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Background and Purpose Liver enzymes (aspartate aminotransferase [AST], alanine aminotrans-
ferase [ALT], and gamma-glutamyl transpeptidase [GGT]) are glutamate-regulatory enzymes, and 
higher glutamate levels correlated with worse prognosis of patients with neurotrauma. However, 
less is known about the association between liver enzymes and incidence of stroke. We evaluated 
the association between serum levels of AST, ALT, and GGT and incidence of stroke in the Athero-
sclerosis Risk in Communities (ARIC) study cohort from 1990 to 1992 through December 31, 2016.
Methods We included 12,588 ARIC participants without prevalent stroke and with data on liver 
enzymes ALT, AST, and GGT at baseline. We used multivariable Cox regression models to examine 
the associations between liver enzymes levels at baseline and stroke risk (overall, ischemic stroke, 
and intracerebral hemorrhage [ICH]) through December 31, 2016, adjusting for potential con-
founders. 
Results During a median follow-up time of 24.2 years, we observed 1,012 incident strokes (922 
ischemic strokes and 90 ICH). In age, sex, and race-center adjusted models, the hazard ratios 
(HRs; 95% confidence intervals [CIs]) for the highest compared to lowest GGT quartile were 1.94 
(95% CI, 1.64 to 2.30) for all incident stroke and 2.01 (95% CI, 1.68 to 2.41) for ischemic stroke, 
with the results supporting a dose-response association (P for linear trend <0.001). Levels of AST 
were associated with increased risk of ICH, but the association was significant only when compar-
ing the third quartile with the lowest quartile (adjusted HR, 1.82; 95% CI, 1.06 to 3.13). 
Conclusions Elevated levels of GGT (within normal levels), independent of liver disease, are associ-
ated with higher risk of incident stroke overall and ischemic stroke, but not ICH. 
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Introduction

Approximately 800,000 Americans have a stroke each year, and 
the overall stroke prevalence in the United States population is 
about 2.5%.1 Although adjusted mortality rates for both isch-

emic and hemorrhagic stroke globally declined between 1990 
and 2015, the total number of people with stroke increased 
each year.1 Therefore, continuing research on the potential risk 
factors is very important for preventing stroke.

 Previous studies have suggested that dysregulation of the 
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glutamate metabolism is a primary contributor to neuronal 
damage in neurotrauma.2,3 Furthermore, few studies have dem-
onstrated associations between blood glutamate and gluta-
mate-regulatory enzymes levels, and risk of stroke.4-6 In a pro-
spective case-cohort study, higher blood glutamate levels were 
associated with increased risk of nonfatal strokes in a popula-
tion with either type 2 diabetes mellitus or three major risk 
factors for cardiovascular diseases.4

Aspartate aminotransferase (AST), also known as glutamate-
oxaloacetate transaminase (GOT1), alanine aminotransferase 
(ALT), also known as glutamate-pyruvate transaminase (GPT), 
and gamma-glutamyl transpeptidase (GGT) are commonly 
known for their role for identifying hepatic injuries.7,8 Less 
known are the physiologic roles of AST and ALT as regulators of 
glutamate metabolism, by which glutamate is converted to al-
pha-ketoglutarate and L-aspartate or L-alanine. As a result, 
higher levels of AST and ALT results in decreased glutamate 
levels in blood and vice versa.9-11 

The physiological function of GGT is to regulate the antioxi-
dant homeostasis through recycling extracellular glutathione 
(GSH).12,13 It plays an important role in the metabolism of GSH 
and glutamate.13,14 GGT has emerged as a risk factor for all-
cause and cardiovascular mortality in population-based stud-
ies, independent of liver disease and alcohol intake.15,16 GSH, a 
well-known antioxidant agent, has been suggested as a physi-
ological reservoir for glutamate.13,17 Therefore, in contrast to 
high levels of AST and ALT that result in lower levels of blood 
glutamate, increased GGT levels causes increased synthesis of 
glutamate.17,18 

The limited number of studies assessing associations be-
tween levels of AST, ALT, GGT and risk of stroke have showed 
inconsistent results.6,7,19,20 In addition, while most studies have 
used ALT and AST as surrogates of non-alcoholic fatty liver dis-
ease (NAFLD), and GGT as a marker of excessive alcohol con-
sumption and a potential marker for oxidative stress,14 they 
mention that potential mechanisms for this association have 
not been suggested. We hypothesized that levels of glutamate-
regulatory enzymes play a role in the occurrence of stroke, in 
part because of their role in glutamate metabolism. To test this 
hypothesis, we studied the association between blood levels of 
ALT, AST, and GGT and incidence of stroke in the Atherosclero-
sis Risk in Communities (ARIC) study cohort. 

Methods

Study population
The ARIC study is a community-based cohort, including 15,792 
individuals aged 45 to 64 at baseline (1987 to 1989). Partici-

pants were recruited from four United States communities 
(Forsyth County, NC; Jackson, MS; Minneapolis, MN; and 
Washington County, MD).21 Liver enzymes were first measured 
at ARIC visit 2 (1990 to 1992). Among 14,348 ARIC visit 2 par-
ticipants, 275 reported prevalent stroke and were excluded 
from this analysis. We also excluded participants with missing 
data on AST, ALT, or GGT (n=955), race other than white or 
black, blacks in Minneapolis, MN and Washington County, MD 
(n=95), and those with missing data on the following covari-
ates: body mass index (BMI), smoking status, alcohol use, edu-
cation levels, systolic blood pressure, hypertension medication, 
coronary heart disease (CHD), diabetes, and total cholesterol 
(n=405). Thus, 12,588 ARIC participants were included in the 
present analysis.

