Received: 27 March 2023

Revised: 14 June 2023

Accepted: 3 July 2023

DOI: 10.1096/1j.202300585R

RESEARCH ARTICLE

ThI:-)ASEBJouran

Differential effects of plant and animal fats on
obesity-induced dyslipidemia and atherosclerosis in
Ldlr—/—.Leiden mice

Martine C. Morrison!

| Bjerg Egelandsdal® | Silje Harvei® | Sérgio D.C. Rocha® |

Elsbet J. Pieterman' | Robert Kleemann' | Harald Carlsen®

'Department of Metabolic Health
Research, The Netherlands
Organisation for Applied
Scientific Research (TNO), Leiden,
The Netherlands

“Faculty of Chemistry, Biotechnology
and Food Science, Norwegian
University of Life Sciences, As, Norway

3Faculty of Biosciences, Norwegian
University of Life Sciences, As, Norway

Correspondence

Martine C. Morrison, TNO Metabolic
Health Research, Sylviusweg 71, 2333
BE, Leiden, The Netherlands.

Email: martine.morrison@tno.nl

Funding information
LipidInflammaGenes Consortium;
Nederlandse Organisatie voor
Toegepast Natuurwetenschappelijk
Onderzoek (TNO)

This article is part of the Special Review
Series on Emerging Mechanisms and
Therapeutic Targets in Cardiovascular
Immunology.

Abstract

Cardiovascular disease (CVD) is closely associated with obesity through risk fac-
tors such as dyslipidemia and chronic low-grade inflammation, which may be
affected by diet. Dietary fats have been extensively studied in relation to CVD
risk, however these studies have not always yielded consistent results, most likely
due to lack in control of experimental conditions and confounding factors. Here
we studied the effects of different plant and animal fats on dyslipidemia, inflam-
mation, and atherosclerosis. Ldlr—/—.Leiden mice were fed isocaloric energy-
dense diets with translational macronutrient composition for 28 weeks. The diets
were identical apart from the type of fat they contained: either (1) a mixture of
olive and rapeseed oil, (2) sunflower oil, (3) pork fat, (4) beef fat, or (5) milk fat.
The fatty acid composition of the diets was determined and effects on circulating
lipid and inflammatory risk factors and atherosclerosis were examined, comple-
mented by adipose tissue histology and liver transcriptomics. While visceral fat
mass, adipocyte size, and adipose tissue inflammation were not differentially af-
fected by the diets, atherosclerotic lesion load and severity was more pronounced
with increasing dietary saturated fatty acid content and decreasing monounsatu-
rated and polyunsaturated fatty acid content, and hence most pronounced with
beef and milk fat. These differential effects were accompanied by increases in
pro-atherogenic plasma lipids/lipoproteins (e.g., triglycerides, apolipoprotein B),
activation of pro-atherogenic cytokine/chemokine signaling pathways in liver,
and with circulating pro-atherogenic mediators of inflammation altogether pro-
viding a rationale for the differential effects of plant and animal fats.

Abbreviations: ApoB, apolipoprotein B; CLS, crown-like structure; CVD, cardiovascular disease; eWAT, epididymal white adipose tissue; HFD,
high-fat diet; HPS, hematoxylin phloxine saffron; ICAM, intercellular adhesion molecule 1; MIF, macrophage migration inhibitory factor; MUFA,
monounsaturated fatty acid; oxLDL, oxidized low-density lipoprotein; PUFA, polyunsaturated fatty acid; VCAM, vascular cell adhesion molecule 1;

WAT, white adipose tissue.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is the most common
cause of death in Europe,' despite substantial advances
in prevention and treatment. There is a clear association
between CVD and obesity, the prevalence of which has in-
creased steeply over the past decades.' Obesity increases
CVD risk through risk factors such as dyslipidemia® and
chronic low-grade inflammation.*

Dyslipidemia in obesity is characterized by an elevation
in circulating apolipoprotein B (ApoB)-containing lipopro-
teins, particularly those that are triglyceride-rich.® These
ApoB-containing lipoproteins play a central causative role
in atherosclerotic CVD, as the key source of cholesterol in
the pathogenesis of atherosclerosis.>® The trigger for ath-
erosclerosis is formed by the subendothelial retention of
plasma-derived ApoB-containing lipoproteins.” Oxidative
modification of these lipoproteins (i.e., formation of oxi-
dized low-density lipoproteins; oxLDL) and the subsequent
chronic inflammatory response further drives the progres-
sion of atherosclerosis.® This inflammatory response is not
just a local event within the arterial wall, but it can also be
stimulated by extravascular pro-inflammatory signals that
originate from other organs.’

One of these organs that is particularly relevant in obe-
sity is the adipose tissue, which is thought to be an import-
ant contributor to the chronic low-grade inflammatory
state that characterizes obesity. Sustained excess of energy
intake leads to expansion of the adipose tissue, by hyper-
plasia (increase in adipocyte number) and by hypertrophy
(increase in adipocyte size). Adipocyte hypertrophy com-
promises the functionality of the adipose tissue and ul-
timately leads to cell death which contributes to adipose
tissue inflammation.'®!! Dysfunctional and inflamed adi-
pose tissue can release inflammatory mediators such as the
pro-atherogenic cytokine macrophage migration inhibitory
factor (MIF) into circulation, which can stimulate inflam-
mation in distant organs including the vasculature.'>**

While it is well-established that genetic and epigenetic
factors contribute to both obesity and CVD risk, environ-
mental factors such as physical activity and diet also play
an important role.* In the context of CVD, the role of di-
etary fats has been extensively studied and debated over
several decades. It is not just the amount of dietary fat,
but also the type of fat that determines CVD risk. Animal
fats from domesticated mammals such as cattle, sheep and
pigs are high in saturated fats, which are commonly as-
sumed to increase CVD risk compared with unsaturated

fats from fatty fish or plants as they tend to raise choles-
terol levels more than unsaturated fats.'> However, studies
aimed at studying differences between dietary fats have
not always yielded consistent results, and therefore still
remain a subject of controversy.

An important factor underlying these inconsistent re-
sults is that studies attempting to replace specific fat types
with other macronutrients or other fat types for compar-
ison, often end up risking that the different diets are not
properly controlled for.' It is crucial in such studies that
the fat studied is isocalorically exchanged by an explicitly
specified macronutrient. Another caveat of human stud-
ies is that most clinical studies are not performed over a
sufficiently long time reflecting the slow development of
CVD, which can take years or even decades to develop.

