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Abstract

Aims Sorbitol and myo-inositol levels and morphology of sural nerve were
compared with nerve function and clinical neuropathy in men with diabetic,
impaired (IGT), and normal glucose tolerance.

Methods After neurography of sural nerve and determinations of sensory
thresholds for vibration, warm and cold on the foot, whole nerve sural nerve
biopsy was performed in 10 men with Type 1 diabetes mellitus, 10 with IGT,
and 10 with normal glucose tolerance. Polyol levels were assessed by gas—
liquid chromatography/mass spectrometry.

Results Sural nerve amplitudes were significantly lower and sorbitol levels
significantly higher in diabetic patients (median (interquartile range)) (3.7
(3.5)uV and 643 (412) pmol/mg protein, respectively) both compared with
IGT (11.3 (10.6)uV; P = 0.04 and 286 (83) pmol/mg protein; P = 0.0032,
respectively) and normally glucose tolerant (10.0 (11.6); P = 0.0142 and 296
(250) pmol/mg protein; P = 0.0191, respectively) subjects. There were no
differences in nerve morphology between the three groups. Nerve myo-inositol
levels correlated, however, positively with cluster density (r, = 0.56;
P = 0.0054). In diabetic and IGT subjects, sural nerve amplitudes (2.6 (3.8) vs.
12.1 (10.6) uV; P = 0.0246) and myelinated nerve fibre density (MNFD; 4076
(1091) vs. 5219 (668) nerve fibressmm?; P = 0.0021) were significantly lower
in nine subjects with clinical neuropathy than in 10 without.

Conclusions Nerve degeneration (i.e. MNFD) correlated with clinical
neuropathy but not with glucose tolerance status whereas nerve myo-inositol
levels positively correlated with signs of nerve regeneration (i.e. increased
cluster density).

Diabet. Med. 17, 259-268 (2000)
Keywords human diabetes, IGT, peripheral nerve function, sorbitol, sural nerve

Abbreviations IGT, impaired glucose tolerance; MNFD, myelinated nerve
fibre density

Correspondence to: Dr Goran Sundkvist, Department of Endocrinology,

Malmo University Hospital, S-205 02 Malmo, Sweden.
E-mail: goran.sundkvist@endo.mas.lu.se

© 2000 British Diabetic Association. Diabetic Medicine, 17, 259-268 259



260 Nerve function and sorbitol levels in diabetes and IGT o G. Sundkvist et al.

Introduction

Nerve tissues obtained post mortem [1] or after amputa-
tion [2] from diabetic patients demonstrate elevated
sorbitol levels. Elevated sorbitol levels have been asso-
ciated with morphological changes in sural nerve and
disturbed nerve function [3,4] in diabetic patients.
Pharmacological treatment with aldose reductase inhibi-
tors designed to lower nerve sorbitol in diabetic patients
has in some [4,5], but not in all [6], studies been connected
with an improvement in nerve function. Published studies
relating nerve sorbitol levels to nerve function in diabetic
patients are sparse, however [3,4]. Moreover, these studies
were performed in highly selected diabetic patients in
tertiary referral centres or in clinical trials, and did not
include individuals with impaired glucose tolerance (IGT).
Low nerve levels of myo-inositol, another polyol, are
associated with elevated nerve sorbitol levels in diabetic
animals, and myo-inositol replacement therapy improves
nerve function in some [7-9] but not all [10,11] animal
studies. The pathophysiological importance of this inverse
relationship between sorbitol and myo-inositol remains
controversial [12-16]. In the current study, polyol levels
and morphology of sural nerve were examined in relation
to peripheral nerve function in men with diabetic,
impaired, and normal glucose tolerance. The aims of this
study were to relate nerve sorbitol levels, nerve myo-
inositol levels, and nerve morphology to quantitative
peripheral nerve function and clinical neuropathy in the
three groups with different glucose tolerance.

