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Abstract Renal cortical nephrocalcinosis (C-NC) is a
rare disorder of uncertain etiology. Using highly inbred
(syngeneic) male Lewis rats, we describe the spontane-
ous occurrence of histologically detectable C-NC in
sham operated control rats (Sham; n=12), its aggrava-
tion following grafting of the ascending thoracic aorta
from a donor rat to the infrarenal aorta of a recipient
(ATx; n=12), and differences in C-NC inhibition after
12 weeks of oral administration of magnesium (Mg),
citrate and alkali. C-NC is characterized by Kossa-
positive areas located in cells of the proximal tubule
close to blood vessels and also, to a lesser extent, within
glomeruli. After ATx there was vascular overproduction
of endothelin (ET-1) but decreased production of ni-
trate; in renal cortical tissue there was an excess of cal-
cium over Mg and phosphorus and oxalate over citrate.
In plasma there was an increase in calcium and creati-
nine within the normal range. Calcification of tubular
cells was eliminated by a preparation containing potas-
sium, sodium and bases (from citrate degradation and
bicarbonate) in addition to Mg. Less effective than the
latter was Mg-potassium citrate and least effective, Mg
citrate. The former treatment also normalized calcemia
and urinary nitrate, but only incompletely suppressed
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ET-1 and had no significant effect on glomerular calci-
fication or tissue and urinary oxalate. Urinary ET-1
excess appeared directly related to the cortical tissue
calcium/Mg ratio, and urinary excretion of Mg, citrate
and total protein appeared to be inversely related to the
severity of C-NC. It was concluded that (1) the highly
inbred rat is prone to precipitation of calcium phosphate
in the renal cortex; (2) this type of C-NC occurs in close
proximity to and within renal vascular tissue and is as-
sociated with an imbalance of vasoconstrictors and va-
sodilators of endothelial origin; (3) effective inhibition of
C-NC can be achieved by an alkalinizing combination of
Mg, potassium, sodium and citrate, underscoring its
utility in the prophylaxis of pathological calcium phos-
phate deposition. The significance of these findings for
the etiology and treatment of clinical disorders with re-
nal and vascular calcification is uncertain and requires
further investigation.
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Introduction

The deposition of calcium phosphate in soft tissue is
frequently seen in the kidney, as nephrocalcinosis (NC),
and in blood vessels as a component of atherosclerosis.
At present it is not known whether calcification in these
organs is etiologically linked. NC has a predilection for
the functionally most highly developed medullary re-
gion, and affects tubular cells and interstitial tissue [2]. It
frequently occurs in association with systemic mineral
metabolic abnormalities such as hyperparathyroidism
and vitamin D excess but also with hypomagnesemia
and dyslipidemia of dietary origin [2, 29, 30]. Vascular
calcification is typically located in the subendothelial
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region and the media of arteries, but it is not clear
whether calcification occurs in renal arterioles and cap-
illaries. If yes, then it would be of interest to know
whether there is a link between NC and renal vascular
calcification, and whether both can be ascribed to vas-
cular or to local factors such as altered tissue minerals,
or whether both factors are involved. The current liter-
ature contains no information on this.

Current research on atherosclerosis is focused on
genetic and environmental risk factors. In addition,
vascular injury resulting, for example, from hyperten-
sion, dyslipidemia or surgery is under discussion as
possibly initiating a cascade of events ultimately leading
to vascular calcification [27, 39]. In the case of vascular
injury caused by surgery, transplantation of the juxta-
cardial artery ascending to the infrarenal aorta in the rat
is followed by calcification of the graft endothelium and
subendothelial media [22]. Working with a highly inbred
rat strain, we observed that aortic graft calcification
could be inhibited by magnesium (Mg) administered in
the drinking water [34]. Further investigations revealed
alterations of renal mineral concentrations, mainly in the
cortical region, containing glomerular arterioles and
post-glomerular capillaries. It was therefore hypothe-
sized that the presence of calcifications in the kidney
might be another characteristic of this tissue transplan-
tation model [22, 34].

In the present work we illustrate our findings in intact
and graft-bearing rats in more detail, in particular with
regard to the renal cortical mineral content, to the ac-
companying histological changes of the kidney, and to
two indicators of vascular endothelial and one of vas-
cular connective tissue metabolic activity. In addition,
the anti-calcification effects of several Mg preparations
were evaluated. The combined data permit the as-
sumption that in genetically uniform (syngeneic), intact
rats, and especially in graft-bearing specimens, renal
tubular and glomerular structures are prone to calcify,
with simultaneous alteration of tissue minerals and
vascular effectors, and that calcifications can be pre-
vented by treatment with alkalinizing Mg preparations.

