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ESTADO EPIGENÉTICO DEL SITIO PROMOTOR DE GEN DEL RECEPTOR 
DE VITAMINA D EN PACIENTES CON DIABETES TIPO 2 Y PERSONAS 
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El receptor de vitamina D es un factor de transcripción asociado a DT2 y su 
gen codificante (VDR) tiene sitios potenciales de metilación en su promotor, 
lo cual potencialmente afectaría su expresión y en consecuencia los  efectos 
de la vitamina D. Sin embargo, en la actualidad no hay estudios acerca de 
modificaciones epigenéticas del gen VDR en diabetes mellitus tipo 2. El 
objetivo de este trabajo fue determinar si existe metilación diferencial del 
sitio promotor del gen VDR entre mujeres con diabetes mellitus tipo 2 y 
sanas. Se diseñó un estudio de casos y controles pareados por edad y sexo, 
incluyendo diez participantes por grupo, se aisló ADN genómico a partir de 
leucocitos y se amplificó por PCR un fragmento de 131 pb del promotor de 
VDR que incluyó 14 sitios CpG. La temperatura de disociación de las cadenas 
del fragmento amplificado (Tm) es función del número de sitios metilados 
por lo cual se determinó el Tm por fundido de ADN de alta resolución 
utilizando un termociclador Eco™ illumina®. Los resultados fueron los 
siguientes, la mediana de edad en ambos grupos de estudios fue de 54.5 
años. El valor de Tm para el grupo de casos fue de 90.167°C y para el grupo 
de controles de 89.25°C (p =0.04) lo que corresponde a una diferencia del 
10% en el grado de metilación. Se concluye que la diferencia en la metilación 
del promotor de VDR pudiera estar relacionada con los efectos de la vitamina 
D en este tipo de pacientes. Se amerita de estudios con muestras más 
grandes y el estudio específico de los sitios metilados. 
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ABSTRACT
Little information is apparently available regarding the nephrotoxic effects induced by pesticides.
The aim of this study was to examine the influence of low doses of methyl parathion (MP) on the
structure and function of the kidney of male Wistar rats. A corn oil (vehicle) was administered to
control rats, whereas treated rats received MP at 0.56 mg/kg orally (1/25 of LD50), every third day,
for 8 weeks. At the end of each week following MP exposure, creatinine and glucose levels were
measured in plasma, while glucose, inorganic phosphate, total proteins, albumin, and activity of γ-
glutamyltranspeptidase (GGT) were determined in urine. Kidney histological study was also
performed. Compared with control rats, MP significantly increased plasma glucose and creatinine
levels accompanied by decreased urinary flow rate and elevated urinary excretion rates of
glucose, phosphate, and albumin. Further, the activity of GGT in urine was increased significantly.
The proximal cells exhibited cytoplasmic vacuolization, positive periodic acid Schiff inclusions, and
brush border edge loss after 2 or 4 weeks following MP treatment. Finally, renal cortex samples
were obtained at 2, 4, 6, and 8 weeks of MP treatment, and the concentrations of reduced
glutathione (GSH) and glutathione peroxidase (GPx) activity were measured. The mRNA expres-
sion levels of BAX and tumor necrosis factor-α (TNF-α) were also determined (RT-PCR). MP
significantly decreased renal GSH levels, increased GPx activity, as well as downregulated the
mRNA expression of TNF-α and BAX. Densitometry analysis showed a significant reduction in TNF-
α and BAX mRNA expression levels at 2 and 4 weeks following MP treatment. Low doses of MP
produced structural and functional damage to the proximal tubules of male rat kidney.
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Introduction

Monitoring programs demonstrated a widespread
presence of pesticides in the environment, and the
consequences on human and animal health includ-
ing cancer and neurotoxicity are well known
(Burns et al. 2013; Da Rosa et al. 2016; Héritier
et al. 2014). In fact, the problem of pesticide resi-
dues in the environment is still a significant con-
cern in terms of chronic toxicity (De Silva,
Samarawickrema, and Wickremasinghhe 2006;
Alavanja and Bonner 2012; Ismail et al. 2017).
Besides the risks posed to farmers, gardeners, and
fumigators by occupational pesticide exposure, the
residues of these compounds in foods also repre-
sents a risk to general population (Boobis et al.
2008; Edwards and Tchounwou 2005).

Organophosphate (OP) insecticides are among
the most toxic of the synthetic chemicals inten-
tionally introduced into the environment.
Frequent, widespread use of OP insecticides in
public health and agriculture results in environ-
mental pollution and the occurrence of a number
of acute and chronic poisoning events (Alavanja
and Bonner 2012; La Verda et al., 2015; Mishra
and Srivastana 2015). Acute damage produced by
OP is due to irreversible inhibition of the acetyl-
cholinesterase (AChE) enzyme leading to an accu-
mulation of acetylcholine (ACh) and subsequent
overactivation of cholinergic receptors (El-Naggar
et al. 2009; Eyer 1995; Heutelbeck et al. 2016;
Paudyal 2008). Further, exposure to these com-
pounds produced a significant number of deaths
each year (Huang et al. 2015; Rahimi and
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Abdollahi 2007). Although OP insecticides are
primarily neurotoxic chemicals, several studies
revealed other harmful effects produced by these
pesticides, such as impaired platelet function and
blood coagulation disorders (Ziemen 1984), cancer
(Alavanja and Bonner 2012) and obesity (La Verda
et al. 2015).

Methyl parathion (MP) is an OP compound that
has been widely used as an agricultural insecticide.
MP is acutely toxic with oral LD50 = 14 mg/kg in the
rat; therefore, the World Health Organization
(WHO) classified this pesticide in the Class 1 category
(WHO 2009). The main route of human exposure is
inhalation, but dermal contact and inadvertent inges-
tion may also produce serious effects (Edwards and
Tchounwou 2005; Ojha et al. 2013). The liver is the
primary organ for MP metabolism, and this pesticide
is bioactivated to methyl paraoxon, a toxic metabolite,
through a desulfuration reaction catalyzed by CYP450
isoforms CYP2B6 and CYP1A2 (Buratti, Leoni, and
Testai 2006; Ellison et al. 2012). The elimination of
MP and metabolic products primarily occurs via
urine (Edwards and Tchounwou 2005; WHO 1993).
In addition to an inhibitory effect of AChE, studies in
animals exposed to MP demonstrated damage to rat
immune system (Liu et al. 2007) and a marked rise in
DNA damage and DNA protein cross-links in rat
lymphocytes (Ojha and Gupta 2015).