Patients and methods

Patients

From a prospective study started in 1975-1979, 69 men with
Type 2 diabetes mellitus (duration of diabetes: median 14 (1)
years), 51 men with persistent IGT, and 62 men with persistent
normal glucose tolerance were assessed with regard to
peripheral nerve function in 1989-1991 [17]. In 1992-1993,
10 subjects from each group (i.e. the number of subjects
approved by the Ethics committee) were randomly invited (until
10 subjects in each group were recruited) to the current study.
The investigation included a clinical neurological examination
conducted by a neurologist (in all but one subject with IGT and
one with normal glucose tolerance), a repeated neurophysiolo-
gical evaluation of the leg, and a whole sural nerve biopsy
performed soon after the clinical and neurophysiological
examination. The Ethics committee of Lund University
approved the project and, accordingly, after full written and
verbal information about the biopsy procedure (provided
separately both by the neurologist and the surgeon), all subjects
gave their consent to the procedure.

Neurophysiology

Antidromic sensory neurography of the sural nerve was
performed with one subcutaneous needle electrode inserted at
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the lateral malleolus and the reference electrode inserted 3 cm
more distally. Stimuli were applied to the sural nerve at the calf
about 15 ¢m more proximally. The surface temperature of the
foot was kept at 30°C or above. Sensory thresholds for
vibration, warm and cold sensations were estimated at the
lateral side of the foot, within the skin area innervated by the
sural nerve, using the Goldberg-Lindblom type vibrameter and
the Termotest equipment (Somedic, Sweden) [18].

Sural nerve sampling

The surgical procedure for whole nerve sural biopsy was
recently described [19]. Full-thickness 5-6 c¢cm long sural nerve
biopsies were immediately divided into five 1-cm segments. The
first, fourth and fifth (proximal to distal) segments were
immediately frozen in liquid nitrogen and kept in =70°C until
shipped overnight frozen to the University of Michigan Nerve
Biopsy Laboratory. The second and third segments were fixed in
0.1 M cacodylate buffered (pH 7.3), 2.5% glutaraldehyde and
were then within 3 days shipped overnight to the Nerve Biopsy
Laboratory where they were recorded with random identifica-
tion numbers to conceal their identity from the analysis. The
fixed 1-cm segments were rinsed, further divided into 3 equal
segments, post-fixed in 1% osmium (4% sucrose, 1.5%
K5Fe(CN)g in cacodylate buffer), dehydrated through ethanol
(50-100%) and placed in propylene oxide prior to embedding in
Epon 812 such that the cut faces of the nerve incised at the time
of biopsy were orientated toward the face of the block. After
curing, a 1-um section from one of the faces transacted before
fixation was cut on an ultramicrotome, and stained with
toluidine blue for initial screening and quality scoring by a
neuroanatomist according to predefined criteria (see below). If
judged acceptable, adjacent 1-um sections cut from the same
face were stained with p-phenylenediamine, which preferen-
tially enhances the contrast of myelin, for quantitative
computer-assisted light microscopic morphometric analysis.
The identity, glucose tolerance status, and clinical status of the
patients from whom the biopsies were collected were not
revealed to the investigators at the University of Michigan until
after all analytical data were transferred back to the clinical
investigators in Sweden.

Light microscopic morphometric analysis

The largest fascicle meeting criteria for cross-sectional area
(= 100 000 um?), fixation, and mechanical distortion (< 6%
endoneurial area) was selected for light microscopic morpho-
metric analysis [20]. A fascicle was defined as a group of nerve
fibres surrounded by an outwardly convex, common perineurial
membrane. Fascicle lobes were considered to be part of a single
fascicle if a single convex, common perineurial membrane
surrounded them. Connective tissue septa within fascicles were
mapped and excluded from the calculation of fascicular area. If
the largest fascicle so defined failed to meet criteria for fixation
or mechanical distortion, the next largest fascicle in the same
section was selected for measurement so long as its area
exceeded 100 000 um?. Adequacy of fixation was determined
by preservation of microscopic structure, and by the absence of a
staining gradient that would interfere with myelinated nerve
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fibre image acquisition in more than 6% of total fascicular area.
Criteria for mechanical artefact included deviations from the
normal ovoid perineurial profile that would alter endoneurial
area by > 6%, or localized distortion of myelinated nerve fibre
profiles in regions corresponding to > 3% of total fascicular
area. Absence of a suitable fascicle in the block initially
sectioned resulted in sectioning of the block containing the
opposite face of the nerve segment. If a suitable fascicle in that
block could not be identified, the sample was deemed unread-
able [20].

