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Abstract

Purpose The primary endpoint was to determine the
plasma concentration of alpha-linolenic acid (ALA), and its
metabolites, following milled flaxseed consumption at four
doses. Secondary outcomes focused on plasma enterolig-
nan concentrations and the effects on tolerability, platelet
aggregation, plasma lipids and urinary thromboxane levels.
Methods Healthy, younger adults (n = 34; 18—49 years
old) were randomized into four groups consuming one
muffin daily for 30 days fortified with 10, 20, 30 or 40 g of
milled flaxseed. Blood and urine were collected at baseline
and 4 weeks.

Results Plasma ALA concentrations increased with
all flaxseed doses (P < 0.01), except the 20 g/day dose
(P = 0.10), yet there was no significant dose-dependent
response (P = 0.81). Only with the 30 g/day diet were
n-3 polyunsaturated fatty acids (P = 0.007), and eicosap-
entaenoic acid (EPA) (P = 0.047) increased from baseline
values. Docosapentaenoic acid and docosahexaenoic acid
were not detected at any dose. Plasma total enterolignan
concentrations significantly increased over time in all treat-
ment groups, yet despite a dose-dependent tendency, no
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between-group differences were detected (P = 0.22). Flax-
seed was well tolerated, even at the highest dose, as there
were no reported adverse events, changes in cholesterol,
platelet aggregation or urinary 11-dehydro-thromboxane
B,.

Conclusions In healthy, younger adults, 10 g/day of
milled flaxseed consumption is sufficient to significantly
increase circulating ALA and total enterolignan concen-
trations; however, 30 g/day is required to convert ALA to
EPA. Although all doses were well tolerated, 40 g/day is
too low to attenuate cholesterol in this population.

Keywords Alpha-linolenic acid - Enterolignans -
Flaxseed - Platelets - Cardiovascular disease

Introduction

Flaxseed (Linum usitatissimum), an oilseed predominantly
produced in North America, has gained interest as a poten-
tial therapeutic agent in the treatment of risk factors for car-
diovascular disease (CVD) [1, 2]. Animal studies involv-
ing dietary flaxseed have demonstrated improved vascular
reactivity [3], inhibition of atherosclerosis [4], regression
of preexisting atherosclerotic plaques [5], inhibition of
arrhythmias during ischemia/reperfusion injury [6] and
reduced plasma cholesterol [7]. Human trials have shown
antihypertensive [8, 9] and cholesterol-lowering effects
[10, 11] of dietary flaxseed.

Several bioactive components within flaxseed are
thought to provide these beneficial cardioprotective proper-
ties. Alpha-linolenic acid (ALA; C18:3n-3) is an n-3 fatty
acid that is enriched in flaxseed. Approximately 50 % of
the overall total fatty acid content consists of ALA [1]. Sev-
eral clinical studies have demonstrated the antihypertensive
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properties of dietary ALA [12-14]. Flaxseed also con-
tains the highest amount of the plant-based lignan, secoi-
solariciresinol diglucoside (SDG) [15]. Next highest food
sources of SDG include asparagus (180-fold less) [16], rye
and wheat (360- and 870-fold less, respectively) [17], fol-
lowed by various nuts [15] and legumes [18]. The SDG
metabolites, enterodiol (END) and enterolactone (ENL)
are enterolignans that undergo enterohepatic circulation in
vivo. They are initially formed in the gut, are absorbed by
the intestines, conjugated within the liver, excreted in bile
and then reabsorbed and repackaged as sulfate or glucuron-
ide conjugates in the liver [19, 20]. These are the bioactive
forms of SDG that circulate systemically [21] and demon-
strate antioxidative properties in vitro [22] and in vivo [23].
Clinical studies using dietary SDG or high-lignan flax-
seed have demonstrated improved glycemic control [24],
reduced plasma cholesterol and glucose concentrations [25]
as well as lowered diastolic blood pressure [26]. Flaxseed
is also 28 % dietary fiber by weight [27]. Dietary fiber can
reduce circulating levels of cholesterol [28], which is also a
predictive risk factor for CVD.

Since flaxseed contains these important bioactives
in large quantities, gaining an understanding of the fac-
tors that will optimize their presence in plasma is critical
to optimize their health-related actions. Flaxseed form is
one factor that can influence plasma concentration. Plasma
ALA and enterolignan concentrations are improved when
the seed is milled compared to its whole form [29, 30].
However, the optimal dose of milled flaxseed to provide
significant concentrations of ALA and enterolignan within
a healthy human population has not yet been defined. Most
human studies use upwards of 25 g/day of flaxseed [8,
27, 29, 31-35] with as much as 50 g/day [36, 37]. Stud-
ies using flaxseed at doses <25 g/day are limited [38—41].
Therefore, the primary endpoint of this study was to inves-
tigate the concentration of ALA in plasma as a function of
the dosage of milled flaxseed with secondary endpoints
focused on enterolignans and the associated effects of flax-
seed ingestion on blood lipids, platelet aggregation, urinary
thromboxane levels and tolerability. Although flaxseed has
attained generally recognized as safe (GRAS) status [42],
other reports using milled flaxseed in a dose-dependent
manner do not include incidences of gastrointestinal-
related adverse events [41, 43, 44] other than increased
laxation [40]. We hypothesized that plasma ALA, its longer
chain metabolites eicosapentaenoic acid (EPA) and doc-
osapentaenoic acid (DPA) but not docosahexaenoic acid
(DHA), and enterolignan concentrations would be signifi-
cantly elevated in a dose-dependent manner. Additionally,
adverse event reporting and attenuations in platelet aggre-
gation, total cholesterol and LDL cholesterol and urinary
thromboxane levels would be most pronounced at 40 g/day
of administered flaxseed.
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Materials and methods
Study participants

