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neurotoxicity through the modulation
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Background: The anti-oxidative, anti-inflammatory, and anti-apoptotic effects of erythro-
poietin may provide neuroprotective effects. Erythropoietin also modulates autophagy
signaling that may play a role in anesthesia-induced neurotoxicity (AIN). Herein, we in-
vestigated whether AIN can be attenuated by the neuroprotective effect of erythropoietin
in the Caenorhabditis elegans (C. elegans).

Methods: Synchronized worms were divided into the control, Iso, EPO, and EPO-Iso
groups. The chemotaxis index (CI) was evaluated when they reached the young adult
stage. The Igg-1::GFP-positive puncta per seam cell were used to determine the autophagic
events. The erythropoietin-mediated pathway of autophagy was determined by measuring
the genetic expression level of let-363, bec-1, atg-7, atg-5, and lgg-3.

Results: Increased Igg-1::GFP puncta were observed in the Iso, EPO, and EPO-Iso groups.
In the Iso group, only the let-363 level decreased significantly as compared to that in the
control group (P = 0.009). bec-1 (P < 0.001), atg-5 (P = 0.012), and Igg-3 (P < 0.001) were
expressed significantly more in the EPO-Iso group than in the Iso groups. Repeated isoflu-
rane exposure during development decreased the CI. Erythropoietin could restore the de-
creased CI by isoflurane significantly in the EPO-Iso group.

Conclusions: Erythropoietin showed neuroprotective effects against AIN and modulated
the autophagic pathway in C. elegans. This experimental evidence of erythropoietin-relat-
ed neuroprotection against AIN may be correlated with the induced autophagic degrada-
tion process that was sufficient for handling enhanced autophagy induction in erythropoi-
etin-treated worms.

Keywords: Anesthesia-induced neurotoxicity; Autophagy; Caenorhabditis elegans; Eryth-
ropoietin; Isoflurane; Neuroprotection; Toxicity.

Introduction

Volatile anesthetics can cause apoptosis or degeneration of nervous cells in the devel-
oping brain in several experimental animal models [1-3]. This is known as anesthesia-in-
duced neurotoxicity (AIN). Several mechanisms such as rapid increase in oxidative stress
[4] and reactive oxygen species [5-7] are known to be two of the causes of AIN. Addi-
tionally, the potential role of autophagy is proposed in the AIN [8], and the modulation
of autophagy may minimize the AIN [9,10]. Autophagy is a lysosome-mediated pathway

for the degradation of misfolded proteins [11]. Recent studies showed the accumulation
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of autophagosomes and increased expression of autophagy-relat-
ed markers in various pathologic conditions [12-14].

Erythropoietin is a representative hematopoietic cytokine. In
the field of neuroscience, erythropoietin is being studied for its
neuroprotective function. Erythropoietin is known to inhibit glu-
tamate cytotoxic action, increase the expression of antioxidant en-
zymes, suppress the production of free radicals, and affect the se-
cretion of neurotransmitters [15-17]. The anti-oxidative, anti-in-
flammatory, and anti-apoptotic effects of erythropoietin can result
in neuroprotection, and it also modulates autophagy signaling
[18,19].

Caenorhabditis elegans (C. elegans) does not have a vascular sys-
tem; therefore, the hematopoietic effect of erythropoietin can be
excluded from this model and the neuroprotective effect against
AIN can be identified. Additionally, C. elegans is a proper animal
model for studying autophagy due to the characterized autophagic
genes and reliable visual monitoring of autophagy [20].

Herein, we investigated whether AIN can be attenuated by the
neuroprotective effect of erythropoietin. Accordingly, we aimed to
identify the step of the genetic pathways related to autophagy that
is affected by AIN and protected by erythropoietin in C. elegans.

