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Abstract: Beyond glycemic control, hypoglycemic agents exhibit multifaceted effects that may influence pulmonary health in patients
with diabetes mellitus. This narrative review synthesizes available evidence from preclinical and clinical studies on the impact of
major hypoglycemic drug classes—including biguanides, sulfonylureas, thiazolidinediones, a-glucosidase inhibitors, DPP-4 inhibitors,
SGLT-2 inhibitors, GLP-1 receptor agonists, and insulin—on pulmonary diseases. Evidence suggests that these agents exert class-
specific, and often conflicting, effects: preclinical studies support their protective potential in acute lung injury, while clinical data
indicate variable efficacy in asthma, COPD, and respiratory infections including COVID-19. Conversely, some agents may be
associated with increased risks of lung cancer or COPD exacerbations, underscoring the need for context-specific prescribing.
Mechanistic insights from animal models primarily involve modulation of inflammatory, oxidative, and immune pathways. This
narrative review aims to provide a clinical framework for personalizing hypoglycemic therapy in patients with comorbid pulmonary
conditions, while underscoring the need for well-designed prospective studies to resolve existing controversies.
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Introduction

Diabetes mellitus (DM) has emerged as a global epidemic, characterized by chronic hyperglycemia that drives wide-
spread metabolic and vascular complications. Accumulating evidence identifies the lungs —endowed with an intricate
network of alveolar capillaries and high metabolic activity—as critical targets of diabetic injury, with studies consistently
demonstrating reduced lung function in patients with diabetes compared to nondiabetic individuals.' In addition to
impairing lung function, sustained hyperglycemia.also elevates the risk of various pulmonary complications: patients
with type 2 diabetes (T2DM) face a higher likelihood of developing asthma, chronic obstructive pulmonary disease
(COPD), pulmonary fibrosis, and pneumonia, while preexisting pulmonary conditions (eg, COPD, asthma) are further
exacerbated by diabetic metabolic disturbances.* Pulmonary complications of diabetes not only increase hospital read-
mission rates and long-term mortality but also impose a heavy healthcare burden, yet they remain underrecognized in
routine diabetes management.

Hyperglycemia exerts multiple adverse effects on the lungs: it promotes airway hyperresponsiveness via the Rock
pathway, accelerates lung fibrosis by activating STAT3, CTGF and TGFp, enhances cancer cell growth, chronic
inflammation, cytokine release and oxidative stress through the NFkB pathway, NOX activation and ROS/RNS produc-
tion, and increases susceptibility to pulmonary infections by elevating airway surface liquid glucose concentrations and
impairing lung immune cell function.’ These pathways collectively disrupt pulmonary homeostasis, creating
a pathological basis for hypoglycemic agents to modulate lung disease outcomes by targeting hyperglycemia-related

damage.
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Figure | Core mechanisms of major hypoglycemic agents in regulating pulmonary pathophysiology.

Historically, pulmonary outcomes have been largely neglected in major diabetes trials, creating a significant gap in
our understanding of how glycemic management influences respiratory health. Against this backdrop, the role of
hypoglycemic agents in modulating pulmonary health has garnered growing interest. Beyond their primary glycemic
control function, these drugs exhibit multifaceted actions that may influence pulmonary pathophysiology—ranging from
anti-inflammatory and antioxidant actions to regulation of immune responses and cellular repair mechanisms. Currently,
the armamentarium of hypoglycemic agents encompasses diverse classes: biguanides (eg, metformin), a-glucosidase
inhibitors (AGIs; eg, acarbose), insulin secretagogues (eg, sulfonylureas), thiazolidinediones (TZDs; eg, rosiglitazone),
dipeptidyl peptidase-4 (DPP-4) inhibitors (eg, sitagliptin), sodium-glucose cotransporter 2 (SGLT-2) inhibitors (eg,
dapaglifiozin), glucagon-like peptide-1 receptor agonists (GLP-1 RAs; eg, liraglutide), and insulin. Each class interacts
uniquely with molecular pathways in pulmonary tissues, potentially exerting protective or deleterious effects on lung
health.

The pulmonary complications of diabetes, including accelerated lung function decline and increased susceptibility to
infections, fibrosis, and obstructive diseases, remain underrecognized yet carry significant prognostic implications. This
oversight is compounded by the multifaceted, off-target effects of hypoglycemic agents on the lungs, which are not
systematically considered in clinical guidelines. Therefore, this narrative review aims to synthesize the current preclinical
and clinical evidence regarding the impact of major hypoglycemic drug classes on a spectrum of pulmonary diseases. We
first establish a mechanistic framework (Figure 1), which summarizes the core pathways (inflammatory, oxidative,
immune modulation) through which hypoglycemic agents regulate pulmonary pathophysiology and then critically
evaluate the class-specific effects of these agents on pulmonary conditions. By clarifying these pathways, resolving
conflicting findings, and highlighting knowledge gaps, this review seeks to provide a clinical framework for personaliz-
ing hypoglycemic therapy in the growing population of patients with diabetes and comorbid pulmonary conditions.

Literature Search and Selection Criteria

This narrative review synthesizes current evidence on the effects of different hypoglycemic agents in pulmonary diseases.
The selection of cited literature was based on a comprehensive search of the PubMed database for relevant pre-clinical
and clinical studies published up to 2025, aiming to cover key mechanistic pathways and major clinical outcomes for
each drug class. Unlike a systematic review, this narrative approach does not employ strict, pre-defined inclusion/
exclusion criteria or a formal risk-of-bias assessment. Instead, by evaluating their impacts on acute and chronic lung
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conditions—including infections (eg, COVID-19, pneumonia), fibrotic disorders, asthma, COPD, and lung cancer—this
work integrates evidence from diverse study designs to clarify mechanistic pathways, resolve conflicting findings, and
highlight critical knowledge gaps.

Hypoglycemic Agents

Biguanides

Biguanides, most notably metformin—a first-line oral antidiabetic agent—exhibit extensive protective effects across
diverse pulmonary pathologies through multifaceted molecular mechanisms that extend beyond glycemic control. Their
multifaceted actions, spanning metabolic signaling modulation, oxidative stress reduction, inflammation suppression, and
mitochondrial function regulation, position metformin as a promising therapeutic adjunct in both acute and chronic lung
diseases.

Mechanisms of Action

The pulmonary protective effects of metformin are rooted in its regulation of key molecular pathways and mitochondrial
function. It acts as a central modulator of AMP-activated protein kinase (AMPK) and interacts with downstream
signaling cascades including mammalian target of rapamycin (mTOR), sirtuin 1 (SIRT1), and nuclear factor-xB (NF-
«B).®” Key mechanistic pathways include:

¢ Suppression of inflammatory responses via AMPK-dependent inhibition of mTOR, reducing the production of pro-
inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a).®

e Inhibition of endothelial pyroptosis through the SIRT1/NF-kB/NOD-like receptor pyrin domain-containing 3
(NLRP3) inflammasome axis, which decreases cleaved caspase-1, gasdermin D-N (GSDMD-N), and IL-1§ levels
in lung tissues and pulmonary endothelial cells.’

e Blockade of NLRP3 inflammasome activation independent of AMPK, by inhibiting mitochondrial ATP and DNA
synthesis, thereby reducing alveolar macrophage-mediated inflammation. '’

e Attenuation of oxidative stress and fibrosis via suppression of NADPH oxidase 4 (NOX4) expression, which
reduces NOX4-derived reactive oxygen species (ROS) and subsequent SMAD phosphorylation in transforming
growth factor-p (TGF-p)-mediated pathways.''

Effects on Pulmonary Diseases

Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS)

Metformin exerts robust protective effects in ALI/ARDS induced by various insults. In endotoxemia-induced ALI, it
alleviates pulmonary inflammation and histological damage by restoring AMPK-dependent suppression of mTOR.® In
ARDS associated with NLRP3 inflammasome activation (eg, severe COVID-19), metformin blocks NLRP3 activation
and IL-1B production, mitigating alveolar inflammation.'® It also attenuates ventilator-induced lung injury in an ex vivo
rabbit model by preserving alveolar-capillary permeability, reducing edema, microhemorrhage, and protein leakage in
bronchoalveolar lavage fluid (BALF).'?

Pulmonary Fibrosis (PF)
Metformin shows efficacy in multiple models of pulmonary fibrosis. In a murine model of radiation-induced pulmonary
fibrosis, it reduces collagen deposition, TGF-f expression, and Smad2/3 phosphorylation, while mitigating alveolar
structural damage and inflammatory infiltration.'* For PM2.5-induced lung injury, it suppresses systemic and pulmonary
inflammation, oxidative stress, and fibrosis via an AMPKa2-independent mechanism linked to enhanced mitochondrial
antioxidant enzyme activity.'* In silicosis, metformin alleviates silica-induced lung inflammation and PF at both early
and late stages by reversing oxidative stress, epithelial-mesenchymal transition (EndMT), and fibroblast activation via an
AMPK-dependent pathway.'

