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Abstract.

Background: Exploration of cerebrospinal fluid (CSF) amino acids and the impact of dietary intake on central levels may
provide a comprehensive understanding of the metabolic component of Alzheimer’s disease.

Objective: The objective of this exploratory study was to investigate the effects of two diets with varied nutrient compositions
on change in CSF amino acids levels in adults with mild cognitive impairment (MCI) and normal cognition (NC). Secondary
objectives were to assess the correlations between the change in CSF amino acids and change in Alzheimer’s disease
biomarkers.

Methods: In a randomized, parallel, controlled feeding trial, adults (NC, n=20; MCI, n=29) consumed a high saturated
fat (SFA)/glycemic index (GI) diet [HIGH] or a low SFA/GI diet [LOW] for 4 weeks. Lumbar punctures were performed at
baseline and 4 weeks.

Results: CSF valine increased and arginine decreased after the HIGH compared to the LOW diet in MCI (ps =0.03 and 0.04).
This pattern was more prominent in MCI versus NC (diet by diagnosis interaction ps =0.05 and 0.09), as was an increase in
isoleucine after the HIGH diet (p =0.05). Changes in CSF amino acids were correlated with changes in Alzheimer’s disease
CSF biomarkers A4, total tau, and p-Tau 181, with distinct patterns in the relationships by diet intervention and cognitive
status.

Conclusion: Dietary intake affects CSF amino acid levels and the response to diet is differentially affected by cognitive
status.
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INTRODUCTION

Alzheimer’s disease (AD) is traditionally charac-
terized by extracellular accumulation of amyloid-3
(AB) peptide and formation of intracellular neurofib-
rillary tau tangles. In addition to these distinctive
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pathological hallmarks, AD is also defined by com-
plex systemic metabolic aberrations [1]. Cerebral
glucose hypometabolism in parieto-temporal, pos-
terior cingulate, and frontal regions is recognized
as a key feature of AD preceding clinical manifes-
tation [2] and is present in individuals with mild
cognitive impairment (MCI) [3-5], a prodromal state
of AD that may represent early metabolic changes.
Exploring other metabolic pathway substrates, such
as amino acids, in the context of neurodegenerative
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disease is of interest to provide a more comprehensive
understanding of the metabolic component of AD.

Amino acids and their metabolites play a role in
diverse biological processes, including protein syn-
thesis, energy generation, nitrogenous waste produc-
tion and elimination, neuronal signaling, and others
[6]. Numerous observational and cross-sectional
studies have explored circulating amino acid levels
in AD, MCI, and healthy populations and iden-
tified associations between peripheral amino acid
profiles and cognitive status, although the direction
of the relationships is inconsistent [7-12]. Elevated
circulating amino acids, particularly branched-chain
amino acids (BCAAs) and aromatic amino acids,
are associated with insulin resistance (IR) [13], a
metabolic state to which AD patients are vulner-
able [14]. In addition to the periphery, CSF amino
acid profiles have also been assessed in persons
with MCI and AD [15-17] and continued explo-
ration of this biological compartment would provide
new insights into AD pathogenesis from a metabolic
perspective. Although the aforementioned studies
suggest relationships between amino acid metabo-
lism and cognitive decline, they are limited in that
they provide merely a snapshot in time and are
limited by lack of temporal relationship and potential
reverse causation; interventional trials are necessary
to elucidate the dynamic metabolic processes in AD
pathogenesis. Further, no human studies to date have
investigated CSF amino acid metabolites, such as the
arginine metabolites citrulline and ornithine, as well
as a-aminoadipic acid.

The impact of nutrition on the metabolic health
of the brain is of particular interest, given the estab-
lished role of diet in the prevention and treatment
of cardiometabolic disease [18, 19]. Epidemiological
studies of the Dietary Approaches to Stop Hyper-
tension (DASH), Mediterranean, and Integrated
Mediterranean-DASH Intervention for Neurodegen-
erative Delay (MIND) diets indicate high adherence
to these healthy dietary patterns reduces AD inci-
dence [20]. Further, the MIND diet is associated with
slower cognitive decline in aging [21]. Although var-
ied in their specific components, these patterns are
similar in their reduction of animal food sources
and saturated fats, and emphasis on plant-based
foods. Western-style diets, in contrast, are character-
ized by high intakes of animal products, saturated
fats, sodium, and refined carbohydrates. The precise
mechanisms by which healthy dietary patterns confer
neuroprotection or, alternatively, unhealthy dietary
patterns increase risk of AD pathology remain to be

