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Abstract: Neuroinflammation plays a key role in the progression and pathogenesis of postoperative cognitive dys-
function, but it does not always occur in the local response to primary injury. In this study, we revealed that probiot-
ics alleviate cognitive dysfunction associated with neuroinflammation in cardiac surgery. Rats were administered
a probiotic or placebo once a day by gavage for 2 weeks until the day of surgery. Cardiac surgery was induced by
ischemia/reperfusion of the left coronary artery. Key factors, such as the gut microbiome, the gut barrier and the
blood-brain barrier (BBB), were systematically investigated to determine whether changes in the gut microbiome
lead to neuroinflammation. We used 16S rDNA sequencing to confirm that cardiac surgery induced intestinal flora
dysbiosis by altering the number of organisms rather than the structure in the cecum microbiome, which occurs at
the same time as damage to the gut barrier. Cardiac surgery also increased BBB permeability, suggesting that dis-
ruption of the microbiome may increase the likelihood of neuroinflammation. Probiotics-induced alterations in the
intestinal flora significantly reduced the level of inflammatory cytokines (IL-6 and IL-13). Importantly, we found that
the administration of probiotics significantly improved spatial memory impairment in rats after cardiac surgery, as
measured by the Morris water maze. Overall, dysbiosis of the gut flora may aggravate cognitive impairment associ-
ated with neuroinflammation after cardiac surgery, and probiotics may attenuate this effect.
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Introduction

Cognitive dysfunction is a common central ner-
vous system complication after anesthesia
and surgery. Postoperative cognitive dysfunc-
tion (POCD) is characterized by dementia-like
symptoms, such as memory impairment, atten-
tion loss, inability to plan, and difficulty in
switching between tasks [1, 2]. Previous stud-
ies have reported an incidence of cognitive
dysfunction of 14-50% three months after car-
diac surgery and 5-20% after non-cardiac sur-
gery [3-5]. Many factors, such as brain hypo-
perfusion, abnormal hormone secretion and
immune inflammatory response, are currently
believed to be involved in the mechanism of
POCD [6-8]. However, as far as we know, none
of the mechanisms discussed above have been
used to prevent or treat POCD in cardiac sur-
gery patients; therefore, the pathogenesis of

POCD after cardiac surgery remains to be fur-
ther studied.

The gut is called the body’'s “second brain”
because it has many of the same neural func-
tions as the brain that can affect mood and
mental health [9, 10]. New evidence suggests
that intestinal flora disorders are linked to
brain immune dysfunction, which is associated
with processes of mental health damage [11].
Sampson and his colleagues proposed a new
mechanism, in which intestinal flora imbalance
is also an important factor in the progression
of neuroinflammation [12]. However, whether
intestinal flora are involved in postoperative
cognitive dysfunction has not been reported.
Therefore, we hypothesize that dysbiosis of
gut flora may aggravate cognitive impairment
associated with neuroinflammation after cardi-
ac surgery and that probiotics may attenuate
this effect.
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Materials and methods
Animals and experimental groups

This study was carried out in accordance with
NIH Guidelines for the Care and Use of Animals
and approved by the Animal Care and Use
Committees of Harbin Medical University. All
efforts were made to minimize animal discom-
fort and number of animals used. Ten-week-old
SD rats weighing 280-300 g were purchased
from the Second Affiliated Hospital of Harbin
Medical University (Harbin, China). Animals
were housed in a temperature-controlled room
and received a standard diet and drinking
water.

The experiment was divided into two parts. In
part 1, to verify that changes in the intestinal
flora are involved in the neuroinflammatory
response after cardiac surgery, we divided the
animals into two groups: control (Con) and car-
diac surgery (Cardiac). In part 2, to determine
whether probiotics-induced alterations in the
intestinal flora improve cognitive functions
after cardiac surgery, the animals were divided
into four groups: control (Con), cardiac surgery
(Cardiac), cardiac surgery + probiotics (CSP),
and control + probiotics (CPO).

