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Abstract Accumulating evidence has shown that binge-
type alcohol intake in mothers interferes with thiamine
deficiency (TD) to promote the fetal alcohol syndrome
(FAS). Developmental alcohol or TD exposures act either
synergistically or separately to reproduce FAS features
e.g. intrauterine growth retardation and related micro-
cephaly characterized by extensive cellular death induced
by one another neurotoxicant. However molecular and cel-
lular mechanisms underlying apoptosis in both alcohol and
TD toxicities are unknown. The current review addresses
mechanisms of apoptosis underlying alcohol and TD tox-
icities for further understanding FAS pathology. This study
indicates two different mitochondria pathways regulat-
ing cellular death: The first mechanism may engage alco-
hol which activates the c-subunit ring of the FO-ATP syn-
thase to form MPT pore-dependent apoptosis; following
the second mechanism, TD activates CyP-D translocation
from mitochondrial matrix towards the mitochondrial inner
membrane to form MPT pore-dependent necrosis. These
studies shed light upon molecular and cellular mecha-
nisms underlying apoptosis and necrosis in developemental
brain disorders related to alcohol and thiamine deficiency,
in hopes of developing new therapeutic strategies for FAS
medication.
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Introduction

Alcohol is a potent teratogen in humans, and prenatal
alcohol exposure is a leading cause of intrauterine growth
retardation and related microencephaly, brain damage often
manifested by intellectual disability and behavioral disor-
ders [1, 2]. Maternal alcohol use is often concurrent with
other factors that pose a risk to the developing fetal brain
such as poor nutrition and nutrient factors deficits. In par-
ticular, thiamine deficiency (TD) is frequently concomi-
tant with chronic alcoholic diseases [3—6]. However, TD is
more efficient than alcohol, in retarding both intrauterine
and postnatal growths, inducing microencephaly, delaying
cellular differentiation, disrupting axogenesis, synaptogen-
esis and damaging neural tissues [7-10]. This does not
preclude both teratogen agents to exert synergistic deleteri-
ous actions on fetal brain and body development [7, 11].
Results of our previous studies suggest that in the fetal
alcohol syndrome, alcohol provokes cellular atrophy and
death by induction of B1 vitamin (thiamine) deficiency [12,
13]. Indeed, fetal brain exposure to thiamine deficiency
increases oxidative stress and exacerbates neuroapoptosis,
thereby impairing neuronal function and behavior [7, 10,
14].

Programmed cell death plays critical roles in a wide
variety of physiological processes during fetal develop-
ment and in adult tissues. In most cases, physiological cell
death occurs by apoptosis as opposed to necrosis [15, 16].
Mitochondrial permeability transition plays a critical role
in both apoptotic and necrotic cellular death [17]. The term
“mitochondrial permeability transition (MPT)” refers to an
abrupt increase in the permeability of the outer/inner mito-
chondrial membrane. Due to osmotic forces, MPT causes
a massive influx of water into mitochondrial matrix, trig-
gering the structural collapse of the organelle [16, 18]
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followed by the release of cytochrome ¢ and pro-apoptotic
proteins, which then translocate from the intermembrane
space of the mitochondria into the cytosol [19]. In the
cytosol, cytochrome ¢ activates the caspase cascade (ini-
tiator: caspase 9 and effectors: caspases 3, 6, 7). Activation
of one caspase by another constitutes the caspase cascade
leading to cellular death [20]. MPT pore opening is regu-
lated in different ways depending on the cell type, cytotixic
agent and oxidative stress [21]. For instance, neurotoxi-
cant-induced prolonged mitochondrial permeability transi-
tion results in a drastic ATP synthesis inhibition through
the oxidative phosphorylation uncoupling and a marked
increase in reactive oxygen species (ROS) production [22,
23]. On the one hand, the molecular machinery respon-
sible for apoptosis has been well elucidated. Indeed, the
mitochondria-dependent pathway for apoptosis is governed
by Bcl-2 family proteins. Both pro-(Bak, Bax and Bid) and
anti-apoptotic (Bcl-2, Mcl-1, Bcl-XL, Al and Bcl-w) Bel-2
family proteins exist, and many of these proteins physically
bind each other, forming channel-like proteins by spatial
disposition of pore-forming domains [15, 24]. When these
proteins are tested, including Bcl-2, Bcl-XL, Bax and Bid,
they have all been shown to form ion-conducting channels
in synthetic membranes in vitro [25, 26], and are directly
involved in the permeabilization of the mitochondrial
outer membrane [27, 28]. Thus, the Bcl-2 family proteins
induce the mitochondrial permeability transition (MPT)
triggering apoptic cellular death. On the other hand, the
mitochondria-dependent pathway for necrotic cellular
death is only emerging and requires further investigation.
Recently, Ying and Padanilam [29] reported that necrotic
cell death can also be a regulated process. Necrosis regula-
tion includes multiple cell death modalities such as necrop-
tosis, parthanatos, ferroptosis, pyroptosis, and MPT pore-
mediated necrosis. Opening of the MPT pore-mediated
necrosis results in loss of mitochondrial inner membrane
potential, disruption of ATP production, increased ROS
production, organelle swelling, mitochondrial dysfunction
and subsequent necrosis [29]. Cyclosporine-A treatment,
a potent inhibitor of CypD, led to significant reduction in
necroptosis markers, RIP1 and RIP3 [30]. In addition, anti-
necroptosis chemical necrostatin-1 can also suppress apop-
totic pathway to exert neuroprotection [31]. The MPT pore
complex mediating necrotic cellular death is composed of
at least three primary components, including the voltage-
dependant anion channel, the adenine nucleotide transloca-
tor-1, and the mitochondrial matrix protein cyclophilin D
(CyPD), [32-34]. Cyp-D is the only cyclophilin resident in
mitochondria. It is nuclearly encoded by the Ppif gene and
imported into the mitochondrial matrix where it regulates
the threshold for opening MTP pore [35]. CyPD is known
to sit in mitochondrial matrix to keep the MPT pore closed
[36, 37]. Metabolic stress conditions, i.e. increased Ca2+
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and ROS induced p53 translocation into mitochondrial
matrix, where it forms a complex with cyclophilin-D fol-
lowed by CyP-D translocation from mitochondrial matrix
towards the mitochondrial inner membrane to form MPT
pore-dependent necrosis programming; anti-oxidants inhib-
ited p53 translocation and MPT pore opening [34, 38].
Moreover, increased abundance of cyclophilin-D within
mitochondrial membranes enhances mitochondrial vulner-
ability to stress [39], whereas Knockout of cyclophilin D
in Ppif~/~ mice increases stability of brain mitochondria
against Ca”" stress [40].

