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Abstract
Ischemia/reperfusion is a major cause of acute kidney injury and can induce apoptosis in renal epithelial tubule (HK-2) 
cells. Accumulating evidence indicates that endoplasmic reticulum (ER) stress is a major contributor to apoptosis in acute 
kidney injury. We previously reported that augmenter of liver regeneration (ALR) functions as an anti-apoptotic factor 
in H2O2-treated HK-2 cells although the precise mechanism underlying this action remains unclear. In the present study, 
we investigate the role of ALR in H2O2-induced ER stress-mediated apoptosis. We overexpressed ALR and established a 
H2O2-induced ER stress model in HK-2 cells. Overexpression of ALR reduced the level of reactive oxygen species and the 
rate of apoptosis in H2O2-treated HK-2 cells. Using confocal microscopy and western blot, we observed that ALR colocalized 
with the ER and mitochondria compartment. Moreover, ALR suppressed ER stress by maintaining the morphology of the 
ER and reducing the levels of the ER-related proteins, glucose-regulated protein 78 (GRP78), phospho-protein kinase-like 
ER kinase (p-PERK), phospho-eukaryotic initiation factor 2α (p-eIF2α) and C/EBP-homologous protein (CHOP) signifi-
cantly (p < 0.05). Mechanistically, ALR promoted Bcl-2 expression and suppressed Bax and cleaved-caspase-3 expression 
significantly during ER-stress induced apoptosis (p < 0.05). Furthermore, ALR attenuated calcium release from the ER, and 
transfer to mitochondria, under ER stress. To conclude, ALR alleviates H2O2-induced ER stress-mediated apoptosis in HK-2 
cells by suppressing ER stress response and by maintaining calcium homeostasis. Consequently, ALR may protect renal 
tubule epithelial cells from ischemia/reperfusion induced acute kidney injury.
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Introduction

Acute kidney injury (AKI), also known as acute renal fail-
ure, is a severe clinical syndrome characterized by a rapid 
loss of renal function [1]. With high morbidity and mortal-
ity, AKI is a challenge for clinicians both in the hospital 
and the community. A range of factors can lead to AKI, 

including ischemic reperfusion (I/R) insult, sepsis and sys-
temic inflammation [2]. Renal I/R is a major cause of AKI 
characterized by cell death in the kidney by apoptosis and 
necroptosis, particularly in the proximal renal tubule epithe-
lial cells [3]. It is well accepted that reactive oxygen species 
(ROS) play an important role in renal I/R injury [4] which 
is known to promote the formation of ROS, such as the free 
radicals superoxide anion (O2

·−) and hydroxyl radical (OH·), 
and the non-radical oxidants, hydrogen peroxide (H2O2), 
hypochlorous acid (HOCl) and peroxynitrite (ONOO−) [5]. 
The excessive production of ROS in ischemia/reperfusion-
induced AKI causes oxidative damage in renal tubule cells, 
including endoplasmic reticulum (ER) stress and mitochon-
drial dysfunction; these changes ultimately lead to apoptosis 
or necrosis [6].

Although the molecular mechanism underlying renal 
tubule cell apoptosis in renal ischemia/reperfusion injury is 
still poorly understood, there is increasing evidence suggests 
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that ER stress may play a role in apoptosis caused by renal 
I/R injury [7–9]. The ER is a multifunctional organelle 
responsible for protein folding, modification and cellular 
calcium homeostasis. Specific proteins are folded, maturated 
and assembled in the endoplasmic reticulum [10]. However, 
cellular stresses such as ischemia, oxidative stress, hypoxia 
and glucose deprivation can cause ER stress. In addition, 
when ER stress occurs, unfolded or misfolded proteins can 
accumulate in ER, which triggers a series of responses 
referred to as the unfolded protein response (UPR) [6]. 
There are three major transmembrane sensors that medi-
ate the UPR pathway in order to maintain ER homeostasis. 
These sensors are activated protein kinase-like ER kinase 
(PERK), inositolrequiring enzyme 1α (IRE1α) and activat-
ing transcription factor 6 (ATF6). In normal conditions, the 
sensors are bound to the ER molecular chaperone, glucose-
regulated protein 78 (GRP78). Once unfolded proteins accu-
mulate, GRP78 dissociates from these sensors and triggers 
the UPR. At the beginning, the UPR helps to maintain the 
function of the ER. However, prolonged ER stress leads 
to cell apoptosis or necrosis. C/EBP homologous protein 
(CHOP) is a major pro-apoptotic protein that is induced by 
prolonged ER stress, and contributes to apoptosis by regulat-
ing the Bcl-2 family and subsequently activates the caspase 
dependent pathway of apoptosis [11]. Moreover, the ER is 
the major organelle responsible for calcium storage. Studies 
have shown that disordered calcium homeostasis under ER 
stress plays an important role in apoptosis induced by ER 
stress [12, 13]. Under ER stress, calcium is released from the 
ER and accumulates in mitochondria causing mitochondrial 
Ca2+ overload, which then causes the outer membrane of 
the mitochondria to become permeabilized and subsequently 
triggers apoptosis in the mitochondrial pathway [14].

