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Preterm birth causes neurological deficits. Previously, we demon-
strated that fetal zone steroids reduce hyperoxia-mediated cell
death in vitro. In immature oligodendrocytes (OLN-93 cells), de-
hydroepiandrosterone + 173-estradiol co-treatment had synergistic
beneficial effects while signals were transduced through different
receptors. In immature astrocytes (C6 cells), both hormones com-
pete for the same receptor and no synergistic effects were observed.
17[3-estradiol and progesterone drastically decrease while fetal zone
steroids, mainly dehydroepiandrosterone, remain persistently high
within preterm infants until term. Substitution of 173-estradiol and
progesterone does not improve neurological outcomes. We inves-
tigated the influence of dehydroepiandrosterone, 173-estradiol or
dehydroepiandrosterone + 173-estradiol treatment in C6 or OLN-93
cellsonsteroid receptoravailability and activation of intracellular sig-
naling molecules in hyperoxic cell culture. We sought explanations
of the observed synergistic effect in preliminary study. In Cé cells,
the generated signaling of dehydroepiandrosterone + 173-estradiol
treatment has no synergistic effects. The combined effect on this
particular pathway does not potentiate cell survival. In OLN-93 cells,
we observed significant differences in the early generated signal-
ing of 173-estradiol + dehydroepiandrosterone treatment to either
173-estradiol dehydroepiandrosterone alone but never to both at the
same time. The latter finding needs, therefore, further investigation
to explain synergistic effects. Nevertheless, we add insight into the
receptor and signaling cascade alterations induced by 17/3-estradiol,
dehydroepiandrosterone or17/3-estradiol + dehydroepiandrosterone
treatment of C6 and OLN-93 cells in hyperoxia.
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1. Introduction

Preterm infants are more vulnerable to central nervous
system injury than term neonates, typically white matter in-
juries [1]. Hyperoxia is one key factor in the pathogenesis
[2, 3]. The arterial oxygen partial pressure (PaOs) in utero is
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maintained at low levels of < 30 mmHg [4] and increases to
65-80 mmHg in preterm infants after birth [5]. Also, oxy-
gen supplementation is used in neonatal intensive care in
the resuscitation and treatment of neonatal lung disease. Fi-
nally, plasma concentrations of antioxidant enzymes and glu-
tathione are significantly lower in preterm infants than term
infants [6, 7]. Thus, the immature brain has a considerably
lower antioxidant capacity, which causes oxidative stress for
oligodendrocytes’ immature stages [8, 9] and might lead to a
higher risk of intracerebral hemorrhage in preterm infants.

The fetal zone is a compartment of the fetal adrenal cortex
in humans and other higher primates. Dehydroepiandros-
terone sulfate (DHEAS) is the main precursor from the fetal
zone and is synthesized until the term in increasing amounts
of up to 100-200 mg per day [10, 11]. In the placenta, DHEAS
is used for biosynthesis of different estrogens, which has led
to the term “feto-placental unit” [12]. Preterm birth discon-
nects this unit, which results in a 100-fold drop in plasma es-
trogen levels compared to intrauterine levels [13, 14]. No-
tably, preterm infants’ fetal zone produces persistently high
quantities of DHEAS until the time of the termed birth
(15, 16).

It was hypothesized that estrogen and progesterone’s sub-
stitution after preterm birth potentially protects the imma-
ture brain in case of neurological complications [17]. In a
preliminary study, 83 premature infants were randomized
to supplement E2 and progesterone to maintain intrauterine
concentrations. When the infants were discharged home, no
effects on survival or vulnerability for intracerebral hemor-
rhage were observed [18]. Five years later, no benefits were
found [19], which underlines the need for a more detailed
understanding of the role of fetal zone steroids (FZS), E2 and
progesterone for the preterm brain.
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Fig. 1. Simplified overview of investigated signaling pathways modified from [31, 33]. Black line: dotted - activation, solid - activation by phospho-

rylation, dashed - intermediate steps. Grey line: dotted - inhibition, solid - deactivation of a protein complex by phosphorylation, dashed - intermediate

steps.

In our recent work [20], we investigated the discrep-
ancy between in vitro models and findings of the preclinical
studies of Trotter et al. [17-19]. By using three different
types of immature glial cells (OLN-93, C6 and PDGFRa™
cells), we found that the three most abundant FZS (DHEA,
160H-DHEA and androstenediol) were able to protect from
hyperoxia-mediated cell death in a dose-dependent manner.
Furthermore, in two of the three investigated cell types (C6
and PDGFRa™ cells), additional E2 could not significantly
improve the FZS-initiated neuroprotection. The investiga-
tion of the effect-mediating receptors showed that FZS could
mediate protection via the estrogen receptors (ER) and the
androgen receptor (AR). Because of the so-called receptor
promiscuity [21], fetal zone steroids as precursors for pla-
cental estrogen synthesis are structurally related to estrogens.
They thus can interact with ERs [22-24]. Furthermore, these
steroids can interact with the AR [25, 26]. As a result, FZS
creates a unique hormonal milieu in preterm infants, leading
to continuous activation of classical ERs. Therefore, compet-
itive effects of FSZ and E2 might be responsible for the unal-
tered neurological outcome in previous preliminary clinical
studies [20, 27].

In general, E2 and DHEA'’s effect can be mediated by two
classical estrogen receptors (ERs), ER-aw and ER-/3, by a non-
classical G protein-coupled estrogen receptor (GPER) and the

110

AR.