Recent data indicate that FIFO-ATP synthase, a large
protein embedded in the inner mitochondrial membrane
forms MPT pore-dependent apoptosis. The function of ATP
synthase is to synthesize ATP from ADP and inorganic
phosphate (Pi) in the F1 sector (Fig. 1). Energy for ATP
synthesis derived from a gradient of protons which cross
the inner mitochondrial membrane from the intermembrane
space into the matrix through the membrane-embedded
FO sector [41]. The proton gradient establishes an electri-
cal membrane potential (Aym). ATP synthase can also
reverse and hydrolyze ATP to generate a proton gradient
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Fig. 1 Schema of the structure of human mitochondrial F1FO-ATP
synthase or complex V, adapted from Jonckheere et al. [77]. ATP syn-
thase, consists of two functional domains, F1 and FO. F 1 comprises 5
different subunits (three a, three 3, and one vy, d and €) and is situated
in the mitochondrial matrix. FO contains subunits c, a, b, d, F6, OSCP
and the accessory subunits A6L (including also e, f, g subunits which
were not represented). Subunits c, a, b, A6L of FO sector are spanning
the membrane. F1 subunits y, § and € constitute the central stalk of
complex V. Subunits b, d, F6 and OSCP form the peripheral stalk.
Protons pass from the intermembrane space to the matrix through FO,
which transfers the energy created by the proton electrochemical gra-
dient to F1 [77]. Precisely, protons pass FO via subunit a to the c-ring.
The released energy causes rotation of two rotary motors: the ring of
¢ subunits in FO (relative to subunit a), along with subunits y, & and €
in F1 to which it is attached. Rotation of subunit y within the F1 o333
hexamer provides energy for ATP synthesis. This is called “rotary
catalysis”. There are three catalytic sites, situated at interfaces of a-
and B-subunits, where ATP is synthesized and hydrolyzed [77]
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[42]. The emerging consensus is that the enzyme is con-
structed as two rotary motors, one in the F1 part in which
y/e subunits undergo catalytic rotation for ATP synthesis,
and the other in the FO part where protons transport trough
the c-subunit ring induces rotation of the later, producing
an energy transferred to F1 moving sector for its catalytic
rotation [41, 43]. Although essential for ATP production
by mitochondria, recent findings have confirmed that the
c-subunit of the ATP synthase also houses a large conduct-
ance uncoupling channel, the mitochondrial permeability
transition pore (MPT pore), the persistent opening of which
produces osmotic dysregulation of the inner mitochondrial
membrane and cell death [44]. Thus, FO sector can form a
high-conductance voltage-dependent channel [45], because
highly purified ¢ subunit, a membrane-embedded FO com-
ponent, self-assembles into annular structures embedded
within liposome bilayer [46, 47]. The c-subunit ring of the
FO is a candidate for the mitochondrial MPT pore. Con-
versely, another theory suggests that reconstituted dimers
of the F1FO-ATP synthase form a channel with properties
identical to those of the mitochondrial megachannel, the
electrophysiological equivalent of the MPT pore [48, 49].
Consequently, ATP synthase may be a major target for the
pathogenesis of both chronic alcohol and thiamine defi-
ciency related to permanent mitochondrial energy produc-
tion failure.

