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OBJECTIVE— To study the relationship among red blood cell Na+-K+-ATPase activity,
metabolic control, and diabetic neuropathy.

RESEARCH DESIGN AND METHODS— Na+-K+-ATPase activity has been mea-
sured in the red cell membrane of 43 long-standing IDDM patients (duration of diabetes 17.5 ±
2 years, mean ± SE), with 20 of the patients presenting with peripheral neuropathy. There were
23 healthy subjects serving as the control group.

RESULTS— Na * -K * -ATPase activity was significantly lower in diabetic patients than in
healthy subjects (236.5 ± 7.5 vs. 294 ± 10 nmol P( • mg protein"1 • h \ P < 0.05). Among
diabetic patients, Na * /K * -ATPase activity was not dependent on the degree of diabetic control,
nor was it correlated with either fasting blood glucose (r = 0.16, NS) or HbAlc (r = 0.01, NS).
Na * -K+ -ATPase activity was lower in patients with neuropathy than in those without it (212 ±
8.5 vs. 261 ± 6.6, P < 0.05). Furthermore, in a subgroup of 20 patients, a positive correlation
was observed between erythrocyte Na * -K * -ATPase activity and nerve conduction velocity in the
peroneal (r = 0.558, P < 0.02) and tibial nerve (r = 0.528, P < 0.05).

CONCLUSIONS— These results suggest that diabetes-induced Na+-K+-ATPase activity
dyslunction could be implicated in the pathogenesis of human diabetic neuropathy and the
electrophysiological abnormalities observed in these patients.

N a f-K +-ATPase (EC.3.6.1.37) is a
ubiquitous membrane enzyme that
allows the extrusion of three so-

dium ions from the cells and two potas-
sium ions from the extracellular fluid.
Its activity accounts for ~20% of the
resting energy expenditure in humans
(1). In diabetic animals, Na + -K + -
ATPase activity is decreased in various
tissues, including the erythrocytes (2),
and we have observed that in diabetic
rats, erythrocyte Na+-K+-ATPase activ-
ity reflects that of sciatic nerve (3). In
IDDM patients, erythrocyte Na+-K+-
ATPase activity is diminished when es-
timated by ATP hydrolysis (4-6) or mi-
crocalorimetry (7).

A decrease in this enzyme activity
has been implicated in the pathogenesis
of diabetic polyneuropathy via an activa-

tion of the polyol pathway leading to an
accumulation of sorbitol and fructose and
a decrease in myoinositol concentration
in the peripheral nerve (8). The de-
crease of Na+-K+-ATPase activity leads
to higher intra-axonal sodium concen-
tration and a blockage of nerve mem-
brane depolarization. In fact, a significant
correlation between nerve conduction ve-
locity and Na+-K+-ATPase activity in the
sciatic nerve of diabetic rats has been re-
ported (9). We have previously observed
that this enzyme activity was lower in the
erythrocyte membrane of male IDDM pa-
tients with neuropathy than in those
without it (6). This led to a study of the
erythrocyte Na+-K+-ATPase activity in
long-term IDDM patients, with special
reference to metabolic control and the
presence of neuropathy.
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RESEARCH DESIGN AND
METHODS

Study population
Forty-three IDDM patients with stable
glycemic control and without any inter-
current illness or severe diabetic compli-
cations were studied on the occasion of a
regular follow-up after informed consent
was obtained. Eight of the patients were
women. Their mean age (± SE) was 46.3
±2.5 years and mean duration of insulin
treatment was 17.5 ± 2 years. Their BMI
was 23 ± 0.3 kg/m2. Plasma level of C-
peptide after injection of 1 mg of glucagon
was <0.01 nmol/1. None were taking any
medication known to influence Na+-Kf-
ATPase, such as drugs like calcium block-
ers, thyroxine, glucocorticoid, mineralo-
corticoid, or digitalin. Seven patients
were on antihypertensive treatment, and
their blood pressure was well controlled.
They had normal thyroid status as esti-
mated by a normal thyrotropin value.

