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Interstitial fibrosis and microvascular disease of the heart
in uremia: amelioration by a calcimimetic

Nadezda Koleganova'?, Grzegorz Piecha'“?, Eberhard Ritz? Raffi Bekeredjian®, Peter Schirmacher’,
Claus Peter Schmitt® and Marie-Luise Gross'

In patients with chronic renal failure, the heart undergoes remodeling, characterized by hypertrophy, fibrosis, and
capillary/myocyte mismatch. In this study, we observed the effects of the calcimimetic agent R-568 on microvascular
disease and interstitial fibrosis of the heart. Three-month-old male Sprague-Dawley rats were randomized to subtotal
nephrectomy (SNX) or sham operation and subsequently received vehicle or R-568 under two experimental protocols,
one for 1 month and the other for 3 months. Echocardiography, capillary length density, volume density of interstitial
tissue, and immunohistochemistry and western blots (calcium-sensing receptor, collagen | and lll, transforming growth
factor (TGF)-f3, mitogen-activated protein kinases, and nitrotyrosine) were assessed. After SNX, weight and wall thickness
of the left and the right ventricle were elevated. The ratio of heart to body weight and interventricular septum thickness
were not changed by R-568 treatment. The left ventricle fractional shortening (by echocardiography) was lower in SNX;
this was ameliorated by R-568. Reduced capillary length density and increased interstitial fibrosis in SNX were improved
by R-568, which also reduced the expression of TGF-f5, and collagen | and lll. The calcimimetic increased the activation of
ERK-1/2, normalized p38 and JNK signaling, and prevented oxidative stress. We conclude that lowering parathyroid
hormone with a calcimimetic significantly improves cardiac histology and function but not the left ventricular mass in SNX.
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Cardiovascular disease is the primary cause of death in
patients with chronic kidney disease.! As the glomerular
filtration rate decreases, the risk of coronary events increases
strikingly.” In uremic patients, marked remodeling of the
heart is observed.’ In experimental uremia, capillary/myocyte
mismatch is observed, presumably reducing perfusion reserve
and oxygen supply.>®

Secondary hyperparathyroidism is a common feature of
chronic kidney disease.® The more adverse cardiovascular
outcomes in patients with high parathyroid hormone (PTH)
concentrations and its improvement by parathyroidectomy”®
are presumably explained not only by the effects on calcemia
and phosphatemia. Direct adverse effects of PTH on cardiac
function®'® and on cardiac fibrosis, as well as on microvessel
disease,' 2 have also been documented.

Calcimimetics act on the calcium-sensing receptor (CaSR)
and lower PTH without increasing calcium levels."> These
small compounds allosterically modulate the CaSR, making it

more responsive to Ca®". The beneficial effects of calcimi-
metics on heart morphology, comparable with that of
parathyroidectomy, were earlier suggested by a study in
experimental uremia,'* but no information is available
on cardiac function and signaling pathways. We have shown
earlier that the calcimimetic R-568 decreases albuminuria in
subtotally nephrectomized rats."”

Therefore, it was the purpose of this study to further
evaluate the effects of the calcimimetic R-568 on cardiac
mass, contractility, capillary density, interstitial fibrosis, and
the expression of pathophysiologically relevant molecules in
subtotally nephrectomized rats.

MATERIALS AND METHODS

Animals and Subtotal Nephrectomy

All animal procedures were approved by the local ethics
committee for animal experiments. Twelve-week-old male
Sprague—Dawley rats (mean body weight 335 £+ 79 g; Charles
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River Co., Sulzfeld, Germany) were housed at a constant
room temperature (21 + 1°C) and humidity (75 £ 5%), and
exposed to a 12-h light-on and 12-h light-off cycle. The
animals had free access to water and were fed a standard
rodent diet (19.0% protein, 4.0% fat, 0.90% calcium, and
0.70% phosphorus; Ssniff, Germany). After a 7-day adapta-
tion period, the rats were randomly allotted to either a two-
step subtotal nephrectomy (SNX) (the removal of right
kidney and the weight-controlled removal of cortical tissue of
the left kidney—66% of the weight of the right kidney) or
sham operation (sham-op).

