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Abstract
The role of taurine in regulating glucose-induced nitrosative stress has been examined in human
Schwann cells, a model for understanding the pathogenesis of diabetic neuropathy. Exposure to
high glucose increased nitrated proteins (1.56 fold p<0.05), inducible nitric oxide synthase (iNOS)
and neuronal NOS (nNOS) mRNA expression (1.55 fold and 2.2 fold respectively, p<0.05 both),
phospho-p38 MAPK (1.32 fold, p<0.05) abundance and decreased Schwann cell growth (11 ± 2%,
p<0.05). Taurine supplementation prevented high-glucose induced iNOS and nNOS mRNA
upregulation, reduced nitrated proteins and phospho-p38 MAPK (56 ± 11% and 45 ± 18% (p<0.05
both) respectively) and restored Schwann cell growth to control levels. High glucose and taurine
treatment alone reduced phospho-p42/44 MAPK and phospho-AKT to below detectable levels.
Treatment of human Schwann cells with donors of nitric oxide and peroxynitrite reduced taurine
transporter (TauT) expression (by 35 ± 5% and 29 ± 7% respectively p<0.05 both) as well as the
maximum velocity of taurine uptake (TauT Vmax). NOS inhibition prevented glucose-mediated
TauT mRNA downregulation, and restored TauT Vmax. These data demonstrate an important role
for taurine in the prevention of nitrosative stress in human Schwann cells, which may have
important implications for the development and treatment of diabetic neuropathy.
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Introduction
Peripheral diabetic neuropathy (DN) affects up to 50% of those with diabetes and is a
leading cause of lower limb amputations. Hyperglycemia induced oxidative/nitrosative
stress is a major cause of microvascular complications including DN. Accumulation of
nitrated proteins (3-NT), a footprint of reactive nitrogen species (RNS) injury, has been
observed in the peripheral nerve (Cheng, C. and Zochodne, D. W. 2003), spinal cord and
dorsal root ganglion (DRG) in animal models of both type 1 and type 2 diabetes mellitus
(Obrosova, I., 2008). In vitro studies using cultured human Schwann cells (HSC) exposed to
high glucose have demonstrated nitrated proteins accumulation along with increased iNOS
expression (Obrosova, I., et al. 2005). Nitric oxide (NO) can be generated by three nitric
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oxide synthase (NOS) isoforms; neuronal NOS (nNOS) inducible NOS (iNOS) and
endothelial NOS (eNOS). An important pathophysiological role for NO in DN, is supported
by the salutary effects of iNOS and nNOS gene deletion in diabetic mice which demonstrate
improved nerve conductivity and reduced hypoalgesia compared to the diabetic wild-type
(Vareniuk, I., et al. 2008; Vareniuk, I., et al. 2009). iNOS in particular has been implicated
in the development of diabetes complications via inflammatory pathways such as NFκB and
TGF-α (Empl, M., et al. 2001; Powell, L. A., et al. 2004; Ramana, K. V., et al. 2003)

Taurine is a sulfur-containing, free amino acid that has multiple putative metabolic functions
including that of an antioxidant (Obrosova, I., et al. 2001). Taurine depletion has been
demonstrated in blood samples of patients with type 1 and type 2 diabetes as well as in the
peripheral nerve (Stevens, M. J., et al. 1993), lens (Malone, J. I., et al. 1993) and mesangial
cells (Trachtman, H., et al. 1993) of diabetic rodents. Taurine supplementation has been
shown to attenuate oxidative stress in many of these tissues (Obrosova, I., et al. 2009).
Taurine also has roles as an osmolyte, calcium modulator (Li, F., et al. 2005) and
neurotransmitter (Bravenboer, B., et al. 1992). Intracellular taurine concentration is
maintained by the Na+Cl−-dependent taurine transporter (TauT) which is regulated by
glucose, oxidative stress and changes in osmolarity. Disruption of taurine transport has been
identified as an important pathway leading to its intracellular depletion (Nakashima, E., et
al. 2005; Stevens, M. J., et al. 1999). In models of diabetic neuropathy, taurine
supplementation has been shown to reduce reactive oxygen species (ROS), lipid
peroxidation, poly(ADP-ribose) accumulation (Askwith, T., et al. 2009), attenuate functional
deficits and ameliorate thermal and mechanical hyperalgesia (Li, F., Obrosova, I. G., et al
2005; Li, F., et al. 2006). However, the effects of taurine supplementation on nitrated
proteins and NOS have not been explored.

