Fecal Microbiota Transplantation Prevents Hepatic Encephalopathy in Rats with
Carbon Tetrachloride-induced Acute Hepatic Dysfunction

Scientific research process

Hepatic Encephalopathy is a disease of liver dysfunction,but there is no effective
therapy to deal it .To all knows,the gut microbiota have emerged as a critical factor
in the development of HE. Fecal microbiota transplantation (FMT) has been
confirmed to treat some diseases .However, the effect of FMT on HE have not been
researched deeply .In our experiment,firstly,we performed in vivo rat Hepatic
Encephalopathy model.Then,the rat behaviors, cognitive function and liver
function were detected and compared after VSL#3 and Fecal microbiota
transplantation.Meanwhile,the Intestinal permeability(Evans Blue,claudin-1,
claudin-6 and Occludin using Western-blotting) were researched.Lastly,the TLR4 and
TLR9 using Western-blotting , two potent mediators of inflammatory response,and
IL-1B, IL-6 and TNF- a ,by taking advantage of ELISA, were tested to evaluate the
Mechanism of FMT.All data was analyzed by SPSS.After above experiments,we know

that FMT can prevents HE in rats and maybe the TLR has effects on the process.
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Hepatic encephalopathy (HE) is a common and serious disorder with a wide
spectrum of neuropsychiatric abnormalities due to chronic and acute liver
dysfunction[1]. HE is associated with poor quality of life and increased mortality,
thus representing a major healthcare burden in patients with liver cirrhosis [2, 3].
The estimated one-year survival rate is 42% after the first episode of overt HE, and
the three-year survival rate is 23% [1, 4, 5]. Therefore, HE with cirrhosis is considered
to have a poor prognosis for subjects who do not undergo liver transplantation. The
death rate is substantially lower for patients who receive a transplant. The survival
rate is more than 70% in the first 5 years after transplantation [1, 6].

Although the pathogenesis of HE remains incompletely understood, gut-derived
neurotoxin ammonia that accumulates in the central nervous system (CNS) is the
most frequent precipitating factor[7-11]. In cases of normal hepatic function,
ammonia enters the portal circulation of the liver and is subsequently converted to
urea through the urea cycle[1].

Gut microbiota have emerged as a critical factor in the development of HE.
Dysbiosis or an altered gut microbiota population promotes a systemic
pro-inflammatory milieu, resulting in neuro-inflammation and ultimately neuronal
dysfunction including HE[12-17]. Lactulose and lactitol, which target gut microbiota,
have been demonstrated to be effective as first-line therapies for both acute and
chronic HE. However, lactulose and lactitol have significant gastrointestinal side
effects [18, 19]. Furthermore, approximately 20% of patients with chronic liver
failure and HE have been found to be non-responsive to lactulose treatment. A
systemic review demonstrated that lactulose and lactitol failed to impart any survival
benefit to cirrhotic patients with HE[20].

Probiotics (e.g., VSL#3, a clinically tested probiotic formula consisting of three
types of bacteria Lactobacilli, Bifidobacteria, and Streptococci) contain living
beneficial bacteria and have been shown to improve mental status and cognitive
functioning. Therefore, probiotics may prevent HE recurrence by decreasing
urease-producing bacteria populations and ammonia absorption while also
increasing hepatic ammonia clearance[21]. Although probiotics are thought to have
no adverse effects when used as long-term therapeutics, they are not widely utilized
clinically due to the potential risk of introducing live bacteria into
immunosuppressed patients. Therefore, the use of probiotics for cirrhotic patients
with HE cannot be currently recommended, and rigorous clinical evaluation in
randomized controlled trials is required [22-25].

Given the limitations of current HE therapy, research efforts are now aimed at
improving existing treatments or developing novel therapies. Fecal microbiota
transplantation (FMT) is rapidly being accepted as a viable, safe, and effective
treatment for chronic gastrointestinal infections, recurrent inflammatory bowel
diseases (IBD) and Clostridium difficile infection (CDI)[26-29]. It has also gained
attention for its therapeutic potential for cardiometabolic, autoimmune, and other
extra-intestinal conditions that were not previously considered to be associated with
the intestinal microbiota[30-32]. However, whether FMT has healing effect on HE



has not been investigated.

