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Abstract Docosahexaenoic acid (DHA), a long-chain
omega-3 fatty acid, is important for eye and brain devel-
opment and ongoing visual, cognitive, and cardiovascular
health. Unlike fish-sourced oils, the bioavailability of DHA
from vegetarian-sourced (algal) oils has not been formally
assessed. We assessed bioequivalence of DHA oils in cap-
sules from two different algal strains versus bioavailability
from an algal-DHA-fortified food. Our 28-day randomized,
placebo-controlled, parallel group study compared bio-
availability of (a) two different algal DHA oils in capsules
(“DHASCO-T” and “DHASCO-S”) at doses of 200, 600,
and 1,000 mg DHA per day (n = 12 per group) and of (b)
an algal-DHA-fortified food (n = 12). Bioequivalence was
based on changes in plasma phospholipid and erythrocyte
DHA levels. Effects on arachidonic acid (ARA), docosa-
pentaenoic acid-n-6 (DPAn-6), and eicosapentaenoic acid
(EPA) were also determined. Both DHASCO-T and
DHASCO-S capsules produced equivalent DHA levels in
plasma phospholipids and erythrocytes. DHA response was
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dose-dependent and linear over the dose range, plasma
phospholipid DHA increased by 1.17, 2.28 and 3.03 g per
100 g fatty acid at 200, 600, and 1,000 mg dose, respec-
tively. Snack bars fortified with DHASCO-S oil also
delivered equivalent amounts of DHA on a DHA dose basis.
Adverse event monitoring revealed an excellent safety and
tolerability profile. Two different algal oil capsule supple-
ments and an algal oil-fortified food represent bioequivalent
and safe sources of DHA.

Keywords Algal DHA oil - Bioequivalence - LCPUFA -
Arachidonic acid - DPAn-6 - Fortified foods

Introduction

Docosahexaenoic acid (DHA; 22:6n-3) is a long-chain
omega-3 fatty acid with a range of recognized health
benefits. In particular, DHA is known to play a role in
optimal neural and visual development of infants, resulting
in improved cognitive performance and enhanced visual
acuity when the nutrient is received either through human
milk or fortified formulas [1-3]. More recent studies indi-
cate a need for an adequate maternal supply of DHA
prenatally to supply optimal levels to the fetus during early
brain development [4, 5]. Later in life, DHA has well
established benefits for cardiovascular health where it has
favorable effects on lipid regulation, inflammation, blood
pressure, vascular health, and cardiac rhythm [6, 7]. DHA
is also believed to play a role in neural and visual health
during the aging process. Recent epidemiological and
preclinical studies suggest that DHA may be protective
against Alzheimer’s and all-cause dementia and may also
play a role in preventing or in delaying the onset of mac-
ular degeneration [8, 9].
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Despite the growing body of evidence that DHA is
important to health, the American diet is generally low in
this nutrient. On average, Americans consume less than
100 mg of DHA per day [10, 11] despite recommendations
for intakes of 200-300 mg DHA per day for pregnant and
nursing women and 0.65-2 g per day of total long-chain
omega-3 fatty acids DHA + eicosapentaenoic acid (EPA)
for cardiovascular health [4, 12, 13]. The primary sources
of dietary DHA are fish and marine foods. However, with
recent concerns over oceanic contamination in some fish
species and fish oils, and with US government warnings to
reduce intake of some predatory species of fish, other, more
sustainable sources of DHA are helping to meet a growing
demand for this nutrient [14, 15]. Algae are the primary
producers of DHA in the food chain, and two algal oil
sources of DHA are available for fortification of infant
formulas and foods, and for dietary supplements for adults
including pregnant women.

One such algal DHA source, DHASCO'-T oil, is a tri-
glyceride produced in a controlled, closed fermentation
process by the microalga Crypthecodinium cohnii. This oil
contains approximately 40% DHA by weight and no
appreciable amount of any other polyunsaturated fatty
acids (PUFA). This oil has been studied extensively in
clinical trials in adults, children, and infants [16-35] and is
now used commercially as a source of DHA for infant
formula in the US and around the world. These studies
consistently show increases in plasma and erythrocyte
levels of DHA when infants receive formulas fortified with
DHASCO-T oil and when adults and children were sup-
plemented with DHASCO-T oil capsules. This algal oil has
been widely tested for safety [36—41], and the US FDA has
affirmed DHASCO-T as Generally Recognized As Safe
(GRAS) for use in infant formula when combined with a
fungal-derived arachidonic acid, ARASCO? (20:4n-6,
ARA) oil [42].

Another algal DHA product, DHASCO-S, is a triglyc-
eride produced by the microalga Schizochytrium sp. This
oil also contains approximately 40% DHA as well as other
PUFA including about 15% of the omega-6 fatty acid,
docosapentaenoic acid (22:5n-6, DPAn-6) and 2.5% eico-
sapentaenoic acid (20:5n-3, EPA). The algae producing
this oil have been used as an animal feed supplement in
applications to enhance the level of DHA in eggs [43].
DHASCO-S oil has been used in a number of clinical
studies [44—46], and the safety of the oil and the originating

' DHASCO (DHA Single Cell Oil) is a registered trademark of
Martek Biosciences Corporation of Columbia, MD, USA. DHASCO
is contained in products marketed under the Martek trademarks of
Neuromins, DHA Gold, Gold Circle Farms, Martek DHA, life’sDHA
and in products sold by licensees under other trademarks.

