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The distribution of glutathione (GSH) in liver tissue is an important indicator for disease assessment. GSH
depletion increases the susceptibility to oxidative stress and is involved in many diseases. Although mass
spectrometry imaging (MSI) is a powerful tool for analysing the distribution of metabolites, it is difficult to
image the distribution of reactive metabolites, such as the GSH bearing thiol group. In addition, MSI
needs high-end instruments and takes a long time. In this study, we aimed to construct a methodology
to trace GSH in frozen tissue slices onto a thin layer chromatography (TLC) plate by labelling with
a fluorescent dye in situ. When a frozen tissue slice was attached to the functional TLC plate, the thiol-
specific fluorescence labelling agent for TLC imaging (tFLAT) immediately reacted with GSH in the
frozen liver tissue slice to produce a high-polarity GSH adduct (tFLAT-GSH). After the separation of
unreacted tFLAT on the TLC plate by expansion using a low-polarity solvent, fluorescence signals

Received 15th May 2025 derived from tFLAT-GSH were observed in situ. We also monitored the decrease in GSH in liver tissue
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slices when mice were treated with acetaminophen (APAP), which causes acute liver inflammation. The

DOI: 10.1039/d5ra03353e present method successfully detected GSH in the mouse liver tissue slices. This study provides a rational
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Introduction

Thiols play key roles in biological systems.* A variety of small
molecular metabolites containing a thiol group exist in humans
and animals, including cysteine (Cys), N-acetylcysteine, y-glu-
tamyl cysteine, cysteinyl glycine, homocysteine (Hcy), and
glutathione (GSH). GSH is the most abundant intracellular thiol
metabolite and plays an important role as an antioxidant.?

In the liver, hepatocytes supply GSH into the bloodstream to
regulate the redox potential of the entire body.* The depletion of
hepatic GSH is related to several liver diseases, such as drug-
induced injury, alcoholic/nonalcoholic fatty
disease,’® steatohepatitis,® liver fibrosis, and cirrhosis’ due to
increased susceptibility to oxidative stress. GSH is also known
to contribute to drug metabolism in the liver through GSH
conjugation.® Therefore, the distribution of GSH in the liver is
a useful indicator for estimating the status of the liver tissue
and the entire body.
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strategy for tracing target metabolites within frozen tissue slices on TLC plates for the first time.

Conventional analytical procedures have used tissue extracts
to monitor metabolites, including GSH. While these methods
have been useful, the problem is that they have irreversibly
damaged the structural integrity of tissue samples.” Over the
past few decades, mass spectrometry imaging (MSI) has been
used to overcome this limitation. MSI is a powerful tool for
metabolite analysis in frozen tissue slices and provides specific
content information on several metabolites in certain locations
with high spatial resolution (Fig. 1a).' MS equipped with
matrix-assisted laser desorption/ionization (MALDI MSI) facili-
tates the analysis of a variety of molecules with high selectivity
and offers a feasible sample preparation procedure.” Although
several conventional matrices have been applied to image the
GSH distribution in the tissue slice using MALDI-MSI,** direct
analysis of thiol metabolites, including GSH, remains chal-
lenging due to their high reactivity. In recent years, some agents
have been developed as MALDI probes to facilitate desorption/
ionization by chemical labelling of tissues and these have been
gradually applied in MSI studies for analytes of interest.™
However, in principle, MSI requires high-end instruments and
several hours are needed to analyse one slice. Therefore, a new
methodology that enables the rapid and simple analysis of the
spatial distribution of GSH in tissue slices is required.

To overcome this issue, we used a TLC plate. TLC is a widely-
utilized analytical tool that enables rapid and simple separation
of molecules on silica surfaces using only suitable solvents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of (a) mass spectrometry imaging and (b)
agent for TLC imaging (tFLAT).

