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Abstract

Objectives: Growing evidence suggests dietary factors influence cognition, but the effects of
nutrient intake on cerebral metabolism in adults are currently unknown. The present study
investigated the relationship between major macronutrient intake (fat, carbohydrate, and protein)
and cerebral neurochemical profiles in middle-aged adults.

Methods: Thirty-six adults recorded dietary intake for three days prior to completing cognitive
testing and a proton magnetic resonance spectroscopy (*H MRS) scan. 1H MRS of occipitoparietal
gray matter was used to assess glutamate (Glu), AV-acetyl aspartate (NAA), choline (Cho), and
myo-inositol (ml) relative to creatine (Cr) levels.

Results: Regression analyses revealed that high intake of polyunsaturated fatty acids (PUFA)
was associated with lower cerebral Glu/Cr (p=.005), and high intake of saturated fat (SFA) was
associated with poorer memory function (p = .030) independent of age, sex, education, estimated
intelligence, total caloric intake, and body mass index.

Discussion: In midlife, greater PUFA intake (w—3 and w—6) may be associated with lower
cerebral glutamate, potentially indicating more efficient cellular reuptake of glutamate. SFA
intake, on the other hand, was linked with poorer memory performance. These results suggest that
dietary fat intake modification may be an important intervention target for the prevention of
cognitive decline.
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As life expectancy increases, the burden of age-related cognitive decline and dementia
continues to grow, and is currently estimated to cost the global population $600 billion per
year (1). Effective therapies for dementia are currently limited (2) and identification of
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modifiable risk factors is imperative for preserving cognitive function throughout the
lifespan. Accumulating evidence suggests an important role for diet in healthy brain
function. High carbohydrate intake has been linked with increased risk for cognitive
impairment (3), while high polyunsaturated fat (PUFA) intake may be protective against
dementia (4, 5). High omega-3 (w—3) PUFA consumption in particular is seen as especially
beneficial, associated with better cognitive performance (6) and higher brain integrity (7, 8)
including better regulation of glutamatergic synapses, which play a crucial role in memory

9).

Given existing evidence supporting the effects of diet on cognition, it is logical to suppose
that nutrition affects cerebral metabolites of neurobiological significance. Cerebral
neurochemical profiles provide sensitive indicators of brain health before the onset of
cognitive impairment; yet to date, no known studies have examined nutrient intake in
relation to cerebral metabolism in middle-aged adults. In the current study, proton magnetic
resonance spectroscopy (*H MRS) was used to quantify several neurometabolites relevant to
cognitive function (10) including A-acetyl-aspartate (NAA), an index of neuronal viability,
glutamate (Glu), a major excitatory neurotransmitter critical for memory function (11) but
neurotoxic at high concentrations (12), choline containing compounds (Cho) such as
phosphocholine and glycerophosphocholine, an indicator of phospholipid composition,
myo-inositol (ml), an organic osmolite and putative marker of gliosis, and creatine (Cr), a
marker of energy metabolism (10, 13). Therefore the aims of this project were to explore the
relationship between major dietary macronutrients (carbohydrates, protein, PUFA, and
saturated fat) and cerebral neurochemical profiles in healthy, middle-aged adults. As dietary
w—3 PUFAs are believed to play a role in the regulation of glutamatergic synapses (9), it was
hypothesized that greater dietary PUFA intake would be associated with lower, free cerebral
Glu concentrations, potentially indicating more efficient cerebral glutamate reuptake in our
sample of cognitively intact middle-aged adults. Furthermore, based on previous work
indicating opposite effects of carbohydrate and protein intake on risk for cognitive
impairment (3), similar effects of nutrient intake on neuronal viability were expected, in that
greater carbohydrate intake would be related to lower NAA, while greater protein intake
would be associated with higher NAA.

