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ABSTRACT

Objective: Gut microbiota may promote positive energy balance; however, germfree mice can be either resistant or susceptible to diet-induced
obesity (DIO) depending on the type of dietary intervention. We here sought to identify the dietary constituents that determine the susceptibility to
body fat accretion in germfree (GF) mice.

Methods: GF and specific pathogen free (SPF) male C57BL/6N mice were fed high-fat diets either based on lard or palm oil for 4 wks. Mice were
metabolically characterized at the end of the feeding trial. FT-ICR-MS and UPLC-TOF-MS were used for cecal as well as hepatic metabolite
profiling and cecal bile acids quantification, respectively. Hepatic gene expression was examined by gRT-PCR and cecal gut microbiota of SPF
mice was analyzed by high-throughput 16S rRNA gene sequencing.

Results: GF mice, but not SPF mice, were completely DIO resistant when fed a cholesterol-rich lard-based high-fat diet, whereas on a
cholesterol-free palm oil-based high-fat diet, DIO was independent of gut microbiota. In GF lard-fed mice, DIO resistance was conveyed by
increased energy expenditure, preferential carbohydrate oxidation, and increased fecal fat and energy excretion. Cecal metabolite profiling
revealed a shift in bile acid and steroid metabolites in these lean mice, with a significant rise in 17 3-estradiol, which is known to stimulate energy
expenditure and interfere with bile acid metabolism. Decreased cecal bile acid levels were associated with decreased hepatic expression of genes
involved in bile acid synthesis. These metabolic adaptations were largely attenuated in GF mice fed the palm-oil based high-fat diet. We propose
that an interaction of gut microbiota and cholesterol metabolism is essential for fat accretion in normal SPF mice fed cholesterol-rich lard as the
main dietary fat source. This is supported by a positive correlation between bile acid levels and specific bacteria of the order Clostridiales (phylum
Firmicutes) as a characteristic feature of normal SPF mice fed lard.

Conclusions: In conclusion, our study identified dietary cholesterol as a candidate ingredient affecting the crosstalk between gut microbiota and

host metabolism.
© 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http:/creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity and associated comorbidities are major health problems in all
Westernized societies. Although obesity is the expression of an
imbalance between energy intake and energy expenditure, it has
been known for decades that the gut microbial ecosystem, positioned
at the interface between diet and host energy metabolism, can affect
energy balance [1,2]. Recent studies revealed that changes in gut
colonization in response to diet result in altered energy balance and
contribute to obesity and metabolic disorders, such as diabetes. The
need to better define the molecular mechanisms governed by diet—
microbiota—host interactions has been addressed [3—12], in
particular since studies on energy balance in germfree (GF) mice
revealed conflicting results [13,14]. Controversial findings may have
their origin in the obesogenic diets used. ‘Western diets’, high-
sucrose or high-fat diets, and the respective control diets all vary
in caloric density, texture, amount and composition of macronutrients
and micronutrients, and, quite frequently, their composition is not
sufficiently documented. In fact, the initial description that GF mice
are resistant to diet-induced obesity [13] turned out to be strongly
dependent on diet composition [14] but the dietary constituents
responsible for this differential response have not been identified.
Among many other variables diets utilized in these studies differed in
fat sources, which affected the responses of host energy balance and
microbial composition in conventional mice with a pronounced effect
of saturated fat. Compared to olive or safflower oil, palm oil induced
body mass gain, lowered microbial diversity, and increased Firmi-
cutes to Bacteroidetes ratio [15]. Additionally, lard rather than fish oil
aggravated white adipose tissue inflammation and promoted a higher
degree of obesity, which was partly attributed to distinct microbiota
composition [16]. In a subsequent study, dietary lipid composition
using lard or fish oil also affected gut microbiota-induced regulation
of hepatic cholesterol metabolism [17]. These results emphasize the
notion that the interaction between gut microbiota and diet compo-
sition, and not the gut microbiota per se, merits further investigation
to determine the proximate mechanisms affecting host metabolism
with respect to obesity development.

Microbial communities are related to changes in gut morphology,
physiology, and biochemistry [18]. Microbes ferment polysaccharides
and proteins, produce vitamins, and metabolize bile acids, thereby
affecting enterohepatic circulation and nutrient absorption [19,20].
However, the implication of gut microbiota on host energy homeostasis
remains elusive [3,21], partly due to inappropriate analysis of energy
expenditure data and spurious data interpretation. In obesity studies,
normalization of energy expenditure for variation in body size and
composition requires proper statistical methods, since lean mass is
metabolically more active than fat mass, and simple body mass-
specific ratios do not account for such differences [22—24]. Hence,
the influence of diet and host microbiome on energy balance must be
analyzed carefully.

In the present study, we assessed the impact of dietary fat source and
the gut microbiota on diet-induced obesity (DIO) by performing
comprehensive phenotyping of the host combined with metabolite
profiling. This was achieved by feeding GF and specific pathogen free
(SPF) male C57BL/6N mice high-fat diets either based on lard (LHFD)
or palm oil (PHFD). Analyses included mouse energy expenditure, fecal
fat and energy excretion, cecal bacterial diversity and composition, as
well as gene expression pathways and metabolite profiling with
particular focus on gut and hepatic bile acid and steroid metabolism.
Hence, by using state-of-the-art molecular and physiological methods,
the present work brings light to an ambiguous array of literature data
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on the interaction of diet and gut microbiota in mouse models of DIO.
Our work assessed host energy balance in response to different dietary
fat sources, in combination with metabolite profiling, gPCR, and high-
throughput sequencing approaches, providing novel insights into the
physiological relevance of gut microbiota and cholesterol-derived
metabolites interactions.

