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Abstract
Hyperoxia�hypoxia exposure is a proposed cause of alveolar developmental arrest in

bronchopulmonary dysplasia in preterm infants, where mitochondrial reactive oxygen spe-

cies and oxidative stress vulnerability are increased. The aryl hydrocarbon receptor (AhR) is

one of the main activators of the antioxidant enzyme system that protects tissues and

systems from damage. The present study aimed to determine if the activation of the AhR

signaling pathway by prenatal administration of indole-3-carbinol (I3C) protects rat pups

from hyperoxia–hypoxia-induced lung injury. To assess the activation of protein-encoding

genes related to the AhR signaling pathway (Cyp1a1, Cyp1b1, Ugt1a6, Nqo1, and Gsta1),

pup lungs were excised at 0, 24, and 72h after birth, and mRNA expression levels were

quantified by reverse transcription-quantitative polymerase chain reaction assays

(RT-qPCR). An adapted Ratner’s method was used in rats to evaluate radial alveolar

counts (RACs) and the degree of fibrosis. The results reveal that the relative expression

of AhR-related genes in rat pups of prenatally I3C-treated dams was significantly different

from that of untreated dams. The RAC was significantly lower in the hyperoxia–hypoxia

group (4.0� 1.0) than that in the unexposed control group (8.0� 2.0; P< 0.01). When rat

pups of prenatally I3C-treated dams were exposed to hyperoxia–hypoxia, an RAC recovery was observed, and the fibrosis index

was similar to that of the unexposed control group. A cytokine antibody array revealed an increase in the NF-jB signaling cascade

in I3C-treated pups, suggesting that the pathway could regulate the inflammatory process under the stimulus of this compound.

In conclusion, the present study demonstrates that I3C prenatal treatment activates AhR-responsive genes in pup’s lungs and

hence attenuates lung damage caused by hyperoxia–hypoxia exposure in newborns.
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Impact statement
Broncopulmonary dysplasia (BPD) is

developed by preterm infants when they

are exposed to hyperoxia–hypoxia cycles.

To search new effective and innocuous

therapeutic options to decrease the

damage caused by supplemental oxygen

is one of goals in BPD treatment. In our

study, using an animal model, we have

shown a beneficial effect of indole-3-

carbinol (I3C), a cruciferous vegetable

derivative, to treat BPD. I3C can diffuse

through the placental membrane and acti-

vates the antioxidant system in fetuses.

I3C reduces the destruction of alveolar

septa and reduces fibrosis in pup lungs.

This information provides the basis for the

use of innocuous molecules contained in

plants to prevent BPD in those babies from

women with high risk to get preterm

delivery.
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Introduction

Bronchopulmonary dysplasia (BPD) is the most common
chronic respiratory disease in preterm infants and is a
major form of neonatal chronic lung disease.1 Exposure to
supraphysiological oxygen levels is a proposed cause of
alveolar developmental arrest in BPD. Intermittent periods
of hypoxia increase mitochondrial reactive oxygen species
(ROS) production and tissue vulnerability to oxidative
stress, leading to alveolar cell injury in developing lungs.
Additionally, antioxidant deficiencies and immature
defenses increase the risk of irreversible lung damage.2–4

In a neonatal murine model that mimics human infant
development, brief episodes of oxygen desaturation exac-
erbated oxidative stress during the initial stages of BPD.5

Pulmonary morphological changes, including larger alveo-
li, a decreased alveolar number, and increased interstitial
thickness, accompany the aforementioned oxidative stress
events. All these alterations are consistent with those found
in BPD in human neonates.6

One protein responsible for a cell’s antioxidant system is
the aryl hydrocarbon receptor (AhR). This molecule has
several endogenous and exogenous ligands and is located
in the cytoplasm, where it interacts with chaperones: two
90 kDa heat shock transcriptional regulators,6–9 a co-
chaperone (p23), and a single molecule of the hepatitis
X-associated protein-2.10,11 After being stimulated, the
AhR exposes a nuclear localization sequence that translo-
cates the AhR complex (formed by AhR/aryl hydrocarbon
receptor nuclear translocator) into the nucleus.12,13 Here,
the AhR dissociates and dimerizes with the AhR nuclear
translocator, activating all genes with xenobiotic response
elements.14 Most of these genes encode phase I and phase II
antioxidant enzymes, such as cytochrome P450 (CYP450)
members, glutathione S-transferase a, and NAD(P)H qui-
none reductase-1 (NQO1).15–19 Some of these genes are also
regulated by the nuclear factor erythroid-derived 2 (Nrf2)
via antioxidant response elements as a reply to oxidative
stress.20 It has been demonstrated that both adult and new-
born mice deficient in the AhR have a greater susceptibility
to lung lesions because of hyperoxia due to the low or null
expression of phase I and phase II antioxidant
enzymes.19,21,22 These results suggest that the AhR is
important in the protection of the lungs from oxygen-
induced injury.