The selected fascicle was digitally imaged at 400X and
analysed for total endoneurial area, the number of fibres, and the
total and axon areas of each myelinated fibre by a semi-
automated image analysis system [20]. The biopsies were
digitized and analysed by readers and the identity of biopsies
was concealed from them. Routinely, a different reader was used
in order to calculate between-reader reproducibility and to
ensure quality control 10% of the samples were re-read in the
University of Michigan Nerve Biopsy Laboratory. The between-
reader coefficient of variation of myelinated nerve fibre density
(MNFD) was routinely < 3%. Fascicular area, myelinated fibre
occupancy (% fascicular area occupied by myelinated fibres),
MNFD, mean and distribution of myelinated fibre and axonal
diameters, the density of myelinated fibres within each 1-um
increment in fibre diameter, axon/myelin ratio (ratio of axon
diameter to fibre diameter) for each fibre, and the coefficient of
variation of MNFD (CVMNFD), a measure of the degree of
spatial homogeneity within the fascicle, were calculated from
the digitized data.

Preliminary studies comparing MNFD in 20 large readable
fascicles to that of the whole nerve specimen revealed a relative
difference of 0.2 = 2.6%. When the ratio of MNFD of each
fascicle to the MNFD of the whole nerve specimen is plotted for
all fascicles, there is a systematic deviation toward lower MNFD
in fascicles < 50 000 um?; therefore, 100 000 um? was used as
a lower threshold for an acceptable fascicle [20].

Electron microscopic morphometric analysis

Following fascicle selection the block was trimmed and thin
sections in the 80-90 nm range (silver-gold interference colour)
were cut with a Diatom diamond knife (Diatome US, Ft
Washington, PA) on a Reichert-Jung Ultracut E microtome
(Leica Inc., Deerfield, IL). A single section was floated onto a
2 X 1 mm Formvar coated copper slot grid (Electron
Microscopy Services, Inc., Ft Washington, PA) stabilized with
evaporated carbon film (Electron Microscopy Services). Five
such grids were collected per sample and placed in a labelled,
numbered grid storage box. To enhance contrast, each section
was briefly washed in 50% methanol and immersed in a drop of
4% uranyl acetate in 50% methanol for 10 min (protected from
light). The section was next washed briefly in 50% methanol and
three separate distilled water rinses. It was then immersed in a
drop of Reynolds lead citrate for 10 min (protected from carbon
dioxide by sodium hydroxide pellets). The section was again
washed in four separate distilled water rinses and allowed to air
dry. The section was then further stabilized by sublimating
spectrographically pure carbon (Ted Pella Inc., Redding, CA)
onto the section using the rotating stage of a Denton Model DV-
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502 vacuum evaporator (Denton, Moorestown, NJ). The
stained grid was then placed in a Philips CM-100 electron
microscope (North American Philips Co., Mahwah, NJ) with
computer driven stage (CompuStage; North American Philips)
and fitted with a Kodak Megaplus Camera, Model 1.6 (AMT)
(Advanced Microscopy Techniques, Rowley, MS), for the
digital montaging procedure.

Following image capture, montage formation and axon
cueing, the virtual fascicle was examined by trained electron
microscopy readers (Fig. 1). Specific definitions of the structures
to be counted have been established to insure consistency from
image to image and reader to reader. For the purpose of this

Figure 1 (a) A digitized and montaged image of an entire human sural
nerve fascicle. (b) The same fascicle following automated cueing of the
myelinated nerve fibres (red marks) and high-resolution human
confirmation of regenerating clusters (all other colours).
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Table1 Age, nerve function tests as well as biochemistry and morphology of sural nerve in subjects with diabetes, impaired glucose tolerance

