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Background: Coronavirus disease 2019 (COVID-19) can disrupt glucose regulation
through inflammation, adipose-tissue dysfunction, impaired insulin signaling, and
variable B-cell compensation. These evidence domains remain incompletely integrated.
Objective: To synthesize evidence on glycemic dysregulation and insulin
resistance or insulin sensitivity across acute and post-acute COVID-19,
including metabolic trajectories and associations with adverse clinical outcomes.
Methods: PubMed, Embase, Scopus, Web of Science, and ScienceDirect were
searched. Eligible studies evaluated glucose regulation and at least one insulin-
resistance or insulin-sensitivity measure during or after COVID-19. Etiological and
prognostic evidence was analyzed as related but distinct domains. Prognostic
meta-analysis evaluated study-defined acute hyperglycemic phenotypes; insulin-
resistance or insulin-sensitivity assessment was a study-level eligibility criterion
rather than part of a participant-level composite exposure. Unadjusted risk ratios
(RRs) from event counts were pooled using restricted maximum-likelihood
random-effects models with Hartung—Knapp adjustment. Non-combinable
evidence was synthesized according to Synthesis Without Meta-analysis
principles. Risk of bias was assessed using design-appropriate tools, and certainty
was evaluated with GRADE. The protocol and analytical plan were retrospectively
registered in OSF on August 21, 2026 (https://doi.org/10.17605/OSF.I0/K5FWU).

Results: Twenty independent studies represented by 23 reports. Acute
hyperglycemic phenotypes were associated with increased short-term all-cause
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mortality (four studies; 1,079 participants; RR 2.09, 95% confidence interval [CI] 1.21-
3.64; 1°=31.3%; 95% prediction interval 0.96-4.56) and invasive mechanical
ventilation (three studies; 679 participants; RR 3.64, 95% Cl 1.74-7.61; 1°=0%).
Mortality estimates remained directionally stable in sensitivity analysis. Adding a
large study using peak in-hospital glucose preserved the mortality association but
produced substantial heterogeneity for ventilation. Etiological evidence showed no
uniform post-COVID trajectory: insulin resistance or glycemic abnormalities resolved
in some populations, persisted in others, and progressed toward newly diagnosed
diabetes in a subset. Mechanistic evidence implicated inflammatory stress, adipose-
tissue dysfunction, impaired insulin signaling, and variable B-cell responses.
Conclusions: Study-defined acute hyperglycemic phenotypes were associated
with adverse COVID-19 outcomes in studies that also assessed insulin resistance
or insulin sensitivity. These unadjusted estimates should not be interpreted as
effects of a combined phenotype or as causal associations. Persistent metabolic
abnormalities occurred heterogeneously, supporting standardized participant-
level definitions and controlled longitudinal studies.

Systematic review registration: https://doi.org/10.17605/OSF.IO/K5FWU,
identifier 10.17605/OSF.IO/K5FWU.

KEYWORDS
COVID-19, hyperglycemia, insulin resistance, mechanical ventilation, mortality, newly

diagnosed diabetes, SARS-CoV-2, stress hyperglycemia

1 Introduction

Coronavirus disease 2019 (COVID-19) is increasingly recognized
as a multisystem disorder with clinically relevant metabolic manifes-
tations. The relationship between diabetes mellitus and COVID-19 is
bidirectional: pre-existing diabetes and poor glycemic control in-
crease the probability of severe disease, whereas severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) infection and its
associated inflammatory response can disrupt glucose homeostasis
in individuals with and without previously diagnosed diabetes (1).
Importantly, acute hyperglycemia appears to convey prognostic
information beyond the presence of chronic diabetes. A meta-analysis
of 16 observational studies involving 6,386 hospitalized patients
found that admission hyperglycemia was associated with greater
odds of mortality and severe or critical COVID-19 (2). More recently,
a meta-analysis of seven studies comprising 2272 patients showed
that an elevated stress hyperglycemia ratio was associated with
increased risks of invasive mechanical ventilation and in-hospital
mortality (3). These findings identify acute glycemic dysregulation as
a clinically important feature of COVID-19, although they do not
establish whether hyperglycemia is merely a marker of severe
physiological stress or a marker of a broader metabolic disturbance.

The mechanisms underlying COVID-19-associated hypergly-
cemia are heterogeneous and potentially overlapping. Acute in-
flammatory signaling, increased counter-regulatory hormones,
hepatic glucose production, impaired peripheral glucose uptake,
oxidative stress, endothelial dysfunction, and treatment-related
exposures can all disturb glucose regulation (1). Systemic
glucocorticoids, particularly in severe disease, can further increase
hepatic gluconeogenesis, reduce insulin sensitivity, and impair -
cell compensation, complicating attribution of hyperglycemia
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specifically to SARS-CoV-2 (4). Nevertheless, clinical and experi-
mental evidence supports biologically specific effects of the infec-
tion. Human adipose-tissue studies have demonstrated productive
SARS-CoV-2 infection of adipocytes and abortive infection of
adipose-tissue-resident macrophages, accompanied by a local in-
flammatory response that provides a biologically plausible link
between infection and metabolic dysfunction (5). Experimental
studies using human pancreatic tissue and isolated islets have also
demonstrated SARS-CoV-2 entry into [ cells, reduced insulin
content and secretion, and increased B-cell apoptosis, although
the magnitude of this mechanism in clinical populations remains
uncertain (6). Clinical observations also suggest that COVID-19-
associated hyperglycemia may reflect overlapping contributions
from stress physiology, insulin resistance, impaired -cell compen-
sation, glucocorticoid exposure, and previously unrecognized dia-
betes (7). Collectively, this evidence supports considering
hyperglycemia and insulin resistance as related but non-equivalent
metabolic abnormalities that may coexist during COVID-19.

The temporal relevance of these metabolic abnormalities may
extend beyond acute infection. Post-infection hyperglycemia and
newly diagnosed diabetes have been reported; however, it remains
uncertain whether these abnormalities represent transient stress
responses, the unmasking of pre-existing metabolic disease, or direct
or indirect consequences of SARS-CoV-2 infection (7). At the
population level, a systematic review and meta-analysis of 12 cohort
studies involving more than 48 million participants reported a 41%
higher relative risk of new-onset diabetes after COVID-19 compared
with non-infected populations, with stronger associations among
adults and individuals who experienced more severe acute disease
(8). A subsequent systematic review restricted to adults without
previous type 2 diabetes found deterioration in 16 of 25 insulin-
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resistance comparisons and in 7 of 12 B-cell-function comparisons
following COVID-19 exposure, although measurement heterogeneity
and methodological limitations constrained causal interpretation (9).
A long-COVID-focused meta-analysis similarly reported higher
HOMA-IR, fasting insulin, fasting and random glucose, and lower
insulin sensitivity among individuals with long COVID than among
control participants (10). These findings indicate that post-COVID
metabolic abnormalities are clinically plausible, but their interpreta-
tion remains complicated by baseline adiposity, undiagnosed pre-
existing dysglycemia, acute disease severity, corticosteroid exposure,
selection of survivors, heterogeneous follow-up periods, and the
absence of adequately reassessed control groups in several studies.

Previous evidence syntheses have addressed distinct portions of
this metabolic continuum. Meta- analysis of admission hypergly-
cemia and the stress hyperglycemia ratio have concentrated on
acute prognosis without requiring concurrent characterization of
insulin resistance (2, 3). Reviews of incident diabetes have quanti-
fied post-infection diagnoses but have not established the metabolic
pathways through which post-infection glycemic dysregulation
develops (8). Conversely, systematic reviews of insulin resistance
and B-cell dysfunction have focused on etiological metabolic
changes in selected populations (9), while long-COVID meta-
analysis has emphasized differences in individual biomarkers com-
pared with control groups without integrating acute clinical prog-
nosis (10). Consequently, the available literature has not
established, within a single analytical framework, how SARS-
CoV-2-associated insulin resistance and glycemic dysregulation
evolve from acute infection into the post-acute period or whether
study-defined acute hyperglycemic states, in studies also assessing
insulin resistance or insulin sensitivity, identify patients at increased
risk of major clinical outcomes. Moreover, pooling glucose concen-
trations, HOMA-derived indices, insulin-sensitivity measures,
lipid-based surrogate indices, incident diabetes, and clinical out-
comes into a single summary estimate would obscure rather than
resolve these differences.

Accordingly, this systematic review and meta-analysis addressed
two related but analytically distinct evidence domains. The etiologic
domain examined relationships between SARS-CoV-2 infection,
glycemic dysregulation, and insulin resistance or insulin sensitivity
across acute and post-acute disease. The prognostic domain evaluated
associations between study-defined acute hyperglycemic phenotypes
and adverse clinical outcomes in studies that also assessed insulin
resistance or insulin sensitivity. Additional objectives were to char-
acterize changes in insulin-resistance and insulin-sensitivity indices,
[3-cell function, incident or progressive glycemic abnormalities and
diabetes, and the inflammatory, adipose-tissue, and pancreatic mech-
anisms potentially connecting acute metabolic disruption with sub-
sequent clinical and glycemic outcomes.

2 Materials and methods
2.1 Protocol registration and reporting

This systematic review and meta-analysis was conducted and
reported in accordance with the Preferred Reporting Items for
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Systematic Reviews and Meta-Analyses 2020 (PRISMA 2020)
statement (11). Reporting of the literature search was further
guided by the PRISMA extension for reporting literature searches
(PRISMA-S) (12), while reporting of the quantitative synthesis of
etiologic and prognostic evidence from observational studies was
additionally informed by the Meta-analysis of Observational Studies
in Epidemiology (MOOSE) recommendations (13). The finalized
protocol and analytical plan were retrospectively registered in the
Open Science Framework on August 21, 2026 (OSF; registration
DOL: https://doi.org/10.17605/OSF.IO/K5FWU). Registration oc-
curred after completion of the literature search, study selection,
standardized data extraction, formal risk-of-bias assessment, and
exploratory feasibility analysis, but before calculation of the defin-
itive pooled estimates, final SWiM synthesis, and GRADE certainty-
of-evidence assessment.

2.2 Eligibility criteria

Eligibility criteria were defined using two linked Population-
Exposure-Comparator-Outcome (PECO) frameworks correspond-
ing to the etiologic and prognostic evidence domains. Both domains
included human participants evaluated during acute COVID-19 or
after documented SARS-CoV-2 infection. Eligible studies were
required to assess glucose regulation and at least one marker of
insulin resistance or insulin sensitivity; however, the analytical role
of these variables differed between domains. In the etiologic
domain, SARS-CoV-2 infection or the transition from acute infec-
tion to recovery constituted the exposure or temporal contrast, and
glycemic regulation and insulin resistance or insulin sensitivity were
evaluated as metabolic outcomes. In the prognostic domain, the
exposure was a study-defined acute hyperglycemic phenotype,
whereas the assessment of insulin resistance or insulin sensitivity
served as a study-level eligibility and contextualization criterion
rather than as a component of a participant-level compos-
ite exposure.

Studies were eligible if they included participants of any age
with laboratory-confirmed or clinically documented SARS-CoV-2
infection during the acute or post-acute phase. No restrictions were
applied regarding sex, geographical location, care setting, COVID-
19 severity, hospitalization status, or pre-existing diabetes. Studies
enrolling mixed populations were included only when data for
participants with COVID-19 could be extracted separately.

To establish eligibility for either evidence domain, studies had
to report at least one independent measure of glycemic regulation
and at least one analytical measure of insulin resistance or insulin
sensitivity within the same study population or an analytically
linked subgroup. Glycemic assessments included fasting, random,
or admission glucose; glycated hemoglobin; oral glucose-tolerance
testing; continuous glucose-monitoring variables; or predefined
categories such as impaired fasting glucose, impaired glucose
tolerance, newly detected diabetes, stress hyperglycemia, acute
dysglycemia, or persistent post-COVID hyperglycemia or glu-
cose intolerance.

Insulin resistance or insulin sensitivity could be assessed using a
direct physiological method or a recognized surrogate index,
including HOMA-IR, HOMA2-IR, HOMA2-%S, QUICKI, the
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Matsuda index, FIRI, the triglyceride-glucose index, METS-IR, or a
comparable validated measure. Studies applying an explicitly de-
fined insulin-glucose or C-peptide-glucose relationship to analyt-
ically characterize insulin resistance were also eligible. When an
insulin-resistance index intrinsically incorporated glucose, as in the
triglyceride-glucose index, an additional independent glycemic
variable was required. Measurement of insulin or C-peptide
alone, insulin-treatment requirements, or narrative attribution of
insulin resistance without an analytical assessment was considered
insufficient. Studies evaluating only glycemia or only insulin resis-
tance were excluded.

For the etiologic domain, eligible comparisons included partic-
ipants with versus without SARS-CoV-2 infection; COVID-19
versus non-COVID acute or critical illness; different COVID-19
severity categories; participants with versus without post-COVID
conditions; and within-participant comparisons between acute
infection and post-acute follow-up. Studies without an external
control group remained eligible when they provided a longitudinal
within-participant comparison or another analytical contrast capa-
ble of characterizing the development, magnitude, persistence, or
resolution of glycemic dysregulation and insulin resistance or
insulin sensitivity.

For the prognostic domain, eligible studies compared partici-
pants with and without a study-defined acute hyperglycemic
phenotype and reported subsequent clinical outcomes. Eligible
exposure definitions included newly detected or new-onset hyper-
glycemia, an elevated stress hyperglycemia ratio, severe hypergly-
cemia requiring insulin treatment, or investigator-defined acute
dysglycemia. Comparator groups comprised participants with
normoglycemia, lower relative hyperglycemia, or absence of the
study-defined hyperglycemic state. The required insulin-resistance
or insulin-sensitivity assessment could have been conducted in the
overall study population or an analytically linked subgroup, but it
was not required to define the prognostic exposure groups at the
participant level.

Outcomes of interest in the etiologic domain included changes
in glucose regulation, insulin-resistance or insulin-sensitivity indi-
ces, B-cell function, persistent post-COVID metabolic abnormali-
ties, and newly diagnosed or progressive dysglycemia or diabetes.
Prognostic outcomes included COVID-19 severity, intensive care
admission, invasive or noninvasive ventilatory support, hospitali-
zation duration, and short-term all-cause mortality. Purely descrip-
tive studies without a comparator, temporal contrast, or evaluable
association were excluded.

Eligible designs comprised prospective and retrospective cohort
studies, case-control studies, analytical cross-sectional studies, and
secondary observational or prognostic analyses of clinical trials.
Only peer-reviewed full-text reports providing sufficient quantita-
tive information to evaluate the eligible metabolic relationships,
temporal changes, or prognostic associations were included.
Reviews, meta- analysis, editorials, commentaries, protocols, con-
ference abstracts without a corresponding full report, case reports,
purely descriptive case series, preprints, and animal, in vitro, or in
silico studies were excluded.
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2.3 Information sources and search
strategy

A comprehensive literature search was conducted on June 29,
2026, in PubMed, Scopus, Web of Science, ScienceDirect, and
Embase, with coverage extending from the inception of each elec-
tronic source to the search date. The search strategy was developed
using controlled vocabulary and free-text terms informed by Medical
Subject Headings (MeSH; https://www.ncbi.nlm.nih.gov/mesh/) and
Health Sciences Descriptors (DeCS; https://decs.bvsalud.org/en/).
The three principal concept blocks were combined as follows:
(“Insulin Resistance”) AND (“Hyperglycemia”) AND (“COVID-
19” OR “SARS-CoV-2”). Synonyms and entry terms corresponding
to each concept were combined using the Boolean operator “OR”.
The resulting search terms were adapted to the syntax, search fields,
and Boolean operators supported by each electronic source while
maintaining conceptual equivalence across all searches. No restric-
tions regarding publication year or language were applied. In
addition, the reference lists of the included studies and relevant
review articles were manually screened to identify potentially
eligible studies not retrieved through the electronic searches. The
complete search strategies used for each electronic source, together
with the corresponding numbers of records retrieved, are presented
in Supplementary Table 1.

2.4 Study selection and record
management

All records retrieved from the electronic searches were exported
to Mendeley Reference Manager (https://www.mendeley.com/) and
subsequently imported into Rayyan (https://www.rayyan.ai/) for
record management and screening. Potential duplicate records were
initially identified electronically and then verified using the DOI,
normalized title, authorship, and publication year. Duplicate re-
moval was completed before eligibility screening.

Two reviewers independently screened the titles and abstracts of
all unique records against the predefined eligibility criteria. Records
clearly failing to meet the criteria were excluded at this stage,
whereas potentially eligible records and those for which eligibility
remained uncertain proceeded to full-text assessment. The corre-
sponding full-text reports were independently evaluated by the
same reviewers, and a specific reason for exclusion was recorded
for each ineligible report. Reports that could not be obtained after
reasonable retrieval efforts were classified as not retrieved rather
than as full-text exclusions. Disagreements at either stage were
resolved through discussion and consensus; when consensus could
not be reached, a third reviewer adjudicated the final decision.

Multiple publications originating from the same underlying
study population were identified by comparing authorship, partic-
ipating centers, country, recruitment period, sample size, partici-
pant characteristics, and study procedures. Such publications were
linked within a study family and counted as a single independent
study. The most complete report was treated as the primary source,
while companion publications were retained to obtain additional
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nonoverlapping outcomes or follow-up data. Overlapping partici-
pants or outcomes were not counted more than once in any
quantitative synthesis.

2.5 Data extraction and outcome
definitions

A standardized data-extraction form was developed and pilot-
tested on a representative subset of the eligible reports before formal
extraction. Two reviewers independently extracted the data from
each included publication. Discrepancies were resolved through
discussion and consensus, with adjudication by a third reviewer
when necessary.

The extracted study-level information comprised the first
author, publication year, country, study design, clinical setting,
recruitment period, source population, method used to document
SARS-CoV-2 infection, phase of COVID-19, sample size, duration
of follow-up, and funding or conflict-of-interest information.
Participant-level characteristics included age, sex, body mass
index, pre-existing diabetes or other metabolic disorders, COVID-
19 severity, hospitalization or intensive care status, and exposure to
systemic corticosteroids when reported. Information concerning
the comparator group, participant selection criteria, missing data,
and variables included in adjusted statistical models was
also recorded.

