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Abstract
Bronchopulmonary dysplasia, the most prevalent chronic lung disease of prematurity, is often treated with glucocorticoids (GCs) 
such as dexamethasone (DEX), but their use is encumbered with several adverse somatic, metabolic, and neurologic effects. We 
previously reported that systemic delivery of the GC prodrug ciclesonide (CIC) in neonatal rats activated glucocorticoid receptor 
(GR) transcriptional responses in lung but did not trigger multiple adverse effects caused by DEX. To determine whether limited 
systemic metabolism of CIC was solely responsible for its enhanced safety profile, we treated neonatal rats with its active 
metabolite desisobutyryl-ciclesonide (Des-CIC). DEX but not Des-CIC caused a reduction in body weight as well as reduced 
insulin-like growth factor-1 serum levels and chronic hyperglycemia in neonatal rats. However, Des-CIC was as effective as DEX 
in reducing the expression of various bleomycin-induced proinflammatory cytokine mRNAs. In vitro studies with various cell 
types demonstrate the potent GR transactivation and transrepression activity of Des-CIC, although genome-wide transcriptomic 
analyses reveal differences in DEX vs. Des-CIC responses in neonatal rat lung and liver tissue. Des-CIC is a GR super-agonist as 
revealed by an in vitro coregulator peptide binding assay. In addition, molecular dynamics simulations revealed unique Des-CIC- 
dependent allosteric signaling pathways between specific residues in the GR ligand-binding domain and receptor surfaces 
interacting with coregulator peptides. Thus, Des-CIC is a potential novel selective GR modulator that could impart a favorable 
therapeutic index for CIC use for even modest durations of GC exposure which could have long-lasting adverse somatic, 
metabolic, or neurologic effects.
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Significance Statement

Preterm birth significantly increases the risk for bronchopulmonary dysplasia (BPD), a condition associated with long-term 
pulmonary insufficiency. Synthetic glucocorticoids (sGCs) such as dexamethasone (DEX) are used to prevent BPD but 
encumber serious adverse effects. In this study, we demonstrate that desisobutyryl-ciclesonide (Des-CIC), a sGC, has limited 
adverse somatic and metabolic effects but is as effective as DEX in reducing proinflammatory cytokine gene expression in 
neonatal rat lungs exposed to bleomycin. Molecular dynamics and coregulator peptide interaction studies demonstrated 
unique interactions and allostery within the glucocorticoid receptor (GR) ligand-binding domain for Des-CIC compared to 
DEX. Thus, Des-CIC is a selective GR modulator that may be a safer sGC for postnatal treatment of neonatal lung diseases 
such as BPD.
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Introduction
Infants born before 30 weeks gestation are at risk of developing 
bronchopulmonary dysplasia (BPD), a prevalent chronic lung 
disease of prematurity (1, 2). Typically, lung inflammation and in
jury induced by exposure to hyperoxia, infection, mechanical 
ventilation in the immature lung impairs lung development 
and causes alveolar remodeling characteristic of BPD (1, 3, 4). 
Glucocorticoids (GCs) such as dexamethasone (DEX) and budeso
nide (BUD) have been a mainstay of BPD prevention and treatment 
as they reduce lung inflammation and injury (5). However, their 
use is encumbered with several adverse effects including hyper
glycemia, impaired somatic and brain growth, cerebral palsy, 
and long-term neurologic and behavioral disorders (6, 7). These 
major concerns have resulted in the American Academy of 
Pediatrics recommending caution and selective use of GC use in 
preterm infants (8) and heightened the critical need for develop
ment of therapeutic GCs that maintain antiinflammatory proper
ties but with limited systemic adverse effects in the neonate 
during the perinatal period.

Ciclesonide (CIC), an inhaled GC prodrug approved for the 
treatment of asthma and allergic rhinitis in children and adults 
(9), is converted to the potent glucocorticoid receptor (GR) agonist 
desisobutyryl-ciclesonide (Des-CIC) by enzymes enriched in the 
airways (10). We previously reported that systemic delivery of 
CIC in neonatal rats activated GR transcriptional responses in 
lung but did not trigger the adverse effects on somatic growth, 
brain weight, or cerebral white matter loss caused by DEX leading 
us to propose CIC as a potential safer GC pharmacotherapy for 
BPD (11). In support of CIC’s potential to limit pathophysiologic 
events in the lung beyond asthma, we have recently reported 
that Toll-like receptor 2-mediated acute lung injury and inflam
mation in neonatal mice induced by SARS-CoV-2 E protein was in
hibited by systemic administration of CIC (12).

To determine whether limited systemic metabolism of CIC in 
neonatal rats was solely responsible for its enhanced safety profile 
and lung protective effects, we examined the in vivo and in vitro 
biological activity of Des-CIC, the active metabolite of CIC, which 
has a higher binding affinity for GR than DEX (13, 14). We also used 
neonatal rat tissues, primary cell cultures, and established cell 
lines to compare the transcriptional responses of DEX and 
Des-CIC. Furthermore, molecular dynamics simulation (MDS) 
and in vitro coregulator peptide assays provided mechanistic in
sights into the differences in the in vivo and in vitro responses 
to DEX and Des-CIC. Thus, our results demonstrate that the 
unique structural features of Des-CIC impart selective GR modu
lator (SEGRM) activity that could contribute to a favorable thera
peutic index of its parent compound CIC for conditions where 
even modest durations of GC exposure (e.g. neonates) could 
have long-lasting adverse somatic, metabolic, or neurologic 
effects.

