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Effect of combined dyslipidemia and hyperglycemia on diabetic 
peripheral neuropathy in alloxan-induced diabetic WBN/Kob rats
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Abstract: Clinical and experimental research have suggested that dyslipidemia aggravates diabetic peripheral neuropathy (DPN). 
However, whether dyslipidemia is a risk factor for DPN remains unclear. To investigate the effect of dyslipidemia on DPN, morphologi-
cal features of peripheral nerves were analyzed in diabetic rats treated with a high-fat diet (HFD). Male rats were divided into four 
groups: nondiabetic rats (N), alloxan-induced diabetic rats (AL), diabetic rats treated with an HFD (AH), and nondiabetic rats treated 
with an HFD (HF). Combined hyperglycemia and dyslipidemia (AH group) induced a significant increase in plasma triglyceride and 
cholesterol levels. In addition, the combined effects contributed to a reduction in myelin size and a reduction in myelin thickness as 
indicated on sensory sural nerve histograms. There was also a reduction in the size of motor nerve axons when compared with the 
effects of hyperglycemia or dyslipidemia alone. However, the sensory nerve conduction velocity in the AH group was slightly but not 
significantly lower than those in the HF and AL groups. These results suggest that combined hyperglycemia and dyslipidemia induced 
mild peripheral motor and sensory nerve lesions, without significantly affecting sensory nerve conduction velocity. (DOI: 10.1293/
tox.2017-0063; J Toxicol Pathol 2018; 31: 125–133)
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Introduction

Peripheral neuropathy is one of the major complica-
tions of diabetes mellitus. Although its exact pathogenesis 
is not fully understood, the duration of hyperglycemia, poor 
glycemic control, and hypertension affect the development 
of neuropathy1, 2. Dyslipidemia, including hypertriglyc-
eridemia and/or hypercholesterolemia, and increased body 
mass index, also play an important role in the development 
of diabetic peripheral neuropathy3. Dyslipidemia may be 
recognized as an independent risk factor for the develop-
ment of neuropathy in patients with diabetes4. Data from 
the U.K. Prospective Diabetes Study Group and the Feno-
fibrate Intervention and Event Lowering in Diabetes Study 
indicate that lipid-lowering therapy reduced the incidence of 
microvascular complications including neuropathy5. In dia-
betic animals, db/db mice and Zucker diabetic fatty (ZDF) 
rats developed dyslipidemia and peripheral nerve function 

abnormality as well as hyperglycemia6–8. The db/db mice 
also developed structural abnormalities in the peripheral 
nerves such as decreased intraepidermal nerve fiber density 
(IENFD) and reduced myelin thickness of the sciatic nerve7.

Dyslipidemia alone is also an essential factor under-
lying nerve injury, as indicated by prospective studies in 
patients with idiopathic neuropathy9, 10. In animal studies, 
high-fat diet (HFD)-fed mice and leptin-deficient ob/ob mice 
developed dyslipidemia, showed decreased nerve conduc-
tion velocity, and developed sensory deficits7, 11–13. However, 
apolipoprotein knockout mice with dyslipidemia lacked 
neuropathy6. Studies on peripheral nerve structural changes 
have shown contradictory results, with studies showing no 
abnormality6, 11, decreased IENFD12, 13, and a decrease in 
the myelin sheath thickness of the sciatic nerve 7. As the 
data from animal experiments show some discrepancies, 
the potential effects of dyslipidemia on the peripheral nerves 
needs to be further analyzed using other animal models.

