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Abstract

With consideration of multifactorial etiology of diabetic peripheral neuropathy, an ideal drug or
drug combination should target at least several key pathogenetic mechanisms. The flavonoid
baicalein (5,6,7-trihydroxyflavone) has been reported to counteract sorbitol accumulation,
activation of 12/15-lipoxygenase, oxidative-nitrosative stress, inflammation, and impaired
signaling in models of chronic disease. This study evaluated baicalein on diabetic peripheral
neuropathy. Control and streptozotocin-diabetic C57BI6/J mice were maintained with or without
baicalein treatment (30 mgkg~td™1, i.p., for 4 weeks after 12 weeks without treatment).
Neuropathy was evaluated by sciatic motor and hind-limb digital sensory nerve conduction
velocities, thermal algesia (Hargreaves test), tactile response threshold (flexible von Frey filament
test), and intraepidermal nerve fiber density (fluorescent immunohistochemistry with confocal
microscopy). Sciatic nerve and spinal cord 12/15-lipoxygenase and total and phosphorylated p38
mitogen-activated protein kinase expression and nitrated protein levels were evaluated by Western
blot analysis, 12(S)hydroxyeicosatetraenoic acid concentration (a measure of 12/15-lipoxygenase
activity) by ELISA, and glucose and sorbitol pathway intermediate concentrations by enzymatic
spectrofluorometric assays. Baicalein did not affect diabetic hyperglycemia, and alleviated nerve
conduction deficit and small sensory nerve fiber dysfunction, but not intraepidermal nerve fiber
loss. It counteracted diabetes-associated p38 mitogen-activated protein kinase phosphorylation,
oxidative-nitrosative stress, and 12/15-lipoxygenase overexpression and activation, but not
glucose or sorbitol pathway intermediate accumulation. In conclusion, baicalein targets several
mechanisms implicated in diabetic peripheral neuropathy. The findings provide rationale for
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studying hydroxyflavones with improved pharmacological profile as potential treatments for
diabetic neuropathy and other diabetic complications.

Keywords

baicalein; diabetic peripheral neuropathy; 12/15-lipoxygenase; oxidative-nitrosative stress; p38
mitogen-activated protein kinase; sorbitol pathway of glucose metabolism

INTRODUCTION

Diabetic peripheral neuropathy (DPN)-related research during the last 2030 years led to
identification of multiple pathogenetic mechanisms including, but not limited to, increased
aldose reductase (AR) activity (Ho et al., 2006; Obrosova et al., 2002; Yagihashi et al.,
2001), non-enzymatic glycation/glycooxidation (Bierhaus et al., 2004; Cameron et al., 2005;
Toth et al., 2008), activation of protein kinase C (Cameron et al., 1999; Nakamura et al.,
1999) and mitogen-activated protein kinases [MAPKSs (Du et al., 2010; Purves et al., 2001)],
oxidative-nitrosative stress (Cameron et al., 2001; Coppey et al., 2001b; Nagamatsu et al.,
1995; Obrosova et al., 2005; Schmeichel et al, 2003), C-peptide deficiency (Sima et al.,
2008; Stevens et al., 2004) and impaired neurotrophic support (Chattopadhyay et al., 2005;
Christianson et al., 2007; Francis et al., 2009; Goss et al., 2002; Nakae et al., 2006; Wu et
al., 2011), which contribute to this devastating complication of diabetes mellitus.
Unfortunately, all monotherapies for DPN studied so far, including AR and protein kinase C
inhibitors, acetyl carnitine, nerve growth factor, and the antioxidant a—lipoic acid, showed
modest efficacy in clinical trials, or have been abandoned due to adverse side effects
(Tesfaye et al, 2010). The continued drug discovery for DPN is currently focused on 1)
invention and development of new inhibitors of previously characterized pathogenetic
mechanisms e.g., new AR (Bril et al, 2009) and non-enzymatic glycation (Wada et al., 2001)
inhibitors, as well as potent superoxide dismutase mimetics (Coppey et al., 2001a) and
peroxynitrite decomposition catalysts (Drel et al., 2007a; Obrosova et al., 2007a) to combat
oxidative-nitrosative stress; 2) identification of new pathogenetic mechanisms and drug
targets e.g., poly(ADP-ribose) polymerase (Drel et al., 2010; Obrosova et al., 2004;
Obrosova et al., 2008; Szabo et al, 2004), low-grade inflammation (Dopius et al., 2009;
Wang et al., 2006; Wang et al., 2008) likely to be associated with cyclooxygenase-2
(Kellogg et al., 2007), 12/15-lipoxygenase (Obrosova et al., 2010; Stavniichuk et al., 2010),
and nuclear factor-xkB (Cameron and Cotter, 2009) activation, disrupted neuregulin/
caveolin-1 signaling (McGuire et al., 2009) and molecular chaperone activity (Urban et al.,
2010), and activation of neutral endopeptidase, a protease that degrades vaso- and neuro-
active peptides (Coppey et al., 2010); 3) studies of combination therapies (Cotter et al.,
2001; Li et al., 2005) and mono-drugs targeting several pathogenetic mechanisms (Kumar
and Sharma, 2010).

