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Abstract

Introduction The biochemical mechanisms by which

hyperglycemia causes microvascular disease and neuropa-

thy are poorly understood. Experimental studies have

established that oxidative stress is present in diabetic

rodents with neuropathy, and that antioxidant therapy is

protective. Oxidative stress is also present in human dia-

betes, but its clinical importance is uncertain.

Material and methods We examined several biochemical

measures of oxidative stress in 37 patients with recent-

onset (less than 2 years) type 1 diabetes annually in a 3-

year longitudinal study. We also performed a comprehen-

sive annual evaluation of somatosensory and autonomic

nerve function. A total of 41 control subjects were studied.

Results Malondialdehyde excretion, a measure of lipid

peroxidation, was 1.5l ± .1 lmol/g creatinine in the control

subjects, but 2.43 ± . 3 in the diabetic patients in year one,

2.39 ± .2 in year two and 1.92 ± .15 in year three, which

was different from controls across all years; p \ .005.

Serum NOx (nitrate and nitric) was 34.0 ± 4.9 lmol/L in

the controls, but 52.4 ± 5 in the diabetics in year one,

50.0 ± 5.1 in year two, and 49.0 ± 5.2 in year three, which

was different from controls; p \ .01. We measured sudo-

motor function and observed that the poorly controlled

diabetic patients had relatively increased sweating above the

waist and relatively decreased sweating below the waist, a

typical pattern for sympathetic nerve injury. The ratio of

sweating above to sweating below the waist was .385 ± .04

in controls, 0.70 ± .14 in diabetic patients in year one,

.51 ± .14 in year two and .496 ± .12 in year three (different

from controls; p \ .01 across all years). Urinary MDA

correlated negatively with total sweat (r = -39, p \ .01);

NOx also correlated negatively with total sweat (r = -.34,

p \ .025). Abnormalities in the processing of renin (the

renin/prorenin ratio), a test of renal sympathetic neurons,

was also documented in early type 1 diabetes.

Conclusions Oxidative stress and excessive serum NOx

are associated with sympathetic dysfunction in early type 1

diabetes.
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Introduction

Most clinical studies of diabetic neuropathy have focused

on symptomatic patients who have endured years or dec-

ades of hyperglycemia. These individuals have suffered

multiple pathological insults including segmental demye-

lination, axonopathy and degeneration of nerve fibers.

Although it is recognized that these problems are driven by

hyperglycemia, and may be prevented by suppressing the

glucose, the specific biochemical mechanisms which lead

to nerve damage and pain are poorly understood. We

believe that early nerve dysfunction needs to be more fully

understood since it should be more preventable or revers-

ible than the dysfunction suffered by patients with long-

standing hyperglycemia. We will present evidence which

indicates that oxidative stress can occur very early in type 1

diabetes, and may be associated with adverse effects on

autonomic function.
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Oxidative stress in diabetes

It is well established that excessive reactive oxygen species

are formed in experimental diabetes [5, 26]. Several theo-

ries have been advanced to explain how this may promote

the development of diabetic complications. The formation

of advanced glycation end products, the activation of the

aldose reductase pathway, endothelial dysfunction, lipid

peroxidation, activation of vascular NADPH oxidases,

mitochondrial dysfunction, activation of protein kinase C

and programmed cell death have all been linked to oxi-

dative stress in animals [5, 10, 26]. Moreover, all the iso-

forms of nitric oxide synthase (NOS) when uncoupled, can

produce the superoxide anion preferentially over nitric

oxide NO [36]. The superoxide anion may then react with

nitric oxide and form the toxic intermediate peroxynitrite

(Fig. 1) (the only specific product formed from these sub-

strates) which then decomposes to nitrite and OH radicals

all of which can nitrate/oxidize biomolecules including

DNA. Oxidative damage to DNA, in turn, activates the

DNA repair enzyme poly (ADP ribose) polymerase

(PARP) [27, 38] (Fig. 1). Stimulation of PARP depletes its

substrate (NAD?) which slows glycolysis, depletes ATP

and causes cell death [9, 10]. Although the activation of

PARP has been demonstrated in diabetic animals, the role

of this mechanism has been difficult to test clinically.

