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Abstract: High liver uptake presents a problem for 3’-deoxy-3’-[18F]fluorothymidine ([18F]FLT) as a radiotracer for im-
aging cellular proliferation in the liver with positron emission tomography (PET). This investigation re-visited some is-
sues related to the high liver background uptake of [18F]FLT with an animal model of woodchucks. Several enzymes 
involved in the hepatic catabolism of FLT, thymidine phosphorylase (TP, TYMP), uridine 5’-diphospho-glucuronosyl-
transferases (UDP-GTs, short for UGTs), and β-glucuronidase (GUSB), their homology as well as hepatic expression 
between the human and the woodchuck was examined. Inhibitors of these enzymes, TP inhibitor (TPI) tipiracil 
hydrochloride, UGT inhibitor probenecid, β-glucuronidase inhibitor L-aspartate, were administered to the animals 
at human equivalent doses either intravenously (i.v.) and orally before the injection of tracer-dose [18F]FLT for PET 
imaging to examine any changes in liver uptake. Liver tissue samples were harvested from the animals after PET 
imaging and used to perform polymerase chain reaction (PCR) for TP expression or assays for enzymatic activities of 
TP and β-glucuronidase. Non-radiolabeled (cold) FLT was also applied for enzyme saturation. Animals administered 
with TPI displayed lower radioactivity in the liver in comparison with the baseline scan. The application of probenecid 
did not change [18F]FLT liver uptake even though it reduced renal uptake. L-aspartate reduced the liver background 
uptake of [18F]FLT slightly. The application of cold FLT reduced overall uptake of [18F]FLT including the liver back-
ground. Therefore, the combined application of cold FLT and [18F]FLT merits further clinical investigation for reducing 
liver background uptake of [18F]FLT. 
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Introduction

DNA synthesis and renewal of genetic material 
are essential for cell proliferation. Cells form 
thymidine monophosphate, a necessary pre-
cursor of DNA, either by methylating deoxyuri-
dine monophosphate via the de novo pathway 
or by phosphorylating thymidine imported from 
the extracellular milieu through the salvage 
pathway (Figure 1). Radiolabeled nucleoside 
analogs (Figure 2A) have been developed for 
positron emission tomography (PET) imaging of 
tumor proliferation through the salvage path-
way, one of them is 3’-deoxy-3’-[18F]fluorothymi-
dine ([18F]FLT) whose cellular uptake depends 
on the enzymatic activity of cytosolic thymidine 
kinase (TK1, Figure 1) [1]. TK1-dependent [18F]
FLT uptake has been correlated with tumor pro-

liferation in solid neoplasms such as non-small 
cell lung cancer [2], colorectal cancer [3], breast 
cancer [4], lymphoma [5], and sarcoma [6]. 
However, [18F]FLT is not suitable for PET imag-
ing in the liver because of a high liver back-
ground uptake seen in the clinical scans as 
shown in Figure 2B. In this study, we re-visited 
issues associated with the high liver back-
ground uptake of [18F]FLT using a unique animal 
model: viral-hepatitis infection-induced hepato-
cellular carcinoma (HCC) in the woodchucks [7]. 

The development of FLT by placing a fluorine on 
the ribose in place of a hydrogen greatly 
strengthened the N-glycosidic bond against  
the cleavage by thymidine phosphorylase (TP, 
Figure 1) [8], and resulted in a more stable [18F]
FLT in circulation than the native [11C]thymidine. 
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However, the activity of TP in the liver [9] could 
possibly produce 18F-labeled arabinofranose, 
which would be metabolized further similarly 
along the ribose metabolic pathways in the liver 
and contribute to liver background signal (see 
Figure S1) [10]. Transient suppression of hepat-
ic TP is required to protect the integrity of cer-
tain nucleoside analog drugs such as in the 
case of TAS-102 (Lonsurf®, Taiho Oncology), 
which gained FDA approval for refractory meta-
static colorectal cancer treatment. TAS-102 is a 
2:1 combination of an active ingredient, trifluri-
dine (FTD) and the TP inhibitor (TPI), tipiracil 
hydrochloride, which maintains FTD integrity 
against TP in the liver [11]. Working with the 
woodchuck model, we tested the inhibition of 
TP in the liver with the same TPI, tipiracil, which 
transiently suppresses hepatic TP activity 
despite that [18F]FLT is designed to resist hydro-
lysis by TP [8], to examine any change in the 
liver background uptake.

