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Abstract

Background Hepatic ischemia—reperfusion injury (HIRI) is a common complication of liver surgery, which can lead to
extrahepatic metabolic disorders, such as cognitive impairment. Recent observations have emphasized the critical effects of
gut microbial metabolites in regulating the development of liver injury. Herein, we investigated the potential contribution
of gut microbiota to HIRI-related cognitive impairment.

Methods HIRI murine models were established by ischemia—reperfusion surgery in the morning (ZT0, 08:00) and even-
ing (ZT12, 20:00), respectively. Antibiotic-induced pseudo-germ-free mice were gavaged with fecal bacteria of the HIRI
models. Behavioral test was used to assess cognitive function. 16S rRNA gene sequencing and metabolomics were used for
microbial and hippocampal analysis.

Results Our results established that cognitive impairment caused by HIRI underwent diurnal oscillations; HIRI mice per-
formed poorly on the Y-maze test and the novel object preference test when surgery occurred in the evening compared with
the morning. In addition, fecal microbiota transplantation (FMT) from the ZT12-HIRI was demonstrated to induce cognitive
impairment behavior. The specific composition and metabolites of gut microbiota were analyzed between the ZT0-HIRI and
ZT12-HIRI, and bioinformatic analysis showed that the differential fecal metabolites were significantly enriched in lipid
metabolism pathways. After FMT, the hippocampal lipid metabolome between the P-ZT0-HIRI and P-ZT12-HIRI groups
was analyzed to reveal a series of lipid molecules with significant differences.

Conclusions Our findings indicate that gut microbiota are involved in circadian differences of HIRI-related cognitive impair-
ment by affecting hippocampal lipid metabolism.
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Introduction

Hepatic ischemia—reperfusion injury (HIRI) is one of the
most common complications in the perioperative period,
especially in liver surgery and transplantation [1]. In addi-
tion to influencing the hospitalization period and periopera-
tive mortality, HIRI may also impair cognitive function in
some patients, causing problems to their long-term quality
of life [2]. Previous animal model studies have shown that
liver injury may interfere with ammonia metabolism, caus-
ing hyperammonemia and hepatic encephalopathy, which
affect cognitive function by inducing central inflammation
and affecting central metabolism [3]. However, the specific
mechanism of cognitive impairment caused by HIRI remains
unclear.

In recent years, more and more attention has been paid
to the role of gut microbiome in cognitive dysfunction. Gut
microbiota plays an important role in the pathophysiologi-
cal processes of various cognitive impairments related to
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obesity, diabetes, the postoperative phase, post-stroke, and
Alzheimer’s disease [4]. Gut microbiota can influence host
cognitive function impairment by regulating blood—brain
barrier permeability, brain energy homeostasis, and synaptic
transmission through the brain—gut axis [5]. Numerous stud-
ies have revealed associations between the gut microbiome
and various types of acute liver injury (ALI) [6], induced
by drugs, p-galactosamine, alcohol, and viral hepatitis. In
addition, antibiotic pretreatment has been shown to allevi-
ate HIRI and orthotopic liver transplantation outcomes in
mice and humans [7], and the gut microbial metabolite to
participate in the pathophysiological process of HIRI [8].
Cognitive impairment is strongly associated with cir-
cadian rhythms in both humans and animal models [9].
Liver activities, such as digestion and absorption, syn-
thesis and uptake, assimilation, and detoxification, show
significant diurnal changes, which enable their alignment
with energy metabolism [10]. It is also well documented
that gut microbiota undergoes diurnal oscillations both at
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the compositional and functional levels [11]. But while
gut microbial metabolite, 1-phenyl-1,2-propanedione is
involved in regulating the diurnal variation of hepatotox-
icity induced by acetaminophen [12], the gut microbial
metabolite, 3,4-dihydroxyphenylpropionic acid is involved
in regulating the diurnal variation of HIRI [8]. However,
whether the gut microbiome is implicated in cognitive
impairment associated with HIRI remains unknown.

In the present study, we explored the mechanism of the
diurnal variation of HIRI-related cognitive impairment in
mice, by focusing on the gut microbiota.

