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Abstract: We have recently developed probiotics that can express bovine, human, or porcine lactofer-
rin (LF), and the present study evaluated the effect of these probiotics in improving non-alcoholic fatty
liver disease (NAFLD). Three kinds of probiotic supplements, including lactic acid bacteria (LAB),
LAB/LF, and inactivated LAB/LF, were prepared. The LAB supplement was prepared from 10 viable
LAB without recombinant LF-expression, the LAB/LF supplement was prepared from 10 viable
probiotics expressing LF, and the inactivated LAB/LF supplement was prepared from 10 inactivated
probiotics expressing LF. A model of obese/NAFLD mice induced by a high-fat diet was established,
and the mice were randomly divided into four groups and fed with a placebo, LAB, LAB/LF, or
inactivated LAB daily for four weeks via oral gavage. The body weight, food intake, organ weight,
biochemistry, and hepatic histopathological alterations and severity scoring were measured. The
results revealed that the obese mice fed with any one of the three probiotic mixtures prepared from
recombinant probiotics for four weeks exhibited considerably improved hepatic steatosis. These
findings confirmed the assumption that specific probiotic strains or LF supplements could help to
control NAFLD, as suggested in previous reports. Our data also suggest that the probiotics and LFs in
probiotic mixtures contribute differently to improving the efficacy against NAFLD, and the expressed
LF content in probiotics may help to boost their efficacy in comparison with the original probiotic
mixtures. Moreover, when these LF-expressing probiotics were further inactivated by sonication,
they displayed better efficacies than the viable probiotics against NAFLD. This study has provided
intriguing data supporting the potential of recombinant probiotics in improving hepatic steatosis.

Keywords: high-fat diet; lactoferrin; NAFLD; obesity; probiotic

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a condition caused by the excessive
accumulation of fat in the liver, which can further lead to more serious liver diseases, such
as steatosis, with or without mild inflammation, and non-alcoholic steatohepatitis (NASH).
The pathological features of NAFLD actually resemble those of alcohol-induced liver injury,
though it occurs in people who are not alcohol users [1,2]. The prevalence of NAFLD is
about 15 to 45% around the world [3,4], and it is highly associated with metabolic syndrome,
obesity, and diabetes [5–7].

Although several off-label therapies have been developed for the management of
NAFLD [2,8], there is currently no approved therapy and no firm conclusions regarding
the efficacies of various treatment strategies for NAFLD. In recent years, various strategies
using specific probiotic strains have been proposed and developed for the treatment of
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NAFLD [9–11]. However, the probiotic treatment of NAFLD is a relatively new approach
that is still under development, exhibiting even contrasting results [11]. Therefore, it is
necessary to develop effective probiotic supplements for the treatment or control of NAFLD.
Intriguingly, specific paraprobiotics, known as “non-viable probiotics”, have been found
to confer certain health benefits on the host, similar to live probiotics [12–15]. Although
specific paraprobiotics had been reported to display anti-adipogenic, anti-metabolism-
related, anti-inflammatory, or anti-obesity effects, no reports have especially addressed the
health benefits of improving NAFLD with paraprobiotics [16–19].

Lactoferrin (LF) is an 80 kDa iron-binding glycoprotein that is mostly present in the
milk and various exocrine fluids of mammals. It exhibits pleiotropic activities, including
anti-inflammatory, antimicrobial, antioxidant, and immune-regulating properties [20–22].
Notably, LF supplements have been found to have beneficial effects in the management of
obesity in both human and rodent studies [23–27], although dietary LF causes significant
weight and fat loss mostly under calorie-restricted conditions [28–31]. Collectively, LF
supplements can be good candidates for the treatment of NAFLD.

In our recent study, we successfully developed and expressed recombinant human and
bovine LF in several bovine LF-resistant probiotic strains, and the recombinant human LF
or bLF in the host probiotics are soluble and functionally active proteins [32]. Therefore, we
hypothesized that our recombinant probiotic strains would be useful for treating NAFLD
and we tested this possibility in the present study. In general, multi-strain probiotics can
show greater efficacies than single-strain probiotics in various fields [14,33–35]. Consider-
ing the strategies with multi-strain probiotics and paraprobiotics, we decided to evaluate
and compare the efficacies of three probiotic supplements prepared from multi-strain pro-
biotics, including a LAB supplement (10 non-induced probiotics without recombinant LF
expression), a LAB/LF supplement (10 induced probiotics with LF expression), and an inac-
tivated LAB/LF supplement (10 dead paraprobiotics with LF expression), in ameliorating
NAFLD in DIO mice.

The present study reported that the administration of live and dead probiotic mixtures
prepared from LF-expressing probiotics considerately and differently improved hepatic
steatosis in obese mice.

