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ABSTRACT ARTICLE HISTORY

To evaluate the changes in the gut microbiota associated with changes in the biochemical markers Received 7 February 2023
of nonalcoholic fatty liver disease (NAFLD) after a lifestyle intervention with the Mediterranean Revised 11 May 2023
diet. Participants (n=297) from two centers of PREDIMED-Plus trial (Prevencién con Dieta  Accepted 5June 2023
Mediterrénea) were divided into three different groups based on the change tertile in the  keyworbps

Hepatic Steatosis Index (HSI) or the Fibrosis—4 score (FIB—4) between baseline and one year of Microbiome; metabolic liver
intervention. One-year changes in HSI were: tertile 1 (T1) (—24.9 to —-7.51), T2 (-7.5 to —1.86), T3 disease; hepatic steatosis
(—1.85 to 13.64). The most significant differences in gut microbiota within the year of intervention index; the Fibrosis-4 score;
were observed in the T1 and T3. According to the FIB—4, participants were categorized in non- Mediterranean diet
suspected fibrosis (NSF) and with indeterminate or suspected fibrosis (SF). NSF participants showed

higher abundances of Alcaligenaceae, Bacteroidaceae, Bifidobacteriaceae, Clostridiaceae,

Enterobacteriaceae, Peptostreptococcaceae, Verrucomicrobiaceae compared to those with SF.

Then, participants were divided depending on the FIB—4 tertile of change: T1 (—89.60 to —5.57),

T2 (—5.56 to 11.4), and T3 (11.41 to 206.24). FIB—4 T1 showed a decrease in Akkermansia and an

increase in Desulfovibrio. T2 had an increase in Victivallaceae, Clostridiaceae, and Desulfovibrio. T3

showed a decrease in Enterobacteriaceae, and an increase in Sutterella, Faecalibacterium, and

Blautia. A relation between biochemical index changes of NAFLD/NASH (HSI and FIB—4) and gut

microbiota changes were found. These observations highlight the importance of lifestyle inter-

vention in the modulation of gut microbiota and the management of metabolic syndrome and its

hepatic manifestations.

PLAIN LANGUAGE SUMMARY
What You Need to Know
What is the context:
Obesity and metabolic syndrome have been associated with nonalcoholic fatty liver disease
(NAFLD). Gut microbiota and its interaction with the environment may play a key role in NAFLD.
What is new:
Mediterranean diet and physical activity can modify the scores for liver steatosis (HSI) and liver
fibrosis (FIB—4) in only one year. A relation between the changes in these scores and gut microbiota
changes was found.
What is the impact:
The discovery of microbiota-based biomarkers for NAFLD and the development of strategies to
modulate gut microbiota in the treatment of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the
main cause of chronic liver disease nowadays,
with a global prevalence of 25%." NAFLD begins
with simple macrovesicular steatosis and might
progress to nonalcoholic steatohepatitis (NASH)
which is characterized by steatosis and ballooning
and inflammation with or without fibrosis. NASH
implies a higher risk of progression to cirrhosis,
hepatocellular carcinoma, and end-stage liver dis-
ease. There are many risk factors associated with
NAFLD, most of them associated with obesity, type
2 diabetes mellitus (T2DM), and other components
of metabolic syndrome (MS).> NAFLD is consid-
ered a hepatic manifestation of MS, but also has
a role in the rest of its components.” Recently, the
term metabolic dysfunction associated with fatty
liver disease (MAFLD) has been proposed, though
there is no consensus on the generalization of this
new nomenclature.

It has been demonstrated a relationship between
a western lifestyle and NAFLD, but there are also
some genetic risk factors such as some single nucleo-
tide polymorphisms (SNPs), including patatin-like
phospholipase  domain-containing protein 3
(PNPLA3), transmembrane 6 superfamily member
2 (TM6SF2), or membrane-bound O-acyltransferase
domain containing 7 (MBOAT?7), among others.”

Some studies in mice have shown that differ-
ences in microbiota composition influenced the
development of NAFLD after a high-fat diet, with
an increased abundance of Firmicutes phylum,
Barnesiella and Roseburia genera, Lachnospiraceae
and Barnesiella intestinihominis.* In addition, sev-
eral human studies have also shown a role of dys-
biosis in the development and progression of
NAFLD, with increased Proteobacteria phylum™
increased Enterobacteriaceae, and decreased
Rikinellaceae and Rummunoccaceae at the family
level® or increased Escherichia and Dorea and
decreased Coprococcus, Faecalibacterium, and
Prevotella at the genus level.” In patients with
advanced fibrosis, some specific alterations have
been also described, predominantly an increase in
Gram-negative bacteria and Proteobacteria, and
a decrease in Firmicutes.® Finally, some microbial
metabolites and endotoxins also seem to play a role
in NAFLD pathophysiology, such as increased bile

acids circulation, acetate, and butyrate short-chain
fatty acids, ethanol, or choline-related metabolites.
Some of them have been shown to be able in
increasing gut permeability, inducing inflamma-
tion, or promoting hepatic lipogenesis.*

However, there is important heterogeneity in the
results reported to date, probably due to the use of
different methodologies, study designs, and ethnic
population differences among others. Therefore,
further studies are warranted in the future to clarify
the role of gut microbiota and their metabolites,
interacting with environmental factors such as diet
or lifestyle in the development and progression of
NAFLD. In the present study, we evaluated the
changes in the microbiota associated with changes
in biochemical markers of NAFLD/NASH after an
intervention aiming to promote weight loss with an
energy-reduced Mediterranean diet and physical
activity promotion, a lifestyle intervention with
probed benefits for metabolic syndrome.

Results

Changes in the HSI steatosis index during the
intervention

Participants were categorized into three groups
depending on HSI tertile of change after 1-year
of the intervention: T1 (n=99; —24.9 to —7.51),
T2 (n=99; -7.5 to —1.86) and T3 (n=99; —-1.85
to 13.64); being T1 the group with the more favor-
able change and T3 with the less favorable change
across the first year of intervention. In Table 1, we
represent the anthropometric and biochemical
variables at baseline, 1-year of intervention, and
their changes over the first year of follow-up.
Significant differences between extreme tertiles
were shown for body weight, waist circumferences,
and BMI. Compared to T2 and T3, a higher per-
centage of participants with type 2 diabetes diag-
nosis and metformin treatment was observed in T1.
In addition, T1 participants had a higher baseline
HSI and showed a higher decrease in this index
after 1-year of intervention, like those in T2.
Regarding 1-year changes, some significant differ-
ences were found in weight in T1 participants
compared to those in T2 and T3 (-5.86 +4.14 kg
in T1 vs. —=3.04 + 3.43 kg in T2 and 0.41 £ 3.18 kg in
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Table 1. Clinical and laboratory characteristics at baseline and 1-year of intervention according to the change HSI tertiles.

