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ABSTRACT

Objective: Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly known as non-alcoholic fatty liver disease (NAFLD), is the
most prevalent liver disease globally, yet no therapies are approved. The effects of Escherichia coli Nissle 1917 expressing aldafermin, an
engineered analog of the intestinal hormone FGF19, in combination with dietary change were investigated as a potential treatment for MASLD.
Methods: MASLD was induced in C57BL/6J male mice by American lifestyle-induced obesity syndrome diet and then switched to a standard
chow diet for seven weeks. In addition to the dietary change, the intervention group received genetically engineered E. coli Nissle expressing
aldafermin, while control groups received either E. coli Nissle vehicle or no treatment. MASLD-related plasma biomarkers were measured using
an automated clinical chemistry analyzer. The liver steatosis was assessed by histology and bioimaging analysis using Fiji (ImageJ) software. The
effects of the intervention in the liver were also evaluated by RNA sequencing and liquid-chromatography-based non-targeted metabolomics
analysis. Pathway enrichment studies were conducted by integrating the differentially expressed genes from the transcriptomics findings with the
metabolites from the metabolomics results using Ingenuity pathway analysis.

Results: After the intervention, E. coli Nissle expressing aldafermin along with dietary changes reduced body weight, liver steatosis, plasma
aspartate aminotransferase, and plasma cholesterol levels compared to the two control groups. The integration of transcriptomics with non-
targeted metabolomics analysis revealed the downregulation of amino acid metabolism and related receptor signaling pathways potentially
implicated in the reduction of hepatic steatosis and insulin resistance. Moreover, the downregulation of pathways linked to lipid metabolism and
changes in amino acid-related pathways suggested an overall reduction of oxidative stress in the liver.

Conclusions: These data support the potential for using engineered microbial therapeutics in combination with dietary changes for managing
MASLD.

© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations

MASLD  metabolic dysfunction-associated steatotic liver disease
NAFLD non-alcoholic fatty liver disease
IR insulin resistance

NASH nonalcoholic steatohepatitis

FGF19 fibroblast growth factor 19

HFD high-fat diet

ALT alanine aminotransferase

AST aspartate amino transferase

E. coli Escherichia coli

EcNA E. coli Nissle 1917 expressing aldafermin with dietary change
ALIOS American Lifestyle-Induced Obesity Syndrome

EcN E. coli Nissle 1917 intervention without hormone production
CTRL control intervention without E. coli Nissle 1917 treatment
CFU colony forming units

ELISA enzyme-linked immunosorbent assay

RSD relative standard deviation

D-ratio dispersion ratio

FPKM fragments per kilobase of transcript per million fragments
mapped

BH Benjamini—Hochberg adjusted

HDL-C high-density lipoprotein

LDL-C low-density lipoprotein

LPC lysophosphatidylcholines

LPE lysophosphatidylethanolamines

LXR liver X receptor

RXR retinoid X receptor

Nrf2 nuclear factor E2-related factor 2

AHR aryl hydrocarbon receptor

high-fat  high-fructose, high-cholesterol diet, HFFCD

ROS reactive oxygen species

MASH metabolic dysfunction-associated steatohepatitis

1. INTRODUCTION

A healthy diet and increased physical activity are the predominant
interventions in the treatment of metabolic dysfunction-associated
steatotic liver disease (MASLD), previously known as non-alcoholic
fatty liver disease (NAFLD), which is the most common liver disease
worldwide [1]. Despite its prevalence, no medical treatments for
MASLD have been approved.

Furthermore, despite ongoing research, our understanding of MASLD
pathogenesis remains limited [2]. Briefly, the role of insulin resistance
(IR) exacerbating fat accumulation in the liver during the disease
development has been well established [3]. Moreover, the excessive
fatty acid oxidation [4] and impairment of triglyceride accumulation
[5,6] in the liver plays a crucial role in the accumulation of toxic lipids
[2,6]. Consequently, lipotoxicity induces detrimental effects such as
oxidative stress, contributing to the progression of MASLD to metabolic
dysfunction-associated steatohepatitis (MASH; formerly known as
nonalcoholic steatohepatitis, NASH) [2]. Patients with MASLD often
have an impaired intestinal fibroblast growth factor 19 (FGF19) pro-
duction [7], a regulator of lipid and energy metabolism in the liver [8].
Previous studies have shown that administration of FGF19 to mice fed
with a high-fat diet (HFD) can ameliorate the metabolic phenotype [9].
However, due to its tumorigenicity [10], the use of aldafermin, a non-
tumorigenic analog of FGF19 has been recommended as a safer
alternative treatment for MASLD [10,11]. Beneficial effects of alda-
fermin intervention have been observed in MASH patients, including
reduced liver fat accumulation, liver enzyme levels such as alanine
aminotransferase (ALT) and aspartate amino transferase (AST) in the
plasma, and serum levels of bile acids [12]. However, the effects of
aldafermin and its mechanism of action during the early MASLD stage
remain to be investigated.

The gut microbiome is increasingly recognized to play an important
role in the development and progression of MASLD [13—15]. Emerging
research suggests that targeting the gut microbiome with probiotics,
prebiotics, and other interventions may hold promise as a therapeutic
approach for MASLD [15]. Indeed, the non-pathogenic gram-negative
Escherichia coli Nissle 1917 has emerged as a potential therapeutic
candidate for MASLD, demonstrating promising results in inhibiting
MASLD progression in rats [16]. The use of advanced microbial
therapeutics that are probiotics engineered to express a programmed
therapeutic activity represents a promising strategy to manage MASLD
and other metabolic diseases. Indeed, recent studies have used

genetically engineered E. coli Nissle 1917 to deliver bioactive mole-
cules to induce beneficial effects in metabolic disturbances, including
obesity [17,18].

