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BACKGROUND: Postnatal systemic corticosteroids reduce the risk of bronchopulmonary dysplasia but the effect depends on
timing, dosing, and type of corticosteroids. Animal studies may provide valuable information on these variable effects. This
systematic review summarizes the effects of postnatal systemic corticosteroids on lung development in newborn animals.
METHODS: A systematic search was performed in PubMed and Embase in December 2022. The protocol was published on

PROSPERO (CRD42021177701).

RESULTS: Of the 202 eligible studies, 51 were included. Only newborn rodent studies met the inclusion criteria. Most studies used
dexamethasone (98%). There was huge heterogeneity in study outcome measures and corticosteroid treatment regimens.
Reporting of study quality indicators was mediocre and risk of bias was unclear due to poor reporting of study methodology. Meta-
analysis showed that postnatal corticosteroids caused a decrease in body weight as well as persistent alveolar simplification.
Subgroup analyses revealed that healthy animals were most affected.

CONCLUSION: In newborn rodents, postnatal systemic corticosteroids have a persistent negative effect on body weight and lung
development. There was huge heterogeneity in experimental models, mediocre study quality, unclear risk of bias, and very small

subgroups for meta-analysis which limited firm conclusions.

Pediatric Research; https://doi.org/10.1038/s41390-024-03114-6

IMPACT:

® Postnatal corticosteroids reduce the risk of bronchopulmonary dysplasia but the effect depends on timing, dosing, and type of
corticosteroids while the underlying mechanism of this variable effect is unknown.
® This is the first systematic review and meta-analysis of preclinical newborn animal studies reviewing the effect of postnatal

systemic corticosteroids on lung development.

® |n newborn rodent models, postnatal corticosteroids have a persistent negative effect on body weight and lung alveolarization,

especially in healthy animals.

BACKGROUND

Postnatal corticosteroids in preterm infants are used to prevent
and/or treat developing bronchopulmonary dysplasia (BPD)." BPD
is a chronic lung disease and the most common complication of
preterm birth.2 It is characterized by an arrest in alveolar and
pulmonary vascular development and is accompanied by long-
term pulmonary and neurological sequelae* Acute and/or
chronic inflammation is considered the most important risk factor
in the multifactorial etiology of evolving BPD, while chorioamnio-
nitis, oxygen therapy, postnatal sepsis, and mechanical ventilation
are the most common causes for this inflammatory response in
preterm infants.>™® The rationale for postnatal systemic corticos-
teroid administration to attenuate the inflammatory process and
subsequent development of BPD seems therefore plausible.’
Although randomized controlled trials in humans have shown that
systemic corticosteroids can reduce BPD, the reported treatment

regimens according to (inter)national guidelines are highly
variable and the treatment effects seem to be related to patient
characteristics and type, timing, and dose of corticosteroids.'®'*
In addition, studies have shown an increase in neurodevelop-
mental complications in preterm infants exposed to postnatal
corticosteroids, indicating that corticosteroids can have a negative
effect on the developing brain and other organs.>'*~'” The
underlying mechanism for these inconsistent effects of corticos-
teroids is poorly understood.

Over the last decades, multiple animal studies have been done
to investigate the effects of postnatal corticosteroids on lung
development and in most of these studies in-depth microscopic
analyses of whole lungs were performed, something that is not
feasible in human studies. The results of these animal studies
might provide insight into underlying mechanisms of why the
treatment effects of corticosteroids are so variable in preterm
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infants. In order to optimize the interpretation of these studies, a
systematic review is urgently needed.'® Therefore, the aim of this
systematic review and meta-analysis was to identify, appraise,
and summarize all current literature on the effects of the
different types and regimens of postnatal systemic corticoster-
oids on lung development in healthy and diseased newborn
animal models.

METHODS

Protocol and registration

The review methodology for this work was pre-specified in a
protocol registered at PROSPERO (CRD42021177701). The follow-
ing amendments to the review protocol were made: (1) inclusion
of research using systemic corticosteroids only; (2) we adjusted our
method for duplicate outcome data extraction because of limited
resources (see below). This review is reported according to PRISMA
guidelines (see Supplement 1 for the completed PRISMA
checklist)."

Search strategy and study selection process

A comprehensive search was performed in PubMed and Embase
(via Ovid) to identify all published animal studies investigating the
effects of postnatal corticosteroids on lung development.
Databases were searched for published articles from inception
until December 27th, 2022. The search strategy included the
components “animal”, “corticosteroids”, “lung”, and “newborn
animal”. The full search strings can be found in Supplement 2.
Articles were included if the study was an original full-length
paper reporting unique outcome data on lung development in
newborn mammals receiving postnatal systemic corticosteroids
before complete alveolarization. Studies were excluded when: (1)
publication types were other than a full-length research article
(e.g., reviews and conference abstracts), (2) the study was not
performed in mammals, (3) no postnatal corticosteroids were
administered, (4) there were no outcomes related to lung
development or lung injury reported, or animals were terminated
within 24 h after treatment, (5) corticosteroids were administered
after complete alveolarization, (6) a non-prematurity related lung
disease model was used (e.g., persistent pulmonary hypertension
of the neonate, congenital diaphragmatic hernia or meconium
aspiration syndrome), (7) there was an unsuitable co-intervention
or co-morbidity (e.g., artificial placenta), or (8) the full text was
unavailable. All reference lists of retrieved articles were searched
for additional studies, which did not lead to any new articles. No
language restriction was applied. Inclusion of eligible articles was
done in two phases in Rayyan (https://www.rayyan.ai): first
screening for eligibility based on title and abstract and a second
screening for final inclusion based on the full text. In both phases,
two reviewers (IL and RV) independently performed the study
selection. In case of discrepancies, a third reviewer (MvT) was
consulted.