2. MATERIALS AND METHODS

2.1. Animals

Studies were performed in SPF and GF male C57BL/6N mice housed at
22 + 1 °C and 50—60% relative humidity with a 12 h light—dark
cycle. Food and water were provided ad-libitum. SPF mice were keptin
individually ventilated cages, and GF mice were housed in open cages
within flexible film isolators ventilated via HEPA-filtered air. At 8 wks of
age, mice were adapted for 4 wks to a purified control diet (CD; 5 wt%
soybean oil corresponding to 12 kcal% fat; Ssniff, Soest, Germany). At
12 wks of age, mice were switched from CD to a high-fat diet (48 kcal
% fat) based on palm oil (PHFD) or lard (LHFD) or they were maintained
on CD for further 4 wks (Ssniff, Soest, Germany) (Table 1, Table S1).
The sterol contents of the diets were determined via lipid extraction,
saponification, and capillary gas chromatography (Table 2). Body mass
was recorded weekly while food intake and feces production of group-
housed mice were recorded during the first and the last week of the
feeding trial. Body composition was determined at the end of the
experiment by quantitative time domain NMR spectroscopy (MiniSpec,
Bruker, Billerica, MA, USA). Mice were Killed using CO- in the fed or in
the fasted state due to basal metabolic rate recordings. Sterility was
confirmed as described in the S| and as shown in Figure S1,
respectively. Further details on sampling are explained in SI. Animal
experimentation and procedures were approved by the German animal
welfare authorities at the district government (approval no. 55.2-1-54-
2532-103-2014).

2.2. Energy expenditure

Indirect calorimetry was based on an open respirometer system
(LabMaster System; TSE Systems, Bad Homburg, Germany) and was
performed as described previously [25]. In the moming of the third
measurement day, basal metabolic rate was determined for 6 h at
thermoneutrality (30 & 0.5 °C). The variation in heat production (HP)
(HPag;., 22 ° ¢ ag-iiv-» HPadj30 cpa) due to individual differences in lean
and fat mass was adjusted by ANCOVA. Further details on indirect

Table 1 — Compositions of the diets used in the present study.

cD PHFD LHFD
wt%
Casein 240 24.0 24.0
Corn starch 45.9 26.7 26.7
Sucrose 5.0 5.0 5.0
Maltodextrin 5.6 5.6 5.6
Soy oil 5.0 5.0 5.0
Palm oil = 20.0 =
Lard = = 20.0
Cellulose 5.0 5.0 5.0
Mineral mixture 6.0 6.0 6.0
Vitamin mixture 1.2 1.2 1.2
kJ%
Protein 23.0 18.0 18.0
Fat 12.0 48.0 48.0
Carbohydrates 65.0 34.0 34.0
Energy content [kJ*g~']* 15.5 227 22.7
2 Gross calorific value according to bomb calorimetry.
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Table 2 — Mean sterol contents of two batches? of the diets used in the

present study.

CcD PHFD LHFD
mg*100g~"

Cholesterol 0.50 + 0.08 0.73 £ 0.22 7.07 £+ 0.67
Campesterol 1.02 + 0.16 3.98 +0.23 1.00 + 0.12
Stigmasterol 2.00 + 0.31 3.03 + 0.21 1.22 +0.10
Sitosterol 3.33 £ 0.50 11.02 + 0.58 295 + 0.28
A®-Avenasterol 0.19°+0.03 0.70 + 0.05 0.30 =+ 0.08
Sitostanol 1.11 £ 0.30 0.90 + 0.12 0.69 £ 0.50
24-Methylene cycloartenol 0.22 + 0.02 0.30 £ 0.01 0.13 £ 0.03
Cycloartenol n.d.° 0.61 + 0.05 n.d.

Campestanol 0.52 + 0.10 0.22 + 0.07 0.16 £ 0.04
Total sterols 8.79 £ 0.79 21.48 £+ 1.05 13.53 + 1.54

@ The batches were analyzed in triplicate.
b AS-Avenasterol was detectable in only one of the two analyzed batches.
¢ n.d., not detectable.

calorimetry of GF mice and equations used to calculate HP and res-
piratory exchange ratio (RER) can be found in Sl.

2.3. Fecal fat and energy content by Fourier transform-infrared
spectroscopy (FT-IR)

Fecal fat and energy content of group-housed mice were determined
by diffuse reflexion using a 96-well plate and a Tensor 27 HTS/XT
Microplate Reader (Bruker, Billerica, MA, USA). Dry ground fecal
samples (10 mg) were measured with a resolution of 4 cm™! ranging
from 600 to 7000 cm ™~ within 60 scans. Spectra were analyzed using
QuantAnalysis (Bruker, Billerica, MA, USA). Fecal energy and fat
content were adjusted according to feces production and energy or fat
intake, respectively. Data were represented as cage means.

2.4. Metabolite analysis

2.4.1. Metabolite extraction

Cecal samples were stored on dry ice until extraction. All instruments
were flame-scarfed with methanol. Metabolites of cecal contents
(10 mg) and liver samples (50 mg) were extracted, and non-targeted
metabolomics was performed as described previously [26].

2.4.2. Fourier transform-lon Cyclotron Resonance-Mass
Spectrometry (FT-ICR-MS)

Methanol extracts were analyzed by FT-ICR-MS analysis in the
negative ionization mode. Direct infusion was conducted for cecal
samples in the manual mode while liver extracts were measured using
the Gilson autosampler system with a dilution of 1:5 in methanol
(Gilson, Inc., Middleton, WI, USA). Detailed information on instrument
parameters is summarized in Table S2.