A complete ophthalmologic ex-
amination, including an examination by
slitlamps with three mirror glasses and an
angiofluorograph, was undertaken.
Thirty patients had either background
retinopathy or more severe retinopathy.
Urinary albumin excretion was estimated
by the nephelometric method. Nephrop-
athy, defined as a urinary albumin excre-
tion rate >20 mg/24 h, was present in 12
patients. A neurological examination al-
lowed us to determine the patients with or
without neuropathy according to the Di-
abetes Control and Complications Trial
criteria (10). Neuropathy was evidenced
in 20 patients. A subgroup of 20 patients
had an electrophysiological exploration
of the lower limbs with measurement of
the velocities of motor peroneal and tibial
nerves and sensory sural nerve conduc-
tions by stimulodetection, measurement
of the distal latency times assessed be-
tween the nerve stimulation in a distal
point, and obtainment of a muscular re-
sponse and evaluation of the amplitude of
the motor responses evoked in the terri-
tories of the peroneal and tibial nerves. In
this subgroup, 11 patients had clinical
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Lowers Blood Glucose as an Adjunct to Diet - Alone or
With a Sulfonylurea* When Glycemic Control Cannot Be Achieved

Precose®
The First Alpha-Glucosidase Inhibitor

Features a Unique, Nonsystemic Mode of Action1

• Works locally in the small intestine to slow carbohydrate
digestion and delay glucose absorption

• Treats NIDDM without drug-induced hypoglycemia,
hyperinsulinemia, lactic acidosis, or weight gain2

Manages Postprandial Glucose Peaks to Improve
Glycemic Control, Reducing HbAlc Levels to Help
Prevent Diabetes Complications, eg, Retinopathy,
Neuropathy, and Nephropathy134

• Majority of side effects in clinical trials were GI in nature (abdominal pain,
diarrhea, and flatulence), related to the mode of action, and generally diminish
after 4 to 8 weeks due to adaptation of small intestine enzyme activity5

1 Precose is not recommended in patients with significant renal dysfunction
(serum creatinine > 2.0 mg/dL). Precose is contraindicated in patients with
diabetic ketoacidosis, cirrhosis, inflammatory bowel disease, colonic ulceration,
or partial intestinal obstruction

• Because efficacy is similar across dosages > 100 mg tid, and dosages > 100 mg tid
may be associated with an increased risk of elevated serum transaminase levels,
dosages > 100 mg /w/are not recommended

1 Diet and exercise always should be emphasized as primary methods for
NIDDM management

" Precose itself does not cause hypoglycemia. When used in combination with
sulfonylureas, it may increase their hypoglycemic potential. Oral glucose, whose
absorption is not inhibited by Precose, should be used instead of sucrose in the
treatment of mild to moderate hypoglycemia.

Please see brief summary of Prescribing information on the last page of this advertisement.
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Taken three

times daily with the

first bite of

each main meal

Initiate therapy
with 25 nig tid by

breaking the scored
50-mg tablet in half

•
Increase dosage

gradually to minimize
GI symptoms

•

Maintain therapy
at 50 mg tid

to 100 mg tid
•

Maximum
recommended dosages:

50 mg tid for
patients < 60 kg

(132 1b);
lOOmg/w/for

patients > 60 kg
(1321b)

1
50 mg, 100 mg

(acarbose tablets)
NIDDM management from the first bite.
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INDICATIONS AND USAGE
PRECOSE8, as monotherapy, is indicated as an adiunct to diet to lower blood glucose in
patients with non-insulin-dependent diabetes mellitus (NIDDM) whose hyperglycemia cannot
be managed on diet alone. PRECOSE® may also be used in combination with a sulfonylurea
when diet plus either PRECOSE® or a sulfonylurea do not result in adequate glycemic control.
The effect ol PRECOSE® to enhance glycemic control is additive to that of sulfonylureas when
used in combination, presumably because its mechanism of action is different.
In initiating treatment tor NIDDM, diet should be emphasized as the primary form of treatment.
Caloric restriction and weight loss are essential in the obese diabetic patient. Proper dietary
management alone may be effective in controlling blood glucose and symptoms of hyper-
glycemia. The importance of regular physical activity when appropriate should also be
stressed. If this treatment program fails to result in adequate glycemic control, the use of
PRECOSE® should be considered. The use of PRECOSE® must be viewed by both the physi-
cian and patient as a treatment in addition to diet, and not as a substitute for diet or as a con-
venient mechanism tor avoiding dietary restraint.

CONTRAINDICATIONS
PRECOSE* is contraindicated in patients with known hypersensitivity to the drug and in
patients with diabetic ketoacidosis or cirrhosis PRECOSE* is also contraindicated in patients
with inflammatory bowel disease, colonic ulceration, partial intestinal obstruction or in
patients predisposed to intestinal obstruction. In addition, PRECOSE® is contraindicated in
patients who have chronic intestinal diseases associated with marked disorders of digestion or
absorption and in patients who have conditions that may deteriorate as a result of increased
gas formation in the intestine.

