
Received:  2019.07.05
Accepted:  2019.11.05

Published:  2020.01.18

  3114      1      4      32

Romidepsin (FK228) in a Mouse Model of 
Lipopolysaccharide-Induced Acute Kidney Injury 
is Associated with Down-Regulation of the 
CYP2E1 Gene

	 ABCDEFG	 Shulin Cheng
	 ABCDEFG	 Tao Wu
	 BC	 Yugen Li
	 DF	 Jing Huang
	 BCD	 Tao Cai

	 Corresponding Author:	 Tao Wu, e-mail: wootaoo2010@163.com
	 Source of support:	 This study was supported by the Popularization Project of Health and Family Planning Commission of Sichuan (No. 18PJ456 and 

17PJ155)

	 Background:	 Romidepsin (FK228) or depsipeptide, is a selective inhibitor of histone deacetylase 1 (HDAC1) and HDAC2. This 
study aimed to investigate the effects and molecular mechanisms of romidepsin (FK228) in a mouse model of 
acute kidney injury (AKI) induced by lipopolysaccharide (LPS).

	 Material/Methods:	 The mouse model of AKI was developed by intraperitoneal injection of LPS. The mice were also treated intra-
peritoneally with romidepsin (FK228) six hours following injection of LPS. Markers of renal injury were mea-
sured, including blood urea nitrogen (BUN), serum creatinine (SCR), and serum cystatin C (Cys C) were mea-
sured. Histology and transmission electron microscopy were performed to evaluate tissue injury further. Levels 
of HDACs were detected by quantitative real-time polymerase chain reaction (qRT-PCR) and Western blot. Co-
immunoprecipitation (Co-IP) and chromatin immunoprecipitation (ChIP) assays were used to investigate the 
regulation of CYP2E1 expression.

	 Results:	 Treatment with romidepsin (FK228) significantly reduced the levels of BUN, SCR, and Cys C induced by LPS. 
Histology of the mouse kidneys showed that treatment with romidepsin (FK228) reduced the degree of renal 
injury. CYP2E1 significantly reduced following treatment with romidepsin (FK228) in the mouse model of AKI. 
Also, acetylation of H3 was upregulated following treatment with romidepsin (FK228), and binding of hepato-
cyte nuclear factor-1 alpha (HNF-1a) on the CYP2E1 promoter was significantly increased.

	 Conclusions:	 In a mouse model of LPS-induced AKI, treatment with romidepsin (FK228) downregulated the expression of 
CYP2E1 by inhibiting the binding if HNF-1a with the CYP2E1 promoter to reduce renal injury.
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Background

Acute kidney injury (AKI) is an important clinical condition that 
results in the loss of kidney function and has been investigat-
ed in epidemiologic, clinical, translational, and basic science re-
search studies. Worldwide, the incidence of AKI in hospitalized 
adult patients has been reported to be as high as 21.6%, with a 
mortality rate of approximately 23.9% [1,2]. Also, AKI is strong-
ly associated with accelerating chronic kidney disease (CKD) to 
end-stage renal disease (ESRD) [3,4]. However, improved meth-
ods of prevention and treatment of AKI remain to be identified.

Sepsis is a systemic inflammatory response caused by bacte-
rial infection, and is a common cause of AKI. Approximately 
40% of patients with severe sepsis and septic shock develop 
sepsis-associated AKI [5]. Lipopolysaccharide (LPS), a constit-
uent of the Gram-negative bacterial cell wall, is widely used 
in establishing rodent models of sepsis-associated AKI by in-
traperitoneal injection [6]. LPS that is released during sepsis is 
an important cause of AKI, and is involved in the pathogenesis 
of renal damage by inducing the release of pro-inflammato-
ry cytokines and increasing oxidative stress with the develop-
ment of reactive oxygen species (ROS) [7]. Therefore, the iden-
tification of drugs that suppress inflammation and oxidative 
stress might be potential treatments for sepsis-associated AKI.

Romidepsin (FK228) or depsipeptide, is a selective inhibitor 
of histone deacetylase 1 (HDAC1) and HDAC2, and is derived 
from the Gram-negative, facultative anaerobic coccobacillus, 
Chromobacterium violaceum [8]. Romidepsin (FK228) has sev-
eral biological and pharmacological activities against tumor 
cell growth [9], and inflammation [10], and also has antiviral 
properties [11]. In a mouse model of liver fibrosis, the admin-
istration of romidepsin (FK228) significantly reduced liver in-
jury and fibrosis by inhibiting the expression of alpha-smooth 
muscle actin (a-SMA) [12]. However, the effects of romidepsin 
(FK228) on AKI remain unknown.

