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ABSTRACT:

Therapeutic angiogenesis using various heparin-binding growth
factors is a promising treatment for ischemic heart disease. Single
dose intracoronary (IC) or i.v. delivery are most practical for clinical
use. This study was designed to investigate the myocardial and
tissue deposition of basic fibroblast growth factor (bFGF) after IC
and i.v. administration in normal and chronically ischemic animals.
Twenty-four Yorkshire pigs were used (12 normal and 12 ischemic
animals) with IC and i.v. administration of '?°I-bFGF (25 uCi) com-
bined with cold bFGF (30 pg) and heparin (3 mg). Tissue and
myocardial distribution was determined at 1 and 24 h by measuring
125].bFGF specific activity and by organ and light level autoradiog-
raphy. The liver accounted for the majority of 2°I-bFGF activity at
1 h (387.6 = 17.1% for IC and 42.1 + 17.7% for i.v. delivery), with a

24 h. Total cardiac specific activity at 1 h was 0.88 + 0.89% for IC
and 0.26 = 0.08% for i.v. administration (p = .12) and decreased to
0.05 = 0.04% (p = .05, versus 1 h) and 0.04 = 0.01% (p < .001,
versus 1 h) at 24 h, respectively. IC but not i.v. delivery resulted in
higher deposition in ischemic than normal myocardium. IC delivery
resulted in enhanced bFGF deposition only in myocardial territo-
ries subtended by the infused artery. Intravenous delivery com-
pares favorably with IC delivery with a 3- to 4-fold reduction in
myocardial deposition at 1 h and with similar solid organ deposi-
tion. The less invasive nature of i.v. delivery, its potential for repeat
administration, and its applicability to a larger population may
offset its resultant reduced myocardial deposition. Efficacy studies
are ongoing.

reduction to 2.8 = 1.5% for IC and 1.5 = 0.9% for i.v. delivery by

Occlusion of coronary arteries is often associated with developmé®95; Muhlhauser et al., 1995; Pearlman et al., 1995; Harada et al.,
of collateral circulation in patients with atherosclerosis. Although thE996; Ibukiyama, 1996; Lazarous et al., 1996; Sellke et al., 1996,
existence of collateral circulation in such patients is associated witB98). These promising preclinical results have rapidly lead to the
improved clinical outcomes, the net effect is rarely adequate to costudy of these growth factors in patients with chronic myocardial
pensate fully for the flow lost to occlusion of native epicardiailschemia using intracoronary (IC), i.v., and local delivery (Henry et
coronary arteries (Charney and Cohen, 1993; Di Carli et al., 1994;, 1998; Laham et al., 1998, 1999).

Stone et al., 1995). A number of growth factors have been associate@he pharmacokinetics and tissue distribution of these growth fac-
with myocardial and peripheral limb ischemia, particularly basitors administered by various techniques, however, have not been
fibroblast growth factor (bFGE) acidic fibroblast growth factor, and defined. Although an i.v. delivery strategy is very appealing in terms
vascular endothelial growth factor (VEGF; Slavin, 1995; Fuijita et alof technical safety, ease of administration, and lack of need for cardiac
1996; Li et al., 1996; Schaper, 1996; Shinohara et al., 1996; Hasdatetheterization, it is unclear whether i.v. delivered growth factors
al.,, 1997; Laham and Simons, 1999), which have been shown dehieve therapeutic myocardial concentrations without untoward sys-
induce functionally significant angiogenesis in animal models @émic effects. In addition, IC infusions may not result in more signif-
myocardial and limb ischemia (Banai et al., 1994a; Asahara et dbant myocardial deposition and retention with the added invasiveness
of the delivery technique. The relevance of this tissue distribution
becomes apparent when one considers the potential systemic toxicity
of these agents in terms of hemodynamic effects, recirculation, and
organ deposition, with the potential to induce pathologic angiogenesis
and tumorigenesis (Aiello et al., 1994; Samoto et al., 1995; Favard et
al.,, 1996; Yoshiji et al., 1996; Boulton et al., 1997; Paques et al.,
1997).

