
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20385  | https://doi.org/10.1038/s41598-023-47558-y

www.nature.com/scientificreports

Untargeted metabolomics 
reveal pathways associated 
with neuroprotective effect 
of oxyresveratrol in SH‑SY5Y cells
Nureesun Mahamud 1,2, Phanit Songvut 3, Chawanphat Muangnoi 4, Ratchanee Rodsiri 5,6, 
Winai Dahlan 2 & Rossarin Tansawat 1,7*

Oxyresveratrol has been documented benefits for neurodegenerative disease. However, the 
specific molecular mechanisms and pathways involved is currently limited. This study aimed to 
investigate the potential neuroprotective mechanisms of oxyresveratrol using rotenone‑induced 
human neuroblastoma SH‑SY5Y cytotoxicity. Cells were divided into the following groups: 
control, rotenone, and oxyresveratrol pre‑treated before being exposed to rotenone. Cellular 
assays were performed to investigate neuroprotective effects of oxyresveratrol. The results 
showed that 20 μM oxyresveratrol was effective in preventing rotenone‑induced cell death and 
decreasing ROS levels in the cells. The alteration of metabolites and pathways involved in the 
neuroprotective activities of oxyresveratrol were further investigated using LC‑QTOF‑MS/MS 
untargeted metabolomics approach. We hypothesized that oxyresveratrol’s neuroprotective effects 
would be associated with neurodegenerative pathways. A total of 294 metabolites were identified. 
7,8‑dihydrobiopterin exhibited the highest VIP scores (VIP > 3.0; p < 0.05), thus considered a biomarker 
in this study. Our results demonstrated that pretreatment with oxyresveratrol upregulated the 
level of 7,8‑dihydrobiopterin compared to the positive control. Pathway analysis verified that 
7,8‑dihydrobiopterin was primarily associated with phenylalanine, tyrosine, and tryptophan 
metabolism (impact = 1, p < 0.001), serving as essential cofactors for enzymatic function in the 
dopamine biosynthesis pathway. In conclusion, oxyresveratrol may be benefit for the prevention of 
neurodegenerative diseases by increasing 7,8‑dihydrobiopterin concentration.

Abbreviations
AD  Alzheimer’s disease
DMSO  Dimethyl sulfoxide
DNA  Deoxyribonucleic acid
DOPA  3,4-Dihydroxyphenylalanine
GSH  Glutathione
IC50  Half-maximal inhibitory concentration
LC-QTOF-MS/MS  Liquid chromatography quadrupole time-of-flight mass spectrometry
m/z  Mass to charge ratio
MMP  Mitochondrial membrane potential
OXY  Oxyresveratrol
PD  Parkinson’s disease
PLS-DA  Partial least squares-discriminant analysis
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QC  Quality control
R  Rotenone
ROS  Reactive oxygen species
RT  Retention time
VIP  Variable importance in projection

The world’s ageing population is growing rapidly, with the number of people aged 60 and over expected to total 
more than 2 billion by  20501. In the brain, ageing is associated with a range of structural and functional changes 
that can increase the risk of neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD)2. One of the mechanisms that has been implicated in the pathogenesis of neurodegenerative disease 
is oxidative  stress3,4. Oxidative stress is the result of an imbalance between the production of reactive oxygen 
species (ROS) and the ability of the body to counteract their harmful effects. It is thought to be a key contributor 
to the accumulation of cellular damage that occurs with age. Furthermore, it can induce protein structural and 
functional change, a decrease in antioxidant enzyme activities, an increase of ROS generation, and DNA damage 
leading to mitochondrial dysfunction, resulting in neuron cell  death5–7.

Although neurodegenerative diseases like AD or PD are not currently curable, several studies show that some 
bioactive substances are linked with a lower risk of developing  PD8,9. Oxyresveratrol is a structural analog of 
trans-resveratrol, with an additional hydroxyl group attached to one of the aromatic  rings10, which makes it more 
water-soluble than trans-resveratrol11. Oxyresveratrol has demonstrated an antioxidant activity, particularly in 
its ability to scavenge free  radicals12. Additionally, oxyresveratrol has been reported to improve mitochondrial 
 dysfunction13, decrease lipid peroxidation release, reduce the levels of lactate dehydrogenase, decrease caspase-3 
activity, and reduce ROS production induced by 6-OHDA in SH-SY5Y  cells14. These findings suggest that oxy-
resveratrol has potential to be a neuroprotective agent. Although oxyresveratrol has demonstrated beneficial 
effects in various studies, the specific molecular mechanisms underlying these effects remain limited. Further 
research including identification of the molecules or biological pathways that are targeted by oxyresveratrol is 
required for comprehensively understanding the specific mechanisms responsible for its neuroprotective effects.

Metabolomics is the study of the complete set of metabolites, the small molecules involved in cellular 
 metabolism15. Today, metabolomics is the most advanced technique that sheds light on cellular metabolism. 
Metabolomic studies on neuron cells can provide valuable information on cellular processes and pathways, 
including energy  metabolism16, neurotransmitter  biosynthesis17, and oxidative  stress18. It can also help to identify 
metabolic changes associated with various neurological disorders, such as AD and PD.