For characterization of the metabolic variables, the reviewers
extracted the type, definition, unit, threshold, and timing of each
glycemic measure and each insulin-resistance or insulin-sensitivity
assessment. For prognostic analysis, the variables used to define the
exposure and comparator groups were recorded separately from the
insulin-resistance or insulin-sensitivity measures used to character-
ize the study population or an analytically linked subgroup.
Glycemic variables included fasting, random, or admission glucose;
glycated hemoglobin; oral glucose-tolerance testing; continuous
glucose-monitoring variables; and categorical definitions of hyper-
glycemia, impaired glucose regulation, or newly diagnosed diabetes.
Insulin-resistance or insulin-sensitivity measures included direct
physiological assessments and recognized surrogate indices, such as
HOMA-IR, HOMA2-IR, HOMA2-%S, QUICKI, the Matsuda
index, FIR]I, the triglyceride-glucose index, and METS-IR, together
with explicitly defined insulin-glucose or C-peptide-glucose rela-
tionships. The formula and cutoft used for each index were retained
as reported by the original investigators.

Extracted outcomes were organized into two related but ana-
Iytically distinct evidence domains. The etiologic domain comprised
the relationships between SARS-CoV-2 infection or clinical phase
and the magnitude, temporal evolution, or persistence of glycemic
dysregulation and insulin resistance or insulin sensitivity during
acute and post-acute COVID-19. The prognostic domain com-
prised associations between study-defined acute hyperglycemic
phenotypes and clinically relevant outcomes, including disease
severity, intensive care admission, ventilatory support, hospitaliza-
tion duration, and mortality, in studies that also assessed insulin
resistance or insulin sensitivity. Post-COVID conditions, persistent
glycemic abnormalities, and newly diagnosed diabetes were retained
as etiologic or longitudinal metabolic outcomes according to the
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analytical role assigned by each study. The exact timing of each
measurement was extracted, and repeated assessments were re-
tained separately to characterize longitudinal changes.

For continuous outcomes, group means and standard devia-
tions, medians and interquartile ranges, change scores, and corre-
sponding sample sizes were extracted as available. For binary
outcomes, event counts and group totals were recorded. Reported
odds ratios, risk ratios, hazard ratios, regression coefficients, and
their corresponding 95% confidence intervals or standard errors
were extracted for association analyses. When several statistical
models were reported for the same outcome, the most comprehen-
sively adjusted estimate was prioritized, and the covariates included
in that model were documented.

Publications originating from the same underlying cohort were
consolidated at the study-family level. The report containing the
most complete methodological and outcome information was
designated as the primary source, while companion publications
contributed only unique outcomes, additional follow-up assess-
ments, or nonoverlapping subgroup data. No participant group,
outcome, or follow-up interval was entered more than once in the
same quantitative synthesis.

For studies included in the prognostic meta- analysis, we
additionally extracted the exact exposure and comparator defini-
tions, glycemic thresholds, timing of exposure ascertainment, insu-
lin-resistance or insulin-sensitivity measures, eligibility or
classification according to pre-existing diabetes, corticosteroid ex-
posure, outcome definitions, and the number of events and partic-
ipants in each comparison group.

2.6 Risk-of-bias assessment

Risk of bias was assessed at the level of each eligible result, with
the appraisal tool selected according to the target estimand and
study design. Non-randomized follow-up studies estimating the
etiological effect of SARS-CoV-2 exposure were evaluated using the
Risk Of Bias In Non-randomized Studies of Exposures (ROBINS-E)
tool (14). Observational studies that did not meet the design
requirements of ROBINS-E were assessed using the revised
Joanna Briggs Institute critical appraisal tools appropriate for
cohort, analytical cross-sectional (15), or case-control studies
(16). Studies examining glycemic, insulin-resistance, or inflamma-
tory variables as prognostic factors for subsequent clinical or
metabolic outcomes were evaluated using the Quality In
Prognosis Studies (QUIPS) tool (17). For secondary analysis de-
rived from randomized controlled trials, the revised Cochrane Risk
of Bias tool (RoB 2) was applied to the effect of assignment to the
randomized intervention (18).

Potential confounding factors were defined before the assess-
ments. For etiological results, the minimum confounder set com-
prised age, sex, adiposity, pre-existing diabetes or baseline glycemic
status, and cardiometabolic comorbidities; COVID-19 severity,
glucocorticoid exposure, relevant treatments, and the timing of
outcome assessment were additionally considered when applicable.
For prognostic results, the assessment considered age, sex, adipos-
ity, previous diabetes or baseline HbAlc, acute disease severity or
oxygenation status, glucocorticoid administration, relevant
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comorbidities or organ dysfunction, and concurrent treatments.
When multiple publications originated from the same underlying
population, shared study-level domains were assessed once, whereas
outcome- or analysis-specific domains were evaluated separately to
prevent duplicate assessment.

Two reviewers independently completed the signaling questions
and domain-level judgments for each eligible result. Disagreements
were resolved through discussion and consensus, with consultation
of a third reviewer when necessary. Judgments followed the cate-
gories and decision algorithms specified by each instrument.
ROBINS-E assessments considered seven bias domains and gener-
ated domain-level and overall judgments for each etiological result
(14). QUIPS assessments covered study participation, study attri-
tion, prognostic-factor measurement, outcome measurement, ad-
justment for confounding, and statistical analysis and reporting
(17). RoB 2 assessments addressed the randomization process,
deviations from intended interventions, missing outcome data,
outcome measurement, and selection of the reported result (18).

» «

For the JBI tools, responses were recorded as “yes,” “no,” “unclear,”
or “not applicable” and interpreted at the item and bias-domain
levels without calculating an aggregate numerical quality score (15,
16). Risk-of-bias judgments were not used as eligibility criteria but
were incorporated into the interpretation of the synthesized evi-
dence. Detailed assessments and graphical summaries were gener-
ated separately for each instrument because their domains and

judgment categories are not directly interchangeable.

2.7 Data synthesis and statistical analysis

Reports derived from the same or partially overlapping popu-
lation were grouped as a single study family. For each outcome and
assessment time, the most complete report was selected.
Companion publications contributed only non-overlapping out-
comes or follow-up periods, thereby avoiding duplicate partici-
pant inclusion.

Evidence synthesis was structured according to the etiologic or
prognostic role of each study. For etiologic evidence, SARS-CoV-2
infection or clinical phase was considered the exposure or temporal
contrast, and the evaluated outcomes included the development,
magnitude, persistence, or resolution of insulin resistance, impaired
insulin sensitivity, glycemic dysregulation, or diabetes. For the
quantitative synthesis of prognostic outcomes, the exposure was
operationalized as a study-defined acute hyperglycemic phenotype,
including new-onset hyperglycemia, an elevated stress hyperglyce-
mia ratio, severe hyperglycemia, or investigator-defined acute
dysglycemia. Hyperglycemia, rather than a participant-level com-
bination of hyperglycemia and insulin resistance, defined the
prognostic exposure and comparator groups. Assessment of at
least one concurrent marker of insulin resistance or insulin sensi-
tivity was required for study eligibility and metabolic
contextualization but was not assumed to form part of the prog-
nostic exposure.

Quantitative synthesis was performed when at least three
independent studies reported the same prognostic outcome and
their exposure definitions represented an acute hyperglycemic state
during the index hospitalization. Clinical comparability required: (i)
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hospitalized patients with acute COVID-19; (ii) a dichotomous
comparison between a study-defined hyperglycemic or dysglycemic
group and a normoglycemic or lower-glycemia reference group; (iii)
ascertainment of the glycemic exposure during the index hospital-
ization; (iv) compatible definitions and assessment periods for the
clinical outcome; and (v) sufficient event data to reconstructa 2 x 2
table. New-onset hyperglycemia, an elevated stress hyperglycemia
ratio, severe hyperglycemia requiring initiation of insulin therapy,
and dysglycemia identified from repeated inpatient glucose profiles
were regarded as clinically related manifestations of a broader acute
hyperglycemic exposure class, but not as interchangeable diagnostic
thresholds. Consequently, the pooled RRs were interpreted as
average associations across study-specific definitions rather than
as the effect associated with a single glucose threshold or uniform
diagnostic entity.

Eligible outcomes included all-cause mortality, invasive me-
chanical ventilation or endotracheal intubation, intensive care unit
admission, disease severity, length of hospital stay, and hospital
readmission. Outcome definitions and assessment periods were
evaluated for clinical comparability before pooling. Short-term
mortality encompassed death during the index hospitalization or
within 60 days, whereas invasive mechanical ventilation included
intubation during the index hospitalization. For dichotomous
outcomes, unadjusted risk ratios (RRs) and 95% confidence inter-
vals (ClIs) were calculated from reported or reconstructed 2 x 2
tables. This common event-count estimand was selected because the
required data were available for every study contributing to each
pooled outcome, whereas compatible adjusted estimates for the
same exposure-outcome contrasts were available from only one
study. Adjusted associations were extracted and synthesized narra-
tively when available but were not combined with unadjusted RRs
because they differed in effect measure, exposure parameterization,
covariate selection, and model specification. Adjusted odds ratios
were not treated as interchangeable with RRs, particularly because
the outcomes were not rare. Consequently, the pooled RRs quantify
total, unadjusted prognostic associations and should not be inter-
preted as effects independent of confounding.

Pooled estimates were calculated using inverse-variance
random-effects models. Between-study variance was estimated
using restricted maximum likelihood, and 95% CIs were calculated
using the modified Hartung-Knapp method. Statistical heteroge-
neity was evaluated using Cochran’s Q and quantified using t* and
I%. Prediction intervals were calculated when statistically estimable.
A continuity correction of 0.5 was applied only to studies contain-
ing a zero cell, whereas studies with no events in either comparison
group were excluded from the corresponding RR analysis. All tests
were two-sided, with p<0.05 considered statistically significant.

Sensitivity analysis included leave-one-out analysis, exclusion of
studies with a high or serious risk of bias, and the addition or
exclusion of studies that defined the acute hyperglycemic exposure
using the maximum glucose value recorded at any time during
hospitalization. Definitions based exclusively on peak in-hospital
glucose were considered less temporally comparable with admis-
sion-based or prospectively characterized inpatient glycemic phe-
notypes because the peak measurement could occur after clinical
deterioration or after exposure to corticosteroids, nutritional
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support, or intensive-care treatment. These studies were therefore
excluded from the primary analysis and evaluated only in sensitivity
analysis. Potential sources of heterogeneity, including pre-existing
diabetes, exposure definition and timing, corticosteroid exposure,
disease severity, and comparator selection, were examined descrip-
tively. Formal subgroup analysis were planned only when sufficient
comparable data were available. Meta-regression, funnel plots, and
statistical tests for small-study effects were planned only when at
least 10 independent studies contributed to an outcome.

Outcomes and effect estimates that could not be combined
quantitatively were synthesized according to the Synthesis Without
Meta-analysis reporting guideline (19). The synthesis was organized
according to evidence function. Etiological evidence included in-
fection-associated insulin resistance and glucose dysregulation,
longitudinal or persistent post-COVID metabolic abnormalities,
incident or progressive glucose abnormalities or diabetes, and
mechanistic findings reported within eligible clinical studies.
Non-combinable prognostic evidence comprised outcomes or esti-
mates not eligible for pooling, including data on mortality, invasive
mechanical ventilation, intensive care unit admission, disease
severity, length of hospital stay, and readmission. Within each
group, findings were compared according to population, compara-
tor, clinical phase, metabolic measure, effect magnitude and direc-
tion, precision, adjustment for confounding, and risk of bias.
Conclusions were based on the consistency and methodological
credibility of the evidence rather than on statistical-significance vote
counting. Analyses were performed using R version 4.5.2 (https://
cran.r-project.org/manuals.html), with the meta version 8.5-0 (20)
and metafor version 5.0-1 packages (21).

2.8 Assessment of the certainty of
evidence

The certainty of evidence was assessed independently by two
reviewers using the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) approach. Disagreements
were resolved by consensus, with consultation of a third reviewer
when necessary. GRADE assessments were conducted separately for
each clinically relevant outcome and according to its etiological or
prognostic function. Observational evidence addressing prognostic
factors or exposures initially received a high-certainty rating,
consistent with GRADE guidance for prognostic and exposure
questions (22, 23).

For the prognostic component, certainty was assessed for short-
term all-cause mortality and invasive mechanical ventilation. The
target of assessment was confidence in the association between the
acute hyperglycemic phenotype and each clinical outcome rather
than certainty in a causal effect. For the etiological component,
certainty was assessed for infection-associated insulin resistance or
glycemic dysregulation, persistent post-COVID metabolic abnor-
malities, and incident or progressive dysglycemia or diabetes. Other
non-combinable prognostic outcomes were assessed when a coher-
ent body of evidence was available. Mechanistic biomarkers were
not assigned an independent GRADE rating because they were used
to support biological plausibility rather than represent patient-
important outcomes.
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Certainty could be downgraded for risk of bias, inconsistency,
indirectness, imprecision, or publication bias. The GRADE risk-of-
bias domain was assessed at the outcome and body-of-evidence
level rather than by converting the categories of the different
appraisal tools into a common numerical score. For each GRADE
outcome, every contributing result was linked to its corresponding
ROBINS-E, QUIPS, JBI, or RoB 2 assessment. The original catego-
ries of each instrument were retained: low risk, some concerns, high
risk, or very high risk for ROBINS-E; low, moderate, or high risk for
QUIPS; and low risk, some concerns, or high risk for RoB 2. JBI

» <« » <«

responses were retained as “yes,” “no,” “unclear,” or “not applica-
ble” and were not summed or converted into an automatic overall
rating. Across instruments, reviewers considered conceptually cor-
responding sources of bias, including confounding, participant
selection or study participation, missing data or attrition, exposure
or prognostic-factor measurement, outcome measurement, selective
reporting, and, when applicable, the randomization process and
deviations from intended interventions. The body of evidence was
downgraded one level for serious risk of bias when the contributing
studies showed recurrent concerns in outcome-relevant domains or
when an important proportion of the evidence came from studies
with high overall risk of bias. Decisions considered each study’s
contribution to the outcome and effect estimate rather than study
counts or a mechanical crosswalk between instruments.
Inconsistency was evaluated from the direction and magnitude of
study-level effects and, for pooled outcomes, from 7% I%, and the
overlap of confidence intervals. Indirectness was judged according
to differences in population, exposure definition, comparator,
outcome measurement, and assessment time relative to the review
question. Imprecision was evaluated using confidence intervals,
sample size, number of events, and whether the evidence supported
materially different interpretations. Publication bias was assessed
from the comprehensiveness of the search, selective outcome
reporting, and the distribution of study sizes; statistical tests for
small-study effects were considered only when at least 10 studies
were available.

For outcomes synthesized without meta-analysis, the same
GRADE domains were applied to the body of evidence using the
direction, magnitude, precision, and consistency of the study-level
findings, without requiring a single pooled effect estimate (24). Final
certainty was categorized as high, moderate, low, or very low, and all
downgrading decisions were documented using explanatory foot-
notes. Evidence profiles and Summary of Findings tables were
prepared using GRADEpro GDT (https://www.gradepro.org).

3 Results
3.1 Study selection

The electronic searches identified 2763 records: 94 from
PubMed, 293 from Scopus, 126 from Web of Science, 1910 from
ScienceDirect, and 340 from Embase. After the removal of 472
duplicate records, 2291 unique records underwent title and abstract
screening. Of these, 2216 were excluded because they did not meet
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the predefined eligibility criteria, leaving 75 reports for retrieval.
Manual screening of the reference lists of included studies and
relevant reviews identified two additional potentially eligible re-
ports, resulting in 77 reports sought for full-text assessment.

Two reports could not be retrieved despite reasonable efforts;
consequently, 75 full-text reports were assessed for eligibility. Of
these, 52 were excluded: 39 did not provide a valid insulin-
resistance or insulin-sensitivity assessment alongside an eligible
glycemic assessment; seven used insulin administration or treat-
ment requirements as a proxy for insulin resistance; three assessed
insulin resistance without an independent glycemic component;
two provided only preclinical or mechanistic evidence without
eligible concurrent clinical assessments of glycemic regulation and
insulin resistance or insulin sensitivity; and one was an ineligible
nonprimary publication. Ultimately, 23 publications fulfilled all
eligibility criteria and were included in the systematic review.
Because two study families were represented by multiple compan-
ion publications, these 23 reports corresponded to 20 independent
studies. The complete study-selection process is presented in the
PRISMA 2020 flow diagram (Figure 1).

3.2 Characteristics of the included studies

The systematic review included 23 publications (25-47) repre-
senting 20 independent studies or study families (Table 1). The two
publications by Calcaterra et al. reported different follow-up stages
of the same pediatric MIS-C cohort and were therefore treated as a

10.3389/fendo.2026.1975728

single study family (28, 35). Similarly, the three publications by
Tsvetkova et al. were considered a partially overlapping
immunometabolic research program and were consolidated at the
study-family level to prevent double-counting (44-46). Publication
years ranged from 2021 to 2026 (25-47). The evidence originated
from 14 countries or territories. Studies were conducted in China
(25, 29), the United States (26), India (27, 40), Italy (28, 31, 32, 35),
Greece (30, 37), Mexico (33), Ghana (34), and the Czech Republic
(36). Additional studies were conducted in Romania (38), the
Netherlands (39), Hong Kong SAR, China (41), Iraq (42, 43),
Bulgaria (44-46), and Croatia (47).

