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 37 

Abstract 38 

Background: Asthma is a heterogeneous disease with well-documented sex diƯerences in 39 

prevalence. However, the sex-speciƱc and pubertal eƯects of inhaled corticosteroids on 40 

endogenous steroid metabolites and their relationship with asthma-related clinical outcomes 41 

remain poorly understood. 42 

Methods: Targeted whole-blood plasma proƱling of the steroid biosynthesis pathway was 43 

generated by Precion Inc. (NC, USA). Sixteen metabolites from the steroid biosynthesis pathway 44 

were quantiƱed at baseline and end-of-trial in children with asthma from the Childhood Asthma 45 

Management Program (CAMP; n=1,041), aged 5–12 years. Linear mixed models and generalized 46 

linear models were used to evaluate sex-speciƱc longitudinal and endpoint responses of steroid 47 

metabolites and clinical outcomes with inhaled corticosteroid (ICS) use, adjusting for age, sex, 48 

race, height, and body mass index. 49 

Results: ICS use in males was associated with signiƱcantly lower cortisol and cortisone levels at 50 

Year 4 (end of trial). In females, cortisol and cortisone showed more stable trajectories with ICS 51 

use, which resulted in a non-signiƱcant reduction at year 4. Males receiving ICS showed suggestive 52 

positive longitudinal associations for 17α-hydroxyprogesterone, estrone, and testosterone, while 53 

females showed a suggestive positive trajectory for androstenedione. ICS exposure modiƱed the 54 

associations between metabolites and clinical outcomes (FEV1, FVC, eosinophils, and airway 55 

hyperresponsiveness) in a pathway- and sex-speciƱc manner. Overall, ICS attenuated longitudinal 56 

associations between endogenous steroids and clinical outcomes, particularly in females, while 57 
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selected relationships from the androgen–lung function associations were preserved at the end of 58 

the trial. 59 

Conclusion: We identify sex-speciƱc diƯerences in ICS-associated metabolite proƱles and clinical 60 

outcomes, supporting the need for further investigation into sex-informed approaches to 61 

corticosteroid use in pediatric asthma. 62 

Trial registration: Clinicaltrials.gov: NCT00000575; registered 1999-10-27 63 

 64 

Keywords: asthma, subtype, metabolomics, sex, precision medicine, inhaled 65 

corticosteroids 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 



4 

 

 77 

Introduction 78 

Asthma is a chronic inƲammatory respiratory disorder that signiƱcantly impacts the 79 

quality of life of over 24 million individuals in the United States; however, there is a disparity 80 

in its prevalence across sexes and age groups (1). The age-related male-to-female 81 

prevalence ratio in asthma has been shown to shift from 63:37% in the 2-13 age group to 82 

53:47% in the 14-22 age range and further to 35:65% in individuals aged 23-64 (2). Similarly, 83 

a signiƱcant increase in female asthma prevalence in the 20–29 and 50–59 age groups 84 

compared with males has been demonstrated (1). Females' lungs demonstrate higher 85 

height-adjusted forced expiratory Ʋow rates than males, and the ratios of forced expiratory 86 

volume in one second (FEV1) to forced vital capacity (FVC) are higher in females than in 87 

males (3, 4). Also, boys and young men have higher atopy and IgE levels compared to girls 88 

and young women (5, 6), which may partially explain the higher asthma prevalence in males 89 

than females at a young age (7). However, as females reach the reproductive (14-49 yrs) and 90 

menopausal periods (> 50 yrs), their asthma rates signiƱcantly increase (7). Also, estrogen 91 

and progesterone have been reported to be implicated in asthma pathogenesis (8). On the 92 

other hand, increased levels of androgens, including testosterone or 93 

dehydroepiandrosterone (DHEA), have been associated with decreased asthma risk in 94 

males (9), providing further evidence of airway responsiveness to sex hormones.  95 

Steroids, such as inhaled corticosteroids (ICS), are eƯective treatments for asthma, 96 

and have been shown to signiƱcantly decrease the likelihood of hospital admissions in both 97 
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adults and children experiencing acute asthma, particularly during severe exacerbations 98 

(10). However, exogenous corticosteroid use has been linked to suppression of the 99 

hypothalamic-pituitary-adrenal (HPA) axis, leading to adrenal insuƯiciency (11). Despite the 100 

critical importance of the role of steroids, sex, and medication use in asthma during puberty 101 

has not been extensively studied. Furthermore, the potential for oral and inhaled steroids to 102 

bias the metabolite associations due to correlation with severity and steroid treatment 103 

further complicates the overall understanding of the steroid pathway metabolites in asthma. 104 

The literature highlights distinct genetic and environmental contributions to asthma 105 

heterogeneity that vary across sex, lung function, inƲammation, allergy, airway 106 

hyperresponsiveness, and treatment responses. An improved understanding of these 107 

relationships would be critical to dissecting patterns of asthma severity in both sexes over 108 

puberty.  While the multi-ome can explain diƯerent molecular drivers of asthma 109 

pathophysiology, metabolites or small molecules have been used extensively as disease 110 

biomarkers due to their ability to most closely reƲect both environmental inƲuences and 111 

underlying genetic precursors for a wide range of health outcomes (12). Despite this 112 

progress, many of these studies are underpowered and lack appropriate study design or 113 

validation in independent cohorts and fail to capture the disease heterogeneity. Several 114 

metabolomic studies have been performed to date and have identiƱed key metabolic 115 

pathways associated with asthma, including sphingolipids, steroids, and other microbial-116 

related metabolites (13-17). Even in some of the large-scale cohort studies, the number of 117 

asthma cases is often limited. Furthermore, technologies such as nuclear magnetic 118 

resonance (NMR) fail to capture some of the most important metabolic pathways in asthma, 119 
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particularly steroid metabolism. Therefore, as a follow-up to global metabolomics, it is 120 

essential to conduct targeted analyses to obtain a high-resolution view of speciƱc metabolic 121 

pathways of interest and to gain deep insights into the most relevant biomarkers that could 122 

demonstrate the therapeutic potential of metabolomics (17). In our prior large-scale global 123 

metabolomics study (>14,000 participants), we identiƱed and replicated key metabolites 124 

from the steroid biosynthesis pathway that drive the risk of adrenal suppression in patients 125 

on long-term ICS use (13). As a follow-up, in this study, we carefully selected and quantiƱed 126 

