X4

Food and Nutrition Sciences, 2024, 15, 1218-1229

X/

"‘: g‘é'seé‘;;gﬁ https://www.scirp.?rg/journal/fns
94% Publishing ISSN Online: 2157-9458

o,

ISSN Print: 2157-944X

L-Theanine Protects against
Methylglyoxal-Induced Oxidative
Stress and Tight Junction Disruption
in Human Cerebral Microvascular
Endothelial Cells

Kohshi Kusumoto, Kouyoh Habuchi, Satoru Sakuma, Keiichiro Okuhira*

Department of Environment and Health Sciences, Faculty of Pharmacy, Osaka Medical and Pharmaceutical University, Osaka,

Japan
Email: *keiichiro.okuhira@ompu.ac.jp

How to cite this paper: Kusumoto, K., Ha-
buchi, K., Sakuma, S. and Okuhira, K. (2024)
L-Theanine protects against Methylglyoxal-
Induced Oxidative Stress and Tight Junction
Disruption in Human Cerebral Microvascu-
lar Endothelial Cells. Food and Nutrition
Sciences, 15, 1218-1229.
https://doi.org/10.4236/fns.2024.1512077

Received: November 16, 2024
Accepted: December 9, 2024
Published: December 12, 2024

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

The brain’s blood microvessels restrict the exchange of substances between the
blood and brain tissue through the blood-brain barrier (BBB). Methyl-glyoxal
(MG), a byproduct of glucose metabolism, contributes to the formation of ad-
vanced glycation end products (AGEs) and disrupts the BBB, which is associ-
ated with neurodegenerative diseases. L-Theanine (TA), an amino acid found
in green tea with antioxidant properties, may protect the BBB. This study
aimed to determine whether MG increases reactive oxygen species (ROS) and
permeability by reducing tight junction proteins in human cerebral microvas-
cular endothelial cells (hCMEC/d3), and whether TA pretreatment can coun-
teract these effects. Our findings demonstrated that MG treatment led to in-
creased BBB permeability, decreased transendothelial electrical resistance
(TEER) values to 39% of control levels, reduced expression of Claudin-5 to
53% and Occludin to 69% of control levels, and elevated intracellular ROS lev-
els. TA pretreatment restored barrier integrity, preserved tight junction pro-
tein expression, and decreased ROS accumulation to levels comparable to con-
trol levels. These findings suggest that TA effectively prevents MG-induced
BBB dysfunction by reducing oxidative stress and maintaining tight junction
proteins, showing promise as a protective agent for the BBB in conditions as-
sociated with elevated MG and AGEs.
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1. Introduction

The brain’s blood microvessels safeguard neurons by restricting the exchange of
substances between the blood and brain tissue through the blood-brain barrier
(BBB). The BBB effectively blocks molecules larger than 500 Da from crossing and
selectively regulates the entry of smaller molecules [1]. Disruption of the BBB is
associated with neurodegenerative diseases such as multiple sclerosis, Alzheimer’s
disease, and Parkinson’s disease [2]. Structurally, cerebral blood vessels comprise
three layers: the intima (endothelial cells), media (smooth muscle), and adventitia
(connective tissue). Endothelial cells are interconnected by tight junction proteins
(TTJs, including Claudin-5, Occludin, and ZO-1) and adherens junction proteins
(AJs, such as VE-cadherin), which collectively limit paracellular transport into the
brain tissue [3].

In hyperglycemic conditions, advanced glycation end products (AGEs) form
through non-enzymatic reactions (glycation) between sugar aldehyde groups and
protein amino groups, generating dicarbonyl compounds such as methylglyoxal
(MG), glyoxal, and 3-deoxyglucosone in the process [4]. MG, in particular, is pro-
duced abundantly in vascular endothelial cells [5]. Previous studies have shown
that MG and AGEs induce oxidative stress, inflammation, apoptosis, and activate
receptors for AGE (RAGE) signaling pathways, all contributing to cellular dys-
function [6] [7].

