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Impact of daily avocado consumption on gut
microbiota in adults with abdominal obesity: an
ancillary study of HAT, a randomized controlled
trialy
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Objectives: This study aimed to investigate short-term and long-term impact of avocado consumption
without caloric restriction on the gut microbiota of free-living adults with abdominal obesity. Methods:
The Habitual Diet and Avocado Trial (HAT) was a 26-week, multi-center, randomized, controlled trial
involving 1008 individuals with abdominal obesity. Participants were randomly assigned to the Avocado
Supplemented Diet Group (AVO), receiving one avocado per day, or the Habitual Diet group (HAB), main-
taining their usual dietary habits. Fecal samples were collected at baseline, week 4 and week 26 from a
subset of participants recruited at a University of California Los Angeles site (n = 230). Fecal microbiota
was assessed with shotgun metagenomics sequencing. Alpha diversity was assessed using the Chaol and
Shannon indices; beta diversity was assessed using Bray—Curtis dissimilarity with significance determined
by repeated measures permutational multivariat analysis of variance. Potential association of intervention
at week 4 and 26 with alpha diversity, species and metabolic pathways was examined using linear mixed
effect models. Results: Compared to the HAB group, the AVO group had higher alpha diversity by 4
weeks, which persisted through the 26-week study period. Exploratory analysis based on healthy eating
index-2015 (HEI-2015) indicated that participants with a low HEI score at baseline (<52.7), had an increase
in alpha diversity in the AVO group vs. HAB group. The AVO group had a significant change in beta diver-
sity at week 26 compared to the HAB group. At the species level, the AVO group had significantly
increased Faecalibacterium prausnitzii and Bacterium AF16_15 at week 26 compared to the HAB group.
Functional analysis showed no significant difference in metabolic pathways between the HAB and AVO
groups. Conclusions: Our findings document a potentially favorable effect of avocados on gut microbiota
diversity. The prebiotic potential of avocados is more pronounced in individuals with a low diet quality
score. This trial is registered at clinicaltrials.gov as NCT03528031 (https://clinicaltrials.gov/study/
NCT03528031).
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Introduction

Avocados are a nutrient dense food that are high in mono-
unsaturated fats, dietary fibers, and a variety of phytochem-
icals, such as lutein, vitamins C, E, K, and B6, niacin, folate,
and phytosterols." Other clinical studies as well as our prior
assessment of the impact of avocado consumption in cardio-
vascular health have shown positive effects on blood lipid
profile."”” The Habitual Diet and Avocado Trial (HAT) was a
multi-center, randomized, controlled trial designed to investi-
gate the effect of providing one avocado per day for six
months, compared to a habitual diet (HAB) low in avocados,
in a diverse cohort of 1008 individuals with an elevated waist
circumference.” Many clinical outcome measures, related to
metabolic status were collected. These included anthropo-
metric data, visceral and hepatic fat, blood glucose and insulin
levels, blood pressure, inflammation markers and blood
lipids. The Healthy Eating Index-2015 (HEI-2015) was derived
from 24 hour recall data. The Avocado Supplemented Diet
(AVO) group exhibited modest yet statistically significant
reductions in both total and low-density lipoprotein chole-
sterol, and an increase in the HEI-2015 compared to the HAB
group.?

Diet exerts a profound influence on the composition of
the intestinal microbiome, acting as a central regulator of
host metabolism.>* The significant impact of dietary fiber
on the gut microbiome is well-documented.® Additionally,
phytochemicals, including phytosterols, alter the gut
microbiome.®” A recent animal study elucidated that the
modulation of gut microbiome serves as the underlying
mechanism for phytosterol-induced changes in cholesterol
levels.” Studies have indicated a correlation between dietary
lipid levels and the composition of the gut microbiota.® The
monounsaturated fats in avocados, after digestion, could be
utilized as metabolic substrates by gut bacteria.®® We and
others have shown that avocado consumption for 12 weeks
regulates the composition and metabolic function of gut
microbiota in participants with overweight and obesity.'>""
In these two studies, avocado was included either as part of a
hypocaloric diet or an isocaloric diet for 12 weeks. In con-
trast, the focus of the HAT trial was on evaluating the effects
of consumption of one avocado per day for six months com-
pared to a habitual diet without additional dietary interven-
tion in participants with abdominal obesity (defined as
increased waist circumstance), which is positively associated
with a risk of metabolic syndrome and cardiovascular
disease.

The study aimed to explore the impact of daily avocado
consumption, without caloric restriction, on the gut micro-
biota in free-living adults with abdominal obesity over 4
weeks and 26 weeks. Our hypothesis was that incorporat-
ing one avocado a day into participants’ habitual diet
without additional dietary consultation will lead to a meta-
bolically healthier gut microbiome, characterized by an
increase in alpha diversity and shift in predominant
species.

