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14(R,S){'®F]Fluoro-6-thia-heptadecanoic acid (FTHA) is a
new radiolabeled long-chain fatty acid (LCFA) analog de-
signed to undergo metabolic trapping subsequent to its com-
mitment to the S-oxidation pathway. Sulfur-substitution at the
sixth carbon of FTHA causes a prolonging of myocardial
clearance half-time (T, ~ 2 hr) in mice with little diminution
of myocardial uptake (39.8 + 3.0% ID/g at 5 min). Heart-to-
blood ratios were 20 + 6 and 82 + 16 at 1 and 60 min,
respectively. In contrast, the 3-thia analog, 13(R,S)-['F}-flu-
oro-3-thia-hexadecanoic acid, showed lower uptake and poor
retention by heart. Myocardial uptake of FTHA was reduced
by 81% (p < 10~%) and 87% (p < 5 x 107*) in mice pretreated
with the camitine palmitoyltransferase | inhibitor, 2[5(4-chlo-
rophenyl)pentyl]oxirane-2-carboxylate (POCA) at 1 and 60
min, respectively. Radioanalytical studies showed the major
metabolic fate of FTHA in control and POCA treated myocar-
dium to be unidentified metabolite(s) that bind to tissue pro-
tein. Smaller amounts of '®F radioactivity were present in
myocardium as complex lipids, fatty acid, and unidentified
soluble metabolites. The results indicate metabolic trapping
of FTHA in myocardium subsequent to its entry into the
mitochondrion and encourage its further evaluation as a PET
tracer of myocardial LCFA utilization.
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Tw noninvasive assessment of regional myocardial ox-
idative metabolism by PET has been recently forwarded
with the use of [1-''CJacetate (1,2). A variety of exogenous
substrates can be utilized by heart for provision of acetyl-
CoA to the tricarboxylic acid cycle. These include fatty
acids, glucose, and lactate. Although g-oxidation of long-
chain fatty acids (LCFAs) represents the major source of
mitochondrial acetyl-CoA in normal conditions, the pro-
file of substrate utilization is sensitive to nutritional, met-
abolic, and pathologic alterations (3-4). A PET technique
for measurement of regional LCFA S-oxidation rate would
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therefore provide important information toward the char-
acterization of oxidative substrate metabolism in the myo-
cardium.

[1-"'C]palmitate (CPA) has been investigated as a nat-
ural tracer of fatty acid metabolism (4-7). Both release of
the oxidative catabolite, ''CO,, and backdiffusion of CPA
contribute to the early myocardial clearance pattern. Since
the diffusion rates of ''CO, and unoxidized CPA are both
rapid, the fractional contribution of the two clearance
processes cannot be determined from kinetic analysis of
regional time-activity curves. As a result of this ambiguity,
the interpretation of CPA kinetics in heart has remained
strictly qualitative and subject to uncertainty (4-7). o-['®F]-
Fluoro LCFA analogs have myocardial uptake and clear-
ance rates similar to radiolabeled palmitate (8-70). Six-
and 7-['*F}fluoropalmitate (//) also showed uptake and
clearance from heart similar to palmitate but fluorine
substitution at the a-carbon of stearic acid caused a large
decrease in myocardial uptake (8). The longer half-life of
'8F in comparison to ''C (T, = 110 min versus 20 min)
would allow longer PET measurement periods and off-site
production of radiotracer. Otherwise, the straight chain
['®F]fluoro fatty acids appear to offer no further advantage
over CPA.

The B-methyl substituted analog of CPA, S-methyl-
[1-''C]heptadecanoic acid (BMHDA), has been proposed
to provide a longer myocardial retention of the radiolabel
as a consequence of inhibited g-oxidation (/2-14). The
primary metabolic fate of BMHDA in heart is incorpo-
rated into triglycerides and phospholipids. Preliminary
studies with 3-methyl and 5-methyl substituted w-['*F]-
fluoro palmitate analogs in rats showed longer myocardial
retention than w-['®F]fluoro-palmitate (15). However, the
maximal myocardial uptakes of the branched-chain 'SF-
labeled LCFA analogs were lower than for the straight
chain analog, suggesting a steric hinderance effect on initial
steps of transport and/or metabolism. Also, high uptake
of radioactivity in bone indicated defluorination of both
methyl-substituted LCFA analogs. 8-Oxidative catabolism
of LCFA analogs has also been inhibited by the use of
heteroatom substitution; single-photon emitter labeled
fatty acid analogs containing tellurium at positions 5-9
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TABLE 1
Biochemical Acceptance of Thia Fatty Acid Analogs and Derivatives

Chain Position of
length* sulfur atom Enzyme/Process Reference
15 3 acyl-CoA synthetase 20
15 3 camitine-palmitoyl transferases 20
15 3 acyl-transferase 20
8 4 medium chain acyl-CoA dehydrogenase 18
15 3 cytochrome P-450/w-oxidation 21
14 6, 12 myristoyl-CoA:protein N-myristoyltransferase 23
18 10 stearyl-CoA desaturase 24

* Including sulfur atom.

show adequate myocardial uptake and long retention
(16,17).