Long-Term Experiment (12 Weeks, Ad Libitum)
After the operation, SNX and sham-op animals were ran-
domly allocated to the following treatments:

1. Sham-op, treated with vehicle (sham-op control, n=16);
2. SNX, treated with vehicle (SNX control, n=17); and
3. SNX, treated with R-568 (SNX + R568, n=20).

The calcimimetic agent R-568 (Amgen Inc., Thousand
Oaks, CA, USA) was dissolved in 10% 2-hydroxypropyl-
p-cyclodextrin  (Sigma-Aldrich, Munich, Germany) and
administered daily (17mg per kg body weight) by a
subcutaneous injection as described earlier.'” The control
animals received vehicle alone. Body weight and blood
pressure (by tail plethysmography in conscious animals 24 h
after the last dose) were measured at regular intervals. At
weeks 4 and 12, the animals were kept in metabolic cages for
24-h urine collection.

Short-Term Experiment (4 Weeks, Pair-Feeding)

To exclude a potential confounding effect induced by dif-
ferences in food consumption, we performed an additional
short-term experiment. After the operation, the animals were
pair-fed (sham-op vs SNX -+ vehicle vs SNX + R-568) and
randomly allocated to the following treatments:

1. Sham-op, treated with vehicle (n=10);
2. SNX, treated with vehicle (n=10); and
3. SNX, treated with R-568 (n=10).

R-568 was administered as described above. At week 4,
echocardiography was performed and 24-h urine samples
were collected for albuminuria. After intra-aortic blood
pressure measurement and blood sampling, the animals were
sacrificed.

Urinary Albumin Measurements and Blood Analysis
Urinary albumin excretion was measured using a rat-specific
sandwich ELISA.'® Serum creatinine, calcium, and phos-
phorus were measured by standard laboratory methods and
serum PTH by the two-antibody method using a rat iPTH
ELISA kit (Immutopics Inc., San Clemente, CA, USA). Ser-
um angiotensin II was measured using an EIA kit (Peninsula
Laboratories LLC, San Carlos, CA, USA).
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Tissue Preparation

The abdominal aorta was catheterized under ketamine/xyla-
zine anesthesia (100 and 3 mg/kg, respectively), blood sam-
ples were taken, blood was washed out using 0.9% NaCl, and
the experiment was terminated by retrograde aortic perfusion
with 3% glutaraldehyde for morphometric and stereological
investigations or ice-cold 0.9% NaCl for molecular in-
vestigations. Perfusion pressure was kept constant at
120 mm Hg.

After perfusion with glutaraldehyde, the hearts were re-
moved and weighed. For uniformly random tissue sampling
and morphometry, the orientator method was used. Eight
pieces were embedded in Epon-Araldite; semi-thin sections
(1 um) were cut, stained with methylene blue/basic fuchsin,
and examined using light microscopy with oil immersion and
phase contrast (magnification of x 1000).

After perfusion with ice-cold 0.9% NaCl, the hearts were
divided into horizontal slices and snap-frozen in liquid ni-
trogen for western blotting or fixed in 4% formaldehyde for
immunohistochemistry.

Quantitative Stereology of the Heart

The orientator method was used for the quantification of
myocardial structures.'” All investigations were performed in
a blinded manner (ie, the observer was unaware of the animal
groups). The length density (L,) of capillaries (ie, the length
of capillaries per unit tissue volume), and the volume density
of cardiac capillaries and interstitial tissue were measured as
described earlier.'®'® The intercapillary distance was calcu-
lated according to a formula by Henquell and Honig."

Myocardial total collagen content was measured in sections
stained with 0.1% Sirius red F3BA saturated in picric acid (a
percent of Sirius-red-stained collagen area to the total myo-
cardial area), using semi-automatic image analysis software
(Optimas 6.0; Optimas Corp., Seattle, WA, USA).

