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Rapid Communication

CALCIUM ENTRY BLOCKERS INCREASE INTERLEUKIN-10
PRODUCTION IN ENDOTOXEMIA
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ABSTRACT—Intracellular calcium is an important mediator of the cellular response in endotoxemia and
shock. Here we investigated the effects of verapamil and diltiazem, two calcium entry blockers, on
endotoxin (bacterial lipopolysaccharide, LPS)-induced production of pro- and anti-inflammatory cytokines
and of nitric oxide in mice. LPS-induced interleukin-10 plasma levels were significantly enhanced, and
circulating tumor necrosis factor-a concentrations were significantly suppressed in animals pretreated
intraperitoneally with verapamil (10 mg/kg) or diltiazem (20 mg/kg). However, LPS-induced interleukin-6
levels were unaffected by the calcium antagonists. Similarly, LPS-induced production of nitrite/nitrate
(breakdown products of nitric oxide) was not affected by verapamil and diltiazem. We conclude that calcium
entry blockers selectively modulate the production of some pro- and anti-inflammatory mediators in
endotoxemia. These effects may contribute to the cytoprotective and anti-inflammatory effects of calcium

entry blockers in shock and trauma.

INTRODUCTION

Intracellular calcium is an important mediator of the cellular
response in endotoxemia and shock. Calcium entry blockers,
including verapamil and diltiazem, have been shown to exert
protective effects in various forms of shock and inflammation
(1-6). Although these effects are likely to be due to inhibition
of cellular calcium overload, which is known to occur in shock
(6), recent studies suggest that calcium entry blockers can also
modulate the production of proinflammatory mediators in
shock. For instance, recent studies have demonstrated that
dantrolene, an agent that reduces the mobilization of calcium
from the intracellular stores and improves the metabolic status
of the animals subjected to endotoxic shock, also reduces the
production of tumor necrosis factor-a (TNF-«) and interleu-
kin-1 (IL-1) in rodents (5-7). Moreover, dihydropyridine cal-
cium entry blockers inhibit the expression of the inducible
isoform of nitric oxide (NO) synthase (iNOS) in response to
lipopolysaccharide (LPS) (8-10).

In addition to inhibition of the production of proinflamma-
tory mediators, the action of anti-inflammatory drugs may
involve enhancement of the production of anti-inflammatory
cytokines, such as interleukin-10 (IL-10). For instance, agents
that increase cyclic AMP levels (11-14), and glucocorticoids
(15) have been shown to increase LPS-induced production of
IL-10. In the present study, we have investigated whether the
calcium entry blockers verapamil and diltiazem influence LPS-
induced production of IL-10 in vivo. We have also investigated
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the effect of these calcium entry blockers on LPS-induced
production of TNF-«, IL-6, and NO.

MATERIALS AND METHODS

Animals

Male BALB/c mice (20-25 g) were purchased from Charles River Labo-
ratories (Budapest, Hungary). Animals received food and water ad libitum, and
lighting was maintained on a 12 h cycle. The animal experiments have been
performed in accordance with National Institutes of Health guidelines and with
the approval of the institutional review board.

Experimental design for plasma IL-10, TNF-«, and IL-6
measurements

Animals were injected intraperitoneally (i.p.) with either vehicle, verapamil
(10 mg/kg) or diltiazem (20 mg/kg) in a volume of .1 mL/10 g body weight.
Thirty minutes later, they were challenged with 4 mg/kg of i.p. LPS. Animals
were killed at 90 min post-LPS, which is an optimal time point for the
measurement of IL-10 and TNF-« in this model (13, 14). Blood was collected
in ice-cold Eppendorf tubes containing EDTA, and centrifuged for 10 min at
4°C. The plasma was stored at —70°C until assayed.