Materials and Methods

Worm strains, culture, synchronization, and
pharmacologic application

Wild-type N2 and adIs2122 [Igg-1p::GFP::lgg-1 + rol-6(su1006)]
that were obtained from the Caenorhabditis Genetics Center
(Minneapolis, MN, USA) were used. Escherichia coli strain OP50
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was seeded in the nutrient growth medium (NGM) petri plates
(OP50 plates) and all the worms were maintained on OP50 plates
at 20°C. Egg-laying adult worms were incubated for 1 h and re-
moved. Newly laid eggs hatched after 12 h; thus, synchronized L1
larvae were obtained for the next experiments.

Synchronized worms were divided into the following four sub-
groups: the control, Iso, EPO, or EPO-Iso group. All worms of the
Iso and EPO-Iso groups were exposed to isoflurane four times, for
1 h at each larval stage. C. elegans was anesthetized as described
previously [21,22]. Briefly, petri plates containing C. elegans were
placed in a sealed glass chamber. Thereafter, liquid isoflurane was
administered through a port mounted on the glass chamber; the
isoflurane vaporized inside, anesthetizing the exposed worms.
The isoflurane concentration was 99% effective dose for the
worms. The worms of the EPO and EPO-Iso groups were treated
with erythropoietin during the development period. Erythropoie-
tin of the designated volume and concentration was spread with
OP50 in the NGM plate. The erythropoietin-containing OP50
plates were replaced every 12 h. Erythropoietin concentrations of
3, 10, 30, 100, and 300 IU/ml were tested in each OP50 plate to
determine the appropriate neuroprotective erythropoietin con-
centration (Supplementary Fig. 1), and 5 IU/ml of erythropoietin

was used in the subsequent experiments.

Chemotaxis assay

Nine centimeter NGM petri plates were prepared, with the
starting (S) point marked at the center, attractant (A) point
marked on one side, and control (C) point marked on the other
side (Fig. 1). Then, 30 pl of OP50 suspension was seeded at point

Wait for 1 h

Calculate Cl

Fig. 1. The chemotaxis assay. (A) When approximately 50 worms reached the young-adult stage, they were washed three times with S-basal buffer. (B)
The worms were moved to the center (S point) of the chemotaxis petri plate. (C) After 1 h, the chemotaxis index was obtained: (Worm count of A
point — worm count of C point)/total count of worms x 100 (%). A: attractant point by placing OP50, S: worm starting point, C: control point, OP50:

Escherichia coli strain, CI: chemotaxis index.
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A for the attractant, while points S and C were left unseeded.
When approximately 50 worms reached the young adult stage,
they were moved to the point S of the chemotaxis petri plate after
being washed three times with S-basal buffer. The worms in the
chemotaxis plate were allowed to move for 1 h, and the number of
worms in each section was counted under microscopy. The che-
motaxis index (CI) was calculated using the following equation:
(worm count of point A — worm count of point C) / total count of
worms X 100 (%).

Analysis of autophagic events

A synchronized adls2122 strain expressing lgg-1::GFP was used
for the autophagy analysis. They were exposed to isoflurane four
times as described above and cultivated on erythropoietin-con-
taining NGM petri plates or not according to the group arrange-
ment. When they reached the young adult stage, the transgenic
worms were mounted on a 2% agarose pad in M9 buffer contain-
ing 0.1% NaNj; onto microscope slides and imaged using a fluo-
rescence confocal microscope. Autophagic events were observed
by evaluating the Igg-1::GFP-positive puncta per seam cell. Five
independent experiments were performed and 10 worms were
evaluated in each experiment. At least 5-10 seam cells from each

worm were examined.

