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Abstract: Benefits of Omega-3 Docosahexaenoic acid (DHA) supplements are hindered by their poor
solubility and bioavailability. This study investigated the bioavailability of various formulations
of Omega-3 and tocopheryl phosphate mixture (TPM), following oral administration in rats, and
assessed whether TPM could improve the oral absorption of DHA. The rats were administered with
a high (265.7 mg/kg) or low dose (88.6 mg/kg) of DHA. TPM was examined at 1:0.1 w/w (low TPM
dose) and 1:0.5 w/w (high TPM dose). Over 24 h, the DHA plasma concentration followed a TPM
dose-dependent relationship, reflected in the higher mean Cmax values (78.39 and 91.95 µg/mL) and
AUC values (1396.60 and 1560.60) for the low and high TPM, respectively. The biggest difference
between the low dose DHA control (LDCont) and TPM formulations was at 4 h after supplementation,
where the low and high TPM showed a mean 20% (ns) and 50% (p < 0.05) increase in DHA plasma
concentrations versus the control formulation. After correcting for baseline endogenous DHA, the
mean plasma DHA at 4 h produced by the LD-HTPM was nearly double (90%) the LDC control
(p = 0.057). This study demonstrated that co-administering omega-3 with TPM significantly increases
the bioavailability of DHA in the plasma, suggesting potential use for commercially available TPM +
DHA fortified products.
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1. Introduction

Omega-3 polyunsaturated fatty acids (PUFAs) are essential fatty acids, typically 18, 20, or 22
carbon atoms in chain length [1]. Two important dietary long chain n-3 PUFAs are docosahexaenoic
acid (DHA; 22:6n-3) and eicosapentaenoic acid (EPA; 20:5n-3), which are most often found in fish oil
and are also commercially available as supplements [2]. Absorption DHA and EPA directly from diet
or supplements is the only practical way to increase levels of these fatty acids in the body [3].

Omega-3 supplementation, and especially DHA, is associated with improvements in
cardiovascular disease, rheumatoid arthritis, and high blood pressure [4,5]. Furthermore, Omega-3
deficiency may contribute to the development of psychiatric disorders, increased inflammatory
processes, poor foetal development, increased risk of cardiovascular disease, and increased risk
of Alzheimer’s disease [6,7]. Despite this, Western diets are relatively low in omega-3 fatty acids [8].
Modern agriculture and farming practices have decreased the DHA omega-3 content in many foods,
including meat, eggs, and fish [9–11]. Whereas human beings evolved on a diet balanced in omega-3
and omega-6 essential fatty acids (i.e., 1:1), the methods used to increase food production have swung
the balance dramatically toward omega-6 and reduced overall omega-3 consumption.
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Domesticated livestock and poultry, which are a source of omega-3 precursors, are now
predominantly reared on omega-6 rich seed based diets instead of plant based diets rich in
omega-3 [12,13]. In addition to this, the availability of fast and highly processed foods in the Western
diet have also produced an increased consumption of saturated fats, PUFAs and other unhealthy diet
options, with a concomitant decrease in consumption of oily fish [6]. Far from the optimal 1:1 ratio of
omega-6/3, the current, highly processed, Western diets show a dangerous 20:1 excess in favour of
omega-6 [13]. This imbalance favours a more pro-inflammatory response in the body, and is thought
to contribute to the prevalence of a range of inflammatory diseases including atherosclerosis, obesity,
and diabetes [13]. The relative paucity of omega-3 in the Western diet has elevated supplements to the
primary contributors of DHA and EPA in the body [6].

The utilisation of the beneficial effects of omega-3 supplements in the body, are limited by the
extremely low water solubility and oral bioavailability of the fatty acid [8]. Ideally, lipid-based
formulations are needed to improve the bioavailability of omega-3 [14–17]. The differences in the
lipid structure in which DHA and EPA are delivered may influence their bioavailability. However,
most current formulations are limited by moderate solubility, increased dispersion, and poor lipid
digestion [18]. Taking the supplements with high fat meals can help improve their bioavailability.
However, this necessitates a high fat diet and timely intake of the supplements with the meal, which
may affect compliance [19]. Emulsified fish oil preparations can also improve the digestion and enhance
absorption of DHA and EPA compared with capsular supplements [20,21]. Indeed, clinical studies have
demonstrated that emulsified preparations of DHA/EPA exhibits a high degree of efficient absorption
compared with capsular form [20,21]. However, the emulsifiers have to be carefully considered, taking
into account physical instability and oxidative protection [22].

