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Introduction

Oxidative stress, as well as cellular bioenergetic and auto-
phagic dysfunction, is a prevalent feature of stroke and neuro-
degenerative diseases.1 Neurons are particularly vulnerable to 
oxidative damage, due to their high oxidative metabolic activ-
ity, low antioxidant capacity, abundance of polyunsaturated 
fatty acids and postmitotic nature.2-4 As a major consequence 
of oxidative stress, accumulation of lipid peroxidation products 
is prevalent in stroke, cerebral ischemia and neurodegenerative 

diseases.5-9 An important example is 4-hydroxynonenal, a highly 
reactive lipid peroxidation product that is increased in the 
brains of stroke victims and neurodegenerative disease, and 
is capable of forming protein adducts and stimulating the for-
mation of other reactive species.5-13 Physiologically, the con-
centration of free HNE in human blood ranges from 0.069 ±  
0.015 μM for healthy subjects under the age of 30, and increases 
to 0.107 ± 0.027 μM for individuals over age 70.14 Pathologically, 
levels increase substantially due to the initiation of lipid per-
oxidation with free levels reported in the range of 1–10 μM 
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How cellular metabolic activities regulate autophagy and determine the susceptibility to oxidative stress and ulti-
mately cell death in neuronal cells is not well understood. An important example of oxidative stress is 4-hydroxynonenal 
(HNE), which is a lipid peroxidation product that is formed during oxidative stress, and accumulates in neurodegen-
erative diseases causing damage. The accumulation of toxic oxidation products such as HNE, is a prevalent feature of 
neurodegenerative diseases, and can promote organelle and protein damage leading to induction of autophagy. In this 
study, we used differentiated SH-SY5Y neuroblastoma cells to investigate the mechanisms and regulation of cellular  
susceptibility to HNE toxicity and the relationship to cellular metabolism. We found that autophagy is immediately 
stimulated by HNE at a sublethal concentration. Within the same time frame, HNE induces concentration dependent 
CASP3/caspase 3 activation and cell death. Interestingly, both basal and HNE-activated autophagy, were regulated by 
glucose metabolism. Inhibition of glucose metabolism by 2-deoxyglucose (2DG), at a concentration that inhibited auto-
phagic flux, further exacerbated CASP3 activation and cell death in response to HNE. Cell death was attenuated by the 
pan-caspase inhibitor Z-VAD-FMK. Specific inhibition of glycolysis using koningic acid, a GAPDH inhibitor, inhibited 
autophagic flux and exacerbated HNE-induced cell death similarly to 2DG. The effects of 2DG on autophagy and HNE-
induced cell death could not be reversed by addition of mannose, suggesting an ER stress-independent mechanism. 
2DG decreased LAMP1 and increased BCL2 levels suggesting that its effects on autophagy may be mediated by more 
than one mechanism. Furthermore, 2DG decreased cellular ATP, and 2DG and HNE combined treatment decreased mito-
chondrial membrane potential. We conclude that glucose-dependent autophagy serves as a protective mechanism in 
response to HNE.
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in patient plasma, tissues, and neurons.15-17 Since HNE readily 
forms adducts with proteins, measurement of unreacted HNE 
represents a lower estimate of levels produced in vivo. In this 
study we selected concentrations that could be generated locally 
at a site of oxidative stress and mediate acute stress to neurons in 
regions subject to neurodegeneration, stroke or seizure. The pres-
ence of HNE has been suggested to lead to depletion of cellular 
glutathione (GSH) levels in both Alzheimer and Parkinson dis-
ease brains,18,19 which leads to increased overall oxidative stress 
and mitochondrial dysfunction. Importantly, mitochondria are 
major targets of HNE, which has been shown to form adducts 
with respiratory chain subunits, increase reactive species produc-
tion, and decrease mitochondrial reserve capacity, all of which 
contribute to bioenergetic dysfunction.20-22

Damaged mitochondria, which are capable of generating sec-
ondary reactive oxygen species and amplifying the initial oxida-
tive insult, are removed by autophagy.23,24 In neurodegenerative 
diseases, both autophagy25,26 and apoptosis27,28 result from oxi-
dative stress. As autophagy is important in clearing damaged 
proteins and organelles,29,30 particularly during oxidative stress, 
changes in autophagic activity can modulate the effects of HNE 
on cellular bioenergetics and therefore have an impact on cell 
death. So far, there have been a limited number of studies on 
how HNE affects autophagy and cell survival, for example in the 
eye and smooth muscle cells,31,32 but no studies of HNE effects 
on neuronal autophagy have been reported.

Cellular bioenergetics at the level of the mitochondrion is 
intimately linked to glucose metabolism through the provision 
of pyruvate as a substrate for respiration and NADPH for protec-
tion against oxidative stress. Importantly, glucose metabolism is 
altered in stroke and neurodegenerative diseases,33-37 emphasiz-
ing the need for understanding the potential link between cel-
lular bioenergetics, autophagy and neuronal viability. In support 
of this concept, our published studies in differentiated SH-SY5Y 
neuroblastoma cells have shown that HNE decreases mitochon-
drial function and glycolysis, and can cause cell death.21,22 This 
observation prompted us to further investigate how not only gly-
colysis, but glucose metabolism as a whole, is involved in the cel-
lular response to HNE. Glycolysis is a major metabolic pathway 
that produces key mitochondrial substrates that feed into the 
electron transport chain. Furthermore, when mitochondria are 
dysfunctional, glycolysis provides an alternative energy source 
to the cell. In addition, glucose metabolism through the pentose 
phosphate pathway is important for maintenance of cellular anti-
oxidants critical for defense against oxidative stress.38,39 However, 
very little is known about the link between glucose metabolism, 
autophagy and cell survival in neurodegenerative diseases.

