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BACKGROUND: Chlorhexidine gluconate (CHG) is a topical antiseptic solution recommended for skin preparation before central
venous catheter placement and maintenance in adults and children. Although CHG is not recommended for use in children aged
<2 months owing to limited safety data, it is commonly used in neonatal intensive care units worldwide. We used zebrafish model
to verify the effects of early-life exposure to CHG on the developing nervous system, highlighting its impact on oligodendrocyte
development and myelination.
METHODS: Zebrafish embryos were exposed to different concentrations of CHG from 4 h post fertilization to examine
developmental toxicity. The hatching rate, mortality, and malformation of the embryos/larvae were monitored. Oligodendrocyte
lineage in transgenic zebrafish embryos was used to investigate defects in oligodendrocytes and myelin. Myelin structure,
locomotor behavior, and expression levels of genes involved in myelination were investigated.
RESULTS: Exposure to CHG significantly induced oligodendrocyte defects in the central nervous system, delayed myelination, and
locomotor alterations. Ultra-microstructural changes with splitting and fluid-accumulated vacuoles between the myelin sheaths
were found. Embryonic exposure to CHG decreased myelination, in association with downregulated mbpa, plp1b, and scrt2 gene
expression.
CONCLUSION: Our results suggest that CHG has a potential for myelin toxicity in the developing brain.

Pediatric Research (2023) 93:845–851; https://doi.org/10.1038/s41390-022-02186-6

IMPACT:

● To date, the neurodevelopmental toxicity of chlorhexidine gluconate (CHG) exposure on the developing brains of infants
remains unknown.

● We demonstrated that CHG exposure to zebrafish larvae resulted in significant defects in oligodendrocytes and myelin sheaths.
● These CHG-exposed zebrafish larvae exhibited structural changes and locomotor alterations.
● Given the increased CHG use in neonates, this study is the first to identify the risk of early-life CHG exposure on the developing

nervous system.

INTRODUCTION
Chlorhexidine gluconate (CHG) is a commonly used topical
antiseptic with broad-spectrum antimicrobial activity against
gram-positive and gram-negative bacteria, fungi, and certain
types of viruses. It is a cationic biguanide with bacteriostatic and
bactericidal mechanisms of action, depending on its concentra-
tion.1 CHG has been used to prevent healthcare-associated
infections, particularly in patients in the intensive care unit (ICU),
including the neonatal ICU (NICU), and 86% of NICUs in the United
States report CHG use for antisepsis.2–5 Despite the current
increase in CHG use in neonates, due to limited safety data, no
recommendation can be made for the safety or efficacy of
chlorhexidine in infants aged <2 months.6 Preterm infants have
immature skin with poor skin integrity and vulnerable developing
neurological systems, and several studies have raised safety
concerns regarding the use of CHG.7–10 A previous study showed

detectable serum levels of systemic absorption after exposure to
topical CHG in preterm infants.9

Concerns about CHG-related neurodevelopmental toxicity arise
from hexachlorophene (HCP), a phenol derivative similar to CHG,
which was withdrawn in the 1970s following cases of vacuolar
encephalopathy in children, including preterm infants.11,12 HCP
induces myelin vacuolation corresponding to intramyelinic edema
of the white matter in the central and peripheral nervous
systems.13,14 The changing pattern of the distribution of the
vacuolation of the reticular formation at different ages suggests
that the susceptibility of myelin is determined by neural
maturation.12

The axonal bundles, which form the basis of white matter,
mainly develop before the third trimester of pregnancy.
However, myelination of the first axons starts after 30 weeks
of gestational age and primarily occurs postnatally.15,16 Most
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myelination occurs during the first year of life, and the number
of oligodendrocytes in the human white matter increases by the
age of 5 years.16 One report showed that the use of CHG in vitro
decreased neuronal growth at concentrations similar to those
found in preterm infants exposed to CHG.10 However, early-life
exposure of CHG to myelination during brain development and
the subsequent behavioral changes have not been studied
widely to date.
As an in vivo developmental model organism for pediatric

research, zebrafish (Danio rerio) has numerous advantages,
including high genetic similarity with humans, rapid embryonic
development, and high fecundity, compared to rodents and
non-human primates. Furthermore, transparent eggs under-
going external fertilization allow researchers to observe the
embryos easily through a microscope from the very beginning
of development.17 Because of these strengths, zebrafish has
been widely used in the field of neurotoxicity to study the
neurological effects of early-life exposure to various chemi-
cals.18 Compared to myelination in rodents, which occurs
during the first postnatal month, it occurs within the first week
of life in zebrafish. These properties dramatically shorten the
time required to investigate the molecular aspects of myelina-
tion or to assess the positive and negative effects of molecules
on glial development.19