In animal models of FAS, both alcohol and TD induced
either apoptic or necrotic cellular death [50]. However,
molecular mechanisms underlying alcohol and TD-trig-
gered MPT pore opening are unknown. For instance, eth-
anol-induced apoptosis is partially MPT-dependent [51,
52], while there is no available information on TD-induced
MPT pore opening. Is thiamine deficiency-induced cellular
death, a model of oxidative stress, MPT-dependent?

This review focus on a better understanding of cellular
and molecular mechanisms underlying alcohol and TD tox-
icities on neuroapoptosis.

Alcohol induces apoptotic cellular death

Widespread neuroapoptosis is a devastating neurodegen-
erative event underlying microcephaly and intellectual dis-
ability related to FAS [53-55]. Neurotoxic effects of neo-
natal alcohol exposure on cellular death depend on brain
region, neuronal population and treatment period [56-58].
Alcohol-induced neuronal death is mainly mediated by the
mitochondrial apoptotic pathway also known as intrinsic
apoptotic pathway [59, 60]. The Bcl-2 family proteins are
critical factors triggering intrinsic apoptotic pathway [58].
Indeed, ethanol exposure up-regulates pro-apoptotic Bax
and Bad, but down-regulates anti-apoptotic Bcl2 in neona-
tal rat brain [61, 62]. If Bax was up-regulated, there would
be an increase of cytochrome ¢ in cytosol that enhanced

susceptibility to apoptosis [63]. However, literature pro-
vided no penetrating insight into the mechanisms underly-
ing ethanol’s neurotoxicity. For instance, it is unclear under
what conditions alcohol induces MPT pore opening? What
Bax (cytoslic or mitochondrial) opens the MPT pore? What
mitochondrial membrane (inner or outer) is permeabilized
by Bax? What is the effectiveness of oxidative stress on the
neurotoxic actions of alcohol? What vulnerability to alco-
hol for neuronal populations?

Alcohol-induced MPT pore opening is unspecific
and cytosol-dependent

Direct exposure to ethanol, of brain mitochondria iso-
lated from 7-day-old mouse pups, displayed no change in
MPT pore regulation. When isolated from ethanol-treated
7-day-old mouse pups, brain mitochondria did not display
any more change in MPT pore regulation [52]. Conversely,
in vitro studies using either primary cultures of cerebellar
granule cells [64, 65] or cultured hippocampal cells line,
Jung et al. [66] show that ethanol exposure at physiologi-
cally relevant concentrations causes neuron death, support-
ing the notion that ethanol can kill neuron directly resulting
in rapid mitochondrial membrane swelling and the collapse
of membrane potential [66]. These observations indicate
that ethanol-induced MPT pore opening is mediated by
cytosolic factors. Moreover, MPT pore opening is tested for
its sensitivity to both ethanol and related oxidative stress by
the use of cyclosporine A which acts as specific inhibitor of
MPT pore opening. By binding to cyclophilin D (a possible
component of the MPT pore), cyclosporine A inhibits MPT
pore opening, prevents mitochondrial dysfunction and ulti-
mately cellular death [38]. According to Lamarche et al.
[52], cyclosporine A provokes a non-specific inhibition of
alcohol-induced MPT pore, suggesting that ethanol and
related oxidative stress are not critical keys opening pore.
Consequently, alcohol-induced MPT pore is not specific to
cyclosporine A inhibition, but only partially sensitive to it
[67]. The role of oxidative stress in ethanol-induced neuron
death is further explored by the treatment of antioxidants.
Pycnogenol (PYC) is a potent antioxidant resulting in bio-
flavonoids combination. PYC and the antioxidant vitamin
E protect against ethanol-induced apoptosis of cultured
cerebellar granule cells in a dose-dependent manner [68].
These results support the hypothesis that oxidative stress
is involved in ethanol-induced neuroapoptosis. However,
Kane et al. [69] reported that in cerebellar granule cells,
isolated from 4-day-old rats exposed to ethanol in vivo, nei-
ther ROS production nor neuron death are showed. In addi-
tion, 17f-estradiol protects more efficiently against the eth-
anol-dependent oxidative stress-induced MPT pore opening
than PYC an efficient antioxidant [66]. These findings sug-
gest that ethanol-related oxidative stress provokes partial
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opening of MPT pore [66]. Following these observations,
ethanol-induced death of neonatal granule cells would be
partially shared between proapoptotic Bax and ethanol-
increased ROS production [70]. However, literature does
not provide any evidence that Bax is an undisputed com-
ponent of MPT pore. Moreover, many aspects of alcohol-
induced mitochondrial energy production failure do not
regulate this model of MPT including Bax as pore compo-
nent. In addition, regulation of this model of pore-forming
Bax is not compatible with underlying mechanisms of alco-
hol-induced disruption of intracellular calcium metabolism
and signaling, leading to apoptotic cellular death. Since
ethanol-induced MPT pore opening is unspecific, how do
new cell types respond to alcohol exposure as there are
diversifying and migrating cell populations in developing
brain?

