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ABSTRACT

Introduction Small fiber neuropathy (SFN) is an early
manifestation in diabetic polyneuropathy (DPN); however,

the mechanisms are not fully understood. In diabetes, SFN

is presumed to be common in individuals with overt DPN,
enhancing activation of polyol pathway, oxidative stress,
advanced glycation end products (AGEs), and inflammation. We
explored the relationship between clinicohematological factors
related to DPN and pain sensation in the Japanese population.
Research design and methods We conducted a population-
based study, recruiting 1030 individuals (average age 54.4+0.5
years), in 2017, to participate in our Iwaki project. After initial
screening by fasting blood glucose and glycohemoglobin

Alc (HbA1c) measurements, the subjects were categorized
into control (n=894), type 2 diabetes (n=81), and impaired
fasting glucose (n=55) groups. Clinical data were gathered,
and relationships between pain threshold from intraepidermal
electrical stimulation (PINT) and DPN were examined by
analysis of variance, post hoc test, and x2 tests to study
correlations among and between groups of the clinical data
and DPN.

Results Univariate linear regression analyses showed
significant correlations between PINT and serum
lipopolysaccharide-binding protein (LBP) level (3=0.1025,
p=0.001). Adjustments for the clinical measurements
confirmed a positive correlation (3=0.070, p=0.034). Logistic
regression analysis revealed high LBP value (>6.7 mg/dL) as

a significant risk factor toward abnormal PINT (>0.35mA).

LBP significantly correlated with the high-sensitivity C reactive
protein, inflammation marker, elevated similarly in both pre-
diabetic and overt-diabetic groups, compared with controls,
but it did not correlate with a decreased Achilles tendon reflex.
In contrast, urine 8-hydroxy-2'-deoxyguanosine, oxidative
stress marker, and pentosidine, AGEs, markedly increased in
individuals with type 2 diabetes with high HbA1c.
Conclusions Individuals with high LBP exhibited an elevated
PINT in the Japanese population. Low level of inflammation
evoked by metabolic endotoxemia is possibly implicated in the
pathophysiology of SFN from pre-diabetic stage.

INTRODUCTION

Small fiber neuropathy (SFN) is a peripheral
nerve disorder characterized by the dysfunction
exclusively in small fibers." Small nerve fibers

Significance of this study

What is already known about this subject?

» Pain threshold from intraepidermal electrical stim-
ulation (PINT) is a new non-invasive, quantitative
method for the evaluation of small fiber neuropathy
(SFN) .

» Although the pathophysiology of SFN is assumed to
be common with diabetic polyneuropathy, it is not
fully understood.

What are the new findings?

» Serum lipopolysaccharide-binding protein (LBP) sig-
nificantly correlated with PINT indices in the general
Japanese population.

» Mild, but continuous, inflammation exerted by meta-
bolic endotoxemia might be implicated in the patho-
physiology of SFN from pre-diabetic stage.

How might these results change the focus of

research or clinical practice?

» LBP is a surrogate marker for SFN; thus, it can be
used to monitor the progression of SFN.

» Improvement of lifestyle from pre-diabetes is essen-
tial to ameliorate SFN through the suppression of
metabolic endotoxemia.

consist of the myelinated Ad fibers and unmy-
elinated C fibers. In somatic nerve systems, these
fibers sproutinto the epidermis of the individual,
causing temperature sensitivity and tremendous
cognizant pain after thermal or mechanical stim-
ulation of the skin.? SFN manifests a variety of
protean symptoms as chronic and diffuse pain,
paresthesia and dysesthesia; however, the condi-
tion could also be asymptomatic, displaying no
pain experience, reduced pain, or temperature
sensation.

It is well known that a close relationship exists
between SFN and glucose intolerance, as 36.5%
idiopathic neuropathy shows abnormal glucose
metabolism.”> Symptoms of the earliest form of
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diabetic polyneuropathy (DPN) could be as apparent as
those of SFN, because DPN is a sensory and distal dominant,
‘dying back’ type of neuropathy.* The radical treatment of
advanced-stage DPN, in which large fibers are also abol-
ished, is not established, and it is well known that the reduc-
tion of small fibers could be reversible with strict glycemic
control.”® This suggests that the initial mechanisms leading
to SFN manifestation might change during the progression
into established DPN, which includes symptoms of large fiber
neuropathy. Therefore, knowing the factors which accumu-
late during DPN progression is important.

Currently, SFN could be evaluated quantitatively by either
invasive or non-invasive methods.”® We previously evaluated
subjects with SFN in glucose tolerable and impaired fasting
glucose (IFG) in the general Japanese population, employing
a new electrode for intraepidermal electrical stimulation
(IES).” ' We clarified that a normal-high glycohemoglobin
Alc (HbAlc) level correlated with increased pain threshold
from intraepidermal electrical stimulation (PINT). Also, we
found a significant increase in PINT in patients with DPN,
compared with those without DPN." '* Diabetic state activates
specific pathways which aggravate DPN, including hyperac-
tivation of the polyol pathway, formation and signaling of
advanced glycation end products (AGEs), protein kinase
C (PKC) activation, oxidative stress, and inflammaton.*
Considering the fact that SFN is an initial manifestation of
DPN, those mechanisms might also be differently involved in
diabetic SFN from developed DPN. Nevertheless, how and to
what extent those factors are implicated in the progression of
SFN is not clarified fully.

In this study, we evaluated PINT in a general Japanese
population that included individuals with IFG and overt
diabetes. Also, we determined the clinicohematological
factors which might reflect the pathophysiology of SFN,
based on IES screening indices.

RESEARCH DESIGN AND METHODS

Study participants and demographics

The Iwaki study is a health promotion study of Japanese
individuals over 10 years of age. This health evaluation
in 2017 was conducted with the voluntary participants
living in Iwaki, located in northern Japan, a suburban
area of Hirosaki City in Aomori Prefecture, comprising
mainly of farmland.” ' For this study, 1073 volunteers
(n=1073) were originally present, of whom the following
were excluded: 5 with incomplete clinical data, 36 with
no PINT measurement, and 2 with no validated PINT
results. Thus, the total number of examined individuals
(n)=1030 (sex: men, n=425; women, n=605); mean age:
54.4+0.5 years (figure 1).

