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Mitochondrial membrane potential (A¥m)-dependent en-
hanced uptake of phosphonium salts, including 3H-tetraphe-
nylphosphonium (3H-TPP), in tumor cells, suggests the potential
use of phosphonium salts as tracers for tumor imaging. In this
study, we characterize the tumor accumulation of 3H-TPP and
compare it with 8F-FDG in cell culture and in xenograft, meta-
static, and inflammation models in living animals. Methods:
3H-TPP and 3H-FDG accumulation was compared in cell culture
with a variety of cell lines in different glucose concentrations.
Normal biodistribution and tumor uptake were assessed using
nude mice with or without subcutaneous xenograft tumors (C6).
To compare the accumulation of 3H-TPP and '8F-FDG in a
metastatic tumor, severe combined immunodeficiency mice
were tail-vein injected with human melanoma cell lines (A375-
FL). To characterize the accumulation of 3H-TPP and 8F-FDG in
inflammation, an inflammatory reaction was induced by subcu-
taneous injection of Complete Freund’s Adjuvant in the left hind
paw of Sprague-Dawley rat. Results: The A¥Ym data from a
separate study and the current 3H-TPP uptake data showed
good correlation (? = 0.82, P < 0.05). 3H-TPP accumulation
was significantly greater than that of 3H-FDG for glucose =100
mg/dL. The biodistribution study of 3H-TPP showed low uptake
in most tissues but high accumulation in the heart and kidneys.
SH-TPP accumulation in xenograft or metastatic tumors was
comparable with that of '8F-FDG, whereas 3H-TPP accumula-
tion in inflammatory tissues was markedly lower than that of
8F-FDG. Conclusion: The sensitive tumor accumulation of 3H-
TPP with less propensity for inflammatory regions warrants
further investigation of radiolabeled phosphonium analogs for
tumor imaging in living subjects.
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M itochondria are central to cell life and death; there-
fore, it is not surprising that mitochondrial damage contrib-
utes to awide range of diseases, including cancers, diabetes,
degenerative diseases, and the pathophysiology of aging (1).
The mitochondrial membrane potential (AWm) is higher in
carcinoma cells than in normal epithelia cells (2-6). Li-
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pophilic cations, including the fluorescent dye rhodamine-
123 (Rh123) and tetraphenylphosphonium (TPP) salts, pen-
etrate the hydrophobic barriers of the plasma and
mitochondrial membranes and accumulate in mitochondria
in response to the negative inner transmembrane potentials
(=150 to —170 mV, negative inside) (4,6). The difference
in AWm between normal epithelial cellsand carcinomacells
is at least 60 mV (5). In accordance with the Nernst equa-
tion, the 60 mV difference in membrane potential between
carcinoma and control epithelial cells is sufficient to ac-
count for a 10-fold greater accumulation of the compound in
carcinoma mitochondria (6). Thus, the development of ra-
diolabeled phosphonium cations as a noninvasive imaging
agent may serve as a new molecular “voltage sensor” probe
to investigate the role of mitochondria in the pathophysiol-
ogy and treatment of cancer.

BF-FDG, the most successful molecular probe in on-
cology available for routine use in the nuclear medicine
clinic, is highly sensitive to malignancy (7) but is of
limited specificity due to the enhanced accumulation in
inflammation, in granulomatous diseases, and in autoim-
mune diseases (8—10). Uptake studies in varying cell
lines indicate that AWm of immune cells is relatively
lower (11), whereas that of malignant cellsis greater than
normal epithelial cells, suggesting that *H-TPP may have
an advantage over ¥F-FDG for differentiation of tumor
from inflammation. In this study, we report tumor-spe-
cific uptake of 3H-TPP that accumulates highly in malig-
nant neoplasms but very minimally in an adjuvant in-
flammatory tissue.

MATERIALS AND METHODS

Radiolabeled Compounds, Cell Lines, Culture
Conditions, and Cell Uptake Studies

SH-TPP (1.11 TBg/mmol [30 Ci/mmol]) and °H-FDG 2.22
TBg/mmol ([60 Ci/mmol]) were purchased from Moravek Bio-
chemicals, Inc. 18F-FDG was synthesized by the method described
by Hamacher et a. (12) at a specific activity of ~185 TBg/mmol
(=5,000 Ci/mmol).