Human diabetic peripheral neuropathy (DPN) is char-
acterized by nerve fiber loss, axonal degeneration, and seg-
mental demyelination with a decrease in nerve conduction 
velocity1. Many diabetic animal models have been used to 
examine the pathogenesis of neuropathy. Importantly, an 
alloxan-treated rodent model developed rapid and severe 
hyperglycemia, showed a decrease in nerve conduction ve-
locity, and developed mild axonal atrophy, although overt 
degenerative neuropathy, demyelination, or fiber loss in 
the peripheral nerves was not observed14, 15. Male Wistar 
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Bonn Kobori (WBN/Kob) rats, which showed endocrine 
insufficiency due to chronic pancreatitis, spontaneously 
developed long-lasting hyperglycemia and severe diabetic 
peripheral motor neuropathy characterized by segmental 
demyelination and axonal atrophy with a decrease in nerve 
conduction velocity16–18. Furthermore, endoneurial micro-
angiopathic changes have been observed in male rats of this 
strain. Insulin treatment corrected these changes without 
microangiopathy19. Therefore, it is likely that WBN/Kob 
rats will be useful for detecting morphological changes in 
peripheral nerves accompanied by hyperglycemia. How-
ever, as male WBN/Kob rats do not show hyperglycemia 
and glucosuria until approximately 40 weeks of age, dia-
betogenic treatment may be necessary to induce a diabetic 
condition from an early age.

The aim of the present study was to investigate the ef-
fect of superimposed hyperglycemia and dyslipidemia on 
peripheral nerve morphology in alloxan-induced diabetic 
WBN/Kob rats treated with an HFD.

Materials and Methods

Animals and housing conditions
Male WBN/Kob rats were supplied by Japan SLC, Inc. 

(Hamamatsu, Japan). The animals were housed in stainless 
steel cages at a temperature of 20–26°C and a relative hu-
midity of 40–70% under a 12/12 h light/dark cycle. They 
were ventilated with filtrated fresh air and allowed free ac-
cess to tap water and to a widely used standard pelletized 
diet for experimental rats (Charles River Formula 1, Ori-
ental Yeast, Tokyo, Japan). The animals were handled ac-
cording to the principles for all experimental procedures, 
contained in the Guide for the Care and Use of Laboratory 
Animals, prepared by the institution where the study was 
conducted (Setsunan University) and the Japanese Asso-
ciation for Laboratory Animal Science. The Committee for 
Animal Experiments of Setsunan University approved the 
study.

Experimental design
A total of 38 male WBN/Kob rats were divided into 

the following four groups at 10 weeks of age: the nondia-
betic rats (N), alloxan-induced diabetic rats (AL), diabetic 
rats treated with an HFD (AH), and nondiabetic rats treated 
with an HFD (HF) groups. The 20 rats in the AL and AH 
groups, aged 10 weeks, were administered a single dose of 
alloxan (Sigma-Aldrich Japan, Tokyo, Japan) via the tail 
vein at a dose of 40 mg/kg body weight. The concentrations 
were set to measure the rat’s survival time after develop-
ing signs of diabetes and to determine the dose required to 
induce continuous glycosuria. From 13 weeks of age, rats in 
the AH group received an HFD (HFD-60, crude fat: 35%, 
Oriental Yeast, Tokyo, Japan). The 10 nondiabetic rats in the 
HF group also received an HFD from 13 weeks of age. The 
8 nondiabetic rats in the N group also received a standard 
pellet diet. One rat from the AH group was necropsied dur-
ing the examination period. The cause of death was unclear. 

Thirty-seven rats were sacrificed at 36 weeks of age.

Blood glucose, triglyceride, and cholesterol concen-
trations

Blood glucose, triglyceride, and cholesterol concentra-
tions were measured monthly from 10 weeks of age until 
the autopsy. Blood samples from the tail vein were collected 
between 1:00 pm and 4:00 pm. Blood glucose levels were 
measured semiquantitatively by using the glucose oxidase 
method (Glutest E, Sanwa Kagaku, Nagoya, Japan). Plasma 
was separated by centrifugation. Concentrations of total, 
low-density lipoprotein (LDL), and high-density lipoprotein 
(HDL) cholesterol and triglycerides were measured by using 
an enzymatic method.

