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Effects of angiotensin Il blockade on inflammation-
induced alterations of pharmacokinetics and
pharmacodynamics of calcium channel blockers
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Background and purpose: Inflammation elevates plasma verapamil concentrations but diminishes pharmacological response.
Angiotensin Il is a pro-inflammatory mediator. We examined the effect of angiotensin Il receptor blockade on the
pharmacokinetics and pharmacodynamics of verapamil, as well as the binding properties and amounts of its target protein in
calcium channels, in a rat model of inflammation.

Experimental approach: We used 4 groups of male Sprague-Dawley rats (220-280 g): inflamed-placebo, inflamed-treated,
control-placebo and control-treated. Inflammation as pre-adjuvant arthritis was induced by injecting Mycobacterium butyricum
on day 0. From day 6 to 12, 30mg kg™ oral valsartan or placebo was administered twice daily. On day 12, a single oral dose of
25mgkg " verapamil was administered and prolongation of the PR interval measured and plasma samples collected for
verapamil and nor-verapamil analysis. The amounts of the target protein Ca,1.2 subunit of L-type calcium channels in heart
was measured by Western blotting and ligand binding with *H-nitrendipine.

Key results: Inflammation reduced effects of verapamil, although plasma drug concentrations were increased. This was
associated with a reduction in ligand binding capacity and amount of the calcium channel target protein in heart extracts.
Valsartan significantly reversed the down-regulating effect of inflammation on verapamil’s effects on the PR interval, and the
lower level of protein binding and the decreased target protein.

Conclusions and implications: Reduced responses to calcium channel blockers in inflammatory conditions appeared to be
due to a reduced amount of target protein that was reversed by the angiotensin Il antagonist, valsartan.
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Introduction

Inflammation is a normal response to external and internal
stimuli. It is associated with release of inflammatory
mediators such as pro-inflammatory cytokines and nitric
oxide. These biochemical changes are associated with altered
pharmacokinetics and/or pharmacodynamics of some cardio-
vascular drugs, such as calcium channel blockers (Mayo
et al., 2000; Sattari et al., 2003) and p-adrenoceptor
antagonists (Kulmatycki et al., 2001; Guirguis and Jamali,
2003; Clements and Jamali, 2007). For example, the potency
of verapamil is reduced in patients with active rheumatoid
arthritis despite elevated drug plasma concentration (Mayo
et al.,, 2000). Similar changes in verapamil action and
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disposition have been reported in ageing (Abernethy et al.,
1993) and obesity (Abernethy and Schwartz, 1988); two
conditions also associated with elevated pro-inflammatory
mediators (Visser et al., 1999; Das, 2001; Sarkar and Fisher,
2006). Patients with arthritis, the elderly and obese are more
prone to cardiovascular complications than the general
population (Oates, 1988; Kannel, 2000). In addition, inflam-
mation is involved in the aetiology of cardiac diseases, such
as acute myocardial infarction (Erzen et al., 2006) and heart
failure (Mann, 2002) and may contribute to poor therapeutic
outcome. For example, elevated interleukin 6 in patients
with unstable angina was linked to increased adverse
coronary events (Biasucci et al., 1999).

The observed inflammation-induced reduction in response
to verapamil, despite increased concentration, has been
attributed to inflammation-induced reduction in binding to
L-type calcium channels (Sattari et al., 2003). The reduced
clearance of highly cleared drugs such as verapamil (Mayo
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et al., 2000; Sattari et al., 2003; Ling and Jamali, 2005) and
propranolol, (Guirguis and Jamali, 2003) observed in
response to inflammation is attributed to increased drug
plasma protein binding (Mayo et al., 2000; Sattari et al., 2003;
Ling and Jamali, 2005) and/or reduced expression of the
enzymes responsible for drug metabolism (Ling and Jamali,
2005).

Inflammatory conditions do not reduce response to all
cardiovascular drugs. The potency of angiotensin II receptor
type I blockers, valsartan (Daneshtalab et al., 2004) and
losartan, (Daneshtalab et al., 2006) is not reduced by
rheumatoid arthritis. Indeed, for valsartan, a trend towards
increased potency has been observed (Daneshtalab et al.,
2004). Angiotensin II receptor type I blockers are known to
have direct (Seeger et al., 2000) and indirect (Dagenais and
Jamali, 2005) anti-inflammatory actions. The direct effect is
likely through their free radical scavenging properties,
derived from their phenolic moiety (Seeger et al., 2000),
while the indirect action is through the inhibition of the
pro-inflammatory effects of angiotensin II (Dagenais and
Jamali, 2005).

