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Abstract 

Background: NAFLD and NASH are emerging as primary causes of chronic liver disease, indicating a need for an 
effective treatment. Mutaflor® probiotic, a microbial treatment of interest, was effective in sustaining remission in 
ulcerative colitis patients.

Objective: To construct a genetic‑epigenetic network linked to HSC signaling as a modulator of NAFLD/NASH 
pathogenesis, then assess the effects of  Mutaflor® on this network.

Methods: First, in silico analysis was used to construct a genetic‑epigenetic network linked to HSC signaling. Second, 
an investigation using rats, including HFHSD induced NASH and  Mutaflor® treated animals, was designed. Experimen‑
tal procedures included biochemical and histopathologic analysis of rat blood and liver samples. At the molecular 
level, the expression of genetic (FOXA2, TEAD2, and LATS2 mRNAs) and epigenetic (miR‑650, RPARP AS‑1 LncRNA) 
network was measured by real‑time PCR. PCR results were validated with immunohistochemistry (α‑SMA and LATS2). 
Target effector proteins, IL‑6 and TGF‑β, were estimated by ELISA.

Results: Mutaflor® administration minimized biochemical and histopathologic alterations caused by NAFLD/NASH. 
HSC activation and expression of profibrogenic IL‑6 and TGF‑β effector proteins were reduced via inhibition of hedge‑
hog and hippo pathways. Pathways may have been inhibited through upregulation of RPARP AS‑1 LncRNA which 
in turn downregulated the expression of miR‑650, FOXA2 mRNA and TEAD2 mRNA and upregulated LATS2 mRNA 
expression.

Conclusion: Mutaflor® may slow the progression of NAFLD/NASH by modulating a genetic‑epigenetic network 
linked to HSC signaling. The probiotic may be a useful modality for the prevention and treatment of NAFLD/NASH.
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Background
Non-alcoholic fatty liver disease (NAFLD) and its aggres-
sive form, non-alcoholic steatohepatitis (NASH), are 
a financial burden on healthcare systems [1]. NAFLD/

NASH can silently [2] progress to cirrhosis, hepatic fail-
ure, and hepatocellular carcinoma (HCC) [3]. Despite 
increasing global prevalence, currently at 25%, and grave 
complications [1], NAFLD/NASH had no satisfactory 
medical treatment until recently [4].

NASH leads to a state of progressive inflamma-
tion, then regeneration, and eventually fibrosis [5, 6]. 
Although many cell types have been implicated in this 
state but hepatic stellate cells (HSCs) have been explicit 
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[7]. They are key players in hepatic inflammation, regen-
eration and their role in fibrosis is unequivocal [8]. HSCs 
are perisinusoidal progenitor cells [9] that can transform 
into fibrogenic cells [10]. Activation of HSCs is consid-
ered the core of liver fibrosis not only in NAFLD but 
in other chronic liver diseases, while the elimination of 
activated HSCs is pivotal for fibrosis resolution [8]. Mul-
tiple signaling pathways are implicated; however, the full 
pathogenesis underlying HSC activation and elimination 
in the liver are still unknown [11–15]. A major path-
way, hedgehog (Hh) signaling, stimulates and regulates 
responses of HSCs [16]. Hh targets many transcription 
factors, including forkhead box A2 (FOXA2), an initia-
tor of liver development during embryogenesis [17]. The 
pathway is activated directly by TEA domain transcrip-
tion factor 2 (TEAD2) that increases expression of pro-
fibrinogenic factors in HSCs [18]. Hippo signalling and 
its core component, large tumor suppressor kinase 2 
(LATS2), another emerging HSC pathway [19]. Addition-
ally, transforming growth factor β (TGF-β) [20] and inter-
leukin-6 (IL-6) signaling are considered core fibrogenic 
HSC activators [21].

Epigenetics encompasses connections among multiple 
signaling pathways that affect HSCs [22]. Epimutations 
are indispensable for explaining pathogenesis of NASH 
[23]. microRNAs (miRs) and long noncoding RNAs 
(LncRNAs), two major epigenetic families [24], have piv-
otal roles in the reversible fine-tuning of signaling path-
ways [25], making them attractive biomarkers for the 
monitoring of disease progression and the effect of treat-
ment [26].

Therapeutic use of probiotics for NAFLD in clinical tri-
als has increased [27–29]. Escherichia coli Nissle (EcN), a 
nonpathogenic Gram-negative strain and the active com-
ponent in  Mutaflor® (Ardeypharm GmbH, Herdecke, 
Germany and EcN, Cadigroup, In Italy) is used to treat 
gastrointestinal diseases [30–32]. EcN is a mesalazine 
alternative for maintaining ulcerative colitis remission 
[33, 34].

We were motivated to study the therapeutic effect 
of  Mutaflor® on HSCs in NAFLD/NASH. Initially, we 
used in silico data to assess hedgehog and hippo con-
nected genetic players involved in the activation of HSCs 
(TEAD2, FOXA2, LATS2), there epigenetic modifiers 
(miR-650 and RPARP AS-1 LncRNA) and HSCs effecter 
proteins (IL-6 and TGF-β).We then compared the impact 
of  Mutaflor® on expression of these factors in sera and 
tissue of NASH model rats and healthy controls.

Methods
Initially, we used in silico data analysis to identify mark-
ers activating HSCs in NASH by assessing hedgehog 
and hippo connected genetic players (TEAD2, FOXA2, 

LATS2 mRNAs). alpha-smooth muscle actin (α-SMA) 
was assed as a marker of activated HSCs. IL-6 and TGF-β 
were retrieved as active HSC effector proteins Then, we 
retrieved epigenetic modifiers (miR-650 and RPARP 
AS-1 LncRNA) (Figs.  1, 2 and 3). Finally, we validated 
these network and compared the effects of  Mutaflor® on 
their expression in sera and tissues of NASH-induced 
animals and controls.