Induction of cardiac surgery

The rats were intraperitoneally (IP) adminis-
tered 3% pentobarbital sodium (0.2 ml/100 g)
to induce anesthesia, intubated and then
mechanically ventilated using an animal respi-
rator. Tail artery catheterization was performed
to dynamically monitor blood pressure, and a
left thoracotomy was then performed to ex-
pose the heart. A 5-0 surgical silk suture was
used to ligate the left anterior descending
(LAD) coronary artery at 3 mm from its origin
for 30 min. A successful occlusion was dee-
med to have been formed when the color of the
left ventricle became pale and ST segment
changes were observed on an ECG monitor.
After hemodynamics was observed to be
maintained at a steady level, the ligature was
removed and the thorax was closed. Bu-
prenorphine (0.03 mg/kg bw, IP) was adminis-
tered to all experimental rats after closing the
thorax to manage postoperative pain.

Intestinal histopathologic analysis

The rats were sacrificed on postoperative days
0, 7, 14, and the ileum was dissected 5 cm
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above the cecum. After cleaning with normal
saline, the dissected tissues were fixed in 4%
formalin for 48 h and then used to generate
paraffin sections. Sections were later obtained
and stained using hematoxylin and eosin (H&E).
Intestinal morphologic alterations were classi-
fied using Chiu pathology scores [13].

Measurement of intestinal flora

To determine the gut microbial community,
the flora of the intestinal tract was assessed
using 16S rDNA sequencing on postoperative
day 7 [14]. Briefly, fresh feces (1 g) were col-
lected from each rat and stored in sterile tubes
at -80°C in an anaerobic environment. DNA
samples were isolated and extracted using a
QlAamp® DNA Kit. Following sample quality
inspection, the V3/4 region of the 16S rDNA
was amplified using the 341F (CCTACGGG-
NGGCWGCAG) and 785R (GACTACHVGGGTAT-
CTAATCC) primers to construct a 16S rDNA
library. An lllumina® Miseq Sequenator was
used to conduct high-throughput sequencing
(HTS). Raw data were then analyzed to deter-
mine the diversity and abundance of the micro-
bial population in the samples.

Evaluation of blood-brain barrier (BBB) perme-
ability

To evaluate changes in BBB permeability on
postoperative day 7, we developed an approach
based on the sequential injection of small-size
(Sodium-fluorescein, NaF) and large-size (Rh-
odamine, RHO70) fluorescent dyes followed by
a quantitative assessment of the degree of
intravascular and extravasated dyes in brain
sections containing the cortex or the hippocam-
pus [15]. The tracers were successively inject-
ed into the right femoral vein and circulated for
1 h (NaF) or 20 min (RHO70), and the rats were
decapitated to extract the prefrontal cortex and
hippocampal tissues, which were quickly dis-
sected, weighed and stored for further use.
Following fixation and dehydration, the tissues
were embedded in 0.C.T. compound medium
(Sakura Finetek®, USA) and then quickly frozen
at -196°C (liquid nitrogen). The tissues were
sliced into 8 um-thick sections, and confocal
imaging was directly performed.

