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Abstract

Objective: To assess the effect of diabetes type on the long-term rate and
extent of epidermal nerve regeneration. Methods: Subjects with well controlled
type 1 diabetes mellitus (n = 11) or type 2 diabetes mellitus (n = 36), with nor-
mal nerve conduction studies and baseline intraepidermal nerve fiber density
(IENFD), and healthy controls (n = 10) underwent chemical axotomy of the
intraepidermal nerves at the thigh using topical capsaicin. Skin biopsies were
performed at 30, 90, 150, and 180 days post-axotomy. Results: After 180 days,
IENFD in diabetic subjects remained significantly below baseline levels, while
healthy controls returned to normal. At each time point, regeneration rates
were significantly slower among diabetic subjects, although type 1 subjects
regenerated significantly faster and achieved higher percentages of baseline
IENFD compared with type 2. Interpretation: Among diabetic patients, nerve
injury recovery is likely to take significantly longer than in healthy individuals,
and remains incomplete, particularly among type 2 patients. This may partially
explain the progression of neuropathy among diabetic patients: damage accu-
mulates because nerve recovery is slowed and incomplete. Furthermore, these
findings support caution when recommending certain procedures, such as car-

pal tunnel repair, to patients with progressed diabetic disease.

Introduction

Peripheral neuropathy is a common and progressive com-
plication of diabetes that leads to significant morbidity.
Axonal degeneration of all nerve fibers, including small
unmyelinated axons, is considered the pathological hall-
mark of diabetic peripheral neuropathy and typically
results in sensory and autonomic dysfunction.'™ In addi-
tion to axonal degeneration, regeneration of small cuta-
neous unmyelinated axons is impaired in animal models
of diabetic neuropathy and diabetic patients, even without
clinical neuropathy.®™ This is suggested to result from
impaired neurovascular repair and Schwann cell dysfunc-
tion, potentially playing a role in pathogenesis of diabetic
neuropathy.'”

Topical capsaicin has been developed to create a uni-
form chemical axotomy of the intraepidermal nerves.’
Using this model, it has been shown that somatic (in-
traepidermal nerve fibers) and autonomic (sweat gland)
epidermal innervation returns to normal within 90—

180 days in nondiabetic subjects.”!" In diabetic patients,
however, the long-term course of nerve regeneration has
not been well studied. One previous study found slowed
and incomplete axonal regeneration in diabetic patients
after 90 days, but the long-term outcome of regeneration
in these patients is not known.’”

In this study, we addressed two clinically relevant ques-
tions: (1) do people with diabetes fully regenerate the dis-
tal ends of chemically axotomized nerve fibers, given
sufficient time, and (2) are there differences in regenera-
tion between type 1 and 2 diabetes? Using the capsaicin
chemical axotomy model, we measured axonal regenera-
tion for 180 days after chemical denervation in diabetic
patients (type 1 and type 2) and healthy controls. We
estimated regeneration rates and ultimate regeneration
amounts and compared this regeneration between type 1
and type 2 diabetic patients, and to healthy controls.
Finally, we analyzed the association of this regeneration
with clinical correlates, such as body mass index and
hemoglobin Alc level.
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Methods
Study participants
Diabetic cases

Eleven patients with type 1 diabetes mellitus and 36 with
type 2 diabetes mellitus who were identified as having
normal sural sensory nerve conduction studies and nor-
mal intraepidermal nerve fiber density (IENFD) by base-
line skin biopsy were included in this study. Blood
glucose level and hemoglobin Alc (HbAlc) were mea-
sured at baseline, 90, and 180 days. We excluded three
diabetic patients who were lost to follow-up prior to
150 days post-axotomy (one type 1, two type 2). Addi-
tionally, weight, height, and hypercholesterolemia were
recorded at baseline.

Healthy controls

Ten healthy controls with no evidence of neuropathy on
examination and no predisposing factors for neuropathy
underwent a skin punch biopsy at the proximal thigh.

This study was approved by the Johns Hopkins Medi-
cine Institutional Review Board. All subjects gave signed
informed consent.

