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Abstract: Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) is a selective inhibitor
of glutaminase-1 (GLS1), consequently inhibiting glutaminolysis. BPTES is known for its potent
antitumor activity and plays a significant role in senescent cell removal. In this study, we synthe-
sized [HC—carbonyl]BPTES (["'C]BPTES) as a positron emission tomography (PET) probe for the
first time and assessed its biodistribution in mice using PET. ['C]BPTES was synthesized by the
reaction of an amine precursor () with [11C—carbonyl]phenylacety1 acid anhydride ([ CJ12), which
was prepared from [*1C]CO, and benzyl magnesium chloride, followed by in situ treatment with
isobutyl chloroformate. The decay-corrected isolated radiochemical yield of [Y'C]BPTES was 9.5%
(based on [11C]CO,) during a synthesis time of 40 min. A PET study with [LC]BPTES showed high
uptake levels of radioactivity in the liver, kidney, and small intestine of mice.

Keywords: [HC—carbonyl]BPTES; PET; glutaminase-1 (GLS1); glutaminase-1 inhibitor; senescence;
[uC]acylation

1. Introduction

Bis-2-(5-phenylacetamido-1,2 4-thiadiazol-2-yl)ethyl sulfide (BPTES, Figure 1) [1],
which is a specific and selective inhibitor of glutaminase-1 (GLS1), has potent antitu-
mor effects [2-5]. Previous studies reported that BPTES inhibited pancreatic invasive ductal
adenocarcinoma cell proliferation, and preferentially slowed the growth of mutant isoci-
trate dehydrogenase 1 cells without inducing apoptosis [2]. BPTES showed clear synergistic
antitumor effects with 5-fluorouracil in the human alveolar adenocarcinoma cell line A549
and the non-small-cell lung carcinoma cell line EKVX, resulting in significant inhibition
on EKVX and A549 and on most of the NSCLC cell lines [3,4]. In addition, BPTES was
shown to have wide pharmacological effects on diseases related to immunometabolism,
inflammation, and fibrosis [6-9].

GLS1 is a necessary gene for the survival of human senescent cells [10]. Overexpres-
sion of GLS1 enhances glutaminolysis in the senescent cells and induces excess ammonia
production, which neutralizes the lower pH and improves the survival of the senescent
cells [10-12]. Thus, inhibition of GLS1 could offer a promising strategy for removing
senescent cells (senolysis), which is beneficial for improving wide age-associated patholo-
gies [10-13].

Recently, it has been reported that BPTES can remove senescent cells and ameliorate
age-associated organ dysfunction, by inhibiting glutaminolysis [14]. BPTES has improved
age-associated pathologies of geriatric diseases and lifestyle-related diseases by selectively
removing senescent cells in aged mice [14-16]. In addition, it has been observed that BPTES
rejuvenates human skin via the clearance of senescent cells [17].
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Figure 1. Chemical structures of BPTES and [11C-carbonyl]BPTES and retrosynthesis of [M'C]BPTES.

Although BPTES showed significant inhibition of tumor growth and the removal
of senescent cells, its poor solubility in water and organic solvents has decreased its
bioavailability and limited its clinical development and animal application [18]. To improve
the bioavailability of BPTES, many BPTES analogs have been synthesized [19-22]. Further,
BPTES nanoparticles (BPTES-NPs) were developed to considerably attenuate tumor growth
in certain models [18,23-25]. Therefore, accurately measuring the concentration of BPTES
itself as a lead compound in targeted sites or organs and determining its pharmacokinetics
in vivo helps evaluate the pharmacological effects of BPTES and its analogs and NPs.

Positron emission tomography (PET) imaging is useful for monitoring molecules radi-
olabeled with short-lived positron-emitting nuclides (for example, !'C, half-life of 20.4 min;
I8 half-life of 109.8 min) in living animals and humans. PET is a diagnosis biomarker for
various diseases [26,27], and an assessment tool for pharmacokinetics/pharmacodynamics
in living animals and for drug development [28-30]. Notably, PET has a high sensitiv-
ity, and the injected radioactive probe in trace amount is sufficient even for high-quality
images [31].

The objective of this study was to develop a route for the radiosynthesis of [''C-
carbonyl]BPTES (['!C]BPTES, Figure 1) and to characterize its in vivo dynamic biodistribu-
tion using PET. Herein, we report the radiosynthesis and PET imaging of [\!C]BPTES in
mice to investigate the biodistribution of BPTES for the first time. As a proof-of-concept
study, a PET imaging study using [!C]BPTES would provide valuable insights into the
antitumor and senolytic effects of BPTES and the new BPTES analogs, or BPTES-NPs.

2. Results and Discussion
2.1. Synthetic Route

Considering its chemical structure, we labeled the carbonyl group in BPTES with
1IC. (Figure 1). The labeling for this chemical functional group does not change the
structure or pharmacological profiles of BPTES. The radiosynthesis of [\!C]BPTES involves
efficient construction of an ['!CJamide moiety, which uses an amine precursor, N-(5-(2-((2-(5-
amino-1,3,4-thiadiazol-2-yl)ethyl)thio)ethyl)-1,3,4-thiadiazol-2-yl)-2-phenylacetamide [1],
and requires reliable preparation of ['!C]phenylacetyl acid anhydride ([''C]2) (Figure 1).

2.2. Chemical Synthesis

Figure 2 shows the synthetic route of unlabeled BPTES and the precursor 1 for radio-
labeling. The reaction of thiodipropionic acid 3 with thiosemicarbazide 4 in the presence
of phosphorus oxychloride produced bis-aminothiadiazole 5 in a 14.2% yield [19]. The
coupling of 5 with excess phenylacetyl chloride afforded a mixture of bi-(BPTES) and
mono-(1) phenylacetylated products, which were separated by column chromatography to
afford BPTES and precursor 1 for radiolabeling in 18.0% and 11.8% yields, respectively.
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Figure 2. Chemical synthesis of the labeling precursor 1 and BPTES: a. 100 °C, 5 h, 53.6%; b. Et3N,
room temperature, 12 h, 18.0% for 1, 11.8% for BPTES.

