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The role played by long chain fatty acids (LCFA) in promoting
energy expenditure is confounded by their dual function as sub-
strates for oxidation and as putative classic uncouplers of mito-
chondrial oxidative phosphorylation. LCFA analogs of the
MEDICA (MEthyl-substituted DICarboxylic Acids) series are
neither esterified into lipids nor �-oxidized and may thus sim-
ulate the uncoupling activity of natural LCFA in vivo, indepen-
dently of their substrate role. Treatment of rats or cell lines with
MEDICA analogs results in low conductance gating of themito-
chondrial permeability transition pore (PTP), with 10–40%
decrease in the inner mitochondrial membrane potential. PTP
gating by MEDICA analogs is accounted for by inhibition of
Raf1 expression and kinase activity, resulting in suppression of
the MAPK/RSK1 and the adenylate cyclase/PKA transduction
pathways. Suppression of RSK1 and PKA results in a decrease in
phosphorylation of their respective downstream targets, Bad-
(Ser-112) and Bad(Ser-155). Decrease in Bad(Ser-112, Ser-155)
phosphorylation results in increased binding of Bad to mito-
chondrial Bcl2 with concomitant displacement of Bax, followed
by PTP gating induced by free mitochondrial Bax. Low conduc-
tance PTP gating by LCFA/MEDICAmay account for their thy-
romimetic calorigenic activity in vivo.

Uncoupling of mitochondrial oxidative phosphorylation by
long chain fatty acids (LCFA)3 has been extensively verified in
isolatedmitochondria and reported to result in increasedmito-
chondrial state 4 respiration and decreased P/O ratio of state 3.
Mitochondrial uncoupling by LCFA has been ascribed to their
protonophoric activity, mediated by fatty acids crossing the

mitochondrial inner membrane in their protonated form fol-
lowed by efflux of the fatty acid anion through anion channels
(Ref. 1; reviewed in Ref. 2). Mitochondrial uncoupling by LCFA
in isolated mitochondria has been further reported to be partly
abrogated by cyclosporin A (CsA), indicating gating of the
mitochondrial permeability transition pore (PTP) (Refs. 3, 4
and references therein). Low conductance PTP gating (LC-
PTP) may allow for passage of ions �300 Da across the inner
mitochondrial membrane, resulting in restrained uncoupling
and thermogenesis (4–8), while high conductance PTP gating
(HC-PTP)may result in passage of solutes up to 1500 Da, mito-
chondrial swelling, cytochrome c efflux, formation of a func-
tional apoptosome, and apoptosis (9–11).
In contrast to the well reported uncoupling effect of LCFA in

isolated mitochondria, their uncoupling activity in vivo is still
unresolved. Fatty acids are well known to stimulate respiration
of isolated hepatocytes and of perfused liver and heart. How-
ever, it remains disputed whether stimulation of respiration by
fatty acids in vivo is accounted for by their intrinsic mitochon-
drial uncoupling activity, or due to their availability as sub-
strates for oxidation, combined with stimulation of extramito-
chondrial ATP-consuming reactions. Indeed, increased oxygen
consumption induced by fatty acids in the perfused liver or in
isolated liver cells has been reported to be essentially or partly
eliminated upon blocking oxidative phosphorylation by added
oligomycin or atractyloside, thus refuting classicmitochondrial
uncoupling (12–15). Furthermore, inner mitochondrial mem-
brane potentialmeasured in isolated hepatocytes, or phosphor-
ylation potential measured in situ in the perfused heart were
found to be unaffected or rather increased by added fatty acids.
Hence, mitochondrial uncoupling by LCFA in vivo is still unre-
solved, being confounded by their dual role as substrates for
oxidation and as putative genuine uncouplers of mitochondrial
oxidative phosphorylation.
Hexadecanedioic acids, tetramethyl-substituted in the

��� or ��� carbons (MEDICA (M) analogs M�� or M��
(16): HOOC-C(��)-C(��)-(CH2)10-C(�)-C(�)-COOH) may
dissociate between the substrate role and the putative uncou-
pling activity of LCFA. MEDICA analogs may be thioesterified
endogenously into their respective mono-acyl-CoA thioesters,
as verified both in vivo and in cultured cells (17). However,
MEDICA analogs are not esterified into lipids, whereas the
methyl substitutions at the ��� or ��� positions block �-oxida-
tion. ATP-dependent CoA thioesterification of MEDICA ana-
logs to yield MEDICA-CoA does not result in sequestration of
cellular CoA and does not limit CoA thioesterification of
endogenous LCFA, as previously verified by profiling the con-
tent of liver acyl-CoAs in animals and cell cultures (17). Analogs
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of the MEDICA series and their respective CoA thioesters may
thus simulate the in vivomode of action of natural LCFA under
conditions where respiration of the putative uncoupler does
not confound its inherent uncoupling activity. Indeed, treat-
ment of lean rats with MEDICA analogs results in pronounced
increase in oxygen consumption accompanied by decrease in
liver mitochondrial phosphate potential and cytosolic redox
potential, thus reflecting mitochondrial uncoupling in vivo
(18). Furthermore, treatment of obese leptin receptor-deficient
rats (e.g. Zucker, cp/cp) with MEDICA analogs results in in-
crease in oxygen consumption and food consumption with
concomitant decrease in weight gain, implying increased total
body energy expenditure (19, 20).
The uncouplingmode of action ofMEDICA analogs has pre-

viously been studied in isolated liver and heart mitochondria as
well as in freshly isolated hepatocytes and adipocytes. Under
Ca�2-free conditions, MEDICA analogs induced a saturable,
oligomycin-insensitive, atractylate-sensitive, 30% decrease in
basal (state 4), succinate-driven (state 3), or ATP-driven mito-
chondrial membrane potential, proton gradient and proton
motive force, with concomitant increase in oxygen consump-
tion (21, 22). Similarly, MEDICA analogs were found to induce
uncoupling protein 1 (UCP1)-mediated increase in oxygen

consumption of cultured brown fat adipocytes (23). Further-
more, in line with PTP gating by LCFA (reviewed in Refs. 3, 4
and references therein),MEDICAanalogswere found to induce
Ca�2-dependent, CsA-sensitive decrease in mitochondrial
membrane potential in isolated mitochondria, implying PTP
gating byMEDICA analogs in vitro (22). In this report, we have
dissected the mode of action of MEDICA analogs in inducing
PTP gating in vivo. PTP gating byMEDICA analogs in vivowas
found to be apparently similar to that of thyroid hormone (T3)
(24, 25).

