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There is growing evidence that the Racl-activated NADPH oxidase system stimulates ROS
production, increases the BDNF expression, and regulates neurogenesis. Thus, moderate ROS
amount could have beneficial effects on signaling and neurogenesis. Thyroid hormones (TH) are
involved in mechanisms of neuronal plasticity and function of glial cells after ischemic stroke. Our
findings suggest that T3 regulates the neuronal actin cytoskeleton dynamics via avp3-integrin, which
increases neuronal cell viability through the Racl/NADPH oxidase pathway during hypoxia. We
hypothesized that TH via avp3-integrin could regulate NADPH oxidase activity through Rac1/NOX2
interactions, or NOX4 expression, and consequently stimulate BDNF production. We analyzed the
T3 and T4 effects on Racl binding to NOX2 in differentiated PC-12 cells and revealed that T3 causes
increases of the Racl/NOX2 interaction, and this effect was significantly elevated after blocking of
avp3 integrin by anti- avp3integrin antibodies in hypoxia. In contrast to NOX2, avf3-integrin
inhibitory antibody significantly decreased NOX4 expression in differentiated PC-12 cells and
abolished the T3-induced elevation of the BDNF secretion during hypoxia. We suggest that T3
regulates the moderate activity of NOX2 via avp3-integrin-mediated Racl binding to NOX2, which
stimulates the BDNF production and contributes to its neuroprotective signaling pathway activity
during hypoxia. © 2022 Bull. Georg. Natl. Acad. Sci.
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Thyroid hormones (TH), 3,5,3’,5-tetraiodo-L-
thyronine (T4) and 3,5,3'-triiodo-L-thyronine (T3)

genomic actions of TH are fast and include several
interactions of TH with the cellular membrane,

have a prominent role in the development and
function of the central nervous system (CNS) during
embryonic and fetal stages, and throughout the entire
life [1]. Cellular effects of TH in the brain can be
mediated by nuclear receptors/transcriptional
activity and also by non-genomic actions [2,3]. Non-

cytoskeleton, and mitochondria, modulating several
intracellular pathways. In contrast to T4, the non-
genomic action of T3 regulates the neuronal actin
cytoskeleton dynamics via ovB3 integrin, which
increases neuronal cell viability during hypoxia via
the Rac1/NADPH oxidase/ cofilin-1 pathway [4].

© 2022 Bull. Georg. Natl. Acad. Sci.



116 Elisabed Kvergelidze, Tamar Barbakadze, David Mikeladze

All known NADPH oxidases (NOXs) are
transmembrane proteins catalyze the
production of superoxide and a host of radical and
non-radical molecular species collectively called
reactive oxygen species (ROS). There is accumu-
lating evidence for an involvement in an increasing
number of biologically important signal trans-
duction processes [5]. NOX enzymes are involved
in CNS development, neural stem cell biology, and
the function of mature neurons. In most mammals,
there are seven NOX isoforms, but only NOX2 and
NOX4 were demonstrated as the major types
involved in brain tissue ROS generation [6]. Under
physiological conditions, NOX enzymes likely
generate only low levels of ROS in the CNS. The
most likely function of such a low-level ROS
generation is cellular signaling [7]. It should be
underlined that cell fate decision in response to
ROS exposure is determined by the sensitivity of
CNS cells to ROS, which is a key factor for the
signaling versus cell death decision [8]. Data from
literature indicate that modulation of ROS levels
plays a role in the expression of brain-derived
neurotrophic factor (BDNF). Oxidative stress can
interact with the BDNF system to modulate
synaptic plasticity and cognitive function. BDNF's
role in brain development and function has been
very well documented [9]. and its function has been
associated with TH levels in the brain. [10] Based
on these observations we hypothesized that avf3-
integrin-mediated T3-induced BDNF elevation is
the result of the specific NADPH oxidase activation
during hypoxia. Thus, identifying the involvement
of the specific NADPH oxidase in avB3 integrin-
mediated T3 effects on BDNF production during
hypoxia is crucial for further thera-peutic purposes
in ischemia-induced pathological conditions.