Healthy subjects, male and female, 18-49 years of age
were recruited. Younger adults (<50 years) were selected as
a representative healthy population as they are less likely to
be using prescription medications for chronic disease man-
agement, as are older adults (>50 years). In addition, main-
taining participant age within the indicated range reduced
confounding factors from age-related conditions. All sub-
jects provided written informed consent prior to recruit-
ment including any study-related screening procedures, and
without restriction to gender, race or socioeconomic status.
During screening, interested individuals provided infor-
mation related to age, height and weight and were asked
to provide a complete medical history inclusive of current
medications, vitamins or herbal remedies. Participants
could be included in the study if they were deemed healthy
by a physician, were willing to refrain from taking any
vitamin, herbal or oil supplements for 1 month prior to and
during the course of the study, were not eating fish more
than one time per week, were not eating flaxseed fortified
foods and were willing to comply with protocol require-
ments. Subjects were instructed by the study coordinator to
continue with their normal dietary patterns throughout the
course of the study bearing in mind the inclusion criteria.
Individuals were required to store the flaxseed-enriched
food products in a —20 °C freezer for a 4-week period and
be willing to consume one thawed food product daily for
the 1-month duration of the study. A daily diary was also
required to record muffin consumption dates and times as
well as any comments or possible adverse events. Sub-
jects were excluded from this study if any of the follow-
ing criteria were met: cigarette smoking (tobacco products
within the last 6 months), ingestion of supplementary vita-
mins or oils or more than one fish meal/week for 1 month
prior to the start of the study, planned use of any herbal/
antioxidant/fatty acid/nutritional supplements at any time
in the duration of the study, were pregnant or planning to
become pregnant, experienced diabetes, cardiovascular,
renal or gastrointestinal problems, were using cholesterol-
lowering drugs, hypertension drugs, antihistamines or hor-
mone therapy, and experienced platelet abnormalities or
abnormal blood clotting/bleeding times. Similarly, subjects
were excluded if they did not adhere to study diet require-
ments. Two visits to the clinic would be required during
the course of the study. The baseline visit (visit 1) would
involve the individuals providing a fasted blood sample
after which time they were randomized using a computer-
generated randomization procedure into one of the four
dietary groups and given a 1-month supply of the diet. The
final visit (week 4) also required a fasting blood sample.
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Individuals were asked to submit their record books as well
as any remaining supply of the diet. Both visits also dis-
cussed any changes in individual medical histories. Blood
samples were analyzed for any changes in lipids (choles-
terol, triglycerides, fatty acids), lignan metabolites and
platelet aggregation. Urine was analyzed for 11-dehydro-
thromboxane B, concentrations.

Ethics and study design

The University of Manitoba Research Ethics Board and
the St. Boniface Hospital Research Review Committee
approved the study design, which was done in accordance
with the ethical standards established in the 1964 Declara-
tion of Helsinki and its amendments thereafter. A total of
40 healthy, male and female volunteers were recruited. Ten
subjects were randomized into one of four study groups.
Subjects consumed one muffin per day containing a dis-
tinct dose of either 10 g, 20 g, 30 g or 40 g of milled flax-
seed, respective of study group. Study participants were
asked to thaw and consume one muffin per day for a total
of 4 weeks. Both the research team and the subject were
blinded to the flaxseed dosage group from the time the sub-
ject was randomized until completion of the study, which
included data analysis.

Experimental diet

The Canadian International Grains Institute, Winnipeg,
Canada, prepared the muffins for this study. Muffins were
stored in sealed plastic bags at —20 °C. Organic milled
flaxseed was supplied by Bioriginal Food and Science Cor-
poration (Saskatoon, SK, Canada). The same batch was
used to prepare all study muffins. Muffins were offered in
two different flavors: banana chocolate chip and cranberry—
orange. Formulation details and a sensory evaluation of the
cranberry—orange muffin (30 g) have been reported [45].
The calculated ALA and SDG contents for each 10 g addi-
tion of milled flaxseed are represented in Table 1 as are the
formulation, energy and nutrient compositions of the diets.

Compliancy

Only one subject in the 10-g group withdrew from the study
and that was done so voluntarily prior to the first blood
draw. Subjects were asked to maintain a treatment diet
record containing the dates that they consumed the muffin
and the time of day at which it was consumed. These were
submitted and collected at their final appointment. In addi-
tion, study foods that were not consumed were returned to
the study coordinator who recorded this. Individuals were
deemed compliant if at least one of ALA, END or ENL
increased significantly in circulating plasma.

Sample collection and processing

Fasted venous blood samples (15 ml) were collected at
both baseline and 4 weeks. Blood was collected in a total
of three tubes. One tube contained 1 mg EDTA/ml which
was centrifuged at 1800x g for 5 min at 4 °C after which
the plasma was aliquoted into several cryovials (VWR
International, Mississauga, ON) (P/N 479-0822). Samples
were flash frozen in liquid nitrogen and stored at —80 °C
until subsequent lipid and lignan metabolite analyses could
be performed. Blood collected into the two sodium citrate
tubes (10 ml) was gently inverted several times and main-
tained at room temperature for 30 min prior to immediate
preparation for platelet aggregation measurements.

Urine was collected into certified urine sample contain-
ers (VWR International, Mississauga, ON) (P/N CA73240-
106) at both 0 and 4 weeks at St. Boniface Hospital. The
study coordinator then immediately transferred the samples
on ice for storage at —80 °C.

