Wang et al. EINMMI Res (2020) 10:126
https://doi.org/10.1186/s13550-020-00710-5 EJ N M M I Resea rCh

ORIGINAL RESEARCH Open Access

. . )]
A novel PET tracer '®F-deoxy-thiamine: i
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Abstract

Background: Some neuropsychological diseases are associated with abnormal thiamine metabolism, including
Korsakoff-Wernicke syndrome and Alzheimer’s disease. However, in vivo detection of the status of brain thiamine
metabolism is still unavailable and needs to be developed.

Methods: A novel PET tracer of '®F-deoxy-thiamine was synthesized using an automated module via a two-step
route. The main quality control parameters, such as specific activity and radiochemical purity, were evaluated by high-
performance liquid chromatography (HPLC). Radiochemical concentration was determined by radioactivity calibrator.
Metabolic kinetics and the level of '®F-deoxy-thiamine in brains of mice and marmosets were studied by micro-posi-
tron emission tomography/computed tomography (PET/CT). In vivo stability, renal excretion rate, and biodistribution
of '8F-deoxy-thiamine in the mice were assayed using HPLC and y-counter, respectively. Also, the correlation between
the retention of cerebral '®F-deoxy-thiamine in 60 min after injection as represented by the area under the curve
(AUQ) and blood thiamine levels was investigated.

Results: The '®F-deoxy-thiamine was stable both in vitro and in vivo. The uptake and clearance of '®F-deoxy-thiamine
were quick in the mice. It reached the max standard uptake value (SUVmax) of 4.61+£0.53 in the liver within 1 min,
18.67 £7.04 in the kidney within half a minute. The SUV dropped to 0.72 £0.05 and 0.77 = 0.35 after 60 min of injec-
tion in the liver and kidney, respectively. After injection, kidney, liver, and pancreas exhibited high accumulation level
of 18Ffdeoxyfthiamine, while brain, muscle, fat, and gonad showed low accumulation concentration, consistent with
previous reports on thiamine distribution in mice. Within 90 min after injection, the level of '®F-deoxy-thiamine in the
brain of C57BL/6 mice with thiamine deficiency (TD) was 1.9 times higher than that in control mice, and was 3.1 times
higher in ICR mice with TD than that in control mice. The AUC of the tracer in the brain of marmosets within 60 min
was 29.33 £5.15 and negatively correlated with blood thiamine diphosphate levels (r=—0.985, p=0.015).

Conclusion: The '"®F-deoxy-thiamine meets the requirements for ideal PET tracer for in vivo detecting the status of
cerebral thiamine metabolism.
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Introduction
Thiamine, also named vitamin B, is an essential nutrient
that can be acquired only via diet. After being absorbed
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as Wernicke—Korsakoff syndrome, Alzheimer’s disease
(AD), beriberi, Leigh syndrome, and so forth, and results
in lactic acidosis, mitochondrial dysfunction, and energy
deficits in brain, muscle, and heart, causing a broad range
of clinical manifestations, such as anorexia, agitation,
diminished tendon reflexes, ataxia, disturbance of con-
sciousness, muscle pain, and heart failure. [2—-4].

Glucose is the predominant substrate of brain energy
metabolism and plays a pivotal role in maintaining cer-
ebral function [5], which makes the brain vulnerable to
glucose dysmetabolism. TDP is the common coenzyme
of the three key enzymes in glucose catabolism: pyru-
vate dehydrogenase and a-ketoglutarate dehydrogenase
in the Krebs cycle that is responsible for producing ATP
in mitochondria, and transketolase in pentose phosphate
pathway that generates antioxidants and the substrates of
biosynthesizing DNA, RNA, and fatty acid in cytosol [6].
Therefore, the brain also is susceptible to TD by disturb-
ing glucose metabolism [2, 7-12]

However, in vivo detection of cerebral thiamine
metabolism status is still unavailable. In this study,
a novel radiotracer of positron emission topography
(PET)—'8F-deoxy-thiamine—was designed and synthe-
sized (Fig. 1). The metabolic kinetics and retention of
'8F-deoxy-thiamine in the brains of animals were studied.

Materials and methods

General information

All reagents were purchased from TCI Development
Co., Ltd (Shanghai) and J & K Scientific (Beijing, China)
unless otherwise indicated. Thin layer chromatography
(TLC) was performed with silica gel layers, and com-
pounds were visualized under UV light. The 'H NMR
(300 MHz) spectra of all compounds were acquired on an
Advance (Bruker) spectrometer. Chemical shifts (6) for
the proton resonance were reported in parts per million
(ppm) downfield from TMS (6=0). The identification
and purity of precursors as well as cold standard sam-
ple (*’F-deoxy-thiamine) were determined by a LC—MS
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instrument (1200/6120, Agilent Technologies Inc.) with a
C,g column (4.6*150 mm, 5 uM; VP-ODS, Shimadzu) at
0.5 ml per minute (ml/min) flow rate. The mobile phase
consisted of 60% methanol and 40% H,O containing mil-
lesimal formic acid.