The objective of this study was to investigate the potential neuroprotective mechanisms by oxyresveratrol. 
Rotenone-induced neurotoxicity in human neuroblastoma SH-SY5Y cells was used as a model in this study. We 
initially examined the optimal concentration of oxyresveratrol from the cellular assays, followed by metabo-
lomics analysis by liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QTOF-MS/MS). 
This approach allows for the identification and quantification of a large number of metabolites simultaneously, 
providing a comprehensive view of the cellular metabolic network from complex biological matrices. By identi-
fying the specific metabolites and metabolic pathways, it may be possible to gain insights into the mechanisms 
underlying oxyresveratrol’s neuroprotective effect. This information could potentially lead to the development 
of oxyresveratrol as a novel dietary supplement to prevent neurodegenerative diseases in our ageing society.

Methods
Chemicals and reagents
Oxyresveratrol, molecular weight 244.24, purity > 98.87%, solubility 50 mg/mL in DMSO, was purchased from 
MedChem Express (Monmouth Junction, NJ, USA). Rotenone, molecular weight 394.41, purity > 95%, solubility 
0.5 mg/mL in DMSO, dimethyl sulfoxide (DMSO), and 7,8-dihydrobiopterin were obtained from Sigma-Aldrich 
(St. Louis, MO, USA). Phosphate-buffered saline (PBS) was obtained from Merck (Darmstadt, Germany). Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12), Fetal bovine serum (FBS), and penicillin-
streptomycin were obtained from Gibco (Grand Island, NY, USA). SH-SY5Y human neuroblastoma cell line 
ATCC CRL-2266 was obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 2′,7′-dichlorodihydrofluorescein 
diacetate  (H2DCF-DA) were obtained from Invitrogen (Thermo Fisher Scientific Inc. (Waltham, MA, USA). 
Primary antibodies including Bax (#2772), Bcl-2 (124) (#15071), cytochrome c (D18C7) (#11940), and β-actin 
(13E5) (#4967), as well as secondary antibodies anti-rabbit IgG, HRP-linked antibody (#7074) were obtained 
from Cell Signaling Technology Inc. (Danvers, MA, USA). Acetonitrile and methanol HPLC grade solvents were 
purchased from Merck (Darmstadt, Germany).

Cellular assays
Cytotoxicity of oxyresveratrol and rotenone on cell viability of SH‑SY5Y cells
SH-SY5Y cells (passage ≤ 20) were cultured in DMEM/F12 containing 10% FBS and 1% penicillin and strepto-
mycin, incubated in a 5%  CO2 humidified incubator at 37 °C. Cells were seeded in the 24-well plates at a density 
of 5 ×  105 cells/well. After incubation for 24 h, cells were treated with 0.5% DMSO and acted as control. To select 
the half-maximal inhibitory concentration  (IC50) of rotenone, cells were induced with rotenone (1, 5, 10, 15, 
and 20 µM) for 48 h. To determine the non-toxic concentration of oxyresveratrol, cells were incubated with 
oxyresveratrol (5, 10, 20, 50, and 100 µM) for 24 h. Then, the cell viability was determined by MTT assay using 
a microplate reader (SpectraMax iD5, Molecular Devices, San Jose, CA, USA) at 470 nm. The experiments were 
carried out in four replicates. Results are calculated as a percentage of control using GraphPad Prism version 
8.0.2.



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20385  | https://doi.org/10.1038/s41598-023-47558-y

www.nature.com/scientificreports/

Protective effect of oxyresveratrol on rotenone‑induced cytotoxicity in SH‑SY5Y cells
SH-SY5Y cells were seeded into 24-well plates at a density of 5 ×  105 cells per well. Cells were allocated into four 
groups: control, rotenone (R)  (IC50), oxyresveratrol (OXY) pre-treated group at 10 µM for 24 h before being 
exposed to rotenone for 48 h, and oxyresveratrol pre-treated group at 20 µM for 24 h before being exposed to 
rotenone for 48 h. Then, the cell viability was determined by MTT assay using a microplate reader (SpectraMax 
iD5, Molecular Devices, San Jose, CA, USA) at 470 nm. The experiments were carried out in four replicates. 
Results are calculated as a percentage of control using GraphPad Prism version 8.0.2.

Measurement of mitochondrial membrane potential (MMP)
The mitochondrial membrane potential was measured by TMRE assay. SH-SY5Y cells were seeded into 96-well 
plates with a density of 5 ×  104 cells/well. After being treated as mentioned above, the plate was washed with PBS 
and incubated with 100 nM TMRE for 15 min. The fluorescent intensity was measured by a microplate reader 
at an excitation wavelength of 585 mm and an emission wavelength of 535 nm.

Intracellular ROS levels assay
SH-SY5Y cells were seeded into 96-well black plates at a density of 5 ×  104 cells/well and allocated to the four treat-
ment groups as mentioned above. After the treatment, the cells were washed with PBS and 10 µM of  H2DCF-DA 
was added, dissolved in a serum-free medium. The plate was incubated in the dark for 30 min at 37 °C. Finally, 
the supernatant was removed and 100 µL of PBS was added. The levels of ROS were determined using a micro-
plate reader (SpectraMax iD5, Molecular devices, San Jose, CA, USA) at excitation 485 and emission 525 nm.