The included studies used heterogeneous but complementary
methodological designs. Prospective longitudinal or follow-up co-
horts evaluated glycemic and insulin-related changes during acute
infection and subsequent recovery (25, 27, 28, 35, 36, 41, 47). Da
Porto et al. conducted a prospective hospital cohort with assessment
of 60-day clinical outcomes (32), whereas Montefusco et al. com-
bined an acute hospital-based metabolic assessment with an ap-
proximately 2-month follow-up evaluation (31). Retrospective
designs were used to examine metabolic alterations during hospi-
talization and after discharge (37, 38), while other observational
hospital cohorts evaluated acute glycemic dysregulation, insulin
resistance, disease severity, or mortality (26, 30, 40). Comparative
studies incorporated healthy or non-infected control groups and, in
some cases, metabolomic, proteomic, or oxidative-stress assess-
ments (29, 33, 34). The remaining evidence included a secondary
biomarker analysis of a multicenter randomized controlled trial

Identification of new studies via databases and registers

Identification of new studies via other methods

Records identified from:
Databases (n = 2763): Records removed before screening:
_5 PubMed (n = 94) D 9: Records identified from:
= uplicate records (n = 472) ’
8 Scapus (n'=293) [ Records marked as ineligible by automation Widaiam = )
% Web of Sz_:ience (n=126) tools (n = 0) _Organisa(icn_s (n=0)
3 Sc\eg;iZg:c(in(z 2416;310) Records removed for other reasons (n = 0) Gliatan seaiciina s 1
Registers (n = 0)
Records screened Records excluded
(n=2,291) (n=2216)
l Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
(n=75) = (n=2) (n=2) > (n=0)

2
=
8 Reports excluded:
3 No valid IR assessment accompanying

glycemia (n = 39)

Insulin treatment used as an IR
Reports assessed for eligibility proxy (n=7) Reports assessed for eligibility Reports excluded:
(n=73) IR without an independent glycemic (n=2) None (n = 0)
component (n = 3)
Preclinical or mechanistic evidence
only (n=2)
Non-primary publication (n = 1)
= New studies included in review
g (n =20)
2 Reports of new included studies
£ (n=23)
FIGURE 1

PRISMA 2020 flow diagram of the study-selection process. The diagram summarizes the identification of records through five electronic databases
and citation searching, duplicate removal, title and abstract screening, full-text eligibility assessment, reasons for exclusion, and final inclusion of 23

publications representing 20 independent studies in the systematic review.
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TABLE 1 General characteristics of the included studies.

Country

Design and setting

COVID-19
phase and
follow-up

Study population

Sample
size

10.3389/fendo.2026.1975728

Main comparator
or analytical
contrast

P tive longitudinal Within- taboli
Chen et al,, . rospective f)ngl udind Acute infection; 3 Adults with confirmed COVID-19 Hhin-person me.a ,O e
China cohort; hospital and R R 64 changes from admission to
2021 (25) X and 6 months and no previous diabetes
outpatient follow-up follow-up
ARDS ARDS;
Reiterer . . ) Adults hospitalized with COVID- Versus' ne
United Multicenter hospital cohort o . i . hyperglycemia versus no
et al., 2021 i o Acute hospitalization 19, with and without pre-existing 3,854 i
States with mechanistic subcohorts . hyperglycemia; selected
(26) diabetes -
critical-care controls
Pre-COVID and
e o , o A SARS-CoV-2-infected
. o peri-COVID Adults with longitudinal glycemic .
Goyal et al,, . Established longitudinal . . versus non-infected
India X assessments; mean and cardiometabolic 352 . .
2021 (27) community cohort . participants; within-person
interval of 21.5 measurements
changes
months
Calcaterra P " diatric cas
rospective pediatric case
et al,, 2021 Ital series with l(ljn ctudinal Acute MIS-C; 6 and Children and adolescents with 13 Within-person changes; no
and 2023 Y & 12 months MIS-C related to SARS-CoV-2 external comparison group
follow-up
(28, 35)
Comparative cohort with . . Patients with COVID-19 without COVID-19 versus healthy
He et al, . R . Acute infection and . .
China metabolomic and proteomic previous metabolic disease and 154 controls; non-severe versus
2021 (29) R recovery i
substudies healthy controls severe disease
Ward ICU; diabety
. . Adults with mild-to-critical ar versu's fabetes
Ilias et al., Hospital cohort; COVID-19 o X R versus no diabetes;
Greece Acute hospitalization COVID-19, with and without 157 i
2021 (30) ward and ICU R Survivors versus non-
diabetes .
survivors
Montefusco . . Acute infection and Hospitalized adults with diabetes, Pre-existing diabetes versus
Observational hospital cohort K K R
et al,, 2021 Italy . . . approximately 2- newly detected hyperglycemia, or 551 new hyperglycemia versus
with metabolic substudies . .
(31) month follow-up normoglycemia normoglycemia
Da Porto o Adults hospitalized with COVID- i .
. . Acute hospitalization; K K . . Stress hyperglycemia ratio
et al,, 2022 Italy Prospective hospital cohort 19, including participants with 150
60-day outcomes . >1.14 versus <1.14
(32) diabetes
Soto et al., Mexi Comparative analytical Acute moderate or Patients with COVID-19 and 86 COVID-19 versus healthy
exico
2022 (33) cohort; referral center severe disease healthy controls controls
Adatsi et al Post-acute comparative Approximately 6-8 Recovered adults and individuals Recovered COVID-19
2023 (34) v Ghana study; community and months after without previous SARS-CoV-2 226 participants versus non-
laboratory assessment infection infection infected controls
Acute h 1 i
Gojda et al., Czech Prospective hospital cohort Acute severe disease; | Survivors of severe COVID-19 cute fypers Ycerr?la.versus
. . . . . 26 normoglycemia; within-
2023 (36) Republic with follow-up 3 and 6 months without previously known diabetes
person changes
. Comparisons across
Liontos Adults with diabetes, obesity, both diabetes, obesity, and
et al., 2023 Greece Retrospective hospital cohort | Acute hospitalization . . ty’ 1,458 ; R
G7) conditions, or neither condition metabolically unaffected
strata
Andor Retrospective longitudinal . . Patients with moderate-to-severe Within-person metabolic
. . Hospital discharge; 4 . .
et al., 2024 Romania cohort; hospital and follow- and 12 months COVID-19 and no previous 135 changes and predictors of
(38) up diabetes subsequent glycemia
. Secondary biomarker analysis | Acute severe disease; Imatinib versus placebo;
Duijvelaar . . . - . .
et al. 2024 Netherlands of a multicenter randomized hospital course and Adults hospitalized with severe 385 severe hyperglycemia
(39)" controlled trial conducted in days 2-3 biomarker COVID-19 versus no severe
13 hospitals assessments hyperglycemia
Survivors versus non-
Khan et al., . . . Acute moderate-to- Adults with COVID-19 and no survivors; lower versus
India Observational hospital cohort . X . . 126 . R
2024 (40) critical disease previous diabetes higher baseline insulin
resistance
. Prospective cohort with Approximately 6 COVID-19 survivors with COVID-19 survivors versus
Lui et al, Hong Kong . . . . . . s
. matched controls; hospital weeks and 1 year dysglycemia during acute infection 102 controls at baseline; within-
2024 (41) SAR, China R . .
and community follow-up after acute infection and matched controls person changes at 1 year
Al Masoodi Case—cor{trol study; Long COVID and Individuals w1th long CQVID and Long COVID Ye‘rsus
et al,, 2025 Iraq community and laboratory ost.recove recovered participants without 90 recovered participants
(42) assessment P v long COVID; diabetes excluded without long COVID
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TABLE 1 Continued

COVID-19

10.3389/fendo.2026.1975728

Main comparator

. . n Sample ;
Study Country Design and setting phase and Study population sizg or analytical
follow-up contrast
T2DM with COVID-1
Ahmed Comparative cross-sectional Post-hospitalization Adults with T2DM and COVID- ersus ,F;l DMCO'tho t9
versu withou
et al., 2025 Iraq study; hospital and outpatient | during the Omicron 19, T2DM without COVID-19, 150
. COVID-19 versus healthy
(43) assessment period and healthy controls
controls
Tsvetkova Flomparative ' Active COVID-19 Participants with active COVID- Pf)st—COVID metabol.ic
et al., 2025- i immunometabolic research 19, newly developed post-COVID disorders versus classic
Bulgaria . X and post-COVID N K 168 X
2026 program with partially L metabolic disorders, or classic metabolic syndrome;
i metabolic disease i K
(44-46) overlapping reports metabolic syndrome subgroup comparisons
Grubisic . . o o . Normoglycemia versus
. Prospective hospital cohort Acute hospitalization; | Adults hospitalized with COVID- .
et al,, 2026 Croatia i o R . 144 stress hyperglycemia versus
with longitudinal follow-up 3 and 6 months 19 and no previous diabetes -
(47) new-onset diabetes

The 23 included publications represented 20 independent studies or study families. Sample size refers to the largest non-overlapping analytical cohort used for general study characterization;
outcome-specific analysis may have used smaller denominators. The paired reports by Calcaterra et al. (28, 35) and the partially overlapping reports by Tsvetkova et al. (44-46) were consolidated

at the study-family level. ARDS, acute respiratory distress syndrome; COVID-19, coronavirus disease 2019; ICU, intensive care unit; MIS-C, multisystem inflammatory syndrome in children;

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T2DM, type 2 diabetes mellitus.

(39), a case—control study of long COVID (42), a comparative cross-
sectional study involving patients with T2DM (43), and a series of
partially overlapping comparative immunometabolic investigations
(44-46).

Sample sizes varied substantially according to study design and
setting, ranging from 26 participants in the prospective cohort
reported by Gojda et al. (36) to 3854 hospitalized patients in the
multicenter cohort reported by Reiterer et al. (26). Most investiga-
tions enrolled adult participants across hospital, intensive-care,
outpatient, community, or post-COVID follow-up settings. The
only pediatric study family evaluated children and adolescents with
MIS-C during the acute phase and at 6- and 12-month follow-up
(28, 35). Participants without previously diagnosed diabetes or
metabolic disease were specifically selected in several cohorts (25,
29, 36, 38, 40, 47), while diabetes was excluded from the long-
COVID case-control study conducted by Al Masoodi et al. (42).
Other investigations included participants with and without pre-
existing diabetes or explicitly stratified the population according to
diabetes, newly detected hyperglycemia, obesity, or normoglycemia
(26, 30, 31, 37, 43). Lui et al. specifically followed COVID-19
survivors who had developed dysglycemia during the acute infec-
tion and compared them with matched controls (41).

The timing of metabolic assessment encompassed both acute
and post-acute COVID-19. Acute hospitalized populations were
evaluated in relation to hyperglycemia, insulin resistance, critical
illness, or clinical outcomes (26, 30, 33, 37, 39). Several studies
extended the assessment beyond hospitalization. Metabolic out-
comes were evaluated at 3 and 6 months in the cohorts reported by
Chen et al. (25), Gojda et al. (36), and Grubisic et al. (47); at 6 and
12 months in the pediatric MIS-C study family (28, 35); and at 4
and 12 months after hospital discharge in the cohort reported by
Andor et al. (38). Montefusco et al. performed an approximately 2-
month post-acute assessment (31), whereas Lui et al. evaluated
survivors at approximately 6 weeks and again at 1 year (41). Goyal
et al. compared pre-COVID and peri-COVID cardiometabolic
measurements obtained over a mean interval of 21.5 months (27).
Exclusively post-acute or recovery-based populations were exam-
ined approximately 6-8 months after infection in Ghana (34), in
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individuals with and without long COVID in Iraq (42), after
COVID-19 hospitalization among patients with T2DM (43), and
among individuals with newly developed post-COVID metabolic
disorders in Bulgaria (44-46).

The analytical comparisons reflected the etiologic and prognostic
dimensions of the review question. Comparisons between partici-
pants with previous SARS-CoV-2 infection and healthy, non-in-
fected, or matched controls were performed in studies from India,
China, Mexico, Ghana, and Hong Kong SAR (27, 29, 33, 34, 41).
Within-person metabolic changes across acute infection and follow-
up were evaluated in longitudinal cohorts from China, India, Italy,
the Czech Republic, Romania, Hong Kong SAR, and Croatia (25, 27,
28, 35, 36, 38, 41, 47). Acute prognostic contrasts included ARDS and
hyperglycemia status (26), ward versus ICU admission and survival
status (30), stress hyperglycemia categories (32), diabetes and obesity
strata (37), severe hyperglycemia and randomized treatment alloca-
tion (39), baseline insulin resistance and hospital mortality (40), and
acute glycemic phenotypes associated with disease severity (47).
Additional studies compared pre-existing diabetes, newly detected
hyperglycemia, and normoglycemia (31); T2DM with and without
previous COVID-19 (43); or post-COVID metabolic disorders and
classic metabolic syndrome (44-46).

Collectively, these studies provided a clinically and temporally
diverse evidence base encompassing acute glycometabolic disrup-
tion, inflammation-associated insulin resistance, hyperglycemia, -
cell dysfunction, persistent post-COVID metabolic abnormalities,
and progression toward newly developed metabolic disease. This
heterogeneity supported the prespecified organization of the evi-
dence according to acute versus post-acute disease phase and
etiologic versus prognostic analytical contrasts.

3.3 Synthesis without meta-analysis of
etiological evidence

Etiological findings that could not be combined quantitatively
were synthesized without meta-analysis and are presented accord-
ing to the prespecified metabolic domains summarized in Table 2.
Evidence mapping identified hyperglycemia and glucose
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TABLE 2 Evidence mapping matrix of glycemic dysregulation and insulin resistance across acute and post-acute COVID-19.

Study

Chen et al.,, 2021 (25)

D1

D2

D3 D4

D5

D6

Evidence synthesis

Reduced C-peptide during acute infection was followed by
recovery of secretion, but TyG remained elevated at 3 and 6
months, indicating persistent insulin resistance without overt
diabetes.

Reiterer et al., 2021 (26)

Goyal et al,, 2021 (27)

P

NE/NC

NE/NC

NE/NC

NE/NC

Acute COVID-19-associated hyperglycemia was driven
predominantly by insulin resistance linked to adipose-tissue
infection, inflammatory dysfunction, and reduced adiponectin

rather than B-cell failure.

Predominantly mild or asymptomatic infection was associated with
BMI progression but not with significantly greater glycemic
deterioration, insulin resistance, or B-cell dysfunction than in non-
infected participants.

Calcaterra et al., 2021 and
2023 (28, 35)

MIS-C produced marked acute insulin resistance and glycemic
fluctuation; abnormalities improved but persisted in a subset at 6
and 12 months without progression to overt diabetes.

He et al., 2021 (29)

SARS-CoV-2 induced new-onset insulin resistance and metabolic
dysregulation through altered secreted metabolic factors; insulin
resistance persisted into recovery and was not explained by insulin
deficiency.

Tlias et al., 2021 (30)

Montefusco et al., 2021
(31)

NE/NC

Acute hyperglycemia increased with clinical severity, while
critically ill patients exhibited both reduced insulin sensitivity and
compromised insulin secretion.

Acute new hyperglycemia and insulin resistance coexisted with -
cell hyperstimulation and abnormal cytokine profiles, with
glycometabolic abnormalities persisting after recovery.

Da Porto et al., 2022 (32)

P NE/NC

NE/NC

NE/NC

Stress hyperglycemia was associated with cytokine release, insulin
resistance, and worse clinical outcomes during acute
hospitalization.

Soto et al., 2022 (33)

NE/NC

Hyperglycemia, hyperinsulinemia, and HOMA-IR were
accompanied by oxidative and nitrosative stress, linking glucose-
insulin disruption with loss of redox homeostasis.

Adatsi et al., 2023 (34)

NE/NC

Recovered participants exhibited persistent insulin resistance and
reduced B-cell function, indicating sustained post-COVID
diabetogenic vulnerability.

Gojda et al,, 2023 (36)

Acute insulin resistance resolved during follow-up, whereas
persistent hyperglycemia was predominantly associated with an
insufficient insulin response and B-cell dysfunction.

Liontos et al., 2023 (37)

P NE/NC

NE/NC

NE/NC

Inflammatory markers, insulin-resistance indices, and
hyperglycemia jointly contributed to prolonged hospitalization and
adverse outcomes across diabetes and obesity strata.

Andor et al., 2024 (38)

P NE/NC

Glycemia, HOMA-IR, and high-sensitivity CRP at discharge
predicted glycemic levels at 4 and 12 months, connecting acute
immunometabolic disruption with persistent glycemic
abnormalities.

Duijvelaar et al., 2024 (39)

NE/NC

NE/NC

Imatinib reduced severe hyperglycemia and inflammatory JNK/IL-
6 signaling while increasing adiponectin, without altering insulin
production, supporting restoration of peripheral glucose uptake.

Khan et al., 2024 (40)

NE/NC

NE/NC

Baseline HOMA-IR and hyperglycemia predicted hospital
mortality with moderate discrimination among patients without
previous diabetes.

Lui et al.,, 2024 (41)

Insulin resistance characterized survivors with acute dysglycemia,
and 23.8% experienced glycemic progression at 1 year despite
stable C-peptide levels.

Al Masoodi et al., 2025
(42)

NE/NC

NE/NC

Long COVID was characterized by persistent insulin resistance
and galanin-system activation, with CRP and insulin/glucose
measures contributing to diagnostic discrimination.

Ahmed et al., 2025 (43)

NE/NC

Patients with T2DM and COVID-19 exhibited higher fasting and
random glucose, fasting insulin, HOMA-IR, and CRP than patients
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TABLE 2 Continued

Study D1 D2 D3 D4 D5 D6 Evidence synthesis

with T2DM without COVID-19, supporting inflammatory
aggravation of established metabolic dysfunction.
The partially overlapping reports linked immune imbalance,

Tsvetkova et al., 2025-
oxidative stress, insulin resistance, and B-cell dysfunction with

2026 P P P P P P
(44-46) newly developed post-COVID carbohydrate disorders and
persistent immunometabolic activation.
Acute hyperglycemia and cytokine activation identified severe
Grubiic et al, 2026 (47) P P p S p P disease, while higher HOMA-IR distinguished persistent newly

diagnosed diabetes from transient stress hyperglycemia at 3 and 6
months.