2.4.3. Ultraperformance liquid chromatography-time of flight-mass
spectrometry (UPLC-TOF-MS)

Bile acids in cecal content were quantified in the negative ionization
mode using UPLC (Acquity™, Waters, Milford, MA, USA) coupled with
TOF-MS (SYNAPT—G1—QTOF-HD mass spectrometer; Waters, Micro-
mass, Manchester, UK). Standard stock solutions of bile acids and three
deuterated bile acids were prepared (1 mg*ml’1; 1000 ppm). A mixture
of all non-deuterated bile acids each concentrated to 50 ppm was
diluted into 4 different concentration ranges to determine a calibration
curve (4, 3, 2, 1 and 0.1 ppm; Table S3). Cecal samples were diluted
1:50 with pure methanol to fit all bile acid peak areas inside the
established calibration curve. Bile acid solutions and diluted cecal
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samples were measured in triplicate after being spiked with a
deuterated bile acid mixture of d4—deoxycholic acid, d*-cholic acid and
d°-taurocholic acid (final concentration of 0.5 ppm; Table S3). Diluted
cecal extracts were separated using a reversed-phase column (C8:
1.7 um, 2.1 x 150 mm, Acquity™ UPLC BEH™, Waters, Milford, MA,
USA). Detailed information on instrument parameters can be found in SI.

2.5. Gut microbiota analysis by high-throughput 16S rRNA gene
sequencing

Cecal samples were processed and analyzed as described previously
[27] and as described in SI.

2.6. RNA isolation and quantitative real-time polymerase chain
reaction (qPCR)

Mice were dissected in the fed state. RNA of the lobus sinister lateralis
of mouse livers was isolated and qPCR was performed as described
previously [25]. Primers (Table S4) were designed with the Primer3
algorithm (SDSC Biology Workbench, San Diego, CA, USA) [28].
Expression levels were normalized to beta-actin (Actb), eukaryotic
elongation factor 2 (Eef2), heat shock protein 90 (Hsp90), and hypo-
xanthine guanine phosphoribosyl transferase (Hprt1).

2.7. Statistical analysis

One-way and two-way analysis of variance (ANOVA) followed by Tukey
post-hoc testing were performed to examine statistical significance
(p < 0.05). Data for HP as well as fecal energy and fat content were
adjusted by ANCOVA using S+ (TIBCO Spotfire, Boston, MA). Box plots
indicate the median, the minimum and maximum value. Detailed
analysis of metabolite and microbial data are summarized in the SI.
Further information on methods are described in the SI.

3. RESULTS

3.1. Germfree mice fed a lard based high-fat diet are resistant to
diet-induced obesity

Germfree (GF) and normal mice from our specific pathogen free (SPF)
facility adapted to a defined low fat diet were switched to a lard- or a
palm oil-based high-fat diet (Table 1; Table S1). During the first 3 wks
of HFD feeding, SPF mice significantly gained body mass, irrespective
of the dietary fat source (Figure 1A). In GF mice, however, body mass
gain was observed only on a palm oil (PHFD) but not on a lard (LHFD)
diet. Hence, LHFD-fed GF mice resembled the lean phenotype of both
SPF and GF mice on CD (Figure 1A). This lean phenotype of the LHFD-
fed GF mice persisted until the end of the experiment after completion
of energy balance measurements in week 4 and could be attributed to
a lower fat mass, while lean mass was similar among groups
(Figure 1B—D). The reduced fat mass was explained by smaller fat
depots (Table S5). Interestingly, GF mice on CD were heavier than SPF
mice (Figure 1B), albeit this could not be explained by elevated fat or
lean mass (Figure 1C and D) and, therefore, may be due to enlarge-
ment of the cecum in GF mice (Table S5).

3.2. Proximal causes for resistance to diet-induced obesity in
germfree mice on lard high-fat diet

In general, food intake, energy intake, and energy assimilation
recorded for group-housed mice during the first and the last week of
high-fat diet feeding was higher in SPF compared to GF mice
(Table S6). Diet-induced obesity in PHFD-fed mice was accompanied
by increased energy assimilation in SPF and GF. An even larger in-
crease was observed in SPF mice fed the LHFD. The magnitude of
increase, however, may be overestimated due to increased spillage of

MOLECULAR METABOLISM 5 (2016) 1162—1174  © 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Dietary fat from lard precludes the development of diet-induced obesity in GF mice. (A) Body mass gain during the first 3 wks of experimental feeding. **p < 0.01
and ***p < 0.001 for GF LHFD, GF CD, and SPF CD relative to GF PHFD, SPF PHFD, and SPF LHFD. (B) Body mass, (C) fat mass, and (D) lean mass (p = ns) at the end of the
feeding trial (4 wks). Different superscript letters indicate significant statistical differences (p < 0.05). SPF CD: n = 10; SPF PHFD: n = 10; SPF LHFD: n = 10; GF CD: n = 8; GF

PHFD: n = 11; GF LHFD: n = 11.

the LHFD, which could not be completely corrected for by manual
collection. Comparing GF mice on LHFD and PHFD diet, both showed
increased energy assimilation, but this effect was only statistically
significant on PHFD (p < 0.001). In addition to that, the assimilation
efficiency was higher due to gut microbiota (p < 0.01) and high-fat
diet feeding (p < 0.001). Hence, energy assimilation appears to be
one likely mechanism to counteract obesity but does not fully explain
the lean phenotype of LHFD-fed GF mice.

