17. Glatz JF, Van der Vusse GJ. Intracellular transport of lipids. Mol Cell Biochem
1989;88:37-44.

18. Sorrentino D, Stump D, Potter B, et al. Oleate uptake by cardiac myocyte is carrier
mediated and involves a 40-kD plasma membrane fatty acid binding protein similar to
that in liver, adipose tissue, and gut. J Clin Invest 1988;82:928-935.

19. Stremmel W. Fatty acid uptake by isolated rat heart myocytes represents a carrier-
mediated transport process. J Clin Invest 1988;81:844-852.

20. Vyska K, Meyer W, Stremmel W, et al. Fatty acid uptake in normal human
myocardium. Circ Res 1991;69:857-870.

21. Abmurad NA, El-Maghrabi MR, Amri E-Z, Lopez E, Grimaldi PA. Cloning of rat
adipocyte membrane protein implicated in binding or transport of long-chain fatty
acids that is induced during preadipocyte differentiation. J Biol Chem 1993;268:
17665-17668.

22. Tanaka T, Kawamura K. Isolation of myocardial membrane long-chain fatty acid-
binding protein: homology with a rat brane protein imp d in the binding or
transport of long-chain fatty acids. J Mol Cell Cardiol 1995;27:1613-1622.

23. Van Nieuwenhoven FA, Verstijnen CPHJ, Ab d NA, et al. Putative membrane
fatty acid 1 and cytoplasmic fatty acid-binding protein are co-expressed in rat
heart and skeletal muscles. Biochem Biophys Res Commun 1995;207:747-752.

24. Tandon NN, Kralisz U, Jamieson GA. Identification on glycoprotein IV (CD36) as a
primary receptor for platelet-collagen adhesion. J Biol Chem 1989;264:7576-7583.

25. Asch AS, Barnwell J, Silverstein RL, Nachman RL. Isolation of the thrombospondine
membrane receptor. J Clin Invest 1987;79:1054-1061.

26. Endemann G, Stanton LW, Madden KS, Bryant CM, White RT, Protter AA. CD36 is
a receptor for oxidised low density lipoprotein. J Biol Chem 1993;268:11811-11816.

27. Greenwalt DE, Scheck SH, Rhinehart-Jones T. Heart CD36 expression is increased in

murine models of diabetes and in mice fed a high fat diet. J Clin Invest 1995,96:1382-
1388.

28. lkeda H, Mitani T, Ohnuma M, et al. A new platelet-specific antigen, Naka, involved
in the refractoriness of HLA-matched platelet transfusion. Vox Sang 1989;57:213-217.

29. Yamamoto N, Ikeda H, Tandon NN, et al. A platelet membrane glycoprotein (GP)
deficiency in healthy blood donors: Naka-platelets lack d ble glycoprotein IV
(CD36). Blood 1990;76:1698-1703.

30. Yamamoto N, Akamatsu N, Sakuraba H, Yamazaki H, Tanoue K. Platelet glycoprotein
IV (CD36) deficiency is iated with the ab (Type 1) or the presence (Type II)
of glycoprotein IV on monocytes. Blood 1994;83:392-397.

31. Kashiwagi H, Tomiyama Y, Nozaki S, et al. A single nucleotide insertion in codon 317
of the CD36 gene leads to CD36 deficiency. Arterioscler Thromb Vasc Biol
1996;16:1026-1032.

32. Kashiwagi H, Tomiyama Y, Honda S, et al. Molecular basis of CD36 deficiency.
J Clin Invest 1995;95:1040-1046.

33. Kashiwagi H, Tomiyama Y, Kosugi S, et al. Identification of molecular defects in a
subject with Type I CD36 deficiency. Blood 1994;83:3545-3552.

34. Fujibayashi Y, Yonekura Y, Takemura Y, et al. Myocardial accumulation of iodinated
beta-methyl-branched fatty acid analogue, iodine-125-15-(p-iodophenyl)-3-(R,S)
methylpentadecanoic acid (BMIPP), in relation to ATP concentration. J Nucl Med
1990;31:1818-1822.

35. Fujibayashi Y, Nohara R, Hosokawa R, et, al. Metabolism and kinetics of iodine-123-
BMIPP in canine myocardium. J Nucl Med 1996;37:757-761.

36. Nohara R, Okuda K, Ogino M, et, al. Evaluation of myocardial viability with

iodine-123-BMIPP in a canine model. J Nucl Med 1996;37:1403-1407.