Western blot analysis

The expression levels of the biomarkers (GFAP
and Iba-1, respectively) of astrocytes and mi-
croglia, matrix metalloproteinase-9 (MMP-9)
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and cytokines (IL.-6 and IL-1B) in both the hip-
pocampus and the prefrontal cortex were
determined by Western blotting on postopera-
tive day 7. Samples were homogenized in lysis
buffer and then incubated at 0°C for 30 min.
After centrifugation, proteins were obtained
from the supernatant (16,000 g at 4°C for 20
min). The extracted proteins were separated
by electrophoresis at 80 V and then transferred
to PVDF membranes with transfer buffer. Then,
in 5% skim milk diluted with 1x TBST (120 min
at 20°C), the membranes were blocked before
probing with the appropriate primary antibod-
ies (goat polyclonal anti-lba-1 antibody, diluted
1:2000; mouse monoclonal anti-IL 6 antibod-
ies, diluted 1:3000; rabbit polyclonal anti-IL
1B antibodies, diluted 1:5000; rabbit poly-
clonal anti-GFAP antibodies, diluted 1:10000,
all from Abcam®, USA; mouse monoclonal
anti-B actin antibodies, diluted 1:2000, ZSGB-
BIO®, China; rabbit polyclonal anti-MMP9 anti-
bodies, diluted 1:1000, Affinity Biosciences®,
USA) for 12 h at 4°C. Then the membranes
were incubated with the appropriate HRP IgG
secondary antibodies (peroxidase-conjugated
rabbit anti-goat 1gG (H + L) diluted 1:2000,
ZSGB-BIO®, China; HRP goat anti-mouse IgG
(H + L) and HRP goat anti-rabbit 1gG (H + L)
diluted 1:5000, ABclonal®, USA). The proteins
were quantified using Imagel® densitometric
software and detected using a chemilumines-
cent kit on a Thermo Fisher® FluorChem
Imaging System.

Immunofluorescence

The tissues were embedded in O.C.T. complex
medium (Sakura Finetek®, USA) after fixation
and dehydration, and then frozen rapidly at
-196°C (liquid nitrogen). The tissues were sliced
into 8 ym-thick sections and stored at -80°C
for further use. After heating to room tempera-
ture (RT) for 10 min, the sections were refixed
in acetone (precooled to 4°C) for 10 min, rin-
sed in PBS 3 times (5 min each time), and
then permeabilized in 0.25% Triton-X100. After
the sections were washed with PBS 3 times (5
min each), they were blocked in 5% serum
containing 1% glycine and 0.01% Tween 20 for
30 min to retrieve the antigen and then incu-
bated with appropriate primary antibodies (rab-
bit polyclonal anti-GFAP antibodies, diluted
1:1000; mouse monoclonal anti-IL 6 antibod-
ies, diluted 1:500; goat polyclonal anti-lba-1
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antibody, diluted 1:500; rabbit polyclonal anti-
IL 1B antibodies, diluted 1:500, all Abcam®,
USA) for 12 h at 4°C. After washing, the sec-
tions were incubated with the appropriate
conjugated secondary IgG antibodies (donkey
anti-goat 1gG (H + L) Alexa Flour® 594, Abcam,
USA; Cy3 goat anti-rabbit IgG (H + L), diluted
1:200; FITC goat anti-rabbit IgG (H + L), diluted
1:100; Cy3 goat anti-mouse IgG (H + L), diluted
1:200; Abclonal®, USA) in the dark at 37°C for
60 min. The tissues were incubated with DAPI
for 3 min and then rinsed in the dark for 3x5
min in PBS. Immunostaining was observed
under a fluorescence microscope (Leica™
DM4000 B, Leica, Germany).

Probiotic administration

A commercial probiotic formulation (Golden
bifid, Shuangqi pharmaceutical Co., China)
composed of no less than 0.5x10” CFU
Bifidobacterium longum, 0.5x10® Lactoba-
cillus bulgaricus and 0.5x10° Streptococcus
thermophiles was orally administered to the
animals to investigate the therapeutic potential
of probiotics. Probiotics (2.0 g/kg) were dis-
solved in 2 ml (approximately 1% of body
weight) of drinking water and administered
once a day by gavage for 2 weeks until the day
of surgery. The Con groups received only the
vehicle.

Open field test

The open field was a square arena, 100x100
cm (length x width) with a 50-cm-high wall. A
60x60 cm square area was defined as the cen-
tral area. Anxiety-like behavior, such as moving
outside of the central area or defecation, and
locomotor activity of the rats were measured
for 5 min. The arena was cleaned by ethanol
after use. All records were acquired by a track-
ing system (SuperMaze®, China).

