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by regulation of MAPKs and apoptosis signaling
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Thioredoxin-like protein 1 (TXNL1), one of the thioredoxin su-
perfamily known as redox-regulator, plays an essential in main-
taining cell survival via various antioxidant and anti-apoptotic
mechanisms. It is well known that relationship between ischemia
and oxidative stress, however, the role of TXNL1 protein in
ischemic damage has not been fully investigated. In the pre-
sent study, we aimed to determine the protective role of TXNL1
against on ischemic injury in vitro and in vivo using cell
permeable Tat-TXNL1 fusion protein. Transduced Tat-TXNL1
inhibited ROS production and cell death in H;O,-exposed
hippocampal neuronal (HT-22) cells and modulated MAPKs
and Akt activation, and pro-apoptotic protein expression levels
in the cells. In an ischemia animal model, Tat-TXNL1 mark-
edly decreased hippocampal neuronal cell death and the acti-
vation of astrocytes and microglia. These findings indicate that
cell permeable Tat-TXNL1 protects against oxidative stress in
vitro and in vivo ischemic animal model. Therefore, we sug-
gest Tat-TXNL1 can be a potential therapeutic protein for ische-
mic injury. [BMB Reports 2023; 56(4): 234-239]

INTRODUCTION

Thioredoxin-like protein 1 (TXNL1), known as thioredoxin-re-
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lated protein of 32 kDa (TRP32), is a member of the thio-
redoxin family and is localized in the nucleus and cytoplasm
(1, 2). TXNL1 processes two domains, the N-terminal Trx do-
main and a C-terminal domain which possess the unknown
function 1000 (DUF1000) and this domain interacts with the
26S proteasome (3, 4). It is well known that this protein alters
the pathogenesis of a number of diseases through their anti-
oxidative mechanism. It is reported that TXNL1 protects against
glucose deprivation-induced cytotoxicity in human embryonic
kidney 293 cells (HEK-293 cells) (5) and overexpression of
TXNLT inhibits mammalian cell proliferation and acts as a tran-
scriptional repressor through direct binding to the transcription
factor B-Myb in SNU-1 cells (6). Furthermore overexpression
of TXNLT1 prevents cell death and cancer progression through
the inactivation of oxidative stress-induced phosphatase of re-
generating liver (PRL) (7). Xu et al. also reported that reduced
expression of base excision repair protein XRCC1 (X-ray repair
cross complementing group1) in gastric cancer tissues corre-
lates with a significant survival benefit from chemotherapy.
Upregulation of TXNL1 promoted the degradation of XRCC1
expression, in contrast, TXNL1 downregulated whereas XRCC1
was upregulated in BGC823/DDP cells. Thus, authors suggested
that expression of TXNL1 and XRCC1 may have an important
role in gastric cancer cells responsive to oxidative stress, con-
tribute to chemotherapy resistance and potential drug targets
for adjuvant chemotherapy in gastric cancer (8).

Reactive oxygen species (ROS) like H,O, cause oxidative
damage that is highly associated with a wide range of diseases
including neuronal diseases and cancers (9, 10). Increased
production of ROS induced toxic effects on DNA damage in
neuronal cells and high levels of ROS are associated with
brain ischemic injury (11). It is well known that Trx1 protein
plays important role in reducing oxidative stress in the brain,
therefore, it was hypothesized that inhibition or regulation of
ROS production through TXNLT may have a protective effect
against brain ischemic injury (12, 13). However, the precise
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protective mechanism of this protein against ischemic insult is
not well studied yet.

Protein transduction domains (PTDs) including trans-acting
activator of transcription (Tat) PTD are well described tools for
protein delivery into cells. Notably, Tat PTD fusion proteins are
not be limited by the protein size of the protein and various
cell permeable fusion proteins have been showed protective
effects in vitro and in vivo (14-24). Thus, in the present study,
we determine the protective effects of Tat-TXNL1 in HT-22
cells and in an ischemic animal model.

RESULTS

Purification and transduction of Tat-TXNL1
We showed a diagram of Tat-TXNLT and TXNL1 protein. After
the construction of both proteins, we confirmed the purified
proteins. Purified Tat-TXNL1 and TXNL1 protein displayed the
expected molecular weights (Supplementary Fig. 1).

