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BSTRACT
ealth benefits of n-3 fatty acids are well-established.
owever, consumption of adequate dietary sources of

hese fatty acids is inadequate. Oral fish oil supplements
re an alternative means of consuming adequate long-
hain n-3 fatty acids in individuals who do not consume
ufficient dietary sources. However, palatability can
resent a problem with compliance. Emulsifying fish oil
llows for production of a pleasant-tasting supplement
nd can enhance digestion and absorption of the fatty
cids. We investigated the rate and extent of absorption
f emulsified fish oil compared with capsular triglyceride
sh oil supplements in humans. Participants subjectively
ated palatability of these products. A randomized, cross-
ver-designed, open-label trial was performed in which 10
ealthy volunteers received emulsified fish oil and capsu-

ar triglyceride fish oil orally. Blood samples were col-
ected at 0, 2, 4, 8, 24, and 48 hours to determine the
bsorption of individual fatty acids into plasma phospho-
ipid fatty acids. At the completion of blood collection,
ubjects were asked to subjectively rate the tolerance and
cceptability of the two supplements. During a 48-hour
eriod, there was enhanced absorption of total n-3
nd eicosapentaenoic acid (0.67%�0.16%, 0.45%�0.06%;
�0.01; 0.34%�0.05%, 0.23%�0.04%; P�0.05; emulsi-
ed fish oil and capsular triglyceride fish oil, respectively)
bserved for the emulsified fish oil treatment. Our find-
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ngs indicate that a single dose of emulsified fish oil
esulted in enhanced absorption of total n-3 eicosapenta-
noic acid and docosahexaenoic acid as evidenced by
hanges in phospholipid fatty acids composition com-
ared with the capsular triglyceride fish oil during the
8-hour observation period. Both supplements were subjec-
ively rated and found to be well-tolerated by participants.

Am Diet Assoc. 2009;109:1076-1081.

he n-3 fatty acids play a well-recognized role in
health and disease. Not only are the n-3 fatty acids
required for growth and development, but recent

ndings suggest that diets with inadequate content of
hese fatty acids can enhance risk for the development of
isease (1-3). Long-chain n-3 fatty acids, including eico-
apentaenoic acid (EPA), and docosahexaenoic acid
DHA), have unique anti-inflammatory properties through
heir antagonistic effect on arachidonic acid (ARA) me-
abolism and via their effects on gene transcription of
roinflammatory cytokines, like interleukin-1 and tumor
ecrosis factor-� (4-7). Many studies examining fish oil
upplementation in chronic inflammatory conditions
ave reported improved outcome parameters of clinical
ignificance. Supplemental fish oil consumption has been
eported to reduce risk of cardiac death and improve
utcomes in a variety of disease states, including sepsis
4,8), cystic fibrosis (9), some forms of cancer (10), diabe-
es (11), rheumatoid arthritis (12), Crohn’s disease (13),
eart disease (14), and depressive disorders (15).
The typical dietary intake of n-3 fatty acids in the
nites States is far below recommended consumption

evels (16). Current daily intake is 0.1% of total energy
hile the Acceptable Macronutrient Distribution Range

ecommended intake level is 0.6% to 1.2% of energy (17).
he need for long-chain n-3 cannot be met by only in-
reasing �-linolenic acid (18:3n-3) consumption in the
urrent Western diet. Individuals can obtain this recom-
ended level of n-3 fatty acid intake from the consump-

ion of long-chain n-3 content fish twice weekly (18); how-
ver, many people do not reach this minimal intake level.
ne method of increasing long-chain n-3 intake is

hrough use of fish oil supplements, which can be partic-
larly useful in individuals who are unwilling to make
ietary changes to increase their dietary n-3 intake. Har-
is and colleagues (19) recently demonstrated that con-
umption of encapsulated fish oils resulted in similar
atty acid patterns to the intake of fish. In addition, fish
ils have been found to have reduced mercury contami-
ation compared with fish (20) and can provide a better

ong-term source of long-chain n-3.
Fish oil supplement use can require the consumption of

ultiple capsules daily, depending on the concentration
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f the product and the desired dose. An easier, potentially
ore palatable way to obtain fish oil supplementation is
se of a concentrated, flavored emulsified fish oil prepa-
ation. Emulsification of fish oils has the potential to
mprove digestion and absorption of EPA and DHA (21)
ecause of a modification in the solubility of the supple-
ent. Emulsified fish oil has physical and chemical char-