In idiopathic pulmonary fibrosis (IPF), metformin targets TGF-B-mediated pathways to inhibit myofibroblast differ-
entiation. It activates AMPK to suppress NOX4 expression, reducing ROS production and SMAD phosphorylation—

Journal of Inflammation Research 2025:18 hetps: 18055



Yang et al

critical steps in TGF-B-induced fibrosis. In bleomycin-induced PF, metformin reduces collagen deposition and myofi-
broblast accumulation, with similar effects observed in fibroblasts from IPF pa‘[ients.11 Additionally, it attenuates
gefitinib-induced exacerbation of PF: in vitro, it inhibits TGF-B or EGFR-TKI-induced expression of fibrosis markers
(Collagenlal, a-actin) in lung fibroblasts by reducing SMAD2/3 phosphorylation; in vivo, it suppresses gefitinib-
mediated worsening of bleomycin-induced PF in rats.'®

Lung Cancer
Metformin exhibits complex and context-dependent effects on lung cancer, with mechanisms involving metabolic
reprogramming and apoptosis induction. Lung squamous cell carcinoma (SCC) relies heavily on glycolysis.
Metformin synergizes with hexokinase 2 (HK2) depletion: HK2 inhibition reduces glycolysis via AMPK/mTORCI1
activation, and metformin enhances this effect by increasing oxygen respiration, thereby augmenting apoptosis in vitro
and in vivo.'” In lung adenocarcinoma, metformin induces GO/G1 cell cycle arrest and mitochondria-mediated apoptosis
in A549 cells by downregulating anti-apoptotic proteins (Bcl-2, Bel-xL) and upregulating pro-apoptotic Bax.'® It also
synergizes with cisplatin and etoposide in NCI-H460 cells, though cisplatin antagonizes its effects in most subtypes
except adenocarcinoma.'®*°

Clinical outcomes vary: in stage IV non-small cell lung cancer (NSCLC), metformin users had longer median survival
(5 vs 3 months; HR 0.80);*' in diabetic NSCLC patients, metformin use was associated with prolonged overall survival
(0S, 25.0 vs 11.5 months) and disease-free survival (15.6 vs 8.5 months), independent of other factors.?>

Asthma

Metformin may improve outcomes in diabetic patients with concurrent asthma. Observational studies show that
metformin users have a lower risk of asthma-related hospitalization (OR 0.21, 95% CI 0.07-0.63) and exacerbations
(OR 0.39, 95% CI 0.19-0.79).>* A claims-based cohort study further demonstrates that metformin initiation is associated
with reduced hazards of asthma exacerbations (HR 0.92, 95% CI 0.86—0.98), driven by fewer emergency department
visits (HR 0.81, 95% CI 0.74-0.88) and hospitalizations (HR 0.67, 95% CI 0.50-0.91).%*

Infectious Pulmonary Diseases

Metformin enhances host defense against diverse respiratory pathogens. It inhibits hyperglycemia-induced Pseudomonas
aeruginosa growth in airway epithelial cultures by preserving tight junctions (claudin-1, occludin), reducing paracellular
glucose flux and bacterial proliferation.>> Against Legionella pneumophila, metformin activates AMPK in macrophages,
stimulates mitochondrial ROS, and enhances bactericidal activity, improving survival in murine pneumonia models.?
For tuberculosis (TB), metformin acts as a host-adjunctive therapy: it inhibits Mycobacterium tuberculosis (Mtb)
intracellular growth via AMPK, promotes phagosome-lysosome fusion, and enhances the efficacy of conventional TB
drugs in mice, with human cohorts showing improved Mtb control and reduced disease severity.”” In COVID-19, meta-
analyses confirm that metformin is associated with lower mortality in patients with type 2 diabetes (OR 0.54, 95% CI
0.47-0.62).%%° These meta-analyses adjusted for key covariates including age, sex, diabetes duration, and major
comorbidities (eg, cardiovascular disease, chronic kidney disease), and baseline use of other antidiabetic drugs.
However, residual confounding may persist from unmeasured factors such as COVID-19 disease severity at admission
and high statistical heterogeneity, which limits the generalizability of the findings.

Neonatal Pulmonary Disorders

Metformin addresses hyperoxia-induced lung injury, a hallmark of bronchopulmonary dysplasia (BPD). In neonatal rats
exposed to 100% oxygen, metformin reduces mortality, alveolar septal thickening, macrophage/neutrophil infiltration,
and fibrosis (collagen III and fibrin deposition), while improving vascularization.*°

Literature Conflicts, Inconsistencies, and Knowledge Gaps
Key Conflicts and Inconsistencies
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(1) Lung cancer risk variability: Observational studies yield contradictory findings. Zhang et al reported a 29%
reduced lung cancer risk (pooled RR 0.71, 95% CI 0.55-0.95) in metformin users without full adjustment for
smoking status,’' while Smiechowski et al found no association (rate ratio 0.94, 95% CI 0.76—1.17) after adjusting
for smoking and other confounders.®> A meta-analysis of 15 studies further confirmed no overall association
(adjusted OR 0.99, 95% CI 0.87—-1.12) due to high heterogeneity across study designs (cohort, case-control,
RCT),*® while another meta-analysis of 15 studies reported a 15% reduced risk (OR 0.85, 95% CI 0.77-0.92)*—
this protective effect was attenuated in smoking-adjusted sub-analyses (OR=0.84, 95% CI 0.61-1.06), indicating
smoking status as a key confounder. Residual confounding from unmeasured factors such as smoking intensity or
quit duration may explain the conflicting findings.

(2) Smoking status as a modifier: Sakoda et al showed an inverse association between metformin use and lung cancer
only in never smokers (HR 0.57, 95% CI 0.33-0.99), but no effect in current smokers.*> However, few studies
have stratified analyses by smoking intensity or quit duration, leading to unresolved uncertainty about metformin’s
utility in smoking-related lung cancer risk.

(3) Survival outcomes in lung cancer: While a meta-analysis of 6 studies (2,350 patients) reported a modest
improvement in OS with metformin (HR 0.90, 95% CI 0.84-0.96),*® a cohort study noted that metformin users
who developed lung cancer had more metastatic disease and shorter survival (HR 1.47).*”

Causes of Inconsistencies

Heterogeneity in study design (retrospective vs prospective), tumor subtype inclusion (squamous cell carcinoma vs
adenocarcinoma), and confounding by concurrent antineoplastic therapies or smoking status explain discrepancies. For
example, metformin’s synergism with HK2 depletion is specific to squamous cell carcinoma, but most epidemiological
studies do not account for tumor histology.'” Smoking adjustment also plays a critical role—meta-analyses show
protective effects are attenuated when controlling for smoking, highlighting unmeasured confounding.**

Knowledge Gaps

Several critical knowledge gaps persist regarding metformin’s pulmonary applications: the mechanisms underlying its
divergent effects across lung cancer subtypes remain unclear, and there is a notable absence of long-term safety data in
diabetic patients with idiopathic pulmonary fibrosis. Key unexplored areas include its potential drug interactions with
inhaled corticosteroids for asthma, its role in post-COVID-19 pulmonary fibrosis, and its dose-dependent effects on
pulmonary function in COPD patients with diabetes.

In summary, metformin demonstrates broad pulmonary protective effects, primarily mediated through AMPK
activation, against acute lung injury, fibrosis, and infections, while also reducing asthma exacerbations. However, its
role in lung cancer risk modulation remains uncertain due to conflicting evidence and significant confounding by
smoking. It represents a favorable choice for diabetics with asthma or pulmonary fibrosis, though its use in patients
with active lung cancer requires careful risk-benefit evaluation.

Insulin Secretagogues

In contrast to biguanides, insulin secretagogues—primarily sulfonylureas such as gliclazide and glibenclamide—exert
pulmonary effects through distinct mechanisms. These agents stimulate insulin release from pancreatic f-cells and have
been reported to show potential beneficial effects on pulmonary pathophysiology in preclinical studies, spanning anti-
oxidative, anti-inflammatory, and anti-tumorigenic activities. Their mechanisms, often involving the modulation of
oxidative stress, inflammatory signaling, and cellular proliferation, position them as potential therapeutics for pulmonary
disorders beyond glycemic control.

Mechanisms of Action
The pulmonary effects of sulfonylureas are mediated through several key molecular pathways:

Oxidative stress modulation: Gliclazide demonstrates radioprotective effects by reducing oxidative stress markers
(malondialdehyde [MDA], protein carbonyl [PC]) and increasing glutathione (GSH) levels in lung tissue.*®
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NLRP3 inflammasome inhibition: Glibenclamide exerts anti-inflammatory effects by blocking NLRP3 inflammasome
activation, evidenced by reduced expression of NLRP3, caspase-1 p10, and pro-inflammatory cytokines (IL-1, IL-18) in
lung tissues and BALF.?**

Sulfonylurea receptor 1 (SURI1)/p70S6K/KLF4 pathway regulation: Glibenclamide inhibits NSCLC cell growth,
epithelial-mesenchymal transition, and migration by suppressing p70S6K activity and upregulating the tumor suppressor
Kriippel-like factor 4 (KLF4).*!

KATP channel-independent anti-inflammatory effects: Despite their KATP channel inhibitory properties, sulfonylur-
eas demonstrate unexpected benefits in asthma models, possibly through modulation of Th2 cytokines and STAT6

signaling.**

Effects on Pulmonary Diseases

Radiation-Induced Lung Injury

Gliclazide demonstrates radioprotective effects in irradiation-induced lung injury. In a murine model of thoracic
irradiation, gliclazide mitigates histopathological damage by reducing oxidative stress markers and increasing glutathione
levels, thereby preserving lung tissue architecture.*®

Lung Cancer and Carcinogenesis

Sulfonylureas show anti-tumorigenic effects through multiple mechanisms. Gliclazide has been identified as a candidate
therapeutic for lung adenocarcinoma (LUAD), inducing cell cycle arrest and apoptosis in LUAD cells by targeting key
regulators of cell division (CCNB1, CCNB2, CDK1, and AURKA).43 Glibenclamide decreases tumor incidence, mean
tumor count, and pathological severity in benzo(a)pyrene (B(a)p) plus lipopolysaccharide (LPS)-induced lung carcino-
genesis by downregulating NLRP3, IL-1p, and cleaved IL-1p expression.*” In NSCLC, glibenclamide inhibits cancer cell
growth and migration via the SUR1/p70S6K/KLF4 pathway, with in vivo xenograft models confirming reduced tumor
growth.*!

