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Abstract

Administration of pyridoxal 5’ phosphate (PLP) has demonstrated beneficial effects in the management of diabetes, albeit the
mechanism(s) are not clearly understood. The present study addressed the islet-cell function(s) in streptozotocin (STZ)-
induced diabetic mice both in vitro and in vivo. Primary islet cells primed with or without PLP (5 mmol/L) were treated with
STZ (2 mmol/L) and were measured for cell viability, insulin secretion, free radicals and mRNA of Insulin and Pdx1. The
specificity of PLP’s response on insulin secretion was assessed with amino oxy acetic acid (AOAA)-PLP inhibitor. In vivo,
the STZ (200 mg/kg b.w)-treated diabetic mice received 10 mmol/L PLP intraperitoneally a day before (PLP + STZ) or after
(STZ + PLP) with three more doses once every 48 h. On 7, 14 and 21 d of STZ treatment, physiological parameters, islet
morphology, insulin:glucagon, insulin:HSP104, and mRNA of Insulin, Glut2, Pdx1 and Reg1 were determined. In vitro, PLP
protected islets against STZ-induced changes in viability, insulin secretion, prevented increase in free radical levels and
normalized mRNA of Insulin and Pdx1. Further, AOAA inhibited PLP-induced insulin secretion in islets. In vivo, PLP
treatment normalized STZ-induced changes in physiological parameters, circulating levels of PLP and insulin. Also, islet
morphology, insulin:glucagon, insulin:HSP104 and mRNA levels of Insulin, Pdx1 and Glut2 were restored by 21 d. Although
PLP treatment (pre- and post-STZ) prevented development of frank diabetes, STZ + PLP mice showed transient
hyperglycemia, and increased mRNA for Reg1. The data suggest the cytoprotective vis-a-vis insulinotrophic effects of PLP
against STZ-induced beta-cell dysfunction and underline its prophylactic use in the management of diabetes.
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Introduction the damaging effects of reactive oxygen species (ROS) in

New insights from basic and clinical research suggest that
the common denominator of all forms of diabetes is the
lack of an adequate beta-cell mass (an absolute lack in
type 1 diabetes versus relative lack in type 2 diabetes) result-
ing in insulin insufficiency leading to hyperglycemia.
Diabetes reflects a state of imbalance between the oxidant
stress and antioxidative defence mechanism(s), which gen-
erate free radicals causing patho-physiological changes
underlying the secondary complications (nephropathy, reti-
nopathy, neuropathy and cardiovascular changes)." The
beta cells are unique as they are unusually susceptible to
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alloxan and streptozotocin (STZ)-treated model systems.”
There have been several approaches to improve glycemic
control, which includes the restoration of the damaged beta
cells by transplanting the islets’ or by pancreas regeneration
using embryonic stem cells* and adult stem cells.” However,
the efficacy of these approaches need to be established on
the long-term basis despite the success to reverse the dia-
betic response in model systems. Of great interest in this
context are the alternative strategies to improve glycemic
control in diabetes by preventing/rescuing the islets from
beta-cell death and damage due to the high oxidative

Experimental Biology and Medicine 2011; 236: 456-465



stress persistent in chronic hyperglycemia. Hence, the need
of the hour is the identification of factors of utmost prophy-
lactic importance focused not only on decreasing oxidative
stress but also on increasing beta-cell integrity and
hormone production as an important option for treatment
of diabetic complications.

It has been reported that antioxidants like N-acetyl-
L—Cysteine,6 vitamin C7 and vitamin E® or a combination
protect the islet beta cells in STZ-induced diabetes. It has
also been demonstrated in vivo that over-expression of the
antiapoptotic, antioxidant proteins thioredoxin, catalase or
metallothionein” protect the beta cells against STZ-induced
insult. On similar lines the efficacy of epicatechin' and cur-
cumin'! in overcoming the STZ-induced beta-cell damage
has been reported. Thus, cytoprotection of beta-cell mass
after diabetogenic insult is of utmost importance in the
control and management of diabetes.

In the animal models of both type 1 and type 2 diabetes,
beneficial effects of vitamin B in treating diabetes have
been well exemplified from the epidemiological data and
have been effective in mitigating the transient diabetes
seen in people taking steroidal pills'® and gestational dia-
betes.'” Vitamin By is water soluble, and required for
normal growth and development. The active coenzyme
forms pyridoxal 5 phosphate (PLP) and pyridoxamine
encompass varied biological functions through participation
in diverse metabolic reactions. Studies have demonstrated
protective effects of Bg vitamins against ROS-related toxicity
with pyridoxal > pyridoxine > pyridoxamine being the
efficacy order, suggesting the antioxidant nature of
vitamin Bs on ROS-mediated damages.

We here hypothesize that PLP will enhance islet cell func-
tion and integrity (cytoprotection) against oxidative stress
produced in the diabetic condition. Our present approach
is to elucidate the mechanism by which PLP mitigates
islet-cell dysfunction (in vitro and in vivo) induced by STZ
in a murine model.

Methods
In vitro studies

Islet isolation and primary cell cultures

The islets were isolated under sterile conditions as per the
protocol of Banerjee and Bhonde.'* Briefly, pancreas were
subjected to collagenase (Sigma Co, St Louis, MO, USA)
digestion, and washed and centrifuged (3x) to obtain the
islet cell-enriched fraction. The islets were then seeded in
the RPMI1640 media (10% fetal calf serum (FCS)/anti-
biotics) (Invitrogen, Grand Island, NY, USA) and were
maintained for a period of 24-48 h for in vitro assays.

