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Abstract
Previous studies have revealed that C20 PUFA are significantly less oxidised to CO2 in whole-body studies compared with SFA, MUFA and
C18 PUFA. The present study determined the extent to which three long-chain PUFA, namely 20 : 5n-3 EPA, 22 : 5n-3 docosapentaenoic acid
(DPA) and 22 : 6n-3 DHA, were catabolised to CO2 or, conversely, incorporated into tissue lipids. Rats were administered a single oral dose
of 2·5 mCi [1-14C]DPA, [1-14C]EPA, [1-14C]DHA or [1-14C]oleic acid (18 : 1n-9; OA), and were placed in a metabolism chamber for 6 h where
exhaled 14CO2 was trapped and counted for radioactivity. Rats were euthanised after 24 h and tissues were removed for analysis of radioactivity in tissue lipids. The results showed that DPA and DHA were catabolised to CO2 significantly less compared with EPA and OA
(P,0·05). The phospholipid (PL) fraction was the most labelled for all three n-3 PUFA compared with OA in all tissues, and there was
no difference between C20 and C22 n-3 PUFA in the proportion of label in the PL fraction. The DHA and DPA groups showed significantly
more label than the EPA group in both skeletal muscle and heart. In the brain and heart tissue, there was significantly less label in the
cholesterol fraction from the C22 n-3 PUFA group compared with the C20 n-3 PUFA group. The higher incorporation of DHA and DPA
into the heart and skeletal muscle, compared with EPA, suggests that these C22 n-3 PUFA might play an important role in these tissues.
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There is a paucity of literature regarding the metabolism of
docosapentaenoic acid (DPA), an elongated metabolite of
EPA and an immediate precursor of DHA, in mammals. Previously, we have shown that with short-term supplementation
of n-3 DPA in rats, there was evidence of the retro-conversion
of DPA to EPA in the liver, muscle, adipose and heart and of
the metabolism of DPA to DHA in the liver(1). Holub et al.(2)
extended this work and demonstrated, in young rats, that
DPA was predominantly retro-converted to EPA, with selective
incorporation into phospholipid (PL) pools. There was a particularly high capacity for this retro-conversion in the kidney.
It should be noted that DPA in foods is accompanied by other
n-3 and n-6 fatty acids. It is possible that DPA competes with
these fatty acids for the enzymes required for its metabolism
(desaturases and elongases) and that DPA metabolism is
affected by this competition which may minimise its conversion into DHA in various cell-culture models(3) and animal
studies(1).
However, it is still not known what proportion of DPA is
b-oxidised to form CO2 compared with deposition of DPA in
various tissues, though previous studies have shown that

C20 PUFA were oxidised the least after 7 h compared with
SFA, MUFA or PUFA, including linoleic acid, g-linolenic acid
and a-linolenic acid (ALA). Leyton et al.(4) investigated the
whole-body oxidation of medium-chain and essential longchain PUFA (LC-PUFA) in rats and reported that of the fatty
acids that were studied, ALA and oleic acid (OA) had the
equal highest rates of oxidation compared with other LCPUFA such as linoleic acid, g-linolenic acid and arachidonic
acid(4). Fu & Sinclair(5) reported that in guinea pigs, ALA was
more prone to b-oxidation or excretion via the skin rather
than metabolism to DHA. In a human study, Burdge et al.(6)
investigated the rate of b-oxidation of ALA in human subjects
and also its conversion to EPA, DPA and DHA. The proportion
of [13C]ALA recovered as 13CO2 in breath at the baseline tracer
study was 34 % over 24 h and was not altered by diets rich in
ALA or LC n-3 PUFA. The authors have indicated that the
actual extent of partitioning of labelled ALA towards oxidation
may have been up to 30 % greater than the measured value(6).
As with ALA, EPA has also been reported to undergo rapid oxidation in tissues such as brain, which may explain the low
levels of (ALA and) EPA in the brain, compared with DHA(7,8).

Abbreviations: ALA, a-linolenic acid; DPA, docosapentaenoic acid; LC-PUFA, long-chain PUFA; OA, oleic acid; PL, phospholipid.
* Corresponding author: Dr G. Kaur, email gunveen.kaur@vu.edu.au
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DHA has been reported to be conserved from b-oxidation(9,10)
and efficiently deposited in various tissues including the liver,
heart, retina and brain(1,11,12). There have been no studies to
investigate the whole-body metabolism of DPA, comparing
tissue deposition with the degree to which it is oxidised to CO2.
The aims of the present study were to (1) determine the extent
to which [14C]DPA is excreted as CO2 compared with [14C]EPA
and [14C]DHA, and (2) examine the incorporation of radioactivity into the various lipid fractions including PL, diacylglycerol,
cholesterol, NEFA or TAG, compared with EPA and DHA.