Glutathione (GSH) colorimetric detection assay
SH-SY5Y cells were seeded at 2 ×  106 cells/well in the 6-well plates. After 24 h for incubation, the cells were 
allocated into four groups and treated as mentioned above. A GSH colorimetric detection kit (#EIAGSHC, 
Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to measure GSH content as described in the kit 
protocol. Briefly, the treated cells were washed with cold PBS and 5% cold salicylic was added. The lysed cells 
were then centrifuged at 14,000 rpm for 10 min at 4 °C. The supernatant was transferred into a 1.5-mL Eppen-
dorf tube and diluted by 4 volumes of assay buffer, followed by measurement of the absorbance at 405 nm in a 
microplate reader (SpectraMax iD5, Molecular Devices, San Jose, CA, USA).

Western blot analysis
SH-SY5Y cells were seeded at 2 ×  106 cells/well in the 6-well plates. After 24 h for incubation, the cells were 
treated as mentioned above. After lysis, the treated cells in the 6-well plate were incubated for 30 min at 4 °C, 
and then centrifuged at 16,000 rpm at 4 °C for 5 min. The supernatant was collected for protein determination by 
Bicinchoninic acid (BCA) assay. For protein analysis, 40 µg of each protein sample was separated by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis and subsequently transferred to a nitrocellulose membrane. 
The membrane was blocked with 5% dry milk to eliminate non-specific binding of proteins. The membrane was 
then incubated with primary antibodies directed against Bax (1:1000), Bcl-2 (1:1000), cytochrome C (1:2000), 
or β-actin (1:20,000) overnight at 4 °C. Following the incubation period, the membrane was washed with 1X Tris 
buffered saline-Tween 20 and incubated with a species-specific horseradish peroxidase-conjugated secondary 
antibody for 2 h. Finally, the antibody-bound proteins were detected using chemiluminescence and quantified 
using Image J software. β-actin was used as a control for protein expression, and the intensity of selected bands 
was presented as the relative intensity of proteins and β-actin.

Caspase‑3 activity assay
SH-SY5Y cells were seeded at 2 ×  106 cells/well in a 6-well culture plate. After 24 h for incubation, the cells were 
treated as mentioned above. To determine caspase-3 activity, the EnzChek caspase-3 assay kit (Molecular Probes, 
Eugene, OR, USA) was utilized in accordance with the manufacturer’s instructions. Briefly, the treated cells were 
washed with cold PBS and subsequently lysed with lysis buffer for 30 min. The lysed cells were then centrifuged 
at 5000 rpm for 5 min, and 50 µL of the resulting supernatant was transferred into a 96-well plate. Next, 50 µL of 
the 2X substrate (Z-DEVD–AMC) working solution was added to each sample and control, and then incubated 
for 30 min. Sample was then incubated for 30 min at room temperature and measured at excitation 342 and 
emission 441 nm using a microplate reader (SpectraMax iD5, Molecular Devices, San Jose, CA, USA).

Statistical analysis
All experiments were carried out in four replicates. Data (mean ± standard deviation) were analyzed by one-way 
analysis of variance (ANOVA) with Scheffe’s post hoc test using IBM SPSS version 22.0 (IBM SPSS Statistics 
version, Armonk, NY, USA). A p-value < 0.05 was considered significantly different.

Metabolomics analysis
Sample preparation
SH-SY5Y cells were seeded at a density of 2 ×  106 cells per well in 6-well plates. Cells were divided into four 
groups: control, rotenone, pretreatment of oxyresveratrol (OXY20 + R), and oxyresveratrol alone (OXY20). The 
intracellular metabolites were extracted by washing the cells with cold PBS to remove any remaining culture 
medium, followed by addition of 80% cold methanol to the cells to quench metabolic activity, followed by a 
freeze–thaw cycle (alternating between 37 °C and − 80 °C) to lyse the cells and release the intracellular metabo-
lites. The lysate was then transferred to a 1.5-mL tube and centrifuged at 16,000 rpm for 10 min at 4 °C to 
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remove cell debris and collect the supernatant. Supernatants were dried under nitrogen and stored at − 80 °C for 
subsequent LC-QTOF-MS/MS  analysis17. The supernatants were dissolved in 200 µL of mobile phase A followed 
by filtering through an 0.22 µm membrane filter and then transferred to amber glass vials. Eight replicates for 
each group were analyzed. Meanwhile, 30 μL of each sample were mixed in 1.5-mL tube for the quality control 
(QC) sample.

Data acquisition
Untargeted metabolomics analysis was conducted using a Dionex Ultimate 300 UHPLC system (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) coupled to QTOF Impact II (Bruker Daltonics, Bremen, Germany). Sepa-
ration of metabolites was performed on a C18 column (Thermo Fisher Scientific, Sunnyvale, CA, USA) with a 
particle size of 1.9 µm, 2.1 × 100 mm. Column oven temperature was maintained at 40 °C, while the autosampler 
was kept at 7 °C. Separation was done by gradient elution of mobile phase A (0.1% formic acid in aqueous solu-
tion), and mobile phase B (0.1% formic acid in acetonitrile (v/v)). The following gradient elution conditions were 
used: 0–99% B over 0 to 15 min, maintained at 99% B for 5 min, followed by 1% B over 20 to 20.1 min, and a final 
hold at 1% B for 5 min, resulting in a total run time of 25 min. Flow rate was set at 0.3 mL/min.

