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Abstract
Dietary intake of the heavy metal cadmium (Cd2+) is implicated in hypertension, but potassium supplementation reportedly
mitigates hypertension. This study aims to elucidate the hypertensive mechanism of Cd2+. Vascular reactivity and protein
expression were assessed in Cd2+-exposed rats for 8 weeks to determine the calcium-handling effect of Cd2+ and the
possible signaling pathways and mechanisms involved. Cd2+ induced hypertension in vivo by significantly (p < 0.001)
elevating systolic blood pressure (160 ± 2 and 155 ± 1 vs 120 ± 1 mmHg), diastolic blood pressure (119 ± 2 and 110 ± 1 vs
81 ± 1 mmHg), and mean arterial pressure (133 ± 2 and 125 ± 1 vs 94 ± 1 mmHg) (SBP, DBP, and MAP, respectively),
while potassium supplementation protected against elevation of these parameters. The mechanism involved augmentation of
the phosphorylation of renal myosin light chain phosphatase targeting subunit 1 (MYPT1) at threonine 697 (T697) (2.58 ±
0.36 vs 1 ± 0) and the expression of p44 mitogen-activated protein kinase (MAPK) (1.78 ± 0.20 vs 1 ± 0). While
acetylcholine (ACh)-induced relaxation was unaffected, 5 mg/kg b.w. Cd2+ significantly (p < 0.001) attenuated
phenylephrine (Phe)-induced contraction of the aorta, and 2.5 mg/kg b.w. Cd2+ significantly (p < 0.05) augmented sodium
nitroprusside (SNP)-induced relaxation of the aorta. These results support the vital role of the kidney in regulating blood
pressure changes after Cd2+ exposure, which may be a key drug target for hypertension management. Given the differential
response to Cd2+, it is apparent that its hypertensive effects could be mediated by myosin light chain phosphatase (MLCP)
inhibition via phosphorylation of renal MYPT1-T697 and p44 MAPK. Further investigation of small arteries and the Rho-
kinase/MYPT1 interaction is recommended.
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Introduction

Cadmium (Cd2+) is considered one of the most significant
naturally-occurring elemental pollutants in the environment

that contribute to adverse health effects in humans and
animals. It is toxic and nonbiodegradable, and exposure to
Cd2+ reportedly causes oxidative damage, resulting in
vascular dysfunction, reduced bioavailability of nitric oxide
(NO), and hypertension [1]. Markers of oxidative stress
include p44/42 mitogen-activated protein kinase (p44/42
MAPK; extracellular signal-regulated kinase 1 and 2,
ERK1/2), the expression of which tends to be elevated.
Hypertension is accompanied by oxidative stress; therefore,
whether Cd2+ affects the expression of p44/42 MAPK has
also been investigated. While the specific hypertensive
mechanisms of Cd2+ have not yet been elucidated, they
include a calcium ion-dependent pathway, interactions with
calcium channels [2], renal oxidative stress [3], and endo-
thelial nitric oxide synthase (eNOS) attenuation [1].

Potassium channels mediate vascular smooth muscle
relaxation [4] via potassium efflux, which hyperpolarizes
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the membrane and balances sodium influx. Potassium
reportedly reduces the blood pressure of normotensive
animals and possibly alleviates or reduces blood pressure in
the context of chronic hypertension [5]. This effect involves
potassium efflux via inwardly rectifying potassium channels
[6]. Modulating these and other potassium channels will
therefore provide clues to the action of Cd2+ on the aorta.
Cadmium has been implicated in enhancing potassium
conductance [7], calcium entry into cells [8], and calcium
channel blockade [9]. Evaluating the effects of potassium
supplementation may therefore provide meaningful infor-
mation about the role of calcium-handling in smooth muscle
contraction and the mechanism by which Cd2+ induces
hypertension.

Although regulation of smooth muscle contraction by
myosin light chain phosphatase (MLCP) via phosphoryla-
tion of myosin light chain is a calcium-dependent process,
smooth muscle contraction can also be regulated by calcium
sensitization and desensitization processes, which alter the
balance between MLCP and MLCK activity [10–12].
MLCP contains the MYPT1 subunit, which has two major
Rho-associated kinase (Rho-kinase, ROCK) phosphoryla-
tion sites, namely, T697 and T855 in rats, and phosphor-
ylation of MYPT1 at these sites regulates the activity of
myosin. Binding of MYPT1 with Rho-kinase leads to the
phosphorylation of MYPT1, which inhibits MLCP activity,
allowing phosphorylation of the 20 kDa light chain (LC20)
subunit and subsequent smooth muscle contraction. On the
other hand, dephosphorylation of LC20 leads to smooth
muscle relaxation. There is a paucity of research on the
effect of Cd2+ on MYPT1, the threonine sites of MYPT1
that are phosphorylated by Rho-kinase (T697 and T855),
and LC20. Consequently, this research sought to determine
whether these factors are affected by Cd2+.

This study hypothesized that Cd2+ induces hypertension
through activation of ERK pathways and inhibition of
MLCP. The objective was to identify the mechanisms
involved in Cd2+-induced hypertension in male Sprague-
Dawley rats. This was achieved by assessing vascular
reactivity and protein expression to determine the possible
signaling pathways and mechanisms involved. The effects
of potassium and its interaction with Cd2+ were also
evaluated.

Methods

Ethical approval

The experiments were conducted in accordance with
the guidelines and regulations of the Ethics Committee of
the University Hospital of the West Indies/University of the
West Indies Faculty of Medical Sciences (UHWI/UWI

FMS), University of the West Indies, Mona (approval
number AN 16, 12/13).

Experimental animals

Male Sprague-Dawley rats weighing 170–200 g were
obtained from the Animal House, UWI, Mona, provided
ad libitum access to standard rat chow diet and water, and
kept on a 12 h light/dark cycle. The humidity and tem-
perature were kept constant. The animals were acclimated
to the laboratory conditions 1–2 weeks prior to starting
experimental procedures. The animals were randomized
into groups of 10 and treated for 8 weeks with Cd2+ (2.5
or 5 mg/kg b.w.), potassium (0.75%), or both Cd2+ and
potassium. Normal controls received water only. Cad-
mium chloride was administered via gavage three times
weekly, and potassium chloride was administered via
drinking water. These concentrations were selected since
0.5–10 mg/kg b.w. Cd2+ has been shown to cause
hypertension and significantly elevate blood pressure and
MAP. Smoking (especially tobacco smoking) is one of the
most important sources of Cd2+ in humans [1, 13]. In
addition, at a higher concentration (100 mg/kg b.w.), Cd2+

