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Abstract: Background: Chronic asthma affects 5%~10% of adults worldwide. Glucocorticoids (GCs) serve as first-line 
treatment, yet glucocorticoid resistance (GCR) in severe asthma complicates clinical management. Thyroid hormone 
(TH) and the hypothalamic-pituitary-adrenal (HPA) axis interact to modulate GC sensitivity via understudied endocrine 
pathways. Objectives: This scoping review summarizes TH–HPA regulatory mechanisms underlying GCR, summarizes 
available evidence and endocrine-targeted therapeutic prospects. Methods: Literature was searched from PubMed 
(n=487), Embase (n=412) and Web of Science (n=348) from 1 January 2015 to 15 January 2026 in accordance with the 
PRISMA 2020 framework. The search retrieved 1247 records. After removing 312 duplicates and 47 records marked as 
ineligible by automation tools, 888 records underwent title/abstract screening, yielding 87 potentially eligible studies. 
Full-text assessment excluded 59 studies for specific reasons: 32 studies involved non-asthma populations; 18 studies 
lacked sufficient mechanistic data on TH-HPA-GR interactions; 9 studies were non-English publications without 
available translations. Ultimately, 28 studies (15 in-vitro/cell studies, 9 animal models, 4 cross-sectional clinical studies) 
were included in this qualitative synthesis. Risk of bias was assessed using the Newcastle-Ottawa Scale for observational 
studies (scores ranging 6-8 stars) and SYRCLE's risk of bias tool for animal studies (2 studies rated high risk, 7 moderate 
risk). The search terms included “chronic asthma”, “glucocorticoid resistance”, “thyroid hormone”, “hypothalamic-
pituitary-adrenal axis” and “endocrine modulation”. Results: TH alters GC sensitivity through glucocorticoid receptor 
phosphorylation, immune homeostasis and airway smooth muscle regulation. HPA insufficiency lowers endogenous 
cortisol and GR expression to drive GCR. TH-HPA crosstalk aggravates persistent inflammation, but supportive 
evidence mostly comes from preclinical research with scarce high-quality clinical data. Conclusion: Modulating TH-
HPA interplay is promising for GCR reversal. Further rigorous clinical trials are required to verify clinical efficacy 
before routine therapeutic translation. 
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INTRODUCTION 

 
Asthma is a heterogeneous chronic inflammatory 
respiratory disease, with an adult prevalence of 
approximately 5%~10% (Mims, 2015). The typical 
symptoms of asthma include variable airflow limitation, 
dyspnea, cough, wheezing and chest tightness, imposing a 
substantial individual and societal burden (Armeftis et al., 
2023; Wenzel, 2012). Chronic asthma, the most common 
phenotype, is characterized by persistent airway 
inflammation and intermittent/persistent airflow 
obstruction, which severely impacts patients’ quality of 
life (Nguyen and Nasir, 2023). Glucocorticoids (GCs) are 
first-line therapies for chronic asthma, exerting anti-
inflammatory effects to alleviate symptoms and reduce 
exacerbation risk (Rabe et al., 2018; Mamilla et al., 
2022). However, clinical glucocorticoid resistance 
(GCR)-defined as <15% improvement in forced 

expiratory volume in one second (FEV1) after 
standardized inhaled corticosteroid (ICS) treatment with 
persistently elevated inflammatory markers (Orbak, 
2006)-affects 5%~10% of severe asthma patients, 
presenting a major unmet clinical need (Palumbo et al., 
2020; Wang et al., 2021). 
 

The mechanism of GCR is complex, involving genetic, 
receptor, epigenetic and immune regulation disorders 
(Huang and Wang, 2023; Nicolaides and Charmandari, 
2019). Notably, growing attention has been paid to the 
role of endocrine regulation in GCR: thyroid hormone 
(TH), a key regulator of energy metabolism and 
inflammation, cross-talks with GC signaling (Vitellius et 

al., 2018), while the hypothalamic-pituitary-adrenal 
(HPA) axis, the core system regulating stress and 
inflammation, directly modulates GCs efficacy (Williams, 
2018). This review critically synthesizes preclinical and 
clinical evidence linking the TH-HPA axis to GCR, 
identifies critical gaps between experimental findings and *Corresponding author: e-mail: ssycxj@163.com 
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clinical application and provides a pragmatic framework 
for future translational research. The ultimate goal is to 
offer theoretical support for GINA-aligned individualized 
treatment of chronic asthma, addressing the unmet need 
posed by GCR (Straub et al., 2011). 
 

MATERIALS AND METHODS 
 

Literature search methodology 

To ensure methodological transparency and 
reproducibility, this review strictly followed PRISMA-
ScR guidelines (Tricco et al., 2018). A comprehensive 
search was conducted on January 15, 2026, across three 
electronic databases: PubMed (MEDLINE, n=487 
records), Embase (n=412 records) and Web of Science 
Core Collection (n=348 records) (Fig. 1). The search 
timeframe was January 1, 2015, to January 15, 2026, 
using the comprehensive strategy: ("chronic 
asthma"[MeSH] OR "severe asthma"[Title/Abstract]) 
AND ("glucocorticoid resistance"[MeSH] OR "steroid 
resistance"[Title/Abstract] OR "corticosteroid 
insensitivity"[Title/Abstract]) AND ("thyroid 
hormone"[MeSH] OR "triiodothyronine"[Title/Abstract] 
OR "thyroxine"[Title/Abstract] OR "hypothalamic-
pituitary-adrenal axis"[MeSH] OR "HPA 
axis"[Title/Abstract] OR "endocrine 
modulation"[Title/Abstract] OR 
"deiodinase"[Title/Abstract]). No language restrictions 
were applied during initial retrieval; however, only 
English-language publications were included in the final 
analysis due to resource constraints for translation. 
 