This journal is © The Royal Society of Chemistry 2025
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Materials and methods
Study design

HAT was a 4-center, randomized, controlled trial designed to
investigate the health effect of consuming one avocado per day
over six months, compared to a habitual diet low in avocados
in a diverse cohort of 1008 individuals with an elevated waist
circumference.” The trial is registered at clinicaltrials.gov as
NCT03528031. In this trial, individuals aged 25 or older, with
a waist circumference of 35 inches or more for women and 40
inches or more for men, and who regularly consumed two or
fewer avocados per month, were randomly assigned to either
the HAB or the AVO.” Individuals in the AVO group were
instructed to maintain their usual diet and lifestyle while
being regularly supplied with fresh Hass avocados, enabling
them to consume one avocado daily for 6 months. No further
dietary counseling or guidance was offered. Individuals in the
HAB group were directed to adhere to their typical diet and
lifestyle, with the specific instruction to restrict their avocado
intake to two or fewer avocados per month for the entire
6 month study period. At the University of California Los
Angeles site, 254 participants were randomly assigned to
either the AVO group or the HAB group. There were 8 partici-
pants lost to follow-up, with 3 from the AVO group and 5 from
the HAB group. A total of 246 participants completed the
study, with 124 in the AVO group and 122 in the HAB group. In
addition to study measures collected at all four clinical sites,*
we were able to collect fecal samples at baseline from 115 out
of 124 participants in the AVO group and 115 out of 122 par-
ticipants in the HAB group. At week 4, we collected fecal
samples from 113 participants in both the HAB and AVO
groups. At week 26, fecal samples were collected from 73 par-
ticipants in the HAB group and 72 participants in the AVO
group (ESI Fig. 11). We had complete stool sample collections
including baseline, week 4 and week 26 for 70 subjects in the
AVO group and 71 subjects in the HAB group. Clinical
outcome data from this trial have been previously published.?

Dietary information

A detail avocado intake information has been previously
reported.'? Four 24 hour dietary recalls were conducted for each
study participant during the course of the study. Recalls were
collected by phone prior to randomization, and then within a 1
to 2 weeks timeframe around baseline, week 8, 16 and 26. The
recalls were used to calculate the Healthy Eating Index (HEI)
2015." 24 hour dietary recalls at week 0 and week 26 were
missing from 6 participants (HAB_week 0: n = 113; HAB_week
26: n = 71; AVO_week 0: n = 111; AVO_week 26: n = 69).

Clinical and biochemical measures

Demographic, anthropometric, HEI-2015, MRI and biochemical
measures, including glucose, insulin, high-sensitivity C-reactive
protein (hsCRP), total cholesterol (TC), triglycerides (Trig), high
density lipoprotein-cholesterol (HDL-C), low density lipoprotein-
cholesterol (LDL-C), very low density lipoprotein-cholesterol
(VLDL-C), visceral fat (VAT) and hepatic fat fraction (HFF) were
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determined as previously described.> All anthropometric and
biochemical measures, with the exception of systolic blood
pressure (SBP), diastolic blood pressure (DBP), and pulse rate,
were assessed at baseline and week 26. SBP, DBP, and pulse rate
were additionally measured at week 4.

Fecal sample collection and DNA extraction

Participants received stool specimen collection kits during the
screening visit, intended for baseline, 4 week, and 26 week
sample collection. They were instructed to collect stool specimens
within a 24 hour period before each scheduled sampling visit.
Participants then brought the specimens in an insulated cooler
with a pre-frozen ice pack to the clinic staff during their visit.
Around 100-250 mg of each fecal sample was utilized for extract-
ing microbial DNA using DNeasy PowerSoil Pro Kits (Qiagen,
Germantown, MD), following the manufacturer’s instruction.

Shotgun sequencing and data analysis

The resulting DNA was fragmented and barcoded using the
Illumina DNA Prep kit (San Diego, CA) following the manufac-
turer’s instructions."* The barcoded shotgun libraries were
sequenced on an Illumina NovaSeq 6000 system (Illumina, San
Diego, CA) using S4 flowcells and a 2 x 150 base pair (bp) sequen-
cing configuration. Sequencing was performed to achieve target
depth of 10 million paired-end sequences per sample, corres-
ponding to approximately 3 gigabases of data per sample. The
raw sequence reads were processed using KneadData for quality
filtering and removal of human-derived reads. The filtered reads
were then analyzed using the following bioinformatics tools for
taxonomic composition and functional assessments.” First,
MetaPhlAn4 was used to identify the bacterial species present in
the samples and determine the compositional profiles of the
microbial communities.'® Next, HUMANN3 was employed to
annotate bacterial genes and determine their functional roles
and metabolic pathways."® The bacterial gene abundances were
aggregated into metabolic pathways based on the MetaCyc
pathway classifications."”” Alpha diversity indices (Chaol and
Shannon) were estimated with data, rarefied using with phylo-
seq,"® ggplot2,'® vegan®® packages as previously described.”!

Statistical analysis

This analysis was limited to participants with collected stool
samples. Baseline characteristics were presented as mean (SD).
The Student ¢ test and Fisher’s exact test were used to analyze
differences in baseline characteristics between groups and calcu-
lated using IBM SPSS version 29 (IBM SPSS Inc.). For HEI 2015
scores, change from baseline was calculated by subtracting end-
of-study values from baseline values. Independent Welch’s ¢
tests were used to test whether mean change in the variables of
interest differed significantly between AVO and HAB groups. To
detect difference in changes in clinical, biochemical measures
and alpha diversity indices between HAB and AVO groups over
time, we built linear mixed models that included fixed effects of
intervention, time, intervention-time interaction and subjects as
random effects using the “Imertest” package.*® Post hoc Tukey
tests were conducted to identify specific significant differences

