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A B S T R A C T

Cadmium (Cd) is a highly harmful pollutant that poses a serious threat to human health. The liver 
is the primary organ for Cd accumulation, and Cd-induced hepatotoxicity has been shown to be 
strongly correlated with an oxidative imbalance in hepatocytes. Our previous studies in the 
eukaryotic model organism Saccharomyces cerevisiae revealed that not only co-treatment but also 
pretreatment with aqueous Moringa oleifera Lam. leaf extract (AMOLE) effectively mitigated Cd 
toxicity by reducing intracellular Cd accumulation and Cd-mediated oxidative stress. In this 
study, we therefore investigated the preventive effect of AMOLE against Cd toxicity in human 
HepG2 hepatocytes. The results showed that, similar to the case of the yeast model, pretreatment 
with AMOLE prior to Cd exposure also significantly inhibited Cd-induced oxidative stress in 
HepG2 cells. Untargeted LC-MS/MS-based metabolomic analysis of AMOLE revealed that its 
major phytochemical constituents were organic acids, particularly phenolic acids and carboxylic 
acids. Additionally, DPPH-HPTLC fingerprints suggested that quercetin and other flavonoids 
possibly contribute to the antioxidant activities of AMOLE. Based on our findings, it appears that 
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pretreatment with AMOLE prevented Cd-induced hepatotoxicity via three possible mechanisms: i) 
direct elimination of free radicals by AMOLE antioxidant compounds; ii) upregulation of anti
oxidant defensive machinery (GPx1, and HO-1) via Nrf2 signaling cascade to improve cellular 
antioxidant capacity; and iii) reduction of intracellular Cd accumulation, probably by suppressing 
Cd uptake. These data strongly suggest the high potential of AMOLE for clinical utility in the 
prevention of Cd toxicity.

1. Introduction

Due to rapid urbanization and industrialization, an increase in environmental contamination with heavy metals has caused harmful 
effects on human health globally. Cadmium (Cd) is a ubiquitous environmental toxicant largely originating from natural occurrences 
and anthropogenic activities [1]. There are numerous sources of Cd, e.g. tobacco smoking, industrial emissions, and contaminated food 
and water [2,3]. This harmful heavy metal can enter the human body through ingestion and inhalation. The liver is the major target 
organ for Cd accumulation and toxicity. Exposure to Cd is associated with a high incidence of serious hepatic injury in humans such as 
fibrosis, necroinflammation, non-alcoholic fatty liver disease, and non-alcoholic steatohepatitis [4,5]. Chelation therapies, e.g. eth
ylenediaminetetraacetic acid (EDTA), British Anti-Lewisite (BAL), 2,3-dimercaptosuccinic acid (DMSA), and 2,3-dimercapto-1-propa
nesulfonic acid (DMPS), are current approaches for the treatment of Cd intoxication [6]. However, the clinical use of these chelating 
agents has several limitations such as low specificity, poor ability to cross the membrane, and serious adverse effects [7]. Hence, there 
is a critical need to develop a novel approach with great efficiency and a high safety profile to combat Cd poisoning.

Medicinal plants are the repository of several phytochemicals possessing a broad range of pharmacological activities. In the last 
decades, there has been a growing interest in the development of new therapeutic strategies to cure several diseases by using botanical 
sources [8]. Moringa oleifera Lam. (M. oleifera) has been widely used in traditional medicine for centuries with multiple indications, e.g. 
malnutrition, asthma, diabetes, anemia, cardiovascular diseases, and inflammation [9]. Leaves are the most frequently used part of 
M. oleifera, which can be freshly eaten, cooked, or used as dried powder. Leaves of M. oleifera contain significant sources of bioactive 
and phytochemicals, including flavonoids [10–12]. Flavonoids are a class of polyphenolic metabolites with antioxidant activity. The 
preclinical studies on various models of diseases demonstrated that flavonoids have ability to mitigate Cd poisoning via attenuation of 
oxidative stress and their metal-chelating properties [13–16]. Moreover, previous studies on rats showed that concomitant admin
istration of ethanolic extracts of M. oleifera leaves with heavy metals can suppress toxicity in male reproductive system [17,18]. Our 
previous studies on the eukaryotic model organism Saccharomyces cerevisiae revealed that the aqueous M. oleifera leaf extract (AMOLE) 
can inhibit Cd-induced toxicity through an inhibition of oxidative stress and a reduction of Cd accumulation [10,19]. In addition, we 
also found that not only the co-treatment but also the pretreatment with AMOLE significantly reduced Cd uptake, leading to an 
alleviation of endogenous oxidative stress caused by Cd. Therefore, AMOLE is highly promising for the therapeutic prevention of 

Abbreviations:

AMOLE aqueous Moringa oleifera Lam. leaf extract
BAL British Anti-Lewisite
DCFH-DA 2′,7′-dichlorofluorescein diacetate
DMPS 2,3-dimercapto-1-propanesulfonic acid
DMSA 2,3-dimercaptosuccinic acid
DMSO dimethyl sulfoxide
DPPH 2,2-diphenyl-1-picrylhydrazyl
EDTA ethylenediaminetetraacetic acid
FBS fetal bovine serum
GPx1 glutathione peroxidase 1
HPTLC high-performance thin-layer chromatography
Keap1 Kelch-like ECH-associated protein 1
MEM Minimum Essential Media
MTT methylthiazolyldiphenyl-tetrazolium bromide
Nrf2 nuclear factor erythroid 2-related factor 2
PBS phosphate buffer solution
PEG polyethylene glycol
HO-1 heme oxygenase-1
H2O2 hydrogen peroxide
Rf retention factor
SOD superoxide dismutase
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Cd-induced hepatotoxicity.
In this present study, we aimed to explore the preventive potential of AMOLE against Cd-induced hepatotoxicity using human 

HepG2 hepatocytes as an in vitro model. Our data clearly demonstrated that the pretreatment with AMOLE mitigated the harmful 
effects of Cd on HepG2 cells. These findings therefore suggest promising applications of AMOLE in the prevention of Cd toxicity and 
other harmful metals.