(IGT), and normal glucose tolerance

Diabetes IGT Normal
(n =10) (n =10) (n=10) P-values

Age (years) 62 (2)° 64 (2) 64 (1) 0.0195
Sural nerve function

Latency (ms) 3.4 (0.5) 3.1 (0.3) 3.3 (0.2) 0.2251

Conduction velocity (m/s) 41.0 (6.0)° 47.0 (3.0) 44.0 (2.8) 0.0454

Amplitudes (V) 3.7 (3.5)¢ 11.3 (10.6) 10.0 (11.6) 0.0306
Sensory perception thresholds

Vibration (um) 3.3 (6) 2.0 (1.8) 5.7 (14.5) 0.1809

Warm (°C) 8.5 (9) 6 (3.5) 6.75 (4) 0.5671

Cold (°C) 2.3 (1.5)¢ 4.8 (2) 3.3 (2.5) 0.0048
Biochemistry (n =10) (n =10) (n =10)

HbA. (%) 7.5 (1.7)¢ 5.0 (1.0) 4.6 (0.8) 0.0001

Glucose (pmol/mg protein) 75 260(38984)f 52922 (11286) 45009 (5037) 0.0002

Sorbitol (pmol/mg protein) 643 (412)8 286 (83) 296 (250) 0.0082

Fructose (pmol/mg protein) 3790(2290)" 1483 (619) 1190 (867) 0.0011

myo-inositol (pmol/mg protein) 26877 (7204) 24686 (7745) 25297 (4795) 0.3580
Morphology (n=9) (n=9) (n=9)

Light microscopy

Myelinated nerve fibre density (MNFD) (fibres/mm?) 4460 (1415) 5090 (1045) 4750 (1652) 0.7015

Myelinated nerve fibre occupancy (%) 17 (6) 15 (7) 19 (5) 0.9791

Myelinated nerve fibre fascicle area (mmz) 227855 (66535) 196250 (106480) 245302 (119099) 0.9710

Electron microscopy

Myelinated nerve fibre density (MNFD) (fibres/mm?) 4446 (793) 4999 (797) 4708 (4708) 0.3222

Cluster density (definite clusters) 25 (26) 10 (29) 10 (10) 0.2586

Density of axons in clusters 50 (50) 23 (58) 20(27) 0.2588

Data as median (interquartile range).

P-values for Kruskal-Wallis variance analysis: *P = 0.0121 vs. IGT and P = 0.0297 vs. normal; °P = 0.0140 vs. IGT; °P = 0.0409 vs. IGT and
P = 0.0142 vs. normal; ‘P = 0.0011 vs. IGT and P = 0.0842 vs. normal; °P = 0.0003 vs. IGT and P = 0.0002 vs. normal; fP = 0.0009 vs. IGT and
P = 0.0003 vs. normal; 8P = 0.0032 vs. IGT and P = 0.0191 vs. normal; "P = 0.0019 vs. IGT and P = 0.0019 vs. normal in Mann-Whitney U-test.

regenerating cluster analysis, a regenerating cluster was defined
as two or more myelinated axons surrounded by a common
basal lamina (Fig. 2). The basal lamina must be 90% complete.
Two or more myelinated axons surrounded by a common basal
lamina thatis less than 90% complete is considered a ‘probable’
cluster, and a single myelinated axon surrounded by an old basal
lamina is considered a ‘regenerating/remyelinating axon’ but
these were not included in the present analysis. This analysis
thus constitutes a conservative estimate of regeneration, but
increases the reproducibility of cluster counts among readers,
giving a coefficient of variation of 10%.

Biochemical measurements

Nerve glucose, sorbitol, myo-inositol, and fructose were mea-
sured by ion-selective gas—liquid chromatography/mass spectro-
metry and expressed as pmol/mg protein [21]. HbA;. was
determined by an automated high-performance liquid chroma-
tography (HPLC) method (reference values 3.9-5.3%) [22].

Statistical analyses

To avoid possible problems with skewed data, non-parametric
statistical methods were consequently used. In agreement, the
three groups were compared with Kruskal-Wallis variance
analysis and, when significant, the Mann Whitney U-test was

used for two group comparisons. For correlations, Spearman r,
were calculated. All tests were two-tailed and P < 0.05 was
considered significant. Data are presented as median (inter-
quartile range).