Herein, we used zebrafish to demonstrate the effects of early-
life exposure to CHG on the development of the nervous system
and emphasize its impact on oligodendrocyte development and
myelination. Therefore, we examined the changes in the following
aspects: (1) oligodendrocyte formation, (2) myelin synthesis, (3)
myelin structure, (4) locomotor behavior, and (5) expression levels
of genes involved in myelination to access the potential effects of
CHG on zebrafish (Danio rerio) larvae.

MATERIALS AND METHODS
Zebrafish lines
Wild-type zebrafish were used to test developmental toxicity, locomotor
behavior, and total cell RNA sequencing. The Tg(olig2:egfp) (#frzcc1072),20

Tg(mbp:egfp) (#frzcc1055),21 and Tg(claudink:gal4-vp16;uas:mgfp) (#frzcc1013)22

transgenic zebrafish lines were used to investigate defects in oligodendrocytes
and myelin.
Zebrafish embryos were raised and maintained in the E3 medium (5mM

NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33 mM MgSO4) using standard
procedures and staged according to hours post fertilization (hpf).23 A total
of 0.003% (weight/volume) 1-phenyl-2-thiourea in the E3 medium was
used to prevent the production of pigment in zebrafish embryos.
This study was approved by the Korea University Institutional Animal

Care and Use Committee (approval no.: KOREA-2021-0007). All experi-
ments were conducted following the guidelines of the Animal Care Ethics
Committee of the Korea University Medical Center and the National
Institute of Health guidelines.

Drug exposure and developmental toxicity
We purchased 0.2 mg/ml CHG (Anatomical Therapeutic Chemical code:
D08AC02) from Firson (Cheonan, Korea). To test the developmental toxicity
of CHG, ten zebrafish embryos were exposed to 4–120 hpf per concentra-
tion (i.e., 0.1, 0.25, 0.5, and 1 ng/ml). The hatching rate, mortality, and
malformation of the embryos/larvae were monitored three times daily until
the end of the exposure. The experiments were repeated three times. A
separate set of experiments using the same exposure conditions was
conducted to confirm neurotoxicity at 120 hpf by immunohistochemistry
analysis.

Image acquisition and analysis
Transgenic zebrafish larvae were embedded in 2% low-melting agarose in
a dish containing E3 medium with tricaine (Cat #A5040, Sigma). All
fluorescent images were captured using a spinning disk confocal
microscope (CSU-X1, Nikon). Confocal images were processed using NIS-
Elements AR Analysis 4.30 software (Nikon, Tokyo, Japan). The number of

oligodendrocytes and length of the myelin sheath were obtained using the
cell counter and length measurements of NIS-Elements.

Transmission electron microscopy (TEM)
Larval tissues were prepared using standard procedures as previously
described.24 Zebrafish larvae were fixed in 10% formaldehyde/2.5%
glutaraldehyde/0.1 M phosphate buffer, pH 7.4, at 4 °C overnight. The
larvae were then postfixed in 1% osmium tetroxide, sequentially
dehydrated, and embedded in eponate-12 resin (Cat #18006, Ted Pella).
Sections of 1-μm thickness were obtained using a Reichert-Jung Ultracut E
ultramicrotome (Leica) and stained with toluidine blue. Sections with a
thickness of 60 nm were collected on formvar-coated slot grids, stained
with uranyl acetate-lead citrate, and imaged using an H-7500 transmission
electron microscope (80 kV, Hitachi, Tokyo, Japan).

