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Abstract

Background: Akkermansia muciniphila (AM) is a Gram-negative, mucin-degrading bacteria
inhabiting the gastrointestinal tract associated with host phenotypes and disease states.

Objective: Explore characteristics of overweight and obese female early-stage (0-11) breast
cancer (BC) patients with low AM relative abundance (LAM) vs. high (HAM) enrolled in a
presurgical weight-loss trial.
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Design: Secondary analysis of pooled participants in a randomized controlled trial
(NCT02224807).

Participants/setting: In 2014-2017, 32 female BC patients were randomized to weight-loss or
attention-control arms from time of diagnosis-to-lumpectomy (average 30+9 days).

Intervention: All were instructed to correct nutrient deficiencies via food sources and on
upperbody exercises. The weight-loss group received additional guidance to promote 0.5-1 kg/
week weight-loss via energy restriction and aerobic exercise.

Main outcome measures: At baseline and follow-up, sera, fecal samples, two-24 hour dietary
recalls and dual x-ray absorptiometry were obtained. Bacterial DNA was isolated from feces and
PCR (16S) amplified; inflammatory cytokines were measured in sera.

Statistical analyses performed: Differences between LAM and HAM were analyzed using t-
tests and non-parametric tests. Spearman correlations explored relationships between continuous
variables.

Results: Participants were 61+9 (mean+SD) years old with body mass index 34.8+6 kg/mZ.
Mean AM relative abundance was 0.02% (0.007-0.06%) and 1.59% (0.59-13.57%) for LAM and
HAM, respectively. At baseline, women with HAM vs. LAM had lower fat mass (38.9£11.2kg vs.
46.4+9.0kg, p=0.044). Alpha diversity (species richness) was higher in women with HAM
(360.8+84.8 vs. 282.4+69.6, p=0.008) at baseline, but attenuated after weight-loss (p=0.058). At
baseline, Interleukin-6 was associated with species richness (p=-0.471, p=0.008) and fat mass
(p=0.529, p=0.002), but not AM. Change in total dietary fiber was positively associated with A.
Muciniphilain LAM (p=0.626, p=0.002), but not HAM (p=0.436, p=0.180).

Conclusions: Among women with early-stage BC, body composition is associated with AM,
microbiota diversity, and IL-6; AM may mediate the effects of dietary fiber in improving
microbiota composition.
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Introduction

Breast cancer continues to be the most prevalent cancer in the United States, with 266,120
new cases expected in women in 2018.1 While many factors are involved in the development
of the disease, the role of inflammation and hormones, such as estrogen and insulin, are at
the forefront particularly in postmenopausal breast cancer risk and prognosis.2* Recent
advances have highlighted the role that the gut microbiota may play in altering these factors
to affect oncogenesis and progression. Several bacterial species exhibit beta-glucuronidase
activity, which affects the metabolism of sex hormones, and as such may be involved in
estrogen-dependent (ER+) breast cancer.> 8 Similarly, other microbes like Proteobacteria are
able to stimulate a systemic inflammatory response that has been associated with several
cancer types.’~12 Conversely, emerging evidence suggests some bacteria may play a key role
in protecting the gut barrier and reducing inflammation and other metabolic disorders.13-15
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Akkermansia muciniphila

(AM) is a Gram-negative mucin-degrading microbe that inhabits the gastrointestinal tract of
humans and other mammals. Though accounting for a relatively low proportion of the
microbiome, the abundance of AM in the colon and in stool samples has been inversely
associated with several health outcomes including obesity, diabetes and systemic
inflammation.1>=22 Though specific animal models have found detrimental effects of
increased AM abundance,2% 24 AM is generally accepted as a symbiont with the gut
epithelium. AM primarily metabolizes mucin into short-chain fatty acids, which stimulate
goblet cells to produce more mucin.4 20. 25, 26 Because the colonic epithelial cells form a
single-layer barrier between the lumen and lamina propria, the mucus layer is integral in
helping prevent permeability and potential translocation of a range of small molecules and
even bacteria to the lymphatic system.23: 27

As AM is increasingly recognized for its beneficial properties, efforts have been made to
supplement AM as a probiotic,18: 25 28. 29 a5 well as determine which substrates (prebiotics)
best increase the abundance of AM.22: 25 While many factors throughout life affect various
microbe populations, from feeding in infancy30 to antibiotic use3! and habitual diet,32
richness and diversity of species remain the best metrics for assessing microbiome health.33
Hence, it is important to utilize observational studies when clinically relevant to diseases
such as obesityassociated cancers. The objective of this study was to utilize longitudinal data
from a randomized controlled weight loss trial in breast cancer survivors to explore the
relationships of AM with body composition, diet and inflammatory markers.

