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Introduction
Nonalcoholic fatty-liver disease (NAFLD) has 
been estimated to affect as much as 34% of the 
developed world’s population [Browning et  al. 
2004; Bedogni et  al. 2005]. A leading cause of 
NAFLD development is the overconsumption of 
calories [Marchesini et  al. 2008]. Dividing the 
population into lean and obese groups highlights 
the correlation between NAFLD and obesity. 
NAFLD has been found in 14% of lean individu-
als, whereas it afflicts 80-90% of obese individu-
als [Bellentani et al. 2010; Niaz et al. 2011]. With 

childhood obesity rates increasing, the prevalence 
of NAFLD is expected to rise, increasing the bur-
den of fatty liver disease.

Recently, probiotics have been touted as a possi-
ble treatment option for NAFLD. Although tra-
ditionally recommended for individuals with 
intestinal disorders, it is emerging that probiotics 
may have an overarching role in treating diseases 
of the gastrointestinal (GI) tract. As such, probi-
otic bacteria have been proposed to prevent or 
treat NAFLD by providing signals and immune 
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surveillance that regulates the microbiota through 
cytokine production [Tilg et al. 2000; Hoek and 
Pastorino, 2004; Mykhal’chyshyn et  al. 2013; 
Alisi et al. 2014; Vitetta et al. 2014; Sepideh et al. 
2015]. A proposed mechanistic hypothesis is that 
probiotics may reduce inflammation by reducing 
intestinal permeability, preventing the passage of 
pathogens (or bacterial byproducts such as 
lipopolysaccharides) [Shing et  al. 2014] from 
passing across the GI tract epithelial barrier.

It has been posited that the attenuation of intesti-
nal permeability by probiotics is due to maintain-
ing or increasing the concentration of 
tight-junction proteins [(TJPs): ZO-1, ZO-2, 
PKC-ζ] at the intestinal cell membrane [Parassol 
et al. 2005; Zyrek et al. 2007]. In addition to the 
intestine, probiotics may also help to maintain 
liver function by reducing inflammation through 
reregulating cytokine production, particularly 
proinflammatory cytokines that affect the liver 
(i.e. TNF–α, IL–6 and TGF–β) [Tilg et al. 2000; 
Hoek and Pastorino, 2004; Hegazy and 
El-Bedewy, 2010; Rodes et al. 2013]. TGF–β in 
particular, may activate hepatic stellate cells, 
leading to fibrogenesis [Khimji et  al. 2008]. 
Probiotics may therefore influence liver physiol-
ogy by downregulating gut pathobiont species, 
with shifts that encourage gut microbiome home-
ostasis, maintain the epithelial physical barrier 
and reduce proinflammatory activity.

Despite the listed benefits of probiotics (i.e. influ-
encing gut microbial species, intestinal permea-
bility and inflammation) and the known 
mechanisms for the development of NAFLD 
(e.g. overconsumption of calories), there have 
been few studies investigating the effects of probi-
otics on NAFLD [Aller et al. 2011; Mykhal’chyshyn 
et  al. 2013; Wong et  al. 2013; Alisi et  al. 2014; 
Nabavi et al. 2014; Sepideh et al. 2015]. However, 
these studies incorporated a range of designs 
(duration, dose and species used), typically 
include a single probiotic species, and lack inves-
tigation into effects on GI permeability. Therefore, 
there is still a need to further investigate the 
effects of probiotics. To investigate the effects of 
probiotics on NAFLD, we used an established 
model and high-fat diet that has been previously 
shown to induce NAFLD [Tan et  al. 2011; 
Waller-Evans et al. 2013]. We selected the blend 
of probiotics based on the synergistic effects of 
these bacteria. Probiotics administered in combi-
nation have greater therapeutic efficacy (e.g. 
reducing permeability) than species administered 

individually [Resta-Lenert and Barrett, 2003; 
Otte et al. 2009].

The aim of this study was to examine the thera-
peutic effects of a multispecies probiotic prepara-
tion on the integrity of the intestinal epithelial 
physical barrier, lipid metabolism, liver function 
and steatosis in mice fed a high-fat diet. We 
hypothesized that a probiotic supplementation 
consisting of a mixture of Bifidobacteria, 
Lactobacilli and a Streptococcus species would mit-
igate the effects of a high-fat diet by preserving 
the integrity of the intestinal epithelial barrier, 
reducing liver steatosis and restoring normal liver 
function.

