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these interventions reduced lipid accumulation, inflamma-
tory infiltrates and plasma liver enzyme activities. Tocotrie-
nols were measured in heart, liver and adipose tissue show-
ing that chronic oral dosage delivered tocotrienols to these 
organs despite low or no detection of tocotrienols in plasma.
Conclusion  In rats, δ-tocotrienol improved inflammation, 
heart structure and function, and liver structure and func-
tion, while γ-tocotrienol produced more modest improve-
ments, with minimal changes with α-tocotrienol and 
α-tocopherol. The most important mechanism of action is 
likely to be reduction in organ inflammation.

Keywords  Tocotrienols · Tocopherols · Cardiovascular · 
Anti-inflammatory · Metabolic syndrome · Obesity

Introduction

Obesity is excessive fat storage in the body and is associated 
with increased morbidity and mortality due to hypertension, 
diabetes, dyslipidaemia, and cardiovascular and liver diseases 
[1–4]. These metabolic risk factors interact with each other, 
resulting in chronic organ complications such as cardiovascu-
lar damage and increased fat deposition in hepatocytes [2, 5]. 
Cardiovascular damage due to remodelling of the heart and 
blood vessels causes cardiovascular complications including 
atherosclerosis and coronary artery disease [6, 7]. Obesity is 
characterised by chronic low-grade inflammation with per-
manently increased oxidative stress initiated and maintained 
by the release of adipokines from adipose tissue [8–10]. The 
World Health Organization estimates that at least 300 million 
adults worldwide are obese [11], including, in 2011–2012, 
approximately 42 % of Australian men and 28 % of women 
aged 18 and over [12]. In the UK, the prevalence of obesity 
increased to 26 % of men and 24 % of women in 2013 [13]. 

Abstract 
Purpose  This study tested the hypothesis that γ- and 
δ-tocotrienols are more effective than α-tocotrienol and 
α-tocopherol in attenuating the signs of diet-induced meta-
bolic syndrome in rats.
Methods  Five groups of rats were fed a corn starch-rich 
(C) diet containing 68  % carbohydrates as polysaccha-
rides, while the other five groups were fed a diet (H) high 
in simple carbohydrates (fructose and sucrose in food, 25 % 
fructose in drinking water, total 68  %) and fats (beef tal-
low, total 24 %) for 16 weeks. Separate groups from each 
diet were supplemented with either α-, γ-, δ-tocotrienol or 
α-tocopherol (85 mg/kg/day) for the final 8 of the 16 weeks.
Results  H rats developed visceral obesity, hypertension, 
insulin resistance, cardiovascular remodelling and fatty liver. 
α-Tocopherol, α-, γ- and δ-tocotrienols reduced collagen 
deposition and inflammatory cell infiltration in the heart. 
Only γ- and δ-tocotrienols improved cardiovascular function 
and normalised systolic blood pressure compared to H rats. 
Further, δ-tocotrienol improved glucose tolerance, insulin 
sensitivity, lipid profile and abdominal adiposity. In the liver, 
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Similar changes are occurring in the developing world, with 
the prevalence of obese adults in Malaysia increasing from 
5.5 % in 1996 to 14.0 % in 2006 [14].

Vitamin E is a group of closely related tocochromanol 
phytochemicals including the tocopherols and tocotrienols, 
for example, from edible plant products such as palm oil, 
rice bran and wheat germ, with potential cardiovascular and 
metabolic health-promoting properties [15]. They share a 
common chroman-6-ol ring with the tocopherols having a 
saturated phytyl side chain, differing from the geranylgeranyl 
side chain with three double bonds in the tocotrienols. Each 
group has α-, β-, γ- and δ-homologues [16]. More research 
has been performed on α-tocopherol in mammals than on the 
tocotrienols as α-tocopherol is more readily available [17].

Tocopherols and tocotrienols differ in their biological 
responses. Although they have similar antioxidant activities 
[18], tocotrienols have anti-inflammatory and anti-angiogenic 
activities, unlike the tocopherols [19]. These activities could 
play vital roles in attenuating metabolic syndrome. Our pre-
vious study on the therapeutic responses of tocotrienol-rich 
fraction (TRF), a commercial mixture of approximately equal 
proportions of α-tocopherol and α-, γ- and δ-tocotrienols, 
showed cardiovascular and liver protection with improved 
plasma glucose and lipid profiles in diet-induced obese rats 
[16]. Interpretation of these results was complicated by 
the possibility that different homologues produce different 
responses as well as possible interactions between tocophe-
rols and tocotrienols. In the current study, we measured the 
changes following intervention with the same doses of the 
individual homologues present in TRF (α-tocopherol, α-, γ- 
and δ-tocotrienols) in a rat model of diet-induced obesity, as 
well as organ concentrations following chronic intake. Our 
hypothesis was that γ- and δ-tocotrienols are more effective 
than α-tocotrienol and α-tocopherol to reverse obesity-related 
metabolic changes to abdominal fat pads, systolic blood pres-
sure, heart and liver structure and function, and inflammatory 
biomarkers in our rat model of metabolic syndrome.

Methods

Experimental rats

The previously described experimental protocol for diet-
induced obesity in rats [16, 20] has been used with slight 
modifications. Male Wistar rats (aged 9–10  weeks; weigh-
ing 335 ± 3 g, n = 80) were obtained from The University of 
Queensland Biological Resources unit and individually housed 
at the University of Southern Queensland Animal House Facil-
ity. All experimental protocols were approved by the Animal 
Ethics Committees of the University of Southern Queensland 
and The University of Queensland, under the guidelines of the 
National Health and Medical Research Council of Australia. 

