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Abstract: Acrolein, known as one of the most common reactive carbonyl species, is a toxic small molecule affecting 
human health in daily life. This study is focused on the scavenging abilities and mechanism of ferulic acid and some 
other phenolic acids against acrolein. Among the 13 phenolic compounds investigated, ferulic acid was found to have 
the highest efficiency in scavenging acrolein under physiological conditions. Ferulic acid remained at (3.04±1.89)% 
and acrolein remained at (29.51±4.44)% after being incubated with each other for 24 h. The molecular mechanism of 
the detoxifying process was also studied. Detoxifying products, namely 2-methoxy-4-vinylphenol (product 21) and 
5-(4-hydroxy-3-methoxyphenyl)pent-4-enal (product 22), were identified though nuclear magnetic resonance (NMR) 
and gas chromatography-mass spectrometry (GC-MS), after the scavenging process. Ferulic acid showed significant 
activity in scavenging acrolein under physiological conditions. This study indicates a new method for inhibiting damage 
from acrolein. 
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1  Introduction 
 

Reactive carbonyl species (RCS), which share a 
reactive carbonyl group in structure, are toxic small 
molecules existing in humans and are related to some 
common chronic diseases. A type of very frequent 
structure of RCS is α,β-unsaturated aldehydes or 
ketones. As downstream products of reactive oxygen 
species (ROS), RCS play an important role in the 
oxidation process in cells. The cytotoxic RCS can 
cause many diseases by increasing oxidative stress in 

cells, and further lead to cell death or apoptosis. First, 
ROS cause lipid peroxidation and RCS generation, 
and then RCS consume antioxidants such as gluta-
thione (Ålin et al., 1985; Mano et al., 2009), causing 
the increase of cell oxidative stress and subsequent 
ROS levels (Mano, 2012). 

The representative RCS acrolein is a harmful 
unsaturated aldehyde compound, which has been 
demonstrated to be tightly associated with many 
diseases (Table S1) such as Alzheimer’s (Lovell et al., 
2001; Luo and Shi, 2005), Parkinson’s (Shamoto- 
Nagai et al., 2007), diabetes (Suzuki and Miyata, 
1999), and atherosclerosis (DeJarnett et al., 2014; 
Rom et al., 2017). Lovell et al. (2001) reported that 
acrolein concentration showed statistically significant 
difference in Alzheimer’s disease and the control 
brain, and it showed about eight times higher con-
centration than the control brain in the amygdala  
and hippocampus. Acrolein is also associated with 
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cardiovascular disease such as atherosclerosis; levels 
of several markers of atherosclerosis in mice aortas 
showed a statistically significant increase after being 
incubated with acrolein (Rom et al., 2017). Acrolein 
can be generated from carbohydrates (Yaylayan and 
Keyhani, 2000) and fatty acids (Esterbauer et al., 
1991) in an oxidative process when the temperature is 
too high, from incomplete combustion of cigarette, 
petrol, wood, and plastic (Esterbauer et al., 1991), and 
from endogenous lipid peroxidation and endogenous 
polyamine metabolism (Stevens and Maier, 2008). 
Also it was reported that acrolein can be generated 
because of autoxidation of fatty acids at human body 
temperature (Wang and Cui, 2015). In addition, the 
anticancer agent cyclophosphamide, which is related 
to bladder toxicity, can generate acrolein as a metab-
olite (Cox, 1979; Liu et al., 2012). Thus, the most 
common pathway for acrolein to enter human body is 
through cooked food (especially overheated oil) and 
cigarette smoke. 

Some phenolic compounds were demonstrated 
to have RCS scavenging activity. For instance, cur-
cumin was proved to be able to protect SK-N-SH cells 
against acrolein toxicity (Doggui et al., 2013); 
resveratrol and hesperetin can exert health benefits in 
part through neutralizing toxic acrolein in vivo (Wang 
et al., 2015); quercetin could also scavenge acrolein, 
crotonaldehyde, and (E)-2-pentenal during the frying 
process (Zamora et al., 2016). 

