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ABSTRACT

Background: High fructose consumption induces disparate metabolic responses between mouse
strains.

Objective: Our goal is to investigate the role of gut microbiota in the differential metabolic
responses to fructose in genetically diverse mouse strains, namely, C57BL/6J (B6), DBA/2J
(DBA), and FVB/NJ (FVB).

Methods: Eight-week old male mice of B6, DBA, and FVB strains were given 8% fructose in
the drinking water for 12 weeks. Using 16S ribosomal RNA sequencing, the gut microbiota
composition was analyzed from cecum and feces, and correlated with metabolic phenotypes and
host gene expression in hypothalamus, liver, and adipose tissue to prioritize microbial taxa that
may contribute to differential host fructose responses. Lastly, fecal transplant and Akkermansia
muciniphila colonization experiments were conducted to test the causal role of gut microbiota in
determining mouse strain-specific fructose responses.

Results: DBA mice consuming fructose demonstrated significant increases in body weight,
adiposity, and glucose intolerance, which were accompanied by low baseline levels of
Akkermansia, S24-7, and Turicibacter, compared to B6 and FVB mice which did not exhibit
body mass and glycemic alterations. Additionally, fructose altered several microbial taxa that
demonstrated strain-specific correlations with metabolic phenotypes and gene expression in host
tissues. From the fecal microbiota transplant experiments between B6 and DBA, B6 microbes
abrogated the fructose response in DBA mice by conferring resistance to weight and fat gain and
glucose intolerance. Further, DBA mice receiving Akkermansia muciniphila, which was enriched

in B6 and FVB, also mitigated fructose-induced metabolic dysfunctions.
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Conclusions: Our findings support that differential microbiota composition between mouse
strains is partially responsible for host metabolic sensitivity to fructose, and Akkermansia is one
of the key responsible microbiota that confers resistance to fructose-induced dysregulation of

adiposity and glycemic traits.
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INTRODUCTION

The drastic increase in fructose consumption for the past few decades has been paralleled by the
rising prevalence of metabolic syndrome and diabetes (1,2). Our recent systems nutrigenomics
study unraveled the impact of fructose on transcriptome, epigenome and gene-gene interactions
in the hypothalamus, which is the master regulatory center of metabolic control (3). Additionally,
studies on the liver tissue have revealed fructose-induced alterations in genes involved in several
aspects of systemic metabolism (4,5). Interestingly, different mouse strains with genetic diversity
demonstrate disparate metabolic responses to fructose consumption, a finding reproducible
across multiple studies, including ours (6,7). However, the causal mechanisms underlying the
inter-individual differences in metabolic responses to fructose are yet to be elucidated.

The gut microbiome is emerging as an important modulator of metabolism, obesity, and
other metabolic disorders (8). In addition, the dynamic nature and ease of manipulation have
made the gut microbiome a suitable therapeutic target to mitigate metabolic syndrome (9,10).
Diet influences trillions of gut microorganisms as early as one day post dietary intervention (11),
and the response to a high fat high sucrose diet among genetically diverse mouse strains is linked
by the gut microbiome as a mediator between the genetic and phenotypic diversity (12). It is
plausible that the gut microbiome also plays a role in determining inter-individual variability in
metabolic responses to fructose consumption.

Dietary fructose is mostly absorbed in the small intestine, where fructose is also
extensively metabolized into glucose and organic acids (13). However, excessive amount of
fructose that is not absorbed in the small intestine due to malabsorption or high intake can
undergo colonic bacterial fermentation, resulting in the production of metabolites including

short-chain fatty acids (SCFA) (14). Fructose also has the potential to modify microbiota
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community and functionality. For instance, fructose metabolites can shape the gut environment
and provide energy sources for gut microbiota (15), and fructose can suppress gut bacterial
colonization by silencing a colonization factor in a commensal bacterium (16).

Here, we investigated gut microbiota as a potential causal link between fructose
consumption and differential metabolic phenotypes in mice with diverse genetic backgrounds.
We tested our paradigm in three mouse strains, namely C57BL/6J (B6), DBA/2J (DBA), and
FVB/NJ (FVB), that had contrasting metabolic susceptibility to high caloric diets (7,12). We
found distinct gut microbiota composition accompanying disparate metabolic phenotypes in
response to fructose consumption across strains. Furthermore, our results suggest a causal role of
gut microbiota and pinpoint specific bacteria in determining metabolic sensitivity to fructose.
These findings indicate that the treatment of metabolic syndrome would optimally be based on
an individualized approach which takes into consideration the genetic and microbial background

of each individual.

