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Abstract
We previously reported that PMI-5011, an ethanolic extract of Artemisia dracunculus L.,
alleviates peripheral neuropathy in high fat diet-fed mice, a model of prediabetes and obesity
developing oxidative stress and pro-inflammatory changes in the peripheral nervous system. This
study evaluated PMI-5011 on established functional, structural, and biochemical changes
associated with Type I diabetic peripheral neuropathy. C57BL6/J mice with streptozotocin-
induced diabetes of a 12-week duration, developed motor and sensory nerve conduction velocity
deficits, thermal and mechanical hypoalgesia, tactile allodynia, and intra-epidermal nerve fiber
loss. PMI-5011 (500 mg/kg/day for 7 weeks) alleviated diabetes-induced nerve conduction
slowing, small sensory nerve fiber dysfunction, and increased intra-epidermal nerve fiber density.
PMI-5011 blunted sciatic nerve and spinal cord 12/15-lipoxygenase activation and oxidative-
nitrosative stress, without ameliorating hyperglycemia or reducing sciatic nerve sorbitol pathway
intermediate accumulation. In conclusion, PMI-5011, a safe and non-toxic botanical extract, may
find use in the treatment of diabetic peripheral neuropathy.
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Introduction
Diabetic peripheral neuropathy (DPN) affects approximately 50% of patients with diabetes
mellitus, and is a leading cause of foot amputation (1,2). Clinical manifestations of advanced
DPN include motor (MNCV) and sensory (SNCV) nerve conduction velocity deficits and
increased vibration and thermal perception thresholds culminating in sensory loss which
develops at least partially because of degeneration of all types of nerve fibers in the somatic
nerve. A significant proportion of patients with DPN suffers from abnormal sensations such
as paresthesias, allodynia, hyperalgesia, and from spontaneous pain (2-4). Except for the
aldose reductase inhibitor, epalrestat, in Japan (5) and of α-lipoic acid in several countries

Correspondence to: Dr Irina G. Obrosova, Pennington Biomedical Research Center, Louisiana State University, 6400 Perkins Road,
Baton Rouge, LA 70808, USA, obrosoig@pbrc.edu.

NIH Public Access
Author Manuscript
Int J Mol Med. Author manuscript; available in PMC 2012 March 1.

Published in final edited form as:
Int J Mol Med. 2011 March ; 27(3): 299–307. doi:10.3892/ijmm.2011.597.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(6), no pathogenetic treatment for DPN is currently available. A number of pharmacological
agents that looked promising in animal studies, have been withdrawn from clinical trials
because of adverse side-effects (2,4). Therefore, identification of safe therapeutic
approaches for DPN is important.

PMI-5011, an ethanolic extract of Artemisia dracunculus L. (7,8) with a good safety profile
(7), contains, at least, six bioactive compounds including the polyphenols, 6-
demethoxycapillarisin and 2′,4′-dihydroxy-4-methoxydihydrochalcone (9). PMI-5011 has
been reported to improve insulin and insulin receptor signaling (10,11), and to inhibit aldose
reductase (12), oxidative stress (13), and nuclear factor-κB (NF-κB)-regulated inflammatory
mechanisms (14). Taking into consideration that impaired insulin signaling (15), increased
sorbitol pathway activity (16-20), oxidative-nitrosative stress (21-25), and NF-κB-mediated
pro-inflammatory response (26-29) have been identified as important factors in the
pathogenesis of DPN, there is a strong rationale for evaluating PMI-5011 on the structural
and functional manifestations of this devastating complication of diabetes. We recently
reported a beneficial effect of PMI-5011 on MNCV and SNCV deficits and small sensory
nerve fiber dysfunction characteristic of a high fat diet (HFD)-induced neuropathy of
prediabetes and alimentary obesity (13). The purpose of this study was to evaluate
PMI-5011 on established functional, structural, and biochemical changes of DPN in
streptozotocin (STZ)-diabetic mice, a model of Type I diabetes.