Flavonoids and polyphenols counteract oxidative-nitrosative stress and many chronic
diseases (Gohil and Packer, 2002; Schroeter et al., 2002; Sies, 2010). Baicalein (5,6,7-
trihydroxyflavone), a flavonoid originally isolated from the roots of Scutellaria baicalensis,
has been employed for many centuries in traditional Chinese herbal medicine as
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antibacterial and antiviral remedy (Huang et al., 2005). In addition to its antioxidant
properties, baicalein has been described to inhibit xanthine oxidase, 12/15-lipoxygenase, p38
MAPK, cytosolic phospholipase A2, inflammatory response, as well as sorbitol
accumulation in animal and cell culture models of chronic disease (Huang et al., 2005; Cui
et al., 2010; Zhou and Zhang 1989). Reports suggest good efficacy of baicalein against
experimental renin-dependent hypertension (Huang et al., 2005), endothelial dysfunction
associated with cardiovascular diseases (Huang et al., 2005), cerebral ischemia (Pallast et
al., 2010), cancer (Androutsopoulos et al., 2010), Parkinson disease (Hong et al., 2008),
dermatitis (Yun et al., 2010), liver fibrosis (Sun et al., 2010), as well as pain of
inflammatory origin (Yoo et al., 2009). Efficacy of baicalein or other hydroxyflavones
against diabetes and diabetic complications has not sufficiently been explored although two
experimental studies suggest that baicalein counteracts cytokine-induced beta cell
dysfunction, a key phenomenon in the development of autoimmune diabetes (Chen et al.,
2005), as well as glial activation, pro-inflammatory response, ganglion cell loss, and
increased vascular permeability characteristic for early diabetic retinopathy (Yang et al.,
2009).

The present study evaluated baicalein on motor and sensory nerve conduction velocity
(MNCYV and SNCV) deficits, small sensory nerve fiber dysfunction, intraepidermal nerve
fiber loss, and biochemical changes in the peripheral nerve and spinal cord characteristic for
DPN. We employed C57BI6/J mice with the duration of streptozotocin-diabetes of 12-16
weeks i.e., a model that develops both functional and structural changes associated with
DPN in human subjects with diabetes mellitus (Christianson et al., 2007; Ho et al., 2006;
Obrosova et al., 2007a; Obrosova et al., 2010; Stavniichuk et al., 2010; Yagihashi et al.,
2001).

