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ARTICLE INFO ABSTRACT

Keywords: Idebenone is a well described drug that was initially developed against dementia. The current literature widely
Idebenone portrays this molecule as a potent antioxidant and CoQjo analogue. While numerous papers seem to support this
Antioxidant

view, a closer look indicates that the pharmacokinetics of idebenone do not support these claims. A major
discrepancy between achievable tissue levels, especially in target tissues such as the brain, and doses required to
show the proposed effects, significantly questions our current understanding. This review explains how this has
happened and highlights the discrepancies in the current literature. More importantly, based on some recent
discoveries, a new framework is presented that can explain the mode of action of this molecule and can align
formerly contradictory results. Finally, this new appreciation of the molecular activities of idebenone provides a
rational approach to test idebenone in novel indications that might have not been considered previously for this

Radical scavenger

drug.

1. Historical context

Idebenone is a well-known compound, developed in the early 1980s
by Takeda Pharmaceuticals against cognitive decline/dementia. To
understand the results and discrepancies in the contemporary literature
around this molecule, it is imperative to understand its history. In 1970s
and 80s far less was known about the molecular events associated with
cognitive decline and dementia. At the time, one prominent theory to
explain the pathology of dementia was an age-dependent irreversible
change of vascular structure and function [1,2]. In particular, decreased
cerebral blood flow, oxygen utilization or blood volume [3], a
dysfunctional cholinergic system that restricts blood flow [4,5] as well
as plaque deposition [6] or disease states such as cerebral atherosclerosis
[4] were thought to be involved. Since the vascular changes in the brain
were linked to the presence of free radicals (i.e. reactive oxygen species
(ROS)) and lipid peroxidation [7], lipophilic antioxidants such as Co-
enzyme Q and Vitamin E promised to provide therapeutic effects [8]. It
was known that CoQ; acts as a catalytic antioxidant when chemically
reduced from the ubiquinone to the ubiquinol form to enable its anti-
oxidant activity. CoQ1o was also described to protect against lipid per-
oxidation in vitro [9] and in vivo [10]. However, CoQo is a large
insoluble molecule with limited intestinal absorption and

bioavailability. ~Therefore, a CoQjo analogue with better
pharmaco-chemical characteristics, but essentially the same molecular
activity, was developed to a marketable drug that distanced the new
molecule from the natural product CoQ;o. Idebenone appeared ideal,
with the same redox-active benzoquinone moiety as CoQip, but
increased solubility due to a significantly shorter lipophilic side chain
that also contained a terminal hydroxyl group to increase polarity
(Fig. 1).

Based on an expectation that idebenone is a better CoQ;¢ analogue
and therefore a better antioxidant to counteract the oxidative stress-
induced vascular changes in dementia, multiple studies were pub-
lished that confirmed the expected outcomes. Studies on isolated mito-
chondria demonstrated antioxidant activity and decreased lipid
peroxidation and mitochondrial swelling [11-13], which were also
confirmed in vivo [14]. Similarly, idebenone prevented ROS-induced
prostaglandin synthesis and platelet aggregation indicative of an anti-
oxidant function [15].

In line with the underlying hypothesis, idebenone was tested in a
range of cerebrovascular disease models such as stroke [16,17], exper-
imental ischemia [18], hypertension [19,20], hypoxia [21] and also
behavioural models that reflected the disease pathophysiology in de-
mentia [22,23]. Consistent with an anti-oxidant-driven increased
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Fig. 1. Structural comparison of idebenone with
CoQ;0. In addition to the benzoquinone moiety that is
shared by both molecules, the tail of CoQ( contains
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cerebral blood flow [24], perhaps also as a consequence of ameliorated
cholinergic deficits [23,25,26], pre-clinical results with idebenone
appeared to support the therapeutic approach. This was further
strengthened in several pre-clinical models of dementia where idebe-
none not only showed potent cytoprotective activity [20,21] and
improved neurotransmitter turnover [23,26,27], but also reduced
neurological deficits [19], improved memory [17,18,28] and normal-
ised behaviour [22]. However, at a closer inspection, even these early
studies appear contradictory. While micromolar idebenone doses for
example were required to demonstrate activity on isolated mitochondria
[13,29,30] only nano-molar concentrations were detected in the CNS
and only for very short periods of time [16,31]. Up to this point, this
discrepancy has not been widely appreciated or explained. In addition,
only very limited information is available to what extent idebenone
segregates into the different cellular compartments (i.e. cytoplasm,
membranes, and mitochondria) and whether this distribution could be
tissue specific and differ in vitro and in vivo.