8F jons were obtained from a cyclotron (Cyclone 18
Twin, IBA, Belgium), situated at the Molecular Imag-
ing institute, Jiangsu Huayi Technology Co., Ltd., by the
nuclear reaction [*80(p,n)'®F]. For automatic synthesis of
18F_deoxy-thiamine, we used a remote-controlled radi-
olabeling module (RNplus, Synthra) with slight modi-
fications and created the sequence program, based on
manual trials. The scheme of modified RNplus module is
presented in Additional file 1: Figure 1. We used six rea-
gent supply vials (A1-A5, B1) at the upper part and two
reaction vials (vial I and vial II) at the bottom part.

Analytical HPLC (1260, Agilent Technologies Inc.) with
the same type of column mentioned above was employed
for '8F-deoxy-thiamine characterization and identifi-
cation. The signal acquisition system consisted of a UV
detector (254 nm) and a radio-detector (1IINal/PMT,
Lablogic, USA) in series. The flow rate was 0.8 ml/min,
and the mobile phase consisted of methanol and H,O
containing 0.05% triethylamine and 50 mM ammonium
acetate. The percentage of methanol/H,O changed with
running time: 0—15 min (mins), 15%/85%; 15-25 min,
methanol increasing to 100% while H,O decreasing to
0%; 25—30 min, methanol 100%.

A micro-PET/CT equipment (Inveon; Siemens Co.,
USA) was used for detecting the levels of '®F-deoxy-
thiamine in the organs of mice and marmosets. During
micro-PET/CT scanning, the body temperature of ani-
mals was maintained at 37 °C using a heat pad.

C57BL/6 and Institute of Cancer Research (ICR) mice
(obtained from the SLAC Laboratory Animal Company,
China) were housed in a controlled environment at
temperature of 20-26 °C and humidity of 40-70% with
free access to food and water. The marmosets were sup-
plied by Jiuting Non-human Primate Facility, Chinese
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Fig. 1 The two-step synthesis of '®F-deoxy-thiamine
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Academy of Sciences, Shanghai. Four marmosets aged
3.1-10.8 years old were employed for micro-PET/CT
scanning (M1: 3.1 year, female; M2: 3.5 year, male; M3:
5.4 year, female; M4: 10.8 year, male). At the day of exper-
iment, the marmosets were fetched from the facility and
were sent back when the scanning finished.

All animal care and experimental procedures were car-
ried out according to the guidelines of the Animal Care
Committee of Fudan University. This study was approved
by Medical Experimental Animal Administrative Com-
mittee of Fudan University, and the committee on medi-
cal ethics of Zhongshan Hospital, Fudan University.

Synthesis of cold standard sample of '8F-deoxy-thiamine
as well as precursors (5) and (6).

We synthesized cold standard sample of '®F-deoxy-
thiamine as well as precursors (5) and (6) according to
the work of Cline JK, et al. [13], with minor modifica-
tions (Additional file 2: Figure 2). The purity of the cold
standard sample is >99.9%, and the purity of two precur-
sors >99%, identified via HNMR and LC-MS (Additional
files 4, 5, 6, 7, 8, 9: Figure 3B—G). The details of the syn-
thetic route were described in the Additional file 14: sup-
plementary text.

Automated radiosynthesis of 18F-deoxy-thiamine

We adopted a two-step synthesis route (Fig. 1). The
scheme of automated synthesis was shown in Additional
file 1: Figure 1. Reagents were added into supply vials
as follows: Al: 1.1 ml eluent (3.08 mg KHCO;, 11 mg
Kryptofix 2.2.2, 0.88 mL MeCN, 0.22 mL H,0O); A2: 1 ml
MeCN; A3: 5 mg precursor (6) in 0.5 ml MeCN; A4: 1 ml
MeCN; A5: 0.5 ml MeCN; B1: 0.5 ml H,O. 5 mg pre-
cursor (5) powder was also added into reaction vial II
beforehand. When the first step synthesis finished, the
intermediate product [*F]-compound (7) was trans-
ferred from reaction vial I to reaction vial II via distil-
lation. The whole automated synthesis duration was
100 min. The details of synthesis and purification were
described in the Additional file 14: supplementary text.

Characterization and quality control of '8F-deoxy-thiamine
Radiochemical yield (RCY, decay-correction to the end of
bombardment) and radiochemical concentration (RCC)
were measured by the radioactivity calibrator (CRC-55tR,
CAPINTEC, INC., USA). '8F-deoxy-thiamine was identi-
fied by co-injecting final product with cold standard sam-
ple into analytical HPLC. Radiochemical purity (RCP)
and specific radioactivity (SA) were calculated by means
of the area under curve (AUC) of radio-signals and UV-
signals of final product in analytical HPLC, respectively.
Bacteria and endotoxin detections were carried out by
means of anaerobic/aerobic bacteria media and Limulus
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reagent gel methods, respectively, according to Chinese
Pharmacopoeia.

In vitro stability

18F_deoxy-thiamine solution was stored at room temper-
ature (RT) and injected into analytical HPLC for evaluat-
ing RCP and peak shape at 0 h (h), 2 h, 4 h, 6 h, 8 h, and
10 h, respectively, after synthesized.

Thiamine deficiency mouse model

Eight-week-old male C57BL/6 and ICR mice were ran-
domly divided into two groups: TD mouse models (n=2
for C57BL/6, one died due to anesthesia during micro-
PET/CT scanning; n=3 for ICR) were established by
feeding thiamine-deprived diet (Trophic Animal Feed
High-tech Co., Ltd., China). Control mice (n=3 for each
strain) were fed the general diet. Twenty-eight days later,
all mice received PET/CT scanning.