has been shown by us and others to elevate MAP and
systolic blood pressure (SBP) [14, 15]. At a concentration
of 0.75%, potassium was previously shown by Omogbai
et al. [16] to reduce blood pressure in normotensive and
hypertensive rats; therefore, a similar concentration was
used in this experiment. Weight was measured three times
weekly using an Ohaus triple beam animal balance
(Ohaus, NJ, U.S.A.), and blood pressure and heart rate
(HR) were measured twice weekly using a CODA non-
invasive blood pressure apparatus (Kent Scientific Cor-
poration, CT, U.S.A.). SBP, diastolic blood pressure
(DBP), and MAP were measured, and HR readings were
taken automatically with a CODA machine. Pulse pres-
sure (PP) was calculated as the difference between SBP
and DBP. Prior to blood pressure measurements, rats were
restrained in a rat restrainer and preconditioned for ~5
min. Fifteen to thirty inflation and deflation cycles were
performed per rat per measurement session. The occlusion
cuff was inflated to 250 mm Hg and deflated over 20 s.
The volume-pressure recording (VPR) sensor cuff detec-
ted changes in the blood volume in the tail while the blood
returned to the tail during deflation of the occlusion cuff.
These measurements were performed by an investigator
unblinded to the groups. The rats were sacrificed by cer-
vical dislocation, and their thoracic aortas were excised
for organ bath studies. The hearts were excised and
weighed for analysis of the heart weight to body weight
ratio. The aortas and mesenteric and renal arteries were
harvested for western blot analysis and stored at −80 °C
prior to use.
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Preparation of aortic rings for assessment of
vascular responses

Chemicals were obtained from Sigma Chemical Co. (MO,
U.S.A.) unless otherwise stated. Glucose, magnesium sul-
fate, and potassium dihydrogen phosphate were obtained
from AnalaR BDH Chemicals Ltd. (Poole, England). The
thoracic aorta was rapidly excised and placed in ice-cold,
oxygenated modified physiological salt solution (PSS)
containing (in mM) 119 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2
MgSO4·7H2O, 1.2 KH2PO4, 24.9 NaHCO3, and 11.1 glu-
cose (pH 7.4). The aorta was cut transversely into 2–3 mm
rings, and each was suspended in a Kent (Kent Scientific
Corporation, CT, U.S.A.) or Radnoti (OX, UK) organ bath
containing 10 ml of well-oxygenated (95% O2 and 5% CO2)
PSS at 37 °C. A BSL Variable Force Transducer connected
to an MP36 multichannel data acquisition system (Biopac
Systems Inc., Goleta, CA, U.S.A.) was used to record iso-
metric tension. The rings were equilibrated for 60 min under
1.0 g resting tension, which is optimal for inducing maximal
contraction [17]. Relaxation of aortic rings precontracted
with phenylephrine (Phe; 10−6 M) was induced by acet-
ylcholine chloride (ACh; 10−6 M) to assess endothelial
integrity, which considered at least 70% of maximal
relaxation in response to ACh (modified from Almenara
et al. [14], Angeli et al. [18], and Ok et al. [19]).
Vasorelaxant responses of aortic rings precontracted with
Phe (10−6 M) to cumulative concentrations of ACh (10−9 to
10−3 M) and sodium nitroprusside (SNP; 10−12 to 10−3 M)
and their vasoconstrictor responses to Phe (10−9 to 10−3 M)
were assessed.

Western blotting

Western blotting experiments were performed to measure the
expression of proteins of interest according to previously
established protocols [10]. Proteins were extracted using
extraction buffer with freshly prepared dithiothreitol (DTT),
and the extent of phosphorylation was determined via SDS-
PAGE and western blotting using phospho-specific antibodies
for MYPT1, pT697, pT855, LC20 (phos-tag SDS-PAGE),
eNOS, p44/42 MAPK, p38 MAPK, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and actin. Relative
expression levels were normalized to the expression of
GAPDH or actin to account for loading differences and to
ensure that differences in protein expression levels were not
due to sample loading or protein transfer. For pT697 and
pT855, Johnson et al. [10] found this approach to be more
accurate for normalization than normalization to total protein
levels, which involves stripping and reprobing of the blots
with a pan-MYPT1 antibody and variable loss of proteins.
The pressurized rat or mouse cerebral artery samples used by
these authors were very tiny and yielded a very small amount

of total protein, i.e., <1 µg from a single pressurized vessel
segment. While some of our samples contained a greater
amount of protein, assessment of the smallest mesenteric
vessels required the use of a method that did not involve
stripping and reprobing. For consistency, therefore, the same
technique was employed for samples of other vessels. A
similar concept that was also used by other researchers was
applied for eNOS and MAPKs [14, 18, 20]. Proteins were
quantified by western blotting on 10% mini gels (12.5% phos-
tag acrylamide gel for LC20). A 3-step western blot technique
[10] was employed for the following primary antibodies
(1:200–1:2000): rabbit polyclonal anti-MYPT1 (Welsh Cus-
tom Antibody), anti-phospho-MYPT1 (T696) and anti-
phospho-MYPT1 (T850) (Millipore, MA, U.S.A.; Cat#
ABS45, RRID:AB_11212365 and Cat# 36-003, RRID:
AB_310812), and anti-eNOS (1:1000–1:5000; Cell Signaling
Technology, MA, U.S.A.; Cat# 9572, RRID:AB_329863).
Biotin-conjugated goat anti-rabbit (1:5000–1:40,000; Milli-
pore, MA, U.S.A.; Cat# AP132B, RRID:AB_92488) was
used as the secondary antibody, and horseradish peroxidase
(HRP)-streptavidin (1:2000; 1:100,000 for eNOS; Thermo
Fisher Scientific, MA, U.S.A.; Cat# PI21126) was used as the
tertiary antibody. The primary antibodies used for the 2-step
procedure were anti-pan-MLC2 (1:2000; Santa Cruz Bio-
technology, CA, U.S.A.; Cat# sc-48414, RRID:
AB_2148042), anti-p38 and anti-p44/42 MAPK (ERK1/2)
(1:1000; Cell Signaling Technology, MA, U.S.A.; Cat# 9212,
RRID:AB_330713 and Cat# 9102, RRID:AB_330744), and
anti-GAPDH (1:1000; Santa Cruz Biotechnology, CA, U.S.
A.; Cat# sc-25778, RRID:AB_10167668), and rabbit poly-
clonal anti-pan actin (1:5000; Cytoskeleton, Inc., CO, U.S.A.;
Cat.# AAN01-A, RRID:AB_10708070). HRP-conjugated
goat anti-rabbit (1:5000 - 1:20,000; Millipore, MA, U.S.A.;
Cat# 12-348, RRID:AB_390191) was used as the secondary
antibody. Enhanced chemiluminescence (ECL) advance
solution (Thermo Fisher Scientific, MA, U.S.A.) was used to
develop the blots. Images were obtained using the Fujifilm
LAS 3000 Mini Image Reader and Fuji Camera software v.
2.2 (GE Healthcare Biosciences, PA, U.S.A.) following
exposure for 1–60 s. Densitometric analysis was conducted
using the LAS 3000 Multi-gauge Image Reader v. 3.1 (GE
Healthcare Biosciences, PA, U.S.A.).