EXPERIMENTAL PROCEDURES

Animals—Male albino rats, weighing 150–180 � g, were fed
a standard laboratory chow diet (diet 19520, Koffolk, Israel).
Animals were treated by gavage once daily with MEDICA ana-
logs suspended in 1% carboxyl methyl cellulose, as indicated.
Control animals were treatedwith the vehicle only. Fed animals
from all groups were killed between 900 a.m. and 1100 a.m.
by injection of 0.1 ml/100 � g of body weight of a mixture
containing 85 mg/ml ketamine and 3 mg/ml xylazine. Ani-
mal care and experimental procedures were in accordance
with guidelines of the accredited animal ethics committee of
the Hebrew University.

FIGURE 1. Mitochondrial PTP gating induced by M analogs in Jurkat cells. A, percent TMRM fluorescence intensity of Jurkat cells incubated with increasing
M concentrations as indicated. The mean TMRM fluorescence intensity of non-treated Jurkat cells is defined as 100%. Values are mean � S.E. of three
independent experiments. *, significant as compared with non-treated cells (p � 0.05). Inset: representative histogram of cells treated with 0 (a), 100 �M (b), 140
�M (c), or 200 �M of added M (d). B, percent TMRM fluorescence intensity of M-treated Jurkat cells, in the absence or presence of 6.0 �g/ml CsA or 1.0 �M SfA
added 1 h prior to TMRM measurement, as indicated. The mean TMRM fluorescence intensity of non-treated Jurkat cells is defined as 100%. Values are mean �
S.E. of three independent experiments. *, significant as compared with non-treated controls (p � 0.05). Inset: representative histogram of non-treated cells (a),
M-treated cells (b), and M-treated cells in the presence of added CsA (c).
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Cultured Cells—Jurkat cells were cultured in RPMI 1640, 10
mM HEPES, 2.2 mM glutamine, 100 units of penicillin-strepto-
mycin/ml, supplemented with 10% fetal calf serum (Biological
Industries, Beit Haemek, Israel). Unless otherwise specified,
MEDICA effects in Jurkat cells were verified by culturing the
cells with 150�MM�� orM�� for 24 h.One-half volume of the
Jurkat culture medium was replaced every other day. HeLa and
COS-1 cells were cultured in Dulbecco’s modified Eagle’s
medium, 1.1 mM glutamine, 100 units of penicillin/ml, and 0.1
mg of streptomycin/ml medium, supplemented with 10% fetal
calf serum (Biological Industries). Unless otherwise specified,
MEDICA effects in HeLa or COS-1 cells were verified by cul-
turing the cells with 250 �M M�� or M�� for 24 h.
Mitochondria Isolation—Rat liver mitochondria were iso-

lated as previously described (22). Livers were homogenized in
buffer A, containing 300mM sucrose, 20mMTris-HCl (pH 7.4),
2mM EGTA, 0.1�g/ml phenylmethylsulfonyl fluoride, 1�g/ml
leupeptin, 0.7 �g/ml pepstatin, 200 �M sodium orthovanadate,
and 1 mM �-glycerol phosphate, followed by centrifugation at
1,100 � g for 10 min at 4 °C. The supernatant was filtered
through gauze and centrifuged at 1,100 � g for 10 min at 4 °C,
followed by precipitating the crude mitochondrial fraction at
10,800 � g for 10 min at 4 °C. The mitochondrial fraction was
resuspended in buffer A and re-precipitated.
For isolatingmitochondria of Jurkat cells, 60� 106 cells were

harvested by centrifugation at 1,000 � g for 2 min at 4 °C. Cell
pellets were washed twice with cold phosphate-buffered saline
and resuspended in 1 ml of buffer B, containing 250 mM su-
crose, 20 mM HEPES-KOH (pH 7.4), 10 mM KCl, 1.5 mM

MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM

phenylmethylsulfonyl fluoride, 200 �M sodium orthovana-
date, 40 nM bis-peroxo(1,10-phenanthroline)oxovana-
date(V) (Calbiochem #203695), 0.1 �g/ml okadaic acid, and
1 �g/ml protease inhibitor mix (Sigma-Aldrich). The cells
were incubated on ice for 5 min and then homogenized on
ice using Teflon pestle. The homogenate was centrifuged at
750 � g for 10 min at 4 °C to remove nuclei and cell frag-
ments, followed by 10,000 � g for 20 min at 4 °C to yield the
crude mitochondrial fraction.
Mitochondria and Cell Extracts—Mitochondrial extracts

were prepared by dissolving respective mitochondrial fractions
in lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 1% Triton X-100, 60 mM octyl-�-D-glucopyranoside
(O-8001, Sigma-Aldrich), 200 �M sodium orthovanadate, 50
mM NaF, 1 mM phenylmethylsulfonyl fluoride, 0.1 �g/ml oka-
daic acid, 40 nM bis-peroxo(1,10-phenanthroline)oxovana-
date(V), 1 mM �-glycerol phosphate, and 1.0 �g/ml protease
inhibitormix (Sigma-Aldrich). Total cellular extracts were pre-