Study characteristics and outcome data extraction

We extracted the following characteristics from the included
studies: animal species and strain, age at the start of the
experiment and at the start of corticosteroid treatment, sex,
model for lung injury (if applicable), type of corticosteroid,
duration of treatment, route of administration, frequency, dose,
age of termination, and co-interventions (if applicable). Study
characteristics were extracted by one reviewer (IL).

We extracted the mean, standard deviation, and sample size (n)
for the control and treated groups for the following outcome
measures: all-cause mortality, body length and -weight, lung
volume, -weight, -morphometry, -inflammation, -function, -pro-
liferation, -matrix, and vascular morphometry. Outcome data
displayed in figures were extracted using ImageJ if no numerical
data were available.?°
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Risk of bias and quality assessment

We assessed the reporting quality of five key quality indicators
(“yes” versus “no”), namely any randomization, any blinding, a
sample size or power calculation, a conflict of interest statement,
and any apparent experimental unit of analysis error (eg.,
assigning treatment to a litter, while using individual pups as
the unit of analysis). Risk of bias was assessed using SYRCLE's risk
of bias tool for animal studies.?' Risk of bias for each bias domain
was classified as “low”, “high”, or “unclear”. To be classified as low
risk of bias for baseline characteristics, the supplier and strain of
the animal, (ratio of) sex, and weight at the start of the experiment
had to be specified. Both assessments were performed indepen-
dently by two reviewers (IL and MvT), with consultation of a third
reviewer (KW) in case of discrepancies. The assessors were not
blinded to the names of the authors during this process.

Data synthesis and statistical analyses

Meta-analyses were performed using Review Manager 5.4 (The
Cochrane Collaboration, Copenhagen, Denmark) on all outcomes
reported in @ minimum of five studies. All meta-analyses were
performed by computing the standardized difference in means
(SMD) with the corresponding 95% confidence intervals (Cl) to
account for the differences between species and different units of
measurement. Data were pooled using a random effects model in
all analyses, accounting for anticipated heterogeneity. Hetero-
geneity was assessed and reported as the /> statistic. Subgroup
analyses were performed post hoc and a minimum of three
studies per subgroup was required. The subgroup injury included
animals that were exposed to hyperoxia, lipopolysaccharides
(LPS), or bleomycin. Exposure to retinoic acid was not injurious
hence those animals were categorized as healthy. To differentiate
between acute and chronic effects of corticosteroids on lung
development, subgroup analysis based on age at evaluation of
these effects was performed. Peak alveolarization was taken as the
cut-off for this subgroup, which is around postnatal day 15 in
small rodents.?*?* For outcomes that did not meet the threshold
for meta-analysis a descriptive synthesis was performed. We
aimed to assess publication bias using visual inspection of funnel
plots for all analyses containing =20 studies; however, for none of
the outcomes this threshold was reached. No sensitivity analyses
were performed.

RESULTS

Study selection

A total of 10,409 articles were retrieved by the search on
December 27th, 2022. After deduplication, a total of 3909 unique
articles were screened based on title and abstract. The majority
(n=132) of the 202 articles eligible for full-text screening were
excluded due to the administration of corticosteroids after
complete alveolarization. A total of 51 studies were included in
this review, which were all in English and published between 1985
and 2022 (Supplement 3).2*7*

Study characteristics
Study characteristics and outcome measures are described in
Table 1. Although the search included all newborn animals, only
rodent studies met the inclusion criteria; 39 studies used rats
(76%), 11 used mice (22%), and one used guinea pigs. We found
substantial differences in study design regarding the start of
corticosteroid treatment, route of administration, duration, and
frequency of treatment, and length of follow-up. Some studies
compared multiple time points at which treatment was initiated,
multiple durations of treatment, and/or multiple doses. As a result,
a total of 87 treatment protocols were identified. Dexamethasone
was the most frequently used corticosteroid (98%).

In the majority of protocols, corticosteroids were administered
subcutaneously (65%), followed by intraperitoneal injection (24%).
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Outcome
measures

Age at
evaluation of
outcome
measure (PND)

intervention

Lung injury
model or co-

Route of GC Dose of GC
administration (cumulative)

Frequency of GC
administration

Type
of GC

GC treatment

Duration of
(days)

Start of GC
treatment
(PND)

continued

Publication

Table 1.
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F, Morp,
Mort

Hyperoxia 18

0.4 or 4 or 20 mcg/g

S.C.

Daily

Dexa

14

Ohtsu”"

L, LV, Morp

RA, 2 different
mouse strains

4 mcg

S.C.

Daily with 2 non-
injection days

Dexa

10

Stinchcombe”?