In this study, it was hypothesized that a multi-targeted intervention
utilizing genetically engineered E. coli Nissle expressing aldafermin in
combination with dietary change (EcNA) may offer an effective
approach to manage MASLD-induced symptoms. Transcriptomics and
non-targeted metabolomic techniques were employed to study the
impact of ECNA in a mouse model of MASLD. The findings showed
substantial alterations in hepatic metabolism and genes upon the
administration of ECNA, indicating its potential as an innovative ther-
apeutic for MASLD.

2. MATERIAL AND METHODS

2.1. E. coli Nissle 1917 strain engineering to express aldafermin
Aldafermin was constitutively expressed in a pMUT-1-based plasmid
native to E. coli Nissle, using the strongest promoter from the
Schantzetta library [19], designed for stable expression in the murine
gastrointestinal tract. Briefly, the aldafermin gene was ordered as a
gBlock (Integrated DNA Technologies) and amplified with uracil-
containing primers using Phusion U Hot Start DNA Polymerase
(ThermoFisher, Waltham, Massachusetts, United States, Cat No.
F555S). Purified polymerase chain reaction fragments were treated
with 0.5 pL of USER enzyme (NEB) in 1x Cut Smart buffer (NEB) and
subsequently incubated for 30 min at 37 °C in a thermocycler and 1 h
at room temperature. Two pL of USER mixture was then used to
transform One ShotTM TOP10 Chemically Competent E. coli (Ther-
mofisher, Waltham, Massachusetts, United States) according to the
instruction of the supplier (One ShotTM TOP10 Thermo Fisher, Wal-
tham, Massachusetts, United States). Transformed cells were plated
on selective culture media, and colonies were verified with colony
polymerase chain reaction and subsequent sequencing. A positive
colony was inoculated into 2 mL of Luria—Bertani with 50 pg/mL
kanamycin and grown for 16 h, after which the plasmid was extracted
using a NucleoSpin Plasmid EasyPure extraction kit (Macherey Nagel).
Purified plasmid was used to transform electrocompetent cells of
E. coli Nissle (Tn7:sfGFP+, StrepR) by electroporation. sfGFP was in-
tegrated in the genome in an attTn7 attachment site at position
2672041 to 2672355, expressed from the BBa_J23101 promoter
(Additional file: Supplemental Figure S1). The strain of E. coli Nissle has
previously been cured for any native pMUT1 plasmid.
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2.2. In vitro production and strain characterization

For each strain, individual colonies were inoculated in 3 mL of Luria—
Bertani media containing 100 pg/mL streptomycin and 50 pg/mL
kanamycin and were then incubated at 37 °C overnight in a shaker at
200 rpm overnight. The following day, the cultures were diluted 100-
fold in Greiner CELLSTAR 96-well microtiter plates (Sigma-Aldrich
product number M0812) containing Luria—Bertani, 100 pg/mL
streptomycin, and 50 pg/mL kanamycin, resulting in a final working
volume of 200 pL. The plate was sealed using a BreathEasy film
(Sigma-Aldrich, St. Louis, MO, USA) and was incubated in a Synergy
H1 plate reader (BioTek, Winooski, VT, USA) at 37 °C and 1000 rpm.
0D600 was measured every 5 min for 24 h. At the end of the
fermentation, aliquots of the culture were collected and then centri-
fuged at 10,000 x g for 5 min. The supernatant was collected and
stored at —20 °C for later analysis. The samples were subjected to
FGF19/aldafermin analysis by enzyme-linked immunosorbent assay
(ELISA) following the manufacturer’s protocol (Abcam: ab230943,
Cambridge, United Kingdom).

To measure the growth rate of E. coli strains, 1:100 from an overnight
culture grown in Luria Bertani at 37 °C was inoculated into 100 pL of
liquid Luria Bertani media. The cultures were grown in 96-well mi-
crotiter plates at 37 °C with orbital shaking at 365 cpm (2 mm). A
microtiter reader (BioTek ELx800) was used to measure the cell
density every 5 min at optical density 600 nm (0D600). The growth
rates were calculated by plotting the log OD measurements in the log
phase and determining the slopes for time points in the log phase
where the r? value was closest to 1. At least 24 time points (2 h apart)
were used for the calculations.

