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Abstract Hepatic ischemia/reperfusion injury (HIRI) is a serious complication that occurs following

shock and/or liver surgery. Gut microbiota and their metabolites are key upstream modulators of devel-

opment of liver injury. Herein, we investigated the potential contribution of gut microbes to HIRI.

Ischemia/reperfusion surgery was performed to establish a murine model of HIRI. 16S rRNA gene

sequencing and metabolomics were used for microbial analysis. Transcriptomics and proteomics analysis

were employed to study the host cell responses. Our results establish HIRI was significantly increased

when surgery occurred in the evening (ZT12, 20:00) when compared with the morning (ZT0, 08:00);

however, antibiotic pretreatment reduced this diurnal variation. The abundance of a microbial metabolite
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3,4-dihydroxyphenylpropionic acid was significantly higher in ZT0 when compared with ZT12 in the gut

and this compound significantly protected mice against HIRI. Furthermore, 3,4-dihydroxyphenylpropio-

nic acid suppressed the macrophage pro-inflammatory response in vivo and in vitro. This metabolite in-

hibits histone deacetylase activity by reducing its phosphorylation. Histone deacetylase inhibition

suppressed macrophage pro-inflammatory activation and diminished the diurnal variation of HIRI. Our

findings revealed a novel protective microbial metabolite against HIRI in mice. The potential underlying

mechanism was at least in part, via 3,4-dihydroxyphenylpropionic acid-dependent immune regulation and

histone deacetylase (HDAC) inhibition in macrophages.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatic ischemia/reperfusion injury (HIRI) is an important path-
ophysiologic cause of liver injury. It commonly occurs after liver
surgery, such as liver transplantation and partial hepatectomy1.
HIRI is a common cause for organ damage and potentially results
in organ failure2,3. The pathogenesis of HIRI is complex; however,
it generally comprises two stages. First, abnormal metabolic stress
due to blood flow restriction leads to accumulation of an excess of
reactive oxygen species (ROS) upon reperfusion, which directly
damage hepatocytes, causing initial cytotoxicity. Second, injured
liver cells trigger innate immune activation and amplify organ
damage via pro-inflammatory responses4e7. Macrophages are the
dominant immune cells that drive inflammation during HIRI8e10.
This injury is recognized as a major complication in liver surgery;
however, limited interventions have been developed to date.

Many hepatic physiologic activities and injury phenomena
exhibit diurnal variation. For example, acetaminophen-induced
hepatotoxicity is markedly increased at night when compared with
the morning in mice11. In addition, hepatic bile acid metabolism
displays rhythmic oscillation12,13. This variation is modulated by
various factors, in which gut microbiota plays a key role14,15.
Previously, we have reported that the intestinal microbial metab-
olite, 1-phenyl-1,2-propanedione, which depletes hepatic gluta-
thione, participates in the regulation of diurnal variation of
acetaminophen-induced acute liver injury16. In addition, gut mi-
crobial compositional and functional changes influences fatty liver
progression17e19. However, whether HIRI exhibits diurnal varia-
tion and is related to gut microbiota remains unknown. In the
present study, we showed that HIRI exhibited diurnal variation
and identified a novel protective microbial metabolite. Hence, we
found a direct association between gut microbiota and the diurnal
variation of HIRI. Our findings enhance our understanding of the
key modulatory effects of gut microbiota on liver
pathophysiology.

2. Materials and methods

2.1. Experimental animals

Male C57BL/6J mice, aged 8e10 weeks (weight, 23e26 g), were
housed in a temperature-controlled environment (22 � 2 �C)
under standard 12 h light/dark conditions (08:00, light on; 20:00,
light off). All mice received food and water ad libitum. All animal
procedures were approved by the Ethics Committee on the Care
and Use of Laboratory Animals in Southern Medical University
(Guangzhou, China).
Mice underwent 70% warm hepatic ischemia/reperfusion (I/R)
surgery at ZT0 (08:00) or ZT12 (20:00). After mice were
anesthetized, the blood supply to the left and median hepatic lobes
was blocked with artery clamps. After 90 min of ischemia, the
clamp was removed for 6, 12, 24, or 48 h of reperfusion.
Following this, the mice were euthanized and the serum and tis-
sues were collected for further analysis. For antibiotic (ABX)
treatment, mice were administered neomycin sulfate (200 mg/kg),
metronidazole (200 mg/kg), ampicillin (200 mg/kg), and
vancomycin (100 mg/kg) by oral gavage once daily for 4 days.
For 3,4-dihydroxyphenylpropionic acid (3,4-DHPPA) treatment,
mice were administered 100 mg/kg 3,4-DHPPA (Macklin,
Shanghai, China) by oral gavage once a day for 3 days.
Control mice received the equivalent volume of ddH2O. Sub-
eroylanilide hydroxamic acid (SAHA; 25 mg/kg; Aladdin,
Shanghai, China) was intraperitoneally administered 30 min
before HIRI. The 150 mL clodronate liposomes (LIPOSOMA,
AMS, Netherland) were injected into mice 24 h before HIRI via
the tail vein.

2.2. Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) was performed as
described previously20. Briefly, C57BL/6J mice (8- to 10-week-
old male) were administered with ABX via oral gavage once a
day for 4 days to eliminate the gut microbiota. Donor mice
feces from the ZT0 and ZT12 groups were collected and resus-
pended in phosphate buffered saline (PBS) to a concentration of
0.125 g/mL. This suspension was administered to mice via oral
gavage (0.15 mL) daily for 3 days. After 3 days, at ZT12, mice
were underwent hepatic I/R surgery and euthanized for further
analysis.