Results
Unlike DEX, systemic administration of Des-CIC 
does not trigger adverse systemic effects
The chemical structures for DEX, Des-CIC and BUD shown in fig
ure (Fig. S1; SI Appendix) highlight the major differences between 
these GCs that exists at C16/C17 of the steroid D-ring. Both BUD 
and Des-CIC have a bis-oxy group linked at this position with an 
isopropyl hydrocarbon chain (BUD) or cyclopentane extension, 
respectively, in contrast to the C16 methyl and C17 hydroxyl 
group present in DEX. Despite this bulky addition at the D-ring, 

Des-CIC has an approximately 10-fold higher in vitro binding af
finity for GR than DEX (13, 14). The high plasma protein binding 
of CIC and Des-CIC (i.e. ∼99% relative to approximately 85% for 
DEX (15);) and extensive metabolism in liver (13) accounts in 
part for CIC’s safety profile when delivered by inhalation. 
Furthermore, fatty acid esterification in the lung increases their 
tissue residency time contributing to CIC’s efficacy and once daily 
dosing regimen in asthma patients (16–18). The t1/2 of serum 
Des-CIC measured after intravenous (i.v.) administration of CIC 
in humans is 3.5 h (19).

We reasoned that the higher binding affinity of Des-CIC for GR 
relative to DEX could overcome its pharmacokinetic barriers to 
systemic action and trigger analogous adverse effects as DEX in 
neonatal rats. Following subcutaneous (s.c.) administration in 
adult mice, Des-CIC is readily detected in many organs with the 
liver being most prominent (20). Accumulation of Des-CIC in 
mouse lung is much more limited after a single s.c. injection but 
multiple (i.e. 14) s.c. injections of Des-CIC over a period of 5 days 
leads to its equivalent accumulation in liver and lung (20). 
However, unlike DEX, Des-CIC did not trigger growth suppression 
in neonatal rats following five daily injections (Fig. 1A and B), an 
outcome observed in premature infants after repeated GC expos
ure (21), and similar to our previous findings demonstrating a lack 
of reduced somatic growth after CIC exposure (11). Reduced som
atic growth in neonates by DEX (Fig. 1A and B) was likely due to the 
reduction in insulin-like growth factor-1 (IGF-1) (Fig. 1C), the pre
dominant growth factor impacting neonatal growth (22). Finally, 
persistent hyperglycemia observed after GC treatment of preterm 
infants (21, 23), was also observed following DEX treatment in 
neonatal rats (Fig. 1D). A 5-day exposure to Des-CIC led to a tran
sient, minor increase in blood glucose (Fig. 1D).

Systemic Des-CIC is as effective as DEX at 
reducing bleomycin-induced cytokine gene 
expression in neonatal rat lung
To determine whether systemic Des-CIC could activate GR in lung 
and reduce some pathologic features associated with chronic lung 
disease in preterm infants, we utilized an established model of 
lung injury in neonatal rats triggered by multiple daily injections 
with bleomycin from postnatal day 1 (P1) to P11 (Fig. 2A) (24). In 
this model, DEX and other GCs have been shown to reduce lung in
jury and inflammation (25).

Bleomycin was effective at inducing robust increases in expres
sion of interleukin (IL)-1β (Fig. 2B) and IL-6 (Fig. 2C) mRNA expres
sion. In this model, Des-CIC was as effective as DEX in suppressing 
bleomycin induction of IL-1ß (Fig. 2B) and IL-6 (Fig. 2C) and 
uniquely suppressed expression of tumor necrosis factor alpha 
(TNFα) (Fig. 2D). GR transactivation activity promoted by 
Des-CIC in the presence of bleomycin was evident by the induc
tion of major GR target genes Fkbp5, Gilz, and Per1 (Figs. S2A–C; 
SI Appendix). Despite causing lung injury, our bleomycin treat
ment paradigm did not suppress somatic growth (Fig. S2D and E; 
SI Appendix) or trigger hyperglycemia (Fig. S2F; SI Appendix). 
Interestingly, unlike the hyperglycemic effects of DEX treatment 
alone, glucose levels were not elevated in neonatal rats exposed 
to DEX and bleomycin (Fig. S2F; SI Appendix). We noted that these 
animals did not have milk in their stomach, so this finding is likely 
due to their reduced feeding.

The in vivo antiinflammatory effects of Des-CIC were corrobo
rated by in vitro studies with the A549 human lung epithelial cell 
line, which showed equivalent efficacy of DEX and Des-CIC in re
ducing IL-1β induction of IL-1β (Fig. 2E), IL-6 (Fig. 2F), and IL-8 
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(Fig. 2G). We also tested antiinflammatory effects in activated 
mouse CD8+ T cells and observed suppression of TNFα and inter
feron gamma (IFNγ) protein by DEX and Des-CIC (Fig. 2H–J).