Materials and methods

Animals

The investigations described were approved by an ethics commit-
tee, as currently required by the German law for the protection of
animals. Male rats of the syngeneic Lewis strain (Wiga, Sulzfeld,
Germany), weighing 220-240 g, were housed individually in con-
ventional cages under a 12-h light/12-h dark cycle. During a 1-week
acclimatization period prior to the study they had free excess to tap
water. Before surgery food, but not water, was withdrawn for 12 h.

Surgery

The animals were anesthetized by ether, then tracheotomized, in-
tubated and treated with analgesics in a standardized manner (air—
oxygen mixture, isofluorane). The donor operation, lasting
2-3 min, comprised a laparo-thoracotomy followed by the clamp-

ing and explantation of an 8- to 10-mm-long segment of the as-
cending thoracic aorta. The segment was then irrigated with
0.15 M sodium chloride at 2—4°C. The graft was then implanted in
the recipient animal. The recipient operation lasted about 30 min
and comprised laparotomy, dissection of tissue surrounding the
infrarenal aorta, clamping between two clips, resection, and inser-
tion of the graft within an ischemic period of 8-10 min. The sham
operation included a laparotomy and identical clamping of the
aorta. The abdomen was closed after 30 min to mimic the unspe-
cific stress of the recipient operation. A total of 108 rats were used.

Experimental groups

Animals were fed normal rat chow (Altromin, code 1000, Lage,
Germany) with a calcium to phosphorus ratio of 1:1 and 0.9% Mg
content (for other components of this standard diet [29, 30]) ad lib,
and were given deionized water with or without additives to drink
(see below). The observation period was 12 weeks+2 days. Five
groups were used.

Group |

Sham operation (Sham), n=12; these rats served as an intact-
aorta control group.

Group 11

Aortic graft (ATx), n=12; animals received no further treat-
ment.

Group I11

ATx, n=12; the animals received deionized water containing
13 g/l (29 mmol/l) water-soluble tri-magnesium di-citrate
(MgC; Boehringer, Ingelheim, Germany), corresponding to
58 mmol citrate, 87 mmol Mg, 174 milliequivalent bases (from
metabolic degradation of citrate to bicarbonate).

Group IV

ATx, n=12; the animals received deionized water containing
4.3 g/l MgC and 12.0 g/l (39 mmol) neutral potassium citrate
(PC; Fluka, Ulm, Germany), corresponding to 66 mmol citrate,
29 mmol Mg, 117 mmol potassium, 198 milliequivalent bases.

Group V

ATx, n=12; the animals received deionized water containing
4.3 g/l MgC, 9.0 g/l PC, and 2.52 g/l sodium bicarbonate (SB;
Fluka, Ulm, Germany), corresponding to 44 mmol citrate,
29 mmol Mg, 85 mmol potassium, 28 mmol sodium, 160
milliequivalent bases.

In the following groups I-V are alternatively named Sham,
ATx, MgC, MgCPC, MgCPCSB, respectively. The intention to
treat the latter three groups with magnesium, citrate and alkali was
prompted by information obtained from previous work of our own
in which an oral supply of Mg and bases proved to be an effective
prophylaxis against cortico-medullary NC in rats [29]. This treat-
ment prevented calcium oxalate crystallization in the postprandial
urine of humans forming calcium-containing renal stones [31]. For
the present experiments it was further assumed that, provided there
was similar fluid intake in groups III-V, these rats would receive
bases in amounts varying by a maximum of 20 per cent, while the
supply of Mg, sodium and potassium would vary by several orders
of magnitude. Differences in calcification would therefore be as-
cribable to differences in the amount of cations supplied, rather
than to the amount of bases.

