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Long-term calcineurin inhibition and
magnesium balance after
renal transplantation

Abstract Regulation of magnesium
balance is achieved by a steady-state
mechanism in which intake and
output are maintained at an equal
level. Dietary magnesium intake,
total and ionized plasma magnesium
levels, and urinary magnesium were
assessed in 46 renal transplant re-
cipients treated with cyclosporine,
nine transplant recipients who had
never been on cyclosporine, and 31
healthy volunteers. Dietary magne-
sium intake [13.5 (11.0-15.1) mmol/
day vs 13.0 (11.1-16.0) mmol/day
and 13.7 (11.4-16.7) mmol/day, re-
spectively; median and interquartile
range] and urinary magnesium ex-
cretion [4.31 (3.57-5.89) vs 4.39
(3.56-6.02) and 5.01 (3.73-6.01)
mmol/day, respectively] were similar
in renal transplant recipients treated
with cyclosporine, transplant recipi-

ents who had never been on
cyclosporine, and control subjects.
Total {0.74 (0.70-0.78) vs 0.80 (0.74-
0.84) and 0.81 (0.79-0.87) mmol/1],
respectively] and ionized [0.49 (0.46—
0.52) vs 0.53 (0.50-0.58) and 0.54
(0.52-0.59) mmol/l, respectively]
plasma magnesium were significant-
ly lower in renal transplant recipi-
ents on cyclosporine than in
transplant recipients without cy-
closporine, and healthy controls.
These observations indicate a modi-
fied magnesium steady state in renal
transplant recipients treated with
cyclosporine.
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Introduction

Control of extracellular magnesium balance is achieved
by urinary excretion of the amount that is absorbed,
normally approximately one-third of nutritional mag-
nesium. There are two major mechanisms through which
hypomagnesemia can be induced: poor intestinal ab-
sorption (or low magnesium intake) and renal losses.
The normal renal response to poor intestinal magnesium
absorption or low magnesium intake is to lower mag-
nesium excretion to very low levels. Consequently, the
determination of urinary magnesium easily distinguishes
renal from non-renal causes of hypomagnesemia, uri-
nary magnesium being very low in patients with hypo-

magnesemia of extra-renal origin and inappropriately
normal or increased in those with renal magnesium loss
(1, 11, 20].

The use of the calcineurin inhibitors cyclosporine
and tacrolimus is often associated with permanent and
sometimes profound hypomagnesemia [2, 3, 4, 5, 6,
13, 14, 17]. Studies on renal handling of magnesium
have hitherto been hindered by the use of circulating
total magnesium concentration, which does not esti-
mate the ultra-filterable fraction of circulating mag-
nesium. Only recently have reliable techniques become
available for the determination of ionized magnesium,
that is, the main fraction of circulating magnesium
available for glomerular filtration {16, 20, 21]. The
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objective of this study was to assess dietary magne-
sium intake and its renal homeostasis in renal trans-
plant recipients treated with the calcineurin inhibitor
cyclosporine.

Patients and methods

Eligible for the study were the renal transplant recipients treated
with cyclosporine on regular follow-up at the Division of Neph-
rology or at the Division of Pediatric Nephrology, University of
Berne, Switzerland, who met the following criteria: stable func-
tioning allografts for more than 12 months; circulating creatinine
of less than 167 pmol/l; absent diabetes mellitus [21] (glycosylated
hemoglobin A, of less than 0.057 and fasting plasma glucose of
less than 6.10 mmol/1); no history of excessive alcohol intake [1, 11];
no treatment with any diuretic agent or supplementation with
magnesium salts; and no recent (fewer than 8 weeks) urinary tract
infection.

Forty-six patients (21 female, 25 male, aged between 16 and 76,
median 45 years) entered the study between April and October
1999. Apart from cyclosporine micro-emulsion (Sandimmun; Ne-
oral) b.i.d., the medication used for the patients is shown in Ta-
ble 1. The subjects completed a 3-day food-intake record so that we
could assess the amount of magnesium they consumed daily and
provided urine over 24 h for determination of creatinine, phos-
phate, uric acid, calcium, magnesium, sodium, potassium, and
chloride, and attended the outpatient clinic in the morning after
approximately 10-12 h of fasting. Body weight, height, sitting
blood pressure (first and fifth sound), and heart rate were mea-
sured, and venous blood specimens drawn anaerobically and
without stasis for determination of hemoglobin, whole-blood cy-
closporine, plasma creatinine, phosphate, uric acid, albumin, total
magnesium, ionized calcium and magnesium, sodium, potassium,
chloride, blood pH, and carbon dioxide pressure.

