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INTRODUCTION

Fatty acids (FAs) are major components of  dietary fats 
and are primarily stored as triglycerides (TAGs). Similar to 
proteins, amino acids, vitamins, minerals and other bioactive 
substances, FAs have extensive physiological roles which are 
vital for human health and growth (Solfrizzi et al., 2005; Acuff  
et al., 2007; Vannice and Rasmussen, 2014). Based on their 
chemical structures, FAs can be categorized into saturated 
fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and 
polyunsaturated fatty acids (PUFAs). Among them, PUFAs 
have higher bioactivities because there are 18 or more carbons 
in length with two or more methylenes interrupted double 
bonds in the cis position (Schuchardt et al., 2010; Yoon et al., 
2014). Besides, they are associated with fluidity, flexibility and 
selective permeability of  the cellular membrane in higher 
eukaryotes (Wallis et al., 2002). Thus, PUFAs play an important 
role in maintaining human’s normal growth and health (Yehuda 
et al., 2002; Schuchardt et al., 2010; Yoon et al., 2014).

Based on the position of  the carbon in the first double bond 
from the methyl terminus, PUFAs can be divided into series 

of  n-3, n-6, n-7 and n-9. Among which, n-6 and n-3 PUFAs 
have important biological significance that is closely related 
to human health (Pischon et al., 2003; Astorg, 2004). The 
most abundant in the human diets are alpha-linolenic acid 
(ALA; 18:3Δ9,12,15 n-3) and linoleic acid (LA; 18:2Δ9,12 n-6) for 
they could not be synthesized by the body. However, the 
imbalance of  n-6 and n-3 PUFAs could increase the risk 
of  many chronic diseases such as inflammation and allergy 
(Harris et al., 2006; Orchard et al., 2010). Nevertheless, 
human’s inappropriate dietary habits would result in the 
increase of  content of  n-6 PUFAs, which would overcharge 
the balance between n-3 and n-6 PUFAs and eventually 
affect the health. To ease the imbalance of  n-3 and n-6 
PUFAs and reduce the risk of  the disease, an appropriate 
increase of  n-3 PUFAs is necessary.

Recent studies show that n-3 PUFAs mainly include ALA, 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA). Among these, EPA and DHA have generated 
much research interest in recent years (Kris-Etherton 
et al., 2009) because they have a variety of  physiological 
healthy functions (Oliver et al., 2010; Mozaffarian and 
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Alpha-linolenic acid (ALA) is a polyunsaturated fatty acid (PUFA) comprising of 18 carbon atoms and three double bonds. Because the 
first double bond counted from the methyl terminus, is at position three, ALA belongs to the so-called n-3 group. Derived mainly from 
natural plants such as Linum usitatissimum and Perilla frutescens, it is an essential fatty acid for the human body. ALA is essential for the 
regulation of blood lipid, blood pressure and blood sugar, for the prevention of diseases and for the protection of retina and brain. It is the 
precursor of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are crucial for human health. This review summarizes 
the current knowledge on physiological roles, plant resources, and synthesis, purification and oxidative stability of ALA, providing the 
scientific basis for its sustainable development and utilization towards human health.
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Wu, 2011). ALA, the precursor of  EPA and DHA, has 
three cis-double bonds in positions 9-10, 12-13, and 15-
16 counting from the carboxyl end of  the FAs (Fig. 1) 
(Barceló-Coblijn and Murphy 2009; Calder, 2012). 
Moreover, ALA is referred to as ‘essential fatty acids’ 
for human (Das, 2006a, 2006b). Compared to animal oils 
rich in ALA, the ALA derived from plant oils are more 
affordable, available globally and without cholesterol (Pan 
et al., 2012a). Therefore, more and more attentions have 
been paid to the functional verification and utilization 
of  ALA in recent years. This review aims to summarize 
current knowledge on the physiological roles, plant 
resources, biosynthesis and conversion, purification and 
oxidative stability of  ALA.

PHYSIOLOGICAL ROLES OF ALA

ALA is the basic substance of  the cell membranes 
and biological enzymes (Bjerve et al., 1987). ALA 
and PUFAs are  the  main  component  of  the cell and 
mitochondrial membranes. Also, the component  of  
FAs in the biological membranes would directly affect 
the functions of  membranes such as catalyzed reaction, 
receptor activity, membrane operation and metabolic rate 
of  enzymes. The fluidity and formability of  membranes 
would improve with the increase of  n-3 PUFAs contents, 
which could have an effect on opposing atherosclerosis 
and restoring the elasticity  of   blood vessels (Calder, 
2012, 2014). Apart from its structure  function, as the 
biological enzyme, ALA may competitively inhibit several 
enzymes in the n-6 PUFAs pathways and inhibit these 
enzymes especially Δ6-desaturase which were related in 
FAs and  cholesterol biosynthesis (Stroud et al., 2009; 
Domenichiello et al., 2017). Thus, it has a great range of  
physiological roles in preventing cardiovascular disease 
(CVD), cancer, inflammation and allergy, providing 
neurological protection, enhancing immunity, protecting 

retinal and brain development (Barceló-Coblijn and 
Murphy 2009).

Ala and cardiovascular disease (cvd)
Studies have proved that ALA can prevent CVD by 
lowering lipid levels (Gebauer et al., 2006), inhibiting 
platelet aggregation (Kim et al., 2016), thrombosis (Owren 
et al., 1964), arrhythmia (Abeywardena and Patten, 
2011) and preventing the formation and development 
of  atherosclerosis (Sala-Vila et al., 2010, 2011; Lopez‑ 
Moreno et al., 2017). Pan et al., (2012a) summarized 
the systematic review and meta-analysis of  dietary and 
biomarker studies of  ALA and CVD, finding that overall 
ALA exposure was associated with a modestly lower risk 
of  CVD. After several researches, Mozaffarian (2005) 
recommended that ALA intake be increased to 2−3 g/day 
to reduce risk of  CVD. Bloedon et al. (2008) studied the 
effects of  flaxseed on the markers of  cardiovascular risk 
in hypercholesterolemic adults who were randomized to 
40 g/day of  products or matching wheat bran products 
for 10 weeks while following a low fat and cholesterol 
diet.  The result showed that  flaxseed  has modest but 
short lived low density lipoprotein cholesterol (LDL-C) 
lowering effect, yet reduces lipoprotein and improves 
insulin sensitivity in hyperlipidemic adults. A randomized 
controlled trial was taken based on 79 volunteers with 
impaired fasting glucose were dieted with camelina sativa 
oil, fatty fish and lean fish. The research showed that the 
camelina sativa oil which is rich in ALA, but not fatty 
fish and lean fish, significantly decreased total LDL-C 
concentrations to improve serum lipid profile (Schwab 
et al., 2018). Fukumitsu et al. (2013) found that ALA 
suppressed cholesterol and triacylglycerol biosynthesis 
pathway by suppressing sterol regulatory element binding protein 
(SREBP)-2, SREBP-1a and -1c expression. Moreover, there 
are many evidences that have demonstrated a beneficial 
role of  ALA for the primary and secondary prevention 
of  CVD (Fleming and Kris-Etherton, 2014).

ALA may protect against coronary heart disease (CHD), 
which has been verified. Epidemiological studies and dietary 
trials (de Lorgeril and Salen, 2004) found that moderate 
amounts of  ALA can reduce the risk of  CHD, although 
ALA content in blood and tissue was low comparatively. 
Zatonski et al. (2008) ensured the relationship between 
national changes in vegetable oil consumption and trends 
in CHD in eleven Eastern European countries after 1990. 
Pan et al. (2012a) suggested that human should have each 
1 g intake of  ALA per day which is closely related with a 
10% lower risk of  CHD death. After studying an aggregate 
association between ALA intake and risk of  CHD, Wei et al. 
(2018) found that compared with people without ALA 
intake, people with ALA intake <1.4 g/d showed reduced 
risk of  composite CHD. And people with 1 g/L increase Fig 1. Molecular and chemical structure of alpha-linolenic acid (ALA). 
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in ALA intake were associated with a 12 % decrease in 
fatal CHD risk.

Recent researches have suggested that foods containing 
ALA is helpful to reduce the risk of  sudden cardiac death 
(SCD) (Albert et al., 2005; Christensen et al., 2005). To 
investigate whether ALA in human body adipose tissue 
has correlation with heart rate variability (HRV; a strong 
predictor of  SCD and arrhythmic events), Christensen 
et al., (2005) studied in subjects who underwent coronary 
arteriography due to suspected coronary artery disease 
(CAD). The results demonstrated that ALA and HRV were 
compactly related. It may suggest that higher content of  
ALA in human body have enhancive HRV, which leaves 
them less likely to suffer forming ventricular arrhythmias, 
and thereby supporting an anti-arrhythmic effect of  
ALA. In addition, Sala-Vila et al. (2010) evaluated 499 
consecutive subjects with primary dyslipidemia and blood 
phospholipid enrichment with ALA and DHA, which 
showed that ALA content in serum phosphatidylcholine 
was inversely related to mean and maximum intima-media 
thickness (IMT) in the internal carotid artery (ICA). IMT 
is a well-validated surrogate marker of  future ischemic 
heart disease (IHD) events (Lorenz et al., 2007; Álvarez-
Aguilar et al., 2012). In order to investigate the mechanism 
responsible for the effect that ALA may be cardioprotective 
during ischemia, Ganguly et al. (2018) extracted and 
analyzed the cardiomyocyte phospholipids in adult rats. 
The result showed that ALA protects the cardiomyocyte 
from apoptotic cell death during simulated ischemia and 
reperfusion by inhibiting the production of  specific pro-
apoptotic oxidized phosphatidylcholine species, which 
represent a viable interventional target to protect the heart 
during ischemic challenge. Thus ALA is considered to be 
helpful to the prevention of  CVD.

But there are also studies shown that ALA is not correlated 
with the prevention of  CVD, or even cause side effects 
(Oomen et al., 2001; Djoussé et al., 2005; Wang et al., 2006; 
Geleijnse et al., 2010; de Goede et al., 2011; Bork et al., 
2016). Lemaitre et al. (2009) organized a population-based 
study which included 265 cases of  SCD without previously 
diagnosed heart disease and 415 individually matched 
controls, while the study result was inversely correlated 
with inherent considered benefits of  dietary ALA, and 
even higher levels of  ALA in red blood cell (RBC) 
membranes increased the risk of  sudden cardiac arrest 
(SCA). A study from the Netherlands showed that ALA 
intake was not associated with incident CHD and a low 
intake of  ALA may be induced incident stroke (de Goede 
et al., 2011). In Denmark, Bork et al. (2016) suggested that 
ALA has no appreciable association with risk of  incident 
myocardial infarction which may cause CHD in either men 
or women. In post-myocardial infarction patients with 

chronic kidney disease, after long-term supplementation 
with modest quantities of  ALA, the fibroblast growth 
factor 23 (FGF23) level was not reduced. As FGF23 is an 
independent risk factor for cardiovascular mortality, ALA 
was not inversely associated with the cardiovascular risk 
(de Borst et al., 2017). Thus, further studies will be needed 
to confirm the association of  dietary ALA with CVD such 
as investigating other populations with no disease history 
and other improper habits, gene variation in metabolic 
processes and so on.

Ala and cancer
ALA can reduce the incidence of  breast cancer, pancreatic 
cancer, colon cancer and kidney cancer and inhibit tumor 
growth. Assuming that ALA may play an effective role 
in breast cancer risk, a case-control study (Klein et al., 
2000) among homogeneous population of  123 patients 
with non-metastatic invasive breast carcinoma and 59 
women with benign breast disease had been conducted. 
The result indicated the odd ratio for breast cancer among 
women in the highest quartile of  adipose breast tissue 
ALA level compared with the lowest quartile was 0.36, 
proving a protective effect of  ALA on breast cancer risk. 
Recent studies have showed that ALA reduces growth 
of  breast cancer cell lines (MCF-7, BT-474, MDA-MB-231 
and MDA-MB-468) and demonstrates a dynamic gene 
expression in treated breast cancer cells (Wiggins et  al., 
2015; Mason-Ennis et al., 2016). Hirko et al. (2018) 
reported that there were inverse associations of  n-3 PUFA 
(e.g. ALA) with breast cancer among overweight/obese 
women (BMI≥25) after examed the relationship between 
34 individual fatty acids and cases.

A study (Dwivedi et al., 2005) was designed to investigate 
the efficacy of  varying amounts of  perilla oil rich in ALA 
and safflower oil rich in LA on colon carcinogenesis 
in mice. The result provided that a certain amount of  
vegetable n-3 PUFA, ALA, added in a total dietary food 
may exhibit a large beneficial effect for the prevention 
of  colon cancer. Chamberland and Moon (2015) also 
suggested a down-regulation of  malignant potential on 
colon cancer cells. Apart from breast and colon cancer 
cells, a reduction on the expression of  several genes was in 
the esophageal and cervical cancer cells (Moon et al., 2014; 
Deshpande et al., 2016). After validate the effect of  ALA on 
mitochondrial apoptosis, hypoxic microenvironment and 
de novo fatty acid synthesis, Roy et al. (2017) concluded that 
ALA mediates mitochondrial apoptosis, curtails hypoxic 
microenvironment along with inhibition of  de novo fatty 
acid synthesis to impart anticancer effects.

