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The liver is an important site of fat oxidation. Abnormalities of
hepatic mitochondrial fatty acid oxidation (HMFAQ) are associ-
ated with obesity, type Il diabetes, alcoholic hepatitis, and
nonalcoholic steatohepatitis. Noninvasive assessment of
HMFAO by PET has been impeded by the lack of a specific
radiotracer. Methods: No-carrier-added 15-[*8F]fluoro-3-oxa-
pentadecanoate (FOP) was synthesized and evaluated in living
rats and isolated rat livers. Results: FOP showed high uptake
and slow clearance of radioactivity from livers in living rats.
Inhibition of HMFAO by pretreatment of fasting rats with the
carnitine palmitoyltransferase-I (CPT-I) inhibitor reduced the
liver-to-blood ratio by 64%. In isolated rat livers, perfused in
normoxic (95% O,) and hypoxic (15% O,) conditions with
glucose (5 mmol/L) and palmitate (0.15 mmol/L), the externally
measured kinetics of FOP showed reversible binding in tissue.
The kinetics were adequately fit by a catenary 2-compartment
model for estimation of tracer distribution volumes (DVs). The
DVs of both compartments were found to correlate with fractional
palmitate oxidation rate (FPOR) in experiments in normoxic and
hypoxic conditions. The correlation was particularly strong for the
slower second compartment (DV, [mL/g dry weight] = 34.1
FPOR [mL/min/g dry weight] — 0.7, r = 0.89). Relatively small
levels of diffusible metabolites of FOP were formed in vivo and in
isolated rat liver. Conclusion: The selective uptake of FOP by
liver and the high sensitivity of hepatic FOP DV to changes of
HMFAO with CPT-I inhibition and hypoxia suggests potential
usefulness for the 3-oxa fatty acid analog in assessments of
hepatic mitochondrial oxidation of exogenous fatty acids with
PET. These data emphasize that further studies are required to
clarify the intracellular disposition of FOP in the liver and test its
validity as a tracer of HMFAO over a broad range of conditions.
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fatty liver diseases is poorly understood. Animal models of
alcoholic steatosis are of limited valu&)(and an animal
model of NASH does not exist. Inhibition of mitochondrial
B-oxidation is thought to contribute to triglyceride accumu-
lation in alcoholic fatty liver 1) and NASH @). Disorders of
hepatic mitochondrial fatty acid oxidation (HMFAO) are
also associated with obesit$,4) and type Il diabetes(6).
However, noninvasive evaluation of regional HMFAO in
liver by an imaging technique has proven problematic.

The availability of both anabolic and catabolic metabolic
pathways for fatty acids in liver complicates the design and
implementation of a tracer technique to measure oxidative
metabolic flux. The use of [#Cloctanoate (OA) for
assessing mitochondrigloxidation in liver using PET has
been proposed on the basis of hepatic clearance rat&s-of
radioactivity presumably reflecting oxidation of the tracer
and clearance of'ICO, (7). However, 3-oxidation of OA
presumably gives rise to [£C]acetyl coenzyme A (CoA),
which has both anabolic and catabolic metabolic fates in
liver. Retention of anabolic metabolites of fiC]acetyl-
CoAwould cause an underestimatiorpebxidation activity
by clearance rates of radioactivity from liver. Modified fatty
acid analogs that are retained specifically pasxidation
metabolites would have more potential to serve as radiola-
beled probes of fatty acid oxidation. Toward this end,
B-methyl- and acetylene-substituted analogs of OA have
been synthesized and show prolonged retention in li®er (
However, the specificity of these analogs for indication of
B-oxidation activity has not been clarified.

We are investigating sulfur and oxygen heteroatom substi-
tuted fatty acid analogs as metabolically retained probes of
HMFAO in liver. We have recently developed the 4-thia
palmitate analog, 164F]fluoro-4-thia-hexadecanoic acid

he liver is an important site of fat oxidation. Although([FTP] Fig. 1), as a metabolically trapped tracer of mitochon-

disturbance of hepatocyte fatty acid metabolism with adrial fatty acid oxidation in the heart used in conjunction
abnormally high accumulation of triglycerides is a commowith PET ©,10. However, preliminary work in isolated rat
feature of both alcoholic hepatitis and nonalcoholic steatfiver showed thap-oxidation—independent metabolic trap-
hepatitis (NASH), the biochemical pathogenesis of thegng of FTP in liver limits the usefulness of FTP as a probe
of HMFAO (11).

Skorve et al. 12) have shown that feeding a 3-oxa
long-chain fatty acid to rats leads to a greater than 97%
inhibition of palmitoyl+-carnitine oxidation in liver mito-
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Methyl 15-lodo-3-oxa-pentadecanoate
18F /\)?\ ‘ To 2.1 mmol methyl 15-hydroxy-3-oxa-pentadecap0atﬂ,N—
\/\/\/\/\/\/\S OH dlmethylformamlde _(5 mL) was added 2.5 mmol trlphenylphos_,-

. ) . phine, and the solution was stirred at room temperature for 5 min.

16-[8F]fluoro-4-thia-hexadecanoic acid (FTP) To this solution was added iodine crystals until a reddish color

persisted, indicating completeness of reaction. Ether (20 mL) and

water (20 mL) were added, and the organic layer was washed

successively with water and brine, dried (MggQ@nd evaporated

O
18F/\/\/\/\/\/\/0\)J\OH under reduced pressure. The product, methyl 15-iodo-3-oxa-

-[18 A . . . pentadecanoate, was isolated as an oil in 90% yield by column
15-[1®F]fluoro-3-oxa-pentadecanoic acid (FOP) chromotography (hexane:ethyl acetate, 3:1). TLC (hexane:ethyl

acetate, 3:1; R= 0.7) 1H-NMR 1.2-1.65 (m, 20H, C}}, 3.19 {(t,
FIGURE 1. Chemical structures of *8F-labeled fatty acids. 2H, C(15)H), 3.52 (t, 2H, C(4)H), 3.76 (s, 3H, -COOC}), 4.08
(s, 3H, C(2)H). The compound was stable when kept at 5°C.

