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Abstract

Background: SARS-CoV-2 infection has been associated with metabolic disturbances and
endocrine alterations, including effects on pancreatic 3-cell function and thyroid hormone
regulation. However, the relationship between thyroid function and 3-cell compensatory
capacity in the post-COVID state remains unclear. Methods: In this cross-sectional study;,
we evaluated 3-cell compensation (HOMA-B/HOMA-IR) and thyroid parameters in three
groups: patients with active COVID-19, individuals with post-COVID metabolic distur-
bances, and a COVID-negative metabolic syndrome reference group. Thyroid status was
assessed using both comprehensive clinical classification and biochemical criteria. Asso-
ciations between thyroid hormones and 3-cell function were analyzed using Spearman
correlation. Results: (3-cell compensatory capacity differed significantly across groups,
with the lowest values observed during active COVID-19 and intermediate impairment
in the post-COVID cohort compared with the metabolic syndrome group. FT3 concen-
trations and the FT3/FT4 ratio were significantly reduced during active infection and
were positively associated with (3-cell compensation in the post-COVID group (p = 0.421,
p=0.018 and p = 0.382, p = 0.031, respectively). Although thyroid dysfunction appeared
more prevalent in the post-COVID cohort when defined by overall clinical classification, no
significant differences were observed when thyroid status was evaluated based solely on
biochemical criteria, excluding clinical history and euthyroid sick syndrome. Conclusions:
Post-COVID metabolic disturbances are characterized by impaired 3-cell compensatory
capacity and alterations in peripheral thyroid hormone dynamics. The apparent increase
in thyroid dysfunction is largely driven by pre-existing thyroid disease and non-thyroidal
illness effects rather than intrinsic thyroid pathology. These findings are consistent with
the hypothesis of a potential post-COVID immunometabolic phenotype involving both
pancreatic and thyroid-related mechanisms.

Keywords: COVID-19; post-COVID syndrome; 3-cell dysfunction; insulin resistance; FT3;
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1. Introduction

Since its emergence, coronavirus disease 2019 (COVID-19) has increasingly been recog-
nized as a systemic disorder affecting multiple endocrine and metabolic pathways. Beyond
the acute respiratory illness, accumulating evidence indicates that SARS-CoV-2 infection
may lead to persistent metabolic disturbances, including impaired glucose regulation, in-
sulin resistance (IR), and newly diagnosed diabetes or prediabetes. Large epidemiological
studies have demonstrated an increased incidence of metabolic dysfunction following
COVID-19, suggesting that the infection may trigger long-lasting alterations in metabolic
homeostasis [1,2].

Pancreatic (3-cell function plays a central role in maintaining glucose homeostasis by
adjusting insulin secretion relative to peripheral insulin sensitivity. Disruption of this com-
pensatory mechanism can lead to dysglycaemia and metabolic decompensation. Several
mechanisms have been proposed to explain 3-cell dysfunction in COVID-19, including
inflammatory signaling, metabolic stress, and potential direct viral effects on pancreatic
endocrine tissue [3,4]. However, clinical observations suggest that metabolic disturbances
observed after COVID-19 do not fully align with classical metabolic syndrome (MetS), but
instead reflect a distinct and heterogeneous metabolic phenotype [2,5].

The thyroid axis is a key regulator of systemic metabolism and energy balance. Thyroid
hormones influence pancreatic 3-cell activity, insulin secretion, and mitochondrial function,
which are essential for glucose-stimulated insulin release [6-9]. Alterations in thyroid
hormone metabolism are commonly observed during severe systemic illness, most notably
a reduction in circulating free triiodothyronine (FT3), a phenomenon described as non-
thyroidal illness syndrome (NTIS) also referred to as euthyroid sick syndrome (ESS) or low
T3 syndrome [10].

During COVID-19 infection, several studies have reported abnormalities in thyroid
function, including transient thyrotoxicosis, thyroiditis, and alterations in circulating thy-
roid hormone levels that correlate with disease severity and inflammatory activity [11-13].
In particular, reductions in circulating FT3 levels consistent with non-thyroidal illness
physiology have been described in hospitalized patients with COVID-19 and have been
associated with disease severity and inflammatory burden [14,15]. Moreover, emerging
evidence suggests that thyroid axis alterations may persist beyond the acute phase of
infection, with thyroid dysfunction reported during post-COVID follow-up in a subset
of patients [16].

Despite growing interest in the endocrine consequences of COVID-19, the interaction
between thyroid hormone dynamics and metabolic regulation in post-COVID metabolic
phenotypes remains insufficiently characterized, particularly in light of emerging evidence
linking post-COVID states with persistent metabolic and endocrine alterations [2,16]. In
particular, few studies have simultaneously examined thyroid hormone profiles, thyroid
autoimmunity, and indices of 3-cell compensation across different stages of COVID-19
and in comparison with classical MetS. A better understanding of these relationships
may provide important insight into the endocrine and immunometabolic mechanisms
underlying post-COVID metabolic disturbances.

Given the central role of thyroid hormones in glucose metabolism, mitochondrial
function, and insulin secretion, alterations in thyroid hormone dynamics may represent an
additional endocrine component contributing to post-COVID metabolic phenotypes [6-8].

To address this gap, we performed a cross-sectional characterization of metabolic and
thyroid profiles across three clinically distinct groups: individuals with active COVID-
19 infection, patients with post-COVID metabolic disturbances, and a COVID-negative
reference population with MetS.
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We hypothesized that post-COVID metabolic dysfunction represents an intermedi-
ate immunometabolic phenotype, consistent with emerging evidence that post-COVID
metabolic alterations may not fully overlap with classical MetS [2], and is characterized by
impaired 3-cell compensation and distinct alterations of the thyroid axis.

To better characterize the metabolic and endocrine alterations associated with SARS-
CoV-2 infection, we designed a three-group comparative framework reflecting distinct
clinical and metabolic states. Specifically, the study includes (i) patients with active COVID-
19, representing acute infection-associated metabolic disturbance; (ii) individuals with
post-COVID metabolic alterations, reflecting a post-infectious metabolic phenotype; and
(iii) COVID-19-negative individuals with MetS, serving as a model of classical metabolic
dysfunction unrelated to SARS-CoV-2 infection. This design allows differentiation between
transient effects of acute illness and persistent metabolic alterations following COVID-19,
as well as comparison with established metabolic disease.

Specifically, we aimed to determine whether thyroid hormone dynamics—particularly
circulating FT3 levels and indices of peripheral thyroid hormone conversion—are associated
with (-cell functional capacity and metabolic compensation in the post-COVID state.

2. Materials and Methods
2.1. Study Aim and Design

This was a prospective observational study with a cross-sectional analysis and aimed
to investigate the relationship between thyroid axis alterations and pancreatic 3-cell func-
tion across three clinical and metabolic states: active COVID-19 infection, post-COVID
metabolic disturbances, and COVID-19-negative individuals with MetS. Participants were
prospectively enrolled, and cross-sectional comparisons were performed between the
study groups.

The study design allowed direct comparison of thyroid hormone dynamics, thyroid
autoimmunity, and indices of 3-cell compensation across acute infectious, post-infectious,
and chronic metabolic conditions. This approach was intended to explore potential im-
munometabolic interactions linking thyroid dysfunction with impaired 3-cell function in
the context of COVID-19 and MetS.

2.2. Study Population and Grouping

Participants were recruited between January 2022 and December 2023 at the University
Hospital Georgi Stranski—Pleven, Bulgaria. Patients with active COVID-19 infection were
admitted to the Clinic for Pulmonology for treatment of acute SARS-CoV-2 infection,
while individuals in the post-COVID and MetS groups were hospitalized in the Clinic of
Endocrinology and metabolism for metabolic evaluation.

Participants were consecutively recruited from the respective clinical units during the
study period based on predefined eligibility criteria.

The sample size was determined by the number of eligible patients available during
the recruitment period and reflects an exploratory analysis of endocrine and metabolic
alterations following COVID-19. Each group included more than 30 participants, enabling
exploratory statistical comparisons.

A total of 100 adult participants were included (34 men and 66 women) and allocated
into three groups according to SARS-CoV-2 infection status and metabolic characteristics.

Group 1: Active COVID-19 (n = 32)

This group included adults hospitalized with laboratory-confirmed SARS-CoV-2 infec-
tion, defined by a positive polymerase chain reaction (PCR) test at admission. Blood sam-
pling was performed during hospitalization within the acute phase of infection (7-14 days
from symptom onset).
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Blood samples were collected prior to the initiation of pharmacological treat-
ment, including antibiotic therapy, systemic glucocorticoids, or other COVID-19-related
medications, in order to capture biochemical parameters during the early phase of
SARS-CoV-2 infection.

Group 2: Post-COVID cohort (n = 35)

This group comprised individuals with newly diagnosed disturbances of carbohydrate
metabolism identified at least 6 months after recovery from PCR-confirmed COVID-19
infection. This interval was selected to ensure evaluation during the post-acute phase
of infection. The median interval between the acute SARS-CoV-2 infection and study
enrolment was 7 months (Q1-Q3: 6-9 months).

All participants in this group had:

e  Documented normoglycaemia prior to SARS-CoV-2 infection;
e No history of antidiabetic or metabolic treatment before COVID-19.

Disturbances of carbohydrate metabolism were defined according to World Health
Organization and American Diabetes Association criteria [17,18] and included newly
diagnosed impaired fasting glucose (IFG), impaired glucose tolerance (IGT), or diabetes
mellitus (DM), including type 1 diabetes mellitus/latent autoimmune diabetes in adults
(TIDM/LADA) and type 2 diabetes mellitus (T2DM).

Cases classified as TIDM or LADA in the post-COVID group represent newly diag-
nosed cases identified during the study evaluation. None of these participants had received
insulin therapy prior to enrolment, reflecting the early stage of disease at diagnosis.

In addition, some participants demonstrated normoglycaemia with evidence of IR
and/or hyperinsulinaemia during the oral glucose tolerance test (OGTT), characterized by
disproportionately elevated insulin responses relative to plasma glucose concentrations
during endocrine evaluation.

Participants were hospitalized in the Clinic of Endocrinology for detailed metabolic
evaluation after abnormalities in glucose homeostasis were identified during routine follow-
up following COVID-19 infection.

Group 3: COVID-19-negative individuals with MetS (n = 33)

This group comprised individuals with MetS, defined according to the 2009 harmo-
nized criteria [19], without evidence of prior SARS-CoV-2 infection.

Absence of prior COVID-19 was defined by:

e Negative PCR testing;
e Absence of clinical and documented history suggestive of previous SARS-CoV-2
infection; serological testing was additionally considered when available.

MetS was defined by the presence of at least three of the following components:
Abdominal obesity;
Elevated triglycerides (TG);

Reduced high-density lipoprotein cholesterol (HDL-C);
Hypertension;

Dysglycaemia.
This group was included to represent a reference model of established metabolic
dysfunction unrelated to SARS-CoV-2 infection, allowing comparison with COVID-related
metabolic alterations.

Disturbances in glucose homeostasis—including T2DM, prediabetes (IFG and IGT), or
IR with normoglycaemia—were identified during the study evaluation and included both
newly diagnosed and previously recognized cases.
Vaccination status
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All participants across the three groups were unvaccinated against COVID-19 prior
to enrolment.

The grouping strategy was designed to reflect clinically distinct metabolic contexts
rather than matched populations. In particular, the post-COVID group was defined by
newly developed metabolic disturbances following SARS-CoV-2 infection, which required
documented normoglycaemia prior to infection. This criterion was not applicable to
the other groups, which served as reference populations for acute infection and classical
metabolic dysfunction. The MetS group was specifically included as a model of established,
non—-COVID-related metabolic disease, allowing comparison with post-COVID metabolic
alterations. Therefore, comparisons between groups should be interpreted within the
context of this exploratory design.

Assessment of COVID-19 Disease Severity

The severity of SARS-CoV-2 infection was assessed using a clinical classification
system in accordance with the recommendations of the National Health Commission of
China [20].