The HT-22 cells were exposed to Tat-TXNL1 (0.5-7 uM) for

Fig. 1. Effects of Tat-TXNL1 protein against oxidative stress-induced
HT-22 cell damage. (A) Effect of transduced Tat-TXNL1 on cell via-
bility. HT-22 cells were pretreated with Tat-TXNL1 (0.5-7 uM) for
1 h and exposed to H,O, (1 mM). Cell viabilities were estimated
using a colorimetric assay using MTT. Effects of Tat-TXNL1 against
H2Ox-induced ROS production and DNA fragmentation. HT-22 cells
were treated with TatTXNL1 (7 uM) or TXNL1 for 1 h and exposed
to H,O, (1 mM). Then, (B) ROS production levels were determined
by DCF-DA staining. Fluorescence intensity was quantified using an
ELISA plate reader. () DNA fragmentation levels were determined
by TUNEL staining and quantitative evaluation of TUNEL positive cells
confirmed by cell counting under a phase-contrast microscopy (x200
magnification). Scale bar = 50 pum. *P < 0.05 and *P < 0.01
compared with H,O, treated cells. The bars in the figure represent
the mean + SEM obtained from 3 independent experiments.
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1 h or Tat-TXNL1 (7 uM) for 5-60 min, confirm the transduced
Tat-TXNL1. Tat-TXNL1 transduced into HT-22 cells in a con-
centration and a time-dependent manner. Also, Transduced
Tat-TXNL1 showed for to 12 h and distributed in the cells
cytoplasm and nucleus. However, TXNL1 did not transduce
into the cells (Supplementary Fig. 2).

Effects of Tat-TXNL1 on cell death

To examine the effects of Tat-TXNL1 against oxidative stress-
induced HT-22 cell damage; the cells were treated with hydro-
gen peroxide (H,O,) and assessed for viability, ROS genera-
tion, and DNA fragmentation. Tat-TXNL1 transduced HT-22
cells showed markedly increased cell survival compared with
only H,O, treated HT-22 cells (Fig. 1A). Also, transduced Tat-
TXNL1 markedly reduced ROS generation and DNA damage
(Fig. 1B, C). On the other hand, there was no significant differ-
ence between H,O, alone and TXNLT treated cells.

Effects of Tat-TXNL1 on MAPK and apoptotic signaling
pathways

Mitogen activated protein kinases (MAPKs) and Akt signaling
pathways play crucial roles in cell death regulation and survi-
val on oxidative stress (25-28). We examined whether Tat-TXNL1
inhibited the activation of MAPK and Akt signaling (Fig. 2). In
the H,O, treated cells, phosphorylated MAPKs and Akt levels
were increased compared to the control cells; the phosphoryl-
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Fig. 2. Effects of Tat-TXNL1 protein on H,O,-induced MAPKs and
Akt activation in HT-22 cells. The cells were treated with Tat-TXNL1
(0.5-7 uM) or TXNL1 for 1 h and exposed to H,O, (1 mM). (A)
MAPK and (B) Akt activation was analyzed by Western blotting.
Band intensity was measured by densitometry. *P < 0.05 and P <
0.01 compared with H,O, treated cells. The bars in the figure re-
present the mean + SEM obtained from 3 independent experiments.
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Fig. 3. Effect of Tat-TXNL1 protein against H,O,-induced apoptotic
protein expression in HT-22 cells. The cells were treated with Tat-
TXNL1 (0.5-7 uM) or TXNL1 for 1 h and exposed to H,O, (1 mM).
The expression of (A) p53, (B) Bax, (C) Bcl-2, (D) Pro-caspase-9 and
(E) Pro-caspase-3 were analyzed by Western blotting. The band in-
tensity was measured by densitometry. *P < 0.05 and *P < 0.01
compared with H,O, treated cells. The bars in the figure represent
the mean + SEM obtained from 3 independent experiments.

ated MAPKs and Akt levels were not changed in the TXNLT
treated cells. However, Tat-TXNL1 treated cells showed mark-
edly reduced the phosphorylated MAPKs and Akt levels.

As shown in Fig. 3, p53 and Bax levels were markedly
increased in the H,O, treatment HT-22 cells while Tat-TXNL1
significantly reduced the phosphorylated p53 and Bax levels.
On the other hand, Tat-TXNL1 increased levels of Bcl-2, pro-
caspase-3, and pro-caspase-9 levels. There was no significant
difference between H,O, alone and TXNLT1 treated cells.

