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Abstract To determine whether an ‘““atherogenic™ diet
(excess of cholesterol and neutral fat) induces patho-
logical calcification in various organs, including the
kidney, and abnormal oxalate metabolism, 24 male
Sprague-Dawley rats were fed either normal lab chow
(controls, n = 12) or the cholesterol- and fat-rich ex-
perimental diet (CH-F, n = 12) for 111 £+ 3 days. CH-F
rats developed dyslipidemia [high blood levels of trigly-
cerides, total, low-density lipoprotein (LDL)-, very low-
density lipoprotein (VLDL)-, high-density lipoprotein
(HDL)-bound cholesterol, total phospholipids], elevated
serum total alkaline phosphatase and lactate dehydro-
genase (LDH) levels, in the absence of changes in
overall renal function, extracellular mineral homeostasis
[serum protein-corrected total calcium, magnesium,
parathyroid hormone (PTH), 1,25-dihydroxyvitamin D
(1,25(0OH),D)], plasma glycolate and oxalate levels.
There was a redistribution of bone calcium and en-
hanced exchange of this within the extraosseous space,
which was accompanied by significant bone calcium
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loss, but normal bone histomorphometry. Liver oxalate
levels, if expressed per unit of defatted (DF) dry liver,
were three times higher than in the controls. Urinary
glycolate, oxalate, calcium and total protein excretion
levels were elevated, the latter showing an excess of
proteins > 100 kD and a deficit of proteins > 30-50 kD.
Urinary calcium oxalate supersaturation was increased,
and calcium phosphate supersaturation was unchanged.
There were dramatically increased (by number, circum-
ference, and area) renal calcium phosphate calcifications
in the cortico-medullary region, but calcium oxalate
deposits were not detectable. Electron microscopy (EM)
and eclemental analysis revealed intratubular calcium
phosphate, apparently needle-like hydroxyapatite. Im-
munohistochemistry of renal tissue calcifications re-
vealed co-localization of phospholipids and calcium
phosphate. It is concluded that rats fed the CH-F diet
exhibited: (1) a spectrum of metabolic abnormalities, the
more prominent being dyslipidemia, hyperoxaluria, hy-
percalciuria, dysproteinuria, loss of bone calcium, and
calcium phosphate nephrocalcinosis (NC); and (2) an
interaction between calcium phosphate and phospholi-
pids at the kidney level. The biological significance of
these findings for the etiology of idiopathic calcium
urolithiasis in humans is uncertain, but the presented
animal model may be helpful when designing clinical
studies.
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and hyperoxaluria

Introduction

Nephrocalcinosis (NC) in humans, especially when it
occurs in the cortico-medullary and papillary regions, is
considered to be an early event in renal calcium stone
formation [13, 18, 42, 60]. Recently, disordered lipids, in
particular cholesterol excess, have increasingly been



attracting the interest of investigators as possible factors
underlying NC and its role in the development of uri-
nary tract stones. For example, the simultaneous oc-
currence of hypercholesterolemia and renal stones has
been used as an indicator of death rates in the general
population [63-65]; dyslipidemia, including hypercho-
lesterolemia, has been demonstrated in patients with
idiopathic calcium urolithiasis [48, 52, 62]; lipids are
contained in both the mineral portion and the protei-
naceous matrix of calcium-containing urinary tract
stones [26]; and urinary hyperexcretion of lipids has been
observed in patients forming renal calcium stones [25].
Thus, a close relationship may exist between patholog-
ical renal calcifications and lipids. In humans, however,
ethical and technical considerations prohibit more in-
depth investigations into the role of nutrition and the
resulting sequence of events at the renal tissue level. In
the rat, in contrast, renal cortico-medullary NC develops
in response to such dietary challenges as magnesium
deficit [10, 49], excess of protein and phosphorus [70],
and excess of cholesterol [51]; NC may be accompanied
by calcium phosphate stones in the pyelo-calieceal
region [51].

Stones formed by humans consist of calcium oxalate
and, when analyzed using sensitive techniques, are found
to contain calcium phosphate, which is mainly located in
the core [30]. A realistic speculation is, therefore, that
calcium phosphate NC plays a role during the early
periods of the stone-forming processes, and that the
formation of stones containing an excess of calcium
oxalate over calcium phosphate necessitates periods of
hyperoxaluria, hypercalciuria, or both, resulting in ele-
vated supersaturation of urine with stone salts. Lipid-
and fatty acid-related hyperoxaluria and hypercalciuria
have been observed [28, 29, 57]. Irrespective of the de-
gree of calciuria, osteopenia is frequent in patients with
idiopathic renal calcium stones [5, 47] and in those with
atherosclerosis due to disordered lipids [28]. This
suggests that the calcium content of kidneys, bones
and arteries is in some way dictated by lipid—calcium
interactions. Thus, an animal model of dyslipidemia
exhibiting not only calcium phosphate NC, but also
abnormalities of oxalate, extracellular and tissue min-
erals, and tissue morphology, would be desirable.
Therefore, the aim of the present work was to test
whether long-term exposure to a dietary excess of cho-
lesterol and lipids (so-called “‘atherogenic” diet) results
into such abnormalities. If the answer is yes, their
co-existence would be helpful for understanding the
etiology of idiopathic renal calcium stones.