Categorization of participants

After the initial determination of fasting blood glucose
(FBG) and HbAlc, we categorized them into fasting
normoglycemic (control, n=894) subjects, subjects with
overt diabetes with a history of diabetes, including those
undergoing diabetic therapy (type 2 diabetes mellitus

subject (T2DM-S), n=81) and subjects with IFG but no
history of diabetes (impaired fasting glucose subject
(IFG-S)) (n=55) according to the Japan Diabetes Society
criteria’ and HbAlc (the National Glycohemoglobin
Standardization Program) value, respectively, as follows:

Normoglucose metabolism (control, n=894): FBG
<110 mg/dL, and HbAlc <6.5%

IFG (IFGSS, n=b55): FBG=110-125mg/dL and HbAlc
<6.5%

Type 2 diabetes (T2DM-S, n=81): FBG =126 mg/dL or
HbAlc levels 26.5%

To explore the involvement of diabetic burden in
altered PINT, we further divided the T2DM-S individuals
into two groups, T2DM HbAlc low group (T2DM-L) and
T2DM HbAlc high group (T2DM-H) based on the value
of HbAlc as follows:

T2DM-L (n=62) : HbA1c<7.5%

T2DM-H (n=19) : HbAlc = 7.5%

Subsequently, their relatedness with the clinical
measurements and PINT values was examined.

Participants detailed clinical history and also aided in
precise classification of the groups. Because T2DM-Ss
received medication for diabetes, measured blood
glucose levels could be within the normal range. Even
if so, they were considered diabetic and included in the

Initial number of the subjects: 1073
(men 441, women 632)

J

No sufficient clinical data | — | 5 subjects (men 2, women 3) |
| No data availavle for PINT | —- | 36 subjects (men 13, women 23)|
No confirmation of -
— 2 subjects (men 1, women 1
reproduucibility of PINT | ubjects ( W ) |

N

Final number of the subjects: 1030

(men 425, women 605)
IFG subjects (IFG-S): 55

Control subjects (Control): 894 (| T2DM subjects (T2DM-S): 81
(men 29, women 26)

(men 352, women 542) (men 45, women 36)
6.5% <HbA1c <7.5 %/ \HbA1c 275%
HbA1c high subjects (T2DM-H): 19

HbA1c low subjects (T2DM-L): 62
(men 34, women 28) (men 11, women 8)

Figure 1 Subject selection. A total of 1030 participants
(425 men and 605 women), out of 1073 volunteers from

the Iwaki Study 2017 were eligible in this study. The
participants were further classified into normoglycemic
subjects (control), T2DM-S, and IFG-S. T2DM-S was further
divided into T2DM-L and T2DM-H based on HbA1c value.
HbA1c, glycohemoglobin Alc ; IFG, impaired fasting glucose
subject; IFG-S, impaired fasting glucose subject; PINT, pain
threshold from intraepidermal electrical stimulation; T2DM,
type 2 diabetes mellitus, T2DM-H, T2DM HbA1c high group;
T2DM-L, T2DM HbA1c low group; T2DM-S, type 2 diabetes
mellitus subject.
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study. Participants' demographic and baseline clinical
characteristics are summarized in figure 1.

Clinical profiles
Blood samples were collected in the mornings, under
fasting conditions, from peripheral veins while in a supine
position. The following clinical measurements were
recorded: height, body weight, body mass index (BMI),
body fat mass (%), and waist circumference. Measure-
ments of glucose metabolism included FBG, HbAlc,
fasting serum insulin levels (F-IRIs), and C-peptide. For
the determination of lipid metabolism, serum levels of
tryglyceride (Tg), total cholesterol (Tc), high-density lipo-
protein cholesterol (HDL-c) and low-density lipoprotein
cholesterol (LDL-c) were measured. For the determina-
tion of AGEs, serum levels of pentosidine were measured.
For the determination of inflammation marker, serum
interleukin-6 (IL-6), high-sensitivity C reactive protein
(Hs-CRP), adiponectin, and lipopolysaccharide-binding
protein (LBP) were measured by enzyme immunoassay
(IL-6 and LBP), nephelometry method (Hs-CRP) and
latex immunoturbidimetric method (adiponectin),
respectively. As the markers for oxidative stress and
anti-oxidative stress, Urine 8-hydroxy-2'-deoxyguanosine
(8-OHdG), and vitamin A, C, and E, Lutein, zeaxantihin,
B-cryptoxanthin, o-carotene, B-carotene, and lycopene.
Subjective symptoms for neuropathy were also deter-
mined by questionnaires and the history of medication,
evaluated in Iwaki projects. Adipose tissue volume was
measured by the bioelectricity impedance method using
a Tanita MC-190 body composition analyzer (Tanita
Corporation, Tokyo, Japan). Achilles tendon reflex
(ATR) was scored, based on two titer systems: score 0,
areflexia/hyporeflexia; score 1, normal/hyper-reflexia.
Subjective neuropathic foot symptoms (pricking,
burning, and aching pains) were determined from the
questionnaires. Indices of insulin resistance and secre-
tion were assessed by employing a homeostasis model
using FBG and insulin levels (HOMA-IR and HOMA-),
respectively. None of the participants were diagnosed
with type one diabetes or inherited diseases that affected
the HbAlc measured values.

PINT measurement

For nociceptive stimulation, IES method was adopted
using a disposable concentric bipolar needle electrode
(NM-983W; Nihon Kohden Corporation, Tokyo, Japan),
connected to a specific stimulator for cutaneous Ad
and C fibers, as previously described (PNS-7000, Nihon
Kohden)."” The stimulator consisted of an outer ring
anode (1.3mm diameter) and the cathode of an inner
needle that protruded 0.025mm from the level of the
outer ring. IES electrode was placed onto the skin of the
instep (over the extensor digitorum brevis) to deliver
weak continuous electrical stimulations. This stimulation
can evoke a local pricking sensation. In instances where
the keratinized layer of the skin was too thick and likely
to interrupt the electronic stimulation, the electrode was

moved elsewhere on the same foot to locate an area of
seemingly no thick layer. The participants were instructed
to push the button as quickly as possible only when they
felt a sensation. Stimulation intensity was decreased by
0.05 mA stepwise from 0.4 mA until the participants
reported a pricking sensation. The current intensity is
directly proportion to the intensity of stimulation. PINT
was defined as the minimum intensity at which the partic-
ipants felt a pricking sensation in more than two trials.
Therefore, PINT can basically evaluate the degrees of
hypoalgesia toward electrical pain stimulation.