Towards the end of the fourth week of HFD feeding, we evaluated daily
energy expenditure (DEE), basal metabolic rate (BMR), and metabolic
substrate utilization to identify further components of energy balance
enabling resistance to diet-induced obesity in LHFD-fed GF mice. GF
mice were transferred out of the isolator and single housed in sterile
cages used for indirect calorimetry. Daily energy expenditure was
affected by microbiota status (p = 0.024) and by diet (p < 0.001).
These differences were due to a higher total DEE in PHFD- and LHFD-
fed SPF mice compared to GF and increased total DEE in mice on LHFD
and PHFD compared to CD (Figure 2A).

Energy expenditure may simply reflect differences in body mass or
body composition caused by the experimental interventions. Therefore,
we applied ANCOVA to adjust DEE for variation in lean and fat mass,
which provides predicted DEE (Figure 2B, Figure S2). Differences in
predicted DEE are independent of alterations in body composition. Only
diet significantly affected predicted DEE with higher values in PHFD
and LHFD compared to CD (p = 0.0038). Contrasting trends in GF vs.
SPF mice towards lower predicted DEE on PHFD (GF: 658 mW vs. SPF:
678 mW) and higher predicted DEE on LHFD (GF: 663 mW vs. SPF:
643 mW) were observed, but the microbiota x diet interaction was not
significant (p = 0.1906; Figure 2B). Therefore, we inspected possible
differences in energy expenditure by evaluation of BMR as the major
component of the daily energy budget, which was measured at rest in
the post-absorptive state and thermoneutral ambient temperature.
Regarding BMR, total heat production per mouse was affected by
microbiota status (p = 0.0048) and diet (p = 0.0002). Our statistical

MOLECULAR METABOLISM 5 (2016) 1162—1174  © 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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analysis by two-way ANOVA also revealed a significant microbiota
x diet interaction (p = 0.0081). This interaction was due to a higher
mean BMR in GF compared to SPF mice on CD and LHFD, but not on
PHFD (Figure 2C). Again, ANCOVA was applied to account for different
body composition (Figure 2D, Figure S3). On CD and LHFD, predicted
BMR was higher in GF compared to SPF mice, whereas the presence or
absence of gut microbiota had no effect in mice on PHFD. Most
strikingly, predicted BMR was highest in GF mice fed LHFD with a
significant increase in comparison to all other groups. Compared to
LHFD-fed SPF mice, predicted BMR was 13.1% higher in GF mice on
the same diet (SPF: 218 mW vs. GF: 247 mW).

Next, RER was determined to assess whether the GF status and the
differential susceptibility to diet-induced obesity were associated with
alterations in metabolic substrate utilization. As expected, GF and SPF
mice fed CD revealed a distinct day—night rhythm in RER with a rise
during the nocturnal activity phase, indicating preferential carbohy-
drate oxidation, and a decrease during the day towards fat oxidation
when mice were mostly at rest (Figure 3A). This distinct diurnal pattern
was attenuated in all HFD fed mice, though completely abolished in GF
mice fed PHFD. The latter had constantly low RER values, demon-
strating their mere preference for fat oxidation throughout the day,
whereas GF mice fed LHFD, as well as SPF mice fed LHFD and PHFD
still showed a small nocturnal rise in RER (Figure 3A; Figure S4). This
was corroborated by BMR measurements where the highest fat
oxidation rate was also observed in the GF mice fed PHFD with a mean
RER of 0.76 £ 0.02, as compared to 0.81 & 0.02 on CD (p < 0.001)
and 0.80 + 0.02 on LHFD (p = 0.048). In SPF mice, fat oxidation was
highest on LHFD (0.76 + 0.02) compared to 0.81 + 0.03 on CD
(p = 0.003) and 0.79 4 0.03 on PHFD (p = ns).

These findings demonstrate that upon exposure to distinct dietary fat
sources, the microbial status determines differential metabolic adap-
tations. Regarding GF mice fed the two different fat sources, energy
metabolism can be discriminated by accelerated BMR (Figure 2D) as
well as lower fat oxidation rate in LHFD compared to PHFD (Figure 3A).
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mice (housed in groups) during the first and the last week of feeding. Data were adjusted for feces production as well as dietary energy or fat intake, respectively. SPF CD: n = 6;
SPF PHFD: n = 6; SPF LHFD: n = 6; GF CD: n = 7; GF PHFD: n = 7; GF LHFD: n = 4. Linear regressions used for adjustment including both GF and SPF mice: Fecal energy
contentg; kJ*a~" = 13.0443 + 0.0273 * dietary energy intake — 0.8356 * feces production (adjusted r* = 0.32, p < 0.001). Fecal fat content,g;
[%] = —0.0723 + 0.0261 * dietary fat intake — 0.3704 * feces production (adjusted r> = 0.52, p < 0.001). ns: not significant.
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The latter may be due to impaired dietary fat absorption in the intes-
tine. Although daily fecal energy excretion was similar when regarding
the total values (Table S6), we inspected fecal energy and fat content
after ANCOVA adjustment for differences in energy intake and feces
production (Table S6). We observed a general trend of lower fecal fat
content from GF mice (Figure 3C) whereas fecal energy content tended
to be higher in GF vs. SPF (Figure 3B). Fecal fat content is given as a
percentage of the fecal mass and ranges from 1 to 8% of fecal mass
(Figure 3C), thus equivalent to 0.4—3.1 kJ per gram of feces when
assuming 39 kJ per gram fat. Fecal energy content ranges from 13 to
16 kJ per gram (Figure 3B). Given these numbers, differences in fecal
fat content do not necessarily have to alter fecal energy content if the
fecal composition is also largely different. Indeed, the gross fecal
composition is largely different between GF and SPF, which has been
reported previously [8]. The main difference is obviously contributed by
the bacterial mass and mucins to total fecal energy content. We
conclude that fatty acids derived from bacterial membranes contribute
to the increased fecal fat content in SPF mice and, thus, might be
considered a confounding factor in the comparison between SPF and
GF mice, whereas other constituents of feces from GF mice most likely
compensate for this difference. Therefore, we focused on a direct
comparison within GF mice to explain DIO resistance of LHFD- but not
PHFD-fed mice. While fecal fat content was similar among SPF groups,
fecal fat content of GF mice was decreased in PHFD, which is in
accordance with the lower fecal energy content. In LHFD-fed GF mice,
fecal fat content was comparable to GF mice fed CD, which was also
reflected by fecal energy content. However, comparing GF mice on
PHFD and LHFD there was a significant increase in fecal fat content on
LHFD (p = 0.05).

