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A B S T R A C T

Background and purpose: Ischemic stroke is the most common type of cerebrovascular event and is re-
sponsible for approximately 85% of all strokes in Taiwan. Neurons contain high concentrations of polyamines,
which are prone to various pathological states in the brain and are perturbed after cerebral ischemia. Acrolein,
an α,β-unsaturated aldehyde, has been suggested as the primary culprit of neuronal damage in stroke patients.
However, the mechanism by which acrolein induces neuronal damage during ischemic stroke is not clear.
Methods: Urinary 3-hydroxypropyl mercapturic acid (3-HPMA), an acrolein-glutathione (GSH) metabolite,
plasma acrolein-protein conjugates (Acr-PC) and plasma GSH levels were analyzed to correlate disease severity
and prognosis of stroke patients compared with control subjects. In vivo middle cerebral artery occlusion (MCAO)
animal models and an in vitro oxygen glucose deprivation (OGD) stroke model were used to investigate the
mechanisms of acrolein-induced neuronal damage.
Results: A deregulated acrolein metabolism, including significantly increased plasma Acr-PC levels, decreased
urinary 3-HPMA levels and decreased plasma GSH levels, was found in stroke patients compared to control
subjects. We further observed that acrolein was produced during ischemia resulting in brain damage in in vivo
MCAO animal model. The induction of acrolein in neuronal cells during OGD occurred due to the increased
expression of spermidine/spermine N1-acetyltransferase (SSAT) by NF-kB pathway activation. In addition, ac-
rolein elicited a vicious cycling of oxidative stress resulting in neurotoxicity. Finally, N-acetylcysteine effectively
prevented OGD-induced neurotoxicity by scavenging acrolein.
Conclusion: Overall, our current results demonstrate that acrolein is a culprit of neuronal damage through GSH
depletion in stroke patients. The mechanism underlying the role of acrolein in stroke-related neuronal damage
occurs through SSAT-induced polyamine oxidation by NF-kB pathway activation. These results provide a novel
mechanism of neurotoxicity in stroke patients, aid in the development of neutralizing or preventive measures,
and further our understanding of neural protection.
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1. Introduction

Ischemic stroke, characterized by the disturbance of the blood
supply to the brain, is the most common type of cerebrovascular event
and is responsible for approximately 85% of all strokes (Flynn et al.,
2008; Mathers et al., 2009). Identifying reliable biomarkers present
during the early phases of a stroke remains a challenge (Makris et al.,
2018). Polyamines (putrescine, spermidine and spermine) are ubiqui-
tous cellular polycations essential for optimal rates of cell growth and
differentiation (Pegg, 2009). The polyamine system is prone to various
pathological states in the brain and is perturbed after cerebral ischemia
(Baskaya et al., 1997; Baskaya et al., 1996; Seiler, 2000). Spermidine/
Spermine N1-acetyltransferase (SSAT) is the rate-limiting enzyme in
polyamine catabolism that acts through the acetylation of spermidine
and spermine (Pegg, 2008). Previous studies have shown that the
transcription and enzymatic activity of SSAT increase in response to
cerebral ischemia (Nagesh Babu et al., 2001; Zoli et al., 1996).

Acrolein, an α,β-unsaturated aldehyde, can be formed endogenously
by lipid peroxidation or amino acid metabolism, including polyamine
oxidation (Stevens and Maier, 2008). Recent studies have shown that
acrolein is predominantly formed from 3-aminopropanal
(NH2[CH2]2CHO) produced effectively from spermine by spermine
oxidase (SMO) and less effectively from 3-acetamidopropanal
(CH3CONH[CH2]2CHO), which is produced from spermine and sper-
midine by SSAT and acetylpolyamine oxidase (AcPAO) (Igarashi and
Kashiwagi, 2011; Kimes and Morris, 1971; Saiki et al., 2011; Wang and
Casero Jr., 2006). Additionally, acrolein has been reported to be more
toxic than H2O2 (Sharmin et al., 2001) and slightly more toxic than ·OH
(Yoshida et al., 2009) in cell culture systems due to its high reactivity
with various cellular components such as proteins, which results in
protein dysfunction. Acrolein reacts with lysine residues within proteins
to form Nε-(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine) and
(Nε-(3-methylpyridium)lysine] (MP-lysine) (Furuhata et al., 2003;
Stevens and Maier, 2008; Uchida et al., 1998), which has been used to
detect acrolein levels in human tissues and serum (Calingasan et al.,
1999; Igarashi and Kashiwagi, 2011). Previous studies have shown that
levels of acrolein-protein conjugates (Acr-PC) in plasma are associated
with disease severity in stroke patients (Igarashi and Kashiwagi, 2011;
Saiki et al., 2009; Tomitori et al., 2005; Yoshida et al., 2010; Yoshida
et al., 2011). Reduction of acrolein levels has been shown to reduce
infarction size and protect against neuronal damage in animal experi-
ments (Saiki et al., 2009; Suabjakyong et al., 2015). Therefore, acrolein
has been suggested as a primary culprit of neuronal damage in stroke
patients. However, the mechanism by which acrolein induces neuronal
damage is not clear.