The kidneys play an important role in regulation of
body homeostasis and elimination of xenobiotics (as
pesticides) and products of normal cellular metabo-
lism. The kidneys are particularly susceptible to xeno-
biotics owing not only to high blood supply but also to
an ability to concentrate toxins (Lehman-McKeeman
2008). Thus, acute and chronic kidney damage repre-
sents a serious risk to the general population.
Currently, few data are apparently available regarding
nephrotoxic effects of pesticides. Several investigators
reported that pesticide exposure produced renal
damage in humans (Calvert 2016; Feng-You et al.
2015; Lebov et al. 2016). Exposure to OP pesticides
was shown to be associated with chronic renal failure
(Mendoza et al. 2015; Payán-Renteria et al. 2012;
Peiris-John et al. 2006). It is of interest that suicidal
or accidental overdose of OP compounds resulted in
acute tubular necrosis, suggesting involvement of
alternative mechanisms of renal damage such as oxi-
dative stress (Poovala, Huang, and Salahudeen 1999;
Radhey, Anugya, and Nalimi 2007).

The early identification of renal damage produced
by MP may contribute to identifying some of the
biochemical and pathological changes leading to kid-
ney injury attributed to exposure to this pesticide. The
aim of this study was to examine whether exposure of
male rats to low doses of MP induced kidney damage
and the mechanisms underlying these manifestations.

Methods

Animals and reagents

EightymaleWistar rats weighing approximately 250 g
were maintained at room temperature for 12 h day/
night cycle, and fed ad libitum with rodent lab diet
(Purina pellets). The care and use of lab animals
complied with the principles and procedures laid
down in the official Mexican rule: technical specifica-
tions for production, care anduse of animal laboratory
(NOM-062-ZOO-1999-2001). MP of a technical
grade (95%) was acquired from Cheminova Agro S.
A. (Mexico). A solution of MP was prepared in corn
oil (vehicle) at a concentration of 1.4 mg/ml. Corn oil
administered to rats was 0.1 ml.

Study protocol

Rats were divided into two experimental groups as
follows: control group (N = 40) and MP-treated
group (N = 40). Animals exposed to pesticide received
MP in corn oil by gavage (0.56 mg/kg body weight, 1/
25 of oral LD50), every three days for 8 weeks
(Khodeary et al. 2009). Controls received only the
vehicle (corn oil) under the same schedule. The sche-
dule of exposure to MP was selected to identify early
and late damage.

At the end of each week, urine and blood samples
were obtained fromMP-treated rats. For urine collec-
tion, rats were deprived of food and then placed in
metabolic cages for a period of 24 h. Subsequently,
MP-exposed rats were anesthetizedwith pentobarbital
[30 mg/kg, intraperitoneally (ip)] and blood samples
collected by caudal artery puncture using heparinized
syringes. To obtain plasma, blood was centrifuged at
2500 g for 5 min (Eppendorf Centrifuge-5410). Urine
and blood samples of control rats were obtained
before initiating MP treatment (also with food depri-
vation for 24 h). Blood and urine samples were used
for functional kidney and enzymuria tests.
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At the end of the 2, 4, 6, and 8 weeksMP treatment,
10 animals from each group were anesthetized with
pentobarbital (40mg/kg, ip). Rats were intravascularly
perfused with 0.9% saline solution containing heparin
(5000 U/l) and procaine (0.2%). This solution was
infused at 12 ml/min. After perfusion, kidneys were
removed, renal cortex separated from themedulla and
homogenized in a solution containing (mM): 240
sucrose, 1 EDTA, and 10 Tris-HCl, pH 7.5 (20% w/v
homogenate). The renal cortex samples were used to
measure reduced glutathione (GSH) content, glu-
tathione peroxidase (GPx) activity, and mRNA
expression levels of tumor necrosis factor-α (TNF-α)
and pro-apoptotic protein (BAX).

For in situ fixation, tissue was perfused with a
formaldehyde solution (10% v/v, pH 7.4). To preserve
the physical structure of the kidney, the perfusion
solutions were administered inserting a catheter into
the left ventricle to allow entry of fluid to kidneys
through segments of the aorta and renal artery.
Blood and perfused solutions exited from the vascular
system through a cut on the right atrium. The solu-
tions were perfused with a New England Medical
Instruments INC, 475 pump. The kidneys were dis-
sected and processed using histological inclusion tech-
nique in paraffin. Later, paraffin sections of 5 μm in
thicknesswere prepared and subjected to periodic acid
Schiff (PAS) reaction (Prophet et al. 1994). The stained
tissue was examined under an optical microscope 40
Carl Zeiss. Image capture and editing were achieved
using the Image-Pro PlusMedia Cybermetic Software
(Kodak 1D Image Analysis Software. Windows
Version. Sigma-Aldrich). Finally, the animals were
euthanized with an overdose of pentobarbital
(70 mg/kg, intravenous).

Assays

Blood and urine
Plasma creatinine levels were measured by using the
spectrophotometric method (Wiener Lab, 2000).
Urine and plasma glucose levels were determined
via the glucose-oxidase method (Wiener Lab, 2000).
It is important to note that for measuring glucose
levels in plasma food was withheld from the animals
for 24 h prior to obtaining the blood sample. The
concentration of inorganic phosphates in urine was
determined according to the Sumner method (1944).
Total protein content of urine was measured

according to Lowry et al (1951). To determine micro-
albumin levels in urine, Bayer strips were dipped in
the urine samples and then inserted into a Clinitek 50
urine chemistry analyzer (Clinitek 50 STATUS, Bayer,
USA). Urinary activity of the enzyme γ-glutamyltran-
speptidase (GGT) was measured according to the
method described by Goldbarg et al. (1960).