However, researches reporting no correlation between 
ALA and the prevention of  cancer also exist (Brouwer 
et al., 2004). During the study of  ALA and prostate cancer 
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(Koralek et al., 2006), a randomized of  38,350 men between 
the ages of  55 and 74 years were enrolled. These men were 
screened annually in case of  newly incident prostate cancer, 
moreover followed up for subsequent ascertainment 
of  cancer outcomes. The result from this survey was 
inconsistent with the other protective epidemiologic 
studies, for the ALA content was not related to the risk 
of  prostate cancer. Based on the relative risk from five 
prospective and seven case–control studies, Carleton et al. 
(2013) drew a conclusion that ALA intake is positively 
but non-significantly associated with prostate cancer risk. 
Besides, a 24-year prospective study of  dietary ALA and 
lethal prostate cancer reported that higher intake of  ALA 
was associated with an increased risk of  lethal prostate 
cancer in the pre-PSA era (before February, 1994) but not 
in the PSA era followed from 1986 to 2010 (Wu et al., 2018).

Ala, anti-inflammation and anti-allergy
ALA and its metabolites, EPA and DHA, can reduce 
the production of  leukotriene B4 (LTB4), neutrophils, 
monocytes and macrophages, as well as the adhesion 
and aggregation of  white blood cells and vascular 
endothelial cells, which can effectively inhibit the damage 
of  endothelial inflammation and allergy reactions (Wang 
et al., 2007b). Supplied with ALA would significantly 
reduced inflammation and some persistent effects could 
be observed after 2  weeks supplyment (Faintuch et al., 
2007). In the research for 12 weeks (Rallidis et al., 2003), 
subjects were randomly assigned to two groups of  oils 
supplementation, ALA group and LA group. ALA group 
was provided with 15 ml linseed oil per day containing 
approximately 8 g ALA, and LA group 15 ml safflower 
oil per day containing approximately 11 g LA. C-reactive 
protein (CRP), serum amyloid A (SAA) and interleukin 
(IL)-6  levels, the biomarkers of  inflammation, showed 
statistically significant decrease after administration of  
ALA, supporting a higher intake of  ALA is associated with 
a lower relative risk of  inflammation.

It was also reported that perilla oil rich in ALA and corn 
oil rich in LA were selected to feed the mice with allergic 
bronchoalveolar inflammation (Chang et al., 2008). The 
result from this study showed that perilla oil administration 
might alleviate bronchoalveolar inflammation by 
decreasing the secretion of  pro-inflammatory cytokines, 
IL-1β, IL-6 and tumor necrosis factor (TNF)-alpha 
(TNF-α), in bronchoalveolar lavage fluid. In rats with 
2-4-6-trinitrobenzen sulfonic acid (TNBS)-induced colitis, 
ALA intake is benefit to the inhibition of  inflammation 
stress by regulating nuclear factor-κB (NF-κB) activation 
(Hassan et al., 2010). In diabetic rats, dietary ALA group 
showed a significantly decreased in TNF-α, soluble 
P-selectin (sP-selectin) and soluble intercellular adhesion 
molecule-1 (sICAM-1) compared to control which indicate 

that diet rich in ALA exerted the anti-inflammatory effects 
in diabetic rats (Zhang et al., 2012). Rich-ALA intake is 
also benefit to anti-inflammatory in overweight-to-obese 
patients with metabolic syndrome traits (Egert et al., 2014). 
In addition, inflammation is a major cellular strain causing 
increased risk of  osteo-degenerative diseases. Song et al. 
(2017) studied the effect of  ALA in mice models. The 
result shows reductions in levels of  IL-1b, IL-2, IL-6, IL-
10, TNF-α, monocyte chemoattractant protein 1 (MCP-
1), nitric oxide synthases (iNOS) and cytokine-activated 
cyclooxygenase-2 (COX-2), which suggest that ALA 
prevents inflammatory bone loss via downregulation of  
NF-κB-iNOS-COX-2 signaling. But there are experimental 
researches indicating the intake of  ALA has no protective 
effect to inflammation, and even cause side effects 
(Bemelmans et al., 2004).

Ala and neurological protection
It was reported ALA was a potent neuroprotective 
agent against soman-induced neuropathology (Pan et al., 
2012b). Subchronic ALA treatment significantly promoted 
neurogenesis in the adult brain that could have an effect in 
motor and cognitive functional recovery of  neurological 
disorders (Blondeau et al., 2009). There was another study 
demonstrating that ALA provided a beneficial effect on 
the infarct size, neurological score, neuronal survival and 
mortality rate of  ischemic mice in a clinically relevant 
model of  stroke (Heurteaux et al., 2006). Recent review 
by Blondeau (2016) has presented the capacity of  ALA for 
protecting the brain from stroke by direct neuroprotection, 
triggering brain artery vasodilatation and neuroplasticity 
to reduce the stroke damage. And in a mouse model of  
ischemic stroke, it was found that ALA intake would 
provide an enteral or parenteral nutritional intervention 
for sensorimotor and cognitive deficits (Bourouroua 
et al., 2016). Alzheimer’s disease (AD) is characterized by 
progressive cognitive and memory impairment. Lee et al. 
(2017) research showed that ALA might be a potential 
candidate for prevention or treatment of  neurodegenerative 
diseases such as AD by inhibiting the amyloidogenic 
pathway through the down-regulation of  β-site APP-
cleaving enzyme and enhancing Aβ degradation enzyme.

Ala and others
As we know, there are some other potential effects of  ALA 
being suggested. The ability of  ALA in protecting brain 
and retina has been investigated (Uauy et al., 2001; Shen 
et al., 2013). At the same time, ALA is the precursor for 
converting into DHA, which is beneficial to brain (Singh, 
2005).Studies have shown that lack of  DHA will seriously 
affect brain and vision of  infants (Birch et al., 2000; 
Uauy et al., 2000). ALA might be an important value in 
enhancing immunity. It was reported that about 20g ALA 
intake per day can restrain cell-mediated immune response 
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(Kelley et al., 1991). In the experimental animal models of  
mice, Yao et al. (2007) provided evidence that ALA could 
promote the carbon clearance and abdominal macrophage 
phagocytosis of  monocyte-macrophages, promote delayed 
hypersensitivity, improve the activity of  natural killer, and 
consequently the immunity of  mice was enhanced. Besides, 
Wang et al. (2016) reported that dietary ALA-rich flaxseed 
oil might be a promising approach for prevention of  
alcoholic fatty liver and Lavado-Garcia et al. (2018) found 
that there was positive correlation ALA intake with bone 
mineral density at both the hips and the lumbar spine in 
normal and osteopenic women.

PLANT RESOURCES OF ALA

In recent years, the source investigation of  ALA has 
become a hotspot among scientists because of  its health 
benefits on preterm and neonates, cardiovascular diseases 
and neuroprotective properties (Barceló-Coblijn and 
Murphy, 2009). It is found that plants are abundant in 
ALA (as phospholipids in leaves and as TAG in seed oils) 
after long-term study (Imbusch and Mueller, 2000; Sinclair 
et al., 2002; Barceló-Coblijn and Murphy, 2009). Nowadays, 
people take ALA through the diet of  soybean oil, rapeseed 
oil, corn oil, nuts and some other plants oil. However, the 
ALA amount in these plants is far to reach the need of  
human health (Kris-Etherton et al., 2000; Sanders, 2000). 
Since 1887 when ALA was first isolated from hempseed 
oil (Deuel et al., 1951), a wide range of  plants from 
Linaceae, Eucommiaceae and Labiatae were found as the main 
plant resources of  ALA which has high oil content (Xu 
et al., 2004). Among these, they found a wide variety of  
plants with oil content higher than 25% and ALA content 
higher than 60% as well, such as Linum usitatissimum, Perilla 
frutescens, Salvia hispanica (živković et al., 2017), Eucommia 
ulmoides (Zhang et al., 2018), Agastache rugosa and Elsholtzia 
ciliata (Table 1) (Xu et al., 2004; Li et al., 2010a). Besides, 
some new sources such as Camptotheca acuminata (Yin et al., 
2002), Zanthoxylum bungeanum Maxim, Paeonia suffruticosa (Li 
et al., 2010a), Sambucus williamsii (Zhang and Liu, 2000), 
Hovenia acerba (Zhao et al., 2010) and Descurainia sophia (Li, 
2013). Their relatively high content of  ALA (≥30%) has 
been used for human diet.

Linum usitatissimum
Linum usitatissimum (flaxseed) is an annual herb, which is 
relatively known as an old crop with a history of  about 
5000 years used as the food and drug. It mainly planted in 
Canada, Argentina, America, China and India (Wang et al., 
2007a). Flaxseed contains 35%-45% oil (Zhao et al., 2006) 
of  which 50% is ALA (Wanasundara and Shahidi, 1994; 
Bloedon and Szapary, 2004). Flaxseed oil is usually used 
as a dietary source of  n-3 PUFAs in experimental research 
(Holman et al., 1982; Visentainer et al., 2005). In an animal 

model study, it was demonstrated that flaxseed oil can 
reduce serum cholesterol by increasing the content of  ALA, 
and at the same time increase n-3 very long chain PUFAs 
in the serum and erythrocyte lipid (Wiesenfeld et al., 2003). 
In hemodialysis (HD) patients, it was reported that a daily 
consumption of  6.0 g flaxseed oil reduced serum hepcidin 
and improved hematologic factors (Tabibi et al., 2016).

Perilla frutescens
Perilla frutescens (perilla) is an annual self-pollination 
herbaceous plant, and widely grown in China, India, 
Japan, South Korea, Thailand and the other eastern Asian 
countries (Longvah and Deosthale, 1991). Perilla seed oil, 
which constitutes approximately 47.8% of  the seed weight 
(Shin and Kim, 1994), is mainly composed of  palmitic acid 
(C16:0), stearic acid (C18:0), oleic acid (OA; C18:1Δ9 n-9), 
LA (C18:2Δ9,12 n-6) and ALA (C18:3Δ9,12,15 n-3), which ALA 
account for 55-65% of  the total fatty acids (Stuchlík and 
Zak, 2002). So far, it is the plant of  the richest ALA in seed 
oil (Longvah and Deosthale, 1991; Kurowska et al., 2003). 
Its production has been discussed in the physiological and 
pharmacological action of  ALA (Ichihara and Suda, 2003). 
As researches on the functional verification of  health care, 
perilla seed oil is beneficial in improving immune (Shoda 
et al., 1995) and mental function (Yamamoto et al., 1987), 
decreasing the circulating levels of  serum cholesterol 
and triglyceride (Longvah et al., 2000), inhibiting the risk 
factors platelet aggregation and thrombus formation in 
cardiovascular disease (Calder 2004; Jang et al., 2014; Kim 
et al., 2016).

Eucommia ulmoides
Eucommia ulmoides is a kind of  deciduous tree. It is 
well known that its gum has important industrial 
applications (Yan, 1996). Eucommia ulmoides seed oil 

Table 1: Plants rich in alpha‑linolenic acid (ALA)
Plant Family Oil content (%) ALA (%)
Linum 
usitatissimum

Linaceae 29.6‑43.5 42.0‑60.0

Perilla 
frutescens

Labiatae 34.0‑45.0 51.0‑63.0

Eucommia 
ulmoides

Eucommiaceae 32.3 42.0‑62.0

Agastache 
rugosa

Labiatae 33.6 60.0‑62.0

Actinidiaceae 
chinensis

Actinidiaceae 35.0 62.0

Actinidiaceae 
actinidia

Actinidiaceae 27.9 66.0

Lasiococca 
comberi

Euphorbiaceae 59.3 65.0

Elsholtzia ciliata Labiatae 33.4 57.0‑65.0
Paeonia 
suffruticosa

Paeoniaceae 25.9 39.7

Zanthoxylum 
bungeanum

Rutaceae 27.0‑35.1 36.2
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is mainly composed of  myristic acid (C14:0), palmitic 
acid (C16:0), stearic acid (C18:0), OA (C18:1Δ9 n-9), 
LA (C18:2Δ9,12 n-6), ALA (C18:3Δ9,12,15 n-3). Also the 
polyunsaturated fatty acids, monounsaturated fatty acid 
and saturated fatty acids account for 69.4%, 17.4% and 
13.2%, respectively (Zhang et al., 2010). The content 
of  ALA in the seed oil is approximately 61.4% (Zhang 
et al., 2018), which is equivalent to that of  perilla seed 
oil. It is proved effective to improve immune function, 
increase energy expenditure and keep slender figure in 
modern medicine (Ma et al., 2005).

Other plants
In addition to the above mentioned plants, there are some 
other plants which are abundant in ALA. Portulaca oleracea 
is richest in ALA among all the green leafy vegetables 
(Xiang et al., 2005; Lim and Quah, 2007), and it is one 
of  the few sources of  EPA. The oil content of Actinidia 
chinensis seed is approximately 32.0−35.0% and the 
unsaturated fatty acid is 92.12% of  the seed oil, which 
is extremely high. It is also one of  few nature seed oils 
rich in ALA, containing 61.8% ALA (Li et al., 2007). 
Agastache rugosa and Elsholtzia ciliata are aromatic herbs 
from the same branch of  Labiatae. The seed oil content 
of  Agastache rugosa and Elsholtzia ciliata is 35.2% and 
42.4%, with ALA accounting for 60.6% and 58.1% of  
the total fatty acids, separately (Mei et al., 2004a, 2004b). 
But unfortunately, their seeds are too expensive for mass 
production (Xu et al., 2004). Besides, the oil content of  
Paeonia suffruticosa seed is 27%, and it is rich in OA, LA 
and ALA, altogether accounting for 83.1% of  the total 
fatty acids (Zhou et al., 2009). Lasiococca comberi, the same 
family member of  Ricinus communis and Jatropha curcas, is 
abundant in ALA as well (Guo et al., 2009). Dracocephalum 
moldavica (Labiatae) is particularly used for its content of  
essential oil in all above ground parts, the seeds with about 
15.0% of  vegetable oil containing more than 60.0% of  
ALA (Stuchlík and Zak, 2002).

