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INTRODUCTION
As of 2020, leukemia has resulted in not only over 

474,000 cases but also more than 311,000 deaths [1,2]. The 
majority of the incident cases came from children between 
0 and 5 years of age, whereas the highest death rates were 
recorded from patients above 60 years of age. In addition to the 
alarmingly high statistics, both rates are projected to increase 
continuously through 2030 [2].

Currently, chemotherapeutic drugs remain the main 
treatment method for leukemia, whereby regimens are given 

based on the patient’s subtype [3]. However, adverse effects 
have been reported from patients upon starting treatment [4–6]. 
Furthermore, the aforementioned higher death rates in patients 
above 60 years of age were majorly attributed to factors such 
as intensive chemotherapy [2], as this frequently results in 
increased toxicity towards older patients [7,8]. Therefore, it is 
of upmost importance to discover novel treatments that are both 
safe and have lesser adverse effects, to treat leukemia. 

Melatonin, or N-acetyl-5-methoxytryptamine, 
although frequently known for its hormonal activities, has been 
reported to exert anticancer effects in different types of cancer 
[9]. The aforementioned properties have also been explored 
as an option to treat leukemia [10]. For instance, melatonin 
was reported to decrease cell proliferation in mixed-lineage 
leukemia-rearranged (MLL-r) leukemia cells by reducing 
NF-κB DNA binding [11], as well as causing cell arrest at 
the G1 phase in different lymphoid cell lines (Ramos, SU-
DHL-4, and DoHH2) [12]. There also have been observations 
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ABSTRACT
Although anticancer therapies for leukemia have been well-established, it does not change the fact that not only 
leukemia has significantly caused a high number of deaths but also projected to further increase in the future. 
Previous studies have reported that melatonin exerts numerous anticancer effects on different cancers, including 
leukemia. However, the underlying mechanisms that cause melatonin’s effect on leukemic cells remain not fully 
elucidated. In this study, the role of mitophagy in melatonin-treated leukemic cells was investigated. The JURKAT 
cell line was used as a T-cell acute lymphoblastic leukemia (T-ALL) cell model and treated with melatonin. The 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was used to investigate cell viability. The 
presence of autophagy was determined via acridine orange staining. Western blot analysis was implemented to 
quantify the expressions of proteins. Observations of cell death and autophagic vacuoles induced by melatonin 
were according to a dose-dependent manner. The study results showed elevated levels of SQSTM1/p62, Optineurin, 
NDP52, BNIP3 and BNIP3L/Nix proteins compared to the control group, indicating their increased expression in 
this pathway. In conclusion, melatonin poses the potential to be used as an anticancer therapeutic agent for T-ALL. 
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Cell culture
JURKAT cells and Chang liver cells were cultured 

in T-25 flasks with DMEM, supplemented with 10% FBS in 
an incubator with 5% CO2 at 37°C. Once 80% confluency is 
reached, the cells were collected and harvested by centrifugation 
(1,500 rpm, 5 minutes). The cells were then sub-cultured into 
new T-25 flasks or plated for assays [14].

Cell viability assay
JURKAT cells and Chang Liver cells were seeded at 

5,000 cells (in 100 µl culture medium) per well in 96-well plates, 
followed by incubation for 24 hours. JURKAT cells were then 
treated with different concentrations of melatonin (0.1, 0.2, 0.3, 
0.4, 0.5 mg/ml) and incubated for 72 hours (37°C, 5% CO2). 
Chang Liver cells were incubated for 72 hours with 0.5 mg/
ml of melatonin. 20 µl of MTT solution was added into each 
well, followed by an additional 3 hour-incubation. Following 
centrifugation (2,000 rpm, 5 minutes), the supernatants were 
removed and 100 µl of DMSO was added to dissolve the 
formazan crystals. The assay was then read at 570 nm, with 630 
nm as the reference wavelength, using a spectrophotometer. 
The procedures for the assay were repeated at least three times 
[14,19]. 

The equation used to calculate the cell viability is 
indicated below: 

 Mean Abstreatment
% Viability =  × 100
 Mean Abscontrol

The half-maximal inhibitory concentration (1C50) 
value was obtained from a dose-response curve between the 
concentrations of melatonin and the percentage of cell viability. 
The IC50 value is defined as the concentration of melatonin that 
resulted in 50% cell viability [14].

