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Original Article
The mTOR inhibitor sirolimus suppresses renal, hepatic,
and cardiac tissue cellular respiration
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Abstract: The purpose of this in vitro study was to develop a useful biomarker (e.g., cellular respiration, or mito-
chondrial O, consumption) for measuring activities of mTOR inhibitors. It measured the effects of commonly used
immunosuppressants (sirolimus-rapamycin, tacrolimus, and cyclosporine) on cellular respiration in target tissues
(kidney, liver, and heart) from C57BL/6 mice. The mammalian target of rapamycin (mTOR), a serine/ threonine
kinase that supports nutrient-dependent cell growth and survival, is known to control energy conversion processes
within the mitochondria. Consistently, inhibitors of mTOR (e.g., rapamycin, also known as sirolimus or Rapamune®)
have been shown to impair mitochondrial function. Inhibitors of the calcium-dependent serine/threonine phospha-
tase calcineurin (e.g., tacrolimus and cyclosporine), on the other hand, strictly prevent lymphokine production lead-
ing to a reduced T-cell function. Sirolimus (10 uM) inhibited renal (22%, P = 0.002), hepatic (39%, P < 0.001), and
cardiac (42%, P = 0.005) cellular respiration. Tacrolimus and cyclosporine had no or minimum effects on cellular
respiration in these tissues. Thus, these results clearly demonstrate that impaired cellular respiration
(bioenergetics) is a sensitive biomarker of the immunosuppressants that target mTOR.
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Introduction

The mTOR (a serine/threonine kinase) pathway
is known to regulate cellular bioenergetics (the
metabolic reactions involved in biotransforma-
tion including cellular respiration and accompa-
nying ATP synthesis) [1-3]. Repressing these
signals disturbs the metabolism of normal tis-
sue (e.g., alternations in nutrient transport/
metabolism) including feedback activation of
growth (e.g., insulin) signals [4, 5]. Inhibitors of
mTOR (e.g., sirolimus) have been developed for
treatment of various human diseases including
immune disorders (inducing suppressive effect
on the immune system) and cancer (promoting
apoptosis) [6-8]. For example, the rapamycin
derivatives temsirolimus and everolimus are
approved drugs for treatment of renal cell carci-
noma [9].

Inhibitors of calcineurin (a calcium-dependent
serine/threonine phosphatase), such as tacroli-
mus (FK-506) and cyclosporine are also com-
monly used immunosuppressants to prevent
graft rejection and to treat a variety of immune

conditions. These potent drugs block critical
signaling pathways involved in T cell-mediated
adaptive immune responses as well as myeloid
cell-mediated innate immune responses [10].
Their effects on cellular respiration (the pro-
cess of delivering nutrients and O, to the mito-
chondria, oxidation of reduced metabolic fuels,
passage of electrons to O,, and synthesis of
ATP) in cell lines and murine kidney have been
shown to be insignificant [11, 12].

This study investigated the effects of sirolimus,
tacrolimus, and cyclosporine on renal, hepatic,
and cardiac cellular respiration using murine
tissue. Its main purpose was to use cellular res-
piration as a surrogate biomarker to differenti-
ate mTOR inhibitors from other molecularly tar-
geted immunosuppressants.

Methods
Reagents and solutions

Sirolimus (rapamycin, mTOR inhibitor, m.w.
914.172; dissolved in DMSO at 5 mg/mL) and
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Figure 1. Effects of the mTOR inhibitor sirolimus on renal, hepatic, and cardiac cellular respiration. Representative runs are shown. Each run represented a speci-
men that was collected from a C57BL/6 mouse and processed immediately for measuring cellular respiration with and without the addition of 10 yM sirolimus.

