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Abstract

The gut microbiota is directly influenced by dietary components, and it plays critical roles in chronic diseases. Excessive consumption of trans-
fatty acids (TFA) is associated with obesity induced by alterations in gut microbiota, but the links between obesity and gut microbiota remain
unclear. Therefore, studies examining the impact of TFA on intestinal microflora are essential. In our study, we performed 16S ribosomal RNA
gene sequencing on faecal samples from Sprague-Dawley rats fed a basal diet (control (CON) group), high-fat (HF) diet (diet-induced obesity
(DIO) group) or TFA diets (1 % TFA group and 8 % TFA group) for 8 weeks to investigate the effects of TFA/HF diets on obesity and gut micro-
biota composition. We found that the TFA/HF diets significantly induced obesity and changes in blood and brain physiological parameters of the
rats. The relative abundance of the phyla Firmicutes and Bacteroidetes was inversely altered in the three test groups compared with the CON
group. Proteobacteria increased slightly in the DIO, 1% TFA and 8 % TFA groups. The genus Bacteroides increased in the DIO and 1% TFA
groups, but Muribaculaceae decreased in all experimental groups compared with the CON group. Moreover, significant differences were
observed among clusters of orthologous group functional categories of the four dietary groups. Our observations suggested that the TFA/

HF diets induced obesity and dysfunction of gut microbiota. Gut dysbiosis might mediate the obesity effects of TEA/HF diets.

Key words: Gut microbiota: Trans-fatty acids: High-fat diet: Obesity

‘Trans-fatty acids (TFA) are unsaturated fatty acids with at least
one double bond in the trans configuration’®. Recent evidence
suggests that excessive consumption of TFA is linked to
obesity'®. Zhao et al.® found that high-trans-fat diets induced
higher rates of obesity than standard diets in male C57BL/6 mice.
In humans, high 18 : 2 TFA intake appears to increase visceral
and subcutaneous adiposity™®.

Furthermore, some researchers have also shown a direct
association between obesity and intestinal dysbiosis in male
C57BL/6 mice®. Since several animal studies have indicated that
high-fat (HF) diets may lead to inflammation®, gut microbiota
disarray and obesity” and that chronic metabolic disorders
can be anticipated due to the abnormal microbiota. The most fre-
quent report is that HF diets can significantly destroy the struc-
ture of the gut microbiome and promote the development of
metabolic diseases®. Hildebrandt et al.” showed that ‘a HF diet
based on saturated fatty acids alters gut microbiota, even typi-
cally reduces the number of Bacteroidetes, and increases the

numbers of Firmicutes and Proteobacteria’ in RELMpB-knockout
mice. Turnbaugh et al® showed that the gut microbiota of
ob/ob mice, which are hyperphagic and become morbidly
obese, indicated an altered ratio of Bacteroidetes:Firmicutes,
which are the two dominant bacterial divisions. Moreover, Ley
et al1?

Although previous studies have shown that HF diets or high-
SFA diets can cause changes in the gut microbiota composition
that are associated with obesity'?, the mechanisms by which
TFA influence the gut microbiota still remain obscure.
Notably, only a few studies have investigated how a TFA-rich
diet influences obesity by altering the gut microbiome. That

observed a similar phenomenon in obese humans.

excessive TFA consumption induces adverse effects on public
health has received considerable attention, but the underlying
mechanisms of how TFA influence the gut microbiota need to
be further investigated.

Our present study examined the influence of TFA diets on gut
microbiota though the use of rat models. Male Sprague-Dawley

Abbreviations: COG, clusters of orthologous group; CON group, control group; DIO, diet-induced obesity; HF, high-fat; OTU, operational taxonomic unit; TFA,
trans-fatty acids; 1% TFA, high-fat diet with 1% trans-fatty acids; 8 % TFA, high-fat diet with 8 % trans-fatty acids.
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rats were fed low-fat or HF diets, some containing TFA, for
8 weeks; then, their blood and brain parameters were measured,
and the 16S ribosomal DNA gene segments from the faecal sam-
ples were sequenced to investigate the impact of HF/TFA-rich
diets on the gut microbiota.

Materials and methods
Animals and diets

All animal experiments in the present study were carried
out in accordance with the Guidelines for the Care and
Use of Laboratory Animals and approved by the Animal
Experimentation Ethics Committee of Capital Medicine
University (Ethics Review no. AEEI-2017-002). A total of forty
male Sprague-Dawley rats (140-160 g), aged 5 weeks old, were
purchased from Beijing Vital River Laboratory Animal
Technology Co. Ltd (SCXK - (Jing) 2016-0011) and provided
with a standard chow diet for 7 d for acclimation. Four weight-
matched groups were randomly assigned to the rats (72 10 per
group), including the basal diet, a HF diet, a HF diet with 1%
TFA and a HF diet with 8 % TFA. The specific diets were obtained
from Beijing Keao Xieli Feed Co. Ltd. Animals were group-
housed two per cage with an artificial environment (inverted
12 h light/dark cycle) and ad libitum access to water and food
at the SPF Laboratory Animal Center. The rats were monitored
daily and their body weights were recorded weekly. All faecal
samples were collected from the rats aged 14 weeks old on
two consecutive days for bacterial 16S ribosomal RNA (rRNA)
high-throughput sequencing. At 16 weeks old, 12-h fasted rats
were anaesthetised with 10 % chloral hydrate and then killed.
The blood from the heart was collected with tubes for separation
gel coagulation and EDTA anticoagulation. The serum and
plasma were obtained, respectively, after centrifugation and
stored at—80°C until analysis. The brain, perirenal adipose tissue,
epididymal adipose tissue and the omental adipose tissue were
collected and weighed for the related indices detection. The ratio
of all adipose tissues collected:body weight was determined as
the body fat ratio.