Renal cortex
Reduced GSH content was measured according to
Hissin and Hilf (1976), and GPx activity using
Sigma-Aldrich Kit 2012. Total RNA was extracted
from homogenates of rat renal cortex using the
Trizol Reagent Kit (Invitrogen, Carlsbad, CA, USA).
This was carried out in accordance with the manufac-
turer’s recommendations for generating polymerase
chain reaction (RT-PCR) quality RNA. The mRNA
expression of the steady-state levels of BAX and TNF-
α was evaluated by using the semiquantitative reverse
transcriptase-polymerase chain reaction process
(SuperScript One-Step RT-PCR Kit, Invitrogen,
USA); 1 µg of total RNAwas used for complementary
synthesizing and amplification of the DNA (cDNA).
Glyceraldehyde phosphate dehydrogenase (GAPDH)
was used as a constitutive gene for signal normaliza-
tion. The amplification products were resolved by gel
electrophoresis in 2% agarose and stained with ethi-
dium bromide (Salazar-Montes, Delgado-Rizo, and
Armendaríz-Borunda 2000) and intensity of bands
analyzed with the Kodak 1D Image Analysis
Software. Finally, densitometry analysis of the images
was determined using ImageJ Software.

Statistical analyses

Data are expressed as mean (± SE) and were analyzed
by the one-way analysis of variance followed by
Tukey–Kramer tests, using the GraphPad PRISMA®

v.4 (GraphPad Software Inc., La Jolla, California,
USA). Significant differences were considered
when P < .05.

Results

Urinary flow rate and serum creatinine
concentration

Compared to control, rats exposed to MP exhibited a
significant reduced urine flow rate, from the second to
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the eighth week, and oliguria increased in a time-
dependent manner (Figure 1A). Further, a significant
rise in plasma creatinine concentration was noted
after the first (53%) and second weeks (56%) of MP
treatment. Plasma creatinine levels during 3–8 weeks
of insecticide treatment were found to be higher than
control values (Table 1).

Urinary excretion of albumin and total proteins

MPsignificantly elevatedurinary excretion of albumin
after the seventh week (31%) of pesticide exposure

(Figure 2C). Total protein excretion rate in urine was
not markedly altered (Table 1).

Serum glucose concentration and urinary
excretion rates of glucose and phosphate

Compared to the control group, MP-treated rats
showed (1) a progressive increase in plasma glucose
concentrations, reaching significance from the fourth
to the eighth weeks; (2) a significant rise in urinary
glucose excretion rate was noted from the second to
eighthweeks in a time-dependentmanner (Figures 1B
and 3), and a significant elevation in urinary excretion

Figure 1. The effects of subchronic exposure to MP on the urine flow rate (A), the excretion of glucose in the urine (B), and the
urinary excretion rate of inorganic phosphate (C). Bars represent the mean value ± SE. * Significant differences between control
group and MP-treated groups for the respective treatment week (*P < .05).

Table 1. General Data from Rats Exposed to Methyl Parathion (0.56 mg/kg Body Weight, Every Three Days, for a Period of 8 Weeks)
in Relation to Renal Damage.

MP-exposed rats
(weeks of treatment)

Variable (N = 9) 0 1 2 3 4 5 6 7 8

General information of renal tests
Creatinine in plasma (mg/l) 7.91 12.10* 12.37* 8.55 9.03 9.09 11.00 10.87 9.13

(±0.54) (±0.93) (±0.97) (±1.02) (±0.86) (±1.12) (±0.76) (±0.49) (±0.80)
Glucose in plasma (g/l) 0.417 0.486 0.488 0.528 0.559* 0.622* 0.563* 0.566* 0.603*

(±0.01) (±0.04) (±0.02) (±0.04) (±0.03) (±0.04) (±0.02) (±0.02) (±0.03)
Total proteins in urine (U.V.) (µg/min) 20.84 16.89 16.39 16.08 20.91 20.07 14.71 17.42 18.96

(±0.29) (±1.35) (±1.78) (±1.08) (±1.48) (±1.02) (±0.52) (±2.23) (±2.51)
GSH in renal cortex (µg/g tissue) 517.90 – 291.58* – 476.06 – 494.58 – 455.77

(±53.32) (±16.91) (±33.06) (±12.03) (±24.14)

The rats received 0.10 ml of corn oil (vehicle) per dose. To measure the glucose level in plasma, animals were deprived of food for the 24 h period
prior to obtain blood samples. The control values corresponding to week 0. Mean ± SEM are shown (*P < .05).

Figure 2. The effects of subchronic exposure to MP on GPx activity in renal cortex (A), urinary activity of γ-glutamyltranspeptidase
(B), and urinary excretion rate of albumin (C). Bars represent the mean value ± SE. * Significant differences between control group
and MP-treated groups for the respective treatment week (*P < .05).
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of inorganic phosphate occurred at the seventh week
of MP treatment (Figure 1C). The increased urinary
excretion rate of glucose indicates damage produced
by MP on the proximal epithelium of the nephron
and that glycosuria was not be induced by
hyperglycemia.

Renal GSH concentration and GPx activity:
urinary activity of GGT

MP administration significantly decreased renal GSH
concentrations at the second week (Table 1). A pro-
gressive increase in renal GPx activity that was signifi-
cant (P < .05) was found the sixth (94%) and eighth
(92%) weeks (Figure 2A); MP significantly elevated
urinary activity of γ-GGTatweeks 1 (409%), 2 (511%),
3 (567%), and 7 (211%) (Figure 2B).

Renal mRNA levels and expression levels of TNF-
α and BAX

The steady-state mRNA expression levels of the
constitutive gene GAPDH in the control group

and MP-treated group are shown in Figure 3A. As
expected for a constitutive gene, there were no
appreciable changes in the signal intensity of the
amplicons. Results demonstrated that mRNA
steady-state expression levels of TNF-α amplicon
signal were downregulated during the first
four weeks of MP exposure with a tendency to
recover during later weeks (Figure 3B); however,
recovery level did not reach values of the control.
Similarly, the BAX mRNA expression levels were
also downregulated during the first two weeks of
MP administration with partial recovery during the
following weeks; but not to control (Figure 3C).
This was confirmed by densitometry. In fact, the
mRNA expression levels of TNF-α showed a sig-
nificant decrease in renal cortex at 2 and 4 weeks,
and later, at 6 and 8 weeks of pesticide exposure
although no recovery to control values (Figure 4). A
similar effect was observed with the mRNA expres-
sion levels of BAX, which also displayed a signifi-
cant fall at 2 and 4 weeks following MP treatment
and later, the values increased although no recovery
to control values (Figure 4).