2.3. Hematoxylin and Eosin (HE) staining

The 4% paraformaldehyde was used to fix the mice liver speci-
mens, and then specimens were embedded in paraffin blocks after
dehydration. Next, blocks were sectioned (4 mm) and stained using
a standard HE protocol. The staining was scanned on each slide
and the degree of liver damage was graded using the Suzuki score
system21. According to the Suzuki score system, the histological
injury score of each sample was the sum of the individual scores
given for 3 different parameters: congestion (none Z 0,
minimal Z 1, mild Z 2, moderate Z 3, severe Z 4), vacuoli-
zation (none Z 0, minimal Z 1, mild Z 2, moderate Z 3,
severe Z 4), and necrosis (none Z 0, single cell necrosis Z 1,
<30% Z 2, 30%e60% Z 3, >60% Z 4). Scores for each
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parameter ranged from 0 to 4, with a maximum possible score
of 12.

2.4. Targeted metabolomic analysis

Mice feces at ZT0 and ZT12 were collected and homogenized
with water. Acetonitrile/methanol (80:20, v/v) was used for
metabolites extraction, and the samples were centrifuged for
20 min at 18,000 �g. Next, the supernatant was examined via
ultra-pressure liquid chromatography coupled to tandem mass
spectrometry (UPLCeMS/MS) system (ACQUITY UPLC-Xevo
TQ-S, Waters Corp., Milford, MA, USA) to quantify the mi-
crobial metabolites. ACQUITY UPLC BEH C18 1.7 mm
VanGuard pre-columns (2.1 mm � 5 mm) and ACQUITY UPLC
BEH C18 1.7 mm analytical columns (2.1 mm � 100 mm) were
used for analysis. The column temperature was 40 �C. The flow
rate was 0.4 mL/min; mobile phase A Z water with 0.1% formic
acid; and mobile phase B Z acetonitrile/isopropyl alcohol
(90:10, v/v). The analysis was conducted as follows: 0e1 min
(5% B), 1e12 min (5%e80% B), 12e15 min (80%e95% B),
15e16 min (95%e100% B), 16e18 min (100% B), 18e20 min
(100%e5% B). The raw data files were analyzed by QuanMET
(v2.0; Metabo-Profile, Shanghai, China) to identify and quantify
the metabolite.

2.5. Bacterial composition analysis

Mice feces at ZT0 and ZT12 were homogenized and resus-
pended in PBS containing 0.5% Tween-20 followed by three
cycles of 80 �C/60 �C to damage the bacterial membrane. DNA
was extracted as described previously22. DNA (5 ng/mL) was
used for quantitative real-time polymerase chain reaction (qRT-
PCR). For microbial diversity analysis, the 16S rRNA gene V4
region was amplified and sequenced by using the Illumina
sequencing platform. The raw sequences were quality-controlled
using QIIME (1.9.1). QIIME is an open-source project, devel-
oped primarily in the Knight and Caporaso labs. Next, they were
demultiplexed and clustered into species-level (97% similarity)
operational taxonomic units. Principal component, alpha di-
versity, and beta diversity analyses were performed by using
QIIME.

2.6. 3,4-DHPPA analysis

The 3,4-DHPPA levels in mice samples were detected by liquid
chromatography-tandem mass spectrometry (LCeMS/MS) sys-
tem. For liver samples, 9-fold w/v of water was added to the liver
samples followed by ultrasonic extraction for 10 min. Next, the
homogenate was centrifuged at 13,000 �g for 10 min at 4 �C after
adding methanol. The supernatant was dried under nitrogen and
re-dissolved into the mobile phase for analysis. Chromatographic
separation of samples was conducted on a Prelude SPLC™ system
(Thermo Fisher Scientific, Waltham, MA, USA). The Thermo
TSQ Vantage triple quadrupole mass spectrometer was used for
detection. The chromatographic column was Amide (Waters
Corp., Milford, MA, USA), 2.1 mm � 100 mm, 1.7 mm; with a
column temperature of 40 �C. The flow rate was 0.3 mL/min;
mobile phase A Z 50 mmol/L ammonium formate with 0.2%
formic acid and mobile phase B Z acetonitrile. The gradient
elution was performed according to the following procedure:
0e0.5 min, 5% A and 95% B; 0.5e2.5 min, 50% A and 50% B;
2.5e4.0 min, 50% A and 50% B; and 4.0e5.5 min, 5% A and
95% B. Data acquisition and analysis were performed using
TraceFinder™ (version 3.3 sp1; Thermo Fisher Scientific).

2.7. Cell culture

Bone marrow-derived macrophages (BMDMs) were isolated from
the femurs of mice and cultured in DMEM supplemented with 1%
penicillin-streptomycin, 10% fetal bovine serum (FBS) and
20 ng/mL macrophage colony-stimulating factor (M-CSF, R&D
Systems, Minneapolis, MN, USA). BMDMs were incubated at
37 �C with 5% CO2 and matured after 7 days. RAW264.7 cells
were cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin. Cultures were incubated at 37 �C with 5%
CO2. The lipopolysaccharides (LPS; 100 ng/mL; Merck, NJ,
USA) was incubated with BMDMs or RAW264.7 for 6 h to
simulate an inflammatory response. The 20 mmol/L 3,4-DHPPA,
20 mmol/L 4,5,6,7-tetrabromobenzotriazole (TBB, Aladdin),
5 mmol/L SAHA, or 5 mmol/L trichostatin A (TSA, Aladdin) was
used to treat cells in subsequent experiments.

2.8. Transcriptome analysis

Hepatic RNA was extracted from HIRI mice using the TRIzol
extraction method, according to manufacturer’s instructions. RNA
concentration and purity was measured using the NanoDrop
Spectrophotometer (Thermo Fisher Scientific) and Labchip GX
Touch HT Nucleic Acid Analyzer (PerkinElmer, USA). Following
this, the mRNAwas enriched with oligo (dT) beads. According to
the manufacturer’s protocol, RNA sequencing libraries were
generated using the KAPA Stranded RNA-Seq Kit for Illumina
with multiplexing primers. Next, sequencing was performed on
the Illumina Nova sequencer (Bioacme Biological Technologies
Corporation, Wuhan, China). The gene ontology (GO) enrichment
analysis of differentially expressed genes (DEGs) was imple-
mented using the GOseq R package and GO terms. The genes with
a P value < 0.05 and a fold change (FC) > 1.5 when compared
between groups were considered as DEGs.

