
Journal of the American Heart Association

J Am Heart Assoc. 2021;10:e016696. DOI: 10.1161/JAHA.120.016696� 1

 

ORIGINAL RESEARCH

Novel Receptor for Advanced Glycation 
End Products-Blocking Antibody to Treat 
Diabetic Peripheral Artery Disease
Lynne L. Johnson, MD ; Jordan Johnson , MS; Rebecca Ober , DVM; April Holland, CNMT;  
Geping Zhang, MD; Marina Backer , PhD; Joseph Backer , PhD; Ziad Ali , MD, PhD; Yared Tekabe , PhD

BACKGROUND: Expression of receptor for advanced glycation end products (RAGE) plays an important role in diabetic periph-
eral artery disease. We proposed to show that treatment with an antibody blocking RAGE would improve hind limb perfusion 
and muscle viability in diabetic pig with femoral artery (FA) ligation.

METHODS AND RESULTS: Purpose-bred diabetic Yucatan minipigs with average fasting blood sugar of 357 mg/dL on insulin to 
maintain a glucose range of 300 to 500 mg/dL were treated with either a humanized monoclonal anti-RAGE antibody (CR-3) or 
nonimmune IgG. All pigs underwent intravascular occlusion of the anterior FA. Animals underwent (201Tl) single-photon emis-
sion computed tomography/x-ray computed tomography imaging on days 1 and 28 after FA occlusion, angiogenesis imaging 
with [99mTc]dodecane tetra-acetic acid–polyethylene glycol–single chain vascular endothelial growth factor (scVEGF), muscle 
biopsies on day 7, and contrast angiogram day 28. Results showed greater increases in perfusion to the gastrocnemius 
from day 1 to day 28 in CR-3 compared with IgG treated pigs (P=0.0024), greater uptake of [99mTc]dodecane tetra-acetic 
acid-polyethylene glycol-scVEGF (scV/Tc) in the proximal gastrocnemius at day 7, confirmed by tissue staining for capillaries 
and vascular endothelial growth factor A, and less muscle loss and fibrosis at day 28. Contrast angiograms showed better 
reconstitution of the distal FA from collaterals in the CR-3 versus IgG treated diabetic pigs (P=0.01). The gastrocnemius on 
nonoccluded limb at necropsy had higher 201Tl uptake (percentage injected dose per gram) and reduced RAGE staining in 
arterioles in CR-3 treated compared with IgG treated animals (P=0.04).

CONCLUSIONS: A novel RAGE-blocking antibody improved hind limb perfusion and angiogenesis in diabetic pigs with FA occlu-
sion. Contributing factors are increased collaterals and reduced vascular RAGE expression. CR-3 shows promise for clinical 
treatment in diabetic peripheral artery disease.
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Peripheral artery disease (PAD) is a worldwide 
medical problem. Using an ankle-brachial index 
<0.90 as cutoff, a global epidemiological study 

found in high-income countries an increase in preva-
lence from 5% at the age of 45 to 49 years to 18% by 
the age of 85 to 89 years.1 In the CCHS (Copenhagen 
City Heart Study), proportion of patients with symp-
tomatic claudication increased from 0% among those 
aged 35 to 44 years to 31% among those aged 65 
to 74 years.2 Symptomatic PAD is twice as common 

among those with diabetes mellitus, and although in-
sulin resistance in type 2 diabetes mellitus is a con-
tributing factor, the level of blood sugar has the most 
important association for developing symptomatic 
PAD.2 For a 1% increase in hemoglobin A1c, the inci-
dence of symptomatic PAD increases by 26%.2 The 
presence of PAD is high among those with diabetic 
foot ulcers and a major contributor to poor wound 
healing and greater morbidity, mortality, and ampu-
tation.3–5 Current 2016 American Heart Association/
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American College of Cardiology management guide-
lines for symptomatic diabetic PAD include control of 
risk factors, antiplatelet drugs, statins, and antihyper-
tensives, including angiotensin-converting enzyme 
inhibitor/angiotensin II receptor blocker.6 The drug 
cilostazol has shown some clinical benefit.7 Despite 
these management and treatment strategies, many 
patients require revascularization. Intravascular in-
terventional approaches have largely replaced sur-
gical revascularization because of postoperative 
complications, including poor wound healing, in pa-
tients with diabetes mellitus.8 Arterial stenting has 
presented challenges because of length of lesions, 
bending of vessels with motion, and tendency for 
in-stent restenosis in diabetes mellitus.8 Developing 

novel therapies to treat PAD represents an important 
unmet clinical need.

Receptor for advanced glycation end products 
(RAGE) is a 45-kDa transmembrane multiligand re-
ceptor of immunoglobulin superfamily that plays an 
important role in the cause and progression of PAD 
in diabetes mellitus.9 RAGE/ligand binding activates 
multiple pathways in the vascular wall, including 
generation of reactive oxygen species, increased 
vascular permeability, and release of cytokines and 
inflammation, thereby leading to diffuse atherogen-
esis and microvascular disease.9–15 The expression 
of RAGE increases as circulating ligands increase 
through a positive feedback cycle. In addition, RAGE 
suppresses the hypoxic response to release vascu-
lar endothelial growth factor (VEGF) and is a major 
contributor to failure of collateral growth in response 
to total vessel occlusion.16–19 Loss of angiogenesis 
and reduction in collateral formation in response to 
vascular occlusion lead to chronic hypoxia, muscle 
loss, and fibrosis.