Two reviewers independently screened titles/abstracts and 
assessed full-text eligibility, achieving an inter-rater 
reliability of κ=0.84. Discrepancies were resolved through 
consensus discussion with a third reviewer. For each 
excluded full-text study, specific reasons were 
documented and categorized. We characterized 
methodological features of included studies using the 
Newcastle-Ottawa Scale for observational studies and the 
SYRCLE's risk of bias tool for animal studies (assessing 
10 domains including sequence generation, allocation 
concealment and blinding). Data extraction using a 
standardized form included: first author, publication year, 
study design, sample size, population characteristics 
(species/strain for animal studies), intervention details 
(dosage, duration, route), outcome measures and key 
mechanistic findings regarding TH-HPA-GCR 
interactions. The inclusion criteria were: (1) Peer-
reviewed original research focusing on GCR mechanisms 
in chronic/severe asthma; (2) Studies explicitly 
investigating TH-HPA axis regulation of GC sensitivity; 
(3) In-vitro cell studies with validated cell lines (BEAS-
2B, A549, or primary human airway cells), animal models 
(OVA-induced or house dust mite-induced asthma), or 
human observational studies with biochemically 
confirmed TH/HPA axis dysfunction. Exclusion criteria 
were: (1) Duplicate publications (retained the most 

comprehensive version); (2) Reviews, editorials, or 
conference abstracts without original data; (3) Studies on 
non-asthma populations (COPD, healthy controls only); 
(4) Studies lacking clear methodology or quantitative 
outcomes. 
 

Notably, this review identified a critical evidence gap: no 
randomized controlled trials (RCTs) or prospective 
interventional studies examining TH-HPA axis 
modulation in patients with GCR asthma were found. The 
included 28 studies comprised 15 In-vitro/cell culture 
experiments (53.6%), 9 animal model studies (32.1%) and 
4 cross-sectional clinical association studies (14.3%), 
highlighting the predominance of preclinical evidence and 
lack of high-quality human interventional data. 
(Matsumura, 2023). One methodological limitation of the 
current scoping review is the absence of prospective 
protocol registration on the PROSPERO database prior to 
literature retrieval. Pre-registration of review protocols in 
PROSPERO is recommended to reduce selective outcome 
reporting bias and improve research transparency; the 
lack of such registration constitutes an inherent 
methodological shortcoming of this analysis. 
 

RESULTS 
 

Association between chronic asthma and GCR 

Chronic asthma pathogenesis involves multi-factorial 
interactions of immunity, inflammation, neuromodulation 
and genetics (Hauptman, 1994). Abnormal Th2 immune 
response drives eosinophil/mast cell aggregation and 
inflammatory mediator release (histamine, leukotrienes), 
causing airway inflammation (Gans and Gavrilova, 2020; 
Fahy, 2015). Cholinergic nerve hyperactivity induces 
airway smooth muscle contraction and 
hyperresponsiveness (Zhang et al., 2022). Asthma-related 
gene loci identified by Genome-wide association studies 
(GWAS) modulate individual disease susceptibility 
(Ntontsi et al., 2021). Clinical symptoms of chronic 
asthma include recurrent wheezing, dyspnea, chest 
tightness and cough (worse at night/early morning); mild 
exacerbations may resolve spontaneously or with short-
acting bronchodilators, while uncontrolled severe 
exacerbations can lead to hypoxemia, respiratory failure 
and even death (Miller et al., 2021). 
 

GCR is a clinical diagnosis with strict operational criteria, 
not just a biological phenomenon: in clinical practice, it is 
typically defined as a situation where, after patients 
strictly follow medical advice and properly use an 
appropriate dose of ICS for 12 weeks or more, the 
improvement in FEV1 is less than 15% (Orbak, 2006), 
accompanied by persistently elevated peripheral blood 
eosinophils, fractional exhaled nitric oxide (FeNO) and 
other inflammatory markers (Henderson et al., 2020). 
This poor response to GCs is most common in severe 
asthma patients, accounting for about 5%~10% of this 
population (Ghiciuc et al., 2021).  
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Patients with GCR face severe disease management 
challenges, including frequent acute exacerbations, 
increased emergency medical treatment/hospitalization 
risk and accelerated airway remodeling—an irreversible 
pathological change that further impairs respiratory 
function and reduces the likelihood of subsequent GCs 
response (Schoettler and Strek, 2020). 
 

Molecular mechanism of GCR 

GCR can be divided into primary GCR (genetically 
determined) and acquired GCR (induced by 
environmental or disease-related factors) and their 
mechanisms are as follows (Table 1): 
 

Primary GCR 

Primary GCR is driven by genetic and epigenetic 
abnormalities that inherently impair glucocorticoid 
receptor (GR) function, independent of external stimuli:  

(1) GR gene mutation: The human glucocorticoid receptor 
(hGR) protein is encoded by the NR3C1 gene. 
Inactivating mutations reduce the affinity of GR for 
GCs/target DNA and slows nuclear translocation, 
impairing GCs signaling transduction (Vitellius and 
Lombes, 2020; Bray and Cotton, 2003).  
(2) GR complex and related protein abnormalities: 
Polymorphisms in the heat shock protein (HSP90) gene 
and genetic variations in the STIP1 gene (encoding Hop 
protein) can disrupt the stability of the GR complex 
(Kaziales et al., 2021; Fadel et al., 2023). Abnormalities 
in nuclear transport factors can also hinder GR 
translocation to the nucleus, affecting its function 
(Williamson et al., 2019). 
(3) GR subtype expression: GR-α mediates GCs anti-
inflammatory effects, while GR-β competes with GR-α 
for glucocorticoid response element (GRE) binding and 
inhibits its transcriptional activation (Taniguchi et al., 

 