Three kinds of fat were used in the various diets: soyabean oil
(all groups), lard (all groups) and partially hydrogenated soya-
bean oil (TFA-diet groups). Four types of diets, with low or high
levels of lard or partially hydrogenated plant oil, were designed
as follows: (1) the basal diet with a low level of lard (control
(CON) group), (2) the HF diet with a high level of lard (diet-
induced obesity (DIO) group), (3) the HF diet with a low level

Table 1. Formulation and nutrient composition of diets

of partially hydrogenated soyabean oil (1 % TFA group) and (4)
the HF diet with a high level of partially hydrogenated soyabean
oil (8% TFA group). The formulation and nutrient composition
of the experimental diets are shown in Table 1.

Analysis of blood and brain parameters

The concentrations of serum lipids, TAG, total cholesterol and
glucose were measured with the oxidase method, and HDL-
cholesterol and LDL-cholesterol were measured with the direct
method, which were used an AU480 automatic biochemical
analyser (Olympus) and presented as mmol/1. The specific reagents
were purchased from Xiamen Intec Products, Inc. The serum level
of apo E was measured using immunoturbidimetry on a C501 auto-
matic biochemical analyser and presented in mg/l. Relevant
reagents were obtained from Beijing Bioassay Technologies Co.
Ltd. The insulin level was analysed using a RIA on an XH-6080
Gamma RIA counter made in Xi'an. The reagents were from the
Beijing North Institute of Biotechnology. Serum levels of insulin
are shown in pIU/ml. In addition, the lipid profiles from the brain
and plasma were measured by fast GC on a Shimadzu GC-2010 Gas
Chromatograph equipped with a flame ionisation detector and
split/splitless injector, which is similar to our previous study'?,
and presented as % and mg/ml.

Analysis of gut microbiota composition by high-
throughput sequencing of the 16S ribosomal RNA gene

Six animals were randomly selected per group. A total of twenty-
four faecal samples were collected with sterile materials for the
16S rRNA gene sequencing analysis. Faeces were collected with
a piece of sterile filter paper from the rats directly after defecation
in a clean cage. The faecal samples were placed in 15ml
Eppendorf tubes and frozen at —80°C immediately. All samples
were then used in the 16S rRNA gene sequencing analysis. DNA
was isolated using the E.Z.N.A.® Soil DNA Kit according to the
instructions (Omega Bio-Tek). After DNA isolation, concentra-
tion and purification testing were conducted with a NanoDrop
2000 UV-vis spectrophotometer (Thermo Scientific), and the
final DNA integrity was evaluated by 1 % agarose gel electropho-
resis. The bacterial 16S rRNA hypervariable regions V3-V4 were
PCR amplified with primers 338 F (5'-ACTCCTACGGGAG
GCAGCAG-3) and 806R (5-GGACTACHVGGGTWT CTAA
T-3") (GeneAmp 9700; ABD. The reaction conditions were dena-
turation at 95°C for 3 min, twenty-seven cycles of 95°C for 30 s,
annealing at 55°C for 30 s, elongation at 72°C for 40 s and a final

Product (% energy) CON DIO 1% TFA 8% TFA
Protein 20-0 20-0 20-0 20-0
Carbohydrate 70-0 351 351 35-1
Soyabean oil 55 55 55 55
Lard 4.5 394 367 185
Hydrogenated soyabean oil (TFA) 0 0 27 (1-0) 209 (8-0)
Total 100-0 100-0 100-0 100-0

CON, control; DIO, diet-induced obesity; 1 % TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with 8 % trans-fatty acids; TFA, trans-fatty acids.
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extension at 72°C for 10 min. PCR was performed in triplicate
20 pl mixture containing 2 pl of deoxyribonucleoside triphos-
phate (dNTP) Mix (2-5mwm each), 4 ul of 5 X FastPfu Buffer,
10 ng of template DNA, 0-8 ul of each primer (5 pm) and 0-4 pl
of FastPfu Polymerase. The PCR products were recovered using
a 2% agarose gel, further purified with the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences) and quantified with
QuantiFluor™-ST (Promega). The purified amplicons were
pooled in equimolar amounts and paired-end sequenced
(2% 300) using the Illumina MiSeq platform (Illumina Inc.)
according to the manufacturer’s instructions by Majorbio Bio-
Pharm Technology Co. Ltd. The raw reads were deposited into
the National Center for Biotechnology Information (NCBID)
Sequence Read Archive database (Sequence Read Archive
accession: PRINA555676). The operational taxonomic units
(OTU) clustered the reads with 97 % similarity using Uparse
(version 7.1; http://drive5.com/uparse/), and chimeric sequen-
ces were identified and removed by Uchime. The phylogenetic
affiliation of each 16S rRNA gene sequence was analysed by the
Ribosomal Database Project (RDP) Classifier algorithm (http://
rdp.cme.msu.edu/) using the Silva (SSU132) 16S rRNA database
with a confidence threshold of 70 %.