Thia fatty acid analogs have recently received interest
as false substrates and/or inhibitors of fatty acid metabo-
lism (18-24). They are accepted for many processes of
LCFA metabolism (Table 1) but complete 8-oxidation of
the chain is blocked by the sulfur heteroatom (20-22).
The thioether decreases the hydrophobicity of the chain
significantly but causes only minor effects on bond length
and bond angle (23). Interestingly, the CoA thioesters of
4-thia fatty acid analogs are potent inhibitors of g-oxida-
tion (22). Acyl-CoA dehydrogenases (ACD) could possibly
be inhibited by their products, 4-thia-2-enoyl-CoA thioes-
ters (18,19).

The biochemical data, albeit limited, on 4-thia fatty acid
analogs have potential application to the design of cardiac
PET tracers of LCFA utilization. A terminally-labeled,
even-substituted (n-thia; n = 4, 6, 8...) LCFA analog
could be g-oxidized to oxidative metabolites that could
possibly be retained in the myocardium. Accordingly, two
'8F.labeled, 6-thia LCFA analogs were proposed, synthe-
sized, and preliminarily evaluated (25): 16-['*F]fluoro-6-
thia-hexadecanoic acid and 14(R,S)-['*F]fluoro-6-thia-
heptadecanoic acid (FTHA, Fig. 1).

In this paper, the in vivo distribution and metabolism
of FTHA are characterized in mice. Analytical studies are
aimed at defining the major metabolic fates of the radio-
label in heart and liver. The hypothesis of (oxidative)
metabolic trapping is tested by observing changes in the
utilization of FTHA caused by the carnitine palmitoyl-

18
2
CH3-(CH5)2-CH-(CHap);-S-(CH,)4-COOH (FTHA)
18F
14
CH3-(CHyp),-CH-(CH,)g-S-CH,-COOH (13F3THA)

FIGURE 1.
alogs.

Molecular structures of '®F-labeled, thia LCFA an-
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transferase 1 inhibitor, 2[5(4-chlorophenyl)-pentyl]oxi-
rane-2-carboxylate (POCA). Finally, the effect of thioether
position is examined by comparative studies with the 3-
thia analog, 13(R,S)-['®F]fluoro-3-thia-hexadecanoic acid
(13F3THA, Fig. 1).

MATERIALS AND METHODS

Synthesis of Radiotracers

The no-carrier-added synthesis of FTHA was performed using
an aminopolyether supported radiofluorination procedure (26)
as modified from Coenen et al. (27). The chemical precursor to
FTHA was benzyl 14(R,S)-tosyloxy-6-thia-heptadecanoate.
13F3THA was similarly prepared (28). The LCFA analogs were
purified by reversed-phase HPLC and formulated in a saline
solution containing 6% albumin (26).

Kinetics of "*F-labeled LCFA Analogs in Mice

Kinetics of '*F radioactivity were measured in male NMRI
mice (25-30 g) in heart, blood, liver, kidney, lung, and bone
(taken from cranium) after tail-vein injections of radiotracer
(1-10 uCi). Mice were fed ad libidum. Groups of 3-4 mice were
euthanized at times of 0.25-120 min postinjection. For FTHA,
two groups were studied: control and POCA treated. The later
group received intraperitoneal administration of POCA (sodium
salt, 40 mg/kg, generously provided by Dr. H.P.O. Wolf, Byk-
Gulden Lomberg Chemische Fabrik, Konstanz, FRG) 2-3 hr
prior to injection of radiotracer.

Analysis of "®F Radioactivity in Tissues

Analytical studies were performed to determine the chemical
nature of the '*F radioactivity retained in blood, heart, and liver.
The organs were excised from mice at prescribed times after
injections of radiotracer (15-50 uCi). A portion of tissue (~0.15
g) was rinsed in chilled saline, blotted to remove excess liquid,
placed into 1.25 ml chloroform/methanol (2:1) at 0°C and rapidly
homogenized (2x15 sec bursts at high speed) with a Polytron.
Following ultrasonication for 15 sec, 0.35 ml aqueous urea (40%)
and 0.35 ml 5% sulfuric acid were added. The mixture was
ultrasonicated (15 sec) and centrifuged at 2,500 g for 5 min. The
total '*F radioactivity in each tube was measured. The aqueous,
organic, and pellet fractions were separated and counted.

The organic fraction was extracted again with 5% sulfuric acid
and subjected to thin-layer chromatography (TLC) analysis on
aluminum-backed silica gel layers developed with petroleum
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ether/ether/acetic acid (70:30:1). The lipid bands were visualized
by exposing the layers to iodine vapors and identified with
reference to R, values of lipid standards. The layers were cut into
strips corresponding to the identified lipid bands and counted.
The approximate R; values used were: phospholipids (PL, 0.0-
0.1), diglycerides (DG, 0.2-0.3), fatty acids (FA, 0.4-0.5), triglyc-
erides (TG, 0.8-0.9), and cholesterol esters (CE, 0.9-1.0).

