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1 Co-administration of the calcineurin inhibitor cyclosporine and the mTOR inhibitors sirolimus or
everolimus increases the efficacy of immunosuppression after organ transplantation. However, clinical
studies showed enhancement of cyclosporine toxicity. To characterize the biochemical mechanisms
involved, we assessed the time-dependent effects of cyclosporine in combination with mTOR
inhibitors on energy production (ex vivo 31P-MRS), glucose metabolism (ex vivo 13C-MRS), and
reactive oxygen species (ROS) formation (using the fluorescent agent 20,70-dichlorofluorescein
diacetate) in perfused rat brain slices.

2 Cyclosporine alone inhibited energy production (ATP: 7579%), the Krebs cycle (4-13C-glutamate
from 1-13C-glucose: 61727%), and oxidative phosphorylation (NADþ : 62725%) after 4 h of
perfusion. After 10 h, activation of anaerobic glycolysis (3-13C-lactate: 140717%) compensated for
inhibition of mitochondrial energy production and lowered the intracellular pH. ROS formation was
increased after 4 h (285755% of untreated control), but not after 10 h. mTOR inhibitors alone
inhibited lactate production. When combined with cyclosporine, sirolimus enhanced cyclosporine-
induced inhibition of energy metabolism (ATP: 6479%) and ROS formation (367746%). Most
importantly, sirolimus inhibited cytosolic glycolysis and therefore compensation for cyclosporine-
induced ATP reduction after 10 h. In contrast to sirolimus, everolimus antagonized cyclosporine-
induced inhibition of mitochondrial energy metabolism (ATP: 9177%) and ROS formation
(170749%). The antioxidant tocopherol antagonized all cyclosporine effects on cell metabolism.

3 Cyclosporine time-dependently inhibited mitochondrial metabolism and increased ROS, followed
by compensation involving anaerobic glycolysis. Everolimus antagonized cyclosporine-induced
mitochondrial dysfunction, whereas sirolimus inhibited compensatory anaerobic glycolysis, thus
enhancing cyclosporine’s negative effects. ROS play the key role in mediating the negative effects of
cyclosporine on cell energy metabolism.
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Introduction

The undecapeptide cyclosporine is the basis of many im-

munosuppressive drug regimens after transplantation, and is

used in the treatment of autoimmune diseases (Kahan, 1989;

Faulds et al., 1993). Cyclosporine’s immunosuppressive

mechanism of action involves binding to its cytosolic receptor,

cyclophilin (Schreiber & Crabtree, 1992). The cyclosporine/

cyclophilin complex inhibits the activity of the Ca2þ /calmo-

dulin-regulated protein phosphatase 2B, calcineurin. Inhibi-

tion of calcineurin activity inhibits dephosphorylation of the

nuclear factor of activated T cells (NFAT) and, subsequently,

expression of several cytokines critical for a T-lymphocyte-

mediated immune response such as interleukin-2 (Schreiber &

Crabtree, 1992).

Cyclosporine has a narrow therapeutic index, and most

immunosuppressive protocols include co-administration with

other immunosuppressive agents. Recently, the macrolide

immunosuppressants sirolimus and its 40-O-(2-hydroxyethyl)

derivative everolimus have emerged as promising combination

partners for cyclosporine (Neuhaus et al., 2001; Nashan,

2002). Sirolimus and everolimus bind to FK-binding proteins

(FKBP) and the sirolimus/FKBP or the everolimus/FKBP

complex bind to mTOR, the mammalian target of rapamycin

(Gummert et al., 1999). Inhibition of mTOR arrests inter-

leukin-2 driven T-cell proliferation at the G1–S interface. Since

sirolimus and everolimus inhibit a later step of the T-cell

response than cyclosporine, combination of cyclosporine with

mTOR inhibitors results in synergistic immunosuppressive

activity (Kahan, 1997; Schuurman et al., 1997; Nashan, 2002).
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Another clinical rationale for co-administration of the

calcineurin inhibitor cyclosporine and mTOR inhibitors was

their different side effect spectra. When used alone, mTOR

inhibitors may cause myelosuppression and gastrointestinal

dysfunction (Gummert et al., 1999; Nashan, 2002), but lack

the typical side effects of calcineurin inhibitors such as

nephrotoxicity, hypertension, hepatotoxicity, and a wide range

of neurological side effects (Kahan, 1989; Gijtenbeek et al.,

1999; Bechstein, 2000; Wijdicks, 2001). The only overlap in

their adverse effects is hyperlipidemia. When co-administered

in clinical studies, surprisingly, sirolimus enhanced cyclospor-

ine toxicity, most importantly nephrotoxicity (Kahan, 2000;