Materials and methods

Study design
Some 8-week-old male wild-type mice on a 
C57B1/6J background were randomly divided 
into one of three groups: (1) a control group, 
receiving a standard laboratory chow control diet 
(chow, n = 9); (2) an HFD group (n = 9); and 
(3) an HFD group concomitantly supplemented 
with probiotics from week 10 [n = 10, 1 × 108–9 
colony-forming units (CFU)/ml]. One animal 
was excluded from both the chow and HFD 
group due to a leaking water bottle contaminating 
the bedding, causing the animal to get sick, result-
ing in weight loss. All animals were housed in a 
specific pathogen free (SPF) facility maintained 
at 20°C on a 12-hour light/dark cycle with access 
to clean water and food. At the end of week 20, all 
mice were euthanized, dissected and samples 
were stored for later analysis.

Ethics statement
All procedures were carried out in accordance 
and with approval from The University of 
Queensland (Permit number: QIMR/313/11/
Various Trust Funds) and Queensland Institute 
of Medical Research Berghofer Medical Research 
Institute (Permit number: QIMR P829) ethics 
committees.

Probiotics supplement
Nine species of probiotic bacteria from three 
genera (represented as percentages of total 
CFU/ml) were used as a multispecies probiotic 
blend (Lactobacillus rhamnosus/Lactobacillus casei/ 
Lactobacillus acidophilus/Lactobacillus plantarum/
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Lactobacillus fermentum comprised 82% of the 
total CFU; Bifidobacterium lactis/Bifidobacterium 
breve/Bifidobacterium bifidum comprised 13% of 
the total CFU; and Streptococcus thermophilus 
comprised 5% of the total CFU). All species 
were individually lyophilized and added to a 
known volume of drinking water (200–300 ml) 
as a combination probiotic supplement. The 
water was kept at room temperature (19–23°C) 
and changed every 48 hours. The total bacterial 
content of the probiotic blend added to the 
drinking water was estimated at 1 × 107–8 CFU/
ml. This dosage was chosen as it represents a 
dose per kilogram of body mass equivalent for a 
human (approximately 1–2 x 109 CFU/kg) 
based on a mouse consuming 1.5 ml water per 
10 g body mass per day.

Diet
The chow diet and HFD were purchased from 
Specialty Feeds (WA, Australia; HFD product 
no. SF03–020). The chow diet contained 4.8% 
total fat (monounsaturated fat 2.0%, polyunsatu-
rated fat, 1.8% and saturated fat 0.7%) and pro-
vided 14 MJ/kg of energy. The HFD contained 
23.0% total fat (monounsaturated fat 7.6%, poly-
unsaturated fat 2.0% and saturated fat 12.6%), 
and provided 20 MJ/kg of energy.

Dissection
At the end of week 20, mice were anaesthetized 
using an intraperitoneal injection of pentobarbital 
and xylazine. Once mice were anaesthetized, 
blood was collected by cardiac puncture and was 
left to clot at room temperature before serum was 
removed and stored. Tissue was collected by first 
removing the liver, followed by the large intestine. 
The mass of the liver was recorded. Liver and gut 
tissue samples were placed in formalin and trans-
ferred to a 70% ethanol solution after 24 hours 
for histology.

Large intestine or Swiss roll
The large intestine was cut longitudinally from 
the caecum to the rectum and opened. The intes-
tinal tract was cleared of faecal matter using a cot-
ton bud and carefully rolled on a wooden 
toothpick starting from the colon end, with the 
mucosa on the outside of the roll. The resulting 
roll was then carefully placed in formalin for 
histology.

Blood biochemistry
Serum was analyzed spectrophotometrically to 
determine the activity of alanine transaminase 
(ALT) and aspartate transaminase (AST) 
enzymes, and the concentrations of albumin, glu-
cose, cholesterol and triglycerides. Analysis was 
performed using a Cobas Integra 400 auto-ana-
lyzer, with reagents and calibrators supplied by 
Roche Diagnostics (NSW, Australia).