Augmenter of liver regeneration (ALR, also known as 
GFER) is a fundamental life protein which plays a key role 
in physiological and pathophysiology activity such as energy 
transduction, cell survival and regeneration, metabolic 
homeostasis, iron metabolism and stem cell maintenance 
[15]. ALR was first found in hepatocyte cytosol and had the 
capacity to augment regeneration of the liver after hepa-
tectomy [16]. Accumulating evidence showed that ALR is 
expressed ubiquitously in all organs, including the kidney 
[17, 18]. ALR is expressed as a short form (15 kDa) and 
a long form (23 kDa). The short form of ALR is mainly 
secreted from hepatocytes into the extracellular environment 
while the long form of ALR is reported to localize intracel-
lularly. ALR is present in different subcellular structures, 
including mitochondria, cytosol, endoplasmic reticulum, 
and nucleus [19]. Previous study investigated the role of 
ALR on mitochondria since ALR is homologous with the 
yeast ERV1 gene which encoding an essential mitochondrial 
matrix protein in yeast [20]. Moreover, ALR also shares sig-
nificant homology to yeast gene ERV2 which is reported as 

a flavoprotein oxidase located in the ER [21]. However, little 
is known on the role of ALR on the ER. Increasing evidence 
has shown that ALR has an anti-apoptotic effect [22]. Our 
previous study showed that ALR promotes renal function 
in rats subjected to ischemia/reperfusion in vivo [17]. Fur-
thermore, we investigated how ALR protects human renal 
tubule cells from apoptosis induced by H2O2 in vitro [23]. 
Nevertheless, the mechanisms underlying the effect of ALR 
against apoptosis remains poorly understood.

While ER stress plays an important role in apoptosis, lit-
tle is known about the role of ALR in H2O2-induced ER 
stress-mediated apoptosis. In the present study, we estab-
lished a H2O2-induced ER stress cell model and overex-
pressed ALR in HK-2 cells in order to investigate the role 
of ALR in H2O2-induced ER stress and whether ALR modu-
lates apoptosis via the ER-stress pathway.

Materials and methods

Cell culture, treatment and cell survival

The human renal tubule epithelial (HK-2) cell line was pur-
chased from ATCC and cultivated in Roswell Park Memorial 
Institute (RPMI) 1640 medium (Gibco, USA) supplemented 
with 10% fetal bovine serum (BI, Israel), 100 IU/mL penicil-
lin and 100 mg/mL streptomycin (Invitrogen, USA) at 37 °C 
in a 5% CO2 atmosphere. We established a H2O2-induced ER 
stress cell model as previously described [24]. H2O2 (Chuan-
dong, China) was added to the medium to induce cellular ER 
stress. Different concentrations of H2O2 (100 µM, 200 µM or 
400 µM) were incubated for different time periods (6 h, 12 h 
and 24 h) in order to decide upon the optimal conditions. 
The Cell Counting Kit-8 (CCK-8) kit (Dojindo, Japan) was 
used to determine the cell survival rate. The experiment was 
performed according to manufacturer’s instructions.

Lentiviral infection

The full length of the ALR gene (GFER, NM_005262) was 
synthesized using a human cDNA library. The sequences 
(shown below) were then cloned into a lentiviral vector 
GV287 (GeneChem, Shanghai, China). At 40% conflu-
ence, HK-2 cells were infected with the Lenti-ALR-EGFP 
(hereafter referred to as ALR overexpression, ALR-OE) or 
Lenti-EGFP (hereafter referred to as vector). After 72 h, 
transduction efficiency was assessed by fluorescent micros-
copy. The expression of ALR was confirmed by real-time 
polymerase chain reaction (PCR) and western blot analysis. 
The sequences used to clone the full length ALR gene were 
as follows:

Forward primer 5′-ATC​GGG​ATC​CCG​CCA​CCA​TGG​
CGG​CGC​CCG​GCGA-3′ and
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Reverse primer 5′-CGG​GTA​CCG​GTG​TCA​CAG​GAG​
CCA​TCC​TTC​-3′

Isolation of ER and mitochondria

Isolation of the ER was performed with an ER protein 
extraction kit (BestBio, Shanghai, China) in accordance 
with the manufacturer’s guidelines. In brief, cells were 
harvested after centrifugation at 500×g for 5 min and then 
washed with ice-cold phosphate buffer saline (PBS). A 
Dounce homogenizer was then used to fully homogenize 
cells after adding Solution A from the kit. After centrifu-
gation at 1000×g for 10 min at 4 °C, the supernatant was 
collected, transferred to an ice-cold tube, and centrifuged 
at 12,000×g for 10 min at 4 °C. Subsequently, the super-
natant was transferred to a fresh tube and centrifuged at 
45,000×g for 45 min at 4 °C. The pellet, was then resus-
pended in Solution B from the kit and then centrifuged 
at 45,000×g for another 45 min at 4 °C. Finally, the pel-
let was resuspended in Solution C and contained the ER 
proteins; mitochondrial fractions were performed with 
a mitochondrial protein extraction kit (BestBio, Shang-
hai, China) and isolated according to manufacturer’s 
instructions.

