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Abstract

Epidemiological evidence has associated dietary trans-fatty acids (TFAs) with coronary heart disease. It is assumed that TFAs
stimulate atherosclerosis, but this has not been proven. The purpose of this study was to determine the effects of consuming 2
concentrations of TFAs obtained from commercially hydrogenated vegetable shortening on atherosclerotic development in the presence
or absence of elevated dietary cholesterol. Low-density lipoprotein receptor–deficient mice were fed 1 of 7 experimental diets for 14
weeks: low regular fat (LR), low trans-fat (LT), regular high fat, high trans-fat (HT), or a diet containing 2% cholesterol with low
regular fat (C + LR), low trans-fat (C + LT), or high trans-fat (C + HT). The extent of lesion development was quantified by en face
examination of the dissected aortae. Dietary cholesterol supplementation significantly elevated serum cholesterol levels. Surprisingly, this
rise was partially attenuated by the addition of TFAs (C + LT and C + HT) in the diet. Serum triglyceride levels were elevated with the
higher-fat diets and with the combination of trans-fat and cholesterol. Animals consuming TFAs in the absence of dietary cholesterol
developed a significantly greater extent of aortic atherosclerotic lesions as compared with control animals (LT N LR and HT N regular
high fat). Atherosclerotic lesions were more extensive after cholesterol feeding, but the addition of TFAs to this atherogenic diet did not
advance atherosclerotic development further. In summary, TFAs are atherogenic on their own; but they do not stimulate further effects
beyond the strongly atherogenic effects of dietary cholesterol.
© 2009 Published by Elsevier Inc.
1. Introduction

Coronary artery atherosclerosis is the principle cause of
cardiovascular morbidity and mortality in North America.
Nutritional choices, including the source of dietary fatty
acids, can significantly impact cardiovascular disease. For
example, several recent epidemiological and interventional
investigations have revealed a significant positive associa-
tion between coronary heart disease and the consumption
of trans-fatty acids (TFAs) [1-6]. TFAs acids have also
been found in atherosclerotic lesions and adipose tissue of
obese and cardiac patients [7,8]. It has been assumed from
these studies that TFAs induce their deleterious effects on
cardiovascular disease through an atherogenic action.
However, surprisingly, Kritchevsky and colleagues [9-11]
have repeatedly found no effect of a high-TFA diet on
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atherosclerosis. It is possible, therefore, that TFAs may
influence cardiovascular health in a manner independent
of atherogenesis. Alternatively, it is also possible that
some aspects of the studies conducted by Kritchevsky et
al [9-11] were suboptimal to detect an effect of the TFA
diets. Kritchevsky and colleagues [9-11] always supple-
mented the diets of their animals with TFAs superimposed
on a high-cholesterol diet. It is possible that coadminis-
tration of TFAs with dietary cholesterol may mask the
atherogenic effects of TFAs. In addition, the low-density
lipoprotein receptor–deficient (LDLr−/−) mouse may be a
better animal model in which TFAs can be studied. It is
an excellent representation of human atherosclerotic
disease and displays a strong atherogenic response to
dietary fats [12,13]. We have hypothesized in the present
study, therefore, that consuming commercially hydroge-
nated TFAs in isolation would induce atherosclerosis and
consuming higher levels of TFAs would promote more
extensive atherosclerotic development.
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2. Materials and methods

2.1. Animals and dietary interventions

Female C57BL/6J LDLr−/− mice (Jackson Laboratory,
Bar Harbor, ME), 5 to 7 weeks old, were randomly assigned
to 7 dietary treatment groups of 5 animals. The 7
experimental diets consisted of a base of a delipidated
RMH3000 diet from TestDiet (Richmond, IN) with the fat
content replaced by 1 of 2 fat sources at 2 concentrations:
4% or 8% regular fat (porcine/soy) and 4% or 8%
manufactured partially hydrogenated vegetable shortening
(trans-fat). The 4% partially hydrogenated vegetable short-
ening provided 1.4% TFA, mainly in the form of elaidic
TFA, to the diets. The 8% partially hydrogenated vegetable
shortening provided 2.8% TFA, mainly in the form of elaidic
TFA, to the diets. The 7 experimental diets are as follows: (1)
low (4%) regular fat chow (LR), (2) low (4%) trans-fat
chow (LT), (3) high (8%) regular fat chow (HR), (4) high
(8%) trans-fat chow (HT), (5) 2% cholesterol and low (4%)
regular fat chow (C + LR), (6) 2% cholesterol and low (4%)
trans-fat chow (C + LT), and (7) 2% cholesterol and high
(8%) trans-fat chow (C + HT). Mice were given 4 g of food
daily for 14 weeks. Water was provided ad libitum.
Guidelines for the ethical care and treatment of animals
from the Canadian Council on Animal Care were strictly
followed [14]. The nutritional composition of the experi-
mental diets was analyzed by Norwest Laboratories in
Lethbridge, Alberta, for proximate analysis of crude protein,
carbohydrate, fat, fiber, ash, and digestible energy.