2. Materials and Methods
2.1. Preparation of Probiotics and Paraprobiotics

Multiple recombinants and potential probiotic strains of bovine, human, or porcine
LF-expressing bacteria were obtained and used in this study, including the host strains
Lactobacillus delbrueckii (BCRC 14008), Lactiplantibacillus paraplantarum (former species name:
Lactobacillus paraplantarum; ATCC 700210) [36], Lactobacillus gasseri (laboratory stock, iso-
lated from human milk), Lacticaseibacillus rhamnosus (former species name: Lactobacillus
rhamnosus; ATCC 53103) [36], Bifidobacterium angulatum (ATCC 27535), and Bifidobacterium
breve (BCRC12584), according to our earlier report [32]. The diluted probiotic strains were
cultured individually in de Man–Rogosa–Sharpe (MRS) medium (Oxoid, Basingstoke,
Hampshire) at 37 ◦C for 48 h and LF expression was induced by adding nisin (1 ng/mL)
(supplemented in fresh medium) at 30 ◦C for 24 h. The bacterial pellets were collected and
mixed evenly with MRS to obtain a mixture of the above probiotics at 109 CFU/mL. Three
kinds of probiotic mixtures were prepared, including the LAB (10 non-induced probiotics
without recombinant LF expression), LAB/LF (10 induced-probiotics with LF expression),
and inactivated LAB/LF (10 dead paraprobiotics with LF expression) supplements. To
obtain the inactivated LAB/LF supplement, the individual probiotic strains were activated
and their expression of LF was induced for 24 h. Next, the bacterial pellets were harvested
in the same 50 mL centrifuge. The mixed pellets were then washed in sterile water three
times, resuspended in 10 mL of MRS medium, and ruptured using five-second pulses with
intervening five-second pauses on ice at about 22 kHz for 80 cycles (HOYU, Ultrasonic
250; Taipei City, Taiwan) following our previous report [32]. Finally, the cell lysates were
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centrifuged at 9000× g for 5 min at 4 ◦C, and the obtained supernatants were filtered
through 0.22 µm membranes and stored at −80 ◦C until further application [32].

2.2. Animals and High-Fat Diet-Induced Obesity/NAFLD Model

At present, a wide variety of dietary, genetic, or chemically induced models have
been developed to explore the etiology or potential treatments of NAFLD. However, each
model has its limitations, and studies have also indicated that although a wide variety of
preclinical models have contributed to a better understanding of the pathophysiology of
NAFLD, it is not always obvious which model is most suitable for addressing a specific
research question [37,38]. Nonetheless, the induction of NAFLD by using a high-fat diet
for 6 to 12 weeks in C57BL/6 mice is the most widely used among the models. This model
has been considered to have a resemblance to human NAFLD, both pathophysiologically
and phenotypically [39,40]. Thus, the high-fat diet-induced obesity/NAFLD model was
selected in the present study, as described below.

All animal experiments and protocols were reviewed and approved by the Institutional
Animal Care and Use Committees (NCHU IACUC number 109-049) at the National Chung
Hsing University. The obesity/NAFLD model was established by consulting previous
reports [39,41]. Briefly, 32 8-week-old male C57BL/6JNarl mice (National Laboratory
Animal Center, Taipei, Taiwan) were maintained at a constant temperature of 22 ± 2 ◦C
under a 12 h light–dark cycle, with free access to food and water. These mice received a
regular diet (Laboratory Rodent Diet 5001) for two weeks to adapt to the environmental
conditions. The mice were then fed a high-fat diet (58Y1; TestDiet, Richmond; 67% of
calories provided by fat) for 8 weeks to induce steatosis. Furthermore, as summarized in a
recent report, because of the absence of a specific marker and a consensus for both mice
and rats that defines the presence or absence of obesity, some reports have established their
own parameters, such as a difference of 15% or 20 g in body weight between the test and
control groups [42]. In the present study, a difference of 20% in body weight between test
and control groups was used as the marker of the presence of obesity.

2.3. Probiotic Treatment

The obese mice were randomly divided into four treatment groups (n = 8 in each
group), which included the placebo control, LAB, LAB/LF, and inactivated LAB/LF groups.
The separate groups of mice were administered 200 µL of MRS broth (placebo control),
probiotic Mixture I (LAB group), probiotic Mixture II (LAB/LF group), or paraprobiotics
(inactivated LAB/LF group) daily via oral gavage for four weeks. During this treatment
course, all mice continuously received a high-fat diet until the end of the experiment.

2.4. Determination of Body Weight and Food Intake, and Biochemical Analyses

To evaluate the growth patterns of mice induced by the probiotic supplements, the
parameters of food intake and body weight were evaluated. For this, food intake was
measured daily. To estimate food consumption, the food intake was estimated by weighing
the food in each cage’s dispenser. The body weight of each mouse was monitored twice
a week. After 4 weeks of probiotic supplementation, all animals were fasted for 8 h and
sacrificed by carbon dioxide (CO2) inhalation. To conduct biochemical analyses, serum
samples were collected and sent to the Union Clinical Laboratory in Taichung, Taiwan,
for measurements of total cholesterol, serum triglycerides, serum fasting glucose, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), uric acid (UA), and creatine
(CRE). Moreover, the liver, epididymal fat, heart, kidney, spleen, and intestinal tissues were
also harvested, weighed, and subjected to histopathological examination.