fully understood. A 3-year multimodal brain imaging
study assessed how the Mediterranean diet influenced
AD progression and reported low diet adherence was
associated with glucose hypometabolism and amy-
loid deposition [22]. In an interventional study, we
previously reported that a dietary pattern low in fat,
saturated fat, and glycemic index produced beneficial
effects on CSF AD biomarkers, while a Western-style
diet high in fat, saturated fat, and glycemic index
elicited shifts indicative of presymptomatic AD in
normal older adults [23]. Such shifts in AD biomark-
ers in response to our diet interventions provide
an opportunity to explore simultaneous pathologi-
cal processes in early cognitive decline, chief among
them brain amino acid metabolism. Although many
previous studies have looked at dietary impacts on
metabolites in the plasma, no studies have looked at
the dietary effect on CSF metabolites, such as amino
metabolites that are known to be altered in AD.

Therefore, the primary objective of this explo-
ratory study was to investigate the effects of 4 weeks
of a low fat, saturated fat, and glycemic index con-
trol diet (LOW) compared to a high fat, saturated fat,
and glycemic index Western diet (HIGH) on change
in CSF amino acids levels in adults with MCI and
normal cognition (NC). The secondary objective was
to explore associations between change in amino
acids and established AD biomarkers and insulin in
response to diet.

MATERIALS AND METHODS

Study design and participants

A detailed description of the study methods is pro-
vided elsewhere [23]. In brief, 49 adults with NC
or amnestic MCI consumed a HIGH diet or a LOW
diet for 4 weeks in a randomized, parallel, controlled
feeding design. Of those participants, 43 had baseline
CSF in which amino acids could be reliably mea-
sured and were included in the present study. The
study was approved by the Human Subjects Review
Committees of the University of Washington and the
Veterans Affairs Puget Sound Health Care System.
All participants provided written informed consent
prior to study entry.

Participant cognitive status was evaluated by a
comprehensive medical and neuropsychological bat-
tery; amnestic MCI was determined by expert con-
sensus panel as previously described [23]. Exclusion
criteria included major psychiatric disorders, alco-
holism, neurologic disorders (other than amnestic
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MCI), renal or hepatic disease, diabetes mellitus,
chronic obstructive pulmonary disease, and unstable
cardiac disease. Participants taking any cholesterol-
lowering medications, such as statins, fibrates, niacin,
or fish oil, were excluded.

Diet intervention

All meals were prepared centrally according to
menus designed by a research nutritionist and deliv-
ered to the participants’ homes twice weekly. Caloric
needs for weight maintenance were calculated by
averaging the Mifflin-St. Jeor and Harris-Benedict
equations, adjusted for physical activity, and round-
ing up to the nearest 200 calorie diet level. The
nutrient composition of the HIGH diet was 45%
fat (saturated fat 25%), 35%—40% carbohydrates
(glycemic index >70), and 15%—-20% protein, while
the LOW diet was 25% fat (saturated fat <7%),
55%—-60% carbohydrates (glycemic index < 55), and
15%—-20% protein. Actual food intake during the diet
intervention was assessed by participant’s comple-
tion of daily food records throughout the intervention
in which participants recorded all food consumed.
Number of non-adherent events was small and did
not differ between groups (mean incidents per week
ranged from 1.23-1.80 per group).

Procedures

Lumbar punctures were performed at baseline
and during the fourth week of the diet intervention.
Following a 12h fast, an intravenous catheter was
inserted and the L4-5 interspace was infiltrated with
local anesthesia (1% lidocaine). Using a 24-gauge
Sprott atraumatic spinal needle, 30 mL of CSF was
withdrawn, aliquoted into prechilled polyethylene
tubes, frozen immediately with dry ice, and stored at
—70°C until assay. CSF AB4», tau, and phosphory-
lated tau (p-Tau) were measured with the immu-
noassay INNO-BIA AlzBio3 (Innogenetics NV,
Gent, Belgium). CSF AB49 was measured by sand-
wich enzyme-linked immunosorbent assays. CSF
amino acids were analyzed using liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) in
the Mayo Clinic Metabolomics Core, as described
previously [24-26]. Amino acids included alanine,
arginine, asparagine, glutamine, glycine, histidine,
isoleucine, leucine, lysine, methionine, phenylala-
nine, serine, threonine, tryptophan, tyrosine, and
valine. CSF insulin levels were measured, as des-
cribed previously [27].

