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Introduction
Type 2 diabetes mellitus (T2DM) is characterized 
by peripheral insulin resistance and pancreatic b-cell 
dysfunction. It is prevalent worldwide, with signifi cant 
comorbidity and mortality because of microvascular 
and macrovascular complications [1].

Th ere is accumulating evidence suggesting that vitamin 
D status plays a role in many nonskeletal functions 
including diabetes mellitus (DM) [2,3].

Vitamin D defi ciency and insuffi  ciency have been 
defi ned as a 25-hydroxyvitamin D [25(OH)D] less 
than 20 ng/ml and 21–29 ng/ml, respectively. For 
every 100 IU of vitamin D ingested, the blood level 

of 25(OH)D increases by 1 ng/ml. It is estimated 

that children need at least 400–1000 IU of vitamin 

D a day, whereas teenagers and adults need at least 

2000 IU of vitamin D a day to fulfi ll their body’s 

vitamin D requirement. It is estimated that one billion 

individuals worldwide are vitamin D defi cient or 

insuffi  cient. Correcting and preventing this defi ciency 
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Background
There is emerging evidence of neuroprotective roles for vitamin D. However, its role in 
the pathogenesis of type 2 diabetes mellitus (T2DM) and its exact mechanism of action in 
neuroprotection are still unclear. The present work was designed to examine the effect of 
vitamin D supplementation on insulin sensitivity and nerve conduction velocity with and without 
insulin treatment in a diabetic model.
Materials and methods
This study was carried out on 50 male adult rats. They were divided into fi ve groups: a control 
group, a diabetic group, in which T2DM was induced; a diabetic insulin-treated group, in which 
diabetic rats were treated with insulin alone; a diabetic vitamin D-treated group, in which 
diabetic rats were treated with vitamin D alone; and fi nally, a diabetic with combined insulin 
and vitamin D treatment group. At the end of the experimental period, blood samples were 
obtained from all animals for measurement of serum glucose and insulin, together with the 
oxidative stress marker malondialdehyde (MDA) and infl ammatory markers interleukins 1 and 
10 (IL1 and IL10). Nerve conduction velocity was performed on a dissected sciatic nerve. In 
addition, vitamin D receptor (VDR) gene expressions in pancreatic (VDR-P) and sciatic nerve 
(VDR-N) tissues were estimated and the homeostasis model assessment for insulin resistance 
index was calculated for each group.
Results
Data showed a signifi cant reduction in nerve conduction velocity of the sciatic nerve, together 
with increased insulin resistance in diabetic rats that paralleled increased MDA and IL1 
and decreased IL10. Administration of insulin alone, vitamin D alone, or both combined 
after induction of diabetes improved the nerve conduction velocity. This improvement was 
accompanied by signifi cant enhancement of VDR-P and VDR-N gene expression, together 
with reduction in oxidative stress and infl ammatory state.
Conclusion
The improvement of insulin sensitivity and neuroprotection with vitamin D supplementation in 
T2DM is related to restoration of VDR-P and VDR-N expression. Thus, vitamin D could be a 
novel approach to lower neuropathic risk in diabetes.
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could have an enormous impact on reducing health 
costs worldwide [4].

Vitamin D is a secosteroid that is obtained from 
dietary sources, either food or supplements, and 
exposure to sunlight. It needs to be hydroxylated 
twice to become biologically active. Vitamin D is 
transported to the liver, where it is fi rst hydroxylated 
by 25-hydroxylase into 25(OH)D. Th is is the major 
circulating form used as an indicator of vitamin D 
status. Th e second hydroxylation occurs in the kidney 
by 1-hydroxylase, a product of the CYP27B1. Here, 
the largest amount of the biologically active form of 
vitamin D, 1,25-dihydroxyvitamin D [1,25(OH)2D], 
is formed [5]. To date, only a few clinical trials 
examining the relation between vitamin D defi ciency 
with glycemic control as primary outcome in T2DM 
have been performed [6]. Th e results of these clinical 
trials are inconsistent, mostly because of the small 
sample size, low dose of vitamin D supplementation, 
and short duration of the trials.

Vitamin D exerts its eff ects through its genomic and 
nongenomic responses. Th e nuclear vitamin D receptor 
(VDR) is a member of the thyroid hormone and 
retinoic acid receptor subfamily of nuclear hormone 
receptors that heterodimerizes with retinoid X 
receptor (RXR) isoforms to regulate the expression of 
genes encoding factors, which, in a variety of cell types, 
control functions such as proliferation, diff erentiation, 
metabolism, ion transport, and apoptosis [7].

When the VDR is associated with plasma membrane 
caveolae, the secosteroid hormone can activate a variety 
of rapid response (RR) pathways that may include 
kinases, phosphatases, or ion channels. Th ese signaling 
cascades can either alter gene expression through their 
cognate promoter element or they can regulate gene 
expression by using the VDR as a substrate. It has 
been reported previously that phosphorylation of the 
VDR can modulate genomic potency and effi  cacy [7]. 
Collectively, nongenomic signaling that aff ects gene 
expression is often termed cross-talk.

It is generally accepted from the X-ray structure of the 
VDR with its bound 1,25(OH)2D3 that it possesses 
a single ligand-binding domain, with its ligand 
bound strictly in the 6-s-trans shape [8]. Th is model 
presents a paradox for VDR as a 6-s-trans shape of 
1,25(OH)2D3 is obligatory for genomic responses, 
whereas a 6-s-cis shape is required for RR.

Th us, a conundrum is posed as to how a receptor with 
one formal ligand-binding domain binds ligands of 
diff erent shapes to generate two distinct biological 
outcomes.

One possible solution to this conundrum was derived 
from molecular mechanics docking of a vitamin D 
analogue to the VDR [9]. Silico computational work 
provided evidence that VDR contains an alternative 
ligand-binding pocket that can accommodate the 
natural hormone or analogous that are known to be 
agonists only for RR [9].

In addition, a conformational ensemble provides a 
mechanism by which the VDR can signal both genomic 
and RR. Mizwicki et al. [9,10] assert that the resolution 
of the conundrum stated above is a proposed receptor 
ensemble model that describes a mechanism whereby 
a classic steroid (nuclear) receptor accommodates 
diff erently shaped ligands to initiate either rapid or 
genomic responses. Th is model posits that unbound 
receptor macromolecules exist in the cytoplasm in 
multiple, equilibrating receptor conformations that 
adhere to the laws associated with standard statistical 
distributions. It should be noted that 1,25(OH)2D3 
is capable of altering its conformation much more 
quickly than the receptor protein, rendering the entire 
ensemble of 1,25(OH)2D3 conformations able 
to sample each of the individual protein ensemble 
conformations [11].