Additionally, the separation characteristics can be precisely
controlled through silica surface modifications and the choice
of solvent. Considering these characteristics, in this study, we
propose a method for imaging the distribution of GSH in tissue
slices using a functional TLC plate (Fig. 1b). We designed
a thiol-specific fluorescent labelling agent for TLC imaging
(tFLAT) consisting of a fluorescent dye site (FL site, pyrene
methylamine, PMA), a photocleavable site (PC site, ortho-
nitrobenzyl), and a reaction site (maleimide). Analysis of the
GSH distribution in liver tissue slices was performed in three
steps. First, frozen liver tissue slices were attached to a func-
tional TLC plate coated with tFLAT. The Michael addition
reaction between tFLAT and GSH in the tissue proceeded on
a TLC plate to yield the highly polar product, tFLAT-GSH. Next,
the unreacted tFLAT was removed from the tissue-attached area
on TLC plate by expansion in a low-polarity solvent. Finally, the
fluorescent dye, PMA, was released by photoirradiation. Based
on the fluorescent signal after the photoirradiation derived
from the tFLAT-GSH, the location and amount of GSH in the
tissue could be visualised. GSH imaging in liver tissue was
successfully achieved using a functional TLC plate for the first
time. We also demonstrated that it was possible to monitor the
depletion of GSH in the liver tissue due to acute hepatitis
induced by acetaminophen (APAP).

Experimental
Synthesis of tFLAT

A solution of photocleavable linker (32.2 mg, 57.2 umol) and
PMA (15.1 mg, 65.3 pmol) was stirred for 30 min in dry DMF (1.5
mL) under N, atmosphere at ambient temperature (Scheme
S17). The reaction mixture was extracted with EtOAc. Then, the
organic layer was washed with brine and dried over MgSO, and
evaporated to dryness. The crude product was purified by silica
gel column chromatography (CHCl;/MeOH = 20/1) to give
tFLAT (26.4 mg, 68%) as pale yellow solid.: MP. 158.5-160.5 °C;
"H NMR (DMSO-d, 500 MHz) 6 8.30-7.93 (m, 11H), 7.58 (s, 1H),
7.13 (s, 1H), 6.96 (s, 2H), 6.17 (q, 1H, J = 6.0 Hz), 4.88 (m, 2H),
4.02 (t, 2H, J = 6.5 Hz), 3.75 (s, 3H), 3.44 (t, 2H, J = 5.8 Hz), 3,19
(m, 2H), 2.15 (t, 2H, ] = 7.3 Hz), 1.90 (m, 2H), 1.55 (d, 3H, ] = 6.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hz); *C NMR (DMSO-d,, 125 MHz) 6 171.7, 171.0, 155.4, 153.6,
146.8, 139.3, 134.5, 133.4, 132.8, 130.7, 130.2, 130.1, 127.9,
127.5, 127.3, 127.0, 126.3, 126.2, 125.3, 125.2, 124.6, 124.0,
123.9, 123.0, 108.5, 108.3, 68.2, 67.5, 56.0, 42.0, 37.2, 36.9, 31.6,
24.5, 21.8; FABMS (NBA) m/z 679 [(M + H)']; HRMS calcd. for
C3,H34N,00 [(M + H)'] 679.2399, found 679.2405.

Agarose gels containing GSH stamp on fTLC and
quantification of tFLAT-GSH

To prepare 2% agarose gels, 1.0 g agarose and 45 mL milliQ
water were mixed and heated to dissolve agarose with a micro-
wave oven. Next, 9 mL agarose solution was poured into a mold
(4.2 cm x 3.8 cm). For evaluation of GSH dose dependency:
1 mL of 0, 0.5, 1 or 2 mM GSH in 100 mM phosphate buffer (pH
7.4) were poured into the molds and mixed well. Finally, the gels
were washed with millQ and cut into 1/16 portion (10.5 mm x
9.5 mm x 5.5 mm). The gels were stamped onto the functional
TLC plates coated with tFLAT for 5 s. Then the TLC plate was
dried in a desiccator linked with a vacuum compressor for 1 h.
The dried TLC plate was expanded with moving phase CHCl;/
MeOH (4/1). Subsequently, the TLC plate was irradiated by UV
light (365 nm) for 20 min. Finally, glass side of TLC plates were
imaged using FluoroPhoreStar3000.