The amount of functional receptors expressed by a cell is
crucial for its response to hormonal ligands and can change
with development, physiological and pathological status [28].
The steroid hormone receptors can be regulated by the num-
ber of ligands (autoregulation - induction or suppression)
[28]. Tissue dependent autoinduction and autorepression are
described for ERs and ARs. In cross-regulation, the bind-
ing of one hormone to its receptor modulates another recep-
tor. For example, E2 can induce the progesterone receptor’s
expression via cross-regulation [29]. We, therefore, inves-
tigated the effects of hyperoxia and steroid hormones on re-
ceptor density.

Different effects of hormones are mediated by differ-
ent receptor type and subsequent different involved signal
transduction pathways which include ERK1/2, Akt (Thr308
and Ser473) [30], AMPKa, S6RP, Bad, p70S6K, PRAS40
and GSK-35. According to the phosphorylation status
of these proteins, several pathways can be defined: (1)
the PI3K/Akt/Bad signaling pathway (Akt, Bad), (2) the
PI3K/Akt/mTOR signaling pathway (Akt, PRAS40, GSK-
3/), and (3) the MAPK/ERK/mTOR signaling pathway
(ERK1/2, p70S6K, S6RP) (see Fig. 1 for an overview). With
phosphorylation of AMPKq, (4) the AMPKa/mTOR sig-
naling pathway (AMPKq, p70S6K, S6RP) downregulates
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p70S6K and S6RP, which results in promoted cell death [31].
All of the pathways mentioned above interact and promote
cell survival upon phosphorylation [31-33]. We here an-
alyzed the co-treatment effects on the signal, as mentioned
earlier transduction proteins.

Exploring the basics of E2 and DHEA influence on recep-
tor density and signal transduction can help to develop effec-
tive neuroprotective treatments for preterm infants. Thus,
we investigated the effects of E2 and DHEA on receptor den-
sity and signal transduction pathways in a hyperoxia cell cul-
ture model. Therefore, we chose two different immature glial
cell types to take potential cell-type-specific outcomes into
account: (i) the rat-derived immature oligodendroglial cell
line OLN-93 and (ii) the rat-derived immature astroglial cell
line Cé6.

2. Methods
2.1 Cell culture and experimental treatment

The rat-derived oligodendrocyte progenitor cell line
OLN-93 [34] was cultured as described previously [35].

The rat-derived immature astroglial cell line C6 [36, 37]
was purchased from the American Type Culture Collection
(ATTC) cultured as recommended.

Both cell lines were cultured to stable replication for up to
ten passages after thawing in a humidified atmosphere at 37
°Cand 5% CO3 (21% O, normoxia; Binder, CB150).

To investigate the causes of the protective effects, con-
centrations were selected which exhibit a long-lasting pro-
tective effect. Only by this approach, further experiments
can be conducted to investigate the underlying mechanisms.
Therefore, different concentrations were used for the dif-
ferent substances, which exhibited a long-lasting protective
effect in earlier experiments. Therefore, different concen-
trations were used for the different substances or cell lines.
Stock solutions (1000x) of 173-estradiol (E2; 1 uM for
OLN-93 cells and 10 uM for Cé6 cells; Sigma-Aldrich) and
dehydroepiandrosterone (DHEA; 100 nM; Sigma-Aldrich)
were prepared in dimethylsulfoxide (DMSO). The DMSO
was added to the control sample corresponding to the DMSO
concentration in the treatment sample.

After 48 h of recovery in culture medium, OLN-93 and
C6 media were exchanged to experimental media as previ-
ously described [20] containing steroids or DMSO. After 2
h of preincubation, the medium was renewed, and the cells
were exposed to hyperoxia (humidified atmosphere at 37 °C
with 5% COs and 80% O-; Binder, CB50) or normoxia for the
indicated time.

2.2 Survival assays

C6 and OLN-93 cells were preincubated for 2 h with 1
uM and 10 uM of E2 in DMSO, respectively, and subse-
quently damaged by hyperoxia for 48 h. A lactate dehydro-
genase (LDH) cytotoxicity assay (Abcam) was used according
to the manufacturer’s instructions to assess cell death in OLN-
93 cells. LDH is released from damaged cells and can be mea-
sured in the supernatant. LDH oxidizes lactate and thereby
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produces NADH, which reacts with a red water-soluble tetra-
zolium to a yellow color. The color was quantified by a plate
reader (Thermo Fisher, Multiscan Ex) at OD 450 nm. The
OD 650 nm was measured as a reference and subtracted from
OD 450 nm. Results are given as % cell death compared to
DMSO-treated cells under hyperoxia.

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Promega) was used according to
the manufacturer’s instructions to measure the viability of
C6 cells. In this assay, MTT, a yellow tetrazole, is reduced
to purple formazan in living cells. The conversion was
measured by a plate reader at OD 595 nm and OD 650 nm
as a reference and subtracted from OD 595 nm. For higher
comparability among the survival assays, the viability results
were processed to cell death by the formula: % cell death
= 100- (% viability -100). Results are given as % cell death
compared to DMSO-treated cells under hyperoxia.