METHODS

A. Reagents

Unless otherwise stated, all chemicals were of reagent-grade quality, and were purchased
from Sigma Chemical Co., St. Louis, MO, USA. Baicalein was obtained from Cayman
Chemical, Ann Abor, MI. Mouse monoclonal (clone 1A6) anti-nitrotyrosine (NT) antibody
for Western blot analysis of nitrated proteins was purchased from Millipore, Billerica, MA,
USA. Rabbit polyclonal (clone H-100) anti-12-LO antibody and rabbit polyclonal antibody
to total p38 MAPK were obtained from Santa Cruz Biotechnology, Santa Cruz, CA, USA.
Rabbit polyclonal antibody to phosphorylated p38 MAPK was purchased from Cell
Signaling, Danvers, MA. For assessment of intraepidermal 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 1gG
(H+L) 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.
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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 C57BI6/J mice were
purchased from Jackson Laboratories. All the mice were fed standard mouse chow (PMI
Nutrition International, Brentwood, MO, USA) and had ad /ibitum access to water. Diabetes
was induced by STZ as we described previously (Obrosova et al., 2007a). Blood samples for
glucose measurements were taken from the tail vein three days after STZ injection and the
day before the animals were killed. The mice with blood glucose =13.8 mM were considered
diabetic. The control and diabetic mice were maintained for 12 weeks and then divided into
three subgroups. One subgroup was euthanized for tissue harvest. Two other subgroups were
maintained with or without treatment with baicalein, 30 mg kg=1d=1 i.p., for another 4
weeks. Non-fasting blood glucose measurements were performed at induction of diabetes
and at the end of the study. Physiological and behavioral measurements were taken at three
time-points i.e., at the beginning of the study and before and after baicalein treatment.
MNCV and SNCV were measured in mice anaesthetized with a mixture of ketamine and
xylazine (45 mgkg 1 body weight and 15 mgkg ™ body weight, respectively, i.p.).

C. Anesthesia, euthanasia and tissue sampling

The animals were sedated by CO,, and immediately sacrificed by cervical dislocation.
Sciatic nerves and spinal cords were rapidly dissected and frozen in liquid nitrogen for
subsequent assessment of glucose, sorbitol, fructose, and 12(S)HETE concentrations, total
and phosphorylated p38 MAPK and LO expression, and nitrated protein level (a measure of
oxidative-nitrosative stress). Footpads were sampled for assessment of INFD.

D. Specific Methods

D.1. Physiology and behavioral tests—Sciatic MNCV, hind-limb digital SNCV,
thermal algesia (plantar test by Hargreaves method), and tactile response thresholds (flexible
von Frey filament test) were measured as described previously (Obrosova et al., 2004;
Obrosova et al., 2007b).

D.2. INFD—Footpads were fixed in ice-cold Zamboni’s fixative for 3 hr, washed in 100
mM phosphate-buffered saline (PBS) overnight, and then in PBS containing increasing
concentrations of sucrose i.e., 10%, 15%, and 20%, 3 hr in each solution. After washing, the
samples were snhap-frozen in O.C.T. compound and stored at —80°C. Three longitudinal 50
pum-thick footpad sections from each mouse were cut on 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 hr. The sections were incubated overnight with PGP 9.5 antiserum
in 1:400 dilution, at 4°C, after which secondary Alexa Fluor 488 1gG (H+L) in 1:1000 was
applied at room temperature, for 1 h. Sections were then coverslipped with VECTASHIELD
mounting medium. Intraepidermal nerve fiber profiles were counted blindly by three
independent investigators under Axioplan 2 microscope (Zeiss) at 40X magnification, and
the average values were used. The length of epidermis was assessed on the
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microphotographs of stained sections taken at 5X magnification with a 3| Everest imaging
system (Intelligent Imaging Innovations, Inc., Denver, CO, USA) equipped with Axioplan 2
microscope (Zeiss), using the NIH ImageJ software (version 1.42q). An average of 2.8 + 0.3
mm of the sample length was investigated to calculate a number of nerve fiber profiles per
mm of epidermis. Representative images of intraepidermal nerve fibers were obtained by
confocal laser scanning microscopy at 40X magnification, using Leica TCS SP5 confocal
system (Leica Microsystems, Mannheim, Germany).

