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Abstract: This study investigates the effects of bariatric surgery on non-alcoholic fatty liver disease
(NAFLD) by examining the interplay between gut microbiota, epigenetics, and metabolic health. A
cohort of 22 patients undergoing sleeve gastrectomy (SG) was analyzed for changes in gut microbial
composition and DNA methylation profiles before and six months after surgery. Correlations
between gut microbial abundance and clinical markers at baseline revealed that certain genera were
associated with worse metabolic health and liver markers. Following SG, significant improvements
were observed in the clinical, anthropometric, and biochemical parameters of the NAFLD patients.
Although alpha-diversity indices (i.e., Chaol, Simpson, Shannon) did not show significant changes,
beta-diversity analysis revealed a slight shift in microbial composition (PERMANOVA, p = 0.036).
Differential abundance analysis identified significant changes in specific bacterial taxa, including an
increase in beneficial Lactobacillus species such as Lactobacillus crispatus and Lactobacillus iners and
a decrease in harmful taxa like Erysipelotrichia. Additionally, DNA methylation analysis revealed
609 significant differentially methylated CpG sites between the baseline values and six months post-
surgery, with notable enrichment in genes related to the autophagy pathway, such as IRS4 and ATG4B.
The results highlight the individualized responses to bariatric surgery and underscore the potential
for personalized treatment strategies. In conclusion, integrating gut microbiota and epigenetic factors
into NAFLD management could enhance treatment outcomes, suggesting that future research should
explore microbiome-targeted therapies and long-term follow-ups on liver health post-surgery.

Keywords: obesity; fatty liver; epigenetic markers; gut microbiota; sleeve gastrectomy; personalized

medicine

1. Introduction

Obesity is the major risk factor for the development of NAFLD (non-alcoholic fatty liver
disease), a term used to describe the full spectrum of metabolic liver disorders associated
with insulin resistance and dyslipidemia [1]. Initially, NAFLD presents as non-alcoholic
hepatic steatosis, which, with persistent or increasing obesity, may progress to non-alcoholic
steatohepatitis, characterized by inflammatory lesions that are still reversible if medical
and/or surgical interventions (e.g., caloric restriction and metabolic surgery) are employed
to treat obesity [2—4]. In fact, with a persistent or increasing body mass index (BMI), the risk
of progression to advanced liver fibrosis, cirrhosis, and hepatocarcinoma has been shown to
increase 4- to 5-fold [5-7]. Although obesity and related disorders are the most common con-
ditions associated with NAFLD, this disease can also affect normal-weight individuals [8].
However, because obesity and cardiometabolic dysfunction remain key clinical features of
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NAFLD, its nomenclature has recently been changed to metabolic-dysfunction-associated
steatotic liver disease (MASLD) and steatohepatitis (MASH) [9]. Reaching a consensus on
an appropriate definition of this disease is not easy, as the pathophysiology is complex
and involves heterogeneous exogenous factors, including dietary and lifestyle factors, and
endogenous factors, such as lipogenesis, lipotoxicity, insulin resistance, cell death, and
altered gut microbiota [10,11]. In addition, several genetic variants may influence the risk
of developing NAFLD (e.g., the rs738409 polymorphism in the PNPLA3 gene) [12-14]. All
these factors converge to induce chronic systemic organ inflammation, which particularly
fuels the diverse features of NAFLD [15]. Patients with NAFLD also exhibit a different
gut microbiota composition compared to healthy individuals [16]. In this regard, there is
increasing evidence that the gut-liver axis plays a key role in NAFLD, especially in the
progression to more advanced stages of the disease [17,18]. Some studies have also shown
an association between Helicobacter pylori infection and an increased risk of NAFLD [19]. It
has been suggested that H. pylori infection may influence the gut microbiota and contribute
to the pathogenesis of NAFLD through the action of hormones, bacterial metabolites, al-
terations in intestinal permeability, and H. pylori toxins [19]. Yet, the roles of H. pylori and
the gut microbiota in the pathogenesis of NAFLD are still not fully known [20]. Targeting
the improvement and/or resolution of comorbidities among obese patients, particularly
concerning NAFLD, gastric restrictive surgery (e.g., roux-en-Y gastric bypass (RYGB), sleeve
gastrectomy (5G)) has been shown to be effective for both weight loss and reducing pro-
inflammatory mechanisms [21-23]. In particular, weight loss after bariatric surgery has
shown to lead to metabolic improvement and the resolution of low-grade systemic inflam-
mation by improving altered metabolic markers such as lipid profile, glucose concentration,
insulin levels, and HOMA-IR index and by reducing the concentration of proinflamma-
tory cytokines (e.g., TNF-«, IL-6, IL-8, and IL-1§3) [24]. Although not yet fully understood,
the response to bariatric surgery procedures may be associated with epigenetic changes,
such as changes in DNA methylation signatures that occur following surgery [25]. For
example, intraindividual comparison of liver biopsies before and after bariatric surgery
demonstrated differential methylation at CpGs sites in loci of the gene encoding protein
tyrosine phosphatase epsilon (PTPRE), a negative regulator of insulin signaling in skeletal
muscle, suggesting that hypermethylation and transcriptional downregulation of PTPRE
may represent a key mechanism in the recovery of hepatic insulin sensitivity following
bariatric surgery [25]. In this study, we analyzed gut microbial composition and DNA
methylation profile changes after bariatric surgery in obese patients with NAFLD.