Statistical methods

The values of the clinical measurements were expressed
as means+SEM. The statistical significance of the differ-
ences in values between two groups (parametric)
and case—control associations among groups (non-
parametric) was assessed using an analysis of variance
with a post hoc test, followed by Bonferroni’s corrections
and y” tests, respectively. Correlations between PINT
values and clinical parameters, including age (years),
BMI, fat amount (%), waist circumference (cm), FBG
(mg/dL), HbAlc (%), FIRI (pU/mL), C-peptide (ng/
mL), HOMA-8, HOMA-IR, Tg (mg/dL), Tc (mg/dL),
HDL-c (mg/dL), LDL-c (mg/dL), pentosidine (pmol/
mL), IL-6 (pg/mL), Hs-CRP (mg/dL), adiponectin (pg/
mL), LPB (pg/mL), urine 8-OHdG (ng/mL-Cr), vitamin
A (pg/mL), vitamin C (pg/mL), vitamin E (pg/mL),
lutein (pg/mL), zeaxantihin (pg/mL), B-cryptoxanthin
(pg/mL), o-carotene (pg/mL), B-carotene (pg/mL),
lycopene (pg/mL), decreased ATR, and subjective symp-
toms were assessed by linear regression analyses. For the
statistical analyses to examine the correlation between
glycemic variability and DPN, HbAlc was log-transformed
(logl0) to approximate a normal distribution. The risk
of higher serum LBP with increased PINT indices was
calculated by multiple logistic regression analysis with an
adjustment for factors identified to associate with PINT
indices by univariate regression analysis and potentially
confounding variables for SFN from a previous study."'
For the calculation of ORs, SFN was designated as 0.35
mA and higher. A value of p<0.05 was regarded as statis-
tically significant. All analyses were performed using Jmp
V.10.0.4 and StatView V.5.0.1.

RESULTS

Participants’ clinical profile and demographic correlations
Clinical profiles of the participants are displayed in
online supplemental table 1. The distribution of control,
IFG-S, T2DM-L, and T2DM-H were similar between men
and women. The mean age was 54.1+0.8 years for men
and 54.6+0.6 years for women. FBG and C-peptide were
elevated (FBG: 98.63£0.94 vs 92.36+0.53mg/dL, C-pep-
tide: 1.44+0.04 vs 1.27+0.02mg/dL). Serum Tg was higher
and HDL-c levels were lower in the men (Tg: 123.83+4.40
vs 81.18+1.76 mg/dL; HDL-c: 59.25+0.81 vs 70.12+0.66 mg/
dL). Adiponectin levels were lower in the men, while
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Table 1. Clinical factors correlated with PINT indices

Characteristics Univariate
p

Gender (male/female) 0.026596
Age (yrs) 0.114266
BMI (kg/m?) 0.091328
Fat amount (%) 0.061529
Waist circumference (cm) 0.1047
FBG (mg/dL) 0.107497
HbA1c (%) 0.105119
F-IRI (mU/mL) 0.088308
C-peptide (ng/mL) 0.007125
HOMA-B 0.03434
HOMA-IR 0.085758
Tg (mg/dL) 0.041715
Tc (mg/dL) 0.037352
HDL-c (mg/dL) —-0.03741
LDL-c (mg/dL) 0.04027
Pentosidine (pmol/mL) 0.033234
IL-6 (pg/mL) 0.02598
Hs-CRP (mg/dL) 0.046967
Adiponectin (mg/mL) -0.02395
LBP (ug/mL) 0.102544
Urine 8-OHdG (ng/mL- Cr) 0.79512
Vitamin A (ug/mL) 0.014828
Vitamin C (ug/mL) 0.045113
Vitamin E (ug/mL) 0.057888
Lutein (ug/mL) 0.01144
Zeaxantihin (ug/mL) -0.01188
B-Cryptoxanthin (ug/mL) 0.009113
o -Carotene(ug/mL) —0.00653
B -Carotene (ug/mL) —-0.00297
Lycopene (ug/mL) -0.03585
Decreased ATR (%) —-0.06562
Subjective symptom (%) —-0.044338

Multivariate
P B P
0.3934 - -
0.0002 0.056413 0.1164
0.0034 0.055167 0.5780
0.0489 -0.09603 0.1566
0.0008 0.038963 0.5946
0.0005 0.47301 0.4563
0.0007 0.076375 0.1210
0.0046 0.239977 0.0211
0.0221 —0.05989 0.2998
0.2711 - -
0.0059 -0.21865 0.0662
0.1806 - -
0.2306 - -
0.2298 - -
0.1961 - -
0.2864 - -
0.4051 - -
0.1318 - -
0.4424 - -
0.0010 0.069907 0.0341
0.0107 0.056413 0.0839
0.6344 - -
0.1479 - -
0.0632 - -
0.7137 - -
0.7033 - -
0.7701 - -
0.8432 - -
0.9240 - -
0.2502 - -

0.0354 ~0.02627 0.4187
0.1644 - -

ATR, Achilles tendon reflex; BMI, body mass index; FBG, fasting blood glucose; F-IRI, fasting serum insulin; HbA1c, glycohemoglobin
Aflc; HDL-c, high-density lipoprotein cholesterol; HOMA-B, homeostatic model assessment B-cell function; HOMA-IR, homeostatic model
assessment insulin resistance; Hs-CRP, high-sensitivity C reactive protein; IL-6, interleukin-6; LBP, lipopolysaccharide-binding protein;
LDL-c, low-density lipoprotein cholesterol; 8-OHdG, 8-hydoroxy-2'-deoxyguanosine; PINT, pain threshold from intraepidermal electrical

stimulation; Tc, total cholesterol; Tg, tryglyceride.

