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Abstract

Yongkyoung Kweon

The Graduate School

Seoul National University
Objectives: Hydrogen sulfide is the third gasotransmitter that is known to
be produced endogenously in hypoxia, various cancers and inflammations.
H;,S can be produced through both nonenzymatic and enzymatic pathways.
It is reported that cystathione y-lyase (CSE) localized in the cytosol in
normoxia is translocated into mitochondria in hypoxia, and then
metabolized to L-cysteine to produce H,S. Thus, production of H,S
increases in hypoxic condition. Furthermore, it was reported that the

endogenous H>S could be imaged by [*°™

Tc]Te-gluconate. In the president
study, we tried to detect H,S generated by hypoxic cells in vitro, and tried to
image H,S generated by hypoxic tissue in vivo using [**™Tc]Te-gluconate.
Methods: Gluconate (0.3 M, 0.1 mL) was labeled with *™Tc in the
presence of stannous chloride as a reducing agent. Radiochemical purity of
[*’™Tc]Te-gluconate was checked by radio TLC using two instant thin-layer
chromatography strips (eluted with acetone and normal saline). In vitro cell

uptake study of [*™

Tc]Te-gluconate was performed in hypoxic and
normoxic conditions using colon carcinoma cell line CT26. Hydrogen

sulfide level was measured by a modified methylene blue method

(absorbance was measured at 670 nm). For in vivo imaging study, acute
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hindlimb ischemia-reperfusion model was established in BALB/c mice after
3 h of ischemia and 3 h of reperfusion. [gngc]Tc-gluconate (12.5 MBq) was
intravenously injected into mice through tail vein and the lower limb uptake
was imaged with SPECT/CT.

Results: The labeling yield of [*”™Tc]Te-gluconate was almost quantitative
(99.8 £ 0.1%). In vitro, [99mTc]Tc-gluconate uptake to hypoxic cell was
higher than normoxic cell in all the time. At 120 min of incubation,
radioactivity in hypoxic and normoxic CT26 cells reached 109,772 + 6,889
and 25,587 + 1,884 CPM/mg, respectively, representing the H,S level in
hypoxia was 40% higher than normoxia. /n vivo, SPECT/CT imaging of
[*"™Tc]Te-gluconate showed five times higher uptake in ischemic limb than
normal limb. The SUVmean of ischemic limb were 0.39 + 0.03, and 0.07 +
0.01 in normal limb.

Conclusions: We demonstrated that [*°™

Tc]Tc-gluconate is a novel imaging
agent for endogenous hydrogen sulfide that is generated in hypoxic cells and

tissues. Thus, it might be used for imaging various diseases related to

hypoxia in clinical field.

Keyword : [?™Tc]Tc-gluconate, SPECT/CT, Ischemia/Reperfusion injury,

Hydrogen sulfide.
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INTRODUCTION

Gasotransmitters is a small signaling molecule of gas that is freely
permeable to membranes [1]. As gaseous signaling molecules that are either
synthesized endogenously in an organ, tissue or cell or received from
outside which can be induced certain physiological or biochemical changes
[2]. Gasotransmitters are a subfamily of endogenous molecules of gases
including nitrogen oxide (NO), carbon monoxide (CO) and hydrogen sulfide
(H»S) that is the most recently found [3]. H,S plays an important role in
various physiological processes such as regulation of inflammation,
vasodilation, oxygen sensing, angiogenesis, hypoxia and reperfusion injury,
etc [4].

H,S can be easily oxidized to some sulfur-containing substances, that is
hydrogen sulfide ions (HS ) and sulfide ions (S*) in aqueous solution [5].
Here is the dynamic equilibrium in the sequential reactions:

H,S=HS +H = 8% +2H"

Around 20% of H,S is undissociated and the rest is dissociated as HS and
H" under the physiological conditions of pH 7.4 and 379C. HS could later
be decomposed to H" and sulfide ion (S%) at alkaline pH, therefore S* is not

significantly found in vivo, however, there is no exact ratio and the amount



of the individual components of all three molecules of sulfide. H,S can be
produced endogenously in mammalian tissues through both nonenzymatic
and enzymatic pathways [2, 5, 6]. The nonenzymatic pathway occurs when
cysteine thiols interact with H,S to form stable persulfides at pH 8.4 [6]. For
now, the contribution of nonenzymatic pathway to overall H,S production is
unclear inside the cells. For the enzymatic pathway, there are three main
enzymes: CBS(cystathionine 3-synthase), CSE (cystathionine y-lyase), and
recently found 3-MST (3-mercaptopyruvate sulfurtransferase) [7]. Using L-
cysteine as substrate those three enzymes could generate H,S endogenously

(Figurel).

L-cysteine

. a-ketoglutarte
L-homocysteine H,O

!
3-merca gtopyruvate

L-serine —» pyruvate

H,S H,S H,S

L-cystathionine

Figure 1. Scheme of enzymatic production of H,S

Recent reports demonstrate that CSE proteins were localized in the cytosol
in normal condition however it started to translocate from cytosol into
mitochondria and then metabolize L-cysteine to produce H,S when hypoxic

condition is induced (Figure 2)[7,8]. Production of H,S is regulated by the



changes of the partial pressure of oxygen and it will be increased in hypoxic
condition [8]. Along with the partial pressure of oxygen, H,S interacts with
different ion channels on membranes to play a physiological role in
regulating the vascular smooth muscle [9]. Increased H,S levels may act on
pre-constricted blood vessels to be expanded, so that can promote diversion

from an oxygen-deprived state to an oxygen-supplied state [10].

