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treatment on serum
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inflammatory markers
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Abstract

Objectives: Progranulin (PGRN) is a secreted growth factor that helps to regulate neuronal

survival by blocking tumor necrosis factor-alpha (TNFa) receptors. The antioxidant alpha-lipoic

acid (ALA) is used in diabetic neuropathy to improve nerve conduction and relieve neuropathic

pain, but its effects on PGRN levels have not yet been elucidated.

Methods: In this prospective study, 54 patients with type 2 diabetes and peripheral neuropathy

received 600 mg of ALA daily for 6 months. Twenty-four patients with diabetes without neurop-

athy were also included in the study. Serum PGRN and TNFa levels were determined using

enzyme-linked immunosorbent assays. In addition, current perception threshold (CPT) testing

was used to assess sensory neuropathy.

Results: After ALA treatment, serum PGRN levels were significantly increased and CPT values

were significantly improved. Furthermore, there were significant positive correlations among

TNFa, ICAM-1, and PGRN levels both before and after ALA treatment. A significant negative

correlation was observed between the improvements in CPTand the PGRN levels. Furthermore,

ICAM-1 levels were an independent predictor of PGRN levels.
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Conclusions: Changes in serum PGRN levels indicate that ALA treatment may have beneficial

effects on endothelial function and neuronal inflammation.
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Introduction

Diabetic neuropathy is a common and pro-

gressive microvascular complication in type
2 diabetes that affects the motor, sensory,
or autonomic nerves. The pathological

mechanisms of diabetic neuropathy are gen-
erally accepted to be multifactorial,
although the exact cellular mechanisms are

not yet fully understood.1 The main compo-
nents are likely to be the hyperglycemia-

induced activation of alternative metabolic
pathways (including increased polyol and
hexosamine pathways), protein kinase C

activation, mitochondrial dysfunction,
chronic inflammation, formation of reac-
tive oxygen species, and inefficient genera-

tion of endothelial nitric oxide leading to
endothelial dysfunction.2 In the early
stages of diabetic sensorimotor peripheral

neuropathy, the degeneration of small
nerve fibers is closely associated with endo-
neurial microangiopathy.3 Excessive oxida-

tive stress, activation of alternative
metabolic pathways, and inadequate anti-

oxidant protection appear to contribute to
endothelial dysfunction and changes in
endoneurial blood flow with subsequent

hypoxia, thus causing further nerve
damage during the progression of diabetic
neuropathy.4 Although diabetic neuropathy

has been traditionally considered a manifes-
tation of diabetes-associated microangiop-
athy, insights into the underlying cellular

abnormalities that occur in both endothelial
cells and neurons show similarities, suggest-
ing that concomitant mechanisms may be
involved.5,6

Progranulin (PGRN) is a cysteine-rich
glycosylated protein that was initially iden-
tified as a growth factor. It is involved in
numerous physiological and pathological
processes, such as inflammation, neuronal
cell growth, tumorigenesis, and wound
healing.7,8 Full-length PGRN and granulin
peptides seem to have opposite effects on
inflammation:9 granulin peptides stimulate
epithelial cells to secrete proinflammatory
cytokines, whereas PGRN inhibits the
inflammatory response.10,11 PGRN might
inhibit neutrophil activation by binding
directly to tumor necrosis factor receptor
(TNFR) and disturbing the interaction
between tumor necrosis factor-alpha
(TNFa) and TNFR.10,12 Thus, PGRN
may inhibit TNFa-induced activation of
the nuclear factor-kappa B (NF-jB) and
mitogen-activated protein kinase (MAPK)
signaling pathway.13

Alpha-lipoic acid (ALA) is an essential
cofactor for mitochondrial oxidative
metabolism, and has beneficial effects on
diabetic neuropathy. Because of its proper-
ties as a potent antioxidant, ALA may
improve nerve conduction velocity and pro-
tect the peripheral nerves from
hyperglycemia-induced oxidative stress by
enhancing cellular glutathione synthesis.14
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ALA functions as an inhibitor of advanced
glycation end products that might decrease
the activity of NF-jB as well as the expres-
sion of proinflammatory cytokines, includ-
ing interleukin-1, interleukin-6, and
TNFa.3,15 However, the effects of ALA on
serum PGRN and TNFa levels, and their
correlations with the severity of diabetic
neuropathy, are not yet completely
understood.