Procedures and collection of samples

Weekly arterial blood pressure measurement via the tail cuff
method yielded mean values of between 120 and 140 mm Hg, but



these were not further evaluated because of inconsistency in indi-
vidual rats (for heart weight, see below). During the last week of the
experimental period, animals were relocated to a metabolism cage,
and 24-h urine collected on 2 days, with the average of the analyses
being taken for the results. After overnight fasting and subsequent
anesthesia by i.p. injection of 48 mg/kg body weight (BW) pento-
barbital-sodium (Abbot-Boehringer, Ingelheim, Germany), blood
was aspirated from the abdominal aorta close to the iliac bifurca-
tion and centrifuged in heparinized tubes. The heart was removed
from exsanguinated animals, and its wet weight recorded. From a
limited number of rats per group (see Table 2) the left kidney was
removed, immediately shock-frozen in liquid nitrogen, and then
stored at —80°C. Before analysis, this kidney was bisected,the upper
half thawed and the cortical, medullary and papillary areas dis-
sected. These were then dried overnight at 100°C, weighed and
incinerated at 800°C, and the ash dissolved in 1 M hydrochloric
acid. From the lower half, the same three anatomic regions were
lyophilized, pulverized in a mortar, and dissolved in acid (see
above). The right kidney was also removed and fixed in 4% buf-
fered formalin. After embedding in paraffin, 5-pm sections were
stained using the von Kossa method [14] and subjected to blinded
histological examination using light microscopy.

Clinical chemistry

Routine methods were used, with few exceptions. The latter in-
cluded high performance liquid chromatography (HPLC) for the
determination of urinary and tissue oxalate and citrate [30] and
urinary nitrate (see below). Since vascular endothelial production
of endothelin-1 (ET-1) and nitric oxide is best reflected by their
urinary excretion rate, ET-1 and nitrate (a stable end product of
nitric oxide metabolism which accounts for about 90% of nitric
oxide production [46]), were measured in daily urine, the former by
enzyme-linked immunoassay (kit Immuno-Biological Laboratories,
Hamburg, Germany), the latter by HPLC using a modification of
the method described by Everett et al. [12]. For this procedure the
eluent was sodium carbonate (2.7 mM) and sodium bicarbonate
(0.3 mM), pumped at 1.5 ml/min. Urinary total protein (Lowry
method), total plasma phospholipids (kit Bio-Mérrieux, Niirtingen,
Germany), and total sialic acids [26] (derivatives of neuraminic
acid, involved in the metabolism of vascular tissue glycoproteins
and glycolipids), were measured colorimetrically.

Calculations and statistics

Renal Kossa-positive spots outside and inside glomeruli were
evaluated by the pathologist, using the scores negative =0, mild =1,
moderate =3, and marked =6. Results for plasma and urine are
given as mean values (£ SE). Differences between groups II (ATx)
and I (Sham), and, in the case of renal tissue oxalate and citrate
also between V (MgCPCSB) and I, were tested for significance
(P <0.05) using the ¢-test or Mann Whitney U-test as appropriate.
Groups II-V were additionally subjected to one-way ANOVA
followed by testing for least significant differences (LSD) using
STATISTICA software (Statsoft, Tulsa/OK, USA).

Results

General state of sham rats, effects of ATx
(groups I and II)

In the sham operated rats (group I) BW gain was un-
remarkable. A range of variables in plasma and urine
(Table 1) were of the same order of magnitude as ob-
served in outbred rat strains, such as Sprague-Dawley in
our laboratory [29, 30] and Fischer-344 in the laboratory
of others [11]. However, calciuria was low when com-
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pared with Wistar rats of similar BW [44]. Also unre-
markable were plasma creatinine, which roughly reflects
renal glomerular filtration rate, phospholipids which are
thought to be mediators of calcification in bone [15] and
renal medullary tissue [30] and urinary calcium and ci-
trate, which are considered to be important promoters
and inhibitors, respectively, of renal and urinary con-
cretions containing calcium. Plasma levels of phospho-
lipids were higher than those observed previously [30].
Sialic acid, increased levels of which are considered to
signal the presence of a number of diseases including
vascular disease [23], was almost twice as high as in
healthy humans [26]. However in our rats this appeared
to be unrelated to BW, heart weight, renal minerals, or
calcification (see below). The mean urinary excretion of
ET-1, a strong vasoconstrictor [45] also of kidney arte-
rioles [19], and of nitrate, believed to be a nitric oxide-
derived marker of vasodilation [20], amounted to
approximately 20 pg (ET-1) and 6 pmol (nitrate) per
day and 100 g BW (Fig. 1A, B).