For long, the high hepatic background uptake 
was attributed to the glucuronidation of [18F]
FLT [1] based on the well-documented hepatic 
glucuronidation of a thymidine analogue 3’-azi-
do-3’-deoxythymidine (AZT, developed for the 
treatment of HIV-AIDS) [12] by enzymes from 
the family of uridine 5’-diphospho-glucuronosyl-
transferases (UDP-GTs or UGTs, Figure 2C). 
Meanwhile little effort has been devoted to the 
investigation of [18F]FLT glucuronidation or the 
reduction of the high liver background uptake. 
We explored possible ways to reduce the back-
ground uptake by inhibiting hepatic glucuroni-
dation with probenecid in the woodchuck mod-

els. Probenecid is FDA-approved for the treat-
ment of gout. It inhibits renal excretion of some 
drugs, thereby increasing their plasma concen-
tration to prolong their therapeutic effects [13]. 
It also inhibits hepatic glucuronidation in a par-
tial non-competitive fashion as exemplified by 
the inhibition of AZT glucuronidation [14]. In 
addition, there is β-glucuronidase (GUSB) that 
reverses the process of glucuronidation (Figure 
2D), which is mostly active in lysosomes al- 
though a fraction resides in the lumen of liver 
endoplasmic reticulum (ER) while UGT resid- 
es in the ER where the glucuronidation takes 
place (Figure 2E). We experimented with a 
known β-glucuronidase inhibitor L-aspartate to 
try to break this possible ER loop (Figure 2D). 
L-aspartic acid, a readily available food supple-
ment, was found to be protective of liver by 
inhibiting gut bacterial GUSB [15]. We tested 
this nonessential amino acid in an attempt to 
reduce the hepatic background uptake of [18F]
FLT.

Finally, we applied a clinically “safe” dose of 
non-radiolabeled (cold) FLT shortly before the 
injection of “hot” [18F]FLT into the woodchuck 
models to exam any changes in liver back-
ground uptake of [18F]FLT. Rodents such as 
mice showed little liver uptake of [18F]FLT com-
pared to humans due possibly to a higher con-
centration of endogenous thymidine in circula-
tion [16]. Inspired by this, we tested the satura-
tion of hepatic enzymes responsible for [18F]FLT 
metabolism/catabolism with cold FLT to reduce 
the background uptake of [18F]FLT in the liver.

Figure 1. DNA synthesis pathways. Key enzymes are shown in italic type. TS: thymidine synthase; TK1: cytosolic thy-
midine kinase; TP: thymidine phosphorylase; TK2: mitochondrial thymidine kinase. TdR: thymidine; dUMP: deoxyuri-
dine monophosphates; TMP: thymidine monophosphate; TDP: thymidine diphosphate; TTP: thymidine triphosphate.
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Figure 2. FLT metabolism in the liver. A. C-11 labeled thymidine (TdR) and F-18 labeled FLT; B. Trans-axial MRI of liver cancer (left) and MRI/PET overlay of [18F]FLT 
(right) taken at 1.0 hr post injection; C. Metabolic pathways for AZT; D. Hypothesized hepatic loop mediated by uridine 5’-diphospho-glucuronosyl-transferases (UGT) 
and β-glucuronidase (GUSB) in endoplasmic reticulum (ER); E. Sub-cellular localizations of organelles.



[18F]FLT-PET of liver

215 Am J Nucl Med Mol Imaging 2020;10(5):212-225

Materials and methods

Animal models

Woodchucks weighted 8-10 lbs (averaged 3.5 
kg) and aged 2-3 years old were selected at 
Roswell Park Comprehensive Cancer Center 
(Buffalo, NY) for shipment to Case Western 
Reserve University (Cleveland, OH). A venous 
access port (SAI Infusion Technologies; Elgin, 
IL) was surgically implanted in each animal to 
facilitate radiotracer injection in all PET scans. 
The port was flushed regularly with heparinized 
saline. The food was taken away 4-5 hours 
before each PET imaging session for the easy 
of anesthesia procedure while drinking water 
was always kept. All procedures are approved 
by the Institutional Animal Care and Use 
Committee of the University.

Bioinformatics 

Human data from The Cancer Genome Atlas 
(TCGA) were downloaded from the public TC- 
GA Liver Hepatocellular Carcinoma database 
(TCGA-LIHC). The data include a total of 371 
RNA-seq gene expression results collected 
from both tumor and non-tumor human tissues. 
The TCGA-LIHC data were all sequenced using 
Illumina platforms and available as “raw” (i.e. 
un-normalized) read counts for each gene for 
each sample. Data were then reformatted and 
sent through the DESeq2 workflow in R [17] 
including a pre-filtering step, where genes with 
very low gene counts are excluded, a normaliza-
tion step to aid in comparing genes across sam-
ples, calculating the log2 fold change between 
non-tumor and tumor samples for each gene, 
and the differential expression between non-
tumor and tumor genes with a Wald test. The 
final results yield the base mean for each gene, 
the log2 fold change (FC) as tumor over liver, 
the standard error for the FC, the Wald test sta-
tistic, and the raw and adjusted p-value for mul-
tiple testing correction using the false discov-
ery rate (FDR). 