Our hypotheses were (1) the diminished response to
verapamil caused by inflammation is due to reduced calcium
channel target protein and (2) the diminished potency of
verapamil under inflammatory conditions is reversed by
angiotensin II inhibition. We used the pre-adjuvant arthritis
(pre-AA) model of inflammation (Ling and Jamali, 2005).
This newly developed animal model allows studies under
systemic inflammatory conditions in the absence of pain
and stress associated with the fully developed adjuvant
arthritis. Pre-AA is associated with elevated pro-inflamma-
tory mediators’ concentration and depressed drug-metabo-
lizing enzymes (Ling and Jamali, 2005).

Methods

Experimental animals

All animal procedures and the study protocol were approved
by the Health Sciences Animal Policy and Welfare Committee
of the University of Alberta. A newly developed animal
model of inflammation ‘pre-AA’ was used in this study (Ling
and Jamali, 2005). The experiments were carried out on male
Sprague-Dawley rats (220-280g). They were housed in a
controlled temperature room with a 12:12 h dark/light cycle.

Pharmacodynamic study

Effect of pre-AA on response to verapamil. The pre-AA model
exhibits the systemic signs of adjuvant arthritis without the
manifestation of painful physical destruction of the disease
(Ling and Jamali, 2005). To test whether the pharmacological
effects of verapamil were altered by pre-AA, a brief experi-
ment was conducted on two animal groups (n =35 per group),
inflamed (pre-AA) and control (healthy). The inflamed group
received 0.2ml of 50mgml~' Mpycobacterium butyricum
suspended in squalene into the tail base as intra-lymphatic
injections. Control animals received an equal volume of
normal saline into the tail base. On day 12, after baseline
ECG measurement, each rat was dosed with 25mgkg !

Angiotensin Il-calcium channel blocker interaction
S Hanafy et af 91

verapamil solution p.o., ECG measurements were recorded at
0, 20, 40, 60, 80, 100, 120, 180 and 240 min post-dose and PR
intervals were measured.

Effect of valsartan on response to verapamil. Animals (8-9 per
group) were randomized to four groups: pre-AA treated with
placebo (inflamed-placebo), pre-AA treated with valsartan
(inflamed-treated), control healthy rats treated with placebo
(control-placebo) and control healthy rats treated with
valsartan (control-treated). Pre-AA (Ling and Jamali, 2005)
was induced by injecting 0.2 ml of 50mgml~' M. butyricum
suspended in squalene into the tail base of the inflamed
groups. Control animals received an equal volume of normal
saline into the tail base. The day of its injection was marked
as day 0. From day 6-12, rats in the treated groups received
valsartan (30 mgkg ') suspended in polyethylene glycol 400,
via gastric gavage, every 12h. The placebo groups received a
comparable volume of the vehicle only.

On day 11, modified ECG leads were implanted subcuta-
neously over the xyphoid process and in the right and left
axilla while the animals were under halothane/oxygen
anaesthesia. On day 12, after baseline ECG measurement,
each rat was dosed with 25mg kg~! p.o. of verapamil
solution and ECG measurements were taken at 0, 20, 40, 60,
80, 100, 120, 180 and 240 min post-dosing and PR intervals
were measured. The ECG device was Honeywell ECG
amplifier (Honeywell Electronics for Medicine, Edmonton,
Alberta, Canada). Data were recorded using Acknowledge
Software (World Precision Instruments, Miami, FL, USA).
Verapamil response was calculated as the area under the
effect curve (AUEC) using the linear trapezoidal rule by
taking the percent change of PR interval from baseline and
multiplying by the time interval in minutes. AUECs are
expressed as % min.

On day 12, blood samples were taken to analyse for
inflammatory mediators.

Pharmacokinetic study

Another four groups of rats (5-6 per group), similar to those
described under ‘Effect of valsartan on response to verapamil’
section, were treated identically to the latter groups but
without the implantation of ECG leads. Instead, on day 11,
the right jugular vein was cannulated in all animals for serial
blood collections on day 12, while animals were under
halothane/oxygen anaesthesia. Briefly, a polyethylene cannula
(Dow Corning Corp., Midland, MI, USA) tipped with 2cm
of Silastic tubing (Becton Dickinson, Sparks, MD, USA) was
inserted into the right jugular vein and exteriorized by
subcutaneous tunnelling to an incision made in the inter-
scapular area. On day 12, 2h following valsartan dose, a
single oral dose of 25mgkg™! verapamil was administered
orally to all groups. Plasma samples were collected at 0, 20,
40, 60, 120 and 240 min post-dosing for plasma verapamil
and nor-verapamil analysis. Valsartan plasma concentrations
were measured 2h post-dose only in the valsartan-treated
control and inflamed groups.
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Stereospecific assay for verapamil and nor-verapamil