170 | Food Funct, 2025, 16,168-180
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while accounting for multiple comparisons. Prespecified sub-
groups defined using baseline HEI-2015 (median split) from the
original cohort of 1008 participants. Participants with HEI <
52.7 were classified as HEI_low, and those with HEI > 52.7 were
classified as HEI_high.> Prespecified subgroup analyses, models
with a 3-way interaction between intervention-time-subgroup
were fit. The significance of the interaction term adjusted for
multiple comparisons was used to test for subgroup effects. P
values < 0.05 were considered statistically significant. Beta diver-
sity was calculated using Bray-Curtis dissimilarity and visualized
by Principal Coordinates Analysis (PCoA). The significance of
beta diversity differences across groups were determined by per-
mutational multivariate analysis of variance (PERMANOVA)
(‘vegan’ package, v2.6.4), using Vegan in R.**

Differential abundance analysis at the species and genus
level was conducted using per-feature testing in MaAsLin2
(multivariate association with linear models), implemented in
the R package.”* Linear mixed-effects models were employed to
explore potential associations between species/genera and inter-
vention, time, and the interaction between intervention and
time, as previously described.”> These models accounted for
within-individual correlation arising from the study’s repeated
sampling design. All identified associations were adjusted for
subjects as a random effect, as well as other fixed-effects meta-
data including age, gender, race (with white as the reference
level), intervention (with HAB as the reference level), time (with
WO as the reference level), and the interaction between interven-
tion and time. The current analysis was performed after filtering
at a minimum abundance level of 0.00001 and a minimum
prevalence of 0.05. Relative abundances were log-transformed.
Only significant associations with a g-value < 0.25, following
false discovery rate (FDR) correction, were included. Differential
abundance analysis was also performed separately for partici-
pants in the HEI low and HEI high groups.

Mediation analysis was used to determine the extent to which
the association between avocado intake and microbial changes
was due to differences in HEI component scores “mediated” the
association. The analysis performed in Mediation
implemented in the R package.”® Avocado intake (against habit-
ual diet) was regarded as the primary exposure and (1) HEI com-
ponents (energy intake, total fruits, whole fruits, and fatty acids,
the HEI-2015 total score) as the mediators, and microbial alpha
diversity and fecal AF16_15 and Faecalibacterium prausnitzii as
the outcomes. Each mediator was tested separately in the ana-
lysis, while including the age, gender and race as covariates and
adjusted for subjects as a random effect.

was

Results

Anthropometric and biochemical measures at baseline and at the
end of the 26 weeks intervention in participants at the UCLA site

There were no significant differences in the baseline character-
istics between HAB and AVO groups, including age, gender,
race, weight, body mass index (BMI), waist circumference, HEI
2015 total score, SBP, DBP, insulin, hsCRP, glucose, TC, Trig,

This journal is © The Royal Society of Chemistry 2025
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HDL-C, LDL-C, VLDL-C, VAT and HFF (Table 1). All anthropo-
metric and biochemical measures remained unchanged with
the AVO group over 26 weeks (Table 2).

The impact of avocado intake on dietary quality and total and
lipoprotein cholesterol varies according to participants’
baseline dietary quality scores

Table 3 shows the changes of the HEI-2015 total score as well as
component scores that compose the total score across 26 week
in both ABO and HAB groups. There were no significant

Table 1 Baseline characteristics of HAT gut microbiome study participants
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between-group differences in change from baseline for total veg-
etables, greens and beans, whole grains, dairy, total protein
foods, seafood and plant proteins, sodium, refined grains,
added sugars and saturated fats. Changes in energy intake (p =
0.046), total fruits (p = 0.000), whole fruits (p = 0.000), fatty acid
(p = 0.021), and HEI-2015 total score (p = 0.028) were signifi-
cantly different between the AVO and the HAB groups (Table 3).
Interestingly, improvement of HEI-2015 total score (p =
0.001) and HDL-C (p = 0.0008) were limited to participants
with a low HEI (HEI < 52.7; HEIL_low) at baseline (Table 4), but
not in participants with a high HEI (HEI > 52.7; HEL_high) at

HAB (n = 115) AVO (n =115) Pvalue

Age 45.42 (13.06) 47.05 (14.39) 0.37

Gender (F%) 84.2% 77.2% 0.17

Race (Asian/black/mixed/other/unknown/white)% (8/18/0/4/25/46) (6/22/1/8/18/46) 0.472
Weight (kg) 89.88 (18) 89.97 (19.75) 0.972
BMI (kg m~2) 32.74 (5.92) 32.63 (5.87) 0.803
Waist circumference (cm) 107.47 (11.9) 107.45 (13.21) 0.990
HEI-2015 54.62 (15.83) 54.38 (14.8) 0.905
DBP (mmHg) 76.71 (10.51) 77.51 (10.43) 0.565
SBP (mmHg) 119.69 (15.75) 121.38 (16.99) 0.440
Pulse 69.9 (9.83) 70.17 (10.31) 0.842
Insulin (uIU mL™) 15.6 (16.54) 18.37 (27.19) 0.358
hsCRP (mg L™1) 5.85 (5.86) 6.22 (7.18) 0.677
Glucose (mg dL™") 95.24 (18.13) 98.92 (28.96) 0.255
TC (mg dL™) 184.42 (39.36) 174.64 (40.56) 0.069
Trig (mg dL™Y) 109.81 (58.14) 118.87 (86.92) 0.244
HDL-C (mg dL™Y) 55.66 (12.74) 53.55 (14.19) 0.359
VLDL-C (mg dL ™) 21.96 (11.63) 23.77 (17.38) 0.057
LDL-C (mg dL™Y) 106.8 (31.89) 98.47 (33.4) 0.261
VAT (L) 2.77 (1.36) 2.98 (1.4) 0.996
HFF % 0.1 (0.11) 0.1 (0.11) 0.244

