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Abstract

Objective
To examine the association between prediagnostic plasma polyunsaturated fatty acids levels
(PUFA) and amyotrophic lateral sclerosis (ALS).

Methods

We identified 275 individuals who developed ALS while enrolled in 5 US prospective cohorts,
and randomly selected 2 controls, alive at the time of the case diagnosis, matched on cohort,
birth year, sex, ethnicity, fasting status, and time of blood draw. We measured PUFA, expressed
as percentages of total fatty acids, using gas liquid chromatography and used conditional logistic
regression to estimate risk ratios (RR) and 95% confidence intervals (CI) for the association
between PUFA and ALS.

Results

There was no association between total, n-3, and n-6 PUFA, eicosapentaenoic acid, or doco-
sapentaenoic acid levels and ALS. Higher plasma a-linolenic acid (ALA) in men was associated
with lower risk of ALS in age- and matching factor-adjusted analyses (top vs bottom quartile:
RR =0.21 [95% CI 0.07, 0.58], p for trend = 0.004). In women, higher plasma arachidonic acid
was associated with higher risk (top vs bottom quartile: RR = 1.65 [95% CI 0.99, 2.76], p for
trend = 0.052). Multivariable adjustment, including correlated PUFA, did not change the
findings for ALA and arachidonic acid. In men and women combined, higher plasma doco-
sahexaenoic acid (DHA) was associated with higher risk of ALS (top vs bottom quartile: RR =
1.56 [95% CI 1.01, 2.41], p for trend = 0.054), but in multivariable models the association was
only evident in men.

Conclusions

The majority of individual PUFAs were not associated with ALS. In men, ALA was inversely
and DHA was positively related to risk of ALS, while in women arachidonic acid was positively
related. These findings warrant confirmation in future studies.
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Glossary

ALA = a-linolenic acid; ALS = amyotrophic lateral sclerosis; BMI = body mass index; CI = confidence interval; CPS-II
Nutrition = Cancer Prevention Study II Nutrition Cohort; DHA = docosahexaenoic acid; DPA = docosapentaenoic acid;
EPA = eicosapentaenoic acid; FAME = fatty acid methyl ester; HPFS = Health Professionals Follow-up Study; ICD-9 =
International Classification of Diseases, Ninth Revision; LDL = low-density lipoprotein; MEC = Multiethnic Cohort Study;
NHS = Nurses’ Health Study; OR = odds ratio; PUFA = polyunsaturated fatty acid; RR = rate ratio; SCD-1 = stearoyl-CoA

desaturase-1; WHI = Women’s Health Initiative.

Mechanisms implicated in the etiology of amyotrophic lateral
sclerosis (ALS) such as oxidative stress, excitotoxicity, and
inflammation" are potentially modulated by polyunsaturated
fatty acids (PUFAs) in brain neural plasma membranes.’
Metabolites of long-chain fatty acids have different properties
according to the number and position of double bonds in the
parent fatty acid, but notably docosahexaenoic acid (DHA)
(22:6 n-3), the most abundant PUFA in the brain, is me-
tabolized to powerful anti-inflammatory and neuroprotective
derivatives.® Although expected to be protective, a diet with
high-dose long-chain n-3 PUFA resulted in accelerated dis-
ease progression in presymptomatic familial ALS animal
models,*”> while diets supplemented with n-6 PUFA
appeared to slow progression of ALS and be beneficial to
survival.*

In a pooled prospective study comprising over 1 million
participants, individuals with greater self-reported pre-
diagnostic dietary intake of n-3 PUFAs had lower risk of ALS.®
Two case-control studies that examined the association be-
tween diet and ALS suggested that risk was lower among
individuals with higher intake of PUFAs.”® While promising,
it remains inconclusive which PUFAs, and in what quantities,
are associated with risk of ALS. Dietary PUFAs may not fully
capture the biologically relevant exposure, because both di-
etary intake and metabolism determine circulating levels of
PUFAs. In addition, individuals with higher premorbid body
mass index (BMI) have lower ALS risk,” ! and metabolic
dysregulation has been reported in association with ALS.">**
We therefore examined the association between prediagnostic
plasma PUFA levels and subsequent risk of ALS in a multi-
cohort nested case-control study.'>™"”