LBP was moderately higher in the women (adiponectin:
8.56+0.20 vs 13.37+0.27mg/mL, and LBP: 5.93+0.08 vs
5.68+0.07pg/mL). Urine 8OHdG, used as a marker for
oxidative stress, was higher in the women (8.62+0.17 vs
9.41+0.19ng/mL-Cr). The antioxidative stress substances
were higher in the women, except for vitamin A (vitamin
A: 0.53+0.01 vs 0.40+0.01 pg/mL, vitamin C: 10.15+0.19 vs
12.85+0.18 png/mlL, lutein: 0.25+0.01 vs 0.28+0.01pg/mlL,
B-cryptoxanthin: 0.11+0.01 vs 0.16+0.01pg/mL, o-caro-
tene: 0.12+0.01 vs 0.16+0.01 pg/mL, B-carotene: 0.27+0.01

vs 0.50£0.01pg/mlL, lycopene 0.22+0.01 vs 0.24+0.01 pg/
mL). The prevalence of decreased ATR (24.53 % and 15.65
%) and subjective neuropathic symptoms measurements
(83.07 % and 2.31 %) were comparable between men and
women, respectively.

Correlation between PINT indices and the molecules relating
to DPN pathogenesis

A univariate regression analysis revealed a close correla-
tion between the PINT values and clinical measurements,
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Figure 2 Metabolic parameters in each group of graded LBP. PINT indices were significantly high in LBP-H, compared with
LBP-L (A). Hs-CRP, HbA1c, FBS and BMI were proportionally correlated with LBP level (B-E). HOMA-IR was significantly high
in LBP-H, compared with other groups (F). P<0.01 vs LBP-L, TP<0.01vs LBP-M, ¥P<0.05vs LBP-L. BMI, body mass index;
FBG, fasting blood glucose; HbA1c, glycohemoglobin A1c; HOMA-IR, homeostatic model assessment insulin resistance; Hs-
CRP, high-sensitivity C reactive protein; LBP, lipopolysaccharide-binding protein; LBP-H, lipopolysaccharide-binding protein
high; LBP-L, lipopolysaccharide-binding protein low; LBP-M, lipopolysaccharide-binding protein medium; PINT, pain threshold

from intraepidermal electrical stimulation.

such as age, BMI, fat amount, waist circumference, FBG,
HbAlc, F-IRI, C-peptide, HOMA-IR, LBP, urine 8-OHdG
and decreased ATR (table 1).

The correlation between PINT and LBP remained
significant after adjustment for multiple factors (age,
BMI, fat amount, waist circumference, FBG, HbAlc, F-IRI,
C-peptide, HOMA-IR, urine 8-OHdG, and decreased
ATR) (B=0.07, p=0.034). These correlations remained
significant after adjustment for gender and age (LBP:
$=0.069, p=0.027) (online supplemental table 2).

Risk ratio of serum LBP level to increased PINT indices

The correlation between LBP levels and PINT indices
was assessed further with stratification of the subjects
into tertiles based on the LBP levels (low <4.6mg/
dL (lipopolysaccharide-binding protein low (LBP-L)),
middle  4.6-6.7mg/dL  (lipopolysaccharide-binding
protein medium (LBP-M)), and high <6.7mg/dL
(lipopolysaccharide-binding protein high (LBP-H))
(figure 2). The PINT value in LBP-H was significantly
higher than that in LBP-L (p<0.05) (figure 2A). Hs-CRP,
HbAlc, FBG, and BMI were gradually increased in
proportion to the level of LBP (figure 2B-E). HOMA-IR
showed a similar tendency to other factors relating to
glucose metabolism (figure 2F). The highest value of
HOMA-IR was observed in the LBP-H among all the
groups. Then, the risks of these tertiles were calculated
toward increased PINT index (figure 3). High and
moderate serum LBPs were a significant risk factor for

increased PINT (OR 2.67, 95% CI 1.42 to 5.26, and
OR 2.21, 95%CI 1.24 to 4.19, respectively), if SFN was
designated as 0.35 mA and more (figure 3A). The risk
remained significant after adjustment for multiple
factors in LBP-H and LBP-M (age, HbAlc, FBG, F-IRI,
C-peptide, BMI, waist circumference, fat amount, urine
8-OHdG, and decreased ATR) (OR 2.21, 95%CI 1.08
to 4.72 and OR 2.00, 95% CI 1.07 to 3.80) (figure 3B).
The risks of these LBP tertiles toward other neuropathic
measures, such as subjective symptoms and decreased
ATR, were also calculated (figure 3C,D). High LBP level
was not a significant risk factor for both subjective symp-
toms and decreased ATR (OR 1.73, 95% CI 0.63 to 5.15,
and OR 0.90, 95% CI 0.58 to 1.41).

Correlation between diabetic state and the measurements
implicated in the pathogenesis of DPN

PINT indices of IFG-S were significantly high, compared
with those of control (p<0.01) (figure 4A). In contrast,
PINT indices of T2DM-S and T2DM-L were compa-
rable with those of control, while those of T2DM-H
were significantly high, compared with those of control
(p<0.001). Serum HbAlc levels increased gradually,
according to diabetes progression (figure 4B). Pento-
sidine was comparable between control, IFG-S, and
T2DM-L, while T2DM-S showed higher value than
control (p<0.05) (figure 4C). Pentosidine in T2DM-H
was markedly elevated, compared with that of IFG-S and
control (p<0.01). Urine 8-OHdG level of IFG-S, T2DM-S,

BMJ Open Diab Res Care 2020;8:¢001739. doi:10.1136/bmjdrc-2020-001739

5


https://dx.doi.org/10.1136/bmjdrc-2020-001739

Pathophysiology/complications a

Univariate

LBP-L 1.00 (Ref.)
< 4.6 mg/dL
LBP-M 2.21(Cl1.24-4.19)
4.6 - 6.7mg/dL
LBP-H 2.67 (C11.42-5.26)
> 6.7 mg/dL -