PRECAUTIONS
General
Hypoglycemla: Because of its mechanism of action. PRECOSE9 when administered alone
should not cause hypoglycemia in the fasted or postprandial state. Sulfonylurea agents may
cause hypoglycemia. Because PRECOSE® given in combination with a sulfonylurea will cause
a further lowering of blood glucose, it may increase the hypoglycemic potential of the sulfony-
lurea Oral glucose (dextrose), whose absorption is not inhibited by PRECOSE®, should be
used instead of sucrose (cane sugar) in the treatment of mild to moderate hypoglycemia.
Sucrose, whose hydrolysis to glucose and fructose is inhibited by PRECOSE®, is unsuitable
for the rapid correction of hypoglycemia. Severe hypoglycemia may require the use of either
intravenous glucose infusion or glucagon injection.

Elevated Serum Transaminase Levels: In clinical trials, at doses of SO mg t.i.d. and 100 mg
t.i.d., the incidence of serum transaminase elevations with PRECOSE® was the same as with
placebo. In long-term studies (up to 12 months, and including PRECOSE® doses up to 300 mg
t.i.dj conducted in the United States, treatment-emergent elevations of serum transaminases
(AST and/or ALT) occurred in 15% of PRECOSE®-treated patients as compared to 7% of
placebo-treated patients. These serum transaminase elevations appear to be dose related. At
doses greater than 100 mg t.i.d., the incidence of serum transaminase elevations greater than
three times the upper limit of normal was two to three times higher in the PRECOSE® group
than in the placebo group. These elevations were asymptomatic, reversible, more common in
females, and, in general, were not associated with other evidence of liver dysfunction.
In international post-marketing experience with PRECOSE® in over 500,000 patients, 19 cases
of serum transaminase elevations > 500 IU/L (12 of which were associated with jaundice)
have been reported. Fifteen ot these 19 cases received treatment with 100 mg t.i.d or greater
and 13 of 16 patients for whom weight was reported weighed < 60 kg. In the 18 cases where
follow-up was recorded, hepatic abnormalities improved or resolved upon discontinuation of
PRECOSE®.

Lots ol Control ol Blood Glucose: When diabetic patients are exposed to stress such as fever,
trauma, infection, or surgery, a temporary loss of control of blood glucose may occur. At such
times, temporary insulin therapy may be necessary

Information lor Patients: Patients should be told to take PRECOSE® orally three times a day at
the start (with the first bite) of each main meal. It is important that patients continue to adhere
to dietary instructions, a regular exercise program, and regular testing of urine and/or blood
glucose

PRECOSE® itself does not cause hypoglycemia even when administered to patients in the fast-
ed state. Sulfonylurea drugs and insulin, however, can lower blood sugar levels enough to
cause symptoms or sometimes life-threatening hypoglycemia. Because PRECOSE® given in
combination with a sulfonylurea or insulin will cause a further lowering of blood sugar, it may
increase the hypoglycemic potential of these agents. The risk of hypoglycemia. its symptoms
and treatment, and conditions that predispose to its development should be well understood
by patients and responsible family members. Because PRECOSE® prevents the breakdown of
table sugar, patients should have a readily available source of glucose (dextrose. D-glucose) to
treat symptoms ot low blood sugar when taking PRECOSE® in combination with a sulfony-
lurea or insulin.

If side effects occur with PRECOSE®, they usually develop during the first few weeks of thera-
py. They are most commonly mild-to-moderate gastrointestinal effects, such as flatulence,
diarrhea, or abdominal discomfort and generally diminish in frequency and intensity with time.
Laboratory Tests: Therapeutic response to PRECOSE® should be monitored by periodic blood
glucose tests. Measurement of glycosylated hemoglobin levels is recommended for the moni-
toring ol long-term glycemic control

PRECOSE®. particularly at doses in excess ot 50 mg t.i.d.. may give rise to elevations of
serum transaminases and, in rare instances, hyperbilirubinemia. It is recommended that
serum transaminase levels be checked every 3 months during the first year of treatment with
PRECOSE® and periodically thereafter. If elevated transaminases are observed, a reduction in
dosage or withdrawal ot therapy may be indicated, particularly if the elevations persist.
Renal Impairment: Plasma concentrations of PRECOSE® in renally impaired volunteers were
proportionally increased relative to the degree of renal dysfunction. Long-term clinical trials in
diabetic patients with significant renal dysfunction (serum creatinine >2 0 mg/dL) have not
been conducted. Therefore, treatment of these patients with PRECOSE® is not recommended.
Drug Interactions: Certain drugs tend to produce hyperglycemia and may lead to loss of blood
glucose control. These drugs include the thiazides and other diuretics, corticosteroids, phe-
nothiazines, thyroid products, estrogens, oral contraceptives, phenytoin, nicotinic acid, sym-
pathomimetics, calcium channel-blocking drugs, and isoniazid. When such drugs are adminis-
tered to a patient receiving PRECOSE®. the patient should be closely observed for loss of

