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Purrose. We previously demonstrated an association between European mitochondrial
haplogroups and proliferative diabetic retinopathy (PDR). The purpose of this study was to
determine how the relationship between these haplogroups and both diabetes duration and
hyperglycemia, two major risk factors for diabetic retinopathy (DR), affect PDR prevalence.

MEetHops. Our population consisted of patients with type 2 diabetes with (n = 377) and
without (7 = 480) DR. A Kruskal-Wallis test was used to compare diabetes duration and
hemoglobin Alc (HbA;.) among mitochondrial haplogroups. Logistic regressions were
performed to investigate diabetes duration and HbA . as risk factors for PDR in the context of
European mitochondrial haplogroups.

Resurts. Neither diabetes duration nor HbA,. differed among mitochondrial haplogroups.
Among DR patients from haplogroup H, longer diabetes duration and increasing HbA . were
significant risk factors for PDR (P = 0.0001 and P = 0.011, respectively). Neither diabetes
duration nor HbA . was a significant risk factor for PDR in DR patients from haplogroup UK.

Concrusions. European mitochondrial haplogroups modify the effects of diabetes duration and
HbA, . on PDR risk in patients with type 2 diabetes. In our patient population, longer diabetes
duration and higher HbA,. increased PDR risk in patients from haplogroup H, but did not
affect PDR risk in patients from haplogroup UK. This relationship has not been previously
demonstrated and may explain, in part, why some patients with nonproliferative DR develop
PDR and others do not, despite similar diabetes duration and glycemic control.

Keywords: diabetic retinopathy, mitochondria, genetics, proliferative diabetic retinopathy;,
mitochondrial haplogroup, HbA .

Diabetic retinopathy (DR), a common complication of both
type 1 and type 2 diabetes, is a leading cause of visual
impairment in working-age adults worldwide.! Approximately
35% of patients with diabetes will develop retinopathy, and of
these, 20% will progress to the more severe proliferative
diabetic retinopathy (PDR).? Early-stage DR, termed nonproli-
ferative diabetic retinopathy (NPDR), is marked by retinal
microaneurysms, blot hemorrhages, cotton wool spots, venous
beading, and intraretinal microvascular abnormalities. Neovas-
cularization of the retina or iris characterizes PDR. With the
rising prevalence of diabetes,’ the incidence of DR is expected

to increase markedly.

The strongest established risk factors for DR are diabetes
duration and poor glycemic control, which is evaluated by
plasma glycated hemoglobin (HbA;.) levels.>* Factors affecting
risk for PDR are less clear, but evidence indicates that diabetes
duration and glycemic control, particularly early in the course
of diabetes, may also play a role in PDR risk.*> However,
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despite adequate glycemic control, a number of patients with
NPDR do progress to PDR,® and conversely, not all patients
with poor glycemic control will develop PDR regardless of
diabetes duration.? Such clinical heterogeneity makes it difficult
for clinicians to predict which patients will go on to develop
PDR.

Mitochondrial haplogroups, defined by combinations of
mitochondrial DNA (mtDNA) single nucleotide variants, are
formed via the sequential accumulation of mutations through
the maternal lineage. These haplogroups represent the major
branch points in the phylogeny of mtDNA and are associated
with continental ancestries. We previously identified an
association between European mitochondrial haplogroups
and DR severity.” Among patients with either type 1 or type
2 diabetes, we have demonstrated that those from haplogroup
H are at increased risk for PDR, while patients from haplogroup
UK are at decreased risk for PDR.” Furthermore, we have
determined that, although mitochondrial haplogroups H and

6481

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


https://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Mitochondrial Haplogroups Modify PDR Risk Factors

UK are associated with DR severity, they are not associated
with the presence of DR,® suggesting mitochondrial hap-
logroups may impact ischemia and neovascularization, the
hallmarks of PDR.

Building upon our previous work, we identified and
genotyped additional patients, expanding our cohort of DR
cases and controls for the current study. While our previous
studies have included patients with either type 1 or type 2
diabetes,”® the current study focused on patients with type 2
diabetes because the effect of mitochondrial haplogroups on
DR severity was stronger in these patients.” Here, we
investigated the relationship between mitochondrial hap-
logroups and both diabetes duration and HbA,. to determine
how this relationship influences PDR prevalence. Differences
in diabetes duration and HbA,. levels among the haplogroups
could underlie the observed association, such that patients
from haplogroup H had longer diabetes duration and/or higher
HbA,., thereby increasing their risk for PDR. Alternatively,
diabetes duration and HbA,. levels may not differ among the
haplogroups, but the effect of these risk factors may be of
greater consequence in patients from haplogroup H. We tested
these hypotheses to characterize the relationship between
European mitochondrial haplogroups and both diabetes
duration and HbA,;. on PDR risk in patients with type 2
diabetes.

