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1  | INTRODUC TION

Docosahexaenoic acid (22:6n-3, DHA) and eicosapentaenoic acid 
(20:5n-3, EPA) belong to the omega-3 (n-3) long-chain (LC) polyun-
saturated fatty acids (PUFA). Out of the two, DHA is the most im-
portant and the most abundant n-3 PUFA in the brain, whereas only 
a small amount of EPA has been detected. High contents of DHA 
have been identified in the gray matter of brain (up to 20% of its 

total lipids) and in the outer rod segments of retina. DHA contrib-
utes to approximately 97% and 93% of the n-3 PUFA in these or-
gans, respectively (Lauritzen et al., 2001; Tambakhe & Pawar, 2014). 
Furthermore, it is one of the key and essential components of neu-
ral tissues (Kidd, 2007) and membrane structure (such as the syn-
aptic terminals; Swanson et  al.,  2012). DHA also functions as the 
precursors of several metabolites (Ghasemifard et al., 2014; Serhan 
et  al.,  2008) and the modulators of central and enteric nervous 
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this review.
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system (Morena et al., 2015). In addition, DHA involves in the anti-
inflammatory and physiological processes, and it affects the cellular 
characteristics, such as membrane fluidity and neuronal differentia-
tion and growth.

A large number of studies have demonstrated that dietary 
DHA has numerous health benefits throughout human life, in-
cluding brain and eye developments of fetuses and infants 
(Drover et  al.,  2011; Dunstan et  al.,  2008; Judge et  al.,  2007; 
Willatts et  al.,  2016), prevention of early preterm delivery 
(Harris et al., 2015; Kar et al., 2016; Knudsen et al., 2006; Olsen 
et  al.,  2000), prevention of cardiovascular disease (CVD; Allaire 
et  al.,  2016; Asztalos et  al.,  2016; Bernstein et  al.,  2012; Mori, 
Burke, et al., 2000), and improvements in the cognitive (Stonehouse 
et al., 2013; Yurko-Mauro et al., 2015) and the eye health (Christen 
et al., 2011; Chua et al., 2006; Seddon et al., 2006) of adults and 
elderly. New research studies have also shown that the benefits of 
dietary DHA might be related to the modulation of gut microbiota 
(Fu et al., 2021; Younge et al., 2017).

Experts have set the daily recommendations for n-3 PUFA in-
take, in particular DHA. According to the 2010 US dietary guide-
lines, it is recommended to consume eight ounces of a variety of 
seafood per week (equivalent to 250 mg DHA and EPA per day) in 
order to prevent CVD (Marshall, 2011). For pregnant and lactating 
women, the recommended consumption is about 200  mg/day of 
DHA alone in most countries (Sposito et al., 2007), which is higher 
than 250 mg of the combination of DHA and EPA per day for normal 
adults. Similarly, there are specific recommended daily intakes (RDI) 
of n-3 PUFA, in particular DHA, for different age groups, but they 
are different from one country to another, which can be attributed 
to many factors, such as hormones, dietary habits, and environment.

Furthermore, it is a challenge for consumers to reach the RDI 
of DHA through diet alone. There is still a big gap between current 
dietary intake and the recommended intake set by the experts in 
the world. The results of a global survey (Marshall, 2011) indicated 
that only 24% of the world adult population met the n-3 fat level set 
in the 2010 US guidelines from the consumptions of seafood alone, 
while 67% had intake of less than 100 mg n-3 fats/day, especially in 
China, which was less than 50 mg n-3 fats/day (Micha et al., 2014). 
Therefore, DHA supplement is crucial and its consumption has 
increased worldwide. The most common source of DHA supple-
mentation is fish oil. Krill oil is another marine source of DHA. In 
recent decades, algal oil has become an important source of DHA 
supplementation due to its good sustainability and the absence of 
marine pollutants. These oils are normally present in triglyceride 
(TG) or phospholipid (PL) forms. The n-3 PUFA supplements with 
higher DHA levels are also commercially available in ethyl ester (EE) 
form. However, the bioavailability of DHA is affected by their lipid 
structure (Davidson et al., 2012; El Boustani et al., 1987; Lawson & 
Hughes,  1988b). This is not commonly discussed, which may lead 
to the discrepancies observed in the studies related to the health 
benefits of DHA supplementation, such as those reported by Ulven 
et al. (2011), Tou et al. (2011), and Köhler et al. (2015). In addition, 
the embedding matrix of DHA, such as the food matrix and the 

excipient, can alter the bioavailability of DHA (i.e., the absorption, 
the excretion, and the retention in the tissues; Rauch et al., 2010).

This narrative review is intended to explore the discrepancies 
found in the literature regarding the health benefits of DHA supple-
mentation and to understand the factors that alter the bioavailability 
of DHA. The roles of DHA throughout human lifespan, its sources, 
and its RDI are also discussed to provide a better understanding on 
the importance of this review. Many previous reviews were mostly 
focused on the functions of n-3 LCPUFA in general, rather than the 
specific roles of DHA. The outcome of this review can serve as a 
good foundation for study design of future research and develop-
ment of DHA, including its applications.

