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Background and Purpose: The high-fat, low-carbohydrate ketogenic diet (KD) is effective in many cases of 

drug-resistant epilepsy, particularly in children. In the classic KD, fats consist primarily of long-chain saturated 

triglycerides. Polyunsaturated fatty acids (PUFAs), especially the n-3 type, decrease neuronal excitability and 

provide neuroprotection; pilot human studies have raised the possibility of using PUFAs to control seizures in 

patients. 

Methods: To determine the relative roles of the KD and PUFAs in an animal model, we induced epilepsy in 

juvenile rats (P29-35) using intraperitoneal kainic acid (KA). KA caused status epilepticus in all rats. Two days 

after KA, rats were randomized to one of 4 dietary groups: Control diet; PUFA diet; KD; or KD plus PUFA.  All 

diets were administered isocalorically at 90% of the rat recommended daily calorie requirement. Spontaneous 

recurrent seizures (SRS) were assessed for 3 months after diet randomization. 

Results: Rats receiving the KD or KD-PUFA diet had significantly fewer SRS than those receiving the Control 

diet or PUFA diet. The PUFA diet did not reduce SRS compared to the Control diet. 

Conclusions: In the KA epilepsy model, the KD protects against SRS occurrence but dietary enhancement 

with PUFA does not afford additional protection against spontaneous seizures. (2016;6:1-7)
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Introduction

The ketogenic diet (KD) is effective in many cases of medically re-

fractory epilepsy, especially in children, but the diet is often difficult 

to administer and maintain.1  Studies of KD mechanisms of action 

have focused on the role of ketosis, with relatively less attention paid 

to the roles of the type and quantity of fat. Although ketosis is neces-

sary for the action of the KD, there is an imprecise correlation be-

tween the level of ketosis and seizure control,2-4 suggesting that ad-

ditional mechanisms may be involved. Some reports correlate seizure 

improvement with higher fat ratios.3,5-7  In addition to fat content, fat 

type (e.g., degree of saturation or chain length) may play a role in al-

tering neuronal excitability. 

Polyunsaturated fatty acids (PUFAs) are dietary lipids necessary for 

optimal brain development and function.8,9 PUFAs, especially those 

of the n-3 (omega-3) class, also exert a stabilizing effect on cardiac 

and neuronal membrane excitability, possibly by altering sodium or 

calcium channel function10-12 or other mechanisms such as an effect 

on chloride transporters.13 The classic KD consists mostly of 

long-chain saturated triglycerides and has a low concentration of 

PUFAs, though increased PUFAs have been documented in children 

on the KD.14 n-3 PUFAs, especially docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA), have been shown to reduce neuronal 

excitability in several experimental systems including animal models, 

hippocampal slices, and dissociated neurons in culture.15-17 Systemic 

administration of PUFAs raises the threshold for seizure generation in 

some acute models18-20 but not others.21,22 Similarly, clinical studies 

of PUFAs in patients with epilepsy have yielded inconsistent results - 

several case reports or small series suggested a beneficial effect on 

seizure frequency23-25 but clinical trials failed to show a protective 

effect.26-29 

Kainic acid (KA) is a glutamate analog that causes status epi-

lepticus in rodents after systemic administration, followed by the de-

velopment of spontaneous recurrent seizures over the ensuing weeks 
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Table 1. diet compositions (g/kg diet)

Component Control (%) PUFA (%) KD (%) KD/PUFA (%)
Protein   8.36  8.36  8.2 8.36
Fat 30.1 30.1* 75.1 75.1*

Carbohydrate 46.8           46.8  3.2 3.2
Fiber  4.8 4.8  4.8 4.8
Moisture <10 <10 <10 <10
Ash 3 3 3 3
kcal/g 4.92 4.92 7.24 7.24
Diet compositions by grams: control diet (Bio-Serve F4857, Frenchtown, NJ, USA): starch 346.1; casein 95.0; fiber 50.0; salt mix 38.0; vitamin 
mix 20.9; dextrose 150.0; lard 300.0. total polyunsaturated fatty acids, 33.6 g/kg diet. PUFA diet (Bio-Serve F4858, Frenchtown, NJ, USA): 
starch 346.1; casein 95.0; fiber 50.0; salt mix 38.0; vitamin mix 20.9; dextrose 150.0; lard 100.0; fish oil 200.0 g/kg. Total polyunsaturated 
fatty acids, 79.6 g/kg diet; DHA, approximately 17.1 g/kg diet. Ketogenic diet (KD) (Bio-Serve F3666, Frenchtown, NJ, USA):  casein 95.0; fiber 
50.0; salt mix 38.0; vitamin mix 20.9; dextrose 7.6; lard 475.0; butter 199.5; corn oil 114.0. total polyunsaturated fatty acids, 122 g/kg diet. 
KD/PUFA diet (Bio-Serve F4859, Frenchtown, NJ, USA):  casein 95.0; fiber 50.0; salt mix 38.0; vitamin mix 20.9; dextrose 7.6; lard 275.0; butter 
199.5; corn oil 114.0; fish oil 200.0 g/kg. Total polyunsaturated fatty acids, 168 g/kg diet; dha, approximately 17.1 g/kg diet.
*PUFA (menhaden oil), substituted for lard, comprises 20% of diet by weight.

