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3. Timeline: The data for this project is available. Analysis will begin after approval is
obtained and will last between 3-6 months. In the 3 months following analysis, the
manuscript will be prepared.

4. Rationale:

Recent research revealed an insulin signaling-epigenetic-genetic axis involved in
mitochondrial function regulation where insulin resistance contributed to mitochondrial
dysfunction, which then contributed to hyperglycemia (1). These findings are supported
by previous molecular research, where mitochondrial abnormalities in Irs-1 and Irs-2
knockout mice (double-knockout mice, DKO) appeared prior to hyperglycemia,
suggesting that insulin resistance disrupted mitochondrial structure and biogenesis (2).
These DKO mice exhibited upregulation of FOXO1 and subsequent electron transport
chain (ETC) deficiency and altered NAD+/NADH ratios. FOXO1 is typically inhibited
by insulin via AKT phosphorylation. Mitochondria in DKO mice hepatocytes were 50%
larger in size, and fewer in number compared to wild-type mice, demonstrating disruption
in mitofusin-1 and related genes that control mitochondrial fission and fusion.
Mitochondrial biogenesis, fission, and fusion serve as indicators of cell stress levels and
insulin resistance (3-6). Insulin stimulates mitochondrial biogenesis and fission through
AKT signaling, and lipogenesis and glucose uptake through PI3K signaling (7-8). Large
but few mitochondria have also been observed in db/db (leptin-deficient and insulin
resistant) and ob/ob (hyperphagic) mice (2).

Mitochondrial dysfunction can be examined through metabolite levels, such as
long chain acyl-CoAs or lactate, or by measuring mitochondria content in cells.
Mitochondrial DNA copy number is a measure of the amount of mitochondrial DNA
present relative to nuclear DNA, and represents mitochondrial oxidative capacity (9).
Indeed, we and others have shown that mitochondrial DNA copy number decreases with
age, typically after 50 years, and is thought to be associated with age-related insulin
resistance seen among otherwise healthy elderly (9,11).

ARIC researchers have previously explored the relationship between lactate, an
indirect marker of oxidative capacity, and hypertension (11-12), inflammation (13), type
2 diabetes (14-15), cardiovascular disease (16-17), among others. When the mitochondria
dysfunctions, the progress of glucose metabolism from anaerobic glycolysis to the TCA
cycle to the ETC and oxidative phosphorylation is halted after glycolysis. As substrate
phosphorylation continues without intermediates leading into the TCA cycle, pyruvate is
converted to lactate instead. Accumulation of lactate at rest serves as a marker of the
energy process being utilized at the cellular level. Often used in exercise science, lactate
during exercise accumulates because the metabolic demand exceeds the body’s aerobic
threshold. With the same logic, elevated lactate at rest indicates a mismatch between the
body’s oxidative capacity and energy needs. In a cross-sectional analysis, obese
individuals exhibited elevated resting blood lactate levels compared to lean controls, and
obese participants with hypertension, hyperglycemia, and/or dyslipidemia presented with
even higher levels (11). A study published in June 2015 comparing mitochondrial DNA
copy number in 32 obese participants to 8 lean controls found that not only did obese
individuals have significantly lower mitochondrial DNA copy number compared to lean
controls, but insulin resistant individuals exhibited lower mitochondrial DNA copy



numbers compared to insulin sensitive persons, independent of hyperglycemia or
dyslipidemia (1). These data provides evidence in humans of temporality where insulin
resistance precedes mitochondrial function, all prior to development of glucose
intolerance, where previous data was available in in vitro samples and mice studies (2, 6-
7). However, the strength of the evidence from Zheng et al is limited by small sample
size (n=40), cross-sectional analysis, and the young age of the individuals (28.1 + 4.5
years in lean controls and 49.5 + 2.4 years in obese participants).

The next steps are to explore the molecular link between insulin resistance,
mitochondrial dysfunction, and type 2 diabetes in a larger, longitudinal sample such as
ARIC. We will examine the association between mitochondrial DNA copy number,
measured at visit 2, with incident type 2 diabetes during follow-up. Additionally, we will
explore the association of mitochondrial DNA copy number with hemoglobin A;c,
prediabetic status, and plasma lactate at rest.

5.  Main Hypothesis/Study Questions:

Primary study question:

1. Is mitochondrial DNA copy number (continuous, quintiles) at visit 2 associated
with an increased risk of incident type 2 diabetes (between visits 2 and 5, after
visit 5), adjusting for demographic factors, cardiovascular risk factors, and
metabolic factors?

Hypothesis: Lower mitochondrial DNA copy number variation at visit 2 will be
associated with increased risk of type 2 diabetes after visit 2.