ATx surgery had no effect on BW gain, and aortic
grafts all remained patent. However, the relative heart
weight (mg wet weight/g BW x10) was slightly increased:
0.222%, 0.224%, 0.220% and 0.221% in the groups
I1I-V, 0.215% in group I (Table 1), suggesting that in the
former groups some degree of peripheral vascular
resistance was present, and that to overcome this left
ventricular hypertrophy developed. ATx elevated uri-
nary ET-1 (Fig. 1A) as well as plasma calcium and
creatinine within the normal range (Table 1), while uri-
nary nitrate and protein were decreased (Fig. 1B;
Table 1). Plasma phospholipids were high and urinary
oxalate excretion was low (borderline significance) but
plasma sialic acid and urinary citrate were unchanged
(Table 1). ATx also increased renal cortical oxalate, left
citrate unchanged (Fig. 2A, B), and preserved the cor-
tico-papillary gradient of oxalate and citrate from low
values in the cortex, higher in the medulla, to peak
values in papilla (for minerals see below), which was also
present in Sham rats (data not shown).

Renal tissue minerals and cortical calcification
of Sham rats, effects of ATx (groups I and II)

Neither urinary tract stones nor any other particulate
matter formed in either group. The cortico-papillary
gradients of the three minerals were similar to those
described earlier [29, 30]. However, Table 2 shows that
in sham operated control rats (group I) the cortical
mineral content (expressed as umol/g dry tissue) was
about 7 (calcium), 480 (phosphorus), and 22 (Mg),
contrasting with the higher mean calcium and Mg, but
lower phosphorus content found in the corresponding
area of intact male Sprague-Dawley rats [30].
Histologically, cellular infiltrations were not found,
thus excluding inflammatory processes. Kossa-positive
areas, in general indicating phosphate deposited as cal-
cium phosphate [13], were frequent and appeared as fine
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Table 1 General data on animals, and variables in urine (U), serum or plasma (P). For the group symbols I-V see section on material and
methods. Mean values (+ SE). n number of observations. *P < 0.05 vs 11

I IT 1T v \% ANOVA
(over 11-V)
n=12 P-value n=12 n=12 n=12% n=12 F P
Final body 404 (6) 0.24 399 4 404 @) 391 @) 406 (6) 1.2 032
weight (g)
Heart weight 871 (11) 0.24 885 (16) 903 (22) 899 (23) 896 (17) 1.4 034
(mg)
P-Creatinine 35 ?2) <0.001 50 () 44 “) 46 “) 39% 2 5.0 0.002
(pmol/l)
P-Total calcium 2.31 (0.03) 0.05 2.35 0.02) 232 (0.03) 1.99* (0.11) 2.06% (0.04) 6.4 0.002
(mM/)
P-Phosphorus 6.0 (0.2) 0.45 6.0 0.2 5.7 0.2) 6.1 (0.3) 6.2 (0.3) 0.66 0.58
(mg/dl)
P-Phospholipids 0.90 (0.05) 0.11 1.02 (0.08) 0.88 0.06) 091 0.05) 0.76 0.07) 2.6 0.09
(mg/ml)
P-Sialic acid 1114 (17) 0.29 1092 37 1145%  (24) 1028 (32) [8] 1034 (33) 3.0 0.04
(ng/ml)
U-Protein (pg)® 276 (51) 0.04 174 (29) 216 (28) 612* (69) 404* 77 129 <0.001
U-Calcium 4.2 (0.4) 0.22 4.5 0.3) 6.2* 0.4) 6.5% (0.5) 8.3* (0.6) 14.1 <0.001
(nmol)
U-Magnesium 68 @) 0.18 79 4 120* ) 130* (11 168* ) 22.0 <0.001
(pmol)
U-Phosphorus 304 (19) 0.21 324 (15) 146* (16) 203* 29) 186* (19) 142 <0.001
(pmol)
U-Citrate (umol) 62 @) 0.43 63 3) 86* 4 120* (10) 142* %) 354 <0.001
U-Oxalate (umol) 5.6 (0.4) 0.08 5.0 0.2) 6.0 (0.4) 7.5% 0.7) 8.3* (0.5) 9.2 <0.001
U-pH 7.70 (0.13) 045 7.71 (0.06) 8.12*  (0.5) 8.18%  (0.18) 8.49* (0.05) 9.7 <0.001
4 Except where indicated by [ ]
® Excretion rates are mean of 2 days and per 100 g BW
Fig. 1 Urinary excretion 1 I n v Vv | L i [\
(U) of ET-1 and nitrate A c
(A and B), and the renal *E 60+ 4.0~ rpe0.014
cortical tissue molar ratios 2 ) %‘
calcium/magnesium and cal- - 7 E 3.0 - / 1
cium/phosphorus (C and D) & 40 SE / K
in the syngeneic rat, as 5 | 83 / K
influenced by ATx surgery < S 3 2.0+ / K
c oo
(group II), and three Mg- o 204 e / [
containing preparations e i 28 1.0 1 7 o
(groups IT11-V). Bars are w o = / ]
mean values (+/-SE). 7 =) 0- -0 o0~ y
Sham, II ATx, III MgC, IV n
MgCPC, VV MgCPCSB. For
abbreviations and further : -
information see the section -2} B p<0.001 £ D
on material and methods. S 6.0 296.0
The number of observations £ % 1 a
(n) per group is 12, except 2 40 9'5_4.0 a
where indicated. *: per day 9 oa
and 100 g body weight; S 20 =8 20 rp<0.054
ap<0.05 vs. II b= ga ™ l—l % @
¥ o
5 o Y o