Locomotor analysis
All behavioral experiments were conducted between 11:00 am and 3:00 pm
in a temperature-controlled room maintained at 27–28 °C. At 5 days post
fertilization (dpf), larvae from each group were individually introduced into
48-well plates, each well containing 500 μl of E3 medium. All larvae used in
the behavioral analysis were acclimatized for 1 h. Locomotion was recorded
using a Daniovision video tracking system (Noldus, Wageningen, The
Netherlands) and analyzed using the EthoVision XT 12 system (Noldus,
Wageningen, The Netherlands). For the light/dark locomotion test, after
acclimatization to the light state for 20min, the animals were exposed to two
cycles of 5 min of dark and 5min of light and then acclimated to the dark
state for 20min. Each test was independently repeated three times.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)
Total RNA was extracted from 5 dpf control and CHG-exposed larvae using
TRIzol reagent (Invitrogen) and reverse-transcribed into cDNA using a
reverse transcription kit (ImProm-IITM Reverse Transcriptase, Promega).
qRT-PCR was performed using a Light Cycler 96 instrument (Roche). The
qRT-PCR mixture included 1 μl of diluted cDNA and 1 μl of a mixture of
forward and reverse primers, 5 μl of the FastStart Essential DNA Green
Master reaction mix (Roche Life Science), and 3 μl of nuclease-free water.
The following primers were used for qRT-PCR in this study: β-actin 1 F 5’-AC
CCAGACATCAGGGAGTG-3’, R 5’-CATCCCAGTTGGTCACAATAC-3’, mbpa F 5’-
CCGTCGTGGAGACGTCAA-3’, mbpa R 5’-CGAGGAGAGGACACAAAGCT-3’,
plp1b F 5’-TGCAAAGCACCAGAGTTCCA-3’, plp1b R 5’-AGGGCAAGAAGGGT-
GATTCC-3’, scrt2 F 5’-ACTACGAGTCGGCCTGCTT-3’, scrt2 R 5’-GGGATTTT
TGCGAGCATTAAA-3’, sema7a F 5’-ACCTCTTTCCTGAAGGCACG-3’, sema7a R
5’-ATCCCTCCAGTCCTCAGCAT.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 7.0c software
(GraphPad Software, San Diego, CA, USA). One-way analysis of variance
(ANOVA) with Tukey’s multiple comparison test was performed to analyze
multiple groups, and two-way ANOVA with Tukey’s multiple comparison
test was used to analyze survival rate, hatching rate, and velocity under
light/dark conditions. Data are expressed as the mean ± standard error of
the mean, and statistical significance was set at p < 0.05. Statistical
significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and
n.s., not significant.

RESULTS
Developmental toxicity of CHG
To examine the neurotoxicity of CHG, we first determined the
exposure concentration of CHG without developmental toxicity.
Zebrafish embryos at 4 hpf were treated with different concentra-
tions of CHG (0.01–10 ng/ml). The effects of CHG on the
development of zebrafish embryos are shown in Fig. 1. Concen-
trations >2 ng/ml were lethal to all embryos within a day (data not
shown). In contrast, there were no obvious effects on survival,
hatching, and morphology at a concentration <0.25 ng/ml. From
these results, we selected 0.25 and 0.5 ng/ml as the appropriate
concentration without morphological abnormalities to observe in
myelin and behavior.
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Oligodendrocyte defects caused by CHG in the brain of
zebrafish
To investigate the effect of CHG on myelin, we analyzed the
development of oligodendrocytes that produce myelin sheaths in
the central nervous system (CNS). Tg(olig2:EGFP) zebrafish
expressed EGFP in oligodendrocyte lineage cells, including
oligodendrocyte precursor and premature oligodendrocytes. In
the hindbrain region, Olig2+ oligodendrocyte lineage cells were
decreased in CHG-exposed larvae compared to control larvae
(Fig. 2a–c, m) (control: 121.2 ± 1.79; 0.25 ng/ml CHG: 102.7 ± 3.33;
0.5 ng/ml CHG: 91.47 ± 6.05). In addition, we confirmed the
production of mature oligodendrocytes using Tg(mbpa:EGFP),
which expresses EGFP in fully mature oligodendrocytes. Similar to
the result of olig2+ cells, myelin basic protein (MBP)+ mature
oligodendrocytes are significantly reduced in the hindbrain of
CHG-exposed larvae in a concentration-dependent manner
(Fig. 2d–f, n) (control: 51.1 ± 1.33; 0.25 ng/ml CHG: 47.9 ± 0.97;
0.5 ng/ml CHG: 35.9 ± 1.76).