The binding of '*F radioactivity to pellet fractions was further
investigated in three groups of hearts taken from control mice
euthanized 5 min after injection of FTHA. After extraction of
the whole heart homogenate as described above, the pellet fraction
was dissolved in IN NaOH (1 ml) at 90°C for 1 hr. For the first
group (n = 3), the protein was directly precipitated by the addition
of 1 ml 50% trichloroacetic acid (TCA). After centrifugation, the
aqueous and pellet phases were separated and counted. For the
remaining two groups, the alkalinity of the mixture was first
adjusted to pH = 8.4 by addition of sodium bicarbonate and
glacial acetic acid. For the second group (n = 3), 2 ml chloroform/
methanol (2:1) was added and the mixture was ultrasonicated.
After the addition of 1 ml 50% TCA, the sample was centrifuged,
and the organic, aqueous, and pellet phases were separated and
counted. The third group (n = 3) was incubated with 75 mg
dithiothreitol (29) for 5 min at pH = 8.4. Further treatment with
chloroform/methanol and 50% TCA was identical to that of the
second group.

Determination of ["*F]fluoride in Biologic Samples

To a 20-ml scintillation counting vial was added 0.1-1.0 ml of
sample. A small polypropylene bucket containing 0.8 ml IN
NaOH was secured through a silicone rubber stopper and sus-
pended 2 cm below the stopper. Immediately after the addition
of 0.1 ml chlorotrimethylsilane to the bottom of the vial, the vial
was sealed. After incubation for 1 hr at 50°C, the bucket and vial
were counted separately. Gaseous ['*F]fluorotrimethylsilane (‘*F-
TMS) produced from ['*F]fluoride in the sample was carried to
the bucket where the ['*F]fluoride was regenerated upon hydrol-
ysis (30). Values were expressed as the percentage of radioactivity
recovered in the bucket. Control samples containing ['*F]fluoride
showed 97% =+ 2% recovery. Standards of FTHA and 13F3THA
showed <0.05% recovery.

Statistical Analysis

Data are expressed as means + standard error. The t-test (two-
tailed) for unpaired samples was used to compare means from
control and POCA-treated mice.
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FIGURE 2. Effects of POCA on myocardial kinetics of '°F
radioactivity in mouse following intravenous administration of
FTHA. Significance versus control: * (p < 0.001), ** (p < 1075)

RESULTS

FTHA Kinetics in Normal Mice

Following intravenous injection of FTHA in untreated
mice, the concentration of '*F radioactivity in the blood
declines rapidly, showing rapid transport of the tracer to
the tissues (Table 2). Uptake of '*F radioactivity was
highest in heart, reaching 39.8 + 3.0% ID/g at 5 min. The
subsequent clearance of radioactivity from heart was slow,
showing a half-clearance time of about 2 hr (Fig. 2).
Heart:blood ratios of uptake were 4.3 + 0.4, 20 + 6, 41 +
6, and 82 + 16 at 0.25, 1, 5 and 60 min, respectively. The
liver also showed high uptake of radioactivity, reaching a
maximum of 23.4 + 3.5% ID/g at 5 min. Hepatic clear-
ance of radioactivity in the first hour was faster than that
of heart (T,,» ~ 30 min). Heart:liver ratios decreased from
3.2 £ 0.5 at 15 sec to 1.6 + 0.2 at 1 min, but increased
thereafter. Lung uptake was low relative to that of heart,
showing heart:lung ratios of 4.7-13.6. The kidneys showed
uptake of radioactivity at early times (20.5 + 3.7% ID/g
at 5 min) and significant clearance over the first hour. '*F
radioactivity slowly accumulated in bone over the first
hour to a level of ~4% ID/g.

TABLE 2
Distribution of '®F Radioactivity in Control Mice After Intravenous Injection of FTHA (% ID/g, n = 3-4 at Each Interval)
Time
(min) Heart Blood Liver Lung Kidney Bone
0.25 30.8 +£5.7 7317 100+ 3.4 6.6 +0.8 156 £ 6.2 1.8+ 0.1
1 33.6+0.2 1.8+05 21.7+35 6.1+03 186 +27 23+05
5 39.8+3.0 1.00 + 0.16 234 +35 6.9+ 0.6 205 +37 23+02
10 358 +4.1 115+ 0.23 21.7+18 §3+0.7 18.1+0.8 21+05
60 292+ 3.0 0.36 + 0.04 89+15 23+06 6.1+12 43+05
120 189+33 0.28 + 0.05 5507 2004 49+04 38+13
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TABLE 3
Distribution of '®F in Tissues after Intravenous Injection of FTHA (% Total Radioactivity, n = 3 Each)

Organ, Time
Group (min) Organic Aqueous Pellet Recovery ["*FF~
Blood, C 10 363+24 387+14 203+29 95 +2 25.0+ 0.5
P 10 411 +36 343+1.9 20113 96 + 2 1756 +2.8'
Heart, C 1 129+15 23+03 844+ 35 99 +1 n.a.
10 6.1+08 2000 849 +17 93 +2 0.6 £ 0.1
60 58+13 55+15 82.6 + 109 94+8 n.a.
P 1 49.1 + 6.6° 14+08 48.8 + 6.65 99 + 1 n.a.
10 376 +1.3' 10.4 +1.3% 454 + 24" 93+4 6.5+0.2"
60 26.1 = 1.4' 123+ 1.7% 63.6 +2.71 97 +3 n.a.
Liver, C 10 21.8+22 183+ 09 57.5+19 98 + 1 46+04
P 10 347 £ 2.0¢ 188 +47 424 + 43" 96 +9 58+1.2

Significance versus control: T p < 0.05; *p < 0.01; $p < 0.001; * p < 0.0001.