There is a need for biocompatible and stable lipidic materials that support solubilisation during
dispersion and lipid digestion. Alpha-tocopheryl phosphate mixture (TPM) is a safe [23] new lipidic
material made up of two phosphorylated forms of vitamin E. TPM forms vesicles that encapsulate and
solubilise poorly soluble materials [24], and has been shown to have range of positive effects when
given orally [25–29]. Recent data have demonstrated that TPM can increase the in vitro solubility
of a model lipophilic nutrient, co-enzyme Q10 [24]. Consequently, further work was conducted
to investigate the hypothesis that TPM’s solubilizing properties may enhance the oral delivery
of CoQ10 when compared to less solubilizing lipid formulations. TPM was first combined with
medium chain triglyceride (MCT) as a formulation for CoQ10, and subjected to in vitro digestion
experiments testing CoQ10 solubility as a marker for digestion. An increased amount of CoQ10

was solubilized in the aqueous colloidal phase throughout the in vitro digestion of the formulation
(three to four-fold), in comparison to the MCT lipid formulation without TPM [30]. The relative
increase in solubility produced by the TPM was the same under both fed and fasted conditions [30].
This improvement in drug solubilisation during in vitro digestion experiments was shown to translate
to in vivo pharmacokinetic studies [31]. Fasted rats were administered a single oral dose of CoQ10 in
MCT, in the presence and absence of TPM, and plasma concentrations determined over 24 h. TPM
significantly increased the CMAX and AUC by approximately two-fold when compared to the MCT
control formulation [31]. The increases in CoQ10 solubility produced by TPM during in vitro digestion
were clearly shown to correlate to superior in vivo bioavailability in rats. This correlation is anticipated
in situations where bioavailability is strongly linked to solubilisation in the GI tract immediately prior
to absorption. These studies indicated the utility of TPM as a new lipid excipient for use in the oral
delivery of poorly water soluble drugs.

The aim of this study was to investigate whether TPM could increase the oral bioavailability of
a second poorly soluble nutrient, omega-3 (predominantly DHA), following a single oral administration
in rats.
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2. Materials and Methods

2.1. Materials

TPM was manufactured by Phosphagenics Ltd. (Melbourne, VIC, Australia). The omega-3 oil
(Incromega™ DHA 500TG) was a mixture of DHA and EPA (DHA 500 mg/g; EPA 50 mg/g; CRODA,
Wetherill Park, NSW, Australia). Commercially available food grade canola oil (composed of: oleic acid
(~61%); linoleic acid (~21%) and α-linolenic acid (~11%)) was sourced as a vehicle for these studies.
TPM formulations were prepared by dissolving the TPM (powder) into canola oil with mixing and
heating (40 ◦C). Once cooled, the omega-3 oil was then mixed with the appropriate TPM canola oil
preparation (w/w) to the required TPM/omega-3 ratio and concentration as described in the Table 1.
Control formulations containing omega-3 oil (Incromega™ DHA 500TG) without TPM were diluted
with canola oil to the required amount for equivalent dosing. All formulations were administered
immediately after the addition of omega-3 to minimise oxidation.

Table 1. Treatment formulations administered to rats. Treatments were divided into low and high
doses of DHA and used in combination with two different ratios of TPM. Doses were made up in
a canola vehicle and averaged 1 g total per 250 g rat.

Dose
Low Dose DHA Treatments High Dose DHA Treatments

Low DHA
Alone

Low DHA/TPM
(1:0.1)

Low DHA/TPM
(1:0.5)

High DHA
Alone

High DHA/TPM
(1:0.1)

DHA (mg/kg) 88.6 88.6 88.6 265.7 265.7
TPM (mg/kg) - 8.86 44.3 - 26.57

2.2. Animals

Male Sprague Dawley rats weighing between 200 and 300 g were used for all studies. The
animals were housed with two or three rats per cage and allowed to acclimatise for at least seven days
before experimentation. Animals had access to food and water ad libitum throughout the treatments.
Animals were administered the appropriate dose of each treatment via oral gavage and then each rat
was isolated in a standard cage until the conclusion of the experiment. All animal experiments were
conducted as per the approval from Monash University Animal Ethics Committee (Victoria, Australia),
under approval number: SOBS/B/2008/47.

3. Methods

3.1. Study Design

Male Sprague Dawley rats were randomized into five groups (n = 10) to test different amounts
of omega-3 in combination with TPM. Doses of omega-3 were expressed as the amount of DHA
administered, which was the predominate omega-3 in the dose (10-fold higher than EPA). Two different
doses of DHA were administered to rats; a low (88.6 mg/kg body weight) and high (265.7 mg/kg)
dose representing a human equivalent dose (HED) range of 2.6 and 0.9 g/day. Human equivalent
doses were calculated as per the FDA draft guidance document [32].

TPM was included in the oral formulations at two different DHA/TPM ratios; 1:0.1 w/w (low
TPM dose) and 1:0.5 w/w (high TPM dose). The treatment groups examined using these dosing
combinations are described in Table 1.