Confocal microscopy

To investigate the subcellular distribution of ALR in renal 
tubule cells, HK-2 cells were plated onto a glass-bottomed 
dish (NEST, China) for confocal microscopy observation. 
After attachment, the cells were fixed with 4% paraform-
aldehyde, permeabilized with 0.1% Triton X-100, blocked 
with 10% albumin from bovine serum (BSA) and incu-
bated with primary antibody (anti-ALR, 1:200; Santa 
Cruz, USA) overnight at 4 °C and then incubated with 
Cy5-conjugated goat anti-mouse IgG antibody (1:100, Ex/
Em = 649 nm/670 nm; Bioss China) at room temperature 
for 60 min. Next, an ER-Tracker (Beyotime, China) Red 
fluorescent probe (Ex/Em = 587 nm/615 nm) was added 
in accordance with the manufacturer’s instructions. For 
mitochondria staining, the MitoTracker Red CMXRos (Ex/
Em = 579 nm/599 nm; Yeasen, China) was added before 
fixation with 4% paraformaldehyde. Finally, 4′,6-diami-
dino-2-phenylindole (DAPI) (1  µg/mL) was added to 
stain the nucleus and the dishes were mounted with 60% 
glycerol for subsequent observation. The dishes were 
washed with PBS between each step. Confocal fluores-
cence images were acquired using a Nikon A1R confocal 
unit mounted on a Ti2000 inverted microscope controlled 
by NIS elements acquisition software (Nikon, USA) and 
using an oil immersion objective.

Real‑time polymerase chain reaction (PCR)

Total RNA was extracted from HK-2 cells using the Total 
RNA Extraction kits (BioTeke, Beijing, China). Total RNA 
was reverse-transcribed to cDNA using the PrimeScript™ II 
Reverse Transcriptase kit (TaKaRa, Japan). Real-time PCR 
was performed using the SYBR Premix (TaKaRa, Japan). 
For quantitative analysis, the ALR gene, along with GAPDH 
as a positive control, was amplified by the SYBR Premix 
using the CFX Connect Real-Time system (Bio-Rad, CA, 
USA). Relative gene expression was then analyzed using 
CFX Manager. Primer sequences were as follows:

ALR-F 5′-GTG​AGG​AGT​GTG​CTG​AAG​ACC-3′; ALR-R 
5′-TGA​GCA​GTC​GAA​GTC​AGG​CTTG-3′;

GAPDH-F 5′-TGA​CTT​CAA​CAG​CGA​CAC​CCA-3′ and 
GAPDH-R 5′-CAC​CCT​GTT​GCT​GTA​GCC​AAA-3′.

Western blotting

Proteins were extracted by RIPA lysis buffer (Beyotime, 
China) and quantified using a Bicinchoninic Acid (BCA) 
kit (Beyotime, China). Briefly, western blot analyses were 
then performed according to standard protocol described 
previously [23]. The following primary antibodies were 
used: anti-ALR (1:1000) (Santa Cruz, USA), anti-Phospho-
PERK (1:1000) (Biolegend, USA), anti-β-actin (Proteintech, 
USA), anti-Calnexin (1:1000), anti-COX IV (1:1000), anti-
GRP78 (1:1000), anti-PERK (1:1000), anti-eIF2α (1:1000), 
anti-Phospho-eIF2α (1:1000), anti-CHOP (1:1000), anti-
Bax (1:1000), anti-Bcl-2 (1:1000), anti-cleaved-caspase-3 
(1:1000) from Cell Signaling Technology. Then, correspond-
ing horseradish peroxide (HRP)-conjugated secondary anti-
bodies (1:10,000) (Cell Signaling Technology, USA) were 
applied and an enhanced chemiluminescence (ECL) kit 
(Keygen, China) was used to detect immunoreactive bands 
with a ChemiDoc Imaging System (Bio-Rad,CA, USA).

