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Abstract

The objectives were 1) to characterize a Géttingen Minipig model of metabolic syndrome
regarding its colon microbiota and circulating microbial products, and 2) to assess whether
ovariectomized female and castrated male minipigs show similar phenotypes. Twenty-four
nine-week-old Géttingen Minipigs were allocated to four groups based on sex and diet:
ovariectomized females and castrated males fed either chow or high-fat diet (HFD) for 12
weeks. At study end, body composition and plasma biomarkers were measured, and a
mixed meal tolerance test (MMT) and an intravenous glucose tolerance test (IVGTT) were
performed. The HFD groups had significantly higher weight gain, fat percentage, fasting
plasma insulin and glucagon compared to the chow groups. Homeostatic model assess-
ment of insulin resistance index (HOMA-IR) was increased and glucose effectiveness
derived from the IVGTT and Matsuda’s insulin sensitivity index from the MMT were
decreased in the HFD groups. The HFD groups displayed dyslipidemia, with significantly
increased total-, LDL- and HDL-cholesterol, and decreased HDL/non-HDL cholesterol ratio.
The colon microbiota of HFD minipigs clearly differed from the lean controls (GuniFrac dis-
tance matrix). The main bacteria families driving this separation were Clostridiaceae, Fibro-
bacteraceae, Flavobacteriaceae and Porphyromonadaceae. Moreover, the species
richness was significantly decreased by HFD. In addition, HFD decreased the circulating
level of short chain fatty acids and beneficial microbial metabolites hippuric acid, xanthine
and trigonelline, while increasing the level of branched chain amino acids. Six and nine met-
abolically relevant genes were differentially expressed between chow-fed and HFD-fed ani-
mals in liver and omental adipose tissue, respectively. The HFD-fed pigs presented with
metabolic syndrome, gut microbial dysbiosis and a marked decrease in healthy gut micro-
bial products and thus displayed marked parallels to human obesity and insulin resistance.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298602 March 1, 2024

1/27


https://orcid.org/0000-0001-8471-4489
https://orcid.org/0000-0002-6867-2757
https://doi.org/10.1371/journal.pone.0298602
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298602&domain=pdf&date_stamp=2024-03-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298602&domain=pdf&date_stamp=2024-03-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298602&domain=pdf&date_stamp=2024-03-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298602&domain=pdf&date_stamp=2024-03-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298602&domain=pdf&date_stamp=2024-03-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0298602&domain=pdf&date_stamp=2024-03-01
https://doi.org/10.1371/journal.pone.0298602
https://doi.org/10.1371/journal.pone.0298602
http://creativecommons.org/licenses/by/4.0/
http://osf.io
http://osf.io
https://doi.org/10.17605/OSF.IO/QKAWJ

PLOS ONE

Gut microbiota and metabolic health in high-fat fed Géttingen Minipigs

companies were part of he study design, data
collection and analysis, decision to publish and
preparation of the manuscript. DOL was financed
by the LIFEPHARM center, www.lifepharm.ku.dk.

Competing interests: All authors have have read
the journal’s policy and the authors of this
manuscript have the following competing interests:
B@C, KMP, EMS, HDP and KK are full time
employees at Novo Nordisk A/S and minor share-
holders. LM and MKB were employed at Scantox
A/S at the time of the study. HDP was employed at
Ellegaard Gottingen Minipigs A/S at the time of the
study. AHK declares potential conflict of interest as
stated on https://ivh.ku.dk/english/employees/?
pure=en/persons/107126. DOL declares potential
conflict of interest as stated on https://ivh.ku.dk/
ansatte/?pure=da/persons/392109. Otherwise, the
authors have no conflicts of interest to declare

Abbreviations: ACACA, Acetyl-CoA Carboxylase
Alpha; ACTB, Beta-actin; AGT, Angiotensinogen;
AUC, area under the curve; BA, Bile acids; BAAT,
bile acid; CoA, amino acid N-acyltransferase; BCAA,
branched chain amino acids; BW, Body weight; C3-
DG, hydroxybutyrylcarnitine; GE, cholesteryl esters;
Cer, ceramides; CPT1A, Carnitine
Palmitoyltransferase 1A; FC, fold change; FDFT1,
Farnesyl-diphosphate Farnesyltransferase 1; FDR,
false discovery rate; FGF19, fibroblast growth
factor-19; FMO3, Flavin Containing Dimethylaniline
Monoxygenase 3; FXR, farnesoid X receptor;
GLCAS, glycine conjugated secondary bile acid;
GPBART1, G Protein-Coupled Bile Acid Receptor 1;
GRB10, Growth Factor Receptor Bound Protein 10;
HDL, : high-density lipoprotein; HexCer,
hexosylceramides; HFD, high fat diet; IGFBP2,
Insulin-like Growth Factor-binding Protein 2; ImP,
Imidazole Propionate; INSIG1, : Insulin-induced
Gene 1 Protein; IVGTT, : Intravenous glucose
tolerance test; KLB, Beta-Klotho; LDA, linear
discriminant analysis; LDL, : low density
lipoprotein; LDLR, Low Density Lipoprotein
Receptor; LEfSe, linear discriminant analysis effect
size; LEP, Leptin; LPIN1, Lipin 1; LysoPC,
lysophosphatidylcholines; MMT, Mixed meal test;
MTC, Bonferroni’s multiple test correction;
mTORC1, mammalian target of rapamycin
complex 1; NextSeq, lllumina Next generation
sequencing based; OTUs, operational taxonomic
Units; OVX, ovariectomized; PC,
phosphatidylcholines; PCA, Principal component
analysis; PPARA, Peroxisome Proliferator Activated
Receptor Alpha; RPL4, ribosomal protein L4; SCD,
Stearoyl-CoA Desaturase 1; SCFA, short chain fatty
acids; SG, glucose clearance; S, insulin sensitivity
index; TBA, total bile acids; TBP, TATA box binding
protein; TG, triglycerides; TGRS, Takeda G protein-

HFD-fed Géttingen Minipig therefore represents a relevant animal model for studying host-
microbiota interactions. No significant differences between the castrated and ovariecto-
mized minipigs were observed.

Introduction

Obesity is one of the most frequent non-communicable diseases and the prevalence has tripled
since 1975 [1]. In 2016, over 1.9 billion adults worldwide were overweight and of those 650
million were obese [1]. A frequent consequence of obesity is metabolic syndrome, which is
characterized by dyslipidemia with elevated triglycerides, total cholesterol, low density lipopro-
tein cholesterol (LDL-C), and decreased high-density lipoprotein cholesterol (HDL-C), in
addition to insulin resistance [2, 3].

In the development of obesity gut microbiota dysbiosis is a contributing factor [4], which
influences metabolic health, host energy metabolism and immune functions [5]. A gut micro-
biota characterized by low degree of richness and dominance of pathobiont bacteria including
Enterobacteriaceae and Erysipelotrichaceae is associated with an obese phenotype [6]. In addi-
tion, decreased intake and/or decreased microbial fermentation of indigestible complex carbo-
hydrates in insulin resistant and obese patients may result in a lower production of short chain
fatty acids (SCFA) [7]. In the healthy gut, microbiota-derived SCFAs exert multiple beneficial
functions, spanning from energy supply for colonocytes to regulation of appetite, lipid synthe-
sis, and glucose metabolism through free fatty acid receptors 2 and 3 and AMP-activated pro-
tein kinase signaling [8], all of which are altered in obesity. In addition, the obesity associated
gut microbiota may produce increased amounts of branched chain amino acids (BCAA), and
these have been associated with the development of obesity and type 2 diabetes mellitus [9,

10]. Increased gut microbiota-derived BCAA synthesis combined with reduced microbial
BCAA uptake and catabolism in the obese insulin resistant state results in accumulation of
these amino acids in circulation [9, 11]. This may potentially cause persistent activation of the
mammalian target of rapamycin complex 1 (mTORCI), which leads to decreased insulin sig-
naling and contributes to the development of insulin resistance [9]. Furthermore, BCAAs are
implicated in lipid and glucose metabolism, and immune functions [12]. In fact, several studies
have suggested that both inadequate and excessive levels of BCAA have negative consequences
for obesity and its comorbidities [12].