Blocking RAGE expression to treat PAD rep-
resents a multipronged approach to block these 
pathways leading to diabetic vascular disease. We 
developed a monoclonal anti-RAGE antibody that 
binds a novel peptide sequence on the extracellu-
lar domain of the receptor, thereby preventing ligand 
binding. In diabetic mice with femoral artery ligation 
(FAL), treatment with anti-RAGE antibody improved 
angiogenesis at day 5 and hind limb blood flow at 
day 21 after FAL.20 The mouse hind limb lacks the 
anatomical size and complexity of human disease. 
Our hypothesis was that we can detect a beneficial 
therapeutic effect of our anti-RAGE antibody ver-
sus placebo in a diabetic pig with hind limb anterior 
femoral artery occlusion (FAO), using multimodality 
single-photon emission computed tomography/x-ray 
computed tomography (SPECT/CT) imaging of per-
fusion and angiogenesis, angiography, and histology 
to evaluate outcomes.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Animals
All animal experiments were performed with the ap-
proval of the Institutional Animal Care and Use 
Committee of Columbia University. Purpose-bred dia-
betic Yucatan minipigs (castrated male, 27–30 kg) were 
obtained from Sinclair Laboratories (Auxvasse, MO). 
The Sinclair diabetic Yucatan minipigs have type 1 
diabetes mellitus induced with alloxan and are sent to 

CLINICAL PERSPECTIVE

What Is New?
•	 In this report, we are the first to show in a large 

animal model of diabetes mellitus and anterior 
femoral artery occlusion that treatment with a 
humanized antibody blocking receptor for ad-
vanced glycation end products compared with 
nonimmune IgG improves hind limb perfusion 
and muscle viability by suppressing detrimental 
effects of receptor for advanced glycation end 
products on hind limb ischemia.

•	 Our findings include the following: improved 
perfusion in both the ischemic limb with greater 
collateral formation and in the nonischemic hind 
limb attributed to reduced vascular disease; 
and removal of the suppressive effect of recep-
tor for advanced glycation end products on the 
angiogenic response to hypoxia with capillary 
growth in the gastrocnemius muscle, supplied 
by the occluded artery and improved muscle 
viability.

What Are the Clinical Implications?
•	 These results suggest that treatment with a 

receptor for advanced glycation end products 
blocking antibody is a promising approach to 
treating diabetic peripheral artery disease.

Nonstandard Abbreviations and Acronyms

CR-3	 anti-RAGE antibody
FA	 femoral artery
FAL	 femoral artery ligation
FAO	 femoral artery occlusion
RAGE	 receptor for advanced glycation end 

products
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investigators when diabetes mellitus is established and 
the blood sugar stabilized in range of 300to 500 mg/dL 
on 7 to 8 units NPH Humulin N (range, 2–12 units). Only 
male pigs were used. Justification for using only male 
animals is based on the available model. Because of 
the technical effort required to create the model, the 
expense for each animal is high. To factor in effect 
of female hormones in addition to the effect of drug 
would require a large sample size and more complex 
study design, which was beyond the scope of the work 
proposed.

After arriving at Columbia University, we used an 
insulin dose range (Humulin-N) provided by Sinclair to 
maintain blood glucose in the desired range. We used 
the following sliding scale. Morning insulin dose was 
the following: for blood glucose >650 mg/dL, give 5 U 
of insulin; 301 to 650, give 4 U of insulin; 201 to 300, 
give 3 U of insulin; and 101 to 200, give 0 U of insu-
lin. Afternoon insulin dose was the following: for blood 
glucose >500 mg/dL, give 7 U of insulin; 401 to 500, 
give 6 U of insulin; 301 to 400, give 5 U of insulin; 151 
to 300, give 4 U of insulin; 51 to 150, give 2 U of in-
sulin; and 20 to 50, give 1 U of insulin. Blood sugar 
was monitored twice daily with a handheld glucom-
eter (Accu-check Aviva; Roche, Basel, Switzerland), 
and additional doses of regular insulin were given as 
needed. The veterinary staff weighed pigs weekly and 
observed them daily for signs of hyperglycemia or hy-
poglycemia. Blood samples were obtained for RAGE 
ligands from each pig on arrival before treatment and 
on the day of euthanasia.

Antibody
Each pig was injected IM with 1 mg/kg of either CR-3 
or isotype-matched nonimmune IgG every 10  days 
over 4 weeks. The first dose was given after condition-
ing and 3 to 5 days before FAO.