granules located exclusively in the renal cortex, but never
in the medulla (Fig. 3A). Glomeruli were mostly free of
calcification. Calcification was predominately found in
the middle and, exceptionally, in the inner portion of
the cortex, regions known to contain mainly proximal
straight tubules, and the thick ascending limb of the
nephron loop. Kossa-positive spots appeared to be in-

tracellular, inhomogeneously distributed, and restricted
to areas containing blood vessels, presumably post-
glomerular capillaries. Importantly, when extraglomer-
ular calcification was extreme, the glomeruli appeared
almost normal (Fig. 3A, B). The semi-quantitative score
for cortical calcification is given separately for glomeruli,
the extraglomerular region, and as a total (Table 2).



ATx surgery increased urinary ET-1 and nitric oxide
(Fig. 1A, B), and tissue oxalate but not citrate (Fig. 2A,
B). It also reduced tissue Mg but not calcium (Table 2,
group II), and consequently elevated the molar ratios of
calcium/Mg and calcium/phosphorus (Fig. 1C, D). The
mean extraglomerular calcification score and the
summed score were moderately higher than in controls,
but the mean glomerular score remained unchanged.
The calcification, as described for the control group,
(Fig. 3A) appeared to be more pronounced, as demon-
strated in Fig. 3B. Unfortunately, for technical reasons,
neither the calcium oxalate staining [13], nor electron
microscopy and element analysis of calcified material
could be carried out, thus preventing deeper insight into
the nature, localization and morphology of the calcifi-
cations. Overall, in ATx rats there is excess of ET-1 over
nitric oxide, tissue oxalate over citrate, and tissue calci-
um over Mg and phosphorus, combinations not previ-
ously described for renal calcification (for illustration of
urinary ET-1/nitrate ratio vs. tissue calcium/Mg see
Fig. 4A).

i ] v I ] \
g A . s B
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: 3
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©
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xec g < 0
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Fig. 2 Renal cortical oxalate (A) and citrate (B), as influenced by
ATx surgery alone (group II), and by ATx plus long-term oral
administration of the MgCPCSB preparation (group V). Bars are
mean values (+/-SE). *: dry tissue. For further information see
legend to Fig. 1, and the section on material and methods
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Response of ATx rats to treatment with Mg
containing preparations

When the chemical variables responding to treatment
regimens (groups III, IV and V) and the changes in renal
calcification were compared with the corresponding data
from untreated rats (group II), we found that treatment
with MgCPCSB (group V) was generally most effective.
This regimen normalized plasma calcium, phospholi-
pids, and creatinine, but increased urinary pH and ex-
cretion of calcium, oxalate, Mg, citrate, and total
protein (Table 1). It is worth noting that the high uri-
nary pH indicates alkalization of metabolism, in turn
stimulating citraturia [1]. In contrast, MgC treatment
increased plasma sialic acid (Table 1) and resulted in
minimum levels of both urinary ET-1 and nitrate, while
MgCPC treatment led to intermediate levels of these two
vascular effectors between MgC and MgCPCSB treat-
ments (Fig. 1A, B; Fig. 4A).

