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Consumption of soybean or olive oil at recommended concentrations increased
the intestinal microbiota diversity and insulin sensitivity and prevented fatty liver
compared to the effects of coconut oil
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Abstract
Diets rich in mono or polyunsaturated fats have been associated with a healthy phenotype, but there is controversial evidence about coconut oil (CO),
which is rich in saturated medium-chain fatty acids. Therefore, the purpose of the present work was to study whether different types of oils rich in polyunsaturated (soybean oil, SO), monounsaturated (olive oil, OO), or saturated fatty acids (coconut oil, CO) can regulate the gut microbiota, insulin sensitivity,
inﬂammation, mitochondrial function in wild type and PPARα KO mice. The group that received SO showed the highest microbial diversity, increase in
Akkermansia muciniphila, high insulin sensitivity and low grade inﬂammation, The OO group showed similar insulin sensitivity and insulin signaling than
SO, increase in Biﬁdobacterium, increase in fatty acid oxidation and low grade inﬂammation. The CO consumption led to the lowest bacterial diversity,
a 9-fold increase in the LPS concentration leading to metabolic endotoxemia, hepatic steatosis, increased lipogenesis, highest LDL-cholesterol concentration and the lowest respiratory capacity and fatty acid oxidation in the mitochondria. The absence of PPARα decreased alpha diversity and increased LPS
concentration particularly in the CO group, and increased insulin sensitivity in the groups fed SO or OO. These results indicate that consuming mono or
polyunsaturated fatty acids produced health beneﬁts at the recommended intake but a high concentration of oils (three times the recommended oil intake
in rodents) signiﬁcantly decreased the microbial alpha-diversity independent of the type of oil.
© 2021 Elsevier Inc. All rights reserved.
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1. Introduction
Consuming saturated fatty acids is linked to obesity [1], but
there is still controversy regarding the source of fat in the diet and
which fats are healthier or more harmful [2]. Dietary saturated fats
have received a great deal of attention for their ability to induce
chronic low-grade inﬂammation, which is widely recognized as
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a key link to pathologies such as obesity, hepatic steatosis, type
2 diabetes, and cardiovascular disease [3]. Despite their equal
energy contents, dietary fatty acids that differ in structure can
have the opposite effects on inﬂammation and insulin resistance
[4]. These effects could be associated with changes in the gut
microbiota, which seems to be involved in sensing the dietary
composition and is linked to changes in metabolism and obesity.
Saturated fatty acids have been shown to have direct stimulatory
effects on Toll-like receptor (TLR) expression and c-Jun N-terminal
kinase (JNK) activity, promoting insulin resistance [5]. By contrast,
monounsaturated fatty acids have been shown to prevent high-fat
diet dysbiosis by preventing weight gain [6]. However, there is
little information about oils rich in medium- and long-chain saturated fatty acids, particularly coconut oil, which contains around
90% saturated fatty acids. There are numerous claims asserting
that it behaves atypically compared with other foods high in
saturated fat and is beneﬁcial for human health [7–9].
It is well known that fatty acids are ligands of PPARα , and the
higher the unsaturation, the higher the aﬃnity for this nuclear receptor [10,11]. Among the several functions of PPARα , it is a known
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key regulator of lipid metabolism, particularly fatty acid oxidation
[12]. PPARα is a transcriptional factor that is involved in fatty acid
homeostasis and in modulating the expression of genes encoding
several mitochondrial fatty acid-catabolizing enzymes [13]. Interestingly, there is evidence that PPARα may play a role in regulating the intestinal gut microbiota and therefore in regulating the
inﬂammatory response [14] that may affect the liver and adipose
tissue and can modulate some metabolic responses, including insulin resistance [15]. Therefore, our aim was to study the effects
of three different types of vegetable oils containing different proportions of saturated, monounsaturated and polyunsaturated fatty
acids on gut microbiota and the effects of these oils on PPARα KO
mice to study if the presence of PPARα is necessary for modulating
the gut microbiota.
2. Methods
2.1. Fatty acid determination of the soybean oil, olive oil and coconut oil
Total lipids from 100 µl soy, oleic or coconut oil were extracted according to
Folch [16]. Ten µl of heptadecanoic acid (15 µg/mL) was added as internal standard.
The fatty acids were methylated with 2 mL of methanol, 100 μL of toluene and 40
μL of sulfuric acid dissolved in methanol (2%) and were incubated at 90°C for 2 h.
Later 1 mL of 5% NaCl and 2 mL of hexane were added, and then the methylated
fatty acids were extracted with 3 extractions of 2 mL chloroform each [17]. The organic phase was evaporated under a nitrogen stream until dryness, and the residue
fatty acid methyl esters (FAME) were dissolved in 200 μL hexane for analysis by
gas chromatography (Agilent 6850 GC with ﬂame ionization detector) using an DB225MS capillary column (30 m × 0.25 mm inner diameter with 0.25 mm ﬁlm thickness; J&W Scientiﬁc, Albany, NY, USA). The injection of 1 μL of sample solution was
carried out in split mode (1:20.8) at 225°C. Hydrogen was used as a mobile phase,
with a constant ﬂux of 0.5 mL/min, and the interface temperature was maintained
at 225°C. The oven temperature was raised from 180°C to 200°C (5 min at 180°C,
increased to 190°C [1°C/min]; 5 min at 190°C, increased to 200°C [1°C/min]; 10 min
at 200°C). Quantiﬁcation of the samples was carried out using FAME standards, and
the peak areas were obtained from the generated chromatograms.