Oligodendrocyte defects caused by CHG in the spinal cord of
zebrafish
We then confirmed the neurotoxic effect of CHG on oligoden-
drocytes in the spinal cord. CHG exposure reduced the number of
dorsally migrating Olig2+ cells compared to the control larvae
(Fig. 2g–i, o) (control: 10.59 ± 1.84; 0.25 ng/ml CHG: 8.69 ± 2.14;
0.5 ng/ml CHG: 8.4 ± 1.4). Moreover, the number of MBP+ cells are
significantly decreased following treatment with 0.25 and 0.5 ng/
ml of CHG (Fig. 2j–l, p) (control: 19.04 ± 1.134; 0.25 ng/ml CHG:
15.47 ± 0.50; 0.5 ng/ml CHG: 15.5 ± 0.80). These results revealed
that exposure to CHG during early embryonic development
induces defects in oligodendrocytes in the CNS.

Delay in myelin synthesis
Single oligodendrocytes produce a limited number of myelin
sheaths, which elongate their length to cover target axons during
myelination.25 To examine whether CHG affects myelin synthesis
in oligodendrocytes, we analyzed the myelin sheath of dorsally

located oligodendrocytes in the spinal cord using Tg(claudink:gal4-
vp16;uas:mGFP) (Fig. 3a–c). The number of myelin sheath per
oligodendrocyte was similar in control and CHG-exposed larvae
(Fig. 3d) (control: 13.44 ± 0.88; 0.25 ng/ml CHG: 11.31 ± 0.5; 0.5 ng/
ml CHG: 12.94 ± 0.54). However, in CHG-treated larvae, the
average length of myelin sheath produced per single oligoden-
drocyte was reduced in a concentration-dependent manner
(Fig. 3e) (control: 15.84 ± 1.09; 0.25 ng/ml CHG: 13.2 ± 1.54;
0.5 ng/ml CHG: 11.35 ± 1.16). This suggests that CHG exposure
delayed myelination.

Ultra-microstructural changes of myelin
Next, TEM images of transverse sections of the spinal cord and the
posterior lateral line (PLL) were analyzed to reveal ultra-
microstructural changes in myelin. A compact myelin sheath
was wrapped around the axons in the spinal cord and the PLL
(Fig. 4a, b). However, uncompacted, abnormal myelin structures
were observed in the CHG-exposed nerves (Fig. 4c, d). The myelin
sheath in CHG-treated larvae was looser than the myelin sheath in
control larvae, and several splitting and fluid-accumulated
vacuoles were observed between the myelin sheaths (Fig. 4c, d).
The pathology of myelin is similar to that of HCP, which is a topical
antiseptic reagent.26 Therefore, exposure to CHG can induce
structural changes in the myelin.

Neurobehavioral locomotor response
We evaluated locomotor activity under alternating light and dark
conditions to verify the effects of CHG exposure on behavior.
Larvae treated with CHG 0.25 and 0.5 ng/ml each showed
decreased locomotion than control larvae (Fig. 5a). In particular,
locomotor activity in the light status was significantly decreased.
In addition, the total distance moved and mean velocity
decreased, and the total time unmoved increased significantly in
CHG-treated larvae (Fig. 5b–d). These behavioral changes did not
differ between 0.25 ng/ml-treated larvae and 0.5 ng/ml-treated
larvae. Together, these results indicate that neurotoxicity induced
by exposure to CHG-induced locomotion changes.