Materials and methods
Reagents

All chemicals were of reagent-grade quality unless otherwise stated, and were purchased
from Sigma Chemical Co. (St. Louis, MO). PMI-5011, an ethanolic extract of Artemisia
dracunculus L., was prepared and analyzed as previously described (8). Ethanol was
completely removed after extraction by heating in a rotavapor. The mouse monoclonal
(clone 1A6) anti-nitrotyrosine (NT) antibody for Western blot analysis of nitrated proteins
was purchased from Millipore (Billerica, MA, USA). The rabbit polyclonal (clone H-100)
anti-12-lipoxygenase antibody was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). For assessment of intra-epidermal nerve fiber density (INFD), rabbit polyclonal
anti-protein gene product 9.5 (PGP 9.5) antiserum was obtained from UltraClone (Isle of
Wight, UK); Alexa Fluor 488 goat anti-rabbit highly cross-adsorbed IgG (H+L) was from
Invitrogen (Eugene, OR, USA); SuperBlock blocking buffer from Thermo Scientific
(Rockford, IL, USA); and the optimum cutting temperature (O.C.T.) compound from Sakura
Finetek USA (Torrance, CA, USA). VectaShield Mounting Medium was obtained from
Vector Laboratories (Burlingame, CA, USA). Other reagents for immunohistochemistry
were purchased from Dako Laboratories, Inc. (Santa Barbara, CA, USA).

Animals
The experiments were performed in accordance with regulations specified by The Guide for
the Care and Handling of Laboratory Animals (NIH Publication No. 85-23) and Pennington
Biomedical Research Center Protocol for Animal Studies. Mature C57Bl6/J mice were
purchased from Jackson Laboratories. All the mice were fed standard mouse chow (PMI
Nutrition International, Brentwood, MO, USA) and had access to water ad libitum. Diabetes
was induced by streptozotocin (STZ) as previously described (30). Blood samples for
glucose measurements were taken from the tail vein three days after STZ injection and the
day before the animals were sacrificed. The mice with blood glucose >13.8 mM were
considered diabetic. Non-diabetic and diabetic mice were divided into two groups with
similar body weights and blood glucose concentrations that were maintained with or without
treatment with PMI-5011 (500 mg/kg/day, for 7 weeks after 12 weeks without treatment).
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Physiological and behavioral measurements were taken at three time-points i.e., at the
beginning of the study and before and after PMI-5011 treatment. The tests were done in the
following order: tactile responses to flexible von Frey filaments (first day), thermal algesia
by tail-flick test (second day), thermal algesia by paw withdrawal test (third day),
mechanical algesia by tail-pressure Randall-Selitto test (fourth day), and MNCV and SNCV
(fifth day). MNCV and SNCV were measured in mice anesthetized with a mixture of
ketamine and xylazine (45 mg/kg body weight and 15 mg/kg body weight, respectively,
i.p.).

Anesthesia, euthanasia and tissue sampling
Animals were sedated by CO2, and immediately sacrificed by cervical dislocation. Sciatic
nerves and spinal cords were rapidly dissected and frozen in liquid nitrogen for subsequent
assessment of 12/15-lipoxygenase (12/15-LO) and nitrated protein expression, and
12(S)hydroxyeicosatetraenoic acid [12(S)HETE], glucose, sorbitol, and fructose
concentrations. Footpads were sampled for assessment of INFD.

Physiological tests
Sciatic MNCV and hind-limb digital SNCV were measured as described elsewhere (30).
The TCAT-2 temperature controller with a RET-3 temperature probe and an HL-1, heat
lamp (Physitemp Instruments, Inc., Clifton, NJ) were used to maintain body and hind-limb
temperature at 37°C.

Behavioral tests
Thermal algesia was assessed by plantar (Hargreaves) and tail-flick tests, tactile response
thresholds by the flexible von Frey filament test, and the mechanical withdrawal thresholds
by the tail-pressure Randall-Selitto test as previously described in detail (31,32).