Fluorescence staining
A 24-well plate was used to culture the JURKAT 

cells with the concentration of 2.4 × 105 cells per well for 
24 hours (37°C, 5% CO2). The cells were then treated with 
melatonin at different concentrations (0.1, 0.2, 0.3, 0.4, 0.5 
mg/ml). Following a 72-hour incubation, the cells were 
washed with 200 µl of PBS and stained with AO (5 µg/ml) 
for 15 to 20 minutes. Observations of the cells were done 
under an inverted fluorescence microscope Nikon Eclipse Ti 
(Tokyo, Japan). Photomicrographs of autophagic vacuoles 
were taken using an attached camera. ImageJ, a semi-
automated software, was used for the merging of green and 
red images to facilitate the average calculation of green to 
red fluorescence ratio. The procedures for the assay were 
repeated at least three times [19]. 

The equation used to calculate the percentage of 
autophagy is indicated below: 

% autophagy (% acidic 
vesicular formation) =

Red fluorescent cells
× 100

Green fluorescent cells

of melatonin-induced apoptosis in cancer cells via different 
pathways, such as the caspase-dependent [13], MAPK, and 
mTOR pathways [14]. It is worth noting that while melatonin 
does exert such effects on cancerous cells, it does not affect 
normal cells, but instead provides cytoprotective effects [15]. 
With these properties, melatonin is an excellent candidate for 
cancer therapeutics.

Many cellular pathways have been explored as 
potential pharmacological targets in order to find novel 
anticancer therapies. One such pathway, mitophagy, has been a 
conversational piece over the recent years. Mitophagy has been 
well-established as one of the quality control mechanisms for 
mitochondria, as it selectively removes highly dysfunctional 
mitochondria via autophagy to maintain homeostasis [16]. 
Depending on the tumor type and molecular context, mitophagy 
may either promote or inhibit tumorigenesis in cancer cells 
[17]. In terms of leukemia, the usage of dexamethasone in 
T-acute lymphoblastic leukemia (T-ALL) cancer cell lines have 
reported that while induction of mitophagy caused cell death 
in CCRF-CEM cells, it served as a survival mechanism for 
JURKAT cells [18]. A deeper insight into the effect of different 
drugs on modulating mitophagy in leukemic cell lines is 
required to not only discover potential anticancer compounds, 
but also understand cancer drug resistance. 

Thus, to support our previous work [14,19], as well 
as the usage of melatonin as an anticancer therapeutic agent, 
we investigated whether melatonin could induce apoptosis via 
mitophagy-mediated pathways in JURKAT cells. 

MATERIALS AND METHODS

Materials
The JURKAT cell line is a cell line originating 

from T-cell leukemia and has been established as a cancer 
cell model for T-ALL [20,21]. The JURKAT cell line and 
Chang Liver cell line were purchased from the American 
type culture collection. Dimethyl sulfoxide (DMSO) and 
bovine serum albumin (BSA) were purchased from Nacalai 
Tesque (Kyoto, Japan). Dulbecco’s modified Eagle medium 
(DMEM), fetal bovine serum (FBS), MTT, melatonin, and 
acridine orange (AO) were purchased from Sigma Aldrich 
(Saint Louis, MO, USA). TUDCA was purchased from Merck 
Millipore (Burlington, MA, USA). The primary antibodies 
β-actin (13E5) Rabbit mAb, BNIP3 (D7U1T) Rabbit 
mAb 44060, BNIP3L/Nix (D4R4B) Rabbit mAb 12396, 
Optineurin/OPTINEURIN (D2L8S) Rabbit mAb 58981, 
NDP52 (D1E4A) Rabbit mAb 60732, SQSTM1/p62 (D5E2) 
Rabbit mAb 8025, LC3B (D11) XP® Rabbit mAb 3868, and 
horseradish peroxidase-conjugated secondary antibodies 
(Anti-rabbit IgG, HRP-linked Antibody 7074, Anti-mouse 
IgG, HRP-linked Antibody 7076) were purchased from Cell 
Signalling Technology (Danvers, MA, USA). SuperSignalTM 
West Femto Maximum Sensitivity Substrate was purchased 
from Thermo Fisher Scientific (Waltham, MA, USA). The 
stock solution of melatonin (100 mg/ml) was dissolved in 
absolute ethanol. Preparations of different concentrations in 
the culture medium should have a final ethanol concentration 
of not more than 0.5%. 
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Western blot analysis
JURKAT cells (1.6 × 105 cells per well) were cultured 

