The Effects of Treatment With a-Lipoic Acid or Evening Primrose Oil on
Vascular Hemostatic and Lipid Risk Factors, Blood Flow, and Peripheral Nerve
Conduction in the Streptozotocin-Diabetic Rat

Isobel Ford, Mary A. Cotter, Norman E. Cameron, and Michael Greaves

Oxidative stress and defective fatty acid metabolism in diabetes may lead to impaired nerve perfusion and contribute to the
development of peripheral neuropathy. We studied the effects of 2-week treatments with evening primrose oil (EPO; n = 16)
or the antioxidant a-lipoic acid (ALA; n = 16) on endoneurial blood flow, nerve conduction parameters, lipids, coagulation, and
endothelial factors, in rats with streptozotocin-induced diabetes. Compared with their nondiabetic littermates, untreated
diabetic rats had impaired sciatic motor and saphenous sensory nerve-conduction velocity (NCV; P < .001), reduced
endoneurial blood flow (P < .001), and increased serum triglycerides (P < .01), cholesterol (P < 0.01), plasma factor VII (P <
.0001), and von Willebrand factor (VWF; P < .0001). Plasma fibrinogen and serum high-density lipoprotein concentrations were
not significantly different. Treatment with either ALA or EPO effectively corrected the deficits in NCV and endoneurial blood
flow. ALA was associated with marked and statistically significant decreases in fibrinogen, factor VII, vWF, and triglycerides
(P < .01, paired t tests before v after treatment). In contrast, EPO was associated with significant (P < .05) increases in
fibrinogen, factor VII, vWF, triglycerides, and cholesterol and a significant decrease in high-density lipoprotein. Changes in
levels of coagulation factors and lipids, qualitatively similar to those found with EPO, were obtained with a diet containing
sunflower oil (to control for calorific and lipid content) or with a normal diet alone. Blood glucose and hematocrit levels were
not significantly altered by treatments. These data suggest that although both ALA and EPO improve blood flow and nerve
function, their actions on vascular factors differ. The marked effects of ALA in lowering lipid and hemostatic risk factors for
cardiovascular disease indicate potential antithrombotic and antiatherosclerotic actions that could be of benefit in human
diabetes and merit further study.
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MPAIRED nerve perfusion is an important factor in the malities of blood viscosity and the coagulation system have
development of diabetic peripheral neuropatthyReduced  been stresse#, as have dysfunction of vascular endothelium
nerve oxygen tension has been demonstrated in patients witand smooth muscl13 To clarify these mechanisms further,
mild to moderate diabetic peripheral neuropatidy,and  plasma levels of fibrinogen, factor VII, and von Willebrand
athough there is some controversy over measurement of nerviactor (VWF) were measured before and after 2 weeks of
blood flow in humans,several technically sophisticated studies treatment with doses of EPO or ALA that were effective in
have found a reduction in sural nerve blood flowin the correcting neurovascular deficits in diabetic rats. Fibrinogen,
streptozotocin-induced diabetic rat model, it has been mordhe precursor of fibrin, is an essential adhesive molecule in
clearly shown that reduction in endoneurial blood flow is an Platelet activation, a major determinant of blood viscosity, and
early event that precedes the development of decreased nen@D important component of the inflammatory response. Ele-
conduction velocity (NCV}. vated plasma fibrinogen is an independent risk factor for vas-
Oxidative stress and defective fatty acid metabolism areCular diseas€ and is associated with the development of
important factors in the development of impaired nerve blooddiabetic microvascular and macrovascular complicatiens.
flow and function. Thus, treatment of diabetic rats with vaso-/N Patients with diabetic neuropathy, plasma fibrinogen levels
dilators, antioxidants, and omega-6 essential fatty acids corcorelated with capillary wall thickening in the sural ne#e.
rects both nerve blood flow and NCV deficitd Furthermore, Factor VII in its proenzyme form interacts with tissue factor

clinical neuropathy trials have shown some beneficial effects O]and calcium ions to |n|t|a’te co_a'gulatlon. 'In Its activated _2-cha|n
form, Vlla, the enzyme’s ability to activate factor X is en-