2.3. Radiosynthesis

The radiosynthesis of [''C]BPTES (Figure 3) was carried out using an automated
synthesis system developed in-house [32]. Using this system, we have achieved a Grignard
reaction with [11C]JCO, and the following [nC]acylation of amine or phenol precursors to
produce PET probes with high molar activity (>37 GBq/umol) and reproducible reaction
efficiency and radiochemical yields [33-37]. The cyclotron-produced ['!C]JCO, was firstly
used to react with benzylmagnesium chloride, which was cooled in a polyethylene loop
between —5 and 0 °C in advance, to produce [!!C-carbony]phenylacetate. Treatment of the
reaction mixture with isobutyl chloroformate (CICOQiBu) produced ['!C]phenylacetyl acid
anhydride (["C]2) in situ. Without separation of [11C]2, this radioactive reaction mixture
was directly treated with precursor 1 to give a [!Clacylated mixture, which was purified by
semi-separative HPLC to produce [''C]BPTES as an injectable solution for quality control
and animal evaluation (Figure 4).
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Figure 3. Radiosynthesis of [MIC]BPTES: a. 1 min, —5-0 °C; b. iPr,N-Et, NMP, room temperature,
1 min; c. NMP, 80 °C, 5 min.

After the one-pot, three-step reactions, HPLC separation, and formulation, [M'CIBPTES
was obtained in 9.5 £ 2.3% radiochemical yield based on [MC]CO, (n = 20), with sufficient
radioactivity and reliable quality for animal evaluation. Starting from 25 + 3.4 GBq of
[11C]CO,, 370-550 MBq of [1LC]BPTES was obtained at the end of synthesis. The total
synthesis time was 40 min from the end of the bombardment. The radiochemical purity of
['!C]BPTES was greater than 96% (Figure 4), and the molar activity was 50 & 26 GBq/ pmol,
with a logDy7 4 value of 3.59. The radiochemical purity of [1LC]BPTES was > 95% after
standing for 90 min at room temperature, indicating the radiochemical stability of this
product for the period of one PET scan. The analytical results complied with the quality
control /assurance specifications of radiopharmaceuticals produced in our facility.
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Figure 4. HPLC separation (A) and analytical (B) charts of [LC]BPTES. The HPLC separation
conditions were as follows: CAPCELL PAK UG80 C;g column (10 mm i.d. x 250 mm length, Osaka
Soda, Osaka, Japan), CH;OH/50 mM Ammonium acetate/DMSO (70/30/0.1), 5.0 mL/min. The
HPLC analytic conditions were as follows: CAPCELL PAK UG80 C;g column (4.6 mm i.d. x 250 mm
length, OSAKA Soda), CH30H/50 mM ammonium acetate/ DMSO (70/30/0.1), 1.0 mL/min.

2.4. Small-Animal PET Imaging

To evaluate the biodistribution of [!!C]BPTES in vivo, mice were subjected to dynamic
PET scans.

Figure 5 shows the typical static PET images of a mouse injected with ['!C]BPTES.
One minute after the injection, the injected radioactivity was carried through the vena cava
to the heart. Radioactivity is immediately distributed throughout the body and appears in
the lungs, heart, liver, and kidneys. The uptake in the lungs and heart peaked rapidly and
was then cleared from them. Radioactivity accumulation in the urinary bladder indicates
rapid and significant excretion in the urine. High radioactivity in the liver, gall bladder, and
small intestine from the early period suggests biliary excretion of radioactivity. Radioactive
concentrations in the liver and other tissues and organs, except the digestive organs and
urinary bladder, gradually decreased approximately 16 min after the injection. The uptake
of radioactivity by the brain is extremely low.

Figure 6 shows the summed PET image (0-90 min) and time-activity curves (TACs)
of ['!!C]BPTES. The radioactivity levels in the liver and kidneys peaked at 2.5 min and
1.5 min after injection, and reached 5.9 SUV and 4.2 SUV, respectively. The clearance of
radioactivity in the two organs was slow, and the values decreased to 3.2 SUV in the liver
and 1.8 SUV in the kidneys at 90 min. After the initial uptake, the radioactivity in the
lungs and heart remained at low levels (1.5-2 SUV) until the PET scan. No significant
difference was observed in the PET images or TAC values in these tissues after the injection
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of [''C]BPTES without or with unlabeled BPTES (30 mg/kg, intraperitoneal administration)
(data not shown). The lack of a decrease in uptake observed could possibly be attributed
to the fact that the unlabeled BPTES was injected intraperitoneally one hour prior to the
administration of [!!C]BPTES, which may not have allowed sufficient time for in vivo GLS1
target occupation.

[""C]BPTES
0-1 min 4-6 min  14-16 min 25-30 min  55-60 min  85-90 min

= High

Low mmmm

Figure 5. Typical static PET images of whole body of a mouse at different time points after the
injection of [LC]BPTES. PET scans were performed on three C57BL/6 mice.
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Figure 6. Representative PET image (A) and time-activity curves (TACs) (B) of [LC]BPTES in
C57BL/6 mice (n = 3). Radioactivity was detected and expressed as SUV. The SUV value (mean =+ SD,
n = 3) was calculated according to the following formula: measured activity concentration (Bq/mL)
x body weight (g)/injected activity (Bq).