Kahan & Kramer, 2001). In the salt-depleted rat, synergistic

renal dysfunction was reported for cyclosporine/sirolimus

combinations (Andoh et al., 1996; Bai et al., 2001; Podder

et al., 2001). Also, synergistic intestinal dysfunction with

sirolimus and cyclosporine at subtherapeutic concentrations

was found in the rabbit (Dias et al., 1998). In our previous

studies, we found that sirolimus and cyclosporine synergisti-

cally inhibited ATP production in vitro in rat brain slices after

3 h of perfusion, as well as in the rat brain in vivo after 6 days

of oral administration (Serkova et al., 1999; 2001). Although

structurally closely related to sirolimus, everolimus antago-

nized cyclosporine-induced inhibition of brain energy meta-

bolism in vitro as well as in vivo (Serkova et al., 2000; 2001).

However, the mechanism underlying these effects and their

time-dependency remain unknown. Cyclosporine is known to

inhibit energy production and to increase oxidative stress in

the main target organs for cyclosporine toxicity such as kidney

and liver (Aupetit et al., 1988; Wolf et al., 1997). To assess

the biochemical mechanisms underlying the enhancement of

cyclosporine toxicity by sirolimus and to compare those to

everolimus, we studied the time dependency of the effects of

the study drugs on energy production, glucose metabolism,

and formation of reactive oxygen species (ROS) in perfused rat

brain slices.

Methods

Chemicals and study drugs

Cyclosporine and sirolimus were purchased from Sigma (St

Louis, MO, U.S.A.). Everolimus was kindly provided by

Novartis Pharma AG (Basel, Switzerland). In all, 1 g l�1 of

cyclosporine and 0.1 g l�1 sirolimus and everolimus stock

solutions were prepared in acetonitrile/sulfuric acid (pH¼ 3)

80%/20% v v�1. Stock solutions were stored at �801C until

use. Water-soluble vitamin E (tocopherol) was purchased from

Sigma Chemicals (St Louis, MO, U.S.A.). Acetonitrile was

from Aldrich Chemicals (Milwaukee, WI, U.S.A.). The

fluorescent agent 20,70-dichlorofluorescein diacetate (DCFH-

DA) used for measurement of radical oxygen species (ROS)

was from Molecular Probes (Eugene, OR, U.S.A.).

Preparation of brain slices for magnetic resonance
spectroscopy (MRS) experiments

All animal protocols were reviewed and approved by the

University of California, San Francisco, and the University of

Bremen committees on animal research. Metabolically active

brain slices were prepared from 8-day-old Wistar Han rats

(from Charles River Inc., Wilmington, MA, U.S.A.). Slices

(350mm thick) were prepared from cerebrocortical regions as

described previously (Serkova et al., 1999; 2000). The vitality

of the brain slices after preparation was established and

monitored by ex vivo 31P-MRS (ATP level) and 13C-MRS

(lactate production) for 14 h in a pilot study.

For each 31P-MRS experiment, 24 cerebrocortical slices

prepared from 12 rats were pooled. Slices were perfused with

low-phosphate Krebs buffered salt solution (BSS) (95%

oxygen/5% CO2 at 371C) in a 20 mm diameter Wilmad

NMR tube (Wilmad Glass Co., Buena, NJ, U.S.A.). Brain

slices were perfused with the study drugs and their combina-

tions at the following concentrations (all n¼ 4): (I) 500mg l�1

cyclosporine; (II) 100 mg l�1 sirolimus; (III) 100 mg l�1 ever-

olimus; (IV) 500 mg l�1 cyclosporineþ 100mg l�1 sirolimus; (V)

500 mg l�1 cyclosporineþ 100 mg l�1 everolimus. Study drug

concentrations were based on previous studies systematically

evaluating the concentration dependency of their effects on cell

metabolism in rat brain slices (Serkova et al., 1999; 2000). To

evaluate the role of ROS in cyclosporine-induced metabolic

effects, brain slices were perfused with the radical scavenger

tocopherol: (VI) 500 mmol l�1 tocopherol; (VII) 500mg l�1

cyclosporineþ 500 mmol l�1 tocopherol; (VIII) 100mg l�1

sirolimusþ 500mmol l�1 tocopherol; (IX) 500mg l�1 cy-

closporineþ 100mg l�1 sirolimusþ 500 mmol l�1 tocopherol.

After an initial perfusion period of 4 h for metabolic recovery

and recording of control spectra, brain slices were perfused

with the study drugs and their combinations for 10 h.

For ex vivo 13C-MRS experiments with perfused rat brain

slices, four cerebrocortical slices from two rats were perfused

in an 8-mm diameter tube as described above. The only

difference was that the perfusion medium contained 5 mM

1-13C-labeled glucose. After stabilization for 4 h and recording

of control spectra, the immunosuppressants or their combina-

tions were added to the perfusion medium for 10 h.