Taken together, increased costs for BMR as well as higher energy loss
through fecal fat excretion attenuate body fat accumulation in GF mice
fed LHFD. In addition, the higher fat excretion demonstrates lower
intestinal fat absorption in LHFD, well in line with the observed increase
in RER towards decreased fat oxidation in these GF mice.

3.3. Cholesterol-derived metabolites are altered between lean and
obese mice

In light of the distinct adaptations in metabolic substrate utilization
conveyed by dietary fat source in GF mice, we next examined the cecal
metabolome in a non-targeted manner using direct infusion FT-ICR-MS
(Table S2). Based on a final dataset containing 2257 annotated mass
signals, metabolite profiles differed according to both the microbiota
status and the diet, illustrated in PCA score plots (Figure 4A). GF and
SPF mice were separated in the first component (t = [1]) and distinct
dietary clusters appeared for GF but not SPF mice. PCA scores were
similar between lean GF mice on CD and LHFD but were completely
different from obese GF mice on PHFD, separating them in the second
component (t = [2]). Building a PCA for GF on PHFD and GF on LHFD
also showed a clear separation in the first component (t = [1]). By the
means of partial least squares discriminant analysis, a model was built
between both groups with R2(cum) = 41.9 and Q2(cum) = 0.708,
considering Q2(cum) < 0.5. Subsequently, univariate significance was
tested for each annotated metabolite. Most metabolites were increased
in LHFD- (845 metabolites) compared to PHFD- (380 metabolites) fed
GF mice.

All annotated metabolites for which signal intensities were significantly
altered between GF mice on PHFD and LHFD but not SPF mice were
finally mapped into KEGG metabolic pathways using MetaboAnalyst
3.0. Metabolic pathways with the highest assigned number of me-
tabolites (top 10) are illustrated in Figure 4B. Significant differences
were found for metabolites involved in the biosynthesis of steroids and
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steroid hormones, the biosynthesis of primary bile acids, and the
metabolism of arachidonic acid and unsaturated fatty acids
(Figure 4B). Steroid hormones, steroids, and bile acids originate from
cholesterol, the major discriminative constituent of PHFD and LHFD
(Table 2). The annotated mass corresponding to 17[-estradiol, a
cholesterol derivative reported to be associated with DIO resistance
[29,30], was detected at higher intensities in lean but not in obese GF
mice, and no differences were observed in SPF mice (Figure 4C).
Bile acids represent another class of cholesterol-derived metabolites
produced by the host. Since increased bile acids levels, as observed
here in GF mice fed PHFD (Figure 4B), can convey resistance to diet-
induced obesity [31,32], we performed targeted quantification of bile
acids in the cecum to resolve all possible bile acid isomers (Table S3).
As expected, SPF mice exhibited complex bile acid profiles when
compared with GF mice, including both primary and bacteria-derived
secondary bile acids (Figure 4D). Taurocholic acid (TCA) and (o + [3)
tauromuricholic acid (TMCA), characteristic of GF mice, were detected
at higher concentrations in GF mice on PHFD compared to CD and
LHFD. The total amount of cecal bile acids was lower in lean than in
obese GF and SPF mice, which implies enhanced capacity to absorb fat
in DIO mice, corroborated by lower fecal fat excretion (Figure 3B).
Moreover, cecal bile acid concentrations nicely correlated with RER
levels in GF mice, highlighting altered substrate utilization towards fat
oxidation (Figure S5).

3.4. Specific dominant gut bacteria are affected by dietary fat
source

The fact that mice fed the LHFD under SPF conditions were obese
when compared to GF mice on the same diet implied that bacterial
colonization is at least partly responsible for loss of the lean phenotype.
This prompted us to investigate whether the presence of specific gut
bacteria depended on the type of dietary fat and whether that was
associated with the changes observed in bile acids composition.
Therefore, we analyzed cecal bacterial communities using high-
throughput sequencing of 16S rRNA genes.

Out of 24 cecal samples analyzed, we obtained a total of 857856
quality- and chimera-check sequences (35744 + 5542 per sample)
representing a total of 178 OTUs (153 =+ 8 per sample) (Table S7).
Alpha-diversity analysis indicated no difference in the richness of
molecular species (Figure 5A). However, when considering most
dominant species by taking into account evenness via calculation of
Shannon effective counts, mice on both HFD were characterized by
higher counts of species (Figure 5A). Beta-diversity analysis revealed a
significant clustering of samples according to diet; mice fed the two
HFDs were most distant from the control group and were also sepa-
rated from one another (Figure 5B). Both HFD were associated with an
increase in the relative sequence abundance of Clostridiales spp. and a
decrease in Bacteroidales (Figure 5C).