2.5. Biodistribution

To further investigate the distribution pattern of ['C]BPTES in the whole body, we
conducted a biodistribution study using mice. Table 1 shows the radioactive concentrations
(% ID/g tissue) of ['!C]BPTES at five time points in mouse organs and tissues. At 1 min
after the injection of ['1C]BPTES, high uptakes of radioactivity (>5% ID/g) were observed
in the blood, heart, lungs, liver, pancreas, small intestine, and kidneys. After the initial
uptake, the radioactive uptake showed washout from the blood, heart, lungs, pancreas,
and kidneys. The uptake in the liver increased at the initial phase and then decreased from
5 min to 60 min after the injection. The radioactivity level in the small intestine increased
with time to reach a maximum value (28.81% ID/g) at 60 min after the injection, suggesting
biliary excretion of radioactivity.
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Table 1. Biodistribution of [*!C]BPTES in C57BL/6 mice.
Organ 1 min 5 min 15 min 30 min 60 min
Blood 6.12 +0.12 1.61 £ 0.08 1.4 4+ 0.17 1.06 £0.2 0.47 £ 0.03
Heart 5.11 £ 0.16 3.56 £ 0.5 2.86 £0.2 2.07 £0.05 1.69 £0.16
Thymus 1.86 = 0.03 0.88 + 0.05 092 +0.1 0.69 + 0.15 0.44 + 0.12
Lung 18.77 4+ 3.95 6.04 + 0.2 2.83+£0.2 1.56 £+ 0.06 1.23 +£0.07
Liver 27.85+ 4.3 3474 £1.35 31.46 £ 0.86 2096 £1.9 12.96 £ 1.55
Pancreas 5.86 £ 0.6 534 +0.22 4.84 £0.22 3.66 + 0.09 2.66 £+ 0.31
Spleen 4.05£0.71 3.03 £ 0.64 1.38 £ 0.07 0.86 + 0.08 0.69 + 0.13
Kidneys 40.73 £ 3.06 33.19 £ 2.59 19.84 +1.04 12.22 £0.22 7.09 £ 0.57
A. gland 454 £0.92 3.05 £ 0.59 1.53 £0.1 1.74 +0.23 1.04 +0.19
Stomach 29+ 0.37 2.5+ 049 2.68 +0.21 6.92 + 1.89 104 £4.22

S. intestine 10.59 £1.79 17.02 £3.25 28.16 = 6.72 249 +£5.26 28.91 £10.12
L. intestine 2.53 £0.79 219 £ 042 1.71 £ 0.27 24 +0.23 729 £1.81

Muscle 0.78 £ 0.03 0.89 £ 0.09 0.93 £0.07 0.71 £ 0.06 0.62 £ 0.08
Bone 1.56 = 0.19 1.32+£0.23 0.85 £ 0.06 0.57 £0.13 0.35 £ 0.09
Testis 0.33 £0.11 0.35 £ 0.01 0.5+ 0.16 041 +£0.1 0.09 + 0.01

Bladder 394 +£274 52 £1.09 895 +£1.71 5.56 + 0.86 12.97 £ 10.89
Brain 0.68 = 0.05 0.36 = 0.02 0.19 £0.01 0.14 £ 0.01 0.1 £0.01

Data are %ID/g tissue (mean 4 SEM; n = 3). A. gland: Adrenal gland; S. intestine: small intestine; L. intestine:
Large intestine.

2.6. Metabolite Analysis

We analyzed the radiolabeled metabolite in mouse plasma and liver to investigate the
in vivo stability of ['!C]BPTES (Table 2). The fraction corresponding to the intact form of
[MIC]BPTES in the plasma decreased to 36% at 15 min, 24% at 30 min, and 11% at 60 min
after the injection, while the levels of [''C]BPTES in the liver were 73% at 15 min, 62%
at 30 min, and 15% at 60 min. The plasma and liver observed more polar radiolabeled
metabolites than [\!C]BPTES. These results suggested that [1IC]BPTES possessed moderate
in vivo metabolic stability. Furthermore, the percentage of the intact form of ['!C]BPTES
was higher in the liver than in the plasma until 30 min after the injection, suggesting that
the uptake of radioactivity in the liver may be related to certain in vivo specific bindings of
['1C]BPTES.

Table 2. Percentages of intact form of [M1C]BPTES in the plasma and liver of C57BL/6 mice.

Time after Injection Plasma Liver
15 min 36.11 + 1.68 7313 £6.28
30 min 23.71 £2.55 62.33 £+ 4.68
60 min 11.14 £ 3.00 14.50 £ 7.85

Data are expressed as % of tailored BPTES entity (mean + SEM; n = 3).

3. Materials and Methods

All chemicals and organic solvents were purchased from FUJIFILM WAKO Pure
Chemicals (Osaka, Japan), Tokyo Chemical Industry (Tokyo, Japan) or KANTO Chemical
(Tokyo, Japan) and used as supplied. 'H-NMR and '*C-NMR spectra were recorded on
a JEOL ECA-500 (500 MHz) spectrometer (JEOL Japan) in the analytical instrumentation
center of Chiba University. The chemical shifts were measured as ppm downfield relative
to the tetramethyl silane (0 ppm) and DMSO-d¢ (39.6 ppm) signals, respectively. Signals
are quoted as s (singlet); d (doublet); t (triplet); q (quartet); m (multiplet); br (broad).
Coupling constants (J values) are given in hertz (Hz). ESI-MS spectra were recorded on a
Thermo scientific Q-Exactive Plus spectrometer in the analytical instrumentation center of
Chiba University. Melting point (MP) was measured with a Yanaco MP-500V instrument
(Kyoto, Japan) and data were uncorrected. Column chromatography was performed using
Wako-Gel C-200 (100-200 mesh).
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No-carrier-added [11C]CO, was produced using a CYPRIS HM-18 cyclotron (Sumit-
omo Heavy Industry, Tokyo, Japan), through the bombardment of dry N; gas with a beam
(15-20 pA) of 18 MeV protons (14.2 MeV on target). High performance liquid chromatog-
raphy (HPLC) was performed using a JASCO HPLC system (JASCO, Tokyo, Japan). The
effluent radioactivity in radio-HPLC was monitored using a Nal (T1) scintillation detector
system. Unless otherwise stated, radioactivity was measured with an IGC-3R Curiemeter
(Aloka, Tokyo, Japan).