The aim of our study was to assess the
relationship between inflammation and
endothelial dysfunction markers and
PGRN levels in patients with type 2 diabetes
with peripheral neuropathy after 6 months
of ALA treatment. Moreover, we explored
the association between changes in PGRN
levels and the severity of peripheral sensory
neuropathy after ALA treatment.

Materials and methods

Study population

This prospective study was performed in
patients with type 2 diabetes with neuropa-
thy as well as in age- and sex-matched con-
trol subjects who had diabetes without
neuropathy. All subjects underwent a
detailed neurological assessment to identify
patients with diabetic neuropathy. Distal
sensorimotor polyneuropathy was diag-
nosed by the presence of neuropathic symp-
toms and by vibration perception
thresholds on the hallux of both feet using
a 128-Hz tuning fork. Detection of neuro-
pathic pain was performed according to the
DN4 (Douleur Neuropathique en 4
Questions) questionnaire assessing numb-
ness, pain, hypoesthesia, and tingling sensa-
tions. The Semmes–Weinstein
monofilament test was used to identify sen-
sory changes in protective sensations of the
feet.16 All patients were treated for 6
months with 600 mg ALA (W€ORWAG
Pharma GmBH, B€oblingen, Germany)
administered daily by the oral route. In

addition, all patients were adequately con-
trolled with oral antidiabetic drugs (metfor-
min, sulfonylurea, and/or dipeptidyl
peptidase-4 inhibitors); subjects on insulin
therapy were excluded. Patients with a pre-
vious history of diabetic proliferative reti-
nopathy, diabetic nephropathy (estimated
glomerular filtration rate< 60 mL/minute/
1.73 m2 and/or persistent albuminuria), or
type 1 diabetes were not included in the
study.

We excluded subjects with alcoholism,
known liver diseases, autoimmune and endo-
crine diseases, or neurological and hemato-
logical disorders that may be associated with
peripheral polyneuropathy. Subjects with
prior cardiovascular disease, established cor-
onary artery disease or myocardial infarc-
tion, or severe congestive heart failure
(New York Heart Association class III–IV)
were not included in the study, and smokers,
pregnant women, and subjects with estab-
lished malignancies were also excluded. All
patients were recruited from the Diabetic
Neuropathy Center of Debrecen,
Department of Internal Medicine, Faculty
of Medicine, University of Debrecen,
Debrecen, Hungary. All participants provid-
ed written informed consent. The study pro-
tocol was approved by the Regional and
Institutional Ethics Committee, University
of Debrecen, Clinical Center (UDCC REC/
IEC; 4775-2017) and by the Medical
Research Council of Hungary, National
Scientific and Ethical Committee (5287-2/
2019/E €UIG). We followed the STROBE
(Strengthening the Reporting of
Observational Studies in Epidemiology)
Statement guidelines for reporting observa-
tional studies. The study was performed in
accordance with the Declaration of Helsinki.

Blood sampling

Venous blood samples were drawn after
overnight fasting and sera were prepared
immediately. Routine laboratory
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investigations (triglycerides, total cholester-

ol, low-density lipoprotein cholesterol

[LDL-C], high-density lipoprotein choles-

terol [HDL-C], creatinine, uric acid, glu-

cose, and hemoglobin A1c [HbA1c]) were

performed with fresh sera using the Cobas

c501 autoanalyzer (Roche Diagnostics

GmbH, Mannheim, Germany) in the

Department of Laboratory Medicine,

Faculty of Medicine, University of

Debrecen, Debrecen, Hungary. Non-

HDL-C was calculated as the total choles-

terol minus HDL-C. The sera for enzyme

activity measurements and for enzyme-

linked immunosorbent assay (ELISA)

determinations were stored at �70�C until

analysis. Reagents were purchased from

Roche Diagnostics GmbH and tests were

performed according to the manufacturer’s

recommendations.