Methodology
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Animals and diets
A total of twenty, 3-week-old male weanling Wistar rats were
randomly divided into four groups of five animals. The rats
were maintained on a rat chow diet with free access to
water. The total lipid content of the chow diet used was
5·7 g/100 g diet. The three main unsaturated fatty acids present
in the diet were OA (29·7 %; weight percentage of total fatty
acids), linoleic acid (31·2 %; weight percentage of total
fatty acids) and ALA (3·4 %; weight percentage of total fatty
acids). There were no n-3 LC-PUFA detected in the diet lipids.

Collection of CO2 expired by the animals
Rats were pair-housed and allowed 1 week to acclimatise.
The weight of the animals was recorded on the first day
of the experiment. The rats were then orally administered
(see below) a single dose (n 5 rats per isotope) of 2·5 mCi
[1-14C]DPA (52 mCi/mmol), [1-14C]EPA (56·2 mCi/mmol),
[1-14C]DHA (53 mCi/mmol) or [1-14C]OA (55·6 mCi/mmol)
(Moravek Radiochemicals). The isotopes were supplied in
the NEFA form in ethanol and evaporated under a stream of
N2 gas. The dried, labelled fatty acids were each dissolved
in 10 ml OA to obtain a concentration of 2·5 mCi in 0·5 ml
olive oil. This 0·5 ml olive oil containing the different isotopically labelled fatty acids was then given to the rats by inserting
a feeding tube into the rat stomach via the throat and the oil
was injected into the tube using a syringe. The doses were
administered to all animals at the same time of the day (in
the morning). After dosing, the animals were immediately
placed in a metabolism chamber (Columbus Instruments) for
the next 6 h, which was connected to a suction pump and a
flowmeter. The rats had access to water but not food during
these 6 h. A constant airflow of 1·1 litres/min per cage was
maintained. The exhaled 14CO2 was bubbled into a 50 ml solution of methoxyethylamine – ethanolamine (2:1, v/v)(4). In an
initial trial experiment, the exhaled 14CO2 was bubbled into
two bottles containing the trapping liquid to test the saturation
of the trapping liquid. However, no radioactivity was detected
in the second bottle. Therefore, only one bottle was used for
the final experiment. The air was then passed through another
flask of distilled water to trap any vapours produced. Thereafter, 1 ml of the trapping solution was removed from the
bottle containing methoxyethylamine – ethanolamine every
hour for the next 6 h and counted for radioactivity using

scintillation fluid (Ultima Gold; PerkinElmer). The dpm of
CO2 collected were then converted into the percentage of
dose. After 6 h, the animals were returned to their home
cages, with free access to food and water. At 24 h after
dosing, the animals were killed and tissues were collected
for analysis as described below.

Tissue analysis
Total radioactivity in whole tissue. In order to calculate the
total radioactivity in whole tissue, the tissue weights of
heart, liver and kidney were recorded. Since the total adipose
and muscle were not dissected from these rats, it was not
possible to directly estimate the amount of radioactivity in
the whole adipose and muscle compartments. From the literature(13,14), it was found that the weight of adipose and skeletal
muscle in these animals might be expected to be of the order
of 8·9 and 27 % of body weight, respectively. Therefore, these
values were used to estimate these two tissue weights and
derive the total incorporation into adipose and muscle.
The tissues were dissolved in Solvablee (PerkinElmer)
according to the following method(15,16): 1 ml of plasma and
the weighed amounts of tissues – 100 mg of liver and brain;
50 mg of heart, liver, adipose, kidney and muscle – were
added to scintillation vials. Then, 2 ml of Solvablee were
added to each vial. The samples were incubated at 558C for
1 h in the case of plasma and for 3 h in the case of other tissues. To reduce foaming caused by H2O2, 0·1 ml of 0·1
M -EDTA disodium solution was added to the samples. Then,
0·2 ml of 30 % H2O2 was added in 0·1 ml increments. The
samples were allowed to stand for a few minutes to allow
any reaction/foaming to subside. They were heated again at
558C for 30 min for complete decolourisation. Then, 10 ml of
the scintillation fluid (Ultima gold; PerkinElmer) were added
to the samples. Before counting, the samples were allowed
to adapt to light and temperature for 1 h at room temperature
in the scintillation counter with the lid closed.

Lipid extraction from tissues
Tissues were weighed (ranging between 350 mg and 1 g),
minced and tissue lipids were extracted in 3 ml chloroform –
methanol (2:1, v/v) overnight at 4 8C, as described by Sinclair
et al.(17). The next day, the samples were allowed to reach
room temperature and then filtered. To the filtrate, a volume
of 0·9 % NaCl was added, which was equal to 20 % of the
volume of the filtrate. The samples were vortexed and then
centrifuged at 1500 rpm for 10 min to allow the layers to separate, and the lower phase was taken and stored at 2 20 8C
before further analysis.