Data analysis

The results are reported as the means ± standard errors of the
mean (SEMs) using Origin Pro 7.0 software, with “n” indi-
cating the number of animals used per experimental treatment.
Blood pressure changes are expressed as the percentage of the
baseline (preinjection) value. The effective dose at which 70%
contraction or relaxation was obtained (ED70) was derived
from graphs plotted with Origin Pro 7.0 software. The max-
imal and minimal responses (Emax and Emin) were
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determined from the dose-response curves, and the effective
concentration that produced the half-maximal response
(EC50) and sensitivity (pD2) were calculated using nonlinear
regression analysis (Origin Pro 7 software). The sensitivity is
expressed as the negative logarithm of the EC50, that is,
pD2=−log EC50. Densitometric analysis of the western blot
images was conducted using Fujifilm LAS 3000 Multi-gauge
Image Reader v. 3.1 software. Protein density was calculated
as the ratio of normalized protein, actin, or GAPDH expres-
sion using Microsoft Excel 2016. The western blot ratios were
normalized to the ratio of the control, which was set to 1, and
a composite of blots was used to obtain data for each group.
Statistical analysis was performed using IBM SPSS Statistics
version 22 to determine the significance of the mean differ-
ence between groups via one-way analysis of variance
(ANOVA). Levene’s test of homogeneity followed by the
Games-Howell or Bonferroni post hoc test for multiple
comparisons was performed, and a p < 0.05 was considered
statistically significant. Graphs were plotted using Origin Pro
7.0 software.

Results

Effect of cadmium on blood pressure parameters

Cadmium elevates SBP, DBP, and MAP

Blood pressure was evaluated to determine whether Cd2+

induced hypertension. Cd2+ exposure (2.5 or 5 mg/kg b.w.)
for three weeks was associated with a significant (p < 0.001)
increase in mean SBP (160 ± 2 and 155 ± 1 vs 120 ± 1 mm
Hg), which was maintained until the end of the study period
(Fig. 1A and Supplementary Data, https://doi.org/10.6084/
m9.figshare.8852351; URL: https://doi.org/10.6084/m9.
figshare.8852351.v1). There was no significant difference
between the two Cd2+-exposed groups.

Cd2+ exposure (2.5 or 5 mg/kg b.w.) for 2 weeks was
also associated with significant (p < 0.001) increases in
mean DBP (119 ± 2 and 110 ± 1 vs 81 ± 1 mmHg) and
MAP (133 ± 2 and 125 ± 1 vs 94 ± 1 mmHg) (Fig. 1B, C
and Supplementary Data, https://doi.org/10.6084/m9.figsha
re.8852351; URL: https://doi.org/10.6084/m9.figshare.
8852351.v1). Compared to exposure to 5 mg/kg b.w.
Cd2+, exposure to 2.5 mg/kg b.w. Cd2+ significantly (p <
0.05) elevated DBP and MAP at weeks 2, 5, 7, and 8 and
weeks 2, 5, and 8, respectively.

Dual effect of cadmium on pulse pressure

Exposure to Cd2+ (2.5 and 5 mg/kg b.w.) significantly (p <
0.05) reduced PP after 3 weeks (Fig. 1D). Exposure to 2.5
mg/kg b.w. Cd2+ was additionally associated with a

Fig. 1 The effect of cadmium and potassium on the mean systolic
blood (A) diastolic blood (B), mean arterial (C), and pulse (D) pres-
sures and heart rate (E) of male Sprague-Dawley rats. Animals were
treated with cadmium (2.5 or 5 mg/kg b.w.) for 8 weeks. Cadmium
significantly (p < 0.05) elevated blood pressures, and potassium ame-
liorated this effect. Cadmium significantly (p < 0.05) elevated pulse
pressure after reducing it significantly (p < 0.05). *p < 0.01 vs the
normal control; †p < 0.05 vs 2.5 mg/kg b.w. cadmium with potassium
(0.75%); #p < 0.05 vs 5 mg/kg b.w. cadmium; **p < 0.05 vs the normal
control and 5 mg/kg b.w. cadmium with potassium (0.75%); ¢p < 0.05
vs the normal control; §p < 0.01 vs all other groups; ‡p < 0.05 vs all
other groups
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significant (p < 0.05) decrease in PP after two weeks and a
significant (p < 0.01) increase in PP at 6 weeks, at which
point it peaked. The PP was, however, normalized during
the last two weeks of treatment. Furthermore, the PP of rats
exposed to 5 mg/kg b.w. Cd2+ rose from week 4 to the end
of the study period, with a significant (p < 0.05 and 0.001)
increase being observed at weeks 7 and 8. The difference in
PP between rats exposed to 5 mg/kg b.w. Cd2+ and those
exposed to 2.5 mg/kg b.w. Cd2+ was also significant (p <
0.05) at week 8. The data are provided in the Supplementary
Data (https://doi.org/10.6084/m9.figshare.8852351; URL:
https://doi.org/10.6084/m9.figshare.8852351.v1).

Cadmium elevates HR in rats

A general decline in HR was observed for all groups
throughout the duration of the study (Fig. 1E and Supple-
mentary Data, https://doi.org/10.6084/m9.figshare.8852351;
URL: https://doi.org/10.6084/m9.figshare.8852351.v1). The
highest mean HR of the normotensive group was 521 ± 7
beats per minute (bpm), and the lowest HR of this group was
469 ± 10 bpm. HR was not affected by exposure to 2.5 mg/kg
b.w. Cd2+ (533 ± 8 to 452 ± 5 bpm) but was significantly
(p < 0.05) elevated by exposure to 5 mg/kg b.w. Cd2+

(513 ± 7 to 485 ± 5 bpm) at weeks 3, 5, and 7. There was also
a significant (p < 0.05) difference in HR between rats
exposed to 5 mg/kg b.w. Cd2+ and those exposed to
2.5 mg/kg b.w. Cd2+ between weeks 5 and 7.

Potassium supplementation ameliorates the effects
of cadmium on blood pressure

Potassium supplementation in normotensive rats sig-
nificantly (p < 0.01) elevated SBP at week 5, but SBP was
otherwise maintained within or close to the normal range.
DBP and MAP were significantly (p < 0.05) elevated for the
first 5 weeks (except week 2) in the potassium supple-
mentation group compared to the normal controls but nor-
malized within the last 3 weeks of treatment.