Micro-PET/CT imaging

Micro-PET/CT imaging using '®F-deoxy-thiamine as the
tracer was performed in the mice with TD and control
mice, as well as in marmosets. The animals were anes-
thetized by inhaling 1.5-2% of isoflurane in air (1.5 L/
min) and received CT scan for acquiring structure image
and attenuation correction data. Then, the mice were
injected with 7.4-14.8 MBq of '®F-deoxy-thiamine in
0.1 ml volume (diluted by normal saline) through the tail
vein. Brain PET imaging was immediately performed and
dynamically acquired for 90 min with an energy window
of 350-650 KeV and a time window of 3.438 ns. A total
of 35 frames were setup: 20 f, 3s; 4 f, 60 s; 5 f, 300 s; 6 f,
600 s. Dynamic images were reconstructed by OSEM3D/
SP-MAP algorithm with two iterations. After scanning,
the mice were sacrificed.

The marmosets were injected with 46.3-74.0 MBq
of '8E-deoxy-thiamine in 0.5-0.8 ml volume through
the femoral vein. Brain PET imaging was immediately
scanned and dynamically acquired for 60 min. A total of
18 frames were setup: 6 f, 10 s; 4 f, 60 s; 5 f, 300 s; 6 f,
600 s. The blood samples of the marmosets were taken
from femoral vein for measuring the levels of thiamine,
TMP, and TDP. The other conditions for marmosets were
the same as that for mice.

Regions of interest (ROIs) were drawn manually over
the whole brain (for mice and marmosets) and in the left
ventricular cavity (for marmosets) based on the PET/
CT co-registered images using IRW 4.2 software (Sie-
mens Medical Solutions USA, Inc.). Radioactivity was
expressed as standard uptake value (SUV): (ROI radio-
activity/ROI  volume)/(injected radioactivity/gram of
body weight). The time-activity curve (TAC) and AUC
(SUV *mins) were also calculated.
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The TACs of the marmosets blood (Radioactivity was
expressed as SUV) were taken as input functions (IF)
[14-16] for fitting Patlak plots [17, 18], in order to ana-
lyze transfer constants (K,) of brains in marmosets (IRW
4.2 software). The details of Patlak model were described
in the Additional file 14: supplemental text.

Measurement of thiamine, TMP, and TDP in whole blood
samples of marmosets

Thiamine, TMP, and TDP levels in whole blood samples
were measured using HPLC, based on the established
method [4] with slight modification. Briefly, blood sam-
ples were collected using heparin-anticoagulated tubes;
150 ul sample was vibrated for 30 s with equal volume of
5.2% perchloric acid (PCA) added dropwise for depro-
teinization. Then, the mixture was stored at — 80 °C until
assay within 1 month. The mixture was centrifuged at
12,000 rpm for 8 min at 4 °C; the supernatant was pipet-
ted. Thiamine, TMP, and TDP in supernatant were deri-
vatized into thiochromes using potassium ferricyanide
and analyzed by gradient elusion with C,4 reversed-phase
analytical column (250*4.6 mm). The derivatives were
identified by HPLC fluoroscopy (1100, Agilent Technolo-
gies Inc., ex: 367 nm, em: 435 nm). The thiamine, TMP,
and TDP levels were quantified using standard samples
(Sigma-Aldrich, St. Louis, MO). The analyzers were
blinded to samples information.

Studies of pharmacokinetic and metabolic kinetics in liver
and kidney of mice

Nine-week-old male ICR mice (n=5) were dynami-
cally scanned using micro-PET/CT for 60 min. A total
of 18 frames were reconstructed: 6 f, 10 s; 4 f, 60 s; 5 f,
300 s; 6 f, 600 s. The scanning conditions were the same
as those mentioned above. The ROIs of liver and renal
parenchyma as well as left ventricular cavity were manu-
ally drawn.

For pharmacokinetic study, the TACs of the blood were
fitted. The radioactivity was evaluated as %IA/g (the per-
centage of injected activity per gram of blood). Pharma-
cokinetics parameters were counted through the software
PKSolver (version 2.0, China Pharmaceutical University)
[19].

For metabolic kinetics study, SUV, TAC, AUC, maxi-
mum radioactivity (C,,,), and time to C... (Tp.)
were calculated. The TACs of the blood (Radioactivity
expressed as SUV) were taken as IFs for fitting Logan
plots [20, 21], in order to analyze the distribution vol-
umes (Vp) of '®F-deoxy-thiamine in liver and kidney,
respectively (IRW 4.2 software). The details of Logan
model were described in the Additional file 14: supple-
mental text.
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Biodistribution study

The biodistribution of '®F-deoxy-thiamine was stud-
ied in ICR mice (=36 in total; 18 males, 9-week-old,
33.5+4.0 g; 18 females, 7-week-old, 27.7+5.0 g). For
each mouse, 0.1 ml of 18F-deoxy-thiamine solution
(37 MBq/ml) was injected into the tail vein under iso-
flurane anesthesia. The mice were sacrificed at 5 min,
10 min, 30 min, 1 h, 2 hs, and 4 hs after injection (3 males
and 3 females for each time point). The tissues of heart,
liver, spleen, lung, kidney, stomach, duodenum, pancreas,
femur, muscle (from thigh), artery blood, brain, fat, and
gonad (ovary or testicle) were harvested, weighted, and
measured for radioactivity by y-counter. %IA/g was cal-
culated referring to the counts of standard samples.