PGRN measurement

Serum PGRN levels were measured using a

commercially available competitive ELISA

kit (BioVendor, Brno, Czech Republic)

with intra-assay coefficients of variability

(CVs) ranging from 3.4% to 4.4% and

inter-assay CVs ranging from 6.4% to

7.9%. Measurements of PGRN levels in

sera were performed according to the man-

ufacturer’s instructions. Values were

expressed as ng/mL.

TNFa measurement

Serum levels of TNFa were assessed using a

TNFa ELISA kit (R&D Systems Europe

Ltd., Abington, UK). Measurements of

TNFa levels in the sera were performed

according to the manufacturer’s recommen-

dations. The intra-assay CVs ranged from

1.9% to 2.2% and the inter-assay CVs

ranged from 6.2% to 6.7%. Values were

expressed as pg/mL.

Oxidized low-density lipoprotein (oxLDL)

measurement

Serum concentrations of oxLDL were

detected using a commercial sandwich

ELISA kit (Mercodia AB, Uppsala,

Sweden). The kit was based on the direct

sandwich technique, in which two monoclo-

nal antibodies are directed against separate

antigenic determinants on the oxidized apo-
lipoprotein B molecule. The intra- and

inter-assay CVs ranged from 5.5% to

7.3% and 4% to 6.2%, respectively. The

sensitivity was< 1 mU/L.

Intercellular adhesion molecule 1 (ICAM-

1) and vascular cell adhesion molecule 1

(VCAM-1) measurement

The ICAM-1 and VCAM-1 levels were

measured using human soluble ICAM-1

and VCAM-1 sandwich ELISA kits (R&D

Systems Europe Ltd.). ELISA procedures

were performed according to the manufac-

turer’s instructions. The intra- and inter-
assay CVs ranged from 3.7% to 5.2% and

4.4% to 6.7%, respectively, for ICAM-1,

and from 2.3% to 3.6% and 5.5% to

7.8%, respectively, for VCAM-1. Values

were expressed as ng/mL.

Assessment of autonomic and peripheral

nerve function

All participants underwent detailed assess-

ments of peripheral neuropathy (DN4 ques-

tionnaire to screen for neuropathic pain
syndrome, vibration perception threshold,

and quantitative sensory testing) and in

vivo corneal confocal microscopy by an

ophthalmologist for the diagnosis of diabet-

ic sensorimotor polyneuropathy. Peripheral

sensory nerve function was assessed by cur-

rent perception threshold testing (CPT)

using a NeurometerVR (Neurotron Inc.,

Baltimore, MD, USA). It has been previ-
ously reported that this neurodiagnostic
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device is capable of detecting peripheral

sensory neuropathy in various diseases,

including diabetes mellitus.17 NeurometerVR

CPT testing involved the delivery of sinu-

soidal alternating current stimuli at three

different frequencies: 5Hz, 250Hz, and

2000Hz, to assess the function of small

unmyelinated C-fibers, small myelinated

Aß fibers, and large myelinated Aß fibers,

respectively. An intensity alignment was

conducted to approach the sensory thresh-

old with a �50 mA range, out of a total

range of 0 to 9.99 mA.18,19 Current stimuli

were applied to the dorsal surfaces of the

distal phalanges of the index finger and

hallux unilaterally via two small electrodes.

The intensity was increased until the partic-

ipants experienced a painless sensation.

NeurometerVR CPT testing automatically

adjusts the level of stimulation based on

the patient’s response. Participants were

presented with five to seven randomly gen-

erated sets of stimuli above and below their

level of perception, and were asked to

choose which of the two stimuli felt stron-

ger using an automated forced choice pro-

tocol. A CPT value (mA) based on the

minimal current perceived was calculated

once a sufficient number of correct consec-

utive responses had been obtained.
Autonomic function was assessed using

Ewing’s five standard cardiovascular reflex

tests: changes in heart rate during deep

inspiration and expiration, heart rate

responses to standing up (30/15 ratio), the

Valsalva maneuver, systolic blood pressure

fluctuation to standing up, and changes in

diastolic pressure during a sustained hand-

grip.20 A score was created to express the

severity of autonomic neuropathy based on

the results of the five tests (for each test,

normal: 0, borderline: 1, abnormal: 2).