The governing pathobiology of ischemic brain stroke initially un-
folds due to a focal deficit in metabolism driven primarily by oxygen
and glucose deprivation (OGD); most ischemic strokes (~80%) occur in
the middle cerebral artery (MCA). MCA occlusion (MCAO) in animals is
commonly used to model focal brain ischemia in humans (Carmichael,
2005; Durukan and Tatlisumak, 2007; Taniguchi and Andreasson,
2008) and OGD is widely used as an in vitro model for stroke, due to
similarities with in vivo models of brain ischemia (Tasca et al., 2015).
To clarify the role of acrolein in neuronal damage during stroke, we
collected blood and urine samples from 49 stroke patients within 24 h
(day 1) after stroke and from 99 healthy subjects. Urinary 3-HPMA, an
acrolein-glutathione (GSH) metabolite, plasma acrolein-protein con-
jugates (Acr-PC) and plasma GSH levels were analyzed to correlate
disease severity and prognosis of stroke patients. Furthermore, the
mechanisms by which acrolein induces neuronal damage were in-
vestigated using MCAO animal models and an in vitro OGD stroke
model.

2. Results

2.1. Subjects and collection of blood and urine

Baseline sociodemographic variables are shown in Table 1. From the
148 patients recruited, 49 patients were gender- and smoking history-
matched stroke patients, and 99 patients were gender- and smoking
history-matched healthy control subjects without any history of de-
mentia. All stroke subjects were clinically followed for 1–2 years.
(Table 1). The demographic data for all patients are shown in Table 1.
Of the stroke patients, 81% (39/49) were diagnosed with a minor stroke
(NIHSS < 5), and the remaining 19% of stroke patients were diagnosed
with moderate to severe stroke (NIHSS ≥5). A total of 33.3% (16/49)
of the stroke patients were smokers, and 20.4% (10/49) were alcohol
users. The control group also included smokers (33.3%, 33/99) and
alcohol users (11.1%, 11/99). The duration (years) of smoking was
matched in stroke patients (34.0 years) and control patients
(34.1 years). However, the average age of the stroke patients
(67.0 years) was significantly older than control subjects (58.3 years,
p < .001).

2.2. Increased acrolein-protein conjugates (Acr-PC) but decreased total
GSH levels were identified in the plasma from ischemic stroke subjects
compared to control subjects

We analyzed the plasma samples collected from control subjects and
stroke subjects with the Acrolein-Lysine Adduct Competitive EIA kit
using an anti-acrolein antibody to analyze acrolein-protein conjugates
(Acr-PC; Nε-(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine) and
(Nε-(3-methylpyridium)lysine] (MP-lysine)) (Furuhata et al., 2003;
Uchida et al., 1998). We found that the Acr-PC levels in the plasma of
stroke patients within 24 h (day 1) after stroke were 1.2-fold higher
than those of the control subjects (p < .001, Fig. 1A & Supplementary
Table 1). Since smoking is the one of major sources of exposure to ac-
rolein (Moghe et al., 2015), plasma Acr-PC levels were compared in
control subjects and stroke patients without smoking habits. The results
showed that Acr-PC levels in the plasma of stroke patients on day 1
after stroke were 1.2-fold higher than those of control subjects
(p < .001, Fig. 1B & Supplementary Table 1). We further compared
plasma Acr-PC levels on day 1 and day 7 after stroke and found that
individual Acr-PC levels in 80% (12/15) of patients were decreased on
day 7 after stroke compared to that on day 1 (Fig. 1C) although no
significant difference was found. Interestingly, the stroke status of three
patients (ST22, ST23, ST29) with increased Acr-PC levels was not im-
proved based on NIHSS (Fig. 1D).

Since GSH is the major intracellular scavenger of acrolein (Stevens

Table 1
Baseline sociodemographic variables of control subjects and stroke patients.

N Control Stroke

99 p^ 49 p^

Female (%) 43 – 39 –
(M/F) 56/43 30/19
Age (y) 58.3 – 67.0 0.0001⁎⁎⁎
Range 38-91 42-91
Stroke status (NIHSS)
Minor stroke (< 5) – 39 –
Moderate to severe stroke (≥5) – 10 –
Smoking (%) 33.3 38.8 –
(+/−) 33/99 19/30
Smoking years 34.0 – 34.1 –
Range 6–53 20–54
Drinking alcohol (%) 11.1 20.4 –
(+/−) 11/99 10/39

⁎⁎⁎
P < .005,Student's t -tests were used to determine statistical significance.
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and Maier, 2008), we also measured total GSH (tGSH) levels in plasma
from control subjects and stroke patients within 24 h after stroke. The
results showed that tGSH levels in plasma from stroke patients were
significantly lower than those of the control subjects (p < .001, Fig. 1E
& Supplementary Table 1). Similar trends were observed in stroke pa-
tients with smoking habits (Fig. 1F). Additionally, no significant
changes in plasma tGSH were identified on day 1 and day 7 after stroke
(Fig. 1G). Furthermore, the correlation between Acr-PC and tGSH levels
in the plasma was studied. We found that a decrease in tGSH was
strongly correlated with an increase in Acr-PC levels in the plasma of
both control subjects and stroke patients (p < .001, Fig. 1H, Supple-
mentary Figs. 1A-B). Furthermore, an inverse correlation was de-
termined between plasma tGSH and age in subjects (p < .05, Fig. 1I),
while a positive correlation was found between plasma Acr-PC and age
in all subjects (p < .005, Fig. 1J). No significant correlation was
identified between age and tGSH or age and Acr-PC in either control
subjects or stroke patients (Supplementary Figs. 1CeF). Taken together,
we conclude that the levels of Acr-PC adducts in plasma from stroke
patients were higher than those in control subjects, suggesting a higher
degree of acrolein-induced brain cell damage in stroke patients

compared to control subjects.

