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ABSTRACT

In the present study, we examine the effects of the
treatment with 1,25-dihydroxyvitamin D; [150 TU/Kg
(3.75 pg/Kg) once a day, for 15 days] to non-diabetic
and streptozotocin-induced diabetic rats. The results
indicate that treatment with 1,25-dihydroxyvitamin
D; had minor effects in non-diabetic rats. The same
treatment in streptozotocin-induced diabetic rats,
although it did not correct the hyperglycemia and
hypoinsulinemia induced by the diabetes, caused
other actions that could mean beneficial effects on the
amelioration of diabetes e.g., it avoided body weight
loss, increased calcium and phosphorus plasma levels,
and corrected the over-expression of the insulin rece-
ptor mRNA species of 9.5 and 7.5 Kb present in the
hind limb muscle and heart of these animals. These
genomic 1,25-dihydroxyvitamin D; effects could in-
volve transcriptional mechanisms of repression me-
diated by vitamin D response elements in the rat in-
sulin receptor gene promoter. Using computer analy-
sis of this promoter, we propose the —249/-235 bp
VDRE (5’GGGTGACCCGGGGTT3’) with a pyrimi-
dine (T) in the (+7) position of the 3’ half-site as the
best candidate for negative control by 1,25-dihydroxy-
vitamin D;. In addition, posttranscriptional mecha-
nisms of regulation could also be implicated. Thus,
computer inspection of the 5’ untranslated region of
the rat insulin receptor pre-mRNA indicated the pre-
sence of a virtual internal ribosome entry segment
whereas the computer inspection of the 3’ untrans-
lated region localized various destabilizing sequ-
ences, including various AU-rich elements. We pro-
pose that through these virtual cis-regulatory sequ-
ences, 1,25-dihydroxyvitamin D; could control the
translation and stability of insulin receptor mRNA
species in the hind limb muscle and heart of diabetic
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1. INTRODUCTION

1,25-dihydroxyvitamin D; (1,25D;), acting through the
vitamin D receptor (VDR), can produce multiple biolo-
gical effects in different physiological systems [1]. VDR
is a member of the nuclear receptor superfamily of tran-
scription factors [2] that exerts its actions preferentially
as a heterodimer with the retinoid X receptor (RXR),
binding to specific nucleotide sequences termed vitamin
D response elements (VDRESs) located within the vicinity
of 1,25D; target gene promoters. A VDRE generally
consists of two direct imperfect repetitions of six nu-
cleotides separated by a three-nucleotide spacer. The
VDR usually occupies the 3’ half-site while the RXR
binds to the 5” half-site [3]. Differences in the sequence of
these halfsites, the spacer and the sequences flanking
and/or overlapping the VDREs, together with a wide va-
riety of coregulatory factors, appear to modulate the
transcriptional regulation by 1,25D; [4].

Our group reported the first demonstration that 1,25D;
was able to increase the expression of the human insulin
receptor (INSR) gene, the INSR number and the insulin
response to glucose transport and glucose oxidation in
U-937 human promonocytic cells [5]. These in vitro ef-
fects of 1,25D; were accompanied by the transcriptional
activation of the human INSR gene [6] and by the
enhanced expression of the human VDR at the level of
both RNA and protein [7]. In support of a transcriptional
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regulation of this INSR gene by VDR, our group iden-
tified a functional VDRE located between —761/=732 bp
of the human INSR gene promoter [8].

1,25D5 also exerts in vivo effects on insulin secretion
and insulin sensitivity. Treatment with 1,25D; enhanced
pancreatic insulin secretion while vitamin D deficiency
inhibited rat pancreatic secretion and turnover of insulin,
leading to impaired glucose tolerance [9]. Replacement
therapy with 1,25D; in rats with vitamin D deficiency
reversed these abnormalities [10]. The administration of
1,25D; in animal models of diabetes, including the dia-
betes induced by streptozotocin (STZ), improved the
diabetes attenuating pancreatic islet damage and increa-
sing insulin sensitivity [11]. We reported that 1,25D;
treatment reversed the over-expression of the rat INSR
gene in the liver and adipose tissue of STZ-induced
diabetic rats without altering the normal expression of
this gene in the kidney [12]. These effects were accom-
panied by a normalization of the number of INSRs and
an improvement of the insulin response to glucose trans-
port in adipocytes of these animals. In support of a trans-
criptional participation of 1,25D; in these processes, we
localized by computer search two candidate DNA sequ-
ences in the rat INSR promoter containing virtual
VDRE:s [12].

With these antecedents, in the present work we exa-
mine the possible existence of in vivo 1,25D; effects in
other two important insulin target tissues: the hind limb
muscle and heart of non-diabetic and STZ-induced dia-
betic rats. Both tissues express INSRs [13,14] although
with different receptor capacity and sensitivity to devel-
oped insulin resistance [15,16]. Both tissues also express
VDRs [17-19], providing the support for possible geno-
mic effects of 1,25D; in these tissues. We hypothesized
that STZ-induced diabetic rats could be more susceptible
to 1,25D; that non-diabetic rats and that the diabetes
induced by STZ could provoke tissue specific changes
that could alter the genomic 1,25D; response. We also
postulated the possible alteration by 1,25D; of INSR
mRNA levels and the possible participation of transcrip-
tional and/or posttranscriptional mechanisms in this re-
gulation.

2. MATERIALS AND METHODS
2.1. Experimental Animals

Male Wistar rats weighing 200 - 220 g at the onset were
used. During the 15 days of the experimental period, the
rats were kept under standard conditions of light and
temperature with free access to tap water and standard
laboratory chow (Panlab, A04) containing 8.8 mg/g of
calcium, 5.9 mg/g of phosphorus and 1.5 [U/g of vitamin
D. Four groups of rats were employed in this study. The
first group was comprised of non-diabetic rats receiving
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sham-treatments during the 15 days of experimental pe-
riod (non-diabetic rats). The second group included non-
diabetic rats i.p. injected with 1,25D; (Calcijex, Abbot)
(150 TU/Kg [3.75 pg/Kg] once a day, for 15 days)
(1,25D;-rats).The third group consisted of rats rendered
diabetic by a single injection of STZ (Sigma) (65 mg/kg)
on the 8th day of the 15-day period (STZ-rats). Finally,
the fourth group was comprised of rats rendered diabetic
by STZ on the 8th day, and i.p. injected with 1,25D; (150
IU/Kg [3.75 pg/Kg] once a day, for 15 days) (STZ +
1,25D;-rats). The National Guide for the Care and Use of
Laboratory Animals was strictly followed during this
study.

On sacrifice, fed rats were decapitated without anaes-
thesia and trunk blood samples were recovered for pla-
sma measurements. The hind limb muscle and heart were
immediately removed, and frozen in liquid nitrogen for
nucleic acid and protein determinations.

2.2. Analytical Methods

Plasma insulin levels were determined by radioimmu-
noassay using rat insulin as standard [20]. Plasma con-
centrations of glucose, 25-hydroxyvitamin Dj, calcium,
phosphorus and proteins were estimated using commer-
cially available techniques. The total DNA and RNA
contents of the homogenates from individual tissues were
estimated by spectrofluorometry. The protein content
was determined by the Bradford method.