Obstructive Airway Diseases

In asthma, glibenclamide unexpectedly mitigates key pathological features despite its KATP channel inhibitory proper-
ties. In an ovalbumin (OVA)-induced murine asthma model, it reduces airway hyperresponsiveness (AHR), airway
inflammation, and Th2 cytokines, while downregulating VCAM-1 and phosphorylated STAT6 in lung tissues.** For
COPD in patients with type 2 diabetes, a nationwide cohort study utilizing propensity-score matching demonstrated that
sulfonylurea users had significantly lower risks of all-cause mortality (adjusted HR 0.53, 95% CI 0.48-0.58), cardio-
vascular events (aHR 0.88, 0.81-0.96), invasive mechanical ventilation (aHR 0.57, 0.50-0.66), non-invasive positive
pressure ventilation (aHR 0.74, 0.60-0.92), and bacterial pneumonia (aHR 0.78, 0.70-0.87) compared to matched non-
users over a mean follow-up of 6.57 years.** A longer cumulative duration of SU use was associated with progressively
lower risks of these outcomes. However, these findings from observational data must be interpreted with caution due to
potential confounding. The non-user comparator group is heterogeneous and may include both healthier patients
managed by lifestyle alone and those with contraindications to oral therapy. Unmeasured factors, such as socioeconomic
status, overall healthcare adherence, or prescriber bias, could influence both the choice of sulfonylurea and the pulmonary
outcomes. Therefore, while suggestive, this association does not establish causality and requires validation in studies
with more robust designs to control for these confounders.

Environmental and Oxidative Lung Injury

Glibenclamide exerts robust anti-inflammatory effects in oxidative and environmental insult-induced lung injury. In
a murine model of ozone-induced pulmonary inflammation, glibenclamide reduces inflammatory cell infiltration and
protein leakage in BALF, lowers histopathological inflammatory scores, and decreases alveolar damage through NLRP3
inflammasome inhibition.*”

Infectious Diseases
In COVID-19, sulfonylureas show neutral effects on mortality in diabetic patients. A Bayesian network meta-analysis
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found no association between sulfonylurea use and COVID-19 mortality or severe disease risk (OR=0.97, 95% CI
0.83—1.01).%° This analysis adjusted for baseline covariates such as age, comorbidity burden, and concurrent use of other
antidiabetic drugs, though potential confounding from unmeasured factors (eg, healthcare access or COVID-19 treatment
intensity) cannot be fully excluded due to limited individual patient data.

Literature Conflicts, Inconsistencies, and Knowledge Gaps
Key Conflicts and Inconsistencies

(1) Mechanistic paradox in asthma: Despite KATP channel blockade theoretically promoting bronchoconstriction,
glibenclamide demonstrates anti-asthmatic effects in preclinical models, suggesting involvement of other, non-
canonical pathways that remain incompletely characterized.**

(2) Translation gap between preclinical and clinical evidence: While robust preclinical data support sulfonylureas’
pulmonary benefits, clinical evidence remains limited to observational studies,** with no interventional trials
confirming these effects.”® *

(3) Class-effect variability: Most evidence derives from glibenclamide and gliclazide, creating uncertainty about

whether pulmonary effects are consistent across all sulfonylureas or agent-specific.

(34 Residual confounding in observational evidence: While the nationwide cohort study employed propensity-score
matching to improve comparability between groups, residual confounding remains possible.** Important clinical
parameters such as COPD severity (eg, GOLD stage), smoking status, and lung function measures were not
available in the administrative database and thus could not be fully adjusted for. Therefore, while this large, well-
conducted study provides compelling real-world evidence, the observed associations should not be interpreted as
definitive proof of causality.

Causes of Inconsistencies

The stark contrast between extensive preclinical data and limited clinical validation stems from fundamental differences in
pathophysiology between animal models and human chronic diseases, as well as the predominance of retrospective study designs
susceptible to confounding. The paradoxical efficacy in asthma models despite theoretical bronchoconstrictive potential suggests
the involvement of alternative mechanisms (eg, NLRP3 inhibition) that may predominate in specific contexts.

Knowledge Gaps

Several key research gaps exist regarding sulfonylureas’ pulmonary effects: the anti-asthmatic mechanisms of gliben-
clamide independent of KATP channel blockade remain undefined, and the long-term pulmonary outcomes in diabetic
patients with pre-existing lung conditions are unknown. Furthermore, their potential synergistic benefits with standard
therapies, differential effects among various agents on specific diseases, and role in managing drug-induced pulmonary
toxicity remain unexplored.

Adverse Effect Considerations: Hypoglycemia and Pulmonary Risk

A critical drawback of insulin secretagogues, particularly sulfonylureas, is their elevated risk of hypoglycemia. Notably,
a cohort study that reported pulmonary benefits also found sulfonylurea use was associated with an increased risk of
hypoglycemia compared to non-use, highlighting the critical need to balance potential benefits against this well-
established risk in clinical decision-making.** Severe hypoglycemic events may theoretically influence pulmonary risk
through several mechanisms. Neuroglycopenia and altered mental status during hypoglycemia could increase the risk of
aspiration pneumonia, especially in elderly or frail patients. Additionally, the systemic stress response triggered by
hypoglycemia, involving catecholamine release and inflammation, might theoretically exacerbate underlying pulmonary
conditions such as asthma or COPD. Although this pathway remains speculative and warrants direct investigation, it
underscores the importance of meticulous glycemic management to avoid hypoglycemia when using these agents in
patients with significant pulmonary comorbidity.
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Taken together, these data suggest that sulfonylureas, particularly gliclazide and glibenclamide, demonstrate promis-
ing anti-inflammatory, antioxidant, and anti-tumorigenic effects in preclinical models. However, clinical translation
remains limited, and their association with hypoglycemia poses a significant risk that may offset pulmonary benefits in
vulnerable populations. Future studies should clarify whether these effects are class-wide or agent-specific.

Thiazolidinediones (TZDs)

Unlike insulin secretagogues, TZDs exert their pulmonary effects primarily through peroxisome proliferator-activated
receptor gamma (PPAR-y) activation—a nuclear receptor integral to metabolic regulation and inflammatory response
modulation. As PPAR-y agonists, TZDs exhibit multifaceted effects beyond glycemic control, influencing pulmonary
inflammation, remodeling, and injury through anti-inflammatory, antioxidant, and anti-fibrotic pathways.*’

Mechanisms of Action
The pulmonary benefits of TZDs are predominantly mediated through PPAR-y-dependent mechanisms:

e Anti-inflammatory signaling: TZDs suppress pro-inflammatory pathways (eg, NF-kB activation), reducing cyto-
kines (TNF-q, IL-5), chemokines, and adhesion molecules (ICAM-1).*¢4

e Metabolic reprogramming: In pulmonary arterial hypertension, pioglitazone restores fatty acid oxidation (FAO)
through miRNA modulation (miR-197, miR-146b), reversing vascular remodeling.**

e Anti-fibrotic activity: PPAR-y activation inhibits TGF-B-induced myofibroblast differentiation, fibroblast prolifera-
tion, and collagen secretion, attenuating fibrotic progression.*’

e Antioxidant effects: Rosiglitazone enhances antioxidant capacity by increasing superoxide dismutase (SOD) and
glutathione (GSH) levels while reducing oxidative stress markers.*¢

Effects on Pulmonary Diseases

Asthma and Allergic Airway Disease

Preclinical studies demonstrate promising effects of TZDs in asthma models. Inhaled ciglitazone reduces airway
hyperresponsiveness (AHR), remodeling, and TGF-B synthesis,’® while rosiglitazone lowers pro-inflammatory mediators
(IL-5, IgE) and enhances antioxidant defenses.*® Human asthmatic airways exhibit elevated PPAR-y expression linked to
remodeling, with corticosteroids downregulating its expression.”’ However, clinical translation has been limited—a 12-
week trial of pioglitazone showed no benefit for mild asthma, directly contrasting with the robust efficacy observed in
murine models.>* This stark disconnect not only underscores the limitations of animal models in recapitulating human
chronic inflammatory airway disease but also suggests that PPAR-y activation may be insufficient as a monotherapy in
established human asthma, or that benefits are restricted to specific, yet-to-be-defined asthma endotypes.

Neonatal Lung Development and Injury

TZDs protect against neonatal hyperoxia-induced lung injury, a model of bronchopulmonary dysplasia (BPD).
Rosiglitazone prevents hyperoxia-induced neonatal rat lung injury by inhibiting lipo-to-myofibroblast transdifferentia-
tion, preserving alveolar architecture and promoting normal lung development.>

Acute Lung Injury and Endotoxemia
In endotoxemia models, rosiglitazone reduces pulmonary edema, neutrophilia (as measured by MPO activity), oxidative
stress, and pro-inflammatory factors (TNF-a, ICAM-1) via PPAR-y-mediated NF-«xB inhibition, supporting their potential
utility in sepsis-related lung injury.*’

Pulmonary Arterial Hypertension (PAH)

Pioglitazone demonstrates therapeutic potential in experimental PAH. It reverses vascular remodeling and right ventri-
cular (RV) failure in SuHx rats by restoring fatty acid oxidation through miRNA modulation, with similar effects
observed in human PAH samples.*®
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Pulmonary Fibrosis (PF)

PPAR-y agonists exhibit consistent anti-fibrotic effects across multiple models. They inhibit fibroblast proliferation,
TGF-B-induced myofibroblast differentiation, and collagen secretion, reducing bleomycin-induced fibrosis even when
administered post-inflammation.*’

Lung Cancer

Epidemiological evidence regarding TZDs and lung cancer risk remains inconclusive. While one cohort study linked
TZD/metformin use to lower lung cancer risk,’’ a subsequent meta-analysis found no significant protective effect for
TZDs alone (OR 0.86, 95% CI 0.70-1.02).*

Literature Conflicts, Inconsistencies, and Knowledge Gaps
Key Conflicts and Inconsistencies

(1) Asthma efficacy gap: The stark contrast between consistent benefits in animal models of asthma®®>* and the lack
of efficacy in human clinical trialsrepresents a major translational disconnect.’?

(2) Lung cancer risk uncertainty: While preclinical data suggest potential anti-neoplastic effects through PPAR-y
activation, epidemiological studies show inconsistent associations with lung cancer risk.**’

(3) PPAR-y expression paradox: The finding that PPAR-y is elevated in human asthmatic airways yet its activation
does not translate to clinical benefit raises questions about receptor functionality and downstream signaling in
human disease.”'

Causes of Inconsistencies

The divergence between robust preclinical findings and limited clinical success stems from multiple factors: fundamental
differences between animal models and human chronic inflammatory diseases; suboptimal patient stratification in clinical
trials; and potential confounding by TZDs’ side effect profile (eg, fluid retention, weight gain) that may limit their utility
in patients with compromised respiratory function. The context-dependent nature of PPAR-y signaling—being influenced
by disease stage, cellular microenvironment, and co-regulator availability—further complicates clinical translation.