Statistical analysis

Data are presented as means with their standard errors or as
medians. Statistical analyses were carried out using SPSS 20.0
software unless otherwise specified. The differences among
groups were analysed using one-way ANOVA followed by a
Bonferroni post hoc test with GraphPad Prism version 6.0 and
Fisher’s protected least significant difference, or we used the
Kruskal-Wallis H test followed by pairwise multiple compari-
sons. o-Diversity analyses, including community diversity
parameters (Shannon and Simpson) and community richness
parameters (Chao 1 and phylogenetic diversity), were calculated
with version 1.30 of the mothur software. f-Diversity measure-
ments, including principal component analysis based on the
OTU level and the heat map, were visualised using the R pack-
age software!’®. The overall community difference was sta-
tistically analysed and visualised by R stats and the Python
scipy package software. Clusters of Orthologous Groups
(COG) category assignments were performed using phyloge-
netic investigation of the community by reconstruction of the
unobserved states in PICRUSt 1.1.0. The statistical power of
the test was 80 %, and the two-sided significance level was 0-05.

Results
Effect of trans-fatty acids on physiological parameters

Fig. 1 shows the body weight of each group of rats over time on
the different diets. From the 3rd week to the 10th week, rats fed
the HF diet (DIO group) or the HF diet containing TFA (1 and 8 %
TFA groups) had significantly higher body weight gain than the
rats fed the basal diet (CON group) (all < 0-05). As shown in
Fig. 2, the rat perirenal adipose, epididymal adipose and omental
adipose tissues showed no significant differences among all
groups (all P>0-05). Compared with the CON group, the
DIO, 1% TFA and 8 % TFA groups exhibited elevated body fat
ratios (P=0-012, P=0-048 and P=0-017, respectively), while
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Fig. 1. Effects of diet on the body weight of rats. The black line represents the
rats on the basal diet (—=); the yellow line represents the rats on the high-fat
(HF) diet ( ); the blue line represents the rats on the HF diet with 1%
trans-fatty acids (TFA) (=) and the red line represents the rats on the HF diet
with 8 % TFA (—=). Data are means with their standard errors (n 10). * P < 0-05,
** P<0-01. Statistical analyses were performed with ANOVA and Fisher’s pro-
tected least significant difference post hoc test among the four groups.

there was no significant difference in the body fat ratios among
these three groups (all P> 0-05) (Fig. 2).

Effect of different diets on blood and brain parameters

We then investigated the effects of dietary fatty acids compo-
nents on several blood and brain parameters. Table 2 shows that
the serum levels of total cholesterol, LDL-cholesterol and glucose
of the DIO, 1% TFA and 8% TFA groups were significantly
higher than those of the CON group (all P < 0-05), while these
parameters showed no significant differences among the three
HF-diet groups (all P> 0-05). The rats in the 8% TFA group
had a much higher insulin level than the other three groups
(all P<0-05) (Table 2). In addition, the lipid profiles in the brain
and plasma of the animals were also assayed. The DIO, 1% TFA
and 8% TFA groups showed significant decreases in C16 : 1 in
the brain compared with the CON group (Table 3, all P < 0-05).
The contents of C17 : 1, C18: 112-9¢, C20 : 1 and total MUFA in the
brain of the 1 % TFA and 8 % TFA groups were lower than those
inthe CON group (Table 3, all P < 0-05). As shown in Table 4, the
concentrations of C14 : 0 and C16 : 1 in the plasma displayed a
significant decrease in the DIO, 1% TFA and 8 % TFA groups
compared with the CON group (all P<0:05). The C18 : 0 in
the plasma of the DIO and 1 % TFA group was higher than that
of the CON group (both P < 0-05), but the C18 : 0 concentration
of the 8% TFA group was lower than that of the DIO group
(P <0-:05). Compared with those of the DIO and CON groups,
the plasma levels of C18 : 11-9¢, total MUFA and C18 : 2n-6¢
were decreased in the 8% TFA group (all P<0-05). The total
MUFA of the 1% TFA group were lower than that of the CON
group (P<0-05), and the level of C18 : 2n-6¢ in the 1% TFA
group was lower than that in the DIO and CON groups (both
P <0-05). Moreover, the 8% TFA group showed a significant
increase in plasma C18 : 11-9¢ (TFA) concentration compared
with the other groups (all Z< 0-05). The other blood and brain
parameters did not show significant differences among the four
groups (all P> 0-05).
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Fig. 2. Comparisons of percentage body fat in rats. (a) Comparison of the levels of epididymal fat among the four groups. (b) Comparison of the levels of perirenal fat
among the four groups. (c) Comparison of the levels of omental fat among the four groups. (d) Comparison of the body fat ratios among the four groups. Data are means
with their standard errors of each group (n 10). * P < 0-05. Statistical analyses were performed with ANOVA and Bonferroni test among the four groups. s, Control
(CON); mmm, diet-induced obesity (DIO); mmm, 1 % trans-fatty acids (TFA); , 8% TFA.

