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Abstract: This study examined whether BIX01294, a histone methyltransferase G9a inhibitor, effectively preserves 
the renal function following acute kidney ischemia-reperfusion (AKIR) injury. Adult-male-SD rats (n = 24) were equal-
ly categorized into Group 1 (sham-operated control), Group 2 (AKIR + 1.0 cc N/S I.P. injection), and Group 3 (AKIR 
+ BIX01294/5 mg/Kg by I.P. administration at 3 h after the procedure) and the kidneys were harvested at day-3 
post-IR procedure. The results showed that by day 3, the levels of creatinine and the blood urea nitrogen (BUN) 
were significantly higher in group 3 and more significantly higher in group 2 than in group 1 (all P < 0.0001). The 
protein expression of upstream (TLR-2/TLR-4/MyD88/TRAF6/p-NF-κB) and downstream (IL-1ß/IL-6/TNF-α) inflam-
matory signaling molecules exhibited a pattern identical to that of creatinine levels among the groups (all P < 
0.0001). The protein expression of oxidative stress (NOX-1/NOX-2), MAP kinase family members (ASK1/MKK4/
MKK7/JNK/p-38/p-ERK1/2), apoptosis (cleaved-caspase3/cleaved-caspase8/cleaved-PARP/mitochondrial-Bax), 
fibrosis (Smad3/TGF-ß), and mitochondrial-damaged markers (cyclophilin D/cytosolic-cytochrome-C) displayed a 
pattern identical to that of creatinine levels among the groups (all P < 0.0001). The kidney injury score, fibrosis, cel-
lular expression of inflammation (CD68+cells), and glomerulus/renal-tubular damaged markers (Snail/KIM-1/WT-
1) exhibited an identical pattern, whereas the cellular expression of podocyte component (synaptopodin) displayed 
an opposite pattern of creatinine levels among the groups (all P < 0.0001). Therefore, the G9a inhibitor effectively 
protected kidneys against IR injury.

Keywords: Acute kidney ischemia-reperfusion injury, inflammation, oxidative stress, fibrosis, apoptosis, mitochon-
drial damage, MAPK family

Introduction

Acute kidney injury (AKI) is a universal human 
disease commonly encountered in patients 
admitted to the hospital for any reason, and its 
incidence is constantly rising at an alarming 

rate [1-4]. Despite significant improvements in 
critical care, medications, continuous educa-
tion, renewal of the guidelines, and renal re- 
placement therapy (RRT), the outcome of criti-
cally ill patients, especially those who are car- 
ed for in the ICU with AKI necessitating RRT 
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remains unacceptably poor [1-7]. It is well 
known that the causal etiologies of AKI are di- 
vergent, including contrast media-induced ne- 
phropathy [8, 9], shock followed by resuscita-
tion in the emergency and intensive care set-
tings [10, 11], kidney transplantation [12, 13], 
sepsis [14], cardiovascular surgery, decompen-
sated heart failure [11, 15, 16], and toxic com-
pound/drug exposure [11, 15].

Undoubtedly, of the aforementioned etiologies 
[11-16], AKI caused by ischemic and/or isch-
emia-reperfusion (IR) injury remains one of the 
most important issues to be solved in daily 
clinical practice [11, 13, 17]. Unfortunately, the 
lack of effective management remains the rea-
son for the high incidence of patient morbidity 
and mortality [11, 13, 15, 17]. 

Abundant data have shown that the complicat-
ed mechanisms underlying AKI, especially in 
the setting of acute kidney IR injury, involve the 
generation of reactive oxygen species (ROS)/
oxidative stress, mitochondrial damage [18], 
apoptosis [11, 13, 15, 17-19], and a cascade  
of inflammatory processes [17, 18, 20]. Sur- 
prisingly, although acute kidney IR injury has 
been identified as a common cause of AKI/
acute renal failure and the underlying mecha-
nisms have also been extensively investigated 
in clinical practice, it is still one of the major 
healthcare problems that is associated with 
high rates of in-hospital mortality and morbidi-
ty, regardless of advancements in current med-
ical treatment [21-23]. This situation warrants 
the development of an effective and safe treat-
ment for AKI/acute IR injury [17, 18, 20]. 