Variables T1 (n=99) T2 (n=99) T3 (n=99) p-value across tertiles®
Age (years) 64.29 +5.25 64.80 £ 5.14 65.13 +4.63 0.643
Sex (male/female) 60/39 51/48 45/54 2 0.099
HSI, median (IQR) Baseline 46.87 (42.93-50.33) 44.75 (40.25-47.95)° 43.91 (40.21-46.51) @ <.001
1-year 41.20 (37.51-44.87)* 42.47 (38.50-45.60)* 4438 (41 .62—48.06)*' ab <.001
Change -11.88+£3.48 —4.74 +1.60° 239+3.73% P <.001
Weight (kg), mean+SD Baseline 88.78 +11.46 88.86 + 14.56 87.71+£12.66 0.764
1-year 83.53 + 11.36* 86.10 + 14.01* 88.03 + 12.43° 0.049
Change —-5.86+4.14 —3.04 +3.43° 0.41+3.18*" <.001
Waist circumference (cm), mean+SD  Baseline 110.46 + 8.68 109.65 + 10.66 108.90 +9.98 0.565
1-year 104.81 £9.41* 106.53 £ 10.50* 109.37 £ 10.06° 0.006
Change -5.03+4.73 —2.80 +4.29° 0.47 +4.09* ® <.001
Waist-Hip ratio, mean+SD Baseline 1.0 +£0.07 0.99 +0.07 0.99 +0.07 0.352
1-year 0.98 £ 0.06* 0.98 +£0.07* 0.98 +£0.07 0.944
Change —2.08+4.59 —-1.12+ 456 —0.57 + 4.34° 0.092
BMI (kg/mz, median (IQR) Baseline 32.66 (30.14-35.68) 32.81 (29.59-36.24) 33.15 (30.78-36.15) 0.771
1-year 31.01 (29.18-33.35)* 31.66 (29.16-35.35)* 33.48 (31.06-36.09)* b <.001
Change —5.50+4.38 -2.85+3.33° 0.45+3.18> P <.001
Glucose (mg/dL), median (IQR) Baseline 105 (95-122.75) 102.50 (92-117) 102 (93-114.50) 0.340
1-year 104 (89.25-124)* 101 (93.25-114.75) 99 (93-115.50) 0.898
Change —3.13+14.95 —0.18 £ 13.90 3.34 +20.83° 0.015
Triglycerides (mg/dL), median (IQR)  Baseline 138 (116-202) 173.50 (124.50-206) 151 (118-216) 0.422
1-year 132 (95.25-171.50)* 150.50 (115-190.50)° 151 (111-191)2 0.029
Change —5.82+39.38 479 £68.13 1.59 +38.78 0.190
Total cholesterol (mg/dL), mean+SD Baseline 194.20 + 36.60 205.07 +35.21° 198.84 +35.49 0.062
1-year 191.25 £ 35.74 203.53+38.88 % 199.09 +41.82 0.081
Change —0.20+13.31 —0.41+14.27 0.99 £ 17.66 0.928
HDL (mg/dL), median (IQR) Baseline 45 (39.25-55) 46 (39-55) 48 (43-54.50)° 0.099
1-year 47.50 (40-58.75)* 49 (42-58)* 51 (44-58)* 0.372
Change 8.85+15.39 5.07 £15.76 5.14 £15.50 0.112
LDL (mg/dL), median (IQR) Baseline 110.50 (91-136.25) 116 (106-141.50)% 116 (93-137) 0.036
1-year 109 (94-130.25) 115.50 (100-143) 113 (91-144) 0.262
Change 2.15+22.30 —-1.15+20.91 2.55 +28.64 0.468
HbA1c (%) Baseline 6.33£1.15 6.01+0.78° 5.96 +0.59° 0.070
1-year 5.98 + 0.90* 5.95+0.83* 6.12 +1.03* 0.442
Change —4.59+8.13 —0.75 + 8.83° 2.55 +9.66™ P <.001
AST (U/L), median (IQR) Baseline 21 (16.25-26) 21 (17-26) 23 (19-27)? 0.067
1-year 20 (16-24) 21 (18-25.75) 21 (17-26)* 0.122
Change 1.20 +28.84 4.60 +30.71 —2.03 +23.47 0.464
ALT(U/L), median (IQR) Baseline 27.50 (22-38) 25 (20-31)? 26 (19-31)? 0.097
1-year 23 (17-28)* 23 (17-28)* 26 (19-35)? 0.017
Change —20.68 +£23.48 -2.73+2827° 11.13 +38.84* P <.001
GGT (U/L), median (IQR) Baseline 32 (23-46) 26 (22-38.75) 29 (20-44.50) 0.263
1-year 25 (19-34.75)* 25.50 (19.25-35.75) 29 (20-46.50) 0.131
Change —10.28 £ 45.86 3.80+77.54 10.63 +46.35 ° <.001
Albumin (g/dL), median (IQR) Baseline 4.22 (4.01-4.48) 4.34 (4.06-4.48) 4.29 (4-4.47) 0.858
1-year 4,16 (3.87-4.42)* 4.24 (4-4.43)* 4.26 (4.09-4.42) 0.242
Change —-2.02+5.25 -1.79+8.25 —0.57 £ 6.46 0.216
SBP (mm Hg), median (IQR) Baseline 139 (130.33-149.58) 138.50 (128.08-150.33) 139 (127.33-148.16) 0.988
1-year 134.33 (124.91-150.25)* 132.16 (122.50-144.25)* 137 (128.83-145.33) b 0.110
Change —-2.41+10.11 —3.72+10.40 —0.52+10.82 0.097
DBP (mm Hg), mean+SD Baseline 79.40 +9.86 79.05+10.28 79.88 +10.27 0.936
1-year 77.76 £ 10.56* 75.74+£9.22 79.02 +9.03° 0.052
Change -1.79+£10.61 -3.56 +11.08 —0.30+9.56° 0.091
Metformin treatment (%) Baseline 32.32 (32/99) 15.15 (15/99)° 11.11 (11/99)? <.001
1-year 20.20 (20/99) 13.13 (13/99) 10.10 (10/99)* 0.051
Type 2 Diabetes (%) Baseline 34.34 (34/99) 17.17 (17/99) 12.12 (12/99)2 <.001
1-year 37.37 (37/99) 20.20 (20/99)° 17.17 (17/99)% 0.001
Hypercholesterolemia (%) Baseline 50.50 (50/99) 48.48 (48/99) 52.52 (52/99) 0.851
1-year 48.48 (48/99) 49.49 (49/99) 51.51 (51/99) 0.741
Hypertension (%) Baseline 77.77 (77/99) 76.76 (76/99) 85.85 (85/99) 0.214
1-year 75.75(75/99) 87.87 (87/99) 85.85 (85/99) 0.208

ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; DBP, diastolic blood pressure; GGT, gamma-glutamyl transferase; HbA1c,
glycated hemoglobin; HDL, high-density lipoprotein; HSI, hepatic steatosis index; IQR, interquartile range; LDL, low-density lipoprotein; SBP, systolic blood
pressure; SD, standard deviation. The groups were HSI tertile of change at one year after lifestyle of intervention: T1 (-24.9 to —7.51); T2 (-=7.50 to —1.86)
and T3 (—1.85 to 13.64). *p < .05 baseline vs. 1-year of intervention value, according to paired Student’s tests or Wilcoxon tests. & One-way ANOVA,
Pearson'’s chi-square test or Kruskal-Wallis test used to calculate differences across tertiles; Pearson’s chi-square test, Student’s t-test or Mann-Whitney
test used to calculate differences between tertiles; a p <.05 vs. T1; b p <.05 vs. T2.
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T3; p<.001) and in a similar way for the waist
circumference and BMI, with greater reductions
in T1 compared to T2 and T3. An increase in
fasting glucose was observed in T3 participants
compared to a reduction in those in T1 (-3.13 +
14.95 mg/dL in T1 vs. 3.34 + 20.83 mg/dL in T3, p
=0.015). Similar changes were observed in the case
of HbAlc, with a greater reduction in T1 compared
to T2 and an increase in T3. Significant differences
in changes were also observed for liver enzymes:
ALT showed a higher reduction in T1 compared to
T2 and an increase in T3 compared to T1 and T2
(p <.001). GGT increased in T2 and T3, whereas
decreased in T1 (p <.001) (Table 1).

Biochemical changes with the HSI steatosis index
were accompanied by changes in gut microbiota
populations

Significant changes in Weighted UniFrac distances
(beta diversity), but not in the alpha diversity indexes,
were found between baseline and 1-year of interven-
tion in those participants in T1 (p=.013), and
a tendency in case of T2 (p =.054), while no differ-
ences were shown in T3 (Supplementary Table S1).
Regarding particular 1-year changes within each
tertile, those participants in T1 were characterized
by a decrease in Proteobacteria (p=.001, q=0.010)
and Lentisphaerae phyla (p=.005, q=0.015).
In addition, a significant decrease in the
Enterobacteriaceae family (p <.001, q<0.001) was
observed. At the genus level, we found a significant
decrease in Blautia (p=.008, q=0.043), and an

HSI
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S _Enterobacteriaceae TI1

Il

-0.10 -0.05 0.00 0.05 0.10 0.15 0.20

Log10 values of change in abundance

increase in Coprococcus (p <.001, q=0.008),
Lachnospira (p =.002, q=0.021) and Oscillospira (p
=.003, q=0.021) (Figure la). Participants in T2 did
not show any significant differences at the level of
phylum, family, or genus within the year of interven-
tion. Finally, those participants in T3 were character-
ized by a significant increase in the Alcaligenaceae (p
<.001, q=0.002) and Bifidobacteriaceae (p <.001, q
=0.002) families, as well as, an increase in
Desulfovibrio (p <.001, q<0.001), Bifidobacterium
(p=.001, q=0.011), Blautia (p<.001, q<.001),
Faecalibacterium (p <.001, q=0.002), and Sutterella
(p =.006, q =0.03) genera (Figure 1a).

Gut microbiota shows different populations
according to the levels of the FIB—4 index.

To deepen into characteristics of the gut micro-
biota populations associated with the FIB—4, the
study participants were categorized into
those with non-suspected fibrosis (NSF: F0-F1,
n=205), and those with indeterminate or sus-
pected fibrosis (SF: F2-F6, n=92) at baseline.
We found some statistically significant differences
at baseline. Waist circumference was higher in
NSF (p =.048), but no differences were found in
the waist/hip ratio. BMI was also higher in NSF
group (p=.001) as well as glucose (p =.004), total
cholesterol (p=.012) and HbAlc (0<.001)
though both groups exhibited a well metabolic
control in terms of HbAlc (<6.5%). On the
other hand, age (p<.001) and AST levels were
higher at baseline in SF (p <.001) (Table 2).

FIB4
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g __Desulfovibrio_ T2
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Figure 1. Graphs show the log10 values of the fold change in the abundance in phylum, family, and genera of gut microbiota found
statistically significant between time-points (p < .05, q < 0.05). a. Significant changes in the abundance of gut microbiota in T1, T2 and
T3 groups of HSI score. b. Significant changes in the abundance of gut microbiota in T1, T2 and T3 groups in FIB — 4 score.
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Table 2. Anthropometric and biochemical baseline characteristics. Comparison between patients without
fibrosis (NSF) and patients with indeterminate or suspected fibrosis (SF).