2 ARASCO (ARA Single Cell Oil) is a registered trademark of
Martek Biosciences Corporation of Columbia, MD, USA.
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algae have been confirmed [47-50]. This oil is affirmed as
GRAS by US FDA for use in food fortification at levels up
to 1.5 g DHA per day [51]. Both DHASCO-T and
DHASCO-S oils have excellent organoleptic qualities,
making them useful for food fortification applications.
Comparison of DHA levels following supplementation
across clinical trials suggests that the DHASCO-T and
DHASCO-S capsules deliver similar amounts of DHA to
plasma, but different dosages and dosing schedules
employed in these studies have made direct comparison
between studies difficult. Moreover, previous studies sug-
gested that DHASCO-T and DHASCO-S may have
different effects on ARA and DPAn-6 levels in plasma, and
others have suggested that DPAn-6 may interfere with
DHA accretion. The present paper reports results from a
clinical study undertaken to assess the bioequivalence, as
well as the accretion kinetics and dose response, of DHA
from the two algal-oil sources discussed above. The study
directly compares DHASCO-T and DHASCO-S capsules
at several DHA doses to each other as well as to an algal-
oil fortified food, thus addressing the efficacy of fortified
foods as vehicles for delivering dietary algal DHA. Bio-
equivalence of the algal DHA oils were assessed by
comparing levels of the active ingredient, DHA, in plasma
following 2- and 4-week supplementation of healthy adults.

Subjects and Methods
Experimental Procedures
Design

This study was an 8-arm, parallel group, randomized,
clinical study designed to compare plasma phospholipid
(PL) and erythrocyte DHA accretion after supplementation
with either DHASCO-T or DHASCO-S algal DHA oil
capsules over a range of DHA doses in a placebo-con-
trolled, double-masked fashion, and to compare the
capsules with an algal fortified snack bar (not masked). The
study population included men and women in stable good
health between the ages of 18 and 70 who resided in the
greater Baltimore region. Pregnant women or adults con-
suming long-chain omega-3 supplements or whose intake
of DHA exceeded 200 mg per day from their regular diet
were excluded from the study. Dietary evaluation
employed a validated seven-item food frequency ques-
tionnaire [52], which queried for intake of DHA/EPA-
containing foods and calculated intakes based upon EPA
and DHA contents reported in the USDA Nutrient Data-
base for Standard Reference (release 14, 2002). One
hundred and eleven subjects were screened for the study.
The first 96 subjects who met the entrance criteria were
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randomly assigned to one of the eight treatment groups and
received study supplements daily for 28 days. The treat-
ments, outlined in Table 1, included placebo oil, and 200,
600, or 1,000 mg DHA doses from DHASCO-T or
DHASCO-S algal oil capsules, or DHASCO-S-fortified
snack bars. Study subjects were asked to maintain their
normal diets, alcohol, and exercise levels throughout the
study. Long-chain omega-3 intake from the subjects’
background diet was monitored pre- and post-study by a
validated food-frequency questionnaire. All adverse expe-
riences were recorded and evaluated medically throughout
the study period. Fasting blood samples for fatty acid
analyses were collected by venipuncture at baseline, and
after 14 and 28 days of supplementation. This study was
conducted in compliance with Good Clinical Practices and
conformed to the tenets of the Declaration of Helsinki. The
protocol was approved by The New England Institutional
Review Board (40 Washington Street, Suite 130, Welles-
ley, MA 02481, USA).

Supplements

The study supplements were gelatin capsules containing
500 mg of DHASCO-T or DHASCO-S algal oil (Martek
Biosciences Corporation, Columbia, MD, USA) or corn/
soy placebo oil. The DHASCO-T and DHASCO-S cap-
sules contained 201.5 and 194.2 mg DHA per capsule,
respectively, and, as required for a bioequivalence study,
were within 5% of each other for DHA content. The fatty
acid composition of the algal oils and placebo oil are
shown in Table 2. Subjects consumed 1, 3 or 5 capsules per
day to achieve the desired doses of 200, 600, or 1,000 mg

Table 1 Treatments administered

Group DHA dose Oil Product # Capsules

(mg per day) form or bars
per day

1 200 DHASCO-T Capsules 1

2 200 DHASCO-S Capsules 1

3 600 DHASCO-T Capsules 3

4 600 DHASCO-S Capsules 3

5 465 DHASCO-S Snack bars 1

6 1,000 DHASCO-T Capsules 5

7 1,000 DHASCO-S Capsules 5

8 0 Corn/soy placebo Capsules 1,3,0r5

Subjects were instructed to consume 1, 3, or 5 capsules per day to
achieve the desired DHA dose in the algal oil capsule groups. Within
the placebo group, one third of the subjects were randomly assigned
to receive one capsule per day, another one third to receive three
capsules per day, and the remaining subjects to receive five capsules
per day, to facilitate blinding and to ensure comparable fat intake with
each of the DHA capsule treatment groups. Placebo subgroups were
combined within a single placebo group for all analyses

DHA (Table 1). Since subjects in the placebo group were
also randomly assigned to 1, 3, or 5 placebo capsules per
day and all capsules were identical in appearance, the study
was double masked, and placebo controlled for all capsule
groups. A final supplementation group was assigned to
receive 50 g chocolate-coated coconut snack bars con-
taining 465 mg DHA from DHASCO-S oil. Bars were
composed of 33 g carbohydrate, 2 g protein, 12 g fat, and
5 g water per bar.