2.3. Northern Blot Assays

For Northern blot assays, RNA samples (30 pg) of hind
limb muscle and heart, were denatured, electrophoresed
in 1.1% agarose-formaldehyde gels and blotted onto ny-
lon membranes as previously described [21]. Ethidium
bromide staining of the 28 S and 18 S ribosomal RNAs
was routinely checked before blotting as a control for
sample loading, and after blotting as a control for RNA
transfer. RNA blots were prehybridized, hybridized with
excess [2P]-labeled probe (the 0.98 Kb rat INSR specific
EcoRI fragment of the pl6 clone, gift from Prof. Gold-
stein), washed under stringent conditions and finally
autoradiographed. The autoradiographs were scanned
with a laser densitometer and the readings normalized
with the respective amounts of 28 S rRNA, as revealed
by ethidium bromide.

2.4. Computer Analysis of DNA and RNA
Sequences

SEQFIND is a program developed in our laboratory and
initially utilized by our group in the computer search of
AUUUA pentamers and U-rich domains in the 3’-un-
translated region (UTR) of the human INSR pre-mRNA
[22]. SEQFIND was also employed by our group in the
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identification of various DNA regulatory sequences in
the human INSR gene promoter including two estrogen
response elements [23], one VDRE [8], and various sig-
nal transducers and activators of transcription response
elements [24].

Recently, we employed SEQFIND in the computer
search of virtual VDRE:s in the rat INSR promoter, using
the Rattus norvegicus partial INSR gene sequence
(GenBank: AJ006071.1) [12]. In the present study, we
carried out a detailed analysis of the characteristics of
these VDRE:s in this promoter, using homology with the
consensus VDRE (5’PuGGTCANNPuPuGTTCA3’), pro-
posed by Colnot ef al. [25] and Haussler ef al. [3], and with
the consensus VDRE (5’GGGTCANNGGGGGCA3Z’),
selected by us from a series of described functional
VDREg, in various 1,25D;-stimulated promoters [8].

In the present study, we also used SEQFIND in the
computer inspection of the 5’-UTR and the 3’-UTR of
the pre-mRNA encoding rat INSR (GenBank: NM-
017071.2), looking for regulatory cis-elements that could
control mRNA translation and stability respectively.

2.5. Statistical Analysis

Unless otherwise indicated, the data are expressed as the
mean = S.E.M. A comparison between the groups was
carried out using the two-tailed, unpaired Student t-test
and/or ANOVA comparison, as appropriate. Differences
were considered statistically significant when p < 0.05.

3. RESULTS

3.1. Body Weight and Plasma Values of Glucose,
Insulin, 25-Hydroxyvitamin D3, Calcium,
Phosphorus and Proteins

Treatment with 1,25D; to non-diabetic rats increased
body weight but did not affect the values of any parame-
ter measured in the plasma of these animals including
glucose, insulin and 25-hydroxyvitamin D; (Table 1).

The induction of diabetes by STZ reduced body weight
and induced hyperglycemia and hypoinsulinemia. Treat-
ment with 1,25D5to STZ-induced diabetic rats increased
body weight without altering the hyperglycemia and the
hypoinsulinemia induced by the diabetes, but increasing
calcium and phosphorus plasma levels (Table 1).

3.2. Total DNA, RNA and Protein Content of the
Hind Limb Muscle and Heart

Treatment with 1,25D; increased the protein content and
the indicator of cell size (protein/DNA) in both the hind
limb muscle and heart of non-diabetic rats while the
DNA and RNA contents remained unaltered (Table 2).
STZ injection decreased RNA and protein content in
hind limb muscle but increased both parameters and also
the DNA content in the heart of these animals. Treatment
with 1,25D; to STZ-induced diabetic rats decreased even
more the low values of RNA provoked by the diabetes in
the hind limb muscle, but did not modify the high val-
ues of DNA, RNA and proteins induced by the diabetes
in the heart (Table 2).

3.3. Insulin Receptor mRNA Levels in the Hind
Limb Muscle and Heart

Northern blot assays of hind limb muscle (Figure 1) and
heart (Figure 2) from non-diabetic rats revealed two
major INSR mRNA species of approximately 9.5 and 7.5
Kb in both tissues. Since there is only one rat INSR gene,
it has been suggested that the variation in transcript len-
gth may be due to the existence of alternative polyade-
nylation sites [26]. The relative amounts of these two
INSR mRNA species measured as 9.5 Kb/7.5 Kb ratio
were: 1.1 £ 0.1 in hind limb muscle and 1.3 = 0.1 in the
heart. These ratios are similar to those measured in adi-
pose tissue [12,21] but lower than those detected in kid-
ney [12]. Treatment with 1,25D; to non-diabetic rats did
not affect any of the two INSR mRNA species in any of

Table 1. Body weight and plasma values of the four groups of rats under study.

non-diabetic 1,25D; STZ STZ + 1,25D;
Final body weight (g) 282+ 1 290 + 1 238 + 5% 256+ 2%
Glucose (mg/dl) 121+9 13143 447 + 25 462 + 16™
Insulin (ng/ml) 1.5+£0.2 1.6+0.2 0.6 +£0.2" 0.4+0.1%
25-Hydroxy-vitamin D; (ng/ml) 192+1.9 153+1.8 6.1+3.8 18.1+2.9
Calcium (mg/dl) 75+15 10.0£1.1 9.8+0.1 11.3+0.3%
Phosphorus (mg/dl) 6.8+0.8 8.7+0.8 7.0+0.3 11 +£0.6*
Proteins (mg/dl) 64+ 1 6+0.8 62 +£0.8 64+1

Non-diabetic rats (non-diabetic), rats treated with 1,25D5 (150 TU/kg [3.75 pg/kg] once a day, for 15 days) (1,25D3), streptozotocin-induced diabetic rats (STZ)
and STZ-induced diabetic rats treated with 1,25D; (STZ + 1,25Ds). Values are the mean = S.E.M. of 7 - 14 determinations in each group. p < 0.05 vs

non-diabetic rats; bp <0.05 vs 1,25D;-rats; °p < 0.05 vs STZ-rats.
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Table 2. Total DNA, RNA and protein content in the hind limb muscle and heart of the four groups of rats under study.

non-diabetic 1,25D; STZ STZ + 1,25D;
Hind limb muscle
Tissue weight (g) 0.055+0.03 0.10 + 0.04° 0.06 +£0.01 0.03 £ 0.004°
DNA (mg/g) 0.86 £0.27 0.53£0.13 0.55+0.07 0.84+£0.17
RNA (mg/g) 0.56 = 0.02 0.63 +0.04 0.46 + 0.04® 0.26 + 0.07*
Protein (mg/g) 100 + 34 171 £27% 77+ 19* 98 + 14°
Protein/DNA (mg/mg) 117 +29 359 + 64° 136 £20 122£17°
Heart
Tissue weight (g) 0.087 £0.03 0.11 £0.02° 0.07 £0.02 0.03 +£0.08°
DNA (mg/g) 0.87 +0.08 0.88 +0.07 1.13+£0.12%® 1.43 +£0.14%
RNA (mg/g) 0.63 +0.03 0.63 +0.06 0.81 +0.003° 0.78 £ 0.029
Protein (mg/g) 60 £ 11 138 + 16° 96 + 13%® 116 + 12
Protein/DNA (mg/mg) 69+7 156 £9* 86+9 79+ 10

Non-diabetic rats (non-diabetic), rats treated with 1,25D5 (150 IU/kg [3.75 pg/kg] once a day, for 15 days) (1,25D3), streptozotocin-induced diabetic rats (STZ)
and STZ-induced diabetic rats treated with 1,25D; (STZ + 1,25D3). Values are the mean + S.E.M. of 7 - 14 determinations in each group. *p< 0.05 vs non-diabetic

rats; bp< 0.05 vs 1,25D;-rats; “p< 0.05 vs STZ-rats.

the tissues studied (Figure 1) and (Figure 2). INSR
mRNA species were expressed per unit of DNA and per
unit of RNA in view of the observation (Table 2) that
although treatment with 1,25D; to non-diabetic rats did
not alter DNA or RNA content per gram of tissue in any
of these tissues, the same treatment in diabetic rats de-
creased even more the RNA content in the hind limb
muscle without altering the high DNA and RNA content
in the heart.