to months.30,31 The KD has been shown to exert an antiepileptogenic 

effect on P30 rats after KA-induced status epilepticus, with pre-

vention of spontaneous recurrent seizures (SRS) when the diet was 

started 2 days but not 14 days after status epilepticus.32 To de-

termine whether dietary PUFAs, alone or as a supplement to the clas-

sic KD, affect SRS frequency and epilepsy development, we studied 

the effects of 4 different diets using KA-induced epilepsy in juvenile 

rats. We tested the hypothesis that a diet enriched in PUFAs exerts an 

antiepileptic effect. 

Methods

Subjects and diets 

This study was approved by the University of Wisconsin Institutional 

Animal Care and Use Committee. We compared the following diets: 

a standard diet consisting of rat chow (Control), a rat chow diet sup-

plemented with PUFAs (PUFA), a classic KD (KD), and a classic KD di-

et supplemented with PUFA (KD-PUFA) (Table 1). On P29-35, male 

Sprague-Dawley rats (Harlan, Madison, WI) were subjected to status 

epilepticus induced by KA 10 mg/kg i.p. Status epilepticus was stop-

ped after 2 hours using diazepam (5-10 mg/kg, i.p.). Two days later, 

following recovery from status epilepticus, rats were randomly as-

signed to continue on a control diet (n = 8) or were switched to one 

of 3 experimental diets: PUFA (n = 10), KD (n = 10), or KD-PUFA (n = 

10). Eight additional rats received saline i.p. (no KA), were fed the 

Control diet and were observed for SRS along with the rats that had 

undergone KA-induced status epilepticus. All diets were ad-

ministered isocalorically with calories restricted to 90% of the recom-

mended daily requirement for rats (0.3 kcal/g body weight/day), to 

simulate the calorie restriction typically used in patients on the KD.1 

Rats were fed daily between 15:00 and 17:00. The daily amount of 

food provided was calculated according to the formula: body weight 

(g) x (0.3 kcal/body weight (g)) × food (g)/kcal × 0.9 = food ad-

ministered (g).33,34 Any unconsumed food was discarded at the next 

feeding, but this rarely occurred as rats typically consumed all of their 

daily allotment. Water was provided ad libitum to all groups.

PUFA-containing menhaden oil accounts for 20% of the diet con-

tent by food weight. The exact amount of PUFAs consumed in the 

KD-PUFA and PUFA diets depended on the amount of food ingested 

overall, which varied between 2.5 and 15 grams per day, depending 

on the age of the rat. Therefore, rats receiving the KD-PUFA or PUFA 

diets in this study consumed between 200 and 2,000 mg of PUFA per 

day. DHA, the major n-3 PUFA in the brain, comprises about 21.5% 

of total PUFAs in the PUFA diet, so rats consumed approximately 

43-430 mg of DHA per day. See Table 1 for further diet details.

Spontaneous seizure monitoring 

Beginning about 1 week following status epilepticus and continu-

ing for the next 3 months, rats were monitored visually for SRS by 

trained observers blind to diet treatment group. Each rat was ob-

served at least twice weekly for 2-4 hours. Observations were con-

ducted on weekday afternoons (12 p.m. - 6 p.m.) to control for diur-

nal variation in SRS occurrence. Each rat was observed for a minimum 

of 120 hours over the 3-month period. Rats from the various ex-

perimental groups were intermixed in each observation session. The 

number, characteristics, duration, and severity of SRS were recorded.  