Understanding the complex interplay between the host and the gut microbiota and its
products can increase the understanding of the pathogenesis of obesity, insulin resistance and
potentially point towards new treatment modalities for obesity and its complications.

To investigate the molecular mechanisms and other aspects of obesity, animal models are
necessary, and the Gottingen Minipig is useful as non-rodent obesity model due to its many
physiological and anatomical similarities with humans, the small size and the high degree of
standardization and characterization [13]. The model has already been used to study the effects
of obesity, metabolic syndrome, nonalcoholic steatohepatitis, diabetes [14-16], and chronic
inflammation associated with obesity [17]. A few studies have focused on gut microbiota in
various minipig models. These studies support the minipig as a relevant model to study host-
microbiota interaction [18-20].

The primary aim of this study was to characterize a diet-induced obese adolescent Got-
tingen Minipig model for testing new pharmaceutical anti-obesity treatments and for studying
the physiological and metabolic changes occurring with obesity. In this study, obesity was
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induced by feeding an excess of a diet high in fat and fructose, while the control groups were
fed a normal low fat chow diet restrictedly in order to mimic an unhealthy vs. a healthy diet.
Specifically, changes in the gut microbiota and gut microbial products and their relation to the
metabolic phenotype were studied. A secondary objective was to compare the metabolic phe-
notype of ovariectomized female and castrated male minipigs.

Material and methods
Ethics

The animal study was carried out in accordance with the Danish Animal Experimentation Act
(LBK 1107 from 02/07/2022) and the EU directive 2010/63/EU, and was approved by the Ani-
mal Experiments Inspectorate, Ministry of Food, Fisheries and Agriculture, Denmark.

All surgeries were performed under appropriate anesthesia and analgesia followed by
appropriate postoperative treatment as described in S1 File in order to minimize pain and
suffering.

Animal study

The overall study design is shown in Fig 1. Twelve young male and 12 young female Gottingen
Minipigs (Ellegaard Géttingen Minipigs A/S, Dalmose, Denmark) were either castrated or
ovariectomized (OVX) 11 days prior to study start at which point they were 9 weeks of age.
Neutering was performed since it has previously been described that both OVX female Got-
tingen Minipigs and castrated male Gottingen Minipigs develop severe obesity when fed either
a high energy or a chow diet ad libitum, whereas intact males do not develop severe obesity
[16, 21, 22]. See S1 Table for diets composition and S1 File for further details regarding the sur-
gical procedure.

Three days prior to study, the pigs were allocated to groups based on body weight (BW) so
that the groups had a similar average BW at start of diet feeding. Six female and 6 male mini-
pigs were gradually shifted from chow diet (SDS Minipig expanded, Special Diets Services,
Scanbur, DK) to high fat diet (HFD, custom-made at Foulum, Aarhus University, Denmark)
and continued on this diet for the full 12 weeks duration of the study. The HFD diet was fed
close to ad libitum for the first seven weeks to avoid overeating and too much food spillage
during group housing, and ad libitum for the last five weeks of the study. The remaining 6
female and 6 male minipigs were fed restrictedly on the standard minipig chow diet twice

Groups (n=6):

1. OVX Females - chow diet

2. Castrated Males —chow diet
3.  OVX Females - HFD diet
4.

S Castrated Males — HFD diet* Catheter DEXA scan and
acclimation placement in tissue/faeces
Castration/ 100% HFD feeding anaesthesia sampling
ovariectomy IVGTT

-20

71-73 /879

Y Y
Gradual HFD feeding close to ad libitum Full ad libitum HFD feeding

introduction to

HFD (Gr. 3 & 4)

Fig 1. Study and group overview. DEXA: dual-energy X-ray absorptiometry, HFD: High fat diet, OVX: ovariectomised, IVGTT:
Intravenous glucose tolerance test, MMT: Mixed meal test. Days on x-axis. * One male minipig on HFD died prematurely, leaving 5
minipigs in this group. For practical reasons, the blood samples, metabolic tests and tissue sampling were done over several days, but
with animals from each group represented on each test day in order to avoid day-to-day bias.

https://doi.org/10.1371/journal.pone.0298602.9001
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daily according to the breeder’s recommendation in order to follow the normal growth curve
of Géttingen Minipigs (www.minipigs.dk). The daily food intake in these animals ranged from
220-250 g/day during the study. The HFD contained 25% fat (primarily lard) and with 23%
fructose and 0.5% cholesterol added. The two diets were not matched with respect to the indi-
vidual components other than the protein content, which was 13% in both diets, since the pur-
pose of this study was to investigate the effects of consuming a calorie-dense Western type of
diet with low fiber content and high amounts of saturated fat and refined sugar, rather than to
directly investigate the effect of changing specific diet components. For detailed diet specifica-
tions, see S1 Table.

The minipigs were group housed in the first seven weeks and single housed in the last five
weeks due to measurement of individual food intake and the presence of central-venous cathe-
ters. The room temperature was 21°C + 3°C, with cycles of 12 hours of light followed by 12
hours of darkness. All animals had free access to tap water. At end of the study the animals
were anesthetized in the fasted state with 1 mL/10-15 kg i.m. injection of Zoletil mixture (S1
File) before being euthanized by exsanguination.

Body weight and body composition

Body weight (BW) was obtained once a week throughout the study using a floor scale. Body
composition was determined at the end of the study in 18 hours fasted anaesthetized animals
using dual-energy x-ray absorptiometry scanning (DEXA-scanning) (Hologic Explorer, Santax
Medico, Aarhus, Denmark).

Intravenous glucose tolerance test (IVGTT)

Ten days before the end of the study an IVGTT was performed in 18 hours fasted animals. A
glucose bolus of 0.3 g/kg (0.6 mL/kg, 500 g/L, Glucose SAD) was given as an intravenous bolus
through a central venous catheter, which was placed via an ear vein under general anaesthesia
(S1 File). Blood samples were collected at the following time points in relation to the glucose
bolus: Predose, 2, 5, 7, 15, 20, 25, 39, 40, 50, 60, 75, 90, 105 and 120 minutes post dose. The
samples were stored on wet ice for a maximum of 30 minutes until centrifugation at 2000xg
for 10 min at 4°C. The resulting plasma was stored at either -20°C or -80°C until analysis.

Mixed meal test (MMT)

A MMT was performed approximately 4 days prior to euthanasia to evaluate oral glucose tol-
erance. The pigs were fed 6 g of the mixed meal per kg BW. This amount of diet gives rise to
the following amounts of macronutrient intake per kg BW: 0.24 g protein/kg BW, 0.76 g fat/kg
BW and 2.1 g sucrose/kg BW. The remaining 2.9 g of the 6 g mixed meal given per kg BW was
water. The minipigs were given 20 min to finish the meal after which the timer was started.
Blood (2 mL) was sampled at the following time points in relation to the end of the meal: 0, 15,
30, 45, 60, 90, 120, 150, and 180 minutes. The blood samples were transferred to EDTA tubes
with 25 pl special stabilization buffer/ml blood (S1 File). The blood samples were stored on wet
ice until centrifugation at approximately 2000xg for 10 min at 4°C within max. 30 min after
sampling. The resulting plasma was kept at either -20°C or -80°C until analysis was
performed.

Fecal and tissue samples

Fecal samples from the colon were collected upon euthanasia from the colon spiral junction
and placed at -80°C. Collection tools were sterilized between each animal using 70% ethanol.
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For gene expression analysis, liver, omental adipose tissue, and skeletal muscle tissues were
collected at euthanasia and immediately frozen at -80°C.

For histopathological examination the following tissues were collected and fixed in phos-
phate-buffered neutral 4% formaldehyde: Liver, lung, kidneys, heart, pancreas, and white adi-
pose tissue (visceral/omental and subcutaneous inguinal). The tissues were trimmed,
embedded in paraffin, cut at a nominal thickness of 5 pum, stained with haematoxylin and
eosin, and examined under a light microscope.