2. Materials and methods

2.1. Chemical and reagents

Hydrogen peroxide (H2O2), L-ascorbic acid, methylthiazolyldiphenyl-tetrazolium bromide (MTT), 2′,7′-dichlorofluorescein diac
etate (DCFH-DA), rutin, rosmarinic acid, quercetin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), HPTLC silica gel 60 F254, 2-aminoethyl 
diphenylborinate, dichloromethane, ethyl acetate, polyethylene glycol (PEG), dimethyl sulfoxide (DMSO) and Immobilon Western 
chemiluminescent HRP substrate were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture media and supplements (Minimum Essential Media (MEM), fetal bovine serum (FBS) and penicillin/streptomycin were 
obtained from ThermoFisher Scientific (Waltham, MA, USA). Anti-Nrf2 (rabbit pAb; Cat. No. ab137550; dilution 1:1000), anti-SOD1 
(rabbit mAb; Cat. No. ab51254; dilution 1:1000) and anti-GPx1 (rabbit pAb; Cat. No. ab22604; dilution 1:1000) were purchased from 
Abcam (Cambridge, UK). Anti-HO-1 (rabbit mAb; Cat. No. 43966; dilution 1:1000), anti-Keap1 (rabbit mAb; Cat. No. 8047; dilution 
1:1000), anti-SOD2 (rabbit mAb; Cat. No. 13141; dilution 1:1000), anti-GAPDH (rabbit mAb; Cat. No. 5174; dilution 1:1000), and anti- 
rabbit IgG, HRP-conjugated antibody (Cat. No. 7074; dilution 1:2000) were obtained from Cell Signaling Technology (Danvers, MA, 
USA).

2.2. Preparation of aqueous M. oleifera leaf extract (AMOLE)

The dried M. oleifera leaf powder was purchased from Khaolaor Laboratories (Samutprakarn, Thailand). The AMOLE was prepared 
as described previously with some modifications [10,19]. Briefly, 5 g of dried powder leaf was added into 30 mL of water and mixed 
with vortex for 1 min. The supernatant of extract (AMOLE) was collected by centrifugation at 13,000 ×g for 20 min, followed by 
filtration with filter paper (Whatman Grade 42). The AMOLE was lyophilized and kept at 4 ◦C. Before use, the lyophilized AMOLE was 
redissolved in distilled water and further sterilized with membrane filtration (0.2 μm; Acrodisc Syringe Filters).

2.3. DPPH assay

The radical scavenging activity (RSA) of AMOLE was evaluated with DPPH assay. Serial dilutions of AMOLE (0–6 mg mL− 1 in 
ethanol; 20 μg mL− 1) were added into a 96-well microplate and incubated with DPPH solution (150 μM in ethanol; 200 μL) for 30 min. 
The absorbance of the sample was then determined at 517 nm with CLARIOStar microplate reader (BMG Labtech; Ortenburg; Ger
many). The positive controls were ascorbic acid and quercetin. The %RSA of each sample was calculated using the following equation. 

%RSA=

(
ODblank − ODsample

)
x 100

ODblank 

where ODblank and ODsample are absorbance at 517 nm of 100 % methanol and sample, respectively. The amounts of samples that 
generated 50 % reduction in RSA were calculated from dose-response plot with GraphPad Prism version 9.4.1 (GraphPad Software 
Inc., San Diego, CA, USA).

2.4. Preparation of sample and flavonoid standards for HPTLC

Fifty milligrams of AMOLE were mixed with 500 μL of ethanol (v/v) and sonicated for 10 min. Subsequently, the AMOLE solution 
was centrifuged at 8000 rpm for 5 min and the supernatant was used for HPTLC analysis. The flavonoids standards were dissolved with 
methanol at the final concentration of 1 mg μL− 1 (rutin and rosmarinic acid) or 0.1 mg μL− 1 (quercetin).

2.5. High-performance thin-layer chromatography (HPTLC)

Chromatographic separation of AMOLE was conducted on Merck silica gel 60 F254 glass HPTLC plates (20 × 10 cm) with ethyl 
acetate: toluene: formic acid: water (6:1:1.4:1 (v/v/v/v)) as mobile phase. Briefly, AMOLE (2− 6 μL/band) and flavonoid standards (2 
μL/band) were applied to the HPTLC plates by Linomat 5 (Camag; Muttenz, Switzerland) with following setting: band length, 8 mm; 
distance between tracks, 11.4 mm; distance from the lower edge, 8 mm; and distance from the left plate edge, 20 mm. After 70 mm 
development, the HPTLC plates were visualized at 254 nm using Visualizer 2 (Camag; Muttenz, Switzerland). To observe the presence 
of flavonoids in the sample, HPTLC plates were further heated at 110 ◦C for 3 min and subsequently immersed in natural product/ 
polyethylene glycol reagent (NP/PEG). For imaging, the derivatized plates were captured at 366 nm with Visualizer 2.
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2.6. HPTLC-DPPH assay

HPTLC-DPPH was conducted to evaluate the antioxidant potential of phytochemicals in ME. After chromatographic development, 
the HPTLC plate was further derivatized with DPPH solution (0.02 % DPPH in methanol) and incubated in the dark for 2 h. The 
chromatogram was imaged under white light. Compounds with free radical scavenging properties were detected as yellowish bands 
against a purple background.

2.7. Sample preparation and liquid chromatography with tandem mass spectrometry (LC-MS/MS) configuration for untargeted 
metabolomics analysis

The concentration of AMOLE was adjusted to 1 mg mL− 1 with deionized water. A total of 15 mL of the extract was subjected to a 3 
kDa molecular weight cut-off (GE Healthcare Co., Amersham, UK). The flow-through solution was cleaned up using solid phase 
extraction as described previously [20]. The cleaned-up extract was dried under a speed vacuum. The experiment was conducted in 3 
biological replications (n = 3).