Rate of respiration (k, uM O, min?) was the negative of the slope of [0,] vs. t. The values of k_(uM O, mint mg?) are shown at the bottom of each run. The lines are
linear fit.
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Table 1. Effects of the mTOR inhibitor sirolimus on cellular respira-

concentration of the drugs

tion (treated conditions) or DMSO
Drug Concentration k_(uM O, min™ mg?) Inhibition (%) P (untreated conditions) [13].
Kidney 0 0.86 +0.11 (8) - - Cellular respiration
1.0 uM 0.80 + 0.07 (8) 7 0.195
10 uM 0.67 + 0.09 (8) 22 0.002 The Pd phosphor (625 nm
Liver 0 0.59 + 0.08 (8) _ _ absorption and 800 nm emis-
1.0 uM 0.51 £ 0.07 (8) 14 0.065 Slon) was used for O, detec-
10 UM 0.34 + 0.05 (7) 39 <0001  ton [14]. The phosphores-
Heart o 0.31 + 0.06 (6 cence was detected by
ear 31 +0.06 (6) A ) Hamamatsu photomultiplier
1.0uM 0.31+0.10(4) 0 10 tube. Samples were exposed
10 uM 0.19 £ 0.05 (8) 42 0.005

to pulsed flashes (600/min).

Tissue fragments were collected from C57BL/6 mice and immediately processed for
measuring cellular respiration in RPMI with and without the designated drugs. The

values of k_are mean + SD (n).

tacrolimus (FK-506, fujimycin, calcineurin
inhibitor, m.w. 804.018; dissolved in DMSO at 5
mg/mL) were purchased from MedChem
Express, LLC (Princeton, NJ). Cyclosporine (cal-
cineurin inhibitor, m.w. 1202.61; 50 mg/mL)
was purchased from Perrigo® (Minneapolis,
MN). All compounds were stored at -20°C.

Pd(ll) complex of meso-tetra-(4-sulfonatophe-
nyl)-tetrabenzoporphyrin (Pd phosphor) was
purchased from Porphyrin Products (Logan,
UT). Pd phosphor (2.5 mg/mL = 2 mM, made in
dH,0) and Na cyanide (1.0 M) solutions were
stored at -20°C. RPMI 1640 medium and
remaining reagents were purchased from
Sigma-Aldrich (St. Louis, MO).

Mice

C57BL/6 (10 weeks old) mice were housed at
22°C, 60% humidity, and 12-h light-dark cycles.
They had ad libitum access to standard rodent
chow and filtered water. The study was approved
from the Animal Ethics Committee-College of
Medicine and Health Sciences (A29-13; in vitro
assessment of the effects of nephrotoxic drugs
and toxins on renal cellular respiration in mice).

Tissue collection and processing

Urethane (25% w/v, 100 pL per 10 g) was used
as anesthetic agent. Tissue fragments (10-20
mg) were quickly cut with a sterile scalpel
(Swann-Morton, Sheffield, England) and imme-
diately placed in the oxygen vial for measuring
cellular respiration at 37°C as described below.
The vial contained 1.0 mL RPMI, 3 uM Pd phos-
phor, 0.5% fat-free albumin, and designated
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The phosphorescence decay
rate (1/1) was exponential;
1/7 was linear with O, con-
centration: 1/1 = 1/1° +
k,[0,], 1/7 = phosphorescence decay rate with
0,, 1/1° = phosphorescence decay rate with-
out 0,, and k= second-order O, quenching
rate constant (s* uM*) [16]. The rate of respira-
tion (k, UM O, min™) was the negative of the

slope d[0,]/dt.

A program was developed using Microsoft
Visual Basic 6, Microsoft Access Database
2007, and Universal Library components
(Universal Library for Measurements Computing
Devices), which allowed direct reading from the
PCI-DAS 4020/12 1/0 Board (PCI-DAS 4020/12
I/0 Board) [17].

0, measurements were performed at 37°C in
1-mL sealed glass vials containing 1.0 mL
RPMI, 3 uM Pd phosphor solution, 0.5% fat-free
albumin, and studied drug or its vehicle. The
respiratory substrates were endogenous meta-
bolic fuels and nutrients in RPMI (e.g., glucose).
[0,] decreased linearly with time; this zero-
order process was inhibited by cyanide, con-
firming O, consumption occurred in the respira-
tory chain [12-15].

Statistical analysis

Data were analyzed on SPSS statistical pack-
age (version 19), using the nonparametric (2
independent samples) Mann-Whitney test.

