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OBJECTIVE — This 7-year longitudinal study examines the potential impact of aldose re-
ductase gene (AKR1B1) polymorphisms on the decline of nerve function in an adolescent
diabetic cohort.

RESEARCHDESIGNANDMETHODS — Patients with type 1 diabetes (n � 262) were
assessed with three cardiovascular autonomic tests (heart rate variation during deep breathing,
Valsalva maneuver, and during standing from a lying position) and pupillometry (resting pupil
diameter, constriction velocity, and reflex amplitude), thermal, and vibration thresholds on the
foot. Genotyping was performed for promoters (C-106T and C-12G), (CA)n dinucleotide re-
peats, and intragenic BamH1 polymorphism.

RESULTS — Median time between first and last assessment was 7.0 years (interquartile range
5.1–11.1), with a median of five assessments (four to seven) per individual. At first assessment,
median age was 12.7 years (11.7–13.9), median duration was 5.3 years (3.4–8.0), and median
HbA1c was 8.5% (7.8–9.3). All tests declined over time except for two cardiovascular autonomic
tests and vibration discrimination. Faster decline in maximum constriction velocity was found to
associate with the Z-2 allele (P � 0.045), Z-2/Z-2 (P � 0.026). Slower decline in hot thermal
threshold discrimination associated with Z�2 (P � 0.044), Z�2/Z�2 (P � 0.0005), Z�2/T
(P � 0.038), and bb (P � 0.0001).

CONCLUSIONS — Most autonomic and quantitative sensory nerve testings declined over
time. AKR1B1 polymorphisms were strongly associated with the rate of decline of these
complications.
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D iabetic neuropathy is a common
cause of morbidity and mortality
among patients with diabetes (1,2).

Peripheral neuropathy predisposes to
foot ulceration and limb amputation,
whereas autonomic neuropathy has been
associated with an increased risk of sud-

den death and increased mortality (3,4).
The duration and level of hyperglycemia
are important determinants in the devel-
opment of neuropathy (5). However, de-
spite cross-sectional studies (6) indicating
abnormal function, there are only rela-
tively short longitudinal studies (7,8) of

autonomic and peripheral nerve function
in adolescents with type 1 diabetes.

Evidence is accumulating to support
functional polymorphisms of the aldose
reductase gene (AKR1B1) playing a part
in individuals developing neuropathy (9–
11). Aldose reductase, the first and rate-
limiting enzyme of the pathway, catalyzes
the NADPH-dependent reduction of glu-
cose to sorbitol. Increased flux through
this polyol pathway leads to intracellular
accumulation of sorbitol and various met-
abolic imbalances including enhanced
oxidative stress (12–14).

A (CA)n dinucleotide repeat sequence
2.1 kb upstream of the transcription site
(Z-2) and a single nucleotide polymor-
phism situated in the promoter region (C-
106T) have been found to associate with
retinopathy, nephropathy, and neuropa-
thy in type 1 diabetic patients (9,10,15–
17). Only one association study (11) has
examined the role of these polymor-
phisms in longitudinal analysis in type 2
diabetes with controversial results for the
C-106T locus.

This 7-year longitudinal study exam-
ines the potential impact of polymor-
phisms of the AKR1B1 gene on the
decline of peripheral sensory and auto-
nomic nerve function in an adolescent
type 1 diabetic cohort.

RESEARCH DESIGN AND
METHODS — Patients were Austra-
lian adolescents with type 1 diabetes at-
tending their annual complications
screening at the Children’s Hospital at
Westmead. Inclusion criteria were two or
more neuropathy assessments performed
over a minimum of 4 years, with the me-
dian time between the first and last assess-
ment of 7.0 years (interquartile range
5.1–11.1). Two hundred and sixty-two
patients satisfied these criteria. Genomic
DNA was extracted from white blood cells
for the genotyping of the AKR1B1 gene.
All patients gave informed consent, and
the study was approved by the ethics
committee of the Children’s Hospital at
Westmead, Sydney, Australia.
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Nerve function assessment
Cardiovascular autonomic function was
assessed by the measurement of heart rate
variation during deep breathing (DB-
HRV), the Valsalva maneuver, and during
standing from a lying position (30-to-15
ratio). Pupillometry was performed in the
left eye after 5 min of dark adaptation
with an infrared computerized pupillom-
eter (Pupilscan; Fairville Medical Optics,
Amersham, Buckinghamshire, U.K.). The
phasic light reflex was measured in re-
sponse to a light stimulus of 25-foot can-
dles by recording pupillary diameter over
the next 3 s. Resting pupil diameter was
measured, and the maximum constric-
tion velocity and reflex amplitude were
calculated.