MRS of perfused rat brain slices

31P-MR spectra were recorded using a Nalorac QUEST Model

4.7 T NMR instrument (Martinez, CA, U.S.A.) at a 31P-

frequency of 81 MHz in combination with standard composite

proton decoupling (CPD, WALTZ-16). The total acquisition

time for each 31P MR spectrum was 10 min (128 scans). Each

brain slice preparation was used as its own control. 31P-NMR

signal intensities of high-energy phosphates were recorded and

areas under the peak integrated using the MacFid software

(Techmag Inc., Bellair, TX, U.S.A.). In ex vivo experiments,

the peak at �10.42 p.p.m. is NADþ (at physiologically

relevant pH). For quantification of NADþ , a subintegration

algorithm was used, which allowed for complete separation of

the NADþ from the ATP signal at �10.08 p.p.m. before

integration (split integral procedure, MacFid software).

Signals were normalized based on the phosphomonoester

(PME) signal intensity. This was possible since our previous in

vivo as well as ex vivo studies showed no changes in

phosphocholine, phosphoethanolamine, and other phospholi-

pid precursors during immunosuppressant exposure (Serkova

et al., 2000; 2001). Chemical shifts were referenced to

phosphocreatine (PCr) at –2.33 p.p.m. In our experimental

setup, the intracellular pH could be calculated from the

differences of chemical shifts between intracellular inorganic

phosphate (Pi) and PCr, since the chemical shift of Pi, but not
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of PCr, is dependent on Hþ concentrations inside of the cell

(Gupta & Wittenberg, 1991). The following standard equation

was used to calculate intracellular pH (where d, in parts per

million, is the difference between chemical shifts of Pi versus

PCr):

pH ¼ 6:78 þ log
d� 3:29

5:68 � d
ð1Þ

Proton-decoupled ex vivo 13C-MRS experiments were carried

out using a 600 MHz Bruker high-resolution spectrometer at a
13C frequency of 151 MHz. D2O with trimethylsilyl propionic-

2,2,3,3,-d4 acid (TSP, 1 M) in a sealed capillary was placed in

the NMR tube to maintain the lock signal. The total

acquisition time for each 13C-MR spectrum was 20 min (512

scans). The chemical shifts were referenced to the TSP signal at

0 p.p.m. and the intensities of 13C peaks of metabolites were

normalized to the TSP signal.

Measurement of ROS

To evaluate ROS formation during exposure to the study

drugs and their combinations, four cerebrocortical slices from

two rats (8-day old) were perfused with Krebs BSS in a 20-

mm-diameter glass tube as described previously (Serkova et al.,

2002). After stabilization, immunosuppressants (final concen-

tration of cyclosporine: 500 mg l�1, sirolimus: 100 mg l�1, ever-

olimus: 100 mg l�1) and tocopherol (500 mmol l�1) were added,

alone or in combination, for 4 or 10 h. These perfusion periods

were selected based on the results of our MRS studies

described above. Brain slices perfused with 1 mM H2O2 for

30 min were used as positive controls for oxidative stress.

While being perfused with immunosuppressants for 4 or 10 h,

the slices were loaded with the fluorescent agent 20,70-
dichlorofluorescin diacetate (DCFH-DA) during the last

30 min.

After 4 or 10 h, the brain slices were weighed and

homogenized in 5 ml of ice-cold buffer solution containing

1 mg MgCl2 � 6H2O, 0.7 mg NaH2PO4 �H2O, 5 mg glucose, 1 ml

HEPES buffer, and 65 ml 100 mM CaCl2. After centrifugation

at 1000� g for 5 min, the pellets were reconstituted in 1 ml

buffer. The oxidation of intracellular DCFH to highly

fluorescent DCF (dichlorofluorescein) was measured using a

Perkin-Elmer LS50B fluorescence spectrophotometer (Perkin-

Elmer, Überlingen, Germany) (excitation wavelength: 485 nm;

emission wavelength: 525 nm) as described previously (Wang

& Joseph, 1999).

Statistical analysis

All results are reported as means7standard deviation (s.d.) for

each series of experiments. Results of the controls and brain

slices perfused with different study drugs and their combina-

tions (in vitro 1H-MRS and ROS formation experiments) were

compared using analysis of variance. Time-dependent differ-

ences in the ex vivo 31P and 13C experiments were assessed

using a general linear model with repeated-measures analysis.

Where appropriate, analysis of variance was used in combina-

tion with Scheffé’s test as post hoc test (SPSS, version 10.0,

SPSS Inc., Chicago, IL, U.S.A.).