Figure 3. The effects of subchronic exposure to MP on GAPDH (A), TNF-α (B), and BAX (C) mRNA steady-state level in renal cortex of
male Wistar rats, control and MP-treated groups. MSM, molecular rulers.
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Histological alterations

The renal cortex of control rat kidney showed a
normal cytoarchitecture. The cells of proximal
tubular epithelium presented a positive PAS reac-
tion on the basement membrane and on the
microvilli of brush border membrane
(Figure 5A). Also, 2 and 4 weeks after MP treat-
ment, cells of proximal epithelium exhibited cyto-
plasmic vacuolization compatible with cellular
edema (generalized cellular swelling), positive
PAS inclusions, and brush edge loss in some seg-
ments (Figure 5B, C). At the sixth week of pesti-
cide exposure, proximal cells displayed a decrease

in cell edema and positive PAS inclusions
(Figure 5D). Finally, 8 weeks after MP administra-
tion, both the re-establishment of tubular epithe-
lium and cytoarchitecture of renal cortex were
observed, showing similar characteristics with
rats of the control group (Figure 5E).

Discussion

Oxidative stress has been proposed as a predomi-
nant toxicity mechanism for OP pesticides, both in
acute and chronic poisonings (Al-Amoudi 2013;
Ghafour-Rashidi et al. 2007). The oxidative
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Figure 4. The effects of subchronic exposure to MP on the mRNA levels of GADPH, TNF-α, and BAX in renal cortex of male Wistar rats. TNF-
α and BAX significantly decreased at 2 and 4 weeks of pesticide exposure. The data are shown as the means ± SD, (*P < .05).

Figure 5. Rat renal cortex. (A) Control section of normal renal tubules. Two and four weeks after MP treatment, the proximal cells
showed cellular edema, positive PAS inclusions, and brush edge loss (B, C). The cell edema decreased at the sixth week of pesticide
exposure (D). Normal cytoarchitecture of the renal cortex was observed at the eighth week of MP treatment. * PAS positive
granulations and cellular swelling. Brush border (microvilli), ►Proximal tubule. Periodic acid-Schiff reaction (PAS) stain. ×400.
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damage occurs through reactive oxygen species
(ROS) generation, including hydroxyl radicals
and hydrogen peroxide, which react with cell
molecules producing damage in membranes and
other structures (Halliwell and Gutteridge 2012).
Previously Fuentes Delgado et al. (2011) reported
damage produced by MP (3 mg/kg/d, orally, for
20 d) in the rat liver. The findings included necro-
sis of hepatocytes, increased malondialdehyde
(MDA) levels, and reduced ATP concentration in
liver.

There are reports of acute renal failure (ARF)
following high-dose OP insecticide exposure
(Betrosian et al. 1995; Poovala, Huang, and
Salahudeen 1999). In our study, the renal adverse
effects detected in MP-treated rats (glucose and
phosphate excretion rate, as well as enzymuria and
oliguria) may possibly be related to an early acute
kidney injury (AKI). This pathological syndrome of
intrinsic renal injury occurs with prolonged
ischemic or toxic insults mediated by nephrotoxins
(Ginsberg 2012; Racusen and Kashgarian 2007).
Thus, damage to renal proximal cells produced by
MP may account for increased urinary glucose
excretion and phosphate. This correlates with enzy-
muria (γ-GGT activity in urine) and histopatholo-
gical findings of the kidney (edema and loss of
brush border membrane in proximal cells).

Although plasma glucose levels were low because
of food deprivation for 24 h, there was still an
elevation in urinary excretion rate of glucose.
More than 99% of plasma glucose filtered in the
glomerulus is reabsorbed through the cell brush
border membrane of the proximal renal tubule by
specific transporter proteins mainly SGLT2, which
is an essential component of this process (Bakris
et al. 2009; Schmidt, Höcherl, and Bucker 2007).
Thus, in normal conditions, no glucose appears in
the excreted urine. The presence of glycosuria is
indicative of structural or functional damage to
the proximal tubular cells and glucose reabsorption
capacity (Schmidt, Höcherl, and Bucker 2007).
Another possibility is that MP might produce a
selective alteration of glucose carriers (SGLT1 and
SGLT2) since these molecules possess –OH groups
in their glucose binding sites, which might be phos-
phorylated and inhibited by this pesticide (Gould
and Holman 1993; Mueckler 1994; Pascual 2004). It
is noteworthy that glycosuria was reported in

subjects intoxicated with OP or carbamate com-
pounds and oxidative stress was suggested as a
mechanism underlying this adverse effect (Panda
et al. 2015; Shobha and Prakash 2000).

In MP-exposed rats, urinary excretion rate of
inorganic phosphate (Pi) rose significantly at the
seventh week of pesticide exposure. Filtered Pi is
predominantly reabsorbed into the renal proximal
tubule. Na-Pi cotransport represents the main
mechanism for Pi uptake at the apical membrane
(Murer and Biber 1996; Murer et al. 1991; Prasad
and Bhadauria 2013). Decreased tubular reabsorp-
tion of Pi leads to enhanced urinary excretion of
phosphate, which is an index of renal damage.

Khodeary et al. (2009) reported hepatotoxicity
and nephrotoxicity in rats exposed to MP. This
pesticide produced oxidative stress characterized by
a significant reduction in superoxide dismutase
activity and GSH levels accompanied by a significant
increase in MDA levels. Poovala, Huang, and
Salahudeen (1999) showed that, in vitro, dicrotophos
(anOP insecticide) may directly induce tubular cyto-
toxicity (lipoperoxidation and death) in renal tubu-
lar epithelial cells (LLC-PK1). Compared to control,
cell death, H2O2 levels, and MDA formation rose
markedly after exposure to dicrotophos, demonstrat-
ing that oxidative stress may play a role in the patho-
genesis of acute tubular necrosis.

