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Vegetal oil-based ketogenic
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Background and aims:Metabolic dysfunction-associated steatohepatitis (MASH)

represents a growing cause of liver cirrhosis and hepatocellular carcinoma

(HCC). However, effective therapy for MASH is still lacking. Despite recent

studies suggest that ketosis might improve MASH evolution, the mechanisms

involved have not been explored since common ketogenic diets cause severe

steatohepatitis in mice. In this study, we have investigated the capacity of a new-

formulated ketogenic diet (KD) containing vegetal fat in improving liver

alterations associated with experimental MASH.

Methods:MASHwas induced in C57BL/6mice by feeding a cholesterol-enriched

Western Diet (WD) for up to 16 weeks, followed by switching animals to KD for an

additional eight weeks.

Results: We observed that KD administration greatly increased ketone body

production and significantly reduced liver and body weights. Moreover, liver

proteomic analysis and functional tests evidenced an improved glucose and lipid

metabolism along with insulin resistance in KD-fedmice. Thesemetabolic effects

were associated with an amelioration in MASH-associated gut dysbiosis and with

an improvement of hepatic steatosis, parenchymal injury and liver fibrosis. From

the mechanistic point of view mice receiving KD showed a significant reduction
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in liver TREM2-positive monocyte-derived macrophages forming crown-like

aggregates along with a lowering in the hepatic expression of pro-

inflammatory/pro-fibrogenic markers such as CCL2, IL-12, CD11b, a1-
procollagen, TGF-b1, osteopontin, and galectin-3. Consistently, in vitro

experiments showed that b-hydroxybutyrate supplementation reduced TREM2

and galectin-3 expression by cultured Raw 264.7 macrophages.

Conclusions: Altogether, these results indicate that ketogenic diet based on

vegetal fat effectively improves MASH metabolic derangements and

steatohepatitis, and it might represent a potential therapeutic strategy in

this disease.
KEYWORDS

metabolic dysfunction-associated steatotic liver disease, non-alcoholic fatty liver
disease, non-alcoholic steatohepatitis, liver fibrosis, liver inflammation, ketone bodies,
gut dysbiosis
Introduction

One of the consequences of the worldwide diffusion of overweight

and obesity is the increasing prevalence of metabolic dysfunction-

associated steatotic liver disease (MASLD) according to the new

nomenclature (1). MASLD is the most frequent hepatic alteration

in Western and Asian countries with a prevalence in the general

population of about 25% reaching up to 70-90% among overweight

and obese individuals (2). Although MASLD is more frequent in

middle-aged people, its prevalence is also increasing among children

in relation to the diffusion of unhealthy dietary habits (3). In about 15-

20% of MASLD patients, liver steatosis can progress to metabolic

dysfunction-associated steatohepatitis (MASH), a condition

characterized by hepatocellular damage, intralobular inflammation,

and fibrosis progressing to liver cirrhosis (4). It is estimated that

within eight years, 15% of MASH patients will develop clinically

evident cirrhosis (4), with a death rate ascribed to MASH-related

cirrhosis of about 12-25% (1). Moreover, MASLD is increasingly

recognized as an important cause of hepatocellular carcinoma (HCC)

(5). Growing evidence indicates that inflammatory mechanisms

consequent to the liver recruitment and activation of innate and

adaptive immune cells are responsible for the onset of chronic hepatic

inflammation in MASH and promote the disease evolution to

fibrosis/cirrhosis as well as HCC development (6, 7).
MA, a-Smooth Muscle

res; KD ketogenic diet;

is; MASLD, metabolic

onalcoholic Fatty Liver

Fs, monocyte-derived

fatty acids; TREM-2,

GF-1b, Transforming

, Western Diet.

02
Lifestyle changes, including healthy diet and physical activity are,

so far, the most effective interventions in MASLD and significantly

reduce liver steatosis and hepatic inflammation, although the effects

on fibrosis are controversial (8, 9). In recent years, low carbohydrate

ketogenic diets (KDs) derived from the Atkins diet have been

increasingly used for weight loss and the treatment of metabolic

dysfunctions (10, 11). KDs could be different in calorie amount but

are all characterized by a high-fat content that, together with the low-

carbohydrate content, shifts the glycolytic metabolism to a lipolytic

one inducing the liver production of ketone bodies, including

acetoacetate and b-hydroxybutyrate (12). Besides the capacity to

sustain cell energy production, ketone bodies exert a variety of

favorable effects on lipid metabolism, gene expression, and

oxidative stress and have specific anti-inflammatory properties

improving neurodegenerative disease, tumors, and heart failure

(12). Despite small-scale clinical trials suggest that ketosis might

favorably impact MASLD (13), the effectiveness of KDs in reducing

systemic and hepatic inflammation has not been investigated in detail

since traditional ketogenic diets enriched with animal fat cause

extensive steatohepatitis when administered to mice, despite a

substantial weight reduction (14). Such an effect is likely due to the

combined action of low protein/choline and high cholesterol content,

all factors known to promote steatohepatitis in mice (14).

Consistently, Long and coworkers have recently reported that

cholesterol accumulation along with IL-6 overproduction and c-jun

N-terminal kinase (JNK) activation are involved in promoting

steatohepatitis and liver fibrosis in mice receiving KD containing

animal-derived lipids (15).