16 metabolites from the steroid biosynthesis pathway using targeted metabolomics in 127 

plasma from 1,041 children enrolled in the large longitudinal pediatric asthma clinical trial 128 

of ICS use, the Childhood Asthma Management Program (CAMP). We evaluated the sex-129 

speciƱc eƯect of ICS intake on steroid metabolite levels and identiƱed associations with 130 

several asthma-related clinical outcomes, including airway hyperresponsiveness (AHR), 131 

pulmonary lung function measures (FEV1 and FVC), and Th2 inƲammation markers 132 

(eosinophil counts). Our Ʊndings highlight the clinical utility of carefully monitoring speciƱc 133 

metabolites in relation to ICS intake and enhance our understanding of shifts/trends in 134 

asthma severity between sexes. 135 

 136 

Methods 137 

Study Cohort: The Childhood Asthma Management Program (CAMP) 138 

CAMP (Clinicaltrials.gov: NCT00000575; registered 1999-10-27) is a multi-center, 139 

randomized, double-masked clinical trial of low-dose inhaled corticosteroid use, including 140 
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1,041 children aged 5-12 years with mild-to-moderate asthma. Detailed study design and 141 

subject recruitment procedures have been previously described (18-20). Institutional review 142 

board approval was obtained at all participating centers, and informed consent/assent was 143 

obtained for all participants. For this study, we included participants with available plasma 144 

metabolomics data at both baseline and end of the trial at year 4 (N=664). 145 

 146 

 Metabolomic ProƱling: Targeted Assay data for Steroid biosynthesis 147 

A separate batch of serum samples (at baseline and endpoint) from the same subjects was 148 

sent to Precion Inc. for absolute quantiƱcation of a comprehensive steroid hormone panel, 149 

including 16 endogenous steroids in the following sub-pathways: androgens, estrogens, 150 

progestogens, glucocorticoids, and mineralocorticoids. The Comprehensive Steroid 151 

Hormone Panel utilizes 200 µl of serum or plasma, calibrated across analytes. An analysis 152 

is conducted via three LC-MS/MS methods: Method 1 for aldosterone, estrone, and estradiol 153 

in ESI negative mode; Method 2 for non-conjugated steroids, including prednisone and 154 

prednisolone in ESI positive mode; and Method 3 for steroid sulfates in ESI negative mode. 155 

Each method employs stable labeled internal standards for quantitation through linear 156 

regression analysis, with calibration and quality control (QC) standards maintaining 157 

accuracy within ±15% of the nominal value and precision ≤10%. 158 

 159 

Statistical Analyses 160 

Longitudinal Analysis of ICS EƯects on Steroid Metabolites 161 
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We used linear mixed-eƯect models (LMMs) to investigate the associations between ICS 162 

exposure and longitudinal changes in steroid metabolites over 4-years. Models included 163 

Ʊxed eƯects for treatment group (ICS vs. non-ICS), time (baseline vs. Year 4), and their 164 

interaction, with subject-speciƱc random intercepts to account for repeated measures. For 165 

each steroid metabolite, we Ʊtted the following primary model: 166 

Yij = β0 + β1ܥܫ ௜ܵ + β2ܶ݅݉݁௜௝ + β3(ܵܥܫ௜  ܶ݅݉݁௜௝) + ∑ ௞ܺ௜௞ߙ + ௜ݑ + ϵ௜௝௣
௞=1  167 

Where: 168 Yij= metabolite level for subject ݅ at time ݆ (ܾܽ4 ݎܽ݁ݕ ݎ݋ ݈݁݊݅݁ݏ).  ܥܫ 169 ௜ܵ = treatment group indicator (0 = ݊݋ܰ − ݈݅݉݋ݎܿ݋݀݁ܰ) ܵܥܫ ,(݁ܿ݊݁ݎ݂ܴ݁݁ :(݋ܾ݈݁ܿܽ݌ 170+ 1 = ௜ݑ ௞ = coeƯicient for covariate ݇ 174ߙ ௜௞ = covariate ݇ (age, sex, race, BMI) 173ܺ 172 (4 ݎܽ݁ݕ ݎ݋ (݁ܿ݊݁ݎ݂ܴ݁݁) ݈݁݊݅݁ݏܾܽ) ௜௝ = time point indicator݁݉݅ܶ 171 .(݁݀݅݊݋ݏ݁݀ݑܾ)ܵܥܫ ∼ N(0, σu2) = random intercept for subject.  175 ϵ௜௝ ∼ N(0, σe2)  = residual error. 176 

In this model, the main effect (β1) represent the difference in metabolite levels between the 177 

ICS and non-ICS groups at baseline. Because both groups were not exposed to ICS at 178 

baseline (pre-intervention), this parameter does not represent a treatment effect; instead, it 179 

captures residual baseline differences between groups. The primary parameter of interest 180 

was the treatment × time interaction (β3), representing the differential change in metabolite 181 

levels over time between groups. Models were adjusted for age, sex, race, and BMI. A 182 

positive β3 indicates that ICS users experienced less decline or greater increase in the 183 