Skin biopsy

Capsaicin chemical axotomy was performed by applying
an occlusive bandage containing 1.8 g of 0.1% capsaicin
cream (Chattem, Inc.) to skin on the thigh for two con-
secutive 24-h periods, as previously described.” Skin
punch biopsies measuring three millimeters were obtained
using lidocaine local anesthesia, as previously described.’
Four 50 pmol/L sections separated by regular space inter-
vals with a random start point were immunohistochemi-
cally stained using a free-floating protocol with rabbit
anti-human  polyclonal PGP9.5 antibody (Serotec;
1:10,000 dilution). Slides were masked using a random
identifier, and a single technician blinded to study details
assessed IENFD values. For diabetic cases, biopsies were
obtained after the 48-hour capsaicin period and at 30, 90,
150, and 180 days. For controls, biopsies were performed
at 2, 30, 60, 90, 180, and 360 days post-axotomy. A tem-
plate was used to define biopsy sites and prevent the pos-
sibility of performing the biopsy on a previous, healed
biopsy site or needle track.

Statistical analysis

Demographic and baseline characteristics of cases and
controls are reported (Table 1). Statistical comparisons
were performed using chi-squared test for categorical
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variables and analysis of variance for continuous variables.
We assessed the absolute extent, percent of baseline, and
rate of small fiber peripheral nerve regeneration using the
IENFD measurements over the 6-month study period for
each study subject (Table 2). Comparisons between
groups were made using analysis of variance and linear
regression models. For subjects where measurements at
180 days were not taken but measurements before and
after were available, we fit cubic splines to estimate
IENFD values at 180 days.

We estimated the 6-month regeneration rates as the
IENFD at 180 days minus the measurement at 48 h post-
axotomy (day 0), divided by the 180 days. We used mul-
tiple linear regression to assess the effect of other covari-
ates (i.e., age, gender, height, weight, BMI, HbA1C, and
cholesterol).

We estimated the continuous rate of regeneration (over
time) using a linear mixed-effects model with a quadratic
term to capture the deceleration of regeneration, with a
random effect for study subject and fixed effects for sub-
ject type (i.e., type 1 diabetes, type 2, or control), baseline
IENFD, age, and BMI, fit to the longitudinal data. Base-
line IENFD, age, and BMI were centered on the variable
medians for interpretability. From this model, we esti-
mated rate of regeneration at 0, 30, 60, 90, and 180 days
post-axotomy. To visualize the effect of subject type, we
used the fitted model and projected the regeneration tra-
jectories for the study subjects, assuming identical covari-
ate values set at the study population medians (baseline
IENFD = 19 fibers/mm, age = 52 years, and BMI = 29.7).
Finally, we used the fitted model and bootstrapping to
estimate the day at which nerve regeneration culminated
for cases and controls.

Results

Forty-seven diabetic patients (11 type 1, 36 type 2) and
ten healthy controls were included in the study. Patients
with type 2 diabetes were on average older than patients
with type 1 diabetes or healthy controls (Table 1,
P <0.001). There was no difference in height between
diabetic groups but type 1 patients weighed significantly
less than type 2 patients, leading to a significant difference
in body mass index (BMI; P = 0.008) (Table 1). We
found no difference in BMI between controls and either
type 1 or type 2 patients (P = 0.2, P = 0.3); height and
weight were not available for five controls (50%), there-
fore these measures could not be assessed.

There were no significant differences between baseline
IENFD of diabetic patients and healthy controls (Table 1).
Sural sensory responses, blood glucose level, hypercholes-
terolemia status, and HbAIC were similar between
patients with type 1 and type 2 diabetes at baseline and
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Table 1. Demographic and electrophysiologic features of study subjects.
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P-value'

Type 1 Type 2 Controls Type 1 vs. Type 2 Type 1 vs. Controls  Type 2 vs. Controls

