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Abstract Previous work in younger males with recur-
rent idiopathic calcium urolithiasis (RCU) demonstrated
inappropriately high postprandial phosphaturia, hype-
rinsulinemia and insulin resistance, but normal glyce-
mia. To investigate further whether these abnormalities
occur also in RCU patients with a mean age corre-
sponding to the life period with peak formation of
calcium-containing stones, two trials were carried out in
155 males of comparable age and body mass index. All
participants underwent a standardized laboratory
examination, including collection of urine and blood
before and following a test meal rich in carbohydrate
and calcium but low in phosphorus. In trial 1, com-
prising control subjects (z = 12, mean age 42 years) and
RCU patients (n = 24, mean age 41 years), phosphate
(Pi) excretion and fractional Pi excretion in postprandial
urine of controls did not change compared with the
values in fasting urine, but were significantly increased in
RCU, despite the fact that there was almost equal sup-
pression of serum parathyroid hormone (PTH) and in-
crease in serum calcitonin. Postprandially, RCU patients
were hyperinsulinemic but still normoglycemic versus
controls. In trial 2, carried out in unclassified (in terms
of calciuria) RCU patients (n = 119, mean age 40 years)
only, the post-load Pi-uria was similar in magnitude to
Pi-uria of RCU patients in trial 1; increased postpran-
dial Pi-uria was a phenomenon also of normocalciuria
but was slightly more pronounced in hypercalciuria,
while changes in calcium phosphate (brushite) and cal-
cium oxalate supersaturation of urine were unrelated to
calcturia. In RCU patients, but not controls, there was a
tendency toward higher urinary glucose in post-load as
compared with fasting urine. When urinary Pi and
fractional Pi excretion in trial 2 were considered as
dependent variables in multivariate regression analysis,
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they appeared unrelated to age, but positively associated
with postprandial glycemia as the best predictor, fol-
lowed by insulinemia, insulin resistance, to a lesser
degree fasting serum PTH and the metabolic activity of
stone disease, negatively associated with blood total
lipids and very low density lipoprotein (VLDL) choles-
terol. It was concluded that RCU males (1) show low Pi-
uria during fasting but impaired renal Pi conservation in
response to a mixed meal, a situation carrying the risk of
Pi deficiency over the long term; (2) represent a popu-
lation developing hyperPi-uria despite suppressed PTH,
(3) exhibit insulin resistance but are still able to maintain
normoglycemia at the expense of hyperinsulinemia. It is
suggested that calcium-containing renal stones are re-
lated to impaired Pi and glucose translocation across cell
membranes, and that the role of lipids in this setting
deserves further investigation.
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Introduction

In recurrent idiopathic calcium urolithiasis (RCU), a
disorder generating considerable health costs worldwide,
the homeostasis of phosphorus [in this work synonymous
inorganic phosphate (Pi)] metabolism is still incompletely
understood. The great majority of renal calcium-con-
taining stones formed in RCU contain Pi in the core [22],
implying that Pi is somehow involved in the early events
of stone development. It is not known whether the
initiation of stones occurs in the renal tubular lumen
or renal tissue, or reflects some combination of events. A
better understanding of a possible pacemaker role of
altered Pi metabolism in stone formation necessitates
prior clarification of the state of Pi-uria under
standardized conditions and in a sufficiently large num-
ber of RCU individuals for valid conclusions to be
drawn.
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It has been shown that in comparison with non-stone
forming controls both Pi excretion in fasting urine and
urinary Pi concentration is decreased in RCU patients
f43, 34]. In contrast, Pi in postprandial urine was found
to be increased in both hypercalciuric and unclassified
(in terms of calciuria) RCU [41, 44]. More specifically,
in younger adults (mean age 29 years), post-test meal
Pi-uria was not only high compared with controls, but
was also accompanied by hyperinsulinemia and resis-
tance of organs to the actions of insulin (synonymous
insulin sensitivity). In contrast, blood glucose dynamics
were unremarkable, as was urinary glucose in post-
prandial urine [44]. Insulin, when administered acutely
in metabolically healthy subjects matched for age, re-
duces Pi-uria and natriuresis, but stimulates calciuria
[10]. Similar observations have been made in healthy
humans under hyperinsulinemic euglycemic conditions
[48]. In younger RCU patients, therefore, failure to
reduce Pi-uria despite the presence of excess insulin [44]
is evidence for an intrinsic abnormality linking the
metabolism of Pi, glucose and insulin in some, as yet
unknown, way. In an attempt to gain a better under-
standing of this situation, we hypothesized that the
absence of the expected inverse correlation between the
gradient (postprandial — fasting) Pi-uria and insulin
sensitivity may not be restricted to younger [44], but
may also occur in older RCU patients. If so, the in-
sufficient postprandial renal Pi conservation should
have important repercussions on the homeostasis of
extracellular Pi, glucose and insulin, and to some extent
also on urinary calcium and sodium excretion. Hypo-
phosphatemia has long been known to occur in RCU
(45), and impaired glucose metabolism and insulin
sensitivity during long-term Pi deficit in animal species
and humans were also reported [11, 18, 49], but the
situation is still not clear in RCU patients with a mean
age above 30 years. The frequency of RCU is greater in
males, peaking at around 40 years of age [40]. With
increasing age the homeostasis of minerals, Pi included,
is maintained largely at the expense of regulatory
hyperparathyroidism [1, 19], making it necessary for
studies in these areas to include monitoring of age and
parathyroid gland activity.

