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stimulus was unknown.

in this setting.
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(Bacl(ground: Prior experiments described the metabolic regulation of caspase-2, but the underlying caspase-2-activating

Results: Metabolomics implicated an accumulation of long-chain fatty acid (LCFA) metabolites in caspase-2 activation.
Conclusion: Caspase-2 is activated by an overabundance of saturated LCFAs and is required for cell death.
Significance: These findings provide mechanistic insight into LCFA-induced apoptosis, highlighting a novel role for caspase-2

J

The accumulation of long-chain fatty acids (LCFAs) in non-
adipose tissues results in lipid-induced cytotoxicity (or lipoapo-
ptosis). Lipoapoptosis has been proposed to play an important
role in the pathogenesis of several metabolic diseases, including
non-alcoholic fatty liver disease, diabetes mellitus, and cardio-
vascular disease. In this report, we demonstrate a novel role for
caspase-2 as an initiator of lipoapoptosis. Using a metabolomics
approach, we discovered that the activation of caspase-2, the
initiator of apoptosis in Xenopus egg extracts, is associated with
an accumulation of LCFA metabolites. Metabolic treatments
that blocked the buildup of LCFAs potently inhibited caspase-2
activation, whereas adding back an LCFA in this scenario
restored caspase activation. Extending these findings to mam-
malian cells, we show that caspase-2 was engaged and activated
in response to treatment with the saturated LCFA palmitate.
Down-regulation of caspase-2 significantly impaired cell death
induced by saturated LCFAs, suggesting that caspase-2 plays a
pivotal role in lipid-induced cytotoxicity. Together, these find-
ings reveal a previously unknown role for caspase-2 as an initi-
ator caspase in lipoapoptosis and suggest that caspase-2 may be
an attractive therapeutic target for inhibiting pathological lipid-
induced apoptosis.

During periods of overnutrition, LCFAs* accumulate to lev-
els that exceed the storage capacity of adipose tissue. As aresult,
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LCFAs become elevated in the plasma, resulting in increased
import and storage of these molecules in non-adipose tissues
(1-3). The overaccumulation of lipids in non-adipose tissues
can be toxic, resulting in chronic cellular dysfunction and ulti-
mately apoptotic cell death, a process more generally referred
to as lipoapoptosis. Lipoapoptosis can profoundly compromise
tissue function and appears to be an underlying cause of dis-
eases associated with metabolic syndrome (3-6).

LCFA-induced lipoapoptosis has been shown to occur in
many cell types, including hepatocytes, cardiomyocytes, proxi-
mal tubule cells in the kidney, and islet beta cells in the pancreas
(7-10). These cells, which specifically undergo apoptosis in
response to treatment with saturated fatty acids, display several
characteristic features of the intrinsic apoptotic pathway,
including mitochondrial permeabilization, cytochrome ¢
release, and effector caspase activation (11). Activation of this
pathway is regulated by members of the Bcl-2 family of pro-
teins, whereby proapoptotic BH3-only proteins (i.e. Bid, Bad,
etc.) sequester antiapoptotic Bcl-2 proteins (i.e. B cell lym-
phoma X; (Bcl-xL)) away from Bax/Bak, allowing them to oli-
gomerize and induce mitochondrial outer membrane permea-
bilization and release of cytochrome ¢ (12). Once cytosolic,
cytochrome ¢ forms a multimeric complex with the apoptotic
protease-activating factor Apaf-1, resulting in recruitment and
activation of caspase-9. This complex, termed the apoptosome,
cleaves and activates the executioner caspases, caspase-3 and
-7, which then dismantle the cell (13, 14). Although the role of
the intrinsic apoptotic pathway has been well established in
LCFA-induced apoptosis, the core apoptotic machinery
engaged by toxic concentrations of saturated LCFAs upstream
of the mitochondria has not been revealed.

Despite being one of the most conserved caspases, the regu-
lation and precise functions of caspase-2 have remained some-
what unclear. In certain settings (e.g. heat shock, microtubule-
targeted chemotherapeutics, and pore-forming toxins),
caspase-2 has been shown to function as an initiator caspase
that works upstream of the mitochondria to promote cyto-
chrome c¢ release (15-17). The prevailing model is that

JOURNAL OF BIOLOGICAL CHEMISTRY 14463



Metabolomics Reveals Caspase-2 Role in LCFA-induced Death

caspase-2 once activated cleaves the BH3-only protein Bid to
generate truncated Bid, which activates Bax to promote cyto-
chrome c release (18, 19).

Physiologically, the role of caspase-2 is not entirely clear. The
only overt developmental phenotype in the caspase-2 KO
mouse was an overabundance of oocytes, suggesting a central
role for caspase-2 in controlling oocyte death (20). Our labora-
tory has used Xenopus laevis oocytes and eggs to study the met-
abolic regulation and activation of caspase-2 (21-23). We dem-
onstrated previously that the prolonged incubation of egg
extract at room temperature leads to activation of the apoptotic
cascade via caspase-2 and that caspase-2 is required for apopto-
sis in this system (21). Moreover, we found that caspase-2 acti-
vation in the extract occurred only after specific metabolic
changes (e.g. depletion of NADPH and NAD™) and more
importantly could be suppressed by supplementing the extract
with metabolites expected to lead to NADPH production either
through malic enzyme or the pentose phosphate pathway (21,
22). Based in part on these observations, we suspected that
the spontaneous activation of caspase-2 occurs in response
to a progressive metabolic stress or depletion of specific
metabolites.