The increase in plasma creatinine concentra-
tion noted in MP-treated rats may be attributed
to an incipient reduction in glomerular filtration
rate (GFR). Many potential toxins (including
MP) and compounds produced by cellular meta-
bolism are mainly excreted by glomerular filtra-
tion (Schwartz and Work 2009; Stevens et al.
2006). Thus, progressive renal damage may be
associated with gradual retention of a number of
substances leading to an elevation of levels of
blood urea nitrogen and plasma creatinine (Eric
1995; Rose and Rennke 1994). In support of our
findings, other investigators reported a rise in
serum creatinine levels in agricultural workers
chronically exposed to high levels of pesticides
(Mendoza et al. 2015; Tocci et al. 1969). The
nephrotoxic effects of OP insecticides (including
MP) are postulated to be due to alterations in
higher ROS generation leading to oxidative
stress and toxicity (Al-Amoudi 2013; Khodeary
et al. 2009).
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A reduced urinary flow rate (oliguria) was
found in MP-treated rats. Oliguria may be due to
a fall in renal blood flow that may produce a
reduction in GFR, thus delaying urine production
(Jaramillo-Juárez, Mello-Aires, and Malnic 1990).
Increased levels of creatinine in plasma produced
by MP may be a factor related to GFR reduction
and oliguria. During ARF, the urine output is
often less than intake, leading to progressive
urine retention (López-Novoa et al. 2011; Rose
and Rennke 1994). The residual level of GFR
may be the primary determinant of variations in
urine flow rate during ARF (Rahman and Conger
1994). Several OP insecticides such as diazinon
and chlorpyrifos were found to produce renal
damage and dysfunction in animals (Shah and
Iqbal 2010; Tripathi and Srivastav 2010).

Our study showed a marked elevation in urinary
excretion of albumin after the seventh week of MP
treatment. Albumin is poorly filtered through the
glomerulus and reabsorbed mainly in the proximal
tubule (Tojo and Endou 1992; Tojo and Kinugasa
2012). The dysfunction of these processes may
result in an enhanced excretion of albumin, and
both glomerular injury and tubular impairment
may occur during the initial events leading to pro-
teinuria (Gorriz and Martinez-Castelao 2012).
Several investigators reported that an imbalance
between ROS and antioxidants exerts an adverse
effect on the glomeruli mesangial cells, suggesting
that oxidative stress may be a possible mechanism
underlying acute and chronic toxicity produced by
OP insecticides exposure in humans (Mostafalou
and Abdollahi 2013; Ranjbar, Pasalar, and
Abdollahi 2002; Soltaninejad and Abdollahi 2009).

A decrease in GSH concentration and increase
in GPx activity in renal cortex was noted in MP-
treated rats, which may be due to oxidative
stress produced by the insecticide. Piña-
Guzman et al. (2006) reported an increased
lipid peroxidation in acute toxicity produced by
MP. In addition, several studies demonstrated
that oxidative stress plays an important role in
OP-induced toxicity in cases of both acute and
chronic poisoning (Edwards, Yedjou, and
Tchounwou 2013; Soltaninejad and Abdollahi
2009). In support of our findings, Khodeary
et al. (2009) noted the presence of renal and
hepatic adverse effects in rats exposed to MP

in a time-dependent manner. A significant
decrease in renal GSH content and elevation in
MDA levels was found. Further, elevated activity
of GPx, an enzyme that catalyzes the reduction
of hydroperoxides using GSH, may represent a
process developed to protect renal cells against
oxidative damage produced by xenobiotics such
as MP (Radjendirane et al. 1997; Rushmore and
Pickett 1993).

The urinary increase in γ-GGT activity may be
attributed to structural damage on renal proximal
cells. GGT is an enzyme located in the brush border
membrane of proximal cells of the nephron, which
catalyzes the transfer of a γ-glutamyl moiety of GSH
to amino acids, dipeptides, and even into GSH itself
(McCullough et al. 2013; Tate and Meister 1981;
Waring andMoonie 2011). Our histological findings
showed a brush border edge loss of proximal cells in
MP-exposed rats. Further, histologically edema and
positive PAS inclusions were present. Subsequently,
a progressive recovery of tubular epithelium with
decreased cell edema was observed (at sixth week
of MP treatment), and finally, proximal cells recov-
ered the brush border membrane and a normal
cytoarchitecture of the renal cortex was detected
(8 weeks after MP treatment). These results indicate
a recovery process of acute kidney damage (Basile,
Anderson, and Sutton 2012; Lattanzio and Kopyt
2009; Solez, Morel-Maroger, and Sraer 1979). In
agreement with these findings, Kalender et al.
(2007) reported that rats exposed to low doses of
MP (0.28 mg/kg per day, orally) showed glomerular
atrophy and vascular dilation after 4 weeks of pesti-
cide exposure. Necrosis and edema were observed at
7 weeks of MP treatment and MDA levels increased
in kidney tissues. Using a similar model, Khodeary
et al. (2009) reported structural damage to the kidney
in rats exposed toMP. After 4 weeks ofMP exposure,
vascular dilation, glomerular atrophy, cloudy swel-
ling in cortical tubules, and few foci hydropic degen-
eration were observed. At 8 weeks after MP
administration, edema, necrosis, interstitial tissue
infiltration by inflammatory cells, and glomerular
atrophy were detected. Oxidative stress was identi-
fied as a mechanism underlying the toxic effect on
the kidney. Poovala, Huang, and Salahudeen (1999)
reported that OP induced lipid peroxidation, and
consequent acute tubular necrosis was associated
with ROS generation and lipid peroxidation process.
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TNF-α is a proinflammatory cytokine whose lib-
eration is involved in endothelial cell activation, nitric
oxide secretion, increased vascular permeability, and
activation of the immune system (Aguillón et al. 2002;
Arango Duque and Descoteaux 2014). Further, TNF-
α induces cytotoxicity of the glomerular, mesangial,
and epithelial cells and produces renal damage
(McCarthy, Sharma, and Sharma 1998). Inhibition
of TNF-α production might reduce or generate mod-
ifications in all these processes. BAX is a proapoptotic
molecule, triggering caspase activation andmitochon-
drial cytochrome C, termed mitochondrial outer
membrane permeabilization (Westphal et al. 2011).
Decreased or inhibited expression levels of BAX indi-
cate diminished gene transcription might be linked to
a lower apoptotic role in tissue damage process.
Therefore, proximal cell death might be related to a
necrotic process. The results of densitometry analyzes
are compatible with a recovery process from AKI.