It is well known that histone modifications can 
cause the remodeling of chromatin that then 
mediates the activation/inactivation of gene 
expression. Histone methylation (HMT) is pre-
dominantly governed by the suv39h1 and G9a, 
which are permanent epigenetic markers [24-
26]. Previous studies have revealed that G9a is 
correlated with malignancies in several differ-
ent tumors [27-31]. In addition, in an animal 
model, ischemia-reperfusion has been shown 
to induce the upregulation of G9a and concomi-
tant H3K9me3 modification at the Sirt1 pro-
moter, which causes Sirt1 transcriptional sup-
pression [32]. Of interesting is that SIRT1 is 
well recognized to participate in the regulation 
of apoptosis, the inflammatory response, oxi- 
dative stress, energy metabolism, and other 

processes by regulating different pathways, 
playing a crucial role in anti-toxicological dam-
age as well as promoting the repair of DNA 
damage during replication [33-35]. BIX01294 
is one of the G9a histone methyltransferase 
(G9a HMTase) inhibitor, which displays over 
20-fold inhibition of G9a and specifically inhib-
its the enzyme activity of histone methyltrans-
ferase EHMT [36]. BIX01294 could also sup-
press cell proliferation and induce apoptosis in 
several different cancer types [29, 30, 36]. In 
contrast, suppression of G9a by BIX01294 
attenuates methylglyoxal-induced tissue fibro-
sis, reduces renal fibrosis [37, 38] and pro-
motes cardiac repair through generating large 
numbers of cardiac progenitor cells [39]. Our 
recent study also showed that inhibition of  
G9a markedly attenuated inflammation, oxida-
tive stress, and fibrosis and preserved heart 
function in the setting of acute myocardial in- 
farction in rats [40]. The aforementioned stud-
ies suggested that G9a plays different roles in 
different diseases and raised the hypothesis 
that inhibition of histone methyltransferase 
G9a might protect the kidney against IR injury 
[24-31, 37, 38, 40].

Therefore, this study focused on investigating 
whether the inhibition of G9a by BIX01294 
could effectively preserve renal function fo- 
llowing acute kidney ischemia-reperfusion (AK- 
IR) injury.

Materials and methods

Ethics statement

All animal experimental procedures were app- 
roved by the Institutional Animal Care and Use 
Committee at Kaohsiung Chang Gung Memo- 
rial Hospital (No. 2019091602) and were per-
formed in accordance with the Guide for the 
Care and Use of Laboratory Animals, 8th edition 
(NIH publication No. 85-23, National Academy 
Press, Washington, DC, USA, revised 2011). 
The animals were housed in an Association for 
Assessment and Accreditation of Laboratory 
Animal Care International-approved animal fa- 
cility at our hospital. 

Animal model of acute kidney IR injury and 
animal grouping

Adult male Sprague-Dawley (SD) rats weigh- 
ing 320-350 g (Charles River Technology, 
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BioLASCO, Taipei, Taiwan) were used in this 
study. The procedures of acute kidney IR were 
performed according to our previous published 
studies [17, 18]. Briefly, rats (n = 24) were cat-
egorized into three groups. In Group 1, the rats 
underwent laparotomy only (sham-operated 
control (SC); laparotomy only). In the other two 
groups (Group 2 (acute kidney IR injury, fol-
lowed by intraperitoneal administration of 1.0 
cc normal saline 3 h after the procedure) and 
Group 3 (acute kidney IR injury + BIX01294/5 
mg/kg by intraperitoneal administration at 3 h 
after the procedure)), the renal pedicles of the 
rats were clamped with non-traumatic vascular 
clips for 80 min, followed by reperfusion for 72 
h to induce acute IR injury in both kidneys. The 
rats were sacrificed and their kidneys were har-
vested for further experiments on day 3 after 
the acute kidney IR procedure. The purpose of 
BIX01294 administration at the time point of  
3 h after acute kidney IR injury was based on 
our daily clinical practice of AMI treatment, i.e., 
early reperfusion therapy and the fundamental 
concept of early treatment of any acute disease 
entity (i.e., early intervention) would offer the 
great benefit for the patients. 

Blood sampling

Blood samples were collected from rat tail 
veins at baseline and 72 h after the IR proce-
dure to measure circulating levels of creatinine 
and blood urea nitrogen (BUN). 