2. Chemical context

Idebenone is a benzoquinone (Fig. 1), and like all quinones
(including CoQq) it can accept and donate electrons. It is this specific
activity that forms the basis for the view that idebenone can act as an
antioxidant and electron carrier in a cellular context. For quinones to be
chemically reduced in cells and tissues, two principal pathways are
available [32]. Reduction by a single electron can be performed by
cellular reductases such as the p450 detoxification enzymes. However,
this single electron reduction gives rise to an unstable semiquinone that
produces superoxide and is therefore associated with significant
toxicity. Given the many naturally occurring quinone compounds that
organisms are exposed to, for example through the diet (i.e. Vitamin K)
this possible source of toxicity is prevented in cells by a two-electron
reduction mechanism. In the case of idebenone, this is done by NAD
(P)H quinone oxidoreductase 1 (NQO1) that generates the stable hy-
droquinone form, which can be regarded as the active form of the

Idebenone (semiquinone)

ten isoprenyl (CHy-CH—C(CH3)-CH,) subunits,
while idebenone contains 10 methylene (CHz) sub-
units and a terminal hydroxyl group. A two-electron
reduction of idebenone by NQO1 generates the
active hydroquinone form, while a one-electron
reduction generates the unstable semiquinone.
Figure was made using www.biorender.com.
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molecule. This activated idebenone molecule can now donate electrons
to detoxify radicals [32] as well as to the mitochondrial respiratory
chain to aide ATP production [33,34]. These characteristics are sup-
ported by several reports that described idebenone toxicity and/or a lack
of efficacy in test systems with low or absent NQO1 status [35]. It must
be emphasized that NQO1 is part of the cells physiological response to
stress and can be readily upregulated in many cell types and tissues via
the Keap/Nrf2/ARE pathway [36], which in turn affects the biological
activity of idebenone. In fact, idebenone itself was reported to upregu-
late NQOL levels in vivo, which suggests that idebenone induces its own
bioactivation system [37]. This begs the question: to what extent is
idebenone a direct antioxidant?