Methods

Study population

Five large cohorts are included: Nurses’ Health Study
(NHS), Health Professionals Follow-up Study (HPFES),
Cancer Prevention Study II Nutrition Cohort (CPS-II Nu-
trition), Multiethnic Cohort Study (MEC), and Women’s
Health Initiative (WHI). Detailed descriptions of the in-
dividual cohorts have been published previously.'®* We
briefly described each cohort, case ascertainment, control
selection, and biospecimen handling previously.'>™"” The
NHS enrolled 121,700 women in 1976 (30-55 years).'® A
blood sample was collected from 32,826 women during 1989

Neurology | Volume 94, Number 8 | February 25, 2020

and 1990, as described previously.”>** Briefly, all nurses
were invited to provide a sample and those who consented
were mailed equipment to arrange a fasting blood draw to be
returned on ice in heparin tubes. Ninety-seven percent were
returned within 26 hours. Among the nurses who gave
blood, 39 developed ALS between blood draw and end of
follow-up. The HPES enrolled 51,529 male health pro-
fessionals (40-75 years) in 1986."° Fasting blood samples
were collected from 18,018 men between 1993 and 1995 in
EDTA blood tubes, and returned on ice, with >95% of
samples arriving within 24 hours, then centrifuged, ali-
quoted, and stored in —150°C liquid nitrogen. Among the
men who provided blood, 26 developed ALS between blood
draw and end of follow-up. The CPS-II Nutrition cohort,
established in 1992, is a subgroup of the larger CPS-II co-
hort® and includes 86,406 men and 97,788 women (50-74
years). A follow-up questionnaire was completed in 1997.
Blood samples were collected from 39,380 participants living
in urban and suburban areas, 58 of whom died of ALS during
follow-up. The MEC enrolled 96,810 men and 118,441
women (45-75 years) in 1993 with the self-reported ethnic
background of African American, Japanese American, La-
tino, Native Hawaiian, or white.*! Approximately 67,594
participants provided a blood sample between 2001 and
2006, 31 of whom died of ALS through the end of the follow-
up. The WHI study encompassed an observational study and
3 clinical trials. During 1993 to 1998, 161,808 post-
menopausal women (50-79 years) entered 1 or more trials
(n = 68,132) or the observational study (n = 93,676).>> At
baseline, all of the participants completed a questionnaire on
lifestyle and disease history and provided a blood sample.
During follow-up, 121 participants died of ALS. End of
follow-up was December 31, 2010, for NHS, HPES, and
CPS-II Nutrition; September 30, 2012, for WHI; and De-
cember 31, 2012, for MEC."*™”

Standard protocol approvals, registrations,
and patient consents

Each study included was reviewed and approved by the in-
stitutional review board representing the institution where it
was conducted.

Endpoint definition

As we described previously,lg*22 in CPS-II Nutrition, MEC,
and WHI we identified ALS cases through the National Death
Index. At the start of the current study, WHI self-reported
ALS had not been adjudicated and therefore was not included.

Neurology.org/N
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We considered an individual to have had ALS if code 335.2
(motor neuron disease) according to the ICD-9 was listed as
the underlying or contributing cause of death. In a previous
validation study, ALS was the primary diagnosis in 90% of the
individuals with ICD-9 335.2 listed as the cause or contribu-
tory cause of death.”® We assigned the date of onset to 3 years
before the date of death, based on median survival among
patients with ALS*®

In NHS and HFPS, we identified incident ALS by self-report
on the biennial questionnaire, as described previously.” When
ALS was self-reported, we requested permission from the
participant to contact his or her neurologist with a question-
naire about the certainty of the diagnosis (definite, probable,
or possible) and the clinical history and to obtain a copy of the
medical records. Many participants had already died before
we could request permission and then the request was sent to
the closest family member. We included participants defined
as having definite or probable ALS following a review of
collected records by a neurologist with experience making
ALS diagnosis. When we were unable to confirm the diagnosis
of self-reported ALS, we relied on ALS being specifically listed
on the death certificate.”