Placement of Endovascular Occluder in 
Anterior Femoral Artery
Pigs were sedated, intubated, anesthetized, and main-
tained on isoflurane inhalant for the duration of the pro-
cedure. After sterile skin preparation, a cut down was 

performed on the neck, the carotid artery was isolated, 
and catheters were advanced to the iliofemoral trunk using 
small injections of contrast to identify catheter location 
(OEC digital fluoroscope model 7900) (General Electric, 
Chicago, IL). An end hole catheter was advanced to the 
anterior femoral artery (FA) just distal to the takeoff of the 
circumflex branch where an Amplatzer Vascular Plug II, 
8 mm (9-AVP2-008) (Abbott Laboratories, Abbott Park, 
IL), was deployed into the arterial lumen. The plug is over-
sized compared with the vessel diameter and designed 
for vascular closure, acting as a barrier and becoming en-
dothelialized. After deployment of the occluder, a contrast 
angiogram was performed. The catheters were removed, 
the artery was repaired, and the neck wound was closed.

Radiotracer Injection and Hind Limb 
Perfusion Imaging
The protocol time line is depicted in Figure 1. The time 
points for perfusion imaging and angiogenesis imag-
ing were selected on the basis of published results for 
peak angiogenesis and flow/perfusion restoration after 
vessel occlusion in the pig.21 We aimed to perform the 
final imaging and necropsy at 4 weeks (28 days) after 
initial studies but date varied by several days because 
of scheduling limitations. Pigs were injected via ear-vein 
catheter with 70.30±10.0 MBq (1.90±0.27 mCi) 201Tl on 
day 1 and day 28 after FAO. The mean time between 
injection and imaging was 23.1±13.7  minutes. Each 
pig was positioned supine on the palate of the scan-
ner with the hind limbs extended. SPECT/CT imaging 
was performed on Philips Precedence camera (Philips, 
Andover, MA) using the following parameters: for the 
SPECT scan, 201Tl window (30% window for 72  keV 
photopeak, 20% window for 168 keV photopeak), 60˚ 
circular orbit (180˚ per head) for 64 steps, 40 seconds/
step. For the low-energy general all-purpose collimator, 
the spatial resolution at 10 cm±8 mm. Parameters for 
the spiral CT scan were the following: 120 KV, 3-mm 
slice thickness, 3-mm increments, and 25 mAs/slice.

Angiogenesis Imaging
On day 7 after vascular occlusion, pigs were sedated, 
intubated, and anesthetized, as described above. 

Figure 1.  Protocol time line from arrival of pigs to final angiogram (angio) and euthanasia.
See text for justification of time points. The final procedures were planned to occur as close to 28 days (4 weeks) as possible. Ab 
indicates antibody; CR-3, anti-RAGE antibody; FAO, femoral artery occlusion; RAGE, receptor for advanced glycation end products; 
and VEGF, vascular endothelial growth factor.
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99mTc-labeled scV was prepared as previously de-
scribed.22 A dose of 303.4±81.4  MBq (8.2±2.2  mCi) 
of scV/Tc was injected through the ear vein catheter. 
The pigs remained anesthetized after injection to allow 
for blood pool clearance until transportation to imaging 
laboratory. The average time between tracer injection 
and imaging was 3:25±0:39  hours. Pigs underwent 
SPECT/CT imaging on the Philips Precedence scanner 
using the following parameters: for the SPECT scan, 
99mTc window (20% window for 140 KeV photopeak), 
360˚ circular orbit (180˚ per head) for 64 steps, and 
30 seconds/step. The CT parameters were the same 
as described above.

Muscle Biopsies
Approximately 2  hours after injection of scV/Tc, 
hind limb muscle biopsies were obtained. Hair was 
shaved over small segments of the semimembra-
nous, biceps femoris and gastrocnemius. An inci-
sion approximately 1 cm in length was made with a 
scalpel and subcutaneous tissue was gently pushed 
aside down to muscle surface, and using 4-mm di-
ameter bioptomes, 2 biopsies were taken from each 
site on both the ischemic hind limb and the opposite 
(control) hind limb. The wounds were closed with su-
tures and dressed. They healed well without signs of 
inflammation.

γ Counting
γ Well counting was performed to analyze hind limb 
muscle angiogenesis and tissue perfusion. Biopsy 
samples were weighed, counted in the γ well counter, 
fixed, embedded, and sectioned for histology.

Contrast Angiogram and Necropsy
On the day following the final 201Tl scan, pigs under-
went a contrast angiogram of the hind limb circulation. 
Following sedation, intubation, and under general an-
esthesia, using sterile conditions, a cut down was per-
formed on the right carotid artery and catheters were 
advanced to the distal aorta just proximal to the iliac 
bifurcation. Iodinated contrast (678-mg Optiray 320) 
was selectively injected into each common FA, and im-
ages were obtained to include the anterior FA proximal 
and distal to the occluder and the profunda branch. 
Following this final angiogram, sedation was deepened 
and pigs were euthanized with euthanasia solution 
(Euthasol; 100  mg/kg IV) by veterinary staff. At nec-
ropsy, approximately 3 to 4 cm3 muscle samples were 
taken from the proximal and distal gastrocnemius, 
biceps femoris, semimembranosus, and semitendi-
nosus for both hind limbs. Two 1-cm3 samples were 
taken from each of these larger sections, weighed, and 
counted on γ well counter. Using standards taken from 

the injected dose, the γ counting data were converted 
to percentage injected dose per gram (%ID/g) of tissue. 
The remainder of the tissue was fixed, paraffin embed-
ded, and sectioned for histology.