2.3. Decreased urinary 3-HMPA in ischemic stroke patients compared to
healthy subjects

3-hydroxypropyl mercapturic acid (3-HPMA), an acrolein-GSH
conjugate, is a metabolite formed by the detoxification of acrolein
(Stevens and Maier, 2008). Here, we established a sensitive method to
quantify urinary 3-HMPA levels using isotope dilution high perfor-
mance liquid chromatography (HPLC) coupled with mass spectrometry
(Tsou et al., 2018) and analyzed urine from stroke patients and control
subjects. We found that 3-HMPA/Cre levels were significantly lower in
stroke patients within 24 h after stroke compared to control subjects
(p < .001, Fig. 2A & Supplementary Table 2). Furthermore, we also
compared control subjects and stroke patients with or without smoking
histories and the results showed similar trends (Figs. 2B-C). Compared
to day 1 after stroke, we found that urinary 3-HMPA levels in 80% (11/
15) of subjects were increased on day 7 after stroke (Fig. 2D), although
no statistical significance was found. In addition, we correlated plasma
Acr-PC levels or urinary 3-HMPA levels with each stroke patient's NIH

Fig. 1. Levels of Acr-PC in plasma of control and stroke subjects. (A-C) Acr-PC levels in plasma of control subjects or stroke patients was analyzed using the Acrolein-
Lysine Adduct Competitive EIA kit (TaKaRa Bio. Inc.), as described in the Materials and Methods section. (A) Acr-PC levels in plasma of 43 control subjects and 46
stroke patients. (B) Acr-PC levels in plasma of control subjects with nonsmoking histories (N= 43) or stroke patients with nonsmoking histories (N= 29). (C) Acr-PC
levels and (D) NIHSS score in plasma of 15 stroke patients on day 1 and day 7 after stroke. Open circle indicates 3 of 15 stroke patients (ST22, ST23 and ST29) and 12
of 15 patients are closed circle. (E-G) Total GSH levels in plasma of control subjects or stroke patients was analyzed using a glutathione assay kit (Sigma). (E) Total
GSH levels in plasma of 43 control subjects and 46 stroke patients. (F) Total GSH levels in plasma of control subjects with nonsmoking histories (N = 43) or stroke
patients with nonsmoking histories (N = 29). (G) Total GSH levels in plasma of 15 stroke patients on day 1 and day 7 after stroke. Each circle indicates individual
data. Student's t-tests were used to determine statistical significance, and two-tailed p-values are shown. ***p < .001, *p < .05. (H-J) The correlations between total
Acr-PC levels and GSH levels (H), GSH levels and age (I), and Acr-PC levels and age (J) in plasma of 43 control subjects (closed circle) and 48 stroke patients (open
circle) were evaluated by Pearson's correlation analysis.
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stroke scale (NIHSS) score, and the results showed significantly higher
urinary 3-HMPA levels in patients with minor stroke (NIHSS < 5,
N= 39) compared to those in patients with moderate to severe stroke
(NIHSS ≥5, N= 9, p < .05, Fig. 2E). These results indicate that the
levels of 3-HPMA in urine were correlated with stroke severity in pa-
tients.

2.4. Increased acrolein-protein conjugates (Acr-PC) in brain tissue from an
in vivo middle cerebral artery occlusion (MCAO) animal model

To investigate the role of acrolein in ischemic stroke in vivo, we
occluded the MCA in rats for 40 min and removed the suture to achieve
reperfusion (transient MCAO), then assessed brain damage by 2,3,5-
triphenyltetrazolium chloride (TTC) staining, as well as Acr-PC levels,
1, 2, 4 and 7 days later (Fig. 3A). Using TTC staining, ischemic infarc-
tion was observed in stroke hemisphere and ischemic core/ penumbra
were collected (Fig. 3B, Supplementary Fig. 2A). The results demon-
strated that Acr-PC levels on the stroke hemisphere increased sig-
nificantly in the penumbra (1.9-fold, p < .001) and core (6.1-fold,
p < .05) on day 1 after MCAO compared to that in the contralateral
hemisphere (Figs. 3C-D). Acr-PC levels in stroke penumbra were de-
creased to basal level as contralateral hemisphere on day 2 to day 7
after MCAO. On the other hand, Acr-PC levels were decreased on day 2
to day 7 after MCAO in the stroke core, but the levels were still sig-
nificantly higher than contralateral hemisphere (p < .001). In addi-
tion, we found that cleavage of α-spectrin (120 kDa) was increased in
ischemic core using Western blot analysis indicating that cellular
apoptosis occurred in this area (Weiss et al., 2009). GFAP, a marker of
astrocyte activation and ED-1, a marker of microglia were also in-
creased in ischemic core using Western blot analysis and

immunofluorescent staining (Supplementary Figs. 2B-D). These results
further confirmed that acrolein was produced during ischemic stroke
within 24 h and the Acr-PC levels were correlated with brain damage
during ischemia in vivo.

2.5. Oxygen glucose deprivation (OGD)-induced cytotoxicity and cellular
apoptosis in neurons

OGD is widely used as an in vitro model for stroke due to similarities
with in vivo models of brain ischemia (Tasca et al., 2015); therefore, we
established an OGD model in human neuroblastoma SHSY5Y cells by
replacing media with oxygen/glucose-free media in a hypoxia chamber
containing an atmosphere of 0.2% O2, 5% CO2, 95% N2, and 90% hu-
midity at 37 °C, as described in the Materials and Methods. We found
that OGD treatment (6–24 h) caused cytotoxicity in SHSY5Y cells as
well as the two other types of brain cells, including astrocytes, BV2 and
microglia, CTX-TNA2 using SRB analysis (Fig. 4A & Supplementary
Fig. 3A). Furthermore, OGD treatment induced cellular apoptosis in
SHSY5Y cells, as shown by cell cycle analysis and Western blot analysis
(Figs. 4B-C).