To expand the use of KDs in humans, it would be important to

devise new formulations and to test in rodents whether these diets

are effective in mitigating systemic and hepatic inflammation and

might control fibrosis. From recent data showing that ketonemia

could be reached also with diets sufficient in protein and choline
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(16), we devised a protein and choline-sufficient KD substituting

animal fat with vegetal oil and explored its effects in a mice model

of MASH.
Materials and Methods

Mice experimental protocol

4 weeks-old wild-type C57BL/6J male mice were purchased

from Envigo (Bresso, Italy) and kept in pathogen-free conditions

for four weeks of acclimatization before use. Steatohepatitis was

induced by feeding eight-week-old male mice with a high fat/

carbohydrate diet (4.6 Kcal/g) enriched with 1.25% cholesterol

Western Diet (WD) for 16 weeks. Control animals received a

standard chow diet. After MASH induction, mice were randomly

divided into two groups, one switching to choline-sufficient KD (6.7

Kcal/g) containing 0.3% as carbohydrates, 9.2% as proteins, and

90.5% as hydrogenated coconut oil and the other continuing with

the same WD diet for a further eight weeks. The safety of this new

KD formulation was assessed in preliminary experiments by feeding

mice for 8 weeks. All the diets were purchased from Laboratorio

Dottori Piccioni (Gessate, Italy). At the end of the treatments, mice

were anesthetized with sevoflurane, and after checking the

anesthesia depth, the blood was collected by cardiac puncture.

Afterwards, the mice were euthanized by cervical dislocation.

Animal experiments were performed at the animal facility of the

Dept. of Health Sciences, University of Piemonte Orientale

(Novara, Italy) in compliance with EU ethical guidelines for

animal experimentation. The study protocols received ethical

approval by the Italian Ministry of Health (authorization N° 411/

2020-PR) according to the European law requirements.
Assessment of liver injury and
metabolic status

Livers were rapidly removed, rinsed in ice-cold saline, and cut

into five pieces. Aliquots were immediately frozen in liquid nitrogen

and kept at −80°C until analysis. Two portions of the left lobe from

each liver were fixed in 10% formalin for 24h and embedded in

paraffin. Serum alanine aminotransferase (ALT) levels and liver

triglycerides were determined by spectrometric kits supplied,

respectively, by Gesan Production SRL (Campobello di Mazara,

Italy) and Sigma Aldrich (Milano, Italy). Circulating Dipeptidyl

peptidase 4 (DPP4) and Osteopontin (OPN) were evaluated on

serum samples using Luminex® Discovery Assays and Luminex

200™ analyzer (Bio-techne, MI, IT) according to the

manufacturer’s instructions. Ketone bodies were measured once a

week with Keto-Diastix® (Bayer, Basel, Switzerland) according to the

manufacturer’s indications on mouse urine samples collected during

animal handling.
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Glucose tolerance test

The glucose tolerance test (GTT) was performed following

overnight fasting and the glucose load administration (1.5g/kg)

via intraperitoneal injection. Blood sampling has been performed by

tail vein incision with sterile needles and the glycemia has been

measured at the basal state and 10, 30, 60, 90, and 120 minutes after

the glucose load through a glucometer (URight, TD-4279,

Munich, Germany).
Histology and immunohistochemistry

Formalin-fixed and paraffin-embedded (FFPE) liver sections (4-

µm tick) were stained with hematoxylin/eosin using a Roche

Ventana HE 600 automatic staining system (Roche Diagnostics

International AG, Rotkreuz, Switzerland), while collagen deposition

was detected by Picro-Sirius Red staining. Sections were scored

blindly for steatosis and lobular inflammation, as described (17).

The extension of Sirius Red was quantified by histo-morphometric

analysis using the ImageJ software (https://imagej.nih.gov/ij/). Liver

macrophages were evidenced on FFPE liver sections by

immunofluorescence staining with anti-F4-80 rat monoclonal

(Biolegend, USA) and anti-TREM2 rabbit monoclonal antibodies

(Abcam, Cambridge, UK) in combination with secondary antibody

cocktail prepared depending on the primary antibodies host species.

The image acquisition was performed with Zeiss Observer 7

microscope, and background subtraction was performed with the

default settings using the ZEISS software ZEN 3.1 (blue edition).

Single-channel grayscale pictures were further processed in FIJI.

Immunohistochemistry for galectin-3 was performed using goat

polyclonal antibodies provided by R&D Systems (Minneapolis,

USA) in combination with a horseradish peroxidase polymer kit

(Biocare Medical, Concord, CA, USA). Microphotographs were

taken using a Nikon Eclips CI microscope fitted with 20x0.5 and

40x0.75 PlanFluor lens and a DSR12 camera (Nikon Europe BV,

Amsterdam, Netherlands) through the NIS-Elements F4.60.00

acquisition software.
Flow cytometry analysis of liver leukocytes

Livers were digested by type IV collagenase (Worthington,

USA), and intrahepatic leukocytes were isolated by multiple

differential centrifugation steps according to Weide et al. (18).

The cell preparations were then subjected to red cell lysis by BD

FACS™ Lysing Solution (BD Bioscience, San Jose, CA, USA) and

stained using combinations of the following monoclonal antibodies:

CD45 (Clone 30-F11, Cat. 12-0451-82), CD3 eBioscience, (Thermo

Fisher Scientific, Milano, Italy), CD11b (Clone M1/70, Cat.