The pathophysiology of diabetic neuropathy remains controversial with some authorities
believing that SC dysfunction plays a primary role in the development of this condition.
Autopsy studies and nerve biopsy material from patients with diabetic neuropathy identify
lesions involving peripheral axons, loss of large and small myelinated nerve fibres and onion
bulb formation due to successive demyelination and remyelination (Thomas, P.K and
Lascelles, R. G. 1965), all suggesting SC as the primary abnormality, a finding which has
also been re-emphasised by Mizisin et al (Mizisin., et al. 1998) .. In diabetes, nerve
demyelination and the resultant impairment of nerve conduction velocity are thought to
reflect SC dysfunction. Glucose uptake into SC is insulin-independent and the enzyme
aldose reductase which catalyses the reduction of glucose to sorbitol, the first step in polyol
pathway of glucose metabolism, is highly expressed in SCs (Ludvigson, M. A. and
Sorenson, R. L. 1980), and has been implicated in the development of oxidative/nitrosative
stress and glucose-toxicity (Maekawa, K., et al. 2001; Suzuki, T., et al. 1999). Together
these make SC vulnerable to hyperglycemic toxicity, and SC have been identified as the
critical focus of oxidative/nitrosative stress in diabetic models.. Increases in nitrated proteins
and iNOS have both been consistently observed in SC in response to high glucose
(Obrosova, I., et al. 2005), but the effects on nNOS are more varied (Adeghate, E., et al.
2003; Ii, M., et al. 2005; Okada, S., et al. 2008; Onozato, M. L., et al. 2002; Park, J. W., et
al. 2006; Yabuki, A., et al. 2006).

P38 and JNK/SAPK (c-Jun NH2-terminal kinase/stress activated protein kinase) are mitogen
activated protein kinases (MAPK) stimulated by oxidative and osmotic stress as well as
inflammation. Both p38 and JNK/SAPK are activated by RNS and glucose and are able to
mediate inflammatory responses and iNOS expression. Recently the MAPK pathways have
been considered as transducers linking high glucose with biochemical dysfunction, observed
with complications of diabetes. In particular, increases in p38 MAPK have been observed in
DRG neurons (Purves, T., et al. 2001) and sciatic nerve (Price, S. A., et al. 2004) of
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streptozotocin-diabetic (STZ-D) rats as well as hyperglycemia-treated immortalized SC
(Almhanna, K., et al. 2002) and sural nerves from patients with advanced DN undergoing
lower-limb amputations (Purves, T., et al. 2001). Evidence also links increased p38 with
chronic pain in DN. Inhibition of aldose reductase reduces p38 activation (Price, S. A., et al.
2004), improves nerve conduction and reduces hyperalgesia in diabetic animal models.

P42/44 MAPK and Akt are mediators of cell growth and proliferation, Akt also being able to
stimulate glucose uptake and eNOS activation in endothelial cells (Zdychova, J. and
Komers, R. 2005). Despite being transducers of growth and cell proliferation, p42/44
MAPK have been implicated in diabetic complications. P42/44 MAPK can be activated by
ROS and RNS (Liaudet, L., et al. 2009) and activation is increased in models of diabetes
(Tomlinson, D. R. and Gardiner, N. J. 2008); in addition inhibition of p42/44 MAPK has
attenuated glucose-mediated iNOS activation (Yuan, Z., et al. 2009). Discordant data exist
with regards to the effect of RNS on Akt since peroxynitrite has been observed to both
increase as well as decrease Akt activation depending on the model used (Liaudet, L., et al.
2009)

In this report we explore the effects of high glucose and taurine on RNS, iNOS and nNOS in
HSC as well as the effects on activated forms of p38, p42/44 MAPK, SAPK/JNK and Akt.
We demonstrate that taurine reduces RNS and NOS upregulation in glucose-exposed HSC
and explored the potential mechanisms involved.

Methods
Cell culture

The primary adult HSC strain (ScienCell, Carlsbad, California) a commercially available
cell strain derived from a young healthy male adult. Identity was confirmed by
immunohistochemical staining with Schwann cell markers S-100, GFAP (glial fibrillary acid
protein) and CD90 performed by ScienCell. They have been previously used in (Askwith,
T., et al. 2009; Obrosova, I., et al. 2005). Cells were cultured at 37°C in a 5% CO2,
humidified atmosphere in Dulbecco’s modified Eagles’ media (DMEM) (Lonza)
supplemented with 10% FBS (fetal bovine serum), 100 U/ml penicillin, 100 μg/ml
streptomycin, 2 mM L-glutamine. Twenty four hours prior to treatment media was changed,
and replaced with DMEM supplemented with 5% fetal bovine calf serum (BCS), containing
high (10 and 30 mM) or normal (5 mM) glucose and other experimental conditions and
passaged as required. Passages 6-9 were used in all experiments.

