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ABSTRACT
Aims: The aim of this study was to better understand how the chemotherapy
drug doxorubicin contributes to the development of b-cell dysfunction and
to explore its relationship with mitochondrial aldehyde dehydrogenase-2
(ALDH2).
Materials and Methods: In order to investigate this hypothesis, doxorubicin was
administered to INS-1 cells, a rat insulinoma cell line, either with or without several target
protein activators and inhibitors. ALDH2 activity was detected with a commercial kit and
protein levels were determined with western blot. Mitochondrial ROS, membrane
potential, and lipid ROS were determined by commercial fluorescent probes. The cell
viability was measured by CCK-assay.
Results: Exposure of INS-1 cells to doxorubicin decreased active insulin signaling
resulting in elevated ALDH2 degradation, compared with control cells by the induction of
acid sphingomyelinase mediated ceramide induction. Further, ceramide induction
potentiated doxorubicin induced mitochondrial dysfunction. Treatment with the ALDH2
agonist, ALDA1, blocked doxorubicin-induced acid sphingomyelinase activation which
significantly blocked ceramide induction and mitochondrial dysfunction mediated cell
death. Treatment with the ALDH2 agonist, ALDA1, stimulated casein kinase-2 (CK2)
mediated insulin signaling activation. CK2 silencing neutralized the function of ALDH2 in
the doxorubicin treated INS-1 cells.
Conclusions: Mitochondrial ALDH2 activation could inhibit the progression of
doxorubicin induced pancreatic b-cell dysfunction by inhibiting the acid sphingomyelinase
induction of ceramide, by regulating the activation of CK2 signaling. Our research lays the
foundation of ALDH2 activation as a therapeutic target for the precise treatment of
chemotherapy drug induced b-cell dysfunction.

INTRODUCTION
A higher risk of diabetes, which is characterized by impaired
glucose-stimulated insulin secretion (GSIS) from pancreatic b-
-cells and peripheral insulin resistance, has been associated
with exposure to chemotherapeutic agents. Conversely, it has
been suggested that diabetes may play a role in the

development of cancer through hyperglycemia, hyperinsuline-
mia, and chronic inflammation linked to obesity1. Owing to
the use of chemotherapy in cancer treatments, numerous stud-
ies have demonstrated the link between diabetes and cancer2–5.
Miyabayashi et al.6 recently reported on a case of type 1 dia-
betes in a breast cancer patient that was triggered by the che-
motherapy drug doxorubicin with impaired insulin secretion.
The Food and Drug Administration (FDA) has approved
doxorubicin as one of the most effective chemotherapy drugs
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for the treatment of a number of tumors like sarcomas, carci-
nomas, breast cancers, and hematological malignancies, and it
has been shown to have significant therapeutic potential along
with adverse effects7,8. However, doxorubicin’s toxic effects are
multidimensional, and its exact mechanisms of action are still
largely unclear. It has been demonstrated previously that doxo-
rubicin inhibits rat islet insulin secretion in vitro at levels
lower than those used in chemotherapy, indicating that it may
be a potential target for chemotherapy-induced diabetes9.
Several studies have shown that doxorubicin can induce cell
death by apoptosis which was potentiated by ceramide
accumulation10,11. Furthermore, it has long been known that
ceramide plays a signaling role in both the in vitro and in
vivo inflammatory responses to the establishment of insulin
resistance. It has also been reported that ceramide increases
the inflammatory response by inducing the production of cer-
tain inflammatory proteins12–14. Notably, the nature of doxoru-
bicin’s cellular signaling that determines pancreatic b-cell
death is still unknown.
As a key regulator of mitochondrial energy metabolism and