Fatty Acid Analyses

Blood for fatty acid analyses was collected into Vacutainer
tubes containing EDTA and separated into plasma and
erythrocytes by centrifugation. Erythrocytes were washed
twice with isotonic saline. Both the plasma and erythro-
cytes were purged with N, and stored at —80°C until
analysis. Plasma and erythrocyte lipids were extracted
using the method of Folch [53] or the method of Bligh and

Table 2 Fatty acid composition of supplements (g per 100 g fatty
acid)

Fatty acid Placebo oil DHASCO-T DHASCO-S
8:0 <0.1 0.92 <0.1
10:0 <0.1 1.02 <0.1
12:0 <0.1 2.80 0.25
14:0 <0.1 12.74 7.71
14:1 <0.1 0.13 <0.1
16:0 10.88 13.42 12.13
16:1 0.10 1.40 0.35
18:0 2.81 <0.1 0.73
18:1n-9 25.11 21.86 0.40
18:1n-7 1.12 0.16 0.37
18:2n-6 54.28 1.27 0.47
18:3n-3 297 <0.1 0.1
18:3n-6 0.36 <0.1 <0.1
18:4n-3 <0.1 <0.1 0.4
20:0 0.40 <0.1 <0.1
20:1n-9 0.61 <0.1 <0.1
20:4n-6 <0.1 <0.1 1.06
20:4n-5 <0.1 <0.1 0.22
20:4n-3 <0.1 <0.1 0.98
20:5n-3 <0.1 <0.1 2.54
22:0 0.31 0.24 <0.1
22:4n-6 <0.1 <0.1 0.41
22:5n-6 <0.1 <0.1 16.36
22:5n-3 <0.1 0.21 0.43
22:6n-3 <0.1 42.34 40.33
24:0 0.16 0.12 0.22
Others 0.89 0.33 0.38
DHA (mg per capsule) 0 201.5 194.2
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Dyer [54], respectively. The phospholipid fraction as well
as the other lipid subfractions (sterol esters, triglycerides,
unesterified fatty acids) of plasma were isolated by thin-
layer chromatography (TLC) on silica gel plates developed
in a 60:40:3 ratio solution (v/v/v) of hexane:ether:acetic
acid. Internal standard (23:0 fatty acid) was added to each
of the plasma lipid subfractions and total erythrocyte lipids.
Lipids were saponified with 0.5 mol L™' NaOH in meth-
anol, and the resulting fatty acids were methylated using
14% BF; in methanol and then extracted with hexane. The
fatty acid methyl esters were separated by capillary column
gas chromatography on an Agilent Series 6890 System
equipped with a 30 m FAMEWAX (Restek, State College,
PA, USA) column using a 48:1 split flow ratio with helium
as a carrier gas and a programmed temperature gradient
(130-250°C). Fatty acid methyl esters were identified by
flame ionization detection and comparison of retention
times to a mixed fatty acid methyl ester standard from
NuChek Prep (Elysian, MN, USA). Fatty acids were
quantified by comparison to the 23:0 internal standard.
Individual fatty acid levels are reported as grams per 100 g
total fatty acids or as an estimated concentration

(ng mL™Y).

Statistical Methods

The primary objective of this study was to establish the
bioequivalence of DHA from DHASCO-T and DHASCO-
S oil by comparing levels of the active ingredient DHA in
plasma PL following dosing over a range of 200-1,000 mg
DHA per day over a period of 4-week. A secondary
objective was to assess the bioavailability of DHA from
DHASCO-S in nutritional bars and its bioequivalence
compared to soft gelatin capsules. The bioequivalence
analysis was conducted in compliance with FDA standards
for the statistical analysis of bioequivalence studies as
described in the 1992 guidance [55]. Per this guidance,
bioequivalence is established if the 90% confidence inter-
vals for the geometric mean ratios of plasma levels of the
active ingredient fall within the limits of 80-125%. Since
baseline DHA and possibly subject weight was expected to
be a significant covariate of interest, the geometric mean
ratio was computed by fitting the following model:

o week 4 DHA
J baseline DHA

= treatment log (baseline DHA) log (weight)
where treatment is a class variable with levels designating
each of the treatment groups.

Geometric mean percent changes and their standard
errors were calculated for each treatment level by back
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transforming the log scale LSMeans. Back transformations
were done as follows:

Geometric mean percent change

= 100 X (elog scale LSMean _ 1)

SE = 100 x (log scale SE) x ¢!o¢ scaleLSMean

Geometric mean ratios were calculated between DHASCO-
T and DHASCO-S treatments at each dose level (200, 600,
and 1,000 mg). The geometric mean ratio and its
confidence interval were calculated as follows:

Geometric meanratio
= 100 x e(log scale DHASCO—SLSMean—log scale DHASCO—TLSMean)

Lower bound = 100 x ¢'°g lower bound

Upper bound = 100 x ¢!°8 upper bound

where log lower bound and log upper bound are the
respective boundaries for the 90% confidence interval for:
log scale DHASCO-S LSMean — log scale DHASCO-T
LSMean.

A step-down dose response testing scheme using a
linear contrast in ANCOVA was implemented in order to
assess the dose response relationship of DHASCO-T and
DHASCO-S supplementation groups on plasma PL DHA
levels. For this analysis, subjects were grouped together
according to their dosage. Subjects receiving snack bars
were not included in the analysis. The ANCOVA was
performed on the change from baseline in plasma PL
DHA levels and included main effect of dose and cova-
riates baseline DHA and weight. The step-down trend
testing scheme begins with testing a linear contrast up to
and including the 1,000 mg dose group. If this contrast
was found to be statistically significant, another linear
contrast was tested with all dose groups up to and
including the 600 mg dose. Testing continued in this
same manner until a linear contrast had found to be non-
significant or all linear contrasts have been tested. Since
this was a closed testing scheme, no adjustments for
multiplicity were used. All tests were performed to a 0.05
level of significance.