COVID-19 severity was categorized into four clinical forms:

e  Mild—Defined by mild clinical symptoms without radiological evidence of pneumonia.

e  Moderate—Defined by the presence of fever and/or respiratory symptoms with
radiological evidence of pneumonia.

e  Severe—Defined by respiratory distress (respiratory rate > 30 breaths/min), oxygen
saturation < 93% at rest, and/or a ratio of arterial partial pressure of oxygen to
fractional inspired oxygen (PaO, /FiO;) < 300 mmHg.

e  Critical—Defined by respiratory failure requiring mechanical ventilation, shock, non-
pulmonary organ failure, and/or admission to an intensive care unit.

Among patients in the active COVID-19 group (Group 1; n = 32), disease severity was
distributed as follows: 6 individuals (18.75%) had mild disease, 7 (21.88%) had moderate
disease, 16 (50.0%) had severe disease, and 3 (9.38%) had critical disease. The mean duration
of hospitalization in this group was 10.45 days, and the in-hospital mortality rate was 6.25%
(2 cases).

Clinical management of hospitalized patients with active COVID-19 followed the
standard treatment protocols in place during the study period and was guided by disease
severity and individual patient characteristics [21]. Therapeutic management included
antibacterial therapy when clinically indicated, low-dose systemic glucocorticoids, antico-
agulation therapy, and supportive symptomatic treatment.

Systemic glucocorticoids were administered at standard anti-inflammatory doses in
accordance with national clinical guidelines and institutional protocols. Typical regimens
included methylprednisolone at a dose of 32 mg/day or dexamethasone at a dose of
6 mg/day (or equivalent corticosteroid doses), with treatment duration determined by
clinical response and disease severity.

Importantly, blood sampling for biochemical, hormonal, and immunological assess-
ment in patients with active COVID-19 was performed prior to the initiation of pharmaco-
logical therapy, including antibiotic treatment, systemic glucocorticoids, or anticoagulants,
in order to minimize the potential influence of treatment on measured biomarkers.

In the post-COVID cohort (Group 2), six individuals (17.14%) required hospitalization
during the acute phase of SARS-CoV-2 infection and received standard inpatient man-
agement, including symptomatic treatment and, where clinically indicated, antibacterial
therapy and low-dose systemic glucocorticoids. None of these patients required admission
to an intensive care unit or mechanical ventilation.
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Information on COVID-19 treatment and clinical course was obtained from hospital
medical records and patient documentation.

Disease severity was recorded for descriptive purposes and was not incorporated
as a covariate in the primary statistical analyses due to limited subgroup sizes and the
exploratory nature of the study.

2.3. Inclusion Criteria
Participants were eligible for inclusion if they met all of the following criteria:

e Age > 18 years;

e  Laboratory-confirmed SARS-CoV-2 infection by positive PCR test at hospitalization
(Group 1);

e  Documented SARS-CoV-2 infection confirmed by PCR testing with a minimum inter-
val of 6 months after the acute phase (Group 2);

e Newly diagnosed carbohydrate metabolism disturbances following SARS-CoV-2 in-
fection with documented normoglycaemia prior to COVID-19 (Group 2);

e  Diagnosis of MetS according to the harmonized criteria, defined by the presence of at
least three of five components (Group 3);

e Negative PCR test for SARS-CoV-2 and no anamnestic or documented evidence of
prior COVID-19 infection (Group 3).

2.4. Exclusion Criteria
Participants were excluded if any of the following were present:

e Age <18 years or >90 years;

e Pregnancy or breastfeeding;

e  Pre-existing T1IDM or T2DM prior to SARS-CoV-2 infection (Group 2);

e  Prior vaccination against COVID-19 (all groups);

e Known autoimmune disease;

e  Severe or decompensated cardiovascular, respiratory, gastrointestinal, renal, or active
malignant disease;

e  Treatment with biological agents, immunosuppressive therapy, or cytotoxic drugs
within the preceding 12 months;

e  Systemic glucocorticoid therapy during COVID-19 treatment at doses >0.5-1.0 mg/kg/day
methylprednisolone (or equivalent) for more than 10 days;

e  Chronic systemic glucocorticoid use.

2.5. Ethics Approval and Informed Consent

The study was conducted after obtaining approval from the Ethics Committee of the
Medical University of Pleven (Protocol No. 72/5 June 2023) and in accordance with the
ethical principles of the Declaration of Helsinki.

All participants provided written informed consent prior to enrolment, confirming
their voluntary participation and consent for the publication of de-identified clinical data.
Participants were informed about the study objectives, procedures, and their right to
withdraw at any time without consequences.

2.6. Clinical and Metabolic Assessment

All participants underwent a standardized clinical and metabolic evaluation, including
detailed medical history, anthropometric measurements, and laboratory investigations.

Body mass index (BMI) was calculated as body weight (kg) divided by height
squared (m?). BMI assessment was not feasible in hospitalized patients with acute
COVID-19 (Group 1) due to clinical instability and infection control restrictions. Con-
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sequently, anthropometric comparisons involving BMI were limited to participants in
Groups 2 and 3.

Routine biochemical measurements included:

Fasting plasma glucose (mmol/L);

Glycated haemoglobin (HbAlc);

Lipid profile (total cholesterol, TG, HDL-cholesterol, LDL-cholesterol);

Serum uric acid.

These measurements were used to characterize metabolic status and to support the
diagnosis of MetS in the reference group.

2.7. Laboratory Measurements

Fasting venous blood samples were collected under standardized conditions, cen-
trifuged within 30 min of collection, aliquoted, and stored at —80 °C until batch analysis.
Repeated freeze—thaw cycles were avoided, and samples were thawed only once prior
to analysis.

Laboratory assessment included standard biochemical, hormonal, and immunological
parameters. Biochemical measurements were performed using standard automated labo-
ratory methods as part of routine clinical evaluation, while hormonal analyses included
insulin and thyroid hormones (TSH, FT3, FT4). Immunological analyses included thyroid
autoantibodies (TPOAb, TgAb) and circulating cytokines, as described in the corresponding
sections below.

2.8. Oral Glucose Tolerance Test (OGTT)

An oral glucose tolerance test (OGTT) was performed in participants from Group 2
(post-COVID cohort) and Group 3 (MetS reference group) in order to assess glucose
metabolism and insulin responses. The test was performed using a 75 g oral glucose
load after an overnight fast of at least 8 h.

Plasma glucose and insulin concentrations were measured at baseline (0 min), 60 min,
and 120 min following glucose administration.

OGTT was not performed in individuals with fasting plasma glucose > 11.1 mmol/L
or in participants with previously diagnosed DM in the MetS group, in whom the diagnosis
of diabetes was already established.

The OGTT results were also used to identify abnormalities in glucose metabolism and
to evaluate IR and/or hyperinsulinemia relative to glucose responses.

2.9. Assessment of B-Cell Function

Pancreatic 3-cell function and IR were assessed using the homeostasis model assessment
(HOMA) [22].

IR was estimated using HOMA-IR, calculated as:

HOMA-IR = (fasting insulin x fasting glucose)/22.5

3-cell secretory capacity was estimated using HOMA-B, calculated as:

HOMA-B = (20 x fasting insulin)/(fasting glucose — 3.5)

Fasting plasma glucose concentrations were expressed in mmol/L, and fasting insulin
concentrations were expressed in mIU/mL for all HOMA calculations.

Serum insulin concentrations were determined using electrochemiluminescence im-
munoassays (ECLIA) with Elecsys® Insulin reagents on a Cobas e automated immunoassay
analyzer (Roche Diagnostics, Mannheim, Germany) in the hospital clinical laboratory. The
reference range for fasting insulin in the clinical laboratory was 2.60-24.90 mIU /L.

To assess [3-cell compensation relative to IR, the HOMA-B/HOMA-IR ratio was calculated.
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Because no established clinical cutoffs exist for HOMA-B/HOMA-IR, a cohort-specific
threshold was used. 3-cell dysfunction was defined as HOMA-B/HOMA-IR < 34.8, corre-
sponding to the 25th percentile of the COVID-19-negative MetS reference group (Group 3).

This percentile-based approach was used to identify individuals with relatively im-
paired (3-cell compensatory capacity and is consistent with previously published ap-
proaches using cohort-specific thresholds when standardized clinical cutoffs are not avail-
able, particularly in exploratory clinical studies [22,23].

2.10. Thyroid Assessment and Definition of Thyroid Dysfunction
2.10.1. Thyroid Hormone and Autoantibody Assessment

Thyroid function was evaluated by measurement of serum thyroid-stimulating hor-
mone (TSH), free triiodothyronine (FT3), and free thyroxine (FT4), together with thyroid au-
toantibodies, including anti-thyroid peroxidase antibodies (TPOAD) and anti-thyroglobulin
antibodies (TgAb/TAT).

Serum concentrations of TSH, FI3, and FT4 were determined using ECLIA on a
Cobas e 411 automated immunoassay analyzer (Roche Diagnostics, Mannheim, Germany)
in the hospital clinical laboratory.

Thyroid autoantibodies (TPOAb and TgAb) were measured using enzyme-linked
immunosorbent assay (ELISA) methods according to the standard procedures of the
clinical laboratory.

The reference ranges used in the laboratory were: TSH 0.20-4.20 mIU/L, FI3
3.10-6.80 pmol/L, FT4 11.9-21.6 pmol/L, TPOAb < 60 IU/mL, and TgAb < 60 IU/mL.
Thyroid autoantibody positivity was defined as antibody concentrations exceeding the
upper reference limit of the assay.

All laboratory analyses were performed in the same certified clinical laboratory using
standardized procedures and internal quality control protocols.

The FT3/FT4 ratio was calculated as an indicator of peripheral thyroid hormone conversion.

2.10.2. Thyroid Ultrasound Evaluation

Thyroid ultrasonography was performed in all participants from Groups 2 and 3 as
part of the endocrine evaluation.

Ultrasound examination was used to assess thyroid morphology and to support the
diagnosis of thyroid disorders. Particular attention was given to sonographic features sug-
gestive of autoimmune thyroid disease, including diffuse parenchymal hypoechogenicity
and heterogeneous echotexture.

Ultrasound findings were considered complementary to biochemical assessment in
the classification of thyroid status.

2.10.3. Thyroid Dysfunction Definition

Thyroid dysfunction was defined using a composite clinical definition that incorpo-
rated biochemical abnormalities, thyroid autoimmunity, and documented thyroid disease.
Participants were classified as having thyroid dysfunction if any of the following
were present:
e  Abnormal serum TSH, FT3, or FT4 levels outside the laboratory reference range;
e  Positive thyroid autoantibodies (TPOAb or TgAb/TAT) in the presence of biochemical
thyroid abnormalities;
e  Documented thyroid disease and/or treatment with thyroid hormone replacement therapy.
Ultrasound findings suggestive of autoimmune thyroid disease (e.g., diffuse hypoe-
chogenicity or heterogeneous parenchymal echotexture) were considered supportive diag-
nostic features, particularly in participants with negative thyroid autoantibodies.
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For analytical purposes, thyroid status was evaluated both as an overall clinical
classification and, separately, according to biochemical thyroid function categories.

Within the post-COVID cohort (Group 2), participants were further stratified into
three thyroid status subgroups for exploratory analyses:

1. No thyroid dysfunction (No TD)—Normal thyroid hormone levels and no history of
thyroid disease.

2. Pre-existing thyroid disease (PTD)—Thyroid disorder diagnosed prior to SARS-CoV-2 infection.

3. Newly detected thyroid dysfunction (NDTD)—No previous thyroid disease but abnor-
mal thyroid function tests and/or positive thyroid autoantibodies identified during
the post-COVID evaluation.

Newly detected thyroid dysfunction (NDTD) was defined based on a composite as-
sessment, including not only biochemical abnormalities but also the presence of thyroid
autoimmunity (positive TPOAb or TgAb) and/or ultrasound features suggestive of thy-
roid disease. As a result, some participants classified as NDTD may have had normal
circulating thyroid hormone levels (biochemically euthyroid) but evidence of underlying
thyroid pathology.