Recently, several studies have proposed different phyto-
chemicals derived from fruits or vegetables as an adjuvant
treatment for BPD. Vitamin A is involved in the prolifera-
tion and maintenance of epithelial cells, and it is necessary
for both cellular differentiation and surfactant production
within the lung but only had a modest benefit in reducing
BPD risk among preterm infants.23 Regarding the use of
different sources of intravenous fat, a study comparing
soy oil emulsion-based with mixed oil sources failed to
reach a significant difference in the incidence of BPD; more-
over, in the study conducted by Guthrie et al. in 2017, the
soy oil emulsion-based group showed a 46% BPD inci-
dence, whereas the mixed oil-based group had a 24%
BPD incidence.24 Additionally, indole-3-carbinol (I3C) is a
cruciferous vegetable derivative that can induce phase I

and phase II drug-metabolizing enzymes, anti-oxidative
stress responses, the anti-inflammatory NF-jB signaling
pathway, and cell cycle arrest and apoptosis.25 It has been
recently reported that I3C suppresses inflammation-driven
lung cancer in mice and acts as a potent inhibitor of ische-
mia–reperfusion-induced inflammation, but this effect
has never been evaluated in the context of BPD.26 For this
reason, I3C could help to reduce the deleterious effects
observed in neonates exposed to hyperoxia–hypoxia
cycles, in which several inflammatory and anti-
inflammatory cytokines have demonstrated an important
role in the immunomodulation of lung damage.27,28

In the present study, we used a BPD rat model to deter-
mine if I3C prenatal administration would activate the AhR
signaling pathway in neonatal pups, thus protecting them
from hyperoxia–hypoxia-induced lung injury.

Materials and methods

Chemicals

I3C (I7256) was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Animals

Sprague Dawley pregnant rats (Harlan Laboratories, Bar
Harbor, ME, USA) were housed in normal conditions
with 12:12 h light–dark cycles. All animals had ad libitum
access to food and water, and body weight and food intake
were recorded daily. The animals were handled according
to the protocol approved by the Institutional Animal Care
and Use Committee at the Tecnologico de Monterrey (ID:
2015-Re-015), in full compliance with the Official Mexican
Standard (NOM-062-ZOO-1999) for the production, care,
and use of laboratory animals for scientific purposes.

Animal treatment

Pregnant rats were treated daily with I3C by oral gavage
(100mg/kg body weight) suspended in 0.5mL of corn oil
(as a vehicle) daily, starting on day 17 of gestation until
birth (day 21). Control rats from all groups received corn
oil as a vehicle. Two pregnant rats were handled simulta-
neously at the same time, starting with the control group,
then the exposed group and finally with the exposed group
treated with I3C. Pups from multiple litters were pooled
before being randomly assigned and redistributed to
dams. A total of 79 pups were divided as follows: to vali-
date the AhR activation in pup’s lungs, into a control group
(n¼ 15) and an I3C-treated group (n¼ 15); to measure an
array of cytokines in plasma, into a control group (n¼ 9,
spots by duplicates), a hyperoxia–hypoxia group (n¼ 6,
spots by duplicates), and an I3C-treated exposed group
(n¼ 6, spots by duplicates); and to test the BDP model
through histopathology, either for radial alveolar count
(RAC) or fibrosis index or both, into a control group
(n¼ 10), a hyperoxia–hypoxia group (n¼ 11), and an I3C-
treated exposed group (n¼ 7). Nurse rats were euthanized
with intraperitoneal sodium pentobarbital (150mg/kg),
according the AVMA Guidelines for the Euthanasia of
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Animals: 2013 Edition. Absence of corneal reflex and
absence of rhythmic breathing were used as a confirmatory
method of euthanasia.29 All pups were deeply anesthetized
according to guidelines published by Institutional Animal
Care and Use Committee of the University of Iowa30 at 0, 24
and 72 h after birth, and blood was extracted by intracardi-
ac puncture and lungs were dissected. These tissues were
preserved either in RNA later for RT-qPCR analyses or PBS-
formalin for histological analyses.

BPD model

BDP in neonatal rats was developed based on Ratner’s
method.5,31 From the second postnatal day, pups were
exposed to 80% oxygen in a chamber designed at the
Laboratory Center for Research and Innovation in Health
(Escuela deMedicina y Ciencias de la Salud, Tecnologico de
Monterrey). A Respironics EverFlo-OPI oxygen concentra-
tor (120v-Millennium Technology 60GHz, 3.4A) generated
the oxygen flow. An oxygen sensor (Lutron model DO-
5510HA COD meter) was installed to constantly monitor
the oxygen concentration inside the chamber. The experi-
mental model is illustrated in Figure 1. Hyperoxia exposure
was interrupted with intermittent exposure to hypoxic
stress at 10% oxygen for 10min (N2 balanced) and air at
21% oxygen for 50min to clean the cages once a day, in
continuous and intermittent episodes until the 13th day.
To reduce the use of mothers exposed to supplemental

oxygen, a nurse attended the experimental litter in
alternate 24 h shifts.

