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Abstract

Background. The qut-liver axis is one of the most emphasized topics in the pathogenesis of non-alcoholic
fatty liver disease (NAFLD). Intestinal microbiota dysbiosis has been shown to be a predictor of disease severity
and progression to fatty liver disease. Therefore, research addressing qut-based therapies has become popular.

Objectives. To investigate the effect of lactulose and polyethylene glycol 3350 (PEG 3350) in mice with
induced obesity and NAFLD at a non-diarrheal dose.

Materials and methods. Thirty-six (57BL/6) male mice were divided into 6 groups. The first 2 groups
(n = 6 each) were used as an induced obesity model (group A) and NAFLD model (group B) for 8 weeks.
The remaining 24 animals were categorized into control diet group, high-fat diet (HFD) group, HFD + lactu-
lose group, and HFD -+ PEG 3350 group. Serum and liver tissue samples were obtained for biochemical and
histopathological analyses, respectively.

Results. The HFD + lactulose treatment group displayed a significant decrease in liver weight (1.3 (13—
14) kg compared to 1.8 (1.6-1.9) kg) and NAFLD activity score (NAS) (1.5 (1.0-3.0) compared to 5.0 (4.0-5.0),
respectively; p = 0.0043, p = 0.0021) when compared with the HFD group. However, a decrease in body
weight (35.0 (34.6-36.0) kg compared to 40.9 (34.7-41.9) kg) and hepatosteatosis (HS) rate (33.3% com-
pared to 100.0%) were not statistically significant (p=0.1796, p= 0.0606, respectively). The HFD + PEG 3350
treatment group showed a statistically significant decrease in body weight (32.4 (30.2—-33.9) kg compared to
40.9 (34.7-41.9) kg), liver weight (1.5 (1.3—1.5) kg compared to 1.8 (1.6—1.9) kg), HS rate (16.7% compared
t0 100.0%) and NAS (0.5 (0.0-1.0) compared to 5.0 (4.0-5.0); p = 0.0086, p = 0.0086, p = 0.0151, and
p = 0.0021, respectively) when compared with the HFD group.

Conclusions. We demonstrated that non-diarrheal dose of lactulose and PEG 3350 reduced hepatic inflam-
mation in mice with induced NAFLD. It was also observed that PEG 3350 decreased HS and body weight.
We believe these mechanisms can be utilized as novel therapeutic approaches in NAFLD in prospective
human studies.
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Background

Non-alcoholic fatty liver disease (NAFLD) is an ever-
increasing major public health problem worldwide, and due
to the high rates of hepatitis Bimmunization and the intro-
duction of the hepatitis C vaccine, likely the most common
cause of chronic liver disease. Non-alcoholic steatohepa-
titis (NASH) is a histologically more aggressive subgroup
of NAFLD and is more frequently associated with the de-
velopment of fibrosis and cirrhosis. In the general popula-
tion, the prevalence of NAFLD is 25%, and the prevalence
of NASH is 3-5%.!

The pathogenesis of NAFLD is not yet fully understood,
although the “multiple-hit” hypothesis is widely accepted.
The 1% hit involves increased lipid flows to hepatocytes,
which induces the liver to become more susceptible to oxi-
dative stress and lipid peroxidation with increased lipid
uptake, free fatty acid production and de novo lipogenesis.
Then, mitochondrial dysfunction and the 2™ hit occurs,
resulting in hepatocyte damage, inflammation and fibro-
sis.? Although the majority of NAFLD patients are over-
weight or obese, there is also a subgroup of patients with
normal body mass index (BMI); such situation is defined
as lean NAFLD. Therefore, other factors in the pathogen-
esis besides insulin resistance, dyslipidemia and obesity
are thought to be involved.