Transmission electron microscopy

After incubation with 200 µM of H2O2 for 12 h, the cells 
were harvested gently and fixed with 2.5% glutaraldehyde 
in 0.1 M PBS (pH 7.4). The cells were then post-fixed with 
1% osmium tetraoxide in PBS and dehydrated with a series 
of ethanol solutions and embedded in epoxy resin. Ultrathin 
samples were then prepared by sectioning and examined at 
80 kV using an H-7100 transmission electron microscope 
(Hitachi, Japan).

Detection of ROS and apoptosis by flow cytometry

Intracellular ROS levels were detected by dihydroethidium 
(DHE) (Ex/Em = 518 nm/605 nm; Keygen, China). After 
treatment with H2O2, cells were harvested and exposed to 
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DHE (50 µM final concentration) for 30 min at 37 °C in 
the dark. Then, cells were washed gently with RPMI 1640 
three times. 6 × 104 events (cells) were recorded by the flow 

cytometer for each sample. The apoptosis rate of HK-2 
cells treated with H2O2 was then determined using the PE 
Annexin V staining Kit (BD, USA). Cells were washed twice 
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with cold PBS and then resuspended in 1 × Binding Buffer 
at a concentration of 1 × 106 cells/mL. Cells were incubated 
with 5 µL of PE Annexin V and 5 µL 7-AAD for 15 min at 
room temperature in the dark. In total, 1 × 104 events (cells) 
were recorded by the flow cytometer for each sample. Fluo-
rescence data were measured and analyzed on FACS Canto 
II software (BD, USA).

Detection of calcium

Cells were plated onto a six-well plate for fluorescence 
microscopy observation or a 96-well plate for microplate 
reader testing. After attachment, the cells were mixed with 
200 µM of H2O2 for 12 h. Then Hank’s Balanced Salt Solu-
tion (devoid of Ca2+ and Mg2+), without phenol red and con-
taining a final concentration of 5 µM Rhod 2-AM (Dojindo, 
Japan), was added directly to the cells for 30 min at 37 °C. 
The Rhod 2-AM working solution (dissolved in dimethyl 
sulfoxide) was mixed with 0.05% Pluronic F127 (Beyotime) 
and 2.5 mM of probenecid for better permeability. The fluo-
rescence signal (Ex/Em = 557 nm/581 nm) was measured 
by fluorescence microscopy (Nikon) or the Varioskan LUX 
multimode microplate reader (Thermo Fisher Scientifc, 
USA). For microscopy detection, images were acquired 
every 2 s for 10 min continuously using Nikon NIS-Ele-
ments software. The fluorescence intensity was analyzed by 
ImageJ software. For each kinetic measurement, the readings 
(300 readings in 10 min) were acquired and analyzed by 
Thermo Scientifc SkanIt™ software. The experiment was 
performed in triplicate and averaged in the graph.

Statistical analysis

Each experiment was performed three times separately. Data 
are presented as means ± standard deviation (SD). Statisti-
cal analyses were performed using the Student’s t test for 

individual comparisons. Differences were considered to be 
statistically significant when p < 0.05.

Results

Expression of ALR in the cytoplasm, mitochondria 
or ER fraction from HK‑2 cells

To investigate the role of ALR in HK-2 cells, we overex-
pressed ALR in HK-2 cells. The HK-2 cells were transfected 
with a lentiviral vector carrying the human ALR gene. The 
overexpression of ALR was determined by real-time PCR 
and western blot analysis. PCR results showed that the ALR 
mRNA levels of the ALR-OE group were significantly 
increased compared with that of the vector group or wild-
type group (WT) (Fig. 1c) (p < 0.05). Western blot results 
showed that the expression level of the ALR protein in the 
ALR-OE group was significantly higher than that of the vec-
tor group or WT group (Fig. 1a, b) (p < 0.05). To further 
explore the subcellular content of ALR, we extracted the 
ER fraction and the mitochondrial fraction from HK-2 cells. 
Western blot results showed that the expression level of ALR 
protein extracted from ER in the ALR-OE group was sig-
nificantly higher than that of the vector group or WT group 
(Fig. 1d, f) (p < 0.05). Similarly, the expression level of ALR 
protein extracted from mitochondria in the ALR-OE group 
was significantly higher than that of the vector group or WT 
group (Fig. 1e, g) (p < 0.05).

Colocalization of ALR with ER or mitochondria 
in HK‑2 cells

To investigate whether ALR colocalizes with the ER 
or mitochondria in HK-2 cells, we used ER Tracker or 
MitoTracker to explore the subcellular distribution of ALR. 
Confocal microscopy results showed that ALR extensively 
overlapped with the ER compartment in HK-2 cells, particu-
larly in the ALR-OE group (Fig. 1h), which indicated that 
ALR colocalized with the ER in HK-2 cells. Meanwhile, 
confocal analysis of mitochondria and ALR showed that 
ALR was colocalized in mitochondria (Fig. 1i).

