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ARTICLE INFO ABSTRACT

Keywords: Background: Sepsis is an inflammatory response undergoing the complicate pathophysiological changes for host
Sepsis defense against pathogens. Previous studies suggested that dexmedetomidine (DEX) was served to controlling

Renal failure the over-reactive inflammatory effects to protect from the sepsis-induced organ failure via modulating histone

E§§4 5 methylation. However, the genome-wide changes of histone methylations upon DEX for sepsis treatment were
me.

oorly explored.
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Materials and methods: The acute kidney injury (AKI) mouse model were induced by lipopolysaccharide (LPS).
DEX and KDM5 (H3K4 demethylases) inhibitors were used to add additionally. H3K4me3 antibody was used to
conduct the ChIP-seq assay in renal cortex tissues.

Results: We observed that the overall H3K4me3 levels were obviously declined in AKI group compared to the
normal control. We further observed that the therapeutic effect of DEX was basically equal with CPI-455 and
KDM5A-IN-1 but better than PBIT. The overall H3K4me3 level was reduced in AKI group compared to DEX
(p = 0.008), and KDM5A-IN-1 groups (p = 0.022). The H3K4me3 enrichment of the multiple genes associated
with inflammatory cytokines such as TNF-a, NOS2 and CCL2 increased in AKI model, but decreased upon DEX or
KDMS5A-IN-1 treatment. Consistently, transcription and protein levels of genes such as TLR4, MYD88, MTA1,
PTGS2, CASP3 associated with NF-kB signaling pathway were all compromising after treated with DEX or
KDM5A-IN-1 groups compared to AKI group.

Conclusion: Taken together, our data determined that DEX could attenuate AKI through KDM5A inhibition in
sepsis.

1. Background

Sepsis is an overwhelming systemic inflammatory response to bac-
terial invasion with 3% morbidity and 25% mortality rates as well as
80% mortality of the concurrent septic shock [1,2]. Sepsis-related
multi-organ failure remains the major cause of death in the intensive
care unit. Kidney is one of the most susceptible organs to damage
among sepsis patients, in whom more than 50% develop an acute
kidney injury (AKI) and the mortality rate can be as high as 60% [3,4].
The pathogenesis of septic AKI is complicate, including renal macro-
and micro-circulatory disturbance, over-reactive inflammatory, oxida-
tive stress, coagulation cascade activation, and imbalanced energy
metabolism [5].

Despite the increasingly deep understanding of these pathophysio-
logic processes, the septic AKI treatment is still beyond satisfaction.
Thus, exploring effective therapeutic approaches for septic AKI is ne-
cessary. Dexmedetomidine (DEX) as a highly selective a2-adrenor-
eceptor agonist [6], has been utilized as adjunctive therapy in patients
with sepsis through the pro-inflammatory response down-regulation
and the anti-inflammatory response controlling. Previous studies re-
vealed one of the rational for DEX was that DEX could inhibit histone
deacetylases (HDACs) such as HDAC2 and HDACS as well as maintain
histone stability [7,8], to modulate the chromatin structure and gene
transcription [9]. Furthermore, besides HDACs, histone demethylases
were also reported to play an important role in organ protection and
epigenetic control of inflammatory response in sepsis recently [10-13].
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However, whether could DEX affect histone demethylases, and how do
the genome-wide epigenetic changes happen upon DEX treatment in
sepsis are poorly explored.

In this study, we generate AKI mouse model induced by lipopoly-
saccharide (LPS) and additionally treated with DEX, CPI-455 (KDM5
inhibitor), KDM5A-IN-1 (KDMS5A inhibitor) and PBIT (KDMS5B in-
hibitor) respectively. We are trying to illustrate the regulatory relations
between DEX and histone demethylases. Our results may provide more
evidence for the epigenetic role of DEX in inflammatory control and
sepsis treatment.