A previously reported assay (Shibukawa and Wainer, 1992)
was used. Briefly, 100 ul of plasma sample or standard was
added to 75ul of the internal standard (+ )-glaucine
(400ngml~1Y), followed by 100 ul of 2M sodium hydroxide
and 0.4ml of phosphate buffer (pH 7; ionic strength 0.1).
Aliquots of 6ml of heptane/heptatfluorobutanol (99:1)
were added and vortex mixed for 1 min. The samples were
centrifuged at 2000g for 10 min. The organic layers were
transferred to clean tubes and evaporated to dryness. The
residues were reconstituted in 200ul of mobile phase
(hexane/ethanol/isopropanol/triethylamine, 92:4:4:0.1 v/v)
and injected (100pl) into the HPLC at a flow rate of
0.7mlmin~". Peaks were resolved using a Chiralpak AD-H
column (Daicel Chemical Inc., Tokyo, Japan) and detected
at excitation and emission wavelengths of 272 and 317 nm,
respectively. Standard curves were linear over the range of
10-2000ng m1~! (coefficient of variation (CV) <10%). Since
standard nor-verapamil was not available, plasma nor-verapamil
is presented as peak area ratio. The area under the plasma
drug or metabolite concentration curve was calculated using
the log-linear trapezoidal method.

Valsartan assay

A previously reported assay was used to analyse plasma
valsartan concentration (Daneshtalab et al., 2002). Briefly,
100 ul of plasma sample or standard was added to 100 ul of
the internal standard losartan (5pgml~'), followed by
acidification with 125 ul of 1M phosphoric acid. Aliquots of
10ml of methyl-tert-butyl ether were added and vortex
mixed for 3 min. The samples were centrifuged at 2000 g for
Smin. The organic layers were transferred to clean tubes
containing 200pl of 0.05M sodium hydroxide and again
vortex mixed for 2min and centrifuged at 2000¢ for 5 min.
The organic layer was discarded and the aqueous layer is
acidified with 75 pl 0.2M phosphoric acid. Aliquots of 125 pl
of the aqueous layer were injected into the HPLC at a flow
rate of 1.3 mlmin~!. The mobile phase was 70% phosphate
buffer pH 2.8 and 30% acetonitrile. Peaks were resolved
using a C;g analytical column (Phenomenex, Torrance,
Mississauga, Ontario, Canada) attached to a NovaPak C8
Guard-Pak HPLC Pre-column insert (Waters, Millipore,
Mississauga, Ontario, Canada) and detected at excitation
and emission wavelengths of 265 and 378 nm, respectively.
Standard curves were linear over the range of 0.5-5pg ml™"
(CV <12%).

Serum nitrite analysis

Nitric oxide (NO) concentration was indirectly measured
through concentrations of serum nitrite and nitrate, its
stable breakdown product, using a previously reported
method (Grisham et al., 1996). Briefly, nitrate was reduced
to nitrite by incubating 100 pl sample or standard with 10 ul
of Aspergillus nitrate reductase (10Uml™"), 25ul of 0.1 mMm
FAD, 50pul 1mMm NADPH, 25ul of 1M HEPES (pH 7.4) and
290l of deionized water for 30min at 37°C. This was
followed by adding 5Spl of lactate dehydrogenase
(1500Uml™") and 50pul of 100mM pyruvic acid and
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re-incubation for another 10min at 37 °C. Subsequently,
1ml of Griess reagent (0.2% naphthalene ethylene diamine
and 2% sulphanilamide in 5% phosphoric acid) was added
and incubated for 10min at room temperature. The
absorbance of the developed colour was measured at
543 nm using a Vmax Molecular Devices plate reader (Bio-
Tek Instruments Inc., Winooski, VT, USA). Standard curves
were linear over the range of 6.25-200 uM (CV <20%).

Determination of C-reactive protein

Serum C-reactive protein was analysed using a commercially
available rat C-reactive protein ELISA kit (BD Biosciences,
Mississauga, Ontario, Canada). Briefly, 100pul of diluted
samples and standard sera was incubated with antibody-
coated 96-well microplate for 30 min. After washing, 100 pl
of the detection antibody was added to each well and
incubated for another 30 min. The plate was again washed
and 100l of 3,3',5,5'-tetramethylbenzidine was added and
incubated for 10min. The absorbance was read at 450 nm
using the same plate reader used for serum nitrite analysis.
Standard curves were linear over the range of 8.75-133
pgml™ (CV <16%).

