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Abstract

Background: Canine atopic dermatitis (CAD) is caused by skin barrier dysfunction due to allergen exposure. Excessive
glutamate release in the skin is associated with delayed skin barrier function recovery and epidermal thickening and
lichenification. Treatment with Yokukansan (YKS), a traditional Japanese medicine, reduces dermatitis severity and
scratching behavior in NC/Nga mice by decreasing epidermal glutamate levels. However, the association between
canine keratinocytes and glutamate and the mechanism by which YKS inhibits glutamate release from keratinocytes
remains unknown.

Aim: We aimed to investigate glutamate release from canine progenitor epidermal keratinocytes (CPEKs) and the
inhibitory effect of YKS on this release. We also explored the underlying mechanism of YKS to enable its application
in CAD treatment.

Methods: Glutamate produced from CPEKs in the medium at 24 hours was measured. The measurement conditions
varied in terms of cell density and YKS concentration. CPEKs were treated with a glutamate receptor antagonist (MK-
801), a glutamate transporter antagonist (THA), and a glutamate dehydrogenase inhibitor (epigallocatechin gallate;
EGCQG), and the inhibitory effect of YKS, YKS + THA, MK-801, and EGCG on this release was determined. MK-801
and glutamate dehydrogenase inhibitor were tested alone, and THA was tested in combination with YKS. Finally,
glutamine incorporated into CPEKs at 24 hours was measured using radioisotope labeling.

Results: CPEKs released glutamate in a cell density-dependent manner, inhibited by YKS in a concentration-dependent
manner. Moreover, YKS reduced the intracellular uptake of radioisotope-labeled glutamine in a concentration-
dependent manner. No involvement of glutamate receptor antagonism or activation of glutamate transporters was
found, as suggested by previous studies. In addition, EGCG could inhibit glutamate release from CPEKs.
Conclusion: Our findings indicated that glutamate release from CPEKs could be effectively inhibited by YKS,
suggesting the utility of YKS in maintaining skin barrier function during CAD. In addition, CPEKs are appropriate
for analyzing the mechanism of YKS. However, we found that the mechanism of action of YKS differs from that
reported in previous studies, suggesting that it may have had a similar effect to EGCG in this study. Further research
is warranted to understand the exact mechanism and clinical efficacy in treating CAD.
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Introduction which has also been shown to involve skin barrier
Canine atopic dermatitis (CAD) is an inflammatory dysfunction (Marenholz ez al., 2006; Han et al., 2017).
and pruritic allergic disease of genetic predisposition Therefor.e, maintaining skin barrier function is integral
with a reported prevalence of 10%-15% (Hillier and for treating CAD (Yoon et al., 2011; Marsella and De

Griffin, 2001; Olivry ef al., 2015; Hensel et al., 2015). Benedetto, 2017).

L ; ; Glutamate is known to maintain skin barrier function,
Although its etiology remains largely unknown, studies along with filaggrin and ceramide (Fuziwara et al., 2003;

suggest that skin barrier function and immune system Davidson et al., 1997). However, research suggests that
abnormalities contribute to its development. Moreover, excessive glutamate in the skin impedes the recovery of
the pathogenesis of CAD is similar to that of human skin barrier function, leading to epidermal thickening and
atopic dermatitis (Marsella and De Benedetto, 2017), lichenification in mouse models (Fuziwara et al., 2003).

*Corresponding Author: Yoichiro Kasuga. Department of Dermatology and Allergology, Juntendo University Graduate
School of Medicine, Tokyo, Japan. Email: y.kasuga.bl@juntendo.ac.jp
Articles published in Open Veterinary Journal are licensed under a Creative Commons Attribution-NonCommercial 4.0 International License

BY NC

683


mailto:y.kasuga.bl@juntendo.ac.jp
http://dx.doi.org/10.5455/OVJ.2024.v14.i2.8
yanome
ハイライト表示


684

http://www.openveterinaryjournal.com
Y. Kasuga et al.