In an attempt to more thoroughly understand the metabolic
changes that underlie caspase-2 activation, we performed
metabolomic profiling on the egg extract at time points leading
up to caspase-2 activation. Consistent with previous studies on
egg metabolism, we observed a robust decrease in aspartate
upon extract incubation, indicating the usage of amino acids as
a fuel source in this cell type (24, 25). The most notable change
preceding caspase-2 activation, however, was a marked
increase in LCFA metabolites. We show here that metabolic
treatments that suppressed caspase-2 activation specifically
blocked this increase in LCFA metabolites, suggesting that a
buildup of lipids may engage the apoptotic pathway/caspase-2
in egg extract. Moreover, the caspase-suppressive effect of such
metabolic treatments could be overridden by supplementing
the extract with the saturated LCFA palmitate. Extending this
finding, we demonstrate that caspase-2 was activated by
recruitment to a high molecular weight complex in mammalian
cells following palmitate treatment. Caspase-2 activity was sig-
nificantly increased following palmitate treatment, and down-
regulation of caspase-2 significantly impaired cell death
induced by saturated LCFAs, revealing a conserved, critical role
for caspase-2 in mediating LCFA-induced lipoapoptosis. These
findings may have clinical implications for the treatment of
diseases associated with lipid accumulations.

EXPERIMENTAL PROCEDURES

Preparation of Xenopus Egg Extracts and Metabolomic
Profiling—Xenopus egg extracts were prepared according to the
protocol described previously by Smyth and Newport (26).
Freshly prepared Xemopus egg extracts (300 ul) or extracts
incubated at room temperature for 3—4 h (300 ul) were used for
metabolic profiling. Proteins were first removed by precipita-
tion with methanol (1200 ul) or acidified acetonitrile (750 ul of
acetonitrile + 450 ul of 1% formic acid). Samples were mixed
well by vortexing and spun down, and supernatants were
removed immediately for amino acid, organic acid, and acylcar-
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nitine analysis. Measurements of amino acid and acylcarnitine
were made by flow injection electrospray tandem mass spec-
trometry of their butyl and methyl esters, respectively (27),
using a Waters Acquity™ UPLC system equipped with a triple
quadrupole detector and a data system controlled by MassLynx
4.1 operating system (Waters, Milford, MA). For organic acid,
analytes were extracted into ethyl acetate, dried, and then con-
verted to trimethylsilyl esters by N,O-bis(trimethylsilyl)trifluo-
roacetamide with protection of a-keto groups by oximation
with ethoxyamine hydrochloride. Organic acids were analyzed
by capillary gas chromatography/mass spectrometry (GC/MS)
using a TRACE DSQ instrument (Thermo Electron Corp., Aus-
tin, TX). All MS analyses used stable isotope dilution with inter-
nal standards from Isotec (St. Louis, MO), Cambridge Isotope
Laboratories (Andover, MA), and CDN Isotopes (Pointe-
Claire, Quebec, Canada). NADH levels were measured using an
NAD"/NADH quantitation kit (BioVision, Mountain View,
CA). Oxygen (O,) consumption rates were measured using the
Seahorse extracellular flux XF24 analyzer (Seahorse Biosci-
ences, North Billerica, MA). Briefly, freshly prepared egg
extracts were added in triplicate to a 24-well plate and analyzed
for 4 h. O, consumption rates were assessed using the “(Level)
Direct (Ksv)” method.

Caspase Activity Assays—For egg extract experiments,
caspase-3 activity was measured spectrophotometrically by
assessing the cleavage of the colorimetric substrate Ac-DEVD-
PpNA. Briefly, 5-ul aliquots of extract were removed, transferred
to 85 ul of DEVDase buffer (50 mm HEPES (pH 7.5), 100 mm
NaCl, 0.1% CHAPS, 10 mm DTT, 1 mm EDTA, and 10% glyc-
erol), and kept on ice. Following collection of all samples, 10 ul
of Ac-DEVD-pNA (200 wm) was added to each sample and
incubated at 37 °C for 30 — 60 min. Absorbance was measured at
405 nm. Caspase-2 activity assays were performed according to
the BioVision caspase-2 colorimetric assay kit specifications.
Briefly, for extract experiments, 10-ul aliquots of extract were
transferred to 40 ul of cell lysis buffer and diluted with 50 ul of
2X reaction buffer and 10 ul of VDVAD-pNA (4 mm) at 37 °C
for 60-120 min. Absorbance was measured at 405 nm.

Analysis of Protein Processing—>>S-Labeled caspase-2 pro-
teins were synthesized using the TNT SP6 quick coupled tran-
scription/translation system (Promega, Madison, W1I). Briefly,
20 ng/ml pSP64T caspase-2 cDNA was added to rabbit reticu-
locyte lysate containing 0.4 mCi/ml *°S Translabel along with
additional components in accordance with the manufacturer’s
protocol. Radiolabeled proteins were added to the extract, and
proenzyme processing was assayed by SDS-PAGE followed by
Phosphorlmager detection (GE Healthcare).