RNA isolation, cDNA synthesis, and real-time
RT-qPCR assays

The lungs stored in RNAlater were subject to total RNA
extraction using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.
RNA concentration and purity were estimated by UV spec-
trophotometry using a Nanodrop 2000 (Thermo Scientific,
Wilmington, DE, USA), and RNA integrity was assessed by
electrophoresis on 1% agarose gels stained with GelRed
(Biotium, Landing Parkway Fremont, CA, USA). Isolated
RNAwas stored at �80�C until analysis.

Then, cDNAwas prepared from 500 ng of the total RNA
using the SuperScript III First-Strand Synthesis System
(Invitrogen) according to the manufacturer’s instructions.

TaqMan Universal PCR Master Mix (Perkin Elmer,
Foster City, CA, USA) was used for the PCR analyses, in
a total volume of 20 mL containing 400pmol/L of each
oligonucleotide and 200 pmol/L of TaqMan probes. The
assays were performed in a 96-well reaction plate on a
Quant Studio 5.0 thermocycler (Applied Biosystems,
Foster City, CA, USA). Ribosomal 18S RNA was used
as an endogenous control (Applied Biosystems). The
specific primers and probes related to the AhR signaling
pathway were selected from the Thermo Scientific webpage

Figure 1. Effect of indole-3-carbinol (I3C) on newborn rat body weights. (a) Study design of the experimental model: control group (air environment: 21% O2; n¼ 10),

untreated exposed group (80%–10%–21% O2; n¼ 11), and exposed group treated with I3C (100mg/kg; 80%–10%-–1% O2; n¼ 7). For more details, see the Material

and methods section. *Dams were changed on alternate days and all control groups received daily corn oil as a vehicle. (b) Body weight gain of newborn rats was

evaluated daily for 13 days after birth. P< 0.05 control group vs. exposed group; P> 0.05 exposed group vs. I3Cþ exposed group.
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(https://www.thermofisher.com/mx/es/home/life-science
/pcr/real-time-pcr/real-time-pcr-assays/taqman-gene-expr
ession.html; Table 1). Thermal cycling was performed with
an initial incubation at 50�C for 2min and then denatured
at 95�C for 10min, followed by 35 cycles. Each cycle con-
sisted of heating at 95�C for 15 s for denaturalization and
then 1min at 60�C for annealing and extension. Each
sample was run in triplicate, and negative controls were
included in the same plate. Results were analyzed using
the comparative threshold cycle method for relative gene
expression.32

Cytokine protein array

A rat cytokine antibody array membrane (ab133992,
Abcam, Cambridge, UK) was used to detect cytokines in
plasma samples (from a pool of two or three pups) at day 6.
Arrays contain spots by duplicate for each cytokine. The
membrane was incubated for 30min at 4�C in a blocking
buffer. Then, samples were incubated on the membrane
overnight at 4�C and were washed in buffer I for 5min,
followed by two washes in buffer II (5min each). A bioti-
nylated anti-cytokine mix of antibodies (1:2 000) was added
to the membrane and incubated for 2 h. The membrane was
washed and incubated with horseradish peroxidase-
conjugated streptavidin (1:1 000) for 2 h before being incu-
bated in 500 mL of detection buffer for 2min and was then
finally exposed to Kodak BioMax Light film (Sigma) at
room temperature for 1min. The chemiluminescent signal
from bound cytokines was captured by the ChemiDoc MP
Imaging System (Bio-Rad, CA, USA) and stored as a high-
resolution TIFF image. ImageJ software was used to obtain
cytokine signal intensities.

ImageJ scripts were developed for automated spot loca-
tion and image processing. For each spot, raw intensity
values were determined as the summed signal intensity
of pixel values above a background correction threshold.
Background correction thresholds were determined for
each spot as the mean intensity values of the pixels in the
corners of the square in which each spot was inscribed.
Spot intensity values were further processed by subtracting
the mean intensity values of the blank spots corresponding
to each row. Background-corrected spot values were nor-
malized using the positive control spots’ mean intensities
found in the control membrane, which was selected as the
reference array.

Gene set enrichment analysis

A compendium of gene sets, including canonical pathways
and gene ontologies, were downloaded from MsigDB 3
(http://software.broadinstitute.org/gsea/msigdb). Gene
symbols corresponding to differentially expressed cyto-
kines were used to find enriched gene sets through a hyper-
geometric test (R’s phyper function). Gene sets were
considered enriched if they had a P value of <0.05 and at
least four genes.

