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Abstract
Purpose—To determine the expression of vascular endothelial growth factor-A (VEGF-A),
macrophage migration inhibition factor (MIF), and matrix metalloproteinase-1 (MMP-1) in the
porcine remnant kidney model and quantify renal blood flow and volume using phase contrast
magnetic resonance imaging with magnetic resonance angiography (PC MRI/MRA).

Material and methods—In 23 pigs, the left renal artery was completely embolized using polyvinyl
acrylide (PVA) particles and the right kidney partially embolized (remnant kidney) while six pigs
served as controls. The animals were sacrificed early (day 3, 7, and 14, N=3), day 24 (D24, N=5),
day 37 (D37, N=3), day 42 (D42, N=9), and day 84 (D84, N=3). MRI/PC MRA of the kidneys was
performed prior to sacrifice. The remnant and control kidneys were harvested for Western blotting
of VEGF-A, MMP-1, and MIF. Blood was removed for BUN and creatinine prior to embolization
and at time of sacrifice.

Results—The kidney function after the embolization was characterized by chronic renal
insufficiency. The renal artery blood flow, volume, and weight of the remnant kidney increased
significantly over time when compared to controls. At early time points, there was increased
expression of MIF and MMP-1 followed by an increase in the expression of VEGF-A by day 37
(P<0.05 when compared to control). Masson's trichrome staining of the remnant kidney revealed
scarring in the tubulointerstitial space.

Conclusions—In this model, renal blood flow and volume increase as the remnant kidney
hypertrophies and scars. There is increased expression of MIF, VEGF-A, and MMP-1 in the remnant
kidney.

Introduction
Chronic kidney disease affects more than 20 million people in the United States (1). This
population is increasing because of the rise in the prevalence of the etiologies of chronic kidney
disease including diabetes, hypertension, and obesity (2–5). As a consequence, the number of
patients requiring hemodialysis and renal transplantation has increased and more than doubled
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from 209,000 in 1991 to 472,000 in 2004 (6). Patients with chronic kidney disease are prone
to increased cardiovascular complication rates as well as acute and chronic renal failure
requiring renal replacement therapy. Understanding the mechanisms responsible for chronic
kidney disease is important so that outcomes may improve in patients.

Histologically, kidneys removed from patients with chronic kidney disease demonstrate
changes consistent with angiogenesis and inflammation along with glomerulosclerosis and
tubulointerstitial fibrosis which results in decline of kidney function (7). It has been
hypothesized that these histologic changes are caused by alteration in angiogenic, matrix
regulatory, and inflammatory proteins which include vascular endothelial growth factor-A
(VEGF-A), matrix metalloproteinase (MMPs), macrophage migration inhibition factor (MIF),
and others (8–16). Each of these proteins has been shown to be increased in experimental
animal models and in patients with chronic kidney disease.

In order to understand the mechanisms of chronic kidney disease, animal models have been
created in which one kidney is removed along with half of the contralateral kidney, termed a
remnant kidney model. There have been many different animals used including rats, mice,
rabbits, cats, dogs, baboons, and pigs (17–27). The purpose of the current paper was to
determine the expression pattern of vascular endothelial growth factor-A, matrix
metalloproteinase, and macrophage migration inhibition factor in a porcine remnant kidney
model created by embolizing the renal artery (ablation) with polyvinyl acrylide (PVA)
particles. We determined the renal blood flow and volume of the remnant kidney using
magnetic resonance imaging with phase contrast magnetic resonance angiography (MRI/PC
MRA). Increased blood flow occurs in the arterial vasculature supplying the remnant kidney
after the nephrectomy (18,28). Finally, the histologic changes in the remnant kidney were
characterized.

Material and methods
Study design

The porcine remnant kidney model was created as described later (27). Twenty three castrated
juvenile male pigs (40–50 kg, domestic swine, Larson Products, Sargeant, MN) had chronic
renal insufficiency created by renal artery embolization as described later (27). The left renal
artery was embolized using polyvinyl acrylide (PVA) particles and the right kidney was
partially embolized. The animals were sacrificed at early (day 3, 7, and 14, N=3), day 24 (D24,
N=5), day 37 (D37, N=3), day 42 (D42, N=9), and day 84 (D84, N=3). MRI/PC MRA was
performed prior to sacrifice (see later). Six pigs (40–50 kg) which were age and sex matched
were used as controls.