Subjects and Methods

Participants in this study were women diagnosed with stage 0-I1 breast cancer enrolled in a
presurgical weight-loss trial (clinicaltrials.gov ID: NCT02224807), which was approved by
the Institutional Review Board of the University of Alabama at Birmingham (UAB) as
previously described.34 Thirty-two women were recruited through the UAB Breast Health
Center from 2014 to 2017. Eligibility criteria included a body mass index (BMI) = 25 kg/m2,
at least three weeks lag time until surgery, no neoadjuvant treatment or conditions that would
affect weight status, and not currently participating in a weight-loss program. All women
provided written informed consent; fecal samples, phlebotomy, dietary recalls, and
anthropometrics were obtained at baseline visits (shortly after diagnosis) and follow-up (1-3
days prior to tumor excision).

All medications were recorded at baseline and follow-up appointments.3%: 3¢ Two-24 hour
dietary recalls (one weekend and one week day with the most recent recall corresponding to
the day before fecal sample collection) were obtained at baseline and at follow-up by a
registered dietitian using a multiple pass method and entered into the Nutrition Data System
for Research (NDSR 2014, Minneapolis, Minnesota, USA).3” NDSR reports macro- and
micronutrients derived primarily from United States Department of Agriculture National
Nutrient Database for Standard Reference.38 Calories, nutrients, and food groups from the
two dietary recalls at each time point were averaged for analysis.
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Anthropometrics were obtained using standard procedures,3® and Dual X-ray
Absorptiometry (DXA) (Lunar iDXA, GE Healthcare, Waukeha, Wisconsin, USA) was
performed with patients wearing light clothing or gown as appropriate. Blood samples were
collected after an 8-hour fast. Serum was separated and stored at -80°C until analysis.
Interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha (TNFa) were measured using a
SECTOR imager 2400 (Meso Scale Diagnostics, Rockville, MD, USA).

Participants used sterile wipes to collect fecal samples, which were stored in their home
freezer in plastic bags until the time of their appointment; samples were then stored at -80°C
until processed. Microbiota analysis methods were previously reported by Demark-
Wahnefried et al.34 40 Microbe DNA was extracted using a ZR Fecal DNA Miniprep, and
the V4 region of the 16S rRNA gene was PCR-amplified and sequenced with 500 cycle v2
kits with 250 bp paired-end read length using the Illumina Miseq, as previously described.
41,42 Quality was assessed via fastQC; reads where 80% of bases with a Phred score of less
than 20 were removed. Analyses were performed with the Quantitative Insight into
Microbial Ecology (QIIME) suite, version 1.9,43 and the QWRAP wrapper pipeline.*! Raw
reads were clustered into operational taxonomic units (OTUs) using USEARCH at 97%
similarity. The most common sequence in the cluster was the sequence assigned to that OTU
which was given a taxonomic identification via QIIME’s RDP classifier. These
identifications attempt to reach species level specificity for all OTUs however some can only
be resolved to the genus, family, etc.#4 In this dataset, 55 species were identified, including
A. muciniphila. Taxonomic assignments to OTUs were performed with the Ribosomal
Database Project classifier,*> Greengenes 16S database (version gg_13_8).46 Singletons
were removed and OTUs with a total observation (sequence) count less than 0.005% were
removed. The sequences were rarefied to the level of the sample with the lowest read count;
all but one sample were above 10,000 so the rarefaction level was set at 50,000
(Supplementary Figure 1). The final filtered OTU table was used to calculate alpha and beta
diversity. Alpha diversity measures were calculated using Chaol, observed species, Shannon
Index, and whole tree Phylogenetic Diversity.33 47 Beta diversity was calculated using
BrayCurtis and weighted and unweighted UniFrac clustering of donors based on their
microbial composition.#8 Principal coordinates analysis (PCoA) plots were generated by
QIIME to visualize the beta diversity among the samples.