MgCPCSB and MgCPC, but to a substantially lesser
extent MgC, treatments kept renal cortical calcium
within normal limits. The former preparation also pre-
vented the high Mg found with MgC treatment as well
as the low phosphorus seen with MgC and MgCPC
(Table 2). MgCPCSB treatment failed to reduce renal
cortical oxalate, but significantly increased citrate
(Fig. 2A, B), and restored the calcium/phosphorus and
calcium/Mg ratios to values almost identical to those of
the non-grafted controls (group 1; Fig. 1C, D). Histo-
logical analysis showed that in MgCPCSB kidneys the
cortical tubules appeared calcification-free, and the
capillary basement membranes within the still calcified
glomeruli appeared normally thick (see Fig. 3C). In
contrast, after MgC treatment the kidneys showed some
residual extra- and marked intraglomerular calcification,
with a trend towards glomerular basement membrane
thickening which was visible at higher magnifications
(Fig. 3D). Overall, although MgCPCSB treatment failed
to prevent glomerular calcification, it did prevent
the extraglomerular calcification almost completely, as

Table 2 Minerals in renal cortex, calcifications in glomeruli, extra-glomerular-cortical region, and sum (X). For group symbols and
further details see the section on material and methods. Mean values (£ SE). n number of observations. *P <0.05, **P<0.01 vs II

1 11 111 v \'% ANOVA
(over 11-V)
n=3_8 P-value n=38§ n=2_8 n=17 n=2_8 F P
Minerals (umol/g
dry tissue)
Calcium 7.1 (0.1) 0.38 7.0 (0.2) 8.6 (0.8) 7.2 0.2) 7.3 (0.3) 2.6 0.06
Magnesium 22 (1) 0.002 19 (09 25%  (2) 23 e 22 1) 5.1 0.004
Phosphorus 480 (7 0.002 423 (16) 235%  (15) 163* 2) 440 6) 140 <0.001
Calcifications
(score)
Glomeruli 0.25 (0.16) 0.50 0.25 (0.16) 1.0*  (0.0) 0.29 (0.18) 0.5 (0.19) 9.2  <0.001
Extraglomerular 3.4 (0.8)  0.30 4.0 (0.8) 1.4** (0.5) 0.9%*  (0.4) 0.4*¥*  (0.2) 94  <0.001
z 3.65 (0.7) 0.27 4.35 (0.7) 2.4*% (0.5) 1.19%¥*  (0.5) 0.9** (0.2) 5.1  <0.005
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Fig. 3A-D Histology of the kidney of syngeneic rats, showing
renal calcifications (dark spots) according to the von Kossa stain.
A Calcified areas in tubules, mainly of the outer cortex. Note
absence of calcification in the glomeruli. Magnification x60.
B Enlarged calcified areas of the cortex. Magnification x100. Note
absence of calcification in the glomeruli, and the absence of
infiltration of inflammatory cells. C Moderately calcified glomeruli,
but almost calcification-free tubules. Magnification x60. D Inten-
sive intra-glomerular, accompanied by moderate tubular, calcifica-
tion. Arrowheads: thickened basement membranes. Magnification
x100. Note that picture A is characteristic for the kidney of rats
after the sham operation, B for ATx, C for MgCPCSB, and D for
MgC treatment. For further details see text

reflected in a roughly 80% reduction in the summed
score (Table 2).

Relationships of variables (groups I-V)

The above observations led us to the question of the
etiology of C-NC. However, considering the pilot

character of the work and because correlations do not
provide adequate information on cause —and effect re-
lationships when data are limited, regression analyses
were not carried out. Instead, an integrated view of all
groups is given, covering the ET-1/nitrate ratio in urine
vs. the cortical tissue calcium/Mg ratio, and urinary Mg,
citrate and total protein excretion vs the summed cor-
tical calcification score (Fig. 4). According to Fig. 4A, a
rise in the tissue calcium/Mg ratio of approx. 14% re-
quires an almost threefold increase in the ET-1/nitrate
ratio (groups II vs. I), with the groups under treatment
with Mg preparations taking intermediate positions. In
contrast, the summed calcification score appears to be
inversely related to Mg, citrate, and total protein
(Fig. 4B-D). Most impressive is the superior anti-calci-
fication effect of the alkalizing — because potassium,
sodium and citrate-containing — Mg preparation
(MgCPCSB), accompanied by high urinary Mg, citrate
and total protein.
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Discussion
The animal model