Fig. 1: PRISMA 2020 flow diagram for scoping review of TH-HPA axis in GCR in chronic asthma. 
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2010). In GCR chronic asthma patients, GR-β expression 
is increased and GR-α expression is decreased, weakening 
the anti-inflammatory effects of GCs (Chen and He, 
2025). 
(4) Epigenetic regulation: Animal model experiments 
have shown that DNA methyltransferase 3a (DNMT3a)-
mediated DNA methylation can silence the GR gene 
promoter (Urb et al., 2019) and reduced histone 
deacetylases 2 and 3 (HDAC2/HDAC3) activity impairs 
chromatin accessibility for GR, inhibiting anti-
inflammatory signaling (Li et al., 2010). 
(5) GR post-translational modifications: In-vitro studies 
have demonstrated that abnormal ubiquitination 
accelerates GR degradation, excessive SUMOylation 
inhibits its transcriptional activity and phosphorylation at 
Ser134/Ser203 modulates GR conformation and cofactor 
interaction (Paakinaho et al., 2021; Galliher-Beckley et 

al., 2011). 
 

Acquired GCR 

Acquired GCR is induced by chronic inflammation, 
environmental stress and disease progression and is the 
dominant form in clinical chronic asthma: 
(1) Immune cell involvement: In the mouse model 
experiment, GR-β overexpression in macrophages, T cells 
and dendritic cells inhibits GR-α activity; pro-
inflammatory transcription factors (NF-κB, AP-1) 
compete with GR for DNA binding sites/coactivators, 
limiting GCs-mediated inhibition of pro-inflammatory 
cytokine production (Xue et al., 2021). C-Jun N-terminal 
kinase (JNK)/p38 mitogen-activated protein kinase 
(MAPK) pathway activation phosphorylates GR at 
inhibitory sites, reducing its DNA-binding and nuclear 
translocation capacity (Liu et al., 2024; Lea et al., 2020). 
(2) Non-immune cell involvement: Airway epithelial cells 
fail to suppress pro-inflammatory cytokine/chemokine 
synthesis, attracting immune cells and exacerbating 
inflammation (Mostafa et al., 2019). Airway smooth 
muscle cells show reduced responsiveness to GCs-
induced pro-inflammatory gene inhibition, contributing to 
airway remodeling and GCR(Chetty and Nielsen, 2021). 
 

TH and GCR 

TH exerts biological effects via thyroid hormone receptor 
(TR) with tissue-specific expression patterns and its 
regulation of GCs sensitivity is concentration-dependent 
and context-specific—low/physiological TH levels 
modulate GCs sensitivity positively, while 
high/pathological TH levels induce GCR. All current 
evidence for TH-mediated GCR regulation is derived 
from in-vitro cell studies (n=15) and animal models 
(n=9); notably, no RCTs, prospective interventional 
studies, or longitudinal cohort studies have validated these 
mechanistic effects in human asthma patients. The four 
available human studies are limited to cross-sectional 
observational designs that demonstrate associations 
between thyroid dysfunction and asthma severity, without 
establishing causality or therapeutic efficacy. 

Biological effects of TH in asthma pathology 

TH regulates cell metabolism, proliferation and 
differentiation through TR and its respiratory system 
effects include airway smooth muscle function 
modulation, lung tissue metabolism regulation and 
immune balance maintenance (Brent, 2012; Mendoza and 
Hollenberg, 2017). Hyperthyroidism increases metabolic 
rate, accelerating respiratory rate and airway ventilation 
demand; hypothyroidism weakens respiratory drive, 
impairing airway clearance function. Both thyroid 
dysfunction states may aggravate asthma symptoms, but 
their direct causal relationship with clinical GCR remains 
unproven by prospective clinical data (Li et al., 2025; 
Gau et al., 2022). 
 

Molecular mechanism of TH regulating GCs sensitivity 

TH modulates GCs sensitivity through five interrelated 
pathways, with TR subtype specificity and deiodinase 
activity as key regulatory nodes (Table 2). Notably, these 
mechanisms are not independent and their combined 
effects depend on the local TH microenvironment in 
airway tissues: 
 
(1) Regulation of GR activity: TR and GR share structural 
homology in the DNA binding domain; triiodothyronine 
(T3) forms a complex with GR to alter GR-GRE binding 
efficiency (Leers et al., 1994). T3 promotes GR 
phosphorylation and nuclear translocation via the 
PI3K/Akt pathway at physiological concentrations, but 
sustained high T3 concentrations induce GR 
ubiquitination and degradation, reducing cellular GCs 
sensitivity (Zhu et al., 2021). 
(2) Regulation of immune inflammation balance: In-vitro 
experiments, TH modulates the Th1/Th2 inflammatory 
phenotype of asthma by regulating CD4(+) T cell 
activation; T3 enhances IFN-γ secretion (Th1) and 
modulates interleukin (IL)-4/IL-5 levels (Th2), 
maintaining immune balance (Pène et al., 2008, Zhong et 

al., 2021). Disruption of this balance by abnormal TH 
levels antagonizes GR transcriptional activity and 
weakens GCs anti-inflammatory effects(Hudey et al., 
2020). 
(3) Regulation of airway smooth muscle function: Cell 
experimental studies have shown that T3 increases 
intracellular Ca²+ and activates the RhoA/Rho kinase 
pathway to promote airway smooth muscle contraction 
(Dekkers et al., 2015; Duan et al., 2013; Chiba and 
Misawa, 2004), while also regulating relaxation factors 
[nitric oxide (NO), prostaglandin E2 (PGE2)] to inhibit 
excessive contraction (Voraphani et al., 2014). 
(4) TR subtype-specific effects: TRα1 is predominantly 
expressed in airway smooth muscle cells (regulating 
contraction/proliferation) and TRβ2 is abundant in airway 
epithelial/immune cells (modulating 
inflammation/epithelial barrier function) (Cheng et al., 
2010).  
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Table 1: Core mechanisms of primary and acquired GCR in chronic asthma. 
 
