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ABSTRACT: Gut microbiota dysbiosis and endocrine dysregulation are key players in metabolic dysfunction-associated steatotic
liver disease (MASLD) development. This study evaluated whether advanced microbiome therapeutics can restore intestinal
microbial equilibrium and gut-liver axis balance during MASLD recovery. MASLD was induced in mice using a high-fat, high-sugar
diet, and then shifted to a standard diet, where intervention groups received engineered Escherichia coli Nissle 1917 expressing IGF1
(EcNI) or aldafermin (EcNA), and control groups received E. coli Nissle 1917 vehicle (EcN) or no microbial intervention (CTRL).
EcNI and EcNA improved MASLD recovery compared to controls by lowering hepatic fat, plasma cholesterol, and body weight,
while increasing bacterial diversity, plasma acetate, and propionate, and modulating particular microbial groups, potentially
alleviating dysbiosis. Additionally, EcNI and EcNA downregulated acetyl-CoA, the steroid hormone biosynthesis pathway, and
EcNA upregulated the pentose phosphate pathway and pyruvate, which are related to oxidative stress reduction. These results
suggest that EcNI and EcNA are potential novel treatments for MASLD.
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1. INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
(MASLD), previously known as nonalcoholic fatty liver disease
(NAFLD), encompasses a range of liver diseases from simple
steatosis to metabolic dysfunction-associated steatohepatitis
(MASH)"* and hepatocellular carcinoma.” Affecting around
30% of the world’s population,” MASLD’s rising global
prevalence and progression to severe liver conditions pose a
serious public health challenge.* Lifestyle changes, including a
healthy diet and increased physical activity for weight loss, are
the main interventions for MASLD.’ Weight loss strategies,
including dietary interventions, effectively reduce hepatic
steatosis and MASLD-related biomarkers,”” and a weight
loss goal of over 10% is recommended.® However, weight loss
is hard to achieve and maintain in lifestyle interventions,®™'°
where less than half of the participants achieved the needed
weight loss,” and around half could not maintain it beyond one
year,® possibly influenced by genetic, hormonal, and neural
factors.'" This highlights the need for novel therapeutic
approaches to enhance the effectiveness of lifestyle inter-
ventions.

The manifestation and progression of MASLD remain
poorly understood. The “multiple parallel hits” hypothesis
suggests a central role of the gut-liver axis, influenced by factors
like diet components, gut microbiota, and metabolic
changes.'”"? Gut microbiota dysbiosis, characterized by
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reduced microbial diversity, decreased beneficial microbes,
and increased potentially harmful microbes,'* can impair gut
barrier functions and increase gut permeability, which is
common with MASLD.">"*™"" This allows proinflammatory
microbial metabolites to reach the liver via the hepatic portal
vein, exacerbating hepatic inflammation.

There is compelling evidence that hormonal imbalances,
notably reduced growth hormone levels, can contribute to
MASLD development via several mechanisms.'®"? Growth
hormones primarily stimulate insulin-like growth factor 1
(IGF1) production in the liver. IGF1 can improve hepatic
insulin sensitivity”” and modulate cholesterol transport.”' IGF1
intervention showed health benefits in individuals and mice
with MASLD, MASH, and cirrhosis by reducing steatosis,
fibrosis, and inflammation.*****3 Similarly, fibroblast growth
factor (FGF) 19 levels are reduced in MASLD.** FGF19 is
produced in the ileum in response to increased bile acid
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levels™ and is involved in bile acid, lipid, and energy
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metabolism.”* Aldafermin, an engineered nontumorigenic
analogue of FGF19, showed promise in individuals with
MASH by reducing hepatic steatosis.”®

As impaired hormonal balance and gut microbiome play
pivotal roles in MASLD development, we treated MASLD
using advanced microbiome therapeutics (AMTs), which are
microbes engineered to produce and deliver therapeutics in
situ.”” Escherichia coli Nissle 1917 was used as the expression
platform to produce IGF1 or aldafermin, for restoring
hormonal balance. E. coli Nissle 1917 was used as a probiotic
chassis due to the vast genetic toolbox available for genetic
engineering”””® and its well-described safety” for treating
intestinal diseases and delivering various therapeutic mole-
cules.”® To the best of our knowledge, our study is the first to
investigate the use of engineered microbes to express IGF1 and
aldafermin for alleviating MASLD.

We hypothesized that the engineered microorganisms could
express IGF1 or aldafermin and accelerate the recovery of
MASLD by restoring the gut-liver axis balance, which offers a
promising new therapeutic possibility for MASLD treatment.
We evaluated the effects of AMTs, combined with dietary
changes, on alleviating MASLD-related parameters. These
include body weight, liver fat accumulation, plasma cholesterol,
short-chain fatty acid concentrations, and changes in intestinal
microbiota composition and activity.

2. MATERIALS AND METHODS

2.1. Genetic Engineering of E. coli Nissle 1917 to Express
IGF1 and Aldafermin, Production of Hormones, and Charac-
terization of Bacterial Growth in Strains In Vitro. The
endogenous pMUT-1-based plasmid was added to E. coli Nissle
1917 (Figure S1) and used for stable expression of IGF1 and
aldafermin, as previously described.*" More details are provided in the
Supporting Information.

Hormone concentrations in supernatants from bacterial cell
cultures grown for 24 h were quantified using enzyme-linked
immunosorbent assay (ELISA) kits (Abcam: ab211651 IGF1;
ab230943 aldafermin, Cambridge, United Kingdom) according to
the manufacturer’s protocol. Growth rates were calculated using the
cell density change measured with OD600 in the log phase, as
previously described.>" Iannone et al.*>' partly reported the strains’
hormone production and growth rate, and new analyses were
performed.