Collection of 24-h urine to determine the ratio 
of urine protein to urine creatinine at baseline 
and 72 h after acute kidney IR induction

The detailed procedures are described in our 
previous reports [18, 41]. Briefly, each rat was 
placed in a metabolic cage [DXL-D, space: 190 
× 290 × 550 mm3, Suzhou Fengshi Laboratory 
Animal Equipment, China] for 24 h. To deter-
mine the ratio of urine protein to creatinine, 
24-h urine samples were collected from all  
animals before and 72 h after acute kidney IR 
induction. 

A histopathological score of kidney injury at 72 
h after acute kidney IR induction 

The histopathological score for kidney injury 
was determined in a blinded fashion, as de- 
scribed in our previous studies [18, 41]. Briefly, 
left kidney specimens from all rats were fixed  

in 10% buffered formalin, embedded in paraf-
fin, sectioned at 4 µm, and stained with hema-
toxylin and eosin (H&E) for light microscopy. 
The kidney injury score [0 (none), 1 (≤ 10%), 2 
(11-25%), 3 (26-45%), 4 (46-75%), and 5 (≥ 
76%)] reflects the degree of tubular necrosis, 
loss of brush border, cast formation, and tubu-
lar dilatation.

Histological study of fibrosis

The procedures of fibrosis in kidneys were 
based on our previous studies [18, 41]. Briefly, 
we first prepared 4 μm thick serial sections of 
the kidney and then used Masson’s trichrome 
staining to study fibrosis in the kidney paren-
chyma. Thereafter, we used Image Tool 3 (IT3) 
image analysis software (Image Tool for Win- 
dows, Version 3.0, University of Texas, Health 
Science Center, San Antonio, ΤΧ, USA) to cal- 
culate and analyze the integrated area of fibro-
sis in each section. Renal fibrosis was quanti-
fied as described previously [18, 41]. 

Immunohistochemical and immunofluorescent 
studies

The procedures for immunohistochemical (IHC) 
and immunofluorescent (IF) experiments were 
similar to those used in our previous studies 
[18, 41]. Briefly, paraffin-embedded sections 
were deparaffinized, rehydrated, retrieved, tre- 
ated with hydrogen peroxide, incubated with 
primary and secondary antibodies, and finally 
incubated with the Envision system. According 
to the analytical and quantification methods 
used in our previous studies [18, 41], the per-
centage and score of positively stained cells in 
the kidneys were defined as follows: 0 = nega-
tive staining, 1 = < 15%, 2 = 15-25%, 3 = 
25-50%, 4 = 50-75%, and 5 = 76-100%.

Antibodies and reagents 

The primary and secondary antibodies used  
in this study were as follows: The antibodi- 
es against podocin, matrix metalloproteinase 
(MMP)-9, Snail, WT-1, p-Cadherin, and FSP-1 of 
synaptopodin were purchased from Santa Cruz 
Biotechnology Inc. (Dallas, TX, USA). Wilm’s 
tumour suppressor gene 1 (WT-1), Snail, nucle-
ar factor (NF)-κB, IL-6, oll-like receptor (TLR)-2, 
TLR-4, mitochondrial Bax, transforming grow- 
th factor (TGF)-ß, apoptosis signal-regulating 
kinase 1 (ASK1), TNF receptor associated fac-



Inhibition of G9a protects the kidney against IR injury

3686	 Am J Transl Res 2022;14(6):3683-3697

Figure 1. Blood levels of BUN and creatinine and the ratio of urine protein to urine creatinine at baseline and 72 
h after acute kidney IR procedure and kidney injury. A. Baseline levels of creatinine, P > 0.5. B. Baseline levels of 
blood urea nitrogen (BUN), P > 0.5. C. 72 h blood levels of creatinine, *P < 0.001 vs. other groups shown with dif-
ferent symbols (†, ‡). D. 72 h blood levels of BUN, *P < 0.001 vs. other groups shown with different symbols (†, ‡). 
E-G. H&E staining for identification of kidney injury score. Light microscopic findings (400×) showing significantly 
higher loss of brush border in renal tubules (yellow arrows), tubular necrosis (green arrows), tubular dilatation (red 
asterisk) protein cast formation (black asterisk), and dilatation of Bowman’s capsule (blue arrows) in IR group than 
that in other groups. H. Statistical results of kidney injury score, *P < 0.0001 vs. other groups shown with differ-
ent symbols (†, ‡). Scale bars in the right lower corner represent 20 µm. All statistical analyses were performed 
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, 
‡) indicate significance at 0.05 level. SC: sham-operated control; IR: ischemia reperfusion; G9a InH: inhibition of 
histone methyltransferase G9a, i.e., BIX01294.