In vivo stability and the renal excretion rate

After metabolic kinetics study (Heading 9, Materials
and Methods section), the mice were stopped to expo-
sure to isoflurane and woke up several mins later. The
urine accumulated in the bladder of the mice during the
whole anesthetization period would be excreted. Some
mice were softly rubbed the lower bowel in order to pro-
mote urination as completely as possible. The duration
from the injection of ®F-deoxy-thiamine to mouse uri-
nation was about 85 min. The urine samples from three
ICR mice were collected using syringes and measured in
the radioactivity calibrator. Then, 0.1 ml urine for each
mouse was added in an Eppendorf tube, vibrated for 30 s
with equal volume of PCA added dropwise for depro-
teinization. After centrifuging at 12,000 rpm for 8 min
at 4 °C, the supernatant was filtered and analyzed using
HPLC.

Statistical analysis

For the continuous data, mean = standard error of mean
(SEM) was applied for statistical description. Student’s ¢
test was employed to compare the AUC values between
TD mice and controls in ICR strain. The Pearson cor-
relation was utilized to analyze the correlation between
the cerebral accumulation of '*F-deoxy-thiamine and the
levels of blood thiamine, TMP, and TDP in marmosets.
Repeated measurement of ANOVA with Tukey’s post
hoc was used to analyze the AUC values of '*F-deoxy-
thiamine in brain, liver, and kidney in ICR mice. All sta-
tistical analyses were performed using SPSS (Statistical
Package for the Social Sciences) software (version 22.0;
SPSS Inc., Chicago IL).

Results

Characterization and quality control of '8F-deoxy-thiamine
The solution of '®F-deoxy-thiamine was clear and
free of any particulate matter. All relevant items of
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Table 1 Characterization and quality control of '®F-deoxy-

thiamine

Items

Results

Physical character

pH value
Alcohols
RCP (n=3)
SA

RCY (n=3)°
RCC(n=3)
Bacteria test

Clear and transpar-
ent, No macroscopic
impurity
45
0%
98.28£0.39%
>55.5 GBg/umol
5.17£1.04%
986.67 +123.33 MBg/mll
Negative
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characterization are shown in Table 1. The RCP and SA
were 98.28+0.39% and>55.5 GBq/umol, respectively
(Fig. 2). The RCY was 5.174+1.04% (decay-corrected
to the end of bombardment), and the RCC was 740—
1110 MBq/ml. The bacteria and endotoxin tests were
negative. For exploring the expiration time, we tested the
stability in vitro. '®F-deoxy-thiamine final product was
stable at RT, with the RCP >95% 6 h, and >93% 10 h after
synthesis (Table 2).

Evaluation of cerebral thiamine metabolism status

C57BL/6 mice

The cerebral retention of !8F-deoxy-thiamine was
increasing and approached to C,, at the terminal time

Endotoxin test Negative o . . ax
. FISTRT— of 90 min in the two mice with TD. The SUVs_,, of the
ecay-corrected to the end of bombardment last frame (80—90 min) were 0.48 (TD 3 mouse), and 0.55
Counts
4000.04i @ F18
2000.0 4
0.0
0:00 10:00 20:00 30:00 mm:ss
mAU
60.0000 UV
v
b A\
\
40.0000 \ -
20.0000 \
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0.0000 —
0:00 10:00 20:00 30:00 mm:ss
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C
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L e o
0.0000 ===
0:00 10:00 20:00 30:00 mm:ss
Fig. 2 The identity of '®F-deoxy-thiamine and the measurements of radioactivity purity and specific activity. a, b Results of co-injection of
18F—deoxy—thiamine with cold standard sample. a was the radio-signal, and the retention time was 9 min 24 s; b was the UV-signal, and the retention
time was 8 min 47 s. Radio-signal acquisition system was installed behind UV-signal acquisition system, and the time-lag was about half-minute at
the flow rate of 0.8 ml/min. Note that the peak shapes of a, b were the same. ¢ the UV signal of '8F-deoxy-thiamine. UV =254 nm
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Table 2 In vitro stability test of '®F-deoxy-thiamine

Page 6 of 14

control mice; the SUVs . were about 0.17 (Ctrl 2 mouse),
0.25 (Ctrl 4 mouse), and 0.3 (Ctrl 1 mouse). The AUC val-

Time after synthesis (h) RCP (%) T :

ues within 90 min were 14.52 (Ctrl 2 mouse), 20.96 (Ctrl
0 97.68 4 mouse), and 25.67 (Ctrl 1 mouse) (Fig. 3a, b). The mean
2 96.89 of AUC values in TD mice was 1.9 times higher than that
4 96.11 in control mice (38.73 +3.74 vs. 20.38 +3.23).
6 95.03
8 94.01 .