FIGURE 2. Profile of liver and Jurkat mitochondrial Bcl2-family proteins
induced by M analogs. A, liver mitochondrial Bcl2 (26 kDa), Bax (21 kDa), Bak
(25 kDa), and the Bad constituent of disuccinimidyl suberate cross-linked
Bcl2/Bad heterodimer (49 kDa) of rats treated with 480 mg/kg of body weight
for 21 days. The densitometric intensity of respective Bcl2-family proteins of
non-treated animals is defined as 1.0. Values are mean � S.E. of 4 rats. *,
significant as compared with non-treated rats (p � 0.05). B, mitochondrial
Bcl2 (26 kDa) of M-treated Jurkat cells, and the Bad constituent of Bcl2-Bad
heterodimer cross-linked by disuccinimidyl suberate (49 kDa), determined by
SDS-PAGE/Western blot analysis. Cross-linked Bcl2-Bad heterodimer (49 kDa)
of mitochondrial lysates was analyzed by reacting respective blots with anti-
Bad antibody, followed by stripping with 4 M guanine thiocyanate and reacting

with anti-Bcl2 antibody. The densitometric intensity of respective
Bcl2-family proteins of non-treated Jurkat cells is defined as 1.0. Values are
mean � S.E. of three independent experiments. *, significant as compared
with non-treated cells (p � 0.05). Inset: representative blots. C, percent TMRM
fluorescence intensity of M��-treated Jurkat cells overexpressing Bcl2. The
mean TMRM fluorescence intensity of non-treated Jurkat cells is defined as
100%. Values are mean � S.E. of three independent experiments. *, signifi-
cant as compared with respective non-treated cells (p � 0.05). Histograms are
representative of non-treated (a) and M��-treated (b) wild-type (left upper
panel) and Bcl2-overexpressing (right upper panel) Jurkat cells. Inset: repre-
sentative blot of overexpressed Bcl2.
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pared by homogenizing Jurkat (1–3� 107 cells/sample) or liver
samples in 3 vol of lysis buffer by glass homogenizer or Polytron
(Brinkmann Instruments,Westbury, NY), respectively. Follow-
ing incubation in lysis buffer for 30 min at 4 °C, respective
lysates were cleared by centrifugation at 15,000 � g for 10 min,
and the supernatants were kept at (�70) °C. Protein content of

cellular andmitochondrial extractswas determined by the BCA
protein assay (23225, Pierce).
Mitochondrial Bcl2-Bad Heterodimer Analysis—Mitochon-

drial Bcl2-Bad heterodimers were analyzed as described by
Gross (26) andMikhailov (27)with slightmodifications. Briefly,
a 1-mg sample of liver or Jurkat mitochondria was dissolved in
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100 �l of modified buffer A (20 mM HEPES (pH 7.4) replacing
Tris-HCl) or in buffer B, respectively, supplemented with 2%
CHAPS and 20 mM disuccinimidyl suberate (21655, Pierce).
Samples were incubated with gentle shaking at room tempera-
ture for 30 min followed by blocking the cross-linking reaction
by addingTris-HCl (pH7.5) buffer to a final concentration of 40
mM. Samples were further incubated for additional 15 min,
cleared by centrifugation at 12,000 � g for 10 min at 4 °C, and
subjected to SDS-PAGEunder reducing conditions followed by
Western blotting.
Western Blot Analysis—Equal amounts of protein were used

in each lane forWestern blot analysis. Proteinswere resolved by
using 7–12.5% SDS-PAGE under reducing conditions (28) and
transferred onto polyvinylidene difluoride membranes (Milli-
pore, Bedford,MA) or cellulose nitrate membranes (Schleicher
& Schuell, Dassel, Germany). Blots were probed with the indi-
cated first antibody, followed by horseradish peroxidase-la-
beled second antibody. Bands were analyzed by ImageQuant
software (Molecular Devices, Sunnyvale, CA). Cross-linked
Bcl2-Bad heterodimer (49 kDa) of mitochondrial lysates was
analyzed by reacting respective blots with anti-Bad antibody,
followed by stripping with 4 M guaninethiocyanate and reacting
with anti-Bcl2 antibody.
Mitochondrial Membrane Potential (��)—Jurkat cells (1 �

106 cells per sample) were incubated in the dark at 37 °C for 60
min in RPMI 1640 medium containing 25 nM tetramethylrho-
damine methylester perchlorate (TMRM, Molecular Probes
Inc., Junction City, OR). Following incubation with TMRM the
cells were centrifuged at 1,000 � g for 2 min, the pellet was
resuspended in 400 �l of phosphate-buffered saline and then
immediately analyzed by flow cytometric scanning (FACS, FL-2
setting, 20,000 events/analysis in triplicates) using CellQuest
software (BDBiosciences,Mountain View, CA). Uncoupling by
40 �M carbonyl cyanidem-chlorophenylhydrazone was used as
positive control. Unless otherwise indicated, effects of CsA or
Sanglifherin A (SfA) on mitochondrial membrane potential
were evaluated by adding themwith the TMRMdye 1 h prior to
measuring mitochondrial TMRM.
Cellular Apoptosis—Jurkat cells (3 � 105 cells) were incu-

bated at 37 °C for 60 min in RPMI 1640 medium containing 10
�MCaspACETM FITC-VAD-FMK (G746, Promega) with addi-
tions as indicated. Following incubation with FITC-VAD-FMK
the cells were pelleted, rinsed with phosphate-buffered saline
(1000 � g for 2 min), resuspended in 300 �l of phosphate-

buffered saline containing 1 �g of propidium iodide (Sigma),
and subjected to fluorescence measurement within the
following 10 min. Cellular green (FL1; FITC-VAD-FMK) and
red (FL3; propidium iodide) fluorescence was measured by
FACScan (BD Biosciences) and analyzed using CellQuest soft-
ware (BD Biosciences).
cAMP—COS-1 cells (2 � 105 cells/well in 24-well plates) or