Comparison of DEX vs. Des-CIC regulated 
transcriptome in neonatal rat lung and embryonic 
mouse lung fibroblasts
Bulk RNA-seq analysis was performed to gain a more comprehen
sive assessment of Des-CIC transcriptional effects in neonatal rat 
lung. Given the predominant accumulation of s.c. administered 
Des-CIC in mouse liver (20) and the likely role of the liver in ad
verse effects of systemic DEX (i.e. hyperglycemia, reduced serum 
IGF-1; Fig. 1), we also performed bulk RNA-seq analysis of whole 
liver. As shown by principal component analysis, the Des-CIC 
and DEX transcriptomes were markedly different in neonatal rat 
lung (Fig. 3A) and liver (Fig. 3B) although they were many overlap
ping responsive genes, particularly in the lung. Specifically, there 
were 653 genes commonly regulated in the same direction by 
Des-CIC and DEX (Fig. S3A; SI Appendix) with 300 and 3,169 genes 
uniquely responsive to Des-CIC and DEX, respectively, in neonatal 
rat lung (Fig. S3A; SI Appendix). Unsupervised clustering analysis 
identified a group of 73 genes that had the highest degree of simi
larity in their response to DEX and Des-CIC in neonatal rat lung 

(Fig. 3C and D). The two most significant pathways predicted by 
Reactome to be associated with these 73 genes were involved in 
surfactant metabolism (Fig. S3C; SI Appendix). Deficiencies in sur
factant protein levels are a common pathology in premature in
fants requiring mechanical ventilation (26). The neonatal liver 
was much less responsive to Des-CIC with only 204 differentially 
responsive genes in common with DEX treated animals with 194 
and 2,985 genes uniquely responsive to Des-CIC and DEX, respect
ively (Fig. S3B, SI Appendix). A volcano plot depicting the unique 
regulated genes in lung and liver (Fig. S3D; SI Appendix) highlights 
the higher response of lung vs. liver to systemic Des-CIC treat
ment of neonates.

Late fetal and neonatal lung mesenchymal cells play a major 
role in the lung maturation properties of GCs (27–29), a feature 
of relevance to the immature lung of premature infants (30). To 
compare the DEX and Des-CIC transcriptional response in single 
cell type that promotes lung maturation, we performed genome- 
wide microarray transcriptome analysis with mouse primary fetal 
(i.e. E18.5) lung fibroblasts (PFLF) cell cultures (31) following treat
ment with saturating concentrations of DEX and Des-CIC 
(i.e. 1 µM). As shown in the heatmap, there was a high degree of 
similarity in the most highly upregulated (Fig. 3E) and downregu
lated (Fig. 3F) genes in DEX vs. Des-CIC treated PFLFs although 
there are unique genes in the PFLFs that are responsive to DEX 

Fig. 1. Differential effects of DEX and Des-CIC on growth and metabolism of neonatal rats. A) Daily weights of neonatal rats treated once daily with 
vehicle (VEH), DEX (0.5 mg/kg), or Des-CIC (1.25 mg/kg) (n = 6 per group). B) Body weight in grams prior to sacrifice at P5 (4 h following final treatment) or 
P6 (24 h following final treatment) (n = 4–8 per group). C) Serum IGF-1 levels as determined by ELISA at 4 h (P5) or 24 h (P6) following final treatment (n = 5– 
9 per group). D) Blood glucose levels at 4 h (P5) or 24 h (P6) following final treatment (n = 5–8 per group). All data are expressed as mean ± SEM. Statistical 
significance was calculated in (A) by two-way ANOVA with repeated measures followed by Dunnett’s test post hoc at the daily time points. In (B–D), 
statistical significance was determined by two-way ANOVA with Bonferroni post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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vs. Des-CIC (Fig. S3E; SI Appendix). This was further illustrated in 
volcano plots (Fig. S3F; SI Appendix). Analysis of the distribution of 
fetal lung cell types expressing differentially regulated target 
genes by DEX vs. Des-CIC showed similar responses in matrix/my
ofibroblasts and airway epithelium, but a greater response of 
Des-CIC in distal lung epithelium and vascular endothelial cells 
(Fig. S3G; SI Appendix). In PFLFs derived from mice with a condi
tional deletion of the GR gene in lung mesenchyme, induction of 
prominent GR responsive genes was not observed following treat
ment with saturating concentrations of DEX or Des-CIC (Fig. 3G–J).

C16/17 substitutions in the D-ring of GCs drive 
unique structural signaling outcomes
As a probe of surface structure, we applied nuclear receptor affin
ity profiling (NAPing) (32) to compare the in vitro binding of the GR 
ligand-binding domain (LBD) in the presence of different GR li
gands to a set of immobilized preselected nuclear receptor inter
acting peptides, including canonical interaction motifs found in 
coactivators and corepressors. Among these peptides, 58 of 
them showed at least 2-fold increase in GR binding with DEX treat
ment, but significantly higher binding with Des-CIC (Fig. 4A). 

Fig. 2. DEX and Des-CIC suppression of proinflammatory cytokine gene 
expression. A) Paradigm for neonatal rats treated daily with VEH, DEX 
(0.1 mg/kg), or Des-CIC (1.25 mg/kg) s.c. before i.p. injection of bleomycin 
(BLEO) (1 mg/kg) for 11 consecutive days. Relative mRNA expression 
levels for B) Il-1β, C) Il-6, and D) Tnfα, compared to Actb in lung tissue of 
treated animals (n = 7–9 per group). All data are expressed as mean ± SEM. 
Relative mRNA expression levels for IL-1β (E), IL-6 (F), and IL-8 (G) 
compared to glyceraldehyde-3-phosphate dehydrogenase in A549 cells 
exposed to various treatments (n = 5 per group). All data are expressed as 
mean ± SEM. For data in (B–G), statistical significance was determined by 
Brown–Forsythe and Welch ANOVA tests with Dunnett’s T3 post hoc test. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (H–J) Naïve CD8+ T cells from 
C57BL/6 mice were differentiated into effector-like cells in the presence of 
vehicle (DMSO), 1 µM DEX, or 1 µM Des-CIC for the final 24 h in culture. T 
cells were analyzed for the expression of IFNγ and TNFα from single, live 
cells by flow cytometry. Flow data from a representative experiment are 
shown in (H) with summary data shown in (I) and (J) for IFNγ and TNFα, 
respectively 
(n = 5 per group). Data in (I) and (J) are expressed in mean ± SEM. 
Statistical significance was determined by ANOVA followed by Dunnett’s 
multiple comparison test, ****P < 0.0001.