Thermal thresholds for hot and cold
were determined on the dorsum of the left
foot using a thermal threshold tester
(Medelec, Old Working, U.K.), and vibra-
tion thresholds were determined at the
large toe and medial malleolus of the left
foot (Biothesiometer; Biomedical Instru-
ment, Newbury, OH), as previously de-
scribed, using reference ranges derived
for 11- to 19-year-old subjects (18,19).

Analysis of AKR1B1 gene
Genomic DNA was extracted from white
blood cells for genotyping of the AKR1B1
gene for the following polymorphisms:
AKR1B1 promoters (C-106T and
C-12G), (CA)n dinucleotide repeats (mi-
crosatellites), and intragenic BamH1
polymorphism.

The 263-bp fragment from the pro-
moter region, containing two single nu-
cleotide polymorphisms (C-106T and
C-12G), and the (CA)n dinucleotide re-
peat were amplified for all 262 patients as

previously described (20,21). The
BamH1 polymorphism was identified by
using the restriction enzyme BamH1
(NEB). After digestion, the B-allele (wild
type) yielded the undigested 252-bp frag-
ment and the b (A–C substitution)-allele
yielded 174- and 78-bp fragments (22).

Genotyping for all polymorphisms
was repeated on a second occasion to en-
sure interexperiment consistency. To en-
sure intersampling consistency, two
blood samples were obtained, on two sep-
arate occasions from 13 patients, and ge-
notypes were identical.

Statistical analysis
Longitudinal analysis was performed by
using generalized estimating equations
with all available data points included for
each patient in SPIDA software (version 6;
Statistical Computing Laboratory, Syd-
ney, Australia). All neurological outcome
variables (three pupillary, three cardio-
vascular, and two peripheral nerve) were
analyzed continuously, with the effect
modification of genotypes/alleles on
changes in nerve function evaluated over
time. The effect of genotypes/alleles was
assessed with adjustment for duration,
time, sex, HbA1c (A1C), and blood pres-
sure percentiles when appropriate. Statis-
tical significance was defined as P � 0.05.

RESULTS

Patient characteristics
At first assessment of 262 patients (114
male patients, 45%), the median age was
12.7 years (interquartile range 11.7–
13.9), median duration was 5.3 years
(3.4–8.0), and median A1C was 8.5%
(7.8–9.3). Ethnic background was Cau-

casian (n � 234, 89%), Middle Eastern
(10, 4%), Asian (9, 3%), or other. Over
the median follow-up of 7 years, the me-
dian number of assessments per patient
was five (four to seven) and A1C was
8.5% (7.6–9.3). At last assessment, their
median age was 20.1 years (17.9–24.0)
and median duration of diabetes was 13.5
years (9.9–17.4). Mild to moderate back-
ground retinopathy was present in 126 of
257 (49%) and microalbuminuria in 11 of
245 (4.5%) subjects.

Nerve testing
All three pupillary function tests and two
peripheral nerve tests declined over time.
Resting pupil diameter reduced from 6.25
to 5.91 mm (P � 0.003), reflex amplitude
reduced from 2.07 to 1.73 mm (P �
0.0005), and maximum constriction ve-
locity decreased from 6.23 to 5.33 mm/s
(P � 0.0005). Thermal discrimination
declined over time, with the hot threshold
increasing from 0.31 to 0.74°C (P �
0.0005) and cold threshold increasing
from 0.12 to 0.21°C (P � 0.013). Vibra-
tion thresholds did not change over time.
Only one cardiovascular autonomic test,
DBHRV, declined from 35 to 30 beats/
min (P � 0.0005). At last assessment,
44% had abnormal pupillary tests, 14%
had abnormal cardiovascular autonomic
tests, 30% had abnormal thermal thresh-
old tests, and 7% had abnormal vibration
thresholds.

Genetic associations
The Z-2 allele of the (CA)n repeat poly-
morphic marker was more common in
this study population compared with the
Z�2 allele (58 vs. 24%, respectively) (Ta-
ble 1). This is in agreement with pub-
lished results from other type 1 and type 2
diabetic populations with microvascular
complications (11,15,23).