L-Theanine ()-glutamylethylamide, TA), an amino acid found in green tea at
approximately 8 mg per cup, is metabolized into glutamic acid in the body, pro-
moting the synthesis of glutathione (GSH) [8] [9]. TA also enhances the activity
of antioxidant enzymes, such as superoxide dismutase (SOD) and catalase (CAT)
[10] [11]. Additionally, TA has demonstrated neuroprotective effects by promot-
ing the synthesis of acetylcholine and brain-derived neurotrophic factor (BDNF)
[12]. Clinical studies have shown that regular green tea consumption is associated
with reduced cognitive impairment and improved working memory [13]-[15].
However, the effects of MG on cerebral vascular endothelial cells and the potential
BBB-protective effects of TA are not fully understood.

This study aimed to investigate whether MG increases intracellular reactive ox-
ygen species (ROS) and enhances BBB permeability by reducing the expression of
tight junction proteins in a human cerebral microvascular endothelial cell line
(hCMEC/d3) BBB model. Additionally, we examined whether TA pretreatment
could mitigate these MG-induced effects, evaluating TA’s potential to prevent
MGe-induced endothelial cell dysfunction.

2. Materials and Methods
2.1. Materials

Antibodies used in this study including anti-Claudin-5 (Cat# 34-1600; RRID:
AB_2533157) and anti-occludin (Cat# 71-1500; RRID: AB_2533977), Goat anti-
Rabbit IgG (H + L), Alexa Fluor 488 (Cat# A-11008; RRID: AB_143165), were
purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). The human
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cerebral microvascular endothelial cell line hCMEC/d3 (Cat# SCC066) was ac-
quired from Merck Millipore (Darmstadt, Germany). Chemical compounds and
drugs used in the experiments were H2DCFDA (Cat# D399) from Thermo Fisher
Scientific, Hoechst 33,342 (Cat# H342) from Dojindo Laboratories (Kumamoto,
Japan), L-Theanine (Cat# T0954) from Tokyo Kasei Kogyo Co. (Tokyo, Japan),
N-Acetyl-L-cysteine (Cat# 017-05131) and L-Glucamine (Cat# 070-00502) from
Fujifilm Wako Pure Chemical Corporation (Osaka, Japan), and Methylglyoxal
(Cat# 155558) from MP Biomedicals (Illkirch, France).

2.1. Cell Culture

Human brain endothelial cells (hCMEC/d3), derived from microvessels in the hu-
man temporal lobe, were cultured using the EGM-2MV kit (Lonza, Bend, OR,
USA). This kit includes Endothelial Basal Medium (EBM-2) supplemented with
gentamicin/amphotericin-B (GA), human epidermal growth factor (hEGF),
ascorbic acid, vascular endothelial growth factor (VEGF), R3-insulin-like growth
factor-1 (R3-IGF-1), hydrocortisone, human fibroblast growth factor-beta
(hFGF-p), and 5% (v/v) fetal bovine serum. Cells were maintained at 37°C in a
humidified incubator with 5% CO,.

2.2. Permeability-Study

hCMEC/d3 cells (1.0 x 10° cells/well) were seeded onto Transwell inserts
(Cat#3460, Corning Life Sciences, MA, USA) and cultured for 72 h. Following
this, the cells were treated with MG, TA, NAC, and GLU for 4 h. Transepithelial
electrical resistance (TEER) values were then measured using a Millicell ERS-2
meter (Millipore, Bedford, MA). The TEER value of an empty filter was subtracted
from each measurement, and the resulting TEER values (in Ohms) were multi-
plied by the filter surface area (1.12 cm?) as follows: TEER (Q x cm?) = (cell mon-
olayer Q) — empty Transwell filter Q) x surface area (cm?).

After measuring TEER, the culture medium was replaced with Hanks’ balanced
salt solution (HBSS, pH 7.4). Fluorescein-Na was added to the apical side at a final
concentration of 1 ug/mL, and samples were collected from the basal side at 15,
30, and 60 min. Fluorescence was measured using an EnSpire 2300 fluorescence
microplate reader (PerkinElmer, Turku, Finland) with 475 nm excitation and 512
nm emission. The apparent permeability coefficient (Zy,p) was calculated using the

following equation:

B, =(1/4xC,)dC/dt

app

Where dC/dt represents the rate of change in fluorescein concentration on the
basal side over time, ( is the initial fluorescein concentration in the apical com-

partment at time zero, and A is the surface area of the filters (1.12 cm?).