3.1. Chemical Synthesis
3.1.1. 5,5'-(Thiobis(ethane-2,1-diyl)) bis (1,3,4-thiadiazol-2-amine) (5)

Phosphorous oxychloride (23 mL, 247 mmol) was added dropwise to a mixture of
3,3/-thiodipropanoic acid (3; 2.67 g, 15 mmol) and thiosemicarbazide (4; 2.73 g, 30 mmol).
This reaction mixture was heated at 100 °C for 5 h [19]. After the reaction, the mixture
was cooled to room temperature, added dropwise to ice-water, and neutralized to pH > 11
with 5 M NaOH solution. The obtained precipitate was collected by filtration, washed with
water and EtOH, and dried in vacuo to give compound 5 (2.32 g, 53.6%) as a white powder.
Mp: 221-222 °C. 'H-NMR (500 MHz, DMSO-dg) 7.05 (s, 4H), 3.07 (4H, t, ] = 7.2 Hz), 2.85
(4H, ] = 7.3 Hz). '*C-NMR (125.7 MHz, DMSO-dy) 169.08, 156.93, 30.78, 30.52. HRMS (ESI)
m/z289.0357 [M + H]* (calcd for CgH13NgS3: 289.0358).

3.1.2. N-(5-(2-((2-(5-Amino-1,3,4-thiadiazol-2-yl)ethyl)thio)ethyl)-1,3 4-thiadiazol-2-yl)-2-
phenylacetamide (1) and N,N’-((Thiobis(ethane-2,1-diyl))bis(1,3,4-thiadiazole-5,2-diyl))bis
(2-phenylacetamide) (BPTES)

Phenylacetylchloride (10 mmol, 1.32 mL) was added dropwise to a mixture of 5 (2.88 g,
10 mmol) and Et3N (20 mmol, 2.8 mL) in DMF (250 mL). This reaction mixture was stirred
at room temperature for 12 h. After the reaction, the mixture was quenched by water and
evaporated in vacuo to remove DMF. The obtained precipitate was washed with water,
filtrated, and dried in vacuo. The crude products (a mixture of BPTES and 1) were separated
by column chromatography eluted CH,Cl,/ CH30H (99/1 to 90/10) to yield BPTES and 1
as white powders, respectively.

BPTES: 620 mg (11.8%). Mp: 245-246 °C. 'H-NMR (500 MHz, DMSO-d) 7.32-7.35
(8H, m), 7.26-7.28 (2H, m), 3.80 (4H, s), 3.25 (4H, t, | = 7.2 Hz), 2.92 (4H, t, ] = 7.2 Hz).
I3C-NMR (125.7 MHz, DMSO-dg) 169.46, 162.40, 158.65, 134.75, 129.35, 128.54, 126.99, 41.65,
30.19, 29.48. HRMS (ESI) m/z 525.1193 [M + H]* (calcd for Cp4H)sNgO,S3: 525.1196).

Compound 1: 732 mg (18.0%). Mp: 212-213 °C. 'H-NMR (500 MHz, DMSO-dy)
7.25-7.36 (5H, m), 7.05 (2H, brs), 3.81 (2H, s), 3.36 (1H, s) 3.25 (2H, t, ] = 7.0 Hz), 3.07 (2H, t,
] =7.2Hz),2.92 2H, t,] = 7.2 Hz), 2.85 (2H, t, ] = 7.2 Hz). 13C-NMR (125.7 MHz, DMSO-dg)
169.50, 168.94, 162.44, 158.68, 156.47, 134.76, 129.37, 128.57, 127.02, 41.67, 30.30, 30.22, 30.05,
29.52. HRMS (ESI) m/z 407.0773 [M + HJ* (calcd for C14H19NgOS3: 407.0777).

3.2. Radiosynthesis of ['"! CIBPTES

During the production of [''C]CO,, benzylmagnesium chloride (BnMgCl, 1 M in THF,
500 uL) was passed through a polyethylene loop (0.75 mm i.d. and 1.6 mm o.d. x 200 mm)
cooled between —5 and 0 °C and previously flushed with N, gas [32]. N, gas (50 mL/min)
was passed through the loop for 30 s to remove the excess BnMgCl solution and to leave a
thin film of BnMgCl on the surface of the loop. After irradiation, [11C]CO, was carried from
the target with a stream of N, gas and trapped in the stainless-steel coil cooled by liquid N».
After trapping of [11C]CO,, this coil was heated at 50 °C and the released ['!C]CO, was
transferred in an Nj stream (3.0 mL/min) into the loop coated with BnMgCl. By passing a
solution of CICOOiBu/iProNEt/THEF (5 uL/5 pL/200 uL) through the loop containing the
Grignard’s reaction mixture, the total mixture was transferred into an empty reaction vessel
and let stand for 3 min at room temperature to produce the mixed anhydride [11C]2. After
the formation of the mixed [''C]2, a solution of 1/iPr,NEt/NMP (1.5 mg/5 uL/300 uL)
was added and heated at 80 °C for 5 min.
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After the reaction, the reaction mixture was diluted by the HPLC solvent (1 mL) and
applied onto a semipreparative HPLC column. The preparative HPLC conditions were
as follows: column, CAPCELL PAK UGS80 Cig (10 mm i.d. x 250 mm, OSAKA Soda,
Osaka, Japan); mobile phase, CH30H/50 mM ammonium acetate / DMSO (70/30/0.1);
flow rate, 5.0 mL/min; retention time (tg), 7.9 min). The HPLC fraction corresponding
to ['LC]BPTES was collected in a sterile flask containing polysorbate 80 (75 uL), EtOH
(0.3 mL), and 25% ascorbic acid (100 pL). All the solvents were removed under reduced
pressure. Physiological saline (5 mL) was added in the flask to dissolve the residue. The
resulting solution was sterilized using a Millex-GV filter (Millipore) to obtain [''C]BPTES
as a final product.

HPLC analysis was performed to determine radiochemical purity, identity, and molar
activity of [''C]BPTES. The analytic conditions were as follows: column, Capcell Pak UG80
Cis (4.6 mm i.d. x 250 mm, OSAKA Soda); mobile phase, CH30H /50 mM ammonium
acetate/DMSO (70/30/0.1); flow rate: 1.0 mL/min; UV detection, 254 nm; tg, 8.3 min. The
identity of [''C]BPTES was confirmed by co-injection with BPTES. The molar activity was
measured and calculated by comparing the assayed radioactivity with the mass measured
at UV (254 nm). The logD74 value of [M'C]BPTES was measured in an octanol/buffer
mixture at room temperature.

