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Abstract

It has recently and controversially been demonstrated that fish oil supplementation may not be beneficial for everyone, but to date there have
been no biological explanations. We suggest that resistance to the anticoagulant, activated protein C (APC), be considered as a potential
mechanism, because it has been demonstrated that the type of fatty acids on phospholipids modulates function of the APC pathway. The APC
ratio in plasma was decreased by 7% after fish oil supplementation in healthy men (P <.005; n = 35). The decrease in APC ratio equates to an
increase in APC resistance. Fish oil lowered the APC ratio by (1) increasing low-density lipoprotein (LDL) cholesterol (£ < .01) and
apolipoprotein B (P < .05) and (2) increasing platelet microparticles (P < .05). In vitro, purified LDL decreased the APC ratio and increased
microparticle formation. These changes affecting the anticoagulant APC could contribute toward a prothrombotic state, potentially explaining
the recent observation that fish oil supplementation may not always be of benefit. These findings will need to be repeated in different

disease states.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction

The beneficial effects of fish on vascular disease are well
recognized, through inhibition of procoagulant events such
as platelet aggregation [1], reduction in plasma triglycerides
[2,3], changes in gene expression [4], and anti-inflammatory
properties [5]. However, a number of studies provide
conflicting evidence on the effect of fish oil on coagulation
and platelet function [6-17], and recently a systematic
review suggested that fish oils did not improve the risk of
mortality or cardiovascular disease [18]. Therefore, it would
appear that fish oils may have multiple effects on the
vascular system.

Thrombosis results from an imbalance between coagulant
and anticoagulant pathways. Activated protein C (APC) acts
as an anticoagulant by inhibiting the actions of coagulation
factors Va and VIIla. A mutation in factor Va (factor V
Leiden) prevents inhibition by APC, causing APC resistance
and venous thromboembolism [19,20]. In addition to genetic
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causes of APC resistance, an APC resistance phenotype
exists that is associated with many of the features of the
metabolic syndrome including increased triglycerides, sys-
tolic blood pressure, body mass index (BMI), and platelet
activation [21,22]. An APC resistance phenotype is also
associated with increasing age and cholesterol concentration,
although the explanation for this finding is uncertain [21].
The causes of the nongenetic APC resistance phenotype are
unclear and the role of diet, particularly fish oil supplemen-
tation, in the modulation of APC resistance has not been
investigated in detail. A diet enriched in a-linolenic acid (the
precursor for eicosapentaenoic acid, which is a major fatty
acid in fish oil) improved anticoagulant activity via the APC
ratio [23], suggesting that fish oil may alter anticoagulation.
In addition, both coagulation and the APC pathway are
catalyzed by phospholipids. Because the type of fatty acid
present is important for the activity of coagulant and
anticoagulant pathways, it is plausible that fatty acids from
fish oil may modulate the rate of reaction. No previous study
has examined the effect of fish oil supplementation on the
anticoagulant APC.

The effects of the APC pathway on venous thrombosis
are well documented; however, the APC pathway may have
a role in cardiovascular disease too, as demonstrated by
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associations with traditional cardiovascular risk factors [21]
and both advanced atherosclerosis (stenosis) and arterial
disease [24]. Recently, and perhaps controversially, it has
been suggested that fish oil supplementation may not be
beneficial for everyone [18,25]. The large systematic review
by Hooper et al [18] demonstrated that there was no clear
reduction by omega-3 fats on total mortality or combined
cardiovascular events. In particular, the authors highlighted
a recent randomized controlled trial by Burr et al [25],
which showed that men with angina had a higher risk of
cardiac death with fish oil capsule supplementation. Neither
of these publications could demonstrate a mechanism for the
observed effects.

The aim of our study was to test the effects of fish oil
supplementation on APC resistance in healthy individuals.

2. Methods
2.1. Fish oil supplementation

Fasting blood samples from healthy men (n = 35) were
collected before and after 12 weeks of fish oil supplementa-
tion (Maxepa, Seven Seas, Hull, UK; six 1-g capsules per day)
after informed consent had been obtained according to local
ethics committee approval. The mean age was 25.4 & 8.3 years
and the mean BMI was 23.6 + 2.3 kg/m*. Compliance was
confirmed by measuring plasma eicosapentaenoic acid and
docosahexaenoic acid by mass spectrometry [26].