2.5. Histologic Analysis and Severity Scoring

It is known that the key diagnosis of NAFLD is mainly based on imaging or histological
analysis [43–45]. Therefore, segments of the harvested tissues were fixed and stained
with hematoxylin and eosin (H&E), and the histological changes were determined. Fatty
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infiltration in the liver and kidney was evaluated and classified according to a previous
report [46]. Briefly, four types of histopathological changes were recognized as follows:
(I) fatty change or general, (II) fatty change with microvesicles or multifocal, (III) fatty
change with macrovesicles or multifocal, and (IV) inflammation or multifocal. The degree
of lesions was graded from one to four, depending on the severity: 0 = normal; 1 = slight
(<10%); 2 = moderate (10–33%); 3 = moderate to severe (33–66%); 4 = severe to high
(66–100%) [46]. The histological changes or lesions in the epididymal fat, heart, kidney,
spleen, and intestinal tissues were also determined.

2.6. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). The significance of differ-
ences was evaluated using the Student’s t-test in Microsoft Excel. A value of p < 0.05 was
considered to be statistically significant.

3. Results
3.1. Effects of 4 Weeks of Administering a Probiotic Mixture on the Body Parameters and Organ
Weights of Obese Mice

Table 1 shows the body parameters in the obese mice supplemented with a placebo or
one of the three probiotic mixtures over 4 weeks. We found that the weight gains (over the
study and daily gains) in the LAB/LF group were significantly higher than those in the
placebo group (p < 0.05) by almost 1.5-fold. Moreover, the plain probiotic mixtures, such as
the LAB supplement, also tended to increase weight gain when compared with the placebo
control (p > 0.05). In contrast, the inactivated LAB/LF supplement tended to decrease the
weight gains when compared with the placebo control (p > 0.05). It should be indicated
that, during the probiotic treatment course, all mice continuously received a high-fat diet
until the end of the experiment (four weeks), and thus, relatively higher SD values were
recognized in several mouse groups.

Table 1. Body weight, food intake, food efficiency ratio, and tissue weight in four groups of diet-
induced obese (DIO) mice supplemented with a placebo or one of three probiotic mixtures for four
weeks. The results are presented as means ± SDs.

Placebo 1,2 LAB 3 LAB/LF 4 LAB/LF (Inactivated) 5

Weight gain over study (g) 1.06 ± 0.66 1.35 ± 0.94 1.66 ± 0.57 *,a 0.81 ± 1.23 b

Weight gain (g/day) 0.03 ± 0.02 0.04 ± 0.03 0.05 ± 0.02 *,a 0.03 ± 0.04 b

Food intake (g/day) 5.39 ± 0.14 6.13 ± 0.93 5.26 ± 0.11 5.6 ± 0.04
Food efficiency ratio (%) 6 0.63 ± 0.38 0.72 ± 0.51 1.02 ± 0.34 *,a 0.47 ± 0.7 b

1 The DIO mouse model was established (n = 32), and the mice were further fed with a high-fat diet supplemented
with a placebo or one of three probiotic mixtures daily by oral gavage for four weeks. 2 Placebo group (n = 8):
mice were administered MRS. 3 LAB group (n = 8): mice were administered a live probiotic mixture. 4 LAB/LF
group (n = 8): mice were administered a live probiotic mixture that contained the recombinant lactoferrins.
5 LAB/LF (inactivated) group (n = 8): mice were administered a sonicated LAB/LF diet. 6 Food efficiency
ratio = total weight gain/total food intake. * Values are significantly different (p < 0.05) from the placebo group
according to Student’s t-test. a,b Means with different letters in the same row are significantly different (p < 0.05)
according to Student’s t-test.