cteristics that differ from capsular fish oil. The emulsi-
ed and water soluble state increases exposure to lipase
nd diminishes the gastric clearance time. Therefore, we
ave examined the rate and extent of absorption of total
-3 and long-chain n-3 into the phospholipid fatty acid
ool after an emulsified fish oil supplement compared
ith capsules of the fish oil used in its production (cap-

ular fish oil). We hypothesized that the emulsified fish
il would have an increased rate and extent of absorption
ompared with the capsular triglyceride fish oil. Fatty
cids of particular interest include total n-3 fatty acids,
PA, DHA, ARA, and the ratio of total n-6 to n-3 fatty
cids (n-6/n-3) as they are indicators of the absorption of
he fish oil supplements.

ETHODS
tudy Participants
ealthy adult volunteers (aged 18 to 60 years) were re-

ruited from the University of Minnesota community by
osting recruitment fliers for inclusion in a randomized,
rossover-designed, open-label study to examine the rate
nd extent of absorption of emulsified fish oil vs capsular
riglyceride fish oil. The health status of participants was
etermined by responses to a medical questionnaire. Sub-
ects who reported any current medical problems were
xcluded from participation. None of the participants
ere taking any medications, either prescription or over-

he-counter, including n-3 supplements. Subjects selected
or inclusion in the trial included 10 men (n�5) and
omen (n�5). All of the subjects selected for participation

ompleted every aspect of the study. Determinations of
lasma phospholipid fatty acid concentrations were made
t 0, 2, 4, 8, 24, and 48 hours in reference to the consump-
ion of the supplemental fish oil. After endpoint determi-
ations were made, subjects were asked to complete a
uestionnaire to subjectively assess the acceptance and
olerability of the two fish oil supplements. Each subject
ompleted the second arm of the study 6 weeks after the
nitial arm to assure adequate washout.

Approval for this study was obtained from the Univer-
ity of Minnesota Committee for the Use of Human Sub-
ects in Research. Informed consent was obtained from all
tudy participants before entering into the trial.

xperimental Protocol
ll study visits occurred at the General Clinical Research
enter (GCRC) of the University of Minnesota. Partici-
ants consumed a 4-g portion of fish oil provided as either
g (�1 teaspoon) emulsified fish oil (80% lipid, providing
g fish oil) or four 1-g capsules of capsular triglyceride

sh oil in a randomly determined treatment order. All
ubjects consumed the fish oil supplement with a glass of
ater. Upon completion of the first supplement, subjects
ompleted a washout period of 6 weeks and then were (
witched to the alternate treatment and the experiment
as repeated.
All subjects were instructed to consume a low-fat

�20% energy as fat), n-3 food source�free diet for 1 week
rior to initiation of and throughout the duration of the
xperiment. Complete guidelines on this diet and poten-
ial sources of n-3 fatty acids were provided by a research
ietitian at the GCRC. Subjects were instructed to fast
or a 12-hour period prior to start of the study. At the
nitiation of testing, each subject provided a baseline
lood sample for time zero (0) baseline endpoint determi-
ation, just prior to consuming the fish oil supplement. A
ery low-fat meal (�10% energy from fat) was provided
ith the supplement. Additional endpoint measures were

btained at 2, 4, 8, 24, and 48 hours. Subjects remained at
he GCRC from baseline through 8-hour measurement,
ut were discharged from the GCRC and returned for the
4- and 48-hour measurements as outpatients. During
his period, subjects were instructed to continue following
he low-fat diet and to avoid food sources of n-3.

After the blood draw was obtained at 48 hours, subjects
ompleted a “Tolerance Questionnaire” to subjectively as-
ess the hedonic response to the lipid supplements on the
ollowing factors: gagging, nausea, vomiting, abdominal
iscomfort, abdominal distension, fishy burp, and flatu-
ence. The responses to each item ranged from 0�no
ffect to 3�marked discomfort.

ish Oil Supplements
mulsified fish oil was Coromega (Carlsbad, CA), an
mulsified, flavored lipid supplement produced from ma-
ine sources that is of pudding consistency at room and
efrigerated temperatures. It is comprised of molecularly
istilled and emulsified fish oil. The capsular triglyceride
sh oil used for comparison was an encapsulated version
f the fish oil used for production of Coromega. The total
atty acid composition of the lipid content of the emulsi-
ed fish oil and of the capsular triglyceride fish oil was
irtually identical. Table 1 shows the fatty acid composi-
ion (%) of the lipid contained in the two fish oil supple-
ents.