METHODS

Ethics Statement

The clinical case-control study was approved by the Vanderbilt
University Human Research Protection Program. Research
adhered to the tenets of the Declaration of Helsinki and was
conducted in accordance with Health Insurance Portability and
Accountability Act regulations. Written informed consent was
obtained from all participants enrolled at the Vanderbilt Eye
Institute (VED. Additionally, we accessed data from BioVU, the
Vanderbilt University Medical Center biobank, which contains
DNA samples linked to de-identified electronic medical records
(EMRs). Before study initiation, all BioVU projects are reviewed
by the Vanderbilt University Human Research Protection
Program and are classified as nonhuman subjects research.

VEI Patients

From the retina clinic of the VEI, we previously recruited
Caucasian patients (age > 18 years) who had been diagnosed
with type 2 diabetes by their primary care physician or
endocrinologist and were taking at least one diabetes
medication.””® All patients were evaluated for presence of DR
via a comprehensive dilated ophthalmologic examination by a
fellowship-trained retina specialist. Patients with type 2
diabetes and no evidence of DR were classified as diabetic
controls (7= 81), and those with evidence of DR (7 = 64) were
graded on severity, either NPDR or PDR, as previously
described.”® Briefly, NPDR was determined by presence of
blot hemorrhages, microaneurysms, cotton wool spots, or
intraretinal microvascular abnormalities, as well as the absence
of signs or history of retinal neovascularization. Diagnosis of
PDR was based on presence of iris or retinal neovasculariza-
tion, or evidence of laser photocoagulation treatment for PDR.

At the time of study enrollment, VEI patients underwent
venipuncture to provide a blood sample. Using a 21- or 23-
gauge butterfly needle, approximately 3 mL blood was drawn
from each study participant and immediately transferred to a 4-
mL K, EDTA blood collection tube. These blood samples were
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delivered to the Vanderbilt Technologies for Advanced
Genetics (VANTAGE) Center for DNA isolation and storage.

BioVU Patients

The Vanderbilt University Medical Center biorepository, Bio-
VU, contains more than 200,000 DNA samples extracted from
blood remaining after routine clinical testing. These DNA
samples are linked to a de-identified version of the EMR called
the Synthetic Derivative (SD).° In BioVU, we previously
identified a cohort of diabetic patients with DR and a diabetic
control group consisting of patients with diabetes and no
evidence of DR.® Briefly, we identified all Caucasian individuals
with existing genome-wide variant data whose records
contained International Classification of Diseases-9 (ICD-9)
codes for type 2 diabetes (250.00, 250.02, 250.50, or 250.52)
with and without DR ICD-9 codes (362.0-362.07), as well as
Current Procedural Terminology (CPT) codes for ophthalmol-
ogy exams (92004 or 92014).

Under the supervision of a fellowship-trained retina
specialist, manual review of SD charts was performed to verify
diabetes type and DR severity for each patient. A diagnosis of
type 2 diabetes required the presence of a corresponding ICD-
9 code and an internal medicine or endocrinology visit on the
same day. To confirm absence of DR in diabetic control
patients, we required the presence of at least one dilated
ophthalmology exam with no evidence of DR. If multiple
dilated ophthalmology exams were available, then all such
exams were reviewed to confirm absence of DR. To provide
further verification of the absence of DR in these patients, the
SD charts were searched for the terms “retinopathy,” “DR,”
“NPDR,” and “PDR.”

A DR diagnosis required the presence of both a DR code
and an ophthalmology CPT code. Severity of DR was
determined by presence of an ICD-9 code for NPDR (362.04-
362.06) or PDR (362.02) occurring on the same day as an
ophthalmology CPT code. For ICD-9 code 362.01 (“diabetic
retinopathy not otherwise specified”) or for patients without
NPDR or PDR codes on the same day as an ophthalmology
clinic visit, the SD charts were reviewed in detail to determine
the severity of DR. If severity could not be determined with
these methods, the patient was excluded from the study.