for 24 hours (37°C, 5% CO2) in a 60 mm2 culture dish. Various 
concentrations of melatonin were used to treat the cells (0.1, 
0.2, 0.3, 0.4, 0.5 mg/ml). Following a 72-hour incubation, the 
cells were harvested and washed with PBS. Cell pellets were 
lysed in 200 µl of ice-cold DTT lysis buffer (62.5 mM Tris, 
2% w/v SDS, 10% glycerol, pH 6.8, 100 mM DTT). Following 
centrifugation (10,000 rpm, 5 minutes, 4ºC), the supernatant 
was obtained and stored at –20°C. Protein quantification was 
done with Quick Start™ bradford protein assay (Bio-Rad, 
Hercules, CA, USA). Heat denaturation was applied to the 
lysates prior to loading into the wells. 50 µg of lysate protein 
was mixed with bromophenol blue (0.1%) and 10% SDS-PAGE 
gels were used to separate the proteins. Protein separation was 
done using the Mini-PROTEAN Tetra Vertical Electrophoresis 
Cell (Bio-Rad, Hercules, CA, USA) with a voltage of 120V for 
1 hour. Electro-transferring of proteins was done on ice onto the 
PVDF membrane using the Mini Trans-Blot® Electrophoretic 
Transfer Cell (Bio-Rad, Hercules, CA, USA) with a voltage 
of 100V for 1 hour. Afterward, blocking for 2 hours with 3% 
BSA was done at room temperature. The membrane was then 
incubated with primary antibodies (1:1,000) at 4°C overnight. 
Later, diluted HRP-conjugated secondary antibodies (1:10,000) 
were incubated with the membrane at room temperature for 2 
hours. After washing with TBST and TBS, protein expressions 
were visualized using SuperSignalTM West Femto Maximum 
Sensitivity Substrate. The bands’ intensity was then measured 
using ChemiDoc XRS+ with ImageLab software (Bio-Rad, 
Hercules, CA, USA). The procedures were then repeated at 
least three times [14,19].

Statistical analysis
All experiments were performed in biological 

triplicates; therefore, the given values are representative of at 
least three independent experiments. Each result was expressed 
as mean ± S.E.M. One-Way ANOVA (GraphPad Prism 10.2.0) 
was used as the statistical analysis method and Tukey’s Multiple 
Comparison test was selected as the preferred post-hoc test. 
Values < 0.05 were considered as statistically significant. 

RESULTS AND DISCUSSION

Melatonin induces cytotoxicity in JURKAT ells
Büyükavci et al. [22] observed that melatonin causes 

cytotoxicity in leukemic cells, with moderate effects seen 
at 10–3 M. Furthermore, based on our previous work [14], it 
has been established that melatonin reduced the cell viability 
of JURKAT cells after 72 hours of treatment. Thus, the MTT 
assay was utilised to quantify the cell viability of JURKAT cells 
following the 72-hour incubation period. 

Based on Figure 1, it was observed that melatonin 
treatment reduced the viability of JURKAT cells by 99.39%, 
88.69%, 76.40%, 71.59%, and 61.55% at 0.1, 0.2, 0.3, 0.4, and 
0.5 mg/ml respectively. The cell viability of the vehicle group 
was determined to be 96.67% when 0.5% ethanol was used 
(graph not provided). Results indicate that the cell viability 
decreased according to a dose-dependent manner; however, no 

statistical significance was found between dosage groups. The 
only statistically significant reduction (p < 0.05) was observed 
in the highest concentration (0.5 mg/ml) when compared with 
the control group (0 mg/ml) and 0.1 mg/ml of melatonin. This 
observation corresponds to our previous work by Kasi et al. 
[14] as they reported a decrease in JURKAT cell viability in a 
dose-dependent manner after treatment with melatonin for 72 
hours, with 74% cell viability corresponding to 0.5 mg/ml [14]. 
The IC50 value was estimated to be higher than 0.74 mg/ml.  
Kasi et al. [14] also reported an IC50 value higher than 0.60 
mg/ml for JURKAT cells [14]. Additionally, the cell viability 
of Chang liver cells following a 72-hour melatonin treatment 
was studied as well, in order to prove its selective cytotoxicity. 
As previously mentioned, melatonin was observed to have 
cytoprotective effects on normal cells [15]. This observation is 
concordant to our results, as the viability of Chang liver cells 
at the highest concentration (0.5 mg/ml) was determined to be 
101% (graph not provided). Thus, this concludes that melatonin 
does exert selective antiproliferative properties on JURKAT 
cells in concentrations of 0.1–0.5 mg/ml.