RNA isolation and gene expression analysis

RNA was extracted from ~30 mg of liver using the RNeasy Mini Kit (Qiagen), from 100 mg of
omental fat tissue using the protocol of Skallerup et al. [23] and from 100 mg skeletal muscle
tissue using the RNeasy Fibrous Tissue Mini Kit (Qiagen) (details in S1 File).

A panel of 96 different obesity relevant genes including possible reference genes were cho-
sen from an in-house primer library (S2 Table) for profiling by qPCR using the high-through-
put qPCR Biomark HD platform (Fluidigm, San Francisco, California) following
manufacturer’s protocols. Additionally, 7 extra genes (S2 Table, genes marked with a *) of
interest were profiled solely in liver samples using QuantiFast SYBR® Green PCR Kit (Qia-
gen, Germany) in a Mx3005P platform as previously described [24].

Total DNA extraction, sequencing, and pre-processing of raw data

Extraction of total DNA from fecal samples was performed by using Bead-beat micro-AX bac-
teria gravity kit (A&A biotechnology, Gdynia, Poland) according to manufacturer’s instruc-
tion. The bacterial composition of the colon microbiota was determined using Illumina Next
generation (NextSeq) high throughput sequencing of the 16S rRNA gene V3-region as
described in detail by Krych and colleagues [25]. In brief, amplified fragments containing
adaptors and tags were purified and the following normalization was performed using custom
made beads. Hereafter, samples were pooled and subjected to 150 bp paired-end Illumina
NextSeq sequencing of the V3 region of the 16S rRNA gene. The raw dataset containing pair-
ended reads was merged and trimmed, with a subsequent de-replication, purging of chimeric
reads and high quality (97% similarity level) operational taxonomic units (OTUs) were con-
structed. Taxonomically assignments were performed using sintax coupled to the EZtaxon 16S
rRNA gene reference database. The raw reads were filtered and low-abundance OTUs across
all samples with below 0.005% in abundance were removed using R software V 4.1.1. The
sequencing depth was on average 71,772 reads per sample before filtering and 66,665 after fil-
tering. The differences in sequencing depth were corrected using Cumulative Sum Scaling nor-
malization via MetagenomeSeq 1.32.0 [26].

Clinical chemistry and serum/plasma analyses

Standard clinical chemistry parameters (measured in serum), fructosamine, haptoglobin, total
bile acids (TBA) (measured in EDTA plasma), free fatty acids (FFA), and glycerol (measured
in EDTA+NaF plasma) were analyzed on a Cobas 6000® autoanalyzer (Roche Diagnostics
GmbH, Mannheim, Germany) according to the manufacturer s instructions. Plasma glucose
was analyzed on a Biosen S-Line Lab autoanalyzer according to the manufacturer s instruction
(EKF Diagnostics, Ebendorfer Chaussee 3, 39179 Barleben, Germany). Insulin and glucagon
concentrations were determined by Luminescent Oxygen Channeling Immunoassay as
described by Pedersen et al. [27].

Imidazole propionate was quantified using ultra-performance liquid chromatography cou-
pled to tandem mass spectrometry according to previous work. Briefly, plasma samples were
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extracted with 3 volumes of ice-cold acetonitrile containing internal standards (13C3-labeled
ImP and urocanate). After derivatization to butyl esters using 5% hydrochloric acid in butanol,
the samples were separated on a C18 column using a gradient consisting of water and acetoni-
trile. Quantification was made using an external calibration curve [28].

SCFA were analysed as follows: Sample derivatization: 10 pl sample, 10 pl methanol (75%),
10 pl 200 mM 3-NPH (3-nitrophenylhydrazine in MeOH (75%)), 10 pl 120 mM EDC-6% pyri-
dine (N-(3-Dimethylaminopropyl)-N-ethylcarbidiimide in 75% MeOH with 6% pyridine) was
mixed and incubated 45 min at room temperature (RT) with shaking. The derivatization reac-
tion was quenched with 10 pl of 200 mM quinic acid in MeOH, mixed and incubated 15 min,
RT with shaking. 950 pl of water was added to the samples followed by centrifugation at
15,000xg, RT, for 5 min. 100 ul of supernatant and 100 pl of internal standard (13C 3-nitro-
phenylhydrazine labeled short chain fatty acids) transferred to HPLC vials. Samples were ana-
lyzed immediately or kept at 4°C until analysis.

The samples were analyzed with LC-MS/MS consisting of an ExionLC UHPLC system cou-
pled to a 6500+ QTRAP (both from AB Sciex LLC, Framingham, USA). The analytes were sepa-
rated in a Phenomenex Kinetex C18 (100 x 2.1 mm, 1.7 um, 100 A) column, at 40°C, following
gradient: 0-3 min 0.5% B, 3.00-3.01 min 0.5-2.5% B, 3.01-6.00 min 2.5-17% B, 6.00-10.00 min
17-45% B and 10.00-13.00 min 45-55% B, followed by washing and re-equilibration of the col-
umn. Mobile phase A and B were water and acetonitrile, respectively, and total flow was set to
0.4 mL/min. APCI ionization was used in positive polarity and the analytes were detected using
optimized MRM-transitions for each analyte and internal standard. A calibration curve cover-
ing the range of the analytes in the samples was injected together with the analytes.

Metabolomic profiling

A range of low-molecular weight metabolites (126 features) and lipids (374 features) were mea-
sured in the plasma samples (6 HFD females, 6 chow-fed females, 5 HFD males, 3 chow-fed
males; the samples from the three remaining chow-fed males were unfortunately lost due to a
technical error during the analysis and one HFD male died prematurely before the blood sam-
pling time point (see below)) using Biocrates MxP Quant 500 kits with a Waters Xevo TQ-XS
equipped with an ACQUITY Premier UPLC system. The kits were prepared and analyzed fol-
lowing the manufacturer’s instructions. A range of metabolism indicators (232 sums and ratios
of various metabolites) were calculated from the metabolomic data using the MetaboINDICA-
TOR software tool from Biocrates. The metabolomic profiles and these indicators were
imported separately into MetaboAnalyst (www.metaboanalyst.ca). Variables with greater than
80% missing values (i.e., those below the limit of quantification) across the sample set were
excluded. For those metabolites with less than 80% missing values, the missing values were
replaced with 1/5 of the minimum positive value for that metabolic feature across the sample
set. All metabolites were log transformed before further data analysis. For the indicator dataset,
any variables with a missing value were excluded.

Calculations and statistics

For IVGTT data, insulin sensitivity index was calculated using a non-linear mixed effect
approach for minimal model-derived insulin sensitivity index (SI) and glucose-mediated glu-
cose clearance (SG) [29, 30]. Homeostatic model assessment of insulin resistance (HOMA-IR)
was calculated based on fasting glucose and insulin values from the IVGTT according to the
following formula: HOMA-IR = fasting plasma glucose [mM] x fasting plasma insulin [uU/ml]/
22.5 [31]. The Matsuda insulin sensitivity index [32] was calculated for the IVGTT using time
0, 30, 60 and 120 minutes.
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Statistical analysis of physiological and biochemical measurements and data visualization
was done in GraphPad Prism v. 9.0.1 (GraphPad Software, San Diego, California USA, www.
graphpad.com) and GGplot2 v3.3.3 (Hadley Wickham, Auckland, New Zealand). The impact
of the variables diet and sex was evaluated by two-way ANOVA followed by Tukey or Bonfer-
roni correction for multiple testing, and P-values <0.05 were considered significant. Evalua-
tion of data normality was performed using QQ plots and Shapiro-Wilks test, and
homogeneity of variance was evaluated using Spearman s test for heteroscedasticity (R’s of
predicted value vs [residual]). Data were transformed as appropriate to obtain normally dis-
tributed residuals.