The wall thickness and lumen diameter of intramyocardial
arteries (diameter: 20-200 um) were determined planime-
trically, using semi-automatic image analysis software (Op-
timas 6.0; Optimas Corp.) as described in detail elsewhere.*

Immunohistochemistry and In Situ Hybridization

Immunohistochemical analysis was carried out on paraffin
sections using antibodies against CaSR (Affinity BioReagents,
Golden, CO, USA), vascular endothelial growth factor
(VEGF), transforming growth factor (TGF)-f,, TGF-f
receptor type 1 and type 2 (Santa Cruz Biotechnology,
Heidelberg, Germany), VEGF receptor type 1 and type 2
(Abcam, Cambridge, UK), collagen type I and type III,
(BioTrend, Koln, Germany), nitrotyrosine (Upstate, New
York, NY, USA), and prolyl-4-hydroxylase (Acris Antibodies,
Hiddenhausen, Germany) by the streptavidin-biotin techni-
que using alkaline phosphatase as the labeling enzyme. All
antibodies had been tested for specificity in rats, and optimal
concentration for staining was evaluated by testing different
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dilutions in a pilot study. Negative controls were performed
by omitting the primary antibody.

The nonradioactive in situ hybridization for CaSR was
performed as described earlier.”’

The staining was analyzed by an investigator blinded with
respect to the animal group using the following semi-
quantitative scoring system (0—4): 0, no expression; 1, weak
expression; 2, moderate expression; 3, strong expression; and
4, extremely strong expression. Intraobserver error was
<5%.

Western Blotting

Samples of myocardium from 8 to 9 animals per group were
prepared by homogenization, and the protein concentration
was assessed according to the Bradford method®* (Protein
Assay Kit; Bio-Rad Laboratories, Munich, Germany). Equal
amounts of protein (100 ug) were electrophoresed in SDS-
PAGE gel and subsequently transferred to Immobilon-P
membranes (Millipore Corp., Bedford, MA, USA). The
membranes were blocked with 5% non-fat dried milk and
then incubated with a primary antibody against CaSR, en-
dothelial nitric oxide synthase (eNOS, Affinity Bioreagents),
phosphorylated ERK-1/2 (p-ERK-1/2, Novus Biologicals,
Littleton, USA), phosphoruslated JNK (p-JNK) phosphory-
lated p38 (p-p38), collagen I, VEGE, TGF-f; (Santa Cruz
Biotechnology), inducible NOS (iNOS, BD Biosciences,
Heidelberg, Germany), Heat Shock Protein-70 (Hsp-70, As-
say Designs, Ann Arbor, USA), hypoxia inducible factor-1a
(HIF-1a;, Chemicon, Millipore, Schwalbach, Germany), Ma-
trix metalloproteinase (MMP)-1, MMP-2, tissue inhibitor of
metalloproteinase (TIMP)-1, TIMP-2 (Calbiochem, Darm-
stadt, Germany), and collagen III (BioTrend). Horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) were used, and were visualized by the ECL kit
(GE Healthcare, Buckinghamshire, UK) according to the
manufacturer’s instruction. Specific bands were quantified by
densitometric analyses using a Molecular Dynamics Personal
Densitometer (EasyWin32, Herolab, Germany).

In Vivo Assessment of Cardiac Function

The left ventricular (LV) function was evaluated with trans-
thoracic echocardiography in conscious pair-fed animals at
week 4 using a 30-MHz probe. The echocardiographer was
blinded with respect to the treatment and control groups. A
parasternal short-axis view was obtained for LV M-mode
imaging at the papillary muscle level. Three independent M-
mode images were used for six measurements of LV end-
diastolic internal diameter (LVEDD), LV end-systolic internal
diameter (LVESD), thickness of interventricular septum, and
LV posterior wall (PWT) in two consecutive beats according
to the American Society of Echocardiography.”® Fractional
shortening (FS) was calculated as FS% = [(LVEDD-LVESD)/
LVEDD] x 100.
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Statistics

Data are given as mean * s.d. For western blots, the vehicle-
treated sham-op group served as reference and mean value of
individual measurements was set as 100%. The value for each
animal was expressed as manifold of reference. After testing
for normal distribution, the ANOVA or Kruskal-Wallis test,
as necessary, was used for analysis of variance. For the dif-
ferences between groups, Duncan’s multiple range test was
used. The results were considered significant when the
P-value was lower than 0.05.