Fig. 3. Des-CIC regulated transcriptome in neonatal rat. 
Multidimensional scaling plots for gene expression in lung (A) and liver 
(B). (C) Heatmap showing row-scaled z-scores of normalized gene 
expression. The hierarchical clustering was performed for top 1,000 
variable genes across all lung samples. The genes with similar response to 
Des-CIC and DEX are highlighted in (D) (see Fig. S3C for the gene sets 
enrichment in Reactome). Heatmaps from microarray analysis showing 
the top 50 upregulated (E) and top 50 down regulated (F) mRNAs in 
cultured mouse primary fetal lung fibroblasts (PFLFs) treated with DEX 
and Des-CIC for 6 h. Analysis of mRNA levels by RT-qPCR for Fkbp5 (G), 
Zbtb16 (H), Crispld2 (I), and Tgm2 (J) in PFLFs treated with VEH, DEX, and 
Des-CIC for 6 h in cells isolated from both wild-type (WT) and lung 
mesenchyme-specific GR-KO mice. For data in (G–J) statistical 
significance was determined by two-way ANOVA followed by Bonferroni 
multiple comparison test *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n  
= 3 per group.
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While this assay is a structural probe of ligand pharmacology, sev
eral of the peptides with the most super-agonist binding from 
Des-CIC are also physiologically validated interaction sites, such 
as the LxxLL amino acid containing peptides from NRIP1, SRC1–2, 
and PELP1 (Fig. 4B). It is remarkable that all but one of the 
DEX-interacting peptides showed greater binding to Des-CIC bound 
GR (Fig. 4C) confirming its super-agonist properties as defined by 
this in vitro assessment of its function relative to the potent GR 
agonist, DEX. This contrasts with our previously published results 
with the selective GR modulator (SEGRM), SR16424, a muscle spar
ing antiinflammatory GC, which showed many peptides with simi
lar binding as DEX, but a subset with reduced binding (Fig. 4D), 
further supporting a unique mechanism of action of Des-CIC.

To understand how substitutions to the D-ring C16/17 site of 
DEX alter the receptor’s dynamics, we performed all-atom MDS 
comparing DEX to Des-CIC and BUD. While the A-ring hydroxyl 
of DEX formed an H-bond with Q642 in the crystal structure, the 
cyclohexane of Des-CIC enforced a rotation of Q642 that shifted 
helix 8 (h8) and induced a flip in Y735 to set up a network of con
tacts between Des-CIC, Y735, and Q642 (Fig. 5A). In the MDS, we 
calculated correlation motion networks between Q642 and an 
LBD-bound SRC-2 peptide and found connections through h5–h6 
only for Des-CIC, with no connections for DEX or BUD bound GR 
LBD at a correlation threshold of 0.3 (Fig. 5B). By reducing the 

correlation threshold to 0.1, we identified correlated allosteric 
routes for all three ligands, but Des-CIC induced much shorter 
pathways (Fig. 5C) that were more directly between Q642 and 
the bound SRC-2 peptide (Fig. 5D), while DEX and BUD displayed 
longer path lengths (Fig. 5C) and more diffuse pathways (Fig. 5E 
and F).

To further study the structural mechanism of Des-CIC selective 
modulation, we measured ligand induced effects on the h8 back
bone position relative to h11 and noted substantial shifts with 
both BUD and Des-CIC, but significantly greater shifts with 
Des-CIC compared to BUD (Fig. S4A; SI Appendix). The cyclization 
of the C16 and C17 with Des-CIC and BUD prevented the H-bond 
with Q642, but BUD showed a biphasic distribution of Q642 posi
tions relative to the ligand, while with Des-CIC Q642 was uniform
ly further away (Fig. S4B; SI Appendix). There were also differences 
in the distribution of Y752 relative to the ligands, with Des-CIC 
showing greater population of a closer conformer (Fig. S4C; SI 
Appendix). These observations highlight how relatively small dif
ferences between the BUD propyl group and Des-CIC cyclohexane 
drive conformational differences that are propagated to the coac
tivator binding surface.