Therefore, this study aimed to investigate the effects and mo-
lecular mechanisms of romidepsin (FK228) in a mouse model 
of AKI induced by LPS.

Material and Methods

Reagents and antibodies

Romidepsin (FK228) (S3020), was purchased from Shanghai 
Selleck Chemicals Co., Ltd. (Shanghai, China). Lipopolysaccharide 
(LPS) derived from Escherichia coli 055: B5 (L2637) was pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Antibodies to 
acetyl-histone H3 (4499) were purchased from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Anti-KIM-1 (AF1817) was 

purchased from R&D Systems (Chengdu, China). Antibodies 
to CYP2E1 (ab28146), HDAC1 (ab7028), HDAC2 (ab12169), 
HDAC3 (ab7030), hepatocyte nuclear factor-1 alpha (HNF-1a) 
(ab96777) and Nrf2 (ab62352) were purchased from Abcam 
(Cambridge, UK). Anti-GAPDH (TA-08) was purchased from 
ZSGB Biotechnology (Beijing, China).

The mouse model of lipopolysaccharide (LPS)-induced 
acute kidney injury (AKI)

Ten-week-old mice were housed with 12-hour light/dark cy-
cle, fed regular chow, and given water ad libitum. All animal 
procedures and care were carried out in accordance with the 
Institutional Animal Care and Use Committee (IACUC) of North 
Sichuan Medical College (approval number: NSMC-2017-0061), 
and followed national and international laws and policies on 
laboratory animal care. To assess the role of romidepsin (FK228) 
in AKI, the LPS-induced mouse model of AKI was established, 
as previously described [5]. LPS (10 mg/kg) was injected intra-
peritoneally into the mice, and the control mice were inject-
ed with an equivalent volume of normal saline. Romidepsin 
(FK228) (20 µg/kg) was injected intraperitoneally 6 h later. Then, 
24 hours after LPS administration, the mice were euthanized, 
and the kidney tissues were removed for further experiments.

Detection of indicators of renal function

Tail vein blood samples from each mouse were centrifuged to 
obtain the serum samples. Mouse urine was collected using 
diuresis metabolic cages [13]. Blood urea nitrogen (BUN) and 
serum creatinine (SCR) were measured using a 7600 Automatic 
Biochemical Analyzer (Hitachi Ltd., Tokyo, Japan). Serum cys-
tatin C (Cys C) (XY-SJH-XS1441) and kidney injury molecule-1 
(KIM-1) (XY-SJH-XS1225) ELISA kits were purchased from 
Xuanya Biotechnology Co., Ltd (Shanghai, China), and the lev-
els were detected according to the manufacturer’s instructions.

Kidney histology

The kidney tissues of the mice were sampled for histology. 
Samples were fixed with 10% neutral buffered formalin, de-
hydrated in ascending series of ethanol, cleared in xylene, em-
bedded in paraffin, and cut into slices. Slices underwent de-
waxing by xylene and graded ethanol, stained by hematoxylin 
for 10 minutes and eosin for 2 min. The slices were washed, 
dehydrated using graded ethanol, and then sealed with res-
in. Photomicrographs of the kidney histology were taken us-
ing an Olympus CX31 microscope (Olympus, Tokyo, Japan).

Transmission electron microscopy

Mouse kidney tissue was fixed in cacodylate buffer containing 
2% glutaraldehyde at 4°C, post-fixed in 1% osmium tetroxide, 
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and stained with 2% uranyl acetate. Samples were embedded 
in Poly/Bed® 812 Araldite resin (Polysciences Inc., Eppelheim, 
Germany), and were sectioned with an ultramicrotome to ob-
tain ultrathin sections at 100 nm in thickness. Transmission 
electron microscopy was performed and photography was un-
dertaken at a magnification of ×20,000 using a Tecnai 10 mi-
croscope (FEI Company, Eindhoven, the Netherlands).

Western blot

The mouse kidney tissues were lysed in RIPA buffer (Beyotime, 
Shanghai, China). The protein concentration was measured us-
ing a bicinchoninic acid (BCA) protein assay kit (CW Biotech Co. 
Ltd., Beijing, China), according to the manufacturer’s instruc-
tions. The samples were heated at between 98–100°C for 5 
min. 30 μg of total protein underwent sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and then trans-
ferred onto PVDF membranes. The membranes were blocked 
with 5% dried skimmed milk powder, and the blots were in-
cubated with primary antibodies overnight at 4°C. Antibodies 
to Ac-H3 (1: 1000), KIM-1 (1: 2000), CYP2E1 (1: 5000), HDAC1 
(1: 1000), HDAC2 (1: 1000), HDAC3 (1: 1000), HNF-1a (1: 2000), 
Nrf2 (1: 1000) and GAPDH (1: 5000) were used. After washing 
three times with TBS-Tween solution, the blots were incubated 
with horseradish peroxidase-conjugated secondary antibodies 
for 60 minutes at 20°C. An enhanced chemiluminescent (ECL) 
detection kit was used (GE Healthcare Life Sciences, Logan, 
UT, USA) to analyze the blots.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