Jurkat cells (5–7 � 105 cells/ml in T-25 flasks) were incubated
with additions as indicated. cAMP was determined using an
enzyme immunoassay kit (RPN225, Amersham Biosciences)
according to manufacturer instructions.
Transient Transfection—COS-1 cells, cultured in Dulbecco’s

modified Eagle’s medium containing 10% fetal calf serum, were
transfected with pEGFP-Raf-1 or pEGFP-GFP expression vectors
(29) (T. Balla, Bethesda, MD), using TransIT-LT1 transfection
reagent (#MIR23090, Mirus Bio LLC). Following 6 h of trans-
fection, themediumwas replacedwith a fresh one, and the cells
were incubated for an additional 18 h to allow for the expres-
sion of transfected proteins. Transfected cells were further
incubated for 24 h in the presence of additions as indicated.
Real-time PCR—Total RNA was prepared using the TRI re-

agent (Sigma) according to manufacturer instructions. First
strand cDNAused as template was synthesized by reverse tran-
scription using oligo(dT) or random hexamers mix as primer
and the Reverse-iTMAX First Strand Kit (ABgene, Epson, UK).
Raf1, CHOP, BiP, and GADD34 expression normalized by S18
or tubulin expression was quantified by real-time PCR (Rotor
Gene RG-3000A, Australia) using SYBER green MasterMix
(Absolute Syber Green ROXMix, ABgene, Epson, UK) and the
following primers: Human Raf1, forward (5�-TTTCCTGG-
ATCATGTTCCCCT-3�) and reverse (5�-ACTTTGGTGC-
TACAGTGCTCA-3�); human CHOP, forward (5�-CAGAA-
CCAGCAGAGGTCACA-3�) and reverse (5�-AGCTGTG-
CCACTTTCCTTTC-3�); human BiP, forward (5�-CATCA-
CGCCGTCCTATGTCG-3�) and reverse (5�-CGTCAAAGA-
CCGTGTTCTCG-3�); human GADD34, forward (5�-TGAA-
AACCAGCAGTTCCCTTC-3�) and reverse (5�-CCATCTG-
CAAATTGACTTCCCTG-3�); 18 S rRNA, forward (5�-GAT-
GGGCGGCGGAAAATAG-3�) and reverse (5�-GCGTGG-
ATTCTGCATAATGGT-3�); and tubulin, forward (5�-TAG-
CAGAGATCACCAATGCC-3�) and reverse (5�-GGCA-
GCAAGCCATGTATTTA-3�).
Materials and Methods—Jurkat cells stably transfected with

pEF-puro-Bcl2 expression plasmid or with the respective

FIGURE 3. Suppression of P-Bad(Ser-155, Ser-112) by M analogs. A, P-Bad(Ser-155) of M-treated Jurkat and COS-1 cells, determined by SDS-PAGE/Western
blot analysis, in the presence or absence of 10 �M Forskolin (Fors) and 30 �M IBMX added 1 h prior to sampling, as indicated. The P-Bad(Ser-155)/Bad ratio of
extracts of non-treated controls is defined as 1.0. Values are mean � S.E. of three independent experiments. *, significant as compared with non-treated
controls (p � 0.05). #, significant as compared with Forskolin/IBMX-treated controls (p � 0.05). Inset: representative blots. B, cAMP content of Jurkat and COS-1
cells treated as described in A. The cAMP content of extracts of non-treated controls is defined as 1.0. Values are mean � S.E. of four independent experiments.
*, significant as compared with non-treated controls (p � 0.05). #, significant as compared with Forskolin/IBMX-treated controls (p � 0.05). C, percent TMRM
fluorescence intensity of M-treated Jurkat cells in the presence or absence of 500 �M Bt2cAMP added 4 h prior to sampling, as indicated. The mean TMRM
fluorescence intensity of non-treated controls is defined as 100%. Values are mean �S.E. of five independent experiments. *, significant as compared with
non-treated controls (p � 0.05). #, significant as compared with M��-treated controls (p � 0.05). Inset: representative histogram of non-treated controls (a) and
cells treated with Bt2cAMP (b), M (c), or M � Bt2cAMP (d). D, cAMP content of M-treated Jurkat cells in the presence and absence of 5 �g/ml cholera toxin (CTX)
(left ordinate, mean of two independent experiments differing by no more than 10%) or 50 ng/ml pertussis toxin (PTX) (right ordinate, mean � S.E. of three
independent experiments) added 3 h prior to sampling, as indicated. The cAMP content of extracts of non-treated controls is defined as 1.0. *, significant as
compared with non-treated controls (p � 0.05); #, significant as compared with PTX-treated controls (p � 0.05). E, Bad, P-Bad(Ser-112), ERK, and P-ERK(Y204)
of M-treated Jurkat cells, determined by SDS-PAGE/Western blot analysis, in the presence or absence of 50 nM PMA added 1 h prior to sampling. The
-Bad(Ser-112)/Bad and P-ERK(Y204)/ERK ratio of extracts of non-treated controls is defined as 1.0. Values are mean � S.E. of three independent experiments. *,
significant as compared with non-treated controls (p � 0.05); #, significant as compared with PMA-treated controls (p � 0.05). Inset: representative blots.
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empty vector (30) were from G. Hacker (Technische Universi-
tat, Munich, Germany). Rabbit anti-rat and anti-human Bcl2
(sc-492), rabbit anti-human Raf1 (sc-227), rabbit anti-human
ERK (sc-93), and mouse anti-human P-ERK1/2(Y204) (sc-7383)
antibodieswere fromSantaCruzBiotechnology (SantaCruz,CA).
Rabbit anti-human P-Bcl2(S70) (#2871), rabbit anti-human Bad
(#9292), rabbit anti-human P-Bad(Ser-155) (#9297), rabbit anti-
humanP-Bad(Ser-112) (#9291), rabbit anti-humanPARP(#9542),
and rabbit anti-human P-Raf1(S338) (#9427) antibodies were
from Cell Signaling Technology (Danvers, MA). Mouse mono-
clonal anti-�-tubulin antibody (T6074) was from Sigma-Aldrich.
Rabbit anti-rat Bax antibody was from Dr. Atan Gross
(Weizmann Institute of Science, Rehovot, Israel). Mouse
monoclonal anti-rat Bak antibody (AM04) was from Onco-
gene Research Products (San Diego, CA). Horseradish per-
oxidase-labeled anti-rabbit and anti-mouse secondary anti-
bodies were from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA). CsA and SfA were from Novartis
Pharmaceuticals (East Hanover, NJ). Forskolin, 3-isobutyl-1-
methylxanthine (IBMX), N6,2�-O-dibutyryladenosine 3�,5�-cyclic
monophosphate sodium salt (Bt2cAMP), 4-phenylbutyric acid,
propidium iodide solution, tunicamycin, thapsigargin, and
cholera toxin were from Sigma-Aldrich. Pertussis toxin was
fromCalbiochem.MEDICA analogs were synthesized as previ-
ously described (16).
Data Analysis—Statistical analysis was performed by one-