Levothyroxine (LT4) therapy was recorded based on patient medical history and
medication review at the time of hospitalization.

2.10.4. Definitions of Thyroid Function Categories

Based on the laboratory reference ranges, thyroid function status was classified
as follows:

Euthyroidism: TSH, FT3 and FT4 within the reference range.

Subclinical hypothyroidism: TSH > 4.20 mIU /L with normal FT4.

Overt hypothyroidism: TSH > 4.20 mIU/L with FT4 < 11.9 pmol/L.

Subclinical hyperthyroidism: TSH < 0.20 mIU/L with normal FT4 and FT3.

Overt hyperthyroidism: TSH < 0.20 mIU/L with FT4 > 21.6 pmol/L and/or
FT3 > 6.80 pmol/L.

e  Euthyroid sick syndrome (low T3 syndrome): FI3 < 3.10 pmol/L with normal TSH
and FT4.

2.11. Cytokine Measurement

To explore potential immunometabolic mechanisms underlying thyroid alterations in
the post-COVID cohort, circulating inflammatory cytokines were measured in a subset of
Group 2 participants based on serum sample availability.

Circulating inflammatory cytokines were measured using commercially available
enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturers’ instruc-
tions (Elabscience, Houston, TX, USA).

The following cytokines were quantified:

e  Tumor necrosis factor alpha (TNF-oo)—Human TNF-« ELISA Kit (Elabscience, Hous-
ton, TX, USA). Assay sensitivity: 4.69 pg/mL. Detection range: 7.81-500 pg/mL.

e Interferon gamma (IFN-y)—Human IFN-y ELISA Kit (Elabscience, Houston, TX, USA).
Assay sensitivity: 9.38 pg/mL. Detection range: 15.63-1000 pg/mL.

e Interleukin-17A (IL-17A)—Human IL-17A ELISA Kit (Elabscience, Houston, TX, USA).
Assay sensitivity: 18.75 pg/mL. Detection range: 31.25-2000 pg/mL.

e Interleukin-10 (IL-10)—Human IL-10 ELISA Kit (Elabscience, Houston, TX, USA).
Assay sensitivity: 0.94 pg/mL. Detection range: 1.56-100 pg/mL.

e Interleukin-7 (IL-7)—Human IL-7 ELISA Kit (Elabscience, Houston, TX, USA). Assay
sensitivity: 4.69 pg/mL. Detection range: 7.81-500 pg/mL.
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All ELISAs were performed according to the manufacturers’ protocols. All sam-
ples were analyzed in duplicate and concentrations were calculated from standard
calibration curves.

Approximately 20 participants were included in the cytokine analysis, with the exact
number varying by biomarker due to sample availability.

Because not all samples were available for all assays, analyses were conducted using
available-case data, and the number of participants included in each analysis is reported in
the corresponding tables.

2.12. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics, version 25 (IBM Corp.,
Armonk, NY, USA).

Continuous variables are presented as mean = standard deviation (SD) and median
(Q1-Q3).

Normality of data distribution was assessed using the Shapiro-Wilk test. As at least
one group for each variable demonstrated a non-normal distribution, non-parametric
statistical methods were applied for primary group comparisons.

Comparisons among more than two groups were performed using the Kruskal-Wallis
test, followed by Dunn’s post hoc test with Bonferroni correction when the omnibus test
was significant. Two-group comparisons were conducted using the Mann-Whitney U test.

Categorical variables were analyzed using the chi-square (x?) test.

Associations between continuous variables were evaluated using Spearman’s rank
correlation coefficient (p) with corresponding 95% confidence intervals (CI).

To further evaluate group differences while accounting for potential demographic con-
founding, generalized linear models (GLM) were constructed using a gamma distribution
with a log link function. Biomarker concentrations were included as dependent variables,
study group was included as a categorical independent variable, and age and sex were
included as covariates. Model results are presented as exponentiated regression coefficients
(Exp(B)) with 95% confidence intervals (CI). A gamma distribution with a log link function
was selected due to the positively skewed distribution of biomarker concentrations.

All statistical tests were two-sided, and a p value < 0.05 was considered statistically
significant. For post hoc comparisons, Bonferroni-adjusted p values were used to determine
statistical significance.

Analyses were performed using available-case data, and the number of participants
included in each analysis is reported in the corresponding tables. This approach was
particularly relevant for cytokine analyses, where measurements were available only in a
subset of participants.

3. Results
3.1. Study Population Characteristics

A total of 100 participants were included in the study and categorized into three
groups according to SARS-CoV-2 infection status and metabolic characteristics. The study
population comprised 34 men (34%) and 66 women (66%).

Group 1 consisted of patients hospitalized with active COVID-19 infection (n = 32).
Group 2 included post-COVID individuals evaluated at least 6 months after recovery from
SARS-CoV-2 infection who presented with newly identified disturbances of carbohydrate
metabolism (n = 35). Group 3 comprised COVID-19-negative individuals with MetS,
serving as the reference population (n = 33).

Baseline demographic and clinical characteristics of the study population are presented
in Table 1.
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Significant differences in age were observed across the study groups, with participants
in the active COVID-19 group being older than those in the post-COVID and MetS groups.

Table 1. Baseline demographic and clinical characteristics of the study population.

Variable Grogl(’)i/?];hve PoSthClgVZID Gro;;[l; t?,s((:I(l)Z;]; =) Test Statistic p-Value *
(n=32) (n = 35)

Age (years), mean £ SD (range) 66(26%8;?'1 45(;12%7%’3 48(4221f6g.7 H(2) =30.28 <0.001
Sex, n (%) ¥2(2) = 16.38 <0.001
Male 18 (56.3%) 12 (34.3%) 3(9.1%)
Female 14 (43.7%) 23 (65.7%) 30 (90.9%)
BMI (kg/mz), mean + SD NA 319+74 357+79 U =407.0 0.054
Waist circumference (cm), mean + SD NA 104.8 + 15.8 108.8 +£17.7 U =459.5 0.205
Hypertension, n (%) 13 (40.6%) 11 (31.4%) 16 (48.5%) x2(2) =2.96 0.228
Dyslipidemia, n (%) 10 (31.3%) 14 (40.0%) 12 (36.4%) ¥2(2) = 0.55 0.76
Antihypertensive therapy, n (%) 6 (18.8%) 7 (20.0%) 16 (48.5%) x2(2) = 6.42 0.040
Statin therapy, n (%) 7 (21.9%) 0 (0.0%) 7 (21.2%) x%(2) = 8.87 0.012
Current smokers, n (%) 7 (21.9%) 8 (22.9%) 10 (30.3%) x2(2) =0.75 0.688
Family history of diabetes mellitus, n (%) 7 (21.9%) 14 (40.0%) 15 (45.5%) x2(2) =3.82 0.148
Family history of thyroid 9 (28.1%) 7 (20.0%) 11 (33.3%) X2(2) = 148 0.477

disease, n (%)

Data are presented as mean + standard deviation (SD) for continuous variables and number (percentage) for
categorical variables. T p-values correspond to the test statistics presented in the adjacent column. Continuous
variables were compared using the Kruskal-Wallis H test or Mann-Whitney U test, as appropriate, and categorical
variables were compared using the chi-square (x?) test. BMI and waist circumference were not available for
patients with active COVID-19 due to clinical conditions during acute hospitalization. NA—not available.
Dyslipidemia was defined based on abnormal lipid profile results from laboratory testing, documented diagnosis
in medical records, and/or current use of lipid-lowering therapy, including statins. Hypertension was defined
based on documented diagnosis in medical records and/or current use of antihypertensive medication. Current
smokers were defined as individuals reporting active tobacco use at the time of study enrolment.

3.2. Glucose Metabolism Characteristics

The distribution of glucose metabolism disorders and antidiabetic therapy across the
study groups is presented in Table 2.

Table 2. Distribution of glucose metabolism disorders and antidiabetic therapy across the study groups.

Group 1 Group 2 Group 3
Variable Active COVID Post-COVID COVID (—) MetS
(n=32) (n =35) (n=33)
Diabetes mellitus, n (%) 16 (50.0%) 19 (54.3%) 11 (33.3%)
Newly diagnosed diabetes, n (%) 7 (21.9%) 19 (54.3%) 2 (6.1%)
Ty}se 1 diabetes/LADA, i 8 (22.9%) i
n (%)
Type 2 diabetes, n (%) 9 (28.1%) 11 (31.4%) 11 (33.3%)
Prediabetes, n (%) — 7 (20.0%) 7 (21.2%)
IR ;Nlth normoglycaemia, o 9 (25.7%) 15 (45.5%)
n (%)
Insulin therapy, n (%) 1(3.1%) — 4 (12.1%)
I?1('0a/1)antldlabetn: therapy, 8 (25.0%) . 5 (15.2%)

Data are presented as number (percentage). Diabetes mellitus and prediabetes were diagnosed according to the
World Health Organization (WHO) criteria. Prediabetes included impaired fasting glucose (IFG) and impaired
glucose tolerance (IGT). Insulin resistance (IR) with normoglycaemia was defined based on elevated fasting
and/or stimulated insulin levels in the presence of normal glucose values. Information on antidiabetic therapy
was obtained from medical records at the time of hospitalization or study evaluation. LADA—latent autoimmune
diabetes in adults. MetS—Metabolic syndrome.
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Notably, cases classified as TIDM or LADA in the post-COVID group represent newly
diagnosed patients identified during the study evaluation, and none had initiated insulin

therapy at the time of assessment, reflecting the early stage of disease at diagnosis.

3.3. Metabolic and Thyroid Function Parameters

Baseline metabolic and thyroid function characteristics of the study population are

presented in Table 3.

Table 3. Baseline metabolic and thyroid function characteristics of the study population.

Variable . Group 2
Mean + SD gg)\l,leDl(ﬁc_h;; Post-COVID Grols[z t?’SC(I?Y:I;];) ) Test Statistic p-Value
Median (Q1-Q3) - (n =35) -
B-cell 27 (83.9%) 21 (59.4%) 8 (24.0%) 2(2) = 20.40 <0.001
dysfunction, n (%) e e e Xe) =0 ’
21.80 + 15.53 45.66 + 51.20 74.33 + 53.80
HOMA-B/HOMA-IR 16.89 (11.90-23.19)  27.27 (13.65-5633)  65.60 (34.78-92.03)  11(2)=2217 <0.001
140 £1.22 2.76 £ 1.62 493 +11.19
TSH [mIU/L] 1.03 (0.49-2.14) 2.40 (1.80-2.99) 2.50 (1.74-3.02) H()=2059 <0.001
3.02 £ 0.93 467 £ 0.83 4.90 + 0.85
FT3 [pmol/L] 2.81 (2.29-3.54) 4.58 (4.00-5.40) 4.80 (4.17-5.41) H@2)=4703  <0.001
17.78 £ 4.12 14.61 £ 2.79 16.84 +2.83
FT4 [pmol /L] 17.87 (1491-2071)  14.20 (12.48-16.80)  17.07 (1501-18.89) 112 =1483 <0.001
296.32 + 737.25
36.69 +29.23 120.67 + 261.61
TPOAD [IU/mL] " 48.00 - H(2) =333 0.190
21.50 (17.00-51.25) (2050-119.25) 47.00 (17.00-69.00)
41.78 + 36.90 73.23 + 90.14 60.36 + 58.06
TgAb (TAT) [IU/mL] 2750 (19.004525)  37.75 (14.46-9521)  45.00 (18.00-70.00) 12 =054 0.765
. 0.18 & 0.09 0.33 4 0.08 0.30 £ 0.08
FT3/FT4 Ratio 017 (012-021)  0.32 (0.26-0.38) 029 (026-031) ~ H@=4294 <0001
Thyroid o o o 209y —
dysfunction, n (%) 7 (21.9%) 20 (57.1%) 17 (53.1%) X2(2) = 9.86 0.007
Newly diagnosed thyroid o o o 2
dysfunction, n (%) 3 (9.4%) 6 (17.6%) 6 (18.8%) X3(2) =3.12 0.21
LT4 therapy, n (%) 4 (12.5%) 3 (8.8%) 4 (12.5%) X2(2) = 0.61 0.74

Values are presented as mean £+ SD and median (Q1-Q3). Continuous variables were compared using the
Kruskal-Wallis test. Categorical variables were compared using the x? test. B-cell dysfunction was defined as
HOMA-B/HOMA-IR < 34.8, corresponding to the 25th percentile of the COVID-negative MetS reference group
(G3). * Statistical significance was defined as p < 0.05.