Type of 
GCR 

Key mechanisms Related Molecules/Pathways References 

Primary 
GCR 

GR gene mutation NR3C1 gene, GR nuclear translocation 
Vitellius and Lombes, 2020. 
Bray and Cotton, 2003. 

 GR complex instability HSP90, STIP1/Hop protein 
Kaziales et al., 2021. Fadel et al., 
2023. Williamson et al., 2019. 

 GR subtype imbalance 
GR-α downregulation, GR-β 
upregulation 

Taniguchi et al., 2010. Chen and 
He, 2025. 

 Epigenetic modification 
DNMT3a-mediated methylation, 
HDAC2/3 activity reduction 

Urb et al., 2019. Li et al., 2010. 

 
Post-translational 
modification 

GR ubiquitination, SUMOylation, 
phosphorylation (Ser134/203) 

Paakinaho et al., 2021. Galliher-
Beckley et al., 2011. 

Acquired 
GCR 

Immune cell dysfunction 
GR-β overexpression in macrophages/T 
cells, NF-κB/AP-1 activation 

Xue et al., 2021. 

 
Non-immune cell 
dysfunction 

Airway epithelial cell cytokine 
secretion, smooth muscle cell 
remodeling 

Liu et al., 2024. Lea et al., 2020. 

 
Kinase pathway 
activation 

JNK/p38 MAPK signaling 
Mostafa et al., 2019. Chetty and 
Nielsen, 2021. 

 
Table 2: Molecular mechanisms of TH regulating GC sensitivity in chronic asthma. 
 
Mechanism category Specific pathways Impact on GC sensitivity References 

Impaired GR function 

1. T3 forms a complex with GR, 
reducing GR-GRE binding efficiency2. 
Sustained high T3 induces GR 
ubiquitination and degradation3. T3 
promotes GR phosphorylation via 
PI3K/Akt pathway 

Decreased GC-GR binding 
efficiency; reduced anti-
inflammatory activity of GCs; 
impaired GR nuclear 
translocation stability 

Leers et al., 
1994. 
Zhu et al., 
2021. 

Inflammatory 
pathway modulation 

1. T3 regulates Th1/Th2 balance, 
altering IFN-γ, IL-4, and IL-5 
secretion2. Modulates immune cell 
inflammatory phenotype and cytokine 
production 

Antagonizes GR transcriptional 
activity; weakens GC-mediated 
anti-inflammatory effects by 
disrupting immune balance 

Pène et al., 
2008. Zhong 
et al., 2021. 
Hudey et al., 
2020. 

Airway smooth 
muscle regulation 

1. T3 increases intracellular Ca²⁺, 
enhancing actin-myosin interaction and 
airway smooth muscle contraction2. 
Activates RhoA/Rho kinase pathway to 
boost contractility3. Regulates 
relaxation factors (NO, PGE2) to inhibit 
excessive contraction 

Alters airway responsiveness, 
indirectly reducing GC efficacy 
in controlling airway 
inflammation and spasm 

Dekkers et 

al., 2015. 
Duan et al., 
2013. Chiba 
and Misawa, 
2004. 
Voraphani et 

al., 2014. 

TR subtype-specific 
effects 

1. T3 increases intracellular Ca²⁺, 
enhancing actin-myosin interaction and 
airway smooth muscle contraction2. 
Activates RhoA/Rho kinase pathway to 
boost contractility3. Regulates 
relaxation factors (NO, PGE2) to inhibit 
excessive contraction 

Disrupts TH-mediated airway 
regulation, leading to impaired 
GC sensitivity in inflammatory 
and contractile responses 

Cheng et al., 
2010. 
Maier et al., 
2024. 

Deiodinase-mediated 
TH dysregulation 

1. DIO2/DIO3 gene polymorphisms 
alter T4→T3 conversion and T3 
degradation2. Abnormal peripheral T3 
levels disrupt TH-GC signaling crosstalk 

Reduces baseline HPA axis 
function; impairs GC synergistic 
effects by destabilizing TH-GC 
pathway interaction 

Luongo et al., 
2013. 
Bingyan and 
Dong, 2019. 
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Mouse model studies show that TRα1/TRβ2 expression 
imbalance disrupts TH-mediated airway physiology, 
impairing GCs sensitivity—this finding has not been 
validated in human airway tissue samples (Maier et al., 
2024). 
(5) Regulation of deiodinases in asthma inflammation: 
Type 2 deiodinase (DIO2) and type 3 deiodinase (DIO3) 
gene polymorphisms alter T4-to-T3 conversion efficiency 
and T3 degradation, respectively (Luongo et al., 2013). 
Patients with chronic asthma who carry specific 
DIO2/DIO3 variants exhibit abnormal peripheral T3 
levels, disrupting TH-GC signaling crosstalk and 
promoting GCR. This is an associative finding from 
cross-sectional studies; no causal evidence exists from 
interventional studies (Bingyan and Dong, 2019). 
 

HPA axis and GCR 

The HPA axis is the core endogenous regulatory system 
for GCs signaling and its dysfunction (exhaustion or 
desensitization) is a key contributor to acquired GCR in 
chronic asthma. Endogenous cortisol, the main HPA axis 
effector, exerts negative feedback regulation of 
inflammation via GR and chronic asthma-related 
inflammation induces a vicious cycle of HPA axis 
suppression and further GCR. Consistent with the TH 
evidence base, HPA axis-mediated GCR mechanisms are 
supported exclusively by animal models (n=6) and cross-
sectional clinical association studies (n=3); no RCTs, 
prospective trials, or adequately powered longitudinal 
studies have validated HPA axis modulation (ACTH 
stimulation or physiological GC replacement) as a viable 
therapeutic strategy for GCR asthma. Current human data 

Table 3: Mechanisms of HPA axis dysfunction inducing GCR. 
 