Blood and urine measurements

Plasma fatty acids were extracted from thawed plasma
aliquots and derivatized to their methyl esters using the
method of Lepage and Roy [46]. Plasma fatty acid methyl
esters (FAME’s) were quantified using an Agilent CP-3800
gas chromatograph (GC), equipped with a flame ioniza-
tion detector (FID) and Agilent CP-Sil 88 capillary col-
umn (60 m x 0.25 mm x 0.20 wm). The methyl esters, in
toluene (1 pl), were injected using a CP-8400 autosampler
at a split ratio of 1:50. The flow rate of the helium car-
rier gas was 1.5 ml/min. The initial oven temperature was
programmed at 80 °C and was held for 1 min. It was then
raised 30 °C/min to 140 °C, further increased by 5 °C/min
to 225 °C and held there for 10 min. The total run time for
each sample was 30 min. C17:0 was used as internal stand-
ard, and the fatty acid contents of the sample were identi-
fied by comparison with an authentic standard, GLC-462
(Nu-Chek Prep, Inc., Elysian, MN, USA).

A detailed description of plasma enterolignan extrac-
tion and measurement has been described previously
using a method developed and validated within our labo-
ratory [47]. Briefly, 300 pL of human plasma, 300 pL
of sodium acetate buffer (0.1 M, pH 5.0) and 60 pnL of
2600 units P-glucuronidase—sulfatase from H-Pomatia
(G1512) in 0.5 M, pH 5.0 sodium acetate solution were
added to a silanized vial containing 1 uM hexadeuterated
enterodiol (2H6—END) and hexadeuterated enterolactone
(2H6-ENL) as internal standards. The solution was incu-
bated at 37 °C for 4 h, and the resulting mixture separated
using an Isolute SLE + 1 ml supported liquid extraction
(SLE) column (Biotage, Charlotte, NC, USA), contained on
a 24-port vacuum manifold, using 70:30 diethyl ether:ethyl
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Table 1 Formulation, energy
and nutrient composition of the

study diets
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Parameter Cranberry—orange muffins Banana chocolate chip muffins
10¢g 20g 30g 40¢g 10g 20¢g 30g 40 ¢g
Group Group Group Group Group Group Group Group
Ingredients/muffin
Dry
Flour (g) 41.7 36.7 31.7 25.0 41.7 36.7 30.0 233
Milled flaxseed (g) 10.0 20.0 30.0 40.0 10.0 20.0 30.0 40.0
Baking soda (g) 0.4 0.4 0.4 0.4 0.7 0.7 0.7 0.7
Baking powder (g) 2.1 1.8 1.6 1.3 2.1 1.8 1.5 1.2
Salt (g) 0.6 0.6 0.5 0.4 0.6 0.6 0.5 0.4
Wet
Eggs (g) 16.7 16.7 16.7 20.8 16.7 16.7 16.7 16.7
Milk (g) 16.7 16.7 16.7 16.7 25.0 25.0 31.7 31.7
Granulated sugar (g) 8.3 8.3 16.7 16.7 0 0 0 0
Brown sugar (g) 0 0 0 0 15.0 15.0 15.0 15.0
Vanilla (g) 22 22 2.2 22 0 0 0 0
Frozen orange juice (g) 1.5 8.3 9.8 10.8 0 0 0 0
Bananas, mashed (g) 0 0 0 0 333 333 333 333
Water (g) 25.8 25.0 28.6 30.8 0 0 0 0
Orange rind (g) 1.7 1.7 1.7 1.7 0 0 0 0
Cranberries (g) 15.0 15.0 15.0 15.0 0 0 0 0
Chocolate chips (g) 0 0 0 0 11.7 11.7 11.7 11.7
Total ingredient weight (g) 148.6 1532  171.3  181.7 156.8 1614 171.0 1739
Proximate analysis
Moisture (g) 69.0 68.8 73.4 79.2 66.8 67.0 73.0 72.9
Fat (g) 6.9 11.0 15.1 19.5 10.3 144 18.5 22.5
3 SFA (g) 1.1 1.5 1.8 2.3 3.1 35 39 4.3
> MUFA (g) 2.3 3.0 3.7 4.8 34 4.1 4.8 5.6
¥ PUFAn-3 (g) 23 4.5 6.8 9.0 23 4.5 6.8 9.0
C18:3n-3 (g) 22 44 6.6 8.8 22 44 6.6 8.8
% PUFAn-6 (g) 1.1 1.7 2.3 2.9 1.1 1.7 23 29
% PUFA (g) 34 6.3 9.1 11.9 34 6.3 9.1 11.9
Energy (kCal) 335.8 3727 4425 4786 383.6 4192  450.1  478.8
Carbohydrates (g) 58.9 58.4 66.6 64.9 64.9 64.1 62.4 60.3
Total dietary fiber (g) 9.8 11.2 12.6 14.2 10.7 12.1 135 14.6
Protein (g) 5.0 7.7 104 13.1 52 7.9 10.5 13.2
Flaxseed SDG content
SDG lignan? (mg) 38 75 113 150 38 75 113 150

Study muffins were formulated at the Canadian International Grains Institute (Winnipeg, MB)

MUFA monounsaturated fatty acid (12:1, 14:1, 15:1, 16:1, 16:1c, 16:1t, 17:1, 18:1, 18:1c, 18:1t, 20:1, 22:1,
22:1c, 22:1t, 24:1, 24:1c), PUFA polyunsaturated fatty acid (18:2n6cc, 18:2t,t, 18:2i, 18:3n3ccen-3, 18:4,
20:2cc, 20:3, 20:3n-3, 20:3n-6, 20:4n-6, 20:5n-3, 21:5, 22:2, 22:3, 22:4n-6, 22:5n-3, 22:6n-6), SDG secoi-
solariciresinol diglucoside, SFA saturated fatty acid (4:0, 6:0, 8:0, 10:0, 12:0, 13:0, 14:0, 15:0, 16:0, 17:0,
18:0, 20:0, 22:0, 24:0)
* The SDG content was calculated based on published values of secoisolariciresinol, the aglycone of SDG,
from a brown flaxseed strain typically consumed by Canadians and similar to that used in the present study
[15]

Proximate analyses were calculated using the National Nutrient Database for standard reference, Agricul-
tural Research Service, US Department of Agriculture [70]
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acetate (4 x 1.25 ml). Following solvent evaporation under
a steady stream of nitrogen gas with tube bases warmed to
37 °C, the analytes were silanized to their trimethylsilyl
derivatives using 120 pl of pyridine and 120 pl of N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA). The reac-
tion proceeded at 90 °C for 30 min, and the cooled samples
were analyzed using gas chromatography/mass spectrom-
etry in micro-selected ion storage mode (GC/MS-uSIS).