Morp, V

10, 14

HO-1 knockout

7 or 11 or 2.75 mcg

S.C.

Daily

Dexa

7, 11

Zhuang”?

Guinea pig

I, L, LW, Mort

3,57

Prematurity,
Hyperoxia

30 mcg/g

S.C.

Daily

Dexa

Town’*

GC glucocorticoid, PND postnatal day, NR not registered, Dexa dexamethasone, HCS hydrocortisone, BMS betamethasone, MPS methylprednisolone, s.c. subcutaneous, ip. intraperitoneal, i.v. intravenous, i.m.

intramuscular, RA retinoic acid, rhKGF recombinant human keratinocyte growth factor, LPS lipopolysaccharide, HO-1 heme oxygenase-1, P proliferation, L body length or -weight, LV lung volume, Morp lung

morphometry, Ma lung matrix, / lung inflammation, Mort mortality, SP-A surfactant protein A, F lung function, V pulmonary vascular morphometry, LW lung weight.

.M. Lok et al.

Two studies did not report the route of administration.3®%" Six
studies started corticosteroids at multiple time points, resulting in
a total of 64 different age cohorts. In 73% of cohorts,
corticosteroids were started in the first 4 days of life, and 86%
of protocols started within the first week of life. One study did not
report the age at which corticosteroids were started.>*

The studies that used a weight-based cumulative dose
administered a range from 0.02 ug/g to 100 pg/g. In forty-five
protocols a standard cumulative dose ranging from 0.4 pug to
75 ug was used. The total number of doses varied between a
single dose (35% of studies) up to 14 doses. Twelve studies (24%,
nineteen protocols) used tapered doses of corticosteroids. In one
study, corticosteroids were administered via breastmilk, which
resulted in a plasma concentration of ~15ng/ml in the newborn
animals.>

Fifteen studies (31%) used a lung injury model to study the
effects of corticosteroids. Ten studies used hyperoxia, while three
studies used either hypoxia, intraperitoneal bleomycin, or intra-
amniotic LPS3%3537 One study used a double hit model
combining prenatal LPS and hyperoxia, whereas another study
in guinea pigs combined prematurity with hyperoxia.>””* All other
studies made use of healthy newborn animals. Twelve studies
(24%) used retinoic acid as a co-intervention.

Reporting of study quality indicators

The overall reporting of key study quality indicators was mediocre
(Fig. 1a). Of the 51 included studies, 32 (63%) mentioned the term
randomization at any stage of the experiment and nine studies
(18%) reported blinding during any phase of the experiment. In
most cases, only the outcome histology assessment was blinded.
Only one study reported a power calculation to justify the sample
size.” A conflict of interest statement was reported in thirteen
studies (25%). Forty-one studies (80%) had an error in the
experimental unit of analysis, most often because treatment was
assigned per litter or not reported, while in the analysis the
individual pups were used as the experimental unit.

Risk of bias

In most studies, multiple risks of bias domains were assessed as
unclear (Fig. 1b) due to poor reporting of the study methodology.
Five studies (10%) had groups with similar characteristics at
baseline, while all other studies were assessed as unclear. Fifteen
studies (29%) used some form of random selection during
outcome assessment, there was some form of blinding in nine
studies (18%), and the risk of attrition bias was high in six studies
(12%). Three studies (8%) were assessed as high risk for selective
outcome reporting.>***”! Furthermore, two studies were assessed
as high risk for other bias.>>”"

Outcome assessment

A description of the outcome mortality can be found in
Supplement 4. We were unable to identify five or more studies
reporting on similar outcome measures for lung inflammation,
-function, -proliferation, -matrix, or vascular morphometry. There-
fore, no meta-analysis could be performed for these outcomes
and because of heterogeneity between these studies, no pattern
in these outcomes could be found.

Meta-analyses
All meta-analyses and subgroup analyses can be found in Table 2.

Body weight (growth). Meta-analysis showed that newborn
animals exposed to corticosteroids had a decrease in body weight
compared to controls (SMD —1.72 [95% CI —2.08, —1.35], p < 0.01,
> =85%, 22 studies; 88 comparisons; 1487 animals). Subgroup
analysis for age at evaluation of outcome showed a larger
decrease in body weight in newborn animals analyzed before
15 days of age (Supplement 5, subgroup difference p < 0.00001,

SPRINGER NATURE
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Any randomization

Any blinding

Power / sample size calculation

Conflict of interest statement

Experimental unit of analysis error

Allocation sequence (selectior

Il Not reported
B Reported

I
0%

T T T 1
25% 50% 75%  100%

B Low

Allocation cor 1ent (

Similar baseline (selectior

Il High

Random housing (performance)
Blinding caregivers/investigators (performance)

Random ion outcome

£+ Unclear

ion)

1t (detection)

1ent (¢

Blinding outcome

Incomplete outcome data (attrition)

Selective outcome reporting (attrition)

Fig. 1

————

0%

I I I 1
25% 50% 75%  100%

Study quality and risk of bias. Key indicators of study quality (a) and risk of bias assessment (b) using SYRCLE's risk of bias tool for

animal studies.?’ The type of bias assessed with each signaling question is indicated between brackets.