2.3 Western blotting

To investigate the influence of steroid treatment and hy-
peroxia on the ER-a, ER-3, GPER and AR receptor ex-
pression, C6 and OLN-93 cells were pretreated 2 h with
DMSO, E2, DHEA or E2 and DHEA and subsequently ex-
posed to 48 h of hyperoxia. A normoxia DMSO control was
included. Afterwards, proteins were isolated using TRIzol
Reagent (Life Technologies), followed by quantification us-
ing Roti-Quant protein quantitation assay (Carl Roth) ac-
cording to each manufacturer’s instruction. Proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvinyli-
dene difluoride membranes (PVDF; Bio-Rad Laboratories)
in a wet transfer system (all devices purchased from Bio-
Rad Laboratories). The membranes were blocked 2 h in tris
(hydroxymethyl)-aminomethan (Tris)-buffered saline (Carl
Roth) containing 0.15% Tween 20 (Sigma-Aldrich) and 2.5%
non-fat milk (Carl Roth). Afterward, membranes were incu-
bated overnight with primary antibodies and the next day for
1 h with horseradish peroxidase-conjugated secondary anti-
bodies. The following primary antibodies were used: anti-
ER-« rabbit polyclonal antibody (1 : 200; Santa Cruz), anti-
ER-{3 rabbit polyclonal antibody (1 : 1,000; Affinity BioRe-
agent, Thermo Fisher), anti-GPER rabbit polyclonal anti-
body (1 : 250; Abcam), anti-AR mouse monoclonal antibody
(1: 200; Abcam), and anti-3-actin rabbit polyclonal antibody
(1: 5,000; Sigma-Aldrich) (Table 1). Peroxidase-conjugated
goat anti-rabbit and goat anti-mouse IgG (H + L) secondary
antibodies were purchased from Jackson ImmunoResearch
(1: 5,000). Specific proteins were visualized with enhanced
chemiluminescence detection reagent according to the man-
ufacturer’s instructions (Thermo Fisher) and developed by
an imaging system (Bio-Rad Laboratories, ChemiDoc XRS).
Receptor proteins were quantified as a ratio to S-actin with
densitometry using Image Lab software (Bio-Rad Laborato-
ries). In ER-a, not the full-length protein (66 kDa) but the
50 kDa splice variant was investigated since it was the most
dominant variant in both cell lines. By calculating the ratio
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Table 1. Antibody table.

Name of Antibody

Manufacturer, catalog #, and/or name of Species raised in; monoclonal Dilutionused

individual providing the antibody

or polyclonal

Rabbit Anti-Estrogen Receptor-a (HC-20)
Rabbit Anti-Estrogen Receptor-3

Rabbit Anti G-Protein Coupled Receptor 30
Mouse Anti-Androgen Receptor (Clone AR441)
Rabbit Anti-3-Actin

Santa Cruz, #sc-543

Affinity BioReagent, #PA1-311
Abcam, #ab39742

Abcam, #ab9474
Sigma-Aldrich, #A6022

Peroxidase AffiniPure F(ab’)2 Fragment Goat Jackson ImmunoResearch, # 111-036-003

Anti-Rabbit IgG (H + L)

Peroxidase AffiniPure F(ab)2 Fragment Goat Jackson ImmunoResearch, #115-036-146

Rabbit, polyclonal 1:200
Rabbit, polyclonal 1: 1,000
Rabbit, polyclonal 1:250
Mouse, monoclonal 1:200
Rabbit, polyclonal 1:5,000

Goat 1:5,000

Goat 1: 5,000

Anti-Mouse IgG (H + L)
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Fig. 2. Effects of E2 and DHEA co-treatment on hyperoxia-mediated cell death. Cell survival was measured (A) in C6 cells by MTT assays and (B) in

OLN-93 cells by LDH assays after treatment with E2 alone (10 or 1 zM respectively), DHEA (100 nM) alone or co-treatment under hyperoxia. DMSO hyperoxia

control was set to 100% to exclude inter-assay variability. Significant differences to DMSO hyperoxia control are indicated by *; significant differences between

steroid treatments are indicated by #. */# P < 0.05, **/## P < 0.01; ***/### P < 0.001.

to [J-actin expression, the concentration of receptor proteins
is presented as semi-quantitative data compared to DMSO-
treated cells under normoxia.

2.4 Intracellular signaling array (multiplex ELISA array)

C6 and OLN-93 cells were pretreated for 2 h with DMSO,
E2, DHEA, or E2 and DHEA for signaling array experiments.
Cells were collected after 6 h and 24 h of hyperoxia, according
to the manufacturer’s instruction. As recommended by the
manufacturer, the lysis buffer was supplement with Halt Pro-
tease and Phosphatase Inhibitor Single-Use Cocktail (100,
Thermo Fisher). According to the manufacturer’s instruc-
tion, the cell lysates were quantified by Roti-Quant protein
quantitation assay (Carl Roth). Afterward, cell lysates were
analyzed using an intracellular signaling array kit (Cell Sig-
naling Technology) to detect activated signaling molecules.
For this actual human-specific array, 11 of 18 antibodies were
species cross-reactive to rat-derived samples, as confirmed by
the manufacturer-only 9 of those 11 antibodies delivered de-
tectable signal.

According to the manufacturer’s instructions, cell lysates
were added to the nitrocellulose-coated glass slides pre-
coated with primary antibodies for 2 h. Afterward, the slides
were incubated for 1 h with biotinylated antibodies, followed
by a horseradish peroxidase-conjugated secondary antibody
for 30 min. The slides were exposed to a substrate, and
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chemiluminescence was measured. Each array was processed
with the “Protein Array Analyzer” macro in Image] (NTH) for
background subtraction and grid measurement [38]. Nor-
malization between arrays was calculated by scaling the indi-
vidual intensities so that the mean intensities were the same
across all compared arrays. The results show only proteins
for which signal intensities were stronger than the back-
ground after 1 min of exposure. The signal intensities are
given as the ratio to DMSO-treated cells, calculated for each
experiment.

2.5 Statistical analysis

Statistical significance was assessed with GraphPad Prism
8.3.1 software (GraphPad Software, LLC) by Two-way
ANOVA or Mixed Model depending on missing values. We
corrected for multiple comparisons using Tukey’s post hoc
test. Matched values were factored in as appropriate. Fried-
man Test was used for data of Fig. 2. The significance levels
were denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. A
level of P < 0.05 was considered statistically significant. Data
in the figures are represented as mean & SD and result from
at least four independent experiments performed on differ-
ent days. Replicate wells were used and pooled for analysis.
Due to the limited amount of data points per cell culture con-
dition, some of the data must be considered explorative.