Secondary study questions:

2. Is mitochondrial DNA copy number (continuous, quintiles) at visit 2 associated
with alternative measures of glycemic control, such as hemoglobin Aic
(continuous), measured between visits 2 and 5 after adjusting for potential
confounders?

Hypothesis: Lower mitochondrial DNA copy number variation at visit 2 will be
associated with higher hemoglobin A;c levels as measured at the most recent visit.

3. Is mitochondrial DNA copy number (continuous, quintiles) at visit 2 associated
with plasma lactate levels at rest at visit 4, after adjusting for demographic
factors, cardiovascular risk factors, and metabolic factors?

Hypothesis: Lower mitochondrial DNA copy number variation at visit 2, a marker of
impaired mitochondrial function and therefore oxidative capacity, will be associated
with elevated plasma lactate at rest at visit 4, an indirect measure of oxidative
capacity.



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).

Inclusion Criteria:

All ARIC participants with mitochondrial DNA copy number data at visit 2
(n=9,123) and lactate data at visit 4 who self-identify as black or white, and do
not meet any of the exclusion criteria.

Exclusion Criteria:

Small number of self-identified blacks at Minnesota and Maryland centers
Individuals reporting use of metformin within 4 weeks of visit 4. Metformin
elevates plasma lactate levels, and may affect mitochondrial DNA copy number
Individuals with prevalent diabetes at visit 2, defined as fasting glucose >126
mg/dL, a nonfasting glucose > 200 mg/dL, use of glucose-lowering medication,
hemoglobin A;c >6.5% or self-reported physician diagnosis.

EXxposure:
Visit 1 Visit 2 Visit 3 Visit 4
White 367 7,201 1,395 32
Black 117 1,922 398 35
Total 484 9,123 1,793 67

Ashar et al J Mol Med 2015 93:177-186. Supplementary material, Table S3.

DNA was isolated whole blood samples using Gentra Puregene Blood Kit
(Qiagen) and 13,444 samples were genotyped on Affymetrix Genome-Wide
Human SNP Array 6.0. Mitochondrial DNA copy number was analyzed in 13,444
of the total 15,792 ARIC participant samples due to availability of array
genotyping data. An additional 1,977 samples were then excluded from analysis
for various reasons including sample quality and lack of self-identified race as
black or white (18). Differences in included and excluded participants is available
in the Ashar et. Al. 2013 paper in supplementary table 2. Using Birdseed (version
2) and Affymetrix Power Tools software, genotypes were called for each sample,
and probe intensities for both A and B alleles at each of the 119 mitochondrial
SNPs were collected. Probe intensity for A allele was considered the true signal,
and for B allele, background noise. For each of the 119 SNPs measured, the
median absolute difference (JA-B|) between the allele probe intensities was used
as a measure of the mitochondrial DNA copy number for each participant sample.
Researchers also generated principal components (PCs) on probe intensities for A
and B alleles in a random subset of 10,000 autosomal SNPs, using the PCs to
correct for technical artifacts and population substructure. The mitochondrial



DNA copy number was then able to be adjusted for the first 20 PCs, age, sex, and
collection site with a linear model (9).

Outcomes:

1. Incident diabetes cases ascertained between visits 2 and 5 at visit
examinations and defined as: fasting glucose >126 mg/dL, a non-fasting
glucose > 200 mg/dL, use of glucose-lowering medication, hemoglobin A1C
> 6.5% or self-reported physician diagnosis. Incident diabetes cases
ascertained during annual telephone calls in-between visits 2 and 5, and after
visit 5 (self-report). Participants are considered having diabetes on the date
they respond “yes” to glucose-lowering medication use or the following
questions: “Has a doctor ever said you have diabetes or sugar in the blood?”
(2006 — February 7, 2008) or “Since we last contacted you has a doctor said
you have diabetes or sugar in the blood?” (After February 7, 2008).

2. Hemoglobin A;c assessed after visit 2 (most recent value) will be evaluated on
a continuous scale and nonlinearity will be explored using linear splines with
knots at clinical cut-offs: <5.7%, 5.7-6.4%, and >6.5% in those without
diagnosed diabetes, and <7.0% and >7.0% in those with diagnosed diabetes.

3. Diabetes status after visit 2 will be classified as normoglycemic (fasting
glucose < 100 mg/dL), pre-diabetic (fasting glucose 100-125 mg/dL), or
diabetes incident case meeting definition above (diagnosis or self-report).

4. Plasma samples collected during visit 4 (1996-1998), frozen at -70°C. Lactate
measured in 2011 on Roche Hitachi 911 Auto-Analyzer (Roche Diagnostics,
Indianapolis, Indiana). Lactate will be evaluated as a continuous log10
transformed variable and categorically using quartiles.