Statistical methods

Continuous data were expressed as least squares
mean (standard error of the mean) and categorical
data were expressed as frequency (percent). Differ-
ences in means for each continuous baseline variable
and differences in mean change scores (week 4 —
week 0) for diet composition were each assessed
using analysis of variance techniques (Proc MIXED;
SAS statistical software, version 9.4; SAS Insti-
tute Inc., Cary, NC) with terms for diet, diagnosis,
and diet-by-diagnosis. Pairwise comparisons were
assessed using the Tukey—Kramer method. Chi-
square and Fisher’s exact test were used to assess
categorical baseline variables. For amino acid out-
come variables, diet effects on differences in mean
change scores (week 4 — week 0) were assessed using
analysis of variance techniques. Independent vari-
ables and covariates for consideration in the model
were diet, diagnosis, gender, apolipoprotein E4 sta-
tus (APOE4; presence of E4 allele referred to as E4+,
absence of E4 allele referred to as E4-), age, BMI at
baseline, and baseline value of the respective amino
acid, and were dropped if they were not substantively
related to the model (p>0.15). Correlations of the
change in CSF amino acids and CSF AD biomarkers
were assessed with Pearson product moment cor-
relations, and Spearman correlations were assessed
in sensitivity analyses. All non-normally distributed
variables were transformed prior to analysis. The
amino acids aspartic acid, cysteine, and glutamic
acid were not normally distributed after transforma-
tions due to numerous undetectable values and were
removed from the analyses. Given the exploratory
nature of the study, no adjustments were made for
multiple comparisons and power analyses were not
conducted to determine sample size; all participants
who provided CSF in the primary trial were included
in this exploratory study.

RESULTS

Baseline characteristics

Baseline characteristics of participants who pro-
vided at least one CSF sample (n=43; 18 NC and
25 MCI) are presented in Table 1. Participants on
the LOW diet had lower BMI values at base-
line compared to those on the HIGH diet, regard-
less of cognitive status (26.64 = 0.78 versus 28.96 £
0.79 kg/mz; p=0.04). For years of education, there
was a diet and diagnosis interaction (p = 0.03). NC on
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Table 1
Baseline characteristics (mean and standard error) for participants who provided at least one CSF sample (n=43)!
LOW Diet HIGH Diet

Variable NC (n=10) MCI (n=11) NC (n=28) MCI (n=14)
Age,y 68.90 (2.24) 68.82 (2.14) 68.25 (2.51) 67.64 (1.89)
BMI? 26.81 (1.13) 26.48 (1.08) 30.06 (1.26) 27.85(0.94)
Education, y 3 13.40 (0.66) 15.55 (0.63) 15.88 (0.74) 15.07 (0.56)
3ms* 96.56 (1.44) 95.27 (1.31) 97.88 (1.53) 93.07 (1.16)
Gender

female 6(28.6) 5(23.8) 5(23.8) 5(23.8)

male 4(18.2) 6(27.3) 3(13.6) 9(40.9)
APOEA status®

E4- 7(23.3) 6 (20) 6 (20) 11 (36.7)

E4+ 3(25) 4(33.3) 2(16.7) 325
AD Biomarkers (pg/ml)

AB4 1265.2 (155.7) 1135.6 (155.7) 1223.3 (174.1) 1248.9 (127.1)

Tau 81.4 (16.2) 116.7 (15.5) 72.0 (18.2) 78.5(14.2)

PTaul81 59.7 (12.4) 93.8(11.8) 64.0 (13.9) 66.2 (10.5)

IContinuous data are expressed as least squares mean (standard error of the mean) and categorical data are expressed as frequency (percent).
A mixed model was used to assess the differences in means for each continuous baseline variable by diet, diagnosis, and diet-by-diagnosis.
Pairwise comparisons were assessed using the Tukey—Kramer method. Chi-square and Fisher’s exact test were used to assess categorical base-
line variables. *Participants on the LOW diet had a lower BMI then participants on the HIGH diet (26.64 = 0.78 versus 28.96 4 0.79 kg/m?;
p=0.04). 3There was a diet by diagnosis interaction for years of education (p=0.03). NC on the LOW diet tended to have less years of
education at baseline compared to MCI on the LOW diet (p =0.11) and NC on the HIGH diet (p = 0.08). “Data was missing for one participant
(n=42). Participants with NC had higher cognitive testing scores compared to MCI (95.91 % 0.97 versus 95.47 # 0.96; p=0.03). *Data was
missing for one participant with MCI on the LOW diet (n = 10). APOEA4, apolipoprotein E4 (presence of E4 allele referred to as E4+, absence
of E4 allele referred to as E4-); BMI, body mass index (calculated as kg/m?); HIGH, high saturated fat/high glycemic index; LOW, low
saturated fat/low glycemic index; MCI, mild cognitive impairment; 3MS, modified Mini-Mental State test (100 point range with lower scores
indicating more severe cognitive deficit); NC, normal cognition.