The present work comprises two cross-sectional
trials, one carried out in male RCU patients and
male controls, and the other in RCU patients without
controls. The major aim was to elicit differences in
Pi-uria, glucose and insulin, another being to evaluate
additional variables possibly of relevance to the state
of Pi metabolism, and to detect possible interrela-
tions.

The information obtained provides evidence that
enhanced postprandial Pi-uria is also a characteristic
feature of RCU patients with a mean age of about
40 years, and that this disturbance indicates the
existence of altered Pi translocation across renal cell
membranes.

Materials and methods

Participants and study design

The two trials comprised a total of 155 adult men. Both trials were
organized as cross-sectional field studies, i.e. they were performed
in outpatients. In trial 1, 24 RCU patients and 12 healthy controls
participated. In trial 2, aiming additionally to clarify the specific
influence of the degree of calciuria on Pi and glucose in RCU, 119
patients participated. None of the participants had been included in
previous work of our laboratory [44]. Apart from the parameters
Pi, glucose, and insulin metabolism, a number of additional clinical
chemistry parameters were considered in trial 2. Formation of
calcium-containing stones was verified on the basis of the clinical
course in combination with plain kidney and upper bladder (KUB)
X-ray films, the last one having been obtained within the 4 weeks
preceding the laboratory examination. Analysis revealed pure or
280% calcium oxalate for most stones, only six having 280% cal-
cium phosphate. Thus, the term RCU applies to mixed stones, in
which oxalate predominates. Preliminary work showed that with
respect to the state of Pi metabolism there was no dependence on
the type of calcium stone formed. The metabolic activity of RCU
during the 24 months preceding the laboratory examination was
assessed by increasingly weighting (by multiplication) the follow-
ing: the number of stones present, the growth of stone(s) present,
the number of newly formed stone(s), spontaneous stone pas-
sage(s), and intervention(s) for stone removal; the sum was taken as
score. Among the exclusion criteria for RCU were several diseases,
in particular primary hyperparathyroidism and diabetes mellitus
(synonymous fasting blood glucose >95 mg/dl). RCU patients
were off any specific anti-stone medication for at least 2 weeks.
None of the participants regularly supplemented home food with
vitamins or minerals, and all were asked to avoid substantial
changes in the composition of their home diet up to and including
the evening before the investigation. The average carbohydrate
content of food in this geographic area is 2150 g per day, and the
amount of carbohydrate in the test meal was appropriate for an
oral glucose tolerance test [30].

Laboratory examination and analyses

All individuals participated in our standardized laboratory pro-
gramme [39], of which a test meal of fixed composition is an es-
sential part. The meal (formula diet) is fibre free, balanced, presents
a carbohydrate (71 g) and calcium (1000 mg) challenge, but is low
in elemental phosphorus (44.5 mg) (for details see [44]). The pH in
postprandial urine declines (this work, [44]) due to the only weak
buffering capacity of the meal for protons, and prevention of the
alkaline tide that is normally developed in response to intake of
natural food.