treatment with evening primrose oil (EPO), a source of Ome_hanced up to 100-fold. In the general population, increased
?:L6A)Tylgnolen|c acid? and the antioxidanta-fipoic acid plasma factor VII levels are associated with mortality from
The mechanisms underlying the reduced nerve perfusion ir?ardlova_lsculgr dlseaSé._vWF is a multimeric glycoprote!n
. h biect of debate. The importance of abno;s_ynthesaed in endothellgl cells and megakarchytes. It is es-
diabetes are the subj ) P sential for platelet adhesion to vessel walls at high shear rates,
and it also acts as a carrier protein and regulator of factor Vllic.
Elevated plasma levels of VWF reflect vascular activation or
From the Departments of Medicine & Therapeutics and Biomedicaldamage® Increased VWF levels were found in a population
Sciences, University of Aberdeen, Aberdeen, Scotland. study of patients with type 1 diabetes and neuropathtgnd
Submitted May 23, 2000; accepted February 12, 2001. VWF was predictive of deteriorating nerve function in a pro-
' S_upported by grant RD98/0001706 from the British Diabetic Asso'spective study of patients with type 1 diabeteStehouwer et
ciation (now Diabetes UK). alk2 found that increases in VWF levels over 3 years were

Address reprint requests to Isobel Ford, PhD, Department of Med- dicti £ mi Ibuminuri d h thy but not of th
icine & Therapeutics, University of Aberdeen, Polwarth Building, predictive of microalbuminuria and nephropathy but not of the

Foresterhill, Aberdeen AB 25 2ZD, Scotland. development of retinopatH#p. _ _
Copyrighto 2001 by W.B. Saunders Company Plasma vVWF levels are also elevated in rats with streptozo-
0026-0495/01/5008-0011$35.00/0 tocin-induced diabete®, and the mesenteric vessels show en-
doi:10.1053/meta.2001.24914 hanced immunohistochemical staining for vV\AfHn contrast,
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there is little published information on changes in plasma(packed cell volume) was measured in ethylenediaminetetraacetic acid
fibrinogen or factor VII in the rat model. (EDTA)—anticoagulated blood by the microcapillary method.

MATERIALS AND METHODS ) _
Tail Bleed Time

Experiments were performed in accordance with the regulations
specified in the United Kingdom Animal Procedures Act, 1986, and the Under halothane anesthesia, rats’ tails were warmed for 2 minutes in
National Institutes of Health Principles of Laboratory Animal Care, @ beaker of water at 37°C. The distal 1 cm of tail was then rapidly
1985 revised version. Animals were housed 2 to a cage and Weighefpmoved with a scalpel. With the tail held perpendicular to the supine
daily, and food intake was monitored on a groupwise basis. body of the rat, the time required for 0.5 mL of blood to collect in a

Adult (age 19 weeks) male Sprague-Dawley rats were used, as isample tube was measured. A shorter bleed time thus indicates a higher
previous studies, because it is known that axonal growth has stopped &ite of blood loss.
this point. This allows us to interpret differences in nerve function
between control and diabetic rats as being caused by the hyperglycemic
insult and independent of the effects of impaired axonal develop?fient. NCV and Blood Flow
Rats were made hyperglycemic by a single intraperitoneal injection of Rats were anesthetized with thiobutabarbitone by intraperitoneal
streptozotocin 45 mg/kg in sterile saline (Zeneca Pharmaceuticalsinjection (50 to 100 mg/kg). The trachea was cannulated for artificial
Macclesfield, Englnd). For 6 weeks after induction of diabetes, the rats/entilation, and a carotid cannula was used to monitor mean systemic
received no treatments and were fed on normal diet with free access tblood pressure. Motor NCV was measured as previously deséfibed
drinking water. Average daily food intake was 25 g/d in nondiabetic between the sciatic notch and knee in the nerve branch to the tibialis
animals and 50 g/d in diabetic animals. Baseline blood samples weranterior muscle, which is representative of the whole sciatic nerve in
taken just before the beginning of dietary supplementation. Treatmenterms of susceptibility to diabetes and treatment effects. Saphenous
was with dietary supplements of ALA (ASTA-Medica, Frankfurt am sensory NCV was measured between the groin and ankle as previously
Main, Germany) to give a dose of approximately 300 mg/kg body describecs
weight per day, or with EPO (containing 894dinolenic acid) to obtain Sciatic nerve blood flow was measured by ¢learance as previ
a dose of approximately 10 g/kg body weight per day, or with the samepusly described28in the nerve contralateral to the one used to estimate
dose of sunflower oil as a calorific and lipid control. Treatment was NCV. Briefly, the nerve was exposed between the sciatic notch and the
continued for 2 weeks, and then posttreatment blood samples werknee, and the skin around the incision was sutured to a metal ring to
collected. A group of untreated diabetic rats was studied at the samérm a pool that was filled with mineral oil maintained at 35° to 37°C
time points to control for variability over the 2-week period attributable by radiant heat. Core temperature was monitored by a rectal probe and
to aging or progression of disease. For each set of experiments, contriept within the range of 37° to 38°C. Rats were given neuromuscular