The acquisition of mass spectra was conducted using electrospray ionization (ESI) in both positive and nega-
tive ion modes, covering the mass range of m/z 50–1000. Nitrogen gas was used for the nebulizer and collision 
gas. The collision energy was 20.0 eV and 10 eV for positive and negative mode, respectively. The dry temperature 
was 250 °C, and the dry gas flow rate was 8.0 L/min. The capillary voltage was 3800 V and 2500 V for positive 
and negative mode, respectively.

Data processing and statistical analysis
Raw LC–MS/MS data were converted into ABF (analysis base file) format and imported to MS-DIAL version 
4.92 for deconvolution, peak detection, peak alignment, and compound identification. Authentic standards, 
MassBank, GNPS, and Respect (last edited in August 2022) in MSP format were used as the integrated databases 
for both positive and negative modes. Peak area was then uploaded to MetaboAnalyst 5.0 for statistical analysis. 
The data were log transformed and pareto scaled. Multivariate analysis was performed by the partial least squares-
discriminant analysis (PLS-DA) and candidate biomarkers were collected according to variable importance in 
projection (VIP) values and the significant differences of each metabolite between groups (p < 0.05). Finally, The 
Human Metabolome Database identifier (HMDB IDs) of the metabolites were uploaded to MetaboAnalyst 5.0 for 
enrichment and pathway analysis to identify the involved metabolic pathways that were affected by the treatment.

Targeted analysis
Metabolites that exhibited high VIP scores were considered as a candidate biomarker. The compound was further 
analyzed by a targeted approach to confirm its usefulness as an effective biomarker, as suggested by the results 
of the untargeted analysis in this study. Briefly, another set of SH-SY5Y cells were prepared (n = 4/group). Cells 
were treated and extracted using the similar method as mentioned above. The targeted analysis of the candidate 
metabolite was conducted by the same LC-QTOF-MS/MS data acquisition technique, operated in autoMSMS 
and multiple reaction monitoring (MRM) modes compared to a standard compound (A standard solution was 
prepared at a concentration of 1 ng/µL by dissolving 7,8-dihydrobiopterin in 50% methanol).

Results
Effect of oxyresveratrol and rotenone on cell viability of SH‑SY5Y cells
The MTT assay was conducted to evaluate the cytotoxicity of oxyresveratrol on SH-SY5Y cells. Figure 1A showed 
that oxyresveratrol 5, 10, and 20 µM did not alter cell viability compared to the control group, implying that 
oxyresveratrol 20 µM is non-toxic to the cells. Therefore, 20 µM of oxyresveratrol was selected for further 
experiments. Additionally, the effects of different concentrations of rotenone on cell viability (0, 1, 5, 10, 15, and 

Figure 1.  Cytotoxicity assessment in SH-SY5Y cells by MTT assay. (A) Various concentrations of oxyresveratrol 
(0–100 µM). (B) Various concentrations of rotenone (0–20 µM). (C) Effect of oxyresveratrol on rotenone-
induced cytotoxicity in SH-SY5Y cells. Data are expressed as mean ± SD, n = 4. * p <  0.05 compared to control, 
#p < 0.05 compared to rotenone, degrees of freedom = 3,18 for (A) and (B) and 3,12 for (C). F-value = 388.918, 
1352.811, and 98.274 for (A), (B), and (C), respectively.
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20 µM) showed that the  IC50 of rotenone was 15 µM (Fig. 1B). Therefore, we used 15 µM of rotenone to induce 
cell death in subsequent experiments.

Protective effect of oxyresveratrol on rotenone‑induced cytotoxicity in SH‑SY5Y cells
Rotenone significantly decreased cell viability compared to control (p < 0.05; Fig. 1C). The pretreatment groups 
showed a significant difference compared to the rotenone group with a p < 0.05. Treatment with 10 and 20 μM 
of oxyresveratrol effectively prevented rotenone-induced cell death as exhibited by an increase of approximately 
14% and 28%, respectively, compared to the rotenone group.

Effect of oxyresveratrol on mitochondrial membrane potential
The results showed that exposure to rotenone resulted in a remarkable reduction in MMP levels (p < 0.05). 
However, when the cells were pre-treated with oxyresveratrol, there was a significant increase in MMP levels as 
compared to the rotenone group (Fig. 2A).

Effect of oxyresveratrol on ROS and GSH levels in SH‑SY5Y cells treated with rotenone
ROS generation was assessed using  H2DCF-DA dye in SH-SY5Y cells after exposure to rotenone for 48 h. The 
results indicated that rotenone exposure increased intracellular ROS levels. However, treatment with 10 and 
20 μM of oxyresveratrol resulted in significant decreases in ROS levels compared to the rotenone-exposed group 
(Fig. 2B). The depletion of GSH levels in SH-SY5Y cells induced by rotenone was reversed by treatment with 10 
and 20 μM of oxyresveratrol, as evidenced by significantly increased GSH levels compared to the rotenone-treated 
group (p < 0.05; Fig. 2C). Specifically, GSH levels were increased by 52% and 53%, respectively.