Heart membrane preparation

Heart membrane preparations were obtained using a pre-
viously used method (Sattari et al.,, 2003) after minor
modifications. Another four groups of rats (four per group),
similar to those described under ‘Effect of valsartan on
response to verapamil’ section, were used but without
implanting the ECG leads. Instead, on day 12, rats were
anaesthetized with halothane/oxygen, the thoracic cavity of
the rats was opened, blood was removed by cardiac puncture
and the heart was excised and placed in ice-cold Tris buffer
(0.05M; pH 7.4). Hearts were then weighed and cut into
small pieces and put into an ice-cold Tris buffer/protease
inhibitor cocktail (19:1) mixture (10mlg ' wet tissue),
followed by homogenization in a tube immersed in ice
using Brinkmann Homogenizer (Kinematica AG, Littau-
Lucerne, Switzerland) for 30s. The crude homogenate was
then centrifuged at 5000 g at 4 °C for 10 min to disrupt nuclei
and cytoskeleton particles. Aliquots of 100ul were taken
from the supernatant for western blotting and stored at
—80°C. The remainder was centrifuged at 100000g at 4°C
for 1h. The resultant pellet was re-suspended in 10ml Tris
buffer (pH 7.4) and aliquots were stored at —80°C for the
radioligand-binding study.

The amount of protein in samples was determined using
the method of Lowry et al. (1951) using a commercially
available protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA). Briefly, a 250 pl of 10% Folin reagent was added to
a mixture of 5 pul sample and 25 pl of alkaline copper tartarate
solution. The colour developed was measured by photometry
at 570nm using a Vmax Molecular Devices plate reader
(Bio-Tek Instruments Inc.). Standard curves were linear over
the concentration range between 0.2 and 1.44mgml™!
(CV<10%).



Equilibrium radioligand-binding study

A previously reported method (Sattari et al., 2003) was used
following minor modifications. *H-Nitrendipine was used at
serial dilutions of 0, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.8 nM
in a final volume of 500 ul in Tris buffer (pH 7.4; 0.05M). The
reaction was initiated by adding 100 pg protein of the rat
heart membrane preparation (four per group) in the presence
and absence of an excess cold ligand (4 x 10~°M nifedipine)
for nonspecific and total binding, respectively and then
incubated for 90 min. The reaction was terminated by rapid
filtration through Whatman Gf/B filters that were soaked
previously in Tris buffer. Filters were then immersed in
plastic tubes containing 4 ml CytoScint liquid scintillation
cocktail (ICN Biochemicals, Costa Mesa, CA, USA), followed
by shaking for 30s. Beckman LS 6500 multi-purpose liquid
scintillation counter (Fullerton, CA, USA) was used to
measure the radioactivity retained in each filter. The specific
binding was determined by subtraction of the nonspecific
binding from the total binding. The data analysis, nonlinear
curve fitting, determination of the equilibrium dissociation
constant (K) and the maximum number of binding sites
(Bmax) were carried out using Prism software (GraphPad
Software Inc., San Diego, CA, USA).

Western blot analysis

Western immunoblot was used to determine the protein
concentration of the Cayl.2 subunit of L-type calcium
channels in the heart. The cardiac proteins were denatured
by boiling at 100 °C for 5min, followed by SDS-gel electro-
phoretic separation of 50 pg aliquots on 7.5% acrylamide for
1h at 200V. The resultant separation was transferred to a
nitrocellulose membrane. The membrane was incubated
overnight in a blocking solution (2% bovine serum albumin,
5% skim milk and 0.05% Tween 20 in Tris-buffered saline) to
block the nonspecific binding. Nitrocellulose membranes
were incubated with the primary antibody (1:400 dilution of
polyclonal rabbit anti-calcium channel (Cayl.2 subunit)
(Sigma-Aldrich, St Louis, MO, USA) or 1:1000 dilution of
polyclonal rabbit anti-f actin (Abcam Inc., Cambridge, MA,
USA) with shaking for 2h, followed by the secondary
antibody (1:7500 dilution of horseradish peroxidase-conju-
gated goat anti-rabbit IgG antibody; Bio-Rad Laboratories)
for 1h. The resultant interaction was detected by chemi-
luminescence (ECL Western Blotting Detection reagents;
Bio-Rad Laboratories) and the band’s density was measured
using Image ] software (National Institute of Health,
Bethesda, MD, USA).