Dose optimization for STZ and PLP

STZ (Sigma) was added to the primary islet cell cultures
(approximately 250 islets) at a concentration of 0.1-
10 mmol/L, incubated for a period of 24 h and cellular via-
bility was measured by the 3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) assay.'” In another set
of experiments, islets (approximately 250) were pretreated
with 2mmol/L STZ and after 24h, PLP (Sigma) at a
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concentration of 1-10 mmol/L was added and viability
was assessed.'* The primary islet cell cultures that were
maintained in the media containing RPMI with 10% FCS
were treated as controls. The viability of STZ-treated islets
has been expressed as the percentage viability of the con-
trols (100%).

Experimental design

PLP (5 mmol/L) and STZ (2 mmol/L) were used for all in
vitro parameters unless otherwise indicated. The primary
islet cell cultures (approximately 250 islets/group) were
divided into Group 1 (Control), Group 2 (PLP), Group 3
(STZ), Group 4 (PLP + STZ - PLP treatment for 24 h fol-
lowed by STZ treatment for the next 24 h) and Group 5
(STZ + PLP - STZ treatment for 24 h followed by PLP for
the next 24 h). PLP was dissolved in phosphate-buffered
saline and STZ was reconstituted in 10 mmol/L citrate
buffer (pH 4.5). The primary islet cell cultures that were
maintained only in the media containing RPMI with 10%
FCS were treated as controls.

Insulin secretion

Islets from the control and the experimental groups were
subjected to insulin secretion at basal (5.5 mmol/L) followed
by high glucose challenge (16.5mmol/L)."* Parallely,
PLP-treated islets were incubated overnight with amino
oxy acetic acid (AOAA), an inhibitor of PLP at 0.5 and
1.0 mol/L concentrations, and insulin secretion at basal
and with challenge was measured using a mouse insulin
ELISA kit (Biosource, Nivelles, Belgium). The values have
been expressed as ulU/mg protein/h.

Measurement of free radicals

Islets from control and experimental groups were measured
for cellular ROS, lipid peroxidation, protein carbonyls'® and
nitrite levels as per the protocol of Kim et al.'® ROS levels are
expressed as fluorescence intensity units and lipid peroxi-
dation, protein carbonyls and nitrite levels are expressed
as nmoles per mg protein.

Semi-quantitative reverse transcriptase-polymerase
chain reaction

RNA was isolated using Trizol reagent (Sigma). cDNA was
synthesized from 500 ng of total RNA. Polymerase chain
reaction was carried out for Insulin, Pdx1 and p-actin
(Table 1). The amplicons were resolved electrophoretically
on 1.0% agarose gels prestained with ethidium bromide.
The images were captured in a Geldoc system and were
quantitated using Quantity One software (Bio-Rad
Laboratories, Herculus, CA, USA). Results have been
expressed as the ratio of the intensities of the band of the
target gene to that of the housekeeping B-actin gene.

In vivo studies

Animals

Experimental procedures were in compliance with the prin-
ciples of laboratory animal care (NIH publication no. 85-23,
revised 1985) and were approved by the Institute’s Ethical
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Table 1 Primer sequences and the amplicon sizes of genes studied
in vitro and in vivo studies

Primer sequence (forward 5'-3//

Gene reverse 3'-5') Product size (bp)

B-Actin  TGGAATCCTGTGGCATCCA/ 450
TAACAGTCCGCCTAGAAGCA

Insulin TCCGCTACAATCAAAAACCAT/ 411
GCTGGGTAGTGGTGGGTCTA

Pdx-1 CCTGCGTGCCTGTACATGGG/ 300
TTTCCACGCGTGAGCTTTGG

Glut-2 CGGTGGGACTTGTGCTGCTGG/ 416
CTCTGAAGACGCCAGGAATTCCAT

Reg-1 CATCTGCCAGGATCAGTTGC/ 386

AGGTACCATAGGACAGTGAAGC

Committee on Animal Experiments from the National
Centre for Laboratory Animal Sciences, Hyderabad, India.

Experimental design

Male swiss albino mice, aged 6-8 weeks, weighing 30-35 g
were housed individually in wire mesh bottomed polypro-
pylene cages and maintained under standard 12 h light/
dark cycles. Temperature and relative humidity were kept
constant at 22 +2°C and 55+ 10%, respectively, and
normal food and water were given ad libitum. Mice were
randomly divided into four groups: Control, STZ, PLP +
STZ and STZ + PLP (six animals/group). Animals that
were maintained throughout with food and water given
ad libitum were treated as controls. The PLP + STZ group
were injected initially with PLP (10 mmol/L) followed by
a single dose of STZ injection (200 mg/kg b.w., intraperito-
neally) after 24 h, whereas the STZ + PLP-treated group
initially received STZ followed by PLP after 48h.
Subsequently, PLP (10 mmol/L) was administered once
every 48 h for the PLP + STZ and STZ + PLP groups. All
the parameters were determined at 7, 14 and 21 d of the
experimental duration unless indicated.

Physiological parameters

The body weight and pancreatic weight were monitored
during the experimental duration. The blood glucose was
measured in the venous blood (random sample) with a gluc-
ometer and values were expressed as mg/dL (One Touch
Horizon; Johnson and Johnson Ltd, Milpitas, CA, USA).
Plasma and total intracellular insulin content in the pancrea-
tic tissues were estimated using a mouse insulin ELISA Kkit.
Plasma PLP levels were measured by the method of
Edwards et al.'” with high-performance liquid chromato-
graphy using a C;3 Bondapak reverse phase column main-
taining a uniform flow rate of one mL/min using a VP
UV detector. The liver cytosolic aspartate transaminase
(cAST) activity was assayed in the presence and absence
of 10 *mol/L PLP and the activation coefficient was
calculated."®

Hematoxylin and eosin/immunofluorescence

At the end of 21 d, the pancreatic tissues were dissected out
from all the four groups, and processed for hematoxylin
and eosin (H&E) and immunofluorescence.'® Briefly, the sec-
tions were blocked with 4% horse serum, and incubated with

anti-insulin/antiglucagon (1:500) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA and Sigma) and anti-HSP104 (1:100)
(kind gift, Dr S Thanumalayan, Centre for Cellular and
Molecular Biology, Hyderabad) overnight at 4°C. After
repeated washings, slides were treated with secondary anti-
bodies Cy3 and FITC (1:200) (Molecular Probes, Eugene,
OR, USA) for one hour at 37°C, mounted using vectashield
DAPI (Vector Laboratories, Burlingame, CA, USA) and
were captured on a Leica SP5 confocal microscope (Leica
Microsystems, Mannheim, Germany).

