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Abstract

Certain aspects of the chronic complications of diabetes suggest
that, with time, the abnormal metabolic milieu leads to irre-
versible changes in some cell populations. Since we have pre-

viously observed that high glucose concentrations induce an in-
crease in single strand breaks in the DNAof cultured human
endothelial cells, we have investigated whether the same abnor-
mality occurs in cells derived from the in vivo diabetic environ-
ment. Peripheral blood lymphocytes obtained from 21 type I
diabetic patients and age- and sex-matched controls were tested
for rate of unwinding in alkali (a measure of DNAsingle strand
breaks). The patients were subdivided into two groups on the
basis of glycohemoglobin values above or below 9%. The group
with glycohemoglobin values of 12.9±2.4% (mean±SD), but not
the group with glycohemoglobin values of 7.4±1.5%, showed
accelerated unwinding of Iymphocyte DNAwhen compared to
controls (P < 0.01). These studies suggest that poorly controlled
diabetes may result in DNAlesions, whose impact on long-term
complications deserves to be investigated.

Introduction

A number of aspects of the human and experimental pathology
of diabetes mellitus suggests that the abnormal metabolic milieu
so impacts with time on cellular function as to eventually lead
to lethal or irreversible changes. Complete disappearance of vas-

cular endothelial cells, cells that are normally capable of turnover
and replication in response to injury, is a common finding in
capillaries of the retina (1) and lower extremities (2) of long-
term diabetic patients. Even prolonged near-normalization of
the metabolic status fails, not just to correct, but to arrest the
progression of advanced vascular abnormalities (3, 4). When
transported to the in vitro environment, fibroblasts explanted
from diabetic patients manifest a decreased replicative life-span
(5) and vascular endothelial cells derived from genetically dia-
betic animals exhibit abnormal insulin receptors and proliferative
delay (6).

The carry over of disturbed biologic functions in the neutral
in vitro environment by cells undergoing division suggests that
events that took place in vivo have led to some irreversible change
in cell physiology. Vracko has proposed (5) that the increased
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death rate of diabetic cells in vivo and their accelerated senes-
cence in vitro may be a consequence of their accelerated turn-
over, in turn triggered by an excessive vulnerability to injury.
An alternative or complementary hypothesis could be that some
of the injuries inflicted by the diabetic environment involve cel-
lular DNAand thus result in self-perpetuating changes, varyingly
tolerated by different cell types.

In previous work we had demonstrated that prolonged ex-
posure of human endothelial cells to high glucose concentrations
in vitro results, together with other abnormalities (7), in an in-
creased number of DNAsingle strand breaks (8). Wehave now
sought to determine whether this type of DNAlesion is detectable
in cells directly derived from the abnormal in vivo diabetic en-
vironment and not subjected to in vitro manipulations. For this
investigation human circulating lymphocytes appeared especially
suitable: they are easily accessible, many of them are very long-
lived (9) and thus potentially vulnerable to cumulative changes,
and in diabetic patients they manifest a variety of abnormalities
(10-14) which, if of unclear clinical importance (10), document
that these cells are bystander targets of the deranged metabolic
environment.

Methods

Patients. The studies were approved by the Committee on HumanStudies
of the University of California at San Diego (UCSD). 21 type I, insulin-
dependent diabetic patients were recruited during their regular clinic
visits at the UCSDDiabetes Center. Criteria for exclusion from the study
were presence of any other systemic illness in addition to diabetes, pres-
ence of active intercurrent infection, serum creatinine level > 1.5 mg/
dl, treatment with medications other than insulin, thyroid, and birth
control pills. From each patient who had volunteered to participate in
the study 20 ml of blood was obtained for isolation of mononuclear cells
and determination of blood glucose (Chemstrips bGread in Accu-Check
Meter, Bio-Dynamics; Indianapolis, IN) and glycohemoglobin. Glyco-
hemoglobin levels (normal range 5.3-7.5%) were measured by boronate
affinity chromatography (Glycotest, Pierce Chemical Co., Rockford, IL).
After obtaining informed consent from each patient, a sex- and age-
matched nondiabetic control was recruited among the hospital staff. Cri-
teria for exclusion were presence of any systemic illness and medications
other than thyroid and birth control pills. Matching for age was within
2 yr of the respective diabetic proband.