On the basis of numerous studies, as many as 500–1000 
genes may be modulated by VDR ligands [12]. Many 
of these eff ects on gene expression are primary in that 
they involve direct VDR–RXR binding to vitamin 
D-responsive elements in or near the genes in question, 
leading to the concept of a ‘vitamin D receptor cistrome’ 
analogous to the estrogen receptor  cistrome mapped 
by Lupien et al. [13]. VDR is expressed in many tissues 
and cell types including the brain, the vascular system, 
numerous endocrine organs, the immune system, and 
muscle [12], plus the existence of many extrarenal 
sites of CYP27B1 expression [14] to catalyze local 
1,25(OH)2D production.

Th e microvascular complications of diabetes carry a 
high morbidity [15]. Th e most common microvascular 
complication is neuropathy. Th e incidence of 
neuropathy increases with the duration of diabetes and 
is accelerated by poor control [16].

Oxidative stress is associated with the development 
of apoptosis in neurons and supporting glial cells and 
could thus be the unifying mechanism that leads to 
nervous system damage in diabetes [17,18].

Neurons are not only lost in diabetes, but their ability 
to regenerate is also impaired, particularly the small-
caliber nerve fi bers [19]. In patients with diabetic 
neuropathy, both degeneration and regeneration are 
present simultaneously, suggesting that the disorder is 
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highly dynamic [20]. Over time, the balance between 
degeneration and regeneration shifts toward more 
degeneration [19].

Th e mechanisms leading to loss of regeneration may 
include impaired insulin action [21], loss of growth 
factor systems [22], and decrease in specifi c isoforms 
of protein kinase C [23]. Schwann cells are important 
in the regenerative process, and these can also be 
impaired in diabetes through hyperglycemia, hypoxia, 
and oxidative stress [24].

Th e aim of our work was to examine the modulation of 
vitamin D on insulin sensitivity and nerve conduction 
(NC) velocity in adult diabetic male rats, its interaction 
with insulin treatment, and to clarify the underlying 
mechanisms involved in this eff ect.

Materials and methods
Th e experiments were conducted in accordance with 
the ethical guidelines for investigations of laboratory 
animals and were approved by the Committee of 
Physiology Department, Faculty of Medicine, and 
Cairo University.

Experimental animals
Fifty male albino rats weighing about 150–200 g 
were used as experimental animals in the present 
investigation. Th ey were obtained from the animal house 
of the National Research Center (Giza, Egypt). All 
rats were housed for 1 week before a diet intervention. 
Th e chosen animals were housed in plastic well-aerated 
cages at normal atmospheric temperature (22 ± 3°C) 
as well as a normal light/dark cycle. Moreover, they 
were allowed access of water and supplied daily with a 
standard diet of known composition.

Ten animals were selected randomly as a normal control 
group (group 1), which was fed with standard rodent 
diet (6.5% kcal fat). Th e remaining rats were used to 
establish T2DM models. Th ey were fed with a high-fat 
diet (60% kcal fat) for 2 weeks. Th en, these rats were 
administered an intraperitoneal injection of two low 
doses of streptozotocin (30 mg/kg in 0.01 mol/l citrate 
buff er; Sigma, St. Louis, Missouri, USA) at an interval 
of 24 h [25]. Th ree days later, T2DM was confi rmed in 
high-fat diet rats by measuring fasting serum glucose 
and insulin. Th ese DM model rats were randomly 
divided as follows:

Group 2 (DM group): Th is group was maintained on 
usual care and was left untreated, but received a saline 
injection in equal volume to that of treated rats until 
the end of the study.

Group 3 (INS group): Th is group received neutral 
protamine hagedorn (NPH) human insulin at a dose of 
(1 U) by a subcutaneous injection twice daily between 
8:00–9:00 and 16:00–17:00 h for 6 weeks [26].

Group 4 (vitamin D group): Th is group was administered 
a vitamin D injection; doxercalciferol was administered 
intraperitoneally at 150 ng three times a week for 6 
weeks [27].

Group 5 (INS+vitamin D group): T2DM rats were 
treated with combined insulin and vitamin D 48 h after 
a streptozotocin injection (day 2) and confi rmation of 
DM at the same doses administered to groups 3 and 4, 
respectively, for 6 weeks.

At the end of the treatment intervention period, blood 
samples were drawn from the retro-orbital vein and 
the serum samples were separated by centrifuge. Th en, 
the rats were killed by cervical dislocation. Th e entire 
pancreas and left sciatic nerve tissue were dissected 
and kept frozen at –80°C in liquid nitrogen until used 
for assessment of gene expression of the VDR. Th e 
dissected right sciatic nerves were used for assessment of 
the NC velocity using the PowerLab Data Acquisition 
System (AD Instruments, Castle Hill, Australia).

Th e following biochemical parameters were assessed 
in the serum: glucose, insulin, oxidative stress marker 
malondialdehyde (MDA), and the infl ammatory 
markers interleukins 1 and 10 (IL1 and IL10).

Nerve conduction velocity measurements
Electrophysiological recording

Th e dissected sciatic nerve was carried in a nerve 
chamber designed for recording of action potential from 
the isolated nerve. It has 15 stainless-wire electrodes. 
Th e nerve was dissected free without any muscle 
residue. About 2 cm of the nerve was positioned over 
the electrodes and embedded in paraffi  n oil to maximize 
signal amplitude and prevent drying. Th e proximal part 
of the nerve was stimulated by two platinum stimulating 
hook electrodes and the recording electrode was placed 
1–2 cm apart from the stimulating one.

Electrophysiological measurements were performed 
using an AD Instruments PowerLab 4/25 Stimulator 
and Bio AMP Amplifi er (Castle Hill, Australia), 
followed by a computer-assisted data analysis. Sciatic 
nerves were stimulated with square wave pulses of 
200 s duration at 1–10 V for conduction velocities. 
Conduction velocity is measured by dividing the 
distance between the stimulating and recording 
electrodes by the latent period, which is the time 
elapsed between the application of stimulus until the 
peak of the maximum compound action potential [28].
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Biochemical measurements
Measurement of fasting plasma glucose level

Plasma glucose in blood samples was measured using 
the oxidase–peroxidase method [29].