METHODS

Animals and study design

Seven-week old male mice (20-25g) from three inbred strains, namely B6, DBA, and FVB, were
obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and housed in a pathogen-free
barrier facility with a 12-hour light/dark cycle at University of California, Los Angeles. Mice
were fed a standard chow diet (Lab Rodent Diet 5001, LabDiet, St Louis, MO). After one week
acclimation, mice from each strain were randomly divided into two groups (Figure 1). One group
was provided with regular drinking water (control group, n=8-10 mice/strain) and the other

group (fructose group, n=10-12 mice/strain) was given 8% (w/v) fructose (3.75 kcal/g energy;
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NOW Real Food, Bloomingdale, IL) in the drinking water for 12 weeks ad libitum. The 8%
fructose water has an energy density lower than the US popular Coca Cola (11.1% sugar; 7.2
g/100 ml of fructose) (17), and therefore is physiologically relevant. The measurement of food
and drink intake, metabolic phenotypes, and transcriptomic studies of hypothalamus, liver, and
mesenteric adipose tissues were performed as described in Zhang et al (6). Gut microbiota
composition was analyzed from cecum and feces, as detailed below, and was correlated with
metabolic phenotypes and host gene expression in individual tissues to prioritize microbial taxa
that may contribute to differential host fructose responses. Lastly, fecal transplant and
Akkermansia muciniphila colonization experiments were conducted to test the causal role of gut
microbiota in determining mouse strain-specific fructose responses (Figure 1). Experimental
protocols were approved by the Institutional Animal Care and Use Committee at the University

of California, Los Angeles.

Fecal and cecal sample collection

Each group of mice were housed in 2-3 cages (n = 3-4 mice/cage). Fecal samples were collected
by gently restraining each mouse in a sterile empty cage, with tail lifted, to induced defecation.
Feces were immediately placed into liquid nitrogen and stored at -80 °C for microbiota
sequencing. Upon completion of the 12-week fructose feeding experiment, cecal contents were

collected during terminal tissue dissection.

Microbiota analysis
Starting from the onset of fructose intake, fecal samples from weeks 1, 2, 4, and 12 and cecal

samples at week 12 were used for microbiota sequencing (n=8 mice/time point/group/strain).
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Microbial DNA was isolated from fecal or cecal samples using the MO BIO PowerSoil®-htp 96
Well Soil DNA Isolation Kit (MO BIO, Carlsbad, CA). The V4 region of the 16S rRNA gene
was amplified with barcoded primers, and amplicons were sequenced using Illumina HiSeq
4000. 16S rRNA sequences were analyzed using QIIME as detailed in Supplementary Data (18).
Briefly, microbial communities were visualized with PCoA based on the UniFrac distance
measure (19) and summarized into relative abundance for each taxonomic level in QIIME.
Categorical groups (treatment, time, strain) were confirmed to have similar multivariate
homogeneity of group dispersions to allow them to be compared using the non-parametric
PERMANOVA test with the adonis function (20). Microbial composition was analyzed at the
phylum, family, and genus taxonomic levels using the Statistical Analysis of Metagenomic
Profiles (STAMP) software (21). Taxa that differed between the fructose and control groups
were identified using the White’s non-parametric T-test (22), followed by Storey’s false
discovery rate (FDR) estimation (23). Linear discriminant analysis (LDA) effect size (LEfSe)
was used to identify taxa that discriminated between the microbiota of three mouse strains using

standard parameters (p < 0.05, LDA score > 2.0) (24).

Correlation analysis between gut microbes and metabolic phenotypes or tissue
transcriptome

Correlation analysis was performed between the relative abundance of microbiota with metabolic
phenotypes including body weight, adiposity, and area under the curve for glucose intolerance
(AUCgucose) as Well as expression levels of host genes altered by fructose in hypothalamus, liver,
and adipose tissue, termed “fructose signature genes” as detailed in Zhang et al (6). Correlation

was assessed using Biweight midcorrelation (bicor), which is resistant to outliers (25). Statistical
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p-values were adjusted using the Benjamini-Hochberg approach and FDR <0.05 was considered
significant. Fructose signature genes in individual metabolic tissues that showed significant
correlation with fructose-responsive microbiota were classified for their biological functions, as

detailed in Supplemental Data.

Fecal transplant between B6 and DBA mice

Six-week old B6 or DBA recipient mice were orally gavaged with a solution of vancomycin
(50mg/kg), neomycin (100mg/kg), and metronidazole (100mg/kg) twice daily for 7 days.
Ampicillin (1 mg/ml) was provided ad libitum in drinking water. Antibiotics-treated mice were
housed in sterile cages with sterile water and food throughout the experiment.

Fecal samples were freshly collected from donor B6 and DBA mice fed chow and regular
drinking water, and suspended at 200mg/5ml in pre-reduced PBS. Antibiotics-treated recipient
B6 or DBA mice were colonized with donor microbiota by oral gavage of 150ul fecal suspension
from the donors of the other strain for 4 weeks. After 1 week of fecal transplant, mice from each
recipient strain were divided into two groups (water or fructose group). The fructose group mice
were placed on 8 % fructose drinking water for 12 weeks while the water group received
drinking water (n = 8 mice/group/strain). Metabolic phenotypes such as body weight, adiposity,

and glucose intolerance were measured (detailed in Supplemental Data).