The composite autonomic score (CAS)

ranged from 0 to 10. A CAS of 0 to 1 was

taken as normal, 2 to 3 as mild autonomic

dysfunction, 4 to 6 as moderate autonomic

dysfunction, and 7 to 10 as severe autonom-
ic dysfunction.

Statistical analysis

Statistical analyses were performed using
StatisticaVR 13.5.0.17 software (TIBCO
Software Inc., Palo Alto, CA, USA).
Normality of distribution was tested using
the Kolmogorov–Smirnov test. For data
with normal distributions, the differences
between anthropometry and laboratory
parameters in controls and patients before
ALA were analyzed using the unpaired
t-test. Data are expressed as the mean�
standard deviation. For data with non-
normal distributions, differences were ana-
lyzed using the Mann–Whitney U-test.
These data are presented as the median
(interquartile range). Differences before
and after ALA treatment were determined
using the paired t-test (for data with normal
distributions) or the Wilcoxon matched
pairs test (for data with non-normal distri-
butions). The Pearson correlation coeffi-
cient was used to investigate the
relationship between variables. A multiple
regression analysis (backward stepwise
method) was performed to determine the
best independent predictor of PGRN.
Values of p < 0.05 were considered to be
statistically significant.

Results

Clinical and laboratory data from patients
with diabetes with and without
neuropathy

Fifty-four patients with type 2 diabetes with
neuropathy (22 men and 32 women, mean
age: 64.1� 8.7 years; mean known type 2 dia-
betes duration before the initiation of our
study: 12.4 years [interquartile range: 4.1–
14.7 years], and duration of diabetic neurop-
athy: 3.2� 1.4 years) were enrolled in the
study. In addition, 24 age- and sex-matched

Nádr�o et al. 5



control subjects, who had diabetes without
neuropathy, were also enrolled in the study
(mean known type 2 diabetes duration before
the initiation of our study: 12.1 years [inter-
quartile range: 4.0–14.6 years]. The clinical
and laboratory characteristics of the patients
with diabetes with and without neuropathy
are summarized in Table 1. There were no

significant differences in age, body mass
index, waist circumference, or levels of glu-
cose, creatinine, uric acid, HbA1c, ICAM-1,
PGRN, or oxLDL and other lipid parame-
ters between patients with and without neu-
ropathy. TNFa levels were significantly
higher in patients with neuropathy compared
with controls.

Table 1. Clinical and laboratory characteristics of patients

Patients with

diabetes with

neuropathy before

ALA treatment

Patients with

diabetes with

neuropathy after

ALA treatment

Control patients

with diabetes

without neuropathy p-value

Number of patients

(male/female)

54 (22/32) 24 (11/13)

Age of patients (years) 64.15�8.66 63.58� 5.12 n.s.

BMI (kg/m2) 30.02�3.29 29.95 �3.73 29.50� 2.86 n.s.

Waist circumference (cm) 102.3�12.7 102.4 �13.2 101.1� 10.4 n.s.

hsCRP (mg/L) 2.1 (0.8–3.6) 2.8 (0.75–5.15) 1.25 (0.9–2.25) n.s.

Glucose (mmol/L) 7.34 �2.18 7.51 �2.60 7.44� 1.36 n.s.

Creatinine (mmol/L) 72.61 �16.97 74.75 �14.65 75.17� 20.97 n.s.

Uric acid (mmol/L) 296.51 �76.44 304.33 �77.69 316.13� 57.37 n.s.

Total cholesterol (mmol/L) 4.84 �1.16 4.76 �1.24 4.90� 1.17 n.s.

HDL-C (mmol/L) 1.38 �0.37 1.38 �0.44 1.26� 0.33 n.s.

LDL-C (mmol/L) 2.98 �0.97 2.87 �1.16 2.84� 1.07 n.s.

Non-HDL-C (mmol/L) 3.47 �1.08 3.38 �1.19 3.63� 1.19 n.s.

HbA1C (%) 6.94 �0.93 6.84 �1.04 6.78� 0.75 n.s.