No significant changes between the two HFDs were observed at any
taxonomic levels (phyla to families) (data not shown). Nevertheless,
we observed differences in the occurrence of 5 specific molecular
species: mice fed the cholesterol-rich LHFD were characterized by the
presence of 2 OTUs related to the species Acetatifactor muris as well
as one OTU related at the genus level to Eubacterium copro-
stanoligenes (Figure 5D). Since differences were observed in cecal
bile acid concentrations, we looked for associations between the
occurrence of 0TUs and bile acids (Table S7). Of the 5 OTUs afore-
mentioned that discriminated the two HFDs, OTU-25, which belongs
to the genus Acetatifactor, correlated positively with the concentration
of both lithocholic acid (LCA) and ursodeoxycholic acid (UDCA)
(Figure 5E).
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Figure 4: Cholesterol-derived metabolites are altered between lean and obese mice. (A) Metabolite data were visualized by PCA, taking into account annotated mass signals
for all SPF and GF mice on CD, LHFD, and PHFD (left) or GF LHFD and PHFD mice alone (right). (B) Output of KEGG metabolic pathway analysis, performed with MetaboAnalyst (top
ten) showing the number of metabolites significantly increased in GF mice fed LHFD (red bars) or PHFD (grey bars), but not in SPF counterparts (p < 0.05; Welch’s t-test). AA:
arachidonic acid; UFA: unsaturated fatty acid. (C) Signal intensity of cecal 17(3-estradiol. Different superscript letters indicate significant statistical differences (p < 0.05). (D) Cecal
bile acid concentrations in GF and SPF C57BL/6N mice using UPLC-MS. Different superscript letters indicate significant differences within a certain bile acid and among GF or SPF
mice, respectively (p < 0.05). # GF vs. SPF: p < 0.05. CA: cholic acid; CDCA: chenodeoxycholic acid; MCA: muricholic acid; DCA: deoxycholic acid; LCA: lithocholic acid; UDCA:
ursodeoxycholic acid; HDCA: hyodeoxycholic acid; T: taurine-conjugated species. SPF CD: n = 10; SPF PHFD: n = 10; SPF LHFD: n = 10; GF CD: n = 10; GF PHFD: n = 10; GF
LHFD: n = 10.

3.5. Altered substrate oxidation and fecal fat excretion in LHFD-fed turnover, which was supported by higher cecal cholesterol levels in
GF mice is linked to decreased hepatic Cyp7al and Nr1h4 PHFD-compared to LHFD-fed GF mice (Figure S6). Hence, we analyzed
expression host responses in the liver as the site of cholesterol and bile acid
Dietary fat source and host phenotype affected cholesterol-derived  synthesis for changes in gene expression by qPCR (Table S4). Higher
metabolites indicating changes in cholesterol biosynthesis or its  expression levels were found for Hmgcs, Hmgcr, Dher7, and Ldlr in GF
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Figure 5: Specific dominant gut bacteria are affected by dietary fat source. Metagenomic DNA isolated from fecal samples (n = 24) was used for amplification of the V3/V4
region of 16S rRNA genes and subsequent sequencing using the lllumina technology. Sequences were analyzed using in-house developed pipelines as described in detail in the
methods section. (A) Alpha-diversity analysis. (B) Multidimensional scaling showing differences in diversity between samples (beta-diversity) based on general UniFrac distances.
(C) Box plots showing relative sequence abundance of taxonomic groups that were significantly different between mice fed the CD or HFD. (D) Phylotype analysis shown as
heatmap of OTU abundances which were significantly different between the two HFD. The identity of OTUs was obtained using EzTaxon based on sequences of approximately
380 bp [64]. Best hits are shown with corresponding sequences similarity. (E) Pearson correlation analysis of Acetatifactor sp. against cecal bile acid concentrations.
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Figure 6: Altered substrate oxidation and fecal fat excretion in lean GF mice is linked to decreased CYP7A1 and NR1H4 expression. SPF CD: n = 6; SPF PHFD: n = 5;
SPF LHFD: n = 5; GF CD: n = 6; GF PHFD: n = 6; GF LHFD: n = 5. Different superscript letters indicate significant differences between feeding groups of GF mice (p < 0.05). # GF
vs. SPF: p < 0.05. Abcg5: ATP-binding cassette sub-family G member 5; Abcg8: ATP-binding cassette sub-family G member 8; Akr1d1: aldo-keto-reductase family member 1;
Cyp7at: cholesterol 7 alpha-hydroxylase; Cyp27ai: cholesterol 27 alpha-hydroxylase; Dhcr7: 7-dehydrocholesterol reductase; Hmgcr: 3-hydroxy-3-methylglutaryl Coenzyme A
reductase; Hmgcs: 3-hydroxy-3-methylglutaryl Coenzyme A synthase 1; Hsd11b1: hydroxysteroid (11-f3) dehydrogenase 1; Ldir: low density lipoprotein receptor; Nrih2: nuclear
receptor subfamily 1, group H, member 2 (liver X receptor f); Nr1h3: nuclear receptor subfamily 1, group H, member 3 (liver X receptor a); Nrih4: nuclear receptor subfamily 1,
group H, member 4 (farnesoid X receptor «); Srebf1: sterol regulatory element binding transcription factor 1.

compared to SPF mice, suggesting a reinforced endogenous biosyn-
thesis and sensitivity towards hepatic uptake of cholesterol (Figure 6).
We further investigated expression of genes involved in cholesterol
metabolism since signal intensity of hepatic cholesterol as well as
fasting plasma cholesterol levels were similar among PHFD- and
LHFD-fed GF mice (Figure S6, Table S8). Expression of Cyp7al, a key
enzyme for primary bile acid synthesis in the liver, was higher in GF
mice fed PHFD than CD or LHFD as well as in SPF counterparts
(Figure 6). Interestingly, Nr1h4 expression, which encodes the FXRa
protein, was higher in GF mice fed PHFD compared to LHFD. This may
indicate a feedback mechanism, as FXRa has been described to
repress Cyp7al gene expression [33]. Taken together, increased
Cyp7al and Nr1h4 gene expression levels were detected in PHFD-fed
GF mice, which could partly explain higher cecal bile acid concen-
trations in those mice, suggesting a reinforced intestinal fat uptake
leading to obesity while GF mice fed the LHFD are protected.