The woodchuck data were collected from the 
National Center for Biotechnology Information 
(NCBI) Gene Expression Omnibus (accession 
number GSE36545 and BioProject PRJNA15- 
5585). The data include 102 samples (GSM- 
896624-GSM896725) from 13 woodchucks 
with a total of 42 tumor samples and 60 non-
tumor samples [18]. The data obtained was 

from a custom NimbleGen Woodchuck Gene 
Expression HX3 Microarray. The downloaded 
data are normalized gene expression data for 
each sample, formatted in parallel to the TCGA 
dataset although the two sets of data were pro-
cessed differently due to the difference in the 
dynamic range inherent to each technology. 
Nine outlying samples were identified with prin-
cipal component analysis and subsequently 
excluded from the analysis. Log2 FC and t-tests 
were then calculated to compare the gene 
expression between tumor and non-tumor sam-
ples. All resulting p-values were FDR corrected 
to adjust for multiple testing.

The expression of the key genes involved in  
the metabolism/catabolism of FLT: TYMP (the 
gene coding TP), UGTs (the genes coding UGT 
isomers), and GUSB (the gene coding β-glucu- 
ronidase) between liver tumors and non-tumor 
liver tissues were tallied from the databases. 
The human data came from TCGA, and the 
woodchuck data from the customized microar-
ray. Homology of amino acid sequences be- 
tween human ([Homo sapiens]) and woodchuck 
([marmot]) proteins was determined by using 
Protein Basic Local Alignment Search Tool 
(BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). For example, the homology between the 
two species was searched for TYMP (NCBI 
Reference Sequence: NP_001244917.1 [Homo 
sapiens] and NCBI Reference Sequence: 
XP_015362361.1 [Marmota marmota marmo-
ta]). Similarly, the homology between the two 
species was also searched for UGT1A1, 
UGT1A9, UGT2B4, and UGT2B15, and GUSB, 
and described in Supplementary Materials.

Radiotracers

For PET imaging, [18F]FLT was synthesized auto-
matically with the Scintomics module (Fürsten- 
feldbruck, Germany) using the sequence pro-
vided by the vendor. For scintigraphy or hepa- 
tobiliary iminodiacetic acid (HIDA) scan and 
single photon emission computerized tomogra-
phy (SPECT) scan, [99mTc]mebrofenin (trimethyl-
bromo-iminodiaceticacid) was prepared using 
the Choletec® kit supplied by Bracco (Monroe 
Township, NJ).

Imaging experiments and data analysis

For the baseline scan, the animal was placed 
prone in the clinical Ingenuity PET/CT scanner 

http://www.ajnmmi.us/files/ajnmmi0114368supplmaterials.pdf
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(Philips, Cleveland, OH) and under 3% isoflu-
rane gas anesthesia throughout the scan. After 
a low-dose CT scan, 52~80 MBq (1.46~2.1 
mCi) [18F]FLT was injected intravenously (i.v.) 
through the implanted venous access port and 
followed by a dynamic PET scan of 60 min in list 
mode on the clinical PET/CT system as the 
woodchucks with an average weight of 3.5 kg 
would not fit into the microPET. PET acquisition 
was re-binned into a total of 21 frames: 10 × 
30 seconds, 5 × 1-min, 2 × 5-min frames and 4 
× 10 min, respectively. Selected animals also 
had the HIDA scan until visible signal in the gall-
bladder (GB). A planar dynamic scintigraphic 
scan centered on the liver was performed with 
the Philips Brightview XCT (Cleveland, Ohio) 
SPECT/CT scanner at the injection of 18.5 MBq 
(0.5 mCi) [99mTc]mebrofenin, and until GB signal 
was concentrated. A SPECT/CT scan was then 
followed immediately on the same clinical scan-
ner for the localization of GB and in comparison 
with the PET/CT scan for the timing of GB con-
centrating. Briefly, after the corn-beam low-
dose X-Ray CT scan, the SPECT acquisition 
used a medium energy collimator and 15% 
energy window around the photopeak, 128 × 
128 matrix and 128 projections in total over a 
full 360° rotation. The vendor-supplied itera-
tive image reconstruction algorithm ordered 
subset expectation maximization (OSEM) was 
used to reconstruct the SPECT images.

After the baseline scan, additional PET scans 
with [18F]FLT were performed identically with 
the same animal after the application of one of 
the inhibitors. For TP inhibition, tipiracil at 70 
mg/kg was administered i.v. 1-4 min before 
and orally 4-5 hrs before the injection [18F]FLT 
injection for PET imaging; for inhibiting hepatic 
glucuronidation, probenecid at 0.25 g/kg was 
administered orally 2 hrs before [18F]FLT injec-
tion; for β-glucuronidase inhibition, L-aspartic 
acid at 300 mg/kg once daily was also admin-
istered orally for 4 days consecutively before 
PET imaging with [18F]FLT; for enzymatic satura-
tion, cold FLT applied at 6.0 mg/kg i.v. 10 min 
before the hot [18F]FLT injection. Four animals 
were scanned three times in the sequence of 
baseline, TPI (tipiracil i.v. and oral) applications 
prior to [18F]FLT injection; three animals were 
scanned three times in the sequence of base-
line, the application of probenecid and cold FLT; 
two additional animals were compared for [18F]
FLT liver uptake, one scanned after 4 days of 
oral L-aspartate administration at 300 mg/kg 

once daily, and the other as a control without 
L-aspartate. All scans for each animal were 
scheduled within two weeks, but at least 48 hrs 
apart, giving the time for radio-decay from the 
last scan, and for animal recovery from anes-
thesia between the scans. After the final scan, 
the animals were euthanized for tissue harvest-
ing. The samples were fresh-frozen immediate-
ly for later use in quantitative real-time poly-
merase chain reaction (qRT-PCR) or enzymatic 
assay.