All primers were designed using the OligoArchitect™ Online 
design tool (Sigma-Aldrich, St. Louis MO, USA) (www.oligoar-
chitect.com/LoginServlet) and synthesized by Huada Company 
(Shanghai, China) (Table 1). TRIzol reagent was used to isolate 
total RNAs, and reverse transcription was performed using an iS-
cript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). SYBRTM 
Green PCR Master Mix (Thermo Fisher Scientific, Waltham, 
MA, USA) and the Opticon® 2 System (Bio-Rad, Hercules, CA, 
USA) were used to perform qRT-PCR, according to the manu-
facturer’s instructions.

Immunoprecipitation

Kidney tissue lysates were prepared using RIPA buffer contain-
ing a phosphatase inhibitor and protease inhibitor cocktail. A 
Reversible Immunoprecipitation System kit (Merck Millipore, 
Burlington, MA, USA) was used, according to the manufactur-
er’s instructions.

Chromatin immunoprecipitation (ChIP) assay

A ChIP assay kit (17-611) (Merck Millipore, Burlington, MA, 
USA) was used to detect the transcription factors that bound 
with the CYP2E1 promoter, according to the manufacturer’s 
instructions. Briefly, mouse kidney tissues were collected, 
and DNA fragments (200–500 bp) were obtained using ultra-
sound disruption. Transcription factor binding profiles were 

Gene
Primer sequence Product size (bp)

Forward Reverse

HDAC1 5’-TGCTCAACTATGGTCTCTAC-3’ 5’-GTACTTGGTCATCTCCTCAG-3’ 77

HDAC2 5’-GACTCATAACTTGCTGCTAA-3’ 5’-ACTCATCGCTGTGGTATT-3’ 104

HDAC3 5’-GGTCTCTATAAGAAGATGAT-3’ 5’-GATGTAGTCCTCAGAATG-3’ 84

HDAC4 5’-TCTGAAGTCTGAGGAACAATG-3’ 5’-ACACTGTCACACCAATTCTC-3’ 118

HDAC5 5’-AAGGAGAAGAGCAAAGAG-3’ 5’-ACTTGGACAACAGGAATT-3’ 76

HDAC6 5’-AATCAGTGAGGTCATCCA-3’ 5’-AGCATTCTTCCTTGTCTTC-3’ 80

HDAC7 5’-CAAGAACTTCGGCAACTTC-3’ 5’-CTTCTGCTTGACCACACT-3’ 75

HDAC8 5’-CAAGTGTCTGAAGTATGTC-3’ 5’-GTGTTGGCAAGGTTATAG-3’ 78

HDAC9 5’-GAACATCACTCACTATTG-3’ 5’-AGAATCATCACCTAAGAG-3’ 81

HDAC10 5’-GATTCTGTGTCTCTTAGA-3’ 5’-TGAATGAGTACATCCAAT-3’ 102

GAPDH 5’-CGGAGTCAACGGATTTGGTCGTAT-3’ 5’-AGCCTTCTCCATGGTGGTGAAGAC-3’ 114

Nrf2 5’-AAGCAAGAAGCCAGATAC-3’ 5’-CACATCACAGTAGGAAGTT-3’ 101

Table 1. Quantitative real-time polymerase chain reaction (qRT-PCR)primers for different histone deacetylase (HDAC) mRNA.
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analyzed by the JASPAR 2018 open-access database [14]. An 
antibody against HNF-1a was used to immunoprecipitate with 
the sheared chromatin. The immunoprecipitation product was 
subjected to qRT-PCR using primers specific to the promot-
er. The primer pairs of the CYP2E1 promoter were as follows: 
Forward: 5’-GACAGGTGCCAGCAACCA-3’;
Reverse: 5-‘CCTCTACTCACCAATAACCGAC-3’.