Progranulin (ng/mL) 34.89�7.13 36.23�7.93 33.13�7.35 p<0.05a

VCAM-1 (ng/mL) 820 (660–992) 836.3 (674.3–929.6) 729.2 (653.8–847) n.s.

ICAM-1 (ng/mL) 210.8 (184.4–247.3) 216.8 (194.4–253.1) 213.3 (189.4–239.4) n.s.

oxLDL (U/L) 63.6 (50.7–91.1) 63.36 (45.59–89.77) 70.76 (59.18–99.46) n.s.

TNFa (pg/mL) 1.18 �0.36 1.05 �0.50 0.75� 0.29 p¼ 0.003a,

p< 0.001b

Current perception

threshold (by

Neurometer, mA)

0.473 �0.171 0.409 �0.154 0.375� 0.124 p< 0.05a,

p< 0.05b

CAS 2.67 �1.05 1.56 �1.24 1.13� 0.77 p< 0.01a,

p< 0.01b

ap< 0.05 between patients with diabetes with neuropathy before and after ALA treatment (Student’s paired t-test or

Wilcoxon matched pairs test).
bp< 0.05 between patients with diabetes with neuropathy before treatment and controls (Student’s unpaired t-test or

Mann–Whitney U-test).

Unless otherwise stated, all values are presented as the mean� standard deviation or as the median (interquartile range).

ALA, alpha-lipoic acid; BMI, body mass index; CAS, composite autonomic score; HbA1C, hemoglobin A1c; HDL-C, high-

density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein; ICAM-1, intercellular cell adhesion molecule 1;

LDL-C, low-density lipoprotein cholesterol; non-HDL-C, total cholesterol minus HDL-C, n.s., non-significant; oxLDL,

oxidized low-density lipoprotein; TNFa, tumor necrosis factor-alpha; VCAM-1, vascular cell adhesion molecule 1.

6 Journal of International Medical Research



Effects of ALA treatment in patients with
diabetes with neuropathy

Patients with diabetes with neuropathy
were treated with oral ALA daily for 6
months. TNFa levels were significantly
lower after ALA treatment (p¼ 0.003). In
addition, significant improvements in CPT
and CAS were observed after ALA treat-
ment (p< 0.05 and p< 0.01, respectively).
The levels of PGRN were significantly
higher after ALA treatment (before ALA:
34.89� 7.13 ng/mL vs. after ALA: 36.23�
7.93 ng/mL; p< 0.05) (Table 1 and
Figure 1).

There was a significant negative correla-
tion between PGRN and HDL-C levels
(r¼�0.38, p¼ 0.005) and a significant pos-
itive correlation between PGRN and non-
HDL levels (r¼ 0.29, p< 0.05) before ALA
treatment (data not shown).

Significant positive correlations were
demonstrated between PGRN levels and
ICAM-1 (r¼ 0.45, p¼ 0.001), oxLDL
(r¼ 0.36; p¼ 0.009), and TNFa (r¼ 0.37,
p¼ 0.007) levels in patients with diabetic
neuropathy before ALA treatment
(Figure 2). There were also significant pos-
itive correlations between PGRN levels and
ICAM-1 (r¼ 0.49; p< 0.001), VCAM-1
(r¼ 0.27; p¼ 0.05), and TNFa (r¼ 0.29;
p¼ 0.038) levels after ALA treatment
(Figure 3). Moreover, a significant negative
correlation was revealed between the
changes in CPT and PGRN levels
(r¼�0.31; p¼ 0.037) (Figure 4).

Multiple regression analysis with PGRN
levels as the dependent variable

To test whether the associations detected in
the univariate analyses were independent of
other inflammatory parameters, we per-
formed a multiple regression analysis
using PGRN levels as the dependent vari-
able. The model included ICAM-1, VCAM-
1, oxLDL, and TNFa levels. Using the

backward stepwise analysis, PGRN levels

were predicted by serum ICAM-1 levels

both before (beta¼ 0.439; p< 0.001) and

after (beta¼ 0.488; p< 0.001) ALA

treatment.