Intra-epidermal nerve fiber density
Footpads were fixed in ice-cold Zamboni’s fixative for 3 h, washed in 100 mM phosphate-
buffered saline (PBS) overnight, and then in PBS containing increasing concentrations of
sucrose i.e., 10, 15, and 20%, for 3 h in each solution. After washing, the samples were
snap-frozen in O.C.T. compound and stored at −80°C. Three longitudinal 50 μm-thick
footpad sections from each mouse were cut on a Leica CM1950 cryostat (Leica
Microsystems, Nussloch, Germany). Non-specific binding was blocked by 3% goat serum
containing 0.5% porcine gelatin and 0.5% Triton X-100 in SuperBlock blocking buffer at
room temperature, for 2 h. The sections were incubated overnight with PGP 9.5 antiserum
(1:400 dilution), at 4°C, after which the secondary Alexa Fluor 488 IgG (H+L) in 1:1000
was applied at room temperature, for 1 h. Sections were then coverslipped with VectaShield
mounting medium. Intra-epidermal nerve fiber profiles were counted blindly by three
independent investigators under the Axioplan 2 microscope (Zeiss) at 40x magnification,
and the average values were used. The length of the epidermis was assessed on the
microphotographs of stained sections taken at 5x magnification with a 3i Everest imaging
system (Intelligent Imaging Innovations, Inc., Denver, CO, USA) equipped with an
Axioplan 2 microscope (Zeiss), using NIH ImageJ software (version 1.42q). An average of
2.8±0.3 mm of the sample length was investigated to calculate the number of nerve fiber
profiles per mm of the epidermis. Representative images of intra-epidermal nerve fibers
were obtained by confocal laser scanning microscopy at 40x magnification, using the Leica
TCS SP5 confocal system (Leica Microsystems, Mannheim, Germany).
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Biochemical studies
All biochemical measurements were performed in the sciatic nerve and spinal cord as
previously described (33,34). 12/15-LO and nitrated protein expression was assessed by
Western blot analysis; 12(S)HETE concentration by ELISA, and glucose, sorbitol, and
fructose concentrations by enzymatic spectrofluorometric methods with hexokinase/glucose
6-phosphate dehydrogenase, sorbitol dehydrogenase, and fructose dehydrogenase,
respectively. Fluorescence measurements were taken with the LS55 Luminescence
Spectrometer (Perkin-Elmer, MA).

Statistical analysis
The results are expressed as mean ± SEM. Data were subjected to the equality of variance F-
test, and then to log transformation, if necessary, before one-way analysis of variance.
Where overall significance (P<0.05) was attained, between group comparisons for multiple
groups were conducted using the Student Newman-Keuls multiple-range test. When
between-group variance differences could not be normalized by log transformation (data sets
for body weights and plasma glucose), the data were analyzed by the non-parametric
Kruskal-Wallis one-way analysis of variance, followed by the Bonferroni-Dunn test for
multiple comparisons. Individual pairwise comparisons between control and STZ-diabetic
mice (12-week time point) and between the corresponding groups before (12-week time
point) and after (19-week time point) PMI-5011 treatment were performed using the
unpaired or paired two-tailed Student’s t-test or Mann-Whitney rank sum test where
appropriate. Significance was defined at P<0.05.

Results
The initial (prior to STZ administration) body weights were similar in all the experimental
groups (Table I). Weight gain at the end of the 12-week period after STZ administration was
similarly (by 22 and 21%) reduced in both diabetic groups compared to non-diabetic
controls. PMI-5011 treatment for 7 weeks did not affect weight gain in either control or
diabetic mice. Initial (after STZ administration) non-fasting blood glucose concentrations
were ~2-fold higher in diabetic mice compared with the non-diabetic control group.
Hyperglycemia progressed with the prolongation of diabetes, and there was an ~3-fold
difference in the intermediate (12-week time point) and final (19-week time point) blood
glucose concentrations between diabetic and non-diabetic mice. PMI-5011 treatment did not
affect non-fasting blood glucose concentrations in either non-diabetic or diabetic mice.