Urinary glucose, protein, and albumin
Urinary glucose, protein, and albumin were measured 

monthly from 10 weeks of age to 36 weeks of age. Rats were 
housed in metabolic cages, and 3 hourly urine samples were 
used for the measurement of urinary parameters. Urinary 
glucose levels were measured semiquantitatively with urine 
test paper (Wako Pure Chemical Industries, Osaka, Japan). 
The concentrations of urinary protein and albumin were 
measured by turbidimetric immunoassay.

Blood pressure monitoring
Blood pressure was measured monthly from 10 weeks 

of age by the tail-cuff method using a noninvasive blood 
pressure monitor for mice and rats (MK-2000, Muromachi 
Kikai Co. Ltd., Tokyo, Japan) according to the manufac-
turer’s instructions as previously reported2. Five consecu-
tive measurements were averaged, and the mean value was 
calculated.

Motor and sensory nerve conduction velocity (MNCV 
and SNCV).

At the end of the experiment, MNCV and SNCV were 
measured after the rats were anesthetized with ketamine 
(40 mg/kg IM; Ketalar, Sankyo, Tokyo, Japan) and xylazine 
(2.0 mg/kg IM; Seractal, Bayer, Tokyo, Japan). For MNCV, 
the right sciatic nerve was exposed by incisions at the re-
gions of the great trochanter and ankle, and the distance 
between incisions was measured as previously reported19. 
Bipolar stimulating electrodes were placed on the nerves 
through the incisions, and bipolar recording electrodes were 
inserted percutaneously into either the interossei or lumbri-
cal muscles. The SNCV was determined by stimulating the 
sural nerve distally at the ankle via bipolar electrodes with 
supramaximal stimulation and recording at the fourth and 
fifth digit. The conduction velocity was recorded using an 
electromyography system (Polygraph 360 System, Nippon 
Denki Sanei, Tokyo, Japan, and BioSignal Processing Pro-
gram, Nihon Santeku, Osaka, Japan). The conduction veloc-
ity was calculated using the onset latency and distance. The 
hind limb skin temperature was maintained at 37°C.
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Histological and immunohistochemical analysis of 
peripheral nerves

The rats were euthanized by exsanguination from the 
abdominal aorta under deep anesthesia with ketamine (40 
mg/kg IM; Ketalar, Sankyo) and xylazine (2.0 mg/kg IM; 
Seractal, Bayer). The right sciatic, tibial, and sural nerves 
were removed and fixed by immersing them in 4% para-
formaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). 
Three samples were trimmed, dehydrated in an automated 
processor, and embedded in paraffin. Sections (4 µm thick) 
were stained with hematoxylin and eosin (HE), Luxol fast 
blue, and Masson’s trichrome and analyzed morphologi-
cally. The left sciatic, tibial, and sural nerves were removed 
and fixed by immersing them in 2.5% glutaraldehyde in 0.1 
M sodium phosphate buffer (pH 7.4). After fixation, tissue 
samples were postfixed in 1.5% osmium tetroxide solution 
(pH 7.4) for 2 hours and processed into epoxy resin. Semi-
thin (1 μm) sections were cut and stained with toluidine blue.

Morphometric analysis of peripheral nerves
For morphometric analysis, semi-thin cross sections of 

the distal portion of the tibial and sural nerves were used, 
with one section of each nerve used per animal, as previ-
ously reported2. For tibial nerve samples, a terminal portion 
of the tibial nerve approximately 5 mm long from just proxi-
mal to the branching of the lateral and medial planter nerve 
was used. For sural nerve samples, a terminal portion of the 
sural nerve approximately 5 mm long from just proximal 
to the terminal branching was used. Digital images (20× 
objective lens, 3900 × 3090 pixels) were captured using a 
digital camera (DC500, Leica Microsystems, Wetzlar, Ger-
many) attached to a light microscope (DM5500, Leica Mi-
crosystems). The sections were analyzed morphometrically 
by image processing and analysis software (IP Lab version 
4.0, BD Biosciences, Rockville, MD, USA). The following 
morphometric parameters were analyzed: 1) the total fas-
cicular area; 2) the numbers and sizes (cross-sectional area) 
of myelinated nerve fibers, myelin, and axons; and 3) and 
the mean fiber, axon, and myelin size (cross-sectional area). 
Fiber occupancy (nerve fiber area/fascicular area) was cal-
culated by dividing the total area of myelinated fibers by the 
total fascicular area. Fiber density (number of fibers/mm2) 
was calculated by dividing the total number of myelinated 
fibers by the total fascicular area. Histograms for the size 
frequency of nerve fibers, axons, and myelin, separated into 
class intervals increasing by 10 μm2, were constructed.

