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ABSTRACT

Background: Deposition of various crystal and organic substances in the kidney can lead to kidney
stone formation. Melatonin is an effective endogenous antioxidant that can prevent crystalluria and
kidney damage due to crystal formation and aggregation. In this study, we investigated the mechan-
ism by which melatonin inhibits endoplasmic reticulum (ER) stress and apoptosis.

Methods: We treated HK-2 cells with oxalate to establish an in vitro kidney stone model, and
treated these cells with different concentrations of melatonin (0, 5, 10, 20 pmol/L) and the AMP-
activated protein kinase (AMPK) inhibitor Compound C. We measured levels of stress response
markers including reactive oxygen species (ROS), lactate dehydrogenase (LDH), glutathione (GSH),
superoxide dismutase (SOD), malondialdehyde (MDA), catalase (CAT), and factors in the stress
response pathway, such as ATF6, GRP78, DDIT3, PERK, p-PERK, IRE1, p-IRE1, XBP1s, AMPK, and
p-AMPK, using real time-PCR, western blot, and immunofluorescence analyzes. We measured
mitochondrial membrane potential and caspases-3 activity using the CCK8, enzyme-linked immu-
nosorbent, and flow cytometry assays to assess HK-2 cell viability and apoptosis.

Results: Melatonin improved the total antioxidant capacity (T-AOC) of the HK-2 cells, as evidenced
by the dose-dependent reduction in apoptosis, ROS levels, and protein expression of ATF6, GRP78,
DDIT3, p-PERK, p-IRE1, XBP1s, caspase-12, cleaved caspase-3 and cleaved caspase-9. Addition of
the AMPK inhibitor, Compound C, partially reversed the protective effect of melatonin.
Conclusion: Our study revealed that the protective effects of melatonin on oxalate-induced ER
stress and apoptosis is partly dependent on AMPK activation in HK-2 cells. These findings provide
insight into the prevention and treatment of kidney stones.
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tubular epithelial cells and lead to excessive reactive
oxygen species (ROS) production [7,8]. Increased
ROS levels can lead to degeneration, apoptosis, and
necrosis of renal tubular epithelial cells, leading to
basement membrane exposure, thereby triggering
crystal nucleation, aggregation, and growth of kid-
ney stones [9,10].

Melatonin is a hormone secreted primarily by
the pineal gland in most organisms, but can also
be produced in the brain, gastrointestinal tract,
kidney, pancreas, spleen, immune cells, and repro-
ductive tract [11-13]. Melatonin acts as an endo-
genous antioxidant and can directly or indirectly
scavenge free radicals and reduce ROS levels, thus
reducing oxidative stress [14]. Moreover, melato-
nin has been shown to prevent crystalluria and
kidney damage that arise from crystal formation

Introduction

Kidney stones, or renal calculi, are a common uro-
logical disease that has a global prevalence rate of
1.7%, with a higher frequency in males than in
females. The recurrence rate within 5 years post-
surgery is approximately 50% [1,2]. A hectic life-
style, irregular diet, and global warming can con-
tribute to the occurrence of kidney stones [3]. High
prevalence and recurrence of kidney stone forma-
tion, high patient volume, and treatment cost pose
a heavy burden for patients and society as a whole
[4]. Hyperoxaluria, which arises from hyperoxalate-
induced damage of renal tubular epithelial cells, is
an important risk factor for urinary calculi forma-
tion [5,6]. Long-term accumulation of oxalate can
induce endoplasmic reticulum (ER) stress in renal
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and aggregation [15]. AMP-activated protein
kinase (AMPK) activation was found to be asso-
ciated with melatonin’s antioxidant effect in redu-
cing blood lipids and vascular calcification [16,17].
AMPK plays a key role in regulating cellular
energy, mitochondrial function, and ER stress
in vivo [18], as well as in cell growth, differentia-
tion, autophagy, and metabolism [19,20]. Elevated
oxalate concentrations can reduce intracellular
ATP levels [21], which prevents AMPK activation
[22]. Moreover, melatonin-induced activation of
AMPK and inhibition of ER stress have been
demonstrated in inflammatory bodies and
hypoxia-reoxygenation injury [23,24].

However, it remains unclear if AMPK is
involved in melatonin’s effect on oxalate-induced
ER stress and apoptosis. Thus, we designed this
study to clarify the underlying signal transduction
mechanism of melatonin on oxalate-induced ER
stress using human proximal tubular (HK-2) cells.
Our findings provide new insight into the preven-
tion and treatment of kidney stones.