which

Materials and Methods

Cell line. Pheochromocytoma cells (PC-12,
ATCC® CRL-1721™) were cultured in a humidified
atmosphere containing 5% CO- at 37°C in a high-
glucose Dulbecco’s modified Eagle’s medium
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supplemented with 10% heat-inactivated horse
serum (HS), 5% fetal bovine serum (FBS), and
100 unit/mL penicillin as well as 50 ug/mL gen-
tamicin sulfate. To induce differentiation, PC-12
cells (5 x 108 cells per sample) were incubated in
low serum-containing DMEM (1% HS and 1%
FBS) supplemented with 100 ng/mL nerve growth
factor (NGF) for 5 days. The cells were scored as
differentiated if one or more neurites were longer
than the cell body diameter. The experiments were
performed under two settings: 1. T3/T4/avp3
integrin inhibitor pre-treatment of differentiated
PC-12 cells for 24 h before hypoxia, followed by
exposure to hypoxic conditions for 1 h without any
treatment; and 2. Pre-incubation of differentiated
PC-12 cells for 24h with T3/T4/avB3 integrin
inhibitor before hypoxia, followed by exposure to
hypoxic conditions for 1h with T3/T4/avp3
integrin inhibitor treatment. The physiological
concentrations of thyroid hormones, 10 nM T3 and
100 nM T4, were used in the experiments. The
avB3 blocking antibody (23C6) was used as an
avB3 integrin inhibitor (1 pg/mL) to evaluate the
involvement of avp3 integrin in thyroid hormone-
induced effects. Hypoxic conditions (0-1%
oxygen) were maintained using nitrogen gas in a
BioSpherix C-Chamber placed in a CO; incubator
and controlled by a ProOx Model P110 controller
(BioSpherix, USA).

Cell lysate preparation. After 1 h of exposition to
hypoxia, PC-12 cells were removed from the cell
culture flasks using 0.025% trypsin/EDTA contai-
ning phosphate-buffered saline (PBS) buffer (incu-
bation for 1 min), scraped, and pelleted by centri-
fugation at 300 x g. Trypsin inactivation was per-
formed using aprotinin-containing PBS (1 pg/mL).
Incubated PC-12 cells were lysed using a lysis
buffer (20mM HEPES, pH 7.4, 10mM KCl,
10mM MgCl;, 1mM EDTA, 1mM EGTA,
250 mM sucrose, 1 mM dithiothreitol, and PI
cocktail and passed through a 25 Ga needle 10
times using a 1 mL syringe. After cell lysis, the
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nuclei and intact cells were sedimented at 720 x g
for 5min, and the supernatant was subjected to
electrophoresis and western blotting.

Immunoprecipitation and Western blotting.
Supernatants were incubated with the anti-NOX2
antibodies for 60 min at 4°C. In immunopre-
cipitation experiments, proteinA/G-agarose (20 pg)
was added and the incubation continued for 2 h.
Samples were centrifuged at 2500 x g and the
pellets were washed four times with TEE buffer
(50 mM Tris—HCI, pH 7.4, 1L mm EDTA, and 1 mM
EGTA). The combined supernatant obtained after
immunoprecipitation was boiled at 90°C for 5 min
with 2x sample buffer, resolved by SDS-PAGE on
7.5-15% gels, and transferred to nitrocellulose
membranes for the analysis of NOX2, NOX4, and
Racl proteins. After blocking with 5% bovine

serum albumin and 0.05% Tween 20 in Tris—-HCI-
buffered saline (TBST), the nitrocellulose mem-
branes were incubated with the corresponding
primary antibodies (Santa Cruz Biotechnology) in
blocking solution. Subsequently, the membranes
were incubated with secondary antibodies. Immu-
nolabeled bands were visualized using enhanced
chemiluminescence and analyzed by Image J.

BDNF assay. The BDNF content was measured in
the medium using the BDNF Human BDNF ELISA
Kit (abcam), according to the manufacturer’s
protocol.

