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Abstract. – OBJECTIVE: Acute kidney injury 
(AKI) is a common critical illness in clinic, which 
seriously threatens the life of patients. The aim 
of this study was to validate the anti-apoptotic 
effect of hydroxytyrosol (HT) in ischemia/reper-
fusion (I/R)-induced AKI.

MATERIALS AND METHODS: The cell mod-
el of AKI was established by hypoxia/reoxygen-
ation (H/R), and the animal model of AKI was es-
tablished by I/R. The apoptosis was observed 
by Caspase-3 activity assay, flow cytometry and 
terminal deoxynucleotidyl transferase (TdT)-me-
diated dUTP nick end labeling (TUNEL) staining. 
Cell viability was detected by cell counting kit-
8 (CCK-8) assay. Protein expression was mea-
sured by Western blot and mRNA level was ana-
lyzed by quantitative real-time polymerase chain 
reaction (RT-PCR). Renal function was assessed 
by measuring serum creatinine (Cr) and blood 
urea nitrogen (BUN).

RESULTS: H/R induced apoptosis of HK-2 cells 
and reduced cell viability. When HK-2 cells were 
pretreated with HT, apoptosis was markedly in-
hibited, and cell viability was greatly increased. 
In addition, HT could inhibit I/R-induced apop-
tosis of rat kidney cells and could notably im-
prove rat kidney function. H/R promoted Sonic 
Hedgehog (SHH) expression in HK-2 cells, while 
HT treatment further enhanced SHH expression. 
Similarly, I/R induces SHH expression in kidney 
tissue, and HT could further promote SHH ex-
pression.

CONCLUSIONS: These results indicated that 
HT could inhibit apoptosis in I/R-induced AKI via 
activating SHH signaling pathway.
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Introduction

As a common clinical syndrome, acute kidney 
injury (AKI) is characterized by acute decline in 

renal function, with high morbidity and mortali-
ty, and its harm to public health around the world 
has also attracted more and more attention1,2. Al-
though considerable progress has been made in 
basic scientific research, medical updates, and re-
nal replacement therapy in the past decade, in-
cluding epidemiology and large-scale database re-
search, the search for new noninvasive biomark-
ers, the update of AKI guidelines and consensus 
of relevant experts, and the discussion of suitable 
renal replacement treatment methods, the average 
mortality rate of AKI is still as high as 14% to 
60%, and the mortality rate of AKI among criti-
cally ill patients is 50% to 80%3-5. AKI was once 
regarded as a benign and reversible syndrome. 
Previously, it was believed that patients with AKI 
could be reversed by actively treating their kidney 
damage after the onset, but now it is found that 
many patients with AKI have irreversible kidney 
damage. It will progress to chronic kidney disease 
(CKD) and even end-stage renal disease (ESRD).

Ischemia/reperfusion (I/R) is one of the most 
important causes of AKI. It is commonly seen 
in clinical situations such as hemorrhagic shock, 
heart surgery, and kidney transplantation. Renal 
IRI refers to the phenomenon that ischemic kid-
ney tissue is further aggravated after the blood is 
restored and it is a very complicated pathologi-
cal process. At present, people do not fully un-
derstand it. During cardiac surgery, the kidney 
undergoes temporary ischemia and, then, blood 
flow recovery occurs, which further aggravates 
the ischemic injury. This pathophysiological pro-
cess belongs to IRI. AKI caused by IRI is a seri-
ous complication after cardiopulmonary bypass, 
which can increase short-term mortality and pro-
long hospital stay. AKI caused by IRI is an inde-
pendent risk factor for increased mortality with-
in 10 years after extracorporeal circulation, and 
even short-term decline in renal function after 
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surgery can become an independent risk factor 
for progression to CKD within 5 years6-9. In ad-
dition to cardiac surgery, I/R is also common in 
kidney transplantation, which involves transient 
ischemia and hypoxia of the donor kidney and re-
nal blood flow reperfusion after transplantation 
into the recipient. IRI is inevitable in this process 
and is also a risk factor for AKI, delayed recov-
ery of transplanted kidney function, and chron-
ic rejection10-12. In view of the high morbidity and 
mortality of AKI caused by IRI and the lack of 
specific treatment measures, we need to further 
explore its pathophysiological mechanism to lay 
a solid foundation for the discovery of potential 
treatment methods in the future.