Materials and methods
Cell culture and grouping

HK-2 cells (Cell Bank of the Chinese Academy of
Sciences, Shanghai, China) were cultured in
DMEM/F12 complete medium (DMEM/F12 basic
medium (Gibco, USA)) with 10% fetal bovine
serum (Biological Industries, Israel) and 100 pg/ml
penicillin/streptomycin ~ (Beyotime, China) in
a humidified incubator at 37°C and 5% CO,. The
culture medium was refreshed once a day and cells
were passaged at a 1:2 ratio every three days. When
the cells reached 70-80% confluency, the medium
was refreshed and the cells were divided into five
treatment groups. Melatonin was dissolved in
DMSO to obtain an initial stock concentration of
50 mM, which was then diluted with basic medium
to make 5 uM, 10 uM, and 20 pM dilution stocks
for use. The final concentrations of DMSO in these
dilution stocks were 0.01%, 0.02%, and 0.04%,
respectively. Since DMSO concentrations below
0.1% are minimally toxic [25], there were no con-
cerns of potential DMSO-mediated toxicity in our
cells. The negative control “NC” group was cultured
without treatment for 12 h; the “Ox group” was
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treated with 4 mmol/L of oxalate (Sigma, Germany)
for 12 h; and the “Ox + MLT group” was treated
with 4 mmol/L oxalate + melatonin (MLT) (5, 10,
and 20 pmol/L) (Selleck, USA) for 12 h. These five
treatment groups were used to determine the effects
of melatonin on ER stress and apoptosis. To deter-
mine the effect of blocking the AMPK pathway in
the melatonin response, we treated HK-2 cells with
4 mmol/L Ox + 10 pmol/L MLT + 5 umol/L of the
AMPK inhibitor Compound C 2HCI (Selleck, USA)
(Ox + MLT + Cpd C 2HCI group) for 12 h.
Compound C is an effective, reversible, and selec-
tive AMPK inhibitor [26]. Compound C 2HCI was
dissolved in sterilized deionized water to obtain an
initial stock concentration of 10 mM, which was
then diluted with basic medium to make 10 uM
dilution stocks for use.

Cell viability assay

Cell viability was determined using the CCKS8
assay (Dojindo, Japan). HK-2 cells were cultured
in a 96-well plate and subjected to their respective
interventions. Next, 100 pl of the CCK8 solution
(CCK8 10 pl + basal medium 90 pl) was added to
each well, and the cells were incubated for 2 h at
37°C. Absorbance was measured at 450 nm with
a microplate reader (Perkin Elmer, USA).

Lactate dehydrogenase (LDH) assay

The LDH assay was performed on HK-2 cells in
the respective treatment groups. The LDH release
reagent (10% of the original culture volume) in the
Cytotoxicity Assay Kit (Beyotime, China) was
incubated with the HK-2 cells in a control well of
the 96-well plate at 37°C for 1 h. The 96-well plate
was then centrifuged at 400 rpm for 5 min. Next,
120 pl of the supernatant from all wells was trans-
ferred to a new 96-well plate and incubated with
60 ul of LDH detection working solution at room
temperature (25°C) in the dark for 30 min before
measuring the absorbance at 490 nm with a micro-
plate reader.

Cell biochemical indicators

We measured the biochemical indicators glu-
tathione (GSH), superoxide dismutase (SOD),
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malondialdehyde (MDA), catalase (CAT), and
total antioxidant capacity (T-AOC) using the fol-
lowing kits according to the manufacturers’
instructions: GSH (Njjcbio, A006-2-1), SOD
(Njjcbio, A001-3-2), MDA (Njjcbio, A003-4-1),
CAT (Solarbio, BC0205), and T-AOC (Njjcbio,
A015-2-1). Absorbance was measured with
a microplate reader at 405 nm (GSH), 450 nm
(SOD), 530 nm (MDA), 240 nm (CAT), and
405 nm (T-AOC).

ROS measurement

HK-2 cells in the respective treatment groups were
washed twice with phosphate buffered saline (PBS)
and then trypsinized (EDTA-free) to obtain cell
suspensions. Cell suspensions for each treatment
group were collected, centrifuged for 5 min, and
incubated with 10 pmol/L  2,7-Dichlorodi-
hydrofluorescein diacetate (DCFH-DA)
(Beyotime, China) for 20 min. The mixture was
agitated by inversion every 3-5 min to ensure
thorough mixing. Next, the cell suspensions were
washed thrice with serum-free cell culture solu-
tion, and then resuspended in 500 ul PBS by gentle
mixing before ROS levels were measured using
a flow cytometer (Becton Dickinson, USA).

