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Abstract: A calorie-dense diet is a well-established risk factor for obesity and metabolic syndrome
(MetS), whereas the role of the intestinal microbiota (IMB) in the development of diet-induced
obesity (DIO) is not completely understood. To test the hypothesis that Swiss Webster (Tac:SW)
mice can develop characteristics of DIO and MetS in the absence of the IMB, we fed conventional
(CV) and germ-free (GF) male Tac:SW mice either a low-fat diet (LFD; 10% fat derived calories) or
a high-fat diet (HFD; 60% fat derived calories) for 10 weeks. The HFD increased feed conversion
and body weight in GF mice independent of the increase associated with the microbiota in CV mice.
In contrast to CV mice, GF mice did not decrease feed intake on the HFD and possessed heavier fat
pads. The HFD caused hyperglycemia, hyperinsulinemia, and impaired glucose absorption in GF
mice independent of the increase associated with the microbiota in CV mice. A HFD also elevated
plasma LDL-cholesterol and increased hepatic triacylglycerol, free fatty acids, and ceramides in all
mice, whereas hypertriglyceridemia and increased hepatic medium and long-chain acylcarnitines
were only observed in CV mice. Therefore, GF male Tac:SW mice developed several detrimental
effects of obesity and MetS from a high-fat, calorie dense diet.
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1. Introduction
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Diet-induced obesity (DIO) impairs glucose and lipid homeostasis, increases chronic systemic
inflammation, causes hypertension, and is a primary risk factor for hepatic steatosis, type II diabetes
mellitus (T2DM), and cardiovascular disease (CVD) [1-5]. Clinically, individuals are diagnosed with
metabolic syndrome (MetS) if they possess three or more of the following indicators: abdominal
obesity, hypertension, insulin resistance, high serum triacylglycerol (TAG), and low high-density
lipoprotein cholesterol (HDL-C) concentrations. MetS afflicts over 34% of the population in the
Americas, Australia, and Europe [6-8]. Palatable, calorie-dense diets such as the high-fat and high-
sucrose Western diet are a major cause of DIO in humans, and similar diets induce obesity in mouse
models [9-12]. These diets are rich in simple digestible sugars, saturated lipids, or both, and possess
a high fractional feed conversion. Moreover, when fed these diets, mice do not sufficiently decrease
feed consumption to maintain their caloric energy balance [13]. In mice, abdominal obesity, insulin
resistance, and other indicators of MetS develop with DIO [14-16].

Increasingly, studies suggest alterations to the intestinal microbiota (IMB) contribute to the
development of obesity, MetS, T2DM, CVD, and non-alcoholic fatty liver disease (NAFLD) [17]. The
IMB plays an important role in energy harvest and obesity-associated inflammation [11,18-21]. Thus,
diet-induced alterations in IMB composition combined with an increase in sedentary lifestyles may
explain how the IMB contributes to obesity [22,23]. Comparison of conventional (CV) and germ-free
(GF) mice provides valuable information about the role of the IMB in immune system development
and behavior of the host [24,25]. GF mice also provide the foundation for gnotobiotic research,
allowing the colonization of the gut with individual or defined populations of microbes [26]. To
understand the role of the IMB in obesity and MetS, it is important to compare the effects of diet and
treatment in vivo between GF and CV animals. Table 1 summarizes several prior studies using
different mouse strains and diets. Inbred C57BL/6] mice are well established for DIO studies and offer
a wide variety of genetic knockouts [27,28]; however, susceptibility of GF C57BL/6] mice to DIO
remains unclear. Previous studies show mixed results, indicating that GF C57BL/6] are partly
protected against lard induced DIO and white adipose tissue inflammation [10,11,29-31]. It is
possible to attribute these mixed results to dietary sucrose levels, with low sucrose lard-based high
fat diets (HFDs) increasing the effects of microbiota-induced obesity [32,33]. For example,
conventionalized adult, male C57BL/6] mice developed obesity on a high-fat, high-sucrose, calorie
dense diet, whereas GF mice were protected due to an increase in 3-oxidation [10,31]. In this case,
male GF C57BL/6] mice gained less weight on an HFD than conventionalized C57BL/6] due to lower
feed intake and absorption, specifically of lipids [10,31]. In another study, GF C57BL/6] mice showed
a dramatic weight increase on a lower-sucrose lard-based HFD, whereas these mice were protected
from DIO on a fish oil-based HFD, suggesting both sucrose content and fat source (lard is rich in
saturated lipids, fish oil in polyunsaturated lipids) affect weight gain [33]. The effects of diet
composition were further investigated for the inbred C57BL/6N strain [34]. Here, evidence supported
a role for cholesterol in resistance to DIO in GF mice, as cholesterol affected the crosstalk between the
IMB and host metabolism [34]. This became particularly evident when GF C57BL/6N mice fed a low-
sucrose cholesterol-free palm oil-based HFD experienced a weight increase on par with their CV
counterparts [34]. However, GF mice were protected from weight gain on a low-sucrose high-
cholesterol lard-based HFD, unlike CV C57BL/6N mice receiving the same diet [34]. Finally, inbred
GF male C3H not only gained more body weight and body fat, but also showed lower energy
expenditure than their CV counterparts when fed a low-sucrose lard-based HFD, thus exhibiting
characteristics of human DIO; however, energy intake was not reported [32]. These studies suggest
both diet composition and mouse strain play a role in DIO in the GF state.

Table 1. Summary of diet-induced obesity (DIO) in germ-free (GF) mice.

Author/Ye Backhedet  Fleissner et Rabot et Dingetal. Caesaretal. Kiibeck etal.

ar al. [10] al. [33] al. [31] [29] [34] [35]
I;It(r):: C57BL/6] C3H C57BL/6)  C57BL/6] ~ C57BL/6]  C57BL/6N

Diet Type




Microorganisms 2020, 8, 520

30f25

Diet 1, 43%
O,
90% Co?onut 459 489%
+ 5% thistle + ) .
40.6% 5% linseed Diet 1: 88%  Diet 1: 80%
50% lard + ol 60% 45 lard+12%  lard +20%
Y 4% 1 ° il il
50% Diet 2, 40.6% 94% lard + 88% lard, soybean oi soybean oi
Fat (%) hydrogen- 50% lard + 6% 129
ated ; soybean °  Diet2:88%  Diet2:80%
50% . soybean oil . .
vegetable hvdrocen- oil fish oil + palm oil +
shortening y ateg 12% soybean 20% soybean
oil oil
vegetable
shortening
Carbohy-
drate% 41 (Diet 1: 50;
40.7 (1 20 (7 17 4
Sucrose 0.7(183) Diet 2: 183) 0(73) 350) 35 (173) 34 (50
(g/kg)
Protein% 18.7 16 20 20 20 18
Slll)slceef:)tl- No Diet 1: Yes No No Diet 1: Yes Diet 1: No
DIO? Diet 2: No Diet 2: No Diet 2: Yes
Lard-based
HFD
activates
. TLR
GF mice D1.et L signaling, Cholesterol
gained .
protected sionificant HFD and induces affects the
from DIO & . GF mice . CCL2, crosstalk
weight. gut bacteria
by . consume subsequent between
. Diet 2: no interact to
increased weicht eain fewer romote macrophage IMB and
AMPK gt & calories P recruitment host
. as observed IFM that .
activity N and to WATand metabolism.
by Backhed precedes .
.1 and FA excrete IFM. GF Diet
Findings . et al. (10). develop- . .
oxidation more fecal mice only composition
. . ment of
in - lipids than . partly matters, GF
. Composition . obesity, ,
peripheral e CV mice, . protected animals on
i of lipid and . adiposity
tissues and gain less . , from lard- lard-based
. CHO affects . and insulin .
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Abbreviations: AMPK, AMP-activated protein kinase; CCL2, C-C motif chemokine ligand 2; CHO,
carbohydrate; CV, conventional; FA, fatty acid; Fiaf, fasting-induced adipose factor; HFD, high fat diet; IFM,
inflammation; IMB, intestinal microbiota; SCFA, short chain fatty acid; TLR, toll-like receptor; WAT, white

adipose tissue.

All Swiss Webster mice are derived from nine mice imported to the United States from
Switzerland in 1926 by Clara J. Lynch [35]. In 1932, Lynch sent mice to Leslie Webster, who
subsequently sent mice to other academic and commercial breeders [36]. Swiss Webster mice are
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albino and genetically heterogeneous when outbred [36]. Therefore, not all Swiss Webster mice are
alike, as mice obtained from The Jackson Laboratory are inbred, whereas mice from Taconic
Biosciences (used in this research) are outbred [36]. Hence, it is important to state the source of the
mouse strain used. All Swiss Webster mice carry a mutation in the Cd5 gene, which they share with
inbred strains such as C57BL/6], and Taconic Swiss Webster (Tac:SW) mice carry the recessive
mutation, Pde6b!, which leads to retinal degradation [37]. However, neither one of these mutations
affects DIO. Swiss Webster mice differ from C57BL/6], in that they do not carry the NntC57BL6]
mutation, which is responsible for impaired glucose clearance in the C57BL/6] strain [38]. Despite
this, Swiss Webster mice do exhibit a genetic susceptibility to diabetes, as spontaneous development
of obesity-associated polyuric, polydipsic, glucosuric, and hyperglycemic symptoms were observed
previously [39]. Subsequently, Swiss Webster mice are reasonably prone to DIO, and the research
community uses commercially available GF Swiss Webster mice for IMB transplant studies [36,39—
47]. Backhed and colleagues recently developed a simplified human IMB model using GF Swiss
Webster mice that holds promise in the study of diet-host-microbiota interactions in relation to
obesity and MetS [40]. However, to study these interactions in relation to DIO, it is necessary to
determine the role that the IMB play in the development of obesity and MetS in Swiss Webster mice.
Therefore, we hypothesized that Tac:SW mice can develop characteristics of DIO and MetS in the
absence of the IMB. To test this hypothesis, we used a 2 x 2 experimental design, and fed outbred CV
and GF male Tac:SW mice a diet containing either 10% or 60% fat-derived calories for 10 weeks. We
show that the absence of the IMB did not prevent most of the detrimental effects of a low-sucrose,
low-cholesterol, lard-based HFD in the development of obesity and MetS.