Measurement of plasma insulin

Plasma insulin levels were analyzed using enzyme-
linked immunosorbent assay (Dako, Carpinteria, 
California, USA) according to the manufacturer’s 
instructions [30].

Homeostasis model assessment for insulin resistance test

To estimate insulin resistance, the homeostasis model 
assessment for insulin resistance (HOMA-IR) (insulin 
resistance index) [31] was used, calculated as the 
product of fasting insulin (IU) and fasting glucose 
(mmol/l) divided by 22.5. A lower index indicates 
greater insulin sensitivity.

Measurement of malondialdehyde

To measure the MDA concentration, 100 mg of 
tissue in 1 ml PBS (pH 7.0) was homogenized with 
a micropestle in a microtube [32]. Twenty percent 
trichloroacetic acid (TCA) was added to tissue 
homogenate to precipitate the protein and centrifuged. 
Supernatants were collected and thiobarbituric acid 
solution was added to the supernatants. After boiling 
for 10 min in a water bath, the absorbance was 
measured. Th e concentration of MDA was calculated 
using the standard curve.

Measurement of interleukin 1 and interleukin 10

IL1b and IL10 were measured using enzyme-linked 
immunosorbent assay (Quantikine R&D System, 
Minneapolis, USA) according to the manufacturer’s 
instructions.

Detection of VDR gene expression by quantitative 
real-time polymerase chain reaction
RNA isolation and reverse transcription

RNA was extracted from tissues homogenate using 
a Mini RNA Isolation Kit (Zymo Research, Orange, 
California, USA) according to the manufacturer’s 
instructions. Th e RNA concentration was determined 
spectrophotometrically at 260 nm using the 
NanoDrop ND-1000 Spectrophotometer (Th ermo 
Fisher Scientifi c, Waltham, Massachusetts, USA) 
and RNA purity was checked by means of the 
absorbance ratio at 260/280 nm. RNA integrity was 
assessed by electrophoresis on 2% agarose gels. One 
microgram of RNA was used in the subsequent cDNA 
synthesis reaction, which was performed using the 
Reverse Transcription System (Promega, Leiden, the 

Netherlands). Total RNA was incubated at 70°C for 
10 min to prevent secondary structures. Th e RNA was 
supplemented with MgCl

2
 (25 mmol/l), RT buff er 

(10´), dNTP mixture (10 mmol/l), oligo(dT) primers, 
RNase inhibitor (20 U), and avain myeloblastosis virus 
(AMV) reverse transcriptase (20 U/l). Th is mixture 
was incubated at 42°C for 1 h.

Quantitative real-time polymerase chain reaction
qPCR was performed in an optical 96-well plate using 
an ABI PRISM 7500 Fast Sequence Detection System 
(Applied Biosystems, Carlsbad, California, USA) and 
universal cycling conditions (10 min at 95°C, followed 
by 40 cycles of 15 s at 95°C and 60 s at 60°C). Th e 
reaction contained SYBR Green Master Mix (Applied 
Biosystems), gene-specifi c forward and reverse primers 
(10 mol/l), cDNA, and nuclease-free water. Th e 
sequences of PCR primer pairs used are shown in 
Table 1. Data were analyzed using the ABI PRISM 
sequence detection system software and quantifi ed 
using the v1·7 Sequence Detection Software (PE 
Biosystems, Foster City, California, USA). Th e relative 
expression of the studied genes was calculated using 
the comparative threshold cycle method. All values 
were normalized to the GAPDH, which was used as 
the control housekeeping gene [33].

Statistical analysis
Th e results were analyzed using SPSS computer software 
package (version 21; IBM, New York, USA). Data were 
presented as mean ± SD. Comparison of quantitative 
variables between the studied groups was performed 
using the Kruskal–Wallis test with the Wilcoxon 
signed-rank test according to the result of the Shapiro–
Wilk test for normality of distribution. Correlations 
were calculated using Spearman’s test. Results were 
considered statistically signifi cant at P value 0.05 or less.

Results
The levels of serum fasting glucose, fasting insulin 
(IU/l), and homeostatic model assessment index
Th e levels of serum fasting glucose, fasting insulin 
(IU/l), and homeostatic model assessment index 

Table 1 Primer sequences used for real-time polymerase 
chain reaction

Primers Sequence

VDR Forward: 5´-GATGC TGGTG CTGAG TATGT CG-3´
Reverse: 5´-GTGGT GCAGG ATGCA TTGCT CTGA-
3´

GAPDH Forward: 5´-GATGC TGGTG CTGAG TATGT CG-3´
Reverse: 5´-GTGGTGCAGGATGCATTGCTCTGA-3´ 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
VDR, vitamin D receptor.
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are summarized in Table 2 and Fig. 1a. Th ere was a 
statistically signifi cant increase in serum glucose, insulin, 
and HOMA in diabetic rats (P < 0.05) compared with 
the control group. However, treatment with insulin 
or vitamin D either alone or combined produced 
comparable eff ects in reducing these parameters 
signifi cantly compared with the diabetic rats. Although 
the combined treatment produced better improvement 
in insulin sensitivity compared with either treatment 
alone, it was statistically insignifi cant.

The results of nerve conduction velocity in the 
experimental groups
Th e results of NC velocity in the experimental 
groups are summarized in Table 2 and Fig. 1b. NC 

velocity was signifi cantly decreased in the diabetic 
group (P < 0.05) compared with the control group, 
whereas it was signifi cantly improved under vitamin D 
treatment in both groups 4 and 5, in contrast to insulin 
treatment, which was not associated with a signifi cant 
improvement in the NC velocity; however, it also 
appeared insignifi cant compared with the control 
group, which showed a minor improvement in the NC 
velocity under insulin therapy.