3.2. Administration of Formulations and Sample Collection

All lipid solution formulations were made immediately prior to administration via oral gavage.
All treatment groups were dosed at the same time of day to ensure any diurnal variation in endogenous
plasma concentration was equivalent between groups. The amount administered was corrected for
each animal to provide the appropriate dose of DHA per body weight. On average, the volume of the



Nutrients 2017, 9, 1042 4 of 9

oral gavage was ~1 mL. Prior to blood collection, animals were gently restrained and the tail swabbed
with alcohol to disinfect the skin. A new scalpel was used for each animal to minimally nick the tail.
Blood samples (250 µL) were collected in lithium heparin tubes at t = 0 immediately prior to dosing,
and at 0.5, 1, 2, 4, 8, and 24 h post dosing. Immediately after collection, blood samples were centrifuged
at 4 ◦C for 5 min at 8000 rpm and plasma collected. Samples were stored at −80 ◦C until analysis.
Plasma samples were extracted and analysed for omega-3 content as per Ghasemifard et al. (2015) [33].

3.3. Calculation of Pharmacokinetics Parameters

Rats that completed the full treatment period with seven evaluable blood samples were included
in the pharmacokinetic analysis. The pharmacokinetic results were plotted as DHA concentration
(µg/mL) vs. time (h). Pharmacokinetic parameters Cmax and Tmax were determined for each
formulation, and the truncated area under the curve (AUC0–24) was calculated using the trapezoidal
rule. As DHA is an endogenous compound, quantifiable amounts of DHA were detected at T = 0
in rats prior to treatment administration. These values were subtracted from the plasma profiles to
provide a further comparison of the relative absorption of the administered DHA. Statistical analysis
was performed using an independent-samples t-test for comparisons assuming equal variances and
a one-way analysis of variance (ANOVA) with Tukey’s multiple comparison. Statistical significance
was assumed when p < 0.05.

4. Results

DHA Levels

The plasma profiles for DHA were broadly typical for lipid based formulations, but with clear
differences in exposure across the different formulations. Table 2 describes the derived pharmacokinetic
parameters for DHA per treatment.

Table 2. Derived pharmacokinetic parameters for orally administered DHA in canola + TPM
formulations (Data are mean ± SD n = 7–10). Blood samples were not collected from seven rats
at all scheduled time points, (one from the Low DHA Alone, three from the Low DHA/TPM (1:0.1),
one from the Low DHA/TPM (1:0.5) and two from the High DHA/TPM (1:0.5) groups) and were
therefore excluded from the pharmacokinetic analysis. P values are supplied versus the control
formulation for each DHA dose.

Parameter
Low Dose DHA High Dose DHA

Low DHA
Alone (n = 9)

Low DHA/TPM
(1:0.1) (n = 7)

Low DHA/TPM
(1:0.5) (n = 9)

High DHA
Alone (n = 10)

High DHA/TPM
(1:0.1) (n = 8)

Tmax (h) 4.56 ± 2.79 3.33 ± 0.94 4.44 ± 1.33 3.2 ± 1.03 4.25 ± 1.67

Cmax (µg/mL) 67.20 ± 18.11 78.39 ± 25.21 91.95 ± 37.04 124.80 ± 37.19 160.50 ± 35.93

p-value vs. control - p = 0.780 p = 0.186 - p = 0.057

AUC0–24 h
(µg/mL·h) 1208.00 ± 281.40 1396.60 ± 411.07 1560.60 ± 638.23 1581.18 ± 372.94 2078.30 ± 319.02

p-value vs. control - p = 0.730 p = 0.290 - p = 0.007

Tmax = the time after administration of DHA, when the maximum plasma concentration is reached. Cmax = the peak
or maximum plasma concentration of DHA.

The three low DHA treatment groups are presented first. Basal plasma concentrations of DHA
averaged 40 µg/mL for the low DHA alone group and peaked at approximately 4 h following dosing
then decreased to just above basal levels by 24 h post dosing (Figure 1). The low DHA alone group
demonstrated a mean Tmax of 4.56 h and a mean Cmax of 67.20 µg/mL. The profiles for the formulations
containing TPM were visibly greater in overall exposure compared to the control group. Over 24 h,
the DHA plasma concentration appeared to follow a TPM dose-dependent relationship, which was
reflected in the higher mean Cmax values (78.39 and 91.95 µg/mL) and AUC values (1396.60 and
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1560.60) for the low (low DHA/TPM (1:0.1)) and high TPM (low DHA/TPM (1:0.5)) respectively. The
biggest difference between the low DHA alone and TPM treatment formulations was at 4 h, where the
low DHA/TPM (1:0.1) and low DHA/TPM (1:0.5) groups showed a mean 20% and 50% increase in
DHA plasma concentrations relative to the low DHA alone. Of these, the mean 50% increase produced
by the Low DHA/TPM (1:0.5) was statistically significant (p < 0.05). After correcting for the baseline
endogenous DHA, the mean plasma DHA concentration at 4 h produced by the low DHA/TPM (1:0.5)
was nearly double (90%) the low DHA alone control, although this value fell just outside statistical
significance (p = 0.057). There were no significant differences between the PK parameters produced by
the two doses of TPM. When taken together, the improved delivery at 4 h and AUC reported for the
low DHA/TPM (1:0.5) group when compared to the control, strongly supports the contention that
TPM can increase the bioavailability of low doses of DHA.
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Figure 1. Mean DHA plasma concentrations versus time following single oral doses of low omega-3
formulations with increasing TPM (bars represent SEM).