Total cholesterol (total-C) and triglycerides (TG) were
measured enzymatically using commercial kits from Point
Scientific Inc. (Canton, MI, USA). High-density lipopro-
tein cholesterol (HDL-C) measurements were taken enzy-
matically using a BioVision commercial kit (Milpitas, CA,
USA). Low-density lipoprotein cholesterol (LDL-C) was
calculated using the Friedewald equation [48].

Blood collected into sodium citrate tubes was gently inverted
and then stored at room temperature for 30 min after which
platelet aggregation studies were immediately performed. Plate-
let-rich plasma (PRP) was obtained by a low-speed centrifuga-
tion of the samples at 100x g for 15 min. Removal of the upper
PRP layer and further centrifugation of the remaining blood
at 2400x g for 15 min yielded the platelet-poor plasma (PPP)
which would behave as the blank for the aggregation experi-
ments. Equal volumes of PRP and PPP were aliquoted into
individual cuvettes. Collagen (4 jug/ml) or 0.5 units of thrombin
was then added to the PRP in separate controlled experiments.
Both the PRP and PPP were stirred, and spectrophotometric
changes were monitored upon the addition of the aggregate
using a Chrono-log Aggregometer, model 490 (Chrono-log
Corp.). The Aggro/Link (vs 4.75) software was used to deter-
mine both percent aggregation and rate of aggregation.

Urine creatinine was measured using a modified Jaffe
method based on the creatinine—picrate reaction [49]. The
thromboxane B, metabolite, 11-d-TxB, (11-dehydro-
TxB,), was assayed using stable isotope dilution negative
ion/chemical ionization gas chromatography mass spec-
trometry as previously described [50]. Final results are pre-
sented as 11-d-TxB, in ng/g of creatinine.

Adverse effects monitoring

During the entire study, secondary adverse events associ-
ated with consuming dietary flaxseed (i.e., gastrointestinal
discomfort, diarrhea, excessive gas, cramping) were moni-
tored. These were grouped and classified using Palmer’s
method of adverse event monitoring where symptom sever-
ity was graded from O to 4: 0 = none, 1 = mild, 2 = mod-
erate, 3 = severe and 4 = death [51]. An adverse event
was considered mild if it was transient and inconsequen-
tial, whereas it was considered moderate if it was persis-
tent and/or systemic. A severe adverse event would be life
threatening or require hospitalization and death if an indi-
vidual died from the direct consumption of flaxseed.

Outcomes and sample size calculations

The primary endpoint was to determine the change in
plasma ALA concentration within and between groups after
4 weeks of consuming various doses of milled flaxseed.
Secondary endpoints included changes in plasma enterolig-
nan, cholesterol, triglyceride, fatty acid and urinary throm-
boxane concentrations as well as percent and maximum
rate of aggregation of platelets. Each individual at 0 week
behaved as their own control for the study. Accounting
for an estimated 20 % sample loss, a sample size of 10
per group was assigned that would provide a minimum of
80 % power to detect any significant differences in ALA
between the groups. A two-tailed o of 0.5 was used with an
estimated standard deviation of 35 WM based on published
results [32].

Statistical analysis and efficacy

Results are represented as means =+ the standard error of
the mean (SEM). All data were analyzed using IBM SPSS
Statistics version 22.0 (International Business Machines,
Armond, NY, USA). Categorical variables were com-
pared with a x? test. A repeated measure ANOVA, using
the Greenhouse—Geisser test, was used to detect group
effects and time and group by time interactions. Time was
the repeated measure with two levels set at 0 and 4 weeks,
and group was the fixed factor. A Tukey multiple compari-
son post hoc test was used to detect significant differences
between groups. All biomarkers were measured as a func-
tion of time and their interactions, or lack thereof, were
determined using averaged values applied to bi-plots with
visualization of interactions determined by intersecting
lines. Paired ¢ tests were used to compare changes between
baseline and end of treatment, and a one-way ANOVA was
used to compare mean values across the same time point.
Differences were considered significant when P values
were <0.05. Trends were noted if P < 0.1. The efficacy of
the data was included in the statistical analysis if subjects
had consumed a minimum of 80 % of the supplied muffins,
donated blood samples at both time points and maintained
study instructions as originally detailed during their screen-
ing visit.

Results

Participant characteristics and anthropometric
measurements at baseline

Ninety-eight percent of the enrolled subjects indicated that

they had successfully completed the dietary study; however,
only 85 % (34 subjects) were included in the data analysis.