BMI: body mass index; HEI-2015: healthy eating index 2015; DBP: diastolic blood pressure; SBP: systolic blood pressure; hsCRP: high-sensitivity
C-reactive protein; TC: total cholesterol; Trig: triglycerides; HDL-C: high density lipoprotein-cholesterol; LDL-C low density lipoprotein-
cholesterol; VLDL-C: very low density lipoprotein-cholesterol; VAT: visceral fat; and HFF: hepatic fat fraction. Student ¢ tests test and Fisher exact
test were used to analyze differences in baseline characteristics between groups.

Table 2 Anthropometric and biochemical measures of participants over time

AVO HAB

Baseline Week 4 Week 26 Baseline Week 4 Week 26 Pwk4 Pwk26
N 115 113 72 115 113 73
BMI (kg m™?) 32.72 (5.83) — 33.48 (6.01) 32.87 (5.94) — 32.81(5.61) NS
VAT (L) 2.98 (1.4) — 3.07 (1.42) 2.77 (1.36) — 2.83 (1.43) NS
HFF (%) 0.1 (0.11) — 0.09 (0.1) 0.1 (0.11) — 0.1(0.12) NS
DBP (mmHg) 78 (10) 76 (9) 76 (7) 77 (11) 77 (9) 77 (8) NS NS
SBP (mmHg) 121 (17) 120 (15) 121 (13) 120 (16) 120 (13) 122 (17) NS NS
Pulse 70.17 (10.31) 74.3 (9.75) 71.36 (9.03) 69.9 (9.83) 75.67 (22.91) 69.23 (10.63) NS NS
Insulin (LU mL ™) 18.37 (27.19) — 15.88 (13.34) 15.6 (16.54) — 14.58 (11.05) NS
hsCRP (mg L") 6.22 (7.18) — 6.6 (7.09) 5.85 (5.86) — 6.31 (5.92) NS
Glucose (mg dL™) 98.92 (28.96) — 104.83 (25) 95.24 (18.13) — 104.13 (27.55) NS
TC (mg dL ™) 175 (41) — 176 (41) 184 (39) — 191 (42) NS
Trig (mg dL™") 119 (87) — 118 (83) 110 (58) — 113 (52) NS
HDL-C (mg dL™") 54 (14) — 54 (14) 56 (13) — 53 (12) NS
VLDL-C (mg dL™") 24 (17) — 24 (17) 22 (12) — 23 (10) NS
LDL-C (mg dL ™) 98 (33) — 99 (37) 107 (32) — 115 (34) NS

BMI: body mass index; DBP: diastolic blood pressure; SBP: systolic blood pressure; hsCRP: high-sensitivity C-reactive protein; TC: total
cholesterol; Trig: triglycerides; HDL-C: high density lipoprotein-cholesterol; LDL-C low density lipoprotein-cholesterol; VLDL-C: very low density
lipoprotein-cholesterol; VAT: visceral fat; and HFF: hepatic fat fraction. Values are presented as mean (SD). No significance (NS).

This journal is © The Royal Society of Chemistry 2025
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Table 3 26 week change in HEI-2015 component scores
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HEI component scores AVO HAB Effect 95% CI Pvalue
Energy intake (kcal) 266.31 9.78 0.34 0.01 to 0.67 0.046
Total vegetables —-0.53 —-0.09 -0.2 —0.53 to 0.13 NS
Greens and beans -0.2 -0.14 —-0.02 —0.35 to 0.31 0.897
Total fruits 1.92 0.08 0.78 0.44 to 1.13 0.000
Whole fruits 2.06 0.06 0.76 0.42to1.1 0.000
Whole grains 0.18 0.27 —0.02 —0.35 to 0.31 0.922
Dairy -0.37 -0.24 —0.03 —0.36 t0 0.3 0.866
Total protein foods -0.11 —-0.03 —-0.06 —0.39to 0.27 0.725
Seafood and plant proteins 0.13 0.18 —-0.02 —0.35 to 0.31 0.914
Fatty acids 2.1 0.18 0.39 0.06 to 0.73 0.021
Sodium 1.91 0.4 0.28 —0.05 to 0.61 NS
Refined grains 0.55 -0.37 0.18 —0.15 to 0.52 NS
Added sugars 0.31 0.92 -0.19 —0.52 t0 0.14 NS
Saturated fats —0.09 0.43 —0.12 —0.45 to 0.21 NS
HEI-2015 total score 7.86 1.65 0.38 0.04 to 0.71 0.028

Values represent change from baseline to end of study. Welch’s ¢ tests were used to assess between-group differences in absolute change across
26 weeks. Values in bold are statistically significant (p < 0.05). No significance (NS).