way repeated-measure analysis of variance with a Student-
Newman-Keuls test. When only two groups were compared,
significance was analyzed by paired t test.

RESULTS

PTP Gating by MEDICA Analogs—PTP gating by MEDICA
(M) analogs has been verified interchangeably for M�� and
M��, yielding essentially similar findings for both. Hence,
unless otherwise specified, results presented here forM analogs
refer to M�� (M). Treatment of Jurkat cells withM analogs for
24 h resulted in concentration-dependent 10–40% decrease in
mitochondrial membrane potential (Fig. 1A). Jurkat mitochon-
drial uncoupling by M analogs, used at concentrations of up to
150 �M for 24 h, was sensitive to CsA or SfA added together
with the TMRM dye 1 h prior to measuring mitochondrial
TMRM (Fig. 1B), implying LC-PTP gating. Full abrogation by
CsA or SfA may indicate that Jurkat mitochondrial uncoupling
by M analogs was essentially accounted for by PTP gating,
rather than by their protonophoric activity. PTP gating by M
analogs has been further verified in a variety of cell lines (e.g.
primary rat hepatocytes and COS-1 andHeLa cells), implying a
broad spectrumof PTP gating. Themicromolar concentrations
required for M-induced PTP gating reflect the high binding
affinity of M analogs to medium albumin (estimated to be
higher than 99%, independently of M�� or M�� concentra-
tions in the range of 0–0.9mM),4 (unpublished results)), result-
ing in nanomolar concentrations of the free MEDICA acid in
the culture medium at the concentrations of M analogs used
herewith.

Mitochondrial Bcl2 Family Protein Profile Induced by M
Analogs—LC-PTP gating is strongly affected by the mitochon-
drial availability of Bcl2-family proteins (25, 31; reviewed in Ref.
32), rather than the expression level of intrinsic PTP compo-
nents (e.g. adenine nucleotide translocase, voltage-dependent
anion channel, and cyclophilin D) (reviewed in Ref. 33). Hence,
PTP gating by M analogs was further evaluated by the content
and phosphorylation profile of mitochondrial Bcl2-family pro-
teins. Treatment of rats with M�� resulted in pronounced
decrease in livermitochondrial Bcl2 with concomitant increase
inmitochondrial Bax, Bak, and Bcl2-Bad heterodimer (Fig. 2A).
Similar changes in mitochondrial Bcl2-family proteins were
observed in Jurkat cells (Fig. 2B). The observed changes inmito-
chondrial Bcl2-family proteins were not accounted for by their
respective cellular contents (not shown), indicating that these
were not due to changes in their expression levels. Further-
more, overexpression of Bcl2 resulted in abrogating the
decrease in mitochondrial membrane potential induced by M
analogs (Fig. 2C), implying an essential role of mitochondrial
Bax and Bak sequestration by Bcl2 in PTP gating byM analogs.
Increase in mitochondrial free Bax and Bak induced by M

analogs, with concomitant increase in Bcl2-Bad heterodimer
(Fig. 2), may indicate displacement of Bax (and Bak) from the
Bcl2-Bax heterodimer, due to binding of non-phosphorylated
Bad(Ser-112, Ser-155) to Bcl2. In its phosphorylated form, Bad
associates with cytoplasmic 14-3-3 proteins allowing for the
survival activity of free Bcl2 (or Bcl-XL), while in its non-phos-
phorylated form, Bad is targeted to the mitochondria where it
binds Bcl2 (or Bcl-XL) with displacement of Bax or Bak (34, 35).4 J. Bar-Tana, unpublished results.