Standardized uptake value (SUV), which is the 
normalized radiotracer uptake by body weight 
and injected dose [19], was calculated based 
on the circular regions of interest (ROIs) placed 
in the liver as well as focal uptakes in the kid-
neys or GB, and time activity curves in the unit 
of SUV were generated for these ROIs.

qRT-PCR for thymidine phosphorylase (TP or 
TYMP)

The primers for qRT-PCR were designed at The 
Custom TaqMan® Assay Design Tool based on 
marmot mRNA sequences for required genes: 
TYMP (custom TaqMan gene expression as- 
say AP47WWH based on XM_015506875.1 
mRNA sequence), and endogenous control 
gene GAPDH (assay AP2W9P7 based on XM_ 
015500718.1 mRNA sequence). RNA was 
extracted from tissue using Qiagen miRNeasy 
Mini Kit (Cat. No. 217004, Qiagen) according to 
manufacturer’s instructions. Total RNA (0.25 μg 
for each reaction) was used to generate com-
plementary DNA (cDNA) with the High-Capacity 
RNA-to-cDNA Kit (Cat. No. 4387406; Applied 
Biosystems). qRT-PCR was performed on a 
StepOne Plus real-time thermocycler with 1.33 
mL of cDNA for each reaction and the TaqMan 
Universal master Mix II, with UNG (Cat. No. 
4440038; Applied Biosystems). Expression 
data was obtained for each gene from each 
sample as threshold cycle (Ct). ΔCt was calcu-
lated as the Ct of endogenous control gene 
minus the Ct of the gene of interest. ΔΔCt was 
then calculated as the ΔCt of the reference 
sample minus the ΔCt of another sample. This 
sets the ΔΔCt of the reference sample to 0. The 
relative quantification (RQ) of gene expression 
was calculated as 2-fΔΔCt). This yields an RQ 
for the reference sample as 1. Samples with 
more transcripts than the reference sample will 
have negative ΔΔCt scores and larger RQ 
values.
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Enzymatic assay for thymidine phosphorylase 
(TP, EC 2.4.2.4) 

The TP assay conditions were essentially as 
described by Marti and colleagues, with a few 
modifications [20]. Previously frozen animal tis-
sue samples were homogenized using pestle 
mortar method, and were then added into the 
lysis buffer containing 50 mM Tris-HCl pH 7.2, 
0.1% triton x-100, 0.02% mercaptoethanol, 2 
mM PMSF (phenylmethylsulphonylfluoride), 
and protease inhibitor cocktail. The homoge-
nized samples were passed 2-3 times through 
25 G needle, after that the samples were incu-
bated for 30 min on ice and were then centri-
fuged for 30 min at 28,000 × g at 4°C to re- 
move any remaining insoluble material. Protein 
content was determined using Pierce 660 nm 
protein assay (Thermo Scientific™, #22660) 
according to manufacturer’s instructions. Su- 
pernatants from homogenates, containing 150 
μg protein, were incubated with 0.1 M Tris-
arsenate buffer (pH 6.5) containing 10 mM thy-
midine in a total volume of 0.1 mL. After incu-
bation for 1 hour at 37°C, the reaction was 
stopped by adding 1 mL of 1 ml of 0.55 M per-
chloric acid and the reaction tube were placed 
on ice for 5 minutes, causing precipitation of 
the protein. Then, the samples were either 
directly prepared for HPLC analysis or stored at 
-20°C. Reaction blanks were created by per-
forming the acid-precipitation immediately 
after mixing the cell extract with the reaction 
solution. Prior to HPLC analysis, the samples 
were centrifuged for 10 min at 20,000 × g at 
4°C.

Reaction products were quantified by revers- 
ed phase high performance liquid chroma- 
tography at ambient temperature using a 100 
mm × 4.6 mm Luna 5 um C18(2) column 
(Phenomenex) at a flow rate of 0.5 ml/min, 
using water/acetonitrile (95/5) mobile phase. 
Detection of thymine was performed at 267 
nm. Thymidine and thymine concentrations 
were calculated using pure compounds as 
standards.