2. Materials and methods
2.1. Animal study

All procedures were performed in accordance with standard
guidelines as described in the Guide for the Care and Use of Laboratory
Animals (US National Institutes of Health 85-23, revised 1996). All
animal protocols were agreed with the local Institutional Animal Care
and Use Committee of Shandong University. Male C57BL/6 mice (Age:
6-8 week, weight: 34.2 * 6.24 g, n = 30) purchased from SLAC
Laboratory Animal Company (Shanghai, China) were maintained at
60.0 = 10.0% humidity and 23.0 * 2.0 °C under pathogen-free
conditions. A standard diet and free drinking water were given for
adaptive feeding more than 2 weeks before the experiment. Animals
were randomly divided into 6 groups (5 mice in each group) including
normal control (NC), AKI model (AKI), treatment of DEX (AKI + D),
CPI-455 (KDMS5 inhibitor) (AKI + C), KDM5A-IN-1 (KDM5A inhibitor)
(AKI + K) and PBIT (KDM5B inhibitor) (AKI + P).

Initially, 25ug/kg DEX (Sinopharm Chemical Reagent Co., Ltd,
China) [8], 1pmol/kg CPI-455 (GLPBIO, USA) [14], 20pumol/kg
KDM5A-IN-1 (MedChem Express, USA) [15] and 30 pmol/kg PBIT
(Sigma, USA) [16] were intraperitoneally injected for 48 h in advance.
The procedure of septic AKI model establishment was described pre-
viously [17]. In brief, LPS (5 mg/kg) was intraperitoneally injected to
induce sepsis. An equal dose of PBS was administrated for the NC
group. After 24 h, the blood samples and kidney tissues were isolated
for the next experiments.

2.2. Enzyme linked immunosorbent assay (ELISA)

The levels of biochemical indicators in the serum were determined,
including creatinine, mouse TNF-a, IL-8, calcitonin, C-reactive protein
and endotoxin (Thermo, USA) in serum according to the manufacturer's
instructions.

2.3. Chromatin immunoprecipitation assay

The ChIP assay was performed as previously described [18]. In
brief, kidney tissues were removed capsule, and cut into small pieces in
cold PBS, and added RIPA buffer (0.5% SDS) on ice for 30 min, then
centrifuged at 13000 rpm for 15min. The supernatant was harvested
and treated by sonication to break genomic DNA into 200-500 bp. 10%
were stored as input and the rest of supernatant was quantified the
equal DNA concentration, then incubated with 1 pg IP grade antibodies
of H3K4me3 (Activemotif, USA) 4 °C overnight. Protein-A beads were
incubated next day at 4 °C for target protein pull down. The targeted or
input DNA were directly used for PCR detection or constructed library
for next generation sequencing. For ChIP-seq, template DNA was re-
paired to 3’-dA overhang and added the ligated adapter. The DNA li-
brary was eliminated the unligated adapters and selected the appro-
priate size for sequence using an Illumina Hiseq X Ten platform. The
raw sequence reads were eliminated adaptors and low quality reads
using Cutadapt and Trimmomatic [19], and checked the quality of
clean reads using Fastqc [20]. The clean reads were mapped to the
human genome (assembly hg38) using the Bowtie 2 algorithm [21].
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Peaks (p < 0.01) were called by MACS 2 [22], and analyzed the dif-
ferent binding domains (FDR < 0.05), and annotated by DiffBind [23].
Gene ontology (GO) Analysis was used to interpret the biological
function of the genes associated with differential peaks [24,25]. The
peaks on certain genomic loci were visualized by Integrative Genomics
Viewer (IGV). ChIP-seq data were deposited to ArrayExpress assigned
with the accession number E-MTAB-8133.

2.4. Real-time PCR

Real-time quantitative PCR method was employed to detect the
expression of target genes. Kidney tissues added 1ml Trizol were
squashed within liquid nitrogen, and 200 pl chloroform were added and
vortexed for 15s followed by 13000 rpm centrifuge at 4 °C. The upper
supernatant was transferred to a new tube and added the same volume
of isopropanol with 15 s vortex. The precipitation was washed by pure
and 75% ethanol, then dissolved in the appropriate volume of DEPC
water. First-Strand Synthesis System for reverse transcription (Thermo,
USA) was used to synthesize cDNA from 1.5 g total RNA according to
the oligo (dT) version of the protocol. Real-time PCR was performed
using CFX Fast real-time PCR system (Bio-Rad Laboratories, Inc., USA).
The following cycle parameters were used for all experiments: 30 s at
94 °C for pre-denaturation, 20 s at 94 °C, 30 sat 60 °C, and 30sat 72°C
for total 45 cycles. The relative levels of mRNA for each specific gene
were normalized to GAPDH. Supplementary Table 1 shows the se-
quences for all primer sets used in these experiments.