Ascertainment of stroke
An incident stroke was defined as the first stroke diagnosed 
from baseline (1990 to 1992) through December 31st, 2016 
(median [interquartile range, IQR] follow-up of 24.2 [16.7 to 
24.5] years). Stroke events were identified during ARIC visits, 
annual (semiannual since 2012) telephone calls or through 
surveillance of hospitals in the community. Stroke hospitaliza-
tions records with the following International Classification of 
Diseases, 9th revision (ICD-9) codes 430-438 (from 1990 to 
1997) and ICD-9 codes 430-436 or ICD-10 codes G45.X, I60.X, 
I61.X, I62.X, I63.X, I65.X, I66.X, I67.X (from 1998 until Decem-
ber 31, 2016) were reviewed in detail. Subarachnoid hemor-
rhage events were not included (n=30). Stroke events were ad-
judicated by physician reviewers as definite or probable isch-
emic stroke or definite or probable intracerebral hemorrhage 
(ICH).22 

Measurement of liver enzymes
ALT, AST, and GGT levels were measured in ARIC visit 2 (1990 
to 1992) serum samples (stored at –80°C since collection) us-
ing the Roche Modular P Chemistry analyzer and reagents from 
Roche Diagnostics (Indianapolis, IN). Using split samples col-
lected at visit 2 and stored, the calculated coefficients of varia-
tion, were 16% for ALT, 6% for AST, and 4% for GGT.

Additional variables
Sociodemographic information was collected at baseline. 
Weight and height were measured using standardized proto-
cols and BMI was calculated as weight (kg)/height (m2). Smok-
ing status and alcohol use were self-reported, and categorized 
as never, former or current. Prevalent diabetes was defined as 
self-reported diagnosis by physician, diabetes medication use, 
fasting glucose ≥126 mg/dL, or glycated hemoglobin ≥6.5%. 
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Prevalent hypertension was defined as average systolic blood 
pressure ≥140 mm Hg or average diastolic blood pressure ≥90 
mm Hg or use of hypertension medication. CHD was defined as 
self-reported physician diagnosis of myocardial infarction or 
coronary revascularization at visit 1, or by adjudicated hospi-
talized CHD events occurring between visit 1 and 2.

Statistical analyses
Baseline levels of ALT, AST, and GGT were categorized into sex-

specific quartiles for each enzyme. We used descriptive statis-
tics to characterize participants at baseline by quartiles of liver 
enzymes. Differences in baseline characteristics by quartiles of 
liver enzymes were tested with chi-square tests for categorical 
characteristics and analysis of variance (ANOVA) for continu-
ous characteristics. The cumulative incidence of stroke by 
baseline quartiles of liver enzymes levels was assessed using 
Kaplan-Meier curves for total stroke, ischemic stroke and ICH. 
We used multivariable adjusted Cox proportional hazards mod-

Table 1. Characteristics of the study population by quartiles of GGT level at baseline, the ARIC study, visit 2, 1990–1992

Characteristic Total GGT (Q1) GGT (Q2) GGT (Q3) GGT (Q4) P

Number           12,588 3,618 (28.7) 2,890 (23.0) 3,083 (24.5) 2,997 (23.8)

Age (yr) 56.9±5.7 56.4±5.7 57.0±5.7 57.2±5.8 56.8±5.6 <0.001

Minneapolis Whites 3,454 (27.4) 1,206 (33.3) 827 (28.6) 769 (24.9) 652 (21.8) <0.001

Jackson Blacks 2,689 (21.4) 380 (10.5) 539 (18.7) 784 (25.4) 986 (32.9)

Washington Co. Whites 3,194 (25.4) 966 (26.7) 768 (26.6) 747 (24.2) 713 (23.8)

Forsyth Co. Blacks 333 (2.7) 53 (1.5) 71 (2.5) 99 (3.2) 110 (3.7)

Forsyth Co. Whites 2,918 (23.2) 1,013 (28.0) 685 (23.7) 684 (22.2) 539 (17.9)

Female sex 7,084 (56.3) 2,152 (59.5) 1,531 (53.0) 1,732 (56.2) 1,669 (55.7) <0.001

BMI (kg/m2) 28.0±5.4 25.9±4.3 27.7±5.2 29.1±5.6 29.6±5.7 <0.001

SBP (mm Hg) 121.2±18.5 116.2±17.7 120.7±18.0 123.3±17.9 125.6±19.1 <0.001

DBP (mm Hg) 72.1±10.2 69.9±9.9 72.0±9.8 72.9±10.0 74.0±10.7 <0.001

Hypertension 4,957 (39.4) 973 (26.9) 1,063 (36.8) 1,360 (44.1) 1,561 (52.1) <0.001

Antihypertensive medication use 4,023 (32.0) 772 (21.4) 856 (29.6) 1,119 (36.3) 1,275 (42.5) <0.001

HDL-C (mg/dL) 47.0 (37.0–59.0) 51.0 (41.0–63.0) 46.0 (37.0–58.0) 45.0 (37.0–56.0) 45.0 (36.0–57.0) <0.001

LDL-C (mg/dL) 131.0 (108.8–155.4) 125.0 (105.0–148.0) 131.5 (110.0–155.0) 134.1 (111.2–159.2) 134.8 (109.4–159.6) <0.001

Triglycerides (mg/dL) 114.0 (82.0–162.0) 97.0 (72.0–133.0) 112.0 (81.0–154.0) 122.0 (88.0–175.0) 135.0 (95.0–201.0) <0.001

Total cholesterol (mg/dL) 207.0 (183.0–233.0) 200.0 (179.0–224.0) 205.0 (183.0–230.0) 211.0 (187.0–237.0) 215.0 (188.0–243.0) <0.001

Lipid lowering medication use 790 (6.3) 214 (5.9) 172 (6.0) 186 (6.0) 218 (7.3) 0.082