Rats were divided into 10  groups (n  =  8/group). Separate 
groups of rats were treated with α-tocopherol (CAS Registry 
Number 59-02-9, 91.6 % purity), α-tocotrienol (CAS Regis-
try Number 58864-81-6, 90.7 % purity), γ-tocotrienol (CAS 
Registry Number 14101-61-2, 95  % purity) or δ-tocotrienol 
(CAS Registry Number 25612-59-3, 90 % purity). The dietary 
interventions for these groups of rats were: (1) corn starch (C), 
(2) C + α-tocopherol (CαT), (3) C + α-tocotrienol (CαT3), 
(4) C + γ-tocotrienol (CγT3), (5) C + δ-tocotrienol (CδT3), 
(6) high carbohydrate, high fat (H), (7) H  +  α-tocopherol 
(HαT), (8) H + α-tocotrienol (HαT3), (9) H + γ-tocotrienol 
(HγT3) and (10) H + δ-tocotrienol (HδT3). The sample size 
was determined using Mead’s resource equation [21]. All diets 
were prepared in our laboratory with nutritional parameters 
meeting or exceeding the National Research Council, USA, 
nutrient requirements of laboratory animals [22]. Table  1 
shows the composition of the diets. In addition, the drinking 
water for the H group was supplemented with 25 % fructose 
so that the carbohydrate intake in both C and H groups would 
be approximately equal at 68 %. All experimental groups were 
housed in a temperature-controlled, 12-h light/dark cycle envi-
ronment with ad libitum access to water and food. Measure-
ments of body weight and food and water intakes were taken 
daily to monitor the day-to-day health of the rats. Feed conver-
sion efficiency (%) was calculated as:

Increase in body weight (%): body weight difference 
between day 56 (week 8) and day 112 (week 16).

Daily energy intake: average of daily energy intake from 
week 8 to week 16.

α-Tocopherol, α-tocotrienol, γ-tocotrienol or 
δ-tocotrienol dissolved in vitamin E-stripped palm olein 
was given for the final 8  weeks of the 16  weeks protocol 
by once-daily oral gavage. Palm olein (Malaysian Palm 
Oil Board) is the liquid fraction obtained from fractiona-
tion of palm oil. The fractionation process involves a physi-
cal process of cooling the oil under controlled conditions 
to low temperatures, followed by filtration of the crystals 
through membrane press. The liquid olein and solid stea-
rin are products of fractionation. α-Tocopherol was donated 
by Golden Hope Bioganic (Sime Darby, Malaysia), α- and 
γ-tocotrienol (DavosLife Naturale3) were donated by Davos 
Life Science Pte Ltd, Singapore, while δ-tocotrienol (Del-
taGold 70, containing ~90  % δ- and 10  % γ-tocotrienol) 
was donated by American River Nutrition, Inc., USA. In 
this study, 9.17 g of α-tocopherol (91.6 % purity), 9.26 g of 
α-tocotrienol (90.7 % purity, <1 % α-tocopherol), 8.84 g of 
γ-tocotrienol (95 % purity, <1 % α-tocopherol) and 13.33 g 
of δ-tocotrienol (90  % purity) were dissolved in 50  ml of 
vitamin E-stripped palm olein, respectively, to provide a 
dose of 85 mg/kg body weight/day. This dose was chosen as 

feed conversion efficiency (%)=
increase in body weight (%)

daily energy intake (kJ)
× 100
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the reported oral no-observed-adverse-effects level in male 
rats given a similar tocotrienol–tocopherol mixture [23].

Echocardiography

Echocardiography was performed by trained cardiac sonog-
raphers at the Medical Engineering Research Facility, The 
Prince Charles Hospital, Brisbane, Australia. Rats were 
anaesthetised via intraperitoneal injection with Zoletil (tile-
tamine 15  mg/kg, zolazepam 15  mg/kg) and Ilium Xyla-
zil (xylazine 10  mg/kg). Echocardiographic images were 
obtained using the Hewlett Packard Sonos 5500 (12  MHz 
frequency foetal transducer) at an image depth of 3 cm using 
two focal zones. Measurements of left ventricular posterior 
wall thickness and internal diameter were made using two-
dimensional M-mode taken at mid-papillary level [24].

Body composition measurements

Dual-energy X-ray absorptiometric (DXA) measurements 
using a Norland XR36 DXA instrument (Norland Corp., 
Fort Atkinson, WI, USA) were performed on the rats after 
16  weeks of feeding, 2  days before rats were killed for 
pathophysiological assessments. DXA scans were analysed 
using the manufacturer’s recommended software for use in 
laboratory animals (Small Subject Analysis Software, ver-
sion 2.5.3/1.3.1; Norland Corp.) [25]. The precision error 
of lean mass for replicate measurements, with reposition-
ing, was 3.2 %. Visceral adiposity index (%) was calculated 
from wet weights of fat pads at euthanasia as [26]:

Physiological parameters

Systolic blood pressure was measured after 0, 4, 8, 12 and 
16 weeks under light sedation with intraperitoneal injection 
of Zoletil (tiletamine 15 mg/kg, zolazepam 15 mg/kg), using 
an MLT1010 Piezo-Electric Pulse Transducer (ADInstru-
ments) and an inflatable tail cuff connected to a MLT844 
Physiological Pressure Transducer (ADInstruments) and 
PowerLab data acquisition unit (ADInstruments, Sydney, 
Australia). Abdominal circumference was measured using a 
standard measuring tape under light sedation.