2.9. Proteomic LCeMS/MS

The 100 mg of total protein from individual samples was prepared.
The protein samples were digested into peptides as previously
described23. Briefly, dithiothreitol was added to samples to a final
concentration of 10 mmol/L for reducing the proteins at 56 �C for
30 min. Then a final concentration of 20 mmol/L iodoacetamide
was added and incubated for 30 min at room temperature without
light expose. To decrease the urea concentration below 1 mol/L,
samples were diluted in 100 mmol/L NH4HCO3. Lastly, MS grade
trypsin (trypsin:protein Z 1:50) was added to samples for over-
night digestion at 37 �C (Promega, Madison, WI, USA). The
digested peptides were loaded on the C18 column and bounded
peptides were eluted with step gradient of 80 mL of 6%, 9%, 12%,
15%, 18%, 21%, 25%, 30%, and 35% acetonitrile (pH Z 10) and
combined into 3 pools [(1) 6% eluent combined with 15%, 25%
eluent; (2) 9% plus 18%, 30%; (3) 12% plus 21%, 35%] and
vacuum-dried for LCeMS/MS. Based on an Orbitrap Fusion
(Thermo Fisher Scientific) mass spectrometer interfaced with an
Easy-nLC 1000 nanoflow liquid chromatography system (Thermo
Fisher Scientific), peptide mixtures were analyzed. The data-
dependent acquisition (DDA) with full scans (m/z 300e1400)
was performed.
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Raw data were searched against the mouse reviewed uniprot
protein database (https://www.uniprot.org/uniprot/?
queryZreviewed:yes%20taxonomy:10090) with Proteome
Discoverer (Thermo Fisher Scientific, version 2.2). Carbamido-
methylation of cysteine was set as fixed modifications while var-
iable modifications were N-terminal protein acetylation and
methionine oxidation. The data were also searched against a decoy
database so that protein identifications were accepted at a false
discovery rate of 1%. The identified proteins with a FC > 1.2 and
a P value < 0.05 when compared between groups were considered
as differentially expressed proteins (DEPs).

2.10. SPRi experiment

The PlexArray� HT surface plasmon resonance imaging platform
(SPRi) was used for testing the binding affinity of 3,4-DHPPA
with HDAC proteins, and SAHA was used as a positive control.
The sensors were fixed on 0.5 mg/mL HDAC1, HDAC3,
and HDAC5 (Abnova, Jhongli, Taiwan, China) in acetate acid
buffer, pH 5.5. Next, these were activated with different concen-
trations of 3,4-DHPPA and SAHA (0.25, 0.5, and 1 mmol/L) in
PBS. 3,4-DHPPA and SAHAwere in the mobile phases at a rate of
30 mmol/L/min for 120 s. The data was obtained and analyzed
with PlexArray� HT specialized software (Plexera Bioscience,
Seattle, WA, USA).

2.11. Phosphoproteomics LCeMS/MS

Two milligram of nucleoprotein from individual samples was
digested into peptides following procedures of total protein
treatment. Digested peptide fragments were desalted with C18
column according to the manufacturer’s protocol (#S181001;
Agela Technologies, Torrance, CA, USA). Then, phosphopeptides
of above desalted peptides were enriched with High-Select™ TiO2

Phosphopeptide Enrichment Kit (A32993; Thermo Fisher Scien-
tific). Phosphopeptide and peptide mixtures were analyzed on a
C18 column (50 mm � 15 cm, 3 mm) at 50 �C using an EASY-
nLC1200 connected to an Orbitrap fusion mass spectrometer
(Thermo Fisher Scientific). RAW files from all MS analyses were
searched by MaxQuant v.1.6.10.43 (https://www.maxquant.org/)
against the mouse reviewed uniprot protein database (https://www.
uniprot.org/uniprot/?queryZreviewed:yes%20taxonomy:10090)
allowing for two missed trypsin-cleavage sites and variable
modifications for phosphorylation (Ser, Thr, and Tyr residues),
oxidation (Met), and acetylation (N-terminal). Carbamidomethy-
lation was set as a fixed modification on cysteine residues. A false-
discovery cutoff of 0.01 was set to filter for identified candidate
peptides and phosphopeptides based on the searching of reverse-
sequence decoy mode.

2.12. Data availability of microbial diversity and omics analysis

Raw sequencing data associated with microbial diversity analysis
is accessible at https://www.ncbi.nlm.nih.gov/bioproject and the
accession numbers: PRJNA659591; Raw sequencing data associ-
ated with transcriptome analysis is accessible at https://www.ncbi.
nlm.nih.gov/bioproject and the accession numbers:
PRJNA659337; The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the iProX database
(https://iprox.org/) and is available via ProteomeXchange with
identifier PXD021195.
2.13. Statistical analysis

All results are expressed as mean � standard error of the mean
(SEM). Statistical differences between two groups were analyzed
using the two-tailed Student’s t-test by GraphPad Prism 5 software
(La Jolla, USA). Sample size (n) was listed in each figure legend.
Differences were considered statistically significant whenP< 0.05.