2.5. Insulin sensitivity and glucose tolerance test
After three months of dietary treatment, an insulin sensitivity and glucose tolerance test were performed. Food was removed 6 h before the test. Glucose (2 g/kg)
or insulin (0.5 UI/kg) was administered by intraperitoneal injection, and blood samples were collected from the tail vein after the glucose or insulin load was given.
Plasma glucose was immediately determined in a glucometer (FreeStyle, Abbott, CA,
USA) and the areas under the curves (AUCs) were calculated.
2.6. Real-time quantitative PCR
The total RNA was extracted from the frozen livers of wild type mice using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA synthesis was performed with
M-MLV reverse transcriptase enzyme and oligo(dT) 12–18 primer (Invitrogen, Carlsbad, CA, USA). The mRNA levels were measured by real-time quantitative PCR using
a LightCycler 480 SYBR Green I Master (Roche Applied Science, Mannheim, Germany). The PCR assays for each analyzed gene were performed in triplicate, with
12 ng of reverse-transcriptase product each in 96-well optical plates using a LightCycler 480 Instrument (Roche Applied Science, Mannheim, Germany) in accordance
with the manufacturer’s instructions. The PCR scheme used here was 50°C for 2
min, 95°C for 10 min, and then 40 cycles of 95°C for 15 s followed by 60°C for
1 min. Ribosomal m36B4 protein (m36B4) or β 2 microglobulin (B2M) mRNA were
used as invariant controls. The relative expression was calculated based on the efﬁciency (E=10[−1/slope]) of the primers and the threshold cycle (CT) values of the
experimental groups compared to the 7 % soybean oil group, and it was expressed
in comparison to reference genes (m36B4 and B2M) using the Pfaﬄ equation (4).
The primers used in this study are described as follow:

Primer sequences used for RT-qPCR
Gene

Primer

Sequence (5’- 3’)

β2MG

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

TTCTGGTGCTTGTCTCACTG
TATGTTCGGCTTCCCATTCT
AGATTCGGGATATGCTGTTGG
AAAGCCTGGAAGAAGGAGGTC
CAAAGGACCAAGCATTGCCC
TACAACAGCCTCAGAGCGAC
GCACTGCAGCTCGCACATTACA
CTCAGACAGTACCTCCTTCAGGAAA

m36B4
FAS
CPT-1

2.2. Animals and experimental diets
Male C57BL/6 wild type and PPARα -null mice (7–9 weeks old, average weight
23.4 ± 0.4 g) were maintained in an environment at a constant 22 °C with a 12
h light/dark cycle and free access to water and the experimental diets. Mice from
each genotype were randomly divided into groups of six mice each and were fed
one of 6 experimental diets containing 7% or 21% oil for 3 months: (1) 7% soybean
oil (SO) as recommended by the American Institute of Nutrition (AIN-93) [18], (2)
21% SO equivalent to 3 times the fat recommendation, (3) 7% extra virgin olive oil
(OO), (4) 21% OO, (5) 7% coconut oil (CO), and (6) 21 % CO. The composition of the
experimental diets is shown in Figure S1B.
The body weight and food intake were measured every 2 days. Following 3
months of experimental diet consumption, the mice were killed under deep anesthesia with isoﬂurane after fasting overnight. Their blood was collected with heparinized syringes, and their serum was obtained by centrifugation at 10 0 0 X g for
10 min and kept at -80 °C until analysis. Their livers were dissected immediately,
washed in saline, weighed, frozen in liquid nitrogen and stored at -80 °C until analysis. The Animal Care and Research Advisory Committee of the Instituto Nacional de
Ciencias Médicas y Nutrición Salvador Zubirán in Mexico City approved the animal
protocol and experiments (FNU-50-11-13-1). All institutional guidelines for the care
and use of laboratory animals were followed.

2.7. Western blot analysis
At the end of the experiment, liver samples of mice were collected after 8 hours
of fasting. Total protein of liver (n = 6) was extracted and quantiﬁed by Bradford
assay (Bio-Rad, Hercules, CA, USA) and stored at −70 °C. Protein samples were separated on 10% acrylamide gels with 30 µg protein per lane and blotted onto PVDF
membranes. Membranes were blocked in a blocking buffer consisting of 3% BSA
in TBS tween for 60 min at room temperature and incubated overnight at 4 °C
with the primary antibody with the following primary and secondary antibodies
in blocking buffer: anti-TLR4 (Santa Cruz, SC-293072, mouse monoclonal IgG) at
1:10 0 0, anti-NF-κ B (Santa Cruz, SC-372, rabbit polyclonal) at 1:1500, anti-IRS (Millipore, 05-1085, mouse monoclonal) at 1:750, anti-pIRS(Y896) (Abcam, AB4873, rabbit polyclonal) at 1:3500, anti-AKT(Santa Cruz, SC8312, rabbit polyclonal) at 1:30 0 0,
anti-pAKT (Santa Cruz, SC-7985-R, rabbit polyclonal).
The blots were incubated with anti-rabbit (Abcam, AB6885) or anti-mouse
(Abcam AB6789) secondary antibodies conjugated with horseradish peroxidase
(1:150 0 0). GAPDH (1:350 0 0) was used to normalize the data. Images were analyzed
with a ChemiDocTM XRS + System Image LabTM Software (Bio-Rad, Hercules, CA,
USA). The assays were performed three times using independent blots.

2.3. Evaluation of whole body composition
2.6. Histological analysis
Mice were placed into a thin-walled plastic cylinder, with a cylindrical plastic
insert added to limit movement in a quantitative magnetic resonance imaging system Echo MRI, Houston, Tx, USA). While in the tube, animals were brieﬂy subjected
to a low-intensity (0.05 Tesla) electromagnetic ﬁeld to measure fat and lean mass
[19]. Fat and lean mass were monitored every 2 weeks.

Paraﬃn sections (4 μm) of liver were ﬁxed in 10% phosphate-buffered formalin
and stained with hematoxylin and eosin. The histology sections were captured at a
total magniﬁcation of 100X.
2.7. Fecal DNA extraction and 16S rRNA sequencing

2.4. Serum biochemical measurements
The serum total cholesterol, LDL cholesterol, glucose and triglycerides were
measured using an automated c111 analyzer (Roche Diagnostics GmbH, Mannhein,
Germany). Serum insulin (Alpco Diagnostics, Salem, NH, USA) and LPS concentration
(Cloud-Clone Corp. Texas, USA) were determined by enzyme-linked immunosorbent
assay. All of the above parameters were analyzed according to the manufacturer’s
speciﬁcations.