Effects of Tat-TXNL1 on ischemic brain injury
We performed an immunohistochemistry test to determine the
effects of Tat-TXNL1 on neuronal damage after ischemic brain
injury (Fig. 4). Cresyl violet (CV) staining was used to examine
changes in the cellular distribution and morphology in the
brain. In the vehicle- and TXNL-ischemia group, a significant
loss of CV-positive neuronal cells was observed at 7 days after
ischemic brain injury. However, a large number of CV-positive
neuronal cells were observed in the Tat-TXNL1-treated ischemia
group. Also, Fluoro-Jade B (F-JB) specifically binds to degenerating
neurons and is known as a marker for degenerating or dead
cells. In this study, after F-JB staining, F-JB positive cells were
markedly increased in the vehicle- and TXNL-ischemia group.
However, FJB positive cells were markedly reduced in the
Tat-TXNL1-treated ischemia group.

Further, we examined the changes in ionized calcium-binding
adaptor molecule 1 (Iba-1; a marker for microglia) and glial
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Fig. 4. Protective effects of Tat-TXNL1 protein on ischemic injury.
Gerbils were treated with single injections Tat-TXNL1 (2 mg/kg) and
killed after 7 days. Then, the effects of Tat-TXNL1 on neuronal cell
viability determined using immunostaining. The hippocampus was stained
with CV, FJB, Iba-1, and GFAP in sham-, vehicle-, TXNL1-, and
Tat-TXNL1-treated animals 7 days after ischemia-reperfusion. Relative
numeric analysis of CV-, FJB-, lba-1-, and GFAP-positive neurons
in CA1 region. Scale bar = 400 and 50 um. *P < 0.01 signifi-
cantly different from the vehicle group.

fibrillary acidic protein (GFAP; a marker for astrocyte)-positive
cells after ischemic brain injury (Fig. 4). In the vehicle- and
TXNL-ischemia group, Iba-1, and GFAP-positive cells were sig-
nificantly increased and hypertrophied compared to that in the
sham control group. In the Tat-TXNL1-treated ischemia group,
there was no significant change in the morphology of Iba-1
and GFAP-positive cells compared to the sham control group.

DISCUSSION

Thioredoxin plays a critical role in several biological processes
including the maintenance of cellular homeostatic and redox
balance (29-31) and TXNL1, a member of the thioredoxin fam-
ily, is present in the cytoplasm, and the nucleus of the cells (1,
2). TXNL1 is involved in the function of the regulatory particle
non-ATPase 11, a subunit of the 26S proteasome, translation
elongation factor 1A, and in the transfer of misfolded protein
degradation (32-34). Other studies have shown that overex-
pression of TXNL1 protected cell death by reducing cellular
cytotoxicity (5, 7). Recent study reported that recombinant
seahorse TXNL1 has antioxidant and free radical scavenging
activity (35) and several studies have reported that excessive
ROS enhances the modification of macromolecules and cell
death (36) and involved in a wide range of diseases including
neural diseases like brain ischemic injury (9-11). Although Su-
gawara and Chan reported that inhibition of excessive ROS
production can protect against ischemic brain injury (13), they
didn’t show the precise protective mechanism. Therefore, in
the present study, we investigated protective mechanism of
TXNL1 protein against hippocampal neuronal cell damage in-
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duced by oxidative stress by using the cell permeable Tat-TXNL1
fusion protein.

It has been reported that excessive ROS increases phospho-
rylation of MAPKs leading to neuronal cell death (26, 37, 38)
and overexpression of TXNLT shows reduction of neuronal
cell damage by regulation of MAPKSs signaling pathways and
plays an anti-apoptotic effect in vitro. Therefore, they conject-
ured that TXNLT might be a potential therapeutic target for
ischemic injury (39-41). In the present study, we demonstrated
that Tat-TXNLT significantly inhibits the levels of phosphorylated
MAPKs in oxidative stress-induced HT-22 cells, suggesting that
Tat-TXNL1 protects HT-22 cell death through the regulation
MAPKs signaling pathways.

Since it is well known that apoptosis plays a pivotal role in
ischemic brain injury, it is necessary to investigate the proteins
such as Bax and Bcl-2 involved in the apoptotic signaling
pathways. Bax and Bcl-2 play a key role in the apoptosis
because overexpression of Bax is primarily executed apoptosis
and down-regulation of Bcl-2 initiates caspase-dependent cell
death and it was reported that the regulation of Bax and Bcl-2
expressions has been suggested as a therapeutic strategy in
apoptosis-related disorders (42-44). Other studies have reported
that treatment with coenzyme Q1o (CoQio), a strong anti-oxi-
dant agent, markedly increased Bcl-2 levels in cerebral ischemic
injury, suggesting that CoQso protects ischemic injury by in-
hibiting apoptosis (45).