RNA preparation and real-time polymerase chain
reaction (PCR)

The erythropoietin-mediated pathway of autophagy was deter-
mined by measuring the genetic expression levels of let-363, bec-1,
and atg-7 using real-time PCR. RNA was extracted from young
adult worms in each group with TRIzol™ reagent (Invitrogen).
The quality-controlled RNA (OD 260/280 > 1.5 and OD 260/230
> 1.0) was confirmed by a NanoDropTM (ND-2000, Thermo
Fisher Scientific) and an Agilent 2100 Bioanalyzer™ (Agilent
Technologies). The first-strand cDNA was synthesized by Maxi-
ma H minus First-strand cDNA Synthesis Kit" (Thermo Fisher
Scientific), and each of the gene-specific primers was as follows:
let-363, 5'-AAT TAT AGA TTA CCC TGT TCC ACC A-3' (for-
ward) and 5'-TGG AGA ATC GTT GCT CAA TGG-3' (reverse);
bec-1, 5'-CTG TCA GCA TCC GTT GAG GT-3' (forward) and
5'-TGA GCA TCC GAG ATG AGC TTC-3' (reverse); atg-7,
5'-CGC TAT CGC TGC ACA GTT TC-3' (forward) and 5'-CCC
GGT GAC TTC TTC GAG AC-3' (reverse); atg-5, 5'-TCG GCA
CAG TTG TGG AGA AG-3' (forward) and 5'-ACC CGT AGT
GGA ATG TGT GC-3' (reverse); lgg-3, 5'-TCC AAC GGA CAC
TGT TGC TT-3' (forward) and 5'-GTG TCA GGA GAT GGG
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GCA AA-3' (reverse); and pan-actin, 5'-TCG GTA TGG GAC
AGA AGG AC-3' (forward) and 5'-CAT CCC AGT TGG TGA
CGA TA-3' (reverse).

Statistics

Data are presented as the mean + standard deviation; they
were tested for normality using the Shapiro-Wilk test. Normally
distributed data were analyzed using a one-way analysis of vari-
ance; for post-hoc analysis, Bonferroni or Games-Howell correc-
tion was used according to equal or unequal variances, respective-
ly. Statistical analyses were performed using the SPSSe 27.0 ver-
sion (IBM Co.) and P values of 0.05 were considered statistically

significant.

Results

The autophagic marker, Igg-1::GFP, was observed in young
adult worms. The control group displayed little localization of
lgg-1::GFP (Fig. 2A). An increased Igg-1::GFP expression was ob-
served in the Iso and EPO groups (Figs. 2B and C), suggesting
that autophagy in C. elegans was enhanced by either repeated iso-
flurane exposure or erythropoietin treatment. When C. elegans
was pretreated with erythropoietin, the increase of Igg-1::GFP
continued even after isoflurane exposure (Fig. 2D). The Iso, EPO,
and EPO-Iso groups presented significantly higher numbers of
lgg-1::GFP puncta per hypodermal seam cell than did the control
group (Fig. 2E).

The up-regulation of autophagy can be either beneficial or
harmful to organelles. To discriminate between these two roles,
the expression of several autophagy-related genes was evaluated,
such as let-363, bec-1, atg-7, atg-5, and Igg-3 in C. elegans (Fig. 3).
The let-363 expression was significantly lower in the Iso group
than in the control group (P = 0.009); however, the bec-1, atg-7,
atg-5, and Igg-3 expressions did not differ significantly between
the control and Iso groups. The let-363 expression in the EPO-Iso
group was significantly lower than that in the control group (P <
0.001); however, it did not differ significantly from that in the ISO
group (P = 0.176). bec-1 (P < 0.001), atg-5 (P = 0.012), and Igg-3
(P < 0.001) were expressed significantly more in the EPO-Iso
group than in the Iso groups.

Repeated isoflurane exposure during the developmental period
decreased the CI significantly (P < 0.001; Fig. 4) as shown in our
previous studies [23,24]. Erythropoietin treatment without isoflu-
rane exposure did not affect the CI. Erythropoietin in the EPO-
Iso group could restore the decreased CI by isoflurane significant-
ly (P < 0.001 for ISO vs. EPO-Iso); however, it did not recover the
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Fig. 2. The expression pattern of lgg-1::GFP. (A) Control group, (B) Iso group, (C) EPO group, (D) EPO-Iso group, (E) number of lgg-1::GFP puncta
per seam cell. Five independent experiments were performed and 10 worms were evaluated in each experiment. White dashed lines indicate seam
cells; 5-10 seam cells were screened for each worm. The scale bar is 20 pm. *P < 0.05 compared to the control group. Other intergroup comparisons

revealed no significant differences.
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Fig. 3. The expression level of autophagy-related genes. Graphs shown are averages with the standard deviation from five independent experiments
including at least six petri plates per group in each experiment. Each petri plate contained at least 50 worms. *P < 0.05 compared to the control

group, 'P < 0.05 compared to the Iso group.