Alcohol-induced MPT pore opening is cellular
type-dependent and F1F0-ATP synthase-mediated

Researchers have designed primary cells culture as ideal
model to study the ethanol-induced neuroapoptosis in vitro
where cells maintained in depolarizing conditions do not
proliferate [58]. To clarify mechanisms of cellular death,
two different types of primary cells culture obtained from
mouse embryo brain, e.g. astrocytes and neurons were
exposed to ethanol for 3 days [52]. Astrocytes show tran-
sient MPT pore opening, while neurons (10-20%) exhibit
permanent MPT pore opening with similar percentage of
cell death. Ethanol-treated 7-day-old mouse pups displayed
widespread caspase-3 activation in neurons, but not in
astrocytes [52]. Similar results are reported in vivo stud-
ies where cerebellar granule cells have greater sensitivity
to ethanol-induced neuroapoptosis compared to Purkinje
cells [71]. In the developing rat hippocampus, alcohol kills
more easily pyramidal cells in regions CA1, CA3 and DG,
but the magnitude of apoptotic cell death was significantly
greater in CA1 than in CA3 and DG, which did not differ
[56, 57, 72]. Ethanol induces programmed cell death by
raising the concentration of free cytoplasmic Ca2+. The
source of Ca2+ is attributed to the entry of extracellular
Ca2+, it’s externalization from the endoplasmic reticulum
[73]. Ethanol initiates Ca2+ mobilization in multiple cell
types; however alcohol-triggered apoptosis or programmed
cell death is cell type and stage specific-dependent [72, 74].

Mitochondria are target subcellular organelles of etha-
nol. Excessive cell apoptosis was found in the cerebra of
prenatal alcohol exposure fetuses. Proliferation and dif-
ferentiation of fetal cerebral mitochondria were inhibited
by alcohol. Impaired mitochondria development plays a
role in the CNS defects induced by prenatal alcohol expo-
sure [75]. Thus, prenatal alcohol exposure impairs mito-
chondrial structure and function and decreases F-ATP
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synthase activity in both the brain and liver [76]. Mitochon-
drial F-ATP synthase consists of two functional domains
(Fig. 1): F1, situated in the mitochondrial matrix, and FO,
located in the inner mitochondrial membrane [77]. On the
one hand, alcohol permanently impaired F-ATP synthase
structure by altering the synthesis of both F1 and FO com-
ponents, thereby impeding their interactions. For instance,
F1 is composed of 3a/3p/y/d/e subunits [49]. Mashimo
et al. [78] reported that alcohol increased the a and p subu-
nits of F1 in dose-dependent manner. Two of the FO sub-
units, subunit (a) and subunit A6L which are encoded by
the mtDNA ATP6 and ATPS8 genes, respectively [79], were
reduced in mitochondria from ethanol-fed animals [80].
However, these nuclear-encoded mitochondrial proteins
may be regulated like a translational, rather than a tran-
scriptional mechanism [78]. Moreover, the ATPase activity
in ethanol-fed rats was inhibited 61% by addition of oligo-
mycin; a decrease in oligomycin sensitivity could be attrib-
uted to an alteration in the functioning of the oligomycin
sensitivity-conferring protein (OSCP corresponding to bac-
terial 8), [81]. On the other hand, the function of ATP syn-
thase is to synthesize ATP from ADP and inorganic phos-
phate (Pi) in the F1 sector. After ethanol consumption, ATP
turnover was threefold increased and a large part of the
ATP production was diverted to redox re-equilibrium [82].
Indeed, ethanol hyperpolarizes mitochondrial membrane
potential (DeltaPsim) and increases mitochondrial fraction
in cultured mouse myocardial cell; it also dose-dependently
increased ROS production. These cell pathophysiological
reactions suggest the depression of mitochondrial ATPase
and mitochondrial respiratory chain [83]. In addition, liver
mitochondria from rats fed ethanol chronically demon-
strated a 35% decrease in mitochondrial ATPase activity.
Treatment of mitochondria from ethanol-fed rats with the
detergent, Lubrol-WX, caused the release of 36% of the
F1 from the resulting inner membrane particles. In com-
parison, only 5% of the F1 was dissociated when control
mitochondria were subjected to the Lubrol treatment [81].
These observations indicate that alcohol inhibits ATP syn-
thase activity and reduces ATP production, thereby divert-
ing the tricarboxylic acid cycle toward the anaerobic deg-
radation of glucose and the accumulation of intracellular
lactic acid which may lead to cellular death [10]. Taken
together, it appears that ethanol destabilizes profoundly not
only ATP synthase function, but also its structure which is
weakened by alcohol-induced important loss of proteins
components.