TLC
An aliquot of the extracted lipids was subjected to TLC using
silica gel 60 G (Merck), using hexane – diethylether– acetic
acid (85:15:2, by vol.) as the developing solvent. The lipids
were visualised with 0·1 % 20 ,70 -dichlorofluroescein indicator
(Scharlau). The PL, diacylglycerol, cholesterol, NEFA and
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Statistical analysis
Data calculations and statistical analysis were performed
using SPSS software (SPSS version 17.0; SPSS, Inc.). Datasets
were first tested for normality using the Kolmogorov –Smirnov
test. For datasets with a normal distribution, significant
differences between the dietary groups were tested using a
one-way ANOVA for each type of fatty acid. If the homogeneity of variance test was non-significant, post hoc comparisons
were made using the least significant difference test with a
significance level of ,0·05. If the homogeneity of variance
test was significant, data were analysed using Welch test,
and post hoc comparisons were made using Dunnett’s T3
test with a level of ,0·05 considered as significant.
Datasets with a non-normal distribution were analysed
using the non-parametric Kruskal – Wallis test, with a level of
, 0·05 considered as significant.

Ethics approval
All experimental procedures involving animals were performed under the Australian Code of Practice for the care
and use of animals for Scientific Purposes and were approved
by the Deakin University Animal Welfare Committee.

Results
Body and tissue weights
The mean body weight of rats in the [14C]OA, [14C]EPA,
[14C]DPA and [14C]DHA treatment groups was 72 (SEM 6), 77
(SEM 4), 71 (SEM 8) and 79 (SEM 6) g, respectively. There was
no significant difference between the body weights and
tissue weights of rats in any of the groups.

Incorporation of radioactivity into CO2 released by the
animals
Fig. 1 shows the amount of expired 14CO2 recovered as a function of time, expressed as a percentage of dose administered
to the rats. To quantify the total amount of 14CO2 expired in
6 h, the area under each curve for Fig. 1 was calculated
using the trapezoidal rule. Since the data did not show a
normal distribution, statistical analysis was performed using
the Kruskal – Wallis test. Rats in the OA group had more
label (P, 0·05) in the collected CO2 after 6 h compared with
the EPA (by 3·3-fold), DPA (by 12·5-fold) and DHA (by 9·2fold) groups. After 6 h, the amount of 14CO2 collected for
the DPA rats was not different from that of the DHA rats
(P¼0·251; x 2 ¼ 1·32; df ¼ 1) but significantly lower than

80·0
70·0
Percentage of dose

TAG bands were identified using standards and scraped off
into scintillation vials and counted using 3 ml of the scintillation fluid. There was a clear separation of the PL, diacylglycerol and cholesterol fractions; however, there was an
unexpectedly poor separation of TAG and NEFA in most cases,
and so these two fractions were combined before counting.
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Fig. 1. Incorporation of [14C]oleic acid (OA;
), [14C]EPA (
), [14C]docosapentaenoic acid (DPA;
) or [14C]DHA (
) into CO2 released by the
animals in 6 h after supplementation with 2·5 mCi [14C]OA, [14C]EPA,
[14C]DPA or [14C]DHA. Values are means (percentage of dose; n 5 per
group), with their standard errors represented by vertical bars. Data obtained
at 6 h were analysed using the non-parametric Kruskal–Wallis test, with a
level of , 0·05 considered as significant. a,b,c Mean values with unlike letters
were significantly different between the groups (A colour version of this figure
can be found online at http://www.journals.cambridge.org/bjn).

that of the EPA rats (P¼ 0·009; x 2 ¼ 6·82; df ¼ 1). After 6 h,
the order of the expired 14CO2 was [14C]OA . [14C]EPA .
[14C]DHA ¼ [14C]DPA.

Incorporation of radioactivity in the tissues
The incorporation of radioactivity in the liver, heart, brain,
kidney, muscle and adipose after 24 h of the oral administration of [14C]OA, [14C]EPA, [14C]DPA or [14C]DHA is shown
in Fig. 2 and was statistically analysed using one-way
ANOVA (due to the normal distribution of the dataset)
except for adipose tissue data, which was analysed using the
non-parametric Kruskal – Wallis test (due to the non-normal
distribution). Incorporation of radioactivity was higher in the
n-3 LC-PUFA groups compared with the OA group in all tissues. DHA was deposited in significantly (P, 0·05) higher
amounts compared with OA, EPA and DPA in the liver,
heart, brain and kidney. In the liver, incorporation of radioactivity in the DHA group was significantly (P, 0·05) higher by
9-fold compared with the OA group and by approximately
1·8-fold compared with the EPA and DPA groups. In the
heart, both DPA and DHA groups showed significantly
(P, 0·05) higher label compared with the OA (by 11-fold)
and EPA (by 3-fold) groups. In the brain, it was observed
that the EPA, DPA and DHA groups had significantly
(P, 0·05) higher amounts of radioactivity compared with the
OA group by 3·1-, 4·2- and 6·1-fold, respectively. Similarly in
the kidney, the EPA, DPA and DHA groups had significantly
(P, 0·05) higher amounts of radioactivity compared with the
OA group by 2·1-, 2·3- and 3·5-fold, respectively.
In the muscle, the DPA and DHA groups had a significantly
(P, 0·05) higher incorporation of the label compared with the
OA and EPA groups by approximately 3·1- and 2·1-fold,
respectively. Although the OA group showed a higher
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Fig. 2. 14C counts in the (A) liver, (B) heart, (C) brain, (D) kidney, (E) adipose tissue and (F) skeletal muscle of animals supplemented with 2·5 mCi [14C]oleic acid
(OA), [14C]EPA, [14C]docosapentaenoic acid (DPA) or [14C]DHA. Values are means (percentage of dose; n 5 per group), with their standard errors represented by
vertical bars. Data for liver, heart, brain, kidney and muscle were analysed using one-way ANOVA (due to a normal distribution) and post hoc comparisons were
made using the least significant difference test. Data for adipose tissue counts were analysed using the non-parametric Kruskal–Wallis test (due to a non-normal
distribution), with a level of , 0·05 considered as significant. a,b,c Mean values with unlike letters were significantly different between the groups. The derived
values were taken from the literature ((E) adipose tissue 8·9 % body weight, skeletal muscle 27 % of body weight and total plasma volume of 4·68 ml/100 g body
weight; see the Methodology section).