NSF (205) SF (92) p-value
Sex, male/female 100/105 56/36 0.054
Age, years 64.05 + 4.86 66.26 + 5.01 <.001
Weight (kg), mean+SD 89.08 +£13.19 87.08 £12.44 0.222
Waist circumference (cm), mean+SD 110.42 +£9.55 107.99 +£10.25 0.048
Waist/Hip (ratio), mean+SD 0.99 +0.07 0.99 +0.07 0.887
BMI (kg/m2), median (IQR) 33.39 (31.17-36.25) 31.47 (29.48-34.96) 0.001
Glucose (mg/dL), median (IQR) 104 (94-120.50) 99.50 (91-110.50) 0.004
Triglycerides (mg/dL), median (IQR) 156.50 (124.25-201) 151 (100.25-221.75) 0.300
Total cholesterol (mg/dL), mean+SD 203.04 £+ 36.37 191.68 +33.79 0.012
HDL (mg/dL), median (IQR) 47 (41-55) 45 (39-51.50) 0.112
LDL (mg/dL), median (IQR) 116 (96.50-141) 110.50 (96.25-130) 0.063
HbA1c (%), mean+SD 6.21 £0.94 5.84+0.67 <.001
AST (U/L), median (IQR) 20 (16-24.50) 25 (22-29) <.001
ALT(U/L), median (IQR) 26 (20.50-34) 25 (20-31.75) 0.525
Fosfatase (U/L), median (IQR) 73 (60.50-89) 66 (57-81) 0.013
GGT (U/L), median (IQR) 29 (22-39) 28 (20-48) 0.928
Albumin (g/dL), mean+SD 4.24 (3.97-4.46) 4.36 (4.16-4.54) 0.017
SBP (mm Hg), median (IQR) 139 (129-149.33) 138.83 (126.33-149.58) 0.738
DBP (mm Hg), mean+SD 79.58 +10.46 79.13+9.36 0.724
Metformin treatment (%) 22.43 (46/205) 13.04 (12/92) 0.059

Type 2 Diabetes (%)
Hypercholesterolemia (%)
Hypertension (%)

23.90 (49/205) (
52.19 (107/205) 46.73 (43/92) 0.385
80.48 (165/205) (

15.21 (14/92) 0.090

79.34 (73/92) 0.820

ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; DBP, diastolic blood pressure; GGT,
gamma-glutamyl transferase; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; IQR, interquartile range; LDL,
low-density lipoprotein; SBP, systolic blood pressure; SD, standard deviation.

Concerning gut microbiota results, although
no differences were found in alpha or beta diver-
sity (Supplementary Table S2), NSF participants
showed a higher increase in the levels of
Proteobacteria  (p<.001, q<0.001) and
Verrucomicrobia (p <.001, q<0.001) phyla com-
pared to SF participants. At family level, com-
pared to SF a significant higher increase was
observed in the families Alcaligenaceae (p <.001,
q<0.001), Bacteroidaceae (p=0.001, q=0.004),

Bifidobacteriaceae (p <.001, q<0.001),
Clostridiaceae (p=.001, q=0.004),
Enterobacteriaceae (p <.001, q<0.001),
Peptostreptococcaceae  (p<.001, q<0.001),
Verrucomicrobiaceae (p <.001, q<0.001) in
those participants with NSF, while the

Porphyromonadaceae family showed a higher
decrease (p <.001, q=0.002) (Figure 2). At the
genus level, the genus Bifidobacterium (p <.001,
q=0.01) was found to increase in NSF compared
to SF, and the abundance of the unknown genus
g (p<.001, q<0.001) was found to be signifi-
cantly lower in NSF compared to SF. Of those
participants included in NSF, 29.1% were in T1,
33% in T2, and 37.9% in T3, while those
included in SF 45.7% were in T1, 31.3% in T2,
and 20,7% in T3 (p=.004), respectively
(Figure 2).

Changes in the FIB—4 fibrosis index during the
intervention

In the same way as the HSI index, the sample was
categorized in three tertiles of FIB—4 changes
after 1-year of intervention: T1 (n=99; —89.60
to —=5.57), T2 (n=99; —5.56 to 11.4), and T3 (n
=99; 11.41 to 206.24). Like the steatosis index,
those participants in T1 showed the most favor-
able changes in anthropometric and biochemical
variables, and those in T3 had the less favorable
changes across the first year of intervention
(Table 3).

FIB—4 score tertiles of change showed fewer
differences than in the case of steatosis. At baseline,
AST levels were lower in T3 compared to T1 and
T2 (p <.001) in the same manner with respect ALT,
with lower baseline levels in T3 compared to T1 (p
=.012). Albumin levels were lower in T3 compared
to T1 (p=.008) and T2 (p = 0.002) and after 1-year
of intervention, albumin levels decreased in T3
compared to T2 (p=.006) and T1 (p=.017).
Regarding changes after 1-year, we found an
increase in AST in T3 compared to a reduction in
T1 and T2 (p<.001). On the other hand, we
observed a significant reduction in HbAlc in T3
and T2 compared to a mild increase in T1 (p =.002
and p = .025, respectively) as shown in Table 3.
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Figure 2. Comparison among participants with non-suspected fibrosis (NSF) and paticipants with indeterminate or suspected fibrosis
(SF). Relative abundance (%) of phyla, families and genera that have been found significant between fibrosis groups. Significantly

differences *p < .05.

Biochemical changes with fibrosis index were
accompanied by changes in gut microbiota
populations

Regarding beta diversity, gut microbiota popula-
tions changed within T1 according to the Weighted
UniFrac index (p =.016), as well as in T2 (p =.010),
but with no differences within the T3 group.
Regarding alpha diversity parameters, participants
in T1 showed a significant increase in the baseline
Evenness index compared to the 1-year time-point
(p =.024). Participants in T2 and T3 did not show
any difference in these alpha diversity indexes
(Supplementary Table S3). Figure 1B shows the
log10 values of change in abundance of the parti-
cular phyla, families, and genera that differed
within each tertile. Participants in T1 were charac-
terized by a decrease in the Akkermansia genus (p
=0.002, q=0.043) and an increase in the
Desulfovibrio (p <.005, q=0.004) genus. T2 parti-
cipants showed an increase in the phylum
Lentisphaerae (p <.001, q=0.002). At the family
level, an increase in Victivallaceae (p <.001, q=
0.007) and Clostridiaceae (p <.001, q=0.012) was
observed. At the genus level, we found an increase
in Desulfovibrio (p <.001, q<0.001). And finally,

T3 participants were characterized by a significant
decrease in the Proteobacteria phylum (p <.001, q
<0.001), a significant decrease in its family
Enterobacteriaceae (p <.001, q<0.001), and
a significant increase in Sutterella (p =0.002, q=
0.017), Faecalibacterium (p <.001, q=10.001), and
Blautia (p <.001, q <0.001) genera.

Metabolic pathways associated with the
microbiota.

Figure 3 depicts the routes found according to the
HSI tertile changes (Supplementary Table S4).
Compared to T2 and T3, T1 was characterized by
a decrease in the menaquinol biosynthesis (PWY
—-5838 to PWY-5899), and in the biosynthesis of
fatty acids and lipids (PWY-5989 to PWY0-862).
We found routes involved in heme group biosynth-
esis, HEME-BIOSYNTHESIS-II and HEMESYN2-
PWY, PWY-5918, and PWY0-1415, which were
decreased in group T'1 to T2 and T3. Participants in
T1 showed an increase in the biosynthesis of
methionine, an amino acid with important cellular
functions such as the initiation of protein synthesis,
DNA methylation, rRNA, the biosynthesis of
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Table 3. Clinical and laboratory characteristics at baseline and 1-year of intervention according to the change of FIB—4 tertile groups.

Variables T1 (n=99) T2 (n=99) T3 (n=99) p-value across tertiles &

Age (years) 64.14 + 4.69 64.56 +5.22 65.53 +5.04 0.125

Sex (male/female) 60/39 43/56% 53/46 0.052

FIB—4, median (IQR) Baseline 1.34 (1.04-1.83) 1.14 (0.93-1.53)* 1.05 (0.84-1.39)* <.001
1-year 1.07 (0.83-1.48)* 1.18 (0.96-1.58)* 1.42 (1.08—1‘74)*' ab <.001
Change —-17.39+13.38 3.61+491° 3424 + 26.66> ° <.001

Weight (kg), mean+SD Baseline 89.46 + 13.79 88.39+12.21 87.47 +12.89 0.455
1-year 87.23 +13.57* 86 +12.31* 84.38 + 12.34* 0.292
Change —249+4.11 —2.57 £4.68 —342+442

Waist circumference (cm), mean+SD Baseline 110+ 10.28 109.32 +£9.47 109.67 +£9.76 0.753
1-year 108.06 + 10.02* 106.43 £+ 9.99* 106.17 £ 10.46* 0.362
Change —-1.75+445 —243+£4.79 -3.16 £5.41°

Waist-Hip ratio, mean+SD Baseline 1+0.07 0.98 +0.07 1+0.06 0.142
1-year 0.99 +0.07* 0.97+£0.07" 2 0.98 +£0.07* 0.070
Change —-1.26 £4.52 —-1.39+4.04 -1.12+5.01

BMI (kg/mz, median (IQR) Baseline 32.93 (30.43-35.33) 33.97 (30.58-36.48) 32.21 (30.05-35.30) 0.169
1-year 31.75 (29.92-34.64)* 33.22 (29.72-36.06)* 31.18 (29.33—34.23)*' b 0.096
Change —-2.45+4.04 —2.40+4.75 —3.04 +4.40

Glucose (mg/dL), median (IQR) Baseline 103 (92-120) 102 (93-122) 102 (93-114) 0.884
1-year 101 (88-120.50) 101 (92-114) 102 (95-114) 0.934
Change 1.26 +21.32 —1.20 £ 15.87 —-0.04+12.74

Triglycerides (mg/dL), median (IQR) Baseline 153 (112.75-230.50) 171 (124-2017) 151 (118-192) 0.667
1-year 140 (111.75-195.25) 139 (110-181)* 146.50 (105.50- 0.881
Change 0.62 +38.49 0.66 £+ 69.09 191.75)

—0.72+38.74

Total cholesterol (mg/dL), mean+SD Baseline 200 + 37.86 198.28 +31.73 200.28 +38.14 0.857
1-year 195.62 +38.79 199.35+37.98 199.48 +40.83 0.732
Change —-1.14+£15.38 1.49 + 1447 0.02 £ 15.64

