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bstract

The objective of this study was to examine the effects of the antioxidant �-lipoic acid (ALP) versus a medium chain triglyceride oil
ixture (MCTo), which was designed to increase energy expenditure and to improve lipid profiles containing medium chain triglycerides,

hytosterols, and omega-3 fatty acids in the form of flaxseed oil. A total of 48 hamsters were fed a) hypercholesterolemic (HC) control, b)
C MCTo, c) HC ALP, or d) HC MCTo/ALP diet for 4 weeks. No differences were observed on food intake, body weight, total body water,

ean and fat mass, and tissue thiobarbituric acid reactive substances (TBARS). ALP alone had no effect on total cholesterol (TC); however,
CTo feeding increased TC with (P � 0.03) and without (P � 0.003) ALP when compared with control. ALP increased HDL levels

ompared with control (P � 0.04) and MCTo/ALP (P � 0.007) groups. MCTo, with (P � 0.0001) or without (P � 0.006) ALP, increased
on-HDL cholesterol levels versus control. The non-HDL:HDL cholesterol ratio was decreased by ALP compared with MCTo (45%) and
CTo/ALP (68%) (P � 0.0001), a similar trend was seen when compared with the HC control (22%) group (P � 0.14). Triglyceride levels
ere not altered by any dietary treatment. Liver and heart tissue reduced glutathione (GSH) was increased (P � 0.05) by all three treatments
hen compared with control. Both tissues showed an increase (P � 0.05) in oxidized glutathione (GSSG) when fed ALP as compared with
ther treatments. Hamsters fed ALP had a lower (P � 0.05) GSH/GSSG ratio compared with other treatment groups. In conclusion, MCTo
eeding does not elicit beneficial effects on circulating plasma lipids and measures of body composition. In addition, our results do not
learly support an improvement in oxidative status through supplementation of ALP. However, our results do support the existence of
eneficial effects of ALP on circulating lipoprotein content in the hamster. © 2004 Elsevier Inc. All rights reserved.
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. Introduction

Diseases of the heart and blood vessels, collectively
nown as cardiovascular disease (CVD), are the leading
ause of death in Canada [1]. Primary risk factors for CVD
re obesity, diabetes, hypertension, elevated blood choles-
erol levels, and oxidative stress. In an attempt to combat
hese risk factors, science has turned to the investigation of
ioactive substances that may offer protection to the car-
iovascular system.

Several studies suggest that oxidative stress plays a sig-
ificant role in the pathogenesis of atherosclerosis [2–4].
herefore, in formulating a combination of bioactive com-
onents to combat CVD, a powerful antioxidant, �-lipoic

A portion of these data have been presented at the Experimental
iology Conference (FASEB), New Orleans, LA, April 20–24, 2002.
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cid (ALP) was used. ALP has been shown to protect LDL
holesterol from in vivo oxidation [5–8]. Levels of other
unctional antioxidants such as, vitamins C and E and glu-
athione have also been shown to be increased via recycling
hrough supplementation with ALP [5,9,10]. Apart from the
ntioxidant functions of ALP, effects of ALP on plasma
ipid profiles in animals have also been examined yielding
nconclusive results. Early studies in the 1970s and 1980s
ave shown the capacity of ALP to decrease serum total
holesterol in rabbits [11] and atherosclerosis in quail [12].
n contrast, more recent research has reported no significant
ffects of ALP supplementation on cholesterol levels
7,13,14].

Medium chain triglycerides (MCT) have been shown to
e more easily absorbed into the intestinal lumen compared
ith long chain triglycerides (LCT) [15]. MCT also differ

rom LCT in that they are transported directly to the liver

ia the portal vein and thus do not pass the adipose tissue
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efore hepatic disposal. These characteristics are thought to
e responsible for the different rates of fat oxidation for
CT versus LCT. In addition, MCT have been shown to

ndergo increased oxidation in both animal studies [16,17]
nd human studies [18–20]. These reports of increased
xidative capacity have made MCT appealing as a possible
djunct for the treatment of obesity; however, MCT have
lso been shown to have deleterious effects on the blood
ipid profile, causing their use to be less desirable. There is
trong evidence in the literature to suggest that MCT in-
rease circulating triglyceride levels [19,21,22]. In addition,
CT have also been shown to increase circulating LDL

holesterol levels [23,24]. However, some studies have ob-
ained different results demonstrating no effect of MCT on
lasma triglycerides [23,24], as well as the capacity to
ecrease circulating triglycerides [25] in addition to im-
rovements in plasma LDL and total cholesterol (TC) levels
22,26,27].