Melatonin induces autophagy in JURKAT cells
Autophagy, the process of degrading and eliminating 

damaged organelles and misfolded proteins, has been a 
controversial topic in cancer therapeutics as it exhibits dual 
roles in tumorigenesis by either inducing cell death or promote 
tumor survival [23]. Few studies have pointed out that the 
inhibition of autophagy would enhance apoptosis, leading to 
cell death [23]. However, there have been reported observations 
that autophagy may precede apoptosis or work in parallel with 

Figure 1. MTT cell viability assay. JURKAT cells were treated with various 
concentrations of melatonin. The bar graph shows the means ± standard error 
of mean (SEM) from three separate experiments. One-Way ANOVA was 
performed to compare between concentration groups, followed by Tukey’s 
Multiple Comparison test as post-hoc testing. * indicates p < 0.05. 
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apoptosis [24,25]. Hence, we investigated the presence of 
autophagy in melatonin-treated JURKAT cells.

AO forms aggregates in acidic vesicles, as exemplified 
by autophagic vacuoles, emitting bright red fluorescence in the 
process. In contrast, green fluorescence is emitted from the 
cells’ nucleus and cytoplasm [26]. To investigate if autophagy 
is involved in the cytotoxicity of melatonin in JURKAT cells, 
fluorescent staining with AO was implemented after 72 hours of 
incubation. The calculations for the percent ratio of bright red 
fluorescent cells to green fluorescent cells were done. 

Figure 2 A–F shows the obtained photomicrographs, 
depicting the formation of autophagic vacuoles in JURKAT cells 
after the 72-hour treatment period with various concentrations 
of melatonin (0.1, 0.2, 0.3, 0.4, 0.5 mg/ml). Results indicate that 
the percentage of red fluorescence in JURKAT cells increased 
as the concentration of melatonin increased. This qualitative 
trend was proven to be statistically significant, as according 
to Figure 3, the proportions of acidic vesicular formation after 
melatonin treatment (0.1–0.5 mg/ml) were significantly higher 
(p < 0.05, p < 0.01, p < 0.001) as compared to the control 
(34%, 35%, 44%, 47%, and 52%, respectively). Furthermore, 
this qualitative trend suggests a dose-dependent response; 
however, no statistical significance was found between 
dosages. This observation is concordant to our previous work 
by Chok et al. [19], who reported a significant difference in the 
percentage autophagic vacuole-positive HT-29 cells compared 
to the control, following treatment with melatonin. Similar 
observations were also reported in melatonin-cisplatin treated 
HepG2 cells [27]. 

Melatonin activates autophagy proteins
For cells to identify which cargo to be selectively 

degraded, autophagy receptors, such as SQSTM1/p62, NDP52, 
and optineurin proteins are required. These receptors will first 
recognize the ubiquitinated cargo, and then bind to the LC3 
protein on the phagophore membrane [28]. The levels of the 
mentioned proteins were evaluated after exposing different 
concentrations of melatonin to the JURKAT cells. Based on 
Figure 4 and Figure 5, it was discovered that p62/SQSTM1, 

Optineurin, and NDP52 proteins expressions were generally 
increased as compared with control and decreased at higher 
concentrations of melatonin. However, no statistical significance 
between different concentrations in each investigated protein 
was discovered. Moreover, there is a decrease of LC3-II/LC3-I 
ratio if compared with the control (Fig. 5D).

