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Abstract

Aim—To investigate the genetic influence of circulating lactate level, a marker of oxidative
capacity associated with diabetes.

Methods—We conducted a genome-wide association study of log-transformed plasma lactate
levels in 6901 European-American participants in the Atherosclerosis Risk in Communities study.
For regions that achieved genome-wide significance in European-American participants, we
conducted candidate region analysis in African-American subjects and tested for interaction
between metformin use and the index single nucleotide polymorphisms for plasma lactate in
European-American subjects.

Results—The genome-wide association study in European-American subjects identified two
genome-wide significant loci, GCKR (rs1260326, T allele $=0.08; P=1.8x10747) and PPP1R3B/
LOC157273(rs9987289, A allele p=0.06; P=1.6x109). The index single nucleotide
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polymorphisms in these two loci explain 3.3% of the variance in log-transformed plasma lactate
levels among the European-American subjects. In the African-American subjects, based on a
region-significant threshold, the index single nucleotide polymorphism at GCKR was associated
with plasma lactate but that at PPPIR3B/L. OC157273 was not. Metformin use appeared to
strengthen the association between the index single nucleotide polymorphism at PPP1R3B/
LOC157273and plasma lactate in European-American subjects (P for interaction=0.01).

Conclusions—We identified GCKR and PPP1R3B/LOC157273 as two genome-wide
significant loci of plasma lactate. Both loci are associated with other diabetes-related phenotypes.
These findings increase our understanding of the genetic control of lactate metabolism.

Introduction

Lactate is the end product of anaerobic glycolysis and is used clinically to indicate extreme
states of decreased oxygen availability during vigorous exercise, hypoxia and ischaemia
[1:2]. Blood lactate is associated with obesity, Type 2 diabetes and cardiovascular outcomes
[377], suggesting that milder forms of decreased oxidative capacity occur in these
conditions. Lactate is affected by other processes such as gluconeogenesis, for which lactate
is a key substrate [2]. The discovery of genetic variants associated with plasma lactate may
therefore inform our understanding of the sources of population variation in lactate and the
biological mechanisms underlying its association with obesity and Type 2 diabetes.

Metformin is one of the most widely prescribed diabetes medications [8]. One of the rare
adverse effects of metformin is severely elevated lactate levels [9]. Genetic association with
plasma lactate as modified by metformin use may inform the biological mechanism
underlying metformin's effect on plasma lactate levels.

We conducted a genome-wide association study of plasma lactate in European-American
participants in the Atherosclerosis Risk in Communities (ARIC) study [10]. For the region
with single nucleotide polymorphisms (SNPs) achieving genome-wide significance among
European-American subjects, we conducted a candidate region analysis in African-
American subjects, accounting for the potential difference in linkage disequilibrium between
European-American subjects and African-American subjects. In addition, given that
metformin is known to influence blood lactate levels [11], we tested for the interaction
between metformin use and the index SNPs of the genome-wide association study (GWAS)
loci for plasma lactate in European-American subjects.

Subjects and methods

Study population

The ARIC study is a prospective community-based cohort study [10]. Plasma lactate was
measured at visit 4 of this study, 1996-1998. A total of 6901 European-American subjects
and 1671 African-American subjects were included in the genetic association analysis.
Subjects without measures of lactate, SNP data passing quality control, fasting blood sample
or covariate data, those who took biguanides or thiazolidinediones, and those with lactate
measures outside of three standard deviation units were excluded. Details are given in Table
S1.
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Plasma lactate measures and other variables

Plasma lactate was measured by quantifying the conversion of lactate to pyruvate using the
Roche Hitachi 911 Auto-Analyzer (Roche Diagnostics, Indianapolis, IN, USA) [3]. Diabetes
mellitus was defined as a fasting glucose level of at least 126 mg/dl, a hon-fasting glucose
level of at least 200 mg/dl, use of diabetes medication, or a self-reported physician diagnosis
of diabetes. Diabetes medication use was based on the inspection of medication bottles.
Measures of other variables (prevalent coronary heart disease, heart failure, HDL
cholesterol, triglycerides, fasting glucose, smoking status and alcohol consumption) were
also based on a standardized protocol and have been reported previously [5].

Genetic association analysis methods

Genotyping of SNPs was performed using the Affymetrix 6.0 microarray. Details of
genotype quality control and the generation of genetic principal components have been
reported previously [12]. Over 38 million SNPs were imputed based on 1000 Genomes
Phase I Intergrated Release Version 3 reference panels. Genotype imputation was performed
using IMPUTEZ [13] after using ShapelT (v1.r532) [14] for haplotype phasing. The criteria for
SNPs included in imputation are: Hardy—Weinberg equilibrium Pvalue >1e-5; SNP
missingness <5%; and minor allele frequency >0.5% for European-American subjects and
>1% for African-American subjects. This resulted in 711,589 SNPs used for imputation in
European-American subjects and 806,416 in African-American subjects.