(n=11) (n = 36) (n =107
Age (mean (sd)) 35.5(14.3) 53.5(10.2) 39.8(11.2) <0.001 0.5 0.001
Gender, male (%) 4 (36.4%) 11 (30.6%) 2 (20.0%) 1 0.7 0.8
BMI, mean (SD) 26.5 (5.3) 32.9(7.1) 30.1 (6.9) 0.008 0.2 0.3
Height, mean (SD) 1.7 (0.08) 1.7 (0.1) 1.6 (0.07) 0.7 0.1 0.2
Weight, mean (SD) 76.5(12.2) 94.2(19.8) 93.8(21.4) 0.008 0.06 1.0
Diabetes Duration (years, mean, SD) 14.0 (10.0) 4.9 (5.8) - <0.001 - —
IENFD Baseline® (fibers/mm, mean (SD))  17.7 (8.9) 19.7 (7.7) 17.3(5.2) 0.5 0.2 0.3
Sural SNAP baseline L, mean (SD) 4 17.0 (8.1) 16.9 (8.3) - 1.0 - —
Sural SNAP baseline R, mean (SD) # 20.0 (13.5) 17.3(8.4) - 0.4 - -
HbA1c, 0 days, mean (SD) 6.8 (0.9) 7.0 (0.7) - 0.4 — —
HbA1c, 90 days, mean (SD) 6.9 (1.0) 6.7 (0.9) - 0.6 - —
HbA1c, 210 days, mean (SD) 6.9 (1.0) 6.7 (0.9) - 0.8 — —
Hypercholesterolemia (%) 2 (18%) 16 (44%) - 0.2 - -

"Assessed through chi-square and regular ANOVA tests.

’Height and weight were only available for 5 of 10 controls; sural SNAP, HbA1c, and cholesterol measurements were not available for any con-

trols (n = 0).

3IENFD: intraepidermal nerve fiber density, taken at the proximal thigh through skin punch biopsy.

4SNAP: sensory nerve action potential.

subsequent measurements (these were not measured in
controls) (Table 1).

After 180 days of follow-up, IENFD levels in both type
1 and type 2 diabetic patients remained significantly
below baseline levels, with type 1 patients 5.2 [95% CI,
2.1-8.3] fiberssmm below baseline levels and type 2
patients 8.6 [95% CI, 6.8-10.4] fibers/mm below (Table 2,
Fig. 1). All type 1 diabetic patients remained below 100%
reinnervation, regenerating to 76% [95% confidence
interval (CI), 54-92%], with 7/11 (64%) regenerating to
75% of baseline or higher (Fig. 2). In contrast, only 8/36
(22%) of type 2 diabetic patients regenerated to 75% of
baseline, with a mean regeneration percentage of 58%
[95% CI, 22-98%]. Healthy controls regenerated nerve
fiber densities that were statistically consistent with base-
line levels, with a mean difference from baseline of —2.7
fibers/mm [95% confidence interval (CI), —6.8 to 1.4]
and a mean regeneration percentage of 91% [95% CI, 54
to 134%] (Table 2, Fig. 2, 3). Regeneration rates in these
control subjects were similar with previously reported
rates in control subjects."’

Regeneration rates over 180 days were significantly
slower in diabetic patients than controls, both in terms of
absolute IENFD per day and percent of baseline per day
(Table 2). This resulted in control subjects regenerating
nearly twice the absolute density (19.5 vs. 12.4 and 10.9
fibers/mm) during the 6-month follow-up period and
attaining significantly higher mean percentage of baseline
than subjects with type 1 or 2 diabetes (90% vs. 76% and
58%, Table 2). Regeneration rates and the absolute return
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of IENFD did not differ between type 1 and type 2
patients (P = 0.4 and P = 0.4); however, after adjusting
for lower baseline densities in type 1 subjects, we found
type 1 patients attained a significantly higher percentage
of baseline levels (76% vs. 58%, P = 0.01) than type 2
subjects (Table 2). Taken together, the data indicate that
control subjects regenerate more quickly and for a longer
period than subjects with diabetes, with type 1 subjects
regenerating more quickly and completely than type 2
subjects (Fig. 2).