In this study, we present in vivo evidence that FTM is effective for improving HE
symptoms as evidenced by increased rat motor activity, spatial learning and memory
following FTM. Moreover, FTM reduces systematic inflammation, leading to restored
hepatic and intestinal dysfunction. Mechanically, FMT reduced liver expression of
TLR4 and TLR9, which are two critical factors implicated in the accumulation of
ammonia and regulating the levels of circulating pro-inflammatory mediators;
therefore, FMT decreased liver inflammation and damage. Additionally, FMT can
recover the expression of tight junction proteins such as claudin-1, claudin-6 and
Occludin, resulting in attenuated intestinal permeability. Taken together, our study
demonstrates for the first time the efficacy of FMT in the treatment of a rat model of
HE and reveals the mechanisms underlying this process. Notably, we also provide an
experimental basis for the potential use of FMT in HE patients.

Materials and Methods

Animals

Male Sprague-Dawley rats weighing 240-270 g were used for the experiments. Rats
were fed with regular chow and water ad libitum in cages placed in a room with a
12-h light/dark cycle and constant humidity and temperature (25 °C). All of the
animals received humane care according to the criteria outlined in the ‘Guide for the
Care and Use of Laboratory Animals’ prepared by The National Academy of Sciences
and published by The National Institutes of Health.

Preparation of donor fecal material

The fecal material was collected and isolated as previously reported[33,34]. Briefly,
approximately 30 g of fecal material was collected from a healthy female donor in a
non-menstrual period with no history of hypertension, diabetes or cytomegalovirus,
hepatitis or HIV infection. The volunteer also must not have presented with fever,
abdominal pain, diarrhea, constipation, etc. In addition, the volunteer must not have
used antibiotics, antiviral drugs and any drugs that may affect the function of the gut
and bacteria within 2 weeks of fecal matter donation. The volunteer was told to eat
a liquid diet the day before the bacteria were extracted, and the fecal matter was
then passed through 2.0-, 1.0-, 0.5-, and 0.25-mm stainless steel laboratory sieves
(WS Tyler, Mentor, OH) to remove undigested food and smaller particulate material.
The resulting material passing through the 0.25-mm sieve was centrifuged at 6,000 g
for 15 min and homogenized in 150 ml of sterile normal saline. Glycerol (85%) was
added to obtain a final concentration of 10%.The resulting fecal bacteria were
resuspended and quantified by calculating the optical density (OD) relative to that of
Enterococcus faecalis (E. faecalis) stored at -80°C .

Experimental design
The rat model of HE was established as previously described. Briefly, rats were given
subcutaneous injection of 5 mL-kg-1 of CCl4 solution (a mixture of CCl4 and peanut



oil at ratio 2:3) twice a week and were fed 5% alcohol in drinking water with a normal
complete diet for 9 consecutive weeks. Control animals received normal saline. Nine
weeks after injection, the rats were randomized into 5 groups (4 rats per group) to
receive saline, low-dose FMT (containing 2.7 billion fecal bacteria),
moderate-dose FMT (containing 5.4 billion fecal bacteria), high-dose FMT
(containing 7. 1 billion fecal bacteria) or probiotics (VSL#3, 200 pl/d) for 3 weeks.
Each Capsule of VSL#3 contained 112.5 billion freeze-dried bacteria (Streptococcus
thermophilus, Bifidobacterium longum, B. breve, B. infantis, Lactobacillus acidophilus,
L. plantarum, L. casei, and L. bulgaricus) suspended in corn starch dissolved in 8.33 ml
phosphate buffered saline (PBS). The rats received 200 pl/d of this solution
(containing 2.7 billion CFU) via intestinal tube.

Observations and Measurement of Rat Behaviors

Rat behaviors one week before or after administrations were observed and recorded
in an open field. Behaviors include mortality, body weight, motor activity, stools,
hematochezia and infection. During the activity measurements, the animals had no
access to food or chow. All studies were performed under strictly standardized
conditions in a dark room for 30 min. The numbers of total movements, ambulatory
movements, and vertical movements were separately recorded to reflect the motor
activities of rats with hepatic failure. The motor activities were defined as zero in
dead mice.