Hydroxytyrosol (HT), also known as 3,4-dihy-
droxyphenylethanol, is a phenolic compound in 
virgin olive oil of the Mediterranean diet, which 
has strong antioxidant activity and various phys-
iological and pharmacological functions13. In re-
cent years, many studies have indicated various bi-
ological effects of HT, including antioxidant, an-
ti-inflammatory, blood lipid regulation, protection 
of the cardiovascular system, protection of the ner-
vous system, immune regulation and anti-tumor 
biological activities14-17. Pan et al18 found that HT 
could protect liver from IRI through anti-oxidative 
stress. Pei et al19 demonstrated that HT can inhib-
it myocardial apoptosis induced by I/R. However, 
the role of HT in I/R-induced AKI is unknown. In 
this paper, we established in vivo and in vitro mod-
el of AKI induced by I/R to study the role of HT 
in it. The findings in this article provide a potential 
treatment for I/R-induced AKI.

Materials and Methods

Cell Culture
We used Dulbecco’s Modified Eagle’s Medi-

um/F-12 (DMEM/F-12) (Gibco, Rockville, MD, 
USA) complemented with 10% fetal bovine se-
rum (FBS) (Gibco, Rockville, MD, USA) and 1% 
penicillin / streptomycin (Gibco, Rockville, MD, 
USA) to culture HK-2 cells (Procell, Wuhan, Chi-
na) in the cell incubator containing 5% CO2 at 
37°C. HK-2 cells were treated with H/R to con-
struct I/R-induced AKI model, specifically: HK-
2 cells were placed in an hypoxic incubator for 12 
hours and then placed in normoxic incubator for 2 
hours. The cells were divided into 3 groups: con-
trol group, H/R group, and H/R+HT group. The 
cells in the H/R+HT group were pretreated with 
HT for 12 hours before H/R treatment.

Establishment of I/R-Induced AKI Model
All 30 male Sprague-Dawley (SD) rats were 

purchased from the Shanghai Experimental An-
imal Center of Chinese Academy of Sciences 
(Shanghai, China). All animal experiments were 
approved by the Animal Research Committee of 
Taizhou People’s Hospital and performed in ac-
cordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Ani-
mals. The experimental animal feeding environ-
ment is SPF level, the environmental humidity is 
constant at about 55%, the temperature is con-
stant at about 24°C, and the illumination mode 
adopts a 12-hour dark/12-hour illumination sys-
tem. The experimental animals were housed in 
cages (4-5 animals per cage). Drinking water and 
feed were adequately given every day, and the lit-
ter was changed every 3 days. When the exper-
imental animals are used in the experiment, the 
body weight is controlled at 200-250 g and the 
age is 7-9 weeks. The experimental animals were 
used in the experiment after acclimating for one 
week in the experiment center. The rats were fast-
ed for 12 hours before surgery and had free access 
to water. After the rats were weighed, 2% pento-
barbital was injected intraperitoneally at a dose 
of 50 mg/kg. Whether the rat was under anesthe-
sia was determined by the following methods: de-
creased muscle tone, no pain reflex, and righting 
reflex disappeared. It is necessary to pay atten-
tion to the state of the rat at any time during the 
operation. After the rats were successfully anes-
thetized, we fixed the rats in a supine position, 
prepared the operation area with a shaving knife, 
sterilized the skin with iodophor, and laid a ster-
ile drape. After carefully cutting the skin with the 
surgical scissors in the middle of the abdomen, 
the rectus abdominis and peritoneum were sepa-
rated layer by layer to expose the abdominal cav-
ity. After that, we gently pulled out the intestine 
and covered it with sterile gauze moistened with 
warm saline. After exposing the kidneys on both 
sides, we separated the surrounding tissue of the 
kidney pedicles to expose the kidney pedicles. 
The renal pedicles of both sides were clamped 
with vascular clips, and the kidney was observed 
to change from bright red to dark purple due to 
ischemia. Afterwards, the abdominal wall struc-
ture was carefully tightened, and the wound was 
covered with sterile gauze, and the rat was placed 
at a 37°C constant temperature heating plate. Af-
ter 30 minutes, the kidney was exposed again, the 
blood vessel clip was loosened, and the kidney re-
turned to bright red within 5 minutes, indicating 
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that the kidney resumed perfusion, and the I/R-in-
duced AKI model was successfully constructed. 
Finally, we sutured the muscles, fascia, and skin 
layer by layer. After the rats were awakened from 
anesthesia, the rats were returned to the feeding 
cage, and normal diet and drinking water were re-
stored. The rats were randomly divided into three 
groups: sham operation group, I/R group, and I/
R+HT group.  In the sham group, the renal pedi-
cle was freed after opening the abdominal cavity 
without clamping. Rats in the I/R+HT group were 
intraperitoneally injected with HT before surgery.