Hepatic triglycerides assay
Liver tissue was homogenized (Polytron 
PT1200, Kinematics, Switzerland) in a 1.5% 
potassium chloride (KCl) solution (2.3 g KCl in 
200 ml water). 500 µl of homogenate was 
extracted using a 2:1 chloroform/methanol mix-
ture. Extracts were dried under nitrogen and 
stored at −80°C until analysis. For analysis, 
samples were reconstituted using 2% triton-x 
with the aid of sonication. Samples were further 
diluted with 2% triton-x, for a final ratio of 1:6, 
ready for analysis. Triglyceride concentration 
was measured using a spectrophotometer (Cobas 
Mira, Roche Diagnostics, Australia) and a kit 
and calibrators were supplied by Novachem 
(Victoria, Australia).

Protein determinations
Total liver protein was measured as per the man-
ufacturer’s direction using a Pierce BCA protein 
assay kit supplied by Thermo Scientific (Victoria, 
Australia).

Tight-junction proteins ZO-1, ZO-2
Tight-junction proteins ZO-1 and ZO-2 were 
detected on large intestine Swiss roll histology 
slides by standard immunohistochemistry using 
the DAKO Envision System (Dako, Vic, 
Australia). Tissue sections were stained with rab-
bit antihuman polyclonal antibodies against ZO-1 
(2.5 μg/ml; 1:100 dilution of the stock; catalogue 
no. 450-02129) and ZO-2 (10 μg/ml; 1:25 dilu-
tion of the stock; catalogue no. 000-05499) 
(Lifespan Biosciences, WA, USA).

Histological scoring
Histology was blindly scored on large intestinal 
Swiss roll sections with ZO-1 and ZO-2 staining 
and liver sections with haematoxylin and eosin, 
and oil red O staining. Digital images of the Swiss 
roll section were captured using the Aperio 
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ScanScope XT Slide Scanner (Aperio 
Technologies, Vista, CA, USA) under 20 × 
objective magnification. Ten images were cap-
tured and scored for each sample. The quantita-
tive scoring of ZO-1 and ZO-2 expression of each 
tissue section was then analyzed using the positive 
pixel algorithm of Aperio Imagescope by an expe-
rienced molecular biologist. Liver sections (one 
section per mouse liver) were blindly scored by an 
experienced pathologist for diagnosis, NAFLD 
activity score, steatosis grade and percentage, 
portal inflammation, lobular inflammation and 
ballooning, Mallory’s hyaline, fibrosis stage, por-
tal score and centrilobular score using a previ-
ously published method [Kleiner et al. 2005].

Statistical analysis
All data are presented as mean ± standard devia-
tion, unless otherwise stated. Data were tested for 
normality of the distribution, and statistical anal-
ysis was performed with the statistical software 
GraphPad Prism 6 (California, USA) and Stata 
(v14; Texas, USA). Comparison between groups 
for continuous data (body mass, TJPs ZO-1 and 
ZO-2, serum ALT, AST, albumin, glucose, cho-
lesterol and triglycerides, hepatic triglycerides 
and steatosis %) was carried out using a one-way 
analysis of variance (ANOVA) with a Tukey’s 
multiple comparison post hoc test, or a Kruskal-
Wallis test for nonparametric data with a Dunn’s 
multiple comparisons post hoc test of significance 
between individual groups (GraphPad). 
Comparison between groups for ordinal data 
(lobular inflammation, ballooning and portal 
inflammation) was carried out using a Kruskal 
Wallis test (Stata). Differences were considered 
significant when p was less than 0.05 (*p < 0.05 
compared with the chow group; #p < 0.05 com-
pared with the HFD group). Correlation calcula-
tions were carried out using a Pearson correlation 
coefficient using GraphPad Prism 6.