Enzymatic assay for β-glucuronidase (EC 
3.2.1.31)

The same frozen liver tissue samples harvest-
ed from the woodchucks as in the TP assay 
were used in this experiment. The following pro-
cedures were carried out at 2~4°C unless oth-

erwise indicated. β-Glucuronidase activity was 
quantified by measuring the hydrolysis rate of 
the fluorogenic substrate 4-methylumbelliferyl 
β-D-glucuronide (MUG) (Sigma) as describ- 
ed previously [21]. Briefly, harvested tissues 
(approximately 50 mg) were homogenized in 
the lysis buffer (500 ml of 0.2% Triton-saline). 
Tissue samples were vortexed, then freeze-
thawed three times by incubating at -80°C for 
30 min. and then thawing at 37°C. The samples 
were microfuged for 2 min at 12,000 × g. 250 
mL aliquots were heat-inactivated for 90 min at 
65°C. 4-methylumbelliferone (4-MU) standards 
were made in the range of 0~100 mM for a 
standard curve. 100 mL of substrate (10 mM 
4-methylumbelliferyl β-D-glucuronide (MUGlUc) 
in 0.1 M NaAc buffer) was combined with 50 
mL of sample (or standard) in a 96-well fluo-
rometer plate and incubated at 37°C for 2~4 
hrs. The substrate MUGlUc was cleaved in the 
presence of β-glucuronidase, producing a fluo-
rogenic compound that is easily detected using 
a fluorometer. All samples and standards were 
done in triplicate. The reaction was quenched 
by the addition of a glycine-carbonate buffer 
(0.32 M glycine, 0.2 M NaCHO3). Samples and 
standards were read on a CytoFluor fluorome-
ter (Applied Biosystems, Branchburg, NJ) at the 
wavelengths of 360 nm (excitation) and 450 
nm (emission). β-Glucuronidase activity was 
calculated by first correcting for the blank read-
ing. Standards were averaged and used to cal-
culate the Kf constant ((average of standard/
reading) × (1000 mL/mL/100 mL) × (dilution 
factor)). The samples were assayed after the 
heat-inactivation step and a subsequent spin 
of 2 min at 12,000 × g. β-Glucuronidase activi-
ty was calculated as: nmoles/hr/mg protein = 
(corrected reading) × Kf × # of hours × (dilution 
factor, if any). One unit of enzyme activity is 
expressed as the amount of enzyme that cata-
lyzes the release of 1 nmol of 4-methylumbel-
liferone/hr. The protein concentration of each 
sample was determined by a similar protein 
determination method as in the TP assay. The 
enzymatic activity is expressed in units per mL 
of tissue homogenate and then normalized to 
the total protein content. 

Results

UGT1A1, UGT1A9, UGT2B4, and UGT2B15, are 
the dominant hepatic enzymes from the UGT 
family: 37% of human UGT1A1 is localized in 
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Table 1. The expression (base mean counts) of key enzymes in the liver and HCC between the wood-
chuck and human

microarray (woodchuck) RNA-seq (human)
liver HCC p-adjusted liver HCC p-adjusted

UGT1A1 13.62426 13.13745 4.23181E-06 8801.71186 3533.46947 1.45163E-05
UGT1A9 13.55701 13.50425 0.673895776 2466.35805 1734.90550 0.142498018
UGT2B4 13.79634 13.15938 1.90991E-06 45576.22225 41455.97744 0.589224659
UGT2B15 11.81149 10.58412 3.53358E-15 19323.67142 12831.68579 0.035838247
TP (TYMP) 8.83511 8.76515 0.476674647 3652.80124 5092.15043 0.010859334
GUSB 13.35361 13.61442 0.001676322 8868.19768 7248.33974 0.006082343

the liver; 31% of human UGT1A9 is in the liver; 
59% of human UGT2B4 is localized in the liver; 
29% of human UGT2B15 is in the liver [22]. 
These four UGTs showed a homology of 88%, 
88%, 52% and 86%, respectively, between 
human and woodchuck. Noticeably, the pre- 
dicted marmot UTG2B4 sequence is much 
shorter than the human UTG2B4 sequence, 
which resulted in many gaps in the alignment 
between the two species for UGT2B4, while a 
higher degree of homology (85%) was found 
between the woodchuck UGT2B4 and human 
UGT2B15. The expression of many UGTs is  
significantly higher in the liver parenchyma 
than in HCC (Table 1 showing FC with adjusted 
p-value) from both woodchuck (microarray) and 
human (RNA-seq) results. Inversely, GUSB (β- 
glucuronidase) showed dis-concordant expres-
sion ratio between liver and HCC among wood-
chuck and human (Table 1) while the differenc-
es are rather small, and an 89% homology in 
protein sequence between the two species was 
found for GUSB. Likewise, while the results 
from human samples showed a higher TYMP 
(TP) expression in HCC than in the surrounding 
liver parenchyma, and that from woodchuck did 
not show such a significant difference (Table 
1). PCR with harvested woodchuck liver tissues 
using the woodchuck-specific primer for TYMP 
(TP) showed inconsistent tumor/liver ratios 
among the four animals (Figure 3A). A 92% 
homology between the two species was found 
for TYMP. Markedly, the base mean level of 
GUSB is higher than that of TYMP, which 
prompted us to check enzymatic activity of the 
two, as reported next. The FASTA results of 
TYMP, UGTs and GUSB were included in the 
Supplementary Materials.