Oral glucose and insulin sensitivity tests

Oral glucose tolerance tests (OGTT) were performed after 
0, 8 and 16 weeks of diet. After 12 h of food deprivation, 
including replacement of 25  % fructose in water with tap 
water, blood glucose concentrations were measured in blood 
samples taken from the tail vein. Subsequently, each rat 
was treated with glucose (2 g/kg) via oral gavage. Tail vein 
blood samples were taken every 30 min up to 120 min fol-
lowing glucose administration. The blood glucose concen-
trations were analysed with a Medisense Precision Q.I.D 
glucose meter (Abbott Laboratories, Bedford, MA, USA).

For insulin sensitivity testing (ITT), basal blood glucose 
concentrations were measured after 4–5  h of food depri-
vation as above. The rats were injected intraperitoneally 
with 0.33 IU/kg insulin-R (Eli Lilly Australia, West Ryde, 
NSW, Australia), and tail vein blood samples were taken 

Table 1   Composition of the 
diets

ND not detected
a  From Specialty Feeds, Glen Forest, Western Australia, Australia
b  According to Hubbell et al. [72]
c  From HPLC analysis

Component (g/kg prepared food) Diet

Corn starch (C) High carbohydrate, high fat (H)

Corn starch 570 –

Powdered rat fooda 155 155

Hubble, Mendel and Wakeman salt mixtureb 25 25

Fructose – 175

Beef tallow – 200

Sweetened condensed milk – 395

Water 250 50

Concentration of vitamin Ec (mg/kg prepared food)

α-Tocopherol 1.2 4.9

α-Tocotrienol 1.1 1.5

γ-Tocotrienol ND 0.94

δ-Tocotrienol ND ND

visceral adiposity index (% )=
retroperitoneal fat (g) + omental fat (g) + epididymal fat (g)

body weight (g)
×100.
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at 0, 30, 60, 90 and 120  min. Rats were withdrawn from 
the test if the blood glucose concentrations dropped below 
1.1 mmol/l, and 4 g/kg glucose was administered immedi-
ately by oral gavage to reverse hypoglycaemia.

Organ weights

Rats were killed with an intraperitoneal injection of pen-
tobarbitone sodium (100 mg/kg). The heart, liver, kidneys, 
visceral fat pads and spleen were removed and blotted dry 
for weighing. All organ weights were normalised relative 
to tibial length at the time of removal with values presented 
in mg/mm. Tibial length is an independent variable in these 
age-matched rats, whereas body weight, the usual param-
eter to normalise organ weights, is not independent as the 
induction of obesity does not cause proportional changes to 
all organs in the body.

Histology of heart and liver

Immediately after removal, blotting dry and weighing, heart 
and liver tissues were fixed in 10 % buffered formalin with 
three changes of formalin every third day to remove traces of 
blood from the tissue. The samples were then dehydrated and 
embedded in paraffin wax. Thin sections (5 μm) of left ventri-
cle and the liver were cut and stained with haematoxylin and 
eosin stain for determination of inflammatory cell infiltration. 
Collagen distribution was observed in the left ventricle follow-
ing picrosirius red staining. Laser confocal microscopy (Zeiss 
LSM 510 upright Confocal Microscope) was used to deter-
mine the extent of collagen deposition in selected regions.

Organ bath studies

Changes in the responsiveness of thoracic aorta were 
defined using organ bath studies. Thoracic aortic rings 
(4 mm in length) were suspended in an organ bath chamber 
filled with Tyrode physiological salt solution bubbled with 
95 % O2–5 % CO2 and maintained at 35  °C and allowed 
to stabilise at a resting tension of 10 mN. Cumulative con-
centration–response (contraction) curves were measured 
for noradrenaline (Sigma-Aldrich Australia); concentra-
tion–response (relaxation) curves were measured for ace-
tylcholine (Sigma-Aldrich Australia) or sodium nitroprus-
side (Sigma-Aldrich Australia) after submaximal (70  %) 
contraction to noradrenaline [27].

Isolated heart preparation

The left ventricular function of the rats in all treatment 
groups was assessed using the Langendorff heart prepara-
tion [28]. Terminal anaesthesia was induced via intraperi-
toneal injection of pentobarbitone sodium (100  mg/kg); 

heparin (1000 IU) was then injected into the right femoral 
vein. The heart was removed and perfused with modified 
Krebs–Henseleit bicarbonate buffer, containing (in mil-
limolar): NaCl, 119.1; KCl, 4.75; MgSO4, 1.19; KH2PO4, 
1.19; NaHCO3, 25.0; glucose, 11.0; and CaCl2, 2.16. Buffer 
was bubbled with 95 % O2–5 % CO2 and maintained at 35 
oC. Isovolumetric ventricular function was measured by 
inserting a latex balloon into the left ventricle connected 
to a Capto SP844 MLT844 physiological pressure trans-
ducer with Chart software on a MacLab system. All left 
ventricular end-diastolic pressure values were measured by 
pacing the heart at 250 beats per minute using an electri-
cal stimulator. End-diastolic pressure was obtained starting 
from 0 mmHg up to 30 mmHg. The right and left ventricles 
were separated and weighed. Diastolic stiffness constant (κ, 
dimensionless) was calculated [29].