2. Materials and Methods

2.1. Experimental Design

Experimental animal procedures were performed in accordance with Animal Care and Use
Protocol 5053 approved 28 March 2019 by the Institutional Animal Care and Usage Committee of
Oregon State University (OSU, Corvallis, Oregon, USA). Sex differences in the development of DIO
in mice are well established and documented, especially in C57BL/6 mice [48]. Female mice are
generally considered protected from DIO [49,50]. Therefore, we purchased male GF and CV Tac:SW
mice at 8-10 weeks of age (Taconic Biosciences, Rensselaer, NY, USA). GF Tac:SW mice were housed
in gnotobiotic isolators and CV mice in specific pathogen free conditions at the Laboratory Animal
Resource Center at OSU under a standard 12-h light cycle and 22 + 1 °C ambient temperature. After
acclimation, mice were randomly assigned to either a low-fat diet (LFD control) or an HFD (n = 10
per group for CV, and n =11 per group for GF mice) and housed individually. Autoclaved water was
supplied to the mice ad libitum. The GF status of mice was routinely confirmed by culturing and PCR
analysis of feces using universal primers amplifying the 16S rRNA, as described previously [51]. Feed
intake and body weight were measured weekly, and feed conversion was calculated using the
formula (1):

Weight Gain (g) % 100%

N
Feed Conversion (%) Feod Consumption (&) 1)

After 10 weeks of feeding, the mice were anesthetized, and blood was collected for plasma by
cardiac puncture. Subsequently, the mice were euthanized by cervical dislocation and various tissue
collected, flash frozen in liquid nitrogen, and stored at —80 °C. Livers and fat pads were weighed
before freezing.

2.2. Diets

Mice were fed either an LFD (containing 10%, 70%, and 20% total calories from fat, carbohydrate,
and protein, respectively) or an HFD (containing 60%, 20%, and 20% total calories from fat,
carbohydrate, and protein, respectively) as pellets (Dyets, Inc., Bethlehem, PA, USA) ad libitum. The
diet was irradiated at a dose of 50 kGy to sterilize it (Radiation Center at OSU, Corvallis, OR, USA).
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The diet composition is summarized in Table 2. The majority of calories in the LFD control were
derived from cornstarch, whereas this changed to lard for the HFD.

Table 2. Experimental diet composition.

Low-Fat Diet High-Fat Diet
Ingredient g/kg kcal/kg g/kg kcal/kg
Lard 19.0 171.0 316.6 2849.4
Corn oil 23.7 213.3 32.3 290.7
Cornstarch 411.9 1482.8 0.0 0.0
Dyetrose! 161.6 614.1 161.6 614.1
Sucrose 88.9 355.6 88.9 355.6
Cellulose 47.4 0 54.6 0
Casein 189.6 678.8 258.5 925.4
Mineral mix #210088!  10.0 16.0 12.9 20.6
Vitamin mix #300050! 10.0 39.2 12.9 50.6
Dicalcium carbonate  12.3 0 16.8 0
Potassium citrate 15.6 0 21.3 0
Choline bitartrate 2.0 0 2.6 0
Total energy, kcal 3571 5106
Total fat, g 43.0 349.0
14:0 Myristic acid 0.3 7.8
16:0 Palmitic acid 7.7 84.3
16:1 Palmitoleic acid 0.7 10.8
18:0 Stearic acid 3.7 429
18:1 Oleic acid 14.5 147.0
18:2 Linoleic acid 15.9 51.9
18:3 Linoleic acid 2.3 7.3
Total carbohydrate, g 673 263
Total fiber, g 474 64.6
Total protein, g 192.0 262.0
Total cholesterol, g 0.014 0.28

! Dyetrose and mineral and vitamin mixes are proprietary products of Dyets, Inc.

2.3. Measurement of Blood Metabolic Profiles

Concentrations of blood glucose and plasma concentrations of TAG, and leptin were determined
as described previously, and plasma insulin was determined using a mouse insulin ELISA kit (Alpco
Diagnostics, Salem, NH, USA) [52]. The plasma HDL-C concentration was determined using the
MaxDiscovery™ HDL-C Cholesterol Assay Kit (Bio Scientific Corporation, Austin, TX, USA). The
plasma LDL-C concentration was determined using the Wako L-type LDL-C assay kit (Wako
Diagnostics, Mountain View, CA, USA).

2.4. Glucose Tolerance Test

A glucose tolerance test (GTT) was performed after 10 weeks of feeding. Following a 6-h fast,
mice were injected intraperitoneally with a glucose solution (CV, 1 g/kg body weight; GF, 2 g/kg body
weight). GF mice received a higher concentration of glucose to ensure an increase in blood glucose
concentrations. Blood taken from the tail vein was sampled using a hand-held glucometer at 0, 15,
30, 60, and 120 min, as described previously [52].

2.5. Lipidomics and Acylcarnitine Quantification

For lipidomics analysis, liver tissue (approximately 50 mg) was ground using a Precellys 24
homogenizer (Bertin Corp, Rockville, MD, USA) with 1.4 mm zirconium oxide beads (OMNI
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International, Kennesaw, GA, USA) in ice-cold methylene chloride:isopropanol:methanol (25:10:65,
v/v/v +BHT (0.05%); 50 pug/mL). The volume of solvent was proportional to the tissue weight (10 uL
solvent per 1 mg). The homogenate was incubated at 20 °C for 1 h. The mixture was centrifuged at
13,000 x g at 4 °C for 10 min. A 30 uL aliquot from the supernatant was added to a mass spec vial,
after which extraction solvent (165 uL) and SPLASH® LIPIDOMIX® Mass Spec Standard (5 uL, Avanti
Polar Lipids Inc., Alabaster, AL, USA) were added. An aliquot (3 pL) of the supernatant was
subjected to UPLC-QTOF analysis on a 5600 TripleTOF instrument (Sciex, Concord, ON, Canada) as
described previously [53].

For acylated and free carnitine quantification, liver tissue (approximately 50 mg) was ground
using a Precellys 24 homogenizer (Bertin Corp, Rockville, MD, USA) with 1.4 mm zirconium oxide
beads (OMNI International, Kennesaw, GA, USA) in ice cold methanol:water (80:20, v/v), using a
volume of solvent proportional to the tissue weight (10 uL solvent per 1 mg). The homogenate was
incubated at -20 °C for 1 h. The mixture was centrifuged at 13,000 x g at 4 °C for 10 min. The
supernatant was collected and lyophilized using an SC110A SpeedVac Plus coupled to an RVT400
refrigerated vapor trap (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The dry extracts were
then reconstituted in 200 pL of acetonitrile:water (1:1, v/v), vortexed for 30 sec, and centrifuged at 4
°C for 5 min at 13,000 rpm. An aliquot of the supernatant was subjected to UPLC-QTOF analysis on
a 5600 TripleTOF instrument (Sciex, Concord, ON, Canada). Data analysis was performed using
Metaboanalyst 4.0 software (http://www.metaboanalyst.ca/) [54].

2.6. Statistical Analysis

Statistical analyses of continuous data were performed using the method of least squares to fit
general linear models in SAS (SAS Institute, Cary, NC, USA) using a 2 x 2 design with diet,
microbiota, and their interaction as fixed effects, whereas for categorical data, Fisher’s exact test was
used. All statistical tests were two-sided, and statistical significance was set at p < 0.05.

3. Results

3.1. Conventional and Germ-Free Tac:SW Mice Develop Obesity on the High Fat Diet

The HFD increased body weight in both CV and GF mice (Figure 1 and Table 3). The effect of
the HFD on body weight gain was immediate with statistically significant differences beginning week
2 and 1 in CV and GF mice, respectively (Figure 1). Even for CV mice on the LFD, a statistically
significant increase in body weight was observed by week 2 (Figure 1A,C). In contrast, GF mice on
the LFD did not gain body weight until week 10 (Figure 1B,D). In summary, the IMB is not required
for DIO in male Tac:SW mice, and the IMB allow CV male Tac:SW mice to gain weight even on the
LFD.

Body weight gain resulted from greater feed conversion on the HFD (an average increase from
1.52% on LFD (CV and GF combined) to 4.10% on HFD (CV and GF combined); results are for main
diet effect and not shown in Table 3). The increase in feed conversion and body weight observed with
the HFD was independent of the increase associated with the presence of the IMB (Table 3).
Throughout the study, CV mice were heavier than GF mice. Presence of the IMB modified the effect
of the HFD on feed consumption (p = 0.03) and fat pads (p < 0.001; Table 3). In contrast to CV mice,
GF mice did not decrease feed intake on the HFD (p = 0.48), resulting in significantly heavier fat pads
(2.77 g on the HFD versus 0.77 g on the LFD; p <0.001).

Circulating leptin concentrations are known to increase exponentially with fat mass [55].
Treatment differences in fat pad weights were reflected in plasma leptin concentrations, as we
observed high plasma leptin concentrations (= 10 mg/dL; as defined for mice [28]) in all CV mice, and
all but one GF mouse on the HFD (Figure 2A,B, respectively; Table 3). In the GF mice on the LFD, the
fat pad weight was significantly lower than CV mice on either an LFD or HFD (p < 0.001, Table 3).
Furthermore, for GF mice the HFD significantly increased the fat pad size (p <0.001, Table 3), but this
was not observed in the CV Tac:SW mice (Table 3). In all mice we observed a correlation between fat
pad size and plasma leptin concentrations (v = 0.68, p < 0.001, Table 3).
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Figure 1. The HFD increases body weight in both CV (1 =10; panels A,C) and GF (n = 11; panels B,D)
male Tac:SW mice. Absolute body weight changes are shown in grams (panels A,B), or as percent
change from original body weight (panels C,D). Values are expressed as the mean + SEM. An “a”
denotes statistically significant increases in body weight, compared to baseline body weight at week
0, and are only shown at the start and end of statistical significance. An asterisk denotes statistically
significant diet difference within CV and within GF mice, when comparing the effects of the HFD on
weight gain to the LFD, at p <. 0.05. Abbreviations: CV, conventional; GF, germ-free; HFD, high fat
diet; LFD, low fat diet; Tac:SW; Taconic Swiss Webster.
Table 3. Effect of the low- and high-fat diets on body and tissue weight, feed consumption, and feed
conversion in conventional and germ-free male Tac:SW mice.
Conventional Germ-Free p-values
Parameter LFD HFD LFD HFD SEM IMB HFD IMB X HFD
Body Weight n=10 n=10 n=11 n=11
Starting, g 419 44.1 39.1 38.0 1.1  <0.001¢ 0.64 0.13
Final, g 48.0b 56.02 41.5v 46.32 1.7  <0.001¢ <0.001c 0.34
DWG, mg/d 88 1702 36 118 16 0.002¢  <0.001¢ 0.99
Fatpad, g 1.86 1.77 0.770 2770 0.28 0.86 <0.001¢ <0.001e
Fat pad, %BW 3.81 3.13 1.87v 5.852  0.46 0.35 <0.001¢ <0.001e
Feed
Consumption g/d 4.192 3.44b> 3.82 368 014 0.65  0.0034 0.03¢
Conversion, % 2.09v 4.972 0.94b 3.222 043 0.001¢ <0.001c 0.48
Plasma
Leptin, ng/mL 20.75 23.40 469> 24372 275 0.01¢  <0.001¢ <0.001e
High Leptin, n = 10 10 10 102 0.002¢  0.004< 0.004 ¢
High leptin was defined as plasma leptin concentrations > 10 mg/dL [28]. Superscripts “a” (larger