Both LC3 and p62/SQSTM1 are recognized as 
autophagy marker proteins in numerous literatures. The 
levels of p62/SQSTM1 are typically used as an indicator to 
study autophagic influx, as studies suggest that p62/SQSTM1 
is a critical player in regulating autophagy and its interplay 
with cancer. Elevating p62/SQSTM1 levels can influence the 
autophagic process by acting as a selective autophagy receptor, 
facilitating the degradation of specific substrates and promoting 
cellular homeostasis [29,30]. In this study, the levels of p62/
SQSTM1 were upregulated as the concentration of melatonin 
increased and downregulated at the highest concentration. This 
is due to p62/SQSTM1 being degraded during the autophagic 
process [29]. On the other hand, LC3 serves as an autophagy 
marker protein, as it is an ATG8 protein homologue associated 
with autophagosomal membranes. This protein can be cleaved 
at their carboxyl terminal to form LC3-I, and can be conjugated 
with phosphatidylethanolamine, forming LC3-II that firmly 
binds to autophagosomal membranes [31]. Our results showed 
that there is a decrease in of LC3-II/LC3-I ratio if compared 
with control (Fig. 5D). A decreased LC3-II/LC3-I ratio does 
not necessarily mean reduced autophagy. In some cases, a 
decreased ratio was associated with improved autophagic 
flux and increased autophagy efficiency. For example, in the 
study on exercise-induced cardioprotection, the LC3-II/LC3-I 
ratio decreased in the group with high-intensity exercise, but 
this was accompanied by increased levels of other autophagy 

Figure 3. % Autophagy (% Acidic Vesicular Formation). The bar graph shows 
the means ± standard error of mean (SEM) from three separate experiments. 
One-Way ANOVA was performed to compare between concentration groups, 
followed by Tukey’s Multiple Comparison test as post-hoc testing. * indicates 
p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001. 

Figure 2. Acridine orange fluorescence staining. JURKAT cells were treated 
with various concentrations of melatonin for 72 hours: (A) control, (B) 0.1 mg/
ml, (C) 0.2 mg/ml, (D) 0.3 mg/ml, (E) 0.4 mg/ml, and (F) 0.5 mg/ml. Cells were 
stained with 5 µg/ml of the acridine orange dye for 15–20 minutes, followed by 
visualization under an inverted fluorescence microscope. 
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markers like Beclin-1 and Cathepsin D. This indicates that the 
autophagic process was enhanced, despite the lowered LC3-II/
LC3-I ratio [32].

The effects of melatonin have been documented in 
numerous signaling pathways used in cancer cells, such as the 
Notch signaling pathway, Wnt/ β-catenin pathway, and ERK/
MAPK pathway, for numerous purposes including angiogenesis 
and cancer progression. The PI3K/Akt/mTOR pathway is an 
important pathway as it is involved in cell survival, apoptosis, 
and autophagy. Melatonin-induced inhibition of Akt and mTOR 
phosphorylation was observed to cause cell proliferation arrest 
in human neck squamous cell carcinoma (HNSCC) cells, as 
well as cell cycle arrest in glioma cells [33]. The inhibition of 
both Akt and mTOR is crucial as both proteins are antagonistic 
against the induction of autophagy [34]. In our previous work, 
the expression of mTOR was downregulated in melatonin-
treated JURKAT cells [14]. Therefore, it could be speculated 
that melatonin induced autophagy through this method. 

In contrast, the loss of Optineurin and NDP52 does not 
affect LC3 lipidation [35,36], and the presence of Optineurin, 
while required for mitophagy, is independent of p62-mediated 
pathways [35,37]. The role of Optineurin in cancer cells has 
been context-dependent, and there are limited studies based 
on its role in cancer [38]. While the knockdown of Optineurin 
was discovered to upregulate apoptosis in pancreatic ductal 

adenocarcinoma cells [39], Optineurin was involved in a 
crucial step in HACE-1-activated autophagy in facilitating 
tumor suppression in liver cancer [27]. Furthermore, the roles 
of Optineurin and NDP52 seem to be closely linked to the 
PINK1/Parkin pathway, not just because these receptors were 
best studied in this pathway, but also because only Optineurin 
and NDP52 were considered essential to this pathway in cancer 
cells [40]. 