Potassium supplementation ameliorates the effects of
cadmium on SBP, DBP, and MAP

SBP (p < 0.001 and 0.05), DBP (p < 0.05), and MAP (p <
0.05) were significantly attenuated in both Cd2+-treated
groups (2.5 and 5mg/kg b.w.) that received potassium sup-
plementation compared to the groups that received Cd2+

alone, indicating that potassium supplementation ameliorated
the effects of Cd2+ (2.5 and 5mg/kg b.w.) (Fig. 1A–C).
Compared with potassium supplementation in the presence of
5 mg/kg b.w. Cd2+, potassium supplementation in rats
exposed to 2.5 mg/kg b.w. Cd2+ initially significantly (p <
0.05) lowered DBP and MAP. These parameters were,

however, significantly (p < 0.01) elevated at week 7, and there
was no difference between groups at the end of the study.

Potassium supplementation ameliorates the effects of
cadmium on pulse pressure

Potassium supplementation significantly (p < 0.001 and
0.01, respectively) reduced PP in normotensive and Cd2+

(2.5 and 5 mg/kg b.w.)-treated rats at week 3 (Fig. 1D).
Potassium supplementation in rats exposed to 5 mg/kg b.w.
Cd2+ also significantly (p < 0.05) reduced PP at week 6.
Potassium supplementation in rats exposed to 2.5 or 5 mg/
kg b.w. Cd2+ prevented a further increase in PP, keeping it
below or within the normal range, and therefore ameliorated
the effects of 2.5 or 5 mg/kg b.w. Cd2+, respectively.
Potassium supplementation in rats exposed to 5 mg/kg b.w.
Cd2+ had a greater (p < 0.01) PP-lowering effect at week 6
than potassium supplementation in rats exposed to 2.5 mg/
kg b.w. Cd2+. There was no significant difference in PP
between normotensive rats that received potassium sup-
plementation and 2.5 and 5 mg/kg b.w. Cd2+-treated rats
that received potassium supplementation.

Potassium supplementation elevates HR and opposes the
effects of cadmium

HRwas significantly (p < 0.01) elevated at weeks 1, 4, and 5 in
normotensive rats exposed to potassium supplementation but
was normalized by progressive treatment (Fig. 1E). Potassium
supplementation in rats exposed to either dose of Cd2+ (2.5 or
5mg/kg b.w.) also significantly (p < 0.05 and 0.01) elevated
HR (Fig. 1E). This increase was sustained by potassium sup-
plementation in rats exposed to 2.5mg/kg b.w. Cd2+ but
normalized within the last two weeks of potassium supple-
mentation in rats exposed to 5mg/kg b.w. Cd2+. This increase
in HR was also significant (p < 0.01) in rats exposed to 2.5mg/
kg b.w. Cd2+ or 5mg/kg b.w. Cd2+ that received potassium
supplementation compared to rats exposed to 2.5 or 5mg/kg b.
w. Cd2+. No significant difference in HR was observed
between potassium-supplemented normotensive rats and
potassium-supplemented rats exposed to 2.5 or 5mg/kg b.w.
Cd2+. A significant difference (p < 0.05 and 0.001) in HR was,
however, observed between potassium-supplemented rats
exposed to 2.5mg/kg b.w. Cd2+ and potassium-supplemented
rats exposed to 5mg/kg b.w. Cd2+ at weeks 2 and 8.

Effect of cadmium on vascular reactivity

Cadmium attenuates Phe-induced contraction of rat aortic
rings

Contraction of the aorta in response to increasing Phe
concentrations was significantly (p < 0.001) attenuated by
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exposure to 5 mg/kg b.w. Cd2+ (79.42 ± 1.49 vs 95.52 ±
1.61%) but was unaffected by exposure to 2.5 mg/kg b.w.
Cd2+ (Fig. 2A). Contraction in the presence of the lower
dose of Phe was significantly (p < 0.05) lower than that in
the presence of the higher dose of Phe (10−8 M). Exposure
to Cd2+ did not affect the Emax or Emin response, the
EC50, or sensitivity to Phe.

Cadmium augments SNP- but not ACh-induced relaxation

SNP-induced relaxation was significantly (p < 0.05) aug-
mented by exposure to 2.5 mg/kg b.w. Cd2+ (27.59 ± 3.56
vs 9.51 ± 2.07%) in response to a low dose of SNP (10−11

M), and the EC50 was significantly (p < 0.05) reduced
(3.98 × 10−9 ± 8.02 × 10−10 vs 7.03 × 10−10 ± 2.94 × 10−10

M; Fig. 2C). SNP-induced relaxation was unaffected by
exposure to 5 mg/kg b.w. Cd2+ (Fig. 2C). In addition, 2.5
mg/kg b.w. Cd2+ induced a significantly (p < 0.05) greater

augmentation of SNP-induced relaxation than exposure to
5 mg/kg b.w. Cd2+ but did not affect the EC50. Further-
more, ACh (10−9 to 10−3 M) induced dose-dependent
relaxation of Phe-contracted aortic rings (Fig. 2B), but
relaxation and EC50 were unaffected by Cd2+ (2.5 or 5 mg/
kg b.w.) administration. Compared to exposure to 2.5 mg/
kg b.w. Cd2+, exposure to 5 mg/kg b.w. Cd2+ significantly
(p < 0.05) augmented relaxation at a high dose of ACh
(10−4 M) without affecting the EC50.

Effect of potassium supplementation on vascular
reactivity

Potassium supplementation attenuates Phe-induced
contraction and ACh-induced relaxation in rat aortic rings

Vascular reactivity studies were conducted to evaluate the
effect of potassium supplementation (0.75%) on the contrac-
tion and relaxation of the aorta to identify its mechanism of
action. Potassium supplementation (0.75%; 100mM) in nor-
motensive rats did not affect Phe-induced contraction or ACh-
and SNP-induced relaxation (Fig. 2A–C). Potassium supple-
mentation in the presence of 5 mg/kg b.w. Cd2+ produced a
dual and opposing effect on contraction based on the con-
centration of Phe. Initially, the contraction of potassium-
treated aortic rings was significantly (p < 0.001) attenuated
compared with that of both the normal control and aortic rings
treated with 5 mg/kg b.w. Cd2+ and potassium-treated aortic
rings exhibited significant (p < 0.01) elevation of the EC50
and reduced sensitivity. As the Phe dose increased, however,
potassium supplementation in the presence of 5 mg/kg b.w.
Cd2+ significantly (p < 0.05) augmented contraction, thereby
nullifying the effect of 5 mg/kg b.w. Cd2+ (Fig. 2A). Potas-
sium supplementation in the presence of either dose of Cd2+

(2.5 and 5mg/kg b.w.) also significantly (p < 0.05) attenuated
ACh-induced relaxation (10−7 to 10−6 M), producing a
rightward shift in the response curve, but did not affect SNP
(10−12 to 10−3 M)-induced relaxation (Fig. 2B, C). The EC50
of SNP-induced relaxation was, however, significantly (p <
0.05) reduced by exposure to potassium supplementation in
the presence of 5 mg/kg b.w. Cd2+ (3.98 × 10−9 ± 8.02 ×
10−10 vs 1.40 ± 0.63 × 10−10M). There was no significant
difference in the effect of potassium supplementation in the
presence of 2.5 and 5mg/kg b.w. Cd2+.