9 

 

metabolite over 4 years relative to non-users, whereas a negative β3 indicates greater 184 

decline or less increase.  185 

As a sensitivity analysis, we additionally fitted baseline-adjusted mixed models that 186 

included baseline metabolite levels as covariates. The results are shown in the 187 

Supplementary Materials. 188 

Models were Ʊtted using restricted maximum likelihood (REML) via the lme4 package 189 

(version 1.1.37) in R. Hypothesis tests for Ʊxed eƯects used Wald tests based on the ratio of 190 

coeƯicient estimates to their standard errors. ConƱdence intervals were obtained using the 191 

proƱle likelihood method via the confint() function. 192 

 193 

Endpoint Analysis of ICS EƯects on Steroid Metabolites 194 

As a follow-up analysis, we performed a cross-sectional comparison of Year 4 metabolite 195 

levels using analysis of covariance (ANCOVA), which estimates the diƯerence in metabolite 196 

levels between ICS and non-ICS groups at the study endpoint while adjusting for baseline 197 

metabolite levels. For each steroid metabolite, we Ʊtted the following linear regression 198 

model using only Year 4 (endpoint) data: 199 

௜ܻ,௒௘௔௥ 4 =  β0 + β1ܥܫ ௜ܵ + β2 ௜ܻ,௕௔௦௘௟௜௡௘ +  ∑ ௞ܺ௜௞ߙ + ϵ௜௣
௞=1  200 

 201 

Where:  202 

௜ܻ,௒௘௔௥ 4 = metabolite level for subject ݅ at Year 4 203 
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ܥܫ ௜ܵ  = treatment group indicator (0 =  Non − ICS(Nedocromil +204 placebo): Reference, 1 =  ICS (budenoside). 205 

௜ܻ,௕௔௦௘௟௜௡௘ = baseline metabolite level for subject ݅. 206 ܺ௜௞ = covariate ݇ (age, sex, race, BMI). 207 ߙ௞= coeƯicient of covariate ݇ 208 ϵ௜ ∼ N(0, σe2)  = residual error. 209 

Here, the coeƯicient β1 represents the diƯerence in metabolite levels between the ICS and 210 

non-ICS groups at Year 4, after adjusting for baseline metabolite levels and covariates. A 211 

negative β1 indicates lower metabolite levels in ICS users at the endpoint, whereas a positive 212 β1 indicates higher levels. The coeƯicient β2 represents the baseline-endpoint slope, 213 

quantifying how well baseline metabolite levels predict year 4 levels. LMMs and ANCOVA 214 

models address complementary questions: longitudinal change versus adjusted endpoint 215 

diƯerences.  216 

Given known sex diƯerences in steroid metabolism during childhood, and potential sex-217 

speciƱc responses to exogenous glucocorticoid exposure, we next examined whether ICS–218 

metabolite associations diƯered by sex and pubertal stage. Pubertal stage was 219 

approximated using age-at-randomization-based cutoƯs, and individuals in transitional age 220 

ranges were excluded to minimize misclassiƱcation (details in the supplement). Within each 221 

sex–puberty stratum, longitudinal LMMs and endpoint ANCOVA models were Ʊtted as 222 

described above. 223 

Homogeneity of Slopes Assumption Test 224 
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The relationship between baseline and endpoint metabolite levels is assumed to be the 225 

same across treatment groups in standard ANCOVA. To verify this assumption and to identify 226 

potential baseline-dependent treatment eƯects, we tested for an ICS × baseline metabolite 227 

interaction by Ʊtting an extended model: 228 

௜ܻ,௒௘௔௥ 4 =  β0 +  β1ܥܫ ௜ܵ + β2 ௜ܻ,௕௔௦௘௟௜௡௘ + β3(ܥܫ ௜ܵ  ௜ܻ,௕௔௦௘௟௜௡௘) +  ∑ ௞ܺ௜௞ߙ + ϵ௜௣
௞=1  229 

The interaction term (β3) tests whether the baseline-endpoint slope diƯers between 230 

treatment groups. A signiƱcant interaction (p < 0.05) indicates heterogeneous slopes, 231 

meaning that the strength of baseline-Year 4 tracking diƯers by treatment status. We 232 

concluded that slopes were homogeneous when the interaction was not signiƱcant (p > 233 

0.05), thereby satisfying the ANCOVA assumption, and proceeded with the standard model. 234 

For metabolites with signiƱcant interactions, we retained the interaction term and examined 235 

baseline-endpoint slopes within each treatment group separately to characterize how ICS 236 

modiƱed metabolic tracking. The slope patterns reveal whether ICS treatment maintains or 237 

diminishes inter-individual metabolic variability. 238 

Models were Ʊtted using ordinary least squares (OLS) via the lm() function in R. Hypothesis 239 

tests for the ICS eƯect used t-tests based on the ratio of coeƯicient estimates to their 240 

standard errors. ConƱdence intervals were obtained using the standard Wald method via 241 

the confint() function. 242 

 243 

Longitudinal Analysis of Metabolite - Clinical Outcome Associations  244 
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To examine whether steroid metabolite levels are associated with clinical outcomes (lung 245 

function measures (FEV1 and FVC), immune phenotypes (eosinophil counts), and airway 246 

hyperresponsiveness), and whether these associations diƯer by ICS treatment status, we 247 

Ʊtted linear mixed-eƯects models stratiƱed by ICS group and sex. For each metabolite–248 

clinical outcome pair, separate models were Ʊtted within the non-ICS and ICS strata: 249 

Yij = β0 + β1ܯ௜௝ + β2ܶ݅݉݁௜௝ + β3(ܯ௜௝   ܶ݅݉݁௜௝) + β4ܯ௜,௕௔௦௘௟௜௡௘ + ∑ ௞ܺ௜௞ߙ + ௜ݑ + ϵ௜௝௣
௞=1  250 