D.3. Biochemical studies

D.3.1. Western blot analysis of total and phosphorylated p38 MAPK, LO, and nitrated
proteins: Sciatic nerve and spinal cord materials (~ 10-20 mg) were placed on ice in 200
of RIPA buffer containing 50 mmol/l Tris-HCI, pH 7.2; 150 mmol/l NaCl; 0.1% sodium
dodecyl sulfate; 1% NP-40; 5 mmol/l EDTA; 1 mmol/l EGTA; 1% sodium deoxycholate
and the protease/phosphatase inhibitors leupeptin (10 tg/ml), pepstatin (1 tg/ml), aprotinin
(20 g/ml), benzamidine (10 mM), phenylmethylsulfonyl fluoride (1 mM), sodium
orthovanadate (1 mmol/l), and homogenized on ice. The homogenates were sonicated (4 x
10 s) and centrifuged at 14,000 g for 20 min. All the afore-mentioned steps were performed
at 4 °C. The lysates (20 and 40 /g protein for sciatic nerve and spinal cord, respectively)
were mixed with equal volumes of 2x sample-loading buffer containing 62.5 mmol/l Tris-
HCI, pH 6.8; 2% sodium dodecy! sulfate; 5% B-mercaptoethanol; 10% glycerol and 0.025%
bromophenol blue, and fractionated in 5-20% gradient (nitrated proteins), 10 % (total and
phosphorylated p38 MAPK) or 7.5% (LO) SDS-PAGE in an electrophoresis cell (Mini-
Protean I1l; Bio-Rad Laboratories, Richmond, CA). Electrophoresis was conducted at 15
mA constant current for stacking, and at 25 mA for protein separation. Gel contents were
electrotransferred (80 V, 2 hr) to nitrocellulose membranes using Mini Trans-Blot cell (Bio-
Rad Laboratories, Richmond, CA) and western transfer buffer [25 mmol/l Tris-HCI, pH 8.3;
192 mmol/l glycine; and 20% (v/v) methanol]. Free binding sites were blocked in 2% (w/v)
BSA (nitrated proteins) and 5% (w/v) BSA (LO and total and phosphorylated p38MAPK) in
20 mmol/I Tris-HCI buffer, pH 7.5, containing 150 mmol/l NaCl and 0.05% Tween 20, for 1
h, after which the corresponding primary antibodies (see Reagents) were applied overnight.
The horseradish peroxidase-conjugated secondary antibodies were then applied for 1 h. In
Western blot analysis of phosphorylated p38MAPK, the signal enhancer HIKARI (Nacalai
USA, San Diego, CA) was applied with both primary and secondary antibodies according to
the manufacturer instructions. After extensive washing, protein bands detected by the
antibodies were visualized with the Amersham ECL™ Western Blotting Detection Reagent
(Little Chalfont, Buckinghamshire, UK). Membranes were then stripped in the 25 mmol/I
glycine-HCI, pH 2.5 buffer containing 2% SDS, and reprobed with B-actin antibody to
confirm equal protein loading.

D.3.2. 12(S)HETE measurements: For assessment of 12(S)HETE, sciatic nerve and spinal
cord samples were homogenized on ice in 15 mM Tris-HCI buffer (1:100 w/v) containing
140 mM NaCl, pH 7.6, and centrifuged. 12(S)HETE was measured in supernatants with the
12(S)-hydroxyeicosa-tetraenoic acid [12(S)HETE] Enzyme Immuno Assay kit (Assay
Designs, Ann Arbor, Ml).
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D.3.3. Glucose and sorbitol pathway intermediates: Sciatic nerve and spinal cord glucose,
sorbitol, and fructose concentrations were assessed by enzymatic spectrofluorometric
methods with hexokinase/glucose 6-phosphate dehydro-genase, sorbitol dehydrogenase, and
fructose dehydrogenase as we described in detail (Obrosova et al., 1999). Measurements
were taken at LS 55 Luminescence Spectrometer (Perkin Elmer, MA).

E. Statistical analysis

The results are expressed as Mean £ SEM. Data were subjected to 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, individual between group comparisons for
multiple groups were made using the Student-Newman-Keuls multiple range test. When
between-group variance differences could not be normalized by log transformation (datasets
for body weights and plasma glucose), the data were analyzed by the nonparametric
Kruskal-Wallis one-way analysis of variance, followed by the Bonferroni/Dunn test for
multiple comparisons. Individual pair-wise comparisons (INFD before treatment) were
made using the unpaired two-tailed Student’s t-test. Significance was defined at p < 0.05.