Scan Analysis
DICOM files, including the attenuation-corrected 
SPECT/CT images of hind limbs, were uploaded onto 
MIM 64-bit software (MIM Software, Cleveland, OH). 
Using the CT image, hind limb muscle groups, includ-
ing the semimembranosus, semitendinosus, bicep 
femoris, and gastrocnemius, were identified. SPECT 
scans were carefully aligned and merged with the CT 
scans. Using operator-guided identification of fiduci-
ary points and computer-assisted boundary defini-
tion, 3-dimensional contours of each muscle were 
determined. Using the statistics function, total counts 
and volumes in cc were recorded for each muscle. 
Counts were converted to %ID with conversion fac-
tors derived from phantom experiments in which 
1.0 mCi of either 201Tl or 99mTc was placed in 1.0-cc 
Eppendorf tube suspended in middle of a phantom 
and scan acquired using same protocol as the pig 
scans.

To investigate effect of CR-3 on muscle viability, we 
compared volume (mass) of gastrocnemius muscle 
in the occluded limb at 4 weeks in the diabetic pigs 
treated with CR-3 versus diabetic pigs treated with 
nonimmune IgG.

Contrast Angiogram Analysis
Images were obtained from OEC digital fluoroscope 
model 7900 (General Electric, Chicago, IL) and up-
loaded onto a computer running ImageJ software. 
Segments of the anterior FA distal to the occluder and 
the profunda artery with similar backgrounds were se-
lected, and a region of interest of the same size was 
placed over the 2 vessels. Using the measuring tool, 
mean value for contrast intensity was measured for the 
2 vessels and ratios were determined for the occluded 
segment over the normal artery for both the nondia-
betic and diabetic animals.

Histological Analysis
Biopsy muscle tissue samples taken on day 7 (peak 
time for angiogenesis in pig model) were stained for 
angiogenesis with lectin and VEGFA and for RAGE. 
Muscle tissue taken at necropsy was stained for RAGE 
and for Sirius red (fibrosis). All tissue samples from 
biopsies and necropsy were placed in formalin for 
48 hours, followed by 70% alcohol, and then embed-
ded. For immunohistochemical analyses, serial sec-
tions were deparaffinized in xylene, treated with 0.3% 
hydrogen peroxide for 20  minutes, and incubated 
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in protein-free block (Dako Inc, Carpinteria, CA) for 
10 minutes to inhibit the nonspecific binding of primary 
antibody. All sections were stained with hematoxylin 
and eosin. For RAGE staining, muscle sections were 
incubated overnight with humanized anti-RAGE anti-
body (50 µg/mL) followed by incubating for 30 minutes 
with biotinylated secondary antibody (1:200). Lectin 
(Lycopersicon esculentum lectin) binds to glycopro-
teins on the basement membrane of endothelial cells 
in sprouting capillaries. Staining for capillary sprouting 
was performed using biotinylated Griffonia Bandeiraea 
Simplicifolia Isolectin I (1:50) (Vector Laboratories, 
Burlingame, CA) and treated for 30  minutes with 
VECTASTAIN ABC reagent (Vector Laboratories), fol-
lowed by 3′,3′-diaminobenzidine substrate kit for per-
oxidase (Vector Laboratories), and counterstaining 
with Gill hematoxylin solution. Staining for VEGFA was 
performed using anti-VEGFA antibody (1:200) (Abcam, 
Cambridge, MA). Morphometric and immunohisto-
chemical analyses of the arterial segments were per-
formed using a Nikon Eclipse 50i confocal microscope 
(Nikon, Tokyo, Japan) and Image-Pro Plus software 
(Media Cybernetics Inc, Silver Spring, MD). Muscle tis-
sue was stained with Sirius red using Picro Sirius Red 
Staining Kit (Abcam).

Quantitative Immunohistochemistry
The number of capillaries staining brown for lectin were 
counted in 4 to 5 randomly selected fields in each sec-
tion. These numbers were averaged and expressed 
as capillaries per 200× field. The same method was 
used for quantifying VEGFA staining capillaries. 
Quantification of RAGE staining and Sirius red stain-
ing was performed using color recognition software on 
Image-Pro Plus.

RAGE Ligand Measurements
RAGE ligand S100B was measured from frozen sera 
samples taken from each pig at baseline and at end of 
study using commercially available kits for porcine sub-
jects (Porcine S100 Calcium Binding Protein B ELISA 
Kit) (My BioSource, San Diego, CA). Each sample was 
measured in triplicate using standards, and results are 
expressed as ng/mL.