3. Results

3.1. Intestinal microbes participate in the regulation of the
diurnal variation of murine HIRI

We established a murine HIRI model at ZT0 (08:00) and ZT12
(20:00). Data presented in Fig. 1AeE and Supporting Information
Fig. S1A showed that liver damage, including serum transaminase
levels [alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and hepatic myeloperoxidase (MPO) activity], his-
topathologic changes (Suzuki score), and representative
inflammatory factors in HIRI24,25, was markedly exacerbated at
ZT12 when compared with that at ZT0 after ischemia reperfusion
challenge, while no difference was observed after sham operation.
These results demonstrated that HIRI in mice displayed diurnal
variation. In addition, oral ABX (metronidazole þ
neomycin þ vancomycin þ ampicillin) pretreatment obviously
reduced intestinal total bacterial load (Supporting Information
Fig. S1B) and meanwhile enhanced liver injury after HIRI at ZT0,
but did not influence HIRI at ZT12, indicating that gut microbiota
depletion diminished the liver injury oscillation during HIRI
development (Fig. 1AeE). More importantly, the FMT experiment
revealed that feces from ZT0 independently mitigated HIRI when
compared with ZT12 feces at ZT12 (Fig. 1FeI). Thus, gut
microbiota was involved in the modulation of the diurnal variation
of HIRI in mice. Specifically, gut microbiota at ZT0 protected
against HIRI when compared with gut microbiota at ZT12.

3.2. The metabolite of gut microbiota, 3,4-DHPPA, protects
mice against HIRI

Bacterial metabolites are major modulators of gut bacteria on host
pathophysiology. In order to explore the protective mechanism of
gut microbiota, we sought to detail the compositional differences
between ZT0 and ZT12 and identify the potential beneficial
product generated from gut microbiota at ZT0. Thus, we per-
formed 16S rRNA gene sequencing and metabolomics analysis for
feces from ZT0 and ZT12. Fig. 2A and Supporting Information
Fig. S1CeE showed that the overall microbial composition be-
tween the two time points was different, which was in agreement
with our previous findings16. Fig. 2B shows the main different
metabolites detected in the feces between ZT0 and ZT12. We
focused on 3,4-DHPPA (Fig. 2C) because its abundance was
significantly higher in ZT0 when compared with ZT12, we found
3,4-DHPPA was also enriched in the livers of mice which under-
went hepatic I/R surgery at ZT0 (Fig. 2D). In line with our hy-
pothesis, 3,4-DHPPA treatment significantly diminished the
diurnal variation of HIRI by rescuing liver damage and the
recruitment of macrophages at ZT12 (Fig. 2EeI). But this
metabolite did not affect liver injury in sham group (Supporting
Information Fig. S1F). These data demonstrated that this com-
pound may be important in regulating the diurnal variation of
HIRI.
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Figure 1 Gut bacteria were involved in the regulation of the diurnal variation of murine HIRI. (AeE) Mice were administered ABX by oral

gavage once daily for 4 days and underwent hepatic I/R surgery at ZT0 or ZT12. Serum transaminase levels and MPO activity of HIRI mice at

ZT0 and ZT12 (n Z 7, A), representative photographs of mice livers (B), HE staining and Suzuki scores (n Z 7, C), the mRNA levels of key

cytokines and chemokine in whole liver and liver macrophage (nZ 5e7, D), and the mRNA levels of hepatic Cd68 (nZ 7, E) were shown. (FeI)

Mice were transplanted with fecal microbiota and then underwent hepatic I/R surgery at ZT12. Serum transaminase levels and hepatic MPO

activity (n Z 7, F), the mRNA levels of key cytokines and chemokine in the liver (n Z 7, G), the mRNA levels of hepatic Cd68 (n Z 7, H), and

HE staining and Suzuki scores (n Z 7, I) were shown. Scale bar: 50 mm. Data were expressed as mean � SEM. *P < 0.05; n.s. indicates

nonsignificant.
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Since the substrate for 3,4-DHPPA formation was mainly from
diet, we then fasted mice to check whether food intake could in-
fluence the fecal 3,4-DHPPA level. As presented in Supporting
Information Fig. S2A, fasting could significantly reduce fecal 3,4-
DHPPA level at both ZT0 and ZT12, indicating the fecal level of
3,4-DHPPA is dependent on food intake. However, fasted mice at



Figure 2 The metabolite 3,4-DHPPA protects mice against HIRI. (AeD) The differences between ZT0 and ZT12 feces were tested, and 3,4-

DHPPAwas identified. Scatter plots of pearson PCoA for the microbial composition of mice feces at ZT0 and ZT12 (n Z 10) and the differences

between ZT0 and ZT12 feces in beta diversity were tested by permutational multivariate analysis of variance (Adonis) (A); The heat map of gut

microbial differential metabolites in mice at ZT0 and ZT12 was shown. Red represents high relative abundance, while blue represents low relative

abundance (n Z 6, B); The structure of 3,4-DHPPA (C); The 3,4-DHPPA contents of livers from mice that underwent hepatic I/R surgery at ZT0

and ZT12 (n Z 7e8, D) were shown. (EeI) Mice were treated with 100 mg/kg 3,4-DHPPA for three days and then were underwent hepatic I/R

surgery. Serum transaminase levels and hepatic MPO activity (n Z 5e6, E), HE staining and Suzuki scores (n Z 5, F), the mRNA levels of key

cytokines and chemokine in whole liver (n Z 5e6, G), the mRNA levels of hepatic Cd68 (n Z 5e6, H), and the protein levels and quantification

results of hepatic CD68 (n Z 5, I) were shown. Scale bar: 50 mm. Data were expressed as mean � SEM. *P < 0.05.
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ZT0 showed decreased liver injury during HIRI compared with ad
libitum mice (Supporting Information Fig. S2B and C), which
suggested starving may influence many other key pathways that
contribute to HIRI beside 3,4-DHPPA.

3.3. Macrophages mediate the diurnal variation of HIRI in mice

To further explore the underlying mechanism of the diurnal
variation of HIRI, we then investigated the host response at
different chronological time points. Transcriptome analysis was
performed on liver tissue harvested from ZT0 and ZT12 mice after
HIRI. Fig. 3AeC shows the different gene expression profile
between the ZT0 and ZT12 groups. Notably, we found differences
in many inflammatory-associated pathways, such as chemokine
signaling pathway, cytokineecytokine receptor interaction, and
nuclear factor kappa-B (NF-kB) signaling pathways. These data
indicated the pro-inflammatory responses may contribute to dif-
ferential liver damage after I/R challenge between ZT0 and ZT12
in mice.