Semi-quantitative reverse transcriptase-polymerase
chain reaction

Islets were prepared from the pancreatic tissue and on days
7,14 and 21, RNA was isolated. cDNA was synthesized and
analyzed for the expression of Insulin, Pdx1, Glut2 and
Regl (Table 1). Results have been expressed as the ratio of
the intensities of the band of the target gene to that of the
housekeeping B-actin gene.

Statistical test

In vitro experiments were carried out in triplicates and con-
firmed by three independent experiments. In vivo results
have been expressed as mean + SE of six animals per
group. One-way analysis of variance (ANOVA) was used
followed by post hoc least significant difference test with
SPSS software (version 10.0.7) to determine the significance
for both in vitro and in vivo experiments. P < 0.05 was con-
sidered to be significant.

Results
In vitro studies

Protection by PLP against the STZ effects

The primary islet cell cultures treated with different concen-
trations of STZ (0.1-10 mmol/L) showed a dose-dependent
decrease in viability: 90%, 75%, 60%, 48%, 32% and 20%. At
2 mmol/L, STZ concentration viability of the islets was sig-
nificantly reduced to 48-50% compared with controls
(100%). Hence, for all in vitro assays, 2 mmol/L STZ has
been used uniformly (Figure 1a).

Interestingly, PLP at 5.0 mmol/L concentration showed
maximum protection (96%) against STZ treatment
(2 mmol/L), with no significant change observed between
5 and 10.0 mmol/L (95%) as compared with the viability
of controls (100%). However, at high glucose (16.5 mmol/L
glucose), insulin secretion was significantly greater at
5mmol/L PLP as compared with 10 mmol/L PLP (P <
0.05). Hence, 5 mmol/L PLP was used for all in vitro
assays (Figure 1b).

Insulin secretion

Figure 2a shows the insulin secretion carried out in the
primary islet cell cultures for the control and experimental
groups. The insulin secretion has been measured at basal
glucose concentration 5.5 mmol/L and high glucose concen-
tration 16.5 mmol/L. Insulin values have been expressed as
#IU/mg protein/h.
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Figure 1 (a) Viability of islets upon exposure to STZ. Treatment at 2 mmol/L
concentration decreased the viability of islets to 48% as compared with con-
trols (untreated cells). (b) Protective effects of PLP on STZ-treated islets. PLP
at 5 and 10 mmol/L showed cell viability of 96% and 95%, respectively,
against the STZ treatment 2 mmol/L. Data are expressed as mean + SE of
three independent experiments in triplicates and were statistically significant
(P < 0.05) to controls. PLP, pyridoxal 5 phosphate; STZ, streptozotocin

Among the groups, islets treated with only PLP showed
maximum insulin secretion at basal (8.1 + 0.12) and with
high glucose (12.15 + 0.12), which was statistically signifi-
cant compared with controls, i.e. basal 5.53 + 0.15 and
high glucose 8.3 + 0.16. Treatment with STZ markedly
reduced the insulin secretion at basal (2.25 + 0.06) and
with high glucose (2.81 + 0.02). Pretreatment with PLP
(PLP + STZ) eventually showed increased insulin secretion
at basal (4.21 + 0.03) and with high glucose (5.9 + 0.08),
which corresponds to an increase of 1.87- and 2.1-fold com-
pared with STZ-treated islets. However, with post-PLP
treatment (STZ + PLP), the insulin secretion was compar-
able with that STZ treatment both at basal (2.36 + 0.02)
and with high glucose (2.95 + 0.02).

To assess the specificity of PLP’s effects on insulin
secretion, AOAA at 0.5 and 1.0 mol/L was studied in the
primary islet cell cultures treated with PLP (5 mmol/L).
Addition of AOAA to islets either at 0.5 or at 1.0 mol/L con-
centrations significantly decreased insulin secretion at basal
(5.6 £ 0.17), as well as at high glucose (8.15 + 0.35) when
compared with PLP per se treated islets at basal (8.1 + 0.12)
and high glucose (12.15 + 0.12), respectively (Figure 2b).
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Figure 2 (a) Glucose-stimulated insulin secretion by islets. PLP (per se)
treated islets showed maximum insulin secretion at both basal 5.5 mmol/L
and when challenged with 16.5 mmol/L (P < 0.05). With PLP treatment
(PLP + STZ), insulin secretion was comparable with that of the controls.
However, STZ + PLP-treated islets were similar and comparable with the
STZ-treated islets and were statistically significant. PLP + STZ-treated islets
showed insulin secretion similar to that of controls. However, STZ
+PLP-treated islets were almost comparable with the STZ per se treated
islets. (b) Treatment with AOAA-PLP inhibitor decreased insulin secretion at
0.5 and 1.0 mol/L concentrations with both basal and high glucose compared
with PLP per se treated islets. Data expressed as mean + SE of three inde-
pendent experiments in triplicates. *P < 0.05 versus control at 5.5 mmol/L
and *P < 0.05 at 16.5 mmol/L glucose. PLP, pyridoxal 5 phosphate; STZ,
streptozotocin; AOAA, amino oxy acetic acid