Fecal samples were collected at the end of the study. Samples were frozen at
−70°C until use. DNA extraction was carried out using a QIAamp DNA Stool Mini
Kit (Qiagen, U.S.A.), according to the manufacturer’s instructions. Variable regions
3−4 of the 16S rRNA gene was ampliﬁed using speciﬁc primers containing the Illumina adapter overhang nucleotide sequences. Ampure XP bits were used to purify the 16S V3-V4 amplicons, and quantiﬁed on Qiaxcel (QIAGEN, Germany). An
index PCR was then carried out to attach dual index using a Nextera XT v2 Kit Set
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A. The amplicon size was approximately 610 bp, and the concentration of doublestranded DNA was measured using a ﬂuorometer Qubit 3.0. The ﬁnal amplicon library was pooled in equimolar concentrations. Sequencing was performed on the
Illumina MiSeq platform (MiSeq Reagent Kit V.3, 600 cycles) at a 15 pM with 20%
Phyx infection according to the manufacturer’s instructions to generate paired-end
reads of 300 bases in length in each direction.
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determined with ECAR values as previously described [22]. To evaluate the fatty
acid oxidation, a mitochondrial stress test was performed in an XF basal medium
supplemented with 2.5 mM glucose, 0.5 mM carnitine and 1 mM HEPES containing
palmitate-BSA (100 μM/170 μM) and with or without the CPT1A inhibitor etomoxir.
The maximal total fatty acid oxidation was calculated by ﬁnding the difference in
the maximal respiration between cells that were incubated with or not incubated
with etomoxir for each oil treatment.

2.8. Bioinformatic analysis for Gut microbiota
For taxonomic composition analysis of gut microbiota, Custom C# and python
scripts in the Quantitative Insights Into Microbial Ecology (QIIME) software pipeline
v1.9.1 were used to process the sequencing ﬁles. The sequence outputs were ﬁltered
for low-quality sequences (deﬁned as any sequences that are <300 bp or >620 bp,
sequences with any nucleotide mismatches to either the barcode or the primer, sequences with an average quality score of <30, and sequences with ambiguous bases
>0). Sequences were checked for chimeras and chimeric sequences were removed.
The analysis started by clustering sequences within a percent sequence similarity
into operational taxonomic units (OTUs). 92% of the sequences passed ﬁltering, resulting in 55174 ± 21941 sequences/sample on average with a 97% similarity threshold. OTUs were picked against the RDP database. 97% of the OTUs were selected
from the database. After the resulting OTU ﬁles were merged into one overall table, taxonomy was assigned based upon the reference taxonomy database. Thus,
99.7%, 99.7%, 99.2%, 92.1%, 84.82% and 38.97% of the reads were assigned to the
phylum, class, order, family, genus and species level, respectively. Alpha diversity
by Shannon index was calculated, and we estimated the within-sample diversity at
a rarefaction depth of >24202 reads per sample. Weighted and unweighted UniFrac
distances were used to perform the principal coordinate analysis (PCoA). Microbial
sequence data were pooled for OTUs comparison and taxonomic abundance analysis but separated by batch in the principle coordinates analysis (PCoA) to have clear
PCoA ﬁgures. PCoAs were created using Emperor, and the community diversity was
determined by the number of OTUs and beta diversity, measured by UniFrac unweighted and weighted distance. ANOSIM was used to determine statistically signiﬁcant clustering of groups based upon microbiota structure distances.
Linear Discriminant analysis. The score of linear discriminant analysis (LDA) is
a method to determine the OTUs most likely to explain differences between treatment groups and was calculated using the tool (LEfSe) in the Galaxy platform [20].
LEfSe robustly identiﬁes features that are statistically different among groups, then
performs additional tests to assess whether these differences are consistent with
respect to expected biological behavior. First, a non-parametric factorial KruskalWallis sum-rank test was used to detect features with signiﬁcant differential abundance with respect to the class of interest. The biological consistency is cheeked
using a set of pairwise tests among subclasses using the (unpaired) Wilcoxon ranksum test. As a last step, LEfSe uses LDA to estimate the effect size of each differentially OTU abundant.
2.9. Primary hepatocyte cell culture, mitochondrial function and fatty acid oxidation
assay
The primary hepatocytes were collected through the in situ perfusion of the
liver according to the method by Berry and Friend [21], which consists of cannulating and exsanguinating the liver in vivo followed by a continuous perfusion with
collagenase. The liver was then isolated and placed in Hanks balanced salt solution
(HBSS) to disaggregate the tissue. The cell suspension was ﬁltered through a 70
μM mesh, and then the ﬁltered cells were washed twice with HBSS and ultimately
re-suspended in M199 medium supplemented with 10 % FBS, 1 X antibiotic, 0.1 %
BSA, 1 nM insulin, 100 nM dexamethasone and 100 nM triiodothyronine. The hepatocytes were then seeded into a XFe96 microplate at a density of 4,0 0 0 cells/well.
The medium was changed after 4 h to remove the unattached cells.
Based on the fatty acid composition of the different oils (Supplementary Table 1), the cells were then incubated with 150 μM dodecanoic acid and 72 μM of
myristic acid, the most abundant fatty acids in the CO which represent 50% and
24%, respectively or with 213 μM of oleic acid and 60 μM of linoleic acid, which
represent the most abundant fatty acids in the OO, representing 71% and 20%, respectively, or with 186 μM of linoleic acid and 40.8 μM of oleic acid, the most
abundant fatty acids of SO representing 62% and 13.6%, respectively, or with BSA at
a ﬁnal concentration of 0.4% for 18 h. We then evaluated the mitochondrial function using a mitochondrial stress test with an extra injection of 2-deoxyglucose in
a XFe96 Extracellular Flux Analyzer (Agilent Technologies). In brief, the cells were
washed and incubated for 1 h in a non-CO2 incubator with XF basal medium supplemented with 10 mM glucose, 1 mM pyruvate and 2 mM glutamine. During the
experiment, 2 μM oligomycin, 1 μM carbonyl cyanide-p-triﬂuoromethoxy phenylhydrazone (FCCP), 1 μM rotenone/antimycin A and 50 mM of 2-deoxyglucose were
injected sequentially, and three measurements were performed under basal conditions and after the addition of each compound. The oxygen consumption rate (OCR)
and the extracellular acidiﬁcation rate (ECAR) measurements were obtained and
analyzed by following the manufacturer’s recommendations. The basal mitochondrial respiration, ATP-linked respiration, proton leaking, maximal respiration, nonmitochondrial respiration and spare respiratory capacity were then calculated using
the OCR values, and the glycolysis, glycolytic reserve and glycolytic capacity were

2.10. Statistical analysis
We used a 2-way analysis of variance (ANOVA) to assess the effects of the dietary fat concentration (7 or 21%) for the three different dietary oils (SO, CO or OO),
and we used 3-way ANOVA to evaluate the effect of the type of oil, the oil concentration and the mice genotype. In all cases, whenever the model was signiﬁcant,
Tukey’s multiple comparison tests were used to deﬁne the signiﬁcant differences.
The data are presented as the means ± standard error (SE). For all the statistical
analyses, we considered a value of p < 0.05 as signiﬁcant. All the graphs and analyses were made in Prism 7.0 (GraphPad Software Inc., CA, USA).