incorporation of the dose in the adipose tissue compared with
the n-3 LC-PUFA groups, this difference was not statistically
significant (P. 0·05). A comparison of radioactivity detected
in CO2 (at 6 h) and tissues (at 24 h) is presented in Table 1.

Incorporation of radioactivity in various lipid fractions
Table 2 shows the radioactivity incorporated into various lipid
fractions in the analysed tissues.

Phospholipid fraction
The PL fraction was clearly the most labelled for the n-3 LCPUFA compared with OA in all the tissues. In all tissues
except adipose, the tissue labelling in the PL fraction was

between 43 and 80 %. The labelling of PL in adipose was
, 19 % of the label in all lipid fractions in this tissue. In the
brain and liver, the label from DHA was most highly incorporated into the PL, while DPA was the second most highly incorporated. In the heart, the label from DPA was highly
incorporated into the PL and was 3-fold higher than OA.
The brain, heart and kidney showed the greatest differential
for the n-3 LC-PUFA compared with OA; in the case of the
brain, there was approximately twice as much label in the
PL for the n-3 LC-PUFA (1·6-fold for EPA, 2·0-fold for DPA
and 2·3-fold for DHA), compared with OA. In the case
of the heart, there was approximately twice the amount of
radioactivity in the PL for EPA, compared with OA. For DPA
and DHA, the differential was 2·5- and 2·3-fold, respectively,
compared with OA. In the case of the kidney, the differential

Metabolism of radiolabelled n-3 PUFA in rats
Table 1. Comparison of radioactivity recovered from all tissues and from the
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14

CO2 expired by the rats*

(Mean values with their standard errors (percentage of dose), n -5 per group)
Brain
Group
OA
EPA
DPA
DHA

Mean
a

0·1
0·3b
0·3b
0·5c

Liver
SEM

Mean

0·0
0·0
0·0
0·1

a

Heart
SEM

1·6
8·8b
9·6b
17·6c

0·3
0·7
1·0
0·6

Mean
a

0·1
0·3b
0·7c
0·8c

Kidney
Mean

SEM

a

0·0
0·1
0·0
0·0

0·2
0·4b
0·5b
0·7c

Muscle†
SEM

Mean

0·1
0·0
0·0
0·1

a

4·2
6·3a
12·4b
13·5b

Adipose†

SEM

Mean

1·0
0·6
0·4
1·1

a

15·6
6·5a
10·4a
6·8a

CO2 (6 h)

SEM

Mean

SEM

5·8
0·6
1·9
1·9

a

3·0
1·1
1·1
0·4

64·2
19·3b
5·1c
7·0c

OA, oleic acid; DPA, docosapentaenoic acid.
a,b,c
Mean values with unlike superscript letters within a row were significantly different between the dietary groups.
* 14C counts in all tissues (24 h after dosing) and expired 14CO2 (6 h after dosing) of animals supplemented with 2·5 mCi [14C]OA, [14C]EPA, [14C]DPA or [14C]DHA. Data for
liver, heart, brain, kidney and muscle were analysed using one-way ANOVA (due to a normal distribution) and post hoc comparisons were made using the least significant
difference test. Data for adipose tissue counts were analysed using the non-parametric Kruskal–Wallis test (due to a non-normal distribution), with a level of , 0·05 considered as significant.
† The total weight of muscle and adipose tissue was estimated as described in the Methodology section.
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ranged from 2·2- to 2·5-fold for the n-3 LC-PUFA groups,
compared with the OA group.

