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Dietary supplementation of α-linolenic acid
induced conversion of n-3 LCPUFAs and
reduced prostate cancer growth in a
mouse model
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Abstract

Background: α-linolenic acid (ALA) is an n-3 polyunsaturated fatty acid (PUFA) and the substrate for long-chain n-3
PUFAs. The beneficial effects of ALA on chronic diseases are still in dispute, unlike those of eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA).

Methods: The primary objective of this investigation was to evaluate the efficiency of ALA uptake from a vegetable
oil source and its subsequent conversion to n-3 long-chain PUFAs (LCPUFAs) in the tissues of growing mice, and to
investigate its protective role in a prostate cancer animal model. We carried out the investigation in prostate-
specific Pten-knockout mice with specified low-ALA (L-ALA, 2.5%) and high-ALA (H-ALA, 7.5%) diets. Total fatty acids
in blood, liver, epididymal fat pad, prostate were detected and prostate weight were adjusted for body weight
(mg/25 g).

Results: We found that dietary ALA triggered significant increases in ALA, EPA, docosapentaenoic acid (DPA) and
DHA levels and a significant decrease in arachidonic acid levels during the mice’s growth stage. A dose-dependent
effect was observed for ALA, EPA and DPA, but not DHA. Furthermore, the average prostate weights in the
L-ALA and H-ALA groups were lower than those in the control and n-6 groups, and similar to those in the
EPA and n-3 groups.

Conclusions: Our data suggest that dietary supplementation with ALA is an efficient means of improving n-3
LCPUFAs in vivo, and it has a biologically effective role to play in prostate cancer, similar to that of fish oils.
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Background
In mammals, n-3 and n-6 polyunsaturated fatty acids are
essential fatty acids that cannot be synthesised de novo
and must be obtained through dietary sources. The n-3
long-chain polyunsaturated fatty acids (LCPUFAs),
principally eicosapentaenoic acid (EPA; 20:5 n-3) and
docosahexaenoic acid (DHA; 22:6 n-3) in cell mem-
branes play an important role in determining cell and

tissue function. Substantial experimental and epidemio-
logical studies have proved that dietary interventions
with n-3 LCPUFAs have preventive and/or treatment
effects on inflammatory and cardiovascular diseases and
some cancer types, including breast, prostate, colon,
skin, and lymphoma [1–5]. As a consequence, increased
consumption of EPA and DHA through fish or fish oil is
highly recommended [6]. Unfortunately, fish sources are
less accessible than plant sources.
α-linolenic acid (ALA; 18:3 n-3) is usually the major

n-3 PUFA in the diet, and is present in some vegetable
oils including flaxseed (ALA contents>50%), canola and
soybean [7]. A wide range of plant products, such as
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nuts, seeds, vegetables, legumes, grains, and fruits, also
contribute to the total ALA intake [8]. Although ALA
serves as a precursor for EPA and DHA, whether it has
anti-inflammatory effects and the same effectiveness as
its elongated metabolites is a controversial and conflict-
ing issue. A study that followed a cohort of 47,866 US
men aged 40–75 y with no cancer history for 14 y sug-
gested that increased dietary intake of ALA may increase
the risk of advanced prostate cancer [2]. Another study
comparing the effect of manipulating the n-6/n-3 ratio
utilising ALA, EPA and DHA found that reducing the n-
6/n-3 ratio with ALA was not as effective as EPA and
DHA for mitigating obesity or the development of type
II diabetes mellitus [9]. However, Oro Inca oil (rich in
ALA) supplementation in Walker 256 tumour-bearing
rats inoculated with Walker 256 tumour cells did cause
a reduction in tumour mass and tumour cell prolifera-
tion and avoided cancer cachexia effects similar to n-3
LCPUFAs [10]. Similarly, a study that compared the
effects of ALA-rich chia oil and fish oils enriched with
either EPA or DHA on cardiovascular, hepatic and
metabolic parameters in a diet-induced rat model of the
human metabolic syndrome found that ALA did reduce
inflammation. It therefore seems likely that ALA has
independent effects that do not rely on its metabolism
to DHA [11].
As with other dietary-derived PUFAs, a high percent-

age of ALA uptake from the diet results in β-oxidation
of approximately 60–80%, which means its conversion
rate is relatively poor [12, 13]. However, extensive diet-
ary sources make it easy to access plenty of ALA. In our
previous study, in which 0–10 wt% of ALA was added to
the diet, we demonstrated that mice effectively absorbed
ALA as a dietary supplement. As mice are able to absorb
ALA, it is necessary to consider whether the dietary
ALA absorbed can be efficiently converted into LCPU-
FAs and whether the stored ALA and/or the converted
long-chain metabolites have a biological effect. Diet is
considered one of the major modifiable environmental
factors influencing prostate cancer progression [14]. In
particular, dietary fat has received more attention than
any other dietary component [15]. Our earlier study
demonstrated that n-3 LCPUFAs inhibited prostate
cancer growth and development in Pten-knockout mice,
which develop prostate cancer spontaneously [1]. There-
fore, we used prostate-specific Pten-knockout mice fed
an ALA-enriched diet with defined PUFA levels to
investigate the influence of dietary ALA on the level of
n-3 LCPUFAs in vivo and its effect on tumour growth.

Methods
Mice
Prostate-specific Pten-knockout mice were generated as
described previously (n ≥ 12 per experimental group)

[1]. All animals were housed in the Animals Housing
Unit of Jiangnan University at a room temperature of
23 ± 1 °C with a 12 h light/dark cycle. The mice were
housed in individual ventilated cages and sterile water
was provided ad libitum. F1 and F2 mice were main-
tained on the specified experimental diets, and only F2
males were used in our experiments. The F2 males were
sacrificed at the age of the 8 weeks and a section of
prostate was removed and frozen at −80 °C. Animal care
and experimental protocols were conducted in compli-
ance with the Animal Ethics Committee of Jiangnan
University, China, and were performed according to the
ethical guidelines of the European Community ethical
guidelines (Directive 2010/63/EU).