Institutional Animal Care and Use Committee approval was obtained prior to any procedures
being conducted. The animals were housed and handled in accordance with the guidelines of
the National Institutes of Health (29). Before every procedure, food was withheld from the pigs
for 12 hours. Anesthesia was administered as described later (30).

Creation of chronic renal insufficiency by renal artery embolization
Prior to all procedures, animals were kept NPO (nothing per oral) for 12 h. They were initially
anesthetized with a combination of 5 mg/kg tiletamine hydrochloride (50 mg/mL) and
zolazepam hydrochloride (50 mg/mL), 2 mg/kg xylazine (Bayer, Shawnee Mission, Kansas),
and 0.06 mg/kg glycopyrrolate given intramuscularly. To induce additional anesthesia, an
intravenous (IV) fluid line was placed in the ear vein for the delivery of zolazepam
hydrochloride (5 mg/kg) as needed. During the procedure, the animals were intubated and
placed on a positive-pressure ventilator delivering oxygen (3–5 mL/kg) and isoflurane (1%–
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3%). The end-tidal CO2 volume, oxygen saturation, heart rate, electrocardiogram, and blood
pressure were monitored throughout the surgical procedure.

Chronic renal insufficiency was created by subtotal renal infarction by embolizing the renal
artery (27,31,32). Six French sheaths were placed in the right femoral artery and the left renal
artery was selected by using a 5F tapered angled glide catheter (Boston Scientific, Natick, MA).
Through this catheter, 150 to 250-μm polyvinyl acrylide (PVA) particles (PVA Contour,
Boston Scientific, Boston, MA) were infused until the left renal artery was completely
occluded. Next, either the right upper or lower pole artery was selected and the artery which
supplied the lesser amount of kidney was embolized. Each pig was extubated, monitored
postoperatively, and treated for 5 days with antibiotics to prevent infection and started on
normal pig diet (Lean Gain 95, Land O'Lakes, Inc. St. Paul, MN).

Follow-up measurements
A 10-mL blood sample was collected from the femoral vein for measurements of BUN and
creatinine prior to embolization and at time of sacrifice.

Magnetic resonance imaging and cine phase-contrast contrast-enhanced magnetic
resonance angiography (MRI/PC MRA)

MRI with cine phase-contrast contrast-enhanced MRA was performed prior to sacrifice as
described previously (30,31,33). Briefly, kidney volumes and renal artery blood flow were
measured. This was performed in 6 pigs which did not undergo embolization to serve as
controls for the volume and renal blood flow. Renal blood flow was determined in the renal
artery one centimeter distal to the origin as described previously (30,31,33).

Volume of the kidney
Renal volume for both kidneys was estimated by measuring the anterior to posterior, medial
to lateral, and superior to inferior dimensions of the kidneys from the reformatted MRA source
images. The following formula for an ellipsoid volume was used: 4/3*π*(α*β*γ) /6 where 
is 3.14, α is the length in the anterior to posterior plane, β is the length in the medial to lateral
plane, and the γ is the length from the superior to inferior planes.

Kidney harvesting
To harvest the kidney, a retroperitoneal approach was used to remove the kidney. The kidneys
were weighed and then snap frozen in liquid nitrogen and stored at −80°C for Western blotting.
Normal control kidneys were removed from pigs which did not undergo embolization.

Western blot analysis
Samples were thawed at room temperature (RT) and the remnant and control kidneys were
washed 3 × with 1.0-mL washing buffer (0.45 mM Tris, pH 8.5). The kidneys were then sliced
with a surgical knife into thin pieces and put into a denaturing buffer (0.5 mM Tris plus 0.1%
SDS). An electronic glass grinder was used to homogenize the kidney tissue. The supernatant
from this tissue was separated by centrifugation at 14,000 RPM for 10 min. The protein
concentration of the supernatant was measured with a Bio-Rad (Hercules, CA) protein assay
kit and 100-μgs of protein from each of the remnant and control kidneys was used for Western
blotting. Western blotting for vascular endothelial growth factor-A, matrix
metalloproteinase-1, and macrophage migration inhibition factor were performed in the
remnant kidney and normal kidneys as described elsewwhere (34). Antibodies and antisera
used included: macrophage migration inhibition factor (rabbit anti-human, Abcam, Cambridge,
MA), vascular endothelial growth factor-A (Santa Cruz Biotechnology, SC-7269, Mouse anti-
human), and matrix metalloproteinase-1 (Abcam).
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Histologic analysis of the control and remnant kidney
Masson's trichrome staining of the control and remnant kidney was performed at day 28, 37,
42, and 84.