Morris water maze

HE rats were evaluated for spatial learning and memory capabilities using a Morris
water maze as described previously. Two training trials a day were conducted on 3
consecutive days during the 8th week of the study. The experimental apparatus
consisted of a cylindrical water tank (145 cm in diameter, 60 cm in height) filled with
water maintained at 21 * 1°C. The water was made opaque with black ink. A
platform (10 cm in diameter) was submerged 2 cm below the water surface and
placed at the midpoint of one quadrant. Room lights illuminated the pool, and the
visual cues around the room (window, cabinets, furniture) were kept consistent. A
video camera was placed above the center of the pool and connected to a video
tracking system. During each training session, the rats were placed in the pool at a
specified starting position and allowed to swim freely until they found the Morris
water maze. The time required to escape (escape latency) was recorded. Rats that
found the platform within 120 seconds were allowed to remain on it for 20 seconds
and were then returned to their home cages. If a rat did not reach the platform
within 120 seconds, it was gently guided there by the experimenter, and allowed to
stay on it for 20 seconds. The test was performed again at 12 weeks to assess spatial
cognitive function.

Histology examination of liver Injury and Intestinal Damage

For histological examination, liver and distal ileum samples were fixed in 4%



paraformaldehyde, dehydrated using graded ethanol, and then embedded in paraffin.
The paraffin blocks were sectioned and stained with hematoxylin and eosin (HE)
using standard histological techniques.

Measurement of Intestinal Permeability

Intestinal permeability was determined by Evans Blue staining as previously
described. Rats were anesthetized and transcardiacally perfused with Evans Blue dye.
Colonic tissue was removed and maintained in formamide solution at 60 C for 24 h,
followed by centrifugation at 5000 r/min for 20 min. Optical density at 632 nm was
measured and calculated.

Liver Functional Tests and Serum Ammonia Level Detection

Biochemical parameters were measured using standard clinical methods
including alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum
albumin (ALB), total bilirubin (TBIL) and direct bilirubin (DBIL). Blood samples (0.5 ml)
were collected from the portal and tail veins and analyzed by automatic biochemical
analyzer.

ELISA analysis of circulating pro-inflammatory mediators and stool proteins

For detection of IL-1B, IL-6 and TNF-a, sera samples from each individual group were
collected and separated from portal and tail veins, followed by analysis by ELISA kit
according to the manufacturer's instructions (Sangon, Shanghai). For Calprotectin
and A1AT, equal stool weight from each group were collected and dissolved in PBS
and then separated by centrifugation for ELISA testing according to the
manufacturer's instructions (Sangon, Shanghai).

Western blot analysis

Protein expression was determined in lysates from liver and intestinal tissues using
rabbit anti-TLR4, anti-TLR9, anti-claudin-1, anti-claudin-6 and anti-Occludin
antibodies (Abcam) diluted in blocking buffer (5% milk in 0.2% Tween 20/TBS, 4°C,
overnight). The results were normalized to GAPDH expression (mouse anti-GAPDH,
Abcam).

Statistical analysis

SPSS statistical software, version 19.0, was used for statistical analyses. The Pearson
y* test or Fisher’s exact test was used to compare qualitative variables and Student’s
t-test was used for comparisons of quantitative variables. All statistical tests were
two-sided. p< 0.05 was considered statistically significant

Result



Fecal microbiota transplantation significantly alleviates rat behaviors of chronic
liver failure-induced HE