As a phenolic compound, ferulic acid (4-hydroxy- 
3-methoxy cinnamic acid) is distributed widely in 
nature, and has diverse benefits for health such as 
being antioxidative and anti-inflammatory (Amro  
et al., 2002; Srinivasan et al., 2007; Huang et al., 2017; 
Baskaran et al., 2018). It has been shown to have 
positive effects on many diseases such as Alzheimer’s, 
cancer, cardiovascular diseases, and diabetes (Srini-
vasan et al., 2007; Kumar and Pruthi, 2014; Mancuso 
and Santangelo, 2014). It is worth mentioning that the 
antioxidant function of ferulic acid is shown through 
not only inhibiting radicals like ROS or RCS (Picone 
et al., 2009; Cassano et al., 2010; Trombino et al., 
2013), but also its effects on some enzymes of the cell 
stress response (Joshi et al., 2006; Calabrese et al., 
2008; Fetoni et al., 2010; Catino et al., 2016). Ferulic 
acid can be found in fruits, vegetables, cereals, and 
some traditional medicinal plants such as Angelica 
sinensis (Oliv.) Diels (Sheu et al., 1987; Bal-
asubashini et al., 2003). Herein, based on the research 

method of previous work on scavenging ROS of our 
group (He et al., 2009; Li et al., 2015), we systemat-
ically studied the scavenging reaction between ferulic 
acid and acrolein under physiological conditions, 
along with the mechanism and structure-activity re-
lationship of this detoxifying process. 

 
 

2  Materials and methods 

2.1  Chemicals 

Ferulic acid, caffeic acid, pyrogallic acid, vanil-
lin, isoeugenol, cinnamic acid, chlorogenic acid, 
L-tyrosine, and 2,4-dinitrophenylhydrazine (DNPH) 
were purchased from Aladdin Industrial Inc., Shanghai, 
China. Trans-4-coumaric acid, sinapic acid, galllic 
acid, 3-methoxycinnamic acid, 3-hydroxycinnamic 
acid, 2-methoxy-4-vinylphenol, glutathione (GSH), 
and ferulic acid methyl ester were purchased from 
Energy Chemical Industrial Inc., Shanghai, China. 
Resveratrol was purchased from Sigma, St. Louis, 
MO, USA. Deionized H2O used for reaction and high- 
performance liquid chromatography (HPLC) exper-
iments was obtained from a Milli-Q water purifica-
tion system (Millipore, Bedford, MA, USA). Meth-
anol, acetonitrile, and formic acid for HPLC analysis 
were of chromatographic grade and purchased from 
Merck, Darmstadt, Germany. All other reagents were 
purchased at the highest commercial quality and used 
without further purification. 

2.2  Reaction between acrolein and phenolic 
compounds 

Phenolic compounds shown in Fig. 1 and acro-
lein were dissolved in dimethyl sulfoxide (DMSO)/ 
phosphate buffer (pH 7.4) (1:99, v/v) to a concentra-
tion of 20 mmol/L. Phenolic compound solution  
(0.5 mL) and acrolein solution (0.5 mL) were incu-
bated at 37 °C for 24 h. Remaining phenolic com-
pounds were detected by HPLC (Varian ProStar 210) 
equipped with a detector (Varian ProStar 325), an 
automatic sampler (Varian ProStar 410), and a C18 
column (Elite Hypersil ODS2, 5 μm, 4.6 mm×250 mm), 
with remaining compounds incubated in the same 
conditions, without acrolein, as control. Mobile 
phases were composed of water (mobile phase A) and 
methanol (mobile phase B). The flow rate was  
0.8 mL/min, and the injection volume was 20 μL. The 
linear gradient for the detection of the remaining 
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phenolic compounds was 0–40 min, 30%–70% B; 
40–50 min, 70%–90% B; 50–60 min, 90% B. Detec-
tion wavelength was set at 256 nm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.3  Monitoring the reaction between acrolein and 
ferulic acid by HPLC 