Lipid profile and liver enzyme analyses

Blood was collected from the abdominal aorta follow-
ing euthanasia and centrifuged at 5000g for 15 min within 
30  min of collection into heparinised tubes. Plasma was 
separated and transferred to Eppendorf tubes for storage at 
−20 °C before analysis. Plasma concentrations of total cho-
lesterol, triglycerides (TG) and non-esterified fatty acids 
(NEFA), and activities of plasma alanine transaminase 
(ALT) and aspartate transaminase (AST) were determined 
according to manufacturer’s protocols using an Olympus 
AU400 analyser with kits and controls supplied by Olym-
pus Corporation, Tokyo, Japan: ALT, Olympus OSR6107 
kinetic UV test; AST, Olympus OSR6109 kinetic UV test; 
total plasma cholesterol, Olympus OSR6516 enzymatic 
colour test; plasma triglycerides, Olympus OSR6133 enzy-
matic colour test. NEFA were determined using a commer-
cial kit (Wako, Osaka, Japan).

Extraction of vitamin E from diet, tissue and plasma

3 g of diets was used for extraction according to Sundram 
and Nor [30]. Organ samples were collected, cut into 
pieces, weighed (0.5–0.8  g) and kept at −80  °C prior to 
extraction. During extraction, samples were thawed and 
1 ml of water was added into each sample. Samples were 
homogenised. For adipose tissues, samples were homog-
enised in tissue lysis buffer. Diets, plasma, heart and liver 
samples were spiked with 10 μl of 0.5 mg/ml 2,2,5,7,8-pen-
tamethyl-6-chromanol (PMC, dissolved in hexane, Aldrich, 
USA) [31], while retroperitoneal and epididymal adipose 
tissues were spiked with 10 μl 0.5 mg/ml δ-tocopherol dis-
solved in hexane as internal standard. We could not detect 
PMC in adipose tissue and hence δ-tocopherol was selected 
as an alternative internal standard because of its high purity 
(97 %) that eliminates the overestimation of other vitamin 
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E homologues. In addition, it has a different retention time 
to other homologues which rules out overlapping peaks. 
Mixture was then vortexed for 10 sec. Next, 1 ml t-butyl-
hydroxytoluene in ethanol (0.1 g/l; 0.01 % BHT) to mini-
mise the oxidation of target analytes and 2  ml hexane 
were added to samples. Samples were vortexed for 5 min. 
Samples were then centrifuged at 15,000 rpm for 10 min. 
Extraction steps were repeated twice for the remaining 
samples with 2 ml of hexane. At least 1.5 ml of superna-
tant was transferred, if not all, in each extraction to achieve 
highest recovery of vitamin E in solvent liquid extraction. 
The organic solution in the pooled supernatant was evapo-
rated using Buchi rotavapor R-205 (Flawil, Switzerland). 
Dried samples were reconstituted with 300 μl hexane (adi-
pose tissue samples with 600 μl hexane). For determina-
tion in plasma, 0.1 ml plasma was aliquoted into the 5-ml 
test tube; 100 μl 0.01 % BHT in ethanol and 1.5 ml hexane 
were added into plasma and extraction was performed as 
mentioned above. Dried samples were reconstituted with 
100 μl hexane.

Tocotrienol and tocopherol analysis 
with high‑performance liquid chromatography

The α-tocopherol and tocotrienol homologues were ana-
lysed with normal phase high-performance liquid chro-
matography (HPLC). 10 μl of sample was injected into an 
Agilent 1100 Series HPLC System (Agilent, Santa Clara, 
Calif., USA). The chromatographic separation was carried 
out using a Zorbax Silica 60 (5 μm; 250 × 4 mm internal 
diameter) analytical column. The mobile phase consisting 
of 97  % hexane: 2.5  % dioxane: 0.5  % isopropanol (v/v) 
was delivered at 1  ml/min flow rate. The absorbances of 
α-tocopherol and tocotrienol homologues were detected 
at an excitation wavelength of 290  nm and an emission 
wavelength of 330  nm. PMC and δ-tocopherol were used 
as internal standards. Both methods for internal standards 
were validated for specificity, linearity, precision, accuracy, 
limit of detection (LOD) and limit of quantitation (LOQ). 
For specificity validation, mobile phase solutions showed 
no interference. Spiked PMC or δ-tocopherol showed that 
all known substance was eluted at different retention times 
from other studied vitamin E homologues. For linearity 
validation, PMC and delta δ-tocopherol were tested at least 
at 5 concentrations (0, 1, 10, 100 and 1000 ppm). Within 
this range, values of concentration vs peak area were linear 
with R2 > 0.9. For accuracy validation, biological samples 
were spiked with PMC or δ-tocopherol, across the range of 
80–120  % concentration, in triplicate. Report % recovery 
was 100 ± 3 %. This accuracy was only performed when 
both specificity and linearity were established. For preci-
sion validation, both system and method precision tests 
were conducted. System precision was determined by 5 

repeated PMC or δ-tocopherol (100  ppm) injections to 
the system with repeatability (relative standard deviation) 
<5 %. Method precision was determined with three concen-
trations of PMC or δ-tocopherol with three repetitions each, 
showing relative standard deviation of <5 %. The LOD and 
LOQ for both PMC and δ-tocopherol were 1 and 10 ppm, 
respectively.