Normoxia Hypoxia
' CSE CSE
L-cysteine mmm)  H,S L-cysteine mmm)  H,S
Oz / O‘?
~Oxidation : ,/ \
H,S
H,S

Figure 2. Biological pathway under normoxic and hypoxic condition

Common methods of detecting H,S are the methylene blue assay, ion-
selective electrodes, amperometric sensors, and gas chromatography [11]
and it has various strengths and weaknesses. But, all generally fall short to
detect H,S inside of intact living organisms [12]. Also there are a few
reports of in vivo imaging H,S using fluorescence and luminescence.
Unfortunately, imaging deep mammalian tissue is still an issue to solve for
H,S detection. Fluorescence probe has a lack of sensitivity and depth
penetration due to background autofluorescence, light scattering and etc.
[13]. Hence, in this study, we attempted to use radionuclide for imaging

endogenously produced H,S.



Single-photon emission computed tomography (SPECT) is an in vivo
imaging modality. When a radiotracer that emits gamma ray is injected into
body, it can be measured directly by SPECT cameras [14]. Although there
are many radioisotopes for in vivo imaging, Technetium-99m [*’™Tc] is the
most commonly used isotope for diagnosis [15]. ™ Tc has a short half-life
of 6 hours, and is inexpensive and available in many nuclear medicine
departments. It can be obtained conveniently from *’Mo/*"™Tc generator at

.99
low cost. Therefore, using ~~ ™

Tc-labeled agent for diagnosis of hypoxic
condition will be more suitable in clinical use than using any other radio
isotopes.

The very first reported radionuclide for imaging H,S is **Cu-labeled
cyclen, which was imaged by using Positron Emission Tomography (PET)
[16]. However, ®*Cu is only available in limited institutions that have high-
energy cyclotron, and the production cost of ®*Cu is high. Recently, we
developed *™Tc-labeled agents for the quantification of H,S in vivo.
Presence of H,S, the **Tc-labeled agents form insoluble fraction and
precipitate, and it makes endogenously produced H,S imageable. Various a-
hydroxy acids can be labeled with **™Tc such as D-gluconic acid, D-glucaric
acid, and glucoheptonic acids (Figure 3).

This work is designed to evaluate whether [ Tc]Tc-gluconate is proper

agent for imaging H,S in hypoxic condition, since it showed the highest

percentage of insoluble fraction formation with H,S. Also we attempted to
9 Lt



compare in vivo imaging endogenously produced H,S using fluorescent

probe.
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Figure 3. Chemical structure of a-hydroxy acids and DPTA
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MATERIALS AND METHODS

General methods and materials

All chemicals, reagents and solvents used in the experiments were
analytical grade, purchased from Sigma Aldrich and TCL *™Tc was
acquired from *’Mo/**™Tc-generator purchased from Sam Young Unitech Co.
(Seoul, Korea). Instant thin layer chromatography (ITLC) plates were
purchased from Aglient Technologies (Santa clara, CA, USA) The Bio-Scan
AR-2000 scanner (Bioscan Co., WI, USA) was used for the ITLC plates
scanning. Single photo emission computed tomography/computed
tomography (SPECT/CT) animal images were taken by using
NanoSPECT/CT?™(Mediso, Budapest, Hungrary) and analyzed with
InVivoScope program. All animal studies were approved by the Institutional
Animal Care and Use Committee of Seoul National University Hospital

(SNUH-IACUC).

#™Te-labeling of gluconate and DTPA

N, gas purged distilled water was used for the labeling experiment. For
the [**™Tc]Te-gluconate labeling, 0.3 M D-Gluconic acid sodium salt 100 uL

was prepared and then added 10 uL of sodium ascorbic acid (25 mg/mL)

11 A I



and 50 pL of SnCl,*2H,0 (1 mg/mL in 0.05 M HCI) then vortexed. 140 pL
of [’™Tc]NaTcOy4 (approximately 370 MBq) eluted in normal saline from
the generator was added to the mixture for the labeling at room temperature
for 20 mins, (total pH 4.5).

Radiochemical quality control testing of [**™Tc] Tc-gluconate by two
instant thin-layer chromatography strips were measured with radio TLC. A
drop of labeled mixture was spotted near the bottom of the each ITLC strips
and then placed in the desired solvent. In this case organic and aqueous
solvent, which is acetone and saline, was used. As the solvent migrates up,
soluble radiochemical species are carried with it, while insoluble
compounds remain at the origin. The radioactivity at each place on the strip
can be measured with radio TLC scanner (Bioscan Co., WI, USA). When it
was eluted with acetone, reduced-hydrolyzed **™Tc impurity and **™Tc-

99m

labeled gluconate remained at the origin and unlabeled free =" Tc moved up

to the solvent front. Later, in contrast when it was eluted with saline, only

99m,

reduced-hydrolyzed **™Tc stayed at the origin and [**™Tc]Tc-gluconate

moved to the solvent front.