Preparation of APAP-induced liver injury model mice

Two groups of mice (10 weeks old, 27.6-30.2 g; APAP (—), n = 2;
APAP (+), n = 3) were fasted for 5 h. One group was injected
intraperitoneally with 30 mg mL ™" APAP dissolved in D-PBS at
an overdose level (300 mg kg~ ' body weight). The other group
was injected an equivalent volume of D-PBS intraperitoneally as
a control. After injection, mice were allowed free access to water
and food. After 2 h of injection, the livers and blood were
collected from the mice under anesthesia with isoflurane (MSD
Animal Health).

Detection of GSH in mouse liver tissue sections

TLC plates (7.5 cm x 2.0 cm) were dipped into 0.5 mM tFLAT in
chloroform solution for 2 times. The preparation and attach-
ment of tissue sections onto the TLC plates were commissioned
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to Pharma Foods, Inc. Tissue sections of injury and normal
livers (10 pm) were attached to tFLAT-coated TLCs. The TLCs
were heated on a hot plate from the glass side (100 °C, 15 s) to
adhere the tissue sections. After drying, the TLC plate was
developed using CHCl3/MeOH (4/1) solution. Subsequently, the
TLC plate was irradiated by UV light (365 nm) for 20 min.
Fluorescence intensity imaging was performed using hyper-
spectral camera NH-8 and UV lamp (EBA JAPAN Co., Ltd).

Results and discussion
Synthesis and characterization of tFLAT

The tFLAT was synthesized (Scheme S17) and its optical prop-
erties were evaluated (Fig. 2a). The tFLAT was dissolved in
a dimethylsulfoxide (DMSO) solution, the samples were irradi-
ated with 365 nm UV light for 0 or 7.5 min, and the absorbance
and fluorescence spectra were measured (Fig. 2b). Before the
photocleavage reaction, the fluorescence signal was quenched
by the nitrobenzyl moiety,** while the photocleavage reaction of
the ortho-nitrobenzyl group resulted in a fluorescence emission
from the released PMA. The PMA-derived fluorescence signal
was observed after photo-irradiation (Fig. 2b). The photo-
cleavage reaction was then examined using TLC plate. PMA-
derived fluorescence signals were observed in the spotted area
of tFLAT after photoirradiation (Fig. 2c). The fluorescence
emission of PMA on the TLC plate increased with the increasing
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Fig. 2 Characterization of tFLAT. (a) Photo cleavage reaction to
release the PMA. After the photo irradiation, the fluorescence from
PMA was recovered. (b) Absorbance (left) and fluorescence spectra
(right Ex = 375 nm) of 10 uM tFLAT in DMSO with or without photo
irradiation (365 nm, O or 7.5 min). (c) Representative fluorescence
image of tFLAT (500 pmol) on TLC plate. (d) Representative fluores-
cence image of tFLAT (0, 2.5, 5, 10 or 20 pmol) on a TLC plate. (e)
Calibration curve using tFLAT. Data = mean + SD (n = 3).
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amount of tFLAT (Fig. 2d, e and S1}). Thus, we could quantify
the amount of tFLAT-adduct using PMA fluorescence after the
photocleavage reaction.

Michael addition reaction on the TLC plate using GSH

The reactivity between tFLAT and GSH on the TLC plate was
evaluated by spotting the GSH solution (0-20 pmol) onto
a functional TLC plate coated with tFLAT (Fig. 3a). After drying
the spotted TLC plate, expansion was performed using
a mixture of chloroform and methanol (4:1) to separate the
unreacted tFLAT (Fig. S21). Under these separation conditions,
the tFLAT-GSH was retained in the spotted area, whereas
unreacted tFLAT was removed. We also confirmed that the
fluorescence intensity increased in a dose-dependent manner.
The reaction rate was determined by monitoring fluorescence
signals. Approximately 25% of the spotted GSH reacted with
tFLAT on the TLC plate (Fig. 3b and c).