2.5. Western blotting

Kidney tissues removed capsule were cut into small pieces, and
treated with RIPA buffer (1% SDS) containing protease inhibitors.
Then, the lysate was subjected to SDS-PAGE and transferred to PVDF
membranes. The membrane was blocked with 5% fat-free milk in PBST
for 30 min, followed by incubation overnight at 4 °C with final dilutions
of primary antibodies against TNF-a, IL-8, histone H3, H3K4mel/2/3,
H3K9me3, KDM5A/B/C, NF-kB signaling pathway associated proteins
and GAPDH (CST, USA). After that, the membrane was washed 3 times
and then incubated with HRP-conjugated secondary antibodies. The
blotting bands were developed with ECL plus immunoblotting detection
reagents (Thermo, USA), and captured using Image J.

2.6. Statistical analysis

The experimental data were processed with SPSS 20 software. One
Way ANOVA was used for comparison of the difference among groups.
p value less than 0.05 was considered as statistical significance.

3. Results
3.1. The change of overall H3K4me3 in renal cortex cells responding to DEX

Initially, the AKI mice model were prepared by LPS induction, and
additionally treated with DEX, CPI-455, KDM5A-IN-1 or PBIT (treat-
ment condition referring to “Materials and Methods”). The elevated
inflammatory factors of TNF-a and IL-8 in serum and kidney of LPS
treatment were determined an apparent septic model, which was con-
sistent with the results of creatinine, calcitonin, C-reactive protein and
endotoxin in serum (Fig. 1A and B). Moreover, the alleviation of DEX on
effect of sepsis and kidney injury was observed, and the histone mod-
ification signals were determined a most pronounced change of
H3K4me3 among NC, AKI and AKI + D groups (please check the
grouping information in “Materials and Methods”) compared to
H3K4mel/2 and H3K9me3 (Fig. 1C). Thus, H3K4me3 associated de-
methylases were inhibited via CPI-455 (KDMS5 inhibitor), KDM5A-IN-1
(KDM5A inhibitor) and PBIT (KDM5B inhibitor) respectively to in-
vestigate the corresponding enzyme for H3K4me3 regulation. Although
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Fig. 1. The therapeutic effect of DEX on sepsis mediated AKI. The levels of the indicators including TNF-a, IL-8, creatinine, calcitonin, C-reaction protein and
endotoxin in serum of AKI model treated by DEX and KDM5 family inhibitors (A). The protein levels of TNF-a, IL-8 (B), H3K4mel/2/3 and the histone lysine 4
demethylases KDM5A/B/C/D (C) in each group of AKI model treated by DEX and KDM5 family inhibitors. Experiments are conducted in triplicates. “*” and “**”

represents p value less than 0.05 and 0.01 respectively.

the overall levels of H3K4me3 were all rescued in AKI + D, AKI + C,
AKI + K and AKI + P groups compared to AKI group, the groups of
AKI + D, AKI + C and AKI + K but not AKI + P showed a significantly
effective therapy, which indicated that the specific selective targets
regulated by KDM5A might contribute to AKI controlling. Taken to-
gether, the results above suggested that DEX attenuated sepsis-medi-
ated renal failure via KDM5A inhibitor.