2.2. Preparation of Gelatin Cubes with E. coli Nissle 1917
Strains for Voluntary Oral Administration. All of the strains were
resistant to the antibiotics streptomycin and kanamycin. Bacteria were
cultured twice overnight, first in Luria—Bertani (LB) broth containing
the two antibiotics and then on LB agar plates without antibiotics.
Cells collected in a 10% artificial sweetener (“Hermesetas Crunchy”,
Zurich, Switzerland) solution were mixed with gelatin in 96-well
plates in a 1:1 ratio.”> Each gelatin cube contained 10° colony-forming
units (CFUs) of E. coli Nissle 1917 and was validated by plating using
LB agar plates containing the two antibiotics.

2.3. Animal Study Design. The study was carried out under
license ESAVI/21371/2019, approved by the National Ethics
Committee for Animal Experiments in Finland, and followed the
regulations of the European Union concerning the protection of
animals used for scientific purposes and reported in compliance with
ARRIVE guidelines.” Twenty-four 5- to 8-week-old C57BL/6] male
mice bred by the University of Eastern Finland (Kuopio, Finland)
animal housing facilities were used. Mice were kept in individually
ventilated cages (1—4 mice/cage) under specific-pathogen-free
conditions at 20.6 °C (£0.2 °C) and 55% (+0.8%) humidity with
a 12/12h light cycle. Power analysis was performed using the
“G*Power” program®* based on data from two previous studies.’>*®
More details are provided in the Supporting Information. To develop
MASLD, all mice were given for 14 weeks an ALIOS diet,*” including

a high-fat diet (TD06303, Harlan Teklad, Madison, WI) and drinking
water with high-fructose corn syrup equivalent (containing by weight
45% glucose and 55% fructose) at 42 g/L. ALIOS diet-induced
MASLD in murine models closely resembles human MASLD
progression.”® After 14 weeks, hepatic steatosis was confirmed using
magnetic resonance imaging (MRI). The mice were then randomly
assigned to 4 groups (6 mice/group) by drawing lots, and all mice
were changed to the standard control diet (2016 Teklad global 16%
protein rodent diets, Harlan Teklad, Madison, WI). The intervention
mice were conditioned to voluntarily consume gelatin cubes daily*>
for 7 weeks, containing the engineered E. coli Nissle 1917 expressing
IGF1 (EcNI) or aldafermin (EcNA). Control mice were given gelatin
cubes containing E. coli Nissle 1917 without expressing hormone
(EcN) or vehicle cubes without bacteria (CTRL). Consumption of
gelatin cubes was monitored to confirm that all mice received the full
intended dose. Data on the histology, body weight, plasma
biochemistry, and liver metabolites of mice from EcNA, EcN, and
CTRL have been partly published by Iannone et al,’' with new
analyses performed.

2.4. Magnetic Resonance Imaging. To validate hepatic
steatosis after the ALIOS diet intervention and measure the
effectiveness of our interventions (Figure S2), MRI was used to
quantify the change in liver fat content, as previously described*®
using a 7 T MRI scanner (Pharmascan, Bruker Biospin, Ettlingen,
Germany) with a quadrature volume coil transmitter and a quadrature
rat head surface coil receiver (Rapid Biomedical, Rimpar, Germany).

2.5. Sample Collection. Body weight was measured weekly and
on the day of sacrifice. The concentration of viable E. coli Nissle 1917
in EcN, EcNI, and EcNA mice was quantified as CFUs/g of fecal
samples collected the day before mice sacrifice via plating on LB agar
with antibiotics. On the day of sacrifice, the mice were fasted for 2 h
to minimize variability in physiological and biochemical parameters.*”
They were then administered terminal anesthesia with pentobarbital
(Mebunat vet, Orion Pharma, Espoo, Finland) via intraperitoneal
injection starting at 2 mL/kg of body weight until a negative pedal
reflex was observed. Blood was extracted via cardiac puncture, and
plasma was isolated using BD Microtainer blood collection tubes
(Category number: 365986, Becton, Dickinson and Company,
Franklin Lakes, NJ). Cardiac perfusion was carried out immediately
after blood extraction. The liver was weighed before being processed
for histology. Plasma, colon, and cecum contents were snap-frozen in
liquid nitrogen before being stored at —80 °C.

2.6. Plasma Biochemistry and Hormone Concentrations.
Plasma samples were diluted with 0.9% NaCl in a 1:3 ratio.
Concentrations of aspartate aminotransferase, alanine aminotransfer-
ase, high-density lipoprotein (HDL), low-density lipoprotein (LDL),
total cholesterol, triglycerides, and glucose were determined using an
automated clinical chemistry analyzer Konelab Prime 60 (Thermo
Fisher Scientific, Waltham, MA). Concentrations of IGF1 and
aldafermin in undiluted plasma were quantified using the same
ELISA kits, as described in Section 2.2.