BIOSYNTHESIS AND CONVERSION OF ALA

The biosynthesis of  ALA in plants mainly includes FAs 
synthesis and ALA synthesis. The precursor of  ALA 
biosynthesis in plants is acetyl-CoA (Davis et al., 2000). It 
is catalyzed into ALA in turn by acetyl coenzyme A (ACCase), 
fatty acid synthase (FAS), stearoyl-ACP desaturase (SAD), Δ 
12-desaturase and Δ 15-desaturase (Thelen and Ohlrogge, 
2002). Subsequently, ALA is converted into n-3 long-chain 
PUFA such as EPA and DHA in both plants (Truksa et al., 
2006; Zhou et al., 2007; Petrie et al., 2010a) and mammals 
(Barceló-Coblijn and Murphy, 2009; Domenichiello et al., 
2015) (Fig. 2).

Fas synthesis in plants
The reactions for FAs synthesis are located in the plastids 
(Browse and Somerville, 1991).The first dedicated step 
is the conversion of  acetyl-CoA (the precursor of  fatty 
acids synthesis) into malonyl-CoA catalyzed by ACCase 
(Davis et al., 2000; Sasaki and Nagano, 2004). Second, a 
multi-subunit FAS converts malonyl-CoA into a fatty acid 
product bound to an acyl carrier protein (ACP). Then FAs 
are characterized by a single ACP for each cycle of  chain 
elongation and its termination is catalyzed by acyl-ACP 
thioesterases, which hydrolyze acyl chains from ACP. The 
final products of  this enzymatic complex are 16:0-  and 
18:0-ACP, which are produced in the endoplasmic reticulum 
(ER) (Ohlrogge and Jaworski, 1997; Thelen and Ohlrogge, 
2002; Uemura, 2012). Besides, the flux of  acyl chains in the 
endoplasmic reticulum (ER) eventually leads to the cytosolic 
acyl-CoA pool to form TAG from sn-glycerol-3-phosphate 
(G3P) in developing seeds of  oleaginous plants (Thelen and 
Ohlrogge, 2002; Lung and Weselake, 2006).

Ala synthesis in plants
In the ALA synthesis pathway, most of  the 18:0-ACP is 
desaturated by a soluble SAD, yielding OA (18:1Δ9 n-9) 
(Thelen and Ohlrogge, 2002). In general, the PUFAs 
synthesis pathway is initiated by Δ12-desaturase in the 
thylakoid of  ER (FAD2) and plastids (FAD6), producing 
LA (C18:2Δ9,12 n-6). Subsequently, LA has two directions of  
chain elongation and desaturation and act as the precursor 
of  n-6 and n-3 PUFAs. In the n-3 PUFAs pathway, LA may 
be further desaturated by a Δ15-desaturase in the thylakoid 

Fig 2. The biosynthesis and conversion of alpha-linolenic acid (ALA). 
The solid arrows represent for the biosynthesis and conversion of 
ALA in plants; the dashed arrows represent for the conversion of ALA 
in mammals.
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of  ER (FAD3) and plastids (FAD7 and FAD8) to generate 
ALA (C 18:3Δ9,12,15 n-3) (Ohlrogge and Jaworski, 1997). It 
indicates that most of  the higher plants can synthesize the 
C18 PUFAs such as LA and ALA which humans and animals 
are not capable of  producing, yet a small number of  plant 
species do have the faculty to produce very long chain 
PUFAs (Napier and Graham, 2010). But there are more and 
more researches about reconstitution of  pathways leading 
to producing such fatty acids in plants.

Various studies has shown that three desaturases, SAD, 
Δ12-desaturase (FAD2 and FAD6) and Δ15-desaturase 
(FAD3, FAD7 and FAD8) propel the PUFAs synthesis 
pathway. Rajwade et al. (2014) found that FAD2-2, FAD3A 
and FAD3B had significant contribution for the differential 
ALA accumulation in high and low ALA groups of  linseed. 
Meng et al. (2017) reported that FAD2-1, FAD2-2, FAD3-
2, FAD6 and FAD7 expressed higher in Paeonia lactiflora 
cultivar with high ALA content than in that with low ALA 
content. Among these desaturases, Δ15-desaturase is the key 
enzyme in the ALA synthesis and genes encoding Δ15-
desaturase are respectively cloned from Arabidopsis thaliana 
(Arondel et al., 1992; Gibson et al., 1994), Ricinus communis 
(van de Loo and Somerville 1994), Glycine max (Anai et al., 
2005), Linum usitatissimum (Vrinten et al., 2005; Bielecka 
et al., 2014), Camelina sativa (Rodríguez-Rodríguez et al., 
2016), Paeonia lactiflora (Meng et al., 2017) and other plants.

In respect of  the functional verification, Damude et al. 
(2006) cloned dehydrogenase genes encoding Δ12- and 
Δ15-desaturase from several fungi, and used genetically 
modified technology to insert it into soybean. The result 
showed that ALA content of  the transgenic soybean 
accounted for 70.9% of  the total fatty acid, rather than the 
original ALA content only accounting for 10.9%. Another 
study (Eckert et al., 2006) introduced gene encoding 
Δ15-desaturase from arabidopsis into soybean, and the 
n-3 fatty acid content of  transgenic soybean increased 
to 60% in total fatty acids. Urla et al. (2017) introduced a 
fatty acid desaturase 3-coding sequence (Lufad3) of  flax 
into rice. It showed that the Lufad3 expression level of  
the homozygous transgenic rice was 1.64-  to 5.75-fold 
higher compared to untransformed control (UC). And the 
content of  ALA was observed in the Lufad3-expressing 
transgenic rice with 0.67 mol % in 4–9T3, 0.68 mol % in 
3–13T3, 1.05 mol % in 2–5T3 confirming functionality of  
flax desaturase 3. Besides, in Camelina sativa, homozygous 
knockout the fatty acid elongase1 (FAE1) mutants were 
successfully created. The ALA content increased from 
39% in the wild type to 50% in the best Cas9 transgenic 
seed (Ozseyhan et al., 2017). Genetic engineering of  plant 
especially oilseed crops will be an effective mean for the 
larger scale production of  ALA.

Conversion of ala
In plants, the first step in the reconstitution of  n-3 long 
chain PUFA synthetic pathways is ALA desaturated by the 
Δ6-desaturase, generating stearidonic acid (SDA; 18:4Δ6,9,12,15 
n-3), followed by Δ6-elongation, yielding eicosatetraenoic 
acid (ETA; 20:4Δ8,11,14,17 n-3). EPA (20:5Δ5,8,11,14,17 n-3) is 
desaturated by a Δ5-desaturase from ETA and then elongates 
to docosapentaenoic acid (DPA; 22:5Δ7,10,13,16,19 n-3). Finally, 
DPA was catalysed by the Δ4-desaturase for the conversion 
to DHA (22:6Δ4,7,10,13,16,19 n-3) in transgenic plants at present 
(Truksa et al., 2006; Zhou et al., 2007; Petrie et al., 2010a; 
Kinney et al., 2011). Qiu (2003) expressed a Δ4-desaturase 
gene from Thraustochytrium sp. in Brassica juncea that can 
introduce a 4 double bond into DPA, resulting in generating 
DHA in the vegetative tissues. In transgenic Arabidopsis, 
Petrie et al. (2010b) used acyl-CoA Δ6-desaturase from the 
marine microalga Micromonas pusilla in Nicotiana benthamiana 
that culminated with the accumulation of  26% EPA in 
TAG and have confirmed strong n-3 preference. These all 
provide a basis on the n-3 long chain PUFA biosynthesis in 
plants through the related genes transgenically expressed.

However, the synthesis of  n-3 long chain PUFAs has 
been described in mammals such as human body clearly, 
which occurs primarily in the liver or some other tissues 
(Goyens et al., 2005; Barceló-Coblijn and Murphy, 2009; 
Domenichiello et al., 2015). The conversion of  EPA into 
DHA in mammals is different from the Δ4-desaturase 
pathway and occurs through the Sprecher pathway which: 
elongation and desaturation steps act on DPA to produce 
the 24 carbon intermediates 24:5 n-5 and 24:6 n-3 and 
limited peroxisomal (β)-oxidation to DHA (Burdge, 2006; 
Fleming and Kris-Etherton, 2014). Indeed, only a small 
portion of  ALA is converted to n-3 long chain PUFAs, 
most of  ALA is β-oxidized to provide energy (Burdge and 
Calder, 2005). Partitioning of  ALA towards β-oxidation 
was accounted for 33% of  administered dose in man and 
22% of  administered dose in women (Burdge et al., 2002; 
Burdge and Wootton, 2002).

SEPARATION AND PURIFICATION OF ALA

Nowadays, the content of  ALA in the vegetable oil is mostly 
lower than 60%, makes it difficult to achieve the criterion 
for medical and health care, so carrying on the separation 
and purification of  ALA will be more conducive to give 
full play to its health benefits, subsequently with business 
value increasing. The main separation and purification 
methods of  ALA currently include urea inclusion, silver 
ion complexation, molecular distillation, supercritical fluid 
extraction, low-temperature crystallization and column 
chromatography, respectively (Yan et al., 2014; Ni, 2017).
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Urea inclusion
Urea inclusion depends on urea molecules in the crystallization 
process combining with SFAs or MUFAs to form a relatively 
stable crystalline clathrate after precipitation. Due to the 
certain space configuration with multiple double bonds and 
bending carbon chain, PUFAs are difficult to form inclusion 
(Gu et al., 2009). It is featured by simple equipment and 
process, low temperature and better maintaining the nutrients 
and active of  the extraction, which is suitable for mass 
production. But the FAs with different carbon chain lengths 
which were same or similar saturation cannot be separate 
easily (Sajilata et al., 2008). Gu et al., (2009) optimized 
conditions of  concentrating ALA from crude perilla oil by 
gradient cooling urea inclusion. The maximum amount of  
ALA (91.50%) was obtained at urea to fatty acid ratio of  3, 
solvent to fatty acids ratio of  7, reaction temperature of  348 
K, and crystallization time of  690 min. Lee (2016) reported 
that 81.75 % of  ALA was obtained from Perilla frutescens 
var. japonica oil under 2.0 g urea treatment with cooling at 
10°C for 24h. Tartaric acid can assist the inclusion of  fatty 
acids with urea in inclusion process. Under the optimum 
conditions of  tartaric acid-to-urea ratio of  1:3 (n/n), urea-
to-mixed fatty acids (MFAs) ratio of  2.5:1 (m/m), methanol-
to-MFAs ratio of  10:1 (V/m), crystallization temperature 
of  -8 °C and crystallization time of  8 h, the purity and yield 
of  ALA in the enriched product were 78.6% and 60.9%, 
respectively (Chen et al., 2017).

Silver ion complexation
Silver ion complexation is according to the number of  
carbon double bond in different FAs used to form complex 
polarity with silver ions, which means that more double 
bonds make the complexation stronger. In addition with 
acting force, it will achieve the purpose of  separation and 
purification (Jiang et al., 2008; Sun et al., 2011). Ryu et al., 
(1997) reported that use silver ions complexation to purify 
ALA in perilla oil which was used to contain 10 g silver 
nitrate per 100 g silica gel, 2 to 3 g UFAs per 100 g stationary 
phase. Afterwards, adopting the method of  gradient elution 
by 2%, 5%, 7% acetone hexane solution of  each 200 ml, 
and the result succeeded in the purity of  ALA being greater 
than 90%. Recently, Ge et al., (2017) had succeeded to 
obtain high purity and yield ALA which were 93.3% and 
73.4% though purifying ALA from Phyllanthus emblica seed 
oil by silver iron complexation. The optimal conditions 
were complexation temperature of  0°C , silver nitrate 
concentration of  2.29 mol/L, methanol volume fraction 
of  38.0%, and complexation time of  1.93 h. Moreover, the 
recovery of  silver nitrate was 93.8% and the recovery of  
Ag+ still had good complexation effect.

Molecular distillation
Molecular distillation is a new kind of  liquid-liquid 
extraction technology, based on the different molecular 

weight and mean free path of  fatty acids to separate 
the liquid at the temperature far below the boiling 
point (Martins et al., 2006). It is characterized by simple 
operation and high separation efficiency (Lutišan et al., 
2002), whereas the equipment demanding is too high to 
apply in mass industrialized production. Chen et al., (2013) 
used molecular distillation technology to achieve the ALA 
content reached to 80.27% of  seed oil. After optimizing 
the design experiment, Huang et al., (2016) further purified 
ALA and the final ALA mass fraction increased to 86.04%. 
The optimal conditions were distillation temperature of  
90°C , wiper speed 235 r/min, preheating temperature of  
70°C  and feeding intensity of  0.9 mL/min.