blood glucose control. When such drugs are withdrawn from patients receiving PRECOSE® in
combination with sulfonylureas or insulin, patients should be observed closely for any evi-
dence of hypoglycemia.

Intestinal adsorbents (e.g.. charcoal) and digestive enzyme preparations containing carbohy-
drate-splitting enzymes (eg . amylase. pancreatin) may reduce the effect of PRECOSE® and
should not be taken concomitantly.

Carclnogenesls, Mutagenesls, and Impairment ol Fertility: Nine chronic toxicity/carcino-
genicity studies were conducted in three animal species (rat. hamster, dog) including two rat
strains (Sprague-Dawley and Wistar).

In the first rat study. Sprague-Dawley rats received acarbose in feed at high doses (up to
approximately 500 mg/kg body weight) for 104 weeks. Acarbose treatment resulted in a signif-
icant increase in the incidence of renal tumors (adenomas and adenocarcinomas) and benign
Leydig cell tumors. This study was repeated with a similar outcome. Further studies were per-
formed to separate direct carcinogenic effects of acarbose from indirect effects resulting from
the carbohydrate malnutrition induced by the large doses of acarbose employed in the studies.
In one study using Sprague-Dawley rats, acarbose was mixed with feed but carbohydrate
deprivation was prevented by the addition ot glucose to the diet. In a 26-month study ot
Sprague-Dawley rats, acarbose was administered by daily postprandial gavage so as to avoid
the pharmacologic effects of the drug. In both of these studies, the increased incidence ol
renal tumors found in the original studies did not occur. Acarbose was also given in food and
by postprandial gavage in two separate studies in Wistar rats. No increased incidence of renal
tumors was found in either of these Wistar rat studies. In two feeding studies of hamsters,
with and without glucose supplementation, there was also no evidence of carcinogenicity.
Acarbose showed no mutagenic activity when tested in six in vitro and three in vivo assays.
Fertility studies conducted in rats after oral administration produced no untoward effect on fer-
tility or on the overall capability to reproduce.
Pregnancy:

Teratogenic Effects: Pregnancy Category 6 The safety of PRECOSE® in pregnant women has
not been established. Reproduction studies have been performed in rats at doses up to 480
mg/kg (corresponding to 9 times the exposure in humans, based on drug blood levels) and
have revealed no evidence of impaired fertility or harm to the fetus due to acarbose. In rabbits,
reduced maternal body weight gain, probably the result of the pharmacodynamic activity of
high doses of acarbose in the intestines, may have been responsible for a slight increase in the
number of embryonic losses. However, rabbits given 160 mg/kg acarbose (corresponding to
10 times the dose in man, based on body surface area) showed no evidence of embryotoxicity
and there was no evidence of teratogenicity at a dose 32 times the dose in man (based on
body surface area). There are. however, no adequate and well-controlled studies of PRECOSE®
in pregnant women. Because animal reproduction studies are not always predictive of the
human response, this drug should be used during pregnancy only it clearly needed. Because
current information strongly suggests that abnormal blood glucose levels during pregnancy
are associated with a higher incidence ot congenital anomalies as well as increased neonatal
morbidity and mortality, most experts recommend that insulin be used during pregnancy to
maintain blood glucose levels as close to normal as possible.
Nursing Mothers: A small amount of radioactivity has been found in the milk of lactating rats
after administration of radiolabeled acarbose. It is not known whether this drug is excreted in
human milk. Because many drugs are excreted in human milk, PRECOSE® should not be
administered to a nursing woman.
Pediatrlc Use: Safety and effectiveness of PRECOSE® in pediatric patients have not been
established.