Materials and methods
Animals

Male-specific pathogen-free (SPF) C57BL/6 mice, aged
6-8 weeks, were housed in a temperature-controlled colony
room under the standard 12 h light/dark conditions (8:00,
light on; 20:00, light off), with free access to food and water
ad libitum. Hepatic ischemia—reperfusion injury surgery was
performed at ZTO (8:00) or ZT12 (20:00). All mice were
obtained from the Beijing Vital River Laboratory Animal
Technology Co., Ltd., (Beijing, China), and all experimental
procedures commenced following the approval of the Institu-
tional Animal Care and Use Committee in Tongji Hospital,
Huazhong University of Science and Technology.

The mouse model of hepatic ischemia-reperfusion
injury

Hepatic ischemia-reperfusion injury surgery was per-
formed at ZTO or ZT12 (ZTO-HIRI, n=6; ZT12-HIRI,
n=06; ZT0-Ctr, n=6; ZT12-Ctr, n=6). After anesthesia
with 1% pentobarbital sodium (50 mg/kg, intraperitoneal),
mice were placed on an operating table, the abdominal skin
was disinfected, and a median incision made to expose the
liver area. The hepatic ischemia-reperfusion surgery was
performed according to the method previously described [8].
Briefly, ischemia was induced by occluding the left hepatic
artery and portal vein for 90 min using an artery clamp. No
vascular occlusion is in sham-controlled mice. During the
operation, the mice were kept warm, and the surgical inci-
sion is treated with analgesia after the operation. Behavioral
tests were performed 72 h after reperfusion, and feces, liver

tissue, serum, and hippocampal tissue were collected for
subsequent experiments and detection.

Behavioral test

For the HIRI and control groups, behavioral experiments
were performed 72 h after reperfusion. For the pseudo-germ-
free mice group, behavioral experiments were performed
during the next day after completion of the microbiota trans-
fer. The open-field test, the Y-maze test, and the novel object
preference test were performed to assess cognitive function.
The test apparatus was wiped with 75% ethanol to eliminate
odor after each experiment.

Open field test

As previously described [13], the mice were placed into
the center of a black open-field chamber (L X W X H:
40 cm x40 cm X 40 cm) after habituation. They moved freely
under dim light (300 1x) for 5 min, and the total distance
traveled and the time spent in the center area were analyzed.

Novel object preference test

Two identical objects were placed at two corners 6 cm from
each border as previously described [13]. In the training
stage, the animal was allowed to explore freely for 5 min
after accommodation without objects, and the total explo-
ration time around each object was recorded. After 2 h, the
mice were placed again in the same apparatus and allowed
to freely explore for 5 min with one of the identical objects
being replaced with a novel object (test session). The explo-
ration time around the novel (NT) and familiar objects (FT)
was recorded and used to calculate the recognition index.

Y-maze test

As previously described [13], the Y-maze was performed
with two stages in a Y-shaped compartment with three
identical arms, each at an angle of 120° (L X W X H:
30 cm X 8 cm X 15 cm). The start arm (animal entry) and the
common arm were always kept open, and the new arm was
blocked in the first stage. Then, the mice explored the two
open arms for 5 min. After 2 h, all the arms were opened,
and the mice had free access to the three arms for 5 min
(test trial). We recorded the time spent within each arm, the
number of mice entering the new arm, and the total distance
traveled by the mice for analysis.
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Hematoxylin and eosin (HE) staining

Liver specimens were processed using standard HE pro-
cedures, including steps, such as dehydration, embedding,
sectioning, and tissue staining. The staining was scanned on
each slide and the degree of liver damage was graded using
the Suzuki’s score [8].

Pseudo-germ-free mice and fecal microbial
transplantation

Microbiota depletion and fecal microbiota transplantation
(FMT) were performed as described previously [8]. For
pseudo-germ-free mice, C57BL/6 mice received vancomycin
(100 mg/kg), neomycin sulfate (200 mg/kg), metronidazole
(200 mg/kg), and ampicillin (200 mg/kg) intra-gastrically
once daily for 4 days. For fecal microbial transplantation,
donor mice feces from the ZTO0-Ctr, ZT0-HIRI, ZT12-Ctr,
and ZT12-HIRI groups were collected and re-suspended
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. Pseudo-germ-free
mice receiving FMT were divided into four groups: P-ZT0-
Ctr (n=6), P-ZTO-HIRI (n=6), P-ZT12-Ctr (n=6), and
P-ZT12-HIRI (n=6), and the behavioral experiments were
performed during the next day after FMT.