Mitochondrial membrane potential

The mitochondrial membrane potential of HK-2
cells cultured in 6-well plates was measured to
determine the effect of melatonin treatment on
apoptosis. Cell climbing tablets were mixed with
2 ml of diluted JC-1 (5,5,6,6-Tetrachloro-
1,1,3,3-tetraethyl-imidacarbocyanine iodide) stain-
ing solution (1 ml of serum-free medium + 1 ml
JC-1 stain (Beyotime, China)) and incubated for
20 min at 37°C. The staining solution was
removed and the cells were washed twice with
JC-1 staining buffer (1x) before mounting with
Antifade Mounting Medium (containing DAPI)
(Beyotime, China). Cells were immediately
observed under an automated fluorescence micro-
scope (Olympus, Japan) at 200x magnification.
The mean signal intensities of red and green fluor-
escence were analyzed using Image] software
(NIH, USA).

The mitochondrial membrane potential in cells
treated with the AMPK inhibitor was detected
using ~ Mito-Tracker ~ Red chloromethyl-
X-rosamine  (CMXRos;  Beyotime,  China).
Compound C 2HCI-treated HK-2 cell climbing
tablets were incubated with diluted Mito-Tracker
Red CMXRos staining solution for 20 min at 37°C.
The staining solution was removed and cells were
washed once with serum-free medium and PBS
before mounting with Antifade Mounting
Medium (containing DAPI). Cells were immedi-
ately observed under an automated fluorescence
microscope at 200x magnification.

Caspase-3 enzyme activity detection

HK-2 cell climbing tablets were incubated with
500 pl of GreenNucTM Caspase-3 Substrate
(5 pmol/L; Beyotime, China) for 20 min before
mounting with Antifade Mounting Medium (con-
taining DAPI). Cells were visualized and imaged
under an automated fluorescence microscope at
200x magnification.

Caspase-3 activity was detected using a caspase-
3 enzyme-linked immunosorbent assay (ELISA)
assay kit (Cusabio, China). HK-2 cells were
washed once with pre-chilled PBS (1X) before
collection, followed by incubation at 20°C for
12 h. The cells were centrifuged at 5,000 g for
5 min at 4°C and the supernatant was collected.
The supernatant was incubated with 100 pl of the
standard sample provided in the kit for 30 min at
37°C, washed three times, incubated with 100 pl
HRP-conjugate (1X) for 30 min at 37°C, and then
washed five times. The supernatant was next incu-
bated with the TMB substrate (90 pl) for 20 min at
37°C in the dark before 50 ul of stop solution was
added. Optical density at 450 nm was immediately
measured using a microplate reader.

Flow cytometry

HK-2 cells were trypsinized and pelleted to obtain
a cell suspension. The cell suspension was gently
mixed with 500 ul Annexin V Binding Buffer (1x)
(BD Pharmingen, USA), 5 ul of R-phycoerythrin
(PE) Annexin V, and 7-Amino-Actinomycin
(7-AAD). The cells were then incubated for
15 min at room temperature (25°C) in the dark



before flow cytometric analysis to measure cell
apoptosis.

Real-time RT-PCR

Total RNA extraction was performed using Trizol
reagent according to the manufacturer’s instructions.
Using the NanoDrop™ One (Thermo Fisher Scientific,
USA), we determined the RNA concentration and
purity of each group using 1 pg/ul with an A260/
A280 = 1.8 ~ 2.0. Total RNA was reverse transcribed
into cDNA using the PrimeScript'”'RT reagent kit
with gDNAEFraser (Perfect Real Time, Takara,
Japan). Target gene mRNA expression levels were
detected using TB Green® Premix Ex Taq™ II
(TliRNaseH Plus, Takara, Japan). To minimize geno-
mic DNA contamination, a 1:20 dilution of total RNA
(100 ng total RNA per 20 ul gPCR reaction) was used
for qPCR to allow us to obtain enough cDNA and
perform a wide range of cDNA dilutions. All gPCR
reactions were run in triplicates using probes for the
target genes and GAPDH on a BIO-RAD CFX Real-
Time PCR System. The relative gene expression level
of the target genes was determined using the
formula:Ratio = (1 + Etarget) ACt  target(control-expt)
/(1 + Ereference) ACt reference(control—expt). The se quences
of the primers used for RT-PCR were as follows:
DDIT3, forward 5- GGTATGAGGACCTGCAAGA
GGT-3/, reverse 5'- CTTGTGACCTCTGCTGGTTC
TG-3; GRP78, forward 5- CTGTCCAGGCTGG
TGTGCTCT-3, reverse 5'- CTTGGTAGGCACCAC
TGTGTTC-3"; ATE6, forward 5'- CAGACAGTAC
CAACGCTTATGCC-3/, reverse 5- GCAGAACTC
CAGGTGCTTGAAG-3'; XBP1s forward 5'- AGTCC
GCAGCAGGTGCAG -3/, reverse 5- CTITCC
AGCTTGGCTGATGAC -3'.