lood Specimen Collection
lood was collected from participants by venipuncture at
, 2, 4, 6, 8, 24, and 48 hours for assessment of phospho-
ipid fatty acid composition. At each collection, a 10-mL
ample of whole blood was obtained from each partici-
ant. Samples were collected in ethylene diamine tet-
aacetic acid anticoagulant tubes and refrigerated imme-
iately. Within 2 hours of collection, the samples were
entrifuged at 3,000g for 10 minutes. Plasma was sepa-
ated into three �2.0-mL aliquots and immediately fro-
en at �20°C. Samples were transferred to a �80°C
reezer for long-term storage for batch analysis at the
onclusion of the study.

atty Acid Analysis
atty acid analysis was performed by gas chromatogra-
hy (Lipid Technologies LLC, Austin, MN). Lipids were
xtracted from the plasma using chloroform:methanol

2:1, by volume) according to the method of Folch and
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olleagues (22). A known amount of standard (17:0) was
dded to each sample prior to extraction to quantitate
ecovery and plasma lipid concentration. Phospholipids
ere separated from neutral lipids by thin-layer chroma-

ography. Fatty acid methyl esters of the aforementioned
ipid classes were formed by transesterification with bo-
on trifluoride (12%) in excess methanol (Supelco, Belle-
onte, PA).

The fatty acid composition of all lipid fractions was
etermined by capillary gas chromatography. The methyl
ster samples were evaporated under nitrogen and resus-
ended in heptane containing methyl-tridecanoic acid
NuChek Prep, Elysian, MN) as an internal standard.
atty acid methyl esters were separated with a capillary
as chromatograph utilizing a bonded phase, fused silica
apillary column (FFAP-007, 50-m by 0.25-mm internal
iameter, 0.25-nm film; Quadrex, New Haven, CT). The
as chromatograph was temperature programmed from
70°C to 220°C at a rate of 5°C per minute following a
-minute initial time. The identities of sample methyl
ster peaks were determined by comparison of authentic
atty acid methyl esters (NuChek Prep).

tatistical Methods
ean values�standard error of mean were calculated to

etermine the composition (%) of phospholipid fatty ac-
ds. The effects of the two supplements were compared
ithin subjects by testing of the mean change from base-

ine in plasma phospholipid fatty acids during 48 hours.
tatistical comparisons were made by paired t test anal-
sis for mean change in fatty acids between the emulsi-
ed fish oil and capsular triglyceride fish oil supple-
ented groups at each of the endpoint determinations (0,

, 4, 8, 24, and 48 hours). Tolerance questionnaire re-
ponses were assessed by proportional analysis (�2 sta-
istic) for responses to each question regarding tolerance

Table 1. Fatty acid composition (%) of the lipid content of the
emulsified and capsular fish oil provided to 10 healthy adult men
and women

Fatty acid Emulsified fish oil (%) Capsular fish oil (%)

10:0 0 0
12:0 0 0
14:0 6.6 6.8
16:0 15.8 15.6
16:1 8.5 8.6
18:0 3.1 3.1
18:1 n-9 9.8 7.9
18:2 n-6 1.7 1.2
18:3 n-3 0.8 0.8
20:4 n-6 1.1 1.0
20:5 n-3 17.8 17.8
22:5 n-3 1.9 1.9
22:6 n-3 11.0 11.3
Total n-3 35.6 35.8
Total n-6 3.6 3.0
n-6/n-3 ratio 0.1 0.1
nd palatability of the fish oil supplements. All statistical m

078 June 2009 Volume 109 Number 6
nalyses were performed with Minitab Version 14 for
indows (2003, Minitab Incorporated, State College, PA).