The changes in the level of oxidative marker 
malondialdehyde and infl ammatory markers 
interleukin 1 and interleukin 10
Th e changes in the level of oxidative marker MDA 
and infl ammatory markers IL1 and IL10 are shown 

Figure 1

The effect of insulin, vitamin D treatment alone, or combined on homeostasis model assessment (HOMA) (a), nerve conduction (NC) velocity 
(b), the serum malondialdehyde (MDA) (c), interleukin 10 (IL10) (d), pancreatic vitamin D receptor (VDR) mRNA (e), and nerve VDR mRNA (f) in 
a rat model of type 2 diabetes mellitus (mean ± SD) (n = 10 in each group). *P < 0.05, statistically signifi cant compared with the corresponding 
value in group 1; #P < 0.05, statistically signifi cant compared with the corresponding value in group 2; @P < 0.05, statistically signifi cant compared 
with the corresponding value in group 3; $P < 0.05, statistically signifi cant compared with the correspondi ng value in group 4.

 Table 2 Mean ± SD values of serum fasting glucose (mg/dl), serum fasting insulin (IU/l), homeostatic model assessment 
index, nerve conduction velocity (m/s), serum malondialdehyde (nmol/l), interleukins 1 and 10 (pg/ml), and the expression 
of pancreatic and nerve vitamin D receptor mRNA in the studied groups (n = 10 in each group)

Parameters Group 1: control Group 2: DM Group 3: INS Group 4: VD Group 5: INS+VD

Glucose (mmol/l) 5.25 ± 0.56 13.96 ± 2.86* 7.09 ± 0.98# 8.87 ± 1.04*# 5.18 ± 1.97#$

Insulin (IU/l) 9.31 ± 0.82 19.63 ± 3.70* 15.63 ± 2.77*# 13.15 ± 3.23*# 13.49 ± 2.25*#

HOMA 2.17 ± 0.31 12.35 ± 4.15* 4.87 ± 0.79# 5.25 ± 1.71*# 3.10 ± 1.25#

NC velocity (m/s) 2.48 ± 0.23 1.28 ± 0.36* 1.93 ± 1.02 2.20 ± 0.35# 2.41 ± 0.31#

MDA (nmol/l) 1.21 ± 0.25 14.64 ± 3.19* 11.49 ± 1.97*# 9.02 ± 2.59*# 6.73 ± 1.44*#@

IL1 (pg/ml) 30.92 ± 6.14 108.34 ± 12.05* 84.56 ± 11.80*# 83.27 ± 8.28*# 56.10 ± 10.85*#$@

IL10 (pg/ml) 131.59 ± 2.15 50.53 ± 18.14* 76.26 ± 13.21*# 81.42 ± 7.73*# 105.24 ± 9.56*#$@

Pancreatic VDR mRNA 1.15 ± 0.30 0.19 ± 0.05* 0.71 ± 0.19*# 0.94 ± 0.21# 1.17 ± 0.27#@

Nerve VDR mRNA 1.28 ± 0.32 0.13 ± 0.06* 0.76 ± 0.18*# 0.99 ± 0.35# 1.16 ± 0.39#@

DM, diabetes mellitus; HOMA, homeostasis model assessment; IL, interleukin; MDA, malondialdehyde; NC, nerve conduction; VD, vitamin 
D; VDR, vitamin D receptor; *P < 0.05, statistically signifi cant compared with the corresponding value in group 1; #P < 0.05, statistically 
signifi cant compared with the corresponding value in group 2; @P < 0.05, statistically signifi cant compared with the corresponding value in 
group 3; $P < 0.05, statistically signifi cant compared with the corresponding value in group 4.
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in Table 2 and Fig. 1c and d. Th ere was a signifi cant 
increase in MDA (P < 0.05) together with the 
proinfl ammatory marker IL1 (P < 0.05) in the diabetic 
rats compared with the control animals, in association 
with a signifi cant reduction in the anti-infl ammatory 
marker IL10 (P < 0.05).

In terms of the eff ect of treatment on oxidative stress 
and infl ammatory cytokines, there was a signifi cant 
reduction in MDA levels (P < 0.05), either under 
insulin or vitamin D therapy alone, compared with 
the diabetic rats. Interestingly, there was a further 
signifi cant reduction under combined treatment 
compared with insulin-treated rats alone (P < 0.05). 
Th ese changes in the MDA parallel the signifi cant 
decrease in IL1 either under insulin or vitamin D 
therapy alone compared with the diabetic rats. In 
addition, there was a further signifi cant reduction under 
combined treatment compared with insulin-treated 
(P < 0.05) or vitamin D-treated rats alone (P < 0.05). 
However, there was a signifi cant improvement in IL10 
in groups 3, 4, and 5 (P < 0.05) compared with the 
diabetic rats, whereas combined treatment produced 
a signifi cant improvement (P < 0.05) more than 
either treatment alone. Th is indicates the presence 
of synergistic eff ects between vitamin D and insulin 
therapy in reducing the production of infl ammatory 
cytokines in diabetic rats.

The changes in the level of mRNA expression of 
pancreatic and nerve VDR in studied groups
Th e changes in the level of mRNA expression of 
pancreatic and nerve VDR in studied groups are 
summarized in Table 2 and Fig. 1e and f. Th e diabetic 
rats showed a statistically signifi cant decrease (P < 0.05) 
in pancreatic VDR gene expression compared with the 
control group. Th ere was a signifi cant increase in both 
insulin-treated and vitamin D-treated rats (P < 0.05) 
compared with the diabetic rats, but they became 
comparable with that of the control group in groups 
4 and 5 (P > 0.05). It was noted that the combined 
treatment produced a signifi cant improvement from 

insulin treatment alone on the pancreatic VDR gene 
expression (P < 0.05).

In addition, there was a signifi cant decrease in the 
gene expression of the VDR (P < 0.05) in the sciatic 
nerve of diabetic rats compared with the control 
group. However, treatment with insulin or vitamin 
D, each alone or combined, all caused signifi cant rise 
in sciatic nerve VDR gene expression compared with 
the diabetic animals (P < 0.05), yet it was still higher 
than the control level (P < 0.05) in group 3, but it was 
comparable with the control in groups 4 and 5.

A precise analysis of the percentage of changes in the 
studied parameters diff erent in our work indicates 
evidence for the presence of synergistic eff ects between 
vitamin D and insulin therapy (Table 3).

Th e results of the current study showed an inverse 
correlation between the level of insulin and NC 
velocity in all groups (r = −0.502 and P < 0.001) 
(Fig. 2a). However, this correlation was insignifi cant 
in group 3 (r = 0.132 and P = 0.717). However, there 
was a signifi cant positive correlation between the gene 
expression of VDR in the sciatic nerve and NC velocity 
in all groups (r = 0.570 and P < 0.001) (Fig. 2b).