Statistical analyses

All data sets are represented as mean  ±  standard error 
of mean (SEM) to allow comparison with our previous 
papers and most of the literature. Comparisons of findings 
between groups were made via statistical analysis of data 
sets using two-way ANOVA. When interaction and/or the 
main effects were significant, means were compared using 
Newman–Keuls multiple-comparison post hoc test. A p 
value of <0.05 was considered as statistically significant. 
All statistical analyses were performed using Graph Pad 
Prism version 5.00 for Windows.

Results

Dietary intake and adiposity indices

Vitamin E homologues were given by oral gavage at 85 mg/
kg/day. These homologues were also ingested from the 
food at approximately 1000-fold lower doses ranging from 
35 to 130 μg/day, which is approximately 0.1–0.3 mg/kg/
day (Table 2). Food and water intake were decreased in H 
rats compared to C rats. Treatment with α-tocopherol or 
individual tocotrienols did not change food or water intake 
compared with their respective controls except CγT3 which 
had lower food intake compared with C rats. H rats had 
higher body weight with higher fat mass and total visceral 
adipose tissue (retroperitoneal, epididymal and omental fat 
pads) than C rats (Table  2). The visceral adiposity index 
and abdominal circumference of H rats were higher than in 
C rats. Total fat mass, abdominal circumference, adiposity 
index, and retroperitoneal and epididymal fat pads of HδT3 
were lower than H rats (Table 2).

Cardiovascular structure and function

After 16  weeks, H rats showed cardiac remodelling with 
marked cardiac hypertrophy, as shown by higher left ven-
tricular wet weight relative to body weight and left ventricu-
lar mass derived from echocardiography (Table  3). H rats 
developed eccentric hypertrophy, characterised by higher 
left ventricular weight and internal diameter in diastole 
(LVIDd), while relative wall thickness remained unchanged, 
with higher stroke volume and cardiac output (Table 3) than 
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C rats. H rats showed lower systolic function seen as lower 
fractional shortening with higher systolic wall stress. This 
is supported by lower contractility, measured as maximal 
rate of positive rise of pressure (+dP/dt) and negative rise 
of pressure (−dP/dt), and left ventricular developed pres-
sure in the isolated heart of H rats compared with C rats. 
Diastolic function, estimated from mitral flow rates calcu-
lated as the ratio of the maximal E- (early filling velocity) 
and A-wave (atrial filling velocity), was lower with lower 
E/A ratio [ratio of the early (E) to late (A) ventricular filling 
velocities] in H compared with C rats. δ-Tocotrienol nor-
malised eccentric hypertrophy shown by lower LVIDd (left 
ventricular internal diameter during diastole), stroke volume 
and cardiac output in HδT3 compared with H rats. In vivo, 
systolic function of hearts from γ- and δ-tocotrienol-treated 
rats (HγT3 and HδT3) was higher with higher fractional 
shortening and lower systolic wall stress. Ex vivo, the hearts 
of HαToc, HαT3, HγT3 and HδT3 rats showed higher con-
tractility with higher +dP/dt and −dP/dt and LV-developed 
pressures, and lower diastolic stiffness compared with 
H rats. No changes were seen in hearts from CαT, CαT3, 
CγT3 and CδT3 rats compared with C rats.

In the left ventricle, the number of inflammatory cells in 
H rats was higher than in C rats (Fig.  1). These cells were 
usually found in clusters of cells located at scar sites and 
throughout the interstitium and the areas of fibrosis. Collagen 
content in the heart was higher in H rats (Fig. 2). Treatment 
with α-tocopherol, α-, γ- and δ-tocotrienols reduced inflam-
matory cell infiltration in HαT, HαT3, HγT3 and HδT3 pre-
dominantly due to the lower area of scar tissue as shown by 
lower collagen within the heart compared with H rats (Fig. 2).

H rats exhibited higher systolic blood pressure compared 
to C rats. Supplementation with γ- or δ-tocotrienol nor-
malised blood pressures in HγT3 and HδT3 rats (Table 3). 
Vascular smooth muscle dysfunction was shown as lower 
contractile responses to noradrenaline and lower relaxant 
responses to sodium nitroprusside together with endothe-
lial dysfunction, defined as lower relaxation responses 
to acetylcholine in isolated thoracic aortic rings of H rats 
compared to C rats (Fig. 3). Following γ- or δ-tocotrienol 
supplementation, thoracic aortic contraction responses to 
noradrenaline and relaxation responses to sodium nitro-
prusside and acetylcholine were higher in HγT3 and 
HδT3 compared with H rats. Blood pressures and vascular 
responses in CαT, CαT3, CγT3 and CδT3 rats compared 
with C rats, and HαT and HαT3, compared to H rats, were 
unchanged.

Lipid profile, liver function and structure

H rats had higher total cholesterol, triglyceride and 
NEFA plasma concentrations than C rats (Table  4). 
δ-Tocotrienol reduced total cholesterol, NEFA and 

triglyceride concentrations in HδT3, while γ-tocotrienol 
reduced plasma NEFA in HγT3 rats compared with H rats. 
H rats had higher liver weights, approximately twofold 
higher plasma ALT and 1.4-fold higher plasma AST activi-
ties than C rats (Table 4). Liver histology showed presence 
of lipid droplets with portal inflammatory cell infiltration 
in livers of H rats compared with C rats (Fig. 4). Treatment 
with vitamin E homologues for 8  weeks attenuated the 
degree of liver injury in HαT, HαT3, HγT3 and HδT3 rats, 
as demonstrated by lower plasma ALT and AST activities, 
less infiltration of inflammatory cells and decreased lipid 
droplets (Fig. 4). Lipid profile, liver structures and function 
of CαT, CαT3, CγT3 and CδT3 rats remained unchanged 
from C rats.