ESULTS
aseline Comparisons
he average age of subjects participating in the study
as 38.9�11.2 years. The body mass index (calculated as
g/m2) of participants was 26.5�5.9. Phospholipid fatty
cids levels at the baseline measurement of each treat-
ent period are presented in Table 2. No statistically

ignificant differences were observed in fatty acid levels
etween groups at baseline.

ffect of Test Supplements on Plasma Phospholipid Fatty Acids
he extent of absorption of n-3 fatty acids is shown as the
ean percent change in phospholipid fatty acids from

aseline to 48 hours (Table 2). During the evaluated
8-hour period, the ratio of total n-6 to n-3 fatty acids was
educed with emulsified fish oil compared with capsular
riglyceride fish oil treatment (�2.05%�0.3%, �0.77%�
.18%; P�0.01). Enhanced absorption of total n-3 and
PA (0.67%�0.16%, 0.45%�0.06%; P�0.01; 0.34%�
.05%, 0.23%�0.04%; P�0.05; emulsified fish oil and cap-
ular fish oil, respectively) was observed for the emulsi-
ed fish oil treatment. DHA and ARA levels were not
tatistically significantly different for the two supple-
ents at any time during the 48 hours of measurement.
Figures 1 through 5 illustrate the comparison of the

ong-chain n-3, total n-3, and ARA fatty acids levels in
lasma phospholipid from baseline through 48 hours.
otal absorption was enhanced for all n-3 fatty acids and
he ratio of n-6 to n-3 fatty acids was reduced during the
8 hours of observation. Observations of fatty acid levels
ostconsumption were statistically significant for total
-3 fatty acids at 2 and 8 hours (P�0.05); for EPA at 4, 8,
nd 24 hours (P�0.05); and n-6/n-3 at 4, 8, 24, and 48
ours (P�0.05).

olerance of Fish Oil Supplements
roduct acceptability was not statistically different for
olor, flavor, aroma, or aftertaste between the emulsified
sh oil and the capsular triglyceride fish oil treatment.
ubjects found both of the products acceptable; however,
wo subjects complained of aftertaste following consump-
ion of the capsular triglyceride fish oil capsules.

ISCUSSION
his study shows that, compared with a standard fish oil,
onsumption of an emulsified fish oil supplement resulted
n an enhanced rate and extent of absorption of total n-3
atty acids and EPA and a decline in the n-6/n-3 fatty acid
atio in plasma phospholipids during 48 hours.
The observed increases are likely from improved diges-

ion and absorption because of the enhancement of the
ction of pancreatic lipase on long-chain fatty acids (23).
Lipid emulsification in the stomach is a fundamental

tep in fat digestion through the generation of a lipid�
ater interface essential for the interaction between wa-

er-soluble lipases and insoluble lipids (24,25). The ulti-

ate bioavailability of dietary fat is dependent on this
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ipid�water interface. Emulsification of fish oil bypasses
his normal physiologic step and enhances its absorbabil-
ty (24). Garaiova and colleagues (21) reported the in-
reased absorption of long-chain, highly unsaturated
atty acids and incorporation into plasma fatty acids with
he administration of pre-emulsified fish oil. Our work
emonstrates that, in the short-term, emulsification of
sh oil allows for a similar enhanced absorption with

mproved rate and extent of incorporation into phospho-
ipid fatty acids.

It is possible that some of the differences in absorption
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igure 1. Percent change from baseline concentrations of plasma
hospholipid (%) eicosapentaenoic acid (EPA; mean�standard error of
ean) over 48 hours for healthy adult participants (n�10) receiving

mulsified and capsular fish oil supplements in a crossover manner.

Table 2. Phospholipid fatty acid (%) at baseline and 48 hours (chang
and capsular fish oil supplements in a crossover manner

Fatty acid

Baseline (%)

Emulsified fish oil Capsul

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Saturated 39.84�0.89 40.01�

12:0 0�0 0�
14:0 0.39�0.04 0.36�
16:0 26.16�0.94 26.60�
18:0 12.48�0.52 12.16�

Monounsaturated 14.09�0.54 13.69�
18:1 n-9 9.03�0.40 8.72�

Polyunsaturated 44.30�1.04 44.62�
18:2 n-6 25.48�0.62 25.47�
18:3 n-3 0.30�0.04 0.27�
18:3 n-6 0.15�0.01 0.14�
20:4 n-6 10.91�0.81 11.22�
20:5 n-3 0.54�0.08 0.53�
22:5 n-3 0.75�0.04 0.8�
22:6 n-3 2.38�0.41 2.36�

Total n-3 4.23�0.51 4.32�
Total n-6 39.95�0.79 40.26�
n-6/ n-3 10.29�0.93 10.61�

*P�0.05.
**P�0.01.
ould be a result of the vehicles of the fat supplements.
he emulsified fish oil was supplied in a semi-liquid form
hile capsular triglyceride fish oil was a gelatin encap-

ulated liquid oil. It is possible that the gelatin capsule
reakdown affected the initial rate of absorption of the
atty acids from the capsular triglyceride fish oil.