2  | HE ALTH BENEFITS OF DHA

2.1 | Fetal and infant development

DHA is one of the key nutrients in the development and the maturity 
of brain and eyes for infants. There is a spurt of DHA deposition in 
the brain during the last trimester of gestation and during the first 
2 years of infancy, along with the rapid brain growth. The deposition 
rate of DHA slows down after infancy. The DHA content reaches the 
maximum in early adulthood and then gradually decreases with the 
aging process (Carver et al., 2001).

Half of the brain DHA is accumulated during the gestation pe-
riod, where a developing infant brain requires five times the lipid 
level per day of an adult brain (Haag, 2003). As the biosynthesis of 
DHA from its precursors in the fetus and the placenta is not suffi-
cient to meet the demand of the rapidly developing neural tissues 
(Uauy et al., 2000), the maternal DHA, which is dependent on the 
dietary intake of the mother, becomes an important factor for the 
fetal brain development (Grantham-McGregor et al., 2007). Multiple 
benefits of DHA for infants have been demonstrated, including 
improved hand-eye coordination (Dunstan et  al.,  2008), enhanced 
problem-solving skills (Drover et al., 2009; Judge et al., 2007), sus-
tained attention (Colombo et al., 2016; Jensen et al., 2010), improved 
cognitive function (Birch et al., 2000; Drover et al., 2011; Willatts 
et al., 2016), enhanced gross motor milestones (Agostoni et al., 2009), 
and increased adjustability to environment (Gustafson et al., 2013). 
Judge et al. (2007) indicated that children whose mothers consumed 
cod liver oil with n-3 LCPUFA (1,183 mg DHA and 803 mg EPA per 
day) from the 18th week of pregnancy until 3 months after the deliv-
ery scored higher on the mental processing composite of Kaufman 
Assessment Battery for Children (K-ABC, intelligence testing) at the 
age of four than the control group. In a double-blinded randomized 
controlled trial (RCT), which enrolled 181 infants at 1–9 days of age, 
the effects of DHA supplementation on mental delay of the infants 
were evaluated using Bayley Mental Delay Index (MDI; Drover 
et al., 2011). The results suggested that the infants who consumed 
the term infant formula containing DHA (between 0.32% and 0.96% 
of the total fatty acids) for 12 months obtained significantly higher 
MDI scores at the age of 18 months. A significant effect from the 
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maternal intake of DHA was also reported in increasing the hand 
and eye coordination of toddlers at the age of 2.5 when the mothers 
utilized the DHA supplementation from the late gestation to the de-
livery (Dunstan et al., 2008). Similarly, the infants at the age of six fed 
with the formula enriched with DHA (0.2% of the total fatty acids) 
and arachidonic acid (ARA) for a period of 4 months showed a faster 
ability in processing information than the control group without 
the DHA and ARA supplementation (Willatts et al., 2016) although 
there were no significant differences in their intelligence quotients. 
It seems that both pregnancy and lactation are the critical periods to 
supplement DHA to infants in order to achieve the best neurodevel-
opmental effects of DHA (Helland et al., 2003).

2.2 | Preterm birth

Preterm birth is a major problem of public health care, accounting 
for around 12% of the deliveries worldwide (Beck et al., 2010). It is 
an underlying risk factor for 75% of neonatal morbidity and various 
infant diseases (Lumley, 2003), generally due to the underdeveloped 
immune-regulatory system and antigen-specific adaptive immune 
system (Zhang et al., 2014).

A systematic review and meta-analysis by Kar et al. (2016) found 
that n-3 PUFA supplementation reduced the risk of preterm delivery 
(<37  weeks) by 17%. The mean gestational age at delivery in the 
n-3 PUFA group was increased by 1.95  weeks compared with the 
control group. This may be attributed to the downregulating inflam-
matory effect of DHA by decreasing the contents of prostaglandin 
E2 and prostaglandin F2α in the uterus (Roman et al., 2006). Similarly, 
Harris et al. (2015) demonstrated that the pregnant women supple-
mented with 300 mg algal DHA per day had a significantly lower risk 
of early preterm delivery than the control group without the DHA 
supplementation (1.7% vs. 5.7%). In addition, the group of pregnant 
women supplemented with 300 mg/day algal DHA carried their ba-
bies 4 days longer than the control group without the DHA supple-
mentation and only 0.5 day shorter than the group with higher dose 
of the DHA supplementation (600 mg/day). Similar results of longer 
gestation period were observed from the studies employing fish oil 
to supplement pregnant women with DHA (Knudsen et  al.,  2006; 
Olsen et al., 2000) although the length of gestation period did not 
increase significantly when the dose of DHA exceeded 600 mg/day. 
These studies verified that the DHA intake during pregnancy can 
optimize the length of gestation period without the risks of delaying 
of the delivery date due to the extended gestation period.