Where: 251 Yij= clinical outcome (FEV1, FVC, LNPC20, EOS) for subject ݅ at time ݆.   252 ܯ௜௝  = metabolite level for subject ݅ at time ݆. 253 ܶ݅݉݁௜௝ = time point indicator (ܾܽ4 ݎܽ݁ݕ ݎ݋ (݁ܿ݊݁ݎ݂ܴ݁݁) ݈݁݊݅݁ݏ). ܯ 254௜,௕௔௦௘௟௜௡௘ = baseline metabolite level for subject ݅. 255 ܺ௜௞ = covariate ݇ (age, height, race, BMI). 256 ߙ௞= coeƯicient of covariate ݇  257 ݑ௜ ∼ N(0, σu2) = subject-speciƱc random intercept.  258 ϵ௜௝ ∼ N(0, σe2)  = residual error. 259 

Within each ICS stratum, main eƯect (β₁) represents the cross-sectional association 260 

between metabolite level and clinical outcome at baseline, conditional on baseline 261 

metabolite level and covariates. Metabolite × time interaction (β₃) represents the change in 262 

the metabolite–outcome association from baseline to Year 4. Hence, β₃ quantiƱes whether 263 

the relationship between metabolite levels and clinical outcomes evolves diƯerently over 264 

time within each ICS stratum. We compared β₁ and β₃ estimates between non-ICS and ICS 265 

strata to assess whether ICS treatment modiƱes metabolite–outcome associations. 266 
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DiƯerences in interaction estimates across strata indicate that the longitudinal association 267 

between metabolites and clinical outcomes varies by ICS exposure. 268 

Endpoint Metabolite - Clinical Outcome Association Study 269 

To assess associations between steroid metabolites and clinical outcomes at Year 4, and to 270 

determine whether these associations diƯer by ICS treatment status, we performed 271 

multivariable linear regression stratiƱed by ICS group (non-ICS vs ICS) and sex. For each 272 

metabolite–clinical outcome pair, separate linear models were Ʊtted within each stratum 273 

using only Year-4 observations: 274 

௜ܻ,௒௘௔௥ 4 =  β0 +  β1ܯ௜,௒௘௔௥4 + β2ܯ௜,௕௔௦௘௟௜௡௘ +  ∑ ௞ܺ௜௞ߙ + ϵ௜௣
௞=1  275 

 276 

Where:  277 

௜ܻ,௒௘௔௥ 4 = clinical outcome (FEV1, FVC, LNPC20, EOS) for subject ݅ at Year 4 278 ܯ௜,௒௘௔௥4 = metabolite level for subject ݅ at year 4. 279 ܯ௜,௕௔௦௘௟௜௡௘ = baseline metabolite level for subject ݅. 280 ܺ௜௞ = covariate ݇ (age, height, race, BMI). 281 ߙ௞= coeƯicient of covariate ݇  282 ϵ௜ ∼ N(0, σe2)  = residual error. 283 

Here, β1represents the Year-4 metabolite–outcome association, adjusted for baseline 284 

metabolite level and covariates (i.e., the association between ܯ௒௘௔௥4 and ௒ܻ௘௔௥4 among 285 

individuals with similar baseline metabolite values), and β2 captures the contribution of 286 

baseline metabolite to the Year-4 outcome (baseline adjustment term), reƲecting 287 
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persistence of baseline metabolite diƯerences into Year 4. We compared β1 estimates 288 

between the non-ICS and ICS strata to evaluate whether ICS exposure modiƱes metabolite–289 

outcome associations at Year 4. DiƯerences in β1 across strata indicate that the relationship 290 

between metabolites and clinical outcomes at Year 4 diƯers depending on ICS treatment 291 

status. 292 

Models were Ʊtted using ordinary least squares (OLS) linear regression (lm) in R. Statistical 293 

inference for regression coeƯicients was based on t-tests, and conƱdence intervals were 294 

computed using the ܿݐ݂݊݅݊݋() function. We considered p < 0.05  as statistically signiƱcant 295 

and p < 0.10  as suggestive in all analyses.  296 

All metabolite concentrations were natural log-transformed and Pareto-scaled before 297 

analysis. Regression coeƯicients are therefore reported in Pareto-scaled units. All analyses 298 

were conducted in R version 4.5.1 (21). The full reproducible code is available in the 299 

supplementary materials 300 

 301 

Results 302 

ICS Exposure and Steroid Metabolite Levels in the Full Cohort 303 

Clinical characteristics at baseline and end of the trial are summarized in Table 1. At 304 

baseline, metabolites in the glucocorticoid and androgen sub-pathway, as well as 305 

pregnenolone sulfate from the progestogen sub-pathway, were lower in all participants 306 

randomized to ICS compared to non-ICS users (Figure 1A). After baseline adjustment, the 307 
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greater decline in these metabolites persisted in direction, except for DHEAS 308 

(Supplementary Figure 1A). In longitudinal analyses, ICS exposure was associated with 309 

directional decreases in cortisol and cortisone over the 4-year follow-up; however, the 310 

treatment × time interaction was not statistically signiƱcant (Figure 1B). In contrast, 311 

endpoint analyses showed signiƱcantly lower cortisol (Figure 1C; β = −0.18, 95% CI: -0.32 to 312 

-0.04, p = 0.01) and cortisone (β = −0.12, 95% CI: -0.22 to -0.01, p = 0.03) concentrations at 313 

Year 4 in the ICS group. Two metabolites, including 17α-hydroxyprogesterone and 314 

testosterone, demonstrated signiƱcant longitudinal diƯerences by treatment (Figure 1B; 315 

