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Neuroprotective effect of 3,3’-Diindolylmethane against perinatal
asphyxia involves inhibition of the AhR and NMDA signaling
and hypermethylation of specific genes
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Abstract

Each year, 1 million children die due to perinatal asphyxia; however, there are no effective drugs to protect the neonatal
brain against hypoxic/ischemic damage. In this study, we demonstrated for the first time the neuroprotective capacity of
3,3’-diindolylmethane (DIM) in an in vivo model of rat perinatal asphyxia, which has translational value and corresponds
to hypoxic/ischemic episodes in human newborns. Posttreatment with DIM restored the weight of the ipsilateral hemisphere
and normalized cell number in the brain structures of rats exposed to perinatal asphyxia. DIM also downregulated the mRNA
expression of HIF1A-regulated Bnip3 and Hifla which is a hypoxic marker, and the expression of miR-181b which is an
indicator of perinatal asphyxia. In addition, DIM inhibited apoptosis and oxidative stress accompanying perinatal asphyxia
through: downregulation of FAS, CASP-3, CAPN1, GPx3 and SOD-1, attenuation of caspase-9 activity, and upregulation
of anti-apoptotic Bcl2 mRNA. The protective effects of DIM were accompanied by the inhibition of the AhR and NMDA
signaling pathways, as indicated by the reduced expression levels of AhR, ARNT, CYP1A1, GluN1 and GluN2B, which
was correlated with enhanced global DNA methylation and the methylation of the Aar and Grin2b genes. Because our study
provided evidence that in rat brain undergoing perinatal asphyxia, DIM predominantly targets AhR and NMDA, we postulate
that compounds that possess the ability to inhibit their signaling are promising therapeutic tools to prevent stroke.
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Abbreviations GPx3 Glutathione peroxidase 3
AhR Aryl hydrocarbon receptor HI Hypoxia/ischemia
ARNT  Aryl hydrocarbon receptor nuclear translocator HIFIA  Hypoxia-inducible factor 1 alpha
CAPN1 Calpain-1 NMDA  N-methyl-D-aspartate receptor
CASP-3  Caspase-3 SAhRM Selective aryl hydrocarbon receptor modulator
DIM 3,3'-Diindolylmethane SOD-1  Superoxide dismutase 1
ELISA  Enzyme-linked immunosorbent assay
FAS Fas cell surface death receptor
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safe compounds that protect children’s brains from hypoxia/
ischemia-induced damage.

A promising neuroprotective agent is 3,3’-diindolylmeth-
ane (DIM). DIM is a selective aryl hydrocarbon receptor
modulator (SAhRM) found in cruciferous vegetables such
as broccoli, Brussels sprouts, cabbage and kale. The SAhRM
properties of DIM make this compound very attractive from
a pharmacological point of view; since DIM acts as an AhR
agonist or antagonist in a tissue-specific manner, it may
exert beneficial effects on the central nervous system and in
peripheral tissues. Recent data have shown that experimental
stroke is followed by an increase in AhR/ARNT expression
levels in neurons in vitro and in vivo [3, 4]. In experimen-
tal studies, DIM administered orally to mice at a dose of
250 mg/kg reached a concentration of 5-36.5 uM in the
brain within 6 h of its administration [5]. Furthermore, our
previous study demonstrated that DIM strongly protected
mouse primary hippocampal cells against hypoxia/ischemia
[6, 7] that inspired us to test the neuroprotective capacity of
the compound in an in vivo model of rat perinatal asphyxia.

It is well known that excitotoxicity is a key mechanism of
cell death during hypoxia/ischemia. Activation of N-methyl-
D-aspartate receptors (NMDARs) followed by oxidative
stress and mitochondrial failure leads to apoptosis and/or
necrosis of brain cells [8]. During the neonatal period of life,
NMDA receptor-coupled channels have a higher probabil-
ity of aperture and conductance than adult channels. Thus,
increased expression of the GluN1 and GluN2B subunits is
responsible for greater excitability. Opened NMDA receptor-
coupled channels allow calcium ions to enter the intracel-
lular compartment and activate calcium-dependent enzymes,
i.e., caspases and calpains; this activation leads to apoptotic
and necrotic cell death [9, 10]. Interestingly, knockdown of
AhR attenuates NMDA-mediated excitotoxicity in cortical
neurons, which points to probable crosstalk between these
two receptors [11]. However, there are no data on the neu-
roprotective effectiveness of DIM during perinatal asphyxia.
Knowledge about the roles of the AhR and NMDA signal-
ing pathways in the action of DIM in the rat brain during
asphyxia is negligible.

We recently showed that DIM protects neurons against
hypoxia/ischemia via inhibition of apoptosis [6, 7]. How-
ever, there are no data on the effects of DIM on the apop-
tosis-signaling pathway in a model of perinatal asphyxia.
It has been shown that newborns suffering from perinatal
asphyxia have higher plasma levels of glutathione peroxi-
dase and superoxide dismutase compared to control sub-
jects [12]. Glutathione peroxidase (GPx) and superoxide
dismutase (SOD) are anti-oxidant enzymes that protect bio-
logical structures from free oxygen radical-mediated injury.
Nevertheless, there are no data concerning the effect of DIM
on the expression of GPx and SOD in the brains of rats sub-
jected to perinatal asphyxia.
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There is an increasing body of evidence indicating the
influence of perinatal asphyxia on epigenetic modifica-
tions, including DNA methylation and microRNA (miRNA)
expression, which in turn regulate the expression of target
genes. Many efforts have been made to find a reliable bio-
marker of ischemic stroke. It has been demonstrated that the
expression of miRNAs such as miR-124, miR-181b, miR-
384 and miR-223 is variable both in animals subjected to
ischemia and in stroke patients [13, 14]. However, there is
no information on the functional significance of miRNAs in
the brains of rats subjected to perinatal asphyxia and treated
with DIM. In addition, it is not clear whether DIM causes
hypo- or hypermethylation of DNA.

