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Abstract

The essentiality of fatty acids was determined by the Burrs in the 1920s. Subsequently, it is
commonly accepted that provision of linoleic (LA) and alpha-linolenic acids (ALA) prevents and
reverses essential fatty acid deficiency (EFAD). Development of alternative injectable lipid
emulsions (ILE) low in LA and ALA has raised concern about their ability to prevent EFAD. This
review provides biochemical evidence coupled with observations from animal and human studies
that aim to characterize which fatty acids are truly essential to prevent EFAD.

Retroconversion pathways and mobilization from body stores suggest that arachidonic and
docosahexaenoic acids (ARA and DHA - the main derivatives of LA and ALA, respectively) also
prevent EFAD. Our group first proposed the essentiality of ARA and DHA by feeding mice
exclusively these fatty acids and proving that they prevent EFAD. Survival for 5 generations on
this diet provides additional evidence that growth and reproductive capabilities are maintained.
Moreover, the use of fish oil-based ILE, which contain minimal LA and ALA and abundant DHA
and ARA, for treatment of intestinal failure-associated liver disease, does not result in EFAD.
These findings challenge the essentiality of LA and ALA in the presence of ARA and DHA.

Evidence discussed in this review supports the idea that ARA and DHA can independently fulfill
dietary essential fatty acid requirements. The imminent introduction of new ILE rich in ARA and
DHA in the United States highlights the importance of understanding their essentiality, especially
when provision of ALA and LA is below the established daily minimum requirement.
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Before essential fatty acids (EFAs) were first described in the 1920s, fats were primarily
considered a dense source of calories and absorptive substrates for dietary fat-soluble
vitamins [1,2]. Fatty acids were not considered essential as it was believed that all fats could
be synthesized from dietary carbohydrates [3]. Subsequent research identified the structural
roles of fatty acids in cell membranes and the permeability barrier of the epidermis, and their
role as precursors of prostaglandins [4,5]. Later work established that some fatty acids also
affect gene expression by serving as ligands for different types of nuclear receptors, in
addition to regulating cellular functions via their action on G-protein-coupled membrane
receptors in the liver, brain, and bone [6-10].

Burr et al concluded that certain fatty acids were essential for adequate growth and
reproduction in small animals. Linoleic acid (LA) from the omega (w)-6 family was initially
identified as #he EFA, although the possibility that other fatty acids might serve a similar
essential role was acknowledged [2]. A year later, the w-3 fatty acid alpha-linolenic acid
(ALA) was added to the list of EFASs after noting that it was also not synthesized de novoin
rats and had to be provided in the diet [11,12]. The essentiality of ALA was initially
questioned as it was less effective than LA in promoting weight gain, reproduction, and
reversal of skin lesions in rats. There was also concern that ALA decreased the effectiveness
of LA in preventing essential fatty acid deficiency (EFAD) by competitively inhibiting the
enzymes involved in LA metabolism [3,13]. Elucidation of the functional properties of the
main ALA metabolites, eicosapentaenoic and docosahexaenoic acids (EPA and DHA,
respectively), solidified its role as an EFA (Figure 1) [3,14]. To date, LA and ALA have been
considered the EFAs. However, their downstream metabolites, LA-derived arachidonic acid
(ARA) and ALA-derived DHA and EPA, are precursors to important mediators in the
inflammatory response and other cellular processes (Figure 2).