2.2. APC sensitivity ratio

The APC sensitivity ratio was measured in plasma by use
of Coatest APC Resistance-C kits (Chromogenix via
Quadratech, Epsom, Surrey, UK) in a clot-based assay.
APC ratio was calculated as the time to clot after addition of
Ca and APC (activated partial thromboplastin time [APTT]
in the presence of APC [APTT + APC]) divided by the time
to clot after addition of Ca alone (APTT). A low APC ratio
is associated with an increased prothrombotic risk. The
assays were repeated in platelet-rich plasma (PRP) (250 x
10° platelets per liter) incubated with 7 uL of phosphate-
buffered saline (PBS, pH 7.2; no agonist), collagen
(19 ug/mL final concentration when incubated with PRP;
Helena BioSciences, Gateshead, Tyne & Wear, UK), or
adenosine diphosphate (4.7 pumol/L; Helena BioSciences)
for 150 seconds before measuring APC ratio as described
above. The effect of low-density lipoprotein (LDL) was
examined by adding 20 L of 200 ug/mL LDL [27] to 20 uL
plasma and 20 uL. APTT reagent before adding 25 uL Ca or
APC + Ca. It has previously been demonstrated that in some
studies, fish oil supplementation increases LDL concentra-
tion. Therefore, the effects of purified 200 ug/mL LDL were
examined based on a (patho)physiological concentration. It
has been suggested that 250 to 500 wug/mL protein
represents physiological concentrations of LDL [28].
Therefore, adding extra LDL to plasma from young healthy
men would result in concentrations that may be found in an

older at-risk population. In comparison, homozygous
familial hypercholesterolemia is equivalent to 3 to
5.5 mg/mL, which is more than 10 times higher than the
LDL we added. A dose-response experiment using different
concentrations of LDL was carried out using 3 donors
(10-400 ug/mL). The samples were selected from donors
with no known cardiovascular disease.

2.3. Measurement of apolipoprotein B and cholesterol

Apolipoprotein (apo) Byg+100 (antibody recognizes both
apo Byg and apo Bj() and cholesterol were measured in
plasma by enzyme-linked immunosorbent assay (ELISA)
and colorometric assay, respectively [27] as markers of LDL
in plasma.

2.4. Platelet activation measurements

Platelet microparticles were measured using an ELISA
based on a mouse monoclonal antibody against CD61
(Dako, Ely, Cambridgeshire, UK). Microparticles generated
by activating platelets in PRP were diluted to give a
standard curve. Results are expressed as equivalent units
(EU), where 1 EU is equivalent to the number of platelet
microparticles generated when 5 x 10° platelets were
activated with 1 mmol/L A23187/0.5 mmol/L CaCl,
(calcium ionophore). Low-density lipoprotein (200 ug
[lipo]protein/mL) was incubated with PRP for 30 minutes
at 37°C. The samples were then centrifuged at 2000g to
remove platelets and the platelet microparticle content was
measured as described. Platelet aggregation with 10 pg/mL
collagen (Helena Biosciences) was performed in an
APACT-4 aggregometer. Maximum aggregation was mea-
sured as percent change in light transmission.

2.5. Statistical analysis

Data was normalized by log transformation and analyzed
by using paired Student ¢ tests.

3. Results

APTT + APC and the APC ratio were decreased by 7% after
fish oil supplementation (Table 1; P = .011 and P = .002,
respectively). There was no difference in APTT. The assays
were repeated in PRP because platelet activation produces an
APC resistance phenotype [22]. Fish oil supplementation
resulted in a decreased APTT + APC and APC ratio in PRP

Table 1
APTT, APTT + APC, and APC ratio in plasma before and after 12 weeks
fish oil supplementation

Before fish oil After fish oil P
Ca time to clot (s) 374 + 0.7 374 + 0.6 NS
APC time to clot (s) 107.6 + 2.8 100.6 + 2.4 011
APC ratio 2.88 + 0.04 2.69 + 0.05 .002

Data are from duplicate measurements and are presented as mean + SEM
(n = 35). APC ratio was calculated as (APTT + APC)/APTT. NS indicates
no statistically significant difference between before and after fish oil.
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(2.87 £ 0.08 to 2.63 £ 0.05; P = .004), in PRP + collagen
(19 ug/mL final concentration) (1.77 £ 0.03 to 1.69 £ 0.03;
P = .032) and in PRP + adenosine diphosphate (4.7 yumol/L)
(2.22 £ 0.06 to 2.01 £ 0.05; P = .003).