a scavenger of reactive lipid peroxides such as 4-HNE and
MDA in the regulation of ROS homeostasis, we concentrated
on mitochondrial aldehyde dehydrogenase-2 (ALDH2) to
explore the underlying regulatory mechanism. Primarily known
for its involvement in the metabolism of ethanol, mitochondrial
ALDH2 is linked to a decrease in the build-up of aldehydes
inside the mitochondria and hence contributes to the protection
of the mitochondria15,16. Moreover, doxorubicin exhibit abnor-
mal accumulation of 4-HNE-modified protein adducts from
lipid peroxidation, which has been confirmed to be a risk factor
and potentially influences oxidative stress during cardiotoxicity.
Remarkably, ALDH2 activation shows reduced 4-HNE-
modified protein adducts and protein expression due to
improved mitochondrial metabolism against doxorubicin
induced cardiotoxicity17,18. However, the association between
ALDH2 and doxorubicin induced oxidative stress in b-cells has
not been studied. Therefore, we investigated the role of ALDH2
in the doxorubicin-induced pathogenic impact in pancreatic b-
cells, which is linked to cell death. In particular, understanding
b-cell dysfunction and developing effective target-specific treat-
ment methods will be aided by finding efficient target-specific
downstream signaling.

MATERIALS AND METHODS
Cell culture and chemicals
The rat insulinoma cell line (INS-1) was cultured in RPMI
1640 (Life Technologies, Inc., NY, USA) media supplemented
with 10% fetal bovine serum (FBS) (Gibco, NY, USA),
100 units/mL penicillin, and 100 lg/mL streptomycin at 37°C
in a 5% CO2 environment. The cells were exposed to doxorubi-
cin (1–2 lM) or C2-ceramide (50 lM) for the indicated time
intervals. ALDA1 (25 lM), CX-4945 (10 lM), or vehicle (0.1%
DMSO) was added to the cells 2 h before treatment. Reagents
were sourced commercially as follows: Doxorubicin, ALDA1,

C2-Ceramide (Sigma-Aldrich, MO, USA; K); and CX-4945
from SelleckChem. The percentage of viable cells was deter-
mined using a cell counting kit-8 (CCK-8; Dojindo Lab.,
Kumamoto, Japan).

Mitochondrial functional assay
The generation of mitochondrial superoxide was measured
using the mitochondrial superoxide indicator MitoSOX red
(Molecular Probes). Briefly, after incubation under indicated
experimental conditions, the treated cells were incubated with
5 lM mitoSOX red for 10 min at 37°C in the dark. After
washing the cells, the fluorescence (mitoSOX: ~510/580 nm)
was recorded using a Molecular Device fluorescent plate reader.
A TMRE assay kit (#ab113852; Abcam) was used to measure
the mitochondrial membrane potential in accordance with the
manufacturer’s instructions. Fluorescent signals were recorded
on a fluorescent microplate reader (Molecular Devices) at exci-
tation and emission wavelengths of 549 and 575 nm, respec-
tively, after the cells were stained with TMRE (200 nM) for
30 min and then rinsed with PBS. The dye BODIPY 581/591
C11 (Thermo Fisher Scientific, MA, USA) was used for the
lipid peroxidation assay. After being incubated under the speci-
fied experimental conditions, the cells were stained for 30 min
at 37°C using 1 lM BODIPY 581/591 C11 dye (Thermo Fisher
Scientific, MA, USA). They were then rinsed twice with PBS
and visualized under a fluorescence microscope. To quantify
lipid ROS, the mean fluorescence intensity was used. Following
the experiment, an aldehyde dehydrogenase (ALDH2) activity
assay kit (ab115348; Abcam) was utilized in accordance with
the manufacturer’s instructions to determine the ALDH2 activ-
ity by measuring the absorbance at 450 nm.

Western blotting
Following resolution of the cell protein lysates on an Invitrogen
NuPAGE 4–12% Bis-Tris gel, the samples were transferred onto
PVDF (polyvinylidene fluoride) membranes (Millipore, Billerica,
MA, USA). Following blocking, the membranes were gently
rocked with the following primary antibodies at 4°C: P-AKT
(473,308) (1:1,000), AKT (1:1,000), CK2a (1:1,000) cleaved cas-
pase 3 (1:1,000) (Cell Signaling Technology, Danvers, MA, USA);
cytochrome c (1:2,000) (BD Biosciences, San Jose, CA, USA);
P-AKT (129) (1:1,000), ALDH2 (1:1,000), GPX4 (1:1,000)
cH2AX (1:1,000), and ACTIN (1:5,000) (Abcam, Cambridge,
UK); SMPD1 (1:1,000) (LSBio, WA,USA). After that, the mem-
branes were washed and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies. Enhanced chemilumi-
nescence (ECL) reagents (ECL Plus; Amersham, GE Healthcare
Life Sciences, Little Chalfont, Buckinghamshire, UK) were used
to identify immunoreactive proteins.