Data analysis

Data are expressed as mean *s.e.m. Statistical significance
between the control and inflamed groups in the two-arm
study was analysed using a two-tailed t-test. Differences
among the four study groups in AUEC, maximum plasma
concentration (Cpax), area under the concentration-time
curve from O to 4h (AUCg_41), Bmax and K were assessed
using one-way ANOVA, followed by Bonferroni post-test.
The time-course effect data were analysed using two-way
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ANOVA, followed by Bonferroni post-test. A P-value of less
than 0.05 was considered statistically significant.

Materials

Racemic verapamil hydrochloride, the internal standard
(+)-glaucine, heptafluorobutanol,  Aspergillus  nitrate
reductase (10Uml™Y), FAD, NADPH, lactic dehydrogenase
(1500 U ml™Y), Tris base, Tris hydrochloride, protease inhibitor
cocktail and pyruvic acid were purchased from Sigma-
Aldrich. HPLC-grade hexane and HPLC-grade isopropanol,
98% ethanol, heptane and triethylamine were purchased
from Caledon Laboratories (Georgetown, Ontario, Canada).
Squalene was purchased from Kodak (Rochester, NY, USA).
Polyethylene glycol 400 was purchased from Wiler (London,
Ontario, Canada). Heat-killed dried M. butyricum was pur-
chased from Difco (Detroit, MI, USA). Valsartan was supplied
by Novartis Pharma (Basel, Switzerland). Losartan, a gift from
Merck Research Laboratories (Rahway, NJ, USA), was used as
the internal standard.

Results

Verapamil pharmacodynamics
Pre-AA resulted in a significant reduction in the prolonga-
tion of the PR interval by verapamil (Figure 1). There was also
a significant, 74% reduction in the corresponding AUEC.
This observation was made 12 days after the injection of
M. butyricum and before emergence of physical signs of
adjuvant arthritis. The time-course effect data generated
from the four-arm study (Figure 2) were generally lower in
the inflamed-placebo group as compared with the control-
placebo rats. However, only the 60-min measurements were
significantly different between the two groups. The differ-
ence in the mean AUEC values was not significant between
the latter groups (Figure 2b).

Six days of treatment with valsartan did not influence the
response to verapamil in control rats. However, inflamed rats
that were treated with valsartan responded to verapamil to a
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Figure 1 Verapamil-induced PR interval prolongation in normal

and inflamed rats (n=5 per group) following a single oral
25mgkg~'dose of verapamil. The area under the effect curve
(AUEC) in normal animals was significantly higher than in inflamed
rats. *P<0.05 vs corresponding values for inflamed rats.
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Figure 2 In (a), the effect of 6 days of valsartan treatment on

verapamil-induced PR interval prolongation in normal and inflamed
rats (n=8-9 per group) following a single oral 25mgkg~" dose of
verapamil. Inflamed-placebo vs control-placebo (P<0.05 at 60 min);
inflamed-placebo vs inflamed-treated (P<0.05 at 40, 60, 80, 100,
120 min). In (b), the area under the effect curve (AUEC) values
derived from the data in panel a are shown. *P<0.05 vs inflamed-
placebo.

significantly greater extent than the untreated animals
(Figure 2). Significantly greater verapamil potency and
greater AUEC values (4- to 10-fold) were observed during
40-120min post-dose in the inflamed-treated rats as com-
pared with the inflamed-placebo group (Figure 2).

Verapamil and nor-verapamil pharmacokinetics
Table 1 depicts pharmacokinetic indices for both verapamil
and nor-verapamil enantiomers in all groups. Plasma
verapamil enantiomer concentrations were significantly
elevated in inflamed groups as compared to the control
groups (Figures 3a and b). Both the area under the curve
(AUCgp_4h) and C,,.x for the enantiomers in inflamed
animals were significantly higher by many magnitudes
(Table 1). Valsartan treatment had no significant effect on
the pharmacokinetics of S-verapamil in the presence or
absence of inflammation. However, it significantly raised the
area under the curve of R-verapamil in inflamed animals.
Valsartan treatment was associated with a significant rise
in the plasma concentration of both nor-verapamil enantio-
mers in inflamed animals. The plasma concentrations in
treated animals were approximately three times higher than
those in both inflamed-placebo and control groups (Figures
3c and d).

Valsartan plasma concentrations

As summarized in Table 1, the concentration of valsartan in
plasma taken 2h post-dosing did not significantly differ
between the control and the inflamed groups.