2.3 | Allergy and immunity

There are increasing evidences showing that women who take n-3 
LCPUFA during pregnancy and breastfeeding may protect their 
children against the development of allergies (Birch et  al.,  2010; 
Foiles et al., 2016; Furuhjelm et al., 2009; Hansen et al., 2016) due 
to the anti-inflammatory mechanism of n-3 LCPUFA. A systematic 

review and meta-analysis involving 10 prospective cohort studies 
and five unique RCTs showed that the increase in the maternal n-3 
LCPUFA, such as by DHA supplementation, could reduce the off-
spring's risk of developing eczema (Best et  al.,  2016). In addition, 
a recent RCT (n = 533) with a 24-year follow-up revealed that n-3 
LCPUFA supplementation during the pregnancy stage could induce 
a prophylactic effect against the development of asthma in the off-
spring rather than provide a therapeutic effect (Hansen et al., 2016). 
It was reported that the probability of asthma discharge diagnosis 
was lower and less asthma medication was prescribed for the group 
supplemented with fish oil from childhood to early adulthood than 
the control group supplemented with olive oil. Similarly, there were 
less medical reports about the occurrence of allergic illnesses in the 
first 3 to 4 years of life for the children receiving formula contain-
ing DHA (0.32%–0.96% of total fatty acids) and ARA (0.64% of total 
fatty acids) than those without the DHA supplementation (Birch 
et al., 2010; Foiles et al., 2016). However, if the allergic immune re-
sponses have established, the intervention using DHA supplementa-
tion can be too late and will only show a small improvement (Thien 
et al., 2000).

2.4 | Cardiovascular disease

CVD is the leading cause of mortality in the world. For example, the 
prevalence of CVD in China is still rising, and it was estimated that 
330 million people were suffering from CVD in 2019 (The Writing 
Committee of the Report on Cardiovascular Health & Diseases in 
China, 2020). Some research studies have verified that n-3 LCPUFA 
plays a role in the protection against atherosclerotic heart disease 
(Mori,  2014), sudden coronary death (Mozaffarian & Wu,  2011; 
Schmidt et  al.,  2005), and peripheral arterial disease (Dawczynski 
et al., 2010). In addition, n-3 LCPUFA has multiple beneficial effects 
on reducing cardio-metabolic risk factors, including dyslipidemia 
(Nestel et al., 2002), increased blood pressure (Geleijnse et al., 2002), 
arterial compliance (Nestel et  al.,  2002), vascular reactivity (Mori, 
Watts, et al., 2000), and inflammation (Ebrahimi et al., 2009; Mori, 
Burke, et al., 2000). A recent meta-analysis conducted by Bernasconi 
et al. (2021) showed that there were 9% and 13% risk reductions in 
the coronary heart disease (CHD) events and myocardial infarction, 
respectively, with 1 g/day DHA supplements, and the effects were 
dose-dependent.

In the past, the benefits of n-3 LCPUFA in preventing CVD were 
studied using a mixture of EPA and DHA. In recent years, the in-
dividual effects of EPA and DHA on the risk factors of CVD have 
been revealed in order to have a better understanding of their 
mechanisms. Asztalos et  al.  (2016) recruited 121 healthy, normo-
lipidemic subjects, where the subjects were randomly assigned 
into four treatment groups: two doses of EPA (1,800 and 600 mg/
day), one dose of DHA (600  mg/day), and olive oil without EPA 
and DHA (control). After 6 weeks of intervention, the DHA group 
showed a significant decrease in the postprandial TG concentration 
compared with the control group although the fasting TG remained 
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unchanged. However, interestingly, the DHA group also showed a 
significant increase in the low-density lipoprotein cholesterol (LDL) 
level. Although the EPA groups did not show the same results, there 
was a significant decrease in the lipoprotein-associated phospholi-
pase A2 concentration, which is an inflammatory marker, at the dose 
of 1,800 mg EPA/day. It seems that both EPA and DHA can decrease 
the CVD risk factors, and DHA may be more effective in reducing the 
lipid risk factors than EPA. This stronger effects of DHA in reducing 
fasting triglycerides were also reported by Grimsgaard et al. (1997) 
and Egert et al. (2009) from the healthy population using high doses 
of DHA (2.2 and 4 g/day, respectively), by Nestel et al. (2002) from 
the dyslipidemic patients, as well as by Allaire et al. (2016) and Mori, 
Burke, et al. (2000) from the obese subjects. Egert et al. (2009) also 
found that the HDL level was significantly increased by 21.2% in the 
DHA provision group.

Mori, Burke, et  al.  (2000), Allaire et  al.  (2016), and Bernstein 
et al. (2012) observed the increasing trends of the LDL level by the 
DHA supplementation either from fish oil or algal oil, confirming the 
finding of Asztalos et al. (2016). The increase in the LDL level could 
be attributed to the hypo-triglyceridemic effect of DHA (Schmidt 
et  al.,  1993), where DHA supplementation decreases the TG level 
by reducing the hepatic synthesis of very low-density lipoprotein 
(VLDL) and its secretion. This leads to the formation of small VLDL 
particles that are more readily to be converted to LDL than the 
large VLDL particles and thus increasing the LDL level (Mori, Burke, 
et  al.,  2000). In addition, the LDL particle size increased with the 
increased percentage of LDL when DHA supplementation was em-
ployed. The large LDL particle might have less atherogenic effects 
as the small and dense LDL particles are deemed to raise the risks of 
CVD (Campos et al., 1992).