Clinically, EFAD presents with growth retardation, reproductive failure, eczematous
dermatitis, and alopecia [2,15-17]. Biochemically, the changes that occur in the setting of
EFAD result from the competitive inhibition and differences in affinities of the enzymes in
the metabolic pathways for the three families of polyunsaturated fatty acids (in order of
affinity, w-3 > w-6 > w-9) [18]. A reduction in ARA, a tetraenoic w-6 fatty acid, results in
an increase in the trienoic nonessential w-9 Mead acid. Mead acid is synthesized in states of
EFAD from the elongation and desaturation of oleic acid when both dietary LA and ALA
are limited. The Holman index is used to diagnose biochemical EFAD. It is determined by
calculating the triene (i.e., Mead acid) to tetraene (i.e., ARA) ratio in plasma. A
triene:tetraene (T:T) ratio > 0.2 is considered biochemical EFAD, although signs and
symptoms of EFAD are detected at ratios > 0.4 [17,19]. Thus, elevation of the Holman index
precedes the development of clinical signs of EFAD, and may appear as early as 7-10 days
following the restriction of EFAs, particularly when continuous fat-free feeding prevents
mobilization of adipose tissue stores of LA [20]. The Holman index does not take w-3 fatty
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acid status into consideration. EFAD also results in a reduction in protein utilization due to
the limited availability of energy to support this process [21]. Should EFAD occur during the
critical stages of development, the effect on protein metabolism can lead to permanent
growth deficiencies.

EFA experts in the 1920s hypothesized that only a small EFA dose would be required to
support growth [22]. Indeed, only 1-3% and 0.2-1% of the total daily caloric intake are
needed from dietary LA and ALA, respectively [23]. The essentiality of fatty acids was
further demonstrated in humans when fat-free parenteral nutrition (PN) was first used in the
United States in the 1960s. Its use in patients with limited fat stores due to malnutrition led
to clinical signs and symptoms previously described in rodents with EFAD [24]. Similar to
animal models, provision of LA and ALA reversed EFAD in humans. For this reason,
injectable lipid emulsions (ILE) administered with dextrose-amino acid PN formulations
serve as both a rich source of non-protein calories and provide the EFAs.

Significant changes have been made to ILE since their inception. The main variation in each
product lies in the modification and/or combination of different oil sources. Until recently,
the only accessible ILE in the United States were soybean oil-based lipid emulsions (SOLE).
However, soy allergy and a link between PN-associated cholestasis and SOLE have led to an
increased interest in alternative ILE formulated with different oils [25]. Since the content of
fatty acids in ILE varies by oil source, concern has been raised about the risk of EFAD in
patients who require long-term (Table 1). For example, children receiving fish oil-based lipid
emulsion (FOLE) monotherapy for intestinal failure-associated liver disease (IFALD) do not
develop EFAD despite the limited amounts of ALA and LA in FOLE and the more
substantial amounts of DHA and ARA [26]. Similarly, rodents fed a diet in which the only
polyunsaturated fatty acids provided are DHA and ARA do not develop biochemical or
clinical EFAD over many generations [27].

Due to concerns regarding EFA delivery with FOLE monotherapy, our group has challenged
the traditional notion that LA and ALA are the only two fatty acids that can fulfill EFA
requirements. We previously suggested that the “true” essential fatty acids are the
downstream metabolites of LA and ALA, ARA and DHA, respectively [28]. The purpose of
this review is to discuss evidence available from animal and human studies that suggest that
EFA requirements may be achieved by not only LA and ALA, but also by provision of their
downstream metabolites.

Biochemical Background

The metabolic pathways that form ARA and DHA from LA and ALA, respectively, were
described in the 1960s [29,30]. The synthesis of ARA (C20:4w-6) and EPA (C20:5w-3) in
mammals involves alternating reactions by elongases and desaturases present in the cell’s
endoplasmic reticulum. The transport of tetracosahexaenoic acid (C24:6w-3) into
peroxisomes followed by one cycle of B-oxidation leads to the production of DHA
(C22:6w-3) from EPA [31,32] (Figure 1). The same elongases and desaturases catalyze the
reactions in the w-3 and w-6 pathways, with enzymes having higher affinity for substrates in
the w-3 pathway. For this reason, the amount of dietary ALA or LA can influence which
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fatty acids predominate through competitive inhibition [6]. Given that the Western diet is
rich in w-6 fatty acids, LA has become the prevailing EFA in human nutrition.