SCHEME 1. Gating of mitochondrial PTP by LCFA/MEDICA. Suppression of
Raf1 expression by LCFA/MEDICA-induced UPR is proposed to result in inhi-
bition of both the Raf1/MEK/ERK/RSK1 and the Raf1/adenylate cyclase/PKA
transduction pathways. Suppression of RSK1 and PKA may result in decreased
mitochondrial P-Bad(Ser-112) and P-Bad(Ser-155), respectively. Mitochon-
drial nonphosphorylated Bad(Ser-112, Ser-155) may bind to Bcl2 resulting in
displacement of Bax or Bak. Increased mitochondrial Bax or Bak may induce
LC-PTP gating and calorigenesis that may drift to HC-PTP gating and
apoptosis.
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Hence, PTP gating byMwas further pursued in terms of P-Bad-
(Ser-112, Ser-155).
Bad(Ser-112) and Bad(Ser-155) phosphorylation level is

determined by their respective kinases (31–35) as well as by

dephosphorylation of P-Bad(Ser-112, Ser-155) by the phospha-
tases PP2A and/or PP2B (36, 37). Jurkat mitochondrial PTP
gating by M analogs still prevailed in the presence of added
okadaic acid or FK506 (not shown), implying suppression of the
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respective protein kinase activities,
rather than activation of respective
protein phosphatases. Lack of effect
of FK506 on PTP gating by M ana-
logs is of particular interest in light
of PP2B obligatory role in LC-PTP
gating by thyroid hormone (T3),
mediated by dephosphorylation of
mitochondrial P-Bcl2(S70) by
T3-activated PP2B (25).
Suppression of P-Bad(Ser-112,

Ser-155) by M Analogs—Phosphor-
ylation of Bad(Ser-155) is preferen-
tially determined in vitro and exclu-
sively determined in vivo by PKA
(38–41), whereas phosphorylation
of Bad(Ser-112) is due to activated
RSK1 (42, 43). RSK1 may be acti-
vated in Jurkat cells by the PMA/
PKC/MAPK/RSK1 transduction
pathway (44). Hence, suppression of
P-Bad(Ser-112, Ser-155) by M ana-
logs was studied in terms of both
Bad(Ser-155) phosphorylation by
PKA as well as of Bad(Ser-112)
phosphorylation by activated RSK1.
Mitochondrial PTP gating by M

analogs was indeed accompanied by
a pronounced decrease in P-Bad-
(Ser-155) of Jurkat or COS-1 cells
(Fig. 3A). M-induced decrease in
P-Bad(Ser-155) was evident under
basal PKA conditions as well as in
the presence of added forskolin/
IBMX, implying suppression of
PKA activity. Furthermore, decrease
in mitochondrial membrane poten-
tial by M analogs was accompanied
by a pronounced decrease in cAMP
levels (Fig. 3B) and was partly abro-
gated by added Bt2cAMP (Fig. 3C),
indicating that suppression of PKA
activity by M was due to limiting
cellular cAMP.M-induced decrease
in cAMP and P-Bad(Ser-155) pre-
vailed under conditions of inhibit-
ing the phosphodiesterase by added

FIGURE 4. Suppression of Raf1 by M analogs. A, Raf1 transcript and Raf1 protein levels of M-treated Jurkat cells, determined by quantitative RT-PCR relative
to tubulin expression (left ordinate) and by SDS-PAGE/Western blot analysis relative to tubulin levels (right ordinate), respectively. Raf1 transcript and protein
levels of extracts of non-treated cells are defined as 1.0. Values are mean � S.E. of three independent experiments. *, significant as compared with non-treated
controls (p � 0.05). Inset: representative blots. B, Raf1 and P-Raf1(Ser-338) of M-treated Jurkat cells, determined by SDS-PAGE/Western blot analysis, in the
presence or absence of 50 nM PMA added 1 h prior to sampling. The P-Raf1(Ser-338)/Raf1 ratio of extracts of non-treated controls is defined as 1.0. Values are
mean � S.E. of three independent experiments. *, significant as compared with non-treated controls (p � 0.05); #, significant as compared with PMA-treated
controls (p � 0.05). Inset: representative blots. C, cAMP content of M-treated COS-1 cells, transfected with GFP-Raf1 expression vector or with the respective GFP
plasmid as indicated. Values are corrected for transfection efficiency, estimated by the percentage of GFP-expressing cells. The cAMP content of extracts of
non-treated controls is defined as 1.0. Values are mean � S.E. of four independent experiments. *, significant as compared with non-treated controls (p � 0.05).
D, P-Bad(Ser-155)/Bad ratio of M-treated COS-1 cells, transfected with GFP-Raf1 expression vector or with the respective GFP plasmid as indicated. The
P-Bad(Ser-155)/Bad ratio of extracts of non-treated controls is defined as 1.0. Values are mean � S.E. of four independent experiments. *, significant as
compared with non-treated controls (p � 0.05).

FIGURE 5. M-induced UPR. A, CHOP, GADD34, and BiP transcripts of Jurkat cells, determined by quantitative
RT-PCR relative to tubulin expression, in the absence or presence of M, 5 �g/ml tunicamycin, or 0.4 �M thap-
sigargin, as indicated. Transcripts of respective non-treated controls are defined as 1.0. Values are mean � S.E.
of three independent experiments. *, significant as compared with respective non-treated controls (p � 0.05).
B, Raf1 protein levels of M-treated Jurkat cells, determined by SDS-PAGE/Western blot analysis relative to
tubulin, in the presence or absence of 0.5 mM 4-phenylbutyric acid (PBA) added 6 h prior to M. Raf1 protein
levels of extracts of respective non-treated controls are defined as 1.0. Values are mean � S.E. of four indepen-
dent experiments. *, significant as compared with non-treated controls (p � 0.05).