SH-TPP and °H-FDG accumulation was compared in cell
culture with 9 cell lines: rat glioma (C6), human cervix cancer
(HeLa), human melanoma (K1735), human breast cancer
(MCF7), rat Morris hepatoma (MH3924A), human bronchioal-
veolar carcinoma (A549), human prostate cancer (LnCap), hu-
man tongue cancer (SCC-15), and mouse neuroblastoma (N2A)
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cell lines. C6 cellswere grown in Deficient DMEM (Dulbecco’s
modified Eagle medium) High Glucose (containing KCI 5.3
mmol/L and NaCl 110.34 mmol/L; Life Technologies) plus 5%
fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1%
L-glutamine; HelL a, SCC-15, K1735, and N2A cells were grown
in DMEM High Glucose (containing KCI 5.3 mmol/L and NaCl
110.34 mmol/L) plus 10% FBS and 1% penicillin-streptomycin;
MH3924A cells were grown in RPMI 1640 medium (containing
KCI 5.3 mmol/L and NaCl 103.44 mmol/L; Life Technologies)
plus 20% fetal calf serum (FCS) and 1% penicillin-streptomy-
cin; A549 cells were grown in RPMI 1640 medium plus 10%
FCS and 1% penicillin-streptomycin; and MCF7 and LnCap
cellswere grown in RPMI 1640 medium plus 10% FBS and 1%
penicillin-streptomycin.

Uptake of 3H-TPP (37 kBg/mL [1.0 p.Ci/mL]) and *H-FDG (37
kBg/mL [1.0 pCi/mL]) was directly compared in these cell lines.
Cells were incubated at 37°C from 15 to 120 min with radioactive
culture medium with 3H-TPP or 3H-FDG. To assess the effects of
glucose concentration on the uptake of SH-TPP and 3H-FDG,
uptake studies were performed under 5 different glucose concen-
trations of culture media (0, 50, 100, 150, 200 mg/dL) using C6,
Hela, K1735, and MCF7 cells. At the end of each incubation
period, radioactive medium was removed and radioactivity was
measured. The wells were washed with cold phosphate-buffered
sdling, the cells were harvested using a cell scraper, and the
cell-associated radioactivity was determined. Triplicate samples
were obtained for all uptake studies. Data are expressed as the
normalized accumulation of probe in (dpm cells/dpm medium/p.g
total protein) = SE. 3H analyses were performed with a Beckman
LS-6500 liquid scintillation counter with Biosafe |l scintillation
fluid (Research Products International). The disintegration per
minute (dpm) was obtained by correcting for background activity
and efficiency (69.3% for SH).

We assessed the correlation between 3H-TPP uptake from this
study and AWm data from previously published results (2) in
Hel a, LnCap, MCF7, A549, N2A, SCC-15, and K1735 cell lines.
The A¥m has been measured by Rh123 retention and expressed as
a percentage of Rh123 retention in diverse tumor cells relative to
retention in rat cardiac muscle cells. The detailed methods are
described elsewhere (2).

Animal Studies

To compare the uptake of 8F-FDG and ®H-TPP in tumors and
inflammatory tissues, we performed microPET studies, digital
whole-body autoradiography (DWBA), and biodistribution studies
with a murine model with or without a subcutaneous xenograft
tumor, metastatic lesions, or an inflammatory lesion. Animal care
and euthanasia were performed with the approval of the University
of California Animal Research Committee.