The ability of TPM to increase DHA bioavailability replicated at higher doses of DHA. The high
DHA alone group had a mean Cmax value of 124.80 mg/mL, which was roughly double that of the
low DHA alone (Table 2). The Tmax values for both DHA control doses remained similar. The DHA
plasma profile was again increased for the high dose treatment group by the addition of TPM to the
high DHA formulation (Figure 2). The mean Cmax values of 160.50 for the high DHA/TPM (1:0.1)
group was approximately 30% higher than for the DHA control, and 40% when corrected for baseline,
although these differences in Cmax were not statistically significant. The overall systemic exposure as
measured by AUC was increased by 30% with high DHA/TPM (1:0.1) treatment when compared to
the high DHA alone (AUC 2078.3 µg/mL·h and 1581.2 µg/mL·h respectively). When the endogenous
amount of DHA was subtracted, the increase in bioavailability produced by the high DHA/TPM
(1:0.1) formulation was 80%. Both the corrected and uncorrected increases in AUC were statistically
significant (p < 0.05).

The results for the high DHA treatment groups confirm that TPM was able to significantly increase
the oral bioavailability of DHA.

Given the formulations contained relatively small amounts of EPA, the plasma samples were also
analysed for EPA content. The AUC for the EPA plasma concentration profile was also significantly
increased (by 40%) by the High DHA/TPM (1:0.1) formulation, when compared to the high DHA
alone (p < 0.05; data not shown).
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5. Discussion

Benefits related to general omega-3 supplementation are specifically attributed to DHA [34–36].
The DHA concentration has been shown to be particularly high in retinal and brain membrane
phospholipids, and it is widely believed that DHA is involved in visual and neural function
development, particularly in foetuses and young children [2]. DHA supplementation is widely
believed to be beneficial in individuals with a history of heart disease, premature infants, and for
supporting healthy brain development, particularly in younger children [2,4,37]. Indeed, these benefits
support the choice of many manufacturers to include DHA in their products e.g., DHA-fortified
dairy products. However, there is less DHA available in the average diet compared with the past
due to an increase in the consumption of highly processed foods in the Western diets and decreased
consumption of oily fish [12,13].

Furthermore, the beneficial properties of DHA are hindered by the low water solubility and
subsequent low oral bioavailability of the fatty acid [8]. Various formulations have been employed
previously to improve the oral bioavailability of DHA/omega-3 [38–41]. However, these formulations
require that the supplementation takes place under specific dietary conditions (i.e., dietary restrictions),
or are limited by moderate solubility, increased dispersion, and poor lipid digestion. Although others
have shown, pre-emulsifying DHA in a liquid can increase DHA bioavailability by ~22-fold in humans,
under fasted conditions compared with ingestion of unemulsified capsules [42], careful consideration
of such emulsifiers is needed due to their physical instability and requirement for oxidative protection.

In this study, omega-3 DHA formulated with TPM increased the bioavailability of DHA versus
control treatments as measured by Cmax and AUC in plasma vs. control. The increase in DHA plasma
concentration was TPM dose-dependent in the low DHA treatment groups. Although the improved
DHA bioavailability in the current study was demonstrated in fed rats, previous work undertaken
in our laboratory has shown improved bioavailability of another fat soluble nutrient (coenzyme Q10)
compared to controls in both the fed and fasted states [30,31]. It may be that TPM can replace or
complement the gastric emulsification usually required for efficient oral absorption. The amount
of TPM used in the current study was up to 10 times less than that examined with CoQ10, and no
formulation work has yet been conducted to optimise the ratio of TPM to DHA. The ratio of TPM to
active ingredient is important to maximise absorption. Too much TPM would dilute the DHA amongst
individual TPM vesicles/micelles, increasing the number of these particles that need to be absorbed in
order to deliver the intended dose. Too little TPM may lead to incomplete DHA emulsification and
poorer absorption. The effect of varying TPM was evident when comparing the low DHA/TPM (1:0.1)
and low DHA/TPM (1:0.5) groups. It is anticipated that formulation optimisation to identify the ideal
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TPM to DHA ratio could further increase oral bioavailability. Nonetheless, this study further confirms
the utility of TPM as a new lipid excipient for use in the oral delivery of poorly water soluble drugs.