Diets
All of the experimental diets consisted of 13.0% fat,
46.5% carbohydrate, 24.5% protein and 11% alphacel (as
the source of dietary fibre). The diet formulas are pro-
vided in Additional file 1: Table S1. The L-ALA diet and
H-ALA diet contained 2.5% and 7.5% ALA by weight
percent, respectively, which mainly came from flax-
seed oil. The percentage of ALA in the flaxseed oil
was 82.8%. All feed was kneaded into balls and stored
at −20 °C before being given to the mice. The fatty
acid profiles of the diets are presented in Table 1.
Briefly, there was a predominance of oleic acid (53.0%) in
the control diet and of LA (39.9%) in the n-6 diet. The L-
ALA diet contained 17.2% ALA and 13.4% LA. The H-
ALA diet was rich in ALA (43.4%), and contained 16.7%
LA. The EPA diet contained 12.9% EPA and 1.6% DHA.
In the n-3 diet, the ratio of EPA:DHA was 1, with the
percentage reaching 7.0%.

Blood collection
At the age of 8 weeks, the mice were anaesthetised with
isoflurane (Abbott Laboratories). Approximately 100 μl
of blood per mouse was collected through the retro-
orbital vein by the tubes containing heparin sodium,
snap-frozen in liquid nitrogen, and stored at −80 °C until
analysis.

Tissue dissection and processing
The liver and epididymis fat pad were dissected, and the
whole mouse and prostate lobes were dissected and
weighted as described [16]. Representative whole
prostate sections for Pten-knockout mice in each group
were photographed. All of the prostates and tissues were
snap-frozen in liquid nitrogen, and stored at −80 °C until
analysis.

Fatty acid profiles from diets and tissues
Total fatty acids in the diets, blood, liver, epididymis adi-
pose tissue and prostates of mice at the age of 8 weeks
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were analysed at the same time. Liver, epididymis adi-
pose tissue and prostate samples were each homogenised
with 500 μl of methanol before lipid extraction. Total
fatty acid extraction was performed as described previ-
ously [1], and then 1 μl of solution was analysed on a
gas chromatograph (GC2010 plus, Shimadzu, Kyoto,
Japan) fitted with a QP2010 ultra mass spectrometer
(Shimadzu, Kyoto, Japan) using an Rtx-WAX column
(30 m × 0.25 mm i.d. with 0.25 μm thickness) (Restek
Corporation, Bellefonte, PA). The temperature program-
ming of the gas chromatography was performed as
described previously [17].

Statistics
All data are presented as means ± SEMs. All analyses
were performed using GraphPad Prism 6 (GraphPad
Software, Inc) software or SPSS version 23.0 (SPSS Inc.,
Chicago, IL, USA). Mouse prostate weight data were
analysed using a one-way ANOVA model. Prostate
weight was adjusted for body weight (mg/25 g). Signifi-
cant differences between dietary groups were tested
using one-way ANOVA for each type of fatty acid ana-
lysis. Differences with a P value of 0.05 or less were con-
sidered significant.

Results
An ALA-enriched diet leads to elevated ALA levels in
mouse blood and tissues
To assess the efficiency of dietary intake of PUFAs, the
percentage of ALA in the blood, liver, epididymal fat pad
and prostate of mice fed specified diets were measured
and the results are presented in Table 2.
Our previous study demonstrated that there was a

strictly correlated response between increasing EPA
concentration in vivo and dietary ALA supplementation
in a range up to 5%, but no significant difference in
ALA dietary supplementation between 5% and 10% [18].
Therefore, in the present study, all diets contained 13%
total fat and the ALA content was 2.5% in the L-ALA
diet and 7.5% in the H-ALA diet. The dietary ALA was
bioavailable and incorporated into the blood and tissues
of the F2 mice. The blood lipid ALA levels in mice fed
L-ALA and H-ALA diets were 2.75% and 5.98%, respect-
ively. The ALA levels in the liver tissue of mice fed the
L-ALA and H-ALA diets were 3.24% and 10.7%, respect-
ively. These levels were higher than those in the blood,
perhaps because the liver is a vital organ for lipid metab-
olism and synthesis of LCPUFAs from ALA [19].
Increasing the level of ALA fed to mice also increased
the levels of ALA in the liver and epididymal fat pad. As