The induction of diabetes by STZ produced important
increments in the levels of both INSR mRNA species in
both tissues. In particular, 174% increase corresponding
to the 9.5 Kb and 280% to the 7.5 Kb species in the hind
limb muscle (Figure 1) when expressed per unit of DNA
and 113% and 195% increases of the respective species,
per unit of RNA. In the heart, 57% increase correspond-
ing to the 9.5 Kb and 87% to the 7.5 Kb species only
when expressed per unit of RNA (Figure 2).

Treatment with 1,25D; to STZ-induced diabetic rats
corrected the over-expression of the INSR mRNA in the
hind limb muscle (Figure 1) and heart (Figure 2) of
these animals. Both the 9.5 and 7.5 Kb species were de-
creased in the hind limb muscle only when expressed per
unit of DNA and the 9.5 Kb species in the heart only
when expressed per unit of RNA.

3.4. Computer Analysis of VDREs in the Rat
INSR Gene Promoter

In a previous computer search of virtual VDREs in the
rat INSR gene promoter, we identified two candidates

Copyright © 2013 SciRes.

DNA sequences containing VDREs [12]. One DNA se-
quence, located between —256 and —219 bp of the rat
INSR gene promoter with two superposed VDREs (the
—247/-233 bp and the —249/-235 bp) overlapped by
three AP-2-likes sites, and the other DNA sequence ex-
tending from —653 and —620 bp of this promoter with
one VDRE (—637/-623 bp) and four overlapped AP-2-
like sites. These VDREs separately or together could
form a locus that may respond to 1,25D; via VDR.

In the present work, we analyzed these virtual VDREs
in order to find the best candidate for a repression re-
sponse. We observed that the —247/-233 bp VDRE
(5’GTGACCCGGGGTTGA3’) showed a difference of
four bases with the consensus VDRE of Colnot ef al. [25]
and Haussler et al. [3] and of six bases with our consen-
sus VDRE [8] (Figure 3). The —249/-235 bp VDRE
(5’GGGTGACCCGGGGTT3’) showed differences of
six and four bases respectively with these consensus
(Figure 3). Whereas the —637/—623 bp VDRE
(5’CGGGCAAAGGGGCGA3’) showed differences of
five and four bases with the respective VDRE consensus
(Figure 3).

Besides, the presence in the —247/—233 bp VDRE of a
(T) at the (+4) position of its 3’ half-site provides the
higher affinity of this site for the VDR [25]. The exi-
stence in the three VDREs of a (G) in the (—5) position
of the 5 half-site provides the consensus binding for
RXR [3,25]. In addition, the presence in these three
VDREs of various guanines in their two half-sites may
help establish contacts with the VDR [25] (Figure 3).

We focused our attention especially in the presence in
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Figure 1. Insulin receptor (INSR) mRNA levels in the
hind limb muscle of the four groups of rats in study: non-
diabetic rats (non-diabetic), rats treated with 1,25D; (150
IU/Kg [3.75 ng/Kg] once a day, for 15 days) (1,25Ds),
streptozotocin-induced diabetic rats (STZ) and STZ-in-
duced diabetic rats treated with 1,25D; (STZ + 1,25D;). (a)
Autoradiograph of a representative Northern blot experi-
ment in the hind limb muscle of two rats from each group.
The sizes of the two major INSR mRNA species are shown
in the margin. The respective amounts of 28 S rRNA re-
vealed by ethidium bromide are also indicated; (b) Densi-
tometric analysis of three independent Northern blot ex-
periments. INSR mRNA species were quantified separately,
normalized with the respective 28 S rRNA values and ex-
pressed (per unit of DNA and per unit of RNA) as a per-
centage of the values obtained for non-diabetic rats (mean
+ S.EM., *p < 0.05 vs non-diabetic rats; °p < 0.05 vs
1,25D;-rats; and °p < 0.05 vs STZ-rats).

(per unit of RNA)

both the —247/-233 bp VDRE
(5°GTGACCCGGGGTTGA3’) and the —637/-623 bp
VDRE (5’CGGGCAAAGGGGCGA3’) of a purine (A)
at the (+7) position of both 3’ half-sites, which allows
positive control by 1,25D; [3,27]. Contrarily, we obser-
ved the presence in the —249/-235 bp VDRE
(5’°GGGTGACCCGGGGTT3’) of a pyrimidine (T) in
the same (+7) position, which allows negative control by
1,25D5 [28] (Figure 3). Therefore, only the —249/-235
VDRE could mediate a response of repression like that
observed in the present work in the attenuation of the
over-expression of the INSR gene caused by the treat-
ment with 1,25Dj; in the hind limb muscle and heart of di-
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Figure 2. Insulin receptor (INSR) mRNA levels in the heart
of the four groups of rats in study: non-diabetic rats
(non-diabetic), rats treated with 1,25D; (150 IU/Kg [3.75
ng/Kg] once a day, for 15 days) (1,25Ds), streptozoto-
cin-induced diabetic rats (STZ) and STZ-induced diabetic
rats treated with 1,25D; (STZ + 1,25D3). (a) Autoradiograph
of a representative Northern blot experiment in the heart of
two rats from each group. The sizes of the two major INSR
mRNA species are shown in the margin. The respective
amounts of 28 S rRNA revealed by ethidium bromide are
also indicated; (b) Densitometric analysis of three independ-
ent Northern blot experiments. INSR mRNA species were
quantified separately, normalized with the respective 28 S
rRNA values and expressed (per unit of DNA and per unit of
RNA) as a percentage of the values obtained for non-diabetic
rats (mean + S.E.M., *p < 0.05 vs non-diabetic rats; °p < 0.05
vs 1,25Ds-rats; and °p < 0.05 vs STZ-rats).

(per unit of RNA)

abetic rats.