numerical value) and “b” (smaller numerical value) denote statistically significant (p < 0.05) diet-
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induced differences within CV and within GF mice, respectively. Superscript “c” indicates a
statistically significant increase caused by the microbiota, or the HFD. Superscript “d” indicates a
statistically significant decrease caused by the intestinal microbiota or the HFD, and superscript “e”
indicates a statistically significant interaction. The SEM is a pooled standard error of the mean.
Analysis was performed using the method of least squares to fit general linear models in SAS. The p
values shown are for the main effects of IMB, main effect of HFD, and their interaction/effect
modification (IMB x HFD). “n =" indicates the number of mice with this characteristic per column.
Abbreviations: Tac:SW, Taconic Swiss Webster; DWG, daily weight gain; BW, body weight; CV,
conventional; GF, germ-free; IMB, intestinal microbiota; HFD, high fat diet.

60 60 1

p=0.54 p <0.001

401 401

201 PY

20 —

[ ]
10 4o oo B s ove B visounans | snssnussussovuass dssacsunsen 10 oo, g eaens

Plasma Leptin (ng/mL)
[ J
3y
%4
Plasma Leptin (ng/mL)

cVv GF

Figure 2. Both the IMB and the HFD increase plasma leptin concentrations in male SW mice.
Quantification of plasma leptin concentrations in (A) CV (n =10) and (B) GF (n =11) mice on the LFD
control or the HFD. The values for individual mice are shown as dots, the means as bars, and
horizontal lines indicate the standard error of the mean (+ SEM). The dotted horizontal lines indicate
the cut-off for elevated concentrations (> 10 mg/dL), indicative of hyperleptinemia [28].
Abbreviations: CV conventional; GF, germ-free; HFD, high fat diet; IMB, intestinal microbiota; LFD,
low fat diet.

3.2. Conventional and Germ-Free Tac:SW Mice Develop Impaired Glucose Regulation on the High Fat Diet

Following a 6-h daytime fasting period, basal plasma glucose levels for all mice resembled those
observed for C57BL/6] mice [56]. The HFD increased fasting glucose and insulin independently of
the increase associated with the presence of IMB (Table 4). In all groups (except GF mice on a LFD),
some mice reached fasting concentrations of blood glucose > 150 mg/dL indicative of type II diabetes
(Table 4; Figure 3A,B) [57]. In all groups (except GF mice on an LFD), we also observed that some
mice reached insulin concentrations > 500 pg/dL, with the highest insulin concentrations found in CV
mice on the HFD (Figure 3C,D). Furthermore, the GTT showed impaired glucose absorption and
insulin sensitivity as defined by glucose concentrations > 150 mg/dL 2-h after glucose injection [58]
(Table 4). The HFD impaired glucose clearance in CV and GF mice, as indicated by a statistically
significant increase in area under the curve (Figure 4; Table 4). The differences in fasting glucose and
insulin concentrations between CV and GF Tac:SW mice are indicative of differences in the
development of impaired glucose regulation that exist between the groups. However, the presence
of the IMB was not required for GF mice to develop impaired glucose clearance on the HFD.
Furthermore, the IMB induced impaired glucose tolerance in CV mice on the LED.
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Figure 3. The HFD increases blood glucose and plasma insulin levels in only CV male Tac:SW mice.
Quantification of blood glucose concentrations (panels A,B) and plasma insulin concentrations
(panels C,D) in CV (n = 10) and GF (n = 11) mice on the LFD control or the HFD. The values for
individual mice are shown as dots, the means as bars, and horizontal lines indicate the standard error
of the mean (+xSEM). The dotted horizontal lines indicate elevated concentrations. Abbreviations: CV,
conventional; GF, germ-free; HFD, high fat diet; LFD, low fat diet; Tac:SW, Taconic Swiss Webster.

Table 4. Effect of the low- and high-fat diets on glucose metabolism in conventional and germ-free
male Tac:SW mice.

9 of 25

Conventional Germ-Free p-values
IMB X
LFD HFD LFD HFD SEM IMB HFD
HFD
Fasting n=10 n=10 n=11 n=11
Glucose, mg/dL 1472 215 120 150 19  0.02¢ 0.01¢ 0.32
Insulin, ug/dL 473 11182 223 536 142 0.005¢ 0.001c 0.24
High glucose, n = 5 8 0 4 0.004c  0.06 1
High insulin, n = 4 8 1 5 0.06  0.03¢ 1
Glucose tolerance test 0.03¢< 0.01¢ 0.42
Baseline 1472 215 120 150 25  0.02¢ 0.01¢ 0.32
15 min 1882 2852 215 229 25 0.51  0.01¢ 0.07
30 min 2292 310 211 259 25 021  0.02¢ 0.54
60 min 233 309 178 231 25  0.02¢  0.03¢ 0.68
120 min 201 256 116 171 25 0.002¢ 0.04c¢ 0.99
Impaired GTT n = 6 8 0b 52 0.005¢  0.06 0.54

High glucose was defined as fasting plasma glucose concentrations > 150 mg/dL [57]. High insulin
was defined as fasting insulin concentrations > 500 pg/dL. Impaired glucose tolerance was defined as
plasma fasting glucose concentrations > 150 mg/dL 120 min after glucose injection [58]. Superscripts
“a” (larger numerical value) and “b” (smaller numerical value) denote statistically significant (p <
0.05) diet-induced differences within CV and within GF mice, respectively. Superscript “c” indicates
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a statistically significant increase caused by the microbiota, or the HFD. The SEM is a pooled standard
error of the mean. Analysis was performed using the method of least squares to fit general linear
models in SAS. The p values shown are for the main effects of microbiota (IMB), main effect of diet
(HFD), and their interaction/effect modification (IMB x HFD). “n =" indicates the number of mice with
this characteristic per column. Abbreviations: CV, conventional; GF, germ-free; GTT, glucose
tolerance test; HFD, high fat diet; IMB, intestinal microbiota; LFD, low fat diet; Tac:SW, Taconic Swiss

Webster.
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Figure 4. The HFD impairs glucose clearance. Results of the GTT (panels A,B) in CV (n = 10) and GF
(n =11) mice on the LFD control or the HFD. The values for individual mice are shown as dots and
horizontal lines indicate the standard error of the mean (+ SEM). The calculated area under the curve
is shown in panels C and D, for CV and GF mice, respectively. Statistical analysis via two-sided
Student’s t-test, statistical significance was set at p <0.05. Abbreviations: CV, conventional; GF, germ-
free; GTT, glucose tolerance test; HFD, high fat diet; LFD, low fat diet.

3.3. Conventional and Germ-Free Tac:SW Mice Develop Impaired Lipid Metabolism and Hepatic Lipid
Accumulation on the High Fat Diet

The presence of the IMB increased plasma lipid concentrations in male Tac:SW mice (Table 5).
Because murine cutoff values are not reported, we used human cutoff values for elevated TAG
concentrations (>150 mg/dL) [59] and LDL-C concentrations (>130 mg/dL) as reference points [60].
Nearly half of the CV male Tac:SW mice possessed elevated TAG concentrations on the LFD, and one
CV mouse on the HFD had elevated LDL-C (Table 5 and Figure 5A,C). Furthermore, plasma TAG,
HDL-C, and LDL-C were higher in CV versus GF mice independent of diet (Table 5). In CV mice, the
HFD increased TAG, HDL-C, and LDL-C (Table 5 and Figure 5A,C; p = 0.02, 0.01, and 0.01,
respectively). In GF mice, the HFD significantly elevated LDL-C (Figure 5D; p = 0.01), but we did not
observe significant changes in TAG and HDL-C (Table 5 and Figure 5B). In summary, on the LFD the
IMB induced impaired lipid metabolism in male Tac:SW mice, which was further exacerbated by the
HFD, as indicated by a greater concentration of lipids remaining in circulation as opposed to fat pad
deposition. In the absence of the IMB, the HFD increased circulating LDL-C but not TAG
concentrations (Table 5); however, we observed that TAG was deposited into the fat pad instead
(Table 3).
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Figure 5. The HFD increases plasma TAG in only CV mice and insulin levels in both CV and GF mice.
Quantification of (panels A,B) plasma triacylglycerol (TAG) and (panels C,D) LDL-cholesterol (LDL-
C) concentrations. The values for individual mice are shown as dots (CV, n=10; GF, n=11), the means
as bars, and horizontal lines indicate the standard error of the mean (+ SEM). The dotted horizontal
lines indicate elevated concentrations. Abbreviations: CV, conventional; GF, germ-free; HFD, high fat
diet; LFD, low fat diet; TAG, triacylglycerol.

Table 5. Effect of the low- and high-fat diets on plasma lipid concentrations in conventional and germ-
free male Tac:SW mice.

Conventional = Germ-Free p-values

Parameter LFD HFD LFD HFD SEM IMB HFD IMB x HFD

Plasma (mg/dL) n=10 n=10 n=11 n=11

Triacylglycerol ~ 152t 2372 46 42 24  <0.001¢  0.09 0.06
HDL-C 74> 119- 53 62 12 0.002¢  0.03¢ 0.14
LDL-C 92t 1102  55° 802 6  <0.001¢ <0.001¢ 0.49

High-TAG, n = 4 7 0 0 <0.001¢ 048 0.48

High LDL-C, n= 4 7 0 1 <0.001¢  0.18 0.73

LDL-C >80, n= 8 9 0P 72 <0.001¢< 0.03¢ 0.06

High triacylglycerol (High-TAG) was defined as fasting TAG concentrations 2150 mg/dL [59]. High
low-density lipoprotein-cholesterol (High LDL-C) was defined as fasting LDL-C concentrations >80
mg/dL. Superscripts “a” (larger numerical value) and “b” (smaller numerical value) denote
statistically significant (p < 0.05) diet-induced differences within CV and within GF mice, respectively.