Statistical analysis
Student’s t-test was used to identify differences that were statis-
tically significant. A value of P < 0.05 was considered statisti-
cally significant.
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RESULTS
Doxorubicin inhibits insulin signaling and induces
mitochondrial dysfunction
To identify whether doxorubicin induces b-cell death by inhi-
biting insulin signaling, INS-1 cells were exposed to doxorubi-
cin at different doses and subjected to immunoblotting studies.
Our results reveal that doxorubicin treatment results in

decreased AKT signaling, as evidenced by decreased phosphor-
ylation of AKT at Ser473 and Thr308 active sites (Figure 1a).
We next questioned if protein kinase CK2, a multipotential ser-
ine/threonine kinase implicated in the regulation of numerous
distinct cellular signaling pathways, might also be involved in
the regulation of insulin signaling in doxorubicin treated b-cells.
Phosphorylation of AKT at Ser129 by CK2 enhances cell

Figure 1 | Doxorubicin inhibits insulin signaling and induces mitochondrial dysfunction. (a, b) The INS-1 cells were treated with doxorubicin (1–
2 lM) for 12 h and then AKT phosphorylation, ALDH2 protein levels were analyzed by western blotting. (c) ALDH2 activity was measured as
described in the Materials and Methods section (*P < 0.005 vs Control). (d, e) Cells were treated with doxorubicin (1–2 lM) for 12 h and mitoROS
and mitochondrial membrane potential was analyzed by mitoSOX and TMRE Assay as per the manufacturer’s instruction (*P < 0.001 vs Control). (f,
g) Cytosolic cytochrome c, cleaved caspase-3, cH2AX, and acid sphingomyelinase protein levels were quantified by immunoblotting. (h, i) The INS-1
cells were treated with C2-ceramide (50 lM) for the indicated time periods. Western blots of P-AKT and ALDH2 are shown. (j) Measurement of
ALDH2 activity in INS-1 cells after C2-ceramide (50 lM) treatment (*P < 0.005 vs Control). (k, l) Relative measurement of mitoROS and
mitochondrial membrane potential in C2-ceramide (50 lM) treated cells (*P < 0.005 vs Control). (m) Cytosolic cytochrome c, cleaved caspase-3
and protein levels were quantified by immunoblotting. (n, o) Measurement of GPX4 protein level and lipid peroxidation in INS-1 cells after
doxorubicin (1–2 lM) treatment using western blot and C11 BODIPY dye (*P < 0.001 vs Control). (p) INS-1 cells were treated with doxorubicin (1–
2 lM) for 12 h, and cell viability was analyzed by CCK assay (*P < 0.001 vs control). All data are expressed as the mean – SD of at least three
independent experiments.

686 J Diabetes Investig Vol. 15 No. 6 June 2024 ª 2024 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Karunakaran et al. http://wileyonlinelibrary.com/journal/jdi