16S rRNA microbiome sequencing

After the behavioral tests, fecal samples were obtained, snap-
frozen, and stored at — 80 °C. The 16S rRNA sequencing of
the microbiota was performed at the OE biotech Co., Ltd.
(Shanghai, China). Fecal samples were subjected to DNA
extraction, amplification, library construction, and sequenc-
ing (Illumina Inc., San Diego, CA; OE Biotech Company;
Shanghai, China) to obtain raw data in FASTQ format. The
software and platform (https://cloud.oebiotech.cn/task/) pro-
vided by the company were used for further bioinformatic
analysis of the raw data.

LC-MS analysis of fecal metabolites and lipid
metabolomics in the hippocampus

The key steps of LC-MS analysis included fecal samples
or hippocampus pretreatment, metabolite extraction, full-
scan LC-MS detection, data pretreatment, and statistical
analysis. The analytical instrument for this experiment was
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a Dionex U3000 UHPLC LC-MS system consisting of a
QE plus high-resolution mass spectrometer, and the origi-
nal LC-MS data were processed by software Progenesis QI
V2.3 (Nonlinear, Dynamics, Newcastle, the UK). Variable
Importance of Projection (VIP) values obtained from the
OPLS-DA model were used to rank the overall contribu-
tion of each variable to group discrimination. A two-tailed
Student’s T test was further used to verify whether the differ-
ences in metabolites between groups were significant. Dif-
ferential metabolites were selected with VIP values greater
than 1.0 and p values less than 0.05.

Statistical analysis

All the quantification data were expressed as means + SEM,
with error bars representing SEM. The normality distribu-
tion assessment was evaluated by the Kolmogorov—Smirnov
test, and differences among the groups were assessed by one-
way analysis of variance (ANOVA), followed by Tukey’s
multiple comparisons test, and p < 0.05 was considered sta-
tistically significant. Statistical analyses and graphs (except
for some data from 16S rRNA microbiome sequencing
analyses and LC-MS) were performed with the GraphPad
Prism 6.0 and Adobe Photoshop 22.1.1.

Results

Cognitive impairment caused by HIRI underwent
diurnal oscillations

Compared with the control mice, the HIRT model showed
significant differences in liver pathology (Fig. 1B), but not
in serum ALT/AST and ammonia concentration (Fig. 1C).
There was no diurnal difference in the liver pathologi-
cal score, serum ALT/AST, and ammonia concentration
(Fig. 1B, C). Compared with the ZT0, the HIRI model mice
in the ZT12 group performed poorly on the Y-maze test
and the novel object preference test, but not the open-field
test (Fig. 1D). HIRI models also performed poorly on the
Y-maze test and the novel object preference test compared
with the control group when established at ZT12 (Fig. 1D).
According to these findings, HIRI surgery caused severe
liver injury, and induced more significant learning and
short-term memory problems when surgery was performed
at ZT12.
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Fig.1 Liver injury and cognitive impairment in the mouse model of and eosin (H&E). Magnification X 100. C Serum levels of ALT and
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«Fig.2 The composition of gut microbiota was different between the
ZT0 and ZT12 groups. A Alpha Diversity (Simpson index). B Beta
Diversity (PCoA). C The relative abundance of bacteria at the genus
level. All genera with an average relative abundance below 1% were
grouped to “others.” D LEfSe analysis. E Heatmap of differential spe-
cies at the genus level

ZT12-HIRI mice showed abnormal gut microbiota
composition

16S rRNA gene sequencing technology was used to detect
the composition of gut microbiota in HIRI mice. For Alpha
diversity, the Simpson index did not differ between the four
groups (Fig. 2A). For Beta diversity, the principal compo-
nent analysis (PCA) depicted significant compositional dis-
criminations inside the gut microbiota between the HIRI and
control or ZTO0 and ZT12, which revealed that gut micro-
bial composition underwent diurnal differences and HIRI
altered the microbiota composition (Fig. 2B). In addition,
the microbiome composition was considerably altered after
HIRI and showed diurnal differences (Fig. 2C, D). Statisti-
cal analysis was performed at the genus level, and Heatmap
was drawn according to the relative abundance of different
species (Fig. 2E).