Analysis included class III-V seizures: class III, unilateral forelimb clo-

nus without rearing; class IV, bilateral forelimb clonus with rearing 

but no loss of posture; class V, bilateral forelimb clonus with rearing 

and loss of posture.35
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Figure 1. (A) Serum beta-hydroxybutyrate levels at 3 months as a 

function of dietary treatment. Rats receiving KD (KA-KD, 

KA-KD-PUFA) had significantly elevated serum beta-hydroxy-

butyrate levels compared to rats not receiving KD (SAL, KA, 

KA-PUFA) (p = 0.007; asterisks indicate significant differences 

compared to groups without asterisks). (B) Serum glucose levels at 3 

months as a function of dietary treatment; no significant differences 

were found in serum glucose levels (p = 0.227). In all panels, data 

are reported as mean ± standard error of the mean (S.E.M.).  KA, 

kainic acid; PUFA, polyunsaturated fatty acid; KD, ketogenic diet, 

B-OHB, beta-hydroxybutyrate; SAL, saline. 

Outcome measures and statistics 

Blood ketone (β-hydroxybutyrate) and glucose levels were as-

sessed at 3 months using a StatSite monitor (Stanbio Laboratory, 

Boerne, TX, USA). The following seizure variables were compared: la-

tency to first SRS, number (proportion) of rats with 1 SRS, number 

(proportion) of rats with 5 or more SRS, SRS frequency per rat and 

group, mean SRS severity and mean SRS duration. Differences be-

tween dietary treatment groups were compared using Fisher’s exact 

test for proportions or analysis of variance (ANOVA) with Bonferroni 

correction as appropriate, with significance considered to be p < 

0.05 for all tests.

Results

Status epilepticus, consisting of continuous or intermittent class 

IV-V seizures35 was induced in all rats and was successfully termi-

nated at 2 hours with diazepam. At the time of status epilepticus, all 

rats were receiving standard rat chow (BioServe F4857). The duration 

and severity (seizure stage) of status epilepticus did not vary among 

rats treated with KA. Two days after status epilepticus, rats were 

randomized to the various dietary groups. 

Over the following 90-100 days, rats were observed for sponta-

neous seizures and general health. All groups gained weight over the 

3 months of dietary therapy. Weight gain was greater in the standard 

rat chow-fed, saline-treated rats that did not receive KA, compared 

to all of the KA-treated groups (one-way ANOVA with repeated 

measures, F[4,31] = 6.053, p < 0.001), which did not differ from 

each other. That is, there was no significant difference in weight gain 

between the four experimental groups (KA-con, KA-PUFA, KA-KD, 

KA-KD-PUFA) over the 90 days, though on day 90, the weights of the 

KD-fed groups (KA-KD, KA-KD-PUFA) were less than the group of 

rats that were saline-injected and fed with standard rat chow 

(one-way ANOVA, F[4,26] = 6.099, p = 0.002). This data confirms 

previous findings that weight gain is slower on the KD or following 

KA treatment.32,36,37 Rats receiving the KD or KD/PUFA diets had sig-

nificantly elevated serum beta-hydroxybutyrate levels compared to 

the other diet groups (p = 0.007); ketosis did not occur in the rats re-

ceiving PUFA but not KD (Fig. 1A). Serum glucose levels at 3 months 

did not vary significantly between dietary groups (p = 0.227) (Fig. 

1B). No bleeding or bruising was observed.38

SRS are considered to represent the spectrum of focal onset seiz-

ures that can secondarily generalize.30 Selected features of SRS over 

the 90 days following KA status epilepticus are shown in Table 2. No 

SRS were observed in control-fed rats that did not receive KA. There 

was no difference among KA-treated diet groups in the latency to the 

first SRS (p = 0.951), SRS severity (p = 0.432), or SRS duration (p = 

0.202). The number (proportion) of rats experiencing at least one 

spontaneous seizure was significantly lower in the KA-KD and 

KA-KD-PUFA diet groups compared to the KA-Control and KA-PUFA 

diet groups (χ2[1]=6.465) (Fig. 2A, gray bars). Similarly, the number 

of rats experiencing 5 or more spontaneous seizures was lower in the 

KA-KD and KA-KD-PUFA diet groups compared to the KA-Control 

and KA-PUFA diet groups (χ2[1]=4.876) (Fig. 2A, white bars). SRS 

frequency (SRS per hour) was significantly lower in groups receiving 

the KD (KA-KD, KA-KD-PUFA) than those on Control diet (KA-con-

trol) or PUFA diet (KA-PUFA) (p = 0.038) (Fig. 2B). However, there 

was no difference in SRS frequency between the KA-KD and 

KA-KD-PUFA groups (p = 0.626), suggesting that PUFA supple-
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Table 2. Features of spontaneous recurrent seizures as a function of diet treatment in KA-treated rats

Diet treatment n Latency to 1st SRS (days)
SRS severity

(Racine stage35) 
SRS duration

(sec)