Finally, Jablońska-Trypé (2017) postulated that
exposure to pesticides results in increased oxida-
tive stress, leading to altered disease susceptibility.
The mechanisms by which pesticides influence cell
metabolism are still not precisely defined.

Conclusions

Low doses of MP produced structural and functional
damage in proximal tubule of rat kidney indicative of
acute renal injury. The characterization of renal
damage included glycosuria, phosphaturia, albumi-
nuria, and enzymuria (GGT activity), as well as
increase in plasma creatinine levels and oliguria.
Decreased GSH concentrations and elevated GPx
activity were also found in renal tissue. The mRNA
expression levels of TNF-α and BAX were downregu-
lated. Histologically there were edema, positive PAS
inclusions, and brush border edge loss of renal prox-
imal cells. These adverse effects might be related to
oxidative stress.
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Abstract. A stringent regulation of influx and efflux of magnesium by cation
transporters seems to play an important role in the regulation of blood pressure
(BP). With this regard, we evaluate the effect of oral magnesium supplemen-
tation on the transcription of TRPM6, TRPM7, and SLC41A1, in individuals
with incident pre-hypertension (preHTN). For such purpose, we conducted a
randomized, double-blind, placebo-controlled trial that compared 18 individu-

te (
rin
ch
du
lys
wa
p

als who received oral magnesium lacta
18 individuals who received placebo, du
or normal BP, diabetes, alcohol intake,
of magnesium supplementation, and re
teria. Regarding the transcription ana
using RT-qPCR, leukocyte-rich plasma
with the kit Direct-zolTM RNA MiniPre

relative expression showed a significant
P<0.05), whereas the mRNA relative e
(0.8 ± 1.1 and 0.9 ± 0.6, pNS) and SLC
showed no significant differences, betwee
respectively. Oral magnesium supplemen
mRNA relative expression, in subjects wi

Key words: pre-hypertension, magnesium,

The Transient Receptor Potential Melastatin
TRPM6 and TRPM7 are selective channels for
divalent cations with permeability to Ca2+ and
Mg2+ [1] that are regulated by changes in the
concentration of cytosolic Mg2+ or Mg•ATP [2, 3].

The Solute Carrier family 41 member 1
(SLC41A1), a transporter for divalent cations
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th new diagnosis of preHTN.

TRPM6, TRPM7, SLC41A1

uch as Mg2+ [4], was described as an Na+/Mg2+

xchanger. The transporter function of SLC41A1
irectly depends on extracellular concentrations
f Na+ and, indirectly from the Na+/K+ pump and
TP [5, 6].
Report by Sontia et al. [7], based on the exper-

mental model of hypertension (HTN), shows
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that dietary magnesium ameliorates aldosterone-
induced damaging actions and reduces fibrosis
in the kidney, heart, and aorta [7], strongly sug-
gesting that, in addition to Ca2+, Mg2+ plays an
important role in the regulation of blood pressure
(BP) [8].

Furthermore, it has been reported that Mg2+ has
differential modulatory effects on vascular tone
in rats [9], and that the reduced Mg2+ influx in
vascular smooth muscle cells is associated with
down-regulation of vascular TRPM7 [10]. In addi-
tion, it has been reported that a severely deficient
magnesium diet induces kidney TRPM6 expres-
sion and the increase of Mg2+ renal reabsorption in
mice [11]. Regarding SLC41A1, it has been shown
that Mg2+ currents suggest a channel-like function
[12], and that SLC41A1 encodes for the Na+/Mg2+-
exchanger, the predominant Mg2+ efflux system
[13]. These findings suggest that altered Mg2+ sta-
tus is a count balanced by TRPM and SLC41A1
dependent mechanisms.

Given that the stringent regulation of influx
and efflux of Mg2+, by cation transporters, seems
to play an important role in the pathogenesis of
HTN, the aim of this study was to evaluate the
effect of oral magnesium supplementation on the
transcription of TRPM6, TRPM7, and SLC41A1,
in subjects with new diagnosis of preHTN.

Materials and Methods

With the protocol approval by the Ethical and
Scientific Research Committees of the Mexican
Social Security Institute (R-2013-785-023) and
after obtaining the written informed consent from

all the participants, a double-blind, randomized,
controlled clinical trial was conducted.

Eligible subjects were apparently Mexican men
and non-pregnant women, aged 35 to 65 years,
with hypomagnesemia and new diagnosis of pre-
HTN.

Diagnosis of HTN or normal BP, diabetes, alco-
hol intake equal or greater than 30 g per day,
chronic diarrhea, use of diuretics, intake of magne-
sium supplementation in the previous six months,
and reduced renal function were exclusion crite-
ria.

Subjects were randomly allocated to receive
either two tablets of 750 mg magnesium lactate
twice daily before meals (Limagal, Silanes, Mex),
equivalent to 360 mg of elemental magnesium,
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r two tablets of inert placebo twice daily, during
months. Computer-generated random numbers
ere used to assign participants to magnesium

upplementation or placebo groups.
In addition, subjects in both groups were

dvised to consume a diet comprising 55% carbo-
ydrates, 25% lipids, and 20% proteins as well as
o perform physical activity 30 minutes per day, at
east three times per week.

Weight and height were measured with the
ubjects in a standing position in light clothing
ithout shoes, using a fixed scale with stadimeter

Tanita TBF-2015, Tokyo, Japan). The precision
f scales for weight and height measurements
as 0.1 kg and 0.01 m, respectively. Body mass

ndex (BMI) was calculated as weight (kilograms)
ivided by height (meters) squared. The waist cir-
umference (WC) was measured as the minimum
ircumference at umbilical level.