For measurements with 100 μM α-lipoic acid (ALA) and the aldose reductase inhibitor
(ARI), 10 μM Sorbinil, reagent stocks were dissolved in DMSO and treatments were
compared to control with vehicle added. ALA is a potent free radical scavenger which has
been shown to have therapeutic benefits in both animal and clinical models of DN, The
concentration of ALA was used based upon other in vitro studies such as (Vincent, A. M., et
al. 2005). For measurements with taurine supplementation, 250 μM was used. In diabetes
both intracellular and plasma taurine concentrations are reduced. In human and animal
models, dietary taurine supplementation restores plasma and intracellular taurine content.
Similarly in cell culture models, exogenous taurine supplementation restores intracellular
taurine content (Nandhini, A. T., et al. 2004). This restoration cannot be explained by Na+
independent taurine uptake, which is passive. Antioxidants including taurine restore TauT
mRNA expression as well as Na+K+ATPase activity, which maintains the Na+ gradient
down which taurine is transported (Nandhini, A. T., et al. 2004). Therefore a combination of
these two factors could restore intracellular taurine content and explain the profound effect
with modest taurine supplement.
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Western Blotting
HSC were grown for 7 days in experimental conditions. At 7 days cells were washed in
Hank’s balanced salt solution (HBSS) and lysed in 2% SDS containing 1% protease
inhibitor cocktail (Sigma). Protein concentration was measured using bicinchoninic acid
(BCA). 40μg of sample were separated electrophoretically on a 10% SDS-polyacrylamide
gel and electrotransferred onto a polyvinylidene difluoride (PVDF) membrane. The blots
were blocked with 3% milk and incubated with primary antibodies (mouse nitrated proteins
1:1000 (Millipore), rabbit p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182), p42/44
MAPK, phospho-p42/p44 MAPK (Thr202/Tyr204), SAPK/JNK phospho-SAPK/JNK
(Thr185/Tyr185), Akt and phospho-Akt (Ser 473) [1:1000, Cell Signaling all, except p42/44
MAPK 1:2000 Cell Signaling]) prepared in 3% milk containing 0.05% Tween-20 + 0.05%
sodium azide overnight at 4°C. Blots were probed with secondary antisera conjugated to
horseradish peroxidase (anti rabbit IgG 1:4000; GE healthcare) and visualization was
performed with ECL detection reagents (Roche). To confirm equal loading, membranes
were stripped and re-probed with rabbit anti-actin (1:200; Sigma). For nitrated protein
western blot the total of all bands were analyzed and for p38, p42/44, JNK/SAPK and Akt
corresponding bands were quantified by densitometry using a Syngene Ingenious system
and analyzed using Gene Tools software.

Quantitative reverse transcription Polymerase Chain Reaction (Q-RT-PCR)
Q-RT-PCR on HSC RNA was conducted using the Invitrogen SuperScript® III Platinum®
One-Step qRT-PCR Kit according to manufacturer’s instructions. Certified Fam-labeled lux
primers (Invitrogen) specific for nNOS in exon 12, iNOS at the boundary between exons 18
and 19 and the TauT boundary between exons 1 and 2 (5′TCTTGGAGATCATCATAGG′3
and 3′CGGCATTACAACGGAGG′5) Certified Joe labeled β-actin primer (Invitrogen) as
the housekeeping gene, were used to which the data was normalised. Preliminary studies
demonstrated the expression of β-actin was unchanged in any of the treatment groups (data
not shown). Results were analyzed using SDS software using the ΔΔCT method and results
expressed as relative quantity (RQ).

Taurine uptake
Measurements of taurine uptake were performed as previously described (Askwith, T., et al.
2009). Briefly, uptake of 6.9 nM [3H] taurine was performed over 30 min at 37°C with
increasing concentrations of unlabelled taurine (1-50 μM). Maximum velocity (Vmax) and
Michaelis-Menten constant (Km) were obtained by non-linear regression analysis on the
Michaelis-Menten plot, performed using Prism software.