Cell survival and the expression of ALR in HK‑2 cells 
after H2O2 treatment

To construct a cell model of oxidative stress-induced ER 
stress, we treated HK-2 cells with different concentrations 
of H2O2 (100 µM, 200 µM and 400 µM) at different dura-
tions (6 h, 12 h and 24 h). We then tested cell survival 
rate using a Cell Counting Kit-8 to determine the opti-
mal conditions for H2O2 treatment. In all three groups, 
the cell survival rates were decreased in a dose- and 

Fig. 1   Expression and distribution of ALR in the ER and mitochon-
dria. a Western blots of ALR protein expression of HK-2 cells in the 
WT, vector and ALR-OE group. b The bar graph shows intensity of 
ALR protein expression of ALR-OE group compared with that of 
vector or WT group. c The bar graph shows relative mRNA expres-
sion of ALR in the WT, vector and ALR-OE HK-2 cells. d Western 
blots of ALR protein expression in the ER fraction of HK-2 cells in 
the WT, vector and ALR-OE group. f The bar graph shows intensity 
of ALR protein expression in the ER fraction of ALR-OE group com-
pared with that of vector or WT group. e Western blots of ALR pro-
tein expression in the mitochondria fraction of HK-2 cells in the WT, 
vector and ALR-OE group. g The bar graph shows intensity of ALR 
protein expression in the mitochondria fraction of ALR-OE group 
compared with that of vector or WT group. h, i Immunofluorescence 
experiment was performed to detect ALR, ER and mitochondria in 
the HK-2 cells. Blue, DAPI; green, ER-Tracker or MitoTracker Red 
CMXRos; red, ALR; yellow, co-localization section. ** means 
p < 0.05. (Color figure online)

◂
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time-dependent manner. When treated with 100 µM or 
400 µM of H2O2, the cell survival rates among the three 
groups were not significantly different (Fig. 2a). However, 
when treated with 200 µM of H2O2, the ALR-OE group 
showed a significantly higher cell survival rate from 6 to 
24 h, compared with that of the vector group or WT group 
(p < 0.05). Therefore, we chose 200 µM of H2O2 as the 
optimal condition for subsequent experiments.

To further investigate whether ALR was involved in 
H2O2-induced ER stress, the expression of ALR protein 
was determined in WT HK-2 cells after treatment with 
200 µM of H2O2. We found that ALR protein expression 
gradually increased at 12 h, compared with cells without 
H2O2 treatment (p < 0.05), and decreased after 48 h com-
pared with the expression at 12 h (Fig. 2b, c) (p < 0.05). 

These changes in ALR protein expression indicated that 
ALR might be involved in the process of ER stress.

Detection of ROS in HK‑2 cells after H2O2 treatment

ROS is the major factor underlying oxidative stress. To fur-
ther evaluate the effect of ALR on H2O2-induced oxidative 
stress, we measured the levels of intracellular ROS by DHE, 
an indicator of peroxide. Results showed that the DHE fluo-
rescence intensity of cells exposed to H2O2 was stronger 
than that without H2O2 exposure (Fig. 3a, b) (p < 0.05), 
which indicated that ROS was predominantly generated in 
the presence of H2O2. With prolonged exposure time, the 
fluorescence intensity was increased in a time-dependent 
manner (Fig. 3a) (p < 0.05), which showed that ROS accu-
mulated over time. Furthermore, at the three-time points 

Fig. 2   Cell survival and expression of ALR under H2O2 insult. a 
Cell survival rates of HK-2 cells after exposure to different dosages 
of H2O2 (100 µM, 200 µM and 400 µM) for different time (6 h, 12 h 
and 24 h) using the Cell Counting Kit-8 assay. Red circle represent 
WT group; green square, vector group; blue triangle, ALR-OE group. 
The concentration curve (a, b, c) and time curve (e, f, g) showed that 
cell survival rates of ALR-OE group was higher than that of WT or 

vector group. b Western blots of ALR protein expression in the wild 
type HK-2 cells after treatment of 200  µM H2O2 for different time 
(3 h, 6 h, 12 h, 24 h and 48 h). c The bar graph shows intensity of 
ALR protein in the wild type HK-2 cells after treatment of 200 µM 
H2O2 for different time (3 h, 6 h, 12 h, 24 h and 48 h). The horizontal 
lines show which groups are compared. * means p < 0.05. ** means 
p < 0.01. (Color figure online)
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(6 h, 12 h and 24 h), the fluorescence intensity of the ALR-
OE group was significantly decreased compared with that 
of the vector group (Fig. 3b) (p < 0.05).