Results

Figure 1 shows representative runs of cellular
mitochondrial O, consumption with and without
the mTOR inhibitor sirolimus. Each run repre-
sented a specimen that was collected from the

Int J Clin Exp Pathol 2015;8(3):2955-2962
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Figure 2. Effects of the calcineurin inhibitor tacrolimus on renal, hepatic, and cardiac cellular respiration. Representative runs are shown. Each run represented a
specimen that was collected from a C57BL/6 mouse and processed immediately for measuring cellular respiration with and without the addition of 10 uM tacro-
limus. Rate of respiration (k, UM O, min™) was the negative of the slope of [0,] vs. t. The values of k_ (UM O, min™ mg") are shown at the bottom of each run. The
lines are linear fit.
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Table 2. Effects of the calcineurin inhibitor tacrolimus on cellular

here in three vital organs (the
kidney, liver, and heart), using

the highly selective kinase

respiration
Drug Concentration k_(uM O, min™ mg?) Inhibition (%) P

Kidney 0 0.71 + 0.08 (6)

1.0 uM 0.73 £ 0.09 (4)

10 uM 0.58 £ 0.12 (8)
Liver 0 0.53 £ 0.05 (4)

10 uM 0.54 + 0.10 (8)
Heart 0 0.33 +0.08 (4)

10 uM 0.32 + 0.05 (8)

0
18

0

3

inhibitor sirolimus (rapamycin),
Table 1 and Figure 1. These

0.914 results are consistent with the
0.043 known role of mTOR in regulat-
ing energetic metabolic pro-

0.933 cesses including: cellular respi-
- ration (mitochondrial O, con-
0.927 sumption), nutrient transport,

Tissue fragments were collected from C57BL/6 mice and immediately processed
for measuring cellular respiration in RPMI with and without the designated drugs.

The values of k_are mean + SD (n).

Kidney, liver, or heart and immediately placed in
the vial for measuring cellular respiration at
37°C in RPMI with and without the addition of
sirolimus. A summary of all results is shown in
Table 1. The rate of renal cellular respiration (k.
in UM O, min* mg?, mean + SD) without addi-
tion was 0.86 + 0.11 (n = 8 mice), with the addi-
tion of 1.0 pM sirolimus was 0.80 £ 0.07 (n =8
mice, P = 0.195), and with the addition of 10
MM sirolimus was 0.67 + 0.09 (n = 8 mice, P =
0.002). Thus, sirolimus (10 uM) significantly
decreased renal cellular respiration (22%).
Consistently, sirolimus (10 uM) significantly
decreased hepatic (39%, P < 0.001) and cardi-
ac (42%, P = 0.005) cellular respiration (Table
1).

Figure 2 shows representative runs of cellular
mitochondrial O, consumption with and without
the calcineurin inhibitor tacrolimus. The experi-
ments were performed exactly as described
above. A summary of all results is shown in
Table 2. Tacrolimus (10 pM) slightly decreased
renal cellular respiration (P = 0.043). Otherwise,
the drug had no effects on hepatic (P = 0.933)
or cardiac (P = 0.927) cellular respiration (Table
2).

Figure 3 shows representative runs of cellular
mitochondrial O, consumption with and without
the calcineurin inhibitor cyclosporine. The
experiments were performed as described
above. A summary of all results is shown in
Table 3. Cyclosporine (10 uM) had no effects
onrenal (P=0.841), hepatic (P=0.933), or car-
diac (P = 0.109) cellular respiration (Table 3).

Discussion

The deleterious effects of disrupting mTOR sig-
naling on cellular respiration are demonstrated
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lipogenesis, lipolysis, and pro-
tein synthesis [1, 2]. Consis-
tently, sirolimus has been
shown to impair murine myo-
cyte respiration [3]. Inhibition of MTOR also has
been shown to activate AMP-activated protein
Kinase (catalyzes the reaction: AMP + ATP —
2ADP), resulting in improved cellular bioener-
getics (1 substrate-level phosphorylation and 1
oxidative phosphorylation) [4]. The results here
demonstrate that inhibition of cellular
respiration dominates the sirolimus biologic
effects, perhaps due to the high drug
concentration (10 uM) used in this study. It is
worth noting, however, that the 10 uM dose
was employed in order to elicit the cellular
response at a relatively brief exposure (about
one hour). Due to this experimental limitations,
it is unclear whether concentrations < 10 uyM
are inhibitory over a longer incubation time.
Inhibitors of calcineurin (tacrolimus and cyclo-
sporine), on the other hand, show no or mini-
mum effects on cellular respiration (Tables 2,
3; Figures 2, 3) [11, 12].