For conducting bioinformatic analysis the 16S rRNA gene amplicon sequencing data, R
software v4.1.1 and packages Vegan v2.5.7, PhyloSeq v1.34.0, MetagenomeSeq v1.32.0, GUni-
Frac v1.1, and DAtest v2.7.17 were used. Differences in bacterial abundance between groups
were detected using DAtest package (DESeq2) having diet as predictor variable and sex as co-
variable. Moreover, bacterial differences between groups were also investigated using https://
huttenhower.sph.harvard.edu/lefse/ for conducting a Linear Discriminant Analysis (LDA)
Effect Size (LEfSe) using default settings [33] (apart from LDA threshold), which included set-
ting the threshold on the logarithmic LDA score for discriminative features to 2.5 and Krus-
kal-Wallis test for classes reached significance when p < 0.05. The filtering of taxa was
adjusted to exclude OTUs below 0.01% in relative abundance for the analysis of bacterial dif-
ferences between groups. Differential clustering (beta-diversity based on GUniFrac-metrics)
was evaluated using ANOSIM (PERMANOVA). Alpha-diversity using Chaol index was evalu-
ated using two-way ANOV A having diet and sex as variables.

For metabolomic profiling univariate statistics were used to identify pair-wise metabolic
differences between the HFD and chow groups. This was achieved using a t-test with a false
discovery rate (FDR)-adjusted P<0.05 threshold to account for multiple testing [34]. The data
were visualized in a volcano plot and a two-fold change threshold was used to highlight biolog-
ically relevant differences.

Gene expression data were processed using Genex Pro v.6 software (Multild, Sweden).
Briefly, Cq values from both chips were calibrated for differences in baseline correction (only
for the Biomark platform data), corrected for PCR efficiency and normalized to the reference
genes selected for each tissue; subsequently, cDNA replicates were averaged, fold changes were
calculated related to SD group and data was log2 transformed prior to statistical analysis.
Firstly, a two-way ANOV A test was applied for each tissue profiled (with diet and sex as fac-
tors) followed by Bonferroni’s multiple test correction (MTC); but because there were no sig-
nificant differences between sexes, a t-test was subsequently applied to compare chow versus
HFD groups for each tissue (52 Table, 4 sheets showing t-test results).

Results

One HFD-fed male minipig unexpectedly died for unknown reasons, and without showing
previous signs of disease, on study day 50. Data from this animal has been excluded. Due to
catheter dysfunction in one male in the chow-fed group and one female and two males in the
HFD-fed groups, it was not possible to obtain blood samples from all animals during the
MMT.

High fat diet increased body weight and fat storage and contributed to
poorer glycemic control and dyslipidemia

After 13 weeks the HFD-fed minipigs had approx. 2.4 times higher BW than the chow-fed
minipigs and a body fat percentage of around 40%, with no significant difference between the
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two sexes (Fig 2A and 2B). At the end of the study, both fasting glucose, insulin and glucagon lev-
els were overall significantly elevated in the HFD pigs, whereas fasting fructosamine (a marker of
medium-term glucose control in pigs [35]), did not differ between the groups (S3 Table).

Insulin sensitivity estimated by HOMA-IR and the Matsuda index during MMT revealed
that HFD-feeding resulted in a significantly increased insulin resistance compared to chow
(Fig 2C and 2D). This effect was only statistically significant in the female minipigs after cor-
rection for multiple comparisons. In contrast, the IVGTT-derived insulin sensitivity index, SI,
was only slightly and non-significantly reduced in the HFD-fed minipigs (Fig 2E), whereas
glucose effectiveness, SG, was significantly decreased in the HFD minipigs (Fig 2F). There
were no significant differences in the MMT and IVGTT parameters between OVX females
and castrated males.

Furthermore, the HFD increased circulating total cholesterol as well as HDL- and non-
HDL-cholesterol. However, the non-HDL-cholesterol increased relatively more, leading to a
significantly lower HDL-cholesterol/non-HDL-cholesterol ratio in the HFD fed animals
(S3 Table).

High fat diet induced a shift in the colon microbiota

To evaluate the effect of HFD feeding on the colon microbiota composition, standard 16S
rRNA gene amplicon sequencing was carried out. Alpha-diversity in the colon microbiota was
significantly lower in the HFD minipigs compared to chow whereas it was not impacted by sex
(two-way ANOVA: diet: P = 0.00028 and sex: P = 0.36, Fig 3A). This was substantiated by a
clear separation of colon microbiota from HFD- and chow-fed minipigs using GuniFrac simi-
larity distance analysis (Adonis, diet: 12 = 0.18, P = 0.001, Fig 3B). Contrary to diet, sex did not
influence the colonic microbiota as evaluated by GuniFrac distance analysis (Adonis, sex: r° =
0.033, P = 0.64). Bacterial families contributing to the diet specific clustering of the colon
microbiota based on significance in both the DESeq2 and the LEfSe analyses were Clostridia-
ceae (increased abundance with HFD), Porphyromonadaceae, Fibrobacteraceae and Flavobac-
teriaceae (all increased abundance with chow) (Fig 3C, S4A and S4B Table). In addition, in the
DESeq?2 analysis, Sphingobacteriaceae and Streptococcaceae were increased with chow diet, and
Enterobacteriaceae, Eubacteriaceae and Bacteroidaceae were increased with HED (Fig 3C, S4A
and S4B Table). However, these families were not confirmed by the LEfSe analysis, where, on
the other hand, Acidaminococcaceae, Verrucomicrobiaceae, Spirochaetaceae and Prevotellaceae
were found to be significantly associated with chow diet (S4A and S4B Table). In depth analy-
sis of bacterial differences on genus/species level using both DESeq2 and LEfSe analysis are
shown in S5A and S5B Table. An overall summary of the bacterial families, genera and species
found to significantly differ between diet groups both in the DESeq2 and the LEfSe analysis is
given in Table 1.

High fat diet modulates the circulating metabolomic profile

Significant changes in the gut microbial products were observed in the circulation. Acetic acid,
propionic acid, butyric acid, isobutyric acid and isovaleric acid were all decreased in the HFD
fed pigs compared to the chow fed pigs, whereas formic acid showed a small increase which
was most pronounced in the male minipig (Fig 4C—4E, S3 Table).

HEFD feeding led to moderately increased levels of BCAA, although only significant in the
overall ANOVA analysis (Fig 4A and S3 Table). Similarly, there was a tendency for lower ImP
with the HFD, although this was only statistically significant in the males (S3 Table).

Principal component analysis (PCA) of the metabolomic data showed clear separation
between the plasma metabolic profiles from HFD-fed pigs and those fed chow, with no
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Fig 2. Body weight, body composition and glucose metabolism data. Twenty-three female and male Géttingen Minipigs were fed
either chow (female n = 6, male n = 6) or HFD (female n = 6, male n = 5) for 12 weeks starting at 9 weeks of age. A. End study Body
Weight (kg); B. Body fat (%); C. HOMA-IR, D. Matsuda s insulin sensitivity index from the MMT; E. Insulin sensitivity (SI) and F.
Glucose effectiveness (SG) from minimal modeling. Light red and red circles are females fed chow or HED. Light blue and dark blue
squares are males fed chow or HFD. Data are shown as bar plots with individual data points and mean+SEM. Significant effect of diet
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and sex was determined using two-way ANOVA followed by Tukey s multiple comparison test. “*P<0.05, **P<0.01 and ***P<0.001
mark the level of statistical significance.