Effect of oxyresveratrol on apoptosis protein expression in SH‑SY5Y cells exposed to rote‑
none‑induced cell death
The expression levels of apoptotic proteins were evaluated in SH-SY5Y cells exposed to rotenone, and the results 
are presented in Fig. 3A–C (Supplementary Fig. S1). Compared to the control group, the rotenone group exhib-
ited higher expression levels of Bax and cytochrome C by 12% and 8% respectively. Oxyresveratrol 10 and 
20 μM treatment significantly decreased the expression levels of Bax and cytochrome C compared with rotenone 
treatment alone (p < 0.05). Additionally, Bcl-2 protein expression decreased by 60% in the rotenone group while 
oxyresveratrol 10 and 20 μM significantly increased Bcl-2 protein expression levels (p < 0.05). These findings sug-
gest that treatment of SH-SY5Y cells with oxyresveratrol may enhance the expression of Bcl-2 while decreasing 
the expression of Bax and cytochrome C proteins.

Effect of oxyresveratrol on caspase‑3 activity in SH‑SY5Y cells with induced cell death by 
rotenone
Caspase-3 activity analysis was used to estimate the level of apoptosis induction in SH-SY5Y cells. According to 
Fig. 3D, oxyresveratrol was found to reduce apoptosis through a decrease in the caspase-3 activity. The results 
showed a significant decrease of 25% and 26% in caspase-3 activity in 10 and 20 μM of oxyresveratrol treated 
and exposed rotenone groups, respectively, compared to the rotenone treated group.

Based on the results of the study, the group treated with 20 μM of oxyresveratrol showed better protection 
compared to the group treated with 10 μM of oxyresveratrol. It can be pointed out that the higher concentration 
of oxyresveratrol was more effective in protecting the cells against the damaging effects of rotenone. Therefore, 
the 20 μM concentration of oxyresveratrol was chosen for further metabolomic analysis as it showed the most 
promising neuroprotective effects.

Figure 2.  Effect of oxyresveratrol on rotenone-induced MMP, ROS, and GSH levels. (A) MMP level, (B) ROS 
generation, (C) GSH level. Data are presented as mean ± SD, n = 4. * p < 0.05 compared to control, #p < 0.05 
compared to rotenone, degrees of freedom = 3,12. F-value = 61.656, 431.877 and 7548.178 for (A), (B) and (C), 
respectively.
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Metabolomics analysis
A total 294 metabolites were identified using the untargeted LC-QTOF-MS/MS based metabolomics approach; 
257 and 37 metabolites from the positive and negative mode, respectively (Supplementary Table S1). The metabo-
lites identified in this study were classified as MSI level 2 (putative annotated compounds) according to the 
Metabolomics Standards  Initiative19. Examples of secondary mass spectra of the identified endogenous metabo-
lites are provided in Supplementary Fig. S2.

From these datasets, the three-dimensional space generated by PLS-DA shows the distribution of analytes 
from different experimental groups (Fig. 4). Each point represents a sample, colored according to its group 
membership. The goodness of fit  (R2) and predictive ability  (Q2) of the PLS-DA models were 0.98 and 0.75, 
respectively (Supplementary Fig. S3). The  R2 value of 0.98 indicates that the PLS-DA model has excellent explana-
tory power, explaining 98% of the variance in the data. The  Q2 value of 0.75 indicates that the PLS-DA model 
has a good ability to predict the behavior of the metabolites. These results imply that the model offers a reli-
able and robust representation of the underlying structure of the data, enabling dependable predictions to be 
made. The permutation test for cross-validation (p < 0.001) indicates that the observed difference in metabolite 
profiles between the groups is highly improbable to have occurred by chance, thus indicating its statistical sig-
nificance (Supplementary Fig. S3).

Considering the metabolomic shifts, the results show that the metabolite profile of the rotenone-treated 
group is distinctly separated from the control group, indicating that exposure to rotenone caused metabolic 

Figure 3.  Effect of oxyresveratrol on Bax, Bcl-2, cytochrome C, and caspase-3 expression. Protein levels of (A) 
Bax, (B) Bcl-2, and (C) Cytochrome C were evaluated by immunoblotting. β-actin immunodetection was used 
as a loading control. (D) Caspase-3 activation. Data are presented as mean ± SD, n = 4. * p < 0.05 compared to 
control, #p < 0.05 compared to rotenone, degrees of freedom = 3,12. F-value = 11,251.953, 204.992, 37.395, and 
59.771 for (A), (B), (C), and (D), respectively.
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changes in the treated cells. The results of the study also revealed that the metabolite profiles of both the OXY 
and OXY + R groups are closer to the control group than the rotenone group. Notably, pre-treatment with 20 μM 
of oxyresveratrol resulted in a shift of the OXY + R metabolome towards that of the OXY and control groups.