Macrophages are recognized as key player in the pro-
inflammatory response during HIRI. Therefore, we explored the
involvement of macrophages in the regulation of HIRI by gut
microbiota. Macrophage accumulation and pro-inflammatory
factors expression in the liver were significantly enhanced at
ZT12 when compared with ZT0 (Fig. 1D and E). Next, we used
clodronate liposomes to remove mice macrophages. As expected,
clodronate liposomes significantly cleared the hepatic macro-
phages (Supporting Information Fig. S3A), and in antibiotics
pretreated mice we found significantly attenuated HIRI in
macrophage-cleared mice than non-cleared controls (Fig. 3DeF),
which indicated that the macrophage may be one of key cells that
mediate the protective effect of gut microbiota on HIRI.

3.4. 3,4-DHPPA suppresses the pro-inflammatory activation of
macrophages in vivo and in vitro

To directly link the bacterial product and host response, we next
sought to determine if 3,4-DHPPA influenced host cell physio-
logic activity. Since we proposed macrophages were involved in
the diurnal variation of HIRI, we then focused on the linkage
between macrophage and 3,4-DHPPA. We confirmed the anti-
inflammatory effect of 3,4-DHPPA on BMDMs and
RAW264.7 cells (Fig. 4A and Supporting Information Fig. S3B).
Moreover, Fig. 4B shows that 3,4-DHPPA administration signifi-
cantly suppressed expression of pro-inflammatory factors in iso-
lated hepatic macrophages from mice that underwent hepatic I/R
surgery at ZT12 and also decreased the level of representative pro-
inflammatory factors in serum of HIRI mice (Supporting Infor-
mation Fig. S3C). In order to investigate whether the effect of 3,4-
DHPPA on reducing hepatic I/R injury is dependent on macro-
phages in vivo. Liposomes combined and 3,4-DHPPA were
employed together in HIRI mice and we found 3,4-DHPPA did not
further improve the hepatic I/R injury after the elimination of
macrophage in mice (Fig. 4CeE), suggesting that macrophages
may be one of the key targets of 3,4-DHPPA. Thus, our data
clearly demonstrated that 3,4-DHPPA suppresses the pro-
inflammatory response of macrophages in vivo and in vitro.

Since hepatocyte damage was also the main contributor for
liver dysfunction, we then evaluated the impact of 3,4-DHPPA on
hepatocytes. We found that 3,4-DHPPA had limited protective
effects on hepatocytes damage under hypoxia/reoxygenation
challenge (Supporting Information Fig. S4), which suggested that
this metabolite may not directly target hepatocytes during HIRI.
This finding further strengthened the conclusion that macrophages
may be the targeted cell type of 3,4-DHPPA during HIRI.

3.5. The anti-inflammatory effect of 3,4-DHPPA may be
dependent on HDAC activity inhibition

To further explore the anti-inflammatory mechanisms of 3,4-
DHPPA, proteomic analysis was performed on LPS-activated
BMDMs treated with or without 3,4-DHPPA. Fig. 4F shows that
3,4-DHPPA administration altered the protein expression profile
in macrophages following LPS challenge. In addition, we found
that inflammation- and immune-related signaling pathways were
significantly enriched through the function analysis of these DEPs
between 3,4-DHPPA treated and non-treated groups (Supporting
Information Fig. S5). Functional analysis of differential proteins
also revealed significant enrichment of biological processes
associated with histone acetylation (Fig. 4G). Specifically, the
results of functional analysis of different proteins have shown that
HDAC associated pathways may be shifted in the presence of 3,4-
DHPPA. To further confirm this finding, we determined HDAC
enzymatic activity in macrophages. Fig. 4H shows that 3,4-
DHPPA pretreatment significantly suppressed total HDAC activ-
ity. Furthermore, the HDAC substrate, H3K9 histone, showed
reduced acetylation following LPS challenge but was increased in
the presence of 3,4-DHPPA treatment (Fig. 4I). Moreover, the
relative expression of ac-H3K9 histone was also rescued by 3,4-
DHPPPA when normalized to total level of histone H3, which
indicated that 3,4-DHPPA only affects the acetylation of H3K9
histone but not the expression of histone H3 (Supporting Infor-
mation Fig. S6A). We also monitored the activity of HDAC in
macrophage isolated from HIRI mice livers, and we found that the
inhibition of HDAC activity of HIRI liver macrophages by 3,4-
DHPPA at ZT12 showed strong trend (P Z 0.076) (Supporting
Information Fig. S6B). These results demonstrated that 3,4-
DHPPA inhibited HDAC activity in macrophages.

We then hypothesized that 3,4-DHPPA may directly bind to the
active site of HDAC. To address this, we performed surface
plasmon resonance (SPR) analysis to determine the binding ac-
tivity of this metabolite. However, Fig. 5A and Supporting In-
formation Fig. S7 showed that 3,4-DHPPA could not directly bind
HDACs in a dose dependent manner, in which HDAC inhibitor
SAHA was used as positive control. Taken together, these data
demonstrated that 3,4-DHPPA may inhibit HDAC activity in an
indirect manner. Previous studies have shown that HDAC activity
was positively correlated with its phosphorylation and casein ki-
nase 2 (CK2) is a major protein kinase for HDAC phos-
phorylation26e28. Studies have also shown that CK2 promotes
phosphorylation of HDAC1 through phosphorylation sites
(Ser393, Ser421, Ser423, Ser445, Ser460, and Ser465)29,30. Thus,
we performed phosphoproteomics analysis to detect phosphory-
lated HDACs levels by LCeMS/MS. The results showed that 3,4-
DHPPA and 4,5,6,7-tetrabromobenzotriazole (TBB, selective in-
hibitor of CK2) can both significantly decrease the level of
phosphorylated Ser393 in HDAC1 but did not affect total level of
HDAC1 (Fig. 5BeE). Additionally, 3,4-DHPPA did not further
reduce the HDAC activity and inflammatory factor levels in
macrophages co-treated with TBB (Fig. 5F and G), demonstrating
that the anti-inflammation effects of 3,4-DHPPA may be depen-
dent on HDAC phosphorylation. Following this, we further
explored whether HDAC inhibition mediated the beneficial effects
of 3,4-DHPPA on macrophage activation and HIRI development.