Discussion
Th e main defects that determine the development 
of T2DM are insulin resistance, pancreatic -cell 
dysfunction, and systemic infl ammation [34].

In the present work, improvements in insulin sensitivity 
and NC velocity with vitamin D supplementation were 
observed in a rat model of T2DM. Th ere was also an 
enhancement in VDR gene expression in the pancreatic 
and the nerve tissue, together with amelioration of 
antioxidant and anti-infl ammatory capacity.

Our study showed that vitamin D treatment improved 
hyperglycemia, hyperinsulinemia, and insulin sensitivity 

 Table 3 Percentage changes in all parameters in the studied groups (n = 10 in each group)

Parameters % change between 
groups 1 and 2

% change between 
groups 2 and 3

% change between 
groups 2 and 4

% change between 
groups 2 and 5

Glucose (mmol/l) 165.9 −49.21 −36.46 −62.89

Insulin (IU/l) 110.85 −20.38 −33.01 −31.28

HOMA 469.12 −60.57 −57.49 −74.9

NC velocity (m/s) −48.39 50.78 71.88 88.28

MDA (nmol/l) 1109.92 −21.52 −38.39 −54.03

IL1 (pg/ml) 250.39 −21.95 −23.14 −48.22

IL10 (pg/ml) −61.6 50.92 61.13 108.27

Pancreatic VDR mRNA −83.48 273.68 394.74 515.79

Nerve VDR mRNA −89.84 484.62 661.54 792.31

HOMA, homeostasis model assessment; IL, interleukin; MDA, malondialdehyde; NC, nerve conduction; VD, vitamin D; VDR, vitamin D receptor.
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signifi cantly compared with the nontreated diabetic 
rats. Th e reduction in glucose level was found to be 
signifi cantly higher in combined vitamin D with insulin 
therapy compared with insulin treatment alone. Th e 
improvement with vitamin D treatment was in agreement 
with the study of Norman et al. [35]. Others provided 
evidence that vitamin D supplementation exerted 
benefi cial eff ects in obese spontaneously hypertensive rats 
and Wistar rats, where there was a reduction in glucose 
levels in vitamin D-supplemented animals [35–37]. It 
was found that short-term vitamin D replenishment in a 
Bangladeshi Asian population increased insulin secretion 
without altering glycemia, whereas longer vitamin D 
treatment also improved glucose levels [38].

Th e potential mechanisms by which vitamin D can 
aff ect glucose metabolism could be the result of a 
rapid nongenomic eff ect or a slower genomic eff ect 
of vitamin D through stimulation of insulin release 

by the increased expression of VDR [2]. Th is was in 
agreement with our observation that VDR pancreatic 
gene expression was enhanced in vitamin D-treated 
rats by binding of the 1,25(OH)2D–VDR complex to 
the vitamin D response element of the insulin receptor 
at the tissue level, enhancing insulin responsiveness for 
glucose transport [5].

Another possible mechanism is the suppression of the 
release of proinfl ammatory cytokines that are believed 
to mediate insulin resistance [2,5]. Th e latter hypothesis 
is supported by studies showing an association between 
low serum 25(OH)D and increased C-reactive protein 
levels [6]. Th is is in agreement with our fi nding of 
improvement in the anti-infl ammatory marker IL10 
and reduction in the proinfl ammatory marker IL1
with vitamin D therapy alone or combined with insulin. 
Th is improvement was signifi cantly more in combined 
therapy than with either treatment alone.

In addition, vitamin D may indirectly infl uence the 
extracellular and intracellular calcium regulation, 
which is essential in mediating glucose transport in 
target tissues [39]. In an eff ort to understand the role 
of vitamin D in -cell function, Nyomba et al. [40] 
found that in streptozotocin-induced diabetic rats, 
plasma calcium levels, vitamin D binding protein 
(DBP), circulating vitamin D, and bone mass were 
reduced. Th ese defects have been attributed to altered 
vitamin D metabolism owing to an inhibitory eff ect of 
insulin defi ciency on the activity of the renal 25(OH)
D3 1-hydroxylase [41].

Lee et al. [42] reported that osteocalcin, a bone-secreted 
hormone, also known as ‘bone -carboxyglutamic 
acid protein (BGP)’ improved insulin release from 
pancreatic -cells and increased insulin metabolic 
responsiveness in target tissues. Interestingly, BGP is a 
gene classically induced by 1,25(OH)2D in osteoblasts, 
particularly in rats and humans [43,44].

Th us, vitamin D-induced bone osteocalcin, by 
supporting insulin release and action, could be 
considered an important adjunct in insuring glucose 
control to delay or lower the risk of advanced 
glycemic end products formation, characteristic of 
uncontrolled DM, which elicits microvascular and 
macrovascular complications in both type 1 and type 
2 diabetes [45].

Th e current study showed that there was a 
signifi cant increase in the levels of MDA in diabetic 
rats compared with the control group. Our fi nding 
that vitamin D treatment signifi cantly suppressed 
oxidative stress was in agreement with the fi nding 
of Dong et al. [46].

Figure 2

Correlation between insulin and nerve conduction (NC) velocity 
(a) and correlation between nerve conduction velocity and VDR gene 
expression in the nerve (b) in all groups. VDR,  vitamin D receptor.
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Th e present data showed that there was a signifi cant 
improvement in the NC velocity under vitamin D 
treatment, which was accompanied by an improvement 
in oxidative stress.

Evidence is presented to support the idea that both 
chronic and acute hyperglycemia cause oxidative 
stress in the peripheral nervous system, which can 
promote the development of diabetic neuropathy. 
Proteins that are damaged by oxidative stress have 
decreased biological activity, leading to loss of energy 
metabolism, cell signaling, transport, and ultimately, 
cell death. Examination of the data from animal and 
cell culture models of diabetes, as well as clinical trials 
of antioxidants, strongly implicates hyperglycemia-
induced oxidative stress in diabetic neuropathy [47]. 
Th us, we can suppose that vitamin D, by improving 
the antioxidant capacity, plays an important role in the 
prevention of diabetic neuropathy.

Various studies have shown that 1,25(OH)2D3 can 
act on cells of the nervous system by modulating the 
production of neurotrophins. For instance, the synthesis 
of the nerve growth factor [48], neurotrophin 3 [49], 
and glial cell line-derived neurotrophic factor [50] 
was upregulated by 1,25(OH)2D3. In several cases, 
stimulation of neurotrophins production by 
1,25(OH)2D3 was correlated with a neuroprotective 
eff ect [51].