2.6. Oxygen glucose deprivation (OGD) induced the production of Acr-PC
by polyamine oxidation through the NF-kB pathway and oxidative stress in
neurons

Since our clinical results suggested that acrolein plays an important
role in brain cell damage in stroke patients (Figs. 1-2), we further in-
vestigated whether acrolein is involved in OGD-induced neurotoxicity.
We found increased Acr-PC levels in SHSY5Y, BV2 and CTX-TNA2 cells
after OGD treatment (Fig. 4D & Supplementary Figs. 3BeC). Acrolein

Fig. 2. Levels of 3-HPMA/Cre in urine from control and stroke subjects. 3-HPMA and creatinine (Cre) levels in urine from control subjects or stroke patients were
measured using isotope dilution HPLC-mass spectrometry, as described in the Materials and Methods section. (A) 3-HPMA and Cre levels of 85 control subjects and 48
stroke patients. (B) 3-HPMA and Cre levels of control subjects with smoking histories (N= 33) and stroke patients with smoking histories (N= 19). (C) 3-HPMA and
Cre levels from control subjects with nonsmoking histories (N= 52) and stroke patients with nonsmoking histories (N = 29). Bar graphs represent the mean ± s.d.
Student's t-tests were used to determine statistical significance, and two-tailed p-values are shown. **p < .01. (D) 3-HPMA and Cre levels in urine from 15 stroke
patients on day 1 and day 7 after stroke. (E) 3-HPMA and Cre levels of stroke patients with NIHSS < 5 (N= 39) or NIHSS ≥5 (N= 9), as described in the Materials
and Methods. Each circle indicates individual data. Student's t-tests were used to determine statistical significance, and two-tailed p-values are shown. *p < .05.
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has been reported to form endogenously by oxidative stress or amino
acid metabolism, including polyamine oxidation (Stevens and Maier,
2008); thus, we further investigated these two potential pathways. The
results demonstrated that OGD increased production of intracellular
ROS within 3 h (Fig. 4E & Supplementary Fig. 3D) and increased hy-
poxia markers (HIF-1α, HO-1 and COXII) in SHSY5Y, BV2 and CTX-
TNA2 cells 6 h after OGD treatment (Fig. 4F & Supplementary Figs. 3B-
D). Furthermore, we found that OGD increased p-NFkB (p-p65) along-
side decreased IkB expression 6 h after OGD treatment in SHSY5Y cells
(Fig. 4G). These results indicate that OGD caused oxidative stress fol-
lowed by activation of the NF-kB pathway in SHSY5Y cells. Our results
also demonstrated that OGD induced expression of polyamine oxidases,
i.e. SSAT, a downstream target gene of the NF-kB pathway (Babbar
et al., 2006a; Babbar et al., 2006b), in a time-dependent manner in
SHSY5Y cells after OGD treatment for 6, 18 and 24 h (Figs. 4G-H). In-
deed, we found that SSAT levels in plasma from stroke patients with or
without smoking habits were significantly higher than control subjects
(p < .001, Supplementary Figs. 4A-B). Furthermore, no significant
changes in plasma SSAT were found on day 1 or day 7 after stroke
(Supplementary Fig. 4C).

To further confirm the role of acrolein in OGD-induced neurotoxi-
city, we pretreated SHSY5Y cells under OGD conditions with a sca-
venger of acrolein, N-acetylcysteine (NAC), and antioxidants, such as
Trolox and vitamin C (Vit. C). The results showed that NAC had higher
activity to decrease OGD-induced Acr-PC levels compared to Trolox or
Vit. C under similar antioxidant activities (Figs. 4I-J). Furthermore,

NAC decreased OGD-induced cleavage of caspase 9 or caspase 3, in-
dicating that NAC prevented OGD-induced cellular apoptosis (Fig. 4K).
Interestingly, we found that Vit. C further enhanced OGD-induced
cellular apoptosis. Taken together, these results suggest that the pro-
duction of acrolein indeed was a culprit of OGD-induced neurotoxicity,
and the mechanism was potentially mediated by SSAT expression that
was induced by activation of the NF-kB pathway and oxidative stress.

2.7. Acrolein induced the overproduction of reactive oxygen species,
decreased intracellular GSH levels and induced Acr-PC levels resulting in
cytotoxicity in SHSY5Y cells

To investigate the mechanisms by which acrolein induced neuronal
toxicity, we treated SHSY5Y cells with acrolein (0–10 μM) for 24 h. The
results showed that acrolein induced cytotoxicity and cellular apoptosis
in a dose-dependent manner in SHSY5Y cells (Figs. 5A-C). In addition,
our results showed that acrolein induced oxidative stress, decreased
GSH levels, and induced Acr-PC production in SHSY5Y cells (Figs. 5D-
F). Importantly, the level of Acr-PC induced by acrolein (7.5 μM, IC50
of SHSY5Y cells) was comparable to that under the OGD condition
(Supplementary Fig. 5). Pretreatment with NAC can more effectively
reverse Acr-induced ROS levels, Acr-PC levels and cellular apoptosis in
SHSY5Y cells compared to treatment with Trolox or Vit. C (Figs. 5G-I).
Interestingly, we found that acrolein also induced NF-kB activation and
SSAT expression in a dose-response manner and pretreatment with NAC
or Trolox reversed this phenomenon (Figs. 5J-K). These results suggest