2. Results
2.1. Characteristics of Study Participants

The clinical characteristics at the baseline (T0) and 6 months post-SG (T1) of the
22 patients with NAFLD included in this study are shown in Table 1. The mean age of
the subjects was 44.1 years (range: 19-62 years), and 59.1% were females. Regarding
educational level, 4.5% had completed elementary school, 36.4% had completed middle
school, and 59.1% had completed high school. In addition, 36.4% were homemakers, and
50.0% were economically inactive, while 36.4% were full-time workers. Among these
individuals, 40.9% had type 2 diabetes, and 45.5% had hypertension. All the patients had
a hepatic steatosis index (HSI) value > 36, and according to the Fibrosis-4 Index (FIB-4),
86.4% had liver fibrosis stage 0-1, while 13.6% had stage 2-3.

All patients included were sedentary, and 31.8% were smokers, 31.8% were former
smokers, and 36.4% were non-smokers. Regarding alcohol intake, 27.2% consumed alcohol
rarely or never, 59.1% consumed <11 standard drinks per week, and 13.6% consumed
12-17 standard drinks per week. According to the Short Food Frequency Questionnaire
(SFFQ), evaluating the consumption of different foods and nutrients with an important
impact on hepatic health, the NAFLD patients showed a mean dietary quality score (DQS)
of 113.2 +£229.
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Table 1. Clinical characteristics and biochemical parameters of NAFLD patients included in the study.

NAFLD Patients Undergoing SG (1 = 22)

Clinical Parameter Baseline After SG p
BMI, kg/m? 404 (5.6) 30.5 (4.8) <0.001
Overweight 0(0.0) 8 (36.4)

Obesity Class I 0(0.0) 10 (45.5)
Obesity Class 11 10 (45.5) 3(13.6) <0.001
Obesity Class III 12 (54.5) 1 (4.5)
Body fat, % 65.0 (22.0) 46.8 (18.0) <0.001
WHIR 0.78 (0.06) 0.69 (0.10) <0.001
PLT, 10°/L 262.0 (78.0) 222.5(77.0) <0.001
Urea, mg/dL 314 (7.3) 30.9 (10.3) 0.626
Creatinine, mg/dL 0.78 (0.22) 0.71 (0.20) 0.062
Albumin, g/dL 4.4 (0.5) 4.3 (0.4) 0.650
Blood glucose, mg/dL 90.0 (19) 86.5 (9.0) 0.030
Total cholesterol, mg/dL 189.5 (43) 182.4 (49.0) 0.455
Triglycerides, mg/dL 118.0 (83.0) 84.0 (41.0) <0.001
HDL-c, mg/dL 45.0 (11.0) 48.5 (17.0) 0.010
LDL-c, mg/dL 119.5 (32.0) 113.05 (33.0) 0.263
VLDL-c, mg/dL 23.6 (16.5) 16.8 (8.1) <0.001
GGT,IU/L 28.0 (23.0) 13.0 (8.0) <0.001
ALT, IU/L 25.5(29.3) 11.4 (10.1) <0.001
AST, IU/L 20.9 (11.9) 16.0 (7.5) <0.001
AST/ALT ratio 0.74 (0.34) 1.3 (0.75) <0.001
Total bilirubin, mg/dL 0.37 (0.25) 0.67 (0.33) <0.001
HIS 54.2 (9.8) 39.1 (6.55) <0.001
FIB-4 0.65 (0.44) 0.79 (0.63) <0.001
FIB-4 fibrosis stage
0-1 19 (86.4) 18 (81.8) 0.317
2-3 3(13.6) 4(18.2)
ARFI fibrosis stage
FO 19 (86.4) 18 (81.8)
F1 3 (13.6) 3 (13.6) 0.317
F2 0(0.0) 1(4.5)

Variables are expressed as medians (interquartile ranges) or frequencies (percentages). SG, sleeve gastrectomy;
BMI, body mass index; WHIR, waist-to-height ratio; PLT, platelet; HDL-c, high-density lipoprotein cholesterol;
LDL-c, low-density lipoprotein cholesterol; VLDL-c, very-low-density lipoprotein cholesterol; GGT, gamma-
glutamyl transferase; ALT, alanine transaminase; AST, aspartate aminotransferase; HSI, hepatic steatosis index;
FIB-4, fibrosis-4 index; ARFI, acoustic radiation force impulse.

2.2. Gut Microbiota Diversity and Taxonomic Distribution of Predominant Bacteria in
NAFLD Patients

A total of 2315 species, 351 genera, 121 families, 64 orders, 37 classes, and 18 phyla were
identified in the gut microbiota of the NAFLD patients at TO. The bacterial abundance and
distribution of the dominant bacteria at the phylum, class, and genus levels (i.e., relative
abundance > 1% of total sequences) are shown in Figures 1-3. The most abundant phyla
included Bacillota (54.9%), Bacteroidetes (38.0%), Proteobacteria (5.1%), and Actinobacteria
(1.8%), which together comprised 99.8% of the total sequences (Figure 1). The predominant
classes were Clostridia (38.0%), Bascteroidia (37.7%), Negativicutes (7.7%), Erysipelotrichia
(4.3%), Bacilli (3.9%), Gammaproteobacteria (3.8%), Actinobacteria (1.8%), Betaproteobacteria
(1.2%), and unclassified Bacillota (1.1%), accounting for 99.4% of the total sequences (Figure 2).
As for genera, the most abundant were Bacteroides (16.4%), Prevotella (8.8%), Faecalibacterium
(8.5%), unclassified Ruminococcaceae (7.2%), Lachnospiraceae incertae sedis (5.6%), unclassified
Lachnospiraceae (4.6%), Alistipes (3.4%), Streptococcus (3.3%), Parabacteroides (3.1%), Dialister
(8.0%), Ruminococcus (2.6%), Catenibacterium (2.2%), unclassified Prevotellaceae (2.1%), Escherichia
Shigella (1.8%), unclassified Clostridiales (1.7%), unclassified Bacteroidales (1.5%), Roseburia (1.5%),
Oscillibacter (1.2%), Collinsella (1.1%), Erysipelotrichaceae incertae sedis (1.1%), and unclassified
Bacillota (1.1%), which collectively comprised 81.7% of the total sequences (Figure 3).
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2.3. Association Between Clinical, Biochemical, and Lifestyle Characteristics and Taxa Relative
Abundance of NAFLD Patients at Baseline