Measurement of free radicals

STZ-treated islets evoked an increase in ROS-induced
free radical generation such as thiobarbituric acid reactive
substances (TBARS), protein carbonyls and nitrite in the
islets compared with other groups (Table 2). Treatment
with PLP (pre and post) showed protective effects and
ameliorated the increased free radical generation
observed with STZ treatment. The data also show that
pretreatment (PLP + STZ) was more beneficial in scaven-
ging the free radicals compared with post-treatment
(STZ + PLP).
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Table 2 Protective effects of PLP against STZ-induced free radical production

Parameters Control PLP STZ PLP + STZ STZ + PLP
PCO Content (nmol/mg protein) 2.563 + 0.015 2.520 + 0.013 6.110 + 0.017* 2.85 4 0.022* 4.978 4+ 0.053*
TBARS 1.230 + 0.019 1.050 + 0.015 2.750 + 0.015* 1.400 + 0.017* 2.560 + 0.014*
Nitrite 2.00 + 0.258 2.00 + 0.258 59.66 + 1.68* 28.00 + 1.69* 49.00 + 2.08*
ROS (FIV) 3525 + 36 3378 + 3.8* 4374 + 6.9* 3614 + 3.8* 3870 + 5.9*

The increase in protein carbonyl, TBARS, nitrite and ROS levels observed in STZ-treated islets was negated with PLP treatment. PLP + STZ was more beneficial as

compared with STZ + PLP. Data are expressed as mean + SE of three independent experiments in triplicates

*P < 0.05 as compared with control

PCO, protein carbonyls; TBARS, thiobarbituric acid reactive substances; ROS, reactive oxygen species; FIU, fluorescence international units; PLP, pyridoxal

5" phosphate; STZ, streptozotocin

Expression of Insulin and Pdx1

The mRNA for Insulin and Pdx1 was significantly reduced
with STZ treatment compared with controls (Figure 3a).
However, comparison between the PLP-treated groups
showed significantly higher expression for both Insulin
and Pdx1 in PLP 4 STZ-treated islets as compared with
STZ + PLP treatment (Figure 3a). Figure 3b demonstrates
the quantitative changes in gene expression of the control
and the experimental groups.

In vivo studies

Physiological parameters

Table 3 shows the changes in body weight and pancreatic
weight of the control and the experimental groups at the
end of the experimental period. STZ-treated animals
showed reduction in their body weight as well as in their
pancreatic weight unlike the controls and PLP-treated
groups, which were similar in their body weights and
pancreatic weights. STZ treatment elevated blood glucose
concentrations  (>250 mg/dL) which were sustained
throughout the experimental duration (Figure 4a). In the
PLP + STZ animals, the blood glucose levels were almost
restored to normal over the course of three weeks without
developing frank diabetes, although there was a mild
increase up to 219 + 4.695 mg/dL after STZ treatment.
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However, STZ + PLP-treated animals showed upper limit
in their blood glucose levels (253 + 7.622-276 + 5.19 mg/
dL) during the same duration. Treatment with PLP
(PLP + STZ/STZ + PLP) normalized (a) circulating and
tissue insulin (Figures 4b and c); (b) plasma PLP levels
(Figure 4d); and (c) showed decreased activity of liver
cAST (Figure 4e), which were altered significantly with
STZ treatment.

H&E /immunolocalization

The islet region of the STZ-treated animals demonstrated
degranulation of beta cells, infiltration in the islets and an
absence of distinct cell boundary. The PLP-treated groups
were comparable and showed normal morphology and
integrity of islets similar to controls (Figure 5a). Further
immunofluorescence for insulin was significantly less in
the STZ-treated mice as compared with other groups
(Figure 5b). Dual immunofluorescence for insulin/glucagon
showed that the relative percentage of beta/alpha cells were
significantly reduced with STZ treatment and a predomi-
nance in the alpha cells was notable with few immunoposi-
tive insulin cells. However, the relative percentage of beta/
alpha cells was similar and comparable between the PLP
and control groups. PLP + STZ showed normal contours
compared with that of STZ 4 PLP treatment (Figure 5c).
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Figure 3 (a) Reverse transcriptase-polymerase chain reaction analysis of Insulin and Pdx1. With STZ treatment the expression of Insulin and Pdx-1 were
decreased significantly. With PLP treatment (PLP + STZ/STZ + PLP) the expression of insulin and Pdx1 almost restored the expression levels of these genes.
(b) This has been represented quantitatively by densitometric analysis. B-Actin has been used as the housekeeping gene. Data are expressed as mean + SE
of three independent experiments in triplicates. *P < 0.05 as compared with control. PLP, pyridoxal 5' phosphate; STZ, streptozotocin



Table 3 Changes in body weight and pancreatic weight of control
and experimental groups

Initial body Pancreas

weight (g) Body weight weight (mg)

(initial) (9) (final) (final)
Control 33.2 + 0.057 36.3 + 0.232 185 + 0.022
STZ 32.8 +0.213 29.9 + 0.280 156.3 + 0.02
PLP + STZ 32.6 + 0.093 35.35 + 0.120 178 +0.03
STZ + PLP 33.4 + 0.073 36.02 + 0.099 172.4 + 0.02

Data are expressed as mean + SE of six animals per group
PLP, pyridoxal 5’ phosphate; STZ, streptozotocin

Dual immunofluorescence for insulin and HSP104, a
stress-induced protein, showed an increase for HSP104
cells in the STZ-treated group. In similar lines, the insulin-
positive cells were also significantly decreased with STZ
treatment compared with the PLP-treated groups (PLP +
STZ/ STZ + PLP). Interestingly, the HSP104-positive cells
were comparable between the PLP-treated and the controls
(Figures 5d and e).