RESULTS

The initial (prior to STZ administration) body weights were similar in all experimental
groups (Table 1). Weight gain during a 16-wk study was 78% lower in untreated diabetic
group compared with non-diabetic controls. Baicalein treatment reduced weight gain in both
non-diabetic (by 31%) and diabetic (by 79%) mice. Non-diabetic and diabetic groups
displayed mortalities of 8% and 16%, respectively, during a 30-d baicalein treatment.

The initial (after STZ administration) non-fasting blood glucose concentrations were 87%
and 80% higher in untreated and baicalein-treated diabetic mice than in the non-diabetic
group. Progression of hyperglycemia with the prolongation of diabetes resulted in ~3-fold
differences between final blood glucose concentrations in both diabetic groups and non-
diabetic controls. Baicalein treatment did not affect non-fasting glycemia in either non-
diabetic or diabetic mice.

Mice with both 12-wk and 16-wk durations of diabetes exhibited MNCV and SNCV deficits
(Table 2). MNCV and SNCV were similar in non-diabetic mice at the beginning of the study
and at the 12-wk time point which suggests that diabetes-induced nerve conduction slowing
did not develop due to affected peripheral nerve growth and maturation. Baicalein
alleviated, but did not completely correct, MNCV and SNCV deficits in diabetic mice,
without affecting those variables in non-diabetic controls.

Diabetic mice manifested thermal hypoalgesia and tactile allodynia at both 12-wk and 16-
wk time points after induction of diabetes. Baicalein treatment ameliorated both sensory
disorders in diabetic mice, without affecting either thermal response latencies or tactile
response thresholds in non-diabetic controls.

Diabetic mice displayed a 23% reduction in INFD at the 12-wk time point (Fig. 1, A and B).
This reduction progressed to 44% at the 16-wk time point (Fig. 1, C and D). Baicalein
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treatment did not affect INFD in non-diabetic mice, and did not induce intraepidermal nerve
fiber regeneration or slowed down their degeneration in diabetic mice.

As we reported earlier (Stavniichuk et al., 2010), C57BI6/J mice with a 12-wk duration of
diabetes demonstrate oxidative-nitrosative stress, and LO overexpression and activation.
They also display p38 MAPK activation, and accumulation of glucose and sorbitol pathway
intermediates in sciatic nerve and spinal cord (0t shown). In the present study in the same
animal model, increase in nitrated protein level (Fig. 2), LO expression (Fig. 3), and
12(S)HETE concentrations (Fig. 4) as well as glucose and sorbitol pathway intermediate
accumulation (Table 3) were clearly manifest in sciatic nerve and spinal cord of diabetic
mice with 16-wk duration of diabetes. Sciatic nerve p38 MAPK expression was increased by
142%, whereas total p38 MAPK expression was unchanged compared with non-diabetic
control (Fig. 5). Spinal cord phosphorylated p38 MAPK expression was below the limit of
detection in all experimental groups, and, for this reason, measurements of total p38 MAPK
in this tissue were not performed. Treatment of diabetic mice with baicalein decreased
diabetes-associated nitrated protein accumulation in the sciatic nerve and essentially
normalized this variable in the spinal cord. It did not affect sciatic nerve and spinal cord LO
overexpression, but significantly reduced 12(S)HETE concentrations, indicative of a
reduction of LO activity in both tissues. Sciatic nerve and spinal cord glucose and sorbitol
concentrations were similarly elevated in untreated and baicalein-treated diabetic mice
compared with non-diabetic controls. Sciatic nerve fructose concentration was slightly (by
10%), but significantly, lower in baicalein-treated diabetic mice compared with the untreated
diabetic group whereas no statistically significant differences between the two groups were
observed for spinal cord fructose concentrations. Baicalein treatment normalized sciatic
nerve phosphorylated p38 MAPK expression without affecting total p38 MAPK expression.
Baicalein did not affect any afore-mentioned biochemical variables in either sciatic nerve or
spinal cord of non-diabetic mice.

DISCUSSION AND CONCLUSIONS

The findings reported herein suggest that the flavonoid baicalein alleviates MNCV and
SNCV deficits, thermal hypoalgesia, and tactile allodynia characteristic for DPN, without
slowing down diabetes-associated loss of intraepidermal nerve fibers and promoting their
regeneration. The study has a number of important implications for understanding
interactions among individual pathogenetic mechanisms of PDN.