RESULTS

Long-Term Experiment

SNX rats were treated with R-568 or vehicle for 12 weeks and
compared with vehicle-treated sham-op rats.

Animal Data

The heart weight and the LV weight were significantly
higher in SNX than those in sham-op animals and were not
influenced by the treatment (Table 1). Serum creatinine was
significantly increased in all SNX groups compared with
sham-op, with no difference between the treatment groups.

At the end of this study, 24 h-post-dose, plethysmo-
graphically measured systolic blood pressure was higher in all
SNX groups than that in sham-op animals.

The serum angiotensin I concentration was significantly
higher in SNX treated with vehicle or R-568 than that in
sham-op.

Albumin excretion was increased in all SNX groups at 12
weeks after operation compared with that in sham-op ani-
mals. Albuminuria was highest in the vehicle-treated SNX
group but was significantly lower in the SNX + R-568 group.

Calcium and Phosphorus Metabolism

At 24 h post-dose, there was no longer a significant difference
in the serum calcium concentration between the groups
(Table 2). The phosphorus concentration was significantly
higher in the SNX group treated with vehicle and R-568 than
that in sham-op animals. The calcium—phosphate product
(Ca x P) was increased in parallel. Serum PTH concentration
was significantly increased in the untreated SNX group
compared with that in sham-op animals, but was lower in the
SNX + R-568 group.

Decreased Fibrosis and Capillary Rarefaction in
Myocardium after Treatment with R-568

In this 12-week experiment, the capillary length density (Ly)
was significantly lower, and the mean intercapillary distance
was significantly higher, in untreated SNX animals than those
in sham-op animals (Figure la and b), but the values were
not different from the 4-week experiment, suggesting that
cardiac remodeling had come to a standstill. Similarly, ca-
pillary Ly was significantly higher and mean intercapillary
distance significantly lower in SNX animals treated with
R-568 than those in untreated SNX animals.
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Table 1 Animal data, blood pressure at study end, serum biochemistry, and albumin excretion rate (long-term experiment)

Group Body weight Heart/body LV weight  Systolic blood Serum creatinine Serum Albumin Albumin
(9) weight (9) pressure® (mg per 100ml)  angiotensin  excretion excretion
ratio (%) (mmHg) Il (ng/ml) at week 4 at week 12
(mg/24h) (mg/24h)
Sham-op+vehicle (n=16) 569 + 98 0.34+£0.12 0.83+0.27 129+ 21 0.53+0.08 59146 04£05 04%0.2
SNX+vehicle (n=17) 484 + 63% 0.58+0.09* 135+£0.31* 164 £ 12* 1.05%0.36* 30.1£13.1%  153%7.7% 39.0+248*
SNX+R-568 (n = 20) 439+ 77*" 0.63+£0.09* 1.51+0.28% 168 £ 12* 1.16+£0.32* 226+ 159* 281277 179+127+F
ANOVA P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.005 P<0.001 P<0.001

ANOVA, analysis of variance; sham-op, sham operation; SNX, subtotal nephrectomy.

Significant differences vs *sham-op+vehicle; "SNX+vehicle.
At 24 h after dose.

Table 2 Serum calcium, phosphate, and PTH concentrations
24 h after dose (long-term experiment)

Group Serum Serum Ca x P product PTH
calcium  phosphate (mmol?/1?) (pg/ml)
(mmol/l) (mmol/l)

Sham-op+vehicle 2.61+0.15 2.33%0.28 6.05+0.88 100 £ 26

SNX+vehicle 2661026 284+0.52* 748 £1.42% 403 £200*

SNX+R-568 265+022 248+029° 6.59+£0.97 110+ 437

ANOVA NS P=0.006 P=0.014 P<0.001

ANOVA, analysis of variance; Ca, calcium; NS, not significant; P, phosphorous;
PTH, parathyroid hormone; sham-op, sham operation; SNX, subtotal
nephrectomy.