The unique predicted GR LBD conformation adopted in response 
to Des-CIC relative to BUD binding was surprising given their chem
ical similarity (i.e. a bis-oxy substitution at C16/17; Fig. S1; SI 

Fig. 4. Des-CIC is a GR super-agonist. A) Violin plots showing in vitro interaction of GR LBD-bound by DEX or Des-CIC with 58 coregulator peptides (i.e. >2 
Log2 fold change). Lines show median and quartiles. L2FC, Log2 fold change. *Student’s paired t-test for differences in peptide interactions between DEX 
vs. Des-CIC bound GR LBD, P = 1.2 × 10−10. B) Selected peptide interactions between DEX vs. Des-CIC bound GR LBD. Mean ± SEM, n = 3. C) Individual 
peptide binding data from (A). D) Peptide binding data of DEX-bound GR LBD compared to binding with a muscle sparing dissociated GC, SR16424 
(previously published (33)).
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Appendix). Des-CIC and BUD also have comparable pharmacoki
netic properties in humans (e.g. fatty acid esterification in liver) 
and therefore may be predicted to have a similar safety profile in pre
term infants (34). Thus, we examined various outcomes in neonatal 
rats given systemic (s.c.) BUD. Surprisingly, unlike Des-CIC but simi
lar to DEX, BUD treatment of neonatal rats led to reduced somatic 
growth (Fig. S5A and B; SI Appendix) and IGF-1 levels (Fig. S5C; SI 
Appendix) as well as hyperglycemia (Fig. S5D; SI Appendix). BUD 

effectively promotes GR transactivation in lung as demonstrated 
by the induction of Fkbp5, Gilz, and Per1 (Fig. S5E–G; SI Appendix).

Discussion
GC pharmacotherapy is widely used for many diseases with an in
flammatory component, but their efficacy is often counterbal
anced by many adverse side effects (35). Thus, considerable 

Fig. 5. Structural basis of Des-CIC selectivity in GR LBD conformational changes and allostery. A) Detailed crystal structure of section of GR LBD (pink) 
bound to Des-CIC (pink) superposed with GR LBD (gray) bound to DEX (not shown). Arrow indicates difference in position of Q642. B) Network analysis of 
pathways for correlated motion between Q642 and a peptide from the SRC-2 histone acetyl transferase for Des-CIC bound GR LBD. Red edges indicate 
pathways of allostery with correlation ≥ 0.3, and the weight of the edges signifies strength of correlation. C) Histogram showing suboptimal path lengths 
with the indicated ligands at correlation threshold ≥0.1. Network analysis of pathways for correlated motion with correlation threshold ≥0.1 with GR LBD 
occupied by Des-CIC (D), DEX (E), or BUD (F).
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resources and studies have been devoted to the development of 
SEGRMs, which would maintain potent antiinflammatory action 
but have limited systemic adverse effects. While some SEGRMs 
have progressed to clinical trials (35–38), none have been ap
proved for use in humans except for the partial agonist vamoro
lone for the treatment of adults and children with Duchenne’s 
muscular dystrophy (39). The efficacy and safety profile of vamor
olone is a result of its potent transcription repression properties 
but limited ability to transactivate GR, features of a classically de
fined “dissociated” GR agonist (40). Detailed structural and in vitro 
peptide binding assays demonstrated the partial agonist activity 
of vamorolone (41). Based upon results presented herein, we pro
pose that Des-CIC could have SEGRM activity and provide an ef
fective pharmacotherapeutic option for chronic lung disease in 
preterm infants with a safety profile that exceeds the current 
GCs commonly used in this population, i.e. DEX and BUD. The in
duction of proinflammatory cytokines by treatment of neonatal 
rats with bleomycin is abolished to the same extent by coincident 
systemic Des-CIC or DEX treatment. However, the adverse effects 
of DEX in neonatal rats that mimic those observed in preterm in
fants treated with GCs, i.e. hyperglycemia, and growth suppres
sion (6, 7), were not triggered by Des-CIC.

Des-CIC is currently not an approved FDA drug for systemic 
treatment but the prodrug from which it is derived, CIC, is ap
proved for use in children either by inhalation for asthma or by in
tranasal delivery for allergic rhinitis (9). The organ restricted 
metabolism of CIC (10) and its limited bioavailability (13, 15) pro
vides one level of safety that could allow for effective antiinflam
matory doses of CIC to be delivered by inhalation (42) to preterm 
infants to prevent and or treat emerging BPD and prove more ef
fective than inhaled GCs used to date, which have either not pro
ven to be particularly effective for BPD treatment (43) or 
associated with increased mortality (44). The ability of Des-CIC 
to bind to or activate the mineralocorticoid receptor has not 
been tested but seems unlikely given the similarity between 
Des-CIC and DEX within the steroid A-ring (i.e. double bond be
tween C1/C2), a feature that distinguishes DEX from cortisol, a 
GR agonist that also binds and activates the mineralocorticoid re
ceptor. Furthermore, the clinical preparation of CIC (i.e. Alvesco) 
has not been found to have any mineralocorticoid activity in hu
mans (https://www.accessdata.fda.gov/drugsatfda_docs/label/ 
2012/021658s006lbl.pdf).

Although BUD and Des-CIC have very similar chemical struc
tures (i.e. bis-oxy modification at C16/17) as well as physical chem
ical and pharmacokinetic properties (45), the MDS data reveal a 
distinction in their impact on the structure and allostery in the 
GR LBD. Thus, while bulky C16/C17 substitutions on the steroid 
ring of GCs disrupt a critical H-bond interaction between bound 
steroid and Q642, the cyclohexane group that extends from the 
C16/C17 bis-oxy group of Des-CIC imparts a unique allosteric po
tential for protein interactions with the coregulator binding surface 
of the GR LBD that could contribute to the super-agonist activity of 
Des-CIC as defined by in vitro coregulator binding assays (32). The 
fact that the super-agonist activity of Des-CIC does not trigger ad
verse somatic growth and metabolic effects in neonatal rats sug
gests that the unique coregulator composition in neonatal cell 
types impacts how the Des-CIC induced GR LBD structural change 
is translated to GR transcriptional responses. The markedly differ
ent physiologic effects in neonatal rats with hyperglycemia and 
growth suppression caused by systemic BUD but not Des-CIC illus
trates how the unique GR LBD allostery imposed following Des-CIC 
binding has physiologic consequences that influence its safety pro
file. We cannot exclude the possibility that nongenomic effects of 

Des-CIC bound GR could also impact its antiinflammatory proper
ties and limit adverse systemic effects, particularly given the recent 
demonstration of the role of nongenomic GR action in its antiin
flammatory properties (46).