3.2. The genomic distribution of H3K4me3 upon DEX treatment

Since the groups of AKI + D could achieve the similar effect of
AKI + Cand AKI + K, which inhibited KDM5A on sepsis induced AKI,
we questioned how KDM5A governed the H3K4me3 modification on
the targeted genes regulated by DEX. ChIP-seq was employed to in-
vestigate the genomic H3K4me3 pattern in renal cortex tissues upon the
treatment of DEX and KDM5A-IN-1. Approximately 103.7 M reads of
AKI, 102.5 M reads of AKI + D and 103.2 M reads of AKI + K
H3K4me3 sequencing data were produced respectively (Supplementary
Table 2). The peak of H3K4me3 majorly distributed in promoter re-
gions. We observed that the genomic enrichment of H3K4me3 was re-
markably declined in AKI group compared to in AKI + D (p = 0.037)
and AKI + K groups (p = 0.014) (Fig. 2A). Specifically, H3K4me3
enrichment of 4615 peaks (3964 genes) were up-regulated while 11958
peaks (5012 genes) were down-regulated in AKI + D (Fig. 2B) as well
as 5494 peaks (3313 genes) were up-regulated while 2475 peaks (2010
genes) were down-regulated in AKI + K compared to AKI group were
shown (Fig. 2C). The differential genes were intersected for the GO
analysis and found a total up-regulated 269 peaks (190 genes) and
down-regulated 805 peaks (598 genes) in AKI + D and AKI + K
compared to AKI. Variety of genes associated with differential peaks
such as MYD88, TLR4, NOS2, CASP3, PTGS2, TNF-a, CCL2, GSDMD
were observed with higher H3K4me3 enrichment in AKI + D and
AKI + K than AKI while ARPC2, GRTP1, YY1 and ZFP281 displayed a
reversed tendency of H3K4me3 (Fig. 2D, Supplementary Table 3).
These genes were studied gene ontology (GO) analysis and found that
NF-kB, MAPK signaling pathways as well as the functions of in-
flammatory response and multiple metabolic processes were observed
to be involved in DEX treatment (Fig. 2E). Taken together, our ChIP-seq
data determined a potentially epigenetic role of DEX in gene

transcriptional regulation against sepsis.

3.3. DEX-mediated inhibition of NF-kB to suppress KDM5A recruitment on
target genes

Finally, we questioned how DEX affected KDM5A in sepsis. Since we
noticed that NF-kB signaling pathway was related to DEX effect on AKI
remission by GO analysis, which was also supported by the previous
studies [26,27]. Thus, the protein levels of TLR4, MYD88, p-p65, p-IkBa
as well as the location of p65 were investigated, and we observed that
NF-kB pathway was activated in AKI group while suppressed in
AKI + D and AKI + K groups (Fig. 3A and B). The occupancy of p65
and KDM5A on multiple genes were reduced in AKI + D compared to
AKI group by ChIP-qPCR assay (Fig. 3C and D), which was also con-
sistent with the transcription tendency of these target genes (Fig. 3E). In
AKI + K group, the occupancy of p65 showed no significant difference
from AKI group, which suggested that NF-kB was an up-stream signal
for KDM5A regulation. Overall, our data determined that DEX could
inhibit NF-kB signaling pathway to affect KDM5A recruitment on
genomic DNA for protection from AKI in sepsis.

4. Discussion

As a type of ay-adrenergic receptor agonist, DEX is determined to
play a role in anxiolytic, sedative, and pain killing effects. Moreover,
through the activation of o, nicotinic acetylcholine receptor receptors
(nAChR), DEX can restrain the expression of cytokines, thereby inhibits
inflammation and oxidative stress, rendering it beneficial effect on the
systemic reaction of sepsis and multiple organ failure [28]. DEX can
suppress a variety of signaling pathways, such as nAChR [6], GSK-33/
Nrf2 [29], TLR4/MyD88/NF-kB/iNOS [26], RAGE [30]. Once the ge-
netic transcription activity triggered by these pathways, the con-
comitant epigenetic change, however is less investigated. Previous
studies determined that DEX could increase acetylation through HDAC
inhibition [7,31-33]. Similar with histone acetylation, H3K4me3, as
another hallmark of transcription activation, was reported to play a
synergy with acetylation at the same amino acid of histone 3 [34]. Since
DEX could affect histone acetylation accumulation, however, how DEX
regulated other epigenetic modifications was unknown. Thus, the
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Fig. 2. The genomic enrichment of H3K4me3 in renal cortex tissues treated by DEX. The heatmap representation of H3K4me3 at all annotated gene promoters
in renal cortex tissues of AKI, AKI + D and AKI + K models determined by ChIP-seq. Average enrichment measured by log2 (peak p values) in 200-bp bins is shown
within genomic regions covering 3 kb up- and downstream of TSSs (A). The volcano representation of the different peaks compared between AKI and AKI + D (B) or
AKI + K (C). Each brown spot mean a significantly different peak, while blue spot mean the peaks without statistical significance. Examples of the H3K4me3
enrichment patterns of eight genes including MYD88, TLR4, NOS2, CASP3, PTGS2, TNF-a, CCL2 and GSDMD in AKI (red), AKI + D (yellow) and AKI + K (purple)
models. ChIP-seq data are shown in reads per million with the y-axis floor set to 0.5 reads per million. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