Superscript “c
SEM is a pooled standard error of the mean. Analysis was performed using the method of least

indicates a statistically significant increase caused by the microbiota, or the HFD. The

squares to fit general linear models in SAS. The p values shown are for the main effects of IMB, main
effect of HFD, and their interaction/effect modification (IMB x HFD). “n =" indicates the number of
mice with this characteristic per column. Abbreviations: CV, conventional; GF, germ-free; HFD, high
fat diet; IMB, intestinal microbiota.
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The results for hepatic free and acylated (AC) carnitine are shown in Table 6. The presence of
the IMB increased the relative abundance of short-chain acylcarnitines (p = 0.002), which are partly
derived from short-chain fatty acids (SCFAs) excreted by the IMB [61]. Furthermore, presence of the
IMB modified the effect of the HFD on medium- (p = 0.004) and long-chain acylcarnitines (p < 0.006).
In CV mice, the HFD increased the relative abundance of medium-chain acylcarnitines by 144% (p <
0.001) and long-chain acylcarnitines by 358% (p = 0.001). In contrast, no consistent effect was observed
on medium- (p = 0.99) and long-chain acylcarnitines (p = 0.58) in GF mice, similar to what we observed
for plasma TAG (Table 6).

Table 6. Effect of the low- and high-fat diets on hepatic carnitine levels in conventional and germ-free
male Tac:SW mice.

Conventional Germ-Free p-values
Peak Area x 10° LFD HFD LFD HFD SEM IMB HFD III\_;[I?DX
Carnitines n=10 n=10 n=11 n=11
Free 71,457 67,040 69,794 69,217 3482 0.94 0.47 0.58
acylated (AC)
Total 105,362 118,749 86,036 80,669 10,614  0.009¢ 0.70 0.37
Short-Chain 99,201 91,191 70,044 67,839 7905 0.002¢ 0.51 0.71
AC2:0 89,244 76,008 58864 55346 7182  <0.001¢ 0.24 0.49
AC 4:1-OH 9034 14,012 10,509 11,992 2631 0.92 0.22 0.50
AC5:0 923 1171 671 501 194 0.02¢ 0.84 0.28
Medium-Chain 296 722 307 308 72 0.0074  0.004¢ 0.004¢
AC8:0 127 149 128% 639 20 0.044 0.28 0.03¢
AC10:0 119° 214 118 119 279 0.08 0.08 0.09
AC 14:2 49° 358 2 61 125 37 0.004¢  <0.001¢ 0.002¢
Long-Chain 5865 26,836 15,685 12,522 4218 0.59 0.04¢ 0.006°
AC16:0 995 © 4458 2562 2756 770 0.93 0.02¢ 0.04¢
AC16:1 913° 21382 20722  726% 380 0.74 0.87 0.001¢
AC 18:0-OH 520 178 = 108t  181a 24 0.22 <0.001¢ 0.26
AC18:1-OH 159 ® 591 2 480 382 87 0.52 0.06 0.004¢
AC18:1 2542% 12,6212 7591 4273 2284 0.46 0.14 0.005¢
AC18:2 591° 38162 965 2291 559 0.63 <0.001¢ 0.09
AC18:3 59 b 291 80 163 47 0.25 0.002¢ 0.12
AC20:1 295° 14752 1170=  602° 192 0.99 0.11 <0.001¢
AC20:2 136 833 2 297 365 87 0.08 <0.001¢ 0.0007 ¢
AC 20:4 122 435 2 3590 7822 64 <0.001¢  <0.001¢ 0.38

All values are expressed in peak area x 10°. Superscripts “a” (larger numerical value) and “b” (smaller
numerical value) denote statistically significant (p < 0.05) diet-induced differences within CV and
within GF mice, respectively. Superscript “c” indicates a statistically significant increase caused by
the microbiota, or the HFD. Superscript “d” indicates a statistically significant decrease caused by the
intestinal microbiota or the HFD, and superscript “e” indicates a statistically significant interaction.
The SEM is a pooled standard error of the mean. Statistical analysis was performed using the method
of least squares to fit general linear models in SAS. The p values shown are for the main effects of
microbiota (IMB), main effect of diet (HFD), and their interaction/effect modification (IMB x HFD).
Abbreviations: CV, conventional; GF, germ-free; HFD, high fat diet; IMB, intestinal microbiota
Tac:SW, Taconic Swiss Webster.

The results for hepatic lipid levels are shown in Table 7 and for individual lipid species in
Appendix Table Al. Presence of the IMB increased liver weight by 86% ((average of GF mice
compared to average of CV mice) p <0.001; Table 7). Within the liver lipid extract, the HFD increased
relative abundance of TAG by 41% in both CV and GF mice. Specifically, TAG with a higher degree
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of unsaturation were increased (Appendix Table Al); in contrast the relative abundance of TAG with
shorter chain lengths (TAG < C52) were decreased (Appendix Table Al). In addition to TAG, the HFD
increased the relative abundance of sphingolipids, including ceramides, by 35% in both CV and GF
mice (p < 0.001). In GF mice, the HFD also increased the relative abundance of free fatty acids (FFA)
by two-fold (Table 7). Presence of the IMB did not alter the levels of TAG but decreased the relative
abundance of sphingolipids, glycerophospholipids (GPL), and FFA (Table 7). Thus, presence of the
IMB was not required for the HFD to promote TAG and ceramide accumulation in the liver.
Furthermore, presence of an IMB decreased hepatic glycerophospholipid, sphingolipid, and FFA
levels, but did not alter hepatic TAG levels.

Table 7. Effect of the low- and high-fat diets on hepatic lipid abundance in conventional and germ-

free male Tac:SW mice.

Conventional Germ-Free p-values
Parameter Species LFD HFD LFD HFD SEM IMB HFD IMB X HFD

Liver n=10 n=10 n=11 n=11

Liver, g 2.59 2.88 1.46 1.48 0.27 <0.001¢  0.52 0.58

Liver, %BW 5.35 5.16 3.55 3.24 0.44 <0.001c  0.53 0.88

Liver lipid extract (peak area x 10%)

Total lipids 125 36,892> 49,0172 44,975 54,5772 3025  0.03¢  <0.001c 0.67

Acylglycerols 45 18,455 27,4132 19,936> 26,728 1413 0.77 <0.001¢ 0.44

TAG 34 18,156> 27,054> 19,575 26,2692 1393 0.82  <0.001¢ 0.42

DAG 9 258 314 314 409 51 0.14 0.14 0.70

MAG 2 40 45 48 50 18  <0.0014  0.05¢ 0.57

Glycero PL 65 14,258 16,448 19,797 22,027 2211  0.01¢ 0.31 0.99

PA 6 155 181 216° 3322 237 <0.001¢4 0.004c 0.06

Lyso-PE 6 165 170 209 239 35 0.10 0.61 0.72

PE 15 7888 9472 11,315 13,161 1329 0.009¢ 0.19 0.92

PC 16 3418 3711 4100 4489 454 0.13 0.47 0.92

PI 10 1484 1633 23572 1634 2272 0.06 0.20 0.06

PS 7 838 1087 1310 1928+ 147 <0.001¢ 0.004c¢ 0.20

PG 5 3102 194 ¢ 290 243 282 0.60 0.006°¢ 0.23

Sphingolipids 9~ 2105» 34122 3560 42542 184 <0.001¢ <0.001c¢ 0.10

Ceramides 5 315° 4912 513° 669 2 33  <0.001¢ <0.001¢ 0.77

Sphingomyelin 3 1790» 29202 3047b 3585 171 <0.001¢ <0.001¢ 0.08

FFA 6 44 52 83 b 166 = 28 0.008 0.10 0.18

All values are sums of individual lipid species and expressed in peak area x 10°. Only classes and
groups >1 lipid species are shown. Superscripts “a” (larger numerical value) and “b” (smaller
numerical value) denote statistically significant (p < 0.05) diet-induced differences within CV and
within GF mice, respectively. Superscript “c” indicates a statistically significant increase caused by
the microbiota, or the HFD. Superscript “d” indicates a statistically significant decrease caused by the
intestinal microbiota or the HFD. The SEM is a pooled standard error of the mean. Analysis was
performed using the method of least squares to fit general linear models in SAS. The p values shown
are for the main effects of IMB, main effect of HFD, and their interaction/effect modification (IMB x
HFD). Abbreviations: CV, conventional, DAG, diacylglycerol; FFA, free fatty acid; GF, germ-free;
Glycero PL, glycerophospholipids; HFD, high fat diet; IMB, intestinal microbiota; LFD, low fat diet;
MAG, monoacylglycerol; PA, phosphatidic acid; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; PI phosphatidylinositol; PS, phosphatidylserine; PG, phosphatidylglycerol;
Tac:SW, Taconic Swiss Webster; TAG: triacylglycerol.

4. Discussion

It is well established that males predominantly develop symptoms associated with DIO, MetS,
and T2DM [39]. In one breeding colony of Swiss Webster mice at the Massachusetts Institute of
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Technology Division of Comparative Medicine, researchers observed obesity in some female mice,
but no diabetic females were identified. In the same brood, the majority of males exhibited severe
symptoms of DIO and T2DM [39]. Furthermore, in other mouse strains females are protected from
the symptoms associated with DIO [48-50]. Previous research showed that only ovariectomized
female mice resemble male mice in their susceptibility to weight gain and DIO [49]. As the majority
of prior studies comparing CV and GF mice were done with males, we focused on male CV and GF
Swiss Webster mice in this study. The effect of an HFD on body weight and metabolism of glucose
and lipids is well established in male CV mice [62,63]; however, less is known about the effect of an
HEFD in GF mice. Studies comparing male CV and GF C57BL/6], C57BL/6N, and C3H mice suggest
diet composition has a major impact on weight gain in the GF state [10,31,32,34]. However, the mouse
strain could also affect the outcome, as strain-specific differences in CV mice lead to varying degrees
of DIO [64]. Therefore, the strain’s genetic background must be taken into account in DIO studies. GF
Tac:SW mice are frequently used in fecal transplant studies and are proposed for use in a simplified
human IMB model to study diet-host-microbiota interactions in relation to metabolic diseases [40];
however, the role that the IMB play in the development of obesity and MetS in Tac:SW mice is
unknown. Our findings are the first to demonstrate that outbred GF male Tac:SW mice develop many
characteristics of DIO and MetS.