3.5. Computer Analysis of the 5’ and 3’-UTR
Regions of the Pre-mRNA Encoding Rat
INSR

Eukaryotic mRNAs possess diverse regulatory cis-ele-
ments that control, among others, mRNA processing,
stability and translational processes. Translation is most
commonly initiated by a cap-dependent mechanism but
some mRNAs from receptors, oncogenes and tumor sup-
pressors that show inconsistence between their mRNA
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Figure 3. Virtual vitamin D response elements (VDRESs) localized in the rat insulin receptor
(INSR) gene promoter. Homology of the bases with the consensus VDRE proposed by Colnot et al.
[25] and Haussler et al. [3], and with the consensus VDRE selected by our group [8], are indicated
labelling the nucleotides with empty and filled circles, respectively.

and protein levels contain IRESs (internal ribosome entry
sites) [29]. Here, we observed by computational analysis
using SEQFIND that the 5’-UTR region of the precursor
mRNA encoding rat INSR contains a virtual IRES with
up to seven CCU motifs in a region between —295 to —73
nt upstream of the initiator AUG (Table 3).

We also performed a computational analysis of the
3’-UTR region of this precursor mRNA of the rat INSR
looking for destabilizating elements [29] that could be
implicated in our observed reduction of IR mRNA spe-
cies provoked by 1,25D; in STZ-induced diabetic rats.
The results in Table 3 reveal the presence of one
(AUUUA) pentamer, three (AUUUUA) hexamers, and
the presence of various U-rich domains: six with five U
(no identified in the table), one with seven U and one
with ten U. This high number of destabilizing elements is
higher than that detected in the 3’-UTRs of other
mRNAs considered as highly regulated mRNAs [22].
We hypothesize that the 9.5 Kb INSR species would
possess all these destabilizing elements and be more af-
fected than the 7.5 Kb INSR species.

4. DISCUSSION

4.1. Effects of Treatment with 1,25D; to
Non-Diabetic Rats

The no alteration of any parameter measured in the
plasma of these animals after treatment with 1,25D; is
consistent with similar results previously reported by us
[12], and others [11] in equivalent rat models. A counter
regulatory mechanism in the rat similar to that demon

Copyright © 2013 SciRes.

Table 3. Computer identification of virtual cis-regulatory se-
quences in the 5’ and 3’ untranslated regions (UTRs) of the pre-
mRNA encoding rat insulin receptor (GenBank: NM017071.2).

5-UTR 3-UTR
Internal ribosome entry —293
site (IRES) —249
(CCU motifs) -190
-96
-89
-85
=73
AUUUA 4549
pentamers
AUUUUA 4436
hexamers 4699
4779
U-rich domains 4721
with seven U
U-rich domains 4496

with ten U

Number in 5’-UTR indicates the distance upstream of the initiator AUG.
Number in 3’-UTR indicates the distance downstream of the initiator AUG.

strated in humans [30], could maintain 25-hydroxyvita
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min D; plasma levels within the observed range of 15 -
19 ng/ml with vitamin D supplies of 150 IU daily ad-
ministered by injection plus the vitamin D consumed in
the diet. In addition, in the same experimental model, we
previously demonstrated the no affectation by the treat-
ment with 1,25D; of any urine parameter such as specific
gravity, pH, leukocytes, nitrite, protein, glucose, ketones,
urobilinogen, bilirubin and blood [12].

The increments in protein content and the indicator of
cell size (protein/DNA) induced by 1,25D; might indi-
cate hypertrophy of both tissues. This is supported by the
fact that 1,25D; besides increasing body weight also in-
creased the weights of both tissues. This in vivo hyper-
trophy induced by 1,25D; is in agreement with results
showing increased muscle fibre number and diameter in
elderly women treated with 1,25D; [31], with indirect
results indicating smaller fibre sizes in various muscle
types of VDR-null mice [32], and with a possible role for
this vitamin as a muscular-protective agent [33,34]. In
other tissues such as liver, kidney and adipose tissue, the
induction of hypertrophy by 1,25D5 is not so clear [12].

The presence of two INSR mRNA species of 9.5 and
7.5 Kb in the hind limb muscle of non-diabetic rats is
consistent with earlier studies from our group [12,21]
and others [35,36] showing species of comparable size in
this same tissue. Regarding the presence of these two
INSR mRNA species in the heart, to our knowledge this
is the first description. The treatment with 1,25D; did not
alter the expression of these INSR mRNA species in any
of these two tissues in study. We had previously reported
species of similar size and their no alteration by the
treatment with 1,25D; in the kidney, liver, and adipose
tissue of non-diabetic rats. This was accompanied by the
no affectation of INSR number and the insulin response
to glucose transport in isolated adipocytes of these ani-
mals [12]. Other authors observed increased INSR mRNA
expression (measured by RT-PCR) in the gastrocnemius
muscle of rats fed a diet containing whey protein, high
calcium and high vitamin D intake (10,000 1U/kg for 13
weeks), but not when the rats were exposed at a dose
(400 TU/Kg for 13 weeks) closer to the one used in our
experiments [37].

The lack of effects of 1,25D; on INSR gene expres-
sion in the hind limb muscle and heart of non-diabetic
rats could be also related to the absence of VDR in both
tissues and/or to the absence of regulation of VDR by its
ligand in these tissues. In the first case, recently Wang
and DeLuca [38] did not find VDR expression in skele-
tal, heart and smooth muscle extracts from mouse and
human (measured by western blot and immunohisto-
chemistry) in contradiction with previous studies in chick
myoblasts [17,18] and in mouse and human extracts
[32,39]. The different specificity of the VDR antibodies
used in these works could account, at least in part, for
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these results. In the second case, Bischoff et al. [39] in-
dicated that VDR expression correlated with age but not
with 25-hydroxyvitamin D5 or 1,25D; levels in skeletal
muscle, whereas Chem et al. [40] showed that VDR has
a ligand-independent activity in myocytes. Moreover,
both tissues express the 1a-hydroxylase gene, reflecting
the possible importance of the endogenously synthesized
1,25D; [40,41].

4.2. Effects of Treatment with 1,25D; to
STZ-Induced Diabetic Rats

STZ-induced diabetes is an animal model of diabetes that
comprises both toxic and inflammatory mechanisms [42].
Mononuclear infiltration, altered morphology of islets
and disappearance of beta cells are the most reported his-
tological changes in the pancreas of these animals [43].
Using this diabetic model, we previously reported gly-
cosuria and the appearance of leukocytes, ketones and
blood in the urine of these animals [12]. The presence of
hyperglycemia and hypoinsulinemia has also been de-
scribed [12,44,45]. We also detected normal levels of
25-hydroxyvitamin Dj; in accordance with other authors
[46]. Treatment with 1,25D; increased rat body weight
but did not revert the hyperglycemia and hypoinsuline-
mia induced by the diabetes. The 25-hydroxyvitamin D;
levels were maintained unaltered by 1,25D;. However,
we observed increased calcium and phosphorus plasma
levels after 1,25D; treatment. It is well recognized the
essential role of 1,25D; in the homeostasis of calcium
and phosphorus in muscle tissues [47]. Moreover, cal-
cium per se is important for insulin secretion, as well as
for correction of glucose intolerance [48,49]. Both pa-
rameters had been described as regulators of VDR in
some tissues including the skeletal muscle [50,51].