To establish the subcutaneous xenografts, 10- to 12-wk-old
male nude mice (nu/nu, =~25 g; Charles River Laboratories, Inc.)
were subcutaneously injected with 1 X 10% C6 cells on the left
shoulder (n = 10). Tumor uptake studies were performed using
nude mice carrying subcutaneous xenografts using DWBA (n = 2)
and biodistribution studies (n = 8) (7.4 MBq [200 u.Ci] 8F-FDG
and 370 kBq [10 w.Ci] H-TPP). Before injecting 18F-FDG, mice
were restricted from foods for at least 4 h and anesthetized by
intraperitoneal injection of =30 pL of a ketamine-xylazine (4:1)
solution. Biodistribution of 3H-TPP and 18F-FDG in different or-
gans of 12 nude mice was aso assessed by coinjecting 7.4 MBq
(200 w.Ci) 8F-FDG and 370 kBq (10 w.Ci) 3H-TPP via tail vein.
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To develop a metastatic tumor model, severe combined immune
deficiency (SCID) mice (=28 g; Charles River Breeding Labora-
tories) were tail-vein injected with human melanoma cell lines
stably expressing firefly luciferase (A375-FL; 5 X 10°). The In
Vivo Imaging System (IVIS; Xenogen) with a cooled charge-
coupled device (CCD) camera was used to noninvasively and
repetitively monitor the metastatic lesions. Biodistribution studies
(n = 6) were performed after injection of 7.4 MBq (200 w.Ci)
18F-FDG and 370 kBq (10 wCi) H-TPP via tail vein.

To characterize the accumulation of *H-TPP and ‘8F-FDG in
inflammation, an inflammatory reaction was induced by subcuta-
neous injection of 50 wL Complete Freund's Adjuvant ([CFA],
inactivated Mycobacterium tuberculosis, 10 mg/mL) in the left
hind paw of 6 Sprague-Dawley rats (=250-300 g; Charles River
Laboratories, Inc.) as previously described (13). The right hind
paw was injected with physiologic saline as a negative control.
Fourteen days after CFA injection, the rat received an intravenous
injection of 74 MBq (2 mCi) 8F-FDG and 3.7 MBq (100 n.Ci)
SH-TPP. One hour later, the 18F-FDG microPET imaging study
(n = 6), autoradiography (n = 3), and 3H-TPP autoradiography
(n = 3) were done.

microPET Imaging Studies

Mice and rats were imaged using a microPET using 8F-FDG to
image glucose viability of tumor or inflammatory lesions. Images
were reconstructed using 3-dimensional filtered backprojection.
Regions of interest (ROIS) were drawn over the tumor or inflam-
mation area on decay-corrected whole-body coronal images. The
counts per pixel per minute obtained from the ROI were converted
to counts per milliliter per minute by using a calibration constant
obtained from scanning a cylinder phantom in the microPET
scanner. The ROI counts per milliliter per minute were converted
to counts per gram per minute, assuming a tissue density of 1
g/mL, and divided by the injected dose (ID) to obtain an image
ROI-derived percentage |D per gram of tissue (%I D/g). The details
of microPET scanning and data analysis are described elsewhere
(14).

Optical Cooled CCD Camera Imaging

In vivo optical imaging for firefly luciferase (FL) was done 20
min after intraperitoneal injection of 3 mg of p-Luciferin per
animal using a Xenogen-1VIS cooled CCD optica system (Xeno-
gen) (15). Photons emitted from FL-expressing cells (A375-FL)
injected viatail vein in the mice were collected and integrated for
a period of 1 min. Images were obtained by superimposed gray-
scale photographic images and FL color images using the overlay
option of the Living Image software (Xenogen) and Igor Image
analysis software (Wave Metrics).

Murine Biodistribution Studies

Tissue biodistribution studies were performed with normal or-
gans, tumor xenografts, or metastatic lesions. For the 8F-FDG
biodistribution study, organs or tumors were removed and radio-
activity was measured using a well counter (Cobra Il Auto-y-
Packard; Packard). For counting 3H-TPP radioactivity, tissue was
dissolved overnight in 1 mL of tissue solubilizer (Sigma) and
counted using a Beckman LS-6500 liquid scintillation counter.
Radioactivity determinations were normalized by the weight of the
tissue and the amount of radioactivity injected, to obtain the
%I D/g. The details of ®H biodistribution are described elsewhere
(16).
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DWBA

For imaging of 3H-TPP and 18F-FDG accumulation in tumors
and inflammatory lesions, DWBA was performed. After killing,
each animal was frozen in liquid nitrogen in preparation for
DWBA using a45-pm slice thickness (14). The exposure time was
2—-4 wk for 3H and 12-24 h for 18F. All digital plates were scanned
on a Fuji BAS 5000 phosphorimager at resolution of ~100 pm.