While increases in oral bioavailability can be produced by other pharmaceutical excipients,
including phospholipids and surfactants [43], the tocopheryl phosphates possess additional
characteristics that may be of benefit. In addition to a compelling safety profile [23], TPM has been
shown to provide cardioprotection [25], prevent or ameliorate atherosclerosis [26–28], and reduce
inflammation [28,29]. Given the inflammatory challenges of highly proceeded Western diets, TPM
supplementation may provide additional benefits beyond its ability to increase the oral bioavailability
of PUFA supplementation.

The principles behind the production of this new formulation are applicable to other therapeutic
compounds with poor solubility in aqueous solutions, and could provide a new delivery system for
such hydrophobic compounds. The results presented here warrant further investigation in clinical
models to determine whether TPM can produce similar increases in bioavailability in humans.

In conclusion, this study demonstrated that co-administering omega-3 with TPM significantly
increases the bioavailability of DHA in the plasma. Therefore, opportunities may exist for TPM + DHA
fortified products, which can improve the bioavailability and/or efficacy of omega-3. These results
warrant further investigation into the health benefits and viability of adding TPM in order to improve
the bioavailability of the essential fatty acid, omega-3.

Acknowledgments: This study was funded by Phosphagenics Limited, Victoria, Australia; Writing assistance
was provided by Sabah Allawati, Medcommz Ltd. (UK); Omega-3 fatty acid analysis was carried out
by Andrew J. Sinclair’s laboratory, at the Metabolic Research Unit, School of Medicine, Deakin University,
VIC, Australia.

Author Contributions: Roksan Libinaki, conceived and designed the experimental protocol and performed the
study; Paul Gavin analyzed the data; Roksan Libinaki and Paul Gavin wrote the paper. Both authors reviewed the
paper before submission.

Conflicts of Interest: Roksan Libinaki and Paul Gavin are full-time employees of Phosphagenics Limited,
Victoria, Australia.

References

1. Authority Nutrition. Available online: https://authoritynutrition.com/omega-3-6-9-overview (accessed on
2 May 2017).

2. Greenberg, J.A.; Bell, S.J.; Ausdal, W.V. Omega-3 Fatty Acid supplementation during pregnancy. Rev. Obstet.
Gynecol. 2008, 1, 162–169. [PubMed]

3. National Institutes of Health (NIH). Available online: https://ods.od.nih.gov/factsheets/
Omega3FattyAcids-HealthProfessional (accessed on 7 August 2017).

4. Naini, A.E.; Keyvandarian, N.; Mortazavi, M.; Taheri, S.; Hosseini, S.M. Effect of Omega-3 fatty acids on
blood pressure and serum lipids in continuous ambulatory peritoneal dialysis patients. J. Res. Pharm. Pract.
2015, 4, 135–141. [PubMed]

5. Denman, M. In patients with early rheumatoid arthritis, fish oil reduced failure of treatment with DMARDs.
Ann. Intern. Med. 2014, 160, JC11. [CrossRef] [PubMed]

6. Swanson, D.; Block, R.; Mousa, S.A. Omega-3 fatty acids EPA and DHA: Health benefits throughout life.
Adv. Nutr. 2012, 3, 1–7. [CrossRef] [PubMed]

7. McNamara, R.K.; Strawn, J.R. Role of Long-Chain Omega-3 Fatty Acids in Psychiatric Practice.
PharmaNutrition 2013, 1, 41–49. [CrossRef] [PubMed]

8. Walker, R.; Decker, E.A.; McClements, D.J. Development of food-grade nanoemulsions and emulsions for
delivery of omega-3 fatty acids: Opportunities and obstacles in the food industry. Food Funct. 2015, 6, 42–55.
[CrossRef] [PubMed]

9. Raper, N.R.; Cronin, F.J.; Exler, J. Omega-3 fatty acid content of the US food supply. J. Am. Coll. Nutr. 1992,
11, 304. [CrossRef] [PubMed]

10. Van Vliet, T.; Katan, M.B. Lower ratio of n-3 to n-6 fatty acids in cultured than in wild fish. Am. J. Clin. Nutr.
1990, 51, 1–2. [PubMed]

https://authoritynutrition.com/omega-3-6-9-overview
http://www.ncbi.nlm.nih.gov/pubmed/19173020
https://ods.od.nih.gov/factsheets/Omega3FattyAcids-HealthProfessional
https://ods.od.nih.gov/factsheets/Omega3FattyAcids-HealthProfessional
http://www.ncbi.nlm.nih.gov/pubmed/26312252
http://dx.doi.org/10.7326/0003-4819-160-4-201402180-02011
http://www.ncbi.nlm.nih.gov/pubmed/24534933
http://dx.doi.org/10.3945/an.111.000893
http://www.ncbi.nlm.nih.gov/pubmed/22332096
http://dx.doi.org/10.1016/j.phanu.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23607087
http://dx.doi.org/10.1039/C4FO00723A
http://www.ncbi.nlm.nih.gov/pubmed/25384961
http://dx.doi.org/10.1080/07315724.1992.10718231
http://www.ncbi.nlm.nih.gov/pubmed/1619182
http://www.ncbi.nlm.nih.gov/pubmed/2296923