Here, we studied different dietary fat types originating
from either plants (high in unsaturated fats and low in
saturated fats) or animals (high in saturated fats and low
in unsaturated fats). The following experimental high-fat
diets were chosen: (1) a mixture of olive and rapeseed oil,
(2) sunflower oil, (3) pork fat, (4) beef fat, and (5) milk fat
to investigate effects on adipose tissue inflammation and
atherosclerosis development over a period of 7months. In
humans this period can roughly be translated to 20years
of intervention, reflecting the difference in maturation rate
between mice and humans at different ages, and also con-
sidering the maximal life span which is 3years in mice and
120years in man.'”'® These fats were chosen because they
are consumed world-wide and constitute the predominant
dietary fats in Europe. Additionally, the different fat sources
represent main classes of fatty acids rich in either monoun-
saturated fatty acids (MUFASs), polyunsaturated fatty acids
(PUFASs), or saturated fatty acids (SFAs). While a mixture
of olive- and rapeseed oil is rich in both MUFAs (olive oil)
and PUFAs (n-3 and n-6; rapeseed oil), sunflower oil is
predominantly a rich source of n-6 PUFAs. The selected
animal fats are rich in SFAs, with appreciable but varying
amounts of MUFAs and are in general low in PUFAs.

Ldlr—/—.Leiden mice, a translational model for diet-
induced obesity and associated cardiovascular and met-
abolic diseases' were used for this study. These mice
develop dyslipidemia with lipoprotein profiles similar to
humans,” in conjunction with adipose tissue inflamma-
tion and vascular inflammation upon energy-dense diet
feeding.** Herein, we used isocaloric energy-dense high-
fat diets with a translational macronutrient composition
relevant for humans. The diets in all groups contained
20kcal% protein from casein, 35kcal% of carbohydrates
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from whole oat flour, and 45kcal% of fat from the differ-
ent dietary sources outlined above. The experimental diets
were thus identical apart from the type of dietary fat, al-
lowing a direct comparison of the effects of these different
fats. This enabled us to evaluate circulating lipid and in-
flammatory risk factors that drive atherogenesis together
with chronic inflammation in adipose tissue. A liver tran-
scriptomics analysis (RNAseq) revealed pathways relevant
to atherogenesis that were differentially regulated by the
dietary fats, corroborating the histological quantification
of atherosclerosis.

2 | MATERIALS AND METHODS

21 | Animal study

All animal experiments were carried out in accordance
with European guidelines for the care and use of labora-
tory animals (European Directive 2010/63/EU) and the
Norwegian national guidelines for animal welfare, and
the protocol was ethically reviewed and approved by the
Norwegian Food Safety Authority (ID 21501). Animal
welfare was monitored by daily assessment of water and
food intake, stool and fur quality, activity level, and behav-
ior. Male Ldlr—/—.Leiden mice (genetic background 94%
C57BL/6J and 6% 129S) were obtained from the breeding
stock in the AAALAC-accredited SPF animal facility at
TNO Metabolic Health Research. Male mice were used
because they develop a more pronounced metabolic phe-
notype than female mice, and they are more susceptible
to develop diet-induced obesity and associated diseases.*
The animal experiment was performed in the animal facil-
ity at the Faculty of Chemistry, Biotechnology and Food
Science, Norwegian University of Life Sciences (NMBU).
Animals were group-housed (n=3/cage) in individually
ventilated cages (IVC; Innovive) in a temperature- and
humidity-controlled room (24-26°C, RH: 45%-60%) on a
12-h light-dark cycle with free access to food and water.
Until the start of the experiment all mice were kept on
a standard rodent chow diet (Rat/Mouse Maintenance;
Ssniff Spezialdiaten). At 15-18 weeks of age, mice were
randomized and divided into six experimental groups.
One group (n=9) was kept on the chow diet as a healthy/
aging reference group (chow). The other five groups were
fed an energy-dense high-fat diet (HFD) that contained
45kcal% fat from either plant or animal origin: olive and
rapeseed oil (olive:rapeseed, 20:80 ratio; n=13), sunflower
oil (n=13), pork fat (n=13), beef fat (n=14), or milk fat
(n=14). The HFDs were iso-energetic (4.75kcal/g) and
differed only in fat source. All the diets also contained
soybean oil (2%-5% of the energy), with slightly differ-
ent content in the various diets to adjust for total energy
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content. The carbohydrate source of the HFDs was fine
grained whole oat flour (Norgesmollene) and the protein
source was casein (Dyets Inc.). The vitamin mix and min-
eral mix were based on the AIN76A vitamin mix and a
DIO mineral mix (Dyets Inc.). The vitamin A in the vita-
min mix added to the milk fat diet was reduced by 50% to
adjust for higher vitamin A naturally present in milk fat.
All diets were made in-house by mixing all the ingredients
followed by manual pelleting and freeze drying. The full
diet composition is provided in Table S1. All diets were
vacuum packed to prohibit oxidation and stored at —20°C
until use and cages were provided with fresh feed weekly.
Body weight and food intake were monitored through-
out the study. Food intake data (measured weekly) is pre-
sented as the average food intake (in kcal/mouse/day) over
the entire study. Blood samples for EDTA plasma isolation
were collected via leg vein after a 4-h fast, in week 17 and
24 of the study. After 28 weeks, animals were euthanized
after a 4-h fast by cervical dislocation under deep anes-
thesia with a cocktail of Zoletil Forte® (Virbac), Rompun®
(Bayer), and Fentadon® (Eurovet Animal Health) (ZRF;
intraperitoneally 0.01 mL ZRF/g body weight), with the
following active ingredients: zolazepam (32mg/kg), ti-
letamine (32mg/kg), xylazine (4.5mg/kg), and fentanyl
(26 pg/kg). Blood for EDTA plasma isolation was collected
via heart puncture and organs were isolated. Hearts with
aortic roots were fixed in formalin and embedded in par-
affin for atherosclerosis analysis. Livers were weighed,
snap-frozen in liquid N,, and then stored at —80°C for
RNA isolation. Epididymal fat pads were weighed and
fixed in formalin and embedded in paraffin for analysis of
adipocyte hypertrophy and adipose tissue inflammation.

