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Abstract

Background: Sphingosine kinase 1 (SphKl) is the main rate-limiting enzyme that catalyzes the production of

sphingosine 1-phosophate (S1P) from sphingosine (Sph). It has a certain role in the protection of nerve damage.

However, the role of acrylamide (ACR) in nerve damage is currently unclear.

Methods: In our current research, liquid chromatography triple quadrupole tandem mass spectrometer

(LC-MS/MS) and reverse transcription-PCR (RT-qPCR) were used to detect S1P content in serum and SphK1

content in whole blood in the ACR contact and non-contact groups. In vitro experiments, SphK1 in human

neuroblastoma cell (SH-SY5Y) was activated by adding SphK1 specific activator phorbol 12-myristate 13-acetate

(PMA). Our research adopted cell viability assay, flow cytometry, western blot, RT-qPCR and related protein

detection at mitogen activated protein kinases (MAPK) signaling pathway. The results of the population study

showed that the contents of SphKl and S1P in the ACR contact group were lower than those in the non-contact

group.

Results: The results of the population study showed that the contents of SphKl and S1P in the ACR contact group

were lower than those in the non-contact group. The results of in vitro experiments showed that the expression of

SphKl decreased with the increase of ACR concentration. Activating SphK1 can improve the survival rate of

SH-SY5Y cells and decrease the apoptosis rate. Activating SphKl in SH-SY5Y cells can regulate MAPK signaling,

including enhancing the phosphorylation of extracellular signal-regulated protein kinases (ERK) and inhibiting the

phosphorylation of c-Jun N-terminal kinases (JNK) and p38.

Conclusion: These results suggest that activating SphKl can protect the nerve cell damage caused by ACR. This

study will provide new ideas for the prevention of neurological damage caused by ACR.
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Background

Acrylamide (ACR) is a water-soluble vinyl monomer and mainly used to synthesize

polyacrylamide in industry. With the widespread use of polyacrylamide, workers contact to

acrylamide monomers and scientific researchers in molecular biology laboratories are increasing.

The exposure of the population to ACR is multi-channel. Staff intake it by Skin in the occupational

environment [1] and the general population by smoking [2], drinking water [3] and food [4]. Acrylamide

tends to accumulate in brain tissue and other fat-rich parts. Although the accumulated content is

small, the harmful effect is huge. Therefore, the neurotoxicity of acrylamide has caused widespread

concern among researchers.

A large number of in vivo and in vitro studies have shown that acrylamide can cause neurotoxicity,

reproductive toxicity, genotoxicity and carcinogenicity in animals, but only the neurotoxicity has

been found in the population [5-9]. At present, there are many possible mechanisms for neurotoxicity

caused by ACR, including inhibition of rapid neuraxon transport, changes in levels and functions of

neurotransmitters, inhibition of energy metabolism in the central nervous system, oxidative stress

etc [10-13]. In addition, promoting apoptosis may also be a potential neurotoxicity mechanism of ACR.

Lakshmi et al. found that acrylamide can cause nuclear shrinkage and degeneration of some neurons

in the rat cortex. The degenerated neurons in the low-dose group have a tendency to apoptosis,

which may be in the early stage of apoptosis [14]. A recent study found that acrylamide can cause

apoptosis in rat brain cells [15]. However, the mechanism of acrylamide-induced apoptosis is

currently unclear.

Sphingolipid is a type of lipid that can be converted to each other and has biological activity,

which is an important part of the structure and function of biofilm [16]. Its metabolites ceramide

(Cer), sphingosine (Sph) and sphingosine 1-phosphate (S1P) have been shown to be the main



participants in the regulation of cell proliferation and apoptosis [17,18]. Nature magazine has

confirmed that there is a dynamic balance between Cer, Sph and S1P in the cell, which directly

determines the survival of the cell [19]. Therefore, Boslem et al. referd to this balanced relationship

formed by Cer, Sph and S1P as “sphingomyelin rheostat” [20]. Sphingosine kinase (SphK) is the key

enzyme to maintain this balance.

Sphingosine kinase (SphK) is the main rate-limiting enzyme that catalyzes the production of

sphingosine (Sph) to sphingosine 1-phosophate (S1P) and it is also an important signal transduction

for cell proliferation and survival molecule [21]. Sphingosine kinase expresses two subtypes in the

human body, namely sphingosine kinase 1 (SphK1) and sphingosine kinase 2 (SphK2). Compared

with SphK2, SphK1 does not include any transmembrane domain and is widely distributed in

different tissues of humans and animals. SphK1 plays an important role in regulating inflammation,

autophagy, cell proliferation, differentiation, migration and apoptosis [22]. SphK1 mainly exists on

the cytoplasm and various stimuli under normal physiological conditions, such ascytokines and

growth factors activating mitogen-activated protein kinase (MAPK), SphK1 is activated and

transferred from the cytoplasm to the plasma membrane for its sphingosine conversion to S1P [23].