2.5 | Cognitive function

Cognitive function tends to reach the peak in middle age and then 
they gradually decline with age in healthy individuals (Hansen 
et al., 2016). Episodic memory typically declines after 20 years old, 
which coincides with the normal aging (Ellinson et al., 2004). Most 
observational studies (Beydoun et al., 2007; Muldoon et al., 2010; 
Titova et  al.,  2013) showed positive associations between DHA 
levels (in plasma, serum, or erythrocyte) and cognitive outcomes 
(such as working memory and composite cognitive scores) in healthy 
adults or healthy elderly.

A well-designed meta-analysis including 15 RCTs conducted by 
Yurko-Mauro et al. (2015) demonstrated that DHA supplementation 
above the average of 580  mg/day significantly improved episodic 
memory outcomes in healthy adults (18 to 90 years old) with or with-
out mild memory complaints and in the subgroup with mild memory 
complaints. However, it might need more than 4 months of interven-
tion to obtain the benefits of DHA supplementation in improving 
cognitive decline. This can be reflected by the improvement in the 
semantic and work memory. For example, two trials, which supple-
mented subjects aged between 18 and 70 years old and between 18 

and 35 years old with DHA at 850 mg and 1,000 mg/day, respec-
tively, for 12 weeks (Jackson et al., 2012; Rogers et al., 2008), did 
not show any effects on cognition, whereas Stonehouse et al. (2013) 
reported an improvement in the episodic and working memory in 
18- to 35-year-old subjects after an intervention with a high dose of 
DHA supplement (1,160 mg DHA and 170 mg EPA daily) for 6 months 
compared with the control subjects given the placebo treatment.

2.6 | Eye health

Besides the need of DHA for the eye development of fetus and in-
fant, some studies have shown that increased intake of n-3 PUFA or 
fish consumption might lead to improve eye health, especially for 
elderly population. In some cohort studies (Christen et  al.,  2011; 
Chua et  al.,  2006) and a study involving twins with intermediate 
and late stages of age-related macular degeneration (AMD; Seddon 
et al., 2006), their results showed that high intake of n-3 PUFA and 
fish consumption might provide a protection against early and late 
AMD. There is still a need for further human studies in order to con-
firm the optimal DHA dose for the prevention of AMD. In addition, 
a review (Cortina & Bazan, 2011) has reported that the dietary sup-
plementation with n-3 PUFA showed some improvement in the signs 
and symptoms of dry eye, probably due to the anti-inflammatory ef-
fect of DHA.

2.7 | Prebiotics

The most recent widely accepted definition of prebiotics pub-
lished by the International Scientific Association for Probiotics and 
Prebiotics or ISAPP (Gibson et al., 2017) is “a substrate that is se-
lectively utilized by host microorganisms conferring a health ben-
efit.” This new definition clarifies that the aims of prebiotics extend 
beyond the proliferation of bifidobacteria and lactobacilli and that 
the health benefits derived from these bacteria and other beneficial 
bacteria in the gut should be recognized.

Although the data are still limited to date, some studies have 
shown that DHA possesses prebiotic effects. A recent review (Fu 
et al., 2021) showed that n-3 PUFA indirectly or directly modulate 
the gut microbiota, which leads to the reduction of pro-inflammatory 
levels and the increase in short-chain fatty acids. A randomized, 
open-label, cross-over trial providing 4 g/day of the combination of 
DHA and EPA (or 2 g DHA) in TG or EE form to healthy volunteers 
for 8 weeks reported that both DHA forms significantly increased 
the abundance of several beneficial genera (Watson et  al.,  2018), 
such as Bifidobacterium, Roseburia, and Lactobacillus, which are the 
main producers of butyrate in the gut. Butyrate is regarded as an 
important nutrient for the colonic mucosa, which in turn modulates 
gene expression, inflammation, differentiation, and apoptosis in host 
cells (Fu et al., 2021). Younge et al. (2017) observed that there were 
an increase in bacterial diversity and a decrease in the abundance 
of Streptococcus, Clostridium, and many pathogenic genera within 
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the Enterobacteriaceae family in the infant group that was given high 
PUFA supplementation. The prebiotic effects of DHA, including the 
anti-inflammatory properties, might be, at least in part, accountable 
for its other health benefits mentioned earlier, such as the preven-
tion of CVD.