101212), F4-80 (Clone BM8, Cat. 123113, Biolegend, San Diego,

CA, USA) Thermo Fisher Scientific, Milano, Italy). Sample analysis
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was performed using the Attune NxT flow cytometer (Thermo

Fischer Scientific, Waltham, MA, USA) and data were elaborated

with FlowJo™ Software (BD Biosciences, San Jose, CA, USA).
mRNA extraction and real-time PCR

mRNA was extracted from snap-frozen liver fragments using the

TRIzol™ Reagent (Thermo Fischer Scientific, Milano, Italy). cDNA

was generated from 1 µg of mRNA using the High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems Italia, Monza, Italy) in

a Techne TC-312 thermocycler (Techne Inc, Burlington NJ, USA).

Real-Time PCR was performed in a CFX96™ Real-time PCR System

(Bio-Rad, Hercules, California, USA) using TaqMan Gene Expression

Master Mix and TaqMan Gene Expression probes (Thermo Fischer

Scientific, Milano, Italy) reported in Supplementary Materials. All

samples were run in duplicate, and the relative gene expression was

calculated as 2-DCt over that of the b-actin gene and expressed as a fold
increase over the relative control samples.
Microbiota analysis

Mouse stool samples have been collected from cages into sterile

plastic tubes once a week for the whole experimental timeframe

(T0-24) and promptly frozen and stored at -80°C before microbiota

analyses. The cecum samples have been collected at T24 by killing

mice and isolating each gut segment along with its content in sterile

conditions. The analysis has been conducted on samples collected at

the beginning (T0), before (T16), and after (T17) the switching to

KD and at the end time-point (T24). DNA extraction from 1000 mg

of fecal samples was carried out following the SOP 07 guidelines and

procedure developed by the International Human Microbiome

Standard Consortium (www.microbiome-standards.org). RNAse

treatment was then performed on the extracted DNA, quantified

by using the QUBIT dsHS kit, and standardized at 5 ng/mL. The V3-
V4 region of the 16S rRNA was amplified using the primers 16SF

(5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’) and

16SR (5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA

G-3’) (19), according to the Illumina 16S Metagenomic

Sequencing Library Preparation instructions. Amplicons were

then purified, tagged, normalized, pooled, and sequenced on the

Illumina MiSeq platform (2×250 bp) according to the Illumina

protocols. Raw reads were imported in QIIME2 software (https://

docs.qiime2.org) for denoising by the qiime dada2 denoise-paired

script (20). The amplicon-sequence variants (ASVs) obtained were

then used for a taxonomic assignment against the SILVA database.

ASVs table was analyzed at the lower taxonomic resolution (genus

or family level).
Metabolomic analysis

Plasma short chain fatty acids (SCFAs) were analyzed by using

GCxGC-TOFMS as reported in Supplementary Materials.
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Proteomics analysis

Changes in the liver protein pattern were performed as

described in Supplementary Materials.
In vitro experiments

Raw264.7 cells (ATCC) were cultured (8x105 cells) in 6-well

plates at 37°C in complete DMEM + GlutaMAX™ (Gibco, Thermo

Fisher Scientific, Milano, Italy) with 5% CO2. For the experiments

Raw264.7 cells were treated for 48h with either butyrate 50mM
(Sigma-Aldrich) or vehicle (ethanol, 0,1%) and then harvested for

RNA extraction.
Data analysis and statistical calculations

Statistical analyses were performed by SPSS statistical software

26.0 for Windows (SPSS, IBM, USA) using one-way ANOVA test

with Tukey’s correction for multiple comparisons or Kruskal-Wallis

test for non-parametric values. Significance was taken at the 5%

level. Normality distribution was assessed by the Kolmogorov-

Smirnov algorithm. Statistical analysis of proteomic data was

performed using MarkerView software (Sciex, Concord, Canada)

and MetaboAnalyst software (www.metaboanalyst.org). Proteins

were considered up- and downregulated using fold change >1.3

or <0.769 and p-value <0.05. The significance of the difference was

also analyzed by non-parametric tests using the Prism v.8 software

package (GraphPad Software, San Diego, CA, USA), with statistical

significance taken at p <0.05. Bioinformatics analysis of proteomic

data was performed using Ingenuity Pathways Analysis (IPA)

software (Qiagen, Redwood City, CA, USA). ASVs tables were

then imported in R-Studio for Principal component analysis and to

perform the permutational multivariate analysis of similarities

(ANOSIM) by the “vegan” package in R environment. Between-

group differences were assessed by the Mann–Whitney test.
Results

Characterization of a new formulation of
the ketogenic diet for mice

For assessing the effects of ketosis on rodent MASH evolution,

we devised a choline-sufficient KD in which fat consisted of coconut

oil hydrogenated to obtain a consistency suitable for shaping pellets.

To avoid misleading interpretations due to caloric restriction rather

than ketogenesis boosting in preliminary experiments we tested the

diet palatability by comparing mice fed ad libitum with the standard

or ketogenic diets for 8 weeks. In this time frame, we did not observe

significant differences regarding food consumption (2.99 ± 0.14 vs.

