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Radiolabeled RGD peptides that target �v�3 integrin are prom-
ising tracers for imaging tumor angiogenesis. Integrins and an-
giogenesis also play important roles in healing of ischemic
lesions. Thus, we investigated the biodistribution of radiola-
beled RGD and expression of �v integrin in a mouse model of
hindlimb ischemia. Methods: 125I-3-Iodo-D-Tyr4-cyclo(-Arg-Gly-
Asp-D-Tyr-Val-) (125I-c(RGD(I)yV)) was synthesized and tested
for endothelial binding. Hindlimb ischemia was induced in ICR
mice through femoral artery ablation, and perfusion was mea-
sured with laser Doppler blood flowmetry. 125I-c(RGD(I)yV) bio-
distribution was evaluated in control animals (n � 7) and ische-
mic models on day 3, 8, or 14 (n � 6 each). Control experiments
were performed using a radiolabeled peptide with a scrambled
amino acid sequence (125I-GfVGV). Microsections of hindlimb
tissue were immunostained for �v integrin expression and
stained with alkaline phosphatase to localize vascular endothe-
lial cells. Results: 125I-c(RGD(I)yV) retained specific binding to
human umbilical vein endothelial cells. Perfusion in ischemic
hindlimbs immediately fell to 10% � 4% of contralateral levels
and gradually recovered to 22% � 11% and 64% � 9% on
days 8 and 14, respectively. 125I-c(RGD(I)yV) uptake in ischemic
muscles significantly increased from a control level of 0.16 �
0.05 %ID/g (percentage injected dose per gram of tissue) to
0.85 � 0.76 %ID/g at day 3, 0.43 � 0.23 %ID/g at day 8, and
0.43 � 0.28 %ID/g at day 14 (all P � 0.05). Ischemic muscle-
to-lung count ratios had a virtually identical trend: 0.42 � 0.25
for controls, 2.34 � 1.70 at day 3 (P � 0.02), 1.46 � 0.52 at day
8 (P � 0.001), and 1.39 � 0.94 at day 14 (P � 0.02). In contrast,
uptake of the control peptide in ischemic hindlimbs was not
different from that of controls. Immunohistochemistry revealed
substantially increased �v integrin staining in ischemic hindlimb
tissue. Conclusion: Radioiodine RGD uptake is significantly
enhanced in ischemic hindlimbs of a mouse model, and is
accompanied by an increase in �v integrin expression. Further
investigation is thus warranted to illuminate the potential role of
radiolabeled RGD for noninvasive monitoring of peripheral is-
chemic lesions.
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Recent developments in therapeutic strategies to modu-
late new vessel formation, a crucial component of various
disease processes (1), have provided a myriad of molecular
targets that may be exploited for angiogenesis imaging. One
of the most promising of imaging probes are RGD peptides
that target and bind specifically to �v�3 integrin (2), a
cell-surface receptor highly restricted in expression to an-
giogenic vasculature (3). Hence, several radiolabeled RGD
probes have been developed for �v�3 integrin imaging and
have been extensively investigated in tumor animal models
(4–8).

However, angiogenesis is not only involved in cancer
progression but also plays an important part in the improve-
ment and healing of ischemic lesions (9,10). Accordingly,
elevated �v�3 integrin expression has been observed in
ischemic tissue of the brain (11), retina (12), and muscles
(13–15). Recently, increased �v�3 integrin expression in
injured vasculature and infarcted myocardium has been
successfully imaged with 111In-labeled quinolone (16,17). In
addition, microbubbles labeled with echistatin or anti-�v

antibody have been shown to allow noninvasive imaging of
�v integrin expression in angiogenic vessels of matrigel
plug and tumor models (18,19). In this study, we hypothe-
sized that radiolabeled RGD uptake may be elevated in
peripheral ischemic lesions in association with an increase
in local �v integrin expression. To test this hypothesis, we
investigated the biodistribution of radioiodine-labeled cy-
clic RGD and immunostaining of �v integrin in a mouse
model of hindlimb ischemia.