Statistical Analysis. The significance level was set
at *p <0.05, **p<0.01, and n.s. (hot significant)
versus serum-free hypoxic control (control, H),
#p<0.05, #p<0.01 versus T3, and & p <0.05,
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Fig. 1. Immunoblotting densitometric units ratio of immunoprecipitated NOX2 and immunostained with anti-

Rac1 primary antibody, and total NOX2.
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&&p<0.01 versus T4. All data are presented as
mean + SEM. Statistical analysis was performed by
one-way ANOVA followed by Scheffe’s post hoc
comparison test.

Results and Discussion

In order investigate the avp3 integrin-mediated
mechanism of TH in hypoxia we used NGF-treated
differentiated rat PC-12 cells and compared

T3/T4/avB3 integrin inhibitory antibody pre-
treated differentiated PC-12 cells for 24 h before
hypoxia, followed by exposure to hypoxic
conditions for 1 h without any treatment, with pre-
incubated differentiated PC-12 with T3/T4/avp3
integrin inhibitory antibody cells for 24 h before
hypoxia, followed by exposure to hypoxic condi-
tions for 1h with T3/T4/avP3 integrin inhibitor
treatment. We analyzed the effects of T3 and T4 on
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Fig. 2. Immunoblotting densitometric units of total NOX4.
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Fig. 3. BDNF release in the cell culture medium of differentiated PC-12 cells.
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Racl binding level to NOX2 and total NOX4
expression level in differentiated PC-12 cells
during hypoxia. Our experiments revealed that TH
elevates the Racl interaction with the NOX2
enzyme exactly during the hypoxia and this
interaction is increased by the avf3 integrin inhibi-
tory antibody (Fig. 1). In contrast to T3, T4 inc-
reases the Rac1/NOX2 complex level only during
the pre-incubation of the PC-12 cells with T4,
whereas the presence of the T4 in the incubation
medium does not change the Racl and NOX2
interaction level. Unlike T4, the simultaneous
action of T3/T4 also increases the Racl/NOX2
interaction, which emphasizes the predominant role
of T3 in hypoxia. Previously, we found that T3
regulates the neuronal actin cytoskeleton dynamics
via avB3 integrin, which increases neuronal cell
viability during hypoxia through Racl/NADPH
oxidase activation. Thus, it is possible, that NOX2
participates as a signaling molecule during
hypoxia. Itis reported that the cytosolic subunit p40
(phox) of the NOX2 complex is partially associated
with F-actin in neuronal growth cones, while ROS
produced by this complex regulates F-actin
dynamics and neurite growth [11]. Because, NOX2
is activated by NOX4 derived ROS, in the next, we
decided to measure the NOX4 expression level in
the cells. We found that T3 and T4 together and
independently increase the expression of NOX4,
and this effect is abolished by avp3 integrin
inhibitory antibody (Fig. 2). We did not find a
correlation between the NOX2 and NOX4
expression levels. Both Nox2 and Nox4 are
reported to be involved in various agonist-
stimulated signal transduction pathways, but their
specific roles in modulating such pathways is
remaining unclear [12]. We analyzed the BDNF
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release in the culture medium. Our results showed
that treatment of cells with T3 during hypoxia
increased the BDNF level. The impact of T3 was
abolished by the addition of an anti-avp3 integrin
antibody. Notably, T4 did not change the BDNF
production during hypoxia (Fig. 3).
NOX-generated ROS have emerged as
important regulators of the actin cytoskeleton and
cytoskeleton-supported cell functions. The effects
of NOX-derived ROS on cytoskeletal remodeling
may be largely attributed to the ability of ROS to
directly modify proteins that constitute or are
associated with the cytoskeleton. Additionally,
NOX-derived ROS may participate in signaling
pathways governing cytoskeletal remodeling [13].
In recent years, it is showed BDNF-mediated
structural plasticity including regulation of
cytoskeleton membrane dynamics [14]. The protein
content of BDNF is up-regulated by oxidative
stress. Low levels of ROS might cause insufficient
gene expression for redox homeostasis and,
therefore, impaired response to oxidative
challenge. On the other hand, high levels of ROS
exceed the adaptive tolerance of cells, resulting in
significant oxidative damage, apoptosis, and
necrosis. So, the moderate level of ROS is crucial
in the ROS signaling pathway and cell survival.
Our findings suggest that T3 regulates the moderate
activation of NOX2 via avp3 integrin-mediated
Racl binding to NOX2, which stimulates the
BDNF production and contributes to its
neuroprotective signaling pathway during hypoxia.