Recent studies indicate that ATP synthase is not just an
enzyme but rather a nanomotor inducing MPT pore likely
to cause cellular death [44], i.e. after structural damage
caused by alcohol. Indeed, ethanol-induced cellular death
may be mediated by the inner mitochondrial F-ATP syn-
thase able to form MPT pore. Thus, FO sector can form a
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high-conductance voltage-dependent channel [45], because
highly purified ¢ subunit, a membrane-embedded FO com-
ponent, self-assembles into annular structures embedded
within liposome bilayer [46, 47]. The c-subunit ring of the
FO is a candidate for the mitochondrial MPT pore. Recom-
binant F1 beta-subunit applied exogenously to the purified
c-subunit enhances the probability of pore closure [47].
Prolonged high matrix Ca2+ enlarges the c-subunit ring
and unhooks it from cyclophilin D/cyclosporine A binding
sites in the ATP synthase F1, providing a mechanism for
MPT pore opening [84]. However, the mammalian F-ATP
synthase does not require CyPD for a pore-forming com-
ponent [48]. Thus, the channel of the MPT forms within
the c-ring itself after Ca2+-dependent extrusion of FI,
i.e., of the y/d/e subunits [84]. The “FO channel” could not
be closed by subunits y, 8, or €, while it was blocked by
subunit P, suggesting that this is the mechanism through
which pore closure occurs in situ [84]. In cultured neona-
tal rat cardiomyocytes exposed to ethanol, the cellular pro-
tein abundances in the o and P subunits of ATP synthase
increased in dose-dependent manner [78], suggesting a pos-
sible dislocation of F1 components, e.g. o/f/y/d/e subunits,
related to alcohol intoxication. According to Kouzoukas
et al. [85] alcohol releases intracellular Ca(2+) from endo-
plasmic reticulum stores, resulting in a sustained increase
in intracellular calcium which may be a key determinant in
the mechanism underlying alcohol-induced neuronal death.
On the one hand, alcohol-increased cytosolic Ca2+ levels
trigger Ca2+ movement into the mitochondrial matrix by
the opening of a Ca2+ sensitive ion channel in the inner
mitochondrial membrane, resulting in accumulation of
Ca2+ in the matrix [86, 87]. Ca2+ overload can produce
an uncoupling process halting ATP production and opening
permeability transition pore by dislocation of the rotor stalk
y/e/c subunits [88]. Such a Ca2+ release channel is heav-
ily regulated, so that only after prolonged opening does
pathological channel opening occur [89], which may be
correlated with energy failure as a result of arrest of ATP
synthesizing activity. On the other hand, chronic ethanol
exposure may activate MPT pore opening by physiologi-
cal calcium oscillations [90]. The inner membrane of rat
liver mitochondria contains a reversible Ca(2+)-dependent
pore, opening of which is largely blocked by cyclosporin
A. McGuinness et al. [91] reported the presence of two
classes of high and low-affinity cyclosporin A binding
sites in mitochondria. Cyclosporin A inhibits pore open-
ing by interacting with the low-capacity site comparable to
ethanol-induced Ca(2+)-dependent pore. Taken together,
the signaling cascades of cell dying processes, triggered
by chronic ethanol exposure-damaged ATP synthase, start
when ethanol hyperpolarizes mitochondrial membrane
potential (DeltaPsim) which impaired proton gradient and
its translocation through mitochondrial membrane, thereby

stopping the rotation of y/e/c subunits complex and reduc-
ing ATP production leading to intracellular acidification.
Prolonged blockade of rotor stalk y/e/c subunits, in addi-
tion to intracellular acidification and increased calcium
entry into mitochondria, causes F1 y/e subunits dislocation
and their extrusion from the mouth of FO c-subunit ring
membrane-embedded, thereby opening MTP pore within
c-subunit ring. Credibly, chronic ethanol exposure impedes
chemical interactions between y/e/c subunits.

Alcohol-induced neuronal death is intrinsic apoptotic
pathway

Two apoptotic pathways (intrinsic and extrinsic) have
been described, either of which may culminate in the
activation of caspase-3. On the one hand, the intrinsic
pathway is regulated by Bax and Bcl-XL and involves
Bax-induced mitochondrial outer (cytosolic side) mem-
brane permeability pore and release of cytochrome c as
antecedent events leading to caspase-3 activation [51, 59,
92]. After possible activation of cytosolic Bax by etha-
nol, Bax undergoes subsequent translocation into outer
mitochondrial membrane to form MPT pore [93, 94].
Indeed, ethanol exposure on postnatal day 4 (P4) induces
in the rat cerebellum significant increases in expression
levels of pro-apoptotic factors Bad and Bax mRNA,
while significant decreases in anti-apoptotic Bcl2 mRNA
were shown [62]. In addition, ethanol exposure elic-
ited further increases in cytosolic pro-apoptotic Bid and
mitochondrial tBid (its truncated, apoptotically active
fragment), when administration was at P4; Bax:tBid
heterodimers were also markedly increased [95]. These
observations suggest that ethanol alters nuclear tran-
scription of proteins in the Bcl2 family genes [62] and
increases interactions of cytosolic pro-apoptotic Bid and
Bad with Bax at the origin of MPT pore formation. Con-
sequently, a primary mode of Bax-induced initiation of
the apoptosis cascade following ethanol insult involves
interactions with proteins of the MPT pore complex and
not channel formation, which make it independent from
MPT pore constituents [96], and dead receptors [64]. On
the other hand, activation of caspase-8 is a key event pre-
ceding caspase-3 activation in the extrinsic pathway [64,
97]. Ethanol caused no change in activated caspase-8 (the
death receptor pathway cellular membrane-initiated),
which suggests that the extrinsic pathway is not involved
in ethanol-induced apoptosis [98]. Therefore, it appears
that ethanol-induced neuroapoptosis is an intrinsic path-
way, which is triggered by cytosolic calcium concentra-
tion and acidification, and modulated by cytosolic Bcl-2
family proapoptotic proteins [98].
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Thiamine deficiency induces both apoptotic
and necrotic cellular death