https://doi.org/10.1371/journal.pone.0298602.g002

differences observed between females and males (S1A Fig). Similarly, the metabolic indicators
clustered by feeding regime, although the separation was less distinct (S1B Fig). Comparing all
minipigs that received the HFD with those on the chow diet identified 80 metabolic features to
be altered (Fig 5A, S6 Table). As expected, most of these changes related to lipid metabolism
with many phosphatidylcholines (PC), ceramides (Cer), hexosylceramides (HexCer), and
dihexosylceramides increased with the HFD, as well as several cholesteryl esters (CE).
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Fig 3. Colon microbiome. Colon microbiome from twenty-three female and male G6ttingen Minipigs fed either chow or HFD (n = 5-6) for 12 weeks determined using
16S rRNA gene amplicon sequencing. A. Boxplot showing Alpha diversity (Chaol index) (25th percentile, 75th percentile, median, whiskers indicate max and min value;
two-way ANOVA: diet: P = 0.00028 and sex: P = 0.36), B. PCoA plot using GUniFrac distance metrics (PERMANOVA, ANOSIM: diet: r2 = 0.18, P = 0.001, sex:

r2 =0.033, P = 0.64). Light red and dark red circles are females fed chow or HFD. Light blue and dark blue squares are males fed chow or HFD, C. Violin plot illustrating
the 20 most abundant bacterial families present in the two diet-groups. Green represents chow fed pigs while yellow represent HFD fed pigs, and the black dots indicate
the median values. The abundance is presented as percent on alog10 scale. The statistics correspond to DESeq2, DAtest package produced using R indicating which of
these 20 most abundant bacterial families that were significantly different in abundance between the two diet groups. The asterisks indicate the statistical significance: *

P<0.05, ** P<0.01, *** P<0.001.

https://doi.org/10.1371/journal.pone.0298602.9003
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Table 1. Bacterial taxa significantly different between treatment diets.

Family Genus Species Associated with
Fibrobacteraceae Fibrobacter Fibrobacter intestinalis Chow
Flavobacteriaceae NS NS Chow
Porphyromonadaceae NS NS Chow
Acidaminococcaceae Phascolarctobacterium Phascolarctobacterium succinatutens Chow
Erysipelotrichaceae Holdemanella Holdemanella biformis Chow
Lachnospiraceae Clostridium XIVa Clostridium aerotolerans Chow
Lachnospiraceae Lachnospiracea incertae sedis Eubacterium eligens Chow
Prevotellaceae Prevotella Prevotella dentasini Chow
Ruminococcaceae Clostridium IV Clostridium leptum Chow
Ruminococcaceae Clostridium IV Eubacterium siraeum Chow
Ruminococcaceae Faecalibacterium Faecalibacterium prausnitzii Chow
Ruminococcaceae Flavonifractor Flavonifractor plautii Chow
Ruminococcaceae Intestinimonas Intestinimonas butyriciproducens Chow
Ruminococcaceae Ruminococcus Ruminococcus bromii Chow
Spirochaetaceae Treponema Treponema berlinense Chow
Spirochaetaceae Treponema Treponema bryantii Chow
Lachnospiraceae Clostridium XIVa NA Chow
Lachnospiraceae Blautia NA Chow
Prevotellaceae Prevotella NA Chow
Ruminococcaceae Ruminococcus NA Chow
Clostridiaceae Clostridium sensu stricto NA HFD
Acidaminococcaceae Phascolarctobacterium Phascolarctobacterium succinatutens HFD
Erysipelotrichaceae Turicibacter Turicibacter sanguinis HFD
Eubacteriaceae Eubacterium Eubacterium coprostanoligenes HFD
Lachnospiraceae Cellulosilyticum Cellulosilyticum_ruminicola HFD
Lactobacillaceae Lactobacillus Lactobacillus equicursoris HFD
Lactobacillaceae Lactobacillus Lactobacillus mucosae HFD
Peptostreptococcaceae Terrisporobacter Terrisporobacter glycolicus HFD
Lachnospiraceae Cellulosilyticum NA HFD
Prevotellaceae Prevotella NA HFD
Lachnospiraceae Blautia NA HFD

Taxonomic classifications at the family, genus, and species levels, revealing statistically significant distinctions (p<0.05) between dietary groups (chow or HFD) as

determined through DESeq2 (S5A Table) and LEfSe (S5B Table) analyses, both corrected for multiple testing. The term "associated with" denotes the dietary group

(Chow or HFD) in which the respective bacteria exhibited enrichment. Families highlighted in bold font attained statistical significance at the overarching family level

with both analyses. "NS" denotes instances where statistical significance was not observed. NA: Not available

https://doi.org/10.1371/journal.pone.0298602.t001

Interestingly, 17 triglycerides were reduced after HFD feeding although no significant differ-
ences were noted in triglyceride-related metabolism indicators (e.g., sum of triglycerides, sum
of saturated triglycerides, sum of unsaturated triglycerides, ratio of triglycerides to fatty acids;
S2 Fig). Analysis of the metabolism indicator data revealed 2-5-fold increases in the sum of
PCs, Cer, HexCer, CEs compared to the chow fed pigs (Fig 5B). In addition, the sum of choline
lipids, and aminobutyric acids were also increased. The ratio of short-chain to long-chain acyl-
carnitines was reduced with HFD, as was the ratio of hydroxylated-sphingomyelins to non-
hydroxylated sphingomyelins. Betaine (trimethylglycine) synthesis, sarcosine (methylglycine)
synthesis from choline, and the sum of betaine and related metabolites were reduced with

HEFD, possibly reflecting the increased need for choline to synthesize lipoproteins for lipid
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Fig 4. Metabolites and gut microbial products. Metabolites and gut microbial products in twenty-three female and male Géttingen Minipigs fed either chow or HFD
for 12 weeks (n = 5-6). A. Branched chain amino acids (BCAA), B. Total bile acids (TBA), C. Acetic acid, D. Propionic acid and E. Butyric acid. Mean+SEM, n = 3-6
for BCAA and n = 5-6 for remaining parameters. *P<0.05, **P<0.01 and ***P<0.001 mark the level of statistical significance.

https://doi.org/10.1371/journal.pone.0298602.9004

export from the liver. Consistent with the observed reduction in alpha-diversity, several
metabolites related to gut microbial activity were reduced following the HED. This included a
reduction in circulating hippuric acid, 3-indole-propionate (3-IPA), xanthine, trigonelline and
trimethylamine N-oxide (TMAO) (Fig 5A, S6 Table). These changes were supported by the
metabolism indicator data showing that TMAO, 3-IPA and hippurate synthesis were all
reduced with HFD feeding, as well as secondary bile acid synthesis (Fig 5B, S6 Table).

Considering only the female minipigs, additional metabolic changes were observed between
HFD-fed and the chow-fed minipigs (S3A Fig). A total of 113 features were altered with addi-
tional reductions in the microbial-derived metabolites of phenylalanine, phenylacetylglycine
(PAG), and lysine, 5-aminovalerate (5AVA), and the secondary bile acid, glycolithocholic
acid-sulfate (S7 Table). Fewer alterations were seen in the male minipigs associated with diet
(21 features, S3B Fig, S8 Table), although this likely relate to the small group sizes in this data-
set (HFD n = 5, Chow n = 3).

Differential gene expression analysis in liver, fat and muscle

Biomark platform: After manual curation and processing of qPCR data, 64 assays were
accepted for further analysis in liver, 56 in omentum and 52 in skeletal muscle (S2 Table) out
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of 96 profiled gene-assays. Beta-actin (ACTB), TATA box binding protein (TBP), & tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ), were cho-
sen as reference genes for liver data, ACTB and YWHAZ were chosen as reference genes for
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omentum data and TBP and ribosomal protein L4 (RPL4) were chosen as reference genes for
skeletal muscle data.

Mx3005P platform: BAAT gene was not expressed in the liver, GPBARI assay was not spe-
cific, and hence five genes were accepted for further analysis in liver (S2 Table). ACTB, TBP
and YWHAZ were used for normalization.