PARP activation has been described in human lymphocytes

[1] and in atheromatous lesions of diabetic patients [25], so

it is reasonable to postulate that this mechanism plays a

role in clinical microvascular disease and neuropathy.

On the other hand, the oxidative stress that takes place in

human diabetes may not be associated with the same bio-

chemical aberrations described in animals. First of all,

animals with experimental diabetes are often severely

hyperglycemic, catabolic and treated with inadequate doses

of insulin. Many studies, for example, have indicated

oxidative damage to DNA in experimental diabetes [27],

but we have found that 8-OH deoxyguanosine excretion is

normal in human diabetes [16]. Thus, multiple metabolic

changes, in addition to hyperglycemia and oxidative stress,

may be present in animals but not in human diabetes.

Nitrosative stress in diabetes

Although it is widely accepted that oxidative stress takes

place in both animal and human diabetes, the presence of

nitrosative stress in this setting has been controversial [11]

even though many animal studies have indicated that the

overproduction of reactive oxygen and reactive nitrogen

species are intertwined. The endothelium of diabetic rats,

for example, stains positive for nitrotyrosine (evidence of

excessive peroxynitrite) which can be suppressed by the

antioxidant, alpha lipoic acid [5]. Moreover, mice with

inducible NOS deficiency are protected against the dele-

terious effects of oxidative stress on peripheral nerve

function [23, 27]. It has been debated, however, whether

oxidative stress drives nitrosative stress or vice versa.

Some have argued that hyperglycemia leads to oxidative

stress which, in turn, activates NFRB which then augments

the gene expression of inducible NOS [26, 29, 38].

Accordingly, oxidative stress damages DNA in animal

models, and this activates PARP (as discussed above)

which also upregulates inducible NOS [9]. Others have

argued that nitrosative stress is the ‘‘chicken not the egg’’.

Inducible NOS-deficient mice, for example, have a deficit

in lipid peroxidation which is manifested as decreased free

8-iso-PGF2 alpha [15, 23]. NO over-production, on the

other hand, stimulates lipid peroxidation [9]. Despite this

abundant animal evidence, the clinical data pertaining to

nitrosative stress in diabetes are much less convincing,

primarily because the evidence for excess nitrotyrosine is

questionable [11]. The peroxynitrite/nitrotyrosine connec-

tion in humans is problematic for several reasons. First of

all, peroxynitrite is only one of several sources of ni-

trotyrosine. Myeloperoxidase activity, for example, not

peroxynitrite, is the major source of nitrotyrosine in

chronic inflammation [8]. Moreover, only a tiny percentage

of the peroxynitrite molecules actually nitrate other com-

pounds or macromolecules [11]. Finally, many laboratories

(including our own) have experienced problems measuring

nitrotyrosine, and the validity of HPLC [19] and immu-

nologically based methods (which have been used in most

published studies) has been challenged [11, 30]. Convinc-

ing evidence of increased nitrotyrosine in clinical diabetes

has been provided by only one laboratory, which used

Fig. 1 Relationship between nitrosative stress and neuropathy. [O2]

superoxide anion, [NO] nitric oxide, [OONO] peroxynitrite, PARP
poly (ADP ribose) polymerase
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liquid chromatography and electrospray ionization tandem

mass spectrometry [33].

Increased NOx has also been documented in the circu-

lation of diabetic patients in several clinical studies, but

some have argued that this is a non-specific response to

inflammation and not truly indicative of either nitrosative or

oxidative stress [11]. Moreover, it has been argued that

serum NOx may not truly reflect NO biosynthesis, in part,

because dietary nitrate and nitrite can be absorbed into the

bloodstream where it may confound the interpretation of

NOx. We dispute this argument since pharmacokinetic

studies using 15N labeled arginine have documented that

NO production is increased in patients with uncomplicated

type 1 diabetes [28]. Moreover, most clinical studies,

including our own, which have involved measuring NOx,

dietary nitrite and nitrate were restricted from the diet.