Akkermansia colonization in DBA mice
A. muciniphila (ATCC BAA845) was cultured under anaerobic condition at 37°C in Brain Heart
Infusion (BHI) media supplemented with 0.05 % hog gastric mucin type 111 (Sigma Aldrich,

Calsbad, CA). Cultures were authenticated by full-length 16S rDNA sequencing (Laragen,


https://doi.org/10.1101/439786

bioRxiv preprint doi: https://doi.org/10.1101/439786; this version posted May 14, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Culver City, CA). The freshly cultured A. muciniphila was pelleted and re-suspended at 5 x 10°
cfu/ml in pre-reduced PBS. Antibiotics-treated DBA mice were orally gavaged with 200 ul
bacterial suspension twice during the first 3 weeks, and once a week afterwards for 6 weeks.
After 1 week of bacterial gavage, DBA mice were divided into two groups (water or fructose
group). The fructose group mice were placed on 8 % fructose drinking water for 8 weeks while
the water group received drinking water (n=8/group), and metabolic phenotypes were measured

(detailed in Supplemental Data).

Statistical analysis
Differences in metabolic phenotypes between control and treatment groups were analyzed using
the Student’s t-test. Other statistical tests for individual analyses were described in the

corresponding sections above.

RESULTS

Strain-specific metabolic responses to fructose treatment

As detailed in Zhang et al (6), B6, DBA, and FVB mice demonstrated striking differences in
their metabolic responses to 8% fructose treatment for 12 weeks. Briefly, in the absence of
significant differences in the overall energy intake between the fructose and control groups in
each of the three mouse strains, DBA mice were more sensitive to fructose in terms of obesity
and diabetes-related phenotypes including body weight, adiposity, and glucose intolerance. In
contrast, B6 mice showed significant increases while FVB mice had decreases in plasma
cholesterol levels. These results demonstrate strong inter-strain variability in fructose response in

genetically divergent mice.
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Overall effects of fructose on gut microbiota community
Since gut microbiota is an important modulator of metabolic disorders (8), we examined the
effects of fructose on gut microbiota in each mouse strain using 16S rDNA sequencing. Sample
distribution in the PCoA plot showed distinctive clusters determined by mouse strain for both the
cecum (PERMANOVA pseudo-F = 5.16, p = 0.001) and the fecal samples (PERMANOVA
pseudo-F = 12.56, p = 0.001) (Figure 2A, B). For fecal microbiota, time was also a significant
overall factor (PERMANOVA pseudo-F = 2.8, p = 0.001), with week 12 separating from the
earlier weeks across mouse strains (Figure 2C) and in individual mouse strains (Figure 2D-F).
Gut microbiota composition was also influenced by fructose treatment based on mouse
strain, time, and location of microbiota. Fecal microbiota differences were seen at 12 weeks
(indicated by dotted line) between fructose and water groups in B6 (Figure 2G, pseudo-F =
11.702, p = 0.001) and DBA mice (Figure 2H, pseudo-F = 3.878, p = 0.046) but not in FVB
(Figure 21). In cecum, the fructose group showed separation from controls for the B6 strain
(Figure 27), although the statistical significance could not be analyzed by PERMANOVA due to
different group dispersions (PERMANOVA assumes equal dispersion). Fructose treatment was a
significant factor for microbiota composition in DBA (Figure 2K, pseudo-F = 4.357, p = 0.002),
but not for FVB (Figure 2L). Overall, consistent with the differential effects of fructose on

metabolic phenotypes, DBA gut microbiota were sensitive to fructose treatment.

Baseline differences in gut microbiota between mouse strains show correlation with host

metabolic phenotypes
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Differences in baseline microbial composition can drive distinct host responses to the same
dietary manipulation (26,27). At the phylum level, DBA feces showed significantly higher
Firmicutes/Bacteroidetes ratio (1.78 + 0.17, p < 0.05) than B6 (0.35 + 0.24) and FVB (0.90 +
0.09) (Supplementary Figure 1), agreeing with the known association of higher Firmicutes with
obesity (28) and the increased adiposity in DBA. The microbial taxa that account for the greatest
differences between mouse strains based on LEfSe included 21 cecal and 14 fecal microbial
genera that were differentially enriched in each strain (Supplementary Figure 2A-D).

We reasoned that if any specific microbial taxon determines the differential fructose
response between mouse strains, its abundance likely shows contrasting patterns between DBA
and the other two strains. Compared to B6 and FVB, DBA mice were more enriched for
Lactobacillus, unknown bacteria of order Clostridiales, and unknown bacteria of family
Lachnospiraceae. On the other hand, DBA mice were least enriched for unknown bacteria of
family S24-7, Akkermansia, and Turicibacter (Figure 3A-F). To understand the potential role of
these microbial taxa in metabolic regulation, we correlated the abundance of the above taxa with
adiposity gain across strains and found all but Turicibacter were positively or negatively

correlated with adiposity gain (Figure 3G-K).