The chronic liver failure-induced HE model in rats was induced by treatment with
carbon tetrachloride-alcohol as previously described. All rats treated for 9 weeks
showed similar symptoms of HE, such as impaired spontaneous movement, cachexia
and somnolence, when compared with saline control mice. Histological examination
verified the successful establishment of the rat HE model. The rats were then
randomly divided into 5 groups including the model group, the probiotic-treated
group (termed VSL) and the FMT treated groups across 3 doses (termed FMT-L,
FMT-M and FMT-H for the low, mid and high FMT doses, respectively). Infections
were observed during the experimental period; one rat each in the VSL, FMT-L,
FMT-M and FMT-H groups died from infection. Data from these rats were excluded
from the final statistical analysis. The behaviors of each group were observed
clinically until the end of the experiment and were compared for mortality rate and
the clinical grading by the scoring method represented in Table 1 and as previously
described[35, 36]. Significant weight loss and decreased appetite were observed in
control group relative to the other treated groups, whereas rats treated with either
probiotics or any of the three FMT doses, but not the model group, started to
increase food intake and gain weight during the first week. The feeding behavior of
rats in the high-dose FMT treatment group normalized during the second week
(Figure 1).Together, the data presented here demonstrate that FMT enables the
healing of chronic liver failure-induced HE.

0 Normal behavior

1 Mild lethargy

5 Decreased motor activity, poor gesture control, diminished pain
perception

3 Severe ataxia, no spontaneous righting reflex

4 No righting reflex, no reaction to pain stimuli

5 Death

Table 1 Animal behavior clinical scoring
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Figure 2 FMT treatment enables body weight gain. Rat body weights in the indicated
groups were examined at the described times and analyzed.

Fecal microbiota transplantation markedly improves learning and memory
functioning in the rat HE model

The Morris Water Maze was used to evaluate the spatial learning of rats from
different treatment groups. Testing in the Morris Water Maze lasted six days. The
first five days were acquisition training with an invisible platform followed by 4 days
of reversal training with an invisible platform. A probe trial was then carried out with
no escape platform. Finally, 4 trials were conducted using the visible platform.

In contrast to the control group, the total travel distance was significantly
decreased in the model group (p=0.014), whereas the VSL or FMT treated rats
showed longer travel distances compared with the model group (p<0.0.03, Figure



3A). The swim speed was remarkably reduced in the model group, whereas it was
markedly increased in rats that received probiotics or FMT (Figure 3B ). The VSL and
FMT groups exhibited twice as many line crossings than did the model group (p<0.05,
Figure 3C). Although crossing times increased along with FMT dose, this relationship
did not reached statistical significance among FMT-L, FMT-M and FMT-H. Collectively,
these observations indicate that FMT is capable of improving learning and memory
deficits in the rat HE model.
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Figure 3 (A) FMT treatment increases rat total swim distance as revealed by the
Morris Water Maze. (B) Rats that received FMT showed improved swim speed. (C)
The number of line crossings in the FMT group was significantly increased relative to
that of the model group.

Fecal microbiota transplantation restores hepatic function in a dose-dependent
manner

Since FMT effectively improved the behavior and spatial cognitive capability of rats
with HE, we next determined whether FMT affected rat hepatic function in the HE
model. It was noted that FMT improved hepatic function in a dose-dependent
manner as revealed by hematoxylin and eosin staining.

Hepatic functions were examined by liver histology and serological parameters
including alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum
albumin (ALB), total bilirubin (TBIL) and direct bilirubin (DBIL). All of these
parameters were significantly elevated in the model group (P < 0.0001), which was