Statistical analysis

Data were analyzed using SPSS version 13.0 software (IBM 
Corp., Armonk, NY, USA). Significant differences were calcu-
lated using t-tests or one-way analysis of variance (ANOVA) 
for paired samples. P<0.05 was regarded as significant, and 
P<0.01 was highly significant.
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Figure 1. �Class I histone deacetylases (HDACs) were upregulated in a mouse model of acute kidney injury (AKI) induced by 
lipopolysaccharide (LPS). (A) mRNA levels of different HDAC members in kidney tissue before and after LPS injection in 
the mouse model of AKI. (B) Protein levels of HDAC1, 2, and 3 in kidney tissue before and after LPS injection. The levels of 
different proteins were calculated as ratios compared with GAPDH. P<0.05 was considered to be statistically significant. 
* P<0.05, ** P<0.01 and *** P<0.001. N=10 mice in each group.
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Results

Expression and location of class I HDACs in the mouse 
model of lipopolysaccharide (LPS)-induced acute kidney 
injury (AKI)

Recent studies demonstrated that class I HDACs are required 
for kidney development and proliferation of embryonic proxi-
mal tubular cells [15]. However, the expression of HDACs also 
increased tissue injury. The LPS-induced mouse model of AKI 
was used to determine the levels of HDAC mRNA and protein 
in the kidney tissue. As shown in Figure 1A, quantitative real-
time polymerase chain reaction (qRT-PCR) showed that HDAC 
mRNA levels varied in AKI. HDAC1, 2, 3, 9, and 10 were sig-
nificantly upregulated in the AKI model when compared with 
the control mice, and the HDAC1 and 2 levels were the great-
est. HDAC7 and 8 were significantly downregulated. However, 
only HDAC1 and 2 proteins showed a two-fold upregulation, 
while HDAC3 was not upregulated when compared with the 
control mice (Figure 1B). These results indicated that selective 

inhibition of HDAC1 and 2 had a protective effect in the mouse 
model of AKI.

Romidepsin (FK228) improved kidney microstructure in 
the mouse model of LPS-induced AKI

LPS-induced AKI has previously been reported to be associ-
ated with renal microvascular hypoperfusion and tissue hy-
poxia [16]. In this study, in the mouse model of AKI, the de-
generation of renal tubular epithelial cells and shrinkage, 
vacuoles, cell swelling, necrosis, and cell loss were observed. 
Microvascular congestion was found in the glomerulus, and 
around the renal tubules, and renal interstitial inflammato-
ry cell infiltrates were present (Figure 2A, 2B, 2D, 2E, 2G, 2H). 
However, congestion in the glomerular microvasculature and 
swelling of the renal tubular cells were present in the LPS-
treated and romidepsin (FK228)-treated mice, but the degree 
of injury was less than that in the mouse model of LPS-induced 
AKI (Figure 2C). Transmission electron microscopy showed re-
nal tubular lumen occlusion with mitochondrial damage, but 
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Figure 2. �(A–I) Photomicrographs of the kidney histology and ultrastructure show the effects of treatment with romidepsin (FK228) 
in the mouse model of lipopolysaccharide (LPS)-induced acute kidney injury (AKI). In the mouse model of LPS-induced AKI, 
the kidney glomeruli and tubules show histopathological damage on hematoxylin and eosin (H&E) staining. Transmission 
electron microscopy shows structural damage to the renal tubules. The arrow indicates the sites of damage.
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treatment with romidepsin (FK228) significantly reduced re-
nal injury (Figure 2F, 2I).

Romidepsin (FK228) improved renal function in the mouse 
model of LPS-induced AKI

The levels of blood urea nitrogen (BUN), serum creatinine (SCR), 
and serum cystatin C (Cys C) were evaluated in the mouse 
model of LPS-induced AKI, and these serum markers signifi-
cantly increased in the 24 hours following LPS injection when 
compared with the control mice (P<0.05). The levels of BUN, 
SCR, and Cys C in mice treated with romidepsin (FK228) de-
creased with significant differences between the LPS-treated 
group and the LPS and romidepsin (FK228)-treated group 
(P<0.05), as shown in Figure 3A–3C. Also, the expression of 
kidney injury molecule-1 (KIM-1) in kidney tissue, which is a 
marker of tubular injury, was evaluated by Western blot and 
quantitative real-time polymerase chain reaction (qRT-PCR). 

Both Western blot and qRT-PCR showed that the expression of 
KIM-1 was significantly increased in the mouse model of LPS-
induced AKI when compared with the control mice (P<0.001). 
However, treatment with romidepsin (FK228) significantly re-
duced the expression of KIM-1 when compared with the LPS-
treated group (Figure 3D, 3E) (P<0.001). Finally, analysis of 
the mouse urine showed that when compared with the con-
trol mice, urine KIM-1 levels in the LPS-treated group were in-
creased by seven-fold, but there was only a 2.5-fold increase 
in the LPS and romidepsin (FK228)-treated group (Figure 3F).