With the existing knowledge of possible negative effects
f MCT feeding on blood lipids, the concept of combining
CT with phytosterols and n-3 fatty acids to negate nega-

ive effects is provocative. Plant sterols have been shown to
ecrease both plasma total [28,29] and LDL cholesterol
30,31] without significant alterations in plasma HDL cho-
esterol and triglyceride concentrations. Phytosterols are
nown to elicit these actions through inhibition of dietary
holesterol absorption from the intestine [32]. In addition,
upplementation with alpha-linolenic acid in the form of flax-
eed oil has been shown to increase tissue eicosapentanoic
EPA) concentrations in vivo [33]. EPA is thought to be one
f the components responsible for the capacity of fish oils to
ecrease plasma triglyceride levels [34]. Alpha-linolenic
cid feeding has been shown to decrease plasma triglyceride
evels by 22–24% in humans [35]. These results support the
ationale for the combined feeding of phytosterols and flax-
eed oil in an attempt to temper increases in plasma cho-
esterol and triglyceride levels caused by MCT feeding.

This medium chain triglyceride oil mixture (MCTo) has
een tested in human subjects by our research team. MCTo
eeding for 27 days in 17 healthy obese women elicited a
ecrease of 10.2% in LDL cholesterol, with no significant
hange in circulating triglyceride or HDL cholesterol con-
entrations [36]. In addition, MCTo feeding in these women
as shown to increase average energy expenditure and fat
xidation as measured through indirect calorimetry [37].
imilar results were obtained when 24 healthy overweight
en were fed MCTo for 28 days [38]. In concert with the

avorable changes in the lipid profile, these participants
xhibited a decrease in upper adipose tissue measured
hrough magnetic resonance imaging [39].

In light of the aforementioned findings our main objec-
ive of this study was to examine the efficacy of orally
dministered ALP and MCTo, given both independently
nd in combination, on body weight, lipid profiles, and
ntioxidant status in the Golden Syrian hamster. We tested

he null hypothesis that feeding male Golden Syrian ham- w
ters a moderately high cholesterol diet containing a MCTo
omposed of MCT, phytosterols, and n-3 PUFAs alone and
n combination with ALP would not elicit beneficial effects
n blood lipid concentrations, body weight, and measures of
xidative stress.

. Methods and materials

This experimental protocol was approved by the Animal
thical Review Committee of the Faculty of Agriculture
nd Environmental Sciences for the School of Dietetics and
uman Nutrition at McGill University, Montreal, Canada.

.1. Diet preparation and animal accommodation

A total of 48 Golden Syrian hamsters weighing 80–100g
Charles River Laboratories, Wilmington, MA) were used
n this experiment. Hamsters were acclimatized for 2 weeks
hile receiving free access to water and were fed a standard
onpurified laboratory diet (Charles River Laboratories,
ilmington, MA) ad libitum. For the duration of the study

amsters were exposed to a 12 hour light–dark cycle start-
ng at 9 AM. After this 2-week period, animals were ran-
omized into four groups and switched to semipurified diets
ICN Pharmaceuticals, Inc.). Diets were prepared weekly
nd stored at �80°C. Dietary composition is shown in
able 1. All diets were designed to be moderately athero-
enic, with a total cholesterol content of 0.25% wt/wt. The
otal fat content of the diet was 10% fed as a mixture of beef
allow and safflower oil with a calculated fatty acid com-
osition [40] as follows: 4% 14:0, 21.4% 16:0, 5.9% 16:1,
3.8% 18:0, 44.9% 18:1, 3.3% 18:2 n-6, 0.02% 18:3 n-3).
nce dietary treatment commenced the unmodified athero-
enic control diet was fed to one group of hamsters (Group
). Groups 2–4 were supplied with the same basic diet, with
ubstitutions to the fat content. Group 2 received 75% of the
upplied fat as the MCTo with a calculated fatty acid com-
osition [41] as follows: 0.2% 6:0, 37.0% 8:0, 30.4% 10:0,
.6% 12:0, 1.1% 14:0, 3.5% 16:0, 0.2% 16:1, 0.7% 18:0,
3.8% 18:1, 4.6% 18:2n-6, 4.9% 18:3n-3, 0.1% 20:0, with
he remaining 25% given as the beef tallow/safflower mix-
ure. Group 3 received the control fat blend with powdered
acemic ALP added at 0.3% wt/wt of diet. Group 4 received

CTo as 75% of dietary fat in addition to 0.3% wt/wt of
acemic ALP. Food intake and food spillage were measured
aily, and body weight was recorded every 3 days.