. . N S [*°F]Fluoro-3-oxa-pentadecanoic Acid
chondria. The mechanism of inhibition groxigation by To 5 mL of a 1 mol/L solution of tetrabutylammonium fluoride

3-oxa fatty acids has not been clarified, but a reasonalE)rlnetetrahydrofuran was added 1.15 mmol methyl 15-iodo-3-0xa-

possibility I_S an accumulation of a m?tabome{ Su.Ch as tl'ﬂ)%ntadecanoate. The solution was stirred at room temperature for 4
corresponding acyl-CoA or acylcarnitine, that inhibits 1 0f Ether (20 mL) and water (20 mL) were added, and the organic
more enzymes of HMFAO. For this reason, we postulatgfhase was dried (MgSfand evaporated under reduced pressure.
that a radiolabeled 3-oxa fatty acid would likely be retainetihe resultant fluoroester was isolated by column chromatography
in liver mitochondria (i.e., in relationship with acyl interme{hexane:ethyl acetate, 3:1). TLC (hexane:ethyl acetate, 3:1) showed
diates of the HMFAO pathway). This study evaluated than R of 0.4. The fluoroester was directly hydrolyzed in 20 mL
potential usefulness of atfF-labeled 3-oxa fatty acid, ethanol and 0.2-N KOH (1:1) at room temperature overnight. After

15-[¥F]fluoro-3-oxa-pentadecanoate (FOP; Fig. 1), as eyaporation of most of the ethanol, ether (30 mL) and dilute HCI
probe of mitochondriaB-oxidation in liver. were added. The organic layer was washed with brine, dried

(MgSQ,), and evaporated under reduced pressure. The product,
15-[*F]fluoro-3-oxa-pentadecanoic acid, was crystallized in 60%
MATERIALS AND METHODS yield from hexane (melting point 38°C).'H-NMR 1.2-1.65 (m,
Synthesis of Radiotracers 20H, CH,), 3.52 (t, 2H, C(4)H), 4.08 (s, 3H, C(2)H), 4.44 (dt, 2H,
Chemicals were of analytic grade. Dry acetonitrile was obtaind(15)H,, Jyr = 47.5 Hz, Jy = 6.2 Hz).

commercially (Pierce, Rockford, IL}H-nuclear magnetic reso- |,
nance (NMR) spectra were recorded with a 500-MHz Unity . T
spectrometer (Varian, Inc., Palo Alto, CA) using CB@is the Th(_e radiofluorination procedure was that of DeGrail),(as
solvent (M@Si, 0.00 ppm). Rvalues refer to thin-layer chromatog-igc’d'f'ed from that of Coenen et all§). The precursor for
raphy (TLC) performed on silica gel with the solvent system noteg. "labeled FOP was methyl 15-iodo-3-oxa-pentadecanoate. To a

Routine column chromatography was performed under nornfgmb dlass vial was added Kryptofix 2'2'5 (10 mg; Aldrich,
pressure with silica gel (100-200 mesh) and the solvent systéfijwaukee, Wi), acetonitrile (0.5 mL), and a 9%&0; solution in
noted. water (20 pL). I8F]fluoride, produced through proton bombard-

ment of K80 (>95 atom %), was then added; the vessel was

Methyl 15-Hydroxy-3-oxa-pentadecanoate placed in an aluminum heating block at 85°C; and the solvent was

12-Tetrahydropyranyloxy-1-dodecanol was synthesized froavaporated under a stream of helium or nitrogen. The residue was
1,12-dodecanediol as previously describ&8). This alcohol (5 further dried by azeotropic distillation with acetonitrile £ 0.3
mmol) was caused to react witkbutyl bromoacetate (20 mmol) mL). A solution of methyl 15-iodo-3-oxa-pentadecanoate (1-2 mg)
and tetrabutylammonium hydrogen sulfate (5 mmol) in 20 mL 509 acetonitrile (0.5 mL) was added, and the vial was sealed and
NaOH and 15 mL CKCI, at room temperature f@l h according to returned to the heating block. Reaction time was 10 min. The vial
a previously described procedurkd. The solution was extracted was briefly cooled by placing it in ice water. The incorporation of
twice with ether, and the organic phase was dried (MgSDd [*®F]fluoride was monitored by radio-TLC (hexane:ethyl acetate,
evaporated under reduced pressure. The product of this reacti@n,). R values were 0.0 and 0.6 fo¥F]fluoride and {éF]fluoroes-
t-butyl 15-tetrahydropyranyloxy-3-oxa-pentadecanoate, was iger, respectively.
lated by liquid chromatography (hexane:ethyl acetate, 3;1=R  Subsequent hydrolysis of the resultingfH]fluoroester was
0.7). This product was directly caused to react in methanol withperformed in the same vessel by the addition of 0.15 mL 0.2-N
catalytic amount of p-toluenesulfonic acidrf6 h atreflux. After KOH and continued heating at 90°C for 4 min. The mixture was
neutralization of the solution with sodium bicarbonate, the solvenboled, acidified with concentrated acetic acid (25 pL), and applied
was evaporated. Ether (20 mL) and brine (20 mL) were added, atoda semipreparative reverse-phase high-performance liquid chro-
the organic layer was dried (MgQJ2and evaporated under reducednatography (HPLC) column (Nuclosil C-18 [10 p, 25010 mm];
pressure. The product, methyl 15-hydroxy-3-oxa-pentadecanoétiéech, Deerfield, IL) eluted with MeOH:pO:AcOH (85:14.5:
(2.3 mmol, 46%), was isolated as a colorless oil by liqui@.5) at a flow rate of 4.3 mL/min. The HPLC capacity factor9 (k
chromatography (hexane:ethyl acetate, 7:3;=R0.3). 'TH-NMR  were 3.1 and 5.2 for FOP and the hydrolyzed precursor, 15-iodo-3-
1.2-1.65 (m, 20H, Ch, 3.52 (t, 2H, C(4)H), 3.64 (t, 2H, oxa-pentadecanoate, respectively. An in-line ultraviolet-detector
C(15)H,), 3.76 (s, 3H, -COOCEH}, 4.08 (s, 3H, C(2)H). (210 nm) was used to monitor the elution of unlabeled materials.