Apoptosis rate of HK‑2 cells after H2O2 treatment

Since ER stress can eventually cause cell apoptosis, we 
determined the apoptosis rate in HK-2 cells induced by 
ER stress using PE Annexin V and 7-AAD staining. When 
exposed to H2O2 for 6 h, 12 h and 24 h, the proportion (%) 
of apoptotic cells in the vector group (61.21% ± 3.20%, 
67.87% ± 1.48% and 88.73% ± 2.20%) was higher than that 
of the ALR-OE group (23.50% ± 2.30%, 27.13% ± 2.17% and 
76.46% ± 1.42%) (Fig. 4a, b) (p < 0.05).

Effect of ALR on H2O2‑induced ER stress

To explore ER stress induced by H2O2 treatment and 
whether the overexpression of ALR can protect HK-2 cells 

from ER stress, we investigated the morphology of the ER 
by TEM. We found that the structure of the ER was well 
distinguished in PBS-treated cells, while the lumen of ER 
in the H2O2 treated cells were dilated, both in the ALR-OE 
group and the vector group. However, the lumen of ER in 
the ALR-OE group were dilated to a lesser extent than that 
of the vector group (Fig. 4c).

Having found that ALR alleviated the ER structural 
problems induced by H2O2, we further investigated whether 
ALR attenuated the H2O2-triggered ER stress pathway. 
Cells were incubated with H2O2 and the expression of ER 
chaperones and UPR target genes were detected by western 
blot assay. After treatment with H2O2, we found that the 
protein expression of GRP78 was significantly decreased in 
the ALR-OE group compared with that of the vector group 
(Fig. 5a, b) (p < 0.05). Furthermore, the phosphorylation of 
PERK or eIF2α was significantly upregulated in the vector 
group (p < 0.05), compared with that of the ALR-OE group 
(Fig. 5a, c, d). In addition, the expression of CHOP, a critical 

Fig. 3   The level of ROS in HK-2 cells under H2O2 insult. a Quanti-
fication of the ROS level in HK-2 cells by DHE staining using flow 
cytometer (FCM). The mean fluorescence intensity of DHE was 
showed on the left top of each FCM image. The cells were treated 

with 200 µM H2O2 for different time (6 h, 12 h, and 24 h) in vector 
and ALR-OE group, respectively. The cells without H2O2 treatment 
was as control (Ctrl). b The bar graph shows the statistical analysis of 
DHE fluorescence intensity. * means p < 0.05
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mediator of ER stress-induced apoptosis, was significantly 
up-regulated in the vector group, compared with that of the 
ALR-OE group (Fig. 5a, e) (p < 0.05). Collectively, these 
results suggest that the overexpression of ALR can alleviate 
ER stress under H2O2 insult.

Effect of ALR upon the apoptosis pathway

Since CHOP regulates the intrinsic apoptosis pathway 
via the inhibition of Bcl-2, we determined the expression 
levels of the proapoptotic protein Bax and anti-apoptotic 

proteins Bcl-2. Treatment with H2O2 increased Bax 
expression in both groups, but particularly in the vector 
group compared with that of the ALR-OE group (Fig. 6a). 
The expression of bcl-2 decreased in both groups under 
H2O2 insult (p < 0.05), and the expression of bcl-2 protein 
decreased to a lesser extent in the ALR-OE group com-
pared with that of the vector group (Fig. 6a) (p < 0.05). 
As a consequence, the ratio of Bax to Bcl-2 protein was 
upregulated significantly in the vector group compared 
with the ALR-OE group (Fig. 6b) (p < 0.05). Furthermore, 

Fig. 4   ALR attenuates apoptosis and maintains the morphology of 
ER in HK-2 cells under H2O2 insult. a The vector and ALR-OE cells 
were treated with 200 µM H2O2 for 6 h, 12 h and 24 h respectively 
and the cells without H2O2 exposure were as control (Ctrl). The apop-
totic cells were detected by PE Annexin V and 7-AAD. Cells that are 
considered viable are PE Annexin V negative and 7-AAD negative; 
cells in early apoptosis are PE Annexin V positive and 7-AAD nega-
tive; and cells in late apoptosis or already dead are both PE Annexin 

V and 7-AAD positive. b The bar graph shows apoptosis rates, the 
proportion (%) of apoptotic cells (right upper quadrant and right 
upper quadrant), in vector group and ALR-OE group. c The trans-
mission electron microscope observation of ER morphology of HK-2 
cells with PBS or H2O2 treatment in vector group or ALR-OE group. 
The images in the lower row showed the amplification of the ER 
morphology of the upper row. The arrows indicate the ER lumen. ** 
means p < 0.01
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we identified evidence for the activation of caspase-3, a 
crucial mediator of apoptosis. After treatment with H2O2 
for 12 h, the expression of cleaved caspase-3 was upregu-
lated significantly in the vector group compared to the 
ALR-OE group (Fig. 6c, d) (p < 0.05). Cleaved caspase-3 
was not detected in HK-2 cells without H2O2 treatment 
(Fig. 6c, d).