Bioinformatic‑based selection of genetic and epigenetic 
networks
Selection of the genetic network (Fig.  1): Initially, we 
used the KEGG map (available at https:// www. genome. 
jp/ kegg- bin/ show_ pathw ay? hsa04 932)  to highlight sig-
nificant molecular pathways related to NAFLD (Addi-
tional file 1: Fig. S1A, B). Next, we used GEO and NCBI 
databases to retrieve novel genes related to cell repro-
gramming and NAFLD development. Filtering results 
identified genes FOXA2, TEAD2 and LATS2 with sig-
nificant differential expression, a high-ranking score, and 
links to hedgehog and hippo signaling IDs (51565912, 
10634719 and 106305647, respectively) (Additional file 1: 
Fig. S2A–C). Secondary verification of chosen genes 
used the encyclopedia of gut microbiota regulated genes 
(available at http:// micro biota. wall. gu. se/) to retrieve 
specific genes (TEAD2, FOXA2) regulated by gut micro-
biota as a potential step toward targeting these micro-
biota (Additional file  1: Fig. S3A-B). String (available at 
https:// string- db. org/) was used to connect interactions 
among selected genes (TEAD2, FOXA2, LATS2), target 
effector proteins (IL-6 and TGF-β), and the hedgehog 
signaling pathway (Additional file 1: Fig. S4).

Selection of epigenetic regulators: hsa-miR-650 was 
chosen from the mirwalk 2 database based on novelty, 
significant differential expression, and specificity to the 
liver (available at http:// mirwa lk. umm. uni- heide lberg. 
de/ inter actio ns/? mirna id= hsa- miR65 0& genes ymbol= 
& bindi ngp=0. 95& posit ion= 3UTR& targe tscan= 0& 
mirdb= 0& mirta rbase= 0& submit= set+ filter). The mir-
Path database was used to enrich hsa-miR-650 (avail-
able at http:// snf- 515788. vm. okean os. gr/# mirnas= 
hsa- miR- 650; hsa-miR-650 & methods = TargetScan; 
Tarbase & selection = 0), which revealed that miR-650 is 
linked to Hh, NAFLD, and MAPK signaling (Additional 
file  1: Fig. S5), and targets FOXA2, LATS2 and TEAD2 
(Additional file  1: Fig. S6 A-C). Finally, RPARP AS-1 
LncRNA was chosen first by choosing LncRNA targeting 
miR-650, using mirwalk2 (http:// zmf. umm. unihe idelb 
erg. de/ apps/ zmf/ mirwa lk2/ mir2r et/ mir2m wlnc. php). 
We then aligned the LncRNA sequence obtained from 
noncode (available at http:// www. nonco de. org/) with 
miR-650 using the Clustal omega tool of the European 
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Bioinformatics Institute (available at https:// www. ebi. 
ac. uk/ Tools/ servi ces/ web/ toolr esult. ebi? jobId= clust alo- 
I2021 0209- 113823- 0177- 82478 586- p1m& analy sis= align 
ments) (Additional file 1: Fig. S7A–D).

Experimental animals (Fig. 2)
Thirty-six adult male Wistar rats (150–200 g) were pur-
chased from the National Research Institute (Cairo, 
Egypt) and allowed one-week acclimatization. Rat 
chow was purchased from Meladco for Animal Food, 
El-Obour, Egypt. Pellets and tap water were available 
ad  libitum unless indicated otherwise. Animals were 

bred and kept at 22 ± 2  °C, 55 ± 5% relative humidity, 
and a 12-h light/dark cycle (6:00  am–6:00  pm). Cages 
were cleaned daily. All effort was made to minimize ani-
mal suffering as well as reduce the number of animals. 
At the end of the experiment, rats were weighed, anaes-
thetized (1.2 g/kg urethane in distilled water; intraperi-
toneal) then euthanized. Blood samples were collected 
and processed, and liver specimens were weighed and 
processed.

All procedures were approved by and conducted 
following the Research Ethics Committee, Faculty 
of Medicine, Ain Shams University (FMASU-REC) 

Fig. 1 Workflow of bioinformatics steps

https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=clustalo-I20210209-113823-0177-82478586-p1m&analysis=alignments
https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=clustalo-I20210209-113823-0177-82478586-p1m&analysis=alignments
https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=clustalo-I20210209-113823-0177-82478586-p1m&analysis=alignments
https://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=clustalo-I20210209-113823-0177-82478586-p1m&analysis=alignments
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requirements (FMASU MD 85/2020). FMASU-REC 
operates under Federal Wide Assurance No. 000017585.

Experimental groups
Animals were divided into four main groups. All treat-
ments were administered orally by gavage. Group 1 
(Control) rats were fed a standard chow diet and admin-
istered 1  mL of sterile saline daily for 12  weeks (n = 6). 

Group 2 (NASH model) rats were further subdivided into 
Group 2A (9-week NASH model) rats fed a high-fat high 
sucrose diet (HFHSD) and administered 1  mL of ster-
ile saline daily for 9  weeks (n = 6); Group 2B (12-week 
NASH model) rats were fed HFHSD and administered 
1 mL of sterile saline daily for 12 weeks (n = 6). Group 3 
(Treated) rats were also subdivided into two groups. Rats 
in Group 3A (12-week Treated model) were fed HFHSD 

Fig. 2 Workflow chart representing the experimental design of the animal groups. NASH nonalcoholic steatohepatitis, HFHSD high‑fat high sucrose 
diet

Fig. 3 Experimental procedures carried out on rat blood and tissue samples to validate Insilco hypothesis
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and administered probiotic (1 ×  108 colony-forming units 
(CFU)/mL) daily from day one for 12 weeks (n = 6); rats 
in Group 3B (3-week Treated model) were fed HFHSD 
for 12 weeks and administered probiotic daily for the last 
3  weeks beginning at week 10 (n = 6). Group 4 (Broth) 
rats fed HFHSD for 12  weeks and administered 1  mL 
of Luria Bertani broth daily from day one for 12  weeks 
(n = 6).