P (Primary) indicates that the domain was directly evaluated and central to the study, regardless of whether the result was positive or negative. S (Secondary) indicates indirect, supportive,
ancillary, or incomplete evidence. NE/NC (not evaluated or not central) indicates that the domain was not assessed or was not relevant to the study aims. D1, acute glycometabolic disruption; D2,
inflammation-driven insulin resistance; D3, hyperglycemia and glucose dysregulation; D4, B-cell dysfunction and impaired insulin secretion; D5, persistent post-COVID metabolic abnormalities;
D6, progression toward new-onset diabetes. The paired reports by Calcaterra et al. (28, 35) and the partially overlapping reports by Tsvetkova et al. (44-46) were consolidated at the study-family
level to avoid double-counting. BMI, body mass index; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; IL-6,
interleukin 6; JNK, c-Jun N-terminal kinase; MIS-C, multisystem inflammatory syndrome in children; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T2DM, type 2 diabetes
mellitus; TyG, triglyceride-glucose index.

dysregulation as the most consistently evaluated metabolic domain,  the incidence of severe hyperglycemia while decreasing IL-6 and
constituting a primary domain in 18 studies and a secondary  JNK signaling and increasing adiponectin, supporting an inflam-
domain in the remaining two studies. Acute glycometabolic dis-  mation-mediated impairment of peripheral glucose uptake (39). At
ruption was classified as primary in 14 studies and secondary in  discharge, glycemia, HOMA-IR, and high-sensitivity C-reactive
three, while inflammation-driven insulin resistance was primary in ~ protein predicted subsequent glycemia at 4 and 12 months (38).
13 studies and secondary in six. Evidence concerning B-cell dys-  In long COVID, C-reactive protein, insulin/glucose measures, and
function was less uniform, being primary in eight studies and  activation of the galanin system jointly discriminated affected
secondary in nine. Persistent post-COVID metabolic abnormalities  participants from recovered controls (42). The Bulgarian study
were directly evaluated in 12 studies, whereas progression toward  family further linked persistent cytokine imbalance, oxidative
new-onset diabetes constituted a primary domain in only four  stress, insulin resistance, and B-cell dysfunction with newly devel-
studies and a secondary domain in nine. These classifications  oped post-COVID carbohydrate disorders (44-46). Admission
indicate the centrality of each domain within the individual study  cytokine activation was also associated with acute hyperglycemia
rather than the direction or statistical significance of its findings. and disease severity, although inflammatory burden alone did not
Acute COVID-19 was predominantly characterized by the  distinguish transient stress hyperglycemia from persistent newly
concurrence of hyperglycemia and impaired insulin sensitivity. In  diagnosed diabetes (47).
critically ill adults, insulin resistance rather than insulin deficiency Evidence concerning B-cell function revealed important mech-
was identified as the principal mechanism underlying hyperglyce-  anistic heterogeneity. Reduced C-peptide during acute infection was
mia and was linked to SARS-CoV-2 infectivity of adipose tissue and  followed by recovery of insulin secretion, while insulin-resistance
reduced circulating adiponectin (26). New-onset insulin resistance  indices remained elevated during follow-up (25). Predominantly
accompanied by glucose and lipid dysregulation was also docu-  mild or asymptomatic infection was not associated with greater
mented during infection and persisted after viral clearance (29).  deterioration of oral disposition index, insulin sensitivity, or
Other hospitalized cohorts demonstrated that critical illness could — glycemic status than that observed in non-infected participants
involve both reduced insulin sensitivity and compromised insulin ~ (27). By contrast, compromised insulin secretion was observed
secretion (30), while acute hyperglycemia and insulin resistance =~ among critically ill patients (30), and persistent hyperglycemia
coexisted with B-cell hyperstimulation and abnormal cytokine  after severe COVID-19 was attributed primarily to an insufficient
profiles (31). Acute insulin resistance was also observed in children  insulin response after acute insulin resistance had resolved (36).
with MIS-C, together with pathological HOMA-IR, TyG values,and ~ Recovered participants from Ghana exhibited persistent insulin
glycemic fluctuations despite the absence of obesity or previous  resistance accompanied by reduced -cell function (34). However,
diabetes (28, 35). C-peptide remained stable among survivors with progressive
Associations with inflammatory pathways were supported by  glycemic deterioration at 1 year, suggesting that declining insulin
several complementary lines of evidence. Stress hyperglycemia was  sensitivity rather than loss of secretory capacity was the predom-
associated with cytokine release and adverse clinical outcomes  inant mechanism in that cohort (41). These findings contrast with
among hospitalized patients (32), whereas hyperglycemia, studies in which acute hyperglycemia was attributed mainly to
hyperinsulinemia, and HOMA-IR were accompanied by oxidative  peripheral insulin resistance rather than B-cell failure (26, 29).
and nitrosative stress and depletion of antioxidant defenses (33). Post-acute evidence indicated that metabolic recovery was not
Inflammatory markers, TyG-derived insulin-resistance indices, and ~ uniform. Insulin-resistance indices remained elevated at 3 and 6
hyperglycemia were associated with prolonged hospitalization or ~ months among adults without previous diabetes (25), while a
mortality across diabetes and obesity strata (37). Imatinib reduced  proportion of children with MIS-C continued to exhibit
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pathological HOMA-IR or TyG values at 6 and 12 months despite
normal HbAlc (28, 35). Persistent insulin resistance was also
observed after viral clearance (29), approximately 2 months after
hospitalization (31), among recovered Ghanaian adults (34), in
long-COVID patients (42), and within the Bulgarian post-COVID
metabolic disorder cohort (44-46). Gojda et al. found that acute
insulin resistance resolved during follow-up, although hyperglyce-
mia persisted in participants with insufficient insulin secretion (36).
Glycemic abnormalities at 4 and 12 months were predicted by
discharge glycemia, HOMA-IR, and inflammatory status (38), and
approximately one-quarter of survivors with acute dysglycemia
experienced glycemic progression at 1 year (41). Grubidic et al.
distinguished transient stress hyperglycemia from persistent newly
diagnosed diabetes through reassessment at 3 and 6 months (47).
Conversely, the predominantly mild or asymptomatic infections
evaluated by Goyal et al. were not associated with significant
deterioration of insulin resistance, B-cell function, or glycemic
category compared with non-infected participants (27).

Direct evidence of progression toward new-onset diabetes
remained more limited than evidence of acute dysregulation or
persistent insulin resistance. Goyal et al. directly evaluated glycemic
progression but found no significant association with previous
SARS-CoV-2 infection (27). Lui et al. documented progression
from normoglycemia to prediabetes or diabetes, or from prediabetes
to diabetes, in 23.8% of survivors reassessed at 1 year (41). The
Tsvetkova study family characterized newly developed post-COVID
disorders encompassing impaired fasting glucose, impaired glucose
tolerance, insulin resistance, and diabetes phenotypes (44-46).
Grubisic et al. identified a persistent newly diagnosed diabetes
phenotype distinguished from transient stress hyperglycemia by
higher insulin resistance during longitudinal follow-up (47). Other
studies identified persistent insulin resistance, B-cell dysfunction, or
sustained dysglycemia as potential diabetogenic signals but did not
establish incident diabetes as a definitive longitudinal outcome (25,
28, 29, 31, 34, 36, 38).

Overall, the mapped evidence supports a temporal continuum
in which acute inflammatory and metabolic stress promotes hyper-
glycemia through insulin resistance, with additional B-cell dysfunc-
tion in selected populations. Persistence of insulin resistance,
glycemic abnormalities, or impaired insulin secretion after recovery
may subsequently increase metabolic vulnerability; however, pro-
gression to overt diabetes was demonstrated in a smaller and more
heterogeneous subset of studies. This pattern supports separate
quantitative and narrative consideration of acute etiologic mecha-
nisms, post-acute persistence, and prognostic progression.

3.4 Risk of bias in the included studies

Risk-of-bias assessments were reported separately according to
study design and appraisal instrument; no composite score across
tools was calculated. The design-specific judgments are presented in
Table 3, panels A-F. The longitudinal etiological comparison
evaluated using ROBINS-E was judged to raise some concerns
overall (Table 3A). Goyal et al. incorporated pre-pandemic mea-
surements, an uninfected comparison group, and adjustment for
several baseline covariates. Nevertheless, the timing of SARS-CoV-2

Frontiers in Endocrinology

13

10.3389/fendo.2026.1975728

infection was unavailable, exposure ascertainment based on sero-
logical or documented infection could have resulted in misclassifi-
cation, inclusion required attendance at both study visits, and time-
varying behavioral and metabolic confounding could not be fully
addressed (27).

Among the eight cohort studies or study families evaluated
using the JBI checklist, metabolic outcomes were generally mea-
sured using objective laboratory methods; however, participant
selection, inadequate control of confounding, and incomplete
follow-up were recurrent limitations (Table 3B). Chen et al. retained
all 64 enrolled participants through six months, but 73 of the
original 149 patients declined follow-up, and the study lacked an
uninfected comparison group (25). Reiterer et al. analyzed a large
electronic health-record cohort, but HbAlc was unavailable for
2488 of 3854 participants, while the mechanistic classification of
insulin resistance and beta-cell failure relied on selected
biospecimen subgroups and an empirical C-peptide-glucose defini-
tion (26). The Calcaterra study family lacked an external compar-
ison group. The extended report analyzed 38 participants at
admission and at six and 12 months, but the relationship between
the 30-patient initial report and the extended 38-patient cohort was
not explicitly documented (28, 35). He et al. conducted several
metabolic and omics analysis in small, nested subsets and used
healthy controls with limited comparability to the hospitalized
COVID-19 groups (29). Ilias et al. excluded patients transferred
from the ward to intensive care and did not adequately adjust
comparisons for differences related to age, disease severity, diabetes,
or treatment (30). Montefusco et al. enrolled a substantial hospital
cohort, but post-acute and mechanistic analysis were based on
markedly smaller selected subgroups, including 57 participants with
follow-up information (31). Gojda et al. included 26 of 37 enrolled
participants in the complete-case analysis after excluding five
participants with extreme outcome values and losing six during
follow-up, although metabolic measurements were standardized
and group comparisons were adjusted for age, sex, and body mass
index (36). Lui et al. used non-COVID controls matched for age,
sex, body mass index, and HbAlc for the primary comparison;
nevertheless, only 43 of 52 COVID-19 survivors attended the one-
year reassessment, and non-attenders had significantly higher
baseline HbAlc (41).

The four analytical cross-sectional study families generally
provided clear descriptions of their populations and used objective
laboratory measurements, but none consistently controlled for the
principal demographic, anthropometric, clinical, and treatment-
related confounders (33, 34, 43-46). The corresponding domain-
level judgments are presented in Table 3C. Soto et al. relied
primarily on unadjusted comparisons between hospitalized patients
and healthy controls (33). Adatsi et al. and Ahmed et al. identified
relevant differences between comparison groups but did not esti-
mate an adequately adjusted effect of previous or acute COVID-19
on concurrent glycemic dysregulation and insulin resistance (34,
43). In the overlapping Tsvetkova reports, adjustment was only
partial, and the selection of post-COVID participants who had
already developed metabolic abnormalities limited etiological in-
terpretation (44-46). The 2026 Tsvetkova report also stated a total
sample of 78 participants while describing two groups of 35 and 33
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TABLE 3 Risk-of-bias assessments of the included studies according to study design and appraisal instrument.

Note. Colors facilitate visualization but do not convert the instruments into a common scale. JBI checklist items are reported individually and are not summed into an
overall numerical score.

A. ROBINS-E assessment

Study D7 Overall

Goyal et al. (27) SC SC SC L SC L SC SC

Note. L, low risk; SC, some concerns; H, high risk; VH, very high risk. D1, bias due to confounding; D2, bias arising from measurement of the exposure; D3, bias in
selection of participants into the study or analysis; D4, bias due to post-exposure interventions; D5, bias due to missing data; D6, bias arising from measurement of the
outcome; D7, bias in selection of the reported result.

B B elgle e
d a 4 6 8 9 0

Chen et al. (25) NA NA Y Y N N Y Y Y NA Y
Reiterer et al. (26) N Y Y Y N N N NA U N Y
Calcaterra et al. (28, 35) NA NA Y Y N N Y Y Y NA N
He et al. (29) N Y Y Y N U Y N N N
Tlias et al. (30) N Y Y Y N N Y NA N N N
Montefusco et al. (31) N Y Y Y N N Y N N U
Gojda et al. (36) Y Y Y Y Y N Y N N Y
wesween Ly o x|l x| x| e x| o] x|

Note. Y, yes; N, no; U, unclear; NA, not applicable. C1, groups similar and recruited from the same population; C2, exposure measured similarly; C3, exposure measured
validly and reliably; C4, confounders identified; C5, strategies to address confounding; C6, outcome absent at baseline; C7, outcomes measured validly and reliably; C8,
sufficient follow-up; C9, follow-up complete or losses described; C10, strategies for incomplete follow-up; C11, appropriate statistical analysis.

C. JBI analytical cross-sectional checklist

Study/family X1 )
Soto et al. (33) Y Y Y Y N N Y N
Adatsi et al. (34) Y Y Y Y Y N Y N
Ahmed et al. (43) Y Y Y Y Y N Y N
Tsvetkova et al. family (44-46) Y Y Y Y Y U Y 0]

Note. Y, yes; N, no; U, unclear. X1, clear inclusion criteria; X2, participants and setting described; X3, exposure measured validly and reliably; X4, objective criteria for the

condition; X5, confounders identified; X6, strategies to address confounding; X7, outcome measured validly and reliably; X8, appropriate statistical analysis.

D. JBI case-control checklist

Study K1

Al Masoodi et al. (42) N N Y Y Y Y Y Y U 19)

Note. Y, yes; N, no; U, unclear. K1, comparable groups; K2, appropriate matching; K3, same criteria for cases and controls; K4, valid and reliable exposure measurement;
K5, exposure measured similarly; K6, confounders identified; K7, strategies to address confounding; K8, outcomes assessed validly and reliably; K9, meaningful exposure
period; K10, appropriate statistical analysis.

E. QUIPS assessment

HrEeliesie- Outcome Analysis/
Study/result Participation Attrition factor Confounding ys Overall
measurement reporting
measurement
Da Porto et al. (32) M H L L M M H
Liontos et al. (37) M I M L H M H
Andor et al. (38) H H L L H H H
Khan et al. (40) M I M L H M H
(Continued)
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TABLE 3 Continued

E. QUIPS assessment

Prognostic-

10.3389/fendo.2026.1975728

L o Outcome . Analysis
Study/result Participation Attrition factor Confounding ys / Overall
measurement reporting
measurement

Grublslc' et al. (47), acute M L M L M M M
prognosis

Lui et al. -

ui et al. (41), seco.ndary 1-year i . 1 N o . o
progression analysis

F. RoB 2 assessment

Study/result

Note. L, low risk; M, moderate risk; H, high risk. The secondary analysis by Lui et al. (41) is an additional result-level assessment and is not counted as a separate study.

Duijvelaar et. al. (39), severe- N q i n sC sC
hyperglycemia outcome
Duijvelaar et al. (39),

L L SC SC SC SC
biomarker/HOMA outcomes

same randomized trial and do not represent separate studies.

Note. L, low risk; SC, some concerns; H, high risk. D1, bias arising from the randomization process; D2, bias due to deviations from intended interventions; D3, bias due
to missing outcome data; D4, bias in measurement of the outcome; D5, bias in selection of the reported result. The two rows are outcome-specific judgments from the

participants, respectively (44). The JBI case-control assessment is
presented in Table 3D. The case-control study by Al Masoodi et al.
did not explicitly match the comparison groups. Although its
generalized linear models adjusted for sex, age, body mass index,
smoking, maximum temperature, and oxygen saturation and the
authors separately evaluated medication effects, substantial be-
tween-group differences in acute disease severity and treatment,
the small sample, and the exclusively internal evaluation of the
diagnostic model limited confidence in the findings (42).

Among the five primary prognostic studies evaluated using
QUIPS, four were judged to have a high overall risk of bias and one
a moderate risk (Table 3E). Da Porto et al. had complete stress-
hyperglycemia and cytokine measurements for 150 of 200 consec-
utive participants, resulting in high concern regarding study attri-
tion, together with moderate concern regarding residual
confounding and model specification (32). Liontos et al. included
a large retrospective cohort, but prognostic models were adjusted
principally for age and sex; hyperglycemia analysis were addition-
ally adjusted for corticosteroid exposure, leaving a high risk of
residual confounding (37). Andor et al. selected 135 participants
from an initial hospital cohort of 1980, with insufficient information
concerning the derivation of the final longitudinal sample; the
prediction models were not externally validated and did not
comprehensively address relevant confounders (38). Khan et al.
used a single baseline HOMA-IR measurement during critical
illness and applied limited covariate adjustment; notably, HOMA-
IR was not independently associated with mortality or organ
dysfunction after adjustment for age and baseline disease severity
(40). In contrast, the acute prognostic analysis by Grubisic et al.
were judged to have a moderate overall risk because of prospective
consecutive recruitment, predefined clinical outcomes, and parsi-
monious multivariable modeling. Nevertheless, deaths occurring
within the first 24 hours and patients without adequate clinical
documentation were excluded, and concerns remained regarding
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residual corticosteroid and pre-infection metabolic confounding,
the use of HOMA-IR during acute illness, and the absence of
external validation of data-derived ROC thresholds (47). The
secondary prognostic analysis by Lui et al. was separately judged
to have a high risk of bias because it included only 10 participants
with glycemic progression, had differential loss to follow-up, and
did not provide an adequately adjusted prognostic model (41).

The randomized imatinib comparison by Duijvelaar et al. was
judged to raise some concerns rather than a high risk of bias
(Table 3F). Randomization and double-blinding supported low
risk for the randomization and intervention-deviation domains.
However, the metabolic analysis were secondary and were not
clearly prespecified; biomarker data were available for 318 of 385
randomized participants, ACE2 activity was evaluated in a matched
subgroup of 76, and glucose, insulin, and C-peptide samples were
typically obtained under nonfasting conditions. Consequently,
concerns regarding missing data and outcome measurement were
greater for the biomarker and HOMA-derived results than for the
clinically defined severe-hyperglycemia outcome (39).

Overall, the principal threats to validity were residual con-
founding, selection of nested or nonrepresentative analytic samples,
incomplete follow-up, reliance on surrogate measures of insulin
resistance, and temporal ambiguity between acute illness, treatment
exposure, hyperglycemia, and insulin resistance. These limitations
should therefore be considered when interpreting causal associa-
tions, prognostic estimates, and any subsequent quantitative syn-
thesis (Table 3, panels A-F).