We report on the nature and quantity of kidney
calcifications, liver, kidney and urinary oxalate, bone,
extraosseous, especially kidney, minerals, and bone his-
tology, in rats fed an “‘atherogenic” diet. The main
perception gained was that long-term exposure of rats to
excess dietary cholesterol and fat does not lead to uri-
nary tract stones that are visible to the naked eye.
However, the renal medulla is predisposed to the depo-
sition of calcium phosphate, not calcium oxalate, which
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results in urinary hyperexcretion of glycolate and oxa-
late, and impairs bone calcium despite unchanged serum
calcium, parathyroid hormone (PTH) and 1,25-
dihydroxyvitamin D (1,25(OH),D) levels.

Materials and methods

Animals

All investigations were approved by the Ethics Committee as re-
quired by the German Law Against Cruelty to Animals. Twenty-
four male Sprague-Dawley rats (Wiga, Sulzfeld, Germany),
weighing approximately 200 g each, were housed in individual
cages under a 12-h light and 12-h dark cycle. The rats were accli-
matized for 1 week prior to experimentation, during which time
they had free access to tap water and normal rat chow.

Experimental design

During the experimental period, animals received demineralized
water ad libitum, and were randomly assigned to one of two
groups:

— Pelleted normal diet (control; n = 12), containing (per kg dry
matter) 50.83 g crude fat, but no cholesterol (C 1000; Altromin,
Lage, Germany);

— Pelleted cholesterol- and fat-rich diet (CH-F; n = 12), contain-
ing (per kg dry matter) 10.0 g cholesterol, 20.0 g sodium-
cholate, and 112.0 g crude fat (C 1061, modified; Altromin,
Lage, Germany).

The mineral and oxalate content (g/kg dry matter) of the two
diets was as follows (control/CH-F): calcium 9.5/9.3; magnesium
0.74/0.73; total phosphorus 7.5/7.3; oxalate 0.6/0.7 (own analysis);
glycolate and phospholipids were not present. Compared with the
normal diet (control), the “atherogenic” diet (CH-F) contains less
mono- and polyunsaturated fatty acids (synonym: essential fatty
acids), especially oleic and linoleic acid, and is devoid of eicosaenic
and eicosadienic acid, which are precursors of the arachidonic
acid—prostaglandin cycle. The available energy/kg dry matter
was 3097 (control) and 3585 (CH-F) kcal. The duration of the
experiment was 111 £ 3 days.

The excess of cholesterol and neutral fat in the CH-F diet was
selected to approximate the “high-fat food” generally eaten in
numerous westernized populations. Preliminary experiments with
the CH-F diet revealed that urinary malonedialdehyde, which is
indicative of lipid peroxidation [11], was not increased (control 859
and CH-F 509 nmol/mmol creatinine), and that serum beta-caro-
tene, which is indicative of intestinal malabsorption [31], was not
decreased (control 34 and CH-F 46 mg/dl). This is in contrast to a
diet containing less cholesterol that stimulated oxidative metabo-
lism [12], which itself constitutes a risk factor for atherosclerosis
[59].

Procedures and collection of samples

Water and the respective diet were offered throughout the experi-
ment. Prior to termination of the experiments, all animals were
labeled with “*calcium, as described elsewhere [66], to allow as-
sessment of the intrabone distribution of calcium and its exchange
with the intravascular space. Urine was collected under paraffin
while rats were housed in metabolism cages. For analysis of oxalate
and glycolate, aliquots of urine were stored at —80 °C. From
fasting (18 h) and anesthetized [intraperitoneally (IP) administered
sodium pentobarbital (Nembutal, Abbott, Lage, Germany) at
45 mg/kg body weight] rats, we determined the blood gases and
hematocrit (in arteriovenous blood from the incised tail); thereaf-
ter, the animals were exsanguinated by bleeding from the abdom-
inal aorta. Plasma and serum were stored at —20 °C. The
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abdominal aorta was removed from a few animals, and the liver,
right femur, right tibia, first lumbar vertebra, and kidneys were
removed from the majority of animals. The right kidney was cut
longitudinally and processed for light and electron microscopy
(EM) (see below). The left kidney was decapsulated, cut longitu-
dinally, and specimens were taken from the cortical and medullary
(approx. 100 mg), and the papillary (approx. 30 mg) regions. The
remaining tissue was shock-frozen in liquid nitrogen, and stored at
—80 °C. Prior to analysis, tissues were dried at 100 °C overnight;
ash from the incinerated kidney and aorta (at 450 °C, 12 h) and
from the femur (at 800 °C, 24 h) was weighed and dissolved in 6 M
hydrochloric acid (HCIl). Aliquots from undefatted (unDF) liver
were extracted in 0.1 M HCI; other DF aliquots were extracted in
ethanol/chloroform (1/3; v/v), and, following lyophilization, the
dry weight was assessed.

Histology

The right half of the kidneys of six of the rats was fixed in 4%
buffered formalin and embedded in paraffin; 5-um thick slices were
obtained from each paraffin block and mounted. Initial examina-
tions of kidney sections from rats fed the atherogenic diet were
negative for calcium oxalate when stained using the specific method
of Yasue [67]. To detect calcium-containing deposits, slices were
stained using the method of Gallyas and Wolff [19], which is unable
to differentiate between calcium phosphate and calcium oxalate.
The areas of the deposits were identified by light microscopy and
quantified by computerized image analysis, using the appropriate
software (Global Lab, Data Translation, Bietigheim-Bissingen,
Germany) and hardware (CCD-Camera B/W BC-1, AVT-Horn,
Aalen, Germany). The number of deposits, their area and their
circumference were assessed in a segment obtained from one of
the kidney halves of each of the six animals; this segment was the
middle of the three theoretical 60° segments obtained, taking the
greatest horizontal diameter of the kidney as the geometrical basis.
Because all kidneys were of a similar size, the area of this segment
varied only minimally. For EM, cubes of approx. 1 mm?® were cut
from a calcified slice of a CH-F rat, fixed with 2.5% glutaralde-
hyde/formalin, post-fixed with 1% osmium tetroxide, and embed-
ded in epoxy resin. Ultrathin sections were contrasted with uranyl
acetate and lead citrate, and examined at 80 keV by scanning
transmission electron microscopy (TEM; Philips CM 200, Philips,
Eindhoven, The Netherlands). Energy dispersive X-ray analysis
(EDX, EDAX DX-4; EDAX, Mahwah, N.J., USA) of electron-
dense areas, and element mapping of quadrants of single renal
tubular cells were performed to detect changes in the intracellular
distribution of calcium, magnesium, and phosphorus.