Knowledge Gaps

Several critical research gaps persist in the application of TZDs for pulmonary diseases. The efficacy boundary between
preclinical models and human asthma remains poorly defined, particularly regarding optimal dosing and patient selection.
The safety and tolerability of TZDs, particularly regarding fluid retention and risk of pulmonary edema, in patients with
pre-existing cardiopulmonary diseases (eg, COPD with cor pulmonale, pulmonary hypertension) remain poorly char-
acterized and pose a major barrier to clinical trials in these populations. Furthermore, their utility in specific asthma
endotypes and predictive biomarkers for treatment response are lacking, hindering targeted clinical translation.

Safety Considerations and Pulmonary Implications

TZDs promote renal sodium reabsorption and plasma volume expansion, leading to peripheral edema and increasing the
risk of congestive heart failure. In patients with underlying cardiopulmonary compromise, this can precipitate or worsen
pulmonary edema, presenting as increased dyspnea, which can be misattributed to progression of underlying lung
diseases like COPD or asthma, thereby triggering unnecessary exacerbation management. This safety profile presents
a substantial barrier to the repurposing of TZDs for chronic lung diseases. Clinicians managing diabetic patients with
comorbid respiratory conditions must be vigilant about these risks, as the drug-induced pulmonary edema can mimic
disease exacerbations. This necessitates careful patient selection, avoiding TZDs in patients with a history of heart failure
or significant baseline edema.

Taken together, these data suggest that while thiazolidinediones exhibit robust preclinical pulmonary benefits (anti-
asthma, anti-fibrosis, PAH improvement) via PPARY activation, these effects fail to translate to human clinical outcomes.
Their primary safety concern of fluid retention-induced pulmonary edema further restricts use in patients with cardio-
pulmonary compromise, making them an unfavorable choice for chronic lung disease repurposing.
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Alpha-Glucosidase Inhibitors (AGls)

Distinct from TZDs, AGIs modulate pulmonary health primarily through glycemic control and indirect systemic effects,
demonstrating context-dependent outcomes in specific respiratory conditions. Unlike drugs with direct pulmonary
molecular targets, AGIs exert their influence primarily by reducing postprandial hyperglycemia, thereby generating
unique lung effects that vary significantly across different disease contexts.

Mechanisms of Action
The pulmonary effects of alpha-glucosidase inhibitors (AGIs) are primarily mediated through the following indirect
mechanisms:

e Glycemic Control and Infection Prevention: By delaying carbohydrate digestion and reducing postprandial hyper-
glycemia, AGIs lower glucose availability in airway surfaces, thereby inhibiting bacterial growth and potentially
contributing to their protective role in respiratory infections like COVID-19.34

e Potential Gut-Mediated Pathways: Emerging evidence suggests that AGIs may modulate gut microbiota composi-
tion and function, potentially influencing systemic immunity and inflammatory responses relevant to lung health
through the gut-lung axis.

e Malnutrition-Related Risks: The proposed association with increased COPD risk may be linked to drug-induced
gastrointestinal side effects (eg, malabsorption),”® which could lead to chronic malnutrition and weight loss, thereby
exacerbating pulmonary vulnerability in susceptible individuals; however, this pathway remains speculative.

Effects on Pulmonary Diseases

COVID-19

AGIs demonstrate promising protective effects in patients with type 2 diabetes mellitus (T2DM) affected by COVID-19.
A multi-institutional retrospective study in China, including 4922 T2DM patients with COVID-19, found that AGI use
was associated with significantly lower all-cause mortality (adjusted HR 0.53, 95% CI 0.35-0.80), with similar trends
observed after propensity score matching (adjusted HR 0.59, 95% CI 0.35-0.98).>* This aligns with another study
showing that inpatient use of acarbose, either alone or in combination with metformin, significantly improved survival
rates in T2DM patients with COVID-19: 91.2% of acarbose users survived, compared to lower survival rates in non-
users.>

COPD

Contrasting with their beneficial effects in COVID-19, AGIs have been associated with an increased risk of COPD
development in diabetic patients. A cohort study revealed that AGI use was associated with a nearly twofold higher risk
of COPD (HR 1.964, 95% CI 1.207-2.380) compared to non-users, with a more pronounced risk observed in direct
comparisons with other oral antidiabetic medications (HR 2.295, 95% CI 1.304-4.038).°° Proposed mechanisms include
potential gastrointestinal side effects (eg, malabsorption) leading to malnutrition, which may exacerbate pulmonary
vulnerability, though further research is needed to confirm causality.

Literature Conflicts, Inconsistencies, and Knowledge Gaps
Key Conflicts and Inconsistencies

(1) Disease-specific divergence: The most striking conflict involves the opposing effects of AGIs in different
respiratory conditions—demonstrating protective effects in COVID-19 while being associated with increased
COPD risk.>*>°

(2) Mechanistic uncertainty: The protective mechanisms in COVID-19 remain poorly characterized, while the
proposed mechanism for increased COPD risk (malabsorption-related malnutrition) lacks direct experimental
validation.

(3) Confounding by indication: The observed associations may be influenced by prescribing patterns, as patients
selected for AGI therapy may have distinct baseline characteristics that independently affect pulmonary outcomes.
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Causes of Inconsistencies

The contradictory findings likely stem from fundamental differences in the pathophysiology of acute viral infection
(COVID-19) versus chronic inflammatory disease (COPD), with AGIs exerting different effects in these distinct contexts.
The predominance of observational evidence introduces substantial confounding, as AGI users may differ from non-users
in ways that affect respiratory outcomes. Additionally, the lack of mechanistic studies specifically examining pulmonary
effects of AGIs leaves critical pathways unexplored.

Knowledge Gaps

Substantial knowledge gaps persist regarding the pulmonary effects of AGIs. The molecular mechanisms underlying
their protective effect in COVID-19 remain largely unknown beyond glycemic control, particularly concerning
potential immunomodulatory or antiviral actions.>*>> Crucially, the nature of the association with increased COPD
risk requires clarification through prospective studies that rigorously control for nutritional status, comorbidities, and
prescriber bias to determine if it represents true causality or confounding.’® The effects of AGIs on other major
respiratory conditions, including asthma, pulmonary fibrosis, and lung cancer, remain completely unexplored.
Furthermore, potential drug-drug interactions with common pulmonary medications and the comparative impact of
different AGIs (acarbose, miglitol, voglibose) on specific respiratory outcomes warrant systematic investigation to
guide clinical decision-making.

Taken together, these data suggest that alpha-glucosidase inhibitors exert context-dependent pulmonary effects—
reducing COVID-19 mortality via glycemic control and potential gut-lung axis modulation, yet associating with
increased COPD risk (possibly linked to malabsorption). Given the lack of mechanistic clarity and conflicting disease-
specific outcomes, they may be considered for diabetic patients with COVID-19 but require caution in those at high risk
of COPD.

Dipeptidyl Peptidase-4 (DPP-4) Inhibitors

Dipeptidyl peptidase-4 (DPP-4) inhibitors modulate pulmonary pathophysiology through enzymatic inhibition and
immunomodulatory pathways, demonstrating complex and context-dependent effects across respiratory diseases.
Beyond their glycemic benefits through incretin hormone stabilization, these agents influence pulmonary health via
DPP-4’s widespread expression in respiratory tissues and its role in regulating inflammatory, oxidative, and immune
responses. DPP-4 is a membrane-anchored ectopeptidase with a broad spectrum of biological functions in immune
regulation, cancer biology, and glucose metabolism. Growing evidence suggests that DPP-4 plays a deleterious role in
respiratory diseases, and progressing our knowledge of this multi-faceted molecule may yield novel therapies for
conditions such as lung cancer, asthma, and copD.”’

Mechanisms of Action
DPP-4 inhibitors exert pulmonary effects through multiple distinct yet interconnected pathways:

e Enzymatic inhibition and substrate stabilization: DPP-4 is widely distributed in human respiratory tissues, with
enriched expression in distal airways, alveolar parenchyma (type I/Il pneumocytes, alveolar macrophages), and
vascular endothelium.”® Chronic lung diseases further upregulate DPP-4 expression, enhancing susceptibility to
pathogens and exacerbating inflammation.

e Anti-inflammatory signaling modulation: Trelagliptin suppresses TLR4/NF-kB signaling,” Saxagliptin balances the
Nrf-2/HO-1 antioxidantand NF-kB pro-inflammatory pathways,’ and Omarigliptin activates the AMPK pathway
and upregulates SOCS] to reduce mucus overproduction.®'

e Cellular protection and immune modulation: Linagliptin activates the Epacl/AKT pathway to preserve the pul-
monary microvascular barrier,®? Vildagliptin enhances immune surveillance by boosting macrophage-mediated NK
cell activity and TRAIL cytotoxicity,”> and multiple inhibitors collectively attenuate pathological processes like

endothelial-to-mesenchymal transition and extracellular matrix deposition.®*>
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Effects on Pulmonary Diseases

Asthma and COPD

DPP-4 contributes to airway inflammation and remodeling in asthma, stimulating fibroblast and smooth muscle cell
proliferation.®® While sitagliptin alleviates inflammation and remodeling in murine models,®” clinical trials show no
significant advantage over other glucose-lowering agents.®® Similarly, in COPD, DPP-4 inhibitors reduce neutrophilic

inflammation in preclinical models but demonstrate limited clinical efficacy in preventing exacerbations.®®"°

Acute and Chronic Lung Injury

DPP-4 inhibitors demonstrate consistent benefits in experimental lung injury models. Multiple agents protect against
LPS-induced ALI through anti-inflammatory and antioxidant mechanisms.’®®* In pulmonary fibrosis, vildagliptin
attenuates extracellular matrix deposition and EndMT in both LPS- and bleomycin-induced models.**®° Sitagliptin
additionally alleviates pulmonary arterial remodeling in experimental hypertension.”’