Table 2. Serum lipids, glucose, Apo E and insulin (INS) levels of rats in different groups (n 10 per group)

(Mean values with their standard errors)

CON DIO 1% TFA 8% TFA
Variable Mean SEM Mean SEM Mean SEM Mean SEM F P
TC (mmol/l) 1.91 013 267t 017 2.44t% 012 2:501 0-15 5-240 0-005**
TAG (mmol/l) 0-80 0-09 0-79 0-09 0-61 0-06 0.72 0-08 1.276 0-299
HDL-cholesterol (mmol/l) 1.87 019 1.67 012 1.58 0-08 1.65 0-11 0-851 0-476
LDL-cholesterol (mmol/l) 0-34 0-03 0-46% 0-03 0-43t 0-02 045t 0-03 4.159 0-013*
Glucose (mmol/l) 1322 0-99 16731 0-72 15-591 078 15651 0-36 3.944 0-016*
Apo E (mg/l) 7-49 0-20 7-83 012 7-94 0-07 7-62 0-16 1.951 0-139
INS (plU/ml) 34-16 1.99 35-84 3:94 33-20 2.34 49.0411§ 5-02 4-366 0-011*

CON, control; DIO, diet-induced obesity; 1% TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with 8 % trans-fatty acids; TC, total cholesterol.

* P<0-05, ** P<0-01.

1 P <0-05, compared with CON group.

1 P<0-05, compared with DIO group.

§ P<0-05, compared with 1% TFA group.

Effect of diet type on gut bacterial diversity and richness

The effect of dietary types on bacterial diversity and richness
within the gut microbiota was then measured by the
Shannon-Weaver diversity index, Simpson diversity index,
Chao 1 richness index and phylogenetic diversity index at the
bacterial OTU level. As shown in Fig. 3, no significant differences
in the microbial diversity and richness among the four groups
were discovered at the OTU level (all P> 0-05).

Structural changes in the gut microbial communities

A principal component analysis of the Euclidean distance metric
showed significantly separated clustering of the gut microbiota

structure between the CON group and the other dietary
groups (analysis of similarity, R 0-352; P = 0-001); the main prin-
cipal component (PC) scores were PCl=4151% and
PC2 = 14-08 %. These results demonstrated that there were clear
differences in microbial compositions when rats were fed differ-
ent diets (Fig. 4(a)). The box plots represent the dispersion of the
distribution of different groups on the PC1 axis (Fig. 4(b)).
Distinct microbial community profiles were observed among
the dietary groups at the phylum and genus levels. The dominant
phyla in the four groups were Firmicutes, Bacteroidetes,
Proteobacteria, Tenericutes and Verrucomicrobia. The proportions
of Firmicutes in the four groups were 56-48 % (CON), 52:19 %
(DIO), 58-89 % (1 % TFA) and 60-61 % (8 % TFA). The proportions

ssaud Aisianun abplquied Aq auluo paysiiand L¥810002St L L£000S/2101°01/B10"10p//:sdny


https://doi.org/10.1017/S0007114520001841

Nf' British Journal of Nutrition

Trans-fatty acids alter the gut microbiota 1255

Table 3. Effect of diets on the fatty acid composition of brain (n 8 per group)
(Mean values with their standard errors)

CON DIO 1% TFA 8% TFA
Fatty acid (%) Mean SEM Mean SEM Mean SEM Mean SEM F P
C14:0 0-513 0-059 0-551 0-052 0-578 0-049 0-524 0-059 0-227 0-841
Ci5:0 0-078 0-012 0-119 0-017 0-112 0-023 0-123 0-024 1-130 0-354
Ci16: 0 42863 0-990 44316 0-828 45-649 1.277 45055 0-609 1.577 0217
Ci7:0 0-189 0-014 0-176 0-016 0177 0-011 0-171 0-013 0-325 0-807
C18:0 32461 1.036 33994 1-004 34.542 0-374 34.324 1-419 0-835 0-486
C20: 0 0-353 0-019 0-320 0-021 0-311 0-020 0-335 0-027 0-735 0-540
c22:0 0-093 0-033 0-049 0-021 0-049 0-019 0-060 0-032 0-591 0-626
Cc23:0 0-027 0-013 0-009 0-009 0-005 0-005 0-010 0-010 0-988 0413
C24:0 0-207 0-035 0-133 0-039 0-141 0-027 0-155 0-060 0-615 0-611
Total SFA 76-784 1-828 79-667 1.668 81-563 1.372 80-757 1-440 1.733 0-183
C14 : 1 0-005 0-005 0-006 0-006 0-012 0-012 0-006 0-006 0-203 0-893
Ci16 : 1 0-249 0-008 0-195t 0-014 0-1821 0-017 01761 0-019 4.898 0-007**
C17 : 1 0775 0-116 0-605 0-100 0-4321 0-046 0-4561 0-062 3-399 0-031*
C18 : 1n9c 9-518 0-860 7-973 0-657 7-0381 0-459 7-2921 0-481 3.077 0-044*
C20 : 1 0-666 0-130 0-457 0-099 0-3141 0-043 0-388t1 0-045 3-005 0-047*
Cc22 : 1n9 0-041 0-022 0-018 0-010 0-005 0-005 0-009 0-009 1-486 0-240
C24 : 1 0-570 0-101 0-398 0-099 0-314 0-043 0-388 0-045 1-693 0-191
Total MUFA 11.823 1-208 9-651 0-894 8-3351 0-549 8-6861 0-588 3-384 0-032*
C18 : 2n-6¢ 0-313 0-033 0-310 0-032 0-289 0-018 0-253 0-019 1-123 0-357
C20 : 3n-6 0-124 0-024 0-068 0-025 0-046 0-018 0-069 0-023 2131 0-119
C20 : 4n-6 5.135 0-387 5-039 0-390 4.705 0-399 4894 0-519 0-192 0-901
Total n-6 PUFA 5.571 0-415 5417 0-422 5.040 0-395 5.215 0-525 0-276 0-842
C18 : 3n3 0-341 0-092 0-311 0-135 0-405 0-131 0-249 0-114 0-294 0-829
C20 : 3n-3 0-024 0-013 0-007 0-007 0-003 0-003 0-007 0-007 1.275 0-302
C22 : 6n-3 5246 0-411 4.773 0-493 4-495 0-478 4.947 0-452 0-469 0-707
Total n-3 PUFA 5-611 0-467 5.092 0-479 4.903 0-462 5.204 0-486 0-401 0-753
C18 : 1n-9t(TFA) 0-005 0-005 0-002 0-002 0-000 0-000 0-013 0-013 1-089 0-370
Total fatty acids 100-000 0-000 100-000 0-000 100-000 0-000 100-000 0-000 0-636 0-598