From one control and one CH-F rat, the other half of the right
kidney was examined for lipid deposition-associated calcifications.
Six slices were obtained and mounted: five slices were decalcified
and stained for neutral lipids with Sudan black B and Oil red, and
for cholesterol using the method of Schultz, as modified by Lewis
and Lobban [32]. The remaining slices were reacted immunobhis-
tochemically with the antibody MC22 33F to detect choline-
containing phospholipids, as described by Bonucci et al. [8].

The tibia and the first lumbar vertebra were examined by light
microscopy using previously described procedures [44, 45].

Clinical chemistry and other methods

Both routine and more sensitive analytical methods were used. The
former included: blood gases and urinary total CO, (pH/Blood Gas
Analyzer 1306, Instrumentation Laboratory, Milan, Italy); urinary
pH (glass electrode); creatinine (colorimetry) and glucose (Gluco-
Analyzer, Beckman, Fullerton, Calif., USA) in serum and urine;
total protein in serum (refractometry) and urine (colorimetry;
chemicals from Bio-Rad Laboratories, Munich, Germany); serum
total alkaline phosphatase (colorimetry; kit from Merck, Darms-
tadt, Germany); total cholesterol and high-density lipoprotein
(HDL)-bound cholesterol; triglycerides; free fatty acids; lactate
dehydrogenase (DLH) (all kits from Boehringer, Mannheim,

Germany); phospholipids (kit from bioMérieux, Niirtingen, Ger-
many); in tissue ash; serum and urine calcium and magnesium
(flame atomic absorption spectrometry; Elektrolyt-Automat FL 6,
Zeiss, Oberkochen, Germany); and phosphorus (colorimetry).
Among the more specialized determinations were: glycolate and
oxalate in HCI tissue extract, plasma and urine [35]; urinary
malonedialdehyde [11], citrate, and bone collagen crosslinks in
urine [all by high performance liquid chromatography (HPLC;
Dionex 2000i, Dionex, Sunnyvale, Calif., USA)]; urinary ammonia
(Berthelot’s reaction); serum bone isoenzyme of alkaline phos-
phatase (electrophoresis and densitometry; reagents: Isopal-Para-
gon, Beckman); PTH; 1,25(OH),D (radioimmunoassay kits from
Nichols, Bad Nauheim, Germany); and beta-carotene (colorimetry)
[31]; in serum and bone ash, *calcium was counted, and subse-
quently corrected for decay. Determination of the bone-breaking
force has been described elsewhere [66]. Protein in native and sieve-
fractionated (see below) urine was measured by the Lowry method;
because the amounts of urine of control and CH-H rats were
limited, aliquots from several rats were pooled to obtain one suf-
ficiently large sample per group. This was vacuum-suctioned
through filters (Millipore, Eschborn, Germany) with pore sizes that
enabled the retention of proteinaceous particles >100, >50, >30,
and >10 kD. Bone volume and the mean specific density were
determined by Archimedes’ principle.

Calculations and statistics

Serum low-density lipoprotein (LDL)-bound cholesterol and very
low-density lipoprotein (VLDL)-bound cholesterol were calculated
using the standard formula [6] and the ratio triglycerides/5, re-
spectively. Relative supersaturation products (RSP) in urine were
computed from solubility products [36]. Bone minerals were ex-
pressed per unit volume of bone. The exchangeable bone calcium
fraction was taken as the ratio of *calcium-specific activity in
serum and bone. The number of calcified patches of each kidney
sector selected were counted, and the median area of patches, the
total area, the median circumference, and the sum of circumfer-
ences were assessed. Results in serum and urine (average of
two collection days) were given as mean values (SEM, or range).
Between-group differences were tested for significance (P < 0.05)
by the #- or the U-test, as appropriate.

Results

Tolerance of the CH-F diet, course
of body weight, findings at autopsy, and blood lipids

The experimental diet was well tolerated, but the rats
showed less (between 4 and 10%) body weight gain
during the 17-week observation period (Fig. 1), resulting
in a lower final body weight than the controls (Table 1).
Food and fluid intake, as well as hematocrit, were un-
suspicious (Table 1), as were blood gases (not shown),
but fecal color and consistency changed to light and
greasy, respectively. The livers of CH-F rats appeared to
be enlarged with blunt edges, and were yellowish and
pale. The gross anatomy of the kidneys and other organs
was unremarkable (for kidney histology, see the “Renal
calcifications, TEM and EDX, lipid deposition and im-
munohistochemistry” section), and the urinary tract was
stone-free. Serum levels of total, HDL-, LDL-, VLDL-
bound cholesterol, triglycerides and total phospholipids
were elevated, and, owing to the proportionally greater
LDL increase, the HDL/LDL ratio was decreased;
free fatty acids were unchanged. Glycemia and urinary



glucose excretion were comparable in the two groups
(data not shown).