.2. Sample collection

After 30 days of dietary treatment, hamsters were fasted
or a 12-hour period. After the fasting period, animals were
njected with 0.3 g of deuterium oxide, which had been
recisely weighed. Three hours post-injection, hamsters
ere anesthetized with carbon dioxide and blood samples

ere collected by decapitation. Blood was collected in eth-
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lenediamine tetracetic acid (EDTA) tubes and centrifuged
t 1500 � g for 15 minutes to obtain red blood cells and
lasma. Plasma was immediately separated and aliquoted
nto microcentrifuge tubes. Liver, heart, and kidney tissues
ere harvested, weighed, snap-frozen in liquid nitrogen. All

amples were coded and maintained in �80°C storage until
urther analysis.

.3. Plasma lipid measurements

Plasma total cholesterol, high-density lipoprotein (HDL)
holesterol, and triglyceride levels were measured in dupli-
ate using an Abbott VP Super System Autoanalyser (Ab-
ott, Irving, TX) in conjunction with commercial enzymatic
its (Abbott Laboratories, Montreal, PQ, Canada). Measure-
ent of HDL cholesterol in plasma was carried out after

recipitation of apo-B containing lipoproteins with dextran
ulfate and magnesium chloride [42]. Results were ex-
ressed as non-HDL (VLDL � IDL � LDL) cholesterol
nstead of LDL cholesterol because the Friedewald equation
43] may not be applicable to hamsters. Thus the concen-
ration of lipoprotein (non-HDL) cholesterol was calculated
y subtracting HDL cholesterol concentrations from plasma
otal cholesterol.

.4. Deuterium oxide enrichments

Deuterium analyses were conducted using standard vac-
um techniques as previously described by Jones et al. [44].
o determine D2O enrichment, lengths of 6 cm (OD) Pyrex

ubing were attached to a vacuum system containing 0.06 g

able 1
omposition of experimental diets.

ngredients (% wt/wt) Group 1
Control

itamin Free Casein 20.0
orn Starch 26.0
ucrose 33.0
eef Tallow/Safflower Mixture1 10.0
L-methionine 0.5
ineral Mixture2 4.0
itamin Mixture3 1.0
holine Bitartrate 0.2
utylhydroxytoluene 0.02% of oil
holesterol 0.25
ellulose 5.0
CT Oil Mixture4 0.0

ipoic Acid5 0.0

1 Of the 10% or 2.5% dietary fat content, 98% was beef tallow and 2%
2 AIN-93 Mineral Mix, ICN Pharmaceuticals, Costa Mesa, CA (cat# 96
3 AIN-93 Vitamin Mix, ICN Pharmaceuticals, Costa Mesa, CA (cat# 96
4 MCT oil mixture: 64.7% medium chain triglycerides, 3.4% phytostero

as blended once prior to study commencement and was stored at 4°C. Th
5 �-Lipoic acid was given as a racemic powder. It was blended into t

reparation periods. Supplied by Forbes Medi-Tech, Vancouver, BC.
f zinc. A capillary tube (1 �L) filled with plasma was [
dded before immersion in liquid nitrogen. Gases were
vacuated and each tube was flame-sealed. Samples were
repared in triplicate. They were then combusted for 1 hour
t 520°C to produce hydrogen gas. After reaching room
emperature, analyses were carried out using a 903D dual-
nlet isotope ratio mass spectrometer (IRMS) (Cheshire,
ngland). Isotope enrichments were determined against a
tandard curve produced from varying concentrations of
euterium and doubly distilled water, thus enabling the
alculation of total body water. Variation in sample repli-
ates was tolerated within 1%. Calibration of the mass
pectrometer was conducted by using Vienna standard mean
cean water.