Table 4 Anthropometric and biochemical measures of HEI_low participants over time

AVO HAB

Baseline Week 4 Week 26 Baseline Week 4 Week 26 P wk4 Pwk26
N 48 48 32 57 56 34
BMI (kg m™?) 32.44 (5.92) — 32.91 (5.92) 33.47 (6.26) — 33.07 (6.23) NS
HEI-2015 40.48 (7.79) — 57.07 (13.5) 42.21 (8.11) — 50.43 (14.99) 0.001
VAT (L) 2.93 (1.38) — 2.95 (1.4) 2.73 (1.48) — 2.8 (1.64) NS
HFF (%) 0.1 (0.12) — 0.08 (0.09) 0.1 (0.11) — 0.09 (0.12) NS
DBP (mmHg) 78 (9) 78 (8) 78 (8) 75 (10) 76 (10) 76 (9) NS NS
SBP (mmHg) 122 (14) 120 (13) 121 (15) 118 (15) 120 (13) 120 (17) NS NS
Pulse 72.15 (11.69)  74.59 (10.16)  73.19 (9.44) 70.98 (9.73) 77.23 (30.76)  68.53 (11.19) NS NS
Insulin (LIUmML™")  20.24 (36.14) — 17.55 (17.14) 16.49 (21.35)  — 12.88 (10.32) NS
hsCRP (mg L™ 6.02 (4.18) — 5.59 (5.42) 6.44 (6.08) — 6.59 (5.63) NS
Glucose (mg dL™") 99.38 (23.6) — 108.22 (28.31)  94.58 (19.72)  — 102.91 (29.26) NS
TC (mg dL™) 178 (47) — 175 (50) 178 (34) — 183 (38) NS
Trig (mg dL™") 110 (64) — 116 (80) 98 (58) — 104 (45) NS
HDL-C (mg dL ™) 54 (17) — 54 (17) 54 (12) — 51 (12) 0.0008
VLDL-C (mg dL™") 22 (13) — 23 (16) 20 (12) — 21 (9) NS
LDL-C (mg dL™") 103 (37) — 99 (45) 105 (29) — 111 (31) NS

Values are presented as mean (SD); P > 0.05, no significance (NS). Values in bold are statistically significant (p < 0.05).

baseline (ESI Table 11). Among HEI low participants, at week
26, HEI-2015 total score increased by 41% from baseline in the
AVO group, compared to 19% in the HAB group (Table 4).
HDL-C remained unchanged (0.09%) in the AVO group and
decreased by 5.5% in the HAB group (Table 4).

Effects of avocado intake on gut microbiome

Two alpha diversity indices, Chaol and Shannon, were calcu-
lated. Compared to HAB group, we observed a significant
increase of species richness (Chao1l) associated with avocado
intake by week 4, which persisted through week 26 (week 4: p =
0.03; week 26: p = 0.004) (Fig. 1A). A significant increase in
species richness and evenness, as indicated by Shannon index,
was only observed at week 26 (week 4: p = 0.07; week 26: p =
0.02) (Fig. 1D) in AVO group compared to HAB group.
Consistent with the subgroup analysis results related to
HEI-2015 total score and HDL-cholesterol, we observed a signifi-
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cant increase in alpha diversity indices Chaol (week 4: p = 0.37;
week 26: p = 0.01) and Shannon (week 4: p = 0.04; week 26: p =
0.0005) associated with avocado consumption in participants
with low HEI scores at baseline (Fig. 1B and E), but not high
HEI scores (Fig. 1C and F). Beta diversity assessed by calculating
the Bray-Curtis dissimilarity distances demonstrated significant
differences in microbial composition between the AVO and HAB
groups at week 26 (R*> = 0.002, P = 0.02, Fig. 2). Similar to alpha
diversity, significant differences in microbial composition
between AVO and HAB groups at week 26 were only detected in
participant with low baseline HEI scores (R* = 0.002, p = 0.04)
but not high baseline HEI scores (R* = 0.002, p = 0.60).
Differential abundance analysis at the species and genus
level revealed eight and six significant features, respectively,
when considering treatment over time and controlling for cov-
ariates (age, gender, race) (Fig. 3 and 5). Specifically, at week
26, there was a significant increase in four species (g < 0.25):

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo03806a

Open Access Article. Published on 06 December 2024. Downloaded on 6/10/2026 11:44:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper
HEI_low HEI_high
A =0.004 B & C P
42=0.004 =0.002 NS |
250 | 1 1 250 | g._.> 1 250 1 1
=0.0 NS NS,
2009 I M 2004 I 1 1 2004 [ 1 1
o 150+ T 150 T 150
< g P
o 100 S 100- S 100
50 50 50
0 I I 1 1 I I 0 1 1 1 T T T 0 I I I 1 1 1
SIS @ Q@ : {&o Qo& ® 0§°0/b‘ ($0/°o§b >
@/ @/ 0/ O/ 7 Ve 7 7 /o/ Q/ 4 4 o/
I F P I F P S FF P N
D p=0.002 E HEI_low F HEI_high
5] | 1 1 61 Fom 00y 61 NS
<£=007 i —S ——
| | | | = NS
o 41 c 4 4+
c o s
c < c
© < c
&5 3- 2 g
A » 2+ » 2
2_.
T T T T 1 O —T—T—T T T O——T—T—T— T
«9 IR R © FE S @ R
el L% \\0 Y PR RSl PR O e
FF P e FF P (A

Fig. 1 Linear mixed effects model analysis showed significant increases of alpha diversity indices Chao 1 and Shannon in (A and D) in all participants
and (B and E) participants with low HEI scores but not (C and F) participants with high HEI scores, in AVO group after 4 and 26 weeks' intervention
compared to HAB group (p < 0.05). The bracket with the p-value atop each figure indicated that changes at either week 4 or week 26 from baseline

were significantly different between the AVO group and the HAB group.