Other fractions
For the muscle tissue, in the OA group, the TAG þ NEFA fraction was clearly more labelled than the PL fraction; in contrast,
in the muscle, there was approximately equal labelling of the
PL and TAG þ NEFA fractions for the n-3 LC-PUFA groups. In
the case of adipose tissue, more than half of the label was

found in the TAG þ NEFA fraction, with a low proportion
only in the PL fraction in the case of all labelled fatty acids.
In all tissues examined, the spot assigned as cholesterol on
the basis of the standards showed the label in this fraction ranging from 3·4 to 50 % of the radioactivity in different tissue
lipids with the fatty acid isotopes. In general, there was a
higher proportion of label in cholesterol for the OA group
than for the n-3 LC-PUFA groups. In the brain, there was significantly more radioactivity in cholesterol as a proportion
of the lipids detected for OA compared with DPA and DHA.

Table 2. Incorporation of radioactivity into various lipid fractions in different tissues (percentage of radioactivity in lipid fractions per tissue)*
(Mean values with their standard errors (percentage of dose), n 5 per group)
OA group
Mean
Brain
Phospholipid
Cholesterol
NEFA þ TAG†
Liver
Phospholipid
Cholesterol
NEFA þ TAG†
Heart
Phospholipid
Cholesterol
NEFA þ TAG†
Kidney
Phospholipid
Cholesterol
NEFA þ TAG†
Muscle
Phospholipid
Diacylglycerol
Cholesterol
NEFA þ TAG†
Adipose tissue
Phospholipid
Diacylglycerol
Cholesterol
NEFA þ TAG†