Activities of the rapidly emerging small mole-
cules that inhibit cellular signaling have been
linked to suppressing the metabolism [2-4, 18].
Some of these drugs are potent immunosup-
pressants, and monitoring their cytotoxicities
requires novel systems, such as the one
described here.

Suppressing effects of the mTOR inhibitor siro-
limus (Table 1), and the previously described
dual PI3K/mTOR inhibitors GSK2126458,
BEZ235, and GDC0980 [12], support the use
of cellular respiration as a surrogate biomarker
for monitoring drugs targeting mTOR. In con-
trast, other molecularly targeted agents, such
as GSK1120212 (MEK inhibitor), sorafenib/
regorafenib (multikinase inhibitors) [12], and
tacrolimus/cyclosporine (calcineurin inhibitor;
Tables 1, 2) have no or minimum effects on cel-

Int J Clin Exp Pathol 2015;8(3):2955-2962
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Figure 3. Effects of the calcineurin inhibitor cyclosporine on renal, hepatic, and cardiac cellular respiration. Representative runs are shown. Each run represented
a specimen that was collected from a C57BL/6 mouse and processed immediately for measuring cellular respiration with and without the addition of 10 uM cyclo-
sporine. Rate of respiration (k, UM O, min') was the negative of the slope of [0,] vs. t. The values of k(UM O, min® mg?) are shown at the bottom of each run. The
lines are linear fit.
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Table 3. Effects of the calcineurin inhibitor cyclosporine on cel-

lular respiration

Address correspondence to: Ali S
Alfazari, Department of Medicine,

Drug Concentration k_(uM O, min™ mg?) Inhibition (%) P

UAE University, Al-Ain 17666, Abu

- Dhabi, United Arab Emirates.
Kidney 0 0.77 £ 0.13 (5) - - ) .
E-mail: a.almelaih@uaeu.ac.ae
10 uM 0.80 £ 0.06 (4) 0 0.841
Liver 0 0.64 +£0.12 (4) - - References
10 uM 0.60 £0.13 (8) 0 0.933
Heart 0 0.48 + 0.09 (4) - - (1] La%??”t_e MI,_ Sa'iat'”: DM.
m signaling at a glance.
10 1M 0.5 £ 0.14 (8) 27 0109 J Cell Sci 2011; 122: 3589-
Tissue fragments were collected from C57BL/6 mice and immediately processed 94

for measuring cellular respiration in RPMI with and without the designated drugs.

The values of k_are mean + SD (n).

lular respiration. Thus, cellular respiration is
shown in this study to differentiate between
distinct molecularly targeted classes (mTOR
inhibition — | cellular respiration).

The mitochondria use energy derived from oxi-
dations in the respiratory chain to produce ATP
(oxidative phosphorylation). These vital organ-
elles also are responsible for releasing pro-
apoptotic molecules that trigger the caspase
cascade [19]. Caspase activation causes mito-
chondrial dysfunction [19].

In conclusion, the results show the mTOR inhib-
itor sirolimus impairs cellular respiration in vital
organs (Table 1) [12]. Inhibitors of the calcium-
dependent serine-threonine phosphatase (tac-
rolimus and cyclosporine) have no or minimum
effects on cellular respiration (Tables 2, 3).
Cellular bioenergetics is a useful biomarker for
compounds that target mTOR signals [20].
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mTOR, mammalian target of rapamycin; PI3K,
phosphoinositide 3-kinase; Pd phosphor, Pd(Il)
complex of meso-tetra-(4-sulfonatophenyl)-tet-
rabenzoporphyrin;  1/1,  phosphorescence
decay rate; k, rate of cellular respiration (uM O,
min); kc, corrected rate of cellular respiration
(MM O, min™* mg™).
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