F-Labeling Procedure
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The [8F]fluoro—fatty acid fraction was collected, evaporated tpalmitate, 0.15; and albumin, 0.15. The perfusate was prefiltered
dryness, formulated in isotonic NaCl solution with 1%—2% albudsing 5-um in-line filters (Millipore). Under standard conditions,
min present, and filtered through a 0.22-um filter (Millex-GSthe perfusate was gassed with 95%8% CQ,. To assess the tracer
Millipore, Bedford, MA). kinetics in conditions of hypoxia, the fraction of oxygen was
lowered to 15% while maintaining the GG@raction at 5%. The

Biodistribution Studies in Rats makeup gas was nitrogen. The apparatus used water-jacketed

Female Sprague-Dawley rats (body weight range, 180-225@sse|s and a heater—circulator to deliver the medium to the liver at
fasted overnight. The rats were anesthetized with pentobarbital QQemperature of 37°C. Perfusion pressure was monitored by a

mg/kg) before injection of the radiotracer and remained anesthgagssyre transducer to ensure correct positioning of the cannula.
tized throughout the study. THéF-labeled FOP (20-40 UCi) Was e effiyent flow rate was measured manually. The isolated liver
injected into the femoral vein. A prescribed duration was alloweg,s not enclosed in a perfusion chamber, becaustfhedioac-
before procurement of tissues (heart, liver, lung, blood, kidneyyiry required close monitoring by external detectors. Therefore,
bone [rib], brain [whole], skeletal muscle, and urinary bladdery,e" temperature of the liver was not strictly controlled. The
The tissues were counted and weighed. Radioactivity data Wegperature in the livers was presumably nearly the same in all the
corrected for decay. Radiotracer uptake was calculated as: experiments because the perfusate temperature was maintained at

(% injected dose)(rat weight [kg]) - 37°C, the flow was kept constant, and the livers were of similar

g.1 sizes.

Uptake (% dose kg/

P O olgr tissue mass (g)
In one group of fasting rats, the carnitine palmitoyltransferase/YAMinistration of Radiotracers _
(CPT-l) inhibitor, etomoxir (40 mg/kg; Byk Gulden, Konstanz, For pulse perfusion of radiotracers, 2 reservoirs of perfusate
Germany), was administered intraperitonga® h before FOP Were used. Before each study, 1 reservoir was filled with approxi-

injection. mately 500 mL perfusion medium containing 3700-7400 kBg/L
[*8F]FOP and approximately 1850 kBg/L [9,EBpalmitate. A
Analysis of Radiolabeled Metabolites in Tissues 3-way valve was used for switching the perfusate between the 2

The chemical nature of the metabolites in the liver and heart wasurces. The standard pulse-perfusion protocol consisted of a
analyzed by an extraction procedure as previously describdd ( 20-min stabilization without tracers, a 20-min perfusion with
The rat tissues were excised 30 min after injection of radiotracer fiardiotracers, and a 40-min washout (without tracers), in succession.
FTP and 15 min after injection for FOP. Approximatdl g tissue The 18F radioactivity concentration of the washin medium, R
was thoroughly homogenized and sonicated (20 s) in 7 n{tpm/mL), was measured in a Nal well counter. At the end of
chloroform:methanol, 2:1, at 0°C. Urea (40%, 1.75 mL) angderfusion, the liver was gently blotted on paper toweling, sec-
sulfuric acid (5%, 1.75 mL) were added, and the mixture wasned, placed in preweighed tubes, weighed, and counted in the
sonicated for an additional 20 s. After centrifugation for 10 mirial well counter. The liver was later dehydrated in a vacuum oven
aqueous, organic, and protein interphase fractions were separateobtain the dry mass. The average ratic5D) of wet to dry mass
and counted. of the livers was 4.4+ 0.4. The apparent distribution volume

In the case of FOP, the blood serum was analyzed for nonmetag@bV) of radioactivity in the whole liver was calculated from the
lized FOP. Samples of serum were obtained from blood sampkasam of radioactivity in the liver and the paper toweling)(Ahe dry
drawn from the left ventricle 20 min after injection of FOP. To 0.3nass of the liver (), and R:
mL serum was added 0.6 mL MeOH, and the samples were mixed
and centrifuged. The supernatant was filtered (13-mm-diameter, ADV (tend = Ar/(Ry X M), Eq.2
0.2-um nylon filter) and analyzed for nonmetabolized FOP hyhere t.qwas the time at the end of perfusion.
analytic reverse-phase HPLC (Econosphere C-18 [5 um}28®
mm]; Alltech) with the eluent MeOH:water:acetic acid, 85:14.5Estimation of Oxidation Rate of Exogenous Palmitate
0.5, at a flow of 1 mL/min. HPLC eluent samples were continu- Livers were perfused with [9,18H]palmitate at a concentration
ously collected and counted in a well counter. FOP eluted at 5081850 kBg/L. Perfusate samples were collected from the reservoir
min. The amount of radioactivity in the samples corresponding tsed to perfuse the liver. Hepatic effluent samples were collected
the FOP elution peak was summed and divided by the amountagter 10 min of equilibration. Tritiated water and ketone bodies
radioactivity injected. Control samples of nonradioactive serutiere separated from nonmetaboliZttpalmitate in the effluent
with added pure FOP were run to account for incomplete recovesgmples by an organic solvent extraction procedure described by
of radioactivity during the procedure. The recovery was 92%. Saddik and Lopaschukl®). Fractional palmitate oxidation rate

] ) ) (FPOR) (mL/min/g dry weight) was calculated as the product of

Isolation and Perfusion of Rat Livers perfusate flow (mL/min/g dry weight) and the fraction of concentra-