Statistical Analysis

Comparisons between 2 groups were made using a Student t test
for independent samples with unequal variances. Comparisons
between 3 groups were made with a 1-way ANOVA. Values of
P < 0.05 were considered statistically significant. Linear regres-
sion analysis was performed to assess the linear relationship be-
tween the AWm data from previously published results (2) and the
current 3H-TPP uptake data. The degree of correlation between
them was quantified in terms of the square of Pearson product
moment correlation coefficient (r?).

RESULTS

3H-TPP Accumulation Is Higher Than That of '8F-FDG
in Several Cancer Cell Lines in Cell Culture

We first performed 3H-TPP cell uptake studies in 7 dif-
ferent cancer cell linesfrom 15 to 120 min after exposure to
SH-TPP. Cellular uptake of 3H-TPP increased until 120 min
in most of the cell lines, except for N2A, which showed the
lowest uptake (data not shown). We also assessed the cor-
relation between 3H-TPP uptake from this study and the
AW¥m data from previously published results (2) in Hel a,
LnCap, MCF7, A549, N2A, SCC-15, and K1735 cell lines.
The A¥m data and the current 3H-TPP uptake data showed
good correlation (Fig. 1A; r2 = 0.82, P < 0.05). Because
uptake of 8F-FDG into the cell is affected by glucose
concentration of culture media, we performed cellular up-
take studies of 3H-FDG and 3H-TPP in different glucose
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FIGURE 1. (A) ATm data (2) and current 3H-TPP uptake data showed good correlation (2 = 0.82) in HelLa, LnCap, MCF7, A549,

N2A, SCC-15, and K1735 cell lines. SH-TPP accumulation data are expressed as normalized accumulation of probe in (dpm
cells/dpm medium/p.g total protein) = SE. (B-E) 3H-TPP significantly accumulates in HeLa (B), C6 (C), K1735 (D), and MCF7 (E) cell
lines in cell culture. Cellular uptake studies with 3H-TPP and ®H-FDG were performed under 5 different glucose concentrations of
culture media (0, 50, 100, 150, 200 mg/dL). Data are expressed as normalized accumulation of probe in (dpm cells/dpm medium/p.g
total protein) = SE. Though SH-FDG accumulation in cell culture is dependent on medium glucose concentration, SH-TPP
accumulation is constant for all glucose concentrations. 3H-TPP accumulation is significantly (P < 0.05) greater than that of 3H-FDG
for glucose =50 mg/dL in C6, HelLa, and MCF7 cells. 3H-TPP accumulation is significantly (P < 0.05) greater than that of 3H-FDG

for glucose =100 mg/dL in K1735 cells.
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concentrations of culture medium with HeLa, C6, K1735,
and MCF7 cell lines (Figs. 1B—1E). Though *H-FDG accu-
mulation in cell culture was dependent on medium glucose
concentration, 3H-TPP accumul ation was relatively constant
for al glucose concentrations tested. 3H-TPP accumulation
was significantly (P < 0.01) greater than that of *H-FDG for
glucose =50 mg/dL in C6, HeLa, and MCF7 cells and for
glucose =100 mg/dL in K1735 cells.

Biodistribution of 3H-TPP Shows High Accumulation in
Heart and Kidneys

We performed biodistribution studies for *H-TPP (Fig.
2A) and 8F-FDG (Fig. 2B) for each tracer at 10, 30, 60, and
120 min after tail-vein injection (n = 12). Normal biodis-
tribution of 3H-TPP (Fig. 2A) showed high accumulation in
the heart (8.3 = 1.4 %ID/g at 1 h) and kidneys (17.8 = 3.5
%ID/g at 1 h; Fig. 3) but low uptake in other tissues

(0.04-3.2 %ID/g at 1 h). 3H-TPP exhibited very low values
in blood as early as 10 min, reflecting rapid washout from
blood. 3H-TPP showed very low valuesin brain, which was
similar to other cationic radiopharmaceuticals with poor
blood-brain barrier permeability. Normal biodistribution of
BE-FDG (Fig. 2B) showed high accumulation in the heart
(7.6 £ 2.2 %ID/g a 1 h) and kidneys (7.7 = 4.0 %ID/g at
1 h). The radioactivity of F-FDG in the other organs was
low (1.4-3.1 %ID/g at 1 h).