indicative of severe liver damage. However, rats that received probiotics or FMT
showed reduced levels of ALT, AST, ALB, TBIL and DBIL (p<0.0001) compared with
the model rats (Figure 4A-E). Notably, the FMT-H group revealed a marked decrease
in these parameters when compared with FMT-L and FMT-M groups (p<0.0002),
suggesting a dose-dependent improvement in hepatic functions. Moreover, liver
hepatomegaly and severe liver disease were clearly observed on the liver surfaces of
the model group whose livers also turned brown, indicating liver damage. On the
contrary, liver necrosis of probiotic-treated rats was dramatically relieved. When
treated with FMT, the livers showed decreased necrosis as the concentration of FMT
increased (Figure 4F). However, the liver color was still brown. In agreement with
altered liver morphology, liver histology analysis suggested that inflammation and
dot necrosis or patchy necrosis were observed in the model group, whereas none of
these manifestations were observed in the control group. Livers from rats that were
received probiotics or FMT showed less necrotic areas than did the model rats
(Figure 4G-L).
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Figure 4 Serological parameter examinations suggested improved hepatic
functions. Blood samples were collected from the indicated groups at the described
times and analyzed using an Automatic Biochemistry Analyzer (A-E). FMT
administration decreased CCL4-induced liver necrosis in rats. At the end of the
experiment, the rats were sacrificed, and the liver tissues were obtained. The data
shown are representative of liver morphology in the indicated groups (F). Rats
treated with FMT showed attenuated liver damage. Liver tissue samples from the
right major liver lobe were obtained, fixed in formalin and embedded in paraffin.
Five-micron thick tissue sections were obtained and stained with hematoxylin and
eosin (HE) for microscopic examination. The data shown are representative of HE
staining in the indicated groups (G-L). Following VSL#3 or FMT, the presence of liver
dikaryocytes (—) and red nucleolus liver cells were confirmed.

Fecal microbiota transplantation prevents intestinal mucosal barrier dysfunction
The intestinal barrier controls physical and biochemical activities to maintain a
balance with the external environment. Patients with liver cirrhosis develop a series
of alterations in the intestinal barrier associated with the severity of liver disease
that ultimately increase intestinal permeability. We therefore examined whether
FMT could protect intestinal integrity in the HE model. As showed in Figure 4G, the
intestinal permeability tripled in model group compared with the control group
(p<0.0001), as detected by Evans Blue (EB) extravasation methods. FMT treatment
remarkably decreased the intestinal permeability (p<0.0001), whereas the
VSL-treated group appeared to have even less intestinal permeability. Histological
observations suggested mild edema and mucosal separation in the model group.
FMT-treated of HE rats displayed decreased edema, mucosal damage and
inflammatory infiltration. Similar effects were observed when the HE rats were
treated with probiotics (Figure 4A-F). Intestinal permeability was not different
between the VSL and FMT treatment groups, irrespective of dose. Taken together,
these findings supported a protective role for FMT in maintaining intestinal integrity
and attenuating the mucosal barrier dysfunction induced by HE. In accordance with
altered intestinal permeability, expression of alpha-1-antitrypsin (A1AT) in the stool
was elevated in the model rats, which was indicative of excessive gastrointestinal
protein loss. A1AT levels decreased in the rats that received probiotics or FMT,
suggesting improved intestinal permeability and reduced gastrointestinal protein
loss (Figure 4H). Elevated Calprotectin levels in the stool, which are commonly used



in the clinic to measure the intestinal inflammation index, were found to be reversed
by probiotics and FMT, implying attenuated intestinal inflammation (Figure 4l).
Overall, the data presented here indicate that FMT preserves intestinal mucosal
barrier function.
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Figure 5 FMT reduces intestinal permeability in HE rats as evidenced by EB staining.
Stool A1AT levels in rats were decreased following FMT treatment, which was
indicative of improved intestinal permeability and reduced gastrointestinal protein
loss. The stools in the indicated groups were collected and diluted in PBS and
analyzed by ELISA assay. Stool Calprotectin levels in rats with were decreased
following FMT treatment, which was indicative of reduced intestinal inflammation.
Stools in the indicated groups were collected and diluted in PBS and analyzed by
ELISA assay (A-C). FMT prevents intestinal mucosal barrier damage in HE rats. At the
end of the experiment, the rats were sacrificed, and intestinal tissues were obtained,



fixed in formalin and embedded in paraffin. Five-micron thick tissue sections were
obtained and stained with hematoxylin and eosin (HE) for microscopic examination.
The data shown are representative of HE staining in the indicated groups, but there
were no differences among the tissues (D-I).