2.98 ± 0.19 g/die; n.s) and body or liver weights (Figure 1A) while,

as expected, urine ketone bodies were significantly increased in KD-

fed mice as compared with those receiving standard diet (∼40 mg/
frontiersin.org
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ml vs. 0 mg/ml, p<0.0001). Since previous studies have shown that

KD diets can cause steatohepatitis (14), histological and

biochemical analyses were performed on mice receiving our new

KD. Although KD-fed mice showed a slight but not statistically

significant increase in serum alanine aminotransferase (ALT)

(Figure 1C), histological analysis evidenced negligible steatosis

without signs of hepatocellular necrosis and portal/lobular

inflammation or fibrosis (Figures 1B, C). Furthermore, differently

from what observed by Long and coworkers (15) our vegetal oil

containing KD did not cause c-jun N-terminal kinase (JNK)

activation (not shown). On the same vein, hepatic transcripts for

genes commonly up-regulated in MASH showed an increase only

for TNF-a, while those for the leukocyte marker integrin aM
(ITGAM; CD11b) and for fibrosis-related marker pro-collagen

1A1 (COL1A1) were unaffected (Figures 1B, C), confirming the

safety of our KD formulation in mice.
Effects of the ketogenic diet on metabolic
and pathological features of MASH

From these preliminary results, we went on to explore the effects

of KD when administered to mice with established MASH. To this

aim, mice were fed ad libitum with a cholesterol-enriched western diet

(WD) for 16 weeks. As expected, WD feeding increased body and liver

weights and promoted the development of extensive steatohepatitis

associated with appreciable collagen deposition (Supplementary

Figure 1). After MASH induction, mice were randomly divided into

two groups, one switching to KD and the other continuing with the

same WD diet for a further eight weeks (Figure 2A). The results were

analyzed by comparing the animals switched to KD with the mice

continuing the WD for 24 weeks as well as with starting conditions of

mice receiving the WD for 16 weeks. We observed that switching to

KD strongly reduced liver weight and lowered by 48% liver triglyceride

content, while appreciably reducing body weight (Figure 2B). Such

metabolic improvement was accompanied by the up-regulation in the

hepatic transcripts of genes implicated in glucose and lipid

homeostasis, such as glucose transporter 2 (GLUT2), insulin

receptor substrate-1 (IRS-1), and peroxisome proliferator-activated

receptor-g coactivator 1-a (PPARgC1a) (21) (Figure 2C).

Additionally, the switch to KD restored the physiological capacity to

metabolize glucose in MASH mice, as assessed by the glucose

tolerance test (GTT) (Figure 2C). In line with this, bioinformatic

analysis comparing liver proteome profiles of mice switched to KD

with those remaining on WD revealed that KD influenced different

molecular pathways stimulating 77 proteins involved in lipid

metabolism (Z score ≥2) while lowering (Z score ≤2), respectively,

32 proteins concerning insulin resistance, 114 proteins related to

glucose metabolism, and 44 proteins associated with hepatic steatosis

(Figure 2D, Supplementary Table 1).

These changes impacted on MASH features since morphological

analyses in hematoxylin/eosin-stained liver sections (Figure 3A) showed

that KD administration significantly reduced the histological scores for

hepatic steatosis (2.5 ± 0.5 vs. 0.5 ± 0.6 arbitrary units; p<0.005) and

lobular inflammation (2.0 ± 0.3 vs. 0.5 ± 0.2 arbitrary units; p<0.01).
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Furthermore, KD significantly improved hepatic injury as assessed by

ALT release as well as by circulating Dipeptidyl Peptidase-4 (DPP4)

(Figure 3B), a metabolic marker strictly associated to MASLD/MASH

in both rodents and humans (22). Consistently, the improvement of

parenchymal injury was accompanied by a lowering in the gene

expression of pro-inflammatory markers TNF-a, CCL2, IL-12p40
and CD11b (Figure 3C). The beneficial effects of KD on MASH

evolution were also evident when liver damage and inflammation in

mice receiving KD were compared to those of mice before diet

switching (Supplementary Figure 2).
Ketogenic diet modifies gut microbiota

MASH is often associated with alteration in the intestinal

microbiota and the loss of gut barrier integrity, which can

contribute to hepatic inflammation by increasing the translocation

of bacterial products through the portal flow to the liver (23). From

the knowledge that nutritional behaviors can influence gut

microbiota composition and, in turn, hepatic inflammatory

responses (24), we explored whether changes in gut microbiota

could account for the anti-inflammatory properties of KD. To this

aim, mouse feces were collected weekly throughout the experimental

protocol and microbiota was analyzed by amplicon sequencing.

According to previous studies, we observed that MASH associated

with severe dysbiosis characterized by a decreased abundance of

Lachnospiraceae and Ruminococcaceae and a concomitant raising of

Peptostreptococcaceae, Erysipelotrichaceae, Bacteroidaceae and

Sutterellaceae (25). Interestingly, the improvement of steatohepatitis

in mice receiving KD led to changes in gut microbiota composition

that were already appreciable after one week of treatment

(Figure 4A). In more detail, KD increased the relative frequency of

amplicon-sequence variants (ASVs) with potential anti-inflammatory

properties, such as R-Ruminococcus, while decreasing ASVs

displaying a potential pro-inflammatory behavior like Sutterella

(Figure 4A) (26). The characterization of microbiota composition

across the gut segments did not evidence differences in bacterial

genera within the cecum, ascending, and descending colon, while

they appeared more heterogeneous in the ileum regardless of the diet

consumed. Therefore, we did not further consider this portion of the

intestine and focused our attention on the colon. Principal

component analysis (PCA) was performed on ASVs table in order

to highlight shift in the stool microbiota as a function of the dietary

regimen along time (Figure 4A). In detail, at the beginning of the

experiment (T0) no clear separation between diet was observed, while

after 16 weeks of dietary treatment, SD-fed mice showed a clear

separation compared with WD- and WD+KD-fed mice, which

clustered together (ANOSIM p<0.05). After 17 and 24 weeks of

dietary treatment each mice group showed a well-clearly

distinguishable bacterial signature and distinct stool microbiota

composition, with mice clustering according to the dietary regimen.