Fig. 3. Levels of Acr-PC were increased in the brain tissue of the in vivo middle cerebral artery occlusion (MCAO) animal model. (A) The MCA was occluded for
40 min and 24, 48, 96 and 168 h later rats were sacrificed for triphenyltetrazolium chloride (TTC) staining and brain tissue collection. (B) Representative brain
sections stained with TTC showing the ischemic core and penumbra at 48 h after reperfusion (n= 5/group). The densitometric analysis of the infarct volume (mm3)
was calculated in TTC-stained brain section with Image J analyzer of NIH. (C) Acr-PC levels in the core and penumbra of the stroke hemisphere (right) and
contralateral hemisphere were analyzed using Western blot analysis. (D) Quantification of Acr-PC levels, as shown in (C). Bar graphs represent data collected from 3
independent experiments. Data are presented as the mean ± s.d. Student's t-tests were used to determine statistical significance, and two-tailed p-values are shown.
*p < .05.
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that acrolein elicited a vicious cycling of oxidative stress resulting in
more production of acrolein by increasing SSAT expression through the
NF-kB pathway.

3. Materials and methods

3.1. Subjects and collection of blood and urine

Volunteers recruited in this study included 99 control subjects
without any history of dementia and 49 stroke subjects as described in

Supplementary Methods. Informed consent was given by each partici-
pant or his (or her) relative, and our study protocol was approved by
the Institutional Review Board of Taipei Veterans General Hospital
(IRB# 2017–11-003 BCE). The experiments were conducted in ac-
cordance with the Declaration of Helsinki principles.

3.2. Procedures for middle cerebral artery occlusion (MCAO)

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Taipei Veterans General Hospital and were

Fig. 4. Oxygen glucose deprivation (OGD) conditions increased oxidative stress and induced SSAT expression through NF-kB pathway activation resulting in cellular
apoptosis and the effects of N-acetylcysteine (NAC), Trolox or vitamin C (Vit. C) in SHSY5Y cells. (A) Cytotoxicity of SHSY5Y cells at 6–24 h OGD was analyzed using
the Sulforhodamine B (SRB) assay, as described in the Materials and Methods. (B) Flow cytometric DNA profiles after propidium iodide (PI) staining of SHSY5Y cells
at 6–24 h of OGD. The percentage of cell populations in each cell cycle phase represents the mean of three different experiments. (C) Cleavage of PARP, and
procaspase 9 and 3 in SHSY5Y cells at 6–24 h of OGD was analyzed using Western blot analysis. Pro-Cas. 9: pro-caspase 9; c-Cas. 9: cleavage caspase 9; Pro-Cas. 3:
pro-caspase 3; c-Cas. 3: cleavage caspase 3. (D) Acr-PC levels in SHSY5Y cells after 6–24 h of OGD were analyzed using Western blot analysis. (E) Production of
intracellular reactive oxygen species (ROS) in SHSY5Y cells after 3 h of OGD was analyzed using the DCF-DA assay, as described in the Materials and Methods. (F)
Total GSH levels in SHSY5Y after 3 h of OGD was analyzed using a glutathione assay kit (Sigma). (G) The NF-kB pathway (p-p65, p65 and IKB), SSAT, and hypoxia
markers (HIF-1α, HO-1 or COX-II) in SHSY5Y cells at 6–24 h of OGD were analyzed using Western blot analysis. (H) Evaluation of mRNA expression of polyamine
oxidases, including spermine oxidase (SMO); acetylpolyamine oxidase (AcPAO); spermidine/spermine N1-acetyltransferase (SSAT), in SHSY5Y cells after 6–24 h of
OGD using real-time RT-PCR analysis. (I) Production of intracellular reactive oxygen species (ROS) after 1 h pretreatment with NAC (5 mM), Trolox (5 μM), or Vit. C
(1 mM) in SHSY5Y cells at 6 h of OGD was analyzed using the DCF-DA assay, as described in the Materials and Methods. Bar graphs represent data collected from 3
independent experiments. Data are presented as the mean ± s.d. Student's t-tests were used to determine statistical significance, and two-tailed p-values are shown.
***p < .001, *p < .05. (J) Acr-PC levels, (K) cleavage of PARP, and procaspase 9 and 3 levels after 1 h pretreatment with NAC (5 mM), Trolox (5 μM), or Vit. C
(1 mM) in SHSY5Y cells at 6 h of OGD were analyzed using Western blot analysis. p-p65: phospho-NF-κB p65 (Ser536), Pro-Cas. 9: pro-caspase 9; c-Cas. 9: cleavage
caspase 9; Pro-Cas. 3: pro-caspase 3; c-Cas. 3: cleavage caspase 3.
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Fig. 5. Acrolein increased intracellular ROS production and reduced total GSH levels resulting in cytotoxicity and cellular apoptosis and the effect of N-acetylcysteine
(NAC), Trolox or vitamin C (Vit. C) in SHSY5Y cells. (A) Acrolein cytotoxicity in SHSY5Y cells was analyzed using SRB analysis, as described in the Materials and
Methods, after 24 h treatment with acrolein (0–10 μM). (B) Flow cytometric DNA profiles after PI staining of SHSY5Y cells treated with acrolein (0–10 μM) for 24 h.
The percentage of cell populations in each cell cycle phase represents the mean of three different experiments. (C) Cleavage of PARP, and procaspase 9 and 3 in
SHSY5Y cells treated with acrolein (0–10 μM) for 24 h was analyzed using Western blot analysis. Pro-Cas. 9: pro-caspase 9; c-Cas. 9: cleavage caspase 9; Pro-Cas. 3:
pro-caspase 3; c-Cas. 3: cleavage caspase 3. (D) Acr-PC levels in SHSY5Y cells treated with acrolein (0–10 μM) for 24 h was analyzed using Western blot analysis. (E)
Production of intracellular reactive oxygen species (ROS) in SHSY5Y cells treated with acrolein (0–10 μM) for 3 h was analyzed using the DCF-DA assay, as described
in the Materials and Methods. (F) Total GSH levels in SHSY5Y cells treated with acrolein (0–10 μM) for 3 h was analyzed using the glutathione assay kit (Sigma). (G)
Production of intracellular reactive oxygen species (ROS) in SHSY5Y cells pretreated with NAC (5 mM), Trolox (5 μM) or Vit. C (1 mM) for 1 h followed by acrolein (7.
5 μM, 3 h) was analyzed using the DCF-DA assay, as described in the Materials and Methods. Bar graphs represent data collected from 3 independent experiments.
Data are presented as the mean ± s.d. Student's t-tests were used to determine statistical significance, and two-tailed p-values are shown. ***p < .001, *p < .05.
(H) Acr-PC levels, (I) cleavage of PARP, and procaspase 9 and 3 in SHSY5Y cells pretreated with NAC (5 mM), Trolox (5 μM) or Vit. C (1 mM) for 1 h followed by
acrolein (7.5 μM, 24 h) were analyzed using Western blot analysis. Pro-Cas. 9: pro-caspase 9; c-Cas. 9: cleavage caspase 9; Pro-Cas. 3: pro-caspase 3; c-Cas. 3: cleavage
caspase 3. The NF-kB pathway, and SSAT in SHSY5Y cells treated with acrolein (0–10 μM) for 24 h (J) or in SHSY5Y cells pretreated with NAC (5 mM), Trolox (5 μM)
or Vit. C (1 mM) for 1 h followed by acrolein (7.5 μM, 24 h) (K) were analyzed using Western blot analysis.
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carried out according to the Guidelines for Animal Research of Taipei
Veterans General Hospital. Acute ischemic stroke (AIS) in rats was
setup by inducing cerebral ischemia/reperfusion (CI/R) injury ac-
cording to previous studies (Kunz et al., 2008) as described in Sup-
plementary Methods.