 20401124, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jdi.14230 by K

eim
yung U

niversity M
edical, W

iley O
nline L

ibrary on [11/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



viability by generating constitutively active AKT, an essential
priming mediator in the pro-survival signaling cascade of insu-
lin signaling19. Interestingly, doxorubicin treatment resulted in
a decrease in casein kinase-2 (CK2) mediated AKT ser129
phosphorylation (Figure 1a). Under the same conditions, we
observed increased degradation of mitochondrial ALDH2 which
contributes to increased lipid peroxidation during apoptosis
(Figure 1b). Notably, doxorubicin treatment also reduced
ALDH2 activity (Figure 1c). To assess whether the effects of
doxorubicin on b-cells were mediated by mitochondrial dys-
function, we measured the levels of mitochondrial ROS and
membrane potential post doxorubicin exposure. Our results
show that doxorubicin exposure significantly increases the
mitochondrial ROS production and membrane potential loss
with increased cytochrome-c mediated cleaved caspase-3 induc-
tion, as well as the DNA damage marker cH2AX which plays
a major role in pancreatic b-cell damage (Figure 1d, f). It is
well established that doxorubicin contributes to an increase in
ceramide levels and potentiates doxorubicin-induced proapopto-
tic effects10,11. Furthermore, doxorubicin sensitivity and the sus-
ceptibility to inhibit cancer cell death are mediated by increased
activation of acid sphingomyelinase with a marked release of
ceramide20. To assess whether the effects of doxorubicin on b-
-cell dysfunction were mediated by acid sphingomyelinase, we
measured the levels of acid sphingomyelinase post doxorubicin
exposure by western blotting. Interestingly, our results show
that doxorubicin exposure significantly increases acid sphingo-
myelinase expression (Figure 1g). In order to determine the rel-
evance of ceramide during doxorubicin toxicity, we exposed
INS-1 cells to C2-ceramide (N-acetyl-sphingosine), a biologi-
cally active, cell permeable ceramide analog. Interestingly, cer-
amide treatment potently inhibited insulin signaling, as
evidenced by reduced phosphorylation of AKT at Ser473 and
Thr308 active sites as well as the AKT Ser129 priming site
(Figure 1h). Furthermore, C2-ceramide treatment resulted in a
decrease in ALDH2 expression as well as its activity (Figure 1i,
j). Under the same conditions, we observed mitochondrial
membrane potential loss along with mitoROS production which
contribute to cytochrome-c release and cleaved caspase-3 acti-
vation (Figure 1k,m). Moreover, reduction of ALDH2 activity
led to increased sensitivity of b-cells to ferroptotic-like death by
increasing GPX4 degradation (Figure 1n). Moreover, reduction
of GPX4 led to an increased sensitivity of b-cells to
ferroptotic-like death by increasing lipid ROS production
(Figure 1o). As expected, treatment with doxorubicin resulted
in decreased cell viability (Figure 1p).

ALDH2 activation inhibits doxorubicin induced mitochondrial
dysfunction
To identify whether ALDH2 activation restores b-cell survival
under doxorubicin induced oxidative stress, we exposed INS-1
cells to doxorubicin in the presence or absence of ALDA1, an
ALDH2 specific agonist. As expected, under doxorubicin-
treated cells, ALDA1 administration significantly increased

ALDH2 activity (Figure 2a). Interestingly, ALDH2 activation
potently reversed doxorubicin-induced inactivation of insulin
signaling, as evidenced by enhanced phosphorylation of AKT at
Ser473 and Thr308 active sites as well as the AKT Ser129
priming site (Figure 2b). Furthermore, ALDH2 activation
reduced mitochondrial ROS production and restored the mito-
chondrial membrane potential resulting in the prevention of
cytochrome-c release and cleaved caspase-3 activation as well as
the DNA damage marker cH2AX (Figure 2c,e). In order to
ascertain whether ALDH2 activation reverses the doxorubicin
induced acid sphingomyelinase, we looked at the expression of
acid sphingomyelinase in cells that had been exposed to
ALDA1. Remarkably, our results demonstrated that
doxorubicin-induced acid sphingomyelinase protein levels were
reduced upon treatment of INS-1 cells with the ALDH2 activa-
tor, indicating that ALDH2 activation might affect the acid
sphingomyelinase induced ceramide generation (Figure 2f). To
establish a functional relationship between ALDH2 and cer-
amide, we assessed the impact of ALDA1 on C2-ceramide trea-
ted cells. As expected, the treatment of INS-1 cells with
ALDA1 caused a dramatic increase in the ALDH2 activity in
response to C2-ceramide treatment (Figure 2g). Prominently,
ALDH2 activation resulted in a potent and significant reduction
of mitochondrial ROS and an improvement of membrane
potential in C2-ceramide-treated cells (Figure 2h,i). Further
analyses revealed a significant inhibition of cytochrome c
release and caspase-3 activation in C2-ceramide-treated cells in
the presence of the ALDH2 agonist ALDA1 (Figure 2j), con-
firming that the protective effect of ALDA1 on b-cell survival
was dependent on ALDH2 activity. Subsequently, we investi-
gated whether ALDH2 activation alters GPX4 expression in
doxorubicin-treated cells. Remarkably, our results demonstrated
that doxorubicin-induced reduction in GPX4 protein levels was
restored upon treatment of INS-1 cells with the ALDH2 activa-
tor ALDA1, along with a reduction of lipidROS indicating that
ALDH2 activation prevents ferroptotic-like death of b-cells
(Figure 2k,l). To a similar extent, activation of ALDH2 with
ALDA1 significantly increased cell survival in doxorubicin and
C2-ceramide-treated b-cells (Figure 2m,n). Our data demon-
strate that the ALDH2-stimulated CK2-AKT signaling axis is
intricately involved in the regulation of mitochondrial function
in b-cells under doxorubicin treated conditions.