Results
There was no difference (p = 0.18) in initial body 
mass of the chow, HFD and HFD + probiotics 
groups. The gain in body mass was similar 
between the chow and HFD groups for the first 7 
weeks. At week 8, compared with chow-fed mice, 
body mass was significantly greater for the HFD 
group (4.1%) and HFD + probiotics group 
[(7.7%), p < 0.05] (Table 1). By the end of the 
20th week, compared with chow-fed mice, body 
mass remained significantly greater for the HFD 
group (27.7%) and HFD + probiotics group 
[(26.2%), p < 0.05)]. Liver mass was significantly 
greater in both HFD-fed groups compared with 
chow-fed mice (p < 0.05) (Table 1).
Semiquantitative analysis of the large intestine 
Swiss rolls showed that expression of the TJPs 
ZO-1 and ZO-2 was significantly lower in both 
HFD groups compared with the chow group  
(p < 0.05) (Figure 1). The HFD + probiotics 
group showed significantly greater expression of 
ZO-1 and ZO-2 compared with HFD mice (p < 
0.05) (Figure 1). Histological examination of liv-
ers from chow-fed mice showed no steatosis 
development (Table 2) or fat-droplet accumula-
tion. By contrast, HFD mice demonstrated devel-
opment of steatosis, with large fat droplets, 
lobular inflammation and ballooning present. 
Compared with the HFD group, the HFD + pro-
biotics group showed a nonsignificant reduction 
(p = 0.36) in steatosis percentage (Table 2) and 
visible reductions in fat droplets (Figure 2 A–C).

Compared with chow-fed mice, hepatic triglycer-
ide concentration was significantly higher in both 
HFD groups (p < 0.01) (Figure 3A). In partial 
support of the liver histology scores and observa-
tion, hepatic triglyceride concentration was sig-
nificantly lower in the HFD + probiotics group 
compared with the HFD group (p < 0.05) (Figure 
3A). Serum triglyceride concentration was signifi-
cantly lower in both HFD groups compared with 

Table 1. Body mass and liver mass.

Chow (n = 9) HFD (n = 9) HFD + probiotics (n = 10)

Body mass 0 weeks (g) 23.9 ± 1.0 24.8 ± 0.7 24.5 ± 0.8
Body mass week 8 (g) 31.3 ± 1.2 32.6 ± 2.6* 33.7 ± 3.5*

Body mass week 20 (g) 33.6 ± 1.9 46.5 ± 4.1* 45.5 ± 4.8*

Liver mass week 20 (g)  1.7 ± 0.3  2.4 ± 0.7*  2.7 ± 1.2*

HFD, high-fat diet; *p < 0.05.
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Figure 1. Histological examination of the large intestine Swiss rolls for the tight-junction proteins ZO-1 and 
ZO-2. ZO-1: (A) chow-fed mouse; (B) HFD-fed mouse; (C) mouse fed HFD and supplemented with probiotics; 
for ZO-2: (D) chow-fed mouse; (E) HFD-fed mouse; (F) mouse fed HFD and supplemented with probiotics. 
All figures represent the median for that group. (I) Staining (brown) of tight-junction proteins; (II) mucosa; 
(III) muscularis mucosae; (IV) submucosa; (V) goblet cell. 400 × magnification; HFD, high-fat diet; *p < 0.05 
compared with chow-fed mice; #p < 0.05 compared with HFD-fed mice.

Table 2. Liver histology grading.

Chow (n = 9) HFD (n = 9) HFD + probiotics (n = 10)

Steatosis grade 0.0 ± 0.0 2.4 ± 0.7* 2.0 ± 1.3*

Steatosis % 0.1 ± 0.3 72.8 ± 27.2* 59.2 ± 38.7*

Portal inflammation 0.0 ± 0.0 0.2 ± 0.4 0.0 ± 0.0
Lobular inflammation 0.6 ± 0.7 1.9 ± 0.9* 1.7 ± 1.1
Ballooning 0.2 ± 0.4 1.3 ± 0.7* 1.1 ± 0.6*

HFD, high-fat diet; *p < 0.05.
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chow-fed mice (p < 0.05) (Figure 3B), whereas it 
was not significantly different between the HFD 
and HFD + probiotics groups. In the HFD 
group, there was a trend towards a negative cor-
relation between serum and hepatic triglyceride 
concentrations (R2 = 0.391; p = 0.07) (Figure 
4). This relationship was weaker in the HFD + 
probiotics group (R2 = 0.293; p = 0.10), and no 
such relationship was evident in chow-fed mice 
(R2 = 0.082; p = 0.45). The activity of serum 
ALT and the concentrations of glucose and cho-
lesterol were significantly higher in HFD-fed 
mice compared with chow-fed mice (Figure 5A–
C), but they were not significantly different 
between the HFD and HFD + probiotics groups. 
There was no difference in serum AST activity or 
albumin concentration between any of the groups 
(Figure 5D–E).