Therefore, additional investigations are required to characterize the
delivery of these growth factors. Such studies would help to ascertain
the actual amounts of growth factors delivered to the ischemic myo-
cardium, provide information regarding the persistence of and stabil-
ity of these growth factors, and compare characteristics of different
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Total specific activity is calculated by multiplying organ specific activity (%/g)
by organ weight. Results are shown for IC delivery at 1 (black column) and 24 h
Twenty-four animals were used (12 nonischemic and 12 ischemic; 3 weeks afi@hite column) and for i.v. delivery at 1 (gray column) and 24 h (checkered
implantation of an ameroid constrictor on the LCX). column). Note that solid organ deposition is similar for IC and i.v. delivery at both
time points, indicating significant recirculation after IC delivery. Liver deposition at

delivery techniques. This study was designed to investigate the myd? accounts for a major portion of administered bFGF.
cardial and tissue deposition and retention of bFGF after IC and i.v.

Fic. 1. Study design and performance.

administration in normal and chronically ischemic animals. mined in a gamma counter (LKB Instruments, Inc., Gaithersburg, MD). Back-
_ ground was subtracted and the amoun?atbFGF deposited within a specific
Materials and Methods sample was calculated as a percentage of the total activity administered. Total

Tissue distribution studies were carried out in 24 Yorkshire pigs (12 normg®lid organ deposition was calculated by multiplying the specific activity per
animals and 12 chronically ischemic animals; Fig. 1). Yorkshire pigs of eithgfam of tissue by the weight of the organ. Trichloroacetic acid precipitation
sex weighing 15 to 18 kg were anesthetized with i.m. ketamine (10 mg/kg) aw@s performed to determine specific activity, which averaged 8621.4%.
halothane inhalation anesthesia. By sterile technique, a right popliteal cut dofvr2-mm transverse left ventricular section was obtained for organ level
was performed aha 4 French arterial catheter was inserted for blood samplirgitoradiography and exposed in a phosphoimager for 24 h. In addition, tissue
and pressure monitoring. Left thoracotomy was performed through the 4&@mples were obtained from the LAD and the subtended myocardium, forma-
intercostal space during mechanical ventilation. The pericardium was opefigdfixed, paraffin-embedded, and 40m sections were mounted on a slide,
and an ameroid constrictor of 2.5 mm internal diameter (matched to tReated by a photographic emulsion for 72 h, developed, and examined using
diameter of the artery) was placed around the proximal left circumflex corbight level microscopy.
nary artery (LCX; Harada et al., 1994; 1996; Lazarous et al., 1995). The Data are expressed as mears.D. Continuous variables were compared by
pericardium was closed using 6/0 Prolene and the chest was closed. A smg]@aired Student's test, whereas categorical variables were compared by
dose of i.v. cefazolin (70 mg/kg) was given and i.m. narcotic analgesics were analysis. All reportech values were two-tailedp = .05 was considered
administered as needed. Animals were then allowed to recover for 3 weékgfistically significant.

(time sufficient for ameroid closure) before radiolabeled growth factor deliv-
ery. The treatment of animals was done according to National Institutes of Results

Health guidelines and the protocol was approved by the Institutional Animal . . .
Care and Utilization Committee of the Beth Israel Deaconess Medical Center” total of 24 animals was used for the study. Figure 1 details the

Ischemic animals (three weeks after ameroid placement) and normal n§fldy protocol. Twelve animals underwent ameroid placement on the
instrumented animals were anesthetized with i.m. ketamine (10 mg/kg) an@X, and 3 weeks later, after confirming LCX occlusion angiographi-
halothane inhalation anesthesia. By sterile technique, an i.v. line was inseedly, received*?3-bFGF. IC *29-bFGF was administered to six
into the ear vein and a right femoral cut down was performed to introduce aprmal and six ischemic animals, whereas137-bFGF was given to
8Fr arterial sheath. Coronary angiography was then performed in multiglic normal and six ischemic animals. Tissue deposition was measured
views usig a 7 French JR4 diagnostic catheter (Cordis Laboratories, Ings 1 and 24 h in three animals of each group. The use of these two time