0
0

20

40

60

80

100

24

Control

a b

c CHG 0.1 ng/ml CHG 0.25 ng/ml CHG 0.5 ng/ml

48

S
u

rv
iv

al
 r

at
e 

(%
)

0

20

40

60

80

100

H
at

ch
in

g
 r

at
e 

(%
)

72

Hours post fertilization (hpf) Hours post fertilization (hpf)

96 120

Control

1 ng/ml

0.5 ng/ml

0.25 ng/ml

0.1 ng/ml

Control

1 ng/ml

0.5 ng/ml

0.25 ng/ml

0.1 ng/ml

0 24 48 72 96 120

Fig. 1 Effects of CHG exposure on the early development of zebrafish. To test the developmental toxicity of CHG, zebrafish embryos were
exposed to 4–120 h post fertilization per concentration (i.e., 0.1, 0.25, 0.5, and 1 ng/ml). a, b The survival and hatching rates of zebrafish larvae
exposed to chlorhexidine. c Detailed morphological observations of zebrafish larvae upon early CHG exposure. We selected 0.25 and 0.5 ng/
ml as the appropriate concentration without morphological abnormalities to observe in myelin and behavior. Each experiment was repeated
independently three times.

E.K. Choi et al.

847

Pediatric Research (2023) 93:845 – 851



Changes in the expression level of the myelin-related gene
Next, we tested whether CHG exposure induced changes in the
expression of myelin-related genes using qRT-PCR (Fig. 6). The
expression of myelin basic protein a (mbpa) and proteolipid protein
1b (plp1b), which encode major myelin proteins, was significantly
downregulated by CHG exposure, consistent with the histological
analysis. The scratch family transcriptional repressor 2 (scrt2) gene is
strongly expressed in Schwann cells.27 It was also downregulated
in CHG-exposed larvae. semaphorin 7a (sema7a) is expressed in
the oligodendrocyte lineage and is known to be involved in
oligodendrocyte guidance and neuroinflammation.28 The expres-
sion of sema7a was downregulated by exposure to CHG, although
the difference was not statistically significant. These qRT-PCR
results indicate that CHG exposure reduced the expression of
genes involved in myelination.

DISCUSSION
This study was designed to investigate the neurotoxic potential of
CHG in the developing nervous system and emphasize its effect
on oligodendrocyte development and myelination. We have

shown that exposure to CHG significantly induces delayed
myelination, structural myelin changes, and locomotor alterations.
Embryonic exposure to CHG decreased myelination, in association
with downregulated mbpa, plp1b, and scrt2 gene expression. To
our knowledge, this report is the first attempt to investigate the
myelin toxicity of CHG in zebrafish larvae.
Overall developmental toxicity to CHG in zebrafish was shown

by reductions in hatchability and survival rates.29 In this study,
zebrafish embryos at 4 hpf were treated with different concentra-
tions of CHG (0.01–10 ng/ml), and concentrations >2 ng/ml were
lethal for all embryos. In contrast, there were no obvious effects on
survival, hatching, and morphology at a concentration <0.25 ng/
ml. Zebrafish larvae treated with CHG 0.25 and 0.5 ng/ml showed
decreased locomotion compared to control larvae. Myelin defects
and neurotoxicity affect the locomotor behavior of zebrafish
larvae.26

Limited data are available on the toxicity of chlorhexidine in
humans.30 CHG is considered to have low toxicity due to poor
absorption after oral ingestion.31 Toxicity from oral ingestion of
chlorhexidine has been reported to cause gastrointestinal irrita-
tion at low concentrations (<20%) and corrosive effects at high
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concentrations (>20%).32 The LD50 of chlorhexidine digluconate
in mice was 2.5 g/kg (oral), 0.02 g/kg (intravenous), and 0.63 g/kg
(subcutaneous).30 A value has not been established for the safe
concentration of CHG in the blood. In previous human studies,
blood levels of CHG have been described in 17 preterm infants
born at <32 weeks of gestation after skin exposure to CHG, with
concentrations ranging from 0 to 214 ng/ml. The clinical
significance is still unknown, even if CHG is detected in the
blood.33