Morris water maze

The difference in cognitive function among
groups was detected by the Morris water maze
(MWM) on postoperative day 21. The spatial
acquisition procedure lasted for 5 days. The
rats were released at 4 different but fixed
points (the W, S, NW, or SE directions of the
maze) each day to find the escape platform. If
the rats failed to find the platform in 90 s, it
was guided to the platform and allowed to
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Figure 1. The quantity of microbiome, but not richness, was altered after
cardiac surgery in the rats. A and B. Observed species and the Chao index
were similar between the Con and Cardiac groups. These results indicated
that microbial richness did not differ in the microbiome after cardiac surgery.
C and D. The Shannon and Simpson indexes significantly differed between
the two groups, indicating that the quantity of microbiome may be altered
after cardiac surgery. E. Heat map comparison between the Con group and
Cardiac group at the genus level (n = 6). Data for Observed species, the
Chao index and the Shannon index were examined using independent Stu-
dent’s t-tests. The non-normal variables (Kolmogorov-Smirnov test, P<0.05)
of Simpson significance were tested by the Mann-Whitney rank sum test.
Con = control. *P<0.05.

search in the maze for 60 s.
All the records were acqui-
red by a tracking system
(SuperMaze®, China).

Statistical analysis

Statistical calculations were
performed using SPSS Sta-
tistics 18.0 (IBM Corp., Ar-
monk, NY). The Kolmogorov-
Smirnov test was used to
assess the normal distribu-
tion of continuous variables.
Normally distributed variables
are expressed as the means
(SD). Nonparametric variables
are expressed as medians
(interquartile range). Norma-
lly-distributed variables were
analyzed using an indepen-
dent Student’s t-test or one-
way analysis of variance (AN-
OVA). Nonparametric data we-
re compared using the Mann-
Whitney rank sum test. The
results were considered sta-
tistically significant when P<
0.05.

Results

Intestinal flora dysbiosis after
cardiac surgery in rats

The indices for alpha diversity
in the fecal microbiota were
similar between the Cardiac
and Con groups (observed
species: P = 0.808; Chao: P =
0.661, Figure 1A and 1B), in-
dicating that the genus level
in the intestinal flora was si-
milar between the Cardiac
rats and the Con rats. How-
ever, the indices for alpha
diversity were significantly dif-
ferent in the cardiac surgery
group compared with the con-
trol group (Shannon: P =
0033; Simpson: P = 0.042,
Figure 1C and 1D), and these

remain on the platform for 15 s. The escape results indicated that the quantity of microbiota
platform was removed on day 6 to measure in the gut significantly differed between the
the spatial memory of the rats. The rats were Cardiac rats and the Con rats. In addition, the
released at the SW direction and allowed to abundance ratio of genus was calculated
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Figure 2. Cardiac surgery induced intestinal flora dysbiosis. A. Phylogenetic distribution of fecal microbiota differ-
ences between the Con and Cardiac groups. Red colour is represented with significant differences of taxonomic
representation in the Cardiac groups, while green color represents significant differences in taxonomic representa-
tion in the Con groups. The fecal microbiota shared between the Con and Cardiac groups is marked by yellow color.
B. The taxonomy of the intestinal flora was analyzed by linear discriminant analysis (LDA) with effect size measure-
ments (LEfSe). The length of bars in the chart represents the significance of differences in fecal microbiota between
the two groups. For LDA scores >2, P<0.05 (n = 6). Compositions of different species of fecal microbiota associated
with cardiac surgery and control rats assessed by LEfSe analysis. Con = control.

according to the genus layers in the species
classification unit (Figure 1E).

Taxonomic differences between the Cardiac
and Con groups were determined using a lo-
garithmic linear discriminant analysis (LDA)
score cutoff value (2.0), and the results sug-
gested that the fecal flora were significantly dif-
ferent between the Cardiac and Con groups.
Here, we considered the specific differences
observed in taxa at the genus level (Figure 2A).
The quantities of Saccharibacteria, Eubacteria-
ceae, Enterobacteriales, Escherichia/Shigella,
Micrococcaceae, etc. were higher in the Cardiac
rats than in the Con rats, whereas the quanti-
ties of Lachnospiraceae, Paraprevotella and
Oscillibacter, etc. were higher in the Con group
than in the Cardiac group (Figure 2B).