Lung Cancer and Infectious Diseases

Vildagliptin exhibits anti-tumor activity by enhancing macrophage-mediated NK cell function.®® In COVID-19, evidence
remains conflicting—one meta-analysis associated DPP-4 inhibitors with increased mortality,”® while another found that
DPP-4 inhibitors were associated with reduced mortality,” reflecting substantial methodological heterogeneity. The
marked heterogeneity in these findings likely stems from significant differences in study designs, patient populations (eg,
varying baseline disease severity, comorbidities), and concurrent treatments. Unmeasured confounding remains a critical
limitation, as patients prescribed DPP-4 inhibitors may systematically differ from those on other glucose-lowering
regimens in ways that independently influence COVID-19 prognosis.

Rare Adverse Pulmonary Events

While generally well-tolerated, DPP-4 inhibitors have been very rarely associated with idiosyncratic pulmonary reac-
tions. A notable but isolated case report describes a hemodialysis patient with diabetic nephropathy who developed
sarcoid-like lung granulomas following vildagliptin administration. The granulomas resolved completely within 4 months
of drug discontinuation, suggesting a causal link.”? It is crucial to emphasize that such events are exceedingly rare, and
their clinical prevalence should not be overstated.

Literature Conflicts, Inconsistencies, and Knowledge Gaps
Key Conflicts and Inconsistencies
The literature on DPP-4 inhibitors reveals significant conflicts primarily centered on their efficacy in chronic respiratory
diseases and their role in COVID-19 outcomes. The most prominent inconsistency involves the stark contrast between
robust preclinical benefits in asthma and COPD models and the limited clinical efficacy observed in human trials.®”"°
Similarly, meta-analyses present conflicting evidence regarding COVID-19 mortality, with one reporting increased risk
and another suggesting potential benefits.”*?° Additional discrepancies include drug-specific effect variations, where
vildagliptin demonstrates unique anti-fibrotic and anti-cancer properties not consistently observed with other DPP-4
inhibitors.”*

These conflicts stem from methodological heterogeneity between controlled animal studies and heterogeneous clinical
populations, inadequate patient stratification by DPP-4 expression levels, and pharmacokinetic differences affecting

tissue distribution among various inhibitors.

Causes of Inconsistencies

The observed inconsistencies stem from multiple interrelated factors, including fundamental disparities between pre-
clinical models and human diseases, inadequate patient stratification by DPP-4 expression levels, significant pharmaco-
kinetic variations among individual DPP-4 inhibitors leading to differential tissue distribution, and substantial residual
confounding in observational studies, where factors influencing both drug prescription and disease outcome can create
spurious associations.
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Knowledge Gaps

Substantial knowledge gaps persist across multiple domains. The effects of DPP-4 inhibitors in cystic fibrosis patients
remain unexplored despite known DPP-4 upregulation in this condition.”® Long-term outcomes in idiopathic pulmonary
fibrosis and potential interactions with biologic therapies or corticosteroids are unknown. The efficacy across different
asthma endotypes and in addressing post-COVID-19 pulmonary sequelae requires systematic evaluation. Additionally,
risk factors for rare adverse events such as granulomatous reactions remain uncharacterized.”” These gaps highlight the
need for stratified clinical trials based on DPP-4 expression patterns, comparative effectiveness studies among different
DPP-4 inhibitors, and dedicated investigations in understudied pulmonary conditions where DPP-4 dysregulation may
play a pathogenic role.

Taken together, these data suggest that DPP-4 inhibitors modulate pulmonary inflammation and fibrosis in preclinical
settings, but their clinical impact on chronic respiratory diseases is modest and inconsistent. Conflicting COVID-19
outcomes and rare adverse events further complicate their pulmonary risk-benefit profile, underscoring the need for
biomarker-guided patient selection.

Sodium-Glucose Cotransporter 2 (SGLT-2) Inhibitors

SGLT-2 inhibitors, including empagliflozin, dapaglifiozin, and canaglifiozin, represent a novel class of oral hypoglycemic
agents that reduce plasma glucose by inhibiting renal glucose reabsorption. Beyond their metabolic benefits, emerging
evidence demonstrates these agents exert multifaceted protective effects on pulmonary health through both direct actions
on pulmonary tissues and indirect systemic mechanisms. The expression of SGLT transporters in lungs and pulmonary

vasculature provides an anatomical basis for their direct pulmonary effects.”*”*

Potential Pulmonary Risks and Safety Considerations

Despite the robust profile of pulmonary benefits, a comprehensive assessment must consider theoretical risks related to
the established systemic effects of SGLT-2 inhibitors. Volume depletion, resulting from their natriuretic and diuretic
actions, could theoretically impair respiratory function in vulnerable populations, such as patients with severe chronic
obstructive pulmonary disease (COPD) or pre-existing respiratory failure, by potentially altering mucus clearance or
pulmonary hemodynamics. Additionally, while euglycemic diabetic ketoacidosis (DKA) is a recognized metabolic
complication, its direct impact on pulmonary physiology (eg, through acid-base disturbances) remains a theoretical
concern. Crucially, large-scale meta-analyses of randomized controlled trials (RCTs), which provide the highest quality
of safety evidence, have not identified a significant increase in respiratory adverse events, respiratory failure, or other
pulmonary-specific harms attributable to these mechanisms.”>”’” This suggests that while these theoretical risks warrant
appropriate clinical vigilance, particularly in high-risk individuals, they do not translate into a significant signal against
the overall backdrop of pulmonary benefits observed in broad patient populations with type 2 diabetes.

Mechanisms of Action
SGLT-2 inhibitors protect against pulmonary diseases through several interconnected pathways:

e Glycemic control and metabolic effects: By reducing blood and bronchoalveolar lavage fluid glucose concentra-
tions, these agents create a less favorable environment for bacterial growth in the lungs, as demonstrated by
dapagliflozin’s reduction of Pseudomonas aeruginosa burden in diabetic mice.”®

e Anti-inflammatory and immunomodulatory actions: Empagliflozin and canagliflozin suppress immune cell infiltra-
tion and pro-inflammatory cytokine mRNA expression in allergic asthma models.” Empagliflozin additionally
normalizes T helper 1 (Thl) and Th17 cell differentiation in obesity-related airway dysfunction.®

¢ Antioxidant pathway activation: Dapaglifiozin significantly reduces oxidative stress markers (MDA) while increas-
ing total antioxidant capacity in experimental asthma.®'

e Vascular and barrier protection: Empagliflozin protects against pulmonary ischemia/reperfusion injury via activation
of extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling pathway.*
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e Bronchodilatory effects: Dapaglifiozin mitigates bronchospasm through activation of the NO/sGC/cGMP pathway
and downregulation of S100A4.%!

Effects on Pulmonary Diseases

Collectively, the protective effects of SGLT-2 inhibitors on pulmonary health are supported by a hierarchy of evidence.
The most robust support comes from meta-analyses of large, randomized controlled trials (RCTs), which consistently
show reduced risks of several respiratory diseases. These findings are complemented by supportive data from observa-
tional studies and compelling mechanistic insights from preclinical models.

Infectious Respiratory Diseases

SGLT-2 inhibitors demonstrate consistent benefits against pulmonary infections. A large real-world cohort study from
Hong Kong showed that, compared with DPP-4 inhibitors, SGLT-2 inhibitor use was associated with a lower incidence of
pneumonia (adjusted HR 0.63) and sepsis (adjusted HR 0.52), as well as reduced infection-related mortality.** This is
strongly supported by a meta-analysis of 26 randomized controlled trials (RCTs), which found that SGLT-2 inhibitors
significantly reduced the risk of pneumonia (pooled RR 0.87) and septic shock (pooled RR 0.65) compared to placebo.*
More robustly, meta-analyses of large randomized controlled trials (RCTs) confirm these agents reduce the risk of
infectious respiratory diseases including bronchitis and pneumonia.”> Their protective role extends to viral infections,

with multiple meta-analyses showing lower mortality among patients with T2DM and COVID-19.2%°

Obstructive Airway Diseases

In asthma, SGLT-2 inhibitors exert comprehensive protective effects across multiple experimental models.”*"®' Clinically,
meta-analyses of large RCTs provide consistent, high-quality evidence that SGLT-2 inhibitors reduce the risk of asthma
incidence and exacerbations.®®”>® For COPD and obstructive airway diseases (OAD), observational data suggest that
SGLT-2 inhibitor use is associated with a lower risk of incident OAD and reduced rate of OAD exacerbations compared
to DPP-4 inhibitor use.®> A large population-based cohort study specifically conducted in patients with T2DM and
comorbid COPD confirmed that SGLT-2 inhibitors are associated with a 38% decreased risk of severe exacerbations
compared to DPP-4 inhibitors.” These findings are reinforced by meta-analyses of large trials, which report that SGLT-2

inhibitors reduce the risk of COPD and related exacerbations.”>”’

Obesity-Related Respiratory Complications

SGLT-2 inhibitors effectively address obesity-induced respiratory pathophysiology. Empaglifiozin reduces airway hyper-
responsiveness and lung fibrosis in high-fat diet-induced obese mice, while lowering pro-inflammatory mediators (IL-17,
TGF-B1, IL-1p) and normalizing Th1/Th17 cell differentiation.*® These findings support their potential in managing
obesity-related asthma and metabolic airway dysfunction.

Other Respiratory Conditions

Beyond common respiratory diseases, meta-analyses of RCTs associate SGLT-2 inhibitors are associated with reduced
risks of sleep apnea syndrome, acute pulmonary edema, and respiratory failure.”””"*¢%7 Empagliflozin specifically
protects against pulmonary ischemia/reperfusion injury by improving respiratory function, attenuating lung edema and
structural damage, and inhibiting apoptosis.®?

