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Personalized polyunsaturated fatty acids as a potential 
adjunctive treatment for anorexia nervosa☆

P. Betty Shiha,*, Christophe Morisseaub, Thu Lea, Blake Woodsidec, and J. Bruce Germanb

aUniversity of California, San Diego, CA, USA

bUniversity of California, Davis, CA, USA

cUniversity of Toronto, Toronto, Canada

Abstract

Anorexia nervosa (AN) is a complex psychiatric disorder with high morbidity and mortality rates. 

While many individuals make full recoveries, up to a third of patients develop a chronic, 

treatment-resistant form of the illness that leads to a premature death in 15–20% of those affected. 

There have been few advances in treatment, both in terms of psychological or pharmacologic 

treatment over the last 30 years. Food aversion is commonly cited by patients with AN as a barrier 

to normalizing eating and weight. Our group has a keen interest in examining factors that might 

allow this to be addressed, thus improving treatment outcomes through personalized dietary plans 

or nutritional supplementation related to underlying genetic status.

We demonstrated that polyunsaturated fatty acids (PUFAs)-derived bioactive lipids (eicosanoids) 

are implicated in not only the risk of AN, but also with its comorbid psychopathology. Of interest, 

the differential postprandial omega 6-derived eicosanoid shift observed in AN highlights the 

possibility that the metabolism of PUFAs is an important mechanism underlying the profound 

food version, contributing to pathological food restriction in AN. A concise knowledge of the 

relationships among PUFAs, eicosanoids, and AN clinical course and psychopathology could be 

the key to developing personalized nutritional rehabilitative treatments for those suffering from 

AN.

This paper provides a comprehensive overview of the literature on PUFAs in AN. We also 

selectively reviewed the clinical benefits PUFA treatments exert in other psychiatric diseases, on 

weight and appetite regulation, and for resolution of inflammation, all of which are relevant in the 

disease course and outcome of AN. We propose that personalized PUFA formulation be developed 

and tested as a novel adjunctive treatment for patients with AN. We hypothesize that with 

personalized PUFA formulation, food aversion and anxiety about eating will decrease while mood, 

dietary behavior, and weight restoration will improve in AN, leading to improvements in the 

overall treatment outcome.

☆Prepared for: 6th european workshop on lipid mediators special issue (SI: 6EWLM) prostaglandins and other lipid mediators.
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1. Introduction

Anorexia nervosa (AN) is a psychiatric disorder characterized by pathological restrictive 

eating patterns, an obsession of maintaining an unhealthy low weight, and body image 

disturbance. While some respond well to conventional treatments, many require multiple 

episodes of treatment over many years to get a good outcome, and one-third of patients go 

on to develop a chronic, treatment-resistant form of the illness that is associated with 

ongoing severe medical and psychiatric comorbidity, and high rates of premature death [1]. 

Research focused on understanding the etiology of AN, including core behaviors such as 

food avoidance, would be a major step in the direction of improving existing treatment 

outcomes and in developing new therapies.

Polyunsaturated fatty acids (PUFAs) include “essential fatty acids” linoleic (n-6) and alpha-

linolenic (n-3(n-3) acids and long-chain fatty acids (LC n-PUFAs). Essential PUFAs are 

sourced from diet and serve as precursors to LC n-PUFAs such as n-3 eicosapentaenoic acid 

(EPA) and docosahexaenoic (DHA) acid, and n-6 arachidonic acid (ARA). The importance 

of PUFAs in weight restoration, a key clinical goal for patients with AN, was reported first 

in a 1930 rat study when Collin et al. stated that “Both linolenic acid and linoleic acid are 

effective in curing rats suffering from fat deficiency” [2]. Since then, PUFA treatments have 

shown to produce benefits in a small number of AN studies and in other psychiatric and 

neurobiological illnesses including schizophrenia, bipolar disease, major depressive disorder 

[3], and cognitive decline in Alzheimer’s disease [4]. Although the precise mechanism 

driving these clinical benefits is incompletely understood, PUFAs’ vital role in maintaining 

normal brain functions and inflammatory response regulation are likely the key factors to 

improve symptoms in patients with mental and neurodegenerative disease [5].

Although the health effects of individual PUFA have been established, the ratio of n-6 to n-3 

PUFAs should also be considered as a significant determinant in health and disease 

outcomes given the complex, competitive relationship between n-3 and n-6 PUFAs and the 

resulting biological consequences [6–8]. The consideration of the ratio of n-6 to n-3 PUFAs 

is especially pertinent to today’s world given the dramatic impact of food industrialization 

which changed how foods are sourced, processed, packaged, regulated and distributed in the 

western societies. Such major food industry evolution significantly alters the nutritional 

composition of our meals, thereby profoundly affected human health without population 

awareness. For example, the n-6:n-3 ratio found in the Paleolithic diets were estimated to be 

0.79, yet the ratio in today’s typical United States diet is estimated to be 16.74 [9,10]. While 

the effect of a high n-6 to n-3 ratio on human health has been determined as largely 

problematic [6,11], the increase in dietary n-6 also effects eicosanoids synthesis thereby 

disrupting resolution of inflammatory processes [12]. Eicosanoids are bioactive lipid 

mediators derived from the oxidation of several precursor PUFAs (including n-6 LA, and 
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ARA, and n-3 ALA, EPA, and DHA) through enzymatic catalytic processing by 

cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 monooxygenases (CYP) 

pathways. Eicosanoids including prostaglandins, thromboxanes, leukotrienes, and 

epoxyeicosatrienoic acids form a complex regulatory network via competitive inhibition, 

displacement, or counteraction to regulate a number of important physiological processes 

including vascular permeability, platelet aggregation, and inflammation response and 

resolution (Fig. 1) [13,14].