3.3. Detection of acrolein-protein conjugates (Acr-PC) in serum

Acrolein-protein conjugates (Acr-PC) in serum samples were ana-
lyzed using the Acrolein-Lysine Adduct Competitive EIA Kit (TaKaRa
Bio. Inc.) according to the manufacturer's instructions as described in
Supplementary Methods.

3.4. Detection of Spermidine/Spermine N1-acetyltransferase (SSAT) in
serum

SSAT levels in serum samples were analyzed using the SAT1/SAT
ELISA Kit (LifeSpan BioSciences) according to the manufacturer's in-
structions as described in Supplementary Methods.

3.5. Detection of 3-hydroxypropyl mercapturic acid (3-HPMA) and
creatinine in urine

Analysis of 3-HPMA and creatinine in urine was based on methods
previously described (Tsou et al., 2018) as described in Supplementary
Methods.

3.6. Cell culture and acrolein treatment

Human neuroblastoma (SHSY5Y), mouse microglia (BV2) and rat
astrocyte (CTX-TNA2) cells were grown in Dulbecco's modified Eagle's
medium: nutrient mixture F-12 (DMEM/F-12) supplemented with 10%
FBS, Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% FBS, and Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% FBS, respectively. For acrolein treatment, stock so-
lutions of acrolein (Sigma, St. Louis, MO) were prepared immediately
before use as described previously (Wang et al., 2016). When cells
reached 50% confluency, they were treated with different concentra-
tions of acrolein diluted in culture medium supplemented with 10% FBS
at 37 °C in the dark.

3.7. Oxygen-glucose deprivation (OGD)

For OGD, cultures were placed in a hypoxia chamber containing an
atmosphere of 0.2% O2, 5% CO2, 95% N2, and 90% humidity at 37 °C.
Within the chamber, the media was removed and replaced with an
oxygen/glucose-free balanced salt solution (BSS, in mmol/L: 116 mM
NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 1 mM NaH2PO4·2H2O, 262 mM
NaHCO3, 1.8 mM CaCl2, pH 7.2, < 0.1% O2), which was previously
saturated with 95% N2/ 5% CO2 at 37 °C. Still within the chamber, the
cells were washed twice with oxygen/glucose-free BSS and incubated
for 6, 18, and 24 h.

3.8. Intracellular ROS detection

The generation of pro-oxidants were measured as described pre-
viously (Wang et al., 2016) as described in Supplementary Methods.

3.9. Cell cycle analysis

Cell cycle analysis was performed as described previously (Wang
et al., 2016) as described in Supplementary Methods.

3.10. Measurement of total glutathione (GSH)

Total glutathione (GSH + GSSG) levels were determined with a

glutathione assay kit (Sigma) following the manufacturer's protocol as
described in Supplementary Methods.

