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Abstract Ten postmenopausal women (age 55.6+0.8 years,
BMI 24.6+1.1 kg/m?) ingested 25 g/day milled chia seed
during a 7-week period, with six plasma samples collected
for measurement of «-linolenic acid (ALA), eicosapentae-
noic acid (EPA), docosapentaenoic acid (DPA), and doco-
sahexaenoic acid (DHA). Subjects operated as their own
controls with overnight fasted blood samples taken at base-
line (average of two samples), and then after 1, 2, 3, 5, and
7 weeks supplementation. Plasma ALA increased signifi-
cantly after one week supplementation and was 138 % above
baseline levels by the end of the study (overall time effect,
P<0.001). EPA increased 30 % above baseline (overall time
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effect, P=0.019) and was correlated across time with ALA
(r=0.84, P=0.02). No significant change in plasma DPA
levels was measured (overall time effect, P=0.067). Plasma
DHA decreased slightly by the end of the study (overall time
effect, P=0.030) and was not correlated with change in ALA.
In conclusion, ingestion of 25 g/day milled chia seeds for
seven weeks by postmenopausal women resulted in significant
increases in plasma ALA and EPA but not DPA and DHA.
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Abbreviations

ALA o-linolenic acid

ANOVA Analysis of variance

AOAC Association of Official Agricultural Chemists

BMI Body mass index

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

GC-TOF- Gas chromatography time of flight mass

MS spectrometry

HPLC-TOF- High performance liquid chromatography

MS time of flight mass spectrometry

ICP-MS Inductively coupled plasma mass
spectrometry

n-3-PUFAs  n-3 polyunsaturated fatty acids

Introduction

The n-3 fatty acids are a family of polyunsaturated fatty
acids that have in common a final carbon-carbon double
bond in the n-3 position [1]. The most common n-3 poly-
unsaturated fatty acids (n-3-PUFAs) are: «-linolenic acid
(ALA; 18:3n-3), eicosapentaenoic acid (EPA; 20:5n-3),
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docosapentaenoic acid (DPA; 22:5n-3), and docosahexae-
noic acid (DHA; 22:6n-3). The reluctance of U.S. adults to
increase fish intake, and concerns over heavy metal accu-
mulation in fish have accelerated interest in plant-derived
sources of n-3 PUFAs (ALA) including flaxseed, walnuts,
and algae [2, 3]. Plant n-3 PUFAs are abundant and readily
available, and are often contained in foods that are high in
dietary fiber and other components with potential health value.

The human body cannot synthesize n-3 fatty acids de
novo, but can form EPA, DPA and DHA from ALA (espe-
cially when intakes of other plant oils rich in n-6 fatty acids
are limited [4—6]. Reported ALA to EPA conversion rates
vary between 0.2 to 21 %, depending on gender, age, and
study methodology [4—6]. The conversion of ALA to DHA
ranges from <1 to 9 % [7]. Women have a higher conversion
rate of ALA to EPA and DHA when compared to men, with
some of the gender difference related to a greater use of fatty
acids for [3-oxidation in men [5, 6].

Chia seed (Salvia hispanica L.) is an oilseed native
to southern Mexico and northern Guatemala [8—11].
Chia seed has up to 4.11 g ALA, 6.73 g carbohydrates,
6.05 g protein, 141 kcal calories and 7.55 g of dietary
fiber per 25 g serving. In our previous study, over-
nighted fasted plasma ALA increased 24.4 % after 12-
weeks supplementation of whole chia seeds [12]. No
statistically significant increase in plasma EPA or DHA
was observed in the chia seed group. In that study, 76
subjects (28 men and 48 women, ages 20 to 70 years)
were allowed to consume their normal diets without
restrictions placed on fish and plant oil intake. These
limitations in study design could have contributed to the
variations in plasma responses.

We designed a study with a homogeneous population
with tight control of the diet and serial collections of
blood samples to investigate plasma responses in EPA,
DPA, and DHA from ingesting ALA from milled chia
seeds. We used milled chia seeds because other research
with flaxseed suggests greater ALA delivery with milled
compared to whole seeds [13]. The objective of the
present study was to measure sequential plasma fatty
acid responses to 7-weeks supplementation with milled
chia seeds in ten postmenopausal women.