Inflammatory markers
Results for the assays of two inflammatory markers are
given in Table 1. Serum nitrite concentration, which was

Table 1 Effect of inflammation and valsartan on the pharmacokinetics of verapamil and on the level of inflammatory markers
Group Control-placebo Inflamed-placebo Inflamed-treated Control-treated
Cmax (Hg m l7 1)
S-verapamil 0.45+0.1° 5.8+2.7° 5.7+0.9° 0.74%0.5
R-verapamil 0.2+0.1° 1.2+0.3° 2.0+0.5° 0.13+0.1°
AUCo_yp, (ugminml™")
S-verapamil 65+14° 616+183°¢ 1039 £ 266° 270 £212%¢
R-verapamil 21+7° 124+19° 283+73¢ 33+21%°
AUCoy_4, (area ratio min~")
S-nor-verapamil 149 +122 431 +80° 1029 + 289° 243 +157°
R-nor-verapamil 20+4.5° 190 £ 34° 633+171° 67 £ 43°
Valsartan plasma concentration 2 h post-dosing (ug ml~") ND 29+1.3° 1.5+0.26°
Nitrite (um) 31.6+2.92 138+17° 145+ 22° 29.4+2.1°
CRP (ugml™™) 307 +27° 406 + 62° 344+ 50° 238 +25°

Abbreviations: AUCo_4p, area under the concentration-time curve from 0 to 4 h; Cnhax, maximum plasma concentration; ND, not determined.

Control and inflamed animals were given 6 days of treatment with 30 mgkg ™" of valsartan or placebo. Then a single oral dose of 25 mg kg

! racemic verapamil

was given and the variables shown were measured. The inflammatory markers (nitrite and C-reactive protein; CRP) were measured in serum. Values are shown as
mean (*s.e.m.). Different superscript letters denote significant differences between means in a row (P<0.05); similar superscript letters indicate lack of significant

differences between means.
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Figure 3 Effect of 6 days of valsartan treatment on plasma concentration-time profile of both verapamil and nor-verapamil enantiomers in
normal and inflamed rats (n=5-6 per group) following a single oral 25 mgkg~" dose of verapamil.

significantly elevated by inflammation, was not normalized
by valsartan. Neither inflammation nor valsartan signifi-
cantly affected C-reactive protein concentrations.

SH-Nitrendipine binding to cardiac L-type calcium channels

As illustrated in Figure 4, inflammation caused a significant
reduction in the binding capacity of *H-nitrendipine to
L-type calcium channels in the rat heart (Bj.x in inflamed-
placebo and control-placebo groups were 3.1+0.7 and
10.8+2.0fmolmg™' protein, respectively). On the other
hand, there were no significant changes in the equilibrium
dissociation constant Kp (control-placebo 0.25+0.07 vs
inflamed-placebo 0.18 £0.06 nM) or Hill coefficient ny
(control-placebo 2.0+0.8 vs inflamed placebo 1.7+0.8).
Valsartan treatment caused a significant increase in
3H-nitrendipine binding, as shown by the returning of By«
back to normal (10.8%2.5fmolmg ' protein) without
affecting Kp (0.35+0.1nM) and ny (2+£0.7). Normal rats
treated with valsartan did not show any further increase in
Bumax (9.5 £2.3fmolmg ! protein).

Western blots of Ca, 1.2 subunit of cardiac L-type calcium
channels

The photometric density of the blots (representing the
amount of protein) for the low molecular weight Ca,1.2

subunit (190kDa) was significantly reduced in inflamed
animals by 48% as compared with control rats (Figure 5). The
high molecular weight subunit (210kDa) was reduced by
41% but the reduction was not significant. Valsartan
treatment caused a significant correction of the blot density
of the low molecular weight Ca,1.2 subunit back to normal.
Moreover, there was a significant direct correlation between
the amount of the low molecular weight subunit and the
observed Bp,ax (Figure 6).

Discussion

Our present data (Figures 1 and 3; Table 1) confirm previous
reports that inflammatory conditions alter the pharmacoki-
netics and pharmacodynamics of verapamil in both humans
(Abernethy and Schwartz, 1988; Abernethy et al., 1993; Mayo
et al., 2000) and rats (Laethem et al., 1994; Mayo et al., 2000;
Sattari et al., 2003; Ling and Jamali, 2005), most likely due to
a downregulation of cytochrome P450 and/or increased
plasma protein binding (Ling and Jamali, 2005). Despite its
elevated plasma concentration, the verapamil-induced
prolongation of PR interval was significantly reduced in
inflamed rats compared to control (Figure 1). This has been
attributed to reduced binding to L-type calcium channels
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Figure 4 Effect of 6 days of valsartan treatment on *H-nitrendipine
binding to L-type calcium channels in the rat cardiac cell membrane
preparations (n=4 per group). (a) Binding obtained at increasing
ligand concentrations. (b) Mean B, in the four groups. *P<0.001
vs inflamed-placebo.