We selected 2 controls at random who were alive at the time
of the case diagnosis and matched them to the patient on
cohort, year of birth (£1 year), sex, ethnicity, fasting status,
and the time of the blood draw.’>™”

Assessment of PUFAs

In total, 319,627 participants across the cohorts provided
blood samples that were stored at —70°C or below. Sample
triplets were handled identically and assayed in the same
analytic run. The plasma samples were ordered randomly
within each case-control triplet. Each cohort was assayed at
the same laboratory.

Fatty acids in plasma were extracted into isopropanol and
hexane and subsequently all lipid species were trans-
methylated to fatty acid methyl esters (FAMEs) by meth-
anolic sulfuric acid and heat. The resultant FAMEs were then
evaporated and redissolved in isooctane. Gas chromatogra-
phy was used to measure known peaks by comparison with
accepted standards and quantified using the area under the
peak. The percentage of total area under the peak was used
to determine the concentration of each individual fatty acid
and individual fatty acids are described as a percentage of
total fatty acids measured.”” The variables n-3 PUFA, n-6
PUFA, and total PUFA are the sums of the relevant in-
dividual fatty acids expressed as percentages. In 1 patient and
2 controls, the assessment of PUFA failed. Except for
arachidonic acid (average coefficient of variation across
cohorts 18.2%), coefficients of variation were 7% or lower
(average across cohorts: for a-linolenic acid [ALA], 3.2%; for
eicosapentaenoic acid [EPA], 6.9%; for docosapentaenoic
acid [DPA], 7.1%; for DHA, 6.2%; for linoleic acid, 2.1%; for
v-linolenic acid, 4.2%).

Neurology.org/N

Assessment of covariates

Information on potential confounding variables, including
smoking status, height, weight, educational level, physical ac-
tivity, and diabetes status, was collected at baseline for all
cohorts, every 2 years since baseline in HPES and NHS, and
every 2 years since 1997 for CPS-II Nutrition. We used data
collected from the nearest questionnaire before or at the time of
blood draw for covariates. Plasma urate, which was modestly
associated with ALS in this population," and low-density li-
poprotein (LDL)had been measured on all participants.

Statistical analysis

Conditional logistic regression estimated odds ratios (ORs) and
95% confidence intervals (ClIs) for the association of PUFAs
with ALS risk. The ORs estimate incidence rate ratios (RRs)
because controls were matched using risk set sampling.*® We
estimated Pearson correlation between PUFAs, urate, and BMI.
Pooled analyses of individual and total PUFAs were modeled as
sex-specific quartiles based on the distribution in controls. To
test for linear trends across quartiles, the median value was
assigned to each quartile and modeled as a continuous variable.

Multivariable models were used to adjust for possible con-
founders, including plasma urate, BMI, education (< high
school, high school, > high school), and smoking status (never,
past, current smoker). Further analyses were conducted by
adjusting for LDL (quartiles) and by simultaneously adjusting
the regression models for different correlated plasma PUFAs. A
missing indicator was used when covariate data were missing
(6.7% of participants had a missing covariate). Potential effect
modification by sex, fasting status (<8 vs >8 hours since last
meal), as well as time between blood draw and ALS onset (<5
vs >S5 years) was explored by modeling their product with
individual PUFAs. Significance was set at a = 0.0S and p values
were not adjusted for multiple comparisons. Analyses were
conducted using SAS version 9.4 (SAS Institute, Cary, NC).

Data availability

The datasets analyzed in the current study are not publicly
available because of restricted access, but further information
about the datasets is available from the corresponding author
on reasonable request.

Results

Among the 319,627 men and women who provided blood
samples while enrolled in 5 cohorts, 275 incident cases of ALS
were identified during follow-up. Selected characteristics of
patients and controls are shown in table 1. The majority of the
individual PUFAs were weakly intercorrelated (table 2). Plasma
levels of EPA, DPA, and DHA were strongly correlated, while
arachidonic acid and y-linolenic acid were moderately corre-
lated. ALA was moderately inversely correlated with arachidonic
acid. Linoleic acid was inversely correlated with y-linolenic acid.