The concept underlying tissue transplantation in synge-
neic individuals is the post-transplant absence of
immune reactions, rejection episodes, and signs of
inflammation in the graft. The spontaneous occurrence
of renal C-NC in such highly inbred rats is a new insight,
and the associated data may give hints into its possible
genesis. To definitively identify the factors, renal or
extrarenal, which cause this type of NC, direct com-
parisons between inbred and outbred rats would be de-
sirable. However, as already mentioned, in the NC-free
intact outbred (Sprague-Dawley) rats, both cortical
calcium and Mg are higher and cortical phosphorus
lower than in the intact inbred (Lewis) rats used in our
present work. Mg is an accepted inhibitor of calcium
phosphate formation [6]. It follows that the higher
cortical Mg of outbred rats may prevent them from
developing C-NC, an assumption supported by the
C-NC-attenuating effect of Mg administered prophy-
lactically to inbred rats in our study (see below). That
C-NC represents a nonspecific phenomenon, either due
to the clamping of the aorta or to a false-positive Kossa
stain, can be ruled out: for the latter, dissipation of such
tissue areas by Mg treatment (groups I1I-V) is highly
unlikely, while the inhibitory effect of Mg on formation
and deposition of calcium phosphate is firmly docu-
mented [6, 29]. Clamping of the aorta was similar in
duration in groups I and II but resulted in a threefold
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higher urinary ET-1/nitrate ratio in group II (Fig. 4A),
compatible with the view that the tissue damage, if any,
introduced by the initial (12 weeks ago) clamping, sub-
sequent ischemia, and reperfusion was not solely re-
sponsible for the differences in cortical minerals and the
degree of C-NC of the two groups. Additional factors
may be responsible. Among these may be blood vessel
transection, excess of urinary ET-1, tissue oxalate and
calcium, a deficit of tissue Mg and citrate, and low
proteinuria (Tables 1 and 2, Figs. 2 and 4). Although
final proof is lacking, a loss of calcification inhibitors,
inhibiting protein(s) included, and a gain of calcification
promoters may have contributed to more serious C-NC
in group II, and the triggering of calcification in inbred
rats in general may be seen in this light.

C-NC diagnosis, pathophysiology

In humans, sporadic C-NC has been reported in adults
in one series unrelated to other renal and urinary tract
abnormalities [18], in a child with a similar type of cal-
cification [38], and in a case of congenital oxalosis [24].
The latter, in particular, shows that advanced imaging
technologies, emerging in vivo molecular imaging in-
cluded, may be potent aids in detecting cortical NC in
humans of all age classes, while kidney biopsies and
other invasive methods are restricted for ethical reasons.
With regard to oxalate, an etiological role of overpro-
duction, which in humans is often due to well-defined
inborn errors of metabolism, cannot be ruled out. In
addition, oxalate binds to renal protein [36] and, can
therefore accumulate in renal tissue [present work; 30]
possibly predisposing it for the precipitation of calcium
phosphate rather than calcium oxalate, an observation
made in the rat [30]. Furthermore, in transplanted hu-
man kidneys, donated by more or less related individu-
als, cortical minerals increase due to the progressive
alteration of renal hemodynamics, resulting in poor or-
gan function and cell death [35]. In retrospect, this early
report points, for the first time, towards the role of
transection of blood vessels, the endocrine and mor-
phological response to this kind of injury, subsequent
alteration of tissue minerals, and possible interrelation-
ships in calcification processes. In the renal cortex there
is a close coupling of oxygen, calcium, and signalling
substances mediating the cellular response to the alter-
ation of oxygen levels [8]. Therefore, this area might be a
key to understanding the basic features possibly shared
by vascular and extravascular calcification [7] including
those in the renal cortex.