SH-TPP Accumulation Is Not Statistically Different from
That of '8F-FDG in Xenograft and Metastatic Tumors
We subcutaneously implanted C6 cells in the mouse |eft
shoulder to develop xenografts (n 10). When tumors
reached 5-10 mm of size, we performed DWBA (n = 2) or
biodistribution studies (n = 8) using *H-TPP and 8F-FDG.
We also injected A375-FL cells via the tail vein of SCID
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FIGURE 2.

Biodistribution of 3H-TPP and '8F-FDG in normal nude mice and mouse models with tumor xenografts or metastases.

(A) Biodistribution of 3H-TPP in normal nude mice (n = 12) showed relatively high accumulation in heart (8.3 = 1.4 %ID/g at 1 h)
and kidneys (17.8 = 3.5 %ID/g at 1 h) but low uptake in other tissues (0.04-3.2 %ID/g at 1 h). 3H-TPP exhibits very low values in
blood as early as 10 min and in brain. (B) Biodistribution of 8F-FDG in different organs of nude mice (n = 12) shows high
accumulation in heart (7.6 = 2.2 %ID/g at 1 h) and kidneys (7.7 = 4.0 %ID/g at 1 h). Radioactivity of 8F-FDG in other organs
is relatively low (1.4-3.1 %ID/g at 1 h). (C) Comparison of SH-TPP and '8F-FDG accumulation in nude mice carrying xenograft
tumor (n = 8). 3H-TPP accumulation in C6 xenograft tumor (4.7 = 1.2 %ID/qg) is slightly lower than that of 18F-FDG (6.5 = 1.0
%ID/g; P = not significant [ns]). (D) Comparison of SH-TPP and '8F-FDG accumulation in metastatic lesions of malignant
melanoma in SCID mice (n = 6). 3H-TPP vs. '8F-FDG accumulation in metastatic lung (3.6 = 0.4 %ID/g vs. 4.8 = 0.7 %ID/qg), liver
(8.4 = 0.4 %ID/g vs. 2.9 = 0.1 %ID/g), and spleen (3.2 = 0.1 %ID/g vs. 3.3 = 0.7 %ID/g) is not significantly different. 18F-FDG
accumulation in metastatic brain is significantly higher than that of SH-TPP (2.0 = 0.2 %ID/g vs. 0.3 = 0.1 %ID/g; P = 0.01). All
values are mean = SE.
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FIGURE 3. Autoradiographic images of 3H-TPP and '8F-FDG in C6 xenograft tumor. C6 cells were subcutaneously implanted in
left shoulders of mice to develop xenograft tumor model. When tumors reached 8 mm of size, DWBA was performed with tail-vein
injection of 3H-TPP (370 kBq [10 pn.Ci]) and '8F-FDG (7.4 MBq [200 w.Ci)]) using the same animal. (Left) 3H-TPP accumulation in C6
xenograft tumor (arrow). This image exhibits relatively low background radioactivity except for strong renal activity. (Right) 18F-FDG
accumulation in C6 xenograft tumor (arrow). '8F-FDG uptake is observed in kidneys, blood vessels, and dorsal upper back,
indicating brown adipose tissue (arrowhead). (Middle) Tissue section (45-um thickness) corresponding to DWBA images.

mice (n = 6) to develop metastatic tumors. Tumor metas-
tases were monitored by noninvasively observing the biolu-
minescence signal from internal organs.