Female Sprague Dawley rats (body weight range, 50-60 ggn of acid-soluble metabolites (tritiated water and ketone bodies)

fasted overnight. After anesthetization with pentobarbital (7&ative to perfusatéH-palmitate concentration at steady state.
mg/kg) and venous administration of heparin (50 U), the abdominal

cavity was opened and the portal vein was cannulated afgquisition and Normalization of ~ 18F Time—Activity

immediately perfused at a flow of 8 mL/min. The liver?-2.5 g Curves in Isolated Rat Livers

wet weight) was then dissected free and placed on a 1.5-cm-18F radioactivity was externally monitored using 2 lead-
diameter grate across the opening of a small funnel. The funnel wandlimated 5.08x 5.08 cm (2X 2 in.) Nal(Tl) scintillation probes
then positioned between 2 radioactivity detectors. The perfusiocanfigured electronically fofy,y-coincidence detection. The true
medium was Krebs-Henseleit bicarbonate buffer of the followingoincidence counting rate in the liver;(f¢ounts per second]) was
composition (in mmol/L): Na, 143; K*, 5.9; C&", 1.85; Mg, calculated as the difference between prompt coincidence rate and
1.0; CI7, 125.6; S@,, 1.18; HPO 4, 1.2; HCO 3, 25; glucose, 5; random coincidence rate, with the latter estimated by the delayed-
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signal technique. The true coincidence counting rate was correct#dding of FOP or its acyl intermediates to binding proteins within
for radioactive decay. tissue can also contribute to the kinetics gf £blood volume term
For studies in which radiotracers were administered by pul$BV) was included in the model to account for radiotracer present
perfusion, the resultant time—activity curve was converted to unitsthe vascular spaces. The potential defluorination of FOP was not
of ADV by multiplication of each data point;Yoy a calibration explicitly accounted for by the model. Because in vivo defluorina-
factor (f): tion of FOP, as suggested by bone uptake of radioactit®y, (vas
. slow relative to the rate of uptake by liver, the errors associated
ADV (mL/g dry weight)= Yif,, Eq.3 with ignoring this process were likely minimal. Furthermore, we
where { is given by the equation: have observed no evidence of defluorination of tracer in human
) studies (unpublished data, 1999). Potential catabolism of FOP by
(mL/g dry weight) _ ADV(tend Eq 4 -oxidation 0) was also ignored in the model.
¢ (counts per second) Ye ' ' The differential equations describing the kinetics of the radiola-
bel with FOP are:

where ADV(t,g is given by Equation 1, and.¥s the average of Y

over the last 10 s of perfusion. dc, (t)

. . - =k, Cp O - (k+ky)Cr() + kG (1)
HPLC Analysis of Radioactivity Clearance from Isolated dt
Liver dc, (1)

To determine the contribution of metabolites of FOP to the o
clearance of radioactivity from the isolated liver, FOP (29.6-37
MBq) was administered to isolated livers as a bolus injection inBecause the radioactivity concentration is normalized to the

the perfusion medium at the portal vein. Effluent samples wergdioactivity concentration in the input perfusate containing FOP
collected at 0.5-2 min (rapid early phase) and 11-13 min (slowggq. 3), G (1) is given as:

clearance phase) after tracer injection. The effluent samples were

— ks Cy (1) — K, G, (). Eq.5

processed as previously described for serum samples for analysis 0,t<0
by reverse-phase HPLC. Cp(t) ={1,0=t=20min} . Eq. 6
FOP Kinetics in Isolated Rat Liver 0, t> 20 min

The 2-compartment model used for FOP kinetics in isolated rifa total ADV of radiolabel in the liver is modeled as:
liver is shown in Figure 2. The first tissue compartment,i€taken
to represent radiolabel in the form of nonmetabolized FOP. The ~ ADV () = BV C (1) + (1 = BV)(C, (t) + C,(1)). Eq.7

sec_ond _c_ompa}rtr_nent, £is t_h_ought to_represent turnover OfThe BV term was not identifiable in the parameter estimation
radioactivity within all esterified forms of FOP. Noncovalentprocess; BV was therefore fixed to a value of 0.24 mL/g dry weight
for all studies to account for tracer present in all vascular spaces in
the field of view of the radiation detectors. The compartmental
model solutions were derived numerically using a fourth-order
Runge-Kutta integrator. Parameter estimation used a nonlinear

least squares fitting routin@1), minimizing the sum of squares of
kl k2 the differences of measured data and model ADVs for all data
C > C > points.
P 1 The equilibrium distribution volumes (DVs) (equivalent to liver

compartment-to-perfusate ratio of FOP concentration at equilib-
rium) of the model compartments are estimated as:

A ky
DV, =—
k -
k kg kik
3 4 DV,=DV, = ——
ky,  kok,
DV, = DV, + DV,. Eq. 8
Statistical Analysis
C Data are expressed as meanSD. Thet test (2-tailed) for
2 unpaired samples was used to compare the means of 2 groups of
samples.
RESULTS

i 18
FIGURE 2. Two-compartment model for fitting FOP kinetics in Sylr;tgi)ss of [ F]rhOP. db . dded | hili
isolated rat liver. C, is radioactivity concentration in input perfus- was synthesized by no-carrier-added nucleophiiic

ate; C, and C, represent first and second tissue compartments,  [-°Flfluorination of the methyl ester of the corresponding
respectively; and k,—k, are rate constants. iodo-3-oxa fatty acid, followed by basic hydrolysis and
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TABLE

1

Uptake of [*8F]FOP in Fasting Rats

Control
Tissue 15min (n = 5) 30 min (n = 5) 60 min (n = 3) Etomoxir 15 min (n = 5)

Heart 0.023 + 0.003 0.046 + 0.003* 0.029 *+ 0.005 0.080 *+ 0.028*
Blood 0.059 + 0.007 0.088 + 0.006% 0.072 = 0.004* 0.146 = 0.041%
Lung 0.044 + 0.008 0.055 + 0.007 0.041 = 0.001 0.101 = 0.037t
Liver 1.531 + 0.252 1.760 + 0.110 0.979 = 0.0781 1.280 *= 0.338

Kidney 0.101 = 0.031 0.127 += 0.103 0.066 = 0.016 0.108 *= 0.029

Bone 0.102 *= 0.032 0.170 = 0.024t 0.276 = 0.0801 0.049 = 0.008*
Brain 0.011 + 0.031 0.014 + 0.002 0.013 = 0.001 0.026 = 0.010*
Skeletal muscle 0.013 = 0.003 0.015 + 0.002 0.017 = 0.001 0.030 = 0.007%

*P < 0.05 vs. 15-min controls.

TP < 0.01 vs. 15-min controls.

Data are % dose kg/g. Control rats were Sprague-Dawley female rats that weighed 180-200 g and had fasted overnight. Etomoxir-treated
rats were given 40 mg/kg etomoxir 2 h before tracer injection. Uptake is normalized to body mass (kg).