CI to the level in the control group (P = 0.018 for control vs.
EPO-Iso).

Discussion

In the present study, repeated isoflurane exposure induced an
increase in autophagosome formation without altering the auto-

phagic degradation process in C. elegans. Neurotoxic effects were

https://doi.org/10.4097/kja.23789

determined on the basis of the decrease in the CI in the isoflu-
rane-treated worms. Erythropoietin pretreatment may reduce the
neurotoxic effects of repeated isoflurane exposure by inducing au-
tophagic degradation.

Autophagy is a fundamental degradation process to maintain
homeostasis by eliminating misfolded proteins or damaged or-
ganelles. Considering that the extinction of autophagy causes axo-

nal degradation and neural death in animal models [25,26], this
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Fig. 4. Chemotaxis index of each group. Five independent experiments
were performed with at least six petri plates per group in each
experiment. Each petri plate contained at least 50 worms. *P < 0.05
compared to the control group, 'P < 0.05 compared to the Iso group.

autophagy process is also critical in neuronal homeostasis [27].
Autophagy is also induced by various stressful conditions, such as
nutritional deprivation, hypoxia, endoplasmic reticulum stress,
and pathogens [28]. Inhalation anesthesia was proposed to induce
autophagy that interestingly plays a dual role, cytotoxic or cyto-
protective [9,29]. The role of autophagy in the AIN has been eval-
uated in previous studies that reported that cognitive impairment
or neurotoxicity by sevoflurane was related to excessive autophagy
in the brains of young mice and fetal rats [10,30]. Prolonged anes-
thetic exposure can cause excessive autophagy and apoptosis that
ultimately determines neural cell injury by anesthetic agents [31].
In our model, induced autophagy was also presented by repeated
anesthesia exposure with decreased CL.

Erythropoietin fundamentally stimulates red blood cells in the
bone marrow; however, its role in neuroprotection and neurogen-
esis has been studied in various neurodegenerative diseases, such
as Alzheimer’s [32,33] and Parkinson’s diseases [34,35]. Autopha-
gy is reported as a major neuroprotective mechanism of erythro-
poietin [36]. Jang et al. [17] demonstrated the erythropoietin-in-
duced neuroprotection showing the experimental evidence that
the autophagy-related signaling pathway was enhanced by eryth-
ropoietin in the rotenone-induced neurotoxicity model. Addi-
tionally, erythropoietin is reported to generate a protective effect
by modifying the autophagic activity in oxygen-induced neuro-
toxicity [37]. Besides the neuroprotective effect of erythropoietin,
it activated autophagy in other conditions, such as inflammatory
microenvironment [38], spinal cord injury [18], or hepatic steato-
sis [39].

The neuroprotective effect of erythropoietin in AIN has been
reported previously. Erythropoietin treatment attenuated sevoflu-
rane-induced neuronal cell apoptosis in rat cortical neurons,
where the other mechanism, the EPOR-Erk1/2-Nrf2/Bach1 signal
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pathway, was proposed [40]. Single treatment of erythropoietin
could reduce both apoptosis and late neurologic disorders in new-
born rats exposed to sevoflurane [41]. Autophagy-related neuro-
protection by erythropoietin in AIN was first observed in the
present study.