Statistical Analysis
Data statistics for each group are expressed as 
mean±SD, followed by the range. Comparisons of 
means between 2 groups for all variables were made 
using 2-sample t tests. For data with small range of 
values (small SDs) in both groups, we used equal 
variance; and for data with large range of values 
(large SDs), we used unequal variance. To examine 
change over time, we took the difference in outcome 

values between follow-up and baseline, before ap-
plying t tests to compare groups. For comparisons 
involving 3 groups, further post hoc adjustment for 
multiple comparisons was made using the Bonferroni 
correction, where the P value is compared with 
0.05/3=0.017.

RESULTS
Animals
The average age of the pigs on arrival was 
8.9±0.3 months. The average weight at the end of the 
study was 31.9±4.1 kg for IgG group and 27.7±5.2 kg 
for the CR-3 treated group (P=0.14). The averages for 
morning blood glucose level for the first week ranged 
from 264 to 500 mg/dL for the IgG treated pigs and 
from 316 to 453 mg/dL for the CR-3 treated pigs 
(P=not significant). The averages for morning blood 
glucose level for week 4 ranged from 298 to 413 mg/
dL for the IgG treated pigs and from 291 to 406 mg/dL 
for the CR-3 treated pigs (not significant).

Intravascular Occlusion
The occluders were successfully deployed in the 
lumen of the anterior FA just distal to the takeoff of 
the circumflex branch in all pigs. No contrast was 
seen in the vessel distal to the occluder at the time 
of placement.

Perfusion in Occluded Limb
There was a trend for hind limb muscle perfusion 
in muscles supplied partially or completely by the 
anterior FA distal to the occlusion (biceps femoris, 
semitendinosis, and gastrocnemius) to remain un-
changed or fall between days 1 and 28 in IgG treated 
pigs and to increase in CR-3 treated pigs (Figure 2A). 
The greatest uptake (perfusion) was to the gastroc-
nemius, which is the major muscle supplied by the 
anterior FA. Individual values for uptake of 201Tl as 
%ID for the gastrocnemius muscles of pigs treated 
with CR-3 all increased with one exception, whereas 
individual values for IgG treated all fell (Figure  2B). 
The difference in the mean change in the gastrocne-
mius from day 1 to day 28 was significantly higher for 
the CR-3 treated pigs (0.2±4 %ID) compared with the 
IgG treated (−0.18±0.07 %ID) (P=0.0024) (Figure 2C).

FA Reconstitution
Contrast angiograms performed 4 weeks after place-
ment of the occluder in the anterior FA from a repre-
sentative pig treated with control IgG and one treated 
with CR-3 and an additional age- and weight-matched 
normal Yucatan minipig are shown in Figure 3. The nor-
mal pig shows good opacification (contrast density) of 
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the anterior FA immediately distal to the occluder and 
collaterals coming from the profunda and circumflex 
arteries. The diabetic pig treated with IgG shows poor 
to absent contrast density of the FA distal to the oc-
cluder and fewer collaterals than the normal pig. The 
pig treated with CR-3 shows good contrast density of 
the artery distal to the occluder and more collaterals 
from the circumflex branch than seen in the IgG treated 
pig. Ratios for contrast densities in the vessel distal to 
the occluder compared with the profunda artery were 
calculated for all pigs, and mean values for the 3 groups 
are shown in the bars in Figure 3. The mean value for 
the normal (nondiabetic pigs) was 0.94±0.10 (range, 

0.86–1.09); for the IgG treated pigs, 0.74±0.10 (range, 
0.56–0.82); and for the CR-3 treated pig, 0.93±0.12 
(range, 0.82–1.12) (Figure 3). P values for the IgG treated 
pigs versus the nondiabetic (normal) pigs (P=0.015) 
and for the IgG treated diabetic pigs versus the CR-3 
treated pigs (P=0.012) were both statistically significant, 
applying the Bonferroni cutoff value.

Perfusion in Nonoccluded Limb Related 
to RAGE
To investigate effect of blocking RAGE on limb per-
fusion in diabetes mellitus independent of collaterals, 

Figure 2.  Effect of treatment on perfusion.
(A) Bars represent hind limb muscle perfusion measured as mean±SD uptake of 201Tl (percentage injected dose [%ID]) for diabetic pigs 
treated with IgG (n=5) and anti–receptor for advanced glycation end products antibody (CR-3) (n=6) at day 1 (dark gray bars) and day 
28 (light gray bars). (B) Individual values for gastrocnemius (Gastroc) muscle perfusion at day 1 and day 28 for IgG treated pigs (blue) 
and CR-3 treated pigs (orange). (C) Each bar represents change in Gastroc muscle perfusion as mean±SD between days 1 and 28 for 
IgG treated pigs (blue bar) and CR-3 treated pigs (orange bar). Biceps fem indicates biceps femoris; and Semitendin, semitendinosus.
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we measured change in 201Tl uptake from initial to final 
scan in the gastrocnemius muscle of the nonoccluded 
hind limb in the 2 diabetic groups. There was variabil-
ity in the individual responses among pigs but in gen-
eral perfusion fell in the IgG treated pigs (−0.17±0.26 
%ID) (mean±SD) and rose in the CR-3 treated pigs 
(0.16±0.16 %ID) (P=0.03 CR-3 versus IgG) (Figure 4A). 
Histological staining for RAGE from muscle samples 
showed positive staining for RAGE in the arterioles 
in the IgG treated pigs compared with minimal stain-
ing in similar size vessels in the normal pig and in the 
CR-3 treated pig (Figure  4B). Muscle samples were 
also counted in the γ well counter immediately fol-
lowing necropsy. The mean values for uptake of 201Tl 
as %ID/g for the normal pigs was 3.00±1.30 (range, 
1.31-5.74); for the diabetic pigs treated with IgG, it was 
2.03±0.85 (range, 1.11–3.24); and for the CR-3 treated 
pigs, it was 3.15±0.85 (range, 1.61–7.07) (P=0.04 ver-
sus IgG treated), supporting the scan data.