17α-hydroxyprogesterone: β = 0.05, 95% CI: 0.01 to 0.10, p = 0.03; Testosterone: β = 0.14, 316 

95% CI: 0.01 to 0.28, p = 0.04), indicating relative increases over time in ICS-treated 317 

participants compared with non-users. These diƯerences stayed robust even after baseline 318 

adjustment (Supplementary Figure 1B). However, they were not statistically signiƱcant at 319 

Year 4, although the direction of eƯect remained consistent (Figure 1C). 320 

 321 

Sex-SpeciƱc EƯects of ICS on Steroid Metabolite Change and Endpoint Levels 322 

At baseline, females randomized to ICS had signiƱcantly lower levels of pregnenolone 323 

sulfate, cortisol, and cortisone compared to those randomized to non-ICS (Figure 1D), a 324 

pattern less pronounced in males. In longitudinal analyses, females receiving ICS showed 325 

directionally stable, modest increases in cortisol and cortisone, whereas males showed 326 

directionally stable decreases. However, these eƯects were not statistically signiƱcant 327 

(Figure 1E). In baseline-adjusted longitudinal sensitivity analyses, males receiving ICS 328 
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showed a suggestive trend for lower cortisone levels (Supplementary Figure 1D; cortisone: 329 

β = -0.14, 95% CI: -0.31 to 0.02, p = 0.09). In endpoint analyses, ICS use in males was 330 

associated with signiƱcantly lower cortisol and cortisone levels at Year 4 (Figure 1F; cortisol: 331 

β = -0.18, 95% CI: -0.35 to -0.01, p = 0.04; cortisone: β = -0.15, 95% CI: -0.29 to -0.02, p = 332 

0.03). In females, cortisol and cortisone levels were also lower in ICS users at Year 4; 333 

however, these diƯerences did not reach statistical signiƱcance (Figure 1F). For other 334 

metabolites, males receiving ICS showed suggestive positive longitudinal associations for 335 

17α-hydroxyprogesterone (Figure 1E; β = 0.05, 95% CI: 0.004 to 0.11, p  = 0.07), estrone 336 

(Figure 1E; β = 0.01, 95% CI: -0.002 to 0.02, p < 0.09) and testosterone (Figure 1E; β = 0.18, 337 

95% CI: -0.01 to 0.37, p = 0.06), while females showed a suggestive positive trajectory for 338 

androstenedione (Figure. 1E; β = 0.14, 95% CI: -0.003 to 0.28, p = 0.053). These associations 339 

were attenuated at the endpoint in males, but the direction of eƯect remained positive and 340 

suggestive for androstenedione in females (Figure 1F; β = 0.12, 95% CI: -0.02 to 0.25, p = 341 

0.09). Notably, 17α-hydroxyprogesterone and testosterone maintained a positive eƯect and 342 

signiƱcance in males, and androstenedione maintained a positive association that was 343 

signiƱcant in females in the baseline-adjusted sensitivity analyses (Supplementary Figure 344 

1D).  345 

StratiƱcation by pubertal stage and sex was limited by small sample sizes in several strata 346 

(Supplementary Table 1). In prepubertal males, no signiƱcant associations between ICS 347 

and longitudinal metabolite trajectories or endpoint levels were observed (Supplemental 348 

Figure 2A-E). In post-pubertal females (Supplementary Figure 3A-E), ICS exposure was 349 

associated with increased cortisone over time in unadjusted (Supplementary Figure 3B; β 350 
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= 0.38, 95% CI: -0.05 to 0.82, p = 0.09) and adjusted models (Supplementary Figure 3D; β = 351 

0.39, 95% CI: 0.03 to 0.74, p = 0.04). Further, we observed suggestive reductions in cortisol 352 

(Supplementary Figure 3E; β = -0.30, 95% CI: -0.64 to 0.04, p = 0.08) and corticosterone 353 

(Supplementary Figure 3E; β = -0.27, 95% CI: -0.56 to 0.02, p = 0.07), and a suggestive 354 

increase in progesterone at Year 4 (Supplementary Figure 3E; β = 0.71, 95% CI: -0.09 to 355 

1.51, p = 0.08). 356 

 357 

Baseline-Dependent ICS EƯects and Metabolic Tracking 358 

As a follow-up analysis, we tested whether baseline-endpoint relationships diƯered by 359 

treatment group. For most metabolites (28/32 tests across sex), slopes were homogeneous 360 

(p > 0.05), satisfying the standard ANCOVA assumption of parallel regression lines; however, 361 

four metabolite-sex combinations showed signiƱcant interactions, including cortisone and 362 

pregnenolone sulfate in females; progesterone and deoxycorticosterone in males 363 

(Supplementary Table 2). For cortisone in females (Figure 2A) and deoxycorticosterone in 364 

males (Figure 2B), ICS users showed significantly stronger baseline-to-Year 4 tracking 365 

(slope = 0.31 and 0.42, respectively) than non-users (slope = 0.10 and 0.19, respectively). 366 

Conversely, for pregnenolone sulfate in females (Figure 2C), ICS users showed weaker 367 

tracking (slope = 0.42 vs. 0.63 in non-users). Although progesterone interaction in males was 368 

signiƱcant, neither individual slope reached signiƱcance, limiting interpretability and 369 

therefore not shown. 370 

 371 
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Associations Between Steroid Metabolites and Clinical Outcomes 372 

Given that at least one metabolite within the glucocorticoid, androgen, progestogen, and 373 

estrogen sub-pathways demonstrated signiƱcant or suggestive associations with ICS 374 

exposure in either the whole cohort or sex-stratiƱed analyses, we focused our downstream 375 

clinical interpretation on these four biologically relevant pathways. In contrast, no 376 

metabolites within the mineralocorticoid sub-pathway showed signiƱcant associations with 377 