Miami, FL) to confirm LCX occlusion in ischemic animals and to assess ﬂ}?oints was determined by the need to study more sustained myocar-
coronary anatomy-29-Bolton Hunter-labeled bFGE{3-bFGF; 25u.Ci; New dial deposition and retention dF51-bFGE

England Nuclear) with a specific activity of 130Ci/ug (4050 kBgflxg) was . o S . .
combined with 30ug of cold bFGF and 3 mg of heparin (similar to the dose Extracardiac DepOS|t|0n'_ Biodistribution of the i.v. and_ I_C radlo-
used in animal studies and in the recent phase | IC and i.v. human study) (l:f’#aeled bFGF was determined at 1 and 24 h after administration and

was used for IC (six normal and six ischemic animals) and i.v. (six normal aMé@s pooled for ischemic and nonischemic animals (Figs. 2 and 3).

six ischemic animals) delivery. For IC deliver?3-bFGF was infused in the There were no significant differences between ischemic and nonis-

left main coronary artery over 10 min. For i.v. delivet$3-bFGF was infused chemic animals at each time point and the data was therefore pooled.

through the ear vein i.v. line over 10 min. Animals were then sacrificed= ( At 1 h, the liver accounted for 376 17.1% of the total administered

12) and 24 hif = 12) after*?4-bFGF administration. activity for IC and 42.1+ 17.7% for i.v. delivery p = .6), with a
Duplicate plasma, urine (spot samples), and tissue samples from the liv@igyction to 2.8+ 1.5% for IC and 1.5 0.9% for i.v. delivery by

lung, kidney, and quadriceps muscle were obtained. Tissues were washed tﬁrf?.l (p = .09). Total specific activity (1 h) in the kidneys was 2:3
times in saline to avoid contribution of radioactivity in blood. The heart, liver. -

un . . ) . : ]t'e3% for IC and 2.5 1.0% for i.v. delivery ¢ = .8). By 24 h, total
gs, and kidneys were weighed to determine total organ weight. Duplic o - o

samples were also obtained from the right ventricle and from the proxin?é'fjney speC|f|c_act|V|ty decrea§ed to 0:10.05% for IC ‘f’md 0.2«
portion of the left anterior descending coronary arteries (LADs) and rigf;&'09 for "\_/'_ dellv.e.ry 0 = .1). Finally, for IC and i.v. delivery, total
coronary arteries (RCAs). A 1-cm mid left ventricular transverse slice wddng specific activity was 2.7 4.1 and 3.8t 2.6% a1 h (p = .6)
sectioned and cut into eight segments; each segment was divided into epig&d 0.2+ 0.2 and 0.4+ 0.08% at 24 h p = .05), respectively. Figure
dial, mid-myocardial, and endocardial portion$3-bFGF activity was deter- 3 details specific activity per milliliter for plasma, red cell sediment,
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plasma, urine, and red blood cell (RBC) sediment. for both IC and i.v. delivery at 1 and 24 h.

Results are shown for IC delivery at 1 (black column) and 24 h (white column) Although activity is similar for both IC and i.v. delivery at 24 h, IC administration
and for i.v. delivery at 1 (gray column) and 24 h (checkered column). Note thegsults in approximately a 3-fold increase in #2A-bFGF myocardial deposition.
plasma, urine, and RBC sediment uptake is similar for IC and i.v. delivery at both
time points, indicating significant recirculation after IC delivery.

0.02 A. Normal Animals

and urine. Specific activity for urine was 0.G¢1 0.01% for IC and
0.005=* 0.01% for i.v. administrationtal h and increased to 0.02

0.016

0.01% for IC and 0.03- 0.05% at 24 h for i.v. delivery, however, that W C 1hour

increase was not statistically significant. s OIC 24 hours
Cardiac Deposition.Total cardiac specific activity is shown in Fig. ' B IV 1 hour