For [gngc]Tc-DTPA labeling DTPA kit vial (Mallinckrodt., made in
Netherlands) was obtained from Saehan. Freshly eluted [*™Tc]NaTcO, (400
MBq) of 4 mL from the generator was added to DTPA kit. Again, the
labeled product was analyzed by ITLC eluted with solvents. Similarly, when

99m

it was eluted with acetone, labeled [ Tc]Tc-DTPA stayed at the origin, on

the other hand labeled [99mTc]Tc-DTPA moved to the solvent front_lwhen it = o
12 M =2-TH ol



was eluted with saline.

Formation of insoluble fraction with the presence of H,S

100 pL of [*™Tc]Te-gluconate, [**Tc]Te-DTPA was mixed with 100 uL
of 0.2 mM NaHS in 0.2 M sodium phosphate buffer (pH 7.4). The mixtures
were vortexed and incubated at 37 °C for 10 min, then spotted on ITLC
plates and eluted with saline. The ITLC plates were scanned by Bio-Scan
AR-2000. The insoluble fraction formation was measured by calculating the

percentage of remaining radioactivity at the origin.

Cell culture

CT26 (colon carcinoma cell line) cells were grown in DMEM medium
(Gibco, Grand Island, NY, USA). DMEM medium contains 10% (v/v) fetal
bovine serum (Gibco, Grand Island, NY, USA) and 1% antibiotics
containing penicillin/streptomycin (Invitrogen, Grand Island, NY, USA).

Cells were incubated at 37°C humidified incubator with 5% CO, atmosphere.

99m

In vitro hypoxic cell culture studies, ~ Tc-Gluconate uptake.

CT26 cells were purchased from the Korean Cell Line Bank. CT26 was
cultured in DMEM medium (High glucose, Gibco, Grand Island, NY,
USA).) and incubated at 37°C with 5% CO; in a humidified incubator.

:| -I
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Cells were cultured under hypoxic condition (N, 95% and CO, 5%) and
normoxic condition (Air 95% and CO; 5%) for [99mTc]Tc-gluconate,
[*’™Tc]Te-DTPA uptake. Suspension 5x10° cells/1 mL using N, purged
media placed in sterile glass vials. Cells were incubated for 4 h under

. . .. 99
hypoxic and normoxic condition was proceeded. [

Tc]Tc-gluconate was
diluted in serum free N, purged DMEM medium and 1 mL was added into
vials. Vials were incubated in a humidified incubator at 37°C with 5% COs,.
At each time points 30 min, 1 h and 2 h, 200 puL of samples were taken into
5 mL test tubes. Washed and centrifuged three times with cold HBSS, lysed
in 0.2 mL of 1% SDS and transferred into the new 5 mL test tubes. The

radioactivity of the cells was counted with a y-counter. BCA protein assay

was proceeded on the next day.

Ischemia/ reperfusion mouse modeling for in vivo imaging

Tourniquet induced ischemia-reperfusion method was proceeded
according to the previously reported method [17,18]. Mice were
anesthetized with an anesthetic cocktail consisting of 0.1 mg/g alfaxalone
and 0.01 mg/g xylazine, given by intraperitoneal injection (0.005 mL/g body
weight).

Anesthesia was maintained throughout the whole experiments with
additional anesthetic cocktail (0.05 mL) as needed. Under the anesthesia, fur

was completely removed on both hind limbs using electric shaver and hair



removal cream. The animals were restrained on a heating pad to maintain
body temperature at 37°C.

Unilateral hind limb ischemia was induced by placing an orthodontic
rubber band at the hip joint. After 3 h of ischemia, the orthodontic rubber

band was released, and reperfusion was proceeded.

In vivo detection of endogenous H,S by fluorescence and

SPECT/CT imaging in mouse models.

For imaging endogenously produced H;S in ischemic hindlimb, 100 pL of
HSip-1 (200 uM) was intravenously injected after 0, 1, 3, 12 and 24 h of
reperfusion. After 1 h of circulation, mice were sacrificed, and the
fluorescence signal intensities of left and right limbs were measured.
Fluorescence signals were measured by Lumina II (Perkin Elmer, Waltham,
MA, U.S.A). Fluorescence images were acquired with an exposure time of
20 sec, medium bining, 2 f/stop, with open filter. Data were analyzed using

Living Image software (ver. 2.5)

For SPECT/CT imaging the hindlimb underwent 3 h reperfusion. After 3
h of reperfusion, 12.5 MBq [ Tc]Tc-gluconate, 12.7 MBq [**™Tc]Te-DTPA
in 100 pL saline were intravenously injected to mice. Only the lower limb
was imaged with SPECT/CT by covering upper limb with 2mm thick lead

plate.