We have shown that Tat-TXNL1 increased Bcl-2, pro-caspase-3,
and pro-caspase-9 levels, whereas Bax levels were reduced in
H,O,-exposed HT-22 cells. These findings indicate that trans-
duced Tat-TXNL1 suppressed ROS-induced apoptosis through
the regulation of pro-apoptotic proteins and anti-apoptotic pro-
teins. We confirmed the Yoo et al. report that they showed
knockdown of Trx1 markedly increased apoptosis and cell
death in EMT6 cells (46). Other studies have shown that ROS
is necessary for the induction of apoptosis via pro-caspase-9
and pro-caspase-3 signaling (47) and excessive ROS leads to
the disruption of mitochondrial membrane and the release of
cytochrome c into the cytoplasm which activates pro-caspase-9
and pro-caspase-3 to initiate apoptosis (48).

At high levels of ROS, p53 protein plays an important role in
the progression of apoptosis through interaction with the mito-
chondrial apoptotic proteins Bax and Bcl-2 which are known
as signaling proteins that regulate the direct activation of
pro-caspase-9 and pro-caspase-3 (49-51). A potent ROS inducer
H,O, reduces pro-caspase-9 and pro-caspase-3 in PC12 cells
in a time-dependent manner and promotes phosphorylation of
p53 through activation of pro-caspase-9 and pro-caspase-3
signaling by Bax and Bcl-2 (52). Recently, there are several
reports involved in the relationship between ischemic neuro-
nal cell damage and apoptotic signaling. Tan et al. (2021)
reported that mitochonic acid 5 (MA-5) reduced the lipopoly-
saccharide (LPS)-induced cleaved-caspase-3 expression in
BV-2 cells, suggesting that MA-5 may promote the survival of
microglial cells in response to LPS-induced inflammation (53).
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Wang et al. (2021) showed that Senkyunolide | (SEI) have been
used in traditional Chinese medicine for the treatment of stroke
by significant inhibition of the increasing the protein level of
cleaved caspase-3 in glutamate-induced Neuro2a cells, suggest-
ing that SEI has beneficial effects against focal cerebral ische-
mia-reperfusion in rats (54). In addition, Kang et al. (2021) re-
ported that retinoic acid (RA) markedly reduced the expression
of cleaved caspase-3 and -9 in the cerebral cortex of middle
cerebral artery occlusion (MCAQ) animals and they suggested
that RA exhibits a neuroprotective effect against ischemic
damage by modulating apoptosis signaling pathway (55). As
mentioned above, we have shown that Tat-TXNL1 drastically
increased the level of Bcl-2 expression and significantly
reduced Bax in the H,O, treatment HT-22 cells. These results
indicate that Tat-TXNL1 exert a protective effect against oxi-
dative stress-induced HT-22 cell death by regulating apoptosis
signaling pathways. However, further studies of precise protec-
tive mechanism of Tat-TXNL1 are remains to be elucidated.

Since the oxidative stress is significantly involved in ischemia,
inhibition of oxidative stress is a potential target for neuropro-
tection in ischemic injury (11-13, 56). Activation of astrocytes
and microglia in the brain plays crucial roles in the patho-
genesis of cerebral ischemic injury and some studies suggested
that the inhibition of astrocytes and microglia activations is a
potential target for neuroprotective strategies in ischemic injury
(57-61). In a previous study, we have reported that Tat fused
glyoxalase and CIAPINT (Tat-glyoxalase and Tat-CIAPINT) pro-
tein reduced astrocytes and microglia activation in an ischemic
animal model (19, 22). We showed that Tat-TXNL1 markedly
increased CV-positive neuronal cells whereas F-JB-positive
neuronal cells were reduced in the ischemic animal model.
We further have shown that Iba-1 and GFAP-positive cells
were significantly increased in the ischemic injury animal model.
However, Tat-TXNL1 reduced the lba-1 and GFAP-positive
cells and no significant change in the morphology compared
to the normal animal. These results indicate that Tat-TXNL1
reduced neuronal cell death and activation of astrocytes and
microglia in the ischemia animal model.

In summary, we demonstrated that Tat-TXNL1 transduced
into HT-22 cells and showed protective effects against H,O,-
induced cytotoxicity by inhibiting excessive ROS production
through MAPK and apoptotic signaling pathways. Increasing
intracellular ROS can lead to MAPK activation and apoptotic
cell signaling and transduced Tat-TXNL1 prevented hippocampal
neuronal cell death and this fusion protein plays a protective
role in ischemic brain injury. Those results indicate that TXNL1
protein can be a putative therapeutic agent for brain ischemic
injury.

MATERIALS AND METHODS

See supplementary information for this section.
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