In addition to its infl uence on neurotrophin synthesis, 
1,25(OH)2D3 could mediate its neuroprotective eff ects 
through the modulation of neuronal Ca2+ homeostasis. 
In support of this hypothesis is the recent report of 
downregulation of the L-type voltage-sensitive Ca2+ 
channel in hippocampal neurons in the presence of 
1,25(OH)2D3, which has been correlated with a 
neuroprotective eff ect against excitotoxic insults [52]. 
Another way in which 1,25(OH)2D3 might mediate 
its neuroprotective eff ect is to induce the synthesis 
of Ca2+-binding proteins, such as parvalbumin [53]. 
1,25(OH)2D3 has also been reported to inhibit the 
synthesis of inducible nitric oxide synthase [54], an 
enzyme induced in central nervous system (CNS) 
neurons and non-neuronal cells during various insults 
or diseases, such as ischemia, Alzheimer’s disease, 
and experimental autoimmune encephalomyelitis. 
1,25(OH)2D3 has also been reported to upregulate 
-glutamyl transpeptidase activity and expression 
of the corresponding gene in rat brain [55]. Because 
-glutamyl transpeptidase is largely involved in 
the glutathione cycle of the brain in cross-talk 
between astrocytes and neurons [56], an increase in 
glutathione levels is linked to a neuroprotective eff ect 
of 1,25(OH)2D3.

Th e neuroprotective eff ect of calcitriol observed in the 
present study cannot be explained by direct scavenging 
of reactive oxygen species (ROS) as shown by the lack 
of a direct eff ect of calcitriol on the generation of free 
radicals by the cell-free HXXO reaction [57].

Instead, calcitriol exerts its effect through genomic 
regulation. This conclusion should be confirmed by 
further research. The genomic impact of calcitriol 
can be confirmed by the experiments with the 
mRNA synthesis inhibitor, actinomycin-D, in 
future studies.

A genomic action is consistent with the conclusion that 
the eff ects of calcitriol reported in the present study are 
because of an increase in VDR gene expression in the 
nerve tissue. Indeed, upon binding of and activation 
by vitamin D, VDR forms a heterodimer complex 
with the RXRs. Th e VDR–RXR complex can bind to 
specifi c DNA sequences, termed vitamin D-responsive 
elements, located in the promoter regions of various 
vitamin D-dependent genes [57].

Indeed, 1,25(OH)2D3–VDR is anti-infl ammatory 
by blunting NFB [58] and COX2 [59]. Finally, 
1,25(OH)2D3–VDR induces FOXO3 [60], an 
important molecular player in preventing oxidative 
damage [61]. Also, 1,25(OH)2D–VDR controls the 
expression of osteopontin (SPP1), which encodes 
myelination [62].

It is clear that the underlying factor in the neurological 
disorders is increased oxidative stress substantiated by 
the fi ndings that the protein side-chains are modifi ed 
either directly by ROS or reactive nitrogen species or 
indirectly by the products of lipid peroxidation [63].

In fact, mitochondrial damage occurs because of 
excess formation of ROS or reactive nitrogen species. 
Hyperglycemia induces mitochondrial changes such as 
release of cytochrome c, activation of caspase 3, altered 
biogenesis, and fi ssion, which all lead to a programmed 
cell death [64].

Conclusion
Th is study links the eff ects of the 1,25(OH)2D3 in 
improving insulin sensitivity and neuropathy in a 
T2DM model to restoration of pancreatic and nerve 
VDR expression. 1,25(OH)2D3 altered insulin 
resistance and neuropathic changes signifi cantly, which 
may be because of its genomic eff ects in addition 
to its antioxidant and anti-infl ammatory capacity. 
Th us, vitamin D could be a novel approach to lower 
neuropathic risk in diabetes.



Vitamin D protects diabetic rats from neuropathic changes El-Sayed et al. 123

Financial support and sponsorship
Nil.

Confl icts of interest
Th ere are no confl icts of interest.

References
 1 Pittas AG, Lau J, Hu FB, Dawson-Hughes B. The role of vitamin D and 

calcium in type 2 diabetes. A systematic review and meta-analysis. J Clin 
Endocrinol Metab 2007 ; 92:2017–2029.

 2 Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metab  2009; 
94:26–34.

 3 Holick MF. Vitamin D defi ciency. N Engl J Med 200 7; 357:266–281.

 4 Holick MF. Vitamin D: evolutionary, physiological and health perspectives. 
Curr Drug Targets  2011; 12:4–18.

 5 Zehnder D, Bland R, Williams MC, McNinch RW, Howie AJ, Stewart PM, 
Hewison M Extrarenal expression of 25-hydroxyvitamin d(3)-1 alpha-
hydroxylase. J Clin Endocrinol Metab 20 01; 86:888–894.

 6 Amer M, Qayyum R. Relation between serum 25-hydroxyvitamin D and 
C-reactive protein in asymptomatic adults (from the continuous National 
Health and Nutrition Examination Survey 2001 to 2006). Am J Cardiol 
201 2; 109:226–230.

 7 Whitfi eld, GK, Jurutka PW, Haussler CA, Hsieh JC, Barthel TK, Jacobs 
ET, et al. Nuclear vitamin D receptor: structure-function, molecular control 
of gene transcription, and novel bioactions. In: Feldman D, Pike JW, 
Glorieux FH, editors Vitamin D. Oxford, UK: Elsevier Academic Pr ess; 
2005. 219–261.

 8 Rochel N, Wurtz JM, Mitschler A, Klaholz B, Moras D. The crystal structure 
of the nuclear receptor for vitamin D bound to its natural ligand. Mol Cell 
2 000; 5:173–179.

 9 Mizwicki MT, Keidel D, Bula CM, Bishop JE, Zanello LP, Wurtz JM, et al. 
Identifi cation of an alternative ligand-binding pocket in the nuclear vitamin 
D receptor and its functional importance in 1alpha,25(OH)2-vitamin D3 
signaling. Proc Natl Acad Sci USA 200 4; 101:12876–12881.

10 Mizwicki MT, Menegaz D, Yaghmaei S, Henry HL, Norman AW. A 
molecular description of ligand binding to the two overlapping binding 
pockets of the nuclear vitamin D receptor (VDR): structure–function 
implications. J Steroid Biochem Mol Biol 2010; 121 :98–105.