The diabetes induced by STZ decreased RNA and
protein content in the hind limb muscle accordingly with
other authors [52]. Moreover, it is know that the hypoin-
sulinemia of the diabetes accelerates the proteolysis
provoking muscle atrophy [53]. Regarding the heart,
various authors had reported hypertrophy induced by the
diabetes [54,55] and our present results also suggest hy-
pertrophy with increased values of DNA, RNA and pro-
teins but without changes in the weight of tissue and in
the protein/DNA ratio. The treatment with 1,25D; de-
creased even more the low values of RNA provoked by
the diabetes in the hind limb muscle, but at the same time,
1,25D; maintained the high values of DNA, RNA and
proteins induced by the diabetes in the heart. A similar
situation of permanence of high levels of proteins and
DNA accompanied by slight increases of the pro-
tein/DNA ratio was observed by our group in the kidney
and liver, but not in the adipose tissue of STZ-diabetic
rats treated with 1,25D; [12].

The diabetes induced by STZ also produced important
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increments in the levels of the 9.5 and 7.5 Kb INSR
mRNA species in the hind limb muscle and heart of
these animals. To our knowledge, this is the first descrip-
tion of such increments in these tissues of diabetic rats.
Studying other tissues, our group reported increased lev-
els of these INSR mRNA species in the liver and adipose
tissue but not in the kidney of STZ-induced diabetic rats
[12]. In addition, other investigators described increased
INSR mRNA levels in the liver and kidney but not in the
brain of STZ- diabetic rats [56,57]. These results at the
RNA level coexist with controversial results at the pro-
tein level in both the hind limb muscle [58,59] and the
heart [60,61] of STZ-induced diabetic rats. Despite these
differences, STZ diabetic rats characteristically display
insulin resistance in both tissues [15,62,63]. Noteworthy,
hind limb muscle contributes more to peripheral glucose
utilization than the heart [15].

The treatment with 1,25D; corrected the over-expres-
sion of the INSR mRNA induced by the diabetes in both
tissues. These results represent the first demonstration of
an in vivo regulation by 1,25D; of INSR mRNA levels in
the hind limb muscle and heart of diabetic rats. A similar
prevention of the over-expression of INSR mRNA had
been also observed by our group in the liver and adipose
tissue but not in the kidney of STZ-induced diabetic rats
treated with 1,25D;[12]. In the case of adipose tissue, it
was accompanied by the almost normalization of the
number of INSRs and the improvement of both basal and
insulin-stimulated glucose transport [12]. Although we
did not analyze the insulin response of both tissues after
the treatment with 1,25D;, the in vitro data of Zou et al.
[64] indicating that 1,25D; improved the free fatty-
acid-induced inhibition of glucose uptake in cultured
C2C12 muscle cells, would support the possibility that
1,25D; could prevent insulin resistance in muscle cells.
These results were accompanied by the stimulation of
various parameters of the insulin signalling, such as the
IRS-1 and AKT [64]. Moreover, in the STZ-induced dia-
betic model, the in vivo administration of 1,25D; for 8
weeks was reported to improve diabetes, attenuating pan-
creatic islet damage and decreasing the insulin require-
ments [42].

4.3. Possible Participation of Transcriptional
and/or Posttranscriptional Mechanisms of
Regulation in These in Vivo
1,25D;-Mediated Processes

In support of a possible transcriptional regulation by
1,25D; correcting the over-expression of the INSR at the
RNA level, in the hind limb muscle and heart of
STZ-induced diabetic rats, we postulated the —249/—235
bp VDRE (5’GGGTGACCCGGGGTT3’) with a pyrimi-
dine (T) in the (+7) position which allows negative con-
trol by 1,25D; [28], as the best candidate for such a re-
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sponse of repression.

Posttranscriptional mechanisms of regulation at the
level of mRNA translation could be acting in these in
vivo 1,25D;-mediated processes. Only recently, the regu-
lation of IR expression at the level of mRNA translation
has been reported with the finding of a functional IRES
in the human INSR mRNA [65]. In the present work, by
computational analysis of the 5’-UTR region of the pre-
cursor mRNA encoding rat INSR, we detected a virtual
IRES with up to seven CCU motifs in a region between
—295 to —73 nt upstream of the initiator AUG. These
data represent the first identification of an IRES in the rat
INSR pre-mRNA. The possible function of this virtual
IRES in maintaining INSR protein expression and its
regulation by 1,25D; needs more investigation.

Finally, variation in INSR mRNA stability is a post-
transcriptional mechanism considered as an important
regulator of INSR expression [66]. Our group previously
demonstrated a high presence of destabilizing elements
in the 3’-UTR region of the human INSR mRNA fa-
vouring its consideration as a highly regulated mRNA
[22]. In the present work, using computational analysis
of the 3’-UTR region of the precursor mRNA, we de-
tected for the first time the presence of a high number of
AU-rich elements and U-domains. Stability of the INSR
mRNA could be highly regulated through these destabi-
lizing elements. The possible implication of these facts in
the observed correction by 1,25D; of the over-expression
of INSR mRNA species in the hind limb muscle and
heart of STZ-induced diabetic rats remains the object of
further research.

In conclusion, the present data suggest certain benefi-
cial effects of 1,25D; in the amelioration of the diabetes,
which could be mediated by the control of INSR expres-
sion via transcriptional and/or posttranscriptional mecha-
nisms. In agreement with Girgis et al. [67] the potential
benefits of 1,25D; are more pronounced in situations of
vitamin D deficiency or poor glycemic control, as is the
case of our STZ-induced diabetic rats.

5. ACKNOWLEDGEMENTS

This work was supported by research Funds from the Ministerio de
Ciencia e Innovacion (SAF2009-12671).

REFERENCES

[1] Norman, A.W. and Bouillon, R. (2010) Vitamin D nutri-
tional policy needs a vision for the future. Experimental
Biology and Medicine, 235, 1034-1045.
doi:10.1258/ebm.2010.010014

[2] Sonoda, J., Pei, L. and Evans, R.M. (2008) Nuclear re-
ceptors: Decoding metabolic disease. FEBS Letters, 582,
2-9. doi:10.1016/j.febslet.2007.11.016

[3] Haussler, M.R., Whitfield, G.K., Haussler, C.A, Hsieh,

OPEN ACCESS


http://dx.doi.org/10.1258/ebm.2010.010014
http://dx.doi.org/10.1016/j.febslet.2007.11.016

[10]

[14]

[15]

C. Calle et al. / American Journal of Molecular Biology 3 (2013) 87-97 95

J-C., Thompson, P.D., Selznick, S.H., Encinas Domin-
guez, C. and Jurutka, P.W. (1998) The nuclear vitamin D
receptor: Biological and molecular regulatory properties
revealed. Journal of Bone and Mineral Research, 13,
325-349. doi:10.1359/jbmr.1998.13.3.325

Meyer, M.B. and Pike, J.W. (2012) Corepressors (NCoR
and SMRT) as well as coactivators are recruited to posi-
tively regulated la,25-dihydroxyvitamin Ds-responsive
genes. The Journal of Steroid Biochemistry and Molecu-
lar Biology, in Press. doi:10.1016/.jsbmb.2012.08.006

Leal, M.A., Aller, P., Mas, A. and Calle, C. (1995) The
effect of 1,25-dihydroxyvitamin D; on insulin binding,
insulin receptor mRNA levels, and isotype RNA pattern
in U-937 human promonocytic cells. Experimental Cell
Research, 217, 189-194. doi:10.1006/excr.1995.1078

Maestro, B., Molero, S., Bajo, S., Davila, N. and Calle, C.
(2002) Transcriptional activation of the human insulin
receptor gene by 1,25-dihydroxyvitamin D;. Cell Bio-
chemistry and Function, 20, 227-232.
doi:10.1002/cbf.951