3  | RECOMMENDED INTAKES OF DHA

Based on the growing body of evidences demonstrating the 
health benefits of DHA supplementation for different life stages, 
various expert bodies in different countries have made recom-
mendations for the dietary intakes of DHA or n-3 PUFA (as shown 
in Table 1). The RDI for DHA is in the range of 70 to 250 mg/day or 
40 to 2,300 mg/day in combination with other n-3 PUFA (Chinese 
Nutrition Society,  2013; Ezaki et  al.,  2012; Food & Agriculture 
Organization of the United Nations,  2010; Kris-Etherton 
et al., 2002; National Health & Medical Research Council, 2006; 
Sposito et al., 2007; The French Food Safety Agency, 2010; Udell 
& Eden, 2008), depending on the age groups, genders, health con-
ditions, and countries. In France, Japan, and Australia, there are 
detailed DHA recommendations for children based on the age 
groups.

It was suggested by the Ministry of Health, Labour and Welfare of 
Japan (Ezaki et al., 2012) and National Health and Medical Research 
Council of Australia (2006) that the recommendation of n-3 PUFA 
intake should be associated with the age groups and genders. For 
example, the recommendation for 0- to 5-month-old babies is 0.9 g 
total n-3 PUFA per day, as the age increases, the recommendation in-
creases to 2.0 and 2.4 g/day for women and men in the age of 50–69, 
respectively. In general, the RDI of total n-3 PUFA for male in Japan 
is generally higher than that for female, except for infants at age of 
0–2 years where there is no difference in the RDI for both genders. 
This can be related to the effects of hormones on the bioavailability 
of DHA, which is discussed in Section 5.4.

For the pregnant and lactating women, the RDI for DHA is around 
200 mg in most countries, but Japan has a higher RDI (1,800 mg n-3 
PUFA) (Ezaki et al., 2012). In order to prevent CHD or CVD, the RDI 
for DHA and EPA can be increased to 1,000 mg for people at risk.

4  | SOURCES OF DHA

Although DHA can be biosynthesized in the human body from α-
linolenic acid (ALA), which is abundant in some plants oils (e.g., 
flaxseed and perilla oils), under the actions of fatty acid elongases 
and desaturases, the bioconversion rate in the human body is ex-
tremely low, generally at 2%–10% (Chiu et al., 2008), and sometimes, 
it was reported even at a lower rate of 0.01% (Hussein et al., 2005). 
Therefore, DHA-rich or fortified foods and DHA supplements are 
the two main exogenous sources to obtain additional DHA needed 
for the biological functions of human body.

4.1 | Human breastmilk

Human breastmilk is the optimal and the most natural source of 
DHA for term infants. The average DHA concentration of human 
breastmilk is about 0.32  ±  0.22% of total fatty acids by weight 
worldwide (Brenna et  al.,  2007). There is a large variability that 
can be linked to the differences in the diets and the supplement 
intakes. For example, breastmilk with high DHA level is predomi-
nantly found in the seafood-eating populations, such as Japan, 
Philippines, and Canadian Arctic (1.4%–0.6% DHA of total fatty 
acids; Innis et al., 1994; Yuhas et al., 2006), which are all coastal or 
island populations having plentiful seafood. In contrast, the lowest 
breastmilk DHA (0.06%–0.14% of total fatty acids) can be found 
in the developed or the inland countries, such as South Africa, 
United States, and Pakistan (Jensen et al., 2000; Smit et al., 2000; 
Van Der Westhuyzen et  al.,  1988). Hence, aside from providing 
nutrition education to mothers and expecting women, DHA sup-
plement is a good way to achieve a higher DHA level in breastmilk. 
It has been shown that the DHA content in breastmilk is linearly 
correlated with the increase in the DHA supplementation (Sherry 
et al., 2015).

4.2 | DHA-rich foods

Seafood and its by-products are known to contain substantial 
amount of n-3 LCPUFA, including DHA. However, marine animals 
do not produce much n-3 LCPUFA on their own. They accumulate 
n-3 LCPUFA in their body by consuming PUFA-producing marine 
microalgae and other smaller marine animals. Traditionally, cold-
water fish (primarily fatty fish) are recognized as the prominent diet 
sources of DHA, such as salmon, mackerel, herring, and trout. These 
fish can provide about 0.68–1.43 g DHA per 100 g meat. In addi-
tion, the meat, milk, and eggs of animals that are fed with seafood 

TA B L E  2   DHA contents of seafood, poultry, and livestock 
(Mozaffarian & Wu, 2012)

Food
DHA content 
(g/100 g meat)

Salmon, wild 1.43

Sardine, canned 1.2

Herring, Atlantic 1.1

Anchovy 1.3

Mackerel, Atlantic 0.70

Trout 0.68

Cod, Pacific 0.12

Shrimp 0.052

Prawn 0.04

Chicken breast 0.02

Pork 0.002
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by-products or PUFA-producing microalgae have shown to contain 
DHA. The DHA contents of different foods are listed in Table 2.

Based on the global survey on seafood consumption, the 
consumption level of 66% world adult population contains less 
than 250  mg n-3 fat per day, lower than the recommended level 
(Marshall, 2011). This low consumption level can be associated with 
the geographical differences (coastland or inland), the living habits, 
and the concerns about environment protection and ocean contam-
inations (such as persistent organic pollutants, heavy mental, and 
methyl-mercury).