The programme also included a fasting (12-15 h overnight)
period, stimulation of diuresis to approximately 1 ml/min by hav-
ing the subject drink two 300-ml amounts of demineralized water,
collection of fasting (2 h) and postprandial (3 h) urine, withdrawal
of fasting and postprandial venous blood from a catheter in an
antecubital vein. In both trials pre-test meal blood was obtained at
8:00 and 10:00 a.m. (see also below). In trial 1 post-test meal blood
was obtained at 10:30, and 11:00 a.m., 12 noon, and 1:00 p.m., in
trial 2 also at 11:30 a.m.. Aliquots of serum, plasma (1.2 mg
EDTA, 500 KIU aprotinin per ml blood) and urine were stored at
—30°C until analysis. During the laboratory examination, physical
activity of participants was restricted to walking inside the hospital.

Analyses were carried out in accordance with generally accepted
methodologies (for glucose, insulin, C-peptide and others see [41,
44)). Pi (serum, urine) was measured using a micromethod [7],
magnesium in urine by atomic absorption spectrophotometry,
calcium (serum, urine} by EGTA-complexometry, urinary pH by
glass electrode, plasma intact human parathyroid hormone (PTH)
and calcitonin by commercial radioimmunoassay kits (Nichols,
Bad Nauheim, Germany), urinary cyclic adenosine monophos-
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Table 2 Fasting, postprandial,

and postprandial minus fasting Trial Variable Fasting Postprandial P< Postprandial
urinary creatinine clearance — fasting
(C-Cr), phosphate (Pi), glucose,
magnesium, calcium, all RCU group (n = 24)
expressed as excretion per unit C-Cr; ml/min 106 (5) 102* (4) 1.S. =50
creatinine (Cr), fractional Pi/Cr ; rzlg/ g 251 (24) 362 (40) 0.005 1117 (36)
phosphate excretion (FE-PI) FE-PI; %o 8.0%* (08) 10.3 (10) 0.008 2.2+ * (08)
Mean values (SE), 7.s. pH 6.22 (0.20) 5.64 (0.13) 0.0001 -0.88 (0.09)
not significant Glucose/Cr; mg/g 90 (14) 101 (25) n.s. 9%* (18)
Magpesmm/Cr; mg/g 45 (4) 114 (13) 0.0005 69 (14)
Calcium/Cr; mg/mg 0.10* (0.009) 0.28 (0.03) 0.0001 0.18 (0.03)
Control group (n = 12)
C-Cr; ml/min 94 (5) 87 (5) n.s. -84
# Based on logq of values (see Pi/ Cf} mg/g 429 (46) 458 (42) n.s. 30 (35)
Matenals and methods) FE-Pi; % 13.3 (1.7) 12.4 (1.2) n.s. 0.8 (1.4)
Omlttmg the 10 patients with pH 6.32 (0.18) 5.44 (0.08) 0.005 -0.87 (0.17)
highest urinary glucose would GIUCOSC_/ Cr; mg/g 78 (15) 50 (7) n.s. —28 (20)
yield mean values of 96 (SE 10) Magnesium/Cr; mg/g 48 (4) 112 (13) 0.005 64 (11)
and 127 (10) mg/g for fasting Calcium/Cr; mg/mg 0.07 (0.01) 0.19 (0.03) 0.005 0.12 (0.02)
and postprandial vrine, respec- RCU -
. : N ) group (n = 119)
el llroce o g~ . i o we S0
Hosohaturia in normocalciuric Pi/Cr; mg/g 250 (10) 390 (20) 0.0001 134 (10)
sersug vpercalcitzic trial 2 FE-Pi; % 8.8 (0.4) 13.6 (0.6) 0.0001 4.9 (0.4)
~tients yp pH 6.18 (0.07) 5.73 (0.07) 0.0001 -0.45 (0.05)
EP < 0.05. ** P < 0.01 Glucose/Cr? mg/g 118 (10) 408 (110) 0.065% 287 (110)
+p = 0 0’57 Y+ p - 0’095 Magpesmm/Cr mg/g 50 (2) 90 (5) 0.001 44 (5)
versus controls in same trial Calcium/Cr; mg/mg 0.10 (0.01) 0.22 (0.01) 0.0001 0.12 (0.01)
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Fig. 1 Patterns of mean values of blood ghicose, phosphate and
related hormones, before (B) and in response to a test meal. Note that
scatter values (standard error) frequently fell within symbols. Arrow
load, filled circles controls, triangles RCU. For further details see
Materials and methods and text, *P < 0.05 versus controls at the
same observation point

disease was comparable in both trials, but showed wide
scatter (range 1 to >200).