Additionally, it was found that Optineurin and NDP52 
were involved in several unconventional pathways. [41,42] 
For instance, the recruitment of NDP53 could be due to the 
activation of Rab35, which was implied to be involved in Parkin-
mediated mitophagy [43]. TBK1, another kinase, has been 
implicated in several selective autophagic pathways, including 
the PINK1/Parkin pathway. An investigation on a similar 
matter also discovered that TBK1 was used in Optineurin and 
NDP52-mediated mitophagy [44]. These findings further prove 
that Optineurin and NDP-52 are intertwined mechanistically 
with PINK1 and Parkin mitophagy pathways. In our study, 
we discovered that although the expression levels of NDP52 
were upregulated compared to the control, they decreased at 
the highest doses of melatonin. Nonetheless, there is a notable 
spike in the expression levels of NDP52 at low doses of 

 
Figure 4. Western blot analysis of the autophagy proteins, (A) p62/SQSTM1 (band), (B) p62/SQSTM1 (bar chart), (C) Optineurin (band), and (D) Optineurin (bar 
chart) in JURKAT cells after treatment with different concentrations of melatonin after 72 hours. Expression levels of autophagy proteins were measured by Western 
blot analysis. Beta-actin (β-actin) served as a loading control. The bar graph below shows the means ± standard error of mean (SEM) from three separate experiments. 
One-Way ANOVA was performed to compare between concentration groups, followed by Tukey’s Multiple Comparison test as post-hoc testing.
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melatonin, suggesting that there was activity from NDP52 but 
was inhibited by melatonin at higher concentrations. 

Melatonin modulates mitophagy pathways
Mitophagy is often intertwined with mitochondrial 

dynamics, as exemplified by the need to isolate dysfunctional 
mitochondria to ensure efficient removal without affecting the 
healthy system. These intricacies involve two mechanisms; 
one, the receptor-mediated mitophagy, where activated 
membrane-bound receptors bind directly to LC3; and two, 
ubiquitin-mediated mitophagy, which in this case would be 
the PINK1/Parkin pathway [44]. A variety of factors can 
trigger mitophagy, including mitochondrial depolarization, 
hypoxic conditions, iron chelation, and others [22]. Mitophagy, 
similar to autophagy, plays a dual role in cancer cell biology. 
It can either promote cell survival or death, depending on the 
molecular context [45]. Furthermore, it should be mentioned 
that these pathways are not mutually exclusive, as there has 
been crosstalk between several pathways. For instance, certain 
components of the PINK1/Parkin pathway have been found to 
interact with proteins involved in receptor-mediated mitophagy 
pathways [46]. 

In the recent decade, melatonin has been discovered 
to have effects on mitophagy pathways in different contexts. 
For instance, melatonin was found to prevent PINK1/Parkin 
activation to block mitophagy-mediated cell death in cardiac 

microcirculation endothelial cells [47]. Regarding cancer cells, 
melatonin was mostly explored as an adjuvant and yielded 
promising results. Melatonin together with rapamycin induced 
Nix-mediated mitophagy in HNSCC cells [48,49] while 
inhibiting hypoxia-mediated mitophagy in HCC cells [50]. To 
confirm our preliminary observation that melatonin-induced cell 
death in JURKAT cells involves the modulation of mitophagy, 
the investigation into key mitophagy proteins in their respective 
pathways is warranted. 

Melatonin activates receptor-mediated mitophagy
Mitophagy occurring independent of the PINK1/

Parkin pathway is known as receptor-mediated mitophagy. 
These pathways have receptors that contain an LIR motif, 
enabling them to recruit LC3 and mitophagophore [51]. Under 
this family, BNIP3 and Nix (BNIP3L) were reported to be 
involved in eliminating mitochondria under both physiological 
and pathological conditions. BNIP3 and Nix have been 
demonstrated as tumor suppressors in different types of cancers, 
as BNIP3 deletion was associated with mammary tumor 
growth, while upregulation of Nix contributes to tumor cell 
apoptosis [17]. In this study, the protein levels of those involved 
in the BNIP3/Nix pathway were investigated after subjecting 
JURKAT cells to varying concentrations of melatonin. Based 
on Figure 6, results showed that BNIP3 and Nix /BNIP3L 
protein expression increased as compared to the control. Upon 

Figure 5. Western blot analysis of the autophagy proteins, (A) NDP52 (band), (B) NDP52 (bar chart), (C) LC3 (band), and (D) LC3 (bar chart) in JURKAT cells 
after treatment with different concentrations of melatonin after 72 hours. Expression levels of autophagy proteins were measured by Western blot analysis. Beta-actin 
(β-actin) served as a loading control. The bar graph below shows the means ± standard error of mean (SEM) from three separate experiments. One-Way ANOVA was 
performed to compare between concentration groups, followed by Tukey’s Multiple Comparison test as post-hoc testing.



