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3.  Timeline:
Manuscript preparation will be complete in 12 months.

4. Rationale:

During brain damage like stroke or traumatic brain injury, glutamate acts as an important
mediator of neuronal death.’ 2 The concentration of extracellular glutamate is tightly regulated to
maintain physiological concentrations through sodium dependent transporters. > * When
glutamate accumulates in the endothelial cells to a concentration that exceeds plasma levels, it is
moved via facilitated diffusion through the luminal side into the blood stream. It has been
reported that in pathologic conditions associated with a large increase of glutamate in brain tissue
(which has been shown to occur in pathologies such as ischemia, and migraine), glutamate
diffuses from the extracellular space to the blood following a gradient of concentration, which
could explain the increase of systemic glutamate levels observed in these diseases. >®

Blood glutamate levels are mainly regulated by two enzymes, glutamate-oxaloacetate
transaminase (GOT1 or AST [aspartate aminotransferase]) and glutamate-pyruvate transaminase
(GPT or ALT [alanine aminotransferase]); both are able to metabolize blood glutamate and
facilitate the lowering of extracellular levels of glutamate. Low levels of AST and ALT may be a
significant factor for the brain-to-blood glutamate efflux, and possibly contribute to the stroke
patient’s clinical outcome. In two independent studies, patients with poor neurological outcome
after ischemic stroke showed higher glutamate and lower blood AST and ALT levels on
admission, compared to those with better outcome. * ° This association was stronger for AST
than ALT levels. This favorable effect was also supported by positive effects on the reduction of
lesion volume. In addition, a few studies have indicated that higher levels of serum gamma-
glutamyl transpeptidase (GGT) are associated with stroke incidence. °** GGT is a well-known
enzyme marker for alcohol consumption as well as liver disease, and a potential marker for
oxidative stress.? However, in the last decade there has been growing evidence of a linear
association between GGT activity and risk of cardiovascular disease, independent from alcohol
intake.”® GGT is a cell-surface enzyme that hydrolyzes the gamma-glutamyl bond of
extracellular reduced and oxidized glutathione, initiating their cleavage into glutamate, cysteine
(cystine) and glycine.> The fact that high AST and ALT levels are associated with lower
neurological damage, while GGT is associated with incidence of stroke, strongly supports the
hypothesis that glutamate-regulated enzymes play an important role in the pathology of stroke.

In analogy with stroke, the role of glutamate in migraine has resumed importance, mainly
focused on the activity of glutamate as well as its receptors and transporters. **° The association
between the dysregulation of glutamate and migraine attacks is broadly described in the
literature. Previous studies have observed that migraine patients show higher glutamate levels
than controls in plasma, platelets, saliva or cerebrospinal fluid (CSF). *" *® Moreover, systemic
increase in glutamate levels seems to be associated with the occurrence of migraine attacks. In
fact, it has been reported that diets rich in monosodium glutamate act as a potential trigger for
migraine headaches. *° In addition, migraine patients show increased glutamate levels and lower
AST activity compared to control healthy subjects. Furthermore, AST activity has been inversely
associated with glutamate levels during inter-ictal periods, while increased glutamate levels have
been associated with duration of pain during ictal periods. *° As a result of these studies, some
authors suggest that systemic modifications of blood glutamate levels could reduce the excessive
glutamatergic signal in the brain and therefore be used as a potential prophylactic treatment
against migraine attacks. °



5.  Main Hypothesis/Study Questions:

Specific Aims:

1. To assess the association between AST, ALT and GGT blood levels and stroke risk.
2. To study the association between AST, ALT and GGT blood levels and stroke outcome
(death).

3. To assess the association between AST and ALT blood levels and migraine.

Study Hypotheses:

1. Higher blood levels of AST and ALT, and lower blood levels of GGT will be associated
with decreased risk of stroke and death after stroke.

2. Higher AST and ALT blood levels will be associated with a lower prevalence of
migraine.

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis,
and any anticipated methodologic limitations or challenges if present).

Study Design:
e Stroke analysis: Prospective cohort study: Baseline Visit 2 (1990-1992, measures of
ALT, AST, and GGT) with follow-up through 31 December 2013 for stroke events.
e Migraine analysis: Non-concurrent cross-sectional study: Visit 2 (1990-1992)
measures of ALT, AST, and GGT and Visit 3 (1993-1995) and migraine.

Inclusion/Exclusion Criteria:

Stroke analysis:
e Inclusion Criteria: ARIC participants with data on liver enzymes at Visit 2
e Exclusion Criteria:
o Participants with stroke occurring prior to baseline (Visit 2) (prevalent stroke)
o Non-white race, non-black race, or black race at the Minnesota or Maryland field
centers
o Abnormal liver function (AST> 60U/L or ALT> 60U/L or GGT> 50U/L) at
baseline (Visit 2)
o Missing data on covariates included in statistical models
Migraine analysis:
e Inclusion Criteria: ARIC participants with data on liver enzymes at Visit 2 and data on
migraine at Visit 3
e Exclusion Criteria:
o Non-white race, non-black race, or black race at the Minnesota or Maryland field
centers
o Abnormal liver function (AST> 60U/L or ALT> 60U/L or GGT> 50U/L) at
baseline (Visit 2)

Exposure: AST, ALT and GGT levels measured at Visit 2.