2.7. Short-Chain Fatty Acid (SCFA) Analysis in Plasma and
Cecum Content. Samples (10 yL of plasma, feces ~20 mg/mL
dissolved in ultrapure Milli-Q water) were incubated with 75%
methanol (MeOH) (60 uL), 3-NPH (10 uL; 200 mM in 75%
MeOH), and EDC-6% pyridine (10 yL; 120 mM in MeOH) at
ambient temperature for 45 min, while shaking in a dvx-2500
multitube vortexer (VWR) at 1600 rpm. The reaction was quenched
by adding quinic acid (10 xL; 200 mM in 75% MeOH), followed by
vortex shaking at 1600 rpm for 15 min and centrifugation at 15 000 g
for S min. The supernatant was collected, made up to 1 mL using 10%
MeOH in water, and again centrifuged at 15,000g for S min. An
aliquot of the derivatized sample (100 uL) was mixed with an equal
volume (100 uL) of the labeled (13C6—3NPH) internal standard mix
prior to analysis by targeted ultrahigh-performance liquid chromatog-
raphy coupled to tandem mass spectrometry (UHPLC-MS/MS).
UHPLC-MS/MS analytics of SCFA was conducted, as previously
reported by Fristedt et al.*” More details are provided in the
Supporting Information.

https://doi.org/10.1021/acs jafc.5c01674
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Figure 1. EcNI and EcNA alleviated several MASLD-related parameters. (A) Representative pictures of liver histology stained using H&E and
ORO (H&E staining: n = 6 mice/group, scale bar 100 ym, 10X objective. ORO staining, stained fat droplets appear as red dots: n = 6 mice/group,
scale bar 100 ym, 10X objective). Boxplots of (B) percentage of liver fat droplets quantified by ORO staining (n = 6 mice/group, 8 acquisitions/
mouse) and (C) percentage of body weight change (1 = 6 mice/group). Statistical significance between groups is indicated by asterisks (* p < 0.05,

** p < 0.01). H&E: hematoxylin and eosin; ORO: Oil Red O.

Formic, acetic, propionic, butyric, isobutyric, succinic, valeric,
isovaleric, and caproic acid concentrations were obtained by
normalizing each analyte response with the respective 13C6—3NPH
isotopically labeled internal standard and then calibration with
external calibration curves. The total SCFA concentration was
calculated by summing the values of all individual SCFAs, where
samples with any missing SCFA values were excluded.

2.8. Liver Histology. Liver samples from the left lateral lobe were
collected for histology, as previously described.*® In short, liver
processed and embedded into paraffin blocks was used for
hematoxylin (Bio-Optica, Milan, Italy) and eosin (Bio-Optica,
Milan, Italy) staining, while frozen liver samples were used for Oil
Red O (ORO; Sigma-Aldrich, Saint Louis, MO) staining. Histological
images were captured using a BXS1 microscope (Olympus, Tokyo,
Japan). The percentage of liver fat droplets in the sections stained
with ORO was measured using Fiji (Image]) software (version 1.52p)
with trainable Weka Segmentation plugin.*'

2.9. 16S and Internal Transcribed Spacer (ITS) rRNA (rRNA)
Sequencing. DNA was extracted from the cecum content using the
QIAamp PowerFecal Pro DNA Kit ((liagen, Germany) according to
the manufacturer’s instructions. Before bead beating, a heating step of
65 °C for 10 min followed by an enzymatic digestion step with 3 uL
of mutanolysin (10 U/mL; Sigma-Aldrich), 6 uL of lysozyme (20
mg/mL; Sigma-Aldrich, Canada), and § L of lyticase (1500 U/mL;
Sigma-Aldrich, Japan) per sample at 37 °C for 60 min were
performed. Extracted genomic DNA was quantified using a Qubit
dsDNA BR Assay Kit (Thermo Scientific, Waltham, MA) with a
Qubit 4.0 fluorometer (Thermo Scientific, Waltham, MA). Quality
was assessed based on the A260/A280 ratio using a NanoDrop ND-
1000 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE). 16S and ITS rRNA sequencing using the NovaSeq 6000

sequencing platform was purchased as a service from Novogene Co.,
Ltd. (Beijing, China). More details are provided in the Supporting
Information.

2.10. Nontargeted Metabolomics Analysis. The method
developed by Klivus et al.*> was followed for nontargeted
metabolomics analysis. Briefly, the liver, colon, and cecum contents
were homogenized in 80% methanol, vortexed, centrifuged, and the
supernatant was collected. After thawing on ice and vortexing, S0 uL
of plasma was mixed with 200 uL of cold acetonitrile (VWR). The
supernatants and processed plasma samples were then filtered
(Captiva ND filter plate 0.2 um) by centrifugation for S min at 4
°C and 700g and kept at 4 °C until analysis. Reversed-phase liquid
chromatography (LC) using a Vanquish Flex UHPLC 238 system
(Thermo Scientific, Bremen, Germany) coupled to high-resolution
Orbitrap mass 239 spectrometer (Q Exactive Focus, Thermo
Scientific, Bremen, Germany), and hydrophilic interaction LC on
1290 Infinity Binary UPLC coupled with a 6540 UHD Accurate-Mass
quadrupole 243 time-of-flight MS (Agilent Technologies, California,
United States) were conducted, where both positive and negative
electrospray ionization modes were used for data collection, as
previously described.’® More details are provided in the Supporting
Information.

2.11. Statistical Methods and Comparisons. Statistical
analyses on hormone concentration and growth rate of E. coli strains,
body weight, MRI fat index, liver weight, and viable E. coli CFUs, liver
fat content measured with MRI, plasma biochemical parameters,
SCFA concentrations, liver fat droplets measured with histology, and
CAG representative values were conducted using the Kruskal—Wallis
test followed by Dunn’s posthoc tests to identify significant
differences among the groups and the specific group differences. All
statistical analyses were performed using R software (version 43.0)"
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Figure 2. EcNI and EcNA reduced plasma cholesterol and increased plasma SCFA concentrations. Boxplots of plasma (A) total cholesterol (n = 6
mice/group), (B) HDL cholesterol (n = 6 mice/group), (C) LDL cholesterol (n = 6 mice/group), (D) acetic acid (n = 4—6 mice/group), (E)
propionic acid (n = 4—6 mice/group), and (F) valeric acid (n = 4—6 mice/group) concentrations. Statistical significance between groups is
indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). SCFA: short-chain fatty acid; HDL: high-density lipoprotein; LDL: low-density

lipoprotein.

and visualized using Box and Whisker diagrams with GraphPad Prism
version 10.0.3 for Windows, GraphPad Software (Boston, MA, www.
graphpad.com). More details on the statistical analyses of 16S and
ITS rRNA sequencing and metabolomics data are provided in the
Supporting Information.