Phosphaturia, other data from urine and blood
in unclassified (in terms of calciuria) RCU

In trial 1 (Table 2, upper part; Fig. 1) there was a higher
mean creatinine clearance in RCU, but the fasting Pi

excretion per unit creatinine was decreased versus
controls. In contrast, postprandial versus fasting Pi
excretion was dramatically increased in RCU, while the
controls were able to maintain a degree of Pi-uria similar
to that seen during fasting; creatinine clearance was
again moderately elevated in RCU. Also FE-Pi in RCU
was decreased versus controls during fasting, but was
significantly elevated postprandially, whereas postpran-
dial FE-Pi of controls remained unchanged. This con-
stellation indicates that the more pronounced Pi-uria of
RCU was not due to the higher creatinine clearance and
thus the higher filtered load of Pi, but was caused mainly
by diminished tubular Pi reabsorption.

The urinary pH and magnesium were of a similar
order of magnitude, whereas glucose tended to be higher



in both fasting and postprandial urine of RCU patients
(see also below, trial 2). Calciuria of controls and RCU
was of the order of magnitude observed in many stone
clinics, in which a similar laboratory programme is used.
These changes in the composition of postprandial urine
of RCU versus controls occurred when absorption and
utilization of nutrients from the test meal modulated the
homeostasis of blood glucose, calcium and hormones, in
a manner illustrated in Fig. 1. In RCU there was ob-
vious hypersecretion of C-peptide, hence of insulin, by
pancreatic B-cells during the post-load period, while
glycemia remained unremarkable; in contrast, PTH de-
clined continuously and almost in parallel with PTH of
controls, while calcitonin increased in both groups in a
similar fashion (data for the virtually equal increase in
calcemia in RCU and healthy controls are not shown
{42]. Phosphate declined only initially (until 60 min post-
load; both groups) but then rose steadily (values at
180 min post-load being higher than during baseline).
The integrated (arca) variables were as follows: insulin
(mIU/ml) 23.6 (SE 2.2) in RCU and 16.3 (8.6) in con-
trols (P < 0.005; based on logje of data); in the same
order C-peptide (pM/ml) was 334 (26) and 211 (31)
(P < 0.01), glucose (g/dl) 5.2 (0.5) and 5.3 (1.1) (ns.),
PTH (ng/ml) -2.7 (0.3) and —-2.7 (0.5) (n.s.), calcitonin
(ng/ml) 0.50 (0.09) and 0.56 (0.16) (n.s.), phosphate (mg/
dl) 36 (15) and 24 (15) (n.s.).

In trial 2 (Table 2, lower part) creatinine clearance,
pre- and post- load Pi-uria (excretion, fractional excre-
tion), urinary pH, magnesium, and calcium were similar
to those found in RCU patients in trial 1 (see above).
Urinary glucose excretion, especially in postprandial

Table 3 Data from RCU patients of trial 2. 4/ unclassified, NC
normocalciuria, JHC idiopathic hypercalciuria. Note that in NC
and THC age was 39 and 40 years, respectively. F fasting, P post-
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urine, was exaggerated; in approximately 5-10% of the
patients glucosuria was clearly higher than the upper
limit of glucosuria reported for normals [27], but it is
worth noting that none of these patients exhibited fast-
ing blood glucose >95 mg/dl. Therefore, a hitherto
unrecognized subset of RCU probably represents a
preclinical symptom of adult-onset type 2 (synonymous
non-insulin-dependent) diabetes mellitus. Omitting
these individuals from evaluation would result in a
fasting urinary glucose of 96 (SE 10) and a postpran-
dial urinary glucose of 127 (10) mg/g creatinine (dif-
ference not significant), values more comparable to
those seen in the RCU patients of trial 1 (Table 2,

upper part).

Phosphaturia, other data from urine and blood
in normocalciuric versus hypercalciuric RCU patients
in trial 2

To clarify further whether abnormal renal processing of
Piis a feature of RCU in general, or is merely a symp-
tom of the hypercalciuric group [23] that masks the true
situation in the normocalciuric group, urinary Pi
and glucose were given separately for normo- and
hypercalciuria. Elevated postprandial Pi-uria (excretion,
fractional excretion) was not restricted to hypercalciuric
RCU, and the increased postprandial over fasting
glucosuria was characteristic for both calciuria types
(Fig. 2). However, the difference in postprandial minus
fasting Pi-uria, but not glucosuria, was somewhat
greater in hypercalciuria than in normocalciuria.

prandial, RSP relative supersaturation product. For further details
see Materials and methods