ADVERSE REACTIONS
Digestive Tract: Gastrointestinal symptoms are the most common reactions to PRECOSE®. In
U.S. placebo-controlled trials, the incidences ot abdominal pain, diarrhea, and flatulence were
21%, 33%, and 77% respectively in 1075 patients treated with PRECOSE* 50-300 mg t.i.d.,
whereas the corresponding incidences were 9%. 12%. and 32% in 818 placebo-treated
patients. Abdominal pain and diarrhea tended to return to pretreatment levels over time, and
the frequency and intensity ol flatulence tended to abate with time. The increased gastroin-
testinal tract symptoms in patients treated with PRECOSE® is a manifestation of the mecha-
nism of action of PRECOSE® and is related to the presence of undigested carbohydrate in the
lower Gl tract. Rarely, these gastrointestinal events may be severe and might be confused with
paralytic ileus.

Elevated Serum Transaminase Levels: See PRECAUTIONS.

Other Abnormal Laboratory Findings: Small reductions in hematocrit occurred more often in
PRECOSEL*-treated patients than in placebo-treated patients but were not associated with
reductions in hemoglobin. Low serum calcium and low plasma vitamin B6 levels were associat-
ed with PRECOSE® therapy but were thought to be either spurious or of no clinical significance

Caution: Federal law prohibits dispensing without a prescription.
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Table 1—Erythrocyte Na+-K+-ATPase activity in IDDM patients with and without
neuropathy

n
Age (years)
Diabetes duration (years)
Plasma glueose (mmol/1)
HbAu. (%)
Patients with retinopathy
Patients with nephropathy
Na ' -K * -ATPase activity

(nmol P, • mg
protein ' • h ')

With neuropathy

23
44.6 ± 2.6
15.6 ± 2.2
7.8 ± 1.7
8.4 ± 0.3

13
3

261 ± 6.6

Without neuropathy

20
48 ± 2.5

19.5 ± 1.9
8.5 ± 1.4
8.9 ± 0.4

17
9

212 ±8 .5

P value

NS
NS
NS
NS

<0.0001

Pata arc means ± Sti.

neuropathy. For technical reasons, con-
duction velocities of peroneal and sural
nerves were missing for three patients,
and conduction velocity of the tibial nerve
was missing for one other patient.

Additionally, plasma glucose, lip-
ids, and creatinine were assessed by stan-
dard methods. HbAk. was determined by
high-performance liquid chromatogra-
phy. Twenty-three healthy age-matched
nondiabetic subjects with normal BMIs
served as control subjects. They had nor-
mal blood glucose and HbAlc levels.

Erythrocyte Na + -K + -ATPase
activity measurement
Venous blood samples were collected on
sodium citrate (0.11 mmol/1) from fasting
subjects at —8:00 A.M. before the morning
insulin injection. Immediately after col-
lection, leukocytes and platelets were re-
moved by filtering through a cellulose mi-
crocrystalline column as described by
Beutler et al. (11). The red cell pack ex-
tracted by centrifugation at 4°C, 350g, for
1 5 min was resuspended and diluted in
2'5 vol of 0.011 mol/1 Tris-HCl buffer at
pH 7.4. The hemolyzed cells were then
centrifuged for 30 min at 12,000 rpm at
4"C, and the membrane pellet was resus-
pended in 30 ml of 0.011 mol/1 Tris-HCl
buffer. This centrifugation step was re-
peated three times. The final concentra-
tion of the membrane suspension was ~4
mg protein per milliliter of Tris buffer.
The membrane suspension was stored at
•-•80°C until the assay was performed.
Previous experiments have shown similar
results for Naf-K + -ATPase activity mea-
sured in fresh red cell membranes or
stored membranes.

ATPase activity was measured in

a final volume of 1 ml as follows. Mem-
branes (400 jag) were preincubated for 10
min at 37°C in a mixture containing 92
mmol/1 Tris-HCl (pH 7.4), 100 mmol/1
NaCl, 20 mmol/1 KC1, 5 mmol/1 MgSO4

7H2O, and 1 mmol/1 EDTA. Assays were
performed with or without 1 mmol/1
ouabain, a specific inhibitor of Na+-K+-
ATPase. After incubation with 4 mmol/1
ATP (Vanadate free, Sigma) at 37°C for 10
min, the reaction was stopped by adding
of ice-cold trichloroacetic acid to a final
concentration of 5%. After centrifugation
at 4°C, 5,500g, for 10 min, the amount of
inorganic phosphate in the supernatant
was determined according to the method
of Hurst (12). Na+-K+-ATPase activity
was calculated as the difference between
inorganic phosphate released during the
10-min incubation with and without
ouabain. Activity was corrected to a nano-
molar concentration of inorganic phos-
phate released per milligram protein per
hour.