Among the variables analyzed, BMI, body fat, waist-to-height ratio (WHtR), albumin,
gamma-glutamyl transferase (GGT), FIB-4, and DQS were positively correlated with the
relative abundance of some genera, especially Parabacteroides, Collinsella, Lachnospiracea
incertae sedis, unclassified Lachnospiracea, unclassified Bacillota, Catenibacterium, Streptococcus,
and Alistipes (Figure 4). In contrast, the variables that correlated negatively with the relative
abundance of unclassified Clostridiales, Catenibacterium, unclassified Ruminococcaceae, un-
classified Bacillota, and unclassified Bacteroidales included BMI, platelet (PLT), blood glucose,
aspartate aminotransferase (AST), bilirubin, acoustic radiation force impulse (ARFI), and
alcohol intake (Figure 4).
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Figure 1. Distribution of phylum-level relative abundance in the gut microbiota of obese patients

with NAFLD.
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Figure 2. Distribution of class-level relative abundance in the gut microbiota of obese patients
with NAFLD.
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Figure 3. Distribution of genus-level relative abundance in the gut microbiota of obese patients
with NAFLD.
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Figure 4. Spearman’s rank correlation coefficient heatmap of the associations between genus relative
abundance and clinical variables of NAFLD patients at baseline. Only variables that showed a
significant association are shown. BMI, body mass index; WHtR, waist-to-height ratio; PLT, platelet;
GGT, gamma-glutamyl transferase; ALT, alanine transaminase; AST, aspartate aminotransferase; HSI,
hepatic steatosis index; FIB-4, fibrosis-4 index; ARFI, acoustic radiation force impulse; DQS, dietary
quality score; CC, correlation coefficient.

2.4. Changes in Clinical Characteristics, Biochemical Parameters, and Gut Microbiota Diversity
After Bariatric Surgery

As expected, after bariatric surgery with SG, most of the clinical, anthropometric, and
biochemical parameters of the NAFLD patients changed significantly (Table 1). Regarding
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gut microbiota diversity, an initial analysis pointed out changes in the relative abundance
of some taxa. In particular, at the class level, the relative abundance of Erysipelotrichia,
Actinobacteria, and unclassified Bacillota changed after SG. At the genus level, changes
were evidenced in the relative abundance of Prevotella, Lachnospiracea incertae sedis, and
unclassified Bacillota (Figure 5).
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Figure 5. Comparison of genus relative abundance in the gut microbiota between baseline and six
months post-bariatric surgery in patients with NAFLD. SG, sleeve gastrectomy.

Then, the alpha-diversity of the gut microbiota was evaluated to assess microbial di-
versity within individual samples at the baseline (T0) and six months post-surgery (T1).
However, statistical comparisons revealed no significant changes in alpha-diversity between
these two time points. The Chaol index, which estimates species richness, had a p-value of
0.541; the Simpson index, which measures species dominance, had a p-value of 0.650; and the
Shannon index, which reflects both richness and evenness, had a p-value of 0.991 (Figure 6).
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Figure 6. Comparison of alpha-diversity indices (Chaol, Simpson, and Shannon) between baseline
(T0) and after sleeve gastrectomy (T1). The black diamond represents the mean value.

These results suggest that the microbial diversity within the samples remained stable
over time. To examine how the composition of the gut microbiota varied between T0 and
T1, beta-diversity was assessed using the Bray—Curtis dissimilarity index. A PERMANOVA
test was conducted to determine if the overall microbial community composition differed
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significantly between the two time points. The analysis showed a statistically significant
difference, with an F-value of 1.8737, an R-squared of 0.0482, and a p-value of 0.036.
However, despite this statistical significance, the PCoA plot based on Bray—Curtis distances
did not reveal distinct clusters, indicating that while there were compositional changes, the
shifts were not substantial enough to clearly separate the two groups (Figure 7).
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1 type
0.00 ‘ . ; TO
' ] TL

Axis.2 [16%)]

-0.25

0.0
Axis.1 [18.3%]

Figure 7. Beta-diversity analysis using Bray—Curtis dissimilarity and PCoA plot of microbial composi-
tion at TO and T1. This figure represents the beta-diversity analysis based on Bray—Curtis dissimilarity,
along with a Principal Coordinates Analysis (PCoA) plot visualizing the microbial composition at
baseline (T0) and six months post-surgery (T1).