There are other data which indicate that serum NOx pro-

vides an indirect measure of oxidative stress: First of all,

strong experimental evidence links nitrosative and oxida-

tive stress in animals (as explained above). Secondly, in our

own study of early type 1 diabetes (to be detailed subse-

quently), we observed that NOx was higher in the poorly

controlled versus the well controlled patients (Table 1;

Fig. 2) The most parsimonious explanation of this finding is

that hyperglycemia stimulates oxidative stress, which then

activates PARP which, in turn, increases inducible NOS [9].

Thirdly, Pitocco et al. [29] observed an inverse correlation

between NOx and uric acid, an endogenous antioxidant,

Table 1 Oxidative stress in early diabetes

Control subjects

(n = 41)

Diabetic patients

First evaluation

(n = 37)

Second evaluation

(n = 36)

Third evaluation

(n = 36)

MDA excretion (lmol/g creatinine) 1.51 ± 0.11 2.43 ± 0.31 2.39 ± 0.24 1.93 ± 0.15**

NOx (lmol/L) 34.0 ± 4.9 52.4 ± 5.1 50.0 ± 5.1 49.0 ± 5.2*

8-iso-PGF2a (pmol/L) 92.6 ± 11 80.0 ± 11 94.0 ± 14 87.2 ± 8.2

Uric acid (lmol/L) 280 ± 10 218 ± 7.1 215 ± 9.1 214 ± 8.0***

8-OH deoxyguanosine excretion (nmol/g creatinine) 13.8 ± 0.61 13.7 ± 0.72 14.0 ± 0.79 12.0 ± 0.72

Data represent mean ± SE

* Diabetic patients were different from controls, P \ 0.01

** P \ 0.005

*** P \ 0.001

Fig. 2 Effects of glycemic control on oxidative stress, NOx and

serum uric acid in patients with well controlled diabetes (open bars)

and poorly controlled diabetes (closed bars) versus controls. Different

from control subjects, *P \ 0.05, **P \ 0.01. Patients in good

control were different from those in poor control, �P \ 0.05. Patients

in good control across all years were different from those in poor

control, �P \ 0.05

Fig. 3 NOx versus 8-iso prostaglandin F2 alpha. NOx and 8-

isoprostaglandin F2 alpha indexes (gender specific Z scores) were

correlated (r = 0.53, P \ 0.001)
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which suggests that patients with increased NOx had greater

oxidative stress and therefore decreased uric acid. Fourthly,

we have observed a correlation between NOx and free 8-

iso-PGFF2 alpha in early type 1 diabetes (Fig. 3). Maejima

et al. [22] similarly observed a correlation between plasma

NOx and the concentrations of serum lipid peroxides in type

2 diabetes. Finally, we observed that NOx showed a nega-

tive correlation with sudomotor function in early diabetes,

as will be discussed subsequently, which suggests that toxic

metabolites of NO, such as peroxynitrite, have adverse

peripheral nerve effects in man similar to those convinc-

ingly demonstrated in animals [9]. Maejima et al. [22]

similarly observed that type 2 diabetic patients with neu-

ropathy, retinopathy or nephropathy all had increased cir-

culating nitrate. We acknowledge, however, that these

considerations provide only indirect evidence for an asso-

ciation between NOx and oxidative stress, and this inter-

pretation of serum NOx has not yet been unequivocally

proven to be correct. We also acknowledge that measure-

ment of serum NOx provides only a crude index of NO

production in vivo [43].

Although our discussion of NO in diabetes has thus far

assumed that the bioavailability of nitrogen-free radicals

(including peroxynitrite and perhaps nitrogen trioxide) is

increased and leads to detrimental consequences [5, 9],

others have argued, to the contrary, that the bioavailability

of NO is decreased in clinical diabetes. It is widely rec-

ognized, for example, that NO has beneficial effects on

vascular tone, gastrointestinal motility and erectile func-

tion. There is evidence that diabetes compromises these

desirable effects presumably because the overabundance of

the superoxide anion inactivates NO by converting it to

peroxynitrite, which, in turn, is broken down to nitrate,

nitrite and oxygen [9, 11]. This is consistent with the ani-

mal studies [5] and clinical data just reviewed which have

shown that the NOx is increased in patients with diabetes

[15, 29]. How can NO be both excessive and deficient?