Pulmonary histopathology

All the pups were deeply anesthetized and then perfused
with a formalin solution (Sigma, St. Louis, MO, USA) by
intracardiac puncture at 13th day, because is the common
timeframe of saccular to alveolar development in rats, sim-
ilar to preterm human infants.6 Next, the trachea was can-
nulated with an 18G catheter (Introcan Safety, Braun,
Germany) connected to a three-way stopcock and a central
venous pressure measuring tube (Manometer Set, Smiths
Medical, USA), which had been filled with PBS-formalin.
The lungs were gently expanded with the formalin solution
until reaching a stable pressure of 20 cmH2O. The tracheas
were ligated, and each cardiopulmonary block was
carefully dissected, excised, and immersed in a vial of
PBS-formalin and then processed for routine paraffin
embedding. Five-micrometer thick sections were obtained
from the frontal plane of both lungs. Histological findings
consistent with the microscopic description of bronchopul-
monary dysplasia were intentionally sought; i.e., alveolar
spaces enlarged by the destruction of alveolar septa,33 inter-
stitial and alveolar infiltrate of inflammatory cells such as
lymphocytes, macrophages, and neutrophils, bronchiolar
hyperplasia determined by an increase in squamous cells
that limit the internal surface of the bronchioles,34 and
defined peribronchial edema with an excessive amount of
fluid in the peribronchial interstitial tissue.35

Radial alveolar count

Digital images were obtained from sections stained with
hematoxylin and eosin using an Infinity1 camera
(Lumenera Corporation, Ottawa, ON, USA) connected to
an Axio ImagerZ1 light microscope (Zeiss Microscopy,
Oberkochen, Germany) at a magnification of 10�. In total,
560 areas were examined, 20 from each pup. The degree of
alveolarization was measured by calculating the RAC
according to the method established by Emery and

Table 1. Genes of cognate mRNAs quantified by RT-qPCR in this study.

Gene symbol Gene name Referencea

AhR Aryl hydrocarbon receptor Rn00565750_m1

Cyp1a1 Cytochrome P450, family 1, subfamily a, polypeptide 1 Rn00487218_m1

Cyp1b1 Cytochrome P450, family 1, subfamily b, polypeptide 1 Rn00564055_m1

Nqo1 NAD(P)H dehydrogenase 1, quinone 1 Rn00566528_m1

Ugt1a6 UDP glucuronosyltransferase 1 family, polypeptide A6 Rn00756113_m1

Aldh1a1 Aldehyde dehydrogenase 1 family, member A1 Rn00755484_m1

Aldh3a1 Aldehyde dehydrogenase 3 family, member A1 Rn00694669_m1

Gsta1 Glutathione S-transferase A1 (alpha-class GST) Rn01757146_m1

ahttps://www.thermofisher.com/mx/es/home/life-science/pcr/real-time-pcr/real-time-pcr-assays/taqman-gene-expression.html
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Mithal.36 An investigator blind to the study group exam-
ined the digital images twice to determine the RAC. Any
RAC values that did not match both examinations were
reviewed a third time. The RAC was evaluated as the
number of closed alveoli transected by a line drawn per-
pendicular to the terminal bronchiole toward the nearest
pleura. Histological evidence of tissue injury was positive
if one of the following was observed: (1) accumulation of
neutrophils in the alveolar or interstitial space, (2) thicken-
ing of the alveolar wall, or (3) evidence of hemorrhaging or
atelectasis.37

Mean linear intercept

Digital images of the hematoxylin and eosin stained lung
sections were obtained using an AxioCam HRm camera
(Zeiss Miccroscopy) connected to an Axio ImageZ1 light
microscope at 10� magnification. We use the semi-
automated method proposed by Crowley et al.38 to assess
the mean free distance between gas exchange surfaces
in the acinar airway complex. A set of images of 800� 600
pixels were generated; fields with not entirely tissue were
excluded. Five images per individual and three individuals

per group were included in the analysis. On average 1093
chords per image and 5469 per lung were assessed using
the protocol for semi-automated quantification using
ImageJ program with an overlaid of 20 semi-transparent
horizontal and 20 semi-transparent vertical lines. Based
on the described method, the number and size of the alve-
olar were determined.