The gut-liver axis is one of the most emphasized topics
in the pathogenesis of NAFLD, with intestinal microbiota
dysbiosis being shown as a predictor of disease severity
and progression to fatty liver disease. Therefore, research
on gut-based therapies has become popular. Lactulose
is a drug mainly used in the treatment of constipation,
hepatic encephalopathy and salmonellosis, and it is one
of the oldest prebiotics known as the ‘bifidus factor’. Oral
lactulose administration exerts its positive effect on gut
microbiota by increasing bifidobacteriaceae and lactobac-
illaceae.* The ability of lactulose to reduce hyperammo-
nemia in hepatic encephalopathy is thought to be mainly
due to amelioration of dysbiosis.® Polyethylene glycol 3350
(PEG 3350) is a high-molecular-weight, water-soluble poly-
mer and a commonly used drug for bowel lavage due to its
low rate of side effects. Post-lavage changes in the micro-
biota composition have been shown in fecal samples of pa-
tients who had colonoscopy preparation with PEG 3350.°

Objectives

In our study, we developed NAFLD mice models with
a high-fat diet (HFD) involving butter and aimed to in-
vestigate the effect of lactulose and PEG 3350 at non-di-
arrheal doses on lipid profile, obesity and NAFLD (defined
as NAFLD activity score (NAS) 23). The NAS system re-
flects fundamental histological features (steatosis, balloon-
ing and inflammation) and is a well-accepted standard used
for assessing NAFLD severity and responses to treatment.®
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Materials and methods
Animals

Thirty-six C57BL/6] male mice were used in the study.
Animals were eight-week old, weighing 24-28 g, and
were obtained from the Bilkent University Experimental
Animals Laboratory (Ankara, Turkey). Animals were held
in a twelve-hour dark/light cycle at an average temperature
of 22°C, and were randomized into 6 groups (n = 6) prior
to housing. Before starting the experiment, the mice were
given a standard diet (5.5% of the energy from fat) and water
for 2 weeks to stabilize their metabolic status. The ani-
mal study was approved by the Animal Ethics Committee
of Cumbhuriyet University School of Sivas (Sivas, Turkey;
approval No. 295/25.06.2019). All the surgical and experi-
mental procedures were in accordance with institutional
animal care guidelines.

Experimental design

The study was designed in 2 stages (Fig. 1). The 1% stage
involved inducing obesity (group A, n = 6) and NAFLD
(group B, n = 6) with a HFD diet (pellets, 60% of the energy
from butter). Group A and group B mice received a stan-
dard diet and HED, 3—6 g/day for 8 weeks, respectively. Daily
weights, food, and water consumption were observed during
the experiment. Finally, the 2 groups were fasted for 24 h prior
to euthanasia for histopathological evaluation of the liver and
the acquisition of blood samples from the femoral artery.
When it was seen that NAFLD was induced in group B mice,
the 16-week treatment trial phase was initiated. The remain-
ing 24 animals were categorized into 4 groups: HFD, HFD
+ lactulose, and HFD + PEG 3350. Lactulose and PEG 3350
were given to mice by dissolving in drinking water at a dose
of 0.44 g/day and 0.3 g/kg/day, respectively.” The frequency
and consistency of defecation were monitored. Diarrhea was
identified as an undesirable side effect, although it did not
affect any animals. Serum and liver tissue samples were ob-
tained in a similar manner to the mouse model of induced
NAFLD at baseline and at 8 weeks.

the NAFLD group A (standard diet)
animal
model phase group B (HFD)

control
the treatment HFD
trial phase HFD + lactulose

HFD + PEG 3350

week 0 week 8 week 16

< >

experiment phase weeks

Fig. 1. Experimental study design

NAFLD - non-alcoholic fatty liver disease; HFD — high-fat diet.
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Biochemical analysis
and histopathological evaluation

Blood samples from euthanized mice were centrifuged
for 10 min at 4000 rpm and 4°C, then were analyzed for
glucose, total cholesterol (TC), triglycerides (TG), low-
density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein-cholesterol (HDL-C) using cobas® 8000 ana-
lyzer (Roche, Basel, Switzerland). Liver tissues were dis-
sected, fixed with 10% neutral formalin and sent to the pa-
thology laboratory to be examined. After the automated
tissue processing and paraffin blocking steps, 5 pm-thick
sections were taken, then stained with hematoxylin and
eosin (H&E) in an automated stainer (Leica ST5020; Leica,
Buffalo Grove, USA). Each section was assessed under light
microscope by 2 independent pathologists for histopatho-
logical evaluations. Hepatosteatosis (HS) was graded based
on the percentage of fat within the hepatocytes: grade 0
(<5%), grade 1 (5-33%), grade 2 (34—-66%), and grade 3
(>66%). The NAFLD activity score (NAS) was calculated
using the scoring system developed by Kleiner et al.®

Statistical methods

Statistical data were analyzed using IBM SPSS v. 23.0
(IBM Corp., Armonk, USA). Descriptive statistics were
given as a median (1t quartile-3 quartile (Q1-Q3)) for
continuous variables. Mann—Whitney U test was used
to compare nonparametric variables. In comparison of cat-
egorical variables, the x? test was used when conditions
were met; otherwise, the Fisher’s exact test was used. A p-
value of <0.05 was considered statistically significant.