Open Veterinary Journal, (2024), Vol. 14(2): 683-691

Kampo, a traditional herbal medicine used in Japan
and China, has been shown to be effective against
atopic dermatitis. However, its exact mechanism of
action remains unknown (Saeki ef al., 2022; Sheehan
and Atherton, 1992; Sheehan efal., 1992). Studies
have demonstrated that Yokukansan (YKS), a type of
Kampo, could reduce dermatitis severity and scratching
behavior in NC/Nga mice, a human atopic dermatitis
model (Jiang et al., 2009). Japan’s Ministry of Health,
Labour, and Welfare has approved the use of YKS,
which comprises seven crude drugs (Wakabayashi et al.,
2014), for treating neurosis, insomnia, and irritability
in children. Notably, a similar study by Wakabayashi
etal. (2014) showed that YKS decreased glutamate
concentrations in the skin of NC/Nga mice. This study
also explored the underlying mechanism using normal
human epidermal keratinocytes (NHEKSs). It showed
that NHEKSs release glutamate into the medium in a
cell density-dependent manner and that this release was
suppressed by YKS administration. Furthermore, upon
exploring the mRNA expression in NHEKSs treated with
YKS, the study found that the expression of N-methyl-
D-aspartate  (NMDA) receptor 2D (NMDAR-2D)
and glutamate aspartate transporter (GLAST), which
are types of glutamate receptor and transporter,
respectively, decreased (Wakabayashi et al.,2014). The
study shows that YKS regulates extracellular glutamate
levels by inhibiting NMDAR and stimulating glutamate
transportation in NHEKS.

Based on the successful experiments on NC/Nga
mice, YKS can be potentially used to treat CAD.
Nevertheless, the correlation between canine
keratinocytes and glutamate has not yet been examined.
Furthermore, previous studies that used NHEKs did
not fully elucidate the inhibitory mechanism of YKS
on glutamate release from keratinocytes. In the present
study, we determined whether YKS can maintain skin
barrier function by suppressing excess glutamate in
canine keratinocytes and investigated its mechanism of
action.

Materials and Methods

Cell culture

We used 4th-5th-generation canine progenitor
epidermal keratinocytes (CPEKSs) derived from adult
canine beagle epidermis and obtained from CELLnTEC
Advanced Cell Systems (Bern, Switzerland).
CPEKs were cultured in a specific medium, CnT-09
(CELLnTEC Advanced Cell System), prepared by
supplementing CnT-BM2 with fetal bovine serum
(supplement A) and glutamine (supplement B). CnT-
09 was used to culture CPEKs, whereas CnT-BM2
served as the basal medium for mixing YKS and
other reagents. CPEKs were cultured in 75-cm? flasks
(Corning, Corning, NY) and seeded at 4 x 103 cells/cm?
in 96- or 48-well plates after appropriate cell growth.

YKS

YKS contains seven crude drugs: Atractylodes lancea
rhizome (4-g Atractylodes lancea De Candolle
rhizome), Poria sclerotium (4-g Poria cocos Wolf
sclerotium), Cnidium rhizome (3-g Cnidium officinale
Makino rhizome), Japanese angelica root (3-g Angelica
acutiloba Kitagawa root), Bupleurum root (2-g
Bupleurum falcatum Linne root), Glycyrrhiza root
(1.5-g root and stolon of Glycyrrhiza uralensis Fisher),
and Uncaria thorn (3-g Uncaria rhynchophylla Miquel
thorn). Dry powder extracts of YKS were provided by
Tsumura & Co. (Tokyo, Japan). The YKS concentration
was determined to be 125, 250, and 500 pg/ml based
on previous research and reports (Wakabayashi et al.,
2014; Kawakami et al., 2009; Kawakami et al., 2011Db).
Measurement of glutamate released from CPEKs

We investigated the correlation between the cell density
of CPEKs and the increase in glutamate levels in the
culture medium. CPEKs were cultured in 48-well plates
(Corning) until reaching nonconfluency, subconfluency,
and confluency (approximately 30%, 60%—80%, and
90%—-100% of the area covered by cells, respectively).
Once CPEKSs reached a specific cell density, the cells
were washed twice with phosphate-buffered saline
(PBS) (Thermo Fisher Scientific Inc., Waltham, MA)
and replaced with basal medium. They were placed in
a CO, incubator at 37°C. After a 24-hour incubation,
glutamate in the medium was measured using a
glutamate assay kit (Fluorometric, ab138883; Abcam,
Cambridge, United Kingdom) based on the principle of
a coupled enzyme system. In this system, L-glutamic
acid reacts with NADP* to produce NADPH, which
is recognized by a specific NADPH sensor, before
being converted to NADP*. The reaction produces a
red fluorescence product, which is detected using a
microplate reader (FLEX station3, Molecular Devices,
San Jose, CA) at an excitation/emission wavelength of
540/590 nm.