Evaluation of GSH tracing using agarose gel

Agarose gel was used as a tissue model to verify whether GSH
imaging could be achieved using a functional TLC plate coated
with tFLAT (Fig. 3a). Agarose gel containing GSH (0-125 nmol)
was stamped for 5 s to allow the Michael addition reaction on
the tFLAT-coated TLC plate. After expansion, we confirmed that
tFLAT-GSH was retained in the in situ labelling position,
whereas unreacted tFLAT was removed. We also observed
fluorescent signals derived from released PMA after the TLC
plate was irradiated with UV light. The results of the GSH
imaging are shown in Fig. 3d. No fluorescence signal was
observed when agarose gel without GSH was stamped, whereas
a fluorescence signal corresponding to the shape of the agarose
gel was observed when GSH was present in the gel. The fluo-
rescence intensity increased linearly with an increase in the
amount of GSH in the agarose gel (Fig. 3e). The tFLAT-GSH
amount was determined using a calibration curve of tFLAT, and
we confirmed that 0.4% of the GSH in the entire agarose gel
(10.5 mm x 9.5 mm x 5.5 mm) reacted with tFLAT on the TLC
plate. These results indicate that the GSH on the surface of the
agarose gel could be traced to the functional TLC plate using the
Michael reaction. We also conducted GSH imaging using
agarose gels at different pH values. We confirmed that the
reactivity on TLC plate was similar under both weakly-acidic
and weakly-basic conditions, suggesting that the reaction was
independent of pH conditions (Fig. S31).

Fluorescent imaging of GSH distribution in frozen liver tissue
using functional TLC plate coated with tFLAT

Having confirmed the feasibility of the quantitative detection of
GSH using TLC tracing, the method was used in frozen liver
tissue, which is rich in GSH and plays a crucial role in drug
metabolism through GSH conjugation.® As described above, the
GSH imaging in the liver was used to evaluate the status of GSH
in liver tissue and entire body. To trace metabolites from the
frozen tissue slice onto functional TLC plate, a 10 pm thick
tissue section was directly attached to the TLC plate and allowed
to react with tFLAT (Fig. 4a and b). Because tFLAT is designed to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emit fluorescence only upon photoirradiation, the fluorescence
before and after irradiation was measured after the expansion
process and the tFLAT-GSH-derived fluorescence was deter-
mined based on the difference. When analysing tissue samples,
autofluorescence from endogenous molecules poses a barrier to
the detection of tFLAT-GSH-derived fluorescence. A hyper-
spectral camera was used to minimise the influence of auto-
fluorescence and maximise the detection of tFLAT-GSH-derived
fluorescence. The camera acquired the fluorescence spectra for
each pixel, enabling signal intensity measurements at wave-
lengths where autofluorescence was weak and tFLAT-GSH-
derived fluorescence was strong (Fig. S47).

Analysis of the fluorescence spectra before and after UV
irradiation indicated that the fluorescence intensity at 450 nm
effectively detected tFLAT-GSH-derived fluorescence signals
(Fig. S51). When measuring the difference in the fluorescence
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intensity at 450 nm before and after UV irradiation, strong
fluorescence signals were obtained from the tissue-attached
area. After expansion and subtracting the background signal,
tFLAT-GSH-derived fluorescence was accurately determined
(Fig. 4c and S67). In addition, it is documented that GSH exists
at 1-10 mM in physiological conditions, whereas cysteine and
homocysteine are present at much lower concentrations of 240-
360 and 12-15 pM, respectively.”® Therefore, the observed
fluorescence signal is considered to predominantly reflect the
presence of GSH. When the control experiment was performed
using TLC plate without tFLAT-coating, no difference in the
fluorescence intensity was observed, even within the tissue-
attached area (Fig. S7t). Therefore, the difference in fluores-
cence intensity at 450 nm could be attributed to the reaction
between thiols in the liver tissue and tFLAT on the TLC plate.