In this study, we investigated how glucose metabolism plays 
a role in modulating the cellular response to HNE-induced 
oxidative stress using 2DG, a competitive substrate of hexoki-
nase, which is a key enzyme that converts glucose to glucose-
6-phosphate. We found that 2DG exacerbated HNE-induced 
apoptosis, by mechanisms involving the inhibition of autophagy 
and decreasing cellular ATP levels. These data were verified by 
the use of koningic acid, which inhibits glycolysis (at GAPDH) 
and autophagy, and enhanced HNE-dependent toxicity. Taken 

together these data highlight an important role for glycolysis in 
modulating autophagy and therefore protecting against oxida-
tive stress.

Results

HNE induces MAP1LC3A-II/LC3-II accumulation and 
CASP3 activation, both of which precede cell death

To determine the effects of HNE on cell survival and apop-
tosis, we differentiated SH-SY5Y human neuroblastoma cells 
as reported previously.22,40,41 Cells were exposed to 0–90 μM 
HNE, and cell viability was assessed by the trypan blue exclu-
sion method at 2, 4, and 16 h after HNE exposure. At 2 h, HNE 
(30 μM) did not decrease cell viability, whereas significant cell 
death was induced at 60 and 90 μM. Although HNE (30 μM) 
induced cell death at 4 h, HNE at a lower concentration of 5 
μM did not induce cell death until 16 h (Fig. 1A–C). For subse-
quent experiments a concentration of 30 μM HNE was selected 
to determine the early responses of the cells to an acute oxidative 
stress. To determine whether HNE induced apoptosis or auto-
phagy prior to cell death, we measured CASP3 activation by 
western blot analyses of both pro-CASP3 and the active cleaved 
fragments (19 kD and 17 kD), at the same time points as we 
measured MAP1LC3A-II/microtubule-associated protein 1 light 
chain 3 α-II and SQSTM1/p62 levels (Fig. 1D–H), following 
2 h of HNE exposure. While pro-CASP3 levels did not change 
significantly (Fig. 1E), cleaved CASP3 was increased compared 
with control in response to 15–60 μM HNE, and maximally 
at 60 μM HNE (Fig. 1F). The levels of the ubiquitin-binding 
autophagy substrate SQSTM1 showed no significant changes 
in response to increasing concentrations of HNE (Fig. 1G). In 
contrast, MAP1LC3A-II was significantly increased to a similar 
extent with HNE exposure at 15, 30, and 60 μM (Fig. 1H).

2DG exacerbates HNE-induced caspase activation and cell 
death and inhibits autophagy

To investigate whether glucose metabolism facilitated cell 
survival, differentiated SH-SY5Y cells were treated for 24 h 
with 0–40 mM 2DG, followed by 0–60 μM HNE. 2DG treat-
ment alone at 0–40 mM did not decrease cell survival. In the 
absence of 2DG, HNE exposure for 2 h at 60 μM resulted in 
approximately 40% loss of viability. Increasing concentrations 
of 2DG (5–40 mM) exacerbated HNE toxicity (Fig. 2A). Two-
way ANOVA analysis indicated that cell viability was dependent 
on 2DG concentration (0 mM > 5 mM = 20 mM > 40 mM), 
and HNE concentration (0 μM > 15 μM > 30 μM > 60 μM). 
Furthermore, the extent of decreased cell viability in response to 
HNE was greater at 5–40 mM 2DG compared with at 0 mM 
2DG concentrations, supporting an interactive role of HNE and 
2DG exposure in promoting cell death.

Next, we assessed whether 2DG affected HNE-dependent 
CASP3 activation. As shown in Figure 1D–F, HNE at 15–60 
μM for 2 h induced CASP3 activation. We found that while  
5 and 20 mM 2DG alone did not induce CASP3 activation,  
40 mM 2DG alone induced CASP3 activation (Fig.  2B–D). 
When cotreated with 15 μM or 30 μM HNE, 2DG at 5–20 
mM further increased CASP3 activation (Fig.  2B–D; Fig.  3A 
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and B). Since the 40 mM concentration of 2DG alone increased 
CASP3 activation, 20 mM 2DG was selected in subsequent 
studies for investigating the interactive mechanisms of 2DG and 
HNE.

Interestingly, while not toxic in differentiated SH-SY5Y cells, 
20 mM 2DG alone caused substantial cell death in human 
embryonic kidney HEK293 cells, mouse RAW macrophages, 
mouse embryonic fibroblasts, and rat primary cortical neurons 
(Fig. S1A–S1D). HEK293 cells in our experiments were the 
most sensitive to HNE toxicity (Fig. S1C). Almost complete cell 
death was observed in response to 2DG in RAW and HEK293 
cells (Fig. S1A and S1C). In both mouse embryonic fibroblasts 
and rat primary cortical neurons, the combined treatment of 
HNE and 2DG caused more increased cell death than HNE 
or 2DG alone, as we observed in differentiated SH-SY5Y cells  
(Fig. S1B and S1D).

To determine if inhibition of caspase activation could attenu-
ate cell death, we treated cells with 2DG for 24 h followed by 

HNE for 2 h in the presence or absence of the pan-caspase 
inhibitor Z-VAD-FMK. We found that Z-VAD-FMK signifi-
cantly attenuated caspase activation (Fig.  3A and B), as well 
as cell death (Fig.  3C), suggesting that HNE-2DG toxicity is 
mediated by an apoptotic process.

2DG decreases autophagy
We next examined potential mechanisms through which 

2DG enhances SH-SY5Y cell death in the presence of HNE. 
We found that SQSTM1 levels were significantly increased with 
20–40 mM 2DG compared with control (Fig.  2B and E; Fig 
4C and D). In contrast, 2DG alone for 24 h at 5–40 mM did 
not significantly increase the levels of MAP1LC3A-II. HNE 
exposure (15–60 μM) resulted in higher MAP1LC3A-II levels 
compared with untreated controls (Fig.  2B and F). Moreover, 
the increase in MAP1LC3A-II in response to 30–60 μM HNE 
was significantly decreased by 5–40 mM 2DG (Fig. 2B and F).