The metabolome profiling was analyzed using Orbitrap HF-X mass spectroscopy with an electrospray ion source operated at 3.5 kV. 
The dried extract was solubilized in 0.1 % formic acid in a solubilization solution (50 % methanol/50 % Water). Five μL of the samples 
were loaded on an analytical column (Ascentis® Express C18, 2.7 μm HPLC Column). The column oven temperature was 60 ◦C. The 
mobile phase was composed of water with 0.1 % formic acid and acetonitrile with 0.1 % formic acid. The total time of each analysis 
was 35 min. A blank sample (0.1 % formic acid/water) was administered after every injection. MS spectral data were acquired using a 
data dependent acquisition dynamical choosing the most abundant precursor ions from the survey scan (55–650 m/z) with charge 
states (+1 and + 2) for high-energy collision dissociation fragmentation. Dynamic exclusion duration was 10 s. Isolation of precursors 
was performed with a 1.4 m/z and MS/MS scans were acquired with a starting mass of 100 m/z. Survey scans were acquired at a 
resolution of 120,000. The resolution for fragmentation spectra was set to 30,000. After integrating the target m/z ions, the chemical 
formula was predicted by comparing with the online databases, including ChemSpider (http://www.chemspider.com) and mzCloud 
(https://www.mzcloud.org) to confirm and identify the compounds. The candidate metabolites with the highest MS/MS coverage 
scores were chosen for annotation. Among these, the metabolites with mzClound best match score >50 and peak area >1 × 109 AU 
were reported. The functional analysis was analyzed based on the KEGG pathway by MetaboAnalyst 6.0 (accessed on March 21, 2024) 
[21].

2.8. Cell culture and condition

Human hepatocellular carcinoma HepG2 cells (RRID: CVCL_0027) were purchased from CLS GmbH (Eppelheim, Germany). The 
authentication of cell lines was conducted by CLS GmbH using short tandem repeat (STR) profiling. The culture medium is MEM 
supplementing with penicillin (100 U mL− 1), streptomycin (100 μg mL− 1), and FBS (10 %). HepG2 cells were maintained at 37 ◦C in a 
humidified atmosphere with 95 % air and 5 % CO2. Routine monitoring for mycoplasma contamination was performed using the 
Universal Mycoplasma Detection Kit (ATCC; Manassas, VA, USA).

2.9. Cell viability assay

The survival of cells was evaluated with the MTT viability assay. HepG2 cells were seeded into a 96-well microplate (1 × 104 cells/ 
well) and cultured for 24 h. Following the indicated treatments, the experimental medium was removed; treated cells were gently 
rinsed twice with phosphate buffer solution (PBS; pH 7.4); MTT solution (0.5 mg mL− 1 in serum-free MEM; 100 μL) was subsequently 
added into each well; and plates were subsequently incubated in dark for 3 h. After incubation, the MTT solution was gently discarded 
and DMSO (200 μL) was added into each well to solubilize formazan crystals. The optical density of the formazan solution was 
observed with a CLARIOStar microplate reader at 570 nm.

2.10. Evaluation of intracellular oxidative status

The intracellular oxidative statuses were determined with the DCFH-DA-based approach. Briefly, HepG2 cells were placed into a 
96-well, black microplate with clear bottom (1 × 104 cells/well) and cultured for an additional 24 h prior to treatments. Following the 
indicated treatments, cells were gently rinsed twice with PBS and stained in the dark with DCFH-DA solution (5 μM in serum-free 
MEM). After 30 min staining, cells were washed with PBS and serum-free medium was added into each well. The intracellular fluo
rescent signal was recorded with a CLARIOStar microplate reader (excitation wavelength, 485 nm; emission wavelength, 530 nm).

2.11. Western blot analysis

HepG2 cells were seeded into a 6-well plate (3 × 105 cells/well) and cultured for 24 h. The treatment protocols were similar to the 
cell viability study. Following the indicated treatments, cells were harvested on ice with a cell-scraper and lysed with radio- 
immunoprecipitation assay (RIPA) buffer (Cat. no. 9806; Cell Signaling Technology) containing Protease/Phosphatase Inhibitor 
Cocktail (Cat. no. 5872; Cell Signaling Technology). Protein lysates were resolved by SDS-PAGE and transferred onto a polyvinylidene 
difluoride membrane (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were subsequently blocked with blocking solution 
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(5 % non-fat milk in TBS-T) for 1 h at room temperature and hybridized overnight with primary antibodies at 4 ◦C. GAPDH was used as 
a loading control. Following incubation with specific primary antibodies, membranes were washed three times with TBS-T and stained 
with HRP-conjugated secondary antibody for 1 h at room temperature. The chemiluminescent signal was developed with Immobilon 
Western chemiluminescent HRP substrate and imaged with an ImageQuant LAS 4000 (GE Healthcare, Chicago, IL, USA). The 
immunoblot was densitometric analyzed with ImageJ software (version 1.53t; U.S. National Institutes of Health, Bethesda, MD, USA). 
Full unedited blots are shown in Fig. S1.

2.12. Determination of intracellular Cd contents

The cell culture conditions and treatment protocols were similar to Western blot experiments. After the indicated treatments, cells 
were detached with trypsin and washed twice with PBS. Cell pellets were then subjected to acid digestion. One mL of each cell pellet 
was applied to the digestion tube containing 5 mL of 65 % nitric acid (Suprapur®, Supleco). After open reflux digestion at 100 ◦C in a 
block digester for 1 h inside a fume hood, 1 mL of H2O2 was added. The samples were heated at 100 ◦C for another hour. Finally, the 
digested samples were cooled at room temperature and subsequently filtered with filter paper grade 42. The sample volume was 
adjusted to 10 mL with pure water. The Cd concentration was measured by flame atomic absorption spectroscopy (FAAS) using a 
hollow cathode lamp for Cd, with the wavelength 228.8 nm using an air/acetylene flame. The results were expressed as mg L− 1. 
Certified Cd standard solution (MilliporeSigma, Burlington, MA, USA) was used for constructing the calibration curves of the 
respective analysis. The limit of detection in the Cd measurements was 10 ng L− 1.

2.13. Statistical analysis

All statistical analyses were conducted with GraphPad Prism. Statistical difference between treatment groups was calculated with 
unpaired t-test or one-way ANOVA with Tukey’s post hoc analysis. The data was presented as the mean ± standard errors of the mean 
(SEMs) of at least three independent experiments.