SphK1 has an effect on the MAPK pathway. MAPK is a kind of serine/threonine protein kinase,

which acts on the nucleus and can activate many transcription factors after it activated.

Our previous animal metabolomics studies have shown that S1P exists in the serum metabolites

of rats after ACR exposure, and shows a low expression status. Adding protective agent during ACR

exposure, the expression intensity of S1P increases with the concentration of protective agent [24].

Afterwards, we conducted a metabolomics analysis of the serum of the acrylamide occupational

population, and the results showed that Sph was present and highly expressed in the serum

metabolites [25]. These changes are inseparable from the regulation of SphK1 activity.



In this study, we used liquid chromatography triple quadrupole tandem mass spectrometer

(LC-MS/MS) and reverse transcription-PCR (RT-qPCR) to detect S1P content in serum and SphK1

content in whole blood in the ACR contact and non-contact groups. Meanwhile, using acrylamide as

the test substance, we analyzed the role of activated SphK1 in acrylamide-induced SH-SY5Y cell

damage and its effect on apoptosis. This study is the first to explore the role of SphK1 in nerve

damage caused by acrylamide at home and abroad. Its main purpose is to provide better prevention

and treatment methods for the nervous system damage in the occupational population of acrylamide

and to provide new ideas for the prevention of nervous system damage caused by acrylamide.

Results

The role of SphK in ACR-induced nerve cell damage

The SphK family includes two subtypes of SphK1 and SphK2. In this study, we performed

Western blot detection on these two subtypes in SH-SY5Y cells infected with ACR to observe the

role of these two subtypes. Western blot results showed that the expression of SphK1 decreased

with the increase of the exposure concentration in SH-SY5Y cells infected with acrylamide (Figure

1A and Figure 1B); while the expression of SphK2 did not change with the increase of exposure

concentration in SH-SY5Y cells infected with acrylamide (Figure 1A and Figure1C).

Subject characteristics

Study participants contact to ACR were employed in two ACR workshops in the refining factory.

Both workshops produced only ACR monomer and no other ACR-related products [25,26].

Demographic data for the study participants are provided in Table 1. In total, 60 subjects were

recruited to the study: the contact group (n = 30; age, 41.63±1.67 years) and the non-contact group

(n = 30; age, 41.13±1.41 years). There were no statistical differences in age, work years, sex,

smoking habits, alcohol consumption, preference for fried food or coffee consumption between the



two group (Table 1). All members of the contact group wore personal protective equipment, such as

disposable latex gloves and dust masks.

Measurement of ACR levels in the production workshops was carried out in accordance with the

Chinese National Standard for Exposure Limits (GBZ 159). ACR levels were measured in the

morning and afternoon for three consecutive days [25,26]. The concentration of ACR at four sampling

points in the production workshop was < 8.3 × 10−4 mg/m3 (Supplementary Table 4). These levels

are within the limits of the Chinese health and safety guidelines (permissible concentration-time

weighted average (PC-TWA), 0.3 mg/m3).

The content of S1P in human serum

A standard curve is drawn with the mass concentration (ng/mL) as the abscissa and the peak area

as the ordinate. The standard curve equation of S1P is Y=0.000305049X-0.000370314, the

correlation coefficient is (r2=0.995092) (Figure 2A). The results of this study show that this method

has a good linear relationship which a correlation coefficient is more than 0.99. The results using

this method are accurate and reliable. LC-MS/MS detection of S1P in the serum of ACR contact

group and non-contact group showed that the content of S1P in serum in ACR contact group

(520.01±111.76 ng/mL) was significantly lower than that in non-contact group (637.64±143.63

ng/mL) (Figure 2B and Figure 2C) .

Expression of SphK1 in whole blood of the population

In this study, RT-qPCR fluorescence quantitative method was used to detect the transcription

level of SphK1 gene in whole blood of ACR contact group and non-contact group. When RT-qPCR

fluorescence quantitative method was used to detect the relative expression level of SphK1 mRNA,

the dissolution curves of SphK1 gene and internal reference β-actin gene met the RT-qPCR

fluorescence quantitative detection standard (Figure 3A and Figure 3B). RT-qPCR results showed



that the relative expression of SphK1 mRNA in the ACR contact group was lower than that in the

non-contact group (Figure 3C).