The paramount phenotype associated with DIO is weight gain. We observed that both CV and
GF male Tac:SW mice on the HFD more than doubled their average daily weight gain compared with
mice receiving the LFD, over a 10-week feeding study. The weight gain observed in the CV male
Tac:SW mice stood in contrast to a previous study, which indicated outbred ND4 Swiss Webster mice
(Harlan Industries, Placentia, CA, USA) are protected from DIO, even after consuming an HFD (60%
kcal from fat) for 33 weeks [65]. However, a subsequent study showed CV Swiss Webster mice
(University of Sao Paulo, Brazil) are susceptible to weight gain on an HFD [46]. In our study, the
increased rate of weight gain led to a significant increase in body weight for mice on the HFD
compared to the LFD control, independent of IMB status. Therefore, absence of the IMB did not
protect male Tac:SW mice from an increase in body weight. It is worth noting that GF Tac:SW mice
on the LFD diet did not gain significant weight until week 10, and that the average weight remained
level or dropped over the course of the 10-week feeding study. We attribute this effect to fluctuations
in cecal volume, as the cecum of GF mice is dramatically enlarged compared to CV mice, and its
volume can change dramatically with diet [66,67]. The observed phenotype in GF male Tac:SW mice
is similar to GF male C3H mice on an HFD [32]. However, where we used lard, a saturated,
cholesterol-containing lipid, as the fat source in the HFD (Table 2), Fleissner et al. used coconut oil,
which is rich in saturated fats but lacks cholesterol as the fat source in the C3H study [32]. Therefore,
the results of the C3H study mirror those observed by Kiibeck et al. with C57BL/6N mice, where GF
mice gained weight on a cholesterol-free palm oil-based HFD [34]. Our GF Tac:SW mice gained
weight on the low-sucrose lard-based HFD, whereas GF C57BL/6N mice did not [34]. On the other
hand, several studies found that adult GF male C57BL/6] mice do not develop obesity on an HFD
[10,29,31]. In contrast, Caesar et al. found that GF male C57BL/6] mice gained weight when fed a lard
based HFD [33]. Taken together, these results suggest that both diet and strain differences play a role
in the development of DIO.

In rodents, ad libitum access to HFD increases the daily caloric intake, and leads to weight gain
[68]. While an HFD is capable of invoking mechanisms that limit total daily caloric intake, C57BL/6
mice over-consume an HFD when provided ad libitum [13]. We found that male Tac:SW mice
developed obesity on the HFD; however, unlike male C57BL/6 mice, CV male Tac:SW mice reduced
their feed intake on an HFD, suggesting a strain difference. On the other hand, GF male Tac:SW mice
did not reduce their feed intake when fed the HFD, a difference that could involve the IMB.
Furthermore, we observed higher feed consumption in CV versus GF mice on the LFD, which was
noted previously in C57BL/6] mice [31]. Our male GF Tac:SW mice on the HFD were similar to GF
male C3H mice on an HFD, as they possessed larger fat pads than their CV counterparts [32]. We
observed that the HFD invoked greater feed conversion in both CV and GF mice. A plausible
explanation for the increase in feed conversion is a microbiota-independent increase in lipid
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absorption with an HFD, as lipids are well absorbed in the ileum and jejunum [69,70]. There was an
additive effect of IMB on feed conversion, with a greater increase in feed conversion when comparing
mice on the HFD with those on the LFD. The IMB utilize carbohydrates and deaminated amino acids
to excrete SCFAs, and also aid digestion of complex dietary polysaccharides into sugars digestible by
the host [61,71]. The intestine absorbs these SCFAs and the liver utilizes them to synthesize glucose
and fatty acids [61], which could explain the increase in feed conversion caused by the IMB. Finally,
we found that GF male Tac:SW mice weighed less and possessed smaller livers than their age-
matched CV counterparts, pointing towards a role of the IMB in growth and nutrient utilization,
described previously [72].

Leptin plays an important role in DIO, as circulating leptin levels increase exponentially with an
increase in fat mass [55]. Therefore, circulating leptin levels reflect the amount of fat stored but also
indicate an energy imbalance [55]. Leptin is produced predominantly by adipose tissue, and leptin
induces satiety through leptin receptors in the hypothalamus [73]. Obesity elevates circulating leptin
concentrations (i.e., hyperleptinemia), which in turn causes leptin resistance of the hypothalamus and
promotes further weight gain [74]. Elevated circulating leptin concentrations were previously
observed in male CV Swiss Webster mice (University of Sao Paulo, Brazil) on a high sucrose lard-
based HFD [46]. In our study, all groups with marked weight gain possessed elevated plasma leptin
concentrations (>10 ng/mL), which may signify hyperleptinemia [28]. In contrast, adult male GF or
CV C57BL/6] mice did not develop elevated leptin concentrations on an 8-week high-fat, high-
sucrose, calorie-dense diet [10]. It is interesting to note that elevated leptin concentrations were found
in all CV male Tac:SW mice on the LFD. Furthermore, these same mice also gained weight on the
LFD, and possessed similarly sized fat pads to their counterparts on an HFD. GF male Tac:SW mice
on an LFD did not gain weight until the last week of the study. It is possible to attribute this
phenotype to the reduced energy intake and enhanced lipid secretion found in GF mice [31].
Interestingly, our high corn starch LFD can cause obesity in CV male Tac:SW mice, which stands in
contrast to a previous study that used diets high in sucrose to show that the adiposity of C57BL/6]
mice and four other inbred strains was primarily due to the fat content of the diet [75].

Obesity remains the leading risk factor in the development of T2DM [76]. In this study, the HFD
induced features of T2DM in some of the mice, illustrated by elevated fasting glucose and insulin
concentrations, and impaired glucose tolerance/insulin resistance as determined by a GTT. This
contrasts with previous studies that observed a significant increase in fasting levels of insulin, but
not glucose, in male CV Swiss Webster mice on a high-sucrose lard-based HFD and C57BL/6] on an
HEFD (45% kcal from fat) [29,46]. The fasting levels of insulin we observed were highest in CV mice
on the HFD, but these were also high in half of the GF mice on the HFD and half of the CV mice on
the LFD. The inability of our mice to maintain their circulating concentrations of glucose and insulin
within a healthy range is a critical step in the pathway from obesity to chronic diseases; however,
impaired glucose metabolism can develop in the absence of obesity [77]. A HFD diet can promote
elevated glucose concentrations in circulation because the glycerol unit of TAG can be converted to
glucose [78]. Glucose is needed, because the oxaloacetate needed for 3-oxidation is formed by the
carboxylation of pyruvate, which is a product of glycolysis [79]. Therefore, an easily digestible
carbohydrate-rich diet can both promote 3-oxidation and elevate circulating glucose concentrations,
even in the absence of excessive weight gain in GF mice [10]. The microbiota provide additional
gluconeogenesis precursors from endogenously undigestible fiber as well as from TAG-derived
glycerol and can further increase glucose concentrations, as reported previously [10]. Our findings
with GF Tac:SW mice diverge from those with GF C57BL6] and C3H mice, in that we observed
elevated insulin concentrations with the HFD, which was not the case in the other two studies [10,32].
Plasma insulin concentrations were not provided in the C57BL/6N study [34].

Another important step on the pathway from obesity to chronic disease is dyslipidemia, which
is defined in humans by elevated TAG and LDL-C concentrations, and low HDL-C concentrations in
circulation [80]. Elevated TAG and LDL-C signify excess lipids in circulation that can form plaques,
but also signify an inability of tissue absorption or cholesterol excretion [81]. However, mice differ
from humans as the higher HDL-C concentrations in mice partly protect non-genetically modified
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mice from elevated, circulating TAG and LDL-C concentrations by removing excess cholesterol [81].
In our CV Tac:SW mice, unlike CV ND4 Swiss Webster mice (Harlan Industries, Placentia, CA, USA),
the HFD diet increased circulating concentrations of TAG, HDL-C, and LDL-C, suggesting that they
could not clear excess dietary lipids [65]. In contrast, on the HFD, GF mice did not show increased
circulating lipid concentrations except for LDL-C, suggesting a potential role of the IMB in the
development of hypertriglyceridemia in male Tac:SW mice. Insufficient lipid absorption in the gut of
GF mice due to changes in the bile acid composition of GF mice could explain this observation [31,82].
Animportant pathway that removes excess TAG and cholesterol from circulation is tissue absorption,
but excess intracellular TAG accumulation in tissue can impair tissue function [83]. For example,
excess TAG accumulation in pancreatic tissue can impair insulin secretion, demonstrating a link
between impaired glucose and TAG metabolism [83]. In our study, increased hepatic TAG
accumulation occurred independent of the IMB. The accumulated TAG reflected the fatty acid
composition of the diet, which predominantly contained unsaturated fatty acids (62%).

Fatty acid oxidation in liver and muscle are essential ways to remove TAG from circulation.
Carnitines play an important role in hepatic and muscle lipid oxidation, as they transport long-chain
FA as acylcarnitines from the cytosol into the mitochondria for (3-oxidation [84]. When -oxidation
exceeds the capacity of the TCA cycle, acylcarnitines of various carbon-chain length accumulate in
the circulation, which can adversely affect insulin sensitivity [85,86]. Alternatively, SCFAs can be
converted into ketone bodies and excreted in the urine [87]. In CV Tac:SW mice, hepatic accumulation
of medium- and long-chain acylcarnitines occurred in response to the HFD, an indication that hepatic
[-oxidation could not keep up with the increased supply of fatty acids from the HFD. In contrast, no
changes in hepatic acylcarnitine abundance was observed in GF Tac:SW mice. Considering the
observed increase in fat pad weight in the GF mice, we hypothesize that the increased supply of fatty
acids from the HFD was not oxidized in the liver but rather transferred as TAG to the adipose tissue.
A similar observation was made for male CV and GF C3H mice on a low-sucrose lard-based HFD
[32]. In contrast, this was not observed with male GF C57BL/6] mice on a Western diet [10,11].
Furthermore, in our study the LFD caused hepatic lipid accumulation even in GF Tac:SW mice, with
both CV and GF mice possessing similar hepatic TAG concentrations, which confirms that TAG
uptake in the intestine is not impaired by the lack of the IMB [88]. Diet composition matters as well,
we would expect lower hepatic TAG concentrations in GF Tac:SW mice fed a normal chow diet than
what we observed using the LFD [88]. It is interesting to note that in our study the IMB increased the
levels of the most abundant acylcarnitine, acetyl-L-carnitine (AC2:0-carnitine), and its abundance was
not affected by the HFD. Acetate production by the IMB mostly escapes first pass metabolism in the
liver, but it can aid in lipogenesis by providing acetyl units and could explain why male CV Tac:SW
mice on the LFD gained weight, whereas GF mice on the same diet did not [89].