All analyses were performed on an intent-to-treat basis
and included all subjects. As was contemplated in both the
protocol and the statistical analysis plan, placebo sub-
groups receiving 1, 3, or 5 placebo capsules daily were
combined into a single placebo group for analyses since
there were no differences between the subgroups in DHA
levels or in the main fatty acids found in placebo oil (LA or
oleic acid) in either plasma PL or erythrocytes before or
after supplementation. Statistics were performed using
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SAS Version 8.2 (Cary, NC, USA) or MiniTab Software,
version 13.32 (MiniTab, State College, PA, USA).

Results
Compliance and Baseline Demographics

This study compared DHA bioequivalence between two
different algal DHA oil capsules, containing DHASCO-T
or DHASCO-S oils, and also compared the bioavailability
of these algal oil capsules to an algal-oil fortified snack bar.
All 96 subjects completed the study along with all
assessments. Mean compliance with study supplements
over the 4-week study period, based on returned capsule or
bar counts, was greater than 95% in all groups. All indi-
viduals, with one exception in the placebo group,
consumed greater than 80% of their study supplements, the
a priori lower limit for compliance as defined in the pro-
tocol. Subject weights and DHA intake from the
background diet were stable throughout the study, and
there were only minor changes in alcohol intake and
exercise recorded in a few subjects. No subjects were
excluded from the analyses based on these lifestyle chan-
ges. All analyses included all subjects on an intent-to-treat
basis. The baseline demographic characteristics of the
study groups are shown in Table 3. There were no statis-
tically significant differences in weight, height, BMI, age,
gender, race, or DHA intake at baseline between the study
groups. Mean baseline dietary DHA intakes were less than
100 mg per day in each group, which is typical for
American adults [10].

Changes in DHA Fatty Acid Levels

Mean DHA levels in plasma PLs and erythrocytes at
baseline and following supplementation for 2- or 4-week
with DHASCO-T or DHASCO-S capsules, placebo cap-
sules or DHASCO-S nutrition bars are shown in Fig. 1.
Supplementation with both the DHASCO-T and DHAS-
CO-S capsules resulted in similar rapid, dose-dependent
increases in plasma PL DHA levels, with the majority of
the increase occurring within the first 2 weeks of supple-
mentation (Fig. 1a). Post-supplementation plasma DHA
levels in the DHASCO-T and DHASCO-S capsule groups
at each dose level were nearly identical. The DHA levels in
the DHASCO-T and DHASCO-S capsule supplementation
groups were compared at each dose level using the Stu-
dent’s 7 test. There were no differences between the groups
at any time point at any dose level. Post-supplementation
plasma DHA levels in the DHASCO-S bar group receiving
465 mg DHA per day were similar to those in the

Table 3 Baseline demographics means (£SD) or counts were compared by ANOVA or Chi square analyses

DHASCO-S

DHASCO-T

Placebo

Demographic

Bar

Capsules

Capsules

Capsules

465 mg

DHA

1,000 mg
DHA

200 mg 600 mg 1,000 mg 200 mg 600 mg
DHA DHA DHA DHA

DHA

(n=12)

(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)

(n=12)

30.8 (9.40) 41.1 (9.07) 42.2 (14.42) 35.9 (11.34) 36.9 (11.48) 41.0 (11.40) 374 (10.44)

40.2 (14.65)

Age

160.1 (23.51)
67.9 (5.16)
24.2 (2.23)

92

177.6 (33.94)
67.2 (3.99)
27.2 (2.53)

83

159.6 (38.32)
66.4 (3.08)
25.0 (4.14)

92
3/9

162.0 (30.69)
66.5 (4.87)
25.7 (4.89)

75

171.8 (23.73)
69.5 (3.05)
24.8 (2.99)

92
8/4

185.4 (35.37)
69.7 (4.85)
26.6 (4.04)

92

161.7 (42.22)
66.3 (3.29)
25.5 (5.38)

92

170.9 (39.24)
65.8 (4.37)
27.2 (3.64)

92

Weight (1b)
Height (in)

BMI

Race (% white)
Gender (M/F)

75.2 (35.61)

517

83.3 (53.31)

6/6

99.6 (34.85)

77.3 (34.25)

3/9

95.1 (57.52)

91.8 (45.50)

8/4

93.1 (52.96)

4/8

82.5 (31.95)

4/8

There were no significant differences in baseline demographic characteristics between any of the study groups

DHA daily intake (mg per day)
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Fig. 1 DHA levels in plasma phospholipids. Mean (+=SEM) DHA
levels (g per 100g fatty acid) in plasma phospholipids (a) and
erythrocytes (b) following supplementation with placebo (diamonds)
or 200 mg (squares), 600 mg (circles), or 1,000 mg (triangles) of
DHA per day from DHASCO-T oil (solid lines, solid symbols) or
DHASCO-S oil (dashed lines, open symbols) or with snack bars
(asterisks) for 2- and 4-week in plasma PL (a) and erythrocyte lipids
(b). The DHA levels and concentrations in plasma PL and erythro-
cytes in the DHASCO-T and DHASCO-S capsule supplementation
groups were compared at each dose level using the Student’s ¢ test.
There were no differences between the groups at any time point at any
dose level

DHASCO-T or DHASCO-S capsule groups receiving
600 mg DHA per day. There were no changes in plasma
DHA levels in the placebo group over the 4-week sup-
plementation period.

DHA levels also increased in a dose-dependent manner
in erythrocyte lipids in all of the DHASCO-T and
DHASCO-S capsule groups, as well as in the DHASCO-S
bar group (Fig. 1b). In contrast to the plasma, the eryth-
rocyte DHA levels rose more slowly and steadily
throughout the 4-week treatment period in both the
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DHASCO-T and DHASCO-S treatment groups. The
erythrocyte DHA levels in the placebo group remained
constant with time. The 1,000 mg DHASCO-T group had
relatively high baseline erythrocyte DHA levels, but this
was not statistically higher than the other groups. None-
theless, the DHA levels in both the DHASCO-T and
DHASCO-S 1,000 mg DHA treatment groups appeared to
increase in a parallel fashion.