4. DISCUSSION

During the last decade, the impact of gut microbiota on energy
metabolism has received considerable attention [20,34] although
inconclusive data on DIO resistance in GF mice have been provided
[13,14]. This may be due to differences in diet compositions and
discrete dietary ingredients that could affect microbe—host in-
teractions. We here identified for the first time cholesterol, a regular
constituent of animal fats, as a candidate dietary component associ-
ated with DIO resistance of GF mice. Moreover, by deep metabolic
phenotyping, we deliver novel mechanistic insights into the interplay
between the diet and the gut microbiota in energy balance.

DIO resistance of LHFD-fed GF mice is caused by a direct crosstalk
between dietary fat-derived ingredients and host metabolism. In SPF
mice, gut microbiota alters this crosstalk in a way leading to obesity.
Positive energy balance is key to obesity development, but study de-
signs and data analyses published so far fall short in providing energy
balance data that convincingly explain DIO resistance or susceptibility
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in GF mice [3,21,35,36]. Hence, comprehensive metabolic phenotyp-
ing as a primary asset of the present study aimed to identify the
proximate causes of DIO resistance in LHFD- but not PHFD-fed GF
mice. Although LHFD-fed GF mice showed a lower energy intake and
energy assimilation than all other HFD-fed groups, differences were
just significant compared to SPF counterparts. Thus, lower energy
assimilation does not fully explain DIO resistance of LHFD-fed GF mice.
Interestingly, assimilation efficiency was increased by gut microbiota
and high-fat diet feeding, which is in accordance to previous findings
[37,38].

Accounting for distinct metabolic activities of body fat and fat-free
mass, we found that LHFD-fed GF mice dissipated more energy for
basal metabolic rate, which is the largest contributor to daily energy
expenditure [39,40]. Increased heat production, however, was not
associated with increased bile acid levels. Thermogenic capacity of
classical brown adipose tissue, as assessed by UCP1 protein levels,
was increased on both high-fat diets in GF and SPF mice, with no
significant enhancement in GF mice on LHFD (Figure S7). The
browning of inguinal white tissue (Figure S8), as determined by gene
expression of brite/beige adipocyte markers, was not altered by
microbiota or diet (Figure S8). Notably, CIDEA mRNA levels were
significantly downregulated in response to high-fat diet. The lack of
effect of microbiota on thermogenic function in brown as well as brite/
beige adipocytes is in contrast to recent reports [31,32]. Thus, we
identified elevated heat dissipation as one likely mechanism by which
GF mice on LHFD are protected from excess fat accumulation. This
mechanism, however, is not related to increased bile acid levels or to
brown fat thermogenesis.

As another proximate cause for DIO resistance, we observed impaired
intestinal fat absorption in LHFD-fed GF mice as demonstrated by
increased fecal fat excretion and a rise in RER towards carbohydrate
oxidation at the beginning of the nocturnal phase. We also found a
negative correlation between RER and cecal bile acid concentrations,
which is in line with other reports [32,41,42]. Intestinal fat absorption
is facilitated by bile acids [43]. Hence, the lower bile acid levels found
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in LHFD-compared to PHFD-fed GF mice is one likely cause for reduced
intestinal fat absorption. In addition, to incorporate and emulsify the
dietary fat into mixed micelles, LHFD-fed animals may have to invest
more energy as heat to allow the fat emulsion to be formed which may
become rate limiting for fat absorption. The lack of any bacteria might
further restrict formation of LHFD-specific metabolites used as energy
substrates in the lower small intestine and colon of GF mice.

Taking our analysis one step further, we identified cholesterol as a
candidate dietary ingredient in the experimental LHFD that may convey
DIO resistance in GF mice. Chemical analysis of the experimental diets
revealed a 9-fold higher cholesterol content in LHFD compared to
PHFD (Table 2). In other studies observing DIO resistance in GF mice,
even greater amounts of dietary cholesterol were provided [8,13,14].
Recently, it was reported that GF mice fed high-fat diets based on
either lard or fish oil both gained 30% less weight than conventional
counterparts [16]. Taking into account that these diets largely differ in
fatty acid composition, but both contain cholesterol, is in support of
our conclusion that it is the dietary cholesterol protecting GF mice from
DIO. Apart from that, we could show that DIO resistance does not
occur in the presence of a cholesterol-free high-fat diet and even led
to a positive energy balance. Moreover, there is increasing evidence
about an interaction of dietary lipids and gut microbiota on endoge-
nous cholesterol metabolism [8,17,44]. Guided by these results, we
searched for specific differences in cholesterol metabolism in our
mouse models. Cecal metabolite profiling based on a non-targeted
approach detected differences in steroid and bile acid profiles when
PHFD- and LHFD-fed GF mice were compared. Cholesterol is the
precursor for the synthesis of bile acids, steroid hormones, and
vitamin D [45,46]. Clearly, the metabolic fate of dietary cholesterol in
the gut is largely different in GF compared to SPF mice. The observed
increase in cecal steroids in GF mice on LHFD contrasts with higher
cecal bile acid concentrations on PHFD. Despite a low dietary
cholesterol content of PHFD, cecal cholesterol was increased by PHFD
feeding, and that could not be explained by increased hepatic gene
expression changes for an increased de novo biosynthesis of
cholesterol. Since our plant based PHFD contained large quantities of
sterols that compete with the cholesterol handling in the intestine and
enterohepatic system [47], their effect on endogenous cholesterol may
explain these diet effects.