HPLC purification. The synthesis required approximately S@ately 15 min after injection, with slow decreases thereafter,
min, giving radiochemical yields of 30%—40% (correctetvhereas bone-to-blood ratios continued to increase over the
for decay). Hydrolysis of thelfF]fluoroester was quantita- measurement period. Thus, accumulation of radioactivity in
tive, as evidenced by no radioactive peaks after the elutibone was observed with FOP, suggesting slow defluorina-
of FOP on reverse-phase HPLC. No detectable ultravioldion of the tracer. Liver uptake was somewhat lower in
absorbing (210 nm) material was eluted during the elution efomoxir-treated rats, but the difference was not statistically
FOP on semipreparatory HPLC. Radiochemical purity wasgnificant (Table 1). However, the concentration of radioac-
greater than 98% as assessed by analytic reverse-phase

HPLC.
Biodistribution and Metabolic Studies in Living Rats A | FOP
Hepatic uptake of the 3-oxa fatty acid, FOP, was avi{d
(1.76 = 0.11 % dose kg/g 30 min after injection) (Table 1), i
Uptake in extrahepatic tissues was less than one tenth thdt in L
liver more than 15 min after injection. Figure 3 shows ‘ . . , , , , .
tissue-to-blood ratios for FOP as a function of time during
. e . ; @
60 m|n'. The liver tq blood ratio of FOP was maximal af 2 B . Serum: Control
approximately 15 min, followed by a slow decrease. Heaft-3
. ’ .00
to-blood and kidney-to-blood ratios also peaked approxi-o ‘g -
8 -]
N2 r
Ry T e
3 =
Y . €3
2 L e TR Liver —
e e T 3 2 < C| Serum;
g 109r Etomoxir-treated
[+ 6 I
3 i
s -
g 2 ! — '_. )
2 ol 0 2 4 6 8
: Time (min)
5
4 FIGURE 4. Reverse-phase HPLC analysis of FOP standard
‘ . ‘ ‘ . . ‘ (A) and *BF radioactivity in representative samples of serum
0 10 20 30 40 50 60 taken from control or etomoxir-treated rats 15 min after injection
Time (min) of FOP (B and C). Small levels of unidentified polar metabolites of
FOP were observed in serum samples. Intact FOP composed
FIGURE 3. Tissue-to-blood 8F radioactivity concentration ra- 85.4% *= 1.4% and 96.7% =+ 0.8% (P < 0.0001) of total

tios for FOP in healthy living rats. Each data point represents
mean and SD for group of 3—4 rats killed at given time.

radioactivity in serum 15 min after injection for control and
etomoxir-treated rats, respectively.
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TABLE 2
Distribution of 18F Radioactivity in Rat Liver In Vivo 15 25/ ( —r
Minutes After Injection of FOP AN |
Agqueous Organic Protein . 20/
Group soluble (%)  soluble (%) interphase (%) _g‘
Control (n = 3) 3007 933=x09 36*0.1 2 157 BV=0.24 mlg dry
Etomoxir (n =3) 6.0 = 1.6* 88.8 = 0.4* 49+ 14 i3 k;= 2.99 ml/min/g dry
> k,=0.236/min
- Q1 k;=0.176/min
*P < 0.05 vs. control. i
k,=0.041/min
5 DV, = 67.6 ml/g dry
tivity in the blood was increased 2.5-fold, so that the
liver-to-blood ratio was decreased 64% & 0.0001) in 0 ‘ : : :
etomoxir-treated rats (9.5 3.5) in comparison with control 0 10 Time ?r?nin) 30 40
rats (26.1+ 3.8) at 15 min after injection. HPLC analysis of

serum (Fig. 4) showed the presence of polar metaboliteSEURE 6. Two-compartment model fit to °F radioactivity
FOP; the fraction of nonmetabolized tracer 15 min aft&inetics in normoxic isolated rat liver administered FOP as
injection was 85.4%*+ 1.4% and 96.7%*+ 0.8% (@ < 20-min pulse followed by 20-min washout. Measured kinetics
0.0001) for control and etomoxir-treated rats, respectiveg.e;eb?c‘;?:gj;éfgnbg;"gg;'vc Srr‘og"si'Lgers‘%:isggtizgg‘tr_‘é;iigeﬁt‘?‘:'

. | W urvi | ISt unti
Howevgr, less than 1% of the |nJected. dqse of FOP was._ = ko—k, are rate constants. g
found in the urinary bladder at 30 min in control rats,

showing FOP and the slowly produced polar metabolites ) o ]
(other than TBF]fluoride) to be effectively reabsorbed by thé?focess was evident. The kinetics were successfully fit by a

kidneys. Using only the nonmetabolized FOP concentratigncompartment model (Fig. 6), allowing estimation of rate
in blood, the liver-to-blood ratio was decreased 68%<( constants k-k,. Table 3 shows the mean values of parameter

0.00005) with CPT-I inhibition 15 min after injection, fromeStimates in normoxic and hypoxic groups. The only rate
30.5+ 4.5 for control rats to 9.& 3.6 for etomoxir-treated Constant influenced significantly by hypoxia was which
rats. Analysis of liver homogenates showed more than 88%&s increased 2.6-fold over normal values. The increase in
of the radioactivity to be organic soluble 15 min aftekz With hypoxia translated into decreases of both,[zvid
injection for both normal and CPT-I inhibited rat liversPV2 because both DV estimates are inversely proportional
(Table 2). to k; (Eqg. 8). The decreases in DVDV,, and DV, with
o _ hypoxia tracked closely the 55% decrease in FPOR. The
Studies in Isolated Rat Liver _ _ strongest correlation with FPOR was found for Which
FOP kinetics in isolated rat liver showed rapid and slowhowed a negative correlation,(k 0.49 — 0.21 X FPOR,
turnover (Fig. 5). The rapid process was most apparent in the
first 4 min of washout; thereafter, the slower clearance TABLE 3

Palmitate Oxidation and FOP Kinetic Parameter Estimates

in Isolated Rat Liver
257
Normoxic Hypoxic
20+ condition condition Per-
S . 95% O, 15% O, centage
E | NOrMOoXIc Parameter ((n = 5)) ((n = 5)) change
o 15
E ky (mL/min/g dry weight) 2.81 £0.49  3.09 = 0.90
; 10} ko (per minute) 0.135 = 0.046 0.354 = 0.054 +162*
o ks (per minute) 0.087 = 0.045 0.081 *= 0.018
< . k4 (per minute) 0.036 = 0.010 0.041 + 0.006
51 hypoxic DV, (mL/g dry weight) ~ 22.9 + 8.6 9.0 =33 —61t
ka/kyg 230+091 2.04=*=0.54
ot DV, (mL/g dry weighty ~ 47.2 + 105 181+ 7.6 —62t
" w w w w DViot (ML/g dry weight) 70.1 =139 27.2*+10.3 —61%
0 10 20 30 40 Fractional palmitate oxi-
Time (min) dation rate (mL/min/g
dry weight) 1.31 +0.30 0.587 + 0.080* —55%