The mean change from baseline DHA levels as pro-
portions of fatty acids and absolute DHA concentrations in
plasma PLs and erythrocytes at the 4-week timepoint are
shown in Fig. 2. The DHASCO-T and DHASCO-S oils
resulted in very similar increases in DHA levels and con-
centrations with each of the DHASCO-T and DHASCO-S
dose groups with no effect of the placebo. By visual
inspection of Fig. 2, the nutritional bars (450 mg DHA per
bar) resulted in increases in the DHA levels and concen-
trations in plasma PLs and erythrocytes similar to the
600-mg DHA doses from DHASCO-T and DHASCO-S
capsules, suggesting similar or somewhat elevated DHA
accretion with the bars. The DHA response in plasma PLs
was highly dependent on baseline DHA levels (p < 0.001),
but there was no effect of age, race, weight, or gender on
the DHA response (data not shown).

DHA Bioequivalence Assessments

Because DHASCO-T has been studied more extensively in
clinical settings, it served as the reference compound and
DHASCO-S as the comparator in this bioequivalence
study. To assess bioequivalence of the two oils, the geo-
metric LS mean ratio of the DHASCO-S to DHASCO-T
4-week change in DHA levels was calculated at each dose
level. This ratio is expressed as a percent (100% represents
unity). The 90% confidence intervals of the ratios must fall
within 20% of unity (80-125% on a geometric scale) for
the oils to be considered bioequivalent [55]. Figure 3
shows that the confidence intervals of the ratios of the
DHASCO-S to DHASCO-T products at each DHA dose for
both DHA levels and absolute concentrations in plasma
PLs and erythrocytes fell within the 80-125% limits, thus
establishing bioequivalence per FDA standards between
the two products at all dose levels. A formal bioequiva-
lence assessment was not conducted on the bar group
because the doses were not within 5% of the capsule mid-
dose level. However, the nutritional bars appeared to result
in similar increases in the DHA levels in plasma PLs and
erythrocytes as the 600 mg DHA doses from DHASCO-T
and DHASCO-S capsules (Fig. 2), and therefore,
DHASCO-S oil formulated into snack bars appears to
deliver equivalent amounts of DHA on a per DHA con-
sumed basis as DHASCO-S gelatin capsules.
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Fig. 2 Change in DHA levels and concentrations. LSMean change
(£SEM) in plasma PL DHA levels (a), in plasma PL DHA absolute
concentrations (b) and in erythrocyte DHA levels (c¢) following
4-week of supplementation with placebo (filled diamonds),
DHASCO-T (filled circles) or DHASCO-S (open squares) oil
capsules or DHASCO-S fortified snack bars (open triangles). Capsule
groups were compared to the placebo group using the step down trend
test. *p < 0.05 compared to placebo. Bar groups were not included in
this analysis

DHA Dose—Response Assessment

The DHA dose-response relationship of the two oils was
explored using a step down trend test. Since the two oils
resulted in equivalent DHA responses, the results from
both oils at each dose level were initially combined for this
dose response assessment. Mean DHA levels (95% Cls) in
plasma PLs for the combined 200, 600, and 1,000 mg DHA
doses increased by 1.17 (0.52, 1.82), 2.28 (1.63, 2.93) and
3.03 (2.38, 3.67) g per 100 g fatty acid, respectively (p
0.001 for each dose in comparison with placebo), indi-
cating a dose-response relationship. Similar statistically
significant dose-dependent increases in plasma PL and
erythrocyte DHA levels and concentrations were observed
when analyzed by the step down trend test for individual
supplementation groups of DHASCO-T and DHASCO-S
(Fig. 2). A general linear model analyzing the two oils
separately further indicated that there was an effect of dose,
confirming a dose response, and no interactions between
dose and compound or dose by dose, indicating that the
dose responses are linear and parallel for each compound
for plasma PL DHA levels. In a regression model, with
baseline DHA levels used as a covariate, the equation for
the 4-week change in plasma PL DHA levels for the
combined DHASCO-T and DHASCO-S oils group was:

A DHA levels = 2.171 + 0.003 (DHA dose)
— 0.535 (baseline DHA level)

where DHA levels are expressed in g per 100 g fatty acids
and DHA dose in mg per day (n =72, R* = 0.586, p <
0.001). This regression equation indicates that for every
100 mg of dietary DHA from either DHASCO-T or
DHASCO-S oil supplements, plasma PL DHA levels
increase by 0.3 g per 100 g fatty acid in the dose range
studied.

Effects on DHA Levels in Other Plasma Lipid
Subfractions

We chose the mid-dose level to explore the effects of sup-
plementation on the various lipid subfractions. Figure 4
shows the change from baseline in DHA levels in the var-
ious lipid subfractions of plasma after 4-week of
supplementation with either DHASCO-T or DHASCO-S oil
capsules at the 600 mg DHA dose level. Baseline DHA
levels were 2.78 and 2.84 g per 100 g fatty acids in phos-
pholipids, 0.40 and 0.51 g per 100 g in triglycerides, 0.45
and 0.46 g per 100 g in sterol esters, 0.62 and 0.58 g per
100 g as unesterified fatty acids, and 1.52 and 1.66 g per
100 g in whole plasma for DHASCO-T and DHASCO-S
supplementation groups, respectively. Both oil supplements
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Fig. 4 Changes in DHA Levels in plasma. Mean + SEM of the 4-
week change in DHA levels in the various lipid subfractions of
plasma following supplementation with DHASCO-T (solid bars) or
DHASCO-S (hatched bars) at the 600 mg DHA dose level. There
were no differences in the DHA responses between the supplemen-
tation groups when compared by Student’s ¢ tests