2.2 | Dietary fatty acid analysis

Diets were homogenized with a blender. The internal
standard methyl tricosanoate (Methyl-C23:0) solved in
dichloromethane was added to the homogenate (1.2g
of homogenate was used per diet). Samples were then
methylated with 3N methanolic HCI at 80°C for 2h and
then at 50°C overnight. FAMES were extracted to hex-
ane and samples were then neutralized with 3N KOH in
water. After vortex and centrifugation, the organic phase
was analyzed by gas chromatography. Analysis was per-
formed on a 8890 GC system with a split/splitless injector,
a 7693A automatic liquid sampler, with a flame ionization
detector (Agilent Technologies). Separations were per-
formed on a Varian CP7421 (200m X 0.25 mm i.d.) column
from Varian Inc. The fatty acids were identified using a
fatty acid standard mixture (37 FAME-mix, Supelco, and
1269119 USP FAME standard mixture, Sigma-Aldrich)
and the total amount of fatty acids were quantified.
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2.3 | Dietary and fecal cholesterol
analysis

In week 18 of the study, feces were collected from each cage
over a period of 7days and food intake was also determined
during the same period. Dietary cholesterol content and
fecal cholesterol content (reflected by the sum of the neutral
sterols coprostanol, cholesterol, cholestanol, and lathosterol)
were determined by gas chromatography as described pre-
viously.”*** Dietary/fecal samples were lyophilized and
weighed. Samples were then incubated in 1mL alkaline
methanol (3:1v/v) for 2h at 80°C, using 5a-cholestane as
an internal standard. Next, neutral sterols were extracted
three times with petroleum ether. The combined petroleum
layers were evaporated after which the neutral sterols were
silylated with DMF Sil-prep. Next they were separated by
gas chromatography using a 25mx0.25mm capillary gas
chromatography column (CP-Sil 5B, Agilent; temperature
programmed from 230 to 280°C) in a Scion 436-GC gas chro-
matography system (Scion Instruments) equipped with a
flame ionization detector (kept at 300°C). Neutral sterol de-
rivatives were introduced by split injection (split ratio, 20:1;
injector temp 300°C). Quantitation of neutral sterols was
based on the area ratio of the individual neutral sterol to the
internal standard. These data were combined with the food
intake measurements or the fecal excretion measurements
to calculate the dietary cholesterol intake and the fecal neu-
tral sterol excretion (both expressed as pmol/mouse/day).

2.4 | Plasma analyses

Plasma total cholesterol and triglycerides were deter-
mined using the enzymatic assays Cholesterol Gen.2 and
TRIGL respectively (both Roche Diagnostics) according to
the manufacturer’s instructions. Commercially available
ELISA kits were downscaled®*® and then used according
to the manufacturer's instructions for the analysis of plasma
oxLLDL (Cusabio), ApoB100 (Abcam), MIF, E-selectin,
P-selectin, ICAM-1, and VCAM-1 (all R&D Systems).

2.5 | Adipose tissue analysis

Paraffin-embedded epidydimal white adipose tissues
(WAT) were sectioned (5um) and then stained with hema-
toxylin and eosin (Tissue-Tek H&E staining kit, Sakura).
Slides were digitized with a slide scanner (NanoZoomer
S210 Digital slide Scanner, Hamamatsu). Images were
exported using NPD.view 2 software (Hamamatsu)
and subsequently analyzed for morphometry (cell size
and number) using Adiposoft,”” an open-source auto-
mated plug-in for the image processing package Fiji** for

Image].”’ In addition, inflammation was analyzed in each
image as previously described®® by counting the number of
crown-like structures (CLS; a histological hallmark of adi-
pose tissue inflammation®"), which was expressed per 1000
adipocytes. The average tissue area examined was 2.2 mm?®.

2.6 | Atherosclerosis analysis
Paraffin-embedded hearts with aortic roots were sectioned
perpendicular to the axis of the aorta and then stained with
hematoxylin phloxine saffron (HPS). Per mouse, four se-
rial cross-sections (5 pm) at 50-pm intervals were analyzed,
with experimental groups blinded to the assessor. Slides
were digitized with a slide scanner (Aperio AT2, Leica
Biosystems) for morphometric analysis of lesion number
and area and analysis of lesion severity (using ImageScope
v12.3.2.8013 software, Leica Biosystems) according to the
classification of the American Heart Association.**** This
scoring system was used to distinguish five lesion types:
(I) early fatty streak with up to 10 foam cells in the in-
tima, no other changes; (II) regular fatty streak with 10
or more foam cells in the intima, no other changes; (IIT)
mild plaque with foam cells in the intima and presence
of a fibrotic cap; (IV) moderate plaque, progressive lesion
with infiltration into media, elastic fibers intact; and (V)
severe plaque, structure of media severely disrupted with
fragmented elastic fibers, cholesterol crystals, calcium de-
posits, and necrosis may be present.

2.7 | Liver transcriptomics analysis

Total RNA was extracted from liver samples RNA-Bee
(Campro Scientific) and purified using PureLink RNA
Mini Kit (Thermo Fisher Scientific) as previously de-
scribed.** Next generation sequencing was performed by
GenomeScan B.V. Sample preparation was performed
using NEBNext Ultra II Directional RNA Library Prep Kit
for Mlumina (#E7760S/L, New England Biolabs) accord-
ing to the manufacturer's instructions. In brief, mRNA was
extracted from total RNA using oligo-dT magnetic beads.
After fragmentation of the mRNA, cDNA was synthesized
followed by ligation with the sequencing adapters and am-
plification of the resulting product by PCR. Quality and
yield of the amplicon was determined (Fragment Analyzer,
Agilent Technologies) and fulfilled QC-criteria (broad peak
between 300 and 500bp). Clustering and DNA sequenc-
ing, using the NovaSeq6000 (Illumina), was performed ac-
cording to manufacturer's protocols, yielding 14-35million
sequencing clusters per sample and 2x150bp paired-end
reads (PE) per cluster. Data were processed as described
previously.* Differentially expressed genes (DEGs; p-value

5L60 17 SUOLLLLIOD BATERID 3 (et ddde au) Aq poueA0B a2 SooILIe WO B8N J0'S3INI 10} AXeI1T BUIIUO AB]IAM UO (SO IPUOD-PUE-SULBI L0 B A AReIq]1pUIUO//SAL) SUONIPUO PLE S | 8U) 205 *[£202/20/72] U0 AIRiq I aUluo Ad11m ‘SpUR iaUiBN aUeI4I0D At SBS00EZ02 (1/960T OT/10p/L0"AB| A AReJqljpuIUO"GRSe /Sty WOJ} Popeo|umoq] ‘8 ‘EZ02 ‘098908GT



17
50f
AL.