15 A0 '



The scanning parameters for whole body imaging modality employed a
y-ray energy window of 140 keV + 10%, a matrix size of 256 % 256, an
acquisition time of 5 s per angular step of 18° and a reconstruction
algorithm of ordered subset expectation maximization with 9 iterations. For
integrated CT, a tube voltage of 45 kVp, an exposure time of 1.5 s per
projection, and a reconstruction algorithm of cone-beam filtered back-
projection were used. The SPECT/CT images were represented with same

scale condition by using imaging program of InVivoScope on nanoScan-

SPECT/CT.

Immunohistochemical staining of hindlimb sections

200 pL of 10 mM EFS5 (hypoxia marker, #CS222743, Millipore) was
injected with HSip-1 (H,S marker, SB21, Dojindo Molecular Tech.). Both
ischemic and normal hind limbs were extracted right after Lumina II (Perkin
Elmer, Waltham, MA, U.S.A) image. Limbs were embedded in Optimal
cutting temperature (OCT) compound (Leicabiosystems, Richmond, IL,
USA), snap frozen, and sectioned at 8 um thickness using cryostat and
placed on slides. Section slides were dried for 30 min at RT, then slide
samples were fixed with acetone at -20°C for 10 min and then let it dry
again for 30 min at RT. Fixed slides were washed three times with PBS for 5
min. After washing, all the sections were marked with a PAP pen

(hydrophobic pen) and blocking solution was added. The slides were placed
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in a staining tray containing small amount of water covered with a lid for
overnight at 4°C. After blocking solution was removed, all the slides were
washed and rinsed with 1X ttPBS (1X PBS with 0.3% Tween 20 and 2 mM
sodium azide).

100 pL of staining solution Cy3-conjugated anti-EF5 (75 pg/mL) was
added to slides for 6 h in a tin-foil covered staining tray with a lid at 4°C.
After finishing the staining all the slides were washed three times with cold
1X ttPBS for 40 min, in dark. Mounting with ProLong™ Gold antifade
reagent with DAPI (Invitrogen, USA). Fluorescence images were taken on
the next day using confocal laser scanning microscope (Leica TCS SPS§,

Wetzlar, Hesse, Germany).

Confocal imaging

For immune-fluorescence staining, confocal imaging was used to analyze
fluorescence signal in the samples. After finishing the immunofluorescence
staining samples were washed with PBS for three times, and the samples
were mounted with ProLong ™ Gold antifade reagent with DAPI (Invitrogen,
GrandlIsland, NY, U.S.A) and covered the samples with cover slide. The
confocal samples were stored at 4°C and imaged on the next day.
Fluorescence signals were detected using confocal laser scanning
microscope (Leica TCS SP8m Wetzlar, Hesse, Germany) in the specific rage
of wavelength (DAPI; 401-480, FITC; 495-519 Cy3; 550-570).

Fluorescence intensities were analyzed using an LAS X system (Leica _
¥ [ — 11|
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Microsystems, Wetzlar, Germany)

Statistical analysis
Quantitative data were expressed as mean +£SD. Means were compared
using Student’s ¢- test provided by Excel (Microsoft, U.S.A) or GraphPad

Prism (GraphPad Software, Inc.).

18 ] 2T
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RESULTS

99mTc-labeling of gluconate and DTPA

For the labeling **™Tc, stannous chloride was used as a reducing agent,
successfully labeled with gluconic acid and DTPA. Both reagents showed

almost 99.8 + 0.1% labeling yield (Figure 4, 5).

ITLC-SG/ 6000
Acetone om0

4000 -
3000 -
2000 -
1000 =

ITLC-SG/ 500
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1500

o

T T T T T T T T T [ T T T T
50 100 150 200 mm

Figure 4. Chromatogram of [99mTc]Tc-gluc0nate
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Figure 5. Chromatogram of [*™Tc] Te-DTPA
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Formation of insoluble fraction with the presence of
H,S

In this experiment NaHS solution was prepared instead of using H,S gas,
to make the experiment more convenient and NaHS generates H,S
molecules in aqueous solution. [99mTc]Tc-gluconate, [*™Tc]Te-DTPA were
incubated with 0.2 mM NaHS in 0.2 M phosphate buffer for 10 mins, at
37°C. 100uL of 0.2 mM sodium hydrosulfide solution was incubated with
100uL of [**™Tc]Te-gluconate, [ Tc]Te-DTPA. The reactants were
analyzed with ITLC/Saline. Compared to DTPA, gluconate showed that
insoluble fraction was formed in the presence of H,S. Significantly higher
signal appeared at the origin, when its eluted with saline. Formation of
insoluble fraction with H,S was compared and [**"Tc]Tc-gluconate (88.9 +
2.4%) (Figure 6 (A)) showed much higher percentage than [**Tc]Te-DTPA

(Figure 6 (B)).

20 M E2-}
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Figure 6. Comparison of insoluble fraction formation.
(A)ITLC-SG data eluted with saline. [**™Tc] Tc-gluconate was reacted
with NaHS at 37°C for 10 min at pH 7.4. The radioactivity remaining
at the origin was calculated as insoluble fraction.

(B) [ Tc]Tc-DTPA was reacted with NaHS at 37°C for 10 min at pH 7.4.
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In vitro hypoxic cancer cell uptake of [>*™Tc] Te-
gluconate.