Results
The NAFLD animal model at 8 weeks

Body and liver weights of group B mice fed with HFD
were significantly higher than group A mice at 8 weeks

Table 1. Comparison of the animal weight, liver weight, hepatosteatosis
(HS), and NAS of C57BL/6J mice receiving standard and HFD (butter)
in an eight-week period

Group A

Group B
(control) (HFD)
(n=6) (n=6)

Variables

mg;mgggg}' 249(244-252)  335(309-360) = 00021
Liver weight [g], 09(09-09) | 12(10-14) | 00043
median (Q1-Q3)

HS, n 96) 0(0.0) 5(833) 00151
NAS, median (Q1-Q3) | 00 (00-00) 40(20-40) | 00021

HFD - high-fat diet; NAS — non-alcoholic fatty liver disease (NAFLD)
activity score; the data are shown as median, (Q1-Q3: -3 quartile) and
p-values were for the Mann-Whitney U test, except HS (x> test, df = 1).
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Fig. 2. Microscopic images of liver histology in high-fat diet (HFD) mice.

A. Grade 2 microvesicular steatosis, x4 magnification; B. Hepatocellular
ballooning, x10 magnification; C. Lobular inflammation, x10 magnification;
stained with hematoxylin and eosin (H&F)

(p = 0.0021, p = 0.0043). While HS was not found
in group A, 5 mice had HS in group B, and their fatty liver
rates were determined as 10% in 3 mice, 15% in 1 mouse
and 30% in 1 mouse (p = 0.0151). The NAS was found to be
4.0 (2.0-4.0) in group B mice and 0.0 (0.0-0.0) in group A
(p = 0.0021) (Table 1).
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Control diet compared to high-fat diet
at 16 weeks

Macroscopic appearance of liver tissues was smooth and
dark red in control mice. In histopathological examination
of the control group, none of the mice had HS and NAS
was determined to be 0.0 (0.0-0.0). Conversely, the liver
tissues of HFD mice were granular, fragile and yellow-gray.
All of them had HS, and fatty rates were determined as 10%
in 3 mice, 30% in 1 mouse and 40% in 2 mice. The NAS
in the HFD mice was calculated as 5.0 (4.0-5.0) and was
significantly higher than in the controls (p = 0.0021).
The H&E staining images samples of the liver tissue
in HFD mice are displayed in Fig. 2. Also, serum lipid lev-
els were significantly higher in HFD, except TG (Table 2).

High-fat diet compared to high-fat diet
+ lactulose

High-fat diet + lactulose mice had lower level of liver,
but not lower body weight when compared with HFD mice
(p = 0.0043 and p = 0.1796, respectively). Two of HFD +
lactulose mice had HS (fatty rates were 15% and 30%;
p = 0.0606). The NAS was 1.5 (1.0-3.0), which was sig-
nificantly lower than in HFD mice (p = 0.0021). There was
no difference between the groups in terms of body weight,
glucose level and lipid parameters (Table 2).
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High-fat diet compared to high-fat diet
+ PEG 3350

Body and liver weight of HFD + PEG 3350 mice were
lower than those of HFD mice (both p = 0.0086). In the his-
topathological evaluation of the liver, only 1 mouse
in the HFD + PEG 3350 group had 30% HS, and the NAS
was 0.5 (0.0-1.0), which was significantly lower than in
the HFD group (p = 0.0151, p = 0.0021). There was no dif-
ference between the groups in terms of glucose and lipid
parameters, except TG. Higher TG levels were observed
in HFD + PEG 3350 mice (p = 0.0021) (Table 2).

High-fat diet + lactulose compared to
high-fat diet + PEG 3350

The body weight of the HFD + PEG 3350 mice was lower
when compared with HFD + lactulose mice (p = 0.0259).
However, there was no statistically significant difference
between the groups in terms of liver weight, HS and NAS
(Table 2).