HDL (mg/dL), median (IQR) Baseline 45 (38-51) 46 (42-55) 49 (40-56.50) 0.060
1-year 47 (41-57)* 51 (44-58)* 50.50 (41.25-60)* 0.250
Change 6.82 +£16.04 6.64 +15.23 5.61+15.65

LDL (mg/dL), median (IQR) Baseline 116 (93.75-138) 116 (98-138) 112.50 (93.75-138.50) 0.897
1-year 112.50 (92.75-135) 113 (97-139) 115 (94-143.75) 0.774
Change —0.66 + 26.75 295+21.51 1.26 + 24.04

HbA1c (%) Baseline 6.04 +0.73 6.19 £ 0.91 6.06 +0.99 0.264
1-year 6.12 £ 1.07 6.07 £ 0.72* 5.85+0.92* 0.091
Change 1.32+10.22 -1.23+735° —-2.88+9.78°

AST (U/L), median (IQR) Baseline 24 (20-29) 22 (18-27)% 18 (15-23) > © <.001
1-year 21 (16-25) * 21 (17-25)* 21.50 (18-26) * 0.653
Change -13.60 = 22.00 -3.82+17.39° 21.21+30.17*°

ALT(U/L), median (IQR) Baseline 27 (22-40.25) 26 (20-31) 24 (19-31.75)% 0.021
1-year 24 (19-31)* 22 (18-29)* 23.50 (18-30) 0.325
Change —4.53 +40.42 —8.51+25.71 0.75+32.17°

GGT (U/L), median (IQR) Baseline 30 (22-50.25) 27 (21-43) 29 (22-38) 0.325
1-year 28.50 (20-40.25)* 25 (19-34)* 27.50 (19.25-39) 0.343
Change —4.02 +£32.17 —2.51+£33.15 10.90 +£91.03

Albumin (g/dL), median (IQR) Baseline 4.36 (4.05-4.51) 436 (4.11-4.49) 417 (3.96-4.41)* b 0.005
1-year 4.26 (4.05-4.43)* 4.27 (4.05-4.44)* 416 (3.8—4.34)*' ab 0.012
Change —-1.83+£8.72 —-1.52+5.92 -1.03+5.20

SBP (mm Hg), median (IQR) Baseline 142.33 (130.83-151.33) 138.33 (126.33-150.33) 136.66 (130.08-146.25) 0.232
1-year 136.83 (129.16-149.50) 134 (123-145.33)* 134.16 (124.66-146.83)* 0.228
Change —2.24+10.38 —2.06 £10.93 —-236+£10.27

DBP (mm Hg), mean+SD Baseline 79.47 £10.31 79.87 £10.36 78.95+9.74 0.918
1-year 78.15+9.84 77.17 £9.50*% 77.04 £9.75*% 0.680
Change —-1.24+10.42 —2.53+10.23 -1.89+10.87

Metformin treatment (%) Baseline 19.19 (19/99)15.15 (15/99) 25.25 (25/99) 16.16 (16/99) 14.14 (14/99) 0.142
1-year 12.12 (12/99) 0.377

Type 2 Diabetes (%) Baseline 22.22 (22/99) 26.26 (26/99) 15.15 (15/99) 0.154
1-year 27.27 (27/99) 31.31 (31/99) 16.16 (16/99)b 0.055

Hypercholesterolemia (%) Baseline 43.43 (43/99) 55.55 (55/99) 52.52 (52/99) 0.207
1-year 47.47 (47/99) 54.54 (54/99) 47.47 (47/99) 0.476

Hypertension (%) Baseline 76.76 (76/99) 82.82 (82/99) 80.80 (80/99) 0.553
1-year 80.80 (80/99) 86.86 (86/99) 81.81 (81/99) 0.259

ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; DBP, diastolic blood pressure; FIB—4: Fibrosis—4 index for liver fibrosis; GGT,
gamma-glutamyl transferase; HbA¢, glycated hemoglobin; HDL, high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein; SBP, systolic
blood pressure; SD, standard deviation. The groups were FIB—4 tertile of change at one year after lifestyle of intervention: T1 (—89.68 to —5.57); T2 (—5.56 to
11.40) and T3 (11.41 to 206.24). *p < .05 baseline vs. 1-year of intervention value, according to paired Student’s tests or Wilcoxon tests. & One-way ANOVA,
Pearson’s chi-square test or Kruskal-Wallis test used to calculate differences across tertiles; Pearson’s chi-square test, Student’s t-test or Mann-Whitney test
used to calculate differences between tertiles; a p < .05 vs. T1; b p <.05 vs. T2.
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Figure 3. Heatmap showing the means of changes in predicted pathways between the three HSI score tertiles. *Indicates significant
differences between tertiles (p <.05) and, $ indicates p <.1 in multiple group tests using the Kruskal-Wallis test.

cysteine, phospholipids, and polyamines as well as
in purine degradation (P164-PWY; p =.057), com-
pared to those in T2 and T3. Participants in T2
showed an increase in the biosynthesis of the poly-
amine norspermidine (PWY-6562; p =.019) path-
way, compared to those in T1 and T3.

No great pattern differences between FIB—4
score tertiles were observed for the theoretically
metabolic pathways involved, although some
routes especially showed significant changes
among tertiles. In the HEXITOLDEGSUPER-
PWY pathway (p=.035), hexitol degradation
pathway was increased in T2 to T1 and T3.
Compared to T1 and T2, participants in T3
had an increase in the P122-PWY pathway (p
=.014) involved in lactate fermentation, and in
the P124-PWY pathway (p=.011), called
“Bifidobacterium shunt”, that was involved in
the fermentation of short-chain fatty acids
(SCFAs) such as acetate and lactate. Finally,
the P461-PWY (p =.04), a fermentation pathway

from hexitols to lactate, formate, ethanol, and
acetate, was increased in the T2 to T1 and T3
(Figure 4 and Supplementary Table S5).

Discussion

In recent years, the evidence regarding the impact
that microbiota has on NAFLD has grown, although
the results of studies are heterogeneous and difficult
to generalize. In the present study, we reported that
two noninvasive scores for liver steatosis (HSI) and
liver fibrosis (FIB—4) usually used in clinical prac-
tice, could differentiate gut microbiota populations.
In addition, we have shown the effect of a lifestyle
intervention based on the Mediterranean diet and
physical activity on these noninvasive indexes, indi-
cating a possible interplay between steatosis/fibrosis,
gut microbiota, and lifestyle.

An increase in the prevalence of liver metabolic
diseases has been reported in the last decades®, in
parallel to the obesity and metabolic syndrome
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Figure 4. Heatmap showing the means of changes in predicted pathways between three FIB—4 score tertiles. *Indicates significant
differences between tertiles (p <.05) in multiple group tests using the Kruskal-Wallis test.

epidemic. Although NAFLD is not considered
a diagnostic criterium for metabolic syndrome, it
is a common hepatic manifestation of this syn-
drome, and it has been claimed to be introduced
as a sixth metabolic syndrome criterium.” In last
years, some interesting study results have pointed
out the relationships between gut microbiota and
liver axis.'” Indeed, gut microbiota could serve as
a potent biomarker for this condition.'' Therefore,
we investigated this possibility within the frame of
the well-characterized PREDIMED-Plus cohort in
which possible reversion with a lifestyle interven-
tion based on a Mediterranean diet can be
explored.

First, regarding steatosis measured with the HSI,
as per PREDIMED-Plus inclusion criteria, our par-
ticipants had overweight/obesity and metabolic
syndrome, and 21% of them were diagnosed with
diabetes, most of them had a high HSI and an
elevated clinical suspicion of steatosis, precluding

the categorization of participants in different
grades at baseline. However, we observed that
HSI was modifiable with a lifestyle intervention
based on a Mediterranean diet, and therefore.'?,
we categorized our patients by their HSI response
to the intervention. Patients with the worst meta-
bolic change after the lifestyle intervention showed
the lowest HSI values at baseline. However, no
special differences were noticed between HSI ter-
tiles regarding anthropometric or biochemical vari-
ables. Regarding gut microbiota, the most
prominent changes were found in HSI T1 and T3
participants. In those in T1 (most favorable
change), the genus Oscillospira in the gut increased,
meanwhile, Proteobacteria and its family
Enterobacteriaceae decreased. These changes are
consistent with those previously reported in
NAFLD/NASH. Many studies have shown higher
levels of Proteobacteria in subjects with
steatosis.”'>'* In addition, a reduction in



10 A. M. GOMEZ-PEREZ ET AL.

Proteobacteria abundance was detected in indivi-
duals after weight loss interventions such as exer-
cise programs,'> contrary to Oscillospira which
increases, together with short-chain fatty acids
(SCFAs) concentrations, with physical activity.'
Oscillospira has been reported that also increases
after a Mediterranean diet,'” and has been related
to a BMI reduction after weight loss induced by
diet."'® In the same way as Oscillospira, other SCFAs
producers such as Coprococcus and Lachnospira
were also increased in participants in T1. In our
study, participants in T1 seem to have had a better
response to the Mediterranean lifestyle interven-
tion, with an increase in the SCFAs producers and
a reduction in pro-inflammatory bacteria.