> =97.1%). There was no subgroup difference in the effect of
corticosteroids between healthy newborn animals and newborn
animals with lung injury (Table 2).

Lung volume and -weight. There was no effect of corticosteroids
on lung volume and lung weight, nor was there an effect of
corticosteroids on lung volume based on age at evaluation of
outcome (Table 2). Due to a lack of studies no subgroup analysis
was possible for the subgroup age for lung weight, nor was it
possible for the subgroup healthy versus injured newborn animals
for both lung weight and -volume.

Radial alveolar count (RAC). RAC is a measure of the number of
alveoli. Meta-analysis showed that corticosteroid treatment
resulted in a decrease in RAC compared to the control group
(SMD —2.04 [95% Cl —2.93, —1.16], P < 0.01, I* = 90%; 11 studies;
35 comparisons; 513 animals). Subgroup analysis based on age at
evaluation of outcome showed no differences. However, subgroup
analysis based on health status showed a larger reduction in RAC
in healthy newborn animals compared to newborn animals with
lung injury (Fig. 2, test for subgroup difference P < 0.0001,
? =93.5%).

Alveolar mean chord length (L,,). L., is a measure of the acinar air
space complex (alveoli and alveolar ducts combined). Meta-
analysis showed that corticosteroid exposure increased L, (SMD
2.14 [95% Cl 142, 2.86], P<0.01, P=81%; 13 studies; 40
comparisons; 455 animals). A subgroup difference was found
based on age at evaluation of outcome (test for subgroup
difference, P < 0.01, * = 88.2%) showing that analysis after 15 days
of age revealed a more profound increase in L., than analysis
before 15 days. Furthermore, subgroup analysis comparing the
effect of corticosteroids in healthy versus injured newborn animals
showed that corticosteroids had no effect on L, in the injured
group (Fig. 3, test for subgroup difference, P < 0.01, * = 94.5%).

Wall thickness. Wall thickness is a measure of the width of inter-
alveolar septal walls. Overall, meta-analysis showed no difference

SPRINGER NATURE

in wall thickness between newborn animals exposed to corticos-
teroids or the control group. A subgroup difference was however
found based on age at evaluation of outcome showing a larger
decrease in wall thickness in newborn animals analyzed before 15
days of age compared to analysis after 15 days (test for subgroup
difference, P =0.03, = 78.3%). Subgroup comparison based on
health status was not possible due to a paucity of study data
(Table 2).

Airspace volume and lung surface area. No apparent effect of
corticosteroid treatment was found for the outcome airspace
volume. Subgroup analysis based on age at evaluation of outcome
did not change this finding while subgroup analysis based on
health status was not possible due to a lack of study data. For lung
surface area meta-analysis showed that surface area was
decreased in newborn animals exposed to corticosteroids
compared to controls (SMD —1.51 [95% ClI —2.09, —0.93],
p <001, > 75%, 13 studies; 45 comparisons; 433 animals). No
subgroup differences based on age at evaluation of outcome or
health status were found for lung surface area (Table 2).

DISCUSSION

This systematic review provides insight into the size, variability,
and validity of the preclinical evidence of the effects of postnatal
systemic corticosteroids on lung development in newborn animals
in order to support its use in preterm infants at risk of BPD. Overall
study quality was mediocre and the risk of bias was unclear in all
domains because of poor reporting. Meta-analyses showed that
corticosteroids in healthy conditions had a negative impact on
lung development as well as on body weight of newborn animals.
Administration of corticosteroids to healthy animals resulted in
alveolar simplification shown as a persistent decrease in the
number of alveoli (RAC) and surface area, a persistent increase in
L, and an early transient decrease in alveolar septal wall
thickness. Conversely, in animals with lung injury corticosteroids
appeared to have little effect on most outcomes; RAC and surface
area did not decrease, nor did L, increase compared to newborn
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Meta-analysis of the outcome RAC, subgrouped by healthy versus injury