Evidence indicating that hyperglycemia causes nitric oxide

deficiency derives from studies of the endothelium, where

NO synthesis is regulated by endothelial NOS [10]. Several

investigators have shown that NO is decreased in diabetic

endothelial cells, because hyperglycemia leads to

decreased biopterin, an essential cofactor for endothelial

NOS, which, in turn, uncouples the enzyme and causes it to

produce the superoxide anion rather than NO [36]. NO

synthesized elsewhere, for example in macrophages, epi-

thelial cells, hepatocytes and vascular smooth muscle

derives from inducible NOS [38]. The gene expression of

inducible NOS is mediated by NFRB, which, in turn, is

activated by hyperglycemia and oxidative stress, as

described above [27, 29, 38]. Inducible NOS is a quanti-

tatively more important source of NO in the whole

patient than endothelial NOS, and this may explain the

discrepancy between the physiological studies of endo-

thelial cells (where NO has decreased bioavailability) and

the biochemical studies of the whole patient (where NOx is

excessive). Animal models have been developed in which

there is evidence of both peroxynitrite excess (nitrotyrosine

staining of the endothelium) and NO deficiency (failure of

acetylcholine-induced NO release) [5]. The same conun-

drum can be seen in clinical data. Studies of endothelial

function and skin blood flow [39] have indicated that the

bioavailability of NO is decreased in diabetes, whereas

others have reported that nitrotyrosine (a marker of toxic

NO metabolites) in plasma proteins is increased [33].

Increased serum NOx is accompanied by increased free 8-

iso-PGF2alpha (Figs. 2, 3) and urinary malondialdehyde,

another index of lipid peroxidation, is also increased in

poorly controlled patients with early diabetes [11]

(Table 1; Fig. 2). This is of interest because the formation

of lipid peroxides in nerve membranes has adverse effects

on fluidity, electrical conductivity and function.

Endogenous antioxidants in diabetes

Glutathione is generally regarded as the major endogenous

water soluble intracellular antioxidant, and there is evi-

dence that its depletion in diabetes places vulnerable tis-

sues at risk for developing oxidative injury [38]. Multiple

enzymes counteract the overproduction of reactive oxygen

species. Superoxide dismutase, which converts the super-

oxide anion to hydrogen peroxide, and catalase, which

converts the latter to water, are the most important, but

difficult to assess in vivo. Urate is the most important

extracellular antioxidant [2] but has been mostly ignored in

the diabetes literature. We became interested in urate

because of reports that it acts as a scavenger of peroxyni-

trite and may have a neuroprotective role in the human

brains of patients with Alzheimer’s disease and parkin-

sonism [14]. Furthermore, birds, which have high urate are

protected from hyperglycemia associated oxidative stress

[20]. Similarly, intravenous administration of 1 g of urate

to patients with type 1 diabetes enhances the bioavailability

of NO released in the forearm, and improves endothelial

dysfunction [41]. We believe this means that urate neu-

tralizes superoxide anion formation in the endothelium; as

a result, more locally produced NO acts as a vasodilator,

because less is converted to toxic NO metabolites.

Oxidative stress and autonomic nerve function in early

diabetes

Previous studies of the effects of oxidative stress on the

natural history of diabetes have focused on patients with

22 Clin Auton Res (2011) 21:19–28
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long-standing disease and many of the patients have had