Supercritical fluid extraction
Supercritical fluid extraction is a new separation technology 
in recent years, which is also a research hotspot. Its basic 
principle is adjusting the temperature and pressure to make 
raw material components solubility in the supercritical 
fluid change greatly to achieve the purpose of  separation. 
Generally, in the purification processes CO2 is considered 
as the extraction fluid since it is environmentally benign, 
non-toxic, non-flammable, non-polluting and economical 
and compatible. It is simple, fast, efficient and avoids 
consumption of  large amounts of  organic solvents 
(Gouveia et al., 2007; Nisha et al., 2012), whereas it is 
difficult to separate ALA from the UFAs with the same 
or similar carbon number to ALA (Teramoto et al., 1994). 
Li and Jia (2004) used supercritical CO2 fluid extraction to 
separate ALA from pine nutlet and the optimum conditions 
were: extraction pressure of  35 MPa, extraction temperature 
of  40°C , column temperature of  34°C , and extraction 
time of  90 min. The result of  gas chromatography analysis 
showed that the recovery rate of  ALA was 34.9%. Pan 
et al. (2012c) found that oak silkworm pupal oil extracted 
by supercritical CO2 fluid is rich in unsaturated fatty acids 
and a-linolenic acid (ALA), accounting for 77.29% and 
34.27% in the total oil respectively. The optimal extraction 
condition was at 28.03 MPa, 1.83 h, 35.31°C  and 20.26 L/h 
as flow rate of  CO2.

Low-temperature crystallization
The method of  low-temperature crystallization is mixing 
FAs dissolved in acetone or ethanol under low temperature, 
with the decreasing temperature of  the solution, we can 
separate LC-PUFAs from short chain FAs and unsaturated 
fatty acids (UFAs) from SFAs, achieving purification and 
concentration of  ALA (Ma et al., 2008). It is characterized 
by simple operation and low energy cost, but the purity of  
ALA is too low (Gu et al., 2009). In the purification (Hu et al., 
2005), the optimal conditions: 95.82% acetone as extraction 
agent to fatty acid ratio of  6.56, pH of  12.35, temperature 
of  45°C  and crystallization time of  4.74  h, made the 
concentration of  ALA increase from 46.0% to 80.3%. 
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Yong et al. (2014) used the mixed fatty acid, acetonitrile 
and acetone (1:6:8, v/v/v), freezing crystallization time for 
10 h, solid-liquid separation methods for -18°C , 7000 r/
min refrigerated centrifuge 3 min as the best condition. 
The relative content of  α-linolenic acid from rubber seed 
oil increased from 16.32% to 31.52% and the content of  
total unsaturated fatty acid also reached to 98.28%.

Column chromatography
Column chromatography is based on the different polarities 
of  PUFAs (Liu et al., 2014). Chromatography on silver 
(Ag) nitrate-silica gel is a complex column chromatography 
and is widely used for the separation of  fatty acids methyl 
esters (FAME). The advantages of  the method were the 
performed conditions were mild (no extreme temperatures 
or pressures are needed) and the purification of  FAME 
was very high (Guil-Guerrero et al., 2003). By means of  
column chromatography with silver–silica gel as stationary 
phase, the purity of  ALA fractionated from pepper seed 
oil was reached to 97% (Zhang et al., 2005).

In conclusion, the extraction and purification methods 
of  ALA mainly includes: urea inclusion and silver ion 
complexation, based on the properties of  FAs unsaturated 
double bond; molecular distillation, based on FAs 
molecular weight; low-temperature crystallization, based 
on the FAs solidifying point; supercritical fluid extraction, 
based on FAs solubility; column chromatography, based 
on the FAs polarity and so on. The methods mentioned 
above have both advantages and disadvantages respectively, 
so that it is inefficient to get high concentration and 
purity of  ALA by single one of  them. Chen et al. (2012) 
found that ALA separated and purified from perilla seed 
oil through combining urea inclusion and silver nitrate 
solution complexation extraction method. The purity of  
ALA is 99.1% and the optimal conditions were under the 
urea mixed with fatty acids and 95 % ethanol (1: 1.5: 4.8, 
v/v/v), the temperature is  -18C, the inclusion time is 
12 h, the concentration of  silver nitrate is 4 mol/L. Guo 
et al. (2013) was fractionated ALA from FAME using Ag 
nitrate-silica gel column chromatography based on the 
FAME was concentrated from the flaxseed oil by molecular 
distillation. The recovery in the combined process was 
79%, and the final purity of  ALA was 94.7%. Considering 
comprehensively, a new integrated technology of  these 
methods shows a great potential in large-scale separation 
and purification of  ALA (Yang et al., 2006; Yan et al., 2014).

OXIDATIVE STABILITY OF ALA

Inherent with three double bonds, ALA is vulnerable 
to be oxidation and denaturation by oxygen (O2), light, 
heat, microorganism and metal during purification and 
storage, resulting in loss of  physiological activity and 

becoming harmful to human health. Therefore, a wide 
spread attention has paid on how to control its oxidation 
effectively by science and technology workers (Li et  al., 
2010b). At present, commonly such as polyphenol 
compounds, VE and VC are natural antioxidants in ALA to 
maintain its stability (Lampi et al., 1999; Wang et al., 2007c; 
Schwartz et al., 2008; de Santana et al., 2015).

It is worth mentioning that the combination of  ALA 
and phytosterol to enhance its antioxidant capacity has 
received much concern of  scientists (Schwartz et al., 2008). 
Phytosterol has potential biological effects of  lowering 
blood lipids, assimilating cholesterol and preventing 
cardiovascular disease as that of  ALA (Acuff  et al., 
2007; Demonty et al., 2009). The combination of  each 
other solves the low oxidative stability of  ALA and weak 
fat-soluble problem of  phytosterol, so this method has 
been applied in the food and medicine industry gradually 
(Guderian et al., 2007). Besides, the synthesis of  ALA 
and phytosterol mainly includes chemical and enzymatic 
methods.

The benefits of  chemical method is simple and easy to 
operate with industrialize production potential, but the 
reaction temperature is higher, reaction time is longer 
with a lot of  catalyst adopted in the study. Also, it is easy 
to produce phytosterol oxidative products, trans-fatty 
acids and fatty acids polymers (Choo et al., 2007). Zhang 
(2009) adopted solvent-free direct esterification method 
to synthesize ALA and then used silica gel column 
chromatography to separate and purify of  the product. 
Under the condition of  high temperature ALA sterol ester 
showed good oxidative stability and under the condition 
of  the same concentration, it is superior to phytosterol in 
oxidative stability. Enzymatic method is known to have 
mild reaction condition and fewer side-effects. Its product 
is of  good-quality and easy to separate and purify. But there 
are some shortcomings: high cost on enzyme and organic 
solvent with high requirement for reaction conditions 
(Johnsson and Dutta, 2006). In the study of  ALA sterol 
ester catalyzed by lipase synthesis, Li et al. (2008) selected 
Novozyme 435 and isooctane as catalyst and solvent with 
the amount of  5% and 1:1.6 (solvent volume to quality 
of  the substrate). Under the appropriate conditions: the 
ratio of  ALA to sterol of  3, reaction temperature of  
55°C, reaction time of  24 h, the esterification rate reached 
40.65%. After refining the products, ALA sterol ester 
presented golden brown oily with the purity of  85% or 
higher.

In order to further determine the ALA sterol ester 
whether can be used as a functional food additive for the 
development and utilization, its physical and chemical 
properties, such as fat-soluble, crystallization properties 
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and oxidation stability in vegetable oil are needed to be 
measured or analyzed. Deng et al. (2012) found that 
ALA sterol ester had excellent physical and chemical 
properties, for its fat-soluble compared with plant sterols 
enhances about 20 to 30 times; crystallization temperature 
range was between 25.9°C and 29.6°C. But its oxidative 
stability decreased with the increase of  concentration. 
Also, Deng et al. (2016) reported that α-linolenic acid rich 
phytosterol esters (ALA-PE) dose-dependently lowered 
plasma total cholesterol (TC), triglyceride (TG) and LDL-C 
concentrations with a maximal decrease of  42 %, 59 % and 
73 %, respectively.

Recently, microencapsulated seed oil by spray drying using 
antioxidants could also enhance ALA oxidative stability 
(Sharif  et al., 2017; Sanchez-Reinoso and Gutiérrez, 
2017). Bibwe et al. (2017) found that microencapsulation 
of  flaxseed oil using spray drying with jack fruit seed 
starch (JSS)-soya protein isolate (SPI) coating combination 
would enhance ALA antioxidant capacity. The optimum 
conditions were the JSS: SPI ratio of  3.24:  1, 23.8% 
oil loading and 175 degrees C drying air temperature. 
Microcapsules of  octenyl succinic anhydride modified 
starches (OSA-MS) co ntaining flaxseed oil, BC and EU 
exhibited the maximum retention of  BC (71%), EU (84%) 
and a-linolenic acid (92%). This indicated a positive role 
of  EU as antioxidant and low Mw OSA-starch as wall 
material for the development of  functional foods (Sharif  
et al., 2017).

CONCLUSION

ALA is considered to be one of  the essential fatty acids for 
human body, belonging to n-3 PUFAs. ALA has extensive 
physiological functions and plays an important role in 
human health. On the contrary, there are also studies 
shown that ALA is not obvious in disease prevention, 
and even more counter-productive effect. Thereby, long-
term prospective studies including precise dietary ALA 
measurement and especially intervention studies are 
of  interest will be needed to demonstrate the function 
and regulatory mechanism of  ALA. Generally, the ALA 
derived from vegetables oils would be healthier. However, 
traditional vegetables oils, such as soybean oil and rapeseed 
oil, have dominated consumption market despite there are 
a wide variety of  vegetables oils which are more rich in 
ALA that have not been used efficiently yet. Plants with 
high oil content and rich in ALA such as Agastache rugosa, 
Elsholtzia ciliata and Lasiococca comberi lack of  extensive 
scientific knowledge in development and utilization. 
Therefore, the constraints of  ALA content, resources and 
development cannot satisfy the demand of  the society, so 
further exploration and utilization of  natural resources 

rich in ALA need to be carried on soon. Recent studies 
demonstrated that it is sensible to use transgenic technology 
to make gene encoding Δ-15 dehydrogenase enzymes into 
plants to increase the rate of  synthesis of  ALA. It is useful 
to plant cultivations of  higher oil yield and ALA content, 
providing more space for ALA developing. At the same 
time, future study is needed to improve its concentration, 
enhance its oxidative stability during the purification and 
storage so as to keep health care.

ACKNOWLEDGEMENTS

T h i s   w o r k   w a s   s u p p o r t e d   b y  t h e 
Three  New  Project  (New  Variety,  New Technology 
and New  Mode)  of   Forestry  in  Jiangsu  Province 
(LYSX[2016]45), a project funded by the Priority Academic 
Program Development of  Jiangsu Higher Education 
Institutions.

CONFLICTS OF INTEREST

The authors declare no conflicts of  interest.

AUTHOR CONTRIBUTIONS

Yuhan Tang and Yao Jiang participated in the planning, 
execution and analysis of  this study and wrote the 
review. Jiasong Meng planned, modified and monitored 
the progress of  the study. Jun Tao is the corresponding 
author who submitted and revised the manuscript as 
recommended by the reviewers of  EJFA.

REFERENCES

Abeywardena, M.W. and G. S. Patten. 2011. Role of ω3 long chain 
polyunsaturated fatty acids in reducing cardio-metabolic 
risk factors. Endocr. Metab. Immune Disord. Drug Targets. 
11: 232‑246.

Acuff, R. V., D. J. Cai, Z. P. Dong and D. Bell. 2007. The lipid lowering 
effect of plant sterol ester capsules in hypercholesterolemic 
subjects. Lipids Health Dis. 6(11): 1-10.

Albert, C. M., W. Whang, J. E. Manson, C. U. Chae, M. J. Stampfer, 
W. C. Willett and F. B. Hu. 2005. Dietary α-linolenic acid intake 
and risk of sudden cardiac death and coronary heart disease. 
Circulation. 112(21): 3232-3238.

Álvarez-Aguilar, C., D. Lara-Romero, J. Piñón-Escobedo, A. Gómez-
García and A. R. Álvarez-Paredes. 2012. Intima-media thickness 
is associated with non-traditional risk factors and ischemic heart 
disease in hemodialysis patients. Ther. Apheresis Dialysis. 
16(1): 104-108.

Anai, T., T. Yamada, T. Kinoshita, S. M. Rahman and Y. Takagi. 2005. 
Identification of corresponding genes for three low-α-linolenic 
acid mutants and elucidation of their contribution to fatty acid 
biosynthesis in soybean seed. Plant Sci. 168(6): 1615-1623.



Tang, et al.

Emir. J. Food Agric  ●  Vol 30  ●  Issue 5  ●  2018	 351

Arondel, V., B. Lemieux, I. Hwang, S. Gibson, H. M. Goodman and 
C. R. Somerville. 1992. Map-based cloning of a gene controlling 
omega-3 fatty acid desaturation in Arabidopsis. Science. 
258(5086): 1353-1355.

Astorg, P.  2004. Dietary n-6 and n-3 polyunsaturated fatty acids 
and prostate cancer risk: A  review of epidemiological and 
experimental evidence. Cancer Causes Control. 15(4): 367-386.

Barceló-Coblijn, G. and E. J. Murphy. 2009. Alpha-linolenic acid and 
its conversion to longer chain n-3 fatty acids: Benefits for human 
health and a role in maintaining tissue n-3 fatty acid levels. Prog. 
Lipid Res. 48(6): 355-374.