Effect of cadmium and potassium supplementation
on protein expression

Cadmium increases total MYPT1 levels in the aorta without
phosphorylating the phosphospecific sites of MYPT1

Exposure to 5 mg/kg b.w. Cd2+ significantly (p < 0.01)
increased the total MYPT1 level in the aorta without

Fig. 2 Effect of cadmium on phenylephrine-induced contraction (A)
and acetylcholine- (B) and sodium nitroprusside-induced (C) relaxa-
tion of rat aortic rings. The higher dose of cadmium (5 mg/kg b.w.)
significantly (p < 0.001) attenuated contraction, but potassium sup-
plementation abolished this effect. Potassium treatment alone did not
affect contraction. *p < 0.05, group 2 vs group 3; **p < 0.001, groups 1
and 3 vs group 6; †p < 0.05, group 4 vs group 6; §p < 0.001, group 1 vs
group 3; ‡p < 0.05, group 3 vs group 6; #p < 0.05, group 1 vs group 5;
€p < 0.05, group 1 vs group 6; ¢p < 0.05, group 2 vs group 1
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affecting its phosphorylation at the phosphospecific sites
T697 and T855 (Fig. 3A–C), which was only slightly ele-
vated. There was no significant difference in the protein
levels between the group exposed to 2.5 and the group
exposed to 5 mg/kg b.w. Cd2+.

Potassium supplementation attenuates the
phosphorylation of MYPT1 at T697 and T855 in the aorta

Potassium supplementation in rats exposed to 2.5 or 5 mg/
kg b.w. Cd2+ significantly attenuated the phosphorylation
of MYPT1 at T697 (p < 0.05 and 0.001) and T855 (p <
0.01) in the aorta, thereby significantly (p < 0.05)

opposing the effect of 5 mg/kg b.w. Cd2+ (Fig. 3B, C).
The attenuation of MYPT1 phosphorylation at T697 was
also significant (p < 0.01) compared to potassium-
supplemented normotensive rats. There was no sig-
nificant difference in the levels of protein expression
between potassium-supplemented rats exposed to 2.5 and
those exposed to 5 mg/kg b.w. Cd2+.

Cadmium did not affect protein levels, but potassium
supplementation augmented MYPT1 expression and
phosphorylation at T697 and T855 in the mesenteric
arteries of Cd2+-exposed rats

Exposure to Cd2+ (2.5 and 5 mg/kg b.w.) and potassium
supplementation (0.75%) in normotensive rats did not affect
the protein levels of total MYPT1 or its phosphorylation at
the major regulatory sites T697 and T855 (Fig. 4A–C).
Total MYPT1 expression was, however, significantly (p <
0.01) augmented by potassium supplementation in rats
exposed to 2.5 mg/kg b.w. Cd2+. Similarly, potassium
supplementation in rats exposed to 5 mg/kg b.w. Cd2+

significantly (p < 0.05) augmented the levels of MYPT1
phosphorylated at T697 and T855 in the mesenteric artery
(Fig. 4A–C). There was no significant difference between
rats exposed to 2.5 and those exposed to 5 mg/kg b.w. Cd2+

or between them and their potassium-supplemented
counterparts.

Cadmium elevates total MYPT1 expression, MYPT1
phosphorylation at T697, and p44 MAPK expression in the
renal artery

The significant (p < 0.01 and 0.001) elevation of total
MYPT1 expression induced by exposure to 5 mg/kg b.w.
Cd2+ compared to the control and exposure to
2.5 mg/kg b.w. Cd2+ was abolished (p < 0.01) by potassium
supplementation (Fig. 5A). Phosphorylation of MYPT1 at
its phosphorylation sites T697 and T855 was not affected
by exposure to 5 mg/kg b.w. Cd2+, but phosphorylation of
MYPT1 at T697 was significantly (p < 0.05) augmented
(2.58 ± 0.36 vs 1 ± 0) by exposure to 2.5 mg/kg b.w. Cd2+

(Fig. 5B, C). This augmentation was prevented by potas-
sium supplementation, as the level of MYPT1 phosphory-
lated at T697 was significantly (p < 0.05 and 0.01)
attenuated in Cd2+ (5 mg/kg b.w.)-exposed rats that
received potassium supplementation compared to both
normotensive and Cd2+ (2.5 mg/kg b.w.)-exposed rats.
Exposure to 5 mg/kg b.w. Cd2+ also significantly (p < 0.05)
elevated (1.78 ± 0.20 vs 1 ± 0) total renal p44 MAPK levels
(Fig. 5C). There was no significant difference in the effect
of supplementation between the rats exposed to 2.5 mg/kg
b.w. Cd2+ and those exposed to 5 mg/kg b.w. Cd2+

(Figs. 3–5).

Fig. 3 Effect of cadmium and potassium on the levels of MYPT1 (A)
MYPT1 phosphorylated at T697 (B), and MYPT1 phosphorylated at
T855 (C) in the thoracic aorta of male Sprague-Dawley rats. Cd2+

(5 mg/kg b.w.) significantly (p < 0.01) increased the total MYPT1
level. Potassium supplementation in the presence of Cd2+ significantly
(p < 0.05) attenuated MYPT1 phosphorylated at T697 and MYPT1
phosphorylated at T855 levels. Expression levels were normalized to
the level of GAPDH. Ratios were normalized to the ratio in the control
group, which was set to 1. *p < 0.01 vs group 1; †p < 0.05 vs group 4;
**p < 0.05 vs group 1; #p < 0.01 vs group 4; ‡p < 0.01 vs group 3.
Exposure time (A–C): 10 s
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Proteins unaffected by cadmium and potassium
supplementation

LC20, eNOS, and MAPK (p38 and p42) levels were unaf-
fected by all treatments in the arteries assessed (Fig. 5C and
Supplementary Figs. 1D–G to 3D–G, https://doi.org/10.6084/
m9.figshare.13489185; URL: https://doi.org/10.6084/m9.
figshare.13489185.v2). Similarly, p44 MAPK levels in the
aorta and mesenteric artery were unaffected (Supplementary
Figs. 1G and 2G). The results related to eNOS levels are
supported by previous findings of Nwokocha et al. [15] and
Angeli et al. [18], both of which used much higher doses of
Cd2+ (100mg/kg b.w. and 10 µM, respectively).

Effect of cadmium and potassium supplementation
on the heart weight to body weight ratio

Neither Cd2+ nor potassium supplementation affected the
heart weight to bodyweight ratio.