Autophagic flux analyses in the presence and absence of  
40 μM chloroquine (CQ), an inhibitor of autophagosome- 

Figure 1. HNE induces caspase activation, MAP1LC3A-II accumulation, and cell death. SH-SY5Y cells were differentiated for 5 d using 10 μM retinoic acid. 
Cell viability was assessed by the trypan blue exclusion method after exposure to HNE at the indicated concentrations and for the indicated duration. 
(A) Cell viability after exposure to 0–90 μM HNE for 2 h. (B) Cell viability after exposure to 0–60 μM HNE for 4 h. (C) Cell viability after exposure to 0–30 
μM HNE for 16 h. (D) Western blot analyses of protein extracts from cells exposed for 2 h to 0 μM, 15 μM, 30 μM, and 60 μM HNE for pro (32 kD) and 
cleaved/activated CASP3 (19-kD and 17-kD fragments), as well as SQSTM1, MAP1LC3A-I, and MAP1LC3A-II. ACTB was used as a protein loading control.  
(E) Quantification of the band intensity of pro-CASP3 (32 kD) from (D), normalized to 0 μM HNE. (F) Quantification of the band intensity of cleaved CASP3 
(17-kD + 19-kD fragments) from (D), normalized to 30 μM HNE. (G) Quantification of the band intensity of SQSTM1 from (D), normalized to 0 μM HNE.  
(H) Quantification of the intensity of MAP1LC3A-II from (D), normalized to 30 μM HNE. Data represent mean ± SEM (n = 3). *P < 0.05 compared with 
control; the Student t test.
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lysosome fusion, was performed next. After exposure to  
20 mM 2DG for 24 h, the levels of MAP1LC3A-II were signifi-
cantly lower in 2DG+CQ cells compared with CQ alone, and 
lower in the combined 2DG+HNE+CQ treatment, compared 
with HNE+CQ (Fig. 4A and B). Furthermore, 2DG increased 

levels of SQSTM1, compared with control, consistent with an 
attenuation of autophagic flux (Fig. 4C and D). At nonsaturat-
ing concentrations of CQ (2.5 and 5 μM) (Fig. S2), 2DG+CQ 
also decreased MAP1LC3A-II levels compared with CQ alone. 
MAP1LC3A-II levels in cells treated with HNE+CQ (2.5 or  

Figure 2. 2DG exacerbates HNE-induced cell death. SH-SY5Y cells were differentiated for 5 d using 10 μM retinoic acid. Cell viability was assessed by 
the trypan blue exclusion method after exposure to 2DG at indicated concentrations for 24 h, followed by HNE at the indicated concentrations for 2 h.  
(A) Cell viability after combined exposure to 2DG and HNE. Viability was normalized to 0 mM 2DG and 0 μM HNE. Data represent mean ± SEM (n = 3).  
(B) Western blot analyses of protein extracts from cells exposed to 24 h of 0, 20, or 40 mM 2DG, followed by 2 h of 0 μM, 15 μM, 30 μM, and 60 μM HNE 
for pro (32 kD) and cleaved/activated CASP3 (19-kD and 17-kD fragments), as well as SQSTM1, MAP1LC3A-I, and MAP1LC3A-II. ACTB was used as a protein 
loading control. (C) Quantification of the band intensity of pro CASP3 (32 kD) from (B). (D) Quantification of the band intensity of cleaved CASP3 (17-kD + 
19-kD fragments) from (B). (E) Quantification of the band intensity of SQSTM1 from (B). (F) Quantification of the intensity of MAP1LC3A-II from (B). Data 
represent mean ± SEM (n = 3), normalized to 0 mM 2DG + 30 μM HNE. *P < 0.05 compared with 0 mM 2DG + 0 μM HNE; #P < 0.05 compared with 0 mM 
2DG at the same dose of HNE; the Student t test.
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5 μM) were higher than cells treated with CQ alone. The levels 
of SQSTM1 were consistently higher in cells treated with 2DG, 
both in the absence and presence of CQ, but not significantly 
different in HNE-treated cells (Fig. S2). To examine whether 
2DG suppresses autophagy in primary neurons, we performed 
autophagic flux analyses with 20 mM 2DG for 24 h, followed by 
30 μM HNE in the absence and presence of 10 nM bafilomycin 
A

1
 for 2 h in rat primary cortical neurons (Fig. S3). We found 

that similar to differentiated SH-SY5Y cells, primary neurons 
also exhibited an increase of MAP1LC3A-II in response to HNE 
and decreased autophagic flux in response to 2DG (Fig. S3).

Interestingly, incubating the cells in glucose-free medium did 
not produce the same effects as 2DG, with no enhancement of 

the toxicity of HNE detected (Fig. 5A). We performed the same 
autophagic flux analyses as in Figure 4A and B; however, com-
pared with 2DG treatment, cells in glucose-free medium had a 
higher basal autophagic flux consistent with a starvation condi-
tion (Fig. 5B–D). This higher level of autophagy was associated 
with no detectable HNE toxicity, consistent with the hypothesis 
that autophagy protects against HNE-dependent toxicity.