Western blot analysis

Total protein was extracted from cell lysates, sepa-
rated by 10-15% SDS-PAGE, and then transferred
onto PVDF membranes (Millipore, USA).
Membranes were blocked in 5% skim milk for 1 h,
washed three times with Tris buffered saline with
Tween 20 (TBST), and then incubated with the fol-
lowing primary antibodies at 4°C for 12 h: ATF6

(Proteintech, = China,  24,169-1-AP),  GRP78
(Proteintech, 11,587-1-AP), DDIT3 (Proteintech,
15,204-1-AP), caspase-12 (Proteintech, 55,238-
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1-AP), cleaved caspase-3 (Proteintech, 19,677-1-AP),
cleaved caspase-9 (Proteintech, 10,380-1-AP), PERK
(Proteintech, 20,582-1-AP), phosphorylated (p)-
PERK (Affinity, China, DF7576), IRE1 (Proteintech,
27,528-1-AP), p-IRE1 (Affinity, AF7150), XBPls
(CST, USA, 12,782), AMPK (Proteintech, 66,536-
1-Ig), p-AMPK (Affinity, AF3423), and GAPDH
(Abcam, UK, ab181602). Blots were incubated with
corresponding secondary antibodies (Servicebio,
China, GB23303/Proteintech, SA00001-1) for 1 h at
room temperature. An enhanced chemiluminescence
reagent was added and the membranes were visua-
lized and analyzed using Image ] software
(NIH, USA).

Immunofluorescence

HK-2 cell climbing tablets were fixed in universal
tissue fixation solution (Servicebio, China) for
15 min at room temperature, washed three times
with PBS and once with 0.3% Triton-PBS for
10 min at room temperature, and then blocked
with 5% bovine serum albumin (BSA)
(Servicebio, China) at room temperature for
30 min. Next, the cells were washed twice with
PBS and incubated with the respective primary
antibodies at 4°C in the dark for 12 h. The cell
climbing tables were then washed three times with
PBS, incubated with 0.3% Triton-PBS for 10 min
at room temperature, washed twice, and then
incubated with the corresponding fluorescent sec-
ondary antibody (CST, 4412) for 30 min at room
temperature in the dark. Finally, the cell climbing
tablets were washed three times with PBS,
mounted with Antifade Mounting Medium (con-
taining DAPI), enclosed with a cover glass, and
placed in the cassette for visualization and imaging
under an automated fluorescence microscope at
200x magnification.

Statistical analysis

All data are expressed as mean * standard error of
the mean (SEM) of at least three independent
experiments. All statistical analyses were per-
formed using GraphPad Prism software version
7.0. Comparisons between two groups were deter-
mined using the Student’s t-test, while compari-
sons between multiple groups were analyzed using
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one-way analysis of variance (ANOVA) followed
by Tukey’s post-hoc tests. P values < 0.05 were
considered statistically significant.

Results

Melatonin increases cell viability and improves
antioxidant capacity in HK-2 cells

To determine the effects of melatonin on oxalate-
induced damage and antioxidant capacity of HK-2
cells, we assessed cell viability using the CCKS8
assay and measured the biochemical indicators
LDH, MDA, T-AOC, CAT, GSH, and SOD in
the NC, Ox, and Ox + MLT groups. Compared
with the NC group, the Ox group showed
decreased cell viability (Figure 1(a)), decreased
T-AOC and intracellular GSH, SOD, and CAT
antioxidant levels (Figure 1(dg)), and increased
LDH and MDA levels (Figure 1(b,c)). Compared
with the Ox group, the Ox + MLT group showed
increased cellular viability (Figure 1(a)), increased
T-AOC and intracellular GSH, SOD, and CAT
antioxidant levels (Figure 1(dg)), and decreased
LDH and MDA levels (Figure 1(b,c)). These
results suggest that melatonin can dose-
dependently affect HK-2 cell viability and antiox-
idant capacity.