Cell Culture, siRNA, and Palmitate Treatments—All cell
lines were grown in DMEM with 10% fetal bovine serum with
the exception of the AML12 cells, which were cultured accord-
ing to ATCC specifications. Custom caspase-2 oligos targeting
to the 3’-untranslated region of caspase-2 were ordered from
Sigma-Aldrich. The sequence for the caspase-2 siRNA used
was UGGAAGUAUUUGAGAGAGA[AT][dT] (square brack-
ets represent nucleotide overhang). SMARTpool mouse
caspase-2 siRNA was obtained from Dharmacon (catalogue
number M-044184-00), and ON-TARGETplus Control
siRNA 1 was obtained from Dharmacon (catalogue number
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D-001810-01-05). RNAi reagents were transfected with
RNAIMAX (Invitrogen) following the manufacturer’s protocol.
To avoid the addition of organic solvents to the cell culture
medium, solutions containing fatty acid sodium salts bound to
albumin were prepared from stock solutions of the fatty acid
sodium salt (100 mm) and fatty acid-free BSA (2%). For exam-
ple, 28 mg of sodium palmitate was dissolved in 1 ml of sterile
H,O at 70°C, and this solution was added to cell culture
medium containing 2% fatty acid-free BSA. These solutions
were used after filtration through 0.22-um filters. Caspase-2
activity assays were performed according to the BioVision
caspase-2 colorimetric assay kit specifications. For flow cyto-
metric analysis of cell death, cells were collected, resuspended
in 1 ug/ml propidium iodide (dissolved in PBS), and kept on ice
until analysis.

Gel Filtration Analysis—293T cells were treated with 2% BSA
or 2% BSA + 1 mM palmitate for 18 h before lysis by Dounce
homogenization in hypotonic lysis buffer (20 mm HEPES (pH
7.5), 10 mm KCI, 1.5 mm MgCl,, 1 mm EDTA, 1 mm EGTA, 1
mwm DTT, and 5 pug/ml each aprotinin and leupeptin). Lysates
were centrifuged at 4 °C for 15 min at 13.2 rpm, and protein
concentration of the supernatant was determined using the
Bio-Rad protein assay reagent. 500 ul of 8 mg/ml lysates was
loaded onto a Superdex 200 column at a flow rate of 0.3 ml/min
to collect fractions.

Antibodies and Additional Reagents—Anti-caspase-2 (poly-
clonal; 1:1000) was purchased from Abcam (ab7979); anti-
caspase-2 (monoclonal; 1:1000) was from BD Transduction
Laboratories (Clone G310-1248), and anti-actin (polyclonal;
1:1000) was from Santa Cruz Biotechnology (I-19). Aminooxy-
acetate (Sigma-Aldrich) was used at 10 mm. b-Glucose 6-phos-
phate sodium salt (Sigma-Aldrich) was used at 20 mm. Triacsin
C, etomoxir, and fatty acid sodium salts were purchased from
Sigma-Aldrich with the exception of sodium palmitoleate,
which was purchased from Nu-Chek Prep, Inc. Bovine serum
albumin (Fraction V; heat shock; fatty acid ultra-free) was pur-
chased from Roche Applied Science.

RESULTS

Amino Acid Metabolism and the Accumulation of Succinate
and Long-chain Acylcarnitines Precede Caspase Activation in
Xenopus Egg Extract—Active caspase-2 has been shown to trig-
ger mitochondrial cytochrome c release in a number of settings,
and we have shown that it is required upstream of mitochondria
to induce cell-free apoptosis in the Xenopus egg extract system
(21). We initially observed that activation of caspase-2 in this
setting could be blocked by supplementing egg extract with
metabolic intermediates, suggesting that metabolic changes
preceded caspase-2 activation. However, the precise nature of
these metabolic changes was unclear. Thus, in an effort to
understand the mechanisms underlying caspase-2 activation,
we performed metabolomics on Xenopus egg extract, compar-
ing fresh, unaged extract with extract incubated at room tem-
perature for several hours and harvested just prior to caspase-2
activation (aged). All samples were analyzed for amino acid,
organic acid, and acylcarnitine changes.

In agreement with previous studies on egg metabolism, the
two most abundant amino acids in Xenopus egg extract were
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aspartate and glutamate (28, 29). Interestingly, upon room tem-
perature incubation of the extract, we observed a notable
decrease in aspartate along with a corresponding increase in
alanine with very little change in the other amino acids profiled
(Fig. 1A). These changes are likely occurring via transamination
reactions whereby aspartate is converted to oxaloacetate and
pyruvate is converted to alanine via transamination of a-keto-
glutarate and glutamate, respectively (Fig. 1B). The decrease in
aspartate suggests that this amino acid is likely serving as a
carbon source to support extract metabolism as has been
shown previously in intact Xenopus eggs (24). We also observed
changes in the organic acid profile of fresh and aged extracts,
including an increase in both pyruvate and lactate following
extract incubation (Fig. 1C). In contrast, intermediates of the
tricarboxylic acid (TCA) cycle decreased moderately with the
exception of succinate, which showed significant accumulation
(Fig. 10).

Increased levels of succinate are often observed under con-
ditions in which the electron transport chain is inhibited (30—
32). Hypoxia (or the lack of oxygen) has been shown to inhibit
electron transport chain function as well as result in increased
levels of succinate. Interestingly, under hypoxic conditions, the
formation of succinate has been shown to be coupled to amino
acid utilization, specifically that of aspartate and glutamate (33,
34). Given the similarities between these observations and our
data, we wanted to determine whether there were any other
metabolic changes that might indicate a loss of mitochondrial
respiration. Because electron transport chain inhibition results
in a block in B-oxidation and a decrease in the NAD"/NADH
ratio, we examined both the lipid profile and redox status of
incubated extract. Consistent with a lack of electron transport
chain function, we observed an accumulation of multiple long-
chain acylcarnitines reflective of the long-chain acyl-CoA pools
as well as a progressive decrease in the NAD*/NADH ratio
following extract incubation (Fig. 1, D and E). Furthermore,
because changes in the cytosolic levels of NADH and NAD * are
reflected in the balance between lactate and pyruvate, we
assessed the lactate/pyruvate ratio and found that the ratio was
significantly increased from 17.3 to 188.7 in aged extracts, sup-
porting the observed accumulation of NADH. Given these data,
we wanted to more directly assess whether the extract might be
experiencing hypoxia. Rather than assessing the dissolved oxy-
gen content in the extract as a readout of hypoxia as it would be
hard to define what dissolved oxygen percentage in egg extracts
would result in hypoxic phenotypes, we chose to more directly
assess mitochondrial respiration. Using the Seahorse Biosci-
ence XF24 extracellular flux analyzer, we monitored the O,
consumption rate of aging egg extracts for 4 h. Indeed, extracts
showed little O, consumption with respiration virtually going
to zero over time (Fig. 1F). Together, these data suggest that
the observed metabolic changes are linked to inhibited mito-
chondrial respiration, including the formation of succinate
from the amino acid aspartate, the buildup of NADH, and the
accumulation of LCFA metabolites (acylcarnitines/acyl-CoAs).
Because we knew from previous studies that the activation of
caspase-2 and downstream apoptotic events could be blocked
in this system by supplementing the extract with metabolic