Table 2

the LOW diet tended to have less years of education at
baseline compared to NC on the HIGH diet (p = 0.08).
As expected, participants with NC had higher scores
on the 3-Mini-Mental State Exam (3MSE) com-
pared to MCI, regardless of randomly assigned
diet (95.91 £ 0.97 versus 95.47 £ 0.96; p =0.03). All
other baseline variables were comparable among the
groups.

The baseline values of CSF amino acids for all par-
ticipants who provided a sample at week O (n=40)
were compared between cognitive status groups
(Supplementary Table 1). There was a trend toward
a difference between cognitive status at baseline for
histidine only (p=0.07), with higher values in NC
compared to MCI. All other baseline CSF amino acid
values were similar between the groups.

Nutrient composition

Average daily macronutrient intake calculated
from self-reported three-day food records was used
to assess participants’ typical dietary intake at base-
line, prior to diet intervention, and following 4 weeks
of intervention; the change in composition following

Average daily change in diet composition (week 4 — week 0) for
the LOW and HIGH diets, according to three-day food records'

Variable LOW Diet HIGH Diet
Calories (kcal) 230.07 (141.61) 302.73 (139.57)
Protein (g) 21.08 (6.74) 12.82 (6.65)
Fat (g)? —18.71 (7.08) 41.67 (6.97)

Saturated Fat (g)? —7.69 (3.03) 34.73 (2.98)

Monounsaturated -5.27 (2.61) 11.03 (2.557)

Fat ()
Polyunsaturated -2.48(1.49) —4.03 (1.47)
Fat (g)?

Trans Fat (g)2 -0.13 (0.20) 0.75 (0.19)
Cholesterol (mg)? -183.29 (38.42) 105.55 (37.87)
Carbohydrate (g)? 104.00 (15.90) -31.95 (15.67)

Fiber (g)? 17.84 (2.11) —13.32 (2.08)

Sugar (g)? 20.26 (8.27) -35.53 (8.15)

Fructose (g)* 4.01 (1.95) -4.98 (1.92)

IDietary intake data from participants who provided CSF sam-
ples at baseline and endpoint (n=31). Data are expressed as least
squares mean (standard error of the mean). A mixed model was
used to assess the differences in means in nutrient composition
change (week 4 —week 0) by diet, diagnosis, and diet-by-diagnosis.
Pairwise comparisons were assessed using the Tukey—Kramer
method. 2Total fat (p<0.0001), saturated fat (p <0.0001), monoun-
saturated fat (p=0.0001), trans fat (p=0.004), and cholesterol
(p<0.0001) increased after consumption of the HIGH diet com-
pared to the LOW diet. 3Total carbohydrate (p<0.0001), fiber
(p<0.0001), sugar (p <0.0001), and fructose (p =0.003) increased
after consumption of the LOW diet compared to the HIGH diet.
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the LOW and HIGH diets is presented in Table 2. The
diets did not differ in change in total calories, protein,
or polyunsaturated fat. There was an increase in total
fat (p <0.0001), saturated fat (p <0.0001), monoun-
saturated fat (p=0.0001), trans fat (p =0.004), and
cholesterol (p <0.0001) following the HIGH diet. In
contrast, there was an increase in total carbohydrate
(p<0.0001), fiber (p<0.0001), sugar (p<0.0001),
and fructose (p=0.003) following the LOW diet.
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These changes in intake confirm participant compli-
ance to the randomly assigned diets.