Romidepsin (FK228) inhibited CYP2E1 transcription by 
blocking hepatocyte nuclear factor-1 alpha (HNF-1a) 
binding to its promoter

CYP2E1 and Nrf2 have previously been shown to have roles 
in the generation of reactive oxygen species (ROS), which 
are involved in sepsis-mediated AKI [17,18]. In this study, the 

100

75

50

25

0
Control LPS LPS+FK228

***
*

BU
N 

lev
els

 (n
g/

m
l)

10

8

6

4

2

0
Control LPS LPS+FK228

***
**

Re
lat

ive
 KI

M
-1

 m
RN

A l
ev

el

KIM-1

GAPDH

50

40

30

20

10

0
Control LPS LPS+FK228

Control LPS LPS+FK228

**
*

Ur
ine

 KI
M

-1
 le

ve
ls 

(n
g/

m
l)

4

3

2

1

0
Control LPS LPS+FK228

***
**

Sr
c l

ev
els

 (n
g/

m
l)

12

9

6

3

0
Control LPS LPS+FK228

*

NS

Cy
c C

 le
ve

ls 
(n

g/
m

l)

A

D

B

E

C

F

Figure 3. �Treatment with romidepsin (FK228) improved renal function in the mouse model of lipopolysaccharide (LPS)-induced acute 
kidney injury (AKI). (A) The blood urea nitrogen (BUN) level in different groups of mice (mg/dl). (B) The serum creatinine 
(SCR) level in different groups of mice (mg/dl). (C) The serum cystatin C (Cys C) level in different groups of mice (mg/L). 
(D) Quantitative real-time polymerase chain reaction (qRT-PCR) for KIM-1. (E) Western blot for kidney injury molecule-1 
(KIM-1). (F) Quantitation of renal KIM-1 expression. The level of KIM-1 was calculated as a ratio against GAPDH. The bar 
graphs represent the mean±SEM between each experimental group. P<0.05 was considered to be statistically significant. 
* P<0.05, ** P<0.01, and *** P<0.001. N=10 mice in each group.
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expression levels of kidney CYP2E1 and Nrf2 were determined 
by qRT-PCR and Western blot to evaluate the effects of treat-
ment with romidepsin (FK228). LPS administration resulted in 
the upregulation of the mRNA and protein levels of CYP2E1 and 
Nrf2 24 h, which supported the role of CYP2E1 in reducing ROS 
injury due to LPS. However, romidepsin (FK228) treatment re-
duced CYP2E1 levels without affecting Nrf2 expression, which 
indicated that romidepsin (FK228) reduced the LPS-induced 
ROS injury by inhibiting CYP2E1 expression (Figure 4A, 4B).

Levels of acetyl-histone H3 following treatment with 
romidepsin (FK228)

There was no significant difference in the acetylation lev-
el of the histone H3 between the control group and the 
LPS-treated group. However, romidepsin (FK228) treatment 

significantly increased the level of acetylated histone H3 
(Figure 4B). The transcription factor, hepatocyte nuclear fac-
tor-1 alpha (HNF-1a), has been previously shown to increase 
CYP2E1 expression [19,20]. Therefore, a co-immunoprecipita-
tion (Co-IP) assay was performed to evaluate whether HNF-1a 
directly binds to acetylated histone H3. The results showed that 
HNF-1a interacted with acetylated histone H3 and that this in-
teraction was enhanced by romidepsin (FK228). However, the 
protein level of HNF-1a was decreased following FK228 treat-
ment (Figure 4B, 4C). Also, a chromatin immunoprecipitation 
(ChIP) assay was performed to determine whether HNF-1a 
regulated CYP2E1 transcription. The results showed that ro-
midepsin (FK228) downregulated the binding level of HNF-1a 
to CYP2E1 promoter in kidney tissue after LPS treatment 
(Figure 4D). These results showed that in the mouse model 
of AKI, romidepsin (FK228) regulated the interaction between 
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Figure 4. �Treatment with romidepsin (FK228) downregulated CYP2E1 expression by inhibiting hepatocyte nuclear factor-1 alpha (HNF-
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HNF-1a by deacetylating histone H3 on the CYP2E1 promot-
er and reduced the levels of ROS in the mouse kidney tissue.

Discussion

The aim of this study was to investigate the effects of ro-
midepsin (FK228), a selective inhibitor of histone deacetylase 
1 (HDAC1) and HDAC2, and the molecular mechanisms of its 
action, in a mouse model of acute kidney injury (AKI) induced 
by lipopolysaccharide (LPS). The results showed that romidep-
sin (FK228) protected the mouse kidney from acute injury by 
downregulation of CYP2E1. The kidney is the site of metab-
olism of many drugs, and it is also vulnerable to toxic dam-
age. Impaired kidney function can result in the accumulation 
of metabolic endproducts in vivo.