.5. Body composition calculations

Body composition was calculated using total body water
alculated from deuterium oxide enrichment and final body
eight (FBW) on day 30. Total body water was calculated
sing the enrichment of plasma samples taken at 3 hours
fter deuterium administration. Based on the assumption
hat fat-free mass (FFM) is 73.2% water, FFM was calcu-
ated using the equation: FFM � TBW/0.732 [45]. Fat mass
FM) was then determined using the equation: FM � FBW

FFM.

.6. Analysis of thiobarbituric acid reactive substances

Plasma concentrations of thiobarbituric acid reactive
ubstances (TBARS) were measured using a modified
ethod of Asakawa and Matsashita [46] and Wong et al.

up 2
T Oil Mix

Group 3
Lipoic Acid

Group 4
MCT Oil Mix &
Lipoic Acid

20.0 20.0
26.0 26.0
33.0 33.0
10.0 2.5
0.5 0.5
4.0 4.0
1.0 1.0
0.2 0.2

2% of oil 0.02% of oil 0.02% of oil
5 0.25 0.25

5.0 5.0
0.0 7.5
0.3 0.3

fflower oil.

flaxseed oil, 12.6% olive oil, 6.8% canola oil, 5.8% coconut oil. The oil
nd was predetermined based on previous human studies in our laboratory.
omponent of the diet and then added to the dry ingredients during diet
Gro
MC

20.0
26.0
33.0
2.5
0.5
4.0
1.0
0.2
0.0
0.2
5.0
7.5
0.0

was sa
0401).
0402).

ls, 6.8%
e oil ble
he fat c
47]. Before the TBARS assay, liver and heart tissue, 0.5g
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nd 0.2g respectively, were homogenized in a 1:10 ratio of
ce-cold KCl. The tissue homogenate was stored on ice and
liquoted into triplicate tubes each containing 250�L.

The thiobarbituric acid (TBA) reaction was initiated
hen the sample or standard was added along with buty-

ated hydroxy-toluene, orthophosphoric acid, and TBA. The
ixture was heated for 1 hour in a 100°C water bath,

llowing for color change. After color change, butanol:
yridine solution (15:1) was added and centrifuged at 3000
pm for 15 minutes to obtain an upper butanol phase, which
as added to a microcuvette and read for absorbance at

riple wavelengths of 508, 532, and 556 nm using a Beck-
an Spectrophotometer (DU 640). A regression curve was

alculated from the standards and sample values were ob-
ained.

.7. Glutathione (GSH) measures

Before analysis, liver and heart tissues were homoge-
ized in a 1:10 dilution of MES buffer, containing 2-(N-
orpholino) ethanesulphonic acid, phosphate, and EDTA.
omogenates were centrifuged at 10,000 � g for 15 min-
tes. Supernatants were deproteinated using meta-phospho-
ic acid (MPA), and stored at –20°C until complete kit
nalysis (Cayman Chemical Company, Ann Arbor, MI,
000).

Levels of GSH and GSSG were measured using Cayman
hemical Kits (Ann Arbor, MI, GSH Assay Kit Cat#
03002) following the same methodology outlined in
oirier et al. [48]. The kit employs a carefully optimized
nzymatic recycling method, using glutathione reductase,
or the quantification of GSH. Measurement of the absor-
ance was done at 405nm (Wallac Victor 2 1420 Mulilabel
ounter).

GSH is readily oxidized to the disulphide dimer GSSG.
SSG is produced during the reduction of hydroperoxides
y GSH peroxidase, GSSG may then be reduced to GSH by
SH reductase. Due to the GSH reductase within the Cay-
an kit, GSSG can be measured by derivatizing GSH with

-vinylpyridine (VP), followed by a 60-minute incubation
t room temperature. Measurement of the absorbance was
one at 405nm (Wallac Victor 2 1420 Mulilabel Counter).

.8. Statistical methods

All data were tested for normality and are expressed as
eans � SD. Endpoint data between treatments were ana-

yzed using one-way analysis of variance (ANOVA). Ob-
erved treatment differences were evaluated using Tukey’s
ost-hoc comparison. The level of significance for rejection
f the null hypothesis was set at p�0.05. Version 8.0 of
AS Software (SAS Institute, Cary, NC, US, 1999) was
sed to perform all statistical analysis.
 t
. Results

A total of 48 hamsters completed the 30-day feeding
rial. At all times during the study, animals appeared to
emain in a healthy condition. There were no signs of
mpaired growth, unusual behavior, or excessive hair loss,
hich are often signs that animals are experiencing adverse

ffects related to treatment.