Results

At time of sural biopsy, the group of diabetic patients were
slightly younger compared with subjects with IGT and
normal glucose tolerance (Table 1). At the neurological
examination, clinical symptoms and/or signs of peripheral
neuropathy were noted in five of the diabetic patients, in
four of the IGT subjects, but in none of the subjects with
normal glucose tolerance. Lack of ankle reflexes (1 = 6),
severe paraesthesia in the foot (# = 2), abnormal vibration
sense (tuning fork) in combination with a defective
perception of touch, paraesthesia and pains in the foot
(mn=1) were demonstrated in subjects with clinical
peripheral neuropathy.

Neurophysiology

Variance analysis revealed that sural nerve conduction
velocities, sural nerve amplitudes, and cold perception
thresholds significantly differed between the three groups
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Figure2 A regenerating cluster containing eight myelinated fibres (M) and two Schwann cell nuclei (SC). The original basal lamina (black arrows)
completely encircles the regenerating myelinated fibres and their Schwann cells. A thin layer of Schwann cell cytoplasm surrounds each myelinated
fibre (not labelled). Each regenerating myelinated fibre is also surrounded by a new basal lamina (white arrows) formed by the Schwann cells.

(Table 1). Sural nerve conduction velocities were signifi-
cantly (P = 0.0140) lower in diabetic than in IGT subjects
whereas sural nerve amplitudes were significantly lower in
diabetic patients, both compared with IGT (P = 0.0409)
and normally glucose tolerant (P = 0.0142) subjects.
Perception thresholds for cold were significantly (P =
0.0011) lower in diabetic than in IGT subjects; cold
thresholds tended to be lower (P = 0.0842) in diabetic
patients than in subjects with normal glucose tolerance as
well.

Biochemistry

The levels of HbA . in the blood, and glucose, sorbitol, and
fructose in the sural nerve were significantly higher in
patients with diabetes compared with IGT and normal
subjects, whereas there were no significant differences
between IGT and normal subjects (Table 1). Nevertheless,
there was a significant negative correlation (r, = —0.69;
P = 0.0376) between sorbitol levels and sural amplitudes
in IGT but not in diabetic (r; = 0.006) or normally glucose
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tolerant (r; = 0.29) subjects (Fig. 3). There was also a
negative and significant correlation between sorbitol levels
in sural nerve and cold perception thresholds (r; = -0.61;
P = 0.007) in diabetic and IGT subjects. As seen in Fig. 4,
however, this correlation was noted in IGT (r, = — 0.49)
and not in the diabetic (7, = 0.15) or the normally glucose
tolerant (7, = 0.13) group. The myo-inositol levels did not
differ significantly between the three groups.

Nerve morphology

There were no significant differences in nerve morphology
between the three different groups (Table 1). There was a
significant positive correlation (Fig. 5), however, between
MNEFD and sural amplitudes in subjects with diabetes and
IGT (r, = 0.51; P = 0.0374) but not in normally glucose
tolerant subjects (7, = —=0.31; P = 0.41). There were no
significant correlations between sorbitol levels and nerve
morphology. On the other hand, myo-inositol levels in
sural nerve significantly correlated positively with cluster
density (Fig. 657, = 0.56; P = 0.0054) and density of axons
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Figure 3 Correlation between sorbitol levels in sural nerve and sural
nerve amplitudes among subjects with Type 2 diabetes (solid
diamonds), impaired (solid triangles) glucose tolerance (IGT), and
normal (open triangles) glucose tolerance. There was a significant
negative correlation (r; = — 0.69; P = 0.0376) between sorbitol levels
and sural amplitudes in IGT but not in diabetic (7, = 0.006) or
normally glucose tolerant (r; = 0.29) subjects

81
a
7' A a
—_ A
O
L 61 A
3 A a
°
< 1 A
S 5
[ A A
£=] a -
- 4
2 o e a e o
o
o 37 VNEVYN A a
o
e *
a
- 27 'S *
8 'S
1 *
0'| T T T T T T T T

0 200 400 600 800 1000 1200 1400 1600
Sorbitol (pmol/mg protein)