Literature Conflicts, Inconsistencies, and Knowledge Gaps

Key Conflicts and Inconsistencies

Despite generally consistent beneficial effects, some uncertainties remain. The relative contribution of direct pulmonary
actions versus systemic metabolic benefits remains debated, particularly whether observed clinical benefits primarily
result from glycosuria-induced glycemic improvement or direct anti-inflammatory effects on lung tissues. Additionally,
while most studies report class-effects, potential differences among individual SGLT-2 inhibitors require further
comparative investigation.
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Causes of Inconsistencies

The observed inconsistencies primarily stem from the complex interplay between direct pulmonary effects and systemic
metabolic improvements, coupled with methodological variations across studies. The uncertain expression patterns and
functional significance of SGLT transporters in different lung cell types create fundamental mechanistic ambiguity.”>"*
Clinical heterogeneity in study populations, including variations in diabetes duration, glycemic control, and concurrent
respiratory conditions, significantly influences outcomes.”>’®% Additionally, residual confounding in observational
studies, where factors influencing both drug prescription and disease outcome can create spurious associations, con-
tributes to the current uncertainties. The predominant focus on class effects rather than drug-specific comparisons, along

with variations in follow-up duration across studies, further contributes to the current uncertainties.

Knowledge Gaps

Several important questions warrant further research. The expression patterns and functional roles of SGLT transporters
in different human lung cell types need comprehensive characterization. The efficacy of SGLT-2 inhibitors in non-
diabetic pulmonary diseases remains largely unexplored despite compelling mechanistic rationale. Long-term effects on
lung function decline and pulmonary vascular health require prospective evaluation. Potential interactions between
SGLT-2 inhibitors and pulmonary medications commonly used in chronic respiratory diseases represent another
unexplored area. Finally, biomarker development to identify patient subgroups most likely to benefit from SGLT-2
inhibitor therapy could enhance personalized treatment approaches.

In conclusion, SGLT-2 inhibitors currently present the most consistent and broad-spectrum pulmonary benefits among
hypoglycemic agents. Their efficacy in reducing pneumonia, asthma exacerbations, and COPD-related outcomes is
supported by high-quality evidence from RCT meta-analyses. While the interplay between direct pulmonary actions and
systemic metabolic benefits warrants further investigation, their favorable risk-benefit profile makes them a prime
consideration for diabetic patients with comorbid respiratory conditions.

Glucagon-Like Peptide-1 Receptor Agonists (GLP-1 RAs)

Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) have emerged as important therapeutic agents not only for type 2
diabetes management but also for their potential benefits in pulmonary diseases. These agents exert multifaceted effects
on pulmonary physiology and disease pathophysiology through multiple mechanisms, positioning them as promising
therapeutic options for various respiratory conditions, particularly in patients with concurrent metabolic dysfunction.

Mechanisms of Action: Distinguishing Direct and Indirect Pathways

The pulmonary benefits of GLP-1 RAs are mediated through a combination of direct receptor-mediated actions on lung
tissues and indirect systemic effects, with the relative contribution of each pathway being a key area of investigation.
Direct effects are substantiated by the expression of GLP-1 receptors on relevant pulmonary cells, including pulmonary
arterial smooth muscle cells,®® type II pneumocytes,® and large nucleated cells in lung tissue.’® Functionally, this direct
pathway is evidenced by studies demonstrating GLP-1 RA-induced bronchodilation in human isolated airways via the
cAMP/PKA pathway, an effect observed independently of systemic metabolic changes.”’ Furthermore, GLP-1 exerts
multiple direct pulmonary effects, including stimulating airway macromolecule secretion, relaxing pulmonary arteries,*®
promoting surfactant secretion in type II pneumocytes,® and exerting potent anti-inflammatory effects in murine models
by inactivating NF-kB via a PKA-dependent mechanism.’” Crucially, clinical evidence from the LIRALUNG trial, which
utilized a short treatment duration specifically designed to minimize weight loss, demonstrated that liraglutide still
improved lung function and alveolar-capillary integrity, strongly supporting the existence of direct receptor-mediated
effects in humans.”

In parallel, indirect effects secondary to systemic metabolic improvements represent another significant pathway.
Substantial weight loss induced by GLP-1 RAs can mechanically enhance lung function by reducing chest wall fat and
abdominal pressure, thereby improving lung compliance and volumes, as seen in longer-term studies.”* Concurrently,
improved glycemic control may mitigate systemic and pulmonary oxidative stress and inflammation.
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Therefore, the current evidence supports a dual mode of action. Direct effects on bronchial tone, surfactant home-
ostasis, and pulmonary inflammation are well-established in preclinical and mechanistic clinical studies. These are
complemented by substantial indirect benefits arising from systemic metabolic improvements, with the overall clinical
outcome likely reflecting the summation of both pathways.

Effects on Pulmonary Diseases

Obstructive Pulmonary Diseases

GLP-1 RAs demonstrate significant therapeutic potential in obstructive lung diseases. In a murine model of experimental
obstructive lung disease, GLP-1 reduces mortality and improves lung function by mitigating the severity of acute
exacerbations.” Clinical evidence supports these findings, with real-world studies indicating that GLP-1 RA users
experience fewer exacerbations of chronic lower respiratory diseases compared to users of DPP-4 inhibitors.”® Long-term
observational studies further suggest that GLP-1 RAs may offer a novel therapeutic perspective for airway disorders.””
Specifically, in obese patients with COPD, 40 weeks of liraglutide treatment improves select pulmonary function
parameters,”* while liraglutide increases forced vital capacity in patients with T2DM—an effect associated with reduced
circulating surfactant protein D, indicating beneficial modulation of alveolar-capillary barrier function.’?

Asthma and Bronchial Hyperresponsiveness

GLP-1 RAs show promise in asthma management through multiple mechanisms. The GLP-1 receptor has been identified
as a novel target for treating bronchial hyperresponsiveness, with activation of the cAMP-dependent protein kinase
A (PKA) pathway in human airways mediating this effect.”’ This positions GLP-1 RAs as a potential therapeutic class
for asthma, particularly in patients with T2DM and comorbid bronchial hyperresponsiveness. In a murine model of OVA-
induced asthma, GLP-1 potently ameliorates airway inflammation and excessive mucus secretion through a PKA-
dependent mechanism that inactivates NF-kB.? However, it is worth noting that GLP-1 RAs did not significantly affect
the incidence of asthma in clinical studies, which adds complexity to their role in this disease.®®

Other Respiratory Conditions

Emerging evidence suggests potential benefits of GLP-1 RAs in additional respiratory contexts. The improvement in
forced vital capacity observed with liraglutide treatment indicates potential utility in restrictive lung disease patterns.”
Additionally, the reduction in circulating surfactant protein D levels suggests beneficial effects on alveolar-capillary
membrane integrity, which may have implications for interstitial lung diseases.

Literature Conflicts, Inconsistencies, and Knowledge Gaps

Key Conflicts and Inconsistencies

A central conflict for GLP-1 RAs involves the disconnect between their potent anti-inflammatory and bronchodilatory
effects in preclinical modelsand their neutral effect on asthma incidence in large cardiovascular outcome trials.®"'9%%
This suggests that their primary benefit in respiratory disease may be limited to specific phenotypes, such as obesity-
associated asthma or COPD, where metabolic dysfunction is a key driver. Additionally, the relative contribution of direct

pulmonary actions versus systemic metabolic benefits to observed clinical improvements remains unclear.

Causes of Inconsistencies

The observed discrepancies primarily stem from translational challenges between animal models and human diseases,
methodological limitations in clinical trial design, and the difficulty in distinguishing direct pulmonary effects from
systemic metabolic benefits. Preclinical studies utilize acute inflammatory models in controlled settings, while clinical
populations comprise heterogeneous patients with chronic, multifactorial respiratory conditions.®®> The predominant
focus on metabolic endpoints in large trials, with pulmonary outcomes typically assessed secondarily, limits detection of
respiratory-specific effects.”® Furthermore, substantial metabolic improvements and weight loss induced by GLP-1 RAs
confound the attribution of observed pulmonary benefits to direct receptor-mediated mechanisms versus indirect systemic
effects.”®** Inadequate patient stratification by GLP-1 receptor expression or specific disease endotypes also contributes
to these inconsistencies.
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Knowledge Gaps

Key knowledge gaps persist, foremost being the need to quantify the contribution of direct pulmonary actions versus
indirect systemic effects. Future research must prioritize clinical trials in non-diabetic populations and mechanistic
studies to dissect this interplay. The efficacy in non-obese patients, long-term safety in severe respiratory disease, and
potential interactions with inhaled medications also require investigation. Finally, establishing the optimal therapeutic
regimen for specific lung conditions through dedicated trials is essential.

Taken together, these data suggest that GLP-1 RAs improve pulmonary function in obese COPD patients and
alleviate airway hyperresponsiveness in metabolic asthma via direct bronchodilatory and indirect weight-loss-
mediated effects. Their neutral impact on asthma incidence in large trials underscores benefit specificity to meta-
bolic/obesity-related phenotypes, supporting prioritization for diabetic patients with obesity-associated respiratory
comorbidities.

Insulin

Insulin represents a fundamental therapy for both type 1 diabetes and advanced type 2 diabetes, with complex and dual
effects on pulmonary health. While demonstrating protective roles in acute pulmonary conditions, insulin therapy has
also been associated with potential risks in chronic respiratory diseases and lung cancer, reflecting its multifaceted
interactions with pulmonary pathophysiology.

Mechanisms of Action
Insulin influences pulmonary physiology through several key mechanisms:

e Endothelial protection and anti-apoptotic effects: Intensive insulin therapy attenuates lung injury by improving
pulmonary microvascular endothelial cell dysfunction and reducing cell apoptosis.”®

e Inflammatory pathway modulation: In a septic rat model, hyperglycemia was associated with increased lung
damage and elevated levels of high mobility group box 1 (HMGB1) in serum. Insulin therapy significantly reduced
this lung damage and decreased serum HMGBI1 levels, potentially via inhibition of NF-kB activation.”

e Oxidative stress reduction: Insulin effectively prevents elevation of plasma nitrate/nitrite and methyl guanidine in
LPS-induced acute lung injury.'®

e Immune cell regulation: In a trauma model, insulin reduced leukocyte sequestration in the lungs and end-organ
edema, indicating an endothelial protective effect. Notably, this benefit was achieved without impairing neutrophil
function—in fact, neutrophil respiratory burst activity was enhanced in insulin-treated animals.'®"

e Antibacterial synergy: Insulin enhances the antibacterial effects of linezolid against Staphylococcus aureus through

modulation of the TLR2/MAPKs/NLRP3 pathway.'*?