3. Results
3.1. Fatty acid composition, total phenolic content and antioxidant
activity of the three different oils
The SO contained 66% polyunsaturated fatty acids and 13% of
monosaturated fatty acids, the OO contained 65% monounsaturated fatty acids, and the CO contained 95% saturated fatty acids,
as shown in Figure S1A. The fatty acid composition of the oils is
shown in Table S1. SO oil contained mainly linoleic acid as previously reported [23], the extra virgin olive oil contained mainly
oleic acid also as previously reported [24] and the CO contained
mainly lauric acid and myristic acid. There are variations in the
fatty acid composition depending of different factors, including geographical area or season.
These types of oils are representative of polyunsaturated, monounsaturated and saturated fats. In addition, the antioxidant capacity of the three oils was assessed, OO had 9.7- and 10.2-fold
higher antioxidant capacity than SO or CO, respectively, Figure S1D.
Furthermore, OO showed higher concentration of phenolic compounds (21.2 mg/g) compared to SO or CO containing (11.7 mg/g),
Figure S1E.
3.2. Effect of the type of oil in the diet on body weight and % body
fat in WT mice.
We studied the effects of consuming SO, OO and CO in accordance with the recommendation from the American Institute of
Nutrition [18] of 7% dietary fat for 3 months. The results clearly
showed that mice that consumed SO had the lowest body weight
gain, whereas those that were fed CO had the highest body weight
gain. The consumption of OO produced an intermediate body
weight gain (Fig. 1A). However, when the consumption of oil exceeds the recommendation for rodents, in this case at 21%, three
times the recommendation, the mice that consumed SO or CO
showed the highest body weight gain and the group that ate OO
showed the lowest body weight gain, (Fig. 1B).
Body weight gain was accompanied by changes in body composition. Mice given 7% CO showed the highest % of body fat with
(21.2%), whereas mice fed 7% SO showed the lowest % of body fat
(15.2%) and mice receiving OO had 17.6% body fat (Fig. 1C). When
the mice were given 21% fat, the groups that consumed CO or SO
showed increased body fat, to 27% and 29%, respectively, whereas
the group that consumed OO showed an increase in body fat to
19% (Fig. 1D), indicating that the type of oil and the % of dietary
fat are important for maintaining the body weight and body composition.
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Fig. 1. Body weight, percentage of body fat and energy expenditure depend on the type of oil consumed by WT mice. (A) Body weight gain of wild type mice receiving 7% or
(B) 21% soybean oil (SO), olive oil (OO) or coconut oil (CO), (C) body composition (% body fat and % lean mass) in mice fed 7% or (D) 21% SO, OO or CO.

3.3. Assessment of the type and concentration of oil in the diet on
the alpha and beta diversity of the gut microbiota
The alpha diversity analysis determined by Shannon index
showed that the group given 7% SO had the highest alpha diversity
compared to those consuming 7% OO or CO. Consumption of 21%
fat diets decreased the alpha diversity in all groups, but the ones
that consumed SO had higher alpha diversity than those receiving
OO or CO (Fig. 2A). The statistical analysis revealed a signiﬁcant
interaction between the type of oil and % of oil in the diet. In addition, the beta-diversity analysis revealed that 52% of the dissimilarity in the gut microbiota was due to the type of oil consumed,
whereas the % of oil in the diet modiﬁed the gut microbiota by approximately 8−10%, (Fig. 2B). In fact, the taxonomic analysis at the
gut microbiota phylum level showed that consuming the polyunsaturated fat present in the 7% SO increased the Verrucomicrobia
phyla, which gradually decreased when the fat was monounsaturated (7 % OO) and decreased even more with saturated fat (7 %
CO), as shown in Fig. 2C. Consuming 21% fat regardless of the type
of oil decreased the Verrucomicrobia phyla (Fig. 1C). These results
were conﬁrmed at the genus level, in that the Akkermansia genus
was reduced gradually with the saturation of the fats and with the
concentration of oil in the diet (Fig. 2D). At the species level, the
LDA analysis revealed that the group receiving 7% SO displayed a
signiﬁcant increase in Akkermansia muciniphila, whereas the group

that consumed 7% OO showed signiﬁcant increases in ten species,
primarily Bacteroides acidifaciens and Faecalibacterium prausnitzii,
and the group that received 7% CO had signiﬁcant increases
in eight species, particularly Mucispirillum schaedleri (Fig. 2E).
Consuming a diet consisting of 21% SO signiﬁcantly increased
Faecalibacterium prausnitzii, whereas consuming 21% OO increased
three species, primarily Akkermansia muciniphila, and consuming
21% CO increased the abundance of fourteen species, primarily Mucispirillum schaedleri, as observed in the group that consumed 7%
CO. Interestingly, there were also differences in the relative abundance of species between 7% and 21% for each oil. It is noteworthy
that Akkermansia muciniphila was present in the three oil groups
fed at 7%, whereas Mucispirillum schaedleri was the most abundant
in the groups receiving 21% oil diets, as shown in Fig. 2G−l.
3.4. Response to the type of dietary oil on body weight and body
composition in PPARα KO mice
In PPARα KO mice, at the end of three-month period, there
were no signiﬁcant differences in body weights among groups receiving 7% fat diets (Fig. 3A). However, the body weight gain was
different when the mice received 21% fat diets. Mice receiving SO
had gained signiﬁcantly higher body weight at the end of the treatment compared to the groups receiving OO or CO (Fig. 3B). Assessment of body composition of mice consuming a 7% fat diet
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Fig. 2. The type and concentration of the oil modiﬁes the alpha and beta diversity of the gut microbiota differently. (A) Alpha diversity by Shannon index, (B) principal
component analysis, (C) relative abundance of the gut microbiota at the phylum level and (D) genus level, (E) discriminative taxa at the species level in groups fed 7% dietary
fat or (F) 21% dietary fat. The linear discriminant analysis effect size (LDA effect size) was determined in the groups given (G) soybean oil (SO), (H) olive oil (OO) and (I)
coconut oil (CO). The blue bar represents the species that are more abundant in the 7% SO group, the green bar chart represents the species that were more abundant in the
OO group and the red bar chart represents the species more abundant in the CO group.