In the multivariable longitudinal model, while slightly
nonsignificant, subject type (control, type 1, or type 2),
demonstrated a substantial effect on the regeneration rate
(Table 3). Type 2 subjects regenerated slower than controls
and type 1 diabetics, with absolute regeneration rates
slower by 0.044 [95% CI, —0.008 to 0.097] and 0.037
[95% CI, —0.019 to 0.092] fibers/mm per day. Increasing
age significantly reduced regeneration, with absolute rate
of density regeneration decreasing by 0.001 (95% CI, 0 to
0.003) fibers/mm per day and 0.01% (95% CI, 0.0002 to
0.017%) of baseline density per day. Baseline density
increased the absolute density rate by 0.008 (95% CI,
0.006 to 0.011) fibers/mm per day, but had no effect on
percent of baseline regeneration rate. BMI had no signifi-
cant effect on either absolute density (0.000, [95% CI,
—0.003 to 0.003) nor percent of baseline regeneration
(0.000, [95% CI, —0.015 to 0.013]). We found duration of
diabetes was negatively associated with regeneration rate
and total amount, but only among type 1 diabetic patients,
with a reduction in regeneration rate of 0.004 [95% CI,
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Table 2. 180-days small fiber peripheral nerve regeneration.
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P-value*
Type 1 Type 2 Controls Type 1 vs. Type 1 vs. Type 2 vs.
(n=11) (n = 36) (n=10) Type 2 Controls Controls
IENFD Baseline? (fibers/mm, mean (sd)) 17.7 (8.9) 19.7 (7.7) 17.3(5.2) 0.5 0.2 0.3
Regeneration, 180-days
Return of IENFD @ 180 days (fibers/mm, 12.4 (5.2) 10.9 (5.5) 19.5 (7.1) 0.4 0.02 <0.001
mean (SD))
Difference from baseline (fibers/mm, —5.2 (4.6) —8.6 (5.3) —-2.7 (5.7) 0.06 0.3 0.003
mean (SD))
Percent of Baseline (%, mean (SD)) 76% (14%) 58% (21%) 91% (25%) 0.01 0.1 <0.001
Regeneration: return of IENF density, 180-days®
Density regeneration per day (fibers/ 0.07 (0.03) 0.06 (0.03) 0.11 (0.04) 0.4 0.02 <0.001
mm/day, mean (sd))
Percent of baseline per day (%/day, mean 0.4% (0.08%) 0.3% (0.12%) 0.5% (0.14%) 0.01 0.1 <0.001

(sd))

TAssessed through chi-square and regular ANOVA tests.

2IENFD: intraepidermal nerve fiber density, taken at the proximal thigh through skin punch biopsy.

3Calculated from regeneration total after 180 days.

0.00005-0.008] fibers/mm per day with each additional
year of diabetes (P = 0.05; for type 2, P = 0.6). The lack of
an association between diabetes duration and regeneration
in type 2 diabetes may be attributed to the difficulty in
accurately identifying the onset of type 2 diabetes.

At each time-point, regeneration rates were significantly
slower among diabetic cases compared to controls, and
regeneration among cases stopped earlier than controls
(Table 4, Fig. 3). The rate of regeneration among control
subjects through 90 days was comparable to what we had
observed demonstrating the reproducibility of the model.’
Seven of 11 (64%) type 1 diabetic cases and 22 of 36
(61%) type 2 cases stopped regenerating before 180 days
(Fig. 1). Among controls, for which measurements were
taken at 150 days for all of them, 8 of 10 (80%) had posi-
tive regeneration trajectories approaching the 180-day
visit. From the fitted multivariable longitudinal models,
we estimate type 1 patients continued to regenerate on
average for 156 days (95% CI, 125-247) and type 2
patients for 170 days (145-211), while control subjects
attained maximum regeneration at 231 days (95% CI,
179-318). When controlling for baseline IENFD, age, and
BMI, we see controls regenerate faster, to a greater percent
of baseline, and to a greater final density than both type 1
and type 2 diabetics (Figs. 2, 3). Similarly, type 1 diabetics
have better nerve regeneration outcomes compared with
type 2 diabetics, though this was not significant.