Table 1 Fatty acid profile of the experimental dietsa

Dietc, %

Fatty acid CON L-ALA H-ALA EPA n-6 n-3

14:0 1.09 ± 0.01 1.13 ± 0.08 0.75 ± 0.03 1.06 ± 0.00 1.15 ± 0.07 1.17 ± 0.03

15:0 0.09 ± 0.00 0.09 ± 0.01 0.08 ± 0.01 0.09 ± 0.00 0.10 ± 0.10 0.09 ± 0.01

16:0 24.9 ± 0.20 24.7 ± 0.26 13.8 ± 0.45 21.2 ± 0.23 23.2 ± 0.16 25.2 ± 0.18

16:1 0.97 ± 0.02 0.51 ± 0.03 0.31 ± 0.01 0.58 ± 0.01 0.25 ± 0.02 0.61 ± 0.03

17:0 0.15 ± 0.01 0.12 ± 0.01 0.08 ± 0.00 0.13 ± 0.03 0.13 ± 0.00 0.13 ± 0.01

18:0 6.26 ± 0.08 4.96 ± 0.16 2.86 ± 0.06 5.48 ± 0.06 5.66 ± 0.02 5.35 ± 0.13

18:1 53.0 ± 0.11 36.7 ± 0.30 21.3 ± 0.02 37.2 ± 0.40 28.0 ± 0.14 39.3 ± 0.16

18:2 11.9 ± 0.07 13.4 ± 0.01 16.7 ± 0.13 15.5 ± 0.10 39.9 ± 0.08 10.6 ± 0.10

18:3 0.60 ± 0.02 17.2 ± 0.12 42.4 ± 0.61 1.16 ± 0.03 0.39 ± 0.04 0.44 ± 0.01

20:0 0.67 ± 0.01 0.93 ± 0.13 1.68 ± 0.20 0.56 ± 0.01 0.58 ± 0.01 0.51 ± 0.02

20:1 0.31 ± 0.01 0.19 ± 0.01 0.12 ± 0.01 0.47 ± 0.01 0.23 ± 0.01 0.34 ± 0.02

20:4 n-6 NDb ND ND 0.97 ± 0.03 ND 0.57 ± 0.02

20:4 n-3 ND ND ND 0.60 ± 0.01 ND 0.31 ± 0.01

20:5 ND ND ND 12.9 ± 0.41 ND 7.03 ± 0.15

22:0 ND ND ND 0.20 ± 0.02 0.35 ± 0.03 ND

22:5 n-6 ND ND ND ND ND 0.58 ± 0.00

22:5 n-3 ND ND ND 0.38 ± 0.01 ND 0.69 ± 0.01

22:6 ND ND ND 1.62 ± 0.11 ND 7.01 ± 0.08
aValues are means ± SEMs (n = 3)
bND, not detected
cData expressed as percentage of total fatty acids. L-ALA, low-ALA; H-ALA, high-ALA; CON, control
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adipose tissue is important for storing ALA that can be
made available to the body when needed [20], the ALA
level reached 9.84% in mice fed the L-ALA diet, and
26.5% in those fed the H-ALA diet.
Although the ALA levels increased in a dose-dependent

manner in the blood, liver and epididymal fat pad, there
were no significant differences in the prostate, with 2.48%
for the L-ALA diet and 2.72% for the H-ALA diet. Never-
theless, these results showed that supplementation with
ALA increased the levels of ALA in different tissues.
Several studies have reported similar findings [21–25],
indicating that ALA obtained from the daily diet can be
efficiently absorbed and transported by the blood and
tissues of mice.

An ALA-enriched diet is effective in promoting n-3 LCPUFAs
levels and lowering AA levels in mouse blood and tissue
ALA is the substrate for the synthesis of LCPUFAs such
as EPA, docosapentaenoic acid (DPA; 22:5 n-3) and
DHA. Hence, we also examined the effects of different
doses of dietary ALA on the concentrations of EPA,
DPA and DHA in vivo in the Pten-knockout mice
(Table 3). The L-ALA and H-ALA diets produced a
significant increase in EPA, DPA and DHA levels in
the blood, liver and prostate tissues compared with
the control and n-6 groups. In the L-ALA group, the
level of EPA was 4.05%, 4.90% and 2.04% in the blood,
liver and prostate, respectively. The H-ALA diet resulted
in an approximately 2-fold increase in its converted prod-
uct, EPA, in the blood, liver and prostate compared with
the L-ALA diet group. However, in the H-ALA diet group,
EPA in the blood was found to make up 7.22% of the total
fatty acids, only a little less than the EPA and n-3 groups,
while the prostate EPA level was close to the two
positive control groups, accounting for 3.82% of the
total fatty acids. The level of EPA in the liver was
9.68%, which was statistically higher than that in the
n-3 group (p < 0.001).
DPA is an elongated metabolite of EPA and is an inter-

mediary product between EPA and DHA. In both the L-
ALA and H-ALA groups, the DPA content was less than
the EPA content in the blood and liver; however, the
prostate DPA content was similar to the EPA content,

which was consistent with the EPA group. In addition,
the DPA level in the H-ALA group was higher than that
in the L-ALA group in the respective tissues.
Many studies have reported that relatively high con-

sumption of ALA in either animals or humans increases
EPA and DPA levels, but not DHA levels, leading to the
belief that the major products of ALA metabolism are
EPA and DPA [24, 26–28]. In our study, we found that
the mice fed ALA had significantly higher levels of DHA
in blood and tissues than the control group and n-6
group, although no dose-dependent increase was ob-
served. Among these tissues, the liver had the highest
DHA content, with 10.9% in the L-ALA group and
9.41% in the H-ALA group, as much as twice that in the
blood and prostate in these groups. In contrast, the epi-
didymal fat tissue contained very small amounts of DHA
in the two ALA diets and the n-3 PUFAs concentrations
were largely contributed by ALA; the total LCPUFAs
detected only accounted for 0.46% and 0.64% in the two
ALA groups respectively, far less than the 3.81% in the
EPA group and 5.17% in the n-3 group.
Arachidonic acid (AA; 20:4, n-6) is the predominant

product of the n-6 pathway and is usually a precursor
for the synthesis of eicosanoids, which are involved in
pro-inflammatory effects [29]. Therefore, the AA levels
in the blood and tissues of Pten-knockout mice were
analysed (Fig. 1). The highest concentrations were mea-
sured in the blood and prostrate of the control and n-6
mice, whereas the n-6 group showed a significant rise in
the AA level in the liver compared with the control
group (p < 0.001). The AA levels in the blood, liver and
prostate of the two ALA groups were significantly lower
than those of the control and n-6 groups, while the
epididymal fat tissue contained only tiny amounts of AA
in all groups (data not show). These results suggest that
dietary intake of ALA limited the availability of AA in
blood and tissues.