Determination of the activation efficiency of SphK1 by PMA

In this study, we used the SphK1 specific activator named PMA to activate SphK1 expression in

SH-SY5Y cells. Therefore, we call the normal cell with PMA as the NC group and the normal cells

without PMA as the control group. RT-qPCR results showed that the relative expression of SphK1

mRNA in NC group was higher than that in control group after adding PMA to normal SH-SY5Y

cells (Figure 4A). Western blot results showed that the SphK1 protein expression in the NC group

was higher than that in the control group after adding PMA to normal SH-SY5Y cells (Figure 4B

and Figure 4C).

Expression of SphK1 in SH-SY5Y cells of each group

RT-qPCR results showed that compared with the NC group, the relative expression of SphK1

mRNA in the cells of the experimental group and the SphK1 activator group decreased with the

increase of the concentration; compared with the experimental group, the relative expression of

SphK1 mRNA in the cells of the activator group increased at the same ACR concentration (Figure

5A) .Western blot results showed that compared with the NC group, the expression of SphK1

protein in the cells of the experimental group and the SphK1 activator group decreased with the

increase of the concentration; compared with the experimental group, the expression of SphK1

protein in the cells of the SphK1 activator group increased at the same ACR concentration (Figure

5B and Figure 5C).

Fluorescence intensity of SphK1 in each group of SH-SY5Y cells

To determine the role of SphK1 in ACR-induced nerve cell damage, we used

immunofluorescence to detect the expression of SphK1 in the experimental group and the SphK1



activator group. Compared with the NC group, the SphK1 fluorescence expression intensity

decreased in both the experimental group and the SphK1 activator group (Figure 6A and Figure 6B).

At the same ACR concentration, compared with the experimental group, the SphK1 fluorescence

expression intensity increased in the SphK1 activator group (Figure 6A and Figure 6B). This

indicated that ACR caused a decrease in SphK1 expression during the process of damaging nerve

cells.

Effect of SphK1 on the relative growth and survival rate of SH-SY5Y cells

Observing the morphology of SH-SY5Y cells in each group after ACR exposure through a

microscope, it can be found that compared with the NC group, the number of cells in the

experimental group and the SphK1 activator group decreases with the increase of the ACR

concentration, and the cell morphology appears shrinkage, rounding and rupture (Figure 7A).

However, compared with the experimental group, the number of cells in the SphK1 activator group

increased significantly at the same ACR concentration (1.25mM and 2.5 mM), and the cell

morphology showed shrinkage, rounding and rupture cells are reduced (Figure 7A).

The relative growth and survival rates of the cells in the experimental group and SphK1 activator

group after ACR exposure were lower than those in the NC group. Compared with the NC group,

the relative cell growth and survival rate of the experimental group (1.25mM and 2.5mM) and the

SphK1 activator group (2.5mM) were statistically significant (Figure 7B) .When the concentration

of the SphK1 activator group was 1.25mM, the relative growth and survival rate of the cells was not

stats tically significant compared with the NC group. The relative growth and survival rate of cells

in the SphK1 activator group were higher than those in the experimental group with the same

concentration (1.25mM and 2.5mM) (Figure 7B).

Effect of SphK1 on apoptosis



After ACR exposure, the apoptosis rate of the experimental group and the SphK1 activator group

increased with the increase of the concentration. The apoptosis rates of the experimental group at

the concentration of 1.25mM and 2.5mM were respectively 3.06%±0. 13 and 6.86%±0.67, while

the apoptosis rates in the SphK1 activator group at the concentration of 1.25mM and 2.5mM were

respectively 2.12%±0. 33 and 3.53%±0.17. Compared with the NC group, the apoptosis rates of the

experimental group and the SphK1 activator group were both statistically significant (p<0.05). The

apoptosis rate of the SphK1 activator group was lower than that of the experimental group at the

same ACR concentration (1.25mM and 2.5mM) (Figure 8).

Effect of SphK1 on MAPK signaling pathway

Western blot was used to analyze the effect of SphK1on ERK1/2, JNK and p38 MAPK signaling

pathways after ACR-infected SH-SY5Ycells. Western blot results showed that compared with the

NC group, with the increase of the concentration of exposure, the phosphorylation of JNK and p38

in the experimental group and the SphK1 activator group was significantly increased, while the

phosphorylation of ERK1/2 was significantly decreased in the experimental group and the SphK1

activator group (Figure 9). Compared with the experimental group at the same ACR concentration,

the phosphorylation of JNK and p38 in the SphK1 activator group was significantly reduced, while

the phosphorylation of ERK1/2 was significantly increased (Figure 9).