MATERIALS AND METHODS

Biologic Assays
For endothelial cell binding experiments, 125I-3-iodo-D-Tyr4-

cyclo(-Arg-Gly-Asp-D-Tyr-Val-) (125I-c(RGD(I)yV)) was pre-
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pared and purified by high-performance liquid chromatography
essentially following previously described procedures (4). Human
umbilical vein endothelial cells (HUVEC-C; American Type Cul-
ture Collection) were cultured at 37°C and 5% CO2 in EBM-2
media containing endothelial growth supplements, 10% fetal bo-
vine serum, and antibiotics. Cells of 80%–90% confluence were
harvested with trypsin, washed twice with Dulbecco’s phosphate-
buffered saline (D-PBS), and 105 to 106 cells were transferred to
Eppendorf tubes. After incubation with 37 kBq 125I-c(RGD(I)yV)
at 37°C for indicated durations, cells were rapidly washed twice
with D-PBS and measured for bound radioactivity on a �-counter.
For competitive binding experiments, cell binding after 1-h incu-
bation was measured, but with 0, 1, 10, or 100 �mol/L of nonra-
diolabeled c(RGD(I)yV). A displacement curve was plotted and
the 50% inhibitory concentration was calculated using GraphPad
Prism version 3.02 software (GraphPad Software Inc.). All exper-
iments were performed in duplicates, and results are expressed as
mean � SD of the percentage of cell-bound counts relative to the
15-min value or counts relative to the sample without addition of
nonradiolabeled c(RGD(I)yV).

Animal Model
Unilateral hindlimb ischemia was created in 8- to 10-wk-old

male ICR mice following animal protocols approved by the Insti-
tutional Regulatory Board. Animals were anesthetized by intra-
peritoneal administration of xylazine and ketamine for ischemia
surgery, laser Doppler flowmetry, and scintigraphic imaging. To
induce hindlimb ischemia, a vertical incision was applied on the
skin overlying the left femoral region, femoral vessels were ex-
posed, and the femoral artery was carefully separated and excised
after ligation of the proximal and distal ends.

A laser Doppler blood flow meter (Moor Instruments) was used
to evaluate perfusion in hindlimbs immediately after ischemia
surgery and again just before biodistribution studies. Mice were
anesthetized, shaved, depilated on the ventral side of hindlimbs
with depilatory cream, and placed on a 37°C heating plate to
minimize temperature variation. Perfusion signals were displayed
and recorded in color codes ranging from dark blue (0) to red to
white (1,000). Regions of interests (ROIs) were drawn along the
outlines of hindlimbs from which average signal levels were
measured, and the perfusion level of an ischemic limb was ex-
pressed as its mean signal ratio relative to that of the contralateral
side.

Biodistribution Studies and Scintigraphic Imaging
Biodistribution studies were performed by tail vein injection of

mice with 370 kBq of 125I-c(RGD(I)yV). To correct for any radio-
tracer retained within the delivery system, a syringe containing
radiotracer was emptied into an Eppendorf tube and 1/10 and
1/100 aliquots were transferred and counted as 10% and 1%
injected dose (ID) standards. Piloting was first performed after 3 d
of ischemia to compare 1- and 4-h distribution (n � 3 each), and
4 h was selected as the distribution time for the remaining exper-
iments, which were performed after 3, 8, or 14 d of ischemia (n �
6, each). Immediately after animals were sacrificed by cervical
dislocation, major organs, blood, and bilateral hindlimb thigh
muscles were extracted, weighed, and measured for radioactivity
on a �-counter. Tails were also counted to correct for any radio-
tracer leakage during injection. Results are expressed as the per-
centage injected dose per gram (%ID/g) of tissue for each organ
and as ischemic muscle-to-organ count ratios. Animals that did not
undergo ischemia surgery were used as controls (n � 7).

To test specificity of radiotracer uptake, a peptide with the
scrambled amino acid sequence GfVGV was 125I labeled by the
IODO-GEN method and used as a control peptide: 1H NMR (400
MHz, D2O) � 7.18 (d, J � 8.4 Hz, 2H), 6.85 (d, J � 8.4 Hz, 2H),
4.72–4.66 (m, 1H), 4.10–4.01 (m, 2H), 4.00 (d, J � 5.6 Hz, 1H),
3.97–3.92 (m, 2H), 3.27 (dd, J � 16, 5.2 Hz, 1H)), 2.84 (dd, J �
14.4, 10.8 Hz, 1H), 2.27–2.19 (m, 1H), 1.84–1.75 (m, 1H), 1.05 (d,
J � 6.8 Hz, 6H), 0.68 (d, J � 6.8 Hz, 3H), 0.64 (d, J � 6.8 Hz,
3H); calcd for C23H35N5O7 MALDI-TOF MS (M 	 H	) � 494.41.
Control mice (n � 4) and animals at 8 d of hindlimb ischemia (n �
5) were injected with the control radiopeptide and evaluated for
biodistribution.