Intraepidermal nerve fiber density (IENFD)
Foot pads were collected from the plantar surface of 

the hind paw and were fixed by immersing them in 4% para-
formaldehyde in a 0.1 M sodium phosphate buffer (pH 7.4). 
Samples were trimmed, dehydrated in an automated proces-
sor, and embedded in paraffin. Sections (80 µm thick) were 
deparaffinized in xylene and rehydrated with graded etha-
nol. The slides were rinsed with 0.05 M Tris-buffered saline 
(TBS, pH 7.6), treated with 1% hydrogen peroxide in metha-
nol, and again rinsed with TBS. The slides were incubated 

with 5% normal gout serum for 5 min and then overnight 
at 4°C with rabbit polyclonal anti-PGP9.5 antibody (diluted 
1:200, Dako, Santa Clara, CA, USA). The sections were ex-
posed for 60 min to Alexa Fluor 488-conjugated second-
ary antibodies (Invitrogen, Carlsbad, CA, USA). The slides 
were mounted with a mounting medium. The IENFD was 
quantified according to recently published European Feder-
ation of Neurological Societies guidelines20. Five randomly 
chosen tissue sections from each animal were quantified. 
Only single IENFs crossing the dermal-epidermal junction 
were counted, excluding secondary branching and nerve 
fragments not crossing the dermal-epidermal junction. The 
data are presented as the number of fibers per millimeter.

Statistical analysis
Data are presented as the mean ± SD. A multiple 

comparison test was performed to analyze the differences 
among the four groups. The homogeneity of variance was 
analyzed by Bartlett’s test, followed by a one-way analysis 
of variance when the variance was homogeneous. If a signif-
icant difference was found among the groups, Tukey’s test 
(parametric) was performed to test the differences among 
the mean values. When the variance was heterogeneous, the 
Kruskal-Wallis H-test (Wilcoxon test) was performed, and 
if a significant difference was found among the groups, the 
Steel-Dwass test (nonparametric) was performed to test the 
differences among the mean values.

A P value of less than 0.05 was considered statistically 
significant. Statistical analyses were performed using JMP 
Pro11.2.0 software (SAS Institute, Tokyo, Japan).

Results

Glycosuria, glycemia, and blood pressure monitoring
The average body weights of the HF and N groups 

were significantly increased compared with those of the AH 
and AL groups from 13 weeks of age to the time of sched-
uled necropsy (N group, 419.3 ± 20.1 g; AL group, 300.5 ± 
48.9 g; AH group, 312.6 ± 42.8 g; HF group, 495.7 ± 27.4 g) 
(Fig. 1a). Severe hyperglycemia (>300 mg/dL) and glycos-
uria (>500 mg/dL, data not shown) continued from the day 
of alloxan injection to the time of scheduled necropsy (36 
weeks of age) in the AH and AL groups; however, all rats in 
the HF group showed a slightly higher glycemia (<200 mg/
dL) until 33 weeks of age and developed hyperglycemia at 
the time of scheduled necropsy, and all rats in the N group 
showed normal glycemia (<150 mg/dL) at the time of sched-
uled necropsy (Fig. 1b). The plasma glucose level of the HF 
group was significantly increased compared with that of the 
N group from 33 weeks of age to the time of scheduled nec-
ropsy. The plasma triglyceride level in the AH group was 
significantly increased compared to the AL and N groups 
from 33 weeks of age (Fig. 1c). The triglyceride level in the 
AH group was also increased compared with that of the HF 
groups from 23 to 36 weeks of age (Fig. 1c), but there was 
no significant difference between the AH and HF groups. 
The plasma triglyceride level in the HF group was only 
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significantly increased compared with the levels of the AL 
and N group at the time of scheduled necropsy (Fig. 1c). 
The total cholesterol levels of the four groups gradually in-
creased, and the levels was significantly elevated in the AH 
group compared with those of the N, HF, and AL groups 
(Fig. 1d). The LDL concentrations of the AL, AH, and HF 
groups were significantly higher than that of the N group at 
the time of scheduled necropsy. Moreover, the LDL concen-
tration of the AH group was about twice those of the HF and 
AL groups (Fig. 2). There was no significant difference in 
the systolic blood pressures among the four groups.