Figure4 Correlation between sorbitol levels in sural nerve and cold
perception thresholds among subjects with Type 2 diabetes (solid
diamonds), impaired (solid triangles) glucose tolerance (IGT), and
normal (open triangles) glucose tolerance. There was a significant
negative correlation between sorbitol levels and cold perception
thresholds in diabetic and IGT subjects (r, = — 0.61; P = 0.007)
confined to IGT subjects (7, = — 0.49; 7, =—0.13 for diabetic subjects).

inclusters (ry = 0.54; P = 0.0073). Figure 6 shows that this
correlation was found in subjects with IGT (r, = 0.51) and
normal glucose tolerance (r; = 0.62). Hence, the positive
correlation between myo-inositol levels and signs of nerve
regeneration was a feature of the subjects with IGT and
normal glucose tolerance.
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Figure 5 Correlation between myelinated nerve fibre density (MNFD)
and sural nerve amplitudes among subjects with Type 2 diabetes (solid
diamonds), impaired (solid triangles) glucose tolerance (IGT), and
normal (open triangles) glucose tolerance. A positive correlation was
found in subjects with diabetes or IGT (7, = 0.51; P = 0.0374) but not

in the subjects with normal glucose tolerance (r, = — 0.31;
P =0.4100).
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Figure 6 Correlation between myo-inositol levels and cluster density
among subjects with Type 2 diabetes (solid diamonds), impaired (solid
triangles) glucose tolerance (IGT), and normal (open triangles) glucose
tolerance. There was a significant positive correlation (7, = 0.56;

P = 0.0054) confined to subjects with IGT (r, = 0.51) and normal
glucose tolerance (r, = 0.62).

Clinical peripheral neuropathy

Sural nerve amplitudes (P = 0.0246), MNFD (by light
microscopy: P = 0.0021; by electron microscopy:
P =0.0039), and fibre occupancy (P = 0.0039) were
significantly lower in diabetic and IGT subjects with
clinical peripheral neuropathy compared with those with-

© 2000 British Diabetic Association. Diabetic Medicine, 17, 259-268



DIV

Table 2 Age, nerve function tests as well as biochemistry and morphology of sural nerve in diabetic and IGT subjects with and without clinical

peripheral neuropathy

Original articles

Peripheral neuropathy

With Without
(n=9) (n =10) P-values

Age (years) 64 (2) 63 (2) 0.5033
Sural nerve function

Latency (ms) 3.3 (0.5) 3.1 (0.3) 0.2123

Conduction velocity (m/s) 44.0 (5.8) 45.0 (3) 0.2120

Amplitudes (V) 2.6 (3.8) 12.1 (10.6) 0.0246
Sensory perception thresholds

Vibration (um) 3.5 (3.4) 2.0 (1.8) 0.4616

Warm (°C) 6 (7) 6.5 (7.5) 0.9673

Cold (°C) 3.5 (1.3) 3(3.5) 0.6811
Biochemistry

HbA. (%) 5.8 (2.6) 6.0 (2.6) 0.9348

Glucose (pmol/mg protein) 67873 (33549) 55510 (26062) 0.6242

Sorbitol (pmol/mg protein) 527 (326) 306 (406) 0.2530

Fructose (pmol/mg protein) 2558 (1889) 1593 (3761) 0.3691

myo-inositol (pmol/mg protein) 25049 (4728) 27410 (6677) 0.1651
Morphology

Light microscopy

Myelinated nerve fibre density (MNFD) (fibres/mm?) 4076 (1091) 5219 (668) 0.0021

Myelinated nerve fibre occupancy (%) 14 (3) 21 (6) 0.0039

Myelinated nerve fibre fascicle area (mm?) 209250 (117459) 238635 (83759) 0.8474

Electron-microscopy

Myelinated nerve fibre density (MNFD) (fibres/mm?) 4387 (766) 5121 (839) 0.0039

Cluster density (definite clusters) 26 (44) 12 (18) 0.7003

Density of axons in clusters 53 (93) 30 (35) 0.7003

Data as median (interquartile range). P-values for Mann—Whitney U-test

out (Table 2). Noteworthy, among subjects with periph-
eral neuropathy, the three with paraesthesia had signifi-
cantly higher cluster density than the five without such
symptoms (60 (42) vs. 6 (19) clustered nerve fibres/mm?;
P =0.0253). Amongst diabetic patients, myo-inositol
levels were significantly (P = 0.0283) lower in those with
(25049 (3985) pmol/mg protein) than in those without
(32253 (7503) pmol/mg protein) clinical peripheral
neuropathy.