The association between natural log-transformed lactate and imputed SNP dosage was
evaluated using linear regression adjusting for age, sex, study centre, BMI, waist
circumference, and statistically significant principal components (principal components 1, 2,
3, and 5 in European-American subjects, and none was significant in African-American
subjects). The genetic effect of each SNP was assumed to be additive. The genome-wide
significance threshold was set at 5x1078. For the genome-wide significant loci in European-
American subjects, we performed analyses controlling for the index SNP to detect evidence
for additional independent associations. In addition, for the index SNP at the genome-wide
significant loci in European-American subjects, we performed inverse variance weighted
fixed effect meta-analysis using MeTaL to combine the results from European-American and
African-American subjects [15].

As allelic heterogeneity and differences in linkage disequilibrium pattern between European-
American and African-American populations may give rise to different tag SNPs in an
associated region, we evaluated the association of each genome-wide significant locus
identified in European-American participants in the ARIC study in African-American
participants using a candidate region approach based on a set of criteria similar to those
developed by Liu et a/. [16]. The significance threshold for candidate region association was
set as 0.05 divided by the number of independent SNPs in the region. A region was defined
as 500 kb or between the recombination hotspot on each side of the index SNP in the GWAS
of European-American subjects, whichever was closer. The number of independent SNPs
was estimated using pLINK [17] based on a variance inflation factor <2 with a window size of
50 SNPs and shift by five SNPs. We also conducted a post hoc power analysis for this
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candidate region approach based on the effect size of the index SNP in the GWAS of
European-American subjects.

Plasma lactate is associated with prevalent and incident diabetes [3:4:18]. To gain insight
into the relationship between lactate and diabetes-related loci, we interrogated the GWAS
results of plasma lactate for index SNPs associated with diabetes-related traits (2-h glucose,
fasting glucose and insulin) in the Catalog of Published Genome-wide Association Studies
[19].

Interaction between metformin and index SNPs at GCKR and PPP1R3B/LOC157273

Given that both GCKR and PPP1R3B have important roles in hepatic glucose metabolism,
which is also metformin's site of action [11:20722], the index SNPs at GCKR @4 pppiR38
and metformin may have synergistic effects on lactate levels; therefore, we tested for
interaction between metformin use and the index SNPs at GCKR and PPPIR3B/LOC157273
for natural log-transformed plasma lactate levels in European-American subjects. Model 1
adjusted for age, sex and study centre. Model 2 further adjusted for other variables that are
associated with plasma lactate or may be potential confounders: BMI, waist circumference,
smoking status, alcohol consumption, prevalent coronary heart disease, prevalent heart
failure, estimated GFR, natural log-transformed fasting glucose, insulin, triglycerides, HDL
cholesterol and other diabetes medications (insulin, sulphonylureas, thiazolidinediones)
[5:7:23]. Subjects who were excluded from the GWAS analysis because of use of biguanides
or thiazolidinediones, or plasma lactate outside of three standard deviations were included in
this analysis. The sample for this analysis was 6726 European-American subjects, with data
for plasma lactate and all covariates. The GWAS of lactate in European-American subjects
was performed using sneTesT (V2) [24]. All other analyses were conducted using R software.

Results

Study population characteristics

The median plasma lactate level in the European-American subjects included in the genome-
wide association analysis was 6.4 mg/dl, their mean age was 63 years and 11% of them had
diabetes. For the African-American subjects, the median lactate level was 7.3 mg/dl, the
mean age was 62 years, and 20% had diabetes (Table S2).

Genome-wide significant loci in European-American subjects and candidate region
association in African-American subjects

In the GWAS of the European-American subjects, SNPs in two loci attained genome-wide
significance (rs1260326 at GCKR on chromosome 2, T allele $=0.08; P=1.8x10747;
rs9987289 at PPPR1B/L.OC157273 on chromosome 8, A allele p=0.06; P=1.6x10"%; Table
1). Conditional association analysis of all SNPs at these two regions controlling for the
respective index SNP did not identify additional genome-wide significant SNPs, suggesting
the absence of multiple independent genetic associations. Figure 1 shows the plot of —
log10(Pvalue) by genomic position. Figures 2a and b show the regional association plots at
GCKR and PPPR1B/L.OC157273, respectively. In the meta-analysis of the index SNPs at
GCKRand PPPR1B/L.OC157273 combining the results from European-American and
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African-American subjects, the association of rs1260326 at GCKR was strengthened with
no observed heterogeneity between the two populations (T allele $=0.08, P=4.3x10752,
12=0), while the association of rs9987289 at PPPR1B/L.OC157273 was weakened with
substantial heterogeneity (A allele p=0.05; P=1.6x10~7, 12=89).