CON, control; DIO, diet-induced obesity; 1% TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with 8 % trans-fatty acids; TFA, trans-fatty acids.
* P<0-05, ** P<0-01.
1 P<0-05, compared with CON group.

Table 4. Effect of diets on the fatty acid composition of plasma (n 10 per group)
(Mean values with their standard errors)

CON DIO 1% TFA 8% TFA

Fatty acid (mg/ml) Mean SEM Mean SEM Mean SEM Mean SEM F P
Ci13:0 0-013 0-009 0-000 0-000 0-000 0-000 0-006 0-006 1-359 0-271
Ci4:0 0-006 0-001 0-000t 0-000 0-0001 0-000 0-000t 0-000 16-225 <0-001***
Ci16: 0 0-460 0-029 0-438 0-018 0-408 0-016 0-382 0-021 2.465 0-078
Cci8: 0 0-266 0-016 0-351t 0-014 0-3821 0-016 0-304% 0-015 5.680 0-003**
Total SFA 0-745 0-050 0-789 0-030 0-736 0-032 0-692 0-037 1-805 0-368
C16 : 1 0-036 0-005 0-008t 0-001 0-009t 0-001 0-0061 0-002 24.400 <0-001***
C18 : 1n9c 0-185 0-025 0-196 0-019 0-153 0-012 0-1301% 0-010 3-000 0-043*
Total MUFA 0-221 0-030 0-204 0-019 0-1621 0-013 0-1361% 0-011 3-860 0.017*
C18 : 2n-6¢c 0-201 0-016 0-189 0-014 0-145t% 0-010 0-1381% 0-010 5-992 0-002**
C20 : 4n-6 0-371 0-030 0-545 0-051 0-467 0-048 0-456 0-041 2.704 0-060
Total n-6 PUFA 0-572 0-044 0734 0-053 0-612 0-054 0-594 0-050 2.102 0-117
C18 : 3n-3 0-000 0-000 0-000 0-000 0-001 0-001 0-000 0-000 1-000 0-404
C22 : 6n-3 0-038 0-005 0-047 0-004 0-039 0-006 0-040 0-005 0-699 0-559
Total n-3 PUFA 0-038 0-005 0-047 0-004 0-040 0-007 0-040 0-005 0-527 0-666
C18 : 1n-9t(TFA) 0-000 0-000 0-000 0-000 0-000 0-000 0-01611§ 0-004 19-262 <0-001***
Total fatty acids 1.575 0-121 1.773 0-084 1-551 0-096 1479 0-098 1.579 0-211

CON, control; DIO, diet-induced obesity; 1 % TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with 8 % trans-fatty acids; TFA, trans-fatty acids.
* P<0-05, ** P<0-:01, *** P<0-001.

1 P<0-05, compared with CON group.

1 P<0-05, compared with DIO group.

§ P<0-05, compared with 1% TFA group.
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Fig. 3. Comparisons of a-diversities of the gut microbiota among the four groups. Bacteri

index, (c) the Chao 1 index and (d) the phylogenetic diversity (PD) index in the four groups. Data are means with their standard errors of each group (n 6). *
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al community diversity was measured by (a) the Shannon index, (b) the Simpson
P <0-05,

** P<0-01. Statistical analyses were performed with ANOVA and Bonferroni test. s, Control (CON); mmm, diet-induced obesity (DIO); mmm, 1 % trans-fatty acids (TFA);

8% TFA. OTU, operational taxonomic units.
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Fig. 4. Principal component (PC) analysis (PCA) of bacterial operational taxonomic unit (OTU) level in four different diet groups (n 6 per group). (a) PC1 explained
41-51 % of the variation, and PC2 explained 14-08 %. (b) The box plots represent the dispersion of the distribution of different groups on the PC1 axis. , Control

(CON); , 8% trans-fatty acids (TFA); ¢, 1% TFA; a, diet-induced obesity (DIO).

of Bacteroidetes were 3891, 41-33, 35-98 and 32-68 %, respectively.
The percentage of Proteobacteria in the CON group (2-96 %) was
lower than that in the DIO, 1 % TFA and 8 % TFA groups (4-48, 3-47
and 3-58 %, respectively). The proportions of Tenericutes showed
no significant differences across the diet groups (1-22,1-28, 1-15 and
1-19 %, respectively); likewise, the proportions of Verrucomicrobia

were 0-00, 0-49, 0-00 and 1-62 %, respectively. The dominant genus
of the intestinal microbiota was Bacteroides. Detailed information
on the proportions of the microbial community is shown in
Fig. 5. The heat map also displayed the microbial community struc-
tures at the phylum and genus levels of the gut microbiota across all
four diet groups (Fig. 6).
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Fig. 5. Average composition of taxa among the rats consuming different diets (n 6 per group). (a) Overall structures of the gut microbiota at the phylum level. (b) Overall
structures of the gut microbiota at the genus level. CON, control; DIO, diet-induced obesity; 1 % TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with 8 %
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Fig. 6. Heat map analyses of abundant phyla and genera in each group. The y-axis is a neighbour-joining phylogenetic tree; each row is a different phylotype. The colour
of the spots in the right panel represents the mean relative abundance of the phyla in each group (n 6 per group). (a) Heat map of the gut microbiota at the phylum level in
each group. (b) Heat map of the abundant genera. CON, control; DIO, diet-induced obesity; 1 % TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with
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Taxonomy-based comparisons of the intestinal microbiota