Participants were recruited through flyers and newspaper advertisements as part of a larger
fitness and brain function study. Individuals were excluded if they reported a history of
coronary artery disease, metabolic dysfunction (e.g., hypertension, dyslipidemia, insulin
resistance), smoking, or use of vasoactive medications in order to control for any sources of
bias in the participant sample that may relate to brain functioning or nutritional intake.
Additionally, participants with reported neurological disease (e.g., stroke, Parkinson’s
disease, clinically significant traumatic brain injury), major psychiatric illness (e.g.,
schizophrenia, bipolar disorder), or substance abuse were not eligible for the study. Body
mass in kilograms and height in centimeters were determined for all participants using a
physician’s beam balance scale in order to calculate body mass index (BMI). BMI was
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calculated by dividing body mass in kilograms by height in meters squared and was included
as a covariate in statistical analyses.

Forty individuals were asked to record dietary intake for three consecutive days in addition
to cognitive testing and MRI scanning as part of a larger fitness and brain function study.
Two participants were excluded from analyses due to poor quality *H MRS data (Cramer-
Rao Lower Bounds for NAA/Cr, Glu/Cr, ml/Cr, or Cho/Cr >12%). Two additional
participants were excluded from analyses based on reported energy intakes below or above
three standard deviations from the sample mean. The final sample consisted of 36
participants.

The study was conducted in accordance with the guidelines of the Helsinki Declaration of
1975 and with approval from the University of Texas at Austin Institutional Review Board.
The funding institutions did not play any role in data collection, analysis, or manuscript
preparation. Data were collected from September 2010 to March 2012. All volunteers
provided written informed consent before participating in the study. Participants first
completed a medical history questionnaire to determine whether any exclusionary medical
conditions or treatments were present. A general health assessment, cardiorespiratory fitness
assessment, and neuropsychological/brain imaging assessment were administered to all
eligible participants. Additionally, three-day dietary intake was determined for all
participants. The assessments were conducted on separate days within two months of the
initial assessment. Participants did not report any major lifestyle or dietary changes during
the data collection period.

Diet Assessment

Participants were asked to complete a 3-day food record for three consecutive days of their
choice. Forty-four percent of the records were completed over three consecutive weekdays,
while the remaining food records were completed over a three-day period spanning both
weekday and weekend days. Characterization of nutrient intake using 3-day food records has
shown high agreement with both 9-day food records and the food frequency questionnaire
(14). Dietary intake entries for all participants were clarified by a trained research assistant
and analyzed by a Registered Dietitian using Nutritionist Pro Software (Axxya Systems,
Stafford, Texas, USA). Average energy and macronutrient intake per day, including a
detailed breakdown of carbohydrate, protein, PUFA (w-3 and w—6 fatty acids), and
saturated fat (SFA) intake in grams, was calculated and provided by the software.

Neuropsychological Evaluation

Participants completed a battery of standard clinical neuropsychological instruments with
established reliability and validity (15). To reduce the number of statistical comparisons, the
measures were grouped according to two cognitive domains: memory and executive
function. In order to compute domain scores, raw scores were converted to z-scores using
the participant sample’s mean and standard deviation. Timed-test scores were adjusted by
multiplying by —1 so that higher scores indicated better performance. The memory domain
score was determined by averaging the following tests: California Verbal Learning Test-I1

Nutr Neurosci. Author manuscript; available in PMC 2018 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oleson et al. Page 4

immediate recall and delayed recall, and recognition discrimination (16). The attention-
executive function domain score was calculated by averaging the following tests: Trail
making A and B time to completion (17), WAIS-I1I Digit Span Subtest (18), and a verbal 2-
Back task accuracy and reaction time (administered during the MRI scan session (19).
Global cognitive functioning was assessed by administration of the Mini Mental Status
Exam (MMSE; (20), and a measure of estimated intelligence was calculated based on
participants scores on the Weschler Test of Adult Reading (21). A trained research assistant
administered and scored the neuropsychological test battery using standard administration
and scoring criteria.