ICS exposure; therefore, they are not emphasized in the clinical outcome interpretation. We 378 

evaluated associations both longitudinally and at the Year-4 endpoint and present steroid 379 

sub-pathway-speciƱc Ʊndings to facilitate biological interpretation. 380 

 381 

Glucocorticoid Pathway 382 

In male participants not receiving ICS, cortisone was signiƱcantly positively associated with 383 

longitudinal changes in FEV1 and FVC (Figure 3A), while precursor metabolites (11-384 

deoxycortisol and corticosterone) showed signiƱcant negative associations with lung 385 

function in both sexes (Figure 3A & B). In ICS-treated participants (Figure 3C & D), these 386 

associations were attenuated, with sex-speciƱc shifts and generally not statistically 387 

signiƱcant. Endpoint analyses at Year 4 were largely consistent with the longitudinal Ʊndings. 388 

Cortisol remained positively associated with lung function in non-ICS males (Figure 3E). In 389 

females, associations were more variable, with predominantly negative associations in non-390 

ICS participants and positive, though non-signiƱcant, associations in ICS-treated 391 

participants (Figure 3F).  392 
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 393 

Androgen Pathway  394 

In both males and females who were not receiving ICS (Figure 3A & B), androgen metabolites 395 

(testosterone, DHEAS, and androstenedione) were positively associated with FEV1 and FVC 396 

trajectories. In males (non-ICS users), testosterone and androstenedione were negatively 397 

associated with eosinophil trajectories (Figure 3A). In ICS-treated males (Figure 3C), 398 

signiƱcant positive associations between androgens and lung function were largely 399 

preserved. In contrast, ICS-treated females showed attenuation of androgen–lung 400 

associations, which were largely inconsistent and not signiƱcant (Figure 3D). At Year 4, 401 

testosterone and androstenedione remained positively associated with lung function in 402 

males, regardless of treatment, and DHEAS demonstrated a signiƱcant negative association 403 

with PC₂₀ in males treated with ICS (Figure 3E). In females, testosterone remained positively 404 

associated with lung function with or without ICS use, while androstenedione showed 405 

signiƱcantly stronger associations in ICS-treated participants (Figure 3F).  406 

 407 

Progestogen Pathway  408 

In males not receiving ICS (Figure 3A), progesterone, 17α-hydroxyprogesterone (17-OHP), 409 

and pregnenolone sulfate showed signiƱcant positive associations with FEV₁ and FVC 410 

trajectories. Also, progesterone and 17-OHP were negatively associated with eosinophil 411 

trajectories, and pregnenolone sulfate showed a signiƱcant positive association with log 412 

(PC₂₀). In females not receiving ICS (Figure 3B), associations with lung function measures 413 
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were more heterogeneous. Notably, progesterone showed a signiƱcant positive association 414 

with PC₂₀. In ICS-treated males (Figure 3C), associations for pregnenolone sulfate, 17α-415 

hydroxyprogesterone, and lung function were preserved, while progesterone associations 416 

were attenuated. In females receiving ICS (Figure 3D), associations were generally 417 

attenuated and non-signiƱcant. At Year 4, positive associations persisted in males (Figure 418 

3E), particularly for 17α-hydroxyprogesterone and lung function. In females (Figure 3F), 419 

associations were variable and largely non-signiƱcant. However, 17-OHP demonstrated 420 

suggestive positive associations with FEV₁ in ICS-treated females. 421 

 422 

Estrogen Pathway 423 

In both sexes, not receiving ICS, estrone, estradiol, and estrone sulfate were signiƱcantly 424 

positively associated with lung function trajectories. In males not receiving ICS (Figure 3A), 425 

estrone showed a signiƱcant negative association with eosinophils longitudinally, and 426 

estradiol demonstrated a suggestive negative association over time. Amongst females not 427 

receiving ICS, estrone was signiƱcantly associated with lower eosinophils and suggestively 428 

associated with lower PC₂₀ (Figure 3B). ICS exposure showed marked sex-speciƱc 429 

modulation. In males using ICS (Figure 3C), estrone and estrone sulfate maintained 430 

signiƱcant positive associations with lung function. Associations between estrone, 431 

estradiol, and eosinophils were largely attenuated and non-signiƱcant. In females using ICS 432 

(Figure 3D), longitudinal estrogen–lung function associations were markedly attenuated, 433 

with predominantly non-signiƱcant and directionally inconsistent eƯects.  At year 4 (Figure 434 
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3E & F), estrogen metabolites remained positively associated with lung function, regardless 435 

of ICS status, with several associations reaching statistical signiƱcance in males. In females 436 

using ICS, estrone showed signiƱcant positive associations with both FEV₁ and FVC, and 437 

estradiol demonstrated a suggestive positive association with FVC. Immune phenotype 438 

analyses at Year 4 demonstrated a signiƱcant negative association between estradiol and 439 

eosinophils in non-ICS females. Also, estrone sulfate and estrone showed a signiƱcant 440 

positive association with PC₂₀, indicating reduced airway hyperresponsiveness. In ICS-441 

treated females, these immune associations were attenuated or directionally altered.  442 

 443 

Discussion 444 

In this study, we evaluated the eƯects of ICS exposure on circulating steroid 445 

metabolites and their associations with clinical outcomes in children with asthma. While 446 

exogenous corticosteroids are known to suppress the hypothalamic–pituitary–adrenal (HPA) 447 

axis and lead to adrenal insuƯiciency (11), the extent to which these eƯects diƯer by sex at 448 

the metabolite level remains poorly understood. We Ʊrst show that ICS exposure was 449 

associated with lower levels of endogenous glucocorticoids at the study endpoint, with 450 

consistent directional decreases observed in longitudinal analyses across the full cohort, 451 

suggesting that chronic ICS use is associated with suppression of systemic glucocorticoid 452 

metabolism, which is consistent with previous studies (11, 13). In contrast, selected 453 

upstream steroid precursors, including 17α-hydroxyprogesterone and testosterone, showed 454 

relative increases over time, consistent with previously reported inverse relationships 455 

between cortisol and upstream steroid intermediates (22), and suggesting altered 456 
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steroidogenic Ʋux under ICS exposure. We next observed marked sex-speciƱc diƯerences in 457 