CK2 inhibition reverses ALDH2 protective effect in b-cells
We hypothesized that inhibition of CK2 might impair the
ALDH2 protective effects against doxorubicin on b-cells. Cru-
cially, treatment with the CK2 specific inhibitor CX-4945 under
doxorubicin and C2-ceramide conditions significantly reversed
the effect of ALDH2 on AKT signaling (Figure 3a,b). Consis-
tently, CK2 inhibition was correlated with an increase in
mitoROS production in ALDH2 treated cells with a parallel loss
of mitochondrial membrane potential (Figure 3c,d). As antici-
pated, cells treated with CX-4945 had higher levels of cleaved
caspase-3 in C2-ceramide treated cells (Figure 3e). Notably,
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inhibition of CK2 by CX-4945 reversed the ALDH2 effect on
cleaved caspase-3 and the DNA damage marker cH2AX in
doxorubicin-treated b-cells (Figure 3f). We next investigated
whether enhanced GPX4 protein levels could alter lipid ROS
upon CK2 inhibition. Our results suggest that CK2 inhibition
results in decreased GPX4 stability with increased lipid ROS
production (Figure 3g,h). Further analyses revealed a parallel
reduction of cell viability in C2-ceramide and doxorubicin-
treated cells in the presence of the CK2 inhibitor, confirming

that the protective effect of ALDH2 on b-cell apoptosis was
dependent on CK2-mediated insulin signaling (Figure 3i,j).
Overall, these data indicate that doxorubicin selectively reduces
insulin signaling through ceramide in b-cells associated with
the reduction of ALDH2, leading to dysfunctional
mitochondria-mediated ferroptotic-like death of pancreatic b-
cells. Notably, activation of ALDH2-driven CK2-AKT signaling
rescues the pancreatic b-cells from ferroptotic-like death by
doxorubicin.