Bemelmans, W. J. E., J. D. Lefrandt, E. J. M. Feskens, P. L. 
van Haelst,  J. Broer, J. B. Meyboom-de, J. F. May, J. W. C. 
Tervaert and A. J. Smit. 2004. Increased α-linolenic acid intake 
lowers C-reactive protein, but has no effect on markers of 
atherosclerosis. Eur. J. Clin. Nutr. 58(7): 1083-1089.

Bibwe, B., M. Indra, K. Abhijit and D. Anirban. 2017. Optimization 
of jackfruit seed starch-soya protein isolate ratio and process 
variables for flaxseed oil encapsulation. Indian J. Agric. Sci. 
87(12): 1657-1663.

Bielecka, M., F. Kaminski, I. Adams, H. Poulson, R. Sloan,Y. Li, T. R. 
Larson, T. Winzer and I. A. Graham. 2014. Targeted mutation 
of Δ12 and Δ15 desaturase genes in hemp produce major 
alterations in seed fatty acid composition including a high oleic 
hemp oil. Plant Biotechnol. J. 12(5): 613-623.

Birch, E. E., S. Garfield, D. R. Hoffman, R. Uauy and D. G. Birch. 
2000. A  randomized controlled trial of early dietary supply of 
long-chain polyunsaturated fatty acids and mental development 
in term infants. Dev. Med. Child Neurol. 42(3): 174-181.

Bjerve, K., S. Fischer and K. Alme. 1987. Alpha-linolenic acid deficiency 
in man: Effect of ethyl linolenate on plasma and erythrocyte fatty 
acid composition and biosynthesis of prostanoids. Am. J. Clin. 
Nutr. 46(4): 570-576.

Bloedon, L. T., S. Balikai, J. Chittams, S. C. Cunnane, J. A. Berlin, D. J. 
Rader and P. O. Szapary. 2008. Flaxseed and cardiovascular 
risk factors: Results from a double blind, randomized, controlled 
clinical trial. J. Am. Coll. Nutr. 27(1): 65-74.

Bloedon, L. T. and P. O. Szapary. 2004. Flaxseed and cardiovascular 
risk. Nutr. Rev. 62(1): 18-27.

Blondeau, N. 2016. The nutraceutical potential of omega-3 
alpha‑linolenic acid in reducing the consequences of stroke. 
Biochimisty. 120: 49-55.

Blondeau, N., C. Nguemeni, D. N. Debruyne, M. Piens, X. Wu, H. N. 
Pan, X. Z. Hu, C. Gandin, R. H. Lipsky and J. C. Plumier. 2009. 
Subchronic alpha-linolenic acid treatment enhances brain plasticity 
and exerts an antidepressant effect: A versatile potential therapy 
for stroke. Neuropsychopharmacology. 34(12): 2548-2559.

Bork, C. S., M. U. Jakobsen, S. Lundbye-Christensen, A. 
Tjønneland,  E. B. Schmidt and K. Overvad. 2016. Dietary 
intake and adipose tissue content of α-linolenic acid and risk of 
myocardial infarction: A Danish cohort study. Am. J. Clin. Nutr. 
104: 41-48.

Bourouroua, M., C. Heurteaux and N. Blondeau. 2016. Alpha-linolenic 
acid given as enteral or parenteral nutritional intervention 
against sensorimotor and cognitive deficits in a mouse model of 
ischemic stroke. Neuropharmacology. 108: 60-72.

Brouwer, I. A., M. B. Katan and P. L. Zock. 2004. Dietary α-linolenic 
acid is associated with reduced risk of fatal coronary heart 
disease, but increased prostate cancer risk: A meta-analysis. J. 
Nutr. 134(4): 919-922.

Browse, J. and C. Somerville. 1991. Glycerolipid synthesis: 
Biochemistry and regulation. Ann. Rev. Plant Biol. 42(1): 467‑506.

Burdge, G. C. 2006. Metabolism of α-linolenic acid in humans. 
Prostaglandins Leukot. Essent. Fatty Acids. 75(3): 161-168.

Burdge, G. C. and P. C. Calder. 2005. Conversion of α-linolenic acid 
to longer-chain polyunsaturated fatty acids in human adults. 
Reprod. Nutr. Dev. 45(5): 581-597.

Burdge, G. C. and S. A. Wootton. 2002. Conversion of α-linolenic acid 
to eicosapentaenoic, docosapentaenoic and docosahexaenoic 
acids in young women. Br. J. Nutr. 88(4): 411-420.

Burdge, G. C., A. E. Jones and S. A. Wootton. 2002. 
Eicosapentaenoic and docosapentaenoic acids are the principal 
products of α-linolenic acid metabolism in young men. Br. J. 
Nutr. 88(4): 355‑363.

Calder, P. C. 2004. n-3 Fatty acids and cardiovascular disease: 
Evidence explained and mechanisms explored. Clin. Sci. 
107(1): 1-11.

Calder, P. C. 2012. Mechanisms of action of (n-3) fatty acids. J. Nutr. 
142(3): S592-S599.

Calder, P. C. 2014. Very long chain omega-3 (n-3) fatty acids and 
human health. Eur. J. Lipid Sci. Technol. 116(10): 1280-1300.

Carleton, A. J., J. L. Sievenpiper, R. de Souza, G. McKeown-Eyssen 
and D. J. A. Jenkins. 2013. Case–control and prospective 
studies of dietary α-linolenic acid intake and prostate cancer 
risk: A meta-analysis. BMJ Open. 3: e002280.

Chamberland, J. P. and H. S. Moon. 2015. Down-regulation of 
malignant potential by alpha linolenic acid in human and mouse 
colon cancer cells. Familial Cancer. 14: 25-30.

Chang, H. H., C. S. Chen and J. Y. Lin. 2008. Dietary perilla 
oil inhibits proinflammatory cytokine production in the 
bronchoalveolar lavage fluid of ovalbumin-challenged mice. 
Lipids. 43(6): 499‑506.

Chen, L. Q., W. Lin, C. Z. Ding and Z. X. Wang. 2013. Purification of 
α-linolenic acid by molecular distillation from Linseed oil. Sci. 
Technol. Food Ind. 34(4): 216-219.

Chen, T., G. L. Yang and Y. L. Bi. 2017. Enrichment of α-linoneic acid 
by tataric acid-assisted urea fractionation in methanol. J. Henan 
Uni. Technol. 38(3): 12-17.

Chen, X. X., G. L. Wang, F. J. Li and Y. R. Wang. 2012. Separation 
and purification of alpha linolenic acid from Perilla oil. J. Tianjin 
Univ. Sci. Technol. 27(4): 17-20.

Choo, W. S., E. J. Birch and J. P. Dufour. 2007. Physicochemical and 
stability characteristics of flaxseed oils during pan-heating. J. 
Am. Oil Chem. Soc. 84(8): 735-740.

Christensen, J. H., E. B. Schmidt, D. Mølenberg and E. Toft. 2005. 
Alpha-linolenic acid and heart rate variability in women examined 
for coronary artery disease. Nutr. Metab. Cardiovasc. Dis. 15(5): 
345-351.

Damude, H. G., H. X. Zhang, L. Farrall, K. G. Ripp, J. F. Tomb, 
D. Hollerbach and N. S. Yadav. 2006. Identification of bifunctional 
Δ12/ω3 fatty acid desaturases for improving the ratio of ω3 to 
ω6 fatty acids in microbes and plants. Proceed. Nat. Acad. Sci. 
103(25): 9446-9451.

Das, U. N. 2006a. Essential fatty acids-a review. Curr. Pharm. 
Biotechnol. 7(6): 467-482.

Das, U. N. 2006b. Essential fatty acids: Biochemistry, physiology and 
pathology. Biotechnol. J. 1(4): 420-439.

Davis, M. S., J. Solbiati and J. E. Cronan. 2000. Overproduction 
of acetyl-CoA carboxylase activity increases the rate 
of fatty acid biosynthesis in Escherichia coli. J. Biol. 
Chem. 275(37): 28593‑28598.

de Borst, M. H., L. C. Baia, E. K. Hoogeveen, E. J. Giltay,  G. Navis, 
S.  J.  L. Bakker, J. M. Geleijnse, D. Kromhout and S. S. 
Soedamah-Muthu. 2017. Effect of omega-3 fatty acid 



Tang, et al.

352 	 Emir. J. Food Agric  ●  Vol 30  ●  Issue 5  ●  2018

supplementation on plasma fibroblast growth factor 23 levels in 
post-myocardial infarction patients with chronic kidney disease: 
The alpha omega trial. Nutrients. 9(11): 1233.

de Goede, J., W. M. M. Verschuren, J. M. A. Boer, D. Kromhout 
and J. M. Geleijnse. 2011. Alpha-linolenic acid intake and 
10‑year incidence of coronary heart disease and stroke in 
20,000 middle-aged men and women in the netherlands. PLos 
One. 6(3): e17967.

de Lorgeril, M. and P. Salen. 2004. Alpha-linolenic acid and coronary 
heart disease. Nutr. Metab. Cardiovasc. Dis. 14(3): 162-169.

de Santana, F. C., F. B. Shinagawa, E. S. Araujo, A. M. Costa and J. 
Mancini-Filho. 2015. Chemical composition and antioxidant 
capacity of Brazilian Passiflora seed oils. J. Food Sci. 80(12): 
C2647-C2654.

Demonty, I., R. T. Ras, H. C. M. van der Knaap, G. Duchateau, L. 
Meijer, P. L. Zock, J. M. Geleijnse and E. A. Trautwein. 2009. 
Continuous dose-response relationship of the LDL-cholesterol-
lowering effect of phytosterol intake. J. Nutr. 139(2): 271-284.

Deng, Q. C., F. H. Huang, Q. D. Huang, P. Zhang and J. T. Li. 2012. 
Physiochemical properties and oxidation stability of phytosterol 
α-linolenate. Nat. Prod. Res. Dev. 24(3): 370-373.

Deng, Q. C., X. Yu, J. Q. Xu, X. Y. Kou, M. M. Zheng, F. H. Huang, Q. D. 
Huang and L. Wang. 2016. Single frequency intake of α-linolenic 
acid rich phytosterol esters attenuates atherosclerosis risk factors 
in hamsters fed a high fat diet. Lipids Health Dis. 15(23): 1-8.

Deshpande, R., P. Mansara and R. Kaul-Ghanekar. 2016. Alpha-
linolenic acid regulates Cox2/VEGF/MAP kinase pathway and 
decreases the expression of HPV oncoproteins E6/E7 through 
restoration of p53 and Rb expression in human cervical cancer 
cell lines. Tumor Biol. 37: 3295-3305.

Deuel, H. J., S. M. Greenberg, L. Anisfeld and D. Melnick. 1951. 
The effect of fat level of the diet on general nutrition. VIII. The 
essential fatty acid content of margarines, shortenings, butters, 
and cottonseed oil as determined by a new biological assay 
method. J. Nutr. 45(4): 535-549.

Djoussé, L., D. K. Arnett, J. J. Carr, J. H. Eckfeldt, P. N. Hopkins, M. A. 
Province and R. C. Ellison. 2005. Dietary linolenic acid is 
inversely associated with calcified atherosclerotic plaque in the 
coronary arteries. Circulation. 111(22): 2921-2966.

Domenichiello, A. F., A. P. Kitson and R. P. Bazinet. 2015. Is 
docosahexaenoic acid synthesis from α-linolenic acid sufficient 
to supply the adult brain? Prog. Lipid Res. 59: 54-66.

Domenichiello, A. F., A. P. Kitson, A. H. Metherel, C. T. Chen, K. 
E. Hopperton, P. M. Stavro and R. P. Bazinet. 2017. Whole-
body docosahexaenoic acid synthesis-secretion rates in rats 
are constant across a large range of dietary α-linolenic acid 
intakes. J. Nutr. 147: 37-44.

Dwivedi, C., K. Natarajan and D. P. Matthees. 2005. Chemopreventive 
effects of dietary flaxseed oil on colon tumor development. Nutr. 
Cancer. 51(1): 52-58.

Eckert, H., B. LaVallee, B. J. Schweiger, A. J. Kinney, E. B. Cahoon 
and T. Clemente. 2006. Co-expression of the borage Δ6 
desaturase and the Arabidopsis Δ15 desaturase results in high 
accumulation of stearidonic acid in the seeds of transgenic 
soybean. Planta. 224(5): 1050-1057.

Egert, S., A. Baxheinrich, Y. H. Lee-Barkey, D. Tschoepe, U. Wahrburg 
and B. Stratmann. 2014. Effects of an energy-restricted diet 
rich in plant-derived α-linolenic acid on systemic inflammation 
and endothelial function in overweight-to-obese patients with 
metabolic syndrome traits. Br. J. Nutr. 112: 1315-1322.

Faintuch, J., L. M. Horie, H. V. Barbeiro, D. F. Barbeiro, F. G. 
Soriano,  R.  K. Ishida and I. Cecconello. 2007. Systemic 
inflammation in morbidly obese subjects: Response to oral 

supplementation with alpha-linolenic acid. Obesity Surg. 
17: 341-347.

Fleming, J. A. and P. M. Kris-Etherton. 2014. The evidence 
for α-linolenic acid and cardiovascular disease benefits: 
Comparisons with eicosapentaenoic acid and docosahexaenoic 
acid. Adv. Nutr. 5(6): S863-S786.