To confirm these growth tendencies in mice exerted by the probiotic supplements, we
further plotted the average growth curve of the four groups of mice during the supple-
mentation period. As shown in Figure 1, the characteristic tendency of the average growth
line of the inactivated LAB/LF group lay below the other three growth lines throughout
the experiment. However, only the average weight gain of this group on Day 24 was
recognized to be significantly lower than that of the placebo control (p < 0.05). These data
imply that the inactivated LAB/LF supplement tended to decrease the body weight gain
of obese mice. Moreover, although the growth curve line of the LAB group had a higher
distribution higher than that of the placebo group, especially during Days 12 to 28, no
statistically significant differences in weight gain were recognized between the two groups
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of mice. However, these data also suggest that the LAB supplement tended to elevate the
body weight gain of obese mice. Notably, the growth curve of the LAB/LF group was
higher than that of the placebo group on Days 4, 12, 16, 20, 24, and 28 (p < 0.05). Therefore,
these data revealed that the mice fed with the LAB/LF supplement for only 4 days tended
to have increased body weights. Moreover, the average growth line of the paraprobiotics
group lay below that of the LAB/LF group from Day 4 to Day 28. Intriguingly, these
findings reveal that viable and inactivated LAB/LF supplements indeed played different
roles in body weight gains in obese mice, even when the two probiotic mixtures were
prepared from the same multi-strain probiotics.
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Figure 1. Growth curve (weight gain) in diet-induced obese (DIO) mice treated with three types
of probiotic mixture. The treatment groups are detailed in the legend of Table 1. Briefly, DIO mice
were fed with a high-fat diet and further supplemented with one of three probiotic mixtures by oral
gavage daily for about four weeks. The mice were weighed twice a week during the study. The data
represent group means. * The weight gains of LAB/LF mice were significantly higher than that of the
placebo group. a The weight gains of LAB/LF (inactivated) mice were significantly lower than that of
the placebo group. b The weight gains of LAB/LF (inactivated) were significantly lower than that of
the LAB/LF group.

It is known that the growth performance of mice can be affected by their appetite
or feed efficiency. Regarding the food intake in the four groups (Table 1), there were
no statistically significant differences in the food intake among the four groups of mice
(p > 0.05). These data reveal that the three probiotic supplements did not affect the appetite
of mice. On the other hand, in terms of feed efficiency, the LAB/LF mice group displayed
significantly better feed efficiency than the placebo group (p < 0.05) by about 1.6-fold.
Furthermore, the feed efficiency in the inactivated LAB/LF group of mice was significantly
lower than that in the LAB/LF group (p < 0.05) by about twofold. Therefore, these data
suggest that viable and inactivated probiotic mixtures of LAB/LF supplements could
contribute to quite different levels of feed efficiency in obese mice.

After four weeks of supplementation with four treatments, the DIO mice were sac-
rificed, and their livers, kidneys, and epididymal fat were weighed (Figure 1). The liver
weights (Figure 2A) in the LAB/LF and inactivated LAB/LF groups were significantly
lower than those in the placebo and LAB groups (p < 0.05). However, there were no
significant differences in the liver weights between the placebo and LAB groups of mice,
and the liver weights were not statistically different between the LAB/LF and inactivated
LAB/LF groups of mice. Moreover, the weight of epididymal fat in the LAB, LAB/LF,
and inactivated LAB/LF groups was not statistically different, but the weight of epididy-
mal fat in the three supplement groups was statistically lower than that in the placebo
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control (p < 0.05). Collectively, these data indicate that both live and inactivated LAB/LF
supplementation could contribute to reducing the liver weight in obese mice, and all three
probiotic supplements could contribute significantly to decreasing the epididymal fat of
obese mice.
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Figure 2. Tissue weights of liver (A) and epididymal fat (B) in DIO mice treated with three types
of probiotic mixture for four weeks. The treatments are described in the legend of Table 1. Results
are presented as means ± SDs. a,b Means with different letters are significantly different (p < 0.05)
according to Student’s t-test.

3.2. Effects of the Administration of a Probiotic Mixture on Fatty Accumulation and Inflammation
in the Tissues of DIO Mice

After four weeks of supplementation with the placebo control or one of three probiotic
mixtures, the DIO mice were sacrificed, and their livers, kidneys, and epididymal tissues
were subjected to microscopic examination. In Figure 3, representative images of the
histopathological examination of the livers in mice for all the treatment groups are shown.
Grade 4 fatty infiltration was observed in most mice in the placebo control group, while
Grade 2 fatty infiltration was often observed in the mice fed with the LAB, LAB/LF, or
inactivated LAB/LF supplements. In Figure 4, a histopathological evaluation of fatty livers
in individual mice from the four treatment groups is shown. Here, the data show that
mice in the placebo group displayed serious but similar fatty changes in all four indexes,
and all mice in this group displayed fatty changes in their liver. In contrast, the LAB,
LAB/LF, and inactivated LAB/LF groups had considerably improved hepatic steatosis,
especially in the indices of general fatty changes and changes in the microvesicles, and the
improvement in efficacy was quite similar and could be recognized in most mice in the
three groups. Notably, one mouse in the LAB group (12.5%), two mice in the LAB/LF group
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(25%), and four mice in the inactivated LAB/LF group (50%) showed no fatty changes in
their livers. Most of all, the inactivated LAB/LF supplement seemed to have the strongest
effect in improving the efficacy out of the three supplements, in that four mice (50%) in
this group showed no fatty changes in the liver. Furthermore, the mean scores assigned
by morphometric analysis of the fatty changes in the liver, kidney, and epididymal fat are
shown in Table 2. Here, mice in the placebo group displayed severe fatty liver disease, as
revealed by the mean score of 3.63 for the indices of general fatty changes and changes in
the microvesicles. In comparison, the LAB, LAB/LF, and inactivated LAB/LF groups of
mice showed significantly lower scores for the indices of general fatty changes and changes
in the microvesicles compared with the placebo group (p < 0.01) in that they displayed
slight fatty liver disease, as revealed by a mean score of around 1.14 to 1.75. Otherwise,
the LAB/LF and inactivated LAB/LF groups of mice also displayed significantly lower
scores for the indices of changes in the macrovesicles and inflammation compared with
the LAB and placebo groups (p < 0.01). Therefore, these findings support that both the
viable and inactivated LAB/LF supplements were more efficient in improving hepatic
steatosis than the LAB supplement in terms of fatty changes, especially in the macrovesicles
and inflammation.