JOURNAL OF BIOLOGICAL CHEMISTRY 14465



Metabolomics Reveals Caspase-2 Role in LCFA-induced Death

A. 1400.0 B . Glucose
1200.0
g ¥
§ 10000 ik
2 8000 Pyruvate ) Alanine
= 600.0 / \
=
£ X
TE’ 400.0 Glutamate a-Ketoglutarate
<
200.0 \ /
0o - mil N | [ . om
: Oxaloacetate {mmmmmmm———— Aspartate
@A v\’b f_)é Q‘0 Q@ \\\e @e, an ,oz «\(\ vf’Q 0\*- 0@ o ‘ L
Acetyl-CoA TCA cycle

W Fresh ™ Aged

C 8.0 1600 D . 25.0 0.70
7.0 1400 0.60
» 200 -
260 £ 1200 5 8 0.50
s s & &
‘éﬂ 5.0 ‘é’ 1000 g 15.0 % 0.40
240 2 800 - e 640
-E' -E' £ 10.0 [
£30 £ 600 3 £
g 2 £ £ 0.20
£20 £ 400 c 50 =
0.10
1.0 200
00 | ] o —i 0.0 0.00 == u u —
. Pyruvate {actate Cc2 c3 C4/Ci4 C4-OH ce
250 0.09
0.08
200 £ 007
% c
5 & 0.06
[ o
'é” 150 g 0.05
2 Z 004
= £
£ 100 3 0.03
g £om
c
50 0.01 I
000 W N e 00 Pl I ml wil _m
0 - || — - (3"'\/ SRR I R R R Qs S A 13
N o ~ N N > »
Succinate Fumarate Malate a-Ketoglutarate Citrate < < < S < 5 <
M Fresh ™ Aged M Fresh ™ Aged
' NAD+/NADH Ratio Caspase Activity =12
0.9 g \,éx
2 0.8 » %10 o
£ 0\\ Eo ; / s \
3 g M Qo 8
S15 5 / =
0 0.6 3 \
s L) ~ . / S A\
@ \ 20.5 e g
g Fos 2 V \/\
g \ 0. S
2 £ 24 - -
s 503 2
20.5 80, - <
< <0 2, ¥
0.1 S N
0 T T 1
0 - - - : : , ]
0 1 2 3 4 5 Ood v v
Fieoaiiin 0 1 2 3 4 5 1 23 44 65 8 108 129 150 171 192 214 235
ime (hours) Time (hours) Time (min)

FIGURE 1. Amino acid metabolism and the accumulation of succinate and long-chain fatty acid metabolites precede caspase activation in Xenopus egg
extract. A, freshly prepared Xenopus egg extract (Fresh) or extract incubated at room temperature for 4 h (Aged) was analyzed for amino acid profile following
protein precipitation. B, figure of carbon flux via transamination reactions in the egg extract. C, egg extracts treated as in A were analyzed for organic acids. D,
egg extracts treated as in A were analyzed for acylcarnitines. £, samples of egg extract were collected at the indicated times and analyzed for NAD* /NADH ratio
changes by spectrophotometric color change (kit supplied by BioVision). The same samples were used to measure caspase-3 activity using the caspase
substrate Ac-DEVD-pNA. Substrate cleavage was measured spectrophotometrically at 405 nm. F, the O, consumption rate of aging egg extracts was monitored
for 4 h using the Seahorse Bioscience XF24 extracellular flux analyzer. The results represent the means =+ S.D. (error bars) of three technical replicates. Orn,
ornithine; Glx, glutamine/glutamic acid; Cit, citrulline.

wanted to determine whether the inhibition of transaminase
activity would affect caspase activation in the extract. To test

intermediates (21), we postulated that one of these underlying
metabolic changes might be triggering caspase-2 activation.