Analysis of fibrosis

The degree of fibrosis in the lungs was evaluated using
paraffin sections stained with Masson’s trichrome.
Samples were systematically scanned in a microscope
using a 20� objective. Five fields were photographed
from each pup lung and were randomly numbered in a
blind fashion; fields predominantly occupied with portions
of large bronchi or vessels were not counted. A certified
pathologist assessed the photographs, recording the high-
est degree of fibrosis in every field according to a modified
Ashcroft scale,39 in which fibrosis was scored using a
9-grade scale. Grade 0 indicated no fibrotic burden in the
smallest fibers in the alveolar walls and normal lungs.
Grade 1 denoted isolated light fibrotic changes, a septum

Figure 2. Effect of I3C prenatal administration in relative gene expression of AhR (a), Cyp1a1 (b), Cyp1b1 (c), Nqo1 (d), Ugt1a6 (e), and Gsta1 (f) in both experimental

groups: control group (open bars; pups exposed to 21% O2; n¼ 16) and I3C group (closed bars; pups from pregnant dams administered with 100mg/kg of I3C and

exposed to 21% O2; n¼ 16). All genes were evaluated at 0, 24, and 72 h after birth in rat pup lungs. aP< 0.05, bP< 0.01, and cP<0.001.
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less than or equal to three times thicker than normal, and
alveoli partly enlarged and rarefied but without fibrotic
masses present. Grade 2 indicated clearly fibrotic changes
with a septum more than three times thicker than normal
with knot-like formations that were not connected to each
other and partly enlarged and rarefied alveoli without
fibrotic masses. Grade 3 indicated contiguous fibrotic
walls and a septum more than three times thicker than
normal. Grade 4 signified the presence of separate fibrotic
masses. Grade 5 indicated confluent fibrotic masses in
>10%, but <50%, of the microscopic fields. Grade 6
denoted the presence of fibrotic masses in >50% of the
fields. Grade 7 signified the presence of nearly obliterated
alveoli by fibrous masses but still with up to five air

bubbles. Grade 8 indicated the complete obliteration of
alveoli by fibrous masses.39

Statistical analysis

Data are expressed as mean� standard deviation.
Significance was determined by Student’s t-test or a one-
way ANOVA, followed by Tukey’s test. Differences were
statistically significant if Pwas less than 0.05. The statistical
analysis was performed using IBM-SPSS Statistics software
(version 22; IBM Corporation, Armonk, NY, USA). For
the cytokine antibody array membrane, normalized
background-corrected spot values from all the membranes
were processed using R programming language 2.

Figure 3. Effect of prenatal I3C administration on radial alveolar counts (RACs) and media linear interception (MLI) in newborn rats exposed to hyperoxia–hypoxia

cycles. Histopathological analysis in formalin-fixed rat lungs stained with hematoxylin and eosin on postnatal day 13 (magnification 10�): (a and d) control group (air

environment 21% O2; n¼ 10), (b and e) untreated exposed group (80%–10%–21% O2; n¼ 11), and (c and f) exposed group treated with I3C (100mg/kg; 80%–10%–

21% O2; n¼7). Representative images from two different rats are included. The red line, from the center of the respiratory bronchiole to the nearest interlobular septa,

counts each bisected saccule. (g) Graphic representation of mean�SEM for RAC of each group, in which the P value is depicted. (h) Graphic representation of

mean�SEM for MLI of each group, in which the P value is depicted. (A color version of this figure is available in the online journal.)
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Spot values were transformed using a log2 scale. Cytokine
differential expression between samples was calculated
using paired two-tailed t-tests. Differences among samples
were deemed significant with P values of <0.05.

Results

Effect of hyperoxia–hypoxia cycles and I3C treatment
on weight gain

To determine the effect of hyperoxia–hypoxia cycles and
I3C treatment in neonatal rats, the body weight was
recorded until day 13 of life and compared within each
age studied. We found that neonatal rats exposed to hyper-
oxia–hypoxia had a lower mean body weight (20� 1 g)
compared with control pups (25� 3 g; P< 0.05). When
pregnant dam rats were treated with I3C and pups were
exposed to hyperoxia–hypoxia cycles, the mean body
weight of the offspring was a quite similar to that of the
exposed group (22� 1 g) but they did not reach to the con-
trol group (P> 0.05; Figure 1(b)).

Activation of AhR-dependent genes by I3C

To determine if prenatal activation of AhR-dependent
genes in rat pup lungs was sustained at 0, 24, and 72h
after birth, AhR-related genes (AhR, Cyp1a1, Cyp1b1,
Nqo1, Ugt1a6, Gsta1, Aldh1a1, and Aldh1a3) were quantified
by RT-qPCR assays (Figure 2). Previously, to evaluate the
effect of corn oil on genetic expression, the expression
levels of the Ahr and Cyp1a1 genes were compared in a
group without treatment and another treated with corn
oil. No significant differences were observed between the
expression of Ahr and Cyp1a1 between the groups during
72 h of evaluation (data not shown), then the group of ani-
mals treated with corn oil was used as control in the sub-
sequent experiments. The AhR gene expression was found
to be twofold higher in the I3C group than that in the

control group at birth (P< 0.05), and this effect was
higher at 24 h, followed by a drop at 72 h (Figure 2(a)).
In a similar pattern, the Cyp1a1 gene expression increased
40-fold in the I3C group compared with that in the control
group at 24 h (P< 0.001; Figure 2(b)).