Mechanism 
category 

Specific pathways Impact on GCs sensitivity References 

Impaired GR 
function 

Reduced GR 
transcription/translation; 
abnormal GR phosphorylation 

Decreased GCs-GR binding 
efficiency, loss of anti-
inflammatory activity 

Viho et al., 2023. 
Silverman and Sternberg, 
2012. 

Inflammatory 
pathway activation 

NF-κB/AP-1 pathway 
upregulation; pro-inflammatory 
cytokine overproduction 

Antagonizes GR 
transcriptional activity, 
weakens GCs effects 

Escoter-Torres et al., 2019.  
Shi et al., 2017. 
Kasahara and Inoue, 2015. 

Genetic/epigenetic 
abnormalities 

CRHR1/NR3C1 
polymorphisms; GLCCI1 
downregulation 

Reduces baseline HPA axis 
function, impairs GCs 
synergistic effects 

Dos Santos Claro et al., 
2023. 
Akcan and Bahceciler, 
2020. 

 

 
 
Fig. 2: Between chronic airway inflammation and TH-HPA axis dysfunction. 
Note: GR, glucocorticoid receptor; TH, thyroid hormone; HPA, hypothalamic-pituitary-adrenal axis. 
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are limited to small observational cohorts (sample sizes of 
45–128) that demonstrate correlations linking HPA axis 
dysfunction to GC insensitivity 

 

Physiological function of HPA axis and asthma 

inflammation regulation 

The adrenal gland produces endogenous cortisol under 
HPA axis control, with a 24-hour circadian rhythm: 
hypothalamic Corticotropin-releasing hormone (CRF) 
stimulates pituitary adrenocorticotropic hormone (ACTH) 
secretion, which in turn induces adrenal cortisol release 
(Li et al., 2024; Gonzalez-Heydrich et al., 2001). As the 
main endogenous GCs, cortisol binds to GR to inhibit 
inflammatory responses, forming the body’s core defense 
against inflammation and stress (Lightman et al., 2020). 
Clinical observational data show that the HPA axis is 
activated during acute asthma attacks, increasing 
endogenous GCs release to inhibit excessive 
inflammation and relieve symptoms (Buske-Kirschbaum 
et al., 2010). However, in chronic asthma, persistent low-
grade inflammation leads to HPA axis functional 
exhaustion or receptor desensitization, resulting in 
reduced endogenous cortisol secretion that fails to inhibit 
chronic inflammation, perpetuating airway inflammation 
and GCR (Scherholz et al., 2019). 
 

Mechanism of HPA axis dysfunction inducing GCR 

HPA axis dysfunction induces GCR through three 
synergistic pathways, all of which are exacerbated by 
chronic asthma inflammation (Table 3). These 
mechanisms are interrelated and their combined effects 
lead to profound impairment of GCs signaling: 
 

(1) Impaired GR expression and function:  
Chronic inflammatory conditions cause insufficient HPA 
axis activation and sustained low endogenous GCs levels, 
which fail to maintain normal GR 
transcription/translation, reducing GR expression on 
immune cell surfaces (Viho et al., 2023). Additionally, 
HPA axis dysfunction promotes abnormal GR 
phosphorylation, preventing GR from binding to the 
target gene GRE and losing the ability to inhibit 
inflammatory gene expression (Silverman and Sternberg, 
2012). 
 
(2) Excessive activation of inflammatory pathways 

antagonizes GCs effect:  
Animal model studies show that HPA axis dysfunction 
leads to insufficient endogenous GCs secretion, which 
fails to inhibit pro-inflammatory cytokine release; these 
cytokines compete with GR for GRE binding or directly 
inhibit GR transcriptional activity via NF-κB/AP-1 
pathways (Escoter-Torres et al., 2019; Shi et al., 2017). 
HPA axis dysfunction also induces excessive infiltration 
of eosinophils/Th2 cells into the airway, which secrete 
pro-inflammatory mediators and downregulate HDAC 
activity—reducing chromatin sensitivity to GCs-GR 

complexes and further weakening GCs anti-inflammatory 
effects (Kasahara and Inoue, 2015). 
 
(3) Genetic/epigenetic abnormalities: Polymorphisms in 
HPA axis core regulatory genes [corticotropin-releasing 
hormone receptor 1 (CRHR1), NR3C1] lead to baseline 
HPA axis function differences; long-term dysfunction 
further regulates these gene expressions via DNA 
methylation and histone modification (Dos Santos Claro 
et al., 2023). HPA axis dysfunction also downregulates 
GLCCI1 transcription—a GCs-induced protein that 
enhances GCs anti-inflammatory effects—reducing its 
synergistic effect on the GCs-GR complex and ultimately 
inducing GCR (Akcan and Bahceciler, 2020). 
 
Chronic inflammation-induced endocrine suppression 

Chronic asthma inflammation is not just a consequence of 
TH-HPA axis dysfunction, but also a cause—it forms a 
self-reinforcing vicious circle that further worsens GCR. 
This bidirectional interaction is a key feature of 
endocrine-mediated GCR and its clinical significance lies 
in the potential to break the cycle via anti-inflammatory 
or endocrine modulation strategies (though unproven) 
(Adebayo et al., 2022). 
 
In-vitro and animal model results demonstrate that 
persistent pro-inflammatory cytokines (TNF-α, IL-6, IL-
1β) from chronic asthma inflammation: 
1. Suppress HPA axis function: Inhibit hypothalamic 
corticotropin-releasing hormone (CRH) and pituitary 
ACTH secretion, leading to reduced endogenous cortisol 
production and HPA axis exhaustion (Szczepanska-
Sadowska et al., 2024).  
2. Disrupt TH metabolism: Suppress peripheral DIO2 
activity (reducing T4-to-active T3 conversion) and 
upregulate DIO3 [accelerating T3 degradation to inactive 
reverse triiodothyronine (rT3)], inducing a “low T3 
syndrome” in asthma patients (Perrotta et al., 2014). 
3. Exacerbate endocrine cell dysfunction: Oxidative stress 
from chronic airway inflammation disrupts mitochondrial 
function in thyroid and adrenal cells, further impairing TH 
synthesis and cortisol secretion. (Zhang et al., 2025).  
 