Chemical, drug, and diet preparation
The probiotic Escherichia coli Nissle 1917 strain 
 (Mutaflor®, Ardeypharm GmbH, Herdecke, Germany) 
was grown on Luria Bertani (LB) medium (HiMedia, 
Mumbai, India). The number of viable bacterial cells in 
one mL was determined using the plate counting method 
and calculated as Colony-forming units per mL (CFU/ 
mL) = no. of colonies ×  dilution factor [35]. A dose of 
1 ×  108  CFU/mL was administered daily by gavage to 
treated animals [36–39]. Cholesterol and bile salts were 
purchased from Ralin BV (Lijinbaan, Netherlands) (Cat-
alogue number 81254). LB broth was purchased from 
HiMedia (Mumbai, India, Catalogue No. M1245).

NASH was induced by feeding rats HFHSD consist-
ing of 68.75% standard chow, 20% lard, 10% sucrose, 1% 
cholesterol, and 0.25% bile salts [40]. Components were 
mixed using water, made into pellets and left to dry. 
The diet was prepared every five days and stored in the 
refrigerator.

Experimental procedures
Procedures are summarized in Fig. 3.

Processing of blood samples Rats were fasted for 12 h at 
the end of the study then anesthetized with a single dose 
of urethane (1.2 g/kg, IP) before sacrifice. Blood samples 
were collected from retro-orbital veins and centrifuged 
at 3000 rpm for 10 min for serum separation. Aliquots of 
sera were stored at − 20  °C for subsequent  biochemical 
analysis.

Biochemical parameters Serum aspartate transaminase 
(AST), alanine transaminase (ALT), gamma-glutamyl 
transferase (GGT), alkaline phosphatase (ALP), albumin, 
total bilirubin, direct bilirubin (TB and DB, respectively), 
triglycerides (TGs), total cholesterol (Tc), low-density 
lipoprotein (LDL) and high-density lipoprotein (HDL) 
cholesterol were assessed in sera by commercial kits using 
an automated Beckman Coulter AU680 autoanalyzer 
(Beckman Coulter Inc, CA).

Histological examination Whole livers were removed 
promptly, weighed, and dissected. Hepatic tissue samples 
were immediately stored at −  80  °C for RNA and pro-

tein assessment. Remaining tissues were rapidly fixed in 
10% neutral buffered formalin for histopathological and 
immunohistochemical analyses.

Quantitative expression of RNA using RT‑qPCR
Extraction of total RNA, lncRNA, and miRNA: miRNe-
asy Mini Kit (Cat. No. 217004, Qiagen) was used to 
extract total RNA from tissue samples following the 
manufacturer’s protocol. Nanodrop from Thermo Scien-
tific (USA) was used to assess the integrity and concen-
tration of RNA; purity of isolated RNA was 1.8–2.

Reverse transcription of cDNA: Total RNA was imme-
diately reverse transcribed into complementary DNA 
(cDNA) using an RT2 First-Strand kit (Cat. Nos. 303404, 
Qiagen) for both mRNAs and LncRNA and a mi Script 
II RT Kit (Cat. Nos. 218160, 218161, Qiagen) for miRs. 
A Thermo Hybaid PCR Express Thermal Cycler (Thermo 
Fisher, Massachusetts, USA) was used following the man-
ufacturer’s protocol.

mRNA/miR/LncRNA network quantitative expres-
sion using RT-qPCR: A QuantiTect  SYBR® Green PCR 
Kit (Cat. No. 204143, Qiagen, Germany) and a Quanti-
Tect Primer Assay (NM 021784, NM 003598, and NM 
014572) were used to detect FOXA2, TEAD2, and LATS2 
mRNAs expression in liver tissue samples. An RT2 
SYBR Green Rox qPCR Master Mix (Cat. No. 330500, 
Qiagen, Germany) and RT2 LncRNA qPCR Assay 
(ENST00000473970, Catalog No. 33070, Qiagen, Ger-
many) were used to quantify RPARP AS-1 LncRNA in 
liver tissue. A miScript SYBR Green PCR Kit (Cat. No. 
218073, Qiagen, Germany) and miR650 miScript Primer 
Assay targeting mature miR:miR650 (MIMAT0003320, 
Cat. No. 218300, Qiagen, Germany) were used to assess 
miR-650 expression in tissue samples, following the man-
ufacturer’s procedure. GAPDH and SNORD72 were used 
as housekeeping genes to standardize raw data before 
comparing them to reference. SYBR green-based qPCR 
software was used in an Applied Biosystems 7500 FAST 
Real-Time PCR machine to perform qPCR (Applied Bio-
systems, USA). Reaction conditions were denaturation at 
95 °C for 15 min, followed by 40 cycles of denaturation at 
94 °C for 10 s and annealing at 55 °C for 30 s. Final exten-
sion was at 70 °C for 30 s. Each reaction was performed 
in duplicate. Applied Biosystems Stepone plusTM Soft-
ware v2.2.2 was used to calculate threshold cycles (Ct) for 
each sample. Ct greater than 36 is considered negative. 
RQ of RNA expression was calculated using the Livak 
technique, where RQ =  2−ΔΔCt. Melting curves were 
examined to confirm amplicon specificities for SYBR 
Green-based PCR amplification.
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Immunohistochemistry
Paraffin tissue sections were deparaffinized with xylene 
and hydrated using a series of decreasing alcohol con-
centrations. The activity of endogenous peroxidase was 
blocked by incubation in 3% hydrogen peroxide  (H2O2) 
solution in methanol for 10 min.  H2O2 was washed away 
by rinsing with phosphate-buffered saline (PBS). A set 
of tissue sections was incubated overnight at 4  °C with 
diluted 1:400 mouse monoclonal anti-SMA antibodies 
(Sigma  Aldrich®, catalog A2547-0.5ML, USA). Another 
set of tissue sections was incubated for two hours at 
room temperature with 1:400 dilution of anti-LATS2 
antibody  (abcam®, catalog ab111054L, UK) then rinsed 
with PBS. Tissue sections were then incubated with bioti-
nylated secondary antibodies for 30  min, then in diam-
inobenzidine (DAB) solution (Vector Laboratories, Inc., 
Burlingame, CA, USA) to reactivate peroxidase. Coun-
terstaining with hematoxylin was followed by rinsing in 
tap water for 10 min. Finally, tissue was dehydrated and 
examined for color changes. Cells positive for α-SMA 
and LATS2 antibody staining were identified by dark 
brown nuclei.