Diabetic mice displayed ~20% MNCV and SNCV deficits at the 12-week time point i.e.,
prior to PMI-5011 intervention (Table II). Both MNCV and SNCV were similar in non-
diabetic mice at the beginning of the study and at the 12-week time point which indicates
that diabetes-induced nerve conduction slowing did not develop due to alterations in
peripheral nerve growth and maturation. Untreated diabetic mice with a 19-week duration of
STZ-diabetes displayed 15 and 19% deficits in MNCV and SNCV, respectively, compared
with the corresponding non-diabetic controls. PMI-5011 essentially normalized MNCV and
SNCV in diabetic mice, without affecting those variables in the non-diabetic group.

The sensitivities to noxious thermal, mechanical, and tactile stimuli were similar in non-
diabetic mice at the beginning of the study and at the 12-week and 19-week time points
(Table III). Diabetic mice displayed thermal hypoalgesia (both in Hargreaves paw
withdrawal and tail-flick tests) as well as mechanical hypoalgesia and tactile allodynia at
both the 12-week and 19-week time points after induction of diabetes. PMI-5011 treatment
partially corrected all three sensory disorders in diabetic mice, without affecting thermal
response latencies or mechanical and tactile response thresholds in the non-diabetic controls.
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Diabetic mice manifested a 31% reduction in INFD at the 12-week time point (Fig. 1A and
B). This reduction progressed to 34% at the 19-week time point (Fig. 1C and D). PMI-5011
treatment did not affect INFD in non-diabetic mice, but slowed down intra-epidermal nerve
fiber degeneration and induced their regeneration in diabetic mice. INFD in the PMI-treated
diabetic mice group was 20% lower than in the non-diabetic control group, and 20% higher
than in the untreated diabetic group.

As reported previously (34), C57Bl6/J mice with a 12-week duration of diabetes display an
12/15-LO overexpression and activation as well as oxidative-nitrosative stress in the sciatic
nerve and spinal cord. They also exhibit glucose and sorbitol pathway intermediate
accumulation in both tissue targets for DPN (not shown). In the present study, increased
12/15-LO expression (Fig. 2) and 12(S)HETE concentrations (Fig. 3) were found in the
sciatic nerve and spinal cord of untreated mice with a 19-week duration of diabetes.
PMI-5011 treatment did not affect diabetes-induced 12/15-LO overexpression, but reduced
12(S)HETE concentrations, indicative of a reduction in 12/15-LO activity, in both tissues.

In addition, mice with STZ-diabetes of a 19-week duration displayed oxidative-nitrosative
stress in the peripheral nervous system (Fig. 4). Nitrated protein levels were increased by 25
and 46% in the sciatic nerve and spinal cord, respectively. PMI-5011 treatment completely
blunted diabetes-associated nitrated protein accumulation in the sciatic nerve, and tended to
reduce this variable in the spinal cord although the difference with the untreated diabetic
group was not statistically significant (P=0.21).

Sciatic nerve glucose, sorbitol, and fructose concentrations were elevated 8.8-fold, 1.9-fold,
and 3-fold, respectively, in the group of mice with STZ-diabetes of a 19-week duration
compared to the non-diabetic control group. Treatment with PMI-5011 did not affect the
sciatic nerve glucose or sorbitol pathway intermediate concentrations in either non-diabetic
or diabetic mice (Fig. 5).

Discussion
The present study provides evidence of the therapeutic efficacy of PMI-5011, an ethanolic
extract of Artemisia dracunculus L. against MNCV and SNCV deficits, thermal and
mechanical hypoalgesia, and tactile allodynia in STZ-diabetic mice, a model of Type I DPN.
Furthermore, PMI-5011 treatment slowed down diabetes-associated intra-epidermal nerve
fiber loss and induced nerve fiber regeneration, although a complete restoration of normal
INFD was not achieved.