Extracellular minerals and other substances,

tissue oxalate and minerals

Serum or plasma (Table 2)

Serum total protein was elevated, and there was a 2.5-
fold increase in LDH; other parameters, such as protein-
corrected calcium, 45calcium-speciﬁc activity, PTH,
1,25(OH),D, glycolate and oxalate were within the
ranges seen in the controls.

Urine (Table 2)

There was a significant increase in urinary volume, pH,

CO,, sodium, calcium, total protein, ammonium and
citrate, as also in glycolate, oxalate, and the RSP of
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Fig. 1 Course of mean body weight of rats fed a normal (@) or CH-F
(A) diet. For further information, see Table 1 and text

407

calcium oxalate; phosphorus was slightly decreased;
other changes were borderline or insignificant.
Filtration of urine through membranes with de-
creasing molecular cut-off (see “Material and methods™
section) yielded the following data (given as percentage
of total protein concentration of respective filtrate):
control diet 45, 4, 41, 2, and 7; CH-F diet &9, 3, 2, 0.1,
and 6. Accordingly, proteins of >100 and >30-50 kD
appear to be predominant in the urine of rats fed a
normal diet, while there appears to be a deviation from
the normal protein spectrum (large excess of >100 kD
and a deficit in >30-50 kD proteins) in the urine of rats
fed the NC-inducing CH-F diet. It is worth noting that
proteins of approx. 30 kD are under discussion as
inhibitors of the crystallization of stone-forming salts
[3, 23, 58]. Unfortunately, the microscopic evaluation
of urinary crystals was unreliable due to artifacts caused
by the presence of non-crystallized particulate matter.

Tissue glycolate, oxalate and citrate (Table 2)

Liver glycolate and oxalate, expressed per unit dry weight
of unDF tissue, were not elevated in CH-F rats. Because
DF liver weighed approx. 25% (control) and 75% (CH-
F) less than unDF liver, the presented low mean oxalate
content per unit unDF liver of CH-F rats may be mis-
leading. Extrapolation of oxalate on the basis of DF liver
dry weight would yield mean values of 579 (control) and
1564 (CH-F) nmol/g, respectively; the latter value is
compatible with oxalate overproduction. Kidney oxalate
and citrate content was statistically unchanged.

Renal tissue minerals (Fig. 2)

In control rats, the well known cortico-medullary-
papillary step-up gradient of minerals occurred, espe-
cially for calcium and magnesium. The CH-F diet
evoked significant increases in cortical calcium and me-
dullary phosphorus, and an increase of magnesium in all
three anatomical regions, meaning a higher ratio of
calcium/phosphorus and calcium/magnesium.

Table 1 Initial and final body
weight, and lipids at the end of

experiments as found in the
fasting plasma of rats fed the
normal diet (control) or the
cholesterol-rich diet (CH-F)
over the study period. Values
are expressed as the mean, with
the standard error given in
parentheses. LDL low-density
lipoprotein, VLDL very
low-density lipoprotein, HDL
high-density lipoprotein

Control n = 12 CH-Fn =12 P-value
Initial body weight (g) 213 3) 216 2) 0.45
Final body weight (g) 580 (18) 525 (10) 0.02
Food intake (g/day) 10.5 (0.9) 14.0 (2.1) 0.14
Fluid intake (ml/day) 17 2) 21 3) 0.22
Hematocrit (%) 47 e 46 e 0.17
Triglycerides (mg/dl) 21 3) 38 “) 0.002
Total cholesterol (mg/dl) 51 4 334 (36) <0.001
HDL cholesterol (mg/dl) 28 2 54 6) <0.001
Total cholesterol/HDL 1.9 (0.2) 7.0 (1.2) <0.001
LDL cholesterol (mg/dl) 20 4 272 (36) <0.001
HDL/LDL 1.9 (0.3) 0.23 (0.04) <0.001
VLDL cholesterol (mg/dl) 4.2 0.5) 7.6 0.9) 0.002
Total phospholipids (g/1) 0.68 (0.04) 1.16 (0.07) <0.001
Free fatty acids (mM/1) 0.89 (0.03) 0.85 (0.04) 0.44
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Table 2 Variables in serum or
plasma, and urine, of relevance
for the state of extracellular
mineral homeostasis, oxalate,
and proteins. For further
details, see ““Material and
methods” section. Values are
expressed as the mean, with the
SE given in parentheses. Cr
urinary creatinine, SA4 specific
activity, LDH lactate
dehydrogenase; 1,25(0OH),D
1,25-dihydroxyvitamin D, RSP
relative supersaturation
products

* Based on log;, of values
#Except for values in square
brackets [ ]