Histoscore (H-score) was calculated as described by 
Khatun et al. [41] [H-score = (% of stained cells) × (inten-
sity of staining grade + 1)], where cell staining intensity 
was scored as 0 for no staining, 1 for weak staining, 2 for 
moderate, and 3 for strong. The percentage of positive 
cells for α-SMA and LATS2 were counted as fractional 
area by Image J software.

Estimation IL‑6 and TGF‑β protein levels in liver tissue
A quantitative investigation of IL-6 and TGF-β protein 
expression in tissue samples used Rat IL-6 Kit (Catalog 
No: E0079r, EIAAB SCIENCE INC, WUHAN) and Rat 
TGF-β ELISA Kits (Catalog No: E0124r, EIAAB  SCI-
ENCE INC, WUHAN), respectively, following the manu-
facturer’s protocols.

Statistical analysis
Data are expressed as mean ± SD. Kolmogorov–Smirnov 
and Shapiro–Wilk tests were used to assess normality 
of data distributions. Data comparisons used GraphPad 
(version 8) for one-way ANOVA with post hoc Bonfer-
roni’s analysis. Box plots and IL-6 and TGF-β quantities 
were calculated. Correlation were assessed using SPSS 
software (version 20).

Results
Body and liver weight changes in NAFLD:
No significant differences in body weight among groups 
of rats were apparent at the beginning of the experi-
ment (weight from 150 to 200  g, F = 0.126, p = 0.985). 
Body weight was measured every week for each rat 

individually. All animals showed a steady weight gain 
throughout the study. Significant differences in weight 
gain among groups of rats first appeared in the third 
week (F = 4.5*, p = 0.04) (Fig.  1). These differences per-
sisted until the end of the study. Induction of NASH 
increased body weight gain; Broth rats had the larg-
est body weight gain followed by 12-week, and 9-week 
NASH rats gained   256%,  246%  and 213% of original 
body weight, respectively. Control rats showed only a 
190% body weight gain. Final body weights of 12-NASH 
animals were 100.8  g more than controls, while 9-week 
NASH animals were 40.8 g more than controls (Fig. 4B). 

Livers were weighed immediately after sacrifice. A 
significant difference in liver weight was seen between 
groups of rats (F = 56.2*, p < 0.01) (Fig. 4C). Induction of 
NASH showed an increase in liver weight with the larg-
est mean liver weight reaching 16 g in Broth group rats. 
12-NASH animals were 8.2 g more than controls, while 
9-week NASH animals were 4.4  g more than controls 
(Fig.  4C). Final body weight was positively correlated 
with liver weight in Broth, 12- and 9-week NASH rats 
(r = 0.9*, p < 0.01).

Biochemical parameters
Liver function
Serum levels of AST, ALT, GGT, ALP, TB, and DB 
were significantly different among the six groups of 
rats (F = 39.3*, 78.1*, 93.9*, 8.38* and 8*, respectively; 
and p < 0.001). These indicators of hepatocellular dam-
age increased significantly with induction of NASH in 
12- and 9-week NASH group animals when individu-
ally compared to controls (p < 0.001, except TB and DB, 
p = 0.01 and 0.004 respectively). Broth group rats showed 
no significant differences when compared with NASH 
group animals (p > 0.05). Induction of NASH disrupted 
normal lipid profiles. Compared to controls, 12-week 
NASH, 9-week NASH and Broth group rats displayed a 
significant increase in the serum levels of fasting TGs, 
total cholesterol, and LDL concomitant with a significant 
decrease in HDL levels (p < 0.001) (Table 1).

Histopathological changes in NAFLD
Gross examination of freshly excised rat liver showed a 
marked difference between control rats compared with 
Broth and NASH group animals. Control livers had 
a shiny polished red appearance, while Broth and the 
NASH models showed a dull red appearance with whit-
ish-yellow spots distributed across the liver surface.

Histopathological grading of NAFLD was done accord-
ing to Takahashi et al. [42]. Microscopically, hematoxylin 
and eosin (H&E) was used to assess the degree of steato-
sis and inflammation, and Masson’s trichrome stain was 
used to assess fibrosis. Control livers showed normal 
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liver architecture with classical hexagonal hepatic lobules 
and no evidence of inflammation or fibrosis. Conversely, 
rats in Broth and NASH groups displayed a distortion of 
hepatic lobular architecture with evidence of macro- and 
micro-vesicular hepatic steatosis, lobular inflammation, 
cellular infiltration, ballooning of hepatocytes, and dilata-
tion in central and the portal veins. Fibrosis was present 
along sinusoids around hepatocytes and  in periportal 
areas (Table 2 and Fig. 5).

Immunohistochemical analysis for LATS2 and α‑SMA 
in NAFLD
Immunohistochemical analysis was used to assess the 
expression of α-SMA indicating the activity of HSCs and 
to assess and confirm LATS2 expression. Induction of 
NASH markedly increased α-SMA expression, indicating 
an increased number of activated HSCs. This effect was 
seen in NASH 12-week, NASH 9-week, and Broth group 
rats. Conversely, induction of NASH decreased LATS2 
expression in NASH 12-week, NASH 9-week, and Broth 
group rats when compared individually with controls 
(Fig. 6).
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Altered expression of FOXA2, TEAD2, and LATS2 mRNAs, 
miR‑650, and RPARP AS‑1 LncRNA in NAFLD
Induction of NASH increased expression of FOXA2, 
and TEAD2 mRNAs, and miR-650 compared to con-
trols. RQs of FOXA2 mRNA in 12-week NASH, 9-week 
NASH, and Broth groups rats individually with controls 
showed significant increases (16.5-, 15-, and 16-fold; 
p-values = 0.016, 0.035 and 0.02, respectively) (Fig.  7). 
Furthermore, RQs of TEAD2 mRNA in 12-week NASH, 
9-week NASH, and Broth group animals with controls 
showed significant increases (16, 15, and 15-fold, respec-
tively; p < 0.01). Similarly, RQ expression of miR-650 in 
12-week NASH, 9-week NASH and Broth group animals 
with controls showed significant 22-, 18- and 23-fold 
increases, respectively; p < 0.01.