3. RESULTS

3.1. Engineered E. coli Nissle 1917 Produced IGF1
and Aldafermin In Vitro and Survived Gut Transit In
Vivo. The strains produced in vitro IGF1 at 659 + 60.7 ng/
mL/OD600 and aldafermin at 12.7 + 1.46 ng/mL/OD600
(Figure S3A). However, the levels of aldafermin and IGF1 in
the systemic blood samples of the mice included in this study
were below the detection limits of the ELISA kits used for
quantification. Expression of IGF1 did not significantly affect
the strain’s growth rate, which is a proxy measurement of cell
fitness (Figure S3B). However, overexpression of aldafermin
resulted in a 55% reduction in the growth rate (Figure S3B)
compared to the E. coli Nissle 1917 vehicle without hormone
expression.

Toward the end of the in vivo mouse intervention, viable E.
coli Nissle 1917 were recovered using agar plating from mice
receiving E. coli intervention. The concentration of viable E.
coli recovered was 10* to 10° colony-forming units (CFUs) per
gram of feces (Figure S3C). The impaired growth rate of the
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strain expressing aldafermin (Figure S3B) could hamper its
ability to persist in the gut, which was also reflected in the
decrease in viable counts (Figure S3C). However, such a
decrease was not statistically significant. These results showed
that all tested strains temporarily colonized and survived the
whole gastrointestinal transit.

3.2. EcNI and EcNA Reduced Liver Steatosis, Body
Weight, Plasma Cholesterol, and Changed SCFAs.
Combined with dietary changes, mice underwent interventions
with E. coli Nissle 1917 expressing IGF1 (EcNI) or aldafermin
(EcNA) alleviated several MASLD-related parameters more
effectively than the control with dietary change alone (CTRL)
or with added E. coli Nissle 1917 vehicle (EcN). The EcNI and
EcNA groups had lower hepatic steatosis. Hematoxylin and
eosin (H&E) staining showed that the liver morphology was
well preserved with little to no observable fat lipid droplets in
EcNA and, to a lesser extent, in EcNI compared to the control
groups (Figure 1A). Quantifying the Oil Red O (ORO)
staining results further showed that hepatic steatosis in the
EcNI and EcNA groups was lower than that in the control
groups (p < 0.05).

EcNI and EcNA consistently resulted in greater body weight
loss compared to CTRL and EcN (p < 0.05 for all
comparisons; Figures 1C and S4) and lower plasma total,
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Figure 3. EcNI and EcNA shifted the cecal microbial composition. Boxplots showing the distribution of & diversity measure at the ASV level,
including observed species richness and Shannon index of microbial communities in (A) 16S and (B) ITS (n = 6 mice/group). Principal coordinate
analysis (PCoA) of microbial communities from (C) 16S and (D) ITS based on the Bray—Curtis distance matrix at the ASV level (n = 6 mice/
group). Boxplots along the axes of PCoA displayed the distributions and quartiles of PCol (top) and PCo2 (right). Statistical significance between
groups is indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). PCo: principal coordinate.

high-density lipoprotein (HDL), and low-density lipoprotein
(LDL) cholesterol concentrations compared to CTRL (p <
0.0S for all comparisons; Figure 2A—C).

SCFA concentrations in the plasma and cecum contents
were measured (Table S1). EcNA had significantly higher
concentrations of plasma acetic acid and propionic acid than
CTRL and a lower concentration of plasma valeric acid than
CTRL and EcN (p < 0.05 for all comparisons) (Figure 2D—F).

3.3. EcNI and EcNA Modulated Cecal Gut Microbial
Composition and Increased Bacterial Diversity. The
effects of EcNI and EcNA on cecal gut microbiota were
investigated with 16S rRNA sequencing for bacteria and ITS
rRNA sequencing for fungi. There were 645 amplicon
sequence variants (ASVs) and 148 genera from 16S, and 452
ASVs and 42 genera from ITS were identified. Regarding
bacterial composition, compared to CTRL, EcNI had higher
ASV richness, measured as observed species, while ECNA had
greater ASV richness and Shannon index (all p < 0.05) (Figure
3A). For the f diversity analysis, there was a distinct clustering
pattern of bacterial composition between groups (p < 0.05;
Figure 3C). The principal coordinate analysis (PCoA) scatter
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plot showed that EcN was closer to EcNA than EcNI,
indicating that EcNI had a more distinct bacterial profile than
EcNA compared with EcN. Regarding fungal composition,
EcNA had a lower ASV richness and Shannon index (both p <
0.05) than CTRL (Figure 3B). For the f diversity analysis,
EcNI was significantly different from CTRL, while EcCNA was
significantly different from EcN and EcNI (p < 0.05) (Figure
3D).

For bacterial genera, compared to CTRL, EcNI had higher
abundances of Akkermansia, Eubacterium ] (a polyphyletic
group with representative species being Eubacterium plexicau-
datum in the present study), and Faecalibaculum, while the
abundance of Bacteroides H (a polyphyletic group with
representative species being Bacteroides helcogenes and
Bacteroides acidifaciens) was lower (Figure 4). EcNA had
significantly higher abundances of Eubacterium J, and lower
abundances of Faecalibaculum than CTRL. Regarding fungal
genera, both EcN and EcNA had lower abundances of
Talaromyces than CTRL (Figure 4).