Discussion

We used a standardized capsaicin chemical axotomy
model to study the rate and extent of nerve regeneration
in subjects with diabetes and healthy controls.'*"> We

report that subjects with diabetes but no neuropathy
regenerate more slowly and plateau without reaching
baseline levels of IENFD while healthy control subjects
regenerate epidermal nerve fibers more quickly and for a
longer period, returning to baseline levels by 180 days.
Subjects with type 1 diabetes showed a trend to regener-
ate better than those with type 2 diabetes, attaining a
higher percent of baseline despite having a longer dura-
tion of disease. In some of the healthy controls, IENFD
reached a level higher than baseline, which is consistent
with the hyper-innervation reported in the past after
nerve injury.'*

It has been previously shown that regeneration is defi-
cient in animal models of diabetes'>'® and diabetic indi-
viduals and potentially an underlying mechanism for
diabetic neuropathy.*>'” However, the long-term out-
come of nerve regeneration in diabetic patients was not
previously studied. In this study, we show that 180 days
after the chemical denervation of skin, IENFD does not
return to baseline levels in the majority of diabetic
patients with no evidence of neuropathy. As demon-
strated in Figures 1 and 3, in diabetic patients, the trajec-
tory of nerve regeneration slows over time and plateaus
within the study period, with IENFD remaining signifi-
cantly below baseline levels. The clinical significance of
this incomplete regeneration may be substantial for dia-
betic patients, with or without neuropathy, reinforcing
the importance of early diagnosis and intervention. For
example, it has been shown that the outcome of carpal
tunnel surgery is not favorable in patients with diabetes.'®
Our results suggest that impaired regeneration could play
a role in this less favorable outcome. Thus, correcting the
entrapment before significant axonal degeneration occurs
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Figure 1. Individual data for nerve regeneration in healthy control and diabetic patients. Each line represents the intraepidermal nerve fiber
density (IENFD) measurements from the proximal thigh for each subject followed over time, from O to 180 days post-chemical axotomy. “B”
indicates the IENFD at baseline, prior to denervation. IENFD returned to normal among healthy controls after 180 days of follow-up but remained

below baseline levels in diabetic patients.
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Type 1 Type 2

Figure 2. Percent of baseline IENFD regenerated after 180 days in healthy control and diabetic patients. Controls regenerate higher percentages
of baseline fiber densities than both type 1 (nonsignificant) and type 2 diabetic patients, and type 1 patients regenerate to significantly higher
percentages than type 2 patients (Table 2). Boxed region represent the precent of baseline IENFD regenrated and bars represent standard error.

may be crucial to prevent irreparable damage. Similar
rationale could be extended to other forms of peripheral
nerve injury in diabetes, such as cervical and lumbar
radiculopathy, which are reported to have poorer out-
comes in diabetic patients after surgical treatment.'®*’
Furthermore, it is reported that the risk of chemotherapy-

induced neuropathy in elderly population is significantly
higher with comorbid diabetes, even without pre-existing
neuropathy.”' In patients with type 1 diabetes who were
treated with pancreas-kidney transplantation and were
normoglycemic for several years, repeat skin biopsy did
not show improvement in IENFD, suggesting that axonal
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Figure 3. Fitted absolute intraepidermal nerve fiber density (IENFD) and percent of baseline IENFD regeneration trajectories of intraepidermal
axons after chemical axotomy over 180 days in patients with diabetes types 1 and 2, and healthy controls, controlling for baseline IENFD, age,
and BMIL. Lines and 95% confidence bounds represent the estimated trajectories for IENFD regeneration following chemical axotomy, estimated
from the longitudinal mixed effects model, with baseline IENFD = 19 fibers/mm, age = 52 years, and BMI = 29.7 (study subject median values).
Points represent estimated values for study individuals, re-estimated assuming these values for baseline IENFD, age, and BMI, but incorporating
individual regeneration rates and variability. Even when controlling for baseline IENFD, age, and BMI individuals with diabetes type 2 continue to
regenerate slower, to a lower absolute level, and to a lower percent of baseline. An individual without diabetes will regenerate to nearly 100% in
180 days, the same individual with diabetes type 1 or type 2 will reach much lower levels (bottom panel). Additionally, this individual without
diabetes continues regenerating throughout the 6-month interval and after. However, with diabetes (maroon and orange lines), regeneration rate

slows at a greater rate, plateauing prior to day 180.