In agreement with other studies [29], fish oil supple-
mentation increased LDL concentration in our cohort (apo
B: 631 £ 80 vs 967 = 155 ug/mL, P = .036; cholesterol:
145.0 + 2.7 vs 152.5 + 3.8 mg/dL, P = .008). Therefore,
we examined the effect of adding purified LDL to the APC
assay. LDL was associated with a decrease in APTT + APC
and APC ratio compared with control PBS buffer (2.20 +
0.09 vs 2.11 £ 0.14,n = 9, P = .037; Fig. 1A) in a dose-
dependent and donor-specific manner. These results also
suggest an explanatory mechanism for the observation that
APC ratio was inversely associated with cholesterol con-
centrations in a large UK cohort [21].

Platelet microparticles support an APC resistance phe-
notype [22] and LDL increases platelet activation. There-
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Fig. 1. A, The effect of LDL on APC ratio was examined by adding 200 g/
mL LDL to 20 uL plasma and 20 uL. APTT reagent before adding 25 uL
Ca or APC + Ca (n = 9). B, Platelet microparticle concentration in plasma
was measured by ELISA before and after fish oil supplementation (n = 25).
1 EU is equivalent to the number of platelet microparticles generated when
5 x 10® platelets were activated with 1 mmol/L A23187/0.5 mmol/L CaCl,
(calcium ionophore). C, Platelet microparticle concentration was measured
after incubation of PRP with either PBS or with LDL (200 pg protein/mL;
n = 7). *P <.05.

fore, we hypothesized that fish oil supplementation
increases microparticles in vivo. Platelet microparticles,
measured by ELISA, were 12% higher in plasma samples
taken after fish oil supplementation (P = .012, n = 25;
Fig. 1B). We also demonstrated collagen-induced platelet
aggregation was increased by 7% after fish oil supplemen-
tation (P = .029; data not shown). This suggests that
platelets are more easily activated after supplementation,
substantiating the platelet microparticle data. Adding LDL
to platelets was associated with a 23% increase in
microparticle generation (P = .023, n = 7; Fig. 1C).

4. Discussion

These data offer support for the recent and controversial
suggestion that fish oil supplementation may not always be
beneficial. In this group of healthy young men, fish oil
supplementation caused a small but statistically significant
decrease in APC ratio that could contribute to a prothrom-
botic state, depending on the overall balance of coagulation,
anticoagulation, and fibrinolysis in the vessel wall microen-
vironment. To our knowledge, this is the first report of the
effects of fish oil supplementation on APC ratio. In addition
to providing the original observation that fish oil supple-
mentation modulates APC ratio, we have proposed and
tested possible mechanisms that may be responsible for the
changes observed. We demonstrated that LDL and platelet
microparticles were increased after fish oil supplementation
and that LDL had the capacity to decrease the APC ratio. We
have previously demonstrated that platelet microparticles
support an APC resistance phenotype [22]. However, it is
also possible that other effects may contribute toward the
observed changes. This is one of the first studies to
demonstrate that diet modulates APC resistance, and as such
it is interesting and novel because it suggests that therapeutic
dietary modulation of APC resistance may be possible in the
future. The only other dietary studies have been with
homocysteine (no change) [30], a-linolenic acid (increases
APC ratio) [23], and an atherogenic diet that induces
hypercholesterolemia (varied) [31,32].

Fish oil supplementation lowers triglyceride levels;
however, a number of studies have also reported that LDL
cholesterol and apo B are increased by fish oil supplemen-
tation [29], although the biological consequences of these
changes is uncertain. We have demonstrated that LDL
directly decreased the APC ratio. Although it would have
been interesting to examine longer time courses of
interaction of LDL with APC, the short half-life of APC
restricts such experiments, so we selected an incubation
time similar to the incubation time for the phospholipids in
the APTT reagent. To verify that LDL concentration had
increased in our cohort after supplementation, we measured
apo B and cholesterol in fasting plasma samples. Both
markers of LDL increased after fish oil supplementation.
These data suggest that fish oil-mediated increases in LDL
in young healthy men resulted in a direct effect on
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anticoagulation. These results suggest an explanatory
mechanism for the observation that APC ratio was inversely
associated with cholesterol concentrations in a large UK
population [21]. We have no data to allow us to comment on
the effect of sex or age because our study was restricted to
young men. However, we suggest that it is now important
to study older hyperlipidemic subjects because they are
more at risk for cardiovascular and thrombotic disease.
Previous publications suggest that women have more APC
resistance than men and that age is associated with a lower
APC ratio [21].