3.5 Quantitative synthesis of prognostic
clinical outcomes

Among the eligible prognostic outcomes, sufficient clinically

and methodologically comparable data were available for quantita-
tive synthesis only for short-term all-cause mortality and invasive
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mechanical ventilation. Exposure and comparator groups were
defined using the study-specific criteria for acute hyperglycemia;
the accompanying insulin-resistance or insulin-sensitivity assess-
ments did not define the pooled participant groups. Exposure
operationalization included new-onset hyperglycemia classified
from glucose measurements obtained at admission and during
hospitalization (31), an admission stress hyperglycemia ratio
greater than 1.14 (32), incident grade 3 or higher hyperglycemia
defined by the initiation of insulin therapy during hospitalization
(39), and dysglycemia identified using repeated fasting glucose
measurements and daily inpatient glycemic profiles (47). These
definitions were considered clinically related manifestations of
acute hyperglycemia but were not regarded as operationally inter-
changeable because they differed in threshold, timing, and consid-
eration of previous glycemic status. Accordingly, the pooled RRs
represent average prognostic associations across study-defined
acute hyperglycemic phenotypes in studies that also assessed insulin
resistance or insulin sensitivity; they do not estimate the effect of a
participant-level composite phenotype, a universal glucose thresh-
old, or a single uniform diagnostic entity. Exact exposure and
outcome definitions are provided in Supplementary Table 2.
Other clinical outcomes were retained in the systematic synthesis
because fewer than three independent studies provided compatible
data or because their outcome definitions and effect measures were
not sufficiently comparable.

Compatible adjusted prognostic estimates were not sufficiently
available for quantitative synthesis. Among the studies contributing to
the meta- analysis, Da Porto et al. (32) was the only study that reported
adjusted associations for the same dichotomized acute-hyperglycemia
exposure and both meta-analyzed outcomes. Its multivariable models
remained directionally consistent with the unadjusted findings for
invasive mechanical ventilation and mortality after accounting for
demographic, metabolic, inflammatory, and disease-severity-related
variables. Montefusco et al. (31) reported age- and sex-adjusted
estimates for broader respiratory-support outcomes, but not an
adjusted mortality estimate corresponding to the pooled comparison,
whereas Duijvelaar et al. (39) and Grubisic et al. (47) did not report
compatible adjusted hyperglycemia—outcome estimates for the same
contrasts. Therefore, an adjusted meta-analysis was not performed.

3.5.1 Short-term all-cause mortality

Four independent studies contributed to the primary meta-
analysis of short-term all-cause mortality (31, 32, 39, 47), compris-
ing 1079 participants and 174 deaths (Figure 2A). Mortality
occurred in 95 of 425 participants with an acute hyperglycemic
phenotype and in 79 of 654 comparator participants. The acute
hyperglycemic phenotype was associated with a higher risk of short-
term all-cause mortality (RR 2.09, 95% CI 1.21 - 3.64; p = 0.024).
Between-study heterogeneity was low to moderate (I°=31.3%;
1°=0.032; Q = 4.37, df=3, p=0.224). Although the 95% CI for the
pooled average association excluded the null, the 95% prediction
interval included it (0.96-4.56), indicating that the true association
in a new comparable setting could range from little or no associ-
ation to a substantially increased mortality risk.
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Adding Reiterer et al. (26), in which the hyperglycemic pheno-
type was defined using peak glucose recorded during hospitaliza-
tion, increased the analysis to five studies and 4933 participants
(Figure 2B). The direction and magnitude of the association
remained consistent (RR 2.35, 95% CI 1.64 - 3.37; p = 0.003).
Heterogeneity increased to I* = 42.4% (1° = 0.031; Q = 6.94,df = 4, p
=0.139), while the prediction interval remained above the null value
(1.29 - 4.27). After excluding Da Porto et al. (32), which was judged
to be at high risk of bias, the pooled estimate remained similar in
magnitude but became substantially less precise (k = 3; N = 929; RR
2.00,95% CI0.71 - 5.64; p = 0.102). Heterogeneity increased to I? =
52.5% (1> = 0.087; Q = 4.21, df = 2, p = 0.122), and the prediction
interval widened to 0.40 - 10.12 (Figure 2C).

In the leave-one-out analysis, the pooled estimates ranged from
RR 1.91 to RR 2.45 and remained above the null value regardless of
which study was omitted (Figure 2D). Exclusion of Montefusco et al.
(31) produced an estimate of RR 2.45 (95% CI 1.24 - 4.86; = 0%),
whereas the confidence intervals included the null value after each of
the other three omissions. No individual study reversed the direction
or materially altered the magnitude of the association, although its
precision was sensitive to the small number of contributing studies.

3.5.2 Invasive mechanical ventilation

Three independent studies contributed to the primary meta-
analysis of invasive mechanical ventilation (32, 39, 47), comprising
679 participants and 114 events (Figure 3A). Invasive ventilation
occurred in 62 of 172 participants with an acute hyperglycemic
phenotype and in 52 of 507 comparator participants. The acute
hyperglycemic phenotype was associated with a higher risk of
invasive mechanical ventilation (RR 3.64, 95% CI 1.74 - 7.61; p =
0.017). No between-study heterogeneity was observed (I* = 0%; 1* =
0; Q =0.84, df = 2, p = 0.656). Because 7> was estimated at zero, the
95% prediction interval was identical to the pooled confidence
interval (1.74 - 7.61).

The sensitivity analysis incorporating Reiterer et al. (26) in-
cluded four studies, 4,533 participants, and 865 events (Figure 3B).
The pooled association remained compatible with a higher risk of
invasive mechanical ventilation (RR 4.81, 95% CI 1.78-12.97; p =
0.015). However, heterogeneity increased substantially (I* = 88.1%;
7 =0.312; Q =25.26,df = 3, p < 0.0001), and the prediction interval
crossed the null value (0.63-36.78). The study-specific RRs in the
three primary studies were closely clustered (2.86, 4.14, and 3.43),
whereas Reiterer et al. (26) reported a substantially larger and more
precise association (RR 10.35, 95% CI 8.12-13.19). The exposed-
group risk in Reiterer et al. (26) was similar to that observed in the
primary studies (35.7% versus 33.3-40.7%), but the comparator-
group risk was considerably lower (3.5% versus 9.7-11.9%), result-
ing in a larger relative contrast. Given its large sample size (n =
3,854) and narrow confidence interval, this discrepant estimate
contributed strongly to Cochran’s Q and the increase in I2.
Moreover, exposure was defined using peak glucose >170 mg/dL
at any time during hospitalization rather than glycemic status
established at or near baseline. Reiterer et al. was therefore retained
as a sensitivity analysis rather than incorporated into the primary

frontiersin.org


https://doi.org/10.3389/fendo.2026.1975728
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mufoz-Carrillo et al.

10.3389/fendo.2026.1975728

CY

95% prediction interval

Test for overall effect: t3 = 4.26 (p = 0.024)

95% prediction interval

Test for overall effect: t, = 6.58 (p = 0.003)

©

Omitting Grubisi¢ et al., 2026

Random effects model

FIGURE 2

Heterogeneity: /° = 31.3%, 1° = 0.032, 73 = 4.37 (p = 0.224)

Heterogeneity: I° = 42.4%, 1° = 0.031, 15 = 6.94 (p = 0.139)

Omitting Da Porto et al., 2022
Omitting Duijvelaar et al., 2024

Hyperglycemic phenotype =~ Comparator

Study Events Total Events Total
Montefusco et al., 2021 29 253 14 147
Da Porto et al., 2022 15 41 17 109
Duijvelaar et al., 2024 16 59 33 326
Grubisic¢ et al., 2026 35 72 15 72
Random-effects model 95 425 79 654

0.5

(B) Hyperglycemic phenotype = Comparator
Study Events Total Events Total
Montefusco et al., 2021 29 258 14 147
Da Porto et al., 2022 15 41 17 109
Duijvelaar et al., 2024 16 59 33 326
Grubisi¢ et al., 2026 35 72 15 72
Reiterer et al., 2021 638 1914 238 1940
Random-effects model 733 2339 317 2594

0.5

Lower mortality  Higher mortality

Risk ratio (95% Cl)

Short-term all-cause mortality RR
— 1.20
—B— 2.35
e 2.68
—B— 2.33
e 2.09
r T T 1
1 2 4 8
Lower mortality ~ Higher mortality
Risk ratio (95% Cl)
Mortality: sensitivity including Reiterer RR
— 1.20
—_— 2.35
— 2.68
—a— 2.33
E B 2.72
i 2.35
T T T 1
1 2 4 8

— 2.00

— 1.91
——— 1.99
e 2.09

l
0.5

1

Lower mortality Higher mortality
Risk ratio (95% CI)

Hyperglycemic phenotype Comparator
Study Events Total Events Total Mortality: sensitivity excluding high risk of bias RR
Montefusco et al., 2021 29 253 14 147 —— 1.20
Duijvelaar et al., 2024 16 59 33 326 —— 2.68
Grubigic et al., 2026 35 72 15 72 —— 233
Random-effects model 80 384 62 545 —_—— 2.00
95% prediction interval
r T T } T 1
0.25 05 1 2 3 8 16
e 1R o, = R i
Heterogeneity: /° = 52.5%, #= 0.087, x; =4.21 (p = 0.122) Lower mortality  Higher mortality
Test for overall effect: t, =2.89 (p = 0.102) Risk ratio (95% Cl)
(D)
Study omitted Mortality: leave-one-out RR 95% CI
Omitting Montefusco et al., 2021 —B— 2.45 [1.24;4.86]

95% Cl

[0.66; 2.20]
[1.29; 4.25]
[1.58; 4.55]
[1.40; 3.88]

[1.21; 3.64]
[0.96; 4.56]

95% Cl

[0.66; 2.20]
[1.29; 4.25]
[1.58; 4.55]
[1.40; 3.88]
[2.37;3.11]

[1.64; 3.37]
[1.29;4.27]

95% Cl
[0.66; 2.20]
[1.58; 4.55]
[1.40; 3.88]

[0.71; 5.64]
[0.40; 10.12]

12

0%

[0.71; 5.64] 52.5%
[0.75; 4.85] 39.2%
[0.69; 5.73] 51.9%

[1.21; 3.64] 31.3%

Weight

22.1%
22.7%
26.9%
28.3%

100.0%

Weight

12.4%
12.7%
15.1%
15.9%
43.9%

100.0%

Weight
30.1%
34.3%
35.5%

100.0%

Primary and sensitivity meta-analysis of short-term all-cause mortality associated with an acute hyperglycemic phenotype. (A) Primary random-
effects meta-analysis. (B) Sensitivity analysis including Reiterer et al., in which the hyperglycemic phenotype was classified using peak glucose >170
mg/dL recorded during hospitalization. (C) Sensitivity analysis excluding Da Porto et al., which was judged to be at high risk of bias. (D) Leave-one-
out analysis showing the pooled estimate after sequential omission of each study. Risk ratios were pooled using inverse-variance random-effects
models, with between-study variance estimated by restricted maximum likelihood and confidence intervals calculated using the modified Hartung-
Knapp method. In (A—C), squares represent individual study estimates, horizontal lines represent 95% confidence intervals, diamonds represent
pooled estimates, and outlined bars represent 95% prediction intervals. In (D), squares represent the pooled estimate obtained after each study
omission, and the diamond represents the primary pooled estimate including all studies. Values greater than 1 indicate higher mortality among
participants with an acute hyperglycemic phenotype. Event counts for Da Porto et al. and Grubisi¢ et al. were reconstructed from the reported
percentages and group denominators. Cl, confidence interval; RR, risk ratio.
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synthesis. A risk-of-bias exclusion analysis and an inferential leave-
one-out analysis were not performed for invasive mechanical
ventilation because removing any primary study would leave only
two independent studies, below the prespecified minimum required
for quantitative pooling.

3.6 Certainty of the evidence

The certainty of evidence was evaluated separately for the
prognostic outcomes included in the meta-analysis and for the
etiological outcomes synthesized without meta-analysis. The evi-
dence for short-term all-cause mortality was rated as low certainty,
whereas the evidence for invasive mechanical ventilation was rated
as moderate certainty (Table 4). Both outcomes were downgraded
one level for serious risk of bias because the meta- analysis were
based on unadjusted estimates and the contributing studies pre-
sented residual confounding, participant-selection, missing-data, or
exposure-measurement concerns (31, 32, 39, 47). Mortality was
downgraded one additional level for serious inconsistency and
uncertainty regarding transportability because its 95% prediction
interval included the null association (0.96-4.56), despite
directionally concordant study estimates and low-to-moderate
statistical heterogeneity. No separate downgrade for imprecision
was applied to mortality because the pooled confidence interval
excluded the null and its lower limit remained clinically important;

10.3389/fendo.2026.1975728

the prediction interval was considered within the inconsistency
judgment to avoid double counting the same uncertainty. Invasive
mechanical ventilation was not downgraded for inconsistency or
imprecision because heterogeneity was absent and both its confi-
dence and prediction intervals remained above the null association.
Neither outcome was downgraded for indirectness. Publication bias
could not be formally assessed because fewer than 10 studies
contributed to each outcome.

Evidence supporting an association between COVID-19 and
insulin resistance or glycemic dysregulation was rated as low
certainty because of serious risk of bias and inconsistency.
Although most hospitalized or critically ill populations exhibited
concurrent hyperglycemia and reduced insulin sensitivity (26, 29-
33, 37, 39, 40, 47), findings were less consistent after predominantly
mild or asymptomatic infection (27), and the relative contributions
of insulin resistance and B-cell dysfunction varied across studies
(25, 26, 29-31, 34, 36, 41).

Evidence concerning persistent post-COVID metabolic abnor-
malities was rated as very low certainty because of serious risk of
bias, inconsistency, and imprecision (25, 27-29, 31, 34-36, 38, 41,
42, 44-47). Evidence concerning incident or progressive
dysglycemia or diabetes was also rated as very low certainty because
direct evidence was limited and findings differed among the four
principal study families (27, 41, 44-47). Consequently, the evidence
supports a possible continuum from acute metabolic disruption to

G
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FIGURE 3
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Primary and sensitivity meta-analysis of invasive mechanical ventilation associated with an acute hyperglycemic phenotype. (A) Primary random-
effects meta-analysis. (B) Sensitivity analysis including Reiterer et al., in which the hyperglycemic phenotype was classified using peak glucose >170
mg/dL recorded during hospitalization. Risk ratios were pooled using inverse-variance random-effects models, with between-study variance
estimated by restricted maximum likelihood and confidence intervals calculated using the modified Hartung-Knapp method. Squares represent
individual study estimates, horizontal lines represent 95% confidence intervals, diamonds represent pooled estimates, and outlined bars represent
95% prediction intervals. Values greater than 1 indicate a higher risk of invasive mechanical ventilation among participants with an acute
hyperglycemic phenotype. Event counts for Da Porto et al. and Grubisic et al. were reconstructed from the reported percentages and group

denominators. Cl, confidence interval; RR, risk ratio
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persistent abnormalities but does not establish that SARS-CoV-2
infection independently causes insulin resistance or diabe-
tes (Table 5).

4 Discussion
4.1 Principal findings

This systematic review and meta-analysis integrated 20 inde-
pendent studies represented by 23 reports to examine glycemic
dysregulation and insulin resistance or insulin sensitivity across
acute and post-acute COVID-19. The findings revealed different
levels of certainty according to evidence function. COVID-19-
associated insulin resistance or glycemic dysregulation was sup-
ported by low-certainty evidence, whereas persistent post-COVID
metabolic abnormalities and progression toward dysglycemia or
diabetes were supported by very-low-certainty evidence. In con-
trast, the mortality association was supported by low-certainty
evidence, whereas the invasive mechanical ventilation association
was supported by moderate-certainty evidence.

Acute hyperglycemia frequently coexisted with impaired insulin
sensitivity, inflammatory activation, or altered insulin secretion
among hospitalized and critically ill populations (26, 29-33, 47).
However, the underlying mechanisms and subsequent metabolic
trajectories were not uniform. Persistent abnormalities in insulin
resistance or glycemic control were documented in several post-
acute cohorts (25, 28, 29, 31, 34, 35, 38, 41, 42, 44-47), whereas
other findings indicated metabolic recovery or no significantly
greater deterioration after predominantly mild or asymptomatic

10.3389/fendo.2026.1975728

infection (27, 36). Direct evidence of progression toward diabetes
was more limited and discordant, ranging from no significant
association in a controlled longitudinal comparison (27) to
glycemic progression or persistent newly diagnosed diabetes in
selected survivor populations (41, 44-47).

The quantitative synthesis showed that the acute hyperglycemic
phenotype was associated with approximately twice the risk of
short-term all-cause mortality (RR 2.09, 95% CI 1.21 - 3.64) across
four studies (31, 32, 39, 47) and more than three times the risk of
invasive mechanical ventilation (RR 3.64, 95% CI 1.74 - 7.61) across
three studies (32, 39, 47). Sensitivity analysis including Reiterer et al.
preserved the direction of both associations, although the substan-
tial increase in heterogeneity for invasive ventilation highlighted the
influence of exposure timing and the use of peak intrahospital
glucose (26). Exclusion of the mortality study at high risk of bias
and the leave-one-out analysis generally preserved the direction and
magnitude of the association but substantially reduced its precision.
Accordingly, the mortality meta-analysis supports an increased
average prognostic association across the included studies, but its
magnitude and reproducibility across clinical settings remain un-
certain. Because the contributing studies used clinically related but
operationally non-equivalent exposure definitions, the pooled RRs
represent average class-level associations across study-defined acute
hyperglycemic states. They should not be interpreted as the prog-
nostic effect of a particular glucose threshold or as evidence that all
included definitions identify an identical clinical entity.

Taken together, these findings support an integrated evidence
framework linking glycemic dysregulation and insulin resistance
rather than a uniform participant-level phenotype. Hyperglycemia
formally defined the prognostic exposure and comparator groups,
whereas insulin-resistance or insulin-sensitivity findings obtained

TABLE 4 Summary of Findings and GRADE certainty for prognostic outcomes associated with study-defined acute hyperglycemic phenotypes.