Reverse transcriptase-polymerase chain reaction
analysis

Expression of islet-specific genes such as Pdx1, which is a
regulator and transcriptional factor required for beta-cell

—
[1)
—

Blood glucose
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function and controls the expression of both Insulin and
Glut2, have been investigated. The Regl gene is associated
with regeneration and tissue repair process has also been
examined in the present study. Expression of Pdx1, Insulin
and Glut2 remained the same in the controls throughout
the experimental duration (7, 14 and 21d). However,
expression of these genes was significantly suppressed
with STZ treatment at all the time points studied.
Interestingly, Regl expression was up-regulated in the
islets of STZ treatment and also with STZ 4 PLP treatment.
Regl expression was low and was comparable between the
controls and PLP + STZ treatment. The expression of Pdx1,
Insulin and Glut2 showed a time-dependent increase (7,
14 d) and attained levels comparable to that of the controls
by 21 d (Figures 6a and b).

Discussion

Considering the importance of vitamin Bg in diabetes, the
present study forms the basis for us to report for the first
time the direct effects of PLP in ameliorating islet-cell
dysfunctions in STZ-induced diabetic mice in vitro and
in vivo. In vitro, PLP treatment to the primary islet-cell cul-
tures rendered cytoprotective and insulinotrophic effects
and negated the elevated free radicals. In wvivo, PLP
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Figure 4 Physiological parameters. (a) Blood glucose concentrations (mg/dL), (b) plasma insulin (vwlU/mL), (c) total insulin content of pancreatic tissue (ulU/mL),
(d) plasma PLP levels (mmol/l) and (e) liver cAST activity (presence [+] and absence [—] indicates PLP in the assay). PLP treatment (PLP + STZ/STZ + PLP)
normalized all the above parameters which were significantly altered with STZ treatment. Data are expressed as mean + SE of six animals per group. *P <
0.05 compared with control group. PLP, pyridoxal 5’ phosphate; STZ, streptozotocin; cAST, cytosolic aspartate transaminase
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Figure 5 Morphological H&E and immunofluorescence. (a) H&E of the pancreatic islets of controls show normal contour and in STZ-treated mice. There was an
increase in degranulation and infiltration in the islets (indicated by arrow). With PLP treatment (PLP -+ STZ/STZ + PLP) the islet morphology was almost compar-
able to the controls. (b) Dual immunofluorescence for insulin (green), glucagon (red) shows significant reduction of insulin-positive cells with an increase in
glucagon-positive cells in STZ-treated mice. Controls and PLP-treated groups showed a comparison for both insulin and glucagon-positive cells. (c) The magni-
tude change in the fluorescence intensity of the insulin and glucagon has been depicted quantitatively as compared with that of controls. (d) Immunostaining for
HSP104 (green), insulin (red) and nuclei (blue) shows an increased in HSP104 positive cells with STZ treatment which was significant compared with controls and
PLP treatment (PLP + STZ/STZ + PLP). Insulin positive cells also showed a significantly loss in the STZ-treated group as compared with STZ and PLP treatment
(PLP + STZ/STZ + PLP). (e) The magnitude change in the immunoreactivity of Insulin and HSP104 has been depicted quantitatively as RFU. Original magnifi-
cations were x200. Data are expressed as mean + SE of six animals per group. *P < 0.05 versus insulin of control, *P < 0.05 versus glucagon of control and
¥P < 0.05 versus HSP104 of control. PLP, pyridoxal 5 phosphate; STZ, streptozotocin (A color version of this figure is available in the online journal)

Consistent with these

treatment attenuated the levels of plasma glucose and
insulin. PLP treatment increased the expression of Insulin,
Pdx1 and Glut2, and almost restored the cytoarchitecture
of pancreas.

Production of oxygen-free radicals and lipid peroxidation
have been the major causative factors with the STZ treat-
ment, which enters the cell via the Glut2 transporters

leading to beta-cell damage.
reports, we have shown that the concentration of STZ
used (2 mmol/L) was sufficient to evoke ROS-induced free
radicals (ROS, nitric oxide, TBARS and protein carbonyls)
and also intensify free radical production. The role of oxi-
dative stress in the pathogenesis and complications of dia-
betes mellitus has been well documented.! Recently,
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Figure 6 Reverse transcriptase-polymerase chain reaction analysis. (a) Expression of Pdx1, Insulin and Glut2 was eventually the same throughout the exper-
imental period in the controls. With STZ treatment the expression of Insulin, Pdx1 and Glut2 was reduced marginally with Reg1 being upregulated also seen
in STZ + PLP group. There was a comparison in the expression of these genes between PLP + STZ and controls by 21 days. (b) Quantitative data of expression
of genes Pdx1, Insulin, Glut2 and Reg1 by densitometric analysis. B-Actin has been used as house keeping gene. Data are expressed as mean + SE. *P < 0.05

versus control. PLP, pyridoxal 5 phosphate; STZ, streptozotocin

pancreatic beta cells have emerged as a target tissue for the
oxidative stress-mediated cell dysfunction caused by
glucose toxicity. Beta cells are highly prone to oxidative
stress because they have low expression and activity of anti-
oxidant enzymes, which are the first line of defense against
oxidative insult.”” Insulin secretion is an important function
of beta cells of the pancreas and STZ treatment (in vitro and
in vivo) caused significant reduction in insulin secretion.
Corroborating with these, supportive studies do substanti-
ate for the ROS-mediated beta-cell dysfunction as a causa-
tive factor for the impaired glucose stimulated insulin
secretion seen early in onset diabetes.”'