Concomitant to the elevated cecal bile acid and cholesterol levels, we
observed an increased number of cecal unsaturated fatty acids (UFA),
respectively docosahexaenoic acid (n-3) and arachidonic acid (n-6), in
PHFD-fed GF mice, although their food intake was not increased. In a
series of studies, the influence of dietary fatty acid composition on
synthesis and excretion of bile acids and cholesterol has been reported
[48,49]. The cecal UFA in our study could not be attributed directly to
dietary fatty acid composition (Table S1). It is thus likely that increased
levels of UFA derived from hydrolysis of triacylglycerides, phospho-
lipids, and cholesteryl esters contributed to elevated cecal bile acid and
cholesterol contents in PHFD-fed GF mice to form mixed micelles, thus
facilitating fat uptake and obesity development.

Among the elevated cecal steroids, the increased levels of 17[-
estradiol in lean GF mice fed CD or LHFD are of particular interest.
Several studies provide evidence for a role of 17-estradiol in energy
balance regulation by reducing body weight, and increasing insulin
sensitivity and glucose tolerance [50—52]. In addition, estrogens
stimulate energy expenditure [51,53,54], which is in line with the
increased basal metabolic rate and 17-estradiol levels that we
observed in lean LHFD-fed GF mice. Interestingly, FXRo. has been
reported to link bile acid and steroid metabolism [55]. In that matter,
several findings suggest a negative correlation between bile acids and
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sex hormone synthesis (testosterone and estrogen) via FXR o signaling
[55]. Thus, concurrent lower cecal bile acid and higher steroid hor-
mone levels in LHFD-fed GF mice may be due to reduced hepatic
Nr1h4 gene expression. Overall, we propose that increased levels of
173-estradiol as a cholesterol derivative can interfere with bile acid
metabolism to decrease fat absorption and promote DIO resistance via
enhanced energy expenditure in LHFD-fed GF mice.

Low-grade inflammation has frequently been discussed in obesity
[56—58]. This observation together with the increased metabolites
related to the arachidonic acid pathway in LHFD-fed GF mice led us to
investigate plasma S-amyloid A levels. However, there were no signs
of acute inflammation (Figure S9). The increased arachidonic acid
levels might represent an alternative route to counteract bile acid
accumulation in LHFD-fed GF mice since prostaglandins evolving from
arachidonic acid are known to be associated with decreased bile flow
and bile acid secretion in perfused rat liver [59].

Obesity development in PHFD-fed GF mice was facilitated by a more
efficient fat absorption, as judged from low fecal fat excretion and
increased fat oxidation rate. Fat absorption was associated with an
elevation of the primary bile acids TCA and TMCA in the gut of these
mice. This increase was accompanied with higher expression of the
Cyp7al gene encoding for the key enzyme in primary bile acid
synthesis. However, this observation is unexpected. Elevated bile
acids in the gut are known to repress expression of Cyp7al in the
liver by a FXRat/FGF15/19 mediated mechanism [33], and bile acid
dependent activation of FXRa. in hepatocytes represses Cyp7al gene
transcription [60,61]. Thus, in the GF state other factors modulate the
feedback control of Cyp7al by FXRa.. Moreover, expression of Nr1h4,
which encodes FXRa, was increased in liver of PHFD-fed GF mice.
This is interesting, since intact FXR signaling in obesity development
recently has been described to be dependent on the presence of gut
microbiota [10]. In the latter study, mice were challenged with a
high-fat diet based on beef tallow containing cholesterol. Our
observation of increased hepatic Nr1h4 expression in obese PHFD-
but not in lean LHFD-fed GF mice, hints towards another likely
crosstalk between dietary ingredients and host metabolism in obesity
development.

The striking difference in energy balance found between lean and
obese GF mice on either HFD dissolved in the presence of gut
microbiota, confirming previous findings demonstrating an altered
diet-host crosstalk induced by gut microbiota [20]. A few LHFD-
specific bacteria were identified by high-throughput sequencing,
which may have contributed to the obese phenotype in LHFD-fed SPF
mice. These bacteria included two species without a representative
strain in culture but related to the species A. muris, a bacterium
originally isolated from the cecum of an obese mouse [62], as well as
one OTU related at the genus level to E. coprostanoligenes, a species
shown to be able to produce coprostanol from cholesterol [63]. In
addition, OTU-25, which belongs to the genus Acetatifactor, positively
correlated with the concentration of both lithocholic acid (LCA) and
ursodeoxycholic acid (UDCA) pointing at the possible role of bile acid
conversion by bacteria in regulating obesity development.

In conclusion, the novel data provided in our present study indicate
dietary cholesterol as a candidate dietary ingredient associated with
changes of cholesterol-derived metabolite levels, which may alter DIO
development in a causative manner. The presence of intestinal mi-
croorganisms is essential in regulating these diet-host interactions,
and a few specific taxa are of particular interest here. Further mech-
anistic studies are required to define the role of these and closely
related bacteria in DIO development and to assess the functional role of
metabolites such as 17[-estradiol in overall energy homeostasis.
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