The separation of the microbiota as a function of the diet was then

confirmed also in cecum samples (Figure 4B) (ANOSIM p<0.05). As

a microbiota signature, KD promoted the enrichment of beneficial

ASVs belonging to Oscillospiraceae, Ruminococcaceae, and
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Rikenellaceae. Mounting evidence suggests that microbiota plays an

essential role in regulating metabolic and immune functions by

producing short-chain fatty acids (SCFAs) (27). To explore the

possibility that the health-beneficial properties of KD might be

related to the modulation of SCFA production, we analyzed their

serological concentrations before and after KD switching. In our
Frontiers in Immunology 06
hands, KD administration modified SCFA abundance by increasing

the circulating levels of propionic and acetic acids by 1.2 and 1.4 folds,

respectively (p<0.05) (Figure 4C). Conversely, no significant changes

were appreciable for butanoic and pentanoic acids (0.06 ± 0.012 vs.

0.04 ± 0.031 ppm, 0.08 ± 0.001 vs. 0.08 ± 0.005 ppm,

respectively; n.s.).
FIGURE 1

Ketogenic diet (KD) administration does not induce hepatic injury, inflammation, or fibrosis in mice. Wildtype C57BL/6 mice were fed with standard
(SD) or KD diets for 8 weeks. (A) Body and liver weights. (B) Hematoxylin/Eosin staining of liver sections (magnification 20×). (C) Circulating levels of
alanine aminotransferase (ALT) and hepatic transcripts for the inflammatory markers TNF-a and CD11b as evaluated by RT-PCR. (D) Intrahepatic
collagen deposition as evaluated by the transcripts of procollagen-1a and the staining of liver sections with Sirius Red (magnification 20×). Dots
correspond to individual animals and the boxes include the values within the 25th and 75th percentile. The horizontal bars represent the medians,
while the extremities of the vertical bars (10th–90th percentile) comprise 80% of the values.
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FIGURE 2

Ketogenic diet administration modifies hepatic metabolic functions in mice with MASH. MASH was induced in 8-weeks old wildtype C57BL/6 mice
by 16 weeks feeding with Western diet before the switching to ketogenic diet for further 8 weeks (WD16+KD8w). Reference mice received standard
diet or WD for 24 weeks (SD24w or WD24w, respectively). (A) Experimental Plan. (B) Changes in body and liver weights and hepatic triglyceride
content. (C) Hepatic transcripts for genes of glucose transporter 2 (GLUT2) insulin receptor substrate-1 (IRS-1) and peroxisome proliferator-activated
receptor-g coactivator 1-a (PPARgC1a). RT-PCR values are expressed as fold increase of 2-DCT after normalization to the b-actin gene. Glucose
tolerance test (GTT) was assessed as area under the curve (AUC). Dots correspond to individual animals and the boxes include the values within the
25th and 75th percentile. The horizontal bars represent the medians, while the extremities of the vertical bars (10th–90th percentile) comprise 80%
of the values. (D) Ingenuity pathway analysis (IPA) of the changes in liver proteins involved in lipid metabolism, inflammatory response, hepatic
steatosis, glucose metabolism and insulin resistance in mice switching to KD as compared to those that received WD only. (*=p<0.05).
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Ketogenic diet impacts on liver
macrophage responses associated with
inflammation and fibrosis

From the observation that MASH improvement by our KD

formulation associated with changes in gut microbiota impacting

on liver inflammation we explored the mechanisms possibly

involved. Proteomic analysis showed that among the hundreds of

hepatic proteins affected by KD feeding the abundance of galectin-3
Frontiers in Immunology 08
(Gal-3) was significantly down-modulated (log-fold change =

-0.673; p=0.0028) in 3 out of 5 pathways considered. Gal-3 plays

a fundamental role in driving MASH-associated liver fibrosis (28)

being produced by a subset of liver infiltrating monocyte-derived

macrophages (MoMFs) characterized by the co-expression of the

triggering receptor expressed on myeloid cells 2 (TREM2) and CD9

as well as by the production of other pro-fibrogenic mediators such

as osteopontin (OPN) (29). These TREM2+-MoMFs also form

aggregates surrounding dead/dying hepatocytes, known as hepatic
FIGURE 3

Ketogenic diet improves MASH-associated steatosis and hepatic injury in mice. MASH was induced in 8-weeks old wildtype C57BL/6 mice by 16
weeks feeding with Western diet (WD) before the switching to ketogenic diet (KD) for further 8 weeks (WD16+KD8w). Reference mice received
standard diet or WD for 24 weeks (SD24w or WD24w, respectively). (A) Hematoxylin/eosin-staining of liver sections (magnification 20×); (B) Changes
in circulating levels of alanine aminotransferase (ALT) and Dipeptidyl Peptidase-4 (DPP4). (C) Hepatic gene expression of pro-inflammatory markers
TNF-a, CD11b, CCL2, and IL-12p40. RT-PCR values are expressed as fold increase of 2-DCT after normalization to the b-actin gene. Dots correspond
to individual animals and the boxes include the values within the 25th and 75th percentile. The horizontal bars represent the medians, while the
extremities of the vertical bars (10th–90th percentile) comprise 80% of the values.
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crown-like structures (hCLSs), the prevalence of which strongly

correlates with the disease severity and the progression toward

fibrosis (29).