Comparison of Fatty Acid Tracers FTHA and
BMIPP During Myocardial Ischemia and Hypoxia
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To study the sensitivity of two fatty acid tracers to changes in
beta-oxidation, the myocardial retention kinetics of '2%I-iodine-15-
gp-iodophenyl)-S(R.S)-memwpentadecanoic acid (BMIPP) and 14-
8F-fluoro-6-thia-heptadecanoic acid (FTHA) were compared in
states of oxygen deprivation due to ischemia and hypoxia.
Methods: Nineteen swine were studied by extracorporeal perfusion
of the three coronary arteries. Fatty acid beta-oxidation rates were
determined by infusion of tritiated palmitate into the left anterior
descending artery (LAD) and by measurement of labeled water
production in the LAD perfusion bed. After a baseline period of 30
min, animals were divided into three groups and subjected to a
50-min intervention period. For the control group, there was no
change in perfusion; for the ischemia group, there was a 60%
decrease in LAD perfusion; and for the hypoxia group, the perfusion
rate was unchanged, but venous blood was used as the LAD
perfusate. Continuous infusion of FTHA and BMIPP into the LAD
started 10 min into the intervention period and continued until the
end of the intervention period. Retention rates of the two tracers
were compared between the LAD and circumflex perfusion beds.
Results: No difference in beta-oxidation rate occurred from the
baseline to the intervention period in the control group. A 50%
reduction in beta-oxidation occurred in the ischemia group, and an
80% reduction occurred in the hypoxia group. No difference in
retention of BMIPP or FTHA occurred in the control group. In the
ischemia group, reduction in retention of both tracers occurred.
However, in the hypoxia group, FTHA uptake was unchanged,
whereas BMIPP retention increased compared to the circumfiex
arterial bed. Conclusion: Decreased retention of both BMIPP and
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FTHA occurred with ischemia, despite the known differences in
metabolism of the two tracers. This difference in metabolism was
further highlighted in the setting of hypoxia with increased BMIPP
uptake. Thus, these results suggest that uptake of both FTHA and
BMIPP tracks reduction of fatty acid utilization in myocardial isch-
emia but fails in tracking reduction of fatty acid oxidation during
hypoxia.

Key Words: fatty acid tracer; FTHA; BMIPP; myocardial ischemia;
myocardial hypoxia
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Long-chain fatty acids are the main energy source for the
heart and are rapidly metabolized by beta-oxidation under
normal conditions. However, in settings of reduced oxygen
delivery such as ischemia and hypoxia, it is well known that
fatty acid oxidation is vastly decreased and accompanied by a
decline in mechanical function. To noninvasively assess
changes in fatty acid metabolism, several fatty acid tracers have
been developed over the last decade for imaging with standard
gamma cameras or PET. Among the widely investigated tracers
has been the 15-carbon methyl-branched fatty acid analog
123L.jodine- 15-(p-iodophenyl)-3(R,S)-methylpentadecanoic
acid (BMIPP). Most of the tracer is rapidly incorporated into
triacylglycerols in the cytosol, but a portion undergoes alpha-
oxidation (/-3). BMIPP has also been shown in cultured cell
(4) and isolated organ (5) preparations to be insensitive to
changes in beta-oxidation. Extensive clinical trials, however,
have reported a mismatch between BMIPP uptake and blood
flow distribution (6-8).

Recently, a sulfur-substituted fatty acid tracer analog 14-'3F-
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fluoro-6-thia-heptadecanoic acid (FTHA) has been introduced
(9). This analog is a '’C fatty acid with a sulfur heteroatom that
blocks beta-oxidation during the second cycle of beta-oxida-
tion. FTHA, in contrast to BMIPP, has been shown to be
sensitive to changes in fatty acid beta-oxidation induced by
inhibitors (/0) or lactate (/). A strong correlation has also
been shown between FTHA uptake rate and rate—pressure
product (/2). The goal of this study was, therefore, to correlate
the retention of BMIPP and FTHA to labeled water production
from tritiated palmitate in the settings of depressed beta-
oxidation by ischemia and hypoxia using the extracorporeally
perfused swine heart preparation. The central hypothesis was
that intermediary metabolism of BMIPP would reduce the
correlation of retention with beta-oxidation rates in comparison
to FTHA.

MATERIALS AND METHODS

Synthesis of Substrate

FTHA was synthesized according to the method described by
DeGrado (9). The precursor benzyl-14(R,S)-tosyloxy-6-thia-hep-
tadecanoic acid was labeled with '®F by nucleophilic substitution
under standard conditions to give '*F-FTHA. The '8F-fluoride was
produced from bombardment of a ‘80 target with 11-MeV protons
in the Department of Medical Physics RDS Cyclotron (CTI Inc.,
Knoxville, TN). Fluorine-18-FTHA was then purified by high-
performance liquid chromatography according to published meth-
ods (9). BMIPP was obtained commercially (MARA Inc., Marcus
Hook, PA), and the compound was labeled with '?*I-Nal according
to DeGrado et al. (5).

Surgical Procedure

The surgical preparation and the anesthesia were approved by
the University of Wisconsin-Madison Research Animal Resources
Committee. The extracorporeally perfused heart model that was
used in this study has been described in detail elsewhere (/3,14).
Briefly, swine weighing 45-50 kg were preanesthetized with
ketamine (11 mg/kg), atropine (0.8 mg) and acepromazine (1.1
mg/kg) intramuscularly. Anesthesia was initially introduced by
adding sodium thiopental (1.1 mg/kg intravenously) and main-
tained with alpha-chloralose (1.5 g initially, followed by 0.5 g/hr)
and a subcutaneous injection of morphine sulfate (45 mg/hr).
Tracheostomy was performed in the supine position, and the
animal was ventilated through an endotracheal tube using 100%
oxygen. The sternum was removed, and the right internal carotid
artery and the internal jugular vein were isolated. A double-tipped
pressure transducer (Millar) was inserted to measure aortic and left
ventricular pressure (LVP) and its first derivative (dP/dt). The
femoral artery and vein were cannulated. The right coronary artery
(RCA), left main artery and the left anterior descending coronary
arteries (LADs) were also cannulated and perfused by three
separate perfusion pumps. The LAD was ligated proximally during
cannulation so that all left main perfusion was directed down the
circumflex (CIRC) arterial bed. Blood was withdrawn from the
cannulated femoral artery and returned to each coronary artery by
three perfusion pumps. At the time of cannulation, an initial bolus
of 20,000 units of heparin was given, followed hourly by 10,000-
unit boluses. The CIRC and the LAD perfusion circuits contained
a pump for arterial sampling (7 ml/min) to prevent variations in the
arterial flow during sampling. For the control and ischemia groups
(see below), a mixing chamber (100 ml) for infusion of micro-
spheres, cardiogreen, FTHA and BMIPP into the arterial perfusate
was placed in the arterial line after the RCA pump but before the
CIRC and LAD pumps. For the hypoxia group, the mixing
chamber was omitted, and ports were placed in the CIRC and LAD
arterial lines for the infusion of separate microspheres, cardiogreen,