Experimental design for plasma NO measurements

Animals were injected i.p. with either vehicle, verapamil (10 mg/kg) or
diltiazem (20 mg/kg), followed by an i.p. LPS challenge (40 mg/kg) 30 min
later. Blood was taken at 8 h after LPS injection, where a peak increase in
plasma nitrite/nitrate can be found in this model (13, 14). Blood was collected
in ice-cold Eppendorf tubes containing EDTA and centrifuged for 10 min at
4°C. The plasma was stored at —70°C until assayed

Cytokine assays

Concentrations of IL-10, TNF-«, and IL-6 in the plasma were determined
using ELISA kits obtained from Genzyme (Genzyme Corp., Boston, MA).
Assays were performed according to the manufacturer’s instructions.
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Measurement of plasma nitrite/nitrate concentrations

For the determination of total nitrite/nitrate concentrations in plasma sam-
ples, nitrate was first converted to nitrite by incubation with 60 mU nitrate
reductase and 25 uM NADPH for 120 min, and then nitrite was measured by
the Griess reaction (16). Nitrite/nitrate concentrations were calculated by
comparison with ODs, of standard solutions of sodium nitrite and sodium
nitrate. The measurements of nitrite/nitrate were performed using reagents free
of nitrite and nitrate: no basal or background nitrite or nitrate levels were
detected.

Materials
LPS from Escherichia coli 055:B5 and all other drugs were obtained from
Sigma (St. Louis, MO).

Data analysis

All values in the figures and text are expressed as mean * standard error of
the mean of n observations, where n represents the number of animals studied
(n = 7 or 8 animals for each experimental group). Data sets were examined by
one- and two-way analysis of variance, and individual group means were then
compared with Student’s unpaired 7 test. A p value less than .05 was consid-
ered significant.

RESULTS

Intraperitoneal injection of LPS (4 mg/kg) caused elevation
of IL-10, IL-6, and TNF-a plasma concentrations (Fig. 1).
Pretreatment of animals with the calcium entry blockers vera-
pamil or diltiazem, applied 30 min prior to LPS injection,
resulted in a significant augmentation of LPS-induced plasma
levels of TL-10 (Fig. 1a). LPS-induced TNF-« production was
significantly suppressed (Fig. 1), whereas LPS-induced IL-6
plasma levels were not altered by verapamil or diltiazem pre-
treatment (Fig. 1¢). Verapamil and diltiazem pretreatment did
not affect LPS-induced production of nitrite and nitrate, break-
down products of NO (Fig. 1d), when measured at 8 h follow-
ing LPS injection.

DISCUSSION

An increase in the intracellular calcium concentration is a
pathway whereby LPS exerts some of its various immunos-
timulant functions, including the production of inflammatory
mediators. LPS has been shown to increase intracellular cal-
cium levels in a variety of cell types including macrophages
both in vitro and in vivo (3, 7). Agents that inhibit the elevation
of intracellular calcium have been reported to protect against
various forms of shock (1-8) and inhibit production of inflam-
matory mediators TNF-a, IL-1 (6-7, 17), and NO (8-10),
confirming the involvement of this second messenger in mac-
rophage secretory functions and in the inflammatory response
associated with endotoxin shock.

More recent data suggest that a number of anti-inflammatory
agents elicit some of their biological effects by modulating the
production of endogenous anti-inflammatory mediators (see
“Introduction”). One of these endogenous anti-inflammatory
mediators is IL-10, which importantly modulates the endotox-
in-induced inflammatory response (18, 19). Most notably, neu-
tralization of endogenous IL-10 production has been shown to
exacerbate the endotoxin-induced inflammatory response (19—
22). Based on the present data showing a massive enhancement
of the LPS-induced IL-10 production by calcium entry block-
ers, one may propose that this effect of calcium blockade may
contribute to the anti-inflammatory effects of these agents.
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Fic. 1. Effect of administration of verapamil (hatched bars) or
diltiazem (gray bars) on LPS-induced production of IL-10 (a), TNF-«
(b), IL-6 (c), and NO breakdown products nitrite and nitrate in mice
(d). Plasma levels of IL-10, TNF-q, and IL-6 were measured at 90 min
post-LPS; plasma levels of nitrite/nitrate were measured at 8 h post-
LPS. Data represent means = SEM of n = 7-8 animals in each group.
** represents a significant increase in 1L-10, TNF-a, IL-6, or nitrite/
nitrate in response to LPS (p < .01), ## represents a significant effect
of diltiazem or verapamil in the presence of LPS when compared with
LPS alone (p < .01).