Volume 20, Number1, 2021



50kDa splice variant ER- ER-
A P o* B ]
= &
58 Es
cN3 ER- .
o 8 A g
> E g £ 34
262 Zs o
@ < oo | * % c u
§E o L7y SE 24 .‘I‘
BT R i B B ] [ete
59 5< 11 F Wi ol
:‘,-= o sz
g 0 ;- q: T T § 0 T T T T
= © < <& < 2 o" & > a
& Q‘z“ o‘z‘ Qe‘ Q‘Zg' 0*2‘«'
¥ x S x
o & = 2
¥ & <!
° ¢ AR
c GPER D ; )
% 25 ]
x ;
Ezs Eg
89 20 28 +
cENT €=
N T ;| 2 000 1
€245 oo .l 55 = A d
55 6F 28 ] AA
%40l rots n + —T— 2c Ol au
cc o= 1
s = aj'o N . € 8 i
£ 2 =+ 1
5§08 2a
=2 2
g ool . : . g ' * :
@ g & 53 \ ¥
2 o & &v B & < og, OQS”
&L < Q N x
& x & %
o < L L%
S =
O‘X‘ Q

Fig. 3. Effects of steroid treatment and hyperoxia on receptor expression in C6 cells. The expression of (A) 50 kDa splice variant of ER-c, (B) ER-/3,
(C) GPER and (D) AR in C6 cells were analyzed by western blot after treatment with E2 alone (10 M), DHEA (100 nM) alone or co-treatment. Data were
normalized to normoxia DMSO control (set to 100%). Significant differences between hyperoxia DMSO control and treatments are indicated by * P < 0.05,

* P < 0.01;** P < 0.001.
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Fig. 4. Effects of steroid treatment and hyperoxia on receptor expression in OLN-93 cells. The expression of (A) 50 kDa splice variant of ER-c, (B)
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3. Results

3.1 Effects of E2 and DHEA co-treatment on hyperoxia-mediated
cell death

Under hyperoxia, the effect of treatment on cell survival
with DHEA alone, co-treatment with E2 or E2 alone was
compared to DMSO control (set to 100%) (Fig. 2A, B). While
all hormone conditions reduced cell death significantly in
both cell types, co-treatment significantly increased cell sur-
vival compared to DHEA or E2 single treatment in OLN-93
cells (P < 0.001; Fig. 2B).

3.2 Effects of steroid treatment and hyperoxia on the receptor
expression

To investigate the influence of steroid treatment and hy-
peroxia on the steroid receptor availability, the expression of
ER-a, ER-/3, GPER and AR was analyzed. For these exper-
iments, C6 and OLN-93 cells were pretreated for 2 h with
DMSO, E2, DHEA, or E2 and DHEA and afterward subjected
to 48 h of hyperoxia.

In C6 cells, neither steroid treatment nor hyperoxia led to
significant ER-« or 5 or GPER expression changes compared
to DMSO hyperoxia control (Fig. 3A, B, C). Treatment with
E2 led to a significant increase of AR compared to DHEA (P
< 0.05) (Fig. 3D).

In OLN-93 cells, treatment with DHEA plus E2 led to a
significant increase of ER-ov compared to DMSO under hy-
peroxia (P < 0.01). DHEA (P < 0.01) and its combination
with E2 (P < 0.001) increased ER-a significantly compared
to E2 alone (Fig. 4A). The relative quantification of ER-( led
to similar results (Fig. 4B).
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There were no significant differences for GPER or AR ob-
served under hyperoxia (Fig. 4C, D).

3.3 Effects of steroid treatment on intracellular signaling
molecules

In C6 cells, ERK1/2 (Thr202/Tyr204), Akt (Thr308 and
Ser473), S6 ribosomal protein (Ser235/236; S6RP), Bad
(Ser112), ribosomal protein S6 kinase (Thr389; p70S6K),
proline-rich Akt/PKB substrate 40 kDa (Thr246; PRAS40),
and glycogen synthase kinase-3/3 (Ser9; GSK-3/3) were de-
tectable while Stat3 (Tyr705) or p38 (Thr180/Tyr182) were
not (Fig. 5A, B).

After 6 h of hyperoxia, Akt (Ser473) was significantly
downregulated, whereas GSK-33 was significantly upregu-
lated in DHEA plus E2-treated cells compared to DMSO con-
trol (Fig. 5A). The activation of Akt seemed to be transient.

After 24 h of hyperoxia, there were no significant differ-
ences in E2- and DHEA-treated cells (Fig. 5B). Under DHEA
+ E2 co-treatment, Bad, PRAS40, and GSK-3/3 were sig-
nificantly upregulated compared to DMSO control. There
were no differences between the different steroid treatments
(Fig. 5A, B).

In OLN-93 cells, the signaling mentioned above molecules
and AMP-activated protein kinase o (Thr172; AMPK«)
were detectable. Again, no distinct activation of Stat3 or p38
was measured (Fig. 6A, B).

After 6 h of hyperoxia, there was a significant downregu-
lation of GSK-3b under DHEA treatment (Fig. 6A). Of inter-
est, there was a significant difference between DHEA single
and its combination treatment with E2 in phosphorylation
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of Akt (Thr308). The activation of Akt in E2 and DHEA/E2
co-treated cells seems to be transient as in the Cé6 cells be-
cause there was a significant upregulation of the Akt pathway
(Fig. 6A).

After 24 h of hyperoxia, no significant differences were
observed (Fig. 6B).