.1. Food intake and body weight

Daily dietary feed intake of hamsters did not differ
mong groups over the 30 day study period (Fig. 1). In
ddition, body weight over days 0–30 did not show any
ignificant differences across groups (Fig. 2).

.2. Plasma lipid profile

Plasma lipid values are presented in Table 2. ALP alone
ed to hamsters at 0.3 % wt/wt had no effect on plasma TC.
owever, MCTo feeding at 7.5% wt/wt of diet increased
C both with (P � 0.03) and without (P � 0.0003) ALP
ompared with the control diet.

ALP alone increased HDL-C levels compared with the

ig. 1. Effects of dietary treatment on the daily feed intake of hamsters. No
ignificant differences were observed between groups. Data are presented
s means � SD; n � 12 per group. ALP � �-lipoic acid; MCTo � medium
hain triglyceride oil mixture.

ig. 2. Effects of dietary treatment on hamster body weight. No significant
ifferences were observed between groups. Data are presented as means �
D, n � 12 per group. ALP � �-lipoic acid; MCTo � medium chain
riglyceride oil mixture.
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ontrol (P � 0.04) and MCTo/ALP (P � 0.0007) groups.
owever, ALP treatment was not significantly different

rom MCTo feeding. Plasma non-HDL cholesterol fraction
as increased with MCTo feeding both with (P � 0.0001)

nd without (P � 0.006) ALP, when compared with the
ontrol group.

ALP supplementation decreased the non-HDL:HDL ra-
io compared with MCTo (45%) and MCTo/ALP (68%) (P

0.0001). ALP exhibited a similar though non significant
rend of non-HDL:HDL cholesterol decrease (22%) (P �
.14) when compared with the HC control diet (Fig. 3).
riglyceride levels were not altered by any of the dietary

reatments after 30 days.

.3. Body composition

There were no significant differences observed between
roups for total body water, lean body mass, fat mass, final
ody weight (Table 3). A significant positive correlation
as found between hamster body weight and fat mass (r �
.71, p � 0.0001).

able 2
lasma total-cholesterol, HDL-cholesterol, non-HDL-cholesterol, and trigl

reatment Group TC2 H

ontrol 6.44 � 0.94c 4
LP6 6.79 � 0.88bc 5
CTo7 7.61 � 0.65a 5
CTo/ALP 7.29 � 1.10ab 4

1 Values are expressed as mmol/L � SD. Values carrying different super
� 12 per group.
2 total cholesterol
3 high-density lipoprotein cholesterol
4 low, very low, intermediate-density lipoprotein cholesterol
5 triglycerides
6 �-lipoic acid
7 medium chain triglyceride oil mixture

ig. 3. Effects of dietary treatment on plasma non-HDL:HDL ratio. Sig-
ificant differences between treatment groups are shown by letter sub-
cripts (P � 0.05). Points represent individual animals. Bars represent
reatment group means; n � 12 per group. ALP � �-lipoic acid; MCTo �
edium chain triglyceride oil mixture. d
.4. Reduced GSH concentrations in liver and heart

Treatment effects on liver and heart tissue GSH are
hown in Table 4. ALP and MCTo, alone and in combina-
ion, increased (P � 0.0004) liver tissue GSH compared
ith the HC control diet. Similar results were obtained in
eart tissue where ALP at 0.3% wt/wt diet, MCTo at 7.5%
t/wt diet and the combination treatment, each increased

P � 0.05) GSH levels when compared with the HC
ontrol diet.