Diabetes 1,970 (15.6) 215 (5.9) 326 (11.3) 581 (18.9) 848 (28.3) <0.001

Prevalent CHD 683 (5.4) 178 (4.9) 163 (5.6) 161 (5.2) 181 (6.0) 0.211

Smoking status 0.001

Current 2,751 (21.9) 749 (20.7) 632 (21.9) 671 (21.8) 699 (23.3)

Former 4,764 (37.8) 1,330 (36.8) 1,148 (39.7) 1,208 (39.2) 1,078 (36.0)

Never 5,073 (40.3) 1,539 (42.5) 1,110 (38.4) 1,204 (39.1) 1,220 (40.7)

Drinking status <0.001

Current 7,169 (57.0) 2,152 (59.5) 1,649 (57.1) 1,681 (54.5) 1,687 (56.3)

Former 2,595 (20.6) 689 (19.0) 627 (21.7) 651 (21.1) 628 (21.0)

Never 2,824 (22.4) 777 (21.5) 614 (21.2) 751 (24.4) 682 (22.8)

AST (U/L) 20.0 (17.0–23.0) 18.0 (16.0–21.0) 19.0 (16.0–22.0) 20.0 (17.0–24.0) 22.0 (19.0–27.0) <0.001

ALT (U /L) 14.0 (11.0–19.0) 12.0 (9.0–15.0) 14.0 (11.0–18.0) 15.0 (12.0–20.0) 19.0 (14.0–26.0) <0.001

GGT (U/L) 21.0 (14.0–33.0) 12.0 (10.0–14.0) 18.0 (16.0–22.0) 26.0 (22.0–30.0) 50.0 (40.0–72.0) <0.001

Values are presented as number (%), mean±standard deviation, or median (interquartile range). GGT range (U/L): men Q1 <19, Q2 19–25, Q3 26–38, Q4 ≥39; 
women Q1 <14; Q2 14–18; Q3 19–29, Q4 ≥39.
GGT, gamma-glutamyl transpeptidase; ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; CHD, coronary heart disease; AST, aspartate aminotransfer-
ase; ALT, alanine aminotransferase.
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els to estimate adjusted hazard ratios (HRs) of stroke overall 
and by stroke type, using sex-specific quartiles of liver enzymes 
as the exposure. Tests of the proportionality assumptions 
showed no significant deviations for liver test quartiles. Linear 
trends across the quartiles of liver enzymes were tested by in-
cluding the quartiles in the models as continuous variable. We 
constructed three models with progressive adjustment: Model 
1 included age, sex, and race-center (whites, Washington 
County; whites, Minneapolis; blacks, Jackson; blacks, Forsyth 
County; and whites, Forsyth County) as covariates; Model 2 in-
cluded all variables in Model 1 as well as BMI, alcohol-drink-
ing, smoking, and education levels; Model 3 included all vari-
ables in Model 2 and lipids levels (total cholesterol and high-
density lipoprotein cholesterol), systolic blood pressure, hyper-
tension medication use, lipid lowering medication use, preva-
lent CHD, and prevalent diabetes. We also examined models 2 

and 3 with use of hypertension medication, diabetes, CHD, 
cholesterol-lowering medications use, alcohol use, and smok-
ing status modeled as time-varying covariates.

To characterize the shape of the associations of ALT, AST, and 
GGT levels with stroke risk, we used restricted cubic spline 
models (truncated at the 1st and 99th percentiles) with knots 
at the 5th, 35th, 65th, and 95th percentiles of each liver en-
zyme, and models were centered at 10th percentile of each 
enzyme.23

We performed sensitivity analyses excluding individuals with 
presumed NAFLD at baseline (n=530). Presumed NAFLD was de-
fined as elevated level of AST (≥31 U/L for women or ≥37 U/L for 
men) or ALT (≥31 U/L for women or ≥41 U/L for men) in partici-
pants who reported never or moderate alcohol drinking (≤21 
drinks/week for men, and ≤14 drinks/week for women). 

To evaluate the incidence of stroke with a competing risk of 
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Figure 1. Kaplan-Meier estimates of incidence of total stroke, ischemic stroke and intracerebral hemorrhage (ICH) by quartile of gamma-glutamyl transpepti-
dase (GGT), aspartate aminotransferase (AST), and alanine aminotransferase (ALT). Kaplan-Meier curve for cumulative incidence of total stroke (A, B, C), isch-
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death, proportional sub-distribution hazards model by Fine and 
Grey with a competing risk in the analysis method was applied.

All reported P-values are two-sided and P-values of <0.05 
were considered statistically significant. Analyses were con-
ducted using Stata/SE 15.0 software (Stata Corp LP, College 
Station, TX, USA).

Ethics approval
The authors did not interact with human subjects per say. This 
study acquired de-identified participant data from the ARIC 
study. The ARIC study has been approved by the Institutional 
Review Boards (IRB) at all participating institutions: University 
of North Carolina at Chapel Hill IRB, Wake Forest University 
IRB, Johns Hopkins University IRB, University of Minnesota IRB 
and University of Mississippi Medical Center IRB. Written in-
formed consent was obtained from all study participants. All 
methods were carried out in accordance with the relevant 
guidelines and regulations for human subject research, in ac-
cordance with the Declaration of Helsinki (1989).

Results

Characteristics of the participants
Our final sample included 12,588 ARIC participants, 56.9 years 
old on average at baseline (ARIC visit 2, 1990 to 1992), 56.3% 
women and 24% blacks. Table 1 shows the baseline character-
istics of the study population by sex-specific quartiles of GGT 
levels. Characteristics of the study population by AST and ALT 
levels are shown in Supplementary Tables 1 and 2, the results 
are similar to those observed by GGT quartiles (Table 1), but the 
differences across quartiles are less pronounced. Levels of AST 
and ALT were not significantly different between participants 
with and without an incident stroke, while median GGT was 
higher among participants with incident stroke compared to 
those without stroke: 25.0 (IQR, 17.0 to 38.0) vs. 21.0 (IQR, 
14.0 to 33.0), P<0.001 (Table not shown). 