The specific enzyme activity of TP measured 
from the liver and tumor tissue samples was 
calculated from the product formed in the reac-

tion and expressed as nanomoles of thymine 
composed per hour and μg of total protein. 
After 60 min reaction, the extracts showed sim-
ilar TP enzymatic activities in the liver tissue 
and tumor samples (Figure 3B). Results using 
the tissue samples from the other three ani-
mals showed no significant difference in enzy-
matic activities of β-glucuronidase between 
HCC and its surrounding hepatic tissues with 
the activities one-order higher than that of TP 
(Figure 3C).

Radiosynthesis using the Scintomics module 
produced [18F]FLT with a consistent radiochem-
ical yield > 20%, radiochemical purity > 98%. 
Woodchuck PET imaging using [18F]FLT dis-
played a sustained high background uptake in 
the liver after radiotracer clearance cleared 
from the circulation (Figure 3D), which recapit-
ulates the human scans. Clinical grade [99mTc]
mebrofenin was prepared for the HIDA scan. 
Oral gavage of various inhibitors (TPI, probene-
cid, L-aspartate) before imaging was done 
when the animal was awake (Figure 3E).

Animals administered with TPI reduced liver 
uptake of [18F]FLT in comparison with that in 
the baseline scan (Figure 4). At 55 min post 
injection of [18F]FLT, liver SUVs calculated 
based on the circular ROI were 2.1 after TPI 
application and 3.5 in the baseline scan, 
respectively. The gallbladder (GB) concentra-
tion showed up earlier, on average 5-6 min 
after TPI treatment vs. 10 min in the baseline 
scan (Figure 4A). The HIDA scan showed a con-
centrated GB at about 12 minutes (Figure 4C), 
close to the concentration of GB signal in the 
baseline PET scans. In addition, there is no dif-
ference in timing between i.v. and oral adminis-
tration of TPI for liver clearance of radioactivity 
as well as GB concentration (Figure 4A, 4D, 
4E). 

http://www.ajnmmi.us/files/ajnmmi0114368suppldata.pdf
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Comparing to the baseline, the application  
of probenecid did not alter the level of liver 
background uptake of [18F]FLT (Figure 5A, 5B) 
from the baseline scan (Figure 5C, 5D). 
Noticeably, the renal signal was decreased con-
siderably in comparison and to the anticipated 
effect of probenecid. Cold FLT application be- 
fore hot [18F]FLT injection greatly reduced the 
overall uptake in the liver, kidneys and the gall-
bladder (Figure 5E, 5F) when comparing to the 
baseline.

Comparing to the control (Animal 2), after 4 
days of large dose of L-aspartate through oral 
gavage to Animal 1, the liver background 
uptake of FLT during the PET scan decreased 
after the initial high peak to an SUV of 3.0 by 55 
min post [18F]FLT injection while the SUV of the 
liver in Animal 2 remained above 4.0 after a 

lower initial peak. Figure 6 displays the time 
activity curves for both animals along with PET/
CT overlay of liver uptake at early (initial peak) 
and later (55 min post-injection).

Discussion

To address the high liver background uptake  
of [18F]FLT, an early attempt adopted a tempo-
ral-intensity information-based voxel-clustering 
approach, in which the liver background uptake 
was averaged, and removed through a kinetic 
spatial filter [23]. This “pure” engineering solu-
tion did not take into consideration any biologi-
cal factors. The clinical studies showed a more 
complex situation, in which some primary liver 
tumors with [18F]FLT uptake above the aver-
aged liver background and others below that 
[24, 25]. To investigate this high liver back-

Figure 3. Validating the woodchuck study. (A) PCR results (triplicated) for the expression of expression thymidine 
phosphorylase (TP) in the samples harvested from 4 woodchucks using the woodchuck primer, the y-axial is relative 
quantification (RQ) normalized to the liver samples; Comparison of enzymatic activities (in triplicates) between liver 
tumor and the surrounding hepatic tissues for (B) TP and (C) β-glucuronidase; (D) Coronal maximal intensity projec-
tion (MIP) of [18F]FLT PET scan of a woodchuck at 55 min post injection; (E) Oral gavage into a woodchuck.
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ground uptake, an animal model of viral-hepati-
tis infection-induced HCC in the woodchucks 
was used. We have examined a list of small 
molecule radiotracers [26-35] for PET imaging 
using the same animal model in the past. 

As summarized in Figures 1, 2, there are sev-
eral possible metabolic/catabolic routes that 
FLT could undergo to produce radiolabeled 
fragments retained in the liver to present a high 
background uptake. TP, also known as pla- 
telet-derived endothelial cell growth factor 

will have more options for TPI administration 
before PET imaging. 