There was no association between total, n-3, or n-6 PUFA
levels and ALS. Individuals with higher plasma ALA had lower
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Table 1 Characteristics of participants of the amyotrophic lateral sclerosis pooled nested case-control study

Cases, men Controls, men Cases, women Controls, women
(n=74) (n =150) (n =200) (n =398)

Age, y, mean (SD) 65.2 (8.4) 65.3(8.4) 64.3 (6.8) 64.3(6.7)
Fasting 24 hours 45 (60.8) 88 (58.7) 156 (78.0) 305 (76.6)
Interval blood draw to onset of ALS, y, mean (SD) 4.3(3.8) — 5.5(4.2) —
Body mass index, kg/m? 26.1 (3.5) 26.5(3.4) 26.2 (4.6) 27.1(5.7)
Diabetes 5(6.8) 8(5.3) 9(4.5) 27 (6.8)
Smoking status

Never smoker 20(27) 57 (38) 103 (52) 207 (52)

Past smoker 45 (61) 78 (52) 82 (41) 160 (40)

Current smoker 6(8) 10 (7) 12 (6) 26 (7)

Missing 3(4) 5(3) 3(2) 5(1)
Race/ethnicity

White 51 (69) 105 (70) 174 (87) 342 (86)

African American 6(8) 12 (8) 14(7) 27 (7)

Hispanic 6 (8) 13 (9) 2(1) 4(1)

Asian 6(8) 12 (8) 4(2) 8(2)

Other 2(3) 5(3) 4(2) 12(3)

Missing 3(4) 3(2 2(1) 5
Education

< High school 5(7) 4(3) 8(4) 16 (4)

High school 12 (16) 23(15) 35(18) 61 (15)

> High school 56 (76) 122 (82) 155 (78) 319 (81)

Total polyunsaturated FA, %

45.3 (41.0-48.2)

43.5(41.1-46.5)

44.5 (41.7-47.1)

44,5 (41.4-47.3)

n-3 Polyunsaturated FA, %

3.24 (2.64-4.16)

3.25(2.78-3.93)

3.57 (3.03-4.36)

3.47 (2.98-4.22)

n-6 Polyunsaturated FA, %

41.7 (38.3-44.2)

40.2 (37.7-42.8)

40.9 (38.3-43.2)

40.9 (37.7-43.4)

a-Linolenic acid, %

0.56 (0.47-0.70)

0.64 (0.52-0.83)

0.58 (0.48-0.70)

0.59 (0.48-0.73)

Arachidonic acid, %

7.80 (6.44-8.62)

7.19 (6.03-8.59)

8.19 (7.11-9.88)

7.95 (6.82-9.33)

y-Linolenic acid, %

0.44 (0.33, 0.55)

0.40 (0.33, 0.49)

0.46 (0.37,0.59)

0.47(0.38,0.61)

EPA, %

0.51(0.41-0.72)

0.50 (0.38-0.65)

0.60 (0.43-0.81)

0.58 (0.43-0.78)

DPA, %

0.49 (0.43-0.62)

0.51 (0.42-0.59)

0.53(0.44-0.62)

0.52 (0.45-0.62)

DHA, %

1.63 (1.26-2.26)

1.50 (1.18-2.01)

1.85 (1.47-2.41)

1.74 (1.38-2.26)

Urate, mg/dL

5.6 (5.0-6.5)

6.0 (5.2-6.6)

4.5 (3.8-5.4)

4.7 (3.9-5.7)

Abbreviations: DHA = docosahexaenoic acid; DPA = docosapentaenoic acid; EPA = eicosapentaenoic acid; FA = fatty acid.
Values are mean (SD), median (interquartile range), or n (%). Values of polytomous variables may not sum to 100% due to rounding. Of the 825 participants,

822 had data on plasma FA levels.

risk of ALS in age- and matching factor-adjusted analyses (RR
top vs bottom quartile: 0.63 [95% CI0.41, 0.96]; p for trend =
0.02; table 3). Adjustment for BMI, smoking, education, and
plasma urate and LDL did not materially change the findings.
When men and women were considered separately, the as-
sociation between ALA and ALS was present in men (RR top

Neurology | Volume 94, Number 8 | February 25, 2020

vs bottom quartile: RR = 0.21 [95% CI 0.07, 0.58], p for trend
= 0.004; table e-1, e-2; doi:10.5061/dryad.cc13012) but not
women (p for effect modification by sex = 0.022).