genome-wide pattern of H3K4me3 was our goal to be investigated in
DEX treated sepsis model in this study.

In our study, we observe that H3K4me3 but not H3K4mel/2 was
obviously rescued by DEX treatment (Fig. 1C), which indicates that
H3K4me3 strongly links with the effect of DEX for transcriptional
regulation. Because H3K4ac is considered overlapping with H3K4me3
at promoters while H3K4me1l/2 typically enrich along coding regions
[33], and since histone acetylation is apparently affected by DEX, it is
reasonable that H3K4me3 will also responds to DEX treatment. It is
interesting that H3K4mel/2 have no change upon DEX treatment. We
speculated that first, DEX mainly facilitates promoter regions activation
to regulate gene transcription, but not functions on coding regions of
certain genes, secondly, except for H3K4mel only catalyzed by KDM5B,
H3K4me2/3 can be all regulated by KDM5A-D [35], and the enzymes
associated with H3K4mel/2 such as KDM5B/C/D may be not the tar-
gets of DEX. To figure out which histone demethylases contribute to
H3K4me3 metabolism in this sepsis model treated by DEX,
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KDMS5A-IN-1 is observed to substantially achieve the similar effect of
DEX compared to other inhibitors although we fail to find the com-
mercial inhibitors for each KDM5 family enzyme (Fig. 1C). For the
moment, KDM5A rather than KDM5B/C/D is speculated as a putative
enzyme affected by DEX, which may have the special target genes for
inflammation and oxidative stress controlling.

Our ChIP-seq data show the patterns of genome-wide H3K4me3 of
kidney tissues across DEX treatment in sepsis model. We find that the
genes associated with the function on inflammation and NF-xB sig-
naling pathway display a variational H3K4me3 enrichment (Fig. 2D
and E). DEX and KDM5A-IN-1 can both enhance H3K4me3 enrichment
at the similar clusters of target genes (Fig. 2D), which further de-
termined that KDM5A is an important enzyme to regulate H3K4me3
responding upon sepsis. Finally, combined with multiple previous stu-
dies [36,37], DEX is determined to suppress NF-kB signaling pathway
(Fig. 3A and B). However, unexpectedly we observe that the genomic
binding of p65 protein overlap with KDM5A on most of the target genes
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Fig. 3. The activity of NF-kB signaling pathway regulated by DEX. The protein expression of TLR4/MyD88/NF-kB in renal cortex tissues of AKI model treated by
DEX and KDM5A inhibitor (A). The location of phosphorylated p65 in glomerulus of AKI model treated by DEX and KDM5A inhibitor (B). The occupancy of p65 (C),
KDM5A (D) and the mRNA levels (E) of the targeted genes including MCP1, GSDMD, MTA1, MPO, ICAM-1, CASP3 and NOS2 in renal cortex tissues of AKI model
treated by DEX and KDM5A inhibitor. The yellow arrows mark the enriched phosphorylated p65. Experiments are conducted in triplicates. “*” and * represents p
value less than 0.05 and 0.01 respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Gk



Y. Liu, et al.

affected by DEX (Fig. 3C). We speculate that the inactivated NF-xB
pathway decrease the phosphorylated p65 entry into nucleus, and affect
the recruitment of KDM5A to the target genes for H3K4me3 modula-

tion.
Taken together, our results determine that DEX can effectively at-

tenuate renal failure from sepsis via NF-kB mediated KDM5A inhibition.
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