(Sattari et al., 2003). Here for the first time, we present data
suggestive of reduced amount of target protein (Figure 5) as
an explanation for the reduced binding (Sattari et al., 2003)
and hence reduced potency (Mayo et al., 2000; Sattari ef al.,
2003).

The effect of inflammation on the pharmacokinetics and
pharmacodynamics is associated with significant rise in
pro-inflammatory mediators (Kulmatycki et al., 2001; Sattari
et al., 2003; Ling and Jamali, 2005). Both verapamil clearance
and response are reduced in human arthritis (Mayo et al.,
2000), ageing (Abernethy et al., 1993) and obesity (Abernethy
and Schwartz, 1988); three conditions associated with
elevated concentrations of pro-inflammatory mediators.
Angiotensin II is a powerful pro-inflammatory mediator
(Dagenais and Jamali, 2005). It stimulates the production of
reactive oxygen species, such as hydrogen peroxide and
superoxides (Rajagopalan et al., 1996), and consequently,
activates the intracellular transcription factor, nuclear factor
kappa B (Kranzhofer et al., 1999). The latter, in turn, is
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Figure 5 Effect of 6 days of valsartan treatment on cardiac Ca,1.2
subunit density in the rat hearts (n=4 per group). In (a), western
blots of the Ca,1.2 subunit in the rat heart. In (b), mean photometric
densities of the low (190 kDa) and high (210 kDa) molecular weight
forms in the four groups. *P<0.05 vs inflamed-placebo.
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Figure 6 Correlation between the amount of low molecular weight
Ca,1.2 subunit (as photometric density of western blot) and the
observed maximum binding (Bma.x) for the same cardiac cell
membrane preparation.

translocated to the nucleus to act on specific response
elements on DNA modulating the expression of some
proteins as pro-inflammatory mediators (Christman et al.,
1998). L-type calcium channels appear to be regulated by
this mechanism as tumour necrosis factor a-induced nuclear
factor kappa B activation causes their downregulation
(Shi et al., 2005). Accordingly, treatment with valsartan, an
angiotensin II receptor antagonist, reversed the downregu-
lating effect of inflammation on verapamil response
(Figure 2). This coincided with normalization of the binding
capacity (Figure 4) and density (Figure 5) of the low
molecular weight Cayl1.2 subunit of the target protein.



We do not know the exact mechanism of reversal of the
effect of inflammation by valsartan. It is known, however,
that angiotensin II receptor antagonists have anti-inflam-
matory effects (Dagenais and Jamali, 2005).

We have previously reported that NO is a reliable marker of
inflammation in both humans (Mayo et al., 2000) and rats
(Sattari et al., 2003) and we therefore used nitrite, a stable
metabolite of NO, as one of the measures of inflammation.
Previously, we have reported that the serum nitrite is
significantly elevated in inflammation in parallel with serum
tumour necrosis factor o concentrations (Ling and Jamali,
2005). Interestingly, the valsartan treatment of inflamed rats
did not normalize the observed elevated nitrite concentra-
tion (Table 1); that is, the improved pharmacodynamic
response to verapamil in inflamed animals was independent
of serum NO. This may suggest that the angiotensin II
blockade may exert its normalizing effect through increased
expression of anti-inflammatory mediators, rather than
through inhibition of the pro-inflammatory mediators.

C-reactive protein is also a valuable marker of inflamma-
tion in humans (Bassuk et al., 2004). In the rat, however,
serum concentrations of C-reactive protein are much higher
(Ling and Jamali, 2005; Clements and Jamali, 2007) than in
humans (Rifai et al.,, 1999). Indeed, the concentration
observed in healthy rats would be considered toxic in
humans. It is, therefore, unclear whether, with regard to
this protein, the observations made in the rat can be
extrapolated to humans. Nevertheless, the present data
(Table 1) indicate an increasing trend, although not
statistically significant, in serum concentration of the
protein in the inflamed rats that was reduced as a result of
valsartan treatment.

The observed altered binding of the calcium channel
blocker *H-nitrendipine to the target protein was only
associated with altered B,y that was normalized by
valsartan as the binding affinity (Kp) was not significantly
altered. Thus, the changes in the binding may be explained
by a non-competitive inhibition and/or a change in the
amounts of the target protein. The former can be ruled out
since both reduced binding caused by inflammation and
reversal of the downregulating effect by valsartan were
highly correlated with changes in the amounts of the low
molecular weight Cay1.2 subunit protein (Figure 6).

Equilibrium radioligand-binding studies were performed
using *H-nitrendipine because it is a specific L-type calcium
channel ligand and its electrophysiological effects have been
found to be parallel to verapamil (McBride et al., 1984; Green
et al., 1985).