PTP Gating by Fatty Acyl Analogs

6886 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 10 • MARCH 5, 2010



IBMX (Fig. 3, A and B), implying
that the decrease in cAMP levels
induced by M analogs was
accounted for by inhibition of the
adenylate cyclase activity, rather
than activation of the phosphodi-
esterase. Inhibition of the adeny-
late cyclase was maintained in the
presence of added cholera or per-
tussis toxins (Fig. 3D), indicating
that inhibition of the cyclase did
not result from targeting the G�s
or G�i transducers of the cyclase
by M analogs (Scheme 1). Con-
comitantly with suppression of
P-Bad(Ser-155), PMA-induced
P-Bad(Ser-112) and P-ERK(Y204)
were pronouncedly suppressed by
M analogs (Fig. 3E), implying sup-
pression of the MAPK/RSK1
transduction pathway.
Suppression of Raf1 by M Analogs—

Suppression of the adenylate cycla-
se/cAMP/PKA/P-Bad(Ser-155)
pathway, together with suppression
of the MAPK/RSK1/Bad(Ser-112)
pathway, implied a putative MED-
ICA target shared by both transduc-
tion pathways. Raf1 could serve as
upstream candidate target, in light
of its dual role in phosphorylating
and activating both, MEK1,2 of the
MAPK pathway (44, 45) and the
adenylate cyclase (46–52) (Scheme 1).
Raf1 transcript and protein were
indeed suppressed dose- and time-
dependently by M analogs in Jurkat
(Fig. 4A) and in a variety of other cell
lines (e.g. COS-1 and 3T3-L1) (not
shown). Furthermore, M analogs
suppressed PMA-induced as well as
basal P-Raf1(Ser-338) (Fig. 4B),
indicating inhibition of Raf1 kinase
activity (53). Hence, inhibition of
Raf1 by M analogs may be ascribed
to both suppression of Raf1 expres-
sion aswell as its kinase activity. The
role played by Raf1 as upstream tar-
get for M analogs was further veri-
fied by evaluating the cAMP levels
and P-Bad(Ser-155) in COS-1 cells
that overexpress Raf1. Overexpres-
sion of Raf1 resulted in abrogating
the decrease in cAMP (Fig. 4C) and
in P-Bad(Ser-155) (Fig. 4D), indicat-
ing that Raf1 suppression may
indeed account for LC-PTP gating
by M analogs.
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In addition tomitochondrial PTP gating, LCFAshave repeat-
edly been reported to induce the unfolded protein response
(UPR) in a variety of cell lines (54–56). Furthermore, theHSP90
chaperone of theUPRhas previously been reported to associate
with Raf1 (57), thus prompting us to evaluate a possible link
betweenUPR and suppression of Raf1 expression byManalogs.
Treatment of Jurkat cells with M analogs resulted in induction
of the UPRmarkers CHOP, GADD34, and BiP transcripts to an
extent similar to that induced by tunicamycin, but less as com-
pared with thapsigargin (Fig. 5A). Furthermore, suppression of
Raf1 expression byMwas abrogated by the chemical chaperone
4-phenylbutyric acid, previously reported to alleviate UPR (58,
59) (Fig. 5B), pointing to a causal linkage between M-induced
UPR and suppression of Raf1 expression.
MEDICA-induced Apoptosis—Saturated LCFAs have been

reported to induce high conductance (HC)-PTP gating, charac-
terized by increase in effector caspases and apoptosis (3).
Indeed, treatment of Jurkat or COS-1 cells with concentrations
ofM analogs higher than 150 and 250�M, respectively, resulted
in HC-PTP gating and apoptosis. This was verified by FITC-
VAD-FMK staining for activated caspase (Fig. 6,A and B) or by
truncated PARP (Fig. 6C). In contrast to LC-PTP induced byM
analogs, which was rescued by CsA or SfA added with the
TMRMdye prior tomeasuringmitochondrial TMRM(Fig. 1B),
apoptosis induced by high concentrations of M analogs was
partly abrogated by SfA or by forskolin/IBMX (Fig. 6, A and B),
if present throughout the incubation period with M. Similarly
to M-induced LC-PTP gating (Fig. 4D), M-induced PARP
cleavage was essentially rescued by overexpressed Raf1 (Fig.
6C), indicating that both, LC- and HC-PTP gating, induced by
M analogs may share the same transduction pathway leading
fromRaf1 inhibition to dephosphorylation of Bad(Ser-112, Ser-
155) and increase in mitochondrial free Bax, followed by Bax-
induced PTP gating.

DISCUSSION

The protonophoric and PTP gating activity of LCFA has pre-
viously been extensively verified in isolated mitochondria.
However, the uncoupling activity of LCFA in vivo remained
questionable, being confounded by their dual role as substrates
for oxidation and as putative classic uncouplers of oxidative
phosphorylation. Analogs of the MEDICA series may simulate
the in vivo mode of action of natural LCFA under conditions
where respiration of the putative uncoupler does not compro-
mise its inherent uncoupling activity. The present report dis-
sects the transduction pathway ofM analogs in gating themito-
chondrial PTP in vivo.
PTP gating by LCFA/Manalogs is proposed to be transduced

as described in Scheme 1. Suppression of Raf1 by UPR induced
by M analogs is proposed to result in suppression of the Raf1/