During a median follow-up of 24.2 years (IQR, 16.7 to 25.4), 
there were 1,012 incident strokes, among them, 922 (91.1%) 
ischemic strokes and 90 (8.9%) ICH events. The cumulative in-
cidence of total stroke, by quartiles of GGT, AST, and ALT is 
shown in Figure 1A-C, and of ischemic stroke and ICH in Figure 

Table 2. HR (95% CI) for incident total stroke by sex-specific quartiles of liver enzymes at baseline, the ARIC study, visit 2, 1990–1992

Variable n/total no. Model 1 Model 2 Model 3

AST

Q1 307/3,731 1 (reference) 1 (reference) 1 (reference)

Q2 251/3,411 0.83 (0.70–0.98) 0.87 (0.73–1.03) 0.89 (0.76–1.06)

Q3 223/2,662 0.94 (0.79–1.11) 1.00 (0.84–1.19) 1.01 (0.85–1.20)

Q4 231/2,784 0.96 (0.81–1.14) 1.03 (0.86–1.22) 1.00 (0.84–1.19)

P for linear trend 0.871 0.520 0.709

ALT

Q1 285/3,404 1 (reference) 1 (reference) 1 (reference)

Q2 239/3,159 0.85 (0.72–1.01) 0.87 (0.73–1.03) 0.86 (0.72–1.02)

Q3 243/3,108 0.88 (0.75–1.05) 0.90 (0.76–1.08) 0.86 (0.72–1.02)

Q4 245/2,917 1.05 (0.88–1.25) 1.06 (0.89–1.26) 0.93 (0.78–1.11)

P for linear trend 0.617 0.571 0.390

GGT

Q1 228/3,618 1 (reference) 1 (reference) 1 (reference)

Q2 214/2,890 1.08 (0.90–1.30) 1.04 (0.86–1.25) 0.95 (0.79–1.15)

Q3 250/3,083 1.19 (0.99–1.43) 1.11 (0.93–1.34) 0.96 (0.80–1.16)

Q4 320/2,997 1.66 (1.40–1.98) 1.53 (1.28–1.83) 1.21 (1.01–1.46)

P for linear trend <0.001 <0.001 0.033

The ARIC study population, visit 2, 1990–1992 through December 31, 2016. AST levels (U/L): men Q1 <12, Q2 12–15, Q3 16–21, Q4 ≥25; women Q1 <16, Q2 
16–18, Q3 19–21, Q4 ≥22. ALT levels (U/L): men Q1 <18, Q2 18–21, Q3 21–25, Q4 ≥22; women Q1<12, Q2 10–12, Q3 13–16, Q4 ≥17. GGT levels (U/L): men 
Q1 <18, Q2 18–24, Q3 25–37, Q4 ≥38; women Q1 <13, Q2 13–17, Q3 18–28, Q4 ≥29. Model 1: Adjusted for age, sex, race-center; Model 2: Model 1+body 
mass index, smoking status, drinking status, education level; Model 3: Model 2+systolic blood pressure, hypertension medication, prevalent coronary heart 
disease, diabetes, high-density lipoprotein, total cholesterol, and lipids medication.
HR, hazard ratio; CI, confidence interval; ARIC, Atherosclerosis Risk in Communities; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, 
gamma-glutamyl transpeptidase. 
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1D-F and G-I, respectively.
Participants in the third and fourth quartiles of GGT had a 

higher risk of total stroke compared to those in the lowest 
quartiles (Table 2). The adjusted HRs (95% confidence intervals 
[CIs]) for total stroke (Model 3) were 0.98 (95% CI, 0.81 to 
1.19), 1.02 (95% CI, 0.85 to 1.23), and 1.35 (95% CI, 1.12 to 
1.62) for the 2nd, 3rd, and 4th GGT quartile respectively, com-
pared to those in the 1st quartile (P for trend <0.001). Similar 
findings were observed for ischemic stroke (Table 3). 

For AST, compared to individuals in lowest quartiles, those in 
the third quartile had an increased risk of ICH (adjusted HR, 
1.82; 95% CI, 1.06 to 3.13) (Table 4). No association was found 
between ALT and incidence of stroke, regardless of the type of 
stroke (Tables 2-4). 

Restricted cubic spline models showed a dose-response, pos-
itive, nearly linear association between GGT levels and the risk 
of total stroke (Figure 2A) and ischemic stroke (Figure 2D), but 
not for ICH (Figure 2G). However, no significant associations of 
AST and ALT with total stroke were found (Figure 2B and C). A 
non-linear association between AST and ICH, but not for isch-

emic stroke were observed (Figure 2H and E, respectively). No 
association was found for ALT regardless of the type of stroke 
(Figure 2C, F, and I). In the sensitivity analysis excluding indi-
viduals with NAFLD at baseline, the results were somewhat at-
tenuated but remained significant for GGT (Table 5, Model 3). 

In addition, in the proportional sub-distribution hazards 
analysis for incident stroke with a competing risk of death, sig-
nificant correlations remained for the fourth quartiles of GGT 
in total and ischemic stroke patients, and for the third quartiles 
of AST in ICH patients, compared to the first quartile (Table 6). 
The adjusted HRs for total stroke (Model 3) were 1.21 (95% CI, 
1.01 to 1.46) and 1.25 (95% CI, 1.03 to 1.51) for the 4th GGT 
quartile in total and ischemic stroke respectively, compared to 
those in the 1st quartile. The adjusted HRs was 1.92 (95% CI, 
1.12 to 3.27) for the 3th AST quartile in ICH, compared to 
those in the 1st quartile.