The Cyp1b1 gene expression in the I3C group exhibited
an increase at birth (P< 0.05), followed by a reduction at
24 h and a fourfold increase after 72 h comparedwith that in
the control group (P< 0.01; Figure 2(c)). The Nqo1
gene expression levels were similar at birth in both
groups; however, at 24 and 72 h after birth, these levels
were significantly higher than those in the control group
(P< 0.01; Figure 2(d)).

The Ugt1a6 and Gsta1 gene expression levels followed a
similar pattern in the I3C group, indicating a 7-fold (Figure
2(e)) and 11-fold (Figure 2(f)) increase at 72 h compared
with those in the control group (P< 0.01 and P< 0.001),
respectively. The Aldh1a1 and Aldh3a1 gene expression
levels did not differ significantly between the experimental
groups (data not shown).

These results indicate that I3C, when prenatally
administered to dams, activates AhR-dependent genes in
exposed pups.

The effect of hyperoxia–hypoxia exposure on lung
histopathology

Histopathological examination of lung sections in pups
exposed to hyperoxia–hypoxia cycles revealed histological
signs of alveolar arrest, poor alveolar septation, and
enlarged terminal air sacs (Figure 3(a) to (f)). The mean
RAC was significantly lower, as expected,5 in the exposed
group (4.0� 1.0) compared with that in the control group
(8.0� 2.0; P< 0.01; Figure 3(g)). Pups from the exposed
group treated with I3C presented an increase in the mean
RAC (6.0� 1.0) compared with untreated exposed pups
(P< 0.05; Figure 3(g)); meanwhile, the MLI was higher in
the exposed group (30.90� 0.329 mm) than control group

Figure 4. Fibrotic changes by prenatal I3C administration in the lungs of newborn rats exposed to hyperoxic–hypoxic cycles. Histopathological analysis of formalin-

fixed rat lungs stained with Masson’s trichrome on postnatal day 13 (magnification 20�): blue arrows indicate normal lung structure, and red arrows denote isolated

alveolar septa with gentle fibrotic changes. Control group (a and d) (air environment of 21% O2; n¼ 5), (b and e) untreated exposed group (80%–10%–21% O2; n¼ 5),

and (c and f) exposed group treated with I3C (100mg/kg; 80%–10%–21% O2; n¼ 5). Five fields were photographed for each pup and were randomly numbered in a

blind fashion; fields predominantly occupied by portions of large bronchi or vessels were not counted. (A color version of this figure is available in the online journal.)
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(21.74� 0.1843 mm; P< 0.01). Pups from the exposed group
treated with I3C presented a decrease in the mean MLI
(27� 0.23 mm) compared with untreated exposed pups
(P< 0.05; Figure 3(h)). Additionally, in four individual
pups of the exposed group, moderate emphysema was
found but was less common in pups from the I3C group;
it was not present in pups from the control group (data not
shown). Additionally, approximately 60% of individuals in
the exposed group presented peribronchial edemas, hem-
orrhages, interstitial or alveolar infiltrates (mainly lympho-
cytes and macrophages and rarely neutrophils), or
bronchial hyperplasia, but pups from the I3C group did
not present any of these alterations (data not shown).

In the fibrosis analysis, no field exhibited a fibrosis
degree greater than one, according to the modified
Aschroft scale (Figure 4(a) to (f)). The severity of the lesions
varied from one region to another with the spectrum of
microscopic fields ranging from normal lung to complete
fibrosis. Lung sections from control animals revealed pre-
dominately normal lung architecture (grade 0). In the expo-
sure animals group, we observed fibrosis alveolar septa,
clear fibrotic changes (septum >3� thicker than normal)
with knot-like formation but not connected to each other
lung structure; alveoli partly enlarged and rarefied, but no
fibrotic masses (grade 1), and when the animals were
treated with I3C compound they showed a pattern similar
to the control group (grade 0; Table 2). Some pups showed
cell conglomerates rather than an increase in the extracel-
lular matrix. However, further studies are needed to con-
firm this effect and whether it is dependent on the
evaluation time.

Effect of I3C on inflammatory cytokines

Additionally, to elucidate the anti-inflammatory effect of
I3C, a cytokine antibody array membrane was employed
to analyze plasma samples from pups six days after birth
(supplementary material). We choose P6 due to the equiv-
alence in the saccular stage in preterm human infants.6 The
results indicated that the expression of eight inflammatory
mediators (tumor necrosis factor-alpha (TNFa),
interleukin-13 (IL-13), vascular endothelial growth factor
(VEGF), L-selectin, monocyte chemoattractant protein 1
(MCP1), agrin, IL-1R6, and tissue inhibitor of metallopro-
teinase 1 (TIMP1) were repressed in the exposed group
compared with that in the control group; however, only
L-selectin, MCP1, agrin, IL-1R6, and TIMP1 were statisti-
cally significant (P< 0.05), and the expression of these

proteins was recovered by treatment (Figure 5(a)). Other
proteins, such as leptin and IL-4, were upregulated in the
exposed group, and they reached values of 30- and 180-
fold, respectively, in the I3C group (P< 0.05; Figure 5(b)).
Fractalkine expression was downregulated to <10% in the
exposed group and 1% in the I3C group (P< 0.05) with
respect to that in the control group. Although matrix metal-
lopeptidase 8 (MMP-8), IL-2, and IL-6 were upregulated in
the I3C group (P< 0.01), they were not modified in the
exposed group.