4. Total specific activity (1 h) was 0.88 0.89% for IC and 0.26=
0.08% for i.v. administration f = .12) and decreased to 0.05
0.04% (p = .05, compared wit 1 h values) and 0.04 0.01% (p <
.001, compared wht 1 h values) at 24 h, respectively. Left ventricularS
deposition is illustrated in Figs. 5, 6, and 7, and are reported fi=
normal and ischemic animals. There were no differences betwe®
epicardial and endocardial deposition for both IC delivery; the resul
were pooled for further analysis. For IC delivery, LAD territory
activity per gram of tissue (1 h) was 0.01 0.007% and 0.008-

biooa BV 24 hours

0.004

ac Specific activity (%/gm)

B. Ischemic Animals

— 0.02
0.008% for normal and ischemic animals, and at 24 h dropp¢E M C 1hour
to 0.0005=+ 0.0009% (20-fold reduction) in nonischemic animals an(z —_— OIC 24 hours
0.0008+ 0.0005% (10-fold reduction) in ischemic animals. For i.v. > BV 1 hour

delivery, 1-h LAD territory activity per gram of tissue was 0.083
0.001% (3-fold reductionp = .2, compared with IC) and 0.002
0.0009% (4-fold reductiom = .3, compared with IC) for normal and
ischemic animals, and at 24 h dropped to 0.080@.0001% (7.5-fold
reduction) in nonischemic animals and 0.00640.0004% (5-fold
reduction) in ischemic animals, respectively. For 1-h LCX myocardic.=
deposition, IC and i.v. deliveries resulted in a specific activity pe 5

0.012 B IV 24 hours
0.008

0.004

diac Specific activi

gram of tissue of 0.008= 0.004% and 0.003= 0.001% (2.6-fold <  © TR A
reduction,p = .09) in normal animals and 0.0+ 0.007% and
0.003 + 0.001% (3.3-fold reductionp = .2) in ischemic animals, Fic. 5. Regional cardiac specific activity (percentage of total activity

R .. . . administered per gram of tissue) for the LAD, LCX, and RCA myocardial
respectively. At 24 h, LCX deposition for IC and i.v. delivery dropped territory in normal (nonischemic) animals J/and ischemic animalég).