In multivariable-adjusted analyses, the RR of ALS did not vary
significantly across quartiles of EPA, DPA, linoleic acid, or
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=0.064)

Urate
0.0793 (p

=0.0002)

y-linolenic
-0.158 (p

Linoleic
0.180 (p < 0.0001)

Arachidonic
-0.340 (p < 0.0001)

= 0.140)

DHA
0.063 (p

0.035)

DPA
0.090
(b=

=0.002)

EPA
0132 (p

Table 2 Correlation between measured plasma polyunsaturated fatty acids in control participants

a-Linolenic

Neurology.org/N

= 0.473)

-0.0308 (p

0.0107)

0.109 (p

-0.172 (p < 0.0001)

= 0.0556)

0.082 (p

0.736 (p < 0.0001)

0.526 (p < 0.0001)

EPA

=0.0014)

-0.137 (p

0.200 (p < 0.0001)

=0.127)

-0.065 (p

0.285 (p < 0.0001)

0.444 (p < 0.0001)

DPA

=0.0655)

-0.079 (p

=0.0006)

-0.146 (p

=0.0237)

-0.097 (p

0.204 (p < 0.0001)

DHA

=0.0001)

-0.162 (p

0.303 (p < 0.0001)

=0.212)

-0.053 (p

Arachidonic

-0.096 (p = 0.025)

-0.338 (p < 0.0001)

Linoleic

=0.0076)

-0.114 (p

y-Linolenic

eicosapentaenoic acid.

docosahexaenoic acid; DPA = docosapentaenoic acid; EPA =

Abbreviations: DHA

y-linolenic acid (table 3). In contrast, increasing levels of
DHA in men and arachidonic acid in women were associated
with higher risk of ALS (table 3, table e-1, and e-2; doi:10.
5061/dryad.cc13012).

Ratios of specific PUFA were used to estimate the activity of
desaturase enzymes. Stearoyl-coenzyme A desaturase (using
16:1 n-7/16:0 and 18:1 n-9/18:0), 8-6 desaturase (using 18:3
n-6/18:2 n-6), and 8-S desaturase (using 20:4 n-6/20:3 n-6)
were not associated with ALS risk when adjusted for age and
matching factors, or when further adjusted for BMI, smoking,
education attained, and plasma urate. There was some evi-
dence of an inverse association between stearoyl-coenzyme A
desaturase activity measured using 18:1 n-9/18:0 ratio and
ALS in men (p = 0.055) (table e-3, doi:10.5061/dryad.
cc13012).

Mutual adjustment for PUFAs

Among men and women combined, adjustment for EPA and
DPA derivatives did not appreciably change the association
between ALA levels and ALS risk, but mutual adjustment for
correlated PUFAs (EPA, arachidonic acid, linoleic acid, and
y-linolenic acid) modestly attenuated the overall findings (p for
trend = 0.13). In contrast, the inverse association between ALA
and ALS in men remained robust to simultaneous adjustment
for correlated PUFA (RR top vs bottom quartile 0.10; 95% CI
0.02, 0.44; p = 0.002; p for trend = 0.001; table €2, doi:10.5061/
dryad.cc13012). The increased ALS risk among women with
higher plasma levels of arachidonic acid was robust to further
adjustment for other PUFAs, including ALA (RR top vs bot-
tom quartile 1.83; 95% CI 1.01, 3.33; p for trend = 0.054). The
increased ALS risk among individuals, particularly men, with
higher plasma levels of DHA was robust to further adjustment
for correlated PUFA (men + women: RR top vs bottom
quartile 1.81; 95% CI 1.03, 3.18; p for trend = 0.049; men: RR =
3.88; 95% CI 1.10,13.6; p for trend = 0.023); women: RR =
1.34 95% CI 0.69, 2.63; p for trend = 0.53)).

Time from blood draw to ALS onset and fasting status did not
modify any associations (data not shown).

Discussion

In this pooled analysis of S large prospective cohorts, we
observed no association between prediagnostic plasma levels
of total, n-3, or n-6 PUFA, EPA, or DPA and ALS. We found
a lower risk of ALS among men with higher levels of ALA.
Higher DHA levels in men and higher arachidonic levels in
women were associated with higher ALS risk.