Our current work confirms recent findings demonstrating
decreased LPS-induced TNF-« production by calcium antag-
onists of various classes (6, 7, 23). The data are also in line
with findings demonstrating that diltiazem suppresses the pro-
duction of this cytokine during hemorrhage (24). The parallel
increase of IL-10 and decrease of TNF-a and NO production
by anti-inflammatory agents is not unique: similar effects were
seen with a variety of drugs that augment intracellular cyclic
AMP levels, including prostaglandin E2, isoproterenol, and
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adenosine receptor agonists (11-14), as well as by the intra-
cellular calcium antagonist dantrolene in our preliminary stud-
ies (23).

The current data demonstrating the lack of effect of vera-
pamil and diltiazem on LPS-induced IL-6 production are in
contrast with in vitro observations in vascular smooth muscle
cells and fibroblasts, which have demonstrated up-regulation
of IL-6 production by calcium entry blockers (25) and are also
in contrast with a report showing that diltiazem increases IL-6
production in hemorrhagic shock (24). Differences in the ex-
perimental models used (in vitro vs. in vivo conditions, immu-
nological differences between LPS-induced and hemorrhage-
induced shock) may explain these contrasting findings.

The mechanism by which IL-10 production is enhanced by
the calcium entry blockers is unknown. The effect appears to
be specific for in vivo conditions: many agents, e.g., dexameth-
asone, dantrolene and, adenosine receptor agonists (12-135, 23,
26) enhance LPS-induced IL-10 production in vivo, but not in
LPS-stimulated macrophages in vitro, pointing toward a po-
tential permissive role of some plasma factor, possibly glu-
cocorticoid in the response.

The enhanced formation of NO under systemic inflamma-
tory conditions is catalyzed by iNOS (27). The expression of
iNOS by LPS in vivo is regulated by endogenously produced
proinflammatory cytokines, including TNF-a (27, 28). It is
therefore somewhat surprising that verapamil and diltiazem,
which reduce LPS-induced TNF-a production, do not alter
LPS-induced production of NO. The current findings, how-
ever, are in line with in vitro studies demonstrating that the
suppression of LPS-induced iNOS induction by calcium an-
tagonists is specific for dihydropyridine calcium blockers, and
cannot be observed with calcium blockers of other structural
classes (8-10).

Taken together, the current study demonstrates that calcium
entry blockers modulate the LPS-induced production of some
(IL-10, TNF-«) but not other (IL-6, NO) inflammatory medi-
ators. The finding that all four inflammatory mediators studied
are similarly modulated by calcium entry blockers of two
different structural classes (diltiazem is a benzothiazepine, and
verapamil is a phenylalkylamine), and the fact that similar
results were obtained with the intracellular calcium antagonist
dantrolene (23) strengthen the view that all these agents act via
a common mechanism, i.e., a reduction of calcium availability
in the cells. However, the possibility that the mechanism of
action is due to secondary effects (such as redistribution of
organ blood flow, alteration of organ hypoxia, and subsequent
changes in cytokine production), should also be considered.
Identification of the cellular sites of verapamil’s and dilti-
azem’s actions, and the delineation of the cellular mechanisms
of action, require additional studies.

The concentrations of the calcium entry blockers used in the
current study are higher than the clinically used doses. How-
ever, the doses of verapamil and diltiazem are in a range that
is similar to the range used in other experimental studies, with
beneficial effects on the survival rate in endotoxic shock (1-7,
29-31). Therefore, the inhibition of the production of the
proinflammatory TNF-« and the enhancement of the produc-
tion of the anti-inflammatory IL-10 may contribute to the
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protective effects of various calcium entry blockers in experi-
mental models of endotoxic shock. On the other hand, at the
present stage, there is no evidence to suggest that calcium entry
blockers, in lower, clinically relevant doses, are also able to
modulate cytokine production in a fashion similar to the results
of the current study and those of other current investigations (6,
7, 23, 24, 26).
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