4. Discussion

During pregnancy, FZS is synthesized by the fetus and
serve as precursors for estrogen synthesis in the placenta [12].
It was previously shown that FZS synthesis in preterm in-
fants is persistently high until term [15, 16]. Our recent work
showed that FZS activates classical ERs, which lead to pro-
tective properties against hyperoxia-induced cell death [20].
The experimental hyperoxia model was applied to mimic the
oxygen supplementation used in neonatal intensive care in
resuscitation and treatment of neonatal lung disease. Due
to a dramatic rise in oxygen tissue tension, premature in-
fants are subjected much earlier to relative hyperoxia than
intrauterine conditions. However, in C6 cells under hyper-
oxia, co-treatment of DHEA and E2 showed no synergistic
effects while both hormones competed for the same recep-
tor [20]. In contrast, in OLN-93 cells under hyperoxia, co-
treatment led to synergistic effects while E2 and DHEA me-
diated their effects via different receptors as published earlier
by our group [20]. To further elucidate the circumstances of
synergism, we now aimed to investigate the effects of DHEA
and E2 alone and their combination on the receptor availabil-
ity and the induced signaling pathways.

4.1 Effects of hyperoxia and steroid hormones on receptor densities

The effects of hyperoxia and steroid hormones on recep-
tor density have been investigated in only two studies to
date. In one study, astrocytes were shown to downregu-
late the amount of progesterone receptor by hyperoxia [39].
The other study showed in cultured smooth muscle cells of
the respiratory tract that hyperoxia (with 50% O2) does not
change the receptor density of ER-ovand ER- 3 [40] in human
fetuses.

Hyperoxia induced significant changes in receptor expres-
sion compared to DMSO control in OLN-93 cells. The effects
on the C6 cells were the only minor. Since a similar trend in
regulation could be observed, the adverse finding could be
based on the limited number of experiments.

Since full-length ER-«v was hardly detectable in both cell
types and there was a relatively large amount of a ~50 kDa
splice variant of ER-q, this variant was quantified. The
mRNA of ER-a can undergo alternative splicing, whereby
one or more exons are deleted [41]. In the 50 kDa band for
ER-« examined here, exon 7 is depleted [42]. Not much is
known about this splice variant so far. However, it does not
seem to modulate gene expression [43]. The function of this
splice variant in receptor-mediated protection should be the
subject of future investigations.

In C6 cells, E2 seems to induce AR via cross-regulation
under hyperoxia. The induction of AR via E2 has already
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been described for other tissues [44]. However, it remains
to be clarified whether the effect of DHEA is an amplification
of autoinduction and/or a cross-regulation since DHEA can
bind to classical ERs and AR.

In OLN-93 cells, ER-«v and - were upregulated under the
pathological situation. However, this effect was reversed for
all three receptors by treatment with E2 by autorepression.
This autorepression by E2 was previously also found in other
estrogen-dependent tumor cells [45].

4.2 The phosphorylation status of intracellular signaling molecules

Receptor-mediated survival can be initiated via genomic
and non-genomic pathways. The activation of signal trans-
duction pathways can be temporary (transient activation) or
persistent (permanent activation). Transient signals can be
activated just a few minutes after adding factors and can dis-
appear after minutes or hours [46, 47]. E2 and DHEA can
induce non-genomic neuroprotective signaling pathways via
ERK1/2 and Akt [8, 48, 49].

It was previously shown that PI3K/Akt/Bad signaling me-
diates protection of E2 against oxidative stress-induced apop-
tosis in C6 cells [50], and treatment with DHEA prevents cell
death via PI3K/Akt/mTOR signaling in newborn neurons
[49]. Even without sustained upregulation of Akt itself, we
found downstream signaling proteins of the PI3K/Akt/Bad
and mTOR pathways significantly upregulated in C6 cells af-
ter 24 h of hyperoxia in the co-treatment group. Of interest, it
was previously reported that induction of cell death could in-
duce ERK1/2 phosphorylation in astrocytes [51, 52], and E2
can reverse hyperoxia-induced phosphorylation of ERK1/2
in astrocytes [53].

Although it was shown that E2 activates ERK1/2 and Akt
signaling to prevent cell death in oligodendrocyte precursor
cells [8], we only found downregulation of GSK-3b under
DHEA treatment after 6 h in OLN-93 cells. This might be
due to differences in cell culture, experimental setting or even
the used oligodendrocyte cell type.

5. Conclusions

Our findings show that the generated signaling of E2 +
DHEA treatment in C6 cells has no synergistic effects. Thus,
although the same signaling route is addressed, the combined
effect on this particular pathway does not potentiate cell sur-
vival. On the other hand, we observed improved cell survival
after E2 + DHEA treatment in OLN-93 cells. Here we found
significant differences in the early generated signaling of E2
or DHEA treatment compared to E2 + DHEA cells but never
both at the same time.

The observed changes in the receptor densities do not af-
fect the occurrence of synergism. Furthermore, two neuro-
protective treatments that initiate the same signaling path-
way might not cause synergism since the full signaling ca-
pacity was already reached by one of the stimulants alone. If
two neuroprotective treatments initiate different or differ-
ently timed signaling, synergism might occur more quickly.
Synergistic effects of DHEA and E2 as shown in OLN-93 cells
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Fig. 6. Intracellular signaling among hyperoxia and treatments in OLN-93 cells. To explore intracellular signaling, a signaling array was used. After 2
h treatment with DMSO, E2, DHEA, or DHEA/E2 co-treatment, cells were exposed to 6 h and 24 h of hyperoxia. OLN-93 cells were treated with DMSO, 1
1M E2, 100 nM DHEA, or DHEA and E2 combined and afterward exposed to (A) 6 h and (B) 24 h hyperoxia. Significant differences from hyperoxia/DMSO
control, set to 1.0, are indicated by # P < 0.05. Significant differences between steroid treatments are indicated by * P < 0.05. White bars represent E2-treated

cells, light grey bars represent DHEA-treated cells, and dark gray bars represent DHEA/E2-co-treated cells.