However, in those with the least favorable
change in HSI (T3), other microbiota feature com-
position was shown in gut. Blautia was the only
bacterium shared by both HSI tertiles, T1 and T3,
although with changes in opposite directions.
Blautia is a genus of Firmicutes that has been linked
positively or negatively to obesity-related
diseases.'” In the context of NAFLD/NASH, its
action could be related to the bioconversion of
primary bile acids into secondary bile acids which
have been reported as harmful and even
carcinogens.”® Participants in T3 showed an
increase in Faecalibacterium, this increase in
a bacterium that has been usually related to bene-
ficial effects on health®' could be controversial.
However, a reduction in the abundance of
Faecalibacterium has been reported after bariatric
surgery and the abundance was higher in obese
subjects compared to lean subjects®"** suggesting
a possible negative influence of acute weight loss in
the abundance of this genus, as Faecalibacterium
has been reported to be decreased in patients with
NAFLD/NASH." This is the same pattern found in
our present study with the family
Bifidobacteriaceae and its genus Bifidobacterium.
Interestingly, participants in HSI T1 had
a significant weight loss compared to those in T3.
Therefore, changes in the gut microbiota profile in
T1 may be related to weight loss and higher adher-
ence to physical activity after 1-year of
intervention.

Regarding fibrosis, our results concerning FIB—4
differ from those observed in the case of HSI.
Moreover, FIB—4, in its equation, does not consider

BMI or the presence of diabetes, being these factors
discriminating in our participants. Changes in
weight and BMI were non-statistically significant
among our three study groups, so changes
observed in gut microbiota did not seem to be
influenced by adiposity changes. This fact also per-
mitted us to study the characteristics of patients
without suspected fibrosis or suspected fibrosis at
baseline. According to the data of our participants,
which must be corroborated in future studies,
patients without suspected fibrosis displayed
higher abundance in phyla Proteobacteria and
Verrucomicrobia, and in families Alcaligenaceae,
Bacteriodaceae, Bifidobacteriaceae, Clostridiaceae,
Enterobacteriaceae and Verrucomicrobiaceae, and
lower abundance in the family Porphymonadaceae
and high levels of Bifidobacterium genus. In our
study, fibrosis has not been ascertained by biopsies
or elastography, therefore we must take our data
with caution, although some of our results are
consistent with the intervention period. Indeed,
participants in FIB—4 T3 (worst response to the
lifestyle intervention) showed a decrease in
Proteobacteria and its family Enterobacteriaceae.
Proteobacteria and Enterobacteriaceae abundances
have been found higher in patients after bariatric
surgery (especially after Roux-en-Y-gastric bypass)
and lower in lean subjects.”»** Some explanations
for this increase in a bacterium that is usually
considered proinflammatory are the increase in
oxygen availability in the large intestine after sur-
gery, favoring the presence of facultative
anaerobes,””> but also as a consequence of
a reduced gastric acid secretion after surgery, the
decreased caloric intake or the changes produced in
the intake of nutrient.’® Again, diet composition
and caloric restriction may play an important role
in the changes observed in our participants, since
those in FIB—4 T3 were also those with lower
improvements or in some cases worsening evolu-
tion in metabolic parameters. However, FIB—4 T1
participants — who had a better response to the
lifestyle intervention - showed a decrease in
Akkermansia levels. Although Akkermansia has
been reported to have beneficial effects on health,
it has been observed to be decreased in patients
with NAFLD/NASH,">*" and has been reported to
be protective against hepatic inflammation.””>*®
This decrease could be related to the age of our



volunteers, inasmuch as aging induces a decrease in
the abundance of Akkermansia,” although the life-
style intervention would have attenuated a higher
reduction in this genus. On the other hand, an
increase in the levels of Desulfovibrio was dis-
played, which is in line with the findings of Hong
and collaborators who described a depletion of this
genus in high-fat diet-fed mice, being the
Desulfovibrio vulgaris a potent acetic acid producer
that contributes to attenuate the effects of high-fat
diet-induced body weight gain and hepatic steato-
sis. Hong et al. also found a negative correlation
between Desulfovibrio and liver triglycerides levels,
fasting serum insulin, and proinflammatory cyto-
kines in the liver and white adipose tissue.>

Trying to find some shared profiles between HSI
and FIB—4 changes under a Mediterranean lifestyle
intervention, the only group that shared character-
istics was in group T3 of both indexes, where an
increase in the Sutterella and Faecalibacterium
levels was registered. Faecalibacterium is increased
after the Mediterranean diet.>' Sutterella (from the
Alcaligenaceae family) has been previously related
to liver steatosis and fibrosis,’> but no explanation
was given for its involvement. However, Sutterella
has been classified as a proinflammatory bacterium
and has been related to ulcerative colitis for its
capacity of degrading IgA*® and this could give
some clues, although further research is needed.

Our study had some important limitations. First,
we evaluated changes in gut microbiota according
to clinical indexes of hepatic steatosis and fibrosis,
then we only had a clinical suspicion of NAFLD
and NASH but not a certain diagnosis by biopsy or
elastography. On the other hand, all participants
included in this analysis received Mediterranean
diet advice and the changes observed in our sample
may be difficult to replicate in different popula-
tions, with different dietary patterns.

Material and methods
Study design and participants

This substudy was conducted in the frame of the
PREDIMED-Plus (Prevencion con  Dieta
Mediterranea-Plus) study, a 6-year, multicentre,
randomized clinical trial for primary prevention of
cardiovascular disease (CVD) conducted in men
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aged 55-75years and women aged 60-75 years
with overweight or obesity (body mass index
(BMI) >27 and <40 kg/m?) and MS. Briefly, exclu-
sion criteria included a previous history of CVD,
any chronic medical condition, acute infectious pro-
cesses, psychiatric disorders, alcohol, and drug
abuse, institutionalization, use of specific medica-
tions, relevant recent weight loss, any food allergy to
Mediterranean diet food ingredients and the use of
antibiotics, probiotic or prebiotic supplements in
the previous three months. Eligible participants
were randomized either to an energy-reduced tradi-
tional Mediterranean diet, physical activity promo-
tion, and behavioral support (intervention group)
or an energy-unrestricted Mediterranean diet and
usual care intervention (control group). All partici-
pants provided written informed consent, and the
study protocol and procedures were approved
according to the ethical standards of the
Declaration of Helsinki by all the participating insti-
tutions. More details of the PREDIMED-Plus study
protocol are fully described and available at http://
predimedplus.com.>® The study was registered at
the International Standard Randomized Controlled
Trial (ISRCT; http://www. Isrctn.com/
ISRCTN89898870) with the number 89,898,870
and the date of 24 July 2014. For this descriptive
substudy, we included 297 participants with blood
and stool samples from two PREDIMED-Plus cen-
ters (Reus and Malaga), recruited between 2013 and
2016 and with all the variables needed for the cal-
culation of the NAFLD/NASH indexes as well as
quality sequences in the baseline and 1-year time-
points.

For the present analysis, participants were cate-
gorized into three different groups based on
changes in the Hepatic Steatosis Index (HSI) or
the Fibrosis—4 score (FIB-4) between baseline
and after one year of intervention. For the calcula-
tion of the scores, pertinent analytical and anthro-
pometric data were considered.

Hepatic steatosis and fibrosis scores

The equation for HSI is: HSI = 8xAlanine transa-
minase (ALT)/Aspartate transaminase (AST)+
body mass index (BMI) (+2 if type 2 diabetes yes,
+ 2 if female). HSI values below 30 rules out
NAFLD; above 36 indicate high probabilities of


http://predimedplus.com
http://predimedplus.com
http://www
http://srctn.com/ISRCTN89898870
http://srctn.com/ISRCTN89898870
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NAFLD. The positive predictive value (PPV) was
85.9% (83.9-87.6) and the negative predictive value
(NPV) was 84.3% (82.1-86.2).>> The equation for
FIB—4 is: (FIB—4 Score = (age*xAST)/(number of
platelets xVALT). A FIB—4 value <1.45 indicates
the absence of fibrosis with a NPV of 90%, between
1.45 and 3.25 is considered inconclusive, and >3.25
indicates fibrosis with a PPV of 65%.7¢

Anthropometric and biochemical variables

At baseline and 1-year follow-up, waist circumfer-
ence (midway between the lowest rib and the iliac
crest using an anthropometric tape), weight (using
high-quality electronic-calibrated scales), and height
(using a wall-mounted stadiometer) were measured.
BMI was calculated as weight/height.” (kg/m2).
Systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were measured in triplicate using
a validated semiautomatic oscillometer (Omron
HEM-705CP, Kyoto, Japan). After overnight fast-
ing, peripheral venous blood samples were collected
from each participant, at both time points. Serum
glucose, total cholesterol, high-density lipoprotein
(HDL) cholesterol, triglycerides, ALT, AST, gamma-
glutamyl transferase (GGT), and albumin were mea-
sured by standard laboratory enzymatic methods
and following validated protocols.”” Low-density
lipoprotein (LDL) cholesterol was calculated by the
Friedewald formula.”® Glycated hemoglobin was
measured by a chromatographic method.

Microbiota analysis

Stool samples were collected at baseline and 12-
month timepoint and immediately stored at
—80°C until posterior analysis. DNA extraction
from stools was performed using the QIAamp
DNA Stool Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.
DNA concentrations were determined by absor-
bance at 260 nm (A260) and purity was estimated
by determining the A260/A280 ratio in
a Nanodrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA).
Ribosomal 16S rRNA gene sequences were ampli-
fied from DNA using the Ion 16S Metagenomics Kit
(Thermo-Fisher Scientific Inc., Waltham, MA, USA).
The kit includes two primer sets that selectively

amplify the corresponding hypervariable regions of
the 16S region in bacteria: primer set V2-4-8 and
primer set V3-6, 7-9. Libraries were created using
the Ion Plus Fragment Library Kit (Thermo-Fisher
Scientific). Barcodes were added to each sample using
the Ion Xpress Barcode Adapters kit (Thermo-Fisher
Scientific). Emulsion PCR and sequencing of the
amplicon libraries were performed on an Ion 530
chip (Ton 530™ Chip Kit) using the Ion Torrent
$5™ system and the Ion 510/520"™/530™ Kit-
Chef (Thermo-Fisher Scientific) according to the
manufacturer’s instructions. After sequencing, the
individual sequence reads were filtered using Ion
Reporter Software V4.0 to remove low-quality and
polyclonal sequences.