Alterations in the gut barrier and the BBB after
cardiac surgery

Histological measurements of ileal morpholo-
gy revealed that cardiac surgery significantly
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affected the intestinal ultrastructure on day 7
(Figure 3A). Compared with the Con group, in
the Cardiac group, the epithelial cells of the
intestinal villi were partially shed, and microvilli
were irregularly arranged, dull, and rough. Ad-
ditionally, Chiu pathological scores were signi-
ficantly higher in the Cardiac group than in the
Con group on day 7 (P = 0.003, Figure 3B).

In the Con group, both dyes were contained
and colocalized within the brain vasculature,
and minimal staining was observed extrava-
scularly. Conversely, in the Cardiac group, the
large RHO70 dye was contained intravascul-
arly, whereas the smaller NaF dye had partially
leaked into the cortex and the hippocampus
(Figure 3C). The amount of leaked NaF was
higher in the Cardiac group than in the Con
group in both the cortex and the hippocam-
pus (cortex: P<0.001; hippocampus: P<0.001,
Figure 3D). These results indicated that BBB
permeability was significantly higher in the
Cardiac group than in the Con group. In addi-
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Figure 3. Gut-brain barrier function was damaged after cardiac surgery. A. The intestinal mucosa was obviously
damaged after cardiac surgery on postoperative day 7 as measured by H&E staining, indicating that intestinal flora
dysbiosis may be most obvious on the seventh day after cardiac surgery. B. Chiu pathology scores revealed obvi-
ously higher scores in the Cardiac group on 7 day (n = 8). C. Rhodamine (red) and NaF (green) staining in the hip-
pocampus and the prefrontal cortex. Scale bar = 25 um. D. The intensity of NaF fluorescence was evidently higher
in the Cardiac group than in the Con group, indicating that BBB permeability was significantly higher after cardiac
surgery (n = 6). E and F. MMP-9 expression associated with BBB damage was increased after cardiac surgery (n =
6). Significance was tested by independent Student’s t-tests. Con = control, BBB = blood-brain barrier. **P<0.01,
*%%P<0.001.
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Figure 4. The expression of IL-13 and IL-6 was significantly upregulated following cardiac surgery. The hippocampus
was harvested 7 days after cardiac surgery. A. Representative immunostaining images show the distribution and
expression of IL-1 in the CA1 and DG regions. Scale bar = 50 ym. B. The mean optical density of IL-13 immunos-
taining was significantly higher after cardiac surgery. C. Representative images of IL-6 staining. Scale bar = 50 ym.
D. IL-6 concentrations in the CA1 and DG regions (n = 6). Significance was tested by independent Student’s t-tests.

Con = control; DG = dentate gyrus. ***P<0.001.

tion, MMP-9 synthesis was also significantly
higher in the cortex and hippocampus of the
Cardiac group than the Con group (P<0.001,
Figure 3E and 3F).

Probiotics-induced alterations in the intestinal
flora reduced neuroinflammation

The mean optical density of IL-6 (CA1: F (3, 20)
= 4412, P<0.001; DG: F (3, 20) = 44.35,
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P<0.001) and IL-1B (CA1l: F (3, 20) = 28.65,
P<0.001; DG: F (3, 20) = 37.39, P<0.001) stain-
ing was significantly higher in regions of the
hippocampus in rats in the Cardiac group than
in rats in the Con group (Figure 4). A significant
decrease in the mean optical density of IL-6
and IL-1B staining in regions of the hippocam-
pus and cerebral cortex of the Cardiac group
receiving probiotics compared with the Cardiac
group receiving the vehicle control (Figure 5).
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Discussion

harvested 7 days after cardiac surgery (n = 6). Significance was tested

by one-way analysis of variance. Con = control; CSP = probiotics-treated
cardiac surgery; CPO = probiotics-treated control. *P<0.05, **P<0.01,

***P<0.001.

Significantly larger lba-1-(CA1l: P<0.001; DG:
P<0.001) and GFAP-(CA1: P<0.001; DG: P =
0.001) positive regions were found in the hip-
pocampus of the Cardiac group than the Con
group (Figure 6). In addition, Iba-1 and GFAP
expression was significantly higher in the cere-
bral cortex of rats in the Cardiac group, and
these elevations were remarkably inhibited by
the probiotic treatment (Figure 7).