Discussion

The objective of this study was to elucidate the mechanisms
involved in Cd2+-induced hypertension. Assessments of
vascular reactivity and protein expression were employed to

Fig. 4 Effect of cadmium and potassium on the levels of MYPT1
(A), MYPT1 phosphorylated at T697 (B), and MYPT1 phosphorylated
at T855 (C) in the mesenteric arteries of male Sprague-Dawley rats.
Cd2+ and potassium alone did not affect protein levels, but potassium
supplementation in the presence of Cd2+ significantly (p < 0.05) ele-
vated MYPT1, MYPT1 phosphorylated at T697, and MYPT1 phos-
phorylated at T855 levels in the mesenteric arteries. Expression levels
were normalized to the levels of GAPDH. Ratios were normalized to
the ratio in the control group, which was set to 1. *p < 0.01 vs group 1;
**p < 0.05 vs group 1. Exposure time (A–C): 4 s

Fig. 5 Effect of cadmium and potassium on the levels of MYPT1
(A), MYPT1 phosphorylated at T697 (B), and p44/42 MAPK (C) in
the renal arteries of male Sprague-Dawley rats. Cadmium (5 mg/kg b.
w.) significantly elevated MYPT1 (p < 0.01) and p44 MAPK (ERK1)
(p < 0.05) levels, while the lower dose (2.5 mg/kg b.w.) significantly
(p < 0.01) elevated pT697 levels. Potassium supplementation in the
presence of Cd2+ ameliorated the changes in the levels of MYPT1 and
MYPT1 phosphorylated at T697 but not p44 MAPK levels. Cadmium
and potassium did not affect eNOS, p38, or p42 MAPK levels.
Expression levels were normalized to the level of GAPDH. Ratios
were normalized to the ratio in the control group, which was set to 1.
*p < 0.01 vs group 1; **p < 0.05 vs group 1; ‡p < 0.01 vs group 3; §p <
0.01 vs group 2. Exposure time (A–C): 4–30 s
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determine the calcium-handling effect of Cd2+ and the
possible signaling pathways and underlying mechanisms
involved.

Cadmium induced hypertension within three weeks of
administration by elevating mean SBP, DBP, and MAP, but
the responses of the aorta to contractile and relaxant agents
did not give credence to the mechanism. Consistent with
our results, Angeli et al. [18] observed significantly elevated
SBP; however, they found that responses to ACh and Phe
were unaffected or reduced. Contrary to our findings,
Almenara et al. [14] found an increased response to Phe.
While the lower dose of Cd2+ (2.5 mg/kg b.w.) elevated
blood pressure levels in our study, SNP produced a sig-
nificant increase in sensitivity or responsiveness in the Cd2
+-exposed rat aorta without significantly altering maximum
relaxation. This is anomalous and may be attributed to
hypertrophy [21], a compensatory mechanism in the aorta,
or endothelial dysfunction, which affects endothelium-
derived hyperpolarizing or relaxing factor (EDHF or
EDRF) production, rather than NO since eNOS levels were
unaffected and the eNOS/NO pathway was not impaired.

The significant reduction in the PP of the Cd2+

(2.5 mg/kg b.w., p < 0.05; 5 mg/kg b.w., p < 0.001)- and
potassium (p < 0.001)-treated rats after three weeks of
treatment may have been a compensatory response to the
initial significant (p < 0.001) elevation of SBP, DBP, and
MAP. There is an extreme paucity of research on the effect
of Cd2+ on PP in humans as well as a lack of animal studies.
Nevertheless, increased Cd2+ body burden was found by
Schutte et al. [22] to be associated with lower PP. Other
recent research has shown that PP is a better predictor of
coronary heart disease risk than SBP and DBP in indivi-
duals over 50 years of age [23]. Assmann et al. [23] also
reported that increases in SBP, DBP, and PP by 10 mm Hg
are associated with a greater hazard ratio (~10%) of cor-
onary heart disease. The significant elevation in PP seen
following exposure to Cd2+ (2.5 and 5 mg/kg b.w.) may be
a sign of aortic stiffening [24], which can lead to elevated
blood pressure and hypertension. Furthermore, PP elevation
is associated with a near-linear stroke volume (SV) increase
[hence increased cardiac output (CO)], and when the SV is
kept constant, increased central arterial stiffness results in
elevation of SBP and reduction in DBP, thereby con-
tributing to greater PP [25]. Based on the results, PP may
have been influenced or affected by CO. The increase in
blood pressure in response to exposure to 5 mg/kg b.w. Cd2
+ was associated with the observed elevated HR, and ele-
vation of HR increases CO; however, this does not rule out
the contribution of the SV or total peripheral resistance
(TPR), although Ozturk et al. [26] disagree.

The current findings prompted the analysis of protein
levels in the aorta and the smaller, more contractile renal
and mesenteric arteries. A dual mechanism of Cd2+-induced

hypertension was observed in the renal artery. First, expo-
sure to 2.5 mg/kg b.w. Cd2+ was found to be associated
with a significant (p < 0.05) elevation of the phosphoryla-
tion of MYPT1 at T697. This is a novel finding and a
strength of this study, and it shows a mechanism involving
inhibition of MLCP. Such inhibition is also associated with
an increase in the level of calcium sensitization of con-
tractile elements [10]. Augmented phosphorylation of
MYPT1 indicates the activity of the RhoA/ROCK pathway
and correlates with hypertension [27]. In addition, changes
in calcium sensitization and augmentation of calcium-
sensitive RhoA/ROCK activity may precede vascular dis-
eases such as hypertension [27]. The effect of Cd2+ on the
phosphorylation of MYPT1 at T697 in the thoracic aorta
and mesenteric or renal artery is undocumented, and this
research sheds light on this area of smooth muscle research.
Nevertheless, increased phosphorylation has been identified
using other contractile agents in the mesenteric and renal
arteries and other tissues, such as the protein phosphatase
inhibitor calyculin A in the mesenteric artery, potassium in
rat caudal arterial smooth muscle, and angiotensin II in the
aorta [28–30]. A lack of phosphorylation in the aorta was
observed [31, 32]. These results show that the myogenic
response is tissue-dependent.

Second, exposure to 5 mg/kg b.w. Cd2+ significantly
(p < 0.05) augmented the total renal p44 MAPK (ERK1)
level. This indicates that oxidative stress occurred in renal
tissue, which was not observed in the aorta or mesenteric
artery. Cd2+ is associated with the production of reactive
oxygen species (ROS) [33], which causes renal oxidative
stress [3, 34], and MAPKs have been shown to mediate
responses to ROS [35]. Furthermore, some tissues, includ-
ing brain tissues, have been shown to utilize p44/42 MAPK
to respond to stressful stimuli such as oxidative stress [36].
Hypertension or high blood pressure is associated with
elevated ERK1/2 (p44/42 MAPK) levels [37], although this
is disputed by Parenti et al. [38]. The significant elevation of
p44 MAPK levels was consistent with the change in
MYPT1 phosphorylation at T697 in renal tissue, which was
also significantly (p < 0.05) elevated.