Microorganisms 2022, 10, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 3. Representative images of histopathological examinations of the liver in DIO mice treated 

with a placebo or one of three probiotic mixtures. The groups are defined and explained in the leg-

end of Table 1. Livers showed multifocal and severe fatty changes in the microvesicles and 

macrovesicles (arrow), which were graded severe/high in the placebo ((A–C), Mouse A2), and mod-

erate in the LAB ((D–F), Mouse B5), LAB-LF ((G–I), Mouse C6), and inactivated LAB/LF ((J–L), 

Mouse D3) groups. Liver sections were stained with H&E; images at 40×, 100×, and 400× magnifica-

tion are shown. Grade 4 fatty infiltration was observed in most mice in the placebo control group, 

while Grade 2 fatty infiltration was often observed in the mice fed with the LAB, LAB/LF, or inacti-

vated LAB/LF supplements. 

 Placebo group (A-C), Grade 4 

A 
 

B 
 

C 
 

 Liver, 40 X  100 X  400 X 

LAB group (D-F), Grade 2 

D 
 

E 
 

F 
 

 Liver, 40 X  100 X  400 X 

 LAB/LF group (G-I), Grade 2 

G 
 

H 
 

I 
 

 Liver, 40 X  100 X  400 X 

 Paraprobiotic: inactivated LAB/LF group (J-L), Grade 2 

J 
 

K 
 

L 
 

 Liver, 40 X  100 X  400 X 

 
Figure 3. Representative images of histopathological examinations of the liver in DIO mice treated
with a placebo or one of three probiotic mixtures. The groups are defined and explained in the legend
of Table 1. Livers showed multifocal and severe fatty changes in the microvesicles and macrovesicles
(arrow), which were graded severe/high in the placebo ((A–C), Mouse A2), and moderate in the
LAB ((D–F), Mouse B5), LAB-LF ((G–I), Mouse C6), and inactivated LAB/LF ((J–L), Mouse D3)
groups. Liver sections were stained with H & E; images at 40×, 100×, and 400× magnification are
shown. Grade 4 fatty infiltration was observed in most mice in the placebo control group, while
Grade 2 fatty infiltration was often observed in the mice fed with the LAB, LAB/LF, or inactivated
LAB/LF supplements.
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Figure 4. Histopathological evaluation of fatty livers in individual obese mice supplemented with a
placebo or one of three probiotic mixtures. The groups are defined in the legend of Table 1. Placebo
group (A1 to A8, n = 8); LAB group (B1 to B8, n = 8); LAB/LF group (C1 to C8, n = 8); LAB/LF
(inactivated) group (D1 to D8, n = 8). The amount of fat in the liver was graded from 0 to 4 as
explained in Figure 1.

Table 2. Mean score of histopathological changes in the fatty lesions in the liver, kidney, and
epididymal fat in DIO mice supplemented with one of four treatments.

Liver Placebo 1 LAB 1 LAB/LF 1 LAB/LF 1 (Inactivated)

Fatty change, general 3.63 a 1.75 b 1.14 b 1.25 b

Fatty change, microvesicles 3.63 a 1.63 b 1.14 b 1.25 b

Fatty change, macrovesicles 1.13 a 0.63 a 0.50 b 0.38 b

Inflammation 0.75 a 0.38 a 0.13 b 0.25 b

Kidney
Fatty change, proximal tubule,

multifocal 1.63 a 1.38 1.13 0.75 b

Epididymal fat
Inflammation, multifocal 0.88 a 0.63 0.50 0.38 b

1 A diet-induced obesity (DIO) model was established (n = 32) and the mice were further fed with a high-fat diet
supplemented with a placebo or one of three probiotic mixtures by oral gavage daily for four weeks. The groups
(treatments) are described in the legend of Table 1. Four types of histopathological changes were recognized and
scored: (I) fatty changes in general, (II) fatty changes with microvesicles or multifocal, (III) fatty changes with
macrovesicles or multifocal, and (IV) inflammation or multifocal. The degree of lesions was graded from one to
four depending on the severity: 0 = normal; 1 = slight (<10%); 2 = moderate (10–33%); 3 = moderate to severe
(33–66%); 4 = severe to high (66–100%). a,b Means with different letters in the same row are significantly different
(p < 0.01) according to Student’s t-test.