are not likely to occur in preterm infants due to the receptor
affinities of human receptors that will not lead to predomi-
nant AR activation by FZS (e.g., DHEA: ER- K4 ~0.5 uM;
ARKy~1.1 uM) [22,25]. Nevertheless, the OLN-93 cells can
give hints for the development of future treatment strategies
in preterm infants. For this purpose, the intracellular pro-
cesses initiated by the respective treatments should be inves-
tigated in detail. Therefore, a treatment that induces intra-
cellular signaling distinct from the endogenous FZS-initiated
signaling processes might support the clinical outcome after
preterm birth in a synergistic way. This support might also
include activation of the same signaling family but with other
specific characteristics.

Auto- and cross-regulation are essential mechanisms for
amplifying hormone signals, regulating hormone activities
by negative feedback mechanisms, and coordinating hor-
mone effects in a quick and tissue-specific manner [28]. In
general, autorepression’s most crucial function is to restore
homeostasis by downregulating the receptor as the hormones
increase [28]. This effect could not be found in either of the
cell types studied within the observation period. Future work
would require investigating how the severe deficiency of es-
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trogens and progesterone, together with the large number of
adrenal androgens (fetal zone steroids), affects the receptor
composition in the premature infant after birth and in the
long term.

Abbreviations

160H-DHEA, 16a-hydroxy-dehydroepiandrosterone;
AMPKa, AMP-activated protein kinase o; AR, androgen
receptor; DHEA, dehydroepiandrosterone; DHEAS, dehy-
droepiandrosterone sulfate; DMSO, dimethyl sulfoxide; E2,
17 B-estradiol; ER, estrogen receptor; ERK1/2, extracellular
signal-regulated kinase; FZS, fetal zone steroids; GPER,
G protein-coupled estrogen receptor; GSK-3/3, glycogen
synthase kinase 3(3; LDH, lactate dehydrogenase; MAP,
MAPK, mitogen-activated
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; PI3, phosphatidylinositol 3;
PI3K, phosphatidylinositol 3 kinase; PRAS40, proline-rich
Akt/PKB substrate 40kDa; p70S6K, ribosomal protein S6
kinase; S6RP, S6 ribosomal protein.

mitogen-activated protein;
protein kinase;

Volume 20, Number1, 2021



Author contributions

SH did the investigation, formal analysis and writing
(original draft preparation). DS und CZ did investigation and
writing (review & editing). JR did the investigation, formal
analysis and writing (review & editing). BR did supervision
and writing (review & editing). AV and MH did conceptual-
ization, supervision and writing (review & editing).

Ethics approval and consent to participate
Not applicable.

Acknowledgment

The authors thank Prof. Dr. Christiane Richter-
Landsberg (University of Oldenburg, Germany) for the gift of
cell line OLN-93 and Monika Hoyer for technical assistance.

Funding

The study was based on internal funds.

Conflict of interest

The authors declare that they have no competing inter-
ests. Given his role as the Review Board Member of JIN, Prof.
Matthias Heckmann had no involvement in the peer-review
of this article and has no access to information regarding its
peer-review.

Consent for publication
Not applicable.

Availability of data and materials
Raw data is available from the authors upon reasonable
request.

References

[1] Volpe]J. Neurobiology of periventricular leukomalacia in the pre-
mature infant. Pediatric Research. 2001; 50: 553-562.

[2] Collins MP, Lorenz JM, Jetton JR, Paneth N. Hypocapnia and
other ventilation-related risk factors for cerebral palsy in low birth
weight infants. Pediatric Research. 2001; 50: 712-719.

[3] Deulofeut R, Dudell G, Sola A. Treatment-by-gender effect when
aiming to avoid hyperoxia in preterm infants in the NICU. Acta
Paediatrica. 2007; 96: 990-994.

[4] Polin RA, Fox WW, Abman SH. Fetal and neonatal physiology.
Philadelphia: Elsevier/Saunders. 2011.

[5] Castillo A, Sola A, Baquero H, Neira F, Alvis R, Deulofeut R, et al.
Pulse oxygen saturation levels and arterial oxygen tension values
in newborns receiving oxygen therapy in the neonatal intensive
care unit: is 85% to 93% an acceptable range? Pediatrics. 2008;
121: 882-889.

[6] Georgeson GD, Szony BJ, Streitman K, Varga IS, Kovécs A,
Kovics L, et al. Antioxidant enzyme activities are decreased in
preterm infants and in neonates born via caesarean section. Eu-
ropean Journal of Obstetrics, Gynecology, and Reproductive Bi-
ology. 2002; 103: 136-139.

[7] Smith CV,Hansen TN, Martin NE, McMicken HW, Elliott SJ. Ox-
idant stress responses in premature infants during exposure to hy-
peroxia. Pediatric Research. 1993; 34: 360-365.

[8] Gerstner B, Sifringer M, Dzietko M, Schuller A, Lee J, Simons S,
et al. Estradiol attenuates hyperoxia-induced cell death in the de-
veloping white matter. Annals of Neurology. 2007; 61: 562-573.

Volume 20, Number1, 2021

—
\O

]

(10]

(19]

(20]

Deng W, Rosenberg PA, Volpe JJ, Jensen FE. Calcium-permeable
AMPA /kainate receptors mediate toxicity and preconditioning by
oxygen-glucose deprivation in oligodendrocyte precursors. Pro-
ceedings of the National Academy of Sciences. 2003; 100: 6801-
6806.