The protocol, except for the determination of cyclosporine
level, was applied in two control groups. There were nine patients
(seven female, two males aged 43 to 75, median 64 years) with renal
transplants performed before 1987 who had never been on cy-
closporine, and 31 healthy volunteers (14 female, 17 male, aged 21
to 52, median 29 years). The medication used for the renal trans-
plant recipients without cyclosporine is given in Table 1.

The study was performed in accordance with the ethical stan-
dards laid down in an appropriate version of the 2000 Declaration

Table 1 Medication other than cyclosporine b.i.d. given to 46 re-
nal transplant patients with cyclosporine and to the control group
of 9 renal transplant patients without cyclosporine. None of the 55
patients was on treatment with diuretics

Medication Patients with Patients without
cyclosporine  cyclosporine
Immunosuppressive agents
Azathioprine 22 9
Mofetil mycophenolate 1 -
Prednisone 37? gb
Cardiovascular drugs
f-adrenergic antagonists 24 6
Calcium channel blockers 22 4
Converting enzyme inhibitors 14 3
Lipid-lowering drugs 4 2
Sedatives 5 3

2Dose ranging between 0.02 and 0.30 (median 0.09) mg/kg daily
®Dose ranging between 0.13 and 0.22 (median 0.14) mg/kg daily

of Helsinki and was authorized by the hospital’s ethical committee.
Informed written consent was obtained from the participants. All
measurements were performed in duplicate. The whole-blood cy-
closporine trough level was measured by specific monoclonal flu-
orescent polarization immunoassay [22]. Hemoglobin (sodium
lauryl sulfate assay), creatinine (kinetic alkaline picrate assay), uric
acid (allantoin-uricase assay), inorganic phosphate (ammonium
molybdate reduction assay), albumin (bromocresol-purple assay),
total magnesium (xylidil-blue assay), and urinary calcium (cres-
olphthalein complexone assay) were measured colorimetrically with
an automated analyzer. Direct ion-selective electrodes were used
for the measurement of pH, carbon dioxide pressure, sodium, po-
tassium, chloride, and ionized calcium and magnesium. Ionized
magnesium was determined in silicone-free tubes (heparin 1,000
units/l) using a magnesium electrode (ETH 7025), which had been
characterized by this and other laboratories [16, 20, 21]. Dietary
magnesium intake was calculated from Swiss food-composition
tables and data obtained from the local industry, as previously
reported [16].

We used plasma and urinary creatinine levels to calculate the
glomerular filtration rate, and plasma and urinary electrolyte
concentrations and creatinine levels to calculate the fractional
clearance, using standard equations. We used urinary magnesium
(Umpg) and plasma and urinary creatinine (Pc,, Uc,) concentrations
to calculate the excretion of magnesium corrected for glomerular
filtration rate using the following equation:

UMg X PCl’
UCr

The clearance of magnesium and calcium was calculated from
their plasma ionized concentrations. The maximal tubular re-ab-
sorption of phosphate was calculated from plasma (Ppy) or urinary
(Upn) phosphate and Pc, or Uc, as follows [8]:

Poy — (UPh X Pc:)
Ucr

We used blood pH and carbon dioxide pressure to calculate
plasma bicarbonate, using the Henderson-Hasselbach equation.
The two-tailed Kruskal-Wallis test (non-parametric analysis of
variance for independent samples) with the Bonferroni adjustment
and simple regressions with the non-parametric coefficient of de-
termination 2 were used for analysis. Significance was assumed for
P values of below 0.05. The results are given as median and in-
terquartile range, which extends from the value at centile 25 to that
at centile 75 and includes half of the data points.

Results

Basal data for the group of renal transplant recipients
treated with the calcineurin inhibitor cyclosporine and
for the two control groups are shown in Table 2. The
group of transplant recipients treated with cyclosporine
was studied 1.3-14 years, median 5.0 years, after trans-
plantation; that of the transplant recipients without cy-
closporine, 13-21 years, median 17 years, after
transplantation (P <0.01). For the patients on calci-
neurin inhibition, the cyclosporine dosage was 3.6 (2.2~
4.4) mg/kg body weight daily, and the whole-blood
concentration was 135 (110-148) pg/l.