tor 6 (TRAF6), IKB-α, IKB-ß, Jun N-terminal 
kinases (JNK), myeloid differentiation primary 
response 88 (MyD88), CD68, cyclophilin D, 
nuclear factor E2-related factor 2 (Nrf2), and 
SIRT1 were purchased from Abcam (Boston, 
MA, USA). Tumor necrosis factor (TNF)-α, in- 
terleukin (IL)-1 ß, cleaved caspase 3, cleaved 
poly (ADP-ribose) polymerase (c-PARP), phos-
phorylated (p)-Smad3, mitogen-activated pro-
tein kinase 4 (MKK4), LC3B-I, LC3B-II, and the 
anti-rabbit immunoglobulin IgG were purchas- 
ed from Cell Signaling (Beverly, MA, USA). 
ERK1/2, cytosolic cytochrome C, and mito-
chondrial cytochrome C were purchased from 
BD Biosciences (Billerica, MA, USA). NOX-1, 
NOX-2, and phosphorylated (p)-p38 were pur-
chased from Sigma (St. Louis, MO, USA). MMK7 
was purchased from Invitrogen. Kidney injury 
molecule (KIM)-1 was purchased from Novus 
(Centennial, CO, USA). Actin was purchased 
from Merck Ltd. (Taipei, Taiwan).

Western blot analysis

Immunoblotting was performed as previously 
described [18, 41]. Briefly, the protein extracts 
were loaded onto a sodium dodecyl sulfate-
polyacrylamide gel and transferred to nitrocel-
lulose membranes. The membranes were then 

incubated with primary and secondary antibod-
ies at room temperature. Finally, the signals 
were developed using an Amersham ECL Wes- 
tern Blotting Detection Kit (Cytiva, Chicago, IL, 
USA) and exposed to a Biomax L film (New  
York, USA). ECL signals were digitized using the 
Labwork software (Labworks LLC, Lehi, UT, 
USA) for quantification.

Statistical analysis

Quantitative data are expressed as mean ± SD. 
Statistical analysis was performed using ANOVA 
followed by the Bonferroni multiple-comparison 
post-hoc test. SAS statistical software (SAS 
Institute, Cary, NC, USA) was used for statistical 
analysis. Statistical significance was set at P < 
0.05.

Results

Time course of circulating levels of creatinine 
and BUN after acute kidney IR injury and kid-
ney injury score (Figure 1)

The baseline levels of creatinine and BUN did 
not differ between groups 1 (SC), 2 (IR), and 3 
(IR + BIX01294, a G9a inhibitor). However, 72 h 
after the acute kidney IR procedure, the circu-
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Figure 2. Histopathological finding of fibrosis and cellular kidney injury characteristics at 72 h after acute kidney IR 
injury. A-C. Illustration of the microscopic findings (200×) following Masson’s trichrome staining for the identifica-
tion of fibrotic area (blue color). Scale bars in the right lower corner represent 50 µm. D. Statistical results of fibrotic 
area, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). E-G. Illustration of the immunofluorescent 
microscopic findings (400×) for identification of expression of kidney injury molecule (KIM)-1 (green color). Scale 
bars in right lower corner represent 20 µm. H. Statistical results of KIM-1 score expression, *P < 0.0001 vs. other 
groups shown with different symbols (†, ‡). All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate significance at 0.05 
level. SC: sham-operated control; IR: ischemia reperfusion; G9a InH: inhibition of histone methyltransferase G9a, 
i.e., BIX01294.

lating levels of BUN and creatinine were signifi-
cantly higher in Group 2 than those in Groups 1 
and 3, and significantly higher in Group 3 than 
those in Group 1.

To elucidate whether the G9a inhibitor effec-
tively protected the integrity of the kidney 
parenchyma, microscopic analysis of H&E 
staining was performed. The results demon-
strated that the kidney injury score was signifi-
cantly higher in Group 2 than that in Group 1, 
which was significantly reversed in Group 3, 
suggesting that BIX01294 effectively protect- 
ed the integrity of the kidney parenchyma. 