3.3. Animal Experiments
3.3.1. Animals

Animals were maintained and handled in accordance with the recommendations made
by the Committee for the Care and Use of Laboratory Animals at the National Institutes for
Quantum Science and Technology (QST). All experiments performed at QST were approved
by the Animal Ethics Committee of QST (approval number: 16-1006). C57BL/6 mice were
supplied by Japan SLC (Shizuoka, Japan) and housed under a 12/12 h dark/light cycle
under optimal conditions.

3.3.2. Small-Animal Pet Imaging

The PET scanning was carried out using a small-animal PET scanner (Siemens Medical
Solutions USA, Knoxville, TN, USA). Mice (7-8 weeks old, 30.1 £ 1.4 g, n = 3) were
anesthetized using 1.5% (v/v) isoflurane and treated according to the protocol reported
previously [28,29]. Mice were intravenously injected via the tail vein with ['!C]BPTES
(14-16 MBq, 0.3 mL) and a 90 min scan was conducted immediately. The time frame
reconstruction was as follows: 1 min x 4 frames, 2 min x 8 frames, and 5 min x 12 frames.
The obtained dynamic PET images were reconstructed by filtered-back projection using a
Hanning filter, with a Nyquist cutoff of 0.5 cycles per pixel. The time-activity curves (TACs)
of ["'C]BPTES were acquired using PMOD software (version 3.4, PMOD Technology, Zurich,
Switzerland) from the volumes of interest, which were manually mapped onto the liver,
kidney, lung, brain and heart. The radioactivity was decay-corrected to the injection time
and presented as a standardized uptake value (SUV), which was normalized for injected
radioactivity and body weight. The SUV was calculated as follows: SUV = (radioactivity
per milliliter tissue/injected radioactivity) x body weight (g). All PET quantitative data
are expressed as the mean =+ standard deviation (SD).

3.3.3. Biodistribution Study

Mice (8 weeks old, 31.9 &+ 0.7 g) were intravenously injected via the tail vein with
[''C]BPTES (2.7 MBgq, 0.1 mL) and were sacrificed by cervical dislocation at 1, 5, 15, 30, and
60 min (n = 3 at each time point) after the injection. The blood samples (heart contents)
were collected, and the whole brain, heart, thymus, lung, liver, pancreas, spleen, kidneys,
adrenal gland, stomach (including contents), small intestine (including contents), large
intestines (including contents), muscle, bone, testis, and bladder were quickly harvested
and weighed. The radioactivity level in each tissue was measured using the automatic
gamma counter (2480 Wizard?, PerkinElmer, MA, USA) and was expressed as percentage
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of the injected dose per gram of wet tissue (% ID/g). Decay correction was accounted for
during the radioactivity measurements.

3.3.4. Metabolite Analysis

Mice (8 weeks old, 32.0 & 0.3 g) were intravenously injected via the tail vein with
['!CIBPTES (37 MBgq, 0.3-0.5 mL) and were then sacrificed by cervical dislocation at 15,
30, and 60 min (n = 3 for each time point) after the injection. Blood and liver samples
were obtained quickly and treated according to the procedure reported previously [37].
An aliquot of the supernatant (0.2-1.0 mL) obtained from the plasma or liver homogenate
was injected into the HPLC system with a radioactivity detector, and analyzed using a
Capcell Pak Cyg column (4.6 mm i.d. x 250 mm) with a mobile phase of CH3OH/50 mM
ammonium acetate/DMSO (70/30/0.1) at a flow rate of 1.0 mL/min. The percentage
ratio of ['!C]BPTES (tg = 8.3 min) to total radioactivity (corrected for decay) on the HPLC
chromatogram was calculated as % = (peak area for [''C]BPTES/ total peak area) x 100.

4. Conclusions

In the present study, ['' CJBPTES was successfully synthesized for the first time through
the reaction of [!!C-carbonyl]acylation of amine precursor 1 with [''C]2, which was pre-
pared by the Grignard reaction of benzyl magnesium chloride with ['!C]CO,, followed by
treatment with isobutyl chloroformate in situ. Moreover, a PET study with ["'C]BPTES
showed high radioactivity uptake in the liver, kidney, and small intestine. The distribution
pattern of ['!C]BPTES throughout the entire body was further confirmed through ex vivo
biodistribution analysis. Metabolite analysis revealed moderate metabolism of ['!C|BPTES
in vivo. To the best of our knowledge, this report represents the first investigation into
the pharmacokinetics of BPTES in living animals. Recent studies have reported that the
antitumor and senolytic effects of BPTES and its analogs and NPs are rapidly increas-
ing [14,21-25]; however, their in vivo mechanisms are not yet fully understood, partly
due to the poor bioavailability of BPTES. PET with ['!C]BPTES could serve as a tool to
better understand the tissue distribution, kinetics of uptake and clearance, and differential
effects related to treatment, such as single-dose versus pre-loading. This understanding
will improve our knowledge of the kinetics of BPTES for the further development of the
glutaminase inhibitor, BPTES analogs, and BPTES-NPs.

Author Contributions: Conceptualization, M.-R.Z.; methodology, Y.Z. and K.K,; validation, L.X;
investigation, Y.Z., YK, M.O., TK. and N.N.; data curation, Y.Z. and L.X.; draft preparation, L.X. and
M.-R.Z,; review and editing, M.-R.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Grant-in-Aid for Scientific Research (KAKENHI) No. B-
23H02867 from the Japanese Ministry of Education, Culture, Sports, Science and Technology and
Moonshot Research and Development Program No. 21zf0127003h001 from Japan Agency for Medical
Research and Development.