Effects on Pulmonary Diseases

Acute Lung Injury and Critical lliness

Insulin demonstrates consistent protective effects across various models of acute lung injury. In burn-induced lung injury,
intensive insulin therapy attenuates ALI by preserving pulmonary microvascular endothelial integrity.”® In sepsis models,
insulin therapy significantly alleviates lung damage by reducing HMGBI1 levels through NF-kB inhibition.”® For LPS-
induced ALI, insulin prevents elevation of cytotoxic metabolites and mitigates lung damage.'®° In trauma models, insulin
reduces leukocyte sequestration and exerts endothelial protective effects.'”' Perioperative administration during lung

resection does not impair respiratory function, supporting its safety for surgical patients.'*?

Pulmonary Infections

Insulin demonstrates therapeutic utility in pulmonary infections, particularly in diabetic patients. The combination of
insulin and linezolid exerts significant antibacterial effects against Staphylococcus aureus while providing anti-
inflammatory activity via the TLR2/MAPKs/NLRP3 pathway.'®> This combination strategy offers improved glucose
control alongside enhanced antimicrobial efficacy.
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In the context of COVID-19, observational studies have identified an association between insulin use and increased
mortality among T2DM patients with COVID-19 suggesting potential risks in severe viral respiratory infections that

warrant careful consideration.?®

Chronic Lung Diseases

Contrasting with its protective acute effects, insulin therapy shows concerning associations with chronic respiratory
conditions. In patients with COPD, insulin therapy is associated with higher incidence of acute exacerbations, pneumo-
nia, and ventilator use, though notably without significant increase in mortality.'®* T2DM patients using insulin face an

increased risk of asthma, highlighting the complex relationship between insulin therapy and chronic airway diseases.'®

Lung Cancer
Accumulating evidence links insulin therapy to increased lung cancer risk. Human insulin use has been significantly
associated with elevated lung cancer risk in T2DM patients,'°® with mechanistic studies confirming that insulin promotes
the development of non-small cell lung cancer by activating the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt)
signaling pathway.'”” These findings underscore the importance of careful risk-benefit assessment when considering
long-term insulin therapy in diabetic patients.

However, this association is subject to important methodological limitations. Significant confounding by indication is
a primary concern, as patients requiring insulin often have more severe diabetes and comorbidities that independently
increase cancer risk. The potential roles of insulin dose and treatment duration also remain unclear. While mechan-
istically plausible, the direct contribution of insulin to human lung carcinogenesis remains uncertain. Therefore, current
evidence suggests a correlation rather than confirms causality, underscoring the need for careful risk-benefit evaluation in
clinical practice.

Literature Conflicts, Inconsistencies, and Knowledge Gaps

Key Conflicts and Inconsistencies

The most significant conflict involves insulin’s dual nature—demonstrating protective effects in acute lung injury models
while being associated with adverse outcomes in chronic conditions.”®'°"'%"1% This paradox highlights the context-
dependent nature of insulin’s pulmonary effects. The association with increased COVID-19 mortality contrasts with its
established benefits in other infectious settings, suggesting infection-specific considerations.”®'*> Additionally, while
mechanistic studies confirm insulin’s ability to promote NSCLC development through PI3K/Akt activation, the clinical
significance of this finding in diverse patient populations requires further clarification.'’

Causes of Inconsistencies

Several factors contribute to these conflicting observations. First, methodological heterogeneity across studies presents
a major challenge—controlled animal models of acute injury differ substantially from the complex, multifactorial nature
of human chronic diseases.”® 1?1941 Second, confounding by indication significantly affects observational studies, as
patients requiring insulin therapy typically have longer diabetes duration, more severe metabolic dysregulation, and
greater comorbidity burden, all of which independently influence pulmonary outcomes. Third, temporal and dose-
dependent effects may explain the divergence between acute benefits and chronic risks, with short-term insulin exposure
providing protective signaling versus long-term exposure potentially promoting pathological processes. Fourth, disease-
specific pathophysiology determines insulin’s effects, as demonstrated by its differential impact in various infectious
contexts.”®!°? Finally, technical variations in study design, including differences in insulin formulations (human insulin
vs analogs), glycemic targets, and concomitant medications, further complicate cross-study comparisons.

Knowledge Gaps

Critical unanswered questions include the precise mechanisms underlying insulin’s differential effects in acute versus
chronic pulmonary conditions. The optimal insulin dosing and glycemic targets for patients with specific pulmonary
comorbidities remain undefined. Long-term pulmonary safety data, particularly regarding cancer risk with modern insulin
analogs, requires further investigation. Additionally, potential interactions between insulin and commonly used
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pulmonary medications represent an unexplored area. The development of predictive biomarkers to identify patients at
highest risk for adverse pulmonary outcomes during insulin therapy could significantly enhance personalized treatment
approaches. Furthermore, the impact of different insulin administration regimens (basal-bolus vs other strategies) on
respiratory outcomes warrants systematic evaluation.

Taken together, these data suggest that insulin exerts context-dependent pulmonary effects—protecting against acute
lung injury and bacterial infections via endothelial protection and anti-inflammation, yet associating with increased risks
of chronic lung disease exacerbations and lung cancer (confounded by diabetes severity). Its use requires individualized
risk-benefit assessment: favorable for acute critical illness but cautious monitoring in patients with chronic respiratory
conditions or long-term cancer risk.

Summary of Evidence
To provide a clear and comparative overview of the evidence discussed in detail above, Table 1 summarizes the key
pulmonary effects, mechanisms, and levels of evidence for the eight major classes of hypoglycemic agents.

Discussion and Future Perspectives

This review broadly summarizes evidence on the pulmonary effects of eight major classes of hypoglycemic agents—
Biguanides, Insulin Secretagogues, Thiazolidinediones (TZDs), a-Glucosidase Inhibitors (AGls), Dipeptidyl Peptidase-4
(DPP-4) inhibitors, Sodium-Glucose Cotransporter 2 (SGLT-2) inhibitors, Glucagon-Like Peptide-1 Receptor Agonists
(GLP-1 RAs), and Insulin—revealing a complex landscape of multifaceted, context-dependent effects that underscore the
bidirectional crosstalk between diabetes and pulmonary health. Across all agents, inflammatory modulation, oxidative
stress mitigation, and metabolic microenvironment regulation emerge as core mechanisms, often independent of direct
glycemic control, while class-specific differences in molecular targets and pathway engagement drive divergent clinical
outcomes. Novel agents—SGLT-2 inhibitors, GLP-1 RAs, and DPP-4 inhibitors—exhibit the most robust and targeted
pulmonary effects: SGLT-2 inhibitors stand out with versatile actions, including reducing bronchoalveolar lavage fluid
(BALF) glucose to suppress pathogen proliferation, activating vascular protective (ERK1/2) and antioxidant (Nrf-2/HO-
1) pathways, and mitigating inflammation via NF-kB inhibition, which explains their consistent benefits across infec-
tious, inflammatory, and ischemic pulmonary conditions. GLP-1 RAs focus on immune modulation, particularly inhibit-
ing Th1/Th17 polarization and attenuating airway remodeling, while DPP-4 inhibitors target lung tissue-expressed DPP-4
to protect epithelial and endothelial barriers and suppress NLRP3 inflammasome activation. In contrast, traditional agents
exert more indirect or context-dependent effects: Metformin (Biguanides) centers on AMPK activation, reducing asthma-
related hospitalizations but showing inconsistent lung cancer risk across studies; Insulin Secretagogues (eg, sulfonylur-
eas) modulate oxidative stress yet suffer from class heterogeneity, with gliclazide demonstrating anti-tumor effects not
observed with glibenclamide; TZDs and AGIs lack strong clinical evidence, with TZDs showing preclinical anti-
asthmatic potential that fails to translate to human benefit and AGIs protecting against COVID-19 mortality while
potentially increasing COPD risk; Insulin itself exhibits dual effects, offering acute endothelial protection in acute lung
injury (ALI) but posing chronic PI3K/Akt-mediated lung cancer risk, with outcomes dependent on dose and disease
context.

Efficacy across pulmonary diseases further stratifies these agents: SGLT-2 inhibitors demonstrate the strongest
evidence of benefit, consistently reducing the risk of pneumonia, COVID-19 mortality, asthma exacerbations, and
COPD acute episodes, alongside additional protection against pulmonary ischemia/reperfusion (I/R) injury and sleep
apnea. GLP-1 RAs and DPP-4 inhibitors fall into the moderate evidence category, with GLP-1 RAs improving lung
function in obese COPD patients and alleviating asthma airway hyperresponsiveness, while DPP-4 inhibitors suppress
LPS-induced ALI and lung cancer growth but lack consistent validation for chronic respiratory conditions. Traditional
agents show weak or conflicting evidence: Metformin reduces asthma-related hospitalizations but no overall lung cancer
benefit, Insulin Secretagogues reduce COPD mortality with limited data on other outcomes, and AGIs and TZDs exhibit
inconsistent or isolated effects requiring further validation. Three overarching themes emerge from this synthesis: the
bidirectional crosstalk of the metabolic-respiratory axis, where chronic hyperglycemia and obesity drive pulmonary
dysfunction via advanced glycation end-product (AGE) accumulation, oxidative stress, and inflammatory dysregulation
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Table | Summary of Pulmonary Effects and Evidence for Major Hypoglycemic Agent Classes