Plasma glucose concentrations, glucose tolerance 
and insulin sensitivity

H rats showed lower glucose utilisation by week 16 with 
higher fasting plasma glucose concentrations at 16 weeks 
compared with C rats (Table 4). The area under the curve 
was calculated to reflect the total rise in blood glucose con-
centration following an oral glucose tolerance or insulin 
sensitivity test (glucoseAUC). The plasma glucose response 
to oral glucose loading was greater in H rats than C rats 
with glucoseAUC of H rats approximately 35 % higher than 
C rats at 16 weeks (Table 4), indicating impaired glucose 
and insulin tolerance in H rats. δ-Tocotrienol normalised 
the fasting plasma glucose concentrations in HDT rats. In 
addition, HDT rats cleared postprandial glucose from the 
blood with greater efficiency than H rats during OGTT 
shown as lower glucoseAUC at week 16 (Table 4). In insulin 
sensitivity testing, HδT3 rats had lower glucoseAUC than H 
rats (Table 4).

Plasma and tissue concentrations of α‑tocopherol, α‑, 
γ‑ and δ‑tocotrienols

Supplementation of either α-, γ-, δ-tocotrienol or 
α-tocopherol for 8  weeks increased the concentra-
tion of the individual compound in liver, heart and adi-
pose tissues (Table  5). However, only α-tocopherol and 
α-tocotrienol were detected in plasma. In this study, 
α-tocopherol and α-tocotrienol detected in tissues of γ- 
and δ-tocotrienols-treated rats may have been derived 
from the basal diet. α-Tocopherol and the tocotrienols 
were found in all organs; α-tocopherol and α-tocotrienol 
concentrations were highest in the liver, while γ- and 
δ-tocotrienol concentrations were highest in adipose tis-
sue. Most of the body’s stores of tocotrienols and toco-
pherols were in the visceral fat pads. The concentrations 
of α- and δ-tocotrienols were higher than γ-tocotrienol in 
adipose tissue.
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Discussion

α-Tocopherol and tocotrienols have been extensively stud-
ied in cells, animal models and humans as a potential treat-
ment for chronic human diseases including metabolic syn-
drome and cancer [19, 32–34]. Earlier studies suggested 
that tocotrienols were better antioxidants in membrane 
systems [35]. However, α-tocopherol and α-tocotrienol are 
co-localised in the same place in membranes and they exert 
substantially the same mobility in liposomal membranes 
[18]. Tocopherols and tocotrienols have the same reactivi-
ties towards radicals and exert the same antioxidant activi-
ties against lipid peroxidation in solution. In addition, the 
physical effect of tocopherols on the fluidity of the mem-
brane interior is greater than tocotrienols, but less than 
cholesterol, but these effects at the membrane surface are 
similar. Hence, in terms of antioxidant activity, tocopherol 
and tocotrienols are similar [18]. However, this study has 
tested whether vitamin E homologues differentially affect 
the signs of metabolic syndrome as studies in cancer have 
shown that the biological relevance of tocotrienols goes 
beyond antioxidant activity [19]. Using our rat model of 
diet-induced metabolic syndrome, we previously demon-
strated that palm TRF, a mixture of α-tocopherol and α-, 
γ- and δ-tocotrienols, protected the heart and liver and 
improved plasma glucose and lipid profiles with minimal 
changes in abdominal obesity [16]. We have now extended 
this study to investigate the responses to the individual 
compounds present in TRF on cardiovascular and liver 
structure and function, and metabolic changes in the same 
rat model of diet-induced metabolic syndrome, and further 
we have shown that these compounds are present in the 
heart, liver and adipose tissue.

α-Tocopherol, α-, γ- and δ-tocotrienols reduced inflam-
matory cell infiltration and improved contractility ex vivo 
in the hearts of rats fed a high-carbohydrate, high-fat diet. 
However, only γ- and δ-tocotrienols improved heart struc-
ture, improved cardiac function in  vivo and normalised 
blood pressure. These cardiovascular responses could be 
mediated through normalisation of sympathovagal balance. 
Dysregulation of sympathetic nervous system signalling is 
associated with diabetes mellitus, obesity and cardiovas-
cular disease [36, 37] possibly by the increased activation 
of the sympathetic nervous system by angiotensin II [38, 
39]. Further, glucose, insulin and NEFA potently stimu-
late sympathetic activity and noradrenaline release [40]. 
α-Tocopheryl acetate altered cardiac sympathovagal bal-
ance in patients with type 2 diabetes by increasing the high-
frequency component, an index of vagal efferent activity, 
and decreasing the low-frequency component of heart rate 
variability, an index of vasomotor sympathetic activity 
[41]. TRF from palm oil, but not α-tocopherol, inhibited 
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Fig. 1   Haematoxylin and eosin staining of left ventricle (×20) show-
ing inflammatory cells (labelled as ‘i’) as dark spots near the myo-
cytes in C, CαT, CαT3, CγT3, CδT3, HαT, HαT3, HγT3 and HδT3 
rats. C, corn starch; CαT, corn starch +  α-tocopherol; CαT3, corn 
starch  +  α-tocotrienol; CγT3, corn starch  +  γ-tocotrienol; CδT3, 