Nutrients 2017, 9, 1042 8 of 9

11. Simopoulos, A.P.; Salem, N., Jr. Egg yolk as a source of long-chain polyunsaturated fatty acids in infant
feeding. Am. J. Clin. Nutr. 1992, 55, 411–414. [PubMed]

12. Daley, C.A.; Abbott, A.; Doyle, P.S.; Nader, G.A.; Larson, S. A review of fatty acid profiles and antioxidant
content in grass-fed and grain-fed beef. Nutr. J. 2010, 9, 10. [CrossRef] [PubMed]

13. Simopoulos, A.P. An Increase in the Omega-6/Omega-3 Fatty Acid Ratio Increases the Risk for Obesity.
Nutrients 2016, 8, 128. [CrossRef] [PubMed]

14. Porter, C.J.; Trevaskis, N.L.; Charman, W.N. Lipids and lipid-based formulations: Optimizing the oral
delivery of lipophilic drugs. Nat. Rev. Drug Discov. 2007, 6, 231–248. [CrossRef] [PubMed]

15. Pouton, C.M. Formulation of poorly water-soluble drugs for oral administration: Physicochemical and
physiological issues and the lipid formulation classification system. Eur. J. Pharm. Sci. 2006, 29, 278–287.
[CrossRef] [PubMed]

16. Humberstone, A.J.; Charman, W.N. Lipid-based vehicles for the oral delivery of poorly water soluble drugs.
Adv. Drug Deliv. Rev. 1997, 25, 103–128. [CrossRef]

17. Kossena, G.A.; Boyd, B.J.; Porter, C.J.; Charman, W.N. Separation and characterization of the colloidal
phases produced on digestion of common formulation lipids and assessment of their impact on the apparent
solubility of selected poorly water-soluble drugs. J. Pharm. Sci. 2003, 92, 634–648. [CrossRef] [PubMed]

18. Porter, C.J.; Kaukonen, A.M.; Taillardat-Bertschinger, A.; Boyd, B.J.; O’Connor, J.M.; Edwards, G.A.;
Charman, W.N. Use of in vitro lipid digestion data to explain the in vivo performance of triglyceride-based
oral lipid formulations of poorly water-soluble drugs: Studies with halofantrine. J. Pharm. Sci. 2004, 93,
1110–1121. [CrossRef] [PubMed]

19. Holub, B. Function Follows Form. Nutr. Outlook 2011, 14, 34–40.
20. Garaiova, I.; Guschina, I.A.; Plummer, S.F.; Tang, J.; Wang, D.; Plummer, N.T. A randomized cross-over trial

in healthy adults indicating improved absorption of omega-3 fatty acids by pre-emulsification. Nutr. J. 2007,
6, 4. [CrossRef] [PubMed]

21. Raatz, S.K.; Redmon, J.B.; Wimmergren, N.; Donadio, J.V.; Bibus, D.M. Enhanced absorption of n-3 fatty acids
from emulsified compared with encapsulated fish oil. J. Am. Diet. Assoc. 2009, 109, 1076–1081. [CrossRef]
[PubMed]

22. Horn, A.F.; Nielsen, N.K.; Andersen, U.; Sogaard, L.H.; Horsewell, A.; Jacobsen, C. Oxidative stability of 70%
fish oil-in-water emulsions: Impact of emulsifiers and pH. Eur. J. Lipid Sci. Technol. 2011, 113, 1243–1257.
[CrossRef]

23. Gianello, R.; Hall, W.C.; Kennepohl, E.; Libinaki, R.; Ogru, E. Subchronic oral toxicity study of mixed
tocopheryl phosphates in rats. Int. J. Toxicol. 2007, 26, 475–490. [CrossRef] [PubMed]

24. Gavin, P.D.; El-Tamimy, M.; Keah, H.H.; Boyd, B.J. Tocopheryl phosphate mixture (TPM) as a novel
lipid-based transdermal drug delivery carrier: Formulation and evaluation. Drug Deliv. Transl. Res.
2017, 7, 53–65. [CrossRef] [PubMed]

25. Mukherjee, S.; Lekli, I.; Das, M.; Azzi, A.; Das, D.K. Cardioprotection with α-tocopheryl phosphate:
Amelioration of myocardial ischemia reperfusion injury is linked with its ability to generate a survival signal
through Akt activation. Biochim. Biophys. Acta 2008, 1782, 498–503. [CrossRef] [PubMed]