Obesity, T2DM, and NAFLD are characterized by the presence of chronic, low-grade
inflammation. This chronic low-grade inflammation promotes the occurrence of metabolic anomalies,
such as insulin resistance and dyslipidemia [90]. One of the drivers of this inflammation are
sphingolipid metabolites, such as ceramides, which are important for the signaling of lipid-induced
inflammatory pathways [91]. We noted a hepatic increase in sphingolipids (i.e., sphingomyelin and
ceramides) in response to the HFD. Ceramides have been linked to hepatic steatosis, but conflicting
results in human studies do not allow us to draw an association between an increase in hepatic
ceramide levels and the development of hepatic steatosis [92]. Elevated plasma concentrations of
inflammatory markers, including IL1{3 and IL6, in response to the HFD were not observed in our
study (data not shown), indicating that these male Tac:SW mice had not yet developed a pro-
inflammatory phenotype [93]. In conclusion, we propose that in male Tac:SW mice the IMB is a risk
factor, but not a requirement in developing symptoms associated with DIO. GF male Tac:SW mice
develop many characteristics of DIO and MetS, which supports their use in studying diet-host—
microbiota interactions in relation to these conditions.
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Appendix A

Table A1l. Quantification of the total amount of lipids found per lipid identified by mass spectrometry,

as calculated by peak area intensity from the UPLC chromatogram.

Conventional Germ-Free p-value
Lli\1]>id Lipid Group LC;::L D];’::;e Control  HFD  Control  HFD IMB Diet H]\)’I:Zt"
1 Ceramide 16 0 43 48 82 71 <0.001 0.6 0.18
2 Ceramide 20 0 24 53 36 80 <0.001 <0.001 0.1
3 Ceramide 22 0 134 257 140 332 0.04 <0.001 0.07
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127 PG 38 6 5 9 4 12 061 <0.001  0.04
128 PG 42 10 5 8 3 15 002 <0.001 <0.001

All values are sums of individual lipid species and expressed in peak area x 10%. FFA: free fatty acid;
MAG: monoacylglycerol; DAG: diacylglycerol; TAG: triacylglycerol; LPA: lysophosphatidic acid; PA:
phosphatidic  acid; LPC: lysophosphatidylcholine;  PC:  phosphatidylcholine;  LPE:
lysophosphatidylethanolamine; PE: phosphatidylethanolamine; LPI: lysophosphatidylinositol; PI:
phosphatidylinositol; LPS: lysophosphatidylserine; PS: phosphatidylserine; PG:
phosphatidylglycerol; SM: Sphingomyelin. Analysis was performed using the method of least squares
to fit general linear models in SAS.

References

1.

10.

11.

12.

13.

14.

Emerging Risk Factors, C.; Danesh, J.; Erqou, S.; Walker, M.; Thompson, S.G.; Tipping, R.; Ford, C.; Pressel,
S.; Walldius, G.; Jungner, I; et al. The Emerging Risk Factors Collaboration: Analysis of individual data on
lipid, inflammatory and other markers in over 1.1 million participants in 104 prospective studies of
cardiovascular diseases. Eur. ]. Epidemiol. 2007, 22, 839-869, doi:10.1007/s10654-007-9165-7.

Berrington de Gonzalez, A.; Hartge, P.; Cerhan, J.R.; Flint, A.J.; Hannan, L.; MacInnis, R.].; Moore, S.C.;
Tobias, G.S.; Anton-Culver, H.; Freeman, L.B.; et al. Body-mass index and mortality among 1.46 million
white adults. N. Engl. J. Med. 2010, 363, 2211-2219, doi:10.1056/NEJMoa1000367.

Wens, I.; Dalgas, U.; Stenager, E.; Eijnde, B.O. Risk factors related to cardiovascular diseases and the
metabolic syndrome in multiple sclerosis—A systematic review. Mult. Scler. 2013, 19, 1556-1564,
doi:10.1177/1352458513504252.

Collaboration, N.C.D.R.F. Trends in adult body-mass index in 200 countries from 1975 to 2014: A pooled
analysis of 1698 population-based measurement studies with 19.2 million participants. Lancet 2016, 387,
1377-1396, doi:10.1016/50140-6736(16)30054-X.

Yakoob, M.Y.; Micha, R.; Khatibzadeh, S.; Singh, G.M.; Shi, P.; Ahsan, H.; Balakrishna, N.; Brahmam, G.N.;
Chen, Y.; Afshin, A.; et al. Impact of Dietary and Metabolic Risk Factors on Cardiovascular and Diabetes
Mortality in South Asia: Analysis From the 2010 Global Burden of Disease Study. Am. ]. Public Health 2016,
106, 2113-2125, doi:10.2105/AJPH.2016.303368.

Grundy, S.M.; Cleeman, J.I; Daniels, S.R.; Donato, K.A.; Eckel, R.H.; Franklin, B.A.; Gordon, D.].; Krauss,
R.M.; Savage, P.J.; Smith, S.C; Jr., et al. Diagnosis and management of the metabolic syndrome: An
American Heart Association/National Heart, Lung, and Blood Institute Scientific Statement. Circulation
2005, 112, 2735-2752, d0i:10.1161/CIRCULATIONAHA.105.169404.

Vanita, P.; Jhansi, K. Metabolic syndrome in endocrine system. ]. Diabetes Metab. 2011, 2, 2.

Huang, P.L. A comprehensive definition for metabolic syndrome. Dis. Model. Mech. 2009, 2, 231-237,
doi:10.1242/dmm.001180.

Poutahidis, T.; Kleinewietfeld, M.; Smillie, C.; Levkovich, T.; Perrotta, A.; Bhela, S.; Varian, B.].; Ibrahim,
Y.M,; Lakritz, J.R.; Kearney, S.M.; et al. Microbial reprogramming inhibits Western diet-associated obesity.
PLoS ONE 2013, 8, e68596, doi:10.1371/journal.pone.0068596.

Backhed, F.; Manchester, J.K.; Semenkovich, C.F.; Gordon, ]J.I. Mechanisms underlying the resistance to
diet-induced obesity in germ-free mice. Proc. Natl. Acad. Sci. USA 2007, 104, 979-984,
doi:10.1073/pnas.0605374104.

Backhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, ].I. The gut
microbiota as an environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718-
15723, d0i:10.1073/pnas.0407076101.

Mozaffarian, D.; Hao, T.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Changes in diet and lifestyle and long-term
weight gain in women and men. N. Engl. ]. Med. 2011, 364, 2392-2404, doi:10.1056/NEJMoa1014296.
Licholai, J.A.; Nguyen, K.P.; Fobbs, W.C.; Schuster, C.J.; Ali, M.A,; Kravitz, A.V. Why Do Mice Overeat
High-Fat Diets? How High-Fat Diet Alters the Regulation of Daily Caloric Intake in Mice. Obesity 2018, 26,
1026-1033, doi:10.1002/0by.22195.

Van Heek, M.; Compton, D.S.; France, C.F.; Tedesco, R.P.; Fawzi, A.B.; Graziano, M.P.; Sybertz, E.].; Strader,
C.D.; Davis, H.R; Jr. Diet-induced obese mice develop peripheral, but not central, resistance to leptin. J.
Clin. Investig. 1997, 99, 385-390, d0i:10.1172/JCI119171.



Microorganisms 2020, 8, 520 22 of 25

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Collins, S.; Martin, T.L.; Surwit, R.S.; Robidoux, J. Genetic vulnerability to diet-induced obesity in the
C57BL/6] mouse: Physiological and molecular characteristics. Physiol. Behav. 2004, 81, 243-248,
doi:10.1016/j.physbeh.2004.02.006.

Fraulob, ]J.C.; Ogg-Diamantino, R.; Fernandes-Santos, C.; Aguila, M.B.; Mandarim-de-Lacerda, C.A. A
Mouse Model of Metabolic Syndrome: Insulin Resistance, Fatty Liver and Non-Alcoholic Fatty Pancreas
Disease (NAFPD) in C57BL/6 Mice Fed a High Fat Diet. . Clin. Biochem. Nutr. 2010, 46, 212-223,
doi:10.3164/jcbn.09-83.

Enck, P.; Mazurak, N. Dysbiosis in Functional Bowel Disorders. Ann. Nutr. Metab. 2018, 72, 296-306,
doi:10.1159/000488773.

Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated
gut microbiome with increased capacity for energy harvest. Nature 2006, 444, 1027-1031.

Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, ]J.I. Microbial ecology: Human gut microbes associated with
obesity. Nature 2006, 444, 1022-1023, doi:10.1038/4441022a.

Ley, R.E.; Backhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut
microbial ecology. Proc. Natl. Acad. Sci. USA 2005, 102, 11070-11075.

Sanz, Y.; Moya-Perez, A. Microbiota, inflammation and obesity. Adv. Exp. Med. Biol. 2014, 817, 291-317,
doi:10.1007/978-1-4939-0897-4_14.

Martinez, K.B.; Leone, V.; Chang, E.B. Western diets, gut dysbiosis, and metabolic diseases: Are they
linked? Gut Microbes 2017, 8, 130-142, doi:10.1080/19490976.2016.1270811.

Zinocker, M.K.; Lindseth, I.A. The Western Diet-Microbiome-Host Interaction and Its Role in Metabolic
Disease. Nutrients 2018, 10, 365, doi:10.3390/nu10030365.

Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.;
Pettersson, S. Normal gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA
2011, 108, 3047-3052, doi:10.1073/pnas.1010529108.