We have previously demonstrated that platelet micro-
particles support an APC resistance phenotype, ie, reduce
APC ratio [22]. In our current study we have demonstrated
that plasma platelet microparticles are increased after fish oil
supplementation. Given that LDL activates platelets and that
we have demonstrated increased markers of LDL after fish
oil supplementation, we examined the effect of LDL on
platelet microparticle formation. We demonstrated that
adding LDL to PRP at an equivalent concentration to the
increase in LDL observed after supplementation increased
platelet microparticle formation. These data suggest that the
increase in LDL after fish oil supplementation increased
platelet microparticle formation. In this study, fish oil
supplementation also increased platelet aggregation, sug-
gesting that platelets were more likely to be activated and
generate platelet microparticles in vivo. It is unlikely that the
differences in APC ratio observed in this study are due to
differences in fragmented platelets [33] because APC ratio
was measured in fresh plasma.

We have also considered other mechanisms that have
previously been demonstrated to alter the APC ratio. The
increase in APC ratio was mediated by changes in APTT +
APC, and not through APTT. This suggests that interaction
of exogenous APC with factors V and/or VIII is altered after
fish oil supplementation without modulation of coagulation
or endogenous APC generation. Elevated levels of factor
VIII cause an APC resistance phenotype, as exogenous APC
has less effect on factor V because it is overcome with
excess factor VIII. We did not measure factor VIII in this
study, as there already is strong evidence that factor VIII is
reduced or not altered with fish and fish oil consumption
[23,34-37]. In addition, we have not measured homocys-
teine concentrations in this study despite work demonstrat-
ing that homocysteine inhibits inactivation of factor Va by
APC [38]. Given that fish oils have previously been
demonstrated to lower or have no effect on plasma
homocysteine [39-42], it is thought unlikely that alterations
in homocysteine levels would cause the changes in APC
ratio observed in our study.

The pathophysiological relevance of the decrease in APC
ratio observed in this study is not currently understood.
Factors that make small differences to health outcomes in a
healthy young population may have a larger deleterious effect
in vulnerable populations. In a previous study, lower APC
ratios were associated with increasing age, systolic blood

pressure, and BMI [21]. In addition, there are a number of
studies that correlate fish consumption with beneficial
vascular outcomes, including original observations in the
Inuit [2]. However, more recently a number of studies have
been published suggesting that they are not beneficial for
everyone. Hooper et al [18] suggest that differences in study
design may give discrepancies due to duration of fish oil
supplementation (reports suggest that fish oils give most
benefit early on and may be detrimental long term due to the
accumulation of methylmercury), different study groups such
as angina vs heart failure, and differences in the effects of
supplementation vs dietary intervention. In fact, a previous
study has demonstrated that an «-linolenic acid—enriched diet
results in an improved APC ratio [23]. Although these results
appear contrary to our study, previous research has demon-
strated that o-linolenic acid reduces cholesterol by approx-
imately 12 mg/dL [43]. In contrast, in our study, cholesterol
levels are elevated on supplementation, resulting in a
decrease in APC ratio. Studies using fish oil supplementation
have also produced conflicting evidence on coagulation and
platelet function, some of which suggest no benefit to
hemostasis [7,9-12,14,15]. Therefore, the preparation of fish
oil, the way it is incorporated into the diet, the length of
intervention, and the age, health, nationality, and dietary
patterns of the consumer may all contribute to the effect of
fish oil supplementation.

In summary, these data offer support for the recent and
controversial suggestion that fish oil supplementation may
not always be beneficial. In this group of healthy young
men, fish oil supplementation caused a small but statistically
significant decrease in APC ratio that could contribute to a
prothrombotic state, depending on the overall balance of
coagulation, anticoagulation, and fibrinolysis in the vessel
wall microenvironment. It is now necessary to examine
the effect of fish oil supplementation on APC resistance
in diseased states, particularly those in which fish oil
supplementation is advised and in those with altered
coagulation status.
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