Side-effects of biopsy

As already reported [19], 20-44 months after the biopsy
one forth of patients reported serious complaints. At the
most recent follow up conducted 5-7 years after the
biopsy, 14 of 20 (70%) assessed subjects still reported
complaints. The complaints were considered as minor (not
major pain but discomfort, ‘numbness’ and loss of
sensation); however, none of the subjects would have
accepted a new biopsy if it had been offered.

Discussion
This study has shown that impaired sural nerve function is

associated with elevated sorbitol levels in sural nerve in
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diabetic patients. Sorbitol levels were, however, negatively
associated with sural amplitudes in IGT subjects.
Accumulation of sorbitol in nerve tissue may therefore
have a role in the early development of neuropathy. Sural
nerve morphology was similar in the three groups with
different degrees of glucose tolerance. Hence, biochemical
deviations and disturbed nerve function in diabetes may
precede detectable degeneration and loss of myelinated
nerve fibres. In keeping with this, clinical neuropathy was
associated with alterations in myelinated nerve fibre
morphology: MNFD was clearly less in subjects with
clinical neuropathy than in those without. Low nerve myo-
inositol levels have been considered as a putative mechan-
ism behind diabetic neuropathy [23,24]. In this study, signs
of nerve regeneration (cluster density) were high in subjects
with high myo-inositol levels. High myo-inositol levels
may therefore promote nerve regeneration thereby perhaps
delaying or preventing the early development of clinical
diabetic neuropathy.

In the current study, sural nerve functions were
disturbed in the diabetic but not in the IGT group. This
confirms prior results in the original cohort [17] and
illustrates that representative subgroups participated in
our biopsy study. In addition, ideal controls were used, i.e.
the biopsies were obtained from controls not only normal
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with regard to glucose tolerance but also carefully assessed
to exclude peripheral neuropathy, which is recommended
[25].

A conspicuous finding was the observation that sensory
perception thresholds for cold were decreased in the
diabetic group i.e. diabetic patients showed increased cold
perception. An increased intolerance to cold was also noted
in the diabetic patients compared with controls at follow-
up [19]. From the clinical point of view, this finding of an
increased cold perception in diabetic patients is of
relevance. It is well-known that diabetic patients often
complain of cold feet without signs of vascular dysfunction
[26]; diminished thresholds for cold could be the rational
behind allodynia (increased perception), a well-known
feature of diabetic neuropathy. The correlation between
high sorbitol levels and low cold thresholds fits with the
concept that low thresholds for cold indicate disturbed
nerve function. An increased frequency of cold intolerance
in non-diabetic subjects with nerve injury as a result of
vibration [27], hand trauma [28], and hand operations [29]
is another argument for this concept.

The association between high sorbitol levels and
disturbed sural nerve functions in diabetic patients
confirms a previous report [3]. Polyol levels have pre-
viously not been assessed in subjects with IGT. This study
shows that polyol levels do not differ between IGT and
subjects with normal glucose tolerance. Nevertheless, there
was an association between sorbitol levels and sural nerve
amplitudes in IGT subjects. The present study therefore
infers that sorbitol may have a fundamental role for human
nerve function i.e. slight alterations in sorbitol levels may
impair nerve function. This is in agreement with previous
observations that disturbed peripheral nerve function may
be detected at the diagnosis of diabetes [30] quickly
reversible when diabetic metabolic deterioration is re-
versed by insulin treatment [31]. Concordant to experi-
mental diabetes in animals [32], the present study shows
that there is impairment in peripheral nerve function of
metabolic origin in humans. The lack of correlation
between sorbitol levels and sural nerve amplitudes in the
diabetic patients indicates that when the sorbitol concen-
tration in the nerve has reached a certain high level, the
putative mechanism that links sorbitol levels to disturbed
nerve function is saturated.