To investigate the beneficial effects of EcNI and EcNA on
the gut-liver axis, partial Spearman correlation was used to
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Figure 4. EcNI and EcNA altered the abundance of specific microbial genera and their correlation with MASLD-related parameters. Differential
abundant genera based on ANCOM-BC and LDA scores are displayed in the left panel (n = 6 mice/group). The color is proportional to log2-
transformed fold change, indicating whether the genera have higher abundance in mice without treatment (CTRL, blue) or mice with microbial
treatments EcN/EcNA/EcNI (Treatment, red), while size is proportional to the absolute value of log2-transformed fold change. The genera labeled
with circles represent adjusted p-value <0.0S, fold change >2 or <1/2, and LDA score >3 in each comparison. Each genus is labeled with its
corresponding domain. Heatmap showing the partial Spearman correlation between differential organisms’ abundance and liver disease-related
parameters, plasma cholesterol concentrations, and SCFA concentrations after controlling for the body weights is displayed in the right panel. The
color and size of the square are proportional to Spearman’s rank correlation coefficient rho (r,). Statistical significance between groups is indicated
by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). ANCOM-BC: analysis of compositions of microbiomes with bias correction; LDA: linear
discriminant analysis; MRI: magnetic resonance imaging; LDL: low-density lipoprotein; HDL: high-density lipoprotein; SCFA: short-chain fatty

acids.

associate the genera with MASLD-associated parameters,
plasma cholesterol, and SCFA concentrations. Eubacterium J,
higher in both EcNI and EcNA compared to CTRL, had
significantly negative correlations with plasma HDL cholesterol
(r, = —0.472, p < 0.05) and total cholesterol (r, = —0.420, p <
0.05), and positive correlations with plasma SCFAs propionic
acid (r, = 0.477, p < 0.05) and succinic acid (r, = 0.519, p <
0.05). Furthermore, liver fat droplets were strongly negatively
correlated with plasma propionic acid (r, = —0.611, p < 0.05),
and strongly positively correlated with plasma valeric acid (r, =
0.559, p < 0.05) (Figure SS), indicating a potential role in the
treatments played in liver fat accumulation via SCFAs.
Additionally, Bacteroides H, which was lower in EcNI and
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EcN than in CTRL, was negatively correlated with plasma
succinic acid (r, = —0.598, p < 0.05). The fungal Talaromyces,
which was lower in EcNA than in CTRL, correlated negatively
with plasma propionic acid (r, = —0.479, p < 0.05). Overall,
these findings indicate that EcNI and EcNA affected
microbiota composition and metabolic activity.

3.4. EcNl and EcNA Groups Showed Distinct
Metabolic Patterns Compared to the Control Groups
EcN and CTRL. To discriminate global metabolic composition
across groups, data trends were identified using partial least-
squares discriminant analysis (PLS-DA) (Figure SA). In all
four sample types, EcN, EcNI, and EcNA presented a clear
separation of metabolite composition relative to CTRL,
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Figure S. Differential clustering of different intervention groups based on the metabolic patterns in various sample types. PLS-DA score plots based
on metabolic profiles in (A) cecum content, (B) colon content, (C) liver, and (D) plasma samples from different intervention groups (n = 6 mice/
group). R* (coefficient of determination) and Q> (predictive ability) were used to validate the model based on 5-fold cross-validation. PLS-DA:

partial least squares discriminant analysis.

particularly in the cecum and colon contents (Figure SA—D).
In all four PLS-DA scatter plots, CTRL was closer to EcN than
EcNI and EcNA, suggesting that EcNI and EcNA have more
distinct metabolic profiles than EcN compared to CTRL.
3.5. EcNIl and EcNA Regulated Potential Host-Bacteria
Cometabolism Functions through the Gut-Liver Axis.
Compared to CTRL, for lipid-related pathways, EcNI had a
lower abundance of metabolites involved in the steroid
hormone biosynthesis pathway in plasma and a higher
abundance of metabolites involved in steroid biosynthesis in
colon content (Figures 6A, S6 and S7). For carbon-related
pathways, EcNI had a higher abundance of metabolites
involved in pyruvate metabolism in the liver than in CTRL.
Liver fat droplets were negatively associated with the
metabolites involved in the pathways upregulated in EcNI,
while they were positively associated with those downregulated
in EcNI in the corresponding sample types. Furthermore, the
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steroid hormone biosynthesis pathway, which positively
correlated with liver fat droplets in plasma, was consistently
depleted from plasma metabolites and bacterial metabolism in
EcNI Additionally, the steroid biosynthesis pathway with
upregulated colon content metabolites and bacterial metabo-
lism in EcNI compared to CTRL was negatively correlated
with liver fat droplets (Figure 6A).