Conversely, induction of NASH significantly decreased 
RQs of LATS2 mRNA and RPARP AS-1 LncRNA; the RQ 
of LATS2 mRNA in 12-week NASH, 9-week NASH, and 
Broth group animals individually with controls showed 
a significant decrease (45, 14, and 50-fold, respectively; 
p < 0.01). Also, RQ of RPARP AS-1 LncRNA in the same 
groups of rats showed significant 67-, 31-, and 23-fold 
decreases, respectively; p < 0.01.

Altered relative concentrations of target effector proteins, 
IL‑6 and TGF‑β in NAFLD
Induction of NASH significantly increased the level of 
IL-6 and TGF-β when compared with normal controls. 
For example, 12-week NASH group animals showed 
approximately 4- and 3.6-fold increases in IL6 and TGF-β 
concentrations, respectively (p < 0.01); similar 3.6- and 
3-fold increases were seen in IL6 and TGF-β concentra-
tion in the 9-week NASH rats, respectively (p < 0.01). 
Also, Broth group animals showed 3.8- and 3.5-fold 
increases in IL-6 and TGF-β concentration, respectively 
(p < 0.01) (Fig. 8).

Correlations among quantitative expression levels 
of mRNA, miRNA, LncRNA, target effector proteins 
and HSCs activation
FOXA2 mRNA was significantly correlated with TEAD2 
mRNA and miR-650 (r = 0.77, 0.74, p < 0.01). A sig-
nificant negative correlation was observed with LATS2 
mRNA and RPARP AS-1 LncRNA (r = −  0.75 and 
−  0.74, respectively, p < 0.01). Similarly, IL6 and TGF-β 
concentration were significantly and positively correlated 
with FOXA2, TEAD2 mRNAs, and miR-650 expressions 
(p < 0.01) in all groups of animals. Concentrations and 

Table 1 The effect of NASH induction and probiotic administration on liver function tests and lipid profile

F one way anova

**p-value < 0.001 = highly significant difference

Groups Control 12‑week NASH 9‑week NASH Broth 3‑week Treated 12‑week 
Treated

F p‑value

mean SD mean SD mean SD mean SD mean SD mean SD

SGOT 72.5 7 155.2 4.1 131.5 5.4 144.5 5.2 92.5 7.7 70.3 5.5 39  < 0.001**

SGPT 26.2 2.4 127.2 9.1 113.8 8.1 114.3 4.1 36.7 3.5 26.2 1.5 78  < 0.001**

GGT 13.8 1.8 66.5 3.8 72.8 3.6 71.8 4.5 25.0 1.1 17 1 94  < 0.001**

TB 0.4 0 1 0.2 1 0.2 1 0.1 0.4 0 0.4 0 8  < 0.001**

DB 0.1 0 0.3 0.1 0.3 0.1 0.3 0 0.2 0 0.1 0 8  < 0.001**

ALP 47.0 0.9 110.2 17.2 101.7 1.9 98.7 2.9 66.0 1.4 61.2 2.3 13  < 0.001**

T. Chole 144.9 2.5 253.6 11.3 228.5 8 246.6 12.7 137.8 4.1 139.5 3.9 49  < 0.001**

TG 52.7 2.9 182.2 9.7 169.2 7.5 166.3 13.4 92.5 5.2 75.7 4 49  < 0.001**

HDL 66.5 3 32.7 1.1 34.2 1.8 43.2 0.9 50.7 2.4 53.8 1.6 43  < 0.001**

LDL 67.8 2.5 184.5 9.4 160.5 7.3 170.2 11.9 68.7 2.2 70.5 3 64  < 0.001**

Table 2 The effect of NASH induction and probiotic administration on histopathological grading of the liver

Groups Control 12‑week NASH 9‑week NASH Broth 3‑week Treated 12‑
week 
Treated

Steatosis 0/3 3/3 3/3 3/3 2/3 1/3

Ballooning 0/2 2/2 2/2 2/2 1/2 1/2

Inflammation grade 0/3 3/3 3/3 3/3 2/3 1/3

Fibrosis stage 0/4 4/4 3/4 4/4 2/4 1/4
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A

Control                                      12-week NASH                                     9-week NASH

Broth                   3-week Treated                        12-week Treated

B

Control                                      12-week NASH                                  9-week NASH

Broth                   3-week Treated                        12-week Treated
Fig. 5 The effect of NASH induction and Probiotic use on steatosis, inflammation and fibrosis of the liver using HE (A) and Masson’s trichrome 
staining (B) (Magnifications: ×100). Liver histological examinations showed both macro‑ and microvesicular steatosis, lobular inflammation, focal 
necrosis, hepatocellular ballooning, and extensive fibrosis (Arrow) in NASH models. These effects were minimized with Probiotic were remarkable 
especially in 12‑week Treated model
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expressions were significantly and negatively correlated 
with LATS2 mRNA and RPARP-AS1 LncRNA (p < 0.01). 
HSCs activation, indicated by increase in α-SMA 
H-score, was significantly correlated with increase in 
FOXA2, TEAD2 mRNAs, and miR-650 expressions 
(r = 0.7, 0.9  and 0.7, respectively, p < 0.01). and with 
decease in LATS2 mRNA and RPARP-AS1 LncRNA 
expression (r = −  0.8and −  0.75, respectively, p < 0.01) 
(Table 3).