Isolation of lymphocytes. All blood specimens were obtained between
7:30 and 10:30 a.m. and within 1 h prior to isolation of lymphocytes.
18 ml of blood drawn in vacutainer EDTA tubes (Becton Dickinson,
Rutherford, NJ) were mixed with 30 ml of Hanks' balanced salt solution
(HBSS, Irvine Scientific, Santa Ana, CA) at room temperature. Each 8
ml of the diluted blood was layered onto 3 ml of Histopaque 1077 (Sigma
Chemical Co., St. Louis, MO) in a 15-ml conical centrifuge tube.
The tubes were centrifuged at 400 g for 30 min at room temperature.
The mononuclear cell band was carefully aspirated from each tube, mixed
with 10 ml of HBSSand centrifuged at 250 g for 10 min at room tem-
perature. After an additional wash in HBSSthe cells were pooled for
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Table L Clinical Characteristics of Diabetic Patients and Nondiabetic Controls

Mean±SD
Proliferative

GlycoHb Blood glucose Insulin dose Age DMduration retinopathy M/F*

% mg/dl U/d yr yr

DMgroup 1 12.9±2.4* 231±133 45.5±19.8 31.3±6.8 19.0±10 4/11 5/6
Controls 31.9±7.1 5/6
DMgroup 2 7.4±1.5 162±112 46.2±16.1 31.5±6.9 14.5±6.8 2/10 5/5
Controls 31.3±6.5 5/5

* Number of males/number of females. * P< 0.0001 vs. DMgroup 2.

counting (hemocytometer), pelleted once more by centrifugation and
resuspended in the desired volume of buffer (0.25 Mmesoinositol, 10
mMsodium phosphate, 1 mMMgCl2, pH 7.2) for use in the DNA
unwinding assay.

A slide for differential cell count was made from the above cell sus-
pension, allowed to air dry, dipped in methanol, and stained with Wright's
stain (Camco Quick Stain, American Scientific Products, McGawPark,
IL). The isolated cells were consistently over 95% mononuclear cells. In
most preparations cell viability was also determined by trypan blue ex-
clusion. Viability was over 95%and did not differ between diabetic and
control lymphocytes.

DNAunwinding assay. This assay, originally described by Birnboim
and Jevcak (15) and validated by several investigators (16-18) including
ourselves (8), detects the presence of single strand breaks in DNAby
monitoring the unwinding of DNAexposed to alkali. Unwinding is de-
tected by measuring the fluorescence due to the binding of ethidium
bromide to residual double-stranded DNA. The percentage of double
stranded DNAremaining after different times of exposure to alkali is
calculated by the equation (15): Percent double stranded DNA= (sample
fluorescence - background fluorescence)/(total fluorescence - back-
ground fluorescence).

Aliquots of the lymphocyte suspension (5 X I05 cells) were distributed
in triplicate into three sets of glass tubes: in one set (total double-stranded
DNA) unwinding in alkali was prevented; in the second (background)
unwinding was maximized by sonication; and in the third (experimental
sample) unwinding in alkali was allowed to occur as a function of time.
Reagents and procedures employed for the assay were as previously de-
scribed (8).

In preliminary studies we established the intraassay and interassay
coefficient of variation (CV).' In three experiments the intraassay CV
(two to three sets of lymphocytes from the same subject studied in the
same assay) was 0.05, 1.0, and 1.9%. The interassay CV (lymphocytes
from the same subjects studied in different assays on different days) was
8.7, 9.1, and 9.9%, respectively, in three experiments. These data indicated
the desirability of testing the lymphocytes of each individual diabetic
patient in the same assay as the respective sex- and age-matched control.
Typically we tested one diabetic patient and his or her respective control
each day; occasionally two pairs were tested in the same day and assay.

Analysis of the data. The values for percent double stranded DNA
remaining at the various time points after alkaline elution were compared
(analysis of variance) for: (a) the total group of diabetic patients and
nondiabetic controls, and (b) the group of diabetic patients with glyco-
hemoglobin values > 9%and their respective controls. The two groups
of diabetic patients (glycohemoglobin value greater or lesser than 9%)
were compared by two-tailed t test (unpaired analysis) for blood glucose
value, daily insulin dose, age, and duration of diabetes.

Results
Wehad originally compared DNAunwinding for the total group
of diabetic patients versus controls and found a statistically sig-

1. Abbreviations used in this paper: CV, coefficient of variation.

nificant difference at P = 0.03. From observation of the data it
was clear that the patients with the highest glycohemoglobin
values were the ones mostly contributing to the statistical sig-
nificance. Wethus subdivided the patients into two groups: those
with glycohemoglobin values > 9% (group 1) and those with
glycohemoglobin values < 9% (group 2). The 9% cut-off point
was chosen on the basis of suggestion from personal experience
and published reports (19) that glycohemoglobin values of 9%
or less are a realistic and reasonable goal for blood glucose control
in insulin-dependent diabetic patients. Because of the previously
observed interassay coefficient' of variation for the DNAun-
winding assay, each group of diabetic patients was compared
with its respective group of nondiabetic controls. The clinical
characteristics of diabetic patients and respective controls are
summarized in Table I. The two groups were perfectly homo-
geneous for number, sex distribution, and age. Blood glucose
values tended to be higher and duration of diabetes longer in
the group of patients with elevated glycohemoglobin, but the
difference did not achieve statistical significance. Of the 21 pa-
tients, 1 was on thyroid replacement and 1 was a smoker; of the
21 controls, 1 was on oral contraceptives and 1 was a smoker.