The potential usefulness of antioxidants as an efficient
means to control the beta-cell functions could be attributed
to their free radical scavenging effects.®~'° Beneficial effects
of PLP/pyridoxamine in the management of micro- and
macrovascular complications underlyin§ diabetes have
been well documented in model systems.”>* Interestingly,
in the primary islet cell cultures, PLP-pretreated islets
(PLP + STZ) compared with post-treatment (STZ + PLP)
were more beneficial in negating the elevated free radicals
and rescued the islets from the STZ effects, a mechanism
similar to the scavenging function reported with curcumin''
and epicatechin.™

STZ-injected mice showed a significant decrease in the
plasma PLP levels with a concomitant increase in liver
cAST activity, a phenomenon similar to the findings of
Okada et al.,*® confirming the association for demand /utiliz-
ation of vitamin Bg in the diabetic state. PLP is the major
cofactor form of vitamin Be that catalyzes many of the
PLP-dependent biochemical reactions and constitutes for
almost 60% of vitamin Bs in plasma. Further, plasma PLP
level has been shown to directly reflect the activity of
vitamin Be and is primarily used as an index for assessing
the whole body pyridoxal levels.**

Normoglycemia is a desired effect of any drug or mol-
ecule used either singly or in combination in the treatment
of diabetes. In vitro PLP treatment for 48 h alleviated the
insulin level both at basal and with high glucose challenge
and this appears significant, as many antioxidants do
not reverse diabetes-induced hyperglycemia and are
co-administered as adjuvants along with insulin.>=%
Similarly, epicatechin'® and curcumin,'* which have been
reported as potent free radical scavengers, failed to elicit
insulinotrophic response (in vitro and in vivo) as compared
with PLP. Nevertheless, treatment with coriander in clonal
beta-cell line BRIN-BD11*® was similar to our findings in
overcoming the STZ effects. Other promising antioxidants
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like probucol,25 vitamin C,” vitamin E,® carotene’® and
alpha-lipoic acid” apart from insulin have also been
proven beneficial for lowering the blood glucose levels in
diabetic conditions. The insulinotrophic effects of PLP
were also assessed by incubation of the primary islets cells
with AOAA either with or without PLP to ascertain the
specificity of PLP. AOAA being the potent inhibitor of
PLP-dependant enzymes caused cessation in insulin
secretion and probably might elicit its action either by inter-
fering in insulin biosynthesis (phopsphorylation and
dephosphorylatoin) or on the secretion by inhibiting the sig-
nalling mechanism of PLP via quenching of ROS/or inhi-
bition of c-Jun N-terminal kinase (JNK)-induced p38
activation.”’? However, the exact mode of action of AOAA
needs to be investigated in a future study.

To obtain further insight underlying the cytoprotective
function of PLP, we next examined the morphology of the
islets from the control, STZ and PLP-treated groups. PLP
treatment undoubtedly endows cytoprotection and helped
to regain the normal architecture of islets, appreciable by
the increased beta-cell mass, normal contours and increased
percentage of insulin-positive beta cells, a phenomenon
similar to the control animals.

However, with STZ treatment, shrinkage in islet cell mass
was evident probably due to the increased beta-cell death in
the islet core with a predominance of alpha cells compared
with beta cells.*® Probably, interplay of several factors which
eventually up-regulate the process of apoptosis would lead
to beta-cell death seen in the STZ treatment.*! Although pre-
treatment with PLP was more beneficial, post-PLP treatment
also rendered protection against the STZ effects. In similar
lines, Takatori et al.® using diabetic APA hamsters have
shown the beneficial effects with N-acetyl cysteine and pyr-
idoxamine towards the restoration of the beta-cell function
(increased insulin positive cells), similar to our findings.
Keeping in view of the importance of heat shock protein
(HSP) in the management of diabetes, we have demon-
strated for the first time that PLP treatment alleviated the
HSP104 levels similar to several other reports implicating
the role of HSPs in oxidative stress.” Substantiating our
findings are the targeted approach(es) designed to
co-induce HSP expression with specific drugs such as bimo-
clomol®® and BRX-220,** which have proved beneficial in
the management of secondary complications of diabetes,
including insulin resistance in animal models.

As a mechanistic approach to understand the beneficial
effects of PLP towards the islet-cell functions, we examined
the expression of insulin both in vitro and in vivo. The anti-
oxidant treatment preserved the amounts of insulin content
(immunohistochemistry [IHC]) and insulin mRNA, making
the extent of insulin degranulation less evident (H&E/IHC).
As a possible mechanism underlying this phenomenon,
expression of Pdx1, an important transcription factor for
the insulin gene, was also studied in vitro and in vivo.
Pdx1 is a common transcription factor required for beta-
cell development, differentiation, function and in pancreatic
regeneration.”® The vulnerability of Pdx1 to the oxidative
stress (suppression) has been well demonstrated both in
vitro in HIT cells®® and in vivo in the partially pancreatecto-
mized rats exposed to chronic hyperglycemia.’” Whereas

these observations suggest that the amount of Pdxl
expression is important for maintaining normal beta-cell
function, it is possible that the suppression of Pdx1 and
Insulin genes by ROS generated in vitro and in vivo (hyper-
glycemia) observed in our study with STZ treatment could
be implicated in further deterioration of beta-cell function.
Pdx-1 is known to control the expression of Insulin and
Glut2 genes required for the islet cell integrity and func-
tion,” and the PLP treatment not only preserved the
amounts of insulin content but also exerted protective
effects and up-regulated the expression of Pdxl, Insulin
and Glut2 in vivo and the expression of Pdx1 and Insulin
in vitro, underlining the protection of beta-cell function
after the diabetogenic insult.