Over time, patients with at least one
copy of the Z-2 allele had slower maxi-
mum constriction velocity, indicative of
worse autonomic nerve function, com-
pared with patients without the Z-2 allele
(Fig. 1, P � 0.045). Patients who were
homozygous for the Z-2 allele had re-
duced maximum constriction velocity
compared with patients without the Z-2
allele (P � 0.026).

For peripheral sensory nerve tests,
the presence of the Z�2 allele was asso-
ciated with a smaller increase in thermal
threshold for heat, indicating better sen-

Table 1—Correlation coefficients between genotypes and two autonomic and two peripheral
nerve function tests and allele frequencies

Predictor Frequency

Complication

Maximum
constriction

velocity DBHRV
Left foot cold

threshold
Left foot hot

threshold

Z-2/Z-2 37/262 �0.37 (0.026)
Z-2 allele 152/262 �0.25 (0.045)
ZZ/�106CC 29/250 2.40 (0.029)
Z�2/Z�2 6/262 �0.061 (0.047) �0.36 (�0.0005)
Z�2 allele 62/262 �0.16 (0.044)
Z�2/�106T 43/250 �0.18 (0.038)
bb (BamH1) 107/232 �0.28 (0.001)

P values were indicated in parentheses. All coefficients were adjusted for time effect, and for the outcome of
hot threshold, sex adjustment was also applied. Number of subjects with both (CA)n dinucleotide polymor-
phism and C-106T available was 250. Intragenic BamH1 polymorphism data was available in 232 patients.
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sory nerve function, compared with other
microsatellite alleles over time (Fig. 2). In
addition, a smaller increase in hot thermal
threshold was also found significantly as-
sociated with Z�2/Z�2, Z�2/-106T,
and bb (BamH1) alleles.

The genotype ZZ/-106CC had a
smaller reduction in DBHRV, indicating
better autonomic nerve function com-
pared with those without the genotype.
Similarly, the Z�2/Z�2 genotype was as-
sociated with a smaller increase in cold

threshold (Table 1). The promoter poly-
morphism C-12G was not associated with
any difference in nerve function test results.

CONCLUSIONS — In this study of
262 adolescents with median diabetes

Figure 1—Maximum constriction velocity of the pupil and the effect of the Z-2 allele. Data are presented as means � SD. Baseline refers to first
assessment for complications. Effects of time and Z-2 were significant (P � 0.0005 and P � 0.045, respectively).

Figure 2—Left foot heat threshold and the effect of the Z�2 allele. Data are presented as means � SD. Baseline refers to first assessment for
complications. Predictors of increase in thermal heat threshold were time (P � 0.0005) and the absence of Z�2 (P � 0.044), using generalized
estimating equations.
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duration of 6 years at baseline, neuro-
physiological function declined during
follow-up. Both autonomic and quantita-
tive sensory nerve function declined over
a median of 7 years. Polymorphisms in
the AKR1B1 gene were significantly asso-
ciated with both increased and decreased
rates of decline of neurological complica-
tions in these patients.

The nerve function decline may in
part be due to an age effect. When refer-
ence ranges were derived in our unit in
adolescents aged 11–19 years, DBHRV
was negatively correlated with age, but no
such correlation was found for the other
variables measured (18,19). This study
does show a decline in nerve function in
patients with type 1 diabetes in this age-
group (12–24 years), using noninvasive
tests, specifically DBHRV, the resting pu-
pil size, and the phasic light response and
discrimination thresholds for hot and
cold. Vibration discrimination did not de-
cline, but the frequency of abnormalities
was low, measured by biothesiometry,
suggesting that this test is not as sensitive
as thermal discrimination in this young
age-group.

From our results, it was evident that
pupillometry measurements were more
likely to deteriorate over time than the
cardiovascular autonomic measurements.
Of the cardiovascular tests, DBHRV was
more sensitive than the other two mea-
surements. This is in agreement with the
Diabetes Control and Complications
Trial, in which intensive therapy signifi-
cantly slowed the decline in DBHRV but
not the Valsalva maneuver (5). Others
(7,24,25) have found pupillary tests, both
resting and dynamic tests, to be more
sensitive than cardiovascular tests to a
diabetes effect. Our data also could be
interpreted as evidence that the cardio-
vascular autonomic nervous system is af-
fected later than the pupil.