The group of renal transplant recipients given cy-
closporine and the two control groups did not signifi-
cantly differ with respect to heart rate, circulating
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Table 2 Basal data in renal transplant recipients treated with cyclosporine and in the two control groups. Results are given as median

(interquartile range)

Characteristic

With cyclosporine

Without cyclosporine

Healthy subjects

Body weight; kg

Body height; m

Blood pressure; mmHg

Heart rate; /min

Hemoglobin; g/l

Plasma albumin; g/l

Plasma creatinine; pmol/l1
Glomerular filtration rate; ml/(minx1.73 m?)
Plasma uric acid; pmol/l

Plasma phosphate; mmol/l

Plasma sodium; mmol/l

Plasma potassium; mmol/l

Plasma chloride; mmol/1

Plasma total magnesium; mmol/l
Plasma ionized magnesium; mmol/l
Plasma ionized calcium; mmol/l
Plasma bicarbonate; mmol/1

62° g55~73)
1.70° (1.60-1.76)

128 (121-143)/83° (76-87)

64 (62-70)
126° (114-137)
38° (37-40)

126° (109-138)
83° (70-98)

4159 (360-474)
1.25 (1.19-1.34)
141 (139-142)
4.294 (3.98-4.62)
105 (103-106)
0.74° (0.70-0.78)
0.49° (0.46-0.52)
1.25 (1.22-1.29)
24.5 (22.2-25.7)

70 (55-80)
1.62 (1.58-1.65)

140 (129-148)/90 (83-94)

70 (60-76)

141 (135-151)
38 (36-39)

100 (96-112)

98 (74-102)

331 (303-387)
1.28 (1.19-1.45)
140 (139-142)
4.02 (3.72-4.27)
105 (101-107)
0.80 (0.74-0.84)
0.53 (0.50-0.58)
1.27 (1.25-1.29)
25.5 (23.1-26.5)

74 (64-79)
1.81 (1.74-1.87)

120 (106-126)/71 (61-77)

62 (60-72)

144 (139-150)
43 (41-45)

92 (78-98)

123 (102-147)
256 (210-291)
1.27 (1.20-1.35)
140 (138-141)
4.0 (3.78-4.25)
104 (102-106)
0.81 (0.79-0.87)
0.54 (0.52-0.59)
1.26 (1.24-1.29)
26.4 (25.4-27.4)

2P <0.01 vs healthy subjects

5P <0.05 vs healthy subjects

°P<0.01 vs renal transplant patients without cyclosporine and
healthy subjects

sodium, phosphate and calcium, and acid-base balance.
Body weight, hemoglobin, the glomerular filtration rate,
and total and ionized magnesium were significantly
lower, and circulating creatinine, uric acid, and potas-
sium higher, in renal transplant recipients on cyclospo-
rine than in the two control groups. Blood pressure was
significantly higher, and height and plasma albumin
lower in renal transplant recipients on cyclosporine than
in healthy controls. Body height was significantly higher,
and body weight and blood pressure lower in patients
with cyclosporine than in those without.

Information on renal tubule function and dietary
magnesium is given in Table 3. Dietary magnesium in-
take and the 24-h urinary excretion of uric acid, phos-
phate, sodium, potassium, chloride, magnesium, and
calcium were not statistically different in the three study
groups. The fractional clearance of sodium, potassium,
chloride, magnesium, and calcium was significantly
higher in transplant recipients on cyclosporine than in
healthy subjects. The maximal tubular phosphate re-
absorption was significantly lower in transplant patients
on cyclosporine than in the two control groups.

In transplant recipients on cyclosporine, no signifi-
cant correlation was noted between circulating magne-
sium, either ionized or total, and the cyclosporine
dosage or concentration. Furthermore, in the three
study groups no correlation was noted between circu-
lating magnesium and circulating creatinine, glomerular
filtration rate, or age. The relationship between plasma
ionized magnesium and the urinary excretion of this ion
corrected for 1-1 glomerular filtration rate is given in
Fig. 1.

4P<0.05 vs renal transplant patients without cyclosporine and
healthy subjects
¢P <0.05 vs renal transplant patients without cyclosporine

Discussion

In contrast to other ions, magnesium is treated by the
body as an orphan: there are no known hormones that
modulate Uy, excretion, and bone, the principle reser-
voir of magnesium, does not readily exchange with cir-
culating magnesium. The inability readily to mobilize
magnesium stores means that, with negative magnesium
balance, the losses primarily come from the extracellular
fluid. Thus, circulating magnesium levels tend to fall
with negative magnesium balance, leading to a marked
reduction in Uy, excretion unless Uy, wasting is pre-
sent [1, 11, 20]. In this study, the use of cyclosporine was
associated with permanent and sometimes profound
hypomagnesemia [2, 3, 4, 5, 6, 13, 14, 17]. Furthermore,
dietary and Uy, were similar in renal transplant patients
treated with cyclosporine and in controls. It is therefore
concluded that renal losses account for the tendency
towards hypomagnesemia noted in renal transplant re-
cipients treated with this calcineurin inhibitor.