Statistical analysis
All values are expressed as mean ± SEM. Comparisons among early, D24, D37, D42, and D84
animals were performed using a Kruskal-Wallis test. Pair wise comparisons between groups
were also performed using Wilcoxon rank-sum tests. Although a non-significant Kruskal-
Wallis P value would generally be taken as an indication that pair wise tests do not need to be
performed because no group is significantly different, we chose to also report the pair wise
P values due to the small sample size and the importance of identifying trends. A P value of .
05 or less was considered statistically significant. SAS version 9, (SAS Institute Inc., Cary,
N.C.) was used for statistical analyses.

Results
Embolization procedures

Twenty three animals underwent total nephrectomy of the left kidney (23) and partial
embolization of the right lower pole (18) and right upper pole (5).

Serum blood urea nitrogen (BUN) and creatinine
The average BUN prior to embolization was 7.86 ± 0.69 (mg/dL) and increased to 46.5 ± 2.1
early and was 16.5 ± 2.1 24 days after embolization. By day 37, it was 31 ± 5.3 (mg/dL) and
remained elevated at 18 ± 4 by day 42 and remained elevated until day 84. The average
creatinine followed a similar pattern to that of the BUN. The creatinine prior to the embolization
was 1.06 ± 0.11 (mg/dL) and increased to 6.9 ± 0.28 at early time points and was 1.9 ± 0.28,
24 days after the embolization. This remained 2 times higher than the creatinine prior to
embolization and all post embolization values were significantly higher than from the pre-
embolization value. By day 37, it was 2.73 ± 0.5 and remained elevated at 2.5 ± 0.3 by day 42
and remained day 84.

Angiographic and magnetic resonance imaging
Figure 1 shows the representative imaging findings of the embolization procedure at day 3,
day 14, and day 28. The left kidney underwent total nephrectomy and the right kidney (remnant)
underwent partial embolization. Over time, the embolized kidney (nephrectomy) decreased in
size while the remnant kidney increased in size.

Renal blood flow and volume
Magnetic resonance imaging was used to evaluate the post embolization changes in the kidneys.
The volume of the control kidneys which had not undergone embolization was 21.99 ± 1.5
cm3. As shown in figure 2, the blood flow of the renal artery supplying the total nephrectomy
decreased significantly from 204 ± 11 mL/min to 26.4 ± 6.2 by 24 days after embolization.
The blood flow of the renal artery supplying the remnant kidney increased significantly from
154 ± 16 mL/min to 257 ± 30. The volume (Fig. 3) of the total nephrectomy decreased
significantly from 90.5 ± 7.2 cm3 to 25.88 ± 7.24 early and remained at an average of 14.5 to
18.5 by day 84. In contrast, the remnant kidney increased from 21.99 ± 1.5 cm3 to 42.22 ± 2.57
early and continued to increase to 62.49 by day 28–84. By Spearman's rank coefficient, there
was statistically significant correlation (P=0.001) between the volume by MRI and the weight
of the total nephrectomy with no other correlations being significant.
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Kidney weights
By day 24, the mean weight of the remnant kidney was 133 ± 8 g and by day 31 was 143 ± 4
g. By day 37, it had increased to 155 ± 14 and by day 42 was 128 ± 8 and by day 84 was 177
± 3 g. Over the same time points, the average weight of the embolized kidney decreased.

Protein expression of macrophage migration inhibition factor, matrix metalloproteinase, and
vascular endothelial growth factor-A in the remnant and control kidneys at different time
points