@ Springer
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Table 2 Baseline

characteristics of study Parameter g of flaxseed per muffin by group All participants P value
participants 10g 20g 30g 40¢g (=39
Group Group Group Group
n=29) n=9) (n=9) (n=17)
Age (years) 31.6 2.8 3244+1.6 269 £2.1 30.3+34 303+1.2 0.28
Gender (M/F)  4/5 5/4 4/3 18/16 0.95
Weight (kg) 70.1 £2.5 779+ 64 70.1 £4.3 70.5 £ 4.9 723+£23 0.57
Height (m) 1.68 £0.03 1.71+003 1.70£0.03 1.72+0.02 1.70=+0.01 0.80
BMI (kg/mz) 249 4+ 0.8 265+ 1.8 242+ 1.1 236+ 1.1 25.0+0.6 0.43
Values are mean =+ SE. Significant if P < 0.05
M male, F female, BMI body mass index
One participant in the 10-g group dropped out of the study A B
prior to starting the diet. Another five individuals had to I 300 - o- 200
be excluded from the study due to various reasons. Three 250 Ll
individuals, one from each of the 20-, 30- and 40-g groups, s < 129
were removed as baseline plasma ALA concentrations were 2 £ 2004 Ae=oom)
elevated (>200 wM). Baseline concentrations of ALA are é % 150, ,/'
typically <75 puM for healthy, age-matched adults in the g g +
Winnipeg vicinity [29, 32]. Consumption of flaxseed-based § § 1001
supplements prior to study onset was previously established 50
as part of the exclusion criteria. Two individuals were also
excluded from the 40-g group as they had no detectable 2 ‘ ‘ °] ‘ ‘
ALA (limit of detection, LOD = 1.1 uM) or enterolig- owk 4wk ok ok
nans (LOD for END = 9.9 nM and ENL = 10.1 nM) in C D ..
their plasma after 4 weeks strongly suggesting non-adher- 4007T;33 T%gg
ence. Therefore, a total of 34 individuals were included in s il P
the study (Table 2). Power calculations were performed < a0 P E 500 :
again on each of the groups to ensure that 80 % power % % w00l .
was still being attained for ALA. Using the same criteria & 2o ; e
as described previously, a minimum of 80 % power was g A Z 300 y
achieved for ALA in each of the four groups. Patient char- é £ 200
acteristics at baseline, namely age, gender distribution, 1001 é
BMI, weight and height, were similar between all four of 1%
the intervention groups (P > 0.05) (Table 2). 0 ‘ ‘ 0 ‘ ‘
0wk 4 wk 0wk 4 wk
Time Time

Plasma fatty acid content

Plasma ALA concentrations were measured as the primary
endpoint in the present study and significantly increased
over time in the 10, 30 and 40 g/day dosage groups after
4 weeks of consuming milled flaxseed (P < 0.01) (Fig. 1a).
A similar trend was observed in the 20 g/day group
(P = 0.096). Each 10-g increment in flaxseed led to a mild
dose-dependent response as observed by the 1.5-, 1.6-,
1.7- and 1.9-fold increases in plasma ALA concentrations
after 4 weeks on the respective diets. The remaining fatty
acids, as percent total fatty acids, were analyzed using
repeated measures ANOVA (Table 3). No significant main
effects for time or group were observed in total saturated

@ Springer

Fig. 1 Plasma ALA (a) and enterolignans (b—d) at baseline and fol-
lowing 4 weeks of consuming 10, 20, 30 or 40 g/day of milled flax-
seed. There were no between-group differences, P > 0.05. Within-
group changes over time, P < 0.05, *P < 0.01. ALA alpha-linolenic
acid, END enterodiol, ENL enterolactone, END + ENL total enterol-
ignans, wk week

fatty acids (SFA’s), total monounsaturated fatty acids
(MUFA’s) or omega-6 polyunsaturated fatty acids (n-6
PUFA’s). However, n-3 PUFA’s increased after 4 weeks
compared to baseline in all study groups, with significance
achieved in the 30 g/day group (P = 0.007). This increase
in n-3 PUFA’s led to an attenuation in the n-6/n-3 ratio in
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Table 3 Repeated measures ANOVA for percent total fatty acids in plasma at 0 and 4 weeks of dietary supplementation with milled flaxseed at

various dosages

Fatty acids Milled flaxseed groups

Effects

(F value) (df = 3)

Time (week) 10 g/day FX (%) 20 g/day FX (%) 30 g/day FX (%) 40 g/day FX (%)
G T GxT

> SFA 0 309 +2.8 298 +2.5 30.3 £ 3.0 307 £2.5 0.10 0.09 0.03
4 31.0£2.4 29.8 +£2.3 320+28 309 £ 3.1

>~ MUFA 0 274425 25.6+£2.3 275+3.5 254+2.1 0.06 0.08 0.23
4 26.7 £2.1 26.5 £ 2.6 27.0£22 26.6 +3.7

¥ PUFAn-6 0 3854+ 1.7 409+1.6 387+12 40.7 £ 2.1 0.31 3.00 0.65
4 388 +24 39.8 £2.1 376+ 1.8 387+25

18:3n-3 0 0.6 +0.1 0.7402 0.6 +0.1 0.6 +0.1 033 34.93%x (.59
4 0.9 £0.1% 1.1£02 1.0 £0.1* 1.1 £0.2¢

20:5n-3 0 0.6+ 0.1 1.0+£02 0.6 +0.1 0.6 +0.1 3.02%¢  5.02% 0.59
4 0.7+ 0.1 1.0+02 0.8+0.1 0.9+02

22:5n-3 0 03+0.1 0.440.1 02401 0.3+0.1 1.21 9.17 0.77
4 0.340.1 0.5+0.1 03401 0.4+0.1

22:6n-3 0 17402 1.7+£02 14402 1.5+02 0.51 0.05 1.24
4 1.7+£02 1.6+02 15402 15402

Y PUFAn-3 0 32403 37403 27404 3.0+04 1.15 14.00%*  0.80
4 3.6+02 41405 3.6 &+ 0.4 39404

> PUFA 0 417+18 446+ 1.6 413+13 437423 0.45 0.62 0.32
4 424426 438424 41.1£2.0 42.6+2.8

n-6/n-3 0 12.6 £0.8 173 +2.6 11.8+12 144+1.0 1.37  22.83%%  3,06%
4 10.9 + 0.57 108 +£1.2 114+ 131 10.2 + 0.9%