The histopathological finding of fibrosis and 
cellular effects of kidney injury at 72 h after 
acute kidney IR injury (Figure 2)

To determine whether fibrosis develops within 
72 h after acute kidney injury, Masson’s tri-
chrome staining was performed. The results 
showed that the fibrotic area was significantly 
increased in Group 2 compared to that in 
Groups 1 and 3, and significantly increased in 
Group 3 compared to that in Group 1.

Thereafter, we examined the cellular expres-
sion of KIM-1, a typical biomarker of renal tubu-
lar injury, using immunofluorescence micros- 
copy. The results showed that this parameter 
exhibited an identical pattern of fibrosis in the 
three groups.

Identification of renal tubular and glomerular 
damage markers at 72 h after acute kidney IR 
injury (Figure 3)

We used the IHC staining to further examine 
whether the cellular levels of renal tubular and 
glomerular injury markers were upregulated in 
this study. The results showed that the expres-
sion of snail, predominantly in the tubular nu- 
clei, and the expression of WT-1, predominant- 
ly in podocytes, were significantly increased in 
Group 2 compared to Group 1, which was sig-
nificantly reversed in Group 3, suggesting that 
treatment with BIX01294 remarkably attenuat-
ed kidney tissue damage not only in the renal 
tubules but also in the glomerular ultrastru- 
cture.

Identification of podocyte component and in-
flammatory cell infiltration at 72 h after acute 
kidney IR injury (Figure 4)

We also used the IF staining to clarify whether 
synaptopodin, a component of the podocyte 
foot process, was preserved in the IR kidney 
undergoing G9a inhibitor treatment in this 
study. The results showed that synaptopodin 
was significantly lower in Group 2 than that in 
Groups 1 and 3, and significantly lower in Gr- 
oup 3 than that in Group 1. Additionally, the  
cellular expression of CD68, an indicator of 
inflammation, exhibited a pattern identical to 



Inhibition of G9a protects the kidney against IR injury

3688	 Am J Transl Res 2022;14(6):3683-3697

Figure 3. Microscopic findings for the identification of renal tubular and glomerular damage biomarkers at 72 h af-
ter acute kidney IR injury. A-C. Illustration of the immunohistochemical (IHC) microscopic findings (400×) regarding 
the expression of Snail (gray color). D. Statistical results of the fluorescent intensity of Snail, *P < 0.0001 vs. other 
groups shown with different symbols (†, ‡). E-G. Illustration of the IHC microscopic findings (400×) regarding the 
expression of Wilm’s tumor suppressor gene 1 (WT-1) (gray color). H. Statistical result of WT-1 expression score, *P 
< 0.0001 vs. other groups shown with different symbols (†, ‡). Scale bars in the right lower corner represent 20 µm. 
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test 
(n = 6 for each group). Symbols (*, †, ‡) indicate significance at 0.05 level. SC: sham-operated control; IR: ischemia 
reperfusion; G9a InH: inhibition of histone methyltransferase G9a, i.e., BIX01294.

Figure 4. Microscopic findings for the identification of podocyte component and inflammatory cell infiltration at 72 
h after acute kidney IR procedure. A-C. Illustration of immunofluorescent (IF) microscopic findings (400×) for the 
identification of synaptopodin in renal glomerulus (green color). D. Statistical results of the fluorescent intensity of 
synaptopodin staining, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). E-G. Illustration of the 
IF microscopic findings for the identification of cellular expression of CD68 (red color). H. Statistical results of the 
number of CD68 positively stained cells, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). Scale 
bars in right lower corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed by 
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate significance at 0.05 
level. SC: sham-operated control; IR: ischemia reperfusion; G9a InH: inhibition of histone methyltransferase G9a, 
i.e., BIX01294.

that of synaptopodin expression among the 
groups. 