We further compared the relative proportions of gut microbiota
in all groups at the phylum and genus levels by the Kruskal—-
Wallis H test. No significant differences were observed in the
relative abundance of gut microbiota at the phylum level
(Fig. 7(a), P>0-05), but at the genus level, Bacteroides and
Muribaculaceae showed different abundances among the diet
groups (Fig. 7(b)). The proportion of genus Bacteroides was
increased in the DIO (P=0:0133) and 1% TFA (P=0-0071)
groups compared with the CON group. The proportions of

Muribaculaceae in the DIO, 1% TFA and 8 % TFA groups were
lower than that in the CON group (all P < 0-00D).

Metagenomic comparisons by functional investigations

The predicted proteins were functionally categorised and
assessed on COG, and the distribution in each category is dis-
played by box plots in Fig. 8. In these COG categories, the cluster
for ‘carbohydrate transport and metabolism’ displayed the larg-
est abundance among all groups, followed by ‘transcription’,
‘function unknown’ and ‘amino acid transport and metabolism’
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Fig. 7. Comparisons of relative abundance (percentage of sequences) of the top five main bacterial phyla and genera (n 6 per group). (a) Comparison of dominant phyla
among diet-induced obesity (DIO), 1 % trans-fatty acid (TFA) and 8 % TFA and control (CON) groups. (b) Comparison of dominant genera in the DIO, 1 % TFA, 8 % TFA
and CON groups. (c) Comparison of the genus Bacteroides between two groups. (d) Comparison of Muribaculaceae in any two groups. * P<0-05, ** P<0.-01,
*** P<0-001. Statistical analyses were performed with the Kruskal-Wallis H test followed by pairwise multiple comparisons among the four groups. (a) and (b):
@, CON; mmm, DIO; mmm, 1% TFA; , 8% TFA; (c) and (d): ® CON; 0, 8% TFA; ®, 1% TFA; @, DIO.
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Fig. 8. Clusters of orthologous group (COG) functional classification among four dietary groups (n 6 per group). (a) Abundance of COG functional categories in the
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Table 5. Comparisons of clusters of orthologous group functional abundance among four dietary groups

(Median values)

Median abundance

Function

code Description CON DIO 1% TFA 8% TFA 7 P
RNA processing and modification 9845 1510-0 12325 16020 6-447 0-092
Chromatin structure and dynamics 15535 14775 1841.0 14215 1.042 0-791

Energy production and conversion

Cell cycle control, cell division, chromosome partitioning
Amino acid transport and metabolism
Nucleotide transport and metabolism
Carbohydrate transport and metabolism
Coenzyme transport and metabolism

Lipid transport and metabolism

Translation, ribosomal structure and biogenesis
Transcription

Replication, recombination and repair

Cell wall/membrane/envelope biogenesis

Cell motility

Inorganic ion transport and metabolism

Secondary metabolites biosynthesis, transport and
catabolism

General function prediction only

Function unknown

Signal transduction mechanisms

Intracellular trafficking, secretion and vesicular transport

Defence mechanisms

Extracellular structures

Cytoskeleton

Ns<Cc—H®nD OQUOZZEIrMX&«—~ITEOTMMUOT>»

Post-translational modification, protein turnover, chaperones

10006050 9312125 961803-0 10571930 5.687 0-128
266 022-5 256 1155 258 461-0 296 890-5 4967 0174
13622120 1288 342:0 13407350 15002530 7-147 0-067
5172140 496627-0 5048935 5748565 5-860 0-119
1464 1200 1516713-:0 1488506-0 17146290 4.780 0-189
605 820-0 5778515 5863795 6415750 5460 0-141
408 228-0 4137855 409 142.0 460 6435 6-187 0-103
1151 450-0 10702940 1099 741-0 1238 170-0 5-300 0-151
1306 4620 1290879-0 13338400 1570820-0tf§ 8-300 0-040*
1255 179-0 1220582-:0 1240029-0 1416 037-0% 7-973 0.047*
12197060 1263697-0 12445930 13484290 3540 0-316

186 316-5 1737255 181856-:0 191 760-0 2:247 0-523
5517115 544 649-5 5272550 585 596-0 4.187 0-242
943 583-:0 9874880 969 112.0 1050 813:0 5-380 0-146
135557.0 1347100 141887-0 141 999.0 5.607 0-132

13513110 13528970 1353887-0 1540288-0tf§ 8-580 0-035*
1347 965-0 1326 853-0 1331341.0 1525412.0t£§ 9-347 0.025*

976 911.0 968 340-0 9812380 1128 448.0 7-647 0-054
240 959-5 246 699-0 244 4065 263 642-0F 8127 0.043*
5518035 5542045 5553810 658276-5 6207 0-102
8.0 6:0 255 30 6-466 0-091
2188-0 2211-0 2245.0 2244.5 0-180 0-981

CON, control; DIO, diet-induced obesity; 1% TFA, high-fat diet with 1 % trans-fatty acids; 8 % TFA, high-fat diet with 8 % trans-fatty acids.