2.3. Preparation of E. coli Nissle 1917 strains in gelatine cubes
The E. coli Nissle strains (with or without expression of aldafermin)
were grown overnight at 37 °C and 200 rpm in Luria—Bertani broth
with 100 pg/mL streptomycin + 50 pg/mL kanamycin. The next day,
the cells were centrifugated for 10 min at 4000 rpm and the pellets
were washed with 3 mL 0.9% saline solution twice. One hundred pLL of
the overnight culture was then added to a Luria—Bertani agar plate
(without antibiotics) and incubated at 37 °C overnight. The next day,
the bacteria were harvested by adding 1 mL of 10% sweetener
(“Hermesetas Crunchy”, Zurich, Switzerland) in tap water to the plate.
To prepare the gelatine cubes, 20% of gelatine from “Dr. Oetker
Gelatinpulver” (Bielefeld, Germany) were mixed in stock sweetener
from “Hermesetas Crunchy” (Zurich, Switzerland). Vanilla flavoring
from “Dr. Oetker Vanilla aroma” (Bielefeld, Germany) was added in a
70:5 ratio. Lastly, 75 pL of the bacterial culture was mixed with 75 pL
of the gelatine stock in a 96-well plate and the plate was stored at 4 °C
until E. coli Nissle administration. The next day, the concentration of
10° colony forming units (CFU) per cube of E. coliNissle was confirmed
by plating onto a Luria—Bertani agar plate with 50 pg/mL
streptomycin + 50 pg/mL kanamycin.

2.4. Animal study

The experimental protocol for the use of mouse model was approved
by the National Ethics Committee for Animal Experiments in Finland
(license number: ESAVI/21371/2019) and conformed to the regulations
and requirements of the European Union concerning the protection of
animals used for scientific purposes. Five-to eight-week-old C57BL/6J
male mice were bred and housed in the animal housing facilities at the
University of Eastern Finland (Kuopio, Finland) and kept under specific-
pathogen-free conditions in individually ventilated cages (1—4 mice/
cage) under a 12/12 h light cycle at 20.6 °C (40.2 °C) with 55%
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(£0.8%) humidity. The mice were handled in accordance with Finnish
legislation and the Council of European Convention ETS 123 on the use
of vertebrate animals for scientific purposes. The number of mice per
group was calculated using “G*Power” program [20] as previously
described [21]. Eighteen mice were fed with the American Lifestyle-
Induced Obesity Syndrome (ALIOS) diet, HFD (TD06303, Harlan
Teklad, Madison, WI) and high-fructose corn syrup equivalent (45%
glucose and 55% fructose by weight) at 42 g/L in the drinking water for
MASLD induction as described by Tetri et al. [22]. After fourteen
weeks, all the MASLD-induced mice were switched to the standard
rodent chow control diet (2016 Teklad global 16% protein rodent diets,
Harlan Teklad, Madison, WI) and randomly separated into three
different groups for seven weeks. During these seven weeks, mice
were trained to voluntarily daily consume gelatine cubes containing
E. coli Nissle (at the concentration of 10° CFU per cube) expressing
aldafermin (ECNA, n = 6) and E. coli Nissle without hormone
expression (EcN, n = 6). Further, six mice did not receive any bacterial
treatment and were resorted only to the dietary change (CTRL)
(Figure 1A).

2.5. Sample collection

Mice were fasted for 2 h before terminal anesthesia with intraperito-
neal injection (starting at 2 mL/kg mouse body) of pentobarbital
(“Mebunat vet”, Orion Pharma, Espoo, Finland). Blood extraction by
cardiac puncture and cardiac perfusion were performed. Plasma
samples were immediately separated from the whole blood using
Microtainer tubes according to manufacturer’s instructions (Category
number: 365986, Becton, Dickinson and Company, Franklin Lakes, NJ,
USA), frozen in liquid nitrogen before being stored in —80 °C. Fecal
samples were collected on the day before the mice sacrifice and
evaluated for the presence of live E. coliNissle 1917 strain in ECNA and
in EcN control group. The body and liver weight were measured weekly
and during sample collection, respectively. ECNA group was compared
against CTRL and EcN using Kruskal—Wallis test and Dunn post-hoc
tests for pairwise comparison between groups using R software
version 3.6.3 and GraphPad Prism (version 9.2.0).

2.6. Magnetic resonance imaging

Magnetic resonance imaging was performed and adapted as previ-
ously described [21] after fourteen weeks of ALIOS diet to confirm the
extent of fat accumulation in the liver as MASLD induction marker (data
not shown). Magnetic resonance imaging was performed again at the
end of the study after the seven weeks of intervention in ECNA (n = 3/
group), EcN (n = 3/group), CTRL mouse group (n = 5/group) for
evaluating EcNA efficacy. Mice were anesthetized with isoflurane
(Piramal, Netherland) (5% induction, 1.5% maintenance). The per-
centage differences between the two timepoints in liver fat accumu-
lation in the ECNA group was compared against the CTRL and EcN
group using Kruskal—Wallis test and Dunn post-hoc test in R software
version 3.6.3 and graphics realized using GraphPad Prism software
(version 9.2.0).

2.7. Biochemical parameters

Plasma samples were separated from the whole blood, frozen in liquid
nitrogen, and stored in —80 °C, diluted 1:3 with 0.9% NaCl and
concentrations of ALT, AST, total cholesterol, HDL-C, LDL-C, tri-
glycerides, and glucose were measured by the automated clinical
chemistry analyzer Konelab Prime 60 (Thermo Fisher Scientific, Wal-
tham, Massachusetts, United States). The biochemical parameters in
the EcNA group were compared against those in the CTRL and EcN
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Figure 1: EcNA intervention reduced liver steatosis and body weight. A) Representation of the animal study intervention. B) Representative pictures of H&E and ORO staining
after seven weeks of intervention. In H&E staining n = 6 mice/group, scale bar 200 pum, 4x objective. In ORO staining, the red droplets showed the fat droplets stained and
accumulating in liver sections. n = 6 mice/group, 8 acquisitions/mouse, Scale bar 100 pum, 10x objective. C) Quantification of liver fat droplets as percentage of total fat in each
tissue section 10x analyzed. n = 6 mice/group, 8 acquisitions/mouse, scale bar 100 um, 10x objective. D) Percentage of body weight gain. n = 6 mice/all groups. Charts results
of quantification of liver fat droplets and percentage of body weight gain were presented as average values where error bars denote SD. Statistical significance between different
groups were shown using asterisks (*p < 0.05 and **p < 0.01). H&E: hematoxylin and eosin; ORO: Qil Red 0.
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group using Kruskal—Wallis test and Dunn post-hoc test in R software
version 3.6.3 and graphics were realized using GraphPad Prism
software (version 9.2.0).