To confirm gluconate uptake on the hypoxic cell, cell uptake of [**™Tc]Tc-
gluconate and [**™Tc]Tc-DTPA was performed in hypoxic and normoxic
conditioned colon carcinoma cell line CT26 up to 2 h. The CPM per sample
was divided by the total protein amount and were expressed as mean + SD
for three samples. At 120 min of incubation, [ ™Tc]Tc-gluconate uptake in
hypoxic and normoxic CT26 cells increased 109,772.48 + 6,889.49 and
25,588.32 + 1,886.07 CPM/mg respectively. In contrast, [*""Tc]Tc-DTPA
uptake reached only 5,198.67 £ 466.80 and 4,770.28 £167.79 CPM/mg at
120 min. This results demonstrate that the [99mTc]Tc-gluconate can have

comparatively higher uptake to hypoxic conditioned cancer cell.
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Figure 7. In vitro uptake study of [**™Tc]Tc-gluconate and [*°™Tc] Te-

DTPA.

Cell uptake study was performed in hypoxic and normoxic condition cells.

The cells were harvested at 15, 60, 120 min, and the radioactivites were

counted by a gamma counter. The value was expressed as CPM/mg, each

CPM values were divided by protein of the cell. (n=3)
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In vivo detection of endogenous H,S by using
fluorescence probe in mouse models.

To compare the H,S production in normal and ischemic hindlimb, H,S
detecting fluorescence probe (HSip-1) was injected intravenously in
different time points (Figure 8). The fluorescence signal increased in
ischemic leg up to 3 h of reperfusion time, and after 3 h the fluorescence
signal decreased. As shown in Figure 8, the highest fluorescence intensity
on the ischemic limbs was detected after 3 h of reperfusion which refers to
H;,S production is high at 3 h after the leg was released. H,S detection probe
(HSip-1) was mainly accumulated in the ischemic legs, meanwhile only
little amount of fluorescence signal observed in the normal leg (Figure 8).
Interestingly, the signal decreased as the reperfusion time increased. At 24 h
of reperfusion time, fluorescence intensity was almost the same in both
normal and ischemic legs.

Then, immune-fluorescence staining and confocal imaging were performed
with hindlimb section which had 3 h of reperfusion time. As shown in figure
9, the fluorescence intensities of EF5 (hypoxia detection) and HSip-1 (H,S

detection) in ischemic leg tissue were much higher than normal leg tissue.
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Figure 8. In vivo fluorescence imaging of endogenous H,S by
fluorescence probe in I/R model.

(A) Fluorescence images (Lumina II) at different time points; 0, 1, 3, 12

and 24 h. Left legs are normal and right legs, rubber band was applied,

(n=4). (B) Fluorescence intensity of both normal and ischemic regions.
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Immunohistochemical staining of hindlimb sections

A

[]

Ischemic Normal

B DAPI EF5 Hsip-1 Merge

Ischemic
Limb

Normal
Limb

Figure 9. Immunohistochemical staining of hindlimb sections.

(A) Fluorescence images of the ischemic tissue and normal tissue.
Tissue imaging was performed with confocal microscope (Leica TCS
SP8m Wetzlar) Original magnification: 100x. (B) The red is EF5
(hypoxia detection), the green is HSip-1 (H,S detection), and the DAPI

(nuclei) is blue. Original magnification: 400x; scale bars, 75 pm
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In vivo SPECT/CT using tourniquet induced I/R
mouse model.

To confirm [°™

Tc]Tc-gluconate as an H,S imaging agent in vivo,

[99m 99m

Tc]Tc-gluconate or [ Tc]Tc-DTPA was injected intravenously on the

tourniquet induced ischemia mouse model. Only legs were imaged with

SPECT/CT (nanoSPECT/CT, Mediso, Hungary) 1 h after the injection. The

images showed higher uptake of [ Tc]Tc-gluconate on the ischemic leg

(Figure 10 (A)). [*’™Tc]Te-DTPA did not show significant uptake on both
ischemic and normal leg (Figure 10 (B)). These experiment shows the

feasibility of [ Tc]Tc-gluconate as an agent for the imaging endogenously

produced H>S.
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Figure 10. [ "Tc]Tc-gluconate and |
with ischemia reperfusion model.

Tc]Te-DTPA imaging of mice

Balb/c mice went through 3 h tourniquet induced ischemia modeling, after
2 h of reperfusion then 12 MBq of (A) [gngc]Tc-gluconate or (B)
[*’™Tc]Te-DTPA was intravenously injected. After 1 h of circulation legs
were imaged by SPECT/CT. (C) Uptake on both normal and ischemic limbs

mean SUV was calculated. Statistical significance was determined by

unpaired Student’s ¢ test. **p < 0.01, ***p < 0.005.
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DISCUSSION

For centuries, hydrogen sulfide (H,S) has been known to be a toxic
molecule in biological systems. However, recent studies have found that
H,S can be used to cellular regulation and signaling events similar to other
gasotransmitters, such as nitric oxide, carbon monoxide. H,S is the third
gasotransmitter, used as a cell signaling molecule, and can be generated in
various physiological processes. Recent reports demonstrate that when
hypoxic conditions were induced, H,S production will be increased in
various cells by changes of the partial pressure of oxygen [24]. Depending
on the partial pressure of oxygen, H,S can be produced in cells, which
probably means hypoxia is related to H,S production. Since hypoxia is a
common characteristic of solid tumors, it was necessary to detect and image
endogenously produced H,S under hypoxic conditions.