The pharmacokinetic properties of synthetic GCs in human 
neonates are unknown but could be influenced by low levels of 
plasma binding proteins relative to adults (47), thereby impacting 
free GC levels. This may be relevant to results from the recent 
NEUROSIS clinical trial with inhaled BUD that showed some in
creased survival without BPD in extremely preterm infants, but 
increased mortality of BUD treated infants from unknown causes 
before 2 years of age (44). BUD has limited hepatic metabolism and 
exhibits systemic absorption even following inhalation delivery 
(48, 49) with a plasma t1/2 of 1.6 h and peak concentration of 
0.7 ng/mL (∼2 nM; KD = 1.32 nM) in plasma following delivery by 
inhalation in adult humans (50). Thus, inhaled BUD has the poten
tial to promote adverse metabolic and growth suppression via ac
tivation of GR in tissues outside of the lung. However, if our 
studies in neonatal rats are translatable to premature infants, in
haled CIC may be a safer alternative than BUD to treat or prevent 
BPD in preterm infants, particularly using modes of delivery cur
rently being evaluated in clinical trials that seek to limit systemic 
absorption and combine GC treatment with other agents that pro
mote lung function in preterm infants (34). Furthermore, if the 
SEGRM function of Des-CIC applies beyond the neonatal stage, 
novel C16/17 modified GCs with similar impact on GR LBD struc
ture and allostery as Des-CIC (or Des-CIC itself) may hold promise 
for disease states where systemic GCs provide some therapeutic 
benefit but are limited by numerous adverse side effects.

Materials and methods
Animals
All animal experiments were conducted under the parameters of 
the NIH Guide for the Care and Use of Animals and approved by the 
Animal Care and Use Committee of the University of Pittsburgh. 
Timed-pregnant Sprague Dawley rats (Rattus norvegicus) (Charles 
River) were housed individually in standard microisolator cages 
with free access to food (Prolab Isopro RMH 3000, LabDiet) and 
water. Within 24 h of birth, pups were weighed individually across 
all treatment groups. The use of C57Bl/6 mice (Mus musculus) for 
preparation of PFLFs was approved by the Monash University 
Committee for Ethics in Animal Experimentation, Monash 
University, Australia.

GC and bleomycin treatment of neonatal rats
Rat pups starting at postnatal day P1 through P5 were administered 
vehicle (VEH) (2.5% ethanol), 0.1 mg/kg DEX (Sigma), 1.25 mg/kg 
Des-CIC (Sigma), or 1.25 mg/kg BUD (Sigma) subcutaneously (s.c.) 
daily at the nape of the neck. Pups were weighed daily prior to injec
tion. For experiments that included bleomycin (Cayman 
Chemicals), starting at P1 through P11 rat pups were administered 
VEH, 0.1 mg/kg DEX or 1.25 mg/kg Des-CIC as above, followed by an 
interparietal injection (i.p) injection of 1 mg/kg bleomycin (25). 
Tissue was collected 6 h after the last injection on P11. All pups 
were weighed daily before injections. DEX treated neonates were 
given additional injections of sterile saline as needed if showing 
signs of dehydration by using the skin turgor test.

Glucose measurements
Glucose was measured on the day of sacrifice from trunk blood us
ing the Precision Xtra Blood Glucose & Ketone Monitoring System 
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(Abbott Diabetes Care Inc) and single use test strips. Two to three 
readings were taken on each animal and the average was used for 
comparisons. As glucose measurements may be affected by the 
time of day of the reading, 4 and 6 h readings were always per
formed in the afternoon when the animals were sacrificed, and 
the order of the collection was randomized across treatment 
groups. Total time for tissue collection was 2–3 h per litter. 
Similarly, the 24 h glucose readings were always performed in 
the morning.

IGF-1 measurements
IGF-1 level were determined in serum using an ELISA kit in a 96 
well format with 5 µL of sample following instructions from the 
manufacturer (Crystal Chemical).

A549 cell cultures
Human lung epithelial A549 cells (ATCC) were plated at 250,000 in 
six well plates (Corning Costar) in Dulbecco’s Modified Eagle 
Medium/F12 containing L-glutamine (Corning) supplemented 
with 10% fetal bovine serum (FBS) (Atlanta Biologicals) and 50 
units/mL Penicillin (Sigma) and 0.5 mg/mL streptomycin 
(Sigma). After 24 h, cells were shifted to media containing 0.1% 
FBS. The media was changed again after 24 h immediately before 
treatment. Cultures were treated with vehicle (EtOH), DEX, or 
Des-CIC to a final concentration of 10−7 M for 1 h before the add
ition of 1 ng/mL IL-1β (Bio-Techne) in 0.1% bovine serum albumin 
(BSA) and phosphate buffered saline (PBS) for 6 h. The vehicle 
treated cultures was also incubated with the same volume 0.1% 
BSA in PBS. After the incubation the media was removed and 
the cells washed with Dulbecco’s phosphate buffered 
saline-MgCl2, -CaCl2 (Gibco) before RNA was extracted with 
Trizol (Invitrogen) and gene expression analyzed by RT-qPCR.