Fig. 1. Pretreatment with AMOLE suppressed Cd toxicity in HepG2 cells through inhibition of oxidative stress generation. (A) HepG2 cells 
were treated with CdCl2 (3.9–250 μM; 6 h) or (B) AMOLE (15.6–1000 μg mL− 1; 24 h). MTT assay was performed to determine cell survival after 
treatments. (C, D) HepG2 cells were pre-incubated with AMOLE (125–500 μg mL− 1; 24 h), followed by CdCl2 treatment (15.6 μM; 6 h). The cell 
survival was evaluated with an MTT assay, while intracellular oxidative status was observed with a DCFH-DA-based approach. The cell viability and 
oxidative status following treatment were calculated relative to the untreated control (n = 3; mean ± SEM; *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001 v.s. untreated control; ††, p < 0.01; †††, p < 0.001; ††††, p < 0.0001 v.s. CdCl2 group).
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3. Results

3.1. Cd causes toxicity on HepG2 in a dose-dependent fashion

Since Cd primarily accumulates in the liver, it is recognized as the main target organ of Cd toxicity [5,22]. To investigate the 
hepatotoxicity of Cd, human HepG2 hepatocyte was used as a cell culture model of the human liver. The results of the MTT viability 
assay demonstrated that exposure to CdCl2 induced hepatotoxicity in a dose-dependent manner, with approximately 40 % of HepG2 
cell death observed upon the treatment with 15.6 μM CdCl2 (Fig. 1A). Therefore, this concentration was chosen for further investi
gation to assess the hepatoprotective effects of AMOLE against CdCl2.

3.2. AMOLE pretreatment inhibits toxic effects of Cd on HepG2 cells

Prior to examining the protective activities of AMOLE, the safety concentration of AMOLE on HepG2 cells had to be first evaluated. 
Twenty-four-hour treatment with AMOLE at 15.6 μg mL− 1 to 500 μg mL− 1 did not cause harmful effects on HepG2 cells (Fig. 1B). The 
cytotoxicity of AMOLE was observed at 1000 μg mL− 1. Hence, AMOLE at 125–500 μg mL− 1 was used for further investigation due to 
their safety profiles.

To investigate the beneficial effects of AMOLE against CdCl2 toxicity, HepG2 cells were pre-treated with AMOLE for 24 h prior to 
CdCl2 exposure. Pretreatment with AMOLE significantly inhibited CdCl2-induced injury in HepG2 cells (Fig. 1C). These results suggest 
the potential benefits of AMOLE as a preventive approach against the hepatotoxicity of Cd. Nevertheless, it should be noted that the 
protective effects of AMOLE were not observed when co-treated with CdCl2 (Fig. S2).

3.3. AMOLE pretreatment suppresses Cd-induced oxidative stress on HepG2 cells

Previous reports showed that liver toxicity of Cd is strongly correlated with oxidative stress [23,24]. To observe cellular oxidative 
status, DCFH-DA-based assay was performed after CdCl2 treatment. As expected, exposure to CdCl2 caused an induction of oxidative 
stress in HepG2 cells by approximately 1.3 times. On the other hand, the redox status of AMOLE-treated HepG2 cells was maintained at 
basal level even after CdCl2 challenges (Fig. 1D). This data suggest that the beneficial activity of AMOLE against CdCl2-induced 
hepatotoxicity could be due to an inhibition of oxidative stress.

3.4. AMOLE pretreatment inhibits H2O2-induced toxicity on HepG2 cells

Hydrogen peroxide (H2O2) is a widely used agent for inducing oxidative stress in vitro [25–27]. In this study, we used H2O2 as an 
additional model of oxidative stress inducer to validate the protective activities of AMOLE against oxidative injury. Treatment with 
H2O2 reduced cell viability of HepG2 by approximately 30 % (Fig. 2A). In addition, the oxidative stress levels of HepG2 cells were 
strikingly increased by 3.4 times after H2O2 challenge (Fig. 2B). Similar to the case of CdCl2 hepatotoxicity, pretreatment with AMOLE 
significantly inhibited the H2O2 cytotoxicity on HepG2 cells (Fig. 2A). Moreover, results from the DCFH-DA assay showed that the 
AMOLE pretreatment attenuated stimulation of oxidative stress in H2O2-challenged HepG2 cells (Fig. 2B). Hence, these results strongly 
confirm that the inhibitory activities of AMOLE against oxidative imbalance could be a potential mechanism for hepatopreventive 
effects of AMOLE.

Fig. 2. Pretreatment with AMOLE prevented H2O2-induced toxicity in HepG2 cells through suppression of oxidative stress. HepG2 cells 
were pretreated with AMOLE (125–500 μg mL− 1; 24 h), then exposed to H2O2 (500 μM; 1 h). (A) The cell viability following treatment was observed 
with MTT assay (B) The intracellular oxidative status was evaluated by DCFH-DA assay. The cell viability and oxidative status following treatment 
were calculated relative to the untreated control (n = 3; mean ± SEM; *, p < 0.05; ****, p < 0.0001 v.s. untreated control; ††, p < 0.01; †††, p < 0.001; 
††††, p < 0.0001 v.s. H2O2 group).
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3.5. AMOLE possesses strong antioxidant activities

Our above-mentioned results revealed that the hepatopreventive effects of AMOLE are likely related to its ability to inhibit 
endogenous oxidative stress (Figs. 1 and 2), suggesting that AMOLE may possess antioxidant properties capable of neutralizing harmful 
free radicals induced by CdCl2. To evaluate the free radical scavenging capacities of AMOLE, the traditional DPPH assay was con
ducted. Results from the DPPH assay showed that AMOLE has a good antioxidant profile with IC50 value for DPPH scavenging activity 
of AMOLE at 312.2 ± 19.9 μg mL− 1 (IC50 of ascorbic acid = 4.9 ± 0.1 μg mL− 1; quercetin = 5.2 ± 0.1 μg mL− 1).