Fukumitsu, S., M. O. Villareal, S. Onaga, K. Aida, J. Han and H. 
Isoda. 2013. α-Linolenic acid suppresses cholesterol and 
triacylglycerol biosynthesis pathway by suppressing SREBP-2, 
SREBP-1a and-1c expression. Cytotechnology. 65: 899-907.

Ganguly, R., D. Hasanally, A. Stamenkovic, T. G. Maddaford,  R. 
Chaudhary, G. N. Pierce and A. Ravandi. 2018. Alpha 
linolenic acid decreases apoptosis and oxidized phospholipids 
in cardiomyocytes during ischemia/reperfusion. Mol. Cell. 
Biochem. 437: 163-175.

Ge, S. S., W. W. Zhang, K. Li, F. Ying, J. Gan, H. Zeng and H. Zhang. 
2017. Separation and purification of α-linolenic acid from 
Phyllanthus emblica L. seed oil by silver iron complexation. Food 
Sci. 38(14): 213-220.

Gebauer, S. K., T. L. Psota, W. S. Harris and P. M. Kris-Etherton. 
2006. N-3 Fatty acid dietary recommendations and food sources 
to achieve essentiality and cardiovascular benefits. Am. J. Clin. 
Nutr. 83: S1526-S1535.

Geleijnse, J. M., J. de Goede and I. A. Brouwer. 2010. Alpha-linolenic 
acid: Is it essential to cardiovascular health? Curr. Atheroscler. 
Rep. 12(6): 359-367.

Gibson, S., V. Arondel, K. Iba and C. Somerville. 1994. Cloning of 
a temperature-regulated gene encoding a chloroplast omega-3 
desaturase from Arabidopsis thaliana. Plant Physiol. 106(4): 
1615-1621.

Gouveia, L, B. P. Nobre, F. M. Marcelo, S. Mrejen, M. T. Cardoso, A. 
F. Palavra and R. L. Mendes. 2007. Functional food oil coloured 
by pigments extracted from microalgae with supercritical CO2. 
Food Chem. 101(2): 717-723.

Goyens, P. L., M. E. Spilker, P. L. Zock, M. B. Katan and R. P. Mensink. 
2005. Compartmental modeling to quantify α-linolenic acid 
conversion after longer term intake of multiple tracer boluses. J. 
Lipid Res. 46(7): 1474-1483.

Gu, H. B., X. Y. Ma, J. B. Wu, Q. Zhang, W. B. Yuan and Y. P. Chen. 
2009. Concentration of α-linoleic acid of perilla oil by gradient 
cooling urea inclusion. Agric. Sci. China. 8(6): 685-690.

Guderian, J. D. M., H. E. Rasmussen, C. A. Wray, P. H. Dussault and 
T. P Carr. 2007. Cholesterol-lowering properties of plant sterols 
esterified with beef tallow fatty acids in hamsters. Nutr. Res. 
27(5): 283-288.

Guil-Guerrero, J., P. Campra-Madrid and R. Navarro-Juarez. 2003. 
Isolation of some PUFA from edible oils by argentated silica gel 
chromatography. Grasas Aceites.t 54(2): 116-121.

Guo, J. X., C. L. Wang and Z. J. Wu. 2013. Purification of α-linolenic 
acid from flaxseed oil by silver-silica gel chromatography 
column. Adv. Mater. Res. 610-613: 3580-3586.

Guo, L. F., J. X. He, X. G. Wang, C. R. Lin and C. X. He. 2009. Research 
progress on exploitation of main oil plants of Euphorbiaceae. 
China Oils Fats. 34(10): 57-61.

Harris, W. S., B. Assaad and W. C. Poston. 2006. Tissue omega-6/
omega-3 fatty acid ratio and risk for coronary artery disease. 
Am. J. Cardiol. 98(4): 19-26.

Hassan, A., A. Ibrahim, K. Mbodji, M. Coëffier, F. Ziegler, F. 
Bounoure, J. M. Chardigny, M. Skiba, G. Savoye, P. Déchelotte 
and R. Marion-Letellier. 2010. An α-linolenic acid-rich formula 
reduces oxidative stress and inflammation by regulating NF-κB 
in rats with tnbs-induced colitis. J. Nutr. 140(10): 1714-1721.



Tang, et al.

Emir. J. Food Agric  ●  Vol 30  ●  Issue 5  ●  2018	 353

Heurteaux, C., C. Laigle, N. Blondeau, G. Jarretou and M. Lazdunski. 
2006. Alpha-linolenic acid and riluzole treatment confer cerebral 
protection and improve survival after focal brain ischemia. 
Neuroscience. 137(1): 241-251.

Hirko, K. A., B. Chai, D. Spiegelman, H. Campos, M. S. Farvid, S. E. 
Hankinson, W. C. Willett and A. H. Eliassen. 2018. Erythrocyte 
membrane fatty acids and breast cancer risk: A prospective analysis 
in the nurses’ health study II. Int. J. Cancer. 142: 1116‑1129.

Holman, R. T., S. B. Johnson and T. F. Hatch. 1982. A case of human 
linolenic acid deficiency involving neurological abnormalities. 
Am. J. Clin. Nutr. 35(3): 617-623.

Hu, X. J., Z. X. Guo, Y. Zhao and Z. C. Li. 2005. The technical 
research on enrichment of α-linolenic acid by the method of 
freezing acetone. China’s Fiber Prod. 27(2): 89-93.

Huang, J. Q., Q. J. Zhu, J. Wang, Q. Shen, L. C. Mao and Z. S. Luo. 
2016. Enrichment α-linolenic acid from fructus perillae oil by 
molecular distillation. Food Sci. Technol. 41(9): 197-202.

Ichihara, K. and Y. Suda. 2003. Lipid biosynthesis in developing 
perilla seeds. Phytochemistry. 63(2): 139-143.

Imbusch, R. and M. J. Mueller. 2000. Formation of isoprostane F2 like 
compounds (phytoprostanes F1) from α-linolenic acid in plants. 
Free Radical Biol. Med. 28(5): 720-726.

Jang, J. Y., T. S. Kim, J. Cai, J. Kim, Y. Kim, K. Shin, K. S. Kim, S. P. 
Lee, M. H. Kang, E. K. Choi, M. H. Rhee and Y. B. Kim. 2014. 
Perilla oil improves blood flow through inhibition of platelet 
aggregation and thrombus formation. Lab. Anim. Res. 30(1): 
21-27.

Jiang, Y. Z., X. M. Hu and K. D. Yang. 2008. Study on concentrated 
α-linolenic acid from silkworm oil by silver nitrate complexiation. 
Sci. Technol. Food Ind. 29(4): 2005-2009.

Johnsson, L. and Dutta, P. C. 2006. Determination of phytosterol oxides 
in some food products by using an optimized transesterification 
method. Food Chem. 97(4): 606-613.

Kelley, D. S., L. B. Branch, J. E. Love, P. C. Taylor, Y. M. Rivera 
and J. Iacono.  1991. Dietary alpha-linolenic acid and 
immunocompetence in humans. Am. J. Clin. Nutr. 53(1): 40-46.

Kim, M., M. Kim, Y. J. Lee, S. P. Lee, T. S. Kim, H. J. Yang, D. Y. Kwon, 
S. H. Lee and J. H. Lee. 2016. Effects of α-linolenic acid 
supplementation in perilla oil on collagen-epinephrine closure 
time, activated partial thromboplastin time and Lp-PLA2 activity 
in non-diabetic and hypercholesterolaemic subjects. J. Funct. 
Foods. 23: 95-104.

Kinney, A. J., E. B. Cahoon, H. G. Damude, W. D. Hitz, Z. B. Liu, C. 
W. Kolar. 2011. Production of Very Long Chain Polyunsaturated 
Fatty Acids in Oil Seed Plants. U.S. Patent 8084074 B2.

Klein, V., V. Chajes, E. Germain, G. Schulgen, M. Pinault, D. Malvy, T. 
Lefrancq, A. Fignon, O. F. Le, C. Lhuillery and P. Bougnoux. 
2000. Low alpha-linolenic acid content of adipose breast tissue 
is associated with an increased risk of breast cancer. Eur. J. 
Cancer. 36(3): 335-340.

Koralek, D. O., U. Peters, G. Andriole, D. Reding, V. Kirsh, A. Subar, A. 
Schatzkin, R. Hayes and M. F. Leitzmann. 2006. A prospective 
study of dietary alpha-linolenic acid and the risk of prostate 
cancer (United States). Cancer Causes Control. 17(6): 783-791.

Kris-Etherton, P. M., D. S. Taylor, S. Yu-Poth, P. Huth, K. Moriarty, V. 
Fishell, R. L. Hargrove, G. X. Zhao and T. D. Etherton. 2000. 
Polyunsaturated fatty acids in the food chain in the United 
States. Am. J. Clin. Nutr. 71(1): 179-188.

Kris-Etherton, P. M., J. A. Grieger and T. D. Etherton. 2009. Dietary 
reference intakes for DHA and EPA. Prostaglandins, Leukot. 
Essent. Fatty Acids. 81(2): 99-104.

Kurowska, E. M., G. K. Dresser, L. Deutsch, D. Vachon and W. 

Khalil. 2003. Bioavailability of omega-3 essential fatty acids 
from perilla seed oil. Prostaglandins, Leukot. Essent. Fatty 
Acids. 68(3): 207-212.

Lampi, A. M., L. H. Dimberg, A. Kamal-Eldin. 1999. A  study on the 
influence of fucosterol on thermal polymerisation of purified high 
oleic sunflower triacylglycerols. J. Sci. Food Agric. 79(4): 573‑579.

Lavado-García, J., R. Roncero-Martin, J. M. Moran, M. 
Pedrera‑Canal,  I. Aliaga, O. Leal-Hernandez, S. Rico-
Martin and  M. L. Canal-Macias. 2018. Long-chain omega-3 
polyunsaturated fatty acid dietary intake is positively associated 
with bone mineral density in normal and osteopenic Spanish 
women. PLoS One. 13(1): e0190539.

Lee, A. Y., M. H. Lee, S. Lee and E. J. Cho. 2017. Alpha-linolenic 
acid from Perilla frutescens var. japonica oil protects Aβ-induced 
cognitive impairment through regulation of app processing and 
Aβ degradation. J. Agric. Food Chem. 65: 10719-10729.

Lee, S. 2016. High-yield methods for purification of a-linolenic acid from 
Perilla frutescens var. japonica oil. Appl. Biol. Chem. 59(1): 89-94.

Lemaitre, R. N., I. B. King, N. Sotoodehnia, T. D. Rea, T. E. Raghunathan, 
K. M. Rice, T. S. Lumley, R. H. Knopp, L. A. Cobb and M. K. 
Copass. 2009. Red blood cell membrane α-linolenic acid and the 
risk of sudden cardiac arrest. Metabolism. 58(4): 534-540.

Li, H. Y., Z. Y. Deng, J. Li, Y. W. Fan, R. Liu, H. Xiong and M. Y. Xie. 
2010b. Study on oxidative stability of plant oils with different fatty 
acid composition. Sci. Technol. Food Ind. 31(1): 173-175.

Li, J. and J. Jia. 2004. Extraction of linolenic acid oil from pine nutlet 
by supercritical CO2. Food Sci. Technol. 6: 20-22.

Li, J. T. Q. C., Q. C. Deng, P. Zhang, F. H. Huang. 2008. Research 
on synthesis process of phytosterols α-linolenate by catalysis of 
lipase. Sci. Technol. Food Ind. 12: 128-131.

Li, M. L. 2013. Study on the fatty acid ingredient of Descurainia 
sophia in area along huaihe river. J. Anhui Sci. Technol. Univ. 
27(1): 21-24.

Li, P. H., Y. M. Wu and P. Zeng. 2010a. Advances in researches on 
woody plant resources containing plenty of α-linolenic acid. 
J. Sichuan For. Sci. Technol. 31(5): 55-59.

Li, T. T., C. E. Wu, K. Y. Xu and Y. R. Li. 2007. Study on enriching 
α-linolenic acid from kiwi fruit seed oil by molecular distillation 
technology. Trans. Chin. Soc. Agric. Mach. 38(5): 96-99.

Lim, Y. Y. and E. P. L. Quah. 2007. Antioxidant properties of different 
cultivars of Portulaca oleracea. Food Chem. 103(3): 734-740.

Liu, X. X., N. C. Cai and P. Su. 2014. Research progress in extraction 
technology of α-linolenic acid from prickly ash seed oil. Food Ind. 
Sci. 35(8): 383-386.

Longvah, T. and Y. G. Deosthale. 1991. Chemical and nutritional 
studies on Hanshi (Perilla frutescens), a traditional oilseed from 
Northeast India. J. Am. Oil Chem. Soc. 68(10): 781-784.

Longvah, T., Y. G. Deosthale, P. U. Kumar. 2000. Nutritional and 
short term toxicological evaluation of perilla seed oil. Food 
Chem. 70(1): 13-16.

Lopez-Moreno, J., S. Garcia-Carpintero, F. Gomez-Delgado, R. 
Jimenez-Lucena, C. Vals-Delgado, J. F. Alcala-Diaz, I. Roncero-
Ramos, O. A. Rangel-Zuñiga, E. M. Yubero-Serrano, M. M. 
Malagon, J. M. Ordovas, P. Perez-Martinez, J. Lopez-Miranda 
and A. Camargo. 2017. Endotoxemia is modulated by quantity 
and quality of dietary fat in older adults. Exp. Gerontol. DOI: 
org/10.1016/j.exger.2017.11.006.