An ALA-enriched diet reduces prostate tumour weight
and slows down prostate tumour progression
The levels of total fatty acids measured in tissues indi-
cated that the diets were absorbed equally well in the
different groups of Pten-knockout mice. To determine

Table 2 Percentage of ALA in blood, liver, epididymal fat pad and prostate of Pten-knockout mice1

Group3, %

Tissue CON L-ALA H-ALA EPA n-3 n-6

blood ND2,a 2.75 ± 0.29b 5.98 ± 0.80c NDa NDa NDa

liver NDa 3.24 ± 0.52b 10.7 ± 1.21c 0.22 ± 0.04a 0.17 ± 0.04a 0.06 ± 0.02a

epididymal fat pad 0.12 ± 0.01a 9.84 ± 0.29b 26.5 ± 0.27c 0.59 ± 0.02a 0.60 ± 0.05a 0.30 ± 0.03a

prostate NDa 2.48 ± 0.56b 2.72 ± 0.47b NDa NDa 0.47 ± 0.07a

1Values are means ± SEMs (n = 6). Labeled means without a common letter differ, p < 0.05
2ND, not detected
3Data expressed as percentage of total fatty acids. L-ALA, low-ALA; H-ALA, high-ALA; CON, control
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whether dietary ALA can modify genetic cancer risk,
mice with Pten deletion were bred, and fed the specified
diets starting from their parental generation. We crossed
Ptenloxp/loxp mice with the ARR2Probasin-cre transgenic
line, PB-cre4, in which the cre recombinase is under the
control of a modified mouse prostate-specific probasin
promoter [30]. Mice without the tumour suppressor
gene Pten in the prostate will develop prostate cancer
spontaneously, mimicking the disease seen in humans.
We dissected, photographed and weighted the prostate

lobes of mice at the age of 2 months, and the relative
prostate weight (expressed as mg/25 g body weight) was
calculated (Fig. 2). In the wild type groups, the relative

prostate weights were in the normal range from 26 to
45 mg/25 g (data not show) regardless of diet, demon-
strating that the diet did not affect the prostrate weight
of wild type mice. Remarkably, the average prostate
weight of Pten-knockout mice fed the H-ALA diet was
21.3% lower than that of the control group (p < 0.001)
and 16.2% lower than that of the n-6 group (p = 0.001);
and in the L-ALA group, the average weight was 20.1%
lower than that of the control group (p < 0.001) and
14.9% lower than that of the n-6 group (p = 0.002). Both
of the ALA dietary groups demonstrated a similar ten-
dency to the EPA and n-3 dietary groups in the modula-
tion of the prostate tumour weight.

Fig. 1 AA levels in blood and tissues of Pten-knockout mice. (a) blood (b) liver (c) prostate. Data are means ± SEMs; n = 6. Labeled means
without a common letter differ, p < 0.05. L-ALA, low-ALA; H-ALA, high-ALA; CON, control

Table 3 Concentrations of EPA, DPA and DHA in the blood and tissues of Pten-knockout mice1

Group4, %

Tissue Fatty acid CON L-ALA H-ALA EPA n-3 n-6

blood EPA ND2,a 4.05 ± 0.31b 7.22 ± 0.28c 10.1 ± 0.75e 8.90 ± 0.37d NDa

DPA NDa 1.54 ± 0.04c 2.14 ± 0.07d 2.57 ± 0.18e 1.20 ± 0.04b NDa

DHA 1.69 ± 0.11b 5.50 ± 0.21d 4.49 ± 0.29c 6.19 ± 0.24d 9.90 ± 0.52e 0.78 ± 0.09a

Total3 1.69 ± 0.11a 11.1 ± 0.46b 13.9 ± 0.54c 19.8 ± 0.53d 20.0 ± 0.83d 0.78 ± 0.09a

liver EPA NDa 4.90 ± 0.39b 9.68 ± 0.46c 8.29 ± 0.83c 5.77 ± 0.52b NDa

DPA 0.11 ± 0.00a 1.58 ± 0.11b 2.18 ± 0.14c 3.90 ± 0.45d 1.84 ± 0.14b,c 0.12 ± 0.02a

DHA 1.70 ± 0.17a 10.9 ± 1.24b 9.41 ± 0.59b 14.0 ± 0.57c 22.0 ± 0.77d 1.98 ± 0.21a

Total 1.72 ± 0.18a 18.8 ± 1.04b 21.3 ± 0.80c 26.2 ± 1.19d 29.6 ± 0.80e 2.07 ± 0.22a

epididymal fat pad EPA NDa 0.11 ± 0.01a 0.20 ± 0.01a 2.31 ± 0.15c 1.49 ± 0.18b NDa

DPA NDa 0.17 ± 0.01a 0.28 ± 0.01b 0.86 ± 0.09c 0.93 ± 0.07c NDa

DHA NDa 0.18 ± 0.02a 0.16 ± 0.03a 0.64 ± 0.07b 2.76 ± 0.23c NDa

Total NDa 0.46 ± 0.03a,b 0.64 ± 0.03b 3.81 ± 0.28c 5.17 ± 0.44d NDa

prostate EPA NDa 2.04 ± 0.26b 3.82 ± 0.41c 4.33 ± 0.96c 3.43 ± 0.54c NDa

DPA NDa 2.30 ± 0.28b 4.12 ± 0.30c 4.14 ± 0.73c 1.75 ± 0.13b NDa

DHA 2.18 ± 0.10a 4.80 ± 0.54b 5.14 ± 0.13b 7.58 ± 0.63c 9.93 ± 0.72d 1.01 ± 0.13a

Total 2.18 ± 0.10a 9.15 ± 0.87b 13.1 ± 0.28c 16.1 ± 2.18d 15.1 ± 0.95c,d 1.01 ± 0.13a