to 0.0006+ 0.0008% and 0.0005 0.0002% in n_ormal a_nima!s and Note that i.v. delivery results in equafi-bFGF deposition in all myocardial
0.0006 = 0.0006% and 0.0004- 0.0004% in ischemic animals, territories at 1 h, whereas IC delivery results in higher depositidnrain theinfused
respectively. For all groups, RCA myocardial distribution was similaarteries, with specific activity similar to i.v. delivery in the noninfused territories (RCA).
to LAD and LCX distribution for i.v. administration. However. for IC Twenty-four-hour deposition is similar in all territories for both delivery strategies.
- . U . ! Furthermore, there is increased deposition in the ischemic LCX territory at 1 h.
delivery, RCA myocardial deposition was significantly lower than
LAD or LCX myocardial deposition, because the radiolabel was - . o . .
infused in the left main coronary artery. Finally, for IC deliverydeposition for IC delivery compared with i.v. deliverylah with near
LCX/LAD territory activity was 79 and 154% for nonischemic ancequalization of tissue deposition at 24 h (measured using densitomet-
ischemic animalstal h and 116% and 75% for nonischemic and isfic analysis). In addition, IC delivery resulted in increased deposition
chemic animals at 24 h, respectively. Intravenous administratiéfhLAD and LCX deposition compared with RCA (noninfused terri-
resulted in an LCX/LAD activity of 97 and 100% for nonischemic andory) deposition, whereas i.v. delivery resulted in a more uniform
ischemic animalstal h and 123% and 98% for nonischemic and isdistribution in the three myocardial territories by qualitative analysis.
chemic animals at 24 h, respectively. Light level autoradiography (Fig. 8) after 72-h exposure showed LAD
Myocardial autoradiography (Figs. 6 and 7) confirmed myocardiahdothelial deposition for IC delivery after 1 h. Evaluation of other
deposition for both IC and i.v. delivery with three times enhanceatteries for IC delivery at 24 h and for all coronary arteries at all time
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angiogenic potential, and the identification of their role in physiologic
and pathologic angiogenesis (Ladoux and Frelin, 1993; Aiello et al.,
1994; Banai et al., 1994b; Gabra et al., 1994; Fuijita et al., 1996; Li et
al., 1996; Boulton et al., 1997; Hasdai et al., 1997) have propelled
their study in human ischemic heart disease and peripheral vascular
disease (Isner et al., 1996; Henry et al., 1998; Laham et al., 1998;
1999; Laham and Simons, 1999). Given the typically long time course
of new collateral vessel development, most preclinical attempts to
stimulate myocardial angiogenesis have used methods of prolonging
growth factor delivery including gene therapy, continuous infusions,
repeated injections, or sustained release polymers (Banai et al., 1994a;
Harada et al., 1994, 1996; Asahara et al., 1995; Pearlman et al., 1995;
Yang et al., 1996; Laham and Simons, 1999). However, some of these
options such as repeated intracardiac injections or infusions are either
unfeasible or impractical in patients with ischemic heart disease,
making single dose administration, if effective, a potentially superior
Fic. 6. Organ level myocardial autoradiography for IC delivery for normal (nonischemistrategy in these patients. This lead to the investigation of these agents
animals, top and ischemic animals (bottom) at 1 (left) and 24 h (right). delivered via the IC or i.v. route (Battler et al., 1993; Lopez et al.,
Figures represent a mid-transverse left ventricular slice with right ventricle to td®98), methods more applicable to patients. However, IC and i.v.
left and left ventricle to the left. Note the low activity in noninfused territoryadministrations are associated with significant systemic recirculation.
gu?ufgrrml?sr \évr?rl:a?::%‘éltlgfihb)f/otthCFé%ﬁ\}e?;_l h- Ischemic myocardiél-bFGF depo- Thi_s_becomes relevant _when one considers th.e potential systemic
toxicity of these agents in terms of hemodynamic effects, recircula-
tion, and organ deposition, with the potential to induce pathologic
angiogenesis and tumorigenesis (Aiello et al., 1994; Samoto et al.,
1995; Favard et al., 1996; Yoshiji et al., 1996; Boulton et al., 1997;
Paques et al., 1997). In fact, the IC delivery of VEGF resulted in
hypotension, which was the dose-limiting toxicity. Finally, i.v. deliv-
ery with its ease of use, noninvasive characteristics, and potential for
repeated administration make this strategy, if safe and effective, an
ideal delivery technique for these mitogenic growth factors.
Biodistribution studies are warranted to ascertain the actual
amounts of growth factors delivered to the ischemic myocardium,
provide information regarding the persistence and stability of these
growth factors, and compare characteristics of IC and i.v. delivery.
The current study was designed to investigate the myocardial and
tissue deposition and retention of bFGF after IC and i.v. administra-
tion in normal and chronically ischemic animals.
Both IC and i.v. delivery strategies resulted in the majority of
Fic. 7. Organ level myocardial autoradiography for i.v. delivery for normal radiolabel being deposited in the liver. Surprisingly, liver deposition
(nonischemic animals, top) and ischemic animals (bottom) at 1 (ieft) and 24 h (right)y a5 similar for both techniques, indicating significant recirculation for
Figures represent a mid-transverse left ventricular slice with right ventricle to tiye delivery. In addition, these results confirm the previous observa-
left and left ventricle to the left. Note the equal activity in all territories at 1 h. . . . . L . . .
tion that the liver is the major organ of elimination with circulating
points failed to show?3-bFGF deposition even after 96 h of expo-DFGF binding toa-2-macroglobulin, which in turn is internalized by
sure. receptors on Kupffer cells (Whalen et al., 1989; LaMarre et al., 1991).
) ) This result was duplicated for renal and lung deposition. It is impor-
Discussion tant to point out that bFGF was infused in the ear vein (above the
The availability of various heparin-binding growth factors, particdiaphragm). However, this simulates i.v. delivery in patients where
ularly bFGF and VEGF, the demonstration of their in vitro and in vivthe port of entry would probably be an upper extremity vein bypassing

Fic. 8. Light microscopic level autoradiography.
Histologic section (40X) of LAD (left) and darkfield microscopy of the same field (right) show LAD endothelial deposition for IC delivery.
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