TEA 0 99.9 100.0 100.1 99.8
4 100.0 100.1 100.2 100.1

All values are mean + SE

SFA’s include 14:0, 16:0, 18:0 and 24:0; MUFA’s include 14:1n-5, 16:1n-7, 18:1n-9, 18:1n-7 and 24:1n-9; PUFA n-6 include 18:2n-6, 18:3n-6,

20:3n-6 and 20:4n-6

df degrees of freedom, FX flaxseed, G group, G x T group by time, MUFA monounsaturated fatty acid, PUFA polyunsaturated fatty acid, SFA

saturated fatty acids, T time, TFA total fatty acid
Statistically significant if, * P < 0.05, ** P < 0.01, *** P <0.001

the 10 g/day (P = 0.045), 30 g/day (P < 0.01) and 40 g/
day (P = 0.008) groups. Eicosapentaenoic acid (EPA,
C20:5n-3) significantly increased after 4 weeks of consum-
ing 30 g/day of milled flaxseed (P = 0.047), but not with
40 g/day (P = 0.12). No significant differences between
groups or changes over time were observed for either doc-
osapentaenoic acid (DPA, C22:5n-3) or docosahexaenoic
acid (DHA, C22:6n-3).

Plasma lignan metabolite content

One individual in the 20 g/day milled flaxseed group was
taking antibiotics for the first 11 days of the study and was
therefore excluded from all enterolignan measurements as
antibiotics are known to interfere with the gut micro-flora
required to produce these compounds [52]. As expected,
this individual had no measurable plasma ENL and only

trace amounts of END. Baseline enterolignan concentra-
tions were consistent between all study groups (P > 0.05).
Each of the plasma enterolignans increased over time as
represented by a significant main effect for time determined
using repeated measures ANOVA: END (F = 31.026,
P <0.001), ENL (F = 15.392, P < 0.001) and END + ENL
(F = 47.738, P < 0.001). Despite these increase over time,
no group differences in plasma enterolignan concentrations
were observed as a result of increased flaxseed consump-
tion: END (F = 0.58, P = 0.63), ENL (F = 1.32, P = 0.29)
and END + ENL (F = 1.58, P = 0.22). When mean 4-week
values were compared to baseline concentrations in each of
the flaxseed dosage groups, END increased significantly in
the 10 g/day (P = 0.041), 20 g/day (P = 0.014) and 30 g/
day (P = 0.005) groups with a trend in the 40 g/day group
(P = 0.073) (Fig. 1b). Final END concentrations in the
20 g/day (213.5 £ 63.2 nM), 30 g/day (209.1 £ 46.6 nM)
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Table 4 Repeated measures ANOVA of plasma lipids, platelet aggregation and urinary 11-dehydro-thromboxane B, at 0 and 4 weeks for each

of the intervention groups

Parameter Time Milled flaxseed groups Effects (F value) (df = 3)
(week) 10 g/day FX 20 g/day FX 30 g/day FX 40 g/dayFX G T GxT
Lipids
Total-C, mg/dL 0 1445485 15364+ 103* 1359+6.1*°  1184+58>  341* 390 0.05
4 135.1 + 6.7 146.4 £ 0.2 129.14+6.3 112.8 +9.1
LDL-C, mg/dL 0 774+ 635 91.6+0.3° 740+ 755 598 +£57°  295% 243 0.41
4 66.2 £ 5.1 85.3+99 713453 58.0 + 7.7
HDL-C, mg/dL 0 472443 448 £7.1 433+57 42.0+3.0 0.50 1.18 1.20
4 503+5.6 41.8+£52 40.0+53 39.14+2.8
Total-C/HDL-C, ratio 0 32402 42407 3.6+£0.5 29402 1.18 0.01 0.69
4 29+03 42407 40+0.8 29+0.1
TG, mg/dL 0 99.6 £ 16.5 93.1£155 93.1 £21.6 82.8+138  0.19 0.11 0.38
4 93.1 £11.6 96.5 & 13.0 88.8 + 12.7 78.9 £ 15.6
Platelet aggregation
Percent aggregation
Collagen (4 ug/ml), % 0 762 4+2.3 73.8 +2.1 76.0 +2.9 77.0 2.9 0.67 9.73%%  1.90
4 734+ 1.8 71.6 £33 72.0 +£2.3 64.0 + 4.0
Thrombin (0.5 units), % 0 922+ 3.1 9434125 91.6 2.5 91.1 +£32 1.22 0.54 0.89
4 87.3 4+ 10.2 954+ 16 932434 87.9+5.1
Max. rate of aggregation
Collagen (4 pg/ml), % 0 140.4 + 8.1 128.4 + 8.4 124.8 + 8.4 1307 +11.6 035 0.03 1.68
change/min 4 130.6 £9.3 1402+ 11.3 1313 £ 6.8 120.4 £ 10.0
Thrombin (0.5 units), % 0 2407 £ 154 260.64+ 189 2629+ 15.1 2326+ 164  1.16 0.02 0.12
change/min 4 2469 £28.0 25574171 2744 +138  2280+215
Urine analysis
11-d-TxB,, ng/g of creati- 0 189.8 4 28.4 196.1 & 26.2 182.9 +32.5 179.4 £385 022 0.07 0.26
nine 4 185.4 +31.6 204.1 £20.5 161.9 &+ 18.9 1833 £36.5

All values are mean + SE

df degree of freedom, FX flaxseed, G group, G x T group by time, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein

cholesterol, Total-C total cholesterol, TG triglycerides, wk week
Statistically significant if, * P < 0.05, ** P < 0.01

Means with the same letter at 0 weeks are not significantly different, ** P < 0.05

and 40 g/day (206.4 £ 93.5 nM) groups were practically
doubled compared to those in the 10 g/day (114.5 £ 45.7
nM) group (Fig. 1b). ENL was significantly increased in the
10 g/day (P = 0.018) and 20 g/day (P = 0.040) groups with
trends in the 30 g/day (P = 0.055) and 40 g/day (P = 0.063)
groups (Fig. 1c). Final ENL concentrations were highest in
the 30 g/day group (303.8 &= 126.5 nM) and lowest in the
10 and 20 g/day groups (106 nM) (Fig. 1c). Subsequently,
total enterolignans (END + ENL) increased significantly in
all four flaxseed groups (P < 0.05) (Fig. 1d). Overall, a 5- to
31-fold increase in plasma enterolignan concentration was
detected following 1 month of milled flaxseed consumption.