3. Is idebenone a direct antioxidant?

Based on a large number of in vitro and in vivo studies, idebenone has
been widely portrayed as a potent antioxidant [32,38], but is the evi-
dence really conclusive? Many studies have reported that bioactivated
idebenone can effectively protect against oxidative stress in numerous
different test systems, which appears to substantiate its antioxidant ac-
tivity. However, the interpretation of the results is heavily influenced by
an expectation that idebenone acts as a direct antioxidant. It is undis-
puted that idebenone contains a redox-active quinone moiety that in
principle could donate electrons to detoxify radicals [32]. However,
there is in fact a scarcity of studies that succeeded to measure a direct
antioxidant function of idebenone. Direct antioxidant function are best
studied in cell free systems with defined mechanisms of ROS production,
which differentiate the measured effects from the cellular environment
with a multitude of potentially interfering redox reactions. In studies
that aimed to formulate idebenone to increase its activity, high micro-
molar concentrations were required to measure direct antioxidant ef-
fects in cell-free systems [39-41], while other cell-free studies did not
detect any antioxidant activity at all at concentrations of up to 600 pM
[42]. Similarly, in isolated mitochondria micromolar concentrations
were required for antioxidant activity, a process that is dependent on
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complex II activity to reduce idebenone to the activated hydroquinone
form [12,13]. The only exception we are aware of is a report where
idebenone reduced glycerophosphate-induced oxidative species with an
ICsp of 50 nM in mitochondria isolated from brown adipose tissue [43].
Why this isolated report shows effects of idebenone at these low con-
centrations is so far unexplained, but if the benzoquinone moiety of
idebenone  acted directly as an  acceptor for the
glycerophosphate-derived electrons, it could have prevented ROS for-
mation in the first place. Unfortunately, this report did not experimen-
tally differentiate between the possibility of reduced ROS production
versus a direct radical scavenging function of idebenone. Apart from this
study, there is general agreement that at least micromolar, sometimes up
to millimolar idebenone concentrations, combined with a test system
that converts idebenone to the hydroquinone form, are required to see
any direct antioxidant activity [26,42,44]. In contrast to cell-free
studies, the majority of studies that reported “antioxidant activity” in
cell culture used extended preincubation times with idebenone, typi-
cally overnight or over several days despite the fact that idebenone
penetrates cells within a few minutes [45-47]. Although the majority of
studies used concentrations in the low micromolar range, some sur-
prisingly reported protective effects against ROS-induced toxicity at
nanomolar concentrations [45,47] which are, unlike micromolar con-
centrations, drug concentrations that can be achieved in vivo.

In fact, studies in rodents consistently reported antioxidant effects of
idebenone [48-50], while only very low nanomolar concentrations in
target tissues could be detected for only short periods of time [16,31,
51]. In addition, idebenone produces fluctuating plasma concentrations
due to its short half-life, without significant evidence of drug accumu-
lation in tissues after repeated dosing [16,31]. Although, data on ide-
benone tissue levels are not available for human patients, the
pharmacokinetic characteristics of the compound in test animals are
likely translatable to human patients based on reported plasma con-
centrations [52,53]. As these characteristics are clearly at odds with a
direct and sustained antioxidant activity of idebenone, the obvious
question is: How can idebenone protect against oxidative stress?

Effective physiological antioxidant systems in cells and tissues
regulate ROS levels to the advantage of the organism. These endogenous
antioxidants are typically present in micromolar to millimolar concen-
trations [54,55], making it therefore questionable how any antioxidant
that only reaches nanomolar tissue concentrations can exert significant
effects in the presence of much larger quantities of numerous endoge-
nous antioxidants. To explain this contradiction, an amplification pro-
cess can be postulated, where small quantities of drug induce effects that
are several magnitudes larger. In fact, several in vitro and in vivo studies
suggest that idebenone appears to do exactly that. In a model of
galactose-induced cataract formation idebenone reduced oxidative
damage by increasing total endogenous tissue antioxidant capacity [56].
This increased antioxidant capacity by idebenone is likely the conse-
quence of an increased expression of a range of endogenous antioxidants
such as superoxide dismutase (SOD), catalase, NAD(P)H quinone
oxidoreductase 1 (NQO1), glutathione (GSH), and glutathione peroxi-
dase (GPx) [37,45,48,49,57], while also downregulating the
superoxide-producing enzyme NOX2 [58]. Interestingly, some of the
antioxidant genes reported to be activated by idebenone such as SOD,
NQO1 and GPx are controlled by the transcription factor Nrf2. Consis-
tent with the activation of Nrf2-dependent genes, Nrf2 activation by
idebenone was observed in fibroblasts from Friedreich’s Ataxia patients,
although the effect was comparatively small [59]. While it is clear that
idebenone requires NQO1 for its bioactivation, it is unclear if the
idebenone-dependent activation of the Nrf2-NQO1 pathway occurs in all
target tissues. It was therefore proposed to use idebenone in combina-
tion with other Nrf2-dependent NQO1-inducers to increase the thera-
peutic efficacy of idebenone in cells and tissues with low NQO1 levels
[38].