Motor and sensory nerve conduction velocity (MNCV 
and SNCV)

The MNCVs of the AH and AL groups were signifi-
cantly lower than that of the N group, but there was no sig-
nificant difference between the AH and AL groups (Fig. 3). 

Fig. 1. Changes in body weight (a) and blood glucose (b), triglyceride (c), and total cholesterol (d) levels in the four groups. Data are expressed 
as the mean ± SD. * p<0.05 N vs. HF; **p<0.01 N vs. HF; †p<0.05 N vs. AL; ††p<0.01 N vs. AL; ‡p<0.05 N vs. AH; ‡‡p<0.01 N vs. AH; 
§p<0.05 HF vs. AL; §§p<0.01 HF vs. AL; ||p<0.05 HF vs. AH; ||||p<0.01 HF vs. AH; ¶p<0.05 AL vs. AH; and ¶¶p<0.01 AL vs. AH (a, 
Tukey’s test; b–d, Steel-Dwass test). N, nondiabetic rats treated with standard rat chow; AL, alloxan-induced diabetic rats; AH; diabetic 
rats treated with a high-fat diet; HF, nondiabetic rats treated with a high-fat diet.

Fig. 2. Low-density lipoprotein (LDL) cholesterol concentrations 
of the four groups. Data are expressed as the mean ± SD. 
**p<0.01 (Steel-Dwass test)

Fig. 3. Motor and sensory nerve conduction velocities in the N, AH, 
AL, and HF groups. **p<0.01 (Tukey’s test). N, nondiabetic 
rats treated with standard rat chow; AL, alloxan-induced dia-
betic rats; AH, diabetic rats treated with a high-fat diet; HF, 
nondiabetic rats treated with a high-fat diet.
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The MNCV of the HF group slightly decreased compared 
with that of the N group. The SNCV of the AH group was 
also slightly but not significantly reduced compared with 
those of the N, HF, and AL groups (Fig. 3).

Morphological analysis on the tibial and sural nerves
Myelinated nerve fibers of the tibial nerve in the AH 

and AL groups showed slight axonal atrophy compared with 
those of the N and HF groups (Fig. 4). Myelin in the AH 
group had an almost normal appearance, although some 
nerve fibers showed myelin distention (Fig. 4). Myelinated 
nerve fibers of the sural nerve had an almost normal appear-

Fig. 4. Representative semi-thin sections of tibial and sural nerves in the N, AH, AL, and HF groups. Myelinated nerve fibers of the tibial nerve 
in the AL and AH groups show slight axonal atrophy compared with those of the HF and AL groups. Myelin in the AH group has an 
almost normal appearance, but some myelin shows myelin distention (arrows). Myelinated nerve fibers of the sural nerve have an almost 
normal appearance in the four groups. N, nondiabetic rats treated with standard rat chow; AL, alloxan-induced diabetic rats; AH, diabetic 
rats treated with a high-fat diet; HF, nondiabetic rats treated with a high-fat diet.
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ance in all groups. The endoneurium, including vessels of 
the tibial and sural nerves, also had normal structures in all 
groups.