FATTY AcID TRACERS IN MYOCARDIAL IscHEMIA AND HypPoxia  Renstrom et al.

BETHA +'251-BMIPP infusion

3H-Paimitate infusion

Baseline Intervention

0 10 20 30 40 50 60 70 80
Time (min)

T T T T

FIGURE 1. Protocol timeline shows time intervals for baseline (0-30 min) and
intervention (30-80 min). Infusion of *H-palmitate occurred throughout study
period, and labeled FTHA and BMIPP were infused from time point 40 min
and continued until end of study.

FTHA and BMIPP. A separate port was present before the LAD
pump for infusion of tritiated palmitate for all three groups.
Furthermore, the CIRC and LAD veins were cannulated to obtain
venous samples with the CIRC cannulation performed as high as
possible to ensure more CIRC retrieval. The blood from these two
veins was drained into the chest cavity and returned through a
reservoir to the femoral vein. Heart rate was measured using
electrocardiograph leads, and mechanical performance was ob-
tained using thickness crystals placed in the LAD perfusion bed.

Experimental Protocol

Three groups of animals were studied. These groups included the
control group (n = 5), the ischemia group (n = 9) and the hypoxia
group (n = 5). Each animal underwent a control period for the first
30 min of the study period, followed by intervention for the next 50
min, as shown in Figure 1. In the control group, perfusion flows
were kept constant throughout the study, whereas in the ischemia
group, ischemia was precipitated by reducing the LAD flow by
60%. Hypoxia was induced by perfusing the LAD bed with venous
blood from a right atrial catheter. Mechanical data were obtained
every 10 min throughout the study. Arterial and venous samples
were obtained every 10 min throughout the experiment to measure
blood gases for determination of myocardial oxygen consumption
(MVO,). In addition, arterial and venous blood samples were
obtained at 20, 40, 60 and 80 min of perfusion for measuring
lactate levels (1500 YSI Sport lactate analyzer; Yellow Springs
Instrument Co., Yellow Springs, OH). Cardiogreen was infused
into the mixing chamber (or directly into the LAD and CIRC
arterial lines for the hypoxia group) for 5 min at selected intervals
to obtain the dilution factor from the arterial and venous samples of
unlabeled blood entering the respective bed. Cardiogreen concen-
tration was measured by a spectrophotometer and the dilution
factor K was then used in the calculations.

Radioactive 9,10->H-palmitate (100-150 wCi per animal) was
infused into the LAD starting at time 0 min and continuing
throughout the experiment. Arterial and venous LAD blood sam-
ples for measuring *H-H,O were collected every 10 min through-
out the study. Infusion of '®FTHA (4.6 = 0.5 mCi per animal) and
125L.BMIPP (24 = 9 uCi per animal) in a volume of 50 ml was
started at 40 min and continued until 80 min. The LAD and CIRC
arterial and venous blood samples were obtained at time points 40,
50 and 60 min and every 5 min thereafter. In addition, the femoral
blood samples for '|F-FTHA and '**I-BMIPP were obtained at
time points 60, 70 and 80 min.

Radioactive microspheres (5 uCi) were introduced during base-
line and intervention. In all groups, the withdrawal rate for the
arterial reference sample was 1.94 ml/min over a 6-min period.

At the end of the experiment, both the CIRC and the LAD
perfusion beds were stained simultaneously with the right coronary
bed perfused to give balanced pressure during the staining. The
perfusion beds were dissected free and cut into epicardial and
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TABLE 1
Mean Myocardial Blood Flow Results by Microsphere Technique

Perfusion data Control group

Ischemia group  Hypoxia group

LAD baseline 1906 14*05 13+03
LAD intervention 21x14 0.6 = 0.2 23*09
CIRC baseline 1907 1607 14 +08
CIRC intervention 2013 1811 1404
LAD-to-CIRC ratio
Baseline 1001 09=02 1411
Intervention 1102 0.4 + 0.1 20x15

p < 0.05 vs. ischemia group baseline.

"p < 0.005 vs. control group intervention.

*p < 0.00001 vs. ischemia group baseline.

Sp < 0.00001 vs. control group intervention.

LAD = left anterior descending artery; CIRC = circumfiex.

p values for significant comparisons are shown. Values are mean * s.d.

endocardial sections from both perfusion beds and immediately
counted for '*F-FTHA and '*’I-BMIPP followed by a delayed
counting of the microspheres.