Further, studies by Katdare et al,’8 reported increased
Regl expression to be associated with proliferation and
differentiation of ductal epithelial cells towards the gener-
ation of neoislets. The expression of Pdx1, Insulin and
Glut2 in vivo was in agreement with the expression of
Regl, which coincided in a time-dependent manner over
the course of beta-cell damage with STZ treatment
(up-regulated) and regeneration with PLP treatment (down-
regulated) observed at 7, 14 and 21 d of experiment.

Understanding the mechanism of PLP and the insulin
functions may provide valuable insight into the basic
sequence of events underlying the onset of diabetes
especially the populating cells, either the residual beta
cells/progenitor cells participating in the event or stimuli.
It appears logical for us to suggest PLP as a promising mol-
ecule for the treatment of diabetes, as it is easily absorbed,
non-toxic and a relatively low-cost dietary supplement(s).

Author contributions: SGK and RKD carried out the exper-
iments; MRU and MC gave technical support; RRB and SB,
being co-investigators, contributed to planning and manu-
script preparation. HS contributed towards manuscript
preparation and VYV, the principal investigator, planned
the experiment, drafted and finalized the manuscript.

ACKNOWLEDGEMENTS

The authors wish to thank the Department of Biotechnology,
Govt. of India, New Delhi for their financial support to
carry out this work and the Directors of the of National
Institute of Nutrition (ICMR) Department of Health
Research, Govt. of India, Hyderabad and National Centre
for Cell Science, Department of Biotechnology, Govt. of
India, Pune for extending their support to carry out this
work. The authors also thank Dr N V Giridharan, Director
Grade Scientist, National Centre for Laboratory Animal
Sciences, for extending the support to carry out animal
experiments and thank Dr M Raghunath for his valuable
comments towards the manuscript.

Declaration: Animal experiments were in compliance with
the principles of laboratory animal care (NIH publication
no. 85-23, revised 1985) and were approved by the
Institute’s Ethical Committee on Animal Experiments from
the National Centre for Laboratory Animal Sciences,
Hyderabad, India.



Kiran et al. Cytoprotective effects of PLP 465

REFERENCES

1

2

'y

10

11

12

13

14

15

16

17

18

19

20

Baynes JW. Role of oxidative stress in development of complications in
diabetes. Diabetes 1991;40:405-12

Lenzen S. The mechanisms of alloxan- and streptozotocin-induced
diabetes. Diabetologia 2008,;51:216-26

Sapir T, Shternhall K, Meivar-Levy I, Blumenfeld T, Cohen H, Skutelsky
E, Eventov-Friedman S, Barshack I, Goldberg I, Pri-Chen S, Ben-Dor L,
Polak-Charcon S, Karasik A, Shimon I, Mor E, Ferber S. Cell-replacement
therapy for diabetes: generating functional insulin-producing tissue from
adult human liver cells. Proc Natl Acad Sci USA 2005;102:7964 -69
Baetge EE. Production of beta-cells from human embryonic stem cells.
Diabetes Obes Metab 2008;10(Suppl 4):186-94

Choi Y, Ta M, Atouf F, Lumelsky N. Adult pancreas generates
multipotent stem cells and pancreatic and nonpancreatic progeny.

Stem Cells 2004;22:1070-84

Takatori A, Ishii Y, Itagaki S, Kyuwa S, Yoshikawa Y. Amelioration of the
beta-cell dysfunction in diabetic APA hamsters by antioxidants and AGE
inhibitor treatments. Diabetes Metab Res Rev 2008;20:211-18

Cay M, Naziroglu M, Simsek H, Aydilek N, Aksakal M, Demirci M.
Effects of intraperitoneally administered vitamin C on antioxidative
defense mechanism in rats with diabetes induced by streptozotocin. Res
Exp Med (Berl) 2001;200:205-13

Kaneto H, Kajimoto Y, Miyagawa J, Matsuoka T, Fujitani Y, Umayahara
Y, Hanafusa T, Matsuzawa Y, Yamasaki Y, Hori M. Beneficial effects of
antioxidants in diabetes: possible protection of pancreatic beta-cells
against glucose toxicity. Diabetes 1999;48:2398 - 06

Chen H, Carlson EC, Pellet L, Moritz JT, Epstein PN. Overexpression of
metallothionein in pancreatic beta-cells reduces streptozotocin-induced
DNA damage and diabetes. Diabetes 2001,50:2040-46

Kim M]J, Ryu GR, Chung JS, Sim SS, Min DS, Rhie DJ, Yoon SH, Hahn SJ,
Kim MS, Jo YH. Protective effects of epicatechin against the toxic effects
of streptozotocin on rat pancreatic islets: in vivo and in vitro. Pancreas
2003;26:292-99

Meghana K, Sanjeev G, Ramesh B. Curcumin prevents
streptozotocin-induced islet damage by scavenging free radicals:

a prophylactic and protective role. Eur | Pharmacol 2007;577:183-91
Vijayalakshmi R, Bamji MS, Ramalakshmi BA. Reduced anaerobic
glycolysis in oral contraceptive users. Contraception 1988;38:91-97
Spellacy WN, Buhi WC, Birk SA. Vitamin B6 treatment of gestational
diabetes mellitus: studies of blood glucose and plasma insulin. Am |
Obstet Gynecol 1977,127:599-02

Banerjee M, Bhonde RR. Islet generation from intra islet precursor cells of
diabetic pancreas: in vitro studies depicting in vivo differentiation. JOP
2003;4:137-45