ICR mice
10 93.38

(TD 5 mouse). The AUC values within 90 min were 34.99
(TD 3 mouse) and 42.46 (TD 5 mouse). In contrast, the
cerebral retention was stable within 90 min in the three

The values of cerebral SUVs_ . in three mice with TD
were 0.98 at 28th frame (TD 3 mouse, 20—25 min), 0.97
at 30th frame (TD 4 mouse, 30-40 min), and 0.61 at the
33th frame (TD1 mouse, 60—70 min), and then, the SUVs
declined slowly. The AUC values within 90 min were
79.28 (TD 3 mouse), 78.75 (TD 4 mouse), and 46.81 (TD

+ TD3
& TD5 - M4 108y
= D3 Cc 11 e - M1 31y
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+ Ctri4 § 3 uis +~ M2 35y
= Ctri2 18 = Ciri3 10
08 0.8
> >
D 0.6 2 0.6
7] ]
0.4 0.4
0.2 A 0.2
0.0 0.0

100 20 40

time

60 100 20 40 60

time time

r=-0.795 r=-0.175 r=-0.985 . r=0.986
g p =0.205 h p=0.825 i p=0.015 J p=0.014
8 9.5 700 0.012
= . 2.0 0.010
E6 . = . 600
> £ . £ 0.008
£ B85 > . ~
Qa4 £ £ 500 N ¥ 0.006
'E . a 8.0 \ o . °
kS g g 0.004
£2 . o 400 .
= 75 B 0.002
0 7.0 300 0.000
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 2 4 6 8 10 12
brain AUC (SUV*60min) brain AUC (SUV*60min) brain AUC (SUV*60min) age

Fig. 3 The evaluation of cerebral thiamine metabolism status in mice and marmosets. a, b C57BL/6 mice. A: the cerebral TACs of
18F-deoxy-thiamine in 90 min. The average AUC value in two mice with TD was 1.9 times higher than that in control mice (38.73 £3.74 vs.
20.38+3.23). b The representative PET/CT images in TD and control groups (TD 5 and Ctrl 2, both at 50-60 min). ¢, d ICR mice. ¢ The cerebral
TACs of "®F-deoxy-thiamine in 90 min. The AUC values in mice with TD were significantly higher than those in controls (68.28 +10.74 vs.
21.88+4.25,P=0.016). d The representative PET/CT images in TD and control mice (TD 4 and Ctrl 1, 50-60 min). e, j Marmosets. e The cerebral
TACs of '8F-deoxy-thiamine in 60 min. f The representative PET/CT images (M4, 30-60 min). g-i The correlations between cerebral AUC values of
'8F-deoxy-thiamine within 60 min and blood levels of thiamine, TMP, and TDP. j The correlation between cerebral transfer constant k; and age
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1 mouse), respectively. The SUVs_ . of ICR control mice
were 0.36 (Ctrl 1 mouse), 0.27 (Ctrl 5 mouse), and 0.18
(Ctrl 3 mouse) within 90 min, respectively. The TACs in
control mice were stable, similar to that in the C57BL/6
strain mice. The AUC values within 90 min were 29.58
(Ctrl 1 mouse), 21.14 (Ctrl 5 mouse) and 14.92 (Ctrl 3
mouse), respectively (Fig. 3c, d). The mean of AUC val-
ues in TD mice was 3.1 times higher than that in controls
(68.28 +10.74 vs. 21.88 £4.25, P=0.016).

Marmosets

The retention of '®F-deoxy-thiamine in the cerebrum of
three marmosets had been increasing within 60 min (M1,
M3, M4) and reached plateau at 16" frame (30-40 min)
in M2. The values of SUV . were between 0.33 and 0.90,
and the AUC values within 60 min were between 17.07
and 42.28 (29.33 £5.15; Fig. 3e, f). There was a signifi-
cantly negative correlation between cerebral AUC values
within 60 min and TDP levels in whole blood samples
(r=—-0.985, p=0.015, Fig. 3i). No significant correla-
tion was found between the AUC values of '®F-deoxy-
thiamine in cerebrum and blood thiamine and TMP
levels (Fig. 3g, h). In order to quantitatively evaluate the
uptake of '8F-deoxy-thiamine in the cerebrum of mar-
mosets, the Patlak model was utilized to analyze the
blood-to-brain transfer rate represented by constant K
based on the characteristics of metabolic kinetics in the
brain. The regression plots were fitted automatically by
software from 20 to 60 min. K; was between 0.0030 and
0.0102 ml/g/min, and significantly correlated with age
(r=0.986, P=0.014, Fig. 3j, see the fitted Patlak plots in
Additional file 10: Figure 4).