After completing baseline appointments, participants were randomized to either weight loss
or attention control arms and completed follow-up visits 1-3 days prior to surgery.3* All
participants received resistance bands and were provided guidance on performing
prehabilitation exercise for the biceps, triceps, and deltoids 2—-3 times per week. All
participants were advised on American Cancer Society Guidelines on nutrition and physical
activity.49 Additionally, baseline dietary recall data from NDSR were used to determine any
potential nutrient deficiencies, and participants were provided with guidance on correcting
these deficiencies using food sources. Women randomized to the weight loss arm were
prescribed a healthful, nutritionally adequate, energy-restricted diet, and encouraged to
exercise at least 30 minutes/day to promote weight loss of 1 kilogram per week. Diet and
exercise guidance was provided to the intervention group through twice-weekly in-person
and telephone contact with a registered dietitian and an exercise physiologist.
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Exploratory analyses determined there were no differences between study arms in AM at
baseline (p=0.924) or over the course of the study (p=0.585); therefore, participants from
both arms were combined and then dichotomized per the median relative abundance of AM
at baseline. All continuous variables were tested for normality and AM relative abundance
was the only non-normally distributed variable. Descriptive statistics for the two groups,
high AM (HAM) and low (LAM), were obtained at baseline and follow-up and compared
using t-tests for normally distributed continuous variables (Mann-Whitney U-tests for all
other continuous variables). Chi-square tests tested differences for categorical variables at
baseline and follow-up. Changes in diet, anthropometric and alpha diversity data were
compared between HAM and LAM using ANOVA. Spearman correlations were used to
explore longitudinal relationships between AM and nutrients in the whole sample as well as
within groups. P-values of 0.05 or less were considered statistically significant. Bonferroni
correction was used for multiple comparisons in each set of analyses.

Operational Taxonomic Units (OTUs) were tested for significant differences on all
taxonomic levels individually in frequency between LAM and HAM (Kruskal-Wallis p<0.05
with false discovery rate [FDR] correction).

Participant characteristics

Thirty-three women were enrolled in the study, however, there was one postrandomization
exclusion due to advanced disease within three days of randomization. Thirty-two women
completed the trial and were included in this analysis. Study participants were 61+9 (mean +
standard deviation) years old with BMI 34.8+6 and evenly distributed between LAM (n=16)
and HAM (n=16) (Table 1). Roughly half of the women were non-Hispanic white and were
generally healthy, with few having a history of cardiovascular disease (n=5) or
gastrointestinal disease (gastroesophageal reflux, n=3; ulcerative colitis, n=1; irritable bowel
syndrome, n=1). None of the women took antibiotics over the course of the study. Roughly
onethird of participants had type 2 diabetes; with two women taking metformin in the LAM
and three in the HAM groups. No statistically significant differences were found in
microbiota alpha diversity (observed species) between women with and without
gastrointestinal disease (p=0.863), nor were there differences between women with and
without diabetes (p=0.447), or those taking or not taking metformin (p=0.482). Nine women
reporting taking proton pump inhibitors (PPI), six of which were in the LAM group. There
were no statistically significant differences in AM (p=0.281) or observed species (p=0.175)
between women taking PP vs. not taking PPI. Twentynine of the women were
postmenopausal, and the vast majority of participants had estrogen receptor positive and
progesterone receptor positive disease. There were no differences between LAM and HAM
for any of these variables. At baseline, HAM had lower fat mass (38.9£11.2kg vs.
46.4+9.0kg, p=0.044) than LAM.

The median (interquartile range) relative abundance of AM was 0.148% (0.002-6.251%) at
baseline; mean AM relative abundance was 0.019% (0.007-0.06%) and 1.594%
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(0.59113.570%) for LAM and HAM, respectively. All four alpha diversity metrics indicated
greater microbial richness and diversity in HAM (p<0.05 for all), with HAM participants
having approximately 25% more species present in stool samples at baseline (p=0.008).
Comparing LAM and HAM, relative of abundance of AM did not change significantly over
the study period (p=0.419), however, 2 LAM and 1 HAM would have been reclassified at
follow-up.

Beta diversity analysis.

Kruskal-Wallis tests indicated statistically significant differences in microbiota composition
between LAM and HAM. In addition to differences in AM (FDR p=0.000219), an additional
40 OTUs were different between LAM and HAM (FDR p<0.2 for all). Noteworthy among
these OTUs were higher Prevotellaand Lactobacillusand lower Clostridium, Campylobacter
and Helicobacter genera in HAM vs. LAM. PCoA plots (Supplementary Figure 2) were
generated to visualize differences between LAM in HAM at baseline. Though all
betadiversity tests yielded significant differences between LAM and HAM, Bray-Curtis
dissimilarity yielded the most visual and statistical (p=0.002) differences between the two
groups.

Relationships among AM, anthropometrics and diet.

Over the course of the study, which lasted 30+9 days, average weight loss was 2.2+2.0 kg
among all participants. Women in LAM and HAM lost significant body weight and fat mass
(p<0.005 for all); HAM had a significant decrease in percent body fat (p=0.005), though not
statistically greater than LAM (Table 2). Weight change was not associated with AM change
(p=0.905).