This inflammation-induced hypocortisolism and low T3 
syndrome further impairs GR expression and function, 
reducing the body’s anti-inflammatory capacity and 
perpetuating steroid resistance. Notably, low T3 syndrome 
in chronic asthma is a common finding in cross-sectional 
studies, but its reversibility with anti-inflammatory 
treatment and its causal link to GCR remain unproven 
(Takeshige et al., 2021). 
 

Interactive regulation of TH and HPA axis and 

pharmacological intervention strategies 

The TH and HPA axis form a complex synergistic 
regulatory network with mutual modulation and constraint 
and their dysregulation is a key driver of endocrine-
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mediated GCR in chronic asthma. This section critically 
evaluates potential endocrine-based pharmacological 
interventions, emphasizing their hypothetical nature and 
unresolved clinical risks, and provides an operational 
clinical framework aligned with the GINA 2024 
recommendations. 
 

Synergistic regulation network of TH and HPA axis 

The TH-HPA axis regulatory network modulates GCs 
sensitivity through four core pathways, with asthma 
endotype specificity as a key clinical consideration (T2-
high vs. T2-low). All mechanistic insights are derived 
from preclinical studies and their endotype-specific 
effects are based on limited single-cell sequencing data 
from asthma patients: (Neumann et al., 2019).  
(1) TH regulates HPA axis activity: Hypothalamic 
thyrotropin-releasing hormone (TRH) neurons form 
synaptic connections with CRF neurons; T3 inhibits CRF 
gene expression and downregulates pituitary CRHR1 
expression, attenuating ACTH stimulation (Lazcano et al., 
2021; Helmreich et al., 2005). A cross-sectional study of 
patients with hypothyroidism showed that hypothyroidism 
is associated with increased HPA axis basal activity 
(elevated morning cortisol, enhanced ACTH 
responsiveness to CRF)—a compensatory mechanism for 
low-grade chronic inflammation (Sinha et al., 2023). 
Conversely, hyperthyroidism causes excessive T3-
mediated HPA axis inhibition, reducing endogenous 
cortisol secretion and increasing GCR risk (Lizcano and 
Rodríguez, 2011).  
(2) HPA axis regulates TH synthesis and metabolism: 
Adrenal cortisol induces liver DIO2 activity (promoting 
T4-to-T3 conversion) and inhibits DIO3 expression 
(reducing T3 degradation), maintaining peripheral active 
TH homeostasis (Ortiga-Carvalho et al., 2016). In chronic 
asthma, HPA axis exhaustion reduces cortisol secretion, 
leading to deiodinase activity imbalance, reduced T3 
production and functional hypothyroidism—exacerbating 
airway smooth muscle contraction and immune-
inflammatory imbalance and forming a vicious circle with 
GCR (Sarkar et al., 2025, Kline and Rose, 2014).  
(3) Synergistic regulation of GCs sensitivity via GR 

signaling pathways: T3 promotes GR phosphorylation via 
the PI3K/Akt pathway and cortisol maintains basal GR 
expression to enhance its nuclear translocation efficiency; 
the two synergistically increase GR-GRE binding ability 
at physiological levels (Adelaiye-Ogala et al., 2020). 
However, HPA axis dysfunction (insufficient cortisol) 
leads to two adverse outcomes: overexpressed T3 
accelerates GR degradation via ubiquitinase induction and 
T3 deficiency inhibits GR phosphorylation—both result 
in GR dysfunction and GCR (Martins et al., 2017). In 
addition, TH and cortisol synergistically regulate NF-
κB/AP-1 activity, indirectly modulating GR anti-
inflammatory effects (De Bosscher et al., 2014). 
(4) Association between asthma endotypes and hormone 

resistance: Single-cell sequencing identifies distinct 

immune/epithelial profiles in T2-high and T2-low asthma 
endotypes: T2-high asthma (eosinophilic inflammation, 
high Th2 cytokines) has hormone resistance closely 
linked to TH-HPA axis dysfunction-induced GR 
downregulation (Kuruvilla et al., 2019; Maison et al., 
2022). T2-low asthma (neutrophilic inflammation) has 
GCR exacerbated by abnormal deiodinase activity and 
HPA axis exhaustion (Fitzpatrick et al., 2020). This 
endotype specificity is a key basis for individualized 
endocrine intervention, but no clinical data supports 
endotype-guided treatment. 
 

Pharmacological intervention strategies based on 

endocrine regulation 

Given the imbalanced TH-HPA axis interaction observed 
in preclinical models of asthma-related GCR, three 
theoretical intervention strategies are proposed strictly as 
mechanistic hypotheses requiring validation through 
rigorously designed, endotype-stratified RCTs, rather than 
as current clinical recommendations. This section 
evaluates these strategies from a critical evidence 
appraisal perspective: all three interventions lack proven 
efficacy, possess undefined therapeutic windows with 
substantial iatrogenic risk profiles and remain entirely 
unsupported by GINA 2024 guidelines. Specifically, 
GINA 2024 does not recommend routine endocrine 
screening or intervention for GCR asthma outside of 
documented overt thyroid or adrenal pathology, 
emphasizing instead phenotype-directed biologic 
therapies (anti-IL-5, anti-IL-4Rα, anti-TSLP) as first-line 
adjunctive treatments for severe GCR asthma (Global 
Initiative for Asthma, 2024). 
 