Cell Counting Kit-8 (CCK-8) Assay
We placed HK-2 cells in a 96-well plate. The 

viability of cells was examined using CCK-8 re-
agent (10 μL) (MCE, Nanjing, China) to explore 
the effect of HT on HK-2 cells. The absorbance 
at 450nm was detected using a microplate reader.

Western Blot
The total protein was extracted by a protein ex-

traction kit (Camilo Biological, Nanjing, China). 
We measured the protein concentration by the bi-
cinchoninic acid (BCA) method (Pierce, Rock-
ford, IL, USA). Then we added the loading buf-
fer to the total protein and boiled the mixture for 
about 10 minutes. After that, we took the same 
amount of total protein and performed electro-
phoresis with sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gel. 
Then, we transferred the protein to the polyvi-
nylidene difluoride (PVDF) (EpiZyme, Shanghai, 
China) membrane. 5% concentration of skim milk 
was prepared with TBST to block the non-specif-
ic antigens of the protein. After 2 hours, the pri-
mary antibodies were used to incubate the mem-
branes overnight (Bcl-2, Abcam, Cambridge, 
MA, USA, Rabbit, 1:1000; Bax, Abcam, Cam-
bridge, MA, USA, Rabbit, 1:2000; SHH, Abcam, 
Cambridge, MA, USA, Rabbit, 1:1000; glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH), 
Abcam, Cambridge, MA, USA, Rabbit, 1:1000), 

followed by incubation with secondary antibodies 
for 1.5 hours. After the membranes were washed 
3 times for 30 minutes, the blots were exposed by 
Image Lab™ Software.

Quantitative Real-Time Polymerase Chain 
Reaction (RT-PCR) Analysis

TRIzol reagent (MCE, Nanjing, China) was uti-
lized to extract the total RNA. Then, chloroform 
was added in 1/5 times of the amount of TRIzol. 
We let the Eppendorf (EP) tubes shake and then 
let them stand for 5 minutes. After that, the EP 
tubes were centrifuged with a centrifugal force of 
12000 g for 20 minutes at 4°C. We then aspirated 
the upper aqueous phase of the mixture obtained 
by centrifugation and added an equal amount of 
isopropanol, mixed them and placed the mixture 
at 4°C for 15 minutes. Then, we centrifuged the 
mixture at 4°C for 15 minutes with a centrifugal 
force of 12000 g, after which the supernatant was 
discarded, and 1 ml of a 75% ethanol solution was 
added. The solution was centrifuged at 4°C for 
10 minutes with a centrifugal force of 7500 g, af-
ter which the supernatant was discarded, dried at 
room temperature, and 20 μL of ribonuclease free 
water was added. Finally, we used NanoDropTM 
8000 to measure RNA concentration. 

Reverse transcription was performed using re-
verse transcriptase kit (MCE, Nanjing, China). Re-
al-time PCR was performed using Prism 7900 Sys-
tem. We used a 10 μL reaction system in accordance 
with the protocol. GAPDH was used to standardize 
the data. All the primers were listed in Table I.