Angiogenesis
The pigs treated with CR-3 showed uptake of scV/Tc, 
indicating VEGF receptor expression in the proximal 

gastrocnemius muscle, whereas the IgG treated pigs 
showed no uptake corresponding to location of this 
muscle on SPECT/CT scans (Figure 5A). The mean 
ratios of counts converted to %ID for the occluded 
to the nonoccluded limb were 1.35±0.10 (range, 
1.24–1.50) for the CR-3 treated pigs and 1.04±0.13 
(range, 0.90–1.21) for the diabetic pigs treated with 
IgG (P=0.005) (Figure 5B). γ Counting of muscle bi-
opsies taken before the scans showed similar results. 
The average count ratio converted to %ID/g for the 
occluded to the nonoccluded limb was 1.30±0.27 
(range, 0.91–1.85) for the CR-3 treated pigs and 
1.04±0.20 (range, 0.72–1.25) for the IgG treated pigs 
(P=0.026).
Quantitative immunohistology supported the scan 
and tissue well counting data. More capillaries stained 
positive for lectin on tissue sections from muscle bi-
opsies taken at day 7 after FAO (same samples used 
for γ well counting) for CR-3 treated pigs compared 
with IgG treated pigs (Figure 5C). The number of cap-
illaries staining plus  for lectin per field averaged over 
4 fields/biopsy was 38.8±7.1 (range, 33.3–48.0) for 
CR-3 treated and 19.0±5.1 (range, 19.0±5.1) for the 

Figure 3.  Collateral formation.
Contrast angiograms performed 4 weeks after femoral artery (FA) occlusion and 1 day before euthanasia. Red arrows point to the 
occluder, yellow arrows to anterior FA distal to the occluder, blue arrows to circumflex artery, and green arrows to profunda branch. 
The bar graph shows ratio of contrast intensities in the anterior FA distal to the occluder compared with the profunda. The legend 
identifies the bars. CR-3 indicates anti–receptor for advanced glycation end products antibody.
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IgG treated pigs (P=0.004) (Figure  5D). Staining for 
VEGFA showed greater staining in the CR-3 treated 
pigs compared with the IgG treated pigs (Figure 5E). 
Capillaries staining positive for VEGFA were higher in 
CR-3 treated pigs than IgG treated pigs (34±10 versus 
12±1) (P=0.009) (Figure 5F).

Muscle Loss and Fibrosis
The change in mean gastrocnemius muscle volume 
from baseline to 4 weeks for the IgG treated pigs was 
−35±19.4  cc; and for the CR-3 treated pigs, it was 
10.2±14.4  cc. The difference was statistically signifi-
cant (P=0.002) (Figure  6A). Supporting the premise 
that the loss in volume was caused by loss of mus-
cle tissue, the average percentage of sections staining 
positive for Sirius red (fibrosis) was greater in the IgG 
treated pigs (32.64±8.9) compared with CR-3 treated 
pigs (14.24±3.15), and the difference was statistically 
significant (P=0.03) (Figure 6B).

RAGE Ligands
Serum samples for S100B RAGE ligand were taken 
from diabetic pigs on arrival before treatment and be-
fore euthanasia. Figure 7 shows results for the final 
sample measurements for the IgG and CR-3 treated 
pigs. The mean value for the IgG treated pigs was 
5.78±2.62 (range, 3.75–10.88) ng/mL; and for the 

CR-3 treated pigs, it was 2.86±1.23 (range, 0.69–
4.19) ng/mL. Applying a t-test with unequal variance, 
P=0.025. Plots showing the means and individual 
values for each group are shown in Figure 7A. Plots 
of values for individual pigs with evaluable samples 
for both initial and final time points are shown in 
Figure 7B.

Discussion
RAGE plays an important role in the cause and pro-
gression of PAD in diabetes mellitus through multiple 
pathways generating reactive oxygen species, in-
creasing vascular permeability, releasing cytokines, 
and stimulating inflammation.10–16 In response to 
vascular occlusion, RAGE inhibits the hypoxic re-
sponse to stimulate angiogenesis via hypoxia-in-
ducible factor-1α and VEGF expression.17–20 All of 
these factors contribute to the progression of PAD. 
We showed in this large animal model of diabetic 
PAD that blocking RAGE with a humanized anti-
RAGE antibody improved hind limb perfusion both 
in the occluded limb, with greater reconstitution of 
the occluded vessel from collaterals, and improved 
perfusion to the nonoccluded limb independent of 
collaterals. Blocking RAGE also overcame the inhi-
bition of the angiogenic response to tissue hypoxia 
and reduced muscle loss.