Autophagy is protective against cell death
To determine whether autophagy is protective against cell 

death in cells exposed to 2DG and HNE, we treated cells with 
3-methyladenine (3-MA), an inhibitor of the class III phos-
phatidylinositol 3-kinase (PtdIns3K), at the same time as cells 
were exposed to HNE. 3-MA significantly decreased the HNE-
induction of MAP1LC3A-II (Fig. 6A and B), and had no effect 
on SQSTM1 levels (Fig. 6C and D). As we predicted, cell sur-
vival was significantly decreased by 3-MA treatment in response 

Figure  3. Z-VAD-fmk inhibits caspase activation and cell death. 
Differentiated SH-SY5Y cells were treated with 20 mM 2DG for 24 h, fol-
lowed by 30 μM HNE for 2 h in the presence or absence of 10 μM Z-VAD-
fmk. (A) Western blot analyses of cleaved/activated CASP33(19-kD and 
17-kD fragments), using an anti-active CASP3 antibody, for protein 
extracts from cells exposed to 2DG, HNE, or 2DG and HNE, in the pres-
ence or absence of 10 μM Z-VAD-fmk. ACTB was used as a protein load-
ing control. (B) Quantification of the 19-kD and 17-kD CASP3 fragments 
from (A). Data represent mean ± SEM (n = 3), normalized to the 2DG + 
HNE lane. (C) Cell viability after exposure to 2DG and HNE in the pres-
ence or absence of Z-VAD-fmk. Cell viability was assessed by trypan blue 
exclusion method. Data represent mean ± SEM (n = 3), *P < 0.05 com-
pared with control; #P < 0.05 compared with - Z-VAD-fmk, &P < 0.05 com-
pared with HNE, the Student t test.

Figure  4. 2DG inhibits autophagic flux. Differentiated SH-SY5Y cells 
were treated with 20 mM 2DG for 24 h, followed by 30 μM HNE in the 
presence or absence of 40 μM chloroquine (CQ) for 2 h. (A) Western blot 
analyses of protein extracts from control or 2DG- and HNE-treated cells in 
the presence or absence of 40 μM CQ for MAP1LC3A-I and MAP1LC3A-II.  
(B) Quantification of MAP1LC3A-II from (A). Data represent mean ± SEM 
(n = 3), normalized to HNE+CQ. *P < 0.05, the Student t test. (C) Western 
blot analyses of protein extracts from control or 2DG- and HNE-treated 
cells for SQSTM1. (D) Quantification of SQSTM1 from (C). Data represent 
mean ± SEM (n = 3), normalized to 2DG. *P < 0.05, the Student t test.
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to both 2DG and HNE (Fig. 6E), indicating a protective role 
of autophagy against stress-induced cell death. As an additional 
test of the protective role of autophagy against HNE-induced 
cell death, we transfected cells with ATG7/autophagy related 7 
siRNA and examined its effect on autophagy and HNE-induced 
cell death. As shown in Figure 6G–J, ATG7 and MAP1LC3A 
were decreased approximately 95% after 48 h, and SQSTM1 
was increased. Compared with 3-MA, ATG7 siRNA did not 

enhance toxicity in the presence of 2DG, suggesting 3-MA may 
have additional effects other than simple inhibition of auto-
phagy. Importantly, under these conditions, cells were after-
ward more sensitive to HNE-induced cell death, albeit to a lesser 
extent than 3-MA, compared with cells transfected with non-
targeting siRNA (Fig. 6F).

Effect of 2DG and HNE on other autophagy proteins, ATP, 
and glutathione

To further dissect the mechanisms by which 2DG inhibits 
autophagy and exacerbates HNE-induced cell death, we exam-
ined the levels of other autophagy proteins including, LAMP1/
lysosomal-associated membrane protein 1, CTSD/cathepsin D, 
a lysosomal protease, BECN1/Beclin 1, an autophagy-initiation 
protein, BCL2/B-cell CLL/lymphoma 2, and BAX/BCL2-
associated X protein, a pro-apoptotic protein. Interestingly, we 
found that LAMP1 was decreased, and that BCL2 was increased, 
as a result of 2DG treatment, but CTSD, BECN1, and BAX 
levels were all unchanged (Fig.  7A and B). A more systematic 
evaluation of changes in all autophagy-lysosomal pathway pro-
teins will need to be performed in future studies. In terms of 
cellular bioenergetics, we have previously shown that HNE 
decreases mitochondrial function in differentiated SH-SY5Y 
cells.22 In this study, we found that neither 2DG nor HNE sig-
nificantly changed mitochondrial membrane potential; however, 
the combined treatment significantly decreased the membrane 
potential, consistent with a decrease in cell survival (Fig.  7C). 
Cellular ATP levels were decreased by 2DG, but not by HNE 
(Fig. 7D), indicating that HNE-exposed cells still had sufficient 
ATP to meet the energy demands. Consistent with previous 
studies,31,42 HNE exposure in SH-SY5Y cells also significantly 
increased HNE-protein adducts in the cell, whereas 2DG did 
not significantly change the overall levels of HNE-induced pro-
tein aggregation, indicating that the metabolism of HNE was 
not significantly altered by 2DG treatment (Fig. 7E and F).

2DG decreases glycolysis in differentiated SH-SY5Y cells as 
we have published previously.21,22 However, the mechanisms of 
2DG action may not be restricted to inhibition of glycolysis. For 
example, 2DG has also been reported to cause ER stress and 
alter autophagy.43,44 In addition, the pentose phosphate path-
way is also downstream of glucose-6-phosphate and potentially 
could be affected by 2DG exposure. Prior studies have shown 
that 2DG does not inhibit the first step of the pentose phos-
phate pathway in breast cancer cells, and that inhibition of glu-
tamate cysteine ligase activity sensitizes 2DG toxicity.45 Under 