Scintigraphic imaging was performed in 2 mice on day 3 of
hindlimb ischemia. A single 30-min scintigraphic image was ac-
quired on a �-camera (Monad XLT; Trionix Research Laboratory)
equipped with a pinhole collimator at 4 h after intravenous injec-
tion of 2.6 MBq 123I-c(RGD(I)yV). For quantitative analysis, im-
age window scales were first adjusted to enhance contrast between
hindlimb and background, and a polygonal ROI was manually
drawn along the margin of the thigh, from the knee region up to the
proximal thigh but sufficiently below abdominal radioactivity.
ROIs were drawn first on the ischemic thigh and another of similar
shape and size was then applied to the contralateral side. ROI
selection with count ratio determination was repeated twice and
showed good reproducibility.

Immunohistochemistry and Histology
After measurement of 125I-c(RGD(I)yV) uptake levels, the dis-

sected hindlimb muscles were fixed with Bouin’s solution. Cryo-
stat sections of 10-�m thickness were mounted on glass slides and
immunostained using the avidin–biotin–peroxidase technique.
Sections were incubated at 4°C for 16 h with a rabbit polyclonal
antibody against the mouse �v integrin subunit (Chemicon Inter-
national) at 1:1,000 dilution in TBS (100 mmol/L Tris, pH 7.4, 138
mmol/L NaCl, 27 mmol/L KCl) containing 1% bovine serum
albumin. The sections were then incubated with a biotinylated
antirabbit secondary antibody at room temperature for 1 h. After
the avidin/biotinylated enzyme complex was applied (Vector Lab-
oratories), the immunoreaction was cytochemically revealed by
H2O2 diaminobenzidine hydrochloride solution (Sigma).

Alkaline phosphatase staining was used as a specific marker of
vascular endothelial cells in microsections immediately contiguous
to those used for immunostaining. Hematoxylin and eosin staining
was performed for morphologic evaluation and to identify regions
of focal inflammatory cell infiltration.

RESULTS

Specific Endothelial Cell Binding of 125I-c(RGD(I)yV)
HUVEC-C cell binding studies showed a gradual in-

crease in 125I-c(RGD(I)yV) uptake over 4 h (Fig. 1A), and
subsequent cell experiments were performed with 1-h incu-
bation. The presence of unlabeled c(RGD(I)yV) resulted in
a concentration-dependent inhibition of endothelial 125I-
c(RGD(I)yV) binding, with a calculated 50% inhibitory
concentration (IC50) of 227 nmol/L (Fig. 1B).

Blood Flow and 125I-c(RGD(I)yV) Uptake in Hindlimb
Ischemia Models

There was a precipitous reduction of hindlimb perfusion
immediately after femoral artery removal, resulting in flow
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ratios of 0.10 � 0.04. Flow ratios remained at 0.09 � 0.03
on day 3 but gradually recovered thereafter to 0.22 � 0.11
at day 8 and 0.64 � 0.09 at day 14 (P � 0.05 and �0.0001
compared with immediate postoperative ratios, respectively;
Figs. 2A and 2B).