Discussion

This study aimed to test the hypothesis that treatment of
pregnant rats with I3C, an AhR inducer, would protect their
offspring from hyperoxia- and hypoxia-induced lung
injury. Oxygen toxicity in the lungs is mediated by ROS,
and these molecules participate in both abnormal and
normal signaling pathways, such as cell growth, differenti-
ation, and inflammatory response.40 However, when ROS
production exceeds the antioxidant capacity of the cells,
oxidative stress ensues, producing cellular and tissue
damage through lipid peroxidation, DNA damage, and
protein oxidation; thus, there are important antioxidant
enzymatic lung defenses (e.g., superoxide dismutase
[SOD], catalase, and glutathione peroxidase).40 The antiox-
idant system is relatively deficient in immature neonates,
making themmore vulnerable to oxidative stress.41 For this
reason, the activation or overexpression of these antioxi-
dant systems in the first days of life has been studied in
animal hyperoxia–hypoxia models. Overexpression of
extracellular SOD in the respiratory epithelial cells of new-
born mice exposed to hyperoxia improves survival and
preserves the proliferation of type II alveolar cells.42,43

Nevertheless, another way to activate antioxidant enzymes
is through modulation of the AhR, since its activation, also
regulated by Nrf2, increases the expression of phase I
and phase II enzymes (e.g., the CYP450 and NQO1).44

The function of AhR in rodents exposed to hyperoxia has
been previously reported. AhR-mediated signaling protects
newborn mice from hyperoxic damage by facilitating endo-
thelial and epithelial cell proliferation and thereby mitigat-
ing the disruption of alveorization and vascularization.45,46

This study confirms that I3C activates the antioxidant
system in exposed pups through the transplacental barrier,
activating AhR signaling pathway and supporting the
hypothesis that prenatal activation of protective and anti-
oxidant enzymes may play a role in oxidative stress dis-
eases. It has been found that I3C in the diet of pregnant
females results in the appearance of I3C metabolites in
the liver of mothers and neonates, provoking the induction
of the Cyp1a1 and Cyp1b1 genes.47 In addition, our results
are similar to those demonstrating the effects of other
CYP450 inducers in pups from pre-treated mice with
b-naphthoflavone (bNF) and exposed to postnatal hyper-
oxia48 as well as to those demonstrating the protective
effect of bNF in adult rats with acute lung injury.22,49

Additionally, I3C has suppressed immune cell infiltration
and pro-inflammatory cytokine production (IL-1b, IL-6,
and TNFa) in a mouse model of lipopolysaccharide-

Table 2. Main findings of fibrosis by hyperoxia-hypoxia cycles and I3C

treatment.

Group Fibrosis scoring

Control Predominately normal lung architecture.

Exposed Fibrosis alveolar septa: clearly fibrotic changes

(septum >3� thicker than normal) with knot-like

formation but not connected to each other lung

structure, alveoli partly enlarged and rarefied but no

fibrotic masses.

I3CþExposed Predominately normal lung architecture.
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induced acute lung injury.50 Hyperoxia alone has induced
Cyp1a1 and Cyp1a2 activation in the lungs and liver, prob-
ably via AhR-mediated mechanisms involving endogenous
ligands for the AhR.21,48,51

We observed that pups in both the I3C group and
exposed group had less body weight gain than those in
the control group. In this study, I3C was suspended in
corn oil (with a high n-6/n-3 ratio). Corn oil is one of the
most common vehicles used in animal studies. It is known
that this kind of oil increases the fat content and enhances
the cytochrome P-450 activity as other enzymes.52 Corn oil
could aggravate lipid peroxidation in animals because its
composition contains a high proportion of omega-6 PUFAs,
but this condition has been associated with high concentra-
tion of corn oil in the diet (more than 20%).53 Nevertheless,
the corn oil doses used in this study are comparable with a
standard diet for rodents.