To further investigate which specific bacterial taxa contributed to the observed differ-
ences between T0 and T1, a differential abundance analysis was performed. This analysis
revealed significant changes across multiple taxonomic levels, from class to species (Table 2).
At the class level, Bacilli showed a significant increase in abundance post-surgery, with a log2
fold change (log2FC) of 2.8717, while Erysipelotrichia displayed a significant decrease, with a
log2FC of —1.2383. At the order level, the Lactobacillales order was significantly enriched
at T1, with a log2FC of 2.8717. At the family level, the Lactobacillaceae family showed a
marked increase in abundance post-surgery, with a 1og2FC of 3.09. At the genus level, the
Lactobacillus genus was significantly enriched at T1, with a log2FC of 3.0832. Finally, at the
species level, two Lactobacillus species exhibited significant increases post-surgery, namely,
Lactobacillus crispatus, with a log2FC of 1.6327, and Lactobacillus iners, with a log2FC of 1.365.

Table 2. Summary of Differential Abundance Analysis (DAA) across taxonomic levels before and
after sleeve gastrectomy.

Taxonomy Level Name log2FC p-Values FDR
Class Bacilli 2.8717 3.08 x 1076 8.63 x 107>
Class Erysipelotrichia —1.2383 0.002898 0.04057
Order Lactobacillales 2.8717 3.0069 x 10~° 0.000153
Family Lactobacillaceae 3.09 6.6511 x 1077 5.7865 x 107°
Genus Lactobacillus 3.0832 4.9059 x 107 0.000106

Species Lactobacillus crispatus 1.6327 1.1462 x 1077 9.2617 x 107°
Species Lactobacillus iners 1.365 24339 x 107° 0.01311

This table summarizes the differential abundance of microbial taxa at various taxonomic levels (class, order, family,
genus, species) between baseline (T0) and six months post-surgery (T1), highlighting significant log2 fold changes
and corresponding p-values and false discovery rate (FDR)-adjusted p-values.
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2.5. Changes in the DNA Methylation Profile After Bariatric Surgery

After sequencing quality control checks were conducted, seven samples and their
corresponding pairs were excluded from further analysis due to insufficient read counts
(MO01T0, M0O6T0, M0O9TO, M15T1, M19TO, M30TO, and M31T0). The remaining samples
underwent a rigorous quality control assessment using MultiQC, confirming adequate
coverage and quality for subsequent methylation analyses. In the group-based comparison,
where all samples from time points TO and T1 were pooled, no statistically significant dif-
ferences were detected. However, the pair-wise differential methylation analysis revealed
609 significant differences (with a False Discovery Rate (FDR) < 0.05) across 550 distinct
CpG sites between the two time points. Details are reported in the Supplementary Materials
(Table S1). Among these differences, 98 CpG sites exhibited increased methylation, while
511 CpG sites demonstrated decreased methylation. Figure 8 illustrates these methylation
changes through a volcano plot, highlighting significantly differentially methylated loci in
red and blue to indicate positive and negative differential methylation, respectively.
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Figure 8. Volcano plot of methylation differences between T0O and T1 in paired samples.

We subsequently annotated the differentially methylated CpG loci and mapped them
to specific genomic regions. Remarkably, 423 loci were located within promoter regions,
73 were mapped to introns, and 40 were identified in distal intergenic regions. A compre-
hensive list of the 34 involved genes can be found in Figure 9. Among the differentially
methylated genes, three stood out as the most frequently represented, i.e., MIR3648-1,
PMF1, and MIR663A.

Functional annotation analysis using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database identified that the only significantly enriched pathway associated with
the differentially methylated genes was “Autophagy-animal” (hsa04140). This pathway
is crucial for maintaining cellular homeostasis through the degradation and recycling
of cellular components. Within this pathway, two key genes were identified: Insulin
Receptor Substrate 4 (IRS4) and Autophagy-related 4B Cysteine Peptidase (ATG4B). IRS4 plays
a significant role in insulin signaling and has implications in metabolic regulation, while
ATG4B is essential for the formation of autophagosomes, facilitating the autophagy process.



Int. J. Mol. Sci. 2024, 25, 11510

9of 18

CWH43

DUSP22

GYG2P1

FANK1

SULF2

PTGER4P2-CDK2AP2P2

SEMA6D

DUX4L3

SEC22B

BRF1

LSP1P4

IRS4

SLC9A3-0T1

ATG4B

MIR663B

MIR663A

MIR3648-1

0% 5% 10% 15% 20% 25%

Frequency of annotated genes (%)

Figure 9. List of the 34 differentially methylated genes in NAFLD patients undergoing bariatric surgery.

3. Discussion

The findings of this study provide important insights into how bariatric surgery
impacts obese patients with NAFLD, revealing significant changes in clinical markers,
gut microbiota composition, and DNA methylation patterns. These changes underscore
the multifaceted benefits of SG on metabolic health, with potential implications for the
treatment of NAFLD.

The significant reductions in BMI, body fat percentage, and WHIR observed post-
surgery confirm the efficacy of SG in reducing obesity and its associated metabolic risks. The
improvements observed in key biochemical markers, such as GGT, ALT, AST, and triglyc-
erides, further indicate substantial improvements in liver function and overall metabolic
health following SG. These results are consistent with the findings of previous studies,
which have demonstrated that bariatric surgery can mitigate liver inflammation and reverse
steatosis in patients with NAFLD [26,27]. However, the slight progression in liver fibrosis,
as indicated by the FIB-4 index in a small percentage of patients, is an unexpected finding.
Although this increase was modest, it raises important questions about the long-term effects
of rapid weight loss on liver tissue remodeling. Some studies suggest that initial fibrosis
progression may be part of a transient remodeling process post-surgery, but these patients
require continued monitoring to ensure their fibrosis does not advance further [28,29].