BIX01294 treatment suppressed the ex-
pression of inflammatory signaling proteins 
upstream and downstream at 72 h after acute 
kidney IR injury (Figure 5)

To delineate whether G9a inhibitor treatment 
downregulates the upstream and downstream 

inflammatory signaling molecules, western blot 
analysis was performed. As expected, the pro-
tein expression levels of TLR-2, TLR-4, MyD88, 
TRAF6, and p-NF-κB, five indices of upstream 
inflammatory signaling, and the protein expr- 
ession levels of IL-1ß, IL-6, and TNF-α, three 
indices of downstream inflammatory signaling, 
were significantly higher in Group 2 than those 
in Groups 1 and 3, and significantly higher in 
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Figure 5. BIX01294 treatment suppressed the protein expressions of upstream and downstream signaling mol-
ecules at 72 h after acute kidney IR injury. A. Protein expression of toll-like receptor (TLR)-2, *P < 0.0001 vs. other 
groups shown with different symbols (†, ‡). B. Protein expression of TLR-4, *P < 0.0001 vs. other groups shown 
with different symbols (†, ‡). C. Protein expression of myeloid differentiation primary response 88 (MyD88), *P < 
0.0001 vs. other groups shown with different symbols (†, ‡). D. Protein expression of tumor necrosis factor (TNF) 
receptor-associated factor 6 (TRAF6), *P < 0.0001 vs. other groups shown with different symbols (†, ‡). E. Protein 
expression of phosphorylated nuclear factor (p-NF)-κB, *P < 0.0001 vs. other groups shown with different symbols 
(†, ‡). F. Protein expression of interleukin (IL)-1ß, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). 
G. Protein expression of IL-6, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). H. Protein expression 
of tumor necrosis factor (TNF)-α, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). I. Protein expres-
sion of IKB-α, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). J. Protein expression of IKB-ß, *P 
< 0.0001 vs. other groups shown with different symbols (†, ‡). All statistical analyses were performed by one-way 
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate 
significance at 0.05 level. SC: sham-operated control; IR: ischemia reperfusion; G9a InH: inhibition of histone meth-
yltransferase G9a, i.e., BIX01294.
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Figure 6. BIX01294 treatment attenuated the expression of apoptosis and fibrosis proteins at 72 h after acute 
kidney IR injury. A. Protein expression of mitochondrial (mito)-Bax, *P < 0.0001 vs. other groups shown with dif-
ferent symbols (†, ‡). B. Protein expression of cleaved caspase 3 (c-Casp3), *P < 0.0001 vs. other groups shown 
with different symbols (†, ‡). C. Protein expression of caspase 8 (Casp8), *P < 0.0001 vs. other groups shown with 
different symbols (†, ‡). D. Protein expression of cleaved poly (ADP-ribose) polymerase (c-PARP), *P < 0.0001 vs. 
other groups shown with different symbols (†, ‡). E. The ratio of Bcl-2 protein levels to those of Bax, *P < 0.0001 
vs. other groups shown with different symbols (†, ‡). F. Protein expression of Smad3, *P < 0.0001 vs. other groups 
shown with different symbols (†, ‡). G. Protein expression of transforming growth factor (TGF)-ß, *P < 0.0001 vs. 
other groups shown with different symbols (†, ‡). All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, †, ‡) indicate significance 
at 0.05 level. SC: sham-operated control; IR: ischemia reperfusion; G9a InH: inhibition of histone methyltransferase 
G9a, i.e., BIX01294.

Group 3 than those in Group 1. However, the 
protein expression levels of IKB-α and IKB-ß, 
two inhibitors of the transmission of the up- 
stream inflammatory signaling into the down-
stream inflammatory signaling, exhibited an 
opposite pattern among the three groups. 

BIX01294 treatment reduced expression of 
apoptosis and fibrosis related at 72 h after 
acute kidney IR injury (Figure 6)

To examine whether the Ga9 inhibitor would 
attenuate apoptotic, fibrotic, and autophagic 
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Figure 7. BIX01294 treatment restrained the oxidative stress, mitochondrial damage and autophagy at 72 h after 
acute kidney IR injury. A. Protein expression of NOX-1, *P < 0.0001 vs. other groups shown with different symbols 
(†, ‡). B. Protein expression of NOX-2, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). C. Protein 
expressions of cyclophilin D (cycD), *P < 0.0001 vs. other groups shown with different symbols (†, ‡). D. Protein 
expression of cytosolic cytochrome C (cyt-CytoC), *P < 0.0001 vs. other groups shown with different symbols (†, ‡). 
E. The ratio of the levels of LC3B-II to those of LC3B-I, *P < 0.0001 vs. other groups with different symbols (†, ‡). F. 
Protein expression of mitochondrial cytochrome C (mit-CytoC), *P < 0.0001 vs. other groups shown with different 
symbols (†, ‡). G. Protein expression of SIRT1, *P < 0.0001 vs. other groups with different symbols (†, ‡). H. Nuclear 
factor E2-related factor 2 (Nrf2), *P < 0.0001 vs. other groups with different symbols (†, ‡). All statistical analyses 
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). 
Symbols (*, †, ‡) indicate significance at 0.05 level. SC = sham-operated control; IR = ischemia reperfusion; G9a 
InH = inhibition of histone methyltransferase G9a, i.e., BIX01294.