Another reason for LA predominance is that the synthesis of EPA and DHA from ALA is an
inefficient process, especially in infants and critically ill patients [6]. Arterburn et al
performed a cross-study meta-regression analysis on the concentration of w-3 fatty acids in
plasma phospholipids after ALA, EPA, and DHA supplementation [6]. ALA
supplementation modestly elevated EPA but not DHA. EPA supplementation significantly
increased EPA levels, but did not affect DHA levels. Conversely, DHA supplementation
resulted in increases in both EPA and DHA levels. Retroconversion of DHA into upstream
metabolites occurs in peroxisomes via p-oxidation reactions, which result in the formation
of EPA and docosapentaenoic acid (C22:5w-3, DPA) [33,34] (Figure 1). Retroconversion
pathways are relatively minor unless there is dietary supplementation of DHA. Similarly,
although ARA was thought to be an inadequate substrate for retroconversion, experiments in
rodents have suggested that its conversion back to LA can be induced /n vivo by providing
ARA in the setting of EFAD [35]. ARA supplementation can also stimulate other tissues to
mobilize LA and incorporate these into skin lipids, which can reverse the trans-epidermal
water loss seen in rats with EFAD [36]. In healthy adults, adipose tissue contains
approximately 10% of total fatty acids as LA, and slowly releases LA and ARA during post-
prandial and absorptive periods. Thus, if fat is restricted and caloric intake is decreased,
development of EFAD is delayed until tissue stores are depleted. In patients who receive
100% of calories as fat-free PN, biochemical EFAD can develop in as little as 2-4 weeks due
to dextrose-mediated insulin secretion, which suppresses fatty acid mobilization from
adipose tissue [37]. In the presence of protein malnutrition, the anabolic effect of continuous
nutrition, either parenteral or enteral, may hasten the development of EFAD.

Animal Studies

Over 40 years before EFAD was described in humans, the condition had been well
characterized in rodents [1]. Although fish oil is abundant in w-3 fatty acids, there is still
concern that low levels of LA may limit its ability to prevent EFAD. Until recently, the only
question that remained is whether FOLE monotherapy can be safely used as a long-term fat
source without resulting in EFAD. Our group has worked extensively in designing animal
diets that differ in lipid source and content. Strijbosch et al initially demonstrated that
menhaden fish oil (supplied in the diet at concentrations of at least 5%) contained enough
w-6 fatty acids in the form of ARA to support growth and avoid the development of EFAD
[38]. Although the levels of LA in this oil are minimal compared to soybean oil, fish oil may
provide adequate amounts of ARA to protect against EFAD. This is supported by research
conducted approximately 40 years earlier suggesting that ARA is nearly three times more
efficient and effective as an EFA than LA [39]. It has been shown that ARA has the same
effects as LA in restoring the epidermal permeability barrier in rats with EFAD and may
even substitute for each other [4], since ARA can be retroconverted to LA for this unique
aspect of LA in EFA metabolism. Both the retroconversion of ARA and the mobilization of
LA from other tissues appear to be the basis for the ability of ARA to prevent EFAD.
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To determine the safety and effect of using varying ratios of DHA and ARA, Le et al
formulated murine diets devoid of both LA and ALA and containing only DHA and ARA
[40,41]. These experiments demonstrated that DHA and ARA, when constituting at least 2%
and 0.1% of total dietary calories, respectively (20:1 diet), could prevent and reverse EFAD
[41]. Interestingly, the 20:1 ratio mimics that of EPA and DHA to ARA present in oily, cold-
water fish. The effect of this diet on growth and reproduction was also evaluated by feeding
female mice (FO generation) for 4 weeks with either a control diet, an EFA-deficient diet, or
the 20:1 diet. FO mice were subsequently bred and the offspring (F1 generation) were kept
on the same diet as their progenitors until the age of 8 weeks. Although F1 mice receiving
the 20:1 and EFA-deficient diets weighed significantly less than the control mice at weaning,
those from the 20:1 group achieved the same weight as the controls by the end of the study
period. This was not the case for animals receiving the EFA-diet, which remained
significantly lower in weight than the other two groups. In addition, the same 20:1 diet
prevented the development of hepatosteatosis, one of the main metabolic sequelae of EFAD.
Subsequent experiments using the 20:1 diet have demonstrated its efficacy in sustaining
growth, reproduction, and neurocognitive function in mice, even after maintaining this diet
over multiple generations [27]. Animals provided a diet of EFA-devoid hydrogenated
coconut oil as the sole source of fat were infertile after only 1 generation [27].