Figure 3 Macrophages mediate the diurnal variation of HIRI in mice. (AeC) The differences between HIRI mice livers at ZT0 and ZT12 were

analyzed by transcriptome. The heat map was performed to display the transcriptional level which was significant differentially expressed of

inflammation-related genes in HIRI mice livers at ZT0 and ZT12. Red represents high relative expression and blue represents low relative

expression (n Z 4, A); The volcano plots of gene expression in HIRI mice livers (n Z 4, B); KEGG signaling pathway analysis reveal

inflammation related functional terms enriched in HIRI mice at ZT0 and ZT12 (C). (DeF) Mice underwent hepatic I/R surgery at ZT0 after

injected with 150 mL clodronate liposomes via the tail vein. Serum transaminase levels and hepatic MPO activity in HIRI mice with macrophages

depletion at ZT0 (n Z 7, D), the mRNA levels of key cytokines and chemokine in whole liver (n Z 7, E), and HE staining and Suzuki scores

(n Z 7, F) were shown. Scale bar: 50 mm. Data were expressed as mean � SEM. *P < 0.05.
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Figure 4 The anti-inflammatory effect of 3,4-DHPPAwas dependent on HDAC activity inhibition. (A) The mRNA levels of key cytokines and

chemokine in LPS-activated BMDMs and RAW264.7 cells treated with 20 mmol/L 3,4-DHPPA (n Z 4). (B) The mRNA levels of key cytokines

and chemokine in hepatic macrophages of mice treated with 100 mg/kg 3,4-DHPPA and underwent hepatic I/R surgery at ZT12 (n Z 5). (CeE)

Mice were gavaged with 100 mg/kg 3,4-DHPPA for three days and then were underwent hepatic I/R surgery at ZT12 after injected with 150 mL

clodronate liposomes via the tail vein. Serum transaminase levels and hepatic MPO activity in HIRI mice with macrophages depletion at ZT12

(nZ 7e9, C), the mRNA levels of key cytokines and chemokine in whole liver (nZ 6, D), and HE staining and Suzuki scores (nZ 5e6, E) were

shown. Scale bar: 50 mm. (F) Clustering analysis was performed to display the proteins which were significant differentially expressed both in LPS

treated group and LPSþ3,4-DHPPA treated group. Red represents high expression, while blue represents low expression. (G) Cytoscape software

combined with ClueGO App was used to reveal signaling pathways enriched by the DEPs, and the networks identified a serious of pathways

associated with histone deacetylation. (H, I) HDAC activity and the protein expression of BMDMs and RAW264.7 cells stimulated by LPS with

3,4-DHPPA. HDAC activity of BMDMs and RAW264.7 cells stimulated by 100 ng/mL LPS for 6 h with 20 mmol/L 3,4-DHPPA (n Z 5, H), and

the protein expression and quantification results of acetyl-H3K9 in LPS-activated BMDMs with 20 mmol/L 3,4-DHPPA (n Z 3, I) were shown.

Data were expressed as mean � SEM. *P < 0.05; n.s. indicates nonsignificant.
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Figure 5 The anti-inflammatory effect of 3,4-DHPPA was dependent on inhibition of HDAC1 phosphorylation. (A) The direct interactions

between 3,4-DHPPA or SAHA and HDAC1 was determined by SPR. (BeE) The nucleoprotein of LPS-activated RAW264.7 cells were analyzed

by phosphoproteomics LCeMS/MS. Full mass spectra of enriched phosphorpeptides (B) and MS/MS spectra (C) of a HDAC1 specific phos-

phorylated peptide [MLPHAPGVQMQAIPEDAIPEESGDEDEEDPDKR, Ser393, the point indicated by red arrow in (B)] in LPS-activated

RAW264.7 cells for 1 h. Relative expression of total HDAC1 in nucleus (n Z 3, D) and intensity of the specific HDAC1 phosphorylated

peptide (Ser393) (n Z 3, E) were shown. (F, G) BMDMs and RAW264.7 cells were activated by LPS for 6 h with 20 mmol/L 3,4-DHPPA and

20 mmol/LTBB. HDAC activity in BMDMs (nZ 4, F) and the mRNA levels of key cytokines and chemokine in BMDMs and RAW264.7 (nZ 4,

G) were shown. Data were expressed as mean � SEM. *P < 0.05; n.s. indicates nonsignificant.
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Fig. 6A shows that HDAC inhibition [HDAC inhibitors: SAHA
and trichostatin A (TSA)] markedly reduced expression of pro-
inflammatory factors upon LPS challenge; however, 3,4-DHPPA
administration did not have an additional effect. This supports
the notion that the anti-inflammation effects of 3,4-DHPPA may
be, at least in part, dependent on HDAC inhibition.

We also examined HIRI in SAHA pretreated mice. Interest-
ingly, SAHA pretreatment significantly mitigated liver injury at



Figure 6 The protective effect of 3,4-DHPPAwas dependent on HDAC inhibition. (A) BMDMs and RAW264.7 cells were activated by LPS for

6 h with 20 mmol/L 3,4-DHPPA, 5 mmol/L SAHA or 5 mmol/L trichostatin A (TSA). The mRNA levels of key cytokines and chemokines (n Z 4)

were shown. (BeD) Mice treated with 25 mg/kg SAHA and underwent hepatic I/R surgery at ZT0 or ZT12. Serum transaminase levels and

hepatic MPO activity (n Z 5e8, B), the mRNA levels of key cytokines and chemokine in HIRI mice livers (n Z 5e8, C), and HE staining and

Suzuki scores (n Z 5, D) were shown. (EeG) Mice treated with 100 mg/kg 3,4-DHPPA by gavage once daily for 3 days, then 25 mg/kg SAHA

was intraperitoneally injected before hepatic I/R surgery at ZT12. Serum transaminase levels and hepatic MPO activity (nZ 5e12, E), the mRNA

levels of key cytokines and chemokine in whole liver (n Z 7, F), and HE staining and Suzuki scores (n Z 5, G) were shown. Scale bar: 50 mm.