The majority of pathways with metabolites lower in EcNA
compared to CTRL were lipid-related signaling metabolism
pathways, including steroid hormone biosynthesis in plasma
(Figures 6B and S8—S15). These pathways were also positively
associated with liver fat droplets, indicating that EcNA may
regulate host energy homeostasis and lipid metabolite
signaling. In contrast, metabolites in carbohydrate-related
pathways were higher in EcNA than CTRL, including
glycolysis or gluconeogenesis, pentose phosphate pathway in
cecum content, glycolysis or gluconeogenesis, citrate cycle,
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Figure 6. Functional insights from KEGG pathways modulated by EcNI and EcNA. The left heatmap displays the host metabolic KEGG pathway
relating to groups with and without microbial interventions in different sample types, based on Gene set enrichment analysis (GSEA) employed in
the R package MetaboAnalystR (n = 6 mice/group). The color is proportional to the normalized enrichment score (NES), indicating whether the
metabolite sets/pathway is enriched in CTRL (blue) or in the group with microbial intervention (red), including (A) EcNI and (B) EcNA, while
size is proportional to the absolute value of NES. The middle plot displays the association between liver fat droplets (%) and host metabolic KEGG
pathway, similarly based on gene set enrichment analysis (GSEA) employed in the R package MetaboAnalystR. The right plot displays the
differential analysis of the bacteria KEGG pathway estimated by picrust2, whereas the shape represents which group the bacteria KEGG pathway is
enriched in. Statistical significance is indicated by asterisks (*p < 0.05). KEGG: Kyoto Encyclopedia of Genes and Genomes; Neg: negatively
associated; Pos: positively associated; CE: cecum content; CO: colon content; L: liver; P: plasma; TCA: tricarboxylic acid; tRNA: transfer
ribonucleic acid; PICRUSt2: Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2.

glyoxylate and dicarboxylate, pyruvate metabolism in the liver, corresponding sample types, implying that ECNA may regulate

and pyruvate metabolism in plasma. All of these pathways,
except the glycolysis or gluconeogenesis pathway in the liver,

were also negatively associated with liver fat droplets in the
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energy homeostasis and carbohydrate metabolism to alleviate
liver fat accumulation (Figure 6B). Notably, we observed that

the steroid hormone biosynthesis pathway, which was
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positively correlated with liver fat droplets, was downregulated
in both plasma metabolites and bacterial metabolism in EcNA
relative to CTRL (Figures 6B and S15), highlighting the
potential role of ECNA intervention in regulating the interplay
between host and bacterial metabolism.

3.6. EcNI and EcNA Modulated Clusters of Metabo-
lites in the Gut-Liver Axis. To overcome the annotation
challenge and low pathway completeness, the metabolites from
the four sample types were summarized into coabundance
groups (CAGs) based on highly correlated abundance patterns
across samples (Figure 7A). Metabolites within the same CAG
are assumed to be functionally related or coregulated. From
the metabolites in the colon and cecum content, liver, and
plasma, 4, 6, 4, and 5 CAGs were identified, respectively.
Compared to CTRL, seven of these CAGs were higher in our
treatment groups and, in general, were negatively correlated
with MASLD-related parameters. On the other hand, 12 of
these CAGs were higher in CTRL and positively correlated
with MASLD-related parameters. Specifically, relative to
CTRL, EcNI and EcNA had a higher abundance of
miscellaneous P-CAG-1 in the plasma (p < 0.0S, Figure 7A).
Miscellaneous P-CAG-1, including a member of the steroid
hormone cortisol, displayed a strong significant correlation
with liver fat droplets (r, = 0.73, p < 0.05, Figure 7A). In
particular, there was a significant positive association between

liver fat droplets and the steroid hormone cortisol in the
plasma, which was also involved in the KEGG steroid hormone
production pathway (r, = 0.73, p < 0.05, Figure 7B).

4. DISCUSSION

In this study, we investigated the effects of advanced
microbiome therapeutics (AMTs) in MASLD in combination
with dietary changes using E. coli Nissle 1917 genetically
engineered to express IGF1 (EcNI) or aldafermin (EcNA). We
have previously demonstrated the beneficial effects of EcNA in
the liver by reducing hepatic steatosis and possibly reducing
oxidative stress and insulin resistance,’’ and in epididymal
visceral adipose tissue by possibly improving insulin sensitivity
and energy metabolism** in the MASLD mouse model. In this
work, we demonstrated that both EcNI and EcNA modulated
the gut microbiota and metabolomic profiles in the liver,
plasma, colon content, and cecum content along the gut-liver
axis to enhance the recovery of MASLD.

The EcNI and EcNA intervention groups had significantly
lower body weight, hepatic steatosis, and plasma total, HDL,
and LDL cholesterol concentrations than the CTRL and EcN
control groups. CTRL exhibited a more heterogeneous and
inconsistent response, especially with regard to body weight
and hepatic steatosis. Some CTRL mice had low hepatic
steatosis and reduced body weight after the intervention, while
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others had high hepatic steatosis and gained body weight. This
is consistent with observations from clinical trials, where not all
participants responded well to lifestyle interventions, including
dietary change.*™" These results support the use of AMTs
producing IGF1 and aldafermin, which were more effective in
improving the MASLD condition than dietary change alone.

EcNI and EcNA elicited distinct modulating effects on gut
microbiota composition, resulting in differentiated microbial
communities among the groups. Compared to CTRL, EcNI
and EcNA had higher gut microbial diversity, higher
abundance of potentially beneficial microbes, and lower
abundance of potentially pathogenic ones, suggesting allevia-
tion of dysbiosis in mice. EcNI had a higher bacterial richness
than CTRL, whereas EcNA had a higher bacterial richness and
Shannon index. Notably, compared to CTRL, eight microbial
genera with higher abundance in EcNI and EcNA were
generally positively correlated with plasma SCFA concen-
trations and negatively correlated with liver fat droplets and
plasma cholesterol concentrations. The other eight microbial
genera with lower abundance in EcNI and EcNA were
negatively associated with plasma SCFA and positively
associated with fat accumulation in the liver and cholesterol
in plasma. SCFAs are important bacterial metabolites for
maintaining gut health by promoting gut barrier functions.'”
They are also modulators of the MASLD conditions via
regulating carbohydrate and lipid metabolism.” In addition,
the intestinal microbiota can metabolize lipids directly, but it
can also influence host lipid metabolism by regulating SCFAs,
secondary bile acids, and trimethylamine production.*®