hypertension, dyslipidemia, insulin resistance or endothe-

lial dysfunction, each of which has been linked to oxidative

stress even in nondiabetic patients. Thus, in chronic dia-

betes these confounding factors make it difficult to assess

the significance of oxidative stress and document its rela-

tionship with hyperglycemia. In order to minimize the

impact of these covariables, we have focused on 37 young

patients (mean age at diagnosis 20.3 years) with recently

diagnosed type 1 diabetes (mean disease duration at entry

into the study of 10.4 months) who underwent a 3-year

longitudinal study (Fig. 1). Because of their young age and

short duration of diabetes they were in excellent health,

except for hyperglycemia, and minimally affected by the

above-mentioned cardiovascular risk factors that have been

linked to oxidative stress in patients with long-standing

disease. Our patient population, therefore, provided a

unique opportunity to focus on the relationship between

hyperglycemia, oxidative stress and autonomic nerve

function [17]. All subjects gave informed consent allowing

us to proceed with this study. The patients and controls

were admitted to West Virginia University Hospital

annually for 24–36 h to control the diet, glucose and

activity of the patients. Urinary-free malondialdehyde

excretion was derivatized with thiobarbituric acid, and the

resulting adduct was purified by HPLC [21]. Serum nitrate

was converted to nitrite by nitrate reductase, which was

reacted with the Griess reagent and detected colorimetri-

cally [34]. Free 8-iso-PGF2 alpha was measured by the

ELISA method using a kit from Cayman Laboratories (Ann

Arbor, Michigan) [6]. Urinary 8-OH deoxyguanosine was

measured as previously described [16]. We performed a

comprehensive assessment of peripheral nerve function

[15] but focused on the autonomic nervous system. We

assessed parasympathetic innervation of the heart by

measuring high frequency (0.15–0.4 Hz) power spectral

analysis of heart rate variability [15, 17]. We also measured

beat to beat variation with deep breathing, an alternative

index of parasympathetic cardiovascular control [18]. We

assessed sympathetic function by measuring the heart rate

response to the Valsalva maneuver (tachycardia/bradycar-

dia ratio), renin biosynthesis (the renin/prorenin ratio), and

sudomotor function (the Quantitative Sudomotor Axon

Reflex, QSART) [17]. We measured renin and prorenin and

calculated the renin/prorenin ratio which reflects the

integrity of the sympathetic innervation of the kidneys

[18]; the QSART assesses the integrity of the sympathetic

nerve terminals which innervate sweat glands [17]. We

assessed cardiac sympathetic function by measuring inter-

mediate frequency (0.04–0.15 Hz) power spectral analysis

of heart rate variability. These latter tests of sympathetic

function were incorporated into the study to address the

concept that parasympathetic dysfunction develops prior to

sympathetic dysfunction in patients with diabetes [3]. We

questioned this perspective because it is based on the

comparison of sensitive tests of parasympathetic function,

such as the heart rate variability with deep breathing, with

insensitive tests of sympathetic function, such as the

hemodynamic response to orthostatic stress or isometric

hand grip.

We found that the poorly controlled patients had

increased malondialdehyde excretion, increased serum

NOx and increased serum-free 8-iso-PGF2alpha (Fig. 2)

but normal urinary 8-OH deoxyguanosine (contrary to

expectations) (Table 1). The diabetic patients had normal

parasympathetic function early in their disease. The beat to

beat variation with deep breathing, in contrary to expecta-

tions, was actually increased in the patients with early

diabetes [18]. The high frequency power spectra of heart

rate variability were no different in the diabetic patients

versus the controls. By contrast, we observed that renin/

Fig. 4 Effect of glycemic control on sympathetic function in early

diabetes. Mean results ± SE are presented for patients whose HgbA1

values were below (open bars) or above (closed bars) the median for

the group, respectively, versus the control subjects (hatched bars).

Different from control subjects, *P \ 0.05, **P \ 0.01. Different

from patients with low HgbA1, �P \ 0.05, ��P \ 0.025, Diabetic

patients with high versus low HgbA1 across all years were different,
�P \ 0.01
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prorenin was decreased even at the first evaluation of the