Therefore, the aim of our study was to assess the neuro-
protective capacity of 3,3’-diindolylmethane in a rat model
of perinatal asphyxia. Particular attention was paid to the
influence of DIM on the AhR and NMDA signaling, the
epigenetic status of asphyxic brain as well as on apoptosis
and oxidative stress.

Materials and methods
Materials

3,3’-diindolylmethane, and corn oil, RIPA buffer, protease
inhibitor cocktail for mammalian tissues and cresyl violet
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
A cDNA reverse transcription kit, TagMan Gene Expres-
sion Master Mix and TagMan probes for specific genes such
as Ahr, Arnt, Cyplal, Hifla, Grin2b, Gpx3, Sodl, Ahrr
and Bnip3 were obtained from Life Technologies Applied
Biosystems (Carlsbad, CA, USA). High Capacity cDNA-
Reverse Transcription Kit was obtained from Thermo Fisher
Scientific (Massachusetts, USA). BM Chemiluminescence
Western Blotting Substrate (POD) and an mRNA isolation
kit were purchased from Roche Diagnostics GmbH (Man-
nheim, Germany). Laemmli sample buffer (2x), Bradford
reagent, 7.5% and 10% Mini-PROTEAN TGX precast
gels were obtained from Bio-Rad Laboratories (Hercules,
CA, USA). Immobilon-P membranes were obtained from
Merck Millipore (Burlington, MA, USA). A mouse mono-
clonal anti-B-actin antibody (sc-47,778), mouse monoclo-
nal anti-NMDA €2 antibody (sc-365,597), goat polyclonal
anti-NMDA €2 antibody (sc-1469), rabbit polyclonal anti-
AhR antibody (sc-5579), goat polyclonal CYP1A1 antibody
(sc-9828), rabbit polyclonal anti-BAX antibody (sc-493),
and mouse monoclonal anti-BCL2 antibody (sc-7382) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). An anti-rabbit cleaved CASPASE-3 antibody
(9661) was obtained from Cell Signaling Technology (Dan-
vers, MA, USA). ELISA kits for AhR, ARNT, and HIF1A
were purchased from Wuhan EIAab (Wuhan, China), and an
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ELISA kit for CAPN1 was purchased from Qayee Bio-Tech-
nology Co., Ltd. (Shanghai, China). A Caspase 9 Assay Kit
and a goat polyclonal anti-GPX-3 antibody were obtained
from Abcam (Cambridge, United Kingdom). An EpiTect
MethyLight PCR Kit, miRCURY LNA RT Kit, miRCURY
LNA SYBR Green PCR Kit, RNeasy and miRNeasy Mini
Kit and specific primers for miR-124-3p, miR-223-3p, miR-
181b-5p, miR 384-5p and UniSp6 were obtained from Qia-
gen (Valencia, CA, USA). An EZ DNA Methylation-Gold™
Kit and Quick-gDNA™ MicroPrep Kit were obtained from
Zymo Research (Irvine, CA, USA).

Induction of perinatal asphyxia (hypoxia/ischemia)

Neonatal cerebral hypoxia/ischemia (HI) was induced
according to the methods described by Rice et al. [15].
Briefly, 7-day-old Wistar rat pups of both sexes (weight,
1218 g) were anesthetized with isoflurane (4% for induction
and 1.5-2.0% for maintenance) in a mixture of nitrous oxide
and oxygen (0.6:1). The left common carotid artery was
exposed and cut between double ligatures of silk sutures or
was only exposed (sham control). Before closing, the wound
was treated with local anesthetic (lignocainum). After
60 min of recovery, the animals were placed in a humidi-
fied chamber (35 °C) and exposed to a hypoxic gas mixture
(7.5% oxygen in nitrogen) for 75 min as previously described
[16]. After hypoxic treatment, the animals were returned to
their cages and housed with their mother at room tempera-
ture (22 °C) with a 12:12-h light-dark cycle and ample food
and water. The condition of the animals, which stayed in
the experiment for fourteen days, was checked twice a day.

Drug application

Seven-day-old Wistar rat pups were injected intraperito-
neally (i.p.) with 3,3’-diindolylmethane 30 min, 24 h, 48
and 72 h after HI at a dose of 0.1, 10 or 100 mg/kg of body
weight. These doses were determined based on the previ-
ously published findings of [17-19]. Sham-operated and HI
control rats were injected with corn oil.

Evaluation of brain damage

Fourteen days after HI, the rat brains were removed, and
both cerebral hemispheres were weighed. Brain damage was
reflected by a decrease in the wet weight of the ipsilateral
(left) ischemic hemisphere, which was expressed as the per-
centage of the wet weight of the contralateral (right) control
hemisphere, as previously described [20].

gPCR analysis of the mRNA levels of genes encoding
Ahr, Amt, Cyp1a1l, Ahrr, Hif1a, Bnip3, Bax, Bcl2,
Grin2b, Gpx3 and Sod1

Total RNA (approximately 1 ug of RNA per sample) was
isolated from brain tissues 3 days after hypoxia/ischemia
using the RNeasy Mini Kit (Qiagen, Valencia, CA). The
quantity of RNA was spectrophotometrically determined
at 260 nm and 260/280 nm (ND/1000 UV/Vis; Tecan
NanoDrop, USA). cDNA was synthesized using the High
Capacity cDNA-Reverse Transcription Kit (Thermo Fisher
Scientific, USA). The reverse transcription reaction and
quantitative polymerase chain reaction (qPCR) were run
on the CFX96 Real-Time System (Bio-Rad, Hercules, CA,
USA) as previously described [21]. Amplification was
performed in a total volume of 20 pl containing 10 pl of
TagMan Gene Expression Master Mix and 1.0 pl of reverse
transcription product as the PCR template. A standard
qPCR procedure was utilized: 2 min at 50 °C and 10 min
at 95 °C followed by 40 cycles of 15 s at 95 °C and 1 min
at 60 °C. The threshold value (Ct) for each sample was set
during the exponential phase, and the delta Ct method was
used for data analysis. To evaluate reference gene expres-
sion, the RefFinder web-based comprehensive tool was
used [22]. For our study, NormFinder, BestKeeper and
delta Ct recommended Hprt as the most stable reference
gene.