FIGURE 5. Characteristic time—activity curves for FOP in
isolated rat livers. Livers were perfused in normoxic (95% O,) or )
. L : . *P < 0.0001, vs. normoxic.
hypoxic (15% O,) conditions. Livers were pulse perfused with -
. . ) TP < 0.01, vs. normoxic.
radiotracer in perfusate at constant concentration over the £P < 0.0005. vS. NOrMOXIc
interval 0—20 min, followed by 20-min washout. ’ T ’
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r = 0.70), suggesting faster backdiffusion of tracer fro
compartment 1 as FPOR was decreased. The DVs of the sol
compartments are shown in Figure 7 as a function of FPOR. .

The DVs of both compartments correlated positively wit 25f

FPOR because both DVs were inversely related,torke = y=2.96+11.38x .
strongest relationship was found for the DV of the slowgr 3 207 r=0.69

compartment: DY (mL/g dry weight)= 34.1 FPOR (mL/ E 15+

min/g dry weight)— 0.7 = 0.89). The intercept of this iy

linear fit was not significantly different from zero. The total © 1o}

DV, given by the sum of the 2 compartmental DVs, showgd A
a nonlinear relationship with FPOR (Fig. 7). The relativ 5 ‘
noise appeared to be smaller for P&hd DV, estimates in
comparison with DY (Fig. 7).

To determine the contributions of intact FOP and metabjp-

o R
00 02 04 06 08 10 12 14 16 18
3H-Palmitate Oxidation Rate (ml/min/g dry)

lites to the clearance of radioactivity from isolated livers, or
performed separate studies with bolus injections of FQP  gg Y =-0.68 + 34.11 x
(29.6-37 MBQ) to isolated livers perfused in normoxic an r=0.89
hypoxic (15% Q) conditions. HPLC analysis was per{ & *°| .
formed on effluent samples to determine the fraction ¢f 3 4ot
nonmetabolized FOP during the rapid early (0.5-2 min) and &
slower late (11-13 min) clearance phases (Table 4). Intact S« 30|
)

FOP accounted for 66%-69% and 90%-91% of the radiogc- @ 54t
tivity clearing normoxic and hypoxic livers, respectively|
over both early and late clearance phases. Thus, metaboljsm 107
of FOP to diffusible radiolabeled metabolites was signif{-
cantly greater in normoxic conditions. Only samples fro
the late phase in normoxic livers showed significant levels pf

AL

o R
00 02 04 06 08 10 12 14 t6 18
3H-Palmitate Oxidation Rate (ml/min/g dry)

radioactivity (14%) retained on the C-18 HPLC column. Th 1007

chemical form of this fraction of radioactivity was likely 90|

[*8F]fluoride, which is nearly completely retained on th 80

column under these conditions. Slow defluorination of FQP & 70} r_; 356'0' 39.2/x oo @
in the normoxic liver is also consistent with the observed f,’, 60t o T
moderate uptake by bone of radioactivity in living rats. In g so} '
contrast, there was no evidence of defluorination of FOP|in ‘% a0t e

hypoxic liver consistent with decreased availability B 30t

oxygen and of energy equivalents that are required for 54t ‘“

w-oxidation. The FOP metabolites that were not retained pn ;41

the C-18 column, accounting for as much as 30% of the

0 -
clearance in the rapid early phase in normoxic livers, wefe 00 02 04 06 08 10 12 14 16 18
not chemically identified. 3H-Palmitate Oxidation Rate (ml/min/g dry)

FIGURE 7. Relationship of estimates of DVs of FOP to FPOR
DISCUSSION in isolated rat liver. Each experiment is represented by single

Noninvasive assessment of regional HMFAQ in liver ma§@ta point on each graph. Both normoxic (95% O,) data (®) and
éJOXiC (15% O,) data (A) are shown.

help to clarify the pathogenesis of liver diseases and may
useful in clinical diagnosis. The deleterious effects of

ethanol on mitochondrial oxidative function in liver havecally but also might be of use for judging the severity (i.e.,
been extensively studied ,2,23. However, the potential prognosis) of disease.

role of mitochondrial dysfunction has not been clarified in In this study, we evaluated the usefulness of FOP as a PET
NASH (2). Evaluating HMFAO disorders is also of interestracer of fatty acid oxidation in liver. FOP incorporates an
in obesity @,4) and type Il diabetes5(6). Abnormally high oxygen heteroatom substitution to obstr@ebxidation of
triglyceride accumulation in hepatocytes may result fromihe molecule and thereby simplify the interpretation of the
impairment off3-oxidation of fatty acids because of distur-externally detected kinetics in liver. The choice of substitut-
bances of mitochondrial oxidative metabolic function. Thusng the oxygen atom at C3 for FOP was guided by work of
a noninvasive means of assessing hepatocyte mitochond8kbrve et al. 12) that studied [1C]palmitoyl-carnitine
B-oxidation in vivo not only could prove useful diagnosti-oxidation in liver mitochondria procured from rats fed
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TABLE 4 FOP uptake kinetics in liver are reversible (Fig. 5).
HPLC Analysis of Effluent _Samples from Isolated Rat Liver  Consequently, the most appropriate index of FOP kinetics
with FOP for assessment of HMFAQ appears to be equilibrium DV of

Intact FOP Eluted Retained the_tracc_ar_ in liver. DV is equ!valent t_o_th_e I|v_er-to—plasma

Group (%) metabolites (%) metabolites (%) radioactivity concentration ratio at equilibrium if the concen-

trations of radiolabeled compounds in both arterial and

Normoxic (n = 3) venous plasma are equal and the presence of radiolabeled

Early (0.5-2 min) 69.0 + 10.3 30.5 = 9.7 05+22 _ ) o

Late (11-13 min) 66.0 = 14.1 20.2 = 13.3  13.8 + 1.2* me'Fabohtes other thgn FOP in plagma are negllglble. If
Hypoxic (n = 3) radiolabeled metabolites are present in the plasma in human