Significant differences vs *sham-op+vehicle; "SNX+vehicle.

The volume densities of interstitial matrix and of
fibrocytes were again significantly higher in untreated SNX
animals than those in sham-op or in SNX treated with
calcimimetic animals (Figure 1c).

The total collagen area (given as Sirius-red-positive area)
was significantly higher in vehicle-treated SNX animals than
that in sham-op animals (Figure 1d). The collagen area was
significantly lower in SNX treated with R-568 than that in
vehicle-treated SNX animals.

Increased Expression of CaSR after Treatment with
R-568

Both CaSR protein expression, assessed with immuno-
histochemistry and confirmed by western blotting, and
mRNA  transcript expression, assessed by in  situ
hybridization, were significantly higher in SNX 4 R-568
animals than those in the respective animals treated with
vehicle (Figure 2).
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Markers of Fibrosis

The staining for prolyl-4-hydroxylase, a marker for collagen-
synthesizing cells, was not significantly different between
study groups (score: 0.94 £ 0.29 in sham-op, 1.33 £0.27 in
SNX + vehicle, and 1.36 + 0.44 in SNX + R-568).

Collagen I and III deposition in myocardium (Figure 3a
and b) was significantly higher in the untreated SNX animals
than that in sham-op and SNX 4 R-568 animals.

The expression of MMP-1 was significantly lower in
vehicle-treated SNX animals than that in sham-op, but
higher in SNX 4 R-568 animals compared with vehicle-
treated SNX animals (Figure 3c).

The expression of TIMP-1 was significantly higher in
vehicle-treated SNX compared with that in sham-op
and significantly lower in SNX 4 R-568 compared with
SNX + vehicle (Figure 3d).

No difference in the expression of TIMP-2 was found
between the groups (Figure 3e).

The protein expression of TGF-f; was significantly
increased in untreated SNX compared with that in sham-op
animals, and this was diminished by treatment with R-568 in
SNX animals (Figure 3f). The same results were observed by
immunostaining.

There was no difference in staining for TGF-f receptor 1
(score: 2.57 £0.71 in sham-op, 2.01 £0.25 in SNX + vehicle,
and 2.56%0.54 in SNX+R-568) and TGF-f receptor 2
(score: 1.96 £ 0.49 in sham-op, 2.15 £ 0.73 in SNX + vehicle,
and 2.12 £0.75 in SNX + R-568) between the groups.

Modified Activation of MAP Kinases after Treatment
with R-568
The expression of phosphorylated ERK-1/2 (p-ERK-1/2) was
significantly higher in SNX rats treated with R-568 than that
in sham-op and vehicle-treated SNX rats (Figure 4a).

The expression of phosphorylated p38 (p-p38) was
significantly higher in SNX+R-568 and sham-op animals
than that in SNX treated with vehicle (Figure 4b).
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Figure 1 (a) Capillary length density, (b) mean intercapillary distance, (c) volume density of interstitium, and (d) collagen area at week 12.

The expression of phosphorylated INK (p-JNK) was signi-
ficantly lower in SNX + vehicle animals than that in sham-
op, and this was prevented by R-568 (Figure 4c).

Markers of Endothelial Dysfunction and Oxidative Stress
Staining for VEGF was significantly more marked in un-
treated SNX and SNX + R-568 compared with that in sham-
op animals. The results were confirmed by western blotting
(Figure 5a).

The expression of the VEGF receptor type 1 (flt-1)
showed no significant differences between the study groups
(Figure 5b, d—f).

Significantly weaker staining for VEGF receptor type 2
(flk-1) was observed in untreated SNX compared with that
in sham-op (Figure 5c, g—i). Treatment with R-568 resulted
in stronger staining for flk-1 in SNX animals compared with
that in untreated SNX.