gPCR analysis of specific miRNAs

miRNA (approximately 300 ng of RNA per sample) was
isolated from the brains of 10-day-old rat pups subjected to
HI and/or treated with 3,3’-diindolylmethane (10 mg/kg)
using the miRNeasy Mini Kit (Qiagen, Valencia, CA). The
quantity of RNA was spectrophotometrically determined
at 260 nm and 260/280 nm (ND/1000 UV/Vis; Tecan Nan-
oDrop, USA). First-strand cDNA synthesis (optimized for
20 ng of RNA) was performed using the miRCURY LNA
RT Kit (Qiagen, Valencia, CA) according to the manufac-
turer’s protocol. Quantitative polymerase chain reaction
(qPCR) was conducted with the miRCURY SYBR Green
PCR Kit and miRCURY LNA miRNA PCR custom-made
assays (Qiagen, Valencia, CA). The reverse transcription
reaction and qPCR were run on the CFX96 Real-Time
System (Bio-Rad, Hercules, CA, USA) as previously
described [23]. The threshold value (Ct) for each sample
was set during the exponential phase, and the delta-delta
Ct method was used for data analysis. The U6 coding gene
was employed as a reference gene based on the recom-
mendations of the statistical tools of BestKeeper, delta-Cq,
and NormFinder.
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Histochemistry

One week after perinatal asphyxia, animals from each
experimental group were sacrificed for cresyl violet stain-
ing (n=3-5). The animals were anesthetized by i.p. keta-
mine (90 mg/kg body weight) and xylazine (10 mg/kg body
weight) injections and subjected to intracranial perfusion
with 4% neutralized formalin for fixation (Sigma-Aldrich,
St. Louis, MO, USA). The brains were removed, immersed
in 4% formalin for 4 h, transferred to absolute ethanol and
embedded in paraffin. Ten-micron cross-sections of the
dorsal part of the hippocampus (between 2.2 and 3.5 mm
posterior to bregma) were used to evaluate neuronal cell
damage in the cerebral cortex and hippocampus. The sec-
tions were stained with cresyl violet (Sigma, St. Louis, MO,
USA), as previously described [24]. For each animal, at least
five sections of the cerebral cortex and the central part of the
CA1 region of both hippocampi were analyzed for neuronal
density (3—5 animals per group). The number of neurons was
counted using the AxioVision imaging program (Carl Zeiss,
Aalen, Germany). The mean number of neurons stained with
cresyl violet was expressed as the percentage of the mean
number of neurons in sham-operated rats.

Western blot analyses

Three and seven days after perinatal asphyxia, brain tis-
sues were isolated and homogenized in 10 mM PBS pH 7.4
containing 10 mM EGTA, 10 mM EDTA, 100 mM NaCl,
0.1 mM PMSF and protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO, USA). The protein concentrations
in the supernatants were determined using Bradford reagent
with bovine serum albumin (BSA) as the standard. Samples
containing 40 pg of total protein were reconstituted in the
appropriate amount of Laemmli sample buffer, denatured
(95 °C, 5 min), and separated on 7.5 and 10% SDS-pol-
yacrylamide gels using a Bio-Rad Mini-Protean 3 system
as previously described [25]. After electrophoresis, the
proteins were transferred onto PVDF membranes using a
Bio-Rad Mini Trans-Blot apparatus. Afterwards, the non-
specific binding sites were blocked with 5% nonfat dry milk
and 0.2% Tween-20 in 0.02 m TBS (Tris-buffered saline)
for 1.5 h with shaking. Then, the membranes were incu-
bated overnight (at 4 °C) with one of the following primary
antibodies in 2.5% nonfat dry milk and 0.1% TBS/Tween:
mouse monoclonal anti-f-actin antibody (diluted 1:3000),
rabbit polyclonal anti-AhR antibody (diluted 1:100), rabbit
polyclonal anti-ARNT antibody (diluted 1:100), goat poly-
clonal anti-CYP1A1 (diluted 1:150), rabbit polyclonal anti-
FAS antibody (diluted 1:100), mouse monoclonal anti-BAX
antibody (diluted 1:100), rabbit polyclonal anti-cleaved
Caspase-3 antibody (diluted 1:1000), goat polyclonal anti-
NR1 antibody (diluted 1:1000), goat polyclonal anti-NR2B
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antibody (diluted 1:1000), goat polyclonal anti-GPx-3 anti-
body (diluted 1:400), mouse monoclonal anti-SOD-1 anti-
body (diluted 1:1000). Subsequently, the membranes were
washed 5 times with 4% nonfat milk with TBS and 0.2%
Tween 20 and incubated for 1 h with horseradish peroxidase-
conjugated secondary antibodies (goat anti-rabbit IgG or
goat anti-mouse IgG) diluted 1:1000 or/and 1:3000 in 0.25%
nonfat milk with TBS/Tween. The images were developed
using BM Chemiluminescence Blotting Substrate (Roche
Diagnostics GmBH, Mannheim, Germany) and visualized
using a Luminescent Image Analyzer Fuji-Las 4000 (Fuji,
Japan). The immunoreactive bands were quantified using an
image analyzer (ScienceLab, MultiGauge V3.0).

ELISAs for AhR, ARNT, HIF1A, and CALPAIN-1

The levels of AhR, ARNT, HIF1A, and CALPAIN-1
(CAPN1) in brains isolated 3 and 7 days after perinatal
asphyxia were determined via ELISA. Detection of these
proteins was achieved using commercially available quan-
titative sandwich enzyme immunoassay kits as previously
described [26]. The absorbance was measured at 450 nm
and was proportional to the amount of AhR, ARNT, HIF1A,
and CAPNI1. The protein concentration of each sample was
determined using the Bradford reagent (Bio-Rad Protein
Assay, Hercules, CA, USA).