Overall, significant differences were observed across the three groups in key metabolic
and thyroid parameters, indicating distinct clinical profiles.

Indices of 3-cell function differed significantly across the study groups (Table 3).
In addition, significant differences were observed in thyroid-related parameters, includ-
ing TSH, FT3, FT4, and FT3/FT4 ratio. These findings are presented in detail in the
following sections.

3.4. B-Cell Dysfunction Across Study Groups

Indices of 3-cell compensatory capacity differed significantly across the three study
groups (Table 3). The HOMA-B/HOMA-IR ratio showed a significant overall difference
between groups (Kruskal-Wallis H(2) = 22.17, p < 0.001).

Values were lowest in individuals with active COVID-19 and highest in the MetS
reference group, while the post-COVID cohort demonstrated intermediate values (Figure 1).
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Figure 1. HOMA-B/HOMA-IR ratio across study groups. Box plots showing (3-cell compensatory
capacity in active COVID-19 (G1), post-COVID (G2), and COVID-negative MetS (G3) groups. Boxes
represent the interquartile range, horizontal lines indicate the median, whiskers represent the range
excluding outliers, and circles denote outliers.

Post hoc analysis using Dunn’s test with Bonferroni correction confirmed that HOMA-
B/HOMA-IR values were significantly lower in the active COVID-19 group compared with
both the post-COVID cohort (p < 0.001) and the MetS group (p < 0.001). In addition, the
post-COVID group exhibited significantly lower values compared with the MetS group
(p =0.010).

Consistent with these findings, the prevalence of 3-cell dysfunction differed signif-
icantly across the study groups (x?(2) = 20.40, p < 0.001), with the highest proportion
observed in patients with active COVID-19 and the lowest in the MetS group.

To further evaluate these differences while accounting for potential confounding, a
generalized linear model (GLM) with gamma distribution and log link adjusted for age
and sex was applied.

After adjustment, 3-cell compensatory capacity (HOMA-B/HOMA-IR) remained
significantly lower in individuals with active COVID-19 compared with the MetS group
(Exp(B) =0.29, 95% CI 0.19-0.44, p < 0.001). Similarly, the post-COVID cohort showed signif-
icantly lower HOMA-B/HOMA-IR values compared with the MetS group (Exp(j3) = 0.62,
95% CI 0.43-0.88, p = 0.009). Direct comparison between the two COVID-related groups
confirmed significantly lower (3-cell compensation in active COVID-19 compared with
post-COVID individuals (Exp(B) = 0.47, 95% CI 0.32-0.70, p < 0.001).

Detailed pairwise comparisons and full model results are presented in Supplementary
Tables S1 and S2.

3.5. Thyroid Profile Across Study Groups

Thyroid hormone parameters differed significantly across the three study groups
(Table 3).

Serum TSH concentrations varied significantly between groups (Kruskal-Wallis
H(2) =20.59, p < 0.001). Post hoc Dunn analysis demonstrated significantly lower TSH
levels in patients with active COVID-19 compared with both the post-COVID cohort and
the MetS group (both p < 0.001), while no significant difference was observed between the
latter two groups.

A similar pattern was observed for FT3 concentrations (H(2) = 47.03, p < 0.001). FT3
levels were significantly reduced in individuals with active COVID-19 compared with both
the post-COVID and MetS groups (both p < 0.001), with no significant difference between
the post-COVID and MetS groups.
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FT4 concentrations also differed significantly across the study groups (H(2) = 14.83,
p < 0.001). Post hoc analysis revealed significantly lower FT4 levels in the post-COVID
cohort compared with patients with active COVID-19 (p = 0.003), whereas other pairwise
comparisons were not statistically significant.

The FT3/FT4 ratio demonstrated the most pronounced group differences (H(2) = 42.94,
p < 0.001), with significantly lower ratios observed in patients with active COVID-19
compared with both the post-COVID and MetS groups (both p < 0.001).

In contrast, thyroid autoimmunity markers did not differ significantly across the study
groups, including TPOAb (H(2) = 3.33, p = 0.190) and TgAb (H(2) = 0.54, p = 0.765).

Detailed pairwise comparisons from Dunn’s post hoc tests are presented in Supple-
mentary Table S3.

To assess whether these differences persisted after adjustment for demographic co-
variates, GLM (gamma, log link) adjusted for age and sex was applied.

After adjustment, FT3 concentrations remained significantly lower in individu-
als with active COVID-19 compared with both the MetS group (Exp(p) = 0.65, 95%
CI10.56-0.74, p < 0.001) and the post-COVID cohort (Exp(B) = 0.68, 95% CI 0.60-0.78,
p <0.001). Similarly, TSH levels remained significantly lower in the active COVID-19
group compared with the MetS group (Exp(p3) = 0.34, 95% CI 0.15-0.78, p = 0.011).

FT4 concentrations were significantly lower in the post-COVID cohort compared
with the MetS group (Exp() = 0.87, 95% CI 0.79-0.96, p = 0.007). The FT3/FT4 ratio
also remained significantly reduced in individuals with active COVID-19 compared with
both the MetS group (Exp(f) = 0.65, p < 0.001) and the post-COVID cohort (Exp(p) = 0.59,
p <0.001).

No significant adjusted differences were observed for thyroid autoantibody levels
across groups, with the exception of a significant difference in TPOADb levels between the
active COVID-19 and post-COVID groups (Exp(f3) = 0.28, 95% CI 0.09-0.82, p = 0.021).

Full model results are presented in Table 4.

Table 4. Adjusted GLM analysis for thyroid parameters across study groups.

Variable Comparison B Exp() 95% CI p-Value *
Glvs. G3 —1.08 0.34 0.15-0.78 0.011
TSH G2vs. G3 —0.57 0.57 0.28-1.13 0.106
Glvs. G2 —0.51 0.60 0.27-1.35 0.218
Glvs. G3 —0.44 0.65 0.56-0.74 <0.001
FT3 G2vs. G3 —0.05 0.95 0.85-1.07 0.388
Glvs. G2 —0.39 0.68 0.60-0.78 <0.001
G1lvs. G3 0.08 1.08 0.96-1.22 0.194
FT4 G2vs. G3 —0.14 0.87 0.79-0.96 0.007
Glvs. G2 0.22 1.24 1.10-1.40 <0.001
G1lvs. G3 —0.43 0.65 0.53-0.80 <0.001
FT3/FT4 ratio G2vs. G3 0.10 1.10 0.93-1.31 0.249
Glvs. G2 —0.53 0.59 0.49-0.72 <0.001
G1vs. G3 0.00 1.00 0.56-1.78 0.998
TgAb (TAT) G2vs. G3 0.26 1.30 0.80-2.09 0.286
Glvs. G2 —0.26 0.77 0.44-1.36 0.370
Glvs. G3 —0.47 0.62 0.20-1.90 0.406
TPOADb G2vs. G3 0.81 2.26 0.90-5.67 0.083
Glvs. G2 -1.29 0.28 0.09-0.82 0.021

Data are derived from generalised linear models (GLM) with Gamma distribution and log link, adjusted for age
and sex. 3 represents the regression coefficient on the log scale and Exp(3) the exponentiated coefficient (ratio of
means). MetS (G3) was used as the reference group where applicable. Values are presented with 95% confidence
intervals (CI). * Statistical significance was defined as p < 0.05.
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3.6. Prevalence of Thyroid Dysfunction Across Study Groups

When thyroid dysfunction was defined according to the overall study classification—
including biochemical abnormalities, thyroid autoimmunity, and documented clinical
history of thyroid disease or treatment—its prevalence differed significantly across the
study groups (x%(2) = 9.86, p = 0.007). Thyroid dysfunction was observed in 21.9% of
individuals with active COVID-19, 57.1% of post-COVID patients, and 53.1% of participants
with MetS (Table 3).

Post hoc pairwise comparisons with Bonferroni correction demonstrated that thyroid
dysfunction was significantly more frequent in the post-COVID cohort compared with
patients with active COVID-19 (p = 0.007), whereas differences involving the MetS group
were not statistically significant after correction.

The prevalence of newly diagnosed thyroid dysfunction and levothyroxine therapy
did not differ significantly across groups.

By contrast, when thyroid status was evaluated based on biochemical thyroid function
categories alone, excluding clinical history and euthyroid sick syndrome, the prevalence of
current biochemical thyroid dysfunction was lower and did not differ significantly across
groups (9.3%, 17.1%, and 12.1% in groups 1, 2, and 3, respectively; x2(2) =0.92, p =0.63),
indicating no clear between-group pattern.

The distribution of specific thyroid function categories is presented in Table 5.

Table 5. Thyroid function * categories across study groups.

Group 1 Group 2 Group 3
Thyroid Status Active COVID Post-COVID COVID (—) MetS

(n=32) (n =35) (n =33)
Euthyroidism 15 (46.9%) 29 (82.9%) 29 (87.9%)
Subclinical hypothyroidism 0 (0.0%) 3 (8.6%) 3(9.1%)
Overt hypothyroidism 1 (3.1%) 2 (5.7%) 1 (3.0%)
Subclinical hyperthyroidism 1(3.1%) 0 (0.0%) 0 (0.0%)
Overt hyperthyroidism 1 (3.1%) 1 (2.9%) 0 (0.0%)
Euthyroid sick syndrome (low T3 syndrome) 14 (43.8%) 0 (0.0%) 0 (0.0%)

* Thyroid function status was classified according to biochemical criteria using the laboratory reference ranges
for TSH (0.20-4.20 mIU /L), FT3 (3.10-6.80 pmol/L), and FT4 (11.9-21.6 pmol/L). Euthyroidism was defined as
normal TSH, FT3, and FT4 concentrations. Subclinical hypothyroidism was defined as elevated TSH with normal
FT4, while overt hypothyroidism was defined as elevated TSH with reduced FT4. Subclinical hyperthyroidism
was defined as suppressed TSH with normal FI3 and FT4, whereas overt hyperthyroidism was defined as
suppressed TSH with elevated FT3 and/or FT4. Euthyroid sick syndrome was defined as reduced FT3 with
normal TSH and FT4 levels.

Euthyroidism was most frequent in the MetS group, followed by the post-COVID
group, and least frequent in the active COVID-19 group. Notably, euthyroid sick syndrome
(ESS, low T3 syndrome) was observed exclusively in patients with active COVID-19 (43.8%)
and was absent in the post-COVID and MetS groups.

Other thyroid function categories, including subclinical and overt hypothyroidism, were
observed at low frequencies across all groups without a consistent between-group pattern.

When thyroid function was analyzed as a binary outcome (euthyroid vs. thyroid
dysfunction), thyroid dysfunction was significantly more frequent in patients with active
COVID-19 compared with the post-COVID and MetS groups (65.6% vs. 25.7% vs. 12.1%,
x?(2) =24.7, p < 0.001). This difference was primarily driven by the inclusion of euthyroid
sick syndrome in the composite definition, which was observed exclusively in patients
with active COVID-19.

The distribution of thyroid function categories across study groups is illustrated in
Figure 2.
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Figure 2. Distribution of thyroid function categories across study groups. Bar plots showing the
percentage of patients with euthyroidism, subclinical hypothyroidism, overt hypothyroidism, sub-
clinical hyperthyroidism, overt hyperthyroidism, and euthyroid sick syndrome (ESS; low T3 with
normal TSH and FT4) in (a) active COVID-19, (b) post-COVID, and (c) COVID-negative MetS groups.

