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Development of new local anesthetic agents has been focused on
the potency of their nerve-blocking effects, duration of action and
safety and has resulted in a substantial number of agents in clinical
use. It is well established and well documented that the nerve
blocking effects of local anesthetics are secondary to their interac-
tion with the Na* channels thereby blocking nerve membrane
excitability and the generation of action potentials. Accumulating
data suggest however that local anesthetics also posses a wide
range of anti-inflammatory actions through their effects on cells
of the immune system, as well as on other cells, e.g. microorgan-
isms, thrombocytes and erythrocytes. The potent anti-inflamma-
tory properties of local anesthetics, superior in several aspects to
traditional anti-inflammatory agents of the NSAID and steroid
groups and with fewer side-effects, has prompted clinicians to
introduce them in the treatment of various inflammation-related

conditions and diseases. They have proved successful in the treat-
ment of burn injuries, interstitial cystitis, ulcerative proctitis,
arthritis and herpes simplex infections. The detailed mechanisms
of action are not fully understood but seem to involve a reversible
interaction with membrane proteins and lipids thus regulating cell
metabolic activity, migration, exocytosis and phagocytosis.
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/ A N anesthetic is not a special poison for

e o o the nervous system. It anesthetizes all
the cells, benumbing all the tissues, and stopping
temporarily their irritability.” With these words,
Claude Bernard anticipated already in 1875 (Legons
sur les anesthésiques et sur l'asphyxie) the fact that
the membrane actions of anesthetics occur in both
excitable and non-excitable membranes (1). Although
most of us relate the use of local anesthetic agents to
their nerve blocking properties, in which capacity they
have served clinicians for over a century, accumulat-
ing data suggest that they also posses a wide range of
other effects related to their membrane actions and
equally interesting from a clinical perspective. The
purpose of this review is to summarize the effects of
local anesthetics on non-nervous tissue, particularly in
connection with tissue damage and inflammation,
and to discuss their mechanisms of action as well as
present and future clinical implications.

General aspects on inflammation

Inflammation has been described as ‘the stereo-
typed response of vascularized tissue to injury of

any kind” (2) and ‘a localized protective response
elicited by injury or destruction of tissues, which
serves to destroy, dilute, or wall off both the injur-
ious agent and the injured tissue’ (3). The process
may be triggered by neuronal stimuli, foreign
agents and tissue damage, which will set off a cas-
cade of cellular and humoral factors aimed at tissue
defense, repair and restoration. However, in certain
situations the inflammatory response tends to
become ‘over reactive’ and harmful, causing tissue
destruction and reduced function (4). Inflammatory
signs have pathophysiological correlates charac-
terised by a dilatation of arterioles, capillaries and
venules inducing rubor (redness/erythema) and
calor (heat). The early extravasation of plasma
through the capillaries and post-capillary venules
(5) will give rise to tissue swelling, tumor, and after
a while pain, dolor, and functional disturbances,
functio laesa. These changes correlate well with the
production and release of proinflammatory sub-
stances in the inflamed tissues, many of which ori-
ginate from the cells of the innate and adaptive
immune systems, i.e. the granulocytes, monocytes,
macrophages and lymphocytes (6). The cells of the
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innate immune system are produced in large num-
bers when required and then released into the cir-
culation. Upon reaching the endothelium affected
by inflammation, the leukocytes marginate and
slow down, ‘roll’, along the vascular lining, a pro-
cess generally involving activation of selectins,
integrins and ligands on the surface of leukocytes
and the endothelium (Figs 1 and 2) (6, 7). Being a
reversible event, rolling must be replaced by a
strong adhesion of the leukocyte to the endothe-
lium, a prerequisite for successful migration out of
the bloodstream. In the process of firm adhesion, the
leukocyte is stimulated by chemokines produced by
the endothelial cells, increasing its activity of integ-
rins, which brings about a tight adhesion of the
leukocyte onto integrin ligands on the endothelial
cell surfaces, i.e. intercellular adhesion molecule
(ICAM-1) and vascular cell adhesion molecule
(VCAM) (Fig. 1) (6-8). Some chemokines are consti-
tutively produced but most are synthesized in
response to agents or mediators such as bacterial
endotoxins or primary inflammatory cytokines
(e.g. lipopolysaccharide, TNF-o, inerleukin-1, mono-
cyte chemotactic proteins, macrophage inflammatory