Diet effects on CSF amino acids and metabolites

Mean change scores for all CSF amino acids after
four weeks of consumption of the LOW or HIGH
diet by cognitive status are included in Supplemen-
tary Table 2. Figure 1 shows the significant changes
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Fig. 1. Mean change from baseline (LSM £ SEM; value at week 4 — value at week 0) for serine (a) according to diet, and arginine (b), valine
(c), isoleucine (d), and leucine (e) according to diet and cognitive status.*p <0.16, *p <0.05. MCI, mild cognitive impairment; NC, normal
cognition.
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in response to diet, as well as diet by cognitive sta-
tus interactions. There was a diet effect on serine
(»p=0.001; Fig. 1a), with an increase following the
HIGH compared to the LOW diet. There was also a
diet effect on CSF arginine (p = 0.04), with reductions
after the HIGH compared to the LOW diet. However,
this effect appeared to be driven by a trend interaction
between diet and cognitive diagnosis (p =0.09), such
that participants with MCI on the HIGH diet showed
areduction in arginine compared to NC on the HIGH
diet (p =0.05; Fig. 1b) and MCI and NC on the LOW
diet (p=0.02 for both). Further, there was a diet by
cognitive diagnosis interaction for the branched chain
amino acids valine (p =0.03; Fig. 1c) and isoleucine
(p=0.05; Fig 1d), with a similar pattern observed
for leucine (Fig. le). In participants with MCI, the
HIGH diet increased valine compared to the LOW
Diet (p =0.03), with a trend toward an increase com-
pared to NC (p=0.13). Isoleucine and leucine also
increased in MCI compared to NC after the HIGH
diet, although these effects did not reach significance.
The diets did not yield significant effects on change in
the CSF amino acid metabolites citrulline, ornithine,
and a-aminoadipic acid (Supplementary Table 2).

LOW DIET
NC (n=6)

Essential Amino Acids |

Non-Essential Amina |
Acids

Amino Acid
Metabolites.

le-aminoadipic acid

HIGH DIET

NC (n=5) AB42 AB40 AB42/40 TAU PTAU181 TAU/AB42

[Fsacine
lsoleucine
Leucine

A
Non-Essential Amino &
Acids

Amino Acid
Metabolites
o aminoadipic acid

Negative Correlations

AB42 AB40 AB42/40 TAU PTAU181 TAU/AB42

e
i
[c

Essential Amino Acids

Non-Essential Amino
Acids

Amino Acid
Metabolites

Essential Amino Acids |15
Metrwonine

Non-Essential Amino |
Acids

Amino Acid
Metabolites

Correlations between CSF amino acids,
metabolites, and AD biomarkers

We have previously reported that the dietary inter-
ventions induced changes in CSF AD biomarkers
[23]. Herein, we examined whether changes in CSF
amino acids, as well as select amino acid metabolites,
and AD biomarkers following 4 weeks of diet inter-
vention were related using Pearson product moment
correlations (Fig. 2). Heat maps were used to illustrate
the correlation structure between variables within diet
and cognitive status, including both significant cor-
relations (p <0.01-0.05) and trends (p <0.10-0.15).
Spearman rank correlations were also assessed in sen-
sitivity analyses to confirm correlations were not due
to outlier values (data not shown).

Distinct patterns were observed in the relationships
between amyloid biomarkers and amino acids, driven
by both cognitive status and dietary intake. In MCI
following the HIGH diet, changes in AB42 and AB4g
were positively correlated with nearly all amino acids
and amino acid metabolites assessed. These correla-
tions reached statistical significance for AB4> with
12 amino acids and 1 metabolite, as well as AB4g

MCI (n=8) AB42 AB4D AB42/40 TAU PTAUIS1 TAU/AB42

Hisbdine
lIsoleucine
Leucine
Lysine

|Omithine
|a-aminoadipic acid

MCI (n=12) AB42 AB4D AB42/40 TAU PTAUIBL TAU/AB42
o
pen

Phenylalanine

|Omithine
|a-aminoadipic acid

Positive Correlations

Fig. 2. Heat map of Pearson product moment correlations between the change (value at week 4 — value at week 0) in CSF amino acids and
CSF AD biomarkers, stratified by diet and cognitive diagnosis. Correlations with a p-value > 0.15 are indicated in black. Correlations with a
p-value <0.15 are categorized according to degree of significance and direction of the association, indicated in red (inverse correlation) or
green (direct correlation). MCI, mild cognitive impairment; NC, normal cognition.
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with 14 amino acids and 2 metabolites. Such pat-
terns were not present in NC following the HIGH
diet; significant statistics were observed for the nega-
tive association between ARB4, with arginine and the
positive association between AP4o with lysine and
valine. A slightly different pattern emerged in MCI
on the LOW diet compared to MCI on the HIGH
diet. AB49 tended to have positive relationships with
amino acids, although they did not reach significance.
However, AB4> was negatively correlated with the
three amino acids arginine, histidine, and proline. NC
on the low diet exhibited positive associations with
AB42 and AB4p and select amino acids, three of which
were significant (i.e., AB42 and methionine, threo-
nine, and tyrosine). In contrast, glycine and ornithine
were inversely related to both amyloid biomarkers.
Cognitive status and diet assignment also had
unique effects on the tau biomarker and amino acid
relationships. In MCI after the HIGH diet, posi-
tive associations were observed between numerous
amino acids and both tau and p-Tau 181. Signifi-
cant statistics were reported for tau with histidine
and ornithine, as well as p-Tau 181 with glycine,
proline, and ornithine. Further, the tau to AB4; ratio
was negatively associated with many amino acids and
amino acid metabolites in MCI after the HIGH diet,
13 of which reached significance. In contrast, very