Studies and Risk in Risk with acute
Outcome participants comparator hyperglycemic Effect estimate Certainty and interpretation
group phenotype
L
Short-term 4 studies; 1,079 RR 2.09 (95% CI 1.21-3.64) ?\31? Slgh OZ Iycemic phenotype may be
all-cause hess b 121 per 1,000 253 per 1,000 (146-440) ’ 054 Lol cute Mypersty’ phenotype may t
. participants 132 more per 1,000 (25-319 more) | associated with higher short-term mortality.
mortality ae o f
. ®®D() Moderate
Invasive ) . .
. 3 studies; 679 RR 3.64 (95% CI 1.74-7.61) An acute hyperglycemic phenotype is

mechanical . 103 per 1,000 373 per 1,000 (178-780) K R X

o participants 270 more per 1,000 (76-678 more) | probably associated with a greater risk of
ventilation . . o a b, df

invasive ventilation. * ™

Absolute risks in the exposed groups and absolute differences were calculated by applying the pooled unadjusted RRs to the aggregated event risks observed in the comparator groups: 79/654 for
mortality and 52/507 for invasive ventilation. These values represent unadjusted prognostic associations and should not be interpreted as causal risk increases.
“Observational prognostic evidence initially received a high-certainty rating in accordance with the GRADE approach for prognostic-factor questions.

"Both outcomes were downgraded one level for serious risk of bias because the pooled effects were unadjusted and residual confounding, participant selection, missing data, and differences in
exposure ascertainment remained possible. For mortality, this judgment integrated the corresponding JBI, QUIPS, and RoB 2 assessments; for invasive mechanical ventilation, it integrated the
corresponding QUIPS and RoB 2 assessments. Tool-specific categories and item-level responses were retained and were not converted into a common numerical score.

“Mortality was downgraded one additional level for serious inconsistency and uncertainty regarding transportability because the 95% prediction interval included the null association (0.96-4.56),
despite directionally concordant study estimates and low-to-moderate heterogeneity (I’=31.3%).

“Invasive mechanical ventilation was not downgraded for inconsistency because the study estimates were directionally concordant, heterogeneity was absent (1°=0%), and the 95% prediction
interval remained above the null association (1.74-7.61).

“Neither outcome was downgraded for indirectness or imprecision. The evidence directly addressed the prognostic question, the pooled confidence intervals excluded the null association, and
their lower limits remained clinically important. For mortality, uncertainty represented by the prediction interval was incorporated into the inconsistency judgment and was not counted again
under imprecision.

fPublication bias could not be assessed statistically because fewer than 10 studies contributed to each outcome. The inability to perform formal testing was not, by itself, considered sufficient for
downgrading.

CI, confidence interval; GRADE, Grading of Recommendations Assessment, Development and Evaluation; RR, risk ratio.
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within the same study populations or analytically linked subgroups
provided the broader metabolic context. This framework extends
previous syntheses that evaluated admission hyperglycemia, the
stress hyperglycemia ratio, post-COVID diabetes, insulin resistance,
or long COVID separately (2, 3, 8-10). Nevertheless, the findings
remain associational: study-defined acute hyperglycemic pheno-
types may identify patients at increased clinical risk, but the
available evidence does not establish that insulin resistance con-
tributed to the observed prognostic associations or that SARS-CoV-
2 infection independently causes persistent insulin resistance
or diabetes.

4.2 Integrated pathophysiological
interpretation of acute metabolic
dysregulation

Concurrent hyperglycemia and insulin resistance during acute
COVID-19 are unlikely to result from a single metabolic lesion. A
coherent interpretation is that systemic inflammatory stress, tissue-
specific effects of SARS-CoV-2, host metabolic susceptibility, and
treatment-related exposures converge on peripheral insulin action
and B-cell compensatory capacity. Reiterer et al. characterized acute

10.3389/fendo.2026.1975728

COVID-19-associated hyperglycemia as a predominantly insulin-
resistant state accompanied by hyperinsulinemia, reduced
adiponectin, and SARS-CoV-2 infectivity in adipose tissue (26).
Da Porto et al. similarly linked stress hyperglycemia with greater
insulin resistance and cytokine activation (32), whereas Soto et al.
documented concomitant hyperglycemia, hyperinsulinemia, in-
creased HOMA-IR, and oxidative and nitrosative stress (33). In
the imatinib trial, attenuation of severe hyperglycemia was accom-
panied by changes consistent with reduced inflammatory signaling
and improved peripheral glucose handling rather than increased
insulin production (39). Together, these findings support inflam-
mation-driven peripheral insulin resistance as an important com-
ponent of acute metabolic dysregulation, although the clinical
studies do not establish a single causal pathway.

Adipose tissue may represent an important interface between
viral infection, inflammation, and impaired insulin action.
Experimental and postmortem evidence has demonstrated SARS-
CoV-2 RNA in adipocytes, productive infection of mature
adipocytes, and inflammatory activation of adipose tissue-resident
macrophages and bystander preadipocytes (5). At the molecular
level, SARS-CoV-2 infection has also been associated with IRF1-
dependent suppression of genes involved in the IRS-PI3K-AKT,

TABLE 5 GRADE evidence profile for etiological outcomes synthesized without meta-analysis.

Certainty and
interpretation

GRADE judgments

Etiological g o
9 Evidence base Summary of findings
outcome
VID-19-
co . ’ Most hospitalized or critically ill populations exhibited
associated . . o .
insulin 20 independent concurrent hyperglycemia and reduced insulin sensitivity.

studies represented by

resistance or
23 reports (25-47)

glycemic
dysregulation

Findings were less consistent after mild or asymptomatic
infection, and the relative contributions of peripheral
insulin resistance and B-cell dysfunction varied.

@O0 Low

COVID-19 may be
associated with insulin

Risk of bias: Serious®
Inconsistency: Serious”
Indirectness: Not serious resistance or glycemic
Imprecision: Not serious

Publication bias: Undetected”

dysregulation, but
confidence in the
association is limited.

12 primary study

Persistent post-
P families and one

Persistent abnormalities in insulin resistance, glycemia, or
insulin secretion were documented from approximately 6

OO Very low

Risk of bias: Serious®
! ! o The evidence is very

Inconsistency: Serious*

COVID i K i uncertain regarding the
. supportive study weeks to 12 months after COVID-19. However, some Indirectness: Not serious ) .
metabolic ; . . L5 persistence of metabolic
. family (25, 27-29, 31, | cohorts showed metabolic recovery, and controlled Imprecision: Serious -
abnormalities . . e L . h abnormalities after
34-36, 38, 41-47) longitudinal comparisons were limited. Publication bias: Undetected
COVID-19.
Four primary study OO Very low

Risk of bias: Serious*

Inconsistency: Serious!

Glycemic progression or persistent newly diagnosed

Incident or families (27, 41, 44— The evidence is very

diabetes occurred in selected cohorts, whereas the only

rogressive 47) and nine i X K i uncertain regardin
prog . ) . study with pre-pandemic measurements and a Indirectness: Serious® 5 8
dysglycemia or | supportive study . . . . whether COVID-19 leads
/ i contemporaneous uninfected comparison group found no Imprecision: Serious® L .
diabetes families (25, 28-31, to incident or progressive

significant association with glycemic progression. Publication bias: Undetected”

33-36, 38) dysglycemia or diabetes.

Etiological evidence was synthesized according to SWiM because differences in populations, comparators, metabolic measures, clinical phases, and follow-up periods precluded a valid pooled
estimate. Participant totals were not aggregated because several publications used nested metabolic subcohorts or outcome-specific denominators. The paired reports by Calcaterra et al. (28, 35)
and the partially overlapping reports by Tsvetkova et al. (44-46) were treated as single study families.

“Downgraded one level for serious risk of bias based on the outcome-specific integration of ROBINS-E, QUIPS, JBI, and RoB 2 assessments. Participant selection, residual confounding,
incomplete follow-up, absence of suitable non-infected comparison groups, and reliance on selected metabolic subcohorts were recurrent concerns across the contributing evidence. Instrument-
specific categories and item-level responses were retained without calculating a cross-tool composite score.

"Downgraded for serious inconsistency because results differed according to acute disease severity and because the reported metabolic mechanism varied between predominantly peripheral
insulin resistance, combined insulin-resistance and secretory dysfunction, and absence of significant metabolic deterioration.

“Downgraded for serious inconsistency because post-COVID trajectories ranged from persistent insulin resistance or glycemic abnormalities to partial or complete metabolic recovery.
9Downgraded for serious inconsistency because controlled evidence did not demonstrate greater glycemic progression after predominantly mild or asymptomatic infection, whereas selected
survivor cohorts reported progression or persistent newly diagnosed diabetes.

“Downgraded for serious indirectness because several contributing studies evaluated selected populations with pre-existing or already developed metabolic abnormalities, or reported surrogate
diabetogenic changes rather than prospectively confirmed incident diabetes.

‘Downgraded for serious imprecision because longitudinal analysis generally involved small or selected follow-up samples, and several studies did not report sufficiently precise comparative
estimates.

8Downgraded for serious imprecision because direct evidence was limited to four independent study families, progression events were few, and sufficiently precise controlled estimates were
unavailable.

"Formal assessment of publication bias was not possible because of the small number of directly comparable studies. No downgrade was applied in the absence of specific evidence of selective
publication.

COVID-19, coronavirus disease 2019; GRADE, Grading of Recommendations Assessment, Development and Evaluation; SWiM, Synthesis Without Meta-analysis.
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mTOR, and MAPK components of insulin/IGF signaling in hepatic,
adipose, pancreatic, and respiratory tissues (48). These observations
provide biological plausibility for the reduced adiponectin,
hyperinsulinemia, and insulin-resistance indices observed clinically
(26, 32, 39). However, they do not demonstrate that adipose-tissue
infection is necessary for acute metabolic dysregulation or that these
molecular alterations persist after viral clearance.

The contribution of B-cell dysfunction appears more variable.
Ilias et al. identified concurrent impairment of insulin sensitivity
and insulin secretion during critical COVID-19 (30), whereas
Montefusco et al. observed insulin resistance with -cell hyperstim-
ulation rather than uniform secretory failure (31). Gojda et al.
subsequently showed that insulin sensitivity could improve during
recovery while an insufficient insulin response remained relevant
among patients with persistent glucose abnormalities (36).
Experimental studies have demonstrated that SARS-CoV-2 can
infect human pancreatic islets and B cells, reduce insulin content
and glucose-stimulated insulin secretion, and induce -cell injury or
apoptosis (6, 49). Nevertheless, other carefully characterized pan-
creatic-tissue studies found ACE2 and TMPRSS2 predominantly in
ducts and microvasculature rather than in 3 cells and detected viral
proteins mainly in the ductal compartment (50, 51). Direct 3-cell
infection should therefore be regarded as a plausible contributory
mechanism in some settings, but not as an established, necessary, or
dominant explanation for COVID-19-associated hyperglycemia.

An integrated model is consequently more consistent with the
evidence than a single-organ hypothesis. Inflammatory and
counter-regulatory signaling can increase hepatic glucose produc-
tion and reduce peripheral glucose uptake, while adipose dysfunc-
tion and impaired insulin signaling increase the demand placed on
B cells. Oxidative stress and hyperglycemia may then amplify
inflammatory and endothelial dysfunction, creating a self-reinforc-
ing metabolic loop (32, 33). Glucocorticoid treatment can further
reduce insulin sensitivity and challenge B-cell reserve, particularly
in individuals with obesity, pre-existing dysglycemia, advanced age,
or severe disease (1, 4). The resulting metabolic state may function
simultaneously as a manifestation of metabolic stress and as a
marker of limited metabolic reserve. However, the prognostic
analysis evaluated study-defined acute hyperglycemia rather than
this combined metabolic state; therefore, the integrated model
provides biological context and should not be interpreted as
evidence that a participant-level combination of hyperglycemia
and insulin resistance caused the observed clinical outcomes. The
interacting pathways and their potential transition toward post-
acute metabolic abnormalities are summarized in Figure 4.

4.3 Prognostic significance of acute
hyperglycemic phenotypes

Study-defined acute hyperglycemic phenotypes were associated
with both major prognostic outcomes evaluated in this review. In
the primary analysis, participants meeting the study-specific hyper-
glycemia definitions had approximately twice the risk of short-term
all-cause mortality and more than three times the risk of invasive
mechanical ventilation compared with the corresponding
normoglycemic or non-severely hyperglycemic groups (31, 32, 39,
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47). The larger association observed for ventilation may reflect the
close relationship between acute metabolic stress and respiratory
disease severity, although differences between outcome definitions
and contributing study populations preclude direct comparison of
the two pooled estimates. These findings are consistent with
previous meta- analysis of admission hyperglycemia and the
stress hyperglycemia ratio in COVID-19 (2, 3) but extend that
evidence by restricting the quantitative synthesis to studies that also
assessed insulin resistance or insulin sensitivity.

The mortality association remained directionally stable across
sensitivity analysis, but its precision depended on the small number
of contributing studies. Exclusion of the study judged to be at high
risk of bias produced a similar point estimate, whereas the confi-
dence interval widened and crossed the null because only three
studies remained (31, 39, 47). Likewise, the leave-one-out estimates
consistently indicated increased risk, with no individual study
reversing the direction of association, although statistical signifi-
cance was not retained after several omissions. The pooled 95% CI
of 1.21-3.64 quantifies uncertainty around the average association
across the included studies and excludes the null value. In contrast,
the 95% prediction interval of 0.96-4.56 incorporates between-
study variability and estimates the range of true associations that
might be observed in a new comparable setting. Its inclusion of 1.0
therefore indicates that a future setting could show little or no
association, even though the average pooled association was statis-
tically significant. These findings are not contradictory: they sup-
port an increased average mortality association while indicating that
its magnitude may not be uniform across populations or clinical
settings. Because only four studies contributed to the analysis, the
prediction interval itself should also be interpreted cautiously. This
uncertainty contributed to the low-certainty GRADE rating for
mortality. For invasive mechanical ventilation, the three primary
studies produced concordant estimates, no detected heterogeneity,
and a prediction interval entirely above the null association (32, 39,
47); nevertheless, uncertainty regarding heterogeneity remains
because only three studies were available.

Including Reiterer et al. strengthened the pooled mortality
association but markedly increased heterogeneity in the analysis
of invasive mechanical ventilation (26). This increase was attribut-
able to both statistical and clinical differences. The ventilation RRs
from the three primary studies were closely clustered between 2.86
and 4.14, whereas Reiterer et al. (26) reported a substantially larger
and more precise estimate (RR 10.35). Although the ventilation risk
among participants classified as hyperglycemic was similar across
studies, the comparator-group risk in Reiterer et al. (26) was
considerably lower, producing a larger relative contrast. Because
Reiterer et al. (26) also contributed a substantially larger sample and
a narrow confidence interval, its discrepant estimate had a strong
influence on the heterogeneity statistic. In addition, exposure
classification was based on peak glucose values recorded at any
time during hospitalization rather than glycemic status established
at or near baseline. Peak in-hospital hyperglycemia may reflect not
only underlying metabolic vulnerability but also evolving disease
severity, glucocorticoid exposure, nutritional support, or other
consequences of intensive care, introducing temporal ambiguity
and possible reverse temporality. These differences support
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retaining Reiterer et al. (26) as a sensitivity analysis rather than
combining it with the primary, temporally anchored expo-
sure definitions.

The pooled RRs should therefore be interpreted as prognostic
associations rather than causal effects. Acute hyperglycemia has
long been recognized as a marker of adverse outcomes among
hospitalized patients, particularly when newly detected rather than
occurring in established diabetes (52). Measures such as the stress
hyperglycemia ratio may improve prognostic interpretation by
accounting for background glycemia and distinguishing relative
acute deterioration from chronically elevated glucose (53).
However, the exposure definitions used by the included studies
were not uniform, and the pooled estimates were derived from
unadjusted event data. Residual confounding by age, obesity, pre-
existing diabetes, acute disease severity, glucocorticoid treatment,
and clinical management remains likely. Accordingly, study-de-
fined acute hyperglycemic phenotypes may serve as risk-stratifica-
tion signals, but the present evidence does not establish that routine
measurement of insulin-resistance indices adds prognostic value or
that glucose-lowering treatment guided by concurrent metabolic
measurements improves COVID-19 outcomes.

4.4 Post-acute metabolic trajectories and
newly diagnosed diabetes

The post-acute evidence did not support a single metabolic
trajectory after COVID-19. Instead, the included studies described
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Integrated pathophysiological model linking acute hyperglycemia and insulin resistance in COVID-19. Host susceptibility factors and clinical
modifiers may interact with SARS-CoV-2-associated systemic inflammation, counter-regulatory stress, adipose-tissue dysfunction, impaired insulin
signaling, and variable B-cell compensation to produce concurrent hyperglycemia and insulin resistance in some patients. In the reviewed
prognostic studies, study-defined acute hyperglycemic phenotypes were associated with mortality and invasive mechanical ventilation; insulin-
resistance or insulin-sensitivity measurements provided metabolic context rather than defining a standardized participant-level combined exposure.
Possible post-acute trajectories range from metabolic resolution to persistent insulin resistance or glycemic abnormalities and progression to newly
diagnosed diabetes. The feedback arrow represents the potential amplification of systemic inflammation by oxidative and metabolic stress. Solid
arrows indicate supported clinical or mechanistic relationships, whereas dashed arrows represent possible longitudinal transitions for which causal
certainty remains limited. Created in BioRender. Carrillo, J (2026). https://BioRender.com/9filpbt.

three possible courses: resolution of the acute disturbance, persis-
tence of insulin resistance or glycemic abnormalities, and progres-
sion toward newly diagnosed diabetes. These trajectories could not
be combined quantitatively because the studies differed in baseline
metabolic characterization, comparator selection, follow-up dura-
tion, and the indices used to assess insulin resistance, insulin
sensitivity, and glucose regulation. Importantly, changes in
HOMA-derived measures, the triglyceride-glucose index, dynamic
insulin-sensitivity indices, or diagnostic glycemic categories should
not be interpreted as interchangeable manifestations of the
same outcome.