Flow Cytometry
HK-2 cells were treated as described above. 

The supernatant was then collected, and adherent 
cells were collected after digestion with trypsin. 
We centrifuged the cell suspension with a centrif-
ugal force of 200 g for 5 minutes, discarded the 
supernatant, washed with PBS, and centrifuged 
again in the same manner, repeating twice. Then, 
we resuspended the cells with 100 μL of Bind-

Table I. Real time PCR primers

Gene name Forward (5’>3’) Reverse (5’>3’)

Bax CAGTTGAAGTTGCCATCAGC CAGTTGAAGTTACCATCAGC
Bcl-2 GACTGAGTACCTGAACCGGCATC CTGAGCAGCGTCTTCAGAGACA
SHH CCTGTCTGGGTGGGGAT GTGTGCGCTCCTCCTTG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR, quantitative reverse-transcription polymerase chain reaction.
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ing Buffer. After that, we added 5 µL of Annexin 
V-FITc (KeyGen, Shanghai, China) and 5 µL of 
propidium iodide (PI) (KeyGen, Shanghai, Chi-
na) in per tube. Finally, the apoptotic cells were 
detected using flow cytometry.

TUNEL Staining
One Step TUNEL Apoptosis Assay Kit (Beyo-

time, Shanghai, China) was used as instructed by the 
manufacturer to detect the apoptotic cells. The nu-
cleus was stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) (Beyotime, Shanghai, China).

Caspase-3 Activity
Caspase-3 activity of kidney tissue was detect-

ed using Caspase-3 activity detection kit (Beyo-
time, Shanghai, China).

Detection of Serum Cr and BUN
The serum Cr or BUN were detected using se-

rum Cr assay kit or BUN assay kit (BioAssay Sys-
tems, Hayward, CA, USA).

Statistical Analysis
Statistical analysis was performed using Statis-

tical Product and Service Solutions (SPSS) 22.0 
software (IBM, Armonk, NY, USA). Data were 
represented as mean ± Standard Deviation (SD). 
The t-test was used for analyzing measurement 
data. Differences between two groups were an-
alyzed by using the Student’s t-test. Comparison 
between multiple groups was done using One-
way analysis of variance (ANOVA) test followed 
by Post-Hoc Test (Least Significant Difference). 
p<0.05 indicated the significant difference.

Results

Toxicity and Protection of HT 
on HK-2 cells

To explore the optimal concentration of HT 
to treat HK-2 cells, we used different concen-
trations (100, 200, 300, 400, 500, 600 µM) of 
HT to treat HK-2 cells. It can be found from 
Figure 1A that when the concentration of HT 
exceeds 500 µM, HK-2 cell viability begins to 
decrease significantly. Afterwards, in order to 
continue to study the concentration of HT for 
the best protection of HK-2, HK-2 cells were 
pretreated with different concentrations (100, 
200, 300, 400 µM) of HT, followed by H/R 
treatment, then the cell viability was detected. 
When the concentration of HT was 200 µM, 
the cell viability reached the maximum (Figure 
1B). In summary, we chose 200 µM of HT for 
subsequent experiments.

HT Inhibited H/R-Induced Apoptosis 
in HK-2 cells

We examined the expression of Bcl-2 and 
Bax proteins by Western blot (Figure 2A). It can 
be seen that Bcl-2 expression in the H/R group 
was greatly decreased compared with the con-
trol group, while the level of Bax was greatly in-
creased. After using HT, the level of Bcl-2 was in-
creased and the level of Bax was decreased (Fig-
ure 2B and 2C). Similarly, we detected the levels 
of Bcl-2 and Bax mRNA using RT-PCR, which 
was consistent with the results of Western blot 
(Figure 2D and 2E). To further demonstrate the 
anti-apoptotic effect of HT, we used flow cytome-

Figure 1. Toxicity and protection of HT on HK-2 cells. A, The cell viability was detected by CCK-8 assay (“*” p<0.05 vs. 0, 
n=3). B, The cell viability was detected by CCK-8 assay (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3).
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try to detect the rate of apoptotic cells. We can see 
that HT can markedly reduce the apoptotic rate of 
HK-2 cells treated with H/R (Figure 2F). We also 
used TUNEL staining to detect the effect of HT. 
It can be seen that there were fewer TUNEL-pos-
itive cells in the H/R+HT group than in the H/R 
group (Figure 2G and 2H). These results indicat-
ed that HT can inhibit H/R-induced apoptosis in 
HK-2 cells.