T 1

0.1 1.0 10
Odds ratio (95%Cl)
C Univariate
LBP-L
<46 mgldL 1.00 (Ref.)
LBP-M 0.91 (C10.34 - 2.69)
4.6 - 6.7mg/dL
LBP-H 1.73 (Cl1 0.63 - 5.15)
> 6.7 mg/dL - 1 -
T 1
0.1

1.0
QOdds ratio (95%Cl)

10

B Multivariate
LBP-L 1.00 (Ref.)
<4.6 mg/dL
LBP-M 2.00 (CI 1.07 - 3.80)
4.6 - 6.7mg/dL
LBP-H 2.21(C11.08 - 4.72)
> 6.7 mg/dL I
T 1
0.1 1.0 10
Odds ratio (95%Cl)
D Uniivariate
LBP-L 1.00 (Ref.)
< 4.6 mg/dL
LBP-M 10.88(C10.59-1.28)
4.6 - 6.7mg/dL
LBP-H 0.90 (Cl 0.58 - 1.41)
> 6.7 mg/dL _—
[ 1
0.1 1.0 10

Odds ratio (95%Cl)

Figure 3 Logistic analysis of clinical measures at risk of increased PINT indices. ORs and 95% Cls for LBP (A,B) are shown.
Multiple factors at risk of correlation increased PINT in the correlation analysis are age, BMI, fat amount, waist circumference,
FBG, HbA1c, F-IRI, C-peptide, HOMA-IR, urine 8-OHdG and decreased ATR. ORs with 95% Cls for subjective symptoms and
decreased ATR are shown (C,D). ATR, Achilles tendon reflex; BMI, body mass index; Cl, confidence interval; FBG, fasting blood
glucose; F-IRI, fasting serum insulin level; HbA1c, glycohemoglobin A1c; HOMA-IR, homeostatic model of insulin resistance;
LBP, lipopolysaccharide-binding protein; LBP-H, lipopolysaccharide-binding protein high; LBP-L, lipopolysaccharide-binding
protein low; LBP-M, lipopolysaccharide-binding protein medium; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; OR, Odds ratio;
PINT, pain threshold from intraepidermal electrical stimulation; Ref., reference.

and T2DM-L was comparable to that of Control, while
T2DM-H showed a significantly high value than that
of remaining groups (p<0.01vs control and T2DM-L,
p<0.05vs IFG-S and T2DM-S) (figure 4D). Hs-CRP
significantly increased in IFG-S and both of the T2DM
groups, compared with the control (p<0.01) (figure 4E).
In particular, T2DM-H showed a profound increase in
Hs-CRP, compared with the remaining groups (vs IFG-S
and T2DM-L, p<0.01). In contrast, LBP was similarly high
in all pre-diabetic and diabetic groups compared with the
control (p<0.01) (figure 4F).

The detailed profiles of therapeutic history are shown
in online supplemental table 3. When the history of
incretin-related agents (IRAs) was compared with that
of non-IRA, the history of IRA was significantly higher
in T2DM-L than T2DM-H (online supplemental table
4). No difference was found in PINT indices according
to the history of IRA therapy in T2DM-L (online supple-
mental figure 1).

DISCUSSION

In our current study, we clarified the significant correla-
tion between PINT indices and LBP in both univariate
and multivariate regression analyses. The level of LBP
significantly correlated with the parameters associated
with glucose metabolism. Also, we validated that PINT
values increased in IFG-S, compared with control subjects,
while those of the type 2 diabetic group were not. With
the stratification of the type 2 diabetic group, T2DM-H
showed a marked increase in PINT values, compared
with the control, but not T2DM-L. Hs-CRP, pentosidine,
and urine 8-OHdG were markedly increased in T2DM-H
compared with the remaining groups. In contrast, LBP
was increased similarly in all subjects with pre-diabetes
and diabetes, compared with the control.

Generally, LBP is considered as a surrogate biomarker
for the activation of lipopolysaccharide (LPS)-induced
innate immune responses.'® 7 LPS is known to trigger
a variety of inflammatory reactions through Toll-like
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Figure 4 Pathological factors for DPN in each group of graded precipitants according to glucose metabolism. PINT indices
were significantly high in IFG compared with control. T2DM-H showed the highest PINT indices among the examined groups
(A). HbA1c was gradually increased in line with the attenuation of glucose tolerance (B). Pentosidine and urine 8-OHdG was
significantly increased in T2DM-H (C,D). Hs-CRP was mildly increased in IFG and T2DM-L, while Hs-CRP was dramatically
increased in T2DM-H (E). LBP was similarly increased in IFG and overt diabetic groups compared with control (F). 'P<0.01

vs control, TP<0.01vs IFG-S, *P<0.001 vs control, 5P<0.01vs T2DM-S, *P<0.01vs T2DM-L, "P<0.05 vs control, T"P<0.05vs
IFG-S, $5P<0.05vs T2DM-S. DPN, diabetic polyneuropathy; HbA1c, glycohemoglobin Alc ; Hs-CRP, high-sensitivity C reactive
protein; IFG, impaired fasting glucose; IFG-S, impaired fasting glucose subject; LBP, lipopolysaccharide-binding protein; 8-
OHdG, 8-hydroxy-2'-deoxyguanosine; PINT, pain threshold from intraepidermal electrical stimulation; T2DM-H, T2DM HbA1c
high group; T2DM-L, T2DM HbA1c low group; T2DM-S, type 2 diabetes mellitus subject.

receptor 4 (TLR4) in response to the infection.'® Recent
evidence also indicates that metabolic disturbances like
obesity or type 2 diabetes can increase serum LPS level,
known as metabolic endotoxemia.'’ Elzinga et alreported
the implication of the TLR2/4 pathway in DPN.*” DPN
was partially protected in high-fat diet fed to TLR2/4
knocked out mice during its early time point. Similar to
the report, our results also suggest that metabolic endo-
toxemia could be involved in the onset and progression
of SFN from the pre-diabetic stage. Although the change
of intestinal bacterial flora in DPN is still unclarified, an
intervention of lifestyle habit to correct it is a possible
therapeutic target for SFN in pre-diabetes.