As shown in Figure 8, after injecting H,S detection probe (HSip-1) the
higher fluorescence intensity was observed in the ischemic-reperfusion
injury legs compared to normal legs in every time point except 24 h
reperfusion time. The uptake results indicate that H,S formation is increased
after 3 h of reperfusion. A report measured skeletal muscle blood flow by
placing a transonic flow probe in the gastrocnemius muscles which

connected to a Laser Doppler blood flowmeter and recorded. Blood flow to
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the gastrocnemius muscle was measured during the ischemia-reperfusion, 3
h of ischemia and 4 h or reperfusion. When tourniquet was applied on the
limb, blood flow went down to 2% of baseline and remained the same for

3 h of ischemia. When the tourniquet was released, the blood flow was
rapidly increased to approximately 50% of baseline and declined to a steady
state of 30% of baseline [25]. This result disprove that fluorescence probe
couldn’t reach gastrocnemius muscle because blood vessels were clogged
when the reperfusion time was only 1 h. Even though there is a study of
blood flow measurement, future works for checking and measuring blood
flow during SPECT/CT imaging is needed. No exact mechanisms about
formation of H,S in reperfusion and when it forms the highest are unknown.
However, interestingly, blood flow was consistent during the reperfusion
time and formation of H,S increased at 3 h of reperfusion. The fluorescence
intensity in vivo imaging result shows that not only H»S is produced under
hypoxic condition, but also H,S detection fluorescence probe can be used in
vivo imaging. However, there are disadvantages of using fluorescence
probes. First of all, it is difficult to be used for deep-tissue in vivo imaging
due to the poor tissue penetration. Also, generally fluorescence probes have
a relatively low signal-to-background ratio, due to the nonbound probes in
the background noise [26]. To overcome these problems of using
fluorescence probe, we tried to use radionuclide for detecting H,S. In this

99m

study, = Tc labeled agent was used since it is frequently used in many

nuclear medicine departments, easy to access and generated inexpensively
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from a generator. There are several advantages of using 9mTe, such as it
allows rapid diagnosis, 6 h of short half-life that means radioisotope decays
very quickly and causes very little damage to patients and no side effects
[27].

h 99m

Gluconic acid was successfully labeled wit Tc (Figure 4), and also

[99mTc]Tc-gluconate showed insoluble fraction formation with NaHS

[*’™Tc]Te-gluconate have

(Figure 6). The previous study in our group,
shown that it forms the highest percentage of insoluble fraction and also it
was not identical with Tc,S; [19]. However, identifying the chemical
structure of insoluble fraction is still a task to be solved. One of possible
reasons is forming insoluble polydisulfide [Tc,(* — S)(S,):(S,)ss], by
trimerization of insoluble sulfide Tc(IV)S; [20]. Moreover, the possibility of
chemical structure of [*™Tc] Tc-gluconate is two gluconate molecules form
a complex with Tc(V)O, the complex contains Tc = O core and two
gluconate ligands (oxobis(gluconto)technetate(V) anion (net charge: -1) in
aqueous solution) [21]. This previous report figured the chemical structure
of [’™Tc]Te-glucoheptonate, and because of the molecular similarity of
glucoheptonate and gluconate, [*°™Tc]Tc-gluconate will have the similar
structure. Also because of this structure, presence of H,S, Tc(V) can be
reduced to Tc(IV) and precipitate, so that it makes possible to be image.

Another chance is *’™Tc can be fixed by transchelation with the sulfhydryl

groups of protein [22, 23]. Nevertheless, further studies of identifying

chemical structure and forming insoluble fraction mechanisms are_geqqired.I :
31 A = TH ©
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99m

Multiple publications and studies showed [ Tc]Tc-gluconate as an

imaging agent for cancer, inflammation, cerebral and myocardial ischemia,

however, there is no clear uptake mechanism ecplained the present study

shows the increased [ Tc]Tc-gluconate uptake when the hydrogen sulfide

in hypoxic condition (Figure 8 and 10 ) is produced. It is possibly due to the

insoluble fraction formation and it made the H,S possible to be imaged.

Most importantly, the benefit of using [ Ic]Tc-gluconate as a H,S

imaging agent compared to fluorescence imaging probe is that [*™Tc]Tc-

gluconate is already approved radiopharmaceutical and been used in some

countries. Thus, applying Tc]Te-gluconate into clinical field will be

much easier than both using fluorescence probe or developing a new
imaging agent.

Targeting and imaging hypoxia region using [*"Tc] Tc-gluconate was

successful. It showed relatively high [”""Tc]Tc-gluconate uptake and

fluorescence probe uptake on the ischemic legs. Also hypoxia is a common

99m,

characteristic of solid tumors, so that [ Tc]Tc-gluconate could possibly be

used for imaging tumor cell. However, due to the time and procedure
limitations in vivo cancer cell targeting with cancer model wasn’t performed
in this study. So, for the further study orthotopic tumor models imaging is
necessary.