3.7. Thyroid Status Subgroups Within the Post-COVID Cohort

Within the post-COVID cohort (Group 2), participants were stratified into three sub-
groups according to thyroid status: no thyroid dysfunction (No TD, n = 14), pre-existing
thyroid disease (PTD, n = 9), and newly detected thyroid dysfunction (NDTD, n = 12).

The distribution of thyroid function categories across these subgroups is presented in
Table 6. The apparent predominance of euthyroid status in the NDTD subgroup reflects the
inclusion of participants with thyroid autoimmunity or ultrasound abnormalities in the
absence of overt biochemical dysfunction.

Table 6. Distribution of thyroid status within Post-COVID cohort (Group 2) subgroups.

Thyroid Status No TD (n =14) PTD (n=9) NDTD (n =12)
Euthyroidism 14 (100%) 5 (55.6%) 10 (83.3%)
Subclinical hypothyroidism 0 (0.0%) 2 (22.2%) 1 (8.3%)
Overt hypothyroidism 0 (0.0%) 1(11.1%) 1 (8.3%)
Overt hyperthyroidism 0 (0.0%) 1(11.1%) 0 (0.0%)
Euthyroid sick syndrome (low T3) 0 (0.0%) 0 (0.0%) 0 (0.0%)

TD = thyroid dysfunction; PTD = pre-existing thyroid disease; NDTD = newly detected thyroid dysfunction.

Euthyroidism was most frequent in individuals without thyroid dysfunction and least
frequent in those with pre-existing thyroid disease.

Comparisons of hormonal and immunological parameters between subgroups are
shown in Table 7.

No statistically significant differences in the prevalence of 3-cell dysfunction were
observed across thyroid dysfunction subgroups.

Serum TSH levels differed significantly across the three subgroups (Kruskal-Wallis
H(2) = 11.53, p = 0.003). Post hoc analysis demonstrated significantly higher TSH concen-
trations in individuals with pre-existing thyroid disease compared with those with newly
detected thyroid dysfunction (adjusted p = 0.002), whereas other pairwise comparisons
were not statistically significant.

Similarly, TPOADb levels differed significantly between subgroups (H(2) = 12.27,
p = 0.002). TPOAD concentrations were significantly higher in both the pre-existing thyroid
disease (p = 0.006) and newly detected thyroid dysfunction groups (p = 0.004) compared
with individuals without thyroid dysfunction.
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Table 7. Comparison of 3-cell function, thyroid function, and thyroid autoimmunity markers among
thyroid status subgroups within the post-COVID cohort.

Variable
Mean + SD (1:: 0_];14)) (II:E];) (ﬁ ]2];]2)) Test Statistic *
Median (Q1-Q3) B B B
2 _
[3-cell dysfunction, n (%) 7 (50.0%) 4 (44.4%) 10 (83.3%) ;(_(20) 1_;;'21
35.28 + 30.36 56.81 + 59.91 39.67 + 60.83 H(2) = 1.80
HOMA-B/HOMA-IR 5855 (1132-56.95)  35.89 (16.02-66.39)  23.08 (13.41-24.61)  p=0.406
241+ 0.65 401 + 1.48 223+ 208 H(2) = 11.53
TSH [mIU/L] 2.35 (1.96-2.91) 4.10 (2.80-4.80) 177 (155-2.13)  p=0.003
474 +0.77 450 + 0.94 472 +0.87 H(2) = 0.68
FT3 [pmol/L] 4.76 (4.09-5.35) 4.50 (3.79-4.90) 4.54 (4.08-5.39) p=0711
FT4 [pmol/L] 13.94 + 2.39 13.84 + 2.93 15.99 + 2.82 H(2) = 4.35
P 1344 (12.45-1456) 1330 (12.10-1680)  16.57 (14.05-17.45)  p=0.113
. 0.34 + 0.09 0.33 + 0.10 0.29 + 0.07 H(2) = 3.46
FI3/FT4 ratio 0.33 (0.29-0.38) 0.31 (0.27-0.38) 0.28 (0.24-0.33) p=0.177
28.10 + 25.18 117.67 + 134.17 88.79 + 79.39 H(2) = 6.19
TeAb (TAD) U/mLL 19 60 (13.00-41.00)  63.00 (22.00-167.00)  67.50 (29.52-10625)  p = 0.045
19.41 + 21.03 514.11 + 987.48 75867 + 110589  H(2) = 12.27
TPOADb [TU/mL] 13.60 (2.00-33.00) 9650 (57.50-316.15)  227.00 (123.50-1129.00) p = 0.002

Values are presented as mean 4= SD and median (Q1-Q3). Continuous variables were compared using the Kruskal—-
Wallis test. Categorical variables were compared using the X2 test. T Statistical significance was defined as p < 0.05.
TD = thyroid dysfunction; PTD = pre-existing thyroid disease; NDTD = newly detected thyroid dysfunction.

Although TAT levels differed across subgroups (H(2) = 6.19, p = 0.045), these differ-
ences did not remain significant after correction for multiple comparisons.

In contrast, no significant differences were observed between subgroups for FI3, FT4, the
FT3/FT4 ratio, or indices of 3-cell compensatory capacity, including HOMA-B/HOMA-IR.

Detailed pairwise comparisons are presented in Supplementary Table 54.

To further evaluate these associations, GLM (gamma, log link) adjusted for age, sex,
and BMI were applied using the No TD subgroup as the reference category. In these models,
TSH concentrations remained significantly higher in individuals with pre-existing thyroid
disease compared with those with newly detected thyroid dysfunction (Exp($3) = 1.84, 95%
CI1.14-2.98, p = 0.013).

TPOAD levels remained markedly elevated in both the pre-existing thyroid disease
(Exp(B) = 15.67, 95% CI 4.06-60.54, p < 0.001) and newly detected thyroid dysfunction
groups (Exp(B) = 6.86, 95% CI 2.14-21.97, p = 0.001) compared with individuals without
thyroid dysfunction. TgAb levels were also higher in participants with pre-existing thyroid
disease (Exp() = 2.74, 95% CI 1.04-7.21, p = 0.041), while no significant difference was
observed for newly detected thyroid dysfunction.

No significant adjusted differences were observed for FI3, FT4, FI3/FT4 ratio, or
HOMA-B/HOMA-IR across subgroups.

Although not statistically significant, the highest proportion of 3-cell dysfunction was
observed in individuals with newly detected thyroid dysfunction.

Full model results are presented in Supplementary Table S5.

3.8. Correlations Between Thyroid Hormones and B-Cell Function in the Post-COVID Cohort

Within the post-COVID cohort, associations between thyroid hormone parameters
and indices of 3-cell function were assessed using Spearman rank correlation analysis
(Supplementary Table S6).
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FT3 concentrations demonstrated a moderate positive correlation with HOMA-
B/HOMA-IR (p = 0.421, 95% CI 0.083-0.672, p = 0.018, n = 35), indicating that higher
circulating FT3 levels were associated with greater 3-cell compensatory capacity relative
to IR. Similarly, the FT3/FT4 ratio was positively correlated with HOMA-B/HOMA-IR
(p =0.382,95% CI 0.041-0.643, p = 0.031).

In contrast, TSH concentrations were not significantly associated with (3-cell com-
pensation (p = —0.092, 95% CI —0.418-0.263, p = 0.610). No significant correlations were
observed for FT4 or thyroid autoantibodies (TPOAb and TgAb) with HOMA-B/HOMA-IR
(all p > 0.05).

These findings suggest that peripheral thyroid hormone activity, as reflected by FT3
levels and the FT3/FT4 ratio, is associated with (3-cell functional reserve in the post-COVID
metabolic state.

The associations between FT3 and (3-cell compensatory capacity, as well as between
the FT3/FT4 ratio and HOMA-B/HOMA-IR, are illustrated in Figure 3.
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Figure 3. Associations between thyroid hormone indices and (3-cell compensatory capacity in the
post-COVID cohort. (A) Relationship between serum FT3 concentrations and HOMA-B/HOMA-
IR. (B) Relationship between the FT3/FT4 ratio and HOMA-B/HOMA-IR. Blue circles represent
individual participants, and the solid blue line shows the fitted linear regression trend for visualization
purposes. Associations were assessed using Spearman rank correlation; corresponding Spearman
correlation coefficients (p) and p-values are displayed in each panel.

3.9. Exploratory Cytokine Analysis

To explore potential immunometabolic heterogeneity within the post-COVID cohort,
circulating cytokine concentrations were compared across thyroid status subgroups, in-
cluding tumor necrosis factor-o (TNF-«), interferon-y (IFN-vy), interleukin-17A (IL-17A),
interleukin-10 (IL-10), and interleukin-7 (IL-7). The cytokine analysis was conducted as an
exploratory component of the study to investigate potential immunological mechanisms
underlying post-COVID metabolic alterations. Due to limited sample availability, these
findings should be interpreted with caution.

Comparisons were performed using the Kruskal-Wallis test. No statistically signifi-
cant differences in cytokine concentrations were observed between individuals with no
thyroid dysfunction, pre-existing thyroid disease, and newly detected thyroid dysfunction
(all p > 0.05).

Descriptive cytokine data for each subgroup are presented in Table 8.
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Table 8. Cytokine profile across thyroid subgroups in the post-COVID cohort (Group 2).

Variable
Mean + SD (Ill\lf ;F4D+) (nP:rgDJr) (II:IP;FZR) Test Statistic
Median (Q1-Q3) B B B
- 4127 + 52.28 24.64 + 12.81 31.08 & 16.59 H() = 0.43
[pg/mL] 2745(230-3322) 2269 (1564-3328) 2750 (2231-3340) e
P& n=13 n=8 n=7 '
3.69 £ 4.26 2.77 £ 1.61 321 £ 2.09
: IL/'EI?L] 2.48 (1.93-3.50) 2.34 (1.88-3.02) 2.75 (2.04-3.62) ng()) ;3002'44
pg n=14 n=38 n="7 p=U
35.11 + 22.01 25.49 £ 12.12 32.41 + 17.30
[IL'};?] 27.11 (25.17-29.04)  25.08 (18.84-28.44)  26.91 (24.77-34.65) HEZ()) 3 422'15
P& n=13 n=3y8 n="7 p=y
5.78 £ 4.58 448 £ 2.54 6.18 £ 3.70
: IH/\II;IVL] 4.07 (3.07-6.63) 3.91 (2.99-5.46) 478 (3.92-7.31) ng2) 3 62;)0
) n=14 n=8 n=7 p=>u
98.11 + 76.24 69.54 + 36.92 103.89 + 72.31 ~
TNF-o 8431 (46.11-10577) 6192 (43.16-9143) 8627 (5522-118.04) 112 =219
[pg/mL] N 14 n=8 ne7 p=0.334

Values are presented as mean + SD and median (Q1-Q3). p-values were calculated using the Kruskal-Wallis test.
 Sample size (n) varies across cytokines due to sample availability and is indicated for each variable. Statistical
significance was defined as p < 0.05. TD = thyroid dysfunction; PTD = pre-existing thyroid disease; NDTD = newly
detected thyroid dysfunction.

4. Discussion
4.1. Principal Findings

The present study investigated the relationship between thyroid function and 3-cell
compensatory capacity across three clinically distinct metabolic states: active COVID-19
infection, post-COVID metabolic disturbance, and COVID-negative MetS.

Several key findings emerged. First, indices of 3-cell compensation differed signif-
icantly across the three groups. The lowest HOMA-B/HOMA-IR values were observed
during active COVID-19 infection, whereas the highest values were found in individuals
with MetS. The post-COVID cohort demonstrated intermediate (3-cell compensatory capac-
ity compared with the other groups, which may indicate partial recovery but also potential
persistence of metabolic alterations following SARS-CoV-2 infection.

Second, thyroid hormone parameters varied across study groups. Patients with active
COVID-19 exhibited significantly lower FT3 concentrations and reduced FI3/FT4 ratios
than both the post-COVID and MetS groups, consistent with altered peripheral thyroid
hormone metabolism during acute systemic illness [10-12].