The technique for measurement of BP was the
ecommended by the Seventh Report of the Joint
ational Committee on Prevention, Detection,
valuation and Treatment of High Blood Pressure

14]. In brief, the brachial artery BP was measured
fter at least 5 minutes of rest with the sub-
ects seated and their arms bared and supported
t heart level, using a baumanometer (Microlife
G, Heerbruff Switzerland) and stethoscope (3M
ittman Classic II, Neuss, Germany). An appro-
riately sized cuff was placed on the left arm (right
rm for left-handed individuals), and the pulse
cclusion pressure. The Systolic Blood Pressure
SBP) was defined as the first appearance of sound
Korotkoff phase 1), and the Diastolic Blood Pres-
ure (DBP) was defined by disappearance of sound
Korotkoff phase 5). Data were collected as the
verage of 3 readings separated by 2 minutes.

he standardization of techniques and personnel

raining were performed before the starting of
tudy in order to reduce the inter-observer vari-
tions to less than 0.05.
Definitions. The preHTN was defined as

BP ≥120 <140 mmHg and/or DBP ≥80
90 mmHg [14]. Hypomagnesemia was defined by

erum magnesium concentration <0.74 mmol/L
1.8 mg/dL).

Assays. Whole-blood samples were collected
rom the antecubital vein after 8-10 hour
vernight fasting. Transcription analysis of
RPM6, TRPM7, and SLC41A1 genes was per-

ormed by RT-qPCR. Briefly, a leukocyte-rich
lasma was obtained and total RNA isolated
ith the kit Direct-zolTM RNA MiniPrep (Zymo).
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RT-qPCR was performed with specific primers in
duplex reactions with QuantiFast® Probe Duplex
Assay kits containing primers for the genes of
interest and for PPIA used as normalizer (Qiagen
GmbH, Germany), following the to manufac-
turer’s instructions; for the RT-qPCR step the
QuantiTect® Probe RT-PCR kit was used. The
concentration and purity of RNA were assessed
by UV absorbance at 260/280 nm. RNA integrity
was verified by 2% agarose gel electrophoresis. All
reactions were performed in triplicate and exper-
iments by duplicate.

The expression levels of TRPM6, TRPM7,
and SLC41A1 were measured at baseline and
final conditions. RT-qPCR was performed in an
ECO thermal cycler (Illumina, San Diego, CA)
with data acquisition using the ECOTM software
v.2.0. Relative expression of leukocyte TRPM6,
TRPM7, and SLC41A1 mRNA was estimated
using the ��Ct method of the ECO thermal
cycler (v.0.17.53.0) that automatically calculates
the difference between the genes of interest and
the PPIA gene used as normalizer (�Ct = Ct
[gene of interest] – Ct PPIA) at basal (�1)
and final conditions (�2), according the formula
��Ct = �2 – �1. Using the ��Ct value of
each gene, its relative expression is calculated as
2-��Ct.

Serum magnesium was measured in auto-
mated spectrophotometer A15 (Biosystems S.A.,
Barcelona, Spain) by using the xylidyl blue
method (Biosystems S.A., Barcelona, Spain); its
intra- and inter-assay coefficients of variation
were 5.9 and 6.6, respectively.

Sample size. The sample size was estimated tak-
ing into account alpha and beta values of 0.05
and 0.80, respectively. In addition, given that

there are no previous studies in humans that
had evaluated the efficacy of magnesium sup-
plementation on the transcription of magnesium
transporters, we took into account the results from
Rondón et al. [11], who reported that, in mice,
the mildly and severely magnesium-deficient diets
induce greater kidney TRPM6 expression (∼30%
and ∼60%, respectively) as compared with control.
The sample size estimation was of 16 subjects per
group.

Statistical analysis. Transcription analysis of
TRPM6, TRPM7, and SLC41A1 was performed in
all participants that satisfactorily completed the
follow-up.

Numeric values are reported as means ± stan-
dard deviation (SD). Differences between the
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roups were evaluated using unpaired Student t-
est for numerical variables and X2 for categorical
ariables. The intra-group statistical differences
ere evaluated by paired Student t-test.
Relative expression values before and after the
agnesium intervention were analyzed for sig-
ificance using paired t-test. Data were analyzed
sing the statistical package SPSS for Windows
5.0 (IBM SPSS Statistics, IBM Corporation,
rmonk, NY). Statistical significance was defined
y a P value <0.05.

esults

creening was performed in 836 subjects, and in
hat 791 individuals were excluded because they
id not fulfill the inclusion criteria, by the pres-
nce of exclusion criteria, or because refused to
articipate; thus, a total of 45 individuals were
nrolled and randomly allocated into groups in
tudy (figure 1).
From the cohort, nine subjects were dropped

ut of the study; five of them from the interven-
ion group, two by adverse effects (mild diarrhea),
wo by lost of follow-up, and one by lost of adher-
nce, whereas in the control group, one by lost of
dherence and three by lost of follow-up. Hence, 10
omen and 8 men in the intervention group and
1 women and 7 men in the control group, who
uccessfully completed the follow-up period, were
ncluded in the analysis (figure 1).

There was no significant statistical difference
y age between individuals in the intervention
nd control groups (53.1 ± 5.9 and 50.4 ± 3.1,
= 0.06). In addition, a total of 17 women (8 and

in the intervention and control groups, respec-

ively, P = 0.06) were in menopause.
At basal conditions, anthropometric, clini-

al, and biochemical variables were similarly
istributed in both groups, without statistical
ignificant differences for all variables. At end
f follow-up, subjects in the magnesium group
howed a significant increase of serum magne-
ium levels as well as a significant decrease of SBP
ith marginal decrease of DBP, compared with the

ontrol group (table 1). A total of 15 (83.3%) and 4
22.2%) individuals in the magnesium and control
roups, respectively, reached normal magnesium
evels at final of follow-up, P<0.0005.