The open-source Quantitative Insights into
Microbial Ecology QIIME2 (version 2020.8)*” was
used to analyze the data. Sequencing reads were
denoised and clustered into amplicon sequence var-
iants (ASVs) with DADA2, with adapted parameters
for Ton Torrent data.** QIIME2 was also used for
diversity analysis with the diversity plugin. Alpha
diversity was assessed through different indexes
(Shannon, Faith_pd, Pielou’s evenness, and
Observed features) and beta diversity was measured
using UniFrac distances in its unweighted and
weighted versions, and permutational multivariate
analysis of variance (PERMANOVA) was used to
look for differences in group compositions.
Taxonomic assignment was performed through clus-
tering with VSEARCH and the reference base
Greengenes version 13_8 at 97% of identity. ASV
counts and taxonomic information generated
with  QIIME2 were imported into the
MicrobiomeAnalyst web tool,* where the data was
filtered and the trimmed mean of M-values (TMM)
normalization was performed. Differential abundance
analyses were assessed with edgeR within
MicrobiomeAnalyst with the default parameters of
the developer.*

Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States plugin
(PICRUSt2)*’ was used to predict metagenome
function within QIIME2 with the DADA2 output.
MetaCyc pathways** were normalized within
QIIME2 and further analyzed with the open-
source software STAMP (Statistical Analysis of
Metagenomics Profiles) with Welch’s t-test
option.45



Statistical analysis

Normality was analyzed using the Kolmogorov-
Smirnov test. Quantitative variables were expressed
as meantstandard deviation (SD) for normally dis-
tributed data, as mediantinterquartile range (IQR)
for non-normally distributed data, and percentages
for categorical variables. The bivariate analysis was
performed using paired Student’s tests for contin-
uous data or Wilcoxon test for non-normally dis-
tributed data. Differences across tertiles were
evaluated through one-way analysis of variance
(ANOVA) for continuous data or Kruskal -
Wallis’s test for non-normally distributed data.
Categorical data were analyzed using Pearson’s chi-
square test. Student’s t-test or Mann-Whitney
U test were used to calculate differences between
tertiles for numerical variables, Pearson’s chi-
square test was used for categorical variables.

In all cases, the null hypothesis was rejected for
an alpha < 0.05 for two tails. Statistical analysis was
performed with SPSS (15.0 version for Windows:
SPSS, Chicago, IL, USA).

Conclusion

NAFLD is a growing problem related to meta-
bolic syndrome. Though the diagnosis requires
imaging techniques and confirmation of
a certain diagnosis only can be made by liver
biopsy, some biochemical indexes may be useful
in the clinical setting. In this study, we found
a relationship between liver disease biochemical
indexes changes and gut microbiota changes
within a context of a Mediterranean lifestyle.
In addition, we reported that this
Mediterranean lifestyle intervention can modify
these indexes in only one year, something that
gives us a clue to continue exploring the impor-
tance of lifestyle interventions to fight non-
communicable diseases. This comprehension
may enable the development of future research
to find strategies to modulate the gut microbiota
in the integrated management of NAFLD.

Abbreviations

ALT
ANOVA

Alanine aminotransferase.
one-way analysis of variance.

AST
ASVs
BMI
CVD
DBP
FIB-4
GGT
HDL
HIS
IQR
ISRCT

LDL
MAFLD
MBOAT?7

MS

NAFLD

NASH

NSF

NPV

PCR
PERMANOVA

PICRUSt2

PNPLA3

PPV

PREDIMED-Plus

QIIME2
SBP
SCFAs
SD

SF

SNPs
STAMP
TM6SF2

T2DM

GUT MICROBES (&) 13

Aspartate aminotransferase.
amplicon sequence variants.
body mass index.
cardiovascular disease.
Diastolic blood pressure.
fibrosis 4 score.
gamma-glutaril transferase.
high-density lipoproteins.
hepatic steatosis index.
Interquartile range.
International Standard
Randomized Controlled Trial.
low-density lipoproteins.
metabolic liver disease.
membrane-bound

O-acyltransferase domain
containing 7.

metabolic syndrome.
nonalcoholic  fatty  liver
disease.

nonalcoholic steatohepatitis.
non-suspected fibrosis.
negative predictive value.
polymerase change reaction.
permutational  multivariate
analysis of variance.
Phylogenetic Investigation of
Communities by
Reconstruction of Unobserved
States plugin.

patatin-like ~ phospholipase
domain-containing protein 3.
positive predictive value.

Prevencion con Dieta
Mediterranea-Plus.
Quantitative Insights into

Microbial Ecology.
systolic blood pressure.
short-chain fatty acids.
standard deviation.
suspected fibrosis.

single nucleotide
polymorphisms.
Statistical Analysis of

Metagenomics Profiles.
transmembrane 6 superfamily
member 2.

type 2 diabetes mellitus.



14 A. M. GOMEZ-PEREZ ET AL.

Authors’ contributions

JV, DC, MF, ]V, JS-S, and FJ. T designed the study.
AMG-P, PR-L, AA, LT-C, AA-S, MAM, AG, DB,
JG-G, and MRB-L provided sample collection and
processing. AMG-P, PR-L, IM-I, and FJ.
T conducted the statistical analysis. JS-S, FJ.
T and IM-I provided supervision. AMG-P, PR-L,
IM-I, and FJ. T wrote the manuscript. All authors
read and approved the final manuscript.

Acknowledgments

We thank all the volunteers for their participation and person-
nel for their contribution to the PREDIMED-Plus trial. We also
thank all the investigators of the PREDIMED-Plus study.
CIBEROBN (Centros de Investigacion Biomédica en Red:
Obesidad y Nutricién) is an initiative of ISCIII, Madrid, Spain.
The authors also thank the PREDIMED-Plus Biobank Network
as a part of the National Biobank Platform of the ISCIII for
storing and managing the PREDIMED-Plus biological samples.
The research groups thanks for its support of the CIBER-
IBIMA-Metagenomics platform, especially Pablo Rodriguez
and M® José Garcia-Lopez.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the official Spanish Institutions
for funding scientific biomedical research, CIBER
Fisiopatologia de la Obesidad y Nutriciéon (CIBEROBN) and
Instituto de Salud Carlos III (ISCIII), through the Fondo de
Investigacion para la Salud (FIS), which is co-funded by the
European Regional Development Fund (three coordinated FIS
projects lead by JS-S: P113/00462, P116/00501 and PI119/00576;
two led by JV: PI17/01441, P114/01206; three led by AG: PI13/
00233, PI16/00533, P119/00017; and two led by MRBL: P114/
00696 and P117/00855); the Especial Action Project entitled:
Implementacién y evaluacién de una intervencion intensiva
sobre la actividad fisica Cohorte PREDIMED-Plus grant
(OBN16PE01) to JS-S; the Recercaixa (number
2013ACUP00194) grant to JS-S. DC obtained grant from the
Generalitat Valenciana (PROMETEO 2017/17 and
PROMETEO 2021/21) and Grant from the Ministry of
Science and Innovation/ISCIII (reference: PI19/00781).
Eat2beNICE project (European Union’s Horizon 2020
research and innovation programme under grant agreement
No 728018). PRL was supported by a “Sara Borrell” postdoc-
toral contract (CD19/00216) from the ISCIII-Madrid (Spain),
co-financed by the Fondo Europeo de Desarrollo Regional-
FEDER. IMI was supported by the “Miguel Servet Type II”

program (CPII21/00013) of the ISCIII-Madrid (Spain), co-
financed by the FEDER. AMGP was supported by a research
contract from Servicio Andaluz de Salud (B-0033-2014). AA-
S has received a post-doctoral grant (APOSTD/2020/164)
from the Conselleria de Innovacion, Generalitat Valenciana.
MRBL is supported by Miguel Servet II program (CPII/00014)
from ISCIII and by Nicolas Monardes program (C1-0005-
2020) from Servicio Andaluz de Salud, both cofunded by
FEDER funds. This work is partially supported by ICREA
under the ICREA Academia programme. Food companies
Hojiblanca (Lucena, Spain) and Patrimonio Comunal
Olivarero (Madrid, Spain) donated extra virgin olive oil; and
the Almond Board of California (Modesto, CA, USA),
American Pistachio Growers (Fresno, CA, USA), and
Paramount Farms (Wonderful Company, LLC, Los Angeles,
CA, USA) donated nuts for the PREDIMED-Pilot study.

ORCID

Isabel Moreno-Indias
151X

http://orcid.org/0000-0002-6121-

Data sharing

According to the data regulations and ethical considera-
tions, the datasets generated and analyzed during the
study are not publicly available, because our participants
only provided their consent to the original team of investi-
gators to use their data, so this information might compro-
mise their consent for the study. Nevertheless, collaboration
for data analyses can be requested by sending a letter to the
PREDIMED-Plus steering Committee (predimed_plus_s-
committee@googlegroups.com). All members of the
PREDIMED-Plus Steering Committee will be notified of
the request for their consideration.

References

1. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y,
Henry L, Wymer M. Global epidemiology of nonalco-
holic fatty liver disease—Meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatology.
2016;64(1):73-84. doi:10.1002/hep.28431.

2. Martinez-Montoro JI, Cornejo-Pareja I, Gomez-Pérez
AM, Tinahones F]. Impact of genetic polymorphism on
response to therapy in non-alcoholic fatty liver disease.
Nutrients. 2021;13(11):4077. d0i:10.3390/nu13114077.