Probiotic prevented the increase in body and liver weights
Probiotics administration for 12  weeks normalized 
NASH effects on body weight gain. Probiotic low-
ered average weight gain from 24.5  g/week in 12-week 
NASH to 15  g/week in 12-week Treated rats. The sig-
nificant probiotic effect was first observed in the third 
week between 12-week treated and 9-week NASH rats 
(mean difference = −  20.3*  g, p-value = 0.03). Although, 
it appeared in the fourth week between 12-week treated 
and 12-week NASH rats (mean difference = −  27* g,  
p-value < 0.01), this effect was consistent throughout 
the experiment. 12-week treated rats showed a 189.3% 
body weight gain significantly less than 12-week NASH 
rats  (mean difference = −  100*  g, p-value < 0.01). Final 
Body weight showed no significant difference between 
12-week Treated rats and Controls (p-value = 1). Pro-
biotic administration for 3  weeks also decreased NASH 
effects on body weight gain. 3-week Treated rats showed 
a steady weight gain until the last 3 weeks probiotic low-
ered average weight gain from 22 to 14.8 g/week. 3-week 
(Fig. 4A). Treated rats showed a 215% body weight gain 
which was significantly less than 12-week NASH animals 
(mean difference = −  52.5* g, p-value < 0.01), although, 
still significantly higher than control groups (mean differ-
ence = 48.5*g, p-value < 0.01) (Fig. 4B).

Liver weight was significantly decreased in both 
3-week and 12-week Treated animals when compared 
to 12-week NASH (mean difference = − 3.8*  and − 7 * 
g, respectively, p-values < 0.01). Comparing 3-week and 
12-week Treated with 9-week NASH group animals 
showed a significant decrease in liver weight (Mean 
difference = −  5.4* and −  5.2 * g, respectively, p-val-
ues < 0.01). However, liver weight in rats treated with the 
probiotic was still significantly higher than in controls 
(p < 0.05) (Fig. 4B). Final body weight was also positively 

correlated with liver weight in 12- and 3-week treated 
rats (r = 0.9*, p < 0.01).

Probiotic prevented biochemical and histopathological 
changes of NAFLD
Probiotic decreased NASH changes in both blood and 
liver samples. Hepatocellular damage indicators regressed 
in Treated group rats; a significant decrease in AST, ALT, 
GGT, ALP, TB, and DB serum levels was observed com-
paring 12-week Treated animals to 12-week NASH group 
rats (mean difference = − 84.8, − 101, − 49.5, − 0.56 and 
− 0.21, pl < 0.001, except 0.19 and 0.006 for TB and DB, 
respectively). Probiotic normalized lipid profiles. Both 
3- and 12-week treated animals showed a significant 
decrease in serum levels of TGs, total cholesterol, and 
LDL. Also, a significant increase in HDL levels was found 
relative to 12-week NASH group rats (p < 0.001) (Table 1). 
Liver examination in Treated group rats showed a shiny 
polished appearance similar to controls liver. Probiotic 
decreased the amount of steatosis, inflammation and 
fibrosis in treated rats. Although histopathological effect 
of NASH was minimized, residual fibrosis and balloon-
ing of hepatocytes were still present (Table 1and Fig. 5). 
Immunohistochemical analysis showed that probiotic 
administration minimized the effect of NASH on HSC. 
More inactive HSCs were present in treated groups as 
indicated by significant decrease in α-SMA expression in 
both 12-week and 3-week Treated group animals. Con-
currently, they showed an increase in the LATS2 expres-
sion compared to the NASH-12-week group rats (Fig. 6).

Probiotic administration eliminated the effects of NAFLD 
on expression of FOXA2, TEAD2, LATS2 mRNAs, miR650, 
and RPARP AS‑1 LncRNA
Probiotic administration eliminated the effects of NASH 
on expression of FOXA2, TEAD2, LATS2 mRNAs, 
miR650, and RPARP AS-1 LncRNA; In 3- and 12-week 
treated group animals showed a significant decrease in 
RQ expression of FOXA2, TEAD2 mRNAs and miR-650 
(p < 0.01), with a significant increase in RQ expression of 
LATS2 mRNA and RPARP AS-1 LncRNA (p < 0.01) when 
compared to 12-week NASH groups rats (Fig. 7).

(See figure on next page.)
Fig. 6 A Immunohistochemical staining (IHC) of α‑SMA and B LATS 2 in liver sections from separate groups as indicated in the figures 
(Magnifications: ×100). C Statistical difference in α‑SMA and LATS2 H‑score among study groups. IHC assays demonstrated that liver tissue of 
NASH rats had more α‑SMA‑positive cells were localized in areas with inflammatory cells and areas with remarkable perisinusoidal fibrosis. The 
expression of α‑SMA showed a significant increase in 12‑week NASH group, 9‑week NASH group and Broth group when compared with the Control 
group, However, in 12‑week Treated and 9‑week Treated groups, there was an evident decrease in the α‑SMA expression. IHC assays of LATS2 were 
markedly decreased in 12‑week NASH, 9‑week NASH and Broth groups when compared to the Control group. However, 12‑week Treated and 
9‑week Treated groups showed a significant increase in LATS2 expression when compared to the 12‑week NASH group
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A α-SMA 

Control                                                12-week NASH                                     9-week NASH
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Control                                   12-week NASH                                    9-week NASH

Broth 3-week Treated 12-week Treated
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Probiotic administration eliminated the effects of NAFLD 
on concentrations of target effector proteins, IL6 and TGF‑β
Probiotic administration decreased IL6 and TGF-β con-
centrations. 12-week Treated group rats. IL6 and TGF-β 
concentrations significantly decreased, 2- and 2.2-fold 
(p < 0.01) compared to 12-week NASH rats. Concentra-
tions decreased in 3-week Treated group animals simi-
larly, 1.6- and 2-fold (p < 0.01), compared to 12-week 
NASH rats (Fig. 8).

Discussion
The obesity pandemic and the concurrent increase in 
NAFLD/NASH prevalence continues, with NAFLD/
NASH now considered the top reason for liver transplan-
tation [43]. Still, no treatment approved by the FDA is 
available [44]. Imbalance in gut microbiota is proposed as 
a basis of NAFLD/NASH pathogenesis [27]. This expla-
nation highlights the need to exploit probiotics to reverse 
gut dysbiosis both for prevention of and therapy for 
NAFLD/NASH [28].