Rutin, rosmarinic acid, and quercetin are flavonoids with antioxidant capacity that have been previously reported in M. oleifera 
with different extraction systems [28–30]. The presence of flavonoids in a sample can be detected and characterized with HPTLC-based 
approach. The flavonoids were visualized on HPTLC plates as dark bands under UV light at 254 nm (Fig. 3A). Following derivatization 
with NP/PEG reagent, flavonoids were presented on HPTLC plate as bright blue, red-orange and yellow-green fluorescence chro
matograms under UV light at 365 nm (Fig. 3B). The HPTLC fingerprints showed that only the band of quercetin (Rf = 0.82), but not 
rutin or rosmarinic acid, was detected in AMOLE (Fig. 3A and B). Notably, in addition to quercetin, HPTLC phytochemical profiling 
demonstrated that other flavonoids were contained in AMOLE (Fig. 3A and B). To investigate the antioxidant capacity of active 
components in AMOLE, the HPTLC plate was further sprayed with DPPH reagent. DPPH-HPTLC chromatograms demonstrated that 
AMOLE has potent antioxidant activity, as determined by an increase in the intensity of the yellow zone (Fig. 3C; Lane 4–6). Moreover, 
the DPPH-HPTLC fingerprints suggested that quercetin and other flavonoids possibly contribute to the antioxidant activities of AMOLE 
(Fig. 3).

3.6. Untargeted mass spectrometry-based metabolome profiling of AMOLE

In our previous report, partial phenolic and flavonoid constituents of AMOLE were qualitatively and quantitatively analyzed using 
the high-performance liquid chromatography (HPLC) approach [10]. In this study, to further identify the comprehensive phyto
chemical composition of AMOLE, the untargeted metabolomics profiling analysis of AMOLE was performed using LC-MS/MS. 
Metabolite identification was successfully completed, with a total of 849 compounds identified. To prioritize the identification of 
metabolites with high confidence levels from the extract, specific criteria were employed. Particularly, metabolites were deemed 
significant if they exhibited a similarity matching score of over 60 in the MS2 spectrum and a retention time (RT) deviation of less than 
0.2 min between two biological replications. Applying these criteria, a total of 302 metabolites were fully annotated and identified, 
subsequently utilized for further analysis. Table 1 lists the most abundant metabolites associated with the KEGG pathway (Fig. 4). All 
identified metabolites were classified and grouped into organic acid and their derivative with the highest rank (p-value 2.45e− 48 and 
FDR 8.57e− 47) (Fig. 4).

3.7. AMOLE prevents Cd toxicity in HepG2 cells by enhancing the expression of antioxidant enzymes

Another potential mechanism for the preventive activity of AMOLE against Cd could be an upregulation of cellular antioxidant 
enzymes in hepatocytes. The nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator of redox equilibrium. Stimulation 
of the Nrf2 pathway leads to an upregulation of downstream antioxidant machinery, e.g. heme oxygenase-1 (HO-1), glutathione 
peroxidase 1 (GPx1), and superoxide dismutases (SODs) [25,31,32]. Moreover, previous studies on various cell types have demon
strated that the activation of the Nrf2 cascade is a crucial mechanism for the adaptive response that protects cells from Cd-induced 
oxidative damage [33–36]. Hence, the stimulation of the Nrf2 system could be a potential mechanism underlying the protective ac
tivities of AMOLE against Cd toxicity. Data from Western blot analysis demonstrated that the pretreatment with AMOLE promoted the 
total levels of Nrf2 protein in HepG2 cells upon CdCl2 exposure (Fig. 5A and B). This data suggests that the activation of Nrf2 cascade 

Fig. 3. The antioxidant activity of AMOLE is possibly due to quercetin and other flavonoids. HPTLC chromatogram of flavonoid standards (1, 
rutin (Rf, 0.27); 2, rosmarinic acid (Rf, 0.72); 3, quercetin (Rf, 0.82)), and AMOLE (4, AMOLE 200 ng; 5, AMOLE 400 ng; 6, AMOLE 600 ng). (A) The 
HPTLC plate was visualized with UV light at 254 nm. (B) The HPTLC plate was visualized under UV light at 366 nm after derivatization with NP/ 
PEG reagent. (C) The HPTLC plate was imaged under white light after spraying with 0.2 % DPPH reagent.
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could be associated with the beneficial activities of AMOLE against Cd toxicity. Kelch-like ECH-associated protein 1 (Keap1) is an 
essential negative regulator of Nrf2. Under physiological conditions, Keap1 targets Nrf2 for ubiquitin-proteasomal degradation. Hence, 
the total level of Nrf2 at homeostatic conditions is maintained at a relatively low level. In response to oxidative insults, Nrf2 dissociates 
from Keap1 and subsequently enters into the nucleus to stimulate the transcription of several antioxidant genes [37]. Parallel to total 
Nrf2 protein levels, supplementation with AMOLE repressed Keap1 expression upon CdCl2 exposure (Fig. 5A and C). These results 
support the contribution of the Nrf2 cascade in the preventive mechanism of AMOLE against CdCl2 toxicity. Of note, the effects of 
AMOLE on Keap1 expression are associated with CdCl2 exposure. In the absence of CdCl2, AMOLE strongly upregulated Keap1 protein 
levels. Whereas, in the presence of CdCl2 stimulation, AMOLE downregulated Keap1 expression (Fig. 5A and C).

We then further investigated the effects of AMOLE on the protein expression of Nrf2’s downstream targets, including HO-1, GPx1, 
SOD1 and SOD2. HO-1 is a stress-responsive cytoprotective enzyme that plays a role in the maintenance of cellular redox status [38]. 
Results from Western blot analysis demonstrated that the HO-1 protein levels of HepG2 cells were strongly upregulated by AMOLE in a 
concentration-dependent fashion upon CdCl2 treatment (Fig. 5A and D). These data suggested a contribution of HO-1 in the preventive 
activities of AMOLE. GPx1 is an antioxidant enzyme that contributes to the detoxification of H2O2 and lipid hydroperoxide [39]. 
Supplementation with AMOLE significantly promoted the GPx1 expression of HepG2 cells approximately 2.5–3 times after CdCl2 
exposure (Fig. 5A and E). This information suggested that the upregulation of GPx1 could be involved in beneficial mechanisms of 
AMOLE against the deleterious effects of Cd. We also observed the effects of AMOLE on the expression of two major isoforms of human 
SODs, i.e. SOD1 and SOD2. These two isoforms have distinct characteristics in catalytic metal ions (i.e., Cu/Zn-SOD1 and Mn-SOD2) 
and localization (SOD1, cytoplasm, peroxisome and mitochondrial membrane space; SOD2, mitochondrial matrix) [40,41]. The SODs 
family is antioxidant machinery that plays a vital role in the elimination of superoxide free radicals. Unlike HO-1 and GPx1, pre
treatment with AMOLE did not alter the levels of protein expression of both SOD1 and SOD2 after CdCl2 challenge (Fig. 5A, F, and G). 
These results can imply that the induction of SODs may not be involved in the hepatopreventive effects of AMOLE against Cd. 
Altogether, results from Western blot analysis demonstrated that the supplementation with AMOLE could upregulate Nrf2’s 

Table 1 
The most abundant metabolites detected from AMOLE.