Discussion

There are a total of seven isozymes in the SphKs family. Among the seven isozymes, SphK1 and

SphK2 which come from mammals originate from humans and mice [27-29]. Studies have shown that

sphingosine kinase only expresses two subtypes of SphK1 and SphK2 in the human body, these two

isozymes belong to diacylglycerol kinase [30]. Although both are stored in the cytoplasm, there are

significant differences in the phase of expression. SphK1 is mainly expressed in human lungs and



brain, while SphK2 is mainly expressed in human heart and liver [31]. SphK1 plays a role in

promoting the survival and growth of cells, while SphK2 can promote the apoptosis of various cells

and inhibit their proliferation process. Therefore, SphK1 and SphK2 each play a different biological

function.

In our current research, we used Western blot to detect the two subtypes in ACR-infected

SH-SY5Y, which observe the role of SphK1 and SphK2 in those cells. The results of this study

indicated that the expression level of SphK1 decreases as the concentration of infection increases,

while the expression level of SphK2 does not change. This shows that SphK1 has some effects in

the process of ACR-induced SH-SY5Y cell damage, while SphK2 does not play a role in this

process.

SphK1 is an important enzyme for sphingolipid metabolism in the body, which is very important

for maintaining the steady state between Cer, Sph and S1P. In the previous population

metabolomics study, Sph was found in the serum metabolites of the acrylamide occupational

population and was highly expressed. Therefore, in order to verify the accuracy of our previous

research results, as well as to determine the expression level of SphK1 in the ACR exposure group

and the expression level of S1P, we determined the content of SphK1 in whole blood and S1P in

serum among occupational groups.

RT-qPCR results showed that the relative expression of SphK1 mRNA in the ACR contact group

was lower than that in the non-contact group. LC-MS/MS results showed that the content of S1P in

serum in ACR contact group (520.01±111.76 ng/mL) is significantly lower than that in the

non-contact group (637.64±143.63 ng/mL). Therefore, the results of this study strongly confirmed

that due to the low expression of SphK1, the Sph level increased and the S1P level decreased in the

ACR contact group. This indicated that SphK1 may play a key role in the process of nerve damage



caused by ACR, and this effect may directly lead to the neurotoxic effect of ACR on the

professional population. Therefore, this study then conducted vitro experiments to determine the

role of SphK1 in ACR-induced nerve cell damage.

Studies have shown that PMA can induce the activation of SphK1 gene in human megakaryocytic

cell line MEG-O1 and rat pheochromocytoma PC12 cell [33-35]. Therefore, we measured efficiency

of PMA on SphK1 activation in SH-SY5Y cells. The results of this study showed that after adding

PMA to normal SH-SY5Y cells, the NC group was higher than the control group in terms of the

relative expression of SphK1 mRNA and SphK1 protein. This showed that PMA has a specific

activation effect on SphK1, which can replace traditional transfection methods for subsequent

research.

In this study, we tested the mRNA and protein of SphK1 in the experimental group and the

SphK1 activator group, and measured the fluorescence intensity of SphK1 in each group by

immunofluorescence to verify whether there was a dose responsive relation between that and the

concentration of ACR. The results of this study indicated that with the increase of the concentration

of SphK1, the expression level and fluorescence intensity decreased. In the same concentration of

ACR, compared with the experimental group, the expression level and fluorescence intensity of

SphK1 in the SphK1 activator group increased. This showed that there is a dose response relation

between SphK1 and toxic dosage in ACR-infected nerve cells, and activated SphK1 may affect the

toxic effect of ACR on nerve cells.

Studies have shown that activating SphK1 expression can improve the occurrence of different

neurological diseases, including Alzheimer's disease [36], Huntington's disease [37], cerebral ischemic

reperfusion injury [38] and Parkinson's disease [39]. In this study, the relative growth and survival rates

of cells in the experimental group and the SphK1 activator group were lower than those in the NC



group. In the same ACR concentration, the relative growth and survival rates of cells in the SphK1

activator group were higher than that in the experiment group. This indicated that activating SphK1

expression can increase the survival rate of nerve cells and reduce the damage of ACR to nerve

cells.