3.11. Sulforhodamine B (SRB) cytotoxicity assays, quantitative real-time
RT-PCR and Western blot analysis

These procedures were described in Supplementary Methods.

4. Discussion

Acrolein, an α,β-unsaturated aldehyde, has been suggested as a
primary culprit of neuronal damage in stroke patients (Igarashi and
Kashiwagi, 2011; Saiki et al., 2009; Tomitori et al., 2005; Yoshida et al.,
2010; Yoshida et al., 2011). However, the mechanism by which acro-
lein induced neuronal damages during ischemic stroke is not clear. In
this study, a deregulated acrolein metabolism, including significantly
increased plasma Acr-PC levels, decreased urinary 3-HPMA levels and
decreased plasma GSH levels, was found in stroke patients compared to
control subjects (Figs. 1-2). We further observed that acrolein was
produced during ischemia resulting in brain damage in in vivo MCAO
animal model (Fig. 3). Using an in vitro OGD cellular stroke model, we
found that overproduction of acrolein occurs through SSAT-induced
polyamine oxidation by NF-kB pathway activation. Additionally, acro-
lein elicited a vicious cycling of oxidative stress resulting in neuro-
toxicity (Supplementary Fig. 6). Finally, NAC effectively prevented
OGD-induced neurotoxicity by scavenging acrolein (Figs. 4I-K &
Figs. 5G-I). This study demonstrates a novel mechanism of acrolein-
induced neurotoxicity during ischemic stroke and further provides a
potential neuro-protective treatment for stroke patients.

The main route of acrolein elimination involves the production of 3-
HPMA in urine (Stevens and Maier, 2008) that has been used as a
biomarker for acrolein exposure (Carmella et al., 2007), in conjunction
with glutathione (GSH), which has been identified as a protective sca-
venger of acrolein. The reduced levels of GSH in stroke patient plasma
(Figs. 1E-F) may be the cause of reduced urine 3-HPMA levels in stroke
patients (Figs. 2A-C), reflecting their reduced capacity to systemically
neutralize acrolein toxicity. Indeed, increased plasma Acr-PC levels
were observed in stroke patients (Figs. 1A-B). One of the mechanisms
by which acrolein induced cytotoxicity occurs is through reaction with
cysteine, lysine or arginine residues within proteins to form acrolein-
protein conjugates (Stevens and Maier, 2008; Uchida et al., 1998);
therefore, higher plasma Acr-PC levels in stroke patients may reflect
neuronal damage induced by acrolein during stroke. In addition, we
found an inverse correlation between GSH and Acr-PC levels in plasma
from both stroke patients and control subjects (p < .001, Figs. 1H).
The results provide direct evidence showing that brain GSH acts against
acrolein-induced neurotoxicity. Previous studies have shown that
plasma GSH levels in control subjects were significantly higher than
those in stroke patients (Shimizu et al., 2004), and GSH levels at the
locus of infarction in a stroke rat model were significantly lower than
those in the brain of control rats (Khan et al., 2004). Therefore, our
current results supported the tissue damage concept by showing that
GSH is a crucial compound for the detoxification of acrolein. To our
knowledge, this is the first report showing this strong correlation be-
tween plasma GSH and plasma Acr-PC in stroke.

Various studies have suggested that an age-related decline in GSH in
healthy individuals contributes to many of the age-related declines in
cellular function as well as the increased susceptibility to various in-
juries, which is referred to as “the GSH-aging hypothesis” (Maher,
2005). However, there are several conflicting studies showing the lack
of consensus in reports on aging-and development-related changes in
brain GSH, sometimes even in the same strain, sex, and the brain re-
gions examined (Tong et al., 2016). In this study, we found an inverse
correlation between plasma tGSH and age in all subjects (p < .05,
Fig. 1I). However, there was no significant correlation between age and
plasma tGSH in either control subjects or stroke patients
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(Supplementary Figs. 1C-D). Therefore, these results suggest that pa-
thological changes in the brains of stroke patients, but not age, con-
tribute to alterations of plasma GSH and Acr-PC in these patients.

The National Institutes of Health Stroke Scale (NIHSS) is a scale for
assessing neurological function in stroke patients, and this scale can
effectively reflect the patient's neurological deficits and accurately de-
termine the prognosis (Goldstein et al., 1989). Our results showed
significantly higher urinary 3-HMPA levels in patients with minor
stroke (NIHSS < 5, N= 39) compared to those in patients with mod-
erate to severe stroke (NIHSS ≥5, N= 9, p < .05, Fig. 2E). However,
there is no significant correlation between Acr-PC levels and stroke
severity. This is not consistent with previous results showing that
plasma levels of Acr-PC are associated with disease severity in stroke
patients (Igarashi and Kashiwagi, 2011; Saiki et al., 2009; Tomitori
et al., 2005; Yoshida et al., 2010; Yoshida et al., 2011). This dis-
crepancy is potentially due to our small sample size, which in turn may
provoke random chance oscillations during effect size estimation. In
addition, the majority of stroke patients (39/48, 81%) recruited in this
study had a minor stroke. Therefore, it would be prudent to in-
dependently replicate these results to corroborate these findings. In-
terestingly, our results demonstrate that stroke status of patients with
increased Acr-PC on day 7 (3/15, 20%) was not improved (Figs. 1C-D).
In this way, this data indicates that Acr-PC levels may reflect disease
progression of stroke patients.