Discussion
The aim of this study was to examine the thera-
peutic effects of a multispecies probiotic prepara-
tion on the integrity of the intestinal epithelial 

barrier, lipid metabolism, liver function and stea-
tosis in mice fed a high-fat diet. The main findings 
were that the supplementation with a multispecies 
probiotic formulation helped to maintain TJPs 
ZO-1 and ZO-2, and reduced hepatic triglyceride 
concentrations compared with an HFD alone. 
These findings have implications for advancing 
probiotics and the GI tract microbiome as a poten-
tial point of treatment for NAFLD.

In this study we examined the effects of probiotics 
on the development of NAFLD, and hypothe-
sized that probiotics supplementation would miti-
gate the effects of a high-fat diet in part by 
preserving the integrity of the intestinal epithelial 
barrier. Our hypothesis was derived from current 
literature showing that probiotics maintain tran-
sepithelial resistance (permeability) when cells 
are exposed to an insult [Parassol et  al. 2005; 
Zyrek et al. 2007]. We have also previously shown 
that probiotics reduce intestinal permeability 
(indicated by lower serum lipopolysaccharide 
concentration) in athletes who are under physio-
logical stress [Shing et al. 2014].

Figure 2. Liver histology for lipid deposits. (A) Mouse fed a standard chow diet with 0% steatosis; (B) mouse 
fed HFD with 85% steatosis; (C) mouse fed HFD with probiotics supplementation with 60% steatosis. All figures 
represent the median for that group. (I) Central vein; (II) fat deposits. 20 × magnification; HFD, high-fat diet.

Figure 3. Hepatic and serum triglyceride concentrations. (A) Hepatic triglyceride concentrations (B) Serum 
triglyceride concentration. HFD, high-fat diet; *p < 0.05 compared with chow-fed mice; #p < 0.05 compared 
with HFD-fed mice.
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Histological analysis of the large intestine showed 
that an HFD reduced the expression of ZO-1 and 
ZO-2 compared with chow-fed mice, whereas the 
administration of probiotics partly attenuated this 
effect. The magnitude of the probiotics effect is 
consistent with probiotics preventing the degra-
dation of ZO-1 and ZO-2. That is, if we assume 
the chow group represents 100% TJP expression 
(maximum expression) and the HFD group rep-
resents 0% TJP expression (minimum expres-
sion), we can establish an approximate rate of 
TJP degradation over the 20 weeks. The HFD + 
probiotic group therefore represents approxi-
mately 50% TJP expression (Figure 1) and 
equates to the expression expected in the HFD 
group at week 10, assuming TJP degradation is 

Figure 4. Serum and hepatic triglyceride 
mobilization. An inverse relationship between 
serum and hepatic triglycerides when an HFD was 
consumed. Chow-fed mice, R2 = 0.082, p = 0.45; 
HFD-fed mice, R2 = 0.391, p = 0.07; HFD-fed mice 
supplemented with probiotics, R2 = 0.293, p = 0.10. 
HFD, high-fat diet.

Figure 5. Serum biochemical data. (A) ALT, (B) glucose, (C) cholesterol, (D) AST, (E) albumin. HFD, high-fat 
diet; ALT, alanine transaminase; AST, aspartate aminotransferase; *p < 0.05 compared with chow-fed mice.
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linear. This is of note, as this is when we intro-
duced probiotics.

We cannot establish a definitive association, but 
maintaining the integrity of the gut physical bar-
rier through the administration of probiotics, may 
have helped to attenuate the progression of 
NAFLD. This is supported by the reduction in 
hepatic triglyceride concentrations seen in the 
mice fed an HFD and supplemented with probi-
otics. We speculate that this may be in part the 
result of reducing the translocation of pathogens 
and byproducts across the intestinal epithelial 
barrier in response to an HFD-triggered dysbio-
sis. This is very much likely to matter given that 
the gut physical barrier, formed by intestinal epi-
thelial cells, maintains homeostasis in the intes-
tine in a continuous co-operative process with the 
innate immune system, importantly linking it to 
intestine-resident macrophages and to dendritic 
cells [Peterson and Artis, 2014].