Studies have shown that high dose of acrylamide can cause apoptosis of glial cells, including rat

primary astrocytes and human astrocytoma cell lines [40]. A recent study showed that ACR can cause

apoptosis of rat brain cells [41]. SphK1 can control the apoptosis of cells by regulating the MAPK

pathway. That pathway mainly includes three signal pathways, including JNK, p38 and ERK1/2, all

of which can participate in the pathological process of neurodegenerative diseases [42]. Studies have

shown that SphK1 and S1P played an important role in stimulating the anti-apoptotic MAPK

cascade and inhibiting the pro-apoptotic MAPK cascade [43]. Therefore, SphK1 plays an important

role in the regulation of cell survival and apoptosis.

Studies have shown that ACR induced the apoptosis of nerve cells by inhibiting ERK1/2 and

activating JNK and p38. The results of this study showed that the phosphorylation of JNK and p38

was signicantly reduced, while the phosphorylation of ERK1/2 was significantly enhanced in the

SphK1 activator group at the same concentration. The results of flow cytometry showed that the

apoptosis rate in the SphK1 activator group was lower than that in the experimental group at the

same concentration. This showed that activating SphK1 helped to reduce the apoptosis effect of

ACR on nerve cells and had a protective effect in the process of nerve cell apoptosis caused by

ACR.

Conclusions

This study is the first to show that the low expression of SphK1 in the ACR professional

population leads to the increase of Sph and the decrease of S1P, which may directly lead to the



neurotoxic effect of ACR on the occupational population. The results of in vitro experiments show

that activating Sphk1 can significantly increase the survival rate of nerve cells and reduce the

apoptosis by ACR through the regulation of MAPK signal pathways, which improves the nerve

damage caused by ACR. This study is the first to investigate the role of SphK1 in ACR-induced

nerve injury. It will lay the foundation for revealing the mechanism of nervous system damage

caused by ACR and achieve better prevention and treatment of neurological injury in ACR

occupational population. It provides new ideas for the prevention of nervous system damage caused

by ACR.

Methods

Chemicals, Reagents and Antibodies

Acrylamide (ACR) (99.9 % purity) was purchased from Amresco Co. Phorbol 12-myristate

13-acetate (PMA), dimethylsulfoxide (DMSO), sphingosine 1-phosophate (S1P) standard, 4%

paraformaldehyde were purchased from Sigma Chemical Co. Chromatographically pure methanol,

acetonitrile, and formic acid were form Thermo Fisher Scientific Co. Culture medium RPMI-1640

and fetal bovine serum (FBS) were obtained from HyClone Co. Primary antibodies against

extracellular signal regulated protein kinase (ERK1/2), p-ERK1/2, c-Jun N-terminal kinase (JNK),

p-JNK, p38 mitogen-activated protein kinases (p38), p-p38, and internal reference

glyceraldehyde-3-phosphate (GAPDH) were purchased from Cell Signaling Technology. SphK1

and Sphingosine kinase 2 (SphK2) antibodies were purchased form Abcam Co. Antibody against

neuronal (NeuN), FITC-conjugated goat anti-mouse IgG secondary antibody, and Cy3-conjugated

goat anti-rabbit IgG secondary antibody were purchased Origene Co. RT-qPCR assay kit was

purchased Toyobo Co. DAPI dye, BCA protein assay kit, cell counting kit-8 (CCK-8), and

AnnexinVFITC/ propidiumiodide (PI) apoptosis detection kit were from Beyotime Institute of



Biotechnology (Shanghai, China).

Study subjects

We take the occupational group who is contact to acrylamide in the acrylamide workshop of a

petroleum refining plant in northern China as the contact group, and the non-contact group for those

who are not contact to acrylamide at the plant. We tested the concentration of acrylamide in the

production workshop of the plant. In addition, the basic conditions, sanitary protection measures

and personal protective equipment of the factory are investigated; unified questionnaires are used to

record the general conditions, occupational history and personal protection of the respondents.

Personnel surveys and questionnaire filling are completed in a face-to-face manner to ensure which

each respondent can complete the questionnaire independently and seriously, which reduced the

bias of the survey results. The study was approved by the Ethical Committee of the Harbin Medical

University and informed consent was obtained from all subjects [25,26]. The exclusion criteria of the

research object: exclude the object with long-term use of antipsychotic drugs, the object with the

central nervous system function affected by internal medicine systemic disease. Rule out metabolic

disorders of metabolites eventually in the blood and other diseases, and diabetic patients with

long-term use of drugs [25,26].

In total, 60 subjects were recruited to the study: the contact group (n = 30; age, 41.63±1.67 years;

work years, 14.93±5.08 years) and the non-contact group (n = 30; age, 41.13±1.41 years; work

years, 13.87±3.26 years) (Table 1).