* P<0-05.

1 P < 0-05, compared with CON group.

} P<0-05, compared with DIO group.

§ P<0-05, compared with 1% TFA group.

clusters. Table 5 shows that the five functional categories were
significantly different across the four dietary groups (P < 0-05).
Compared with the CON group, the functional category called
‘intracellular trafficking, secretion and vesicular transport’
showed a marked increase in the 8% TFA group (P < 0-05).
Compared with the DIO group, the functional category called
‘replication, recombination and repair’ indicated a significant
increase in the 8% TFA group (P < 0-05). Compared with the
8% TFA group, the functional categories showed marked
decreases in the CON, DIO and 1 % TFA groups, including ‘tran-
scription’, ‘general function prediction only’ and ‘function
unknown’ (P < 0-05).

Discussion

‘Diet is one of the most important determinants of human
health’®_ Although the intake of TFA has decreased consid-
erably over the past two decades”, ‘partially hydrogenated
plant oils or margarine are also widely used in the daily foods,
such as deep-fried and packaged snacks, leading to the inevi-
table intake of TFAs*!>. Some animal and human studies have
linked the intake of HF and TFA diets to the risk of obesity.
Chajes et al."” found that doubling elaidic acid intake showed
a trend of a risk of weight gain during the 5-year follow-up,
particularly in women. The results from our study showed
the HF diet and two types of TFA diets increased the body
weights in the 1% TFA, 8 % TFA and DIO groups of the rats,

which is consistent with the research conducted by Chajés
et al 19 At the end of our study, due to the Morris water maze
test, the overall weight of rats decreased, but the body weights
in test groups were still higher than that in the CON group (all
P<0-05). Axen et al.'7 reported that HF diets with high
amounts of TFA produced obesity in rats. Moreover, Smit
et al."® suggested that ‘specific TFA isomers may have diver-
gent effects on adiposity’. However, others did not observe
obvious relationships between TFA consumption and body
weight'®. An animal study showed that TFA diets did not
induce weight gain in the low-fat or HF diet groups of
C57BL/6 mice""”. Therefore, the causal relationship between
TFA consumption and obesity needs additional investigation.
Our results also showed that the serum concentrations of total
cholesterol, LDL-cholesterol and glucose were significantly
higher in the 1% TFA, 8% TFA and DIO groups, which are
consistent with the findings of previous studies®*?". Some
clinical and animal studies also showed that increasing TFA
intake resulted in a significant elevation of LDL-cholesterol
accompanied by a lesser decrease in HDL-cholesterol
levels®>?? . Interestingly, compared with the other three
groups, the insulin was markedly higher in the 8 % TFA group.
Furthermore, Mohammed et al®" found that HF diets
increased the risk for insulin resistance by triggering inflam-
mation, which might be mediated by specific commensal bac-
teria. These results demonstrated that TFA consumption might
lead to adverse serum parameter effects and obesity in rats.
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In addition, the lipid profiles revealed that most MUFA
showed a significant decrease in both the brain and plasma of
the TFA groups. The levels of C18: 2#1-6¢ (linoleic acid) were
strikingly decreased in the plasma of both TFA groups. These
changes were balanced by an increase in C18 : 172-9¢ (TFA), par-
ticularly in the plasma. The results of Phivilay et al.?> support
this phenomenon, indicating that most TFA are produced at
the expense of decreases in linoleic acid. In addition,
Albouery et al.?® pointed out that intestinal colonisation by a
microbiota profoundly modified the brain lipid composition.
Our study showed that TFA could lead to modifications of lipid
profiles in the brain and plasma.

‘The nutritional value of food is influenced partly by gut
microbiota and its component genes'® | and at the same time,
the gut microbiota is influenced by daily diets. Understanding
the relationships between the structure of intestinal microbial
communities and dietary components is essential when studying
the effect of diets on human health. Although the test groups did
not show decreased gut microbial diversity or richness at the
OTU level, the distinct clustering of the test groups in the prin-
cipal component analysis plot was very different than the CON
group in the present study. Lin et al.*” reported that the intes-
tinal microbiota structures of standard chow diet and HF diet
groups were also markedly separated from each other in the
principal coordinates analysis plot, which is similar to our out-
come. According to the results of Tomas et al.®®, a HF diet
reduced the diversity and richness of the faecal microbiota in
C57BL/6 mice, which is different from our outcome. The
differences in our conclusion might be due to using different pro-
portions of TFA.