Biochemical and Tissue Analysis

Arterial and venous blood samples were centrifuged at 1500 X
g for 10 min to obtain plasma. This plasma was then analyzed for
3H-H,0 as described by Saddik and Lopaschuk (/5). Beta-
oxidation rate (Ry,, in wmolhr~'-g dry weight™') from tritiated
palmitate was calculated according to the formula:

Ry = (A’H-H,0* Qp4p - 60)
FFA™ (K- ASA #a* LADgry )’

where A’H-H,O is the difference between arterial and venous
tritiated water levels (dpm/ml), Q_.p is the arterial LAD blood
flow (ml/min), K is the dilution factor obtained from using
cardiogreen, ASAg, is the arterial specific activity of radioactive
palmitate (dpm/umol) and LADy,, , is the LAD perfusion bed
weight expressed as its dry weight (/7). Arterial plasma fatty acid
concentration was obtained by colorimetric measurements using a
fatty acid analysis kit (NEFA-C; Wako Chemicals, Richmond,
VA).

Because the LAD and CIRC perfusion beds did not have a
common arterial input in the hypoxia group, the uptake data for all
groups were normalized by dividing the tissue radioactivity con-
centrations (counting rate/g) in each bed at the end of the perfusion

by the time integrals of their respective measured input functions
(counting rate/ml blood). Tissue retentions for both '*F-FTHA and
125].BMIPP were expressed as the ratios of the normalized radio-
activity concentrations in the LAD bed to those in the CIRC bed.

Calculation of blood flow based on microsphere activity was
performed using the arterial reference method (/6).

Statistics

All data are given as mean * s.d. if not otherwise indicated.
Baseline values for the hemodynamic parameters, including free
fatty acid and lactate levels, were averaged for time points 0-30
min and compared to the intervention values (time points 40-80
min). For tritiated water production, the baseline values included
time points 10-30 min and were compared to the intervention
interval, which included time points 40—80 min. Fluorine-18 and
1251 retention ratios were compared to those of the control group
using unpaired two-tailed Student’s t-test. Paired two-tailed Stu-
dent’s t-tests were used to compare hemodynamic parameters and
fatty acid and lactate levels for the three groups and of the retention
ratios uptake of FTHA and BMIPP in the hypoxia group. Two-
tailed Student’s t-test, paired or unpaired, was also used to test
microsphere blood data. Specific comparisons performed were
intervention versus baseline values for both perfusion beds for all
three groups and ischemia and hypoxia intervention versus control
intervention. The ratio of LAD-to-CIRC perfusion for the three
groups was performed in a similar fashion. Bonferroni correction
was performed for the multiple comparisons. p values that were
<0.05 were considered significant.

RESULTS

Myocardial blood flow by radioactive microspheres showed
the expected decline in LAD perfusion for the ischemia group
during ischemia (0.6 * 0.2 ml/min/g) compared to baseline
(14 = 0.5 ml/min/g, p < 0.005). Otherwise, no significant
changes were seen in LAD perfusion for the control or the
hypoxia group nor were there any changes in the CIRC
perfusion for any of the three groups for either intervention
(Table 1). Similarly, the ratio of LAD-to-CIRC blood flow
decreased in the intervention period for the ischemia group
(0.4 = 0.1), with no change in the control or hypoxia groups
(Table 1).

The hemodynamic and metabolic parameters are shown in
Table 2. In the control group, no statistical changes were seen
between baseline and the last 50 min of intervention period for
any of the measurements. However, dP/dt declined during

TABLE 2
Hemodynamic and Metabolic Parameters for the Three Study Groups
LVP dP/dt HR %SS MVO, FFA Lactate

Group (mmHg) (mmHg/sec) (opm) (%) (mVg/min) (mM) (A-V) mM
Control

Baseline 73 £ 17 1793 + 724 136 + 22 104 * 34 73+21 0.48 + 0.06 0.34 + 0.19

Intervention 74 £ 17 173 + 744 129 + 26 136 * 56 68+23 0.44 + 0.15 0.17 + 0.34

p value NS NS NS NS NS NS NS
Ischemia

Baseline 75+ 12 1536 + 400 128 + 39 100 * 33 73+18 0.45 + 0.08 0.52 + 0.58

Intervention 71+16 911 + 390 125 + 38 23 + 46 3611 0.42 + 0.15 -0.70 + 0.42

p value NS 0.0006 NS 0.006 0.00002 NS 0.001
Hypoxia

Baseline 66+ 7 1361 * 204 150 + 22 76 = 10 87+29 0.52 = 0.30 0.46 + 0.14

Intervention 39+ 10 709 + 246 114 £ 36 29 + 36 17+07 0.32 + 0.14 -0.51 = 0.54

p value 0.017 <0.0001 NS NS 0.007 NS 0.017

LVP = left ventricular pressure; dP/dt = first derivative of LVP; HR = heart rate; %SS = percentage systolic shortening; MVO, = myocardial oxygen

consumption; FFA = free fatty acid; NS = not significant.
Values are given as mean * s.d.
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FIGURE 2. Beta-oxidation (umothr '-g dry weight ) for three study groups
is shown. Beta-oxidation was calculated from left anterior descending artery
arteriovenous differences as explained in Materials and Methods section for
control group (X), ischemia group (O) and hypoxia group (). Values are
given as mean * s.e.m.