Comparison of body weight, liver weight and NAS in
all groups is shown in Fig. 3, and differences in biochemical
parameters are shown in Fig. 4.

Table 2. Comparison of the liver and laboratory analysis of high-fat diet (HFD), HFD + lactulose and HFD + PEG 3350 mice in a sixteen-week period

Control

HFD + lactulose | HFD + PEG 3350

Variables (n=6) p-value* p-value** | p-value*** | p-value****
Liver analysis

Animal weight [g], 26.8 409 350 324

median Q1-Q3) | (267-272) (347-419) (346-36.0) (302-339) 00021 | 017% | 00086 | 0029
Liver weight [g], 14 1.8 13 1.5

median (Q1-Q3) (13-15) (16-1.9) (13-14) (13-15) 00043 00043 00086 04848
HS, n (%) 0(0.0) 6 (100.0) 2(333) 1(16.7) 0.0021 0.0606 0.0151 1.0000
NAS, 0.0 5.0 15 0.5

median (Q1-Q3) (00-00) (40-50) (10-30) (00-10) 00021 | 00021 | 00021 01320

Laboratory analysis

TC [mg/dL], 745 141.0 156.0 162.0

median (Q1-Q3) (71.0-76.0) (136.0-157.0) (148.0-157.0) (159.0-165.0) 00021 0.2402 0.0649 UL
LDL-C [mg/dL], 9.6 342 26.5 24.7

median (Q1-Q3) (92-10.2) (26.5-433) (24.7-283) (24.0-25.40) 00021 01796 00649 01756
HDL-C [mg/dL], 604 1294 139.6 137.2

median (Q1-Q3) | (578-613)  (1000-1453) | (1360-1428) | (1367-137¢) = 002! 04848 03939 03939
TG [mg/dL], 93.0 107.5 107.0 2135

median (Q1-Q3) (86.0-133.0) (102.0-127.0) (102.0-108.0) (212.0-215.0) 0.3939 06991 0.0021 0.0021
Glucose [mg/dL], 1475 196.0 209.0 165.0

median (Q1-Q3) (130.0-148.0) (191.0-218.0) (204.0-211.0) (155.0-170.0) S e e Ve

The data are shown as median (Q1-Q3: 18-3'Y quartile) and p-values were for the Mann-Whitney U test, except HS (2 test, df = 1); HDL-C - high-density
lipoprotein cholesterol; HFD — high-fat diet; HS — hepatosteatosis; LDL-C — low-density lipoprotein cholesterol; NAS — non-alcoholic fatty liver disease
(NAFLD) activity score; PEG 3350 — polyethylene glycol 3350; TC — total cholesterol; TG - triglycerides; *between control and HFD groups; **between HFD
and HFD + lactulose groups; ***between HFD and HFD + PEG 3350 groups; ****between HFD + lactulose and HFD + PEG 3350 groups.
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The data are shown as median, (Q1-Q3) (p-value for the Mann-Whitney U test)

NAFLD - non-alcoholic fatty liver disease; NAS — NAFLD activity score.
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Fig. 4. Comparison of high-fat diet (HFD), HFD + lactulose and HFD + PEG 3350 mice by biochemical parameters including TC (A), LDL-C (B), HDL-C (C),
TG (D), and glucose (E). The data are shown as median (Q1-Q3; p-value for the Mann-Whitney U test)

TC - total cholesterol; LDL-C — low-density lipoprotein cholesterol; HDL-C - high-density lipoproten cholesterol; TG - triglycerides.

Discussion

The pathogenesis of NAFLD is still not clearly elucidated
and there are no accepted therapeutic options, except for
diet and lifestyle changes. Diets lacking methionine and
kaolin, and rich in sucrose and fructose or fat are often pre-
ferred to induce NAFLD. Butter is one of the well-known
hyperlipidemic oils frequently included in our dietary
habits. We observed that both obesity and NASH models
were induced in all mice fed a HFD, which included 60%