In line with these notions, multiparametric flow cytometry

evidenced that MASH in WD-fed mice was characterized by an

increased hepatic recruitment of pro-inflammatory CD11bhighF4/

80int MoMFs (Figure 5A), which paralleled with the detection of F4/

80+/TREM2+ hCLSs within the liver (Figure 5B) and the up-

regulation in the transcripts for TREM2, CD9, Gal-3 and OPN
Frontiers in Immunology 09
(Figure 5C). Interestingly, the switching to KD almost halved the

fraction of infiltrating CD11bhighF4/80int MoMFs (Figure 5A),

strongly reducing the expression of TREM2+-cell markers

(Figure 5C) along with the prevalence of hCLSs (23.6 ± 8.1 vs 5.5

± 2.9 hCLSs/microscopic field; p<0.001) (Figure 5D). From the

mechanistic point of view in vitro experiments using cultured Raw

264.7 macrophages showed that the supplementation with b-
hydroxybutyrate (50 mM) significantly reduced TREM2 and Gal-3

expression (Figure 5E).
FIGURE 4

Ketogenic diet administration reshapes the gut microbiota in mice with MASH. MASH was induced in 8-weeks old wildtype C57BL/6 mice by 16
weeks feeding with Western diet before the switching to ketogenic diet (KD) for further 8 weeks (WD16+KD8w). Reference mice received standard
diet or WD for 24 weeks (SD24w or WD24w, respectively). (A) Principal component analysis (PCA) describing the changes in stool microbiota
composition at different time points during mice feeding with WD (red) as compared to those remaining in SD (green) or following the switching
from WD to KD (orange). (B) PCA describing cecum microbiota composition in mice receiving WD, SD or after switching from WD to KD. (C)
Changes in the serum levels of propionic and acetic acids following mice switching from WD to KD. Dots correspond to individual animals and the
boxes include the values within the 25th and 75th percentile. The horizontal bars represent the medians, while the extremities of the vertical bars
(10th–90th percentile) comprise 80% of the values.
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FIGURE 5

Ketogenic diet administration modulates the phenotype of hepatic macrophages and MASH-associated hepatic crown-like structures (hCLSs). MASH
was induced in 8-weeks old wildtype C57BL/6 mice by 16 weeks feeding with Western diet (WD) before the switching to ketogenic diet (KD) for
further 8 weeks (WD16+KD8w). Reference mice received standard diet or WD for 24 weeks (SD24w or WD24w, respectively). (A) Flow cytometry
analysis of the distribution of CD11bhigh/F4-80+ monocyte-derived macrophages (MoMFs) within the liver of mice with the different dietary
regiments. (B) Phenotypic features of liver macrophages forming hCLSs as evidenced by double immunofluorescence of FFPE liver sections stained
with fluorochrome-labelled antibodies against F4-80 and TREM2. (C) Changes in hepatic transcripts of CD9, TREM2, galectin-3 and osteopontin.
Dots correspond to individual animals and the boxes include the values within the 25th and 75th percentile, while the horizontal bars represent the
medians. The extremities of the vertical bars (10th–90th percentile) comprise 80% of the values. (D) KD effect on the prevalence of hCLSs evidenced
by immunofluorescence staining with anti-F4-80 antibodies. (E) Effect of b-hydroxybutyrate (b-OHbut; 50 µM) in vitro supplementation on TREM2
and galectin-3 expression by cultured Raw 264.7 macrophages. The experimental groups are labelled as Cont (vehicle) and b-OHbut and each dot
represents an experimental point.
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The observation that KD modulated hCLSs, prompted us to

investigate whether KD might also have a beneficial impact on liver

fibrosis. As expected, steatohepatitis in mice fed with WD for 16

weeks raised the transcripts of the pro-fibrogenic markers

procollagen 1a (Col1a) and tumor growth factor 1b (TGF-1b)
(Figure 6A) and caused intrahepatic accumulation of collagen

fibers, as quantified by Sirius Red staining of liver paraffin

sections (Figure 6B). Noteworthy, mice receiving KD showed a

significant down-modulation in the Col1a and TGF-1b gene

expression along with a remarkable reduction in collagen

deposition as compared to WD-fed animals, thus indicating the

induction of a substantial regression of the fibrosis (Figures 6A, B).

A marked reduction in the prevalence of Gal-3 positive hCLSs was

also evident already after 4 weeks from the switching to KD

(Figure 6C) in parallel with a lowering in circulating levels of

OPN (Figure 6D). These effects were associated with an

improvement of fibrosis and of circulating ALT and DPP4

(Supplementary Figure 3C), while they preceded appreciable

lowering of steatosis (Supplementary Figure 3B) and the complete

offset of hepatic inflammation (Supplementary Figure 3D),

indicating that KD has an early and effective impact on the pro-

fibrogenic mechanisms involved in MASH evolution to

fibrosis/cirrhosis.

Altogether these results indicate that ketogenic diet based on

vegetal fat effectively improves MASLD metabolic derangements

and reshapes gut microbiota composition while improving

steatohepatitis and hepatic fibrosis.
Discussion

Despite the growing clinical relevance of MASLD, there are

currently few therapeutic options. According to the European

Association for the Study of the Liver (EASL) the guidelines for

MASLD management rely on lifestyle changes related to dietary

regimen and physical activity (30). Weight loss achieved through

caloric restriction in combination with physical activity is at present

the only treatment proven to ameliorate liver damage in MASLD

patients without severe liver fibrosis (31). Among the dietary

regimens proposed to ameliorate liver damage, ketogenic diets

(KDs) are increasingly popular for treating obese patients due to

their efficacy in inducing weight loss (10, 11). However, the

effectiveness of KDs in MASLD/MASH has been questioned

because of their high cholesterol content and the lack of essential

nutrients such as choline, two factors well known to promote per se

steatohepatitis in rodents (14). Our results addressed this question

demonstrating that, by tuning nutrient composition, it is possible to

devise a KD effective in improving MASH.