Control 8           24.0 ± 8.1 4.1 ± 0.12 39.1 ± 4.2
PUFA 10 35.0 ± 18.8 4.2 ± 0.81 34.7 ± 2.7
KD 10 32.0 ± 13.5 4.2 ± 0.18 48.7 ± 6.1
KD + PUFA 10           24.2 ± 7.0 4.3 ± 0.17 37.5 ± 4.6
p - value p = 0.095 p = 0.432 p = 0.202
Values given as mean ± S.E.M.  Non-significant p - values below each column indicate that there were no significant differences between diet 
groups in latency to first SRS, SRS severity score, or SRS duration.
KA, kainic acid; SRS, spontaneous recurrent seizures; sec, second; PUFA, polyunsaturated fatty acids; KD, ketogenic diet.

A B

C Figure 2. Spontaneous recurrent seizure (SRS) features following KA-in-
duced status epilepticus as a function of dietary treatment. (A) Rats 
experiencing at least 1 or 5 SRS.  Significantly fewer rats receiving the KD 
(KA-KD, KA-KD-PUFA) experienced at least 1 SRS compared to rats that did 
not receive the KD (KA-con, KA-PUFA) (χ2 = 6.465). Significantly fewer rats 
receiving the KD (KA-KD, KA-KD-PUFA) experienced at least 5 SRS compared 
to rats that did not receive the KD (KA-con, KA-PUFA) (χ2 = 4.876). (B) SRS 
frequency per hour among diet groups. SRS frequency was significantly less 
in rats receiving the KD (KA-KD, KA-KD-PUFA) compared to compared to 
rats that did not receive the KD (KA-con, KA-PUFA) (p = 0.038). (C) SRS per 
rat among diet groups. SRS per rat was significantly less in rats receiving the 
KD (KA-KD, KA-KD-PUFA) compared to compared to rats that did not 
receive the KD (KA-con, KA-PUFA) (p = 0.040). In all panels, data reported as 
mean ± S.E.M. Asterisks (*) indicate significant differences compared to KA 
(con) groups. KA, kainic acid; PUFA, polyunsaturated fatty acid; KD, 
ketogenic diet, con, control.

mentation did not afford greater seizure protection than the KD 

alone. Finally, the number of SRS per rat was significantly lower in the 

KA-KD and KA-KD-PUFA groups compared to the Control diet 

(KA-Control) or PUFA-fed rats (KA-PUFA) (p = 0.040) (Fig. 2C).  SRS 

were observed to occur from about 1 month following status epi-

lepticus through the end of the observation period at 3 months. 

There was no correlation of SRS incidence as a function of age or time 

of day.

Discussion

The main finding of these experiments is that the classic KD (with 

or without supplemental PUFA) provided protection against sponta-

neous seizures in the KA model in juvenile rats, supporting previous 

work.32  The PUFA diet alone did not result in greater protection 

against spontaneous seizure occurrence compared to controls in this 

model and the KD supplemented with PUFAs did not prevent seizures 

more than the straight KD. 

PUFAs reportedly offer neuroprotection in several human diseases 

including Alzheimer disease, multiple sclerosis, learning disabilities, 

and attention deficit hyperactivity disorder, though the mechanism is 

unknown and rigorous clinical trials are lacking.39-41 PUFAs are also 

necessary for normal brain development.8,42 Given the observations 

that PUFAs reduce neuronal excitability,43 it is reasonable to hy-

pothesize that PUFAs, especially those of the n-3 class, could have 

antiepileptic actions (decrease seizure occurrence in epileptic sub-
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jects) or even antiepileptogenic effects (prevent the development of 

epilepsy). 