C = control and P = POCA treated.

Analysis of '*F Radioactivity in Tissues

To define the metabolic pathways available to FTHA in
heart and peripheral tissues, the chemical form of the '|F
radioactivity in blood, heart, and liver was investigated
(Tables 3 and 4). First, tissues were homogenized in chlo-
roform/methanol (2:1) and extracted with 20% urea in
2.5% sulfuric acid. After centrifugation, the organic,
aqueous, and pellet phases were separated and counted
(Table 3). At least five radioactivity peaks were present in
the organic phase (Table 4). Four of these were designated
from their R values as radiolabeled phospholipids (PL),
diglycerides (DG), fatty acids (FA), and triglycerides (TG).
No designation was made for the radioactivity peak at
Rr=0.3-04.

The blood showed both organic and aqueous soluble
components of '!F radioactivity. ['®F]fluoride accounted
for 66% of the aqueous soluble radioactivity or ~0.3% ID/
g at 10 min (Table 3).

FTHA was rapidly metabolized in hearts of control
animals. At 1 min p.i., less than 2% of the radioactivity in
heart could be accounted for as FA (Tables 3 and 4). The
pellet phase contained the largest fraction of radioactivity

(~85%) at all measured intervals. The '®F-labeled, acid
soluble fraction rose from 2% at 1 min to 6% at 60 min.
At 10 min, 30% of the acid soluble '*F radioactivity was
identified as ['®F]fluoride, representing a content of ~0.2%
ID/g (Table 3). The organic soluble fraction was 13% at 1
min and decreased with time. TLC analysis of the organic
phase (Table 4) showed more '*F radioactivity in PL (62%-
68%) than in TG (8-14%) or in DG (4-10%).

Efforts to release the radioactivity bound to the protein
by dissolution in hot aqueous NaOH and reprecipitation
with trichloroacetic acid (TCA) were partially successful.
Pellets were analyzed in three groups. In the first group,
less than 2% of the '*F radioactivity was not bound to
protein after direct precipitation with TCA. In the second
group, the alkalinity of the dissolved protein solution was
first adjusted to pH = 8.4 and chloroform/methanol was
added and mixed. Protein was then precipitated by the
addition of TCA. This group showed 30% =+ 3% of the '|F
radioactivity released to the organic phase, 2.2% + 1.0%
released to the aqueous phase, and 68% + 4% remaining
with the protein. The third group was treated with dithio-
threitol before extraction with chloroform/methanol. This

TABLE 4
Silica Gel TLC Analysis of Organic Soluble Metabolites of FTHA (% Organic Soluble '®F Radioactivity, n = 3-4 at Each
Interval in Mice Hearts and Livers

Fraction (R range)

Tissue, Time p.i. PL DG unknown FA TG
group (min) (0.0-0.1) (0.2-0.3) (0.30-0.40) (0.4-0.5) (0.8-0.9)
Heart, C 1 61.7 £ 6.3 35+13 9872 96+1.3 143 +47
10 68.5 + 10.7 102+ 46 38+05 7439 79+48
Heart, P 1 171 £1.0° 69+20 475+ 1.5¢ 252 +23" 23+ 05!
60 32.8 + 141 124 +6.8 13.1 £10.3 2307 369 +17.8
Liver, C 10 67.2+ 3.0 37+1.0 14+0.1 214+24 4909
Liver, P 10 50.7 + 2.5¢ 31+11 19+05 37.2+2.1 50+1.0

Significance versus control: ' p < 0.05; * p < 0.01; $p < 0.001; * p < 0.0001.
C = control, P = POCA treated, PL = phospholipids, DG = diglycerides, FA = fatty acids, TG = triglycerides.
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was intended to free from protein any metabolites conju-
gated through disulfide bonds (29). This group showed
34% + 4% and 0.6% = 0.2% of '*F radioactivity in the
organic and aqueous phases, respectively.

At 10 min, the liver showed the highest fraction of '*F
radioactivity as hydrophilic metabolites (18%, Table 3).
About 25% of this radioactivity was ['*F]fluoride, repre-
senting a content of ~1.0% ID/g (Tables 2 and 3). Thus,
at 10 min, the concentration of ['*F]fluoride was about
three times higher in the liver than in blood. Higher levels
of '*F-labeled organic soluble species, including FA, were
found in liver than in heart (Tables 3 and 4).