1H-magnetic resonance spectroscopy

1H MRS data for participants were obtained from a single session using a 3T GE Signa
Excite MRI scanner equipped with a standard head coil. Single voxel proton MRS was
performed using the GE pulse sequence PROBE-P, an automated point resolved
spectroscopy sequence with chemical shift selected water suppression. Each spectroscopic
voxel was prescribed from 3D high-resolution spoiled gradient echo sagittal images (256 x
256 matrix, FOV = 24 x 24 cm2, 1 mm slice thickness, 0 gap) of the entire brain. 1H-MRS
parameters were as follows: echo time/repetition time (TE/TR)=35/3000 ms, 128
excitations, 5,000 Hz spectral width, volume ~6 cm3 from occipitoparietal gray matter
including the posterior cingulate gyrus (Figure 1). The posterior cingulate gyrus is an
important region of interest in relation to cognition. It is responsible for efficiency of
cognitive processing and attention (22), and metabolic changes in that region have been
implicated in early stages of dementia (23). In addition, alterations in the concentrations of
MRS-visible metabolites in the posterior cingulate have demonstrated sensitivity to aging
(24), neurodegenerative diseases (25), sedentary lifestyle (26), and obesity (27). A single
experimenter localized the voxel placement on all subjects in order to ensure the quality of
the data. A digital archive of the voxel placement was saved and reviewed for consistency.
The concentrations of Glu, NAA, Cho, and ml were reported as ratios relative to Cr, which
is considered to be the most stable metabolite available for use as an internal reference (10,
25). Although absolute concentrations of neurometabolites would be ideal, the present
methods were limited to assessing relative neurometabolites concentrations to Cr. The
average Cramer-Rao lower bound values for all metabolites were below 8%, thus suggesting
that the concentrations were reliably estimated. LCModel, a commercially available
software, was used to quantify and separate the metabolite resonances from the
macromolecule background (29) (Figure 2). The metabolites were quantified at the
following resonance frequencies: Glu, 2.34 ppm; NAA, 2.02 ppm; total Cho, 3.25 ppm; Cr,
3.03 ppm; and ml, 3.56 ppm.

Statistical Analyses

Regression analyses were used to further assess the relationships between nutrient intake and
neurochemical concentrations (Glu/Cr, NAA/Cr, Cho/Cr, and ml/Cr in the occipitoparietal
gray matter). A priori covariates, including total caloric intake, age, sex, education level,
estimated full-scale intellectual quotient (1Q), and BMI were controlled for in analyses to
minimize sources of bias in the data. All statistical analyses were performed using SPSS
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21.0 (SPSS Inc., Chicago, IL). Because multiple comparisons were made, an adjusted
Bonferroni corrected alpha level of 0.0062 was used as the statistical significance criterion.

Further regression analyses were conducted to explore the significant association between
dietary fat and cerebral metabolism in relation to cognitive performance. A two-tailed alpha
level of 0.05 was used as the criterion for significance because of the exploratory nature of
the analyses.

Descriptive Statistics

Demographic and nutritional intake variables for the participant sample (N = 36) are
summarized in Table 1. Twenty-five participants were men (69%) and 11 were women
(31%). All participants were healthy, middle-aged adults (M= 54.11 years, SD = 5.66).

Nutrient intake and cerebral metabolism

The association between total dietary PUFA intake and cerebral Glu/Cr was the only
relationship that met criteria for statistical significance (adjusted Bonferroni corrected alpha
of 0.0062) in the initial linear regression analyses after controlling for age, sex, education,
estimated 1Q, total caloric intake, saturated fat intake, and BMI, (B = -.542, t=-3.025, p=
0.005; Figure 3a). Contrary to our hypotheses, there were no significant effects of
carbohydrate (B =.384, t=1.578, p=0.126) or protein intake (f =.062, = .255, p=
0.824) on cerebral NAA/Cr. However, there was a statistical trend suggesting greater
carbohydrate intake was associated with higher cerebral Cho/Cr (p = .661, t=2.252, p=
0.037). All other relationships between macronutrient intake and cerebral Glu/Cr, ml/Cr,
NAA/Cr, or Cho/Cr concentrations were non-significant (ps > .10). The concentrations and
standard deviations for metabolites are listed in Table 2.