Hepatocytes are the main responsible for the generation of

ketone bodies and, in physiological conditions, ketogenesis disposes

of up to two-thirds of the lipids entering the liver. Prolonged

exposure to high-fat diets, as in MASLD, progressively impairs

ketogenesis likely because of oxidative stress and mitochondrial

dysfunction (32). Our newly formulated KD per se effectively

stimulated ketogenesis due to the high content of coconut oil-
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derived medium-chain triglycerides which are efficiently

metabolized in mitochondria to produce b-hydroxybutyrate,
acetoacetate and acetone (33). On the other hand, the use of

vegetal oil as the main calorie source avoids cholesterol overload

associated with the use of animal fat.

Ketone bodies, besides serving as energy fuel for different

tissues, have been shown to exert a variety of biological functions,

including the capacity to act as epigenetic modifiers of histones,

thus regulating chromatin architecture and gene transcription (12).

In line with ketone bodies capacity of regulating gene expression, we

have observed that MASH mice switching to KD modulates

multiple metabolic pathways involved in hepatic lipid and glucose

metabolism as well as insulin responses. In this regard, switching to

KD improves glucose tolerance, increasing GLUT2 and IRS-1

expression. This is obtained despite a modest weight decrease,

suggesting that ketone synthesis can remove the excess of acetyl-

CoA associated with fatty liver and hyperglycemia (34). Indeed,

restoring ketone body production improves overall glycemic

control even before achieving weight loss (35). Intriguingly, we

have also observed that KD promotes the restoration of normal

circulating DPP4, a key enzyme in glucose metabolism (36). This

strengthens recent findings suggesting DPP4 as a marker of MASLD

and the action of DPP4 inhibitors in hepatic fat reduction (37).

Besides improving fatty liver, we also found that, differently

from simple dietary restriction, KD effectively counteracts

steatohepatitis by lowering hepatic damage and lobular

inflammation. These effects can be ascribed to the anti-

inflammatory properties of b-hydroxybutyrate that inhibit NF-kB

translocation through IkB-a degradation and triggers G-protein-

coupled receptor (GPR)109A, abundantly expressed in many

immune cells, including monocytes and macrophages (12). At

present, hepatic macrophages are considered the main player in

MASH progression to fibrosis/cirrhosis by producing pro-

inflammatory mediators perpetuating hepatocyte injury and liver

inflammation and by directing extracellular matrix production (6).

Recent single-cell RNA sequencing analysis of liver infiltrating

macrophages has evidenced the phenotype heterogeneity of these

cells in both human and rodent MASH (29). The studies also

outline the importance of the so-called TREM2 expressing

monocyte-derived macrophages (TREM2+-MoMFs) (29), which

localize within regions characterized by inflammation, cell death,

and extracellular matrix remodeling (38). Furthermore, these cells

form hepatic crown-like structure (hCLS) surrounding dying

hepatocytes (29). In our hands, KD-fed mice show a significant

lowering in the fraction of liver infiltrating CD11bhighF4/80int

macrophages displaying TREM2+-MoMF features, which parallels

with a reduction in hCLSs. Consistently, cultured macrophage

supplementation with b-hydroxybutyrate down-modulates the

expression of TREM2 and galectin-3, suggesting a specific action

of ketone bodies on MASH-associated MoMFs. These findings

contrast with previous data showing that KD supplementation

fosters hepatic inflammation by promoting macrophage

accumulation (39) and increasing the secretion of pro-

inflammatory cytokines (15). However, such a discrepancy can be

explained by considering that KDs employed in the studies above
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FIGURE 6

Ketogenic diet administration improves MASH-associated fibrosis in mice modulating hepatic crown-like structures (hCLSs) expressing galectin-3
and osteopontin. MASH was induced in 8-weeks old wildtype C57BL/6 mice by 16 weeks feeding with Western diet (WD) before the switching to
ketogenic diet (KD) for further 4 (WD16w+KD4w) or 8 weeks (WD16+KD8w). Reference mice received standard diet or WD for 24 weeks (SD24w or
WD24w, respectively). (A) RT-PCR analysis of the hepatic transcripts for pro-fibrogenic markers TGF-b1 and procollagen-1a. Dots correspond to
individual animals and the boxes include the values within the 25th and 75th percentile. The horizontal bars represent the medians, while the
extremities of the vertical bars (10th–90th percentile) comprise 80% of the values. (B) Effect of 8 weeks feeding with KD on liver fibrosis. The
morphological analysis quantification refers to individual readings on liver sections derived from 3-4 animals for each experimental group. (C) Effect
of 4 weeks feeding with KD on the prevalence hCLSs expressing Galectin-3 (Gal-3) as evidenced by immunohistochemistry with anti-Gal-3
antibodies and (D) on circulating levels of osteopontin (OPN). The morphological analysis refers to individual readings on liver sections derived from
3-4 animals for each experimental group.
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were rich in cholesterol, which is known to promote hepatic

inflammation by stimulating macrophage activation and hCLS

formation (40).

Growing evidence suggests that gut dysbiosis represents a

common feature in MASLD, supporting disease progression by

sustaining hepatic inflammatory responses (41). We have observed

that KD reshapes MASH-associated gut microbiota promoting the

enrichment of bacterial strains having anti-inflammatory properties

such as Oscillospiraceae, Ruminococcaceae, and Rikenellaceae (42).