Results

Vitality of perfused rat brain slices during perfusion
in the MR magnet

31P-MRS studies of brain slices perfused without immunosup-

pressants showed that high-energy metabolism of brain slices

remained unchanged until at least 14 h after preparation. After

4 h of metabolic recovery, areas under the resonance peaks for

all phosphorus metabolites were reproducible, with less than

5% variation during the following 10 h of perfusion (n¼ 4).

Line widths of all resonances did not change more than 2%

over the course of each experiment. After metabolic stabiliza-

tion during the first 4 h after preparation, the intracellular pH

also remained stable over 10 h (7.1970.05, n¼ 4). 13C-MRS

spectra showed an increase in the labeled C3-lactate peak, as

well as C4- and C2-glutamate during the initial 4 h. Between 4

and 14 h, intensities of the 13C signals remained stable,

indicating steady-state kinetics between synthesis and washout

of labeled metabolites from the brain tissue. Based on these

results, we allowed brain slices at 4 h of metabolic recovery to

reach a steady state before exposing them to the study drugs

and their combinations.

Time dependency of the effects of the study drugs
and their combinations on energy metabolism
of perfused rat brain slices

The following phosphorus metabolites were detectable in the
31P-MR spectra during perfusion of rat brain slices: PMEs,

intracellular inorganic phosphate (Pi), PCr, a-, b-, and g-ATP,

and NADþ (Figure 1).

Cyclosporine alone (500 mg l�1) time-dependently reduced

concentrations of ATP, PCr, and NADþ . Reduction of ATP

(Figure 2a) and PCr concentrations during exposure to

cyclosporine reached its maximum after 4 h (Table 1). After

10 h, brain slices were able to compensate for negative

cyclosporine-mediated effects on energy metabolism

(Figure 2a). The increase in ATP concentrations after 4 h

was accompanied by lowering the intracellular pH from

7.2170.09, before addition of cyclosporine, to pH

6.9870.10 after 10 h of cyclosporine perfusion (n¼ 4,

Po0.05). As shown by our 13C experiments, these compensa-

tion processes involved the activation of anaerobic glycolysis

(vide infra), resulting in 40% higher lactate production. This

explained, at least in part, the significantly lower intracellular

pH after 10 h of perfusion with cyclosporine. Cyclosporine

reduced NADþ concentrations with a slight improvement

after 10 h (Figure 2b).

The macrolide sirolimus (100 mg l�1) slightly but significantly

decreased the intracellular concentrations of ATP and PCr

during 10 h of brain slice perfusion, but had no effect on

mitochondrial NADþ concentrations (Table 1). In contrast to

cyclosporine, there was no improvement in the sirolimus-

induced reduction of high-energy phosphate concentrations

after 10 h. Also, different from cyclosporine, the intracellular

pH did not change during sirolimus exposure: 7.2670.03 after

10 h versus 7.2270.06 without sirolimus (not statistically

significant). When combined with cyclosporine (500 mg l�1

cyclosporineþ 100 mg l�1 sirolimus), the decrease in PCr,

ATP, and NADþ concentrations was enhanced in comparison

to cyclosporine alone (Figure 2). Also, there was no improve-

390 U. Christians et al Metabolic and oxidative stress by immunosuppressants

British Journal of Pharmacology vol 143 (3)



ment after 10 h (Figure 2). No significant intracellular pH

change was detected when cyclosporine and sirolimus were

combined, indicating a lack of activation of anaerobic

glycolysis (vide infra).

Although everolimus is structurally closely related to

sirolimus, addition of 100 mg l�1 everolimus to the perfused

rat brain slices did not negatively affect energy metabolism

(Table 1). Combination of cyclosporine and everolimus

(500mg l�1 cyclosporineþ 100 mg l�1 everolimus) improved the

cyclosporine-induced reduction of high-energy phosphate

metabolism during 4 h of incubation (Figure 2). After 10 h of

perfusion with cyclosporine and everolimus, there were no

changes in energy metabolism compared to untreated controls.

Interestingly, in contrast to the perfusion with cyclosporine

alone for 10 h, the intracellular pH remained unchanged,

indicating differences between the compensatory mechanisms

involved.

Assessment of 1-13C-labeled glucose metabolism
in rat brain slices

Since glucose is the major energy source in the brain, we

studied the effects of cyclosporine, sirolimus, and everolimus,

alone and in combination, on glucose metabolism using 1-13C-

labeled glucose and ex vivo 13C-MRS analysis of perfused rat

brain slices. In addition to a- and b-[1-13C]glucose at 93.0 and

96.8 p.p.m., 13C-MRS detected the following major labeled

intermediates: C3-lactate (at 21 p.p.m.) from glycolysis and

C4-glutamate (at 34.3 p.p.m.) from the Krebs cycle through

pyruvate dehydrogenase (PDH, Figure 3). Minor signals in the

ex vivo 13C-MR spectra were C2-glutamate (at 55.7 p.p.m.)

through pyruvate carboxylase, and C3-aspartate (at

52.7 p.p.m.) from the Krebs cycle.