Measurement of caspase-9 activity

Tissues from the left hemisphere were homogenized sepa-
rately in 50 mM potassium orthophosphate, pH 7.0, contain-
ing 1 mM EDTA. The homogenates were incubated in RIPA
buffer for 1 h at 4 °C, and then the samples were centrifuged
for 10 min at 10,000 x g at 4 °C. After centrifugation, the
lysates were transferred to a new cooled 1.5-ml polyeth-
ylene tube. The protein concentration (Bradford method)
was measured, and the samples were frozen at — 80 °C for
further determination. Caspase-9 activity was determined
by an immunoenzymatic method (ELISA (enzyme-linked
immunosorbent assay)) using a Caspase-9 Assay Kit (fluoro-
metric, Abcam) according to the manufacturer’s instructions.

Measurement of global DNA methylation

An Imprint Methylated DNA Quantification Kit was used
to determine the methylation status of the DNA in brain tis-
sues 3 days after hypoxia/ischemia. Methylated DNA was
detected using capture and detection antibodies and quanti-
fied calorimetrically as previously described [27]. Purified
DNA in the amount of 50 ng per well was added to a 96-well
plate. After DNA binding and incubation with the capture
antibody, a developing solution was added to monitor the
reactions for color changes. The absorbance was read at
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450 nm, and the relative global methylation levels were cal-
culated. For each sample, the DNA quantity was determined
spectrophotometrically (ND/1000 UV/Vis; Thermo Fisher
NanoDrop, USA).

Measurement of DNA methylation of the Ahr
and Grin2b genes

Genomic DNA was extracted from brain tissues 3 days after
HI using the Quick-gDNA™ MicroPrep (Zymo Research,
Irvine, CA) according to the manufacturer’s protocol. The
quantity of DNA was spectrophotometrically determined at
260 nm and 260/280 nm (ND/1000 UV/Vis; Thermo Fisher
NanoDrop, USA). Sodium bisulfite conversion of genomic
DNA was performed with the EZ DNA Methylation-Gold™
Kit (Zymo Research, Irvine, CA). The bisulfite-converted
samples were eluted in a 10 pl volume and stored at — 80 °C
until use. We performed quantitative real-time polymerase
chain reaction (MethyLight) using an EpiTect MethyLight
PCR Kit (Qiagen, Valencia, CA). Sets of TagMan probes
designed specifically for bisulfite converted DNA sequences,
a set of fully methylated and fully unmethylated probes for
the Ahr and Grin2b promoters and an internal reference set
for the Hprt gene to control for input DNA, were used. The
relative level of methylation was determined by the 2744
method, according to the following formula: AACt=methyl-
ated signal (Ct target gene — Ct Hprt) —unmethylated signal
(Ct target gene — Ct Hprt) [28].

Ethics approval and consent for participation

All experiments were approved by the 2nd Local Ethical
Committee based in Warsaw, Poland and were performed
in accordance with Polish governmental regulations
(Dz.U.97.111.724), with the European Community Council
Directive of 24 November 1986 (86/609/EEC) and Directive
2010/63/EU. All surgeries were performed under isoflurane
anesthesia, and all efforts were made to minimize animal
suffering and the number of animals used.

Data analysis

The data were statistically analyzed as follows: fluores-
cence units per 1 pg of RNA (qPCR), pg of specific protein
per pg of total protein (ELISA), mean optical density per
40 pg of protein (Western blot), ng per gram of tissue, and
ng of methylated DNA per 50 ng of DNA sample (global
DNA methylation). The number of animals per group was
6. The results are expressed as means + SEMs. To com-
pare the effects of perinatal asphyxia and DIM in the rat
pups, the global DNA methylation and western blot analy-
sis results are presented as the percentage of the control.
The data were analyzed by one-way ANOVA. The analyses

were preceded by Levene’s test of homogeneity of variance
and used to determine the overall significance. The differ-
ences between the control and experimental groups were
assessed with a post hoc Neuman-Keuls test. Significant
differences are indicated as follows: *p < 0.05, **p <0.01,
and ***p <0.001 (versus the sham rats) and #p <0.05,
##p <0.01, and ###p < 0.001 (versus the animals exposed to
perinatal asphyxia). Statistical analysis of the brain damage
data was performed via paired t test. Statistical analysis of
caspase-9 activity was performed by one-way ANOVA, with
further analysis involving a post hoc least significance test
for significant differences between groups was performed
(GraphPad Prism, version 5.01; GraphPad Software Inc., La
Jolla, California, USA). Differences were considered signifi-
cant when p values of less than 0.05 were found.

Results

DIM reduces hypoxia/ischemia-induced brain
damage

In rat pups subjected to hypoxia/ischemia (HI), damage to
the ipsilateral hemisphere was assessed 14 days after the
insult. In untreated animals, the hypoxia/ischemia-induced
weight deficit reached 31.7%. Prolonged treatment with
3,3’-diindolylmethane (0.1-100 mg/kg) (injected intra-
peritoneally 30 min after insult and then for 3 days at 24-h
intervals) resulted in a reduction in the weight deficit rang-
ing from 9.2 to 27.8% depending on the dose (Fig. 1). In
sham-operated animals, there was no difference between the
masses of the left and right hemispheres (result not shown).

For further experimentation, we chose a DIM dose of
10 mg/kg, which induced a strong neuroprotective effect
after hypoxia/ischemia.

DIM prevents hypoxia/ischemia-induced neuronal
cell loss in the hippocampal CA1 and cerebral cortex

Cresyl violet staining showed hypoxia/ischemia-evoked
damage and disorganization of neurons in the CA1l region
of the hippocampus and cerebral cortex. The number of
neurons in the analyzed asphyxic areas of the CA1 region
(marked with vertical lines 100 pm length) and cortex
(250 um x 250 um) was reduced to 71 +4 and 54 +5 com-
pared to 118 +3 and 170 + 8 in the controls, respectively.
The intraperitoneal injection of 10 mg/kg DIM significantly
increased the number of living cells to 88.5+5 and 151 +4
in the CA1 region and cortex, respectively. The administra-
tion of DIM (10 mg/kg) to sham animals did not evoke any
changes in the hippocampal CA1 region and cortex organi-
zation (Fig. 2).
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Fig.1 DIM (0.1-100 mg/kg) inhibits hypoxia/ischemia-induced
weight deficit in the ipsilateral hemisphere. Seven-day-old rat pups
were injected intraperitoneally (i.p.) with DIM 0.5 h, 24 h, 48 and
72 h after hypoxia/ischemia (HI) at a dose of 0.1, 10 or 100 mg/kg
of body weight. Sham-operated and HI control rats were injected
with corn oil. The weight deficit is expressed as the percentage of
the weight of the contralateral (left) hemisphere. The results are pre-
sented as the mean values + SEMs, n=3-5. **¥p <0.001 versus sham
animals, #p<0.05 and ###p <0.001 versus hypoxia/ischemia-treated
animals