In African-American subjects, rs1260326 at GCKR was also associated with plasma lactate
with an effect size similar to that seen among European-American subjects (T allele p=0.08,
P=2.3x1075, Table S3) based on the region-specific significance threshold (1.9x1073). At the
PPP1R3B/LOC157273ocus, none of the SNPs had a P value less than the region-specific
threshold (6.3%1074). Using the region-specific significance thresholds as the « levels, the
post hoc power analysis showed that the sample size of African-American subjects in the
ARIC study had >99% power to identify an association similar to rs1260326 at the GCKR
locus, which explains 2.8% of phenotypic variance, and had only 29% power to identify an
association similar to rs9987289 at the PPPR1B/L. OC157273locus, which explains only
0.5% of phenotypic variance.

From the Catalog of Published Genome-wide Association Studies [19], we retrieved 67
index SNPs with genome-wide significant association with diabetes-related traits. Besides
the index SNPs at the GCKR and PPPR1B/L.OC157273oci, all other SNPs had A<1x1076
in the GWAS of plasma lactate in European-American subjects (Table S4).

Interaction between metformin use and index SNPs at GCKR and PPP1R3B/LOC157273
in European-American subjects

At GCKR, the association between the T allele of rs1260326 and plasma lactate did not
differ significantly by metformin use among those with diabetes (model 2, diabetes with
metformin use: f= —0.01, P=0.90; diabetes without metformin use: $=0.09, P=1.1x10~7; P
for interaction 0.32). At the PPPIR3B/ L OC157273locus, the A allele of rs9987289 was
associated with significantly higher lactate levels in those with diabetes taking metformin
(B=0.25, P=0.01) compared with those with diabetes not taking metformin (3=0.06, P=0.02,
Pfor interaction=0.02; Table 2).

Among participants without diabetes and metformin use, the association of the index SNPs
at GCKRand PPP1R3B/ LOC157273 with plasma lactate remained strong after adjusting
for fasting glucose and insulin and other covariates in model 2 (rs1260326 T allele, =0.07,
P=6.9x10736; rs9987289 A allele, f=0.05, P=5.0x1077).

Discussion

Summary of findings

Among European-American subjects in the ARIC study, we identified two loci associated
with plasma lactate levels, GCKR and PPP1R3B/LOC157273. The index SNP at GCKR was
also associated with lactate among African-American subjects. In addition, among
European-American subjects with diabetes, metformin use strengthened the association
between the index SNP at PPPIR3B/LOC157273 and plasma lactate levels.
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Results in the context of the literature

GCKR—At GCKR, the index SNP (rs1260326; C>T) encodes an amino acid change
from proline to leucine (P446L) in the glucokinase regulator protein (GKRP). This variant is
associated with lower fasting glucose and insulin levels [25:26] and lower risk for diabetes
[27]. In the present study, the T allele was associated with higher lactate levels. GKRP binds
to glucokinase (GCK) and inhibits its activities. GCK is a rate-limiting enzyme in hepatic
glucose uptake and glycogen storage, and is a negative modifier of hepatic gluconeogenesis.
GKRP with the T allele at rs1260326 shows reduced binding to GCK, thereby increasing
GCK activity in the liver, promoting hepatic glucose uptake and lowering blood glucose
[21:28]. These effects could also increase blood lactate. In carriers of the T allele, the rate of
gluconeogenesis may be lower; therefore, lactate utilization will also be lower, as it is an
important substrate for gluconeogenesis. Essentially, the GCKR polymorphism might
influence Cori cycle kinetics, resulting in different glucose and lactate concentrations at
steady state. As a result, the T allele at rs1260326 is associated with lower glucose and
reduced risk of incident diabetes but higher lactate levels. Notably, higher blood lactate
levels are associated with a higher risk of incident diabetes [4:18]; therefore, the positive
association between lactate and incident diabetes probably reflects mechanisms independent
of the GCKR pathway.

PPP1R3B/LOC157273—At the PPP1R3B/LOC157273region, the minor allele (A) of
rs4841132 is associated with higher fasting glucose and insulin levels in previous GWAS
[29]. In the present study, the A allele at rs4841132 was associated with higher lactate levels
(B=0.06, P=1.6x1079) and was in high linkage disequilibrium with rs9987289, the index
SNP at the PPPIR3B/LOC157273(D’=1 and r?=1 based on 1000 Genomes Pilot 1 data)
[30]. The minor allele at rs9987289 was associated with higher lactate, and this association
was strengthened in individuals taking metformin. PPP1R3B encodes the regulatory subunit
3b of protein phosphatase 1 (PP1) and is highly expressed in both skeletal muscle and the
liver [31]. rs9987289 is associated with expression levels of PPPIR3B in a large gene
expression study of human liver tissue [32]- PPPIR3B suppresses deactivation of glycogen
phosphorylase and enhances activation of glycogen synthase in the liver [33]. If the causal
variant or variants underlying this association decrease glycogen production, then some
portion of the glucose destined for glycogen may instead end as lactate via glycolysis.