Differential expression analysis in liver revealed 6 genes significantly differentially expressed
(DE) after MTC between chow diet and HFD with a fold-change (FC)>2 or <-1.5. Genes involved
in triglyceride synthesis (LPIN1), cholesterol metabolism (FDFT1, LDLR), lipogenesis (IGFBP2)
and adipogenesis (KLB) had decreased expression while a gene involved in fatty acid oxidation
(CPTIA) had elevated expression in HFD compared to chow fed minipigs (Table 2). In the omen-
tal adipose tissue, 9 genes were significantly DE after MTC between HFD and chow fed animals
with FC>2 or <-1.5. Gene expression for satiety hormone leptin (LEP) and genes involved in syn-
thesis of mono-unsaturated fatty acids (SCD), fatty acid synthesis (ACACA), fatty acid metabolism
(UCP3), adipose tissue metabolism (AGT), triglyceride metabolism and fatty acid oxidation
(PPARA) and cholesterol metabolism, lipogenesis and glucose homeostasis (INSIGI) had increased
gene expression in HFD fed minipigs compared to chow-fed minipigs (Table 2). The expression of
genes GRBI0 and TIMP]I, inhibitors of insulin and adipocyte differentiation, respectively, was
decreased in omentum of HED fed minipigs (Table 2). We did not find any significantly DE genes
in skeletal muscle tissue between diets when applying the FC>2 or <-1.5 and MTC (S2 Table).
Moreover, we did not find any significantly DE gene after MTC when comparing the two sexes.

High fat diet induced significant fat cell hypertrophy and glomerular
vacuolation

Organ weights (absolute and relative to BW and lean mass) are shown in S9 Table. Absolute
liver, heart and kidney weights were all significantly increased and relative heart weight was

Table 2. Differentially expressed genes in liver and omental adipose tissue.

Tissue Gene
Liver LPINI
FDFT1
IGFBP2
KLB
LDLR
CPTIA
Omental adipose tissue | GRBIO
TIMPI
LEP
SCD
ACACA
UCP3
AGT
INSIG1
PPARA

FC
-2.04
-2.25
-3.06
-4.11
-2.44
2.93
-1.63
-1.80
50.66
24.61
3.52
2.63
2.48
2.14
2.00

1/1 in HFD P-Value Pathway

l >0.00001 Triglyceride synthesis

{ 0.00020 Cholesterol biosynthesis

l >0.00001 Lipogenesis

l 0.00016 Regulator of adipogenesis

1 0.00047 Cholesterol uptake

T >0.00001 Long-chain fatty acid (FA) oxidation

l« 0.00022 Inhibitor of insulin

i 0.00089 Inhibits adipocyte differentiation

1 >0.00001 Satiety hormone

1 >0.00001 Synthesis of mono-unsaturated FA

1 0.00014 FA synthesis

1 0.00045 FA metabolism

1 0.00022 Adipose tissue metabolism and whole-body metabolism.

1 0.00066 Regulates cholesterol metabolism, lipogenesis, and glucose homeostasis
1 0.00028 Lipoprotein & triglyceride metabolism, FA oxidation, FA uptake & export

Significantly differentially expressed (DE) genes after multiple test correction (MTC) with Fold change (FC) >2 or <-1.5 in liver and omental adipose tissue from lean

and obese castrated male and ovariectomized female Géttingen Minipigs. N = 5-6. Arrows indicate decreased (4 ) or increased ( 1) gene expression in the HFD groups.

T-test followed by MTC was applied to compare the diet groups as there were not differences between sexes. The last column shows in which pathway the gene is

involved.

https://doi.org/10.1371/journal.pone.0298602.t002
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significantly decreased in the HFD-fed compared to chow-fed animals. In the kidney of all ani-
mals fed HFD and one animal from the female chow group moderately enlarged glomeruli
were observed (S4 Fig). The glomeruli presented varying degrees of vacuolation and occasional
minor interstitial infiltration of mainly mononuclear cells. In addition, Bowman'‘s space was
often enlarged and in several of the animals this vacuolation could also be observed in a few
and occasionally several tubuli. The changes were not further characterised but could represent
lipid as previously described [36]. Moreover, mild, diffuse hypertrophy of adipocytes were
recorded in all examined white adipose tissue (WAT) depots form the HFD fed animals (both
males and females) (54 Fig).

Clinical chemistry and serum/plasma biomarkers

Clinical chemistry and serum/plasma biomarkers can be found in S3 Table.

In brief, in addition to the biomarker changes described above, the following overall obser-
vations were made: AST, ALT, ALP, creatinine and sodium were significantly lower, while
glycerol and haptoglobin were significantly higher in the HFD groups compared to chow. No
effect of diet or sex was observed in the remaining parameters (S3 Table).

Discussion

Opverall, significant obesity and components of the metabolic syndrome were induced with
only 3 months of HFD-feeding in young growing OVX or castrated Gottingen Minipigs. The
obese pigs were characterized by dyslipidemia and insulin resistance, and significant diet spe-
cific clustering of the colon microbiota was mainly attributed to changes in bacterial families
Clostridiaceae, Porphyromonadaceae, Fibrobacteraceae and Flavobacteriaceae. Consistent with
these changes in the colon microbiota several products of gut microbial metabolism that have
previously been linked with a positive effect on metabolism and health were reduced in the cir-
culation, e.g. hippurate, trigonelline and xanthine (Fig 6). These changes may have contributed
to the impaired metabolic phenotype in the minipig model.

Twelve weeks of HFD significantly increased the BW and fat percentage compared to chow
fed minipigs, leading to a severe, human-relevant level of obesity in both castrated male and
OVX female minipigs. The sex differences previously observed in obesity development in
intact, young Gottingen Minipigs [37] are thus seemingly abolished by neutering. The
increased fat percentage is likely the main reason for the highly upregulated gene expression
level of leptin in omental adipose tissue, as observed previously in both obese humans and pigs
[38-40]. However, the approx. 50-fold increase we observed in the HFD-fed Gottingen Mini-
pigs is remarkable and may indicate an even greater degree of leptin resistance than observed
in humans [41] and/or a very low level in the chow-fed animals that were fed restrictedly. It
has previously been reported that the obesity-prone Iberian pig has a polymorphism of the lep-
tin receptor gene which affects leptin sensitivity [42], and it would be interesting to study if
this is also the case in Gottingen Minipigs.

In addition, genes involved in fatty acid synthesis and metabolism (e.g. SCD, ACACA,
UCP3, AGT and PPARA) were upregulated in the omentum in the HFD-fed state, whereas
GRBI0 gene, an inhibitor of insulin signaling, was decreased. It has been shown that fat-spe-
cific disruption of GRBI0 gene increases mMTORCI signaling in adipose tissues, suppresses
lipolysis, and reduces thermogenic function, thus enhancing fat deposition [43]. Nevertheless,
profiling mTOR gene in liver did not show DE between the two diet or sex groups.

With respect to plasma lipids, HFD feeding increased total serum cholesterol and decreased
HDL/non-HDL-cholesterol ratio, indicating dyslipidemia. As a consequence of the increased
plasma cholesterol levels in the HFD groups, hepatic expression of LDLR and FDFT1I,
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Fig 6. Graphical overview. HFD caused obesity, dyslipidemia, insulin resistance and increased circulating levels of fasting insulin and glucagon.
Moreover, HFD feeding was followed by an increase in relative abundance of bacterial families Erysipelotrichaceae, Clostridiaceae and
Peptostreptococcaceae in the colon microbiota and a decrease in circulating levels of hippuric acid, xanthine, trigonelline, TMAO, SCFA and
TBA in addition to an increase in branched-chain amino acids (BCAA). Arrows | and | indicate a decrease or an increase in a measured
parameter, respectively. BCAA: branched chain amino acids, HFD: high fat diet, SCFA: short chain fatty acids, TBA: total bile acids, TMAO:
trimethylamine N-Oxide. Created with biorender.com.