In summary, in this study, endogenously produced H,S can be fixed by

[*’™Tc]Te-gluconate and H,S in hypoxic condition was successfully

visualized. Overall, [**™Tc] Tc-gluconate is a proper agent for imaging H,S,
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which will be useful for diagnosing hypoxia.

33



REFERANCE

[1] Wang R. Two’s company, three’s a crowd: can H,S be the third
endogenous gaseous transmitter? FASEB J. 2002;16:1792—1798.

[2] Yang GD, Wu LY, Jiang B, Yang W, Qi JS, Cao K. H,S as a physiologic
vasorelaxant : Hypertension in mice with deletion of cystathionine gamma-

lyase. Science. 2008:587-590.

[3] Mir JM, Maurya RC. A gentle introduction to gasotransmitters with
special reference to nitric oxide: biological and chemical implications. Rev

Inorg Chem. 2018;38:193-220.

[4] Olson KR, Straub KD. The role of hydrogen sulfide in evolution and the
evolution of hydrogen sulfide in metabolism and signaling. Physiology

(Bethesda). 2016;31:60-72.

[5] Barton LL, Fardeau ML, Fauque GD. Hydrogen sulfide: A toxic gas
produced by dissimilatory sulfate and sulfur reduction and consumed by

microbial oxidation. Met. lons Life Sci. 2014;14:237-277.
[6] Ishigami M, Hiraki K, Umemura K, Ogasawara Y, Ishii K, Kimura H. A
source of hydrogen sulfide and a mechanism of its release in the brain.

Antioxid Redox Signal. 2009;11:205-214.

[7] Wang R. Physiological implications of hydrogen sulfide: Awhiff
exploration that blossomed. Physiol Rev. 2012;92:791-896.

34 s



[8] Cooper CE, Brown GC. The inhibition of mitochondrial cytochrome
oxidase by the gases carbon monoxide, nitric oxide, hydrogen cyanide and
hydrogen sulfide: Chemical mechanism and physiological significance. J

Bioenerg Biomembr. 2008;40:533-539.

[9] Pan LL, Liu XH, Gong QH, Yang HB, Zhu YZ. Role of cystathionine
gamma-lyase/hydrogen sulfide pathway in cardiovascular disease: a novel

therapeutic strategy? Antioxid Redox Signal. 2012;17:106—118.

[10] Lippert AR, New EJ, Chang CJ. Reaction-Based Fluorescent Probes for
Selective Imaging of Hydrogen Sulfide in Living Cells. J Am Chem Soc
2011;133:10078-10080.

[11] Kanagy NL, Szabo C, Papapetropoulos A. Vascular Biology of
Hydrogen Sulfide. Am J Physiol Cell Physiol. 2017;312:537-549.

[12] Wang R. Signaling pathways for the vascular effects of hydrogen
sulfide. Curr Opin Nephrol Hypertens. 2011;20:107—112

[13] Hope-Ross M, Yannuzzi LA, Gragoudas ES, Guyer DR, Slakter JS,
Sorenson JA, Krupsky S, Orlock DA, Puliafito CA. Ophthalmology.
1994:;101:529

[14] Boswell CA, Brechbiel MW. Development of Radioimmunotherapeutic
and Diagnostic Antibodies: An Inside-Out View. Nucl Med Biol.
2007;34:757.

[15] Yaoita H, Uehara T, Brownell AL, Rabito CA, Ahmad M, Khaw BA,
Fischman AJ, Strauss HW. Localization of technetium-99m-glucarate in

Zones of Acute Cerebral Injury. J Nucl Med. 1991;32:272-278.

35



[16] Sarkar S, Ha YS, Soni N, An GI, Lee W, Kim MH, et al.
Immobilization of the Gas Signaling Molecule H,S by Radioisotopes:
Detection, Quantification, and In Vivo Imaging. Angew Chem Int Edit

2016;55:9365-9370.

[17] Paradis S, Charles AL, Meyer A, Lejay A, Scholey JW, Chakfé N, Zoll
J, Geny B. Chronology of Mitochondrial and Cellular Events During
Skeletal Muscle Ischemia-Reperfusion. Am J Physiol Cell Physiol.
2016;310(11):968-982.

[18] Bonheur JA, Albadawi H, Patton GM, and Watkins MT. A Noninvasive
Murine Model of Hind Limb Ischemia-Reperfusion Injury. J Surg Research.
2004;116(1):55-63.

[19] Park JY, Kim YJ, Lee JY, Lee Y-S, Jeong JM. Imaging of the third
gasotransmitter hydrogen sulfide using 99mTc-labeled alpha-hydroxy acids.
Nucl Med Biol. 2019;28:76-77.

[20] German KE, Shiryaev AA, Safonov AV, Obruchnikova YA, Ilin VA,
and Tregubova VE Technetium sulfide — formation kinetics, structure and

particle speciation. Radiochim Acta. 2015;103:199-203.