Corticosteroid Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Healthy
Blanco 1989-PND14 9.9 277 3 202 364 3 2.6% -2.55 [-5.48, 0.39] —
Blanco 1989-PND60 25.8 6.58 3 608 741 3 2.0% -4.09 [-8.35, 0.17] e
Blanco 1993-PND28-NORM 42.2 4 5 423 3 5 3.4% -0.03 [-1.27, 1.21] -+
Garber 2006-PND15-CSO 6.6 0.37 3 8.7 0.56 3 2.2% -3.54 [-7.31, 0.23] —_—
Garber 2006-PND15-RA 8.9 0.56 3 116 037 3 1.8% -4.55[-9.23, 0.13] —
Garber 2006-PND30-CSO 73 075 3 8.8 0.56 3 2.9% -1.81[-4.19, 0.56] o
Garber 2006-PND30-RA 8.5 0.37 3 8.9 0.19 3 3.1% -1.09 [-3.00, 0.83] b
Garber 2006-PND37-CSO 7.7 0.4 4 93 02 4 2.4% -4.40 [-7.73, -1.07] —_—
Garber 2006-PND37-RA 8.9 0.6 4 106 0.2 4 2.7% -3.31 [-5.97, -0.64] —_
Garber 2006-PND52-CSO 7.8 0.2 4 94 02 4 1.7% -6.96 [-11.94, -1.98] —_—
Garber 2006-PND52-RA 9.2 0.2 4 9.7 02 4 3.0% -2.17 [-4.21,-0.14] —
Ishikawa 2022-CON 1122 134 5 13.37 0.69 5 3.2% -1.82[-3.43, -0.21] -
Liu 2007-PNDO3 49 0.14 20 46 0.11 20 3.5% 2.34[1.51, 3.16] -
Liu 2007-PNDO5 6.62 0.19 20 6.45 0.15 20 3.6% 0.97[0.31, 1.63] -
Liu 2007-PNDO7 6.95 0.18 20 722 o021 20 3.6% -1.35 [-2.05, -0.66] -
Liu 2007-PND10 8.03 0.18 20 902 0.19 20 3.3% -5.24 [-6.60, -3.88] -
Liu 2007-PND14 8.47 0.12 20 10.05 0.16 20 2.8% -10.95 [-13.55, -8.35] —_
Liu 2007-PND21 8.78 0.12 20 10.53 0.31 20 3.2% -7.30[-9.09, -5.50] -
Massaro 1996-PND14-CON 3.8 0.52 3 173 0.87 3 0.3% -15.07 [-29.71, -0.43]
Massaro 1996-PND14-RA 11.8 0.52 3 268 4 4 2.3% -4.05 [-7.60, -0.51] —_—
Massaro 2000-PND37-CON 15.1 3.7 7 421 882 6 3.0% -3.84 [-5.91, -1.76] _
Massaro 2000-PND37-RA 215 6.09 7 592 476 7 2.6% -6.46 [-9.47, -3.45] —_
Ross 2007-CON 5.4 0.4 4 5.6 1.2 4 3.3% -0.19 [-1.59, 1.20] -+
Ross 2007-RA 4.6 0.6 4 5.9 1.2 4 3.2% -1.19[-2.80, 0.42] —
Zhuang 2010-WT-PND14 6.73 0.76 3 1165 1.03 3 1.9% -4.35 [-8.84, 0.15] —
Subtotal (95% CI) 195 195 67.6% -3.07 [-4.29, -1.85) ’
Heterogeneity: Tau? = 7.60; Chi? = 293.86, df = 24 (P < 0.00001); 12 = 92%
Test for overall effect: Z = 4.94 (P < 0.00001)
Injury
Blanco 1993-PND28-HYP 315 3 5 302 2 5 3.4% 0.46 [-0.81, 1.73] T
Ishikawa 2022-BLEO 11.65 0.83 5 9.07 134 5 3.2% 2.09[0.38, 3.80] —
Kim 2019-PND08-BMS-HYP 41 0.53 7 53 0.73 6 3.3% -1.78 [-3.14, -0.41] —_
Kim 2019-PND08-VEH-HYP 45 0.49 6 6.2 1.31 5 3.3% -1.64[-3.11,-0.18] -
Kim 2019-PND14-BMS-HYP 3.2 0.89 5 41 0.73 6 3.4% -1.02 [-2.32, 0.28] -
Kim 2019-PND14-VEH-HYP 39 122 6 49 112 5 3.4% -0.78 [-2.03, 0.48] -
Ozer-Bekmez 2022-PND22-DEX 8.7 25 13 52 241 4 3.4% 1.37[0.13, 2.61] [
Ozer-Bekmez 2022-PND22-HCS 9.1 25 13 52 241 4 3.4% 1.53[0.26, 2.79] —
Ozer-Bekmez 2022-PND22-MPS 8.9 25 13 52 241 4 3.4% 1.45[0.20, 2.70] —
Zhuang 2010-KO-PND14 4.82 0.3 3 732 078 3 2.3% -3.38 [-7.02, 0.25] _
Subtotal (95% Cl) 76 47 32.4% 0.02 [-0.93, 0.97] 4
Heterogeneity: Tau? = 1.74; Chi? = 39.87, df = 9 (P < 0.00001); 12=77%
Test for overall effect: Z = 0.04 (P = 0.97)
Total (95% Cl) 271 242 100.0% -2.04 [-2.93, -1.16] ’
Heterogeneity: Tau? = 5.63; Chiz = 351.11, df = 34 (P <0.00001); 12 = 90% t t t t

-20 -10 0 10 20

Test for overall effect: Z = 4.52 (P < 0.00001)
Test for subgroup differences: Chi? = 15.36, df = 1 (P <0.0001), I? = 93.5%

Decrease in alveoli Increase in alveoli

Fig. 2 Forest plot of meta-analysis comparing the effect of corticosteroids on the number of alveoli (RAC) for the subgroup lung injury.
Effect size is calculated as Standardized Mean Difference (SMD), with a 95% confidence interval (95% Cl) in a random effects model. RAC radial
alveolar count, PND postnatal day, NORM normoxia, CSO cottonseed oil, RA retinoic acid, CON control, WT wild-type, HYP hyperoxia, BLEO
bleomycin, BMS betamethasone, VEH vehicle, DEX dexamethasone, HCS hydrocortisone, MPS methylprednisolone, KO knock out.

animals with lung injury but without corticosteroid treatment.
A few findings are noteworthy:

First, alveolar simplification as a result of postnatal systemic
corticosteroids in healthy newborn animals is concerning.
Hypothetically, this finding could be explained by a (temporary)
increase in lung maturation with an increase in cellular
differentiation and thinning of alveolar septal walls at the expense
of proliferation (septation), eventually resulting in a structurally
simplified and smaller lung.”>~”” Acceleration of maturation in its
broadest sense, including upregulation of surfactant production
and its release and improvement of hemodynamics is essentially
also the key rationale for the use of prenatal corticosteroids in
imminent preterm labour.”®

Second, the reduced effect of corticosteroids in newborn
animals with lung injury is puzzling. One explanation for the
absence of differences in RAC and L,,, could be the fact that lung
injury by itself, especially hyperoxia, causes alveolar simplification

SPRINGER NATURE

and corticosteroids simply do not aggravate (or ameliorate) this
effect.?® Another explanation could be that the inflicted injury is
so overwhelming that any effect of corticosteroids is completely
overshadowed. Interestingly, these different effects of corticoster-
oids in healthy and injured lungs may in part explain the results
from human randomized controlled trials, which showed that the
effect of corticosteroids on the reduction of BPD is less profound
with prophylactic treatment.'® A prophylactic treatment strategy
unavoidably includes preterm infants with less severe lung injury
(i.e., healthier lungs) who are at lower risk of a protracted course of
invasive ventilation. Hence, the reduction in days on invasive
ventilation will be modest and we speculate that instead the
direct (negative) effects of corticosteroids on lung development
will dominate and might even contribute to some form of alveolar
simplification in these infants.

Third, subgroup analysis on age at evaluation differentiated
between acute and long-term (persistence of) effects of postnatal

Pediatric Research



.M. Lok et al.

Meta-analysis of the outcome alveolar mean chord length, subgrouped by healthy versus injury

Heterogeneity: Tau? = 3.09; Chi? = 56.30, df = 8 (P < 0.00001); I> = 86%
Test for overall effect: Z = 0.26 (P = 0.80)

Total (95% Cl) 265
Heterogeneity: Tau? = 3.49; Chi? = 207.05, df = 39 (P <0.00001); I’ =81%
Test for overall effect: Z =5.81 (P < 0.00001)