Bacterium AF16_15

Faecalibacterium

(family Firmicutes_unclassified ),
prausnitzii  (family  Oscillospiraceae),
Clostridium leptum (family Oscillospiraceae), and GGB9522
SGB14921 (family Lactobacillaceae) in the AVO group compared
to the HAB group (Fig. 3A-E). At week 4, relative abundance of
GGB3653 SGB4964 (family Lachnospiraceae, F), Ruminococcus
bicirculans (family Oscillospiraceae, G), Eisenbergiella tayi
(family Lachnospiraceae, H) and Marseille Q4145 (family
Clostridiaceae, 1) were significantly different between
AVO group and HAB group. At the genus level, relative abun-
dance of  Faecalibacterium  (family  Oscillospiraceae),
Firmicutes_unclassified, GGB9522 (family Lactobacillaceae),
Roseburia (family Lachnospiraceae) and Alistipes (family
Rikenellaceae) significantly increased in AVO group compared
to HAB group at week 26; GGB3653 was significantly increased
at week 4 (Fig. 5A). At the phylum level, no significant associ-
ation was identified. Differential abundance analysis of
microbial metabolic pathways and functions revealed 24 nom-

This journal is © The Royal Society of Chemistry 2025

inally significant features between the AVO group and HAB
group when considering treatment effects and controlling for
covariates. Specifically, 12 significant features were observed at
week 4 and another 12 at week 26. However, after adjusting for
multiple comparisons using a g-value threshold of <0.25, no
significant differences remained (ESI Fig. 27).

Given the more pronounced increase in alpha diversity
observed in the AVO group with HEI low participants compared
to HEI high participants, we performed an exploratory investi-
gation into differential abundance analysis at the species level
within both subgroups. In HEI low participants, we observed
more significant associations with avocado intake (Fig. 4: 9
species at week 4 and 32 species at week 26) than were identified
in previous analyses conducted on all participants (Fig. 3: 4
species at week 4 and 4 species at week 26). At week 4, 9 species
exhibited significant associations, and this increased to 32
species by week 26 (Fig. 4 and ESI Table 2f). Notably,

Streptococcus australis (family Streptococcaceae); Bacteroides
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Fig. 2 PCoA plot based on the Bray—Curtis dissimilarity distances, with each point corresponding to a sample and colored-coded for the different
group. PERMANOVA showed that the separation of bacterial communities in between baseline and week 26 was significant between AVO and HAB

groups (p = 0.02, repeated measures PERMANOVA).

ovatus (family Bacteroidaceae), and GGB3653 SGB4964 (family
Lachnospiraceae) consistently showed significant associations
with avocado intake during intervention period (orange, green
and white bars, Fig. 4). At the genus level, 6 genera at week 4
and 32 genera at week 26 exhibited significant associations with
avocado intake. Notably, Limosilactobacillus and GGB3653 con-
sistently demonstrated associations from week 4 to week 26
(white and orange bars, Fig. 5B). At the phylum level,
Bacteroidetes consistently showed a positive association with
avocado intake from week 4 to week 26, while Euryarchaeota only
appeared at week 26 (data not shown). In HEI high participants,
no significant associations were detected. In addition, 45 and
33 microbial metabolic pathways and functions were nominally
significantly associated with avocado intake in HEI low partici-
pants (ESI Fig. 3Af) and HEI high participants (ESI Fig. 3BY),
respectively. In HEI low participants, the four metabolic path-
ways, including anaerobic energy metabolism invertebrates
cytosol, gluconeogenesis III, superpathway of geranylgeranyl
diphosphate biosynthesis II via MEP, and colanic acid building
blocks biosynthesis consistently exhibited positive associations
with avocado intake throughout the intervention period, from
week 4 to week 26 (ESI Fig. 3At). However, after adjusting for
multiple comparisons using a g-value threshold of <0.25, no sig-
nificant differences remained.

Dietary patterns and gut microbiota interaction

There were significant associations between avocado intake, HEI
components (energy intake, total fruits, whole fruits, fatty acids,
and the HEI-2015 total score), alpha diversity indexes (Chaol and
Shannon), and fecal bacterium AF16_15 and Faecalibacterium
prausnitzii. We performed mediation analyses to investigate

174 | Food Funct., 2025, 16, 168-180

whether HEI-2015 components (energy intake, total fruits, whole
fruits, and fatty acids, the HEI-2015 total score) might mediate
the observed avocado associated changes in alpha diversity and
AF16_15 and Faecalibacterium prausnitzii. None of the HEI com-
ponent explained the relationship between avocado intake and
microbial changes (alpha diversity, Bacterium AF16_15 and
Faecalibacterium prausnitzii). HEI-2015 total score likely contribu-
ted to 11% Chaol changes with P = 0.068 (ESI Table 37).