Fructose-responsive microbiota and correlation with host metabolic phenotypes

To explore differential microbial response to fructose in the three mouse strains, we analyzed the
abundance of gut microbiota after 12 weeks of fructose treatment. In DBA cecum, family
Erysipelotrichaceae and its two genera (Clostridum and an unknown genus), and Anaerostipes
were all significantly decreased by fructose. Fructose also significantly increased cecal

Bifidobacterium in FVB mice, while no cecal taxa were significantly changed in B6 mice. In
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feces, however, B6 microbiota was altered by fructose treatment the most (nine families and
three genera), with significant decreases in five taxa belonging to phylum Firmicutes and
significant increases in Verrucomicrobiaceae and its genus Akkermansia, which has anti-obesity
and insulin sensitivity effects (27,29,30), and S24-7 of phylum Bacteroidetes, which
encompasses ~50% of the microbiota community. In DBA feces, fructose altered the abundance
of Rikenellaceae and Pseudomonadaceae, and their genera. These two families were also found
to be fructose-responsive in B6 mice; however, the changes were more dramatic in DBA mice
(Table 1, Supplementary Figure 3). No fecal microbial taxa were significantly altered by fructose
in FVB mice.

We next correlated the abundance of these fructose-responsive taxa with metabolic
phenotypes in control or fructose-treated mice. In DBA cecum, an unknown genus of
Erysipelotrichaceae was negatively correlated with adiposity and AUCgucose (Supplementary
Figure 4). In DBA feces, unknown genus of Rikenellaceae showed no significant correlation
with body weight, adiposity, or AUCgucose in the water group, but negative correlated with body
weight and adiposity and positively correlated with AUCgucose in the fructose group (Figure 4A-
C). No phenotypic correlation was observed for the fructose-responsive taxa in B6 and FVB
mice, which is not surprising given the weaker phenotypic alterations in these strains in response

to fructose consumption.

Correlation of fructose-responsive microbiota with fructose signature genes in host
metabolic tissues
We next questioned whether the fructose-responsive gut microbiota could regulate host gene

expression, which may indicate potential communications from the gut to other host metabolic
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tissues. To address this, we analyzed the correlation between the abundance of fructose-
responsive microbiota and the host fructose signature genes in liver, adipose tissue, and
hypothalamus (6). We observed distinct correlation patterns in the three mouse strains: the B6
fructose-responsive taxa were correlated with only hypothalamic fructose signature genes, while
the fructose-responsive taxa in DBA cecum or feces were correlated with only liver or adipose
tissue signature genes, respectively (Table 2, Supplementary table 1).

In B6, Dehalobacterium was decreased by fructose treatment, and showed positive
correlation with hypothalamic genes encoding the neurotransmitter transporter Slc6a3, a notch
signaling component Nrarp, and an autophagy gene Atg3. Akkermansia was increased in
response to fructose and correlated with several neurotransmitter related genes, including Oxt
with insulin-like activities (31) and Th encoding tyrosine hydroxylase. In DBA cecum, both
Anaerostipes and Clostridium were positively correlated with Cyp8b1 in liver, which is
responsible for bile acid synthesis (32). In DBA feces, all fructose-responsive taxa were
correlated with host signature genes of the adipose tissue, and these genes were involved in lipid
metabolism, immune system, vesicle mediated transport, and cell communication. Adipose genes
such as Abhd3, Msr1, Ccrl, Creb, and Fas were correlated with both Rikenellaceae and
Pseudomonadaceae and their genera. Taken together, these correlations suggest that gut
microbiota may interact with host genes in a mouse strain- and tissue-specific manner in

response to fructose (Table 2, Supplementary table 1).

Alteration of gut microbiota modulates fructose response
Since B6 and DBA mice showed disparate metabolic responses to fructose, we tested whether

B6 microbiota confers resistance and DBA microbiota confers vulnerability by transplanting B6


https://doi.org/10.1101/439786

bioRxiv preprint doi: https://doi.org/10.1101/439786; this version posted May 14, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

14

feces to antibiotics-treated DBA mice and vice versa (Figure 5A). Using16S rDNA sequencing
post fecal transplant, we confirmed that the recipient mice experienced shifts in the gut
microbiota throughout the fecal transplant experiments (Supplementary Figure 5). DBA mice
receiving B6 feces [DBA(B6)] became resistant to body weight gain, fat mass gain, and glucose
intolerance in spite of the fructose treatment, recapitulating the resistance phenotype of B6 mice.
In contrast, B6 mice receiving DBA feces [B6(DBA)] stayed lean and glucose tolerance,
suggesting that DBA microbiota failed to induce fructose sensitivity in B6 (Figure 5).

The above results from the fecal transplant experiment supported a causal role of B6
microbiota in conferring fructose resistance in DBA. We next focused on prioritizing the
potential microbes in B6 that may determine the fructose resistance phenotype. Akkermansia was
found to be a highly plausible candidate to explain the dampened response to fructose in B6 for
the following reasons. First, Akkermansia has been previously demonstrated to carry anti-obesity
and insulin-sensitivity effects (27,29,30). Beneficial effect of Akkermansia was also previously
observed in mice fed a high-fat/high-sucrose diet (33). Secondly, it was depleted in the
vulnerable strain DBA but was highly abundant in both resistant strains, B6 and FVB (Figure 3).
Thirdly, fructose treatment caused an increase in Akkermansia in B6 mice (Table 1,
Supplementary Figure 3). Lastly, Akkermansia abundance in B6 is significantly correlated with a
large number of hypothalamic genes such as Oxt and Th that regulate metabolism (Table 2,
Supplementary Table 1).