Ferulic acid and acrolein were dissolved in 
DMSO/phosphate buffer (pH 7.4) (1:99, v/v) to a 
concentration of 20 mmol/L. Ferulic acid solution 
(0.5 mL) and acrolein solution (0.5 mL) were incu-
bated at 37 °C for 0, 0.5, 1, 2, 4, 8, 12, and 24 h, and 
phosphate buffer was incubated with acrolein solution 
as control. Remaining acrolein was derivatized by 
2,4-DNPH. 2,4-DNPH crystal (130 mg) and 1 mol/L 
HCl (6 mL) were dissolved in acetonitrile and diluted 
to 100 mL. Reaction mixture (100 μL) was incubated 
with 600 μL 2,4-DNPH solution for 1 min. DNPH 
derivatives of adducts were detected by an HPLC 
system in the same way as described above. Mobile 
phases were composed of 0.1% formic acid in water 
(mobile phase A) and acetonitrile (mobile phase B). 
The flow rate was 0.8 mL/min, and the injection 
volume was 20 μL. The linear gradient for the detec-
tion of the derivatives was 0–10.0 min, 35%–70% B; 
10.0–17.5 min, 70%–85% B; 17.5–20.0 min, 85% B. 
Detection wavelength was set at 365 nm. 

2.4  Detection of levels of GSH incubated with 
acrolein and ferulic acid in vitro 

GSH and ferulic acid were dissolved in the 
DMSO/phosphate buffer (pH 7.4) (1:99, v/v) to a 
concentration of 30 μmol/L, and acrolein was dis-
solved in DMSO/phosphate buffer (pH 7.4) (1:99, v/v) 
to a concentration of 10 μmol/L. GSH solution  
(0.3 mL) acrolein solution (0.3 mL), and ferulic acid 

solution or phosphate buffer (0.3 mL) were incubated 
at 37 °C for 0, 30, and 90 min. GSH solution (0.3 mL) 
was incubated with phosphate buffer (0.6 mL) as 
control. The mixture was used to determine levels of 
GSH by GSH/oxidized GSH (GSSG) Assay Kit 
(Beyotime, China) (Vandeputte et al., 1994; Mar-
tirosyan et al., 2006). 

2.5  Structural elucidation of reaction products 
between acrolein and ferulic acid 

Ferulic acid (5 mmol) was dissolved in 100 mL 
DMSO/phosphate buffer (pH 7.4) (1:99, v/v) and 
incubated at 37 °C for 24 h. Acrolein (5 mmol) was 
added to the solution each time for three times. The 
reaction mixture was extracted with 100 mL of ethyl 
acetate three times. The organic phase was evaporated 
and isolated by silica gel column with petroleum ether 
and ethyl acetate as the mobile phase.  

Product 21 (Fig. S1) was identified by gas  
chromatography-mass spectrometry (GC-MS; Thermo 
Fisher Scientific, HP-5 capillary column). A gradient 
temperature program (150–300 °C, 2 min initial hold, 
15 °C/min ramp rate, and hold until the end of run) 
was used. The ionization potential was 70 eV, and the 
temperature of the ion source was 200 °C. 

Nuclear magnetic resonance (NMR) analyses of 
product 21 (Fig. S2) and product 22 (Fig. S3) were 
carried out on a Bruker 400 MHz instrument with 
CDCl3 as solvent and tetra-methylsilane (TMS) as 
internal standard. The spectra are included in Fig. S3.  

2.6 Study of structure–reactivity relationship of 
reaction between ferulic acid and acrolein 

Cinnamic acid derivatives shown in Fig. 2 and 
acrolein were dissolved in DMSO/phosphate buffer 
(pH 7.4) (1:99, v/v) to a concentration of 20 mmol/L. 
Cinnamic acid (0.5 mL) derivative solutions and 
acrolein solution (0.5 mL) were incubated at 37 °C for 
24 h. Reaction mixtures were extracted with equal 
ethyl acetate for three times. Products were identified 
by GC-MS as described above. 