Effect of ALR on calcium release

To investigate the possible role of ALR in the Ca2+ equilib-
rium of ER, we performed a preliminary experiment to detect 
the changes in calcium release under ER stress using Rhod 
2-AM, a cell-permeable fluorescent Ca2+ indicator that detects 
kinetic changes in calcium concentration. This probe possesses 
a positive charge and is a mitochondrial-selective Ca2+ indi-
cator [25, 26]. Therefore, Rhod 2-AM fluorescence intensity 
indicates the mitochondrial concentration of Ca2+ and reflects 
the release of Ca2+ from the ER and subsequent transfer to 
the mitochondria under ER stress. After treatment with H2O2, 
fluorescence microscopy results showed that the increment of 
fluorescence intensity of the ALR-OE group was significantly 
less than that of the vector group, indicating less mitochon-
drial calcium accumulation in the ALR-OE group (Fig. 7a, 
b) (p < 0.05). Consistent with the microscopy results, kinetic 
measurement using a Thermo multimode microplate reader 
showed a slow increase in Ca2+ concentrations in both groups 
(Fig. 7c). However, the overexpression of ALR led to a slower 
increase of Ca2+ concentration compared with that of the vec-
tor group (Fig. 7c, d). A bar graph showed the increment of the 
fluorescence intensity from 0 to 10 min in the vector group was 
significantly stronger than that of the ALR-OE group (Fig. 7d) 
(p < 0.05). These results indicate that the overexpression of 
ALR inhibits Ca2+ transfer from the ER to the mitochondria.

Fig. 5   Effect of ALR on 
H2O2-induced ER stress. a 
Western blots of ER stress-
related proteins, GRP78, 
p-PERK, PERK, p-eIF2α, eIF2α 
and CHOP, in ALR-OE group 
or vector group with or without 
H2O2. b The bar graph exhibits 
relative protein expression of 
GRP78 normalized by β-actin. c 
The bar graph exhibits phospho-
PERK/PERK ratio. d Graph 
exhibits phospho-eIF2α/eIF2α 
ratio. N.D. means not detected. 
e The bar graph exhibits relative 
protein expression of CHOP 
normalized by β-actin. N.D. 
means not detected. ** means 
p < 0.01

Fig. 6   Effect of ALR on H2O2-induced apoptosis-related proteins. a 
Western blots of Bax and Bcl-2 in ALR-OE group or vector group 
with or without H2O2. b The bar graph exhibits Bax/Bcl-2 ratio. c 
Western blots of cleaved caspase-3. d The bar graph exhibits cleaved 
caspase-3/β-actin ratio. N.D. means not detected. ** means p < 0.01
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Discussion

Ischemia/reperfusion induced apoptosis is associated with 
ER stress in various organs, including the kidney. While 
ALR is reported to have a protective role in H2O2-induced 
apoptosis in AKI, the mechanism underlying this effect 
remains unclear. In this study, we investigated the role of 
ALR in H2O2-induced ER stress-mediated apoptosis.

The ER is a multifunctional membranous organelle 
responsible for protein folding and calcium homeosta-
sis [10]. In the present study, the confocal results showed 
that the staining pattern of ALR shares almost an identical 
distribution with that of ER in the vector group or in the 
ALR-OE group. Moreover, Western blots showed that ALR 
was detected in the ER fraction. These results indicated that 
ALR is expressed in the ER of HK-2 cells. We thus fur-
ther explored the link between ALR and ER function. The 
ER is very vulnerable to stress like I/R, the major cause 
of acute kidney injury. When suffering from I/R, the over-
production of ROS leads to accumulation in the renal tubule 
epithelial cells, thus leading to oxidative stress-induced ER 

stress [27]. Our previous study showed that the expression 
of ALR was increased in a rat model of renal ischemia/rep-
erfusion [17]. Consistently, in the present study, we found 
that the expression of ALR was increased at 12 h in the 
process of H2O2-induced ER stress. The decrease of ALR 
expression at 48 h compared with 12 h is maybe affected by 
the condition of the culture medium which causes most of 
the cells become unviable. This result indicated that ALR 
may take part in the process of H2O2-induced ER stress. The 
production of ROS has been reported to be a cause and also 
a consequence of ER stress, and ROS is the initiator of the 
mitochondrial pathway of apoptosis [28]. Therefore, ROS is 
an important modulator of ER stress-induced mitochondrial 
apoptosis. In the present study, we found that the overex-
pression of ALR reduced the levels of intracellular ROS in 
HK-2 cells under ER stress induced by H2O2. This indicated 
that ALR attenuates the oxidative environment by reducing 
ROS levels. As ER stress continues, the abnormal protein 
accumulates in the lumen of ER, thus destroying the normal 
morphology of the ER [29]. Through TEM, we found that 
ALR attenuated the dilation of the ER under H2O2 insult. 