To test the role of Akkermansia in protecting against fructose-induced metabolic
dysregulation as predicted above, we gavaged antibiotic-treated DBA mice with Akkermansia
muciniphila while having them consume fructose for 8 weeks. Indeed, DBA mice receiving

Akkermansia became resistant to body weight and fat mass gain and glucose intolerance in spite
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of the fructose treatment (Figure 6). These results support that Akkermansia confers resistance to

fructose-mediated metabolic dysregulation.

DISCUSSION

Our studies showed that three mouse strains representing a range of genetic diversity differed in
their metabolic and transcriptomic responses to high fructose treatment (6). Since gut microbiota
is an important modulator of metabolic capacity (8), here we tested the hypothesis that the
disparate responses among mouse strains were at least partially driven by the gut microbiota. Our
16S rDNA sequencing analysis revealed that baseline microbiota composition and its response to
fructose varied by mouse strains. Fecal transplant data supports that B6 mice carry microbiota
that confers resistance to fructose-induced metabolic dysfunctions. We next prioritized
Akkermansia as a candidate taxon to explain the dampened response to fructose in B6 mice,
which are enriched with Akkermansia, in comparison to DBA mice, which show depletion of
Akkermansia. Indeed, gavaging A. muciniphila to DBA mice mitigated fructose-induced obesity
and glucose intolerance. These results support a causal role of gut microbiota in determining the
differential metabolic responses to fructose among genetically diverse mouse strains.

As initial colonizing microbial species are important for establishing a favorable
environment for bacterial growth in a particular context (34), differences in baseline microbial
composition between mouse strains can lead to variations in the metabolic processes of
individuals in response to diet (26). We found that Akkermancia, Turicibacter, and S-24 were
almost depleted in DBA mice but were abundant in B6 and FVB mice, whereas Lactobacillus
and Lachnospiraceae were at higher baseline levels in DBA mice. Most of these bacteria were

correlated with adiposity (Figure 3). Previously, Akkermansia has been associated with obesity
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resistance and improved metabolic parameters in humans and mice, and beneficial effects of
dietary interventions have been associated with the higher abundance of Akkermansia at baseline
(27,30). S24-7 has protective association against diabetes whereas Lachnospiraceae promotes
pathogenesis of diabetes in NOD mice (35). The observed lack of Akkermansia and S-24, along
with the higher abundance in Lachnospiraceae in DBA mice, agrees with the vulnerability of
DBA mice to fructose-induced metabolic dysregulation. Therefore, these bacterial taxa that
differ significantly at baseline between strains have the potential to regulate the differential
response to fructose treatment.

In addition to differences in baseline microbes that can explain inter-mouse strain
variability, bacteria altered by fructose may also play a role in the variability in metabolic
responses to fructose. It has been suggested that fructose shifts the gut microbiota and leads to a
westernized microbiome acquisition with altered metabolic capacity, resulting in development of
obesity or metabolic disorders (36). In our study, we found various microbes with significantly
altered abundances in DBA and B6 but not FVB, which may relate to their differential sensitivity
to fructose. DBA cecal Erypsipelotricaceae and Anaerostipes decreased in abundance upon
fructose consumption (Table 1, Supplementary Figure 3, Figure4), and they are known as
butyrate-producing bacteria (37,38). Butyrate promotes the intestinal barrier development, and
decreased butyrate production can increase intestinal permeability (39). In both the B6 and DBA
feces, we also detected decreased abundance of Rikenellaceae and increased abundance of
Pseudomonadaceae following fructose treatment (Table 1). Increases in Pseudomonadaceae and
Pseudomonas were previously found in obese individuals with higher insulin resistance (40).
Therefore, despite the numerous differences between B6 and DBA, there were shared microbial

changes in response to fructose consumption. The weaker phenotypic responses in B6 can be a
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result of compensatory balancing effects of higher abundances of beneficial bacteria such as
Akkermansia and S24-7 in B6.

We detected more fructose-responsive microbiota in B6 mice than in DBA and FVB
mice (Table 1), and, surprisingly, most of these B6 taxa were associated with the hypothalamic
genes responsive to fructose (Table 2, Supplementary table 1). A hypothalamic gene correlating
with Dehalobacterium in B6 is Nrarp (positively correlated), which encodes an intracellular
component of the Notch signaling pathway and regulates differentiation of mouse hypothalamic
arcuate neurons responsible for feeding and energy balance. Dysregulation of this homeostatic
mediator underlies diseases ranging from growth failure to obesity (41). Akkermansia was high
in B6 at baseline and was further increased by fructose treatment, and was negatively correlated
with gene Th. Hypothalamic arcuate nucleus TH neurons play a role in energy homeostasis, and
silencing of TH neurons reduces body weight (42). Our previous study (3) reported fructose as a
powerful inducer of genomic and epigenomic variability with the capacity to reorganize gene
networks critical for central metabolic regulation and neuronal processes in the hypothalamus.
The current study suggests that fructose-induced changes in hypothalamic gene expression in B6
mice could be partly via fructose-responsive gut microbiota.