4.3 | DHA supplements

4.3.1 | Fish oil

Fish oil, as a dietary supplementation, offers an alternative means to 
the DHA-rich foods in order to reach the recommended DHA level 
in the body. It is currently the most popular source for DHA sup-
plements. Natural fish oils contain approximately 18% EPA and 12% 
DHA, which are mainly in TG form (Schuchardt & Hahn, 2013). Highly 
concentrated n-3 PUFA oils containing up to 90% DHA and EPA in 
EE form have been developed for medical purposes, dietary supple-
ments, and feedstock for various technological processes (such as for 
transesterification and re-esterification). Furthermore, to produce a 
high quality, odorless, and stable fish oil, some additional processes, 
including distillation, purification, and deodorization, can be em-
ployed, but they can increase the production cost. In addition, there 
is a concern about the limitation of marine resources and the fish-
ing quotas, decreasing the supply of fish oil and increasing its price. 
As reported by Salem and Eggersdorfer (2015), the DHA from fish 
oil can only meet 15% of human consumption demand in the world. 
Therefore, finding other sources for DHA supplements ​is crucial.

4.3.2 | Krill oil

As the amount of fish is limited, krill oil has surfaced to be an alterna-
tive source of marine n-3 PUFA to fish oil. It is extracted from tiny 
shrimp-like crustaceans, such as Antarctic krill (Euphausia superba), 
that feed on phytoplankton (including microalgae) in the deep ocean 
waters. Some of these phytoplankton synthesize large amounts of 
EPA and DHA. Krill oil contains both EPA and DHA similar to fish oil, 
albeit with lower contents of DHA and other n-3 PUFA. However, 
it is still perceived as having higher efficacy than fish oil, probably, 
because 30%–65% of its fatty acids are in PL form (Tou et al., 2007; 
Ulven et al., 2011), which are easier to be absorbed in the human 
body than those in TG form; however, the results from current clini-
cal studies are not yet sufficient to support the higher DHA bio-
availability of krill oil (Salem & Kuratko, 2014), which is discussed in 
Section 5.1. In addition, similar to fish oil and other marine products, 
ecosystem sustainability and persistent organic pollutants are some 
of the concerns that the industry needs to address for krill oil.

4.3.3 | Algal oil

As mentioned in the previous sections, both fish and krill do not synthe-
size much DHA. They obtain most of their DHA through diets, includ-
ing DHA-producing microalgae, and store the DHA in their eyes and 
body lipids. There are many types of microalgae that can synthesize 
DHA, and Schizochytrium sp. is the most prominent microorganisms 
for n-3 LCPUFA production by large-scale fermentation technology. 
DHA-rich oil from Schizochytrium sp. has been generally recognized as 
safety for food use and dietary supplement. The oil is primarily present 
in TG form and the commercial oil contains approximately 40% DHA of 
total fatty acids (Shahidi & Ambigaipalan, 2018). At present, although 
the market share of n-3 LCPUFA supplement from Schizochytrium sp. 
is lower than that of marine animal oil, the growth is appreciable due 
to its vegetarian nature, environmental friendliness, nonexisting ocean 
pollutants, and compliance to expanding customer needs (such as ko-
sher and halal). However, the fermentation and refining of algal oil cur-
rently cost more than the extraction and refining of fish oil.

5  | DHA BIOAVAIL ABILIT Y

To exert the health benefits of DHA mentioned in Section 2, the 
bioavailability of DHA is a factor that cannot be neglected, apart 
from the DHA content of a food. Up to this moment, two reviews 
(Ghasemifard et  al.,  2014; Schuchardt & Hahn,  2013) have been 
published on the bioavailability of DHA, mainly focusing on the 
findings from human and animal studies as well as the methodo-
logical and analytical approaches to perform the studies. They con-
cluded that there were still limitations in the previous studies on 
DHA bioavailability and there was lack of standardization of the 
analytical methods. Contrary to the clear definition of “bioavail-
ability” in pharmacology, there is no agreed definition for nutri-
ents, mainly due to their metabolisms and syntheses in the body 
(Kwan, 1997). The concentrations of DHA in free fatty acid (FFA), 
PL, and TG forms in plasma or serum have been used as indicators 
for DHA absorption rate and quantity to understand the short-term 
bioavailability of DHA (Ghasemifard et al., 2014; Katan et al., 1997), 
while omega-3 index has been regarded as a good biomarker for 
long-term incorporation of n-3 LCPUFA in the tissues (Harris & 
Von Schacky, 2004). Omega-3 index is defined as the sum of EPA 
and DHA in the serum lipid fraction (cholesterol esters, triglyc-
erides, and phospholipids) expressed as a percentage of the total 
fatty acids in erythrocyte membranes. It is also useful to discuss 
which factors influence the bioavailability of DHA and whether the 
higher bioavailability can be translated into a higher clinical effi-
cacy. Different from pharmaceuticals, the bioavailability of DHA is 
highly dependent by numerous factors (Vandal et al., 2008), such 
as the physicochemical properties of the oil (including the chemical 
form and the position of n-3 LCPUFA on the glycerol backbone), the 
matrix of the food or excipient (including the presence or absence 
of other food components), and the subjects (their state of health 
and their age).
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5.1 | Effects of chemical structure

