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ABSTRACT
Treatment with cyclosporine (CsA) markedly affects the renin-angiotensin-aldosterone
system in parallel with an increase in the net tubular reabsorption or a decrease in
secretion. Since tubular reabsorption is closely linked to medullary oxygen consumption,
the aim of the present study was to investigate the intrarenal oxygenation and renal
function in response to CsA. Six mini Göttingen pigs were treated with CsA (10 mg/kg/d)
for 6 months. The intrarenal oxygenation was indirectly measured as R2* obtained with a
multiecho gradient-echo magnetic resonance imaging (MRI) sequence. Single-kidney
renal blood flow (skRBF) was measured by a velocity-sensitive gradient-echo MRI
sequence. Relative single-kidney glomerular filtration rate (rskGFR) was derived from the
MRI time-activity curve in response to an intravenous bolus of Gd-DTPA (0.05 mmol/kg).
The present study showed that administration of CsA increased the medullary R2* (23.1
Hz vs 19.0 Hz, P ⫽ .002), whereas R2* was slightly increased in the renal cortex (13.3 Hz
vs 12.3 Hz, P ⫽ .012). In parallel, rskGFR increased significantly (47.2 mL/min vs 19.8
mL/min, P ⫽ .005) but skRBF was unchanged (197.6 mL/min vs 202.5 mL/min, P ⬎ .05).
The increased R2* in the renal medulla indicated that CsA augments the tubular
reabsorption of water, leading to increased oxygen consumption. The supply of oxygen to
the kidney was, however, maintained during treatment with CsA as suggested by an
unchanged renal blood flow. The increased tubular reabsorption was compensated for by
an elevated glomerular filtration rate.

C

YCLOSPORINE (CsA), introduced in the early 1980s
as a prophylaxic agent, has been successfully applied
to prevent graft rejection following transplantation. It was
first introduced to patients subjected to kidney transplantation, yielding a 1-year survival rate of 80% to 90%.1,2
Unfortunately several serious side effects of CsA treatment
have been reported, including interstitial fibrosis and tubular atrophy accompanied by a progressive decrease in renal
function.3,4 The indication for using CsA clinically has been
widened during the last decades, spanning from dermatological disorders to its paradoxical effect as a fungicide in
the treatment of immune compromised patients. Therefore,
further clinical trials and animal testing are necessary to
determine both the acute and the long-term pharmacokinetic and pharmacodynamic properties of CsA. Renal graft
rejection is susceptible to both antigen-dependent and
antigen-independent factors,2 but early histology cannot
discriminate between the two conditions.5 In vitro studies

have shown that CsA increases the intracellular Ca2⫹
concentration in proximal tubular cells, mesangial cells, and
smooth vascular muscle cells,6,7 causing a subsequent increase in angiotensin II receptors.8 This effect may increase
peripheral resistance9 and be responsible for the CsA-induced
increase in systemic blood pressure. Treatment with CsA
markedly affects the renin-angiotensin-aldosterone system in
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parallel with an increase in the net tubular reabsorption or a
decrease in secretion. Since tubular reabsorption is closely
linked to medullary oxygen consumption, the aim of the
present study was to investigate the intrarenal oxygenation
in response to CsA. Blood oxygenation level-dependent
magnetic resonance imaging (MRI) offers a unique noninvasive insight in renal tissue oxygenation changes followed
by CsA treatment. Oxygen consumption in the tubules is
closely linked to water reabsorption. Thus, the aim of this
study was to investigate the long-term effect of CsA on renal
oxygenation, and secondly, to measure the effect of CsA on
renal blood flow and renal function.
MATERIALS AND METHODS
Adolescent mini Göttingen pigs (n ⫽ 8) were divided into two
groups: (1) five pigs treated with a daily oral dose of CsA (10
mg/kg/d) in a Neoral microemulsion and (2) three pigs functioning
as controls. CsA in the micro emulsion was used because of its
uniform pharmacokinetic profile virtually independent of diet and
virtually independent of liver parameters.10,11 CsA was given orally
in the diet mornings and evenings. Animals were fully anesthetized
during the experimental procedure. Premedication was performed
with stresnil (0.1 mL/kg) and dormicum (0.1 ml/kg), to hypnomidate (0.25 mL/kg) to sedate for intubation, and anesthesia was
maintained by ketalar infusion (6 to 8 mg/kg/h) and isoflurane
(0.5% to 0.75% in 1:2 O2:N2O employed with a clinically approved
MRI-compatible respirator). The study complied with the guidelines given by the local commission for experimental animal
welfare. MRI was performed at baseline and at 5, 10, 15, 20, and 25
weeks after CsA treatment initiation using a Philips 1.5 T Gyroscan
clinical system with a cardiac synergy-coil. The intrarenal oxygenation was indirectly measured from measurements of the R2* value
using a multiecho gradient-echo sequence in the coronal plane,12,13
where R2* was defined as being the slope of the In(signal intensity)
versus echo times curve and has shown to linearly correlate with the
partial pressure of oxygen (pO2) levels in renal tissue.13 Single
kidney renal blood flow (skRBF) was measured by a velocitysensitive gradient-echo sequence in the sagittal plane.14 Renal
volume was derived from a multislice gradient-echo sequence,
followed by measurement of the time-activity curve in response to
an intravenous bolus of Gd-DTPA bolus (0.05 mmol/kg). Relative
single kidney glomerular filtration rate (rskGFR) was then estimated from the residual function derived after deconvolating an
arterial input function with the glomerular (cortical) response
curve as described by Pedersen et al.15 Differences between baseline and week 25 data were statistically evaluated using a paired
Students t test.