.5. Oxidized glutathione concentrations (GSSG) in liver
nd heart

Treatment effects on GSSG in liver and heart tissue are
hown in Table 4. In liver, dietary treatment had a signifi-
ant main effect (P � 0.0001) on GSSG concentrations.
LP supplementation increased GSSG concentrations com-
ared with the MCTo (P � 0.0001), MCTo/ALP (P �
.0007), and the HC control diet (P � 0.0001). The MCTo/
LP treatment also resulted in increased GSSG concentra-

ions when compared with MCTo alone (P � 0.03) and the
C control diet (P � 0.0008).
A significant main effect of dietary treatment was also

een in heart tissue (P � 0.0006). ALP supplementation of
.3% wt/wt increased GSSG concentrations compared with
CTo/ALP (P � 0.0055), MCTo alone (P � 0.0002), and

he HC control diet (P � 0.0005). No significant differences

concentrations1.

(non-HDL)-C4 TG5

.69bc 1.74 � 0.61b 6.15 � 2.70

.75a 1.53 � 0.35b 5.45 � 1.31

.64ab 2.61 � 0.42a 6.65 � 1.97

.45c 2.99 � 0.83a 5.02 � 1.00

etters indicate significant differences between treatment groups (p � 0.05)

able 3
amster body composition measures: total body water (TBW), lean
ody mass (LBM), and fat mass (FM)1.

reatment Group TBW LBM FM

ontrol 74.3 � 6.6 101.8 � 9.1 15.8 � 6.9
LP 77.8 � 6.4 106.6 � 8.7 16.6 � 9.2
CTo 78.2 � 7.6 107.1 � 10.4 22.6 � 14.7
CTo/ALP 79.3 � 4.2 108.6 � 5.8 19.4 � 13.7

1 Values are expressed as grams � SD. There were no significant
yceride

DL-C3

.70 � 0

.26 � 0

.00 � 0

.30 � 0

script l
ifferences between treatments n � 12 per group.
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ere observed between MCTo/ALP, MCTo, or HC control
iet for heart GSSG concentrations.

.6. Effects of dietary treatment on GSH/GSSG ratio in
iver and heart tissue

Hamsters fed ALP had significantly lower liver GSH/
SSG ratios as compared with HC control (P � 0.0001),
CT (P � 0.0002), and MCTo/ALP (P � 0.0024) treat-
ents. Although different from the ALP group, there were

o remaining significant differences between the other di-
tary treatments. This effect was not seen in the heart tissues
f hamsters (Fig. 4).

.7. TBARS concentrations in liver and heart

In both liver and heart tissue there were no significant
ifferences in TBARS concentrations between diet treat-
ents (Table 4).

. Discussion

Our results demonstrate that in the hamster model, treat-
ent with the MCT oil mixture (MCTo) was atherogenic,

able 4
iver and heart tissue reduced glutathione (GSH), oxidized glutathione (G

reatment Group GSH GSS

LIVER HEART LIV

ontrol 3.05 � 0.92b 0.46 � 0.26b 0.37
LP2 3.75 � 1.29a 0.61 � 0.21a 1.29
CTo3 3.92 � 1.01a 0.57 � 0.23a 0.58
CTo/ALP 4.23 � 1.02a 0.60 � 0.26a 0.73

1 Values are expressed as mean �mol/g tissue concentrations � SD. Va
iets (p � 0.05) n � 12 per group.

2 �-lipoic acid
3 medium chain triglyceride oil mixture

ig. 4. Effects of dietary treatment on the reduced glutathione (GSH) to
xidized glutathione (GSSG) ratio. Significant differences between groups
re shown by superscript letters (P � 0.05); n � 12 per group. ALP �
f-lipoic acid; MCTo � medium chain triglycerides.
espite the addition of ALP. In addition, supplementation of
LP did not appear to offer improved oxidative status.
Reports of the effects of MCT feeding on circulating

ipid levels in animal [22,26,27] and human studies [19,21–
5] have been well documented. Recent studies in our
aboratory have shown that in humans, MCT oil in combi-
ation with phytosterols and flaxseed oil has the capacity to
egate the deleterious effects of plain MCT feeding [36].
nexpectedly, this was not observed using the hamster
odel. We report that MCTo feeding increased circulating

lasma total and non-HDL cholesterol fractions, which is a
isk factor for the development of CVD. This result is not
onsistent with previous reports in hamsters [26] and rats
22], where MCT feeding was shown to decrease plasma
DL and total cholesterol levels. More specifically, our
ndings are in contrast to those of Woollett et al. [27] who
ound that dietary treatments composed of C8:0 and C10:0
lus 0.12% pure cholesterol resulted in no detrimental ef-
ects on plasma LDL-cholesterol in hamsters. Contradictory
ndings may be attributed to the fact that our animals were
ed MCTo in combination with 0.25% wt/wt pure choles-
erol. Therefore, in our laboratory the same MCTo tested in
oth humans and animals has elicited different results, lead-
ng us to focus our attention to the effects of ALP treatment.