The leukocyte TRPM6 mRNA relative expres-
ion showed a significant increase, whereas both
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Enrollment

836 Individuals screened 
791 individuals not randomized

70 with diabetes

47 with normomagnesemia

108 with hypertension

12 refused to participate

554 with normotension
45 Eligible Individuals

45 Randomized

23 Allocated to Mg salt 22 Allocated to placebo

Allocation
2 adverse events

1 lost of adherence

2 lost of follow-up
Follow-up

Analysis 18 completed follow-up
Figure 1. Diagram flux of study.

leukocyte TRPM7 and SLC41A1 mRNA rela-
tive expression showed no significant differences
between the magnesium and placebo groups
(figure 2).

Discussion

Our results show that oral magnesium sup-
plementation increases the leukocyte TRPM6
mRNA relative expression in individuals with
new diagnosis of preHTN. To the best of our

k
i
s
t

i
a
i
o
m
l
a

84
0 adverse events

1 lost of adherence

3 lost of follow-up

18 completed follow-up
nowledge, there are no previous human stud-
es that had evaluated the effect of magnesium
upplementation on the expression of magnesium
ransporters.

Experimental and clinical studies suggest that
mpaired vascular levels of TRPM7 and/or TRPM6
s well as SLC41A1 can play an important role
n the development of HTN [3, 15–17]; that
ur results show is that magnesium supple-
entation increases the transcriptional level of

eukocyte TRPM6, but not of leukocyte TRPM7
nd SLC41A1, in individuals with incident
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Figure 2. Relative mRNA expression of TRPM6
square) and control groups (white square).

preHTN, suggesting that hypomagnesemia could
be early involved in developing HTN.

It has been reported that magnesium is a
calcium channel antagonist that stimulates the
production of vasodilator prostacyclin and nitric
oxide, as well as that the Mg2+ influx is controlled
by transporters such as TRPM6 [3]. Taking into
account that the transcription of TRPM6 exhibits
similar magnitude in blood, heart, and aorta [18]
and is plausible that changes in the transcription
of leukocyte TRPM6 that we observed in blood are
mirrored also in the cardiovascular system.

The TRPM6 is expressed primarily in the
intestinal epithelia and kidney tubules [19, 20]
so, it is possible that the increases in relative
expression of leukocyte TRPM6 are related with

the increase in the intestinal and/or renal absorp-
tion of magnesium and the raise of its serum levels
and, in this way, contributing to the decrease of BP
[3]. Further research is mandatory to verify our
hypothesis.

The TRPM6 exhibits unique unitary conduc-
tance, that is, 1.5- to 2-fold higher than that of
TRPM7 [21]; in addition, it has been described
that TRPM7 is functional on its own, but its
homo-oligomerization might be needed for correct
positioning of TRPM7 to the plasma membrane
[22]. These findings suggest that TRPM6 and
TRPM7 are ion channels with distinct permeabil-
ity and different roles in vivo [21] which would
explain our results that showed no increase in the
expression of leukocyte TRPM7.

N
w
h
h
n
e

i
i

i
d
fi
w
o
d

PM7 SLC41A1

RPM7 and SLC41A1 in the intervention (black

Regarding TRPMs activity, new pathways
nvolved in its regulation have emerged; with this
egard, via the action of P2X4 purinergic recep-
ors, extracellular ATP inhibit TRPM6, but not
RPM7, activity; furthermore, the flavagline, that
elong to a family of natural compounds, stimu-
ates TRPM6 activity. These new data highlight
he complexity of mechanisms involved in the reg-
lation of magnesium homeostasis and the need

or further research [23].
We do not observed changes in the expression

f leukocyte SLC41A1 as results of magne-
ium supplementation. With this regard, it has
een described that the transporter function of
LC41A1 is directly dependent of the extracellu-

ar concentration of Na+ and, indirectly from the
+ +
a /K and ATP pump [6], which could be related

ith our findings. In addition, it is necessary to
ighlight that expression of SLC41A1 is mainly
igh in the heart and vessels [18]; hence, we can-
ot discard with certainty possible changes in the
xpression of SLC41A1 in such tissues.
Undoubtedly, further research is needed to clar-

fy the mechanisms of magnesium regulation and
ts implications in the pathogenesis of preHTN.

Interestingly, in the magnesium-supplemented
ndividuals, our results show a significant
ecrease in SBP with a marginal decrease in DBP;
ndings in agree with the study by Kass et al. [24]
ho, in normotensive individuals that received
ral magnesium supplementation, found a pre-
ominant reduction on SBP with no changes for
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DBP; with this regard, the target population of
individuals with preHTN in our study showed, at
basal conditions, an average DBP within normal
values. Furthermore, individuals in the placebo
group showed a significant reduction of DBP;
given the diet and exercise advice that were imple-
mented, it is possible that reduction in DBP in
the control group could be related with the signif-
icant decrease in BMI and WC. With this regard,
although individuals in the magnesium group also
decreased their BMI and WC, changes were not
significant (table 1); so, the reduction in the SBP
and DBP in the intervention group cannot be
attributable to changes in body weight.

Several limitations of our study deserve to be
mentioned. 1) We did not measure the intracel-
lular levels of Mg2+; given that magnesium is
a predominantly intracellular cation, this was
the main limitation of study. 2) Our study was
focused in Mexican subjects; hence, validation
in pre-hypertensive individuals from other eth-
nicities will be required. 3) Several confounders,
such as dietary magmesium and calcium intake
that could influence our results, were not mea-
sured. 4) Because there are no previous studies in
humans regarding the efficacy of magnesium sup-
plementation on the transcription of magnesium
transporters, in order to calculate the sample size
we took into account the results from the experi-
mental study by Rondón [11]. Our results showed
a significant increase only in the relative expres-
sion of leukocyte TRPM6; hence, it is possible
that the sample size does not have the appropri-
ate statistical power for analyzing all the focused
transporters in our study. With this regard, our
findings should be given due importance and be
considered as preliminary results. Undoubtedly,
further research that includes a large sample size

and individuals from other ethnicities are needed.

In conclusion, our results showed that oral mag-
nesium supplementation increases the leukocyte
TRPM6 mRNA relative expression, but not of
leukocyte TRPM7 and SLC41A1 mRNA relative
expression, in individuals with new diagnosis of
preHTN.
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