11 Haussler MR, Jurutka W, Mizwicki M, Norman AN. Vitamin D receptor (VDR)-
mediated actions of 1a,25(OH)2vitamin D3: genomic and non-genomic 
mechanisms. Best Pract Res Clin Endocrinol Meta b 2011; 25:543–559.

12 Haussler MR, Haussler CA, Whitfi eld GK, Hsieh JC, Thompson PD, 
Barthel TK, et al. The nuclear vitamin D receptor controls the expression 
of genes encoding factors which feed the ‘Fountain of Youth’ to mediate 
healthful aging. J Steroid Biochem Mol Biol 20 10; 121:88–97.

13 Lupien M, Eeckhoute J, Meyer CA, Krum SA, Rhodes DR, Liu XS, 
Brown M. Coactivator function defi nes the active estrogen receptor alpha 
cistrome. Mol Cell Biol 2009;  29:3413–3423.

14 Bikle D. Extrarenal synthesis of 1,25-dihydroxyvitamin D and its health 
implications. Clin Rev Bone Miner Met ab 2009; 7:114–125.

15 Windebank AJ, Feldman EL. Diabetes and the nervous system. In: 
Aminoff MJ, editor. Neurology and general medicine. London: Churchill 
Livingst one; 2001. 341–364.

16 Feldman EL, Stevens MJ, Russell JW. Diabetic peripheral and autonomic 
neuropathy. In: Sperling MA, editor. Contemporary endocrinology. 
Totowa, NJ: Humana P ress 2002; 437–461.

17 Russell JW, Sullivan KA, Windebank AJ, Herrmann DN, Feldman EL. 
Neurons undergo apoptosis in animal and cell culture models of diabetes. 
Neurobiol Dis  1999; 6:347–363.

18 Russell JW, Golovoy D, Vincent AM, Mahendru P, Olzmann JA, Mentzer 
A, Feldman EL High glucose-induced oxidative stress and mitochondrial 
dysfunction in neurons. FASEB J 2002;  16:1738–1748.

19 Polydefkis M, Griffi n JW, McArthur J. New insights into diabetic 
polyneuropathy. JAMA 2003;  290:1371–1376.

20 Apfel SC. Nerve regeneration in diabetic neuropathy. Diabetes Obes 
Meta b 1999; 1:3–11.

21 Pierson CR, Zhang W, Sima AA. Proinsulin C-peptide replacement in 
type 1 diabetic BB/Wor-rats prevents defi cits in nerve fi ber regeneration. 
J Neuropathol Exp Neurol 2 003; 62:765–779.

22 Chiarelli F, Santilli F, Mohn A. Role of growth factors in the development 
of diabetic complications. Horm Res  2000; 53:53–67.

23 Sakaue Y, Sanada M, Sasaki T, Kashiwagi A, Yasuda H. Amelioration of 
retarded neurite outgrowth of dorsal root ganglion neurons by overexpression 
of PKCdelta in diabetic rats. Neuroreport. 20 03; 14:431–436.

24 Eckersley L. Role of the Schwann cell in diabetic neuropathy. Int Rev 
Neurobio l 2002; 50:293–321.

25 Marsh SA, Del’italia LJ, Chatham JC. Interaction of diet and diabetes on 
cardiovascular function in rats. Am J Physiol Heart Circ Physiol 2009;  
296:H282–H292.

26 Ishii S, Kamegai J, Tamura H, Shimitzu T, Sugihara H, Oikawa S. Role 
of gherlin in streptozotocin induced diabetic hyperphagia. Endocrinology 
2 002; 143:4934–4937.

27 Choi JH, Ke Q, Bae S, Lee JY, Kim YJ, Kim UK, et al. Doxercalciferol, 
a pro-hormone of vitamin D, prevents the development of cardiac 
hypertrophy in rats. J Card Fail 2011;  17:1051–1058.

28 Leal-Cardoso JH, Matos-Brito BG, Lopes-Junior JE, Viana-Cardoso 
KV, Sampaio-Freitas AB, Brasil RO, et al. Effects of estragole on the 
compound action potential of the rat sciatic nerve. Braz J Med Biol Res 
2004 ; 37:1193–1198.

29 Trinder L. Determination of blood glucose using an oxidase–peroxidase 
system with a non-carcinogenic chromogen. Ann Clin Bio chem 1969; 
1:24–29.

30 Delams HG. Biochemical analysis of human and animal serum for 
monoclonal antibodies using ELISA. Biochemistr y 1986; 14:214–231.

31 Salgado AL, Carvalho Ld, Oliveira AC, Santos VN, Vieira JG, Parise ER. 
Insulin resistance index (HOMA-IR) in the differentiation of patients with 
non-alcoholic fatty liver disease and healthy individuals. Arq Gastroenterol 
20 10; 47:165–169.

32 Wills ED. Evaluation of lipid peroxidation in lipids and biological 
membranes. In: Snell K, Mullock B, editors. Biochemical toxicology: a 
practical approach. Lo ndon: Oxford; 1987.

33 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-delta delta C(T)) method. Method s 
2001: 25:402–408.

34 Chagas CE, Borges MC, Martini LA, Rogero MM. Focus on vitamin D, 
infl ammation and type 2 diabetes. Nutrients  2012; 4:52–67.

35 Norman AW, Frankel JB, Heldt AM, Grodsky GM. Vitamin D defi ciency 
inhibits pancreatic secretion of insulin. Science 1980;  209:823–825.

36 Gregori S, Giarratana N, Smiroldo S, Uskokovic M, Adorini L A 1alpha,25-
dihydroxyvitamin D(3) analog enhances regulatory T-cells and arrests 
autoimmune diabetes in NOD mice. Diabetes 2002 ; 51:1367–1374.

37 Chertow BS, Sivitz WI, Baranetsky NG, Cordle MB, DeLuca HF Islet 
insulin release and net calcium retention in vitro in vitamin D-defi cient rats. 
Diabetes 19 86; 35:771–775.

38 Boucher BJ, Mannan N, Noonan K, Hales CN, Evans SJ. Glucose 
intolerance and impairment of insulin secretion in relation to vitamin D 
defi ciency in east London Asians. Diabetologia 1995;  38:1239–1245.