Effect of YKS on the glutamate assay

Some of the crude drugs in Kampo can inhibit enzyme
activity (Zhao et al.,2020). Therefore, to ensure that YKS
does not interfere with glutamate assay measurements,
we measured the glutamate in the basal medium at
different YKS concentrations (0, 125, 250, and 500 pg/
ml) before investigating its effect on CPEKSs.

Effects of YKS on glutamate release from CPEKs
Using CPEKSs, we determined whether the decrease in
glutamate levels in the medium depended on the YKS
concentration. Once CPEKs reached a subconfluency,
the cells were washed twice with PBS, replaced with
basal medium supplemented with different YKS
concentrations (0, 125, 250, and 500 pg/ml), and
incubated for 24 hours in a CO, incubator at 37°C. After
incubation, the glutamate levels in the medium were
measured via glutamate assay. The effect of YKS on the
glutamate assay was eliminated by establishing test and
control groups with and without cells, respectively. The
amount of glutamate released by the cells over 24 hours
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was determined by subtracting the glutamate value of
the control group at the same YKS concentration from
that of the test group.

Effect of YKS on the intracellular uptake of radioisotope-
labeled glutamine

We investigated the effect of YKS on cellular glutamine
uptake using radioisotope (RI)-labeled glutamine.
CPEKs were cultured in a 96-well plate (Cytostar-T
scintillating microplate, RPNQO0162; PerkinElmer,
Waltham, MA) until subconfluency was reached. Once
CPEKSs reached a certain density, the cells were washed
twice with PBS. The basal medium was replaced
with medium supplemented with 1-mM glutamine,
L-[3,4-3H(N)]-glutamine (PerkinElmer), and various
concentrations of YKS (0, 125, 250, and 500 pg/ml).
The amount of the added L-[3,4-3H(N)]-glutamine was
equivalent to 0.012 MBq per well, and incorporation of
RI was evaluated after 24 hours of incubation in a CO,
incubator at 37°C.

Effect of NMDA receptor antagonist on glutamate
release

We investigated whether MK-801 alone could inhibit
the release of glutamate from CPEKs. CPEKs were
cultured in a 48-well plate until reaching subconfluency.
Once the CPEKs reached a certain density, the cells
were washed twice with PBS, replaced with basal
medium containing different concentrations of MK-801
(Abcam) (2, 20, and 200 uM) or basal medium alone,
and incubated for 24 hours at 37°C in a CO, incubator.
After incubation, the glutamate in the medium was
measured using the glutamate assay kit.

Effects of glutamate uptake inhibitors (THA) on
glutamate release by YKS

We investigated whether THA could be used
simultaneously with YKS to inhibit the release of
glutamate from CPEKs. CPEKs were cultured in 48-
well plates until reaching subconfluency. Once CPEKs
reached a certain density, the cells were washed twice
with PBS, replaced with basal medium containing 500-
pg/ml YKS and various concentrations of THA (Sigma-
Aldrich, St. Louis, MO) (0, 10, 100, and 1000 uM), and
incubated at 37°C in a CO, incubator. After 24 hours of
incubation, the glutamate in the medium was measured
using a glutamate assay Kkit.

Effect of epigallocatechin gallate (EGCG) on glutamate
release by CPEKs

EGCQG is a catechin found in green tea that has also been
reported to inhibit glutamate dehydrogenase (GDH).
To confirm the effect of YKS, we determined whether
EGCG with GDH inhibitory effect exhibits a similar
effect (Li et al., 2006; Moon et al., 2007; Li etal.,
2011; Li et al., 2012) by replicating the experiments
described in the subsection titled “Effect of YKS on
glutamate release from CPEK.”