Discussion

In the ARIC community-based population with nearly 25 years 

Table 3. HR (95% CI) for incident ischemic stroke by sex-specific quartiles of liver enzymes, the ARIC study, visit 2, 1990–1992

Variable n/total no. Model 1 Model 2 Model 3

AST

Q1 284/3,731 1 (reference) 1 (reference) 1 (reference)

Q2 231/3,411 0.83 (0.70–0.99) 0.87 (0.73–1.03) 0.90 (0.75–1.07)

Q3 192/2,662 0.87 (0.72–1.04) 0.93 (0.77–1.12) 0.94 (0.78–1.13)

Q4 215/2,784 0.97 (0.81–1.15) 1.03 (0.86–1.24) 1.01 (0.85–1.21)

P for linear trend 0.725 0.670 0.860

ALT

Q1 256/3,404 1 (reference) 1 (reference) 1 (reference)

Q2 219/3,159 0.87 (0.72–1.04) 0.88 (0.74–1.06) 0.87 (0.73–1.05)

Q3 223/3,108 0.90 (0.75–1.08) 0.92 (0.77–1.10) 0.87 (0.73–1.05)

Q4 224/2,917 1.07 (0.90–1.28) 1.07 (0.89–1.29) 0.94 (0.78–1.13)

P for linear trend 0.476 0.467 0.466

GGT

Q1 202/3,618 1 (reference) 1 (reference) 1 (reference)

Q2 195/2,890 1.11 (0.91–1.35) 1.06 (0.87–1.30) 0.97 (0.80–1.19)

Q3 230/3,083 1.24 (1.02–1.50) 1.15 (0.95–1.40) 0.99 (0.81–1.21)

Q4 295/2,997 1.74 (1.44–2.09) 1.59 (1.32–1.92) 1.25 (1.03–1.52)

P for linear trend <0.001 <0.001 0.020

The ARIC study population, visit 2, 1990–1992 through December 31, 2016. AST levels (U/L): men Q1 <12, Q2 12–15, Q3 16–21, Q4 ≥25; women Q1 <16, Q2 
16–18, Q3 19–21, Q4 ≥22. ALT levels (U/L): men Q1 <18, Q2 18–21, Q3 21–25, Q4 ≥22; women Q1 <12, Q2 10–12, Q3 13–16, Q4 ≥17. GGT levels (U/L): men 
Q1 <18, Q2 18–24, Q3 25–37, Q4 ≥38; women Q1 <13, Q2 13–17, Q3 18–28, Q4 ≥29. Model 1: Adjusted for age, sex, race-center; Model 2: Model 1+body 
mass index, smoking status, drinking status, education level; Model 3: Model 2+systolic blood pressure, hypertension medication, prevalent coronary heart 
disease (CHD), diabetes, high-density lipoprotein, total cholesterol, and lipids medication. Hypertension medication, diabetes, smoking, drinking, lipids medica-
tion, and CHD were included in Models 2–3 as time-varying variables.
HR, hazard ratio; CI, confidence interval; ARIC, Atherosclerosis Risk in Communities; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, 
gamma-glutamyl transpeptidase. 
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of follow-up, higher baseline GGT levels were associated with a 
significant increase in the risk of stroke, overall and for isch-
emic stroke, but not for ICH. In addition, the higher AST levels 
were associated with increased risk of ICH, but not ischemic 
stroke. The associations remained significant after sub-analysis 
with death as a competing risk factor.

The association between GGT and risk of stroke remained 
significant after excluding people with NAFLD. Although the 
mechanisms by which higher serum GGT levels increase the 
risk of stroke have not been elucidated, alteration in glutamate 
concentration might explain the role of GGT in the pathology 
of cardiovascular diseases, especially in ischemic stroke.17 In 
addition, in the present study, higher levels of AST were associ-
ated with increased risk of ICH, but this result is based on a 
relatively small number of events (90 cases of ICH). Future 
studies in a larger numbers of events are needed in order to 
verify this association. 

The results of studies that focused on the associations be-
tween GGT, AST, ALT levels and stroke incidence, have been in-
consistent.5,6 A Korean population-based cohort study including 
456,100 participants with up to 11 years of follow-up, GGT was 

a predictor of ischemic and hemorrhagic stroke, as well as sub-
arachnoid hemorrhage.24 The reported association was signifi-
cant independently from alcohol consumption and other risk 
factors. In addition, the association was observed more consis-
tently in patients with ischemic stroke than hemorrhagic 
stroke. Nevertheless, in contrast with the current study, no cor-
relations for AST and ALT were found, and the follow-up period 
was shorter compared to the ARIC study. To the best of our 
knowledge, correlations found in our study have not been re-
ported in the USA population, which has different characteris-
tics from the Korean population. Weikert et al.5 demonstrated a 
link between GGT, but not ALT, and stroke  in middle-aged 
German adults, suggesting that these two enzymes have dif-
ferent roles in the development of stroke. In addition, the study 
showed an increased risk for ICH with higher ALT. In contrast 
to the current study, AST was not measured in this study. As 
mentioned by the authors, the inverse relation between ALT 
and ischemic stroke was not an expected result. However, we 
didn’t find evidence for a similar association in the present 
study. An important limitation of the study by Weikert et al.5 is 
the limited number of cases (353 strokes) and the relatively 

Table 4. HR (95% CI) for incident ICH by sex-specific quartiles of liver enzymes at baseline, the ARIC study, visit 2, 1990–1992

Variable n/total no. Model 1 Model 2 Model 3

AST

Q1 23/3,731 1 (reference) 1 (reference) 1 (reference)

Q2 20/3,411 0.89 (0.49–1.62) 0.90 (0.49–1.65) 0.89 (0.49–1.63)

Q3 31/2,662 1.77 (1.03–3.04) 1.87 (1.08–3.22) 1.85 (1.07–3.18)