Fig. 7   Effect of ALR on calcium release under ER stress. a Rhod 
2-AM was used to detect the calcium of mitochondria in the ALR-
OE group and vector group treated with 200 µM H2O2 for 12 h. The 
images represent the first (2  s) and the last (600 s) picture taken by 
fluorescence microscope in a continuous detection (every 2  s for 
10  min). b The bar graph show the increment of the fluorescence 

intensity from 2 to 600  s in ALR-OE group and vector group. c A 
kinetic measurement of calcium in ALR-OE group and vector group 
is visualized by kinetic curve of baseline-structured fluorescence val-
ues; average of three replicates. d The bar graph showed the incre-
ment of the fluorescence intensity from 0 to 600 s in ALR-OE group 
and vector group. ** means p < 0.01



288	 Apoptosis (2019) 24:278–289

1 3

This observation indicated that ALR may play a protective 
role in ER stress.

GRP78 is the most abundant ER chaperone, and acts as 
the gatekeeper for mammalian UPR [30]. When ER stress 
occurs, UPR is activated by the dissociation of GRP78 
from ER membrane sensors. Therefore, GRP78 is regarded 
as the marker and major regulator of ER stress [31]. Fur-
thermore, the PERK pathway is the major pathway of ER 
stress-induced apoptosis in kidney injury [32]. In a previ-
ous study, Verfaillie et al. found that loss of PERK may 
cause defects in cell death sensitivity in pathological con-
ditions linked to ROS-mediated ER stress [33]. Moreover, 
the transcription factor CHOP, downstream of PERK, is a 
critical mediator of ER stress-induced apoptosis [11]. Noh 
et al. previously found that CHOP deficiency attenuated 
renal ischemia/reperfusion injury in mice [8]. In the present 
study, we found that ALR reduced the expression of GPR78, 
the downstream phosphorylation of PERK and eIF2α and 
the activation of CHOP. Through flow cytometry, we found 
that ALR reduced the apoptotic cell rate in ER stress. 
These data suggest that ALR attenuates ER stress-apopto-
sis by suppressing the unfolded protein response through 
the PERK–eIF2α–CHOP pathway. Apoptosis is triggered 
through two signaling pathways, the extrinsic and intrinsic 
pathway. The intrinsic pathway is also known as the mito-
chondrial pathway [34]. A recent study suggests that CHOP 
regulates the intrinsic apoptosis pathway by inhibiting the 
Bcl-2 family [35], including anti-apoptotic protein Bcl-2 and 
the proapoptotic protein Bax. During metabolic disorders, 
the mitochondrial outer membrane is permeabilized, and 
Bax is activated, resulting in the release of cytochrome c and 
the subsequent activation of the caspase-dependent pathway, 
ultimately leading to apoptosis [36]. In the present study, we 
found that in H2O2 induced ER stress, the overexpression of 
ALR downregulated Bax expression and upregulated Bcl-2 
expression compared to the vector group. Thus, the Bax/
Bcl-2 ratio in the ALR-OE group was decreased compared 
to the vector group. Furthermore, the overexpression of ALR 
downregulated the levels of cleaved-caspase-3 compared 
with the vector group. These data demonstrated that ALR 
inhibits ER stress-induced apoptosis via the CHOP medi-
ated pathway.

Calcium homeostasis disequilibrium is another important 
mediator that causes ER-stress apoptosis. As ER stress sus-
tained, Ca2+ is released from the ER stores and loads into 
the mitochondria causing the mitochondrial Ca2+ level to 
overload; this triggers the loss of mitochondrial membrane 
potential and the subsequent release of cytochrome c. The 
release of cytochrome c, and the dominant position of Bax, 
ultimately lead to apoptosis [37]. The transfer of calcium 
from the ER to mitochondria is the initial trigger of ER 
stress-mediated apoptosis. Deniaud et al. previously reported 
that data acquired by Rhod 2-AM showed a higher sustained 

increase in mitochondrial Ca2+ concentration when treated 
with an inhibitor of SERCA (sarco/endoplasmic reticulum 
Ca2+-ATPase) pumps [38]. Similarly, in the present study, 
we found that under ER stress, the Ca2+ concentration of 
mitochondria resulted in a lower sustained increase in the 
ALR overexpression group than that of the vector group. 
These data indicate that ALR may reduce the transfer of 
calcium from the ER to the mitochondria, and hence inhibit 
the calcium-dependent mitochondrial apoptosis pathway in 
ER stress.

To conclude, our research provides evidence that ALR 
attenuates ER stress-mediated apoptosis caused by H2O2 
by suppressing the ER stress response and by maintaining 
calcium homeostasis in HK-2 cells, thereby, playing a role 
in protecting renal tubule epithelial cells from ischemia/rep-
erfusion induced acute kidney injury.
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