Applying the same methodology for case-control determi-
nation described above, we identified an additional 170
patients with type 2 diabetes in BioVU who did not have
existing genome-wide variant data. For the current study, this
resulted in a total of 399 diabetic controls and 313 patients
with type 2 diabetes and DR from BioVU. To ensure
independence from the VEI cohort, the medical record
numbers of the patients recruited through the VEI were
supplied to BioVU administrators before SD data set creation,
and overlapping individuals were excluded from the BioVU
cohort.

Total Study Population

The combined study population from the VEI and BioVU
included 857 patients consisting of 480 diabetic controls and
377 patients with DR. Compared to our previous study,® this
study included an additional 170 patients. Of these, 5 diabetic
controls and 165 DR cases were added from BioVU, nearly
doubling the number of DR cases for this study. Demographic
and clinical variables were obtained from the EMR or the SD for
the VEI and BioVU subjects, respectively. For each patient the
HbA,. reported is the median of all values in the EMR or SD.
Age is reported as the age at last clinical record. Diabetes
duration was determined by calculating the difference
between the age at diagnosis (obtained by manual review of
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Tasie 1. Study Population Characteristics

Characteristic Diabetic Controls (z = 480) Diabetic Retinopathy (n = 377) P Value
Age, y (SD) 68.1 (12.5) 66.0 (11.3) 0.010
Sex, % female 50.0 40.9 0.0087
Diabetes duration, y, median (IQR) 8 (5-13) 19 (14-26) <22 % 1071°
HbA, ., %, median IQR) 6.8 (6.3-7.4) 7.7 (6.9-8.6) <22 X 10°1°

NPDR (n = 229) PDR (n = 148) P Value

Age, y (SD) 67.4 (11.1D) 63.7 (11.3) 0.0018
Sex, % female 41.5 39.9 0.83
Diabetes duration, y, median (IQR) 18 (12-24) 21 (15-29) 54 % 107°
HbA,., %, median (IQR) 7.6 (6.8-8.4) 7.9 (7.0-9.1) 0.0053

Comparisons between groups were performed by using a two-tailed Fisher’s exact test for sex and two-tailed #test for age. The Mann-Whitney U
test was used to compare diabetes duration and HbA,. between groups. IQR, interquartile range; SD, standard deviation.

the charts) and the age at last clinical record. All SD reviews
were performed blinded to the genetic data.

Genotyping and Mitochondrial Haplogroup
Determination

Existing genotype data were available for those BioVU samples
previously identified.”® These samples have been genotyped
on the Ilumina 660W, Illumina 1M, or the Illumina Infinium
HumanExome BeadChip (San Diego, CA, USA), and genotype
data have been deposited in BioVU for use in additional
research projects.'® The Illumina 660W and 1M genotyping
arrays contain 138 single nucleotide polymorphisms (SNPs)
from the mitochondrial genome, while the Exome chip
contains 219 mtDNA SNPs.

The BioVU samples newly identified for this study did not
have available genotype data. These samples along with the
patient samples recruited through the VEI were genotyped for
a pool of 22 mtDNA SNPs selected to distinguish European
mitochondrial haplogroups.'' Genotyping of these samples
was performed by VANTAGE using the MassArray System
(Agena Bioscience, San Diego, CA, USA). Haplogrep software
was used to determine the mitochondrial haplogroups for all
samples.'""'2

Statistics

Tests comparing demographic variables by DR presence and
severity were performed by using two-tailed Fisher’s exact test
for sex and two-tailed #-test for age. Median diabetes duration
and median HbA,. were compared by using the Mann-Whitney
U test. We then stratified our study population by mitochon-
drial haplogroup. Analysis focused on haplogroups H and UK,
the most common European-descent haplogroups, which in
Caucasians occur at frequencies of ~45% and ~25%, respec-
tively.'> Haplogroups occurring less frequently (J, T, I, W, X)
were combined into a single group, “Other,” for analyses. We
performed Kruskal-Wallis tests to determine if the median
diabetes duration or median HbA;. differed among hap-
logroups for all DR patients as well as among haplogroups
for NPDR and PDR patients.