Third, thyroid dysfunction was more frequently observed in the post-COVID cohort
when defined by the overall clinical classification. Subgroup analyses demonstrated hetero-
geneity in thyroid status, with significant differences in TSH and thyroid autoimmunity
markers, particularly anti-thyroid peroxidase antibodies.

Fourth, within the post-COVID cohort, FT3 concentrations and the FT3/FT4 ratio were
positively associated with HOMA-B/HOMA-IR, whereas TSH and thyroid autoantibodies
were not. Exploratory cytokine analyses did not reveal significant differences across
thyroid-status subgroups.

Taken together, these findings indicate an association between thyroid hormone al-
terations and impaired p-cell compensatory capacity across different clinical stages of
COVID-19-related metabolic disturbance. These results should be interpreted in the context
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of a post-COVID cohort defined by newly developed metabolic abnormalities, rather than
a general convalescent population.

Overall, the results are consistent with the concept of a potential post-COVID im-
munometabolic phenotype linking thyroid hormone dynamics with 3-cell functional bal-
ance; however, this interpretation requires confirmation in larger and longitudinal studies.

4.2. B-Cell Dysfunction Across COVID-19 Stages

In the present study, indices of -cell compensation differed markedly across the
three metabolic states examined. The lowest HOMA-B/HOMA-IR values were observed
in patients with active COVID-19, whereas the highest values were found in individuals
with MetS without prior SARS-CoV-2 infection. Participants evaluated after recovery from
COVID-19 demonstrated intermediate values compared with the other groups, which
may reflect partial recovery but also possible persistence of metabolic alterations relative
toIR.

These findings are consistent with accumulating evidence that SARS-CoV-2 infection
has been proposed to influence glucose homeostasis through multiple mechanisms affect-
ing pancreatic (3-cell function. Experimental and clinical studies suggest that systemic
inflammation, metabolic stress, and potential direct viral effects on pancreatic endocrine
tissue may contribute to impaired insulin secretion and dysglycaemia during COVID-
19 [3,4,24]. Clinical observations during the pandemic likewise reported increased rates of
hyperglycemia and newly diagnosed diabetes among patients with COVID-19 [1].

The gradient observed in our study—from markedly reduced 3-cell compensation
during active infection, to intermediate values in the post-COVID cohort, to higher values
in individuals with MetS—may indicate that metabolic alterations associated with COVID-
19 differ in part from the classical pathophysiological pattern of MetS. In MetS, IR is
often accompanied by compensatory hyperinsulinemia and relatively preserved (3-cell
secretion during earlier stages. By contrast, our findings suggest that acute COVID-19
may be associated with relatively lower (3-cell compensatory capacity, potentially reflecting
the combined effects of systemic illness, inflammatory signaling, and metabolic stress on
pancreatic endocrine function [3,24].

The persistence of intermediate (3-cell compensation in the post-COVID cohort is
particularly notable. Importantly, this group comprised individuals with newly identified
disturbances of carbohydrate metabolism following SARS-CoV-2 infection, rather than a
general post-COVID population. Despite evaluation several months after recovery from
acute infection, 3-cell functional indices in this cohort remained significantly lower than
those observed in the MetS reference group.

This finding may indicate that the observed impairment in (3-cell compensatory capac-
ity is not limited to the acute phase of illness and could persist beyond recovery, although
this cannot be definitively established in the present cross-sectional design. This obser-
vation is consistent with population-based evidence demonstrating an increased risk of
metabolic disorders and new-onset diabetes following SARS-CoV-2 infection [2,5].

This distinction is important, as it indicates that SARS-CoV-2 infection may be associ-
ated with metabolic dysregulation in susceptible individuals.

Overall, our results are consistent with the involvement of (3-cell dysfunction in both
acute and post-COVID metabolic disturbance and suggest that post-COVID metabolic
alterations may differ from classical MetS, particularly in individuals presenting with
newly developed dysglycaemia after infection. However, these observations should be
interpreted with caution given the cross-sectional design of the study.
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4.3. Thyroid Hormone Alterations in COVID-19

In addition to metabolic differences, the present study identified significant alterations
in thyroid hormone parameters across the investigated groups. Patients with active COVID-
19 exhibited markedly lower FT3 concentrations than both the post-COVID cohort and the
MetS reference population. These findings are consistent with previous reports describing
altered thyroid hormone metabolism during acute SARS-CoV-2 infection [11-13].

Several studies have reported abnormalities in thyroid function among hospitalized
patients with COVID-19, including reduced circulating T3 levels, suppressed TSH con-
centrations, and transient thyrotoxicosis [11-13]. In many cases, these hormonal changes
resemble NTIS, characterized by reduced peripheral conversion of T4 to T3 during severe
systemic illness [10]. Accordingly, the reduced FI3 levels observed in the active COVID-
19 group in the present study are likely to reflect systemic metabolic adaptation rather
than primary thyroid gland pathology. Differences in thyroid status across groups should
also be interpreted with caution, as acute illness-related changes, such as euthyroid sick
syndrome observed in patients with active COVID-19, are not directly comparable with
chronic thyroid dysfunction.

Consistent with this interpretation, the FT3/FT4 ratio was also significantly lower
during acute COVID-19 infection. Because this ratio is commonly considered an indirect
marker of peripheral T4-to-T3 conversion, its reduction further supports the presence of
impaired peripheral thyroid hormone metabolism during acute illness [10].

The mechanisms underlying these changes are likely multifactorial. Systemic in-
flammation may suppress deiodinase activity and reduce peripheral conversion of T4 to
T3, while hypothalamic-pituitary-thyroid axis dysregulation and possible direct thyroid
involvement may also contribute [10,25].

Importantly, FT3 concentrations in the post-COVID cohort were substantially higher
than those observed during active infection and were comparable to those in individuals
with MetS. By contrast, FT4 concentrations were significantly lower in the post-COVID
cohort than in both the active COVID-19 and MetS groups. Although FT3 levels appeared
largely restored after recovery from infection, the lower FT4 may indicate possible alter-
ations in thyroid hormone regulation or turnover during the post-infectious phase. At
present, it remains unclear whether this represents transient endocrine adaptation or a
more persistent feature of post-COVID metabolic disturbance [12,16].

Taken together, these observations are consistent with the involvement of thyroid
hormone dynamics as a component of the systemic endocrine response to SARS-CoV-2
infection. Reduced FT3 availability during acute illness likely reflects adaptive metabolic
regulation, whereas the heterogeneity of thyroid findings in the post-COVID state suggests
more complex interactions among thyroid regulation, metabolic homeostasis, and recovery-
related changes in endocrine regulation.

4.4. Thyroid Dysfunction in the Post-COVID Cohort

In the present study, thyroid dysfunction was observed in a notable proportion of
individuals evaluated after recovery from COVID-19. Importantly, however, the defining
feature of this group was newly identified disturbance in carbohydrate metabolism fol-
lowing SARS-CoV-2 infection, whereas thyroid assessment was performed as part of a
broader endocrine evaluation. Therefore, the observed prevalence of thyroid abnormalities
reflects findings in a metabolically characterized post-COVID population rather than a
cohort selected on the basis of thyroid disease.

Importantly, when thyroid status was evaluated based solely on biochemical thyroid
function categories, excluding clinical history and euthyroid sick syndrome, no significant
differences in the prevalence of thyroid dysfunction were observed across groups. This
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finding suggests that the apparent between-group differences in thyroid dysfunction may
be influenced by the inclusion of pre-existing thyroid disease and the high prevalence of
euthyroid sick syndrome during acute COVID-19, rather than reflecting true differences in
intrinsic thyroid pathology.

Within the post-COVID group, subgroup analyses demonstrated heterogeneity in
thyroid status. Significant differences were observed in TSH concentrations and thyroid
autoimmunity markers across individuals without thyroid dysfunction, those with pre-
existing thyroid disease, and those with newly detected thyroid abnormalities. In particular,
anti-thyroid peroxidase (Anti-TPO) antibody concentrations were markedly elevated in
participants with newly detected thyroid dysfunction as well as in those with pre-existing
thyroid disease, suggesting a possible autoimmune component in a subset of post-COVID
patients. Alternative TSH thresholds (e.g., >2.5 mIU/L) have been proposed in relation to
thyroid autoimmunity and metabolic risk; however, standard laboratory reference ranges
were used in the present study to ensure comparability with routine clinical practice.

Previous studies have reported thyroid dysfunction during and after COVID-19
infection, including transient thyrotoxicosis, thyroiditis, and autoimmune thyroid dis-
ease [11,12,26]. Viral infections are well-recognized triggers of autoimmune thyroid disor-
ders through mechanisms such as molecular mimicry, immune activation, and bystander
inflammation [25]. Several reports have also described subacute thyroiditis or newly di-
agnosed autoimmune thyroid disease following SARS-CoV-2 infection, suggesting that
SARS-CoV-2 infection may be associated with the onset of thyroid dysfunction in suscepti-
ble individuals [27,28].

At the same time, crude subgroup comparisons did not reveal significant differences
in FT3, FT4, the FT3/FT4 ratio, or 3-cell compensation between thyroid-status subgroups.
After adjustment for demographic and metabolic covariates, modest differences in FT4
became apparent, suggesting subtle endocrine heterogeneity; however, these findings
should be interpreted cautiously. Although the highest proportion of 3-cell dysfunction
was observed in individuals with newly detected thyroid abnormalities, this difference
was not statistically significant.

Overall, these findings are consistent with thyroid dysfunction representing a hetero-
geneous endocrine feature among individuals with post-COVID metabolic disturbance
and may reflect broader endocrine alterations associated with SARS-CoV-2 infection in a
metabolically vulnerable population.

4.5. Thyroid Hormones and B-Cell Function

An important observation of the present study was the association between peripheral
thyroid hormone activity and 3-cell compensatory capacity within the post-COVID cohort.
Specifically, circulating FT3 concentrations and the FT3/FT4 ratio were positively correlated
with HOMA-B/HOMA-IR, with higher FT3 availability being associated with greater 3-cell
compensation relative to IR, whereas TSH concentrations and thyroid autoantibodies were
not significantly associated with indices of 3-cell function. These findings suggest that
peripheral thyroid hormone activity, rather than TSH alone, may better reflect metabolic
regulation in the post-COVID state.

These findings are biologically plausible given the established role of thyroid hor-
mones in metabolic regulation. T3, the biologically active thyroid hormone, influences
hepatic glucose production, peripheral insulin sensitivity, and pancreatic 3-cell activity [6,7].
Experimental studies have also shown that T3 modulates insulin secretion and mitochon-
drial energy metabolism within pancreatic 3-cells, thereby affecting their ability to respond
to metabolic demand [8,9]. In this context, the observed association between FT3-related in-
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dices and HOMA-B/HOMA-IR is consistent with the established role of thyroid hormones
in glucose metabolism and metabolic adaptation.

The association between FT3 and 3-cell compensation observed in the present study
may also reflect the importance of peripheral thyroid hormone conversion. The FT3/FT4
ratio is commonly considered an indirect indicator of deiodinase activity and tissue avail-
ability of active thyroid hormone. Reduced conversion of T4 to T3 has been described
in several metabolic and inflammatory conditions and may be associated with impaired
metabolic regulation [10,29]. In the context of COVID-19, alterations in deiodinase activity
and thyroid hormone metabolism during illness and recovery may therefore influence
metabolic homeostasis [10,12].

Although the cross-sectional design does not allow for causal inference, the observed
associations suggest that thyroid hormone dynamics may be linked to (-cell functional
reserve in the post-COVID metabolic state. Reduced FT3 availability could be related to
differences in (3-cell compensatory capacity, potentially through effects on mitochondrial
energy metabolism and insulin secretory responses, whereas preserved peripheral T3
generation may support more effective metabolic adaptation [8,9].

Taken together, these findings are consistent with a potential role of thyroid hormone
activity—particularly circulating FT3 levels and indices of peripheral conversion—as a
component of a broader pattern of post-COVID immunometabolic alterations that may
reflect a distinct, yet not fully characterized, phenotype.