EPA group
SEM

DPA group

DHA group

Mean

SEM

Mean

SEM

Mean

SEM

35·4a
27·2a
37·4a

4·8
3·4
3·9

58·2b
22·2a,b
19·6b

2·9
3·8
1·9

70·9c
13·4b,c
15·7b,c

1·0
2·1
2·5

80·0d
9·6c
10·4c

0·9
0·2
0·9

28·87a
29·1a
42·1a

2·2
2·3
3·0

54·8b
3·4b
41·7a

1·1
0·4
1·3

54·5b
6·1c
39·4a

2·1
0·9
1·5

58·9b
5·0b,c
36·2a

1·0
1·3
1·4

27·3a
50·7a
22·0a

10·6
14·7
5·4

57·8a
26·2a
16·0a

6·8
6·8
4·2

73·5b
8·4b
18·1a

2·3
1·6
2·8

68·7b
21·5a
9·8b

3·1
3·9
1·1

19·8a
21·5a
58·7a

3·3
5·0
4·2

50·6b
7·0b
42·4b

4·8
0·9
4·3

42·9b
13·0a,b
44·1a,b

2·7
3·5
4·6

49·7b
11·6a,b
38·7b

2·5
1·0
2·2

17·7a
14·4a
9·1a
58·8a

1·9
3·1
1·5
3·7

45·1b
11·1a
8·5a
35·3b

3·3
1·7
1·5
1·7

45·8b
5·8b
5·0b
43·5b

5·1
0·7
0·5
5·4

49·4b
7·7b
12·2a
30·7b

4·0
1·0
2·6
1·6

6·6a
15·5a
19·2a
58·8a

0·6
2·6
2·3
5·4

17·3a,b
17·1a
14·1a
46·8a

3·4
2·4
1·2
4·4

18·8b
12·4a
16·2a
52·6a

1·1
1·3
3·9
3·6

11·4c
12·5a
10·7b
65·4a

0·8
1·7
3·0
3·2

OA, oleic acid; DPA, docosapentaenoic acid.
a,b,c
Mean values with unlike superscript letters within a row were significantly different (P,0·05).
* Data were analysed using the non-parametric Kruskal– Wallis test (due to a non-normal distribution), with a level of ,0·05 considered as
significant.
† NEFA and TAG fractions were poorly separated on most TLC plates, so these two fractions were pooled for 14C determinations.
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In the brain, the differential was between 1·2- and 2·8-fold in
favour of OA. In the liver, there was a significantly higher proportion of the label in cholesterol in the OA group than for the
n-3 LC-PUFA groups. In the adipose, kidney and muscle,
tissue lipid radioactivity in cholesterol was between 9 and
21·5 % in the OA group, but these values were not consistently
different from those of the n-3 LC-PUFA groups.
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Discussion
The present study examines the effects of the oral administration of [14C]DPA to animals on the extent of b-oxidation
of [14C]DPA (measured by the labelling of expired 14CO2), as
well as the tissue incorporation of 14C-labelled lipids. DPA
and DHA were conserved from b-oxidation to a greater
extent than EPA and OA at 6 h. This finding is consistent
with that of Leyton et al.(4), who used 3·5-week-old Sprague– Dawley rats and showed that after 6 h, 48 % of the radioactivity from OA administered to the rats was recovered as
14
CO2. In the present study, it was observed that after 6 h of
dosing with [14C]OA, the 4-week-old Wistar rats expired 64 %
of the radioactivity administered. Leyton et al.(4) also found
a significantly greater b-oxidation of OA at 6 h compared
with linoleic acid, ALA and arachidonic acid.
Previously, studies have also reported a higher b-oxidation
rate of EPA compared with DHA. Madsen et al.(10) reported
that EPA-CoA is a good substrate for mitochondrial carnitine
acyl-transferase-I and DHA is a poor substrate for both mitochondrial and peroxisomal b-oxidation in ex vivo experiments, which could explain the high rate of b-oxidation of
EPA in the present study(10). They also reported that
[1-14C]EPA was oxidised to a much greater extent than
[1-14C]DHA in rat liver parenchymal cells, isolated peroxisomes and, especially, purified mitochondria. However,
there is no literature on in vitro or in vivo mitochondrial or
peroxisomal b-oxidation of DPA.
Evidence suggests that n-3 LC-PUFA are important regulators of PPAR, though the effects vary according to cell types,
i.e. in some cells, PPAR expression is increased by n-3 LCPUFA while in others it is decreased(18). For example, studies
have reported an increase in PPARg after exposure to n-3 LCPUFA in myotubes(19), in HepG2 cells(20) and adipocytes(21).
However, Lee & Hwang(22) reported that n-3 LC-PUFA suppressed PPAR responses in a human colon tumour cell
line(22). Although the effect of DPA on fat oxidation has not
been investigated, one study that investigated the PPARabinding affinity of various fatty acids reported that DPA
induced PPARa, but EPA and DHA had a stronger and more
consistent effects(23).
There is another isomer of DPA known as n-6 DPA. The
content of n-6 DPA is low in most mammalian tissues,
except testes tissue(24,25). In fish and fish oils, the n-3 isomer
of DPA is substantially higher than the n-6 isomer(26). It is
not known whether n-6 DPA would behave in the same
manner as n-3 DPA, as no animal studies have been conducted to investigate its b-oxidation in vivo. However, studies
in cell culture have shown that when [1-14C]4,7,10,13,16 –22 : 5
was incubated directly with peroxisomes, microsomes and

1-acyl-sn-glycero-3-phosphocholine, or generated from
[3-14C]6,9,12,15,18 – 24 : 5, its primary fate was esterification
rather than continued b-oxidation(27).
While it is generally regarded that DHA is highly concentrated in the brain, the present study shows that for all n-3
LC-PUFA, the tissues most extensively labelled were skeletal
muscle, liver and adipose tissue. Polozova & Salem(12) also
found DHA to be highly incorporated in the liver, heart and
brain, compared with OA, 5 min after an intravenous injection
of [14C]DHA in mice.
A recently published study on the whole-body distribution
of labelled DHA (either TAG or PL form), using the technique
of whole-body autoradiography(28), showed similar data to the
present study. The percentage of the oral dose for rats aged 4
weeks (24 h post-dose with the TAG form) was 17·93 % in the
liver (the result from Table 2 was 17·6 %), 22·98 % for the skeletal muscle (the present study 13·5 %), 0·72 % for the heart (the
present study 0·8 %), 0·62 % for the kidney (the present study
0·7 %) and 0·21 % for the brain (the present study 0·5 %). The
generally good consistency between the data from Graf
et al.(28) and the present study supports the assumptions
made in the present study on the proportions of muscle and
adipose tissue in rats (for a description see the Methodology
section). In addition, Graf et al.(28) reported a difference in
the labelling between brown and white adipose tissue in
favour of brown fat by 9-fold. In the present study, only
white adipose tissue was examined. Graf et al.(28) also
reported that the form of lipid that contained DHA could
play a significant role in tissue distribution. The study
showed that in 10-week-old rats, tissues such as liver, brain,
kidney and anterior uveal tract accumulated 2- to 3-fold
more [14C]DHA-derived radioactivity after [14C]DHA-PL
dosing compared with [14C]DHA-TAG dosing. In the present
study, the NEFA form of DHA and the other LC-PUFA was
used.
One of the indications of b-oxidation of 14C-labelled fatty
acids is the detection of the label into the cholesterol fraction.
This fraction presumably reflects the synthesis of cholesterol
derived from labelled acetyl CoA or other water-soluble
metabolites, such as ketones, resulting from b-oxidation of
the dosed 14C-labelled fatty acids. The results in Table 2
show that there was a higher incorporation of the label in
the cholesterol fraction in the OA group in most tissues, compared with all three n-3 LC-PUFA groups. This is consistent
with the CO2 data, which showed that OA was b-oxidised at
a higher rate compared with the n-3 LC-PUFA. While not
measured, it would be expected that SFA and MUFA would
become labelled in some tissues presumably via the same process that resulted in the labelling of cholesterol(11,29 – 31).
In the present study, the label from the n-3 LC-PUFA
showed a higher incorporation in the PL fraction compared
with OA in all tissues. Polozova & Salem(12) also showed
that rats injected with radioactive DHA showed higher radioactivity in PL and NEFA fractions in the liver tissue and
lower radioactivity in the TAG fraction, 5 min post-injection,
compared with OA-injected rats. In comparing the deposition
of label in the PL fraction within the three n-3 LC-PUFA
groups, it was observed that DHA showed a significantly