ON ET

RRIS

MO

FASEB o

ined
determin
were as the
003) ed 37
ion: p<. Gs serv ite.
ressio e DE sis Su
ial ex hes aly: d
lexp dt An fine
differentia thod* an Pathway in prede u-
i S reg
ff for 2 me enuity ttern am
cuto DESeq ith Ing ion pa stre ites)
. sio up bolite
ith the sis wi Xpres from etabolites)
B Wltut for analy ses gene e \I;nstream factors, r:jl scribed.
= 5 . is u (o) L. e s
é é lnlfis analySISthWayS or »fl anSCrlptlonreViouSIY lator or bio
28 T ical pa . it Sp u as
© S es, te a reg 2 W
S %n s 8 . loglca tokin . sta Team D>
(=]
2, % i< S 5 bio ., CY ivation upst —log the
§ o %ﬁ' g OI :_]| Cgl : g . lators (eg heir activ: nt of an _Value( indicates r
2 % A d z 2 g 4 redict t f enrichme d by the p Z-score i ulator o
a +H Rl = Il n < to p [e) ) icate A reg . d
2 0 o 3 5. ificance is indic ificant). am dicte
S o ® o 4 S = ionifica IS1 ignific pstre =pre
S 3 SE E Sig athway ically sig f an u <-—2= the
o 5 E ical p tistica ivity of an n, Z d for
o= = log d sta d acti ivation, forme d for
» Z idere uce activ: er an
o 'Q‘u’)’ -Cg 5 % § COnSlnCed or red predicted lySeS Wel‘]e) ‘I:/ith ChOVV"I group.
2, KN N | R o < nha >2= _ Ana F d oi
e u g 2| T 5 ;% Z eathWay @ activity). rgy-dense I1{ive/rapesee
o + o o S 2 Lo p . in ne (0]
s S + 3 & S 235 = on he ith the
A :l g\ : g < :ﬁ E s reduct ison of eac FD with
g 3 % =2 8 g g mparis dense H
g < EX: < CZCh energy- .
S5 s e hic
« a o < . r'w
h g a T s 2 £ istics nalysis, fo he sta-
Y =, = 3 99 2 = 2 tatist iptomicsa bove, t .
£33 TR £ g 2 8 | s SRS Prism ver
== e S @ T g = 2. hetra desc ad al
2 i’, 2 8 RS 2 3 ion oft been raphp Norm
R~ 8 & N wn = 2 2 ceptio s have sing G tware). iro—
SRR I ith the ex alyse edu d Sof Shapi
=3 = S % Wlt . tical an erform aphpa . the . ces
) = 5 ~ > atis is was p Gr. using arian
¥k £8 g the.Stlanal-‘/S‘s Wrwindows(asseSsed neity of - 05), For
S g8 8 $HE A ki istica 44) fo iables was moge ==L I-
3 7 & >S5 8 t 0.1(2 riable ). Ho test diffe
399 253 g sion 8.0.1 of va a=.05). rsythe iances, sis
< R <5z g istribution o test ( wn-Fo ual var analy:
5 o8 8 g 2 = ) é z distr ormality g the Ber1 s with eqb one-way c tests.
@) e Q S £ g ' ilk n sin, iable: d by -ho
o) S S EE B Wi du ria ze 's post S,
g VARVIRY @ g8 S sesse ed va naly. Sp iance
kv 8 v 5 & as as istribut ere a Tukey 1 vari £
& N 812 < w lly dis S Wi by equa is o
o [ =5 S 9 oup ed ith un lvs
e S ¥ £z 5 normabetween ngA) f(’ﬂow-ableS Wlttll zed by ana };t-hoc
29 Z 8 %g 5 es NO ari aly. 2 po
= %9 3 3 T2y ences ce (A ibuted v: re an es T the
= o o 8 é Q g &g) 5 5 § of varian ally distrib groups Wed Tamhaln distributecl’hoc
0 o s S S E 5 g rm en an lly 0St-
QS S 55 2 r NO twe he) rma by p i
g s VAR, S 5 s & Fo s be syt t no ed by be
2 5 N 3 ifference -Fo re no follow nces
) - 2 = 2 diffe rown t we is test iffere ionifi-
R < g £ E iance (B iables tha -Wallis t mine d. lly signifi
= g g SE5 3 vari varia skall deter tistically
], %oe:,o-ol H ;gaa ts. For ic Kru edto_ d sta
§ S g ‘_‘l +H ; = g & £y ? tes rametric ‘were us nsidere
n ;8 2 2 -pa ts co D.
=) Ol +H —_ g — 7o} 4 o on = non-p 'S tes ere +S
4 =R 83 = o 3 E g X unn 05 wi mean +
ko g 3 = - — 8 é 2 Z with D roups. p< sented as
o 5 S — Q s g = en g repre
3 @ EEER 2 twe Data are
2 o 2
5 2, Ex S g 2 é IS =) cant.
g %2H8g0+§:s.g iets
1k EEER ) R overimental die
2 E EE T gik 3 | RE b of the experimen
2 g 2 ~ I E 2 ) =z id ¢ he e fatty
= S 82 %< ac ft ized the ;
L§ % . -g g E ‘é’ 1 | Fatzontento " racterlzeie experi-
(=] £ [ = = = a
Q (= o s < 7 . 3- ero ecC of t the
g § gl ‘é E’ % 8 CholeSt he Study’ “;1 Conten,t Table L in
2 e 1 22 ¢ = art of t holester ided in ovided
% o 8 S g p g R 3 to the st and ¢ is provi diet is pr luded as
7 g 8 AR=E= 2g E 5 rior ition iew ch inclu )
s 29 e gs s 8 P mpos overvi f ea ich was ergy
S = % =S 2 ° 3 id co iets (an ition o hic by en
= L \ = 9 G =] ac diets 0si iet (w 9% f: tty
&) b= = = 1c . t ( a
é g gf g T E mental acid Comtl})le chow dweSt n fahe different hich
s i" 5 g a §J % full fatty Overall’ )Was lo estint FDs—w b
g - 299 8 = z4 2 2 ble S2). reference ly also low dense Hfat (45% by
=] e H @« a . -
= 5 o o S 9 VA 2ES 8 3 T bese ding ergy ietary
) Q @] s 9 2 9 9 n-o on en ie
E =22 = v oYY E.Eﬁig ano s corresp een the unt of d
S 838 s *a-a%o,g andWaSBetW me amo
s @ = 5 8% £ < , es. sa
b 3 ZE g 5 2 acid typined the
& S & s 5 ta
8 o g 3 g <9 11 con
2 o g S g £z R a
= E s 8 g & < 5 E 5 &
ELfis I8 fz5s
- A . R == s
= =5
= 8225
2R
H

085T
10989
'8 'g202
a's
0[UMO
01} pope

My w

cpseysd

Ul |uo"Gese

-Areiqipul

o m

lOp/wico

0T/

*[4/960

Al

00E20:

4S8

00 Ad

AU I

PN

‘spuelel

folm

auIuo

Ariqin

Juo

Lo1ve

‘[e202/.