Figure 2 | ALDH2 activation inhibits doxorubicin induced mitochondrial dysfunction. (a) The INS-1 cells were treated with doxorubicin (1 lM) with
or without ALDA1 (25 lM) for 12 h (*P < 0.001 vs Control; **P < 0.005 vs DOXO). (b) AKT phosphorylation was quantified by immunoblotting. (c,
d) The INS-1 cells were treated with doxorubicin (1 lM) with or without ALDA1 (25 lM) for 12 h (*P < 0.001 vs Control; **P < 0.005 vs DOXO).
(e) cytochrome-c, cleaved caspase-3, and DNA damage marker cH2AX protein levels were quantified by immunoblotting. (f) Acid sphingomyelinase
protein levels were quantified by immunoblotting. (g) The INS-1 cells were treated with C2-ceramide (50 lM) with or without ALDA1 (25 lM) for
8 h (*P < 0.005 vs Control; **P < 0.001 vs C2-CER). (h–j) Measurement of mitoROS and mitochondrial membrane potential in INS-1 cells after
C2-ceramide (50 lM) treatment with or without ALDA1 (25 lM) for 8 h (*P < 0.005 vs Control; **P < 0.001 vs STZ; C2-CER). (j) Cytosolic
cytochrome c and cleaved caspase-3 protein levels were quantified by immunoblotting. (k) GPX4 protein levels were measured through
immunoblotting. (l) Measurement of lipid peroxidation in ALDA1 (25 lM) treated cells (*P < 0.005 vs Control; **P < 0.001 vs DOXO). (m, n) Cells
were treated as mentioned above, and cell viability was analyzed by CCK assay (*P < 0.005 vs Control; **P < 0.001 vs C2-CER; DOXO).
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DISCUSSION
This paper presents the first evidence that ALDH2 activation
enhances the CK2-driven AKT signaling, which reduces
doxorubicin-induced ceramide mediated mitochondrial damage
in b-cells. Diabetes and other autoimmune endocrine disorders
have been observed to develop in patients taking chemotherapy
drugs2–5. Furthermore, a number of epidemiological studies
have shown the metabolic connections between diabetes and
cancer which is associated with insulin resistance and malfunc-
tioning pancreatic b-cells21–23. Doxorubicin is one of the most
effective chemotherapy medications that has been approved by
the Food and Drug Administration (FDA) and it has been
shown to have significant therapeutic potential along with

adverse effects. Nevertheless, doxorubicin has a variety of harm-
ful effects, and its precise modes of action are still mostly
unknown. However, doxorubicin is still often utilized in cancer
treatment despite the negative consequences it causes, usually
in the form of novel formulations or medication
combinations24,25. A previous study has demonstrated that
doxorubicin inhibits rat islet insulin secretion in vitro at dosages
lower than those used in chemotherapy by an unknown
mechanism9. Given the pleiotropic actions of doxorubicin in
pathophysiological settings, we propose that aberrant ALDH2
signaling may reduce b-cell survival under doxorubicin-induced
oxidative stress by interfering with the downregulation of insu-
lin signaling. ALDH2, a mitochondrial matrix enzyme encoded

Figure 3 | CK2 inhibition reverses ALDH2 protective effect in b-cells. (a) INS-1 cells were treated with doxorubicin (1 lM) along with ALDA1
(25 lM) for 12 h with or without the CK2 inhibitor CX-4945 (5 lM). (b–e) INS-1 cells were treated with C2-ceramide (50 lM) along with ALDA1
(25 lM) for 8 h with or without the CK2 inhibitor CX-4945 (5 lM) (*P < 0.001 vs Control; **P < 0.005 vs C2-CER; ***P < 0.001 vs CX-4945). (f-h)
INS-1 cells were treated with doxorubicin (1 lM) along with ALDA1 (25 lM) for 12 h with or without the CK2 inhibitor CX-4945 (5 lM). The
cleaved caspase-3, cH2AX and GPX4 protein levels were quantified by immunoblotting. Measurement of lipid ROS levels by C11 BODIPY dye
(*P < 0.001 vs Control; **P < 0.001 vs DOXO; ***P < 0.001 vs CX-4945). (i, j) Cells were treated as mentioned above, and cell viability was
analyzed by CCK assay (*P < 0.001 vs Control; **P < 0.005 vs C2-CER; DOXO ***P < 0.001 vs CX-4945). Data are represented as mean – SD of
three independent experiments.
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in the nucleus, reduces the oxidative stress that acetaldehyde
and its metabolites inflict on cells by degrading the metabolite
4-HNE. In addition, doxorubicin causes aberrant accumulation
of 4-HNE-modified protein adducts from lipid peroxidation,
which has been linked to risk and may potentially influence the
oxidative stress in the context of cardiotoxicity17,18. Our results
have also shown that doxorubicin lowers ALDH2 protein and
activity which drives b-cell damage. Furthermore, it has been
reported that doxorubicin exposure causes ceramide accumula-
tion due to the action of acid sphingomyelinase, which ulti-
mately results in the death of cancer cells20. In support of these
reports, our results have also shown that doxorubicin induces
acid sphingomyelinase which allows for pro-apoptotic signaling
by enhanced ceramide generation. Therefore, we reasoned that
increased ceramide generation under doxorubicin conditions
would have an adverse effect on ALDH2 expression and its
activity. In this context, cells treated with C2-ceramide have
been shown to exhibit a decrease in the ALDH2 activity, result-
ing in a more oxidized environment and cell death. Specifically,
a decrease in ALDH2 activity can lead to lipid ROS dependent
accumulation of phospholipid hydroperoxides, making b-cells
susceptible to ferroptotic-like apoptosis. As the findings support
a role of mitochondria mediated ferroptotic-like death of pan-
creatic b-cells, we have also investigated whether ALDH2 inhi-
bition contributes to the damage of pancreatic b-cells in the