2.2. Blood collection and analysis

After the dietary intervention, plasma and serum were
collected and stored at −80°C until analyzed for fatty acid,
triglyceride, and cholesterol content. Plasma triglyceride and
cholesterol levels were quantified using commercial enzy-
Table 1
Nutritional composition of the experimental diets and average food intake

Group code Group name Dietary fat Ash Prote

LR Low regular fat 4% Pork/soy fat 7.0 24.0
LT Low trans-fat 4% Hydrogenated vegetable

shortening
7.0 24.2

HR High regular fat 8% Pork/soy fat 6.4 22.2
HT High trans-fat 8% Hydrogenated vegetable

shortening
6.6 21.7

C + LR Cholesterol +
low regular fat

2% Cholesterol + 4% pork/soy fat 6.7 23.2

C + LT Cholesterol +
low trans-fat

2% Cholesterol + 4% hydrogenated
vegetable shortening

6.7 22.9

C + HT Cholesterol +
high trans-fat

2% Cholesterol + 8% hydrogenated
vegetable shortening

6.4 22.7

Ash, protein, fiber, carbohydrates, and fat are represented as a percentage of total
based on the addition of 4% or 8% partially hydrogenated shortening, containing
average amount of food consumed by LDLr−/−mice fed experimental diets over 14
(n = 15 per group). Protein indicates crude protein; fiber, crude fiber; CHO, carbo
matic kits (Thermo Electron, Waltham, MA). Lipids were
extracted from plasma (100 μL) and a 1-g sample of ground
diet using chloroform-methanol (2:1, vol/vol) [15]. Conver-
sion of the fatty acids to their methyl esters was
accomplished using a modification of the method by Park
and Goins [16]. Briefly, the extracted lipids (stored in 100
μL of dichloromethane containing the internal standard
C11:0) were first esterified using 1 mL of 0.5 N methanolic
NaOH at 90°C for 10 minutes under an atmosphere of
nitrogen. After a brief cooling period, 1 mL of 14% BF3-
methanol was added; and the contents were heated as
described above. The reaction was terminated upon the
addition of 1 mL distilled water, and the fatty acid methyl
esters (FAMEs) were extracted into 300 μL hexane.
Completion of the derivitization reaction was verified
using thin-layer chromatography using conditions detailed
by Cruz-Hernandez and colleagues [17]. The FAMEs were
then analyzed using gas chromatography coupled with
flame-ionization detection. The separation methodology is
based upon the 150°C gas chromatography temperature
program detailed by Kramer and colleagues [18]. The
FAMEs were analyzed against an authentic standard, GLC
469A, with the addition of eicosapentaenoic acid (EPA) (Nu-
Chek Prep, Elysian, MN). The results for the TFA are
presented as a sum of TFA isomers.

2.3. Assessment of atherosclerotic lesion formation

The aorta was cleaned of adventitial tissue and washed in
cold phosphate-buffered saline solution before evaluating the
tissue for atherosclerotic lesions by en face and cross-
sectional analysis [19,20]. For en face analysis, the aorta
from the ascending arch to the iliac bifurcation was cleaned
of peripheral tissue, opened longitudinally, pinned flat, and
digitally photographed; and the luminal images were
analyzed using the Silicon Graphics Imaging software
in Fibre CHO Fat Calories
(kcal/g)

TFA
(% of diet)

TFA
(% caloric
energy)

Food intake
(g/d)

4.3 56.1 8.5 3.5 0 0 3.8
4.4 56.2 8.2 3.5 1.4 3.2 3.8

4.2 54.7 12.5 3.6 0 0 3.7
5.2 54.5 12.0 3.6 2.8 6.4 3.8

4.3 55.0 10.8 3.6 0 0 3.9

4.8 54.8 10.8 3.6 1.4 3.2 3.8

4.2 53.2 13.4 3.7 2.8 6.4 3.8

nutrients, measured by proximate analysis. The TFA content was estimated
35% TFA content, to the diets. Food intake (grams per day) represents the
weeks. There was no significant difference in food intake between the groups
hydrates; fat, crude fat; calories, digestible energy (kilocalories per gram).
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(Sunnyvale, CA) [19,20]. The lesion area index was
calculated as the ratio of areas with lesions vs total luminal
surface area × 100 (mean ± standard error).