All assays were performed in du-
plicate, and blanks for substrate, mem-
brane, and incubation time were routinely
included to compensate for endogenous
phosphate and non-enzyme-related
breakdown of ATP. Under these experi-
mental conditions, the coefficient of vari-
ation was 7.5%.

Statistical analysis
The results are represented as the mean ±
SE. Data being normally distributed for
age, diabetes duration, plasma glucose,
HbAlc, and Na+-K+-ATPase activity, dif-
ferences between groups were estimated
by the Student's t test for non-paired val-
ues. For neurophysiological parameters,
differences between groups were esti-

mated by the nonparametric Mann-
Whitney test. Relationships between the
different parameters were established by
correlation coefficients assessed by linear
regression analysis. Differences between
groups and correlations between param-
eters were considered significant for P val-
ues <0.05.

RESULTS

N a - K -ATPase activity and
metabolic control
Erythrocyte Na+-K + -ATPase activity was
significantly lower in the long-standing
IDDM patients than in the control group
(236.5 ± 7.5 vs. 294 ± 10 nmol P, • mg
protein"1-h ' \ P < 0.01).

In these diabetic patients, the
mean value of fasting plasma glucose was
8.1 ± 1.6 mmol/1 and that of HbAu. 8.6 ±
0.35%. No correlation was detected be-
tween Na + -K +-ATPase activity and
plasma glucose (r = 0.170, NS), HbAu.
(r = 0.01, NS), plasma triglyceride (r r :

0.190, NS), or total cholesterol (r ^
0.284, NSV Similarly, no correlation was
observed between enzyme activity and
daily insulin requirement or BMI, which
were both in the normal range for all sub-
jects.

Na -K -ATPase activity and
diabetic neuropathy
Of the diabetic patients, 20 out of 43 pre-
sented with moderate or severe peripheral
neuropathy according to the Diabetes
Control and Complications Trial criteria
(10). Age, diabetes duration, plasma glu-
cose, and HbAK. levels were not signifi-
cantly different between the patients with
and without neuropathy (Table 1). As
shown in Table 1, retinopathy and ne-
phropathy were more frequent in patients
with neuropathy. Patients with neuropa-
thy had lower erythrocyte Na'-K*-
ATPase activity than those without it
(212 ± 8.5 vs. 261 ± 6.6 nmol P, • mg
protein"1 • tf1, P < 0.0001).

No correlation was observed be-
tween Na+-Kf -ATPase activity and the
presence of retinopathy or nephropathy.

N a - K -ATPase activity and nerve
function
In the subgroup of 20 patients who had
electrophysiological testing, motor con-
duction velocities were significantly
lower in patients with clinical netiropathy
compared with those without neuropathy
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Na*-K+-ATPase and diabetic neuropathy

Table 2—Correlation coefficients between electrophysiological parameters and plasma
glucose, HbAu, and erythrocyte Na+-K+-ATPase activity in IDDM patients

Pmineal NCV (m/s)
Tibial NCV (m/s)
Sural NCV (m/s)
Peroneal-evoked potential (mV)
Tibial -evoked potential (mV)

Plasma glucose
(mmol/1)

-0.16
-0.40
-0.18
-0.04
-0.12

HbAlc

(%)

-0.07
-0.20
-0.33
-0.37
-0.31

Na+-K
(nmol Pi •

+-ATPase activity
mg protein"1 • h"1)

0.56*
0.53t
0.02
0.09
0.50t

in pcroneal nerve (37.5 ±1 .6 vs. 41.5 ±
1.9 m/s P < 0.01) and in tibial nerve (33.7
± 1.0 vs. 38.8 ± 1.2 m/s, P < 0.001).
Sensory conduction velocity in sural
nerve was not significantly different be-
tween the two groups (42. 8 ± 2.8 vs.
44.9 ± 2.1 m/s, NS). Tibial-evoked po-
tential amplitude was significantly lower
in patients with neuropathy compared
with those without it (3.5 ±0.7 vs. 8.6 ±
1.0 mV, P < 0.05), whereas peroneal-
evoked potential amplitude was not sig-
nificantly different between the two
groups (2.6 ± 0.7 vs. 4.0 ± 0.7 mV, NS).