CPEKSs were cultured in a 48-well plate until reaching
subconfluency. Once the CPEKs reached a certain
density, the cells were washed twice with PBS, replaced
with basal medium supplemented with different

concentrations of EGCG (0, 10, 50, and 100 pM),
and then incubated in a CO, incubator at 37°C. After
24 hours of incubation, glutamate in the medium was
measured using the glutamate assay kit and determined
as the amount released from the cells over 24 hours.
Statistical analysis

Statistical analysis was conducted via analysis of
variance (ANOVA), followed by the appropriate post
hoc test or Student’s t-test. Statistical analyses were
conducted using GraphPad Prism for Mac (Prism 9,
GraphPad Software, San Diego, CA). A p-value < 0.05
was considered statistically significant. The results
were expressed as mean + SEM.

Ethical approval

Not required for this type of study.

Results

Association between the cell density of CPEKs and
glutamate in the medium

We observed that the glutamate in the medium increased
with the cell density of CPEKs (Fig. 1).

Effect of YKS on glutamate assay measurements

The glutamate in the medium decreased in a YKS
concentration-dependent manner, whereas that in the
basal medium remained the same (Fig. 2).

Effect of YKS on glutamate released from CPEKs

YKS decreased the glutamate released from the cells in
a concentration-dependent manner in CPEKSs, similar to
that observed in NHEKs (Wakabayashi et al., 2014). At
confluence (Fig. 3a), we observed a significant decrease
in glutamate levels at 500 pg/ml YKS compared with
the control. Contrarily, in the subconfluent cells (Fig.
3b), we observed significant differences across all YKS
concentrations compared with the control.

Effect of YKS on glutamine uptake into CPEKs

YKS suppressed the uptake of RI-labeled glutamine into
CPEKSs in a concentration-dependent manner (Fig. 4).
Investigating the mechanism underlying glutamate
inhibition by YKS using an NMDAR antagonist
Wakabayashi ef al. showed that the mRNA expression
of NMDAR-D2, a glutamate receptor, decreased in
NHEKs in a YKS concentration-dependent manner.
Based on this finding, they hypothesized that YKS
might act as an NMDAR antagonist in suppressing
glutamate in the culture medium (Wakabayashi et al.,
2014). A previous study showed that YKS might act
as an NMDA receptor antagonist, as it could inhibit
glutamate cytotoxicity in neurons similar to MK-801,
an NMDA receptor antagonist (Kanno et al., 2014;
Kawakami et al., 2011a). Thus, this study hypothesized
that if NMDA receptor antagonists can indeed reduce
glutamate levels in the medium, administration of MK-
801 alone instead of YKS might yield identical results.
We observed that the glutamate levels in the medium
were not reduced by the NMDAR antagonist MK-801
alone (Fig. S1), suggesting that NMDAR antagonism is
not the underlying mechanism behind the inhibition of
glutamate by YKS.
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Role of glutamate transporter activation in glutamate
reduction by YKS in the medium

Wakabayashi et al. showed that YKS enhanced
the mRNA expression of the GLAST glutamate

transporters, triggering glutamate uptake by the
cells, which subsequently decreases the glutamate
level in the medium (Wakabayashi efal., 2014).
Similarly, another study showed that the addition of
DL-three-B-hydroxyaspartic acid (THA), a glutamate
transporter inhibitor, to YKS results in a decrease in
glutamate uptake by the cells (Kawakami et al., 2009;
Kawakami et al., 2019). Hence, we hypothesized that
if YKS decreases glutamate in the medium, enhancing
cellular uptake by activating glutamate transporters,
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administration of THA, a glutamate uptake inhibitor,
would not lead to a decrease in the glutamate levels in
the medium. Therefore, in this experiment, we focused
on the glutamate released from CPEKs by administering
YKS and THA simultaneously.

Although the glutamate in the medium was reduced
by 500 pg/ml of YKS, this effect was not inhibited
by the administration of THA, a glutamate transporter
inhibitor (Fig. S2). This indicates that the glutamate-
reducing effect of YKS is not due to the activation of
glutamate transporters.

Effect of EGCG on glutamate release from CPEKs
EGCG, a GDH inhibitor, decreased glutamate release
from CPEKs (Fig. 5a). Interestingly, glutamate in
the control group (without cells) also decreased in an
EGCG concentration-dependent manner (Fig. 5b).
Similar to YKS (Fig. 2), EGCG was shown to affect
the measurement of glutamate in the glutamate assay.