Effects of POCA on the Biodistribution and Metabolism
of FTHA

The myocardial accumulation of '*F radioactivity in
mice was dramatically reduced by pretreatment with the
carnitine palmitoyl-transferase I inhibitor, POCA (Table
5, Fig. 2). The highest measured heart uptake was 10.5 +
1.2% ID/g at 15 sec. At early times, the concentration of
radioactivity in heart followed closely that in blood;
heart:blood ratios were near unity within the first minute
but increased gradually to 13 + 2 at 2 hr. POCA caused
decreases in '*F radioactivity uptake by heart of 81%,
(p <107 and 87% (p < 5 x 107*) at I and 60 min,
respectively. Liver uptake of FTHA in POCA-treated mice
was significantly higher than that of controls at 5 min
(p < 0.01) and 10 min (p < 0.05), but was not different at
the other measurement intervals. The uptakes in kidney
and lung were not significantly affected by treatment with
POCA. Accumulation of radioactivity in bone was higher
in the POCA-treated group, reaching 9.2 + 0.6% ID/g at
2 hr (p <0.01).

POCA caused reductions of the pellet fraction in heart
and liver. When expressed in the same units of uptake
(%1ID/g), POCA caused a 90% reduction (p < 107*) of
pellet-bound '*F radioactivity in heart at 1 hr (Tables 2, 3,
and 5). For liver, however, the content of '®F-labeled,
pellet-bound products was not significantly altered by
POCA.

Changes with POCA were observed in the production
of lipophilic metabolites. Although the myocardial uptake
of '®F radioactivity was dramatically reduced by POCA,

the content of '*F-labeled FA (presumably FTHA) within
the myocardium was increased (Tables 2-5). For example,
'8F.labeled FA content in POCA treated heart at 1| min
(~0.8% ID/g) was approximately twice that of control.
The total organic fraction of '*F radioactivity was also
higher, representing 49% and 26% of the total '*F radio-
activity in heart at 1 and 60 min, respectively (Table 3).
The TG:PL ratio was higher in POCA treated hearts
relative to controls and increased with time (Table 4). The
unidentified lipophilic metabolite showing an R; of 0.3-
0.4 with silica gel TLC was more prevalent in POCA-
treated heart. This entity was either cleared from myocar-
dium or metabolized over time (Table 3). In liver, POCA
significantly increased the organic soluble fraction of '*F
radioactivity at 10 min (Table 3). The fraction of the
organic phase as FA was increased with POCA (Table 4).
The fraction as PL was correspondingly decreased. The
TG:PL ratio was only slightly increased in liver treated
with POCA.

The formation of hydrophilic metabolites from FTHA
was also enhanced by POCA. The content of ['*F]fluoride
in the blood of POCA treated mice at 10 min was approx-
imately 0.36% ID/g (Tables 3 and 5). This was 25% higher
(p <0.05) than that of controls. The heart and liver showed
100% (p < 107*) and 82% (p < 0.005) increases of ['®F]
fluoride content with POCA, respectively. POCA caused
an increase of 48% (p < 0.05) in the content of all aqueous
soluble metabolites in liver at 10 min (Tables 2, 3, and §).
In contrast, POCA did not effect a significant increase in
heart content of hydrophilic metabolites, although their
fractional contribution to the total '|F radioactivity in
heart was higher at later times (Table 3).

Effect of Thia Position

Comparative studies with even-substituted FTHA and
odd-substituted 13F3THA were performed to show the
influence of the thia position on the in vivo kinetics of
'8F.-labeled thia LCFA analogs. Uptake of '*F radioactivity
by mouse heart was higher with FTHA than with
13F3THA (Fig. 3). Myocardial clearance was faster for the
3-thia analog. Liver uptake of 13F3THA was higher than
that of FTHA (Fig. 3). Hepatic clearance, especially in the
second hour after injection, was also faster with 13F3THA
than with FTHA.

TABLE 5
Distribution of '®F Radioactivity in POCA-Treated Mice Following Intravenous Injection of FTHA (%ID/g, n = 3-4 at Each
Interval)
Time
(min) Heart Blood Liver Lung Kidney Bone
0.25 105+1.2 9.7+25 10927 84+12 163+ 6.2 22+06
1 6.5+ 0.9 45+ 05 252+19 63+0.7 213+19 43141
5 6.2+ 0.5 242 +0.25 36.1+19 71+£1.2 23.0+22 59+1.6
10 6.6 + 0.6 2.08 £ 0.11 31.3+4.1 6.6 + 0.6 19.1 £ 0.7 45+0.2
60 39+03 0.44 + 0.02 9.7+0.8 18+0.2 57+04 6.3+0.5
120 3.3+0.1 0.27 + 0.04 6414 1.8+0.1 39+06 9.2+ 06
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FIGURE 3. Effects of position of the sulfur atom on myocardial
and hepatic kinetics of '8F radioactivity following intravenous
injection of '®F-labeled thia LCFA analogs in mouse.