Pharmacokinetic study and metabolic kinetics study

in liver and kidney of mice

Table 3 shows the pharmacokinetic parameters. Figure 4a
shows the TAC of '®F-deoxy-thiamine (radioactivity as
IA%/g) within 60 min in the ICR mice blood represented
by the ROI in left ventricle. The pharmacokinetic profiles
of F-deoxy-thiamine fitted a two-compartment open
model. The value of AUC, ¢, ,,in Was 37.313, account-
ing for 99.77% of the value of AUC_; ¢ (37.399), which
implies that the 60 min observation be sufficient to depict
the pharmacokinetic characters. The T, ,, was in the first
frame (0-10 s) and the C,,, was 18.12+2.20 1A%/g,
respectively. The half-life of distribution (¢,,,,) and half-
life of elimination (¢,/,5) were 0.082 and 6.379 min. The
volume of distribution (V1) and clearance rate (CL1) of
central compartment were 3.058 g and 2.674 g/min. The
Vp2 and CL2 of peripheral compartment were 19.308 g
and 20.162 g/min. These results revealed that '*F-deoxy-
thiamine could be absorbed and eliminated rapidly.
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Table 3 Pharmacokinetic parameters of '8F-deoxy-
thiamine in ICR mice (n=5)
Parameters (units) Values
Tovax (9) 0-10
Crnax 1A%/Q) 18.124£220°
Vol (9) 3058
CL1 (g/min) 2674
V2 (9) 19308
CL2 (g/min) 20.162
t,5(@) (min) 0.082
t,5(8) (min) 6379
AUCq_g0 min (%IA/g * min) 37313
AUC,_ir¢ (%IA/g* min) 37.399
Ky (min~"P 0.874
Ky, (min™"P 6.593
kyy (min~"P 1.044

@ Data were expressed as mean 4+ SEM

b K, elimination rate constant; K;,, elimination rate constant from central
compartment to peripheral compartment; K,,, elimination rate constant from
peripheral compartment to central compartment

The representative images of dynamic micro-PET/
CT whole-body scanning of ICR mice within 60 min are
shown in Fig. 5. Initially, "*F-deoxy-thiamine distributed
mainly into liver and bladder. Then, the radioactivities
in the liver quickly declined, while that in bladder was
increasing over time. These results demonstrated that
the uptake and elimination of '®F-deoxy-thiamine in vivo
were fast and mainly occurred in liver and kidney.

The T, in liver was approximately 1 min post-injec-
tion. The value of SUV,,, was 4.61+0.53. Then, the SUV
dropped fast to 3.23+£0.50 at approximately 5 min. The
radioactivity continued to decline afterward. The SUV
was 0.72+0.05 at the terminal time (60 min). The AUC
value within 60 min was 79.94+5.43 (Fig. 4b). The T, ,,
in the kidney was approximately 30 s, and the SUV_,,
was 18.67 £7.04. The SUV dropped fast to 3.29+0.50
in 10 min and continued to drop slowly. At the termi-
nal time (60 min), the SUV dropped to 0.77+0.35. The
AUC value was 113.4+15.56 (Fig. 4c). The AUC values of
liver and kidney within 60 min were significantly higher
than that of whole brain (P<0.001). Also, the AUC val-
ues in kidney were significantly higher than that in liver
(P<0.05, Fig. 4d).

Logan plot was applied to analyze the distribution
volume (V) of liver and kidney based on the character-
istics of metabolic kinetics. The regression plots were fit-
ted automatically by software from 10 to 60 min, and Vj
were 4.573 +0.34 ml/g in the liver and 6.17 £0.88 ml/g in
the kidney (Additional file 11, 12: Figure 5A-E, 6A-E).
The results indicated that the “steady-state” of uptake/
clearance was reached in the 10th min, and the mean
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uptake amount of '®F-deoxy-thiamine per gram tissue
was equivalent to the amount contained in 4.573 ml (for
liver) or 6.17 ml (for kidney) of blood.

In vivo stability and renal excretion rate

Since the -OH group of thiamine is replaced by -'°F,
8F_deoxy-thiamine cannot enter the known meta-
bolic pathways of thiamine till '*F decays back to %0~
[22, 23]. The radioactivity in the collected urine was
34.16 +3.84% of total injected radioactivity measured by
radioactivity calibrator (decay-correction), and no cor-
relation was found between the excreted radioactivity in
urine and the injected radioactivity (Additional file 14:
Table 1). The RCP of renal excreted *F-deoxy-thiamine
was 94.53+0.81% determined by HPLC. In addition,
an unknown trace substance (3.30£0.60% in RCP) was
found ahead of 18F—deoxy—’thiamine, which could not
be F~ ions according to its retention time and shape
(Fig. 6). The percentage of intact tracer was 96.63%. These
results indicated that about one-third of '®F-deoxy-thi-
amine was excreted by kidney and that '®F-deoxy-thia-
mine was stable within 85 min in vivo.

Biodistribution study

As a derivative of an essential vitamin, '*F-deoxy-thia-
mine distributed widely in vivo. In most of the organs
and tissues of ICR mice, the C,,.  of '®F-deoxy-thia-
mine achieved between 5 and 15 min, then '8F-deoxy-
thiamine was cleared rapidly, and the accumulation
was very low in these organs and tissues till 4 h after
injection (Fig. 7, Additional file 14: Table 2). The mus-
cular radioactivity in female ICR mice began to decline
5 min after injection, differentiating from that in male
ICR mice, in which the radioactivity increased within
60 min, then declined rapidly.