Materials and Methods

Subjects

Subjects included 10 postmenopausal women, ages 53—
60 years who were recruited through local advertising. Sub-
ject inclusion criteria included the following: healthy with-

out known disease; a body mass index (BMI) no greater
than 35 kg/m” and not currently on a weight reduction diet;

@ Springer

a history of not using fish oil supplements or not consuming
two or more fish dishes per week; willingness to avoid all
forms of fish oil and flaxseed oil supplements, limit fish
meat and sea food to no more than once per week, and
restrict intake of plant oils rich in n-6 fatty acids such as
sunflower, safflower, soybean, corn oil, and similar plant
oils. Subjects were instructed to use moderate amounts of
olive oil and canola during the study. Written informed
consent was obtained from each subject, and the experimen-
tal procedures were approved by the institutional review
board of Appalachian State University. We certify that all
applicable institutional and governmental regulations
concerning the ethical use of human volunteers were fol-
lowed during this research.

Research Design

Subjects operated as their own controls with overnight
fasted blood samples taken at baseline (two samples,
two days apart), and then after 1, 2, 3, 5, and 7 weeks
supplementation of 25 g milled chia seeds per day. Body
weight, 3-day diet records, and questionnaire responses to
assess potential adverse effects and adherence to the sup-
plementation regimen were monitored prior to the study, and
then again at 3 and 7 weeks after chia seed supplementation.
Subjects agreed to follow their normal dietary and physical
activity patterns during the 7-week study, and make no
formal attempts to lose weight.

Chia Seed Supplements

Milled chia seeds were supplied by Chia Farms, Inc.
(Orlando, FL). Subjects were instructed to consume 25 g
of milled chia seeds per day for seven weeks by sprinkling
the contents of the seed packets into fruit juices, yogurt,
breakfast cereal, salads, and other dishes at one meal or
spread throughout the day. Compliance to the supplementa-
tion regimen was monitored by counting the empty supple-
ment packets that were requested from the subjects during
blood sampling at three and seven weeks.

Blood Collection and Blood Pressure

Blood samples were drawn from an antecubital vein with
subjects in the seated position for at least 15 min. Blood
samples were drawn at 7:00-9:00 am, with all subjects
having avoided food and beverage intake other than
water for at least 9 h. Blood samples were centrifuged
in sodium heparin tubes, plasma aliquots were snap-
frozen in liquid nitrogen, and then stored at —80 °C prior
to analysis.
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Chia Seed Nutrient Analysis

Fatty acids from milled chia seeds were first extracted
with hexane, than esterified and methyl esters were
analyzed by gas chromatography time of flight mass
spectrometry (GC-TOF-MS). Polyphenolic compounds
from defatted milled chia seeds were extracted with
methanol and analyzed by high performance liquid
chromatography time of flight mass spectrometry
(HPLC-TOF-MS). Milled chia seeds were digested with
hydrochloric acid and sulfuric acid and the residue was
dissolved for elemental analysis by inductively coupled
plasma mass spectrometry (ICP-MS). Proximates includ-
ing moisture, energy, protein, total lipid and total die-
tary fiber were assayed following multiple AOAC
methods by Microbac Laboratories, Inc. (Wilson, NC).

Plasma ALA, EPA, DPA and DHA

Plasma samples were analyzed for ALA, EPA, DPA, and
DHA as previously described [12] using an HP 6890 N gas
chromatograph (Agilent Technologies, Palo Alto, CA)
equipped with a 5975B Inert XL MSD mass spectrometer
detector. A DB-23 GC column (60 m x 250 pum X 0.15 pum)
from Agilent Technologies (Palo Alto, CA) was used to
separate the methyl esters of the extracted fatty acids.

Food Records and Analysis

During orientation, a nutritionist instructed the subjects re-
garding completion of the 3-day food records. Subjects
recorded 3-day food intake pre-study, and then prior to the
3- and 7-week blood sampling time points. The food records
were analyzed using a computerized dietary assessment
program (Food Processor, ESHA Research, Salem, OR).

Symptom Log

Subjects completed symptom logs pre-study, and after 3- and
7-weeks supplementations. The symptom logs included ques-
tions on digestive health (constipation, heartburn, bloating,
diarrhea, and nausea), hunger levels (morning, afternoon,
and evening), energy levels (moming, afternoon, and even-
ing), sickness (fever, cough, sore throat, stuffy nose, runny
nose, and headache), pain (joint, muscle, and back), allergies,
stress level, focus/concentration, and overall well-being. Sub-
jects indicated responses using a 12-point Likert scale, with 1
relating to “none at all”, 6 “moderate”, and 12 “very high”.