Whencompared to the respective control groqp, the rate of
disappearance of double stranded DNA-indicative of an in-
creased number of single strand breaks-was significantly (P
< 0.01) accelerated in the group of patients with elevated glyco-
hemoglobin (Fig. 1). In contrast, the unwinding of DNAfrom
lymphocytes of group 2 patients (normal glycohemoglobin) was
indistinguishable from that of the respective control group.

The same pattern was apparent when analyzing, instead of
the curves of percent residual double-stranded DNA, the dec-
rements in fluorometric readings (total undisturbed DNA
- DNAat the end of exposure to alkali). These were 9.7±3.2
in the patients with high glycohemoglobin, 5.9±1.6 in the pa-
tients with normal glycohemoglobin and 7.0±2.2 in the com-
bined control group. By analysis of variance, these values were
significantly different (P < 0.01) and by multiple range testing
the high glycohemoglobin group differed (P < 0.01) from both
the normal glycohemoglobin group and the nondiabetic controls.
There was no statistically significant difference between the latter
two groups.

5 of the 11 patients with elevated glycohemoglobin had values
of residual double stranded DNAat 90 min (and decrements in
fluorometric readings) below the mean± 1 SDof the nondiabetic
controls.

Discussion

Although the clinical (1-4) and experimental (5, 6) observations
that had prompted this investigation are compatible with the
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high ambient glucose may be an agent of the abnormality.
Whether the increased number of single strand breaks represents
a consequence of defective DNArepair synthesis and ligation
or accelerated rate of breaks formation cannot be established at
this time. However, the observation that nucleic acids modified

- - in vitro by reducing sugars manifest functional abnormalities
and strand scission (20), and preliminary data indicating that
the high glucose-induced DNAdamage in endothelial cells can
be corrected by addition of antioxidants to the medium suggest
that high ambient glucose may have, directly or indirectly, a

I. . . , clastogenic potential.
90 -30 0 30 60 90 This is not the first time that DNAabnormalities have been

Minutes
observed in diabetic subjects. A significantly increased frequency

of DNAfrom lymphocytes of control of chromatid and chromosome exchange aberrations has been
ts (solid circle) with glycohemoglobin reported in the lymphocytes of patients undergoing treatment
11 subjects) or glycohemoglobin of with sulfonylureas (2 1). This was taken as evidence of possible

cts). 5 X 10' cells were used in tripli- mutagenic activity of these drugs, but the possibility could not
iassay. Cells were lysed and exposed to be ruled out that the diabetic state itself might be a contributoryf time. Exposure to alkali was at OC
thereafter. The percent double- factor. The present study, in which no drugs were involved,

Is described in Methods. The data rep- would lend support to the latter interpretation. Chromosomal
bserved values. The difference between damage and other DNAabnormalities have been reported in
)globin patients and nondiabetic con- aging tissues (22-24) and such abnormalities in lymphocytes

0.01). from old human donors are associated with an impaired prolif-
erative response to mitogens (22), which has also been reported
for lymphocytes from diabetic subjects (10, 13). The association
of DNAdamage with impaired DNAsynthesis is an established

de may affect information molecules, fact (25).
ding that DNAobtained from lym- Although single strand breaks can be repaired, the occurrence
Id diabetic patients manifest abnor- of DNAdamage can lead to additional types of DNAabnor-
remains quite provocative. malities (25, 26), especially prominent in replicating cells (25,

loyed for the study of DNAsingle 27). The studies presented here propose a number of questions
iously validated in multiple systems to be addressed toward hopefully a better understanding of the

assay, the technique can reproduc- long-term complications of diabetes.
ibly detect (15) damage induced by radiation doses as low as 5
rad (the permissible yearly exposure for radiation workers). The
values for residual double stranded DNAwe observed in lym-
phocytes from nondiabetic individuals are in perfect agreement
with those previously reported for total white cell prepara-
tions (15).

If we take as definition of normal values those that fall within
±2 or 3 SD of the mean of a Gaussian distribution, then none
of the diabetic patients had an abnormal pattern of DNAun-
winding. It should, however, be considered that DNAsingle
strand breaks are repairable lesions and that any increased extent
of damage in the DNAof cells from diabetic patients must be
compatible with the course of the disease, which is a long-term
degenerative process, not a rapidly progressive neoplastic pa-
thology. Thus, the differences to be expected between patients
and controls were likely to be of small magnitude, and the fact
that they were very consistent and achieved large statistical sig-
nificance suggests that they were real, and perhaps of biologic
importance. That the accelerated rate of unwinding of DNAof
lymphocytes from diabetic patients may reflect events other than
DNAdamage, for example a greater transcriptional activity (in
response to the antigenic challenge of exogenous insulin), is made
unlikely by the fact that the group of patients with normal gly-
cohemoglobin had a pattern of DNAunwinding superimposable
to that of controls.

The clustering of increased DNAunwinding among the pa-
tients with high glycohemoglobin, in concert with our previous
observation of similarly accelerated DNAunwinding in human
endothelial cells exposed to high glucose in vitro (8), suggest that
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