The gene lgg-1, an ortholog of LC3 in mammals, is observed in
the seam cells, intestinal cells, or hypodermis of C. elegans, and is
used to monitor autophagic activity [42]. In the present study,
lgg-1::GFP puncta were evaluated to compare autophagy in C. ele-
gans according to the anesthetic exposure and erythropoietin pre-
treatment. It was rarely observed at adult stages in isoflurane-un-
exposed animals. However, in the repeated isoflurane-exposed
and erythropoietin-pretreated worms, an increase in the number
of Igg-1::GFP puncta and large aggregates of Igg-1::GFP in the
seam cells was observed that may reflect the accumulation of au-
tophagosomes. Both isoflurane and erythropoietin seemed to in-
duce autophagy in C. elegans; however, we had to discriminate be-
tween either an increased autophagosome formation or reduced
degradation of the autophagosome. Thus, expression of several
genes related to the autophagy were evaluated.

The expression of let-363 changed significantly on repeated iso-
flurane and erythropoietin pretreatment. The let-363 in C. elegans
that is an ortholog of the target of rapamycin kinase in humans
negatively regulates autophagy induction [43]. When considering
the decrease of let-363 by isoflurane and erythropoietin, repeated
anesthetic exposure and erythropoietin pretreatment may activate
autophagy induction. Additionally, several cellular stresses such as
nutrient deficiency, hypoxia, oxidative stress, and accumulation of
protein aggregates are known to induce autophagy [28]. Repeated
isoflurane exposure also increased oxidative stress in C. elegans
that might have contributed to autophagy induction.

However, the bec-1, atg-5, and Igg-3 levels differed significantly
between the Iso and EPO-Iso groups. Although the atg-7 expres-
sion did not differ significantly between these two groups, it was
increased by EPO treatment. Both bec-1 and atg-7 are related to
the autophagic pathway that is involved in vesicle nucleation and
expansion, respectively [44]. In the established C. elegans models
having pathologic protein aggregates, such as polyglutamine ag-
gregates or human B-amyloid peptides, bec-1 and atg-7 seem to
play key roles in their lysosomal degradation and suppresses the
accumulation of abnormal intracellular proteins [45,46]. Another
autophagy-related gene, atg-5 protects the pathological feature of
Parkinson’s disease and restores the autophagy degradation activi-
ty in the zebrafish model [47]. In the autophagy process, atg-5 acts
on the autophagosome formation by forming a complex with lgg-
3 that is an ortholog of ATG12 of the mammalian gene. The

forced expression of these four genes was observed significantly

https://doi.org/10.4097/kja.23789


https://doi.org/10.4097/kja.23789

only when C. elegans was pretreated with erythropoietin, suggest-
ing that the autophagosome degradation was enhanced concur-
rently following the autophagy induction in erythropoietin-treat-
ed worms. Although autophagy was activated by repeated isoflu-
rane exposure in the Iso group, the autophagic degradation pro-
cess seemed to be inadequate compared to that in the erythropoi-
etin-treated animals.

This study had several limitations. First, autophagy was not ob-
served sequentially in the course of the multiple anesthetic expo-
sure. Instead, we compared the final status of autophagosome ac-
cumulation and autophagy-related gene expression in each group.
Thus, the autophagy-related markers according to the AIN and
erythropoietin treatment were limited. It was further difficult to
determine whether this was due to cumulative damage, long-last-
ing effects, or delayed reactions to repetitive isoflurane exposure.
Second, only one inhalation anesthetic gas was applied to the
worms and the isoflurane concentration was higher than the clin-
ical concentration. The protective effect of erythropoietin on the
AIN was found in this experimental setting; however, it is neces-
sary to elucidate whether the same effect can be drawn in other
anesthetic agents. Finally, as experimental research, all experi-
ments were performed in a C. elegans model. Although it is good
to find the genetic expression and protein levels, the clinical evi-
dence was not certain and that requires further clinical research.

In conclusion, erythropoietin showed neuroprotective effects
against AIN and modulated autophagic pathways in C. elegans.
This experimental evidence of erythropoietin-related neuropro-
tection against AIN may be associated with the induced auto-
phagic degradation process that was sufficient for handling en-

hanced autophagy induction.
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