Mouse PFLF cultures
For the isolation of PFLFs, lungs were obtained from embryonic 
day 18.5 (E18.5) wild-type mice and mice with a conditional knock
out (KO) of the GR in lung mesenchyme (GRmesKO) (28). The iso
lation procedure, detailed in previous studies (31, 51), involved 
harvesting lungs and isolating fibroblasts through differential at
tachment, resulting in a population comprising 99% fibroblasts 
cultures. Fibroblast cells from each litter were treated as one bio
logical replicate (n = 1). Cells were cultured in Waymouth media 
supplemented with 10% FBS, 50 U/mL penicillin, and 50 ug/mL 
streptomycin at 37 °C in 5% CO2. PFLFs were cultured in 
Waymouth media containing 10% charcoal stripped FBS as above. 
Following overnight incubation, cells were treated for 6 h with ei
ther VEH (0.01% ethanol), 1 µM of DEX, or 1 µM Des-CIC.

Mouse T-cell isolation and treatment
Seven- to 9-week-old male and female C57BL/6 mice from the 
Jackson Laboratory (Bar Harbor, ME, USA) were maintained with 
regular chow and water ad libitum under the guidelines of the 
UF Scripps Biomedical Research Institutional Animal Care and 
Use Committee. Naïve CD8+ T cells were isolated from spleens 
and lymph nodes of mice using the EasySep Mouse Naïve CD8+ 
T-cell isolation kit (STEMCELL Technologies, Canada, 19858A) fol
lowing the manufacturer’s instructions after removing red blood 
cells using Lympholyte-M (Cedarlane Laboratories). Cells were 
cultured as previously described (52) in T-cell medium 
(Dulbecco’s modified Eagle’s medium supplemented with 10% 
FBS, nonessential amino acids, 10 mM 2-[4-(hydroxyethyl)pipera
zin-1-yl]ethanesulfonic acid, 2 nM L-glutamine, sodium pyruvate, 

arginine, aspartate, folic acid, 50 µM 2-mercaptoethanol, MEM 
vitamin solution) at 37 °C in 10% CO2 in a volume of 200 μL in 
96-well U-bottomed plates. After isolation, cells were plated at a 
density of 2 × 105 cells per well and activated with anti-CD3 (clone 
2C11, 1 μg/mL) and anti-CD28 (clone 37.51, 1 μg/mL) by precoating 
plates with 50 μg/mL goat antihamster IgG (MP 56984). After 48 h, 
the activated cells were directly resuspended, counted, and re- 
cultured at a concentration of 1 × 105 cells per well by diluting 
the cells into fresh media containing 100 U/mL recombinant hu
man IL-2 (NIH); cells were re-cultured daily. On day 5, cells were 
treated with 1 μM of compound or dimethylsulfoxide (DMSO) (ve
hicle), and on day 6, they were restimulated with 50 ng/mL 
phorbol-12-myristate-13-acetate (Sigma) and 1 μg/mL ionomycin 
(Sigma) for 2 h with the addition of GolgiStop (BD Bioscience) for 
an additional 2 h before staining. Following staining for viability 
(eBioscience Fixable eFluor780), cells were fixed and permeabi
lized using the Foxp3 staining kit (eBioscience) with anti-IFNγ 
(BioLegend APC clone XMG1.2) and anti-TNFα (Invitrogen PE/ 
Cyanine7 clone MP6-XT22). Staining was performed using fluores
cence activated cell sorting buffer (0.5% BSA, 2 mM EDTA in PBS). 
All flow cytometry data were analyzed using a BD Symphony in
strument (BD Biosciences) and FlowJo 10.10.0 software.

RNA isolation and RT-qPCR
RNA was isolated from frozen rat lung and liver by digesting tissue 
in Trizol (Invitrogen) using a Lysing Matrix in a MP Biomedicals 
FastPrep-25 5G homogenizer followed by a chloroform extraction. 
RNA was isolated from A549 cells in Trizol without the use of a 
homogenizer. cDNA was prepared by using 1,000 ng of RNA per re
action with an iScript cDNA kit (Bio-Rad). qRT-PCR analysis was 
performed using a Bio-Rad SYBR Master Mix and run on a CFX96 
Real-Time System/C1000 Touch thermal cycler using Bio-Rad 
CFX Manager 3.1 software.

RNA was isolated from PFLFs cultures following the TRIzol 
(Ambion by Life Technologies, USA) extraction protocol and 
cDNA prepared using the QuantiTect Reverse Transcription Kit 
(Qiagen, Germany). qRT-PCR was performed using the 2× 
QuantiNova SYBR Green PCR Mastermix from Qiagen (Germany) 
and the CFX96 Real-Time System/C1000 Touch thermal cycler 
from Bio-Rad (USA) with Bio-Rad CFX Manager 3.1 software used 
for analysis. Relative normalized mRNA levels were assessed us
ing the ΔΔCT method. A table of primers utilized for this study is 
provided in the Supplementary material (Table S1; SI Appendix).