2.8. Histology

The left lateral liver lobe was collected for Hematoxylin & Eosin staining
as described [21]. Briefly, tissues were fixed overnight in 4% para-
formaldehyde (VWR, Belgium, PFA) in Dulbecco’s phosphate buffered
saline 1x (Thermo Fisher, Waltham, Massachusetts, United States,
PBS) at 4 °C and stored in 70% ethanol at 4 °C until the processing.
The samples were embedded into paraffin blocks and cut into 5 um
sections. Liver samples for Oil Red O staining (Sigma-Aldrich, Saint
Louis, Missouri, USA) were fixed for 2 h in 4% PFA in PBS 1x, cry-
oprotected with a sucrose (Thermo Fisher, Waltham, Massachusetts,
United States) scale (10% and 20% for 40 min and 30%) overnight in
PBS 1x, included in OCT embedding medium (Thermo Fischer Sci-
entific, Waltham, Massachussets, United States), frozen and stored
at —80 °C. The samples were cut into 8 um thick sections and stored
at —80 °C. Hematoxylin (Bio-Optica, Milan, Italy) & Eosin (Bio-Optica,
Milan, Italy) and Oil Red O (Sigma-Aldrich, Saint Louis, Missouri, USA)
staining were performed in all mouse groups, and images were ac-
quired using Olympus BX51 microscope (Olympus, Tokyo, Japan).
Liver fat content in ECNA group was quantified using Fiji (ImageJ)
software (version 1.52p) and trainable Weka Segmentation plugin [23]
and compared against the control groups using Kruskal—Wallis test
and Dunn post-hoc test using R software version 3.6.3 and GraphPad
Prism software (version 9.2.0).

2.9. RNA-sequencing analysis

Liver tissues from all mice were collected and submersed in RNA
stabilization solution (RNAprotect Tissue Reagent, Qiagen, Germany),
frozen in liquid nitrogen and stored at —80 °C. The liver was ho-
mogenized in Buffer RLT (Cat. No./ID:79216, Qiagen, Germany) and
extracted with RNeasy minikit (Qiagen, Germany). The RNase-free
DNase | (Qiagen, Germany) treatment was performed for removing
genomic DNA contaminants. RNA purity was checked using the
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). RNA
integrity and quantification was assessed using RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA).
Five mice per group were selected for transcriptome sequencing
analysis based on the RNA purity (0D260/280 > 2.0, 0D260/
230 > 1.8) and quality (RIN > 8.60). For sequencing library prepa-
ration 1 pg RNA per sample was used generated using NEBNext®
UltraTM RNA Library Prep Kit for lllumina® (NEB, USA) following the
manufacturer’s recommendations. The library was then quantified
using Qubit® 2.0 (Thermo Fisher, Waltham, Massachusetts, United
State) and real-time PCR and the library quality was assessed with the
Agilent Bioanalyzer 2100 system. The clustering of the index-coded
samples was performed on a cBot Cluster Generation System using
PE Cluster Kit cBot-HS (lllumina) according to the manufacturer’s in-
structions. After cluster generation, the library preparations were
sequenced on the lllumina platform Novaseq 6000 and 150 non-
stranded paired-end reads were generated.

2.10. Data processing of RNA-sequencing

Raw reads of FASTQ format were first processed through fastp. Reads
with adapter contamination, poly-N sequences, with low quality nu-
cleotides (Base Quality less than 5), with low uncertain nucleotides
(N > 10%) were removed. At the same time, Q20, Q30, and GC
content of the clean data were calculated. All the downstream analyses
were based on clean data with high quality. Reference genome and
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gene model annotation files were downloaded from https://www.
ensembl.org/index.html. Paired-end clean reads were mapped using
the Spliced Transcripts Alignment to a Reference software [24]. R
package Subread [25] and the FeatureCounts [26] software were used
to count the read numbers mapped to each gene. Differential
expression analysis for comparisons among samples (five biological
replicates per condition) was performed using DESeq2 [27]. Pre-
filtering was applied and counts <10 were discarded, as well as
approximate posterior estimation for GLM coefficients (apegim) [28]
was applied to the differential expression analysis. Genes with a p-
value <0.05 were considered significantly differentially expressed.