As shown in Table 2, only the inactivated LAB/LF supplement significantly improved
the lipid accumulation in the kidney and epididymal fat tissues (p < 0.01). Collectively,
considering the number of animals that suffered from lipid changes in the liver (NAFLD)
and the results of the morphometric analysis of the liver, kidney, and epididymal tissues,
the three probiotic supplements all helped to improve NAFLD in a different manner in
obese mice. Most importantly, the inactivated LAB/LF supplement displayed the greatest
efficacy for improvement among the three probiotic supplements.
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3.3. Effects of the Administration of Probiotics on the Serum Lipid Profiles of Obese Mice

The serum lipid profiles of the four treatments are shown in Figure 5. According to
the previous reference level of serum TC in healthy mice (69.5–150.6 mg/dL) [47], the TC
levels in the four groups of mice were still within the normal range. Moreover, there was no
statistically significant difference in the TC level among the placebo, LAB, and inactivated
LAB/LF groups of mice. However, the TC levels in the LAB/LF group were significantly
lower than those in the placebo and LAB groups (p < 0.05). According to the reference
values for serum TC levels developed by the National Laboratory Animal Center (Taipei,
Taiwan), the serum TC level in healthy C57BL/6JNarl mice is about 117.54 ± 7.86 dL. Thus,
according to that reference, serum TC levels in the placebo and LAB groups exceeded the
normal range, but the mean TC levels were only slightly higher than the reference values
in the inactivated LAB/LF group, while they were within the normal range in the LAB/LF
group. Collectively, these findings suggest that LAB/LF supplements could help to slightly
reduce the serum TC levels in DIO mice.
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Figure 5. Lipid profile of total cholesterol (TC), triglyceride (TG), and high-density lipoprotein
cholesterol (HDL-C) in DIO mice. The DIO mice were administered a placebo, LAB, LAB/LF or the
inactivated LAB/LF probiotic supplements for four weeks daily by oral gavage. Values indicate as
the mean ± SD. * p < 0.05, ** p < 0.01 compared among the groups.

Regarding the differences in the serum TG levels among the treatments, TG lev-
els in the LAB/LF group were significantly higher than those in the placebo and LAB
groups (p < 0.05). A previous study indicated a reference value of TG in healthy mice
of 97.35–256.64 mg/dL [47], and the National Laboratory Animal Center (Taipei, Taiwan)
reported the reference value of serum TG to be 123.01 ± 35.22 mg/dL. Therefore, according
to these two references, the TG levels in the four treatments were still within the normal
range. The plasma HDL-C levels of the four groups were all within the normal range, but
the HDL-C levels of the LAB/LF group were significantly lower than those of the placebo
and LAB groups (p < 0.01); furthermore, the HDL-C levels of the inactivated LAB/LF group
were significantly lower than those of the LAB group (p < 0.01), and there were no statis-
tically significant differences in the HDL-C levels between the LAB/LF and inactivated
LAB/LF groups. The plasma LDL-c levels of the four groups were all within the normal
range, but the LDL-c levels of the LAB/LF group were significantly lower than those of
the placebo group (p < 0.05); furthermore, the LDL-c levels of the LAB/LF group were
significantly lower than those of the LAB group (p < 0.01).
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Regarding the differences in the TC, TG, HDL-C, and LDL-c levels among the treatment
groups, our findings revealed that the three types of probiotics did not markedly impact
the serum lipid profile in these obese mice.

3.4. Effects of Administration of Probiotics on the Biochemical Parameters of Obese Mice

Table 3 shows the serum levels of selected biochemical parameters in DIO mice that
were administered probiotic mixtures or a placebo control over four weeks; the reference
values for the above parameters on healthy mice are also indicated in the table [47]. Serum
ALT and AST levels are two indexes that are often used as markers for evaluating hepatic
injury. Here, the serum ALT levels in the four groups of mice were all within the normal
range, but the mice fed with the inactivated LAB/LF supplement showed the lowest
ALT levels among the four groups. However, no statistically significant differences were
observed in the mean ALT levels in the four groups of mice. On the other hand, serum AST
levels in the four groups of mice all exceeded the normal range, indicating these mice could
have suffered from hepatic injuries in terms of their biochemistry parameters. Notably,
mice in the placebo group displayed the highest and the most diverse AST levels among
the four groups, and it seems that the three probiotic supplements could help to reduce
the serum AST levels in obese mice, as the mean AST levels of the three groups receiving
probiotics were all below those of the placebo control group. However, no significant
difference was recognized in the AST values of the four groups, and this may be due to the
higher SD values of AST in the placebo group.