No correlation was observed be-
tween the various parameters of nerve
function and actual fasting plasma glu-
cose or HbAu. (Table 2). When these pa-
rameters were correlated to Na+-K+-
ATPase activity, a statistically significant
positive correlation was observed be-
tween Naf-Kf-ATPase activity and mo-
tor nerve conduction velocity in the per-
oneal nerve (r = 0.558, P < 0.02) and the
tibial nerve (r = 0.528, P < 0.05) but not
with the nerve conduction velocity in the
sensory sural nerve (r = 0.021, NS).
These results are illustrated in Fig. 1. The
evoked potential amplitude was corre-
lated with the ATPase activity in the tibial
nerve (r = 0.505, P < 0.05) but not in the
peroneal nerve (Table 2).

CONCLUSIONS— Na + -K+-ATPase
is a ubiquitous enzyme that ensures that
the transmembrane gradients of sodium
and potassium concentrations are main-
tained. In humans, this enzymatic activity
is mainly studied in the erythrocyte mem-
branes because these cells are easily acces-
sible. A significant decrease (on average,
40% of the Na f-Kf -ATPase activity of the
erythrocyte membrane) has been ob-
served in uncontrolled IDDM patients by
different techniques, such as ATP hydro-
lysis (4-6) and microcalorimetry (7). Our

*P < 0.02; tp < 0.05.

results in the present series are in agree-
ment with those published previously.

This decrease in Na -K+-ATPase
activity in the erythrocyte membranes is
not directly connected to the degree of
diabetic control because there is no cor-
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relation between enzymatic activity and
HbAlc or glycemia in the diabetic patients
of our study in stable glycemic control.
Likewise, in NIDDM patients, there is no
correlation between the activity of eryth-
rocyte Na+-K+-ATPase and HbAu. (13).
This enzymatic dysfunction is probably
connected with the relative insulinopenia
of hyperglycemic IDDM patients. Indeed,
intensive insulin therapy from an artificial
pancreas for 24 h restores erythrocyte
Na+-K+-ATPase activity in diabetic pa-
tients (6). This is also true in diabetic an-
imals where insulin treatment, despite
persistence of hyperglycemia, partially re-
stores the Na+-Kf-ATPase activity mea-
sured in the membrane of the muscle cells
(14,15).

In another connection, distur-
bances of the membrane lipid organiza-

o

ERYTHROCYTE Na/K ATPase (nmol Pi/mg prot/h)

25-

20
160 180 200 220 240 260

ERYTHROCYTE Na/K ATPase (nmol Pi/mg prot/h)
280 300

Figure 1—Correlation between peroneal (A) (r = 0.558; P < 0.02) and tibial (B) (r = 0.528; P <
0.05) nerve conduction velocity (NCV) and crythrocyte Na* -K* -ATPase activity in IDDM patients.
For technical reasons, NCV of peroneal nerve was missing for three patients and was missing Jar tibial
nerve in one other patient.
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tion can also explain the decrease in Na+-
K + -ATPase activity (16). Indeed, during
chronic hyperglycemia, different physio-
logical mechanisms can lead to mem-
brane phospholipid abnormalities. On
the one hand, excessive stimulation of the
polyol pathway leads to an intratissular
decrease in myoinositol and a disturbance
of the turnover of the membrane phos-
phoinositides. On the other hand, a dis-
turbance of the metabolism of the essen-
tial fatty acid, linoleic acid, leads to a
depletion of y-linoleic acid disturbing the
fatty acid composition of the membrane
phospholipids. These two mechanisms
bring about a misplacement of the Na+-
K * -ATPase in its phospholipid sleeve,
which can disturb its activity.

However, whereas all studies un-
dertaken in humans use red cells as an
enzyme source, it may be asked whether
the results observed in these cells reflect
enzyme activity in the other tissues. In-
deed, there are several Na+-K+-ATPase
isoforms, in particular three isoforms of
the catalytic alpha subunit (alpha 1, 2,
and 3), coded by different genes. Alpha 1
isoform is ubiquitous and is the only one
present in red cells and kidney; alpha 2
isoform is present in skeletal muscle and
myocardium, whereas the three isoforms
are present in the brain and the peripheral
nerves (17). Taking into account this dif-
ferent distribution of the Na+-K+-ATPase
isoforms according to the tissues, it may
be asked whether the enzyme abnormal-
ities induced by diabetes are comparable
in all the tissues concerned. In diabetic
animals, diminished Na+-K+-ATPase ac-
tivity is encountered in red cells (2,3), pe-
ripheral nerve (8), skeletal muscle
(14,15), and cardiac muscle (15). More-
over, we have shown that in the diabetic
rat, the Na f-K + -ATPase activities in the
sciatic nerve and in the membrane of red
cells were clearly correlated (3). Results in
the kidney of diabetic animals are more
variable; indeed, Naf-K+-ATPase activity
appears to be either diminished (3,18) or
elevated (19) and seems to depend on the
type of renal cells studied: glomerular,
proximal, or distal tubular. In short, the
different studies are in agreement con-
cerning the diminished Na+-K+-ATPase
activity in red cells of diabetic humans
and in numerous tissues of diabetic rats
with, in particular, close correlation be-
tween the enzyme activity of the red cell
membrane and the sciatic nerve.