Inhibition of Amino Acid Transamination by Aminooxyac-
etate Blocks Caspase Activation—Given the potential depend-
ence of the egg extract on amino acid utilization and previous
observations that hypoxia-induced succinate formation could
be abrogated by inhibiting transamination reactions (34), we
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this, we treated the extract with the general transaminase inhib-
itor aminooxyacetate (AOA) and monitored caspase-2 activity
via cleavage of the model substrate, VDVAD-pNA, over time.
Surprisingly, the inhibition of transaminase activity suppressed
VDVAD cleavage activity in the extract (Fig. 24; note that the
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FIGURE 2. Inhibition of amino acid transamination by AOA blocks caspase activation. A, egg extracts supplemented with AOA (10 mwm) or buffer were
analyzed for caspase-2 activity at the indicated time points using the BioVision caspase-2 colorimetric assay kit and measuring cleavage of the caspase-2 model
substrate, VDVAD-pNA, spectrophotometrically. B, 3*S-labeled caspase-2 was incubated in AOA- or mock-treated extracts, and samples were resolved by
SDS-PAGE/Phosphorlmager. C, egg extracts treated as in A were analyzed for caspase-3 activity at the indicated time points using the caspase substrate

Ac-DEVD-pNA. RT, room temperature.

absolute time course of caspase activation varies from extract to
extract, but the relative rates of caspase activation following
different treatments is constant). We also found that caspase-2
processing, which occurs following caspase-2 activation as a
means to stabilize the active dimeric protease, was suppressed
by AOA treatment (Fig. 2B). Furthermore, downstream activa-
tion of the executioner caspase, caspase-3, was also suppressed
by AOA treatment (Fig. 2C), suggesting that the loss of amino
acid transamination can suppress caspase activation in the
extract.

Treatment with AOA, which Blocks Caspase Activation, Pre-
vents the Underlying Accumulation of Long Chain Fatty Acid
Metabolites—In an effort to understand how inhibition of
amino acid transamination can suppress caspase activation, we
compared the metabolic profiles of extracts treated with and
without AOA. AOA caused aspartate and alanine levels to
return to basal levels in aged extracts, consistent with our sug-
gestion that the changes in these amino acids are driven by
aspartate transamination and further catabolism (Fig. 3A).
Treatment of extracts with AOA caused a substantial decrease
in TCA cycle intermediates and blocked the accumulation of
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succinate, suggesting that aspartate plays an important role in
energy metabolism, particularly in supplying the extract with
anaplerotic substrates (Fig. 3B). Glycolytic activity appeared to
be unaffected by transaminase inhibition as demonstrated by
the accumulation of pyruvate and lactate in the presence of
AOA (Fig. 3B). Strikingly, we observed a decrease in long-chain
acylcarnitine accumulation in the presence of AOA, suggesting
that inhibition of amino acid transamination was able to sup-
press the increase in LCFA metabolites (Fig. 3C). Because LCFA
accumulation may be linked to redox changes in the extract (i.e.
high levels of NADH inhibit the oxidation of LCFAs), we
assessed whether AOA could modify the observed decrease in
the NAD"/NADH ratio preceding caspase activation. As
shown in Fig. 3D, AOA was able to delay the decrease in NAD "/
NADH, supporting the notion that acylcarnitine accumulation
may be resulting from increasing levels of NADH, which can
then feed back to inhibit B-oxidation. Although we observed a
delay of NADH accumulation in AOA-treated extracts, the lac-
tate/pyruvate ratio was still increased in comparison with fresh
extracts. Although there may be some effect of AOA on cyto-
solic NAD"/NADH pools as there was delayed accumula-
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FIGURE 3. Treatment with AOA, which blocks caspase activation, prevents the underlying accumulation of long chain fatty acid metabolites. A, amino
acid profiling was performed on egg extracts immediately following preparation (Fresh) or after room temperature incubation in the absence (Aged) or
presence of 10 mm AOA (AOA). B, egg extracts treated as in A were analyzed for organic acids. C, egg extracts treated as in A were analyzed for acylcarnitines.
D, samples of egg extract treated with and without 10 mm AOA were collected at the indicated times and analyzed for NAD"/NADH ratio changes by
spectrophotometric color change (kit supplied by BioVision). Orn, ornithine; Glx, glutamine/glutamic acid; Cit, citrulline.

tion of lactate (Fig. 3B), it is more likely that AOA is blocking
the mitochondrial shift of NAD" to NADH by inhibiting
TCA cycle flux. This in turn may delay the decrease in total
NAD */NADH.

The ability of AOA to both suppress caspase activation and
block significant metabolic changes in the extract, including the
catabolism of aspartate and the accumulation of long-chain
acylcarnitines, suggests that one or both of these metabolic
alterations is necessary for caspase-2 activation (and thus
downstream caspase-3 activation) in this system. To further
investigate this, we examined the metabolic profile of egg
extract treated with a pentose phosphate pathway intermedi-
ate, glucose 6-phosphate, which we have previously shown can
suppress caspase-2 activation in this setting (21). Although
glucose 6-phosphate was able to block the accumulation of
long-chain acylcarnitines, it was unable to suppress aspar-
tate transamination and succinate formation (data not
shown). Collectively, these data suggest that the accumulation
of LCFA metabolites is the pivotal metabolic change underlying
caspase-2 activation. Moreover, the previously observed pro-
tection from apoptosis in egg extracts conferred by glucose
6-phosphate may be mediated at least in part by preventing the
accumulation of LCFAs. These findings raise the interesting
possibility that caspase-2 is more broadly an initiator caspase
for lipoapoptosis.
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Palmitate Accelerates Caspase Activation and Overrides the
Protective Effect of AOA—Given the data above and previous
publications implicating LCFAs in cell death, we were inter-
ested in determining whether treatment of the extract with an
LCFA that increased in abundance with extract incubation
(palmitate; C16) might accelerate caspase activation (7-10, 35)
(Figs. 1D and 3C). To test this, we treated extracts with BSA-
conjugated palmitate or BSA as a control and performed a
caspase activity assay. As shown in Fig. 44, palmitate acceler-
ated caspase-3 activation, and this acceleration could be
blocked by the addition of the antiapoptotic protein Bcl-xL,
suggesting that palmitate is specifically engaging the apoptotic
pathway upstream of mitochondria. Furthermore, we verified
that the proapoptotic effect of palmitate was being exerted at
the level of caspase-2 by monitoring enzyme processing and
found that it was indeed accelerated after palmitate treatment
(Fig. 4B). Together, these data suggest that palmitate can pro-
mote caspase-2 activation. Therefore, we reasoned that if AOA
was simply blocking the buildup of LCFAs as a means to inhibit
apoptosis then palmitate treatment should be able to override
the protective effect of AOA. Indeed, palmitate addition was
able to overcome the antiapoptotic effect of AOA, accelerating
caspase activation (Fig. 4C). Taken together, these data suggest
that an overabundance of LCFA metabolites can engage the
apoptotic pathway in Xenopus egg extract where caspase-2 is
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the critical initiator caspase. Importantly, these findings raised
the key question as to whether caspase-2 might be a more gen-
eral initiator of cell death in response to lipotoxicity in mam-
malian systems.

