID-19 group (group 1), with a significant
difference found compared to group 3 (P <0.001).

Analysis of our data revealed that diabetics from all three
groups have higher levels of GP-73 than those in non-diabet-
ics from the corresponding group. In group 2, they were even
nearly twice as high as in diabetics from group 1 (44.16 ng/
mL and 22.66 ng/mL, respectively), which supports the theory
of its involvement in the pathogenesis of virus-induced hyper-
glycemia.

In our analysis, a moderately strong positive correlation
was found between GP-73 levels and the anti-inflammatory
cytokine IL-10 (r = 0.512; P < 0.05) in the group with active
infection (group 1), which could explain the observed lower
GP-73 levels in this group.

Adipokines

Elevated leptin levels and evidence of leptin resistance have
also been reported in COVID-19 [65, 66]. Increased values
were observed in all three studied groups when we monitored
the serum leptin levels among the patients, When compar-
ing the individual groups, the lowest levels were found in the
active COVID-19 group (group 1), followed by those in the
post-COVID-19 group (group 2), and the highest in COVID-
19-negative patients with MS group (group 3). A significant
difference was found between subjects from groups 1 and 2
(P = 0.010) and between subjects from groups 1 and 3 (P <
0.001).

As expected, individuals with diabetes from all three
studied groups demonstrated higher leptin levels compared
to non-diabetics from the corresponding group. Interestingly,
however, this difference was most pronounced in patients
with new-onset carbohydrate disorders following COVID-19
(group 2), unlike the other two groups. This is the reason to
assume that not only in diabetes, but also in prediabetic con-
ditions that occurred after SARS-CoV-2 infection, there is a
dysfunction of adipose tissue, and in particular in leptin pro-
duction. Among with that, this evidence supports the hypoth-
esis of leptin resistance, which develops and persists, or even
worsens, after recovery from SARS-CoV-2 infection.

During the course of coronavirus inflammation, adipocyte
dysfunction occurs, with a change in the secretory profile of
adipocytokines, including those of adiponectin, which in con-
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Table 6. Estimated Insulin and Non-Insulin Derived Indices Among the Studied Population

Variable (mean + SD) Group 1 (n =32) Group 2 (n =35) Group 3 (n =33) P value
HOMA-IR 8.57+5.59 7.41 +£11.37 8.4+17.67 NS
HOMA-B 159.33 + 138.77 183.14 £175.85 330.09 +441.90 P <0.05%*
P <0.05%**
C-peptide/glucose ratio 0.89 £ 0.81 1.35+1.26 0.45+0.69 P <0.05**
P <0.05%**
Insulin/proinsulin ratio 0.73 +0.87 0.71 £ 0.89 0.43 £0.26 P <0.05%*
P <0.05%**
Adiponectin/leptin ratio 5.81 +8.35 2.24 £3.69 0.89 £0.79 P <0.05%*
P < 0.05%**

NS: no significance; P < 0.05 indicates statistically significance difference. *P < 0.05: statistically significant difference between group 1 and group 2;
**P < 0.05: statistically significant difference between group 2 and group 3; ***P < 0.05: statistically significant difference between group 1 and group
3. SD: standard deviation; HOMA-IR: homeostasis model assessment of insulin resistance; HOMA-B: homeostasis model assessment of beta-cell

function.

trast to leptin, is drastically reduced [66].

We also monitored adiponectin levels among the study
population, and we found that levels were within the gener-
ally accepted reference range of 3 to 30 pg/mL. When com-
paring differences between the individual groups, the lowest
values were recorded in the individuals from the group with
active SARS-CoV-2 infection (group 1), followed by the post-
COVID-19 group (group 2), and the highest among COVID-
19-negative group with MS (group 3), with no significant dif-
ference between them (P=0.131).

These results are puzzling at first glance; however, consid-
ering the marked differences in levels of the other major adi-
pokine, leptin, between the three groups, it could be assumed
that the increased levels of adiponectin are a compensatory re-
sponse to adipocyte dysfunction induced by the virus (groups
1 and 2) or obesity (group 3).

Since adiponectin is an anti-inflammatory adipokine, it
has been hypothesized that an initial decrease in circulating
adiponectin levels is permissive for an adequate inflammatory
response, whereas a subsequent increase may reflect an anti-
inflammatory response to suppress immune system over-acti-
vation and enhance recovery [67]. Our findings support this
hypothesis.

Overall, the role of adipokines in acute infections and criti-
cal illness is poorly understood. Previous studies have reported
low or high levels of adiponectin in critically ill patients, and
a biphasic pattern (low-high levels) has also been described
[68, 69]. An association between high adiponectin levels and
increased overall and cardiovascular mortality in the elderly
has also been reported. Anyway, this adiponectin paradox has
not yet been elucidated, hindering our understanding of the
biological role of adiponectin [67].

Insulin and non-insulin derived indices

In order to study the IR levels and beta-cell function, some
indices were calculated and compared among the individuals
from the studied groups (Table 6).

HOMA-IR

Monitoring HOMA-IR [27] values (the most widely used
method in clinical practice for assessing systemic IR and its
quantification) revealed pronounced IR across all three groups,
and the average values of the index were significantly high.
This is partly explained by the high percentage of overweight
and obesity in the groups (except in group 1, where BMI was
not calculated as explained earlier).

The highest HOMA-IR values were found in individuals
with active SARS-CoV-2 infection (group 1), similar to those
of the group with MS (group 3), and the lowest values were
seen in the group with new-onset carbohydrate disorders fol-
lowing infection (group 2). No significant difference was found
between the three groups (P =0.0504). The results confirm the
widely accepted claim that during the course of SARS-CoV-2
infection, IR arises, which persists even after recovery [5].