Diurnal differences in metabolites of gut microbiota
in HIRI mice

Liquid chromatography—mass spectrometry (LC-MS)
was used to analyze the differences in fecal metabolites
between the ZTO-HIRI and ZT12-HIRI groups. There were
significant differences in OPLS-DA scores between the two
groups (Fig. 3A). Compared with the ZTO-HIRI, a total
of 387 metabolites of intestinal flora with significant dif-
ferences were detected in the ZT12-HIRI group, includ-
ing 183 which were up-regulated and 204 down-regulated
(Fig. 3B). We ranked the differential metabolites based on
the Variable Important in the Projection (VIP) and per-
formed a cluster analysis of the top 50 (Fig. 3C). The top
5 down-regulated metabolites of the ZT12-HIRI group
according to the VIP were Taurocholic acid 3-sulfate,
L-Alloisoleucine, LysoPE(P-16:0/0:0), trans-Cinnamic
acid, and 3-(3-Hydroxyphenyl)propanoic acid, while the
top 5 up-regulated metabolites were 12-Ketodeoxycholic
acid, Kurilensoside F, 6-Hydroxypentadecanedioic acid,
(22E)-3beta-Hydroxychola-5,16,22-trien-24-oic Acid, and

Diethylene glycol dimethacrylate, respectively (Fig. 3D).
In addition, the KEGG pathway enrichment analysis was
performed on differential metabolites which were found
to be significantly enriched in lipid metabolism pathways,
such as the glycero-phospholipid metabolism, sphingolipid
metabolism, alpha-linolenic acid metabolism, and fat
digestion and absorption (Fig. 3E).

Fecal microbiota transplantation (FMT) induced
cognitive impairment behaviors and reshaped
the gut microbiome in pseudo germ-free mice

To investigate whether diurnal differences in HIRI-related
cognitive function are linked to gut microbiota, we estab-
lished pseudo-germ-free mice and transplanted in them
fecal microbiota from HIRI mice. There was no signifi-
cant difference in the liver pathological score and serum
ALT/AST between the four groups after FMT, but the mice
receiving ZT12-HIRI FMT showed cognitive impairment
compared with the P-ZT0-HIRI and P-ZT12-Ctr groups
(Fig. 4A-C). For Alpha diversity, the Simpson index did
not differ between the P-ZT12-HIRI and P-ZT12-Ctr or
P-ZT12-HIRI and P-ZTO-HIRI (Fig. 4D). For Beta diver-
sity, the principal component analysis (PCA) depicted
significant compositional discriminations inside the gut
microbiota between the P-ZT12-HIRI and P-ZT12-Ctr or
P-ZT12-HIRI and P-ZTO-HIRI (Fig. 4E). Twenty two dif-
ferentially expressed species were found, such as Lactoba-
cillus, Anaerostipes, Escherichia—Shigella, Haemophilus,
and Sphingomonas (Fig. 4F).

Differences in lipid metabolomic profiles
in the hippocampus of pseudo germ-free mice
receiving FMT

Lipid metabolism is closely related to cognitive function,
and gut microbiota can affect lipid metabolism through
a variety of ways [14, 15]. In addition, the hippocampus
is involved in cognitive modulation, anatomically. Mean-
while, we found that there was no significant difference
in hippocampal levels of inflammatory cytokines (IL-1f,
TNF-a, and NF-kB) between different groups (Supple-
mentary Fig. 1). Given this, LC-MS was used to analyze
the differences in hippocampal lipid metabolism between
the P-ZTO-HIRI and P-ZT12-HIRI groups. There were
significant differences in OPLS-DA scores between the
two groups (Fig. 5A). Compared with the P-ZT0-HIRI,