Test for subgroup differences: Chi? = 18.04, df = 1 (P <0.0001), I> = 94.5%

190 100.0%

Corticosteroid Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Healthy
Clerch 2004-PND37 737 1.91 3 345 069 3 0.1%  21.84[0.69, 42.99]
Fayon 2002-PND15-DEX 66.8 78.29 12 446 464 6 3.6% 0.33[-0.66, 1.31] r
Fayon 2002-PND15-HCS 511 10.74 12 446 464 6 3.6% 0.67 [-0.34, 1.68] "
Hirooka 2017-PND200 93.56 20.07 6 3474 242 6 2.9% 3.80[1.63, 5.97] -
Hirooka 2017-PND90-CHRONO 119.09 24.77 5 30.86 1.69 5 2.4% 4.54[1.70, 7.38] -
Hirooka 2017-PND90-DOSE 115.19 6.2 4 2416 0.97 4 0.3% 17.84[5.49, 30.19] -
Hirooka 2017-PND90-ROUTE 120.08 25.62 5 2465 231 5 2.4% 4.74[1.80, 7.68] -
Ishikawa 2022-CON 67.29 8.52 5 70.86 5.37 5 3.5% -0.45[-1.72,0.81] 7
Kamei 2014-PND42 83.7 6.5 4 253 241 4 0.8% 10.51[3.15, 17.88]
Maden 2006 943 9.62 21 681 285 10 3.6% 3.13[2.01, 4.26] -
Massaro 1985-PND14-0,05 91 10.58 7 81 294 2 3.2% 0.90 [-0.77, 2.57] I
Massaro 1985-PND14-0,1 19  7.94 7 81 294 2 2.2% 4.54[1.33, 7.75] -
Massaro 1985-PND14-0,2 114 6 4 81 294 2 1.4% 4.89[-0.13,9.91] —
Massaro 1985-PND14-0,3 121 5.2 3 81 294 2 0.6%  6.36[-2.39, 15.11] T
Massaro 1985-PND14-0,4 129 10 4 81 294 2 1.5% 4.37 [-0.18, 8.92] —
Massaro 1985-PND14-0,5 123 2252 3 81 294 2 2.4% 1.65[-1.20, 4.51] I
Massaro 1985-PND28-0,1 130 3.46 3 80 5.54 3 0.6% 8.66 [0.15, 17.18] —
Massaro 1985-PND28-0,5 110  6.93 3 80 5.54 3 1.8% 3.83[-0.20, 7.85] —
Massaro 1985-PND60-0,1 124 9 9 84 49 6 2.8% 4.90[2.61,7.19] -
Massaro 1985-PND60-0,1-F 123 11.18 5 84 52 3 2.4% 3.53[0.71, 6.35] -
Massaro 1985-PND60-0,1-M 124 8 4 85 52 3 1.8% 4.68 [0.68, 8.68] —
Miyajima 2016-FVB 539 842 4 2758 284 4 2.4% 3.64[0.78, 6.51] -
Miyajima 2016-ICR-DOSE 88.34 12.41 4 2481 1.82 4 1.5% 6.23 [1.73, 10.73] I
Miyajima 2016-ICR-DURATION 83.75 7.65 4 26.28 4.43 4 1.1% 7.99 [2.32, 13.67] I
Miyajima 2016-ICR-ROUTE 92.72 7.3 4 2573 3.77 4 0.8%  10.03[2.99, 17.06]
Sahebjemi 1989-PND99-MORPHO 89 24 4 56 6 4 3.1% 1.64 [-0.15, 3.43] I~
Stinchcombe 2008-ICR-CON 100.4 15.86 13 651 277 12 3.5% 2.94[1.75,4.12] -
Stinchcombe 2008-ICR-CON-F 996 21.8 6 65.1 3.58 5 3.3% 1.92[0.37, 3.47] —
Stinchcombe 2008-ICR-CON-M 101 9.52 7 652 238 7 2.7% 4.83[2.47,7.19] -
Stinchcombe 2008-NIHS-CON 844 198 8 679 298 11 3.6% 1.22[0.21, 2.23] ™
Thibeault 1993-NORM 802 179 8 598 15 6 3.5% 1.39[0.17, 2.61] =
Subtotal (95% Cl) 191 145  69.6% 3.00 [2.23, 3.76] (]
Heterogeneity: Tau? = 2.47; Chi? = 104.69, df = 30 (P < 0.00001); I = 71%
Test for overall effect: Z = 7.66 (P < 0.00001)
Injury
Ishikawa 2022-BLEO 9448 872 5 112.87 13.35 5 3.3% -1.47 [-2.96, 0.02] =
Kim 2019-PND08-BMS-HYP 934 317 7 878 5.63 6 3.5% 1.17 [-0.05, 2.38] ™
Kim 2019-PND08-VEH-HYP 925 465 6 842 313 5 3.3% 1.88[0.34, 3.41] —
Kim 2019-PND14-BMS-HYP 839 8.05 5 769 1.7 6 3.4% 1.16 [-0.17, 2.49] I~
Kim 2019-PND14-VEH-HYP 846 857 6 736 1.56 5 3.4% 1.565[0.12, 2.99] I~
Ozer-Bekmez 2022-PND22-DEX  56.53 4.87 13 69.53 4.87 4 3.3% -2.53[-4.02, -1.05] -
Ozer-Bekmez 2022-PND22-HCS  57.34 568 13 69.53 4.87 4 3.4%  -2.09[-3.47,-0.71] -
Ozer-Bekmez 2022-PND22-MPS ~ 55.89  4.92 13 69.53 4.87 4 3.3% -2.64[-4.15,-1.13] -
Thibeault 1993-HYP 97 164 6 764 108 6 3.4% 1.37[0.06, 2.68] ™
Subtotal (95% Cl) 74 45 30.4% -0.16 [-1.40, 1.08] ¢

¢

2.14 [1.42, 2.86]

-50 -25
Decrease in chord length

o

25 50
Increase in chord length

Fig.3 Forest plot of meta-analysis comparing the effect of corticosteroids on the alveolar mean chord length (L,,) for the subgroup lung
injury. Effect size is calculated as Standardized Mean Difference (SMD), with a 95% confidence interval (95% Cl) in a random effects model.
PND postnatal day, DEX dexamethasone, HCS hydrocortisone, CON control, F female, M male, NORM normoxia, BLEO bleomycin, BMS
betamethasone, HYP hyperoxia, VEH vehicle, MPS methylprednisolone. CHRONO, DOSE, ROUTE, DURATION, and MORPHO: different

experimental protocols. FVB, ICR, and NIH: different mouse strains.

corticosteroids. This analysis showed that the decrease in body
weight and thinning of the alveolar septal walls was most notable
during peak alveolarization (<15 days of age) and resolved (septal
wall thinning) or partially came back up (body weight) thereafter
(=15 days of age). On the contrary, the effect on L, (L, increased)
was visible before 15 days of age and increased with time
(=15 days of age). The effect on surface area (decreased) was only
manifested after 15 days of age. The decrease in RAC was an early
(<15 days of age) effect that did not resolve with time. Together
these observations suggest that postnatal systemic corticosteroids
in newborn animals have an early negative impact on body
weight and lung structure that results in persistent alveolar
simplification. The effect on thinning of the alveolar walls was not
persistent and disappeared when analyzed after 15 days. This
finding seems to be in line with the clinical observation that
courses of pre- and postnatal corticosteroids improve the preterm

Pediatric Research

infant’s lung condition as revealed by a reduced need for oxygen
and respiratory support but that this effect wears off over
time.”®

Fourth, human randomized controlled trials have shown clear
evidence for a reduction in BPD with (timed and targeted)
postnatal corticosteroid treatment in preterm infants. The under-
lying mechanism for this effect is believed to be a reduction of
inflammation which improves lung condition and allows for earlier
weaning of invasive ventilation and supplemental oxygen, thereby
preventing ongoing inflammation with further lung injury and
subsequent development of BPD.° We speculate that a matura-
tional effect of corticosteroids could also be part of this underlying
mechanism especially the temporary thinning of alveolar walls.
Unfortunately, we found no evidence for either of these
explanatory mechanisms in this systematic review due to a
paucity of studies reporting on (comparable) inflammatory

SPRINGER NATURE
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markers or on alveolar wall thickness in newborn animals with
lung injury and corticosteroid treatment.