nerve regeneration does not occur despite long-lasting
normoglycemia.*

Among patients with diabetes, we found that type 1
patients regenerated to significantly higher percentages of
their original baseline IENFD levels compared to type 2
patients. There was also a trend toward slower regenera-
tion rate in type 2 patients, despite a longer duration of
disease and lower baseline levels of nerve density among
type 1 patients. Admittedly, diabetes onset in type 2
patients is often unclear and therefore disease duration is
imprecise. However, this finding is consistent with other
evidence suggesting differential effects of type 1 and type
2 diabetes on peripheral nerves.”>*’ Additionally, it has

been previously shown that glycemic control is more suc-
cessful in reducing the risk of neuropathy from type 1
disease than type 2.*' Finally, established diabetic neu-
ropathy risk factors such as hypertension and elevated
lipid levels are common comorbidities in type 2 diabetes
and may explain the differences between the groups.*
Consistent with previous studies, we found no effect of
HbAlc on the regeneration rate or ultimate regeneration
outcome in diabetic patients. In animal models, it has
previously been shown that while increased glycemic con-
trol can improve neuropathic outcomes in type 1, it
does not prevent development or progression of neuropa-
thy in type 2 diabetes.***®> Outcome trials have also
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Table 3. Regeneration rate coefficients from multivariable mixed effects model.

Regeneration Rate (per day)

Regeneration Acceleration (per day?)’

Mean 95% Cl P-value Mean 95% Cl P-value
Absolute Regeneration (fibers/mm)
Controls 0.165 (0.118-0.212) <0.001 —0.0004 (—0.00066 to —0.00013) 0.005
Type 1 0.158 (0.107-0.209) <0.001 —0.0005 (—0.0008 to —0.00021) 0.001
Type 2 0.121 (0.096-0.146) <0.001 —-0.0003 (—0.00049 to —0.00021) <0.001
Baseline IENFD 0.008 (0.006-0.011) <0.001 —0.00003 (—0.00004 to —0.00001) <0.001
BMI (kg/mz) 0 (—0.003-0.003) 0.97 0 (—0.00002-0.00002) 0.93
Age (years) —0.001 (—0.003-0) 0.05 0.00001 (0-0.00002) 0.262
Percent of Baseline IENFD
Controls 0.86% (0.6339-1.0895%) <0.001 —0.000021% (—0.003329 to —0.000784%) 0.002
Type 1 0.74% (0.4892-0.993%) <0.001 —0.000020% (—0.003417 to —0.00058%) 0.007
Type 2 0.62% (0.4971-0.7423%) <0.001 —0.000017% (—0.00238 to —0.000996%) <0.001
Baseline IENFD 0.01% (—0.0058-0.0178%) 0.33 —0.000001% (—0.000123-0.000011%) 0.106
BMI (kg/mz) 0.00% (—0.0149-0.0134%) 0.92 0% (—0.000081-0.000078%) 0.963
Age (years) -0.01% (—0.0168 to —0.0002%) 0.05 0% (—0.000003-0.000091%) 0.072

These regeneration rates were estimated using a mixed effect linear regression model, with a random effect for study participant across repeated
measures. The model included variables for day of measurement and a quadratic term for day (i.e., day?) to account for declining rates over time.
Covariates were included as interactions with day/day? variables to account for rates among study participant type (control, type 1, and type 2
diabetes) and effects on rates by baseline IENFD, BMI, and age. Both controls and type 1 diabetic subjects regenerated significantly faster than
type 2 diabetic subjects. While controlling for other variables, increased baseline IENFD was associated with increased absolute regeneration rate,
age was associated with decreased regeneration rate and BMI had no effect on regeneration rate, neither absolute nor percent of baseline.