In contrast to B6, fructose responsive microbiota in DBA was more associated with lipid
and inflammatory genes in the adipose tissue (Table 2, Supplementary table 1). Abhd3 is a
crucial factor for insulin resistance in adipose tissue (43); Sema3e contributes to inflammation
and insulin resistance in obese mice (44); Msrl is macrophage scavenger receptor 1, provides a
protection from excessive insulin resistance in obese mice (45); Creb promotes expression of
transcriptional factors of adipogenesis and insulin resistance in obesity (46); Fas contributes to

adipose tissue inflammation, hepatic steatosis, and insulin resistance induced by obesity (47).
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Therefore, these adipose-tissue genes correlating with fructose-responsive bacteria in DBA are
relevant to the increased adiposity and compromised insulin sensitivity seen in DBA mice.
However, we acknowledge that the correlative relationship observed here does not directly imply
causation, and future experiments are needed to directly test the causal role of the genes as well
as the bacteria implicated.

Our fecal transplant study support that B6 mice carry gut microbes that confer resistance
to fructose-induced metabolic syndrome, and that Akkermansia partially mediates this protective
effect. Given the recognized therapeutic potential of modulating the gut microbiota (10),
probiotic treatment with Akkermansia may represent a viable approach to mitigate fructose-
induced metabolic abnormalities. In addition to Akkermansia, other microbes may also play a
role in modulating the differential fructose response between individuals. Future efforts testing
the pathogenic or protective role of other individual bacteria revealed, such as Lactobacillus,
Turicibacter, or Pseudomonas, are warranted.

In summary, our multi-strain, multi-omics (gut microbiome, transcriptome, and phenome)
integrative studies of inter-individual variability in fructose-induced metabolic syndrome
established a causal role of gut microbiota in modulating host metabolic and tissue-specific
transcriptomic responses to fructose, a significant metabolic risk in modern societies.
Importantly, our study identified key microbial species that may serve as preventative or
therapeutic targets for metabolic syndrome. By exploring gut-host interactions, our studies also
open numerous hypotheses regarding specific microbiota-host interactions to be further

elucidated in the future.
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Table 1. Differential abundance of fructose-responsive microbiota in cecal and fecal
samples of B6, DBA, and FVB.
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Mouse Micro-  Fructose-responsive microbiota Relative abundance (%) (Mean £ SD) FDR
strain  biota
Source
Fructose Water

DBA  Cecum  Erysipelotrichaceae 0.007 £ 0.003 0.127 +0.073 0.038

B6 Feces Rikenellaceae 11.600 £ 2.861 18.700 £5.271  0.043
S24-7 59.340 + 4.534 49.890 +5.544  0.030
Dehalobacteriaceae 0.030+ 0.008 0.050 £ 0.014 0.020
Lachnospiraceae 3.560 + 1.194 6.030 + 1.358 0.030
Mogibacteriaceae 0.020 + 0.005 0.060 + 0.020 0.020
Ruminococcaceae 2.280 = 0.454 3.230 £ 0.589 0.032
Turicibacteraceae 0.640 + 0.290 1.840 + 0.763 0.030
Pseudomonadaceae 0.020 + 0.012 0.006 + 0.002 0.043
Verrucomicrobiaceae 4,930 £ 1.925 0.680 £ 0.475 0.002

DBA  Feces Rikenellaceae 6.500+ 3.037 17.370+£2.776  0.026
Pseudomonadaceae 0.200 + 0.169 0.006 + 0.003 0.023

DBA  Cecum  Erysipelotrichaceae (Unknown genus) 0.0004 + 0.0005 0.106 = 0.061 0.024
Erysipelotrichaceae Clostridium 0.0001 + 0.003 0.011 + 0.008 0.001
Lachnospiraceae Anaerostipes 0.004 + 0.005 0.160 + 0.061 0.001

FVB Cecum  Bifidobacteriaceae Bifidobacterium 0.099 + 0.072 0.006 + 0.066 0.049

B6 Feces Dehalobacteriaceae Dehalobacterium 0.030+ 0.008 0.050 £ 0.014 0.032
Mogibacteriaceae (Unknown genus) 0.020 £ 0.005 0.060 = 0.020 0.032
Verrucomicrobiaceae Akkermansia 4,930 £ 1.925 0.678 £ 0.475 0.004

DBA  Feces Rikenellaceae (Unknown genus) 6.500 + 3.036 17.380+2.776  0.023
Pseudomonadaceae (Unknown genus) 0.060 £ 0.069 0.001 £ 0.002 0.026
Pseudomonadaceae Pseudomonas 0.140 £ 0.170 0.005 + 0.003 0.026

Taxa within an individual mouse strain at 12 weeks of the study were compared between the

fructose and water treatment using the White’s non-parametric T-test followed by Storey’s false

discovery rate (FDR) estimation. Taxa in family or genus level are capitalized or italicized,
respectively. Sample size n=8/group/strain.
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Table 2. Correlation between fructose-responsive microbiota and host fructose signature genes in three metabolic tissues in
individual mouse strains.