ICS–metabolite associations. Males receiving ICS demonstrated greater reductions in 458 

glucocorticoids at follow-up, whereas females showed more stable or modestly increasing 459 

trajectories, resulting in attenuated diƯerences at the endpoint. Interestingly, a prior study 460 

has reported a higher proportion of clinical responders to ICS among females (23), 461 

consistent with our observation of less pronounced glucocorticoid suppression in females 462 

than in males. Also, the heterogeneous slope patterns we observed reveal that ICS 463 

treatment does not uniformly aƯect all steroid pathways. For glucocorticoids (cortisone) in 464 

females and mineralocorticoid precursors (deoxycorticosterone) in males, ICS 465 

strengthened baseline-endpoint tracking, suggesting that exogenous glucocorticoid 466 

exposure preserves endogenous steroid set-points. In contrast, in females, ICS weakened 467 

tracking of progestogen precursors (pregnenolone sulfate), indicating pathway-speciƱc 468 

suppression that drives convergence toward a common metabolic state. These Ʊndings 469 

suggest that the metabolic eƯects of ICS exposure may diƯer by sex during childhood and 470 

adolescence. Further, our pubertal analysis results indicate that ICS use may diƯerentially 471 

inƲuence steroid metabolite dynamics across sex and pubertal stage, although 472 

interpretation is limited by sample size and should be considered exploratory. 473 

Next, to determine whether endogenous steroid metabolites serve as biomarkers of 474 

clinical outcomes and whether ICS exposure modiƱes these relationships, we examined 475 

associations between metabolite levels and lung function (FEV₁ and FVC), eosinophil 476 

counts, and airway hyperresponsiveness, stratiƱed by sex and treatment status. Precursors 477 

in the glucocorticoid sub-pathway were negatively associated with lung function, whereas 478 
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mature active glucocorticoids showed positive associations in non-ICS users, suggesting 479 

that precursor accumulation may reƲect poorer respiratory mechanics across sexes in the 480 

absence of ICS exposure. In ICS-treated males, these endogenous glucocorticoid–lung 481 

function relationships appeared attenuated, with longitudinal associations becoming more 482 

uniformly negative and non-signiƱcant. This pattern is consistent with the possibility that 483 

exogenous glucocorticoid exposure may alter the endogenous steroid–lung function 484 

relationships observed in untreated males. In contrast, females receiving ICS showed a shift 485 

toward more positive trajectory associations, although these were not statistically 486 

signiƱcant; the consistent directional patterns suggest potential sex-speciƱc diƯerences in 487 

response to exogenous glucocorticoid exposure. While prior pediatric studies have linked 488 

higher levels of glucocorticoid precursors relative to cortisol with adverse lung outcomes 489 

(24), broadly consistent with the directional patterns observed in our data, the extent to 490 

which ICS exposure inƲuences these relationships remains underexplored. Our Ʊndings 491 

extend this framework by suggesting that these associations may vary under ICS treatment 492 

and could diƯer by sex. Further, androgens demonstrated robust positive associations with 493 

lung function and inverse associations with eosinophils, consistent across sexes but more 494 

pronounced in males. Progestogen and estrogen pathways also showed positive 495 

associations with lung function, although these relationships were more heterogeneous in 496 

females. ICS exposure modiƱed metabolite–clinical outcome associations in a pathway- 497 

and sex-speciƱc manner. In general, ICS attenuated longitudinal associations between 498 

endogenous steroids and clinical outcomes, particularly in females, suggesting disruption 499 

of endogenous steroid physiology. However, several associations, particularly androgen–500 
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lung function relationships in males and estrogen–lung function relationships at the 501 

endpoint, were either preserved or re-emerged, indicating partial adaptation over time. 502 

Previous studies have shown that higher androgen levels are associated with improved lung 503 

function, reduced airway inƲammation, and lower FeNO in asthma (25). Estrogen has been 504 

linked to enhanced type 2 airway inƲammation, and progesterone shows more variable 505 

eƯects on airway physiology and asthma severity (26), which may contribute to the 506 

heterogeneous associations observed in our data. Taken together, these Ʊndings suggest 507 

that ICS therapy may inƲuence systemic steroid metabolism and alter the relationship 508 

between endogenous steroid pathways and respiratory outcomes. The observed sex-509 

speciƱc diƯerences highlight the importance of considering biological sex in studies of 510 

steroid metabolism and asthma treatment. Additionally, the persistence of associations for 511 

speciƱc metabolites, particularly steroid precursors, suggests their potential utility as 512 

biomarkers of disease progression or treatment response. 513 

A key limitation of this study is the presence of baseline metabolic diƯerences 514 

between participants randomized to the ICS and control groups prior to intervention. To 515 

account for potential confounding, baseline metabolite levels were included as covariates 516 

in the mixed models. The limited attenuation of eƯect sizes following this adjustment 517 

suggests that baseline diƯerences alone do not fully explain the observed longitudinal 518 

associations. However, unmeasured clinical factors, such as asthma severity or systemic 519 

inƲammation, may still contribute to the reduced steroid levels observed among 520 

participants receiving ICS. In addition, the small sample sizes in the pre- and post-puberty 521 

stratiƱed analyses may limit the stability of model estimates and reduce power to detect 522 
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moderate eƯects. Further studies integrating mechanistic and longitudinal data will be 523 

important to clarify the biological pathways underlying these observations and to determine 524 

their clinical implications. 525 

 526 

Conclusion 527 

In summary, our study demonstrates that inhaled corticosteroid exposure is associated with 528 

sustained alterations in steroid biosynthesis pathways in children with asthma, with clear 529 

evidence of sex-speciƱc eƯects on both metabolite proƱles and their relationships with 530 

clinical outcomes. The observed suppression of endogenous glucocorticoids alongside 531 

compensatory shifts in upstream steroid precursors suggests disruption of steroidogenic 532 