Caspase-2 Plays a Central Role in Mediating Lipotoxicity in
293T Cells—With ample evidence showing that palmitate can
induce cell death in a number of mammalian cell lines at phys-
iologically relevant concentrations (0.03—1.0 mm) (36), we first
wished to extend our observations from the Xenopus system by
determining whether caspase-2 was activated in this cell death
process as well. To test this, we transfected HEK 293T cells with
siRNA directed against caspase-2 or a scrambled siRNA control
and then treated cells with 1 mm palmitate for 18 h. We then
assessed caspase-2 activation via cleavage of the model sub-
strate, VDVAD-pNA, and found that the enzymatic activity of
caspase-2 was increased following palmitate treatment (Fig.
5A). The observed increase in activity appears to be specific to
caspase-2 as knockdown of the protease was able to block the
palmitate-induced increase in substrate cleavage (Fig. 5A).
Additionally, because caspase-2 has been shown to undergo
proteolytic processing following its activation in mammalian
cells, we also monitored caspase-2 cleavage via Western blot
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and found that caspase-2 was processed following palmitate
treatment (Fig. 5B).

As an initiator caspase, caspase-2 is activated following the
binding of adaptor proteins, which facilitate its oligomerization
into a high molecular weight complex. Therefore, to determine
whether caspase-2 is engaged and activated in this fashion dur-
ing LCFA-induced apoptosis, we performed gel filtration anal-
ysis on HEK 293T cell extracts derived from control and palmi-
tate-treated cells. Although we consistently observed trace
amounts of caspase-2 in the high molecular weight fractions of
mock-treated cells, palmitate treatment resulted in a robust
recruitment of caspase-2 into high molecular weight fractions
(Fig. 5C). We further confirmed that the caspase-2 present in
these high molecular weight fractions was indeed enzymatically
active by performing a caspase-2 activity assay (Fig. 5C).
Together, these data suggest that caspase-2 is activated by
recruitment to a high molecular weight complex in mammalian
cells following palmitate treatment.

We next wanted to determine whether caspase-2 was
required for lipoapoptosis in mammalian cells. To do this, we
treated scrambled or caspase-2 knockdown cells with palmitate
for 24 h before measuring cell viability. Palmitate induced sig-
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two-tailed Student’s t test. **, p < 0.01 versus control. siCTRL, control siRNA; siC2, caspase-2 siRNA.

nificant cell death in the scrambled control cells, whereas
caspase-2-deficient cells were protected from apoptosis as
shown by maintenance of cell density over 24 h of treatment
(Fig. 5D). We further quantified cell death by propidium iodide
staining and found that down-regulation of caspase-2 could
significantly block palmitate-induced cell death in 293T cells
(Fig. 5E), suggesting that caspase-2 is required for lipoapoptosis
in these cells.

Caspase-2 Mediates Saturated Fatty Acid-induced Lipoapo-
ptosis via Acyl-CoA Cytotoxicity—Previous studies have shown
in multiple cell types that only saturated LCFAs exert cytotoxic
effects (8, 36 —40). Therefore, we wanted to determine whether
caspase-2 was required for cell death induced by other satu-
rated LCFAs as well as validate that only saturated LCFAs could
induce apoptosis. To do this, we treated scrambled or caspase-2
knockdown cells with monounsaturated fatty acids palmi-
toleate (16:1) and oleate (18:1) and saturated fatty acids palmi-
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tate (16:0) and stearate (18:0) and assessed cell death by pro-
pidium iodide staining. As expected, only saturated fatty acids
induced prominent cell death (Fig. 6A). Interestingly, the loss of
caspase-2 was able to significantly protect against cell death
induced by both saturated LCFAs, suggesting that caspase-2
can function as a general initiator of cell death in saturated fatty
acid-induced lipotoxicity (Fig. 6A). Moreover, because the
combination of saturated and unsaturated fatty acids has been
shown to reduce the cytotoxic effects of saturated fatty acids
(41-45), we also assessed whether oleate addition could protect
against caspase-2-mediated cell death induced by palmitate or
stearate. Consistent with previous findings, oleate was able to
block cell death induced by these saturated fatty acids, suggest-
ing that it could prevent palmitate- and stearate-induced
caspase-2 activation (Fig. 6A).