@ Springer

Plasma cholesterol and triglyceride content

Healthy, younger adults consuming various doses of milled
flaxseed did not exhibit any significant changes after 1
month in total-C, LDL-C, HDL-C, triglycerides or in the
total-C/HDL-C ratio (Table 4). However, a trend for a main
effect over time was measured for total-C concentrations
(P = 0.058). Significant group differences were detected
for both total-C and LDL-C. This was attributed to signifi-
cantly attenuated baseline values in the 40 g/day flaxseed
group relative to the 20 g/day group for total-C (P = 0.030)
and LDL-C (P = 0.047).
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Platelet aggregation

The maximum platelet aggregation potential of plasma
from individuals who had consumed 10—40 g/day of milled
flaxseed was examined (Table 4). No differences in percent
aggregation or rate of aggregation were observed between
groups when either collagen (4 pg/ml) or thrombin (0.5
units) was used as agonists. However, a main effect for time
was detected in percent aggregation with collagen, which
was attributed to the 40 g/day group as aggregation was
inhibited after 4 weeks as displayed by a trend in our data
(P = 0.058). Rate of aggregation over time was unaffected
by collagen. No significant changes over time in platelet
aggregation were observed when thrombin was used.

Urine 11-d-TxB,

No changes over time or differences between groups were
observed in 11-d-TxB, (ng/g of creatinine) concentrations
(P > 0.05) (Table 4).

Adverse events

There were no significant differences between the four
dosage groups in the number of reported adverse events as
assessed by Chi-square tests (data not shown).

Discussion

This study demonstrates that consuming doses of milled
flaxseed higher than 10-20 g/day may be unnecessary for
improving plasma ALA and enterolignan concentrations
in healthy adults with no preexisting clinical evidence of
disease. It was also determined that milled flaxseed doses
ranging from 10 to 40 g/day do not impact blood lipids,
platelets, urinary thromboxane markers or adverse event
reporting in individuals who are younger and already
healthy.

ALA concentration in plasma is a measure of tis-
sue availability. In the present study, significant increases
in plasma ALA were observed after 4 weeks in all treat-
ment groups but the 20 g/day group. This may be attrib-
uted to elevated baseline ALA concentrations in this group.
A larger sample size would likely resolve this. Increased
serum or plasma ALA concentrations, as a result of milled
flaxseed consumption, have been reported in a number
of human studies using doses as low as 13 g/day [41],
26-30 g/day [8, 29, 32, 41], 40 g/day [27, 33, 53] and as
high as 50 g/day [36]. Although a dose-dependent fold
increase in ALA was calculated with each 10-g increment
in milled flaxseed, it was surprising that there were no sig-
nificant differences between any of the treatment groups. In

a crossover trial involving lupus nephritis patients, flaxseed
was administered at doses of 15, 30 or 45 g/day over a sim-
ilar 4-week period [40]. Unfortunately, these authors did
not define the flaxseed form (i.e., milled or whole) used in
the trial, so it is difficult to fully compare these two studies.
However, no differences in circulating ALA were detected
between any of the flaxseed treatment groups, similar to
our study. In another trial involving overweight, predia-
betic individuals, plasma ALA concentrations significantly
increased in a dose-dependent manner when a diet contain-
ing 0, 13 and 26 g/day of milled flaxseed was ingested for
12 weeks [41]. This would suggest that the health status
of the subject, and not the treatment duration [8, 29], may
influence ALA concentration as a result of flaxseed dose.
As doses >30 g/day were not examined [41], it is unknown
whether higher doses would elevate plasma ALA concen-
trations beyond those achieved with the 26 g/day dose.
Another interest of the present study was to determine
whether ALA metabolism, to the longer chain polyunsatu-
rated fatty acids EPA, DPA and DHA, could be influenced
in a dose-dependent manner as a result of milled flaxseed
dose. It was surprising that only 30 g/day, and not 10, 20
or 40 g/day, significantly increased circulating EPA con-
centrations. Plasma EPA concentration, as a result of milled
flaxseed dose, has only increased in one other human study
to our knowledge at this same dose [8] yet not in others
[29, 32]. Other studies using both higher doses (40 g/day)
[27, 53] and lower doses (13 and 26 g/day) [41] of milled
flaxseed found no significant changes compared to placebo.
However, when EPA was measured in plasma or serum
phospholipids, it increased significantly when the flaxseed
dose was 30 g/day [40, 54] and 50 g/day [36], but not 15 g/
day [40]. These results, along with ours, suggest that milled
flaxseed doses >40 or <30 g/day are insufficient to elevate
plasma EPA concentrations, yet do appear more favorable
in improving plasma phospholipid concentrations. Interest-
ingly, the same ALA doses administered as pure ALA or
added to a variety of food products in the form of flax oil,
all increased EPA concentrations in plasma [55-57], serum
[58], plasma phospholipids [54] and erythrocyte phospho-
lipids [59]. This suggests that AL A taken as milled flaxseed
is not an efficient approach to increase circulating EPA
concentrations. Unfortunately, DPA was not reported in
most of these studies, yet in both trials that used 40 g/day
of milled flaxseed, despite no measurable changes in EPA,
significant increases in plasma DPA were detected [27, 53].
When plasma phospholipids were measured, only the 50 g/
day dose increased DPA [36]. Future studies using dietary
milled flaxseed should report plasma DPA concentrations
as DPA can inhibit platelet aggregation [60] and angio-
genesis [61] and can improve endothelial cell migration
and proliferation [62]. The null effect of flaxseed dose on
DHA is consistent with other clinical trials noting the poor
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conversion of ALA to DHA in humans [8, 27, 29, 32, 36,
41, 53, 54]. The benefits of reducing the n-6/n-3 ratio as
in the present study, or conversely improving the n-3/n-6
ratio, have also been demonstrated as this ratio has been
correlated with improved plaque composition, reduced
progression and improved regression of plaques within the
coronary arteries [63].