DISCUSSION

The ability of the new '®F-labeled LCFA analog, FTHA,
to be transported into myocardium and undergo initial
steps of metabolism is shown from its high uptake by mice
hearts (~40% ID/g at 5 min) and the early formation of
metabolic products within the tissue (Tables 3 and 4). The
maximal myocardial uptakes in mice of [1-''C]palmitate
(43 + 8% ID/g at 0.5 min) and 17-['*F]fluoroheptadeca-
noic acid (41 £ 11% ID/g at 0.25 min) are equivalent
(8,31). This would suggest that neither the sulfur heteroa-
tom at the sixth position nor the fluorine at carbon-14 of
FTHA significantly hinders the multi-step translocation of
FTHA from binding sites of albumin within the plasma
to binding sites of fatty acid binding protein (FABP) within
the myocyte (32). Activation of FTHA to its acyl-CoA
(FTHA-CoA) is also implied because it is this step which
sequesters fatty acids within myocardium and precedes
further metabolism (3).

Comparative studies with mice pretreated with the CPT
I inhibitor, POCA, strongly imply that the rapid accumu-
lation in heart of protein-bound '8F radioactivity with
injection of FTHA is a consequence of some metabolic
process associated with g-oxidation. POCA caused an
80%-90% decrease in myocardial '®F radioactivity after
intravenous injection of FTHA in mice (Fig. 2). This
dramatic effect was seen as early as 1 min after injection.
When the 30%-40% lower pellet-bound fractions of '*F
radioactivity in POCA treated heart are considered, the
association between the capacity of the heart to 8-oxidize
LCFA and the formation of protein-bound metabolite(s)

Kinetics and Metabolism of FTHA in Mouse ¢ DeGrado et al

becomes even stronger. In normal rat myocardium, similar
treatment with POCA causes a reduction of ~90% in the
oxidation rate of palmitate (33,34). Thus, the decrease in
13F radioactivity content with POCA after 1 min accords
with the expected inhibition of LCFA g-oxidation rate. In
this respect, our results corroborate those of Wyns et al.
(7) showing the effects of another inhibitor of CPT I, 2-
tetradecylglycidic acid (TDGA), on CPA kinetics in canine
myocardium. They observed a 34% diminution of CPA
single-pass retention fraction with TDGA, which com-
pared with the 41% decrease in measured myocardial fatty
acid consumption. Otherwise, the myocardial time-activity
curves were similar.

The effect of POCA on myocardial blood flow was not
measured, though previous studies have shown it to be
negligible in normal rodent myocardium (33-35). The
data would therefore suggest that myocardial blood flow
determines the delivery of FTHA to the myocardium but
retention of '*F radioactivity is dependent on subsequent
steps of metabolism. The possibility that long chain acyl-
CoA synthetase (LCACS) was directly inhibited by POCA
with the dosage used in our studies is unlikely. High levels
of cytosolic long chain acyl-CoA and long chain acyl-
carnitines resulting from inhibition of CPT I by POCA
could inhibit LCACS (3). A decrease of LCFA activation
concordant with the inhibition of g-oxidation would ex-
plain the low heart:blood ratios with POCA even at early
times.

Comparative studies with the 3-thia LCFA analog,
13F3THA, showed several effects of the position of the
sulfur atom (Fig. 3). 13F3THA showed lower myocardial
uptake and faster clearance rates of '*F radioactivity from
the myocardium. 8-Oxidation of 3-thia fatty acids is en-
tirely blocked (20-22). They are, however, substrates of
CPT, acyl transferase, and w-hydroxylase (20-21). Analy-
sis of '*F radioactivity in hearts administered 13F3THA
did not show a significant fraction in the pellet phase (data
not shown). Thus, the myocardial accumulation and re-
tention of protein-bound '®F radioactivity was specific to
only the even-substituted thia LCFA analog. The sulfur
atom at the third position of 13F3THA may retard initial
steps of transport and/or metabolism due to its proximity
to the carboxyl group. Therefore, the genuine “odd-even
effect” would be better indicated by comparison of FTHA
with a similar LCFA analog substituted at carbon 5 or 7.