Melatonin can decrease ROS production and
apoptosis

To determine the effect of melatonin on ROS
production and oxalate-induced apoptosis in HK-
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2 cells, we performed flow cytometry and immu-
nofluorescence assays in the three treatment
groups. Compared with the NC group, the Ox
group showed increased ROS production (Figure
2(a)), a higher early and late apoptotic rate (Figure
2(b)), decreased mitochondrial membrane poten-
tial (Figure 2(c)), and increased caspase-3 activity
(Figure 2(d,e)). Compared with the Ox group, the
Ox + MLT group showed decreased ROS produc-
tion (Figure 2(a)), a decreased early and late apop-
totic rate (Figure 2(b)), increased mitochondrial
membrane potential (Figure 2(c)), and decreased
caspase-3 enzyme activity (Figure 2(d,e)).

Melatonin can reduce ER stress-related protein
and mRNA expression levels

ER stress can trigger three apoptosis signaling
pathway mediators - PERK, IRE1l, and ATF6 -
leading to cellular damage [27]. Thus, we per-
formed western blot and RT-PCR analyzes to
determine the effect of melatonin on oxalate-
induced ER stress response in HK-2 cells.
Compared with the NC group, the Ox group
showed increased mRNA and protein levels of
GRP78, DDIT3, ATF6, and XBP1s (Figure 3(a,
b)), as well as increased p-PERK and p-IRE1 pro-
tein expression (Figure 3(b)). Compared with the
Ox group, the Ox + MLT group showed reduced
mRNA levels of GRP78, DDIT3, ATF6, and XBP1s
(Figure 3(a)). Moreover, a dose-dependent reduc-
tion in protein expression of GRP78, DDIT3,
ATF6, p-PERK/PERK, p-IRE1/IRE1l and XBPIls
was also observed (Figure 3(b)). These results
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Figure 1. Impact of melatonin on HK-2 cell antioxidant capacity and viability. Cells in each group were treated for 12 h with 4 mmol/
L Ox (except the NC group). Comparisons of (a) cell viability, (b) LDH content, (c) MDA content, (d) T-AOC content, (e) GSH content,
(f) SOD content, and (g) CAT content. Data are presented as the means + SEM from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001,****P < 0.0001, versus the NC group; #P < 0.05, #4P < 0.01, ###P < 0.001, ####P < 0.0001, versus the Ox

group.
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Figure 2. Impact of melatonin on ROS production and apopto-
sis in HK-2 cells. Cells in the respective groups were treated for
12 h with 4 mmol/L Ox (except the NC group) and 10 pmol/L
MLT (Ox + MLT group only). Flow cytometry profiles and
corresponding histograms showing (a) ROS levels and (b)
early and late apoptotic rate in three treatment groups.
Immunofluorescence images showing (c) mitochondrial mem-
brane potential and (d) caspase-3 activity (200x magnification),
and (e) histogram of ELISA showing caspase-3 activity. The
reduction in mitochondrial membrane potential (transition
from red to green fluorescence) is a sign of early apoptosis.
Stronger green fluorescence indicates higher caspase-3 activity.
Data are presented as the means + SEM from three indepen-
dent experiments. *P < 0.05, **P < 0.01, **P < 0.001,
***¥%P < 0.0001 versus the NC group; #P < 0.05, ##P < 0.01,
###P < 0.001, ###H#P < 0.0001 versus the Ox group.

suggest that melatonin can dose-dependently
reduce oxalate-induced ER stress.

Melatonin can induce AMPK activation and
decrease expression of apoptotic proteins

Western blot analysis was used to verify the effect
of melatonin on protein expression of apoptotic
and AMPK proteins. Compared with the NC
group, the Ox group showed increased expression
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Figure 3. Impact of melatonin on ER stress-related protein and
mRNA levels. Cells in each group were treated for 12 h with
4 mmol/L Ox (except the NC group) and 10 pmol/L MLT (except
NC and Ox groups). (a) RT-PCR histograms of mRNA levels of
DDIT3, GRP78, ATF6, and XBP1s relative to GAPDH. (b) Western
blot and corresponding histograms of DDIT3, GRP78, ATF6,
PERK, p-PERK, IRE1, p-IRE1, and XBP1s protein expression rela-
tive to GAPDH. Data are presented as the mean = SEM from
three experiments. *P < 0.05, **P < 0.01, ***P < 0.001,
**¥*P < 0.0001 versus the NC group; #P < 0.05, ##P < 0.01,
###P < 0.001, ####P < 0.0001 versus the Ox group.