Morphometrical analysis of the tibial and sural 
nerves

Regarding the tibial nerve, the mean myelin size of the 
AH group was increased compared with those of the N, HF, 
and AL groups, and the difference between the AL and AH 
groups was significant (Table 1). The axon/fiber ratio and 
mean axon size in the AH group were slightly, but not sig-
nificantly, decreased compared with those of the N, HF, and 
AL groups (Table 1). However, there were no significant dif-
ferences in morphometric parameters, including the afore-
mentioned parameters, among the N, HF, and AL groups.

Regarding the sural nerve, the mean myelin sizes and 
fiber sizes of the HF, AL, and AH groups were decreased 
compared with those of the N group, and the differences be-
tween the N and AH groups were significant (Table 1). The 
mean axon sizes of the HF, AL, and AH groups were also 
decreased compared with that of the N group, but there were 
no significant differences among the four groups (Table 1).

The fiber and myelin size frequency histogram for the 
tibial nerve indicated a significant shift to a larger size in the 
AH group compared with the AL and HF groups (p<0.01, 
Fig. 5a and b), and the axon size frequency histogram 
showed a significant shift to a smaller size in the AH group 
compared with the N, HF, and AL groups (p<0.01, Fig. 5c). 
In the sural nerve, the fiber and myelin size frequency histo-
gram displayed a significant shift to a smaller size in the AH 
group compared with the N, HF, and AL groups (p<0.01, 
Fig. 5d and e), and the axon size frequency histogram pre-
sented a significant shift to a smaller size in the HF, AL, and 
AH groups compared with the N group (p<0.01, Fig. 5f).

Intraepidermal nerve fiber density (IENFD)
The IENFDs of the four groups were similar, but that 

of the HF group was lower than those of the AL and AH 
groups in the skin of the hind paw footpad (Fig. 6).

Discussion

According to the present study, diabetic rats with dys-
lipidemia had a significantly smaller axon size compared 
with diabetic rats and nondiabetic rats with dyslipidemia. 
Axonal atrophy has reportedly been observed in chemically 
induced or spontaneously diabetic animals, and the occur-
rence of lesions was one of the characteristic changes in ro-
dent models of diabetic peripheral neuropathy2, 14, 15, 18, 19, 21. 
Previous study findings on the morphological changes in 
peripheral motor nerves due to hyperlipidemia are contra-
dictory; dyslipidemia reduced myelin thickness in obese db/
db and ob/ob mice, while dyslipidemia had no effect on pe-
ripheral nerves in HFD-treated mice7, 11. In the rat model in 
the present study, it is likely that combined hyperglycemia 
and hyperlipidemia have enhanced axonal damage com-
pared with hyperlipidemia alone. In other studies, MNCV 
decreased in diabetic rats/mice with spontaneously or HFD-
induced hyperlipidemia6–8, 22. Furthermore, HFD treatment 
also decreased MNCV in non-diabetic mice11–13, although 
combined hyperglycemia and hyperlipidemia did not ex-
acerbate MNCV in the present study. The MNCV of the 
HF group may have slightly decreased compared with the 
MNCV of the N group. Thus, hyperlipidemia may slightly 
affect the MNCV of WBN rats. However, the effect of hy-
perglycemia on MNCV may be too robust to allow for dem-
onstration of the potential effects of hyperlipidemia given 
the distinct decrease of MNCV in the AL group.