There are a limited number of studies on PUFA as assessed by
diet and ALS risk,*® and none examining prediagnostic plasma
levels and disease risk. The results of previous studies on dietary
fat and ALS risk have been inconsistent, but most used a case-
control design,7‘8 which is vulnerable to selection and recall
biases and to reverse causation,” which make the results dif-
ficult to interpret. The only exception is a prospective study

Neurology | Volume 94, Number 8 | February 25, 2020
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Table 3 Multivariable-adjusted relative risks (RRs) of amyotrophic lateral sclerosis by sex-specific quartiles of
prediagnostic plasma polyunsaturated fatty acids (PUFAS)

Quartile 1 (ref) Quartile 2 Quartile 3 Quartile 4 Ptrend®
n-3 PUFA
No. of controls 136 138 138 136 —
No. of cases 71 58 66 79 —
Age, matching, adjusted RR? (95% cn Ref 0.82(0.53, 1.25) 0.92 (0.59, 1.42) 1.12(0.73,1.72) 0.36
Multivariable adjusted RR (95% CI)¢ Ref 0.83(0.54, 1.29) 0.93 (0.59, 1.46) 1.14(0.72, 1.75) 0.37
a-Linolenic acid
No. of controls 136 137 139 136 —
No. of cases 79 71 75 49 —
Age, matching, adjusted RR? (95% CI)® Ref 0.91(0.61, 1.37) 0.94 (0.63, 1.40) 0.63(0.41, 0.96) 0.024
Multivariable adjusted RR (95% CI)¢ Ref 0.95 (0.63, 1.43) 0.97 (0.65, 1.46) 0.65 (0.42, 1.00) 0.036
EPA
No. of controls 136 138 138 136 —
No. of cases 65 62 73 74 —
Age, matching, adjusted RR? (95% CI)° Ref 0.93 (0.60, 1.43) 1.08 (0.71, 1.65) 1.12(0.74,1.71) 0.46
Multivariable adjusted RR (95% CI)¢ Ref 0.92 (0.59, 1.42) 1.08 (0.70, 1.67) 1.11(0.72,1.72) 0.48
DPA
No. of controls 136 138 138 136 —
No. of cases 74 65 64 71 —
Age, matching, adjusted RR? (95% CI)° Ref 0.85 (0.56, 1.30) 0.82(0.52, 1.28) 0.92(0.59, 1.44) 0.77
Multivariable adjusted RR (95% CI)¢ Ref 0.86 (0.56, 1.31) 0.77 (0.49, 1.21) 0.85(0.54, 1.34) 0.47
DHA
No. of controls 136 138 138 136 —
No. of cases 55 65 72 82 —
Age, matching, adjusted RR (95% CI)? Ref 1.21(0.78, 1.88) 1.32(0.85, 2.05) 1.56 (1.01, 2.41) 0.054
Multivariable adjusted RR (95% (o) Ref 1.29 (0.82, 2.03) 1.41(0.90, 2.23) 1.57 (1.00, 2.45) 0.076
Quartile 1 (ref) Quartile 2 Quartile 3 Quartile 4 p-trend®
N6n-6- PUFA
No. of controls 136 138 138 136 —
No. of cases 61 69 73 71 —
Age, matching, adjusted RR® (95% cnP Ref 1.15(0.75, 1.77) 1.23(0.80, 1.88) 1.18(0.77, 0.42
1.82)
Multivariable adjusted RR (95% CI)¢ Ref 1.17 (0.75, 1.83) 1.20(0.77, 1.87) 1.20 (0.78, 0.63
1.85)
Arachidonic acid
No. of controls 136 138 138 136 —
No. of cases 51 54 78 81 —
Continued
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Table 3 Multivariable-adjusted relative risks (RRs) of amyotrophic lateral sclerosis by sex-specific quartiles of

prediagnostic plasma polyunsaturated fatty acids (PUFAS) (continued)