Evidence of metabolic resolution or absence of measurable
progression was observed in several settings. In participants with
predominantly mild or asymptomatic infection and available pre-
pandemic measurements, SARS-CoV-2 infection was not signifi-
cantly associated with glycemic progression or worsening HOMA-
IR categories compared with non-infected participants (27).
Following severe COVID-19, insulin sensitivity improved during
follow-up in another cohort, suggesting that at least part of the acute
insulin-resistant state may be reversible (36). Marker-specific dis-
cordance was also apparent: over six months, the triglyceride-
glucose index increased in adults without previous diabetes,
whereas HOMA-IR did not change significantly (25). These find-
ings indicate that apparent persistence depends partly on the
metabolic construct and measurement method selected.

Conversely, persistent or progressive abnormalities were iden-
tified in clinically selected subgroups. Montefusco et al. documented
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sustained abnormalities in glucose regulation and continuous
glucose-monitoring profiles after acute COVID-19, with persistent
hyperglycemic alterations and progression to overt diabetes occur-
ring in a subset of participants (31). Persistent abnormalities in
HOMA-IR and the triglyceride-glucose index were also reported
during follow-up after multisystem inflammatory syndrome (35).
At one year, Lui et al. observed glycemic-category progression in 10
of 42 participants and deterioration in the Matsuda insulin-sensi-
tivity index, although HOMA-IR remained statistically unchanged
and the original control group was not reassessed (41). Individuals
with long COVID showed greater HOMA2-IR and lower HOMA2-
%S than recovered individuals without long COVID, but differences
in acute severity and treatment exposure limited attribution specif-
ically to persistent SARS-CoV-2 effects (42). Grubisic et al. further
demonstrated the importance of distinguishing transient stress
hyperglycemia from newly diagnosed diabetes during follow-up
rather than treating all acute hyperglycemia as a permanent
metabolic diagnosis (47).

These heterogeneous trajectories are consistent with broader
epidemiological evidence showing an increased incidence of diabetes
after COVID-19 (8). In a large cohort of United States veterans,
survivors of COVID-19 had higher post-acute risks and burdens of
incident diabetes and antihyperglycemic medication use than contem-
porary and historical controls, with risk increasing according to acute
disease severity (54). However, increased post-infection diagnoses do
not necessarily represent irreversible diabetes directly caused by SARS-
CoV-2. In a hospital cohort, approximately 41% of survivors with
diabetes first diagnosed during COVID-19 admission subsequently
regressed to normoglycemia or prediabetes, supporting acute stress-
related insulin resistance or the unmasking of previously unrecognized
metabolic susceptibility in a substantial proportion of patients (55).

Taken together, the evidence suggests that COVID-19 may
precipitate acute insulin resistance and expose limited metabolic
reserve, while persistent insulin resistance, glycemic abnormalities,
or newly diagnosed diabetes develop in only a subset of patients.
The relative contributions of direct viral effects, inflammatory
stress, glucocorticoid exposure, pre-existing but undiagnosed dia-
betes or glucose abnormalities, adiposity, behavioral changes, and
intensified post-COVID medical surveillance remain difficult to
separate. Therefore, the available evidence supports post-acute
metabolic surveillance in clinically vulnerable patients but does
not establish that every new diabetes diagnosis following COVID-
19 is causally attributable to SARS-CoV-2.

4.5 Clinical and research implications

Acute hyperglycemia should be interpreted clinically as a risk
marker rather than as evidence that all affected participants have
concurrent insulin resistance. Its associations with mortality and
invasive mechanical ventilation support careful assessment of
glucose abnormalities in hospitalized patients with COVID-19,
particularly among those with obesity, previous diabetes or glucose
abnormalities, severe disease, or glucocorticoid exposure (31, 32, 39,
47). Admission glucose should be interpreted alongside previous
glycemic status and the timing of treatment. Current hospital-care
recommendations support measuring HbAlc in patients with
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diabetes or newly recognized hyperglycemia when no result from
the preceding three months is available, because this helps distin-
guish chronic glucose elevation from acute stress- or treatment-
related hyperglycemia and informs discharge planning (56, 57).
Nevertheless, the present review does not establish that routine
measurement of HOMA-IR, HOMA2-IR, TyG, or other insulin-
resistance indices improves clinical decisions, nor that more inten-
sive glucose lowering guided by concurrent insulin-resistance
measurements improves COVID-19 outcomes.

Post-discharge assessment should similarly reflect the hetero-
geneity of the observed trajectories. Acute glucose abnormalities
may resolve, persist, or progress, and a diabetes diagnosis made
during severe infection may represent previously unrecognized
disease, transient stress hyperglycemia, glucocorticoid-associated
hyperglycemia, or a genuinely persistent post-COVID metabolic
disorder (25, 27, 31, 36, 41, 42, 47). Patients with newly detected
hyperglycemia, substantial insulin requirements, severe acute dis-
ease, obesity, or other metabolic risk factors may therefore benefit
from reassessment after recovery using established diagnostic tests.
However, inpatient hyperglycemia alone should not be assumed to
represent permanent diabetes without confirmation after the acute
inflammatory and treatment-related disturbances have subsided.

Future etiological studies require pre-infection or early baseline
measurements, contemporaneous non-infected comparators, serial
follow-up, and standardized assessment times. They should record
HbAlc, adiposity, previous diabetes risk, glucocorticoid dose and
duration, nutritional support, glucose-lowering therapy, and acute
disease severity. Insulin-resistance and insulin-sensitivity measures
should be selected according to the biological construct of interest
and should not be treated as interchangeable. Studies evaluating
progression to diabetes should distinguish transient stress hyper-
glycemia, newly recognized pre-existing diabetes, and persistent
incident disease through repeated diagnostic testing. Reassessment
of comparator groups is also essential to separate infection-associ-
ated changes from background metabolic progression and pan-
demic-related behavioral effects.

Future prognostic studies should define exposure before the
occurrence of clinical outcomes and evaluate whether combining
acute glucose measurements with HbAlc, relative hyperglycemia,
and validated insulin-resistance markers provides incremental
predictive value beyond established clinical severity indicators.
Models should report calibration, discrimination, clinical utility,
and external validation rather than statistical association alone.
Individual-participant data would be particularly valuable for
constructing a reproducible classification that explicitly combines
hyperglycemia and insulin resistance and for examining effect
modification by pre-existing diabetes, obesity, age, sex, glucocorti-
coid exposure, and acute disease severity. Ultimately, prospective
intervention studies are required to determine whether identifying
or treating such combined metabolic abnormalities changes acute
clinical or long-term glycemic outcomes.

4.6 Strengths and limitations

A major strength of this review is the integration of etiological,
longitudinal, mechanistic, and prognostic evidence within a single
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acute-to-post-acute metabolic framework. Rather than pooling
biologically distinct outcomes, quantitative synthesis was restricted
to clinically comparable mortality and invasive-ventilation data,
while non-combinable metabolic evidence was synthesized system-
atically according to SWiM principles. Reports derived from the
same or overlapping populations were organized as study families,
preventing duplicate participant counting while preserving com-
plementary outcomes and follow-up periods, particularly across the
three related reports from Tsvetkova et al. (44-46). The analysis also
incorporated random-effects models with REML estimation,
Hartung-Knapp adjustment, prediction intervals, prespecified sen-
sitivity analysis, and leave-one-out evaluation.

A further strength was the source-level audit of extracted data.
Published, reconstructed, and non-combinable results were explic-
itly differentiated, and discrepancies were documented rather than
corrected without traceability. This process identified an internally
inconsistent HOMA-IR result (34), incompatible probability values
and confidence intervals (32), differences between total-cohort and
biomarker-substudy denominators (39), and event counts recon-
structed from published percentages (47). Risk of bias was evaluated
using design-appropriate tools, and certainty was assessed sepa-
rately for prognostic and etiological outcomes. These procedures
reduced the risk that heterogeneous or internally inconsistent
metabolic measurements would be converted into apparently pre-
cise pooled estimates.

Several limitations nevertheless affect interpretation. The pri-
mary mortality and ventilation meta- analysis included only four
and three independent studies, respectively (31, 32, 39, 47).
Consequently, pooled estimates and heterogeneity measures re-
mained imprecise, prediction intervals were wide, and formal
assessment of small-study effects, meta-regression, and reliable
subgroup analysis was not possible. The pooled RRs were recon-
structed from unadjusted event data and therefore represent total
prognostic associations rather than effects independent of con-
founding. Compatible adjusted estimates for the same exposure-
outcome contrasts were available from only one contributing study,
precluding an adjusted meta-analysis; estimates based on different
outcomes, effect measures, covariate sets, or model specifications
were not combined. Although the available adjusted associations
were directionally consistent with the pooled findings, residual
confounding by age, obesity, pre-existing diabetes, disease severity,
glucocorticoid exposure, and differences in clinical management
remains likely. Exposure definitions were clinically related but not
operationally uniform, encompassing new-onset hyperglycemia
assessed from serial glucose measurements, an admission stress
hyperglycemia ratio, incident severe hyperglycemia requiring insu-
lin therapy, and dysglycemia identified through repeated inpatient
glucose profiles. This supported a cautious synthesis at the level of a
broader acute hyperglycemic exposure class, but the resulting RRs
cannot define the prognostic effect of a universal glucose threshold
or a single diagnostic category. The small number of studies
precluded subgroup analysis or meta-regression according to ex-
posure definition, measurement timing, diabetes status, or cortico-
steroid use. Some exposures were determined at admission, whereas
severe hyperglycemia requiring insulin therapy was identified
during hospitalization, creating greater temporal ambiguity.
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Reiterer et al., which classified exposure using peak glucose re-
corded at any time during hospitalization, was restricted to sensi-
tivity analysis because this definition was least temporally aligned
with the primary exposure framework and was particularly suscep-
tible to evolving disease severity, treatment-related hyperglycemia,
and reverse temporality (26).

The etiological evidence was limited predominantly by obser-
vational designs, small or clinically selected samples, inconsistent
baseline characterization, and the absence of contemporaneously
reassessed controls in several longitudinal studies (25, 31, 35, 41,
42). HOMA-IR, HOMA2-IR, HOMA2-%S, Matsuda, TyG, contin-
uous glucose-monitoring outcomes, and diagnostic glycemic cate-
gories represented related but non-equivalent constructs and could
not be combined validly. Newly diagnosed diabetes after COVID-19
could not always be distinguished from previously unrecognized
diabetes, transient stress hyperglycemia, or glucocorticoid-associ-
ated hyperglycemia. Most evidence was also derived from early-
pandemic and hospitalized populations, limiting generalizability
across later viral variants, vaccination status, contemporary treat-
ments, mild community-managed infection, and more di-
verse populations.

Finally, glycemic dysregulation and insulin resistance were
integrated at the evidence level, but the included studies did not
consistently classify participants using a standardized combination
of both components. Clinical events were generally reported ac-
cording to glycemic categories rather than participant-level com-
bined metabolic status. The present meta- analysis therefore
quantify the prognostic association of study-defined acute hyper-
glycemic phenotypes in studies that also evaluated insulin resistance
or insulin sensitivity; they do not estimate the effect of a uniform
composite exposure. This distinction limits causal and diagnostic
interpretation but preserves fidelity to the available evidence.

5 Conclusion

This systematic review integrates evidence on glycemic
dysregulation and insulin resistance as related features of metabolic
disruption during COVID-19. Quantitative synthesis showed that
study-defined acute hyperglycemic phenotypes, in studies that also
evaluated insulin resistance or insulin sensitivity, were associated
with approximately twice the risk of short-term all-cause mortality
and more than three times the risk of invasive mechanical ventila-
tion. Certainty was low for mortality and moderate for invasive
mechanical ventilation; moreover, the mortality prediction interval
included the null association, indicating that the pooled average
may not apply uniformly across comparable clinical settings. These
estimates are prognostic and associative and should not be inter-
preted as evidence that insulin resistance contributed to the risk
associated with the study-defined hyperglycemic exposure or that
either abnormality directly caused the outcomes. The etiologic
evidence suggests that SARS-CoV-2 infection may precipitate
acute insulin resistance and glucose dysregulation, but subsequent
trajectories are heterogeneous. Metabolic abnormalities resolve in
some patients, persist in others, and progress toward newly
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diagnosed diabetes in a smaller subset. Current evidence cannot
fully separate direct infection-related effects from inflammatory
stress, glucocorticoid exposure, acute disease severity, adiposity,
or previously unrecognized metabolic disease.

Accordingly, acute hyperglycemia should prompt assessment of
previous glycemic status and appropriate post-recovery reassess-
ment, particularly in metabolically vulnerable patients. Future
prospective studies should establish pre-infection metabolic
status, use contemporaneous controls, apply standardized partici-
pant-level definitions when explicitly combining hyperglycemia and
insulin resistance, and determine whether assessment or treatment
strategies guided by these metabolic abnormalities improve acute
clinical outcomes or prevent persistent metabolic disease.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

JM-C: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Software,
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. OG-C: Conceptualization, Formal
analysis, Investigation, Methodology, Project administration,
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. EH: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing — original draft,
Writing - review & editing. SR: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing - review & editing. MO: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing — review & editing. DR: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing - review & editing. PV: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing - review & editing. CS-F: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing — review & editing. GR-S: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing - review & editing. AS-H: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Frontiers in Endocrinology

10.3389/fendo.2026.1975728

Acknowledgments

The authors gratefully acknowledge the Centro Universitario de
los Lagos, Universidad de Guadalajara, for its support through the
CU Lagos Summer Research Program. JL-MC, AD-SH, and GU-RS
also gratefully acknowledge the Secretaria de Ciencia, Humanidades,
Tecnologia e Innovacion (SECIHTTI) for support through fellowships
awarded under the “Estancias Posdoctorales por México” program.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative Al was used in the creation
of this manuscript. The author(s) declared that generative Al was used
in the creation of this manuscript. Generative artificial intelligence was
used as a research support tool during the preparation of this manu-
script. ChatGPT (OpenAl; GPT-5; web version consulted between June
and August 2026; https://chatgpt.com) assisted in organizing and
verifying extracted information and in language editing. No artifi-
cial intelligence tool independently determined study eligibility,
risk-of-bias assessments, evidence certainty ratings, statistical re-
sults, the discussion, or the conclusions. All results generated with
Al assistance were critically reviewed and validated by the authors.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2026.1975728/
full#supplementary-material

frontiersin.org


https://chatgpt.com
https://www.frontiersin.org/articles/10.3389/fendo.2026.1975728/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2026.1975728/full#supplementary-material
https://doi.org/10.3389/fendo.2026.1975728
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mufoz-Carrillo et al.

References

1. Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mellitus: from
pathophysiology to clinical management. Nat Rev Endocrinol 2020 171. (2020) 17:11-
30. doi: 10.1038/s41574-020-00435-4

2. Yang Y, Cai Z, Zhang J. Hyperglycemia at admission is a strong predictor of
mortality and severe/critical complications in COVID-19 patients: a meta-analysis.
Biosci Rep. (2021) 41:1-9. doi: 10.1042/BSR20203584

3. Chen L, Wang M, Chen J. Association between stress hyperglycemia ratio and
prognosis of patients hospitalized with COVID-19: a meta-analysis. ] Diabetes Investig.
(2026) 17:174-86. doi: 10.1111/JDL.70146

4. Cho JH, Suh S. Glucocorticoid-induced hyperglycemia: a neglected problem.
Endocrinol Metab. (2024) 39:222-38. doi: 10.3803/ENM.2024.1951

5. Martinez-Colon GJ, Ratnasiri K, Chen H, Jiang S, Zanley E, Rustagi A, et al. SARS-
CoV-2 infection drives an inflammatory response in human adipose tissue through
infection of adipocytes and macrophages. Sci Transl Med. (2022) 14:9151. doi: 10.1126/
SCITRANSLMED.ABM9151

6. Wu CT, Lidsky PV, Xiao Y, Lee IT, Cheng R, Nakayama T, et al. SARS-CoV-2
infects human pancreatic B cells and elicits B cell impairment. Cell Metab. (2021)
33:1565-1576.¢5. doi: 10.1016/j.cmet.2021.05.013

7. Khunti K, Prato SD, Mathieu C, Kahn SE, Gabbay RA, Buse JB. COVID-19,
hyperglycemia, and new-onset diabetes. Diabetes Care. (2021) 44:2645-55.
doi: 10.2337/DC21-1318

8. Cocking E, Daher J, Alabbood M. New-onset diabetes mellitus post COVID-19
infection: a systematic review and meta-analysis. Diabetes Res Clin Pract. (2025)
227:112417. doi: 10.1016/j.diabres.2025.112417

9. Li M, Sharma K, Chon JE, Yehia NA, Retnakaran R, Harris SB, et al. The impact of
COVID-19 illness on metabolic phenotypes underlying type 2 diabetes mellitus: a
systematic review. Diabetes Res Clin Pract. (2026) 235:1-15. doi: 10.1016/
j.diabres.2026.113163

10. Almulla AF, Zhang Y, Tunvirachaisakul C, Carvalho AF, Maes M. Increased
insulin resistance and hyperglycaemia in long COVID: a systematic review and meta-
analysis. Expert Rev Mol Med. (2026) 28:e38. doi: 10.1017/ERM.2026.10064

11. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
BMJ. (2021) 372:1-9. doi: 10.1136/BMJ.N71

12. Rethlefsen ML, Kirtley S, Waffenschmidt S, Ayala AP, Moher D, Page MJ, et al.
PRISMA-S: an extension to the PRISMA statement for reporting literature searches in
systematic reviews. Syst Rev 2021 101. (2021) 10:39. doi: 10.1186/S13643-020-01542-Z

13. Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D, et al. Meta-
analysis of observational studies in epidemiology: a proposal for reporting. JAMA.
(2000) 283:2008-12. doi: 10.1001/JAMA.283.15.2008

14. Higgins JPT, Morgan RL, Rooney AA, Taylor KW, Thayer KA, Silva RA, et al. A
tool to assess risk of bias in non-randomized follow-up studies of exposure effects
(ROBINS-E). Environ Int. (2024) 186:108602. doi: 10.1016/].ENVINT.2024.108602