HT Reduced I/R-Induced Apoptosis of 
Kidney Tissue In Vivo and Improved 
Kidney Function

We tested rat serum Cr and BUN to assess 
rat kidney function. Compared with the sham 
group, serum Cr and BUN levels were notably in-
creased in the I/R group. While compared with 
the I/R group, the serum Cr and BUN levels in 
the I/R+HT group were significantlly reduced 

Figure 2. HT inhibited H/R-induced apoptosis in HK-2 cells. A, Western blot analysis of Bcl-2 and Bax. B, Statistical result 
of expression of Bcl-2 (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3). C, Statistical result of expression of Bax (“*” p<0.05 
vs. control, “#” p<0.05 vs. H/R, n=3). D, RT-PCR analysis of Bcl-2 mRNA (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3). E, 
RT-PCR analysis of Bax mRNA (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3). F, Apoptosis rate was detected by flow cy-
tometry (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3). G, Results of TUNEL staining (magnification: 200×). H, Statistical 
result of TUNEL positive cells (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3).
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(Figure 3A and 3B). We also tested the activity 
of Caspase-3 in kidney tissue and found that HT 
can remarkably inhibit the increase of Caspase-3 
activity induced by I/R (Figure 3C). In addition, 
the results of TUNEL staining of renal tissue sug-
gested that HT could reduce I/R-induced apopto-
sis (Figure 3D).

HT Activated the SHH Signaling Pathway
We detect the expression of SHH pathway in 

vivo and in vitro by detecting the levels of SHH 
protein and mRNA. We found that in HK-2 cells, 
H/R treatment induced SHH expression, while 
HT further increased SHH expression (Figure 
4A-4C). Similarly, I/R increased SHH expression 
in the kidney, and HT can further induce SHH ex-
pression (Figure 4D-4F). These indicated that HT 
could activate the SHH signaling pathway.

Discussion

The kidney is a highly perfused organ and is 
very sensitive to ischemia. Renal vascular sur-
gery, kidney transplantation, cardiac arrest, and 
hypotension shock can all cause kidney IRI to 
varying degrees. In recent years, with the in-
crease in kidney transplantation and major cardi-
ac surgery, the incidence and mortality of renal 
I/R have also increased year by year, and the mor-
tality rate accounts for 20% of hospitalized pa-
tients20. Therefore, further research on the occur-
rence of renal IRI and the body’s reaction mecha-
nism is of great significance to understand the oc-
currence and development of renal IRI and take 
effective prevention measures early.

In the AKI induced by I/R, the characteristic 
histological changes of renal tubular cells include 