The DCCT/EDIC (Diabetes Control and Complications Trial/Epidemiology of Diabetes
Interventions and Complications) Study (35) and the United Kingdom Prospective Diabetes
Study (36) identified hyperglycemia as a leading contributing factor in the pathogenesis of
DPN associated with Type I (insulin-dependent) and Type II (non-insulin-dependent)
diabetes, respectively. It has previously been reported that PMI-5011 treatment lowers
diabetic hyperglycemia in both Type I STZ-diabetic and Type II diabetic KK-A(γ) mice (8).
Whereas a small reduction of non-fasting blood glucose concentrations was noticed in the
PMI-5011-treated HFD-fed mice in our previous experiments (13), no hypoglycemic effect
of the extract was observed in the current study in STZ-diabetic mice which displayed
severe (>25 mmol/l) hyperglycemia. In line with these data, PMI-5011 did not have any
effect on diabetes-associated sciatic nerve glucose accumulation. Thus, the efficacy of
PMI-5011 against functional and morphological manifestations of DPN is not due to the
alleviation of diabetic hyperglycemia or to the decrease in glucose availability in tissue-sites
for DPN.
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It has also been reported that, similarly to other flavonoids (37), the PMI-5011 components
4,5-di-O-caffeoylquinic acid, 6-demethoxycapillarisin, and 2′,4′-dihydroxy-4-
methoxydihydrochalcone, as well as the total extract, displayed significant aldose reductase
inhibiting properties (12). However, no effect of PMI-5011 on the sciatic nerve sorbitol
pathway activity in either non-diabetic or diabetic mice was observed in the present study.
The lack of efficacy is unlikely due to the limited entry of PMI-5011 into the peripheral
nerve, because other biochemical variables such as 12(S)HETE and nitrated protein levels
were significantly different between untreated and PMI-5011-treated diabetic mice.

Taking into consideration that both oxidative-nitrosative stress (21,23-25) and 12/15-LO up-
regulation (34,38) are involved in the diabetes-induced nerve conduction slowing, the
alleviation of MNCV and SNCV deficits in PMI-5011-treated diabetic mice could at least
partially be related to the inhibition of both phenomena in the peripheral nerve and spinal
cord. Also note, that whereas a reduction in 12(S)HETE and nitrated protein accumulation
with PMI-5011 treatment was detected in the whole peripheral nerve, it is quite plausible
that PMI-5011 inhibits 12/15-LO up-regulation and oxidative-nitrosative stress in vasa
nervorum. Endothelial cells contain 12/15-LO, accumulate 12(S)HETE, and display
oxidative-nitrosative stress in response to high glucose (39,40). Increased superoxide and
peroxynitrite accumulation have been identified in vasa nervorum of STZ-diabetic rats
(31,41,42). Both oxidative-nitrosative stress (21,23,25,41,42) and increased 12/15-LO
activity (39,40) contribute to endothelial dysfunction, an important factor in MNCV and
SNCV deficits associated with DPN (16,18,21,23,25,31,33,41,43,44).

Evidence for the involvement of oxidative-nitrosative stress (21,24,31,45) and of the 12/15-
LO up-regulation (34,38) in diabetes-induced small sensory nerve fiber dysfunction and
neuropathic pain is emerging. The SYDNEY 2 (6) trial identified a beneficial effect of the
antioxidant α-lipoic acid on symptomatic diabetic polyneuropathy, and, in particular,
stabbing and burning pain. Thus it is plausible, that the beneficial effects of PMI-5011 on
diabetes-associated thermal and mechanical hypoalgesia and tactile allodynia are also
mediated through the inhibition of oxidative-nitrosative stress and activation of 12/15-LO,
although no experimental tools for quantitative characterization of these two phenomena in
small nerve fibers are currently available.