nondiabetic groups were studied under the same conditions. blockade usingd-tubocurarine (Sigma-Aldrich Chemical Co, Poole,
Dorset, England) at a dose of 2 mg/kg via the carotid cannula and were
Blood Measurements artificially ventilated. The level of anesthesia was monitored by ob-

Blood for coagulation tests was drawn from halothane-anesthetize§€Ving any reaction of blood pressure to manipulation, and supple-
rats by cardiac puncture before and after treatment, using a 21-gaug®entary anesthetic was given as necessary. A glass-insulated platinum
needle, allowing blood to mix directly with trisodium citrate (0.11 m|croe|ect_rode was inserted |_nto the middle portion of the sciatic nerve
mol/L) in a 2-mL polypropylene syringe. After treatment, an additional and polarized at 250 mV with respect to a §ub9utane0us reference
10 mL of blood was collected into a plain glass tube, allowed to clot, €lectrode. Ten percent Hwvas added to the inspired gas, and the
and centrifuged at 3,0@0for 10 minutes to facilitate separation of Proportions of @and N, were adjusted to 20% and 70%, respectively.
serum. Anticoagulated blood was dispensed into Eppendorf tubes anti/nen the H current recorded by the electrode had stabilized, indicat
centrifuged at 11,0afor 3 minutes. Plasma was separated into a cleanind equilibrium with arterial blood, the jsupply was shut off and N
tube, and the centrifugation step was repeated to ensure removal §elivery was increased appropriately. The Elearance curve was
platelets from the plasma. This double-spun plasma was separated akgcorded until a baseline was achieved, defined as no systematic decline
stored at—70°C. in electrode current over 5 minutes. This procedure was then repeated

Plasma fibrinogen was measured by Clauss &&smjng Fibriquik aF g_nother nerve site. After_the ex_periment,_clearance curves were
thrombin reagent (Organon Teknika, Cambridge, England) and detecdigitized, and monoexpongntlal or plexponentlal purves were fitted to
tion by automated coagulometer. Human reference plasma (Immund® data by computer using nonlinear regression software (Inplot;
Coagulation Reference; Technoclone Ltd, Surrey, England) was use@raphpad, San Diego, CA). The slow exponent was used to give a
as calibrator. measure of nutritive (capillary) blood flo#. Endoneurial nutritive

Plasma factor VIl was assayed by 1-stage manual clotting assayascglar conductance was calculated t_)y divic_iing flow by the mean
using factor VIl immune-depleted human plasma (Technoclone Ltg,arterial blood pressure dur_mg the record|r_19 period. The averages of_th_e
Surrey, England) and rabbit thromboplastin (Manchester reagent; Hel2 Hz cleargnce detgrmlnatlons were considered representative of sciatic
ena Laboratories, Tyne & Wear, England). endoneurial perfusion parameters.

Plasma vWF antigen was assayed by an in-house enzyme-linked
immunosorbent assay (ELISA) method using polyclonal antibody and s .
horseradish peroxidase—conjugated antibody from Dako Ltd, Denmar| Statlstlcal Analysis
Pooled normal rat plasma was prepared and used as a standard in eachThe Student pairetitest was used to compare data from rats before
factor VIl and VWF assay, and results were expressed as percentagesaifd after treatments. Results were considered significant at the 5%
normal pool values. Serum lipid levels (total triglycerides, total cho- level. Other data were subjected to 1-way analysis of variance
lesterol, and high-density lipoprotein [HDL] cholesterol) were esti- (ANOVA), followed by Student-Newman-Keuls multiple-comparison
mated using kits from Randox Laboratories Ltd, County Antrim, Ire- tests to estimate the significance of differences for individual between-
land, on a Cobas-Fara analyzer (Roche Diagnostics, East Sussegroup comparisons. Where inequalities of variance were encountered
England). Plasma glucose was measured by the glucose oxidase-péBartlett’s test), the data were first given a log transformation to
oxidase method (Boehringer, Mannheim, Germany). Haematocritequalize variances.
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RESULTS HDL
. . . (mM)
Plasma glucose was measured in a sample of 12 diabetic ra Cholesteral -
(4 from each of 3 treatment groups) before and after treatmen (i)
to verify hyperglycemia. Plasma glucose levels did not change T"'Q'V“(;'g; R -