The identified metabolites were then analyzed using VIP scores, which assess the importance of each metabo-
lite in explaining the differences among the experimental conditions. The VIP value provides a measure of the 
importance of each metabolite in the separation between different sample groups, with higher VIP values indi-
cating greater importance. Out of the 294 metabolites, 28 compounds had VIP scores greater than 1.5 (Table 1), 
a typical cutoff point that is frequently used in many studies, suggesting a noticeable impact on the separation 
between groups. Moreover, among these 28 metabolites, 7,8-dihydrobiopterin exhibited the highest VIP scores 
(VIP > 3.0; p < 0.05) (Fig. 5), indicating that this metabolite had the highest importance in explaining the dif-
ferences among the experimental conditions. Boxplot of 7,8-dihydrobiopterin also provides for a visual repre-
sentation of the distribution of this compound across the four distinct experimental conditions. Each boxplot 
shows the range of values of the metabolite in each experimental condition, with the median value represented 
by a horizontal line within the box. Findings from the boxplots indicate that the R group had the lowest levels of 
7,8-dihydrobiopterin compared to the other experimental conditions, suggesting a potential impact of rotenone 
exposure on the metabolism related to this compound. Conversely, the OXY group demonstrated higher levels of 
the metabolites that returned towards those observed in the control group, implying the efficacy of oxyresveratrol 
pretreatment in mitigating the effects of rotenone exposure on the metabolism.

Metabolic pathways related to neuroprotective activities of oxyresveratrol against rotenone-induced toxicity 
were investigated in this study by MetaboAnalyst 5.0 software. Several metabolic pathways were significantly 
associated with pretreatment of oxyresveratrol in rotenone-induced human neuroblastoma SH-SY5Y cytotoxicity. 
It was found that phenylalanine, tyrosine and tryptophan metabolism exhibited the most impact value (impact 
value = 1) with p < 0.05 (Fig. 6, Supplementary Table S2).

To support the outcome of the untargeted metabolomics study, 7,8-dihydrobiopterin concentration was sub-
sequently examined using a targeted metabolomics approach with autoMSMS and MRM modes. The extracted 
ion chromatogram (EIC) from the autoMSMS mode showed that the intensity of the OXY20 + R group was 
significantly increased compared to the rotenone group (p < 0.001, Supplementary Table S3). MRM is a highly 
selective mode dedicated to monitoring specific transitions between precursor and product ions. In this study, it 
is employed to selectively detect and quantify 7,8-dihydrobiopterin and its related ions to confirm the presence 
of the metabolite identified in the untargeted study (Fig. 7, Supplementary Fig. S4).

Discussion
In this study, we investigated the potential neuroprotective effects of oxyresveratrol in human neuroblastoma 
SH-SY5Y cells exposed to rotenone, a known initiator of cell death. The SH-SY5Y neuroblastoma cell line is 
a commonly utilized as an in vitro model for PD research. These cells express several key proteins that are 
important for dopaminergic neuron function, including dopamine transporters and  receptors20. Rotenone is 
often used as a tool to investigate the effects of mitochondrial dysfunction due to its ability to inhibit complex 
I of the mitochondrial respiratory chain. This inhibition results in decreased ATP production and increased 
oxidative stress, leading to the release of pro-apoptotic factors, including cytochrome C, and the initiation of 
 apoptosis21–23. Rotenone is a lipophilic compound that can easily cross cell membranes and accumulate in the 

Figure 4.  Partial least squares-discriminant analysis (PLS-DA) 3D scores plot of the metabolite dataset. Control 
(0.5% DMSO), OXY20 (oxyresveratrol pre-treated group at 20 µM for 24 h without exposure to rotenone), 
OXY20 + R (oxyresveratrol pre-treated group at 20 µM for 24 h and exposed to rotenone  (IC50) for 48 h), 
Rotenone  (IC50), QC (quality control).
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mitochondria. Exposure to rotenone has been associated with the pathogenesis of several diseases, including PD, 
due to its neurotoxic  effects20,24,25. A previous study has reported that rotenone induced cytotoxicity in HepG2 
cells through several mechanisms, including the generation of ROS, depletion of intracellular GSH, and induc-
tion of mitochondria-mediated apoptosis involving p53, Bax/Bcl-2, and caspase-326.

Oxyresveratrol can protect against rotenone-induced toxicity through its ability to promote cell survival. 
In the present study, the results show that rotenone exposure induces cell death by decreasing MMP levels and 
generating ROS, a highly reactive molecule causes oxidative damage to cellular components. In consideration, 
treatment with oxyresveratrol appears to mitigate this effect by increasing MMP levels, reducing ROS generation 
and increasing the production of GSH, a key antioxidant that protects cells from oxidative damage by scavenging 
free radical ROS that can damage cell membranes, proteins, and  DNA27.

Bax, Bcl-2, and cytochrome C are key proteins that regulate the apoptosis (programmed cell death) process 
in the mitochondria. The expression of Bax results in the release of cytochrome C from mitochondria, which 
leads to the apoptosis process. On the other hand, the expression of Bcl-2 prevents the release of cytochrome 
C, thereby preventing the induction of  apoptosis28. In the present study, the results demonstrated that rotenone 
significantly stimulated the expression of Bax and decreased the expression of Bcl-2 proteins in SH-SY5Y. In 
addition, rotenone activated the release of cytochrome C from the mitochondria into the cytosol, which could 
activate the caspase-3  enzyme26. Caspase-3 is a cysteinyl aspartate-specific protease and an initiator caspase that 
plays an important role in the execution phase of  apoptosis29. The present study has indicated that oxyresveratrol 
can increase the expression of the anti-apoptotic protein Bcl-2 and decrease the expression of the pro-apoptotic 
protein Bax. This shift in the balance between Bcl-2 and Bax can potentially inhibit apoptosis and promote cell 
survival. It has also been demonstrated that oxyresveratrol can decrease the expression of cytochrome C. By 
decreasing cytochrome C expression, oxyresveratrol can potentially inhibit caspase-3 activity.