Addition of 500 mg l�1 cyclosporine to the perfusion medium

for 4 h inhibited the production of Krebs cycle intermediates,

while lactate production remained unchanged in the first 4 h of

perfusion (Figures 3 and 4). Especially, the formation of 13C-

labeled C4-glutamate was decreased (61727%, Po0.05,

n¼ 4). After 10 h of cyclosporine perfusion, production of

C3-lactate was increased to 140% of the controls (Po0.01,

Figure 4). This went parallel with the decrease in intracellular

pH and improved energy homeostasis as observed in the 31P-

MR spectra (vide supra).

Perfusion with sirolimus or everolimus (100mg l�1) signifi-

cantly reduced glycolytic lactate production (Figure 4).

Perfusion with 500 mg l�1 cyclosporine and 100 mg l�1 siroli-

mus in combination significantly decreased glucose metabo-

lism, negatively affecting both glycolysis and Krebs cycle

(Figures 3 and 4). Inhibition of Krebs cycle and glycolysis

reached statistical significance after 4 h of perfusion (C4-

glutamate: 48737% of baseline; C3-lactate: 54714%;

Po0.05 and 0.01, respectively), and was further enhanced

after perfusion with the study drugs for 10 h (C4-glutamate:

39729% of baseline; C3-lactate: 42726%; both Po0.001).

Figure 1 Representative ex vivo 31P-MRS of perfused rat brain slices perfused with 500mg l�1 cyclosporine for 10 h. CsA,
cyclosporine; NADþ , nicotinamide adenine dinucleotide; ATP, adenosine triphosphates; PCr, phosphocreatine; Pi, intracellular
inorganic phosphate; PME, phosphomonoesthers.
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The reduction in glycolysis and Krebs cycle activity paralleled

the significant reduction of high-energy phosphate concentra-

tions. In contrast, everolimus antagonized the cyclosporine-

induced inhibition of C4-glutamate production after 4 and 10 h

(Figures 3 and 4).

ROS formation in rat brain slices after perfusion
with immunosuppressants

Perfusion of rat brain slices with hydrogen peroxide (H2O2,

1 mM, positive control) for 30 min increased ROS production

to 4137113% of untreated controls (n¼ 5, Po0.0004,

Figure 5). Perfusion of rat brain slices with 500 mg l�1

cyclosporine for 4 h resulted in an increased formation of

ROS (286755% of the controls; n¼ 5; Po0.002, Figure 5).

After 10 h of perfusion with cyclosporine, however, ROS

production decreased to 125732% of the untreated controls

(n¼ 5, not statistically significant). In comparison to the

controls, perfusion with 100mg l�1 sirolimus or everolimus for

4 h and 10 h resulted in significantly higher ROS concentra-

tions (Figure 5).

Perfusion of the brain slices with cyclosporine in combina-

tion with sirolimus yielded the highest ROS concentrations

after both 4 and 10 h (Figure 5). In contrast, the combination

of cyclosporine and everolimus showed only a tendency

towards increased ROS formation without reaching statistical

significance.

Role of ROS in the effects of the study drugs and their
combinations on cell energy metabolism

To evaluate the potential role of ROS in mediating the

negative effects of the study drugs and their combinations on

cell energy metabolism, we used the oxygen radical scavenger

tocopherol to reduce ROS concentrations. Addition of

500 mmol l�1 tocopherol to the perfusion medium (VE,

Figure 5) for 4 or for 10 h did not affect ROS concentrations

in controls perfused without the study drugs. In combination

with cyclosporine, however, tocopherol completely antago-

nized cyclosporine-induced ROS formation.

Perfusion of brain slices with 500 mmol l�1 tocopherol alone

did not affect high-energy phosphate concentrations, but

increased NADþ (132712% of the control, n¼ 4, Po0.05

after 4 h of perfusion and 128712%, n¼ 4, Po0.05 after 10 h

of perfusion). Tocopherol antagonized the cyclosporine-

induced (500mg l�1) reduction of brain energy metabolism

after 4 h of perfusion (PCr: 96712% of controls for

tocopherolþ cyclosporine versus 6979% for cyclosporine

alone; ATP: 9877% versus 7579%; NADþ : 94710% versus

62725%, all n¼ 4, Po0.01, Figure 2). Tocopherol also

protected the intracellular pH (7.2070.04, n¼ 4) after 10-h

perfusion with cyclosporine and tocopherol.