Despite an abundance of studies demonstrating beneficial effects n-3 PUFAs have on various 

diseases and inflammation, there is a lack of comprehensive research on the role PUFAs play 

in AN risk and disease course. While a small number of studies suggest a potential for n-3 

PUFAs to improve AN symptoms, the association between AN and specific PUFA is 

inconsistent, and the mechanisms by which PUFAs could benefit AN remain untested. We 

recently demonstrated that AN patients not only showed a significantly different pattern of 

PUFA concentration when compared with healthy controls [15], dysregulation in PUFA-

derived eicosanoids were associated with AN risk [15] and comorbid psychopathology [16]. 

Of special interest is the finding that AN demonstrated a differential postprandial 

metabolism compared to healthy controls with n-6 ARA but not with n-3 PUFAs [16] (raw 

data in Table 1 of Ref 17)[17]. Our work to date highlights the possibility that the 

metabolism of PUFAs leading to increased production of proinflammatory bioactive lipid 

mediators may be a key mechanism underlying the profound food aversion in AN. This 

hypothesis is further supported by the finding that fat phobic-AN reported more episode and 

more severe gastrointestinal symptoms compared to nonfat phobic-AN [18].

Eating behavior and food selection of AN are characterized by an inadequate intake and a 

strong preference for low-fat foods [19]. Diet limited in total variety and specific food 

groups including “added fat” was associated with relapse risk in AN [20], highlighting the 

importance of dietary fat and adequate macronutrients for AN. Because correcting 

imbalanced nutritional state is a necessary step for weight restoration and healthy weight 

maintenance in AN, PUFA imbalance or deficiency is a critical missing link which should be 

researched and tested. The goal of this paper is to provide a comprehensive review on 

PUFAs and AN, and to present our conjectures through a selected review of PUFAs’ 

effectiveness in diseases and phenotypes related to AN. We hypothesize that nutritional 

rehabilitative plans utilizing personalized PUFA formulation will lead to significant 

improvements in the overall treatment outcome for AN.

2. Discussion

2.1. n-3 and n-6 polyunsaturated fatty acids (PUFAs) in anorexia nervosa

The first report of PUFA abnormality in AN was published in 1985 when Langan et al. 

investigated essential fatty acid levels using both total and phospholipid fractions of the 

plasma fatty acid levels of 17 patients hospitalized for anorexia nervosa and 11 healthy 

females control. In plasma phospholipid, anorexia nervosa patients showed a lower level of 

n-6 LA (19.35 ± 5.65 vs 24.96 ± 2.24, p < 0.01) but higher n-3 DHA (2.3 ± 0.72 vs 1.68 

± 0.36, p < 0.05) compared to controls. AN also had a lower level of total n-6 PUFA. The 

total lipid plasma PUFA showed that LA trended lower in AN, but the only fatty acid found 
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to be statistically different between two groups was stearic acid (5.58 ± 1.06 vs 6.55 ± 0.73, 

p < 0.02) [21].

Holman et al. studied 8 patients with AN and 19 controls in 1995 and examined the fatty 

acid composition in phospholipids, triglycerides and cholesterol esters as well as non-

esterified fatty acids. They identified in phospholipid normal levels of LA and ALA, but 

elevated GLA and a decrease in the other LC n-6 PUFAs and LC n-3 PUFAS. In cholesterol 

esters, total PUFA were suppressed due to LA, GLA, and DGLA. Most PUFAs were found 

to be within normal range with the exception that eicosadienoic acid was elevated 10-fold. In 

triglycerides, there was a suppression of PUFA especially of GLA, 22:5 n6 (osbond acid), 

ALA and DPA. Furthermore, non-esterified fatty acids in AN were shown to be significantly 

lower in DGLA and ARA [22].

Zak et al. examined a number of lipid classes in plasma in 16 AN women and 25 healthy 

control women and identified a decreased content of n-6 PUFA concentration in all lipid 

classes. No difference in n-3 PUFA concentration was observed between groups. Similar to 

Langan et al’s plasma phospholipid data, LA was decreased in plasma cholesteryl esters, 

triacylglycerols, and phosphatidylcholine in AN. Unlike Langan et al’s finding, DHA was 

decreased in cholesteryl esters [23].

In 2011 and 2012, Swenne et al. published 3 related papers [24–26] examining non-fasting 

plasma phospholipid and erythrocyte membranes (ERY) PUFAs in up to 220 girls with 

eating disorders and 39 healthy controls [24,25]. The authors also examined changes of ERY 

PUFAs in 24 ED who had PUFA measured at admission and the 1-year follow-up visit [26]. 

At the baseline assessment visit, 67% of ED subjects were demonstrating a clear weight loss 

course. In plasma phospholipid, ED subjects had a lower level of LA compared to controls 

(21.4 ± 3.00 vs 22.7 ± 2.59, p < 0.01) yet demonstrated a higher level of DPA (1.15 ± 0.26 

vs 1.03 ± 0.20, p < 0.01) while showing lower total PUA and total n-6 PUFA levels. 