https://doi.org/10.1371/journal.pone.0298602.9006

catalyzers of the first step in cholesterol biosynthesis pathway, was decreased, which may be a
rescue mechanism in order to lower hepatic cholesterol accumulation [44, 45]. Likewise, regu-
lators of TG synthesis and lipogenesis such as LPIN1, KLB and IGFB2 genes were downregu-
lated in the liver of the HFD-fed minipigs, whereas CPT1A gene was upregulated, indicating
increased fatty acid oxidation (Table 2). The decrease in LDLR, FDFT1 and KLB genes has also
been observed previously in Géttingen Minipigs fed a cholesterol and fat-rich diet [46].
Circulating total TG was similar in the HFD and the chow fed pigs, but there were signifi-
cant changes in individual TG species caused by the HFD. Of the 185 TG species measured, 28
were decreased by the HFD in the females (17 when both sexes considered) whereas the
remaining were unchanged (Fig 5). Faecalibacterium prausnitzii and Eubacterium Eligens, that
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are both more abundant in the chow-fed minipigs relative to the HFD fed minipigs in the pres-
ent study, have been shown to be negatively associated with TG in humans [47, 48]. In addi-
tion, the serum lipid profile had increased levels of the species C3-DC, CE, Cer, HexCer,
LysoPC and PC. Increases in both Cer, LysoPC, PC and CE are linked to human obesity, insu-
lin resistance and low-grade inflammation [49-52]. Cer antagonize insulin signaling through
inhibition of transmission signals of phosphatidylinositol-3 kinase (PI3K) thereby blocking
the activation of anabolic enzyme Akt/PKB [49]. In this manner, Cer interfere with glucose
uptake, and decreased plasma Cer has been shown to improve insulin signaling [49].

Minimal modeling of IVGTT data showed no significant effect of HFD on SI, but SG was
significantly decreased in HFD minipigs indicating a decreased ability of glucose to suppress
endogenous glucose production and/or decreased ability to stimulate peripheral glucose
uptake [53]. This decrease in SG is consistent with the situation in humans, where SG
decreases both in obese and type 2 diabetic individuals [54, 55]. Both HOMA-IR and Matsudas
insulin sensitivity index indicated increased insulin resistance in the HFD fed minipigs, an
effect that was most pronounced in the OVX female minipigs based on the post hoc analysis.
An increased propensity in females to develop insulin resistance has previously been described
in intact Gottingen Minipigs [37] as well as in humans [56]. Furthermore, circulating hapto-
globin, independently associated with hyperinsulinemia [57], was significantly elevated in the
HFD fed minipigs (S3 Table), but the deregulation of the HP transcript only showed a very
modest fold change which did not reach statistical significance. Lastly, the fasting glucagon
was also significantly higher in the HFD-fed minipigs compared to chow-fed, whereas the glu-
cagon receptor gene expression in the liver was not significantly changed. The altered glucagon
regulation may be caused by insulin resistant alpha cells or by the overall higher protein/food
intake in the HFD-fed animals and may over time lead to poor glycemic control and prediabe-
tes as observed in humans [58-61].

Several of the bacterial genera and species that were changed with the HFD feeding in the
present study have been implicated in both obesity and/or insulin resistance and type 2 diabe-
tes in humans. Faecalibacterium prausnitzii, Eubacterium siraeum, Eubacterium Eligens and
Ruminococcus bromii (Table 1, S5A and S5B Table) showed lower relative abundance in HFD
fed pigs, which is in agreement with studies in overweight or obese subjects [48, 62-65]. In
addition, Faecalibacterium prausnitzii has been found to be more abundant in the gut of indi-
viduals with normal glucose tolerance compared to individuals with type 2 diabetes [66, 67].
Members of the Clostridiaceae (Clostridium sensu stricto) family have previously been linked
to an obese phenotype [68], and members of Peptostreptococcaceae have similarly been identi-
fied with a three-fold increase in obese children compared to normal weight [69]. Clostridia-
ceae and members of bacterial family Peptostreptococcaceae had higher relative abundance in
the HFD-fed compared to the chow-fed minipigs (Table 1, S4 Table). In diet-induced obese
mice, an increase in taxa belonging to Clostridiaceae and Peptostreptococcaceae have also been
associated with impaired glucose tolerance and impaired insulin clearance [70]. However,
reduction in relative abundance of Clostridiaceae has also been reported with the onset of
childhood obesity (age 2-7 year) and in humans with obesity [71], underlining that different
members of this family likely influence glucose metabolism differently. Genus Blautia was
found to be associated both with HFD and chow diet which is in line with the both higher and
lower relative abundance of this genus observed in obese vs. non-obese persons [72]. Other
studies support a protective role of the Blautia genus in obesity and type 2 diabetes, with this
genus being inversely correlated to visceral fat mass [73], and the odds ratios of obesity and
type 2 diabetes in Japanese subjects [74].

Several circulating factors related to the gut microbiota were modulated by the diet. The
amount of circulating BCAA were elevated in the HFD minipigs (Fig 4), which has been
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associated with obesity, insulin resistance and type 2 diabetes [75]. A decrease in gut bacteria
responsible for BCAA uptake and catabolism, such as Butyrivibrio crossotus and Eubacterium
siraeum, may lead to BCAA accumulation and have been linked to insulin resistance [75]. In
line with this, the colon microbiota of HFD minipigs showed reduced relative abundance of
Eubacterium siraeum (Table 1, S5A and S5B Table). Increased amounts of BCAAs have been
shown to cause persistent activation of hepatic protein complex mTORCI affecting insulin sig-
naling in the liver [9, 10]. However, at gene level mTORCI in liver was not regulated by the
diet and there were no significant changes in the insulin signaling pathways in the liver apart
from a slight decrease in the expression of the insulin receptor and insulin receptor substrate 2
(S2 Table), indicating that the moderate increase in BCAA observed here was not clinically
relevant.

The gut microbial metabolite hippurate, which is associated with increased microbial diver-
sity and reduced risk of having metabolic syndrome [76], was significantly decreased in the
HFD groups compared to chow groups, which may have contributed to the metabolic changes
observed. Hippurate is associated with increased abundance of OTUs identified as Fecalibac-
terium prausnitzii [76], which despite being present at low relative abundance (mean relative
abundance: Chow 0.11%; HFD 0.051%) in this study, was indeed found to be decreased in rela-
tive abundance in the pigs exposed to HFD (Table 1, S5A and S5B Table).

Hippurate has also been described as negatively associated with genera Eubacterium and
Ruminococcus [76], and in line with this we observed an increase in OTUs belonging to the
Eubacterium genus in the HFD fed pigs. However, this was not the case for the Ruminococcus
genus that was enriched in the chow-fed pigs (S5A and S5B Table). Discrepant results for
Ruminococcus and several other genera have also been found in human studies as indicated in
a recent meta-analysis comparing the gut microbiome composition in obese and non-obese
persons [72], suggesting that different strains of the same species/genus might be differentially
associated with different dietary components /metabolic traits.

Moreover, HFD significantly decreased the circulating level of TMAO, that is produced in
the liver from the gut microbial metabolite trimethylamine (TMA), a product of choline degra-
dation. The hepatic expression of Flavin Containing Dimethylaniline Monoxygenase 3
(FMO3) that converts TMA to TMAO was not regulated by HFD and the most likely explana-
tion for the decreased levels of TMAO is thus decreased microbial production of TMA.
TMAO has been associated with attenuated ER stress, reduced lipogenesis in adipocytes,
improved insulin secretion and restored glucose tolerance in mice [77]. Others report a causa-
tive role for TMAO in cardiovascular disease and non-alcoholic steatohepatitis [78], indicating
that more studies are needed to further elucidate the effects of this metabolite. Another gut
microbial metabolite, trigonelline, was also found to be decreased by HFD in the current
study, which is in accordance with observations in humans where an unhealthy plant-based
diet decreased trigonelline compared to a healthy plant-based diet [79]. In diabetic rats, treat-
ment with trigonelline reduced oxidative stress and protected B-cells from glucotoxicity [80].
Similarly, circulating xanthine was reduced in the HFD-fed minipigs, which suggests a signifi-
cantly higher activity of xanthine oxidase, the rate-limiting enzyme in the conversion of xan-
thine to uric acid. This hypothesis is supported by observations in obese humans where lower
urinary levels of xanthine are observed [81] and where xanthine oxidase activity is indepen-
dently and positively associated with obesity, insulin resistance and uric acid concentrations
[82].