Q4 16/2,784 0.89 (0.47–1.68) 0.95 (0.50–1.80) 0.91 (0.48–1.73)

P for linear trend 0.568 0.426 0.500

ALT

Q1 29/3,404 1 (reference) 1 (reference) 1 (reference)

Q2 20/3,159 0.87 (0.72–1.04) 0.88 (0.74–1.06) 0.87 (0.73–1.05)

Q3 20/3,108 0.90 (0.75–1.08) 0.92 (0.77–1.10) 0.87 (0.73–1.05)

Q4 21/2,917 1.07 (0.90–1.28) 1.07 (0.89–1.29) 0.94 (0.78–1.13)

P for linear trend 0.531 0.683 0.587

GGT

Q1 26/3,618 1 (reference) 1 (reference) 1 (reference)

Q2 19/2,890 1.11 (0.91–1.35) 1.06 (0.87–1.30) 0.97 (0.80–1.19)

Q3 20/3,083 1.24 (1.02–1.50) 1.15 (0.95–1.40) 0.99 (0.81–1.21)

Q4 25/2,997 1.74 (1.44–2.09) 1.59 (1.32–1.92) 1.25 (1.03–1.52)

P for linear trend 0.842 0.900 0.784

ARIC study population, visit 2, 1990–1992 through December 31, 2016. AST levels (U/L): men Q1 <12, Q2 12–15, Q3 16–21, Q4 ≥25; women Q1 <16, Q2 16–
18, Q3 19–21, Q4 ≥22. ALT levels (U/L): men Q1 <18, Q2 18–21, Q3 21–25, Q4 ≥22; women Q1 <12, Q2 10–12, Q3 13–16, Q4 ≥17. GGT levels (U/L): men Q1 
<18, Q2 18–24, Q3 25–37, Q4 ≥38; women Q1 <13, Q2 13–17, Q3 18–28, Q4 ≥29. Model 1: Adjusted for age, sex, race-center; Model 2: Model 1+body mass 
index, smoking status, drinking status, education level; Model 3: Model 2+systolic blood pressure, hypertension medication, prevalent coronary heart disease, 
diabetes, high-density lipoprotein, total cholesterol, and lipids medication.
HR, hazard ratio; CI, confidence interval; ICH, intracerebral hemorrhage; ARIC, Atherosclerosis Risk in Communities; AST, aspartate aminotransferase; ALT, ala-
nine aminotransferase; GGT, gamma-glutamyl transpeptidase. 
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short follow-up period (median 8.2 years). Similarly to our re-
sults regarding AST, Kim et al.6 reported no associations be-
tween ischemic stroke and both AST and ALT levels, but posi-
tive associations between aminotransferase enzymes and ICH 
in a large 10-year prospective study comprising 108,464 par-
ticipants of Korean men. These associations were consistent 
regardless of the level of obesity, blood pressure, fasting glu-
cose, and alcohol intake. However, the serum aminotransferase 
assay used in the study was not standardized. 

In both ischemic stroke and ICH, glutamate excitotoxicity 
has been shown as one of the major contributors to neuronal 
cell death and bad neurological outcome.2,3,25,26 In the present 
study, three liver enzymes—AST, ALT, and GGT—were chosen for 

the evaluation of associations between their serum levels and 
incidence of stroke, based on their role in regulating free blood 
glutamate levels, and the existing literature regarding the role 
of glutamate levels in neuroprotection.2,9,26,27 We found no evi-
dence of significant associations between AST and ALT levels 
and incident ischemic stroke, which accounted for 92% of all 
stroke events in ARIC participants. Nevertheless, AST levels 
were associated with ICH. 

Since the neuroprotective effect of AST and ALT has been 
shown in a few pre-clinical and clinical studies among isch-
emic stroke patients with increased levels of glutamate, it is 
possible that AST and ALT levels at the time of the stroke have 
a neuroprotective effect, but do not significantly influence the 
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Figure 2. Adjusted hazard ratio (HR; 95% confidence interval [CI]) for incidence of total stroke, ischemic stroke and intracerebral hemorrhage (ICH) by levels 
of gamma-glutamyl transpeptidase (GGT), aspartate aminotransferase (AST), and alanine aminotransferase (ALT). Adjusted HR (95% CI) for incident total 
stroke (A, B, C), ischemic stroke (D, E, F), and ICH (G, H, I) by baseline GGT, AST and ALT. Baseline biomarkers were modeled using restricted cubic splines (solid 
lines) with knots at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles. Gray shade represents the 95% CI. Models are centered at the 10th percentile of each 
marker and are adjusted for age, sex, race-center, education level, smoking status, body mass index, drinking status, diabetes, high-density lipoprotein, total 
cholesterol, systolic blood pressure, hypertension medication, lipid-lowing medication, and coronary heart disease.
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risk for development of ischemic stroke. In addition, previous 
publications have reported stronger associations of AST versus 
ALT levels with l outcome after stroke, and significantly stron-
ger anti-glutamatergic activity of AST compared with ALT. 
These results suggest that AST and ALT might have different 
roles in association with the risk of ischemic stroke and ICH.9,11 
Additional studies are needed to further test the role of blood 
glutamate, AST and ALT levels as risk factors for incident stroke, 
in order to clarify the association between glutamate regula-
tion and occurrence of stroke. In particular, studies using sys-
tems biology are needed to better understand the interplay be-
tween glutamate levels and liver enzymes activity in healthy 
population, as opposed to their association in the presence of 
acute stroke. 