Mouse Fructose-responsive Host No. Correlation with host fructose-responsive genes
strain microbiota tissue correlated
Gene at Top correlated genes Over-represented pathways
FDR <0.05
B6 Rikenellaceae Hypo- 37 Emg1l, Rpl37a, Oat, Gnal3, Ctsz Protein localization in endoplasmic reticulum, membrane,
(feces) thalamus Pathways involving ribosomal RNA, Interspecies interaction
between organisms, Protein targeting to membrane, peptide
metabolic process, NCRNA processing
S24-7 Hypo- 11 Numbl, Cxxl1c, Gnb2, 1500009L16Rik,
thalamus Slc25al7
Dehalobacteriaceae Hypo- 7 Atp2b2, Slc6a3, Nefh, Nrarp, Hint2 Lactation, Response to cocaine, Transmembrane transport of small
thalamus molecules
Dehalobacterium Hypo- 42 Atp2b2, Slc6a3, Nefh, Nrarp, Atg3, Neuron development, Response to inorganic substance (phenol
thalamus containing compound), Response to alcohol, Regulation of heart
contract, Response to corticosterone
Lachnospiraceae Hypo- 2 Maneal, Rbom39
thalamus
Mogibacteriaceae Hypo- 54 Mogs, Snrpe, Nrarp, Rps15a, Sgsm1l Organonitrogen compound metabolic process, Metabolism of
thalamus proteins, Protein targeting to membrane, Cellular catabolic
process, Metabolism of RNA
Mogibacteriaceae Hypo- 130 Mogs, Psmb4, Derl1, Rps15a, Sdchp Multiorganism metabolic process, Metabolism of protein, Protein
(Unknown genus) thalamus localization to endoplasmic reticulum, Metabolism of RNA
Ruminococcaceae Hypo- 12 Trappc2l, Gnb2, Uckl, Midlipl, Itm2a
thalamus
Pseudomonadaceae Hypo- 2 Cxx1c, Numbl
thalamus
Verrucomicrobiaceae Hypo- 13 Scarna2, AW209491, Gjal, Rps9, Ptov1,
thalamus
Akkermansia Hypo- 44 Gjal, Rps9, Th, Bmp7, Oxt Ribosome, Protein localization to endoplasmic reticulum,
thalamus Mulitorganism metabolic process, neuron development, Response
to steroid hormone
DBA Erysipelotrichaceae Liver 5 Gsdmd, Wdr82, Tmem62, S100a10, Pgk1,
(cecum)  (Unknown genus)
Erysipelotrichaceae 5 Epha2, Mad2l2, Cyp8bl, Eroll, Pus10

Clostridum



https://doi.org/10.1101/439786

26

Lachnospiraceae Liver 4 Rogdi, Cyp8bl, Mad212, Baiap2
Anaerostipes
DBA Rikenellaceae Adipose 447 Ccrl, Sema3e, Msr 1, Abhd3, Fas, Response to small molecule (lipid, cytokines, bacterial origin
(feces) molecule), Lipid metabolic process, Immune system process,
Vesicle mediated transport, Cell communication
Rikenellaceae Adipose 432 Ccrl, Apobecl, Sema3e, Crebl, Fas Response to small molecule (organic compound, lipid, cytokines,
(Unknown genus) bacterial origin molecule), Lipid metabolic process, Immune
system process, Vesicle mediated transport, Cell communication
Pseudomonadaceae Adipose 77 Sfrp4, Msrl, Sema3e, Abhd3, Fas Cell differentiation and cell death, Regulation of lipid metabolic
process, Autophagy, Response to stress, Regulation of lipid
metabolism
Pseudomonadaceae Adipose 209 Crebl, Fabp3, Msrl, Sema3e, Fas RNA processing, Response to organic molecules, lipid, Response
(Unknown genus) to stimulus (bacterium), Catabolic process, Immune system
process
Pseudomonas Adipose 43 Ppplri3b, Jmjdic, Msrl, Slc25a10,

Fabp3

Fructose-responsive genes which were positively or negatively correlated with microbiota were indicated in bold or non-bold font,
respectively. Top five correlated genes were picked from the genes with statistically higher significance which belongs to major gene
sets analyzed using GSEA software. Correlation was analyzed using Biweight midcorrelation with FDR adjustment using the
Benjamini-Hochberg procedure. Sample size n=4-6 animals/group/strain with matching gut microbiota and gene expression data. Full
lists of correlated genes and pathways are in Supplementary Table 1.
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Figure legends

Figure 1. Overall study design. Three mouse strains, C57BL/6J (B6), DBA/2J (DBA), FVB/NJ
(FVB), were used to study the differential metabolic responses to fructose treatment. We treated
mice with 8 % fructose water for 12 weeks and collected metabolic phenotypes, microbiome data,
and transcriptome data from host individual tissues (hypothalamus, liver, and mesenteric adipose
tissue). The gut microbiota showing differential baseline levels between mouse strains as well as
fructose-responsive microbiota were correlated with metabolic phenotypes and fructose signature
genes in individual tissues to prioritize microbial species associated with host responses. The
causal role of gut microbiota was validated by fecal transplant between B6 mice (fructose
resistant) and DBA mice (fructose sensitive). Finally, Akkermansia was inoculated to DBA mice

to determine its causal role in mitigating the fructose response in DBA mice.