Overall, the current data strongly suggest that, instead of being a
direct antioxidant, idebenone increases the ability of cells to counteract
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oxidative stress by upregulating their physiological defence mechanisms
and decreasing the production of oxidative radicals. However, there is
significant doubt that protection against ROS-induced damage is the
only molecular activity of idebenone that confers cytoprotection.

4. Does idebenone improve mitochondrial function and
metabolism?

Several in vivo studies described protective effects of idebenone in
different disease models without affecting oxidative stress. For example,
idebenone protected brain function in a mouse model of Angelman
syndrome without any evidence of antioxidant activity [60]. Similarly,
in models of coronary syndrome, idebenone showed cardioprotective
activity that was not associated with any antioxidant function but
reportedly relied on an acute normalisation of mitochondrial respiration
[611; an activity that was previously described in vitro in the presence of
dysfunctional complex I [33,34].

Based on the structural similarity between idebenone and CoQ;, it
was always assumed that idebenone directly influences mitochondrial
respiration and acts as a CoQ1o analogue. The fact that idebenone is not
a CoQo analogue has been described in detail elsewhere [32] and is
based on in vitro and in vivo data [62,63]. So, what is the evidence that
idebenone affects mitochondrial function differently to CoQ;o and how
does this activity protect mitochondrial function under pathological
conditions? On the one hand, there is clear evidence that, unlike CoQ1,
idebenone competitively inhibits complex I at higher concentrations
(ICs0 = 5.9 pM), while activating complex II-dependent respiration
[64-66]. Furthermore, idebenone upregulates the glycerophosphate
(G3PDH) shunt in isolated mitochondria in the presence of normal
CoQ19 levels [66-68]. On the other hand, in line with its clinical use,
idebenone (>10 pM) directly increased basal respiration in cell lines
derived from mitochondrial disease patients with complex I deficiency
[69].

How idebenone translates these changes to mitochondrial function
into a therapeutic effect in vivo cannot, however, be explained by these
activities. Similar to the notion of a direct “antioxidant” function, all
direct effects of idebenone on mitochondrial function have been
described for micromolar concentrations of the drug that are unlikely to
be reached in the target tissues. How can this be reconciled with reports
that nanomolar idebenone concentrations can alter brain energetics? In
a LHON patient with the homoplastic 11,778 mtDNA mutation, P3-MRS
studies indicated that idebenone reversibly improved bioenergetics in
both muscle and brain [70]. Similarly, exposure of rats to idebenone
significantly increased the respiratory control index (RCI) in brain
mitochondria [71], which suggests that very low concentrations of
idebenone can alter mitochondrial function in vivo, possibly by a similar
mechanism to the described antioxidative activity involving altered
gene expression. Primary hepatocytes isolated from idebenone-treated
animals showed resistance to rotenone similar to cell lines cultured in
vitro [33]. Interestingly, in this experiment the final treatment of ani-
mals with idebenone occurred 24 h before the cells were isolated, which
implies that under these conditions idebenone was no longer present in
the isolated cells [33]. This observation supports the hypothesis that
transient exposure to idebenone activates a protective mechanism that
persists beyond the time that the drug is present. In fact, there is some
evidence that idebenone can not only upregulate mitochondrial copy
numbers [72] but also affect the expression of respiratory complexes in
vivo [60], which could counteract mitochondrial dysfunction to some
extent. These effects alone, however, cannot easily explain the
idebenone-dependent normalisation of mitochondrial function under a
variety of pathological conditions such as oxidative damage [45,61],
kinase inhibitors [73], mitochondrial toxins [33,34,68,74], the presence
of metabolic toxins [75], hypoxia and reperfusion [21,49,61], amy-
loid-beta;_ 49 peptide [76] and different genetic defects [60,70,77].

Given the multitude of toxic stimuli that idebenone protects against,
a single mitochondrial target is unlikely. Instead, it seems more likely
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that idebenone activates one or several fundamental pathways that
confer this broad protective effect.