The gut microbiota plays a critical role in regulating metabolic health and liver func-
tion, particularly through the gut-liver axis [30]. At the baseline, the gut microbiota of
the NAFLD patients was dominated by the Bacillota and Bacteroidetes phyla, consistent



Int. J. Mol. Sci. 2024, 25, 11510

10 of 18

with the dysbiosis often observed in obesity and metabolic disorders [31]. Following SG,
there were decreases in potentially harmful taxa, such as Erysipelotrichia and unclassi-
fied Bacillota, alongside an increase in Prevotella, a genus linked to improved metabolic
outcomes [32,33]. These findings suggest that SG not only facilitates weight loss but also
contributes to the restoration of a healthier gut microbial balance, which may play a key
role in enhancing overall metabolic health. These initial observations highlight the critical
involvement of the gut-liver axis in NAFLD and suggest that SG may improve liver func-
tion not only through weight loss but also by promoting a more favorable gut microbiome.
For example, positive associations were found between harmful genera such as Collinsella,
Parabacteroides, and Streptococcus and clinical markers of metabolic dysfunction, including
elevated BMI, body fat, and GGT levels. These associations suggest that these taxa may
contribute to both metabolic disturbances and liver inflammation [34-36]. Conversely,
negative correlations were observed between beneficial taxa such as Ruminococcaceae and
improved liver markers (e.g., AST, bilirubin), underscoring the potential protective role of
certain bacteria in liver health [37].

Interestingly, despite the major physiological changes induced by SG, our analysis of
alpha-diversity indices (Chaol, Simpson, and Shannon) showed no significant differences
between the baseline (T0) and six months post-surgery (T1). This indicates that while SG
influences the metabolic environment, it does not significantly alter the overall richness
or evenness of the gut microbiota within individual samples. This finding is consistent
with previous studies, which have similarly reported little to no change in alpha-diversity
following bariatric surgery [38,39]. This suggests that the impact of SG on the microbiota
may be more focused on specific bacterial taxa rather than overall community diversity.
Similarly, although beta-diversity analysis revealed a statistically significant change in
microbial composition between T0 and T1, the PCoA plot did not show clearly separated
clusters. This also suggests that while there were compositional changes, they were not
substantial enough to create distinct microbial profiles across patients. These subtle shifts
may reflect changes in key taxa that affect metabolic health without dramatically altering
the overall community structure.

One of the most striking findings in our study is the significant increase in Lactobacillus
and related taxa following surgery. Across multiple taxonomic levels, including class, order,
family, genus, and species, members of the Lactobacillaceae family—especially Lactobacillus
crispatus and Lactobacillus iners—showed significant enrichment after SG. This aligns with
findings from previous studies that also reported an increase in Lactobacillus after bariatric
procedures [40,41]. The post-surgical enrichment of Lactobacillus could be explained by
changes in the gastrointestinal environment following SG, including alterations in pH,
bile acid composition, and nutrient availability [40]. Lactobacilli are known to thrive in
acidic environments and play a crucial role in gut health by producing lactic acid and
supporting gut barrier integrity. Moreover, the increased presence of Lactobacillus may
contribute to improving post-surgical metabolic regulation, as certain Lactobacillus species
have been linked to enhanced insulin sensitivity and anti-inflammatory effects [42]. The
enrichment of Lactobacillus crispatus and Lactobacillus iners specifically could have important
implications for the management of NAFLD in patients undergoing bariatric surgery.
Previous research suggests that some strains of Lactobacillus may influence liver function
by reducing inflammation and modulating lipid metabolism [42], thus potentially playing
a role in the positive metabolic outcomes often observed after SG.

These observations highlight the critical involvement of the gut-liver axis in NAFLD
and suggest that bariatric surgery may improve liver health not only through weight loss
but also by promoting a healthier gut microbiome [37]. The identification of specific micro-
bial taxa linked to liver disease markers raises the possibility of using microbiome-targeted
interventions—such as probiotics, prebiotics, or fecal microbiota transplantation—as po-
tential adjunct therapies for NAFLD [43]. Future clinical trials could explore whether
restoring a balanced gut microbiota, in conjunction with bariatric surgery, enhances liver
recovery and metabolic outcomes more effectively. Additionally, these studies should delve



Int. J. Mol. Sci. 2024, 25, 11510

11 0f 18

into the functional implications of microbiota changes after surgery, focusing on microbial
metabolites like short-chain fatty acids, bile acids, and other bioactive compounds [44].
Understanding the mechanisms by which gut bacteria regulate liver function and influence
NAFLD progression could shed light on novel therapeutic strategies targeting the gut-liver
axis, ultimately optimizing the treatment and management of NAFLD.