Recently, several studies in humans demonstrated
that serum LBP levels were closely associated with type 2
diabetes and its complications.” ** Similarly, our results
showed that the measurements reflecting glucose metab-
olism that was particularly associated with insulin resis-
tance increased proportionally with LBP. As a biomarker
for LPS-induced innate immune responses, LBP level
was positively correlated with Hs-CRP level in our data.
On the other hand, differently from Hs-CRP, LBP was
not directly proportional to the progression of diabetes.
These findings indicate that metabolic endotoxemia

could facilitate mild inflammation continuously from the
pre-diabetic stage and that additional mechanisms accel-
erate the inflammatory reaction in advanced diabetic
conditions. Previous studies found the implication of
polyol pathway, AGEs, PKC activation, inflammation, and
oxidative stress in DPN progression.* Our results could
suggest that mild inflammation exerted by metabolic
endotoxemia is not sufficient to exacerbate large fiber
neuropathy. An additional contribution of AGEs and a
more severe oxidative stress on metabolic endotoxemia
might be an essential prerequisite for the establishment
of DPN with large fiber symptoms.

In this study, we comprehensively evaluated the mole-
cules relating to anti-oxidative or pro-oxidative stress in
the blood. The molecules of anti-oxidative stress were
not correlated with PINT indices and diabetic state,
while 8-OHdG was correlated with PINT in univariate
analysis and significantly increased in T2DM-H. Ziegler
et al reported that markers of anti-oxidant defense were
decreased in the DPN group compared with the control
group.” In that study, DPN was diagnosed according
to nerve conduction velocities and vibration threshold
perception tests without objective quantitative assessment
of small fibers. These indicate that anti-oxidant defense
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of a whole body is intact in the early stage of DPN. The
deficit of the anti-oxidant system might become evident
in line with the progression of DPN.

Although increased PINT was known in patients with
diabetes, particularly in the subjects with neuropathy,' '*
no data regarding the correlation between PINT indices
and HbAlc in subjects with diabetes were presented.
Interestingly, we disclosed the derangement of pain sensa-
tion in the participants with IFG, but not in the T2DM-L
group. HbAlc value in T2DM-L was high compared with
that in IFG-S, and the level of LBP and Hs-CRP was the
same between T2DM-L and IFG-S. These results suggest
the presence of possible factors to suppress the develop-
ment of SFN in T2DM-L other than simple hematological
measures.

Close association exists between subjects with SFN
and pre-diabetes with reduction of intraepidermal nerve
fiber deisnity (IENFD).?** There is a possibility that strict
glycemic control could revert SFN and IENFD in DPN.”°
The treatment for type 2 diabetes possibly minimalizes
fluctuation and variation of blood glucose after meal
ingestion in T2DM-L compared with IFG-S. Glucose fluc-
tuation is known as an exacerbation factor for diabetic
complications, including DPN, with an intermittent
increase in the generation of reactive oxygen species.” >
The alleviation of glucose fluctuation may facilitate the
regeneration of small fiber in T2DM-L, resulting in the
amelioration of PINT indices.

Apart from glucose metabolism, a direct therapeutic
effect of oral glucose compounds on SFN may exist,
because oral treatment for diabetes experimentally
delayed or suppressed the symptom of DPN.** Previous
studies suggest the beneficial effects of IRA such as GLP1
receptor agonist or DPP4 inhibitor on DPN regardless
of glucose metabolism.” ** Indeed, the prevalence of
incretin-related therapy on T2DM-L was significantly
high compared with T2DM-H, while no significant differ-
ences of PINT indices were identified with a categoriza-
tion of T2DM-L based on the history of IRA. Therefore,
the history of IRA might have minimum impacts on the
improvement of SFN in T2DM-L.

Our study does not preclude limitations: first, this study
is based on a single cohort, which consists of volunteers in
a health promotion study. Because Iwaki study is basically
designed for the healthy subjects, sufficient numbers of
subjects with overt diabetes or pre-diabetes do not partic-
ipate. We need to confirm our results in other cohorts.
Second,evaluating nerve conduction velocities, the
molecular and pathological changes of the skin or the
sural nerve, was impossible, because invasive examina-
tions were not permitted. We would confirm the findings
obtained from the clinicohematological examinations
in this study by direct evaluation of peripheral nerve
function and tissues in the future. Third, we also clas-
sified individuals into control, IFG, and type 2 diabetes
based on only a single measurement of FBG, HbAlc, and
detailed clinical history. Hence, we could not exclude
the possibility that subjects with overt type 2 diabetes are

contaminated in the IFG or control group if individuals
who would only show abnormal glucose tolerance with
normal HbAlc and FBG exist. A glucose tolerance test
would be required to confirm the diabetic status of our
cohort in the future.

In conclusion, our current study showed that serum LBP
levels significantly associated with elevated PINT indices
in a general Japanese population that include diabetes
condition. Metabolic endotoxemia might be an underlying
factor of the SFN subjects with pre-diabetes, while other
additional pathogenic factors, including oxidative stress
and AGEs, are additionally involved in uncontrolled SFN in
individuals with type 2 diabetes; thus, we suggest that LBP
is indeed a biomarker for SFN in diabetes and metabolic
endotoxemia and that it might be a therapeutic target of
SFN.

Author affiliations

'Department of Pathology and Molecular Medicine, Hirosaki University Graduate
School of Medicine, Hirosaki, Japan

ZInnovation Division, KAGOME Co, Ltd, Tochigi, Japan

SDepartment of Orthopedic Surgery, Hirosaki University Graduate School of
Medicine, Hirosaki, Japan

“Department of Gastrointestinal Surgery, Hirosaki University Graduate School of
Medicine, Hirosaki, Japan

SDepartment of Social Medicine, Hirosaki University Graduate School of Medicine,
Hirosaki, Japan

Acknowledgements Technical assistance from Ms Saeko Osanai, Misato
Sakamoto and Hiroko Mori of the Department Pathology and Molecular Medicine of
Hirosaki University Graduate of Medicine is highly appreciated.