Figure 4.  Gastrocnemius perfusion and receptor for advanced glycation end products (RAGE) staining.
(A) Individual responses in uptake of 201Tl in gastrocnemius muscle from the nonischemic limb from baseline to final imaging for IgG 
treated (orange) and anti-RAGE antibody (CR-3) treated pigs (gray) and percentage change from baseline to final imaging. Orange 
bar, IgG treated; gray bar, CR-3 treated. (B) Immunostained sections of gastrocnemius muscle taken at necropsy from nondiabetic, 
IgG, and CR-3 treated diabetic pigs. Red arrows point to the red-brown staining for RAGE in arterioles. %ID indicates percentage 
injected dose.
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Our anti-RAGE antibody binds a unique peptide 
sequence on the V domain of the receptor. In the an-
tibody development, we first developed a murine anti-
body with hybridoma technology by immunizing mice 
to the unique peptide and producing IgG2a isotype 
with κ light chain antibodies.23 Subsequently, we hu-
manized the anti-RAGE antibody using the chimeric 
antibody intermediary process. The antibody cDNA 
was cloned and expressed on mammalian cells and 
then large-scale antibody produced using plasmid 
technology (AvantGen, San Diego, CA). The human-
ized anti-RAGE antibody (CR-3) is IgG1 isotype. We 
showed blocking properties for the murine antibody20 
and repeated results with the humanized antibody in 
cell culture experiments.

The RAGE receptor is a multiligand receptor and 
binds specific ligands that are elevated in differ-
ent disease and organ-specific conditions. Among 
these ligands are advanced glycation end products, 

high-mobility group box 1, and the S100 calgranu-
lins.24 In patients with PAD, higher plasma levels of 
the ligand S100 calgranulin A12 were associated 
with shorter amputation-free survival in diabetic pa-
tients.25 In the pigs in our study, we found higher val-
ues for S100 calgranulin B in diabetic pigs treated 
with IgG compared with pigs treated with CR-3. For 
individual pigs with available samples taken before 
and after treatment, ligand values fell for the CR-3 
treated pigs compared with unchanged values for 
the IgG treated pigs. Although the samples sizes are 
small, these data suggest that by blocking the bind-
ing of the ligand to the receptor, CR-3 broke the pos-
itive receptor/ligand feedback loop, thereby reducing 
circulating ligand levels.

We and others have shown beneficial effects of 
reducing RAGE expression to restore angiogene-
sis and limb perfusion in murine models of hind limb 
ischemia induced by FAL.17,21,26,27 Approaches include 

Figure 5.  Angiogenesis imaging and capillary staining.
(A) Coronal single-photon emission computed tomography/x-ray computed tomography scV/Tc scans from a pig treated with IgG on 
left and pig treated with anti–receptor for advanced glycation end products antibody (CR-3) on the right. The yellow arrow points to 
the occluder. The red line outlines the gastrocnemius muscle. The green arrow points to the greater uptake of scV/Tc in gastrocnemius 
in the CR-3 treated pig compared with IgG treated pig. (B) Bars represent mean±SD for ratios of percentage injected dose (%ID) of 
uptake of scV/Tc for the IgG treated pigs (orange bar) and CR-3 treated pigs (gray bar). (C) Lectin staining for capillaries shows more 
abundant capillaries in CR-3 treated (right) compared with IgG (left). (D) Bars represent mean±SD quantitative lectin staining. (E) 
Immunostaining for vascular endothelial growth factor A (VEGFA) showing greater capillary staining in muscle from CR-3 treated pigs. 
(F) Bars represent mean±SD for quantitative VEGFA staining.



J Am Heart Assoc. 2021;10:e016696. DOI: 10.1161/JAHA.120.016696� 10

Johnson et al� Blocking RAGE in PAD

blocking antibodies and inducing or injecting decoys. 
Endosecretory RAGE or soluble RAGE act as decoys 
and bind circulating ligands, thereby reducing ligand/
receptor binding. Diabetic mice treated with soluble 
RAGE and transgenic diabetic mice overexpressing 
endosecretory RAGE showed greater angiogenesis in 
the ischemic hind limb compared with untreated dia-
betic mice with FAL.17,27 We showed the effect of elim-
inating RAGE on restoring the angiogenic response to 
FAL in nondiabetic and diabetic RAGE+/+ and RAGE-
/- mice with micro-SPECT/CT imaging of radiolabeled 
RGDs targeting αѵβ3 integrin expression.28

Interruption of blood flow acutely cuts the supply 
of oxygen and nutrients to tissue, resulting in tissue 
loss, and over time, replacement by fibrosis.29–31 A 
major effect of angiogenesis is to improve local tis-
sue perfusion, delivering oxygen and nutrients and 
thereby salvaging hypoxic tissue. In the diabetic pigs 
treated with CR-3, we showed the beneficial effect of 
restoring the angiogenic response to improve tissue 
viability manifest as a reduction in muscle volume loss 
and lower muscle fibrosis after 4 weeks of treatment.