showed that SO or CO had similar % of body fat and body lean
mass (Fig. 3C), and the group fed OO showed a modest but signiﬁcant lower % of body fat and higher lean body mass. However,
when the mice were given 21% SO, this group showed a higher %
of body fat with respect to the OO or CO groups (Fig. 3D). These
results were reﬂected in the % of lean body mass. The groups that
consumed 21% SO lost a greater % of lean mass than those fed
21% CO, but there was no difference between CO and OO groups
(Fig. 3D).
3.5. Modulation of alpha and beta diversity of gut microbiota by the
type and concentration of dietary oils in PPARα KO mice
Similar to the wild type mice, PPARα -/- mice consuming 7%
SO showed the highest alpha diversity whereas those that consumed 7% CO showed the lowest alpha diversity. The 21% dietary
fat treatment decreased the alpha diversity in all groups (Fig. 4A).
Interestingly, the PCoA analysis revealed that mice that were fed
21% dietary fat showed a signiﬁcant dissimilarity with respect to
those in the 7% group (Fig. 4B). The distribution of the primary
phyla was similar in all groups independent of the % of dietary
Fig. 4C), which was also observed at the genus level (Fig. 4D). The
LDA analysis indicated a decrease in the number of species that
were signiﬁcantly modiﬁed in KO mice fed with the three different
oils. In the group fed 7% SO, the primary species was Butyricicoccus pullicaecorum and Mucispirillum schaedleri. In the 7% OO group

they were, Bacteroides acidifaciens and Eubacterium dolichum, and
at 7% CO, it was Akkermansia muciniphila (Fig. 4E). Increase in the
% of fat in the diet increased the Ruminococcus bromii in the group
that consumed 21% SO, Akkermansia muciniphila in the group consuming 21% OO and Bacteroides acidifaciens in the group that received 21% CO (Fig. 4F). The LDA analysis comparing the % of oil
in the diet showed that the primary species in mice fed 7% SO
was Butyricoccus pullicaecorum, whereas with 21% SO, it was Ruminococcus bromii. For the group receiving 7% OO, the most abundant species was Faecalibacterium prausnitzii, and under the 21%
OO diet, it was Prevotella copri. In the group that consumed 7% CO,
Akkermansia muciniphila was the most abundant species, whereas
at 21% CO, the most abundant species was Mucispirillum schaedleri
(Fig. 4G−I).
3.6. Effect of dietary oil type and concentration on Glucose tolerance,
insulin sensitivity and insulin signaling pathway in wild type and
PPARα KO mice
Wild type mice that received 7% SO showed a signiﬁcantly
lower area under the curve (AUC) after the ipGTT compared with
the groups receiving % OO or 7% CO (Fig. 5A). Interestingly, although the AUC was higher in mice on 21% dietary fat, there
was no difference among the groups fed with different type of
oils (Fig. 5B). By contrast, the PPARα KO mice showed a lower
AUC for glucose in mice receiving 7% or 21% dietary fat than wild
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Fig. 3. Lack of PPARα modiﬁes the response to the oils in terms of body weight, and body composition. (A) Body weight gain of PPARα (-/-) mice fed 7% or (B) 21% soybean
oil (SO), olive oil (OO) and coconut oil (CO), (C) body composition (% body fat and % lean mass) in mice fed 7% or (D) 21% SO, OO or CO.

type mice. However, mice receiving 7% SO showed lower AUC than
those fed 7% OO or 7% CO (Fig. 5C), and the AUC for glucose in
mice receiving 21% CO was lower than in those fed 21% SO or OO
(Fig. 5D).
To assess whether there was a difference in insulin sensitivity
after the consumption of different types and concentrations of oils,
an ipGTT was performed in wild type and PPARα KO mice. The
groups more sensitive to insulin action were the groups receiving 7
% SO followed by the group fed 7% OO, and the least sensitive one
was the 7% CO group (Fig. 5E). The wild type mice receiving 21%
OO were slightly more sensitive to insulin action than the groups
receiving 21% 21% CO (Fig. 5F). Interestingly, the effect of the type
of oil was more evident in the PPARα KO mice than in the wild
type mice. However, PPARα KO mice consuming 7% CO, which is
composed primarily of saturated fatty acids, were signiﬁcantly less
sensitive to insulin action (Fig. 5G). PPARα KO mice that consumed
21% CO was less sensitive to insulin action (Fig. 5H).
These ﬁndings were conﬁrmed by evaluating the insulin signaling pathway in the liver. We found that there was a difference
by the type of oil and oil concentration and the mouse genotype.
PPARα KO mice showed a signiﬁcant increase in the phosphorylation of proteins involved in insulin signaling, particularly p-IRS
and p-AKT (Fig. 5I−K). Wild type mice receiving 7% SO or 7% OO
showed a signiﬁcant increase in p-IRS and p-AKT compared with
mice fed 7% CO. However, adding 21% fat to the mouse diets signiﬁcantly decreased the phosphorylation of IRS and AKT, indicating