Early (0.5-2min) 91.4 = 1.0t  91=17f -05*21 studies, then their potential uptake by liver will need to be

Late (11-13 min) 89.7 = 5.61 8.8 * 4.81 1.0+23t  characterized and accounted for. Liver-to-blood ratios of

FOP showed good sensitivity to impairment of fatty acid
oxidation by CPT-I inhibition in living rats. Furthermore,
experiments in isolated rat liver showed DV estimates,
particularly of the slower turnover compartment (Bwto
track the fatty acid oxidation rate in the liver. The measure-
ment of the tissue-to-blood (or tissue-to-plasma) ratio with
FOP in humans with PET would be straightforward using
images of the liver and arterial blood concentration from the
left ventricular blood pool after equilibrium is reached.

pharmac0|ogic doses of nonﬂuorinated 3-o0xa or 4-oxa fat%ﬁcause Of the SIOW metabolism Of the tracer I’elative to
acids 8-oxidation was more than 97% inhibited in the grougirculatory turnover, venous blood samples could likely be
fed 3-oxa fatty acids. In contrast, feeding of the 4-oxa fattysed for measurements of nonmetabolized fraction of tracer
acids had no effect on palmitoyl-carnitine oxidation in livet? the plasma. Use of a tissue-to-blood ratio as an index of
mitochondria {2). The mechanisms underlying these differttHMFAO would obviate tracer kinetic modeling of dynamic
ences were not clarified, but a metabolite of the 3-oxa fatBET image data for estimation of rate constants. A compart-
acid likely accumulated in the mitochondrion and caused théental model-based technique would be complicated be-
inhibition of B-oxidation at 1 or more steps beyond th&ause the liver has both arterial and venous perfusion
CPT-I step (camnitine acylcarnitine-translocase, CPT-1I, vergources in vivo that are distributed in different proportions
long-chain dehydrogenase, mitochondrial trifunctional pr@ver the entire liver. However, the model-independent
tein, etc.). The accumulation of a radiolabeled 3-oxa fattissue-to-blood ratio cannot distinguish the contributions to
acid in liver was anticipated to potentially serve as a markéte DV of kinetically distinct compartments, as can be
of mitochondrial oxidative metabolism of fatty acids. accomplished with the isolated rat liver model.

FOP is taken up avidly by liver in the living rat. The high The correspondence of the 2 compartments in the tracer
ratio of 18F radioactivity concentration in liver relative to thekinetic model to transport and metabolic processes for FOP
concentration of intact FOP in blood (30.5:1) provide# liver has not been clarified. Because the 3-oxa fatty acid is
evidence of a mechanism of binding or metabolic retentigiot a substrate for3-oxidation, the primary expected
of the tracer in tissue. Comparison of data from ourdiolabeled metabolites of FOP in liver are the esterification
laboratory in the same isolated rat liver model using thgroducts—FOP-CoA and FOP-carnitine—and complex lip-
4-thia tracer, FTP 10), suggests a slower intracellularids, whereasfF]fluoride may be produced as a result of
sequestration of FOP relative to FTP, consistent with thmicrosomal w-oxidation (9). Another possibility is that
observed 50% slower rate of activation of 3-oxa-heptadeqaeroxisomala-oxidation @0) or microsomal peroxidation
noic acid relative to a 4-thia-stearic acid by in vitro assaf27) of the tracer may occur slowly over time. The finding of
(24). The much lower uptake of FOP in heart relative toearly all the radioactivity in the organic-soluble fraction of
myocardial uptake of palmitate%) or 4- and 6-thia fatty liver extracts shows that FOP is not significantly metabo-
acid analogs9,10,17 is intriguing. Differences in activities lized to hydrophilic metabolites. Although slow accumula-
of enzymes and carriers of fatty acid use in liver and hearbn of radioactivity was observed in bone of the rat with
for the 3-oxa fatty acid are implicated. Two isoforms ofOP, we have observed bone uptake of radioactivity with
CPT-1 are known to exist; one is predominant in liver and theeither FTP @) nor FOP in humans (unpublished data,
other in heart26). The liver form of CPT-I may have greater1999). These data suggest that th@xidative defluorina-
activity with 3-oxa fatty acids than does the heart forntion of w-[*®F]fluoro—fatty acid tracers apparent in rodents
Alternatively, differences in molecular specificities of long{19) is an insignificant process in humans. Clearance of
chain acyl-CoA synthetase could be present in heart aratliolabeled metabolites produced in liver and other tissues
liver, or acyl-CoA or acylcarnitine hydrolases may be moreould explain the presence of metabolites in blood and the
prevalent in heart and therefore result in more prominedecline of the liver-to-blood ratio over time.
clearance of 3-oxa fatty acids from myocytes. If present in rat liver homogenates, the CoA ester of FOP

*P < 0.0001 vs. early phase.

TP < 0.01 vs. normoxic.