ATx, ET-1 and nitrate

Reports in the literature suggest that common features
of both ET-1 and nitric oxide production include their
endothelial origin, and their modulatory effects on vas-
cular tone. An imbalance of the two may manifest as
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changes in blood pressure [25]. Currently, details of in-
teractions between ET-1 and nitric oxide are the subject
of intense research. In Sham and ATx rats the disparate
patterns of ET-1 and nitrate, probably associated with
slightly elevated blood pressure, indicate that the
counter-regulatory actions of ET-1 and nitric oxide may
be suboptimal. This is supported by the fact that Mg
treatment regimens are followed by suppression of
nitrate, but not ET-1 (Fig. 1A, B). Whether ET-1 excess
(due to stimulation of secretion, diminishment of de-
gradation or elimination) is the initial event, remains
uncertain. ET-1 excess may possibly impair renal blood
perfusion via ischemia and hypoxia [19], glomerular
morphology, glomerular sieve function and proteinuria,
transport processes of water, minerals and nonmineral
substances in proximal tubules and other parts of the
nephron [20, 25]. The association between nitrate deficit,
an excess of ET-1, cortical oxalate and calcification after
ATx suggests that ATX is a vascular injury that affects
normally occurring events in such a way that the struc-
ture and function of cell membranes are altered. If ET-1
excess in fact induced tissue hypoxia, this could have led
to intracellular acidosis [13] and enhanced citrate utili-
zation [4], both plausible explanations for low tissue and
urinary citrate (Figs. 2 and 4). Hypoxia and oxalate
generate oxygen and nitrogen free radicals [3, 28] The
resulting increase in oxidative burden of tissue can
account for the disintegration of cell membranes via
protein oxidation [5] and peroxidation of membrane
phospholipids, a process resulting in apoptosis-like cell
death [41]. In NC in general, higher —than normal
plasma phospholipids seem to be common [this work;
29, 30], and one phospholipid subspecies has been shown
to be involved in calcium phosphate deposition in the
renal medulla [30]. Of note is also the fact that the
combined occurrence of endothelial injury and apopto-
sis, mainly of renal glomeruli, has been ascribed to an
immune process involving phospholipids [16, 40].

NC prevention by Mg

The reason why Mg treatment is ineffective for glom-
erular calcification is unknown, and why the described
three treatment regimens suppress differently extra-
glomerular C-NC is not immediately obvious from the
data presented here. In Mg-deficient rats, mild hyper-
calcemia is frequent, and in some way related to para-
thyroid hormone [9]. In the present work, the trend
towards hypertension, increased calcemia and calciuria
(Table 1), and high renal tissue calcium over Mg and
phosphorus after ATx (Fig. 1C, D) is therefore thought
to signal a relative intracellular Mg deficit, high plasma
ionized calcium, but low parathyroid hormone. In a
satellite study in our laboratory such a constellation has
indeed been confirmed (P.O. Schwille et al., manuscript
in preparation) and is consistent with the anomalous
transport of the two ions across cell membranes in the
presence of mild hypertension [21]. Because complete

correction of this cellular defect, normalization of plas-
ma parathyroid hormone included, is seen only with the
MgCPCSB but not the two other preparations [33; this
work], a concerted action of Mg, potassium and sodium,
and bases (from citrate plus bicarbonate) appears to be
necessary. The high C-NC score in the presence of low
citraturia, and vice versa (Fig. 4C), implies that, in the
setting of incipient NC, there is a need for citrate, an
important intracellular and urinary buffer [17]. Finally,
the common syndrome of “‘sick cell disease’ is charac-
terized by Mg and potassium loss from inside cells, and
intracellular accumulation of calcium, particularly in
patients with cardiovascular disease [37, 42]. This syn-
drome is amenable to treatment with combined Mg and
potassium, but not Mg alone or potassium alone [43].

Conclusions

In a previous study showing that medullary NC of
outbred rats with Mg deficit or dyslipidemia is associ-
ated with an increase of uric acid precursor oxypurines
in urine, an etiological role of hypoxemia at the level of
kidney was discussed because this could have led to
enhanced degradation of cell-energizing adenosine
phosphonucleotides, subsequent pathological calcifica-
tion, and cell death [32]. In the present work on synge-
neic rats, the spontaneous occurrence of histologically
detectable C-NC is demonstrated. Since vascular injury
in the form of ATx enhances calcification and allows this
phenomenon to be traced back, at least in part, to excess
ET-1 and diminished nitrate, substances produced by
the vascular endothelium appear to be involved in the
control of blood pressure and, according to data, also
cortical tissue minerals, oxalate, and citrate. Because
prophylactic administration of the Mg-, potassium-,
sodium- and base-containing preparation, but not al-
kali-free Mg citrate, shows superior anti-calcification
effects and is accompanied by restoration of normocal-
cemia, malregulation of extra- and intracellular ions
may play a fundamental role in the etiology of C-NC.
To date, the clinicil significance of our findings is un-
certain, and it remains to be shown whether these impact
on the calcification in arteries, renal medulla and papilla,
the latter two being discussed as a possible source of
calcium-containing renal stones [10].
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