Interestingly, the gut microbial metabolite ImP, previously associated with type-2 diabetic
patients [83], was significantly lower in castrated males on HFD compared to chow, whereas
no effect of diet was observed in the OVX female minipigs (53 Table). The fact that ImP was
not increased in these obese, insulin resistant minipigs is in line with data from obese, non-
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diabetic subjects, where ImP levels only correlated to blood pressure but not insulin resistance
[84].

In addition, serum levels of SCFAs were overall decreased in HFD fed animals (Fig 4),
which may be a result of the much lower fiber content in the HFD compared to the chow lead-
ing to a lower abundance of bacteria species involved in SCFA production, e.g. Faecalibacter-
ium prausnitzii, Fibrobacter intestinalis, Ruminococcus bromii and Phascolarctobacterium
succinatutens [85-88]. The signaling pathways and metabolic effects of SCFAs has been
reviewed by He et al. [8]. Briefly, SCFA exert their actions on target cells through free fatty
acid receptors 2 and 3 (FFAR2/3). These receptors are expressed in many different cell types in
the host including adipose tissue, liver, skeletal muscle and pancreas where their activation by
SCFA leads to beneficial effects on glucose and lipid metabolism in addition to anti-inflamma-
tory effects [8]. In addition, acetate has been involved in appetite regulation through central
mechanisms [89], and the lower levels of SCFA in the HFD-fed pigs may thus lead to further
increased appetite, obesity and adverse metabolic effects.

When assessing the serum BA species, we found that HFD reduced TBA and lead to a
reduction in secondary BA synthesis in the female HFD-fed minipigs, with specific reduction
in the circulating amount of the conjugated secondary BA, glycolithocholic acid-sulfate (Fig
5A, S7 Table). However, it must be noted that the BA measured in this study did not include
the pig specific HCA and HCDA which account for 40-90% of the plasma BA pool in Got-
tingen Minipigs [90, 91]. As such, these observations should be treated with caution.

Taken together, feeding a caloric excess of a HFD diet compared to feeding chow-diet
restrictedly was associated with a dysbiotic phenotype in the colon, comparable to what is
observed with human obesity/metabolic syndrome. These microbial changes and the following
changes in microbial products might have contributed to the impaired metabolic health of
these minipigs. The young HFD fed minipig thus represents an interesting translational obe-
sity model, and at the same time it is also smaller, easier to handle and less prone to overload-
induced lameness compared to previously described obesity models, where the pigs typically
weighed 80-100 kg [16, 22].

This paper focused on the association between the metabolic phenotype and the microbial
composition and their products, and the data and hypotheses generated here could inspire for
additional cellular and molecular experiments in future dedicated experiments.

Conclusion

In summary, feeding a HFD for only 3 months induced marked obesity with impairments of
glucose and lipid metabolism in young, castrated male and ovariectomized female Géttingen
Minipigs. Furthermore, HFD-feeding led to significant changes in the colonic gut microbiota
and in gut microbial products, which likely contributed to the impaired metabolic phenotype
observed in this minipig model (Fig 6). No significant differences between the two sexes were
observed in the measured microbial, metabolic or gene expression parameters in these neu-
tered animals, although the metabolic phenotype seemed to be slightly more pronounced in
the OVX females. Many of the metabolic, gene expression and gut microbial changes are con-
sistent with observations in humans living with obesity, making the young, obese Géttingen
Minipig a relevant alternative model for studying the complex interplay between the host
metabolism and gut microbiota and its products.
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S1 File. Supplementary methods description.
(PDF)
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S1 Fig. Principal components analysis on the plasma metabolomics data. Scores plots from
the principal components analysis (PCA) model constructed on the plasma (A) metabolic pro-
files and (B) metabolism indicators from high-fat diet (HFD)-fed minipigs and those receiving
chow.
(TIF)

S2 Fig. Box plots showing triglyceride-related metabolism indicators across the study
groups.
(TIF)

S3 Fig. Volcano plots indicating the plasma metabolic features that significantly differ
between high-fat diet-fed and chow-fed minipigs stratified by sex. Metabolites compared
between A. Female HFD-fed and chow-fed minipigs and B. Male HFD-fed and chow-fed
minipigs. C. Metabolism indicators compared between Female HFD versus chow. No metabo-
lism indicators were found to significantly differ in the males based on HFD feeding. Signifi-
cant features must have a greater than two-fold difference between the groups in their
abundance and an FDR-adjusted p < 0.05. Colors indicate metabolic class.

(TIF)

$4 Fig. Histological findings in adipose tissue and kidneys. A) Normal size kidney glomeru-
lus from a control female Géttingen Minipig, B) Moderately enlarged kidney glomerulus from
a DIO female Géttingen Minipig, C) Normal size subcutaneous adipocytes from a control
female Gottingen Minipig, D) Mildly hypertrophied subcutaneous adipocytes from a DIO
female Gottingen Minipig.

(TIF)

S1 Table. Diet specifications.
(DOCX)

$2 Table. Gene expression data.
(XLSX)

$3 Table. Clinical chemistry and serum/plasma biomarkers.
(DOCX)

S4 Table. Bacterial taxa at family level significantly different between test diets having sex
as cofactor. A. Bacterial taxa at family level significantly different between test diets having sex
as cofactor. DESeq2 wrapped in DAtest package was used. Table includes bacterial families
with log Fold Change above 2 or below -2 and an adjusted p-value < 0.05 was considered sig-
nificantly different between the groups. OUT: operational taxonomic units, HFD: high fat diet.
B. Bacterial taxa at family level significantly different between treatment diets. Diet is included
as class and sex as subclass using Huttenhower LEfSe online tool with default settings. Krus-
kal-Wallis test for classes reached significance when p < 0.05 and 2.5 for threshold on the loga-
rithmic LDA score for discriminative features. Picture exported from https://huttenhower.sph.
harvard.edu/galaxy/.

(DOCX)

S5 Table. Bacterial taxa were significantly different between diets having sex as covariate.
A. Bacterial taxa significantly different between treatment diets having sex as covariate and
mapped to taxonomical level genus or species. DESeq2 wrapped in DAtest r package was used.
Table includes log Fold Change above 2 or below -2. OTUs mapped at species level and an
adjusted p-value < 0.05 was considered significantly different. HFD: high fat diet. B.
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Significantly different OTU between treatment diets. Diet is included as class and sex as sub-
class using Huttenhower LEfSe online tool with default settings. Kruskal-Wallis test for classes
and 2.5 for threshold on the logarithmic LDA score for discriminative features. Picture
exported from https://huttenhower.sph.harvard.edu/galaxy/ and has been split into 5 images
separate images (indicated in each split figure in the top right corner—x/5).

(DOCX)

S6 Table. Plasma metabolites that significantly differ between HFD-fed and chow-fed
minipigs. Significant features have a greater than two-fold difference between the study groups
and an FDR-adjusted p < 0.05, calculated by a Student’s t-test.

(XLSX)

S$7 Table. Plasma metabolites that significantly differ between female HFD-fed and chow-
fed minipigs. Significant features have a greater than two-fold difference between the study
groups and an FDR-adjusted p < 0.05, calculated by a Student’s t-test.

(XLSX)

S8 Table. Plasma metabolites that significantly differ between male HFD-fed and chow-
fed minipigs. Significant features have a greater than two-fold difference between the study
groups and an FDR-adjusted p < 0.05, calculated by a Student’s t-test.

(XLSX)

S9 Table. Body composition and organ weights. Body composition data and absolute and
relative organ weights in castrated male (M) and ovariectomised female (F) Go6ttingen Mini-
pigs fed chow or high fat diet (HFD). Two-way ANOVA with gender and diet as explanatory
variables followed by Tukeys multiple comparison test. Only the following comparisons were
considered relevant: M-HFD vs. M-chow, M-HFD vs. F-HFD, M-chow vs. F-chow and
F-HFD vs. F-chow. * p<0.05, ** p<0.01, *** p<0.001.

(DOCX)
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