DIM inhibits hypoxia/ischemia-induced changes
in the expression of mRNAs and/or proteins
belonging to AhR signaling pathways three

and seven days after the insult

DIM inhibits the hypoxia/ischemia-induced changes

in mRNA and/or protein expression levels of Ahr/AhR,
Arnt/ARNT, Cyp1a1/CYP1A1 and Ahrr observed three days
after the insult

In our model, hypoxia/ischemia caused increases in the
mRNA expression of Ahr and Cyplal ranging from 1.7 to
2-fold but did not evoke changes in the mRNA expression
of Arnt and Ahrr. The administration of DIM (10 mg/kg)
decreased the expression of Ahr, Arnt, Cyplal and Ahrr
from 0.5-fold to 1-fold relative to the control level (Fig. 3a).

Western blot analyses revealed that hypoxia/ischemia
increased the protein levels of AhR and CYP1A1 in the rat
brains to 207% and 155% of control levels, respectively.
Under hypoxic/ischemic conditions, DIM significantly

@ Springer

reduced the protein expression levels of AhR, ARNT and
CYP1AL1 to 146%, 58%, and 63% of control levels, respec-
tively (Fig. 3b).

The results obtained from ELISA showed that the levels
of AhR and ARNT increased in the rat brains after hypoxia/
ischemia to approximately 175% of control levels. Under
hypoxic/ischemic conditions, DIM evoked a decrease in
the AhR and ARNT protein concentration to approximately
120% (Fig. 3c). Figure 3e presents the concentrations of
selected proteins in pg/ul.

DIM decreases the hypoxia/ischemia-induced protein
concentration of AhR seven days after the insult

We did not observe any changes in the AhR or ARNT pro-
tein concentration 7 days after hypoxia/ischemia. However,
at this time, DIM decreased the AhR protein concentration
to 58% of the control level (Fig. 3d). Figure 3f presents the
concentrations of selected proteins in pg/ul.

DIM inhibits hypoxia/ischemia-induced changes
in expression of mRNAs and proteins belonging
to the NMDA signaling pathway three and seven
days after the insult

DIM decreases the mRNA and protein expression levels
of NMDA subunits three days after the insult

In our experimental model of perinatal asphyxia, hypoxia/
ischemia caused an almost 3-fold increase in Grin2b mRNA
expression measured 3 days after insult. Administration of
DIM (10 mg/kg) significantly decreased the expression
of Grin2b mRNA to 1.2-fold relative to the control level
(Fig. 4a).

Western blot analyses revealed that hypoxia/ischemia did
not change the protein level of GluN1 and GluN2B three
days after insult. However, treatment with DIM significantly
reduced the protein expression levels of both subunits to
approximately 40% of control (Fig. 4b).

DIM decreases the hypoxia/ischemia-induced protein level
of GluN1 and GIuN2B seven days after the insult

Seven days after perinatal asphyxia, the protein level of
GIluN2B increased by approximately 30% compared to con-
trol values, whereas the level of GIuN1 did not change. DIM
reduced the expression of GluN1 and GIuN2B to 53% and
99% of the control level, respectively (Fig. 4c).
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Fig.2 DIM prevents hypoxia/ischemia-induced neuronal cell loss in
the hippocampal CA1 region and cerebral cortex. Seven-day-old rat
pups were injected intraperitoneally (i.p.) with DIM 0.5 h, 24 h, 48
and 72 h after hypoxia/ischemia (HI) at a dose of 10 mg/kg of body
weight. Sham-operated and HI control rats were injected with corn
oil. Histochemical evaluation of cerebral damage was performed 7

DIM inhibits the hypoxia/ischemia-induced increase
in the expression of HIF1A and CALPAIN-1 three
and seven days after the insult

DIM inhibits the hypoxia/ischemia-induced mRNA
expression of Hif1a and Bnip3 but it did not change
the protein levels of HIF1A or CALPAIN-1 three days
after the insult

In our model, hypoxia/ischemia caused an approximately
2-fold increase in the mRNA expression of Hifla and
HIF1A-regulated Bnip3. DIM treatment (10 mg/kg) sig-
nificantly decreased the expression of Hifla and Bnip3 to
approximately 1-fold relative to the control level (Fig. 5a).

ELISA analysis revealed that neither hypoxia/ischemia
nor DIM treatment changed the expression of HIF1A or

200

100

200

100

#
KKK =
sham sham+DIM HI HHDIM
Cortex
Hi
T
KKK

sham sham+DIM HI H+DIM

days after HI. Analyzed area: central part of the CA1 region marked
with vertical lines (100 um length) and cortex (250 um x 250 um).
The microphotographs show the ipsilateral hemisphere. ***p <0.001
versus sham animals, #p<0.05, ##H#p<0.001 versus hypoxia/
ischemia-treated animals

CALPAIN-1 (Fig. 5b). Figure 5d presents the concentra-
tions of selected proteins in pg/ul and fg/ul.