Interestingly, tocopherol did not have any effect on

sirolimus-induced decrease of PCr and ATP. On the other hand,

tocopherol antagonized cyclosporineþ sirolimus-induced

reduction of energy metabolism. In comparison to perfusion

with medium containing 500 mg l�1 cyclosporineþ
100 mg l�1 sirolimus for 10 h, addition of 500mmol l�1 toco-

pherol to the perfusion medium maintained concentrations

of PCr (8975% with tocopherol versus 54720% without),

ATP (8579% versus 5878%), and NADþ (79716%

versus 3877%, all n¼ 4, Po0.01) at a higher level. Addition

of tocopherol had no effect on high-energy phosphate

concentrations in rat brain slices perfused with everolimus or

everolimusþ cyclosporine.

Tocopherol alone did not affect glucose metabolism in the

brain slices. It partially ameliorated cyclosporine-induced

decrease in C4-glutamate after 10 h and fully prevented

cyclosporine-induced increase of lactate (Figure 4).

Discussion

While the mechanisms of cyclosporine’s immunosuppressive

action are well understood, understanding the basic biochem-

ical mechanisms resulting in cyclosporine toxicity is incomplete

Figure 2 Time dependency of the metabolic effects of cyclosporine
alone and in combination with sirolimus, everolimus, and vitamin E
on (a) ATP and (b) NADþ concentrations in perfused rat brain
slices calculated from ex vivo 31P-MRS. To facilitate visual
comparison, standard deviations are not shown. Data and standard
deviations are listed in greater detail in Table 1. CsA, cyclosporine;
NADþ , nicotinamide adenine dinucleotide; RAD, everolimus; SRL,
sirolimus; VitE, tocopherol.
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(Gummert et al., 1999). The most likely reason is that

conventional biochemical methods that have been used to

study the effect of immunosuppressants on cell metabolism

were limited to the assessment of selected biochemical path-

ways and were restricted to single pre-selected time points. In

recent years, with the development of MRS-based metabo-

Table 1 Real-time effects of immunosuppressants on relative high-energy phosphate concentrations in perfused rat brain
slices calculated from ex vivo 31P-MRS: (A) phosphocreatine/PME changes; (B) ATP/PME changes; (C) NAD+/PME
changes

CsA (%) SRL (%) RAD (%) CsA+SRL (%) CsA+RAD (%)

(A) PCr
2 h 8475* 8776* 95710 64712** 10178
4 h 6979** 8574* 10276 6077** 102712
6 h 87710 8277* 97712 62712** 9772
8 h 97712 8379* 9077 57710** 9977

10 h 9579 8179* 9973 54720** 94712

(B) ATP
2 h 8472* 9075 10476 69711** 9774
4 h 7579* 8977 11279 6479** 9177
6 h 8577* 8573* 10776 6577** 93712
8 h 88710 8074** 11575* 60712** 10978

10 h 8974 8077* 10977 5878*** 104710

(C) NAD+

2 h 5779* 10277 125712* 62712** 11174*
4 h 48725* 9877 125711* 71712* 135718*
6 h 59714* 95712 127724 61717* 10378
8 h 62712** 100714 11373* 5078*** 89712

10 h 74714** 10278 12779* 3877*** 9477

Results are given as percent from baseline (mean7s.d., n¼ 4). Significance levels: *Po0.05; **Po0.01; ***Po0.001. Rat brain slices were
perfused with 500mg l�1 cyclosporine, 100mg l�1 sirolimus, 100mg l�1 everolimus, or their combinations.
CsA, cyclosporine; NAD+, nicotinamide adenine dinucleotide; PCr, phosphocreatine; PME, phosphomonoesters; RAD, everolimus;
SRL, sirolimus.
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Figure 3 Representative ex vivo 13C-MRS of perfused rat brain
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slices. Results are given as normalized intensities of cell metabolite
13C peaks (mean7s.d.; n¼ 4). Significance levels: *Po0.01;
**Po0.001. Rat brain slices were perfused with cyclosporine
(500 mg l�1), sirolimus (100 mg l�1), everolimus (100 mg l�1), alone or
in combination, for up to 10 h. CsA, cyclosporine; Glu, glutamate;
Lac, lactate; RAD, everolimus; SRL, sirolimus; VitE, tocopherol.
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lomics approaches (Nicholson & Wilson, 2003), technology

that allows for the simultaneous assessment of all important

cellular metabolic pathways including lipid, glucose, and high-

energy phosphate metabolism has become available (Leibfritz,

1996). In our study, we took of advantage of one of the major

strengths of MRS, its noninvasiveness that allows for

monitoring real-time dynamic changes.