AKI is a common and severe disease that can result in acute re-
nal failure. Serum markers of AKI include increased blood urea 
nitrogen (BUN) and increased serum creatinine (SCR) levels in 
more than 50% of cases [21]. The mechanism of AKI is a com-
plex process that includes renal cell apoptotic, necrosis, and in-
flammation, all of which may be new targets for potential ther-
apy [2]. However, the relationship between inflammation and 
oxidative stress on the adaptive response of AKI remains contro-
versial. This study analyzed the therapeutic effect of romidepsin 
(FK228) on LPS-mediated AKI in a mouse model. The findings 
showed that LPS-induced renal injury in mice was significant-
ly reduced by romidepsin (FK228), with a significant reduction 
in the levels of BUN, SCR, and serum cystatin C (Cys C) and kid-
ney tissue levels of hepatocyte nuclear factor-1 alpha (HNF-1a) 
and CYP2E1 in kidney tissue. Romidepsin (FK228) treatment also 
reduced acute renal injury by reducing the generation of ROS.

Histone deacetylase inhibitors have roles in reducing fibro-
sis, inflammation, oxidation in several diseases. Advani et al. 
showed that vorinostat, or suberoylanilide hydroxamic acid 
(SAHA), reduced kidney injury by reducing the levels of reac-
tive oxygen species (ROS) in mice with diabetes mellitus [22]. 
Li et al. and Van Beneden et al. showed that valproic acid (VPA) 
could effectively reduce the degree of renal injury in rats and 
mice in a model of renal fibrosis and renal hypertension and 
in a mouse model of adriamycin nephropathy treated with his-
tone deacetylase inhibitors [23,24]. Wang et al. showed that 
SAHA could prevent the formation of kidney stones and reduce 
the degree of renal damage by downregulation of osteopon-
tin and CD44 and reduced the levels of oxidative stress [25]. 
Both SAHA and VPA are broad-spectrum HDAC inhibitors, but 
they are limited as potential therapeutic agents due to unsta-
ble pharmacodynamics and their side effects [26].

Based on these previous studies, the present study investigat-
ed the effects of romidepsin (FK228), a class I HDAC-specific 

inhibitor, on renal injury in the mouse model of AKI. Romidepsin 
(FK228) is a histone deacetylase inhibitor, which can inhibit 
the deacetylation of both HDAC1 and 2 [8], and inhibits the 
proliferation of tumor cells by upregulating cyclin-dependent 
kinase inhibitor 1A [27]. In this study, the levels of blood urea 
nitrogen (BUN), serum creatinine (SCR), and kidney injury mol-
ecule-1 (KIM-1) in the urine of LPS-induced kidney injury mice 
were decreased after intraperitoneal injection of romidepsin 
(FK228), suggesting that romidepsin (FK228) has an inhibitory 
effect on kidney injury. Also, the levels of HNF-1a and CYP2E1 
in kidneys tissues were significantly decreased with the use of 
romidepsin (FK228), suggesting that romidepsin (FK228) may 
promote the repair of oxidative damage by regulating the acet-
ylation level of histone, thus promoting the metabolism of ro-
midepsin (FK228) toxicity.

CYP2E1 and Nrf2 are two key factors involved in response to 
oxidative damage and are specifically expressed in the liver 
and kidney [28]. CYP2E1 expression levels rise during drug in-
jury and are associated with an increase in the intracellular 
oxidative stress response. Wang et al. showed that inhibiting 
CYP2E1 expression reduced the degree of AKI by inhibiting 
the release of catalytic iron and the formation of ROS [29,30]. 
However, activation of Nrf2 has previously been shown to re-
duce oxidative stress and has a protective effect on the kidney 
in AKI [29,30]. The increased expression of CYP2E1 results in 
increased expression levels of Nrf2 protein and mRNA, which 
can be considered as a response to oxidative damage caused 
by CYP2E1 [31]. In the present study, during LPS-mediated AKI 
in the mouse model, the increase in CYP2E1 and Nrf2 protein 
levels indicated that the accumulation of intracellular ROS was 
increased and was associated with cell damage. Following treat-
ment with romidepsin (FK228), the mRNA and protein levels 
of CYP2E1 decreased significantly, but the levels of Nrf2 were 
not, and serum levels of indicators of renal function, including 
BUN and SCR, showed a downward trend. These findings indi-
cated that the therapeutic mechanism of romidepsin (FK228) 
on AKI in the mouse model might be achieved by down-regu-
lating the expression of CYP2E1, but not Nrf2.