Epigenetic modifications, particularly DNA methylation, play a critical role in how
environmental factors, such as diet and lifestyle changes, influence gene expression and
overall metabolic health. In this study, nearly 600 differentially methylated CpG sites were
identified when comparing samples before and six months after bariatric surgery, with most
of them showing reduced methylation. These alterations indicate that bariatric surgery
induces significant epigenetic reprogramming, which likely contributed to the observed
metabolic improvements. One of the most notable findings was the enrichment of differen-
tially methylated genes within the “Autophagy-animal” pathway, a key process responsible
for protein degradation, organelle turnover, and the breakdown of cytoplasmic components.
Autophagy is tightly regulated by environmental stressors such as nutrient deprivation,
growth factor withdrawal, and endoplasmic reticulum stress, playing a vital role in main-
taining cellular homeostasis and quality control [45]. An important function of autophagy
in NAFLD is the regulation of the process of excessive lipid accumulation. For example,
mice fed high-fat diets and in which an autophagy-related gene (Atg7) was knocked out
showed a marked increase in hepatic triglycerides and cholesterol content, indicating that
defects in autophagy may promote hepatic steatosis [46]. In addition, insulin downregulates
autophagy in response to nutrient supply, but autophagy also modulates insulin sensitivity.
As expected, hyperinsulinemic mice fed high-fat diets have shown reduced levels of au-
tophagy [47]. Thus, independent factors can promote both impaired autophagy and hepatic
steatosis, but then decreased autophagy exacerbates steatosis, further impairing autophagy.
This complex cycle leads to a persistent worsening of both cellular autophagic function and
lipid accumulation [48]. The post-surgical methylation changes in autophagy-related genes,
including IRS4 and ATG4B, suggest a restoration of this critical process. IRS4 is involved
in insulin signaling, and ATG4B plays a role in autophagosome formation [49,50]—two
mechanisms that could explain how SG improves insulin sensitivity and reduces hepatic
fat accumulation. In addition to the autophagy-related genes, other frequently represented
differentially methylated genes, such as MIR3648-1, PMF1, and MIR663A, are involved in
processes like cell proliferation, differentiation, and inflammation [51-53]. Their altered
methylation patterns highlight their potential role as key regulators of the metabolic changes
observed after surgery and warrant further investigation into their complication in the epi-
genetic regulation of obesity-related liver disease. To build on these findings, transcriptomic
data could be integrated to provide a deeper understanding of how DNA methylation
impacts gene expression and metabolic regulation. This approach could help identify the
regulatory pathways that mediate the beneficial effects of bariatric surgery on liver function,
offering new insights into therapeutic targets for NAFLD and related metabolic conditions.

Several limitations must be acknowledged when interpreting these results. First, this
study’s small sample size of 22 patients limits its statistical power and generalizability.
With a cohort of this size, it is not possible to account for multiple confounding factors,
such as diet, BMI, medications, and physical activity, which are known to influence both
gut microbiota composition and epigenetic modifications. Consequently, some of the
observed changes may be partly attributable to these unmeasured variables. Another
limitation is that all the participants underwent SG and shared similar metabolic conditions,
restricting the applicability of the findings to other types of bariatric surgery, such as RYGB,
or to individuals with varying severities of NAFLD. Future research should include larger
and more diverse patient populations, as well as comparisons between different surgical
procedures, to determine whether the observed changes in microbiota and clinical markers
are specific to SG or generalizable to other bariatric interventions. Furthermore, the six-
month follow-up period may not have been long enough to allow a full assessment of
the long-term effects of SG, particularly with regard to liver fibrosis and the sustainability
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of gut microbiota changes. Given that fibrosis is a slow-progressing condition, a longer
follow-up is needed to determine whether the improvements observed in this study are
maintained or continue to evolve beyond six months.

Longer-term studies with robust controls for dietary and lifestyle factors are essential
to determine the persistence of these improvements and assess the potential for fibrosis
reversal over extended periods. Lastly, this study did not include a control group of NAFLD
patients who did not undergo surgery, which limits the ability to attribute the observed
changes solely to the effects of bariatric surgery. Future studies should incorporate control
groups to compare the natural progression of NAFLD with the post-surgical outcomes,
ensuring a clearer understanding of how surgery specifically alters disease trajectory. Fur-
thermore, although significant changes in microbial composition and DNA methylation
were identified, this study did not delve into the functional implications of these alter-
ations, such as the production of microbial metabolites or the specific genes regulated by
differentially methylated loci. Integrating advanced techniques such as metagenomics,
transcriptomics, and metabolomics in future research could provide a more comprehensive
view of the functional consequences of these epigenetic and microbial shifts, leading to a
better understanding of the mechanisms driving metabolic improvement after surgery.

4. Materials and Methods
4.1. Study Design and Population

In this epidemiological study, approved by the Catania Ethics Committee (Catania 2,
Prot. No. 110, 28 September 2022, and Prot. No. 600, 28 March 2023), we recruited patients
with NAFLD at two medical centers in Catania city: Policlinico Morgagni and Azienda
Ospedaliera Cannizzaro. The present quasi-experimental, one-group pretest—posttest de-
sign study included patients who underwent bariatric surgery at Policlinico Morgagni
from November 2022 to September 2023. In particular, subjects > 18 years old with obesity
(class I, II, or III) and NAFLD preliminarily assessed by changes in liver function and liver
ultrasound and who were eligible for bariatric surgery according to the guidelines of the
Italian Society of Obesity Surgery (SICOB) were included [54]. In accordance with routine
clinical practice, patients underwent esophagogastroduodenoscopy with biopsy for H.
pylori testing. H. pylori-positive patients were not included in this study and were referred
for appropriate eradication therapy. Clinical characteristics, biochemical parameters, gut
microbiota diversity, and DNA methylation profiles were assessed to compare changes be-
tween baseline (T0) and after six months of bariatric surgery (T1). The association between
the clinical, biochemical, and lifestyle characteristics and gut microbiota compositions of
the subjects at TO was also analyzed. All participants signed an informed consent form.