Protein expression of macrophage migration inhibition factor, matrix metalloproteinase, and
vascular endothelial growth factor-A was determined by Western blot on both the remnant and
control kidneys to determine the temporal relationship of macrophage migration inhibition
factor, matrix metalloproteinase, and vascular endothelial growth factor-A at different time
points. Scanning densitometry values from the immunoblots from protein samples of the
remnant and control kidneys was determined (Figs. 4–6). The mean macrophage migration
inhibition factor expression (Fig. 4) at early time points at less than one week was 2.43 ± 0.25
(P<0.05, remnant compared to controls) which decreased by day 24 to 1.17 ± 0.11 and stayed
at day 37 (0.92 ± 0.01, P<0.05 remnant compared to controls) and 42 (1.14 ± 0.03, P<0.05
remnant compared to controls) which increased to 1.97 ± 0.93 by day 84. The mean matrix
metalloproteinase −1 expression (Fig. 5) at early time points was 1.44 ± 0.06 (P<0.05, remnant
compared to controls) which decreased by day 24 to 0.87 ± 0.06 and stayed at day 37 (0.86 ±
0.05, P<0.05 remnant compared to controls). By day 42, it was (0.86 ± 0.05, P<0.05 remnant
compared to controls) and by day 84 increased to 1.09 ± 0.15. At early time points, the mean
vascular endothelial growth factor-A expression (Fig. 6) was 1.35 ± 0.22 which by day 24
decreased to 0.62 ± 0.21. By day 37, the mean vascular endothelial growth factor-A increased
to 1.98 ± 0.05 (P<0.05 when compared to early), by day 42 (1.09 ± 0.24), and day 84 (0.8 ±
0.02, P<0.05 when compared to early). Overall, these results indicate an early rise in MIF and
MMP-1 followed by VEGF-A.

Masson's trichrome staining in the remnant kidney
Mason's trichrome staining was performed on representative sections removed from the
remnant kidney of animals euthanized on day 28 after the embolization procedure and control
kidney to determine the scarring in the kidney. The control kidney (left) and remnant kidney
(right) columns are shown in figure 7. The normal kidney remains unaltered while there is
accumulation of fibrotic tissue in the tubulo-interstitial compartment which is present on day
28 and worsens at later time points (right, 20×). These changes are consistent with the clinical
scenario.

Discussion
In the present paper, a porcine remnant kidney model of chronic renal insufficiency was
characterized. We determined the changes in the protein expression of matrix
metalloproteinase, macrophage migration inhibition factor, and vascular endothelial growth
factor-A over time along with changes in renal blood flow and volume using PC MRI with
MRA. We observed that the remnant kidney hypertrophies by increasing its volume and renal
artery blood flow. Using Masson's trichrome staining, the remnant kidney develops fibrosis
and scarring which worsens over time. Finally, there was increased expression of several
important proteins implicated in hypertrophy and scarring including matrix metalloproteinase,
macrophage migration inhibition factor, and vascular endothelial growth factor-A.

By histologic analysis of the kidney, patients with chronic kidney disease have changes in
angiogenesis, inflammation, and scarring. In the late stages of kidney disease,
glomerulosclerosis and interstitial fibrosis occur (7). There are two key processes which
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contribute to the pathophysiology of kidney disease including changes in angiogenesis and
inflammation. In order to understand the mechanisms, remnant kidney models have been used.
Hypertrophy with scarring of the remnant kidney is known to occur in several different remnant
kidney animal models including cats, dogs, baboons, and pigs (23–27). The histologic
examination of the remnant kidney supports the changes observed in the remnant kidney
weight. By immunostaining using Masons trichrome, there was increased scarring in the
specimens removed from the remnant kidney after day 28 as the kidney settled into a chronic
renal insufficiency. Similar histologic results have been observed in kidneys removed from
rats that had undergone bilateral renal artery embolization (35).

Proteins involved in inflammation, angiogenesis, and extracellular matrix deposition have been
implicated in chronic kidney disease. There have been several proteins implicated including
matrix metalloproteinases, macrophage migration inhibition factor, and vascular endothelial
growth factor-A; all of which have been involved in angiogenesis and inflammation. Several
matrix metalloproteinase have been shown to have increased expression in kidneys including
matrix metalloproteinase −1, −2, −3, −8, −9, and −13 (36). It is hypothesized that these proteins
lead to extracellular matrix deposition causing scarring which occurs in the remnant kidney
model. Recently matrix metalloproteinase-1 was localized to the glomeruli in areas of scarring
and shown to be increased in the rat remnant model (14). In the present paper, we determined
the expression of MMP-1 in the porcine remnant kidney over time and found that it was
significantly increased when compared to the normal kidney at early time points.

A potent stimulator of angiogenesis is vascular endothelial growth factor-A which is also
involved in cell proliferation and migration (37). Increased expression of vascular endothelial
growth factor-A has been shown to occur in diabetic nephropathy, glomerulosclerosis, and
other kidney diseases (37). Increased expression of vascular endothelial growth factor-A has
been observed in the remnant kidney and felt to contribute to scarring seen in this model.
Furthermore, the use of angiostatin which is a inhibitor of vascular endothelial growth factor-
A has shown to decrease extracellular matrix deposition in the rat remnant kidney model
(16). In the present study, we observed increased expression of vascular endothelial growth
factor-A in the remnant kidney when compared to the control kidney at day 37.