The metabolic handling of FTHA along the g-oxidation
pathway and the subsequent formation of protein-bound
metabolites have not been elucidated. FTHA is presum-
ably g-oxidized to 12-['*F]fluoro-4-thia-2-pentadecanoyl-
CoA and 12-["*F]fluoro-4-thia-3-hydroxy-pentadecenoyl-
CoA within the mitochondrion. The biologic lifetime of
the former may be lengthened through reversible binding
to long chain acyl-CoA dehydrogenase (cf. 19). Failure to
release ~70% of the '°F radioactivity from pellet fractions
(derived from normal myocardium at 5 min p.i.) after
dissolution in hot aqueous NaOH strongly implies cova-
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lent bonding of this fraction of '8F radioactivity to protein.
The lack of effect of dithiothreitol on the release of radio-
activity from protein would suggest that disulfide linkage
plays a minor role if any. In vitro results of Lau et al. (18,
19) show that 4-thia-octanoyl-CoA is a good substrate of
medium chain acyl-CoA dehydrogenase. The resulting 4-
thia-2-octenoyl-CoA is slowly hydrated by enoyl-CoA hy-
dratase to form 4-thia-3-hydroxy-octanoyl-CoA. The thio-
hemiacetal undergoes nonenzymatic fragmentation, re-
leasing malonylsemialdehyde-CoA and butanethiol. These
observations agree with the recent finding that metabolism
of [1-'*C]-4-thia-octadecanoic acid in isolated liver mito-
chondria results in the formation of labeled malonate
semialdehyde (Drs. E. Hrattum, J. Bremer, Institute of
Medical Biochemistry, University of Oslo personal com-
munication). Given this fragmentation, one explanation
of the inhibition of 8-oxidation by 4-thia fatty acid analogs
(22) would be inactivation of an enzyme critical to 8-
oxidation by conjugation with the sulfur-containing frag-
ment. This mechanism-based inhibition could be evi-
denced by the incorporation of radioactivity into protein
upon g-oxidation of an even-substituted thia fatty acid
analog, radiolabeled at a terminal position. Indeed, the
finding of protein-bound metabolites of FTHA is consist-
ent with such a mechanism. Alternatively, the malonylse-
mialdehyde-CoA fragment, or a subsequent metabolite,
could be responsible for the inhibition of S-oxidation.
Malonyl-CoA reversibly inhibits CPT I (36). In this case,
the binding of the sulfur-containing fragment to protein
could be merely consequential. Whether the conjugation
of the '®F-labeled metabolite of FTHA to protein takes
place after formation of the free thiol, 8-['*F]fluoro-unde-
cane-1-thiol, remains to be shown. We could find no
information on the metabolic fate of long chain alkyl-
thiols. However, binding of short chain alkyl-thiols to
cytochrome ¢ and cytochrome ¢ oxidase has been reported
(37).

It is not clear what causes the slow clearance of '*F
radioactivity in normal myocardium after 5 min (Fig. 2).
Myocardial clearance of radioactivity as a result of turn-
over of complex lipids or loss of lipophilic metabolite(s)
could account for only a small fraction of this clearance:
the decrease in '®F radioactivity content over the period
10-120 min (~17% ID/g, Table 2) far exceeds the amount
of '*F-labeled, organic soluble species at 10 min (~2% ID/
g, Tables 2 and 3). Thus, a significant fraction of the
protein-bound pool of '®F radioactivity is released over the
first 2 hr. If the same clearance occurs in human, then
dynamic tomographic imaging and kinetic modeling
would be required to account for this loss for accurate
estimation of the tracer utilization rate.

FTHA is apparently incorporated into complex lipids,
the predominant fate being phospholipids (Table 4). In-
corporation into triglycerides is relatively low. Radiola-
beled palmitate shows a discrepant pattern of complex
lipid incorporation in heart with triglyceride:phospholipid
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fractions of ~5 in normal myocardium (38,39). Inhibition
of B-oxidation with POCA increased the complex lipid
fraction of '|F radioactivity and the triglyceride:
phospholipid ratio. If the protein-bound fraction of '*F
radioactivity is considered to be the fraction of FTHA-
CoA undergoing B-oxidation, then 80%-90% of FTHA-
CoA is oxidized and 5%-10% is esterified in normal
myocardium (Table 3). Since FTHA may have lipophilic
metabolites other than those designated as natural occur-
ring lipids, these interpretations should be regarded as
preliminary.

The liver showed a slower accumulation of protein-
bound metabolites of FTHA and a higher incorporation
of tracer into complex lipids than in heart. In contrast to
the heart, the undiminished hepatic uptake of FTHA with
POCA may reflect the greater availability of metabolic
pathways in liver which do not depend on CPT 1. The
hepatic uptake and retention of '“C-labeled palmitate in
rats (12) is comparable to these results with FTHA. Higher
concentrations of ['®F]fluoride and other '®F-labeled hy-
drophilic metabolites in liver than in blood indicate he-
patic catabolism of FTHA. The release of ['®F]fluoride
from liver or other organs into the bloodstream is partic-
ularly undesirable because the fluoride anion can diffuse
into myocardium and accumulate in infarcted regions
(40). Defluorination of non-g-oxidizable '®F-labeled
LCFA analogs has been recently studied (28). Bone uptake
of '*F radioactivity, which is a good indicator of in vivo
defluorination (41), is ~4% ID/g at 2 hr in mice with
FTHA. This is only 25% of the bone uptake of radioactiv-
ity measured with the w-labeled analog, 16-['®F]fluoro-6-
thia-hexadecanoic acid (25) and about 15% of that meas-
ured with ['®F]fluoride in mice at the same interval (41).
Hepatic w-oxidation of FTHA could yield w-carboxy
(w-3)-['*F]fluoro and w-carboxy (w-1)-['*F]fluoro catabo-
lites of FTHA. Further g-oxidation of the latter from the
terminal end would be blocked by the presence of the ['*F]
fluorine atom (8). The sulfide moiety of thia fatty acid
analogs is oxidized to sulfoxide by FAD-dependent mon-
ooxygenases in liver (21). The low level of '*F radioactivity
in blood is consistent with the hydrophilic metabolites
(other than ['*F]fluoride) being sulfoxy dicarboxylic acids
which are cleared from the bloodstream efficiently by the
kidneys (21).