Metabolism of radiolabelled n-3 PUFA in rats

higher incorporation into PL in the brain, compared with EPA
(by 1·4-fold) and DPA (1·1-fold). The reduced incorporation of
label in expired CO2 in the DPA and DHA groups may be due
to the fact that there may be selective acylation of DPA and
DHA into PL, making the substrates less readily available as
substrates for b-oxidation(32,33).
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Conclusions
DPA is an n-3 LC-PUFA commonly consumed through red
meat and fish; however, the fate of ingested DPA in vivo has
not been studied in much detail. The present study is the
first to report on the whole-body metabolism of [14C]DPA in
animals, with the aim to examine the extent of b-oxidation
and tissue incorporation of [14C]DPA and [14C]DHA compared
with [14C]EPA. The conservation of DPA from b-oxidation and
higher incorporation of DPA (as with DHA) in the heart and
muscle, compared with EPA, suggests that DPA might have a
specific role in these tissues; further studies are required to
investigate this issue, as well as to establish whether DPA is a
substrate for cyclo-oxygenase and lipoxygenase enzymes
in vivo (34,35).

Acknowledgements
This study was supported by the Meat and Livestock Australia
and Centre for Molecular Medicine Research, School of Medicine, Deakin University, Australia. We also acknowledge the
Australian Research Council Discovery Project DP120101309.
There are no conflicts of interest. G. K., A. J. S., J. C. M.-N.
designed the study; G. K. conducted the research and analysed the data with assistance from J. C. M.; G. K. and A. J.
S. wrote the manuscript; H. S. W. made significant contributions to the editing of the draft manuscript.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

References
1.

2.

3.

4.

5.

6.

Kaur G, Begg DP, Barr D, et al. (2010) Short-term docosapentaenoic acid (22 : 5n-3) supplementation increases tissue
docosapentaenoic acid, DHA and EPA concentrations in rats.
Br J Nutr 103, 32– 37.
Holub BJ, Swidinsky P & Park E (2011) Oral docosapentaenoic acid (22:5n-3) is differentially incorporated into phospholipid pools and differentially metabolized to
eicosapentaenoic acid in tissues from young rats. Lipids 46,
399–407.
Kaur G, Sinclair AJ, Cameron-Smith D, et al. (2011) Docosapentaenoic acid (22:5n-3) down-regulates the expression of
genes involved in fat synthesis in liver cells. Prostaglandins
Leukot Essent Fatty Acids 85, 155 – 161.
Leyton J, Drury PJ & Crawford MA (1987) Differential oxidation of saturated and unsaturated fatty acids in vivo in
the rat. Br J Nutr 57, 383 – 393.
Fu Z & Sinclair AJ (2000) Novel pathway of metabolism of
alpha-linolenic acid in the guinea pig. Pediatr Res 47,
414–417.
Burdge GC, Finnegan YE, Minihane AM, et al. (2003) Effect
of altered dietary n-3 fatty acid intake upon plasma lipid fatty
acid composition, conversion of [13C]a-linolenic acid to
longer-chain fatty acids and partitioning towards b-oxidation
in older men. Br J Nutr 90, 311 –321.

18.

19.

20.

21.

22.

23.