This study has several notable strengths, including the use of 
a large community-based biracial population, extensive assess-
ment of cardiovascular risk factors including time-varying data 
on risk factors, physician-adjudicated events as ischemic stroke 
or ICH, and approximately 25 years of follow-up. Nonetheless, 

there are some limitations. Blood glutamate levels were not 
available; therefore, we could not study the direct association 
between glutamate and its metabolites and risk of stroke. Also, 
data on liver enzymes was available for all participants at 
baseline (1990 to 1992) but not at the exact time of stroke in-
cidence and only one measure of liver enzymes was available. 
Given the large intra-individual variation in AST, ALT, and GGT, 
the use of a single measure of these enzymes may bias the re-
sults towards the null.28,29 Smoking status and alcohol use were 
self-reported so the reporting bias cannot be excluded. Last, 
the number of ICH cases was relatively small and therefore we 
had limited power for ICH as outcome. 

Conclusions

In conclusion, elevated levels of GGT (within normal levels), in-
dependent of liver disease, are associated with higher risk of 
incident stroke overall and ischemic stroke, but not ICH. Future 
studies including measurements of enzyme activity and plasma 

Table 5. HR (95% CI) for incident total stroke by sex-specific quartiles of liver enzymes at baseline after exclusion of individuals with NAFLD at baseline

Variable n/total no. Model 1 Model 2 Model 3

AST

Q1 307/3,730 1 (reference) 1 (reference) 1 (reference)

Q2 250/3,405 0.83 (0.70–0.98) 0.87 (0.73–1.03) 0.89 (0.76–1.06)

Q3 222/2,647 0.93 (0.79–1.11) 1.00 (0.84–1.19) 1.01 (0.85–1.20)

Q4 182/2,106 0.96 (0.80–1.16) 1.04 (0.86–1.25) 1.03 (0.86–1.24)

P for linear trend 0.835 0.511 0.575

ALT

Q1 284/3,395 1 (reference) 1 (reference) 1 (reference)

Q2 237/3,139 0.85 (0.72–1.01) 0.87 (0.73–1.03) 0.86 (0.72–1.02)

Q3 241/3,067 0.89 (0.75–1.06) 0.91 (0.76–1.08) 0.86 (0.72–1.02)

Q4 199/2,287 1.06 (0.89–1.27) 1.07 (0.89–1.29) 0.94 (0.78–1.13)

P for linear trend 0.658 0.615 0.399

GGT

Q1 227/3,574 1 (reference) 1 (reference) 1 (reference)

Q2 211/2,831 1.08 (0.89–1.30) 1.04 (0.86–1.25) 0.94 (0.78–1.14)

Q3 245/2,944 1.21 (1.01–1.45) 1.13 (0.93–1.36) 0.97 (0.80–1.17)

Q4 278/2,539 1.65 (1.38–1.98) 1.51 (1.25–1.82) 1.19 (0.98–1.44)

P for linear trend <0.001 <0.001 0.068

Atherosclerosis Risk in Communities (ARIC) study population, visit 2, 1990–1992 through December 31, 2016. AST levels (U/L): men Q1 <12, Q2 12–15, Q3 
16–21, Q4 ≥25; women Q1 <16, Q2 16–18, Q3 19–21, Q4 ≥22. ALT levels (U/L): men Q1 <18, Q2 18–21, Q3 21–25, Q4 ≥22; women Q1 <12, Q2 10–12, Q3 
13–16, Q4 ≥17. GGT levels (U/L): men Q1 <18, Q2 18–24, Q3 25–37, Q4 ≥38; women Q1 <13, Q2 13–17, Q3 18–28, Q4 ≥29. Model 1: Adjusted for age, sex, 
race-center; Model 2: Model 1+body mass index, smoking status, drinking status, education level; Model 3: Model 2+systolic blood pressure, hypertension 
medication, prevalent coronary heart disease, diabetes, high-density lipoprotein, total cholesterol, and lipids medication. Six hundred ninety-seven ARIC par-
ticipants with NAFLD defined as elevated AST or ALT, and , consuming 21 standard drinks on average per week in men or 14 standard drinks on average per 
week in women.
HR, hazard ratio; CI, confidence interval; NAFLD, non-alcoholic fatty liver disease; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gam-
ma-glutamyl transpeptidase. 



Ruban et al.  Liver Enzymes and Risk of Stroke

https://doi.org/10.5853/jos.2020.00290366 http://j-stroke.org

levels of glutamate, are required to further evaluate to which 
extent the observed association could be related to liver en-
zymes ability to increase glutamate levels.
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Supplementary materials related to this article can be found 
online at https://doi.org/10.5853/10.5853/jos.2020.00290.
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Supplementary Table 1. Characteristics of the study population by quartiles of AST level at baseline, the ARIC study, visit 2, 1990–1992

Characteristic Total AST (Q1) AST (Q2) AST (Q3) AST (Q4) P

Number 12,588 3,731 (29.6) 3,411 (27.1) 2,662 (21.1) 2,784 (22.1)

AST range (U/L)

Male <19 19–21 22–25 ≥26

Female <17 17–19 20–22 ≥23

Age (yr) 56.9±5.7 56.5±5.7 56.9±5.9 57.2±5.7 56.9±5.5 <0.001

Black (%) 24 24.2 23.5 23.2 25.2 0.287

Female (%) 56.3 54.6 59.6 53.7 56.9 <0.001

BMI (kg/m2) 28.0±5.4 28.0±5.5 27.7±5.3 27.8±5.2 28.6±5.6

Obesity (%) 29.1 28.3 26.7 28.2 34 <0.001

SBP (mm Hg) 121.2±18.5 120.2±18.7 120.6±18.0 121.6±18.2 123.0±19.0 <0.001

DBP (mm Hg) 72.1±10.2 71.1±10.2 71.6±10.1 72.6±10.1 73.5±10.3 <0.001

Hypertension (%) 39.4 38 37.4 38.1 44.9 <0.001

Antihypertensive med use (%) 32 31.3 29.9 31.3 36 <0.001

HDL-C (mg/dL) 47.0 (37.0–59.0) 46.0 (37.0–57.0) 48.0 (39.0–61.0) 47.0 (37.0–59.0) 47.0 (37.0–59.5) <0.001