of caspase-12, cleaved caspase-3, and cleaved cas-
pase-9, decreased expression of p-AMPK/AMPK
(Figure 4). Compared with the Ox group, the Ox
+ MLT group showed decreased expression of
caspase-12, cleaved caspase-3, and cleaved cas-
pase-9, increased expression of p-AMPK/AMPK
(Figure 4). These results suggest that oxalate treat-
ment inhibits AMPK in HK-2 cells, while melato-
nin dose-dependently induces AMPK activation
and decreases the expression of apoptotic proteins.

AMPK inhibition increases HK-2 cell apoptosis
and decreases mitochondrial membrane
potential

We used the AMPK inhibitor Compound C 2HCI
to determine if AMPK is involved in melatonin’s
effect on apoptosis. Compared with the Ox + MLT
group, the Ox + MLT + Cpd C 2HCI group
showed increased HK-2 cell early and late apopto-
sis (Figure 5(a)), and decreased mitochondrial
membrane potential (Figure 5(b,c)) and caspase-3
activity (Figure 5(d)). This suggests that
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Figure 4. Impact of melatonin on expression of AMPK and
apoptotic proteins. Cells in each group were treated with
4 mmol/L of Ox for 12 h (except the NC group). Western blot
and corresponding histograms of protein expression levels of
caspase-12, cleaved caspase-3, cleaved caspase-9, p-AMPK, and
AMPK relative to GAPDH. Data are presented as the mean +
SEM from three independent experiments. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 versus the NC group;
#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 versus the
Ox group; ns: not significant.

melatonin’s effects on cell viability involve AMPK
activation in HK-2 cells.

Melatonin-mediated inhibition of ER stress is
partly dependent on AMPK activation

We performed western blot and immunofluores-
cence analyzes to clarify the role and importance
of AMPK activation on melatonin-mediated inhi-
bition of ER stress. Compared with the Ox + MLT
group, the Ox + MLT + Cpd C 2HCI group
showed increased protein expression of GRP78,
DDIT3, ATF6, p-PERK/PERK, p-IRE1/IREL,
XBP1s, caspase-12, cleaved caspase-3, and cleaved
caspase-9 in western blot analysis (Figure 6(a)).
Increased protein expression of GRP78, ATF6,
DDIT3, p-PERK, and p-IREl in the Ox + MLT +
Cpd C 2HCI group was also confirmed by immu-
nofluorescence (Figure 6(bf)). These results sug-
gest that Compound C 2HCI does not completely
inhibit the expression of ER stress and apoptotic
proteins, and that the protective effect of melato-
nin on HK-2 cells is partly dependent on AMPK
activation.

Discussion

Kidney stone formation is a complex process,
involving super-saturation of urinary lithogenic
factors, damage of renal tubular epithelial cells,
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Figure 5. Effect of AMPK inhibition on melatonin-mediated
regulation of apoptosis and mitochondrial membrane potential.
Cells in each group were treated for 12 h with 4 mmol/L Ox,
10 umol/L MLT, and/or 5 umol/L Cpd C 2HCI. (a) Flow cytome-
try was used to detect HK-2 cell apoptosis. (b)
Immunofluorescence of Mito-Tracker Red CMXRos-staining
(red) (200x magnification) to determine HK-2 cell mitochondrial
membrane potential of the respective groups, (c)
Immunofluorescence of JC-1 (200x magnification) to determine
HK-2 cell mitochondrial membrane potential in the respective
groups, (d) ELISA showing caspase-3 activity. Stronger red
fluorescence signal correlates with higher mitochondrial mem-
brane potential. Data are presented as the mean = SEM from
three independent experiments. *P < 0.05, **P < 0.01,
**¥P < 0.001, ****P < 0.0001 versus the NC group; #P < 0.05,
##P < 0.01, ###P < 0.001, ####P < 0.0001 versus the Ox group;
AP < 0.05, AMP < 0.01, AAAP < 0.001, AAAAP < 0.0001 versus
the Ox + MLT group.