Consistent with the results of PET/CT scanning, the
biodistributions of liver and kidney were higher than
that in the other organs investigated. The biodistribu-
tions of '8F-deoxy-thiamine in brain, fat, and gonad
were less than those in other organs or tissues observed
in this study. Interestingly, the level of '*F-deoxy-thia-
mine in the ovary was higher than that in the testicle,
indicating the difference in ®F-deoxy-thiamine metab-
olism between male and female gonads.
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Fig. 5 Dynamic micro-PET/CT Scanning within 60 min. The representative results from one ICR mouse. a The 11th frame (5-10 min). b The 12th
frame (10-15 min). ¢ The 13th frame (15-20 min). d The 14th frame (20-25 min). e The 15th frame (25-30 min). f The 16th frame (30-40 min). g The
17th frame (40-50 min). h The 18th frame (50-60 min)
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Discussion

The levels of thiamine and its phosphate esters decline
in the brains of mice with TD [24]. Our current study
showed the retention of 'F-deoxy-thiamine was higher
in the cerebra of two strains mice with TD as compared
with that in control mice (Fig. 3a—d). The results indicate
that the enhanced accumulation of '®F-deoxy-thiamine
in the brain could reflect the status of cerebral thiamine
deficiency of the mice. It may be due to the fact that brain
elevates the uptake efficiency of thiamine from periph-
ery blood in order to meet the demands of high rate of
glucose metabolism as well as other thiamine-dependent
physiological activities under the condition of thiamine
deficiency. TDP accounts for 90% of total thiamine in the
body [25]. We observed that the level of '*F-deoxy-thia-
mine in the brain significantly negatively correlated with
blood TDP levels in marmosets (Fig. 3i). In addition, the
blood-to-brain transfer rate as represented by K; was sig-
nificantly positively correlated with the age of marmosets
(Fig. 3j), suggesting that the reserve of thiamine in mar-
mosets declines with age. The result is consistent with

our previous observation in the non-demented elderly
[26]. Of course, this result should be further validated by
expanding the sample size in future studies.

The previous study has showed that TDP reduction
contributes to cerebral glucose hypometabolism of AD,
and the concentration of blood TDP was positively corre-
lated with the level of cerebral glucose metabolism in AD
patients [24]. Cerebral glucose metabolism is extremely
high [27]. Under normal circumstances, the brain glucose
concentration is kept constant at the millimole concen-
tration and cerebral metabolic rate of glucose (CMR,)
reaches 0.2—-0.3 umol/g/min [28]. It may lead to the pos-
sibility that slight alteration of brain glucose metabolism
under some pathological conditions is difficult to be
detected by PET with [*®F]-fluorodeoxyglucose (FDG-
PET). In this study, the SUVs of '®F-deoxy-thiamine in
the brains of control mice and marmosets were less than
0.4 and 0.9, respectively (Fig. 3a, c, e). It is much lower
than that of FDG in the range of 1-2 in the brains of mice
[29]. The results imply that PET with '®F-deoxy-thiamine
may be more sensitive than FDG-PET for evaluation of
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mild brain hypometabolism status. The advantages and
disadvantages of these two methods for detecting brain
metabolic status should be further investigated in future
studies.

In both genders of ICR mice, kidney, liver, and pan-
creas exhibit high accumulation level of '®F-deoxy-
thiamine, while brain, muscle, fat, and gonad show low
accumulation concentration (Fig. 7; Additional file 14:
Table 2, 3). These results are consistent with previ-
ous reports on the biodistributions of thiamine and

its phosphate esters [30-32]. Besides, we found that
3.37% of '®F-deoxy-thiamine in urine was metabolized
to more polar compounds after 85 min in vivo pro-
cess (Fig. 6). To our knowledge, the —OH group is the
active site for thiamine converting into bioactive TDP
in vivo [22, 23]. Thus, before —'®F decays back to sta-
ble isotope —'%0, !®F-deoxy-thiamine could not enter
the known metabolic routes. The presence of this 3.37%
compounds implied other unknown metabolic routes
might exist. '®F-deoxy-thiamine could help for further
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exploration on the metabolism and biodistribution of
thiamine.

Stability is important for PET tracer. ®F-deoxy-thia-
mine was stable at RT. The RCP was >95% 6 h, and >93%
10 h after synthesis, which means no significant radi-
olysis effect exists in vitro (Table 2) [33]. In addition,
no '8F-deflourination of '®F-deoxy-thiamine in vivo
was observed based on the phenomenon that the accu-
mulation of radioactivity signal in bone was decreas-
ing over time [34] (Fig. 7b, e). Also, the prototype form
of '®F-deoxy-thiamine excreted in urine reached 96.63%
within 85 min after vein injection (Fig. 6). These results
demonstrated that '®F-deoxy-thiamine was highly stable
both in vitro and in vivo.

Pharmacokinetic and metabolic kinetics studies as
well as biodistribution study indicated that the uptake
and clearance of '®F-deoxy-thiamine in vivo were fast,
which is another important requirement. The £;,3 was
6.379 min; CL, and CL, were 2.674 g/min and 20.162 g/
min, respectively (Table 3). The values of C,,, in various
tissues and organs of ICR mice reached within 15 min
(except for muscle of males, reached within 1 h), and
the accumulation of '8F-deoxy-thiamine was very low
in these tissues and organs till 4 h after injection (Fig. 7,
Additional file 14: Table 2 and 3). Besides, at least one-
third of '8F-deoxy-thiamine was excreted through kidney
85 min after injection. (A small amount of urine may be
retained in bladder and not be collected.) See Additional
file 14: supplementary Table 1.