biomarkers, western blot analysis was per-
formed. As expected, the expressions of mito-
chondrial Bax, cleaved caspase 3, caspase 8, 
and cleaved PARP proteins, four indicators of 
apoptosis, were significantly higher in Group 2 
than those in Groups 1 and 3, and significantly 
higher in Group 3 than those in Group 1. In con-
trast, the ratio of the levels of Bcl-2 to those of 
Bax, an inhibitor of cytochrome C release from 
the mitochondria to the cytosol, exhibited an 
opposite pattern of caspase 3 among the three 
groups.

Additionally, the expression of Smad3 and 
TGF-β proteins, two indicators of fibrosis, dis-
played an identical pattern of apoptosis among 
the three groups. 

BIX01294 treatment restrained oxidative 
stress, mitochondrial damage, and autophagy 
at 72 h after the acute kidney IR procedure 
(Figure 7)

The expression of NOX-1 and NOX-2 proteins, 
two indicators of oxidative stress, was signifi-
cantly higher in Group 2 than that in Groups 1 
and 3 and significantly higher in Group 3 than 
that in Group 1. Additionally, the expression of 
cyclophilin D and cytosolic cytochrome C pro-
teins, two indicators of mitochondrial damage, 
exhibited identical patterns of oxidative stress 
among the three groups. Additionally, the ratio 
of the expression levels of LC3B-II to those of 
LC3B-I, an indicator of autophagy, also exhi- 
bited an identical pattern of oxidative stress 
among the groups. In contrast, the expression 
of mitochondrial cytochrome C protein, an indi-
cator of mitochondrial integrity, displayed an 
opposite pattern of oxidative stress. Further- 
more, the protein expression of Nrf2 and SI- 
RT1, two cardinal proteins that protect the 
cells/tissues against oxidative stress [33], was 
significantly lower in group 2 than that in groups 

1 and 3 and significantly lower in group 3 than 
that in group 1, suggesting that BIX01294 
treatment could enhance the expression of 
antioxidant in kidney parenchyma through up- 
regulation of SIRT1.

BIX01294 treatment regulated the MAPK fam-
ily signaling at 72 h after acute kidney IR injury 
(Figure 8)

To examine whether MAPK family members 
were also upregulated in acute kidney IR injury 
and whether G9a inhibitor treatment downre- 
gulated the expression of MAPK family mem-
bers, western blot analysis was performed. The 
results demonstrated that the expression of 
ASK1, MMK4, MMK7, JNK, p-p38, and ERK1/2 
proteins, six members of the MAP kinase family 
that are involved in directing cellular responses 
to a diverse array of stimuli, was significantly 
increased in Group 2 compared to that in Group 
1, which was significantly reversed in Group 3, 
suggesting that G9a inhibitor treatment effec-
tively downregulated this signaling pathway. 

Discussion

This study, which investigated the therapeutic 
impact of a G9a inhibitor on protecting kidney 
architecture and functional integrity against 
acute kidney IR, yielded several striking results. 
First, at least two signaling pathways, the up- 
stream and downstream inflammatory signal-
ing pathway and the oxidative stress-mitogen 
activated protein kinase pathway, were identi-
fied to directly participate in kidney damage  
in acute kidney IR. Second, inhibition of G9a 
inhibitor effectively protected kidney architec-
ture and functional integrity, raising the possi-
bility for the future application of this approach 
in AKI/IR injury patients, especially those who 
are refractory to traditional management. 
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Figure 8. BIX01294 treatment regulated the MAPK family signaling at 72 h after acute kidney IR procedure. A. Pro-
tein expression of Apoptosis signal-regulating kinase 1 (ASK1), *P < 0.0001 vs. other groups shown with different 
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symbols (†, ‡). B. Protein expression of MMK4, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). C. 
Protein expression of MMK7, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). D. Protein expres-
sion of Jun N-terminal kinase (JNK), *P < 0.0001 vs. other groups shown with different symbols (†, ‡). E. Protein 
expression of phosphorylated (p)-p38, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). F. Protein 
expression of ERK1/2, *P < 0.0001 vs. other groups shown with different symbols (†, ‡). All statistical analyses 
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). 
Symbols (*, †, ‡) indicate significance at 0.05 level. SC: sham-operated control; IR: ischemia reperfusion; G9a InH: 
inhibition of histone methyltransferase G9a, i.e., BIX01294.