Data were expressed as mean � SEM. *P < 0.05; n.s. indicates nonsignificant.
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ZT12, which diminished the diurnal variation of HIRI
(Fig. 6BeD). These data suggest that HDAC inhibition is a sig-
nificant factor in mediating the diurnal variation of HIRI in the
animal model. Furthermore, 3,4-DHPPA administration did not
influence liver injury in HDAC inhibitor-pretreated animals
(Fig. 6EeG), suggesting that the protective effects of 3,4-DHPPA
may be, at least in part, dependent on HDAC inhibition.
4. Discussion

Recently amoxicillin pretreatment was shown to mitigate hepatic
injury after liver transplant, which supports the possible contri-
bution of gut microbiota to HIRI31. However, the detailed
connection between gut microbe and host response during HIRI is
still largely unknown. In the present study, by focusing on the
intestinal microbiota, we explored the mechanism of the diurnal
variation of HIRI in mice. We found that gut microbial metabolite,
3,4-DHPPA, was a novel protective compound against HIRI. The
underlying mechanism was related to inhibition of HDAC activity
in macrophages, which suppressed inflammation. Our current
study revealed several important findings that potentially have
clinical translational significance.

As an important peripheral organ, a variety of hepatic patho-
logical and physiological processes exhibit rhythmic oscillations.
These diurnal variations help the liver to adapt to exogenous
environmental changes32e35. Understanding these alterations has
the potential to improve the treatment of patients with liver dis-
eases. Our current study revealed that HIRI was more severe in the
evening when compared with the morning. Based upon this key
observation, we pursued the explanation for this interesting
finding. In recent years, the circadian rhythm is attracting
tremendous attention due to its remarkable effects on the devel-
opment of various diseases. In particular, convincing clinical ev-
idence has indicated that circadian rhythms have effects on
surgical outcomes of liver transplantation for patients36. A retro-
spective analysis of 147 patients indicated that compared with that
at daytime, liver transplantation performed at night had higher
incidence of intraoperative complications and postoperative
abdominal infection. Moreover, patients which received liver
transplantation at night needed longer time to restore hepatic
function to normal. Thus, not only our preclinical data, but also
the clinical evidence from previous studies, makes it clear that
diurnal variation has an important effect on the prognosis of pa-
tients who underwent liver surgery. However, the mechanism by
which circadian rhythm influences the complications and prog-
nosis of liver transplantation remains unclear. In our research, we
found the circadian rhythm in HIRI of mice is possibly related to
the gut microbiota. Our data revealed that 3,4-DHPPA modulates
HIRI progression. 3,4-DHPPA can be generated by bacterial of
reduction of caffeic acid37. It is a well-established bacterial
metabolite that could be found in both human and mice, and ex-
hibits many protective effects on host cells38,39. In an ischemia-
induced brain injury model, 3,4-DHPPA suppressed matrix
metalloproteinase-2 (MMP-2) and MMP-9 activity and protected
against neuronal damage40. Furthermore, 3,4-DHPPA reduced
ROS level and mitigated oxidative stress in different cell lines41,42.
In the present study, we expanded the investigation of 3,4-DHPPA
to the activation of macrophages, which are key mediators of
inflammation, and found this metabolite exerted anti-inflammatory
effects. In the current work, we confirmed that the level of 3,4-
DHPPA was higher in ZT0 feces than ZT12 feces under non-
surgical conditions. We further found basal DHPPA level was
comparable between the mice livers under non-surgical conditions
at ZT0 and ZT12 (data not shown). However, after I/R surgery,
3,4-DHPPA accumulated in the liver at ZT0 but not at ZT12. We
speculate that the normal liver efficiently metabolizes or excretes
3,4-DHPPA at both ZT0 and ZT12. However, upon I/R challenge,
the hepatic metabolism of 3,4-DHPPA between ZT0 and ZT12
may be different, leading to the accumulation of 3,4-DHPPA in
ZT0 compared with that at ZT12. More gut derived 3,4-DHPPA
accumulates in the liver and exerts protective effects at ZT0. It
is important to point out that based on metabolomics analysis,
additional beneficial metabolites generated from bacteria may
contribute, and future studies should assess the potential protective
effects of other compounds.

We also explored the level of 3,4-DHPPA in fasting mice at
ZT0 and ZT12 which showed that 3,4-DHPPA was significantly
reduced in the feces of mice after fasting at both ZT0 and ZT12
(Supporting Information Fig. S2A). In fact, 3,4-DHPPA is abun-
dantly found in various foods and usually present as simple esters
with quinic acid, glucose, polysaccharides, or other carboxylic
acids, and 3,4-DHPPA is also present in blood and in urine as a
metabolite of various polyphenols found in food, beverages, me-
dicinal plants, or extracts43. Thus, we propose the rhythmic
oscillation of fecal 3,4-DHPPA was dependent on food intake.
Interestingly, we found the degree of hepatic I/R injury was
significantly reduced after fasting of mice (Supporting Informa-
tion Fig. S2B), which is consistent with recent research which
showed that short-term fasting can effectively reduce hepatic I/R
injury. It was proposed that this was related to the promotion of
autophagy in hepatocytes and the up-regulated expression of
antioxidant genes in fasting mice44,45. These results indicated that
physiology of mice livers is greatly changed in various pathways
after fasting such as autophagy and oxidative stress. Therefore,
3,4-DHPPA might not be recognized as a key factor to prevent
HIRI in fasting mice. However, our data still fully support the
application of 3,4-DHPPA to serve as a potential substance for
protecting HIRI.