Institutional Review Board Statement: The animal study protocol was approved by the Committee
of National Institutes for Quantum Science and Technology (approval number: 16-1006).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained in the article.

Acknowledgments: We would like to thank the staff at the National Institutes for Quantum Science
and Technology for their support with the cyclotron operation, radioisotope production, radiosynthe-
sis, and animal experiments.

Conflicts of Interest: The authors declare that there are no conflict of interest.



Pharmaceuticals 2023, 16, 963 10 of 11

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Robinson, M.M.; McBryant, S.J.; Tsukamoto, T.; Rojas, C.; Ferraris, D.V.; Hamilton, S.K.; Hansen, J.C.; Curthoys, N.P. Novel
mechanism of inhibition of rat kidney-type glutaminase by bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES).
Biochem. |. 2007, 40, 407-414. [CrossRef] [PubMed]

Seltzer, M.].; Bennett, B.D.; Joshi, A.D.; Gao, P.; Thomas, A.G.; Ferraris, D.V.; Tsukamoto, T.; Rojas, C.J.; Slusher, B.S,;
Rabinowitz, ].D.; et al. Inhibition of glutaminase preferentially slows growth of glioma cells with mutant IDH1. Cancer Res. 2010,
70, 8981-8987. [CrossRef]

Lee, J.S;; Kang, ].H.; Lee, S.H.; Lee, C.H.; Son, J.; Kim, S.Y. Glutaminase 1 inhibition reduces thymidine synthesis in NSCLC.
Biochem. Biophys. Res. Commun. 2016, 477, 374-382. [CrossRef]

Lee, J.S.; Kang, ].H.; Lee, S.H.; Hong, D.; Son, J.; Hong, KM.; Song, ].; Kim, S.Y. Dual targeting of glutaminase 1 and thymidylate
synthase elicits death synergistically in NSCLC. Cell Death Dis. 2016, 7, e2511. [CrossRef]

De Santis, M.C.; Gozzelino, L.; Margaria, ].P.; Costamagna, A.; Ratto, E.; Gulluni, F; Di Gregorio, E.; Mina, E.; Lorito, N.; Bacci, M.;
et al. pancreatic cancer. Lysosomal lipid switch sensitives to nutrient deprivation and mTOR targeting in pancreatic cancer. Gut
2023, 72, 360-371. [CrossRef] [PubMed]

O’Neill, L.AJ.; Kishton, R.J.; Rathmell, ]. A guide to immunometabolism for immunologists. Nat. Rev. Immunol. 2016, 16, 553.
[CrossRef]

Sumikawa, M.H.; Iwata, S.; Zhang, M.; Miyata, H.; Ueno, M.; Todoroki, Y.; Nagayasu, A.; Kanda, R.; Sonomoto, K.; Torimoto, K.;
et al. An enhanced mitochondrial function through glutamine metabolism in plasmablast differentiation in systemic lupus
erythematosus. Rheumatology 2022, 61, 3049-3059. [CrossRef]

Wang, P--P,; Bai, H.-M.; He, S.-Y.; Xia, Z.-Q.; Liu, M.-].; An, J.; Zhou, ].-H.; Li, C.-H.; Zhang, W.; Zhang, X.; et al. Inhibition of
glutaminolysis alleviates myocardial fibrosis induced by angiotensin II. Sheng Li Xue Bao 2023, 75, 179-187. [PubMed]

Shim, J.S.; Lee, H.S.; Kwon, H.; Kim, M.H.; Cho, Y.J.; Park, H.W. Inhibition of glutaminase 1 activity reverses airway hyperrespon-
siveness and decreases IL-13+ M1s and IL-17 producing ILC3s in high-fat diet-fed obese mice. Am. J. Physiol. Lung Cell Mol.
Physiol. 2023, 324, L625-L638. [CrossRef]

Childs, B.G.; Durik, M.; Baker, D.J.; van Deursen, ].M. Cellular senescence in aging and age-related disease: From mechanisms to
therapy. Nat. Med. 2015, 21, 1424-1435. [CrossRef]

Baar, M.P; Brandt, R M.C.; Putavet, D.A_; Klein, ].D.D.; Derks, K.W.J.; Bourgeois, B.R.M.; Stryeck, S.; Rijksen, Y.; van Willigen-
burg, H.; Feijtel, D.A ; et al. Targeted apoptosis of senescent cells restores tissue homeostasis in response to chemotoxicity and
aging. Cell 2017, 169, 132-147.e16. [CrossRef] [PubMed]

He, S.; Sharpless, N.E. Senescence in health and disease. Cell 2017, 169, 1000-1011. [CrossRef] [PubMed]

Xu, M; Pirtskhalava, T.; Farr, ].N.; Weigand, B.M.; Palmer, A K.; Weivoda, M.M.; Inman, C.L.; Ogrodnik, M.B.; Hachfeld, C.M,;
Fraser, D.G,; et al. Senolytics improve physical function and increase lifespan in old age. Nat. Med. 2018, 24, 1246-1256. [CrossRef]
[PubMed]

Johmura, Y.; Yamanaka, T.; Omori, S.; Wang, T.W.; Sugiura, Y.; Matsumoto, M.; Suzuki, N.; Kumamoto, S.; Yamaguchi, K.;
Hatakeyama, S.; et al. Senolysis by glutaminolysis inhibition ameliorates various age-associated disorders. Science 2021, 371,
265-270. [CrossRef]

Kusama, K.; Yamauchi, N.; Yoshida, K.; Azumi, M.; Yoshie, M.; Tamura, K. Senolytic stromal cells. Biochem. Biophys. Res. Commun.
2021, 571, 174-180. [CrossRef]

Shintani-Ishida, K.; Tsurumi, R.; Ikegaya, H. Decrease in the expression of muscle-specific miRNAs, miR-133a and miR-1, in
myoblasts with replicative senescence. PLoS ONE 2023, 18, e0280527. [CrossRef]

Takaya, K,; Ishii, T.; Asou, T.; Kishi, K. Glutaminase inhibitors rejuvenate human skin via clearance of senescent cells: A study
using a mouse/human chimeric model. Aging 2022, 14, 8914-8926. [CrossRef]

Elgogary, A.; Xu, Q.; Poore, B.; Alt, ].; Zimmermann, S.C.; Zhao, L.; Fu, J.; Chen, B.; Xia, S.; Liu, Y.; et al. BPTES nanoparticles
pancreatic cancer. Proc. Natl. Acad. Sci. USA 2016, 113, E5328-E5336.