resulted in increases at the 4-week timepoint in DHA levels
in each plasma fraction. There were no differences between
the DHA responses of the DHASCO-T or DHASCO-S
groups for any of the lipid fractions, indicating that the two
oils resulted in the same magnitude of increase and the same
distribution of DHA among the lipid fractions in plasma.
Since unesterified fatty acids may be the bioactive form of
fatty acids in plasma, we measured actual concentrations of
unesterified DHA in whole plasma. The mean unesterified
DHA concentration in plasma following supplementation
with either oil (n = 24) increased from 0.85 to 1.35 pumol
L' at this 600 mg DHA dose level.

Effects on ARA Levels

Baseline mean ARA levels in all groups ranged between
11.8 and 13.2 g per 100 g fatty acid in plasma PLs. The
effects of DHASCO-T and DHASCO-S capsule and snack
bar supplementation on the change in plasma PL ARA
levels at the 4-week timepoint are presented in Fig. Sa.
This figure shows a typical smooth dose-dependent
reduction in ARA levels following DHASCO-T supple-
mentation, with significant reductions in ARA at both the
600 and 1,000 mg doses relative to placebo (stepdown
trend test). However, DHASCO-S supplementation resul-
ted in a nonlinear ARA response with no significant
reductions in ARA levels at any dose. The ARA levels
between the oils deviated most at the 1,000 mg dose where
the DHASCO-S nearly maintained ARA levels, whereas
the DHASCO-T oil resulted in a significant reduction in
ARA levels. This finding was corroborated by regression
analysis showing a significant inverse correlation
(r = —0.20, p = 0.036) between change in DHA levels and
change in ARA levels when the DHA was provided by
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snack bars (open triangles). Mean == SEM. Capsule groups were
compared to the placebo group using the step down trend test.
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analysis

DHASCO-T capsules, but no such relationship (r = 0.11,
p = 0.187) when DHA was provided by DHASCO-S cap-
sules. The dose-response relationships between the oils
and the resulting plasma ARA levels were further explored
in post hoc analyses with general linear regression models
using dose as a continuous variable. This analysis indicated
a significant main effect of compound, i.e., differences
between the DHASCO-T and DHASCO-S effect on plasma
PLs ARA levels. Therefore, the dose response was further
explored for each compound separately. These analyses
confirmed a significant linear dose effect for DHASCO-T
and a curvilinear (quadratic) dose effect for DHASCO-S°.
Regression equations describing the dose effect of DHA
supplementation from DHASCO-T on 4-week change in
plasma PL. ARA levels indicate that ARA levels decrease
approximately 0.20 g per 100 g fatty acid for each 100 mg
DHA dose from DHASCO-T.

Effects on DPAn-6 Levels

Baseline DPAn-6 levels in all groups ranged between 0.3
and 0.4 g per 100 g fatty acid in plasma PLs. The effects of
DHASCO-T and DHASCO-S capsule and snack bar sup-
plementation on the change in plasma PL DPAn-6 levels at
the 4-week timepoint are presented in Fig. 5b. DHASCO-T
oil led to a modest decrease in DPAn-6 levels, which was
statistically significant at both the 600 and 1,000 mg dose
groups (step down trend test) whereas DHASCO-S oil led
to an increase in DPAn-6 levels at all three dose levels
compared to placebo. The DHASCO-S nutritional bars led
to an increase in plasma PL DPAn-6 levels of a similar
magnitude to the mid-dose DHASCO-S capsules. These
results are corroborated by regression analysis showing a
highly significant reduction in DPAn-6 with DHASCO-T
supplementation (r = —0.53, p < 0.001) and a highly sig-
nificant increase in DPAn-6 (r=0.62, p < 0.001)
following supplementation with DHASCO-S, after adjust-
ment for dose.

The efficiencies of DPAn-6 and DHA accretion fol-
lowing dietary administration of the respective fatty acids
were evaluated by comparing actual concentrations in
whole plasma following supplementation with the mid-
dose of DHASCO-S oil capsules, which contains both fatty
acids. The mid-dose DHASCO-S capsule group received
600 mg of DHA and 240 mg of DPAn-6 daily, which
resulted in increases of 46.4 and 7.6 pg of DHA and

> DHASCO-T ARA regression equation is: change in plasma PL
ARA levels = 4.087 — 0.002 (DHA dose in mg per day) — 0.333
(baseline ARA levels). n = 84, R? = 0.420, p < 0.001. The DHAS-
CO-S ARA regression equation is: change in plasma PL ARA
levels = 3.971 — 0.005 (DHA Dose) + 0.000004 (DHA Dose) (DHA
Dose) — 0.296 (Baseline ARA levels). n = 84, R?*=0.224, p = 0.01.
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DPAn-6, respectively, per mL whole plasma. This suggests
that DHA accumulates more efficiently in plasma
(7.7 pg mL™" plasma per 100 mg in the diet) than does
dietary DPAn-6, which accumulates at 3.2 ug mL™'
plasma per 100 mg dietary DPAn-6.