Figure 2. Clustering of cecal and fecal microbiota of three mouse strains with fructose
treatment. Principal coordinates analysis (PCoA) of UniFrac distances for the cecal and fecal
microbiota. The analysis was done by Weighted (relative abundance) or Unweighted
(presence/absence) UniFrac for cecal or fecal microbiota, respectively. Mice were treated with 8 %
fructose water for 12 weeks. Feces were collected at 1, 2, 4, and 12 weeks. Cecum was collected

at experiment completion at 12 weeks. Effects of strain are seen in cecum (A; n = 16 for each
strain) and feces (B; n = 64 for each strain), and the influence of time is observed in feces (C).
Fecal microbiota of individual mouse strains was overlaid with time for B6 (D), DBA (E), and
FVB (F), and treatment for B6 (G), DBA (H), and FVB (I). Samples within the dotted circles are
from the 12-week time point, and the p-values refer to the differences between treatments at this

time point. Cecal microbiota of B6 (J, n = 16), DBA (K, n = 16), and FVB (L, n = 16) mice were
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overlaid with treatment (fructose vs. water). Percent variance explained by axes is shown in
parentheses. Different colors represent different mouse strains, time points, and treatment groups.
Categorical groups were confirmed to have similar multivariate homogeneity of group
dispersions to allow them to be compared using the non-parametric PERMANOVA test to report
significance p values for grouping with each variable. If dispersions were different,

PERMANOVA was not used and no test value was reported (p = NA).

Figure 3. Differences in the baseline microbial composition and correlation between
relative abundance and adiposity gain across strains. Relative abundance of baseline fecal
microbiota was compared between B6, DBA, and FVVB mouse strains. The baseline microbiota
levels were analyzed using the microbiota from mice of the water group of all time points. (A)
Lactobacillus, (B) Clostridiales, (C) Lachnospiraceae, (D) S24-7, (E) Akkermansia, (F)
Turicibacrer. Each bar represents an individual mouse sample (n = 30-32 for each mouse strain).
The black line represents the mean, and the dotted line represents the median. Relative
abundance of baseline microbiota was correlated with adiposity gain upon fructose treatment for
12 weeks (G-K, n = 7-8/ mouse strain). r = Biweight midcorrelation coefficient, p = Benjamini-

Hochberg adjusted p-values.

Figure 4. Correlation between fructose-responsive fecal microbiota, unknown genus of
Rikenellaceae in DBA mice and metabolic phenotypes. The relative abundance of unknown
genus of Rikenellaceae in DBA mice was correlated with metabolic phenotypes. Data were
collected for both water and fructose group at 1, 2, 4, and 12 weeks of fructose treatment. Water

(top) group and fructose (bottom) group were analyzed separately (n = 7-8/group/time point)
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across all time points for body weight (A), adiposity (B), and AUCgjycose (C). r stands for

Biweight midcorrelation coefficient; p indicates Benjamini-Hochberg adjusted p-values.

Figure 5. Effects of B6 microbiota on fructose-induced metabolic phenotypes in DBA mice.
Schematic design of fecal transplant (A). Gut microbiota was first cleared by antibiotics
treatment, and then donor fecal supernatant from B6 was transplanted to the recipient DBA mice
by oral gavage, and vice versa. B6 mice that received DBA feces were designated as B6(DBA),
and DBA mice that received B6 feces were labeled as DBA(B6). After 1 week of fecal
transplant, B6(DBA) or DBA(B6) mice were divided to two groups (fructose and water group),
and challenged by 8 % fructose water or drinking water for 12 weeks. Metabolic phenotypes of
body weight (B, C), fat mass (D), and glucose level during IPGTT (E), were collected. NS stands
for nonsignificant by Student’s t-test. Data are presented as mean + SEM; n = 8 except B6

(DBA) water group (n =5).

Figure 6. Effects of Akkermansia inoculation to DBA mice on fructose-induced metabolic
phenotypes. Schematic design of Akkermansia inoculation (A). Gut microbiota were first
cleared by antibiotics treatment, and then anaerobically cultured A. muciniphila was orally
gavaged to the recipient DBA mice, labeled as DBA(AkK). After 1 week of microbial gavage,
DBA(AkK) mice were divided to two groups (fructose and water group), and challenged by 8 %
fructose water or drinking water for 8 weeks. Body weight (B), fat mass (C), and glucose level
during IPGTT (D) were measured. NS stands for nonsignificant by Student’s t test. Data are

mean £ SEM; n = 6 for water group and n = 7 for fructose group.
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