Figure  5. Glucose deprivation does not alter HNE-induced cell death. 
Differentiated SH-SY5Y cells were cultured in medium with 25 mM,  
5 mM or 0 mM glucose, or 20 mM 2DG, for 24 h, followed by 30 μM HNE 
in the presence or absence of 40 μM CQ for 2 h. (A) Comparison of cell 
viability in response to lower glucose concentration vs. 20 mM 2DG for 
24 h, followed by 30 μM HNE for 2 h. (B) Western blot analyses of protein 
extracts from cells treated with glucose-free medium or 2DG for SQSTM1, 
MAP1LC3A-I, and MAP1LC3A-II. ACTB was used as a protein loading con-
trol. (C) Quantification of MAP1LC3A-II from (B). Data represent mean ± 
SEM (n = 3), normalized to 0 mM glucose+CQ. *P < 0.05, the Student t test. 
(D) Quantification of SQSTM1 from (B). Data represent mean ± SEM (n = 
3), normalized to 2DG. *P < 0.05, the Student t test.
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certain conditions it has been reported that 2DG could also res-
cue cells from oxidative stress-induced cell death.45-47 However, 
whether 2DG effects in differentiated SH-SY5Y cells were 
mediated by inhibition of glycolysis, alteration of the pentose 

phosphate pathway and glutathione production, or attenuating 
glycosylation and inducing ER stress is unknown. As an alterna-
tive approach to determine if inhibition of glycolysis can alter 
autophagy and exacerbate HNE-induced cell death, we used a 

Figure 6. Inhibition of autophagy by 3-MA or siRNA of ATG7 exacerbates cell death in response to 2DG or HNE. Differentiated SH-SY5Y cells were treated 
with 20 mM 2DG for 24 h, followed by 30 μM HNE for 2 h in the presence or absence of 10 mM 3-MA. (A) Western blot analyses of protein extracts from 
control or 2DG- and HNE-treated cells in the presence or absence of 3-MA for MAP1LC3A-I and MAP1LC3A-II. ACTB was used as a protein loading control. 
(B) Quantification of MAP1LC3A-II from (A). Data = mean ± SEM (n = 3), normalized to HNE. *P < 0.05 compared with control, #P < 0.05 compared with 
-3MA, the Student t test. (C) Western blot analyses of protein extracts from control or 2DG- and HNE-treated cells in the presence or absence of 3-MA 
for SQSTM1. ACTB was used as a protein loading control. (D) Quantification of SQSTM1 from (C). Data = mean ± SEM (n = 3), normalized to 2DG+3MA. 
*P < 0.05, the Student t test. (E) Cell viability following 2DG and HNE exposure in the presence or absence of 3-MA. Cell viability was measured by the 
Trypan Blue exclusion method. Data = mean ± SEM (n = 3), normalized to control. *P < 0.05 compared with control; #P < 0.05 compared with -3MA. The 
Student t test. (F–J) Differentiated SH-SY5Y cells were transfected with 750 nM non-targeting (NT) or ATG7 siRNA, allowed to recover for 48 h, then 
treated with 20 mM 2DG for 24 h, followed by 30 μM HNE for 2 h. (F) Cell viability following ATG7 knockdown and exposure to 2DG and HNE. Cell viabil-
ity was measured by the Trypan Blue exclusion method. Data were normalized to control. *P < 0.05 compared with control; #P < 0.05 compared with 
NT. The Student t test. (G) Western blot analyses of protein extracts from cells transfected with nontargeting siRNA (NT) or ATG7 siRNA (ATG7) for ATG7, 
MAP1LC3A-I, MAP1LC3A-II, and SQSTM1. ACTB/β-actin was used as a protein loading control. (H) Quantification of ATG7 from (G). (I) Quantification of 
MAP1LC3A-II from (G). (J) Quantification of SQSTM1 from (G). Data = mean ± SEM (n = 3), normalized to the nontarget control. *P < 0.05 compared with 
NT. The Student t test.
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GAPDH/glyceraldehydes-3-phosphate dehydrogenase inhibitor, 
koningic acid (KA), to treat the differentiated SH-SY5Y cells 
30 min before exposure to HNE. We found that KA at 10 μM 
also significantly decreased autophagic flux (Fig. 8A and B), as 
was found with 2DG treatment. In contrast to the 24 h expo-
sure to 2DG or ATG7 siRNA treatment, KA treatment did not 
increase levels of SQSTM1, an effect similar to 3-MA treatment 

Figure  7. Effects of 2DG on other selective autophagy proteins, mitochondrial membrane potential, cellular 
ATP, and HNE-protein adducts. Differentiated SH-SY5Y cells were treated with 20 mM 2DG for 24 h, followed by 
30 μM HNE. (A) Western blot analyses of BECN1, BCL2, BAX, CTSD, and LAMP1 following exposure to 2DG and 
HNE. ACTB was used as a protein loading control. (B) Quantification of autophagy proteins in (A). Data = mean ± 
SEM (n = 3), normalized to lane with highest signal. (C) Mitochondrial membrane potential was measured using 
the JC-1 membrane potential assay. Red to green fluorescence ratio was calculated. Data = mean ± SEM (n = 8). 
(D) ATP levels were measured as described in Materials and Methods. Data were normalized to protein (mg). 
Data = mean ± SEM (n = 3). (E) Western blot analyses of protein extracts following exposure to 2DG and HNE for 
HNE-protein adducts. (F) Quantification of (E). Data = mean ± SEM (n = 3), normalized to control. *P < 0.05, the 
Student t test.

(Fig.  8C). The lack of effect 
on SQSTM1 may reflect the 
shorter time course for this 
experiment. As found with 
2DG, KA at 10 μM signifi-
cantly sensitized the cells to 
cell death in response to HNE, 
again supporting a key role of 
glycolysis in HNE-dependent 
toxicity (Fig. 8D).