4.2. Clinical and Biochemical Assessment

Biochemical parameters assessed for all participants included PLT count, urea, cre-
atinine, albumin, blood glucose, total cholesterol, triglycerides, high-density lipoprotein
cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), very-low-density lipopro-
tein cholesterol (VLDL-c), GGT, alanine transaminase (ALT), AST, AST/ALT ratio, and total
bilirubin. HSI was evaluated according to the formula 8 x (ALT/AST) + BMI + 2 (if female)
+ 2 (if type 2 diabetes) and considering a cut-off value < 30 to exclude and >36 to predict
hepatic steatosis [55]. In addition, the FIB-4 was used to assess liver fibrosis. FIB-4 was
calculated as age (years) x AST (IU/L)/[PLT (10°/L) x /ALT (IU/L)] [56]. Accordingly,
the approximate fibrosis stage was defined according to the Ishak fibrosis staging cut-off
points, considering values < 1.45 as stage 0-1, in the 1.45-3.25 range as stage 2-3, and
>3.25 as stage 4-6 liver fibrosis [56]. Acoustic Radiation Force Impulse (ARFI) elastography
was also performed using a Siemens Acuson ultrasound unit (Siemens Healthineers AG,
Munich, Germany) to assess liver stiffness and determine liver fibrosis stage. Body weight
and fat percentage were measured via bioelectrical impedance analysis. BMI was calculated
as body weight (Kg) divided by the square of height (m) to define the subjects’ nutritional
status according to the World Health Organization classification [57].
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4.3. Lifestyle and Diet Quality Assessment

An ad hoc questionnaire was prepared to collect sociodemographic (i.e., age, gender,
educational level, profession, and employment status), clinical (i.e., disease history, use of
medications/supplements/stimulants), and lifestyle (i.e., smoking habit, physical activity
level) data of study participants. In addition, overall diet quality was assessed at baseline
using a relatively validated SFFQ for NAFLD patients [58,59]. With the authors’ permission,
the SFFQ was translated into Italian. In particular, this instrument assesses the frequency
of consumption per week, over the last month, of food from the fruit, vegetable, sugar, and
fat groups, including alcohol consumption, which is particularly implicated in NAFLD
pathogenesis. Each question is scored on a scale of 0 to 5, with a score of 5 indicating
optimal intake, and the sum of all points leads to a DQS [58,59].

4.4. Bariatric Surgery Intervention and Follow-Up of Patients

Patients recruited at Policlinico Morgagni underwent bariatric surgery with SG. The
clinical characteristics, biochemical parameters, gut microbiota diversity, and DNA methy-
lation profiles of patients were assessed to compare changes at the 6-month follow-up after
bariatric surgery. For this purpose, stool and blood samples were collected from fasting
patients at the time of admission, prior to undergoing SG, and again during the follow-up
visit, six months post-surgery.

4.5. Gut Microbiota Analysis

To estimate the diversity of the patients’ gut microbial communities, the V1-V2-V3
hypervariable regions of the bacterial 165 rRNA gene were amplified and sequenced. Stool
samples were collected at baseline (T0) and 6 months after (T1) SG for all NAFLD patients
and stored at —80 °C until analysis. After initial lysis buffer processing, DNA extraction
was performed by using the MagPurix® Bacterial DNA Extraction Kit and the MagPurix®
Automated Extraction System (Resnova, Rome, Italy) according to the manufacturer’s
instructions. DNA purity was measured using a NanoDrop 1000 spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA), and DNA concentration was determined
using a Qubit™ fluorometer with the Qubit™ dsDNA High-Sensitivity Assay (HS) Kit
(ThermoFisher Scientific, Waltham, MA, USA). For library preparation, Microbiota Solution
A (Arrow Diagnostics S.R.L., Genova, Italy) was used to target and analyze the V1-V2-V3
hypervariable regions of the bacterial 165 rRNA gene. This kit utilizes degenerated primers,
which allow for the amplification of multiple hypervariable regions, increasing the ability to
capture a broader range of bacterial diversity. All procedures were performed in accordance
with the manufacturer’s instructions. Library quality controls were performed using both
the Qubit™ dsDNA HS kit and the High Sensitivity D1000 ScreenTape assay for TapeStation
(Agilent Technologies, Santa Clara, CA, USA) to assess concentration, profile, and size of
each library obtained. Next-generation sequencing was performed in paired-end mode
(2 x 151 bp) on a Mid Output v2 platform for Illumina NextSeq® 550 (Illumina, San
Diego, CA, USA). Variants were called with a variant allele frequency cut-off value of
30%. Target regions showed a mean read coverage of 60x (10% quantile) with a minimum
depth of >25x for 99% of bases. Sequencing data (FASTQ files) were analyzed using the
software MicrobAT Suite v1.2.1 (SmartSeq S.R.L., Novara, Italy) that identified operational
taxonomic units. The raw counts for each taxon were extracted and analyzed across
multiple taxonomic levels (e.g., genus, family, species).

Alpha-diversity, which reflects the diversity within individual samples, was evaluated
using three widely applied indices: the Chaol Index, which estimates species richness
within each sample; the Shannon Index, which accounts for both richness (number of
species) and evenness (distribution of individuals across species); and the Simpson Index,
which emphasizes species dominance within a sample. These indices were calculated
using the QIIME2 pipeline. Statistical comparisons of alpha-diversity between groups
(TO versus T1) were made using the Wilcoxon signed-rank test, appropriate for paired
sample comparisons. Beta-diversity, which assesses differences in microbial community
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composition between samples, was evaluated using the Bray—Curtis dissimilarity index,
which quantifies the compositional dissimilarity based on species abundance. To test for
significant differences in microbial community composition between groups, we applied
PERMANOVA (Permutational Multivariate Analysis of Variance). To further explore and
visualize these differences, Principal Coordinates Analysis (PCoA) was performed on the
Bray-Curtis distance matrix.