According to the results obtained from the metabolomic analysis, as indicated by the PLS-DA scores plot, 
pretreatment with oxyresveratrol at a concentration of 20 μM could potentially provide a beneficial effect on the 
cellular metabolome. The findings suggested that oxyresveratrol may be effective in preventing metabolic changes 

Table 1.  List of the metabolites with VIP scores > 1.5 in SH-SY5Y cells pre-treated with oxyresveratrol and 
exposed to rotenone-induced cell death.

HMDB ID Metabolites VIP Scores Detected m/z Mass error (ppm) RT (min) Adduct Formula

HMDB0000038 7,8-Dihydrobiopterin 3.3336 240.10667 6.83 1.667 [M +  H]+ C9H13N5O3

HMDB0011738 Ɣ-Glutamyl-glutamine 2.8599 276.11771 3.19 1.125 [M +  H]+ C10H17N3O6

HMDB0000086 Glycerophosphocholine 2.3864 258.10568 19.18 1.002 [M + H] + C8H21NO6P

HMDB0000097 Choline 2.3272 104.10577 6.53 0.969 [M]+ C5H14NO

HMDB0001256 Spermine 2.1549 203.22141 − 6.94 0.760 [M +  H]+ C10H26N4

HMDB0000191 L-Aspartic acid 2.1191 134.04361 8.5 1.109 [M +  H]+ C4H7NO4

HMDB0013078 Stearoylethanolamide 1.9363 328.31665 10.23 15.29 [M +  H]+ C20H41NO2

HMDB0028906 Isoleucyl-glutamate 1.8299 261.14087 13.1 4.031 [M +  H]+ C11H20N2O5

HMDB0001201 Guanosine diphosphate 1.8093 444.02765 5.29 1.073 [M +  H]+ C10H15N5O11P2

HMDB0001570 Thymidine 3’,5’-cyclic 
monophosphate 1.7742 303.04092 − 7.13 1.814 [M −  H]− C10H13N2O7P

HMDB0000756 Hexanoylcarnitine 1.7678 260.18091 18.06 5.775 [M]+ C13H25NO4

HMDB0247869 Adenosine_diphosphate 1.7253 428.03293 10.33 1.081 [M +  H]+ C10H15N5O10P2

HMDB0001049 Ɣ-Glutamylcysteine 1.7214 251.06676 11.43 2.386 [M +  H]+ C8H14N2O5S

HMDB0011691 Cytidine 2’,3’-cyclic 
phosphate 1.6933 304.03653 − 8.32 1.372 [M −  H]− C9H12N3O7P

HMDB0003459 D-Alanyl-D-alanine 1.6874 161.09023 7.26 1.536 [M +  H]+ C6H12N2O3

HMDB0006483 D-Aspartic acid 1.6359 134.04225 18.87 1.367 [M +  H]+ C4H7NO4

HMDB0001511 Phosphocreatine 1.6281 212.04012 14.01 1.020 [M +  H]+ C4H10N3O5P

HMDB0028829 Glutamylthreonine 1.6240 249.10522 11.16 1.130 [M +  H]+ C9H16N2O6

HMDB0000167 L-Threonine 1.6093 120.06397 8.58 1.130 [M +  H]+ C4H9NO3

HMDB0341308 D-Glucosaminic acid 1.5756 196.08104 1.38 1.688 [M +  H]+ C6H13NO6

HMDB0004483 Estrone glucuronide 1.5718 445.18240 9.88 9.077 [M −  H]- C24H30O8

HMDB0000791 Octanoylcarnitine 1.5697 288.21350 11.76 7.568 [M +  H]+ C15H29NO4

HMDB0029737 Indole-3-carboxaldehyde 1.5668 144.04648 − 6.87 1.638 [M −  H]− C9H7NO

HMDB0000064 Creatine 1.5493 132.07494 13.7 1.015 [M +  H]+ C4H9N3O2

HMDB0001553 2-Oxo-4-methylthiobuta-
noic acid 1.5483 147.00986 7.01 1.395 [M −  H]− C5H8O3S

HMDB0013222 Beta-Guanidinopropionic 
acid 1.5143 132.07494 10.22 1.015 [M +  H]+ C4H9N3O2

N/A 3-Acetylthiazolidine-4-car-
boxylic acid 1.5026 176.03572 24.26 2.058 [M +  H]+ C6H9NO3S

HMDB0000812 N-Acetyl-L-aspartic acid 1.5024 176.05351 10.39 1.369 [M +  H]+ C6H9NO5
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induced by rotenone (Fig. 4). In this study, 7,8-dihydrobiopterin was identified as a potential biomarker with 
VIP > 3.0, a score obtained from the PLS-DA model that suggests the potential of this metabolite as a biomarker 
(Fig. 5). Our results demonstrated that pretreatment with oxyresveratrol upregulated the level of 7,8-dihydro-
biopterin compared to the group only exposed to rotenone. Pathway analysis also revealed that phenylalanine, 
tyrosine, and tryptophan biosynthesis was the most relevant metabolism associated with neuroprotective effects 
of oxyresveratrol against rotenone-induced toxicity (Fig. 6). The compound 7,8-dihydrobiopterin (BH2) is an 
intermediary molecule in the biosynthesis of the cofactor tetrahydrobiopterin (BH4)30. This cofactor is essential 
for the function of enzymes that catalyze the hydroxylation of amino acids, specifically phenylalanine and tryp-
tophan, which are important for the synthesis of dopamine and serotonin in nervous  systems17.