In the present study, combined hyperglycemia and hy-
perlipidemia slightly exacerbated the SNCV compared with 

Table 1. Morphometric Analysis of Tibial and Sural Nerves

Axon/fiber 
ratio

Mean fiber 
size (μm2)

Mean myelin 
size (μm2)

Mean axon 
size (μm2)

Tibial nerve

N group Mean 0.28 55.07 38.90 16.18 
SD 0.02 4.27 3.27 1.55 

HF group Mean 0.32 54.79 37.75 17.03 
SD 0.06 3.83 4.04 3.74 

AL group Mean 0.31 53.46 37.43 16.03 
SD 0.06 4.70 5.61 2.16 

AH group Mean 0.26 57.86 43.55 ‡ 14.31 
SD 0.03 3.70 3.16 2.17 

Sural  nerve

N group Mean 0.35 59.13 38.10 21.03 
SD 0.04 4.36 1.91 3.04 

HF group Mean 0.34 52.69 34.60 18.09 
SD 0.05 5.29 4.28 2.42 

AL group Mean 0.36 52.94 34.39 18.55 
SD 0.07 6.15 5.35 3.83 

AH group Mean 0.40 47.33 * 29.00 * 18.33 
SD 0.06 2.72 3.61 3.06 

*p<0.05 vs. N group; ‡p<0.05 vs. AL group. (Tukey's test)
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hyperlipidemia alone. Patients and animals with diabetes 
have exhibited a slower SNCV compared with patients and 
animals without diabetes23, 24. The HFD-fed mice developed 
an SNCV deficit prior to impaired glucose tolerance11, 12. In 
the present study, hyperglycemia or hyperlipidemia alone 
could not decrease the SNCV, but superimposing hypergly-
cemia on hyperlipidemia caused prolongation of the SNCV, 
consistent with previous studies6, 13, 22. Morphologically, 
slight thinning of the myelin sheath of the sensory sural 
nerve was observed owing to combined hyperglycemia and 
hyperlipidemia, although significant axonal changes could 
not be detected. Axonal changes, including atrophy and 

dwindling, reportedly occurred in the peripheral sensory 
nerves of chemically induced and spontaneously diabetic 
animals14, 15, 18, but a decrease in myelin sheath thickness 
has rarely been observed except in the sensory nerves of 
WBN rats18. Myelin thinning of sensory nerves has not been 
reported in animals with hyperlipidemia or with a combina-
tion of hyperglycemia and hyperlipidemia, although it has 
been noted in animals with both diabetes and hyperten-
sion23, 24. The combination of hyperglycemia and hyperlip-
idemia may have had a mild additive effect on the myelin 
thinning of sensory nerves, as studies have shown that it is 
easy to cause myelin disturbance in diabetic WBN rats16, 18.

Fig. 5. Myelinated fiber, axon, and myelin size frequency histograms for the tibial (a–c) and sural (d–f) nerves in the N, AH, AL, and HF groups. 
The fiber and myelin sizes of tibial nerve (a, b) indicates a significant shift to a larger size in the AH group (p<0.01; Steel-Dwass test). 
The axon size of the tibial nerve (c) shows a significant shift to a smaller size in the AH group. (p<0.01; Steel-Dwass test). In the sural 
nerve, the fiber and myelin sizes (d, e) display a significant shift to a smaller size in the AH group, and the axon size (f) shows a slight 
shift to a smaller size in the HF, AL, and AH groups compared with the N group (p<0.01; Steel-Dwass test). N, nondiabetic rats treated 
with standard rat chow; AL, alloxan-induced diabetic rats; AH, diabetic rats treated with a high-fat diet; HF, nondiabetic rats treated with 
a high-fat diet.
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The loss of IENFD is consistently observed both in hu-
man patients and in rodent models of diabetes6, 22, 25–27. In 
HFD-fed mice, hyperlipidemia decreased the IENFD, while 
hyperlipidemia did not prompt a change11–13. Furthermore, 
the combination of the HFD treatment and diabetes had no 
effect on the IENFD in mice22, suggesting that neither hy-
perlipidemia nor hyperglycemia are a factor underlying re-
duced the IENFD in the present study’s model.

The results of the present study suggest that HFD-
induced dyslipidemia may enhance mild peripheral motor 
and sensory nerve lesions and slightly decrease the sensory 
nerve conduction velocity in diabetic WBN/Kob rats.
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