Discussion

Maintaining skin barrier function is important in
canines with CAD, similar to humans (Marsella and
De Benedetto, 2017; Santoro et al., 2015; Yoon et al.,
2011). Studies in mice have demonstrated that elevated
levels of skin glutamate delayed the recovery of skin
barrier function and caused epidermal thickening and
lichenification (Fuziwara efal., 2003). Experiments
on NC/Nga mice have shown a positive correlation
between dermatitis score, scratching behavior, and
glutamate in the skin (Wakabayashi efal., 2014).
Although YKS and Kampo are occasionally used to
treat atopic dermatitis in humans, their mechanism of
action remains poorly understood (Saeki ef al., 2022;
Sheehan and Atherton, 1992; Sheehan et al., 1992).
Wakabayashi et al. (2014) demonstrated that YKS
decreases excess glutamate in the skin. However,
glutamate release in canine keratinocytes has not yet

been shown. Thus, our objective was to demonstrate
glutamate release by canine keratinocytes and its
inhibition by YKS.

Our results indicated that CPEKs can release
glutamate into the extracellular space. Consequently,
this excessive glutamate may be implicated in CAD,
indicating that it can be a potential therapeutic target.
We also demonstrated concentration-dependent
inhibition of glutamate released from CPEKs by
YKS. Furthermore, we observed that YKS suppressed
glutamate release more effectively under subconfluent
conditions than under confluent ones. This result
indicates that YKS can effectively inhibit glutamate
release in cell proliferation. Although in vivo studies
on dog and mouse skin to elucidate the mechanism of
action of YKS are informative, the use of specific cell
lines is more beneficial from the perspective of animal
welfare. To this end, our findings showing the inhibition
of glutamate release in CPEKs by YKS suggest that
CPEKSs are ideal for studying the mechanism of YKS.
One of the challenges in this study was the
inconsistencies in the glutamate assay measurements.
The addition of YKS resulted in lower readings than
the actual glutamate levels. This resulted in a difficult
direct comparison of results with and without YKS
and with different YKS concentrations. To address this
problem, we established test and control groups with
and without cells, respectively, and treated them with
different YKS concentrations. The amount of glutamate
produced by the cells was then calculated by subtracting
the control group from the test group at the same YKS
concentration to eliminate the effect of YKS.

In this study, we examined the impact of YKS on the
inhibition of glutamate release from CPEKs. A previous
study used NHEKs to elucidate the mechanism
underlying the inhibitory effect of YKS on glutamate
release via RT-PCR analysis. This study suggested that
YKS regulates extracellular glutamate by suppressing
NMDA receptors and activating glutamate transport
in NHEKs (Wakabayashi efal., 2014). Thus, we
prioritized investigating these two mechanisms.
Experiments using MK-801 showed that NMDAR
antagonism might not be involved in the inhibition
of glutamate by YKS. Similarly, experiments using
THA showed that glutamate transporter activation
might not be implicated in the reduction of glutamate
levels. Hence, a novel hypothesis should be considered
regarding the inhibitory effect of YKS on glutamate
released from cells.

We investigated the involvement of GDH in the
inhibition of glutamate release from CPEKs by YKS
for two reasons. First, some crude drugs in Kampo have
been reported to inhibit enzyme activity (Zhao et al.,
2020). Second, GDH is involved in cell metabolism.
It was also used in the glutamate assay in this study,
which measures NADPH produced after GDH reacts
with glutamate along with alpha-ketoglutarate (a-
KG) (Han efal., 2019). If YKS inhibits GDH, the
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same effect can be expected when EGCG, a GDH
inhibitor, is used (Moon et al., 2007; Li et al., 2006;
Li etal., 2011; Li etal.,, 2012). We observed that
glutamate released from the cells treated with EGCG
was suppressed in a concentration-dependent manner.
Interestingly, this decrease was also observed in the
control group (without cells), which was also shown
to affect glutamate assay measurements. This implies
that the mechanisms of action of YKG and EGCG are
similar. The findings support the hypothesis that YKS
can inhibit GDH.