Discussion

Progranulin is expressed not only in mye-

loid- and lymphoid-derived cell lines, but

also in neurons and microglia.21

Moreover, dedifferentiated Schwann cells,

which are the primary glial cells in the

peripheral nervous system, also express

and secrete PGRN. This PGRN functions

as a paracrine factor to promote the surviv-

al and axonal growth of neighboring neu-

rons after injury.22 PGRN has been

hypothesized to directly bind to TNFR

and suppress TNFa-mediated inflamma-

tion. PGRN is reportedly a TNFa antago-

nist and, based on cell-free binding studies,

PGRN has a relatively high affinity for the

receptors TNFR1 and TNFR2, which even

exceeds the physiological effects of TNFa.12

However, it must be noted that other

research groups have failed to support a

Figure 1. Serum concentrations of progranulin in
patients with type 2 diabetes with neuropathy
before and after 6 months of 600 mg/day alpha-
lipoic acid (ALA) treatment (before ALA: 34.89�
7.13 ng/mL; after ALA: 36.23� 7.93 ng/mL;
p< 0.05) and in diabetic controls without neurop-
athy (33.13� 7.35 ng/mL)

Nádr�o et al. 7



Figure 2. Correlations between serum levels of progranulin and (a) intercellular adhesion molecule-1
(ICAM-1), (b) vascular adhesion molecule-1 (VCAM-I), (c) oxidized LDL (oxLDL), and (d) tumor necrosis
factor-alpha (TNFa) in patients with type 2 diabetes with neuropathy before 6 months of 600 mg/day alpha-
lipoic acid treatment

Figure 3. Correlations between serum levels of progranulin and (a) intercellular adhesion molecule-1
(ICAM-1), (b) vascular adhesion molecule-1 (VCAM-I), (c) oxidized LDL (oxLDL), and (d) tumor necrosis
factor-alpha (TNFa) in patients with type 2 diabetes with neuropathy after 6 months of 600 mg/day alpha-
lipoic acid treatment
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direct inhibitory effect of PGRN on TNFa
and TNFR interaction.23,24

PGRN has an anti-inflammatory effect

as an antagonist of the TNFa signaling

pathway; this result is consistent with pre-

viously reported data.25 TNFa plays a
major role in the inflammatory response

of vascular endothelial cells via the induc-

tion of cell adhesion molecules, including

VCAM-1 and ICAM-1, which induce neu-

trophil adhesion to endothelial cells.

Therefore, PGRN has a dual mechanism

of action: by suppressing neutrophil recruit-

ment, it both inhibits neutrophil chemotaxis

by reducing TNFa-induced ICAM-1

expression and ameliorates endothelial
inflammation.26 A previous has study

reported that higher PGRN levels are asso-

ciated with more microvascular complica-

tions in patients with type 2 diabetes,

including patients with diabetic nephropa-

thy, neuropathy, and retinopathy.27 To

date, however, there are no data regarding

the effects of ALA on PGRN levels among

patients with type 2 diabetes. Thus, this is

the first report of the effects of ALA treat-
ment on PGRN levels in diabetic

neuropathy. Our findings indicate that
ALA treatment has beneficial effects on
sensory symptoms and neuropathic deficits
in patients with diabetes.

The endothelium regulates inflammatory
processes in the walls of blood vessels by
producing biologically active agents.6 In
diabetic neuropathy, the activation of
alternative metabolic pathways is
strongly associated with intracellular
hyperglycemia-induced oxidative stress,28

and endothelial cells are unable to compen-
sate for increased oxidative stress with nitric
oxide production, which may lead to
increased oxLDL.29,30 Other investigators
have reported that oxLDL-induced activa-
tion of NF-jb attenuates the expression of
cell-adhesion molecules (e.g., ICAM-1 and
VCAM-1) and provokes inflammation in
endothelial cells.31 These processes in dia-
betic neuropathy lead to functional changes
of the vasa vasorum, thus causing neuronal
ischemia and direct axonal damage.32 It has
been reported that PGRN may alleviate
neuronal injury induced by ischemia–reper-
fusion in mice via the inhibition of neutro-
phil recruitment, resulting in the decreased
activation of NF-jB and matrix metallo-
proteinase-9.33