Glucuronidation of FLT is widely believed to be 
the main cause for the high liver background 
uptake following the metabolic study of AZT 
(Figure 2C) [39]. It was estimated that 20% of 
FLT was glucuronidated in the liver [40]. FLT-
glucuronides (FLT-GAs) formed by UGTs was 
detected in circulation after FLT injection, and 
glucuronic acid (GA) in FLT-glucuronides was 
cleaved off with the added β-glucuronidase 

Figure 4. Application of thymidine phosphorylase inhibitor (TPI). (A) Time ac-
tivity curves of [18F]FLT uptake calculated from the regions of interest (ROIs) 
placed in liver and gallbladder (GB) at baseline (n=4), after intravenous (i.v., 
n=3) or oral administration of TPI (n=3), error bars removed for clarity except 
the baseline liver uptake; (B) A representative MIP of baseline scan [18F]FLT 
scan with ROIs (orange for liver and green for GB) superimposed; (C) SPECT/
CT overlay of HIDA scan taken from the same animal showing GB concentra-
tion; The corresponding MIPs of [18F]FLT PET scans after (D) i.v. and (E) oral 
administration of TPI, also with the ROIs.

(PD-ECGF) [36], was reported 
to be abundant in the liver for 
angiogenesis as well as the 
recycle of thymidine and its 
analogs [9]. Even though FLT 
was designed to resist TP 
cleavage, we applied a known 
TP inhibitor (TPI), tipiracil (or- 
iginally developed as an anti-
angiogenesis [against PD- 
ECGF] drug [37], now portion 
of an FDA approved drug Lo- 
nsurf®), with a human equiva-
lent dose before [18F]FLT 
injection and PET imaging. 
Previously, a preclinical inves-
tigation tested the application 
of the whole Lonsurf® (2 FTD: 
1 TPI), and found a delayed 
(24 hrs) increase of FLT 
uptake in xenograft human 
colorectal carcinoma impli-
cating FTD for stimulating TK 
activity [38]. However, liver 
background uptake was not 
addressed in that study. Our 
experiment with TPI applica-
tion resulted in a decreased 
uptake in the liver comparing 
to the baseline scan (Figure 
4). Whether this degree of 
reduction is enough for clini-
cal PET imaging remains to be 
tested in future clinical trials. 
Furthermore, tracer metabo-
lite analysis for [18F]FLT as 
well as reduction of metabo-
lites by the inhibition of TP will 
also be part of the investiga-
tion and validation in the 
future. Since oral gavage and 
i.v. injection of TPI behaved 
similarly, future clinical trials 
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enzyme in the blood sample [4]. What hap-
pened in the liver tissue has not been assayed. 
After treatment with a human equivalent dose 
of probenecid, PET imaging with FLT showed 
renal clearance comparing to the baseline scan 
demonstrating that probenecid is working 
according to its original indication (Figure 5A, 

5B). However, the liver background signal did 
not change comparing to the baseline. Con- 
centrating gallbladder signal shown during the 
PET scan (Figures 4, 5) matches that in the 
HIDA scan indicating the course of FLT-
glucuronides in the PET scans to be similar to 
that of bilirubin-glucuronides displayed in the 

Figure 5. Application of probenecid or FLT. From the top to bottom, [18F]FLT PET scans after oral application of pro-
benecid, at baseline, and after i.v. injection of cold FLT. Left column: representative time activity curves calculated 
for the ROIs placed in the organs, liver (orange), GB (green) and kidney (grey). Error bars are only shown for the 
liver uptake for the clarity of the display; Right colum: coronal MIPS with the ROIs for each scan from a presentative 
animal out of three (n=3).
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HIDA scan. Probenecid broadly inhibited many 
isoforms of UGT in a non-specific manner by 
inhibiting the clearance of glucuronides [41], 
which also accumulated as retention to offer a 
possible explanation for a similar liver back-
ground uptake after probenecid application. 
Perhaps, the new strategy to pursue is to expe-
dite the clearance of hepatic glucuronides with 
a different intervention to reduce the back-
ground signal rapidly. 