3. Eslam M, Newsome PN, Sarin SK, Anstee QM,
Targher G, Romero-Gomez M, Zelber-Sagi S, Wai-
Sun Wong V, Dufour J-F, Schattenberg JM, et al.
A new definition for metabolic dysfunction-associated
fatty liver disease: an international expert consensus
statement. ] Hepatol. 2020;73(1):202-209. doi:10.1016/
j.jhep.2020.03.039.


https://doi.org/10.1002/hep.28431
https://doi.org/10.3390/nu13114077
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.1016/j.jhep.2020.03.039

10.

11.

12.

13.

. Zhou J, Tripathi M, Sinha RA, Singh BK, Yen PM. Gut

microbiota and their metabolites in the progression of
non-alcoholic fatty liver disease. Hepatoma Res.
2021;7:11. doi:10.20517/2394-5079.2020.134.

. Hoyles L, Fernandez-Real J-M, Federici M, Serino M,

Abbott J, Charpentier J, Heymes C, Luque JL,
Anthony E, Barton RH, et al. Molecular phenomics
and metagenomics of hepatic steatosis in non-diabetic
obese women. Nat Med. 2018;24(7):1070-1080. doi:10.
1038/541591-018-0061-3.

. Loomba R, Seguritan V, Li W, Long T, Klitgord N,

Bhatt A, Dulai PS, Caussy C, Bettencourt R,
Highlander SK, et al. Gut microbiome-based metage-
nomic signature for non-invasive detection of advanced
fibrosis in human nonalcoholic fatty liver disease. Cell
Metab. 2017;25(5):1054-1062.e5. doi:10.1016/j.cmet.
2017.04.001.

. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD,

Gill SR. Characterization of gut microbiomes in non-
alcoholic steatohepatitis (NASH) patients: a connection
between endogenous alcohol and NASH. Hepatology.
2013;57(2):601-609. doi:10.1002/hep.26093.

. Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L,

Eslam M, George J, Bugianesi E. Global burden of
NAFLD and NASH: trends, predictions, risk factors
and prevention. Nat Rev Gastroenterol Hepatol.
2018;15(1):11-20. doi:10.1038/nrgastro.2017.109.

. Marchesini G, Brizi M, Bianchi G, Tomassetti S,

Bugianesi E, Lenzi M, McCullough AJ, Natale S,
Forlani G, Melchionda N. Nonalcoholic fatty liver dis-
ease: a feature of the metabolic syndrome. Diabetes.
2001;50(8):1844-1850. doi:10.2337/diabetes.50.8.1844.
Albillos A, de Gottardi A, Rescigno M. The gut-liver
axis in liver disease: pathophysiological basis for
therapy. ] Hepatol. 2020;72(3):558-577. doi:10.1016/j.
jhep.2019.10.003.

Hrncir T, Hrncirova L, Kverka M, Hromadka R,
Machova V, Trckova E, Kostovcikova K, Kralickova P,
Krejsek J, Tlaskalova-Hogenova H. Gut microbiota and
NAFLD: pathogenetic mechanisms, microbiota signa-
tures, and therapeutic interventions. Microorganisms.
2021;9(5):957. do0i:10.3390/microorganisms9050957.
Martinez-Urbistondo D, San Cristébal R, Villares P,
Martinez-Gonzdlez MA, Babio N, Corella D, Del
Val JL, Ordovéas JM, Alonso-Gémez AM, Wirnberg J,
et al. Role of NAFLD on the health related QoL
response to lifestyle in patients with metabolic syn-
drome: the PREDIMED plus cohort. Front Endocrinol
(Lausanne). 2022;13:868795. doi:10.3389/fend0.2022.
868795.

Adams LA, Wang Z, Liddle C, Melton PE, Ariff A,
Chandraratna H, Tan J, Ching H, Coulter S, de
Boer B, et al. Bile acids associate with specific gut
microbiota, low-level alcohol consumption and liver
fibrosis in patients with non-alcoholic fatty liver
disease. Liver Int. 2020;40(6):1356-1365. doi:10.1111/
liv.14453.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

GUT MICROBES (&) 15

Caussy C, Hsu C, Lo MT, Liu A, Bettencourt R,
Ajmera VH, Bassirian S, Hooker ], Sy E, Richards L,
et al. Link between gut-microbiome derived metabolite
and shared gene-effects with hepatic steatosis and fibro-
sis in NAFLD. Hepatology (Baltimore, Md) [Internet].
2018;68:918-932. [accessed 2022 Jun 7]. https://
pubmed.ncbi.nlm.nih.gov/29572891/.

Vallianou N, Christodoulatos GS, Karampela I,
Tsilingiris D, Magkos F, Stratigou T, Kounatidis D,
Dalamaga M. Understanding the role of the gut micro-
biome and microbial metabolites in non-alcoholic fatty
liver disease: current evidence and perspectives.
Biomolecules [Internet]. 2021;12:56. [accessed 2022
Jun 7]. https://pubmed.ncbi.nlm.nih.gov/35053205/.
Maillard F, Vazeille E, Sauvanet P, Sirvent P, Bonnet R,
Combaret L, Chausse P, Chevarin C, Otero YF,
Delcros G, et al. Preventive effect of spontaneous phy-
sical activity on the gut-adipose tissue in a mouse model
that mimics crohn’s disease susceptibility. Cells. 2019;8
(1):E33. doi:10.3390/cells8010033.

Haro C, Montes-Borrego M, Rangel-Zuiiga OA,
Alcald-Diaz JF, Gémez-Delgado F, Pérez-Martinez P,
Delgado-Lista J, Quintana-Navarro GM, Tinahones FJ,
Landa BB, et al. Two healthy diets modulate gut micro-
bial community improving insulin sensitivity in
a human obese population. J Clin Endocrinol Metab.
2016;101(1):233-242. doi:10.1210/jc.2015-3351.
Oscillospira - a candidate for the next-generation pro-
biotics - PubMed [Internet]. [accessed 2022 Jul 6].
https://pubmed.ncbi.nlm.nih.gov/34693878/

Liu X, Mao B, Gu J, Wu J, Cui S, Wang G, Zhao J,
Zhang H, Chen W. Blautia-a new functional genus with
potential probiotic properties? Gut Microbes.
2021;13:1-21. doi:10.1080/19490976.2021.1875796.
Vaughn BP, Kaiser T, Staley C, Hamilton M]J, Reich J,
Graiziger C, Singroy S, Kabage AJ, Sadowsky M]J,
Khoruts A. A pilot study of fecal bile acid and micro-
biota profiles in inflammatory bowel disease and pri-
mary sclerosing cholangitis. Clin Exp Gastroenterol.
2019;12:9-19. doi:10.2147/CEG.S186097.

Vallianou N, Dalamaga M, Stratigou T, Karampela I,
Tsigalou C. Do antibiotics cause obesity through
long-term alterations in the gut microbiome?
A review of current evidence. Curr Obes Rep. 2021;10
(3):244-262. doi:10.1007/s13679-021-00438-w.

Allen JM, Mailing L], Niemiro GM, Moore R,
Cook MD, White BA, Holscher HD, Woods JA.
Exercise alters gut microbiota composition and func-
tion in lean and obese humans. Med Sci Sports Exerc.
2018;50:747-757. doi:10.1249/MSS.0000000000001495.
Tremaroli V, Karlsson F, Werling M, Stdhlman M,
Kovatcheva-Datchary P, Olbers T, Findriks L, le
Roux CW, Nielsen J, Bickhed F, et al. Roux-en-Y gas-
tric bypass and vertical banded gastroplasty induce
long-term changes on the human gut Microbiome
Contributing to Fat Mass Regulation. Cell Metab
[Internet]. 2015;22:228-238. [accessed 2022 Jun 17].


https://doi.org/10.20517/2394-5079.2020.134
https://doi.org/10.1038/s41591-018-0061-3
https://doi.org/10.1038/s41591-018-0061-3
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1002/hep.26093
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.2337/diabetes.50.8.1844
https://doi.org/10.1016/j.jhep.2019.10.003
https://doi.org/10.1016/j.jhep.2019.10.003
https://doi.org/10.3390/microorganisms9050957
https://doi.org/10.3389/fendo.2022.868795
https://doi.org/10.3389/fendo.2022.868795
https://doi.org/10.1111/liv.14453
https://doi.org/10.1111/liv.14453
https://pubmed.ncbi.nlm.nih.gov/29572891/
https://pubmed.ncbi.nlm.nih.gov/29572891/
https://pubmed.ncbi.nlm.nih.gov/35053205/
https://doi.org/10.3390/cells8010033
https://doi.org/10.1210/jc.2015-3351
https://pubmed.ncbi.nlm.nih.gov/34693878/
https://doi.org/10.1080/19490976.2021.1875796
https://doi.org/10.2147/CEG.S186097
https://doi.org/10.1007/s13679-021-00438-w
https://doi.org/10.1249/MSS.0000000000001495

16 A. M. GOMEZ-PEREZ ET AL.

24.

25.

26.

27.

28.

29.

30.

31.

32.

https://www.cell.com/cell-metabolism/abstract/S1550-
4131(15)00338-1.

Kong L-C, Tap J, Aron-Wisnewsky J, Pelloux V,
Basdevant A, Bouillot J-L, Zucker J-D, Doré J,
Clément K. Gut microbiota after gastric bypass in
human obesity: increased richness and associations of
bacterial genera with adipose tissue genes. Am J Clin
Nutr [Internet]. 2013;98(1):16-24. [accessed 2022 Jun
17]. doi:10.3945/ajcn.113.058743.