224 Lim et al. / Journal of Applied Pharmaceutical Science 15(03);2025:218-227

statistical analysis, no significances were found in the trend 
across differing concentration groups. 

Initial reports of BNIP3 and NIX/BNIP3L associated 
the function of both proteins with promotion of apoptosis and 
necrosis, but recent evidence has established their roles in mito-
phagy [16]. However, mechanistic information for both BNIP3 
and Nix/BNIP3L-mediated mitophagy is not well-elucidated 
[52], therefore imposing the need to further investigate these 
pathways. The current consensus on mitophagy states that 
hypoxia is considered the most common factor that induces 
BNIP3/NIX-mediated mitophagy, as the stabilization of HIF-1α 
stimulates the production of both proteins [52]. The expression 
of BNIP3 would cause the formation of a complex comprising 
of Beclin-1 and PI3K-III, which can be regulated through the 
PI3K/Akt pathway [53]. Meanwhile, there have been multi-
ple perspectives on how NIX modulates mitophagy, including 
the disruption of the BCL-BECN1 complex or the inhibition 
of MTORC1 to induce autophagy. However, the consensus on 
NIX-mediated mitophagy is that it occurs through interactions 
with Atg8 family proteins to recruit autophagosomes [54].

It has been discussed that melatonin can either directly 
or indirectly inhibit hypoxia-inducible factor 1 (HIF-1) by 
destabilizing HIF-1α. The destabilization effect would then 
potentially lead to reactive oxygen species (ROS) production 
and cell death [55]. Although melatonin is known for its 

antioxidant properties, it has been observed that pro-oxidant 
actions could be exerted on cancer cells to a certain extent 
[55], as exemplified by its ability to induce ROS production in 
HNSCC cells [48], HT-29 cells [19], and JURKAT cells [14,22]. 

As previously mentioned, both BNIP3 and NIX-
mediated mitophagy are regulated through HIF-1α. Our findings 
indicated that both BNIP3 and NIX were generally upregulated 
after treatment with melatonin. A study found that mitochondrial 
depolarization has been proposed as a method for BNIP3 to 
induce mitophagy under hypoxic conditions. Furthermore, 
accumulation of BNIP3 may also occur due to the inhibition 
of AMPK-mediated phosphorylation on ULK1 or ULK2 
[56]. Similarly, the expression of NIX has been correlated to 
numerous triggers related to other cellular stress not limited to 
hypoxia [57], such as the presence of cytotoxic drugs [58]. This 
is further supported by reports that melatonin alone or paired 
with rapamycin has induced an accumulation of NIX protein in 
HNSCC cells, resulting in NIX-mediated mitophagy [46,47]. In 
both studies, the activation of mitophagy was attributed to the 
increase in oxidative stress caused by melatonin. 

CONCLUSION
Based on the obtained data, it can be concluded that 

melatonin does induce cytotoxicity in a dose-dependent manner 
upon exposing JURKAT cells to concentrations of 0.1–0.5 mg/

Figure 6. Western blot analysis of BNIP3 and Nix/BNIP3L in JURKAT cells after treatment with different concentrations of melatonin after 72 hours. (A) BNIP3 
(band), (B) BNIP3 (bar chart), (C) BNIP3L/Nix (band), and (D) BNIP3L/Nix (bar chart). Expression levels of the BNIP3 and Nix/BNIP3L were measured by Western 
blot analysis. Beta-actin (β-actin) served as a loading control. The bar graph below shows the means ± standard error of mean (SEM) from three separate experiments. 
One-Way ANOVA was performed to compare between concentration groups, followed by Tukey’s Multiple Comparison test as post-hoc testing. 
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ml. Furthermore, melatonin also induced autophagy in JURKAT 
cells, as proven by the AO fluorescence microscopy. Finally, 
melatonin was proven to be able to modulate mitophagy-
mediated pathways to induce autophagy. It should be 
remembered that this study serves as a surface analysis on how 
melatonin modulates mitophagy pathways in JURKAT cells, 
therefore it has its fair share of limitations regarding the depth 
of investigation. Nevertheless, it is hoped that this study could 
provide some insights into how melatonin causes autophagy in 
JURKAT cells via mitophagy. 
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