LOW Diet
NC
n=6
Insulin

Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Alanine
Arginine
Asparagine
Glutamine
Glycine
Proline
Serine
Tyrosine
Citrulline
Ornithine
a-aminoadipic acid

Essential Amino Acids

Non-Essential Amino
Acids

Amino Acid
Metabolites

Heat Map Color Key

few associations were seen in NC on the HIGH diet;
tau and p-Tau 181 were significantly negatively asso-
ciated with threonine. Similar to MCI on the HIGH
diet, positive associations between amino acid and
tau biomarkers were seen in MCI after the LOW diet.
Significant statistics were observed for tau with lysine
and valine, and p-Tau 181 with lysine and threonine.
Nearly all amino acids exhibited a relationship with
p-Tau 181 in NC on the LOW diet, although the direc-
tion varied. Significant positive associations were
observed with histidine and phenylalanine, whereas
significant negative associations were observed with
isoleucine, leucine, and proline.

Correlations between CSF amino acids,
metabolites, and insulin

Pearson product moment correlations between
CSF amino acids and CSF insulin are presented in
Fig. 3. In both NC and MCI following the LOW
diet, changes in insulin were negatively correlated
with tryptophan, with a trend toward negative corre-
lations with methionine and positive correlations with
a-aminoadipic acid. Threonine was positively corre-
lated with insulin in NC following the HIGH diet.
Correlations between insulin and amino acids did not
reach significance in MCI following the HIGH diet.

HIGH Diet
MCI NC McClI
n=8 n=5 n=12

Insulin Insulin Insulin

Indirect Correlation P-Value Not Significant Direct Correlation P-Value \
0.05 0.01 |

Fig. 3. Heat map of Pearson product moment correlations between the change (value at week 4 — value at week 0) in CSF amino acids
and CSF insulin, stratified by diet and cognitive diagnosis. Correlations with a p-value >0.15 are indicated in black. Correlations with a
p-value <0.15 are categorized according to degree of significance and direction of the association, indicated in red (inverse correlation) or
green (direct correlation). MCI, mild cognitive impairment; NC, normal cognition.
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DISCUSSION

In this randomized, parallel, controlled feeding
trial, we demonstrated that dietary intake modulates
CSF amino acid concentrations in adults with NC or
MCI. The amino acid diet response is differentially
affected by cognitive status, particularly for the amino
acids arginine, isoleucine, leucine, and valine. Fur-
thermore, changes in CSF amino acids correspond
with changes in established AD CSF biomarkers,
with distinct patterns in the relationships by diet inter-
vention and cognitive status.

To our knowledge, this is the first dietary inter-
vention study to report that diet effects on CSF
levels of amino acids vary based on cognitive sta-
tus in humans. A consistent pattern of results was
seen across isoleucine, leucine, and valine, with an
increase in MCI, but not NC, following four weeks
of the HIGH diet. This pattern indicates that a high-
fat/high-glycemic load diet alone did not elicit an
increase in the three amino acids, but rather, caused an
increase in the context of a cognitively impaired state.
Isoleucine, leucine, and valine are BCAAs, essential
amino acids that cannot be endogenously synthe-
sized and are obtained solely through the diet [28].
We assessed protein consumption and found that the
change in protein intake did not differ between the
two diets and there was not a significant diet by cog-
nitive status interaction, eliminating the possibility
the reported CSF BCAA increase was a reflection of
a parallel increase in total protein intake in the MCI
HIGH diet group. Notably, BCAAs have recently
been implicated in the metabolic dysfunction char-
acteristic of AD [1]. Several human observational
analyses have reported peripheral metabolic shifts in
blood BCAA concentration in MCI, dementia, and
AD, although the direction of the relationships across
studies is inconsistent [7—12]. Numerous studies have
characterized the amino acid profile in CSF by cog-
nitive state and results also vary widely. Ibanez et al.
compared the CSF metabolome in patients with dif-
ferent cognitive status and reported higher levels of
valine in AD compared with non-AD and MCI who
later progressed to AD [17]. In contrast, Basun et
al. reported a reduction in leucine and valine in AD
compared to healthy controls [15], whereas Fonteh et
al. reported no differences in CSF BCAAs between
probable AD and controls [16]. Given the relation-
ships between the amino acid signature and IR [13],
as well as cognition and IR [14], we explored markers
of insulin sensitivity and found that CSF insulin was
not significantly correlated with CSF amino acids in