adhesion, aggregation, nucleation, and growth of
crystals [28]. Oxalate is an important component
of urinary lithogenic factors. High concentrations
of oxalate deposition can lead to oxidative and ER
stress damage of renal tubular epithelial cells,
thus promoting kidney stone formation [28,29].
We showed in this study that melatonin can reg-
ulate the ER stress response mechanism by
increasing the antioxidant capacity of HK-2
cells, reducing apoptosis, and maintaining the
mitochondrial membrane potential upon oxalate-
induced damage. These results indicate that mel-
atonin reduces oxalate-induced oxidative and ER
stress damage, potentially inhibiting kidney stone
formation. Moreover, our results revealed that
the protective effects of melatonin on oxalate-
induced ER stress are mediated by AMPK
activation.
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Figure 6. Role of AMPK activation on melatonin-mediated inhi-
bition of ER stress. Cells in each group were treated for 12 h
with 4 mmol/L Ox, 10 pmol/L MLT, and/or 5 pmol/L Cpd C 2HCI.
(@) Western blot and corresponding histograms of DDIT3,
GRP78, ATF6, PERK, p-PERK, IRE1, p-IRE1, XBP1s, caspase-12,
cleaved caspase-3, cleaved caspase-9, p-AMPK, and AMPK pro-
tein expression relative to GAPDH. Immunofluorescence detec-
tion of (b) DDIT3, (c) ATF6, (d) GRP78, (e) p-PERK and (f) p-IRE1
protein expression (200x magnification). Anti-rabbit 1gG
(H + L), F (ab’) 2 Fragment (Alexa Fluor® 488 Conjugate) output
green fluorescence. Data are presented as the mean = SEM
from three independent experiments. *P < 0.05, **P < 0.01,
¥**¥P < 0.001, ****P < 0.0001 versus the NC group; #P < 0.05,
##P < 0.01, ###P < 0.001, ####P < 0.0001 versus the Ox group;
AP < 0.05, AP < 0.01, AMAAP < 0.001, AAAAP < 0.0001 versus
the Ox + MLT group; ns: not significant.

The accumulation of high concentrations of
oxalate in renal tubular epithelial cells is due to
a dysfunction of intracellular antioxidant mechan-
isms. This leads to a decrease in endogenous anti-
oxidant enzymes [30], such as SOD, CAT, and
GSH, as well as an increase in lipid peroxides
[10], such as MDA, ketones, and hydroxyl radicals.
When the levels of endogenous antioxidants fall,
ROS levels rise, leading to oxidative stress charac-
terized by a decrease in mitochondrial membrane
potential [31-33] and oxidative damage to cellular
components, such as lipids, nucleic acids, proteins,
and DNA [34]. Antioxidants, like melatonin, can
protect against oxalate-induced toxicity and pro-
mote cell survival by protecting intracellular struc-
tures, preventing DNA damage, maintaining redox
balance, scavenging free radicals, reducing perox-
ide levels, and inhibiting lipid peroxidation
[14,35]. Indeed, we showed in our study that
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melatonin treatment significantly increased SOD,
CAT, GSH, and T-AOC and significantly
decreased MDA levels, affirming the role of mela-
tonin as an endogenous antioxidant. Reduction in
ROS and LDH levels, and an increase in HK-2 cell
viability after melatonin treatment, supports the
function of melatonin as an effective scavenger of
oxygen free radicals, as well as its roles in reducing
oxalate-induced oxidative stress and cellular
toxicity.