Lorenz, M. W., H. S. Markus, M. L. Bots, M. Rosvall and M. Sitzer. 
2007. Prediction of clinical cardiovascular events with carotid 
intima-media thickness a systematic review and meta-analysis. 
Circulation. 115(4): 459-467.

Lung, S. C. and R. J. Weselake. 2006. Diacylglycerol acyltransferase: 



Tang, et al.

354 	 Emir. J. Food Agric  ●  Vol 30  ●  Issue 5  ●  2018

A key mediator of plant triacylglycerol synthesis. Lipids. 41(12): 
1073-1088.

Lutišan, J., J. Cvengroš and M. Micov. 2002. Heat and mass transfer 
in the evaporating film of a molecular evaporator. Chem. Eng. J. 
85(2): 225-234.

Ma, C. J., M. H. Ma, Y. K. Zhang and J. X. Li. 2005. Comparison of 
Eucommia key fruit seed oil and kiwi fruit seed oil. J. Jishou Univ. 
(Nat. Sci.) 26(4): 66-69.

Ma, Y. M., X. H. Du and C. L. Feng. 2008. Research progress of 
seperation and purification techniques for α-linolenic acid. 
Cereals Oils Process. 10: 69-72.

Martins, P. F., V. M. Ito, C. B. Batistella and M. W. Maciel. 2006. Free 
fatty acid separation from vegetable oil deodorizer distillate using 
molecular distillation process. Sep. Purif. Technol. 48(1): 78-84.

Mason-Ennis, J. K., L. P. LeMay-Nedjelski, A. K. A. Wiggins and L. U. 
Thompson. 2016. Exploration of mechanisms of α-linolenic acid 
in reducing the growth of oestrogen receptor positive breast 
cancer cells (MCF-7). J. Funct. Foods. 24: 513-519.

Mei, W. Q., C. Y. He, B. S. Dong, L. X. Wang and X. B. Sun. 2004a. 
Fatty acid analysis of Elsholtzia ciliata (Thunb.) hyland seed oil. 
China Oils Fats. 29(6): 68-69.

Mei, W. Q., Q. W. Li, X. H. Li, Y. G. Zhou and Z. Ni. 2004b. Studies on 
fatty acid composition of seed oil of Agastache rugosa (Fisch. et 
Mey.) O.Ktze. J. Southwest Agric. Univ. (Nat. Sci.) 26(3): 285‑288.

Meng, J. S., Y. Jiang and J. Tao. 2017. Fatty acid composition and PlFADs 
expression related to α-linolenic acid biosynthesis in herbaceous 
peony (Paeonia lactiflora Pall.). Acta Physiol. Plant. 39: 222.

Moon, H. S., S. Batirel and C. S. Mantzoros. 2014. Alpha linolenic 
acid and oleic acid additively down-regulate malignant potential 
and positively cross-regulate AMPK/S6 axis in OE19 and OE33 
esophageal cancer cells. Metab. Clin. Exp. 63(11): 1447-1454.

Mozaffarian, D. 2005. Does alpha-linolenic acid intake reduce the 
risk of coronary heart disease? A review of the evidence. Altern. 
Ther. Health Med. 11(3): 24-30.

Mozaffarian, D. and J. H. Y. Wu. 2011. Omega-3 fatty acids and 
cardiovascular disease effects on risk factors, molecular pathways, 
and clinical events. J. Am. Coll. Cardiol. 58(20): 2047‑2067.

Napier, J. A. and I. A. Graham. 2010. Tailoring plant lipid composition: 
Designer oilseeds come of age. Curr. Opin. Plant Biol. 
13(3): 329-336.

Ni, R. X. 2017. Research progress on α-linolenic acid extraction and 
separation technology. Appl. Sci. Technol. 13: 76.

Nisha, A., K. U. Sankar and G. Venkateswaran. 2012. Supercritical 
CO2 extraction of Mortierella alpina single cell oil: Comparison 
with organic solvent extraction. Food Chem. 133(1): 220-226.

Ohlrogge, J. B. and J. G. Jaworski. 1997. Regulation of fatty acid 
synthesis. Ann. Rev. Plant Biol. 48(1): 109-136.

Oliver, E., F. McGillicuddy, C. Phillips, S. Toomey and H. M. Roche. 
2010. The role of inflammation and macrophage accumulation 
in the development of obesity-induced Type 2 diabetes mellitus 
and the possible therapeutic effects of long-chain n-3 PUFA. 
Proc. Nutr. Soc. 69(2): 232-243.

Oomen, C. M., M. C. Ocké, E. J. M. Feskens, F. J. Kok and 
D.  Kromhout. 2001. α-Linolenic acid intake is not beneficially 
associated with 10-y risk of coronary artery disease incidence: 
The zutphen elderly study. Am. J. Clin. Nutr. 74(4): 457-463.

Orchard, T. S., J. A. Cauley, G. C. Frank C, M. L. Neuhouser, 
J.  G.  Robinson, L. Snetselaar, F. Tylavsky, J. Wactawski-
Wende, A. M. Young, B. Lu and R. D. Jackson. 2010. Fatty acid 
consumption and risk of fracture in the women’s health initiative. 
Am. J. Clin. Nutr. 92(6): 1452-1460.

Owren, P. A., A. Hellem and A. Odegaard. 1964. Linolenic acid and for 
the prevention of thrombosis and myocardial infarction. Lancet. 
2: 975-978.

Ozseyhan, M. E., J. L. Kang, X. P. Mu and C. F. Lu. 2017. Mutagenesis 
of the FAE1 genes significantly changes fatty acid composition 
in seeds of Camelina sativa. Plant Physiol. Biochem. 123: 1-7.

Pan, A., M. Chen, R. Chowdhury, J. H. Y. Wu, Q. Sun, H. Campos, D. 
Mozaffarian and F. B. Hu. 2012a. α-linolenic acid and risk of 
cardiovascular disease: A systematic review and meta-analysis. 
Am. J. Clin. Nutr. 96(6): 1262-1273.

Pan, H. N., X. Z. Hu, D. M. Jacobowitz, C. Chen, J. McDonough, K. 
Van Shura, M. Lyman and A. M. Marini. 2012b. Alpha-linolenic 
acid is a potent neuroprotective agent against soman-induced 
neuropathology. Neurotoxicology. 33(5): 1219-1229.

Pan, W. J., A. M. Liao, J. G. Zhang, Z. Dong and Z. J. Wei. 2012c. 
Supercritical carbon dioxide extraction of the oak silkworm 
(Antheraea pernyi) pupal oil: Process optimization and 
composition determination. Int. J. Mol. Sci. 13: 2354-2367.

Petrie, J. R., P. Shrestha, M. P. Mansour, P. D. Nichols, Q. Liu and 
S. P. Singh. 2010b. Metabolic engineering of omega-3 long-
chain polyunsaturated fatty acids in plants using an acyl-CoA 
Δ6-desaturase with ω3-preference from the marine microalga 
Micromonas pusilla. Metab. Eng. 12(3): 233-240.

Petrie, J. R., P. Shrestha, Q. Liu, M. P. Mansour, C. C. Wood, X. R. 
Zhou, P. D. Nichols, A. G. Green and S. P. Singh. 2010a. Rapid 
expression of transgenes driven by seed-specific constructs in 
leaf tissue: DHA production. Plant Methods. 6(8): 1-6.

Pischon, T., S. E. Hankinson, G. S. Hotamisligil, N. Rifai, W. C. Willett 
and E. B. Rimm. 2003. Habitual dietary intake of n-3 and n-6 
fatty acids in relation to inflammatory markers among US men 
and women. Circulation. 108(2): 155-160.

Qiu, X. 2003. Biosynthesis of docosahexaenoic acid (DHA, 22:6‑4, 
7,10,13,16,19): two distinct pathways. Prostaglandins, 
Leukotrienes Essent. Fatty Acids. 68(3): 207-212.

Rajwade, A. V., N. Y. Kadoo, S. P. Borikar, A. M. Harsulkar, P. B. 
Ghprpade and V. S. Gupta. 2014. Differential transcriptional 
activity of SAD, FAD2 and FAD3 desaturase genes in developing 
seeds of linseed contributes to varietal variation in alpha-linolenic 
acid content. Phytochemistry. 98: 41-53.

Rallidis, L. S., G. Paschos, G. K. Liakos, A. H. Velissaridou, G. 
Anastasiadis and A. Zampelas. 2003. Dietary α-linolenic acid 
decreases C-reactive protein, serum amyloid A and interleukin-6 
in dyslipidaemic patients. Atherosclerosis. 167(2): 237-242.

Rodríguez-Rodríguez, M. F., J. J. Salas, M. Venegas-Calerón, 
R. Garcés and E. Martínez-Force. 2016. Molecular cloning and 
characterization of the genes encoding a microsomal oleate Δ12 
desaturase (CsFAD2) and linoleate Δ15 desaturase (CsFAD3) 
from Camelina sativa. Ind. Crops Prod. 89: 405-415.

Roy, S., A. K. Rawat, S. R. Sammi, U. Devi, M. Singh, S. Gautam, 
R. K. Yadav, J. K. Rawat, L. Singh, M. N. Ansari, A. S. Saeedan, 
R. Pandey, D. Kumar and G. Kaithwas. 2017. Alpha-linolenic 
acid stabilizes HIF-1  α and downregulates FASN to promote 
mitochondrial apoptosis for mammary gland chemoprevention. 
Oncotarget, 8(41): 70049-70071.

Ryu, S. N., J. I. Lee, B. Y. Jeong and H. S. Hur. 1997. Inventors. 
Method for Separating and Purifying Alpha-linolenic Acid from 
Perilla Oil. U.S. Patent: 5672726.

Sajilata, M. G., R. S. Singhal and M. Y. Kamat. 2008. Fractionation 
of lipids and purification of γ-linolenic acid (GLA) from 
Spirulinaplatensis. Food Chem. 109(3): 580-586.

Sala-Vila, A., M. Cofán, A. Pérez-Heras, I. Núñez, R. Gilabert, 
M. Junyent, R. Mateo-Gallego, A. Cenarro, F. Civeira and E. Ros. 
2010. Fatty acids in serum phospholipids and carotid intima-



Tang, et al.

Emir. J. Food Agric  ●  Vol 30  ●  Issue 5  ●  2018	 355

media thickness in Spanish subjects with primary dyslipidemia. 
Am. J. Clin. Nutr. 92(1): 186-193.

Sala-Vila, A., M. Cofán, I. Núñez, R. Gilabert, M. Junyent, E. Ros. 
2011. Carotid and femoral plaque burden is inversely associated 
with thea-linolenic acid proportion of serum phospholipids in 
Spanish subjects with primary dyslipidemia. Atherosclerosis. 
214: 209-214.

Sanchez-Reinoso, Z. and L. F. Gutiérrez. 2017. Effects of the emulsion 
composition on the physical properties and oxidative stability of 
sacha inchi (Plukenetia volubilis L.) oil microcapsules produced 
by spray drying. Food Bioprocess Technol. 10: 1354-1366.

Sanders, T. A. B. 2000. Polyunsaturated fatty acids in the food chain 
in Europe. Am. J. Clin. Nutr. 71(1): 176-178.

Sasaki, Y. and Y. Nagano.  2004. Plant acetyl-CoA carboxylase: 
Structure, biosynthesis, regulation, and gene manipulation for 
plant breeding. Biosci. Biotechnol. Biochem. 68(6): 1175-1184.

Schuchardt, J. P., M. Huss, M. Stauss-Grabo and A. Hahn. 2010. 
Significance of long-chain polyunsaturated fatty acids (PUFAs) 
for the development and behaviour of children. Eur. J. Pediatr. 
169(2): 149-164.

Schwab, U. S., M. A. Lankinen, V. D. de Mello, S. M. Manninen, 
S. Kurl, K. J. Pulkki, D. E. Laaksonen and A. T. Erkkilä. 2018. 
Camelina sativa oil, but not fatty fish or lean fish improved serum 
lipid profile in subjects with impaired glucose metabolism-a 
randomized controlled trial. Mol. Nutr. Food Res. 1700503: 1-9.

Schwartz, H., V. Ollilainen, V. Piironen and A. M. Lampi. 2008. 
Tocopherol, tocotrienol and plant sterol contents of vegetable 
oils and industrial fats. J. Food Compos. Anal. 21(2): 152-161.

Sharif, H. R., H. D. Goff, H. Majeed, M. Shamoon, F. Liu, J. 
Nsor‑Atindana, J. Haider, R. Lang and F. Zhong. 2017. 
Physicochemical properties of β-carotene and eugenol 
coencapsulated flax seed oil powders using OSA starches as 
wall material. Food Hydrocoll. 73: 274-283.

Shen, J. H., Q. Ma, S. G. Shen, G. T. Xu and U. N. Das. 2013. Effect 
of α-linolenic acid on streptozotocin-induced diabetic retinopathy 
indices in vivo. Arch. Med. Res. 44(7): 514-520.

Shin, H. S. and S. W. Kim. 1994. Lipid composition of perilla seed. J. 
Am. Oil Chem. Soc. 71(6): 619-622.

Shoda, R., K. Matsueda, S. Yamato and N. Umeda. 1995. Therapeutic 
efficacy of n-3 polyunsaturated fatty acid in experimental Crohn’s 
disease. J. Gastroenterol. 30: 98-101.

Sinclair, A. J., N. M. Attar-Bashi and D. Li. 2002. What is the role of 
α-linolenic acid for mammals? Lipids. 37(12): 1113-1123.