2.3. Immunofluorescence Staining

Cells were seeded on 8-well chamber slides (Cat#SCS-N08, Matsunami Glass In-
dustry, Osaka, Japan) and cultured for 72 h. The cells were then treated with MG,
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TA, NAC, and GLU for 4 h. Following treatment, cells were fixed with 4% para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) for 15 min at room tem-
perature. Permeabilization and blocking were then conducted by incubating the
cells in 0.1% Triton X-100 and 2% bovine serum albumin (BSA) in PBS for 30 min
at room temperature. After blocking, cells were incubated overnight at 4°C with
the primary antibody. The following day, cells were washed with PBS-T and incu-
bated with a fluorophore-conjugated secondary antibody for 1 h at room temper-
ature in the dark. Coverslips were then mounted onto glass slides using ProLong
Gold Antifade Mountant with DAPI (Cat#P36935, Thermo Fisher Scientific) and
stored in the dark at 4°C. Fluorescence images were captured using an LSM700
confocal microscope (Carl Zeiss, Jena, Germany).

2.4. Measurement of DCF Fluorescence

The fluorogenic dye H,DCFDA was used to measure ROS production. Once in-
side the cells, H,DCFDA is deacetylated by cellular esterases into a non-fluores-
cent form, which is then oxidized by ROS to form the fluorescent compound 2’,
7’-dichlorofluorescein (DCF) [16]. Cells were seeded in a glass-bottom dish
(Cat#627870, Greiner Bio-One, Kremsmiinster, Austria) and cultured for 48 h.
H,DCFDA was added to the culture medium at a final concentration of 200 pM,
followed by incubation for an additional 24 h. The cell nuclei were counterstained
with Hoechst 33,342. Afterward, the cells were treated with the specified reagents.
Fluorescence confocal microscopy was used to capture images, and fluorescence

intensity was quantified using Image] software (version 1.53 t).

2.5. Statistical Analysis

All results are presented as mean + standard error (S.E.). Data were analyzed using
EZR (R version 4.2.2, EZR version 1.61) [17]. One-way ANOVA followed by
Tukey’s post-hoc test was used for multiple group comparisons. A P-value of <

0.05 was considered statistically significant.

3. Results
3.1. Effects of MG and TA on Permeability

To examine the effects of methylglyoxal (MG) and L-Theanine (TA) on the per-
meability of the BBB model formed by hCMEC/d3 cells, we assessed cell permea-
bility after MG and TA treatments. Cells were seeded in the upper chamber of
Transwell inserts, pretreated with TA for 24 h, and then exposed to MG for 4 h.
Fluorescein-Na was added to the upper chamber, and permeability was measured
over time by recording fluorescence intensity to calculate P,,,. Results showed that
MG increased P,,, values in a dose-dependent manner (Figure 1(A)). However,
this MG-induced increase in P,,, was prevented by TA pretreatment.

We further evaluated transendothelial electrical resistance (TEER), a measure
of intercellular tightness. MG treatment led to a dose-dependent reduction in
TEER Figure 1(B)). In contrast, cells pretreated with TA before MG exposure
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maintained TEER levels comparable to untreated controls, indicating preserved
barrier integrity. However, when TA was administered after MG treatment, it
failed to prevent the MG-induced increase in P, and decrease in TEER (Figure

1(C, D)), suggesting that TA may act protectively when applied prior to MG ex-

posure.
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Figure 1. Effect of MG and TA on BBB permeability in hCMEC/d3 cells. (A, B) hCMEC/d3
cells were cultured for 48 h, pretreated with TA (2.5 - 5 mM) for 24 h, and then exposed to
MG (0.6 - 1.5 mM) for 4 h (n = 6). TEER was measured, followed by replacing the culture
medium with HBSS. Fluorescein-Na (10 pg/mL) was added to the upper chamber and in-
cubated for 1 h. HBSS was collected from the lower compartment at 15, 30, and 60 min
after fluorescein-Na addition. The apparent permeability coefficient (Pipp) was calculated
and displayed in the bar graph. (C, D) hCMEC/d3 cells were cultured for 72 h, treated with
MG for 4 h, and subsequently treated with TA for 24 h (n = 5). TEER measurement and
other procedures were performed as described in (A, B). Data are presented as mean + S.E.;
*P < 0.05, **P < 0.01, **P < 0.001.