Measurements of Schwann cell viability
For measurements of cell viability, HSC were grown for 7 days in media supplemented as
described above. On day 5 cells were plated onto poly-L-lysine coated wells. After culture
for 7 days propidium iodide (PI) (10 μg/ml) was added and incubated with the cells at 37°C,
5% CO2 for 10 mins. Dead cells were assayed at excitation 488 nm, emission 562-588 nm
using a plate reader. For total cell number cells were washed in PBS and lysed by addition
of Triton X-100 containing 10 μg/ml PI for 10min at 37°C, 5% CO2 and assayed at 544 nm,
emission 612 nm.

Results
Effect of high glucose on nNOS and iNOS mRNA expression

Changes in nNOS and iNOS mRNA expression were measured in HSC by qRT-PCR after
exposure to 5, 7.5, 10, 15, 22 and 30 mM glucose for 7 days (figure 1). Expression of iNOS
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was significantly increased at glucose concentrations >15 mM, with an 1.82 fold increase at
30 mM glucose (p<0.05). nNOS expression was increased at glucose concentrations >10
mM with a maximal 2.2 fold increase at 30 mM glucose (p<0.05). No increase was found
when the osmotic control, 25 mM raffinose, was used in place of glucose.

Effect of high glucose on nitrated proteins
Western blotting of cells incubated for 7 days in 5, 10 and 30 mM glucose were performed
using antisera to nitrated proteins. The data are shown in figure 2. The abundance of nitrated
proteins, assessed by densitometry was increased by 1.46 fold in 10 mM and by 1.56 in 30
mM glucose (p<0.05) compared to 5 mM glucose.

Effect of taurine on nNOS, iNOS and nitrated proteins
To understand the effect of taurine and oxidative stress on nitrated proteins, the effect of
taurine co-treatment on iNOS, nNOS expression and 3-NT were explored in normal (5 mM)
and high (10-30 mM) glucose. Changes in iNOS and nNOS mRNA expression induced by
glucose were compared to co-treatment with ALA.

In 5 mM glucose, neither taurine nor ALA was found to affect iNOS expression (figure 3A).
Interestingly, in 10 mM glucose, taurine co-treatment increased iNOS expression 1.45 fold
(p<0.05), compared to untreated 10 mM glucose. The increase observed with ALA not
achieving statistical significance.

In 30 mM glucose, taurine supplementation entirely prevented the upregulation of iNOS
which was similar to the response of ALA co-treatment.

The corresponding changes in nNOS expression are shown in figure 3B. In 5 mM glucose
both taurine and ALA increased nNOS expression by 2.3 fold and 1.8 fold respectively
(p<0.05) compared to untreated SC. In 30 mM glucose the effects of ALA and taurine
differed: Taurine decreased nNOS expression by 44 ± 18% to levels similar to 5 mM
glucose, whereas ALA co-treatment did not affect nNOS expression.

Co-treatment with 250 μM taurine reduced 3-NT significantly to below control with
reductions at 5, 10 and 30 mM of 50 ± 10%, 54 ± 7% and 56 ± 11%, respectively (p<0.05
all) compared to respective untreated glucose concentration figure 3C.

Effect of polyol pathway flux on iNOS and nNOS expression
Flux through the polyol pathway increases oxidative/nitrosative stress and depletes
intracellular taurine. To explore the effect of increased polyol pathway flux on iNOS and
nNOS expression, HSC incubated in 5, 10 and 30 mM glucose, were treated with the ARI,
sorbinil (10 μM) (figure 4). iNOS expression was increased by ARI in 5 and 10 mM glucose
by 1.74 fold and 1.72 fold respectively (p<0.05 both) compared to 5 mM glucose. At 30 mM
glucose however, ARI reduced glucose-stimulated iNOS expression by 38 ± 10% (p<0.05)
compared to 30 mM glucose.

In parallel to the effects of taurine, nNOS expression (figure 4B) was increased by ARI by
1.45 fold at 5 mM glucose (p<0.05). At 30 mM glucose ARI prevented the glucose-mediated
increase of nNOS.