5. New insights

Only recently, several reports provided a completely different view
on the mode of action of idebenone. These new insights could finally
explain to a significant extent the at times inconsistent and contradictory
literature, as well as rationalise new indications for this molecule.

5.1. Effect of idebenone metabolites

One of the main conceptual difficulties is to explain how idebenone
can be protective, despite its rapid metabolic conversion. Interestingly,
idebenone metabolites themselves might have some therapeutic activ-
ity. At least for the first idebenone metabolite, QS-10, where the ter-
minal hydroxyl group of idebenone (Fig. 1) is oxidized to a carboxylic
acid group, complex I bypass and CoQ;q substitution activity were re-
ported [78]. Both activities are surprising since QS-10 is so water soluble
that is should not be able to repeatedly enter the mitochondria [79]. In
fact, in previous experiments QS-10 was unable to be reduced by NQO1
nor to restore ATP levels in the presence of complex I dysfunction in
hepatocarcinoma cells [33]. At present it is unclear how these discrep-
ancies can be explained. Although, cell and tissue type differences could
be responsible, it must be noted that the quinone concentrations used by
both studies differed significantly. While the former study [78] used 50
pM quinones (which were chemically reduced to compensate for the
absence of NQO1 in the cells used), the latter used 5 pM for measuring
the rescue of ATP levels. Intriguingly, protective effects by QS-10 were
also observed in Zebrafish, where this metabolite was reported to be
more protective against rotenone toxicity compared to idebenone which
could indicate that in vivo effects are not necessarily dependent on
chemical reduction [78]. Although cytoprotection is consistently re-
ported despite a rapid metabolism of idebenone [80], this does not
support the protective activity of idebenone metabolites since it is un-
clear at present what idebenone concentrations and for what period of
time are required to initiate cytoprotection. Therefore, future studies
will have to investigate the potential bioactivity of idebenone metabo-
lites and their molecular targets in significantly more detail.

In fact, direct molecular protein targets have only recently been
confirmed for idebenone. Although idebenone acts as a selective
PPARo/y agonist [81], only a small effect was observed in vivo at
micromolar concentrations in zebrafish larvae, with idebenone report-
edly sharing this activity with CoQjo [81]. Since there is no evidence
that idebenone itself can substitute for CoQ¢ [32], its protective mode
of action that sets it apart from CoQ;o must necessarily involve another
molecular mechanism.

5.2. Inhibition of p52Shc

Recently, idebenone was reported to competitively inhibit the
function of p52Shc [82], which acts as an adaptor protein required for a
variety of molecular complexes. Most notably, p52Shc regulates sig-
nalling by protein tyrosine kinase receptors (PTK), such as the insulin
receptor, where it binds to phosphorylated tyrosine residues at the
cytoplasmic portion of the receptor. Idebenone was shown to bind to the
phospho-tyrosine binding domain (PTB) of p52Shc, which dissociates it
from the activated receptor [82]. Intriguingly,
idebenone-p52Shc-binding was observed at low nanomolar concentra-
tions and thus could for the first time explain how idebenone exerts its
protective effects at physiological concentrations. As part of this mo-
lecular activity, idebenone reportedly reduced growth factor-induced
extracellular signal-regulated kinase (Erk) signalling, while simulta-
neously over-activating Akt kinase via the IP3-kinase pathway [74,82].
Akt is a well described “survival-kinase” and controls a range of sig-
nalling pathways [83] that increase general resistance against stress
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[84], hypoxia [85], and drug exposure [86], while increasing insulin
sensitivity [87], altering cellular metabolism [88], reducing inflamma-
tion [89], increasing lipid metabolism [90] and modifying mitochon-
drial function [91]; and could therefore account for some of the
pleiotropic protective effects observed with idebenone.