DIM decreases the protein concentration of HIF1A
and CALPAIN-1 seven days after hypoxic/ischemic insult

ELISA analysis performed 7 days after hypoxia/ischemia
revealed an increase in CALPAIN-1 protein concentration
to 150% of control, whereas the concentration of HIF1 A
remained unchanged. The application of DIM (10 mg/kg)
decreased the levels of HIF1A and CALPAIN-1 to 51%
and 95% of the control levels, respectively (Fig. Sc, e).
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Fig.3 DIM inhibits hypoxia/ischemia-induced changes in the mRNA
(a) and/or proteins (b-f) expression related to AhR signaling path-
ways three and seven days after insult. Seven-day-old rat pups were
injected intraperitoneally (i.p.) with DIM 0.5 h, 24 h, 48 and 72 h
after hypoxia/ischemia (HI) at a dose of 10 mg/kg of body weight.
Sham-operated and HI control rats were injected with corn oil. The

Effects of hypoxia/ischemia and DIM on the mRNA
and protein expression levels of apoptotic

and antioxidant factors three and seven days
after the insult

DIM partially normalizes hypoxia/ischemia-induced
changes in the mRNA and protein levels of pro-apoptotic
and anti-oxidative factors three days after the insult

Hypoxia/ischemia-induced changes in the mRNA lev-
els of selected genes were measured 3 days after insult.
Hypoxia/ischemia decreased the mRNA expression of the
anti-apoptotic gene Bcl2 to 0.76-fold relative to the con-
trol level and increased the mRNA expression of the anti-
oxidative enzyme GPx3 to 2.3-fold relative to the control
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results are presented as the fold change and were normalized to
Hprt or are presented as a percentage of the control. Each bar rep-
resents the mean+SEM. *p <0.05, **p<0.01 versus sham animals,
#p<0.05, ##p<0.01, and #Hip<0.001 versus hypoxia/ischemia-
treated animals

level. Hypoxia/ischemia did not evoke any changes in Bax
or Sodl mRNA expression.

DIM (10 mg/kg) partially normalized the hypoxia/
ischemia-induced changes, i.e., it increased the expres-
sion of Bcl2 to 1-fold relative to the control level and
inhibited the expression of GPx3 to 0.8-fold relative to
the control level. The mRNA expression of Sodl and
Bax did not change after DIM treatment (Fig. 6a). Using
the western blot method, we demonstrated that hypoxia/
ischemia increased the protein levels of FAS and SOD-1
to 194% and 133% of the control levels, respectively.
Hypoxia/ischemia also induced a 30% decrease in BCL2
protein level. DIM partially inhibited these changes,
i.e., it reduced the protein levels of FAS, CASP-3, GPx3
and SOD-1 to approximately 60% of the control levels
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Fig.4 DIM inhibits hypoxia/ischemia-induced changes in mRNA (a)
and proteins expression (b, ¢) related to the NMDA signaling path-
way three and seven days after insult. Seven-day-old rat pups were
injected intraperitoneally (i.p.) with DIM 0.5 h, 24 h, 48 and 72 h
after hypoxia/ischemia (HI) at a dose of 10 mg/kg of body weight.

(Fig. 6b). However it did not change protein levels of BAX
and BCL2.

DIM does not evoke changes in the protein levels of BAX,
BCL2 or FAS seven days after the insult

The protein levels of BAX, BCL2 and FAS measured 7 days
after hypoxia/ischemia did not differ from the control values
under untreated hypoxic/ischemic conditions or after DIM
treatment (Fig. 6¢).

Sham-operated and HI control rats were injected with corn oil. The
relative protein levels are presented as a percentage of the control.
Each bar represents the mean+SEM. *p<0.05, and ***p<0.001
versus sham animals, #p <0.05, ##p <0.01, and ###p<0.001 versus
hypoxia/ischemia-treated animals

DIM prevents hypoxia/ischemia-evoked caspase-9
activation

Three days after insult, hypoxia/ischemia increased cas-
pase-9 activity to 210% of the control level. DIM (10 mg/
kg) treatment decreased hypoxia/ischemia-evoked cas-
pase-9 activity to 133% (Fig. 6d). The administration of
DIM (10 mg/kg) to sham-operated animals did not result
in any changes in caspase-9 activity (data not shown).
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Fig.5 DIM inhibits the mRNA (a) and/or protein (b) expres-
sion of HIF1A, BNIP3 and CALPAIN-1 three and seven days after
insult. Seven-day-old rat pups were injected intraperitoneally (i.p.)
with DIM 0.5 h, 24 h, 48 and 72 h after hypoxia/ischemia (HI) at a
dose of 10 mg/kg of body weight. Sham-operated and HI control rats

DIM changes DNA methylation status in the rat
brain undergoing hypoxia/ischemia

Under hypoxic/ischemic conditions, DIM causes
the hypermethylation of global DNA

In the sham-operated animals, global DNA methylation
in the brain reached a value of 13 ng/50 ng purified DNA.
After hypoxia/ischemia, global methylation was decreased
to 6.6 ng. Treatment with DIM (10 mg/kg) increased DNA
methylation to 8.4 ng. Interestingly, in sham-operated ani-
mals, DIM slightly reduced global methylation to 10 ng.
(Fig. 7a).
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were injected with corn oil. Each bar represents the mean+ SEM.
The number of replicates ranged from 6 to 8 (qQPCR and ELISA).
**p<0.01 and ***p<0.001 versus sham animals, #p<0.05,
##p < 0.01, and ###p <0.001 versus hypoxia/ischemia-treated animals

Under hypoxic/ischemic conditions, DIM causes
the hypermethylation of Ahr and Grin2b subunit
of the NMDA receptor

In the subsequent experiments, we analyzed the methylation
status of the DNA of selected genes in the rat brain undergo-
ing hypoxia/ischemia. The levels of Ahr and Grin2b meth-
ylation in sham-operated animals was approximately 20%
and 50%, respectively. Exposure of the rat brain to hypoxia/
ischemia led to a decrease in Ahr and Grin2b methylation
status to 7.8% and 15%, respectively. DIM treatment after
hypoxia/ischemia evoked strong hypermethylation of the
Ahr and Grin2b gene ranging from 60-75%. In the sham
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Fig.6 Effects of hypoxia/ischemia and DIM on the mRNA (a) and
protein expression (b—d) of apoptotic and anti-oxidant factors three
and seven days after insult. Seven-day-old rat pups were injected
intraperitoneally (i.p.) with DIM 0.5 h, 24 h, 48 and 72 h after
hypoxia/ischemia (HI) at a dose of 10 mg/kg of body weight. Sham-

animals, DIM did not change the level of methylated A#hr,
but it increased the level of methylated Grin2b. (Fig. 7b and

).