15. Barker TH, Hasanoff S, Aromataris E, Stone JC, Leonardi-Bee ], Sears K, et al. The
revised JBI critical appraisal tool for the assessment of risk of bias for cohort studies. JBI
Evid Synth. (2025) 23:441-53. doi: 10.11124/JBIES-24-00103

16. Moola S, Munn Z, Tufunaru C, Aromataris E, Sears K, Sfetc R, et al. Systematic
reviews of aetiology and risk. JBI Man Evid Synth. (2024). doi: 10.46658/JBIMES-24-06

17. Hayden JA, van der Windt DA, Cartwright JL, Cote P, Bombardier C. Assessing
bias in studies of prognostic factors. https://doiorg/107326/0003-4819-158-4-
201302190-00009. (2013) 158:280-6. doi: 10.7326/0003-4819-158-4-201302190-00009

18. Sterne JAC, Savovic J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. RoB 2: a
revised tool for assessing risk of bias in randomised trials. BMJ. (2019) 366:1-8.
doi: 10.1136/BM].L4898

19. Campbell M, McKenzie JE, Sowden A, Katikireddi SV, Brennan SE, Ellis S, et al.
Synthesis without meta-analysis (SWiM) in systematic reviews: reporting guideline.
BM]J. (2020) 368:1-6. doi: 10.1136/BM]J.L6890

20. Balduzzi S, Riicker G, Schwarzer G. How to perform a meta-analysis with R: a
practical tutorial. BMJ Ment Heal. (2019) 22:153-60. doi: 10.1136/EBMENTAL-2019-
300117

21. Viechtbauer W. Conducting meta-analyses in R with the metafor package. J Stat
Softw. (2010) 36:1-48. doi: 10.18637/JSS.V036.103

22. Morgan RL, Thayer KA, Bero L, Bruce N, Falck-Ytter Y, Ghersi D, et al. GRADE:
assessing the quality of evidence in environmental and occupational health. Environ
Int. (2016) 92-93:611-6. doi: 10.1016/J.ENVINT.2016.01.004

23. Foroutan F, Guyatt G, Zuk V, Vandvik PO, Alba AC, Mustafa R, et al. GRADE
guidelines 28: use of GRADE for the assessment of evidence about prognostic factors:
rating certainty in identification of groups of patients with different absolute risks. J
Clin Epidemiol. (2020) 121:62-70. doi: 10.1016/j.jclinepi.2019.12.023

24. Murad MH, Mustafa RA, Schiinemann HJ, Sultan S, Santesso N. Rating the
certainty in evidence in the absence of a single estimate of effect. BMJ Evidence-Based
Med. (2017) 22:85-7. doi: 10.1136/EBMED-2017-110668

Frontiers in Endocrinology

10.3389/fendo.2026.1975728

25. Chen M, Zhu B, Chen D, Hu X, Xu X, Shen WJ, et al. COVID-19 may increase the
risk of insulin resistance in adult patients without diabetes: a 6-month prospective
study. Endocr Pract. (2021) 27:834-41. doi: 10.1016/j.eprac.2021.04.004

26. Reiterer M, Rajan M, Gomez-Banoy N, Lau JD, Gomez-Escobar LG, Ma L, et al.
Hyperglycemia in acute COVID-19 is characterized by insulin resistance and adipose
tissue infectivity by SARS-CoV-2. Cell Metab. (2021) 33:2174-2188.e5. doi: 10.1016/
j.cmet.2021.09.009

27. Goyal A, Gupta Y, Kalaivani M, Bhatla N, Tandon N. Impact of SARS-CoV-2 on
progression of glycemic and cardiometabolic variables and changes in insulin indices: a
longitudinal study. Diabetes Ther. (2021) 12:3011-23. doi: 10.1007/s13300-021-
01158-z

28. Calcaterra V, Bosoni P, Dilillo D, Mannarino S, Fiori L, Fabiano V, et al. Impaired
glucose-insulin metabolism in multisystem inflammatory syndrome related to SARS-
CoV-2 in children. Children. (2021) 8:384. doi: 10.3390/children8050384

29. He X, Liu C, PengJ, Li Z, Li F, Wang J, et al. COVID-19 induces new-onset insulin
resistance and lipid metabolic dysregulation via regulation of secreted metabolic
factors. Signal Transduct Target Ther. (2021) 6:427. doi: 10.1038/541392-021-00822-x

30. Ilias I, Diamantopoulos A, Pratikaki M, Botoula E, Jahaj E, Athanasiou N, et al.
Glycemia, beta-cell function and sensitivity to insulin in mildly to critically ill COVID-
19 patients. Med (B Aires). (2021) 57:68. doi: 10.3390/medicina57010068

31. Montefusco L, Ben Nasr M, D’Addio F, Loretelli C, Rossi A, Pastore I, et al. Acute
and long-term disruption of glycometabolic control after SARS-CoV-2 infection. Nat
Metab. (2021) 3:774-85. doi: 10.1038/s42255-021-00407-6

32. Da Porto A, Tascini C, Colussi G, Peghin M, Graziano E, De Carlo C, et al.
Relationship between cytokine release and stress hyperglycemia in patients hospitalized
with COVID-19 infection. Front Med. (2022) 9:988686. doi: 10.3389/fmed.2022.988686

33. Soto ME, Guarner-Lans V, Diaz-Diaz E, Manzano-Pech L, Palacios-Chavarria A,
Valdez-Vazquez RR, et al. Hyperglycemia and loss of redox homeostasis in COVID-19
patients. Cells. (2022) 11:932. doi: 10.3390/cells11060932

34. Adatsi RK, Bockarie AS, Derkyi-Kwarteng L, Pappoe F, Nsiah P, Dankwa K, et al.
Increased insulin resistance with reduced beta cell function in recovered COVID-19
Ghanaians. Endocr Metab Sci. (2023) 13:100150. doi: 10.1016/j.endmts.2023.100150

35. Calcaterra V, Zuccotti G. Persistent insulin resistance at one year follow-up in
multisystem inflammatory syndrome in children. Diabetes Res Clin Pract. (2023)
202:110724. doi: 10.1016/j.diabres.2023.110724

36. Gojda J, Koudelkova K, Ouradova A, Lang A, Krbcova M, Gvozdeva A, et al. Severe
COVID-19 associated hyperglycemia is caused by beta cell dysfunction: a prospective
cohort study. Nutr Diabetes. (2023) 13:11. doi: 10.1038/s41387-023-00241-7

37. Liontos A, Biros D, Kavakli A, Matzaras R, Tsiakas I, Athanasiou L, et al. Glycemic
dysregulation, inflammation and disease outcomes in patients hospitalized with
COVID-19: beyond diabetes and obesity. Viruses. (2023) 15:1468. doi: 10.3390/
v15071468

38. Andor M, Man DE, Nistor DC, Buda V, Dragan S. The influence of COVID-19 in
glycemic control: predictive value of inflammation and metabolic parameters.
Biomedicines. (2024) 12:2642. doi: 10.3390/biomedicines12112642

39. Duijvelaar E, Pan X, Bogaard HJ, Eringa EC, Aman J. Imatinib treatment improves
hyperglycaemic dysregulation in severe COVID-19: a secondary analysis of blood
biomarkers in a randomised controlled trial. Crit Care. (2024) 28:65. doi: 10.1186/
513054-024-04829-y

40. Khan T, Naagar S, Nair PR, Haritha D, Yadav P, Datta SK, et al. Association
between baseline insulin resistance and hospital mortality in moderate-to-severe
coronavirus disease 2019 patients without diabetes mellitus: an observational study.
Int J Crit Illn Inj Sci. (2024) 14:26-31. doi: 10.4103/ijciis.ijciis_41_23

41. Lui DTW, Lee CH, Wong Y, Fong CHY, Tsoi KH, Woo YC, et al. A prospective 1-
year follow-up of glycemic status and C-peptide levels of COVID-19 survivors with
dysglycemia in acute COVID-19 infection. Diabetes Metab J. (2024) 48:763-70.
doi: 10.4093/dm;j.2023.0175

42. Al Masoodi WT, Radhi SW, Abdalsada HK, Al-Hakeim HK. Role of galanin system
and insulin resistance parameters as predictive tools for diagnosis of long-COVID
patients. Biochem Biophys Rep. (2025) 43:102068. doi: 10.1016/j.bbrep.2025.102068

43. Ahmed HS, Abud HN, Ahmed HS. State of type 2 diabetic Iraqi patients after
hospitalization for COVID-19. Hum Antibodies. (2025) 33:52-9. doi: 10.1177/
10932607241304947

44. Tsvetkova V, Todorova M, Atanasova M, Gencheva I, Todorova K. Comparative
characteristics of the immunometabolic profile of individuals with newly developed
metabolic disorders and classic metabolic syndrome. COVID. (2026) 6:4. doi: 10.3390/
covid6010004

45. Tsvetkova VT, Todorova MS, Todorova KN. Link between immune dysregulation
in COVID-19 and beta-cell dysfunction. J Endocrinol Metab. (2025) 15:161-80.
doi: 10.14740/jem1547

46. Tsvetkova V, Todorova M, Todorova K, Atanasova M, Gencheva 1. Atherogenic
insulin resistance indices and immune disturbances in COVID-19. ] BioMed Clin Res.
(2025) 18:293-306. doi: 10.3897/jbcr.e173237

frontiersin.org


https://doi.org/10.1038/s41574-020-00435-4
https://doi.org/10.1042/BSR20203584
https://doi.org/10.1111/JDI.70146
https://doi.org/10.3803/ENM.2024.1951
https://doi.org/10.1126/SCITRANSLMED.ABM9151
https://doi.org/10.1126/SCITRANSLMED.ABM9151
https://doi.org/10.1016/j.cmet.2021.05.013
https://doi.org/10.2337/DC21-1318
https://doi.org/10.1016/j.diabres.2025.112417
https://doi.org/10.1016/j.diabres.2026.113163
https://doi.org/10.1016/j.diabres.2026.113163
https://doi.org/10.1017/ERM.2026.10064
https://doi.org/10.1136/BMJ.N71
https://doi.org/10.1186/S13643-020-01542-Z
https://doi.org/10.1001/JAMA.283.15.2008
https://doi.org/10.1016/J.ENVINT.2024.108602
https://doi.org/10.11124/JBIES-24-00103
https://doi.org/10.46658/JBIMES-24-06
https://doi.org/10.7326/0003-4819-158-4-201302190-00009
https://doi.org/10.1136/BMJ.L4898
https://doi.org/10.1136/BMJ.L6890
https://doi.org/10.1136/EBMENTAL-2019-300117
https://doi.org/10.1136/EBMENTAL-2019-300117
https://doi.org/10.18637/JSS.V036.I03
https://doi.org/10.1016/J.ENVINT.2016.01.004
https://doi.org/10.1016/j.jclinepi.2019.12.023
https://doi.org/10.1136/EBMED-2017-110668
https://doi.org/10.1016/j.eprac.2021.04.004
https://doi.org/10.1016/j.cmet.2021.09.009
https://doi.org/10.1016/j.cmet.2021.09.009
https://doi.org/10.1007/s13300-021-01158-z
https://doi.org/10.1007/s13300-021-01158-z
https://doi.org/10.3390/children8050384
https://doi.org/10.1038/s41392-021-00822-x
https://doi.org/10.3390/medicina57010068
https://doi.org/10.1038/s42255-021-00407-6
https://doi.org/10.3389/fmed.2022.988686
https://doi.org/10.3390/cells11060932
https://doi.org/10.1016/j.endmts.2023.100150
https://doi.org/10.1016/j.diabres.2023.110724
https://doi.org/10.1038/s41387-023-00241-7
https://doi.org/10.3390/v15071468
https://doi.org/10.3390/v15071468
https://doi.org/10.3390/biomedicines12112642
https://doi.org/10.1186/s13054-024-04829-y
https://doi.org/10.1186/s13054-024-04829-y
https://doi.org/10.4103/ijciis.ijciis_41_23
https://doi.org/10.4093/dmj.2023.0175
https://doi.org/10.1016/j.bbrep.2025.102068
https://doi.org/10.1177/10932607241304947
https://doi.org/10.1177/10932607241304947
https://doi.org/10.3390/covid6010004
https://doi.org/10.3390/covid6010004
https://doi.org/10.14740/jem1547
https://doi.org/10.3897/jbcr.e173237
https://doi.org/10.3389/fendo.2026.1975728
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mufoz-Carrillo et al.

47. Grubisi¢ B, Svitek L, Zlosa M, Smajic P, Mati¢ D, Kralik K, et al. Acute
hyperglycaemia, insulin resistance, and cytokine dysregulation as predictors of disease
severity in non-diabetic hospitalised COVID-19 patients. Int ] Mol Sci. (2026) 27:2292.
doi: 10.3390/ijms27052292

48. Shin J, Toyoda S, Nishitani S, Onodera T, Fukuda S, Kita S, et al. SARS-CoV-2 infection
impairs the insulin/IGF signaling pathway in the lung, liver, adipose tissue, and pancreatic
cells via IRF1. Metabolism. (2022) 133:155236. doi: 10.1016/j.metabol.2022.155236

49. Miiller JA, Grof8 R, Conzelmann C, Kriiger J, Merle U, Steinhart J, et al. SARS-
CoV-2 infects and replicates in cells of the human endocrine and exocrine pancreas.
Nat Metab 2021 32. (2021) 3:149-65. doi: 10.1038/s42255-021-00347-1

50. Coate KC, ChaJ, Shrestha S, Wang W, Gongalves LM, Almaga J, et al. SARS-CoV-2
cell entry factors ACE2 and TMPRSS2 are expressed in the microvasculature and ducts
of human pancreas but are not enriched in P cells. Cell Metab. (2020) 32:1028-1040.e4.
doi: 10.1016/j.cmet.2020.11.006

51. Kusmartseva I, Wu W, Syed F, Van Der Heide V, Jorgensen M, Joseph P, et al. Expression
of SARS-CoV-2 entry factors in the pancreas of normal organ donors and individuals with
COVID-19. Cell Metab. (2020) 32:1041-51:¢6. doi: 10.1016/j.cmet.2020.11.005

52. Umpierrez GE, Isaacs SD, Bazargan N, You X, Thaler LM, Kitabchi AE.
Hyperglycemia: an independent marker of in-hospital mortality in patients with

Frontiers in Endocrinology

27

10.3389/fendo.2026.1975728

undiagnosed diabetes. J Clin Endocrinol Metab. (2002) 87:978-82. doi: 10.1210/
JCEM.87.3.8341

53. Roberts GW, Quinn §J, Valentine N, Alhawassi T, O’Dea H, Stranks SN, et al.
Relative hyperglycemia, a marker of critical illness: introducing the stress hyperglyce-
mia ratio. J Clin Endocrinol Metab. (2015) 100:4490-7. doi: 10.1210/JC.2015-2660

54. Xie Y, Al-Aly Z. Risks and burdens of incident diabetes in long COVID: a cohort
study. Lancet Diabetes Endocrinol. (2022) 10:311-21. doi: 10.1016/S2213-8587(22)
00044-4

55. Cromer §J, Colling C, Schatoff D, Leary M, Stamou MI, Selen DJ, et al. Newly
diagnosed diabetes vs. pre-existing diabetes upon admission for COVID-19: associated
factors, short-term outcomes, and long-term glycemic phenotypes. J Diabetes
Complications. (2022) 36:108145. doi: 10.1016/].JDIACOMP.2022.108145

56. Bajaj M, McCoy RG, Balapattabi K, Bannuru RR, Bellini NJ, Bennett AK, et al. 16.
Diabetes care in the hospital: standards of care in diabetes—2026. Diabetes Care. (2026)
49:8339-55. doi: 10.2337/DC26-S016

57. Korytkowski MT, Muniyappa R, Antinori-Lent K, Donihi AC, Drincic AT, Hirsch
IB, et al. Management of hyperglycemia in hospitalized adult patients in non-critical
care settings: an endocrine society clinical practice guideline. J Clin Endocrinol Metab.
(2022) 107:2101-28. doi: 10.1210/CLINEM/DGAC278

frontiersin.org


https://doi.org/10.3390/ijms27052292
https://doi.org/10.1016/j.metabol.2022.155236
https://doi.org/10.1038/s42255-021-00347-1
https://doi.org/10.1016/j.cmet.2020.11.006
https://doi.org/10.1016/j.cmet.2020.11.005
https://doi.org/10.1210/JCEM.87.3.8341
https://doi.org/10.1210/JCEM.87.3.8341
https://doi.org/10.1210/JC.2015-2660
https://doi.org/10.1016/S2213-8587(22)00044-4
https://doi.org/10.1016/S2213-8587(22)00044-4
https://doi.org/10.1016/J.JDIACOMP.2022.108145
https://doi.org/10.2337/DC26-S016
https://doi.org/10.1210/CLINEM/DGAC278
https://doi.org/10.3389/fendo.2026.1975728
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Glycemic dysregulation and insulin resistance across acute and post-acute COVID-19: a systematic review and meta-analysis of etiologic and prognostic evidence
	1 Introduction
	2 Materials and methods
	2.1 Protocol registration and reporting
	2.2 Eligibility criteria
	2.3 Information sources and search strategy
	2.4 Study selection and record management
	2.5 Data extraction and outcome definitions
	2.6 Risk-of-bias assessment
	2.7 Data synthesis and statistical analysis
	2.8 Assessment of the certainty of evidence

	3 Results
	3.1 Study selection
	3.2 Characteristics of the included studies
	3.3 Synthesis without meta-analysis of etiological evidence
	3.4 Risk of bias in the included studies
	3.5 Quantitative synthesis of prognostic clinical outcomes
	3.5.1 Short-term all-cause mortality
	3.5.2 Invasive mechanical ventilation

	3.6 Certainty of the evidence

	4 Discussion
	4.1 Principal findings
	4.2 Integrated pathophysiological interpretation of acute metabolic dysregulation
	4.3 Prognostic significance of acute hyperglycemic phenotypes
	4.4 Post-acute metabolic trajectories and newly diagnosed diabetes
	4.5 Clinical and research implications
	4.6 Strengths and limitations

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