(1) TH replacement therapy: For the theoretical subset of 
GCR asthma patients with biochemically confirmed overt 
hypothyroidism (TSH >10 mIU/L with reduced FT4, not 
merely low T3 syndrome or non-thyroidal illness), 
levothyroxine sodium supplementation might 
theoretically enhance HPA axis activation based on 
mechanistic extrapolation from non-asthma populations. 
However, critical unresolved issues render this approach 
speculative: (1) optimal dosage and treatment duration are 
entirely undefined in asthma populations; (2) 
supraphysiological TH levels may paradoxically inhibit 
HPA axis function through negative feedback on 
CRH/ACTH secretion and induce significant 
cardiotoxicity (atrial fibrillation, tachycardia, increased 
myocardial oxygen demand)---risks particularly 
concerning in asthma patients with frequent 
cardiovascular comorbidities; (3) no clinical trial has 
assessed TH replacement efficacy specifically in GCR 
asthma. GINA 2024 alignment: Routine TH screening is 
not recommended for GCR asthma management; 
biochemical thyroid assessment should be reserved for 
patients presenting with clinical symptoms suggestive of 
thyroid dysfunction (unexplained fatigue, weight change, 
cold/heat intolerance), per standard endocrinology 
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practice rather than asthma-specific protocols (Paragliola 
et al., 2021; Centanni et al., 2025). 
 
(2) HPA axis targeted intervention: Low-dose ACTH 
stimulation (1–10 IU intravenous) or physiological-dose 
hydrocortisone replacement (15–25 mg/day) might 
theoretically restore adrenal cortisol secretion in GCR 
patients with documented HPA axis exhaustion (morning 
serum cortisol <5 μg/dL or blunted peak cortisol <18 
μg/dL post-ACTH stimulation). However, this approach is 
purely hypothetical in asthma: (1) no RCTs have validated 
efficacy or safety in GCR asthma populations; (2) risks 
include fluid retention, hypertension, electrolyte 
disturbances and potential adrenal suppression upon 
withdrawal; (3) the theoretical benefit of "restoring TH-
HPA balance" is extrapolated from sepsis and critical 
illness literature without asthma-specific validation. 
GINA 2024 alignment: Long-term systemic GCs are 
explicitly discouraged for GCR asthma due to adverse 
effect profiles; biologics targeting T2 inflammation (anti-
IL-5/5R for eosinophilic asthma, anti-IL-4Rα for T2-high 
asthma, anti-TSLP for severe allergic asthma) are 
established as first-line adjunctive therapies with proven 
efficacy in reducing exacerbations and improving GC 
sensitivity(Martinez et al., 2024, Dineen et al., 2019). 
(3) TH metabolic enzyme modulators: 5'-deiodinase 
inhibitors (e.g., iopanoic acid, propylthiouracil 
derivatives) might theoretically reduce peripheral T4-to-
T3 conversion in patients with genetic variants conferring 
excessive DIO2 activity or DIO3 loss-of-function, thereby 
modulating local TH availability in airway tissues. 
However, this strategy faces insurmountable current 
barriers: (1) no selective deiodinase inhibitors are 
approved for any clinical indication; available non-
selective agents cause systemic hypothyroidism with 
unpredictable metabolic consequences including 
dyslipidemia, impaired glucose tolerance and 
neurocognitive effects; (2) tissue-specific delivery to 
airways without systemic exposure remains 
pharmacologically unachieved; (3) no preclinical studies 
have specifically tested deiodinase inhibition in asthma 
models. GINA 2024 alignment: Deiodinase modulators 
have no recognized role in asthma management; this 
approach remains entirely within theoretical 
pharmacology without clinical development pathways 
(Maric and Adzic, 2013; Concepción-Zavaleta et al., 
2021).  
 

Critical appraisal of intervention evidence quality: The 
proposed endocrine-based strategies are supported 
exclusively by in-vitro mechanistic studies and 
correlational animal data, with profound translational 
gaps (Liu et al., 2024). Key limitations include: (1) 
species differences in TH-HPA axis regulation between 
rodents and humans (Samajdar et al., 2025); (2) use of 
supraphysiological hormone concentrations in preclinical 
studies that do not mirror human pharmacokinetics (Hema 

et al., 2024); (3) lack of asthma endotype stratification in 
existing research (Acampora et al., 2025); (4) absence of 
validated biomarkers to identify candidate patients for 
endocrine intervention. These interventions should be 
considered experimental hypotheses requiring rigorous 
preclinical validation in human airway tissue models and 
subsequent phase I/II safety trials before any clinical 
consideration (Dubin et al., 2024). 
 

DISCUSSION 

 
The interaction between TH and the HPA axis presents a 
biologically plausible framework for modulating GR 
sensitivity in chronic asthma, with potential effects on GR 
expression, nuclear translocation and transcriptional 
activity (Salmerón et al., 2025; Sathishbabu et al., 2025). 
However, this revision emphasizes a critical 
epistemological distinction from the original manuscript: 
this regulatory network is defined exclusively by 
preclinical evidence (in-vitro cell cultures, rodent 
models), creating a substantial translational chasm. 
Specifically, high-quality human interventional data 
(namely RCTs and well-powered mechanistic 
interventional studies) are currently lacking to support 
clinical translation of these findings; available prospective 
cohort studies with biochemical endpoints are purely 
observational and cannot validate translational efficacy. 
Consistent with previous assessments, the available 
literature consists primarily of in-vitro studies (53.6%) 
and animal models (32.1%) and only a small number of 
cross-sectional human investigations (14.3%). Animal 
studies, in particular, exhibit substantial methodological 
limitations including moderate to high risk of bias (van de 
Wetering et al., 2021; Chen and Miller, 2007), further 
hindering clinical extrapolation. The bidirectional 
relationship between chronic airway inflammation and 
TH-HPA axis dysfunction suggests a self-reinforcing 
cycle: inflammation impairs endocrine regulation, while 
endocrine imbalance exacerbates glucocorticoid GCR and 
persistent inflammation. However, this conceptual model 
remains theoretical because no clinical studies have 
demonstrated that correcting endocrine dysfunction 
improves clinical outcomes in GCR asthma (Hansen et 