We found higher abundances of several potentially beneficial
microbes, including Eubacterium ] in both EcNI and EcNA,
and Akkermansia in EcNI than in CTRL. Eubacterium is a
butyrogenic genus,*” and several of its species were decreased
in individuals with MASLD***’ and MASH,*” and negatively
associated with MASLD severity.”' Although butyric acid was
not significantly increased in EcNI and EcNA compared to
CTRL, nor was it significantly correlated with Eubacterium,
Eubacterium was negatively correlated with plasma HDL and
total cholesterol concentration, and positively correlated with
plasma SCFAs, propionic acid and succinic acid. Additionally,
Akkermansia muciniphila has been shown to improve MASLD
in several clinical and rodent studies.”” Administration of A.
muciniphila can alleviate MASLD symptoms, including weight
gain, insulin resistance, hepatic steatosis, hepatic inflammation,
serum triglycerides, and improve gut barrier integrity in high-
fat diet (HFD)-fed mice.”*™>° These results indicate that our
interventions could elevate these potentially beneficial
microbes, which can contribute to MASLD recovery.

On the other hand, there were lower abundances of several
potentially detrimental microbes, including Bacteroides H in
EcNI, and Faecalibaculum and Talaromyces in ECNA, compared
to CTRL. Bacteroides H and Talaromyces were also negatively
correlated with plasma SCFAs, succinic acid and propionic
acid, respectively. Bacteroides encompasses many species,
exhibiting differing phenotypes ranging from commensals to
pathogens.”” Specific Bacteroides strains have been shown in
vitro to potentially alleviate MASLD by enhancing gut barrier
functions, exhibiting antimicrobial activity, and reducing lipid
accumulation in liver cells, while others may exacerbate
MASLD.>® Various mechanisms for how increased Bacteroides
abundance can aggravate MASLD have been proposed,
including deoxycholic acid-induced hepatic apoptosis and
insulin resistance promoted by branched-chain amino acids.>”

For Faecalibaculum, its abundance was higher in the HFD-
induced MASLD®°~”" mouse model, positively associated with
serum lipid concentration® and MASLD-related parame-
ters,>® while treatments that reduced its abundance resulted
in lowered hepatic steatosis, oxidative stress, and inflamma-
tion.°*®””° Holdemanella biformis, the human homologue of
Faecalibaculum rodentium,”* has also been shown to be
enriched in individuals with liver fibrosis.”” Regarding the
fungal gut microbiota, the role of mycobiome dysbiosis in
MASLD is poorly understood. There is only one study where
Talaromyces was found to be higher in individuals with
MASLD.”* Studies have shown changes in intestinal micro-
biota after treatment with FGF19 and reduction in gut
inflammation,”* while IGF1 can enhance intestinal epithelium
cell proliferation”® and gut barrier function.””””* In our study,
the beneficial effects of these hormones could produce changes
in the gut environment, resulting in a more balanced
microbiota composition with increased beneficial microbes,
producing beneficial metabolites to exert positive feedback,
contributing to MASLD recovery.

The effects of EcNI and EcNA extend from the gut to the
liver, and identifying the underlying metabolic pathways and
metabolites within the gut-liver axis can help us to understand
their roles in promoting balance within the system. ECNA had
higher plasma propionate and acetate concentrations than
CTRL. Particularly, propionate supplementation has been
shown to reduce hepatic steatosis in overweight adults’’ and
hepatic triglyceride concentration in mice with HFD-induced
obesity.”” Acetate is also upregulated in various upregulated
pathways, including the pyruvate metabolism pathway in the
liver that was upregulated in EcNI, the glycolysis or
gluconeogenesis pathway in cecum and liver, glyoxylate and
dicarboxylate metabolism pathway in the liver, and pyruvate
metabolism pathway in the liver and plasma that were
upregulated in EcNA, compared to CTRL. These upregula-
tions in acetate-associated metabolic pathways may suggest
greater acetate availability to both the host and gut microbes.
Notably, our study found that these pathways were negatively
correlated to hepatic steatosis, supporting the crosstalk
between the gut and liver. Elevated acetate abundance in the
gut and colonization of acetate-producing microbes have been
associated with reduced hepatic steatosis, fibrosis, and
hepatocellular carcinoma in mice and cell lines.*"** As recently
proposed,”” there is a shortage of different substrates, including
SCFAs, during dysbiosis. In particular, acetate is a key SCFA
driving microbial energy metabolism, which enhances
mutualistic symbiosis, promotes the growth of many butyrate
producers, and suppresses the production of several toxins
known to disrupt host metabolism. These findings highlight
the beneficial effects of elevated SCFA, mainly acetate, on
MASLD recovery, as observed in our study. Interestingly, the
hormones IGF1, aldafermin, and SCFA have similar beneficial
effects on the gut-liver axis. IGF1, FGF19, and SCFAs improve
the gut barrier function by reducing intestinal permeability and
upre%ulating tight junctions, including claudin and occlu-
din.”>777%*7% IGF1 and SCFAs can also support intestinal
epithelial growth.87’88 In the liver, IGF1, FGF19, and SCFAs
can influence glucose and lipid metabolism and improve
insulin sensitivity to reduce hepatic steatosis.””*~"* Together,
the accelerated MASLD recovery observed in the intervention
groups could be explained by hormonal treatment and positive
intestinal microbiota changes.
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Compared to CTRL, EcNA had lower abundances of acetyl-
coenzyme A (CoA), despite the overall higher metabolite
abundance associated with the glycolysis or gluconeogenesis
pathway and the citrate cycle pathway in the liver and cecum.
Such downregulation of acetyl-CoA can potentially lower lipid
synthesis” and subsequently reduce hepatic steatosis, as
observed in our study. Acetyl-CoA also enters the superpath-
way of geranylgeranyldiphosphate biosynthesis in the liver,
which was downre§ulated in EcNA, to produce cholesterol, as
shown previously.”' Downregulation of acetyl-CoA as the
starting substrate of cholesterol synthesis’ and the overall
downregulation of the superpathway by EcNA supports the
reduction of total, HDL, and LDL cholesterol concentrations
in the plasma by EcNA, which was also observed in EcNIL
These positive outcomes may be attributed to the effects of the
hormonal treatments, where intervention with IGF1 has been
shown to inhibit hepatic accumulation of cholesterol in growth
hormone-deficient mice’” and reduce serum cholesterol
concentrations”® while aldafermin reduced hepatic cholesterol
concentrations in mice fed an HFD.”