1Values are means ± SEMs (n = 6). Labeled means without a common letter differ, p < 0.05
2ND, not detected
3Total, the sum of EPA, DPA and DHA
4Data expressed as percentage of total fatty acids. L-ALA, low-ALA; H-ALA, high-ALA; CON, control
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Discussion
As the precusor of n-3 LCPUFAs, the beneficial effects
of ALA are still in dispute [2, 9–11]. The primary object-
ive of this investigation was to evaluate the efficiency of
the ALA uptake from a vegetable oil source and its sub-
sequent conversion to n-3 LCPUFAs in different mice
tissues, and to validate whether it plays a protective role
in a prostate cancer animal model.
One of the main metabolic fates of ALA in vivo is its

conversion into EPA, DPA and DHA, but studies evalu-
ating efficiency of the conversion of ALA to its longer-
chain metabolites have produced highly variable results
[31]. Nevertheless, plenty of studies have reached a con-
sensus that increased dietary intake of ALA results in an
increase in the levels of ALA, EPA and DPA in plasma
or tissues [26, 32, 33], consistent with our observation.
In our study, the L-ALA and H-ALA diets contained
17.2% and 42.4% ALA, respectively. The high absolute
amount of ALA in the diets may be one explanation for
the relatively high rate of transformed EPA in the tissues.
Although both LA and ALA use the same enzymes and
compete with each other for enzyme availability, ALA is
the preferred substrate for delta-6-desaturase, the rate-
limiting enzyme in the conversion to EPA [34]. In fact,
more than 10 times the amount of LA is required to
produce an equal effect on n-3 metabolism to that of
ALA on LA elongation [35]. In the present study, the ra-
tio of ALA/LA was found to be 1.3 in the L-ALA diet
and 2.5 in the H-ALA diet. It is possible that a high ratio
of ALA/LA favours the desaturation and elongation of
ALA. Furthermore, the level of EPA was higher in the
liver, which may be because the desaturation/elongation
pathway in the liver is the most important in terms of

supplying ALA metabolites to other tissues [36]. The
DHA level in vivo could be influenced by the experi-
mental animal’s age and background diet [37]. Our ex-
perimental mice were bred and received the ALA diets
for 2 months before they were sacrificed. During the
growth stage, a high level of DHA is needed to support
membrane turnover and meet the development demands
of the cerebral cortex, retina and testis [38–41]. In
addition, as the concentration of DHA supplemented in
the diet and background diet accounts for the synthe-
sised n-3 LCPUFAs metabolites, a high DHA concentra-
tion would be counterproductive [42]. ALA, as the only
n-3 PUFA, accounted for 0.60% in the control diet and
0.39% in the n-6 diet, but we detected almost no EPA or
DPA, while DHA reached 2.18% and 1.01% in the pros-
tates of the two groups, respectively. Furthermore, there
was a significant increase in the DHA levels in the blood
and tissues of the two ALA diets compared with the
control diet, but no dose-dependent tendency was ob-
served between the L-ALA and H-ALA groups. Taken
together with our previous finding that the DHA level
in vivo is quite steady, we tend to believe that enhan-
cing the DHA status of mice fed diets containing
ALA as the only source of n-3 fatty acids may be ef-
ficient, but only when the level of dietary n-3 PUFAs
is low or deficient, and DHA tends to remain at a
certain level when ALA consumption is above an op-
timal level [26, 32, 33, 37, 43].
AA is derived from the essential polyunsaturated fatty

acid, linoleic acid, which is commonly available in diet-
ary fat. The biosynthesis of eicosanoids depends on the
availability of free AA, and contributes to the develop-
ment and progression of numerous malignant diseases,

Fig. 2 Relative prostate weight and representative gross appearance of the 8-week-old Pten-knockout mice. (a) Relative prostate weight. Mouse
AP, DL and VP lobes were weighed, and the sums were calculated and expressed as mg/25 g body weight. Data are means ± SEMs; n ≥ 12.
Labeled means without a common letter differ, p < 0.05. (b) Representative gross appearance. Scale bar: 5 mm. L-ALA, low-ALA; H-ALA, high-ALA;
CON, control
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including prostate cancer. Our data showed that the two
ALA groups were in accordance with the n-3 and
EPA groups, and AA levels were significantly lower
than in the control group in the blood, liver and
prostate (Fig. 1a–c). As LA and ALA compete for desa-
turases and elongases in the lipid synthesis pathway, in-
creased ALA intake leads to reduced AA content and
could further lower the biosynthesis of pro-inflammatory
eicosanoids including prostaglandins (PGs), such as PGE2;
leukotrienes (LTs); and thromboxanes. The effect and sig-
nal transduction of AA and its lipid mediators on the or-
ganism have been well characterized, including cancer
[44]. For example, PGE2 was already reported to promote
tumor growth through induced c-fos expression [45],
downregulating these prostanoids might provide a new av-
enue of investigation for the inhibition of cancer. Thus, as
an AA antagonist, ALA is more biologically potent than
that from fish oil.
The average prostate weight in the L-ALA and H-ALA

groups (86.6 and 85.2 mg/25 g, respectively) was lower
than that in the control and n-6 groups (108 and
102 mg/25 g, respectively), and similar to that in the
EPA and n-3 groups (82.3 and 88.5 mg/25 g, respect-
ively). These findings demonstrate that the diets rich in
ALA supplementation decreased the prostate tumour
weight in Pten-knockout mice, with an effect similar to
that of the EPA and n-3 supplementation groups. A
recent study that explored non-tumour-bearing and
tumour-bearing Wistar rats supplemented with fish oil
or Oro Inca® oil (rich in ALA) also showed that oil rich
in ALA had a similar immune modulation effect to that
of fish oil [46].
The results of our prostate fatty acid analysis showed