2.4. Statistical analysis

Data are expressed as mean ± standard error. Statistical
comparisons were made using 1-way analysis of variance,
followed by the Fisher least significant difference test for
multiple parametric comparisons using the SigmaStat soft-
ware (San Jose, CA). Differences between means were
considered significant when P b .05.
3. Results

3.1. Experimental diets

The nutritional composition of the 7 experimental diets is
listed in Table 1. Three diets were created to serve as internal
controls for the 4 diets containing TFAs (LR for LT, HR for
HT, and C + HT and C + LR for C + LT and C + HT). The
composition of these control diets was identical to the TFA-
containing diets, apart from the source of dietary fat. The
Fig. 1. Fatty acid composition of the experimental diets. Levels of SFA (A), MUFA
diet). Values are means ± SE; n = 3. ⁎P b.05 vs LR, HR, andC +LRgroups. †P b.05 v
group. §P b .05 vs C + LR group. ∞P b .05 vs LR group. £P b .05 vs HR group. Only t
γ-linolenic acid, C20:311,14,17, C20:38,11, C22:1, and C22:6 docosahexaenoic acid
acid; DHA, docosahexaenoic acid.
grain content in each of the diets contributed a small amount
of dietary fat. As detailed in Table 1, doubling the amount of
added fat increased the dietary fat content by approximately
50%; and adding cholesterol to the diet added approximately
25% more dietary fat. The fat content was therefore highest
in the C + HT group. Both the LT and C + LT diets contained
1.4% TFA, which relates to 3.2% of caloric energy as TFA
intake. The HTand C + HT diets contained 2.8% TFA, which
provides 6.4% of caloric energy as TFA intake. The ash,
protein, fiber, and carbohydrate contents of all of the diets
were controlled and similar among the groups. Despite an
increase in dietary fat in the higher-fat groups, the digestible
energy levels provided by the diets were all in a similar range
(within 3.5 and 3.7 kcal/gram). Food intake between the
groups was similar (Table 1).

3.2. Fatty acid profile of the experimental diets

The experimental diets differed in fatty acid composition
(Fig. 1). Noteworthy differences include a general increase in
fatty acid levels in experimental diets with higher fat
contents (HR, HT, and C + HT) and a general, although
not always statistically significant, reduction in saturated
(B), PUFA (C), and TFA (D) in the experimental diets (milligrams per gram
s LTandC+ LT groups. #P b.05 vs LR andC +LR groups. ‡P b.05 vs C+HT
race amounts (b0.01 mg/mL) of C13:0, C14:1, C16:1t, C17:0, C18:2tt, C18:3
were detectable (data not shown). OL indicates oleic acid; GLA, γ-linolenic
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fatty acids (SFAs) (C14:0 and C16:0), monounsaturated fatty
acids (MUFAs) (C16:1, C18:1, and C20:1), and polyunsa-
turated fatty acids (PUFAs) (C18:2 and C18:3) levels in
groups containing TFAs as compared with their control
group (LT vs LR, HT vs HR, and C + LT vs C + LR). The
regular-fat groups (LR, HR, and L + LR) had minimal levels
of TFAs. The addition of commercially hydrogenated
vegetable shortening significantly and dose dependently
raised the TFA fatty acid content of the experimental diets
(LT, C + LT, HT, and C + HT groups) (Fig. 1D).

3.3. Circulating fatty acid profiles

Differences in the plasma fatty acid profile of the animals
after the 14-week feeding period were observed (Fig. 2). The
cholesterol-supplemented regular diet (C + LR) had the
highest levels of plasma SFAs (C16:0 and C18:0), MUFAs
(C16:1 and C18:1), and PUFAs (C18:2 linoleic acid [LA],
C18:3 α-linolenic acid, C20:4 arachidonic acid [AA], and
C20:5 EPA). Surprisingly, this rise was partially attenuated
by the addition of TFAs (C + LT and C + HT) in the diet.
Cholesterol supplementation on its own (C + LR group) did
Fig. 2. Serum fatty acid levels in LDLr−/− mice after dietary interventions. Saturat
were quantitated (milligrams per milliliter) in plasma from LDLr−/− mice after 14 w
LT, HR, and HT groups. #P b .05 vs C + LR group. †P b .05 vs C + LT group. ‡P b
groups. ¢P b .05 vs LT group. £P b .05 vs HR group. ±P b .05 vs HT group. Only tra
C18:3 γ-linolenic acid, C20:0, C20:1, C20:311,14,17, C20:38,11, C22:0, C22:1, and
not elevate circulating plasma TFA levels; however, the
addition of TFAs in an atherogenic diet (C + LT and C + HT)
had a strong dose-dependent stimulatory effect on plasma
TFA levels.