The group of healthy subjects included in this study
was younger than the groups of patients with or without
cyclosporine. It might be argued that magnesium bal-
ance varies with age, but in the present study no sig-
nificant correlation was noted between age and
magnesium balance, either in patients or in control
subjects, as previously reported for healthy subjects aged
10 to 75 years [23].

Circulating magnesium is present in three different
states: ionized, bound to albumin, or complexed to
phosphate, citrate, and other anions. The measurement
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Table 3 Renal tubule function and dietary magnesium intake in renal transplant recipients treated with cyclosporine and in the two

control groups. Results are given as median (interquartile range)

Parameter
with cyclosporine

Renal transplant recipients

Renal transplant recipients
without cyclosporine

Healthy subjects

Uric acid

Excretion; mmol/day

Fractional clearance; 102
Phosphate

Excretion; mmol/day

Maximal tubular re-absorption; mmol/l
Sodium

Excretion; mmol/day

Fractional clearance; 1072
Potassium

Excretion; mmol/day

Fractional clearance; 107
Chiloride

Excretion; mmol/day

Fractional clearance; 1072
Magnesium

Intake; mmol/day

Excretion; mmol/day

Fractional clearance; 1072
Calcium

Excretion; mmol/day

Fractional clearance; 1072

2.68 (1.99-3.72)
8.51 (6.56-11.9)

38.9 (30.8-48.3)
0.80% (0.63-0.89)

168 (129-204)
1.40% (1.12-2.03)

86 (76-121)
25.9% (19.8-37.9)

156 (127-192)
1.72% (1.45-2.53)

13.5 (11.0-15.1)
431 (3.57-5.89)
11.6** (8.77-14.5)

4.01 (2.94-4.40)
3.66%% (2.74-4.4)

278 (1.87-3.67)
10.5 (6.43-15.1)

35.7 (28.7-41.8)
0.90 (0.71-1.09)

176 (142-212)
1.40 (1.05-1.90)

92 (62-103)
21.3 (17.5-33.6)

170 (150-205)
1.83 (1.39-2.59)

13.0 (11.1-16.0)
4.39 (3.56-6.02)
7.65 (5.97-11.8)

3.83 (2.89-4.70)
3.32 (2.47-4.32)

2.8 (2.00-3.83)
7.36 (4.20-10.1)

40.6 (31.8-51.2)
0.89 (0.83-1.05)

169 (138-198)
0.91 (0.78-1.32)

86 (77-121)
18.9 (14.1-23.5)

159 (133-194)
1.24 (0.98-1.59)

13.7 (11.4-16.7)
5.01 (3.73-6.01)
6.75 (5.12-8.33)

4.19 (2.91-4.68)

2.62 (1.87-3.00)

*P<0.01, ¥**P <0.05 vs healthy subjects

4P <0.05 vs renal transplant patients without cyclosporine and healthy subjects

of total circulating magnesium does not provide an es-
timate for the fraction available for glomerular filtration
[14, 16, 20, 21]. In the present study, the key to ad-
vancing knowledge about renal magnesium handling in
transplant recipients given calcineurin antagonists was
that both total and ionized circulating magnesium were
assessed [20].

In renal transplant recipients some further causes of
hypomagnesemia deserve mention, including the use of
diuretics, diabetes mellitus, excessive alcohol intake, and
aldosteronism [1, 11, 20, 21]. In the present study, cy-
closporine patients treated with diuretics, and those with
diabetes mellitus or a history of alcohol abuse were ex-
cluded. Furthermore, we failed to disclose signs consis-
tent with aldosteronism, as indicated by plasma and
urinary potassium [19].

Renal function was moderately reduced in transplant
recipients given cyclosporine, suggesting a possible asso-
ciation between the tendency towards hypomagnesemia
and decreased renal function. No correlation between
renal function and circulating magnesium was noted in
our transplant recipients treated with cyclosporine. In
addition, the literature demonstrates that moderately re-
duced renal function slightly decreases magnesium ex-
cretion [10]. In conclusion, the present data concur with
those of the literature, demonstrating that cyclosporine
induces hypomagnesemia by mechanisms unrelated to the
glomerular filtration rate [1, 11, 20].