Piloting of 1- and 4-h 125I-c(RGD(I)yV) distribution
showed slightly higher ischemic muscle-to-blood ratios at
4 h (data not shown), which was selected for the remaining
experiments. In normal ICR mice, 4-h biodistribution of
125I-c(RGD(I)yV) (Table 1) was similar to that previously
reported for BALB/c and nude mice (4). The highest up-
takes were seen in the liver and kidneys (0.68 � 0.37 %ID/g
and 0.85 � 0.27 %ID/g, respectively), whereas normal
hindlimb muscle had relatively low uptake (0.16 � 0.05
%ID/g). In the ischemic model, uptake in the ischemic
muscles was significantly increased to 0.85 � 0.76 %ID/g
on day 3, 0.43 � 0.23 %ID/g on day 8, and 0.43 � 0.28
%ID/g on day 14 (all P � 0.05) (Table 1; Fig. 3A). How-
ever, there was considerable individual variability of ische-
mic muscle uptake on day 3. Ischemic limb muscle-to-lung
uptake ratios revealed a temporal pattern virtually identical
to that of %ID/g uptake levels (Fig. 3B). In contrast, uptake
of the control peptide in ischemic hindlimbs at 8 d was not
different from that of control animal hindlimbs (0.11 � 0.05
%ID/g vs. 0.12 � 0.05 %ID/g; P � not significant [NS];

Fig. 4A) and in muscle-to-lung uptake ratios (0.51 � 0.21
vs. 0.38 � 0.18; P � NS; Fig. 4B).

Scintigraphic 123I-c(RGD(I)yV) Imaging in Hindlimb
Ischemia Models

Scintigraphic 123I-c(RGD(I)yV) images of mice at day 3
of ischemia showed better visualization of the ischemic
hindlimbs compared with the contralateral hindlimbs (Fig.
5). Although activity in the liver, kidneys, and intestines
was high, these activities did not interfere with assessment
of limb activity. ROI analysis revealed an ischemic-to-
contralateral limb count ratio of 1.8 � 0.4.

Histologic Findings
The histology sections were of somewhat less than opti-

mum quality due to the severe architectural disruption
caused by the ischemic injury. Hematoxylin and eosin stain-
ing of ischemic hindlimb muscles demonstrated muscle
injury with irregular regions of necrosis and inflammatory
cell infiltration (Figs. 6A, 6C, 6E, and 6G). Immunostaining
revealed pronounced positive staining for �v integrin in
ischemic but not in control hindlimb tissue (Figs. 6B, 6D,
6F, and 6H). Alkaline phosphatase staining confirmed part
of the �v staining to localize to vascular endothelial cells
(Figs. 7A and 7B) and a large portion of �v staining ap-
peared to localize to skeletal myocytes (Fig. 7C). In con-

FIGURE 1. Endothelial cell binding of
125I-c(RGD(I)yV). (A) Incubation time-de-
pendent increase of 125I-c(RGD(I)yV) bind-
ing to HUVEC cells. Results are expressed
as percent uptake relative to 15-min value.
(B) Dose-dependent inhibition of cell bind-
ing by excess nonradiolabeled c(RGD(I)yV).
Results are expressed as percent uptake
relative to sample without nonradiolabeled
c(RGD(I)yV). All results are mean � SD of
duplicates.

FIGURE 2. Hindimb blood flow moni-
tored with laser Doppler flowmetry. (A)
Doppler images of representative animals
on days 3 and 8 of ischemia. Right:left
hindlimb flow measurements (perfusion ra-
tios in parentheses) are denoted below
each image. (B) Temporal change of right-
to-left hindlimb perfusion ratios. There was
severe hypoperfusion in left hindlimb im-
mediately after surgery (D0) and on day 3
(D3), which gradually improved on day 8
(D8) and day 14 (D14). Data are shown as
mean � SD of left-to-right ratios. *P �
0.05; ***P � 0.0001 compared with imme-
diate postoperative ratios.
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trast, sites of inflammatory cell infiltration did not show
significant �v staining (Fig. 7D).

DISCUSSION

Whereas the biokinetics of radiolabeled RGD has been
extensively investigated in tumor-bearing animals (4–8),
our study concentrated on mice with hindlimb ischemia,
which is a commonly used animal model of human occlu-
sive peripheral vascular disease (20). Peripheral ischemic
disease is a leading cause of jeopardized limb viability, and
therapeutic angiogenesis has recently emerged as a promis-
ing strategy for its treatment (21,22). Accordingly, the de-
velopment of noninvasive imaging methods to monitor the
healing process of peripheral ischemic lesions would be of
significant clinical benefit.