[21] de Kieviet W. Technetium Radiopharmaceuticals: Chemical
Characterization and Tissue Distribution of Tc-glucoheptonate Using Tc-

99m and Carrier Tc-99. J Nucl Med. 1981;22(8):703-709.

[22] Jeong M, Hong MK, Lee J, Son M, So Y, Lee DS.  *"™Tc-
neomannosyl human serum albumin (99mTc-MSA) for imaging the hepatic

asialoglycoprotein receptor. Bioconjug Chem. 2004;15:850-855.

36 A I



[23] Jeong JM, Hong MK, Kim YJ, Lee J, Kang JH, Lee DS, et al.
Development of 9mTc-neomannosyl Human Serum Albumin (99mTc-
MSA) as a Novel Receptor Binding Agent for Sentinel Lymph Node
Imaging. Nucl Med Commun. 2004;25(12):1211-1217.

[24] Kim JY, Sarkar S, Bobba KN, Huynh PT, Bhise A, Yoo JS.
Development of dansyl based copper(Il) complex to detect hydrogen sulfide
in hypoxia. Org Biomol Chem. 2019;17:7088-7094.

[25] Tran TP, Tu H, Pipinos II, Muelleman RL, Albadawic H, Li YL.
Tourniquet-induced acute ischemia—reperfusion injury in mouse skeletal

muscles: Involvement of superoxide. Eur J Pharmacol. 2011;650:328-334.
[26] Ghoroghchian PP, Therien MJ, Hammer DA. In vivo fluorescence
imaging: a personal perspective. Wiley Interdiscip Rev Nanomed

Nanobiotechnol. 2009;1(2):156-167.

[27] Vucina J. Technetium-99m production for use in nuclear medicine.

Med Pregl. 2000;53(11-12):631-634.

37 A0 '



ShFshAl 27 FAT, A A5 Agse e Mo

cycleno] A 5olth. @3, &3F probew 40| Y1 =7 Ha

o

71 FHEo] ol o)A o 2t ALE ThestH X AME-E 7=
oJF ol Atk wekA, o] AFE Ho kg HIAYE-99mo] T =
WA Y fFo R sldg Foo HEH F3tr4E A6
RS A
U 2534 Te-9m 4 =2 = AREFTh Te-99m &4 €
Z232 (P TcITe-gluconate) e 3} 424 JEFI whgate] B84
A2 A G APS PP B dA S ek
A2vtE 78y (TLC-SG: Instant Thin Layer Chromatography)E o] &-3f
gelstyeh In vitro AFE 93 [P"TclTc-gluconatee] A =Zu Z=#&
gl efs s AZEFA CT267F AHEHAT. AEE A4ba
st o ® whE7] Sl A4kA MlEZujrlol A vk AP A HTH
Azl =A% [PTcITc-gluconatee] Fe 7Hult-LE o 23

38 1 =2 TH o



AN

AHAE In vivo A7E Y&ll, 1T AGE 0] &3

el
i)
]
S
Y
Hu

[>

29e ARG AP ARF b5 Blo] Purh B

X

FHEQ HSp-DE m Y FAESE FYse] Foirac] B

943 shed ASE £ JeA FAs s SE-ABF vk

= [*"Tc]Tc-gluconated xe] Q= FAlsto] s|@A Yo 2=
[*"TclTc-gluconateE T Fat W& AFE ©% 24Y7) SPECT/CDZ
o] g3to] HEsIAT

A3k FEE4L HIANE-9ImT HFH oz g2k [P TclTe-

gluconate® &3} 4

(m
il
tlo

ukg-hof

4 9A7t 9499

tlo

el

i

stk AlE Ao A [P"TclTc-gluconatert FAAEe}t Hlw gL o
Ak Aol B 2 AFH7E SAAAS. A stA DA &3

detection probe (HSip-D7} A4 thg]oll vl&] S d-AT#F FHo ¢

SE-AAF Foo F3prirt FREES AT 7 AU Yot
&34 kA F9 e [P TclTc-gluconaterl A% = o] insoluble complexZ
&4 ste] SPECT/CT 97tol 7F53< g dinth [P TclTc-gluconate o)

A AVFALES 3L 7 7 AAYOor F4E dFe



Agrhe) a3

Hir

k.
AE AY-ABF o) Bl BAPS AT 5 AU
Ak 4 [PMTclTe-gluconatert 8184 H9jo) g gslras
®£4 317] 7hed =EJAA FAdAT wepA Az HdE F3lras
FA3E A o oFE o A [Y"TclTc-gluconate:= AHE 2 4 =
FAdol Aot sHARE AAFY W AFHoE lstA X3

Zardo Ao [ TclTc-gluconate %< F&ATE I s}

F890] : A4AF, A8, JAE-AFF, F3FLE H,S), I3 I,
9 FA BHE AFH 9F €97, H 2 E-99m
3t ¥ :2018-20747

40 M 2 1H



	Introduction
	Materials and Methods
	Results
	Discussion
	References
	Abstract in Korean


<startpage>4
Introduction 6
Materials and Methods 11
Results 19
Discussion 29
References 34
Abstract in Korean 38
</body>