At baseline, there were no significant differences between the nutrients and diet quality
measures listed in Table 3. Both groups reduced total calories, carbohydrates and glycemic
load from baseline to follow-up (p<0.003 for all), however HAM additionally reduced total
and all major types of fats (p<0.0003 for all), though not statistically greater than LAM.
Post-hoc analyses explored whole sample and within group correlations between AM and
food groups. Unadjusted correlations between changes in AM and total fat, carbohydrate,
vegetable protein and monounsaturated fatty acids were observed (p<0.05 for all), however
polyunsaturated fatty acids (PUFA) (p=0.512, p=0.003) and total fiber (p=0.489, p=0.005)
were statistically significant after correction for multiple comparisons. Further exploratory
analyses revealed that among PUFASs, linolenic acid (p=0.5442, p=0.011) and linoleic acid
p=0.509, p=0.003) were associated with change in AM, and among fiber types, change in
AM and insoluble fiber (p=0.478, p=0.006) was significant, with pectins (p=0.409, p=0.020)
trending as well. Change in total dietary fiber was positively associated with AM in LAM
(p=0.626, p=0.002), but not HAM (p=0.436, p=0.180). Within group analyses indicate LAM
had significant changes in AM associated with change in total and animal protein, as well as
soluble fiber (p<0.003 for all). Conversely, no significant associations between diet and AM
were observed in HAM.
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Alpha diversity

To determine these nutrients’ effects on microbiota composition, correlations between
changes in the nutrients and alpha diversity were undertaken. Change in observed species
and whole tree phylogeny were significantly associated with change in polyunsaturated fats
(p=0.001 for both), but not fiber. Because PUFAs were reduced significantly in the entire
sample throughout the study, it is unclear whether increasing PUFA would increase AM or
diversity. Over the course of the study, alpha diversity diverged between LAM and HAM,
with LAM increasing and HAM decreasing nonsignificantly. Between group change
ANOVA p-values for Chaol and Shannon Index were 0.036 and 0.017, respectively
(Supplementary Table 1).

Inflammatory cytokines

Inflammatory cytokines did not change significantly in the whole sample of 32 women over
the study period. Mean IL-6 levels were 1.26+0.61 pg/mL and 1.50+1.09 at baseline and
follow-up, respectively (p=0.165). Mean TNFa levels were 2.90+0.70 pg/mL and 2.92+0.66
at baseline and follow-up, respectively (p=0.808). No significant relationships were
observed between TNFa and AM, microbiota diversity or body composition at baseline or
over the course of the study. However, IL-6 was associated with species richness (p=-0.471,
p=0.008) and fat mass (p=0.529, p=0.002), but not AM at baseline (Figure 1).

Discussion

To date, this is the first longitudinal study investigating the relationship between diet, body
composition and the fecal microbiota in women with breast cancer. Most notably, the
relative abundance of Akkermansia muciniphila, had a bimodal distribution (Supplementary
Figure 3), which correlated with relevant health outcome measures and was associated with
favorable dietary changes. Relative abundance of AM in this sample was similar to those
previously reported. Healthy adults have been reported to have 1-5% AM in several studies,
50-52 though men and women with diabetes have been observed to have lower abundance
without metformin, and 15-20% relative abundance while taking metformin.>3 Low and
high AM groups were observed to be ecologically different as measured through alpha- and
beta diversity analyses, indicating AM may be indicative of microbe diversity.

In this sample, women with higher body fat had lower AM relative abundance. This
phenotype has been observed in humans1® and preclinical models,® and similar associations
were observed with metabolic health and inflammation. The mechanisms by which AM may
play a causal role have been explored in several mouse models, indicating that its relative
abundance increases cecal antimicrobial peptides and improves mucus layer thickness in
most animal models, two functions that serve to prevent bacterial translocation,
endotoxemia, and subsequent systemic inflammation.1# Similarly, supplementing AM in
chow-fed mice prevented weight gain and reduced inflammation via the same mechanisms.
54 To date, these results have not been replicated in humans, though AM supplementation
has been determined to be safe.%®
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Preclinical studies have also indicated mechanisms by which increased AM abundance may
be deleterious to the mucus layer and increase inflammation. One study found that feeding
gnotobiotic mice colonized with human flora a fiber-free diet led to degradation of the
mucus layer and increased susceptibility to pathogens.23 Another study explored the role of
microbes in heme-induced hyperproliferation of coloncytes, finding that antibiotics
prevented cytotoxicity by eliminating sulfide- and mucin-degrading bacteria, including AM.
Taken together, it is plausible in humans that increased AM may promote epithelial damage
when dietary intake is suboptimal (i.e. lacking fiber and/or rich in heme). Future studies are
needed to translate these studies in humans.