26. Ogru, E.; Libinaki, R.; Gianello, R.; West, S.; Munteanu, A.; Zingg, J.M.; Azzi, A. Modulation of
Cell Proliferation and Gene Expression by α-Tocopheryl Phosphates: Relevance to Atherosclerosis and
Inflammation. Ann. N. Y. Acad. Sci. 2004, 1031, 405–411. [CrossRef] [PubMed]

27. Negis, Y.; Aytan, N.; Özer, N.; Ogru, E.; Libinaki, R.; Gianello, R.; Azzi, A.; Zingg, J.M. The effect of tocopheryl
phosphates on atherosclerosis progression in rabbits fed with a high cholesterol diet. Arch. Biochem. Biophys.
2006, 450, 63–66. [CrossRef] [PubMed]

28. Libinaki, R.; Tesanovic, S.; Heal Nikolovski, B.; Vinh, A.; Widdop, R.E.; Gaspari, T.A.; Devaraj, S.; Ogru, E.
Effect of tocopheryl phosphate on key biomarkers of inflammation: Implication in the reduction of
atherosclerosis progression in a hypercholesterolaemic rabbit model. Clin. Exp. Pharmacol. Physiol. 2010, 37,
587–592. [CrossRef] [PubMed]

29. Libinaki, R.; Vinh, A.; Tesanovic-Klajiac, S.; Woddop, R.; Gaspari, T. The effect of tocopheryl phosphates
(TPM) on the development of atherosclerosis in apolipoprotein-E deficient mice. Clin. Exp. Pharmacol. Physiol.
2017, 1–10. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/1734678
http://dx.doi.org/10.1186/1475-2891-9-10
http://www.ncbi.nlm.nih.gov/pubmed/20219103
http://dx.doi.org/10.3390/nu8030128
http://www.ncbi.nlm.nih.gov/pubmed/26950145
http://dx.doi.org/10.1038/nrd2197
http://www.ncbi.nlm.nih.gov/pubmed/17330072
http://dx.doi.org/10.1016/j.ejps.2006.04.016
http://www.ncbi.nlm.nih.gov/pubmed/16815001
http://dx.doi.org/10.1016/S0169-409X(96)00494-2
http://dx.doi.org/10.1002/jps.10329
http://www.ncbi.nlm.nih.gov/pubmed/12587125
http://dx.doi.org/10.1002/jps.20039
http://www.ncbi.nlm.nih.gov/pubmed/15067688
http://dx.doi.org/10.1186/1475-2891-6-4
http://www.ncbi.nlm.nih.gov/pubmed/17254329
http://dx.doi.org/10.1016/j.jada.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19465191
http://dx.doi.org/10.1002/ejlt.201100070
http://dx.doi.org/10.1080/10915810701620556
http://www.ncbi.nlm.nih.gov/pubmed/17963134
http://dx.doi.org/10.1007/s13346-016-0331-x
http://www.ncbi.nlm.nih.gov/pubmed/27672079
http://dx.doi.org/10.1016/j.bbadis.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18555028
http://dx.doi.org/10.1196/annals.1331.058
http://www.ncbi.nlm.nih.gov/pubmed/15753182
http://dx.doi.org/10.1016/j.abb.2006.02.027
http://www.ncbi.nlm.nih.gov/pubmed/16579956
http://dx.doi.org/10.1111/j.1440-1681.2010.05356.x
http://www.ncbi.nlm.nih.gov/pubmed/20082629
http://dx.doi.org/10.1111/1440-1681.12821
http://www.ncbi.nlm.nih.gov/pubmed/28744946


Nutrients 2017, 9, 1042 9 of 9

30. Pham, A.; Gavin, P.; Libinaki, R.; Ramirez, G.; Boyd, B.J. A new lipid excipient, phosphorylated tocopherol
mixture, TPM® enhances the solubilisation and oral bioavailability of poorly water soluble CoQ10 in a lipid
formulation. J. Control. Release 2017, in press.

31. Pham, A.; Gavin, P.; Libinaki, R.; Ramirez, G.; Khan, J.T.; Montagnat, O.; Boyd, B.J. Differential effects of
TPM, a phosphorylated tocopherol mixture, and other tocopherol derivatives as excipients for enhancing
the solubilization of lipophilic drugs during digestion of lipid-based formulations. AAPS PhamSciTech 2017.
submitted.

32. US Food and Drug Administration (USFDA). Guidance for Industry: Estimating the Maximum Safe Starting
Dose in Adult Healthy Volunteer; USFDA: Rockville, MD, USA, 2005.