However, there was no significant difference in the levels of EPA and DHA. In erythrocyte 

membrane, ED patients also showed a lower level of ARA than that of the control (12.7 

± 1.54 vs 13.7 ± 1.54, p < 0.001), and the difference in levels of n-3 fatty acids were not 

significant [24]. When the ED subjects were stratified by the presence and absence of 

comorbid depression (n = 84 and 133), depression status was associated with lower EPA, 

DHA and DPA, decreased total LC n-3 PUFA, and higher total LC n-6⁄n-3 PUFA ratio and 

AA⁄DHA ratio [25]. Additionally, the authors observed that during nutritional rehabilitation, 

the FA profile was (partly) normalized following a normalization of eating without 

supplementation or weight gain. The increase of LC n-3 PUFA in ED patients, however, 

went above the level of the healthy controls. Studies by Swenne et al. show that aberrant 

PUFA is evident in individuals with ED, and restoration of healthy eating behavior and 

weight may lead to normalization of PUFA markers [26].

Caspar-Bauguil et al. [27] measured PUFA of phospholipids of red blood cell membranes 

(RBC phospholipid) in 22 AN and healthy controls. AN patients had lower level of total LC-

PUFA (26.4 ± 2.1 vs 28.9 ± 1.9, p = 0.0004), ARA (14.7 ± 1.5 vs 15.8 ± 1.4, p = 0.016), 

EPA (0.74 ± 0.10 vs 0.96 ± 0.19, p = 0.02) and DHA (4.33 ± 1.3 vs 5.5 ± 0.92, p = 0.0012) 

yet a higher level of ALA (0.22 ± 0.13 vs 0.16 ± 0.04, p = 0.012). The AA/EPA ratio was 
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elevated in AN patients (25.9 ± 16.3 vs 17.3 ± 4.6, p = 0.021) while the sum of all n-3 PUFA 

was lower compared to controls (7.7 ± 1.8 vs 9.0 ± 1.0, p = 0.007). One notable finding of 

this study was the inverse relationship between ALA levels and fat mass (r = −0.479, p = 

0.032), which Caspar-Bauguil interprets as that diet rich in ALA was associated with more 

negative energy balance. However, it could also be a result of AN patients’ chronic 

replacement of ALA-rich foods to avoid consumption of unwanted fat-heavy diet.

Using a retrospective cross-sectional study design with 96 subjects, including 30 ill AN, 30 

recovered AN and 36 health control, we reported plasma LA:ALA and ARA:EPA ratios in 

ill AN (126.7 and 7.9, respectively) to be lower than those found in remitted AN (153.2 and 

14.9, respectively) and healthy controls (159.7 and 17.1, respectively) [15]. The pattern of 

lower n-6:n-3 ratio was largely driven by significantly higher levels of ALA (0.22 vs 0.11, p 

< 0.01) and EPA (0.15 vs 0.06, p < 0.001) in AN [15]. The EPA:DPA and EPA:DHA in ill 

AN and remitted AN were both significantly higher in comparison to healthy controls, 

suggesting an aberrant D6D desaturase and/or 3-keto acyl-CoA synthases (ELOVL2 and 

ELOVL5) efficiency in AN.

Our finding that plasma ALA was higher in both ill AN and recovered AN (compared to 

controls) is in agreement with Caspar-Bauguil’s 2012 RBC phospholipid PUFA data. 

Although our data on elevation of LC n-3 PUFAs (EPA and DHA) seems surprising initially, 

Swenne et al. found DPA to be higher in ED subjects [24] whereas Langan et al. also 

reported a higher DHA level in AN subjects [21]. For n-6 PUFAs, we did not identify any 

significant differences in LA or ARA, but DGLA and OBA were both elevated in AN 

compared to controls [15]. Langan et al. [21], Zak et al. [23], and Swenne et al. [24] found 

LA to be lower in AN, whereas Swenne et al. [26] and Caspar-Bauguil et al. [27] identified 

decreased ARA in erythrocyte membrane and RBC phospholipid of AN, respectively.

As summarized in Table 1, the semi-consistent, mixed results of PUFA presentation in 

subjects with AN is likely a result of the complexity of lipid metabolism combined with 

methodological factors in study design including different nationalities of subjects, treatment 

modalities including treatment meal used, varying nutritional composition in the diet 

specific to regional/national, culture, and industry processing influences, inconsistent fasting 

state during the biospecimen collection time, and technological advancement made in gas-

liquid chromatography and enzymatic-colorimetric methods. The elevation of n-3 PUFAs 

has been most often explained by the elimination of n-6 rich diet due to AN’s chronic, 

profound fear of fat especially with animal-based fat [28]. Perhaps both acute and chronic 

effects from patients’ preferred diet (with little to no fat) have influenced the PUFA findings. 