SES

wio | o

01HIPUOD pLe s
) suony

Ul |UO//S

-Kreiqipul

o m

19} L0D

-pue-SuL.

1pUoo

0 (suor

Aol u

uluo

1q17aul

) K.

s|ni o

‘8N Jo

VO i

e

bor s

o

peus

u Ad

Ijdde o

03|l

AAIER

Wwoo

017 suo

880!



MORRISON ET AL.

MEL-ASEBJoumal

energy)—the plant-derived fat diets (olive/rapeseed oil
and sunflower oil) had the lowest SFA content, and SFA
were considerably higher in the animal-fat diets (pork
fat, beef fat, milk fat), especially in the milk fat group.
With regard to MUFAs and PUFAs, both pork and beef
fat-based diets had appreciable amounts of MUFAs with
levels matching the plant-derived diets. Milk fat had the
lowest MUFA content. PUFAs were clearly higher in the
plant diet groups compared with the animal fats, but pork
fat was substantially higher in PUFAs than both beef and
milk fat. The two plant-derived oil diets differed in their
n6:n3 ratio, which was low for the olive/rapeseed oil diet
and high for the sunflower oil diet. The animal fat diets
were characterized by small amounts of short-chain fatty
acids (specifically in the milk fat diet) and medium-chain
fatty acids (decanoic acid C10:0 in beef and milk fat diets),
as well as the trans fatty acid vaccenic acid (C18:1t) and
conjugated linoleic acid (all animal fat diets), all of which
were undetectable in the plant-fat diets. Dietary choles-
terol was lowest in the chow diet, slightly higher in the
plant oil diets and more pronouncedly increased in the
animal fat diets—especially the beef and the milk fat diets.

3.2 | Dietary fat types differentially
affect body weight but not adipose tissue
inflammation

At baseline, the average body weight in all groups was
comparable (28.3+5.5g). All energy-dense HFDs signifi-
cantly increased body weight relative to the chow-fed con-
trols (Figure 1A). The weight gain caused by the HFDs
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was numerically least pronounced for the olive/rapeseed
oil diet, intermediate for the sunflower oil diet and most
pronounced for the three animal fat diets. Differences in
body weight increments were not explained by food intake,
which was comparable between the HFDs (Figure 1B).

In line with the effects on body weight, all energy-dense
HFDs significantly increased epididymal WAT (eWAT)
mass relative to chow-fed controls (Figure 1C). The increase
in the HFD groups was statistically comparable between
the HFDs. This increase in eWAT mass by all HFDs was
accompanied by a significant increase in average adipocyte
size (hypertrophy) relative to chow (Figure 1D), with no
difference between the HFDs. Similarly, all energy-dense
HFDs increased eWAT inflammation relative to chow with
no differences between the energy-dense diets and consid-
erable within-group variation (Figure 1E, and representa-
tive photomicrographs in Figure S1).

3.3 | Plasma lipids are most strongly
increased by the animal-fat diets

Plasma lipids were significantly increased relative to chow-
fed controls by all of the energy-dense HFDs (Figure 2A,B).
In week 24, plasma triglycerides (Figure 2A) were low in
chow-fed controls. The plant oil diets modestly increased
plasma triglycerides to a comparable extent. The ani-
mal fats all increased plasma triglycerides more strongly
than the plant oils. This effect was least pronounced in
the pork fat group, intermediate in the beef fat group and
most strong in milk fat dairy group. A similar pattern was
observed for plasma cholesterol levels (Figure 2B). In

FIGURE 1 Energy-dense high-

fat diets (HFDs) increase body weight
and adiposity. Ldlr—/—.Leiden mice
were fed energy-dense HFDs that were
identical apart from their fat source for
28 weeks. (A) Effect of HFD feeding on
body weight in week 28 of the study.

(B) Average food intake during the study
was comparable on all HFDs. (C) Fat
pad mass, (D) average adipocyte size,
and (E) inflammation in the epididymal
adipose tissue were comparably increased
by all HFDs. CLS, crown-like structure.
Data shown are mean +SD. Bars with
corresponding letters are statistically
comparable (p>.05).
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FIGURE 2 Energy-dense high-fat diets (HFDs) increase plasma lipids. Ldlr—/—.Leiden mice were fed energy-dense HFDs that were

identical apart from their fat source for 28 weeks. Fasting (4 h) plasma triglycerides (A), total cholesterol (B), ApoB-100 (C) in week 24 of the
study. (D) Dietary cholesterol intake and E) fecal neutral sterol excretion in week 18 of the study. (F) Fasting (4 h) oxidized LDL (oxLDL; D)
in week 24 of the study. Data shown are mean + SD. Bars with corresponding letters are statistically comparable (p>.05).

chow-fed controls they were low. The plant-derived oils
increased circulating cholesterol to a similar extent. The
three animal-derived fats more strongly elevated total
plasma cholesterol levels, to a comparable degree.

This increase in total cholesterol levels was paralleled
by an increase in plasma ApoB, indicative of higher ath-
erogenic non-HDL lipoprotein particle concentrations,®
specifically in the animal-fat diets (Figure 2C). In chow-
fed animals, plasma ApoB was low. Plasma levels in the
plant oil diets were statistically comparable to chow,
while all animal-fat diets significantly increased plasma
ApoB—an effect that was most pronounced for the milk
fat group. To investigate whether these changes in plasma
cholesterol and plasma ApoB levels may be related to dif-
ferences in cholesterol intake and excretion, we assessed
dietary cholesterol intake and fecal cholesterol loss in

week 18 of the study. While cholesterol intake was com-
parable to chow in the olive/rapeseed oil-, sunflower oil-
and pork fat groups, it was significantly increased in the
beef fat group and even more so in the milk fat group
(Figure 2D). Fecal cholesterol excretion on the other hand
was statistically comparable to chow in the two plant-fat
groups and the milk fat group. Fecal cholesterol excretion
was significantly lower than chow in the pork fat and the
beef fat group (Figure 2E).