3.4. Circulating cholesterol and triglyceride levels

Serum cholesterol levels were similar among all of the
groups at the start of the study (Fig. 3). After 4 weeks of
feeding, the addition of dietary cholesterol had a sharp effect
on serum cholesterol levels. Substituting the fat source for
TFAs partially inhibited the dietary cholesterol-induced rise
in serum cholesterol levels. Serum cholesterol levels rose in
the groups consuming TFAs and cholesterol (C + LT and C +
HT) over the course of the study. After 14 weeks of feeding,
the substitution of fat for a TFA source in the diet resulted in
lower serum cholesterol levels as compared with the LR
group. Increasing the level of fat in the diet resulted in a
small rise in serum cholesterol levels (HR vs LR). Including
higher levels of TFA in the diet had no effect on serum
cholesterol levels (HT vs HR). As expected, the inclusion of
cholesterol in the diet induced a significant increase in serum
ed (A), monounsaturated (B), polyunsaturated (C), and trans (D) fatty acids
eeks of dietary interventions. Values are means ± SE; n = 4. ⁎P b .05 vs LR,
.05 vs C + HT group. ∞P b .05 vs LR and HR groups. §P b .05 vs LR and LT
ce amounts (b0.01 mg/mL) of C13:0, C14:0, C14:1, C16:1t, C17:0, C18:2tt,
C22:6 docosahexaenoic acid were detectable (data not shown).



ig. 5. Extent of aortic atherosclerotic lesions after dietary treatments. The
therosclerotic lesion area was measured as the percentage of total aortic
minal area. The lesion area was measured as the percentage of aortic
minal area covered by atherosclerotic lesions. Values are means ± SE. ⁎P b
5 vs LR group. †P b .05 vs LTand HR groups. ‡P b .05 C + LR, C + LT, C +
T vs HR group. n = 5 for each diet type.

Fig. 3. Serum cholesterol levels in LDLr−/− mice after 0, 4, 8, 12, and 14
weeks of dietary interventions. Values are means ± SE; n = 5 at 0, 4, 8, 12,
and 14 weeks. ±P b .05 vs LR group. ∞P b .05 vs LR and LT groups. ⁎P b .05
vs LR, LT, HR, and HT groups. †P b .05 vs LR, LT, HR, HT, and C + HT
groups. ‡P b .05 vs LR, LT, HR, HT, and C + LT groups. #P b .05 vs all
groups.
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cholesterol levels. The substitution of regular fat for
manufactured TFAs in the atherogenic diets resulted in
slightly lower serum cholesterol levels at the conclusion of
the study. Increasing the dose of TFAs had no effect on
serum cholesterol levels.

Substituting the fat source for trans-fat had no effect on
serum triglyceride levels in the absence of dietary
cholesterol (Fig. 4). Consuming TFAs in the presence of
dietary cholesterol had a significant impact on serum
triglyceride levels (Fig. 4). Triglyceride levels were
approximately 1.3 times greater in the C + LT group and
approximately 2.5 times greater in the C + HT group vs the
C + LR group (P b .05).

3.5. Aortic atherosclerotic development

Mice fed a control diet (LR) did not exhibit appreciable
atherosclerotic plaque formation (Fig. 5). Including TFAs in
the diet from a manufactured hydrogenated vegetable
shortening source (LT) stimulated atherosclerotic develop-
ment on its own, an event not normally observed in the
LDLr−/− mouse unless it is fed dietary cholesterol or a
strongly atherogenic diet. The TFAs initiated atherosclerotic
development in a dose-dependent manner (LT N LR and HT N
HR). The inclusion of cholesterol in the diet of the LDLr−/−

mice induced a significant atherogenic action in comparison
Fig. 4. Serum triglyceride levels in LDLr−/− mice after 14 weeks of dietary
interventions. Values are means ± SE; n = 4 to 5. #P b .05 vs LT group. ‡P b
.05 C + HT vs all groups.
F
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with the groups without dietary cholesterol. Substituting the
fat source for either a low or high concentration of TFA from
vegetable shortening in the presence of dietary cholesterol did
not have an additional effect on atherosclerotic development.
In the present study, dietary TFAs were directly responsible
for the atherogenesis. The higher the circulating TFAwas, the
more extensive were the atherosclerotic lesions (Fig. 6).
4. Discussion