2.11. Non-targeted metabolomics analysis

Non-targeted metabolomics analysis was conducted according to
Klévus et al. [29]. The frozen sections of the liver samples (n = 6/
group) were homogenized using Bead Ruptor 24 Elite homogenizer
(6 m/sat0 = 2 °C for 30 s) in 80% v/v aqueous HPLC grade methanol
(500 pL per 100 mg of sample) followed by vertexing, centrifugation
(10 min, 4 °C at 20,000 x g), filtration (Captiva ND filter plate 0.2 pm)
by centrifuging at (5 min, 4 °C at 700 x g), and storage at 4 °C until
analysis. The liquid chromatography-mass spectrometry analysis was
performed using two systems. For reversed-phase liquid chromatog-
raphy, Vanquish Flex UHPLC 238 system (Thermo Scientific, Bremen,
Germany) coupled to high-resolution Orbitrap mass 239 spectrometry
(Q Exactive Focus, Thermo Scientific, Bremen, Germany) was
employed. Hydrophilic interaction liquid chromatography was per-
formed on a 1290 Infinity Binary UPLC coupled with a 6540 UHD
Accurate-Mass quadrupole 243 time-of-flight MS (Agilent Technolo-
gies, California, United States). For both analytical setups, the data was
acquired in positive and negative electrospray ionization modes. At the
end of the analysis, data-dependent MS2 was acquired for each mode.
Pooled liver samples were injected at the beginning of the analysis and
after every 12 samples for quality control. Further details on the liquid
chromatography-mass spectrometry instrument set-up and MS/MS
analyses are previously described [21]. MS-DIAL (Version 4.60) [30]
was employed for automated peak picking and alignment. Data pre-
processing and statistical analyses were conducted in R Software
version 3.6.3. The features were normalized for analytical drift.
Missing values were imputed using random forest imputation for
features with low number of missing values (present in more than 20%
of the quality control samples), relative standard deviation* (RSD*)
below 20%, and dispersion ratio* (D-ratio*) below 40%. In addition, if
either the RSD* or D-ratio* was above the threshold, the features were
kept if their classic RSD, RSD* and basic D-ratio were all below 10%.
RSD* and D-ratio* are robust, non-parametric alternatives for RSD
and D-ratio, based on median and median absolute deviation instead
of mean and standard deviation. Other features were flagged, imputed
with a value of 0, and discarded for statistical analyses. Feature-wise
Welch’s t-tests between the study groups were computed. All features
with raw p-value <0.05, MS/MS spectrum, and average peak area of
>10,000 across the samples were annotated as previously described
[21]. Further, the abundances of specific annotated metabolites in
EcNA were compared to CTRL and EcN using Kruskal—Wallis test and
Dunn post-hoc test using R software version 3.6.3 and GraphPad
Prism software (version 9.2.0).

2.12. Transcriptomics and metabolomics data integration

Principal component analysis using FPKM (fragments per kilobase of
transcript per million fragments mapped) gene values and good-quality
metabolite features from five biological replicates per group (i.e. ECNA,
EcN, and CTRL), was performed in R Software version 3.6.3. Volcano
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plots of fold changes and p-values for the transcriptomics and
metabolomics data were created using VolcaNoseR [31]. Canonical
pathway enrichment of the differentially expressed genes and all Level
1 and Level 2 annotated metabolites from the two comparisons (ECNA
vs CTRL and EcNA vs EcN) were conducted using Ingenuity Pathway
Analysis software (Qiagen, Hilden, Germany, https://digitalinsights.
giagen.com/IPA). The input transcriptomics data consisted of the
gene symbol, the fold change values of the genes (for each compar-
ison), and its corresponding p-values. In the case of metabolomics
data, the input consisted of the metabolite ID (HMDB, KEGG, Pubchem
CID, or CAS registry number), the fold change values of the abun-
dances from six replicates (for each comparison), and its corre-
sponding p-values. Each gene symbol and metabolite ID was mapped
to its corresponding gene and metabolite object in the Ingenuity
Knowledge Base genes + endogenous chemicals database. A core
analysis was performed for each dataset to identify the canonical
pathways. Further, a comparison analysis was performed between the
two datasets. The resulting heatmap was filtered at the canonical
pathway level using Benjamini—Hochberg adjusted (BH) p-value
<0.05 and z-score threshold 1.5. Further, the pathways that were
uniquely differential in one comparison, but passed the threshold of BH
p-value <0.05 in the other comparison were also selected (Table S1).
Further, the genes and metabolites implicated in individual pathways
were manually checked using Ingenuity Target Explorer (QIAGEN, Inc.).

3. RESULTS

3.1. Engineered aldafermin-producing E. coli Nissle had reduced
growth rate compared to the wild type

To create advanced microbial therapeutics for MASLD, the aldafermin
gene was cloned under a constitutive promoter for robust expression in
the murine gastrointestinal tract and in vitro conditions [19]. The
production of aldafermin by the E. coli Nissle strains is shown in
Supplemental Figure S2A. Further, to correlate the growth behavior of
the strain with the production of aldafermin, the growth rate of E. coli
Nissle expressing aldafermin was determined as an indirect measure
of cell fitness. Overexpression of aldafermin in the aforementioned
construct resulted in a 55% growth defect compared to the control
E. coli Nissle vehicle (Supplemental Figure S2B).

3.2. EcNA intervention reduced liver steatosis, body weight, AST,
and cholesterol levels in the plasma

To assess the impact of advanced microbial therapeutics in amelio-
rating MASLD, E. coli Nissle expressing aldafermin was administered
for seven weeks together with dietary changes in MASLD mouse model
(Figure 1A). The presence of living E. coli Nissle strain in the mice
intestine was confirmed in fecal samples of mice. E. coli Nissle strains
(with or without expression of aldafermin) were recovered with a range
between 10*—10% CFU/g from fecal samples of all mice.