Other variables of interest and covariates:

Demographics (baseline: visit 1)
Age (continuous), gender (dichotomous, male or female), education level (dichotomous,
greater or less than high school), race (dichotomous, black or white), field center

Cardiovascular Risk Factors (as of visit 2)

Hypertension history (dichotomous, average SBP > 140 or DBP > 40, or antihypertensive
medication use), heart rate (continuous), dyslipidemia history (dichotomous, diagnosis or
lipid-lowering medication use), triglycerides (log10 transformed, continuous), LDL
cholesterol (continuous), HDL cholesterol (continuous), family history of heart disease
(dichotomous)

Metabolic Factors (as of visit 2)

C-reactive protein (continuous), diuretic use (dichotomous), fasting insulin (continuous,
log10 transformed), homeostatic model assessment of insulin resistance (HOMA-IR,
continuous, categorical), family history of diabetes (dichotomous), history of chronic
lung disease (dichotomous), smoking status (current, former, never), alcohol status



(current, former, never), estimated glomerular filtration rate (eGFR) using CKD-EPI
creatinine equation (continuous)(19)

Body mass index (continuous, categorical), body weight (continuous), and waist
circumference (continuous, dichotomous) data will be used from both visit 2 and the most
recent value, to calculate changes in body mass and central adiposity.

Prevalent Disease (as of visit 2)

Individuals who present at visit 2 with history of heart disease, including myocardial
infarction, congestive heart failure diagnosis, or stroke, as well as those with a history of
end stage renal disease, will be included in primary analyses. For sensitivity analyses,
individuals with these prevalent conditions will be excluded to evaluate the robustness of
the results.

Coronary heart disease: evidence of previous myocardial infarction by electrocardiogram
at visit 1, history of physician-diagnosed myocardial infarction, and/or previous coronary
revascularization procedure

Stroke: definite or probable cases as sudden or rapid onset of neurologic symptoms that
lasted for 24 hours (surveillance)

End stage renal disease: history of hospitalization with ICD code for kidney transplant,
dialysis, or procedure indicating dialysis

Congestive heart failure: current intake of heart failure medication (self-report), evidence
of manifest heart failure by Gothenburg criteria stage 3, which requires specific cardiac
and pulmonary symptoms and medical treatment of heart failure to be present, heart
failure hospitalization (surveillance)

Statistical Analysis Plan:
1. Mitochondrial DNA copy number and incident type 2 diabetes

A. Cox proportional hazard models will be used to estimate hazard ratios of
incident type 2 diabetes by quintiles of mitochondrial DNA copy number.
Define follow-up time as visit 2, when mitochondrial DNA copy number was
measured, to the first report of incident diabetes. Individuals free of type 2
diabetes diagnosis at the date of the last telephone follow-up response will be
administratively censored. We will explore non-linearity using linear splines.

B. Compare demographic, cardiovascular, and metabolic characteristics by
mitochondrial DNA copy number (explore both continuous and quintiles) and
incident type 2 diabetes using y* tests, t tests, and ANOVA as applicable.

2. Mitochondrial DNA copy number and hemoglobin A1C



A. Multivariable regression with mitochondrial DNA copy number, the
independent variable, and hemoglobin A1C, the dependent variable, as
continuous. We will explore the linearity of the relationship, and explore
evaluating mitochondrial DNA copy number in quintiles, using cut-off points
and/or median quintile values as knots for linear splines in analysis.

3. Mitochondrial DNA copy number and diabetes status (normoglycemic, pre-
diabetic, diabetic)
A. Multinomial logistic regression will be used to estimate relative odds of
diabetes status (pre-diabetic versus normoglycemic, diabetic versus
normoglycemic) by mitochondrial DNA copy number (continuous, quintiles).

4. Mitochondrial DNA copy number and plasma lactate
A. Multivariable regression with mitochondrial DNA copy number and plasma
lactate both treated continuously, as well as in quintiles (mitochondrial DNA
copy number) and quartiles (plasma lactate). Linear splines will be explored
using knots at cutoff points and median quartile/quintile values.

Potential regression models:

Model 1: demographic variables (above)

Model 2: Model 1 + cardiovascular risk factors (above)
Model 3: Model 2 + metabolic variables (above)

Limitations:

The observational nature of the ARIC study means residual confounding remains a
possibility. Additionally, we assume that mitochondrial DNA copy number as measured
here (derived from GWAS microarray data from peripheral blood) is an adequate proxy
for mitochondrial function in muscle cells, an important site in the body with regards to
insulin sensitivity and resistance. Our survival model is limited by one measurement of
mitochondrial DNA copy number at visit 2, where the majority of participants had data
values for this measure. Singular measurements of exposure and outcome at different
visits present the problem of discordant timing, attempting to evaluate the association
between different measurements at different times, without sufficient data for
longitudinal analysis through repeat measures.
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