Statistical Procedures

Data are presented as mean + SE. The two pre-study measures
were averaged to represent baseline, and data from weeks 5

Table 1 Nutrient content per 100 g of the milled chia seed supplement
used in this study

Nutrient Units Value/100 g
Water g 443
Energy kcal 562
Protein g 24.2
Total lipid (fat) g 40.2
Ash g 4.77
Carbohydrate, by difference g 26.9
Fiber, total dietary g 30.2
Minerals

Calcium, Ca mg 456
Phosphorus, P mg 919
Potassium, K mg 726
Sodium, Na mg 0.26
Zinc, Zn mg 6.47
Copper, Cu mg 1.86
Manganese, Mn mg 3.79
Iron, Fe mg 9.18
Sulfur, S mg 304
Magnesium, Mg mg 449
Selenium, Se mg 0.04
Lipids

Fatty acids, total saturated g 5.00
Fatty acids, total monounsaturated g 2.96
Fatty acids, total polyunsaturated g 22.8
18:2 linoleic g 6.16
18:3 alpha-linolenic g 16.4
Polyphenolics

Protocatechuic acid ug 87.1
Gallic acid ug 5.05
Epicatechin ug 2.90
Kaempferol ug 1.30
Kaempferol 3-O-glucoside (K3G) ug 2.88
Rutin ug 223
p-Coumaric acid ue 239
Apigenin ug 0.56

and 7 were averaged to represent end-of-study measures.
Repeated measures ANOVA was used to calculate overall
time effects for each of the fatty acids measured in this study
(with five within subject time points). Changed from baseline
was compared across each time point using paired -tests with
Bonferroni adjustment (P<0.0125). Plasma fatty acids data
were normalized through Z-score transformation so that all
fatty acids are shown in the same scale for a clearer view of
overall correlation (Fig. 2). To calculate Z score, each concen-
tration was subtracted by the mean concentration of that fatty
acid, and then divided by the standard deviation of that fatty
acid. Pearson correlation coefficients were calculated between
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Fig. 1 Overnight-fasted plasma
fatty acid concentration for
subjects tested pre-study and
during the 7-weeks supplemen-
tation with chia seeds. Values
are mean + SE (n=10, pug/mL).
* P<0.0125 relative to the av-
erage of two pre-study meas-
ures. Abbreviations: «-linolenic
acid (ALA), eicosapentaenoic
acid (EPA), docosapentaenoic
acid (DPA), and docosahexae-
noic acid (DHA)

1) ALA and EPA, 2) ALA and DPA, 3) ALA and DHA, with
»<0.03 indicating significance.

Results

Subjects (n=10) ranged in age from 52 to 60 years (55.6+
0.8 years) with a BMI of 17 to 29 kg/m* (24.6+1.1 kg/m?).

Fig. 2 The Z-score transformed
plasma concentrations of ALA,
EPA, DPA, and DHA during 7-
week supplementation with 25 g
chia seeds per day. Abbrevia-
tions: «-linolenic acid (ALA),
eicosapentaenoic acid (EPA),
docosapentaenoic acid (DPA),
and docosahexaenoic acid
(DHA)
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The predominate polyphenol in the chia seed supplement
was protocatechuic acid.

Analysis of 3-day food records not including the chia seed
supplement (pre-study, and after 3- and 7-weeks supplemen-
tation) showed that the percent of energy consumed as total fat
did not change significantly (29.9+1.9 %, 30.5+2.5 %, and
29.1+2.7 %, respectively). Dietary intake of ALA, EPA, DPA,
and DHA fatty acids did not change during the 7-week study
(data not shown), and EPA, DPA, and DHA were either absent
or at low levels before and during the study. Symptoms for
digestive health, hunger, energy level, illness, pain, allergies,
stress, focus/concentration, and overall well-being as assessed
by symptoms logs did not differ significantly between pre-
and post chia seed supplementation (data not shown). Body
mass did not change significantly during the 7-week study
(pre-study 69.4+13.8 kg, 3-weeks 69.3+£13.7 kg, and 7-weeks
69.1+£13.4 kg).

Mean changes from baseline in plasma ALA, EPA, DPA,
and DHA are depicted in Fig. 1. Plasma ALA increased 138 %
when comparing baseline with the average of weeks 5 and 7
(end of study) (overall time effect, P<0.001), and was also
significantly above baseline after 1-, 2-, and 3-weeks chia seed
supplementation (all contrasts, P<0.0125). Plasma EPA in-
creased 30 % above baseline levels in the present study
(overall time effect, P=0.019), with significant elevations
after 1 week and 57 weeks chia seed supplementation (both
P<0.0125). Individual plots for ALA and EPA indicated large
variations both pre-study and in response to chia seed supple-
mentation (data not shown).