Nonetheless, the differences in n-3 PUFA ratios [15] and DGLA⁄LA and ARA⁄DGLA 

(markers for D5- and D6- desaturases, respectively) [24] suggest the presence of additional 

factors, such as genetically moderated differential metabolism for PUFA, a consequence of 

chronic malnutrition, or changes in regulatory hormones [29,30]. Relating to the aberrant 

n-6:n3 PUFA ratios in AN, observation that fatty acid concentration in Escherichia coli 

bacteria cell membranes changes in response to temperature changes [31] and an increased 

prevalence of AN living in seasonal temperate climates (rather than tropical climates) [32] 

has also led to a “hibernation hypothesis” for AN [33].
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Adipocyte fatty acid binding proteins (FABP) is known to be critical for fatty acid uptake 

and intracellular transport and plays an important role in lipid metabolism and the 

integration of metabolic and inflammatory systems [34]. FABP has been shown to correlate 

with body weight and adiposity [35]. In a study of FABP and metabolic biomarkers in AN, 

lower levels of serum leptin and C-active protein and higher levels of .adiponectin and leptin 

receptors were found in AN compared to controls [36]. Surprisingly, there was no significant 

difference in FABP levels between AN and controls despite a significant difference in their 

BMI (15.9 vs 22.9 kg/m2 [mean BMI in AN and controls]) [36]. This finding suggests that 

decreased body fat has no direct influence on levels of FABP in AN patients. The disrupted 

relationship between FABP and metabolic parameters in AN may be a consequence of 

altered nutritional status [37], or a result of compensatory mechanism in response to the 

decreased body fat [36]. In fact, FABPs are known to regulate lipolysis by increasing fatty 

acid release. Bartak et al. had reported a higher rate of lipolysis in AN patients compared to 

healthy controls [38], supporting the possibility that aberrant FABP level may contribute to 

the heighten lipolysis in AN.

Ghrelin is a stomach-secreted hormone that stimulates appetite and impacts energy 

homeostasis through the regulation of central and peripheral lipid metabolism [39]. Several 

studies found plasma ghrelin to be elevated in AN [40], consistent with the pattern found in 

another “wasting” clinical population, cancer patients with cachexia [41]. Of interest, post 

chemotherapy ghrelin level was found to increase significantly only in cancer patients with 

decreased food intake, but not in those without decreased food intake [41]. Pathologic 

feeding behavior and nutritional status have been proposed for the elevation of ghrelin in AN 

although the exact mechanism remains elusive [40]. It is worth noting that in a study 

examining three types of high fat meal on physiological markers of hunger and satiety, a 

meal rich in PUFAs or monounsaturated fatty acids (MUFAs) reduced ghrelin significantly 

more than a meal rich in saturated fatty acids (SFAs) [42]. Determining the differential 

effects n-3 PUFAs and n-6 PUFAs exert on physiological markers of hunger (such as 

ghrelin) and eating behavior is an important next step to further our knowledge on 

therapeutic values of PUFAs in order to “personalize” such treatment for AN and other 

eating disorders.

2.2. Effectiveness of n-3 PUFA supplementation in AN

The patients with AN in the acute phase are defined as having a BMI less than 17, and those 

with severe weight loss (BMI < 16) almost always require hospitalization and sometimes 

forced feeding to restore weight and nutritional status. Weight gain is the number one 

clinical evidence of treatment response. Despite successful weight restoration in some AN 

patients, maintaining a healthy weight is the key clinical challenge as up to 40–60% patients 

relapse after completion of treatment programs. It is of high importance to develop improved 

therapies and preventions for this deadly neurobiological disorder. Polyunsaturated fatty 

acids exert important biological-, biochemical-, and neuronal mechanisms that are highly 

relevant to AN including increasing appetite [43], maintaining the integrity and restoring 

disturbed functions of blood bran barrier [5], stabilizing neuronal membrane fluidity index 

[44], and mediating cannabinoid signaling and type 1 cannabinoid receptor-mediated 

functions [45]. With these pivotal role of PUFA in mind, here, we summarized the findings 
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from all studies to date that reported the effectiveness of PUFA supplementation in AN 

(Table 2).

The first report of n-3 supplementation having a beneficial effect on AN was a case report of 

one refractory patient [46]. The 15-year-old female patient had suffered from an eating 

disorder for 14 months and was admitted to the adolescent psychiatric clinic at the time of 

the study with a BMI of 16.71. Starting from month 4 of treatment, she was given 1 g/day 

EPA supplementation (together with Forceval) as an adjunct treatment for 3 months. There 

were significant improvements in both her weight and food intake. Her weight from months 

5–7 went from 45.20 to 57 (average body weight [ABW] from 86.18 to 108.11) and the food 

intake (assessed by Morgal Russel outcome scale) improved from 1.6 to 8.2. In month 8, her 

mood and cognitions were significantly improved, and her weight and food intake increase 

continued (weight 62.2, ABW 117.29, and MR-A was 8.9). Moreover, there was no relapse 

in her eating disorder for the next 6 months [46].