Celiker H. A new proposed mechanism of action for
gastric bypass surgery: air hypothesis. Med Hypotheses.
2017;107:81-89. doi:10.1016/j.mehy.2017.08.012.
Steinert RE, Rehman A, Lima EJS, Agamennone V,
Schuren FHJ, Gero D, Schreiner P, Vonlanthen R,
Ismaeil A, Tzafos S, et al. Roux-en-Y gastric bypass
surgery changes fungal and bacterial microbiota in mor-
bidly obese patients—A pilot study. PLos One. 2020;15
(7):20236936. doi:10.1371/journal.pone.0236936.
Diet-Induced Obesity Is Linked to Marked but
Reversible Alterations in the Mouse Distal Gut
Microbiome: Cell Host & Microbe [Internet]. [accessed
2022 Jun 17]. https://www.cell.com/cell-host-microbe
/fulltext/S1931-3128(08)00089-9?returnURL=https%
3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii
%2FS1931312808000899%3Fshowall%3Dtrue .

The microbiome of professional athletes differs from
that of more sedentary subjects in composition and
particularly at the functional metabolic level | Gut
[Internet]. [accessed 2022 Jun 17]. https://gut.bmj.
com/content/67/4/625.long .

Shin J, Noh J-R, Choe D, Lee N, Song Y, Cho S,
Kang E-J, Go M-], Ha SK, Chang D-H, et al. Ageing
and rejuvenation models reveal changes in key
microbial communities associated with healthy
ageing. Microbiome. 2021;9(1):240. doi:10.1186/
s40168-021-01189-5.

Hong Y, Sheng L, Zhong J, Tao X, Zhu W, Ma J,
Yan J, Zhao A, Zheng X, Wu G, et al. Desulfovibrio
vulgaris, a potent acetic acid-producing bacterium,
attenuates nonalcoholic fatty liver disease in mice.
Gut Microbes. 2021;13(1):1930874. doi:10.1080/
19490976.2021.1930874.

Meslier V, Laiola M, Roager HM, De Filippis F,
Roume H, Quinquis B, Giacco R, Mennella I,
Ferracane R, Pons N, et al. Mediterranean diet interven-
tion in overweight and obese subjects lowers plasma
cholesterol and causes changes in the gut microbiome
and metabolome independently of energy intake. Gut.
2020;69(7):1258-1268. doi:10.1136/gutjnl-2019-320438.
Lanthier N, Rodriguez J, Nachit M, Hiel S, Trefois P,
Neyrinck AM, Cani PD, Bindels LB, Thissen J-P,
Delzenne NM. Microbiota analysis and transient elas-
tography reveal new extra-hepatic components of liver

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

steatosis and fibrosis in obese patients. Sci Rep. 2021;11
(1):659. doi:10.1038/s41598-020-79718-9.

Kaakoush NO. Sutterella Species, IgA-degrading bac-
teria in ulcerative colitis. Trends Microbiol. 2020;28
(7):519-522. doi:10.1016/j.tim.2020.02.018.
Sayon-Orea C, Razquin C, Bullé M, Corella D, Fit6 M,
Romaguera D, Vioque J, Alonso-Gémez AM,
Wairnberg ], Martinez JA, et al. Effect of a nutritional
and behavioral intervention on energy-reduced
Mediterranean diet adherence among patients with
metabolic syndrome: interim analysis of the
PREDIMED-Plus randomized clinical trial. JAMA.
2019;322(15):1486-1499. d0i:10.1001/jama.2019.14630.
Lee J-H, Kim D, Kim H]J, Lee C-H, Yang JI, Kim W,
Kim Y], Yoon J-H, Cho S-H, Sung M-W, et al. Hepatic
steatosis index: a simple screening tool reflecting non-
alcoholic fatty liver disease. Dig Liver Dis. 2010;42
(7):503-508. doi:10.1016/j.d1d.2009.08.002.
Development of a simple noninvasive index to pre-
dict significant fibrosis in patients with HIV/HCV
coinfection - Sterling - 2006 - Hepatology - Wiley
Online Library [Internet]. [accessed 2022 Mar 8].
https://aasldpubs.onlinelibrary.wiley.com/doi/full/10.
1002/hep.21178.

Martinez-Gonzalez MA, Buil-Cosiales P, Corella D,
Bullo M, Fit6 M, Vioque J, Romaguera D,
Martinez JA, Warnberg ], Lopez-Miranda J, et al.
Cohort profile: design and methods of the
PREDIMED-Plus randomized trial. Int J Epidemiol.
2019;48(2):387-3880. doi:10.1093/ije/dyy225.
Bairaktari ET, Seferiadis KI, Elisaf MS. Evaluation of
methods for the measurement of low-density lipopro-
tein cholesterol [Internet]. 2005 [accessed 2022 Sep 21].
https://journals.sagepub.com/doi/10.1177/
107424840501000106.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA,
Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ,
Arumugam M, Asnicar F, et al. Reproducible, interac-
tive, scalable and extensible microbiome data science
using QIIME 2. Nat Biotechnol. 2019;37(8):852-857.
doi:10.1038/s41587-019-0209-9.

Callahan BJ, McMurdie PJ, Rosen M]J], Han AW,
Johnson AJA, Holmes SP. DADA2: high-resolution
sample inference from Illumina amplicon data.
Nat Methods. 2016;13(7):581-583. doi:10.1038/nmeth.
3869.

Dhariwal A, Chong ], Habib S, King IL, Agellon LB,
Xia J. MicrobiomeAnalyst: a web-based tool for com-
prehensive statistical, visual and meta-analysis of
microbiome data. Nucleic Acids Res. 2017;45(W1):
W180-8. doi:10.1093/nar/gkx295.

McMurdie PJ, Holmes S, McHardy AC. Waste not,
want not: why rarefying microbiome data is


https://www.cell.com/cell-metabolism/abstract/S1550-4131(15)00338-1
https://www.cell.com/cell-metabolism/abstract/S1550-4131(15)00338-1
https://doi.org/10.3945/ajcn.113.058743
https://doi.org/10.1016/j.mehy.2017.08.012
https://doi.org/10.1371/journal.pone.0236936
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(08)00089-9?returnURL=https%253A%252F%252Flinkinghub.elsevier.com%252Fretrieve%252Fpii%252FS1931312808000899%253Fshowall%253Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(08)00089-9?returnURL=https%253A%252F%252Flinkinghub.elsevier.com%252Fretrieve%252Fpii%252FS1931312808000899%253Fshowall%253Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(08)00089-9?returnURL=https%253A%252F%252Flinkinghub.elsevier.com%252Fretrieve%252Fpii%252FS1931312808000899%253Fshowall%253Dtrue
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(08)00089-9?returnURL=https%253A%252F%252Flinkinghub.elsevier.com%252Fretrieve%252Fpii%252FS1931312808000899%253Fshowall%253Dtrue
https://gut.bmj.com/content/67/4/625.long
https://gut.bmj.com/content/67/4/625.long
https://doi.org/10.1186/s40168-021-01189-5
https://doi.org/10.1186/s40168-021-01189-5
https://doi.org/10.1080/19490976.2021.1930874
https://doi.org/10.1080/19490976.2021.1930874
https://doi.org/10.1136/gutjnl-2019-320438
https://doi.org/10.1038/s41598-020-79718-9
https://doi.org/10.1016/j.tim.2020.02.018
https://doi.org/10.1001/jama.2019.14630
https://doi.org/10.1016/j.dld.2009.08.002
https://aasldpubs.onlinelibrary.wiley.com/doi/full/10.1002/hep.21178
https://aasldpubs.onlinelibrary.wiley.com/doi/full/10.1002/hep.21178
https://doi.org/10.1093/ije/dyy225
https://journals.sagepub.com/doi/10.1177/107424840501000106
https://journals.sagepub.com/doi/10.1177/107424840501000106
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gkx295

43.

44.

inadmissible. PLoS Comput Biol. 2014;10(4):e1003531.
doi:10.1371/journal.pcbi.1003531.

Douglas GM, Maffei V], Zaneveld JR, Yurgel SN, Brown JR,
Taylor CM, Huttenhower C, Langille MGI. Picrust2 for
prediction of metagenome functions. Nat Biotechnol.
2020;38(6):685-688. doi:10.1038/s41587-020-0548-6.
Caspi R, Billington R, Keseler IM, Kothari A,
Krummenacker M, Midford PE, Ong WK, Paley S,

45.

GUT MICROBES (&) 17

Subhraveti P, Karp PD. The MetaCyc database of meta-
bolic pathways and enzymes - a 2019 update. Nucleic
Acids Res. 2020;48(D1):D445-53. doi:10.1093/nar/
gkz862.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG.
STAMP: statistical analysis of taxonomic and func-
tional profiles. Bioinformatics. 2014;30(21):3123-3124.
doi:10.1093/bioinformatics/btu494.


https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.1093/bioinformatics/btu494

	Abstract
	Abstract
	Introduction
	Results
	Changes in the HSI steatosis index during the intervention
	Biochemical changes with the HSI steatosis index were accompanied by changes in gut microbiota populations
	Gut microbiota shows different populations according to the levels of the FIB−4 index.
	Changes in the FIB−4 fibrosis index during the intervention
	Biochemical changes with fibrosis index were accompanied by changes in gut microbiota populations
	Metabolic pathways associated with the microbiota.

	Discussion
	Material and methods
	Study design and participants
	Hepatic steatosis and fibrosis scores
	Anthropometric and biochemical variables
	Microbiota analysis
	Statistical analysis

	Conclusion
	Abbreviations
	Authors’ contributions
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Data sharing
	References