5.3. Upregulation of Lin28A

Meanwhile, another publication provided a complementary new
insight towards the mode of action of idebenone with wide ranging
consequences. In a preclinical rodent model of hypoxia-reperfusion-
induced vision loss, idebenone led to the retinal expression of the
RNA-binding protein Lin28A, which was shown to be responsible for the
observed neuroprotection [92]. Lin28A is a highly conserved regulator
of many cellular RNAs that fundamentally affect metabolism, ageing,
stress response, cell survival and also increase tissue repair [93,94]. The
positive effect of Lin28A on tissue regeneration is mediated by increased
mitochondrial function, improved glucose metabolism, increased insu-
lin sensitivity, Akt activation and reduced autophagy [93,95,96]. Under
physiological conditions, Lin28A is mostly expressed during embryo-
genesis but downregulated in postnatal tissues with the exception of
stem cells and reproductive tissues. Since recombinant expression of
Lin28A is used to generate induced pluripotent stem cells (iPSC) from
adult tissues, it is tempting to speculate that an idebenone-dependent
upregulation of Lin28A in adult tissue could induce some aspects of a
stem cell-like phenotype associated with some regenerative capacity
[93]. There is at least some evidence that idebenone can affect the fate of
neural stem cells. While idebenone upregulated both neuronal (MAP2)
and astrocytic (GFAP) markers in early neuronal progenitors, it down-
regulated MAP2 expression in neuronal stem cells and neural pro-
genitors [72]. At present, it is unclear if this activity also translates into a
rejuvenation of neuronal tissue. In support of this hypothesis, idebenone
restored cortical nerve growth factor (NGF) levels in aged rats to the
levels found in young rats, which was associated with restored cognitive
function [97].

Interestingly, Lin28A overexpression was recently reported to pro-
mote axon regeneration in postmitotic neurons in the CNS [98]. The
Lin28A-dependent regeneration of adult retinal ganglion cell axons from
the retina back into the optic nerve [98] is of particular interest with
regards to the clinical experience with idebenone in Leber’s Hereditary
Optic Neuropathy (LHON) patients [99]. Typically, response times in
patients are slow, which is why the accepted consensus suggests to treat
with idebenone for one year before deciding whether the drug is effec-
tive or not in a particular patient [100]. Neither restoration of mito-
chondrial function nor antioxidant function can explain the slow
recovery typically seen in idebenone-treated LHON patients over several
months. In contrast, axonal outgrowth, speculative as it might seem at
present, would be consistent with the observed timelines of patient re-
sponses but at present there is no concrete experimental evidence for
this possibility. It must be acknowledged that the effect of idebenone on
Lin28A has only been reported by a single study [89]. Although, we
could confirm this effect both in vitro and in vivo (unpublished obser-
vation), independent groups will have to reproduce and extend these
observations to clarify if this effect is causally linked to the cytopro-
tection by idebenone.

5.4. Influence of hypoxia

One of the problems to conclusively demonstrate efficacy of idebe-
none in pre-clinical models as well as in patients remains a lack of
consistency and especially a lack of measurable effects under normal
physiological conditions. In this context, the upregulation of Lin28A by
idebenone might also provide an answer to this problem since this effect
seems strictly dependent on the prior presence of hypoxia-reperfusion
injury [92]. This observation is in agreement with a large number of
reports that demonstrated idebenone-dependent protection against
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Fig. 2. Schematic representation of the interplay between hypoxia, mitochondrial dysfunction, oxidative damage, and inflammation. Figure was made using www.
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hypoxia and hypoxia-reperfusion conditions [21,61,101-103]. Hypoxia
is associated with numerous pathologies and diseases, which could
explain why idebenone appears to show protective activity only in some
animal models of disease and certain patients, while in other pre-clinical
models and healthy individuals idebenone does not appear to have any
effects. For the first time, this dependence on hypoxia could also explain
the lack of consistency in pre-clinical in vitro models. Cell culture for
example is notorious for the possibility of varying levels of hypoxia
[104]. In vitro, hypoxia is influenced by many determinants such as
metabolic activity and the number of cells per culture vessel, well ge-
ometry (volume to surface ratio), incubator vibration, handling of cul-
tures, media age and preparation technique, which could therefore
affect the activity of idebenone. The exact molecular details regarding
just how the protective role of idebenone is controlled by hypoxia is
unclear at present and requires further studies to delineate this
interaction.