Effect of high glucose on p38, p42/44, JNK/SAPK and Akt
Figure 5 illustrates the effects of high glucose on total and phosphorylated p38, p42/44
MAPK, JNK/SAPK and Akt were examined by western blot and compared with the effects
of simultaneous treatment with taurine and ALA. Compared to 5 mM glucose phospho-p38
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MAPK was increased by 1.5 fold and by 1.32 fold in 10 and 30 mM glucose, respectively
(p<0.05). Taurine reduced phospho-p38 expression by 50% in 5, 10 and 30 mM glucose, a
finding which was comparable to ALA. There were no detectable changes in the abundance
of total JNK/SAPK or phospho-JNK/SAPK by either high glucose or co-treatment with
taurine or ALA. Phospho-SAPK was not detectable in any of the treatment groups.

The abundance of phosphorylated p42/44 MAPK and Akt were reduced in 10 and 30 mM
glucose to below the level of detection, with no changes in total p42/44 MAPK or Akt.
Taurine co-treatment in 5 mM glucose also reduced phospho p42/44 MAPK and phospho
AKT expression to undetectable levels, and at higher glucose concentrations in the presence
of taurine, expression remained undetectable. ALA in 5 mM glucose had no discernable
effect on phospho-p42/44 MAPK but in higher glucose concentrations ALA preserved levels
of both phospho-p42/44 MAPK and Akt to levels observed in 5 mM glucose.

Effect of high glucose on Schwann cell growth and death
Measurements of HSC death using PI demonstrated that neither high glucose, nor taurine or
ALA co-treatment increased the proportion of dead cells in the cultures. Assessments of
DNA however, showed that glucose reduced HSC growth dose-dependently by 6 ± 2%
(p=0.132) and 11 ± 2% (p<0.05) at 10 and 30 mM glucose respectively (Table 1). Co-
treatment with either taurine or ALA ablated the high-glucose induced reduction.

Effect of NO donors on TauT expression and taurine transport
The effect of NO on TauT expression was measured by incubating HSC with increasing
concentrations of two NO donors, 3-morpholino-sydnonimine (SIN-1) and sodium
nitroprusside (SNP) for 24 hours (figure 6). Both donors decreased TauT expression
between 10 and 100 μM. The reduction of TauT expression was maximal in 10 μM SIN-1
which resulted in a 35 ± 5 % decrease in TauT mRNA expression (p<0.05). SNP also
reduced TauT mRNA by up to 29 ± 7%.

Measurements of TauT kinetics indicated that 10 μM SIN-1 reduced TauT Vmax from 48 ±
4 pmoles/min/mg protein to 39 ± 2 pmoles/min/mg protein (p<0.05), whereas 100 μM SNP
reduced TauT Vmax to 28 ± 2 pmoles/min/mg protein (p<0.005). No significant change in
the Km was observed for either donor.

Effect of NOS inhibitor on TauT expression and taurine transport
We have previously demonstrated that high glucose reduces TauT expression and taurine
transport into HSC (Askwith, T., et al. 2009). To determine whether this effect involves NO,
HSC were exposed for 7 days to 30 mM glucose in the presence and absence of 50 μM of
the NOS inhibitor N-nitro-L-arginine methyl ester (L-NAME).

Treatment with L-NAME had no effect on TauT mRNA expression in 5 mM glucose,
however in 30 mM glucose, L-NAME completely prevented the reduction in TauT
expression (figure 7). Similarly measurements of TauT kinetics demonstrated that L-NAME
had no effect on TauT kinetics in normal glucose concentrations, however in 30 mM glucose
L-NAME restored TauT Vmax from 33 ± 3 pmoles/min/mg protein to 60 ± 4 pmoles/min/
mg protein (p<0.05).

Discussion
Accumulation of nitrated proteins has been observed in the tissues sensitive to diabetic
complications. In this study we found that exposure of HSC to pathophysiological
concentrations of glucose increased 3-NT and iNOS mRNA which is consistent with
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previous reports (Obrosova, I., et al. 2005). Upregulation of iNOS in response to high
glucose has been observed in the retina, heart, vascular endothelium, smooth muscle, HSC
cells, human retina cells and coronary artery endothelial cells (Vareniuk, I., et al. 2008). The
development of experimental neuropathy is reduced in iNOS knockout diabetic mice. We
have extended these findings by demonstrating that nNOS expression is also regulated by
pathophysiological glucose concentrations. In vivo, NO release from nNOS is thought to aid
synaptic transmission (Kiss, J. P. and Vizi, E. S. 2001). Studies exploring the effects of
diabetes on nNOS expression have yielded variable results; for example, nNOS expression
is increased in the retina (Takeda, M., et al. 2001) and gastroduodenal tract (Adeghate, E., et
al. 2003) of STZ-D rats and in the kidney cortex of Otsuka Long Evans Tokushima Fatty
rats (Yabuki, A., et al. 2006), but is decreased in the kidney cortex of STZ-D rats (Okada, S.,
et al. 2008) and high glucose-treated immortalized mouse SC (Ii, M., et al. 2005). However,
the importance of nNOS-derived NO in the pathogenesis of DN has been demonstrated in
nNOS knockout mice which are protected from neuropathy, albeit to a lesser extent, than
iNOS knockout mice (Vareniuk, I., et al. 2009).