that the levels of both EPA and total LCPUFAs in the
H-ALA group were not significantly different from those
in the EPA group (p = 0.50 for EPA, p = 0.08 for LCPU-
FAs) or the n-3 group (p = 0.62 for EPA, p = 0.24 for
LCPUFAs). The effect of ALA on prostate cancer
progression may be partly explained by the fact that n-3
LCPUFAs converted in vivo can maintain adequate con-
centrations in cell membranes, and thus optimal tissue
function, because an animal study found that dietary n-3
LCPUFAs reduced prostate tumour growth, slowed
histopathological progression and increased survival [1].
We also found that the L-ALA group demonstrated a
similar effect in modulating the relative prostate weight
to that of the H-ALA group and the two positive control
groups. However, in the prostate tissue, the amount of
EPA converted from ALA in the L-ALA group was only
half that in the H-ALA group and the two positive
control groups, and the total LCPUFAs also showed a
significant difference compared with these three groups.
As the lowest effective dose of EPA and DHA for cancer
prevention is unclear [47], it is possible that the

concentration of n-3 LCPUFAs in vivo in the L-ALA diet
had reached the threshold for action and/or ALA directly
interacted with nuclear receptors and transcription fac-
tors, which play an important role in the regulation of
lipid homeostasis. However, an inverse association was
previously observed between the ALA level of adipose
breast tissue and breast cancer with biopsies of adipose
breast tissue obtained from 123 women, but no associ-
ation was found between saturates, monounsaturates, n-6
LCPUFAs, n-3 LCPUFAs and the disease [48]. In addition,
our data showed a lower AA content in blood, liver and
prostate of the mice in the two ALA groups. In vivo and
in vitro experiments have demonstrated that the AA me-
tabolites, particularly those generated through the LOX,
such as 12-HETE, are critical to prostate cancer progres-
sion [49]. PGE2 is proved to result in increased prolifera-
tion and decreased apoptosis in androgen sensitive and
insensitive prostate cancer cells, including LNCaP and
PC-3 [50]. Thus, a lower AA content in vivo could result
in less eicosanoids, which may contribute to the protective
effect of ALA in prostate cancer. It will be interesting to
explore the possible mechanism of action of ALA’s
protective effect on prostate cancer, and whether it has an
independent function or needs to be converted into
LCPUFAs to exert its stimulatory effect.
Our animal experiment showed an equivalent effect of

certain doses of ALA and marine-derived oil on prostate
cancer. However, mice fed ALA diets exhibited signifi-
cantly higher levels of plasma total cholesterol and LDL-
cholesterol than the n-3 and EPA groups. In addition,
the H-ALA diet produced a significant increase in serum
alanine aminotransferase compared with controls.

Conclusion
Plant-derived ALA has received increasing interest because
it is available from extensive sources and is transformed
into n-3 LCPUFAs, and thus may have metabolic, func-
tional and health benefits. We found that dietary ALA trig-
gered significant increases in ALA, EPA, DPA and DHA
levels and significant decreases in AA levels in blood, liver
and prostate tissues compared with the control group
when the mice were in the growth stage. Moreover, a dose-
dependent effect was observed for ALA and EPA and
DPA, but not DHA. To our knowledge, this study is the
first to demonstrate that dietary ALA can delay prostate
tumour formation and progression as the marine-derived
oil. ALA, a gift from the land, has been proven to be pre-
cious for its potential beneficial effect on prostate cancer.

Additional file

Additional file 1: Table S1. Composition of the experimental diets.
(DOCX 17 kb)

Li et al. Lipids in Health and Disease  (2017) 16:136 Page 7 of 9

dx.doi.org/10.1186/s12944-017-0529-z


Abbreviations
AA: arachidonic acid; ALA: α-linolenic Acid; AP: anterior prostate;
CON: control; DHA: docosahexaenoic acid; DL: dorsal and lateral prostate;
DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid; H-ALA diet: high-
ALA diet; LA: linoleic acid; L-ALA diet: low-ALA diet; LCPUFA: long-chain
polyunsaturated fatty acid; PGE2: prostaglandin E2; VP: ventral prostate

Acknowledgements
Not applicable.

Funding
This study was supported by the National Natural Science Foundation of
China (No. 31571827) and the program of Collaborative innovation center of
food safety and quality control in Jiangsu Province.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
JL performed the experiments and written the manuscript, SW and YP
helped in the animal experimental work, HZ and WC provided professional
idea in understanding the results and improved the English of the
manuscript, and ZG, HC and YC participated in its design and coordination
and helped to draft the manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
National and International ethical guidelines were followed in conducting
this research and protocol was approved by the Animal Ethics Committee of
Jiangnan University, China.

Consent for publication
Informed consent was obtained from all individual participants included in
the study.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1State Key Laboratory of Food Science and Technology, Jiangnan University,
Wuxi 214122, People’s Republic of China. 2School of Food Science and
Technology, Jiangnan University, Wuxi 214122, People’s Republic of China.
3Beijing Innovation Centre of Food Nutrition and Human Health, Beijing
Technology and Business University (BTBU), Beijing 100048, People’s Republic
of China. 4Department of Cancer Biology, Wake Forest School of Medicine,
Winston-Salem, NC 27157, USA.

Received: 7 February 2017 Accepted: 3 July 2017

References
1. Berquin IM, Min Y, Wu R, Wu J, Perry D, Cline JM, Thomas MJ, Thornburg T,

Kulik G, Smith A, et al. Modulation of prostate cancer genetic risk by
omega-3 and omega-6 fatty acids. J Clin Invest. 2007;117:1866–75.

2. Leitzmann MF, Stampfer MJ, Michaud DS, Augustsson K, Colditz GC, Willett
WC, Giovannucci EL. Dietary intake of n-3 and n-6 fatty acids and the risk of
prostate cancer. Am J Clin Nutr. 2004;80:204–16.