Both angiogenesis and arteriogenesis help rees-
tablish flow distal to an occluded artery.32–35 The 2 

Figure 6.  Muscle volume and fibrosis.
(A) Transverse x-ray computed tomography scans from final study (4 weeks) with color outlines showing margins of gastrocnemius 
(Gastroc) muscle showing smaller area on side of occluder (green) compared with opposite in IgG treated, whereas the areas are 
similar in anti–receptor for advanced glycation end products antibody (CR-3) treated pig. Muscle volumes decreased during study in 
IgG treated compared with CR-3, shown in bars on right. (B) Histological staining with Sirius red for fibrosis, showing greater staining 
in IgG treated compared with CR-3, as shown in bars on right. Values represent mean±SD. Orange bar, IgG treated; gray bar, CR-3 
treated. Vol indicates volume.

Figure 7.  Receptor for advanced glycation end products (RAGE) ligands.
(A) Scatter graph shows values for serum levels of S100B calgranulins in ng/mL in the 2 groups of pigs identified in the legend. The 
significance levels between groups are displayed in graph. (B) Shows values for S100B measured from sera taken at day 1 and day 28 
for individual pigs treated with IgG (blue) and anti-RAGE antibody (CR-3) (orange).
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processes have different mechanisms. As described 
above, angiogenesis is a dynamic process at the 
molecular level initiated by hypoxic stimulus. For the 
capillary networks to grow, the extracellular matrix 
is remodeled for the proliferating endothelial cells, 
forming microvessels. The formation of collaterals in 
response to vessel occlusion involves physical stim-
uli that create increased sheer stress to preexisting 
collateral vessels.33 This physical force stimulates 
expression of adhesion molecules, cytokines, and 
growth factors by the endothelium, leading to out-
ward remodeling of the vessel wall to form a larger 
artery.33 Patients with diabetes mellitus show poor 
collateral formation in response to vascular stenosis 
or occlusion. On the basis of greater contrast density 
in the anterior FA distal to the occlusion and more 
collaterals assessed visually at the site of arterial 
occlusion with CR-3 treatment suggests that RAGE 
plays a role in suppressing collateral formation. The 
mechanism whereby RAGE suppresses this process 
is unknown, but we could speculate that diffuse 
vascular disease of diabetes mellitus involving the 
preexisting collateral vessels blocks the molecular 
pathways stimulated by sheer stress.

Diabetic PAD is typically diffuse, involving prox-
imal and distal vessels. RAGE is expressed in the 
arterial walls of patients with PAD.36 At the micro-
vascular level, RAGE expression impairs vasoreac-
tivity.15 Although we did not test for vasoreactivity or 
measure peripheral resistance in our study, we did 
find reduced perfusion in the distal gastrocnemius 
in the nonoccluded hind limb of the IgG treated di-
abetic pigs compared with normal pigs, which cor-
responded to increased RAGE staining in arterioles. 
The CR-3 treated diabetic pigs showed higher perfu-
sion than the IgG treated pigs and less RAGE stain-
ing in the arterioles.

Limitations
Although the pigs we used in this study are a bet-
ter model of type 1 diabetes mellitus than type 2, 
there are several reasons to select this model. The 
purpose-bred diabetic Yucatan minipigs have blood 
glucose levels in the range of patients with PAD, and 
the level of blood sugar is shown to be the most 
important association with PAD in clinical studies.2 
Limb ischemia in patients results from atherosclerotic 
occlusion. Purpose-bred diabetic pigs have minimal 
atherosclerotic lesions and therefore we performed 
intra-arterial occlusion of a major artery in one hind 
limb, to produce limb ischemia. Our model is differ-
ent from the pig models of peripheral arterial oc-
clusion previously reported. Both Stacy et al21 and 
Gao et al35 performed surgical ligation in nondiabetic 
Yorkshire pigs. These models present limitations in 

assessing angiogenesis separate from wound heal-
ing response to surgical intervention. Long et al37 
performed endovascular occlusion in the external 
iliac in nondiabetic Yorkshire pigs. This model leads 
to extensive ischemia in the hind limb and is better 
applicable for studying muscle damage.

We gave first dose of antibody several days before 
FAO. The timing of onset of treatment in relationship to 
injury requires further experiments.

CONCLUSIONS
High RAGE expression in diabetes mellitus is im-
plicated in many of the diabetic vascular complica-
tions, including PAD. We have shown in a large animal 
model of diabetes mellitus and hind limb arterial oc-
clusion that treatment with a RAGE-blocking antibody 
improves hind limb muscle perfusion, angiogenesis, 
and collateral growth in response to arterial occlusion 
and improves perfusion to the nonoccluded limb, cor-
responding to reduced vessel staining for RAGE. Our 
model does not emulate all features of human PAD and 
therefore our results must be interpreted with caution. 
However, combined with our similar data from dia-
betic mouse FAL experiments, these results in 2 spe-
cies suggest this antibody shows promise for a clinical 
treatment for diabetic PAD.
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