Lazar, V.; Ditu, L.M.; Pircalabioru, G.G.; Gheorghe, I.; Curutiu, C.; Holban, A.M.; Picu, A.; Petcu, L.;
Chifiriuc, M.C. Aspects of Gut Microbiota and Immune System Interactions in Infectious Diseases,
Immunopathology, and Cancer. Front. Immunol. 2018, 9, 1830, doi:10.3389/fimmu.2018.01830.

Williams, S.C. Gnotobiotics. Proc. Natl. Acad. Sci. USA 2014, 111, 1661, doi:10.1073/pnas.1324049111.

West, D.B.; Boozer, C.N.; Moody, D.L.; Atkinson, R.L. Dietary obesity in nine inbred mouse strains. Am. J.
Physiol. 1992, 262, R1025-R1032, d0i:10.1152/ajpregu.1992.262.6.R1025.

Lin, S.; Thomas, T.C.; Storlien, L.H.; Huang, X.F. Development of high fat diet-induced obesity and leptin
resistance in C57B1/6] mice. Int. ]. Obes. Relat. Metab. Disord. 2000, 24, 639-646.

Ding, S.; Chi, M.M.; Scull, B.P.; Rigby, R.; Schwerbrock, N.M.; Magness, S.; Jobin, C.; Lund, P.K. High-fat
diet: Bacteria interactions promote intestinal inflammation which precedes and correlates with obesity and
insulin resistance in mouse. PLoS ONE 2010, 5, €12191, doi:10.1371/journal.pone.0012191.

Caesar, R.; Reigstad, C.S.; Backhed, H.K; Reinhardt, C.; Ketonen, M.; Lunden, G.O.; Cani, P.D.; Backhed,
F. Gut-derived lipopolysaccharide augments adipose macrophage accumulation but is not essential for
impaired glucose or insulin tolerance in mice. Gut 2012, 61, 1701-1707, doi:10.1136/gutjnl-2011-301689.
Rabot, S.; Membrez, M.; Bruneau, A.; Gerard, P.; Harach, T.; Moser, M.; Raymond, F.; Mansourian, R.;
Chou, CJ. Germ-free C57BL/6] mice are resistant to high-fat-diet-induced insulin resistance and have
altered cholesterol metabolism. FASEB ]. 2010, 24, 4948-4959, d0i:10.1096/fj.10-164921.

Fleissner, C.K.; Huebel, N.; Abd El-Bary, M.M.; Loh, G.; Klaus, S.; Blaut, M. Absence of intestinal microbiota
does not protect mice from diet-induced obesity. Br. J. Nufr. 2010, 104, 919-929,
doi:10.1017/50007114510001303.

Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Backhed, F. Crosstalk between Gut
Microbiota and Dietary Lipids Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 2015, 22,
658-668, d0i:10.1016/j.cmet.2015.07.026.

Kubeck, R.; Bonet-Ripoll, C.; Hoffmann, C.; Walker, A.; Muller, V.M.; Schuppel, V.L.; Lagkouvardos, I.;
Scholz, B.; Engel, K.H.; Daniel, H.; et al. Dietary fat and gut microbiota interactions determine diet-induced
obesity in mice. Mol. Metab. 2016, 5, 1162-1174, d0i:10.1016/j.molmet.2016.10.001.

Lynch, C.J. The so-called Swiss mouse. Lab. Anim. Care 1969, 19, 214-220.

Chia, R.; Achilli, F.; Festing, M.F.; Fisher, E.M. The origins and uses of mouse outbred stocks. Nat. Genet.
2005, 37, 1181-1186, d0i:10.1038/ng1665.



Microorganisms 2020, 8, 520 23 of 25

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Blake, J.A.; Richardson, J.E.; Davisson, M.T.; Eppig, J.T. The Mouse Genome Database (MGD). A
comprehensive public resource of genetic, phenotypic and genomic data. The Mouse Genome Informatics
Group. Nucleic Acids Res. 1997, 25, 85-91, doi:10.1093/nar/25.1.85.

Nicholson, A.; Reifsnyder, P.C.; Malcolm, R.D.; Lucas, C.A.; MacGregor, G.R.; Zhang, W.; Leiter, E.H. Diet-
induced obesity in two C57BL/6 substrains with intact or mutant nicotinamide nucleotide
transhydrogenase (Nnt) gene. Obesity 2010, 18, 1902-1905, doi:10.1038/0by.2009.477.

Lemke, L.B.; Rogers, A.B.; Nambiar, P.R.; Fox, J.G. Obesity and non-insulin-dependent diabetes mellitus in
Swiss-Webster mice associated with late-onset hepatocellular carcinoma. J. Endocrinol. 2008, 199, 21-32,
doi:10.1677/JOE-07-0588.

Kovatcheva-Datchary, P.; Shoaie, S.; Lee, S.; Wahlstrom, A.; Nookaew, I.; Hallen, A.; Perkins, R.; Nielsen,
J.; Backhed, F. Simplified Intestinal Microbiota to Study Microbe-Diet-Host Interactions in a Mouse Model.
Cell Rep. 2019, 26, 3772-3783 e3776, doi:10.1016/j.celrep.2019.02.090.

Hryckowian, A.J.; Van Treuren, W.; Smits, S.A.; Davis, N.M.; Gardner, ].O.; Bouley, D.M.; Sonnenburg, J.L.
Microbiota-accessible carbohydrates suppress Clostridium difficile infection in a murine model. Nat.
Microbiol. 2018, 3, 662-669, doi:10.1038/s41564-018-0150-6.

Morffy Smith, C.D.; Gong, M.; Andrew, A.K; Russ, B.N.; Ge, Y.; Zadeh, M.; Cooper, C.A.; Mohamadzadeh,
M.; Moore, ].M. Composition of the gut microbiota transcends genetic determinants of malaria infection
severity =~ and  influences  pregnancy  outcome.  EBioMedicine 2019, 44,  639-655,
doi:10.1016/j.ebiom.2019.05.052.

Quach, D.; Collins, F.; Parameswaran, N.; McCabe, L.; Britton, R.A. Microbiota Reconstitution Does Not
Cause Bone Loss in Germ-Free Mice. mSphere 2018, 3, e€00545-17, d0i:10.1128/mSphereDirect.00545-17.
Glavas, M.M.; Hui, Q.; Tuduri, E.; Erener, S.; Kasteel, N.L.; Johnson, ].D.; Kieffer, T.]. Early overnutrition
reduces Pdx1 expression and induces 3 cell failure in Swiss Webster mice. Sci. Rep. 2019, 9, 3619.

Neves, R.H.; Miranda de Barros Alencar, A.C.; Costa-Silva, M.; Aguila, M.B.; Mandarim-de-Lacerda, C.A.;
Machado-Silva, J.R.; Gomes, D.C. Long-term feeding a high-fat diet causes histological and parasitological
effects on murine schistosomiasis mansoni outcome. Exp. Parasitol. 2007, 115, 324-332,
doi:10.1016/j.exppara.2006.09.006.

de Oliveira, EMM.; Ascar, T.P,; Silva, ].C.; Sandri, S.; Migliorinj, S.; Fock, R.A.; Campa, A. Serum amyloid A
links endotoxaemia to weight gain and insulin resistance in mice. Diabetologia 2016, 59, 1760-1768,
doi:10.1007/s00125-016-3970-z.

Miller, A.W.; Orr, T.; Dearing, D.; Monga, M. Loss of function dysbiosis associated with antibiotics and
high fat, high sugar diet. ISME ]. 2019, 13, 1379-1390, doi:10.1038/s41396-019-0357-4.

Pettersson, U.S.; Walden, T.B.; Carlsson, P.O.; Jansson, L.; Phillipson, M. Female mice are protected against
high-fat diet induced metabolic syndrome and increase the regulatory T cell population in adipose tissue.
PLoS ONE 2012, 7, e46057, doi:10.1371/journal.pone.0046057.

Hong, J.; Stubbins, R.E.; Smith, R.R.; Harvey, A.E.; Nunez, N.P. Differential susceptibility to obesity
between male, female and ovariectomized female mice. Nutr. J. 2009, 8, 11, doi:10.1186/1475-2891-8-11.
Hwang, L.L.; Wang, C.H,; Li, T.L.; Chang, S.D.; Lin, L.C.; Chen, C.P.; Chen, C.T.; Liang, K.C.; Ho, LK ; Yang,
W.S,; et al. Sex differences in high-fat diet-induced obesity, metabolic alterations and learning, and synaptic
plasticity deficits in mice. Obesity 2010, 18, 463-469, doi:10.1038/0by.2009.273.

Packey, C.D.; Shanahan, M.T.; Manick, S.; Bower, M.A.; Ellermann, M.; Tonkonogy, S.L.; Carroll, LM.;
Sartor, R.B. Molecular detection of bacterial contamination in gnotobiotic rodent units. Gut Microbes 2013,
4, 361-370, d0i:10.4161/gmic.25824.

Miranda, C.L.; Johnson, L.A.; de Montgolfier, O.; Elias, V.D.; Ullrich, L.S.; Hay, ].J.; Paraiso, L.L.; Choi, J.;
Reed, R.L; Revel, ].S.; et al. Non-estrogenic Xanthohumol Derivatives Mitigate Insulin Resistance and
Cognitive Impairment in High-Fat Diet-induced Obese Mice. Sci. Rep. 2018, 8, 613, d0i:10.1038/s41598-017-
18992-6.

Choi, J.; Leonard, S.W.; Kasper, K.; McDougall, M.; Stevens, J.F.; Tanguay, R.L.; Traber, M.G. Novel
function of vitamin E in regulation of zebrafish (Danio rerio) brain lysophospholipids discovered using
lipidomics. J. Lipid Res. 2015, 56, 1182-1190, d0i:10.1194/jlr.M058941.

Chong, J.; Soufan, O.; Li, C.; Caraus, I; Li, S.; Bourque, G.; Wishart, D.S.; Xia, ]. MetaboAnalyst 4.0: Towards
more transparent and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486-W494,
doi:10.1093/nar/gky310.



Microorganisms 2020, 8, 520 24 of 25

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Mantzoros, C.S. The role of leptin in human obesity and disease: A review of current evidence. Ann. Intern.
Med. 1999, 130, 671-680, doi:10.7326/0003-4819-130-8-199904200-00014.