Although phospholipid fatty acids levels of DHA were
nhanced during the 48-hour observation period, these
hanges were not statistically significant. The supple-
ents used contained more EPA than DHA (17.8% vs 11%,

7.8% vs 11.3%; emulsified fish oil and capsular triglyceride
sh oil, respectively), which might account for this.
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igure 2. Percent change from baseline concentrations of plasma
hospholipid (%) docosahexaenoic acid (DHA; mean�standard error of
ean) over 48 hours for healthy adult participants (n�10) receiving

mulsified and capsular fish oil supplements in a crossover manner.

baseline) for healthy adult participants (n�10) receiving emulsified

Change from Baseline (%)

h oil Emulsified fish oil Capsular fish oil

n�standard error of mean ™™™™™™™™™™™™™™™™™™™™™™™™™™™™3
0.47�0.56 �0.65�0.95

0�0 0�0
0.01�0.04 0.02�0.04
0.11�0.66 �0.47�0.77

�0.26�0.42 0.28�0.42
0.11�0.26 �0.24�0.39
0.13�0.18 �0.46�0.23*

�0.62�0.62 0.77�0.94
�1.64�0.39 0.59�0.64**
�0.03�0.03 �0.01�0.03
�0.01�0.01 0.02�0.03

0.2�0.37 �0.08�0.37
0.34�0.05 0.23�0.04*

�0.1�0.03 �0.03�0.02*
0.22�0.36 0.18�0.09
0.67�0.16 0.45�0.13*

�1.29�0.55 0.35�0.83
�2.05�0.30 �0.77�0.18**
e from

ar fis

mea
0.76
0
0.04
0.86
0.36
0.40
0.33
1.04
0.81
0.03
0.01
0.67
0.05
0.04
0.35
0.41
0.70
1.13
There was little change in ARA after both supple-
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ents. One would have anticipated more suppression
f ARA by the long-chain n-3 as expected from the
nown suppression of n-6 metabolism by n-3 supple-
ents (26). ARA levels were reduced at the 2- and

-hour assessments, but the difference was not statis-
ically significant. Perhaps repeated daily dosing of the
upplements would have achieved DHA enhancement
nd ARA suppression, as has been shown in numerous
linical studies (27). These changes in fatty acid pro-
les after n-3 supplementation and, in particular, re-
uction in the percentage of n-6 precursors, correlate
ith favorable clinical endpoints, as we have previ-
usly shown in patients with immunoglobulin A ne-
hropathy (28).
The primary limitation of our study was sample size.

arge variability in phospholipid fatty acids levels was
bserved in response to treatments that would likely be
educed with a larger sample size. Nevertheless, we were
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igure 3. Percent change from baseline concentrations of plasma
hospholipid (%) total n-3 fatty acids (n-3; mean�standard error of
ean) over 48 hours for healthy adult participants (n�10) receiving

mulsified and capsular fish oil supplements in a crossover manner.
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igure 4. Percent change from baseline concentrations of plasma
hospholipid (%) n-6 to n-3 ratio (n6/n3; mean�standard error of
ean) over 48 hours for healthy adult participants (n�10) receiving

mulsified and capsular fish oil supplements in a crossover manner.
ble to demonstrate statistically significant differences in p

080 June 2009 Volume 109 Number 6
he rate and extent of absorption between the emulsified
sh oil and capsular triglyceride fish oil.
Other limitations of our study are that we provided

nly one dose of the supplements at one time point and
hat we assessed the change in phospholipid fatty acids
uring a limited time period. The true difference of the
apsular triglyceride fish oil vs emulsified fish oil would
eed to be studied during an extended period to evaluate
umulative results of supplementation.

ONCLUSION
n summary, our findings indicate that a single dose of
he emulsified fish oil supplement, Coromega, resulted in
nhanced absorption of total n-3 fatty acids, EPA, and
HA, and a reduction in the n-6/n-3 fatty acid ratio as

videnced by changes in phospholipid fatty acid composi-
ion compared with the parent oil during the 48-hour
bservation period. Both supplements were subjectively
ated and well-tolerated by participants.
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ean) over 48 hours for healthy adult participants (n�10) receiving
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