The DHA oil from various sources can differ in terms of DHA con-
tents and chemical forms or structures. In fish oil and algal oil, DHA 
is present primarily in TG form, where it is mainly bound on the sn-2 
position of the glycerol backbone and, to a less extent, in FFA form. 
Commercially available oils with high DHA content are normally in 
EE, FFA, and re-esterified TG forms. DHA also naturally occurs in PL 
form, such as in krill oil.

Table  3 summarizes the experimental designs and outcomes 
of the published animal studies on DHA bioavailability. It can be 
inferred that the DHA bioavailability in EE form is lower than 
that in TG form (Yang et  al.,  1990) and monoglyceride (MG) form 
(Valenzuela et al., 2005) and that in FFA form has the highest bio-
availability (Ikeda et  al.,  1995). Similar findings were reported for 
other n-3 LCPUFA (Davidson et al., 2012; El Boustani et al., 1987; 
Lawson & Hughes, 1988b). The n-3 LCPUFA in EE form might need 
an additional hydrolysis step to yield the DHA and/or EPA in FFA 
form before they can be incorporated into chylomicron for absorp-
tion. When the DHA in FFA form is absorbed into the blood stream 
or lymph, it will be re-esterified into TG form. On the other hand, the 
TG form can provide glycerol and 2-monoacylglyceride molecules 
that can speed up the re-esterification process compared with the 
EE form, and hence, the delivery of DHA from enterocytes is not de-
layed (Kar et al., 2016). In addition, the n-3 LCPUFA in EE form is up 
to 50 times more resistant to the hydrolysis by pancreatic lipase than 
that in natural TG form as shown in in vitro studies (Beckermann 
et al., 1990; Grimsgaard et al., 1998).

Whether the DHA in PL form has a higher bioavailability than 
that in TG form is still not fully understood. Krill oil, rich in DHA 
with PL form, has been reported to have a higher absorption rate 
and a higher DHA accretion rate in plasma than fish oil, where 
the DHA is mainly in TG form (Batetta et  al.,  2009; Di Marzo 
et  al.,  2010; Ghasemifard et  al.,  2015; Graf et  al.,  2010; Kitson 
et al., 2016; Rossmeisl et al., 2012). In addition, Ulven et al. (2011) 
indirectly demonstrated that the bioavailability of DHA in krill oil 
may have higher efficacy than that in fish oil. They found no sig-
nificant differences between krill oil and fish oil in the DHA levels 
of the plasma and serum lipids when the subjects were supple-
mented with the krill oil containing 53% of the DHA level in the 
fish oil used in the study. However, Tou et al. (2011) found that the 
DHA oil digestibility and the DHA accretion rate in the brain of 
the rats fed with krill oil were lower than those fed with salmon oil 
and tuna oil although the DHA content of the krill oil used in this 
study was 2 to 4 times higher than that in the other oils (4.9 mg/g 
diet vs. 1.9–2.9 mg/g diet). This could be attributed to the low pro-
portion of PL in this particular krill oil, and the DHA was present in 
both PL and TG forms, where the PL form was only accounted for 
50% of the total DHA. In another randomized study, there was no 
significant difference in the DHA level of red blood cell membrane 
between the TG and PL groups after 4 weeks of treatment when 
the amounts of DHA and EPA per treatment were maintained the 
same (Köhler et  al.,  2015). These inconsistent results could be 

attributed to the different contents of EPA and DHA, the doses, 
the duration of intervention, the different detection methods 
(such as the plasma DHA level, the whole blood fatty acids, and 
the omega-3 index), the variations in krill oil compositions (19%–
81% PL and 3.5%–36% FFA), and the various PL forms (e.g., phos-
phatidylethanolamine and phosphatidylserine). In the future, it 
might be worthy to explore the fatty acid compositions of plasma 
PL, red blood cells, and whole blood from a long-term study using 
the equivalent dose of DHA from krill oil and fish oil.