All (n = 119%) NC(n = 71% THC (n = 48%) Limits of
normalcy®
Mean SE Mean SE Mean SE
Serum
F-Beta cell activity (%) 56 (4) [118] 59 (5) 1701 51 ©6) [see 26]
P-Integrated glucose (area) 214 (3) [118] 215 #) [70] 212 &) (<250)
P-Integrated insulin (area) 246 (14) [118] 243 (17 [70] 251 22) (<200)
Insulin sensitivity (A-value) 0.57 (0.03) [118] 0.56 0.04)[70]  0.59 (0.06) (>0.50)
F-Total cholesterol (mg/dl) 196 4 201 %) 188 5)* <250
F-Triglycerides (mg/dl) 106 6) 113 ®) 93 (7)** <170
F-Total lipids® (mg/dl) 302 (8) 315 (1n 282 (1H* <420
F-VLDL (mg/dl) 21 e8] 23 ) 19 (1)** <25
F-Total phospholipids (mg/dl) 181 3) 185 @ 175 5)* <250
Urine

F-Sodium/Cr (mg/mg) 2.07 (0.08) 1.90 ©.11) 2.32 (0.12)* <2.30
F-RSP calcium oxalate 0.49 (0.05) 0.45 0.06) 0.56 0.07) <1.0°
F-RSP brushite -0.24 (0.06) -0.38 0.08) -0.03 (0.09)* <1.0°
P-Sodium/Cr (mg/mg) 1.82 (0.08) 1.71 0.11) 1.98 0.13) <3.50
P-RSP calcium oxalate 0.75 (0.03) 0.72 (0.04) 0.78 (0.05) <1.0°
P-RSP brushite 0.10 (0.03) 0.03 (0.08) 0.21 (0.08)* <1.0°

* Except [ ]

® In the author’s laboratory, and from literature
© Metastable limit of solubility [25]

< Total cholesterol plus triglycerides

* P <0.05, ** P = 0,06 versus NC
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Fig. 2 Pi-uria (excretion, frac-
tional excretion) and glucosuria
in normocalciuric (NC, n = 71)
and hypercalciuric (IHC,

n = 48) stone patients. Cr cre-
atinine (in same urine); triangles
difference postpran-

dial — fasting urine. Data are
mean values and SE. Note the
large scatter of glucose in post-
prandial urine. *Based on logq
of values

Table 4 Correlation coefficients
(r) from trial 2 for several
independent variables, post-
prandial phosphate excretion
(Pi/Cr; mg/mg creatinine) and
fractional phosphate excretion
(FE-Pi%) as dependent variable
(n = 117 observations). F fast-
ing, P postprandial, S serum, U
urine. For additional informa-
tion see Materials and methods

2 For dimensions see Tables 1-3
® on the basis of log;, data

NC IHC NC IHC
rp=0.0224
900 180 T
,——-—n.s.-—ﬁ
750 — p=0.051 ~—— 1501
2 600 rp<0.001+ FP<0.0014 2 120- T
£ E
;- 4501 ]—l— - 904
Q 77, Q
o 300+ 4 = & 60
/ / p
150 - / / 304
0 ~ // A 0 _
5. ———
18 - .S, ey 18 -
rp<0.001q rp<0.0014
15 4 ; 15 ~
-
2 12 4 V / s 12 A
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& o . / _ / £ o rp=0.0264
e / / w -
1117 ¢
T
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0 /A Y. 0
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= S
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5 3 3 = = S === ==
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[T} O 5.
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0 0 -
Fasting Post- Fasting Post- Postprandial
prandial prandial - Fasting
Variables X?* Pi/Cr =Y Variables X* FE-Pi=Y
r P r P
PU-Glucbose/Creatinine 0.294 0.001 PU-Glucbosc/Creatinine 0.330 0.001
(mg/mg) (mg/mg)
PS-Integrated glucose 0.268 0.005 PS-Integrated glucose 0.316 0.001
FS-PTH 0.242 0011 FS-PTH 0.277 0.003
Age 0.215 0.024 Age 0.255 0.007
PS-Integrated insulin 0.172 0.073 PS-Integrated insulin 0.174 0.069
Metabolic activity® 0.146  0.128 Metabolic activity” 0.120 0211
FS-B-cell activity 0.132 0.170 FS-B-cell activity 0.048 0.379
Insulin sensitivity -0.082 0.385 Insulin sensitivity —-0.044 0.644
FS-Total phospholipids -0.122 0.204 FS-Total phospholipids —0.092 0.399
FS-Total lipids -0.197 0.039 FS-Total lipids -0.160 0.094