significantly between 6 and 8 weeks of diabetes (before, 31.3 N
1.0 mmol/L; after, 32.3= 1.0 mmol/L; meant SEM). There  (Ratiotonomal pool) |
was a mean weight loss of 22.9% (SEM 1.02) from the onset o Fibrinogen Faessrensr g
diabetes to the start of treatment experiments. There was n =

i ifi i i Factor VIl [
further significant weight change in untreated rats or rats (Raﬁo,om:“ilpzo.}

treated with EPO or sunflower oil, but the rats treated with 0 1 2 3 4 5 6
ALA continued to lose weight (mean weight loss 4.3% in

diabetic, 5.5% in nondiabeti® < .001v pretreatment; Table

Content (units)

1). Hematocrit was unchanged by diabetes or treatments. Fig 1. Plasma factor VIl (% of normal pool), fibrinogen (g/L), vWF
(% of normal pool); and serum triglyceride, cholesterol, and HDL
Hemostatic Factors in Diabetic and Nondiabetic Rats (mmol/L) in rats with streptozotocin-induced diabetes (i) com-

. ... pared with nondiabetic rats (). ***P < .001; ns, not significant (P >
When rats after 6 weeks of diabetes were compared Wltfﬁ)s)' Mean + SEM. 9

their nondiabetic littermates, there was no significant difference
in plasma fibrinogen levels, but levels of factor VII and VWF
antigen were both significantly elevatei€ .001) by diabetes (P < .001), a small increase in VWFP(= .04), and no
(Fig 1). In time-course experiments, factor VII and vVWF were significant change in plasma fibrinogen. Treatment of diabetic
already significantly higher at 1 week after streptozotocin in-rats with EPO (Fig B) was associated with significant in-
jection (factor VII, 164.75%=* 12.9%; vWF, 154.75%:+ creases in plasma factor VIP(< .001), fibrinogenP < .01),
14.66%; mean+= SEM) than in nondiabetic rats (factor VI, and vWF P = .02) levels.
115.2%* 5.45%; vVWF, 104.0%* 4.0%; P <.01) and con- Because of the potentially procoagulant changes resulting
tinued to increase progressively over time (Fig 2). from EPO/sunflower oil treatment of diabetic rats, the effects
were examined in nondiabetic animals (Table 2). There was a
small increase in factor VIl after EPO supplementation in
In a group of 16 diabetic rats, after supplementation with nondiabetic rats = .04) but no other significant changes after
ALA for 2 weeks, there was a marked decrease in plasma levelgreatment with either EPO or sunflower oil. ALA supplemen-
of fibrinogen P < .01), factor VII P < .001), and VWFR < tation was associated with significant decreases in factor VII
.001; Fig 3A). In contrast, over 2 weeks with normal diet alone, (P < .001), fibrinogen P < .01), and VWF P < .01) in
there was a nonsignificant trend toward increases in factor Vlinondiabetic as well as in diabetic rats.
and VWF (Fig 3B). After dietary supplementation with sun-  To rule out interference from lipemic plasma samples on in
flower oil (Fig 3C), there was a marked increase in factor VIl vitro coagulation tests, normal rat plasma was spiked with