The staining for nitrotyrosine, a marker of oxidative stress,
was significantly increased in untreated SNX compared with
that in sham-op animals, but was significantly reduced in
SNX 4 R-568 compared with untreated SNX (Figure 6).

The expressions of eNOS and iNOS were significantly
lower in vehicle-treated SNX than those in sham-op animals.
They were significantly higher in SNX treated with R-568
than that in vehicle-treated SNX (Figure 7a and b).
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The expression of HIF-1o was significantly lower in SNX
treated with R-568 than that in vehicle-treated SNX and in
sham-op animals (Figure 7c).

No significant difference in the expression of heat shock
protein 70 (Hsp-70) was observed between the groups (data
not shown).

Short-Term Experiment

To exclude potential confounding by differences in food
consumption, calcimimetic-treated and vehicle-treated SNX
groups were compared in a short-term experiment.

The final body weight was significantly (P<0.001) lower
in R-568-treated SNX (331 £ 19g) than that in vehicle-trea-
ted SNX (375%28¢g) and in sham-op (38619¢g) despite
equal food intake. The heart weight and the ratio of heart
and body weight were not significantly different between
SNX treated with R-568 and with vehicle (data not shown).
Serum ionized calcium 2-h after dose was significantly
(P<0.001) lower in SNX 4 R-568 (1.11 + 0.05 mmol/l) than
that in SNX+4vehicle (1.32£0.04) and in sham-op
(1.38 £ 0.05). Hematocrit was not significantly different
between R-568 (46.5%1.4%) and vehicle (46.9 £ 1.8%)-
treated SNX groups, and significantly (P=0.022) lower
in both SNX groups compared with that in sham-op
(49.6 £3.0%). Systolic blood pressure, measured intra-
aortally 2 h after dose, was significantly (P<0.001) higher in
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Figure 5 Representative western blots of myocardium for (a) VEGF, (b) evaluation of immune staining for VEGF-R1, and (c) VEGF-R2 at week 12.
Representative pictures of staining for VEGF-R1 in (d) sham-op, (e) SNX + vehicle, and (f) SNX + R-568 and for VEGF-R2 in (g) sham-op, (h) SNX + vehicle, and
(i) SNX + R-568.

SNX + vehicle (162+ 16 mmHg) than that in sham-op Echocardiography showed significantly lower FS% in
(144 +£13) and SNX+R-568 (132 +10). Urinary albumin  SNX+ vehicle than that in sham-op. This was not seen
excretion was significantly (P<0.001) lower in SNX +R-568  in SNX-treated with R-568 (Figure 8). The thickness of
(2.1 £0.9 ug/24 h) than that in SNX + vehicle (4.5 £2.2), but  interventricular septum was significantly higher in vehicle-
still higher when compared with that in sham-op (0.5+0.3).  treated SNX (1.67 £0.09mm) than that in sham-op
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Figure 6 Evaluation of immune staining for (a) nitrotyrosine at week 12 and representative pictures in (b) sham-op, (c) SNX + vehicle, and (d) SNX + R-568.
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Figure 7 Representative western blots of myocardium for (a) eNOS, (b) iNOS, and (c) HIF-1a at week 12.

(1.44 £0.14) and not significantly different in SNX + R-568
(1.56 £ 0.21) compared with that in the two other groups.
The heart was dilated in vehicle-treated SNX (LVEDD
5.07+£0.84mm, LVESD 1.26+0.24mm) compared with
that in sham-op (LVEDD 4.52+0.33mm, LVESD
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0.89 £ 0.14mm) and in SNX+ R568 (LVEDD 4.28 £ 0.79 mm,
LVESD 0.93 £ 0.20 mm).

In both the right and the left ventricle, the capillary L, was
significantly lower, and the mean intercapillary distance
(as an index of interstitial tissue) was higher in SNX + vehicle
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Figure 8 Echocardiography at week 4: representative pictures from (a) sham-op, (b) SNX + vehicle, and (c) SNX + R-568, and (d) FS% values.

than that in sham-op. These changes were prevented in SNX
animals treated with R-568 (Figure 9).