First, baicalein efficacy against large and small nerve fiber dysfunction is likely related to
inhibition of three mechanisms previously implicated in DPN i.e., oxidative-nitrosative
stress (Cameron et al., 2001; Coppey et al., 2001; Nagamatsu et al., 1995; Obrosova et al.,
2005), 12/15-lipoxygenase activation (Obrosova et al., 2010; Stavniichuk et al., 2010), and
p38 MAPK activation (Du et al., 2010; Purves et al., 2001). These mechanisms are
interrelated creating “vicious cycles”. Diabetes-induced oxidative-nitrosative stress
promotes p38 MAPK activation (Purves et al., 2001), whereas p38 MAPK activation
contributes to oxidative injury via GSH depletion and changes in the glutathione redox state
(Price et al., 2006). 12/15-LO overexpression and activation contribute to both oxidative-
nitrosative stress and p38 MAPK activation (Kang et al., 2003; Reddy et al., 2002;
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Stavniichuk et al., 2010) whereas the latter two phenomena lead to an increase in 12/15-LO
expression and activity via NF-xB activation and cytosolic Ca** (Conrad and Lu 2000;
Natarajan et al 1996). Thus, our findings identify baicalein as a multi-target drug acting on
several mechanisms implicated in diabetes-induced nerve conduction slowing and small
sensory nerve fiber dysfunction.

Interestingly and surprisingly, despite its multi-target action, baicalein completely failed to
induce intraepidermal nerve fiber regeneration. It tended to slow down, but did not
completely arrest, a progressive reduction in intraepidermal nerve fiber density with the
prolongation of diabetes. This suggests that neither oxidative-nitrosative stress, nor 12/15-
lipoxygenase or p38 MAPK activations, play a major role in intraepidermal nerve fiber loss,
a phenomenon indicative of small sensory nerve fiber degeneration, described in human
subjects with diabetes mellitus and impaired glucose tolerance (Quattrini et al., 2007;
Sumner et al., 2003) and animal models of both Type 1 and Type 2 diabetes (Brussee et al.,
2008; Christianson et al., 2007; Drel et al., 2006a; Francis et al., 2009; Kellogg et al., 2007;
Obrosova et al., 2007a; Obrosova et al., 2008; Obrosova et al., 2010; Stavniichuk et al.,
2010; Toth et al., 2008). Note, that intraepidermal nerve fiber regeneration in STZ-diabetic
rats was observed with low-dose insulin and insulin-like growth factor-1 administered
intrathecally (Toth et al, 2006). This approach is unlikely to be employed in clinical practice.

The present data also indicate that a reasonable amelioration of small sensory nerve fiber
dysfunction associated with DPN can be achieved in the absence of small sensory nerve
fiber regeneration. This conclusion is in agreement with several other studies (Brussee et al.,
2008; Drel et al., 2007b; Obrosova et al., 2010; Stavniichuk et al., 2010) showing that
peripheral nerve function and intraepidermal nerve loss do not necessarily correlate in
diabetic rodents. It is possible that there is “an excess” of intraepidermal nerve fibers in
diabetic rodents, and their loss fo a certain threshold is not necessarily accompanied by
worsening of peripheral nerve function. Thus, according to the results of experimental
studies, the lack of effect on intraepidermal nerve fiber density in diabetic animal models
should not necessarily lead to discontinuation of further development of a drug candidate.
This conclusion should, however, be verified in human subjects with diabetic neuropathy.
Intraepidermal nerve fiber density is a relatively new test, which still needs to be validated
in clinical trials of new therapeutics. Also note, that development of thermal hypoalgesia is a
complex process which occurs with participation of dorsal root ganglion neurons, and,
potentially, spinal cord, in addition to small sensory nerve fibers per se. As we have shown
in this study, baicalein corrects several diabetes-induced biochemical changes in the spinal
cord. It is also likely to act on DRG neurons, although it has not been studied.