Only the olive/rapeseed oil diet and the milk-fat diet
significantly increased plasma oxLDL—a strong predictor
of CVD in humans”—(Figure 2F) relative to chow. The
sunflower oil group, the pork fat group and the beef fat
group had intermediate levels of oxXLDL, which where sta-
tistically comparable to both the chow controls and to the
olive/rapeseed oil and milk fat groups.
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3.4 | Atherosclerosis development
is more pronounced (in both area and
severity) in animal-fat diets

Finally, we analyzed atherosclerosis development in the
aortic root (Figure 3A and representative images provided
in Figure S2). All HFDs increased the total lesion area
significantly relative to chow. This effect was least pro-
nounced in the plant-fat diets. The pork-fat diet had an
intermediate effect and the beef- and milk-fat diets most
strongly induced atherosclerotic lesion load.

A refined analysis of lesion severity showed that all
energy-dense HFDs resulted in the development of severe
atherosclerosis. The mild type I and type II lesions made
up less than 1% of the total lesion area in all groups (not
shown). In the olive/rapeseed oil group, the relative con-
tribution of type III lesion area (Figure 3B) to the total le-
sion load was comparable to chow. Sunflower oil, pork fat

(A) (B)
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°
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and beef fat had a numerically but not statistically lower
percentage of type III lesion area and the milk fat diet re-
sulted in a significantly reduced relative type III lesion
area. While the plant oil diets did not significantly affect
the percentage of type IV lesion area (Figure 3C) relative
to chow, all animal fats significantly lowered the relative
type IV lesion area to a comparable extent. This reduction
in the relative area of type IV lesions was accompanied
by an increase in type V lesion area (Figure 3D), the most
severe lesion type (a shift that is indicative of lesion pro-
gression). The olive/rapeseed oil group had a numerically
increased but statistically comparable percentage of type
V lesion area relative to chow. All other energy-dense diets
significantly increased the type V lesion area relative to
chow. This effect was least pronounced in the sunflower
oil group, intermediate in the pork fat and beef fat groups,
and most prominent in the milk fat group. Altogether
these data indicate that all HFD-fed groups developed
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FIGURE 3 Effects of energy-dense high-fat diets (HFDs) on atherosclerotic lesion development in the aortic root. Ldlr—/—.Leiden

mice were fed energy-dense HFDs that were identical apart from their fat source for 28 weeks. (A) total atherosclerotic lesion area. (B)
Representative images of a type III, type IV and a type V lesion. (C)percentage of type III (mild) lesions. (D) percentage of type IV (moderate)
lesions. (E) percentage of type V (severe) lesions. Data shown are mean + SD. Bars with corresponding letters are statistically comparable

(p>.05).
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severe atherosclerosis—as is observable from the large
contribution (>50%) of the severe type IV and type V le-
sion types to the total lesion area. Lesion development was
more severe in the animal-fat diets than in the plant-fat
diets, as is apparent from the shift from type IV lesion area
(which was reduced) toward type V lesion area (which
was increased).

3.5 | Effects of energy-dense high-fat
diets on atherosclerosis-related
gene expression

To further investigate the mechanisms underlying the dif-
ferences between the energy-dense diets with different fat
sources, we next studied biological processes based on he-
patic transcriptomics analysis (RNAseq). In this analysis,
we used downstream gene expression patterns to predict
the activation status of biological pathways and upstream
regulators. We focused firstly on the processes that were
affected by the energy-dense diets relative to chow. Next,
we studied the differences between the HFDs by compar-
ing each group with the olive/rapeseed oil group (the HFD
that numerically had the lowest total atherosclerotic le-
sion load) to better allow detection of differences between
the energy-dense HFDs.

As expected, all of the energy-dense HFDs modulated
pathways relevant to atherosclerosis; including pathways
involved in lipid metabolism, inflammation, endothelial
(dys)function, vasoregulation, and thrombogenesis. An
overview of all significantly regulated pathways is pro-
vided in Table S3. For brevity, we focused on pathways
that were differentially regulated between the plant oil
diets and the animal fat diets. The canonical pathway
“Atherosclerosis Signaling” was significantly enriched by
all HFDs relative to chow-fed controls. This effect was most
pronounced for the animal fat diets—which all differed
significantly from the olive/rapeseed oil group—while
the two plant oil groups were comparable. Conversely,
the atheroprotective signaling pathways “LXR/RXR acti-
vation” and “PPAR Signaling”*>*' were inactivated by all
HFDs relative to chow, with more pronounced inactiva-
tion in the animal fat groups relative to olive/rapeseed
oil while the two plant oil groups were comparable. The
thrombogenic pathway “GP6 signaling”** was activated by
all energy-dense HFDs, with more prominent activation
by the beef and milk fat groups relative to olive/rapeseed
oil. Furthermore, all HFDs increased activation of “Renin-
Angiotensin Signaling,” the “Apelin Endothelial Signaling
Pathway,” and “Thrombin Signaling”—three proathero-
genic pathways involved in vasoregulation, endothelial
function and inflammation, and thrombogenesis.**"* The
milk fat diet significantly increased the activation of these

Th|'IC-)A\SEBJourr1C|I

pathways relative to olive/rapeseed oil, while the other
HFDs were comparable.

We then studied the effects of the energy-dense diets
on the predicted activation state of upstream regulators
involved in cholesterol metabolism and handling (Table 2)
and of upstream regulators involved in inflammation
(Table 3). An overview of all significantly regulated up-
stream regulators is provided in Table S4. The olive/
rapeseed oil diet tended to increase acgenes that promote
cholesterol synthesis, as indicated by increased activation
of SREBF2 and inactivation of INSIG1 (a negative regula-
tor of cholesterol synthesis). The other HFDs did not have
a clear effect on SREBF2 activation relative to chow, but
did show inactivation of INSIG1, pointing to an overall in-
crease in cholesterol synthesis. This was also reflected by
the comparison of the other HFDs. Relative to the olive/
rapeseed group all the other HFDs showed inactivation of
SREBF2 and SREBF2 chaperone protein SCAP, and acti-
vation of INSIG1.