Regulating intestinal epithelial permeability is 
one of the most important physiological defences 
against pathogenic bacteria and exogenous patho-
gens. In a recent report, Spadoni and colleagues 
[Spadoni et al. 2015] demonstrated this in both 
mice and humans. Specifically, they identified a 
gut–vascular barrier (GVB) that regulates the 
translocation of antigens into the bloodstream, 
and prevents the entry of large particles (i.e. intes-
tinal bacteria and antigens). However, in certain 
circumstances (obesity, diet, inflammation, dys-
biosis, etc.), the GVB can be compromised, 
allowing larger particles to pass through to the 
bloodstream where they can reach and affect the 
organs. Spadoni and colleagues also demon-
strated that GVB impairment occurs indepen-
dently to liver damage. These data are 
complementary to our present findings that an 
HFD alters TJP expression, and offer supporting 
evidence that intestinal permeability resulting 
from the overconsumption of calories can cause 
(and potentially rescue) liver damage.

We also observed reduced lipid accumulation 
from the liver in mice fed an HFD and supple-
mented with probiotics. We did not determine 
the cellular mechanism(s) responsible for this 
observation. Nevertheless, we did identify some 
physiological responses that may point to the 
mechanism(s) involved in the increased deposi-
tion of hepatic lipids in mice fed an HFD. In both 
HFD-fed groups, the observed increase in liver 
triglycerides was accompanied by decreased 

serum triglycerides (Figure 4). Experimental 
studies have reported that under regulated condi-
tions, as liver triglyceride concentrations increase, 
there is an adaptation response that may increase 
or decrease cell-signalling (reactive oxygen spe-
cies dependent) mechanisms in order to increase 
the mobilization of fat to clear it from the liver 
[Nussbaum et al. 2013].

Despite the beneficial effects of probiotics, these 
bacteria cannot be deemed a panacea to a high 
calorie diet. In this study, 30% of the mice (n = 3) 
showed no effect from the administration of pro-
biotics; consequently additional factors that influ-
ence the GI microbiome could also be important 
considerations. Colonization of the GI tract is not 
a uniform event, and begins post birth as the new-
born is exposed to maternal and environmental 
microbes [Tapiainen et al. 2006]. Animal housing 
differences, variable bacterial colonization of the 
GI tract and disease development may have con-
tributed to the observed variation in probiotic 
effects. A weakness of this study in this regard was 
the lack of GI tract microbiome analysis.

This study proposes that probiotics are not a pan-
acea for an overconsumption of calorie-dense 
foods through a high-saturated-fat diet in the 
hope of downregulating liver fatty acid metabo-
lism. Rather, probiotics may help reduce the 
severity and possibly the rate of progression of 
NAFLD to cirrhosis or hepatocellular carcinoma, 
resulting from the consumption of a high-caloric 
or high-fat diet, by modulating intestinal epithe-
lial permeability, attenuating inflammation and 
lipid metabolism in the liver.

Future research directions
It was beyond the scope of the current study to 
test the efficacy of the individual bacterial species 
in the probiotics supplement. Furthermore, the 
effects of individual species may not translate to 
the effects of a combination probiotic formula-
tion, that is, individual bacteria work differently 
in the presence of other species. However, inves-
tigating the effects of individual bacterial strains 
may help develop better probiotic combinations 
and is something for future studies. Studies that 
investigate the role of multispecies probiotics and 
their effect on the gut–liver axis should also 
employ research designs that can determine 
whether improvement in gut dysbiosis is accom-
panied by a beneficial shift in the GI tract micro-
biome that then pre-empts improvement in liver 
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steatosis. To date, only a few studies have investi-
gated the microbiome associated with NAFLD 
and nonalcoholic steatohepatitis conditions 
[Mouzaki et al. 2013; Zhu et al. 2013; Jiang et al. 
2015]. These studies reported a difference in the 
microbiota population between patients with liver 
disease and healthy individuals. An extension to 
the present study would involve analyzing changes 
in the microbiota associated with an HFD and 
probiotics supplementation. This analysis would 
provide valuable information on the effects of 
probiotics on a dysbiotic microbiome, and pro-
vide a potential answer to why some subjects 
respond to probiotics therapy and some do not.
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