In summary, the calcimimetic agent R-568 reduced the
capillary deficit (microvessel disease) and the expansion of
interstitium (interstitial fibrosis) in the myocardium despite
no effect on heart hypertrophy. The capillary deficit was
observed in SNX both in the left and the right ventricle
myocardium and was improved after treatment with R-568.
Moreover, the contractile function of the left ventricle in SNX
was improved by R-568. The increased collagen deposition
in myocardium was most probably because of diminished
degradation rather than enhanced synthesis and the capillary
deficit was most probably because of resistance to increased
VEGE

DISCUSSION

In this study, the calcimimetic R-568 reduced the capillary
deficit (microvessel disease) and the expansion of inter-
stitium (interstitial fibrosis) in the myocardium despite no
effect on heart hypertrophy. In parallel to the prevention of
cardiac remodeling, calcimimetic treatment prevented
deterioration of the contractile function of the heart in SNX
rats as measured 24 h after dose.

Although a beneficial effect of calcimimetics on heart
morphology had been suggested in the past,'* it was not clear
which mechanisms were involved. To address this issue, we
investigated the effects of the calcimimetic R-568 on heart
morphology and key molecules in the pathogenesis of
cardiomyopathy in subtotally nephrectomized rats.

We observed no effect of the calcimimetic on LV hyper-
trophy (LVH), which is in contrast to several small studies
showing a reduction of LVH in patients with end-stage renal
disease treated to decrease PTH.** It is unclear whether this is
explained by species differences or study protocols. Blood
pressure is not likely to be a major confounder. Within the
limitation of the method, the intervention failed to
significantly affect blood pressure. The effect of calcimimetics
on blood pressure that had been observed in this laboratory
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using telemetry® was not observed in this study using tail
plethysmography (in the long-term experiment), but was
seen by intra-aortic measurement 2 h after dose in a short-
term setting. Therefore, the effect on BP is apparently rather
transient.

Another argument against the crucial role of elevated
systemic blood pressure in the observed myocardial
remodeling is the observation of a similar capillary deficit
and intercapillary distance in the left and the right ventricle
of untreated SNX. The capillary rarefaction and expansion of
interstitial space were equally prevented in both ventricles by
the calcimimetic.

Cardiac hypertrophy begins as a compensatory response to
external stressors. When the stressors persist, compensatory
hypertrophy leads to myocardial remodeling and contractile
dysfunction.”®*” Mitogen-activated protein kinase (MAPK)
activity plays an important role in heart hypertrophy.”®
Holstein® showed that activation of the CaSR activates ERK-
1/2 kinases. The ERK-1/2 signaling was shown to promote
adaptive hypertrophy with normalized wall stress and com-
pensation for increased load.®*' Our study documented
that R-568 increased ERK-1/2 activation. As the LVH was
unaltered, one might argue that the treatment did not pre-
vent the cardiac hypertrophy but shifted the signaling toward
adaptive growth instead of fibrosis. This is also supported by
our results of heart function analysis. Inhibition of ERK
activation was shown to exaggerate cardiac injury.’® In
agreement with that observation, increased ERK activation in
treated animals accompanied improved heart morphology.
The activation of both ERK and JNK pathways are thought to
protect cardiomyocytes from apoptosis, although the role of
p38 remains unclear.”® We observed a lower expression of
phosphorylated JNK and p38 in vehicle-treated SNX; this was
prevented by R-568. One can speculate that normalization of
JNK and p38 activation combined with the activation of ERK
by the CaSR cause cardioprotection in this model. Inhibition
of p38 MAPK was shown to improve the cardiac function in
models with increased p38 activation.”>** On the contrary,
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Figure 9 (a) Capillary length density and (b) intercapillary distance in the right (1) and the left () ventricle of pair-fed animals at week 4.

the inhibition of JNK has an opposite effect.”* One may argue
that the CaSR signaling improved the cardiac function in our
model by restoring the balance between the MAPK.