Maestro, B., Campion, J., Davila, N. and Calle, C. (2000)
Stimulation by 1,25-dihydroxyvitamin D3 on insulin re-
ceptor expression and insulin responsiveness for glucose
transport in U-937 human promonocytic cells. Endocrine
Journal, 47, 383-391. doi:10.1507/endocrj.47.383

Maestro, B., Davila, N., Carranza, M.C. and Calle, C.
(2003) Identification of a vitamin D response element in
the human insulin receptor gene promoter. The Journal of
Steroid Biochemistry and Molecular Biology, 84, 223-
230. doi:10.1016/S0960-0760(03)00032-3

Norman, A.W., Frankel, J.B., Heldt, A.M. and Grodsky,
G.M. (1980) Vitamin D deficiency inhibits pancreatic se-
cretion of insulin. Science, 209, 823-825.
doi:10.1126/science.6250216

Bourlon, P.M., Billaudel, B. and Faure-Dussert, A. (1999)
Influence of vitamin D; deficiency and 1,25-dihydroxy-
vitamin D3 on the novo insulin biosynthesis in the islets
of the rat endocrine pancreas. Journal of Endocrinology,
160, 87-95. doi:10.1677/joe.0.1600087

Takiishi, T., Gysemans, C., Bouillon, R. and Mathieu, C.
(2010) Vitamin D and diabetes. Rheumatic Diseases Cli-
nics of North America, 39, 419-446.

Calle, C., Maestro, B. and Garcia-Arencibia, M. (2008)
Genomic actions of 1,25-dihydroxyvitamin D3 on insulin
receptor gene expression, insulin receptor number and
insulin activity in the kidney, liver and adipose tissue of
streptozotocin-induced diabetic rats. BMC Molecular Bi-
ology, 9, 65-77. doi:10.1186/1471-2199-9-65

Standaert, M.L., Schimmel, S.D. and Pollet, R.J. (1984)
The development of insulin receptors and responses in
the differentiating non-fusing muscle cell line BC3H-1.
The Journal of Biological Chemistry, 259, 2337-2345.

Eckel, J. and Reinauer, H. (1980) Characteristics of insu-
lin receptors in the heart muscle: Binding of insulin to
isolated muscle cells from adult rat heart. Biochemical
and Biophysical Acta, 629, 510-521.
d0i:10.1016/0304-4165(80)90156-7

Abdul-Ghani, M.A. and DeFronzo, R.A. (2010) Patho-
genesis of insulin resistance in skeletal muscle. Journal of

Copyright © 2013 SciRes.

[17]

[18]

[19]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Biomedicine and Biotechnology, 2010, 1-19.
doi:10.1155/2010/476279

Ding, A. and Rodrigues, B. (2006) Role of changes in
cardiac metabolism in development of diabetic cardio-
myopathy. American Journal of Physiology Heart and
Circulatory Physiology, 291, H1489-H1506.
doi:10.1152/ajpheart.00278.2006

Simpson, R.U., Tomas, G.A. and Arnold, A.J. (1985)
Identification of 1,25-dihydroxyvitamin D; receptors and
activities in muscle. The Journal of Biological Chemistry,
250, 8882-8891.

Boland, R., Norman, A., Ritz, E. and Hasselbach, W.
(1985) Presence of a 1,25-dihydroxy-vitamin Dj receptor
in chick skeletal muscle myoblasts. Biochemical and Bio-
physical Research Communications, 128, 305-311.
doi:10.1016/0006-291X(85)91679-1

Walters, M.R., Wicker, D.C. and Riggle, P.C. (1986)
1,25-Dihydroxyvitamin D; receptors identified in the rat
heart. Journal of Molecular and Cellular Cardiology, 18,
67-72. doi:10.1016/S0022-2828(86)80983-X

Cabrera, R., Mayor, P., Fernandez-Ruiz, J. and Calle, C.
(1988) Insulin binding and action on adipocytes from fe-
male rats with experimentally induced chronic hyper-
prolactinemia. Molecular and Cellular Endocrinology, 58,
167-173. doi:10.1016/0303-7207(88)90151-7

Campion, J., Lahera, V., Cachofeiro, V., Maestro, B.,
Davila, N., Carranza, M.C. and Calle, C. (1998) In vivo
tissue specific modulation of rat insulin receptor gene ex-
pression in an experimental model of mineralocorticoid
excess. Molecular and Cellular Biochemistry, 185, 177-
182. d0i:10.1023/A:1006871309864

Mas, A., Campion, J., Aller, P. and Calle, C. (1998)
Epinefrine-induced reduction in insulin receptor mRNA
level and stability in U-937 human promonocytic cells.
Hormone and Metabolic Research, 30, 118-122.
doi:10.1055/5-2007-978848

Garcia-Arencibia, M., Davila, N., Campién, J. Carranza,
M.C. and Calle, C. (2005) Identification of two functional
estrogen response elements complexed with AP-1-likes
sites in the human insulin receptor gene promoter. The
Journal of Steroid Biochemistry and Molecular Biology,
94, 1-14. doi:10.1016/j.jsbmb.2004.12.020

Calle, C., Aller, P. and Garcia-Arencibia, M. (2011) Iden-
tification of virtual signal transducers and activations of
transcription response elements in the human insulin re-
ceptor gene promoter. Computational Biology and Che-
mistry, 35, 333-335.
doi:10.1016/j.compbiolchem.2011.10.001

Colnot, S., Lambert, M., Blin, C., Tomasset, C. and Per-
ret, C. (1995) Identification of DNA sequences that bind
retinoid X receptor-1,25(OH),D;-receptor heterodimers
with high affinity. Molecular and Cellular Endocrinol-
ogy, 113, 89-98. doi:10.1016/0303-7207(95)03618-H

Tewari, M., Tewari, D.S. and Taub, R. (1991) Posttrans-
criptional mechanisms account for differences in steady
state levels of insulin receptor messenger RNA in differ-
ent cells. Molecular Endocrinology, 5, 653-660.
doi:10.1210/mend-5-5-653

Ozono, A., Liao, S.A., Kerner, R.A., Scott, J.W. and Pike,

OPEN ACCESS


http://dx.doi.org/10.1016/j.jsbmb.2012.08.006
http://dx.doi.org/10.1006/excr.1995.1078
http://dx.doi.org/10.1002/cbf.951
http://dx.doi.org/10.1507/endocrj.47.383
http://dx.doi.org/10.1016/S0960-0760(03)00032-3
http://dx.doi.org/10.1126/science.6250216
http://dx.doi.org/10.1677/joe.0.1600087
http://dx.doi.org/10.1186/1471-2199-9-65
http://dx.doi.org/10.1016/0304-4165(80)90156-7
http://dx.doi.org/10.1155/2010/476279
http://dx.doi.org/10.1152/ajpheart.00278.2006
http://dx.doi.org/10.1016/0006-291X(85)91679-1
http://dx.doi.org/10.1016/S0022-2828(86)80983-X
http://dx.doi.org/10.1016/0303-7207(88)90151-7
http://dx.doi.org/10.1023/A:1006871309864
http://dx.doi.org/10.1055/s-2007-978848
http://dx.doi.org/10.1016/j.jsbmb.2004.12.020
http://dx.doi.org/10.1016/j.compbiolchem.2011.10.001
http://dx.doi.org/10.1016/0303-7207(95)03618-H
http://dx.doi.org/10.1210/mend-5-5-653

96

[33]

[34]

[33]

[40]

C. Calle et al. / American Journal of Molecular Biology 3 (2013) 87-97

J.W. (1990) The vitamin D-responsive element in the hu-
man osteocalcin gene. The Journal of Biological Chemis-
try, 265,21881-21888.