Based on the significant association between PUFA and cerebral Glu/Cr, further exploratory
regression analyses using an alpha level of 0.05 revealed that both w—3 PUFA (p = —.404, ¢
=-2.731, p=0.011) and w-6 PUFA (B = -.470, t=-2.601, p=0.015) were associated
with lower Glu/Cr concentration (Figure 3b-c). The effect of SFA was non-significant in all
of the models (s > 0.10).

Dietary fat intake and cognitive function

Cognitive test scores are reported in Table 2. Dietary PUFAs were not significantly related to
indices of global cognitive status, the domain memory score, or domain attention executive
function score. However, the effect of SFA intake was significant, suggesting that greater
intake of SFA was associated with poorer performance in the composite memory domain (p
=-.469, t=-2.286, p= 0.030; Figure 4). There were no other significant associations
between dietary fat components and cognitive function in memory or attention-executive
domains (s > 0.16).
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Discussion

The present study is the first to investigate the relationship between nutrient intake and
cerebral metabolism in middle-aged adults. The results provide evidence that dietary habits
may influence cerebral metabolism and cognitive performance in healthy, middle-aged
adults. Major findings for the current study were that total PUFA intake (both w-3 and w-6
PUFA), was associated with lower cerebral Glu in occipitoparietal gray matter. Additionally,
intake of SFA was associated with poorer overall memory performance. The results were
significant after adjusting for total caloric intake, age, sex, education, estimated intelligence,
and BMI, suggesting that variation in dietary fat intake may independently account for
cerebral metabolism alterations and cognitive functioning.

Maintaining low cerebral Glu in midlife may be protective against future cognitive decline,
as accumulation of extracellular Glu is neurotoxic and may increase brain vulnerability to
neurodegenerative diseases (12, 30). Glu functioning is critical for learning and memory
(11) and excessive Glu due to alterations in Glu uptake and transport may be partly
responsible for cognitive decline in the aging brain (31). In fact, recent work in aged rats
demonstrated that administration of a pharmacological Glu modulator was associated with
increased hippocampal spine density that correlated with memory performance (32). One
potential mechanism through which dietary w—3 PUFA may exert cognitive benefits is
through regulation of glutamatergic synapses (9). The membranes of astrocytes contain high
concentrations of the w—3 PUFA, docosahexaenoic acid (DHA), and previous work has
suggested that astroglial functioning is related to dietary w—3 PUFA (33, 34). Surrounding
astrocytes of neuronal compartments are thought to maintain efficient transportation of Glu
in the neuronal environment (35), and the degeneration of astroglia that occurs progressively
with age may compromise regulatory functions and disrupt Glu homeostasis (36). Therefore,
we speculate that a diet in support of efficient astroglial functioning may also promote
healthy brain aging. However, future studies that employ direct methods of measuring
astroglial functioning are needed to discern whether lowered Glu concentrations associated
with w—3 PUFA intake are a result of greater uptake by astrocytes, or rather an effect of
some other mechanism such as reduced biosynthesis of Glu.

Interestingly, dietary w—6 PUFA was also related to lower cerebral Glu in the present study.
Available research describing the relationship between dietary w—6 PUFA and the brain have
shown mixed results. Some studies have suggested protective effects of w—6 PUFA against
Alzheimer’s disease (37), while others have shown opposite effects of w—6 PUFA on
cognitive functioning (38). Dietary w—6 PUFAs have also been linked with pro-
inflammatory (39) and atherogenic processes (40). However, it is possible these detrimental
effects may vary depending on relative w—3 PUFA in the diet or apolipoprotein E genotype
(41, 42). Given the presence of w—6 PUFA in certain foods associated with Mediterranean
style diets (i.e., walnuts, almonds, olive oil), known for their beneficial effects on brain and
cardiovascular function (43), further investigation of dietary w—6 PUFA and the brain
appears warranted.