FOP was administered to livers as bolus. Effluent was sampled
during washout of radioactivity from livers over early and late
intervals given in table. HPLC conditions were as given in Materials
and Methods. Fractions of radioactivity as intact FOP, eluted metabo-
lites, and metabolites retained on C-18 HPLC column (obtained by
balance of first 2) are given.
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would be expected to distribute primarily in the proteiputative 2-compartment model is adequate for the modeling
interphase layer2@). The minimal amount of radioactivity of FOP kinetics in liver, with the exception of not strictly
in the protein interphase layer of liver homogenates 15 matcounting for a relatively low production of unidentified
after FOP injection (Table 2) therefore suggests that FORetabolites. The fraction of radiolabeled metabolites of FOP
CoA may be an intermediate through which FOP is metabin late effluent samples~30%) from normoxic perfused
lized, but the equilibrium DV of FOP-CoA is relatively liver was higher than that found in serum of control rats 15
small. This finding also implies that if formed in themin after injection 15%). This discrepancy can be ex-
mitochondrion, FOP-CoA does not significantly accumulaj@ained by differences in hepatic use of FOP in ex vivo
but is either hydrolyzed or transesterified. These results magrsus in vivo liver, differential uptake of metabolites (i.e.,
have some relevance to the finding of potent inhibition ¢#8F]fluoride by bone) in extrahepatic tissues in the living
B-oxidation of palmitoyl-carnitine in liver mitochondria animal, or differences between nonequilibrium washout (ex
from rats fed 3-oxa fatty acidsl®). The mechanism of vivo) versus quasiequilibrium (in vivo) conditions. The
inhibition may not involve accumulation of the 3-oxa-acylinfluence of metabolism of FOP, if independentebxida-
CoA esters in the mitochondrion. tion activity, would depend on the clearance kinetics of the
Presuming that FOP is converted to its carnitine estproduct metabolites and the relationship of metabolic rate to
(FOP-carnitine) in liver and other tissues, the equilibratiop-oxidation activity. From our data on perfused rat liver, the
of FOP and FOP-carnitine between blood and tissues igaamation of metabolic products of FOP is markedly reduced
plausible explanation for the observed biodistribution in thie@ hypoxia, suggesting that the auxiliary metabolic process
living rat apart from the accumulation of radioactivity inrequires oxygen or energy equivalents in correspondence
bone. Cytoplasmic long-chain acylcarnitines are exchangeith the requirements ¢-oxidation.
able with extracellular acylcarnitines, and changes in intra- Biliary clearance of FOP was not separately estimated in
cellular acylcarnitine levels are reflected by correspondirbis study. Biliary excretion can influence the results by
changes in plasma acylcarnitine levet9,30. The minimal decreasing the ADV of tracer in the liver. We did not
excretion of radioactivity into the urine is consistent witlanticipate biliary excretion of the long-chain fatty acid
reabsorption of long-chain acylcarnitines by the kidneysacers because it is known to be a negligible process for
(31,32. Thus, at least 1 of the unidentified polar lipidsuch tracers. Indeed, imaging studies in humans with FOP
metabolites of FOP observed in blood serum samples of thmpublished data, 1999) showed no evidence of biliary
rat could be FOP-carnitine. In the CPT-I-inhibited animagxcretion of this tracer.
acylcarnitine formation is blocked and long-chain fatty acid Conceptually, the 4-thia and 3-oxa fatty acids may probe
levels rise in liver cytosol and plasma, and esterification ¢ditty acid oxidation by different mechanisms. A metabolic
fatty acids to form complex lipids, particularly triglyceridestrapping scheme has been proposed for the 4-thia analog as
is enhanced3d). The findings of dramatically lower levelsdeveloped in an earlier study with the 6-thia fatty acid,
of polar lipid metabolites of FOP in serum (Fig. 4) and4-['8F]fluoro-6-thia-heptadecanoic acid, in heat?) By
reduced liver-to-blood ratios in CPT-l-inhibited rats (Tabléhis approach, a PET-derived estimate of the rate of produc-
1) may reflect lower production of FOP-carnitine in livetion of well-retained oxidative metabolites of FTP in tissue
with CPT-1 inhibition. may serve as a quantitative index of fatty acid oxidation rate.
The clearance rate of the most rapid process (estimatedTtyis approach has met initial success wi-labeled 4-thia
k, in the FOP 2-compartment model) was the parametitty acids in heart because the retention of radioactivity
most sensitive to the effects of hypoxia on fatty acidppears to specifically trace tigeoxidation pathway, even
metabolism in the isolated liver. This rate showed an inverge conditions of hypoxia g,10. However, the trapping of
relationship with-oxidation activity in the liver. HPLC FTP in liver is not as selective as in heart for the mitochon-
analysis of effluent samples showed this process to predomtital B-oxidation pathway 11). Because 3-oxa fatty acids
nantly represent backdiffusion of intact FOP. Enhancemesumably cannot hayeoxidation metabolites, the indica-
backdiffusion of the tracer from liver in hypoxia can bedion of fatty acid oxidation rate with FOP is less direct than
attributed to 1 or more of the following factors that lower théor the metabolic trapping approach. The data from this
rate of activation of FOP in the hepatocyte and therelsfudy suggest that the DV of FOP may serve as an index of
promote backdiffusion: a decrease in HMFAO leading tmitochondrialB-oxidation activity in liver. The DV of FOP,
accumulation of fatty acyl-CoAs, which cause produas measured at an early time point on equilibration with
inhibition of FOP activation; a decrease of the cytosoliblood (15-30 min), is presumably determined by a complex
adenosine triphosphate level; and an increase in nonesteglationship. This relationship includes fatty acid oxidation
fied fatty acid concentrations in the cytoplasm leading tate, delivery of fatty acids, intracellular lipolysis rates,
competitive inhibition of FOP activation. The slow clearconcentrations of hormones, and cofactors and modulators
ance of FOP was also found to primarily reflect clearance of the multiple enzymes and carriers necessary for activation
intact tracer from the liver, presumably reflecting turnover @nd transport of fatty acids into the mitochondrion. Also
FOP in esterified forms or intracellular compartments withimcluded are flux of competing pathways for acyl-CoAs and
hepatocytes. Thus, the initial metabolic data suggest that #eylcarnitines; concentrations of competing acyl-CoAs and
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acylcarnitines at CPT-I, carnitine acylcarnitine translocasg;

and CPT-Il; and hydrolysis rates of acyl-CoA and acylcarni-
tine. Lipolysis of intracellular lipid (e.g., triglyceride) stores

creates an alternative source of fatty acids for oxidation in.

mitochondria. FOP uptake in liver presumably traces
HMFAO from exogenous fatty acids. Endogenous contriby,
tions to the total HMFAO may be an important variable to

consider in situations in which endogenous lipolysis rates

are significant.

CONCLUSION

FOP shows promise as a PET tracer of mitochondrig,

oxidative metabolism of exogenous long-chain fatty acids in
liver using facile measurements of its equilibrium DV in

tissue (tissue-to-blood ratio). Hepatic uptake kinetics are

relatively rapid and reversible. The equilibrium DV in

isolated rat liver tracks the decreasefiroxidation rate of 19
exogenous palmitate induced by hypoxia. FOP undergoes

slow metabolism in the rat to unidentified polar lipid species

and free [8F]fluoride. Further studies are required to clarifyo.

the biochemical fate of FOP in liver and determine its
general applicability as a PET probe of regional HMFAO. ,,
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