Next, we investigated the relationship between specific
European mitochondrial haplogroups and the DR risk factors,
diabetes duration and HbA;.. Given that complications of
diabetes, including retinopathy, increase for patients with
HbA,. > 8%,%1% we dichotomized HbA,. to compare patients
with a history of poor glycemic control (HbA;. > 8%) to
patients with better glycemic control (HbA;. < 8%). Logistic
regression was used to model the relationship, allowing us to
adjust for multiple confounding variables. We performed a

series of logistic regressions with PDR as the outcome, each
one testing for an interaction between mitochondrial hap-
logroup H or UK and diabetes duration or HbA,.. Regressions
were adjusted for age, sex, diabetes duration, and HbA,. > 8%.
We then stratified by mitochondrial haplogroup and performed
logistic regression analyses with DR or PDR as the outcome. All
of the stratified logistic regression models were also adjusted
for age, sex, diabetes duration, and HbA,. > 8%. For each set of
regressions, a Bonferroni correction for multiple testing was
applied, based on the number of tests performed.

RESULTS

The study population consisted of patients with type 2
diabetes with DR (n = 377) and without evidence of DR
(diabetic controls, 7 = 480) (Table 1). When compared to
diabetic controls, DR patients were slightly younger, and had a
lower proportion of females, longer median diabetes duration,
and a higher median HbA,.. Compared to NPDR patients (n =
229), PDR (n = 148) patients were younger, but had a longer
median diabetes duration and a higher median HbA,.. To
determine if diabetes duration and HbA . levels differed among
haplogroups H, UK, and Other in our cohort, we compared
median diabetes duration and median HbA,.. There were no
significant differences in median diabetes duration or median
HbA, . among haplogroups for all DR patients or for NPDR or
PDR patients (Fig. 1).

Given that neither diabetes duration nor HbA,. was
significantly different among mitochondrial haplogroups, we
next assessed whether haplogroups modified the effects of
these risk factors on PDR. We performed logistic regressions
testing for interaction effects between mitochondrial hap-
logroups H or UK and diabetes duration or HbA,.. These
regressions were adjusted for age, sex, diabetes duration, and
HbA;. > 8% (Supplementary Table S1). After correcting for
multiple tests, we identified a significant interaction effect
between mitochondrial haplogroup H and HbA,;. (odds ratio
[OR] = 3.60 [1.47-8.97]; P = 0.0055).

As mitochondrial haplogroups may modify the effects of
diabetes duration and HbA,. on PDR risk, we next performed
stratified logistic regression analyses. All DR patients were
stratified by mitochondrial haplogroup, and separate logistic
regressions for haplogroups H, UK, and Other were performed
with PDR as the outcome, controlling for age, sex, diabetes
duration, and HbA,. > 8% (Table 2). Diabetes duration was a
significant risk factor for PDR in patients from haplogroups H
(OR = 1.08 [1.04-1.12], P=1.5 X 10~ %) and Other (OR = 1.08
[1.03-1.14], P =0.0023), but not in patients from haplogroup
UK (OR = 1.02 [0.96-1.08], P = 0.55). HbA,. > 8% was a
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Ficure 1. Diabetes duration and HbA, . do not differ by mitochondrial

haplogroup. (A) Box plots showing diabetes duration (median and
interquartile range [IQR]) by haplogroup in all DR patients, NPDR
patients, and PDR patients. (B) Box plots showing HbA . (median and
IQR) by haplogroup in all DR patients, NPDR patients, and PDR
patients. Comparisons of diabetes duration and HbA,. among
haplogroups were made with the Kruskal-Wallis test.

significant risk factor for PDR in patients from haplogroup H
(OR = 2.35 [1.22-4.60], P = 0.011), but not in those from
haplogroups UK (OR = 1.19 [0.43-3.30], P = 0.74) or Other
(OR = 0.43 [0.17-1.06], P = 0.075). For comparison, we also
performed these stratified logistic regressions in all patients
with type 2 diabetes, with DR as the outcome (Supplementary
Table S2). Diabetes duration was a significant risk factor for DR
in patients from all three haplogroups, while HbA,;. was a
significant risk factor for DR in patients from mitochondrial
haplogroups H and UK.

To visualize the relationship between diabetes duration and
DR prevalence, we divided patients into four groups by using
10-year increments of diabetes duration (<10 years, 10-19
years, 20-29 years, and >30 years), and plotted the proportion
of patients with DR for each group. As expected, when
assessed in all patients with type 2 diabetes, the probability of
DR increased with increasing diabetes duration. Among those
patients with type 2 diabetes > 30-year duration, 82% had DR
(Fig. 2A). When patients were stratified by mitochondrial
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TaBle 2. Adjusted Logistic Regressions in DR Patients Stratified by
Haplogroup