those with MCI on the HIGH diet. We also evaluated
the diet and cognitive status effects on a-aminoadipic
acid, an amino acid metabolite with a purported role
in insulin resistance but did not report a significant
effect. However, a-aminoadipic acid was positively
correlated with insulin in both NC and MCI on the
LOW diet.

There are numerous hypotheses of the purported
role of BCAAs in AD pathogenesis; excess BCAAs
may lead to an imbalance of neurotransmitters (i.e.,
glutamate, aromatic amino acid derivatives), induce
neural oxidative stress and apoptosis, and hyper-
activate mammalian target of rapamycin (mTOR)
and downstream signaling pathways [28]. In this
study, we hypothesize that early changes in cerebral
metabolism in MCI include a disruption in central
BCAA catabolism, and the high-fat/high-glycemic
load diet further exacerbated disrupted energy home-
ostasis resulting in BCAA accumulation in the CSF.
It has been speculated that, when faced with dysfunc-
tional glucose metabolism, the AD brain may attempt
to maintain energy homeostasis through compen-
satory neuronal changes, including increased amino
acid catabolism for an alternative fuel source [6], a
process that may be linked to the pathological prod-
ucts of excess BCAA metabolism described above
and that may potentiate AD pathogenesis; however,
there is no evidence in cognitively impaired popu-
lations to date to support this hypothesis. Indeed,
healthy adults do not utilize amino acids for the
brain’s oxidative metabolism in hypoglycemic and/or
euglycemic conditions [29]. Additional human stud-
ies are needed to evaluate BCAA levels in the CSF
of individuals with MCI at baseline and in response
to dietary intervention.

We also reported that the amino acid arginine
decreased on the HIGH diet, driven by the sub-
stantial reduction in the MCI group, compared to
the three other diet/cognitive status groups. Aberra-
tions in arginine metabolism have been implicated
in the pathogenesis of AD, with evidence indicating
arginine metabolism is altered in various regions of
AD brains [30] and CSF arginine is reduced in AD
[16, 17]. Reductions in urinary arginine levels have
been reported in amnestic MCI compared to normal
controls, reflecting systemic arginine dysregulation
in early cognitive impairment [31]. Arginine is a
semi-essential amino acid with numerous biological
functions including protein synthesis and formation
of vital metabolites (i.e., urea, nitric oxide) [32]. Argi-
nine is a key player in the urea cycle for the disposal
of nitrogenous waste [30]; an increase in arginine
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degradation (and subsequently lower peripheral and
central levels) can be a consequence of a greater
demand for nitrogen detoxification from increased
amino acid metabolism [17]. Further, nitric oxide
deficiency from reduced conversion of arginine to
nitric oxide has emerging roles in the central nervous
system and AD, with deficiency adversely effecting
endothelial function, amyloid formation and accu-
mulation, synaptic plasticity, microglia status, and
inflammation [33, 34]. A high-fat diet impairs nitric
oxide bioavailability [35]; therefore, the HIGH diet
in combination with the lowered availability of sub-
strate within the arginine-citrulline pathway for nitric
oxide production, a pivotal vasodilator, may have
unique effects on AD pathophysiology in this at-
risk group. We further explored arginine through
assessment of amino acid metabolites, citrulline and
ornithine, but did not identify a significant effect of
dietary intake and cognitive status on these down-
stream metabolites. As the case with the BCAAs, the
arginine decrease was not a reflection of a reduction
in total protein intake because this variable did not
differ between diets and cognitive groups.