In vitro [50] and vivo [7, 12, 13] studies showed that TD
induces more severe cellular death than alcohol. How-
ever, ethanol and TD showed synergistic toxicity on cel-
lular death [5, 41, 50]. Moreover, TD triggers more oxi-
dative stress and cellular damage than alcohol [10, 99].
Comparatively to alcohol, TD results from a more general
impairment of oxidative phosphorylation due to a short-
age of ATP generation cofactors and may be relevant to
energy-related disorders [100]. Indeed, thiamine deficiency
induces severe neuronal death [101]. According to Bet-
tendorff et al. [102], when neuroblastoma cells were trans-
ferred to a medium of low thiamine concentration, oxygen
consumption and ATP levels decreased while lactate pro-
duction increased. At least 25% of mitochondria were swol-
len and electron translucent. Cell mortality increased to
75% within 5 days while overt signs of necrosis appeared
[103]. Figure 2 shows comparative developmental neuro-
toxicity of alcohol and TD: it appears that alcohol and TD

induce apoptotic cellular death with similar intensity, while
TD provokes more extensive necrotic cellular death and
damage than alcohol [13]. These observations suggest that
alcohol and TD induce cellular death by different pathways
[7, 12]. Why does TD cause more severe cellular death
than alcohol?

TD-induced apoptotic or necrotic cellular death
is developmental stage and ROS-dependent

Figure 2 indicates that TD-induced either apoptotic or
necrotic cellular death is developmental stage-dependent.
Thus, during prenatal period corresponding to cell prolifer-
ation and migration, TD induces preferentially physiologi-
cal apoptosis to the same extend than alcohol. Conversely,
postnatal period corresponds to axogenesis and dendritic
branching leading to neuronal network and tissue construc-
tions. During that period of tissue formation, TD causes
more devastative tissue damage and necrotic cellular death
than alcohol.

Detrimental changes in developing CNS

Rates of neurofunctional alterations
g

-10

-20

—-—Prenatal TD
—+—Perinatal TD
-=Postnatal TD
-&-Alcohol

Age(days)

Fig. 2 Patterns of neurofunctional alterations in offspring pupped
either alternately by prenatal, perinatal and postnatal thiamine-
deprived dams, or in offspring pupped by ethanol-treated dams dur-
ing gestation and lactation. Following every treatment, average rates
of neurofunctional alterations relative to controls are assessed on
seven developmental abilities performed by each pup from postnatal
day 1045 (N=11 pups tested for each treatment). General profile of
curves indicates that among the three patterns of developmental thia-
mine deficiencies (TD), only perinatal TD exhibits a closer relation-
ship with developmental alcohol exposure. Both developmental TD
and ethanol exposure produce two waves of neurofunctional altera-
tions, peaking at P15 (postnatal day 15) and P25, respectively. The
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first peak is described as prenatal event and interferes with the peri-
ods of intense cellular proliferation and migration: it characterizes
enhanced physiological apoptosis induced invariably with the same
intensity by either alcohol or TD. The second peak of vulnerability
is described like both perinatal and postnatal events; it interferes with
the periods of cellular differentiation, synapses formation, axonal
growth and myelinogenesis: It characterizes alcohol or TD-induced
tissue damage and necrotic cellular death. The results show that alco-
hol and TD induce apoptotic cellular death with similar intensity,
while TD provokes more extensive necrotic cellular death than alco-
hol. From Ba [6]
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These observations are confirmed by microphotography
analysis performed on the histology of hippocampal CA3
pyramidal cells obtained from different treatments (Fig. 3).
Figure 3c shows that prenatal thiamine deficiency was
characterized by a singular deficit of CA3 pyramidal cells
comparative to regular diet or control (Fig. 3b), without any
direct impact on nucleus or cytoplasm shape, like physi-
ological apoptosis. Similarly, developmental alcohol expo-
sure (Fig. 3e) induced apoptosis in the same extend with
direct impact on nucleus or cytoplasm shape expressed by
more cornered, irregular and sparse pyramidal cells in the
hippocampal CA3 field (Fig. 3e), comparative to regular
diet (Fig. 3b). These observations suggest that ROS medi-
ates partially alcohol toxicity by membrane lipid peroxida-
tion. Conversely, Fig. 3d shows typical features of severe
postnatal thiamine deficiency with characteristic breakings