Translocation of Gram-negative bacteria (most notably, £. coli) in the colon induces
endotoxemia,>® 57 which results in production of TNFa by macrophages.>® Because AM
generally serves to reinforce the gut barrier, an inverse relationship between the two was
anticipated. Similarly, it was hypothesized that 1L-6 would be reflective of gut-derived
inflammation.26: 5 Though IL-6 was not associated with AM relative abundance, its
relationship to body composition and microbiota alpha diversity was a significant finding
that warrants further investigation in a larger population.5°

Previous reports have indicated metformin (Glucophage) may alter the composition of the
gut microbiome.3% In this study, there were seven patients with type 2 Diabetes in HAM,
only three of these were prescribed and taking metformin over the course of the study,
compared to both patients with diabetes taking metformin in LAM. Recently, a longitudinal
study observed microbial changes in patients undergoing metformin treatment which
included increases in AM and other beneficial microbes.6! Transfer of these patients’ stools
samples to germ-free mice increased glucose tolerance, indicating a potential benefit of AM
to metabolic health. It is unknown whether these benefits are sustained over years, which
may be why a microbial benefit from metformin was not present in this study.

Microbiota alpha diversity was widely distributed in this study sample with LAM and HAM
diverging over the study period. These results are supported by positive associations with
alpha diversity and PUFA,%2 protein,53 and more commonly, dietary fiber®4 that have been
observed in other studies. Mixed results have been reported in regard to the effects of weight
loss on microbiota diversity,5% 66 however, it seems most probable that a diet reducing
microbial substrates would prevent expansion of the populations studied.23: 87 These data
suggest that dietary intervention may increase the alpha diversity of AM in individuals with
lower levels of AM; future studies are warranted.

There are four main limitations to this secondary analysis. First, the sample size was small.
Though the sample was racially diverse, study participants were women in the state of
Alabama, and thus these findings may not be generalizable to the larger population. Second,
this was not a controlled feeding study, so dietary recall data is subject to error and may have
been influenced by recommendations to improve nutrient deficiencies. Additionally, only
two days of recall data were collected at each time point; therefore, these may not have
represented a sufficient sampling to represent habitual intake.%® Similarly, dietary habits at
study initiation may have been affected by stress associated with a recent diagnosis of breast
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cancer. Third, this was a brief study, and some of the dietary changes required to maintain
target weight loss may not have been sustainable in the long term; more specifically, it is
unknown whether the changes observed in microbe composition were maintained after
participants completed the study. Additionally, fecal samples were used to quantify AM,
which is in greater abundance in the mucus layer; thus generalizations from fecal data to
colonic contents cannot be assumed. Mucosal contents of feces were not quantified, and data
on stool consistency were not collected, which may have been a significant factor in the
microbe composition. Nonetheless, several findings herein support previous observations
and warrant further investigation.

Conclusion

In this sample of overweight and obese women with early stage breast cancer, Akkermansia
muciniphilawas associated with body composition and microbiota alpha diversity. Alpha
diversity, but not AM was inversely associated with the inflammatory cytokine IL-6, which
suggests a lesser role for AM in mitigating systemic inflammation. Additionally, these data
suggest that in women with negligible AM composition, increasing dietary fiber and protein
during weight loss may result in increases in AM; a benefit not observed in those with
higher AM at baseline. Overall, this secondary analysis conducted among women with
breast cancer supports previous observations in the general population that AM is associated
with microbiota diversity and body composition, and its relative abundance can change in
conjunction with diet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Question:

Is the relative abundance of Akkermansia muciniphila in fecal samples associated with
body composition, diet and inflammatory markers in women with early stage breast
cancer participating in a randomized controlled weight loss trial?
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Key Findings:

A. muciniphilahad a bimodal distribution; women with higher abundance of the bacterial
species had an average 7.5kg less fat mass, significantly higher microbiota alpha
diversity, and no differences in inflammatory markers at baseline. Change in total dietary
fiber intake was positively associated with change in A. muciniphila relative abundance,
but only for those with low abundance at baseline.
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Figure 1.
In 32 overweight and obese women with early stage breast cancer participating in a

presurgical weight loss trial, body fat is inversely associated with fecal Akkermansia
muciniphila (AM) and microbiota diversity, and positively associated with Interleukin-6. In
women with lower AM, change in dietary soluble fiber, polyunsaturated fatty acids (PUFA),
and protein were positively associated with microbiota diversity and AM abundance.
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