Shukla, K.; Ferraris, D.V,; Thomas, A.G.; Stathis, M.; Duvall, B.; Delahanty, G.; Alt, J.; Rais, R.; Rojas, C.; Gao, P; et al. Design,
synthesis, and pharmacological evaluation of bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 3 (BPTES) analogs as
glutaminase inhibitors. J. Med. Chem. 2012, 55, 10551-10563. [CrossRef]

Duvall, B.; Zimmermann, S.C.; Gao, R.-D.; Thomas, A.G.; Kal¢ic, E; Veeravalli, V.; Elgogary, A.; Rais, R.; Rojas, C.; Le, A,; et al.
Allosteric kidney-type glutaminase (GLS) inhibitors with a mercaptoethyl linker. Bioorg. Med. Chem. 2020, 28, 115698. [CrossRef]
Yang, T.; Tian, Y.; Yang, Y.; Tang, M.; Shi, M.; Chen, Y.; Yang, Z.; Chen, L. Design, synthesis, and pharmacological evaluation
of 2-(1-(1,3,4-thiadiazol-2-yl)piperidin-4-yl)ethan-1-ol analogs as novel glutaminase 1 inhibitors. Eur. |. Med. Chem. 2022, 243,
114686. [CrossRef] [PubMed]

Lee, E.J.; Duggirala, K.B.; Lee, Y.; Yun, M.R; Jang, J.; Cyriac, R.; Jung, M.E.; Choi, G.; Chae, C.H.; Cho, B.C.; et al. Novel allosteric
glutaminase 1 inhibitors with macrocyclic structure activity relationship analysis. Bioorg. Med. Chem. Lett. 2022, 75, 128956.
[CrossRef] [PubMed]

Fu, Z.; Du, H,; Meng, S.; Yao, M.; Zhao, P;; Li, X.; Zheng, X.; Yuan, Z.; Yang, H.; Cai, K,; et al. Tumor-targeted dual-starvation
therapy based on redox-responsive micelle nanosystem with co-loaded LND and BPTES. Mater. Today Bio 2022, 16, 100449.
[CrossRef]


https://doi.org/10.1042/BJ20070039
https://www.ncbi.nlm.nih.gov/pubmed/17581113
https://doi.org/10.1158/0008-5472.CAN-10-1666
https://doi.org/10.1016/j.bbrc.2016.06.095
https://doi.org/10.1038/cddis.2016.404
https://doi.org/10.1136/gutjnl-2021-325117
https://www.ncbi.nlm.nih.gov/pubmed/35623884
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1093/rheumatology/keab824
https://www.ncbi.nlm.nih.gov/pubmed/37089092
https://doi.org/10.1152/ajplung.00181.2022
https://doi.org/10.1038/nm.4000
https://doi.org/10.1016/j.cell.2017.02.031
https://www.ncbi.nlm.nih.gov/pubmed/28340339
https://doi.org/10.1016/j.cell.2017.05.015
https://www.ncbi.nlm.nih.gov/pubmed/28575665
https://doi.org/10.1038/s41591-018-0092-9
https://www.ncbi.nlm.nih.gov/pubmed/29988130
https://doi.org/10.1126/science.abb5916
https://doi.org/10.1016/j.bbrc.2021.07.075
https://doi.org/10.1371/journal.pone.0280527
https://doi.org/10.18632/aging.204391
https://doi.org/10.1021/jm301191p
https://doi.org/10.1016/j.bmc.2020.115698
https://doi.org/10.1016/j.ejmech.2022.114686
https://www.ncbi.nlm.nih.gov/pubmed/36055003
https://doi.org/10.1016/j.bmcl.2022.128956
https://www.ncbi.nlm.nih.gov/pubmed/36038117
https://doi.org/10.1016/j.mtbio.2022.100449

Pharmaceuticals 2023, 16, 963 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cai, X,; Shi, S.; Chen, G.; Zhong, M.; Yang, Y,; Mai, Z.; Tian, Y.; Tan, J.; He, L.; Cui, C,; et al. Glutamine metabolism targeting
liposomes for synergistic chemosensitization and starvation therapy in ovarian cancer. Acta Biomater. 2023, 158, 560-570.
[CrossRef] [PubMed]

Yu, C.; Wan, N.; Chen, X;; Jiang, Y.; Luan, Y.; Qin, W.; He, W. A photodynamic-mediated glutamine metabolic intervention
nanodrug for triple negative breast cancer therapy. Mater. Today Bio 2023, 19, 100577. [CrossRef]

Zhang, M.-R.; Kida, T.; Noguchi, J.; Furutsuka, K.; Maeda, J.; Suhara, T.; Suzuki, K. [M'CIDAA1106: Radiosynthesis and in vivo
binding to peripheral benzodiazepine receptors in mouse brain. Nucl. Med. Biol. 2003, 30, 513-519. [CrossRef]

Zhang, M.-R.; Kumata, K.; Maeda, J.; Yanamoto, K.; Hatori, A.; Okada, M.; Higuchi, M.; Obayashi, S.; Suhara, T.; Suzuki, K.
1 C.AC-5216: A novel PET ligand for peripheral benzodiazepine receptors in the primate brain. J. Nucl. Med. 2007, 48, 1853-1861.
[CrossRef]

Hatori, A.; Arai, T.; Yanamoto, K.; Yamasaki, T.; Kawamura, K.; Yui, J.; Konno, E; Nakao, R.; Suzuki, K.; Zhang, M.-R.
Biodistribution and metabolism of the anti-influenza drug [N Closeltamivir and its active metabolite [11C]Ro 64-0802 in mice.
Nucl. Med. Biol. 2009, 36, 47-55. [CrossRef]