None of the HFDs had a clear effect on regulators re-
lated to VLDL production and secretion. Similarly, there
was no clear pattern of activation of (V)LDL receptors and
associated genes. LRP1 (a cholesterol clearance receptor)
tended to be inactivated and PCSK9 (which promotes ly-
sosomal Ldlr degradation) tended to be activated by the
energy-dense diets, but these effects did not reach the cut
off for consistent (in)activation for any of the diets. There
was a significant inactivation of ApoE by all HFDs, which
tended to be more pronounced for the animal fat diets. The
chaperone protein LRPAP1 tended to be more activated in
all HFDs relative to chow, and this increased activation
was most prominent in the animal fat diets. HDL-related
genes overall were downregulated by the HFDs relative to
chow, with no clear differences relative to the olive/rape-
seed diet. All HFDs inactivated the atheroprotective bile
acid regulator FXR relative to chow, and FXR was further
inactivated only in the milk fat group relative to olive/
rapeseed. There was no clear effect of the HFDs on bile
acid synthesis (CYP7A1 and CYP27A1) or the efflux of
cholesterol into bile (ABCA1).

The energy-dense HFDs resulted in the activation of
many pro-atherogenic chemokines and/or their receptors,
such as CCR2, CCL5, CXCL12, CX3CL1, and MIF (Table 3).
The sunflower oil was comparable to olive/rapeseed oil
with respect to chemokine signaling, while the animal fats
further increased CCR2 (all animal fats), CCL5 (beef fat
and milk fat), CCR1 (milk fat), CXCL12 (beef fat and milk
fat), CX3CL1 (all animal fats), CX3CR1 (milk fat), and MIF
(beef fat and milk fat) activity. Similarly, there was a global
activation of pro-inflammatory pro-atherogenic cytokines
by all HFDs, including IL1B, IL3, IL6, CSF1, and TNF.
The activation of these cytokines was comparable between
the two plant fat diets (with the exception of IL1B, which
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TABLE 3 (Continued)

Olive/rapeseed

oil

Olive/rapeseed Olive/rapeseed Olive/rapeseed Olive/rapeseed

Chow

Chow

Chow

Chow

Chow

Z-score

=}
S
g
g
=
g
=}
O
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CSF3

IFNB1
IFNG
TNF

Note: The predicted activation state of upstream regulators is shown for the comparison of each HFD relative to chow (left half of table) and for the sunflower oil, pork fat, beef fat and milk fat diets relative to olive/
rapeseed oil (right half of table). Regulators with a —log(p-value)> 2 are considered to be significantly enriched. The Z-score indicates predicted activation (cutoff >2.0, marked in red) or inactivation (cutoff <—2,

marked in green) of a regulator.

was more activated in the sunflower oil group), while the
animal-fat diets further activated many of these cytokines
relative to the olive/rapeseed oil group (for instance IL1A,
IL1B, IL6, CSF2, and TNF)—an effect that was most pro-
nounced for the milk fat diet.

3.6 | Specific inflammation markers and
drivers of atherogenesis are differentially
affected by the energy-dense high-fat diets

To gain more insight into possible inflammatory drivers of
atherogenesis, we analyzed the plasma concentrations of
the vascular adhesion molecules E-selectin, P-selectin, in-
tercellular adhesion molecule 1 (ICAM) and vascular cell
adhesion molecule 1 (VCAM. The energy-dense HFDs did
not affect the levels of E-selectin and P-selectin in plasma
(Figure 4A,B), while the plasma levels of VCAM and ICAM
were significantly increased by all HFDs, with no differ-
ences between the diets (Figure 4C,D). Next we studied
the potential involvement of the cytokine MIF, one of the
proatherogenic cytokines identified in the transcriptomics
analysis (Table 3), which is known to promote atherogenesis
in Ldlr-deficient mice.*® A correlation analysis revealed that
there was a strong correlation between MIF concentrations
and the total atherosclerotic lesion area (Figure 4E). We then
compared plasma MIF levels between groups and found that
in the chow group, plasma levels of the atherogenic cytokine
MIF were low (Figure 4F). While the plant oil diets did not
significantly increase plasma MIF relative to chow, the three
animal-fat diets increased plasma MIF significantly—with
an intermediate increase in the pork fat group and the most
pronounced increases in the beef- and milk-fat groups.

4 | DISCUSSION

In this study, we show that changing the type of dietary fat
in otherwise identical isocaloric diets has profound effects
on atherosclerotic disease development in a translational
diet-induced model of obesity-associated atherosclerosis. We
compared five commonly consumed dietary fat sources: two
plant-based fats (an olive/rapeseed oil mix and sunflower
oil) and three animal fats (pork fat, beef fat, and milk fat).
Among the many known risk factors for CVD, diet is ac-
cepted to play an important role.*’” There is increasing ev-
idence that different types of fat have divergent effects on
health, but conflicting results have been the cause for much
debate—both in the scientific community and the general
public. Such contradictory results are most likely attrib-
utable to methodological issues that are inherent to both
randomized controlled trials (the golden standard for estab-
lishing causality) and prospective cohort studies.'®** The
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most crucial issues are the replacement macronutrient and
the difficulty of isolating effects of specific macronutrients
due to confounders (for instance due to changes in intake
of fruit, vegetable or fiber intake). Overall, it appears that
replacement of energy intake from saturated fats by mono-
unsaturated or polyunsaturated fats reduces risk of CVD
while replacement of saturated fats by carbohydrates has
no effect on CVD risk if the replacement carbohydrates are
refined whereas replacement of saturated fats with whole

grains reduces disease risk."” While control of experimental
conditions and avoidance of confounders is a challenge in
human studies, animal studies do allow long-term studies
of isolated dietary components while keeping the rest of the
diet identical between experimental groups. Under these
controlled experimental conditions with a duration roughly
equivalent to 20 human-years, we were able to show that
indeed atherosclerosis development was more pronounced
with increasing SFA content in the diet and decreasing
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MUFA and PUFA content. This was most clearly apprecia-
ble in the animal-fat diets, which are high in SFA and low in
MUPFA and PUFA relative to the vegetable oils. In addition,
the trans fats that are present particularly in the beef and
milk fat diets (and completely absent in the plant-derived
oils) may have contributed to disease development although
there is still some debate whether naturally occurring trans
fatty acids (e.g., the ruminant trans fatty acid vaccenic
acid, C18:1t) are as detrimental to cardiovascular health as
trans fatty acids from industrial sources (i.e., those that are
formed in the partial dehydrogenation of vegetable oils).***°