Interestingly, the relative abundance of those bacterial families is

decreased in gut microbiota signatures associated with human

MASLD, thus supporting their role in maintaining liver health

(41). Gut microbiota contributes to the degradation of nutrients,

producing bioactive compounds that can modulate host

metabolism. Among microbial-derived metabolites SCFAs such as

acetate, propionate, and butyrate regulate the immune system and

modulate inflammation by influencing activation/differentiation

and migration of immune cells, including macrophages (23).

Furthermore, nutritional behaviors influence SCFA production

along with their metabolic effects. In our hands, KD not only

reshapes gut microbiota composition but also significantly

modulates SCFA production by raising the serological levels of

propionate and acetate. Noteworthy, both these metabolites exhibit

anti-inflammatory properties by influencing macrophage

functional capacities (43, 44). For instance, acetate inhibits the

TLR4 signaling pathway in macrophages through the up-regulation

of the tripartite motif-containing protein 40 (TRIM40), reducing

their responsiveness to pro-inflammatory stimuli such as damage/

pathogen-associated molecular patterns (43). Overall, our results

suggest that by modulating gut microbiota, KD can effectively

interfere with pro-inflammatory mechanisms involved in

promoting steatohepatitis even in the absence of appreciable body

weight reduction.

A novel finding concerning the beneficial actions of KD in

MASH concerns the improvement of hepatic fibrosis. We have

observed that KD supplementation not only ameliorates

steatohepatitis, the main factor responsible for stimulating hepatic

collagen deposition, but also promotes the regression of already

established fibrosis, as evidenced by the early reduction of overall

intrahepatic collagen content. Such antifibrotic actions of KD likely

involve an effect on TREM-2+-MoMFs, in relation to their

capability of producing pro-fibrogenic mediators like OPN and

Gal-3 (24). Indeed, both OPN and Gal-3 liver expression are

lowered in mice receiving KD in parallel with those of fibrosis

markers. The action of KD on the mechanisms supporting hepatic

fibrogenesis is consistent with the data by Moore and colleagues

(45), showing that dietary supplementation with the ketone ester R,

S-1,3-butanediol diacetoacetate (BD-AcAc2) attenuates hepatic

stellate cell (HSC) activation and hepatic fibrosis in the context of

high-fat diet (HFD)-induced obesity. Conversely, our findings differ

from those by Liao et al., who evidence that KD exacerbates carbon

tetrachloride (CCl4)- or thioacetamide (TAA)-induced liver fibrosis

(46). Such a discrepancy might represent a specific effect of KD in
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MASH-related fibrosis and might also depend on the use in Liao’s

experiments of a cholesterol-rich KD (47), which is known to

support hepatic fibrosis along with inflammation (48). Although

the beneficial effects of ketosis on hepatic fibrogenesis have been

proposed some years ago by Puchalska et al. (12) demonstrating its

role in preventing tissue scarring, the present study adds new

insights regarding the anti-fibrotic action of ketosis, revealing its

capability to also mediate fibrosis regression. KD action on hepatic

fibrosis is highly relevant because fibrotic livers are fertile ground

for HCC development (5), and the severity of fibrosis is the

strongest predictor for disease-specific mortality in MASLD/

MASH patients (4). It is now accepted that clinical and

experimental liver fibrosis can regress when the causative agent is

removed. Such an effect relies on the elimination of myofibroblasts

derived from activated HSCs and the progressive degradation of

collagen in the fibrous scar (48). The mechanisms leading to fibrosis

regression by KD have not been investigated in detail. Puchalska

and colleagues (49) have reported that hepatocyte-generated

acetoacetate, but not b-hydroxybutyrate, specifically down-

modulates fibrogenic responses in liver macrophages via

mitochondrial metabolism. Nonetheless, we cannot exclude that

ketosis might favor macrophage phenotypic conversion to a

restorative Ly6Clow subset, expressing phagocytosis-associated

receptors and secreting matrix metalloproteases which are

involved in liver matrix degradation (48). Nonetheless, it is also

possible that the changes in the tissue microenvironment due to

ketone bodies and microbiota-derived metabolites might modulate

innate immune cell memory, which plays an important role in

sustaining chronic inflammation and fibrosis (50, 51). In this latter

respect, it is plausible that by counteracting the detrimental effects

of the maladaptive training of myeloid cells (52), KD-induced

modulation of innate immune memory could also positively

impact on inflammatory comorbidities often associated with

MASH. Further analyses are needed to address these unresolved

issues and to gain a more detailed understanding of the mechanisms

by which KD administration leads to fibrosis regression.

In conclusion, our findings suggest that the replacement of

animal fat with vegetal oil in KD is not harmful in the short term

and significantly ameliorates steatohepatitis by restoring essential

metabolic functions, counteracting dysbiosis, and reducing the

hepatic recruitment of TREM2+-MoMFs. Strikingly, the newly

formulated KD also favors the regression of liver fibrosis.

Therefore, such a dietary regimen could represent a novel

potential therapeutic tool to be exploited for the treatment of

MASH-associated fibrosis. Nonetheless, our study suffers from the

limitation that the animal model used does not allow to investigate

the long-term effects of KD. This is a relevant issue considering

that dietary components increased in KDs, particularly cholesterol

and saturated fats, are linked to an enhanced risk of chronic

kidney diseases, cardiovascular diseases, cancer, diabetes, and

Alzheimer’s disease (53). Therefore, it would be relevant to

verify whether our new KD formulation could help in

minimizing these potential risks.
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