HDAC is a key modulator of innate immune activation. Inhi-
bition of HDAC enzymatic activity shifts macrophages to an M2-
like phenotype and reduces inflammation in the context of disease
development46e49. Thus HDAC inhibition is a well-established
target to reduce pro-inflammatory responses. HDAC activity is
tightly regulated by its phosphorylation50,51. For example, Ser421
and Ser423 phosphorylation of HDAC1 is required for its enzy-
matic activity52. Due to technical limitations, we only observed
the difference of Ser393 phosphorylation of HDAC1 between 3,4-
DHPPA treated and untreated macrophages by phosphoproteomics
analysis. However, we cannot rule out the possibility that this
metabolite may inhibit phosphorylation of other sites on HDAC1
and other HDAC family members, and contribute together to
suppress HDAC activity during inflammatory challenge in mac-
rophages in HIRI. Although we observed 3,4-DHPPA had similar
effects as TBB, the selective inhibitor of protein kinase CK2, we
did not verify if 3,4-DHPPA directly targets protein kinase CK2,
or other potential HDAC’s kinases. Future work is needed to
specify which kinase was directly modulated by 3,4-DHPPA. It is
also possible that DHPPA may regulate HDAC activity through
indirect mechanisms. For example, 3,4-DHPPA may affect the key
type of miRNA and in turn influence the HDAC activity53. 3,4-
DHPPA may also coordinate HDAC activity by inhibiting the
secretion of inflammatory cytokines such as interleukin 10 (IL-10)
and thereby suppressing inflammatory response54. In addition,



Figure 7 Working model: HIRI exhibited diurnal variation which is

related to the changes of gut microbiota. Gut microbiota produced and

accumulated 3,4-DHPPA at ZT0. 3,4-DHPPA could inhibit the pro-

inflammatory activity of macrophages and improve hepatic

ischemiaereperfusion injury of mice by reducing the level of HDAC

phosphorylation and inhibiting the activity of HDAC.
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considering the off-target effect of HDAC inhibitors, other host
pathway or molecular may be also modulated by 3,4-DHPPA, for
example, 3,4-DHPPA may regulate DNA methylation in immune
cells to influence inflammatory activity55. We therefore cannot
exclude the possibility that 3,4-DHPPA also inhibits inflammatory
response and improves hepatic ischemia reperfusion injury
through other pathways that are independent of HDAC activity.

In the current research, we provide evidence that HDAC in-
hibition as a potential therapeutic target for HIRI. However, the
association between HDAC and HIRI is controversial. It has been
reported that butyrate inhibits HDAC activity and alleviates liver
ischemia reperfusion injury56. We also confirmed the protective
effects of butyrate against HIRI (data not shown). However, Ruess
et al.57 have reported that HDAC inhibition by valproic acid
(VPA) and SAHA did not protect against liver injury after
ischemia reperfusion challenge in the rat. In fact, they found the
HDAC inhibitor augmented liver injury at approximately 24 h post
reperfusion. Different phenotypes observed in our study and the
results of Ruess et al.57 may be due to the following reasons: we
used a different animal model (mice vs. rats), which may reflect
different phenotypes; and we administered SAHA or 3,4-DHPPA
once compared with multiple treatments in Ruess’ study. There-
fore, continuous HDAC inhibitor treatment may lead to adverse
effects when compared with a single administration. In addition,
the previous study revealed that HDAC inhibition augmented
acetylated HMGB1 release from hepatocytes during ischemia
condition58. However, we found that 3,4-DHPPA or SAHA
administration had limited beneficial effects on hepatocytes
(Supporting Information Figs. S4 and S8); therefore, continuous
HDAC inhibitor administration may cause harmful effects on
hepatocytes and mask the protective effects. Indeed, we also
assessed the effects of 3,4-DHPPA and SAHA on HIRI at multiple
time points (12, 24, and 48 h post reperfusion) after single
administration. Figs. 2EeI and 6BeD and Supporting Information
Fig. S9 showed that both 3,4-DHPPA and SAHA can effectively
protect against liver injury in the early stage of hepatic I/R (6 and
12 h). However, 3,4-DHPPA and SAHA showed no significant
improvement on the ALT levels of the HIRI mice (but also did not
augmented HIRI) at the time points after 24 h. We proposed that
early phase (6e12 h) is the most important injury stage during
HIRI progression59. After 24 h, liver rapidly recovers and such
improvement could conceal the protective effects of these com-
pounds. Thus, 3,4-DHPPAwas able to reduce liver injury at both 6
and 12 h, the peak injury state during HIRI. In the model we used,
though mice fully recover, a more severe liver injury which is
lethal or with more prolonged recovery might reveal beneficial
effects from early treatment on the ultimate outcome. Further-
more, more rapid recovery in humans may decrease susceptibility
to other complications or shorten intensive care unit (ICU) stay. In
addition, we cannot ignore the possibility that other diversified gut
microbiota or gut microbial metabolites may also exert potential
beneficial effects on hepatic I/R injury. The effect of other gut
microbial metabolites on hepatic I/R injury requires further
investigation in the future.
5. Conclusions

We report a novel pathophysiologic feature of HIRI in murine
model: HIRI was more severe at ZT12 compared with ZT0.
Furthermore, the metabolite of gut microbiota, 3,4-DHPPA,
attenuated macrophage activation and inflammation during HIRI,
at least in part via suppression of HDAC activation (Fig. 7). Our
present study provides new insights into the “guteliver” axis in
the context of HIRI. More clinical translational research regarding
the diurnal variation of HIRI, protective effects of 3,4-DHPPA,
and HDAC inhibition against HIRI are required in the future.
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