LDL-C (mg/dL) 131.0 (108.8–155.4) 130.0 (108.2–155.0) 131.0 (109.6–154.2) 132.2 (109.6–157.2) 130.6 (108.0–155.6) 0.292

Triglycerides (mg/dL) 114.0 (82.0–162.0) 113.0 (82.0–159.0) 110.0 (81.0–156.0) 114.0 (81.0–164.0) 119.0 (82.0–175.0) <0.001

Total cholesterol (mg/dL) 207.0 (183.0–233.0) 204.0 (181.0–230.0) 207.0 (184.0–232.0) 208.0 (184.0–234.0) 209.0 (185.0–236.0) <0.001

Lipid lowering med use (%) 6.3 4.9 6 6.6 8.2 <0.001

Diabetes (self-report, 
 meds, FG) (%)

15.6 18.1 13.1 13.6 17.5 <0.001

Prevalent CHD (%) 5.4 6 5 5.1 5.6 0.273

Smoking status (%) <0.001

Current 21.9 28.9 22.1 18.2 15.6

Former 37.8 34.1 37.6 39.6 41.3

Never 40.3 37 40.3 42.1 43

Drinking status (%) <0.001

Current 21.9  28.9  22.1  18.2  15.6

Former  37.8  34.1   37.6  39.6  41.3

Never   40.3  370.  40.3  42.1  43.0

Values are presented as number (%), mean±standard deviation, or median (interquartile range).
 AST, aspartate aminotransferase; ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; FG, fasting glucose; CHD, coronary heart disease.
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Supplementary Table 2. Characteristics of the study population by quartiles of ALT level at baseline, the ARIC study, visit 2, 1990–1992

Characteristic Total ALT (Q1) ALT (Q2) ALT (Q3) ALT (Q4) P

Number (%) 12,588 3,404 (27.0) 3,159 (25.1) 3,108 (24.7) 2,917 (23.2)

ALT range (U/L)

Male <13 13–16 17–22 ≥23

Female <11 11–13 14–17 ≥18

Age (yr) 56.9±5.7 57.1±5.9 57.1±5.7 56.9±5.7 56.3±5.5 <0.001

Black (%) 24 26 25.1 23.3 21.3 <0.001

Female (%) 56.3 59.4 56.8 51.8 56.8 <0.001

BMI (kg/m2) 28.0±5.4 26.7±5.3 27.5±5.2 28.4±5.2 29.7±5.4 <0.001

Obesity (%) 29.1 20.1 25.5 31.4 41.2 <0.001

Estrogen (%) 25.9 27.7 27.6 23.7 24.1 <0.001

Aspirin (%) 50.6 49.1 49.5 51.5 52.7 0.012

SBP (mm Hg) 121.2±18.5 120.1±19.5 120.2±18.5 121.2±17.8 123.5±18.0 <0.001

DBP (mm Hg) 72.1±10.2 70.9±10.5 71.4±10.1 72.4±9.9 73.9±10.1 <0.001

Hypertension (%) 39.4 36.8 37.8 39.3 44.1 <0.001

Antihypertensive med use (%) 32 29.6 30.7 32.2 35.7 <0.001

HDL-C (mg/dL) 47.0 (37.0–59.0) 50.0 (40.0–62.0) 48.0 (39.0–61.0) 45.0 (37.0–57.0) 44.0 (35.0–55.0) <0.001

LDL-C (mg/dL) 131.0 (108.8–155.4) 127.6 (105.8–152.2) 131.0 (108.8–155.6) 132.0 (110.0–156.6) 133.5 (111.0–157.4) <0.001

Triglycerides (mg/dL), median 114.0 (82.0–162.0) 103.0 (76.0–144.0) 109.0 (79.0–152.0) 115.0 (83.0–167.0) 133.0 (94.5–192.0) <0.001

Total cholesterol (mg/dL), median 207.0 (183.0–233.0) 203.0 (180.0–228.0) 207.0 (184.0–231.0) 208.0 (184.0–233.0) 211.0 (187.0–238.0) <0.001

Lipid lowering med use, % 6.3 4.5 6.2 7.5 7.1 <0.001

Diabetes (self-report, meds, FG), % 15.6 11.1 12.7 16.2 23.5 <0.001

Prevalent CHD, % 5.4 5.8 5.7 5.4 4.7 0.184

Smoking status, % <0.001

Current 21.9 28.9 22.7 19.5 15.2

Former 37.8 33.7 37.5 38.4 42.3

Never 40.3 37.3 39.8 42.1 42.4

Drinking status, % 0.176

Current 57 55.9 56.2 57.9 57.9

Former 20.6 21.7 21.5 19.4 19.7

Never 22.4 22.4 22.3 22.7 22.4

AST (U/L) 20.0 (17.0–23.0) 17.0 (15.0–19.0) 19.0 (16.0–21.0) 21.0 (18.0–23.0) 25.0 (21.0–30.0) <0.001

ALT (U/L) 14.0 (11.0–19.0) 9.0 (7.0–10.0) 13.0 (12.0–14.0) 17.0 (15.0–19.0) 25.0 (21.0–31.0) <0.001

GGT (U/L) 21.0 (14.0–33.0) 16.0 (12.0–23.0) 19.0 (13.0–27.0) 23.0 (16.0–34.0) 33.0 (22.0–54.0) <0.001

Values are presented as number (%), mean±standard deviation, or median (interquartile range). The ARIC study population, visit 2, 1990–1992; end of follow-
up December 31, 2016.
ALT, alanine aminotransferase; ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; FG, fasting glucose; CHD, coronary heart disease; AST, aspartate ami-
notransferase; GGT, gamma-glutamyl transpeptidase.