Siiteri PK, MacDonald PC. The utilization of circulating dehy-
droepiandrosterone sulfate for estrogen synthesis during human
pregnancy. Steroids. 1963; 2: 713-730.

Blackburn S. Maternal, Fetal, & Neonatal Physiology. Elsevier
Health Sciences. 2014.

Diczfalusy E. Endocrine functions of the human fetoplacental unit.
Federation Proceedings. 1964; 23: 791-798.

Tulchinsky D, Hobel CJ, Yeager E, Marshall JR. Plasma estrone,
estradiol, estriol, progesterone, and 17-hydroxyprogesterone in
human pregnancy. I. Normal pregnancy. American Journal of Ob-
stetrics and Gynecology. 1972; 112: 1095-1100.

Trotter A, Maier L, Grill HJ, Kohn T, Heckmann M, Pohlandt
F. Effects of postnatal estradiol and progesterone replacement in
extremely preterm infants. Journal of Clinical Endocrinology &
Metabolism. 1999; 84: 4531-4535.

Midgley PC, Russell K, Oates N, Shaw JC, Honour JW. Activity
of the adrenal fetal zone in preterm infants continues to term. En-
docrine Research. 1996; 22: 729-733.

Heckmann M, Hartmann MF, Kampschulte B, Gack H, Bodeker
RH, Gortner L, et al. Persistent high activity of the fetal adrenal
cortex in preterm infants: is there a clinical significance? Journal
of Pediatric Endocrinology and Metabolism. 2006; 19: 1303-1312.
Trotter A, Maier L, Pohlandt F. Management of the extremely
preterm infant: is the replacement of estradiol and progesterone
beneficial? Paediatric Drugs. 2001; 3: 629-637.

Trotter A, Maier L, Kron M, Pohlandt F. Effect of oestradiol and
progesterone replacement on bronchopulmonary dysplasia in ex-
tremely preterm infants. Archives of Disease in Childhood-Fetal
and Neonatal Edition. 2007; 92: F94-98.

Trotter A, Steinmacher J, Kron M, Pohlandt F. Neurodevelop-
mental follow-up at five years corrected age of extremely low birth
weight infants after postnatal replacement of 17beta-estradiol and
progesterone. Journal of Clinical Endocrinology and Metabolism.
2012; 97: 1041-1047.

Hiibner S, Sunny DE, Pohlke C, Ruhnau J, Vogelgesang A, Re-
ich B, et al. Protective effects of fetal zone steroids are comparable
to estradiol in hyperoxia-induced cell death of immature glia. En-
docrinology. 2017; 158: 1419-1435.

Lathe R, Kotelevtsev Y. Steroid signaling: ligand-binding promis-
cuity, molecular symmetry, and the need for gating. Steroids. 2014;
82: 14-22.

Miller KK, Al-Rayyan N, Ivanova MM, Mattingly KA, Ripp SL,
Klinge CM, et al. DHEA metabolites activate estrogen receptors
alpha and beta. Steroids. 2013; 78: 15-25.

Bruder JM, Sobek L, Oettel M. Dehydroepiandrosterone stimu-
lates the estrogen response element. Journal of Steroid Biochem-
istry and Molecular Biology. 1997; 62: 461-466.

Maggiolini M, Donze O, Jeannin E, Ando S, Picard D. Adrenal an-
drogens stimulate the proliferation of breast cancer cells as direct
activators of estrogen receptor alpha. Cancer Research. 1999; 59:
4864-4869.

Chen F, Knecht K, Birzin E, Fisher J, Wilkinson H, Mojena M,
et al. Direct agonist/antagonist functions of dehydroepiandros-
terone. Endocrinology. 2005; 146: 4568-4576.

Mo Q, Lu SF, Hu S, Simon NG. DHEA and DHEA sulfate differ-
entially regulate neural androgen receptor and its transcriptional
activity. Molecular Brain Research. 2004; 126: 165-172.

Hiibner S, Reich B, Heckmann M. Role of sex steroids and their
receptors in human preterm infants: impacts on future treatment
strategies for cerebral development. Biochemical Pharmacology.
2015; 98: 556-563.

Bagamasbad P, Denver R]. Mechanisms and significance of nu-
clear receptor auto- and cross-regulation. General and Compara-
tive Endocrinology. 2011; 170: 3-17.

17



[29]

(30]

(31]

(33]

(38]

(41]

18

Lee Y], Gorski J. Estrogen-induced transcription of the proges-
terone receptor gene does not parallel estrogen receptor occu-
pancy. Proceedings of the National Academy of Sciences. 1996; 93:
15180-15184.

Xie J, Weiskirchen R. What does the "AKT” stand for in the name
“AKT Kinase”? Some historical comments. Frontiers in Oncology.
2020; 10: 1329.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A,
Vasquez DS, et al. AMPK phosphorylation of raptor mediates a
metabolic checkpoint. Molecular Cell. 2008; 30: 214-226.

lijima Y, Laser M, Shiraishi H, Willey CD, Sundaravadivel B,
Xu L, et al. c-Raf/MEK/ERK pathway controls protein kinase C-
mediated p70S6K activation in adult cardiac muscle cells. Journal
of Biological Chemistry. 2002; 277: 23065-23075.

Martelli AM, Evangelisti C, Chiarini F, Grimaldi C, Cappellini A,
Ognibene A, et al. The emerging role of the phosphatidylinositol
3-kinase/ Akt/mammalian target of rapamycin signaling network
in normal myelopoiesis and leukemogenesis. Biochimica et Bio-
physica Acta. 2010; 1803: 991-1002.