RESULTS

Cortical and medullar R2* values, skRBF and rskGFR, for
the CsA-treated group and the control group are presented
in Table 1. Comparing baseline (week 0) and end data
(week 25) revealed that administration of CsA increased
medullary R2* (23.1 Hz vs 19.0 Hz, P ⫽ .002). Likewise,
CsA increased cortical R2* (13.3 Hz vs 12.3 Hz, P ⫽ .012).
skRBF remained unchanged during the entire period (197.6
mL/min vs 202.5 mL/min, P ⬎ .05), whereas rskGFR
increased significantly in the CsA group (47.2 mL/min vs
19.8 mL/min, P ⫽ .005) in comparison to the control group
(30.2 mL/min vs 20.2 mL/min, P ⬎ .05).
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Table 1. Mean Values of R2*, rskGFR, and skRBF During 0 to
25 Weeks of CsA Treatment
Mean Values

Cortical R2*
CsA
Control
Medullary R2*
CsA
Control
rskGFR (mL/min)
CsA
Control
skRBF (mL/min)
CsA
Control

Week
0

Week
5

Week
10

Week
15

Week
20

Week
25

12.3
11.9

12.5
13.1

13.3
NA

13.2
12.0

13.7
12.2

13.3
12.6

19.0
18.1

21.8
18.7

22.1
NA

23.1
18.7

23.4
19.2

23.1
19.1

19.8
22.6

20.2
34.3

23.5
NA

37.6
37.0

41.8
33.7

47.2
30.5

202.5
207.6

171.4
206.8

165.5
NA

185.8
211.7

189.4
215.3

197.6
219.5

All measurements were conducted with MRI.

DISCUSSION

The present study demonstrated that long-term treatment
with CsA produces marked changes in the renal oxygenation and handling of blood. The significantly increased
medully R2* is likely explained by an increased oxygen
consumption in this part of the kidney, which is explained
by an augmented tubular reabsorption of water. The indicated increased water reabsorption could be compensated
for by an elevated rskGFR as demonstrated. Notably the
oxygen supply was considered constant during the experimental period as indicated by an unchanged skRBF, supporting the view that a change in oxygenation may be the
result of a change in renal work. The observed increase in
rskGFR is not in accordance to the majority of previous
CsA studies,2,16,17 although they have shown divergent
results. CsA-induced renophysiological changes have furthermore been shown to differ among species.2,18 –20 Comparably, hyperfiltration is occasionally seen in diabetic
patients and animals prior to kidney damage,21–23 which
raises the question about what would have happened beyond our experimental period of 25 weeks. Another important aspect is attributed to the administered concentration
of CsA. The current study evaluated the long-term effect
following 10 mg/kg/d dosage of CsA. In clinics graft recipients are usually treated with a steady-state dosage of 10 to
15 mg/kg/d CsA in the neoral emulsion. It should, however,
be noted that we have observed severe renal damage using
a CsA dosage of 30 mg/kg/d. Measurements in the present
study were performed with MRI, which is known to be a
well-proven modality for renal description. However, our
findings were derived using analytical methods yet to be
implemented into the clinics, and further experimental
studies should reveal their precision as compared with
conventional techniques (ultrasonography and radionuclides). One important aspect is the fact that calculated
rskGFR may not be exactly equivalent to the glomerular
filtration rate measured by inulin clearance.
In conclusion, the current study revealed some important
renophysiological consequences of CsA on the kidney,
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which may be potentially important in further long-term
studies. Nonetheless, further experiments seem necessary
for an in-depth description of the complete array of renal
effects following administration of CsA.
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