We found that taurine regulated iNOS and nNOS expression as well as nitrated proteins in
both 5 mM glucose and at pathophysiologically elevated levels of glucose. Taurine inhibits
oxidative stress, restores DRG neuron Ca2+ signaling (Li, F., et al. 2005) and reduces
glycation in animal models of diabetes (Nandhini, T. A. and Anuradha, C. V. 2003;
Schaffer, S. W., et al. 2009). In HSC, taurine reduces glucose-induced increases in oxidative
stress, lipid peroxidation and poly(ADP-ribosyl)ated proteins (Askwith, T., et al. 2009). It is
unclear whether all the beneficial effects of taurine are mediated by an antioxidant
mechanism, or due to other metabolic properties (Schaffer, S. W., et al. 2009). Therefore in
order to explore the potential mechanisms of action of taurine, we compared the effects of
taurine with that of the potent antioxidant ALA in this communication.

Taurine reduced nitrated protein abundance by 50% in HSC at all glucose concentrations, an
effect typical of an antioxidant. In 30 mM glucose, taurine restored iNOS and nNOS mRNA
expression to levels observed in 5 mM glucose. The response of iNOS to taurine was similar
to that of ALA, consistent with an antioxidant effect. In parallel, an antioxidant action would
seem to account for the upregulation of nNOS gene expression by taurine and ALA in 5 mM
glucose. However in 30 mM glucose the response of nNOS differed, because although
taurine prevented high-glucose mediated nNOS upregulation, ALA treatment was without
effect. This suggests that at high glucose concentrations, the effect of taurine (and indeed
ARI) on nNOS is unlikely to be mediated by an antioxidant action, but could be mediated by
carbonyl scavenging or perhaps by restoring Ca2+ signaling. Ca2+ influx mediated by
glutamate binding to NMDA receptors activates nNOS (Forstermann, U., et al. 1998; Park,
J. W., et al. 2006) and since taurine has been shown to attenuate excessive Ca2+ flux in
diabetes (Li, F., et al. 2005), normalization of Ca2+ signaling by taurine in HSC may
underpin its effect on nNOS expression.

Under conditions of sustained high glucose, flux through the polyol pathway is increased
which contributes to both oxidative and nitrosative stress (Edwards, J. L., et al. 2008). ARI
prevents deficits of taurine transport in HSC and replete intracellular taurine in
complications prone diabetic tissues such as the nerve and retina (Askwith, T., et al. 2009).
We found that the ARI sorbinil prevented the high (30 mM) glucose-induced increase in
both iNOS and nNOS expression, suggesting the increase in NOS expression is at least in
part, AR-mediated. At lower glucose concentrations however, only iNOS expression was
significantly increased by ARI. Although the mechanisms of the effect of ARI on iNOS are
unclear, the close parallelism of the effects of ARI and taurine suggest that taurine
intracellular repletion could be an important component of this response. Since both taurine
(in 10 mM glucose) and ARI (in 5 and 10 mM glucose) increased iNOS expression at lower
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glucose concentrations it is also possible that an osmotic effect of depleting intracellular
sorbitol results in increased iNOS expression, at 5 and 10 mM glucose whereas an the
reduction of iNOS by these agents at 30 mM glucose may be primarily mediated by an
antioxidant action.