The clinical consequences of this correlation between
peripheral nerve dysfunction and disturbed carbohydrate
metabolism have to be considered. Neurophysiological
signs of disturbed nerve function were a feature of diabetes
and not of IGT; whereas, on the other hand, clinical
peripheral neuropathy was as frequent in IGT as in
diabetes. Subjects with clinical peripheral neuropathy
(whether with diabetes or IGT) showed signs of nerve
degeneration (low fibre density and occupancy) and this
was associated with low sural amplitudes. Conversely,
there were no differences in nerve morphology between the
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groups with diabetes, IGT, and normal glucose tolerance.
Accordingly, nerve degeneration was associated with
clinical neuropathy rather than with diabetes in general.
This suggests that features other than glucose tolerance
status may determine the sensitivity of the peripheral
nervous system to subtle alterations in carbohydrate
metabolism. Nerve myo-inositol levels emerge as one such
possible factor in this study.

The correlation between nerve degeneration and clinical
neuropathy confirms previous findings of a correlation
between clinical neuropathy and nerve morphology
[13,33]. In this context, it is of interest that the current
study found a positive correlation between paraesthesia
and nerve regeneration (cluster density). This finding of an
association between morphological nerve changes and
clinical neuropathy in subjects with IGT is a new and
important observation. Glucose levels considered to be
diagnostic for diabetes are based on associations between
glucose levels of certain magnitude and the development of
retinopathy and nephropathy [34]. The present study
indicates that glucose and HbA . values in the IGT range
may be dangerous for nerve tissue, at least in susceptible
individuals. Indeed, in our original study of the complete
cohort, it was discovered that 29% of the IGT patients had
signs of autonomic neuropathy [17]. In fact, a lack of
Achilles’ tendon reflexes as a sign of peripheral neuropathy
has previously been reported to be more frequent in IGT
than in subjects with normal glucose tolerance [35]. Hence,
nerve tissue seems to be especially vulnerable to hypergly-
caemia and its consequences and this could explain why
neuropathy might be the most frequent complication to
diabetes [36].

If nerve degeneration is a feature of clinical neuropathy,
how could this be related to the polyol findings? Myo-
inositiol depletion, secondary or not to sorbitol accumula-
tion, has been thought to be a contributing factor to
diabetic neuropathy [23]. In the current study, high myo-
inositol levels were associated with nerve regeneration
(high cluster density) and myo-inositol levels were low in
diabetic patients with clinical neuropathy. It is therefore
tempting to speculate that myo-inositol promotes nerve
regeneration, perhaps by modulating some aspects of
phosphoinositide signal transductions [24] and/or vascular
sympathetic tone [37]; elevated myo-inositol levels may be
considered as a compensatory mechanism against MNFD
loss. The present data suggest that perhaps 30% of the
variation in cluster density or axon diameter may be
attributed to differences in myo-inositol.

The present study revealed a new and previously not
reported finding, i.e. clinical peripheral neuropathy asso-
ciated with morphological signs of nerve degeneration and
disturbed nerve regeneration may occur in subjects with
IGT and not only in diabetic patients. This observation
may change the current concept of the pathogenesis to
diabetic neuropathy. This information was, however,
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gained by biopsies that had obvious long-term side-effects.
Sural nerve biopsy, including biopsy of normal individuals,
is an accepted research procedure in the field of peripheral
neuropathy [3,38-41]. Indeed, the use of normal controls is
specifically recommended in the authoritative textbook on
nerve biopsy [42]. Nevertheless, the long-term complaints
indicate that the reason for sural nerve biopsy must always
be carefully considered before a biopsy is undertaken [43].

In conclusion, this study supports the assumption that
disturbed glucose metabolism by alterations in polyols
affects the human peripheral nervous system in two
different ways: increments in sorbitol levels impair
peripheral nerve function and decrements in #2yo-inositol
levels impair nerve regeneration.
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