2.7  Statistical analysis 

Samples were analyzed in triplicate. Triplicate 
analyses were expressed as the mean±standard devi-
ation (SD). Independent-samples t-test was used to 
determine statistical significance by SPSS 22.0 soft-
ware (SPSS Inc., IBM, Chicago, IL, USA). Differ-
ences were considered to be significant at P<0.05. 

Fig. 1  Phenolic compounds used for acrolein-scavenging 
activity selection 
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3  Results and discussion 

3.1  Acrolein-scavenging activity of phenolic 
compounds 

At the initial step, scavenging activity to acrolein 
of 13 phenolic compounds was detected with the 
remaining phenolic compounds after being incubated 
with acrolein. The results are summarized in Fig. 3, 
which suggests that ferulic acid (compound 1) is a 
probable highly-efficient acrolein-scavenging reagent. 
The average remaining ferulic acid was (3.04±1.89)%. 
Some other phenolic compounds such as p-benzenediol 
(compound 8) showed no significant quenching ac-
tivity. In addition, phenolic compounds with similar 
structural characteristics to cinnamic acid, such as 
compounds 1, 4, and 10, left less residue after incu-
bating with acrolein. The other compound, with a 
lower residue amount of resveratrol (compound 5), 
also bears a styrene moiety. This may suggest that this 
kind of phenolic compound has higher reactivity with 
acrolein. The reaction process of acrolein and ferulic 
acid was then monitored and the results are summa-
rized in Fig. 4. The level of remaining acrolein de-
creased quickly and then smoothly in 24 h. Compared 
with resveratrol, which was reported to have signifi-
cant acrolein-scavenging activity (Wang et al., 2015), 
the acrolein-scavenging activity of ferulic acid was at 
the same level, with higher efficiency in the initial 
hours but lower efficiency in the following period. This 
result suggested that acrolein can be effectively scav-
enged by ferulic acid under physiological conditions. 

3.2  Protective function of ferulic acid to GSH 
against acrolein in vitro 

GSH plays an important role in the endogenous 
antioxidation process in cells. In order to clarify  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
expression of ferulic acid in simulative cellular en-
vironment against acrolein, levels of GSH incubated 
with acrolein with or without ferulic acid were de-
tected. Results showed that ferulic acid could signif-
icantly inhibit decreasing of levels of GSH when 
incubated with acrolein under simulative physio-
logical conditions in 90 min (Fig. 5). This result 
supported the conclusion of scavenging activity 
against acrolein in simulative cellular environment of 
ferulic acid. 

3.3  Identification of reaction products of acrolein 
and ferulic acid 

Then the reaction between ferulic acid and 
acrolein was enlarged to 5 mmol, aiming to get a  

Fig. 4  Comparison between variational concentrations 
of remaining acrolein during incubation with ferulic 
acid (FA) and resveratrol (Res) in 24 h 
Data are expressed as mean±standard deviation (SD), n=3. 
* P<0.05, FA vs. Res 

Fig. 2  Cinnamic acid derivatives used for studying 
structure–reactivity relationship 

Fig. 3  Remaining levels of phenolic compounds (1–13) 
after incubated with acrolein at 37 °C for 24 h 
Data are expressed as mean±standard deviation (SD), n=3. 
* P<0.05, vs. ferulic acid (compound 1) 



Tao et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2019 20(11):868-876 872

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

deeper understanding of the scavenging process. Two 
ferulic acid–acrolein reaction products were isolated 
by silica gel columns and identified by GC-MS and 
NMR analyses, respectively. The GC-MS result of 
product 21 was the same as 2-methoxy-4-vinylphenol 
standard and indicated that product 21 was the de-
carboxylation product 2-methoxy-4-vinylphenol. The 
structure of product 22 was identified as shown in  
Fig. 6 by the analysis of NMR data. NMR data of 
products 21 and 22 are shown below. 