The higher dose of Cd2+ acted via another mechanism,
the p44 MAPK pathway, to elevate blood pressure. It is not
known exactly why both doses did not have a similar effect
on both MYPT1 phosphorylation at T697 and p44 MAPK;
however, given the tissue specificity and pressure depen-
dence of the myogenic response [10], it can be assumed that
the effects of the two concentrations of Cd2+ were based on
the amount of pressure generated and the tissue affected.
Cd2+ preferentially affects the kidneys. Thind [39] found
that the kidneys of hypertensive and control rabbits had the
highest concentration of Cd2+, followed by the mesenteric
artery and then the aorta. Eum et al. [40] reported positive
associations between SBP, DBP, and MAP and blood Cd2+
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levels, an effect that was markedly enhanced with reduced
kidney function. On the other hand, Staessen et al. [41]
found no correlation between blood pressure and blood or
urinary Cd2+ levels, except for a correlation between DBP
and Cd2+ levels in men. In that study, the average SBP and
DBP in men and women in areas of northeastern Belgium
affected by Cd2+ (131.5 ± 14.2 mmHg and 78.5 ± 8.3 mm
Hg in men and 125.4 ± 15.9 mmHg and 76.1 ± 7.8 mmHg
in women) were lower than the values obtained in the
present study. Satarug et al. [42] pointed to the possibility
that Cd2+ accumulates in the kidney and triggers responses
involving heme oxygenase-1 (HO-1; an antioxidant
enzyme) and metallothionein (a metal-binding protein) to
combat the rise in blood pressure and protect against oxi-
dative stress. Another action of Cd2+, as purported by Thind
[39], involves significant dose-dependent reversible inhibi-
tion of angiotensin responses in the renal artery in normal
rabbit aortic strips, and such inhibition was induced by
application of 1 μg/ml Cd2+ for 4 h or greater concentrations
of Cd2+ for a shorter period of time. Additionally,
Broseghini-Filho et al. [43] reported that angiotensin I-
converting enzyme is inhibited by Cd2+.

Hypertension was not observed in patients with Japanese
itai-itai (it hurts-it hurts or ouch ouch) disease [44], but renal
tubular dysfunction was evident or posed a significant
mortality risk [45–47]. Elevated mean kidney (43.8 mg/kg
in the renal cortex) and liver (5.3 mg/kg) Cd2+ concentra-
tions in autopsied Jamaicans from areas with low soil Cd2+

concentrations (by the Jamaican standard) were second only
to those in Japanese individuals [46]. Mean Cd2+ levels in
the liver, pancreas, and thyroid (56, 44, and 43 mg/kg,
respectively) of patients with itai-itai disease were more
than five times higher than the reference concentrations (10,
9, and 9 mg/kg, respectively) [47]. The authors reported a
clear indication that patients with itai-itai disease and resi-
dents of the Jinzu River basin of Toyama were exposed to
extremely high levels of Cd2+. Interestingly, the mean Cd2+

levels in the kidney were much lower than the reference
values, primarily in the renal cortex (31 vs 73 mg/kg; 23 vs
34 mg/kg in the medulla), and this decline was attributed to
a loss of Cd2+ in the tubules arising from the clinical pre-
sence of renal tubular dysfunction. Cd2+-related renal bio-
markers and an evident association between urinary Cd2+

and beta-2-microglobulin (β2-MG) levels were identified in
the Jamaican study population, but the absolute concentra-
tions were well below the critical limits for the onset of
acute or chronic renal effects [48].

Cd2+ alone or in combination with potassium seems to
exert dose- and tissue-dependent effects that are not well
defined. Potassium chloride (KCl) induces translocation of
RhoA to the membrane; RhoA/ROK activation; significant
phosphorylation of MYPT1 at T697, MYPT1 at T855, and
LC20; and sustained contraction of rat caudal arterial

smooth muscle [29]. Seok et al. [31] reported augmentation
of MYPT1 phosphorylation at T855 but not T697 in the rat
aorta using KCl. One response of tissues undergoing oxi-
dative stress is contraction, which facilitates the entry of
more calcium into renal artery smooth muscle cells,
although Lopin et al. [9] reported that Cd2+ blocks calcium
channels. There was no quantitative measurement of cal-
cium concentration; however, the results of the vascular
studies indicated either a decrease in the calcium con-
centration in the presence of Cd2+ or a competitive effect
[49]. It is also possible that, as in a study by Osol et al. [50],
there is no change in intracellular calcium concentration
when pressure increases.

The administration of potassium by itself prevented the
increase in total MYPT1 expression in the aorta and renal
artery that was seen in the Cd2+ (5 mg/kg b.w.)-exposed
group. Potassium supplementation with Cd2+ also had an
ameliorating effect, as it maintains blood pressure within or
near the normal range, hence conferring a protective effect.
To verify the protective effect of potassium on
Cd2+-induced hypertension, a comparison was made
between the Cd2+-exposed groups and their Cd2+-exposed
counterparts that received potassium supplementation.
Phosphorylation of MYPT1 at T697 was attenuated by
potassium supplementation in the presence of 2.5 mg/kg b.
w. Cd2+ in the renal artery and by potassium supple-
mentation in the presence of both doses of Cd2+ in the aorta.
Augmented phosphorylation of MYPT1 at the phosphos-
pecific sites T697 and T855 was also reported by Cho et al.
[28]. This effect is different from what was observed in the
aorta. The implication is that the interaction between Cd2+

and potassium inhibited MLCP activity in the mesenteric
arteries. Furthermore, this finding demonstrates the ability
of Cd2+ to interact with other metals to induce hypertension
in blood vessels other than the aorta. The augmentation of
total MYPT1 expression implies that MLCP activity was
facilitated and LC20 activity was dampened. Inhibition of
LC20 phosphorylation by the isoflavones genistein and
daidzein in the rat aorta was observed by Seok et al. [31].

We expected LC20 phosphorylation to explain the
phosphorylation of the ROK phosphospecific sites on
MYPT1 and hence MLCP inhibition; however, this was not
the case. Indeed, increased contraction should be reflected
by LC20 phosphorylation; however, the tissues were not
challenged prior to being frozen. This unfortunately may
have contributed to the lack of phosphorylation in this
study. It is possible that the contraction at a basal pressure
level in the unchallenged arteries was insufficient to induce
changes in the level of phosphorylation. Challenging the
tissues with a contractile agent such as Phe and then flash-
freezing them may have led to better results in this study.
Moreno-Domínguez et al. [51] reported that elevation in
pressure from 80 to 120 mm Hg was associated with a
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reduction in the diameter of cerebral and skeletal muscle
arterioles. Furthermore, the size of the resistance arteries
served as a limiting factor in analyzing changes in the
concentration of phosphorylated or expressed proteins
associated with ROK signaling [52]. Pressurized cerebral
and skeletal muscle arterioles were constricted at all pres-
sures, LC20 was phosphorylated between basal pressures of
10 and 120 mmHg, and there was no additional increase in
LC20 phosphorylation between pressures of 80 and 120 mm
Hg [51, 53]. The researchers further reported that actin
cytoskeleton reorganization was the only mechanism gen-
erating force since a reduction in the G-actin pool was the
only biochemical parameter that changed [51]. The SBP
recorded in the tail vein in this study exceeded 140 mmHg
towards the end of the study. This elevated pressure may
have also contributed to the lack of phosphorylation of
LC20 in the renal artery and other blood vessels assessed, as
in studies by Moreno-Domínguez et al. [51, 53].