8H-TPP accumulation in C6 xenograft tumors (4.7 = 1.2
%I D/g) was somewhat lower but not statistically significant as
compared with 8F-FDG (6.5 == 1.0 %I D/g; P = not significant
[ns]; Fig. 2C). *H-TPP versus ®F-FDG accumulation in met-
adtatic lung (3.6 == 0.4 %ID/g vs. 4.8 = 0.7 %l D/g), metastatic
liver (34 = 0.4 %ID/g vs. 2.9 £ 0.1 %ID/g), and metastatic
spleen (32 = 0.1 %ID/g vs. 3.3 = 0.7 %ID/g) was not
significantly different (P = ns; Fig. 2D). 8F-FDG accumula
tion in metastatic brain was significantly higher than that of
SH-TPP (2.0 = 0.2 %ID/g vs. 0.3 = 0.1 %ID/g; P = 0.01).
Although 3H-TPP accumulation was very low in the metastatic
brain tumor, the metastatic-to-normal brain ratio was 8.3 *+
1.6, wherees that of 8F-FDG was 1.03 = 0.1 (P < 0.0001).
DWBA images showed high accumulation of both H-TPP
and 8F-FDG in the C6 xenograft tumor (Fig. 3). 8F-FDG
uptake was dso observed in kidneys, liver, blood vessdls,
bladder, intestine, and dorsal upper back, indicating brown
adipose tissue (BAT), whereas ®H-TPP activity was found in
kidneys, liver, and intestine.
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3H-TPP Accumulation in Inflammatory Tissue Is
Markedly Lower Than That of 18F-FDG

We developed an inflammation model in the left hind
paw of Sprague-Dawley rats (n = 6) and tail-vein injected
SH-TPP and 8F-FDG to perform microPET (n = 6) and
autoradiographic studies (n = 3), respectively. CFA pre-
treatment in the left hind paw as compared with the control
right hind paw of rats caused a significant increase in
BFE-FDG accumulation seen in both microPET images
(2.1 = 0.3%ID/g vs. 0.3 = 0.01 %ID/g; ratio = 7.2 = 0.6)
and autoradiography (Fig. 4). However, when *H-TPP ra-
dioactivity of both hind paws was measured by using Im-
ageReader software (Fuji), *H-TPP showed very low accu-
mulation in inflammatory tissue in autoradiography (ratio =
11+ 0.2).

DISCUSSION

The major finding of this study was the tumor-specific
uptake of 3H-TPP that accumulates highly in tumor tissues
but very minimally in an adjuvant inflammatory tissue. The
cell culture studies across various cell types clearly demon-
strate that *H-TPP accumulates in malignant cells greater
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FIGURE 4. Comparison of ®F-FDG and 3H-TPP accumulation in inflammatory tissue. Inflammatory reaction was induced by
subcutaneous injection of 50 pL of CFA (10 mg/mL) in left hind paw of Sprague-Dawley rat. Right hind paw was injected with saline
as negative control. 3H-TPP (3.7 MBq [100 n.Ci]) and '8F-FDG (74 MBq [2 mCi]) were injected via tail vein to perform autoradiography
and microPET studies, respectively. (A) Whole-body microPET image of Sprague-Dawley rat shows strong accumulation of
18F-FDG in inflammatory tissue of left hind paw. After killing the rat, autoradiographic studies for 8F-FDG and 3H-TPP were
performed using the same animal. (B) '®F-FDG autoradiographic image of coronal section of inflammatory (left) and control (right)
hind paw. CFA pretreatment in left hind paw as compared with control right hind paw (saline injected) of rat caused significant
increase in '8F-FDG accumulation (arrowhead) corresponding to microPET image. (C) 3H-TPP autoradiographic image of coronal
section of inflammatory (left) and control (right) hind paw. This slice was taken right after slice for '8F-FDG (45 um). 3H-TPP shows
very mild possible accumulation in inflammatory tissue of left hind paw (arrowhead).

than that of 18F-FDG at physiologically relevant glucose
levels. C6, HelLa, and MCF7 cells show higher 3H-TPP
accumulation than that of 8F-FDG at a glucose concentra-
tion of =50 mg/dL. The malignant melanoma cell line
K 1735, which strongly accumulates 8F-FDG, shows higher
3H-TPP accumulation than that of 8F-FDG at =100 mg/dL
of glucose concentration. Results of animal studies with
xenograft or metastatic tumor models demonstrate selective
accumulation of 3H-TPP in tumor cells that is quite com-
parable to that of 8F-FDG. Although accumulation of 3H-
TPP in brain metastases was significantly lower than that of
BE-FDG, the metastatic-to-normal brain ratio was signifi-
cantly greater with 3H-TPP than with 8F-FDG (8.3 = 1.6
vs. 1.03 = 0.1; P < 0.0001).