Liu, S.M., Koszewski, N., Lupez M., Malluche, H.H.,
Olivera, A. and Russell, J. (1996) Characterization of a
response element in the 5’-flanking region of the avian
(chicken) PTH gene that mediates negative regulation of
gene transcription by 1,25-dihydroxyvitamin D; and
binds the vitamin Dj receptor. Molecular Endocrinology,
10, 206-215. d0i:10.1210/me.10.2.206

Ling, J. (2011) Translation of human genome. Biochem-
istry and Analytical Biochemistry, 1, Editorial.

Chatterjee. M. (2001) Vitamin D and genomic stability.
Mutation Research, 475, 69-88.
doi:10.1016/S0027-5107(01)00080-X

Sato, Y., Iwamoto, J. Kanoko, T. and Satoh, K. (2005)
Low-dose vitamin D prevents muscular atrophy and re-
duces falls and hip fractures in women after stroke: A
randomized controlled trial. Cerebrovascular Diseases,
20, 187-192. doi:10.1159/000087203

Endo, J., Inoue, D., Mitsui, T., Umaki, Y., Akaike, M.,
Yoshizawa, T., Kato, S. and Matsumoto, T. (2003) Dele-
tion of vitamin D receptor gene in mice results in abnor-
mal skeletal muscle development with deregulated ex-
pression of myoregulatory factors. Endocrinology, 144,
5138-5144. doi:10.1210/en.2003-0502

Ceglia, L. and Harris, S.S. (2013) Vitamin D and its role
in skeletal muscle. Calcified Tissue International, 92,
151-162. doi:10.1007/s00223-012-9645-y

Alkharfy, K.M., Al-Daghri, N.M., Ahmed, M. and Yak-
out, S.M. (2012) Effects of vitamin D treatment, on ske-
etal muscle histology and ultrastructural changes in a ro-
dent model. Molecules, 17, 9081-9089.
doi:10.3390/molecules17089081

Goldstein, B., Muller-Wieland, D. and Kahn, C.R. (1987)
Variation in insulin receptor messenger ribonucleic acid
expression in human and rodent tissues. Molecular En-
docrinology, 1, 759-766. doi:10.1210/mend-1-11-759

Brunetti, A., Maddux, B.A., Wong, K.Y. and Goldfine,
I.D. (1989) Muscle cell differentiation is associated with
increased insulin receptor biosynthesis and messenger
RNA levels. Journal of Clinical Investigation, 83, 192-
198. doi:10.1172/JCT113858

Siddiqui, S.M.K., Chang, E., Li, J., Burlage, C., Zou, M.,

Buhman, K.K., Koser, S., Donkin, S.S. and Teegarden, D.

(2008) Dietary intervention with vitamin D, calcium, and
whey protein reduced fat mass and increased lean mass in
rats. Nutrition Research, 28, 783-790.
doi:10.1016/j.nutres.2008.08.004

Wang, Y. and DeLuca H.F. (2011) Is the vitamin D re-
ceptor found in muscle? Endocrinology, 152, 354-363.
doi:10.1210/en.2010-1109

Bischoff, H.A., Borchers, M., Gudat, F., Duermueller, U.,
Theiler, R., Stdhelin, H.B. and Dick, W. (2001) In situ
detection of 1,25-dihydroxyvitamin D; receptor in human
skeletal muscle tissue. The Histochemical Journal, 33,
19-24. d0i:10.1023/A:1017535728844

Chen, S., Glenn, D.J., Christopher, W.N., Grigsby, L.,

Copyright © 2013 SciRes.

[41]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Olsen, K. Nishimoto, M., Law, C.S. and Garden, D.G.
(2008) Expression of the vitamin D receptor is increased
in the hypertrophic heart. Hypertension, 52, 1106-1112.
doi:10.1023/A:1017535728844

Li, J., Byrne, M.E., Chang, E., Jiang, Y., Donkin, S.S.,
Buhman, K.K., Burgess, J.R. and Teegarden, D. (2008)
1@,25-dihydroxyvitamin D hydroxylase in adipocytes.
Journal of Steroid Biochemistry and Molecular Biology,
112, 122-126. doi:10.1016/j.jsbmb.2008.09.006

Del Pino-Montes, J., Benito, G.E., Fernandez-Salazar,
M.P., Coveiias, R., Calvo, J.J., Bouillon, R. and Quesada,
J.M. (2004) Calcitriol improves streptozotocin-induced
diabetes and recovers bone mineral density in diabetic
rats. Calcified Tissue International, 75, 526-532.
doi:10.1007/s00223-004-0118-9

Steiner, H., Oelz, O., Zahnd, G. and Froesch, E.R. (1970)
Studies on islet cell regeneration, hyperplasia and intra-
cellular interrelation in long lasting streptozotocin diabe-
tes in rats. Diabetologia, 6, 558-564.
doi:10.1007/BF00418221

Davidson, M.B. and Kaplan, S.A. (1977) Increased insu-
lin binding by hepatic plasma membranes from diabetic
rats: Normalization by insulin therapy. The Journal of
Clinical Investigation, 59, 22-30. doi:10.1172/JCI108618

Kasuga, M.Y., Iwamoto, Y. and Kosaka, K. (1978) Insu-
lin binding and glucose metabolism in adipocytes of
streptozotocin-diabetic rats. The American Journal of
Physiology, 235, E175-E182.

Mac. Cain, T. and Haussler, M.R. (1977) Experimental
diabetes reduces circulating 1,25-dihydroxyvitamin D in
the rat. Science, 196, 1452-1454.
doi:10.1126/science.141098

Boland, J. (2005) Vitamin D and muscle. In: Feldman, D.,
Pike, J.W. and Glorieux F.H., Eds., Vitamin D, Elsevier
Academic Press, San Diego, 883-897.
doi:10.1016/B978-012252687-9/50058-9

Hough, S., Russell, J.E., Teitelbaum, S.L. and Avioli,
L.V. (1982) Calcium homeostasis in chronic streptozoto-
cin-induced diabetes mellitus in the rat. The American
Journal of Physiology, Endocrinology and Metabolism,
242, E451-E456.

Beaulieu, C., Kestekian, R., Havrankova, J. and Gascon-
Barre, M. (1993) Calcium is essential in normalizing in-
tolerance to glucose that accompanies vitamin D deple-
tion in vivo. Diabetes, 42, 35-43.
doi:10.2337/diabetes.42.1.35

Zineb, R., Zhor, B., Odile, W. and Marthe, R.-R. (1998)
Distinct tissue specific regulation of vitamin D receptor
in the intestine, kidney, and skin by dietary vitamin D.
Endocrinology, 139, 1844-1852.
doi:10.1210/en.139.4.1844

Boland, R.L. (2011) VDR activation of intracellular sig-
nalling pathways in skeletal muscle. Molecular and Cel-
lular Endocrinology, 347, 11-16.
doi:10.1016/j.mce.2011.05.021

Kent, J.O., Kimball, S.R. and Jefferson, L.S. (1991) Ef-
fect of diabetes and insulin treatment of diabetic rats on
total RNA, poly (A)' RNA and mRNA in skeletal muscle.