Vijayalakshmi V, Naseem B, Khan AA, Capoor AK, Habibullah CM.
Comparison of biochemical and cytotoxic functions of hepatocytes from
goat, pig and human fetuses. | Gastroenterol Hepatol 2004;19:1029-35
Ardestani A, Yazdanparast R, Nejad AS. 2-Deoxy-p-ribose-induced
oxidative stress causes apoptosis in human monocytic cells: prevention
by pyridoxal-5'-phosphate. Toxicol In Vitro 2008;22:968-79

Edwards P, Liu PK, Rose GA. A simple liquid-chromatographic method
for measuring vitamin B6 compounds in plasma. Clin Chem
1989;35:241-45

Okada M, Shibuya M, Yamamoto E, Murakami Y. Effect of diabetes on
vitamin B6 requirement in experimental animals. Diabetes Obes Metab
1999;1:221-25

Dorisetty RK, Kiran SG, Umrani MR, Boindala S, Bhonde RR,
Venkatesan V. Immuolocalization of nestin in pancreatic tissue of mice at
different ages. World | Gastroenterol 2008;14:7112-6

Tiedge M, Lortz S, Drinkgern J, Lenzen S. Relation between antioxidant
enzyme gene expression and antioxidative defense status of
insulin-producing cells. Diabetes 1997,46:1733 -42

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Matsuoka T, Kajimoto Y, Watada H, Kaneto H, Kishimoto M,
Umayahara Y, Fujitani Y, Kamada T, Kawamori R, Yamasaki Y.
Glycation-dependent, reactive oxygen species-mediated suppression of
the insulin gene promoter activity in HIT cells. | Clin Invest
1997;99:144-50

Stitt A, Gardiner TA, Alderson NL, Canning P, Frizzell N, Duffy N,
Boyle C, Januszewski AS, Chachich M, Baynes JW, Thorpe SR. The AGE
inhibitor pyridoxamine inhibits development of retinopathy in
experimental diabetes. Diabetes 2002;51:2826-32

Nakamura S, Li H, Adijiang A, Pischetsrieder M, Niwa T. Pyridoxal
phosphate prevents progression of diabetic nephropathy. Nephrol Dial
Transplant 2007;22:2165-74

Spinneker A, Sola R, Lemmen V, Castillo MJ, Pietrzik K, Gonzalez-Gross
M. Vitamin B6 status, deficiency and its consequences-an overview. Nutr
Hosp 2007;22:7-24

Kaul N, Siveski-Iliskovic N, Thomas TP, Hill M, Khaper N, Singal PK.
Probucol improves antioxidant activity and modulates development of
diabetic cardiomyopathy. Nutrition 1995;11(Suppl 5):551 -54
Kris-Etherton PM, Lichtenstein AH, Howard BV, Steinberg D, Witztum
JL. Antioxidant vitamin supplements and cardiovascular disease.
Circulation 2004;110:637 -41

Kocak G, Aktan F, Canbolat O, Ozogul C, Elbeg S, Yildizoglu-Ari N,
Karasu C. a-Lipoic acid treatment ameliorates metabolic parameters,
blood pressure, vascular reactivity and morphology of vessels already
damaged by streptozotocin-diabetes. Diab Nutr Metab 2000;13:308-18
Alison MG, Peter RF. Insulin-releasing and insulin-like activity of the
traditional anti-diabetic plant Coriandrum sativum (coriander). Br | Nutr
1999;81:203-09

Hideaki K, Yoshihisa N, Dan K, Takeshi M, Taka-aki M, Munehide M,
Yoshimitsu Y. Role of oxidative stress, endoplasmic reticulum stress, and
c-Jun N-terminal kinase in pancreatic B-cell dysfunction and insulin
resistance. Int | Biochem Cell Biol 2006;38:782-93

Kim A, Miller K, Jo J, Kilimnik G, Wojcik P, Hara M. Islet architecture:
a comparative study. Islets 2009;2:129-36

Robertson RP, Harmon J, Tran PO, Tanaka Y, Takahashi H. Glucose
toxicity in B-cells: type2 diabetes, good radicals gone bad, and the
glutathione connection. Diabetes 2003;52:581-87

Thanumalayan S, Laxmi Narasu M, Venkatesan V. Down regulation of
suppressor of potassium transport defect 3 (SKD3) in testis of nonobese
diabetic (NOD) mice. Indian | Vet Pathol 2008;32:242-45

Biro K, Jednakovits A, Kukorelli T, Hegedus E, Koranyi L. Bimoclomol
(BRLP-42) ameliorates peripheral neuropathy in streptozotocin-induced
diabetic rats. Brain Res Bull 1997;44:259 -63

Rakonczay Z Jr, Ivanyi B, Varga I, Boros I, Jednakovits A, Nemeth I,
Lonovics ], Takacs T. Nontoxic heat shock protein coinducer BRX-220
protects against acute pancreatitis in rats. Free Radic Biol Med
2002;32:1283-92

Jonsson J, Carlsson L, Edlund T, Edlund H. Insulin-promoter-factor 1 is
required for pancreas development in mice. Nature 1994;371:606-09
Sharma A, Olson LK, Robertson RP, Stein R. The reduction of insulin
gene transcription in HIT-T15 beta cells chronically exposed to high
glucose concentration is associated with the loss of RIPE3b1 and STF-1
transcription factor expression. Mol Endocrinol 1995;9:1127 -34

Zangen DH, Bonner-Weir S, Lee CH, Latimer JB, Miller CP, Habener JF,
Weir GC. Reduced insulin, GLUT2 and IDX-1 in beta-cells after partial
pancreatectomy. Diabetes 1997;46:258 - 64

Katdare MR, Bhonde RR, Parab PB. Analysis of morphological and
functional maturation of neoislets generated in vitro from pancreatic
ductal cells and their suitability for islet banking and transplantation.

] Endocrinol 2004;182:105-12

(Received November 27, 2010, Accepted February 4, 2011)