Effects on EPA and other Fatty Acids

Baseline mean EPA levels in plasma PLs ranged between
0.6 and 0.8% of fatty acids. The change in the plasma PL
DHA levels are shown in Fig. 5c. EPA levels tended to
modestly increase in a dose-dependent manner in both the
DHASCO-T and DHASCO-S groups, with the DHASCO-S
oil tending to have larger increases, but none of the dif-
ferences was statistically different from placebo. Tables 4
and 5 available on line (Supplementary Material; doi:
10.1007/s11745-007-3098-5) show all fatty acid levels in
plasma PLs and erythrocytes in each group at the 4-week
timepoint. In addition to the aforementioned effects on
PUFA, DHASCO-T and DHASCO-S oils result in signif-
icant dose-dependent reductions in DPAn-3 in plasma PLs
and erythrocytes and in 22:4n-6 levels in plasma PLs.
There was no effect of either algal oil on total saturated or
monounsaturated fatty acid levels in either plasma PLs or
erythrocytes (Tables 4 and 5, available through the journal
online; doi:10.1007/s11745-007-3098-5).

Safety

In compliance with good clinical practices, safety was
assessed in this study by monitoring adverse events
throughout the study. There were no deaths or serious or
clinically significant adverse events (AEs) reported for any
subject during the supplementation period. No subject
discontinued supplementation due to an AE. All AEs were
evaluated by the Investigator as being “Mild” to “Mod-
erate” in severity. Only eructation was significantly
associated with supplementation. Eructation was reported
mainly by subjects receiving DHASCO-T 200 mg (50%),
600 mg (58%), and 1,000 mg (33%). Only one subject
(1,000 mg) in the DHASCO-S groups reported eructation.
A statistically significant difference was observed in the
incidence of eructation between DHASCO-T 200 and
600 mg groups when compared to placebo. No other sig-
nificant differences were noted.

Discussion
Previous studies have shown that both the DHASCO-T and

DHASCO-S oils result in increases in plasma levels of
DHA in humans. However, this was the first study to
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compare the bioequivalence of these two different algal
DHA sources. Bioequivalence was determined by assessing
the levels as well the concentrations of the bioactive
ingredient DHA in plasma and erythrocytes following 4-
week of supplementation. The results of this study clearly
establish that DHASCO-T and DHASCO-S oils are bio-
equivalent sources of DHA, per FDA standards, whether
reported as proportions of fatty acids or as absolute con-
centrations of DHA in plasma or erythrocytes. This is also
the first study to demonstrate that a DHA-rich oil, specif-
ically DHASCO-S oil, incorporated into a fortified food,
results in similar or somewhat enhanced amounts of DHA
in blood as does supplementation with the encapsulated oil,
indicating that DHASCO-S fortified foods are an appro-
priate vehicle for DHA supplementation. The observed
trend toward enhanced bioavailability of DHA from food
bars is consistent with previously reported greater bio-
availability of LCPUFA from food rather than from
capsules [56]. Those authors posited that the larger lipid
bolus associated with food versus capsules activated lipid
absorption. On the other hand, we conducted a clinical
study demonstrating that the DHA in DHASCO-T oil
capsules is equally bioavailable as the DHA in cooked
salmon, a natural food source of this nutrient (Arterburn L
manuscript submitted). Together, our results demonstrate
that algal oil capsules, algal oil fortified foods or natural
food sources of DHA are all equivalent sources of DHA
with respect to raising blood levels of this nutrient. These
sources all represent predominantly triglyceride forms of
DHA. Others have found that DHA presented in capsules
as an ethyl ester fish oil extract is not as bioavailable as
DHA derived from fish, suggesting that triglycerides are
the preferred DHA form with respect to bioavailability
[56]. In this study, plasma PL levels of DHA increase at a
rate of approximately 0.3 g per 100 g fatty acids for every
100 mg DHA administered over the daily dose range of
200-1,000 mg DHA. DHA accretion in plasma is highly
inversely dependent on baseline DHA levels but is inde-
pendent of age, weight, gender, or race.

The standard format for bioequivalence studies with
pharmaceuticals is a pharmacokinetic crossover design
following acute administration [57]. However, DHA
washout times are on the order of weeks, so a crossover
study is not appropriate [58]. Moreover, a more relevant
measure for a nutrient such as DHA is to assess equilibrium
plasma levels of DHA following subchronic rather than
acute administration of the supplement, thus more closely
mimicking a natural intake pattern. This type of assessment
will not detect small differences in rate of uptake post-
prandially, but rather assesses the more relevant measure of
total accretion over time, which would reflect differences,
if they exist, in the overall bioavailabilty, metabolism, and
disposition of the DHA in the body. Plasma DHA levels are
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known to equilibrate within approximately 2-3 weeks of
daily supplementation [59]. Subjects in this study were
supplemented for 4-week, ensuring measurement at an
equilibrium state. The study therefore indicates that over
time, these two algal oils result in equivalent plasma PL
and erythrocyte equilibrium levels of DHA. Moreover, the
study indicates that the DHA from DHASCO-T and
DHASCO-S oils in plasma accumulates in and is distrib-
uted equivalently among the other plasma lipid subclasses,
including sterol esters, triglycerides and unesterified fatty
acid fractions, as well as in whole plasma. DHA as an
unesterified fatty acid increased from 0.85 to 1.35 pmol
L' in whole plasma at the 600 mg DHA dose level. These
concentrations may help determine physiologically rele-
vant concentrations of DHA for designing and interpreting
cell culture experiments.

The study included 2 weeks and 4-week assessments of
blood DHA levels after supplementation, allowing assess-
ment of the kinetics of uptake in blood. The results confirm
earlier assessments that DHA levels in plasma PLs rapidly
increase and reach new equilibrium levels after about
2 weeks of supplementation, irrespective of dose, and then
remain at the new equilibrium level during the remaining
course of supplementation [59]. Erythrocytes levels on the
other hand continued to rise during the entire 4-week
supplementation period, indicating that they had not yet
reached an equilibrium status. Others have also reported
slower equilibration of erythrocytes DHA levels in blood,
which is not unexpected given their 120 days lifespan in
the blood [59].