Table 3 provides an overview of variables that appear
of relevance for further elucidation of the state of me-
tabolism and the propensity of urine to form stones in
normocalciuric and hypercalciuric RCU. In addition,
lipid levels in fasting blood are given because cholesterol
was found to be elevated in renal stone patients [58], and
we also found a positive association of cholesterol with
the metabolic activity of RCU [38]. In atherosclerosis
which, like RCU, is associated with hyperinsulinemia,
insulin resistance, and the precipitation of calcium
phosphate, increased total and VLDL cholesterol are
regularly found, as also is increased pancreatic B-cell
activity, another increasingly accepted predictor [52]
that can be readily assessed [26].

The two calciurias did not differ statistically with
respect to the dynamics of blood glucose, insulin, etc.
(data not shown; see Fig. 2 and [41, 44]), and integrated
glucose, insulin, and insulin resistance (Table 3). The
same was valid for urinary sodium, considered to par-
allel urinary calcium to a certain degree [10], and urinary
supersaturation with calcium oxalate, whereas in post-
prandial urine of hypercalciurics the brushite supersat-
uration was moderately increased within the metastable
range. In RCU patients as a whole the fasting serum
total lipids, total cholesterol, its VLDL fraction, and
total phospholipids were in the upper range of normalcy
(Table 3); however, lipids were generally higher in
normo- than hypercalciuria, and total lipids and total
phospholipids were significantly elevated.

Interrelationships of variables in trial 2

The coefficients from the bivariate correlation matrix,
constructed for anthropometric and chemical parame-
ters as the influential variables, and urinary Pi (excre-
tion, fractional excretion) as a dependent variable, are
given in order of size, from positive to negative (Table 4).
Pi-uria (excretion, fractional excretion) correlated
directly and significantly with postprandial urinary glu-
cose (see also below), integrated serum glucose, fasting
serum PTH, and age. Pi-uria was inversely and only
insignificantly correlated with insulin sensitivity, inte-
grated postprandial serum insulin, B-cell activity and
total phospholipids. However, Pi-uria correlated
inversely and significantly with total lipids.

The variables listed in Table 4, as well as several
others assumed to be of relevance in the pathophysiol-
ogy of RCU [pH, calcium, magnesium, glucose, all in
postprandial urine, low density lipoprotein-bound cho-
lesterol (LDL, data not shown), VLDL-cholesterol, all
in fasting serum], were included in multivariate regres-
sion analyses. Table 5 shows that Pi-uria (excretion rate)
was best predicted by integrated glucose, followed by
integrated insulin, PTH, metabolic activity, and lipids;
for fractional Pi-excretion a similar order of associations
was found. In these models insulin sensitivity was a
predictor of fractional Pi, but not of Pi excretion;
postprandial urinary glucose excretion, age and calciuria
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Table 5 Multiple stepwise (forward and backward) regression
analysis of variables predicting postprandial urinary phosphate in
RCU (n = 117). For dimensions and further explanations see
Tables 1-4 and text. R? (adjusted to non-included variables): 0.179,
P < 0.00009 (for the model phosphate excretion, Pi/Cr); 0.227,
P < 0.000001 (for the model fractional phosphate excretion, FE-
Pi). Beta: standardized regression coefficient. R? (%): the portion of
total variation explained by a given predicting variable

Beta R% (%) P-value
Pi{Cr
Integrated glucose 0.335 11.2 0.000798
Insulin sensitivity 0.265 7.0 0.060149
Integrated insulin 0.264 6.9 0.043078
PTH 0.199 4.0 0.024221
Metabolic activity® 0.185 3.4 0.032889
Total lipids -0.227 5.2 0.032889
FE-Pi
Integrated glucose 0.404 16.3 0.000034
Insulin sensitivity 0.385 14.8 0.005517
Integrated insulin 0.295 8.7 0.020589
PTH 0.245 6.0 0.004491
Metabolic activity® 0.177 32 0.035776
VLDL -0.171 2.9 0.046182

# on the basis of log;, data

had no influence on Pi-uria. The significant statistical
predictors explain about 38% and 53% of the total
variation of Pi excretion and fractional Pi excretion,
respectively, indicating that additional variables, un-
identified in the present work, contribute to postprandial
hyperPi-uria of RCU.