Quartile 1 (ref) Quartile 2 Quartile 3 Quartile 4 p-trend®
Age, matching, adjusted RR (95% CI)® Ref 1.24(0.79, 1.96) 1.54(0.99, 2.37) 1.65 (1.06, 0.018
2.57)
Multivariable adjusted RR (95% CI)° Ref 1.29(0.81, 2.06) 1.46 (0.94, 2.28) 1.58 (1.00, 0.043
2.48)
Linoleic acid
No. of controls 136 138 138 137 —
No. of cases 73 58 75 68 —
Age, matching, adjusted RR (95% CI)? Ref 0.78 (0.51, 1.21) 1.02 (0.67, 1.56) (1).33)(0.61, 0.95
Multivariable adjusted RR (95% (o) Ref 0.77 (0.49, 1.19) 1.04 (0.67, 1.60) ?.gg)(O.SZ 0.88
y-Linolenic acid
No. of controls 136 138 138 136 —
No. of cases 70 66 63 75 —
Age, matching, adjusted RR (95% CI)? Ref 0.93(0.62, 1.42) 0.89 (0.59, 1.34) 1.2;)(0.72, 0.90
Multivariable adjusted RR (95% CI)® Ref 0.99 (0.65, 1.51) 0.91 (0.60, 1.39) 1.22)(0.72, 0.90

Abbreviations: Cl = confidence interval; DHA = docosahexaenoic acid; DPA = docosapentaenoic acid; EPA = eicosapentaenoic acid.
2 Adjusted for age (years) and sex, and matching factors (cohort, birth year, sex, ethnicity, fasting status, and time of blood draw).
® Add body mass index, urate, smoking status (never, past, current), and education level (< high school, high school, > high school).

€ pirend Calculated using median value for each quartile.

conducted among >1 million participants in S cohorts (4 of
which also contributed to this study). In that study, individuals
with higher prediagnostic self-reported dietary intake of n-3
PUFA, including ALA, had significantly lower ALS risk. A
significant trend across quintiles of dietary marine n-3 PUFAs
was also observed. The results of the current study, which used
plasma rather than self-reported PUFA, support the previous
findings on ALA, but not those on marine n-3 PUFAs. This
discrepancy was somewhat reduced, but not eliminated, when
examining dietary intake in analyses restricted to the 95 ALS
cases also included in the plasma study. In particular, although
the association was attenuated, intake of marine n-3 PUFAs
remained inversely associated with ALS risk, whereas in the
present study there was a trend of increasing ALS risk with
increasing plasma DHA, which is one of the major contributors
to marine n-3 intake. Whether this discrepancy is due to chance
or areal biological difference between intakes and plasma levels
of marine n-3 fatty acids cannot be determined at this time. In
interpreting these results, it should be noted that diet and
biomarker data were obtained at different times (intervals
ranging from S to 13 years), and the correlation between
intakes and circulating levels were significant but weak, ranging
from r = 0.10 to 0.22 for ALA, EPA, DHA, and linoleic acid.
While the consistent ALA results in the dietary and the plasma
studies adds weight to evidence of a role of ALA, we cannot rule
out a role for other PUFAs.