that excess dietary fat can lead to insulin resistance. We also evaluated the fasting glucose levels in serum from wild type and PPARα
KO mice after they consumed different types of oils. Interestingly,
there was a signiﬁcant difference due to the type of oil and its
concentration in the diet and the mice genotype. As reported previously, PPARα KO mice showed signiﬁcantly lower serum glucose
concentrations than wild type mice, indicating a key role of PPARα
in regulating blood glucose [25], but in wild type mice receiving
SO, there was a difference between those fed 7% and 21% fat.
3.7. Bacterial species involved in glucose tolerance and insulin
signaling
There is now a large body of evidence suggesting that the gut
microbiota play a central role in regulating glucose and insulin resistance [26,27]. Therefore, we were interested in studying whether
there was a relationship between the presence of some intestinal
bacteria, the glucose tolerance and the proteins involved in insulin
signaling. Interestingly, we found that 46.2% of the variation in intestinal microbiota in this study was associated with the genotype
of the mice (Fig. 6A), indicating that the presence of PPARα in wild
type mice was very important for discerning the effects from the
oil type and concentration, an effect that was lost in the PPARα
KO mice. Linear discriminant analysis (LDA) revealed that, interestingly, there were three common species in PPARα KO mice receiving 7% SO, OO or CO (Fig. 6B−D), namely Ruminococcus bromii,
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Fig. 4. The lack of PPARα modiﬁed the beta diversity of the intestinal microbiota depending on the oil concentration. (A) Alpha diversity by Shannon index, (B) principal
component analysis (PCoA), (C) relative abundance of the gut microbiota at the phylum level and (D) genus level, (E) discriminative taxa at the species level in groups
consuming 7% dietary fat or (F) 21% dietary fat. The linear discriminant analysis effect size (LDA effect size) was determined in the groups receiving (G) soybean oil (SO), (H)
olive oil (OO) and (I) coconut oil (CO). The blue bar represents the species that were more abundant in the 7% SO group, the green bar chart indicates the species that were
more abundant in the OO treatment and the red bar chart represents the species more abundant in the CO group.

Ruminococcus ﬂavefaciens and Clostridium cocleatum, which were
associated with a low AUC for glucose and increased p-IRS and
p-AKT (Fig. 6E-M).

3.8. Importance of PPARα in the modulation of TLR4 and NFκ B to
LPS after the consumption of different types of oil
PPARα has been shown to have anti-inﬂammatory properties
[28], and for this reason, we measured the serum LPS concentration in wild type and PPARα KO mice. Wild type mice receiving 7%
SO or 7% OO showed the lowest LPS concentration, but the 7% CO
group showed an increase of 9.3-fold compared to the group receiving 7% SO. Increasing the % of dietary fat increased the serum
LPS concentration, but the consumption of 21% CO, increased the
concentration of LPS in the serum by 90-fold compared to the
7% SO group. Interestingly, the absence of PPARα signiﬁcantly increased the serum LPS concentration in all the groups, particularly
in the group receiving 21% CO (Fig. 7A), indicating that PPARα is
involved in modulating inﬂammation. To conﬁrm this ﬁnding, we
measured the protein abundance of TLR4 and NF-κ B, which are involved in the inﬂammation pathway. The results of the Western
blot analysis revealed that consuming 7% SO or 7% OO led to signiﬁcantly lower TLR-4 and NF-kB protein abundance than 7% CO,
but the PPARα KO mice showed a signiﬁcant increase in the abundance of these proteins, primarily in the group that received 21%
CO (Fig. 7B−D). Interestingly, there was a signiﬁcant correlation between the serum LPS and Bacteroides acidifaciens, and there was

an inverse correlation between Lactobacillus reuteri or Akkermansia
muciniphila and serum LPS. (Fig. 7E−G).
3.9. Effect of the type and concentration of oil is important in the
development of hepatic steatosis and the liver fatty acid composition
Interestingly, we observed marked hepatic steatosis in wild
type mice receiving 7% CO, whereas the livers in mice that consumed 7% OO showed slight interstitial inﬂammation and the
liver of mice that consumed 7% SO showed a normal morphology.
Mice receiving 21% SO showed macrovesicular steatosis due to
the presence of large lipid droplets, but mice consuming 21% OO
showed microvesicular steatosis due to the presence of multiple
small lipid droplets. Mice that were given 21% CO showed severe
microvesicular steatosis with the characteristic foamy cytoplasmic
appearance (Fig. S2A). These results were accompanied by changes
in the liver fatty acid composition. Mice receiving 7% SO showed
the lowest concentration of saturated fatty acids, whereas mice
consuming 7% CO showed the highest concentration of saturated
fatty acids. By contrast, mice in the 7% SO group had the highest
concentration of PUFAs. Interestingly the consumption of SO or OO
showed the presence of long-chain PUFAs in the liver, particularly
DHA, whereas mice that consumed 7% CO showed the lowest concentration of PUFAs. This fatty acid pattern was accompanied by
changes in the expression of hepatic lipogenic genes, particularly
fatty acid synthase (FAS) and genes involved in fatty acid beta
oxidation, particularly carnitine palmitoyl transferase-1 (CPT-1).
We observed signiﬁcantly higher FAS gene expression in the group
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Fig. 5. Glucose tolerance, insulin sensitivity and insulin signaling pathway depend on the mouse genotype and the type and concentration of oil. (A) Intraperitoneal glucose
tolerance test after the injection of 2 g glucose/Kg body weight in wild type mice fed 7% soybean oil (SO), 7% olive oil (OO) or 7% coconut oil (CO) or (B) 21% dietary fat, (C)
and in PPARα KO mice receiving (D) 7% or 21% dietary fat, (E, F) ipITT after intraperitoneal injection the insulin of 0.5 UI/kg in wild type mice or (G, H) PPARα KO mice fed 7%
or 21% dietary fat, (I-K) Western blot analysis of IRS, p-IRS, AKT and p-AKT in the livers of wild type mice or PPARα KO receiving different oils at 7% or 21%, and the fasting
serum glucose levels in wild type mice or PPARα KO mice receiving different oils at 7% or 21%, (L) Serum glucose concentration in wild type and PPARα KO after consumption
of different types and concentration of oils.