In the CNS, we found that the expression of olig2+ cells and
MBP+ mature oligodendrocytes associated with myelination was
significantly reduced in CHG-exposed larvae in a concentration-
dependent manner. In addition, the average length of the myelin
sheath per oligodendrocyte was reduced, suggesting that CHG
exposure delayed the myelination process. Several previous
studies have demonstrated that abnormal CNS or peripheral
nervous system development significantly influences toxic agent-
induced neurotoxicity in zebrafish embryos.34

Chlorhexidine has been widely used as a topical antiseptic since
the 1950s, even in pediatric patients. Due to the limited data
evidence regarding the safety of preterm infants in the NICU,
there are no guidelines for preferred antiseptics.35 Adverse effects
have not been reported in studies involving adults as well as
neonates when trace amounts of CHG are absorbed. No data
suggest that trace levels of CHG in the blood are clinically
important. Although many studies have concluded that CHG is
absorbed in infants without any neurotoxicity,8,36–39 preterm
infants, particularly those <32 weeks of gestation, have immature
skin with increased permeability, a vulnerable nervous system,
and decreased drug clearance, all of which may increase the risk
of CHG adverse events.33 In this study, the myelin sheaths in CHG-
treated larvae were looser than the myelin sheaths in control
larvae, and several splitting and fluid-accumulated vacuoles were
observed between the myelin sheaths. This pathology of myelin is
similar to that of HCP, another topical antiseptic that is absorbed

Control

av
g

. l
en

g
th

 o
f

m
ye

lin
 s

h
ea

th
/o

ls
 (

µ µm
)

0

0

5

10

15

20

Tg(claudink:gal4vp16;uas:mGFP)

10

20

30

CHG
0.25 ng/ml

CHG
0.5 ng/ml

Control

da

b

c

e

# 
o

f 
m

ye
lin

 s
h

ea
th

s/
o

ls

C
H

G
 0

.5
 n

g
/m

l
C

H
G

 0
.2

5 
n

g
/m

l
C

o
n

tr
o

l

CHG
0.25 ng/ml

CHG
0.5 ng/ml

n.s
n.s

n.s

Fig. 3 Delay in myelin synthesis. a-c Myelin sheath of dorsally located oligodendrocytes in the spinal cord using Tg(claudink:gal4-
vp16;uas:mGFP). d The number of myelin sheaths per oligodendrocyte was similar in control and CHG-exposed larvae. e The average length of
myelin sheath per oligodendrocyte was reduced in a concentration-dependent manner in CHG-treated larvae and data. *P < 0.05. This
suggests that CHG exposure delayed myelination. The values are presented as the mean ± SEM.

C
o

n
tr

o
l

C
H

G
 0

.5
 n

g
/m

l

a b

c d

c’ c” d’

CNS PLL

C’

C”

D’

*

*

Fig. 4 Ultra-microstructural changes of myelin. Transmission
electron microscopy on transverse sections of the spinal cord and
posterior longitudinal ligament (PLL). a, b A compact myelin sheath
was wrapped around the axons in the spinal cord and the PLL.
c, d Uncompact abnormal myelin structures were observed in the
CHG-exposed nerves. c′, c′′, d′ The myelin sheath in CHG-treated
larvae was looser than the myelin sheath in control larvae, and
several splitting (arrows) and fluid-accumulated vacuoles (asterisks)
were observed between the myelin sheaths.

E.K. Choi et al.

849

Pediatric Research (2023) 93:845 – 851



through the skin of newborns and causes vacuolar encephalo-
pathy.12,40 In addition, the expression of mbpa, plp1b, and scrt2
was significantly downregulated, which is a marker of myelination.
Taken together, the results revealed that systemic absorption of

CHG may lead to neurotoxicity through the downregulation of
myelination. CHG is a topical agent applied to the skin and differs
from the experimental method performed in zebrafish, but

exposure to a developing neurological system at a high
concentration may cause neurotoxicity.
In conclusion, concerns about the potential neurotoxicity of

CHG remain. In this study, the neurotoxicity of CHG was
investigated in zebrafish larvae. CHG exposure significantly
induced delayed myelination, structural myelin changes, and
locomotor alterations by downregulating myelination-related
genes. Further studies are warranted to investigate the mechan-
isms of potential myelin toxicity and the appropriate threshold for
serum chlorhexidine concentrations.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
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