Whole blood and serum collection

The two groups the same dietary intake and were prohibited from drinking alcohol during the

first 3 days of urine sampling. Venous blood samples (4 mL) were collected in the morning before

breakfast using a vacuum heparin anticoagulant extraction tube system. We taken 1mL from the



collected whole blood into 2 mL centrifuge tubes, and then quick-freezen in1iquid nitrogen, at last

stored at -80 °C until analysis. Surplus blood samples were immediately centrifuged at 3,000 × g

for 10 min at room temperature. The serum was separated and stored at -80°C until analysis.

LC-MS/MS detection of S1P in serum

S1P standard product was precisely weighed 1mg into a weighing bottle, and deionized water

was added to obtain stock solution with mass concentration of 1mg/mL. Then working fluids were

prepared with S1P whose mass concentration of 20, 50, 100, 200, 500, 1000mg/mL using methanol

and stock solution, and a standard curve was drawn. The serum sample was removed from the

refrigerator at -80 °C and thawed it at room temperature. 50 µL of serum, 5 µL of C17-S1P (interior

label) and 145 µL of methanol were added into a 1.5 mL centrifuge tube, and then mixed for 20 min.

Test sample was centrifuged for 10 min at 4 °C at 13,200 rpm. Supernatant was transferred to the

autosampler bottle for sample detection. Chromatographic separation was accomplished by

ACQUITYTM UPLC I-CLASS system (Waters Corporation, USA). The chromatographic column

was HSS T3 C18 column (100 × 2.1 mm, 1.7 μm; Waters Corporation, USA). Linear gradient

elution was used during the analysis. Mobile phase A was 5 mM ammonium formate ~ 0.1% formic

acid aqueous solution, and mobile phase B was acetonitrile solution (Supplementary Table 1). The

column temperature was 55 °C, and the injection volume was 5 µL.

Mass spectrometry analysis was completed by Xevo TQ-S Micro (Waters Corporation, USA),

using positive electrospray ion source mode and multiple reaction detection scanning mode (MRM).

The detection time of each sample was 5 min. The ion source temperature was 150 °C and the

desolvation gas temperature was 500 °C. The desolvation gas flow (N2) was 1100 L/hr, and the

cone flow (N2) was 10 L/hr. The positive ion capillary voltage was 2800.0 V and the cone voltage

was 25.0 V.



Cell culturing and grouping

Human neuroblastoma cells (SH-SY5Y) were provided by Pronocel Life Technology Co, Ltd.

(Wuhan, China). Cells were inoculated in 1640 culture medium (containing 10% fetal bovine serum,

1% double antibody), culturing at 37 °C, 5% CO2. Trypsin digestion fluid was used every two days

to digest and passage.

SH-SYSY cells were divided into experimental group and SphK1 activator group. The

experimental group was respectively given acrylamide solutions with final concentrations of 1.25

mM and 2.5 mM, and the exposure time was 24 h. In the SphK1 activator group, on the basis of the

concentration of the experimental group, each concentration was added with PMA solution

[dimethyl sulfoxide (DMSO), the final concentration was 100 nmol/L], and other treatments were

consistent with the experimental group. The control group of the experimental group and the SphK1

activator group was added PMA solution to normal SH-SY5Y cells, which is called NC group.

RNA extraction and real-time qPCR analysis

RNA was extracted from the whole blood and cell lysates using the RNA Blood Mini kit and

RNeasy® Mini Kit (QIAGEN) according to the manufacturer’s instructions. That RNA was

Reverse transcribed using ReverTra Ace qPCR RT Kit and ReverTra Ace qPCR RT Master Mix

with gDNA Remover (TOYOBO). The relative fold change in expression of the target normalized

to expression of the corresponding control was calculated by the comparative Ct method. Primers

are described in Supplementary Table 2 and Table 3.

Cell Viability Assay

Cell viability was indirectly evaluated by CCK-8 assay. SH-SY5Y cells in logarithmic growth

phase were seeded into 96-well plates (1×104 cells/well) and exposed to from experiment group and

SphK1 activator groups at acrylamide concentrations of 1.25mM and 2.5mM for 24 h. Each group



included six replicates. At the end of the incubation period, 10 μL of CCK-8 solution were added

into each well and incubated for 2 h. The absorbance was read at a wavelength of 490 nm with a

microplate reader at least three times. Cell viability was expressed as the relative survival rate

calculated as the ratio of the absorbance of experiment groups and SphK1 activator groups to the

absorbance of the NC group.