The effects of taurine and ALA were compared on glucose-induced changes in MAPK
family members and Akt. MAPKs have been identified as transducers linking high glucose
to biochemical deficits in diabetes. P38 mediates responses to osmotic stress including the
regulation of genes such as AR and taurine. Together with SAPK/JNK these are thought to
be activated by oxidative stress, RNS and increased polyol pathway flux in the peripheral
nerves of diabetic rodents and patients (Purves, T., et al. 2001). ARI-sensitive
phosphorylation and nuclear migration of p38 MAPK has been demonstrated in DRG
sensory neurons of diabetic rodents and specific inhibition of p38 prevents Na+ channel
phosphorylation and nerve conduction slowing. This study demonstrates a clear increase in
phospho-p38 MAPK, and a trend to an increase in total p38. However, consistent with the
report of Yuan et al 2009 (Yuan, Z., et al. 2009) no changes were seen in SAPK/JNK and
only phospho-JNK was detectable. To our knowledge, this is the first communication to
assess the effect of taurine on the MAPK pathway, demonstrating that taurine reduced
phospho-p38, a response mirroring that of 3-NT. Finally, activation of sensory neurons DRG
p38 MAPK has been invoked in the development of hyperalgesia (Daulhac, L., et al. 2006)
and thus the salutary effect of taurine to prevent hyperalgesia in diabetic rodents could be
mediated via this mechanism.

Phosphorylation of both Akt and p42/44 MAPK signaling intermediates were inhibited by
incubation with 10 mM and 30 mM glucose compared with 5 mM glucose. ALA prevented
the glucose-mediated reduction of phospho-p42/44 MAPK and phospho-Akt suggesting that
ROS are responsible for this inhibition. Taurine treatment however failed to restore the
glucose-mediated reduction of either phospho-p42/44 MAPK or phospho-Akt and reduced
levels in 5 mM glucose. These data are compatible with an effect of taurine, reported in
other cell lines, to increase phosphatase activities. Taurine increased activities of p42/44
MAPK phosphatase in human retinal pigment epithelial cells and protein tyrosine
phosphatase in rat vascular smooth muscle cells which are responsible for the
dephosphorylation of MAPK and Akt respectively (Lornejad-Schafer, M. R., et al. 2009;
Yoshimura, H., et al. 2005). In vitro glucose-exposed Schwann cells display many metabolic
abnormalities such as depletion of arachidinyl-containing phospholipids, oxidative-
nitrosative stress, poly(ADP-ribose)polymerase (Obrosova, I. G., et al. 2005;Askwith, T., et
al. 2009) and 12/15-lipoxygenase activation all of which are found in the diabetic peripheral
nerve (Stavniichuk, R., et al. 2010). Transgenic mice over-expressing aldose reductase show
more severe nerve conduction velocity deficit and oxidative stress under hyperglycemic
stress (Song, Z., et al. 2003), demonstrating the importance of Schwann cell deficits on
diabetic neuropathy.

Changes in pAKT are further indication of these metabolic deficits and further demonstrate
SC dysfunction induced by glucose-exposure. Akt is an essential mediator of glucose
uptake, regulating Glut4as well as glycogen synthesis. Akt phosphorylation is reduced in
models of both Type 1 and Type 2 diabetes and it is possible this could contribute to
secondary insulin resistance in type 1 patients. What is unclear, however, is whether the
reduction in Akt phosphorylation is secondary to insulin resistance/impaired insulin
secretion, or due to prolonged hyperglycaemia or a consequence of prolonged
hyperglycaemia such as ROS and RNS (Liaudet, L., et al. 2009) as well as glucosamine, a
product of the hexosamine pathway, reduce Akt activation (Du, X. L., et al. 2001;
Schleicher, E. D. and Weigert, C. 2000). The response in these isolated cultures suggests the
effect on Akt is independent on insulin and a direct result of glucose toxicity. The effect of
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ALA indicates this effect is ROS mediated and the effect of taurine consistent with
upregulation of phosphatases. Ultimately the importance of taurine mediated, down-
regulation of pAKT and the lack of effect in high glucose is unclear.

Previously we have demonstrated that high glucose exposure reduced TauT expression and
taurine transport in HSC (Askwith, T., et al. 2009). In order to determine the functional
consequences of increased NOS on taurine transport in HSC we studied the effect of NO and
RNS donors on TauT. Both Sin-1 and SNP reduced TauT mRNA expression as well as
taurine transport while NOS inhibition with L-NAME restored the glucose-induced down-
regulation of TauT mRNA. These data indicate that upregulation of NOS and increased
RNS production may detrimentally disrupt taurine transport in HSC.

In conclusion, as illustrated in figure 8, taurine can abrogate high glucose-mediated
accumulation of nitrated proteins, p38 activation, impaired growth and increased NOS
expression in HSC. Taurine appears to play an important role in the regulation of nNOS in
particular, with a mechanism of action which is at least partially independent of an
antioxidant effect. Finally, high glucose-mediated TauT down-regulation in HSC appears to
be at least partially-mediated by glucose-induced increase in NO and RNS.
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Highlights

• Effects of high glucose and taurine on RNS, iNOS and nNOS in Human
Schwann Cells.