diabetic patients and it deteriorated further in the poorly

controlled patients during the course of the 3-year study

(Fig. 4). The analysis of sudomotor function in early dia-

betes is complex. It is well known that chronic diabetes

causes sympathetic denervation, atrophy of sweat glands

and eventually anhidrosis in the feet. Paradoxically, how-

ever, patients with diabetic neuropathy typically sweat

excessively above the waist, especially in the head and neck

and in this regard they resemble patients who experience

hyperhidrosis following sympathectomy [32]. We therefore

postulated that there would be a relative deficiency in sweat

production below the waist, but a relative excess of sweat

production above the waist. To test this, we measured sweat

in four locations, including the L forearm, the proximal L

leg, the distal L leg and the proximal L foot, as detailed

previously [18]. We observed that sudomotor function was

normal in the well controlled patients, but in the poorly

controlled the ratio of sweating above the waist divided by

sweating below the waist was increased at each of three

annual evaluations (Fig. 4). We believe this redistribution

of sudomotor responses is an early sign of sympathetic

neuropathy. Grandenetti et al. [13] observed a similar pat-

tern of responses in patients with impaired glucose toler-

ance. We also observed changes in more traditional tests of

sympathetic function in early diabetes. The post Valsalva

bradycardia was slightly decreased in the poorly controlled

patients at each evaluation (Fig. 1), and 3-methoxy-4-

hydroxymandelic acid excretion, a measure of norepi-

nephrine production by the sympathetic nervous system,

was decreased by about 25% in the poorly controlled

patients at the time of the third evaluation [18]. We interpret

these results to indicate that the sympathetic nerves are

especially vulnerable to the damaging effects of chronic

hyperglycemia. Moreover, we observed that several mark-

ers of oxidative stress correlated negatively with sympa-

thetic function. Total sweat production correlated

negatively with malondialdehyde excretion (P \ 0.01), and

NOx (P \ 0.025) (Fig. 5). A negative correlation between

free 8-iso-PGF-2alpha and sweating approached statistical

significance (P = 0.06). Malondialdehyde excretion also

showed a negative association (P \ 0.01) with intermediate

frequency power spectral analysis of heart rate, an index of

cardiovascular sympathetic function [17].

We also measured urate in our longitudinal study of

diabetes, and demonstrated that it was decreased by 25% in

early type 1 diabetes (Table 1). Moreover, we and Pitocco

[29] documented a negative correlation between urate and

glycosylated hemoglobin which indicates that the sup-

pression of the former is a compensatory response to

hyperglycemia related oxidative stress. Peroxynitrite is the

major oxidant which reacts with urate, but the superoxide

anion and hydrogen peroxide can also do so, but they are

not as potent oxidizers as is peroxynitrite [31]. Moreover,

Pitocco [29] also observed a negative correlation between

NOx and uric acid. This is an important observation since it

suggests that other reactive nitrogen-free radicals, perhaps

dinitrotrioxide, can also react with and degrade uric acid.

The suppression of urate in early diabetes, however, is

multifactorial. Increased inducible NOS activity and

increased NO formation, for example, stimulate glomerular

hyperfiltration which causes enhanced uricosuria [15].

Thus, the direct effects of increased NO metabolites were

more important initially in our study, because there was no

hyperfiltration or hyperuricosuria in our patients at their

baseline evaluation [15]. Indirect renal effects of NO

probably play a contributory role subsequently; at the final

evaluation, both hyperfiltration and increased uricosuria

were documented. NO which mediates hyperfiltration is a

critical component of this indirect mechanism, since it

mediates hyperfiltration in early diabetes. Chiarelli [4]

reported and we confirmed [15] that NOx correlated with

creatinine clearance in early diabetes. The loss of urate, an

endogenous antioxidant, is disadvantageous, and could, in

theory, worsen multiple complications of diabetes (Fig. 1).

We acknowledge that the uricosuria may be important only

transiently, since hyperfiltration at the renal glomerulus

takes place only in early diabetes. Pitocco et al. [29]

studied patients with a longer history of type 1 diabetes (up

to 10 years), and observed a 38% reduction of serum urate

in this cohort with normal uric acid excretion. In our study,

patients with suppressed urate showed a relative increase in

sweating above the waist divided by sweating below the

waist, a marker of sympathetic injury. Patients with

Fig. 5 Associations between

MDA excretion, NOx and 8-iso

PGF2 alpha and sudomotor

function

24 Clin Auton Res (2011) 21:19–28
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suppressed urate also showed a decreased renin/prorenin

ratio, a marker of renal sympathetic nerve activity (Fig. 6).