Table 3. Serum levels of aspartate transaminase (AST), alanine aminotransferase (ALT), glucose
(GLU), uric acid (UA), and creatinine (CRE) in DIO mice supplemented with a placebo or one of three
probiotic mixtures. The results are presented as means ± SDs.

Placebo 1 LAB 1 LAB/LF 1 LAB/LF (Inactivated) 1 Normal Range 1

ALT (U/L) 63.5 ± 9.2 53 ± 22.3 66.3 ± 23.7 48.2 ± 16.9 46–70
AST (U/L) 215 ± 148.49 113 ± 32.6 159.3 ± 74.4 124.2 ± 46.1 55–91

UA (mg/dL) 3.4 ± 0.85 3.13 ± 0.37 4.14 ± 1.10 3.05 ± 1.08 1.69–10.17
CRE (mg/dL) 0.25 ± 0.07 0.20 ± 0 a 0.31 ± 0.07 b 0.25 ± 0.05 a 0.1–0.15
GLU (mg/dL) 179.5 ± 19.09 233.5 ± 84.04 a 161 ± 22.55 b 180.50 ± 33 100.9–163.96

1 The groups are defined and explained in the legend of Table 1.a,b Means with different letters in the same row
are significantly different (p < 0.05).

Serum GRE and UA levels are two indexes that are often used as markers for evaluating
kidney injuries. In Table 3, the mean UA values of the four groups of mice were all within
the normal range, and the serum UA levels were not statistically different among the four
groups of mice. Moreover, the CRE values in the four groups were all slightly higher than
the normal range, and the CRE values of the LAB/LF group were significantly higher than
those of the LAB and inactivated LAB/LF groups.

The serum glucose levels of the four groups of mice were also determined and are
shown in Table 3. Although the serum glucose levels of the LAB, LAB/LF, and inactivated
LAB/LF groups were not statistically different from those of the placebo control, the
LAB/LF supplement tended to reduce the glucose levels in obese mice, in that the mean
glucose level in this group was within the normal range. In contrast, the mean serum
glucose levels exceeded the normal range in the placebo, LAB, and inactivated LAB/LF
groups. Notably, the highest glucose levels were observed in the LAB group, and this group
also showed high SDs for the glucose values. This indicates the blood glucose variations in
the mice fed with the LAB supplement. Moreover, the LAB/LF group showed significantly
lower serum glucose levels compared with the LAB group (p < 0.01). Collectively, these
findings indicate that the LAB and LAB/LF supplements play different roles in blood
glucose levels, and the administration of LAB/LF tended to reduce the blood glucose levels
of obese mice.
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4. Discussion

We showed that the viable and inactivated LAB/LF supplements had better efficacies
than the LAB supplements in improving NAFLD. In our previous study, we showed that
these recombinant LF-expressing probiotics could express LFs functionally within the cells
of the probiotic, and these LFs were not released into the culture medium [32]. Therefore,
our present data further support the idea that the LFs expressed in multi-strain probiotics
could help to enhance the efficacy of the original probiotics in ameliorating hepatic steatosis.

Regarding the number of animals that suffered from fatty liver lesions, it seems that
the supplement with inactivated LAB/LF was the best among the three probiotic mixtures,
in that about half of the mice treated with this supplement showed completely no fatty
changes or lesions in their liver (histological healing). In addition, if we consider the
fatty infiltration and inflammation status in the kidney and epididymal tissues, only the
inactivated LAB/LF supplement, but not the LAB and LAB/LF supplements, contributed to
improving the effects against lipid accumulation in these tissues. Thus, it is quite intriguing
to observe that the inactivated LAB/LF probiotics had greater efficacy for ameliorating
NAFLD than the original probiotic mixtures, and this has encouraged us to further dissect
the mechanism of these ruptured probiotics and how they can improve lipid accumulation
in the liver in our next study.

Some previous studies have revealed the benefits of using heat-inactivated or heat-
inactivated plus high-pressure ultrasonicated probiotics for dealing with adipogenesis,
metabolism-related disorders, inflammation, or obesity issues in vitro or in vivo [16–18].
However, these previous studies did not classify and score the fatty infiltration in the liver
to show the possible benefits of the inactivated probiotics against NAFLD. Nevertheless, the
present study was the first study to combine various strategies for the potential treatment
of NAFLD. Most importantly, we also demonstrated that viable and inactivated probiotics
could have quite different efficacies against NAFLD while the mice continuously consumed
the high-fat diet at the same time.