intervention compared to baseline for both the ischemia (p <
0.0006) and the hypoxia groups (p < 0.0001). In addition, the
hypoxia group showed a decline in LVP (p < 0.017) during
hypoxia that was not noted in the ischemia group. In all groups,
the values for percentage systolic shortening (%SS) were
normalized to the initial value for each animal to minimize
variations between the animals, a procedure that is routinely
performed in this laboratory when the extracorporeally perfused
animal model is used. As expected, the %SS declined during
intervention for the ischemia group (p < 0.006 compared to
baseline values), but no significant changes were seen during
hypoxia. The expected decrease in MVO, was seen during
ischemia (p < 0.00002) with the expected decline during
hypoxia (p < 0.007). Furthermore, a significant change in
arteriovenous difference of lactate was noticed in both inter-
vention groups compared to baseline values (p < 0.0014 for the
ischemia group and p < 0.017 for the hypoxia group).

Fatty acid oxidation rates were determined by tritiated water
production from labeled palmitate and are shown in Figure 2. A
decrease compared to baseline values was seen in both inter-
vention groups. In the ischemia group, beta-oxidation decreased
from 21 = 11 to 11 *+ 6 wmolhr~'-g dry weight™', (mean +
s.d.; p < 0.04), with an even greater decline in beta-oxidation
during hypoxia compared to baseline values (21 * 13 versus
3.5 + 2.5 umol-hr~'-g dry weight™'; p < 0.02).

The tracer uptake rates for FTHA and BMIPP were calcu-
lated as described in the Materials and Methods section. In
Figure 3, the results are given as a ratio between the normalized
radioactivity in the LAD and CIRC perfusion beds for each
group. For the control group, the ratio for both the tracers was
unity. In the ischemia group, a reduction relative to the control
group was seen in the LAD-to-CIRC perfusion bed ratio for
both FTHA (0.6 = 0.1; p < 0.00001) and BMIPP (0.6 * 0.2;
p < 0.0008). On the other hand, the hypoxia group showed no
significant change in the ratio for FTHA; however, the BMIPP
retention ratio increased 30% compared to the BMIPP ratio for
the control group (1.3 = 0.2 versus 1.0 * 0.2, p < 0.028) and
by 44% compared to the FTHA ratio for the hypoxia group
(0.9 = 0.2, p < 0.009).

In summary, both the ischemic and the hypoxic interventions
caused reduced oxygen supply for myocardial needs, which
resulted in mechanical dysfunction, reduced beta-oxidation and
net lactate production. In the ischemia group, the retention of
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FIGURE 3. Extraction of FTHA (white bars) and BMIPP (black bars) is
illustrated as ratio of tissue retention between left anterior descending artery
and circumflex perfusion beds for control, ischemia and hypoxia groups.
Values are given as mean * s.d. *p < 0.05 for ratio of tracer activity in
ischemia or hypoxia versus control groups; **p < 0.009 for BMIPP versus
FTHA ratio within hypoxia group.

FTHA and BMIPP was equally reduced in the LAD perfusion
bed. In the hypoxia group, however, a net increase in the
retention of BMIPP occurred despite reduced beta-oxidation,
whereas FTHA retention was unchanged. These results suggest
that both FTHA and BMIPP retention are not solely related to
beta-oxidation and that other mechanisms are involved. The
increase in BMIPP retention during hypoxia is consistent with
the tracer being more sensitive to intermediary fatty acid
metabolism than FTHA.

DISCUSSION

There is significant interest in the development of a nonin-
vasive technique for the quantitative assessment of the beta-
oxidation rate of fatty acids under a broad range of pathological
conditions. The '8F-labeled thia-substituted fatty acid analog
FTHA was developed to specifically target the beta-oxidation
pathway (9). BMIPP is another metabolically trapped fatty acid
tracer that has received a great deal of attention as a SPECT
tracer of fatty acid metabolism, due to its favorable imaging
characteristics and dependence on intracellular metabolic
events. Therefore, it was our goal to directly compare the
myocardial retention of these two metabolically trapped tracers
in response to myocardial ischemia and hypoxia, two conditions
known to cause suppression of fatty acid oxidation in the heart.
Animals were divided into three groups with each group
undergoing a baseline period of 30 min, followed by a 50-min
intervention period of no change in perfusion, reduced perfu-
sion or reduced oxygen tension. Tritiated palmitate was infused
during the total experimental study period, whereas '*F-FTHA
and '’I-BMIPP were coinfused during the last 40 min of the
intervention period. Tissue samples were obtained at the end of
the exgerimental period to determine the tissue retention of '8F
and '®I in both the LAD and CIRC beds.

No differences in hemodynamic or metabolic parameters
were seen in the control group, and as expected, there was no
difference in retention of FTHA or BMIPP between the two
perfusion beds. In the ischemia group, the reduction in blood
flow resulted in a significant reduction in LVP, dP/dt, %SS and
myocardial oxygen consumption, consistent with an ischemic
response. Net lactate production also occurred with the shift in
metabolism to anaerobic glycolysis. Tritiated water production
decreased by 50%, indicative of the suppression of beta-
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oxidation during ischemia. Net myocardial retention of both
FTHA and BMIPP was less than that in the aerobically perfused
CIRC bed. The magnitude of these reductions was the same as
the reduction in beta-oxidation rate from baseline to ischemia.
Thus, both tracers exhibited a decline in retention, paralleling
the reduction in fatty acid oxidation.