3.3.1  Product 21 

1H NMR (400 MHz, DMSO): 9.09 (1H, C-9, s), 
7.04 (1H, C-8, d, J=2.0 Hz), 6.85 (1H, C-4, dd, J= 
2.0 and 8.0 Hz), 6.73 (1H, C-5, d, J=8.0 Hz), 6.60 (1H, 
C-2, m), 5.63 (1H, C-1, d, J=19.6 Hz), 5.06 (1H, C-1, d, 
J=10.8 Hz), 3.79 (3H, C-9, s). 

3.3.2  Product 22 

1H NMR (400 MHz, CDCl3): 9.81 (1H, C-1, s), 
6.81–6.85 (3H, C-7, C-8, C-11, each s), 6.34 (1H, C-5, 
d, J=16.0 Hz), 6.00 (1H, C-4, dt, J=6.8 and 16.0 Hz), 
5.67 (1H, hydrogen, s), 3.89 (3H, C-12, s), 2.60 (2H, 
C-2, t, J=6.8 Hz), 2.50 (2H, C-2, m). 13C NMR  
(100 MHz, chloroform-d1): 202.10 (C-1), 146.62 
(C-10), 145.17 (C-9), 130.91 (C-5), 129.85 (C-6), 
125.84 (C-4), 119.68 (C-7), 114.41 (C-8), 108.01 
(C-11), 55.88 (C-12), 43.47 (C-2), 25.47 (C-3). High- 

resolution mass spectrometry (HRMS; electrospray 
ionization (ESI), m/z) result was calculated for 
C12H13O3 (M-H)− 205.0870, found 205.0880. 

The structure of product 22 is unique compared 
with the reaction products of other phenolic com-
pounds and acrolein. For example, in the reaction 
between resveratrol and acrolein, the adduction site of 
acrolein is near to phenolic hydroxyl at the benzene 
ring (Wang et al., 2015), while the adduction site of 
acrolein is at terminal alkene in the reaction between 
ferulic acid and acrolein. Most reactions between 
phenolic acids and RCS are the same as that of 
resveratrol (Wang et al., 2015; Zamora et al., 2016). 
 
 
 
 
 
 
 
 
 
 
 

3.4  Mechanism study of reaction of ferulic acid 
and acrolein 

In order to investigate mechanism of the reaction 
of ferulic acid and acrolein, several reactions among 
these reactants and possible intermediate products 
were studied (Fig. 7). Products were identified by 
GC-MS. When product 21 was incubated with acro-
lein, almost 11% product 21 transformed to product 
22, while product 22 cannot transform to product 21 
no matter whether there was acrolein in the solutions. 
In addition, when ferulic acid was incubated without 
acrolein, a little part of ferulic acid transformed into 
product 21 but most remained, while there was no 
ferulic acid remaining when incubated with acrolein. 
The results indicated that ferulic acid was assumed to 
have lost a carboxyl group and formed a styrene 
derivatize through both ways with or without impact 
by acrolein first, and then acrolein underwent Michael 
addition with the styrene derivatize (Kovalev et al., 
1990; Jung and Kim, 2002). When acrolein was not 
added to the solution, only a trace amount of decar-
boxylation product was detected. A possible mecha-
nism of the reaction between ferulic acid and acrolein 
is shown in Fig. 8. 

Fig. 5  Levels of glutathione (GSH; 30 μmol/L) incu-
bated with acrolein (10 μmol/L) with or without ferulic 
acid (30 μmol/L) for 0, 30, and 90 min 
“−” means that acrolein (ACR) or ferulic acid (FA) was 
absent, and “+” means that it was present. Data are ex-
pressed as mean±standard deviation (SD), n=3. * P<0.05, 
vs. 0 min 

Fig. 6  Structures of reaction products of acrolein and 
ferulic acid 
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3.5  Study of structure–reactivity relationship of 
reaction between ferulic acid and acrolein 