To determine if 2DG alters 
glutathione synthesis in dif-
ferentiated SH-SY5Y cells, we 
measured glutathione levels 
in cells exposed to 2DG and/
or HNE. We found that while 
HNE depleted glutathione, 
2DG had no effect on glutathi-
one levels (Fig. 8E). As a posi-
tive control cells were exposed 
to 1 mM L-buthionine sulf-
oximine (BSO) for 24 h, an 
inhibitor of the glutamyl cys-
teine ligase, and cell death 
was significantly increased 
when combined with either 
2DG or HNE (Fig.  8F). To 
determine whether 2DG 
induced ER stress due to 
blockade of glucose avail-
ability, we assessed HSAP5/
heat shock 70kDa protein 5 
(glucose-regulated protein, 
78kDa) levels as a marker for 
ER stress. We found that 2DG 
did not change HSPA5 levels. 
In addition, treating cells with 
D-mannose, which attenuates 
inhibition of glycosylation,43 
did not change the auto-
phagic response or cell viabil-
ity in response to 2DG and 
HNE treatment, suggesting a 
minor role for ER stress in the 
2DG effect on differentiated 
SH-SY5Y cells (Fig. S4).

Discussion

Mitochondria are both a source and target of oxidative stress. 
Autophagy plays an important role in removing damaged mito-
chondria, thereby preventing a further deterioration in the qual-
ity of the mitochondrial population.29,30 Defects in autophagy or 
mitochondrial quality control pathways contribute to neurode-
generation.48-50 How autophagy is regulated in response to vari-
ous forms of oxidative stress in different cell types is still unclear. 
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Using an endogenously gener-
ated lipid peroxidation prod-
uct, HNE, which accumulates 
in stroke, Alzheimer, and 
Parkinson disease brains, we 
investigated the mechanisms of 
HNE toxicity in differentiated 
human dopaminergic, acetyl-
cholinergic, glutamatergic, and 
adenosinergic SH-SY5Y neuro-
blastoma cells. We found that 
HNE induced autophagy and 
apoptosis in a concentration-
dependent and time-dependent 
manner. 2DG, a competitive 
substrate of hexokinase, which 
is a key enzyme in glucose 
metabolism, decreased cellular 
ATP and suppressed autophagic 
flux as indicated by decreased 
formation of MAP1LC3A-II 
and increased SQSTM1. 
2DG combined with HNE 
induced loss of mitochondrial 
membrane potential, fur-
ther increased CASP3 cleav-
age and apoptotic cell death. 
Both caspase activation and 
cell death could be reversed 
by the pan-caspase inhibitor 
Z-VAD. Inhibition of auto-
phagy by 3-MA or siRNA of 
ATG7 significantly decreased 
cell viability in 2DG- or HNE-
exposed cells. Furthermore, we 
found that HNE significantly 
decreased cellular glutathione 
without changing cellular ATP. 
In contrast, 2DG significantly 
decreased ATP without chang-
ing cellular glutathione. 2DG 
also induces complex changes 
in autophagy-lysosomal, and 
apoptosis pathway protein levels. The glycolytic inhibitor kon-
ingic acid, which acts to inhibit glycolysis through a different 
mechanism, also inhibited autophagic flux and exacerbated 
HNE-induced cell death, as found with 2DG. The glutathione 
synthesis inhibitor BSO exacerbated cell death in response to 
both 2DG and HNE, with more cell death when combined with 
2DG than with HNE.

Our finding that HNE induced the highest MAP1LC3A-II 
at 15–30 μM, while causing the highest caspase activation at 
30–60 μM, suggests that autophagy is more sensitive to HNE 
exposure and could be an earlier response than apoptosis (Fig. 1). 
SQSTM1 did not change during these experimental paradigms. 
One likely interpretation is that SQSTM1 degradation through 

autophagy depends on prolonged alteration of autophagy, more 
than the 2 h time point used in our experiments. Furthermore, 
at this time point and HNE dose, cell death is completely atten-
uated by the caspase inhibitor Z-VAD, suggesting that cells 
did not die as a result of necrosis in response to decreased ATP 
(Fig. 3).

Deprivation of essential amino acids or growth factors regu-
lates autophagy.51 2DG competes with glucose for hexokinase, 
preventing proper utilization of glucose, depleting cellular ATP 
levels. In our experiments, 2DG at 5–40 mM did not change 
basal levels of MAP1LC3A-II. However, measurement of auto-
phagic flux revealed that autophagy is attenuated at 20 mM 
2DG, as evidenced by the autophagic flux assay (Figs.  2–4). 

Figure 8. Inhibition of glycolysis or glutathione synthesis exacerbates HNE-induced cell death. Differentiated 
SH-SY5Y cells were treated 30 μM HNE for 2 h in the presence or absence of 10 μM of the GAPDH inhibitor 
koningic acid (KA) or 1 mM of the glutathione synthesis inhibitor L-buthionine sulfoximine (BSO). (A) Western 
blot analyses of protein extracts following exposure to KA and HNE for SQSTM1, MAP1LC3A-I, and MAP1LC3A-II. 
ACTB was used as a protein loading control. (B) Quantification of MAP1LC3A-II from (A). Data = mean ± SEM (n 
= 3), normalized to CQ. *P < 0.05 compared with control; the Student t test. (C) Quantification of SQSTM1 from 
(A). Data = mean ± SEM (n = 3), normalized to KA+CQ. (D) Cell viability following exposure to increasing con-
centrations of KA and 30 μM HNE. Data = mean ± SEM (n = 3), normalized to 0 μM KA. *P < 0.05 compared with 
control; #P < 0.05 compared with -HNE; the Student t test. (E) Glutathione levels were measured as described in 
Materials and Methods. Data were normalized to protein (mg). Data = mean ± SEM (n = 3). (F) Cell viability fol-
lowing exposure to 2DG and HNE in the presence or absence of BSO. Data = mean ± SEM (n = 3), normalized to 
control. *P < 0.05 compared with control; #P < 0.05 compared with -BSO; the Student t test.
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Associated with attenuated autophagy, 2DG decreased the lev-
els of LAMP1 and increased the level of BCL2 (Fig.  7). This 
raises the possibility that the increased BCL2 leads to forma-
tion of more BCL2-BECN1 complex and results in less BECN1 
participation in autophagy, or the decreased LAMP1 indicates 
a decrease in lysosomal number and function. We found that 
the SQSTM1 levels accumulate with inhibition of autophagy 
by 2DG and ATG7 siRNA, but do not change with 3-MA, or 
koningic acid treatment. As mentioned above for HNE, this 
may be due to the fact that cells were incubated with 2DG for 
24 h and ATG7 siRNA for 48 h, thus allowing sufficient time 
for SQSTM1 to accumulate. In contrast, cells were incubated 
with HNE, 3-MA, or koningic acid for 2–2.5 h, which may not 
be sufficient time to observe changes in SQSTM1. Autophagy 
is protective against cell death induced by HNE as evidenced 
by both 3-MA and siRNA of ATG7 (Fig. 6). However, 3-MA 
also decreased cell survival in response to 2DG. This may be 
due either to 3-MA targeting of other metabolic and cell survival 
pathways,52,53 or to ATG7- or MAP1LC3A-independent cytopro-
tective autophagy mechanisms that function in the absence of 
ATG7 activity.54