4.6. Cytokine Findings and Immunometabolic Context

Because COVID-19 is characterized by systemic immune activation, we further ex-
plored whether post-COVID thyroid phenotypes were associated with differences in circu-
lating cytokine profiles. In the present study, concentrations of TNF-«, IFN-y, IL-17A, IL-10,
and IL-7 did not differ significantly across thyroid status subgroups within the post-COVID
cohort. These findings indicate that the heterogeneity in thyroid function observed among
post-COVID participants was not clearly accompanied by detectable differences in systemic
cytokine concentrations.

Previous studies have demonstrated that acute COVID-19 may be associated with
elevated inflammatory mediators, including TNF-«, IL-6, and other cytokines involved
in systemic immune activation [30,31]. Cytokine signaling has also been implicated in
the regulation of thyroid hormone metabolism and hypothalamic—pituitary—thyroid axis
activity, particularly during critical illness [10]. Pro-inflammatory cytokines may suppress
deiodinase activity and reduce peripheral conversion of T4 to T3, contributing to the low-T3
pattern frequently observed in severe systemic disease.

However, the absence of significant cytokine differences between thyroid status sug-
gests that systemic cytokine concentrations measured in the present study may not fully
account for the thyroid alterations observed in the post-COVID metabolic state. This
observation is consistent with emerging evidence indicating that post-acute sequelae of
COVID-19 may involve persistent but heterogeneous immune activation that is not al-
ways reflected by conventional circulating cytokine profiles [32]. Instead, these endocrine
changes may be related to a combination of metabolic adaptation, immune regulation, and
recovery-related changes in endocrine function following SARS-CoV-2 infection.

Importantly, the cytokine analysis performed in this study was exploratory and in-
volved relatively small subgroup sizes. Therefore, these findings should be interpreted
cautiously and considered primarily hypothesis-generating. Future studies integrating
comprehensive immune profiling with endocrine and metabolic phenotyping will be neces-
sary to clarify the potential contribution of inflammatory pathways to post-COVID thyroid
and metabolic dysfunction.
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4.7. Clinical Implications

The findings of this study have several potential clinical implications. First, they
indicate that post-COVID metabolic disturbances may be accompanied by alterations
in thyroid hormone parameters that extend beyond classical thyroid disease categories.
The observed associations between FT3-related indices and (3-cell compensatory capacity
raise the possibility that thyroid hormone activity may be linked to metabolic adaptation
following SARS-CoV-2 infection.

Second, the observed prevalence of thyroid abnormalities in the post-COVID cohort
suggests that thyroid assessment may be of value in individuals presenting with newly
identified metabolic disturbances after COVID-19. Although these abnormalities may not
always reflect overt thyroid disease, thyroid hormone alterations and thyroid autoimmunity
may represent additional features of post-COVID endocrine changes.

Finally, the results are consistent with the possibility that post-COVID metabolic
patterns may differ from classical MetS. Clinical evaluation of individuals with post-
COVID metabolic disturbance may therefore benefit from a broader endocrine assessment,
including both metabolic and thyroid-related parameters.

These observations highlight the potential relevance of integrating thyroid hormone
assessment into the clinical evaluation of post-COVID metabolic disturbances; however,
further studies are required to establish clinical utility.

4.8. Strengths and Limitations

The present study has several notable strengths. First, it provides a comprehensive
characterization of metabolic and thyroid parameters across three clinically distinct states—
active COVID-19 infection, post-COVID metabolic disturbances, and COVID-negative
MetS—allowing contextual interpretation of endocrine alterations in relation to both acute
infection and established metabolic disease.

Second, the study adopts an integrative immunometabolic approach by simultane-
ously evaluating 3-cell compensatory capacity, thyroid hormone dynamics, and thyroid
autoimmunity within the same cohort. This combined assessment offers novel insight
into the potential interplay between pancreatic and thyroid function in the context of
COVID-19-related metabolic disturbance.

Third, the inclusion of a post-COVID cohort defined by newly developed disturbances
in carbohydrate metabolism following SARS-CoV-2 infection represents a clinically rele-
vant and well-characterized population, enabling focused investigation of post-infectious
metabolic alterations. In addition, the use of both biochemical and clinical criteria for thy-
roid assessment reflects real-world endocrine practice and enhances the clinical relevance
of the findings.

Despite these strengths, several limitations should be acknowledged. First, the cross-
sectional design precludes causal inference regarding the observed associations between
thyroid hormone dynamics and (3-cell compensatory capacity. The findings should there-
fore be interpreted as descriptive and hypothesis-generating rather than indicative of causal
relationships.

Second, the study groups were not matched for key demographic and clinical char-
acteristics, most notably age. Participants in the active COVID-19 group were older than
those in the post-COVID and MetS groups, which may have influenced metabolic and
endocrine parameters. Age differences between groups, particularly the older age of the
active COVID-19 cohort, may have influenced f3-cell function and thyroid parameters
despite statistical adjustment.

Third, the grouping strategy was based on clinically distinct metabolic contexts rather
than matched populations. In particular, the post-COVID cohort was defined by newly
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developed disturbances in carbohydrate metabolism following SARS-CoV-2 infection,
resulting in inherent heterogeneity and limiting direct comparability with the other groups.
Consequently, between-group comparisons should be interpreted within the context of this
exploratory design.

Fourth, the definition of thyroid dysfunction was based on a composite clinical ap-
proach incorporating biochemical parameters, thyroid autoimmunity, and clinical history.
While this approach reflects real-world clinical assessment, it introduces complexity in
interpretation, particularly when comparing across different clinical states. In addition, the
inclusion of euthyroid sick syndrome in the active COVID-19 group further limits direct
comparability with the other groups.

Fifth, the sample size was relatively modest, particularly for subgroup and cytokine
analyses, which may have limited statistical power to detect subtle differences and increased
the risk of type Il error.

Sixth, cytokine measurements were available only in a subset of participants and were
included as an exploratory component of the study. These findings should therefore be
interpreted with caution and require confirmation in larger, adequately powered studies.

Finally, the study population consisted of unvaccinated individuals, which may limit
the generalizability of the findings to current populations with widespread COVID-19
vaccination and evolving viral variants.

Taken together, these limitations suggest that the present findings should be in-
terpreted cautiously and primarily as exploratory observations describing potential im-
munometabolic interactions in post-COVID metabolic disturbances.

5. Conclusions

In conclusion, this study demonstrates that post-COVID metabolic disturbances are
characterized by impaired (3-cell compensatory capacity and altered thyroid hormone
dynamics. Individuals with active COVID-19 exhibited the lowest 3-cell compensation
and reduced FT3-related indices, whereas patients evaluated after recovery from infection
demonstrated an intermediate metabolic profile relative to the MetS reference group.

Within the post-COVID cohort, circulating FI3 concentrations and the FT3/FT4 ratio
were positively associated with (3-cell compensatory capacity, suggesting that peripheral
thyroid hormone activity may contribute to metabolic adaptation following SARS-CoV-
2 infection. Although thyroid abnormalities and thyroid autoimmunity were relatively
common in the post-COVID population, thyroid antibody levels were not associated with
[3-cell function.

Overall, these findings support the hypothesis that post-COVID metabolic disturbance
may represent a distinct immunometabolic phenotype characterized by altered (3-cell
compensation and thyroid hormone metabolism. Further longitudinal studies are needed to
clarify the mechanisms linking thyroid hormone dynamics with pancreatic (3-cell function
and to determine whether thyroid-related pathways may contribute to metabolic risk
stratification after COVID-19.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biomedicines14071420/s1, Table S1: Dunn post hoc pairwise
comparisons for HOMA-B/HOMA-IR across study groups; Table S2. Adjusted GLM analysis for
-cell compensation (HOMA-B/HOMA-IR); Table S3. Dunn post hoc pairwise comparisons for
metabolic and thyroid parameters across study groups; Table S4. Dunn post hoc pairwise comparisons
within the post-COVID thyroid subgroups; Table S5. Adjusted GLM analysis across thyroid status
subgroups within the post-COVID cohort; Table S6. Spearman correlations between thyroid markers
and B-cell function in the post-COVID cohort.
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Abbreviations

The following abbreviations are used in this manuscript:

BMI Body mass index

CI Confidence interval

DM Diabetes mellitus

ECLIA Electrochemiluminescence immunoassay

ELISA Enzyme-linked immunosorbent assay

FT3 Free triiodothyronine

FT4 Free thyroxine

GLM Generalized linear model

HbAlc Glycated haemoglobin

HOMA-B Homeostasis model assessment of (3-cell function
HOMA-IR Homeostasis model assessment of insulin resistance
IFG Impaired fasting glucose

IFN-y Interferon-y

IGT Impaired glucose tolerance

IL-10 Interleukin-10

IL-17A Interleukin-17A

1L-7 Interleukin-7

IOR Interquartile range

IR Insulin resistance

LADA Latent autoimmune diabetes in adults

MetS Metabolic syndrome

NTIS Non-thyroidal illness syndrome (euthyroid sick syndrome, low T3 syndrome)
OGTT Oral glucose tolerance test

PCR Polymerase chain reaction

T1DM Type 1 diabetes mellitus

T2DM Type 2 diabetes mellitus

TgAb (TAT) Thyroglobulin antibodies

TNF-x Tumor necrosis factor-o
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TPOAb Thyroid peroxidase antibodies
TSH Thyroid-stimulating hormone

References

1. Rubino, F; Amiel, S.A.; Zimmet, P.; Alberti, G.; Bornstein, S.; Eckel, R.H.; Mingrone, G.; Boehm, B.; Cooper, M.E.; Chai, Z; et al.
New-onset diabetes in COVID-19. N. Engl. ]. Med. 2020, 383, 789-790. [CrossRef] [PubMed]

2. Xie, Y,; Al-Aly, Z. Risks and burdens of incident diabetes in long COVID: A cohort study. Lancet Diabetes Endocrinol. 2022, 10,
311-321. [CrossRef] [PubMed]

3. Accili, D. Can COVID-19 cause diabetes? Nat. Metab. 2021, 3, 123-125. [CrossRef] [PubMed]

4. Miiller, J].A.; Gro83, R.; Conzelmann, C.; Kriiger, J.; Merle, U.; Steinhart, J.; Weil, T.; Koepke, L.; Bozzo, C.P,; Read, C.; et al.
SARS-CoV-2 infects and replicates in cells of the human endocrine and exocrine pancreas. Nat. Metab. 2021, 3, 149-165. [CrossRef]
[PubMed]

5. Ayoubkhani, D.; Khunti, K.; Nafilyan, V.; Maddox, T.; Humberstone, B.; Diamond, I.; Banerjee, A. Post-COVID syndrome in
individuals admitted to hospital with COVID-19: Retrospective cohort study. BMJ 2021, 372, n693. [CrossRef] [PubMed]

6. Brenta, G. Why can insulin resistance be a natural consequence of thyroid dysfunction? ]. Thyroid Res. 2011, 2011, 152850.
[CrossRef] [PubMed]

7. Dimitriadis, G.; Mitrou, P.; Lambadiari, V.; Maratou, E.; Raptis, S.A. Thyroid hormone effects on glucose metabolism. Exp. Clin.
Endocrinol. Diabetes 2017, 125, 75-79.