Singh, M. 2005. Essential fatty acids, DHA and human brain. Indian J. 
Pediatr. 72(3): 239-242.

Solfrizzi, V., A. D’Introno, A. M. Colacicco, C. Capurso, A. Del Parigi, 
S. Capurso, A. Gadaleta, A. Capurso and F. Panza. 2005. 
Dietary fatty acids intake: Possible role in cognitive decline and 
dementia. Exp. Gerontol. 40(4): 257-270.

Song, J. F., Z. Z. Jing, W. Hu, J. P. Yu and X. P. Cui. 2017. α-Linolenic 
acid inhibits receptor activator of NF-κB ligand induced (rankl-
induced) osteoclastogenesis and prevents inflammatory bone 
loss via down regulation of nuclear factor-kappab-inducible nitric 
oxide synthases (NF-κB-INOS) signaling pathways. Med. Sci. 
Monit. 23: 5056-5069.

Stroud, C. K., T. Y. Nara, M. Roqueta-Rivera, E. C. Radlowski, 
P.  Lawrence, Y. Zhang, B. H. Cho, M. Segre, R. A. Hess, 
J. T. Brenna, W. M. Haschek and M. T. Nakamura. 2009. Disruption 
of FADS2 gene in mice impairs male reproduction and causes 
dermal and intestinal ulceration. J. Lipid Res. 50(9): 1870-1880.

Stuchlík, M. and S. Zak. 2002. Vegetable lipids as components of 
functional foods. Biomed. Papers. 146(2): 3-10.

Sun, L. P., S. J. Zhang, L. Ma, Y. H. Wu and H. Xu. 2011. Research 
progress of seperation and purification techniques for α-linolenic 
acid. Packag. Food Mach. 29(2): 51-55.

Tabibi, H., M. Mirfatahi, M. Hedayati and A. Nasrollahi. 2016. Effects 
of flaxseed oil on blood hepcidin and hematologic factors in 
hemodialysis patients. Dialysis. Int. 11: 1-8.

Teramoto, M., H. Matsuyama, N. Ohnishi, S. Uwagawa and K. Nakai. 
1994. Extraction of ethyl and methyl esters of polyunsaturated 
fatty acids with aqueous silver nitrate solutions. Ind. Eng. Chem. 
Res. 33(2): 341-345.

Thelen, J. J. and J. B. Ohlrogge. 2002. Metabolic engineering of fatty 
acid biosynthesis in plants. Metab. Eng. 4(1): 12-21.

Truksa, M., G. Wu, P. Vrinten and X. Qiu. 2006. Metabolic engineering 
of plants to produce very long-chain polyunsaturated fatty acids. 
Transgenic Res. 15(2): 131-137.

Uauy, R., D. R. Hoffman, P. Peirano, D. G. Birch and E. E. Birch. 
2001. Essential fatty acids in visual and brain development. 
Lipids. 36(9): 885-895.

Uauy, R., P. Mena, B. Wegher, S. Nieto and N. J. Salem. 2000. Long 
chain polyunsaturated fatty acid formation in neonates: Effect 
of gestational age and intrauterine growth. Pediatr. Res. 47(1): 
127-135.

Uemura, H. 2012. Synthesis and production of unsaturated 
and polyunsaturated fatty acids in yeast: current state and 
perspectives. Appl. Microbiol. Biotechnol. 95(1): 1-12.

Urla, R., P. P. Kumar, P. Sripadi, V. R. Khareedu and D. R. Vudem. 
2017. Cloning of fatty acid desaturase-coding sequence (Lufad3) 
from flax and its functional validation in rice. Plant Biotechnol. 
Rep. 11: 259-270.

van de Loo, F. J. and C. Somerville. 1994. Plasmid omega-3 fatty 
acid desaturase cDNA from Ricinus communis. Plant Physiol. 
105(1): 443-444.

Vannice, G. and H. Rasmussen. 2014. Position of the academy of 
nutrition and dietetics: Dietary fatty acids for healthy adults. J. 
Acad. Nutr. Dietetics. 114(1): 136-153.

Visentainer, J. V., N. E. de Souza, M. Makoto, C. Hayashi and M. R. B. 
Franco. 2005. Influence of diets enriched with flaxseed oil on the 
α-linolenic, eicosapentaenoic and docosahexaenoic fatty acid in 
Nile tilapia (Oreochromis niloticus). Food Chem. 90(4): 557-560.

Vrinten, P., Z. Y. Hu, M. A. Munchinsky, G. Rowland and X. Qiu. 2005. 
Two FAD3 desaturase genes control the level of linolenic acid in 
flax seed. Plant Physiol. 139(1): 79-87.

Wallis, J. G., J. L. Watts and J. Browse. 2002. Polyunsaturated fatty 
acid synthesis: What will they think of next? Trends Biochem. 
Sci. 27(9): 467-473.

Wanasundara, J. P. and F. Shahidi. 1994. Alkanol-ammonia-water/
hexane extraction of flaxseed. Food Chem. 49(1): 39-44.

Wang, B., D. Li, L. J. Wang, Z. G. Huang, L. Zhang, X. D. Chen and 
Z. H. Mao. 2007b. Effect of moisture content on the physical 
properties of fibered flaxseed. Int. J. Food Eng. 3(5): 1-11.

Wang, C. C., W. S. Harris, M. Chung, A. H. Lichtenstein, E. M. Balk, B. 
Kupelnick, H. S. Jordan and J. Lau. 2006. N-3 Fatty acids from fish or 
fish-oil supplements, but not α-linolenic acid, benefit cardiovascular 
disease outcomes in primary-and secondary-prevention studies: 
A systematic review. Am. J. Clin. Nutr. 84(1): 5-17.

Wang, H. Z., S. Miao and J. Y. Sun. 2007a. Progress of 
pharmacological research on alpha-linolenic acid. Int. J. Pharm. 
Res. 34(4): 254‑258.

Wang, M. X., F. H. Huang, C. S. Liu, J. W. Wang and Q. J. Huang. 
2007c. Study on antioxidative effects of natural antioxidants to 
α-ethyl linolenate. Chin. J. Oil Crop Sci. 29(4): 466-469.

Wang, M., X. J. Zhang, K. Feng, C. He, P. Li, Y. J. Hu, H. S. Su 



Tang, et al.

356 	 Emir. J. Food Agric  ●  Vol 30  ●  Issue 5  ●  2018

and J. B. Wan. 2016. Dietary α-linolenic acid-rich flaxseed oil 
prevents against alcoholic hepatic steatosis via ameliorating 
lipid homeostasis at adipose tissue-liver axis in mice. Sci. 
Rep. 6: 26826.

Wei, J. K., R. X. Hou, Y. Z. Xi, A. Kowalski, T. S. Wang, Z. Yu, Y.  R. 
Hu, E. K. Chandrasekar, H. Sun and M. K. Ali. 2018. The 
association and dose–response relationship between dietary 
intake of α-linolenic acid and risk of CHD: A systematic review 
and meta-analysis of cohort studies. Br. J. Nutr. 119: 83-89.

Wiesenfeld, P. W., U. S. Babu, T. F. X. Collins, R. Sprando, M. W. 
O’Donnell, T. J. Flynn, T. Black and N. Olejnik. 2003. Flaxseed 
increased α-linolenic and eicosapentaenoic acid and decreased 
arachidonic acid in serum and tissues of rat dams and offspring. 
Food Chem. Toxicol. 41(6): 841-855.

Wiggins, A. K. A., J. K. Mason and L. U. Thompson. 2015. Growth and 
gene expression differ over time in alpha-linolenic acid treated 
breast cancer cells. Exp. Cell Res. 333(1): 147-154.

Wu, J., K. M. Wilson, M. J. Stampfer, W. C. Willett and E. L. 
Giovannucci. 2018. A  24-year prospective study of dietary 
α-linolenic acid and lethal prostate cancer. Int. J. Cancer. 
142(11): 2207-2214.

Xiang, L., D. M. Xing, W. Wang, R. F. Wang, Y. Ding and L. J. Du. 
2005. Alkaloids from Portulaca oleracea L. Phytochemistry. 
66(21): 2595-2601.

Xu, A. X., B. Y. Zhang, D. Y. Zhao, A. L. Zhang and K. J. Zhang. 2004. 
Study on selection of α-linolenic acid raw material plants. J. Soil 
Water Conserv. 18(4): 190-192.

Yamamoto, N., M. Saitoh, A. Moriuchi, M. Nomura and H. Okuyama. 
1987. Effect of dietary alpha-linolenate/linoleate balance on 
brain lipid compositions and learning ability of rats. J. Lipid Res. 
28(2): 144-151.

Yan, R. F. 1996. Eucommia ulmoides gum. In: J. C. Salamone (Ed.), 
Polymeric Materials Encyclopedia, CRC Press, USA.

Yan, X. S., K. R. Gu, L. Ma, B. Zhang and H. Zhao. 2014. Research 
progress on α-linolenic acid purification technology. Food Oil. 
27(9): 9-13.

Yang, Q., Q. W. Wang, X. Y. Liu, S. W. Wang, J. B. Wang and Y. H. Xie. 
2006. Extraction and isolation of highly purified α-linoleic acid 
from Bunge pricklyash seed. Nat. Prod. Res. Dev. 18(5): 846-847.

Yao, S. Y., P. Zhao, P. Li, F. W. Li, Y. Y. Ma, H. Y. Qin, L. J. Zhang, A. R. 
Su and H. L. Liang. 2007. Experimental study on the effect of 
linolenic acid oil enhancement of mice’s immune function. China 
Trop. Med. 7(3): 334-336.

Yehuda, S., S. Rabinovitz, R. L. Carasso and D. I. Mostofsky. 2002. 
The role of polyunsaturated fatty acids in restoring the aging 
neuronal membrane. Neurobiol. Ag. 23(5): 843-853.

Yin, L. J., Y. Wang and Y. G. Zu. 2002. Purification of α-linolenic 

acid from fruit oil of Camptotheca acuminata. Chin. Trad. Herb. 
Drugs. 33(1): 22-23.

Yong, L. M., L. R. Wang and S. S. Liu. 2014. Separation process of 
α-linolenic acid from rubber seed oil by double solvent freezing 
crystallization. Food Sci. Technol. 39(7): 233-237.

Yoon, J. R., E. J. Lee, H. D. Kim, J. H. Lee and H. C. Kang. 2014. 
Polyunsaturated fatty acid-enriched diet therapy for a child with 
epilepsy. Brain Dev. 36(2): 163-166.

Zatonski, W., H. Campos and W. Willett. 2008. Rapid declines 
in coronary heart disease mortality in Eastern Europe are 
associated with increased consumption of oils rich in alpha-
linolenic acid. Eur. J. Epidemiol. 23(1): 3-10.

Zhang, C., J. Q. Kan and Z. D. Chen. 2005. Study of purification 
α-linolenic acid with the silver nitrate-silica gel. Ion Exch. 
Adsorption. 21(1): 47-54.

Zhang, H. M. and F. Z. Liu. 2000. The function, resources and 
production methods of alpha-linolenic acid. China Oils Fats. 
25(6): 192-194.

Zhang, L. H., W. Zhang, G. H. Wei, P. Yang, J. Liu and X. L. Niu. 2012. 
Effects of alpha-lionlenic acid on inflammation and oxidative 
stess in the diabetic rats. Chin. J. Appl. Physiol. 28(1): 64-67.

Zhang, L. X., X. Y. Ji, B. B. Tan, Y. Z. Liang, N. N. Liang, X. L. Wang 
and H. Dai. 2010. Identification of the composition of fatty acids 
in Eucommia ulmoides seed oil by fraction chain length and 
mass spectrometry. Food Chem. 121(3): 815-819.

Zhang, Z. S., Y. L. Liu and L. M. Che. 2018. Characterization of a new 
α-linolenic acid-rich oil: Eucommia ulmoides seed oil. J. Food 
Sci. 1-7. DOI: 10.1111/1750-3841.14049.

Zhao, H. Q., C. Y. Lu and W. Zhong. 2010. Ultrasonic and microwave 
assisted extraction of Hovenia acerba Lindl. seed oil. Mod. Food 
Sci. Technol. 26(10): 1240-1242.

Zhao, L., Z. H. Dang, Y. Li, J. P. Zhang, X. L. Xie, X. S. Wang and 
Y. P. Hu. 2006. Health function, exploitation and utilization of 
flaxseed. China Oils Fats. 31(3): 71-74.

Zhou, H. M., J. Q. Ma, C. Y. Miao, J. L. Hu, Z. Y. Yang, P. Li and 
M. L. Zheng. 2009. Physicochem ical indexes and fatty acid 
composition of peony seed oil. China Oils Fats. 4(7): 72-74.

Zhou, X. R., S. S. Robert, J. R. Petrie, D. M. F. Frampton, 
M. P. Mansour, S. I. Blackburn, P. D. Nichols, A. G. Green and 
S. P. Singh. 2007. Isolation and characterization of genes from 
the marine microalga Pavlova salina encoding three front-end 
desaturases involved in docosahexaenoic acid biosynthesis. 
Phytochemistry. 68(6): 785-796.

živković, J., M. Ristić, J. Kschonsek, A. Westphal, M. Mihailović, 
V. Filipović and V. Böhm. 2017. Comparison of chemical profile 
and antioxidant capacity of seeds and oils from Salvia sclarea 
and Salvia officinalis. Chem. Biodivers. 14: e1700344. 