MEK/ERK/RSK1 and the Raf1/adenylate cyclase/cAMP/
PKA transduction pathways, resulting in decreased P-Bad-
(Ser-112) and P-Bad(Ser-155), respectively. Decrease in
P-Bad(Ser-112, Ser-155) may result in decreased binding of
Bad to 14-3-3 with a concomitant increase in its binding to
mitochondrial Bcl2 (34, 35). Bad binding to Bcl2 may result
in Bax (or Bak) displacement followed by Bax- or Bak-in-
duced PTP gating (30). Mitochondrial PTP gating by LCFA/
MEDICA may offer a unified paradigm for LCFA/MEDICA
in inducing calorigenesis or apoptosis by mitochondrial LC-
PTP or HC-PTP gating, respectively. The respective outcome
may depend on LCFA/MEDICA concentrations as well as on
additional factors thatmaydriftLC- toHC-PTPgating. Incontrast
to most previous studies that analyzed mitochondrial PTP in its
apoptotic context, this studyunderscores thephysiological aspects
ofmitochondrial PTP inmodulatingmetabolic rate. Furthermore,
the proposed role played by Bad phosphorylation in regulating
metabolic ratesmayadd to its recently reported role inmodulating
pancreatic insulin secretion beyond its apoptotic function (60).
The proposed transduction pathway conforms to the follow-

ing observations: (a) mitochondrial PTP gating by M analogs
was accompanied by an increase in CHOP, GADD34, and BiP
transcripts with a concomitant suppression of Raf1 expression.
Raf1 suppression by M was abrogated by abrogating UPR by
chemical chaperone; (b) Raf1 suppression by M analogs was
accompanied by a decrease in P-ERK1,2(Tyr-204) and in its
downstream P-Bad(Ser-112) target; (c) Raf1 suppression by M
analogs was accompanied by a decrease in cAMP/PKA and in
its downstreamP-Bad(Ser-155) target. A decrease in cAMPand
P-Bad(Ser-155) byM analogs was abrogated by overexpression
of Raf1, indicating causal linkage between suppression of Raf1
and inhibition of the adenylate cyclase; (e) PTP gating by M
analogs was partly rescued by added forskolin/IBMX or
Bt2cAMP; (f) PTP gating by M analogs was accompanied by
increase in mitochondrial Bcl2-Bad heterodimer, Bax, and Bak
andwas abrogated by overexpressing Bcl2; and (g) the proposed
transduction pathway is in line with the reported activities of
Raf1/RSK1 (reviewed in Ref. 61) and P-Bad(Ser-112, Ser-155)
(reviewed in Ref. 62) in promoting cell survival. The mode of
action of M analogs in inducing UPR as well as the mode of
suppression of Raf1 expression and kinase activity still remain
to be investigated. Preliminary profiling of UPR markers
induced by MEDICA analogs in cell lines and in vivo has indi-
cated a specific profile of UPR markers rather than an exhaus-
tive response.
Both, thyroid hormone (T3) andM analogs are calorigenic in

vivo, and the non-protonophoric mitochondrial activity of M
analogs is apparently similar to that of T3 (25). Thus, T3
induces CsA-sensitive decrease in phosphate and redox poten-

FIGURE 6. M-induced apoptosis. A, representative scattergrams of FITC-VAD-FMK and propidium iodide (PI)-bound Jurkat cells. Non-treated controls (a), cells
treated for 24 h with 200 �M of M (b), 1 �M SfA (c), or M plus SfA (d). B, relative FITC-VAD-FMK fluorescence intensity of the upper right (late apoptotic cells) plus
lower right (early apoptotic cells) quadrants of respective scattergrams. Jurkat cells were treated for 24 h with 200 �M of M, 1 �M SfA, 10 �M Forskolin (Fors), M
plus SfA, or M plus Forskolin. The mean FITC-VAD-FMK fluorescence intensity of respective non-treated controls is defined as 1. Values are mean � S.E. of three
independent experiments. *, significant as compared with respective non-treated controls (p � 0.05). C, PARP (89 kDa)/PARP (116 kDa) ratio of COS-1 cells
transfected with GFP-Raf1 plasmid or with the respective GFP plasmid and incubated for 24 h with 300 �M of M, as indicated. PARP (89 kDa)/PARP (116 kDa)
ratio of extracts of non-treated controls is defined as 1.0. Values are mean � S.E. of three independent experiments. *, significant as compared with non-treated
controls (p � 0.05).
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tials with concomitant increase in oxygen consumption in cul-
tured cells as well as in vivo (22, 24, 63–65), indicating that both
M analogs and T3 do converge onto LC/HC-PTP gating. Fur-
thermore, PTP gating by M analogs or T3 is mediated by mod-
ulating the profile of mitochondrial Bcl2-family proteins,
resulting in increase in mitochondrial free Bax (25, 31). The
concerned transduction pathways differ, however, in their
mode of promoting the dissociation of the Bcl2-Bax het-
erodimer. Thus, dissociation of the Bcl2-Bax heterodimer by
T3 is driven by dephosphorylation of Bcl2(Ser-70) by T3-acti-
vated PP2B (31), whereas dissociation of the Bcl2/Bax het-
erodimer by M analogs is driven by Bax displacement due to
binding of non-phosphorylated Bad(Ser-112, Ser-155). Indeed,
in contrast to T3 (31), PTP gating induced by M analogs
remained unaffected by added FK506. Also, in contrast to M
analogs, PTP gating by T3 was accompanied by an increase in
P-Bad(Ser-155).5 Hence, the two transduction pathways con-
verge at their downstream Bax target but diverge upstream of
the Bcl2/Bax heterodimer.
LC-PTP gating by M analogs may account for their calori-

genic activity in vivo (17, 18), and may imply a similar calori-
genic activity of natural non-esterified LCFA upon reaching
high enough intracellular concentrations in vivo. Hence, the
surprising efficacy of low carbohydrate high fat diets in coun-
teracting obesity (66) may partly be accounted for by the high
concentration of intracellular non-esterified LCFA reached
under conditions of limited insulin levels. However, in contrast
to low carbohydrate high fat diets where weight lossmay still be
compromised by the esterification of the LCFA into lipids, M
analogs are not esterified into lipids nor �-oxidized to yield
energy, thus dissociating between the substrate role of LCFA
and their mitochondrial PTP gating activity. MEDICA analogs
may thus serve the pharmacological counterpart of low carbo-
hydrate high fat diets in treating obesity.
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