Western blots of the functional Ca,1.2 subunit of cardiac
L-type calcium channels have been reported to exhibit two
bands representing a low (190kDa) and high (210kDa)
molecular weight form (De Jongh et al., 1991) and each band
is associated with a different physiological function (De
Jongh et al., 1989, 1990, 1991). Our data revealed a positive
and significant correlation between the calculated Bpax
values and the low but not the high molecular weight band
(Figure 6). The parallel changes in the electrophysiological
response to verapamil (Figures 1 and 2), the binding to the
target protein (Figure 4) and the density of blots for the
190 kDa band (Figures 5 and 6) observed in our study, suggest
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that the low molecular weight subunit may be more relevant
in the context of the present work, that is, the mechanism of
involvement of inflammation and valsartan in altering
pharmacological response to verapamil.

Six days of treatment with valsartan was sufficient to
elevate the reduced amounts of channel protein. Indeed,
there is evidence that L-type calcium channel expression
takes place very rapidly even within 2h (Maki et al., 1996).
Moreover, other in vitro studies have observed the reduced
expression of the functional Cayl1.2 subunit in hyper-
thyroidism (Watanabe et al., 2005), heart failure (Bodi
et al., 2005) and atrial fibrillation (Brundel et al., 2001;
Bosch et al., 2003), indicating that it is a highly regulated
protein.

The downregulating effect of inflammation does not only
reduce the amount of L-type target proteins (Figure 5) but
it also decreases the enzymes responsible for clearance of
verapamil (Ling and Jamali, 2005). Despite reversal of the
pharmacodynamic effect of verapamil, valsartan did not
reverse the rise in verapamil plasma concentration back to
the range noted in normal rats (Figure 3). This may indicate a
different mechanism for the decreased enzyme, as compared
to either that for the L-type calcium channel target protein,
and/or the need for a longer duration and larger doses of
valsartan. Another plausible explanation is that valsartan
may have its own inhibitory effect on the clearance of
verapamil, which may hamper the return to normal caused
by the anti-inflammatory effect of the drug. Indeed, in the
inflamed rats, treatment with valsartan resulted in elevation
of plasma verapamil enantiomer concentrations, which was
only significant for the R enantiomer (Table 1; Figure 3a).
Nor-verapamil enantiomer concentrations were also signifi-
cantly increased in inflamed rats (Table 1; Figures 3b, and c).
Interestingly, however, no verapamil-valsartan pharmaco-
kinetic interaction was noted in control rats. This may be
explained by the abundance of the metabolizing enzyme in
the healthy animals as compared to the inflamed rats.
Valsartan binds to the cytochrome CYP2C enzyme family
that O-demethylate verapamil and nor-verapamil (Busse
et al., 1995; Tracy et al., 1999) but only with a moderate
affinity (Taavitsainen et al., 2000; Nakashima et al., 2005), In
healthy rats, therefore, the inhibitory effect of valsartan on
the cytochrome P2C enzymes may be negligible. This effect
may become pronounced in inflamed animals as the drug-
metabolizing enzymes are relatively decreased.

R-verapamil and nor-verapamil enantiomers have little
calcium channel-blocking effect (Echizen et al., 1985) and
thus their contribution to the observed enhanced verapamil
potency in valsartan treated-inflamed rats is unlikely to be
important.

Valsartan plasma concentration 2h post-dosing was not
altered by inflammation, which is in close agreement with
that observed in humans (Daneshtalab et al., 2004).

The significance of the downregulating effect of inflam-
mation on verapamil response reported earlier (Sattari et al.,
2003) was more evident in our two-arm (Figure 1) than the
four-arm study (Figure 2) despite the greater number of
animals used in the latter experiment. This can be explained
by the inherently lower statistical power ascribed to multi-
mean comparison approaches (Steel et al., 1997). Indeed,
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when the inflamed-placebo rats were compared with the
inflamed-treated ones in the absence of the other groups
(Figure 2), the observed difference in the AUEC became
significant.

The present data demonstrate, for the first time, the effects
of the angiotensin II receptor type I antagonism on the
pharmacodynamic profile of calcium channel blockers in an
inflammatory model. Six days of valsartan treatment
reversed the inflammation-induced reduction of verapamil-
induced PR interval prolongation in pre-AA rats. This
beneficial interaction of valsartan with calcium channel
blockers, if demonstrable in humans, may be of value in
cardiac patients with existing inflammatory diseases such as
rheumatoid arthritis. Moreover, angiotensin II antagonists
may increase the L-type calcium channel expression in
conditions that are associated with reduced calcium channel
expression.
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