Odds Ratio
Haplogroup Variable (95% CD P Value
H (n = 405)
Age, y 0.96 (0.93-0.99) 0.017
Female sex 1.17 (0.60-2.29) 0.64
Diabetes duration, y  1.08 (1.04-1.12) 0.00015
HbA,. > 8% 2.35 (1.22-4.60) 0.011
UK (n = 184)
Age, y 0.96 (0.92-1.01)  0.13
Female sex 0.56 (0.18-1.63) 0.30
Diabetes duration, y  1.02 (0.96-1.08) 0.55
HbA,. > 8% 1.19 (0.43-3.30)  0.74
Other (n = 268)
Age, y 0.96 (0.92-0.996)  0.035
Female sex 0.86 (0.36-2.02) 0.73
Diabetes duration, y  1.08 (1.03-1.14) 0.0023
HbA,. > 8% 0.43 (0.17-1.06)  0.075

Logistic regressions were performed with PDR as the outcome,
adjusting for age, sex, diabetes duration, and HbA;. > 8%. Logistic
regressions were performed with PDR as the outcome, adjusting for
age, sex, diabetes duration, and HbA,. > 8%. Bold values indicate
significance after applying a Bonferroni correction for multiple testing
P < 0.017).

haplogroup, a similar relationship of higher DR prevalence
with longer diabetes duration was observed for all haplogroups
(Fig. 2B).

We next plotted the relationship between diabetes duration
and PDR prevalence in only the DR patients. Among all DR
patients, the prevalence of PDR increased concomitantly with
diabetes duration (Fig. 2C). Of the DR patients with diabetes
duration >30 years, 64% were affected by PDR. However,
when the DR patients were stratified by haplogroup (Fig. 2D)
there was a substantial difference among the haplogroups in
the relationship between diabetes duration and PDR. Hap-
logroups H and Other exhibited an overall increase in PDR
prevalence with increasing diabetes duration. Of the patients
from haplogroups H and Other with diabetes duration >30
years, 80% and 61%, respectively, had PDR. In stark contrast,
the probability of PDR for UK patients remained relatively
constant as diabetes duration increased, with only 20% of
haplogroup UK DR patients with diabetes duration >30 years
having PDR (Fig. 2D).

To visualize the relationship between HbA,. levels and DR,
we divided patients into four groups by using set HbA, . cutoffs
(<6.5%, 6.5%-7.49%, 7.5%-8.49%, and >8.5%). These cutoffs
were determined from glycemic control where <6.5% is
considered in the normal to prediabetes range.'> Increments of
1% HbA,. were added per division, as large-scale studies have
shown that for each additional 1% elevation in HbA,. the risk
for diabetic complications increases Considerably.l("zo We
plotted the proportion of patients with DR for each HbA,.
group. As expected, the prevalence of DR increased as HbA; .
levels increased, with 73% of patients from the highest HbA .
group affected by DR (Fig. 3A). When patients were stratified
by haplogroup, a similar relationship between DR prevalence
and increasing HbA,. (Fig. 3B) was observed for all hap-
logroups.

We then plotted the proportion of DR patients with PDR in
each HbA,. group. For all DR patients the prevalence of PDR
increased with rising HbA, . (Fig. 3C). However, stratifying DR
patients by mitochondrial haplogroup revealed striking differ-
ences in the relationship between HbA,. and PDR. Compared
to DR patients as a whole, DR patients from haplogroup H
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among those with DR. (D) Proportion of type 2 diabetic patients with PDR among those with DR, separated by haplogroup.

demonstrated a much greater rise in PDR prevalence with
increasing HbA,. (Fig. 3D). Conversely, there was a minimal
increase in PDR prevalence with rising HbA,. for DR patients
from haplogroups UK or Other (Fig. 3D). Among those DR
patients from Haplogroup H in the highest HbA,. group, 65%
had PDR. In contrast, among DR patients with comparable
HbA, . levels from haplogroups UK and Other, only 32% and
33%, respectively, were affected by PDR.

DiIscUSSION

A number of studies have established diabetes duration and
HbA,. as risk factors for DR; however, fewer studies have
focused on risk factors for PDR.?> To characterize the role
mitochondrial haplogroups play in DR severity, we investigated
the relationship between European mitochondrial haplogroups
and both diabetes duration and HbA,. as PDR risk factors. In
our cohort, diabetes duration and HbA,. did not differ among
the haplogroups. However, the effect of diabetes duration and
HbA,. on PDR prevalence among DR patients differed
significantly by haplogroup, indicating that mitochondrial

haplogroups strongly modify the effect of diabetes duration
and HbA,. on PDR risk.