al., 2021; Yadav and Singh, 2025). Given the narrow 
therapeutic window of endocrine interventions, potential 
benefits must be weighed against significant risks of 
iatrogenic disruption. For example, supraphysiological 
TH doses may enhance GR phosphorylation but induce 
GR degradation and cardiotoxicity; low-dose ACTH/GC 
replacement carries risks of fluid retention and 
hypertension; and deiodinase inhibition may disrupt 
systemic TH homeostasis. These concerns are particularly 
relevant in asthma populations, who often present with 
cardiovascular, metabolic, or bone comorbidities, all of 
which are sensitive to TH and cortisol (Thomas et al., 
2025). Epigenetic modulation, such as NR3C1 DNA 
methylation or histone deacetylation, offers a potential 
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bridge between endocrine dysfunction and GR recovery 
(Lambers and Roth, 2025). Combined strategies—
incorporating epigenetic modulators with endocrine-
targeted therapies—remain in early preclinical 
development and have not yet been evaluated in humans. 
Similarly, tissue-specific TH receptor modulators and 
selective deiodinase inhibitors represent promising 
directions for more precise endocrine intervention, but 
their clinical potential remains untested (Lambers and 
Roth, 2025). Central to future progress is the development 
of validated asthma endotyping and biomarker strategies, 
which will enable patient stratification based on TH-HPA 
axis profiles and GCR mechanisms (Marwick et al., 
2010). Without such stratification, “one-size-fits-all” 
endocrine therapies are unlikely to succeed in the 
heterogeneous asthma population. Ultimately, the most 
critical challenge lies in translating mechanistically 
promising preclinical results into clinical benefit. Four 
key barriers emerge: (1) Species divergence, including 
differences in circadian TH-HPA axis regulation, 
corticosteroid-binding globulin dynamics and GR isoform 
composition; (2) Model inadequacy, as preclinical asthma 
models (e.g., acute OVA challenge) do not replicate 
chronic inflammation, remodeling, or comorbidities seen 
in severe human asthma; (3) Dose misalignment, with 
supraphysiological TH and pharmacologic GC doses 
failing to reflect clinical therapeutic windows; (4) 
Phenotypic heterogeneity, the absence of endotype-
stratified preclinical research obscures disease-relevant 
hormone response mechanisms. Addressing these barriers 
will require human-relevant experimental systems, 
including precision-cut airway tissue models and organ-
on-chip platforms, as well as rigorously designed 
endotype-stratified clinical trials using physiologically 
relevant dosing regimens. 
 

CONCLUSION 

 

In conclusion, the endocrine modulation of GCR in 
chronic asthma involves intricate crosstalk between TH 
signaling and HPA axis function, which collectively 
regulate GR expression, nuclear translocation and anti-
inflammatory activity (Fig. 2). Dysfunction in either 
axis—manifesting as reduced T3 bioavailability, HPA axis 
exhaustion, or aberrant deiodinase activity—contributes 
to GCR in preclinical models, with asthma endotype-
specific effects on hormone resistance (T2-high vs. T2-
low). Targeting the TH-HPA axis interaction represents a 
theoretically plausible but clinically unproven therapeutic 
frontier for reversing GCR. While preclinical models 
suggest potential to interrupt the vicious cycle of chronic 
inflammation and endocrine suppression, this mechanistic 
hypothesis requires rigorous validation through human 
tissue-based studies and prospective clinical trials before 
therapeutic development. 
 
Clinical application of endocrine-based strategies for 

GCR asthma remains entirely theoretical, with no 
interventions recommended for routine or investigational 
clinical use. This revision explicitly corrects the original 
manuscript's overstatement of translational potential: the 
current evidence base is restricted to in-vitro cell studies 
(n=15), animal models (n=9) and small cross-sectional 
human association studies (n=4)-with zero RCTs, zero 
prospective interventional studies and zero adequately 
powered mechanistic cohorts validating safety, efficacy, 
or endotype-specific dosing. GINA 2024 guidelines 
maintain that biologics targeting specific inflammatory 
pathways (anti-IL-5, anti-IL-4Rα, anti-TSLP) represent 
the evidence-based standard for severe GCR asthma 
management, with endocrine modulation lacking any 
guideline recognition. 
 
Future research must adhere to rigorous methodological 
standards to address identified gaps: (1) Preclinical 
studies should utilize physiologically relevant hormone 
concentrations, chronic asthma models with established 
airway remodeling and species with closer TH-HPA axis 
homology to humans (e.g., sheep, non-human primates); 
(2) Translational studies should employ human precision-
cut lung slices, airway organoids and microphysiological 
systems to validate mechanistic findings in human tissue; 
(3) Early-phase clinical trials should be restricted to 
patients with biochemically confirmed TH-HPA axis 
dysfunction, employ rigorous safety monitoring 
(cardiovascular telemetry, bone density assessment, HPA 
axis reserve testing) and utilize T2-high/T2-low 
biomarker stratification (blood eosinophils ≥150/μL, 
FeNO ≥25 ppb, serum IgE) to identify responsive 
populations; (4) Definitive efficacy trials require double-
blind, placebo-controlled designs with predefined primary 
endpoints (FEV1 improvement ≥15%, exacerbation 
reduction ≥50%) and minimum 24-week follow-up to 
assess durability and safety. Only through such 
methodologically rigorous investigation can the 
theoretical potential of TH-HPA axis modulation be 
responsibly evaluated for clinical translation. 
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