• Important role for taurine in the prevention of nitrosative stress in HSC cells

• Mechanism of action which is partially independent of an antioxidant effect

• Taurine reduces RNS and NOS upregulation in glucose-exposed HSC
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Figure 1.
Concentration dependent effects of chronic glucose exposure on the expression of iNOS and
nNOS mRNAs
iNOS and nNOS mRNA expression was measured by q-RT-PCR using TauT specific
primers. Data expressed as relative quantity of 6 separate experiments mean ± SEM p<0.05.
* p<0.05 vs. 5mM glucose †p<0.05 vs. respective glucose
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Figure 2.
Effect of high glucose on nitrated proteins
A representative Western blot of 3-NT is shown. Equal protein was loading confirmed by β-
actin. Quantitation was performed by densitometry and data expressed as mean ± SEM of 5
separate experiments. * p<0.05 vs. 5 mM glucose † p<0.05 vs. respective glucose.
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Figure 3.
Effect of treatment with 100 μM ALA and 250 μM taurine on (A) iNOS and (B) nNOS
mRNA expression in normal and high glucose. Data expressed as relative quantity of 6
separate experiments mean ± SEM * p<0.05 vs. 5 mM glucose †p<0.05 vs. respective
glucose
Effect of high glucose and taurine treatment on nitrated proteins(C). Representative Western
blots of 3-NT protein shown. Equal protein loading confirmed by β-actin. Quantitation was
performed by densitometry and data expressed as mean ± SEM of 5 separate experiments. *
p<0.05 vs. 5 mM glucose † p<0.05 vs. respective glucose.
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Figure 4.
Effect of the aldose reductase inhibition with 10 μM Sorbinil on (A) iNOS and (B) nNOS
mRNA expression. Data expressed as relative quantity of 6 separate experiments mean ±
SEM * p<0.05 vs. 5 mM glucose †p<0.05 vs. respective glucose
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Figure 5.
Effect of high glucose and treatment with taurine and ALA on MAPK family members and
Akt. (A) Representative western blots shown, equal protein loading confirmed by β-actin.
Quantitation of phospho-p38 (B) performed by densitometry and normalized by β-actin.
Data expressed as mean ± SEM of 5 separate experiments * p<0.05 vs. 5mM glucose †
p<0.05 vs. respective glucose.
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Figure 6.
Effect of nitric oxide and peroxynitrite on TauT expression and taurine uptake
A) TauT expression was measured by q-RT-PCR. Data expressed as relative quantity of 6
separate experiments mean ± SEM p<0.05. * P<0.05 vs. untreated
B) Kinetic plots obtained by measuring taurine uptake in SC. Michaelis-Menten plots for Na
+ dependent taurine uptake are shown. Vmax and Km were obtained by non-linear
regression using Prism software* p<0.01 vs. untreated †p<0.05 vs. untreated ‡ p>0.2 vs.
untreated
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Figure 7.
Effects of L-NAME on high glucose-induced downregulation of (A) TauT mRNA
expression and (B) TauT kinetics
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Figure 8.
Model of the interrelationships of taurine and oxidative/nitrosative stress in Schwann cells in
diabetes.
High intracellular glucose increases intracellular sorbitol content and nitrosative stress. Both
deplete taurine by reducing taurine uptake. Taurine depletion in turn increases oxidative
stress and iNOS and nNOS expression, further increasing nitrosative stress resulting in a
feed-forward cycle.
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Table 1

Effects of high glucose, taurine and ALA on DNA content

SC growth
% control

Glucose [mM]

5

untreated
100.0 ± 3.5
100.0 ± 1.5
100.0 ± 3.6

taurine

ALA

10

untreated
94.4 ± 1.8
101.1 ± 1.8
102.4 ± 1.6

taurine

ALA

30

untreated
89.0 ± 1.8*

100.4 ± 1.3†

103.7 ± 2.1†
taurine

ALA

Total levels of DNA were measured using the PI method. Data expressed as relative quantity of 6 independent experiments as mean ± SEM
p<0.05.

*
p<0.05 vs. untreated 5 mM glucose

†
p<0.05 vs. untreated 30 mM glucose
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