on cellular membranes illustrated by more cornered than
pyramidal shaped cells in the hippocampal CA3 field [10].
Moreover, postnatal thiamine deficiency resulted in a sig-
nificant increase in pro-apoptotic-related morphological
and biochemical changes characterized by cells containing
condensed chromatin (Fig. 3d), thereby illustrating necrotic
cellular death. What molecular interpretation is to be given
to both aspects of cellular death induced by thiamine defi-
ciency, developmental stage-dependent?

Indeed, MPT pore-mediated cellular death preferably
occurred rather through necrosis than apoptosis [104], and
is critically involved in necrotic cellular death induced by
Ca2+ overloading and ROS overproduction [105]. In addi-
tion, thiamine deprivation reduced in brain mitochondria
the activities of oxidant-scavenging enzymes e.g. super-
oxide dismutase, glutathione peroxydase and catalases,

Fig. 3 Comparative effects of developmental thiamine deficiencies
(TD) and ethanol exposure on the hilar CA3 pyramidal cells of the
hippocampus. Parasagittal sections of the left ventral hippocampus
were carried out in 45-day-old rats. Paraffin 10 um thick sections
were stained with a combination of hematoxylin—eosin and indigo
carmine; sections of the midtemporal hippocampus were assessed. a

The arrows demarcate the portion of CA3 region on which micropho-
tography was performed to show any treatment effects; bar 100 um.
b Control; ¢ prenatal TD exposed pups; d postnatal TD exposed; e
developmental alcohol exposure induced from gestation to lactation.
Bar 20 pm. Extract from data published elsewhere [10, 12, 13]
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inducing oxidative stress in brain mitochondria and increas-
ing the lipid peroxidation [106]. At both cellular and mito-
chondrial levels, dysregulation of these oxidant-scavenging
enzymes directly leads to the opening of the MPT pore
followed by induction of apoptotic makers, namely chro-
matin margination and condensation, vacuolization of the
cytosol and damage of the plasma membrane [107]. While
ethanol-induced apoptotic cellular death is partially medi-
ated by ROS increase [70], TD triggers necrotic cellular
death by ROS overproduction related to extensive oxida-
tive stress [10, 99]. These observations suggest that TD-
derived free radicals overproduction induced more drastic
and necrotic cellular death than alcohol. We can assume
that relative to alcohol, TD may prolong MPT pore open-
ing which increases free passage of diverse molecules into
the mitochondria, including protons and results in oxidative
phosphorylation uncoupling that leads to ATP depletion
with ROS accumulation and subsequent necrotic cellular
death [22, 108]. Consequently, thiamine deficiency-induced
severe cellular death may be mediated by at least two dif-
ferent mitochondria pathways: the first amplifying physi-
ological apoptosis during neurogenesis is F1FO-ATP syn-
thase-mediated; the second mediating necrotic death during
tissue formation is ROS-induced CyP-D activation [33].
What role cyclophilin D plays (CyP-D) in MPT pore for-
mation and regulation and ultimate injury tissues?

Mitochondrial CyP-D opens MPT pore-dependent necrosis
in TD-induced neurotoxicity

CyP-D belongs to cyclophilin proteins family that have got
seven major isoforms found in subcellular compartments
including the cytoplasm (CyP-D, CyP-NK, CyP-40), endo
(sarco) plasmic reticulum (CyP-B, CyP-C), nucleus (CyP-
E) and mitochondria (CyP-D), [109]. Mitochondrial CyP-D
is a nuclear encoded protein that contains a mitochondrial
targeting presequence which is cleaved after its trans-
location from mitochondria matrix into the inner mem-
brane [110]. Expression of CyP-D, a soluble mitochon-
drial matrix protein, is associated with MPT pore opening
and cellular death [33]. Knockout of CyP-D, a compo-
nent of MPT pore, protects from injury, in the manner of
drugs that blockade MPT pore [36]. CyP-D can also act
as a redox sensor in mitochondria [23, 111] and regulates
Ca2+ exchange between endoplasmic reticulum and mito-
chondria [112]. Reducing oxidative stress or Ca2+ over-
load prevent necrotic cellular death [36, 38]. Diminished
thiamine induces oxidative stress accompanied by endo-
plasmic reticulum calcium stores modifications and ATP
depletion [113] which provoke MPT pore opening in the
inner mitochondrial membrane [114]. The oxidative stress
related to TD damages the endoplasmic reticulum structure
observable by electron microscopy [115]. Therefore, we
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can assume that TD-induced oxidative stress is paralleled
by widespread contamination of reactive oxygen species,
which damage endoplasmic reticulum membrane and lead
to Ca2+ releasing from stores. The resulting cytoplasmic
Ca2+ overloading flows into mitonchondria and activates
CyP-D translocation from the matrix to make up chan-
nel-like proteins into the inner membrane [116], thereby
inducing MPT pore opening with subsequent release of
cytochrome ¢ and caspase cascade activation which trig-
gers necrotic cellular damage and death. Indeed, the MPT
pore opening is regulated by CypD under the control of
mitochondrial matrix Ca2+ concentration [40]. CyP-D-
dependent MPT pore mediates some forms of necrotic, but
not apoptotic cellular death [117, 118]. However, Bcl-2
family members-induced cellular death does not depend on
CyP-D. Thus, CyP-D and MPT are required for mediating
Ca2+ overloading and oxidative damage-induced necrotic
cellular death, but not Bcl-2 family members-regulated
death [17]. These observations indicate that different struc-
tural components of MPT pore complexes are required for
mediating either apoptotic or necrotic cellular death.