33. Ghasemifard, S.; Sinclair, A.J.; Kaur, G.; Lewandowski, P.; Turchini, G.M. What Is the Most Effective Way of
Increasing the Bioavailability of Dietary Long Chain Omega-3 Fatty Acids—Daily vs. Weekly Administration
of Fish Oil? Nutrients 2015, 7, 5628–5645. [CrossRef] [PubMed]

34. Singh, M. Essential Fatty Acids, DHA and the Human Brain. Indian J. Pediatr. 2005, 72, 239–242. [CrossRef]
[PubMed]

35. Youdim, K.A.; Martin, A.; Joseph, J.A. Essential fatty acids and the brain: Possible health implications. Int. J.
Dev. Neurosci. 2000, 18, 383–3999. [CrossRef]

36. Spector, A.A. Essential fatty acids. Lipids 1999, 34, S1–S3. [CrossRef] [PubMed]
37. Kuratko, C.N.; Barrett, E.C.; Nelson, E.B.; Salem, N., Jr. The relationship of docosahexaenoic acid (DHA)

with learning and behavior in healthy children: A review. Nutrients 2013, 5, 2777–2810. [CrossRef] [PubMed]
38. Davidson, M.H.; Johnson, J.; Rooney, M.W.; Kyle, M.L.; Kling, D.F. A novel omega-3 free fatty acid

formulation has dramatically improved bioavailability during a low-fat diet compared with omega-3-acid
ethyl esters: The ECLIPSE (Epanova(®) compared to 22. Lovaza(®) in a pharmacokinetic single-dose
evaluation) study. J. Clin. Lipidol. 2012, 6, 573–584. [CrossRef] [PubMed]

39. Offman, E.; Marenco, T.; Ferber, S.; Johnson, J.; Kling, D.; Curcio, D.; Davidson, M. Steady-state bioavailability
of prescription omega-3 on a low-fat diet is significantly improved with a free fatty acid formulation
compared with an ethyl ester formulation: The ECLIPSE II study. Vasc. Health Risk Manag. 2013, 9, 563–573.
[CrossRef] [PubMed]

40. Maki, K.C.; Orloff, D.G.; Nicholls, S.J.; Dunbar, R.L.; Roth, E.M.; Curcio, D.; Johnson, J.; Kling, D.;
Davidson, M.H. A highly bioavailable omega-3 free fatty acid formulation improves the cardiovascular risk
profile in high-risk, statin-treated patients with residual hypertriglyceridemia (the ESPRIT trial). Clin. Ther.
2013, 35, 1400-11.e1-3. [CrossRef] [PubMed]

41. Lopez-Toledano, M.A.; Thorsteinsson, T.; Daak, A.; Maki, K.C.; Johns, C.; Rabinowicz, A.L.; Sancilio, F.D.
A Novelω-3 Acid Ethyl Ester Formulation Incorporating Advanced Lipid TechnologiesTM (ALT®) Improves
Docosahexaenoic Acid and Eicosapentaenoic Acid Bioavailability Compared with Lovaza®. Clin. Ther. 2017,
39, 581–591. [CrossRef] [PubMed]

42. Hussey, E.K.; Portelli, S.; Fossler, M.J.; Gao, F.; Harris, W.S.; Blum, R.A.; Lates, C.D.; Gould, E.; Abu-Baker, O.;
Johnson, S.; et al. Relative bioavailability of an emulsion formulation for omega-3-acid ethyl esters compared
to the commercially available formulation: A randomized, parallel-group, single-dose study followed by
repeat dosing in healthy volunteers. Clin. Pharmacol. Drug Dev. 2012, 1, 14–23. [CrossRef] [PubMed]

43. Hoogevest, P.; Wendel, A. The use of natural and synthetic phospholipids as pharmaceutical excipients.
Eur. J. Lipid Sci. Technol. 2014, 116, 1088–1107. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/nu7075241
http://www.ncbi.nlm.nih.gov/pubmed/26184297
http://dx.doi.org/10.1007/BF02859265
http://www.ncbi.nlm.nih.gov/pubmed/15812120
http://dx.doi.org/10.1016/S0736-5748(00)00013-7
http://dx.doi.org/10.1007/BF02562220
http://www.ncbi.nlm.nih.gov/pubmed/10419080
http://dx.doi.org/10.3390/nu5072777
http://www.ncbi.nlm.nih.gov/pubmed/23877090
http://dx.doi.org/10.1016/j.jacl.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23312053
http://dx.doi.org/10.2147/VHRM.S50464
http://www.ncbi.nlm.nih.gov/pubmed/24124374
http://dx.doi.org/10.1016/j.clinthera.2013.07.420
http://www.ncbi.nlm.nih.gov/pubmed/23998969
http://dx.doi.org/10.1016/j.clinthera.2017.01.020
http://www.ncbi.nlm.nih.gov/pubmed/28189364
http://dx.doi.org/10.1177/2160763X11431107
http://www.ncbi.nlm.nih.gov/pubmed/27206142
http://dx.doi.org/10.1002/ejlt.201400219
http://www.ncbi.nlm.nih.gov/pubmed/25400504
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Animals 

	Methods 
	Study Design 
	Administration of Formulations and Sample Collection 
	Calculation of Pharmacokinetics Parameters 

	Results 
	Discussion 