Effects of Treatment on Hemostatic Factors

Table 1. Body Weights

Before
Treatment

(19 weeks old) Start of Treatment (25 weeks old) End of Treatment (27 weeks old)
Mean Weight Mean Weight Mean Weight
(SEM) (g) (SEM) (g) % Change (SEM) (g) % Change
Diabetic
EPO 488.6 371.6 —23.9% 3711 -0.1
(n = 16) (8.00) (7.24) (8.29)
Sunflower oil 481.5 371.5 —22.8*% 374.2 +0.7
(n = 15) (9.57) (12.05) (12.31)
ALA 474.0 368.2 —22.3% 352.4 -4.3t
(n = 16) (5.62) (7.50) (8.20)
No treatment 481.7 357.5 —25.8% 353.3 -1.2
(n = 6) (9.33) (9.76) (12.02)
Nondiabetic
EPO 473.0 477.2 +0.9 483.0 +1.2
(n = 6) (9.43) (11.70) (11.44)
Sunflower oil 442.8 450.3 +1.7 456.2 +1.3
(n = 14) (7.30) (6.76) (6.82)
ALA 442.5 438.5 -0.9 414.2 -5.51
(n =8) (1.40) (2.83) (4.36)

* P < .0001 v before treatment, paired t test.
T P < .001 v start of treatment, paired t test.
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FViI Fibrinagen and total cholesteroR < .01) levels were significantly higher
i (gi) and HDL was significantly lowerR < .001) than in the
400 40 untreated group (Table 3).

350 ) ) l 35

300 3.0 Tail Bleed

250 |25 The times taken for a 0.5-mL tail bleed are shown in Fig 4.
200 120 Diabetes was associated with a 5-fold prolongation of bleed

time compared with that of nondiabetic ra® € .001). EPO

150] 1.5

10 and ALA treatments both markedly reduced the 0.5-mL bleed
y 0 time compared with the diabetic group « .01), although

50 |0 times remained prolonged compared with those of the nondi-
b K 2 p . Y 0 abetic group P < .05). There was no significant difference

between the effects of EPO and ALA treatment.

weeks after streptozotocin

Fig 2. Time course of plasma factor VII (C), fibrinogen (®), and NCV and Endoneurial Blood Flow
VvWF (m) in rats before and 1, 2, 4, 6 and 8 weeks after a single
injection of streptozotocin. Mean = SEM. Data for NCV and sciatic endoneurial blood flow parameters

are shown in Table 4. Diabetes was associated with 20% and

16% reductions in sciatic motor and saphenous sensory NCV
porcine cholesterol at concentrations from 5 to 20 mmol/L.(P < .001). The motor deficit was 96% 6% corrected by
Sonication was used to suspend the cholesterol in plasma\LA and 91% + 8% corrected by EPO; corresponding values
There were no differences between fibrinogen and factor Vllfor sensory NCV were 92% 12% and 79%+ 6%, respec-
levels measured in spiked plasma and in the original normatively (all P < .001). These posttreatment NCVs did not differ
plasma. In addition, serial dilutions of 2 lipemic diabetic rat significantly from nondiabetic control values. In contrast, sun-
plasma samples and 2 normal rat plasma samples were found fflower oil did not significantly alter NCV in diabetic rats. A
produce linear and parallel curves for factor VII, fibrinogen, 47% reduction in endoneurial blood flowP (< .001) with

and vVWF levels. diabetes was completely corrected by ALA treatment and 88%
o corrected by EPOR < .01); sunflower oil had no effect. There
Lipids were between-group variations in mean systemic blood pres-

Serum cholesterol and triglyceride levels were significantlysure during the flow recordings, with a tendency toward re-
higher in diabetic ratsR < .001) than in their nondiabetic duced pressure in diabetic rats, although this difference reached
littermates (Fig 1). There was no significant difference in HDL. statistical significance only for the ALA-treated group €
After ALA treatment of diabetic rats, serum triglyceride was .05). Because vasa nervorum does not show pressure autoreg-
significantly lower P < .01) than in a control group of un- ulation of flow, the perfusion data are also expressed as vas-
treated diabetic rats, but cholesterol levels and HDL did notcular conductance. This parameter was reduced 3B%< (
change significantly. Sunflower oil supplementation was asso-001) by diabetes but returned to within the nondiabetic range
ciated with increased cholesterd? (< .001) and decreased after EPO treatment. For the ALA-treated diabetic group, con-
HDL (P < .001) levels. With EPO, both triglycerid® < .001)  ductance was 49% 22% supernormalR < .05).