3. Berquin IM, Edwards IJ, Chen YQ. Multi-targeted therapy of cancer by
omega-3 fatty acids. Cancer Lett. 2008;269:363–77.

4. Rose DP, Connolly JM. Effects of dietary omega-3 fatty acids on human
breast cancer growth and metastases in nude mice. J Natl Cancer Inst.
1993;85:1743–7.

5. Iigo M, Nakagawa T, Ishikawa C, Iwahori Y, Asamoto M, Yazawa K, Araki E,
Tsuda H. Inhibitory effects of docosahexaenoic acid on colon carcinoma 26
metastasis to the lung. Br J Cancer. 1997;75:650–5.

6. Krauss RM, Eckel RH, Howard B, Appel LJ, Daniels SR, Deckelbaum RJ,
Erdman JW Jr, Kris-Etherton P, Goldberg IJ, Kotchen TA, et al. AHA dietary
guidelines: revision 2000: a statement for healthcare professionals from the
nutrition Committee of the American Heart Association. Stroke.
2000;31:2751–66.

7. Nettleton JA. Omega-3 fatty acids: comparison of plant and seafood sources
in human nutrition. J Am Diet Assoc. 1991;91:331–7.

8. Whelan J, Rust C. Innovative dietary sources of n-3 fatty acids. Annu Rev
Nutr. 2006;26:75–103.

9. Enos RT, Velazquez KT, McClellan JL, Cranford TL, Walla MD, Murphy EA.
Reducing the dietary omega-6:omega-3 utilizing alpha-linolenic acid; not a
sufficient therapy for attenuating high-fat-diet-induced obesity
development nor related detrimental metabolic and adipose tissue
inflammatory outcomes. PLoS One. 2014;9:e94897.

10. Schiessel DL, Yamazaki RK, Kryczyk M, Coelho I, Yamaguchi AA, Pequito DC,
Brito GA, Borghetti G, Fernandes LC. Alpha-linolenic fatty acid
supplementation decreases tumor growth and cachexia parameters in
walker 256 tumor-bearing rats. Nutr Cancer. 2015;67:839–46.

11. Poudyal H, Panchal SK, Ward LC, Brown L. Effects of ALA, EPA and DHA in
high-carbohydrate, high-fat diet-induced metabolic syndrome in rats. J Nutr
Biochem. 2013;24:1041–52.

12. Cunnane SC, Anderson MJ. The majority of dietary linoleate in growing rats
is beta-oxidized or stored in visceral fat. J Nutr. 1997;127:146–52.

13. Poumes-Ballihaut C, Langelier B, Houlier F, Alessandri JM, Durand G, Latge C,
Guesnet P. Comparative bioavailability of dietary alpha-linolenic and
docosahexaenoic acids in the growing rat. Lipids. 2001;36:793–800.

14. Sonn GA, Aronson W, Litwin MS. Impact of diet on prostate cancer: a
review. Prostate Cancer Prostatic Dis. 2005;8:304–10.

15. Kolonel LN, Nomura AM, Cooney RV. Dietary fat and prostate cancer:
current status. J Natl Cancer Inst. 1999;91:414–28.

16. Berquin IM, Min Y, Wu R, Wu H, Chen YQ. Expression signature of the
mouse prostate. J Biol Chem. 2005;280:36442–51.

17. Wang J, Chen H, Yang B, Gu Z, Zhang H, Chen W, Chen YQ. Lactobacillus
plantarum ZS2058 produces CLA to ameliorate DSS-induced acute colitis in
mice. RSC Adv. 2016;6:14457–64.

18. Pan Y, Wang S, Gu Z, Chen YQ. The Effects of Dietary Supplementation of
Flaxseed Oil on the Contents of ALA and EPA in Mice. Sciencepaper Online.
2016.

19. Gao F, Taha AY, Ma K, Chang L, Kiesewetter D, Rapoport SI. Aging decreases
rate of docosahexaenoic acid synthesis-secretion from circulating unesterified
alpha-linolenic acid by rat liver. Age (Dordr). 2013;35:597–608.

20. Lin DS, Conner WE. Are the n-3 fatty acids from dietary fish oil deposited in
the triglyceride stores of adipose tissue? Am J Clin Nutr. 1990;51:535–9.

21. Rahm JJ, Holman RT. Effect of linoleic acid upon the metabolism of
linolenic acid. J Nutr. 1964;84:15–9.

22. Mohrhauer H, Holman RT. The effect of dietary essential fatty acids upon
composition of polyunsaturated fatty acids in depot fat and erythrocytes of
the rat. J Lipid Res. 1963;4:346–50.

23. Mohrhauer H, Holman RT. The effect of dose level of essential fatty acids
upon fatty acid composition of the rat liver. J Lipid Res. 1963;4:151–9.

24. Morise A, Combe N, Boue C, Legrand P, Catheline D, Delplanque B, Fenart E,
Weill P, Hermier D. Dose effect of alpha-linolenic acid on PUFA conversion,
bioavailability, and storage in the hamster. Lipids. 2004;39:325–34.

25. Fu Z, Sinclair AJ. Increased alpha-linolenic acid intake increases tissue alpha-
linolenic acid content and apparent oxidation with little effect on tissue
docosahexaenoic acid in the guinea pig. Lipids. 2000;35:395–400.

26. Burdge GC, Calder PC. Conversion of alpha-linolenic acid to longer-chain
polyunsaturated fatty acids in human adults. Reprod Nutr Dev. 2005;45:581–97.

27. Mantzioris E, James MJ, Gibson RA, Cleland LG. Dietary substitution with an
alpha-linolenic acid-rich vegetable oil increases eicosapentaenoic acid
concentrations in tissues. Am J Clin Nutr. 1994;59:1304–9.