5.2 | Effect of food composition

It is well established that the composition of a food can affect the 
bioavailability of the nutrients (Parada & Aguilera, 2007), and thus, 
it can influence the bioavailability of n-3 LCPUFA, as discussed by 
Schuchardt and Hahn (2013). Dietary lipids in meals have shown to 
significantly increase the bioavailability of DHA and EPA. Lawson 
and Hughes (1988a) found that the absorption of DHA and EPA 
from fish oil in EE from was threefold higher when the volunteers 
co-ingested with a fat-rich meal (44 g of fat) than those co-ingested 
with a low-fat meal (8 g of fat). This effect was more remarkable in 
the cross-over study conducted by Kling et al. (2011). They demon-
strated that the bioavailability of DHA and EPA in EE and FFA forms 
was increased significantly in the plasma during a high fat diet pe-
riod compared with during a low-fat diet period. For example, the 
cmax (the maximum concentration measured in the plasma over the 
specific timespan) and tmax (the time when the measured maximum 
concentration first occurred in the plasma) of total concentrations 
of DHA and EPA were five times higher and 0.6 time shorter, re-
spectively, during high fat diet than those during low-fat diet when 
the subjects were administrated with 4-g dose of n-3 LCPUFA in EE 
form. This positive effect might be due to the stimulating effect of 
dietary lipids on the secretion of pancreatic lipases into the small 
intestine. Similarly, the health benefits of DHA could be underesti-
mated if the effect of food composition is neglected. For example, in 
one study performed in Germany (Rauch et al., 2010), no significant 
benefits of n-3 LCPUFA in EE form were observed in reducing the 
CVD events when the subjects co-ingested n-3 LCPUFA with rela-
tively low-fat breakfast meal.

5.3 | Effect of excipients

Some technologies, such as emulsion and microencapsulation, have 
been developed to mask the strong odor and to reduce the oxida-
tion rate of PUFA oil. A large-scale (n  =  99), double-blinded, ran-
domized controlled, long-term (4  weeks) study was conducted to 
compare the bioavailability of DHA and EPA between microencap-
sulated powder and enriched meals (Hinriksdottir et al., 2015). The 
results showed that there was no significant difference in the n-3 
LCPUFA levels between the intervention groups. A 2-week study 
conducted by Arterburn et al. (2008) also found that algal DHA oil 
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in soft-gel capsules and cooked salmon with the same content of 
DHA (600 mg/day) had similar effects in increasing the DHA levels 
in plasma and red bloods cells. Therefore, DHA supplement is as ef-
fective as natural DHA sources.

Emulsified fish oil can significantly increase the bioavailability of 
EPA and DHA compared with the fish oil in gelatin-based soft-gel 
capsules (Haug et al., 2011; Raatz et al., 2009). Emulsion might im-
prove the dissolution of the oil in the digestive tract for nutrient ab-
sorption, while the gelatin-based capsules need to be broken down 
by pancreatic protease before the oil can be released for absorption, 
thus delaying the absorption time. However, there were some lim-
itations of these studies. The sample sizes were very small (only 10 
subjects), and the duration was only 48 hr. A larger sample size and 
a longer duration of study might be needed to verify these results.

5.4 | Effects of hormones

Giltay et al. (2004) observed sex hormones played an opposite regu-
lation of DHA content in the plasma: estrogen stimulated the bio-
synthesis of DHA, thus induced an increase in DHA status, whereas 
testosterone stimulus induced a decrease in DHA. The DHA con-
centrations in plasma cholesteryl esters in both female groups with 
or without taking oral contraceptives were significantly higher than 
those in the male group when they consumed the same amounts of 
DHA supplement. Similarly, in a recent review (Lohner et al., 2013), 
it was demonstrated that women had higher proportions of ARA and 
DHA in plasma, red blood cells, and adipose tissue lipids than men. 
This effect was also observed in a large cohort study of American 
children aged 6–16 years old. The cognitive benefits from consuming 
n-3 PUFA were twice more prominent in girls than in boys (Lassek & 
Gaulin, 2011), which could be attributed to that estrogens from girls 
upregulated the DHA concentration in the plasma. It could also be 
the reason that the Japanese experts gave a higher RDI of n-3 PUFA 
for men than that for women (seen in Section 3).

6  | CONCLUSION

The n-3 LCPUFA DHA is important throughout human lifespan and 
is a dietary necessity found predominantly in marine and algal oils. 
The consumption of DHA can provide many positive physiologi-
cal and behavioral effects, including proper fetal development, 
prevention of premature delivery, prevention of infant allergy, 
improved cardiovascular functions in terms of anti-inflammatory 
properties, and improved cognitive functions and eye health in 
adult and aging populations. These health benefits of DHA could 
be, at least in part, attributed to its prebiotic effects, which has 
been reported to modulate the gut microbiota. Apart from its 
sources, such as fish oil, krill oil, and algal oil, DHA can be found 
in different chemical forms including FFA, TG, PL, and EE. The EE 
form is not normally present in the nature, and it is employed to 
increase the concentration of DHA, mainly for pharmaceuticals 

and nutraceuticals. The bioavailability of DHA is also important 
to be considered and it is affected by some factors, such as the 
chemical form of DHA, food or excipient matrix, and hormones. 
Further study should be conducted to confirm the health benefits 
of DHA and the optimal recommendation intake of DHA for male 
and female at different age groups, similar to what the experts in 
Japan have recommended for DHA intakes. At present, the DHA 
intake in world is far below the recommendation intake, partly due 
to the limited marine resources and catching quotas as well as the 
concerns about the environmental pollution. DHA supplementa-
tion from algal oil or other sustainable alternatives is a good means 
to fulfill the increasing demands for DHA in the future.
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