OPEN ACCESS


http://dx.doi.org/10.1210/me.10.2.206
http://dx.doi.org/10.1016/S0027-5107(01)00080-X
http://dx.doi.org/10.1159/000087203
http://dx.doi.org/10.1210/en.2003-0502
http://dx.doi.org/10.1007/s00223-012-9645-y
http://dx.doi.org/10.3390/molecules17089081
http://dx.doi.org/10.1210/mend-1-11-759
http://dx.doi.org/10.1172/JCI113858
http://dx.doi.org/10.1016/j.nutres.2008.08.004
http://dx.doi.org/10.1210/en.2010-1109
http://dx.doi.org/10.1023/A:1017535728844
http://dx.doi.org/10.1023/A:1017535728844
http://dx.doi.org/10.1016/j.jsbmb.2008.09.006
http://dx.doi.org/10.1007/s00223-004-0118-9
http://dx.doi.org/10.1007/BF00418221
http://dx.doi.org/10.1172/JCI108618
http://dx.doi.org/10.1126/science.141098
http://dx.doi.org/10.1016/B978-012252687-9/50058-9
http://dx.doi.org/10.2337/diabetes.42.1.35
http://dx.doi.org/10.1210/en.139.4.1844
http://dx.doi.org/10.1016/j.mce.2011.05.021

(53]

[56]

[57]

[59]

[60]

C. Calle et al. / American Journal of Molecular Biology 3 (2013) 87-97 97

The American Journal of Physiology, 260, C409-C416.

Grzelkowska, K., Dardevet, D., Balage, M. and Grizard, J.
(1999) Involvement of the rapamycin-sensitive pathway
in the insulin regulation of muscle protein synthesis in
streptozotocin-diabetic rats. The Journal of Endocrinol-
ogy, 160, 137-145. doi:10.1677/j0e.0.1600137

Tahiliani, A.G. and McNeill, J.H. (1986) Diabetes-in-
duced abnormalities in the myocardium. Life Sciences, 38,
959-974. doi:10.1016/0024-3205(86)90229-8

Yu, W., Chen, C., Fu, Y., Wang, X. and Wang, W. (2010)
Insulin signalling: A possible pathogenesis of cardiac
hypertrophy. Cardiovascular Therapies, 28, 101-105.
doi:10.1111/§.1755-5922.2009.00120.x

Tozzo, E. and Desbuquois, B. (1992) Effect of STZ-in-
duced diabetes and fasting on insulin receptor mRNA ex-
pression and insulin receptor gene transcription in rat
liver. Diabetes, 41, 1609-1616.
doi:10.2337/diabetes.41.12.1609

Sechi, I.A., Griffin, C.A. Grady, E., Grunfeld, C., Kalin-
yak, J.E. and Schambelam, M. (1992) Tissue-specific
regulation of insulin receptor mRNA in rats with STZ-
induced diabetes mellitus. Diabetes, 41, 1113-1118.
doi:10.2337/diabetes.41.9.1113

Burant, C.F., Treutelaar, M.K. and Buse, M.G. (1986)
Diabetes-induced functional and structural changes in in-
sulin receptors from rat skeletal muscle. Journal of
Clinical Investigation, 77, 260-270.
doi:10.1172/JCI112285

Block, N. and Buse, M.G. (1989) Effects of hypercorti-
solemia and diabetes on skeletal muscle insulin receptor

function in vitro and in vivo. The American Journal of
Physiology, 256, E39-E48.

Almira, E.C., Garcia, A.R. and Boshell, B.R. (1986) In-
sulin binding and glucose transport activity in cardio-
myocytes of a diabetic rat. The American Journal of
Physiology, 250, E402-E406.

Copyright © 2013 SciRes.

[61]

[63]

[66]

[67]

Wang, P.H., Almahfour, A., Giorgino, F., McCowen, K.C.
and Smith, R.J. (1999) In vivo insulin signalling in the
myocardium of streptozotocin-diabetic rats: Opposite ef-
fects of diabetes on insulin stimulation of glycogen syn-
thase and c-Fos. Endocrinology, 140, 1141-1150.
doi:10.1210/en.140.3.1141

Ekladous, D., Mehdi, M.Z., Costa, M., Srivastava, A.K.,
Chiasson, J.-L. and Coderre, L. (2008) Tissue- and fibre-
specific modifications of insulin-signalling molecules in
cardiac and skeletal muscle of diabetic rats. Clinical and
Experimental Pharmacology and Physiology, 35, 971-
978. d0i:10.1111/5.1440-1681.2008.04944.x

Ouwens, D.M. and Diamant, M. (2007) Myocardial insu-
lin action and the contribution of insulin resistance to the
pathogenesis of diabetic cardiomyopathy. Archives of
Physiology and Biochemistry, 113, 76-86.
doi:10.1080/13813450701422633

Zhou, Q.G., Hou, F.F., Gou, Z.J. Liang, M., Wang, G.B.
and Zhang, X. (2008) 1,25-Dihydroxyvitamin D impro-
ved the free fatty-acid-induced insulin resistance in cul-
tured C2C12 cells. Diabetes and Metabolism Research
and Reviews, 24, 459-464. doi:10.1002/dmrr.873

Spriggs, K.A., Cobbold, L.C., Ridley, S.H. Colwell, M.,
Bottley A., Bushell, M., Willis A.E. and Siddle, K. (2009)
The human insulin receptor mRNA contains a functional
internal ribosome entry segment. Nucleic Acids Research,
37, 5881-5893. doi:10.1093/nar/gkp623

Lee, EK. and Gorospe, M. (2010) Minireview: Post-
transcriptional regulation of the insulin and insulin-like
growth factor systems. Endocrinology, 151, 1403-1408.
doi:10.1210/en.2009-1123

Girgis, C.M. Clifton-Bligh, R.J., Hamrick, M.W., Holick,
M.F. and Gunton, J.E. (2012) The roles of vitamin D in

skeletal muscle: Form, function and metabolism. Endo-
crine Reviews, 34, 33-83. d0i:10.1210/er.2012-1012

OPEN ACCESS


http://dx.doi.org/10.1677/joe.0.1600137
http://dx.doi.org/10.1016/0024-3205(86)90229-8
http://dx.doi.org/10.1111/j.1755-5922.2009.00120.x
http://dx.doi.org/10.2337/diabetes.41.12.1609
http://dx.doi.org/10.2337/diabetes.41.9.1113
http://dx.doi.org/10.1172/JCI112285
http://dx.doi.org/10.1210/en.140.3.1141
http://dx.doi.org/10.1111/j.1440-1681.2008.04944.x
http://dx.doi.org/10.1080/13813450701422633
http://dx.doi.org/10.1002/dmrr.873
http://dx.doi.org/10.1093/nar/gkp623
http://dx.doi.org/10.1210/en.2009-1123
http://dx.doi.org/10.1210/er.2012-1012