receiving 7% CO than the 7% SO group, whereas the opposite pattern was observed for CPT-1 (Fig. S2 C and D). The consumption
of diets containing 21% dietary fat increased the hepatic concentration of saturated fatty acids in the groups receiving 21% SO or
21% CO, but there was an increase in the PUFAs concentration in
the groups consuming 21% SO or 21% OO (Figure S2 B) that was
associated with an increase in the gene expression of FAS in the
group fed 21 % SO, contrary to what was observed in the 21% CO
group in which the lowest concentration of hepatic PUFAs and
the highest abundance of FAS was observed. Notably, the gene
expression of CPT-1 was signiﬁcantly reduced with CO.
3.10. Modulation of the mitochondrial oxygen consumption rate
(OCR) and extracellular acidiﬁcation rate (ECAR) by the type of fatty
acids in the oils
Since we observed a decrease in the expression of liver CPT-1
after CO consumption and an increase with SO, the β -oxidation
could be modiﬁed by the type of oil. Therefore, we performed a
mitochondrial stress test to analyze the respiratory capacity of the

mitochondria in primary mouse hepatocytes using an extracellular
ﬂux analyzer. The hepatocytes were incubated with a combination
of fatty acids resembling the composition of the CO, SO or OO.
Interestingly, the CO decreased the oxygen consumption rate (OCR)
signiﬁcantly throughout the test (Fig. 8A and B), indicating a
decrease in mitochondrial function. Speciﬁcally, CO decreased the
basal respiration, OCR associated with ATP production, maximal
respiration, spare respiratory capacity and non-mitochondrial
respiration (Fig. 8B). However, SO or OO produced a signiﬁcant
increase in the basal respiration, H+ leak, maximal respiration and
spare respiratory capacity, and the non-mitochondrial respiration
was only signiﬁcantly increased with OO (Fig. 8B). Conversely,
CO, SO and OO did not modify the extracellular acidiﬁcation rate
(ECAR) or any of the glycolytic-related parameters (Fig. 8C and
D). We then evaluated whether CO, SO, or OO could modulate
the oxidation of palmitate, to determine whether the increase in
the hepatic lipid deposition was due to a decrease in fatty acid
oxidation (FAO). To test this hypothesis, we performed a mitochondrial stress test in primary hepatocytes that were incubated
as described above, in a medium containing palmitate-BSA and

V. López-Salazar, M.S. Tapia, S. Tobón-Cornejo et al. / Journal of Nutritional Biochemistry 94 (2021) 108751

9

Fig. 6. Bacterial species involved in glucose tolerance and insulin signaling. (A) Principal component analysis (PCoA). The linear discriminant analysis effect size (LDA effect
size) was determined in the groups receiving (B) 7% soybean oil (SO), (C) 7% olive oil (OO) and (D) 7% coconut oil (CO). (E) Correlation between the area under the curve (AUC)
after IpGTT vs. R. Bromii, (F) vs. R. ﬂavefaciens, (G) vs. C. cocleatum. (H) Correlation between p-IRS protein abundance in the liver vs. R. Bromii, (I) vs. R. ﬂavefaciens, (J) vs. C.
cocleatum. (K) Correlation between p-AKT protein abundance in the liver vs. R. Bromii, (L) vs. R. ﬂavefaciens, (M) vs. C. cocleatum. Correlation was determined by Spearman’s
rank coeﬃcient.

with or without the CPT1A inhibitor etomoxir. Notably, CO and
OO signiﬁcantly decreased the maximal total FAO capacity of
hepatocytes by 66% and 41%, respectively (Fig. 8E and F). Altogether, these data indicate that the fatty acid composition of CO
severely decreased the mitochondrial function and FAO capacity in
hepatocytes, contributing to the development of hepatic steatosis.
4. Discussion
A high-fat-enriched diet is a primary cause of obesity and
has been associated with low-grade inﬂammation, changes in the
gut microbiota and insulin resistance [3]. The intake of diets
rich in long-chain saturated fatty acids, primarily palmitic (C16)
and stearic (C18) acids, are associated with disturbances in glucose homeostasis, whereas diets rich in long-chain polyunsaturated fatty acids have been shown to counteract inﬂammation [29].
However, it is not well known whether all saturated fatty acids
produce the same effects on inﬂammation and the gut microbiota. There is not enough information about whether the type
and amount of different oils with saturated, monounsaturated or

polyunsaturated fatty acids differentially modify the gut microbiota. In recent years, numerous claims have been made that
coconut oil containing almost 90% saturated fat behaves atypically compared to other saturated fats [30]. We found that CO
is rich in saturated fatty acids, primarily lauric acid (C12:0) as
reported in previous studies [31]. Lauric acid is classiﬁed as either a medium-chain or a long-chain fatty acid. In terms of digestion and metabolism, it behaves more as a long-chain fatty acid
because the majority (70%−75%) is absorbed with chylomicrons
[32].
In the present study, our results revealed that the type and
concentration of oil selectively modiﬁed the gut microbiota. In
particular, the recommended intake of 7% SO resulted in reduced
weight gain and body fat associated with the greatest alpha diversity, including a signiﬁcant increase in Akkermansia muciniphila,
similar to that observed in mice who were given ﬁsh oil [29].
Interestingly, we observed that consuming 7% CO led to the
greatest increase in body weight and body fat associated with the
increase of a group of 10 species of bacteria, primarily Mucispirillum schaedleri and Helicobacter apodemus, both gram-(-) bacteria.
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Fig. 7. Consuming soybean or olive oil prevents metabolic endotoxemia and low-grade inﬂammation. (A) Serum LPS concentration, (B) representative Western blot analysis
of TLR4 and NF-κ B, (C) densitometry analysis of TLR4 (D) NF-κ B in wild type mice or PPARα KO mice fed 7% or 21% soybean oil (SO), olive oil (OO) or coconut oil (CO).
Correlations between the (E) Bacteroides acidifaciens relative abundance, (F) Lactobacillus reuteri relative abundance and (G) Akkermansia muciniphila and the serum LPS
concentration. Data are shown as the means ± SEM and were analyzed with a 3-way ANOVA followed by Tukey’s test (n= 4-6 mice/group). Correlations were assessed by
Spearman rank coeﬃcient.