Richter-Landsberg C, Heinrich M. OLN-93: a new permanent
oligodendroglia cell line derived from primary rat brain glial cul-
tures. Journal of Neuroscience Research. 1996; 45: 161-173.
Gerstner B, Buhrer C, Rheinlander C, Polley O, Schuller A, Berns
M, et al. Maturation-dependent oligodendrocyte apoptosis caused
by hyperoxia. Journal of Neuroscience Research. 2006; 84: 306-
315.

Benda P, Lightbody J, Sato G, Levine L, Sweet W. Differentiated
rat glial cell strain in tissue culture. Science. 1968; 161: 370-371.
Li Y, Xu N, Cai L, Gao Z, Shen L, Zhang Q, et al. NDRG2 is a
novel p53-associated regulator of apoptosis in Cé-originated as-
trocytes exposed to oxygen-glucose deprivation. PLoS ONE. 2013;
8: e57130.

Carpentier G. Dot Blot Analyzer: Software development using the
macro language of Image]. Proceedings of the Image] User and
Developer Conference, Centre de Recherche Public Henri Tudor.
2008.

Weber F, Endesfelder S, Buhrer C, Berns M. Effects of proges-
terone on hyperoxia-induced damage in mouse C8-D1A astro-
cytes. Brain and Behavior. 2016; 6: €00435.

Martin YN, Manlove L, Dong J, Carey WA, Thompson MA,
Pabelick CM, et al. Hyperoxia-induced changes in estradiol
metabolism in postnatal airway smooth muscle. American Jour-
nal of Physiology-Lung Cellular and Molecular Physiology. 2015;
308: L141-L14e.

Poola I, Koduri S, Chatra S, Clarke R. Identification of twenty al-
ternatively spliced estrogen receptor alpha mRNAs in breast can-

[42

=
&

N
So

cer cell lines and tumors using splice targeted primer approach.
Journal of Steroid Biochemistry and Molecular Biology. 2000; 72:
249-258.

Fasco MJ, Keyomarsi K, Arcaro KF, Gierthy JF. Expression of an
estrogen receptor alpha variant protein in cell lines and tumors.
Molecular and Cellular Endocrinology. 2000; 166: 156-169.
Horvath G, Leser G, Helou K, Henriksson M. Function of the
exon 7 deletion variant estrogen receptor alpha protein in an
estradiol-resistant, tamoxifen-sensitive human endometrial ade-
nocarcinoma grown in nude mice. Gynecologic Oncology. 2002;
84: 271-279.

Weihua Z, Ekman J, Almkvist A, Saji S, Wang L, Warner M, et
al. Involvement of androgen receptor in 17beta-estradiol-induced
cell proliferation in rat uterus. Biology of Reproduction. 2002; 67:
616-623.

Read LD, Greene GL, Katzenellenbogen BS. Regulation of estro-
gen receptor messenger ribonucleic acid and protein levels in hu-
man breast cancer cell lines by sex steroid hormones, their antago-
nists, and growth factors. Molecular Endocrinology. 1989; 3: 295-
304.

Chen JR, Plotkin LI, Aguirre JI, Han L, Jilka RL, Kousteni S, et al.

Transient versus sustained phosphorylation and nuclear accumu-
lation of ERKs underlie anti-versus pro-apoptotic effects of estro-

gens. The Journal of Biological Chemistry. 2005; 280: 4632-4638.
Gross SM, Rotwein P. Mapping growth-factor-modulated Akt
signaling dynamics. Journal of Cell Science. 2016; 129: 2052-2063.
Felderhoff-Mueser U, Bittigau P, Sifringer M, Jarosz B, Korobow-
icz E, Mahler L, et al. Oxygen causes cell death in the developing
brain. Neurobiology of Disease. 2004; 17: 273-282.

Li L, Xu B, Zhu Y, Chen L, Sokabe M, Chen L. DHEA prevents
A[325-35-impaired survival of newborn neurons in the dentate
gyrus through a modulation of PI3K-Akt-mTOR signaling. Neu-
ropharmacology. 2010; 59: 323-333.

Sur P, Sribnick EA, Wingrave JM, Nowak MW, Ray SK, Banik
NL. Estrogen attenuates oxidative stress-induced apoptosis in C6
glial cells. Brain Research. 2003; 971: 178-188.

Blizquez C, Galve-Roperh I, Guzmidn M. De novo-synthesized
ceramide signals apoptosis in astrocytes via extracellular signal-
regulated kinase. FASEB Journal. 2000; 14: 2315-2322.

Oh HL, Seok JY, Kwon CH, Kang SK, Kim YK. Role of MAPK in
ceramide-induced cell death in primary cultured astrocytes from
mouse embryonic brain. Neurotoxicology. 2006; 27: 31-38.
Huppmann S, Romer S, Altmann R, Obladen M, Berns M. 17beta-
estradiol attenuates hyperoxia-induced apoptosis in mouse C8-
D1A cell line. Journal of Neuroscience Research. 2008; 86: 3420-
3426.

Volume 20, Number1, 2021



	1. Introduction
	2. Methods
	2.1 Cell culture and experimental treatment
	2.2 Survival assays
	2.3 Western blotting
	2.4 Intracellular signaling array (multiplex ELISA array)
	2.5 Statistical analysis

	3. Results
	3.1 Effects of E2 and DHEA co-treatment on hyperoxia-mediated cell death 
	3.2 Effects of steroid treatment and hyperoxia on the receptor expression
	3.3 Effects of steroid treatment on intracellular signaling molecules 

	4. Discussion 
	4.1 Effects of hyperoxia and steroid hormones on receptor densities
	4.2 The phosphorylation status of intracellular signaling molecules

	5. Conclusions
	Abbreviations
	Author contributions
	Ethics approval and consent to participate
	Acknowledgment
	Funding
	Conflict of interest
	Consent for publication
	Availability of data and materials
	References