To further investigate the potential beneficial effect of PUFA in AN, Ayton et al. [47] studied 

7 AN patients aged 13–22 who completed the three-month treatment of 1 g EPA a day. 

While the outcome of each patient was reported on the individual case basis, a partial 

improvement was noted for 4 patients and full recovery for 3 patients. The primary endpoint, 

weight gain, was generally good as followed: Patient 1 had improvement in her appetite and 

mood with ongoing weight gain after two months of treatment. Patient 2 increased her BMI 

after 1 year, however, after she stopped the EPA for 6 months, significant weight loss 

occured. Patient 3 was able to consume high-calorie foods and maintain her weight after 1 

year. Patient 4 saw improvements in her mood and weight but quickly lost the weight after 

stopping treatment. Patient 5 improved weight and eating habits, but her anxiety persisted. A 

reduction in panic attack was observed after EPA dose was increased to 4 g/day. For patient 

6, his BMI increased after 3 months, and later had a complete resolution of his AN. Patient 7 

received EPA treatment with oral re-feeding and individual and family therapy. Her BMI 

increased but suffered from emotional downturn because of family issues. This case series 

report shows some beneficial effects of n-3 PUFA, however, the lack of control group and 

small sample size limit its interpretation [47].

Mauler et al. tested their hypothesis that a hypercaloric diet rich in n-3 PUFA is associated 

with an attenuated increase in serum leptin and a higher efficiency of body weight gain in 

AN [48]. 7 AN patients received n-3 rich diet while 8 AN received a control diet high in 

saturated fatty acid for 5 weeks. There was a slower increase in energy intake necessary to 

achieve the goal of weekly weight gain (1.2 kg) in the n-3 PUFA group, and n-3 PUFA 

supplemented patients gained on average 2 kg more compared to control group despite the 

overall lower energy intake. Weight gained per 1000 kcal consumed did not change 

significantly between weeks 1 and 5 and was not significantly different between the two 

groups. The increase in serum leptin, insulin, and HDL-C and decrease in plasma ghrelin 

were similar in both groups. The hypothesis that n-3 PUFA decreases leptin concentration, 

thus supporting weight gain in AN patients was not observed in this study. The authors 

acknowledged the possibility that in patients with severe weight loss, the effect of increased 

dietary intake may dominate beneficial effect n-3 PUFA had on weight restoration [48].
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Bulimia nervosa (BN) is another major eating disorder characterized by cycles of binge 

eating, followed by self-induced vomiting and other compensatory behaviors to undo the 

effects of binge eating. Biological consequences of excessive dieting and energy deprivation 

have been proposed to be relevant for the etiology of BN [49], this suggesting that an 

imbalance of n3:n6 PUFA ratio or PUFA deficiency may also play a role in BN. However, it 

is difficult to estimate how much energy and macronutrients are available for metabolism in 

BN because the contribution of food consumed during binge eating is generally neglected 

while purging frequency varies depending on the severity [50]. Currently, there are no 

studies of sufficient quality in BN to support the use of PUFA as an adjunctive treatment. It 

is of importance to also research PUFA’s role in treatment of other eating disorders 

including BN.

2.3. PUFAs and anorexia nervosa: the brain and body weight connections

Supplementation of EPA and DHA has been shown to improve appetite [43], restore weight 

[51], and inhibit inflammatory responses [52] in a number of health conditions and diseases. 

Although the studies in AN to date (Table 1 and Table 2) demonstrate weak evidence for the 

addition of n-3 PUFA. We contend that PUFA supplementation, if formulated based on 

empirical data obtained in properly-designed and well-powered studies, will lead to superior 

treatment outcome than the usual therapy for AN, via a mechanism involving down-

regulation of the cellular inflammatory processes.

Although n-3 PUFAs have received significantly more recognition as the “good class” of 

PUFAs, several studies highlight the equally significant role n-6 PUFAs play in health, brain 

development and functions. Auestad et al. reported that infants who received n-3 DHA but 

without n-6 ARA scored lower on language vocabulary test than those breastfed or fed with 

un-supplemented formula [53], supporting the necessary role of ARA in cognitive 

development. While PUFAs serve a magnitude of important functions in human biology, the 

pertinent functions relevant to AN are their beneficial effects on the brain, body weight, and 

inflammation. Yehuda et al. reviewed the importance of PUFA in regulating the activity of 

blood brain barrier (BBB) and the consequences of PUFA deficiency [44]. Fatty acids 

occupy 50% of neuronal membrane and 70% of the myelin sheath, which protects and 

insulates axons to conduct electrical impulses [5]. The consequences of n-3 PUFA 

deficiency in myelination leads to impairment in learning, motor function, and vision in the 

postnatal period. n-3 PUFA deficiency is also associated with a decrease in tyrosine 

hydroxylase [54] and D2 receptors and dopaminergic presynaptic vesicles in the prefrontal 

cortex [55], which influences motivation-driven behaviors and response to punishment 

versus reward [5]. PUFAs also affect the membrane fluidity index, thus influence neuronal 

function by regulating n-6/n-3 PUFA ratios [56] and the subsequent outcomes of many 

chronic diseases.

AN often onsets in early adolescence, and neuroimaging studies have consistently shown 

significant differences in brain and neuro-circuitry of AN patients compared to healthy 

controls [57–60]. AN patients are known to have high comorbidity including developmental 

disorders, obsessive-compulsive disorder, and anxiety disorders [61]. Studies in children 

with neurodevelopmental disorders have demonstrated lower levels of n-3 PUFAs, a higher 
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ratio of n-6/n-3 PUFAs, and high correlation between PUFA dysregulation and symptom 

severities [62,63]. In a randomized attention-deficit/hyperactivity disorder (ADHD) study, 

the n-3 PUFA supplemented group had a greater reduction in ADHD scores compared to the 

control group, suggesting that n-PUFA plays a major role in maintaining brain function and 

development in neurodevelopmental populations [64]. In an fMRI study, 33 healthy boys 

were randomly assigned either 400 mg/day or 1200 mg/day of DHA or corn oil for 8 weeks. 