3.2. Effects of MG and TA on Tight Junction Proteins

To assess the effects of MG and TA on tight junction proteins, we analyzed the
expression of Claudin-5 and Occludin in hCMEC/d3 cells treated with MG and
TA using immunofluorescence staining. After 4 h of MG exposure, Claudin-5
protein levels were significantly reduced (Figure 2(A, B)). Pretreatment with TA
mitigated the MG-induced decrease in Claudin-5 expression. It is possible that
TA is converted into L-glutamic acid (GLU) once taken up by the cells [9]. Thus,
we also examined Claudin-5 expression in cells pretreated with GLU before MG
exposure. Although GLU treatment slightly alleviated the MG-induced reduction
in Claudin-5, it was less effective than TA (Figure 2(A, B)).

Similarly, we observed a decrease in Occludin expression following MG treat-
ment. This MG-induced reduction in Occludin expression was also suppressed by
TA pretreatment (Figure 2(C, D)).
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3.3. Effects of MG and TA on ROS Levels

Given that MG and AGEs are known to induce ROS production, we examined
ROS levels in hCMEC/d3 cells treated with MG and TA. Menadione (MEN)
served as a positive control for ROS generation [18], while N-acetyl-L-cysteine
(NAC) was used as a positive control antioxidant [19]. ROS levels were monitored
over time using confocal microscopy to observe the fluorescence intensity of DCF,
which fluoresces in the presence of ROS. We observed a time-dependent increase
in DCF fluorescence intensity following MG addition, reaching levels comparable
to MEN within 4 h (Figure 3(A, B)). Pretreatment with TA effectively reduced
ROS levels to values similar to those achieved by NAC (Figure 3(C)). These find-
ings indicate that TA’s ability to suppress ROS generation may be beneficial in

protecting the BBB.
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Figure 2. MG and TA on tight junction protein levels in hCMEC/d3 cells. hCMEC/d3 cells
were seeded in an 8-well chamber slide, cultured for 48 h, pretreated with TA or GLU (5
mM) for 24 h, and then treated with MG (1.5 mM) for 4 h. Cells were fixed with 4% para-
formaldehyde and immunostained with an-ti-Claudin-5 (A) or anti-Occludin (C) antibod-
ies. Nuclei were counterstained with DAPI, and cells were imaged using fluorescence con-
focal microscopy. Fluorescence intensity was quantified and shown in bar graphs (B) and
(D) for Claudin-5 and Occludin, respectively. Data are presented as mean * S.E.; *P < 0.05,
P <0.001,n=3.
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Figure 3. Effect of MG and TA on ROS levels in hCMEC/d3 cells. ACMEC/d3 cells were
seeded in a glass-bottom dish and incubated for 48 h. H,DCFDA (200 uM), TA (5 mM),
and NAC (5 mM) were added and incubated for 24 h, after which MG (1.5 mM) or MEN
(30 M) was added and incubated for 0.5, 1.5, 3.0, and 4.0 h. Nuclei were counterstained
with Hoechst 33,342, and cells were imaged using fluorescence confocal microscopy. (A)
Representative images were captured after 4 h of treatment. (B) Time-dependent effects of
MG and MEN on DCEF fluorescence intensity. (C) Fluorescence intensity of cells after 4 h
of treatment. Data are presented as mean + S.E.; *P < 0.05, **P < 0.01, ***P < 0.00l.n=3 - 7.

4. Discussion

This study demonstrated that MG induces ROS production in the brain micro-
vascular endothelial cell line hCMEC/d3, decreases the expression of tight junc-
tion proteins Claudin-5 and Occludin, and consequently increases permeability
(Figure 4). Furthermore, we found that TA pretreatment mitigates these MG-in-
duced effects, preserving BBB function.