We previously reported that 2DG and HNE decrease glycoly-
sis, as well as mitochondrial function and mitochondrial reserve 
capacity.21,22 Here we found that 2DG significantly decreased 
cellular ATP, whereas HNE did not (Fig. 7). This may be due to 
a decreased consumption of cellular ATP in response to HNE-
induced stress, or a reflection of a cellular reserve of ATP, which 

is only marginally affected in the short time frame of the HNE 
exposure.

The impact of 2DG on cellular metabolic status is clearly 
different from that of glucose deprivation in several important 
respects. First, in contrast to glucose deprivation, 2DG does not 
inhibit the first step of the pentose phosphate pathway, and thus 
may not further decrease glutathione. Second, 2DG is a hexo-
kinase substrate and depletes two molecules of cellular ATP 
when converted to 2-deoxyglucose-6-phosphate by hexokinase. 
Third, hexokinase is localized both in the cytosol and the mito-
chondrion and interacts with other cellular components sug-
gesting other potential regulatory mechanisms beyond the flux 
of glucose. Importantly, the 2DG interaction with hexokinase 
may affect the interactions of this critical enzyme within the 
cell, particularly the mitochondrion. Studies from other inves-
tigators have found that under certain conditions, 2DG rescues 
cells from oxidative stress-induced cell death;55,56 and that 2DG 
does not inhibit the first step of the pentose phosphate pathway, 
but rather requires co-inhibition of glutamate cysteine ligase 
activity to sensitize human breast cancer cells to the toxicity of 
2DG exposure, which we also found in the present study.45 The 
additive effects of 2DG and HNE also appear not to be due to 
further decreasing glutathione, since 2DG did not affect glu-
tathione on its own, and slightly attenuated glutathione deple-
tion in response to HNE (Fig. 8), consistent with evidence that 
2DG does not inhibit the first step of the pentose phosphate 
pathway.45 Furthermore, supporting the distinct effects of 2DG 

Figure 9. Working model. HNE activates both autophagy and apoptosis as indicated by increased MAP1LC3A-II formation and CASP3 cleavage. 2DG 
suppresses both basal and HNE-induced autophagy, resulting in increased SQSTM1, and decreased MAP1LC3A-II in the presence of the autophagy flux 
inhibitor chloroquine (CQ). Combined treatment with 2DG and HNE results in decreased mitochondrial membrane potential, increased CASP3 cleav-
age, and cell death. Cell death is attenuated by blocking caspase activation with Z-VAD-FMK, and enhanced by blocking autophagy with 3-MA or siRNA 
knockdown of ATG7. In addition to an effect on autophagy, 2DG also decreases cellular ATP, while having negligible effects on ER stress, basal glutathi-
one levels, or HNE-induced glutathione depletion, as assessed by HSPA5 and glutathione level determination. Inhibition of glycolysis by koningic acid 
(KA) exacerbates HNE-induced cell death, while inhibition of glutathione synthesis by buthionine sulfoximine (BSO) exacerbates 2DG- or HNE-induced 
cell death.
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and glucose deprivation on cell survival, we found that 2DG has 
more significant effects on autophagy and HNE-induced cell 
death compared with glucose deprivation (Fig. 5). Furthermore, 
in our studies, ER stress did not appear to play an important role 
in mediating effects of 2DG (Fig. S4).

Overall, our findings demonstrate a clear modulatory role of 
glycolysis on autophagy and cellular susceptibility to oxidative 
stress (Fig. 9). Although both HNE and 2DG affect mitochon-
drial function, their impact on cellular glutathione, ATP, caspase 
activation and autophagy are distinct (Fig.  9). HNE depletes 
glutathione, without depleting ATP, whereas 2DG did not affect 
glutathione, but decreased ATP. Downstream inhibition of gly-
colysis using koningic acid, glutathione synthesis using BSO, or 
autophagy using 3-MA or ATG7 siRNA, all exacerbate HNE-
induced cell death. Cell death appears to be a result of apoptosis, 
and not necrosis, as the inhibition of apoptosis attenuated cell 
death. Attenuation of autophagy by 2DG is not related to HNE-
protein adduct formation as shown in Figure 7, and apparently 
not related to glycosylation (Fig. S4). In contrast, our evidence 
supports the interpretation that inhibition of glycolysis provides 
a mechanism through which 2DG exerts its effects since the 
GAPDH inhibitor koningic acid had similar effects on auto-
phagy as 2DG. Future studies in identifying detailed molecular 
signaling mechanisms regarding how glycolysis regulates the cel-
lular response to oxidative stress and autophagy will be impor-
tant to aid the development of better therapeutic interventions to 
treat degenerative diseases.