447

Chen CT, Liu Z, Ouellet M, et al. (2009) Rapid beta-oxidation
of eicosapentaenoic acid in mouse brain: an in situ study.
Prostaglandins Leukot Essent Fatty Acids 80, 157–163.
Demar JC Jr, Ma K, Chang L, et al. (2005) a-Linolenic
acid does not contribute appreciably to docosahexaenoic
acid within brain phospholipids of adult rats fed a diet
enriched in docosahexaenoic acid. J Neurochem 94,
1063 –1076.
Demar JC Jr, Ma K, Bell JM, et al. (2004) Half-lives of docosahexaenoic acid in rat brain phospholipids are prolonged
by 15 weeks of nutritional deprivation of n-3 polyunsaturated fatty acids. J Neurochem 91, 1125 –1137.
Madsen L, Froyland L, Dyroy E, et al. (1998) Docosahexaenoic and eicosapentaenoic acids are differently metabolized
in rat liver during mitochondria and peroxisome proliferation. J Lipid Res 39, 583–593.
Sinclair AJ (1975) Incorporation of radioactive polyunsaturated fatty acids into liver and brain of developing rat.
Lipids 10, 175– 184.
Polozova A & Salem N Jr (2007) Role of liver and plasma
lipoproteins in selective transport of n-3 fatty acids to tissues:
a comparative study of 14C-DHA and 3H-oleic acid tracers.
J Mol Neurosci 33, 56– 66.
Cabak V, Dickerson JW & Widdowson EM (1963) Response
of young rats to deprivation of protein or of calories. Br
J Nutr 17, 601–616.
Demar JC Jr, DiMartino C, Baca AW, et al. (2008) Effect of
dietary docosahexaenoic acid on biosynthesis of docosahexaenoic acid from alpha-linolenic acid in young rats. J Lipid
Res 49, 1963 –1980.
Hemeryck A, Geerts R, Monbaliu J, et al. (2007) Tissue distribution and depletion kinetics of bortezomib and bortezomib-related radioactivity in male rats after single and
repeated intravenous injection of 14C-bortezomib. Cancer
Chemother Pharmacol 60, 777– 787.
Li Q, Xie LH, Haeberle A, et al. (2006) The evaluation
of radiolabeled artesunate on tissue distribution in rats
and protein binding in humans. Am J Trop Med Hyg 75,
817– 826.
Sinclair AJ, O’Dea K, Dunstan G, et al. (1987) Effects on
plasma lipids and fatty acid composition of very low fat
diets enriched with fish or kangaroo meat. Lipids 22,
523– 529.
Deckelbaum RJ, Worgall TS & Seo T (2006) n-3 Fatty acids
and gene expression. Am J Clin Nutr 83, Suppl. 6,
1520S– 1525S.
Aas V, Rokling-Andersen MH, Kase ET, et al. (2006) Eicosapentaenoic acid (20:5n-3) increases fatty acid and glucose
uptake in cultured human skeletal muscle cells. J Lipid Res
47, 366– 374.
Li X, Hansen PA, Xi L, et al. (2005) Distinct mechanisms of
glucose lowering by specific agonists for peroxisomal proliferator activated receptor gamma and retinoic acid X receptors. J Biol Chem 280, 38317– 38327.
Perez-Matute P, Perez-Echarri N, Martinez JA, et al. (2007)
Eicosapentaenoic acid actions on adiposity and insulin resistance in control and high-fat-fed rats: role of apoptosis,
adiponectin and tumour necrosis factor-a. Br J Nutr 97,
389– 398.
Lee JY & Hwang DH (2002) Docosahexaenoic acid suppresses the activity of peroxisome proliferator-activated
receptors in a colon tumor cell line. Biochem Biophys Res
Commun 298, 667–674.
Pawar A & Jump DB (2003) Unsaturated fatty acid regulation
of peroxisome proliferator-activated receptor alpha activity
in rat primary hepatocytes. J Biol Chem 278, 35931– 35939.

448
24.

25.

26.
27.

28.

British Journal of Nutrition

29.

G. Kaur et al.
Tam PS, Sawada R, Cui Y, et al. (2008) The metabolism and
distribution of docosapentaenoic acid (n-6) in the liver
and testis of growing rats. Biosci Biotechnol Biochem 72,
2548– 2554.
Tam PS, Umeda-Sawada R, Yaguchi T, et al. (2000) The
metabolism and distribution of docosapentaenoic acid (n-6)
in rats and rat hepatocytes. Lipids 35, 71 –75.
Gundstone FD, Harwood JL & Padley FB (1994) The Lipid
Handbook. London: Chapman & Hall.
Mohammed BS, Luthria DL, Bakousheva SP, et al. (1997)
Regulation of the biosynthesis of 4,7,10,13,16-docosapentaenoic acid. Biochem J 326, 425 –430.
Graf BA, Duchateau GS, Patterson AB, et al. (2010) Age
dependent incorporation of 14C-DHA into rat brain and
body tissues after dosing various 14C-DHA-esters. Prostaglandins Leukot Essent Fatty Acids 83, 89– 96.
Cunnane SC, Belza K, Anderson MJ, et al. (1998) Substantial
carbon recycling from linoleate into products of de novo
lipogenesis occurs in rat liver even under conditions of
extreme dietary linoleate deficiency. J Lipid Res 39,
2271– 2276.

30.

31.

32.
33.

34.

35.

Menard CR, Goodman KJ, Corso TN, et al. (1998) Recycling
of carbon into lipids synthesized de novo is a quantitatively
important pathway of alpha-[U-13C]linolenate utilization in
the developing rat brain. J Neurochem 71, 2151 – 2158.
Cunnane SC, Menard CR, Likhodii SS, et al. (1999) Carbon
recycling into de novo lipogenesis is a major pathway in neonatal metabolism of linoleate and alpha-linolenate. Prostaglandins Leukot Essent Fatty Acids 60, 387– 392.
Sinclair AJ (1974) Fatty acid composition of liver lipids
during development of rat. Lipids 9, 809– 818.
Lands WE, Inoue M, Sugiura Y, et al. (1982) Selective incorporation of polyunsaturated fatty acids into phosphatidylcholine by rat liver microsomes. J Biol Chem 257,
14968– 14972.
Dangi B, Obeng M, Nauroth JM, et al. (2009) Biogenic synthesis, purification, and chemical characterization of antiinflammatory resolvins derived from docosapentaenoic
acid (DPAn-6). J Biol Chem 284, 14744 –14759.
Groeger AL, Cipollina C, Cole MP, et al. (2010) Cyclooxygenase-2 generates anti-inflammatory mediators from omega-3
fatty acids. Nat Chem Biol 6, 433– 441.