Of the index SNPs in loci of diabetes-related traits in the Catalog of Published Genome-
wide Association Studies, only the index SNPs at GCKR and PPPIR3B/LOC157273
reached genome-wide significance in the GWAS of plasma lactate in European-American
subjects, and all other index SNPs had modest to negligible association with plasma lactate.
We speculate that the strong association of the index variants at GCKR and PPP1R3B/
LOC157273with plasma lactate is a consequence of the involvement of the underlying
causal variants in hepatic gluconeogenesis, which is a major determinant of plasma lactate
levels, while the causal variants of the other diabetes-related loci are functional in other
tissues or pathways and therefore had much weaker or little association with plasma lactate
levels. For example, GCK is important in glucose metabolism in both $-cells and
hepatocytes, and the index variant of GCK (rs4607517) in the GWASs of glycaemic traits is
in high linkage disequilibrium with a variant in the $-cell-specific promoter of GCK and not
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variants in the hepatocyte-specific promoter [34]. This could explain why rs4607517 had
little association with plasma lactate in our analysis (P=0.41). The strong associations of the
index SNPs at GCKR and PPP1R3B/ L OC157273 with plasma lactate among European-
American subjects without diabetes, after adjusting for fasting insulin, also supports the
hypothesis that the genetic association of plasma lactate at these two loci are not mediated
by insulin resistance or -cell function.

Interaction between metformin and lactate-associated variants—Metformin
decreases the uptake of lactate as a substrate of hepatic gluconeogenesis and thus increases
lactate levels [35]. There was no interaction between the index SNP at GCKR and
metformin with regard to lactate levels. As the index SNP at GCKR and metformin are both
associated with higher lactate through decreased gluconeogenesis, at least in part, this lack
of interaction suggests that the effect of these factors is not multiplicative. In contrast,
PPPIR3B/LOC157273was associated with higher lactate among subjects with diabetes
taking metformin than among those not taking metformin. The causal variant(s) at
PPP1R3B/LOC157273 may be associated with increased conversion of glucose to lactate
because the conversion of glucose to glycogen is decreased; therefore, among those taking
metformin, excess lactate produced cannot be converted back to glucose via gluconeogenesis
because metformin decreases the rate of gluconeogenesis. In addition to inhibiting
gluconeogenesis, metformin also lowers glucose levels by suppressing glucagon signalling,
which mediates the conversion of glycogen to glucose [35], while PPPIR3B is involved in
the pathway of glycogen synthesis from glucose [31]. If decreased glycogenolysis
attributable to metformin leads to a response that reduces glycogen synthesis, then the
synergistic effect between metformin and the lactate-increasing variant near PPP1R3B is
biologically plausible. This is the first genome-wide association study of plasma lactate in a
population-based cohort that includes subjects of both European and African origin. The
sample size of African-American subjects in the ARIC study had enough power to identify
genetic association of moderate effect sizes, such as the association at GCKR, and had low
power to identify genetic association of small effect size, such as the association at
PPPIR3B/LOC157273, which also had substantial allelic heterogeneity between European-
American and African-American subjects. The present findings have not been replicated in
other European-American populations; however, our findings have high biological
plausibility, because the genes are associated with glucose homeostasis and share common
pathways with lactate metabolism.

In conclusion, GCKR and PPPIR3B/LOC157273 are two genome-wide significant loci with
variants influencing plasma lactate among European-American subjects. The index SNP at
GCKR was also associated with lactate among African-American subjects. SNPs in both
regions are associated with other quantitative phenotypes related to diabetes. In addition,
metformin modified the effect of the index variant at PPPIR3B/LOC157273 on plasma
lactate levels. These findings further our understanding of lactate metabolism and
mechanisms through which metformin increases lactate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What's new?

. We report the first genome-wide association study of plasma lactate levels
in individuals with European ancestry and the identification of GCKRand
PPP1R3B as genome-wide significant loci of lactate levels. The association
at GCKR was also significant in individuals of African ancestry at the gene
level.

. We also identified a significant interaction between metformin and the
index single nucleotide polymorphism at PPP1R3B on lactate levels.

. Our findings add to our knowledge on the mechanism of metformin and
lactate metabolism.
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Plot of —log10(P-Value) by genomic position from the genome-wide association study of

plasma lactate levels
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