We found that the composition of the gut microbiota differed
among the diet groups at the phylum level. The most abundant
bacterial phylum in the faecal bacterial community was
Firmicutes, followed by Bacteroidetes, then Proteobacteria. Ge
et al"” observed that the second most abundant phylum in
the intestinal microbial community of mice fed TFA diets is
Proteobacteria, which is consistent with our findings. We also
observed that the proportion of the phylum Proteobacteria did
increase in the DIO, 1% TFA and 8% TFA groups, but these
differences were NS (P > 0-05). Proteobacteria is a potential diag-
nostic criterion for several chronic diseases, such as CVD, inflam-
matory bowel disease and colitis-associated colorectal
cancer®3”, Many previous studies have reported an increase
in the abundance of Proteobacteria in inflammatory bowel
disease®?,

The results from our study showed that compared with that in
the CON group, the abundance of the phylum Firmicutes
decreased in the DIO group, instead of increasing in the 1%
TFA and 8 % TFA groups. In contrast, the proportion of the phy-
lum Bacteroidetes increased in the DIO group, instead of
decreasing in the 1% TFA and 8% TFA groups. This trend
was particularly obvious in the 8% TFA group rather than in
the 1% TFA group. However, these differences were NS
(P> 0-05). Previous studies showed obese mice induced by a
HF diet or by leptin administration harboured gut microbiota
enriched in the phylum Firmicutes and depleted in
Bacteroidetes®3?. Another report indicated that the relative
abundance of Bacteroidetes was reduced in faecal samples from

twelve obese human subjects!"”. These findings are consistent
with the results in the 1 % TFA and 8 % TFA groups of our study.
A similar study also showed a significant decrease in the propor-
tion of the phylum Bacteroidetes in the TFA groups, contrary to
the non-TFA groups, in mice’”, and likewise, a reduction in the
phylum Bacteroidetes has been linked to several metabolic dis-
eases, such as diabetes and cardiac diseases®?.

Furthermore, our results included comparisons at the genus
level of gut microbiota. Compared with the CON group, the
genus Bacteroides increased in the DIO and 1% TFA groups
(P<0:05). Some early studies demonstrated that a combination
of a HF/high-sugar diet elevated Bacteroides species, leading
to dysbiosis, in agreement with our results®. Moreover, our
results are in accordance with a previous report by Schwiertz
et al® who showed that the proportion of Bacteroidetes
was significantly enriched in overweight and obese subjects.
Zhang et al®® found that Prevotellaceae within the class
Bacteroidetes was significantly increased in obese individuals.
Carvalho et al.”” and Yang et al.®” showed that the potentially
beneficial Bacteroides acidifaciens was not depressed in mice in
response to a trans-fat diet, which is consistent with our results.
Some studies have linked Bacteroides abundance to the con-
sumption of a diet rich in animal adipose and protein®®3?. In
conclusion, the increase in Bacteroides caused by intake of
TFA or HF diets indicated that the gut microflora of the rats
was disordered. In our results, Muribaculaceae decreased in
the DIO, 1 % TFA and 8 % TFA groups (P < 0-01). A related report
also showed that the intake of TFA diets decreased the relative
abundance of Muribaculaceae in mice". Tomas et al.®® found
that the relative abundance of Muribaculaceae was significantly
lower in HF diet-fed mice. In a recent study carried out by Deng
et al. 9, the fluctuation in Muribaculaceae in the intestinal tracts
may have significant effects on inflammation and the rate of
tumourigenesis.

Many potential functions of the gut microbiota influence
whole-body metabolism and play key roles in the pathology
of obesity™*P. Among the functional categories, we observed that
most COG categories were generally increased in the 8 % TFA
group, including ‘transcription’, ‘general function prediction
only’, ‘function unknown’ and ‘intracellular trafficking, secretion
and vesicular transport’, compared with the CON group; includ-
ing ‘transcription’, ‘replication, recombination and repair’,
‘general function prediction only’ and ‘function unknown’, com-
pared with the DIO group; and including ‘transcription’, ‘general
function prediction only’ and ‘function unknown’, compared
with the 1% TFA group. Many of these COG potentially relate
to adiposity, obesity and energy balance regulation‘?. We
assumed that the significant differences in functional categories
among the 8% TFA group and other three groups might be
linked to the proportion of TFA. Everard et al.#" also found that
HF diets increased the proportion of COG related to obesity in
mice, such as the sugar-specific phosphotransferase system,
ABC transporters and cell motility. Hence, we assumed that
the structural changes in the gut microbial communities in
response to dietary components induce alterations in physiologi-
cal functions, potentially influencing the host metabolism.

The rat and human gut microbiota are similar at the phylum
level, but different at the genus level. Furthermore, diversity of
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the intestinal microbiome in rats may exceed that in humans by
2-3 times“?. Due to the higher diversity of the microbiome, the
rat is a suitable animal model for analysing the causal link
between obesity and gut microbiota. Our study has the following
limitations. First, we did not perform a metabolomics analysis of
the faecal samples. This analysis would be helpful to explain
how the TFA/HF diets influenced the gut microbiota. Second,
no population research was conducted. Although our present
results were obtained from rats and cannot be applied directly
to humans, this study could provide the theoretical guidance
in human studies and open the door for comparable investiga-
tions of the interactions between humans and their microbial
communities.

Conclusion

In summary, the HF/TFA-rich diets could induce obesity,
adverse serum parameters, modifications of lipid profiles in
the brain and plasma and gut dysbiosis. Based on the hypotheses
of Mohammed e al.?" and Albouery et al.??, we speculated
that dietary TFA might lead to modifications of insulin level in
the serum and lipid profiles in the brain and plasma through
the gut microbiota. All of the results demonstrated links between
the HE/TFA-DIO and dysfunction of the gut microbiota, includ-
ing adverse blood and brain parameters, an increase in
Bacteroidetes, a decrease in Muribaculaceae, etc. Dysbiosis of
the gut microbiota caused by the intake of HF/TFA-rich diets
might play roles in multiple metabolic diseases, such as
obesity'%444%  Our results indicated that the gut microbiome
has potential for use as a biomarker and as a new therapeutic
target for obesity.
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