b
a g/L gL
0, 6 0, 6
% oo P<0.01 Re00o % s ne ns
500 5 500 5
= s &2}
2 Ba 4 =
2 400 &/. i\ 4 _:; E400 P / . : é—
Fig 3. Plasma factor VII, fi- 5 00 == X 32 §3°° z ?[ < 2
. . . A . (] i N
brinogen and vWF in (a) individ- 200 t 27 =200 Lo o 2
ual diabetic rats (n = 16) before 1
- 100 1 100
treatment (6 weeks after induc-
tion of diabetes) and after 2 0 Fviie VWF Fibrinogen  © 0 FViic VWF Fibrinogen
weeks of ALA treatment (300 c M post pre post pre post oy pre post pre post pre post
mg/kg/d); (b) diabetic rats (n = % P<0.001 e 6 d(y (rali
. <Q.
5) at 6 and 8 weeks after induc- 500 P<0.05 A 5 530 P<0.001 P<0.05 P<00t J 5
tion of diabetes, with normal = 400 \éﬁ " . / .
diet; (c) diabetic rats (n = 15) = %: /' V%‘ o 5400 P % 4 5
before and after 2 weeks of sup-  _ 300 7 ; 35 a0 L2 ==t i
plementation with sunflower oil; 2 ,go /»,??; 2% § 4% = % , &
and (d) diabetic rats (n = 16) be- 200 ? .
fore and after supplementation 100 —— - 1 100 1
with EPO. Values before and af- 0 0 0
ter treatment were analyzed by FVilc VWF Fibrinogen FVile YWF Fibrinogen
pre post pre post pre post pre post pre post pre post

paired t test; ns, not significant.
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Table 2. Streptozotocin-Diabetic Rats and Nondiabetic Rats Before and After 2 Weeks of Dietary Supplement or Control Diet

Factor Vlic Factor Vlic Fibrinogen Fibrinogen Pre vVWF Post VWF
Pre (%) Post (%) Pre (g/L) Post (g/L) (%) (%)
Diabetic
ALA 243.6 175.34* 2.13 1.851 255.9 197.2*
(n = 16) (15.55) (15.24) (0.25) (0.26) (21.52) (17.96)
EPO 207.25 267.9% 2.44 3.391 215.1 250.1%
(n =16) (9.34) (10.62) (0.14) (0.30) (13.95) (14.59)
Sunflower oil 193.9 274.7% 2.28 2.88 200.3 262.7%
(n = 15) (9.68) (16.95) (0.25) (0.27) (17.67) (26.84)
No treatment 264.0 315.0 2.43 2.43 228.8 288.0
(n = 5) (18.12) (34.64) (0.25) (0.33) (12.73) (26.20)
Nondiabetic
ALA 109.6 76.1% 2.35 1.911 87.5 62.751
(n = 8) (3.32) (4.62) (0.03) (0.08) (5.25) (5.48)
EPO 95.3 114.0% 2.30 2.21 112.1 112.7
(n = 6) (5.63) (3.93) (0.15) (0.08) (3.73) (4.72)
Sunflower oil 123.7 136.6 2.46 2.55 95.9 98.3
(n = 14) (6.19) (4.20) (0.09) (0.08) (5.54) (7.64)

NOTE. Data represent mean (SEM).
* P < .001, paired t test, pre v post.
T P < .01, paired t test, pre v post.
+ P < .05, paired t test, pre v post.

DISCUSSION finding of an increase in factor VII levels, although plasma

In this study, the hyperglycemia and lipid abnormalities fibrinogen was not significantly elevated by streptozotocin-

found in rats with streptozotocin-induced diabetes were accominduced diabetes in rats. The results indicate a relationship

panied by endothelial activation and increased plasma levels dfetween coagulation factors and nerve perfusion/function as
coagulation factor VII. These early changes could have conhoted in studies of diabetic patients. However, the contrasting

tributed to impaired nerve perfusion because they were foun@ffects of ALA and EPO treatments suggest that the situation is
within a week of diabetes inducticie° complex. o ) o

Several studies have shown increased VWF, fibrinogen, and Treatment of diabetic rats with the antioxidant ALA for 2
factor VII levels in diabetes in humaag26.20 Furthermore, weeks was associated with significant reductions in plasma

there is a relationship between plasma fibrinogen and the vadiPrinogen, factor VI, and vWF and a highly significant reduc-
cular lesion in diabetic nervé,and VWF levels predict the tON in serum triglyceride. ALA was also associated with de-
subsequent development of neuropathithe present study Cr€ases in factor VI, flbrl_nogen, apd _vWI_: in nondiabetic
shows similar VWF changes in streptozotocin-diabetic rats, irimals. These are novel findings with implications for treat-

agreement with an earlier repdftWe also show the novel ment of cardiovascular risk factors. In contrast, EPO did not
induce similar changes in VWF or coagulation, despite benefi-