For the Differential Abundance Analysis, the EdgeR package was employed to identify
taxa that were significantly different between groups. Raw counts were normalized using
the Trimmed Mean of M-values (TMM) method to account for variations in sequencing
depth. Taxa with consistently low counts across samples were filtered out to minimize
noise. A negative binomial generalized linear model (GLM) was then used to model the
count data, and significance testing was performed using the likelihood ratio test (LRT).
Multiple testing was corrected using the Benjamini-Hochberg (BH) method to control the
false discovery rate (FDR), with taxa showing adjusted p-values < 0.05 being considered
significantly differentially abundant. Results were reported as log2 fold changes (log2FC),
alongside raw p-values and FDR-adjusted p-values.

4.6. DNA Methylation Analysis

To evaluate changes in the DNA methylation profiles between T0 and T1, peripheral
blood samples were collected in EDTA tubes and stored at —80 °C until analysis. Genomic
DNA was extracted using the magnetic-bead-based MagPurix® Blood DNA Extraction
Kit and the MagPurix® Automated Extraction System (Resnova, Rome, Italy) according
to the manufacturer’s instructions. DNA concentrations were measured with a Qubit™
fluorometer using the Qubit™ dsDNA HS Kit (ThermoFisher Scientifc, Waltham, MA,
USA). Reduced Representation Bisulfite Sequencing (RRBS) was performed on a total of
46 samples (i.e., samples at TO and T1 and controls) using the Zymo-Seq RRBS Kit (Zymo Re-
search Corporation, Irvine, CA, USA) according to the manufacturer’s protocol. Libraries
were sequenced on four Illumina NextSeq® 550 runs (Illumina, San Diego, CA, USA),
generating paired-end reads. Raw sequencing data (FASTQ files) were analyzed using a
bioinformatics pipeline tailored to bisulfite sequencing data. Adapter trimming and quality
control checks were first performed with Trim Galore v0.6.6 (Babraham Bioinformatics,
Cambridge, UK) according to the Zymo-Seq RRBS Kit protocol guidelines. Quality control
of trimmed sequences was performed using FastQC v0.11.9 (Babraham Bioinformatics,
Cambridge, UK) to assess sequence quality metrics. The curated reads were aligned to the
human genome assembly GRCh37 (hg19) using the Bismark aligner v0.22.3 (Babraham
Bioinformatics, Cambridge, UK). A comprehensive quality control analysis was performed,
using MultiQC v1.18 (Seqera Labs, Barcelona, Spain) to subsequently perform differen-
tially methylated loci (DML) analysis. A Group-Based Comparison (GBC) analysis was
performed by pooling all TO and T1 samples. CpG sites with a minimum read coverage
of 10x were included, and differences in methylation levels were analyzed using Fisher’s
exact test, using the methylKit package v1.20.0 [60] in Rstudio v4.3.3. Paired-Sample
Analysis (PSA) was also performed, comparing methylation levels between TO and T1
paired samples. CpG sites within a £50 base pair window around each locus were an-
alyzed. Significant differences in methylation levels were analyzed using Welch’s ¢-test
(p-value < 0.05), followed by post hoc correction with the Benjamini-Hochberg method.
Only sites with a False Discovery Rate (FDR) < 0.05 were retained as reliable DML. These
analyses were performed using the DSS package [61] in Rstudio v4.3.3. CpG site annota-
tion was performed using the ChIPseeker package v1.28.0 [62] in combination with the
TxDb.Hsapiens.UCSC.hg19.knownGene database for gene identification. The ggplot2
package in R was used to generate volcano plots to represent genome-wide DML patterns
and highlight loci with statistically significant methylation differences between T0 and T1.
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4.7. Statistical Analysis

Quantitative variables were expressed as medians and interquartile ranges, while cate-
gorical variables were given as frequencies and percentages. Spearman’s rank correlation
was used to analyze the association between clinical, biochemical, and lifestyle variables
and taxa relative abundance at baseline. The Wilcoxon signed-rank test was used to analyze
changes in clinical and biochemical quantitative variables after SG. The McNemar’s test or
marginal homogeneity test was implemented to analyze changes in categorical variables
with two or more categories. These analyses were performed with SPSS software (v 22.0,
SPSS Inc., Chicago, IL, USA), considering a p-value < 0.05 as statistically significant.

5. Conclusions

This study highlights the intricate nature of NAFLD, emphasizing the complex inter-
play between gut microbiota, epigenetics, and metabolic health. Bariatric surgery not only
drives significant weight loss and improves liver function but also may contribute to pro-
found shifts in both microbial communities and epigenetic landscapes. Importantly, these
changes appear to be highly individualized, reflecting unique responses at the microbial
and epigenetic levels. Given this complexity, future research should focus on developing
personalized treatment strategies that integrate genetic, epigenetic, and microbial profiles
to optimize outcomes for NAFLD patients. This multifactorial approach—addressing
this disease through both surgical and biological pathways—provides new insights into
the mechanisms underlying NAFLD progression and resolution. By considering an in-
dividual’s baseline microbiota, genetic susceptibility, and epigenetic markers, tailored
interventions could significantly improve both short- and long-term outcomes for NAFLD
management. In light of these findings, NAFLD patients undergoing bariatric surgery
may benefit from personalized treatment plans that not only target weight loss but also
address microbial and epigenetic factors. Future research should explore the potential of
combining bariatric surgery with microbiome-based therapies and epigenetic interventions
to maximize the therapeutic effects. Long-term studies are also needed to assess the sus-
tainability of these changes and evaluate whether liver fibrosis can be effectively reversed
in post-surgical NAFLD patients.
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