Subjects on DHA showed significant differences in patterns of brain regional activation 

(e.g., right inferior frontal gyrus) during an attention task in comparison to subjects on corn 

oil, suggesting that the performance of attention tasks improved via DHA’s modulation of 

functional activity in cortical attention networks [65].

AN is one of the most visually striking illnesses due to the patients’ unrelenting efforts to 

lose weight by restricting food intake, excessively exercising, and self-inducing vomiting 

[61,66]. PUFA supplementation has shown benefits in improving body weight in several 

serious medical conditions including cancer [67,68]. Bayram et al. studied the effectiveness 

of EPA supplementation on weight loss in pediatric leukemia or solid tumor cancers. 33 

patients who received a protein or energy dense EPA in addition to their normal diet had lost 

significantly less weight than the 19 patients received usual diet (control group) after 3 

months. After 6 months, the percentage of patients with weight loss was lower (6.7%) in the 

treatment group as compared to the control group (50%), indicating a protective effect of 

EPA against weight loss [69]. Others have also demonstrated generally positive outcomes of 

EPA supplementation on weight gain in adult cancers during the cachexia phase, where 

rapid weight loss is accompanied by an uproar of inflammatory response [70,71]. In 

pancreatic cancer, Wigmore et al. provided oral fish oil supplementation (1 g/day, 18% EPA 

and 12% DHA) to 18 patients with unresectable patients and observed an arrest of cachexia 

and an unexpected average weight increase of 0.3 kg/month after 3 months. Moreover, 

changes in weight were associated with reduced inflammation and stabilization of resting 

energy expenditure [72]. Barber et al. reported that 20 stage III pancreatic cancer patients on 

EPA-containing supplementation significantly gained weight and increased dietary intake 

[51]. In another study, 40 lung cancer patients were assigned to either supplement containing 

2 g/day EPA and 0.92 g/day DHA, or supplement with no EPA or DHA. Weight 

maintenance in the treatment group was significantly better than that of the control after 2 

and 4 weeks with the difference of 1.3 kg and 1.7 kg (p < 0.05), respectively [73]. These 

findings suggest that the mechanism underlying clinical benefits of n-3 PUFAs in other 

disorders may also be relevant to AN treatment.

2.4. Resolving inflammation – utilize knowledge of PUFA and PUFA-associated eicosanoid 
network to improve weight and psychopathology

Although the etiological factors for the “anorexia” in cancer cachexia and anorexia nervosa 

are clearly different, molecular processes underpinning anorexia and weight loss, hallmarks 

of both illnesses, may overlap. Inflammation is thought to be a primary cause of loss of 

appetite (anorexia) in cancer cachexia, a syndrome characterized by systemic inflammation, 

negative protein and energy balance, and progressive loss of adipose tissue and skeletal 

muscle mass [68,74]. Various studies showed that n-3 PUFA supplementation improves 

anorexia via an anti-inflammatory effect, evident by inhibition of cytokine production and 
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by promoting the release of hypothalamic orexigenic peptides and neurotransmitters to 

increase appetite [75]. Although patients with AN do not experience loss of appetite like 

cancer patients do, AN’s striking ability to resist hunger and restrict food results in a rapid 

weight loss accompanied by low-grade systemic inflammation [76].

Our multi-omics studies in AN [15,16] demonstrated for the first time that similar to cancer 

[77,78], PUFA and PUFA-associated eicosanoids play a role not only in AN risk but may 

also effect comorbid psychopathology [15] and postprandial metabolism dysregulation [79]. 

The increased activity of soluble epoxide hydrolase (sEH) observed in both ill and recovered 

AN patients compared to controls [15,16] implicates cellular inflammation as a key risk 

factor or disease modulator for AN. In effect, the sEH converts epoxyeicosatrienoic acids, 

which are anti-inflammatory, to corresponding diols that lessen anti-inflammation function 

and induce a shift to inflammation [80]. The interrelated associations of AN with plasma 

PUFA levels and with sEH-regulated PUFA eicosanoid are particularly intriguing because 

our earlier work revealed that the gene coding for sEH, EPHX2, is associated with AN risk 

[81]. Together, the data implies that biological effects of the interactions between EPHX2 
and PUFA take place before the AN onset.

The aversion to high-fat food reported by AN may be partially psychological, however, the 

frequent complaint of pain and discomfort associated with eating suggests that certain 

nutrients in foods may adversely influence the risk of developing AN. Since sEH exerts 

catalytic functions on both n-3 PUFAs (e.g., ALA, EPA, DHA) and n-6 PUFAs (e.g., LA, 

ARA), we tested whether n-6 PUFAs differ from n-3 PUFAs in the context of postprandial 

metabolism by analyzing both the fasting and post-meal eicosanoids levels in subjects with 

AN and healthy controls. Having controlled for epoxyeicosatrienoic acids levels, an increase 

of postprandial proinflammatory diol fatty acid from n-6 ARA was found in AN whereas a 

decrease was present in healthy controls. Importantly, there was no difference in directional 

change of n-3 PUFA diols between AN and controls despite the assumption that intra-

individual in vivo sEH catalyzes epoxy PUFAs from n-3 and n-6 PUFAs with equal 

efficiency. This opens the door to an important inflammatory dysregulation hypothesis in 

AN, indicating the specificity of dietary PUFA to be a significant determinant of 

inflammation regulation, AN risk and outcome. Indeed, PUFAs’ oxidative metabolites (Fig. 