The histological analysis confirmed that I3C-treated
pups that were exposed to hyperoxia–hypoxia cycles had
higher RAC and less MLI than untreated exposed pups,
demonstrating that I3C attenuates lung damage from

oxygen exposure. Moreover, a degree of fibrosis greater
than one was not found,39 possibly owing to the short dura-
tion of the experiment (12 days), since fibrosis model stud-
ies have indicated that fibroproliferation occurs 2–14days
after the insult and fibrosis is established 14–28 days later.54

In the present study, rat pups were sacrificed after 12 days
of hyperoxia–hypoxia exposure, and it is conceivable that
in this period, fibrosis was not yet established. Notably, in
the I3C-exposed group, the percentage of animals with
fibrosis was lower than that in the control group, indicating
a relationship between the AhR and transforming growth
factor beta (TGF-b) signaling pathways. Although human
and mouse TGF-b promoters do not have canonical AhR
response motifs, ligand-induced AhR activation represses
TGF-b2 transcription and induces PAI-1 and PAI-2 expres-
sion, which may further suppress TGF-b signaling, hence
diminishing fibrosis deposition.55 Another study found
that TGF-b levels are overexpressed in mouse embryonic
fibroblasts from AhR-null mice, revealing that overactiva-
tion of the AhR in mouse embryonic fibroblasts reduces the
levels of TGF-b1.56 These, and our findings, suggest that

Figure 5. Comparison of cytokine expression levels through an inflammation antibody array. The levels of cytokine expression are relative to the expression of the

control group. Membranes were probed with plasma protein extracts from control pups (white bars), pups exposed to hyperoxia–hypoxia cycles (gray bars), and pups

from the exposed group treated with I3C (black bars). (a) Quantification of the signals (spots by duplicates) of eight candidate targets for which the control group

exhibited significant downregulation compared with the exposed pups, but its expression was recovered by I3C treatment (TNFa, IL-13, VEGF, L-selectin, MCP1,

agrin, IL-1R6, and TIMP1). (b) Quantification of the signals (spots by duplicates) of six candidate targets for which expression in the untreated exposed or I3C-treated

group increased (leptin, MMP-8, IL-2, IL-4, and IL-6) or decreased (fractalkine) compared with that in the control group. aP< 0.01 and bP< 0.05.

Guzmán-Navarro et al. I3C attenuates lung injury in neonatal BDP rat model 703
...............................................................................................................................................................



activation of the AhR by I3C in newborn rats could reduce
fibrosis caused by hyperoxia–hypoxia exposure, thus
improving alveolarization. An anti-inflammatory response
of I3C was evaluated, in an exploratory way, by an array of
cytokines, including those associated with T cell subsets
and those regulated by NF-jB, which is a central cellular
mediator of inflammation and is linked to the pathogenesis
of BPD.57 The main modified proteins were those involved
in the regulation of the NF-jB signaling pathway (Figure 6).
We hypothesized that I3C activates TNFa and thus acti-
vates the NF-jB pathway, which promotes the expression
of VEGF, MCP1, TIMP1, L-selectin, MMP-8, IL-6, and IL-13,
and represses fractalkine expression. The higher levels of
TNFa in the I3C-treated group could be explained by the
fact that NF-jB increases TNFa expression.We also hypoth-
esized that I3C can promote T helper type (Th2) cells, which
secrete IL-4. Finally, although TNFa is a well-known cyto-
kine inductor, the high level of IL-4 observed, compared
with the pro-inflammatory cytokines, had a protective
effect on BPD. Accordingly, previous studies have shown
a beneficial effect of I3C on the levels of pro-inflammatory
mediators and the expression of some cytokines.58,59

The present model, unlike those used in other studies,
uses periods of hypoxia (with the fraction of inspired
oxygen at 10%) that increase the deleterious effects of
hyperoxia,60 which we believe creates a better approxima-
tion to the clinical scenario faced by human preterm infants
during intensive care.

The I3C could be considered as a possible preventive
agent that permits the NF-jB activation. This has shown
promise in clinical trials aimed at preventing BPD.
However, it is necessary to demonstrate in the near future
the effect of I3C treatment on the activation of NF-jB for a
better understanding the health benefits in premature
newborns.

The authors recognize that this study has several limi-
tations. The determination of the inflammatory cells
number, evaluation of oxidative stress, evaluation of gen-
eration of mucous associated to I3C treatment,61 and the
confirmation of levels of interleukins, including to NF-jB
and TGF-b, in the bronchoalveolar lavage fluid a large
number of animals are necessary to strengthen our conclu-
sions. Then, additional studies are needed to evaluate the

molecular mechanisms involved in the development of
lung damage and the effect of I3C in newborn rats.

Conclusions

In summary, we propose that oral administration of AhR
ligands is safe for pregnant rats and increases the activity of
antioxidant enzymes in their puppies, resulting in a
decrease in pulmonary lesion induced by hyperoxia–hyp-
oxia, thus improving alveolarization and RAC and decreas-
ing fibrosis. Our findings are consistent with the concept
that a functional response of AhR to harmless dietary sub-
strates during pregnancy can protect against pulmonary
injury induced by hyperoxia–hypoxia.
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