It is well established that longer diabetes duration is
associated with increased risk of DR, and evidence suggests
that longer diabetes duration also increases risk for PDR.* Here,
we demonstrated in DR patients from haplogroups H and
Other that diabetes duration is associated with PDR preva-
lence. This effect is considerably stronger in DR patients from
haplogroup H. Conversely, the proportion of patients with PDR
among DR patients from haplogroup UK was essentially
unchanged regardless of diabetes duration. These results
suggest diabetes duration exerts a powerful effect on risk for
PDR in DR patients from haplogroup H, but is not a risk factor
for PDR in DR patients from mitochondrial haplogroup UK.

Glycemic control, the strongest modifiable risk factor for
DR, has been implicated in risk for PDR. #2122 Among all DR
patients, we observed increased prevalence of PDR with rising
HbA,.. However, when we examined HbA,. levels in the
context of mitochondrial haplogroups, the effect of higher
HbA,. on PDR prevalence was observed only in patients from
haplogroup H. There was virtually no effect of increasing
HbA;. on PDR risk in DR patients from haplogroups UK or
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Other, even in those patients with the highest HbA,. levels.
Thus, in our patient population, the effect of increasing HbA,
on PDR prevalence is driven entirely by DR patients from
haplogroup H.

Retinal photoreceptors require high levels of energy to
function, and to meet this demand there is a high concentra-
tion of mitochondria in these cells. Mitochondrial dysfunction
has been linked to eye disease, including degenerative retinal
diseases.?>** Mitochondrial haplogroups have been identified
as risk modifiers for multiple eye diseases, and haplogroup-
related differences in mitochondrial function are hypothesized
to underlie this variation in disease risk.?>~* Differences in
mitochondrial function between haplogroups H and UK could
contribute to the observed variation in the effect of diabetes
duration and HbA . on PDR risk. Studies have reported higher
oxidative phosphorylation capacity in haplogroup H compared
with haplogroup U/UK.?*?' As a consequence of diabetes,
levels of reactive oxygen species (ROS) and oxidative stress
increase,?*3* which has been linked to pericyte loss and
formation of acellular capillaries in the retina, resulting in
hypoxia and ischemia, ultimately leading to neovasculariza-
tion.>? It is plausible that haplogroup H produces more ROS in

response to high glucose and/or has less capacity to handle
increased oxidative stress, giving rise to greater retinal vascular
damage. With longer diabetes duration, the effects of increased
oxidative stress are likely to be amplified. Thus, patients from
haplogroup H may be more vulnerable to the effects of longer
diabetes duration and poor glycemic control.

Determining the impact of specific mtDNA variants on
common disease is a challenging task.>> Five mtDNA variants
distinguish haplogroup H from the other major European
haplog,roups.34 Two of these variants are synonymous (T7028C
in MI*CO1 and A11719G in MT-ND4) and unlikely to affect
mitochondrial function. The nonsynonymous variant T14766C
results in an isoleucine to threonine change in the MT-CYB
protein. This variant occurs independently several times in the
human mtDNA phylogenetic tree and its predicted pathoge-
nicity is nominal.>> The remaining two variants, G2706A and
G73A, are located in the 16S rRNA gene and the noncoding D-
loop, respectively.56 It is possible these variants could affect
the translation of mitochondrial proteins or replication of
mtDNA, thereby affecting overall capacity for mitochondrial
function.
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Challenges inherent in leveraging data from EMRs for
research studies include variability in the density of data for
each patient and accuracy of phenotyping. This study was
limited by variability in the number of HbA;. measures
available for each patient. To address this, we used the median
of all HbA, . laboratory measures in each patient record, as this
best reflected overall glycemic control. A major strength of this
study was the rigorous phenotyping performed in both the
clinically ascertained VEI patients and the patients from BioVU.
Through systematic manual review we identified patients with
type 2 diabetes with and without DR. We also determined DR
severity as either NPDR or PDR, distinguishing our approach
from previous studies.

This study characterized the relationship between Europe-
an mitochondrial haplogroups and diabetes duration and
HbA,. as risk factors for PDR. The results demonstrated that
the effect of diabetes duration and HbA;. on PDR risk differs
strongly by haplogroup. Diabetes duration and HbA;. exert
powerful effects on PDR risk in patients from haplogroup H,
which represents nearly half of those from European-descent
populations. Collectively, these results revealed mitochondrial
genetics as an important determinant of the clinical heteroge-
neity observed in PDR risk among patients with type 2
diabetes. This relationship has not been previously demon-
strated and may explain, in part, why some patients develop
PDR and others do not, despite similar diabetes duration and
glycemic control.