of energy provided through butter (both p = 0.0021). This
is similar to a previous study in rats fed chow with a similar
butter ratio, which also developed HS, although no weight
gain was observed.® In a study investigating the effect
of fatty diets on intestinal flora, fecal DNA samples of mice
receiving butter were compared with mice receiving olive
oil and a standard diet. It was observed that the proteo-
bacteria family, which is frequently indicated in NASH-
intestinal pathogenesis, was more prevalent in the mice
receiving butter.’? In this study, HDL-C/LDL-C ratios
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were sorted as olive oil > butter > standard diet. Similarly,
we observed increased HDL-C and LDL-C in mice receiv-
ing butter. Furthermore, in a human study this concurrent
increase was observed in healthy volunteers given a diet
containing moderate butter ratio (4.5%).! It is thought that
HDL-C compensates for LDL-C, so there is no increased
cardiovascular risk in this population. Based on this re-
sult, it is recommended that butter should be minimized
in the diet of hyperlipidemic patients, but moderate but-
ter intake can be allowed in normolipidemic individuals.
We observed another interesting finding in the lipid profile
of HFD mice, namely, the absence of increased TG levels.
Essentially, TG accumulation in the liver is thought to be
one of the fundamentals of NAFLD pathogenesis. In a rat
model of NAFLD, the highest TG level was seen in the 1*
week and then decreased, and this was explained by the de-
creased food intake in the following weeks.!? In the present
study, while the amount of food intake consumed through-
out the experiment was constant, there was no correlation
between TG level and NAFLD.

The liver is directly affected by changes in the intes-
tine due to portal vein flow. Stool analysis of patients
with NAFLD showed that their intestinal flora density
was different from healthy individuals. For example,
in the presence of NASH, bacteroidete (bacteroidaceae,
prevotellaceae, rikenellaceae) density was increased, while
the density of actinobacteria (bifidobacteriaceae) de-
creased.!3 In the same study, it was shown that Escherichia,
which was responsible for the high endogenous serum
alcohol production, increased liver damage in patients with
NASH. Hence, bacteroidetes and Ruminococcus, which
are known to produce alcohol, are considered an inde-
pendent risk factor for NAFLD and fibrosis, respectively.?
When fecal DNA analysis was performed in a patient with
NAFLD, it was shown that the density of fusobacteriaceae
and prevotellaceae, which are known as short chain fatty
acid (SCFA) producing bacteria, increased, and the fecal
SCFA concentrations were high.* Consequently, dysbio-
sis, increased SCFA production and altered permeability
of the intestinal barrier are thought to lead to NAFLD and
even fibrosis at later stages.

In our study, we observed that a non-diarrheal dose
of lactulose improved hepatic inflammation without sig-
nificant weight loss. This result suggests that lactulose may
play a role in the treatment of lean NAFLD. It has been
shown that Lactobacillus plantarum spp. NA136 and Lac-
tobacillus johnsonii spp. BS15, known as probiotics, inhib-
ited hepatic steatosis and regressed hepatic inflammation
in mice.!>1¢ Additionally, lactulose reduced the high con-
centration of SCFA seen in the stools of NAFLD patients,
and caused the regression of steatosis.? In another study
performed in rats with induced NASH, lactulose decreased
both portal vein serum endotoxin levels and hepatic in-
flammation, but had no effect on HS.!” Unlike in that study,
we started lactulose treatment concurrent with HFD, and
the duration of treatment was longer (8 weeks compared
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to 16 weeks). However, we observed a similar result being
decreased NAS but no effect on HS.

Lactulose may contain up to 30% carbohydrates
in the form of water-soluble liquid syrups, such as those
used in this study. However, we observed no increase
in glucose levels. In a recent randomized controlled
study of healthy volunteers, neither form of lactulose
was found to have a significant effect on serum glucose
levels, and no hyperglycemic effect was observed in dia-
betic patients.!81? Interestingly, lactulose leads to posi-
tive changes in carbohydrate metabolism, creating fiber
and acarbose effects and increasing glucose tolerance
in patients with diabetes mellitus.?° In the jejunal loops
of rats given lactulose, it was observed that glucose ab-
sorption was decreased by 40%, but amino acid absorption
was not.2! It is thought that bacterial endotoxins reduce
the production of pancreatic insulin, and therefore, any
treatment that reduces the production of endotoxin will
have an antidiabetic effect.??> The decreased hepatic in-
flammation in our HFD + lactulose group could be due
to the beneficial effects of lactulose on insulin resistance,
as we observed no differences in terms of serum lipid
levels between HFD + lactulose and HFD mice. Similarly,
Mao et al. found no changes in biochemical parameters
with the same dose of lactulose (15%, ~0.44 g/day) given
in our study in C57BL/6] mice for 2 weeks.” However,
we showed an approx. 23% decrease of LDL-C level with
lactulose, although this was not statistically significant.
Serum cholesterol levels decreased by 17% in hyperlipid-
emic patients receiving lactulose treatment for 4 weeks,
and this decrease continued for 4 weeks following the ces-
sation of treatment.??