In the current study, both EcNI and EcNA downregulated
the metabolites in the steroid hormone biosynthesis pathway
in the plasma, including cholesterol as the starting substrate for
this pathway and the stress hormones corticosterone and
cortisol. This is also supported by the reduced abundance of
predicted bacterial genes involved in the pathway. Metabolites
of this pathway in the plasma and liver were also negatively
correlated with hepatic steatosis. Cholesterol accumulation is a
well-known cause of liver damage and contributes to MASLD
progression.96 Chronic exposure to corticosterone induces
hepatic steatosis in different animal models.””~'** Cortisol is
also a member of the unannotated P-CAG-1, significantly
lower in EcNI and EcNA than in CTRL. Both cortisol and P-
CAG-1 were positively correlated with liver fat droplets.
Hypercortisolism is also associated with the MASLD
condition.'®'® The overall reduction of cholesterol, cortico-
sterone, and cortisol in the downregulated steroid hormone
biosynthesis pathway by EcNI and EcNA can potentially
support the observed lowered hepatic steatosis.

Oxidative stress is a well-established MASLD promoter.'**
Metabolites associated with the pentose phosphate pathway in
the cecum were higher in EcNA than in CTRL. The pentose
phosphate pathway can generate nicotinamide adenine
dinucleotide phosphate (NADPH)'* to produce the reduced
form of glutathione for lowering oxidative stress and reactive
oxygen species.' """’ This result parallels the downregulation
of glutathione and glutathione-associated pathways by EcNA
observed in the liver in our previous publication.”’ Even
though EcNI had a lower abundance of the metabolites
involved in the pentose phosphate pathway in the liver, IGF1
itself has been shown to reduce oxidative damage in the liver.”®
Thus, it may already be enough to mitigate hepatic oxidative
stress. Furthermore, the metabolites related to the pyruvate
metabolism pathway and the pyruvate metabolite itself were
higher in the plasma in EcNA compared to CTRL. Pyruvate,
based on its a-keto-carboxylate structure,'”® has also been
shown to exhibit antioxidant properties that lower oxidative
stress.'*”''? These findings suggest that our interventions help
alleviate MASLD by potentially mitigating oxidative damage.

In our study, IGF1 and aldafermin production in our strains
was successfully demonstrated in vitro, together with their
survival and recovery as viable colony-forming units (CFUs) in
mouse feces. These results indicate that our strains survive and

15209

express these hormones in the gut. However, a limitation of
our study was the inability to detect the concentrations of
IGF1 and aldafermin in the mice’s systemic blood plasma
samples. This may be due to the short half-life of FGF19, as
mentioned in our previous paper,”’ and/or that the produced
IGF1 and aldafermin concentrations fell below the detection
limit of our method. Using more sensitive approaches and
measurements in the blood from the hepatic portal vein and
gut content, closer to the site of hormone expression, may
potentially overcome this limitation. Despite this, there was a
clear distinction in the outcomes of EcNI and EcNA
interventions, especially in the gut microbiota composition.
The exact mechanisms by which the interventions influence
the gut microbiota are not fully explained, but the produced
hormones IGF1 and aldafermin could have changed the
intestinal environment and influenced the gut microbiota
composition. This interplay between hormonal effects, micro-
biota changes, and their positive effects on MASLD alleviation
should be further investigated.

Advanced microbiome therapeutics (AMTs) using E. coli
Nissle 1917 strains expressing IGF1 and aldafermin, coupled
with dietary changes, effectively boosted MASLD recovery
compared with dietary changes alone by lowering hepatic
steatosis and plasma cholesterol, while enhancing body weight
loss. Our results suggest the following mechanisms behind
such improvements: (1) alleviating microbial dysbiosis by
increasing bacterial diversity, plasma acetate and propionate,
abundances of potentially beneficial bacteria Eubacterium J and
Akkermansia while lowering that of potentially detrimental
bacteria Bacteroides H and Faecalibaculum and fungi Talar-
omyces; and (2) modulating metabolomic profiles by reducing
acetyl-CoA, steroid hormone biosynthesis pathway, cortico-
sterone, and cortisol, while elevating pyruvate and pentose
phosphate pathway. These changes in the gut microbiota
composition and metabolomic profiles suggest an improve-
ment in the gut-liver axis that can potentially support the
reduced hepatic steatosis observed. Furthermore, IGF1 and
aldafermin production and higher SCFA concentrations have
similar beneficial effects that can improve the gut environment
and gut-liver axis while accelerating MASLD recovery. These
findings indicate that our AMTSs are promising candidates for
novel treatments for MASLD.""'~"**
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