ALP influenced the lipid profile through a significant
ncrease in circulating HDL-cholesterol levels, which re-
ulted in a concomitant decrease in the non-HDL:HDL
atio. This shift in HDL provides evidence that ALP on its
wn may offer improvement to the CVD risk profile
hrough a beneficial alteration in blood lipid components.
everal authors have commented on the cardiovascular ben-
fits of increasing circulating HDL-cholesterol levels
49,50,51]. Specifically, Williams [49] reported that an in-
rease of 1 mg/dL in HDL cholesterol translates into a 4.7%
ecrease in CVD mortality and a 29% decrease in the risk of
eveloping heart disease in humans. Despite the encourag-
ng increase in HDL levels, it is important to keep in mind
hat although we recognize that the beneficial value of an
ncrease in HDL-cholesterol may exist, clinically the pre-
ictability of a treatment agent may be dependent on a
umber of other factors [52]. Certainly this may be the case

nd thiobarbituric acid reactive substances (TBARS) concentrations1.

TBARS

HEART LIVER HEART

c 0.11 � 0.034b 87.44 � 28.54 80.76 � 28.20
a 0.14 � 0.057a 76.28 � 16.43 83.09 � 21.81
bc 0.10 � 0.037b 83.26 � 28.37 78.35 � 17.86
b 0.11 � 0.036b 83.19 � 26.06 77.86 � 13.08

rrying different superscript letters indicate significant differences between
SSG) a

G

ER

� 0.12
� 0.37
� 0.39
� 0.35

lues ca
or our present findings within the hamster model. Clearly
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he predictability of ALP-mediated effects on lipid metab-
lism requires further exploration. Confounders such as
ietary habits, lifestyle, individual cholesterol metabolism,
enetics, and environment could all play a key role in the
agnitude of treatment effects and should be addressed in

uture research investigating ALP supplementation.
One of the major concerns when feeding MCT is a

otential increase in plasma triglyceride concentrations
19,21,22]. This was not observed in our study. In theory,
his may be attributed to alpha-linolenic acid contained in
axseed oil being converted to the long-chain n-3 eicosap-
ntanoic acid (EPA) and tempering any increase in triglyc-
rides elicited from MCT feeding. However, at a flaxseed
il supplemention level of 0.5%, it is unlikely this action is
esponsible for such a finding. Furthermore, a review by
arris [34] concluded that hamster plasma triglyceride lev-

ls may not respond to n-3 PUFAs in the same manner as
umans. If this is the case, then our study supports the
ndings that MCTo feeding does not affect circulating tri-
lyceride levels in hamsters as reported in other studies
19,21,22,53,54].

ALP, MCTo, and MCTo/ALP all exhibited increased
SH levels compared with the HC control diet in both liver

nd heart tissues. GSH is one of the body’s most important
ndogenous antioxidants responsible for free radical scav-
nging in all cell types [9,55]. Thus all three dietary treat-
ents containing bioactive components offered increased

ntioxidant protection to hepatic and cardiac tissues when
ompared with the hypercholesterolemic control diet. How-
ver, neither diet proved to be more effective than the other.

Similar results of oxidized glutathione (GSSG) concen-
rations in liver and heart tissues were observed, with both
issues unexpectedly having increased GSSG levels after
upplementation with ALP. After absorption into the cells
f tissues, ALP is reduced to its dithiol form, dihydrolipoic
cid (DHLA). DHLA is a strong reducing agent that is
apable of converting GSSG to GSH [56]. However, despite
his action we observed increased GSSG levels in both
issues. Packer et al. [57] comment that the ability of dehy-
olipoamide dehydrogenase to reduce ALP to DHLA shows
marked preference for the R-enantomer of ALP. Thus, in

he current study in which a racemic mixture was supple-
ented, the overall cellular levels of the highly active
HLA may not have reached a beneficial threshold, thus

nhibiting the recycling of GSSG to GSH.
A recent study by Jones et al. [58], examined the uptake