Repeated or prolonged injury induces sustained TGF-f
overproduction leading to the progressive deposition of ex-
tracellular matrix and tissue fibrosis.”® Blocking the TGF-f
signaling was shown to prevent the deposition of extracellular
matrix in different tissues.” It is worth noting that TGF-f;
expression was increased in untreated SNX and partially
reversed by the calcimimetic. The expression of both types 1
and 2 TGF-f receptors was not changed in uremia consistent
with the observation of increased signaling.

The increase in collagen fiber deposition in the cardiac
interstitium has important functional consequences, parti-
cularly diastolic malfunction and electric instability. In this
model, increased amounts of both collagen type I and type III
were deposited in untreated SNX, and this was abrogated by
the calcimimetic. Lower expression of MMP-1 and higher
abundance of TIMP-1 in vehicle-treated SNX suggest slower
degradation of collagen as observed in patients with
hypertension and chronic heart failure.’® The treatment with
R-568 normalized TIMP-1 and MMP-1, and this may explain
the prevention of fibrosis in our model. The unaltered
expression of prolyl-4-hydroxylase in our model suggests
that the increased collagen deposition in myocardium was
because of diminished degradation rather than enhanced
synthesis.

Although the role of PTH in the genesis of interstitial
fibrosis had been observed before,!! its role in the genesis of
capillary rarefaction—with potentially even greater func-
tional significance—has not been appreciated so far. The
precise mechanisms accounting for the lack of parallelism
between capillary growth and cardiomyocyte enlargement in
the development of uremic cardiomyopathy are unknown.
The expression of VEGF was significantly increased in this
study, suggesting problems with VEGF signal transduction as
the cause of inadequate capillary growth. This was further
supported by downregulation of the VEGF receptor flk-1 in
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the myocardium of uremic rats. This explanation would be
similar to the observation of Sasso et al’’ in diabetic patients.
Hypoxemia, through the HIF sensor, is a powerful stimulant
of VEGF synthesis. This does not seem to be responsible
for high VEGFE, because HIF-1a was even lower in uremic
animals.

It is not clear whether the reduction of flk-1 is a cause of
capillary loss or whether it reflects the diminished surface of
endothelium in the hearts of uremic animals. Our obser-
vation that the expressions of both flk-1 and eNOS were
parallel to the amount of capillaries in the myocardium in-
dicates that these changes are secondary to the changes in
endothelial surface. On the contrary, the expression of
another VEGF receptor, flt-1, was unaltered, arguing against
a simple change in the endothelial mass as a determinant of
the expression of VEGF receptors.

The common denominator in the genesis of cardiac
remodeling of uremic cardiomyopathy is increased oxidative
stress.”® Oxidative stress, as indicated by staining for
nitrotyrosine, was increased in the heart of uremic animals
and was diminished by the calcimimetic. Little had so far
been known about the effects of calcimimetics on oxidative
stress in the heart. We have shown that treatment with
the calcimimetic reduced staining for nitrotyrosine and
normalized the expression of eNOS and iNOS in the heart of
uremic rats.

One potential determinant of the action of calcimimetics is
the level of expression of CaSR.”® The CaSR is expressed by
cardiomyocytes.*” Although in uremia, the CaSR expression
is reduced in the parathyroid gland,*' it was not altered in the
myocardium after SNX. Similar to what is seen in the para-
thyroid glands,** the CaSR expression was increased in this
study after administration of the calcimimetic.

Changed activity of the renin—angiotensin system is
another potential confounder of the observed effects of the
calcimimetic. Although calcimimetics had been shown to
decrease renin release in vitro,”> we did not observe lower sys-
temic angiotensin II levels in SNX animals treated with R-568.
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In summary, correction of hyperparathyroidism by a cal-
cimimetic in experimental uremia failed to abrogate LVH,
but significantly interfered with the development of both
interstitial fibrosis and microvessel disease.
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