Previous work has established that individuals with metabolic syndrome, a condition
associated with both current cognitive dysfunction and future cognitive decline (44, 45),
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show elevated cerebral Glu (46), which points toward the regulation of Glu transmission as a
potential area of early intervention for brain aging. In particular, Haley et al. (2012) noted
that peripheral atherosclerosis moderated elevated cerebral Glu concentrations, suggesting
that arterial wall thickening may be instrumental in the neurotoxic accrual of Glu in the
brain (46). Previous studies have demonstrated a link between w-3 PUFA intake and
lowered prevalence of atherosclerosis (47), which proposes a vascular mechanism by which
dietary w—3 PUFA may support brain health. Individuals with evidence of metabolic
dysfunction were excluded from the current study; however, future investigation of dietary
fat intake in adults with atherosclerosis may be informative of the pathogenesis of cerebral
Glu accumulation.

Carbohydrate, protein, and SFA intake were not significantly related to neuronal viability or
other cerebral metabolites in the current study. However, excessive carbohydrate and SFA
intake have been implicated in obesity and metabolic dysfunction (48, 49), both of which
have been linked with the development of cognitive impairment (44, 45). Although unrelated
to measures of cerebral metabolism, dietary SFA was significantly associated with poorer
overall memory performance. Diets high in SFA have been linked with detriments in
cognitive performance and later development of cognitive impairment (50, 51). SFA intake
has also been associated with components of metabolic syndrome, such as elevated
cholesterol (52) and insulin resistance (53), as well as p-amyloid production and deposition
in the brain (54). Furthermore, several other reports have shown deficits in hippocampal-
dependent learning and memory along with reductions in brain-derived neurotropic factor,
increased blood-brain barrier permeability, and increased pro-inflammatory cytokines
related to SFA-rich diets (55). The current study sample consisted of healthy adults,
suggesting that dietary SFA may potentially influence cognition independently of clinically
significant metabolic changes. However, future studies may wish to investigate the
relationship between dietary intake and cerebral metabolites in populations with impaired
vascular and metabolic functioning.

Although the present study is the first report of dietary intake and cerebral metabolism in
middle-aged adults, prior studies investigating the role of dietary w—-3 using 1H MRS during
early stages of development and childhood have reported conflicting results. Previous work
in rats suggests that perinatal deprivation of dietary «w—-3 is associated with reduced cerebral
ml in the prefrontal cortex of adult rats, but no effects were observed on combined
concentration of Glu and glutamine (Glx; (56). Furthermore, other work has suggested that
children maintaining low dietary DHA intake exhibit lower ml, NAA, Cho, and Cr in the
anterior cingulate cortex, but show no significant differences in GIx concentration, relative to
high dietary DHA consumers (57). Taken together along with the results of the present
study, these findings may suggest that the effects of dietary w—3 on cerebral metabolism
vary throughout the lifespan. Dietary -3 is believed to play a critical role in brain
development during early stages of life and may influence brain functioning into adulthood
(58). Although all participants in the current study were healthy adults, perinatal and
childhood intake of w—-3 for participants is unknown, and therefore, we cannot rule out long-
term nutritional effects that result from early stages of development. Yet, other explanations
for these conflicting results may be that previous studies did not distinguish Glu from
glutamine, and therefore could only assess the combination of these two metabolites.
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Furthermore, the current study measured cerebral metabolism in the posterior cingulate
cortex, whereas the previous studies assessed neurometabolites in the prefrontal cortex and
anterior cingulate. The posterior cingulate cortex is a region known to be sensitive to early
stages of dementia as well as other factors such as body weight and sedentary status (23-26,
59), and therefore may exhibit greater sensitivity to dietary changes compared to other brain
regions.