We identified a significant positive corre-
lation between PGRN and TNFa levels in
patients with diabetic neuropathy. As has
previously been reported, PGRN directly
binds to TNFR in vitro,12 and we hypothe-
size that a compensatory increase in PGRN
levels occurs as a result of TNFa-induced
activation of NF-jB, which is associated
with neuroinflammation and oxidative
stress in diabetic neuropathy.34 In the pre-
sent study, we also revealed a positive cor-
relation between PGRN and ICAM-1
levels, as well as between PGRN and
oxLDL levels. Correlations among these
markers indicate that the action of PGRN
may play an important role in inflammato-
ry processes by inhibiting TNFa-induced
activation of the NF-jB and MAPK

Figure 4. Correlation between improvements in
the current perception threshold (CPT), measured
using the NeurometerV

R
, and serum progranulin

levels in patients with type 2 diabetes with neu-
ropathy after 6 months of 600 mg/day alpha-lipoic
acid treatment

Nádr�o et al. 9



signaling pathway, as a competitive antag-
onist of TNFR. Furthermore, because of its
anti-inflammatory effects, PGRN may be a
useful marker for assessing the levels of oxi-
dative stress in diabetic neuropathy.35 We
hypothesize that the elevation in PGRN
levels may represent a compensatory
response in diabetic neuropathy to reduce
the NF-jB-mediated expression of chemo-
kines and intercellular adhesion molecules
(e.g., ICAM-1 and VCAM-1) and to pro-
tect endothelial cells from atherosclerotic
inflammation.13,36

Although the correlation was not signif-
icant, the positive tendency between PGRN
and LDL-C levels and the significant nega-
tive correlation between PGRN and HDL-
C concentrations support the aforemen-
tioned findings. The levels of non-HDL-C,
which includes all cholesterol present in
lipoprotein particles that are considered to
be atherogenic, including LDL, very-LDL,
very-LDL remnants, and lipoprotein(a),
correlated positively with PGRN levels.
We propose that alterations in PGRN
levels may be closely related to endothelial
dysfunction and dyslipidemia in diabetic
neuropathy.37 Previous research has dem-
onstrated that PGRN is protected from
degradation by its binding proteins, includ-
ing secretory leukocyte protease inhibitor
and apolipoprotein A-I, which is the pre-
dominant protein in plasma HDL.10 Other
investigators have suggested that the anti-
inflammatory effects of HDL on macro-
phages may be caused by the suppression
of PGRN cleavage and granulin produc-
tion.38 The significant positive correlation
between PGRN and HDL-C levels in the
present study thus supports the protective
role of HDL in PGRN cleavage. However,
further studies are necessary to validate our
conclusions.

Some limitations of our study should be
noted. The relatively small size of the study
population and the low number of men in
our sample may reduce the power of the

analysis; however, the significant correla-
tions between inflammatory markers,
CPT, and PGRN levels highlight the asso-
ciation between PGRN and neuronal
repair. Therefore, larger studies with long-
term follow-up in this patient population
are necessary to reveal the effects of
PGRN on neuronal repair mechanisms in
diabetes-induced oxidative stress.

Conclusions

Our results highlight the important role of
ALA administration in the treatment of
diabetic neuropathy. PGRN may be
responsible for tissue repair, including neu-
ronal and vascular repair, of damage
caused by oxidative and inflammatory pro-
cesses that are associated with type 2 diabe-
tes. Therefore, PGRN might be elevated in
patients with microvascular complications
because of a subsequent increase in
PGRN expression in response to injury.
The antioxidant and anti-inflammatory
effects of ALA may modify the PGRN
response by relieving oxidative stress and
inflammation in diabetic neuropathy.
Therefore, changes in serum PGRN levels
may indicate a beneficial effect of ALA
treatment on endothelial function and neu-
ronal inflammation. Monitoring serum
PGRN levels during any new anti-
inflammatory therapy that improves these
processes may provide additional informa-
tion about the efficacy of these agents.
There may be potential therapeutic applica-
tions for PGRN levels in patients with dia-
betes, or novel treatment options that
increase PGRN in these patients.
However, further studies are needed to clar-
ify the importance of PGRN in neuronal
repair among patients with diabetic
neuropathy.
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