Various cinnamic acid derivatives sharing simi-
lar structural characteristics with ferulic acid were 
tested for reaction products after being incubated with 
acrolein. Results are shown in Table 1. Several facts 
are summarized: (1) ferulic acid and sinapic acid, 
which have methoxyl group in C-3 and hydroxyl 
group in C-4 of the benzene ring, showed high reac-
tivity in this reaction; (2) cinnamic acid derivatives 
with hydroxyl group in C-4 but not methoxyl group in 
C-3 such as caffeic acid and 4-hydroxycinnamic acid 
could lose a carboxyl group while they could not form 
an adduct with acrolein; (3) cinnamic acid derivatives 
without hydroxyl group in C-4 such as cinnamic acid 
showed no reaction with acrolein; (4) esters of cin-
namic acid derivatives showed no reaction with  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

acrolein. The structures of adducts are shown in Fig. S4. 
These facts indicate that: (1) hydroxyl group in C-4 
was necessary for generation of decarboxylation 
product in this reaction; (2) methoxyl group in C-3 
could increase reactivity of cinnamic acid derivatives 
and enhance the yield of phenolic compounds- 
acrolein adducts. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Test of whether products 21 and 22 were interconvertible with or without acrolein (ACR) 

Table 1  Reaction product yield of cinnamic acid deriv-
atives with acrolein (yields obtained from gas-phase 
chromatography) 

Compound Decarboxylation product (%) Adduct (%)
1 10.2±0.5 34.8±0.9 
4 97.1±1.2 1.5±0.2 
11 45.8±3.3 42.8±1.1 
14 22.5±1.5 0 

15–20 0 0 

Data are expressed as mean±standard deviation (SD), n=3 

Fig. 8  Possible mechanism of reaction between ferulic acid and acrolein (ACR) 
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4  Conclusions 
 

As a widely distributed phenolic acid, ferulic 
acid showed significant activity in scavenging the 
toxic molecule acrolein under physiological conditions. 
Also it was reported that ferulic acid can protect cells 
against neurotoxicity (Mhillaj et al., 2018). These 
results demonstrated that plant food including some 
Chinese herbal medicine which contains high levels 
of ferulic acid is beneficial to human health especially 
for those who have a dietary habit with fried food and 
cigarettes. However, there is a serious limitation of 
ferulic acid in use in the therapeutic setting because of 
its low bioavailability (Barone et al., 2009). Accord-
ing to a report by Trombino et al. (2013), it is possible 
to solve this problem through preparing a novel lip-
osoluble formulation of ferulic acid. The hydroxyl 
group in C-4 of ferulic acid is necessary for decar-
boxylation process of this reaction, and the methoxyl 
group in C-3 can accelerate the adduction reaction 
between product 21 and acrolein. 
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中文概要 
 

题 目：阿魏酸对活性羰基化合物丙烯醛清除活性及机理

研究 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

目 的：寻找一种方便、快捷且有效的清除丙烯醛的天然

试剂并研究其反应机理。 

创新点：发现了常见的天然酚酸阿魏酸具有有效清除丙烯

醛的活性，且其反应位点与其他具有丙烯醛清除

活性的酚酸类化合物不同。研究了该反应的过

程，推测了其反应机理，并考察了该反应的构效

关系。 

方 法：（1）通过相同时间内阿魏酸对丙烯醛、谷胱甘

肽的影响考察其清除活性；（2）运用气相色谱-

质谱联用技术（GC-MS）、核磁共振技术（NMR）

等技术鉴定产物结构；（3）通过研究阿魏酸、

丙烯醛和反应产物之间的互相转化关系，推断该

反应的过程。 

结 论：（1）阿魏酸可以有效抑制丙烯醛对细胞抗氧化

系统的破坏；（2）该反应的过程是由阿魏酸在

丙烯醛作用下脱羧，得到脱羧产物，再与丙烯醛

进行迈克尔加成，得到最终加合产物；（3）苯

环 4 号位的羟基对于脱羧过程是必需的；（4）

苯环 3 号位的甲氧基可以大幅度提高加合产物的

产率；（5）阿魏酸及其类似物的酯与丙烯醛不

发生反应。 

关键词：丙烯醛；活性羰基化合物；阿魏酸；细胞毒性；

氧化应激反应 