28. Harper CR, Edwards MJ, DeFilipis AP, Jacobson TA. Flaxseed oil increases the
plasma concentrations of cardioprotective (n-3) fatty acids in humans.
J Nutr. 2006;136:83–7.

29. Brown MD, Hart C, Gazi E, Gardner P, Lockyer N, Clarke N. Influence of
omega-6 PUFA arachidonic acid and bone marrow adipocytes on
metastatic spread from prostate cancer. Br J Cancer. 2010;102:403–13.

30. Wang S, Gao J, Lei Q, Rozengurt N, Pritchard C, Jiao J, Thomas GV, Li G,
Roy-Burman P, Nelson PS, et al. Prostate-specific deletion of the murine
Pten tumor suppressor gene leads to metastatic prostate cancer. Cancer
Cell. 2003;4:209–21.

Li et al. Lipids in Health and Disease  (2017) 16:136 Page 8 of 9



31. Gerster H. Can adults adequately convert alpha-linolenic acid (18:3n-3) to
eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3)? Int J
Vitam Nutr Res. 1998;68:159–73.

32. Li D, Sinclair A, Wilson A, Nakkote S, Kelly F, Abedin L, Mann N, Turner A.
Effect of dietary alpha-linolenic acid on thrombotic risk factors in vegetarian
men. Am J Clin Nut. 1999;69:872–82.

33. Brenna JT. Efficiency of conversion of alpha-linolenic acid to long chain n-3
fatty acids in man. Curr Opin Clin Nutr Metab Care. 2002;5:127–32.

34. Burdge G. Alpha-linolenic acid metabolism in men and women: nutritional
and biological implications. Curr Opin Clin Nutr Metab Care. 2004;7:137–44.

35. Holman RT. The slow discovery of the importance of omega 3 essential
fatty acids in human health. J Nutr. 1998;128:427s–33s.

36. Burdge GC. Metabolism of alpha-linolenic acid in humans. Prostaglandins
Leukot Essent Fatty Acids. 2006;75:161–8.

37. Gibson RA, Neumann MA, Lien EL, Boyd KA, Tu WC. Docosahexaenoic acid
synthesis from alpha-linolenic acid is inhibited by diets high in
polyunsaturated fatty acids. Prostaglandins Leukot Essent Fatty Acids.
2013;88:139–46.

38. Simopoulos AP. Omega-6/omega-3 essential fatty acids: biological effects.
World Rev Nutr Diet. 2009;99:1–16.

39. Bazan NG. Cell survival matters: docosahexaenoic acid signaling,
neuroprotection and photoreceptors. Trends Neurosci. 2006;29:263–71.

40. Green P, Yavin E. Mechanisms of docosahexaenoic acid accretion in the
fetal brain. J Neurosci Res. 1998;52:129–36.

41. Kaduce TL, Chen Y, Hell JW, Spector AA. Docosahexaenoic acid synthesis
from n-3 fatty acid precursors in rat hippocampal neurons. J Neurochem.
2008;105:1525–35.

42. Emken EA, Adlof RO, Duval SM, Nelson GJ. Effect of dietary
docosahexaenoic acid on desaturation and uptake in vivo of isotope-
labeled oleic, linoleic, and linolenic acids by male subjects. Lipids.
1999;34:785–91.

43. Bourre JM, Dumont O, Pascal G, Durand G. Dietary alpha-linolenic acid at 1.
3 g/kg maintains maximal docosahexaenoic acid concentration in brain,
heart and liver of adult rats. J Nutr. 1993;123:1313–9.

44. Gu Z, Suburu J, Chen H, Chen YQ. Mechanisms of omega-3 polyunsaturated
fatty acids in prostate cancer prevention. Biomed Res Int. 2013;2013:824563.

45. Chen Y, Hughes-Fulford M. Prostaglandin E2 and the protein kinase a
pathway mediate arachidonic acid induction of c-fos in human prostate
cancer cells. Br J Cancer. 2000;82:2000–6.

46. Schiessel DL, Yamazaki RK, Kryczyk M, Coelho de Castro I, Yamaguchi AA,
DCT P, GAP B, Borghetti G, Aikawa J, Nunes EA, et al. Does oil rich in
alpha-linolenic fatty acid cause the same immune modulation as fish oil in
walker 256 tumor-bearing rats. Nutr Cancer. 2016;68:1369–80.

47. Fabian CJ, Kimler BF. Marine-derived omega-3 fatty acids: fishing for clues
for cancer prevention. Am Soc Clin Oncol Educ Book. 2013:97–101.

48. Klein V, Chajes V, Germain E, Schulgen G, Pinault M, Malvy D, Lefrancq T,
Fignon A, Le Floch O, Lhuillery C, Bougnoux P. Low alpha-linolenic acid
content of adipose breast tissue is associated with an increased risk of
breast cancer. Eur J Cancer. 2000;36:335–40.

49. Ghosh J, Myers CE Jr. Arachidonic acid metabolism and cancer of the
prostate. Nutrition. 1998;14:48–9.

50. Patel MI, Kurek C, Dong Q. The arachidonic acid pathway and its role in
prostate cancer development and progression. J Urol. 2008;179:1668–75.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Li et al. Lipids in Health and Disease  (2017) 16:136 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mice
	Diets
	Blood collection
	Tissue dissection and processing
	Fatty acid profiles from diets and tissues
	Statistics

	Results
	An ALA-enriched diet leads to elevated ALA levels in mouse blood and tissues
	An ALA-enriched diet is effective in promoting n-3 LCPUFAs levels and lowering AA levels in mouse blood and tissue
	An ALA-enriched diet reduces prostate tumour weight and slows down prostate tumour progression

	Discussion
	Conclusion
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