Acknowledgments

Supported by National Institutes of Health (NIH) Grants
RO1EY22618 (MAB), T32GM007347, T35DK007383, the Interna-
tional Retinal Research Foundation (MAB), and CTSA Award No.
UL1TR0O00445 from the National Center for Advancing Transla-
tional Sciences. Genome-wide genotyping was funded by NIH
grants RC2GM092618 from NIGMS/OD and U01HG004603 from
NHGRI/NIGMS.

Disclosure: S.L. Mitchell, None; A.C. Neininger, None; C.N.
Bruce, None; LM. Chocron, None; J.A. Bregman, None; C.B.
Estopinal, None; A. Muhammad, None; A.C. Umfress, None;
K.L. Jarrell, None; C. Warden, None; P.A. Harlow, None; M.
Wellons, None; D.C. Samuels, None; M.A. Brantley Jr, None

References

1. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet.
2010;376:124-136.

2. Yau JWY, Rogers SL, Kawasaki R, et al. Global prevalence and
major risk factors of diabetic retinopathy. Diabetes Care.
2012;35:556-564.

3. Hu FB. Globalization of diabetes: the role of diet, lifestyle, and
genes. Diabetes Care. 2011;34:1249-1257.

4. Klein R, Klein BE, Moss SE, Davis MD, DeMets DL. The
Wisconsin epidemiologic study of diabetic retinopathy, III:
prevalence and risk of diabetic retinopathy when age at
diagnosis is 30 or more years. Arch Opbthalmol. 1984;102:
527-532.

5. Klein R, Klein BE, Moss SE. Epidemiology of proliferative
diabetic retinopathy. Diabetes Care. 1992;15:1875-1891.

6. Williams R, Airey M, Baxter H, Forrester J, Kennedy-Martin T,
Girach A. Epidemiology of diabetic retinopathy and macular
oedema: a systematic review. Eye. 2004;18:963-983.

7. Estopinal CB, Chocron IM, Parks MB, et al. Mitochondrial
haplogroups are associated with severity of diabetic retinop-
athy. Invest Ophtbhalmol Vis Sci. 2014;55:5589-5595.

8. Bregman JA, Herren, DJ, Estopinal CB, et al. Mitochondrial
haplogroups affect severity but not prevalence of diabetic
retinopathy. Invest Opbthalmol Vis Sci. 2017;58:1346-1351.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

IOVS | December 2017 | Vol. 58 | No. 14 | 6487

. Roden DM, Pulley JM, Basford MA, et al. Development of a

large-scale de-identified DNA biobank to enable personalized
medicine. Clin Pbarmacol Ther. 2008;84:362-369.

Guo Y, He J, Zhao S, et al. Illumina human exome genotyping
array clustering and quality control. Nat Protoc. 2014;9:2643-
2662.

van Oven M, Kayser M. Updated comprehensive phylogenetic
tree of global human mitochondrial DNA variation. Hum
Mutat. 2009;30:E386-E394.

Kloss-Brandstitter A, Pacher D, Schonherr S, et al. HaploGrep:
a fast and reliable algorithm for automatic classification of
mitochondrial DNA haplogroups. Hum Mutat. 2011;32:25-
32.

Mitchell SL, Goodloe R, Brown-Gentry K, Pendergrass SA,
Murdock DG, Crawford DC. Characterization of mitochondri-
al haplogroups in a large population-based sample from the
United States. Hum Genet. 2014;133:861-868.

Nathan DM, Genuth S, Lachin J, et al.; for the The Diabetes
Control and Complications Trial Research Group. The effect
of intensive treatment of diabetes on the development and
progression of long-term complications in insulin-dependent
diabetes mellitus. N Engl J Med. 1993;329:977-986.

The International Expert Committee. International Expert
Committee Report on the Role of the A1C Assay in the
Diagnosis of Diabetes. Diabetes Care. 2009;32:1327-1334.

UK Prospective Diabetes Study (UKPDS) Group. Intensive
blood-glucose control with sulphonylureas or insulin com-
pared with conventional treatment and risk of complications
in patients with type 2 diabetes (UKPDS 33). Lancet. 1998;
352:837-853.