RNA-seq analysis: preprocessing
The reverse stranded paired-end RNA-Seq reads were checked 
for presence of adapters and quality with FastQC (v0.11.9) 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The 
high-quality reads were trimmed for adapters with Cutadapt (v2.10) 
(https://journal.embnet.org/index.php/embnetjournal/article/view/ 
200). The trimmed reads were mapped against the Ensembl Rattus 
norvegicus reference genome (mRatBN7.2 v107, retrieved on July 
2022) (53) with HISAT2 (v2.2.1) (53). The output SAM files from 
HISAT2 were converted to binary alignment map files using 
SAMtools (v1.14) (54). Gene counts were generated with HT-Seq 
(v0.13.5) (55).

Differential expression and downstream analysis
Read counts were subsequently imported into edgeR (v3.36.0) for 
differential gene expression analysis with R (v4.1.3) (56). 
Differentially expressed genes were selected with false discovery 
rate < 0.05 and absolute log2 fold change (lfc) > 1 for comparisons 
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between two experimental conditions. Hierarchical clustering w/ 
as performed using the top 1,000 highly variable genes, with 
Euclidean distance as the metric and “complete” as the method. 
The genes in the selected clusters were uploaded to Enrichr 
(maayanlab.cloud/Enrichr) (57) for gene set enrichment and path
way analysis.

The scatter plots, Venn diagrams, volcano plots, heatmaps, and 
bar plots were generated with venndir (v0.0.21.900) (https:// 
github.com/jmw86069/venndir) Enhanced Volcano (v1.12.0) 
(https://bioconductor.org/packages/release/bioc/html/Enhanced 
Volcano.html), pheatmap (v1.0.12) (https://cran.r-project.org/ 
web/packages/pheatmap/index.html) and ggpubr (v0.4.0).

Affymetrix clariom S gene chip protocol
RNA suitable for microarray analysis required an integrity defined 
by a 260/280 absorption ration of ≥1.8 and RNA integrity value 
of ≥0.8 determined via a Bioanalyse 2100. In vitro transcription 
was performed with 100 ng of purified total RNA using the 
MessageAmp Premier Enhanced assay protocol (Fisher Scientific). 
Confirmation of cRNA diversity was performed by using a 
Nanodrop to generate an electrophoretogram for each in vitro 
transcription reaction regarding sample yield, integrity and size 
diversity against a reference RNA. Fifteen micrograms of purified, 
amplified, biotin-labeled cRNA was fragmented and hybridized 
to an Affymetrix Clariom S chip, washed in a Fluidics Station 
450, and scanned using a Scanner 3000 immediately after hybrid
ization according to manufacturer’s instructions (ThermoFisher 
Scientific 00-00079, 00-0210). Scanned microchips (in. Cel format) 
were imported in Transcription Analysis Software (ThermoFisher 
Scientific version 2.0) and compared statistically.

Microarray data analysis
Of the 22,206 genes analyzed, differentially regulated genes were 
selected at a P < 0.05 significant fold change compared to controls 
using transcriptome analysis software (TAC). Data sets were ana
lyzed for significant regulated biological pathways using 
Ingenuity Pathway Analysis software (Qiagen).

NAPing assay
The NAPing assay was performed as described previously (32) 
with the glutathione S-transferase-tagged recombinant GR LBD 
(A15668; Invitrogen) incubated with either 1 µM DEX or Des-CIC.

MDS and analysis
Initial structures used for simulation were built from two GR LBD 
crystal structures: Protein Data Bank (PDB) 4UDC (DOI: https://doi. 
org/10.2210/pdb4DUC/pdb) (DEX-bound) and 5NFP (DOI: https:// 
doi.org/10.2210/pdb5NFP/pdb) (all other states). The ligand in 
5NFP was stripped and used to dock all other ligands using 
Autodock Vina (58). Five hundred nanosecond production simula
tions were run in triplicates for each complex using AMBER as pre
viously discussed (33).

Trajectory postprocessing and analysis was performed with 
CPPTRAJ (59) and Bio3D (60). The autoimage command was used 
to recenter trajectory coordinates and strip command was used 
to remove water and ion molecules. Suboptimal paths between 
Q642 and the NCoA2 peptide were calculated with the Bio3D cna
path, with 100 paths collected for each pair of nodes analyzed at 
various correlation thresholds. Paths were visualized and illus
trated in VMD.

Statistical analysis
Data analysis was conducted with GraphPad statistical software 
(Prism, version 9). A one-way or two-way ANOVA for comparison 
of multiple groups followed by the appropriate post hoc test as 
indicated (e.g. Dunnett’s test, Tukey, Bonferroni). If the Brown– 
Forsythe indicated significantly unequal variance between 
groups, a nonparametric Kruskal–Wallis test was used (indicated 
by H statistic), followed by a Dunnett’s post hoc test. For the 
growth curve, GraphPad version 9 (Prism) was used for two-way 
ANOVA with repeated measures followed by Bonferonni post 
hoc at the daily time points. Results are presented as the mean  
± SEM.

Supplementary Material
Supplementary material is available at PNAS Nexus online.
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Data availability
All genome-wide RNA expression data (i.e. RNA-Seq, Affymetrix 
microarray) has been submitted to Gene Expression Omnibus 
(GEO), received a token number and awaiting an accession num
ber assignment. Once the manuscript is published the GEO acces
sion numbers for all genome-wide RNA expression data will be 
shared and available to the public. The programs used to analyze 
all genome-wide RNA expression data are described in detail and 
referenced in the Materials and methods section. The codes used 
for MDS analyses from publicly available protein structures are 
also described in detail and cited in the Materials and methods 
section. No unique materials were generated by studies described 
in this manuscript.
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