Preliminary clinical studies have evaluated a possible role of PUFAs 

in seizure control, with variable results - case reports found some 

benefit23-25 while small clinical trials did not.26-29 An uncontrolled, un-

blinded clinical trial of only 5 patients reported reduced seizure fre-

quency in an institutionalized population that received a PUFA-en-

hanced diet in the form of a fish oil bread spread.23 In a case report, 

a 7-year-old boy with Lennox-Gastaut syndrome and a respiratory 

chain complex I deficiency benefitted from a PUFA-enriched Atkins 

diet with complete seizure control, EEG normalization, and cognitive 

improvement.24 In a dog with idiopathic epilepsy, dietary supple-

mentation with 2 g/day of fish oil over several months brought seiz-

ures under control.25 However, not all clinical studies have shown a 

positive effect of PUFAs on seizures. A randomized, 12-week double 

blind study of PUFA supplementation versus placebo diet in 57 peo-

ple with intractable epilepsy showed only a transient improvement in 

seizure control that was evident at 6 weeks of treatment but not 

thereafter.26 Another randomized study of PUFAs (EPA, DHA) versus 

placebo in 21 adult patients with uncontrolled epilepsy similarly re-

ported no seizure improvement,27 nor did another 12-week dou-

ble-blind crossover trial.28 In 25 children with intractable epilepsy 

placed on diets with fatty acid supplementation, there was no corre-

lation between PUFA levels and seizure response.29

Animal studies of the effects of PUFAs on seizure control have also 

yielded variable results. Systemic administration of PUFAs raises the 

seizure threshold in some acute models, such as tail vein infusion of 

pentylenetretrazole,18 cortical stimulation,19 and 3-mercaptopro-

prionic acid-induced amygdala seizures.20 In other studies, a 

1-month trial of dietary DHA or EPA did not produce an anti-

convulsant effect21,22 and it has been suggested that a minimum of 3 

months of dietary treatment is necessary to observe an anti-

convulsant effect.44 Using the PTZ threshold test in rats, an intra-

peritoneal mixture of n-3 PUFAs was associated with elevated seiz-

ure thresholds,45 a result that could not be replicated.46  Rats fed a 

mixture of n-3 PUFAs (linoleic acid and α-linolenic acid) exhibited an 

increase in PTZ seizure threshold, despite the lack of alteration of 

brain phospholipids.47 In contrast, mice fed DHA or EPA for 4 weeks 

had elevated fatty acid brain levels but did not have altered seizure 

thresholds in response to PTZ, flurothyl, or 6-Hz corneal stimulation 

or any change in status epilepticus severity in response to KA.21 

Therefore, variability in experimental designs and results does not 

allow a definitive conclusion regarding PUFA effects, at least in acute 

models. The current study represents one of the only studies of PUFAs 

using a chronic epilepsy model and one of the few using immature 

rats. Although we did not observe an added benefit of PUFAs, the 

finding that rats treated with a KD had significantly fewer sponta-

neous seizures than control-fed rats supports previous studies.32 The 

legitimate question arises as to whether body weight differences af-

fect seizure predisposition, as shown previously.48,49 In our study, SRS 

began about 1 month after KA and occurred in all treatment groups 

throughout the 3 months of diet treatment, irrespective of differ-

ences in body weights between groups; therefore, body weight dif-

ferences cannot fully account for SRS differences in our study. In one 

study that used an isocaloric feeding protocol, there was no body 

weight difference or effect of diet treatment on the PTZ-seizure 

threshold at one month comparing control-, KD-, and linolenic 

acid-fed rats.47

Some of the discrepancies in results, at least in animal studies, 

may relate to the duration of treatment. Using the amygdala focal 

cortical stimulation model, it was recently shown that a minimum of 

3 months was necessary for dietary PUFAs to show an anticonvulsant 

effect.44 These authors also commented that too low a dose of 

PUFAs may account for their failure to find an anticonvulsant action, 

an observation that may have implications for human trials.

We acknowledge the limitations of this study. Brain or serum lev-

els of PUFAs were not measured. Spontaneous seizures were as-

sessed visually, over limited time epochs, which could have led to an 

underestimation of seizure frequency. EEG or video EEG was not 

performed. Rats could have been experiencing electrographic seiz-

ures or class I-II seizures, which are difficult to detect visually. Doses 

of PUFAs were not varied. Nevertheless, our robust observation of 

fewer spontaneous seizures in both diet groups receiving the KD pro-

vides further evidence for the effectiveness of this diet in epilepsy and 

is consistent with the lack of effectiveness of PUFA supplementation 

in clinical epilepsy trials. It is possible that more refined PUFA proto-

cols, perhaps using supplements with specific chain lengths or fat 

types, higher PUFA doses, or treatment for longer durations, might 

yield clinical benefit and emphasizes the need for further inves-

tigations in this area.44 For example, in rat hippocampal slices in-

duced to generate epileptiform bursts in area CA1 with pentylenete-

trazol or elevated extracellular potassium, perfusion of specific me-

dium-chain triglycerides nonanoic acid or decanoic acid, but not oc-

tanoic acid (these are all straight-chain fatty acids) reversibly reduced 

epileptiform bursts.50 Modification of octanoic acid by introduction of 

a side chain on carbon 4 (4-methyloctanoic acid) also reduced epi-
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leptiform bursts significantly, and using an in vivo perforant path 

stimulation model, this compound terminated status epilepticus.50 

Therefore, specific chemical modifications of PUFAs could hold con-

siderable promise for the control of seizures and epilepsy. As such, 

the present findings provide pilot data for further studies.
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