Numerous findings in diabetic animal models (Brussee et al., 2008; Drel et al., 2007b;
Obrosova et al., 2002; Yagihashi et al., 2001) and several clinical trials (Greene et al., 1999;
Hotta et al., 2001) suggest that increased AR activity manifest by sorbitol and fructose
accumulation in peripheral nerve and spinal cord is a key mechanism in DPN. AR has been
implicated in other biochemical changes in tissue-sites for diabetic complications including
formation of advanced glycation end-products, oxidative-nitrosative stress, activation of
poly(ADP-ribose)polymerase, cyclooxygenase-2, p38 MAPK, NF-«B and activator
protein-1, and accumulation of cytosolic Ca**[reviewed in (Obrosova, 2009)]. Because
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diabetes-induced 12/15-LO overexpression is driven by the interleukin-4/STAT-6 pathway
and requires NF-xB and activator protein-1 for interleukin-4 promoter activity (Conrad and
Lu, 2000), and cytosolic Ca** is required for 12/15-LO catalytic activity (Natarajan et al.,
1996), it is reasonable to suggest that sorbitol pathway activation also plays an important
role in 12/15-LO overexpression and activation in DPN. The present study, however,
demonstrates that inhibition of diabetes-induced oxidative-nitrosative stress and 12/15-LO
and p38 MAPK activation in tissue-sites for DPN can be achieved by a pharmacological
intervention that displayed a weak sorbitol pathway inhibiting activity in the sciatic nerve,
and did not suppress this pathway at all in the spinal cord.

It has also been hypothesized (Brrownlee, 2001) that oxidative stress precedes and underlies
sorbitol pathway activation in tissue-sites for diabetic complications. This premise is not
supported by a number of findings demonstrating that whereas diabetes-induced increase in
AR activity contributes to oxidative stress in peripheral nerve (Ho et al., 2006; Yagihashi et
al., 2001), retina (Gerhardinger 2009; Obrosova et al., 2003), kidney (Drel et al., 2006b),
and endothelial cells (EI-Remessy et al., 2003), antioxidants do not suppress sorbitol
pathway intermediate accumulation (Sagara et al., 1996; Stevens et al., 1993; Stevens et al.,
1996). In the present study, baicalein significantly reduced (sciatic nerve) or completely
blunted (spinal cord) oxidative-nitrosative stress, whereas the effect on sorbitol pathway
activity was either minor or totally absent.

In conclusion, the present findings identify baicalein as a multi-target drug alleviating
multiple manifestations of DPN. They provide the rationale for screening and preclinical
studies of hydroxyflavones, especially those with improved pharmacological profile (oral
availability, low toxicity, acceptable pharmaceutical properties), as potential therapeutics for
diabetic neuropathy and, potentially, other diabetic complications.
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Fig. 1.

In?raepidermal nerve fiber profiles in control and diabetic mice at the 12-wk time point
(prior to CDC intervention, A and B) and control and diabetic mice maintained with or
without baicalein treatments (a 16-wk time point, C and D). A,C. Representative images of
intraepidermal nerve fiber profiles, magnification x 40; B,D. Skin fiber density. Mean +
SEM, n = 10-12 per group. C — control mice, D — diabetic mice, ** — p < 0.01 vs non-
diabetic control group.
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Representative Western blot analyses of nitrated proteins (A,C) and nitrated protein contents
(densitometry, %, B,D) in the sciatic nerve and spinal cord of control and diabetic mice
maintained with or without baicalein treatments. C — control, D — diabetic. Mean £ SEM, n
= 6-10 per group. ** p <0.01 vs non-diabetic control group. ## p < 0.01 vs untreated

diabetic group.
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Representative Western blot analyses of 12/15-lipoxygenase expression (A,C) and 12/15-
lipoxygenase protein contents (densitometry, %, B,D) in the sciatic nerve and spinal cord of
control and diabetic mice maintained with or without baicalein treatments. C — control, D —
diabetic. LO — 12/15-lipoxygenase. Mean + SEM, n = 6-10 per group. *** p <0.05 and <
0.01 vs non-diabetic control group.
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12(S) hydroxyeicosatetraenoic acid concentrations in the sciatic nerve (A) and spinal cord
(B) of control and diabetic mice maintained with or without baicalein treatments. C —
control; D — diabetic. 12(S)HETE - 12(S) hydroxyeicosatetraenoic acid. Mean + SEM, n =
5-12 per group. *** p < 0.05 and < 0.01 vs non-diabetic control group. ## p < 0.05 and <

0.01 vs untreated diabetic group.
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Fig. 5.