These results, taken together, demonstrate that oxidative

stress, increased NOx and lipid peroxidation (Fig. 3) dis-

rupt sympathetic function in early type 1 diabetes. These

changes, though clinically silent, are nevertheless of

potential importance since sympathetic nerve damage in

diabetes can progress to cause multiple adverse conse-

quences including arteriovenous shunting and ischemia of

the distal capillary networks, [35] and increased blood flow

to skin and bone which may translate into neuropathic

arthropathy or neuropathic edema [42]. Sympathetic

Fig. 6 Uric acid and autonomic

function. Mean results ± SE are

illustrated for patients

categorized according to

whether their uric acid was

above or below the gender

specific median uric acid at that

evaluation. Different from

control subjects, *P \ 0.05,

**P \ 0.01. Diabetic patients

with suppressed uric acid were

different from those with

normal uric acid across all years

and were different from controls
�P \ 0.05. Diabetic patients

with suppressed versus normal

uric acid were different across

all years ��P \ 0.025, ���

P \ 0.0025. Different from

patients with normal uric acid,
�P \ 0.025, §P \ 0.01
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denervation may also cause vascular calcification, medial

degeneration, vascular rigidity and eventually peripheral

arterial disease [12]. Eventually sympathetic injury can

lead to gustatory sweating or orthostatic hypotension,

which can be disabling and carries a poor prognosis [3, 42].

Finally, iatrogenic hypoglycemia leads to activation of the

sympathetic nervous system [7], and we have postulated

that sympathetic nerve damage compromises the awareness

of hypoglycemia [17].

Parasympathetic activity was assessed by measuring the

beat to beat variation with deep breathing and high fre-

quency power spectral analysis of heart rate variability, as

described above. Although neither were decreased in early

diabetes, we observed, interestingly, that patients with

suppressed urate had worse performance on both tests than

did patients with normal urate (Fig. 6). Thus, it appears

likely that oxidative stress plays a role in the initiation of

both parasympathetic and sympathetic damage. Parasym-

pathetic dysfunction causes impotence in diabetic males,

and oxidative stress must take place in the penis since

impotent diabetic males have higher penile malondialde-

hyde than do their nondiabetic counterparts [37]. Cardio-

vascular parasympathetic dysfunction in chronic diabetes is

of great clinical concern. Vinik et al. [40] have performed a

meta-analysis of several studies and demonstrated that

decreased heart rate variability in diabetes is associated

with silent cardiac ischemia and increased mortality.

The biochemical markers of oxidative stress correlated

weakly with somatosensory function in early diabetes.

Although malondialdehyde excretion correlated with the

peroneal motor nerve amplitudes [17], this relationship was

not observed in the ulnar or median nerves.

Gender and oxidative stress

All measures of oxidative stress were higher in the dia-

betic females than in diabetic males (Fig. 7). Marra [24]

also observed this gender effect in type 1 diabetes. The

biochemical mechanism of the gender impact on oxidative

stress in diabetes is unknown. We postulate that this

phenomenon reflects the well known fact that females

have less urate than men. In our study, for example, the

mean urate in the diabetic females was 208 ± 8 lmol/L

while urate in the diabetic males was 237 ± 14

(P \ 0.05).

In conclusion, we have observed that the sympathetic

nervous system is especially vulnerable to the adverse

consequences of chronic hyperglycemia. We observed

aberrant sudomotor responses, a relative deficit of sudo-

motor responses below the waist, and a relative increase in

sudomotor responses above the waist, at the time of the

each evaluation of the diabetic patients. Deficits in the

processing of renin were demonstrable in the diabetic

patients throughout the longitudinal study. Moreover,

serum NOx, urinary malondialdehyde, and serum-free 8-

iso-PGF2alpha correlated negatively with sudomotor

function. Finally, the suppression of urate, an endogenous

extracellular antioxidant, showed a correlation with both

sympathetic and parasympathetic dysfunction in early type

1 diabetes.
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