Hatori, A.; Yui, J.; Yanamoto, K.; Yamasaki, T.; Kawamura, K.; Takei, M.; Arai, T.; Fukumura, T.; Zhang, M.-R. Determination
of radioactivity in infant, juvenile and adult rat brains after injection of anti-influenza drug ["1Closeltamivir using PET and
autoradiography. Neurosci. Lett. 2011, 495, 187-191. [CrossRef]

Hu, K; Xie, L.; Zhang, Y.; Hanyu, M.; Yang, Z.; Nagatsu, K.; Suzuki, H.; Ouyang, J.; Ji, X.; Wei, J.; et al. Marriage of black
phosphorus and Cu?* as effective photothermal agents for PET-guided combination cancer therapy. Nat. Commun. 2020, 11, 2778.
[CrossRef]

Yui, J.; Hatori, A.; Kawamura, K.; Yanamoto, K.; Yamasaki, T.; Ogawa, M.; Yoshida, Y.; Kumata, K.; Fujinaga, M.; Nengaki, N.;
et al. Visualization of early infarction in rat brain after ischemia using a translocator protein (18 kDa) PET ligand [''C]DAC with
ultra-high specific activity. Neuroimage 2011, 54, 123-130. [CrossRef] [PubMed]

Arai, T.; Zhang, M.-R.; Ogawa, M.; Fukumura, T.; Kato, K.; Suzuki, K. [1-11C]acetyl chloride. Appl. Radiat. Isot. 2009, 67, 296-300.
[CrossRef] [PubMed]

Konno, F; Arai, T.; Zhang, M.-R.; Hatori, A.; Yanamoto, K.; Ogawa, M.; Ito, G.; Odawara, C.; Yamasaki, T.; Kato, K.; et al.
Radiosyntheses of two positron emission tomography probes: ['!C]Oseltamivir and its active metabolite [!!C]Ro 64-0802. Bioorg.
Med. Chem. Lett. 2008, 18, 1260-1263. [CrossRef] [PubMed]

Maeda, J.; Suhara, T.; Ogawa, M.; Okauchi, T.; Kawabe, K.; Zhang, M.-R.; Semba, J.; Suzuki, K. In vivo binding properties of
[carbonyl-11C]WAY-100635: Effect of endogenous serotonin. Synapse 2001, 40, 122-129. [CrossRef]

Okada, M.; Nakao, R.; Momosaki, S.; Yanamoto, K.; Kikuchi, T.; Okamura, T.; Wakizaka, H.; Hosoi, R.; Zhang, M.R.; Inoue, O.
Improvement of brain uptake for in vivo PET imaging of astrocytic oxidative metabolism using benzyl [1-'1CJacetate. Appl.
Radiat. Isot. 2013, 78, 102-127. [CrossRef]

Kikuchi, T.; Okamura, T.; Okada, M.; Ogawa, M.; Suzuki, C.; Wakizaka, H.; Yui, J.; Fukumura, T.; Gee, A.D.; Zhang, M.-R.
Benzyl [(11)C]hippurate as an agent for measuring the activities of organic anion transporter 3 in the brain and multidrug
resistance-associated protein 4 in the heart of mice. J. Med. Chem. 2016, 59, 5847-5856. [CrossRef]

Yamasaki, T.; Kumata, K.; Hiraishi, A.; Zhang, Y.; Wakizaka, H.; Kurihara, Y.; Nengaki, N.; Zhang, M.-R. Synthesis of [HC]carbonyl—
labeled cyclohexyl (5-(2-acetamidobenzo[d]thiazol-6-yl)-2-methylpyridin-3-yl)carbamate ([11C—Carbonyl]PK68) as a potential PET
tracer for receptor-interacting protein 1 kinase. EINMMI Radiopharm. Chem. 2022, 7, 4. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.actbio.2022.12.052
https://www.ncbi.nlm.nih.gov/pubmed/36596434
https://doi.org/10.1016/j.mtbio.2023.100577
https://doi.org/10.1016/S0969-8051(03)00016-7
https://doi.org/10.2967/jnumed.107.043505
https://doi.org/10.1016/j.nucmedbio.2008.10.008
https://doi.org/10.1016/j.neulet.2011.03.055
https://doi.org/10.1038/s41467-020-16513-0
https://doi.org/10.1016/j.neuroimage.2010.08.010
https://www.ncbi.nlm.nih.gov/pubmed/20705143
https://doi.org/10.1016/j.apradiso.2008.09.013
https://www.ncbi.nlm.nih.gov/pubmed/19028105
https://doi.org/10.1016/j.bmcl.2008.01.037
https://www.ncbi.nlm.nih.gov/pubmed/18226899
https://doi.org/10.1002/syn.1033
https://doi.org/10.1016/j.apradiso.2013.04.025
https://doi.org/10.1021/acs.jmedchem.6b00454
https://doi.org/10.1186/s41181-022-00156-1

	Introduction 
	Results and Discussion 
	Synthetic Route 
	Chemical Synthesis 
	Radiosynthesis 
	Small-Animal PET Imaging 
	Biodistribution 
	Metabolite Analysis 

	Materials and Methods 
	Chemical Synthesis 
	5,5'-(Thiobis(ethane-2,1-diyl)) bis (1,3,4-thiadiazol-2-amine) (5) 
	N-(5-(2-((2-(5-Amino-1,3,4-thiadiazol-2-yl)ethyl)thio)ethyl)-1,3,4-thiadiazol-2-yl)-2-phenylacetamide (1) and N,N'-((Thiobis(ethane-2,1-diyl))bis(1,3,4-thiadiazole-5,2-diyl))bis(2-phenylacetamide) (BPTES) 

	Radiosynthesis of [11C]BPTES 
	Animal Experiments 
	Animals 
	Small-Animal Pet Imaging 
	Biodistribution Study 
	Metabolite Analysis 


	Conclusions 
	References