1) play an important role in the control of inflammatory response [82] in the context of 

weight loss. Mehra et al. reported that the heart failure patients who were randomized to n-3 

PUFA not only had a larger weight gain (13% vs 5%), they also had a significant reduction 

in TNF-α (59%) and IL-1 (39%) compared to those on placebo. Moreover, the change in 

TNF-α level was inversely correlated with the change of body fat, suggesting fish oil can 

promote weight gain in patients with cardiac disease [83], and may also improve weight gain 

efficiency in AN.

The effects of n-3 and n-6 fatty acids on inflammation are thought to be mediated through 

conversion of short chain to long chain PUFAs, the competition between two PUFA classes, 

and resulting production and modulation of delta-5 and delta-6 desaturases, phospholipase 

A1, and eicosanoids and related compounds. The earlier literature strongly implicates long 

chain n-3 PUFA as having favorable effects on inflammatory processes marked by a 

decrease of cytokines [84] partly because of their inhibitory effect on ARA [85], a key 
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precursor to a number of pro-inflammatory eicosanoids including leukotrienes and 

prostaglandins [86]. Newer data including ours, are now highlighting the importance of 

other contributory factors such as genotype × diet interaction effect [87] and n-6:n-3 ratios 

[6] on inflammatory processes and phenotype. For example, PUFA intake was positively 

associated with serum HDL cholesterol in carriers of the −238A of TNF-alpha gene but 

negatively associated in those with the −238GG genotype; PUFA was also inversely 

associated with HDL cholesterol in carriers of the −308A allele but not associated was found 

for those with the −308GG genotype [88]. ALOX12 and APOX 15 are genes that code 

lipoxygenases which synthesize the proinflammatory eicosanoid hydroperoxyeicosatetranoic 

acid (5-HPETE) from ARA (Fig. 1). Wild-type individuals homozygous for rs11568131 of 

ALOX15 had an increased colon cancer risk in the presence of high inflammation score. 

However, they had a lower risk for cancer when consuming high amounts of fish product. 

This protective effect was, however, absent in those carrying the variant allele [11]. This 

study shows that genetic polymorphism-induced lipoxygenase activity variation plays a key 

role in the phenotype impact dietary PUFA has in cancer [89]. Taken together, we also 

expect the genotypic difference in EPXH2 locus to have a synergistic effect with PUFA in 

AN risk, disease course, and outcome.

2.5. PUFA and other psychiatric illnesses

The studies of PUFA in several other major psychiatric illnesses suggest that there could be 

potential benefits of n-3 PUFA in AN. N-3 PUFAs suppress proinflammatory cytokine 

production (e.g., IL-2, IL-6, and TNF α), serve as important precursors for lipid-derived 

modulators of cell signaling (eicosanoids), effect gene expression and inflammatory 

processes, and protect the neurons [90]. In a study of major depressive disorder (MDD), 155 

patients were randomized to either EPA, DHA, or placebo. The MDD symptom 

improvement did not differ significantly between groups after 8 weeks, however, subjects 

with high inflammation markers showed most improvement on EPA arm compared to the 

placebo or to DHA arms, suggesting specificity of EPA in resolving or improving 

inflammation and symptoms [91]. In another study with patients with persistent depression, 

Peet et al. showed that a higher proportion of patients on EPA improved compared to 

placebo group (59% vs 29%) [92]. In bipolar disorder studies, the effectiveness of EPA on 

decreasing depression symptoms has been replicated by several studies [93–95].

While the concept that manipulation of diet can modify inflammation responses has been 

around for some time [96], the recent advancement of biochemical technologies has enabled 

researchers to more comprehensively research the mechanisms by which dietary PUFAs 

modulate inflammation and effect phenotypes. Relating modulation of inflammatory 

eicosanoid to improve treatment outcome in psychiatric illnesses, Akhondzadeh et al. 

showed celecoxib to significantly enhance the effectiveness of risperidone (an antipsychotic 

medication) in improving symptoms and psychopathology in patients with chronic 

schizophrenia [97]. Muller et al. also identified similar clinical benefits of celecoxib as 

adjunctive treatment during the middle of the treatment course, and demonstrated the 

activation of the type-1 immune response coupling to down-regulation of the type-2 immune 

response mediated by celecoxib as a potential mechanism of action [98]. Our eicosanoid 

data which showed AN had a hyper postprandial responsiveness to ARA compared to 
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healthy controls suggests that food-associated inflammatory processes may increase anxiety 

and pain, contributing to psychopathological eating behavior in AN [16]. In light of the 

aberrant PUFAs identified in AN (Table 1), a better understanding of how PUFAs interact 

with host factors (e.g., genetic variation) to modulate eicosanoid-induced inflammation in 

AN can provide much-needed knowledge to develop optimum PUFA formulation to improve 

AN symptoms and treatment outcomes.