Time dependency of cyclosporine’s effects on cell metabo-

lism has not been studied before. As shown in our study, this

information is critical to understanding the enhancement of

the negative effects of cyclosporine on cell energy metabolism

by sirolimus.

Cyclosporine time-dependently reduced the concentrations

of Krebs cycle intermediates and inhibited mitochondrial

oxidative phosphorylation, while lactate production remained

unchanged in the first 4 h of perfusion. When perfused for

longer than 4 h, lactate concentrations increased, indicating

activation of anaerobic glycolysis. This compensatory mechan-

ism resulted in a decrease in cellular pH, reduction in ROS

concentrations, and an increase in ATP concentrations to a

level not different from baseline.

NADþ concentrations are controlled by a balance between

biosynthesis and hydrolytic breakdown. They are linked to

mitochondrial oxidative phosphorylation through mitochon-

drial redox status, oxygen radical, and ATP concentrations.

NADþ biosynthesis is ATP-dependent (Harvey et al., 1999).

NADþ is an established surrogate marker for mitochondrial

oxidative phosphorylation (Erecinska & Wilson, 1982). Our

result that NADþ concentrations were still significantly below

baseline (Table 1c) although ATP concentrations increased

10 h after cyclosporine perfusion supports our observation that

the compensation for the negative effects of cyclosporine was

driven by an extra-mitochondrial mechanism.

Activation of glycolysis as a compensatory mechanism for

the inhibition of mitochondrial metabolism by cyclosporine

may explain increased basal ganglia glucose metabolism

(Meyer, 2002) and lactic acidosis reported in cyclosporine-

treated patients (Bechstein, 2000).

Sirolimus did not affect mitochondrial energy metabolism,

as indicated by unchanged NADþ concentrations, but

inhibited cytosolic glycolysis. A negative effect of sirolimus

on aldolase activity was described previously (Wang et al.,

1996). The slight but significant reduction of high-energy

phosphates when brain slices were perfused with sirolimus was

most likely due to a decrease of the cytosolic glycolysis rates

and reduced availability of the Krebs cycle substrate acetyl-

CoA. This observation may be specific to the brain since, in

contrast to the brain, other organs can generate acetyl-CoA via

lipid metabolism. One of the most important results of our

study was that, when combined, sirolimus abolished the ability

of the cells to compensate for the cyclosporine-induced

reduction in mitochondrial energy production by activation

of glycolysis after 4 h of perfusion. This was indicated by a

reduction in lactate concentrations, unchanged intracellular

pH, and a lack of reduction in ROS concentrations (vide infra)

when slices were perfused with cyclosporine and sirolimus for

10 h.

The involvement of ROS in cyclosporine toxicodynamics is

well established (Uemoto et al., 1989; Wang & Salahudeen,

1994; Wolf et al., 1997; Parra et al., 1998; Cruz & Wolf, 2001).

Our study added two important pieces of information: (A)