(b)
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(a) Schematic illustration of GSH imaging in the frozen liver tissue using tFLAT coated TLC plate and hyperspectral camera. (b) Photograph

of tissue attached functional TLC plate. (c) Fluorescent intensity imaging at 450 nm of (c) normal liver tissue slice and (d) acute hepatitis slice.
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Next, we monitored changes in GSH levels in the liver tissue
that varied with drug administration. APAP was selected as the
drug to decrease the GSH level in the liver tissue. It is well-
documented that excess APAP cannot be metabolised by glu-
curonidation or sulphate conjugation and is converted by
cytochrome P450 to the highly reactive N-acetyl-
benzoquinoneimine (NAPQI), which is then converted to the
GSH-conjugated form for detoxification. Thus, GSH in the liver
tissue is depleted, resulting in liver damage due to cytotoxicity
derived from NAPQIL' Based on a previous study that showed
GSH fluctuation in the liver using APAP treatment, we injected
an excessive dose of APAP intraperitoneally.’® Then, 2 h after
administration, ALT in plasma and GSH in liver tissue were
measured to confirm the occurrence of liver injury and deple-
tion of GSH (Fig. S8 and S9t). When monitoring tFLAT-GSH-
derived fluorescence signals in the liver, almost no fluorescence
was detected in the tissue-attached area on TLC plate, unlike the
control conditions without APAP treatment (Fig. 4d). It should
be noted, however, that the efficiency of the reaction may vary
depending on the region of the tissue. Nevertheless, consid-
ering the quantified GSH values in the tissue lysate, it is likely
that the fluctuations in tissue GSH levels were successfully
analysed by this method. Thus, we could image GSH levels
changed by APAP administration in the liver tissue.

In a separate experiment, we applied the present system to
the analysis of multiple thiol metabolites. We investigated the
labelling reaction of tFLAT by other thiol metabolites, because
tFLAT has a maleimide group as the reaction point that can
react with every thiol group. We embedded the mouse-derived
tissues in the OCT compound and created 2 mm thick frozen
liver tissue sections using a custom-made tissue slicer for
stamping (Fig. S107). Frozen liver tissue slices were stamped
onto a tFLAT-spotted TLC plate, and the adducts were expanded
using a mixture of BuOH, AcOH, and H,O (4:1:1). After sepa-
ration, UV light was applied to release PMA and detect the
labelled thiol metabolites. We also conducted a similar analysis
using frozen kidney tissue to compare the thiol metabolites in
liver and kidney. In the liver tissue, we found only one new spot
that was assigned to tFLAT-GSH (Fig. S111). A new spot derived
from the cysteine adduct (tFLAT-Cys) was observed when the
same experiment was performed on frozen kidney tissue slices.
These results strongly indicate that the present system using
TLC can distinguish thiol metabolites in the tissue. Accordingly,
the supplementary dot-spot assay provides key information
regarding thiol composition in tissues; if multiple thiol species
are detected, it is essential to consider how this compositional
diversity may impact the assay outcomes.

Conclusions

In this study, we developed a rapid and simple methodology to
analyze the location and amount of the target metabolite, GSH,
in frozen liver tissue and demonstrated GSH imaging in liver
tissue using functional TLC plate for the first time. To deter-
mine the presence of GSH in the tissue, frozen liver tissue slices
were attached onto tFLAT-coated TLC plates, and the fluores-
cent signals derived from tFLAT-GSH after UV irradiation were
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tracked. The fluorescence signal derived from tFLAT-GSH was
successfully detected on a TLC plate because of the efficient
coupling reaction between tFLAT and GSH in the tissue slice.
We also visualized GSH fluctuations in the tissue due to an
overdose of APAP. In this study, our strategy was demonstrated
specifically for the detection of glutathione in frozen liver tissue
slices. Further studies will be required to evaluate the applica-
bility of this approach to other tissue types and to the detection
of additional disease-related biomarkers using appropriate
labelling strategies. From the perspective of molecular design,
a fluorescent labelling agent can be designed using the polarity
change upon reaction with the target molecule. Therefore, it is
expected to be widely applicable to various molecular species.
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