Figure 3. HT reduced I/R-induced apoptosis of kidney tissue in vivo and improved kidney function. A, and B, The levels 
of serum Cr and BUN were detected using commercial kits (“*” p<0.05 vs. sham, “#” p<0.05 vs. I/R, n=6). C, The activity of 
Caspase-3 was detected using Caspase-3 activity detection kit (“*” p<0.05 vs. sham, “#” p<0.05 vs. I/R, n=6). D, Results of 
TUNEL staining of kidney tissues (magnification: 400×).
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the loss of tubular brush border, the shedding of 
tubular epithelial cells or the fragmentation of 
necrotic cells into the tubular cavity, the expan-
sion of the tubular cavity, and the formation of 
tubular castings caused by necrosis and apopto-
sis21. So, apoptosis may be the main mode of inju-
ry. Apoptosis is regulated by a variety of factors, 
and the combined effects of apoptosis-inducing 
and anti-apoptotic genes determine the fate of the 
cell. Both Bcl-2 and Bax belong to the Bcl-2 gene 
family. Bcl-2 is an apoptosis inhibitory gene, and 
Bax is a pro-apoptotic gene, both of which work 
together to regulate cell apoptosis. Sun et al22 
showed that the ratio of Bcl-2/Bax decreased after 
IRI in rat kidneys, which led to increased apopto-
sis of renal tubular epithelial cells. Caspases fam-
ily is cysteine   protein lyase, which is an import-
ant signal transduction pathway in the process of 
apoptosis. Among them, Caspase-3 is an import-
ant cysteine   protease in the form of inactive zy-
mogen, which is located downstream of apopto-
sis and is the only way for various apoptosis path-
ways. Zheng et al23 found in the mouse kidney 
IRI model that the expression of Caspase-8 and 
Caspase-3 in the ischemic kidney was significant-
ly increased. Moreover, Caspase-3 can cleave Bcl-
2, and the cleavage product can further activate 
downstream Caspase, and lead to amplification of 

the Caspase cascade reaction, further promoting 
apoptosis24.

In this study, in the H/R-induced HK-2 cell 
damage model, we observed that Bcl-2 expres-
sion decreased and Bax expression increased, 
and the apoptosis rate increased significantly. In 
addition, in the rat AKI model induced by I/R, 
Caspase-3 activity increased and accompanied by 
an increase in apoptosis rate. These suggest that 
apoptosis plays an important role in IRI. Howev-
er, after treatment with HT, H/R-induced apop-
tosis of HK-2 cells was significantly inhibited, 
and the apoptosis of rat kidneys was also mark-
edly reduced. Further, kidney function was al-
so improved. In addition, we detected the SHH 
pathway by Western blot and found that the SHH 
pathway was activated in I/R-induced AKI, and 
after treatment with HT, the SHH pathway was 
further activated.

SHH is a highly conserved signaling path-
way that is ubiquitous in the animal kingdom and 
plays an important role in embryonic develop-
ment, tissue differentiation, organ formation, and 
maintaining the steady state of adult tissues. In 
the normal kidney tissue that has completed de-
velopment, the SHH signaling pathway is in a low 
activity state, but in the case of I/R, obstruction, 
drug toxicity, etc., the signaling pathway can be 

Figure 4. HT activated the SHH signaling pathway. A, Western blot analysis of SHH. B, Statistical result of expression of 
SHH (“*” p<0.05 vs. control, “#” p<0.05 vs. H/R, n=3). C, RT-PCR analysis of SHH mRNA (“*” p<0.05 vs. control, “#” p<0.05 
vs. H/R, n=3). D, Western blot analysis of SHH. E, Statistical result of expression of SHH (“*” p<0.05 vs. sham, “#” p<0.05 vs. 
I/R, n=3). F, RT-PCR analysis of SHH mRNA (“*” p<0.05 vs. sham, “#” p<0.05 vs. I/R, n=3).
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activated again. SHH signaling pathway has been 
found to be involved in the protection against re-
nal IRI. Meng et al25 found that polydatin can re-
duce oxidative stress and apoptosis induced by re-
nal IRI by activating the SHH pathway. In addi-
tion, in the early stage of kidney injury, the SHH 
pathway can promote kidney fibrosis to partici-
pate in kidney protection and improve kidney 
function26,27. In this study, we found that I/R can 
activate the SHH pathway in the kidney, and HT 
treatment can further promote the activation of 
this pathway.

Conclusions

The present results indicated that the apopto-
sis of renal tubular epithelial cells is involved in 
the process of renal IRI, and revealed for the first 
time that HT reduces renal IRI by inhibiting the 
apoptosis of renal tubular epithelial cells. In addi-
tion, the protective effect of HT on the kidneys was 
achieved by activating SHH signaling pathway. To 
sum up, HT could inhibit apoptosis in I/R-induced 
AKI via activating SHH signaling pathway.
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