Discussion

In RCU patients with a mean age near the maximum of
stone incidence the spectrum of post-test meal load
Pi-uria in conjunction with normoglycemia, hyper-
insulinemia, and insulin resistance, was found indepen-
dent of the underlying calciuria; this confirms and
extends previous findings in younger adults with RCU
[44]. Theoretically, the older age of the participants in
the present work — a factor known to impair glucose
utilization and Pi-uria [33, 36, 53] — could have mani-
fested similarly in RCU and controls, yet disturbed in-
sulinemia and Pi-uria were restricted to stone patients.
Thus, over a wide age range males with RCU exhibit
impairment of vitally important hormonal (insulin) and
micronutritional (phosphorus) processes. The long-term
effects of excess insulin in the blood of RCU patients
cannot be sufficiently well assessed from the data in the
present work, but there is abundant information in the
literature suggesting that among the sequelae are ath-
crosclerosis, dyslipidemia, hyperuricemia, and anoma-
lous regulation of intracellular calcium, to mention but a
few [17, 48, 52].

Urinary Pi loss in RCU and its potential impact on
metabolic regulatory processes, i.e., apart from its con-
tribution to urine supersaturation with stone-forming
substances (see below), has remained largely uninvesti-
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gated. Some of the reasons for this may be differences in
study design, age of participants, dictary regimens, etc.,
that have masked Pi abnormalities. In a more recent
report, fractional Pi excretion in calcium phosphate and
calcium oxalate stone patients, calculated for 24-h urine
collected from patients on a free home diet, was signif-
icantly higher (on average 54%) than in non-stone-
forming controls [13]. In another report focusing on Pi
in calcium stones, Pi was not mentioned among the
substances excreted in daily urine of urolithiasis patients
[31]. Exaggerated Pi loss via the urine should theoreti-
cally constitute a risk factor for higher urine supersat-
uration with calcium phosphate, homogeneous calcium
phosphate nucleation and, possibly, heterogeneous nu-
cleation of calcium oxalate [28]. The achieved degree of
supersaturation for acid calcium phosphate was insuffi-
cient for inducing homogeneous nucleation (Table 3).
Also, our work failed to detect differences in urinary
pH (Table 2), allowing us to rule out the possibility that
the renal tubules reabsorbed less monovalent versus di-
valent Pi, and that a renally mediated acid-base distur-
bance was followed by enhanced Pi-uria. On the other
hand, enhanced calcium phosphate crystalluria in post-
prandial urine with an undefined state of Pi has re-
peatedly been observed [20, 51]. Therefore further work
in this area should not only include urinary pH, Pi-uria,
and calcium phosphate supersaturation, but also pyro-
phosphate, which increases with increasing Pi-uria, but
inhibits growth of crystals [5]. There are other conse-
quences of Pi losses deserving comments.

Long-term Pi losses cause Pi deficiency and, once
manifest should lead to impaired metabolism of insulin
and glucose [49], a characteristic form of osteopathy [3,
24], and hypercalciuria [15]. Several symptoms of RCU,
as found in the present work (e.g., insulin resistance,
hyperinsulinemia, higher-than-normal calciuria; Tables 2,
3 [15]) or reported by others (e.g., osteopathy [2, 55]),
would mesh with the concept of a manifest Pi deficit,
but in the absence of specific investigations on cellular
Pi interpretation needs to be cautious. While phospho-
rus malnutrition is an unlikely cause, previous work has
shown enhanced Pi-uria in idiopathic (i.e., renal plus
absorptive) and absorptive hypercalciuria, but not
normocalciuria [6, 56, 57]. Intracellular Pi deficiency in
the kidney may be followed by enhanced production of
1,25-dihydroxyvitamin D [6], which stimulates intestinal
calcium absorption thereby completing the chain of
events so far considered to apply in idiopathic hype-
rcalciuria among RCU. There is further circumstantial
evidence of low cellular Pi in RCU. Fasting Pi-uria is
low (Table 2) [34, 43, 44], fasting serum 1,25-dihy-
droxyvitamin D of normocalciuric RCU tends to be
high [46, additional unpublished data], calciuria is, on
average, higher than in non-stone-forming controls
albeit still within normal limits (Table 2) [41], hypo-
phosphatemia and calciuria in RCU patients of similar
age to those in the present study were found to be
positively correlated [56, 57], and insulin resistance of
organs has long been known to be a sign of Pi deficiency

[11]. Finally, the divergent findings of a positive corre-
lation of postprandial Pi-uria with insulin in RCU of
present work (Tables 4, 5), but a negative correlation of
the two variables in healthy controls [10, 44] strengthen
the contention that in RCU Pi is insufficiently conserved
during such periods. Unexpectedly, PTH in postpran-
dial serum of the RCU patients of trial 1 was suppressed
by the calcium content of the test meal (Fig. 1) [42],
although there was a positive association of fasting se-
rum PTH with postprandial hyperPi-uria in trial 2.
Whether this statistical linkage reflects reality or is
merely fortuitous awaits clarification from investigation
of the integrated postprandial PTH response (see also
below).