GDH inhibitors decrease cellular activity through
glutaminolysis (Jin efal., 2015), a mitochondrial
pathway that involves the initial deamination of
glutamine by glutaminase, which yields glutamate
and ammonia. Glutamate is converted into a-KG, a
TCA cycle intermediate, producing ATP and anabolic
carbons required for synthesizing amino acids,
nucleotides, and lipids (DeBerardinis ef al., 2007; Wise
and Thompson, 2010). The conversion of glutamate
into a-KG is catalyzed by glutamate dehydrogenase 1
(GDHL, also known as GLUD1, GLUD, GDH) or other
transaminases, such as glutamate pyruvate transaminase
2 (GPT2, also known as alanine aminotransferase) and
glutamate oxaloacetate transaminase 2 (GOT2, also
known as aspartate aminotransferase). These enzymes
convert alpha-keto acids to the corresponding amino
acids in the mitochondria (Quagliariello ef al., 1965;
Kovacevic, 1971). Thus, the reduction in glutamate
release from cells by YKS might be caused by reduced
cellular activity, as shown above. This is consistent
with the finding that YKS suppressed glutamate release
from cells under the subconfluent condition, in which
cells proliferate and consume more energy, compared
with that under the confluent condition, in which they
consume less energy.

Studies using RI-labeled glutamine have demonstrated
that GDH inhibitors can decrease cellular glutamine
uptake (Jin et al., 2015). We determined whether YKS
reduces cellular glutamine uptake by inhibiting GDH
using tritium-labeled glutamine. We demonstrated
that YKS decreased cellular glutamine uptake in a
concentration-dependent manner while inhibiting
glutamate release from the cells.

To the best of our knowledge, this is the first study to
investigate the relationship between canine keratinocytes
and glutamate. We observed similarities between
glutamate release by canine and human keratinocytes.
Our findings indicated that excessive glutamate release
in the skin during CAD can be a potential therapeutic
target. Although reports have demonstrated the efficacy
of Kampo in treating atopic dermatitis (Zhao et al.,
2020), the detailed mechanism is poorly understood
(Jiang et al., 2009; Wakabayashi et al., 2014). In this
study, we explored the mechanism by which YKS
inhibits glutamate release from cells. However, unlike
previous studies, we found that YKS acts neither as an
NMDA-R antagonist nor as an activator of glutamate

transporters, indicating that other mechanisms might
be involved. Furthermore, we observed similarities
between the inhibitory activity of EGCG and YKS on
glutamate release from cells; however, this needs to be
further validated as EGCG has been reported to exert
various effects, such as antioxidant, antitumor, and anti-
inflammatory effects in addition to its GDH inhibitory
effects (Higdon and Frei 2003; Hsu et al., 2007; Yang
et al., 2009). Although Kampo, composed of several
crude drugs, is effective when acting as a whole, its
action is very complex. Therefore, elucidating its
mechanism of action is difficult.

Our results suggest that YKS maintains skin barrier
function by inhibiting glutamate released from
keratinocytes. Although the underlying mechanism
was not similar to that reported in previous studies,
we were unable to elucidate the exact mechanism. We
believe that the similarity in the results obtained with
EGCG and the reduced cellular glutamine uptake might
provide clues for future mechanistic elucidation. In the
future, we plan to conduct further mechanistic analysis
of YKS and clinical studies to determine whether it is
effective in alleviating dermatitis and pruritus severity
in CAD.
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Fig. S2. Effect of THA on the YKS-induced reduction of

Fig. S1. Effect of MK-801 on YKS-induced reduction
of glutamate in the medium. The effect of the NMDAR
antagonist activity was investigated using only MK-801. No
statistically significant differences were observed between
no MK-801 and with MK-801 (2, 20, and 200 uM). Mean
+ SEM (n = 6), one-way ANOVA + Dunnett’s test, NS: Not
Significant.

glutamate in the medium. YKS and THA were coadministered
to examine the involvement of glutamate transporter. No
statistically significant differences were observed between
no THA and with THA at 10, 100, and 1,000 uM. Mean +
SEM (n = 6), one-way ANOVA + Dunnett’s test, NS: Not
Significant.
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