Ʋux under chronic ICS use. Importantly, the diƯerential modulation of metabolite–clinical 533 

outcome associations by sex highlights the need to consider biological sex in both 534 

mechanistic studies and therapeutic strategies. These Ʊndings support the potential utility 535 

of targeted steroid metabolomics as a tool for monitoring treatment eƯects and identifying 536 

biomarkers of disease progression and response. Future studies in larger and more diverse 537 

populations, with deeper integration of pubertal and hormonal data, are warranted to 538 

validate these observations and to inform precision medicine approaches in asthma 539 

management. 540 

 541 

 542 

 543 
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Table 1. Participants’ Characteristics by Treatment Status  709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

Group Variable Overall Non-ICS ICS 

Baseline  N 664 527 137 

 Age, mean ± SD (years) 8.9 ± 2.1 8.8 ± 2.1 9.3 ± 2.1 

 BMI, mean ± SD (kg/m²) 18.3 ± 3.5 18.1 ± 3.4 18.9 ± 3.9 

 Sex, n (%) 
Male: 403 (60.7%), 
Female: 261 (39.3%) 

Male: 317 (60.2%),  

Female: 210 (39.8%) 
Male: 86 (62.8%), 
Female: 51 (37.2%) 

 Race/Ethnicity, n (%) 

African American: 90 
(13.6%); Hispanic: 74 
(11.1%); Other: 72 
(10.8%); White: 428 
(64.5%) 

African American: 67 (12.7%); 
Hispanic: 46 (8.7%); Other: 51 
(9.7%); White: 363 (68.9%) 

African American: 
23 (16.8%); 
Hispanic: 28 
(20.4%); Other: 21 
(15.3%); White: 65 
(47.4%) 

Year 4  N 664 527 137 

 Age, mean ± SD (years) 12.9 ± 2.1 12.8 ± 2.1 13.3 ± 2.1 

  BMI, mean ± SD (kg/m²) 21.6 ± 4.8 21.4 ± 4.7 22.2 ± 5.0 

 Sex, n (%) 
Male: 403 (60.7%), 
Female: 261 (39.3%) 

Male: 317 (60.2%),  

Female: 210 (39.8%) 

Male: 86 (62.8%), 
Female: 51 (37.2%) 

 Race/Ethnicity, n (%) 

African American: 90 
(13.6%); Hispanic: 74 
(11.1%); Other: 72 
(10.8%); White: 428 
(64.5%) 

African American: 67 (12.7%); 
Hispanic: 46 (8.7%); Other: 51 
(9.7%); White: 363 (68.9%) 

African American: 
23 (16.8%); 
Hispanic: 28 
(20.4%); Other: 21 
(15.3%); White: 65 
(47.4%) 
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 718 

 719 

Figure 1. Longitudinal and endpoint associations between ICS exposure and 720 

circulating steroid metabolites in children with asthma. (A–C) Results from the 721 

combined cohort analysis. (A) Main effect (i.e., effect at preintervention) of ICS exposure 722 

on circulating steroid metabolite levels estimated from a linear mixed model without 723 

adjusting for metabolite at preintervention. (B) Interaction effect between ICS use and time 724 

(baseline to Year 4), representing differential metabolite trajectories between ICS users 725 

and non-users without adjusting for baseline metabolite. (C) Endpoint associations at Year 726 

4 estimated using ANCOVA models. (D–F) Sex-stratified analyses showing the 727 

corresponding effects in males and females. (D) Main effect of ICS exposure. (E) ICS × time 728 

interaction representing differential longitudinal changes. (F) Endpoint associations at 729 

Year 4 from ANCOVA models. ** indicates p < 0.05; * indicates p < 0.10. 730 
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 753 

Figure 2. Baseline-endpoint relationships for metabolites with significant slope and 754 

ICS x baseline interactions. Scatter plots show individual baseline and Year 4 metabolite 755 

levels by treatment group. Regression lines represent unadjusted linear fits for 756 

visualization; interaction p-values are from ANCOVA models adjusted for age, race, and 757 

BMI. (A) Cortisone in females. (B) Deoxycorticosterone in males. (C) Pregnenolone sulfate 758 

in females. 759 
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Figure 3. Associations between circulating steroid metabolites and clinical outcomes 805 

stratified by sex and ICS exposure. 806 

(A–D) Longitudinal associations estimated using mixed-effects models. (A) Main and 807 

interaction effects of metabolites on clinical outcomes in males not using ICS. (B) Main 808 

and interaction effects in females not using ICS. (C) Main and interaction effects in males 809 

using ICS. (D) Main and interaction effects in females using ICS. These models evaluate 810 

metabolite–time interactions representing associations between metabolite levels and 811 

changes in clinical outcomes over time. 812 

(E–F) Endpoint associations at Year 4 estimated using multivariable linear regression. (E) 813 

Associations between metabolites and clinical outcomes in males stratified by ICS 814 

exposure. (F) Associations in females stratified by ICS exposure. Main effect represents 815 

effect at preintervention. ** indicates p < 0.05; * indicates p < 0.10. 816 
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