Furthermore, we successfully established MCAO animal model,
which is commonly used to model focal cerebral ischemia in vivo
(Carmichael, 2005; Durukan and Tatlisumak, 2007; Taniguchi and
Andreasson, 2008). Ischemic penumbra during focal cerebral ischemia
refers to the regions of brain tissue, usually peripheral in location,
where blood flow is sufficiently reduced to cause hypoxia, severe en-
ough to arrest physiological function, but not so complete as to cause
irreversible failure of energy metabolism and cellular necrosis in is-
chemic core (Astrup et al., 1981; Ginsberg, 2003). Therefore, stroke
penumbra is considered salvageable if re-perfused. The results showed
Acr-PC levels were increased in the core or penumbra of the stroke
hemisphere, and the levels in ischemic core were significantly higher
than that in penumbra (Figs. 3C-D). These results suggest that higher
acrolein levels in brain tissue are correlated with energy failure in is-
chemic core. In addition, we found that Acr-PC levels in ischemic pe-
numbra were decreased to basal levels as contralateral hemisphere on
day 2 to day 7 after MCAO indicating reversible brain injury in pe-
numbra after re-perfusion (Figs. 3C-D). Taken together, these results
indicate that acrolein production during ischemia is correlated with the
level of brain damages.

Oxygen-glucose deprivation (OGD) is widely used as an in vitro
model for stroke, showing similarities with the in vivo models of brain
ischemia (Tasca et al., 2015). Here, we successfully established OGD
model in three types of brain cells including neuron (SHSY5Y), micro-
glia (BV2) and astrocyte (CTX-TNA2) and found that Acr-PC levels were
increased in all three types of brain cells (Fig. 4D & Supplementary
Figs. 3BeC). Furthermore, we found activation of astrocyte and mi-
croglia in ischemic core in MCAO models (Supplementary Figs. 2C-D).
The results indicate that acrolein production in these three brain cell
types resulting in brain damages during ischemia. Unlike SHSY5Y and
CTX-TNA2, Acr-PC levels were only increased after 6 h of OGD in BV2
cells. This may be due to the detoxifying activity of BV2 cells, since we
found that intracellular GSH levels in BV2 were higher compared to
SHSY5Y and CTX-TNA2 cells (Supplementary Fig. 3E). This is con-
sistent with what we observed in stroke patients (Fig. 1). In addition,
our results showed that NAC, a precursor of GSH can effectively reduce
Acr-PC levels and cellular apoptosis induced by OGD (Figs. 4I-K). Si-
milar to NAC, antioxidants such as trolox or Vit. C reduced OGD-in-
duced ROS levels; however, these two were unable to reduce Acr-PC
levels and cellular apoptosis. Interestingly, we found that Vit. C further
enhanced OGD-induced apoptosis (Fig. 4K). Previous studies have
shown that the antioxidant Vit. C neutralizes ROS (Chan, 1993;

Nagaoka et al., 2007), but paradoxically promotes apoptosis under
conditions of hypoxia through increased BAX/BCL gene expression
(Kawashima et al., 2015) or the regulation of p38 MAPK signaling (Lee
et al., 2011; Lee et al., 2008; Wang et al., 2014). These results suggest
that NAC acts as a potential neuro-protective strategy for stroke pa-
tients.

Furthermore, the NF-kB pathway has been shown to be involved in
oxygen glucose deprivation (OGD) during stroke (Shih et al., 2015). We
found that OGD induced an increase of p-NFkB alongside a decrease of
IKB after 6 h of OGD treatment indicating NF-kB activation (Fig. 4G).
Meanwhile, we found SSAT, a downstream target gene of the NF-kB
pathway (Babbar et al., 2006a; Babbar et al., 2006b) was induced
concurrently with a decrease in IKB, suggesting that SSAT may be in-
duced by the NF-kB pathway under OGD conditions. Recent studies
have shown that acrolein is predominantly formed from 3-aminopro-
panal (NH2[CH2]2CHO) produced from spermine by SMO (Igarashi and
Kashiwagi, 2011; Kimes and Morris, 1971; Saiki et al., 2011; Wang and
Casero, 2006). However, we found that SSAT was the major enzyme
induced under OGD compared with the other two polyamine oxidases,
SMO and AcPAO (Fig. 4H). Therefore, we hypothesized that OGD-in-
duced Acr-PC was a result of SSAT-induced polyamine oxidation by NF-
kB pathway activation. However, we could not exclude the possibility
that OGD induced acrolein directly through lipid peroxidation induced
by oxidative stress despite the fact that there are some disputable
outcomes (Bradley et al., 2010; Tomitori et al., 2005; Uchida, 1999;
Uchida et al., 1998). In addition, we found that acrolein also induces
NF-kB activation and SSAT expression (Fig. 5J). These results indicate
that a vicious cycling of acrolein production during OGD causes neu-
ronal damages (Supplementary Fig. 6).

Overall, our current results demonstrate that acrolein is a culprit of
neuronal damage in stroke patients. The mechanism underlying the role
of acrolein in stroke-related neuronal damage occurs through SSAT-
induced polyamine oxidation by NF-kB pathway activation, as de-
monstrated by using our OGD cellular stroke model. Furthermore, OGD
elicited a vicious cycling of acrolein production, resulting in neuro-
toxicity; NAC, a GSH precursor, effectively prevented OGD-induced
apoptosis. These results provide a novel mechanism of neurotoxicity in
stroke patients, aid in the development of neutralizing or preventive
measures, and further our understanding of neural protection.
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