TFAs are formed during the partial hydrogenation of
liquid oils, forming semisolid fats like margarine and
shortening. They are also found in fried foods, cookies,
donuts, and crackers. The hydrogenation process reduces the
number of double bonds in unsaturated fatty acids and
thereby changes the original cis configuration of the double
bonds into a trans configuration, thereby resulting in a more
linear fatty acid. Epidemiological investigations have
ig. 6. Relationship of atherosclerosis to circulating TFA concentration.
ach data point represents pooled values from 4 mice fed a control diet or 1
upplemented with low or high trans-fat. Data are taken from Figs. 2D and
ig. 5 and do not include data from cholesterol-fed animals.
F
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s
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associated diets that contain higher levels of TFAs with a
higher incidence of cardiovascular disease [1-6], but there has
never been a proven cause-and-effect relationship between
dietary TFAs and atherosclerosis [1,3,21]. On the contrary, a
high-cholesterol/high-TFA diet administered to rabbits,
hamsters, and vervet monkeys did not induce atherogenesis
[9-11]. In view of this current lack of mechanistic informa-
tion, it is somewhat surprising that some governments have
restricted TFA content in food products.

We demonstrate for the first time that TFAs have the
capacity to directly stimulate atherosclerotic development on
their own. Furthermore, the higher the circulating TFA was,
the more extensive were the atherosclerotic lesions (Fig. 6).
We can conclude from these data, therefore, that circulating
TFAs can directly induce atherosclerosis in the LDLr−/−

mice. Furthermore, our hypothesis that the effects of dietary
cholesterol may have masked the effects of TFAs on their
own in the previous works [9-11] appears to have been
correct. The LDLr−/− mouse model may have been an ideal
choice in which to study our dietary interventions.
Genetically modified murine models of atherosclerosis like
the LDLr−/− mice have been widely accepted in recent years
as ideal in which to mimic human atherosclerotic develop-
ment [12,13] and only develop lesions when fed a lipid-
supplemented atherogenic diet.

The mechanism whereby TFAs induce atherosclerosis is
unclear. Because they resemble SFAs with respect to their
linear configuration, they may act very much like them in the
cardiovascular system. Conversely, some factors may be
ruled out as being mechanistically involved. For example,
the atherogenesis in the LT and HT groups was stimulated
without any increases in circulating cholesterol or triglycer-
ide levels. The TFAs can exhibit detrimental cellular effects
in humans unrelated to cholesterol [22-24]. With the
majority of cholesterol carried in the high-density lipoprotein
fraction in mice, it is unlikely that the high-density
lipoprotein fraction is changed by the TFA diet. Furthermore,
no changes in circulating SFAs, MUFAs, or PUFAs would
explain the increase in atherosclerotic lesions in the LT and
HT groups in comparison with their respective control
groups. The atherogenic effect of TFAs on their own was
also achieved without a change in weight gain. Alternatively,
it is possible that TFAs may augment atherosclerosis through
a stimulation of inflammatory pathways as has been shown
using other dietary interventions in the LDLr−/− mouse
[19,25]. TFAs adversely affect markers of inflammation in
epidemiological and clinical trials [26-30]. However,
although we examined several inflammatory markers in
aortic tissue (mac-3, interleukin-6, HSP60) and plasma
(tumor necrosis factor–α) in the present study, no changes
were detected.

The dosage of TFAs used in our study has physiologic
implications in humans. The low dose of commercially
hydrogenated vegetable shortening in this study (LT and C +
LT) provided 1.4% TFA, which is equivalent to 3.2% of
caloric energy. The higher dose of hydrogenated vegetable
shortening (HT and C + HT) provided 2.8% TFA, which is
equivalent to 6.4% of caloric energy. Estimates of TFA
intake range from 0.7 to 28.7 g TFA per person per day, with
the average daily TFA intake in North America being 5.8 g or
2.6% of calories [31]. The TFA dosage provided to the mice
in this study, therefore, was similar in energetic load to
previous experimental reports [19,24,32] and similar to the
average human TFA consumption values [31].

In summary, our data define the mechanism whereby
commercially hydrogenated TFAs contribute independently
to cardiovascular disease. Our data have relevance to the
current levels of TFA ingestion in North America today. The
dose dependency of the atherogenic effects is further cause
for concern and lends credence to efforts to reduce its
presence in foods available to the public today.
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