Modulation of the gut microbiota alleviates
cognitive dysfunction

A significant decline in the escape latency in
the MWM was observed in all experimental
groups during the spatial acquisition process
(Figure 8A), which indicated that all groups of
rats could learn the platform location. Overall,
no significant difference was observed in spa-
tial acquisition among the groups (Figure 8A).
During the probe trial, the time spent in the
target annulus was significantly shorter (F (3,
44) = 6.99, P = 0.44, Figure 8B), the number
of times the animals swam across the site
where the platform was located was signifi-
cantly smaller (F (3, 44) =9.50, P = 0.14, Figure
8C), and the percentage of the distance swam
in the target sector was smaller (F (3, 44) =
11.43, P = 0.34, Figure 8D) in the Cardiac
group than in the CSP group. These results in-
dicate that the memory index was significantly
better in the probiotic-treated Cardiac group
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In recent years, the host inter-
actions of intestinal flora have
become a focus of attention
[16, 17]. A growing body of
evidence suggests that intestinal flora play an
important role in the pathogenesis of obesity,
Alzheimer’s disease, atherosclerosis, diabetes
and other diseases [18-20]. However, to our
knowledge, few studies have examined the
effects of gut flora on cognitive function after
cardiac surgery. In this study, we found that gut
disorders caused by cardiac surgery can dam-
age the gut barrier and increase BBB permea-
bility, thereby possibly exacerbating neuroin-
flammation and causing POCD. Importantly, we
also tested whether probiotic-induced altera-
tions in the intestinal flora could counteract
POCD and biological effects.

To our knowledge, we are the first to directly
observe changes in intestinal flora in animal
models of POCD after cardiac surgery. We
found that the gut flora is dysbiotic after cardi-
ac surgery. The potentially high-frequency im-
balance of intestinal flora can increase the
growth of proteobacteria such as Rothia, Ace-
tivibrio and Shigella (Figure S1), which mainly
include LPS-containing Gram-negative bacte-
ria, and the integrity of the intestinal barrier can
be destroyed because tight junction proteins
are inhibited [21]. This “leaky gut” in cardiac
surgery rats allows the intestinal LPS and
pathogenic bacteria to escape from the intesti-
nal tract, thereby activating innate immune
cells in the intestinal tract and triggering the
inflammatory response [13]. These findings
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Figure 6. Cardiac surgery induced microgliosis and astrocytosis. The hippocampus was harvested 7 days after
cardiac surgery. Immunostaining showed the distribution and expression of biomarkers of microglia and astrocytes
(Iba-1 and GFAP). A. Representative images of Iba-1 staining in the CA1 and DG regions. Scale bar = 50 um. B.
The intensity of Iba-1 fluorescence was significantly higher after cardiac surgery. C. Representative images of GFAP
staining in the CA1 and DG regions. Scale bar = 50 um. D. The Intensity of GFAP fluorescence was significantly
higher after cardiac surgery (n = 6). Significance was tested by independent Student’s t-tests. Con = control; DG =

dentate gyrus. **P<0.01, ***P<0.001.

suggest that cardiac surgery induces gut inflam-
mation, leading to low levels of systemic and
neuroinflammatory development.