In our previous study, the 12/15-LO inhibitor cinnamyl-3,4-dihydroxy-α-cyanocinnamate
alleviated oxidative-nitrosative stress in the sciatic nerve and spinal cord of STZ-diabetic
mice (34). Furthermore, we observed a similar effect of 12/15-LO gene deficiency in the
HFD-fed mouse model (34). Thus, it is plausible that the antioxidant effect of PMI-5011 is
secondary to 12/15-LO inhibition. Interestingly, however, in contrast to PMI-5011, 12/15-
LO inhibition (34) or gene deficiency (38) did not counteract diabetes-associated loss of
intra-epidermal nerve fibers. Thus, the increase of INFD in PMI-5011-treated diabetic mice
is likely to be mediated through mechanisms other than inhibition of 12/15-LO activity or
oxidative-nitrosative stress.

In conclusion, PMI-5011, the ethanolic extract of Artemisia dracunculus L., alleviates nerve
conduction slowing and small sensory nerve fiber dysfunction, and promotes small sensory
nerve fiber regeneration in experimental Type I DPN. Its mechanisms of action are likely to
include, but are not limited to, the inhibition of oxidative-nitrosative stress and 12/15-LO
activation. PMI-5011, a safe and non-toxic product, may find use in the management of
DPN and of related complications (impaired wound healing) in human subjects with
diabetes mellitus. Evaluation of the effects of PMI-5011 on other diabetic complications
(cardiovascular disease, nephropathy, retinopathy) that develop with participation of the
12/15-LO up-regulation and/or of oxidative-nitrosative stress is warranted.
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Figure 1.
Intra-epidermal nerve fiber profiles in (A) and (B) control and diabetic mice at the 12-week
time point prior to PMI-5011 intervention, and in (C) and (D) control and diabetic mice
maintained with or without PMI-5011 treatments (19-week time point). (A) and (C)
Representative images of intra-epidermal nerve fiber profiles, magnification x40; (B) and
(D). Skin fiber density. Mean ± SEM, n=9-13 per group; C, control mice; D, diabetic mice;
T, PMI-5011 treatment; **P<0.01 vs. the non-diabetic control group; #P<0.05 vs. the
diabetic mice treated with PMI-5011.
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Figure 2.
Representative Western blot analyses of 12/15-lipoxygenase expression (A) and (C) and
12/15-lipoxygenase protein contents (%) assessed by densitometry (B) and (D), in the sciatic
nerve and spinal cord of control and diabetic mice maintained with or without PMI-5011
treatments. C, control; D, diabetic; T, PMI-5011 treatment; 12/15 LO, 12/15-lipoxygenase.
Mean ± SEM, n=7-8 per group. *P<0.05 vs. the non-diabetic control group.
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Figure 3.
12(S) hydroxyeicosatetraenoic acid concentrations in the sciatic nerve (A) and spinal cord
(B) of control and diabetic mice maintained with or without PMI-5011 treatments. C,
control; D, diabetic; T, PMI-5011 treatment; 12(S)HETE, 12(S) hydroxyeicosatetraenoic
acid. Mean ± SEM, n=7-9 per group. *P<0.05 and **P<0.01 vs. the non-diabetic control
group. #P<0.05 vs. the untreated diabetic group.
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Figure 4.
Representative Western blot analyses of nitrated proteins (A) and (C) and nitrated protein
contents (%) assessed by densitometry (B) and (D) in the sciatic nerve and spinal cord of
control and diabetic mice maintained with or without PMI-5011 treatments. C, control; D,
diabetic; T, PMI-5011 treatment. Mean ± SEM, n=6-8 per group. *P<0.05 vs. the non-
diabetic control group. #P<0.05 vs. the untreated diabetic group.
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Figure 5.
Glucose (A), sorbitol (B), and fructose (C) concentrations in the sciatic nerve and spinal
cord of control and diabetic mice maintained with or without PMI-5011 treatments. C,
control; D, diabetic; T, PMI-5011 treatment. Mean ± SEM, n=5-9 per group. **P<0.01 vs.
the non-diabetic control group.
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