Owing to the low postprandial PTH (Fig. 1) its Pi-
uria-stimulating effect, mediated via intracellular accu-
mulation of cyclic AMP, should have been scaled down.
Cyclic AMP degradation occurs through phosphodies-
terase, but the activity of this enzyme is under partial
control of insulin-dependent intracellular messengers
such as inositol phosphate glycan [35]. Speculatively,
this pathway may be impaired in the insulin resistance
exhibited by RCU; as a result, intracellular accumula-
tion of cyclic AMP may have been paradoxically facili-
tated, as well as (apparently PTH-related) hyperPi-uria.
The existence of some PTH-insensitive mechanism for Pi
reabsorption was invoked for the first time in inherited
X-linked hypophosphatemia in humans [47]. In vitro
studies showed that the brush border-lined surface of
proximal tubules accomplishes the bulk of Pi and glu-
cose reabsorption; on the other hand, insulin is involved
in the control of Pi but not glucose reabsorption [8, 29,
55]. In the present work Pi-uria and glucosuria in RCU
do not change quantitatively in parallel (Table 2), and
multiple regression analysis revealed that glycosuria is
not a predictor of Pi-uria (Table 5); therefore, renal Pi
transport in ICU may occur at sites remote from those
for glucose. The transepithelial Pi transport, sodium-
dependent to maintain electroneutrality, necessitates an
ATP-driven sodium pump in the basolateral membrane,
a structure also equipped with a sodium-independent
outward (blood)-directed Pi transport system [29]. Sim-
ply put, impairment of the sodium pump may be fol-
lowed by uncoupling of the Pi and sodium co-transport,
decreased Pi efflux, intracellular Pi accumulation, and
subsequent arrest of Pi uptake by brush-border mem-
brane vesicles, i.e., net Pi reabsorption is diminished.
Such a sequence of events would leave open the possi-
bility of an intracellular redistribution of Pi, namely Pi
deficiency in some, but Pi accumulation in another
compartment. In a Pi-deficient compartment the avail-
ability of ATP becomes rate-limiting for enzyme acti-
vity. Formation of calcium phosphate(s), brushite
included, inside cells characterized by different ATP
content has been demonstrated [59], as well as calcium
phosphate deposition outside the tubular lumen of stone
patients [32].

Disordered blood and tissue lipids in RCU, reported
by others [58] and by us [38], can originate from over-



nutrition and malnutrition — frequent in Western and
westernized civilizations — or from malregulation of lipid
metabolism. Calcium oxalate stones of humans contain
cholesterol and phospholipids [21]. Unimpaired lipids,
especially phospholipids, of cell membranes are a pre-
requisite for the maintenance of membrane fluidity [14].
For instance, in situations with altered homeostasis
of insulin and/or lipids, such as atherosclerosis and
magnesium deficiency [9, 14, 16], membrane properties
become disintegrated. In normocalciuric RCU a cellular
magnesium deficit is detectable [37]. Thus, the high levels
of circulating lipids in the normocalciuric majority as
compared with the hypercalciuric minority of RCU, and
the fact that both calciurias exhibit hyperPi-uria, suggest
that defective membranes predominate in RCU; in
hypercalciurics this damage may be attenuated at the
cost of development of hypercalciuria. Alternatively, the
statistical linkage between lipids and stones could reflect
yet unknown pathomechanisms. In preliminary work we
found that a rise of total cholesterol may be accompa-
nied by an increase of metabolic activity of stone disease
in a subset of RCU [38].

In conclusion, we were able to demonstrate disor-
dered Pi, insulin and probably lipid metabolism in RCU
patients, irrespective of calciuria. Despite hyperPi-uria
substantially increased supersaturation of urine with
renal calcium stone-forming substances was not detect-
able. Tt is therefore suggested that cellular events leading
to insulin resistance, insulin excess, abnormal Pi and
lipid status may initiate renal stone formation at a site
remote from the tubular lumen.
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