Both BMIPP and FTHA are retained tracers, developed for
the assessment of fatty acid metabolism using standard gamma
camera imaging and PET, respectively. BMIPP is a '°C fatty
acid modified with a methyl group to prevent further metabo-
lism. Although originally designed to track beta-oxidation,
BMIPP has been shown to be metabolized predominantly in the
cytosol, where it is mainly converted to triacylglycerols, and, to
a lesser degree, to undergo alpha-oxidation, with the resulting
product further metabolized by beta-oxidation (2,/7). The
conversion of BMIPP to triacylglycerols occurs soon after
injection, with 80% converted within 5 min (2). Furthermore, in
isolated rat heart preparations, BMIPP uptake kinetics have
been insensitive to inhibition of fatty acid oxidation by the
carnitine-palmitoyl transferase I inhibitor [5-(4-chlorophenyl)-
pentyl]oxirane-2-carboxylate (POCA) (5).

The recently introduced fatty acid analog FTHA has a '’C
backbone with a sulfur heteroatom to block further metabolism.
Mouse and swine studies have shown that it is rapidly cleared
from the bloodstream and has a high myocardial retention
without flow dependency for uptake (/1,12). Isolated rat heart
studies have shown decreased uptake of FTHA during inhibi-
tion of beta-oxidation with POCA (/8). FTHA was also
responsive to changes in beta-oxidation introduced by a shift in
substrate utilization from fatty acids to lactate, obtained by
lactate infusion (/7). As opposed to BMIPP, only 6% of FTHA
is converted to triacylglycerols, and over 80% is protein-bound
in mice (/0). Swine experiments have also confirmed the high
rate of protein binding (79% * 10%) (11).

Both tracers exhibited decreased retention with ischemia,
despite their lack of similarity in metabolic handling in the
myocardium. The reduction of delivery of tracer to the ischemic
myocardium by virtue of lower perfusion is equal for both
tracers. Both tracers must be activated to form their respective
acyl-CoA thioesters before further metabolic steps may proceed
within the myocytes. Fatty acid activation is reduced in isch-
emic conditions by decreases in cytosolic levels of the cofactors
CoA-serum hepatitis and adenosine triphosphate and by in-
creased feedback inhibition by accumulated long-chain fatty
acyl-CoA, adenosine monophosphate and inorganic phosphate
(19-21). Thus, ischemia may be associated with similar reduc-
tions in accumulation of FTHA and BMIPP metabolites by
suppression at the activation step. Alternatively, concurrent
tracer reduction may reflect similar reductions in both oxidative
and lipid incorporation pathways, although it is commonly held
that triacylglycerol formation is increased in ischemic condi-
tions (22).

In the hypoxia group, the reduction of tissue oxygen caused
by a reduction in perfusate oxygenation (rather than flow rate as
in ischemia) was associated with similar changes in myocardial
oxygen consumption and net lactate production, as in the
ischemia group. As opposed to the ischemia group, a decrease
in systemic pressure occurred in the hypoxia group, presumably
a reflex-mediated response to the deoxygenated perfusate. A
decrease in LVP dP/dt also occurred, without a significant
change in %SS. Suppression of beta-oxidation was also present
but to a greater degree than in the ischemia group (80%).
Despite the suppression of beta-oxidation, increased retention
of BMIPP and no change in the retention of FTHA were noted.

Under normal conditions, fatty acids are the main energy

source of the heart. In settings of decreased myocardial oxy-
genation, the metabolic pattern changes, and in both ischemia
and hypoxia, fatty acid oxidation decreases (23,24), with an
elevation in free fatty acids and triacylglycerol levels (25,26).
The increase in amphiphiles has been shown to cause impaired
membrane integrity (27) and depressed myocardial contractility
(13). Both ischemia and hypoxia are associated with stimula-
tion of glycolysis (24,26,28) in whole-animal preparations, with
glycolysis becoming a major metabolic pathway for energy
production. Even with the increase in glycolysis, adenosine
triphosphate levels are reduced in both conditions. However,
despite the decrease in myocardial oxygenation in both condi-
tions, ischemia and hypoxia differ in other metabolic aspects
due to the continued washout of hydrogen ions, lactate and
other metabolites in the hypoxic state (with maintenance of
perfusion rate). Rovetto et al. (29) demonstrated, in isolated rat
hearts, the suppression of glycolysis in ischemic hearts by the
inhibition of glyceraldehyde-3-phosphate dehydrogenase with
increasing cellular lactate and hydrogen ion concentrations. In
their preparation, glycolytic rates were suppressed in ischemia
to 50% of control rate, whereas anoxia was associated with a
doubling of glycolytic rate compared to control (30).