3. Prospective and future directions

Treatment outcome of anorexia nervosa faces several challenges including insufficient 

weight restoration, limited psychopathology improvement, persistent temperament traits and 

unhealthy eating behavior that lead to high rates of relapse. Due in part to an incomplete 

understanding of pathophysiology, there is currently no sufficiently effective treatment for 

anorexia nervosa. The n-3 PUFAs have been found to be beneficial in the treatment of 

several psychiatric diseases, and in promoting weight gain in a number of chronic illnesses 

that lead to wasting. We agree that there is a potential for n-3 PUFA as an adjunct treatment 

to improve body conditions and psychological symptoms in anorexia nervosa. However, 

much more research focusing on specific role dietary PUFAs, including n-6 PUFAs, play in 

the network of eicosanoids synthesis and inflammatory modulation is needed. For clinical 

utility, a well-powered randomized clinical trial to test the effectiveness of specific PUFA 

formulation in AN is of urgent need. Such clinical trial should account for background 

dietary sources of PUFA and PUFA ratio in relation to the proposed therapeutic dose, the 

standardization of time of treatment and evaluation protocol, tight control of PUFA quality 

and composition, and careful consideration of the expected outcome differences that can be 

attributed to subtypes of AN. With the data derived from a tightly controlled clinical trial 

and related translational studies, we will be in a better position to further develop 

personalized PUFA formulation as a novel adjunctive treatment for patients with AN. We 

conject that with personalized PUFA formulation, food aversion and anxiety about eating 

will decrease while mood, dietary intake and weight restoration will improve in AN, leading 

to a speedier recovery and better long-term outcomes.
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Fig. 1. Families of polyunsaturated fatty acids and related eicosanoids
Selected major polyunsaturated fatty acids, families of enzymes, and bioactive lipid 

mediators (eicosanoids) that are hypothesized as contributors to the risk and progression of 

anorexia nervosa and disordered eating behavior.
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Table 1

Association reported for polyunsaturated fatty acids and anorexia nervosa.

Authors, (Study location) Ref Subject and Study 
Design

PU FA examined Key Findings

Langan et al, 1985 (USA) [21] 17 hospitalized AN 
patients (16 female, 
1 male) and 11 
healthy female 
controls.

Plasma and phospholipids 
PUFA

AN patients had lower plasma stearic 
acid, lower phospholipid LA and total 
n-6 PUFA, and higher phospholipid 
DHA compared to controls.

Holman et al, 1995 (USA) [22] 8 women with AN 
and 19 female 
controls

PUFA in plasma phospholipid, 
cholesteryl esters (CE), 
triglycerides (TG), and 
measurement of non-esterified 
fatty acids.

In AN: In phospholipids, LA was 
normal, GLA was elevated, the rest of 
n-6 PUFA were decreased. ALA was 
normal but the LC n-3 PUFA were 
subnormal. In CE, total PUFA, LA, and 
GLA were suppressed while EDA was 
elevated. In TG, AN had lower levels of 
GLA, osbond acid, ALA, DPA, free 
DGLA and ARA.

Zak et al, 2005 (Czech 
Republic)

[23] 16 women with AN 
and 25 healthy 
controls

PUFA in plasma cholesteryl 
esters (CE), triglycerides (TG), 
and phosphatidylcholine (PC).

In AN, a decrease of LA and overall n-6 
PUFA were found in CE, TG, and PC. 
DHA was decreased but no change was 
found in overall n-3 PUFA in CE.

Swenne et al, May 2011 Dec. 
2011 Aug. 2012 (Sweden)

[24–26] 220 patients with 
eating disorder (ED) 
and 39 healthy 
controls (May, 
2011).
83 ED with 
depression and 133 
ED without 
depression (Dec., 
2011).
24 adolescents girls 
with ED with 
average > 10 kg 
weight loss at 
presentation (2012).

Plasma phospholipid and 
erythrocyte membranes (ERY) 
PUFA

AN had lower levels of LA, DGLA, 
total PUFA, total n-6 PUFA, and a 
higher level of DPA. No differences in 
EPA or DHA (May 2011).
ED patients with depression had lower 
EPA, DHA, DPA, total LC-n-3 PUFA, 
and higher total LC n-6:n-3 PUFA and 
AA:DHA ratios compared to patients 
without depression (Dec. 2011).
N-3 PUFA improved after weight gain. 
During weight loss, saturated and 
monounsaturated FA increased while 
LA decreased (2012).

Caspar-Bauguil et al, 2012 
(France)

[27] 22 AN patients and 
25 healthy controls.

RBC-phospholipids PUFA RBC phospholipid LA was not different 
between the groups, but ALA was 
increased in AN and was inversely 
correlated with fat mass. EPA and DHA 
were reduced in AN. Total n-6 PUFA 
was positively correlated with fat mass. 
ALA was negatively correlated with fat 
mass.

Shih et al, 2016 (USA) [15] 30 ill AN (IAN), 30 
recovered AN 
(RecAN), and 36 
healthy controls.

n-6 and n-3 PUFA, PUFA 
ratios, PUFA-derived 
eicosanoids.

Ill AN had higher levels of n-3 PUFA 
and n-6:n-3 ratios compared to RecAN 
and controls. AN had higher EPA:DPA 
and EPA:DHA ratios.
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