In this study, 125I-c(RGD(I)yV) was first tested for spec-
ificity of endothelial cell binding. Although the binding
experiments were less than optimal because nanomolar
ranges of nonradiolabeled RGD were not included and
remnant binding in the presence of maximal RGD doses
suggests insufficient blocking of nonspecific binding, the
results confirmed that the radiotracer retains specific endo-
thelial binding characteristics.

The results of our biodistribution experiments demon-
strate a significantly enhanced uptake of radioiodine-labeled
RGD in mouse hindlimb tissue exposed to ischemia. There
was a 
5-fold increase in the level of ischemic hindlimb
radiouptake expressed in %ID/g and muscle-to-lung count
ratios. Both indices of uptake demonstrated a very similar
temporal pattern, showing a peak at day 3 and maintaining
a slightly lower, but increased, level at 8 and 14 d of
ischemia. The lack of increase in control peptide uptake
supports specific uptake of 125I-c(RGD(I)yV) in ischemic
hindlimbs rather than nonspecific leakage through injured
vasculature. Ischemic-to-contralateral limb ratios of radio-
tracer uptake were also increased (1.60 � 0.72, 2.69 � 1.17,
3.43 � 1.85 at days 3, 8, and 14, respectively), but the ratio
at day 3 was not as high as the %ID/g or ischemic muscle-
to-lung ratios due to an unexplainable uptake increase in the
contralateral hindlimbs as well as ischemic hindlimbs in a
few animals. This may be related to greater weight bearing
or some remote effect to the contralateral limb.

The ischemia group also appeared to have higher hepatic
and renal uptake (although not to a statistically significant
degree), with a temporal pattern similar to that of the
ischemic hindlimbs. Though the precise cause for this find-

FIGURE 3. 125I-c(RGD(I)yV) uptake in is-
chemic hindlimbs according to periods of
ischemia. 125I-c(RGD(I)yV) uptake in ische-
mic hindlimb muscles is expressed as
%ID/g (A) and muscle-to-lung uptake ra-
tios (B). Data are expressed as mean � SD
of 6 animals for each ischemia period and 7
animals for control.

TABLE 1
Biodistribution of 125I-c(RGD(I)yV) in Control and Hindlimb Ischemic Mice

Tissue Control (n � 8)

Hindlimb ischemia model

3 d (n � 6) 8 d (n � 6) 14 d (n � 6)

Blood 0.41 � 0.20 0.39 � 0.09 0.28 � 0.07 0.31 � 0.10
Heart 0.18 � 0.09 0.20 � 0.04 0.12 � 0.03 0.13 � 0.04
Lung 0.43 � 0.19 0.38 � 0.15 0.29 � 0.08 0.30 � 0.09
Liver 0.68 � 0.37 0.99 � 0.24 1.05 � 0.33 0.60 � 0.23
Spleen 0.29 � 0.12 0.32 � 0.07 0.23 � 0.04 0.23 � 0.12
Pancreas 0.16 � 0.09 0.24 � 0.06 0.14 � 0.06 0.15 � 0.04
Kidneys 0.85 � 0.27 1.02 � 0.31 0.84 � 0.19 0.63 � 0.27
Hindlimb muscle* 0.16 � 0.05 0.85 � 0.76† 0.43 � 0.23† 0.43 � 0.28†

*Ischemic limb for ischemic models and average of both limbs for controls.
†P � 0.05 compared with control values.
Values are expressed as mean � SD of %ID/g of tissue at 4 h after injection.
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ing is not clear, it should be noted that hindlimb ischemia is
known to cause multiple organ dysfunction with evidence of
hepatic and renal damage (23,24). However, determination
of whether such tissue damage was present in our animal
model and whether it was associated with an increase in
integrin expression will require further investigation.

Scintigraphic images were evaluated by comparing ische-
mic hindlimb uptake to the contralateral side because con-
trol animals were not imaged, and the results showed rela-
tively higher uptake in the ischemic side. Although uptake
in angiogenic surgical wounds may overlap with muscle
activity on planar images, the narrow linear surgical wound
in the midline region is not likely to have significantly
affected the diffuse uptake we observed throughout the
entire thigh area. The modest image contrast between ische-
mic and contralateral hindlimb in our study is partly con-
tributed from the low tracer dose (2.6 MBq) that was used
to image the small muscle mass of mice and may be im-
proved with larger tracer doses. The images verified high
liver and intestinal radiouptake, which is attributed to the
tracer’s hydrophobic nature (4) and significantly limits its
usefulness for evaluating lesions within or near the abdo-
men. Therefore, further experiments with regard to imaging
of ischemic lesions would benefit from using one of the
more recently introduced RGD compounds that have im-
proved imaging properties, such as less hepatic clearance
and longer circulation time, which allows higher uptake in
skeletal muscle (6).