In order to assess the liver morphology and to quantify the hepatic lipid
content, histological examinations were performed. ECNA treatment
ameliorated hepatic steatosis compared to control groups receiving
dietary changes in combination with E. coli Nissle without hormone
production (EcN) and without any bacteria (CTRL) (Figure 1B). The
observations by hematoxylin & eosin staining showed a preserved
healthy structure of the liver tissue in the ECNA group section with an
absence of lipid fat droplets compared to CTRL and EcN groups
(Figure 1B). Hematoxylin & eosin staining observations were further
confirmed by Oil Red O staining (Figure 1B). Quantitative analysis of the
percentage of liver fat droplets in tissue sections showed a significant
decrease of fat content in the ECNA group compared to both CTRL and

EcN group (Figure 1C). Histological examinations were further
confirmed by magnetic resonance imaging analysis. The results
showed a significant increase in the percentage of magnetic resonance
imaging fat index difference in the ECNA group compared to CTRL
(p = 0.0306) (Supplemental Figure S3A and B). In line with the
reduction of fat accumulation in the liver, ECNA effectively reduced
body weight compared to both the CTRL group (p = 0.0064) and the
EcN group (p = 0.0055) (Figure. 1D), while no significant changes in
liver weight were observed (Supplemental Figure S3C and D).

To evaluate the efficacy of ECNA in ameliorating MASLD, some of the
common disease biomarkers were measured. ECNA intervention
significantly decreased plasma levels of AST compared to CTRL
(p = 0.0116) and EcN (p = 0.0258) (Figure 2A) but not ALT levels
(Supplemental Figure S3E). The EcNA group also showed a decrease of
total plasma cholesterol level compared to CTRL (p = 0.0007) and EcN
(p = 0.0227) (Figure 2B). Specifically, both high-density lipoprotein
(HDL-C) and low-density lipoprotein (LDL-C) showed a significant
reduction in plasma levels after seven weeks of ECNA compared to
CTRL (p = 0.0019 for HDL-C, p = 0.0012 for LDL-C) and to EcN
(p = 0.0350 for HDL-C, p = 0.0040 for LDL-C) (Figure 2C,D). Plasma
glucose levels showed no significant difference between ECNA, CTRL,
and EcN (Supplemental S3F). ECNA exhibited higher levels of plasma
triglycerides than CTRL (p = 0.0418), although no significant differ-
ence was observed compared to ECN (Supplemental Figure S3G).

3.3. EcNA intervention changed the hepatic transcriptomic and
metabolomic profiles

The efficacy of ECNA intervention was further evaluated by RNA-
sequencing and non-targeted metabolomics approaches. These ana-
lyses revealed changes in several areas of metabolism upon ECNA
intervention compared to controls (Figure 3A,B, Supplemental
Tables 1—3). At the gene expression level, significant changes in
genes involved in the glutathione metabolism, oxidative stress, and
fatty acid oxidation such as Mgst3, Gclc, Cpt2 were found (Figure 3A, B
and Supplemental Table 2). At the metabolite level, the intervention
decreased the levels of amino acids (e.g. tryptophan, isoleucine, and
valine), peptides (e.g. glutathione), and amino acid-derived gut
microbiota and microbiota-host co-metabolites (e.g. kynurenic acid,
indole propionic acid, and hippuric acid). In contrast, metabolomic
analysis revealed that certain lipids including lysophosphatidylcholines
(LPCs), lysophosphatidylethanolamines (LPEs), lysophosphatidylinosi-
tols, acylcarnitines, primary bile acids, and lipid-derived gut microbiota
and microbiota-host co-metabolites such as LPC (15:0) and secondary
bile acids were increased in the ECNA group relative to the EcN and
CTRL groups (Figure 3B, Supplemental Table 3). In addition, significant
changes in gene expression and metabolite levels in the ECN group
compared to CTRL were observed highlighting the host impacts of the
E. coli Nissle (Supplemental Figure S4).

Thereafter, by integrating the transcriptomics with metabolomics data,
a clear separation of the ECNA group from the CTRL and EcN groups
was observed using principal component analysis (Figure 3C). Further,
the combined canonical pathway analysis of both transcriptomics and
metabolomics data for the differentially expressed genes and metab-
olites obtained for ECNA compared to CTRL and EcN groups revealed
upregulation of urea cycle and downregulation of pathways related to
amino acid metabolism (isoleucine, valine, tryptophan degradation),
lipid metabolism (fatty acid beta-oxidation | and superpathway of
geranylgeranylphosphate biosynthesis 1), and their related-receptor
signaling pathways including liver X receptor (LXR)-retinoid X recep-
tor (RXR) activation, nuclear factor E2-related factor 2 (Nrf2)-mediated
oxidative stress response signaling pathway, and aryl hydrocarbon
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Figure 2: EcNA intervention reduced plasma biochemical markers after seven weeks of intervention. A) AST, B) total cholesterol, C) HDL-C, and D) LDL-C, n = 6 mice/all
groups. Results are presented as average values. Error bars denote SD. Statistical significance between different groups were shown using asterisks (*p < 0.05, **p < 0.01, and
***p < 0.001). AST: aspartate aminotransferase; HDL-C: high-density lipoprotein; LDL-C: low-density lipoprotein.

receptor (AHR) signaling pathway (Figures 3D, 4, 5, Supplemental
Fig. S5, Supplemental Table S1).