Interestingly, increases in the intake of dietary fat decreased the
alpha diversity with the three types of oils, modifying the taxonomy of the gut microbiota. High-fat diets have been associated
with the development of low-grade inﬂammation and increased
TLR4 and NF-κ B activity and insulin resistance [33]. As expected,
mice receiving the recommended % of fat in the diet showed
the lowest metabolic endotoxemia only in those given SO or OO,
but surprisingly, those fed 7% CO had 9.0-fold higher serum LPS
than the 7% SO group. This evidence suggests that medium-chain
fatty acids can modify the type of species in the gut microbiota

to increase LPS synthesis. Following the consumption of diets
containing 21% SO or OO, the serum LPS concentration increased
signiﬁcantly, but the 21% CO group showed a marked increase of
90-fold in serum LPS compared to those fed 7% SO, indicating that
the magnitude of inﬂammation was associated with saturated fat
independent of the carbon chain length of the fatty acids.
It is known that the transcription factor PPARα regulates
inﬂammation [14], and we conﬁrmed this ﬁnding in PPARα KO
mice consuming 21% CO, which showed the highest metabolic
endotoxemia of all groups, with a 154-fold increased serum LPS
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Fig. 8. Soybean oil increases the mitochondrial respiratory capacity. (A−B) Oxygen consumption rate, (C−D) extracellular acidiﬁcation rate (glycolytic capacity), (E−F) The
oxygen consumption rate associated with fatty acid oxidation in hepatocytes from wild type mice that were incubated with the major fatty acid components of SO, OO or CO.

concentration with respect to the 7% SO group, indicating ﬁrst that
saturated fat is primarily responsible for the inﬂammation, and
second that the presence of PPARα is able to control low-grade
inﬂammation. In fact, mice consuming 7% or 21% CO showed
increased TLR activation, with inﬂammation mediated by NF-κ B,

which was accompanied by impaired glucose tolerance and decreased insulin sensitivity and insulin signaling. In KO mice, oils
rich in monounsaturated fatty acids, such as OO, or those rich in
polyunsaturated fatty acids, particularly SO, were more sensitive
to insulin action than the wild type mice.
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It has been postulated that there are some interactions between
the nuclear receptors PPARs and the gut microbiota [34]. PPARs are
activated by their speciﬁc ligands, and they regulate diverse developmental, inﬂammatory, and metabolic processes [35]. PPARα is
predominantly expressed in the liver and is primarily involved in
β -oxidation and the transport of fatty acid, and therefore it controls lipid homeostasis [36]. It has been hypothesized that the interaction between the gut microbiota and PPARα can be mediated
by metabolites produced by the gut microbiota, including some
fatty acids that can or might be ligands of PPARs [37] for decreasing inﬂammation. Interestingly, PPARα KO mice showed a decrease
in the microbial diversity as well as the presence of other bacterial
species with respect to the wild type mice in association with the
inﬂammatory response, which was primarily observed in the group
that consumed 21% CO. These results indicate that the absence of
PPARα modiﬁed the gut microbiota with respect to the wild type
mice.
The inﬂammatory response was observed in the liver, where the
expression of some receptors involved in the inﬂammatory pathway, in particular TLR-4, was not modiﬁed by oils rich in monounsaturated fatty acids nor by those rich in polyunsaturated fatty
acids, only by oils rich in saturated fatty acids, such as CO. Interestingly, high concentrations of OO or SO slightly increased the
TLR4 and NF-κ B, but 7% or 21% CO signiﬁcantly increased the TLR4
and NF-κ B. This ﬁnding was more evident in the PPARα KO mice,
indicating that PPARα is involved in regulating inﬂammation. The
TLR4 receptor is essential for detecting LPS, a component of the
outer membrane of gram-(-) bacteria [38]. The binding of LPS to
TLR4 initiates the recruitment of various adaptor proteins and triggers the activation of several signaling pathways, resulting in the
activation of MAP kinases and NF-κ B to induce the expression of
proinﬂammatory genes, producing mitochondrial damage [39] and
dysfunction [40]. In fact, in our study on measuring the respiratory capacity of liver cells, we showed that the consumption of CO
signiﬁcantly reduced the oxidative capacity to use this oil as an
energy substrate, whereas SO or OO increased the maximal oxygen consumption rate. These results were conﬁrmed by measuring the mitochondrial fatty acid oxidation, which indicates that CO
can decrease β -oxidation, impairing the removal of lipids from the
liver. These results demonstrated that the fatty acid composition
selectively modiﬁed the fatty acid oxidation independently of other
bioactive compounds present in the oils.
Studies in humans and mice have demonstrated that hepatic
steatosis is induced by the consumption of a high-fat diet [41].
Targeting PPARs to treat non-alcoholic fatty liver disease (NAFLD)
has become a useful approach since the PPARα agonist decreases
hepatic steatosis by increasing mitochondrial beta-oxidation [42].
However, we demonstrated that only 7% CO produced hepatic
steatosis, an effect that was aggravated when 21% CO consumption
led to severe microvesicular steatosis with the characteristic foamy
cytoplasmic appearance. There are several factors involved in the
development of fatty liver, including an increase in lipogenesis
and a decrease in the mitochondrial capacity to oxidize fatty
acids, and recently, it has been associated with gut microbiota
dysbiosis [43,44]. The major predisposing factor in non-alcoholic
liver disease is an excessive supply of fatty acids to the liver,
which increases de novo hepatic lipogenesis [45]. However, in
mice consuming diets containing the recommended fat intake
(7%), no differences were observed between the effects of the
different type of oils, and it was only at 21% CO that we observed
an increase in the expression of fatty acid synthase (FAS). An
additional factor to consider is the inﬂuence of gut microbiota
dysbiosis, because there is evidence of an interaction between the
gut microbiota and several members of the PPARs, and in particular with PPARα , which not only affects the inﬂammatory response

but also the oxidation of fatty acids [14], but more studies are
needed to establish this host-gut microbiota interaction and its
metabolic consequences. These results suggest that the absence of
PPARα decreased the oxidation of the polyunsaturated fatty acids
contained in SO, which are natural ligands of PPARα , and for this
reason, there were increases in the body weight and body fat.
In summary, CO exerted clear negative effects on most of the
parameters evaluated, mainly low bacterial diversity, low insulin
sensitivity, the highest low grade inﬂammation, decrease in the
mitochondrial function and fatty acid oxidation, hepatic steatosis
and the highest LDL-cholesterol concentration. This conclusion is
consistent with recommendations from the American Heart Association [46] and the US Department of Agriculture’s Dietary Guidelines for Americans from 2010 [47], which suggest that coconut oil
is not preferable to other saturated fats. Our study showed that
the consumption of oils with high monounsaturated and polyunsaturated fats and probably the presence of phenolic compounds,
with antimicrobial properties [48], tocopherols [49] that protects
gut barrier integrity [50] within the recommended concentrations
allows the maintenance of healthy gut microbiota, which prevents
the development of a low-grade inﬂammation and adequate sensitivity to insulin, thus preventing the development of fatty liver, a
condition that is widely observed in subjects with obesity.
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