Histone deacetylase usually does not bind DNA directly but 
changes the conformation of chromatin by forming a complex 
with transcription factors, or by regulating the deacetylation of 
histone lysine sites, thereby affecting the interaction between 
transcription factors and DNA [31]. Previous studies have re-
ported that histone regulation can affect the binding of HNF-
1 and HNF-3 beta to CYP2E1 promoter by altering acetylation 
levels, which control the expression of CYP2E1 [19,32]. In the 
present study, the histone deacetylase inhibitor, romidepsin 
(FK228), directly increased the level of acetylated histone H3 
in the mouse kidney tissue. The results of the co-immuno-
precipitation (Co-IP) assay showed that the acetylation level 
of H3 regulated the binding level of the transcription factor 
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hepatocyte nuclear factor-1 alpha (HNF-1a) to histone H3. 
The chromatin immunoprecipitation (ChIP) assay further con-
firmed that HNF-1a was the critical transcription factor regu-
lating CYP2E1, and the levels of acetylated histone H3 regulat-
ed its binding ability with CYP2E1 promoter. The findings from 
this study showed that in a mouse model of AKI, romidepsin 
(FK228) reduced kidney injury by increasing the binding abil-
ity of HNF-1a to the CYP2E1 promoter, and down-regulated 
the expression of CYP2E1 by upregulation of the acetylation 
level of histone H3 to inhibit the oxidative stress reaction in 
kidney tissue in a mouse model of LPS-induced AKI.

Conclusions

This study aimed to investigate the effects and molecular 
mechanisms of romidepsin (FK228), a selective inhibitor of 
histone deacetylase 1 (HDAC1) and HDAC2, in a mouse mod-
el of acute kidney injury (AKI) induced by lipopolysaccharide 
(LPS). The results showed that romidepsin (FK228) protected 
the mouse kidney from acute injury and that the mechanism 
involved downregulation of CYP2E1, which is a phase I tox-
ic metabolic protein. The findings from this study support the 
need for further studies on the mechanisms of HDAC inhib-
itors, including romidepsin (FK228), in the reduction of AKI.

Conflict of interest

None.

References:

	 1.	 Susantitaphong P, Cruz DN, Cerda J et al: World incidence of AKI: A meta-
analysis. Clin J Am Soc Nephrol, 2013; 8: 1482–93

	 2.	Molitoris BA: Therapeutic translation in acute kidney injury: The epitheli-
al/endothelial axis. J Clin Invest, 2014; 124: 2355–63

	 3.	Bedford M, Farmer C, Levin A et al: Acute kidney injury and CKD: Chicken 
or egg? Am J Kidney Dis, 2012; 59: 485–91

	 4.	 Ishani A, Xue JL, Himmelfarb J et al: Acute kidney injury increases risk of 
ESRD among elderly. J Am Soc Nephrol, 2009; 20: 223–28

	 5.	 Stoyanoff TR, Rodriguez JP, Todaro JS et al: Erythropoietin attenuates LPS-
induced microvascular damage in a murine model of septic acute kidney 
injury. Biomed Pharmacother, 2018; 107: 1046–55

	 6.	 Islam MS, Miao L, Yu H et al: Ethanol extract of Illicium henryi attenuates 
LPS-induced acute kidney injury in mice via regulating inflammation and 
oxidative stress. Nutrients, 2019; 11: E1412

	 7.	Chen Y, Jin S, Teng X et al:Hydrogen sulfide attenuates LPS-induced acute 
kidney injury by inhibiting inflammation and oxidative stress. Oxid Med 
Cell Longev, 2018; 2018: 6717212

	 8.	 Furumai R, Matsuyama A, Kobashi N et al: FK228 (depsipeptide) as a nat-
ural prodrug that inhibits class I histone deacetylases. Cancer Res, 2002; 
62: 4916–21

	 9.	Gaillard SL, Zahurak M, Sharma A et al: A phase 1 trial of the oral DNA 
methyltransferase inhibitor CC-486 and the histone deacetylase inhibitor 
romidepsin in advanced solid tumors. Cancer, 2019; 125: 2837–45

	10.	Cleophas MCP, Crişan TO, Klück V: Romidepsin suppresses monosodium 
urate crystal-induced cytokine production through upregulation of sup-
pressor of cytokine signaling 1 expression. Arthritis Res Ther, 2019; 21: 50

	11.	Winckelmann A, Barton K, Hiener B et al: Romidepsin-induced HIV-1 vire-
mia during effective antiretroviral therapy contains identical viral sequenc-
es with few deleterious mutations. AIDS, 2017; 31: 771–79

	12.	 Li M, Zhou H, Liu D et al: [Experimental study of romidepsin in reducing 
liver cirrhosis.] Journal of Chongqing Medical University, 2017; 42: 833–37 
[in Chinese]

	13.	 Liu T, Tang L, Tang H: Zika virus infection induces acute kidney injury through 
activating NLRP3 inflammasome via suppressing Bcl-2. Front Immunol, 2019; 
10: 1925