Another conceivable explanation for the back-
ground accumulation is a possible futile cycle 
between the actions of hepatic UGTs and 
β-glucuronidase (Figure 2D), which would main-
tain a level of local radioactivity for a high liver 
background. Inhibition of β-glucuronidase with 
the application of a food supplement L-aspar- 
tate seemed to only lower the liver background 
slightly (Figure 6). L-aspartic acid was found in 
human milk and cow milk, and was put into 
commercial infant formula as an ingredient that 
was found to reduce neonatal jaundice level by 
inhibiting gut bacterial β-glucuronidase [42]. 
Whether L-aspartate has any inhibitory effects 
on hepatic β-glucuronidase cannot be deter-
mined from our experiment. Further investiga-
tions with more animals are required to draw 
any conclusions. The precursor of β-glucuroni- 
dase is synthesized by membrane-bound ribo-
some on rough ER, and is subsequently translo-
cated to the ER where post-translational modi-
fications occur [43]. The enzyme undergoes a 
series of post-translational modifications and 
the majority is transported to lysosome via the 
golgi apparatus, see Figure 2E. Dual localiza-
tion of functional β-glucuronidase to ER and 
lysosome was then discovered [44]. However, 

given the difference in pH between the acidic 
lysosome and the near neutral ER, microsomal 
β-glucuronidase would only have about 10% of 
lysosomal enzymatic activity [45], hinting a 
smaller contribution to the possible hepatic 
hydrolysis of endogenous and xenobiotic gluc-
uronides in ER. This undercuts our hypothe-
sized futile cycle between UGTs and β-glucu- 
ronidase due to their mismatched enzyme 
activities in ER. While the enzymatic assays 
(Figure 3) showed an overall higher β-glucu- 
ronidase activity than that of TP in the liver, 
which is in accordance with the level of expres-
sions of GUSB (β-glucuronidase) and TYMP (TP) 
in the liver (Table 1), the high activity/expres-
sion might represent a combination from both 
microsomal (ER, lower activity) and lysosomal 
(higher activity) β-glucuronidase. Future cellu-
lar metabolite/catabolite analysis will provide 
hard evidence about the relative amount of 
glucuronides and other labeled products in 
organelles. Of note, both TYMP (TP) and GUSB 
(β-glucuronidase) showed discordant results 
processed based on the publically available 
human and woodchuck sequencing data. While 
PCR revealed large variations among the ani-
mals, enzyme assays exhibited no difference in 
enzymatic activities for both TP and β-glucu- 
ronidase between the tumor and the surround-
ing liver tissues. Therefore, similar inhibitory 
effects were expected to be applied to both the 
liver and tumor tissues by TPI and L-aspartate, 
respectively.

The rodents have no problem with liver back-
ground uptake of [18F]FLT as a higher concen-
tration of circulating thymidine in murine, 2-3 
orders higher than humans, helped to saturate 

Figure 6. Application of L-aspartate. Animal 1 (Liver 1 and Kidney 1) was fed with L-aspartate for 4 days before PET 
scan while Animal 2 (Liver 2 and Kidney 2) was the control without L-aspartate. Left: time activity curves calculated 
with ROIs placed in liver and kidney; Right: coronal PET/CT overlay, with the liver ROI, at early (2 min) and late (55 
min) time points.
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the metabolic enzymes and lower the back-
ground uptake of FLT in the mouse liver during 
microPET imaging [16]. Based on this, the cold 
FLT was applied before the hot [18F]FLT injec-
tion and PET imaging in this study. The develop-
ment of cold FLT, a potent nucleotide reverse 
transcriptase inhibitor designed for the treat-
ment of multi-resistant HIV, was discontinued 
due to hepatic toxicity [46]. A dose of FLT at 7.5 
mg/kg/day for four weeks produced no toxicity 
in humans while still reducing the viral load by 1 
log [46]. Our study used a single dose of FLT 
below that of tolerable human equivalent dose 
before the tracer dose [18F]FLT injection and 
PET imaging, which decreased [18F]FLT uptake 
in all organs in the woodchucks. Our specific 
objective is to enable [18F]FLT for PET imaging 
of liver cancer proliferation to benefit the man-
agement of patients with HCC while avoiding 
the toxicity associated with FLT. Pre-admini- 
stration of cold FLT for PET imaging with [18F]
FLT is different from cycles of anti-viral treat-
ment with FLT, perhaps a higher single dose of 
FLT can be considered. However, future clinical 
studies need to be carefully designed to vali-
date the findings of this preclinical investigation 
due to the known safety issue with FLT. Besides 
the safe issue, whether the higher dose of FLT 
before [18F]FLT injection for PET imaging would 
also suppress the target TK1 in tumor needs to 
be tested clinically even though murine studies 
demonstrated outstanding TK1 activity for 
microPET imaging despite of a much higher 
concentration of endogenous thymidine in cir-
culation. Strangely, this cannot be tested with 
the woodchuck model due to a species-specific 
defect in TK1 expression albeit TK1 exists in 
the woodchuck genome [47]. Fortuitously, the 
rest of hepatic enzymes involved with FLT 
metabolism in the liver are intact in the wood-
chucks and mirror those in the humans as dem-
onstrated. It should be noted that a relatively 
small groups of animals were used in interven-
tion experiments, and only a single animal was 
treated with L-aspartate along with a control. 
Hence, the results should be interpretated with 
caution. Ultimately, we hope to use [18F]FLT-PET 
to indicate which liver cancer patients may ben-
efit from a therapy with identification of an early 
response to that treatment. 
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Figure S1. Possible metabolic pathways of ribose in the liver.