Discussion

Nutrition-related clinical trials can investigate causal relation-
ships between diet and various risk factors associated with
non-communicable and chronic diseases. They are important
for establishing dietary requirements and developing nutrition
guidance for health promotion and disease prevention. One
challenging issue encountered when conducting nutrition-
related clinical trials is addressing participant’s nutritional
status including their habitual dietary pattern. In the HAT
multi-center clinical trial, we aimed to investigate the effects of
incorporating one avocado per day in free living participants
without changing their usual diet and lifestyle.” Among a wide
range of clinical and biochemical outcomes evaluated, only
very modest but nominal significant reduction in total and
LDL-C was observed.” The significant reduction in total chole-
sterol (—2.9 mg dL™' by AVO vs. HAB) and LDL-cholesterol
(-2.5 mg dL™' by AVO vs. HAB) levels previously observed in
1008 participants was not significant in the subset of partici-
pants at the UCLA site (n = 230).> Potential factors such as
lower statistical power due to smaller sample size, demo-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Avocado supplementation was associated with significant shifts in intestinal bacterial species at 4 and 26 weeks. (A) Significant interactions
(g < 0.25) between time and intervention for species levels at both week 4 and week 26. The term Sign(coeff) represents the absolute value of the
coefficients in the MaAsLin2 model. To emphasize associations with both large effects and high statistical significance, we calculated —log(q value) *
Sign(coeff). Relative abundance of species (B) Bacterium AF16_15, (C) Faecalibacterium prausnitzii, (D) Clostridium leptum, (E) GGB9522 SGB14921,
(F) GGB3653 SGB4964, (G) Ruminococcus bicirculans, (H) Eisenbergiella tayi and () Marseille Q4145 at baseline, week 4, and 26. Significant associ-
ations between the interaction (week 26 or week 4) and the relative abundance of these species were presented. A g-value < 0.25 was considered

statistically significant.

graphics, lifestyle, food quality, and dietary habits of the study
population may contribute to this disparity, warranting further
investigation. However, the improvement in HEI scores (8.4 by
avocado) and a trend in SBP changes were consistent with
previous findings in the larger cohort.> A noteworthy increase
in HEI-2015 is consistent with findings from the original
cohort of 1008 participants.

This journal is © The Royal Society of Chemistry 2025

In a subset of participants from HAT, limited to partici-
pants from UCLA only, we investigated the effects of incorpor-
ating one avocado per day on the gut microbial composition
and function, anthropometric and biochemical measures, as
well as association with HEI scores relative to habitual diet.
The major finding of this study was that avocado consumption
altered gut microbial including

composition, increased
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Fig. 4 MaAsLin2 results at the species level revealed significant associations with avocado intake in participants with low HEI scores. Species with
significant interactions (g < 0.25) between time and intervention at week 4 or week 26 are shown.
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Fig. 5 MaAsLin2 results at the genus level revealed significant associations with avocado intake. Significant interactions (g < 0.25) between time and
intervention at the genus level are shown for week 4 and week 26 for (A) all participants, and (B) HEI_low participants.

microbial alpha diversity, elicited changes in beta diversity,
and alterations in relative abundance of specific species and
genera. Long-term treatment (26 weeks) showed a more pro-
found impact on microbiome composition compared to short-
term treatment (4 weeks), particularly in those participants
with lower baseline diet quality, assessed using HEI scores. We

176 | Food Funct., 2025, 16, 168-180

observed avocado intake induced significant microbial compi-
tion changes, however, participant factors (R> = 0.65, p = 0.007)
emerged as more significant than treatment x time inter-
action, indicating that individual variability was the primary
driver of differences in community composition rather than
the intervention.

This journal is © The Royal Society of Chemistry 2025
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Although the retention rate was high (97%), there was a sig-
nificant loss of fecal samples collected in this ancillary study
due to the extraordinary challenges associated with the
COVID-19 pandemic (baseline: 7% in the AVO group and 6%
in the HAB group; week 4: 9% in the AVO group and 7% in the
HAB group; week 26: 41% in both the AVO group and the HAB
group). To assess the impact of this attrition and robustness of
our findings, we performed sensitivity analyses restricted to
cases who completed the entire 26 week intervention period.
This included 141 complete cases, with 70 in the AVO group
and 71 in the HAB group. The results indicated similar find-
ings to the entire cohort. There were increases in alpha diver-
sity indices at week 26 were observed in the restricted com-
pared to entire AVO group (ESI Fig. 4A and Dt). Increases in
Chao 1 and Shannon indices at week 26 were significant only
in participants with low HEI scores at baseline (ESI Fig. 4B
and Eft), but not high HEI scores (ESI Fig. 4C and Ff}). Beta
diversity analysis of these complete cases showed no signifi-
cant difference in microbial composition between the AVO and
HAB groups at week 4 and week 26 (week 4: R* = 0.002, P =
0.34; week 26: R*> = 0.002, P = 0.10) (ESI Fig. 5At). However, in
participants with low HEI scores, significant differences
between the AVO and HAB groups were detected at week 26
(week 4: R* = 0.003, P = 0.46; week 26: R* = 0.008, P = 0.01), and
participant factors were no longer more significant than the
treatment*time interaction (ESI Fig. 5B¥). No significant differ-
ence was detected in participants with high HEI scores (week
4: R*> = 0.002, P = 0.79; week 26: R> = 0.002, P = 0.63) (ESI
Fig. 5Ct). In addition, we performed differential abundance
analysis at the species level, restricted to participants who
completed the entire 26 week intervention period. Differential
abundance analysis identified 33 significant species at week
26 and 18 significant species at week 4 when time, treatment,
time X treatment interaction and controlling for covariates
were included in the model (ESI Table 4}). However, post-
adjustment for multiple comparisons yielded only one signifi-
cant species, Bacterium AF16_15 (Firmicutes unclassified),
which was significantly increased in the AVO group compared
to the HAB group at week 26 (¢ = 0.17, ESI Table 47). In
HEI low participants, 12 species at week 4 and 58 species at
week 26 species exhibited significant association with avocado
intake (ESI Table 51). However, post-adjustment for multiple
comparisons yielded only one significant species, Bacterium
AF16_15 (Firmicutes unclassified), that was significantly
increased in the AVO group compared to the HAB group at
week 26 (g = 0.02, ESI Table 5t). No significant species differ-
ence was detected in participants with high HEI scores.