compensatory mechanisms reducing the negative effects of

cyclosporine on high-energy phosphate metabolism is asso-

ciated with a reduction in ROS concentrations and (B) the

ROS scavenger tocopherol almost completely antagonizes the

negative effects of cyclosporine on cell metabolism. The

protective effect of tocopherol against cyclosporine nephro-

toxicity has been described (Parra et al., 1998), but the

metabolic pathways involved remained unknown. In our

study, addition of the antioxidant tocopherol to the cyclos-

porine-containing perfusion medium completely antagonized

the negative effects of cyclosporine on the Krebs cycle and

mitochondrial oxidative phosphorylation. This observation

confirms our hypothesis that ROS are the key to the negative

effects of cyclosporine on mitochondrial metabolism (Serkova

et al., 2002). ROS negatively affect PDH, Krebs cycle enzymes,

and oxidative phosphorylation. This explains most of the

cyclosporine-induced metabolic changes observed in this and

other studies (Serkova et al., 1999; 2000; 2001; 2002). These

studies generated evidence that ROS maintain and determine

the extent of the cyclosporine-mediated inhibition of mito-

chondrial metabolism. The fact that tocopherol can almost

completely antagonize the negative effects of cyclosporine

confirms this cause–effect relationship. Interestingly, after

10 h, the ROS concentrations in brain slices perfused with

cyclosporine were not different from the controls, while the

ROS concentrations in sirolimus or everolimus-perfused slices

remained high. We cannot explain the increased ROS

concentrations caused by sirolimus or everolimus. The ROS

in brain slices during perfusion with sirolimus or everolimus

obviously did not have a negative effect on mitochondrial

energy metabolism, as indicated by the facts that (A) both

drugs had no or less of a negative effect on mitochondrial

energy metabolism than cyclosporine, (B) NADþ concentra-

tions remained unchanged, and (C) tocopherol failed to

antagonize the negative effects of sirolimus on energy

metabolism. Everolimus even stimulated mitochondrial
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Figure 5 ROS formation in rat brain slices after 4 and 10 h of
perfusion with immunosuppressants. The values are given as
mean7s.d. (n¼ 6). Significance levels: *Po0.05; **Po0.01;
***Po0.001. Rat brain slices were perfused with cyclosporine
(500 mg l�1), everolimus (100 mg l�1), sirolimus (100 mg l�1), and/or
tocopherol (500 mmol l�1). The fluorescent agent DCF was added for
the last 30 min. Slices perfused with 1 mM H2O2 for 30 min served
as positive controls. CsA, cyclosporine; RAD, everolimus; SRL,
sirolimus, VitE, tocopherol.
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metabolism. The quantification of ROS formation using a

DCF-based assay did not allow for differentiation of ROS

concentrations in different cell compartments. A possible

explanation is that ROS generated during perfusion with

cyclosporine were located in the mitochondria, while those

generated during perfusion with sirolimus or everolimus were

in a different cell compartment. When combined with

cyclosporine, sirolimus prevented the decrease of ROS

concentrations after 10 h. Tocopherol antagonized the negative

effects on energy metabolism when cyclosporine and sirolimus

were combined, again indicating the key role of ROS in the

enhancement of the cyclosporine-mediated negative effects on

energy metabolism by sirolimus. When everolimus was

combined with cyclosporine, no significant change in mito-

chondrial energy production or ROS formation was found

in brain slices after 4 and 10 h. The protective effects of

everolimus against the negative effects of cyclosporine on

mitochondrial metabolism are different from those of toco-

pherol since everolimus itself rather increases than reduces

ROS concentrations. Like sirolimus, everolimus inhibited

anaerobic glycolysis. However, in contrast to sirolimus, in all

of our studies, everolimus antagonized the negative effects of

cyclosporine on cell energy metabolism (Figure 2) (Serkova

et al., 2000; 2001). We found that one of the major differences

is that everolimus, but not sirolimus, can cross the mitochon-

drial membrane at the tested concentrations. Also, everolimus

reduced, while sirolimus enhanced, the distribution of cyclos-

porine into mitochondria (Table 2) (Serkova et al., 2001).

Interestingly, several clinical studies showed enhancement of

cyclosporine toxicity by everolimus. While everolimus/cyclo-

sporine trough blood concentration ratios targeted in these

clinical studies ranged from 1 : 10 to 1 : 25 (Kovarik et al., 2001;

2002; Nashan, 2002), concentration ratios in our studies were

only 1 : 3.3 or 1 : 5 (Serkova et al., 2000; 2001). Our results

indicate that everolimus, in contrast to sirolimus, has the

potential to antagonize cyclosporine toxicity through a yet

unidentified mechanism. However, the cyclosporine/everoli-

mus dose and blood concentration ratios seem critical

(Serkova & Christians, 2003).

In this study, we chose rat brain slices as a model to study

the time-dependent effects of cyclosporine and mTOR

inhibitors on cell metabolism to be able to compare our

results with our previous studies using the same model

(Serkova et al., 1999; 2000; 2002). Based on the results of

our previous studies, we also knew that cyclosporine and

mTOR inhibitors mainly affect glucose metabolism. Due to

the almost exclusive use of glucose as an energy substrate, the

brain allowed us to study the effect of the study drugs on cell

metabolism without interference by lipid metabolism. How-

ever, the clinically most important organ of cyclosporine

toxicity in combination with mTOR inhibitors is the kidney.

We have meanwhile extended our studies to the kidney and

first results showed that the effects of cyclosporine on cell

biochemistry described here can be translated to the kidney

(Serkova et al., 2003).

In summary, our study showed (A) that the effects of

cyclosporine on cell metabolism are time-dependent, with

initial inhibition of mitochondrial glucose and high-energy

phosphate metabolism and, after several hours, activation of

anaerobic glycolysis to compensate for the inhibition of

mitochondrial production of high-energy phosphates, (B) that

ROS play a key role in the negative effects of cyclosporine on

mitochondrial glucose metabolism and oxidative phosphoryla-

tion, and that decrease of ROS concentration can antagonize

the negative effects of cyclosporine on mitochondrial metabo-

lism, (C) that sirolimus inhibited anaerobic glycolysis and

therefore the main mechanism used by the cells to compensate

for cyclosporine-induced inhibition of mitochondrial energy

metabolism, thus enhancing the negative effects of cyclospor-

ine on cell energy metabolism, and (D) that everolimus has the

potential to antagonize the negative effects of cyclosporine on

mitochondrial metabolism (Table 2).
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