Compounds Formula Mass 
(Da)

RT 
(min)

Area (AU)

Cyclohexenone C6H8O 96.06 7.44 8.50E+10
HO-dPEG8-OH C16H34O9 370.22 7.12 1.67E+10
Benzaldehyde C7H6O 106.04 5.60 1.66E+10
Choline C5H13NO 103.10 4.77 6.28E+09
Cinnamic acid C9H8O2 148.05 6.99 6.02E+09
L-Norleucine C6H13NO2 131.09 6.41 4.99E+09
Heptaethylene Glycol C14H30O8 326.19 7.09 4.91E+09
D-(+)-Proline C5H9NO2 115.06 4.93 4.59E+09
D-(+)-Pyroglutamic Acid C5H7NO3 129.04 4.82 4.29E+09
1-[(3-Carboxypropyl)amino]-1-deoxy-beta-D-fructofuranose C10H19NO7 265.12 4.80 3.82E+09
Furfural C5H4O2 96.02 4.90 3.79E+09
L-Isoleucine C6H13NO2 131.09 6.13 3.06E+09
(2S)-3-Methyl-2-({[(3S,4S,5R)-2,3,4-trihydroxy-5-(hydroxymethyl)tetrahydro-2-furanyl]methylamino) 

butanoic acid
C11H21NO7 279.13 5.19 2.94E+09

Valine C5H11NO2 117.08 5.16 2.84E+09
(2S)-4-Methyl-2-({[(3S,4S,5R)-2,3,4-trihydroxy-5-(hydroxymethyl)tetrahydro-2-furanyl]methyl}amino) 

pentanoic acid
C12H23NO7 293.15 6.39 2.73E+09

Adenosine C10H13N5O4 267.10 5.78 2.71E+09
Adenine C5H5N5 135.05 4.99 2.62E+09
DL-Serine C3H7NO3 105.04 4.82 2.21E+09
13-(dodecan-2-yl)-6-(1-hydroxyethyl)-3-(hydroxymethyl)-12-methyl-9-(propan-2-yl)-1-oxa-4,7,10- 

triazacyclotridecane-2,5,8,11-tetrone
C28H51N3O7 563.35 7.28 2.15E+09

3-(3,4-dihydroxyphenyl)propanoic acid C9H10O4 164.05 5.78 2.08E+09
trans-3-Indoleacrylic acid C11H9NO2 187.06 7.05 1.83E+09
Benzaldehyde C7H6O 106.04 7.02 1.69E+09
2-Amino-9-(2-deoxypentofuranosyl)-3,9-dihydro-6H-purin-6-one C10H13N5O4 267.10 4.83 1.69E+09
Glu-Glu C10H16N2O7 276.10 4.83 1.61E+09
DL-Arginine C6H14N4O2 174.11 4.64 1.56E+09
8-hydroxy-deoxyguanosine C10H13N5O5 283.09 5.92 1.51E+09
Crotonic acid C4H6O2 86.04 4.79 1.50E+09
O-ureido-D-serine C4H9N3O4 163.06 4.53 1.44E+09
(2S)-3-Phenyl-2-({[(3S,4S,5R)-2,3,4-trihydroxy-5-(hydroxymethyl)tetrahydro-2-furanyl]methyl}amino) 

propanoic acid
C15H21NO7 327.13 6.97 1.34E+09

Lotaustralin C11H19NO6 261.12 5.19 1.32E+09
N-Methylpyrrolidone C5H9NO 99.07 7.17 1.31E+09
Maleamic acid C4H5NO3 115.03 4.84 1.16E+09
Phosphoric acid H3PO4 97.98 4.89 1.09E+09
Methyl 3,4,5-trimethoxycinnamate C13H16O5 252.10 5.60 1.03E+09
NOP C13H12O3 216.08 5.60 1.01E+09
Glutarylcarnitine C12H21NO6 275.14 6.39 1.00E+09
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downstream targets, HO-1 and GPx1, in response to Cd exposure. The increase in the expression of these antioxidant enzymes could 
enhance the capacity of hepatic cells to combat Cd-induced oxidative stress.

3.8. AMOLE pretreatment inhibits Cd accumulation in HepG2 cells

In addition to the direct scavenging activity and the upregulation of antioxidant machinery, it is possible that AMOLE exerts their 
hepatopreventive activities against Cd by suppressing Cd accumulation. To evaluate the levels of intracellular Cd after the treatments, 
FAAS analysis was conducted. The levels of intracellular concentration of Cd in HepG2 cells were dramatically increased by 10.5 times 
after exposure to CdCl2 (Fig. 6A). The pre-incubation with AMOLE significantly suppressed the accumulation of Cd in hepatocytes; 
specifically, 250 μg mL− 1 and 500 μg mL− 1 of AMOLE reduced the intracellular concentration of Cd by 11 % and 35 %, respectively, 
after CdCl2 challenge (Fig. 6B). Hence, these findings suggested that another potential mechanism by which AMOLE prevents hepa
tocytes from Cd toxicity could be the prevention of Cd accumulation.