Drug Class Key Pulmonary Mechanisms Strongest Preclinical Evidence Key Clinical Evidence (Study Type) Level of Evidence (for Notable Pulmonary
Pulmonary Benefit) Safety Signals
Biguanides ® AMPK activation and Anti-inflammatory Robust protection in ALI, pulmonary ® Asthma: Reduced exacerbations (Observational) Moderate to High (Strong Generally favorable;
® |nhibition of endothelial pyroptosis fibrosis, and infection models. ® COVID-19: Lower mortality (Meta-analysis) Observational & Meta-analysis) for long-term safety in IPF
® NLRP3 inflammasome inhibition ®  Lung Cancer: Inconsistent risk/survival data asthmalinfections; unknown.
®  Attenuation of oxidative stress and fibrosis Low/Conflicting for cancer
SGLT2 Inhibitors ®  Glycemic control and metabolic effects Protection in asthma, infection, and ®  Pneumonia/Asthma/COPD: Reduced risk (RCT Meta-analysis) High (RCT Meta-analysis) for Theoretical risks (volume
®  Anti-inflammatory and immunomodulatory actions | ischemia-reperfusion models. ® COVID-19: Lower mortality (Meta-analysis) multiple respiratory outcomes depletion, DKA) not
®  Antioxidant pathway activation significant in RCTs.
®  Vascular and barrier protection
® Bronchodilatory effects
GLP-1 RAs ® GLP-| receptor activation (direct/indirect) Reduced mortality in obstructive lung ® COPD: Improved lung function (Small RCT) Moderate (Observational / Small No major pulmonary safety
® Bronchodilation (cAMP/PKA) disease models; attenuated airway ® CLRD: Fewer exacerbations (Observational) RCT) signals identified.
® Surfactant secretion inflammation.
®  Anti-inflammatory (NF-kB inhibition)
DPP-4 Inhibitors ®  Enzymatic inhibition and substrate stabilization Protection in ALl and pulmonary ® COVID-19: Conflicting mortality data (Meta-analyses) Low (Conflicting/Neutral Clinical Rare case reports of
®  Anti-inflammatory signaling modulation fibrosis models. ®  Astma/COPD: Limited clinical efficacy in trials Trial) granulomatous lung disease.
® Cellular protection and immune modulation
Insulin ® Oxidative stress modulation Radioprotection; anti-inflammatory; COPD: Lower mortality (Observational) Low (Observational) Hypoglycemia may
Secretagogues ® NLRP3 inflammasome inhibition anti-tumor effects in models. theoretically increase
® SURI/p70S6K/KLF4 pathway regulation aspiration risk.
®  KATP channel-independent anti-inflammatory effects
Insulin ® Endothelial protection and anti-apoptotic effects Protection in various ALl and infection | ® COPD: Higher exacerbation risk (Observational) Preclinical benefit vs Clinical Associated with worse
® |nflammatory pathway modulation models. ®  Lung Cancer: Increased risk (Observational; Confounding likely) concern (Observational) outcomes in chronic lung
®  Oxidative stress reduction COVID-19: Increased mortality (Observational) diseases;
® |mmune cell regulation potential cancer risk.
®  Antibacterial synergy
Thiazolidinediones | ®  Anti-inflammatory signaling Efficacy in asthma, fibrosis, and PAH Asthma: No benefit in human trial (RCT) Preclinical-Clinical Discordance Fluid retention;
® Metabolic reprogramming models. risk of pulmonary edema in
®  Anti-fibrotic activity susceptible patients.
®  Antioxidant effects
Alpha-Glucosidase | ® Glycemic Control and Infection Prevention Limited preclinical data for direct ® COVID-19: Lower mortality (Observational) Low (Observational, Conflicting) Potential malnutrition may
Inhibitors ®  Potential Gut-Mediated Pathways pulmonary effects. COPD: Increased risk (Observational) exacerbate COPD.
® Malnutrition-Related Risks
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—pathways targeted by hypoglycemic agents to restore homeostasis; the critical role of target-phenotype matching, as
drug efficacy depends on pulmonary tissue expression of targets (eg, SGLT-2 in pulmonary vasculature, GLP-1 receptors
in airway smooth muscle) and alignment with disease pathophysiology (eg, SGLT-2 inhibitors for infections, GLP-1 RAs
for obstructive diseases); and the favorable benefit-risk balance of novel agents over traditional drugs, attributed to their
direct pulmonary targets that minimize off-target risks such as insulin’s cancer potential or AGIs’ COPD association.

Despite substantial progress, key limitations persist in the current evidence base. Studies suffer from significant
heterogeneity in design (retrospective vs prospective), and critical variability in outcome definitions—for example,
“COPD exacerbation” ranges from symptom worsening requiring oral corticosteroids to hospitalization, while “pneu-
monia” is defined by radiological findings alone in some studies versus combined clinical (fever, cough) and micro-
biological confirmation in others. This inconsistency complicates cross-study comparisons. Additionally, publication bias
is a notable concern, particularly in preclinical research, where positive findings (eg, drug-induced reduction in
experimental lung injury) are more likely to be published than neutral or negative results, potentially overestimating
therapeutic potential. Most research aggregates agents by class, masking drug-specific effects that may be clinically
relevant, while key subgroups—including pediatric patients, ethnic minorities, and frail elderly individuals with multiple
comorbidities—are underrepresented or excluded from trials, limiting generalizability to these populations. A critical gap
is the lack of head-to-head randomized controlled trials (RCTs) between drug classes specifically powered for pulmonary
endpoints; most evidence compares single classes to placebo or “other hypoglycemics,” preventing definitive conclusions
about superior efficacy for specific respiratory conditions. Furthermore, the interplay between systemic metabolic effects
(eg, weight loss) and direct pulmonary actions (eg, endothelial protection) remains poorly understood, leaving critical
mechanistic gaps.

These limitations directly inform clinical decision-making when selecting hypoglycemic agents for patients with
diabetes and pulmonary comorbidities. First, the heterogeneity of endpoints necessitates that clinicians interpret study
findings in the context of their local clinical practice—for example, a drug shown to reduce “mild COPD exacerbations”
(symptom-driven) may not be prioritized for patients at high risk of hospitalization. Second, awareness of publication
bias in preclinical research should guide clinicians to prioritize high-quality clinical evidence (eg, large RCTs, real-world
cohorts) over mechanistic studies, especially when managing severe pulmonary conditions like COVID-19-associated
ARDS. Third, the lack of head-to-head RCTs underscores the need for individualized therapy: factors such as baseline
respiratory disease subtype (eg, infectious vs obstructive), comorbidities (eg, heart failure, chronic kidney disease), and
patient tolerability (eg, SGLT-2 inhibitors in volume-sensitive COPD patients) should take precedence over class-level
assumptions. Fourth, the paucity of subgroup data requires cautious use in pediatric, ethnic minority, and frail elderly
patients—close monitoring for adverse events (eg, hypoglycemia in older adults on insulin, dehydration in SGLT-2
inhibitor users with advanced COPD) and shared decision-making with patients are critical to balancing potential benefits
and uncertainty. Collectively, these considerations emphasize that while hypoglycemic agents offer meaningful pulmon-
ary benefits, their use must be grounded in context-specific evidence and patient-centered factors.

To address these limitations and optimize clinical practice, future research should prioritize several key directions: (1)
Head-to-head comparative trials are needed to directly compare SGLT-2 inhibitors and GLP-1 RAs in specific pulmonary
conditions, such as COVID-19-associated ARDS and severe asthma, to define optimal first-line therapy for diabetic
patients with pulmonary comorbidities. (2) Expanded population studies should validate the multifaceted effects of novel
agents by including non-diabetic populations with pulmonary diseases (eg, idiopathic pulmonary fibrosis [[PF], COPD),
thereby clarifying benefits independent of glycemic control. (3) Biomarker-driven stratification research must identify
predictive markers (eg, pulmonary SGLT-2 expression, PPAR-y levels) to select patients most likely to benefit from
specific agents, resolving conflicting evidence and enabling personalized care. (4) Mechanistic deep-diving should utilize
single-cell sequencing and spatial transcriptomics to map cell-type-specific drug targets in lung tissues. A priority within
this effort is to dissect the role of pulmonary macrophages, clarifying how diabetes perturbs their M1/M2 polarization
and metabolic states, and how hypoglycemic agents can restore homeostatic immune function to resolve inflammation
and promote repair. (5) Research in special populations—including the elderly, pregnant, or renally impaired patients—is
essential to evaluate safety and efficacy in vulnerable groups and to assess long-term risks (eg, insulin’s lung cancer
potential) and benefits (eg, SGLT-2 inhibitors’ effect on IPF progression). (6) Drug-drug interaction studies should
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investigate combinations of hypoglycemic agents with pulmonary therapies (eg, inhaled corticosteroids, anti-fibrotics) to
optimize combination regimens for comorbid patients.

Conclusion

This narrative review provides a comprehensive framework for understanding the multifaceted role of hypoglycemic
agents in pulmonary health, synthesizing evidence that points to promising, and often more targeted, benefits (SGLT-2
inhibitors, GLP-1 RAs, DPP-4 inhibitors) across infectious, inflammatory, obstructive, and fibrotic pulmonary diseases.
These agents’ effects are rooted in shared mechanisms of inflammation modulation, oxidative stress mitigation, and
metabolic regulation, alongside class-specific molecular targets that drive their divergent efficacy profiles. Traditional
agents, in contrast, exhibit more indirect or context-dependent outcomes, with greater variability in benefit-risk balance.
The key clinical implication of this synthesis is the need for personalized therapy, tailoring hypoglycemic drug selection
to a patient’s specific pulmonary comorbidity, disease subtype, and biological profile—for example, prioritizing SGLT-2
inhibitors for COVID-19 or COPD and GLP-1 RAs for obesity-related asthma. Resolving existing conflicts and knowl-
edge gaps through targeted comparative trials, biomarker research, mechanistic dissection, and long-term safety studies
will further refine this personalized approach.

Ultimately, this review underscores the critical interplay between hypoglycemic therapy and pulmonary health,
offering valuable guidance for managing diabetic patients with comorbid respiratory conditions and setting the stage
for future research to advance patient-centered care in this growing clinical population. Based on the current evidence, no
class of hypoglycemic agents should be universally avoided solely for pulmonary reasons; instead, clinicians should
individualize therapy based on the patient’s specific respiratory profile, comorbidity burden, and overall treatment goals,
while proactively monitoring pulmonary outcomes.
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