Sun, C.; Li, X;; Liu, L.; Conet, M.; Guan, Y.; Fan, Y.; Zhou, Y. Effect of fasting time on measuring mouse
blood glucose level. Int. ]. Clin. Exp. Med. 2016, 9, 4186-4189.

Leiter, E.H. Selecting the “right” mouse model for metabolic syndrome and type 2 diabetes research.
Methods Mol. Biol. 2009, 560, 1-17, doi:10.1007/978-1-59745-448-3 _1.

King, AJ. The use of animal models in diabetes research. Br. ]. Pharmacol. 2012, 166, 877-894,
doi:10.1111/j.1476-5381.2012.01911 x.

Berglund, L.; Brunzell, ].D.; Goldberg, A.C.; Goldberg, 1].; Sacks, F.; Murad, M.H.; Stalenhoef, A.F.;
Endocrine, s. Evaluation and treatment of hypertriglyceridemia: An Endocrine Society clinical practice
guideline. J. Clin. Endocrinol. Metab. 2012, 97, 2969-2989, d0i:10.1210/jc.2011-3213.

Campos, H.; Blijlevens, E.; McNamara, J.R.; Ordovas, ].M.; Posner, B.M.; Wilson, P.W.; Castelli, W.P,;
Schaefer, E.J. LDL particle size distribution. Results from the Framingham Offspring Study. Arterioscler.
Thromb. 1992, 12, 1410-1419.

Bergman, E.N. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species.
Physiol. Rev. 1990, 70, 567-590, doi:10.1152/physrev.1990.70.2.567.

Surwit, R.S.; Kuhn, C.M.; Cochrane, C.; McCubbin, J.A.; Feinglos, M.N. Diet-induced type II diabetes in
C57BL/6] mice. Diabetes 1988, 37, 1163-1167, d0i:10.2337/diab.37.9.1163.

Gallou-Kabani, C.; Vige, A.; Gross, M.S.; Rabes, ].P.; Boileau, C.; Larue-Achagiotis, C.; Tome, D.; Jais, J.P.;
Junien, C. C57BL/6] and A/] mice fed a high-fat diet delineate components of metabolic syndrome. Obesity
2007, 15, 1996-2005, doi:10.1038/oby.2007.238.

Montgomery, M.K,; Hallahan, N.L.; Brown, S.H.; Liu, M.; Mitchell, T.W.; Cooney, G.J.; Turner, N. Mouse
strain-dependent variation in obesity and glucose homeostasis in response to high-fat feeding. Diabetologia
2013, 56, 1129-1139, doi:10.1007/s00125-013-2846-8.

Anderson, N.J.; King, M.R.; Delbruck, L.; Jolivalt, C.G. Role of insulin signaling impairment, adiponectin
and dyslipidemia in peripheral and central neuropathy in mice. Dis. Model. Mech. 2014, 7, 625-633,
doi:10.1242/dmm.015750.

Jervis, H.R.; Biggers, D.C. Mucosal Enzymes in the Cecum of Conventional and Germfree Mice. Anat. Rec.
1964, 148, 591-597, d0i:10.1002/ar.1091480410.

Grover, M.; Kashyap, P.C. Germ-free mice as a model to study effect of gut microbiota on host physiology.
Neurogastroenterol. Motil. 2014, 26, 745-748.

Mickelsen, O.; Takahashi, S.; Craig, C. Experimental obesity. I. Production of obesity in rats by feeding
high-fat diets. J. Nutr. 1955, 57, 541-554, d0i:10.1093/jn/57.4.541.

Thomson, A.B.; Keelan, M.; Garg, M.L.; Clandinin, M.T. Intestinal aspects of lipid absorption: In review.
Can. |. Physiol. Pharmacol. 1989, 67, 179-191.

Gallagher, N.D.; Playoust, M.R. Absorption of saturated and unsaturated fatty acids by rat jejunum and
ileum. Gastroenterology 1969, 57, 9-18.

El Kaoutari, A.; Armougom, F.; Gordon, ].I; Raoult, D.; Henrissat, B. The abundance and variety of
carbohydrate-active enzymes in the human gut microbiota. Nat. Rev. Microbiol. 2013, 11, 497-504,
doi:10.1038/nrmicro3050.

Schwarzer, M.; Makki, K.; Storelli, G.; Machuca-Gayet, I.; Srutkova, D.; Hermanova, P.; Martino, M.E.;
Balmand, S.; Hudcovic, T.; Heddi, A.; et al. Lactobacillus plantarum strain maintains growth of infant mice
during chronic undernutrition. Science 2016, 351, 854-857, d0i:10.1126/science.aad8588.

Brennan, A.M.; Mantzoros, C.S. Drug Insight: The role of leptin in human physiology and
pathophysiology--emerging clinical applications. Nat. Clin. Pract. Endocrinol. Metab. 2006, 2, 318-327,
doi:10.1038/ncpendmet0196.

Wang, ZW.; Zhou, Y.T.; Kakuma, T.; Lee, Y.; Higa, M.; Kalra, S.P.; Dube, M.G.; Kalra, P.S.; Unger, R.H.
Comparing the hypothalamic and extrahypothalamic actions of endogenous hyperleptinemia. Proc. Natl.
Acad. Sci. USA 1999, 96, 10373-10378, d0i:10.1073/pnas.96.18.10373.

Hu, S; Wang, L,; Yang, D.; Li, L.; Togo, J.; Wu, Y,; Liu, Q.; Li, B.; Li, M.; Wang, G.; et al. Dietary Fat, but
Not Protein or Carbohydrate, Regulates Energy Intake and Causes Adiposity in Mice. Cell Metab. 2018, 28,
415-431 e414, doi:10.1016/j.cmet.2018.06.010.

Barnes, A.S. The epidemic of obesity and diabetes: Trends and treatments. Tex. Heart Inst. ]. 2011, 38, 142-
144.



Microorganisms 2020, 8, 520 25 of 25

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

Jauch-Chara, K.; Schmoller, A.; Oltmanns, K.M. Impaired glucose tolerance in healthy men with low body
weight. Nutr. ]. 2011, 10, 16, d0i:10.1186/1475-2891-10-16.

Bortz, W.M.; Paul, P.; Haff, A.C.; Holmes, W.L. Glycerol turnover and oxidation in man. J. Clin. Investig.
1972, 51, 1537-1546, d0i:10.1172/JCI1106950.

Jitrapakdee, S.; Vidal-Puig, A.; Wallace, ].C. Anaplerotic roles of pyruvate carboxylase in mammalian
tissues. Cell Mol. Life Sci. 2006, 63, 843-854, d0i:10.1007/s00018-005-5410-y.

Manninen, V.; Tenkanen, L.; Koskinen, P.; Huttunen, J.K.; Manttari, M.; Heinonen, O.P.; Frick, M.H. Joint
effects of serum triglyceride and LDL cholesterol and HDL cholesterol concentrations on coronary heart
disease risk in the Helsinki Heart Study. Implications for treatment. Circulation 1992, 85, 37-45,
doi:10.1161/01.cir.85.1.37.

Goldstein, J.L.; Brown, M.S. A century of cholesterol and coronaries: From plaques to genes to statins. Cell
2015, 161, 161-172, d0i:10.1016/j.cell.2015.01.036.

Woting, A.; Blaut, M. The Intestinal Microbiota in Metabolic Disease. Nutrients 2016, 8§, 202,
d0i:10.3390/nu8040202.

Kusminski, C.M.; Shetty, S.; Orci, L.; Unger, RH.; Scherer, P.E. Diabetes and apoptosis: Lipotoxicity.
Apoptosis 2009, 14, 1484-1495, doi:10.1007/s10495-009-0352-8.

Bieber, L.L. Carnitine. Annu. Rev. Biochem. 1988, 57, 261-283, doi:10.1146/annurev.bi.57.070188.001401.
Muoio, D.M.; Neufer, P.D. Lipid-induced mitochondrial stress and insulin action in muscle. Cell Metab.
2012, 15, 595-605, doi:10.1016/j.cmet.2012.04.010.

Muoio, D.M.; Noland, R.C.; Kovalik, J.P.; Seiler, S.E.; Davies, M.N.; DeBalsi, K.L.; Ilkayeva, O.R.; Stevens,
R.D.; Kheterpal, I.; Zhang, J.; et al. Muscle-specific deletion of carnitine acetyltransferase compromises
glucose tolerance and metabolic flexibility. Cell Metab. 2012, 15, 764-777, d0i:10.1016/j.cmet.2012.04.005.
Reichard, G.A ; Jr.; Owen, O.E.; Haff, A.C.; Paul, P.; Bortz, W.M. Ketone-body production and oxidation in
fasting obese humans. J. Clin. Investig. 1974, 53, 508-515, doi:10.1172/JCI107584.

Velagapudi, V.R.; Hezaveh, R.; Reigstad, C.S.; Gopalacharyulu, P.; Yetukuri, L.; Islam, S.; Felin, ].; Perkins,
R.; Boren, J.; Oresic, M.; et al. The gut microbiota modulates host energy and lipid metabolism in mice. J.
Lipid Res. 2010, 51, 1101-1112, d0i:10.1194/j1r.M002774.

Chambers, E.S.; Preston, T.; Frost, G.; Morrison, D.]J. Role of Gut Microbiota-Generated Short-Chain Fatty
Acids in Metabolic and Cardiovascular Health. Curr. Nutr. Rep. 2018, 7, 198-206, doi:10.1007/s13668-018-
0248-8.

Monteiro, R.; Azevedo, I. Chronic inflammation in obesity and the metabolic syndrome. Mediat. Inflamm.
2010, 2010, 289645, doi:10.1155/2010/289645.

Futerman, A H.; Hannun, Y.A. The complex life of simple sphingolipids. EMBO Rep. 2004, 5, 777-782,
doi:10.1038/sj.embor.7400208.

Petersen, M.C.; Shulman, G.I. Roles of Diacylglycerols and Ceramides in Hepatic Insulin Resistance. Trends
Pharmacol. Sci. 2017, 38, 649-665, d0i:10.1016/j.tips.2017.04.004.

Todoric, J.; Loffler, M.; Huber, J.; Bilban, M.; Reimers, M.; Kadl, A.; Zeyda, M.; Waldhausl, W.; Stulnig, T.M.
Adipose tissue inflammation induced by high-fat diet in obese diabetic mice is prevented by n-3
polyunsaturated fatty acids. Diabetologia 2006, 49, 21092119, d0i:10.1007/s00125-006-0300-x.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