Regarding the serum lipid profile, we observed statistically different levels of TC, TG,
and HDL, especially among the placebo, LAB, and LAB/LF groups of mice. In contrast,
these lipid-related indexes were statistically similar between the placebo and the inactivated
LAB/LF groups. However, the serum levels of TC, TG, HDL-C, and ALT were all within the
normal range, regardless of the type of supplement (placebo, LAB, LAB/LF, or inactivated
LAB/LF). As these biochemical parameters were still within the normal range, even in the
placebo mice group, it was not easy to evaluate the effects of probiotic supplementation
in obese mice. To support our findings, previous studies have already indicated that
biochemical analyses are not always consistent with the lesions of hepatic steatosis or
NAFLD, and thus the diagnosis of NAFLD is mainly based on imaging or histological
analysis [43–45]. Our findings also showed that the serum ALT, UA, CRE, and GLU levels
were still in the normal range in the placebo group, and thus it was not easy to evaluate the
effects of probiotic supplements on these biochemical parameters.

Of note, previous reports have indicated that gut microbiota could be a potential factor
involved in NAFLD through various pathways, such as elevating the energy harvested
from the diet, altering the expression of genes involved in de novo lipogenesis, modulating
choline metabolism, regulating ethanol production, and pathways involving the inflam-
masome, innate immunity, or inflammation [48–52]. We believe that the dead probiotic
supplement (the inactivated LAB/LF) must not be cultivated within the gut of mice but it
may still have an effect on modulating the gut microbiota, as we have already demonstrated
that the dead form of several of the recombinant probiotics used here (paraprobiotics, such
as the inactivated LAB/LF) had substantial antibacterial activity compared with the original
host probiotics against foodborne pathogens [32]. This may explain why the inactivated
LAB/LF was found here to be more effective than the live LAB and LAB/LF probiotics
against NAFLD.

Growing evidence has indicated that iron deposition or iron burden also plays an im-
portant role in the development of hepatic steatosis [53–57]. For example, the recombinant
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human LF was also found to attenuate the progression of hepatic steatosis and hepatocellu-
lar death by regulating iron and lipid homeostasis in ob/ob mice [58]. In our current study,
our data supported the idea that mice fed with viable and inactivated LAB/LF supplements
exhibited improved effects on steatosis than the mice fed with the plain LAB supplement.
Thus, we speculate that the various LFs in the viable or inactivated LAB/LF supplements
may play some role in iron deposition in obese mice to aid in the reduction of steatosis.
However, our data also indicated that the plain LAB supplement could considerably reduce
the accumulation of lipids in the livers of obese mice as well. Thus, we believe that the plain
probiotics (LAB) and the LF compound (LAB/LF) all contribute differently to the control
of NFLD, and this may be caused by the anti-inflammation effects of the administered
probiotics or LF agents, as proposed in previous reports [59]. Moreover, specific parapro-
biotics (inactivated probiotics) are known to modulate anti-inflammatory and immune
responses in animals and humans [60]. Collectively, we speculate that the LFs expressed
within the probiotic mixtures (both the viable and inactivated LAB/LF supplements) may
play multiple roles in both iron chelation and have anti-inflammatory effects, decreasing
the accumulation of lipids in the liver of obese mice.

In the present study, our findings suggest that the three probiotic mixtures seem to
show different effects on weight gain and food efficiency in these obese mice. The viable
LAB/LF supplement tended to increase food efficiency and body weight gain but the
inactivated LAB/LF supplement tended to decrease these parameters in obese mice. In
contrast, the LAB supplement had a neutral effect on the food efficiency and body weight
gain of obese mice. We also observed that the food intakes were statistically similar among
the four groups of mice. The higher body weights in the LAB/LF-treated mice can therefore
be explained by the increased food efficiency but not by increased food consumption, but
vice versa in the other groups. Therefore, our results also revealed that the three probiotic
supplements have no influence on the appetites of mice, but they contribute to differences in
food efficiency and may ultimately influence the growth performance of mice. Collectively,
we suggest that the inactivated LAB/LF supplement could the favorite choice, not only
for its strong efficacy against hepatic steatosis but also for its negative impact on feed
inefficiency and body weight.

The limitation of the current study is that we did not further compare the roles of
different combinations of probiotic strains on steatosis and did not test the efficacy of using
one single probiotic strain in improving NAFLD. Moreover, we did not compare the gut
microbiota among the different treatment groups, and we did not confirm the different
expression levels of LF in these probiotic mixtures. On the other hand, paraprobiotics
can be obtained through the inactivation of probiotic strains by various methods, such as
thermal treatment, high pressure, ultraviolet rays, irradiation, sonication, pulsed electric
fields, ohmic heating, supercritical CO2, drying, and pH changes [12]. Whether the differ-
ent inactivation methods used for probiotic mixtures also affect the efficacy of LAB/LF
supplementation could be further investigated in our next study.

In conclusion, in this pilot study, we demonstrated that obese mice fed with any one of
the three probiotic mixtures prepared from recombinant probiotics for four weeks exhibited
considerably improved hepatic steatosis. Our data also suggest that the expressed LF con-
tent in probiotics may help to boost their efficacy in comparison with the original probiotic
mixtures. Furthermore, when these LF-expressing probiotics are further inactivated by
sonication, they have better efficacy than the viable probiotics against NAFLD.
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