Contributors KK: conducted the study for the measurement of pain threshold
from intraepidermal electrical stimulation (PINT), discussed and interpreted the
results, and contributed to drafting the manuscript. HM: designed and conducted
the study for the measurement of PINT, discussed and interpreted the results, and
contributed to the manuscript draft. Cl: conducted the study for the measurement
of PINT, and interpreted and discussed the results. NF: conducted the study for
the measurement of antioxidant substances, including lipopolysaccharide-binding
protein, interpreted and discussed the results. SOs, Al and SOg: conducted the
study for the measurement of PINT, and interpreted and discussed the results. KW:
conducted the study for the measurement of Achilles tendon reflex, and interpreted
and discussed the results. YT, YI, SY and KH: interpreted and discussed the results.
SN: designed and conducted the Iwaki study, and interpreted and discussed the
results.

Funding This work was supported by JST COI Grant Number JPMJCE1302.

Disclaimer Electrodes for intraepidermal electrical stimulation were supplied by
Nihon Kohden Corp, Tokyo, Japan.

Competing interests None declared.
Patient consent for publication Not required.

Ethics approval This study was performed in accordance with the Declaration of
Helsinki and was approved by the Ethics Committee of the Hirosaki University School
of Medicine (number 2017-026).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. Data
used during the study are available from the corresponding author by request.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD

8

BMJ Open Diab Res Care 2020;8:€001739. doi:10.1136/bmjdrc-2020-001739


http://creativecommons.org/licenses/by-nc/4.0/

8 Pathophysiology/complications

Hiroki Mizukami http://orcid.org/0000-0003-2920-582X

REFERENCES
1 Themistocleous AC, Ramirez JD, Shillo PR, et al. The pain in
neuropathy study (pins): a cross-sectional observational study

determining the somatosensory phenotype of painful and painless

diabetic neuropathy. Pain 2016;157:1132-45.
2 Reulen JPH, Reulen JPH, de Baets M, et al. Small fiber

neuropathy: a common and important clinical disorder. J Neurol Sci

2004;227:119-30.
3 Singleton JR, Smith AG, Bromberg MB. Increased prevalence of

impaired glucose tolerance in patients with painful sensory neuropathy.

Diabetes Care 2001;24:1448-53.
4 Yagihashi S, Mizukami H, Sugimoto K. Mechanism of diabetic

neuropathy: where are we now and where to go? J Diabetes Investig

2011;2:18-32.
5 Azmi S, Ferdousi M, Petropoulos IN, et al. Corneal confocal
microscopy identifies small-fiber neuropathy in subjects with

impaired glucose tolerance who develop type 2 diabetes. Diabetes

Care 2015;38:1502-8.

6 Mehra S, Tavakoli M, Kallinikos PA, et al. Corneal confocal
microscopy detects early nerve regeneration after pancreas
transplantation in patients with type 1 diabetes. Diabetes Care
2007;30:2608-12.

7 Sumner CJ, Sheth S, Griffin JW, et al. The spectrum of neuropathy

in diabetes and impaired glucose tolerance. Neurology
2003;60:108-11.

8 Rosenberg ME, Tervo TM, Immonen |J, et al. Corneal structure and

sensitivity in type 1 diabetes mellitus. Invest Ophthalmol Vis Sci
2000;41:2915-21.

9 Inui K, Tran TD, Hoshiyama M, et al. Preferential stimulation of
Adelta fibers by intra-epidermal needle electrode in humans. Pain
2002;96:247-52.

10 Itabashi C, Mizukami H, Osonoi S, et al. Normal High HbA1c a
Risk factor for abnormal pain threshold in the japanese population

[published correction appears in front endocrinol (Lausanne). 2020 Mar

10;11:130]. Front Endocrinol 2019;10:651.

11 Kukidome D, Nishikawa T, Sato M, et al. Measurement of small
fibre pain threshold values for the early detection of diabetic
polyneuropathy. Diabet Med 2016;33:62-9.

12 Suzuki C, Kon T, Funamizu Y, et al. Elevated pain threshold in

patients with asymptomatic diabetic neuropathy: an intraepidermal

electrical stimulation study. Muscle Nerve 2016;54:146-9.

13 Urushidate S, Matsuzaka M, Okubo N, et al. Association between
concentration of trace elements in serum and bronchial asthma
among Japanese general population. J Trace Elem Med Biol
2010;24:236-42.

14 Sugawara N, Yasui-Furukori N, Sato Y, et al. Prevalence of metabolic
syndrome among patients with schizophrenia in Japan. Schizophr

Res 2010;123:244-50.

15 Report of the Committee on the classification and diagnostic criteria

of diabetes mellitus. J Diabetes Investig 2010;1:212-8.
16 Kheirandish-Gozal L, Peris E, Wang Y, et al. Lipopolysaccharide-

Binding protein plasma levels in children: effects of obstructive sleep

apnea and obesity. J Clin Endocrinol Metab 2014;99:656-63.

17 Lepper PM, Schumann C, Triantafilou K, et al. Association of
lipopolysaccharide-binding protein and coronary artery disease in
men. J Am Coll Cardiol 2007;50:25-31.

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Dobrovolskaia MA, Vogel SN. Toll receptors, CD14, and macrophage
activation and deactivation by LPS. Microbes Infect 2002;4:903-14.
Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes 2007;56:1761-72.

Elzinga S, Murdock BJ, Guo K, et al. Toll-Like receptors and
inflammation in metabolic neuropathy; a role in early versus late
disease? Exp Neurol 2019;320:112967.

Sakura T, Morioka T, Shioi A, et al. Lipopolysaccharide-Binding
protein is associated with arterial stiffness in patients with type 2
diabetes: a cross-sectional study. Cardiovasc Diabetol 2017;16:62.
Gomes JMG, Costa JdeA, Alfenas RdeCG. Metabolic endotoxemia
and diabetes mellitus: a systematic review. Metabolism
2017;68:133-44.