The concentrations of Cd2+ used in this study (7.5 or 15
mg/kg b.w./week; 1.1 or 2.1 mg/kg/day) were above the
provisional tolerable weekly intake (PTWI) for humans but
below the level toxic to humans. The PTWI for humans is
2.5 and 7 µg/kg b.w. (0.0025 and 0.007 mg/kg b.w.)
according to the European Union maintained by the Eur-
opean Food Safety Authority (EFSA) Panel on Con-
taminants in the Food Chain (CONTAM) [54] and the
World Health Organization (WHO) [55], respectively.
While exposure to Cd2+ orally does not result in repro-
ductive and developmental toxicity, acute exposure to high
doses ranging from 1500 to 8900 mg (20 to 30 mg/kg)
results in death in humans (although rare) and abdominal
pain, diarrhea, and vomiting associated with gastrointestinal
(GI) irritation [56]. These GI symptoms may also occur at
doses above 15 mg/kg, but the lowest emetic dose is
reportedly 0.07 mg/kg, while fatalities have occurred at
doses as low as 20–30 mg/kg [57]. Chronically ingested Cd2
+ seems to target the kidneys, such as in Toyama prefecture
and in the case of Japanese itai-itai disease [46].

Based on the results obtained, not all members of the
MAPK family were stimulated in response to Cd2+-induced
hypertension. Other signaling pathways may be involved,
such as c-Jun N-terminal kinase 1 (JNK1), another stress-
responding MAPK [38], pathway; the angiotensin II or
renin-angiotensin-aldosterone system, RAAS [58]; and the
RhoA/ROCK pathway [59]. The results of this study sug-
gest that elevation of blood pressure was mediated via p44
MAPK (ERK1) and hence activation of the ERK1/2 sig-
naling pathway, phosphorylation of renal MYPT1 at T697,
and inhibition of MLCP. Although these results support the
hypothesis of the study, there are other causative agents and
risk factors for hypertension, including dietary salt con-
sumption, high body weight, and alterations in the renin-
angiotensin system [3, 60].

Investigation of the effect of ERK1/2 inhibition may
provide more useful information to confirm this finding that
renal p44 MAPK (ERK1) is involved in Cd2+-induced
hypertension. In addition, experiments geared at directly
assessing ROS or oxidative stress levels are warranted.
Assessment of the possible correlation between increased
oxidative stress and blood pressure may also be warranted
since ERK1/2 (p44/42 MAPK) exerts pleiotropic effects
that may be affected under diseased conditions. In light of
the role of the kidney in blood pressure regulation and given
that T697 is a Rho-kinase phosphorylation site leading to
smooth muscle contraction [61], further investigation of
small arteries and the Rho-kinase/MYPT1 interaction may
provide additional useful information regarding the
mechanism of Cd2+-induced hypertension. In addition, to
bolster the findings of this study and validate the mechan-
ism, immunoblotting experiments with phospho-p38 and
p44/42 MAPK antibodies, as well as intervention studies
involving the use of Rho-kinase and MAPK inhibitors,
should be performed primarily in aortic and renal artery
rings since Rho-kinase and MAPK inhibition have been
shown to reduce blood pressure [30].

Potassium supplementation played a protective role in
the arteries assessed and ameliorated the effects of Cd2+

(2.5 and 5 mg/kg b.w.). The ameliorating effect was medi-
ated via activation of MLCP by attenuation of the phos-
phorylation of aortic MYPT1 at T697 and T855. In
addition, potassium supplementation ameliorated the effects
of 2.5 mg/kg b.w. Cd2+ by attenuating renal MYPT1
phosphorylation at T697, as suggested by Ruta et al. [8],
and elevating total mesenteric MYPT1 levels. These results
imply that MLCP is activated and the potential for LC20
dephosphorylation is increased, favoring smooth muscle
relaxation.

The concentration of potassium (0.75%) used in this
experiment represents high dietary potassium intake
equivalent to 100 mEq. While potassium at this concentra-
tion has been shown to hyperpolarize cell membranes and
reduce the blood pressure of normotensive and hypertensive
animals, it is also linked to depolarization of membranes
[16, 62]. Interestingly, reduced relaxation in response to
ACh was observed when potassium was administered in the
presence of Cd2+. This may have been due to phosphor-
ylation of MYPT1 at the phosphospecific sites T697 and
T855, which is similar to the findings of Cho et al. [28].
This is opposite the effect seen in the aorta and implies that
the interaction between these two elements inhibits MLCP
activity in the mesenteric arteries. This result also implies
that Cd2+ can interact with other metals to induce hyper-
tension in blood vessels other than the aorta. This could also
be due to activation of voltage-gated calcium channels and
the resultant influx of cytosolic calcium and activation of
contractile machinery, which also involves activation of
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calcium-calmodulin-dependent MLCK, MLC phosphoryla-
tion, and contraction [16]. The effects of Cd2+ and potas-
sium on blood pressure opposed each other when they acted
individually; however, when they were applied in combi-
nation, the effects were similar to those of potassium alone,
possibly because the influence of potassium was stronger.

Conclusion

This study set out to induce hypertension with Cd2+, assess
the vascular response to pharmacological drugs, and per-
form western blotting to evaluate protein levels in rat tissues
to identify the mechanism of Cd2+-induced hypertension.
Hypertension was induced by elevating SBP, DBP, and
MAP, as shown by other researchers [14, 18]. The effect of
Cd2+ was associated with a dual mechanism in the renal
artery: inhibition of MLCP via phosphorylation of MYPT1
at T697 and activation of ERK signaling pathways via
augmentation of p44 MAPK (ERK1) expression. Potassium
ameliorated the effects of Cd2+ by activating MLCP via
attenuation of the phosphorylation of MYPT1 in the aorta
and renal artery and increasing total mesenteric MYPT1
expression. Therefore, given the prevalence of hypertension
and the findings of this study, more drug therapies that
target renal tissue and alleviate oxidative stress are needed.
Knowledge of the specific pathway may lead to novel
therapeutic strategies for the management or prevention of
hypertension and hence reduce the mortality and morbidity
associated with blood pressure elevation and other asso-
ciated cardiovascular complications.
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