The intravenous administration of FOLE as the only source of fat has been extensively tested
in the laboratory using a mouse model of hepatosteatosis and EFAD induced by the
administration of PN. We developed this model by giving mice a liquid fat-free, high-
carbohydrate diet ad /ibitum for 19 days [42]. Mice that receive intravenous SOLE
(Intralipid®, Fresenius Kabi Uppsala, Sweden) do not develop EFAD, but do develop
hepatosteatosis. Intravenous administration of the commercially-available FOLE
Omegaven® (Fresenius Kabi, Bad Homburg, Germany) attenuates the development of
hepatosteatosis and prevents EFAD [43]. The mechanisms by which FOLE prevents and
treats PN-induced hepatic injury are beyond the scope of this review. However, these studies
demonstrate that FOLE can be administered as the only fat source without the development
of biochemical or clinical EFAD in mice.

Human Studies

SOLE has been the principal ILE available to practitioners since its approval in the United
States in the 1970s. FOLE monotherapy was first used in the United States in a PN-
dependent soy-allergic patient who developed EFAD while receiving fat-free PN [19]. The
patient in this case report had recently undergone an allogeneic bone marrow transplant and
his clinical course was complicated by the development of graft versus host disease and
gastrointestinal hemorrhage. The combination of these comorbidities made it impossible to
provide fat enterally, and the allergy to soy protein precluded the use of the only available
ILE. In looking for soy-free alternatives, FOLE was identified and administered to the
patient following emergency approvals by the Institutional Review Board and the United
States Food and Drug Administration (FDA). After 10 days of FOLE monotherapy, the skin
rash that had developed disappeared and T:T ratios which once were well above 0.2
normalized, suggesting that FOLE had adequate EFAs to treat EFAD.
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Strategies such as lipid restriction and/or modification of oil sources have gained importance
with the recognition that SOLE plays a critical role in the pathogenesis of IFALD [25].
Based on findings of our laboratory’s animal experiments, Gura et al first reported the use of
FOLE for the reversal of cholestasis in two infants who had developed IFALD [44]. The
efficacy and safety of FOLE monotherapy was further demonstrated in a larger number of
patients compared to a historical cohort that received SOLE [45]. More importantly, the
long-term effects of FOLE monotherapy were recently described [26]. During the nearly 12-
year span since its introduction, over 250 patients have received FOLE monotherapy for the
treatment of IFALD and none have developed EFAD. This includes patients who received no
enteral calories and more than 30 patients that remained on such therapy for at least 3 years
[46].

While the small amounts of LA and ALA in FOLE may be sufficient to prevent EFAD, data
provided in this review suggests that the higher amounts of DHA, EPA, and ARA present in
fish oil are as adequate as ALA and LA in preventing EFAD. Similar outcomes have been
reported in adults with IFALD treated with FOLE. Although fatty acid profiles were not
reported in these studies, no patient was reported to have clinical signs of EFAD [47,48].
The daily requirements to prevent EFAD in adults are lower than for children. In a study
assessing the plasma fatty acid profiles in adult patients receiving home PN, Jeppesen et al
concluded that 500 mL of 20% SOLE per week (1.4 g/kg per week in a 70 kg adult) was
enough to prevent biochemical EFAD [49].