Rgpresentative Western blot analyses of total and phosphorylated mitogen-activated protein
kinase p38 (A,C) and total and phosphorylated mitogen-activated protein kinase p38 protein
contents (densitometry, %, B,D) in the sciatic nerve and spinal cord of control and diabetic
mice maintained with or without baicalein treatments. C — control, D — diabetic. MAPK -
mitogen-activated protein kinase. Mean + SEM, n = 8 per group. ** p < 0.01 vs non-diabetic
control group. # p < 0.01 vs untreated diabetic group.
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Table 1

Initial and final body weights and blood glucose concentrations in control and diabetic mice maintained with
and without baicalein treatment

Body weight (g) Blood glucose (mmol/l)
Variable Group Initial Final Initial Final
Control 250+05 384%10 9.0+0.6 95+0.4
Control + baicalein ~ 25.1+0.4 343408 8.6+0.3 9.0+£0.3
Diabetic 252£05 281409™  168+1.0™" 287+13™"

*

Diabetic + baicalein  23.9+0.5 245+ 0.6 *Ay 162+ 15 ** 275+0.9 *

Data are expressed as Means = SEM, n = 24 per group.
Ak

p < 0.01 vs controls;

#p < 0.05 vs untreated diabetic group.
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Table 2

Motor and sensory nerve conduction velocities, thermal response latencies, and tactile response thresholds in
control and diabetic mice maintained with and without baicalein treatment

Groups
Variables Control  Control + baicalein Diabetic Diabetic + baicalein
Baseline (prior to induction of STZ-diabetes)
MNCV, ms™t 548+1.1
SNCV, ms™t 37.4+04

Thermal response latencies, s 9.0+ 0.6

Tactile response thresholds, g 2.1 +0.16

12-wk time point (prior to interventions)

MNCV, ms™ 555+ 1.2 412+08™
SNCV, mst 38005 324+08™"
Thermal response latencies,s 8.9 +0.7 179+0.7%"
Tactile response thresholds,g 2.4 +0.2 0.8+0.15™

14-wk time point (final measurements)

MNCV, ms™ 57211 56.8+16 413+12™  478+15™%
SNCV, ms™! 38.4+0.6 37.5+07 30.8+03™% 34.1 + 0.4 H%
Thermal response latencies,s  10.1 + 0.6 115+0.3 185+08°" 15.7 + 0.6 " ##
Tactile response thresholds, g~ 2.6 +0.2 23+0.1 13+017 17+01°%#

Data are expressed as Mean + SEM, n = 10-12 per group.

Aok
p < 0.01 vs controls;

###p < 0.05 and < 0.01 vs untreated diabetic group
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Table 3

Sciatic nerve and spinal cord glucose, sorbitol, and fructose concentrations (nmol mg=1 protein) in control and
diabetic mice maintained with and without baicalein treatment

Groups

Variables Control Control + baicalein Diabetic Diabetic + baicalein
Sciatic nerve

Glucose 126+14 18.6+2.2 110+ 1.4 119+ 14

Sorbitol  0.96 % 0.06 0.79 +0.06 214021 19+017™

Fructose ~ 2.2+0.21 20%0.13 1054023  g5+021
Spinal cord

Glucose ~ 0.29£0.2 0.35+0.05 71+16™* 88+10™*

Sorbitol 0.86 +0.12 0.78 £ 0.09 1.23+025% 13340117

Fructose 0.35+0.08 0.36 £0.11 62+11°" 81+0797

Data are expressed as Mean + SEM, n = 7-8 per group.

* A
1

p < 0.05 and < 0.01 vs controls;

s . .
p < 0.01 vs untreated diabetic group
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