Two potential mechanisms for the increase in BMIPP reten-
tion with hypoxia are the increase in cytosolic esterification of
fatty acids and the stimulation of glycolysis. In hypoxia, it has
been shown from time-activity curves using a four-component
mathematical model (24) that the esterification process was
significantly higher during anaerobic conditions than during
aerobic conditions. Thus, the increase in esterification could
explain the increase in BMIPP retention during hypoxia. Alter-
natively, Yamamichi et al. (3/) demonstrated the subcellular
localization of BMIPP in relation to substrate availability in
isolated rat heart preparations. In particular, in the setting of
perfusate containing glucose and insulin, net myocardial uptake
of BMIPP was increased to a greater extent than with the
substitution of the fatty acid oleate, suggesting a relationship of
BMIPP uptake with carbohydrate metabolism. Interestingly, in
the same experiments, cold BMIPP did not suppress fatty acid
oxidation, confirming the results of DeGrado et al. (5).

The lack of difference in retention of FTHA in hypoxia was
not expected, particularly with the known low rate of triglyc-
eride incorporation (/0,11). Further experiments are necessary
to determine the cellular fate of FTHA during hypoxia because
available mouse and swine data obtained in normoxic condi-
tions would predict that FTHA retention would be suppressed
with hypoxia. In particular, given the degree of suppression of
water production from tritiated palmitate, it would be expected
that FTHA retention would also be decreased. It is conceivable
that some of the retention may be related to mitochondrial
membrane deposition of FTHA, but it is expected with the
degree of inhibition of beta-oxidation that the carnitine-palmi-
toyl transferase activity would also be suppressed. It is also
possible that triglyceride incorporation of the thia-fatty acid is
significant in the hypoxic condition. Other alternative explana-
tions for residual binding of FTHA in hypoxic myocardium are
differential incorporation into phospholipids, differential bind-
ing of FTHA by intracellular fatty acid binding proteins and
differential feedback inhibition of beta-oxidation in comparison
to natural fatty acids. Further radioanalytical studies are neces-
sary to clarify this question.

CONCLUSION

Net retention of FTHA and BMIPP is depressed in ischemic
myocardium; in hypoxic myocardium, increased retention of
BMIPP was demonstrated, whereas FTHA retention was un-
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changed. The reduction of retention in ischemia confirms the
applicability of FTHA and BMIPP for determining fatty acid
oxidation rates in ischemic myocardium. In hypoxic myocar-
dium, both tracers displayed a lack of sensitivity for the change
in beta-oxidation; the greater retention of BMIPP suggests
greater dependence of the uptake mechanism on cytosolic
metabolism (triacylglycerol synthesis or incorporation in lipid
pools) of BMIPP than FTHA.

ACKNOWLEDGMENTS

We greatly appreciate the technical expertise of Larry F.
Whitesell and the secretarial assistance of Thankful D. Sanftleben.
This work was supported by NIH Grant RO1 HL 52631, the
Rennebohm Foundation and the Oscar Mayer Cardiovascular
Research Fund. This study made use of the National Magnetic
Resonance Facility at Madison, which is supported by National
Institutes of Health (NIH) Grant RR02301 from the Biomedical
Research Technology Program, National Center for Research
Resources. Equipment in the facility was purchased with funds
from the University of Wisconsin, the National Science Foundation
(NSF) Biological Instrumentation Program (Grant DMB-8415048),
the NSF Academic Research Instrumentation Program (Grant
BIR-9214394), the NIH Biomedical Research Technology Pro-
gram (Grant RR02301), the NIH Shared Instrumentation Program
(Grants RR02781 and RR08438) and the United States Department
of Agriculture.

REFERENCES

1. Knapp FF Jr, Kropp J. lodine-123-labeled fatty acids for myocardial single-photon
emission tomography: current status and future perspectives. Eur J Nucl Med
1995:22:361-381.

2. Knapp FF Jr, Ambrose KR, Goodman MM. New radio-iodinated methyl-branched
fatty acids for cardiac studies. Eur J Nucl Med 1986;12(suppl):S39-S44.

3. Knapp FF Jr. Myocardial metabolism of radioiodinated BMIPP. J Nucl Med 1995;36:
1051-1054.

4. Okano M, Ishida H, Ohsuzce F, et al. lodine 125-phenylpentadecanoic acid and its
beta-methy! substi bolism in cultured mouse embryonal myocytes: iodine-
labeled fatty acids as tracers of myocardial high energy phosphate. Jpn Circ J
1993;57:138-146.

5. DeGrado TR, Holden JE, Ng CK, Raffel DM, Gatley SJ. B-Methyl-15-p-iodophe-
nylpentadecanoic acid metabolism and kinetics in the isolated rat heart. Eur J Nucl
Med 1989;15:78 - 80.

6. De Geeter FF, Franken P, Knapp FF Jr, Bossuyt A. Relationship between blood flow
and fatty acid metabolism in subacute myocardial infarction: a study by means of
Tc-99m-sestamibi and iodine-123-beta-methyl iodophenylpentadecanoic acid. Eur
J Nucl Med 1994;21:283-291.

7. Tamaki N, Kawamoto M, Yonekura Y, et al. Regional metabolic abnormality in
relation to perfusion and wall motion in patients with myocardial infarction: assess-
ment with emission tomography using an iodinated branched fatty acid analog. J Nuc!
Med 1992;33:659-667.

8. Franken PR, De Geeter F, Dendale P, et al. Abnormal free fatty acid uptake in subacute
myocardial infarction after coronary thrombolysis: correlation with wall motion and
inotropic reserve. J Nucl Med 1994;35:1758-1765.

FATTY ACID TRACERS IN MYOCARDIAL ISCHEMIA AND HYPOXIA  Renstrom et al.