° Dry weight

“Per day

9 For mean serum total protein
of control

Control n = 12* CH-F n = 12% P-value
Plasma
Creatinine (mg/dl) 0.71 0.03) 0.73 (0.03) 0.71
Total protein (g/dl) 5.5 0.1) 6.4 0.2) <0.001
Total calcium corrected? (mg/dl) 11.3 0.1) 11.1 0.2) 0.31
Total calcium (mg/dl) 10.0 0.1) 10.3 (0.1) 0.06
Magnesium (mg/dl) 1.8 0.1) 1.9 0.1) 0.30
Phosphorus (mg/dl) 5.4 (0.3) 4.9 0.2) 0.22
PTH (pg/ml) 73 (16) 42 6) 0.08
1,25(0OH),D (pg/ml) 14 (1) 16 e 0.33
Total alkaline phosphatase (I1U/I) 78 8) 259 (23) <0.001
LDH (1U/1) 137 (12) 350 (38) <0.0001
Glycolate (umol/l) 8.4 (0.3) 8.6 (0.6) 0.75
Oxalate (umol/l) 3.9 (0.5) 4.6 0.5) 0.29
Calcium-SA [(cpm/pmol) x 1073 0.34  (0.01) 0.33  (0.02) 0.61
Tissue
Liver glycolate (nmol/g)® 480 (43) [5] 391 (24) [5] 0.11
Liver oxalate (nmol/g)® 434 (33) 9] 391 (28) [10] 0.34
Kidney oxalate (nmol/g)® 7.2 (1.4) [7] 53 0.7) [11] 0.21
Kidney citrate (nmol/g)® 602 (154) [6] 1974 (580) [10] 0.10
Urine
Volume (ml)° 6.8 0.5) 10.4 (1.3) 0.02
pH 6.4 (0.1) 6.9 0.2) 0.009
Total CO, (mmol/l) 1.3 0.1) 3.9 (1.0) 0.02
Ammonium/Cr (mmol/mmol) 5.54 (0.34) [11] 3.62 (0.37) [11] 0.001
Citrate/Cr (umol/mmol) 536 (53) 1368 (163) <0.001
Calcium/Cr (pmol/mmol) 115 (18) 166 (16) 0.05
Magnesium/Cr (umol/mmol) 458 (30) 468 (48) 0.87
Phosphorus/Cr (mmol/mmol) 10.5 (0.8) 8.5 (0.6) 0.04
Glycolate/Cr (umol/mmol) 39 4) 62 4 <0.001
Oxalate/Cr (upmol/mmol) 34 (6) 68 “) <0.001
Potassium/Cr (mmol/mmol) 13 (1 17 ?2) 0.07
Sodium/Cr (mmol/mmol) 26 2.9 35 3.3) 0.05
RSP calcium oxalate 1.17 (0.03) 1.29 (0.04) 0.03
RSP brushite 1.12 (0.06) 1.25 0.11) 0.30
Total protein/Cr (pg/mmol) 2.1 (0.5) [10] 20 (5.5) 0.0002*
Albumin/Cr (ug/mmol) 0.016  (0.004) [8] 0.056  (0.025) 0.15%

Renal calcifications, TEM and EDX,
lipid deposition and immunohistochemistry

Calcifications

An overview of the CH-F diet-induced cortico-medul-
lary calcification (synonymous with NC) and a detailed
description of its morphology have previously been
published [46, 51, 54]. Briefly, the major histological
characteristics of this type of NC were as follows: the
organs were free of clusters of lymphocytes, granulo-
cytes or macrophages, signifying that no light-
microscopically detectable interstitial inflammation
developed; calcium-positive deposits were found inside
the tubular lumina of the cortico-medullary border and
the outer medulla, but the cortex and papilla were cal-
cification-free; and the calcifications were ovoid or cir-
cular, in the latter case being organized as several layers
around a central core. With increasing size, the calcifi-
cations became irregularly shaped, frequently filling and
dilating the tubular lumen. Often, the adjacent tubular
epithelium appeared flat or eroded in such a way that the
epithelium could not be identified as belonging to the
descending or the ascending part of the loop of Henle;

occasionally, cellular membranes seemed to adhere to
the surface of calcifications.

Table 3 shows the quantitative data of calcifications.
In each kidney of the six CH-F rats, the calcification-
covered tissue area was enormous, while calcifications
were present in only two of six control kidneys. Large
calcifications were characteristic for CH-F rats, mani-
festing as an increase in total circumference and total
area (approx. 7.5- and 7-fold, respectively); smaller
solitary concretions in both groups were comparable
in terms of circumference and area.

TEM and EDX

TEM also revealed that the concretions appeared to
have a central core and an outer zone, both regions
presenting as an accumulation of compact electron-
dense bodies, in general inwardly less abundant
(Fig. 3a). Whether these bodies represent “lipids” or
calcium phosphate deposits could not be determined.
Similarly, electron-dense material was found intralumi-
nally in close vicinity to the membranes of cells lining
the tubular lumen; it was surrounded by a needle-like
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Fig. 2 Minerals in three renal tissue regions from rats fed a normal
(control; open bars) or the cholesterol-rich (CH-F; hatched bars) diet.
Data (mean + SE) are given per g dry matter. For further details, see
“Materials and methods” section. *P < 0.05 versus control

Table 3 Renal calcifications as quantified by number, circumference, and area. X, sum of individual values. Values are expressed as the
mean (minimum; maximum). For technical and other details, see “Materials and methods” and “Results’ sections

Controln = 6 CH-Fn =6 P-value
Calcifications (n) 392 (0; 1453) 2840 (1107; 4593) 0.003
Circumference (pum) 55 (0; 89) 62 (55; 66) 0.58
X circumference (mm) 31 (0; 92) 229 (92; 337) <0.001
Area (um?) 156 (0; 326) 167 (148; 205) 0.83
T area (mm?) 0.12 (0; 0.25) 0.87 (0.35; 1.59) 0.003

strand of roughly equal electron density (Fig. 3b). EDX
of several of these needle-like structures revealed
calcium and phosphorus peaks exclusively (not shown);
on the basis of the calcium k, peak, the calcium/phos-
phorus ratio varied between 1.47 and 1.68, consistent
with almost mature hydroxyapatite (calcium/phospho-
rus ratio 1.65). Additional mapping of the elements
present in a fixed quadrant of tubular cells from CH-F
kidneys vis-a-vis those in the respective quadrant of
control kidneys revealed an approximately 5-fold in-
crease of calcium and phosphorus, but surprisingly also
of magnesium in the former. As shown previously [46],
the three elements were homogeneously distributed
within the cells, i.e. they were not confined in a defined
compartment, such as the mitochondria. These
observations, together with the only mean higher total
tissue calcium of the calcified renal medulla (Fig. 2),
render uncertain the exact location of precipitating

calcium and phosphorus, whether inside or outside cells,
or within tubular lumen (also see below).