In separate studies, increased A¥Ym has been assessed
with lipophilic cations such as Rh123 and phosphonium
salts. The results of a 6-y systematic study overwhelmingly
indicate that al normal epithelia cells tested have low
AW¥m—hence, low Rh123 uptake and retention. In contrast,
screening of 200 cells derived from tumors of kidney,
ovary, pancreas, lung, adrenal cortex, skin, breast, prostate,
cervix, vulva, colon, liver, testis, esophagus, trachea, and
tongue show that a great majority of adenocarcinoma, tran-
sitional cell carcinoma, squamous cell carcinoma, and mel-
anoma have high Rh123 uptake and retention (2,3). The
most significant exceptions have been human oat cell and
large cell carcinomas of lung and poorly differentiated
carcinoma of the colon. High Rh123 uptake and retention
have not been detected in leukemia, lymphoma, neuroblas-
toma, or osteosarcoma, (2—4). In specimens taken from
patients with brain tumors, 3H-TPP accumulation in dis-
persed glioma cells was 40 times higher than that in normal
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epithelial cells (17). Other studies provide evidence that
radiolabeled phosphonium salts showed high tumor selec-
tivity in the mouse model of non-small cell lung carcinoma
(18) and in canine gliomas (19).

There has been extensive cell culture and in vivo tumor
imaging experience with another lipophilic cation, *mTc-
sestamibi (20). Uptake of this agent in tumor cells and the
relation to membrane potential have been discussed and
compared with ®H-TPP in an earlier publication (21). De-
polarizing the plasma membrane potential in high K* buffer
resulted in all cases in lowering the uptake of %MTc-sesta-
mibi in a manner similar to that of H-TPP. Furthermore,
alteration of the A¥m induced significant variation of
9mTc-sestamibi uptake, suggesting that the AW m could also
be a contributing factor. Recently, *H-TPP and *™Tc-ses-
tamibi were directly compared in non-small cell lung car-
cinoma in mice (18). 3H-TPP exhibited a stronger accumu-
lation in malignant tissue and a greater tumor-to-nontumor
ratio than did **™Tc-sestamibi.

Although uptake of the lipophilic cations such as TPP and
Tc-sestamibi is sensitive to the AYm in cell culture studies,
lipophilic compounds also have a high first-pass extraction
and retention and are strongly dependent on blood flow in
Vivo (22,23). Tumor uptake of TPP may be also influenced
by enhanced blood flow compared with adjacent tissues
with respect to the results of biodistribution studies showing
some features of a blood flow agent: high early uptake and
rapid blood clearance in most organs. It is assumed that
initial uptake of TPP may be dependent on blood flow,
whereas retention in mitochondria might depend on the
AW¥m. The kinetics of TPP will need to be further studied
using dynamic PET studies with 8F- or C-TPP.
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3H-TPP accumulation in inflammatory tissue was signif-
icantly lower than that of 8F-FDG in this study. 8F-FDG
strongly accumulates at CFA- induced inflammatory tis-
sues, whereas *H-TPP shows very mild uptake. High 18F-
FDG uptake is not specific to cancer but is also found in
inflammatory lesions (8—10). This may reduce the diagnos-
tic specificity of F-FDG PET in oncology. It has been
reported that 18F-FDG uptake in inflammatory tissue is due
to accumulation in inflammatory cells such as macrophages
(9), lymphocytes (24), and granulocytes (25). It is com-
monly assumed that human immune cells such as neutro-
phils have a relatively lower AWm based on the fact that
electron microscopy usualy fails to identify intact mito-
chondria, and any that are seen are small with poorly
defined cristae and inner mitochondrial membrane defini-
tion (11). An earlier study also exhibited very low Rh123
accumulation in lymphocytes, monocytes, and macrophages
(2). The lower AWm of immune cells may be one of the
causes of weak 3H-TPP accumulation in inflammatory tis-
sues. This result suggests the possible role of radiolabeled
phosphonium salts to differentiate malignant tumor from
inflammation. Interestingly, a question arises: Why does
TPP uptake not increase in inflammatory lesions in spite of
evidence of increased blood flow? Because the AWm of
immune cells is low, secondary release of TPP from them
might be higher than that of tumor cells, resulting in low
accumulation of TPP after 1 h of injection. Further Kinetic
studies are needed to clarify theseissues. Future studies also
need to study tumors in immunocompetent mice to under-
stand the advantage of 3H-TPP over 8F-FDG in differenti-
ating inflammation from tumor, especialy in models that
include tumor therapy.