corn starch  +  δ-tocotrienol; H, high carbohydrate, high fat; HαT, 
high carbohydrate, high fat  +  α-tocopherol; HαT3, high carbo-
hydrate, high fat  +  α-tocotrienol; HγT3, high carbohydrate, high 
fat + γ-tocotrienol; HδT3, high carbohydrate, high fat + δ-tocotrienol
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the increased plasma noradrenaline concentrations in rats 
exposed to restraint stress [42]. Tocotrienol mixtures from 
rice bran oil increased IkB kinase complex-associated pro-
tein and monoamine oxidase A transcripts, key enzymes 
responsible for degrading biogenic and dietary monoam-
ines, hence reduced autonomic crises and exaggerated 
hypertension in familial dysautonomia [43]. While we did 
not measure the noradrenaline concentrations in plasma, the 
noradrenaline reuptake transporter expression in the heart 
or the low-frequency to high-frequency ratio of sympathov-
agal balance, the data from echocardiography (in vivo) and 
isolated Langendorff hearts (ex vivo) suggested a plausible 
association between tocotrienols and α-tocopherol, and the 
balance between sympathetic and parasympathetic activ-
ity, since in vivo echocardiography measures the innervated 
heart while the ex vivo Langendorff heart measures intrin-
sic heart function. Whether α-tocopherol and tocotrienols 
directly affect the sympathovagal balance warrants further 
investigation.

In the present study, δ-tocotrienol markedly reduced 
total body and abdominal fat, while γ-tocotrienol produced 
modest reductions, in agreement with previous studies 
[44–46]. We previously reported that TRF did not reduce 
obesity in rats [16]. This could be due to the possible physi-
ological antagonism between α-tocopherol and tocotrie-
nols in TRF. α-Tocopherol may decrease the responses to 
tocotrienols as the body prefers to absorb α-tocopherol 
rather than tocotrienols [47]. Further, preferential absorp-
tion has been reported for α-tocotrienol over γ-tocotrienol, 
δ-tocotrienol and α-tocopherol in thoracic duct-cannulated 
rats [48]. The very low amount of α-tocopherol acetate 
intake from the C and H diets (0.1–0.3  mg/kg compared 
with 85  mg/kg of α-tocopherol or tocotrienols as inter-
ventions) is unlikely to affect the delivery or responses of 
tocotrienol homologues to the vital organs, and hence the 
effects of dietary α-tocopherol acetate are considered negli-
gible in this study. The use of high-purity tocotrienol homo-
logues as interventions in this study allows their individual 
responses to be measured with minimal interference from 
α-tocopherol or α-tocotrienol from the diet or as impurities 
in the preparations.

Glucose utilisation and insulin sensitivity in obese rats 
were improved by δ-tocotrienol treatment. These changes 
most likely follow adipose tissue reduction and hence 
reduced proinflammatory microenvironment. Several fac-
tors commonly present with excess adiposity are involved 
in diabetes mellitus and cardiovascular dysfunction. These 
include increased adipokines, proinflammatory cytokines 
and inflammatory lipid mediators secreted from adipose 
tissue that initiate vascular dysfunction, cardiac fibrosis, 

Fig. 2   Picrosirius red staining of left ventricular interstitial col-
lagen deposition (×40) in C, CαT, CαT3, CγT3, CδT3, HαT, 
HαT3, HγT3 and HδT3 rats; collagen deposition is labelled as 
‘col’. C, corn starch; CαT, corn starch + α-tocopherol; CαT3, corn 
starch  +  α-tocotrienol; CγT3, corn starch  +  γ-tocotrienol; CδT3, 
corn starch  +  δ-tocotrienol; H, high carbohydrate, high fat; HαT, 
high carbohydrate, high fat  +  α-tocopherol; HαT3, high carbo-
hydrate, high fat  +  α-tocotrienol; HγT3, high carbohydrate, high 
fat + γ-tocotrienol; HδT3, high carbohydrate, high fat + δ-tocotrienol
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impaired glucose metabolism [49–51] and insulin signal-
ling [52, 53], hyperinsulinaemia [54] and activation of the 
renin-angiotensin system [55]. Inflammatory cells infil-
trate into adipose tissue to activate inflammatory pathways 
[56]. This action precedes or is associated with the devel-
opment of insulin resistance and ectopic lipid accumula-
tion in obese animals and humans [56], suggesting the 
role of infiltrated macrophages in the pathophysiology of 
obesity. Assuming that macrophages in adipose tissue are 
the source of the mediators of chronic low-grade inflam-
mation [57], reduction in adipose tissue would decrease 
the proinflammatory microenvironment in this tissue. As 
δ-tocotrienol reduced the infiltration of inflammatory cells 
in the heart and liver, this action in combination with reduc-
tion in fat depots may improve the metabolic disorders in 
treated obese rats [58]. Further, liver function was not com-
promised in δ-tocotrienol-treated rats despite continuation 
of the high intake of saturated fats and simple sugars.