	14.	Khan A, Fornes O, Stigliani A et al: JASPAR 2018: Update of the open-ac-
cess database of transcription factor binding profiles and its web frame-
work. Nucleic Acids Res, 2018; 46: D260–66

	 15.	 Tang J, Yan Y, Zhao TC: Class I histone deacetylase activity is required for prolif-
eration of renal epithelial cells. Am J Physiol Renal Physiol, 2013; 305: F244–54

	16.	Stoyanoff TR, Rodríguez JP, Todaro JS: Erythropoietin attenuates LPS-
induced microvascular damage in a murine model of septic acute kidney 
injury. Biomed Pharmacother, 2018; 107: 1046–55

	17.	Dennis JM, Witting PK: Protective role for antioxidants in acute kidney dis-
ease. Nutrients, 2017; 9: E718

	18.	 Leung TM, Nieto N: CYP2E1 and oxidant stress in alcoholic and non-alco-
holic fatty liver disease. J Hepatol. 2013; 58: 395–98

	19.	Groll N, Petrikat T, Vetter S: Coordinate regulation of Cyp2e1 by b-catenin- 
and hepatocyte nuclear factor 1a-dependent signaling. Toxicology, 2016; 
350–52: 40–48

	20.	Matsunaga N, Ikeda M, Takiguchi T: The molecular mechanism regulating 
24-hour rhythm of CYP2E1 expression in the mouse liver. Hepatology, 2008; 
48: 240–51

	21.	 Xu X, Nie S, Liu Z et al: Epidemiology and clinical correlates of AKI in Chinese 
hospitalized adults. Clin J Am Soc Nephrol, 2015; 10: 1510–18

	22.	Advani A, Huang Q, Thai K et al: Long-term administration of the histone 
deacetylase inhibitor vorinostat attenuates renal injury in experimental 
diabetes through an endothelial nitric oxide synthase-dependent mecha-
nism. Am J Pathol, 2011; 178: 2205–14

	23.	Van Beneden K, Geers C, Pauwels M et al: Valproic acid attenuates protein-
uria and kidney injury. J Am Soc Nephrol, 2011; 22: 1863–75

	24.	 Li R, Liu H, Cao S et al: [Effect of sodium valproate on renal fibrosis and ex-
pression of histone deacetylase in renovascular hypertensive rats.] Chinese 
Journal of Clinic Pharmacology, 2013; 29: 834–36 [in Chinese]

	25.	Wang L, Zhan W, Peng Z et al: [Histone deacetylase inhibitors attenuate cal-
cium oxalate crystalline kidney injury in rats.] Chinese Journal of Integrated 
Chinese and Western Medicine Nephropathy, 2014; 15: 857–60 [in Chinese]

	26.	Damaskos C, Garmpis N, Karatzas T et al: Histone deacetylase (HDAC) in-
hibitors: Current evidence for therapeutic activities in pancreatic cancer. 
Anticancer Res, 2015; 35: 3129–35

	27.	 Zhou H, Cai Y, Liu D et al: Pharmacological or transcriptional inhibition of 
both HDAC1 and 2 leads to cell cycle blockage and apoptosis via p21(Waf1/
Cip1) and p19(INK4d) upregulation in hepatocellular carcinoma. Cell Prolif, 
2018; 51: e12447

	28.	 Porubsky PR, Meneely KM, Scott EE et al: Insights into the binding of in-
hibitors and both small molecular weight and fatty acid substrates. J Biol 
Chem, 2008; 283: 33698–707

	29.	Wang Z, Shah SV, Liu H et al: Inhibition of cytochrome P450 2E1 and ac-
tivation of transcription factor Nrf2 are renoprotective in myoglobinuric 
acute kidney injury. Kidney Int, 2014; 86: 338–49

	30.	 Gong P, Cederbaum AI: Nrf2 is increased by CYP2E1 in rodent liver and HepG2 
cells and protects against oxidative stress caused by CYP2E1. Hepatology, 
2006; 43: 144–53

	31.	Xia J, Zhou Y, Ji H et al: Loss of histone deacetylases 1 and 2 in hepatocytes 
impairs murine liver regeneration through Ki67 depletion. Hepatology, 2013; 
58: 2089–98

	32.	Cheng PY, Wang M, Morgan ET: Rapid transcriptional suppression of rat 
cytochrome P450 genes by endotoxin treatment and its inhibition by cur-
cumin. J Pharmacol Exp Ther, 2003; 307: 1205–12

e918528-9
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Cheng S. et al.: 
Romidepsin in LPS-induced AKI and CYP2E1
© Med Sci Monit, 2020; 26: e918528

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