In some settings, the ability of oleate to suppress the cyto-
toxic effects of saturated LCFAs has been attributed to its ability
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to decrease palmitate-induced reactive oxygen species and cer-
amide generation (45, 46). To determine whether the cell death
induced by palmitate in 293T cells was mediated by either of
these two stresses, we treated cells with the reactive oxygen
species scavenger N-acetylcysteine or the serine palmitoyl-
transferase inhibitor myriocin to inhibit ceramide synthesis.
Neither treatment was able to suppress cell death induced by
palmitate, suggesting that palmitate-induced apoptosis is not
dependent on reactive oxygen species or ceramide formation in
these cells (data not shown). Thus, to more thoroughly under-
stand how palmitate exerts its proapoptotic effects on
caspase-2, we tested whether metabolism of palmitate to its
corresponding long-chain acyl-CoA and/or long-chain acylcar-
nitine form was required to induce caspase-2 activity and cell
death. Activation of other caspases, specifically caspase-3, -7,
and -8, has been shown to be directly induced by palmitoylcar-
nitine in vitro (47), and therefore, it seemed possible that
caspase-2 was being activated by palmitate via its conversion to
palmitoylcarnitine. To explore this possibility, we treated cells
with the long-chain acyl-CoA synthetase inhibitor triacsin C
and the carnitine palmitoyltransferase I inhibitor etomoxir and
assessed caspase-2 activity following palmitate treatment. Tri-
acsin C, which inhibits the formation of palmitoyl-CoA, signif-
icantly prevented palmitate-induced caspase-2 activation,
whereas etomoxir, which inhibits the formation of palmitoyl-
carnitine, had no significant effect (Fig. 6B). Consistent with
caspase-2 being the initiator of apoptosis in this setting, triacsin
C was also able to inhibit cell death, whereas etomoxir failed to

AV N
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show any effect (Fig. 6C). Together, these data suggest that
although palmitate activation via acyl-CoA formation was
essential to induce caspase-2 activation palmitoylcarnitine for-
mation was not required. It is important to note that in our
experimental setting triacsin C revealed cytotoxic effects in the
absence of palmitate, which may be due to a reduction of basal
intracellular acyl-CoA concentrations below a level necessary
for cell viability (data not shown).

Caspase-2 Is Required for LCFA-induced Apoptosis in
Hepatocytes—To more thoroughly evaluate the importance of
caspase-2 in lipoapoptosis, we examined the role of caspase-2 in
saturated LCFA-induced hepatocyte cell death. Accumulating
evidence suggests that lipoapoptosis plays an important role in
the pathogenesis of nonalcoholic fatty liver disease (NAFLD) as
well as in the progression from NAFLD to the more advanced
state of liver disease, nonalcoholic steatohepatitis (6, 48). Hep-
atocyte apoptosis is significantly increased in patients with
nonalcoholic steatohepatitis and has been shown to enhance
liver fibrogenesis and the development of cirrhosis, both of
which correlate with negative patient outcomes (49, 50). There
are currently no effective therapies that halt NAFLD progres-
sion, and thus, insight into the molecular mediators of lipoapo-
ptosis may be useful in developing effective therapies for this
syndrome (6).

To determine whether caspase-2 is required for lipoapopto-
sis in hepatocytes, we tested whether knockdown of caspase-2
in HepG2 cells would protect against palmitate-induced cell
death. As shown in Fig. 64, down-regulation of caspase-2 was
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able to dampen cell death as determined by propidium iodide
staining. Although the decrease in cell death is clear upon
caspase-2 knockdown, it is not complete. The lack of a larger
effect may be due to residual caspase-2 as we were only able to
achieve partial knockdown in this cell type (Fig. 7A). Therefore,
we also investigated whether caspase-2 was activated in normal
mouse hepatocytes (AMLI12 cells) following palmitate treat-
ment by measuring VDVAD-pNA cleavage. We observed a 45%
increase in enzymatic activity, consistent with a role for
caspase-2 in palmitate-induced cell death in hepatocytes (data
not shown). To determine whether caspase-2 was required for
cell death, we pretreated AML12 cells with scrambled or
caspase-2 siRNA and assessed cell death after palmitate treat-
ment. Down-regulation of caspase-2 significantly inhibited cell
death in these normal mouse hepatocytes (Fig. 7B), revealing a

conserved, critical role for caspase-2 in saturated LCFA-in-
duced cell death.

DISCUSSION

With the prevalence of obesity and metabolic syndrome ris-
ing sharply worldwide, it has become increasingly important to
define the molecular mechanisms underlying the pathogenesis
and progression of diseases associated with these disorders.
Lipoapoptosis has recently gained recognition as a critical
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mediator of diseases associated with metabolic syndrome,
including type 2 diabetes mellitus, cardiovascular disease, and
NAFLD (3, 5, 6). In this report, we demonstrate a novel role for
caspase-2 as an initiator of lipoapoptosis. Using a metabolomics
approach, we discovered that the activation of caspase-2, the
initiator of apoptosis in Xenopus egg extracts, is associated with
an accumulation of LCFAs. Metabolic treatments that blocked
the buildup of LCFAs also potently inhibited caspase-2 activa-
tion. Together, these observations led us to investigate whether
caspase-2 is engaged and activated in mammalian cells in
response to LCFA treatment. We demonstrated that caspase-2
is not only engaged but makes a significant contribution to sat-
urated LCFA-induced cell death both in 293T cells and several
hepatocyte cell lines. Together, these findings reveal a previ-
ously unknown role for caspase-2 as an initiator caspase and
provide a missing link in the signaling pathways functioning
upstream of the mitochondria in lipoapoptosis.