FIGURE 4. Uptake of control peptide
(125I-GfVGV). Uptake in muscle tissue of
ischemic hindlimb and hindlimb of control
animals is expressed as %ID/g (A) and
muscle-to-lung uptake ratios (B). Data are
shown as mean � SD of 5 ischemic hind-
limb models and 4 control animals.

FIGURE 5. Scintigraphic 123I-c(RGD(I)yV) images in hindlimb
ischemic models on day 3 demonstrate higher radioactivity in
ischemic left (arrows) compared with contralateral hindlimbs.

FIGURE 6. Immunohistochemical detection of �v integrin. He-
matoxylin and eosin staining (A, C, E, G) and �v integrin immu-
nostaining (B, D, F, H) of hindlimb muscle tissue microsections.
Tissues are from normal control animals (A and B) and mice at
3 d (C and D), 8 d (E and F), and 14 d (G and H) of ischemia.
Length of bar indicates 400 �m.
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Immunohistochemical staining revealed that the elevated
radioprobe uptake was accompanied by an increase in �v

integrin expression levels. This finding is of significant
interest because �v integrin has important roles in angio-
genesis and ischemia (25). Though it is possible that �v

integrin heterodimers other than �v�3, such as �v�5, also
contributed—since 125I-c(RGD(I)yV) has substantially
higher selectivity for �v�3 integrin compared with �IIb�3 or
�v�5 (4,6)—�v�3 appears to be the most likely candidate
responsible for the observed �v staining. Nevertheless,
staining of �3 integrin in addition to �v�3 staining would
have provided more supporting evidence for �v�3 binding
of the radiotracer.

The concomitant increase in integrin immunoreactivity
suggests that radiolabeled RGD uptake may be enhanced in
ischemic limbs as a result of an increase in local integrin
binding. RGD sequences form an essential recognition site
for integrin (26,27), which are cell-surface receptors that
mediate cell–cell as well as cell–matrix interactions. �v�3

integrins are an important player in angiogenesis and are
also involved in cytoskeleton rearrangement, wound heal-
ing, cell proliferation, and repair responses to tissue damage
(28–30). Modifications in integrin expression appear nec-
essary in ischemic tissue not only for improved perfusion
through angiogenesis but also for remodeling processes to
generate new connections between viable cells and new
matrix. In specimen of inflamed human muscle tissue with
hypoxic and ischemic injury, Konttinen et al. observed
increased �3 integrin immunoreactivity in blood vessels,
myocyte sarcolemma, and basal laminae (15). In a rat model

of myocardial ischemia, Sun et al. found that myocardial
�1 and �3 integrin expression was increased in a temporal
pattern similar to the period that �v integrin expression
and RGD uptake was enhanced in our hindlimb ischemia
model (13).

In addition to vascular structures, a large portion of �v

staining appeared to localize to skeletal myocytes within the
ischemic tissue. �v�3 integrins are expressed not only on
activated endothelial cells but also on fibroblasts, smooth
muscle, and some types of tumor cells. Skeletal myocytes
also express a repertoire of integrins, including �v�3 inte-
grin (15,31,32). As cellular–extracellular matrix interac-
tions provide a substrate essential for normal homeostasis
and adaptation to pathophysiologic signals, it may be that
integrin expression in skeletal muscle is modulated during
the healing or remodeling processes of ischemic injury.
Despite our immunostaining results, however, localization
of �v expression does not prove which types of cells actu-
ally take up the radiotracer, and clarification of this issue
must be addressed in future investigations.

CONCLUSION

Radioiodine-labeled cRGD uptake is significantly en-
hanced in ischemic limb muscles. Further investigation is
thus warranted to elucidate the potential role of radiolabeled
RGD imaging for monitoring peripheral ischemic lesions.
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