Lipid deposition and immunohistochemistry

Owing to the impermeability of the calcified matrices,
neither cholesterol nor neutral lipids were detected in
the calcified areas of the non-decalcified kidney slices;
in addition, even after prior decalcification, the reaction
for cholesterol was negative. Consequently, it was not
possible to determine whether calcium, magnesium, or
phosphorus were co-located with, or bound to, intra-
or extracellularly deposited lipids. However, in decal-
cified slices, a positive staining for neutral lipids was
present in those areas identified as being calcified, al-
though the specificity of the reaction was low (Fig. 3c).
On the other hand, immunohistochemically reacted
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Fig. 3a—d Microscopy of kidney from CH-F rats. a Transmission
electron microscopy (TEM) of a tubular wall showing a thickened
basal membrane of an epithelial cell, containing a number of roundish
electron-dense bodies, probably corresponding to lipid droplets
(x16,700). b TEM of a calcified concretion present in the lumen of a
tubule: needle-like crystals are seen at the peripheral border, which
appear to be somewhat more electron-dense than the central zone,
resembling the situation usually seen in normal and ectopic
calcification nodules (x16,700). ¢ Light microscopy of the sections
stained in accordance to Gallyas and Wolff [19]. Note the brownish
calcifications, irregularly distributed in the cortico-medullary region
(x100). d A segment of the area shown in C following immunochem-
ical tissue treatment with the antibody MC22-33F, detecting choline-
containing phospholipids. Note the blue cloudy areas of previously
calcified tissue, and the slightly blue reaction in previously unaffected
regions (x100)

phospholipids revealed a slightly positive picture in
nondecalcified concretions (not shown), but the reac-
tion was clearly positive in the decalcified concretions
(Fig. 3d). The latter appeared as roundish or irregular
patches, having approximately the same location and
distribution as those of the calcified concretions. The
staining intensity of the patches was usually uniform,
only occasionally being greater along their periphery

than in their central zone, suggesting that the phosp-
holipids were homogeneously distributed within them.
As expected, the surrounding tissue was also stained.
Therefore, and on the basis of the recognition sites of
the antibody [8], medullary calcified kidney structures

contain  phosphatidylcholine, phosphatidylethanol-
amine, sphingomyelin, or some combination of these,
the degree of accumulation of these substances ap-
pearing to be dependent on the co-deposited calcium.
In the control kidney, the immunoreaction was only
slightly positive, and no stained patches were recog-
nizable (not shown).

Minerals in aorta and bone, other variables
of bone, markers of bone metabolism,
and bone histology

Following random selection from the available aortic
wall samples, two from each animal group were pooled
to give crude information. Calcium was 11.4 (control)
and 8.3 (CH-F) pg/mm vessel length per mg dry tissue;
magnesium and phosphorus were undetectably low,



contrasting with abnormally high renal medullary
magnesium and phosphorus (Fig. 2), and abnormally
low bone calcium (see below).

According to the data in Table 4, CH-F rats had
unchanged mean bone density, indicating that there
was either no or a parallel shift of underlying bone
weight and bone volume (data not shown), and
increased *’calcium-specific activity and bone alkaline
phosphatase; the decline in exchangeable bone calci-
um and bone fracturing energy was borderline, but
bone calcium was definitely decreased. The bone
molar ratio calcium/phosphorus was unchanged
(mean values 1.60 and 1.56 for control and CH-F
rats, respectively), which is consistent with almost
mature hydroxyapatite crystals also found in this
organ [21]. Urinary collagen crosslinks — accepted
markers of activity of osteoclasts and bone resorption —
were only insignificantly higher in CH-F rats than in
controls, and osteocalcin — the marker of bone
turnover — remained unchanged.

Histologically, there was a tendency toward rarefac-
tion of trabeculae of the more cancellous first lumbar
vertebra of CH-F rats, as assessed by trabecular area,
and the number, thickness and separation of the tra-
beculae; several dynamic parameters, including those of
bone mineral apposition and bone growth, did not
provide better information. Similar data were obtained
from the more cortical tibia (data not shown).

Discussion

Because of the virtual absence of information from
similarly organized experiments, the following com-
ments focus mainly on the abnormalities observed
here.
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The NC animal model

Similar to others [28], we also failed to show that an
accumulation of calcium and phosphorus in arterial
walls is a feature of rats with hypercholesterolemia and
hyperlipidemia. The decrease of body weight of NC rats
(Fig. 1) — despite comparable food intake (Table 1) —
may reflect impaired intestinal absorption of some
nutrient(s), and/or energy loss via hyperproteinuria
(Table 2). Further dietary crossover studies are needed
to clarify whether the abnormal body weight gain is
reversible. In contrast, the model appears to be highly
suitable for elucidating alterations of minerals in urine,
kidney and bone, as well as interactions between minerals
and lipids in these two organs. In humans with early signs
of renal organ disease, calcium phosphate deposition is
frequent and has been intensely studied [20]; often, the
former situation is accompanied by dyslipidemia (see
below). It follows implicitly that our CH-F rats with
dyslipidemic calcium phosphate calcifications may ex-
hibit renal cell disease, the characteristics being increased
cellular calcium and phosphorus; such alterations
resemble the situation in humans [20]. Compatible with
this interpretation is the high phosphorus and calcium
content of the renal medulla (Fig. 2), which is the
most functionally developed and most vulnerable region.