Figure 2 shows a plot of the normalized data (Z-score
transformation) comparing the patterns of change of ALA
and EPA on the same scale. Correlation data indicate a
significant positive relationship between plasma EPA and
ALA during the first 3-weeks of chia seed supplementation
(#=0.97, P=0.01) and across all time points (r=0.84, P=
0.02). The overall time effect for change in plasma DPA
level was not significant (P=0.067) (Fig. 1).

Plasma DHA was not different from baseline until the end
of the study with a 12 % decrease measured (overall time
effect, P=0.030, with P=0.049 for the end-of-study con-
trast). No statistically significant correlation was found be-
tween plasma ALA and DPA although a weak correlation
was seen up to week 3 (»=0.86, P=0.06) (Fig. 2). For
plasma DHA, a negative but insignificant correlation with
ALA was found across all time points (r=—0.66, P=0.11).

Discussion

Postmenopausal women consuming 25 g/day of milled chia
seeds for seven weeks experienced significant increases in
plasma ALA and EPA, but not DPA and DHA. The increase
in plasma ALA with milled chia seed consumption occurred

within the first week, and increased 138 % above baseline
levels by the end of the study. The increase in plasma EPA
was smaller proportionately (30 %), but was correlated
across time with ALA.

Other studies using flaxseed supplements report plasma
ALA increases of 40 to 160 % [2, 5, 13—15]. In our previous
study with whole chia seeds (soaked 10 min in water),
overnight fasted plasma ALA increased 24.4 % [12]. The
greater increase measured in the present study may be
related to several factors including the use of a milled chia
seed supplement, a more homogeneous subject group, and
tighter diet control [12]. In a previous study using flaxseed
supplements, subjects receiving milled compared to whole
flaxseed had significantly higher levels of plasma ALA [13].
These results suggest that ALA is more easily incorporated
into human plasma from milled oil seeds (chia or flaxseed)
than from whole seeds.

Plasma EPA increased 30 % above baseline levels in the
present study, but individuals varied widely both pre-study
and in response to milled chia seed supplementation. These
data support previous findings that the metabolic distribu-
tion of ALA (i.e., tissue incorporation, EPA conversion, and
energy substrate) varies substantially between individuals
[14, 16]. After ALA supplementation, plasma EPA has been
reported to increase 20—-100 % depending on subject char-
acteristics, dietary restraint, and the ALA dosing regimen [5,
6, 14, 15, 17]. The 30 % increase in plasma EPA in our
subjects (postmenopausal women) following seven weeks
of chia seed ALA supplementation (4.1 g/day) is compara-
ble to other similar studies [2, 13].

Chia seed supplementation was not associated with signif-
icant increases in plasma DPA or DHA in our postmenopausal
female subjects. Conversion of ALA to DPA and DHA has
been studied in both animals and humans [5, 6, 14, 16-19].
Most previous studies report limited conversion of ALA to
DPA in both men and women, and no conversion of ALA to
DHA in men. Young women and postmenopausal women
who are receiving hormone replacement treatment may con-
vert ALA to DHA better than other subgroups [6]. In the
present study, plasma EPA, DPA and DHA were not signifi-
cantly higher in two of the 10 subjects who took sex hormone
replacement medications (data not shown). We speculate that
the restriction of fish and seafood products during our study
may have contributed to the decrease in plasma DHA.

Conclusions

In summary, plasma ALA and EPA, but not DPA or DHA,
increased significantly in 10 postmenopausal women after
taking 25 g milled chia seeds/day for seven weeks. The
pattern of increase in plasma ALA and EPA during milled
chia seed supplementation was significantly correlated. The
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increase in plasma ALA in response to ingesting chia seed
supplement reached its highest plateau after five weeks. The
health implications of increasing plasma ALA through
milled chia seeds or other plant sources are still being
debated, but two randomized studies (10—12 weeks) by
our research team have failed to show changes in disease
risk factors including blood lipids, blood pressure, inflam-
mation, oxidative stress, and arterial stiffness [12, 20]. A
cardioprotective effect of high, long-term ALA intake has
been suggested by a number of epidemiological studies, and
an additive effect of ALA with n-3 long-chain PUFA from
fish and fish oil has been observed [21].
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