Homeostasis model assessment of beta-cell function (HO-
MA-B)

When evaluating HOMA-B [27] (a method to assess pancreatic
beta-cell function and its capacity) values among the groups,
the highest index values were detected among individuals in
COVID-19-negative group with MS (group 3), suggesting over-
stimulation and overproduction of beta cells. Similar levels were
found in individuals from both active-COVID-19 (group 1) and
post-COVID-19 group (group 2), with group 2 being within the
reference values and group 1 being slightly lower. All of this
gives reason to assume that during active infection, there is ini-
tial beta-cell dysfunction, which may be transient or persistent.

C-peptide/glucose ratio

The C-peptide/glucose ratio is another marker used to assess
pancreatic beta-cell function in individuals with prediabetes
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and diabetes. Decreased values (< 2) are indicative of deple-
tion of beta-cell secretory reserve [70]. It was followed in our
cohort, and the lowest values were found among individuals
with MS from group 3, whereas the highest in individuals from
post-COVID-19 group (group 2) (P =0.002). The group of in-
dividuals with active infection (group 1) occupied an interme-
diate position, as their values differed significantly from group
3 (P=10.049). All these data support the hypothesis of beta-cell
dysfunction during active infection, but further investigations
are necessary to precise the exact mechanism.

Insulin/proinsulin ratio

Another widely used index for assessing beta-cell function is the
insulin/proinsulin ratio, especially in individuals with diabetes.
Elevated levels of proinsulin, and correspondingly decreased ra-
tio, are considered indicators of impaired beta-cell function [71].

Tracking the insulin/proinsulin ratio in our cohort, simi-
lar values were recorded in both active COVID-19 and post-
COVID-19 group (groups 1 and 2). However, the lowest val-
ues were observed among the individuals from the reference
COVID-19-negative group with MS (group 3), significantly
different from both group 1 (P=0.011) and group 2 (P <0.001).

Similar to our results, Montefusco et al [5] found no sta-
tistically significant differences in the insulin/proinsulin ratio
between individuals with active SARS-CoV-2 infection and
those who had recovered. However, they observed that high-
er mean levels were found in individuals with active SARS-
CoV-2 infection, reflecting beta-cell hyperstimulation and ab-
errant functioning, which they believed could ultimately lead
to beta-cell exhaustion and their death.

Analogously, diabetics from each group demonstrated
lower levels of the ratio compared to non-diabetics, with the
exception of group 3. A marked difference was observed in
individuals in group 1 (0.46 and 1.02, respectively) and group
2 (0.49 and 0.93, respectively).

In the post-COVID-19 group with new-onset disorders
in glucose metabolism (group 2), a negative correlation was
found between the insulin/proinsulin ratio and INF-y levels (r
=-0.488; P <0.05). Together with the established positive cor-
relation between INF-y and proinsulin levels in the same group
(r = 0.534; P < 0.05), this is a reason to assume that INF-y
is directly involved in beta-cell damage and their subsequent
dysfunction after COVID-19.

Sestan et al [72] reported that virus-induced IFN-y pro-
duction can reduce insulin receptor expression in skeletal
muscle, leading to IR and subsequent hyperinsulinemia. This
condition, in turn, may further enhance antiviral immunity by
directly stimulating CD8" effector T-cell function. Therefore,
viral infection may accelerate the development of diabetes in
individuals with pre-existing conditions of IR, such as obesity
or hepatic steatosis.

Adiponectin/leptin ratio

Adiponectin/leptin ratio has been proposed as a predictive

marker for MS, as it correlates with IR better than adiponectin
or leptin alone and decreases with increasing number of meta-
bolic risk factors [73].

It has been estimated among the studied population, with
the highest values being recorded in individuals from group
1, and the lowest in the reference group with MS. Individu-
als from group 2 occupy an intermediate position, with a sig-
nificant difference also existing between the group with active
SARS-CoV-2 infection and the group of individuals with MS
(P =10.03), as well as between those with newly occurring car-
bohydrate disorders and those without MS (P = 0.048).

The highly elevated values of the ratio in the group of indi-
viduals with active infection (group 1) are confounding at the
first glance. However, in the context of coronavirus inflamma-
tion, it could hypothetically be considered a compensatory re-
sponse of the body to the disease or an expression of adipocyte
dysfunction.

However, a similar trend was observed by Di Filippo et
al [74], who found alike levels of adiponectin and leptin in
individuals with different severity of infection, but observed
differences in the adiponectin/leptin ratio. They reported that
patients with moderate severity of infection had the highest
adiponectin/leptin ratio of 5.0 (1.6; 11.2), which was signifi-
cantly higher than individuals with mild and severe disease (P
=0.019). They also found that the adiponectin/leptin ratio was
positively correlated with systemic inflammation (C-reactive
protein (CRP)) (r=0.293, P=0.023). They also suggested that
the increase in the adiponectin/leptin ratio, due to increased
adiponectin and decreased leptin levels, is a compensatory re-
sponse to systemic inflammation.

Conclusions

In the context of SARS-CoV-2 infection, both IR and beta-
cell dysfunction are observed, which in turns have an impact
on glucose homeostasis and in particular glycemia. After re-
covery, some individuals develop carbohydrate disorders, the
etiology of which remains unsolved in a large percentage of
cases.

The changes in immune homeostasis (during and after
recovery) that we have identified - reflected in the observed
variations in the levels of serum pro- and anti-inflammatory
cytokines, along with the cellular immune response and the
complement system - are grounds to assume that in some of
the cases of newly emerging disorders in glucose homeostasis
after COVID-19, immunological disorders are present, as well
as an imbalance between pro- and antioxidants. The extent to
which their role is primary and leading, and whether the genet-
ic terrain on which all these processes develop has influence,
remains a question that requires further investigation.
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