Additional advantages for renal stone research are
seen in the co-incidence of NC, osteopenia, and urinary
hyperexcretion of calcium, oxalate and glycolate — a
major oxalate precursor — in the presence of unchanged
serum minerals and calciotropic hormones, which are
frequent findings in calcium stone-forming humans [53].
For example, in patients with idiopathic renal calcium
stones, the amount of energy ingested is high due to
lipids [50]. Other investigators felt that, for hyperoxal-
uria and stones to occur in humans, energy intake, the
metabolic hormone insulin, and the endogenous pro-

Table 4 Physical data of bone
(proximal tibia), bone minerals/

unit bone volume, marker
substances of bone metabolism
in serum (S) and urine (U), and
several static parameters from
histology of first lumbar verte-
bra. Values are expressed as the
mean, with SE given in
parentheses. For technical and
other details, see “Materials
and methods” and ““Results”
sections. SA specific activity;
Cr urinary creatinine

Control n = 12 CH-Fn = 12* P-value

Physical data

Mean density (g/ml) 1.57 (0.006) 1.57 (0.006) 0.34

Fracturing energy (mlJ) 163 (21) 124 9.4) 0.10

Calcium-SA; [(cpm/umol) x 1073] 2.54 (0.07) 2.82 (0.04) 0.002

Exchangeable calcium fraction (%) 13.5 0.7) 11.8 (0.6) 0.07
Minerals

Calcium (mmol/ml) 7.95 (0.11) 7.36 (0.16) 0.005

Magnesium (mmol/ml) 0.172 (0.004) 0.163 (0.006) 0.21

Phosphorus (mmol/ml) 4.98 (0.08) 4.73 (0.11) 0.08
Marker substances

S-osteocalcin (ng/ml) 40 2) 40 3) 0.78

S-bone alkaline phosphatase (IU/1) 29 4 119 (10) <0.001

U-pyridinium/Cr (nmol/mmol) 41 4) 45 4 0.43

U-deoxy-pyridinium/Cr (nmol/mmol) 28 3) 33 3) 0.29
Histology

Tissue area (mm?) 28.6 0.47) 27.8 (0.74) [10] 0.19

Trabecular area (mm?) 0.047 (0.006) 0.041 (0.013 [10] 0.37

Trabecular number (no./mm?) 1.4 0.1) 1.3 (0.2) [10] 0.33

Trabecular thickness (pum) 62.7 (2.8) 60.0 (2.1) [10] 0.32

Trabcular separation (pm) 771 (120) 810 (107) [10] 0.41

#Except for values in square
brackets [ ]
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duction of oxalate had to be linked by a simple expo-
nential equation [15]. In fact, under the CH-F diet, i.e.
higher intake of energy in the form of lipids, hyperox-
aluria did occur. The renal papillary region has long
been thought to be the site where calcifications originate
[42], but more recent work has identified the medulla [22,
34]. In addition, on the basis of calculations of intratu-
bular solute concentrations in humans, the risk of cal-
cium phosphate precipitation should be highest in the
loop of Henle [27, 33], anatomically corresponding with
the renal medulla. However, the model may be still
suboptimal because calcium phosphate and not calcium
oxalate was detected. One explanation for the absence of
calcium oxalate crystals could be that, despite the pres-
ence of unchanged renal tissue oxalate, oxalate excess
may have been restricted to as yet unidentified renal
tissue compartments, predisposing them to calcium
phosphate NC (also see below).

Hyperlipidemia, and extraosseous and bone minerals

It has long been known that failing renal function has
repercussions for circulating lipids, calcium and phos-
phate, and bone metabolism [43]; the fact that lipid
overnutrition, which plagues Western civilizations, can
also have repercussions on minerals, bones, and stones
has been largely neglected [16, 28]. In the present work,
we interpret stable serum calcium to be a consequence of
diminished calcium entry into, rather than calcium efflux
from, bone (Table 4). Therefore, decreased bone calci-
um, intrabone calcium redistribution, and some degree
of high turnover of bone metabolism have emerged
as unwanted sequelae of the CH-F diet. The transient
calcium excess in blood should have enabled the CH-F
rats to regulate PTH and 1,25(OH),D at low or normal
levels. Defective esterification of calcium-binding
phospholipids — substances indispensable for normal
mineralization [28] — may have led to anomalous bone.
Pointers of incipient bone disease in CH-F rats can be
seen in the impaired structure of the truncal and low
bone calcium of the appendicular skeleton, the latter
accompanied by intrabone calcium redistribution (indi-
cated by *calcium-specific activity) and increased
osteoblast activity (indicated by bone alkaline phos-
phatase). Calcium that was prevented from entering
bone was, at least in part, wasted via urine excretion
(Table 2), but the resulting high urinary calcium oxalate
and calcium phosphate supersaturation failed to facili-
tate the formation of stones detectable in the renal pelvis
and urinary tract. On the other hand, there is a similarity
of processes leading to the deposition of calcium phos-
phate (hydroxyapatite) in bone and kidney, and these
processes include a contribution of anionic proteins,
mature collagen, pyrophosphate and adenosine tri-
phosphate (ATP) [1, 2, 7, 28]. The question arises as to
whether, in the present work, metabolic alkalosis and
hypercitraturia (Table 2) prevented the formation of

stones, perhaps in combination with proteinaceous
inhibitors of crystallization [9, 40].