The present study did not address the renal site
of action and the molecular mechanism of the

pro-magnesiuric effect of calcineurin inhibitors. The
re-absorption of magnesium predominantly occurs by
para-cellular diffusion in the thick ascending loop of

70

60

50

Urinary Magnesium Excretion
pmolfl GFR

30

046 048 050 052 054 056 0.58

Plasma lonized Magnesium
mmol/|

Fig. 1 Relationship between plasma ionized magnesium and its
corrected urinary excretion in transplant recipients treated with
(circle) or without (square) cyclosporine and in healthy subjects
(diamond). The medians and the interquartile ranges are given.
Plasma ionized magnesium levels were significantly lower (P <0.01)
in transplant recipients treated with cyclosporine than in transplant
recipients without cyclosporine and in healthy subjects. The
corrected Un, excretion was not statistically different in the three
study groups (GFR glomerular filtration rate)
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Henle [1, 11]. Loop diuretics produce hypomagnesemia
but do not exacerbate the pro-magnesiuric effect of
calcineurin inhibitors, suggesting a similar site of action
[5]. These diuretics bind to the apical sodium—potassi-
um-chloride co-transporter of the thick ascending loop
of Henle and inhibit the generation of a lumen-positive
gradient, that is, the driving force for the para-cellular
re-absorption of magnesium [1, 5, 11]. Calcineurin in-
hibitors indirectly block the basolateral sodium—potas-
sium pump in the loop, a further possible cause of a
lumen-positive gradient, the aforementioned driving
force for magnesium re-absorption [5]. It has therefore
been assumed that both calcineurin inhibitors and loop
diuretics decrease the para-cellular magnesium re-ab-
sorption in the thick ascending loop of Henle by inhib-
iting the generation of a lumen-positive gradient [5].
Circulating magnesium is mostly normal in patients
lacking the apical sodium—potassium-chloride trans-
porter [11]. Hence, the assumption remains unproved
and deserves further confirmation.

This study confirms that calcineurin inhibitors impair
renal potassium excretion in renal transplant recipients.
Impaired potassium excretion induced by calcineurin
antagonists is related to some degree of hypo-aldostero-
nism and defective electrochemical driving force for po-
tassium secretion. Furthermore, these drugs decrease the
activity of the basolateral sodium-potassium pump and
that of the potassium channels in the principal cell of the
distal nephron [19]. In addition, the study confirms that
calcineurin inhibitors cause hyperuricemia. The specific
mechanisms underlying this phenomenon are unknown
[9, 15). Experimental studies demonstrate ongoing
phosphaturia in magnesium depletion. Metabolic alka-
losis and hypokalemia are further causes of renal phos-
phate leakage that were not observed in our patients.

These data, taken together with the observation that
cyclosporine does not directly influence renal phosphate
handling, support the assumption that magnesium de-
pletion accounts for the tendency towards the decreased
maximal tubular re-absorption of phosphate noted in our
renal transplant recipients given cyclosporine [12, 15].

These results have substantial implications. Magne-
sium depletion is involved in settings such as arterial
hypertension, cardiac arrhythmia, thrombosis, and ath-
erosclerosis, which occur to an increased extent among
renal transplant recipients. Apart from that, magnesium
depletion is a risk factor for cyclosporine neurotoxicity
(1, 15, 20].

We feel that the present observations document a
phenomenon of steady state. Uy, wasting caused by
cyclosporine is initially associated with excretion ex-
ceeding intake. As the plasma magnesium level falls,
the anti-magnesiuric effect of hypomagnesemia gradu-
ally lowers magnesium excretion until intake and
output are again equal. At this point, the plasma
magnesium concentration remains stable, although at
a value below normal. Correcting the hypomagnesemia
with magnesium supplements will partially remove the
stimulus to magnesinm retention, and most of the
administered magnesium will be excreted in the urine,
thereby limiting the degree to which the plasma
magnesium concentration will rise. This fact, taken
together with the poor intestinal absorption of mag-
nesium and the associated potential of magnesium to
produce diarrhea, accounts for the unsatisfactory ef-
fect of magnesium supplementation in this setting [7,
16, 18]. In conclusion, the study demonstrates that the
most important cause of hypomagnesemia in renal
transplant recipients given calcineurin antagonists is
renal [5, 6].
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