In studies of inflammation, the expression and
activity of MMP-9 is recognized as a destruc-
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tive agent that promotes BBB damage [21-23].
Toft-Hansen et al. showed that metalloprotein-
ases are associated with leukocyte infiltration
in neuroinflammation [24]. Agrawal et al. fur-
ther found that MMP-9 is an important factor in
the selective elimination of [-dystroglycan,
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Figure 8. Pretreatment with pro-
biotics attenuated learning and
memory impairment caused by
cardiac surgery. Rats began MWM
and open field testing at 3 weeks
after cardiac surgery. A. After a
5-day MWM training session, es-
cape latency was declined in all
experimental groups. B and C.
The time spent in the target quad-
rant and the time spent swimming
across the site where the platform
had been located were both signifi-
cantly shorter in the Cardiac group
than in the Con group, whereas
pretreatment with probiotics sig-
nificantly prolonged these times.
D. Pretreatment with probiotics in-
creased the percentage of the dis-
tance traveled while swimming in
the target sector during the probe
trial. E-G. No significant difference
in exploratory behaviors or gen-
eral activity was observed during
the test between the Cardiac and
Con groups (n = 12). Significance
was tested by one-way analysis
of variance (ANOVA). Con = con-
trol; CSP = probiotics-treated car-
diac surgery; CPO = probiotics-
treated control. *P<0.05, **P<
0.01, ***P<0.001.

which anchors astrocyte end
feet to the astrocyte base-
ment membrane and is impor-
tant for white blood cell pene-
tration through the basal
membrane of the brain paren-
chyma and, therefore, conse-
quential to damage in the BBB
[25]. In our study, we found
that MMP-9 levels were higher
in cardiac surgery rats, sug-
gesting that the inflammatory
response triggered by gut
microbiota dysbiosis was at
least partially responsible for
the damage induced in the
BBB. Therefore, we next as-
sessed BBB permeability by
measuring NaF content in
brain tissues. The rate of
extravasation of NaF is in-
dicative of the rate of entry of
small molecules, such as sol-
utes and ions [15]. Hu et al.
found that orthopedic surgery
induced BBB damage; howev-
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er, the specific mechanism by which it did so
was unclear [26]. In our study, we found that
BBB permeability was increased after cardiac
surgery and that it aggravated cognitive deficits
by increasing the exposure of the brain to vari-
ous cytokines, including IL-13 and IL-6.

There is growing evidence that brain inflamma-
tion after POCD is a risk factor for cognitive
dysfunction [5, 8, 27]. Probiotics are thought
to have anti-inflammatory properties for a
number of reasons. For example, lactobacillus
helveticus reduced inflammatory markers, in-
cluding prostaglandin E2, nitric oxide synthase,
and IL-1B, in the brain [28], while Bifidobacte-
rium longum RO175 reduced the levels of
IL-8 and TNF-a [29]. Lactobacillus helveticus
RO052 reduced IL-6 and IL-1B levels but did
not significantly affect TNF-a levels [30], sug-
gesting that each probiotic exerts a specific
effect on the synthesis of proinflammatory
cytokines. Consistent with these reports, in
this study, the cardiac surgery rats showed neu-
roinflammation, which was attenuated by the
administration of probiotics, possibly by regu-
lating anti-inflammatory effects.

In conclusion, the intestinal disorders caused
by cardiac surgery aggravate neuroinflamma-
tion, at least to some extent, by damaging the
permeability of the intestinal barrier and the
BBB. These adverse effects on cognition may
be eliminated by probiotics, which can inhibit
the imbalance of gut flora. These findings may
explain the mechanism of cognitive dysfunc-
tion after cardiac surgery, and will facilitate fur-
ther exploration of the treatment of POCD.
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Figure S1. There were more colonies of potentially pathogenic bacteria in rats after cardiac surgery. Cardiac surgery
may cause an imbalance in five types of pathogenic bacteria, such as (A) Rothia, (B) Acetivibrio, (C) Shigella, (D) Sac-
charibacteria, and (E) Porphyromonadaceae (n = 6). Data for Rothia, Saccharibacteria and Porphyromonadaceae
were examined using independent Student’s t-tests. The non-normal variables (Kolmogorov-Smirnov test, P<0.05)
of Acetivibrio and Shigella significance were tested by the Mann-Whitney rank sum test. Con = control. *P<0.05,
**P<0.01.