Graphical analysis technique has been extensively
applied in the analyses of nuclear medicine imaging
data. It is especially suitable for pharmacokinetic stud-
ies of novel tracers before the compartmental models are
fully described, because it is independent of any specific
model configuration [21]. We analyzed the important
kinetic parameters K; and V}, in the brain of marmosets
and in the liver and kidney of ICR mice employing Patlak
and Logan plots, respectively, based on the characteris-
tics of TACs in these organs (Figs. 3e, 4b, c). The V}, in
the kidney and liver of ICR mice were 6.174+0.88 ml/g
and 4.573+0.34 ml/g, respectively. The results showed
that the uptake and clearance of '®F-deoxy-thiamine
in vivo were fast.

Thiamine consists of a pyrimidine ring with an elec-
tronegative amidogen and a thiazole ring. The structural
complexity determines the difficulty of artificially synthe-
sizing and modifying thiamine. Since the first synthesis
route was reported in 1937 [13], only a few studies on
thiamine synthesis and modification have been pub-
lished [35—37]. Recently, Doi et al. [37] synthesized radio-
labeled thiamine with 'C and conducted heart imaging
study in rats [38]. Although 'C-thiamine possesses the
same molecular structure as thiamine itself, the short
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half-life of 'C (20.4 min) limits its application. Also,
1C_thiamine would be phosphorylated to "'C-TDP fast
via the —OH group in vivo [38], which complicates the
interpretation of the radio-signal. Here, '8F-deoxy-thia-
mine was successfully synthesized by a two-step route, in
which —OH group of thiamine replaced by —'*F (Fig. 1).
Although the RCY was not high enough, the RCP, SA,
and RCC were high (Table 1). The bacteria and endo-
toxin tests were negative. These results indicated that
!8F_deoxy-thiamine was safe and suitable for in vivo
studies.

The most difficult part in our two-step route is the
isolation and purification of the intermediate product
8F_compound (7). Though we have tried various solid
phase extractions as well as preparative HPLC, either
the isolation failed or the process became too compli-
cated to be automated. The molecule of 4-methyl-5(beta-
hydroxyethyl)-thiazole is solid, and its boiling point is
135 °C under vacuum [39]. Once —OH is changed to —F,
however, this compound becomes oil and volatile at RT.
We speculated that it was because the H bond connect-
ing H and N was broken (Additional file 13: Figure 7). By
distillation, we successfully isolated '®F-compound (7)
and realized the automation of the radiosynthesis route.

Conclusion

In this study, we synthesized a novel PET tracer of
18F_deoxy-thiamine and established its automated syn-
thesis route. Further, 'SF-deoxy-thiamine was stable
in vitro and in vivo, and possessed ideal characteristics
of metabolic kinetics. The PET with '®F-deoxy-thiamine
could evaluate the status of cerebral thiamine metabolism
and might be more suitable for evaluating cerebral energy
metabolism than FDG-PET due to the low abundance of
cerebral thiamine metabolism. However, the sample size
of marmosets in this study was not large enough, and we
lack of TD model of marmosets to further investigate
thiamine metabolism in non-human primates. This study
laid the foundation for further studies on diseases related
to thiamine dysmetabolism.
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Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513550-020-00710-5.

Additional file 1: Figure 1. The scheme of radio-synthesis using an
automated module.

Additional file 2: Figure 2. The synthesis route of cold standard sample
of '8F-deoxy-thiamine as well as precursors (5) and (6).

Additional file 3: Figure 3A. A: The TLC analyses results of inter-
mediate products in the synthesis route of cold standard sample of
18F-deoxy-thiamine.

Additional file 4: Figure 3B. B: HNMR result of precursor 5.
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Additional file 5: Figure 3C. C: LC-MS result of precursor 5, the purity has
been highlighted.

Additional file 6: Figure 3D. D: HNMR result of precursor 6.

Additional file 7: Figure 3E. E: LC-MS result of precursor 6, the purity has
been highlighted.

Additional file 8: Figure 3F. F: HNMR result of cold standard sample of
18F-deoxy-thiamine.

Additional file 9: Figure 3G. G: LC-MS result of cold standard sample of
18F-deoxy-thiamine, the purity has been highlighted.

Additional file 10: Figure 4. Blood-to-brain transfer rate constant K; of
18F-deoxy-thiamine analyzed by Patlak plot in marmosets. A: M1, 3.1 years
old. B: M2, 3.5 years old. C: M3, 5.4 years old. D: M4, 10.8 years old. The unit
of Ki'is ml/g/min.

Additional file 11: Figure 5. Distribution volume (V) of '®F-deoxy-
thiamine in liver analyzed by Logan plot in ICR mice. A-E: Each figure is for
one of five ICR mice, respectively. The unit of V is ml/g.

Additional file 12: Figure 6. Distribution volume (V) of '®F-deoxy-
thiamine in kidney analyzed by Logan plot in ICR mice. A-E: Each figure is
for one of five ICR mice, respectively. The unit of V, is ml/g.

Additional file 13: Figure 7. The H bond connecting H and N of
4-methyl-5(beta-hydroxyethyl)-thiazole is broken.

Additional file 14.
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TDP: Thiamine diphosphate; TMP: Thiamine monophosphate; TD: Thiamine
deficiency; PPP: Pentose phosphate pathway; TLC: Thin layer chromatography;
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