Stratton IM. Association of glycaemia with macrovascular and
microvascular complications of type 2 diabetes (UKPDS 35):
prospective observational study. BMJ. 2000;321:405-412.
Benhalima K, Standl E, Mathieu C. The importance of
glycemic control: how low should we go with HbAlc: start
early, go safe, go low. J Diabetes Complications. 2011;25:
202-207.

Chen Y-Y, Lin YJ, Chong E, et al. The impact of diabetes
mellitus and corresponding HbAlc levels on the future risks
of cardiovascular disease and mortality: a representative
cohort study in Taiwan. PLoS One. 2015;10:¢0123116.

Selvin E, Marinopoulos S, Berkenblit G, et al. Meta-analysis:
glycosylated hemoglobin and cardiovascular disease in
diabetes mellitus. Ann Intern Med. 2004;141:421-431.

Yun J-S, Lim T-S, Cha S-A, et al. Clinical course and risk factors
of diabetic retinopathy in patients with type 2 diabetes
mellitus in Korea. Diabetes Metab J. 2016;40:482-493.

Lee R, Wong TY, Sabanayagam C. Epidemiology of diabetic
retinopathy, diabetic macular edema and related vision loss.
Eye Vis (Lond). 2015;2:17.

Wong-Riley M. Energy metabolism of the visual system. Eye
Brain. 2010;2:99-116.

Barot M, Gokulgandhi MR, Mitra AK. Mitochondrial dysfunc-
tion in retinal diseases. Curr Eye Res. 2011;36:1069-1077.

Collins DW, Gudiseva HV, Trachtman B, et al. Association of
primary open-angle glaucoma with mitochondrial variants
and haplogroups common in African Americans. Mol Vis.
2016;22:454-471.

Mueller EE, Schaier E, Brunner SM, et al. Mitochondrial
haplogroups and control region polymorphisms in age-related
macular degeneration: a case-control study. PLoS One. 2012;7:
€30874.

Udar N, Atilano SR, Memarzadeh M, et al. Mitochondrial DNA
haplogroups associated with age-related macular degenera-
tion. Invest Opthalmol Vis Sci. 2009;50:2966-2974.
Gomez-Duran A, Pacheu-Grau D, Martinez-Romero I, et al.
Oxidative phosphorylation differences between mitochondri-



Investigative Ophthalmology & Visual Science

Mitochondrial Haplogroups Modify PDR Risk Factors

29.

30.

31.

al DNA haplogroups modify the risk of Leber’s hereditary
optic neuropathy. Biochim Biophys Acta. 2012;1822:1216-
1222.

Kenney MC, Chwa M, Atilano SR, et al. Mitochondrial DNA
variants mediate energy production and expression levels for
CFH, C3 and EFEMP1 genes: implications for age-related
macular degeneration. PLoS One. 2013;8:€54339.
Gomez-Duran A, Pacheu-Grau D, Lopez-Gallardo E, et al.
Unmasking the causes of multifactorial disorders: OXPHOS
differences between mitochondrial haplogroups. Hum Mol
Genet. 2010;19:3343-3353.

Larsen S, Diez-Sanchez C, Rabgl R, Ara 1, Dela E Helge JW.
Increased intrinsic mitochondrial function in humans with
mitochondrial haplogroup H. Biochim Biophys Acta. 2014;
1837:226-231.

32.

33.

34.

35.

36.

IOVS | December 2017 | Vol. 58 | No. 14 | 6488

Shin ES, Sorenson CM, Sheibani N. Diabetes and retinal
vascular dysfunction. J Ophthalmic Vis Res. 2014;9:362-373.
Santorsola M, Calabrese C, Girolimetti G, Diroma MA,
Gasparre G, Attimonelli M. A multi-parametric workflow for
the prioritization of mitochondrial DNA variants of clinical
interest. Hum Genet. 2016;135:121-136.

Pereira L, Freitas E Fernandes V, et al. The diversity present in
5140 human mitochondrial genomes. Am J Hum Genet.
2009;84:628-640.

Pereira L, Soares P, Radivojac P, Li B, Samuels DC. Comparing
phylogeny and the predicted pathogenicity of protein
variations reveals equal purifying selection across the global
human mtDNA diversity. Am J Hum Genet. 2011;88:433-439.
Ruiz-Pesini E, Lott MT, Procaccio V, et al. An enhanced
MITOMAP with a global mtDNA mutational phylogeny.
Nucleic Acids Res. 2007;35:D823-D828.



	t01
	f01
	t02
	f02
	f03
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36