Induction of NASH in rats in this study was suc-
cessful, as evidenced by abnormal liver function tests, 
lipid profiles, and hepatic histopathological features 

Fig. 7 Effect of NASH induction and Probiotic administration on the expression level of hepatic FOXA2 mRNA, TEAD2 mRNA and LATS2 mRNA 
(A–C), hepatic miR‑650 (D) and hepatic RPARP‑AS1 LncRNA (E). Values are mean ± SD; number of animals = 6 rats/each group. *p < 0.05 **p < 0.01 
symbols are used when groups are compared with Control group while #p < 0.05 and ##p < 0.01 symbols are used when groups are compared to 
12‑week NASH group. RQ, relative quantification
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characteristics of NAFLD/NASH macro- and micro-
vesicular steatosis, with variable degrees of inflammation, 
and increased fibrosis.  Mutaflor® administration induced 
improvements in liver function tests and lipid profiles. 

Treated rats showed a marked decrease in steatosis, 
inflammation, and fibrosis.

The pathogenesis of NAFLD/NASH involves a con-
stellation of insults [45] that initiates a chronic inflam-
matory process with hepatocytic injury, activation of 
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Fig. 8 Effect of NASH induction and Probiotic administration on A Relative concentration of IL‑6 and B TGF‑β/g liver tissue. Values are mean ± SD; 
number of animals = 6 rats/each group. *p < 0.05 **p < 0.01 symbols are used when groups are compared with Control group while #p < 0.05 and 
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Table 3 Spearman’s correlation between the RQ of the selected mRNAs, miRNA, LncRNA, effector protein concentration and HSCs 
activation

r Spearman’s correlation coefficient
a Sig < 0.001 = highly significant correlation

Biomarker FOXA2 mRNA TEAD2 mRNA LATS2 mRNA miR‑650 RPARP‑AS1 
LncRNA

IL6 TGF‑β α‑SMA H‑score

FOXA2 mRNA r 1 0.77 − 0.75 0.74 − 0.74 0.75 0.75 o.74

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a

TEAD2 mRNA r 0.77 1 − 0.67 0.84 − 0.64 0.89 0.87 0.85

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a

LATS2 mRNA r − 0.75 − 0.67 1 − 0.72 0.82 − 0.7 − 0.74 − 0.71

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a

miR‑650 r 0.74 0.84 − 0.72 1 − 0.74 0.85 0.9 0.79

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a

RPARP‑AS1 LncRNA r − 0.75 − 0.64 0.82 − 0.74 1 − 0.71 − 0.74 − 0.74

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a

IL6 r 0.75 0.89 − 0.7 0.85 − 0.71 1 0.95 0.84

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a

TGF‑β r 0.75 0.87 − 0.74 0.9 − 0.74 0.95 1 0.8

Sig < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a < 0.01a
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immune cells [46], and stimulation of regenerative pro-
cesses [45]. Regenerative is primarily mediated by HSCs 
[46]. Activation of HSCs induces fibrillary collagens 
and α-SMA, leading to extracellular matrix deposition 
[43]. Hh signaling is a major regulator of liver regen-
eration and controls the fate of HSCs [15]. Sustained 
and excessive activation of the Hh pathway in NAFLD 
is pivotal for driving the progression to fibrosing NASH 
[47], liver cirrhosis, and hepatocellular carcinoma [48].

We used in silico analysis to construct a genetic 
(FOXA2, TEAD2, LATS2) and epigenetic network 
(miR-650 and RPARP AS-1 LncRNA) linked to the 
stimulation of hedgehog and hippo signaling with sub-
sequent activation of HSCs and its effector proteins 
(L-6, and TGF-β) in NAFLD/NASH. We then validated 
the expression of this network in liver tissue samples of 
a NASH animal model. We observed altered expression 
in the constructed network and its effector proteins in 
NASH hepatic tissues, accompanied by a highly sig-
nificant increase in the expression of (FOXA2, TEAD2 
mRNAs, miR-650), proteins (IL-6 and TGF-β) and 
downregulation of LATS2 mRNA and RPARP AS-1 
LncRNA. We also validated the effect of  Mutaflor® on 
the network. Administration of this probiotic modu-
lated expression of the network towards a normal 
expression pattern in NASH 12-week model rats.

FOXA2, also known as hepatocyte nuclear factor 3-Β 
and transcription factor 3B [49], is located on chromo-
some 20:22, 580, 998-22, 585, 455  reverse strand [50]. 
The FOXA family of evolutionarily conserved liver 
enriched transcription factors [50, 51] participate in 
hepatic development and differentiation [52]. FOXA2 
is essential for Hh-induced hepatic progenitor cell 
specification during embryogenesis [51]. We measured 
FOXA2 mRNA as a marker for the Hh pathway. Simi-
larly, a study by Wang et al. showed that the FOXA2 is 
also a target of Hh signaling, but in the esophageal epi-
thelium of mouse embryos [53]. The protective effect of 
FOXA2 against CCL4-induced hepatic fibrosis in mice, 
was attributed to FOXA2 downregulation in hepato-
cytes. However, the same study reported no correlation 
between upregulated FOXA2 in activated HSCs and 
hepatic fibrosis [54]. Nevertheless, the importance of 
HSCs in the development of fibrosis seems established 
[55–57].

TEAD2 is a protein-coding gene located on chromo-
some 19:49, 340, 595-49, 362, 457 [58]. The TEAD2 gene 
is considered an oncogene, where stability of its mRNA is 
affected in multiple tumors [56, 59, 60]. Joo et al. showed 

increased TEAD2 mRNA expression in HCC has a poor 
prognosis [61]. In NAFLD, TEAD2 is a downstream 
effector molecule in the hippo pathway strongly associ-
ated with HSC activation [62]. LATS2 is a hippo signal-
ing pathway kinase that plays an important inhibitory 
role during the differentiation and maturation of the liver 
[19]. Deletion of LATS2 in adult liver is associated with 
fibrosis and even lethal hepatic impairment [63]. Con-
versely, LATS2 inhibits hepatic cholesterol accumula-
tion in the liver [64], explaining the increase in fatty liver 
incidence in LATS2-deficient mice [65]. Ye et al. showed 
that direct inhibition of LATS2 activity participates in 
increasing the progression of NASH to HCC [66].