4. Discussion

This research study offers novel and invaluable knowledge into the protective benefits of AMOLE against Cd poisoning on 

Fig. 4. Functional enrichment of AMOLE metabolomic profile by dot plot analysis. The plot illustrates the functional annotation of the 
identified metabolites. The horizontal axis represents the various classifications of metabolite entries, while the vertical axis indicates the -log (p- 
value), color-coded from red to yellow (ranging from 2.45e-48 to 0.297). The size of the dots corresponds to the enrichment ratio, which is 
calculated by dividing the number of input metabolites assigned to a specific pathway by the total number of metabolites annotated to that pathway. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Pretreatment with AMOLE upregulated the antioxidant machinery of HepG2 cells in response to CdCl2. HepG2 cells were pre-treated 
with AMOLE (125–500 μg mL− 1; 24 h), then incubated with CdCl2 (15.6 μM; 6 h). After treatment, the expressions of indicated proteins were 
detected with Western blot analysis. (A) The expression of indicated proteins after the treatment was detected with Western blot analysis. (B-G) The 
band densities of indicated proteins from Western blot experiments were estimated and normalized against internal control GAPDH. The expressions 
of certain proteins in treatment groups were calculated relative to the untreated control (n = 3; mean ± SEM; *, p < 0.05; **, p < 0.01; ****, p <
0.0001 v.s. untreated control; †, p < 0.05; ††, p < 0.01; ††††p < 0.0001 v.s. CdCl2 group).

V. Buranasudja et al.                                                                                                                                                                                                 Heliyon 10 (2024) e37424 

10 



hepatocytes. Results from MTT viability assay demonstrated the therapeutic potentials of AMOLE in prevention of Cd-induced- 
hepatotoxicity (Fig. 1C). The major mechanism for liver injuries by Cd is an induction of cellular oxidative stress [42–45]. Consis
tent with these previous reports, we showed that intracellular oxidative stress was induced in HepG2 cells after Cd exposure, as 
determined by an increase in oxidation of DCFH fluorescent dye. The pretreatment with AMOLE inhibited the generation of oxidative 
imbalance caused by Cd (Fig. 1D). These results suggested that the preventive effects of AMOLE against Cd-induced liver injuries could 
be due to an attenuation of oxidative stress. The contribution of AMOLE to maintaining cellular redox balance was validated using a 
strong oxidative inducer, H2O2. Parallel to Cd experiments (Fig. 1), the pretreatment with AMOLE on HepG2 cells significantly 
inhibited the generation of oxidative stress and oxidative damage upon H2O2 exposure (Fig. 2). These data strengthen our hypothesis 
that the inhibition of oxidative imbalance is an essential factor for the hepatopreventive roles of AMOLE. Nevertheless, since it has 
been reported that Cd can trigger the intracellular formation of H2O2 [46–48], the elevated oxidative stress upon Cd exposure and/or 
H2O2 treatment may be partially due to an increase in intracellular levels of H2O2. Although DCFH-DA, a fluorescent dye frequently 
used for assessing oxidative stress, can be used for detecting intracellular H2O2, its deesterified form DCFH does not directly react with 
H2O2 and can be oxidized by other oxidizing species [49]. Therefore, it is not a reliable probe for measuring intracellular H2O2. To 
better understand the relationship between intracellular H2O2 production and Cd toxicity, future studies should incorporate the H2O2 
removal enzyme catalase into the DCFH-DA-based assay [33,50,51]. Moreover, previous studies have demonstrated that Cd-induced 
oxidative stress can lead to hepatotoxicity through multiple pathways, such as apoptosis [52,53], ferroptosis [54], and autophagy [55,
56]. Consequently, future research focusing on the specific characteristics of cell death is essential to better elucidate the beneficial 
effects of AMOLE against Cd poisoning.

In this study, we proposed three possible mechanisms for the hepatopreventive benefits of AMOLE against Cd toxicity. First, 
AMOLE could directly neutralize free radicals that are generated during oxidative stress, possibly through its capability to scavenge 
free radicals. According to DPPH-HPTLC fingerprint, we have identified that quercetin is one of the essential flavonoids in AMOLE that 
could contribute to the free-radical-scavenging properties (Fig. 3). In addition to flavonoids, phenolic acids are also well-known as 
major antioxidant compounds in plants, which are capable of directly neutralizing free radicals. In this study, the results of metab
olomics analysis revealed that the primary constituents of AMOLE were organic acid compounds including phenolic acids such as 
cinnamic acid (Fig. 4). In this study, since the hepatocytes were pre-incubated with AMOLE for 24 h and washed with PBS prior to Cd 
challenge, substantial quantities of phenolic acids and/or flavonoids in AMOLE must be accumulated and presented intracellularly 
during oxidative stress to directly eradicate free radical species. Further analyses on intracellular concentrations of phenolic acids and 
flavonoids in hepatocytes are required to support this proposed hypothesis.

Second, AMOLE enhances the capacity of hepatocytes to eradicate oxidative insults by upregulation of cellular antioxidant ma
chinery. HO-1 is an inducible enzyme that plays crucial roles in the anti-inflammatory and antioxidant activities of hepatocytes in 
response to toxic xenobiotics [57,58]. Under physiological conditions, expression of HO-1 is maintained at low levels. The levels of 
HO-1 can be profoundly upregulated by several inducers, e.g. heavy metals, reactive oxygen species, and inflammatory cytokines. 
Enhanced expression of HO-1 is an adaptive response for maintaining the redox status of cells [59]. GPx1 is the most abundant isoform 
of the GPx family. GPx1 plays a pivotal role in the elimination of hydrogen peroxide, hydroperoxides, and soluble lipid hydroperoxides 
[39]. Our Western blot data clearly demonstrated that AMOLE supplementation promotes the expression of HO-1 and GPx1 of he
patocytes in response to Cd exposure (Fig. 5A, D, and E). Increased levels of HO-1 and GPx1 by AMOLE could contribute to an enhanced 
resistance of hepatocytes against oxidative insults.