20.

21.

22

23.

24

25.

26.

27.

28.

29.

30.

31

. DeGrado TR. Synthesis of 14(R,S)-['®F]fluoro-6-thia-heptadecanoic acid (FTHA).

J Comput Radiopharm 1991;29:989-995.

. DeGrado TR, Coenen HH, Stocklin G. 14(R,S)-['*F}fluoro-6-thia-heptadecanoic acid

(FTHA): evaluation in mouse of a new probe of myocardial utilization of long chain
fatty acids. J Nucl Med 1991;32:1888-1896.

. Stone CK, Pooley RA, DeGrado TR et al. Myocardial uptake of the fatty acid analog

14-fluorine- 1 8-fluoro-6-thia-h ic acid in parison to beta-oxidation rates

by tritiated palmltalc J Nucl Med 1998;39:1690-1696.

. Ebert A, Herzog H, Stocklin GL, et al. Kinetics of 14(R,S)-fluorine-18-fluoro-6-thia-

heptadecanoic acid in normal human hearts at rest, during exercise and after
dipyridamole injection. J Nucl Med 1994;35:51-56.

. Liedtke AJ, Nellis SH, Neely JR. Effects of excess free fatty acids on mechanical and

metabolic function in normal and ischemic myocardium in swine. Circ Res 1978;43:
652-661.

. Liedtke AJ, Renstrom B, Nellis SH. Correlation between [5->H] glucose and [U-'4C]

deoxyglucose as markers of glycolysis in reperfused myocardium. Circ Res 1992;71:
689-700.

. Saddik M, Lopaschuk G. Myocardial triglyceride tumover during reperfusion of

isolated rat hearts subjected to a transient period of global ischemia. J Biol Chem
1992;267:3825-3831.

. Rudolph AM, Heymann MA. Measurement of flow in perfused organs, using

microsphere techniques. Acta Endocrinol 1972;158(suppl):112-127.

. Morishita S, Kusuoka H, Yamamichi Y, Suzuki N, Kurami M, Nishimura T. Kinetics

of radioiodinated species in subcellular fractions from rat heart following administra-
tion of iodine-123-labelled 15-(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid (‘'2’I-
BMIPP). Eur J Nucl Med 1996;23:383-389.

. Pooley RA. Evaluation of 14(R,S)-[fluorine-18}-fluoro-6-thia-heptadecanoic acid

(FTHA) as a positron emission tomography fatty acid tracer of beta-oxidation in the
heart [PhD thesis]. Madison, WI: University of Wisconsin-Madison; 1995.

. Whitmer JT, Idell-Wenger JA, Rovetto MJ, Neely JR. Control of fatty acid metabolism

in ischemic and hypoxic hearts. J Biol Chem 1978;53:4305-4309.

Oram JF, Wenger JI, Neely JR. Regulation of long chain fatty acid activation in heart
muscle. J Biol Chem 1975;250:73-78.

Liedtke AJ. Alterations of carbohydrate and lipid metabolism in the acutely ischemic
heart. Prog Cardiovasc Dis 1981;23:321-326.

Bilheimer DW, Buja LM, Parkey RW, Bonte FJ, Willerson JT. Fatty acid accumula-
tion and abnormal lipid deposition in peripheral and border zones of experimental
myocardial infarcts. J Nucl Med 1978;19:276-283.

Liedtke AJ, DeMaison L, Eggleston AM, Cohen LM, Nellis SH. Changes in substrate
metabolism and effects of excess fatty acids in reperfused myocardium. Circ Res
1988;62:535-542.

Poizat C, Keriel C, Gamier A, Dubois F, Cand F, Cuchet P. An experimental model
of hypoxia on isolated rat heart in recirculating system: study of fatty acid metabolism
with an iodinated fatty acid. Arch Int Physiol Biochim Biophys 1993;101:347-356.
Burton KP, Buja LM, Sen A, Willerson JT, Chien KR. Accumulation of arachidonate
in triacylglycerols and unesterified fatty acids during ischemia and reflow in the
isolated rat heart: correlation with the loss of contractile function and the development
of calcium overload. Am J Pathol 1986;124:238-245.

Ward B, Harris P. Incorporation and distribution of *H oleic acid in the isolated,
perfused guinea-pig heart made hypoxic. J Mol Cell Cardiol 1984;16:765-770.

Katz AM, Messineo FC. Lipid-membrane interactions and the pathogenesis of
ischemic damage in the myocardium. Circ Res 1981:48:1-16.

Stanley WC, Hall JL, Stone CK, Hacker TA. Acute myocardial ischemia causes a
transmural gradient in glucose extraction but not glucose uptake. Am J Physiol
1992;262:H91-H96.

Rovetto MJ, Lamberton WF, Neely JR. Mechanisms of glycolytic inhibition in
ischemic rat hearts. Circ Res 1975;37:742-751.

Rovetto MJ, Whitmer JR, Neely JR. Comparison of the effects of anoxia and whole
heart ischemia on carbohydrate utilization in isolated working rat hearts. Circ Res
1973;32:699-711.

Yamamichi Y, Kusuokua H, Morishita K, et al. Metabolism of iodine-123-BMIPP in
perfused rat hearts. J Nucl Med 1995;36:1043-1050.

1689