Overall, in spite of the widespread use of postnatal systemic
corticosteroids and the great clinical controversy of treating versus
withholding corticosteroids for preterm infants, we found surpris-
ingly limited preclinical research on this topic, especially the use of
corticosteroids in lung injury models. The limited number of
available studies prevented us from performing a publication bias
analysis, and it is therefore uncertain to which extent this bias may
be influencing our meta-analyses results. Furthermore, it is
important to realize that subgroup analyses are hypothesis-
generating, and further studies are needed to confirm (or reject)
our findings. The identified small amount of evidence is
tremendously heterogeneous in terms of used treatment regi-
mens, which limits our ability to assess the impact of clinically
relevant modifiers such as dose, duration, and timing of
corticosteroid efficacy through subgroup analysis or meta-
regression. Also, nearly all studies (98%) used dexamethasone,
while a recently published French cohort study showed that the
only corticosteroid given to preterm infants from 2017 to 2021
was hydrocortisone.! Comparing outcomes across studies was
equally challenging because different methods of measurement
to assess RAC, L, wall thickness, lung surface area, and airspace
volume were used among studies.

Additionally, we expected to find more common outcomes
related to inflammation, lung matrix, and lung function as
inflammation, with an imbalance in pro-inflammatory and anti-
inflammatory cytokines is assumed to play a crucial role in the
development of BPD, and compromised lung function and
impaired exercise tolerance are significant long-term sequelae in
preterm infants surviving with BPD.2%-8°

The used animal models had several limitations which
compromised their external validity for BPD as well. For example,
models combining more than two injurious insults are lacking,
while (evolving) BPD is of multifactorial origin.s'8 Also, most
studies exposed newborn animals to hyperoxia as high as 50-97%
oxygen and some used hyperoxia exposure times as long as
3 weeks, which significantly exceeds the oxygen exposure of
human preterm infants in contemporary clinical settings. Further-
more, we found only one study that exposed animals to LPS
before administering corticosteroids, while sepsis is a major risk
factor for BPD.2°

Some studies used a 10-day course of dexamethasone which
resembles the human (modified) Dexamethasone: A Randomized
Trial (DART) protocol that is used in many clinical units.®”2
However, direct comparisons of these studies with the human
situation is complex since lung development in rodents pro-
gresses much faster than in humans. A 10-day course in newborn
rats or mice comprises most saccular and half of the total alveolar
stage of lung development, while a 10-day course in an extremely
preterm infant of 26 weeks comprises only the beginning of the
saccular stage of lung development®>®° Also, more differences
exist between rodent and human lung development. For example,
while term rodents and extremely preterm infants are both born
in the saccular stage of lung development, term rodents are
surfactant sufficient while extreme preterm infants are not.2>°° We
therefore emphasize that direct comparisons of corticosteroid
treatment regimes in experimental rodent studies on lung
development to the human situation should be interpreted with
caution.

Furthermore, new BPD with alveolar simplification is of highest
risk in the most extreme preterm infants which is not well
translated in a term rodent model. latrogenic prematurity is
however possible in large (non-rodent) animals and several
research groups have studied the effects of prenatal corticoster-
oids on respiratory distress syndrome in preterm animal
models.’’"* Unfortunately, studies that administered postnatal
corticosteroids to large (preterm) animals did not meet the

SPRINGER NATURE

inclusion criteria of this systematic review because follow-up times
were less than 24 h or corticosteroids were administered intra-
tracheal instead of systemic.®*9¢

All these issues raise concerns about the translatability of the
worrying experimental findings of this systematic review. Future
preclinical studies should therefore minimize risks of bias, enhance
reporting and methodological quality, and strive for more
standardization in (measurement of) outcome parameters, corti-
costeroid treatment regimens, and lung injury models to enhance
comparability. Also, (large) animal models should represent the
current clinical setting more closely and address the multifactorial
nature of BPD in order to elucidate the delicate balance between
the detrimental and beneficial effects of corticosteroids on lung
development and BPD.

CONCLUSION
This is the first systematic review and meta-analysis of the effects
of postnatal systemic corticosteroids on lung development in
animal studies. We found that postnatal corticosteroids have a
negative effect on body weight and lung development resulting in
persistent alveolar simplification. This detrimental effect on lung
structure was mainly observed in healthy animals, which might
suggest that corticosteroids should only be considered in preterm
infants with lung injury who are at high risk of developing BPD.
We do want to emphasize that studies were extremely hetero-
geneous in design (for example for dosages and duration
of corticosteroid treatment), had unclear quality due to insufficient
methodological reporting, and used animal models not accurately
representing the clinical conditions of high-risk BPD infants.
There is a need for new preclinical studies that mimic the
current clinical situation more truly in multi-hit animal models.
Those models should investigate different regimens and types of
postnatal corticosteroids and should ideally not only focus on
short-term outcomes like lung morphology and -inflammation but
on long-term physiologic outcomes like lung function as well.
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