This research was supported by Shota Rustaveli
National Science Foundation of Georgia (SRNSF,
Georgia) [grant no. PHDF-19-751].
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docgodos

006000 30MImbo T3 sGgamwomgdl avh3
06393®0b0m 358995¢mgdmen NOX2-0l 359039056 o
BDNF-ob 1936093058 @oggMgbiomgdre PC-12 mxtmggddo
303mgdlools Gl

9. 339609m0dg™™, m. Bo@dsdsdg™™, ©. Bodguradg™™s

*0er0sl bsbgerdfogm #1boz96bodgd0, bs8296980b8gdy39¢7 d96609(98980bs s dgoogobob
R3320 AIAO, 080¢r0obo, bsgstr039¢2
*03. 896035930¢0l 97b3960896(99er0 Bomdgozobol 39bAGO0, BomFodool sdr®msBm0s, 08oerolo,

bsgsGorzgenm
953090000 fi9360, bs7s6039¢l G93609(5985005 9623629000 535090005, 0980¢0l0o, bsgsG39¢m

NADPH mgbogsbs — fo@dmngdmmo ROS-o 960d369¢m3sbos 6b-0l smmgobommmaom® s
BemMdsem® 3GmEglgddo. Racl-om gs5d@ovy@gdwymo NADPH mdbosbyy@o Lolidgds s@odyy-
o8l ROS-0b §s®dmgabsl, Mog ofjzgal BDNF-ob g9Judtgliost s, 0530l dbMog, sgawmemomgdls
6906MMpgb9BL. gsGolgdMo XoM33eol 3mMAmbgdo (TH; T3/T4), dmbsfogrgmdgb odgdom@o ob-
bryan@ol 8900097 Bgo®mbgdol 3grslBogm®mdols s oM™ YxrMmIdol BbJszombomgdsdo.
Bggbo fiobs 33093900 Amfjomdl, Gmd T3 sGgaryeomgdl bgoMmbmmo sg@obol go@mBmbRbols
©0065303790HmdsL avB3 0bEYaMobols Lsdmogrgdom, B3 BHEOl byHzmwo MxMgwEgdol Logmab-
@olYbs6056mds Racl/NADPH mgbosbHsls abols 99339mdom 3o3mglool mmb. Bggb g03s-
Oorgm, Gmd TH-05 ovPf3 0b@GHga®obol Lsdwgsemgdoom dgodangds ssmgamwotmls NADPH
mJlogsBL sdE03mds NOX2-056 Racl-ol ©s3953806780L gbom, s6 NOX4-ob gjlidmgbools (33¢o-
9800 9, GglsdsdoLs, sLEGHOTEomml BDNF gdud®glios. 330093000 s@a0bs, Mma T3 ofjggaL
Racl-ob NOX2-07s6 89353806900L bmdogh 953gdst s gl 9i39ddo 360836gwmgbs 0BMgds
avP3-063gaM0bol 063030698000 303mJulool EOML. NOX2-956 256Lbgsggdom, avBf3-0b@ga-
60obols 0630d0GHMOHM®o s6EOLbyMEo 3603369¢0mzbo 5330Mgdls NOX4-ob gdudmgliosts ogg-
69630090 me PC-12 vxM9gddo s blbol T3-000 9sdmfiggme BDNF Lg3®ggools 8mds@gdsls
303mgbool ML, Bzgb 335MsrEMdm, GMI T3 sMgaMEwotgdls NOX2-ob Bmdogh sj@Hogzmdsl,
Racl-olb NOX2-07s6 ¢05393806900L a%om, gl 9839d@0 393w35¢09dmemos avB3 ob@gatmobom, s
s1E0dmomgdls BDNF-U §sGamgdst s bgalienfigmdl 6500m3Gm@gd@meneo bsogbsgrm %ol
39543039056 303mglools EMmb.
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