Fecal microbiota transplantation attenuates serum ammonia levels and the
systemic proinflammatory response

It is well-known that ammonia serves as the most important precipitating factor
leading to HE. In addition, accumulating evidence has demonstrated that
inflammation, including systemic inflammation, neuroinflammation and
endotoxemia, act concomitantly with ammonia to drive HE pathogenesis in cirrhotic
patients. We next determined whether FMT affects serum ammonia levels and
proinflammatory responses. Serum ammonia levels and proinflammatory cytokines
including IL-1B, IL.-6 and TNF-a were detected using Berthelot reaction and ELISA
assay. The mean ammonia level from the portal vein was 12.37 uM in the control
group, which was increased to 36.28 uM in HE rats. When the HE rats were given
probiotics, the mean serum ammonia level decreased to 22 puM. FMT therapy
resulted in a notable decline in ammonia levels (p<0.0001). In particular, high-dose
FMT administration was almost as effective as probiotic treatment in decreasing
ammonia levels. Moreover, similar effects were observed when the ammonia level
was evaluated from the tail vein, indicating that FMT enables effective clearance of
serum ammonia and ultimately improves clinical symptoms (Figure 6A). Consistent
with the decreased serum ammonia concentration, circulating levels of
proinflammatory mediators such as IL-1B, IL-6 and TNF-a were elevated in model
group and reduced in that groups that received probiotics or FMT treatment
(p<0.0001, Figure 6B-D). Significant differences in proinflammatory mediator levels
were observed among the groups that received different FMT doses (p<0.002). The
data described here demonstrate a systematic relief of HE severity in rats, and it was
clear that systemic inflammation, but not ammonia, was strongly correlated with
increasing grades of HE.
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Figure 6 Plasma ammonia levels decreased significantly upon FMT treatment. Blood
samples were collected from the portal and tail veins in the indicated groups and
analyzed by Automatic Biochemistry Analyzer (A). Decreased circulating IL-1B was
observed in the FMT groups. Blood samples were collected from the portal and tail
veins in the indicated groups and analyzed by ELISA assay (B). Serum IL-6 was
reduced in the FMT-treated groups. Blood samples were collected from the portal
and tail veins in the indicated groups and analyzed by ELISA assay (C). Serum TNF-a
was downregulated in the FMT-treated groups. Blood samples were collected from
the portal and tail veins in the indicated groups and analyzed by ELISA assay (D).

Fecal microbiota transplantation protects HE progression through distinct
mechanisms

Although FMT has been shown to be effective in a rat model of HE, leading to
improved hepatic and intestinal function and impaired systemic inflammation, the
underlying mechanisms of these processes have not been investigated. Liver TLRs
are reported to be important determinants of HE severity and are intimately
related to arterial ammonia concentration and levels of circulating pro-inflammatory
mediators [37-39]. Additionally, tight junction proteins (Occludin and Claudins) are
implicated in the regulation of intestinal permeability [40, 41].

Therefore, we examined the protein expression levels of TLR4 and TLR9 in the
liver tissues, and the expression levels of claudin-1, claudin-6 and Occludin were
analyzed in the intestinal tissues. As expected, liver dysfunction stimulated the
expression of TLR4 and TLR9 in the liver, which were then downregulated in liver
tissue from rats treated with probiotics and FMT, indicating that FMT can limit
systemic inflammation by decreasing the expression of TLR4 and TLR9. TLR4 and TLR9
are potent mediators that promote the expression of pro-inflammatory factors such
as IL-6 and TNF-a. Accordingly, the expression claudin-1, claudin-6 and Occludin was
lost in the intestinal tissues from the model rats, suggesting impaired tight junction
function. Tight junction protein loss was reversed by probiotic as well as FMT
treatment. High dose FMT appeared to induce more expression of claudin-1,
claudin-6 and Occludin than did other doses of FMT (Figure 6A, B). In summary, these
data demonstrated that FMT delays HE progression in rats by reducing the liver



expression of TLR4 and TLR9 and triggering tight junction protein expression,
resulting in attenuated systemic inflammation and decreased intestinal permeability.

occludin

claudin-1
claudin-6

GAPDH

Figure 7 FMT induced the downregulation of liver TLR4 and TLR9 expression in a
dose-dependent manner (A). FMT improved intestinal permeability by restoring the
expression of claudin-1, claudin-6 and Occludin(B).