nd antioxidant actions of ALP in endothelial cell cultures.
esults indicated that with concentrations of ALP �0.5
mol/L in cell culture, there is a concomitant fall in cellular
SH, NADPH, and NADH. The authors comment that the

educing capacity of the cellular system is taxed at high
LP concentrations, such that GSH is oxidized in response

o increased oxidative stress within the cells. Unfortunately,
ellular concentrations of ALP were not measured in the
urrent study, and therefore it is not possible to know

hether our animals experienced ALP concentrations that t
eached this pro-oxidant threshold; however, we did see a
ignificant increase in oxidized glutathione in both liver and
eart tissues. Thus, the importance of measuring ALP con-
entrations in both plasma and tissues should not be over-
ooked in future studies examining oxidative status in ani-
al models.
The lack of change observed in hamster body weight and

ody composition do not support the advantages proposed
f MCT use as an adjunct to weight management. In addi-
ion, our results do not support findings in studies in which

CT feeding led to a decrease in fat tissue deposition and
verall weight loss [59–62]. However, it is noted that the
forementioned studies fed between 30–50% of total kcal in
he form of dietary fat. The present study used 10% of
nergy as fat, which is double that of the outlined require-
ents for hamsters. Our findings that MCTo feeding had no

ffect on overall body weight does support previous work in
ats published by Hill et al. [63]. It is possible that the
roportion of C8:0 and C10:0 in the MCT oil tested has the
otential to alter the oils functioning [64]. Octanoate has
een described to exhibit increased oxidation rates, a lower
nergy supply, and a decreased ability to form complex
ipids. Therefore, it is possible that an unfavorable ratio of
8:0 to C10:0 fatty acids may have led to our varying

esults of MCTo feeding in the hamster. Overall, it was
hown that feeding MCTo and ALP exhibited no adverse
ffects on the normal growth and development of hamsters.

Studies by Gleiter et al. [65] and Hermann et al. [66]
ave examined the influence of dietary components and the
ioavailability of ALP. The overall bioavailability of ALP
as been reported to range from 20% to 38% depending on
he isomer [(R)-lipoic acid or (S)-lipoic acid] and the for-
ulation tested [66]. Our study used a powdered synthetic

acemic mixture of ALP. With regard to absorption, Her-
ann et al. [66] found that ALP is absorbed more slowly as

n oral tablet compared with the rapid absorption of a
repared oral solution. The present study outlines the effects
licited from a powerful compound that may have a greater
otential for action if provided to the animals in the form of
n oral solution, thereby improving the overall absorption
nto the biological system. Hermann et al. [66] also discuss
he structural similarity between ALP and MCT. In fact, it
as been reported that de novo synthesis of ALP originates
rom octanoic acid (C8:0) and cysteine within the mitochon-
ria [67,68]. Hermann et al. [66] report that the hepatic
ptake of ALP may be carrier-mediated and selectively
nhibited by medium chain fatty acids. Hence, in our study
n which ALP and MCTo were fed in combination, there
xists the potential for competitive absorption into the liver,
hich may have affected the results of our combination

reatment group (MCTo/ALP), thus negating any benefits
ike those seen when feeding ALP alone. In addition, Gleiter
t al. [65] found that in human subjects the absorption of
acemic ALP decreased significantly when given with a
eal. Thus, this group of researchers suggests that in order
o achieve maximal absorption and hence a therapeutic
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ffect, ALP is best ingested on an empty stomach. In con-
rast, we incorporated the ALP into the lipid fraction of the
ynthetic diet; therefore the dose received was always in the
resence of food. It thus seems reasonable to propose that
ossible interactions with other dietary components may
ave reduced the overall absorption of ALP, although con-
lusive evidence of this phenomenon was not measured.

In conclusion, MCT administered in combination with
hytosterols, flaxseed oil, and ALP does not offer increased
enefits to the risk factor profile of CVD when tested in the
amster model. This study does, however, provide signifi-
ant additions to the scientific knowledge of ALP supple-
entation. ALP was not shown to offer any measured ben-

fits on hamster oxidant status; however, ALP was shown to
ignificantly increase circulating HDL-cholesterol levels in
amsters, which lends evidence to a protective role of ALP
n the development of cardiovascular disease.
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