DIM decreases the expression of miR-181b
in the hypoxic/ischemic rat brain

In our model of perinatal asphyxia, hypoxia/ischemia
increased miR-181b expression to 1.8-fold relative to the
control level. However, it did not change the levels of miR-
124, miR-384, or miR-223. DIM (10 mg/kg) treatment par-
tially normalized hypoxia/ischemia-induced changes and
decreased the expression of miR-181b to 0.7-fold relative
to the control level. Interestingly, in the sham-operated
animals, treatment with DIM significantly increased the

operated and HI control rats were injected with corn oil. Each bar
represents the mean+SEM. The number of replicates ranged from
2 to 3 (Western blotting) *p <0.05, and **p<0.01 versus sham ani-
mals, #p<0.05 and ##p<0.01 versus hypoxia/ischemia-treated ani-
mals

expression of miR-124, miR-181b, miR-384 and miR-223
from 9-fold to 14-fold relative to the control level (Fig. 8).

DIM does not change the protein levels of factors
belonging to the AhR, NMDA and apoptosis
signaling pathways in sham-operated animals

Western blot and ELISA analyses revealed that treatment
with DIM did not evoke any changes in the protein expres-
sion of AhR, ARNT, HIF1A, CALPAIN-1, GluN1, GluN2B,
BAX, BCL2, or CASP-3 in the sham-operated animals
(Table 1).
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Fig.7 DIM and hypoxia/ischemia alter global DNA methylation (a)
and the methylation rate of Ahr (b) and Grin2b (c) in the ipsilateral
hemisphere. Seven-day-old rat pups were injected intraperitoneally
(i.p.) with DIM 0.5 h, 24 h, 48 and 72 h after hypoxia/ischemia (HI)
at a dose of 10 mg/kg of body weight. Sham-operated and HI control
rats were injected with corn oil. Each bar represents the mean + SEM.
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*##%p<0.001 versus sham animals ##p <0.01, ###p<0.001 versus
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Fig.8 DIM and hypoxia/ischemia induce changes in miRNA expres-
sion levels in the rat brain. Seven-day-old rat pups were injected intra-
peritoneally (i.p.) with DIM 0.5 h, 24 h, 48 and 72 h after hypoxia/
ischemia (HI) at a dose of 10 mg/kg of body weight. Sham-operated
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Discussion

In this study, we demonstrated for the first time the strong
neuroprotective capacity of DIM in an in vivo model of birth
asphyxia, as evidenced by the restoration of the weight of
the ipsilateral brain hemisphere, the normalization of the
number of neurons in rat brains exposed to hypoxia/ischemia
and the inhibition of mRNA expression of Hifla and HIF1A-
regulated Bnip3 after postreatment with DIM. One may
suggest that suppression of HIF1A signaling, which initi-
ates apoptosis in severe hypoxia and interacts with AhR, is
involved in neuroprotective effects of DIM in the ischemic
brain [29, 30]. The rat model of perinatal asphyxia used
in our study is clinically relevant because it corresponds to
hypoxic/ischemic episodes in human newborns. In particu-
lar, the stage of development of 7-day-old rat pups corre-
sponds to that of 32- to 36-week-old human fetuses [31].
Therefore, the neuroprotective effect of DIM posttreatment
observed in our study in a rat model of perinatal asphyxia
has strong translational value. It is particularly important
because premature babies are most vulnerable to hypoxic/
ischemic episodes and there is no effective treatment for
hypoxia/ischemia in preterm and term newborns.

In the present study, perinatal asphyxia was accompanied
by an increase in factors related to apoptosis and oxidative
stress, which is in agreement with the results presented by
other authors [32—-34]. Our study demonstrated that DIM
partially downregulated the expression of apoptotic factors,
including FAS, CASP-3, and CAPNI, inhibited caspase-9
activity and increased the mRNA expression of anti-apop-
totic Bcl2. All these data including the reduced expres-
sion of active form of caspase-3, which is a key apoptotic
enzyme, strongly support anti-apoptotic property of DIM
in the ischemic brain. There is no in vivo study with which
our results can be compared. The only relevant data came

Osham
Osham+DIM
mHI
@HI+DIM

miR-384-5p miR-223-3p

and HI control rats were injected with corn oil. Each bar represents
the mean+SEM. The number of replicates in each experiment was
4-6. *p<0.05, **p<0.01, and ***p<0.001 versus sham animals
##p < 0.01 versus HI animals
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Table 1 DIM does not change the protein levels of factors belonging to the AhR, NMDA and apoptosis signaling pathways in sham-operated

animals

The level of proteins in sham AhR ARNT GluN1 GluN2B HIF1A CALPAIN-1 BAX BCL2
animals % of control

Control 106+6 100+21 100+ 1 100+7 100+ 15 100+ 4 100+8 100+ 1
DIM treatment 90+13 77+35 89+2 115+12 103+13 94+6 9+14 115+2

Sham-operated rat pups were injected intraperitoneally (i.p.) with corn oil or DIM 0.5 h, 24 h, 48 and 72 h at a dose of 10 mg/kg of body weight.
Each bar represents the mean + SEM. The number of replicates in each experiment was 2-3 (Western blotting) and 6 (ELISA)

from in vitro experiments which showed that DIM inhib-
ited the expression of pro-apoptotic factors such as BAX,
cytochrome c, cleaved caspase-3, phosphorylated form of
p38 MAPK kinase, AIF and FAS in neurons subjected to
hypoxia/ischemia or glutamate [6, 7, 35]. In addition to inhi-
bition of apoptosis, DIM reduced the expression of anti-
oxidant enzymes GPx3 and SOD-1. Paradoxically, newborns
suffering from perinatal asphyxia express higher levels of
anti-oxidative factors such as glutathione peroxidase, cata-
lase, and superoxide dismutase. Nevertheless, these neonates
experience higher degrees of oxidative stress, which leads
to severe hypoxic-ischemic encephalopathy [12], and over-
expression of SOD-1 in mouse brains increases perinatal
asphyxia-induced damage [36]. Similarly, in our study, the
rats subjected to perinatal asphyxia expressed higher levels
of GPx3 and SOD-1 in the brain. We showed that DIM par-
tially reversed these changes and inhibited the expression
of these two enzymes, which we consider as positive and
protective.