The gut microbiome plays a critical role in human health
and could be one of the underlying mechanisms behind the
observed diverse responses associated with participants’ initial
dietary quality. In this study, participants with a waist circum-
ference of 35 inches or more for women and 40 inches or
more for men, were considered to have visceral obesity. Both
gut microbiota and diet have been demonstrated to signifi-
cantly influence visceral fat mass, which is a major risk factor
for cardiometabolic disorders.”” A recent study investigating

This journal is © The Royal Society of Chemistry 2025
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the complex relationship between the gut microbiome, host
metabolism, and habitual diet suggests that microbial bio-
markers can predict many cardiometabolic markers.?
Specifically, the study found a significant association between
microbial alpha diversity and indicators of cardiometabolic
health.? Previous study suggested that visceral fat was more
closely correlated with the gut microbiome composition com-
pared with BMI,*® suggesting an intrinsic connection between
the gut microbiome and visceral fat and its related metabolic
disorders. Although the primary outcomes of the HAT study
demonstrated that avocado intake did not change visceral fat
or other obesity markers such as BMI,” we observed significant
increase of alpha diversity indices with avocado intake, par-
ticular in participants with low HEI scores. The effects of
avocado on alpha diversity index Chaol might be week and
need further investigation as the main effect of interaction of
Chao1 is not significant (p = 0.10), but post hoc analysis at
showed significance associated with avocado consumption at
week 26 in HEI_low group. In addition, we observed some
lean-associated microbial changes induced by avocado intake,
such as enrichment of Faecalibacterium and Alistipes. Plant-
enriched diets have been shown to selectively promote the pro-
liferation of specific butyrate-producing bacteria, such as
Roseburia hominis.®>® In addition to Roseburia, the relative
abundance of some well-known butyrate producers like
Clostridium leptum and Faecalibacterium prausnitzii were
increased with the addition of one avocado per day to partici-
pants’ usual diet.’® Faecalibacterium prausnitzii, comprising
approximately 5% of fecal bacteria, is one of the predominant
anaerobic bacteria in the human gut microbiome. Reduction
of Faecalibacterium prausnitzii has been associated with many
diseases, including IBD, colorectal cancer and diabetes.’
Dysbiosis in patients with ulcerative colitis is characterized by
a reduction in the butyrate-producing species Roseburia
hominis and Faecalibacterium prausnitzii.>* This finding is in
the line with the anti-inflammatory properties of avocado in
IBD.** We also found that avocado intake increased the relative
abundance of Ruminococcus. Interestingly, Ruminococcus was
previously identified as an obesity-associated genus in
Western studies, but it seems to exhibit a lean-associated
profile in Eastern populations.”’** This divergence under-
scores the contextual nature of microbial associations, high-
lighting the influence of cultural, race and dietary factors on
microbial dynamics.

The interaction between dietary patterns and gut micro-
biota is crucial. Given that macronutrients (carbohydrates,
fats, proteins, dietary fibers) can significantly impact gut
microbiota composition, we performed mediation analysis to
investigate whether the components of the Healthy Eating
Index (HEI) and the total HEI-2015 score could explain the
most profound microbial changes we identified (alpha diver-
sity, Bacterium_AF16_15, and Faecalibacterium prausnitzii). Our
analysis indicates that HEI components do not significantly
contribute to the observed changes associated with avocado
consumption. Only the total HEI-2015 score appears promis-
ing, explaining 11% of the changes in Chaol. This suggests
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that while specific macronutrients may not be potent enough
to drive changes in gut microbiota, the overall dietary quality,
as reflected by the total HEI-2015 score, plays a more substan-
tial role. In addition, we did not detect any avocado-induced
changes in sleep quality and physical activity. Therefore, it
is unlikely that the observed microbial changes are related
to sleep quality and physical activity (ESI 1t). In addition, we
performed a mediation analysis to determine if microbial diver-
sity (Chaol and Shannon indices) mediated the
observed avocado-associated changes in HDL among HEI_low
participants. None of the alpha diversity indices explained
the relationship between avocado intake and HDL changes. It is
noteworthy that only a limited number of metabolic markers
were evaluated in this clinical trial. Further investigation is
required to determine whether changes in the gut microbiome
lead to improvements in other clinical markers. Further research
is needed to explore the complex interactions between diet and
gut microbiota, considering other potential mediators and con-
founding factors. This could help in developing more targeted
dietary interventions to modulate gut microbiota for better
health outcomes. In summary, we observed significant differ-
ences in HEI, HDL-C levels, and microbial composition and
diversity in the UCLA subgroup of the HAT cohort with poor
baseline dietary habits (HEL low) who consumed avocados, as
compared to the HAB group. This finding highlights the impor-
tance of enhancing counseling efforts to improve diet quality in
individuals with poor dietary quality. Using HEI to identify poten-
tial diet responders could be a new personalized nutrition
approach targeted to both individuals and populations that
would be expected to benefit from improved gut microbial com-
position and diversity.
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