Metabolic Trapping Ideology

Regional myocardial time-activity curves by PET fol-
lowing administration of a metabolically trapped LCFA
tracer such as FTHA may be suitable for quantitative
modeling. The technique would require the building of a
tracer kinetic model which describes the biochemistry and
physiology involved and provides meaningful and statis-
tically stable parameter estimates.

LCFAs are transported to myocytes through the media-
tion of various binding proteins in the endothelial, inter-
stitial, and intracellular spaces (32). A transendothelial
transporter of LCFAs has also been proposed (32). LCFAs
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are metabolically sequestered within the cytosol of myo-
cytes by the process of activation. The rate of activation
of LCFA is dependent on the concentration of substrates
(LCFA, CoASH, ATP) and products (long-chain acyl-CoA
(LCACA), AMP, ADP), and the activity of long-chain
acyl-CoA synthetase (3). Normally, the activation rate is
regulated by changes in these factors, maintaining a flux
which is coupled with the mitochondrial 8-oxidation rate.
However, in certain conditions such as ischemia, the acti-
vation rate and the g-oxidation rate may not be strongly
coupled (3). The subsequent metabolic fate of LCACAs
can be grouped into three main pathways: (1) transfer to
carnitine by CPT I for eventual g-oxidation within the
mitochondrion; (2) transfer to glycerol 3-phosphate, di-
acylglycerol, or lysophosphatidate toward the synthesis of
various complex lipids (esterification); and (3) hydrolysis
by long chain acyl-CoA hydrolase to regenerate free-fatty
acid. The low myocardial content and rapid turnover of
cytosolic LCACA would render the size of the LCACA
pool and rates of LCACA hydrolysis inestimable using
external measurements with an LCFA tracer (42).

In principle, however, the utilization rate of LCACAs
for oxidation or esterification could be indicated by the
accumulation of metabolic products beyond the activation
step. If the radiotracer were incorporated into complex
lipids, its regeneration by lipolysis and subsequent clear-
ance from the myocardium could presumably be differ-
entiated from the more rapid backdiffusion of nonmetab-
olized radiotracer in myocardial time-activity curves.
However, B-oxidation of the radiotracer must give rise to
metabolites that are retained within the myocardium for
a sufficient time to allow a similar differentiation between
their clearance and backdiffusion of nonmetabolized
tracer. If so, then the accumulation of radioactivity in the
myocardium would indicate the net utilization rate of
LCFA, which would be the sum of the rates of esterification
and oxidation. If, furthermore, the oxidative metabolites
were completely retained in myocardium, and the myo-
cardial kinetics could be observed for a long enough time
(1-2 hr), then at least some fraction of the total accumu-
lation rate due to esterification could be kinetically dis-
criminated.

A better solution to the esterification-oxidation dilemma
would be to design a radiotracer which specifically traces
the g-oxidation pathway. In this case, the ideal PET LCFA
tracer should not only have a terminal catabolite which is
formed after commitment to S-oxidation and which has a
very slow clearance, but should also yield a cytosolic acyl-
CoA which is a very poor substrate for synthesis of com-
plex lipids (/0). It may not be possible to satisfy these
criteria given the nature of the enzymes involved. The
ability of the myocardial kinetics of such a radiotracer to
specifically reflect LCFA B-oxidation rate rather than
LCFA activation rate, especially in conditions when these
two rates are not coupled, would depend on the hydrolytic
rate of its acyl-CoA.

Kinetics and Metabolism of FTHA in Mouse ¢ DeGrado et al

A PET technique based upon the myocardial time-
activity curves of a metabolically trapped LCFA tracer
would have several advantages. The relatively constant
tissue concentrations of radioactivity following the uptake
of a metabolically trapped LCFA radiotracer would allow
accurate quantitation with PET. Data acquisition proto-
cols would be less critical than with g-oxidizable LCFA
radiotracers. The accumulation rate of radioactivity in the
myocardium would directly reflect the utilization rate of
LCFA. The effects of myocardial perfusion on the clear-
ance kinetics would be separated from those due to metab-
olism because the metabolic products are retained. Finally,
the simplified kinetics of a metabolically trapped LCFA
may allow quantitation of transport and utilization rate
through the application of appropriate tracer kinetic
models.

CONCLUSIONS

From a practical standpoint, its high myocardial uptake,
long myocardial retention, and rapid clearance from the
bloodstream would make FTHA a useful myocardial im-
aging agent for PET. More importantly, the myocardial
kinetics of '®F radioactivity with administration of FTHA
may sensitively indicate the g-oxidation rate of LCFA.
This may provide important metabolic information in
addition to the total oxidative metabolic rate indicated by
[1-"'C] acetate. Further studies are encouraged to under-
stand the radiopharmacology of FTHA in a variety of
conditions and test its applicability to a quantitative PET
technique for noninvasive measurement of LCFA utiliza-
tion.
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