Thus, from untargeted metabolomics analysis in the present study, we hypothesized that oxyresveratrol could 
protect dopaminergic neurons and prevent their death through the dopamine biosynthesis pathway, as illus-
trated in Fig. 8. The primary metabolic pathway for phenylalanine involves its conversion to tyrosine through 
an enzyme called phenylalanine hydroxylase. This process is essential because tyrosine serves as a precursor 
for several important molecules, including neurotransmitters like dopamine and  norepinephrine31. Tyrosine is 

Figure 5.  Variable importance in projection (VIP) scores plot of the metabolites dataset with boxplots showing 
up/down regulation of 7,8-dihydrobiopterin (the metabolite with the highest VIP score). Control (0.5% 
DMSO), OXY20 (oxyresveratrol pre-treated group at 20 µM for 24 h without exposure to rotenone), OXY20 + R 
(oxyresveratrol pre-treated group at 20 µM for 24 h and exposed to rotenone  (IC50) for 48 h), and rotenone 
 (IC50).

Figure 6.  Pathway analysis of SH-SY5Y cells pre-treated with oxyresveratrol and exposed to rotenone-induced 
cell death.
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then converted to 3,4-dihydroxyphenylalanine (DOPA) by the enzyme tyrosine hydroxylase, with the cofactor 
tetrahydrobiopterin (BH4)32–34. Furthermore, 7,8-dihydrobiopterin (BH2) can be converted to BH4 by the dihy-
dropteridine (DHB) reductase enzyme. This conversion is an essential step in maintaining the proper function of 
both enzymes, phenylalanine hydroxylase, and tyrosine  hydroxylase35. Subsequently, DOPA is further converted 
to dopamine by the enzyme aromatic amino acid  decarboxylase36,37. Dopamine is an important neurotransmitter 
in the brain, and its dysregulation is associated with several neurological conditions, including neurodegenera-
tive disease such as  PD38–40.

Verification of the key metabolite in this study was carried out by a targeted metabolomics method. Levels 
of 7,8-dihydrobiopterin (BH2) were further investigated in another set of samples to confirm the novel hypoth-
esis of using this metabolite as a marker for neuroprotective effects by oxyresveratrol. The results verified that 
7,8-dihydrobiopterin levels in the OXY + R group were significantly greater than those in the rotenone group, 
which is in agreement with the results of the untargeted study. Thus, oxyresveratrol pretreatment could elevate 
levels of the 7,8-dihydrobiopterin metabolite, which may be advantageous when using this compound for pre-
venting neurogenerative diseases.

Figure 7.  Extracted ion chromatogram (EIC) and Multiple reaction monitoring (MRM) LC-QTOF-MS/MS 
of 7,8-dihydrobiopterin. (A) EIC of standard 7,8-dihydrobiopterin (1 ng/µL). (B) Secondary mass spectra of 
standard 7,8-dihydrobiopterin (1 ng/µL). (C) EIC of the 7,8-dihydrobiopterin metabolite in control sample. (D) 
Secondary mass spectra of 7,8-dihydrobiopterin metabolite in control sample.

Figure 8.  Effect of oxyresveratrol on dopamine biosynthesis pathway in SH-SY5Y cells induced by rotenone. 
DOPA: 3,4-Dihydroxyphenylalanine, NADPH: Nicotinamide adenine dinucleotide phosphate, DHB: 
Dihydropteridine. Metabolites (in blue color) with boxplots are also identified by LC-QTOF-MS/MS in this 
study.
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Conclusion
The cellular assays show that oxyresveratrol was effective in preventing rotenone-induced cell death and decreas-
ing ROS levels in the cells. An untargeted metabolomics approach provided information regarding the candidate 
biomarkers and the enriched metabolic pathways, giving valuable new insight into the potential mechanisms 
underlying the prevention of neurodegenerative diseases by oxyresveratrol. Untargeted metabolomics revealed 
that 7,8-dihydrobiopterin (BH2) was the key metabolite associated with neuroprotective effects of oxyresveratrol 
in SH-SY5Y cells. Findings from pathway analysis also supported that 7,8-dihydrobiopterin (BH2), the biomarker 
from this study, was related to phenylalanine, tyrosine, and tryptophan metabolism, which served as an essential 
cofactor for the function of enzymes in the dopamine biosynthesis pathway. Therefore, 7,8-dihydrobiopterin 
(BH2) may be used as an indicator of treatment efficacy, providing a means to monitor the response to oxyres-
veratrol and evaluate its neuroprotective potential against neurodegenerative diseases. This information could 
help to guide future research in this area for the development of novel therapeutic approaches for neurodegen-
erative disease in the elderly.

Data availability
All data generated or analyzed during this study are included in this published article as a supplementary infor-
mation file (Supplementary Table S1).
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