'Regeneration rate accounts for the effect of each coefficient on the number of fibers regenerated per day, while regeneration acceleration is

captured by the quadratic term (day~2) and accounts for the effect of each variable on the deceleration of regeneration (the leveling off).

shown that intensive glycemic control doesn’t change the
neuropathic complications of type 2 diabetes over stan-
dard of care.”® After 10 years, subjects in the UKPDS
intensive treatment group achieved approximately a 1%
improvement in HbAlc versus conventional treatment,
yet there was no significant difference in the incidence of
diabetic neuropathy between the two groups.”® A signifi-
cant effect on development of neuropathy was finally
observed between the two groups after 15 years. Addi-
tionally, we found no significant impact of BMI on the
rate of nerve regeneration among our participants. Obe-
sity is increasingly being recognized as a risk factor for
neuropathy independent of diabetes.”” >’ However, effect
of BMI on nerve regeneration is poorly understood. Lim-
ited data from animal models suggest that obesity can
impair nerve regeneration after injury.*” In human, the
only data available is from the study of nerve regeneration
for 30 days after chemical axotomy in patients with meta-
bolic syndrome with or without diabetes.”® In this study,
a reduced rate of regeneration was seen compared to his-
torical control in patients with metabolic syndrome, but
the effect of BMI on regeneration rate was not directly
estimated. Our study was not aimed at studying the effect
of BMI on nerve regeneration independent of diabetes,
but was aimed to measure the effect of BMI as a covariate
on rate of nerve regeneration in diabetic patients. Our
finding suggests that within the diabetic population,

2094

factors other than direct metabolic consequences of
hyperglycemia or obesity are important in regenerating
axons. For example, changes in lipid metabolism,*!
reduced expression of nerve growth factors,**** structural
distortion of extracellular matrix,** and slowed prolifera-
tion and migration of Schwann cells*>*® are all reported
in animal models of diabetic neuropathy. These factors
can create an inhospitable environment for nerve regener-
ation, contributing to the development of neuropathy.

There are several important limitations to this study.
We did not have detailed data pertaining to blood pres-
sure, tobacco use, detailed information on lipid profile, or
other peripheral neuropathy risk factors. Furthermore, we
only had cross-sectional data for risk factors, while the
cumulative effects of risk factors are likely most relevant.
Additionally, our samples sizes were modest, limiting our
power, though this was offset by the repeated measure-
ments over time.

In this study, we find deficits in nerve regeneration
likely play a key role in the progression to peripheral neu-
ropathy, particularly among diabetic patients. We
addressed two fundamental questions: 1) Do subjects with
diabetes regain baseline innervation levels following a
standardized nerve injury? In comparison to healthy con-
trols, we found type 1 and type 2 diabetic patients attain
significantly lower than their original nerve fiber densities
2) Are there differences between subjects with type 1 and
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Table 4. Rate of regeneration at 0, 30, 60, 90, and 180 days post
chemical-axotomy.

Controls Type 1 Type 2
Regeneration Rate (n =10) (n=11) (n = 36)
Density per day (fibers/mm/day)
0 days post-axotomy 0.165 0.157 0.12
30 days post-axotomy 0.141 0.127 0.099
60 days post-axotomy 0.117 0.096 0.078
90 days post-axotomy 0.093 0.066 0.057
180 days post-axotomy 0.022 —0.025 —0.006
Percent of baseline per day (%/day)
0 days post-axotomy 0.86% 0.74% 0.62%
30 days post-axotomy 0.74% 0.62% 0.52%
60 days post-axotomy 0.61% 0.50% 0.42%
90 days post-axotomy 0.49% 0.38% 0.31%
180 days post-axotomy 0.12% 0.02% 0.01%

Rates were estimated from longitudinal data using a linear mixed
effects model, with random effect for study subject and controlling
for baseline density, body mass index (BMI), and age. These regenera-
tion rates assume a baseline density of 19 fibers/mm, BMI of 29.7,
and age of 52 years (study medians).

type 2 diabetes? We found slower distal axon regeneration
rates among type 2 subjects as compared to type 1,
despite potentially shorter durations of disease and higher
baseline IENFDs. The damage accumulated from this slo-
wed and abbreviated regrowth in diabetic patients is likely
a major contributor to the progression of diabetic neu-
ropathy and its clinical consequences. Furthermore, the
differences between type 1 and type 2 diabetics likely
explain the higher prevalence of diabetic neuropathy
among type 2 patients.
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