IL-6, a pleiotropic 184 amino acid cytokine that has a 
significant role in the regeneration of the liver [21] and is 
a potent stimulant of hepatocyte proliferation. Addition-
ally, IL-6 increases the expression of fibrogenesis genes in 
the liver [67]. HSCs are directly affected by IL-6 signal-
ing, since they are one of the few cells that express IL-6 
membrane-bound receptors [68]. Also, HSCs secrete 
IL-6, which eventually lead to an increase in type I col-
lagen production and thus fibrosis in culture [62]. Accu-
mulating evidence identifies a leading role of the IL-6 
pathway in HSC activation, which is critical for the 
progression of liver fibrosis [69–73]. TGF-β is the most 
potent fibrogenic cytokine in the liver [20]. An increase 
in TGF-β expression in active HSCs was reported after 
liver injury [74]. Moreover, Dewair et al. identified TGF-β 
signaling as a key fibrogenic pathway that drives activa-
tion of HSC and fibrosis in liver disease [10]. Experimen-
tally, hepatic fibrosis was decreased on inhibiting TGF-β 
activity in rats [75]. The results of our study are consist-
ent with findings in all of the above studies.

Epigenetics play a key role in the pathogenesis of 
NAFLD, indicating its importance as a possible therapeu-
tic target [22]. Our in silico model identified miR-650 and 
RPARP-AS1 LncRNA as significant epigenetic regulators 
of selected mRNAs. miR-650 is implicated in fibrosis due 
to its upregulation in idiopathic lung fibrosis [76]. Estep 
et  al. found significant downregulation of hsa-miR-650 
expression in visceral adipose tissue of NASH patients 
compared with patients with non-NASH NAFLD, dem-
onstrating its role in liver fibrosis [77]. miR-650 is impli-
cated in inflammation and apoptosis in active ulcerative 
colitis [78]. Han et al. identified LATS2 as a direct target 
of miR-650; LATS2 can counteract the effects of miR-
650 in HCC [79]. Similarly, Zhou et  al. demonstrated a 
key role for LncRNAs in HSCs activation, thus increasing 
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fibrosis in liver disease [80]. We identified RPARP-AS1 
LncRNA as a novel factor that interacts with miR-650. 
The antisense LncRNA is located on the 10q24.32 chro-
mosome [81] implicated in promotion of cell prolifera-
tion, migration, and invasion in colorectal cancer [82].

Activated HSCs trans-differentiate into contractile 
fibrogenic myofibroblast cells (MF) that express α-SMA 
[83]. An interaction between HSCs and virally-infected 
hepatocytes increases the deleterious anti-viral inflam-
matory response in hepatitis C infection [84]. However, 
active HSCs after acute liver injury exhibit a protective 
role by assisting in extracellular matrix deposition and 
inflammatory signaling [85]. Thus, we considered active 
HSCs as our main therapeutic target, recognizing its role 

in the pathogenesis of NAFLD/NASH. Consistently, our 
results show a marked increase in α-SMA expression as 
an indicator of active HSCs in NASH model rats, which 
is reversed to normal by administration of Mutaflor® 
and accompanied by a decrease in the number of active 
HSCs.

A significant strong positive correlation was seen 
among FOXA2, TEAD2 mRNAs, miR-650, IL-6 and 
TGF-β effector proteins, along with a significant nega-
tive correlation with LATS2 mRNA and RPARP AS1-
LncRNA. We hypothesized that, in NAFLD/NASH, 
increased expression of miR-650 upregulates both 
FOXA2 and TEAD2 mRNAs and downregulates LATS2 
mRNA. Stimulating both hedgehog and hippo signaling, 

Fig. 9 Proof of Concept map of the study hypothesis
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activating HSCs and increasing HSC expression of profi-
brogenic signals (IL-6 and TGF-β effector proteins). Con-
sequently increasing hepatic fibrosis and NAFLD/NASH 
progression. On  Mutaflor® administration, increased 
expression RPARP AS-1 LncRNA inhibits miR-650. This 
downregulates FOXA2 and TEAD2 mRNAs and upregu-
lates LATS mRNA. Inhibiting both hedgehog and hippo 
signaling, inactivating HSCs and decreasing HSC expres-
sion of profibrogenic signals (IL-6 and TGF-β effec-
tor proteins). Eventually, the probiotic decrease hepatic 
fibrosis and NAFLD/NASH progression (Fig. 9).

Conclusion
The use of probiotics clinical trials are promising. In 
NAFLD, stopping HSCs activation will halt progression 
and regress existing fibrosis. As stated, HSCs activity is 
controlled by Gut dysbiosis. As a result, using probiotic 
to target HSCs may be a potential preventive and treat-
ment strategy in NAFLD. In this study we concluded that 
Mutaflor® shows a significant ability to counter the acti-
vation of HSCs and decrease HSC upregulation of fibri-
nogenic genes (IL-6, and TGF-β proteins). These actions 
are associated with modulating hedgehog and hippo 
signaling pathways via FOXA2, TEAD2 and LATS2 
mRNAs, and their epigenetic modifiers, (RPARP AS-1 
and miR-650 miRNA). This probiotic agent show signifi-
cant improvement in NAFLD animal model suggesting 
its usefulness for prevention and treatment of NAFLD/
NASH.

Limitations
Limitation of the present study includes the lack of data 
regarding the rats’ physical activity and energy expendi-
ture, which could compensate for HSHFD consumed 
by the rats. Future studies should measure rat activ-
ity, which can then be correlated to any histopathologi-
cal changes in the liver. Second, studying the effect of 
silencing of one of the explored genetic network on the 
pathogenesis of NASH. Finally, although probiotic was 
studied as a NASH management tool in rats, it is essen-
tial to highlight that translating animal-study outcomes 
to the human population has a failure history [86]. So 
more randomized clinical studies with extended follow-
up can illuminate the effects of probiotics in prevention 
and therapy of NASH in human.
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