Table 3. Serum Lipids

Triglycerides Cholesterol 160
n (mmol/L) (mmol/L) HDL (mmol/L) gl i
Nondiabetic 140 +++
untreated 14 0.93 2.43 1.53 — 120 T
)
(0.06) (0.08) (0.05) -
Diabetic "E" 100
untreated 14 5.04 5.14 1.93 = + +
= g0
(0.70) (0.59) (0.18) - *k *k
Diabetic 16 2.41t 3.77% 1.98% 3 60
+ ALA (0.29) (0.34) (0.16) o
Diabetic 16 10.261 9.14* 0.52t = 40
+ EPO (0.54) (1.00) (0.14) F T .
Diabetic 15 6.31% 11.991 0.93t c DM
+ sunflower oil (1.03) (1.47) (0.17) 0 i

NOTE. Data represent mean (SEM). ANOVA and Newman-Keuls

. . Fig 4. Time (seconds) to bleed 0.5 mL from the tail at 37°C in
multiple-comparison test.

. . . . nondiabetic control rats (C), untreated diabetic rats (DM), and dia-

P < .01 compared with diabetic untreated. betic rats after 2 weeks of treatment with EPO or ALA. *P < .05;
T P < .001 compared with diabetic untreated. +++P < .001 v nondiabetic controls; **P < .01 v untreated diabetic
¥ Not significant compared with diabetic untreated. rats. Mean = SEM.
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Table 4. NCV and Endoneurial Blood Flow

NCV Sciatic Nerve Perfusion
Blood Flow Blood Vascular Conductance
Group n Motor (m/s) Sensory (m/s) (mL/min/100 g) Pressure (mm Hg) (mL/min/100 g per mm Hg)
Nondiabetic control 8 63.8 (0.5) 61.0 (0.9) 17.7 (1.3) 136.8 (4.3) 0.13(0.01)
Diabetic untreated 8 50.9 (0.6)* 51.0 (0.9)* 9.3 (0.8)* 117.8 (6.7) 0.08 (0.01)*
Diabetic + ALA 6 63.3 (0.8)8 60.2 (1.2)8 18.7 (2.3)8 100.2 (8.4)% 0.19 (0.03)+8
Diabetic + EPO 6 62.5 (1.0)8# 58.9 (0.6)8,# 16.7 (1.3)89 126.6 (7.7) 0.14 (0.02)|9
Diabetic + sunflower oil 6 51.1 (0.9)* 51.4 (0.6)* 9.2 (0.6)* 113.8 (5.3) 0.08 (0.01)t
NOTE. Data represent mean (SEM).
* P <.001.
T P<.01.
F P < .05 v nondiabetic control group.
§ P < .001.
| P < .01 treatment effect v untreated diabetic group.
# P < .001.

q P < .01, v sunflower oil-treated groups.

cial effects on nerve perfusion and NCV of similar magnitude mals over the equivalent 2-week period, which may not have
to those found with ALA treatment. Indeed, EPO treatment wasreached statistical significance because of the small numbers in
associated with significant increases in levels of fibrinogenthis group. When animals were studied in a time course from 1
factor VII, and vVWF, as well as in cholesterol and triglyceride week to 8 weeks after induction of diabetes by streptozotocin,
levels. Furthermore, sunflower oil control treatment was assowe found gradual increases in plasma factor VIl and vVWF
ciated with changes qualitatively similar to those associatedevels, which were already significant after 1 week, compared
with EPO, but there was no effect on NCV and blood flow. with nondiabetic controls (Fig 2). Against this background of
Both EPO and sunflower oil contain approximately 70% lino- increasing procoagulant tendency that accompanies the pro-
leic acid, which argues for the importance of a lesser compogression of disease alone, the changes observed after ALA
nent of EPO with a vasodilator actiof-Linolenic acid, in the  treatment were all the more striking.