TD and alcohol interact with different structural
components of MPT pore complexes

Recent studies indicate that TD can use caspase-3 clas-
sical pathway to amplify physiological apoptosis [14,
119] like alcohol intoxication [98]. However, several
experimental issues indicate that TD develops predomi-
nantly the mitochondria-dependent pathway for necrotic
cellular death. On the one hand, the present study shows
that the MPT pore-dependent apoptosis in alcohol intoxi-
cation is mediated by F1FO-ATP synthase, reversible
Ca2+-dependent pore and low-affinity cyclosporin A
binding pore. On the other hand, overproduction of reac-
tive oxygen species (ROS) mainly triggers the CyP-D-
dependent MPT pore mediating necrotic cellular death
during TD-induced neurotoxicity and generates injury
tissues following oxidative stress [32]. Pharmacological
investigations indicate that the cyclophilin D (CyP-D)-
binding drug, namely cyclosporine A inhibits efficiently
the MPT pore-dependent necrosis [116], while it block-
ades only partially the MPT pore-dependent apoptosis
[52], highlighting substantial differences in mechanisms
of cellular death between alcohol and TD. Indeed, in TD-
induced neurotoxicity, three proteins have been accepted
as key structural components of the MPT pore-depend-
ent necrosis: the voltage dependent anion channel in the
outer membrane, the adenine-nucleotide translocase in
the inner membrane and cyclophilin D in the mitochon-
drial matrix [24, 114]. Knockout studies have eliminated
the voltage-dependent anion channel as an essential com-
ponent of MPT pore and attributed a regulatory, rather
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than structural role to the adenine nucleotide translocase
[105]. Similar knockout studies have confirmed a role for
cyclophilin D (CyP-D) in pore opening, probably medi-
ated by its peptidyl-propyl cis—trans isomerase activ-
ity that facilitates a conformational change in an inner
membrane protein [32, 120]. An important finding from
this study indicates two different mitochondria pathways
regulating cellular death: the first mechanism may engage
alcohol which activates the c-subunit ring of the FO-ATP
synthase to form MPT pore-dependent apoptosis; follow-
ing the second mechanism, TD activates CyP-D trans-
location from mitochondrial matrix towards the mito-
chondrial inner membrane to form MPT pore-dependent
necrosis. A distinction is therefore made between the two
pathways by designating the first mechanism “low-affin-
ity cyclosporin A binding pore” and the second mecha-
nism by ‘“high-affinity cyclosporin A binding pore”.
Indeed, the two types of cell death seem to be overlap-
ping. In physiological conditions, c-subunit conductance
can switch reversibly between open and closed states
regulated traditionally by Ca2+, CsA, CypD and Bcl-xL
which bind to F1 components [44]. Cytosolic and mito-
chondrial Ca2+ overload can produce a rapid increase
in permeability of the mitochondrial inner membrane to
solutes inducing MPT pore-dependent apoptosis. The
pore diameter expands during Ca2+-induced increases
in MPT conductance. However, an increase in mitochon-
drial outer membrane permeability may also be triggered
by an acute inner membrane depolarization [121], when
MPT pore opening is prolonged by ROS overproduction
associated with structural breakdown of the mitochon-
drial matrix accompanied by outer mitochondrial mem-
brane rupture and cell death [121]. Such a pathological
MPT pore opening is associated with necrotic cell death.

Together, these observations demonstrate that alcohol
and TD trigger two different mechanisms of MTP pore
opening: Alcohol promotes neuroapoptosis while TD
triggers both neuroapoptotic and necrotic cellular deaths
(Fig. 2). The two neurotoxicants can act synergistically
to provoke extensive cellular death and tissue necrosis
related to FAS. Consequently, current mechanistic under-
standing the mitochondria-mediated both apoptotic and
necrotic signaling pathways may be promising therapeu-
tic strategy to identify a new generation of drugs treating
the FAS pathology. In particular, investigations on neuro-
protective effects of pharmacological inhibition of cyclo-
philin D are challenges for the dawning of mitochondrial
medicine [116].
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