Materials and Methods

Materials
4-hydroxynonenal (HNE) (393204) and Z-VAD-FMK 

(627610) were obtained from Calbiochem. All-trans-retinoic 
acid (AC207341000) and diethylene triamine pentaacetic 
acid (DTPA) (67-43-6) were obtained from Acros Organics/
Fisher. D-Mannose (G5500), L-buthionine sulfoximine 
(BSO) (B2515), L-glutathione (reduced) (G4251), chloroquine 
(C6628), 3-methyladenine (3-MA) (M9281), carbonyl cyanide 
p-[trifluoromethoxy]-phenyl-hydrazone (FCCP) (C2920), and 
2-deoxyglucose (2DG) (D8375) were obtained from Sigma. 
Dulbecco’s modified Eagle’s medium (DMEM) (12800-017), 
neurobasal medium (21103-049), B-27 supplement (17504044-
044), L-glutamine (25030-081) and penicillin-streptomycin 
(15140-122) were obtained from Life Technologies. Trypan blue 
solution (25-900-CI) was obtained from CellGro. Fetal bovine 
serum (FBS) (S11050H) was obtained from Atlanta Biologicals. 
Koningic acid (KA) (57710-57-3) was obtained from TMS Co. 
Ltd. ATG7 siRNA (M-020112-01-0005) and non-targeting con-
trol siRNA (D-001206-13-05) were obtained from DharmaCon 
(Thermo Scientific).

Cell culture
We cultured and used early passage (P11-P17) human neuro-

blastoma SH-SY5Y cells grown in DMEM supplemented with 
10% FBS, 2 mM glutamine, and 1% penicillin-streptomycin. 
Differentiation was induced by the addition of 10 μM all-trans 
retinoic acid on day 1, 24 h after plating, and continued for  

5 d.22,40,41 On day 4, complete media containing retinoic acid 
was replaced with media containing retinoic acid and 1% FBS. 
All treatments began on day 6. Human embryonic kidney cells, 
mouse RAW macrophages, and mouse embryonic fibroblasts 
were all grown in DMEM supplemented with 10% FBS, 2 mM 
glutamine, and 1% penicillin-streptomycin. Cells were allowed 
to grow for 24 h, with treatments beginning on day 1. Primary 
cortical neurons were cultured in neurobasal medium contain-
ing 2% B-27 supplement, 1% penicillin-streptomycin and  
0.5 mM L-glutamine, from embryonic day 18 (E18) rat embryos. 
All experiments used 7 d in vitro cultures. All animal procedures 
were approved by the UAB institutional IACUC.

Assessment of cell viability
Cell viability was determined using the trypan blue exclu-

sion method. Differentiated SH-SY5Y cells, human embryonic 
kidney cells, mouse RAW macrophages and mouse embryonic 
fibroblasts were grown in 12-well cell culture plates, and, follow-
ing treatment, trypsinized and resuspended in DMEM supple-
mented with 1% FBS. Primary cortical neurons were grown in 
Seahorse XF 24-well plates (Seahorse Biosciences, 100777-004), 
and, following treatment, trypsinized and resuspended in neuro-
basal medium. Trypan blue was added, and the cells nonperme-
able to trypan blue were counted as viable.

Western blot analysis
Protein lysates were separated by SDS-PAGE and probed 

with the following antibodies: SQSTM1/p62 (Abnova, 
H00008878-M01), BCL2/B-cell CLL/lymphoma 2 (Santa 
Cruz, sc-492), BECN1/Beclin 1 (Santa Cruz, sc-11427), pro-
CASP3/caspase 3 (Santa Cruz, sc-7148), cleaved CASP3/cas-
pase 3 (Cell Signaling, 9661), BAX/BCL2-associated X protein 
(Santa Cruz, sc-526), LAMP1/Lysosomal-associated membrane 
protein 1 (Developmental Studies, H4A3), HSPA5/GRP78 
(Santa Cruz, sc-1050), ATG7 (Abcam, ab133528), microtubule-
associated protein 1 light chain 3 α/LC3A (Sigma, L8918), 
ACTB/β-actin (Sigma, A5441), and CTSD/cathepsin D (Santa 
Cruz, sc-6486). Relative levels of protein to ACTB loading con-
trol were quantified by densitometry using ImageJ, and normal-
ized to the lane with the highest signal.

ATP luminescence assay
Differentiated SH-SY5Y cells were grown in 96-well cell cul-

ture plates. After treatment, cells were lysed, substrate solution 
was added (Perkin Elmer ATPlite Luminescence Assay System, 
6016943), and the mixture agitated for 5 min. After dark adap-
tation (10 min), luminescence was measured and converted to 
ATP levels using a standard curve, then normalized to protein.

Assessment of cellular glutathione
Glutathione levels were determined using the Tietze recy-

cling assay.57 Cells were washed twice with ice-cold phosphate 
buffered saline (PBS) containing 10 μM DTPA, and then lysed 
in PBS-DTPA buffer containing 0.1% Triton X-100 for 10 min 
on ice. After which, lysates were centrifuged at 12,500 rpm at  
4 °C for 15 min. Cleared supernatant fractions were assayed  
for glutathione content by following the absorbance at 412 nm  
over 5 min and extrapolating the data to a standard curve estab-
lished using reduced glutathione. Results are expressed as nmol 
GSH/mg protein.
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Following HNE and/or 2DG treatment, cells were washed with 
medium and incubated with 7.7 μM JC-1 dye for 30 min. Cells 
were then washed with PBS, and red/green fluorescence was 
measured using a fluorescence plate reader with excitation/emis-
sion filters (560/595 nm and 484/535 nm). Results are expressed 
as the ratio of red to green fluorescence.58

Statistical analysis
Data are reported as mean ± SEM. Comparisons between 

two groups were performed with unpaired Student t tests. 
Comparisons among multiple groups or between two groups at 
multiple time-points were performed by either one-way or two-
way analysis of variance, as appropriate, followed by post-hoc 

Tukey HSD test. A P value of ≤ 0.05 was considered statistically 
significant.
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