Metabolomic profiling of Xenopus egg extract revealed a
clear metabolic signature that emerged upon extract incuba-
tion. Several metabolic changes were observed prior to caspase
activation, including a decrease in aspartate, an increase in ala-
nine, an accumulation of succinate, and a buildup of multiple
long-chain acylcarnitines, which reflect the cognate acyl-CoA
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pools. Although the utilization of amino acids as a carbon
source was not surprising as this had been observed previously
in Xenopus eggs (24), the buildup of succinate and LCFA
metabolites was not anticipated. Because the metabolic profile
of incubated extract showed striking similarity to previous
studies of hypoxic systems, we measured mitochondrial oxygen
consumption and discovered that extracts fail to consume oxy-
gen during the assessed room temperature incubation period.
Based on previous findings and the lack of oxygen consumption
in this system, we speculate that the observed metabolic
changes are the result of inhibited electron transport chain
activity, which would result in an insufficient supply of oxidized
electron carriers (i.e. NAD™). As a result, succinate dehydro-
genase, the only enzyme that participates in both the electron
transport chain and the TCA cycle, would be unable to effi-
ciently oxidize succinate, leading to its accumulation and a
decrease in TCA cycle flux. A block in succinate metabolism
would lead to a decrease in anaplerotic substrates, mainly oxa-
loacetate, resulting in the accumulation of acetyl-CoA (C2) and
pyruvate, as we have observed. Furthermore, inefficient flux of
substrates through the TCA cycle without the ability to effi-
ciently regenerate NAD™ would likely lead to a redox imbal-
ance, resulting in increased levels of NADH. To compensate for
these accumulations, pyruvate would be converted to lactate in
a process that regenerates NAD™. The large increase in lactate
that occurs upon extract incubation is likely driven by NADH
accumulation. Furthermore, we speculate that the buildup of
LCFA metabolites is also linked to increasing NADH levels,
which in combination with high levels of acetyl-CoA can feed
back and inhibit B-oxidation.

Using an inhibitor of aminotransferases, we demonstrated
that blocking the use of aspartate as a carbon source could delay
caspase-2 activation in aging extracts. This effect did not appear
to be due to amino acid stabilization but rather appeared to be
the result of a decrease in LCFA accumulation. The ability of
AOA to suppress buildup of LCFA metabolites is likely medi-
ated by its ability to block carbon flux through the TCA cycle,
which helps to stabilize early changes in NAD*/NADH (i.e.
slowing the decrease we observed in untreated extracts; Fig.
3D), allowing continued B-oxidation. AOA treatment was
unable to restore mitochondrial respiration (data not shown),
making it more likely that AOA is delaying NADH accumula-
tion rather than accelerating NAD™ regeneration. Palmitate
treatment can likely override the suppressive effect of AOA by
accelerating lipid overload. The ability of palmitate to both
accelerate caspase activation and override the suppressive
effect of AOA suggests that an excess of saturated LCFAs can
trigger the activation of caspase-2.

Although the Xenopus egg extract metabolomics may not
reflect the metabolic state of unstressed mammalian cells, the
observed metabolic signature was very reminiscent of several
pathophysiological disease states. For example, succinate and
LCFA accumulations have been observed in hypoxia, diabetes,
and cancer and have been attributed to an imbalance between
energy demand and food/oxygen supply (51-53). Although the
underlying cause of such an imbalance remains uncertain in the
extract, we hypothesized that the critical metabolic stress trig-
gering caspase-2 activation and apoptosis was the accumula-
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tion of LCFAs. Lipid-induced cytotoxicity plays an important
role in the etiology of multiple metabolic disorders, including
heart disease, type 2 diabetes mellitus, and NAFLD, and as such,
we were interested in determining whether caspase-2 might be
mediating lipoapoptosis in mammalian somatic cells.

Our data suggest that caspase-2 is activated following
palmitate treatment as shown by both cleavage of the pre-
ferred caspase-2 substrate, VDVAD, and proteolytic proc-
essing of the caspase-2 proenzyme. Furthermore, we demon-
strated that caspase-2 was activated by recruitment to a high
molecular weight complex following palmitate treatment and
that caspase-2 was required for full activation of palmitate-in-
duced cell death. Delving further into caspase-2-induced lipo-
toxicity, we demonstrated that only saturated fatty acids
induced cell death and that this cell death was dependent on
caspase-2. Interestingly, as has been observed previously in
other cells types, palmitate-induced cytotoxicity was not
dependent on reactive oxygen species, ceramides, or oxidative
LCFA catabolism in 293T cells (37-39). Rather, the activation
of palmitate via acyl-CoA formation was required to induce cell
death. Understanding how saturated LCFAs and their respec-
tive acyl-CoA derivatives induce caspase-2 activation will be
the focus of future studies.

Finally, we show that caspase-2 functions as the initiator of
cell death in saturated LCFA-induced hepatocyte cell death.
This hepatocyte finding is of particular interest as lipoapoptosis
plays a critical role in the development and progression of
NAFLD, the most common form of chronic liver disease in both
children and adults in the United States (54, 55). Because apo-
ptosis plays such an important role in NAFLD progression,
inhibition of apoptosis has been proposed as a useful therapeu-
tic strategy. In support of this idea, recent studies performed in
both humans and mice have shown moderate success of pan-
caspase inhibitors on NAFLD symptoms (56, 57). Our data sug-
gest that an inhibitor that more specifically targets caspase-2
may enhance the effectiveness of caspase-targeted therapies.
Finally, although our studies have focused on the importance
of caspase-2 in hepatocyte lipoapoptosis, there are several
additional settings where caspase-2 may be relevant in lipo-
apoptotic therapies, including cardiomyocytes in the heart,
proximal tubule cells in the kidney, and islet beta cells in the
pancreas. The loss of this apical initiator caspase does not
appear to compromise viability in a knock-out setting, and thus,
caspase-2 is an attractive therapeutic target for both blocking
apoptosis and maintaining mitochondrial integrity in disease
states. Future studies will evaluate the physiological relevance
of caspase-2 in these lipotoxicity settings.
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