The DHA dose response was linear over the dose range
studied. At higher doses of DHA, however, blood levels of
this nutrient begin to saturate [59]. The range of doses used in
this study (200-1,000 mg DHA per day, equivalent to
approximately 3—14 mg kg~ ' body weight per day for a 70-
kg adult) encompasses doses to reflect levels in fortified
foods, supplements and infant formulas. The high dose
(1,000 mg DHA per day) is similar to DHA doses obtained
by infants receiving fortified infant formulas in which DHA
levels typically range between 0.1 and 0.35% of fat. This
study therefore establishes bioequivalence of the DHASCO-
T and DHASCO-S oils over a range of doses typical of
intakes for infants and adults, and suggests that the oils may
be interchangeable on a DHA basis for these applications.

The DHA contents of these two algal triglyceride oils
are similar at ~40% of fatty acids. However, the overall
fatty acid profiles of the DHASCO-S and DHASCO-T oils
differ markedly. In particular, DHASCO-S contains a
number of other long-chain PUFAs, including EPA at
~2.5% and DPAn-6 at ~15% of total fatty acids, whereas
DHASCO-T oil has no appreciable amounts of any LC-
PUFA other than DHA. It was unclear how other PUFA
might affect the accretion of DHA from these oils. Both

DPAn-6 and DHA are 22-carbon PUFA that differ by one
double bond at the omega-3 position, and it was possible
that DPAn-6 may be accreted at the expense of DHA.
However, this study clearly demonstrated that DPAn-6 had
no effect on DHA accretion in either plasma or erythro-
cytes. Since plasma PLs are the primary carrier of lipids to
tissues, tissue DHA levels are unlikely to be affected by the
DPAn-6 present in the DHASCO-S oil either. Indeed, Lim
et al. [60] have shown that co-administration of DPAn-6
with DHA does not interfere with DHA incorporation into
brain tissue. To confirm this, a preclinical study to spe-
cifically address the question of whether accretion of DHA
into multiple tissues is equivalent between both oils is
being conducted in a piglet model.

An interesting and novel finding in this study is that
while the oils were equivalent with respect to DHA bio-
availability and accretion, they had markedly different
effects on ARA levels. DHA supplementation, possibly
through down regulation of A6 desaturase and/or direct
competition for acyl-CoA-mediated incorporation in
phospholipids [61, 62], typically reduces ARA levels in
plasma and tissues in a dose-dependent fashion, as was
observed with the DHASCO-T supplementation in this
study [59]. However, while the DHASCO-S oil at the low
and mid-dose level resulted in the expected reduction in
ARA levels, similar in magnitude to that observed with
DHASCO-T oil, at the high dose it nearly maintained ARA
levels in plasma, resulting in a curvilinear response on
ARA levels in plasma. We hypothesize that the DPAn-6
contributes to maintaining ARA levels through a retro-
conversion process of DPAn-6 to ARA, analogous to the
DHA retroconversion to EPA [19, 59]. The curvilinear
response represents a balance between the effect of DHA
on reducing ARA levels, which predominates at the lower
doses, and the DPAn-6 retroconversion to ARA, which
predominates at the high dose, resulting in what appears to
be a threshold effect of DPAn-6 occurring at the mid-dose
level, which delivered 600 mg DHA + 240 mg DPAn-6.
Since conducting this study, we have observed other ARA
curvilinear responses of DHASCO-S oil in both animals
and humans (L. Arterburn and A. Ryan, unpublished
results).

The two algal oils also had differential effects on DPAn-
6 plasma levels. As expected, DHASCO-T resulted in
reduced levels of DPAn-6, whereas DHASCO-S resulted in
elevated levels of DPAn-6 in plasma PLs. DPAn-6 levels
increased at all doses of the DHASCO-S oil, but there was
no apparent dose-response effect, suggesting that at higher
doses of dietary DPAn-6, the fatty acid is converted to
other fats, such as ARA, or simply f-oxidized for energy.
Our study further indicated that the DHA accretion rate in
whole plasma (approximately 8 pg per 100 mg dietary
DHA) was over twice the accretion rate of DPAn-6
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(approximately 3 pg per 100 mg DPAn-6) when the two
fatty acids are administered in combination in the DHAS-
CO-S oil. DPAn-6 accretion would be the net result of the
DHA pressure to reduce this n-6 fatty acid and the ten-
dency of the dietary DPAn-6 to accumulate as DPAn-6 or
to be converted to other fatty acids, including ARA. The
net result is that there is real but less pronounced accu-
mulation of DPAn-6 following administration of
DHASCO-S oil, whereas typically DHA oils significantly
reduce the accumulation of DPAn-6.

The DHASCO-T and DHASCO-S oils had similar but
small effects on EPA levels in plasma PLs, with a modest
tendency to increase EPA levels, but not significantly so at
the doses tested. The small increases in EPA levels are
likely caused by the EPA present in the DHASCO-S, as
well as retroconversion from DHA from the two oils.

Algal oils are produced in closed, tightly controlled
fermentation facilities under Good Manufacturing Practices
for foods, and unlike marine food sources, these oils are
never in contact with oceanic contaminants. These oils,
therefore, represent excellent and sustainable sources of
bioavailable DHA.

Conclusions

The algal oil sources of DHA, DHASCO-S, and DHASCO-
T, provided in capsules or a fortified food, represent safe
and equally bioavailable sources of DHA for humans. The
DHASCO-S oil, at the highest dose is associated with
maintenance of long-chain n-6 fatty acids in plasma, and
therefore may be suitable for applications in which main-
tenance of ARA is beneficial.
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