The reported quantitative sensory
tests are easier to administer and less in-
vasive than nerve conduction velocity
studies. Thermal threshold discrimina-
tion tests small unmyelinated and thinly
myelinated fibers. These tests are inde-
pendent of the observer/operator but are
limited by the subject’s attention, motiva-
tion, and cooperation. However, any vari-
ation is unlikely to have contributed
systematically to the increase in abnor-
malities over time. Indeed, a learned effect
from frequent testing should show im-
provement and not deterioration of the
tests. Furthermore, the operators were
blinded to patient’s AKR1B1 genotypes.

Patients with the Z-2 allele of the
(CA)n repeat polymorphism exhibited
greater decline in maximum constriction
velocity of pupil, i.e., worse autonomic
nerve function, compared with patients
without the Z-2 allele. Conversely, pa-
tients with the Z�2 allele or Z�2 with the
�106T genotype showed attenuated de-
cline in thermal discrimination, i.e., bet-
ter nerve function, compared with
patients lacking these alleles. In addition,
the bb genotype of the intragenic BamH1
polymorphism also significantly associ-
ated with slower decline of hot thermal
discrimination.

Most of the observed modifications of
neurological responses support Z-2 as be-
ing the “susceptible” allele and Z�2,
Z�2/T, and bb as being the “protective”
allele/genotypes. This is in agreement
with previous cross-sectional association
studies (9,16,22,23) of microvascular
complication studies and, more specifi-
cally, in neuropathy. Cross-sectional
studies, particularly in patients with
shorter diabetes duration, can provide
only limited information on the associa-
tion between complications and genes.

This is the first longitudinal genetic
association study in relation to diabetic
neuropathy in type 1 diabetic patients re-
ported to date. Functional correlates of
these polymorphisms are in agreement
with the susceptible and protective poly-
morphisms at the (CA)n locus shown in
this study. The Z-2 allele of the (CA)n re-
peat polymorphism has been reported to
be associated with higher aldose reduc-
tase mRNA levels (26) and with higher
aldose reductase activity levels (27). An in
vitro study by Hodgkinson et al. (28)
found the susceptible Z-2 allele had
higher transcriptional activity compared
with the protective Z�2 allele. Subse-
quently, Yang et al. (29) reported that Z-2
with �106C had higher transcriptional
activity compared with Z�2 with the
�106T haplotype of the AKR1B1 gene.
Only the DBHRV protection association
with the ZZ/CC genotype is surprising.
This genotype appeared protective in the
current study but was previously classi-
fied by us and others within the suscepti-
ble genotype group (9,29). Further
functional studies are needed to clarify its
role. The precise localization of the polyol
pathway in small fibers is uncertain. Al-
dose reductase immunoreactivity was de-
tected in the Schwann cell cytoplasm of
unmyelinated fibers of peripheral rat
nerve (30). However, no information is
available on localization of sorbitol dehy-

drogenase in unmyelinated fibers. In my-
elinated fibers, there appears to be more
sorbitol dehydrogenase in axons than in
Schwann cells (14).

Our findings are somewhat at vari-
ance to a recent longitudinal study of
type 2 diabetic patients. Sivenius et al.
(11) found that type 2 diabetic patients
with the �106T allele had lower sensory
response amplitude measurements com-
pared with �106C at baseline examina-
tion. However, associations were no
longer significant after allowing for phys-
iological and environmental factors, spe-
cifically BMI. The observation at baseline
can be related to the significantly higher
BMI for the patients with the �106T
compared with patient with the �106C
allele. Moreover, in a larger group, we
have recently showed increased BMI and
height to be positively associated with pe-
ripheral nerve function abnormalities in
adolescents with type 1 diabetes (31).

Familial clustering of diabetes com-
plications has been shown for nephropa-
thy and also retinopathy (32,33) but has
not been demonstrated for neuropathy.
Duration of diabetes before complication
onset is important in detecting gene asso-
ciations (major and minor susceptibility
genes [34]). Our cohort of patients was
unselected and asymptomatic and was
recruited from routine complication as-
sessment visits. Futhermore, the statisti-
cal model enables adjustment for
duration and glycemic control and allows
for varying length of follow-up and num-
ber of assessments.

Determining the best methods for
measuring neuropathy progression is es-
sential for the design of appropriate, cost-
effective clinical trials. In addition,
pharmacogenomics can aid in successful
design of trials to identify patients with
particular risks. Quantitative sensory test-
ings and pupillometry are valuable tools
that could be used along with genotyping
in interventional studies.
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