@ Springer



Hepatology International

a OPLS-DA C
20000 Grou
- A 7,8.Dihydro-2-deoxyguancsine Group
A Momordenol 2 ZTO-HIRI
n a 3a-Hyaroxyphenyllpropancic acid TTi2HRl
foen.
g Ll  zonm 1
2 ] A zmoww 0
-
P
- A
20000 A 12beta, 208, nycroxydammar-23-en325-done 2
20000 0 20000
i Typtophan
R2X[1] = 0.162 R2Xo[1] = 0.213 Ellipse:Hotelling' T2 (95%)
Volcano Plot PC(P-18:1(112)24:1(152))
imofosine
Down Up MGDG(18:3(92,122,152)18:4(62 92,122,152)
p<005 p<005 aznz,
log2(FC) <0 10g2(FC) > 0 PC(202(112,142)260)
H Sig : 204
° .
12 Ketodsoxycholic acid
L vip Diethylene glycol dimethacrylate
. & Y
P PE-NMe2(22:5(42,72,10Z,13Z,162)/24:1(152))
g ° 5 3-octapreny--hycromybenzoate
g 1
<
=t
) .
Ei down-regulatec
' not-significant -l
2 ®  up-regulated 32,60,7b,12a-Telrahydroxy-5b-cholanoic acid
4'-Hydroxy-7-methoxy-8-methylflavan
Obtustyrene
9-hydrony-7E:Nonene-3,5-dynoic acd
RN I
D G A S T B S S G S
o - @ » n @ =]
-10 0 10
d log2(FC)
L-Alloisoleucine LySOPE(P-16:0/0:0) 3000000 >
8000000 N 5000000 N
. —
[ — —
4000000 6000000
4000000 5000000 20000007
s §4000000 s £4000000 &
2000000 2000000 *
2000000
o o]
p— s e ZT0HIRI ZT12HIRI ZT0HIRI ZT12-HIRI ZTOHIRI ZT12-HRI bl 2112 HIRI
Kartensosde
R N B 1500000 .
L — 3000000 = —] 1000000 —
7500000 1000000
2000000 1000000 750000
000000 ] H i i
H H & so0000 H § 500000
1000000 00000
2500000 250000
o o
ZTOHIRI ZT12.HIR1 ZT0-HIRI ZN2HRI ZTOHIRI ZN2HRI ZTOHIRI ZT12HIRI ZT0-HIRI Zn2HR
e o
< -
P
()
2 o
[
z
e
o
T o«
o
g
o
o N S . - S S N L S NI O e R O
<\cP 5 &€ (\rP & .@{o & Qwo & 5 @gb é\\o &€ &€ &e & ‘@e & <& @(A
POt © P 5 R & o"D& oy R o ,,A“b;;\%“ o o o &
& RN IR SRS N SR R AP SR PO S SR RO ARN
0‘30\@0&&\ &@%é\é 796 -@,“é\o‘\"}&\@\ \6@0&\0 -\of‘» &~ 6‘""0 &,p\o‘\e\ &\0 <° &\‘\e @qp‘ @‘&
XN SO G I O A P NP L)
@R S R PP KO W N & O
AN @ & & @ N 2 B O
& e o " W 2 o8 WK ELEE N
N O 2 RX; < e O & O &
& & Q o (N <P 2% g,
X o @ o R N ra «®
& &S &% o & & N
<« < & 5 &
° o
&'}
N o

@ Springer



Hepatology International

«Fig. 3 Diurnal differences in fecal metabolites in HIRI mice. A
OPLS-DA plot. B Volcano plot of differential metabolites. C Cluster
plot of the top 50 differential metabolites. D Box plot of the top dif-
ferent metabolites. E KEGG pathway enrichment analysis of differen-
tial metabolites. T test; *p <0.05, ***p <0.001

a total of 78 lipid molecules with significant differences
were detected in the ZT12-HIRI, including 34 which
were up-regulated and 44 down-regulated (Fig. 5B). We
ranked the differential metabolites based on the VIP and
performed a cluster analysis of the top 50 (Fig. 5C) and a
correlation analysis of the top 50 (Fig. 5D). The top 5 up-
regulated metabolites of the P-ZT12-HIRI group accord-
ing to the VIP were PC(34:1), PI(16:0/18:1), PC(36:4),
PC(38:4), and PE(16:0p/22:6), while the top 5 down-reg-
ulated metabolites were So(d18:0), So(d20:0), PC(32:0),
PC(16:0/16:0)+ CH3COO, and PI(18:0/20:4), respectively
(Fig. 5E). In addition, the KEGG pathway enrichment
analysis was performed on differential metabolites, which
were found to be significantly enriched in lipid metabo-
lism pathways, such as glycero-phospholipid metabolism,
cholesterol metabolism, fat digestion and absorption, and
regulation of lipolysis in adipocytes (Fig. 5F).