The upregulation of HO-1 and GPx1 by AMOLE could be closely regulated by the Nrf2 system. Our results demonstrated that 
AMOLE supplementation significantly enhanced the expression of Nrf2 and suppressed the expression of Keap1 in Cd-treated 

Fig. 6. Pretreatment with AMOLE suppressed intracellular Cd accumulation in HepG2 cells. HepG2 cells were pre-treated with AMOLE 
(125–500 μg mL− 1; 24 h), then exposed to CdCl2 (15.6 μM; 6 h). Following treatments, the intracellular concentrations of Cd of hepatocytes were 
measured with FAAS method. The intracellular concentrations of Cd were calculated relatively to (A) untreated control (n = 5; mean ± SEM; ***, p 
< 0.001 v.s. untreated control); and (B) Cd-treated cells (n = 5; mean ± SEM; †, p < 0.05; †††p < 0.001 v.s. Cd-treated group).
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hepatocytes (Fig. 5A− C). The data from our present study is consistent with previous observations on M. oleifera leaf extract with 
different preclinical models. The ethanolic M. oleifera leaf extract improved oxidative metabolism of skeletal muscle cells by the 
activation of Nrf2 network and the enhancement of activities of antioxidant machinery (SOD, CAT, GPx, glutathione transferase) [60]. 
AMOLE exerted its antioxidant and anti-inflammatory activities on rats with titanium-dioxide-induced nephrotoxicity via upregulation 
of Nrf2/HO-1 cascade [61]. In an alcoholic liver disease model, supplementation with AMOLE ameliorated liver inflammation and 
liver injury in vivo through regulation of Nrf2 pathway [62]. Moreover, HPTLC-DPPH chromatogram suggested that quercetin could be 
one of the principal phytochemicals of AMOLE (Fig. 3). Numerous studies on preclinical models of neurodegenerative diseases [63,64], 
cardiomyopathy [65], glaucoma [66], idiopathic pulmonary fibrosis [67], and liver injury [68–70] demonstrated that quercetin 
indirectly counteract oxidative stress by modulating Nrf2 pathway. In addition to quercetin, HPTLC-DPPH fingerprint also demon
strated that AMOLE contains several bioflavonoids with promising antioxidant activities (Fig. 3). A number of flavonoids have been 
reported as Nrf2 activators. The stimulation of Nrf2 cascade by these flavonoids has been shown to be associated with their protective 
activities against oxidative damage [71,72]. In addition to flavonoids, it has been reported that pretreatment with certain phenolic 
acids could reduce Cd toxicity. For instance, the pretreatment with ferulic acid, a natural polyphenol derived from cinnamic acid, could 
protect hepatocytes from damage caused by Cd through its role in the activation of the Keap1/Nrf2 signaling pathway [73]. Hence, 
some flavonoids and/or organic acids in AMOLE could contribute to the activation of the Nrf2 system in response to Cd toxicity. 
Altogether, these previous reports supported our hypothesis that the beneficial effects of AMOLE against Cd are tightly regulated by the 
Nrf2 signaling network. Our current study investigated the impact of AMOLE on the Nrf2 cascade by assessing changes in protein 
expression levels of key modulators and effectors after the treatments. To gain a deeper understanding of the roles of this redox 
modulator in the hepatopreventive effects of AMOLE, the nuclear translocation of Nrf2 and its binding to antioxidant response element 
(ARE) in the promoter regions of certain antioxidant genes should be explored. Additionally, other transcriptional regulators such as 
AP-1 [74] and NF-κB [75], as well as other antioxidant enzymes such as glutathione-S-transferase [76,77] have been previously re
ported for their synergistic roles with Nrf2 activation in combating against oxidative insults. Therefore, further investigations into 
these pathways are required to fully elucidate the protective mechanism of AMOLE against Cd-induced oxidative stress.

Third, AMOLE could alleviate Cd toxicity in hepatocytes via a reduction in Cd accumulation. Supplementation with AMOLE 
significantly suppressed intracellular accumulation of Cd on HepG2 cells after CdCl2 treatment (Fig. 6). This finding on hepatocytes is 
supported by our previous work using the lower eukaryotic model, S. cerevisiae. We demonstrated that AMOLE supplementation could 
alleviate toxicities from heavy metals and metalloids, including arsenic (As), nickel (Ni), lead (Pb), and Cd. These protective activities 
of AMOLE on yeast cells are strongly associated with the inhibition of intracellular accumulation of these harmful metal(loid)s [10,19]. 
Particularly, gallic acid, one of the important phenolic constituents of AMOLE, has been shown to effectively protect yeast cells against 
arsenite (As(III)) toxicity by reducing As(III) accumulation and As(III)-induced ROS production [10]. Additionally, it has been reported 
that the exogenous application of organic acids (such as citric acid, malic acid, jasmonic acid, and salicylic acid) can mitigate the 
toxicities of various heavy metals, including Cd, in plants through their roles in reducing metal accumulation, probably due to their 
metal-chelating properties [78]. Nevertheless, effective chelation occurs only when the metal chelator is present with the target metal. 
In this study, since the hepatocytes were pretreated with AMOLE before being transferred to fresh media containing CdCl2, it is unlikely 
that the reduced Cd accumulation by the AMOLE pretreatment was due to the metal-chelating properties of AMOLE. A potential 
mechanism by which the AMOLE pretreatment suppressed Cd accumulation may be an alteration in the expression of some metal 
transporters, such as ZIP14, DMT1, and ATP7A, which are involved in Cd transport in mammalian cells [79–81]. Supporting this idea, 
it has been reported that these transporters are expressed in human hepatocytes [82–84]. Previously, it has been demonstrated that 
pre-soaking of sunflower (Helianthus annuus) seeds with gallic acid significantly reduced Cd uptake and enhanced the activities of 
antioxidant enzymes including catalase, ascorbate peroxidase, and glutathione reductase [85]. Hence, we postulated that AMOLE 
could disturb Cd trafficking into hepatocytes via modulation in the expression of these metal transporters and probably improve 
cellular antioxidant capacity by promoting the antioxidant enzyme activities. Further investigations are necessitated to explore the 
activities of AMOLE on the expression of these metal transporters and/or antioxidant enzymes of hepatocytes in response to Cd 
exposure.

5. Conclusion

The pretreatment with AMOLE exerts beneficial effects against Cd-induced cytotoxicity in HepG2 cells by preventing the gener
ation of oxidative stress. Our results suggest that the hepatopreventive action of AMOLE, which is transported and accumulated in 
hepatocytes during the pretreatment, may be attributed to three possible mechanisms: i) direct scavenging of endogenous free radicals 
through its antioxidant bioactive compounds, such as flavonoids and phenolic acids; ii) enhanced upregulation of the antioxidant 
defensive machinery (HO-1 and GPx1) of hepatocytes via activation of the Nrf2 signaling system; and iii) inhibition of intracellular Cd 
accumulation, possibly by reducing Cd uptake via certain Cd transporters. Our findings strongly indicate the high potential of AMOLE 
for clinical application in preventive medical approaches against adverse effects of Cd poisoning.
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