Discussion

Hepatic encephalopathy (HE) is a potentially reversible spectral neuropsychiatric
complication caused by acute and chronic liver disease that significantly affects the
prognosis. Although decades of clinical practice have demonstrated that
nonabsorbable disaccharides, such as lactulose or lactitol, are effective for
approximately 80% of HE patients, little survival benefit in cirrhotic HE patients has
been observed following treatment with these agents. Probiotics, thought to have
therapeutic effect with no adverse effects, are not widely used clinically due to the
potential risk of introducing live bacteria[42]. Acute liver organ shortage and
increased morbidity have expanded research efforts aimed at improved treatment
[28, 43].

Fecal microbiota transplantation (FMT) is the introduction of a fecal suspension
derived from a healthy donor into the gastrointestinal tract of a diseased individual.
The clinical application of FMT has grown significantly within the last decade and is



now gaining mainstream acceptance as a valuable, low cost procedure with
apparently safe, and readily available materials, especially for the treatment of
recurrent or refractory CDI[26, 28, 29]. Whether FMT is effective for HE patients has
yet not investigated. Here we provide experimental evidence that FMT has potent
protective effects in improving motor activity in a rat model of HE and was
comparable to probiotic administration. A significant negative correlation was found
between the FMT dose and behavioral score. In addition, FMT has been shown to
enhance spatial learning and memory as revealed by the Morris Water Maze assay.
Since FMT effectively improves behavior and spatial cognitive capabilities, we next
determined whether it affected hepatic functions in the rat HE model. Hepatic
functions were examined by liver histology and serological parameters. Rats that
received FMT showed reduced levels of ALT, AST, ALB, TBIL, and DBIL (p<0.0001)
compared with the model rats. Notably, the FMT-H group revealed a marked
decrease in these parameters when compared with FMT-L and FMT-M groups
(p<0.0002). Moreover, liver necrosis in the FMT-treated rats was dramatically
relieved compared with the model rats, suggesting a dose-dependent improvement
in hepatic functions. However, in general, the levels of cognitive function of rats that
received FMT were altered more than other indicators.

Alterations in the intestinal barrier were associated with the severity of liver
disease leading to increased intestinal permeability [44-46]. We therefore examined
whether FMT could protect against the intestinal permeability induced by HE. FMT
treatment remarkably decreased the intestinal permeability (p<0.0001), whereas
histological observations suggested that FMT treatment in HE rats displayed
decreased edema, mucosal damage and inflammatory infiltration. In accordance
with decreased intestinal permeability, alpha-1-antitrypsin (A1AT) levels in the stool
were reduced following FMT, suggesting improved intestinal permeability and
reduced gastrointestinal protein loss. Elevated Calprotectin levels in the stool were
also found to be reversed by FMT, implying that FMT prevents intestinal mucosal
barrier dysfunction. Furthermore, FMT was found to attenuate serum ammonia
levels and impair systematic inflammation as demonstrated by reduced
proinflammatory cytokines including IL-1B, IL-6 and TNF-a, indicating a systematic
relief of HE severity in rats. It was clear that systemic inflammation, but not
ammonia, was strongly correlated with increasing grades of HE. Taken together, the
data in present study clearly showed a potent healing effect for FMT in the rat HE
model. Next we tried to determine the possible mechanisms underlying the
protective functions of FMT. It has been widely accepted that an impaired
gut-liver-brain axis in patients with liver disease is the leading cause of complications
including HE. In HE patients, bacterial translocation and increased intestinal
permeability are frequently found, the latter of which promotes bacterial
translocation, such as migration of microbes or their products including
pathogen-associated molecular patterns (PAMPs), the natural ligands for TLRs[40].
Liver expression of TLR4 and TLR9 is a critical determinant of HE severity, triggers the
inflammation cascade and is intimately related to arterial ammonia concentration
and circulating proinflammatory mediators such as IL-1B, IL-6 and TNF-a. We



therefore evaluated the levels of liver TLR4 and TLR9 and circulating IL-1pB, IL-6 and
TNF-a in the HE model and FMT-treated rats. FMT significantly reduced the liver
expression levels of TLR4 and TLR9 and proinflammatory mediators, suggesting that
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