This is the first study to examine milled flaxseed dose on
plasma concentrations of END and ENL. Similar to ALA, we
were interested in the dose of milled flaxseed that would pro-
vide maximum concentrations of circulating enterolignans
and whether increased doses would yield a dose-dependent
response. Although dietary consumption of milled flaxseed
increased plasma lignan metabolites in all four intervention
groups, it was once again surprising that no between-group
differences were observed. An apparent dose-dependent
response in total enterolignan concentrations was observed
when doses of 10-30 g/day were consumed (Fig. 1d), yet
not at 40 g/day. As no group differences existed, this would
suggest that 10 g/day of milled flaxseed is sufficient to sig-
nificantly increase all reported enterolignans in the plasma
of healthy adults. Similar to ALA, higher doses of 40 g/day
may be unnecessary to achieve maximum circulating plasma
enterolignan concentrations. Flaxseed dose may, however,
exhibit a dose-dependent response in urinary enterolig-
nan excretion [43, 44]. It would seem necessary that future
studies include measurements for both urinary enterolignan
output and circulating plasma concentrations as both values
would be useful in assessing milled flaxseed dose.

High serum ENL concentrations have been associated
with reduced mortality due to cardiovascular-related dis-
eases [64]. It was hypothesized that the increased bulk fiber
coming from higher flaxseed dose would alter transit time
thereby converting more END to ENL. The ratio of END
to ENL as a factor of flaxseed dose, however, remained
relatively constant between all four groups despite the
increased fiber content which is consistent with similar
reports at a 25 g/day dose [65].

BMI and self-reported incidences of adverse events were
also analyzed in relation to milled flaxseed dose. Averaged
BMTI’s did not change within or between groups after con-
suming any of the four flaxseed doses. As the total fat con-
tent of muffins increased with each 10 g addition of milled
flaxseed, it was important to see this null effect on BML
Furthermore, participants reported only mild to moderate
adverse events when consuming milled flaxseed with no
particular difference noted at any dose. It was hypothesized
that most of the adverse events such as bloating, increased
flatulence or cramping would be reported with the highest
flaxseed dose due to its elevated fiber content. However,
there were no statistical differences in adverse event report-
ing between groups within this study of healthy, young
adults.

@ Springer

Health Canada has a cholesterol-lowering health claim
for 40 g/day of flaxseed [66]. This was based on studies at
this dose in postmenopausal [67, 68], menopausal [35] and
hypercholesterolemic [27] adults. Other studies using 30 g/
day of milled flaxseed report no effect in healthy adults [29,
32] and significant decreases in total cholesterol and LDL
cholesterol in patients with peripheral artery disease [11].
As the participants in the present study were healthy and
younger, it was not surprising to see no changes in these
two lipid variables at doses <30 g/day. However, 40 g/day
was still too low, despite having the highest fiber load. Only
higher doses of 50 g/day have been shown to provide cho-
lesterol-lowering effects in healthy, young adults [37].

Platelet aggregation, a critical process in wound healing,
was explored in relation to flaxseed dose. It was hypoth-
esized that platelet aggregation would be inhibited with
higher milled flaxseed dose as flaxseed oil at higher doses
has been shown to dramatically reduce platelet activity
[69]. Percent aggregation was only mildly attenuated with
40 g/day of flaxseed when collagen (P = 0.058), not throm-
bin, was used as the agonist. This lack of change in rate and
extent of platelet aggregation with increasing amounts of
milled flaxseed is very important for individuals that desire
the health benefits of flaxseed, yet have or anticipate prob-
lems with bleeding times. These results confirm that con-
suming increased doses of milled flaxseed (1040 g/day)
does not affect bleeding times in healthy individuals which
is critical for patients requiring surgery or that may have a
predisposition to cardiovascular or thrombotic diseases.

In conclusion, this is the first study to present the effects
of milled flaxseed dose, ranging from 10 to 40 g/day, on
circulating concentrations of n-3 fatty acids, enterolignans
and blood lipids, in healthy, younger adults. Additionally, it
provides insight into the safety of consuming such doses in
relation to reported adverse events, platelet aggregation and
urinary thromboxane concentrations. The results indicate
that milled flaxseed doses as low as 10 g/day may be suffi-
cient to significantly increase circulating ALA, END, ENL
and total enterolignan concentrations and that higher doses
may be unnecessary. However, only 30 g/day of milled
flaxseed significantly improved plasma concentrations
of EPA and total n-3 PUFA content. DPA and DHA were
unaltered by any dose. Total cholesterol and LDL choles-
terol were unchanged at even the highest flaxseed dose,
suggesting that 50 g/day [36], not 40 g/day, is required to
reduce cholesterol levels in this study population. How-
ever, in older adults presenting lipid abnormalities, lower
flaxseed doses of 40 g/day [66] and 30 g/day [11] were
successful in lowering cholesterol levels. Dosing studies
in elderly, healthy adults and elderly adults with elevated
cholesterol levels are warranted as they are most at risk of
developing CV-related diseases. With few reported adverse
events, and minimal changes in platelet aggregation and
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urinary thromboxane markers, milled flaxseed at both
lower (10 g/day) and higher doses (40 g/day) appears safe
for consumption in healthy, younger adults.
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