form of the triglyceride dilinolein money linolein, appears to ALA is a naturally occurring antioxidant. In addition to
be the vasoactive component of EPO and is not found indirect free radical scavenger and metal chelating actions, in its
sunflower 0il3! In diabetic rats, the deficit in vasa nervorum reduced form (dihydrolipoic acid) it may also participate in the
synthesis of the vasodilator prostacyclin depends largely omegeneration of the major antioxidants ascorbate and vitamin E.
reduced availability of the omega-6 substrate arachidonic acidALA is also capable of modulating transcription factors, espe-
which is itself a metabolite of-linolenic acid3233 Treatment  cially NF-«B.38 Cell culture studies have shown that increased
of diabetic rats with prostacyclin analogues mimics the effectoxidative stress in endothelial cells, stimulated for example by
of EPO on nerve blood flow and NC3#:35 advanced glycosylation end products, induces d8Factiva-

The pattern of drug treatment effects on NCV and blood flowtion. Furthermore, this is suppressed by incubation with ABA.
was roughly paralleled by alterations in bleed time. The timeNF-«xB regulates transcription of many biologic molecules,
taken for 0.5 mL of blood to be shed was prolonged in rats withincluding endothelial tissue factor. Because activation of factor
streptozotocin-induced diabetes compared with controls and/ll is dependent on tissue factor, inhibition of NkB by ALA
was largely normalized by ALA or EPO treatments. This find- could provide a possible explanation for the observed changes
ing is consistent with the conclusion that this measurement isn factor VII. With the method used in this study, it is not
influenced mainly by the degree of vasodilatation of tail ves-possible to elucidate whether altered factor VIl levels were
sels, and therefore blood flow, rather than by hemostatic pacaused by changes in synthesis or in activation status, ie, an
rameters. increase in the 2-chain form, Vlla, caused by activation by

The relationship between factor VII and lipids is well rec- tissue factor. However, because we used a functional coagula-
ognized3%-37and changes in cholesterol and triglyceride levelstion assay, we can be sure that the increase described was in
could therefore account for some of the changes in factor Vlifunctional factor VII.
found in this study. Thus, factor VII, triglycerides, and choles-  Although the effects of EPO and ALA on NCV and blood
terol were increased by EPO treatment, whereas ALA treatmerflow were indistinguishable, confirming our previous find-
reduced triglycerides and factor VII. However, increases inings37 only ALA was able to reverse the effects of streptozo-
fibrinogen and vVWF would not be expected to follow directly tocin-induced diabetes on coagulation and endothelium. This
from changes in dietary lipids. Consistent with this, factor VII suggests that either the pathogenesis of the nerve defects is
and cholesterol levels also increased significantly in the preserdependent on other factors, or the modes of action of the 2
study after dietary supplementation with sunflower oil of equiv- agents differ. It has previously been shown that synergism
alent lipid content and calorific value, whereas changes inoccurs between low doses of EPO and antioxidants in their
fibrinogen did not reach statistical significance. There was alse@ffects on NCV and blood flow#° which would argue for
a trend toward increased factor VII in untreated diabetic ani-independent mechanisms of action for the 2 agents. Whereas
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EPO increases endothelial prostacyclin synthesis, antioxidants It is of potential interest that ALA markedly decreased
such as ALA and vitamin E improve endothelial function, plasma triglycerides, and this could also contribute to better
particularly in relation to the vasodilatory nitric oxide sys- endothelial function. The results of this study provide further
tem#1-44This probably results from scavenging of superoxide evidence for the importance of impaired blood flow in the
to prevent its reaction with nitric oxide. Thus, antioxidant pathogenesis of experimental diabetic neuropathy. They favor
treatment potentially would have 3 consequences: preservatioatiologic arguments based on reduced endothelial production of
of vasodilatation by nitric oxide; prevention of the formation of vasodilators over those that stress the importance of increased
peroxynitrite, which can decompose to liberate the cytotoxiccoagulation, although both probably contribute to neuropathy.
hydroxyl radical; and scavenging of any hydroxyl radicals ALA has entered clinical trials for treatment of diabetic neu-
formed, thus protecting endothelium from damage. These acropathy®Moreover, the marked effects of ALA on risk factors
tions would be sufficient to account for the observed effect offor cardiovascular disease, both lipid and hemostatic, are of
ALA on VWF levels, as well as on nerve blood flow and NCV particular importance because they indicate potential anti-
in diabetic rats. Both of these last parameters can also béhrombotic and antiatherosclerotic actions that could prove

improved by treatment with a nitric oxide dontr. beneficial in large vessel disease and merit further study.
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