e Alanine aminotransferase (ALT) was measured in serum using Roche ALT reagent on
the Roche Modular P Chemistry analyzer. In this reaction, ALT catalyzes the reaction of
alpha-ketoglutarate with L-alanine to form L-glutamate and pyruvate. Under the action
of LDH, pyruvate converts to lactate, and NADH is converted to NAD. The activator
pyridoxal phosphate is not included in this reagent system. The decrease in absorbance
of NADH, measured at 340 nm (secondary wavelength is 700 nm), is directly
proportional to the serum activity of ALT. It is a Kinetic rate reaction. The laboratory
inter-assay CV is 5.6% at a value of 40 U/L and 3.5% at a value of 135 U/L.

e Aspartate aminotransferase (AST) was measured in serum using Roche AST reagent on
the Roche Modular P Chemistry analyzer. In this reaction, AST activity is determined by
a modification of the method recommended by the International Federation of Clinical
Chemistry (IFCC). AST catalyzes the reaction of alpha-ketoglutarate with L-aspartate to
form L-glutamate and oxaloacetate. Under the action of malate dehydrogenase (MDH),
oxaloacetate converts to malate, and NADH is oxidized to NAD. The decrease in
absorbance of NADH, measured at 340 nm (secondary wavelength = 700 nm), is directly
proportional to the serum activity of AST. It is a kinetic rate reaction. The laboratory
inter-assay CV is 6.5% at a value of 29 U/L and 1.6% at a value of 137 U/L.

e Gamma-glutamyl transferase (GGT) was measured in serum using Roche GGT reagent
on the Roche Modular P Chemistry analyzer. In the presence of glycyl glycine, L-
gamma-glutamyl-3-carboxy-4-nitroanilide is converted by GGT to 5-amino-2-
nitrobenzoate and L-gamma-glutamyl-glycylglycine. The rate of colored product
formation is directly related to the amount of GGT in the specimen, and the rate of its
appearance is measured at 415 nm (secondary wavelength 700 nm). This is a Kinetic
(Rate-A) reaction. The laboratory inter-assay CV is 5.1% at a value of 39 U/L and 2.9%
at a value of 171 U/L.

Outcome(s):

Stroke analysis:

e Definite/probable incident stroke (as defined by ARIC adjudication) overall and stratified
by stroke type (ischemic and hemorrhagic)

e Stroke outcome (death)

Migraine analysis:

o Definitive Migraine Definition: 1) headache lasting at least 4 hours, 2) 2/3 of
throbbing/pulsing/pounding OR need to lie down OR unilateral, 3)
(nausea AND vomiting) OR (photophobia AND phonophobia)

e Probable Migraine Definition: 2/3 of the above three definitive migraine criteria

e Primary and secondary outcome variables will be 1.) Definitive migraine and 2.)
Definitive + probable migraine

e Above definitions used in: Dearborn JL, Schneider AL, Gottesman RF, Kurth T, Pankow
JS, Couper DJ, Rose KM, Williams MA, Peterlin BL. Adiponectin and leptin levels in
migraineurs in the Atherosclerosis Risk in Communities Study. Neurology. 2014;
83:2211-8.

e Will also look at migraines with and without aura.

Covariates: Age at baseline (continuous; years), sex (male; female), race/center (Minnesota
whites; Maryland whites; North Carolina whites; North Carolina blacks; Mississippi blacks),
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diabetes (defined as self-reported diagnosis by physician, diabetes medication use, fasting
glucose >126 mg/dl, or HbAlc >6.5%, yes; no); hypertension medication use (yes; no), estrogen
use (among women only, yes; no), coronary heart disease (adjudicated events, yes; no), alcohol
use (never; former; current), and body mass index (continuous).

Summary of Data Analysis:

Stroke analysis: Adjusted Cox Proportional Hazards models will be used to explore the
associations between ALT, AST, and GGT with stroke risk (baseline Visit 2 [1990-1992] with
follow-up through 31 December 2012). Linear spline models will be used to explore the
continuous associations of ALT, AST, and GGT with stroke risk (overall and stratified by
ischemic/hemorrhagic subtype) and death after stroke. We will also explore the relationships
with stroke risk by tertiles of ALT, AST, and GGT. In a sensitivity analysis, we will assess the
association between changes in levels of ALT, AST, and GGT from Visit 2 (1990-1992) to Visit
4 (1996-1998) and stroke outcome (overall and stratified by ischemic/hemorrhagic subtype) with
follow-up time defined from Visit 4 through 31 December 2012. Due to the strong association of
alcohol and obesity with liver enzyme levels, we will additionally perform stratified analyses by
alcohol and obesity status.

Migraine analysis: Adjusted logistic regression models will be used to explore the
associations between ALT, AST, and GGT measured at visit 2 (1990-92) with migraine
measured at Visit 3 (1993-1995). Linear spline models will be used to explore the continuous
associations of ALT, AST, and GGT with migraine. We will also explore the relationships with
migraine by tertiles of ALT, AST, and GGT. Due to the strong association of alcohol and obesity
with liver enzyme levels, we will additionally perform stratified analyses by alcohol and obesity
status.

Limitations:
e Data on liver enzymes and migraine are available at different ARIC visits
e There might not be enough power for the assessment of associations between liver
enzymes levels and hemorrhagic stroke
e Residual confounding
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