Limitations for the current study include the cross-sectional study design and small sample
size. The relatively small and healthy sample suggests that these findings should be
considered preliminary and may not generalize to a broader population. Yet, a significant
strength of the current study is the novel investigation of dietary intake in relation to cerebral
metabolism and cognition. The use of a healthy sample allows for the assessment of cerebral
metabolites independent of impaired metabolic or vascular functioning, which have been
previously shown to impact cerebral metabolism. Although a validated dietary record was
used to characterize nutritional intake, limitations associated with the use of food records
should also be addressed in that they reflect self-report of the participant and rely on
participant motivation for accuracy. Although food records may have higher validity and
reliability than food questionnaires (14), one weakness may be the inability to capture
longer-term, weekly, or seasonal variance in diet. Furthermore, examination of dietary fat
intake in the present study was limited to dietary PUFA and saturated fat, which does not
account for potential effects of other dietary fat components such as monounsaturated fat
and trans fat that may affect cognition and brain functioning. Lastly, while it is plausible that
dietary fat intake may be driving the observed effects, it is also possible that cerebral
metabolite concentrations may be related to genetic influences or other lifestyle factors.

In summary, greater intake of total PUFA (both w—3 and w—-6 PUFA) was associated with
lower cerebral Glu in the occipitoparietal gray matter. Additionally, dietary SFA was related
to poorer overall memory performance. To the authors’ knowledge, this is the first study to
examine the relationship between nutrient intake and brain metabolites in middle-aged
adults. Glu has previously been identified as a sensitive marker for conditions of brain
vulnerability, and therefore may aid in the identification of dietary nutrients or development
of nutritional interventions that support brain health. Future studies may wish to investigate
the relationship between diet and cerebral metabolism in populations at risk for cognitive
decline, as well as implement specific dietary interventions aimed at the preservation of
brain functioning.
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Figure 1.
Anatomical image with superimposed voxel outline of 1H MRS volume in the

occipitoparietal gray matter.
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Representative 1H MRS spectrum. ml = myo-inositol; Cho = choline + phosphocholine; Cr
= creatine + phosphocreatine; Glu = glutamate; NAA = N-acetyl-aspartate
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A-C. Inverse association between cerebral glutamate and total PUFA (A), omega-3 (B), and

omega-6 PUFA (C).
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Inverse relationship between saturated fat intake (g) and domain score memory performance.
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Table 1.

Selected demographic characteristics and average nutrient intake per day from 3-day food record.

N =36 M SD

Demographic and Physiological Characteristics

Age 54.11 5.66
Education (years) 16.69 2.25
BMI (kg/m?) 25.05 4.47
Average Nutrient Intake
Total caloric intake (kcal/day) 1838.46  460.62
Carbohydrate (g) 220.83 81.51
Protein (g) 82.15 27.75
Total fat (g) 69.90 29.72
Saturated fat (g) 20.87 9.24
Polyunsaturated fat (PUFA) (g) 11.38 6.33
-3 PUFA (g) 1.24 0.82
-6 PUFA (g) 9.17 6.00
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Table 2.

Neuropsychological assessment and cerebral metabolite concentrations.

N =36 M SD
Global cognitive functioning
MMSE 28.75 1.36
Estimated Intelligence
FSIQ 112.11 7.53
Memory (z score) -0.06 0.93
CVLT-1l immediate recall 10.78 3.37
CVLT-1I delayed recall 11.17 3.15
CVLT-II discriminability index 2.97 0.76
Attention-executive function (z score) -0.06 0.71
Trail Making Test A time, seconds 29.33 7.49
Trail Making Test B time, seconds 62.06 15.99
2-Back accuracy, % correct 74.33 11.61
2-Back reaction time, ms 1166.59 237.38
WAIS-1I1 Digit Span Subtest 18.75 4.48
Neurochemical concentration
GIu/Cr (Cramer Rao Lower Bound) 1.43 (7.36) 0.15(0.99)
ml/Cr (Cramer Rao Lower Bound) 0.67 (6.92) 0.07 (1.30)
NAA/Cr (Cramer Rao Lower Bound)  1.41 (3.22) 0.10 (0.59)
Cho/Cr (Cramer Rao Lower Bound) ~ 0.17 (5.00) 0.02 (0.72)
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