One of the mechanisms by which dietary fats can influ-
ence CVD risk is through their effects on plasma choles-
terol, an important driving force in atherosclerotic disease
development. In the current study, we observed that while
all energy-dense HFDs had significantly higher plasma tri-
glycerides and total cholesterol levels than the low-fat chow
diet, the SFA-rich animal fats more pronouncedly increased
circulating lipids than the low-SFA plant-derived fats. This
is in line with results from observational studies in humans
that show increased plasma lipids with diets high in SFA.*"
In addition, the SFA-rich animal fats were higher in dietary
cholesterol than the plant-derived fats, which can also have
contributed to the observed differences in plasma choles-
terol levels, together with the differences observed in fecal
cholesterol excretion. Additionally, learance of cholesterol
from the circulation may contribute to the observed differ-
ences in circulating cholesterol levels. Although there is
no clearance of LDL particles via the LDL receptor in the
Ldlr—/—.Leiden mouse due to the absence of a functional
LDL receptor, there is a functional LRP1 receptor in the
model, through which lipoprotein clearance can still take
place. While there was a tendency toward inactivation of
this LRP1 receptor by all HFDs relative to chow, only the
milk fat diet reached the z-score cut-off of <—2, which may
partly explain the increased plasma cholesterol levels ob-
served in this group. The reduced clearance and accumula-
tion of LDL particles is further supported by the significant
increase ApoB concentrations with milk fat relative to
chow and plant fats. Because each (V)LDL particle contains
a single ApoB molecule, the absolute number of proathero-
genic particles is highest with milk fat. In addition to this,
the dietary fats had different effects on plasma triglyceride
concentrations which were clearly higher with the animal
fats. The relative change in triglycerides with animal fats
was notably greater than would be expected from the rel-
ative increase in ApoB. Hence, this may suggest a reduced
uptake of fatty acids from these particles into tissues that
utilize or store fatty acids specifically in case of the ani-
mal fats. Since adipose tissue histology (e.g., hypertrophy
and CLS analysis) did not reveal differences between the
fats it is possible that the differential effects are at the level
of tissue lipases. It is noteworthy to mention that oxLDL

levels were comparable between the fats but that olive oil/
rapeseed and milk fat showed significant elevations com-
pared to chow. This may seem counterintuitive and may
have different causes: the content of fatty acids with double
bonds that are prone to oxidation was the highest in the
olive oil/rapeseed group and we did not add antioxidants to
prevent lipid peroxidation. In the case of the milk fat diet,
LDL particles and fatty acids therein seem to be less effi-
ciently utilized or cleared and possibly remain longer in the
circulation (i.e., difference in LDL flux) where they become
oxidized. Differences between dietary fats could be assessed
by dynamical labeling studies to quantify LDL fluxes (e.g.,
residence time in circulation, oxidation, influx into vascula-
ture), of which currently very little is known.

A second mechanism by which dietary fats can influ-
ence atherosclerotic disease development is through their
effects on inflammation—a key driver of atherosclerosis
that is independent of plasma cholesterol and other tradi-
tional risk factors.’> Here, we show that different dietary
fat sources differentially affect inflammation. Although
we did not observe any differences between the energy-
dense HFDs in adhesion molecule levels (i.e., circulating
E-selectin, P-selectin, ICAM, and VCAM) we did find that
the plasma levels of the pro-atherogenic chemotactic cy-
tokine MIF> was significantly elevated only by the ani-
mal fat diets and not by the plant oil diets. This increased
pro-inflammatory state in the animal fat diets relative to
the plant oil diets was also reflected in the predicted acti-
vation state of upstream regulators in the liver. This anal-
ysis showed that although all of the energy-dense HFDs
strongly activated pro-inflammatory signaling pathways,
this activation was most pronounced in the animal fat
diets (CCR2, MIF, IL1A and IL1B, IL6, CSF2, TNF, all
showed significant activation in pork, beef and/or milk
fat relative to the olive/rapeseed oil diet). Since fatty acids
can affect inflammation via a number of routes, there
are several mechanisms that may underlie these obser-
vations. Notably, many of these effects are local at the
tissue level and not directly reflected in plasma. Firstly,
SFAs can promote inflammation through TLR4-regulated
mechanisms® providing a rationale for inducing inflam-
mation by the animal-fat diets with higher SFA content.
Secondly, polyunsaturated fatty acids are precursors for
the synthesis of oxylipins, important inflammatory me-
diators that can have either pro-inflammatory or anti-
inflammatory effects.”>*° It has recently been shown for
instance that dietary supplementation with an omega-3
fatty acid-rich krill oil affects the oxylipin balance in adi-
pose tissue and liver. Omega-3 fatty acid-derived oxylipins
(anti-inflammatory) were elevated and arachidonic acid
(omega-6) oxylipins (pro-inflammatory) were reduced
which overall was associated with reduced inflamma-
tion in these tissues. It is conceivable that similar effects
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may occur in vascular tissue based on previous reports
demonstrating an important role for oxylipins in vascular
inflammation.”” Cholesterol-independent effects of such
mediators on atherosclerosis have also been reported.*®
Differences in the PUFA content and composition of
the experimental diets in the current study may thus
have differentially affected the balance of pro- and anti-
inflammatory oxylipins within the vasculature, thereby
contributing to the observed differences in atherosclerotic
disease development. Lastly, fatty acids can also serve as
the ligand for ligand-activated transcription factors of the
peroxisome proliferator-activated receptor (PPAR) fam-
ily. In addition to their important role in the regulation
of metabolic processes, these transcription factors are
also known to affect inflammation through transrepres-
sion of the activity of many inflammatory transcriptional
regulators such as NF-kB, STATs and NFAT.” As MUFA
and PUFA are more potent PPAR ligands than SFA, the
inflammation-modulating properties of PPARs are differ-
entially modulated by diets that differ in fatty acid compo-
sition. Furthermore, it is possible that independent of the
fatty acid composition of the tested dietary fats, other com-
ponents (e.g., plant sterols or phytochemicals) especially in
the plant fats may also have anti-inflammatory and athero-
protective properties.>®* Conversely, the cholesterol pres-
ent in the dietary fats (particularly in the beef and milk fat)
may have pro-inflammatory and pro-atherogenic effects.®

Altogether, our study shows that different dietary fats
sources have differential effects on atherosclerotic dis-
ease development. Importantly, we demonstrate this in a
translational model for obesity-associated atherosclerotic
disease in a highly controlled experimental setting, in
which the type of dietary fat was the only factor that dif-
fered between the experimental diets used. We show that
atherosclerosis development is more pronounced with in-
creasing dietary SFA and cholesterol content and decreas-
ing dietary MUFA and PUFA content and is associated
with increases in proatherogenic plasma lipids/lipopro-
teins as well as proatherogenic mediators of inflammation
such as MIF.
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