The use of lower T:T ratio values to characterize EFAD can be misleading. Clinical
laboratories use normal ranges of EFAs generated from samples of healthy individuals
eating a typical, w-6-predominant diet in which up to 7% of energy is provided as LA. In
such situations, a lower T:T ratio than 0.02 is expected [50]. In sick patients, often with poor
dietary intake, and diet administered as dose PN or enteral tube feedings, LA is typically
present in lower proportions [51]. Clinicians need to appreciate these differences when
evaluating patients’ fatty acid profiles.

Presently, FOLE has not been approved by the FDA. Its use is only allowed under a
compassionate protocol for the treatment of patients with IFALD. Our experience, coupled
with that of many others across the country, has demonstrated that FOLE monotherapy is a
safe alternative to SOLE for PN-dependent patients and does not increase the risk of EFAD
[26,52].

The information reviewed here suggests a new definition for the role of DHA and ARA in
preventing EFAD. This change in paradigm is first established by an understanding of their
biochemical properties and further supported by animal studies involving strict control of
dietary fatty acids across multiple generations, and clinical observations in PN-dependent
children receiving FOLE monotherapy (Table 2). Nearly half a century ago, ILE were added
to PN formulations to serve as a source of ALA and LA once the risk of EFAD in PN-
dependent patients was recognized. The introduction of commercially available ILE with
fewer “traditional” EFAs (ALA and LA) raised concern that their use may lead to EFAD.
Such concerns that lead to excluding the use of alternative ILE, such as FOLE, may be
detrimental to patients who would benefit from their use, such as children with IFALD [53].
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The data reviewed here support the consideration of ARA and DHA as EFAs that can
prevent EFAD independently of LA and ALA. Recognizing the essentiality of DHA and
ARA is particularly important in settings where provision of ALA and LA is below the daily
minimum requirement but adequate DHA and ARA is present, such as with the use of
FOLE.
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Figure 1.

Elongation, desaturation, and p-oxidation reactions leading to the synthesis of DHA and

ARA from ALA and LA, respectively, in mammalian cells. Dotted lines depict

retroconversion via peroxisomal p-oxidation.
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Figure 2.

Pro-inflammatory (in gray blocks) and anti-inflammatory (in white blocks) metabolites of
ARA, DHA, and EPA. Abbreviations: 17, 18-EEQ, 17(R), 18(S)-epoxyeicosaquatraenoic
acid; COX, cyclooxygenase; CYP450, cytochrome P450 epoxygenases; EET,
epoxyeicosatrienoic acids; Epoxy-DPA, epoxydocosapentaenoic acid; LOX, lipoxygenase;
LT, leukotrienes; PG, prostaglandin; PT, prostanoids; TX, thromboxane. Figure adapted
from Lee et al [55], de Roos et al [56], and Serhan et al [57].
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Table 2

Summary of findings supporting the roles of ARA and DHA in preventing EFAD.

Biochemical | Enzymatic retroconversion of ARA and DHA to LA and ALA
Mobilization of LA from other body stores

Improved biochemical efficiency of DHA and ARA

Improved biochemical efficacy of DHA and ARA

Animal Data | DHA/ARA provided as sole source of FA resulting in:

- Normal growth

- Normal reproduction

- Normal neurocognitive function

- Reversal of hepatic steatosis

- No development of EFAD (clinical nor biochemically)

Animals on diet devoid of ALA/LA bred for multiple generations

Human Data | FOLE provided to PN-dependent children with IFALD resulting in:
- Normal growth
- Reversal of PN-induced cholestasis

- No development of EFAD (clinical nor biochemically)

Abbreviations: ARA, arachidonic acid; DHA, docosahexaenoic acid; EFAD, essential fatty acid deficiency; FA, fatty acids; FOLE, fish oil-based
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lipid emulsion; IFALD, intestinal failure-associated liver disease; PN, parenteral nutrition.
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