In the model of perinatal asphyxia used in our study,
hypoxia/ischemia increased the expression of miR-181b,
which is known to activate caspase-3-dependent apoptotic
pathways and to inhibit the prosurvival PI3K/Akt signaling
pathway [37]. This is in line with a report by O’Sullivan et al.
[38], who showed upregulation of miR-181b in umbilical
cord blood of newborns suffering from perinatal asphyxia.
Therefore, targeting miR-181b could be a protective strategy
against ischemic insult, as evidenced by the application of
an antagomir [39, 40]. Our study demonstrated that DIM
downregulated the expression of miR-181b, which could
be one of the mechanisms of its neuroprotective action in
perinatal asphyxia. Intriguingly, in nonischemic animals,
DIM upregulated the expression of miR-223-3p involved
in Grin2b degradation as well as increased methylation of
Grin2b gene which links DIM to the control of excitotoxicity
[41]. Moreover, in nonischemic rats, DIM stimulated expres-
sion of miRNAs such as miR-124, miR-384, and miR-181b,
which are related to apoptosis, autophagy and/or excitotoxic-
ity [42, 43]. Similarly, re-expression of miRNAs in response
to DIM was demonstrated in cancer cell lines [44]. Accord-
ing to Glaich et al. [45], miRNAs encoded by highly methyl-
ated loci are more frequently expressed than miRNAs which
are encoded by unmethylated loci. We suggest that in sham

animals, DIM-evoked hypomethylation of global DNA could
account for low expression of miRNAs, except for miRNAs,
which control apoptosis, autophagy and/or excitotoxicity
and inhibit the vulnerability of cerebral tissue to ischemic
injury. In ischemic animals, DIM-evoked hypermethylation
of global DNA could predispose brain tissue to synthesize
large amounts of miRNAs, except for miR-181b-5p which
was downregulated following the treatment with DIM.

In the present study, we show that the protective effects
of DIM are accompanied by the inhibition of the AhR and
NMDA signaling pathways, as indicated by reduced expres-
sion of Ahr/AhR, Arnt/ARNT, Cyplal/CYP1Al, GluN1 and
Grin2b/GluN2B. This effect was correlated with enhanced
global DNA methylation and, in particular, the increased
methylation of the Ahr and Grin2b genes. Ahr and Grin2b
hypermethylation suggest that DIM has property to silence
the genes that could explain the role of DIM in controlling
the AhR and NMDA signaling during hypoxia/ischemia. In
addition, DIM has capacity to cause hypermethylation of
Grin2b gene in normoxic/sham brain that supports neuro-
protection against NMDA-mediated damage. Intriguingly,
in our study, DIM also decreased expression of Ahrr mRNA
encoding AHRR, which is known to repress AhR function
and HIF-dependent signaling [46]. Because Ahrr gene was
found to be silenced via hypermethylation [47], we sug-
gest that in ischemic rats, DIM-evoked hypermethylation
of global DNA could affect Ahrr gene to cause its down-
regulation. To our knowledge, there is no relevant in vivo
study to compare our data with. According to our previous
results, DIM protects hippocampal neurons against hypoxia
and ischemia in vitro through the inhibition of proteins in
the AhR signaling pathway, including AhR, ARNT and
CYP1A1 [6, 7] which is in line with our present in vivo
results i.e., the downregulation of AhR signaling in DIM-
treated rats subjected to birth asphyxia. DIM was found to
cause widespread changes in promoter methylation patterns
in prostate cells and to act as HDAC inhibitor in cancer
cells [48, 49]. Previously, we showed that DIM has ability
to reverse the ischemia-induced decrease in HDAC activity
in mouse brain neurons [7]. Based on these data, one may
assume that DIM changes the epigenetic status of ischemic
brain not only via DNA hypermethylation as evidenced in
the present study, but also by affecting histone acetylation.
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There is no data on the involvement of NMDA signaling
in the action of DIM during cerebral hypoxia/ischemia. The
only data related to the findings of our study are associated
with changes in the expression levels of NMDA receptors
in a model of perinatal asphyxia. We showed that perina-
tal asphyxia increased the expression of GluN2B three and
seven days after insult but did not change the expression
of GluN1. Similarly, Guerguerian et al. [S0] demonstrated
that postnatal hypoxia/ischemia induced an increase in the
GluN2B protein in the brains of newborn piglets. In contrast,
Gurd et al. [51] observed a decrease in GIuN2B expression
in infant rats immediately after HI; however, the level of
GluN1 remained unchanged, which is in accordance with
our data. We suggest that the reduced expression of GluN2B
observed by Gurd et al. [51] is related to the lack of reoxy-
genation or the more advanced stage of development of the
rats compared to the rats used in our experiments.

In summary, this study demonstrated for the first time the
neuroprotective capacity of 3,3’-diindolylmethane (DIM) in
an in vivo model of rat perinatal asphyxia, which has strong
translational value and corresponds to hypoxic/ischemic epi-
sodes in human newborns. Posttreatment with DIM restored
the weight of the ipsilateral hemisphere and normalized cell
number in the rat brains exposed to perinatal asphyxia. The
neuroprotective effect of DIM was mediated via inhibition
of apoptosis and oxidative stress as well as downregulation
of Hifla mRNA (a hypoxic marker) and miR-181b (an indi-
cator of perinatal asphyxia). Posttreatment with DIM also
inhibited AhR and NMDA signaling, as indicated by the
reduced protein levels and enhanced DNA methylation, both
global and of specific genes. Because our study provided
evidence that in rat brain undergoing perinatal asphyxia,
DIM predominantly targets AhR and NMDA, we postulate
that compounds that possess the ability to inhibit the signal-
ing are promising therapeutic tools to prevent stroke.
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