MG treatment of hCMEC/d3 cells led to reduced expression of Claudin-5 and
Occludin, compromising BBB structural integrity (Figure 2). MG is known to in-
duce oxidative stress and apoptosis, impairing cellular function [20]. It also gly-
cates DNA, leading to genetic mutations [21] [22]. Additionally, MG-induced
AGE formation activates RAGE-mediated signaling, increasing vascular permea-
bility through mDial [23]. These findings suggest that MG disrupts the BBB, a

critical barrier protecting the central nervous system.

-
D

—] inhibition
‘ increase

Figure 4. Protective effects of L-Theanine against methylglyoxal-induced oxidative stress
and tight junction disruption in hCMEC/d3 cells.
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Our results also showed that MG increased ROS production in hCMEC/d3 cells
(Figure 3), suggesting ROS as a key mediator of MG-induced endothelial damage.
Brain endothelial cells express drug efflux transporters such as P-glycoprotein (P-
gp) and contain 4 - 5 times more mitochondria than peripheral vascular endothe-
lial cells to meet high ATP demands, which makes them more vulnerable to ROS
[24]. MG and AGE stimulation of RAGE has been shown to activate NADPH ox-
idase, raising cytoplasmic ROS levels [25], and contributing to mitochondrial su-
peroxide production [26]. Liu et al. reported that MG-induced mitochondrial
ROS contributes to cytotoxicity in rat pancreatic beta cells [27]. Excessive ROS
can cause mitochondrial damage and lead to the degradation of tight junction
proteins via autophagy or mitophagy [28]. Therefore, reducing ROS generation in
brain endothelial cells is essential for BBB protection.

This study showed that TA exhibits antioxidant properties in brain endothelial
cells, preventing the MG-induced reduction in tight junction protein levels and
increased permeability. However, adding TA after MG treatment did not restore
BBB integrity (Figure 1(C, D)), suggesting that MG-induced damage may be ir-
reversible or that TA acts preventively. TA has previously been shown to protect
against amyloid-beta (Ap)-induced neurotoxicity by inhibiting oxidative stress
and the activation of ERK/p38 MAPK and NF-«B pathways [29]. In a D-galactose-
induced brain injury model, TA administration significantly reduced AGEs and
Ap1-42 concentrations in brain tissue [12]. Intracellularly, MG is conjugated with
glutathione and degraded by glyoxalase enzymes [30]. In diabetes, glutathione lev-
els [31] and glyoxalase activity [32] decrease, suggesting that TA, as a glutathione
precursor, may elevate intracellular glutathione, exert antioxidant effects, and re-
duce MG-induced AGE formation.

While TA is converted into GLU intracellularly, adding GLU alone had mini-
mal effect on restoring MG-induced Claudin-5 reduction (Figure 2(A, B)). GLU
is an excitatory neurotransmitter, and high extracellular GLU levels may impair
barrier function by activating N-methyl-D-aspartate (NMDA) receptors in endo-
thelial cells [33]. Since TA is transported into the brain via LAT1 and LAT2 amino
acid transporters [34] [35], it holds promise as a compound with BBB-protective
potential. Additionally, a recent report introduced an efficient biosynthesis
method for L-theanine, potentially enabling its large-scale production and thera-
peutic application [36].

In summary, this study in a BBB model using hCMEC/d3 cells revealed that
MG enhances permeability by inducing ROS production and reducing tight junc-
tion protein levels and that TA can prevent MG-induced BBB impairment. Alt-
hough cells in this study were acutely treated with high MG concentrations, BBB
damage in vivo likely accumulates due to chronically elevated MG and AGE levels.
Thus, exploring the effects of long-term MG exposure would be meaningful. Fur-
thermore, hCMEC/d3 cells form stronger tight junctions under shear stress con-
ditions mimicking blood flow [37]. Given that diabetes reduces blood flow due to
increased blood viscosity [38], employing a BBB model that simulates blood flow

may provide insights closer to physiological conditions.
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5. Conclusion

TA shows promise as a preventative agent against MG-induced BBB dysfunction,
likely through its antioxidant effects and preservation of tight junction proteins.
This study enhances our understanding of the mechanisms behind BBB impair-
ment in conditions involving MG and AGEs, such as diabetes and Alzheimer’s
disease, and supports the development of new preventive and therapeutic strate-

gies.
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