Figure 9. Schematic illustrating the underlying mechanisms of G9a inhibitor treatment in protecting the acute kidney 
injury against ischemia-reperfusion injury.

Interestingly, our recent study demonstrated 
that BIX01294, a histone methyltransferase 
G9a inhibitor, effectively protected the myocar-
dium and heart function in acute myocardial 
infarction in rodents [41]. The most important 
finding of the present study was that the kidney 
injury score (an anatomically pathological fea-
ture) was remarkably higher in IR animals than 
that in SC animals, which was remarkably re- 
versed in IR animals treated with BIX01294. 
Additionally, the circulating levels of BUN and 
creatinine along with the ratio of urine protein 
to urine creatinine (renal function parameters) 

were also substantially increased in IR animals 
compared to those in SC animals, which were 
substantially reversed in IR animals after re- 
ceiving BIX01294 treatment. Accordingly, our 
findings support the results of a recent study 
[40].

Abundant data have shown that etiologies 
[8-17] are multifactorial, but the underlying 
mechanisms are complicated in the setting of 
AKI/IR injury [17, 18, 41]. Additionally, evidence 
has revealed that organ ischemia and tissue 
necrosis frequently elicit inflammatory reac-
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tions and oxidative stress, which further con-
tribute to organ damage and cell death [17,  
18, 41-43]. An essential finding of the present 
study was that both upstream and downstream 
inflammatory signaling molecules were mark-
edly upregulated in IR animals (Figure 9). Addi- 
tionally, oxidative stress-MAPK family signaling 
was notably augmented in IR animals (Figure 
9). Our findings, in addition to being consistent 
with the findings of previous studies [17, 18, 
41-43], could fundamentally explain why renal 
function and architecture in IR animals were 
seriously damaged and why fibrosis, apoptosis, 
and mitochondria damage in the kidney were 
substantially enhanced in IR animals. Impor- 
tantly, the molecular and cellular changes as 
well as organelle and tissue perturbations were 
significantly reversed in IR animals treated with 
BIX01294.

Undoubtedly, the exact underlying mechanism 
of how the BIX01294 (i.e., G9a inhibitor) treat-
ment protects the kidney against IR injury could 
be most interesting for the readers. Although 
our recent study has also revealed that sup-
pressing the G9a expression could substan- 
tially ameliorate the inflammatory reaction and 
generation of oxidative stress in AMI rodent 
[40], what was the precise mechanism of such 
a treatment in protecting the heart organ was 
not clearly identified. Interestingly, recent study 
has revealed that Nrf2 and SIRT1, two cardinal 
antioxidant proteins that protect the cells/
tissues against oxidative stress [33] through 
regulating the NF-κB, suppress the toxic dam-
age process of toxicants by the downregulat- 
ing the inflammatory response and oxidative 
stress. Intriguingly, the result of the present 
study displayed that as compared to the IR ani-
mals the protein expressions of SIRT1 and Nrf2 
were remarkably upregulated in IR animals 
after receiving BIX01294 treatment. Perhaps, 
our finding and the findings from recent study 
[33] could more precisely explain why the 
BIX01294 therapy could promisingly protect 
the kidney against IR injury. Thus, based on the 
results of our study, we schematically propos- 
ed the underlying mechanism of the BIX01294 
therapy for attenuating the kidney injury in the 
setting of acute kidney IR in rat.

Conclusion

The results of the present study demonstrat- 
ed that BIX01294 effectively protected kidney 

architecture and renal functional integrity ag- 
ainst acute kidney IR injury in rodents. 
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