Quantification of Apoptosis

Cell apoptosis was analyzed using annexin V-FITC/PI apoptosis kit. Total cells (1×106 cells/well)

were collected through centrifugation and then cells were suspended in 200 μL of binding buffer.

Five microliters of annexin V-FITC and 10 μL of PI were added to the experimental groups and

SphK1 activator groups. All samples were incubated at room temperature in the dark for 15 min.

FITC-AnnexinV fluorescence was measured through FL1 channel with an emission wavelength of

530 nm, and PI fluorescence was measured through FL3 channel with an emission wavelength of

640 nm. The cells were analyzed using flow cytometry (BD FACS Canto™ II, San Jose, CA, USA)

with Cell Quest software (BD FACS Diva™, San Jose, CA, USA).

Immunocytochemistry

After treatment for according to experimental grouping for 24 h, SH-SY5Y cells were washed

three times with phosphate buffer solution (PBS) and fixed with 4 % paraformaldehyde for 30 min

at room temperature. The cells were incubated with PBS containing 0.1 % Triton-100 at room

temperature for 30 min and blocked with 2 % bull serum albumin (BSA) for 30 min. Cultures were

incubated overnight at 4 °C in PBS containing rabbit anti-NeuN (1:200) and mouse anti-SphK1

(1:100) and allowed to react with Cy3 conjugated goat anti-rabbit IgG (1:200) and FITC conjugated

goat anti-mouse IgG (1:100) for 1 h in a dark room. The nucleus was stained with DAPI dye for 10

min and then washed three times with PBS. Images were captured and digitized under an inverted



fluorescence microscope (CX41-FS, Olympus, Japan).

Western Blot Analysis

After treatment for according to experimental grouping for 24 h, SH-SY5Y cells were lysed in

RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) containing 1 % PMSF. Then, the

cell suspension was centrifuged for 10 min at 12,000 rpm at 4 °C, and the supernatant was collected.

The total protein concentration was determined by the BCA Protein Assay kit (Beyotime

Biotechnology, Shanghai, China). Aliquots containing 50 g of protein from each group were

separated by 15% (w/v) SDS-polyacrylamide gels and transferred to polyvinylidene difluoride

(PVDF) membranes. The membranes were blocked with 5% non-fat milk/BSA in Tris-Buffered

Saline and Tween 20 (TBST) for 2 h. The blots were subsequently incubated with

mouse-polyclonal primary antibodies against SphK1 (1:200) and SphK2 (1:200) and

rabbit-polyclonal primary antibodies against ERK1/2(1:500）、p-ERK1/2(1:500）、JNK1/2(1:500）、

p-JNK1/2(1:500）、p-38(1:500）and p-p38(1:500）and GAPDH (1:1000) overnight at 4 °C. The

membranes were washed five times with TBST and incubated with secondary antibodies (goat

anti-rabbit and goat anti-mouse) at 1:2000 dilutions for 2 h at room temperature. Target proteins

were detected by using enhanced chemiluminescence detection kit and relative intensity bands were

analyzed using a gel imaging analysis system. GADPH was used as an internal control.

Statistical Analysis

Epidata 3.0 software (http://www.epidata.dk) was used for data entry and analysis. Data were

expressed as mean ± SD. GraphPad Prism7 software was used to analyze different sets of

experimental data. Continuous variable data were analyzed using two groups of independent sample

t-tests, non-normal distribution data were analyzed using two groups of independent sample t-tests

after logarithmic transformation to form normal or nearly normal distribution data. The data were



determined to be continuously variable by the completely random design of the two groups and the

frequency distribution of c2 tests [25,26]. One-way ANOVA and correlation analysis were used for

different exposure concentrations in the experimental group and the SphK1 activator group; t test

was used for the same exposure concentration in that two groups. A p value ≤ 0.05 indicated

statistical significance.
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Table 1 Demographic data of the study subjects

Parameter Contact group(n=30)
Non-contact

group(n=30)
p

Personal characteristicsa, mean ±SD

Age(years) 41.63±1.67 41.13±1.41 0.228

Work years(years) 14.93±5.08 13.87±3.26 0.353

Use of personal protective equipment, n (%) 30(100) –

Genderb, n (%)

Male 23(76.67) 24(80.00) 0.754

Habitual status, n (%)

Smokingb

Yes 18(60.00) 20(66.67) 0.592

Alcohol consumptionb

Yes 19(63.33) 14(46.67) 0.194

preference for fried foodb

Yes 27(90.00) 29(96.67) 0.301

coffee consumptionb

Yes 19(63.33) 21(70.00) 0.584

a Parameter values of contact group and non-contact group were compared using t-test.

bParameter values of contact group and non-contact group were compared using 2 test.