A recent study supported the hypoxia-dependent activity of idebe-
none in a neuroinflammatory model. Idebenone, at nanomolar to low
micromolar concentrations, was only protective under hypoxia-
reperfusion conditions, while under normoxic conditions it was inef-
fective [58]. When we confirmed the protective activity of idebenone in
a rodent model of acute colitis, increased protection by idebenone was
detected in the distal compared to the proximal colon [37]. The fact that
oxygenation of the proximal colon is higher compared to the distal colon
[105] supports the hypothesis that localised hypoxia could be a deter-
minant for regional protection by idebenone within the same tissue.

Future studies will need to investigate this possible connection in
well-designed experiments to optimize the use of idebenone. Overall,
p52Shce inhibition, Lin28A induction and a requirement for hypoxia
provide a new theoretical framework to assess the suitability of idebe-
none in new indications.

5.5. Impact on inflammation

A growing body of evidence suggests that idebenone reduces
inflammation in a variety of test systems such as lupus [106], neuro-
inflammation [58,74], ulcerative colitis [37], sepsis [107],
nano-toxicity [108], atherosclerosis [48] and drug-induced inflamma-
tion [109]. This effect cannot be explained by antioxidant activity or a
normalisation of energy supply alone. Instead, it was recently described
that under hypoxia-reperfusion conditions, idebenone prevents the
release of mtDNA and the subsequent activation of the inflammasome
LNRP3, which enables idebenone to interfere with one of the earliest
stages of the pro-inflammatory cascade [58]. It is important to note that
inflammation is typically associated with hypoxia [110] and has a clear
mitochondrial involvement [111], which suggests that inflammatory
conditions could be clinically targeted with idebenone (Fig. 2).

5.6. Impact on ER stress

Inflammation is also tightly associated with the unfolded protein
response [112] that is a characteristic physiological response to
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Fig. 3. Schematic representation of the current evidence how idebenone could influence several cytoprotective mechanisms simultaneously. Figure was made using
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endoplasmic reticulum (ER) stress [113] and is observed in a large
number of diseases. Given the close interactions between ER, mito-
chondria and ROS, it could be expected that idebenone might also be of
benefit to patients that display ER stress. In fact, there is some evidence
that idebenone might be beneficial in Wolfram Syndrome (WS), where,
idebenone induced progressive but subjective visual recovery in a WS
patient [114]. Given that WS cells are regarded as a perfect model to
study and treat ER stress [115], this observation paved the way to test
idebenone in other models associated with ER stress. In a mouse model
of chronic colitis that is based on ER stress in intestinal Goblet cells, we
recently observed that idebenone effectively restored tissue integrity
and reduced disease symptoms [116]. This effect was associated with
the downregulation of the ER stress markers CHOP, XBP-1 and ATF-6 in
the distal colon and a near complete suppression of pro-inflammatory
cytokines [116].

6. Conclusion

Overall, the idebenone-dependent activation of distinct signalling
events that include inhibition of p52Shc, increased Lin28A expression,
activation of Akt, and the subsequent transcriptional changes represent
for the first time a convincing alternative to the long-held antioxidant
hypothesis to explain the pleiotropic protective effects of idebenone in a
large number of test systems (Fig. 3). Interestingly, the reported effects
of Lin28A overexpression largely mirror the activities of p52Shc

inhibition, such as Akt activation, reduced insulin resistance, altered
metabolism, increased cytoprotection and changes to mitochondrial
function. It is therefore tempting to speculate that both idebenone-
induced events could be components of a shared pathway, which is
the topic of ongoing studies. Based on a new understanding of the mo-
lecular activities and requirements of this drug, it can be expected that
new indications for idebenone will be identified.
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