Hyperlipidemia and hyperproteinuria

Hyperproteinuria in the presence of LDL- and VLDL-
hyperlipoproteinemia is often found in humans with
atherosclerosis [24]. The first published investigation on
lipid-induced renal tissue damage concluded that glom-
erular lesions were the first to appear, with those of the
tubulo-interstitium appearing later [39]. At the renal
interstitial tissue level, lipoproteins can interact with
mucoproteins [39], which are substances contributing
to the organic matrix of renal stones. In CH-F rats
(Table 2), the anatomic site — glomeruli, tubules, or both
— in which the hyperexcretion of urinary proteins, es-
pecially non-albumin protein(s) originates, is not clear,
nor is the true nature of these proteins. If intact glom-
erular sieves prevented >10-kD blood proteins from
reaching the tubular lumen, the urinary proteins of CH-
F rats should be products of the tubular epithelium or
adjacent tissue. Because these proteins are present to-
gether with a tremendous excess of blood LDL- over
HDL-bound cholesterol (Table 1), the role of the former
may be key to understanding NC in CH-F rats. LDL-
bound cholesterol excess is a documented risk factor of
atherosclerosis in humans.

Hyperlipidemia, renal minerals and NC

Decades ago, X-ray examination of patients with oste-
oporosis revealed calcium phosphate calcifications in
kidneys, arteries and intervertebral disks [37]. These
calcifications were later thought to be due to the actions
of phospholipids and a proteinaceous skeleton [2, 17].
Phospholipids are able to impair the sodium/phosphorus
co-transport of renal brush border vesicles [68], thereby
creating a risk for a deficit of phosphorus relative to
calcium at the tissue level (Fig. 2), with deleterious con-
sequences to cell microstructure, viability, and protein
shedding into urine. Moreover, in the urine of patients
with mixed calcium stones, calcium phosphate crystalli-
zation correlates negatively with the non-albumin pro-
tein fraction of urine, despite stable physicochemical
supersaturation of urine with calcium phosphate [55].
Therefore, on the basis of data in Table 2, the altered
spectrum of proteins present in urine (see “Extracellular
minerals and other substances, tissue oxalate and min-
erals” subsection), and the phospholipid—calcium inter-
action (Fig. 3), it may be assumed that the NC in CH-F
rats is initiated via hyperlipidemia-mediated alteration of
macromolecules rather than of minerals.

Hyperlipidemia, glycolate and oxalate

To date, the combination of hyperlipidemia, NC (with
no signs of calcium oxalate co-precipitation in renal



tissue), increased serum LDH, and urinary hyperexcre-
tion of glycolate and oxalate has not been observed.
Hyperoxaluria has been observed in rats fed a diet
containing 14% fat [38] for 21 days, which is similar to
the CH-F diet containing 11% fat. Thus, it cannot be
excluded that, in our work, the long-term excess of lipids
in the gut lumen complexed intraluminal calcium ions,
thereby preventing the intestinal absorption of calcium,
but facilitating hyperabsorption of oxalate. However, we
used a glycolate-free diet with fixed oxalate content, and
this regimen led to a high hepatic oxalate per unit
fat-free tissue mass.

Unless disordered hepatic oxalate binding is assumed,
the combination of hyperglycoluria and hyperoxaluria
should reflect hyperlipidemia-induced increase of oxa-
late biosynthesis by hepatic peroxisomes. LDH, glyco-
late oxidase, and glycolate dehydrogenase [4, 69]
catalyze the formation of oxalate from glycolate and
other oxalate precursors; inhibition of the former two
enzymes results in oxalate reduction, while a contribu-
tion by the latter is uncertain [69]. LDH, elevated 2-fold
in the serum of CH-F rat, is a cytosolic enzyme, while
glycolate oxidase and glycolate dehydrogenase are per-
oxisomal. It is, therefore, reasonable to assume that in
the hyperglycoluric and hyperoxaluric CH-F rats the
flux of lipids through the cellular metabolic pathways
was not properly regulated, and that high plasma LDH,
resulting from enzyme overflow to the bloodstream, in-
dicates this situation. In humans, the co-existence of
hyperoxaluria and hyperglycoluria has been reported,
but is interpreted to be unrelated to primary hyperox-
aluria type I [61].

Peroxisomal glycolate oxidation to oxalate is a hy-
drogen peroxide (H,O,) generating process [14, 56]. If
not removed by catalase, H,O, leads to oxidative cell
damage, in particular impairment of membrane fluidity
(synonymous with structural and functional integrity of
membranes). The phospholipid phosphatidylethanol-
amine, which is associated with renal calcifications
of CH-F rats (Fig. 3d), is a major constituent of cell
membranes, and can be converted to glycolate and
oxalate [41]. Thus, a vicious cycle may be initiated by
diet-induced hyperlipidemia, ultimately leading to
calcifications and cell death. It is unknown whether the
latter is initiated by apoptosis (genetically programmed
cell death) or necrosis (primary cell swelling followed by
destruction of membranes, and extrusion of organelles
and cytosol content). The absence of signs of in-
flammation (see “Results” section) seems to indicate
apoptosis.

Conclusions

In the light of the data presented, an effect of dietary
cholesterol, and probably neutral fat, on the homeo-
stasis of lipids, oxalate, kidney and bone minerals, and
the initiation of NC as a possible early event in renal
stone formation, for the rat, cannot be ignored. Several
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of these changes also appear to be amenable to evalua-
tion in renal calcium stone-forming humans, e.g. the
lipidemia status, renal oxalate handling, bone mineral
density and their relationship to extravascular lipids,
and lipid-related parameters associated with pathologi-
cal calcification of soft tissues. It therefore appears that
the performance of appropriate clinical studies would be
worthwhile.
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