Discussion

Liver is a major metabolic organ as well as the main periph-
eral circadian organ, and its damage may lead to dyshomeo-
stasis of extrahepatic organs, including the central nervous
system and gut [16, 17]. Our current study showed that HIRIT
caused significant liver pathological damage and induced
cognitive impairment, which is consistent with earlier stud-
ies [18]. Interestingly, we illustrated that cognitive impair-
ment caused by HIRI underwent diurnal oscillations. Spe-
cifically, the composition of gut microbiota had significant
difference between the HIRI and control groups as well as
diurnal differences between the ZT0 and ZT12 groups. Fur-
thermore, gut microbiota transplantation from the ZT12-
HIRI was shown to transmit cognitive impairment behav-
ior. These findings suggest a direct association between gut
microbiota and the diurnal variation of HIRI-related cogni-
tive dysfunction.

In recent years, the circadian rhythm has attracted
tremendous attention due to its substantial role in regu-
lating physiology and behavior. Evidence from animal

experiments shows that HIRI is more severe in the even-
ing when compared with the morning after 90 min of
ischemia and 6 h of reperfusion [8]. Nevertheless, clinical
data from Ren et al. suggest that circadian rhythms have
a significant impact on surgical outcomes of liver trans-
plantation for patients [19]. Our current data, however,
indicate that the histopathologic changes and serum ALT/
AST had no significant difference in the evening (ZT12-
HIRI) when compared with the morning (ZT0-HIRI) after
90 min of ischemia and 72 h of reperfusion. What did dif-
fer was HIRI-related cognitive functions. Compared with
the ZTO-HIRI, the ZT12-HIRI group performed poorly on
the Y-maze test and the novel object preference test due to
impaired spatial working and reference memory and non-
spatial visual learning memory. The observed change in
histopathology and serum transaminase levels between the
ZT0 and ZT12 in this study is not consistent with the study
conducted by Chen et al. [8]. We speculate that this might
be due to different reperfusion times.

Gut microbiota, in both mice and humans, exhibit
diurnal oscillations that are influenced by feeding
rhythms, and involved in the regulation of a variety of
pathophysiological activities [20, 21]. The composi-
tions of gut microbiota and metabolites, such as SCFAs,
secondary bile acids (Bas), and 5-hydroxytryptamine
(5-HT), are closely related to systemic metabolism and
function, and related studies have shown that gut micro-
biota have potential neuroprotective effects [22]. We
showed that the composition of gut microbiota had diur-
nal differences between the ZTO-HIRI and ZT12-HIRI.
The limitation is that our current results can only suggest
that alterations in the gut microbiota may be the result
of a combination of hepatic ischemia-reperfusion and
circadian rhythms. To further explore the relationship
between gut microbiota and diurnal differences in HIRI-
related cognitive function, we established pseudo-germ-
free mice and transplanted in them fecal microbiota from
HIRI mice. We found that gut microbiota transplantation
from the ZT12-HIRI influenced cognitive impairment
behavior. Microbial metabolites are one of the important
mechanisms for gut-to-brain communication [23]. We
analyzed the differences in metabolites of gut microbiota
between the ZT0-HIRI and ZT12-HIRI, and a total of
387 metabolites of intestinal flora with significant differ-
ences were detected in the ZT12-HIRI compared with the
ZTO0-HIRI, including 183 which were up-regulated and
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«Fig.4 Microbiota from ZT12-HIRI mice induced cognitive impair-
ment behavior and abnormal gut microbiota composition compared
with ZTO-HIRI mice. Four groups: P-ZTO-HIRI, n=6; P-ZT12-
HIRI, n=6; P-ZTO0-Ctr, n=06; P-ZT12-Ctr, n=6. A The light micros-
copy and Suzuki’s score of liver tissues (n=3). Hematoxylin and
eosin (H&E). Magnification X 100. B Serum levels of ALT and AST
(n=3-4). C Cognitive behavior test (open-field test, Y-maze test
and novel object preference test; n=6). D Alpha Diversity (Simpson
index). E Beta Diversity (PCoA). (F) Heatmap of differential species
at the genus level. One-Way ANOVA (Tukey’s multiple comparisons
test); ¥p <0.05, **p <0.01