The dose of tocopherol or tocotrienols given to the rats 
in this study (85 mg/kg/day) corresponds to a human dose 
of around 800  mg/day based on body surface area com-
parisons between rats weighing 500 g and humans weigh-
ing 60  kg [59]. This dose could be provided through a 

daily oral supplement as it is not reasonably achievable 
through dietary consumption of tocotrienol sources [19]. 
Tocotrienols are generally recognised as safe (GRAS) 
with no indication of significant adverse effects related to 
tocotrienols consumption at the dose used in this study. 
The European Food Safety Authority in 2008 published a 
no-observed-adverse-effect level (NOAEL) of tocotrienol 
(120 mg/kg/day for males and 130 mg/kg/day for females) 
in a subchronic study in rats using purified vitamin E mix-
tures from palm oil [60]. In a chronic study in rats using 
purified vitamin E mixtures from palm oil, the NOAEL 
values were 303  mg/kg/day for males and 473  mg/kg/
day for females [61]. The effects observed at these doses 
were not considered to be adverse [60]. In an on-going 
phase I dose-escalation clinical trial in pancreatic cancer 
patients using δ-tocotrienol (ClinicalTrials.gov Identifier: 
NCT00985777), preliminary findings showed that a dosage 
of up to 800 mg/day was well tolerated with further esca-
lation to 3200 mg/day being planned [62]. It is important 
to point out that the no-adverse-effect dose for tocotrien-
ols in humans has not been defined but it is assumed to be 
the same as the tolerable upper intake level for tocopherol 
of 1000 mg/day for adults [60]. Reports on metabolism of 

Fig. 3   Cumulative concentration–response curves for noradrenaline, 
sodium nitroprusside and acetylcholine in thoracic aortic rings from 
α-tocopherol-treated group (A, B, C), α-tocotrienol-treated group (D, 
E, F), γ-tocotrienol-treated group (G, H, I) and δ-tocotrienol-treated 
group (J, K, L). Data shown as means  ±  SEM. Labelled means 
in a row with superscripts without a common letter differ, n =  8/

group. C, corn starch; CαT, corn starch + α-tocopherol; CαT3, corn 
starch  +  α-tocotrienol; CγT3, corn starch  +  γ-tocotrienol; CδT3, 
corn starch  +  δ-tocotrienol; H, high carbohydrate, high fat; HαT, 
high carbohydrate, high fat  +  α-tocopherol; HαT3, high carbo-
hydrate, high fat  +  α-tocotrienol; HγT3, high carbohydrate, high 
fat + γ-tocotrienol; HδT3, high carbohydrate, high fat + δ-tocotrienol
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Fig. 4   Haematoxylin and eosin staining of hepatocytes 
(×20) showing inflammatory cells around the portal region 
(labelled as ‘i’) and lipid droplet (labelled as ‘f’) in C, CαT, 
CαT3, CγT3, CδT3, HαT, HαT3, HγT3 and HδT3 rats. C, 
corn starch; CαT, corn starch  +  α-tocopherol; CαT3, corn 

starch  +  α-tocotrienol; CγT3, corn starch  +  γ-tocotrienol; CδT3, 
corn starch  +  δ-tocotrienol; H, high carbohydrate, high fat; HαT, 
high carbohydrate, high fat  +  α-tocopherol; HαT3, high carbo-
hydrate, high fat  +  α-tocotrienol; HγT3, high carbohydrate, high 
fat + γ-tocotrienol; HδT3, high carbohydrate, high fat + δ-tocotrienol
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tocotrienols are scarce, with only few reporting the post-
prandial distribution and pharmacokinetics of tocotrie-
nols, using single-dose studies with the mixture of TRF 
derived from palm oil [63–66]. Half-lives of tocotrienols 
were approximately fourfold to fivefold lower than that 
of tocopherols (4 vs 20 h) in humans [67]. However, cau-
tion is needed in extrapolating the pharmacokinetics of 
individual tocopherol and tocotrienols dosed as a mixture 
in the TRF formulation. In addition, confusion arose when 
the tocopherol–tocotrienol ratios were unspecified, var-
ied or altered in studies [63–66]. This study provides new 
results supporting the oral absorption and distribution of 
α-tocopherol, α-, γ- and δ-tocotrienols to plasma, heart, 
liver and adipose tissues using the individual homologues, 
unlike previous studies that used tocotrienol mixtures [66–
70]. The animal studies on bioavailability of tocotrienols 
have used differing modes of delivery, sources and types of 
α-tocopherol, α-tocotrienol, γ-tocotrienol or even mixtures, 
durations of supplementation and diet conditions [71], 
making any comparison inherently difficult. This study 
showed that orally supplemented tocotrienols reached all 
vital organs even if they were not detected in plasma, as 
with γ- and δ-tocotrienols. Delivery of oral tocotrienols to 
vital organs is the key determinant of the overall efficacy 
of oral tocotrienols in these tissues, rather than the con-
centrations in plasma. Significant amounts of tocotrienols 
delivered to the vital organs indicated effective tocotrie-
nol transport systems in vivo, independent of α-tocopherol 
transfer protein [15, 47]. The evidence that tocotrienols 
accumulated in vital organs supports future studies to iden-
tify specific mechanisms of tissue delivery and metabolism 
of tocotrienols.

In summary, the biological responses to γ- and 
δ-tocotrienols were more pronounced than with 
α-tocopherol and α-tocotrienol in this rat model of meta-
bolic syndrome. All homologues improved liver struc-
ture and function. Only δ-tocotrienol enhanced glucose 
metabolism associated with obesity, although both γ- and 
δ-tocotrienols improved cardiovascular structure and func-
tion, and reduced adiposity. These effects may be associ-
ated with the sympathovagal balance and reduction in 
proinflammatory microenvironment, which may differen-
tiate the biological functions of tocopherol and tocotrienol 
homologues. Their distribution to vital organs is an impor-
tant prerequisite to biological activity of the tocotrienols. 
Hence, increasing intake of δ-tocotrienol and, to a lesser 
extent, γ-tocotrienol may serve as a complementary dietary 
strategy in managing metabolic syndrome.
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