4. DISCUSSION

This is the first study reporting the use of a novel genetically engi-
neered E. coli Nissle 1917 expressing aldafermin in combination with
dietary changes in MASLD mouse model, as non-invasive advanced
microbial therapeutics for the disease.

After MASLD induction, seven weeks of EcNA intervention reduced
hepatic steatosis, body weight, AST, and plasma cholesterol levels
(total cholesterol, HDL-C, and LDL-C) more effectively than either diet
or EcN alone. By using transcriptomic and metabolomic profiling and

their combination in the liver, it was shown that the reduction of
oxidative stress and improvement of insulin resistance (IR) could
contribute to these observed physiological changes. Although alda-
fermin is an analog of FGF19 inhibiting bile acid synthesis from
cholesterol [11], EcNA did not have a specific impact on the bile acid
metabolism in the liver.

The beneficial effects of ECNA intervention in reducing the levels of
plasma cholesterol were supported by the downregulation of the
superpathway of geranylgeranyldiphosphate biosynthesis in the liver.
This pathway is essential for cholesterol production in the liver and its
downregulation might explain the reduced efflux of cholesterol to
plasma. Additionally, these results were supported by the down-
regulation of LXR/RXR pathway, as its activation is shown to promote
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(n = 5/group).
lysophosphatidylcholine, LPE — lysophosphatidylethanolamine, LPI —
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cholesterol efflux [32] and induce steatosis [33] as well as the
increased levels of trigonelline in ECNA group.

In addition to reduced plasma cholesterol levels, previous interventions
utilizing either genetically engineered E. coli Nissle producing bioactive
molecules [12] or aldafermin alone [11] have also reported reduction in
steatosis, body weight, and plasma AST, highlighting the potential of
this novel ECNA modality to address hepatic diseases. Indeed, studies
utilizing engineered E. coli Nissle expressing other bioactive molecules
such as glucagon-like peptide 1 reported a reduction of body weight
and hepatic steatosis in mice fed with HFD [17]. Further, genetically
engineered E. coli Nissle producing N-acylphosphatidylethanolamines
prevented steatosis and increased body weight in mice fed with HFD
[18]. Similarly, Zhou et al., reported the reduction of hepatic steatosis
and body weight after aldafermin treatment in high-fat, high-fructose,
high-cholesterol diet (HFFCD)—induced nonalcoholic steatohepatitis
mice [11]. The reduced body weight in this study is expected across all
the study groups as the mice transitioned from a high-fat diet to the
standard diet. The reduction in body weight across all groups could be
attributed to the significant difference in energy content between the
high-fat diet and the standard diet. Moreover, the ability of FGF19 in
lowering the body weight has been attributed to its effect in increasing
metabolic rate in the adipose tissue without significant changes in food
intake [9,34]. Therefore, we may speculate that the specific reduction
of body weight observed after ECNA intervention was possibly attrib-
uted to increased energy expenditure. However, the lack of confir-
mation by measuring the food intake represents a limitation in our
study.

Due to the multifactorial origin of MASLD and its close association with
metabolic disturbances, a combination of microbial therapeutics and
dietary intervention was explored in this study. The observed changes
in lipid and amino acid metabolism, along with their associated re-
ceptor signaling pathways, provide support for the potential beneficial
effects of the ECNA intervention in reducing oxidative stress, steatosis,
and IR. Notably, the ECNA intervention caused a significant decrease in
the beta-oxidation pathway, possibly attributed to a reduction of fat
accumulation in the liver [35]. Indeed, during MASLD, an excessive
lipid accumulation in the liver is observed, leading to increased fatty
acid oxidation and production of reactive oxygen species (ROS), which
activate inflammation and oxidative stress [36]. Additionally, increased
inflammation is associated with the activation of profibrotic hepatic
stellate cells characterized by the increased production/secretion of
extracellular matrix proteins and mitochondrial activity, including fatty
acid oxidation [37]. However, the reversal of activated hepatic stellate
cells into a quiescent-like healthy phenotype is associated with
decreased mitochondrial activity [37]. Therefore, the ECNA intervention
could attenuate MASLD-related oxidative stress likely by reducing beta
oxidation, possibly influencing the bioenergetic signature of different
liver cell types.

In the context of beta-oxidation, a significantly increased abundance of
a majority of acylcarnitines in the liver of mice under ECNA intervention
was also observed in this study. Acylcarnitines play a role as carriers to
transport fatty acids into mitochondria for subsequent beta-oxidation
[38]. Increased levels of acylcarnitines in the serum of patients with
MASLD have been described [39]. However, the observed increase of
several acylcarnitines in the liver of the ECNA group in this study might
be attributed to the significantly reduced expression of Cpt2 converting
acylcarnitine to carnitine and entering beta-oxidation process, further
supporting the downregulation of the beta-oxidation pathway. There-
fore, these results support the potential role of ECNA in reducing ROS
and alleviating oxidative stress.

The reduction of oxidative stress was further supported by the upre-
gulation of the genes and metabolites involved in the urea cycle. This
pathway plays a key role in detoxification of toxic compounds such as
ammonia. High concentrations of ammonia enhance ROS production,
further leading to MASLD progression [40]. Indeed, MASLD subjects
have reduced expression of genes and proteins involved in the urea
cycle, thereby causing an accumulation of ammonia [41]. In this study,
the ECNA intervention resulted in an upregulation of the urea cycle,
possibly promoting an increased excretion of ammonia in the form of
urea and a decrease in the production of ROS.