204 down-regulated. Among them, some differentially
expressed metabolites, such as LysoPE, PC, and LysoPC,
had been shown to be involved in the regulation of cog-
nitive impairment [24]. The KEGG pathway enrichment
analysis demonstrated that the differential metabolites
were significantly enriched in lipid metabolism path-
ways, such as the glycero-phospholipid metabolism,
sphingolipid metabolism, alpha-linolenic acid metabo-
lism, and fat digestion and absorption. In addition, to
investigate whether the differences in gut microbiota
composition and metabolites between ZTO and ZT12
were related to feeding, we calculated the food consump-
tion of two groups (ZTO0-HIRI vs. ZT12-HIRI) during
the first 72 h of reperfusion and found that there were no
significant differences in food intake among them (Data
are not presented in this article). However, since we do
not further compare the gut microbiota and metabolites
between the two groups of pseudo-germ-free that had
been kept under the same primary condition following
FMT, we cannot fully determine the interference of feed-
ing on the experimental results.

Previous studies have associated liver-related cogni-
tive impairment with blood ammonia concentration and
hippocampal inflammatory factors [3]. Our experimental
data showed that there were no significant differences
in blood ammonia concentration and hippocampal levels
of inflammatory cytokines (IL-1p, TNF-a, and NF-kB)
between ZTO-HIRI and ZT12-HIRI groups as well as
P-ZTO-HIRI and P-ZT12-HIRI groups. So we speculated
that there may be other mechanisms affecting circadian

oscillation in HIRI-related cognitive function. Lipid
metabolism is closely related to liver metabolism, gut
microbiota, and cognitive function [25]. Compared to
conventional mice, germ-free mice on chow-diet display
reduced levels of multiple lipid molecules, concomitant
with increased liver cholesterol, and decreased triglyc-
eride content [14]. Cross-validation analysis of data
from a Life-Lines-DEEP study reported that microbiota
explained 4.5% of the variance in body mass index, 6%
in triglycerides, and 4% in high-density lipoproteins
[26]. In terms of cognitive function, a study by Bowers
et al. indicated that lipid metabolism disorder in the hip-
pocampus is a key factor affecting neural stem/progeni-
tor cell activity and cognitive function [15]. Data from
Li et al. also indicated that neuronal cholesterol metabo-
lism in the hippocampus is closely related to memory
histone acetylation-mediated memory [27]. By analyzing
lipid metabolism in the hippocampus of FMT treated
germ-free mice, we found a large number of differen-
tially expressed lipid molecules between the P-ZTO-HIRI
and P-ZT12-HIRI. Compared with the P-ZT0-HIRI, a
total of 78 lipid molecules with significant differences
were detected in the ZT12-HIRI, including 34 which
were up-regulated and 44 down-regulated, suggesting
that gut microbiota might affect cognitive function in
HIRI mice by altering lipid metabolism in the central
nervous system. As a limitation, our current study does
not examine hippocampal circadian genes and signaling
pathways, such as the light signal and the CLOCK genes,
which have previously linked circadian oscillations, and
hippocampus and cognitive functions [28-30].

Conclusions

To summarize, our findings show that HIRI-related cogni-
tive impairment undergoes diurnal oscillations, and gut
microbiota may be involved in circadian differences of
cognitive function by affecting hippocampal lipid metab-
olism. Our current study provides new insights into the
“liver-gut-brain” axis in the context of HIRI.
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Fig.5 Lipidomics perturba-
tions in the hippocampus of
mice transplanted with fecal
microbiota of the HIRI model.
A PCA (principal component
analysis). B Volcano plot of dif-
ferential metabolites. C Cluster
plot of the top 50 differential
metabolites. D Pearson correla-
tion coefficient of the top 20
differential metabolites. Red/
Blue indicates a positive/nega-
tive correlation, respectively,
and blue indicates a correlation.
The size of the dots represents
the magnitude of the correla-
tion coefficient. E Box plot of
the top different metabolites.
F KEGG pathway enrichment
analysis of differential metabo-
lites. PE Phosphatidylethanola-
mine, PC Phosphatidylcholine,
PI Phosphatidylinositol, LPE
Lysophosphatidylethanolamine;
PMe Phosphatidylmethanol,
PS Phosphatidylserine, LPC
Lysophosphatidylcholine, TG
Triglyceride. T test; *p <0.05,
*#p <0.01, ***p <0.001
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