Polyethylene glycol 3350, because of its high molecular
weight and non-absorbable structure, is frequently used
for intestinal perfusion studies and colonoscopy prepara-
tions, with high doses of PEG 3350 required for colonic
lavage. It has also started to be preferred as a long-term
treatment option for functional constipation, soften-
ing the stool without inducing diarrhea. The PEG 3350
dose that we used was calculated by adapting the lower
dose (17 g/day) used in humans to the weight of a mouse.
We observed decreased liver and body weight, 83.3% less
HS and lower NAS in the HFD + PEG 3350 mice at non-
diarrheal dose. To our knowledge, this is the first study
to investigate the effect of PEG 3350 on NAFLD treat-
ment, and we believe these results may depend on its
weight-reducing effect. Essentially, the studies investi-
gating the effect of PEG 3350 on intestinal flora were
performed at a high dose, similar to that used for co-
lonic lavage. Some of these studies showed no significant
difference between prelavage and postlavage bacterial
cultures,?*2> while Drago et al. showed the decreased
density of Lactobacillus and increased density of pro-
teobacteria, which is known to cause severe diarrheal
attacks.® Contrary, rikenellaceae had been shown to de-
crease in pediatric patients with NAFLD and increased
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in individuals who had colonic lavage with PEG.%26
Hence, more studies are needed using formulas with dif-
ferent doses of PEG 3350 to determine its positive effect
on the gut microbiota.

Since PEG 3350 is not considered a long-term treatment,
there are few studies investigating the effects of PEG 3350
on lipid profile. In our study, we detected higher serum
TG levels in the HFD + PEG 3350 treatment group despite
adecrease in HS and NAS. We believe this interesting find-
ing suggests that PEG 3350 reduces lipid uptake by the liver
at the receptor level, without affecting serum lipids. For
instance, it was observed that a liver-specific inhibitor
that inhibited acetyl CoA carboxylase decreased hepatic
steatosis, but increased serum TG levels in an insulin-
resistant rat model.?” Likewise, we observed no changes
in terms of lipid parameters, except TG. It was shown that
intestinal transit time decreased by 20%, but there was
no change in TC and TG levels in rats given PEG 4000
at a non-diarrheal dose.?® We also detected lower serum
glucose levels in HFD + PEG 3350 mice, which was close
to but not statistically significant (p = 0.0571). Similarly,
in humans, it was observed that there was no difference
between PEG 3350 and placebo in terms of glucose levels
in the treatment of functional constipation for 2 weeks.?
This provides a safe side effect profile in individuals with
insulin resistance.

Limitations

This study has some limitations. First, fecal bacterial
DNA analysis was not performed to evaluate the effect
of drugs on the intestinal flora. Second, sequential bio-
chemical analysis of serum lipid and glucose and amino-
transferase tests were not done due to insufficient blood
samples.

Conclusions

Currently, there are no approved therapies for NAFLD.
Drug development efforts have focused on pathogenic
mechanisms including gut-liver axis. We developed
an obesity and NAFLD mouse model through the ad-
ministration of a HFD. Then, we observed decreases
in HS by 66.7% and 83.3% in the HFD + lactulose and
HEFD + PEG 3350 treatment groups, respectively. Signifi-
cant decreases in NAS were found in HFD + lactulose (1.5
(1.0-3.0)) and HFD + PEG 3350 (0.5 (0.0-1.0)) treatment
groups when compared with the HFD group (5.0 (4.0-
5.0)). The decrease in body weight was determined as 11%
and 16.5%, respectively. Considering that more than 10%
weight loss reduces not only steatosis but also fibrosis
in NAFLD, it seems likely that lactulose and PEG 3350
may have an effect in the treatment of obesity and NAFLD.
We recommend that human studies should be conducted
to address this.
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