Figure 1. Western blot was used to determine the protein expression of SphK1 and SphK2 in SH-SY5Y cells

exposed to ACR. (A) Protein expression of SphK1 and SphK2 in ACR-infected SH-SY5Y cells; (B) (C) Relative

expression levels of SphK1 and SphK2 proteins in ACR-infected SH-SY5Y cells. Data are expressed as mean±

SD (n=3 per group). **p<0.01 versus the control group, #p<0.05 versus the 1.25mM group.
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Figure2. The content of S1P in serum of acrylamide contact group and non-contact group were determined by

LC-MS/MS. (A) Standard curve of S1P; (B) (C) Comparison of S1P content in serum of acrylamide contact group

and non-contact group. Data are expressed as mean± SD (n=30 per group). **p<0.01 versus the non-contact group.

Compound name: S1P
Correlation coefficient: r = 0.997543, r^2 = 0.995092
Calibration curve: 0.000305049 * x + -0.000370314
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Figure 3. The relative expression level of SphK1 mRNA in whole blood of acrylamide contact group and

non-contact group was determined by RT-qPCR. (A) RT-qPCR was used to determine the SphK1 gene expression

melting curve in blood; (B) RT-qPCR was used to determine the internal reference gene expression melting curve

in blood; (C) Comparison of relative expression levels of SphK1 mRNA in blood of acrylamide contact group and

non-contact group. Data are expressed as mean± SD (n=30 per group). *p<0.05 versus the non-contact group.



Figure 4. Determination of SphK1 activation efficiency in SH-SY5Y cells on PMA. (A) The relative expression

of SphK1 mRNA in SH-SY5Y cells was determined by RT-qPCR; (B) (C) The relative expression of SphK1

protein in SH-SY5Y cells was determined by Western blot. Data are expressed as mean± SD (n=3 per group).

*p<0.05, **p<0.01 versus the control group.



(A)

(B)

Figure 5. Experiment groups and SphK1 activator groups induced cytotoxicity in SH-SY5Y cells. (A) Cell

morphology was observed under a microscope, scale bar: 100 μm; (B) Cell viability was determined by CCK-8

assay as preciously described in cells treated with Experiment groups and SphK1 activator groups for 24h. Data

are expressed as mean± SD (n=6 per group). ***p<0.001 versus the NC group, ##p<0.01, ###p<0.001 versus the

same concentration experimental group.



Figure 6. Expression of SphK1 in ACR exposed SH-SY5Y cells. (A) The relative expression of SphK1 mRNA in

SH-SY5Y cells was determined by RT-qPCR; (B) (C) The relative expression of SphK1 protein in SH-SY5Y

cells was determined by Western blot. Data are expressed as mean± SD (n=3 per group). ***p<0.001 versus the

NC group; #p<0.05, ##p<0.01, ###p<0.001 versus the same concentration experimental group.



(A)

(B)

Figure 7. Multiple immunofluorescence staining was used to observe the changes of SphK1 expression after ACR

exposure. (A) Specific immunofluorescence staining image SphK1(green) merged neuron (NeuN, red). Scale bars:

100 μm; (B) Analysis of the optical density of SphK1 (green). ***p<0.001 versus the NC group; #p<0.05 versus

the same concentration experimental group.



Figure 8. Proportions of living and apoptotic cells in the Sphk1 activator groups and the experimental groups

were detected by flow cytometry analysis using annexin V-FITC/PI test. Living cells were unlabeled with annexin

V/PI (Q3), whereas early apoptotic cells were labeled with annexin V (Q4). Cells showing annexin and PI double

labeling (Q2) represent those that have already died through apoptosis. Ten thousand cells were analyzed in each

sample. Percentages of total apoptotic cells based on the total cell population analyzed were determined. Data are

expressed as mean± SD (n=3 per group). **p<0.01, ***p<0.001 versus the NC group, #p<0.05, ###p<0.001 versus

the same concentration experimental group.



Figure 9. The treatment was conducted for 24 hours according to the experimental grouping. Protein extracts

were used to determine the expression levels of ERK1/2, p-ERK1/2, JNK, p-JNK, p38 and p-p38 proteins using

Western blot analysis. Data are expressed as mean± SD (n=3 per group). *p<0.05, **p<0.01, ***p<0.001 versus the

NC group; ##p<0.01 versus the same concentration experimental group.