Another advantage of TPP is its rapid clearance from
blood. H-TPP exhibited very low values in blood from
10 min after injection, reflecting rapid washout from
blood. Separate studies showed consistent findings. 3H-
TPP blood-pool radioactivity was very low at 5 min—
close to radioactivity measured in the brain tissue—
suggesting that most of the 3H-TPP radioactivity had
already cleared from the blood pool (18). *'C-Triphenyl-
methylphosphonium (!C-TPMP) exhibited a rapid wash-
out from blood in which 1C-TPMP activity peaked at
45-60 s and dropped sharply to very low values 1 min
thereafter (19). The fast clearance of 3H-TPP from the
blood pool is an essential feature of an imaging tracer.
The blood clearance of a lipophilic cation such as “™Tc-
sestamibi is known to be very rapid, with a half-life of a
few minutes (26). Considering that TPP may share the
physiologic properties with ®*mTc-sestamibi, the kinetics
of TPP would show some features of a blood flow agent:
high early uptake and rapid blood clearance. Our next
study will require detailed, dynamic analysis of TPP
kinetics in living subjects. Biodistribution studies of 3H-
TPP showed high accumulation in the kidneys and heart,
which have a high density of mitochondria, but low
uptake in other organs. Our autoradiographic images also
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showed low background activity of 3H-TPP except for
kidney (Fig. 3) and heart (data not shown). This tracer
may also find utility in cardiac imaging applications
independent of its role in cancer detection and monitor-
ing. There is rather low 8F-FDG uptake in the brain that
might be due to a hypometabolic cerebellum, which was
an included brain specimen for the tissue biodistribution
study.

An additional potential advantage of TPP over FDG is
that thereis no accumulation of TPPin BAT (Fig. 3). The
current PET/CT studies revealed BAT as a potential
cause of false-positive findings on 8F-FDG PET images
of patients with cancer (27,28). BAT is typically depos-
ited in the rodent’s interscapular area and is metaboli-
cally active. Though glucose is not the major energy
supply for BAT, glucose utilization by BAT increases
during cold stimulation. Glucose transporter 4 is in-
creased in BAT after exposure to cold (27). The mito-
chondria of BAT have a unique protein in their inner
membrane, uncoupling protein, which provides a path for
protons to return to the matrix without passing through
the FoF, complex, leading to a drop in AWm, consistent
with the autoradiographic finding without *H-TPP accu-
mulation in this study (29).

V oltage-dependent accumulation of H-TPP seems to be
strong at the early stage of cancer proliferation. In a separate
study, ®H-TPP accumulation showed parabolic change ac-
cording to tumor ages in Lewis lung carcinoma nodules
(18). *H-TPP accumulation increased from day 14 to day 21
and decreased at 28 d after inoculation. At advanced stages
of tumor development, lagging of vascularization behind
the rapid growth of the malignant cells and resulting apo-
ptotic or necrotic process involving collapse of the A¥Ym
and subsequent decrease in mitochondrial TPP accumula-
tion may likely take place. Our next study will focus on the
characteristics of TPP and FDG accumulation according to
tumor size or age.

CONCLUSION

3H-TPP is highly tumor specific, exhibiting high accu-
mulation in tumors but minimal to no accumulation in an
adjuvant inflammatory tissue and BAT. The development of
radiolabeled phosphonium cations (e.g., labeled with 8F or
11C) as a noninvasive imaging agent may serve as a new
molecular voltage sensor probe to investigate the role of
mitochondria in cancer with PET.
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