oxidative stress response by inhibiting insulin signaling. Besides,
insulin signaling is necessary for healthy b-cell activity and sev-
eral reports have clearly shown that ceramide inhibits the AKT
signaling by PP2A activation26,27. Notably, we have found the
suppression of endogenous insulin signaling upon doxorubicin
and ceramide exposure correlates with cell apoptosis. CK2 acti-
vation was found to be closely associated with the inhibition of
PP2A, resulting in an increase in the phosphorylation of AKT
at Ser473 and Thr308 with an enhanced catalytic activity and
cell survival28–30. However, the metabolic connections of
ALDH2 and CK2 in b-cells remain unknown. Interestingly,
ALDH2 activation by ALDA1 blocks doxorubicin and ceramide
effects on insulin signaling by stimulating CK2, resulting in
hyper-activation of AKT Ser129 phosphorylation, which corre-
lates with a further increase in catalytic activity by preventing
the dephosphorylation of AKT at Ser473 and Thr308 via inhi-
biting PP2A. In addition, activation of AKT inhibits early apo-
ptotic events by maintaining mitochondrial integrity31.We have
reported previously that activation of mitochondrial p66Shc sig-
naling may enhance the release of pro-apoptotic factors which
may contribute to the induction of apoptosis by ceramide32.
Most strikingly, CK2 activation was closely associated with the
suppression of lipid ROS production upon ALDH2 activation
by enhancing GPX4 stability. In line with these findings, we
observed a reduction in the generation of lipid reactive oxygen

Figure 4 | The activation of mitochondrial ALDH2 improves the CK2-driven AKT signaling, which lessens the mitochondrial damage caused by
doxorubicin-induced ceramide in b-cells.
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species (ROS) in cells treated with ALDH2 activator, suggesting
that ALDH2 plays a role in mediating b-cell survival in
doxorubicin-treated conditions. Importantly, inhibition of CK2
using CX-4945, a selective and potent inhibitor of CK2 blocks
the ALDH2 induced AKT activity, suggesting that CK2 is
directly involved in the ALDH2 induced cell survival in
response to doxorubicin and ceramide. We next sought to
determine whether the inhibition of CK2 changes the effect of
ALDH2 in mitochondrial function in response to doxorubicin.
Crucially, treatment with CX-4945, significantly reversed the
effect of ALDH2 on mitochondrial function coupling with the
release of cytochrome c and caspase-3 activation. In particular,
a reduction in GPX4 levels may cause phospholipid hydroper-
oxides to accumulate in a ROS-dependent manner, which
leaves pancreatic b-cells vulnerable to ferroptotic-like cell death.
Correspondingly, our data show that the CK2 inhibitor CX-
4945 significantly increases lipid ROS production and supports
the contention that CK2 activation is indispensable for
ALDH2-induced protection from ferroptotic-like death of pan-
creatic b-cells (Figure 4).
Here, we have presented the first evidence that ceramide pro-

duced by doxorubicin causes b-cell failure by blocking
CK2-AKT signaling and causing mitochondrial ALDH2 degra-
dation. ALDH2 activation enhances CK2-AKT signaling, which
maintains the redox balance and reduces oxidative stress to
increase b-cell survival and function. Thus, ALDH2 activation
could be a target for novel treatments of diabetes caused by
chemotherapy drugs.
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