The beneficial effects of the ECNA intervention in possibly reducing
ROS was further evidenced by the decrease of glutathione, decreased
expression of key genes related to oxidative stress response (Mgst3,
Gele, and Nqgo2) [42], the downregulation of glutathione-associated
pathways and NRF-2 mediated oxidative response signaling
pathway. As oxidative stress is a pathological feature of MASLD,
glutathione levels and NRF2 are upregulated in MASLD [43,44]. The
observed downregulation of these pathways could possibly imply
reduced oxidative stress condition in the liver. Moreover, the depletion
of glutathione in mice has been shown to prevent diet-induced obesity,
improve insulin sensitivity, and regulate energy metabolism [45]. The
decreased levels of glutathione and the downregulation of the
glutathione-associated pathways suggest improvements to IR.

The downregulation of the isoleucine, valine, and tryptophan degra-
dation pathways, together with the reduced expression of several key
genes and lower abundance of metabolites in these pathways, pro-
vided further support for the enhancement of insulin sensitivity and
decreased ROS production. The increased levels of tryptophan and
branched chain amino acids (i.e. leucine, isoleucine, and valine) and
the genes involved in their metabolism in the liver and in circulation
were reported in MASLD as well as with the development of IR [46—
51]. Further, the increased levels of a tryptophan metabolite, kynur-
enine, is associated with an increase of intrahepatic lipid accumulation
[52]; and its subsequent activation of the AHR signaling, results in
increased body weight, steatosis, and hyperglycemia in mice [53].
Moreover, tryptophan treatment in mice fed with high fructose-HFD is
also known to induce ROS production [48]. In addition, the branched
chain amino acids have been shown to induce IR in the liver involving
the key pathways that are involved in glucose synthesis fueled by the
mitochondria, housing the tricarboxylic acid cycle, which is closely
coupled to mitochondrial respiration and ATP synthesis contributing to
the generation of ROS [47]. Therefore, the observed downregulation of
the tryptophan and branched chain amino acids pathways after ECNA
intervention might confer beneficial effects in the context of MASLD.
The increased levels of LPC (15:0), a metabolite of potential gut-
microbial origin which offers protection from diabetes by inducing
insulin secretion and reducing glucose levels [54] decreased in HFD-
fed mice [21] may further suggest a decrease of IR in this study,
thereby inhibiting MASLD progression. In addition, the decreased
levels of other gut-derived metabolites including indole propionic acid
and hippuric acid might suggest the modulation of the gut—liver axis
homeostasis and MASLD alleviation after ECNA intervention. Changes
in other glycerophospholipids such as the increased levels of LPC
(22:1) which is known to be decreased in mice fed with HFD [55],
respectively, and a decrease of lysophosphatidylinositol (20:4), which
is increased in the plasma of obese subjects [56], further support the
beneficial effects of ECNA in MASLD. Furthermore, the EcNA inter-
vention decreased PC (18:0/20:4), a potential biomarker to predict
ethionamide-induced hepatic steatosis in rats [57]. Nevertheless, the
role of other significantly changed lipids such as LPE (17:0), LPE (17:1),
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and LPE (18:0) need to be further investigated in the context of MASLD.
Improvements in pathway analysis tools aiming at increasing the
coverage of lipids could enable the mapping of identified lipids to
different pathways of biological significance.

In our study, we successfully produced aldafermin in vitro, but faced
limitations when detecting it in plasma samples. Due to the short half-
life of FGF19 (<30 min) [58], we speculate that the peptide might have
degraded rapidly, or its levels might have been below the ELISA kit's
detection limit. This may be due to the fact that our blood collection
method, through cardiac puncture, may not be ideal for aldafermin
detection. Future studies should consider more sensitive approaches
such as high-performance liquid chromatography [59], and measure-
ment of aldafermin levels from the gut content, liver, and portal vein.
However, collecting blood from the portal vein might result in signifi-
cantly lower amounts of blood sample, which may further pose chal-
lenges for conducting other analyses. Therefore, this represents a gap
in our study since plasma levels of aldafermin might predict a direct link
between the gut and liver axis and an important marker showing the
effectiveness of ECNA intervention. Nevertheless, despite these tech-
nical limitations, we believe our approach was able to directly investi-
gate aldafermin’s downstream effects in various tissues of the mice and
further validate the impact of aldafermin in alleviating MASLD.

5. CONCLUSIONS

In this study, a novel approach was employed to treat MASLD using an
engineered E. coli Nissle 1917 strain that expresses aldafermin, in
combination with dietary changes. Results showed that the treatment
reduced body weight, hepatic steatosis, plasma total cholesterol, LDL-
C, HDL-C, and AST in mice. Transcriptomics and metabolomics ana-
lyses revealed beneficial changes in amino acid and lipid metabolism,
as well as associated receptor signaling pathways, which are asso-
ciated with improved hepatic steatosis, oxidative stress, and IR in the
MASLD mouse model. The intervention also showed beneficial effects
on metabolites of possible gut microbial origin. The promising results
of this study highlight the potential of ECNA as a therapeutic candidate
for not only inhibiting MASLD progression but also potentially treating
other multifactorial diseases. With further research, ECNA could pave
the way for a new generation of microbial therapeutics that tackle
complex metabolic disorders.
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