8. Mullur, R;; Liu, Y.Y.; Brent, G.A. Thyroid hormone regulation of metabolism. Physiol. Rev. 2014, 94, 355-382. [CrossRef] [PubMed]

9.  Mastracci, T.L.; Evans-Molina, C. Pancreatic and islet development and function: The role of thyroid hormone. J. Endocrinol.
Diabetes Obes. 2014, 2, 1044. [PubMed]

10. Fliers, E.; Bianco, A.C.; Langouche, L.; Boelen, A. Thyroid function in critically ill patients. Lancet Diabetes Endocrinol. 2015, 3,
816-825. [CrossRef] [PubMed]

11. Lui, D.TW,; Lee, C.H.; Chow, W.S.; Lee, A.C.H.; Tam, A.R.; Fong, CH.Y,;; Law, C.Y,;; Leung, EX.H.; To, KK.W.; Tan, K.C.B.;
et al. Thyroid Dysfunction in Relation to Immune Profile, Disease Status, and Outcome in 191 Patients with COVID-19. |. Clin.
Endocrinol. Metab. 2021, 106, €926—€935. [CrossRef] [PubMed]

12. Khoo, B.; Tan, T.; Clarke, S.A.; Mills, E.G.; Patel, B.; Modi, M.; Phylactou, M.; Eng, P.C.; Thurston, L.; Alexander, E.C.; et al.
Thyroid function before, during, and after COVID-19. J. Clin. Endocrinol. Metab. 2021, 106, e803—-e811. [CrossRef] [PubMed]

13.  Chen, M.; Zhou, W.; Xu, W. Thyroid Function Analysis in 50 Patients with COVID-19: A Retrospective Study. Thyroid 2021, 31,
8-11. [CrossRef] [PubMed]

14. Beltrao, EE.L.; Beltrao, D.C.A.; Carvalhal, G.; Beltrao, FE.L.; Brito, A.D.S.; Capistrano, K.H.R.D.; Bastos, .H.A.; Hecht, F,; Daltro,
C.H.D.C.; Bianco, A.C.; et al. Thyroid Hormone Levels During Hospital Admission Inform Disease Severity and Mortality in
COVID-19 Patients. Thyroid 2021, 31, 1639-1649. [CrossRef] [PubMed]

15.  Gao, W.; Guo, W.; Guo, Y.; Shi, M.; Dong, G.; Wang, G.; Ge, Q.; Zhu, J.; Zhou, X. Thyroid hormone concentrations in severely or
critically ill patients with COVID-19. |. Endocrinol. Investig. 2021, 44, 1031-1040. [CrossRef] [PubMed]

16. Clarke, S.A.; Abbara, A.; Dhillo, W.S. Impact of COVID-19 on the thyroid gland. Clin. Endocrinol. 2022, 96, 3-12.

17.  American Diabetes Association Professional Practice Committee. 2. Diagnosis and Classification of Diabetes: Standards of Care
in Diabetes—2024. Diabetes Care 2024, 47, 520-S42. [CrossRef] [PubMed]

18. World Health Organization. Definition and Diagnosis of Diabetes Mellitus and Intermediate Hyperglycemia; WHO: Geneva, Switzer-
land, 2006. Available online: https:/ /www.who.int/publications/i/item/definition-and-diagnosis-of-diabetes-mellitus-and-
intermediate-hyperglycaemia (accessed on 10 January 2024).

19. Alberti, KG.M.M.; Eckel, R H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, ].I.; Donato, K.A.; Fruchart, J.C.; James, W.P.T.; Loria,
C.M.; Smith, S.C., Jr. Harmonizing the metabolic syndrome: A joint interim statement of the International Diabetes Federation
Task Force; National Heart, Lung, and Blood Institute; American Heart Association; World Heart Federation; International
Atherosclerosis Society; and International Association for the Study of Obesity. Circulation 2009, 120, 1640-1645. [CrossRef]

20. National Health Commission of the People’s Republic of China. Diagnosis and Treatment Protocol for Novel Coronavirus
Pneumonia (Trial Version 7). Chin. Med. ]. 2020, 133, 1087-1095. [CrossRef] [PubMed]

21.  World Health Organization. Therapeutics and COVID-19: Living Guideline; World Health Organization: Geneva, Switzerland, 2022.

22. Matthews, D.R.; Hosker, J.P,; Rudenski, A.S.; Naylor, B.A.; Treacher, D.E; Turner, R.C. Homeostasis model assessment. Diabetologia
1985, 28, 412-419. [CrossRef] [PubMed]

23. Wallace, TM.; Levy, ].C.; Matthews, D.R. Use and abuse of HOMA modeling. Diabetes Care 2004, 27, 1487-1495. [CrossRef]
[PubMed]

24. Montefusco, L.; Ben Nasr, M.; D’Addio, F.; Loretelli, C.; Rossi, A.; Pastore, I.; Daniele, G.; Abdelsalam, A.; Maestroni, A.;

Dell’Acqua, M.; et al. Acute and long-term disruption of glycometabolic control after SARS-CoV-2 infection. Nat. Metab. 2021, 3,
774-785. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14071420


https://doi.org/10.1056/nejmc2018688
https://www.ncbi.nlm.nih.gov/pubmed/32530585
https://doi.org/10.1016/s2213-8587(22)00044-4
https://www.ncbi.nlm.nih.gov/pubmed/35325624
https://doi.org/10.1038/s42255-020-00339-7
https://www.ncbi.nlm.nih.gov/pubmed/33432203
https://doi.org/10.1038/s42255-021-00347-1
https://www.ncbi.nlm.nih.gov/pubmed/33536639
https://doi.org/10.1136/bmj.n693
https://www.ncbi.nlm.nih.gov/pubmed/33789877
https://doi.org/10.4061/2011/152850
https://www.ncbi.nlm.nih.gov/pubmed/21941681
https://doi.org/10.1152/physrev.00030.2013
https://www.ncbi.nlm.nih.gov/pubmed/24692351
https://www.ncbi.nlm.nih.gov/pubmed/25506600
https://doi.org/10.1016/s2213-8587(15)00225-9
https://www.ncbi.nlm.nih.gov/pubmed/26071885
https://doi.org/10.1210/clinem/dgaa813
https://www.ncbi.nlm.nih.gov/pubmed/33141191
https://doi.org/10.1210/clinem/dgaa830
https://www.ncbi.nlm.nih.gov/pubmed/33180932
https://doi.org/10.1089/thy.2020.0363
https://www.ncbi.nlm.nih.gov/pubmed/32600165
https://doi.org/10.1089/thy.2021.0225
https://www.ncbi.nlm.nih.gov/pubmed/34314259
https://doi.org/10.1007/s40618-020-01460-w
https://www.ncbi.nlm.nih.gov/pubmed/33140379
https://doi.org/10.2337/dc24-s002
https://www.ncbi.nlm.nih.gov/pubmed/38078589
https://www.who.int/publications/i/item/definition-and-diagnosis-of-diabetes-mellitus-and-intermediate-hyperglycaemia
https://www.who.int/publications/i/item/definition-and-diagnosis-of-diabetes-mellitus-and-intermediate-hyperglycaemia
https://doi.org/10.14341/2071-8713-5281
https://doi.org/10.1097/CM9.0000000000000819
https://www.ncbi.nlm.nih.gov/pubmed/32358325
https://doi.org/10.1007/bf00280883
https://www.ncbi.nlm.nih.gov/pubmed/3899825
https://doi.org/10.2337/diacare.27.6.1487
https://www.ncbi.nlm.nih.gov/pubmed/15161807
https://doi.org/10.1038/s42255-021-00407-6
https://www.ncbi.nlm.nih.gov/pubmed/34035524
https://doi.org/10.3390/biomedicines14071420

Biomedicines 2026, 14, 1420 28 of 28

25.

26.

27.

28.

29.

30.

31.

32.

Rotondi, M.; Coperchini, F; Ricci, G.; Denegri, M.; Croce, L.; Ngnitejeu, S.T.; Villani, L.; Magri, F; Latrofa, F.; Chiovato, L.
Detection of SARS-CoV-2 receptor ACE-2 mRNA in thyroid cells: A clue for COVID-19-related subacute thyroiditis. J. Endocrinol.
Investig. 2021, 44, 1085-1090. [CrossRef] [PubMed]

Croce, L.; Gangemi, D.; Ancona, G.; Liboa, F.; Bendotti, G.; Minelli, L.; Chiovato, L. The cytokine storm and thyroid hormone
changes in COVID-19. . Endocrinol. Investig. 2021, 44, 891-904. [CrossRef] [PubMed]

Mateu-Salat, M.; Urgell, E.; Chico, A. SARS-CoV-2 as a trigger for autoimmune disease: Report of two cases of Graves’ disease
after COVID-19. ]. Endocrinol. Investig. 2020, 43, 1527-1528. [CrossRef] [PubMed]

Ruggeri, R.M.; Campenni, A.; Siracusa, M.; Frazzetto, G.; Gullo, D. Subacute thyroiditis in COVID-19 patients. J. Clin. Endocrinol.
Metab. 2021, 106, e274—€276.

Peeters, R.P,; Wouters, PJ.; van Toor, H.; Kaptein, E.; Visser, T.].; Van den Berghe, G. Serum 3,3’ ,5'-triiodothyronine (rT3) and
3,5,3/—triiodothyronine /1T3 are prognostic markers in critically ill patients and are associated with postmortem tissue deiodinase
activities. J. Clin. Endocrinol. Metab. 2005, 90, 4559-4565. [CrossRef] [PubMed]

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef] [PubMed]

Del Valle, D.M.; Kim-Schulze, S.; Huang, H.H.; Beckmann, N.D.; Nirenberg, S.; Wang, B.; Lavin, Y.; Swartz, T.H.; Madduri, D.;
Stock, A.; et al. An inflammatory cytokine signature predicts COVID-19 severity and survival. Nat. Med. 2020, 26, 1636—-1643.
[CrossRef] [PubMed]

Peluso, M.J.; Deitchman, A.N.; Torres, L.; Iyer, N.S.; Munter, S.E.; Nixon, C.C.; Donatelli, J.; Thanh, C.; Takahashi, S.; Hakim, J.;
et al. Long-term SARS-CoV-2-specific immune and inflammatory responses in individuals recovering from COVID-19 with and
without post-acute symptoms. Cell Rep. 2021, 36, 109518. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biomedicines14071420


https://doi.org/10.1007/s40618-020-01436-w
https://www.ncbi.nlm.nih.gov/pubmed/33025553
https://doi.org/10.1007/s40618-021-01506-7
https://www.ncbi.nlm.nih.gov/pubmed/33559848
https://doi.org/10.1007/s40618-020-01366-7
https://www.ncbi.nlm.nih.gov/pubmed/32686042
https://doi.org/10.1210/jc.2005-0535
https://www.ncbi.nlm.nih.gov/pubmed/15886232
https://doi.org/10.1016/s0140-6736(20)30183-5
https://www.ncbi.nlm.nih.gov/pubmed/31986264
https://doi.org/10.1038/s41591-020-1051-9
https://www.ncbi.nlm.nih.gov/pubmed/32839624
https://doi.org/10.1016/j.celrep.2021.109518
https://www.ncbi.nlm.nih.gov/pubmed/34358460
https://doi.org/10.3390/biomedicines14071420

	Introduction 
	Materials and Methods 
	Study Aim and Design 
	Study Population and Grouping 
	Inclusion Criteria 
	Exclusion Criteria 
	Ethics Approval and Informed Consent 
	Clinical and Metabolic Assessment 
	Laboratory Measurements 
	Oral Glucose Tolerance Test (OGTT) 
	Assessment of -Cell Function 
	Thyroid Assessment and Definition of Thyroid Dysfunction 
	Thyroid Hormone and Autoantibody Assessment 
	Thyroid Ultrasound Evaluation 
	Thyroid Dysfunction Definition 
	Definitions of Thyroid Function Categories 

	Cytokine Measurement 
	Statistical Analysis 

	Results 
	Study Population Characteristics 
	Glucose Metabolism Characteristics 
	Metabolic and Thyroid Function Parameters 
	-Cell Dysfunction Across Study Groups 
	Thyroid Profile Across Study Groups 
	Prevalence of Thyroid Dysfunction Across Study Groups 
	Thyroid Status Subgroups Within the Post-COVID Cohort 
	Correlations Between Thyroid Hormones and -Cell Function in the Post-COVID Cohort 
	Exploratory Cytokine Analysis 

	Discussion 
	Principal Findings 
	-Cell Dysfunction Across COVID-19 Stages 
	Thyroid Hormone Alterations in COVID-19 
	Thyroid Dysfunction in the Post-COVID Cohort 
	Thyroid Hormones and -Cell Function 
	Cytokine Findings and Immunometabolic Context 
	Clinical Implications 
	Strengths and Limitations 

	Conclusions 
	References