Macrophage migration inhibition factor is a proinflammatory cytokine which is involved in
atherosclerosis and chronic kidney disease (8,9). Until recently, there have not been many
studies describing the role of MIF in kidney disease. A recent study showed that it was increased
in the serum of patients with chronic kidney disease (9). In addition, it has been shown to be
involved in kidney disease mediated by immunologic injury (8). In the present study, we
observed increased expression of MIF in the remnant kidney when compared to normal
kidneys.

The renal blood flow and volume in the remnant kidney after embolization was quantified
using MRI. By day 24, when the remnant kidney is compared to controls, the renal artery blood
flow in the remnant kidney increased 66% and the renal volume increased 250%. Both of these
increases persisted at later time points. These results are in agreement with experiments
performed in rats after unilateral nephrectomy in which renal blood flow in the remaining
kidney increased more than two fold by 28 days after the nephrectomy (18). By Spearman's
correlation rank, there was significant correlation between the volume by MRI and the weight
of the total nephrectomy.

There are several limitations of the present study including that glomerular filtration rate and
urinary proteins were not evaluated in the animals after nephrectomy. In addition, serial
changes in the kidneys following embolization by MRI were not performed. We did not
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measure protein expression in the embolized kidney as this provides a negligible amount of
kidney function as it has been devascularized.

In conclusion, a porcine remnant kidney model was characterized which had increased
expression of matrix metalloproteinase-1, macrophage migration inhibition factor, and
vascular endothelial growth factor-A in the remnant kidney when compared to control kidneys.
Furthermore, the remnant kidney responds by increasing its blood flow, volume, and weight
as hypertrophies and scars over time. The availability of this remnant model will allow future
studies to be performed investigating the mechanism of chronic kidney disease using anti-
matrix metalloproteinase-1, macrophage migration inhibition factor, and vascular endothelial
growth factor-A therapies.
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Fig. 1.
Angiographic and MRI findings of renal artery embolization. A–E are from the same animal.
A. Pre embolization angiogram of right kidney shows right upper pole artery (red arrow). B.
Post embolization angiogram of lower pole (yellow arrow) artery with normal upper pole artery
(red arrow). C–E. MRI of the kidneys 3 days after embolization. C. Subvolume maximum
intensity projection image from contrast-enhanced 3D MRA with embolized arteries (yellow
arrow) and normal upper pole artery (red arrow) of the remnant kidney. D. Axial contrast-
enhanced fat-saturated 3D spoiled gradient echo image showing largely intact upper pole of
the right kidney (red arrow). Notice the rim of devascularization in the anterior lateral aspect
of the remnant kidney. The total nephrectomy (yellow arrow) demonstrates extensive
devascularization with only a thin rim of peripheral enhancement and some central
enhancement. E. Coronal contrast-enhanced fat-saturated 2D SPGR image showing similar
findings. Red arrow is remnant (right) kidney and yellow arrow is the total nephrectomy (left).
F. Coronal subvolume MIP image from CE 3D MRA on a day 14 animal with an enlarged
renal artery (red arrow) supplying the remnant kidney and a smaller renal artery (yellow arrow)
supplying the total nephrectomy. G–H are day 28 images from the same animal. G. Axial post-
contrast 2D SPGR image shows hypertrophy of the remnant kidney (red arrow) and extensive
atrophy of the total nephrectomy (yellow arrow). H. MIP image from a 3D CE MRA shows
continued enlargement of the renal artery (red arrow) supplying the remnant kidney while the
renal artery (yellow arrow) supplying the total nephrectomy has narrowed considerably.
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Fig. 2.
Average blood flow of the remnant versus nephrectomy kidneys at different time points.
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Fig. 3.
Average volume of the remnant versus nephrectomy kidneys at different time points.
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Fig. 4.
Average MIF expression in the remnant versus nephrectomy kidney at different time points
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Fig. 5.
Average MMP-1 expression in the remnant versus nephrectomy kidney at different time points
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Fig. 6.
Average VEGF-A expression in the remnant versus nephrectomy kidney at different time
points.
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Fig. 7.
Masson's trichrome staining of the control and remnant kidney at day 28
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