The ER stress response is characterized by
morphological changes, blocked protein proces-
sing and transport, and accumulation of unfolded
or misfolded proteins in the ER [36]. Cells sub-
jected to certain stimuli will develop ER stress,
and under normal circumstances, cells can relieve
ER stress and promote functional recovery
through the unfolded protein response (UPR).
However, over-stimulation, either in concentra-
tion or duration, will cause cell damage and
apoptosis [37]. The UPR is mediated by glucose-
regulated protein 78 (GRP78) and three stress
receptor proteins (ATF6, IRE1, and PERK) [27].
Excessive oxalate deposition can lead to ER stress
[38] and disrupt protein folding in the ER. We
examined the effects of melatonin on the three
branches of the UPR to determine the effect of
melatonin on oxalate-induced ER stress. ER stress
triggers the dissociation of GRP78 from PERK, an
ER type I transmembrane protein, leading to
PERK phosphorylation, which in turn induces
ATF4 transcription and activation; activated
ATF4 then induces the transcription and expres-
sion of CHOP [39]. We observed increased
p-PERK protein expression, as well as as CHOP
protein expression and mRNA levels, in HK-2
cells treated with a high concentration of oxalate
for 12 hours. Melatonin treatment significantly
reduced PERK activation in these cells. After dis-
sociation from GRP78, IREl is activated by
dimerization and auto-phosphorylation, and can
then induce XBP1u mRNA (uncut XBP1 mRNA)
shearing to produce XBPls mRNA (sheared
XBP1 mRNA), a key transcription factor that
upregulates UPR-related gene transcription and
protein expression [40]. In the present study, we
found that oxalate treatment induced IRE1 phos-
phorylation in HK-2 cells and upregulated XBP1s
mRNA levels compared with the control group,
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while low p-IRE1 levels were observed in melato-
nin-treated cells. Accumulation of misfolded pro-
teins in the ER induces the dissociation of the
molecular chaperone GRP78 from ATF6 (type II
transmembrane glycoprotein), thereby allowing
for activated ATF6 to cleave fragments in the
nucleus and bind to ER stress response elements;
this in turn feeds back and initiates the transcrip-
tion of GRP78, XBP1, and the ER-related degra-
dation component CHOP [41-43]. ER stress can
also activate the zymogen caspase-12 [44], which
can act together with CHOP to induce caspase-
dependent apoptosis. Therefore, we measured the
protein expression and mRNA levels of GRP78,
CHOP, and ATF6, and found that high oxalate
concentrations correlated with significantly
increased mRNA levels and protein expression
of ER stress-related factors (GRP78, DDIT3, and
ATF6), which was consistent with previous stu-
dies [7]. Moreover, we found that melatonin can
dose-dependently reduce the levels of GRP78,
DDIT3, ATF6, caspase-12, cleaved caspase-3,
and cleaved caspase-9 in HK-2 cells. This indi-
cates that ER stress could induce changes in sub-
sequent caspase-dependent apoptosis. Taken
together, these findings suggest that melatonin
potentially modulates the three branches of the
UPR and may prevent oxalate-induced ER stress.

AMPK is generally regarded as an important
enzyme in stress responses. It has been shown
that AMPK inhibition aggravates ER stress
[45,46]. As a cellular energy sensor, AMPK reg-
ulates metabolism by controlling the phosphor-
ylation of key energy proteins and transcription
factors, promoting glucose and fatty acid uptake,
enhancing mitochondrial function and fatty acid
oxidation, and inhibiting lipid and cholesterol
synthesis [47]. Studies have shown that melato-
nin can reduce vascular calcification through
AMPK activation [17] and can prevent alcohol-
induced liver damage [16]. Melatonin reportedly
can alleviate ER stress in hypoxia-reoxygenation
injury of N2a neuroblastoma cells by activating
the AMPK-Pak2 pathway [23]. Moreover, the
melatonin-MTNRI1A system reportedly regulates
the level of cAMP in renal tubular epithelial cells
and modulates the binding and internalization of
calcium oxalate crystals [48], which can promote
kidney stone formation [49]. Thus, we speculate

that melatonin can increase intracellular cAMP
levels by activating AMPK, thereby inhibiting
the binding and internalization of oxalate crys-
tals and reducing ER stress and toxicity. In the
present study, we found that p-AMPK levels
were reduced in oxalate-treated HK-2 cells, and
that melatonin restored the p-AMPK levels.
These findings indicate that melatonin can
induce AMPK activation. Thus, we used
Compound C 2HC], a reported AMPK inhibitor,
to clarify the association between melatonin and
AMPK activation. Interestingly, the addition of
Compound C 2HCI decreased the mitochondrial
membrane potential, increased the expression of
ER stress-related and apoptotic proteins, and
reduced cell apoptosis. The Compound C 2HCI-
mediated reversal of the effects of melatonin in
HK-2 cells indicates that melatonin acts via the
AMPK pathway to modulate ER-stress.

Although we did not use transmission elec-
tron microscopy to monitor changes in the ER
and its contents in this study, we showed the
protective effect of melatonin against oxalate-
induced ER stress and apoptosis in HK-2 cells
using flow cytometry, ELISA, immunofluores-
cence, RT-PCR, and western blot analyzes. Our
results also suggest that melatonin’s protective
effects against oxalate-induced ER stress
involve the AMPK signaling pathway. This
study is the first to show that melatonin pro-
tects against oxalate toxicity, suggesting that
melatonin could be potentially used in the pre-
vention and treatment of oxalate-mediated
renal injury and the formation of kidney
stones.
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