Neurology.org/N

Metabolism of individual PUFA depends on the relative
presence of other fatty acids, and the resulting products may
affect pathways relevant to pathogenesis of ALS. ALA has
been reported to slow peroxidation activation of the binding
of nuclear transcription factor kB and to reduce glutamate-
mediated excitotoxic damage and oxidative stress, possibly
preventing neuronal cell death.**>* Our finding of an asso-
ciation between higher plasma levels of ALA and ALS is
consistent with a protective effect of ALA on the development
of the disease. The fact that this association was present only
in men could be a chance occurrence, or it could reflect a true
biological difference between men and women, as women
have a higher capacity than men to convert ALA to EPA or
DHA.>37 Among the other PUFAs, DHA, the most abun-
dant PUFA in the brain, is metabolized to powerful anti-
inflammatory and neuroprotective derivatives.> However,
despite the antioxidant potential of DHA, its high oxidability
means it could possibly increase the vulnerability of neurons
and glial cells to oxidative stress. The potential for harm from
DHA has been demonstrated in some animal models in which
long-term high intake of fish oil increases oxidative stress and
decreases lifespan.”®*” In addition, pretreatment with high
doses of EPA accelerated disease progression in a mouse
model of ALS.** We found that higher plasma levels of DHA
were associated with increased risk of ALS, which could be
consistent with the results from these animal studies.
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This study is the first to assess the possible role of §-5 desa-
turase, 8-6 desaturase, and stearoyl-CoA desaturase-1
(SCD-1) activity prior to ALS onset. A-S desaturase and 8-6
desaturase are sequentially required for the synthesis of n-6
and n-3 long-chain PUFAs. SCD-1 is an enzyme that intro-
duces the first double bond in the -9 position of saturated
fatty acyl-CoA substrates primarily converting palmitoyl-CoA
(16:0) to palmitoleoyl-CoA (16:1 n-7) and stearoyl-CoA (18:
0) to oleoyl-CoA (18:1 n-9). Experimental downregulation or
knock-out of SCD-1 in mice results in a phenotype associated
with augmented levels of p-oxidation, increased energy intake,
and reduced lipogenesis.* A similar hypermetabolic state has
been observed in SOD1 mice, possibly due to reduced SCD-1
expression in muscle.*' In addition, SCD-1 downregulation
was observed in relatively healthy deltoid muscle tissue of
patients with ALS,* suggesting that potential alterations in
SCD-1 expression are an early event in ALS pathogenesis,
a finding consistent with the evidence of hypermetabolism in
individuals with sporadic ALS."***** However, our findings
did not strongly support a role for SCD-1, 8-S desaturase, or
8-6 desaturase activity prior to ALS onset.

Our study design has a number of strengths. The nested
case-control design minimizes a number of the methodologic
issues of the traditional case-control design, including selec-
tion bias and reverse causation.” In our study, the controls
were selected from the same source population (cohort) as
the patients, and we assessed PUFAs in blood samples col-
lected years before disease onset. Several important con-
founders were accounted for, including BMI, smoking, and
plasma urate levels. Further, as we measured PUFA in plasma
samples rather than relying on self-reported intake, we
accounted for the inherent measurement error in self-
reported dietary intake assessed by questionnaires and the
endogenous elongation, desaturation, and other metabolic
processes that can influence the actual circulating fatty acid
exposure, which for some fatty acids is more relevant than the
actual dietary intake of individual PUFA.

Our study has some limitations. Despite drawing participants
from S large cohorts, our case number was only 275 due to the
low incidence of ALS and statistical power may have been
limited, particularly for the more tightly regulated PUFA
(with modest between-person variation), and among men
(27% of the population, by virtue of available cohorts with
adequate numbers and prediagnostic blood samples). We
relied on death certificates to capture ALS in CPS-II Nutri-
tion, MEC, and WHI, which may lead to misclassification of
ALS in some participants. Sensitivity for use of death certifi-
cates for ALS has been reported as approximately 85% in 2
studies while positive predictive value was 65% in one and
82% in another,*** which suggests that using death certifi-
cates for ALS is adequate in epidemiologic studies. PUFA
were assessed from a single plasma measurement per in-
dividual, which may not reflect long-term exposure. However,
a reproducibility study of plasma PUFA in women in NHS
showed interclass correlations of 0.5-0.8 over 2-3 years in

Neurology | Volume 94, Number 8 | February 25, 2020

repeat samples,* suggesting that a single measurement may
reasonably reflect longer-term levels. It is unclear how well
plasma PUFA levels correlate with brain levels. A few studies
have considered the correlation of PUFA in blood and CSF.
In small human studies, plasma ALA (r = 0.58) and DHA (r =
0.48) were correlated with CSF levels,*” and total n-3 PUFA
was correlated with CSF DHA and DPA levels.”® We included
9 PUFA for analyses, which, while not highly likely, may result
in significant findings due to multiple comparisons. In addi-
tion, simultaneous adjustment for collinear PUFAs could give
rise to unstable effect estimates.

In this pooled analysis of 5 cohort studies of men and women,
we did not observe an association between prediagnostic
plasma total, n-3, and n-6 PUFA, EPA, or DPA and ALS risk.
We found a significant inverse association between pre-
diagnostic plasma levels of ALA and ALS. If replicated in
future studies, our findings suggest that diets high in ALA may
prevent or delay the onset of ALS.
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