Ziegler D, Sohr CGH, Nourooz-Zadeh J. Oxidative stress

and antioxidant defense in relation to the severity of diabetic
polyneuropathy and cardiovascular autonomic neuropathy. Diabetes
Care 2004;27:2178-83.

Divisova S, Vickova E, Hnojcikova M, et al. Prediabetes/early
diabetes-associated neuropathy predominantly involves sensory
small fibres. J Peripher Nerv Syst 2012;17:341-50.
Temelkova-Kurktschiev TS, Koehler C, Henkel E, et al. Postchallenge
plasma glucose and glycemic spikes are more strongly associated with
atherosclerosis than fasting glucose or HbA1c level. Diabetes Care
2000;23:1830-4.

Azuma K, Kawamori R, Toyofuku Y, et al. Repetitive fluctuations in
blood glucose enhance monocyte adhesion to the endothelium of
rat thoracic aorta. Arterioscler Thromb Vasc Biol 2006;26:2275-80.
Ishibashi F, Taniguchi M, Kosaka A, et al. Improvement in
Neuropathy Outcomes With Normalizing HbA, _ in Patients With Type
2 Diabetes. Diabetes Care 2019;42:110-8.

Kato A, Tatsumi Y, Yako H, et al. Recurrent short-term hypoglycemia
and hyperglycemia induce apoptosis and oxidative stress via the ER
stress response in immortalized adult mouse Schwann (IMS32) cells.
Neurosci Res 2019;147:26-32.

Wada R, Koyama M, Mizukami H, et al. Effects of long-term treatment
with alpha-glucosidase inhibitor on the peripheral nerve function and
structure in Goto-Kakizaki rats: a genetic model for type 2 diabetes.
Diabetes Metab Res Rev 1999;15:332-7.

Kitahara Y, Miura K, Takesue K, et al. Decreased blood glucose
excursion by nateglinide ameliorated neuropathic changes in
Goto-Kakizaki rats, an animal model of non-obese type 2 diabetes.
Metabolism 2002;51:1452-7.

Yamagishi S-1, Ogasawara S, Mizukami H, et al. Correction of
protein kinase C activity and macrophage migration in peripheral
nerve by pioglitazone, peroxisome proliferator activated-
gamma-ligand, in insulin-deficient diabetic rats. J Neurochem
2008;104:491-9.

Mizukami H, Ogasawara S, Yamagishi S-I, et al. Methylcobalamin
effects on diabetic neuropathy and nerve protein kinase C in rats.
Eur J Clin Invest 2011;41:442-50.

Himeno T, Kamiya H, Naruse K, et al. Beneficial effects of exendin-4
on experimental polyneuropathy in diabetic mice. Diabetes
2011;60:2397-406.

Tsuboi K, Mizukami H, Inaba W, et al. The dipeptidyl peptidase

IV inhibitor vildagliptin suppresses development of neuropathy

in diabetic rodents: effects on peripheral sensory nerve function,
structure and molecular changes. J Neurochem 2016;136:859-70.

BMJ Open Diab Res Care 2020;8:€001739. doi:10.1136/bmjdrc-2020-001739


http://orcid.org/0000-0003-2920-582X
http://dx.doi.org/10.1097/j.pain.0000000000000491
http://dx.doi.org/10.1016/j.jns.2004.08.012
http://dx.doi.org/10.2337/diacare.24.8.1448
http://dx.doi.org/10.1111/j.2040-1124.2010.00070.x
http://dx.doi.org/10.2337/dc14-2733
http://dx.doi.org/10.2337/dc14-2733
http://dx.doi.org/10.2337/dc07-0870
http://dx.doi.org/10.1212/WNL.60.1.108
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/10967045
http://dx.doi.org/10.1016/S0304-3959(01)00453-5
http://dx.doi.org/10.1111/dme.12797
http://dx.doi.org/10.1002/mus.25158
http://dx.doi.org/10.1016/j.jtemb.2010.06.001
http://dx.doi.org/10.1016/j.schres.2010.08.030
http://dx.doi.org/10.1016/j.schres.2010.08.030
http://dx.doi.org/10.1111/j.2040-1124.2010.00074.x
http://dx.doi.org/10.1210/jc.2013-3327
http://dx.doi.org/10.1016/j.jacc.2007.02.070
http://dx.doi.org/10.1016/S1286-4579(02)01613-1
http://dx.doi.org/10.2337/db06-1491
http://dx.doi.org/10.1016/j.expneurol.2019.112967
http://dx.doi.org/10.1186/s12933-017-0545-3
http://dx.doi.org/10.1016/j.metabol.2016.12.009
http://dx.doi.org/10.2337/diacare.27.9.2178
http://dx.doi.org/10.2337/diacare.27.9.2178
http://dx.doi.org/10.1111/j.1529-8027.2012.00420.x
http://dx.doi.org/10.2337/diacare.23.12.1830
http://dx.doi.org/10.1161/01.ATV.0000239488.05069.03
http://dx.doi.org/10.2337/dc18-1560
http://dx.doi.org/10.1016/j.neures.2018.11.004
http://dx.doi.org/10.1002/(SICI)1520-7560(199909/10)15:5<332::AID-DMRR55>3.0.CO;2-L
http://dx.doi.org/10.1053/meta.2002.35195
http://dx.doi.org/10.1111/j.1471-4159.2007.05050.x
http://dx.doi.org/10.1111/j.1365-2362.2010.02430.x
http://dx.doi.org/10.2337/db10-1462
http://dx.doi.org/10.1111/jnc.13439

	Lipopolysaccharide-­binding protein is a distinctive biomarker of abnormal pain threshold in the general Japanese population
	Abstract
	Introduction﻿﻿
	Research design and methods
	Study participants and demographics
	Categorization of participants
	Clinical profiles
	PINT measurement
	Statistical methods

	Results
	Participants’ clinical profile and demographic correlations
	Correlation between PINT indices and the molecules relating to DPN pathogenesis
	Risk ratio of serum LBP level to increased PINT indices
	Correlation between diabetic state and the measurements implicated in the pathogenesis of DPN

	Discussion
	References