We also explored the relationships between change
in CSF biomarkers of AD pathology with change
in amino acids and select metabolites following 4
weeks of intervention and reported unique patterns
by cognitive status and dietary intake. Both signifi-
cant correlations and trends were assessed due to the
small sample size within each cognitive status and
diet grouping. The strongest pattern emerged within
the MCI/HIGH diet group, with direct relationships
between amino acids and AB42, AB4o, Tau, and pTau-
181, and inverse relationships with the tau/A 347 ratio.
To our knowledge, this is the first study to assess
correlations between a panel of CSF AD biomark-
ers and amino acids and metabolites in humans.
Kavanaugh et al. analyzed CSF AB4; in relation to
CSF amino acids in control, pre-diabetic, and type II
diabetic aging vervet monkeys to elucidate the inter-
action between early metabolic changes in diabetes
with early alterations in AD biomarkers [36]. CSF
AB42 was positively correlated with CSF BCAAs
(values normalized to control monkeys), suggesting
alterations in cerebral metabolism vary together with
amyloid pathology. The authors proposed a hyper-
metabolic/hyperactive brain model in both diabetes
and AD, characterized by cerebral overconsumption
of energy substrates leading to increased A4, aggre-
gation in the brain (thus, a decrease in the CSF) and
a decrease of amino acids in the CSF. The HIGH
diet in our study was composed to mimic a nutrient

composition that induces type II diabetes and insulin
resistance [23] and our amyloid-related findings
following this diet in MCI are in support of the
Kavanaugh et al. hypermetabolic model. A pattern
of multiple positive associations between change in
amino acids (including BCAAs) and AB4; and AB4
were seen in MCI after the HIGH diet, indicating
lowered CSF amino acids were associated with wors-
ened amyloid biomarkers. Moreover, amino acids
were inversely associated with the tau/AB4; ratio,
suggesting that lowered CSF amino acids are asso-
ciated with a worsened biomarker. A corollary to
this observation, however, is that the net effect of the
HIGH diet was to raise levels of BCAAs for the MCI
group, implying that participants with diet-induced
increased BCAAs showed improved biomarker pro-
files. Additionally, our tau-related results after the
HIGH diet in MCI are paradoxical within the con-
text of this hypermetabolic model. We reported that
reductions in amino acids were directly associated
with reductions in tau and ptau-181, considered a
beneficial AD biomarker shift. Additional human
studies are needed to confirm the reported associa-
tions between AD biomarkers and amino acids and
should include both tau and amyloid for a compre-
hensive analysis.

Strengths of this study included successful manip-
ulation of nutrient intake and adherence to the 4-week
dietary intervention. In addition to a shift in self-
reported nutrient intake (assessed by 3-day food
records), the diets achieved the anticipated effect
on key metabolic markers, including insulin, insulin
resistance, and lipids [23]. A limitation of this study
is that we cannot attribute the diet response to a spe-
cific dietary component, as multiple nutrients were
manipulated. The HIGH diet was designed to reflect
a Western, American-style diet, with respective shifts
in total fat, saturated fat, carbohydrates, and the
glycemic index. Because nutrients and foods are not
consumed in isolation, manipulating multiple nutri-
ents provided insight into the effects of the totality of
adietary pattern. Assessment of the individual amino
acid profiles of controlled feeding diets in future trials
would be beneficial. Our trial included participants
with NC or MCI; therefore, we cannot conclude the
diet effect on CSF amino acids in individuals with
AD. However, our findings may provide insight into
mechanisms and indicators of early phase disease
progression. An obvious limitation is the small sam-
ple size and brief study duration; the results from our
exploratory study should be replicated in a longer,
larger study for a more robust evaluation. Future
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studies of CSF amino acids are necessary to deter-
mine if changes in amino acid metabolism are
a precursor to and/or a biomarker of neurode-
generation.

In conclusion, the data presented herein demon-
strate that dietary intake modulates CSF levels of
amino acids and the response to diet varies by cog-
nitive status. Specifically, a Western dietary pattern
high in fat, saturated fat, and simple carbohydrates
increases CSF levels of BCAAs and decreases argi-
nine in individuals with MCI. Changes in CSF amino
acids in response to diet correspond with changes in
established AD biomarkers, and the unique patterns
of associations differ by cognitive status. These find-
ings provide additional insights into the metabolic
shifts that occur in cognitive impairment, beyond
that described for glucose, generating a more com-
prehensive knowledgebase of cerebral metabolism
in early cognitive decline. Notably, these data pro-
vide further evidence of the powerful impact of diet,
extending beyond the periphery to the central nervous
system to modify the composition of the CSF. Nutri-
tional strategies aimed at reducing and/or preventing
AD pathology are vital, and unique dietary recom-
mendations based on cognitive vulnerability may be
necessary.
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