39 Harinarayan CV. Vitamin D and diabetes mellitus. Hormones (Athens) 
20 14; 13:163–181.

40 Nyomba BL, Bouillon R, Lissens W, Van Baelen H, De Moor P. 
1,25-Dihydroxyvitamin D and vitamin D-binding protein are both decreased 
in streptozotocin-diabetic rats. Endocrinology 1985;  116:2483–2488.

41 Ishida H, Seino Y, Matsukura S, Ikeda M, Yawata M, Yamashita G, et al. 
Diabetic osteopenia and circulating levels of vitamin D metabolites in type 
2 (noninsulin-dependent) diabetes. Metabolism 19 85; 34:797–801.

42 Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, et al. 
Endocrine regulation of energy metabolism by the skeleton. Cell 200 7; 
130:456–469.

43 Terpening CM, Haussler CA, Jurutka PW, Galligan MA, Komm BS, 
Haussler MR. The vitamin D-responsive element in the rat bone Gla 
protein gene is an imperfect direct repeat that cooperates with other cis-
elements in 1,25-dihydroxyvitamin D3-mediated transcriptional activation. 
Mol Endocrinol 1 991; 5:373–385.

44 Ozono K, Liao J, Kerner SA, Scott RA, Pike JW. The vitamin D-responsive 
element in the human osteocalcin gene. Association with a nuclear proto-
oncogene enhancer. J Biol Chem 1990; 26 5:21881–21888.

45 Gerrits EG, Lutgers HL, Kleefstra N, Graaff R, Groenier KH, Smit AJ, et al. Skin 
autofl uorescence: a tool to identify type 2 diabetic patients at risk for developing 
microvascular complications. Diabetes Care 20 08; 31:517–521.

46 Dong J, Wong SL, Lau CW, Lee HK, Ng CF, Zhang L, et al. Calcitriol 
protects renovascular function in hypertension by down-regulating 
angiotensin II type 1 receptors and reducing oxidative stress. Eur Heart J 
2012;  33:2980–2990.

47 Vicent AM, Russell JW, Low P, Feldman E. Oxidative stress in the 
pathogenesis of diabetic neuropathy. Endocr Re v 2004; 25:612–628.



124 Kasr Al Ainy Medical Journal

48 Saporito MS, Brown ER, Hartpence KC, Wilcox HM, Vaught JL, Carswell 
S. Chronic 1,25-dihydroxyvitamin D3-mediated induction of nerve growth 
factor mRNA and protein in L929 fi broblasts and in adult rat brain. Brain 
Res 1994;  633:189–196.

49 Neveu I, Naveilhan P, Baudet C, Brachet P, Metsis M. 1,25-Dihydroxyvitamin 
D3 regulates NT-3, NT-4 but not BDNF mRNA in astrocytes. NeuroRepo rt 
1994; 6:124–126.

50 Naveilhan P, Neveu I, Wion D, Brachet P. 1,25-Dihydroxyvitamin D3, an inducer 
of glial cell line-derived neurotrophic factor. Neuroreport 1996 ; 7:2171–2175.

51 Wang Y, Chiang YH, Su TP, Hayashi T, Morales M, Hoffer BJ, Lin SZ. 
Vitamin D(3) attenuates cortical infarction induced by middle cerebral 
arterial ligation in rats. Neuropharmacology 20 00; 39:873–880.

52 Brewer LD, Thibault V, Chen KC, Langub MC, Landfi eld PW, Porter NM. 
Vitamin D hormone confers neuroprotection in parallel with downregulation 
of L-type calcium channel expression in hippocampal neurons. J Neuros ci 
2001; 21:98–108.

53 de Viragh PA, Haglid KG, Celio MR. Parvalbumin increases in the caudate 
putamen of rats with vitamin D hypervitaminosis. Proc Natl Acad Sci USA 
1989;  86:3887–3890.

54 Garcion E, Sindji L, Montero-Menei C, Andre C, Brachet P, Darcy F. 
Expression of inducible nitric oxide synthase during rat brain infl ammation: 
regulation by 1,25-dihydroxyvitamin D3. Glia 19 98; 22:282–294.

55 Garcion E, Sindji L, Leblondel G, Brachet P, Darcy F. 1,25-Dihydroxyvitamin 
D3 regulates the synthesis of gamma-glutamyl transpeptidase and glutathione 
levels in rat primary astrocytes. J Neurochem 19 99; 73:859–866.

56 Dringen R, Gutterer JM, Hirrlinger J. Glutathione metabolism in brain 
metabolic interaction between astrocytes and neurons in the defense 
against reactive oxygen species. Eur J Biochem 2000;  267:4912–4916.

57 Sánchez-Martínez R, Zambrano A, Castillo AI, Aranda A. Vitamin 
D-dependent recruitment of corepressors to vitamin D/retinoid X receptor 
heterodimers. Mol Cell Biol 2008;  28:3817–3829.

58 Cohen-Lahav M, Shany S, Tobvin D, Chaimovitz C, Douvdevani A. 
Vitamin D decreases NFkappaB activity by increasing IkappaBalpha 
levels. Nephrol Dial Transplant 20 06; 21:889–897.

59 Moreno J, Krishnan AV, Swami S, Nonn L, Peehl DM, Feldman D. 
Regulation of prostaglandin metabolism by calcitriol attenuates growth 
stimulation in prostate cancer cells. Cancer Res 2005;  65:7917–7925.

60 Eelen G, Gysemans C, Verlinden L, Gijsbers R, Beullens I, Van Camp 
M, et al. Induction of FOXO3a by 1,25D in MC3T3E1 cells mediates 
resistance to oxidative stress. Abstracts from the 14th Workshop on 
Vitamin D. Brugge, Belgium; 4– 8 October 2009; 60.

61 Lin M, Beal M. The oxidative damage theory of aging. Clin Neurosci R es 
2003; 2:305–315.

62 Weissen-Plenz G, Nitschke Y, Rutsch F. Mechanisms of arterial 
calcifi cation: spotlight on the inhibitors. Adv Clin Che m 2008; 46:263–293.

63 Jomova K, Vondrakova D, Lawson M, Valko M. Metals, oxidative stress 
and neurodegenerative disorders. Mol Cell Biochem 2010 ; 345:91–104.

64 Yagihashi S, Mizukami H, Sugimoto K. Mechanism of diabetic neuropathy: 
where are we now and where to go? J Diabetes Investig.  2011; 2:18–32.