In the present study, the decrease

of erythrocyte Na+-K+-ATPase activity is
associated with the presence of peripheral
neuropathy. Patients with clinical neu-
ropathy were slightly older but not signif-
icantly compared with patients without
neuropathy. Even if Na -K+-ATPase ac-
tivity is reduced in lymphocytes of older
people, in both women and men, this ef-
fect is manifested over 60 years (20). So a
possible independent aging effect could
not explain the difference observed be-
tween the two groups of patients.

A dysfunction of Na+-K+-ATPase
is implicated in the physiopathology of
the diabetic neuropathy. Indeed, a de-
crease of this enzyme activity induces an
increase of the intra-axonal sodium con-
centration, disturbing the nerve depolar-
ization and leading to a decrease of the
nerve conduction (8). Thus, this study
suggests an implication of Na + -K+-
ATPase activity in the pathogenesis of di-
abetic neuropathy in humans. Moreover,
these results should be analyzed in rela-
tion to differences of sensitivity of diabetic
patients toward long-term complications.
Indeed, the development of diabetic com-
plications is mainly correlated with the
control and duration of the disease, but
other factors seem to play a role. Whereas
a particular factor does not seem to play a
part in the development of diabetic reti-
nopathy apart from the control and dura-
tion of diabetes (21), certain patients
seem to be predisposed to and others pro-
tected from nephropathy (22) or neurop-
athy (23), probably because of genetic
factors. Now there are constitutional vari-
ations of erythrocyte Na+-K+-ATPase ac-
tivity according to sex and ethnic group,
with lower activities in men compared
with women, in blacks compared with
whites, in Asians compared with Scandi-
navians (24,25), and in Semitic indivi-
duals compared with Caucasians (6).
Semitic individuals are predisposed to se-
vere and precocious neuropathy in the
event of diabetes (23). A constitutional
decrease of Na + -K+-ATPase activity
could therefore constitute a factor of pre-
disposition to diabetic neuropathy.

Moreover, we have observed a
correlation between erythrocyte Na+-K+-
ATPase activity and certain electrophysi-
ological parameters of the peripheral
nerves, notably the motor conduction ve-
locities at the level of tibial and peroneal
nerves. This suggests that the enzyme ac-
tivity in the red cell membrane reflects
that of the peripheral nerve in diabetic

humans, as we have observed in animals
(3). These results are in agreement with
the observation of a correlation between
the Na+-Kf-ATPase activity and the con-
duction velocity in the sciatic nerve of di-
abetic rats (9). To the contrary, no signif-
icant decrease of sensory sural nerve
conduction velocity was observed in pa-
tients with clinical neuropathy in this
study, and no correlation between eryth-
rocyte Na+-K+-ATPase activity and this
neurophysiological parameter was ob-
served either. These findings are compat-
ible with the fact that in diabetic neurop-
athy, the described abnormalities in the
sensor)' sural nerve are an axonal loss of
myelinated fibers without myelin alter-
ation. Nerve conduction velocity depends
mainly on myelin integrity, whereas
evoked potential amplitude is related to
the number of functional axons. That
could explain why sural conduction ve-
locity is not affected and why a decrease of
sural-evoked potential amplitude is more
frequently observed (26). So Na'-K*-
ATPase probably acts in the same way in
sensor)7 and motor nerve conduction ve-
locity, but in diabetic neuropathy, it is
easier to underline its role in motor nerves
in which myelin alteration is more fre-
quent.

The results of this study also show
that even in long-standing diabetes, the
electrophysiological alterations observed
in peripheral nerve are in keeping not
only with anatomical lesions but also with
functional disturbances. Likewise, it is
known that nerve conduction velocities
are slightly but significantly improved af-
ter 24 h of normoglycemia obtained with
an artificial pancreas (27) or after 12
months of intensified insulinotherapy
(28).

In conclusion, the results re-
ported here suggest that the Na*-Kf-
ATPase dysfunction induced by diabetes
is implicated in the pathogenesis of the
neuropathy and the electrophysiological
anomalies observed in the peripheral
nerves in human diabetes.
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