Release of
Primary inflammatory cytokines &
Bacterial endotoxins

Triggers release of

proteins) with pronounced specificity as to re-
cruitment of different subsets of leukocytes. Once
the process of adhesion has been finalized, transen-
dothelial leukocyte migration, diapedesis, starts
(Fig. 2). The leukocytes begin to leave the blood-
stream by passing through interendothelial junc-
tions as a result of chemotactic stimulation and
active interaction with molecules localized at the
junctions, which open up for transmigration (2, 6).
The subsequent movement of leukocytes in the
extracellular matrix towards the inflammatory
sites, chemotaxis, is further influenced by the com-
bined actions of proinflammatory agents on the che-
mokine and cytokine receptors of the leukocytes, to
a substantial degree produced by leukocytes having
arrived earlier to the site of inflammation (Fig. 2)
(9, 10). The mechanisms behind the chemotactic
cell movements involve release of various chemo-
tactic substances, such as leukotrien B4 (LTB,)
(11), interleukin-1 (IL-1) (12), IL-8 (CXCLS8) (13)
and substance P (14), which stimulate chemoattrac-
tant receptors coupled to G-proteins influencing in
turn the actin cytoskeleton of the leukocyte and
its movements (15, 16). The stimuli also prime

chemokines (e.g. TNF-o,
IL-8, MIP-3) from
endothelial cells (109)

Vascular
endothelium

Vascular cell adhesion
molecule (VCAM)

White blood cell
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molecule (ICAM-1) (32)

Integrin receptors (29-31)

N
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Fig. 1. Adhesion of leukocytes to the vascular endothelium is a prerequisite for succesful migration of immune cells from the blood stream to
the injured/inflamed tissue. The process of adhesion involves release of chemokines from endothelial cells at inflaimmatory sites and a
subsequent activation of integrins and adhesion molecules on leukocytes and endothelial cells. Numbers in parentheses () represent
references showing an inhibitory effect by local anesthetics on specific molecules or processes. TNF, tumor necrosis factor; IL, interleukin;

MIP, macrophage inflammatory protein.
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Fig. 2. Tissue injury will set off release of proinflammatory and chemotactic agents which will activate selectins, integrins and ligands in the
area of inflammation leading to a slowing down of circulating leukocytes along the endothelium (rolling) followed by adhesion, extravasation and
migration towards the injured/infected tissue area where immune cells are activated to initiate the process of phagocytosis of foreign agents and
the release of various inflammatory mediators. Numbers in parentheses () represent references showing inhibitory effect by local anesthetics on
specific process. PG, prostaglandin; TX, thromboxane; LT, leukotrien; 15-HPTE, 15-hydroperoxyeicosatetraenoic acid.

leukocytes to their phagocytic function and release
of lysosomal enzymes, free radicals and various
inflammatory mediators, aiming at the destruction,
dilution, and digestion of both the injurious agents
and the injured tissues and the subsequent restora-
tion of tissue function and wound healing (Fig. 2).

Effects of local anesthetics on various
steps of the inflammatory cascade

Leukocyte adhesion

Having arrived at the site of inflammation via the
circulation, the leukocytes undergo the multi-step
adhesion process described above and aimed at
transferring the immune cells from the bloodstream
to the tissues.

Several in vitro and in vivo studies have shown that
local anesthetics dose-dependently and reversibly
inhibit leukocyte adhesion to synthetic materials
(17-20) and to blood vessel walls (Figs 1 and 2) (21-26).

Using blood samples from patients receiving lido-
caine infusions to treat arrhythmias, the authors
found significantly reduced granulocyte adherence,
suggesting that this inhibition can occur at plasma
concentrations normally seen in clinical practice (24).
Several mechanisms accounting for the suppres-
sion by local anesthetics of leukocyte adherence to
endothelial cells have been proposed. Sodium chan-
nels responsible for the nerve blocking actions of
local anesthetics were ruled out because another
potent blocker of sodium conductance, tetrodotoxin,
lacked effect on leukocyte adhesion (27). Local anes-
thetic-induced release of prostacyclin from the
endothelium could constitute part of the mechanism
as both lidocaine and prostacyclin, when applied
locally, can cause release of leukocytes previously
firmly adherent to vascular endothelium (28).
Recent studies have suggested that local anesthetics
inhibit leukocyte adhesion to the endothelium by
interfering with the actions of integrins (29-31) and
leukocyte adhesion molecule-1 (29, 32) (Fig. 1).
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Leukocyte migration

The endothelium, which in the resting state forms an
effective barrier to the passage of cells from the cir-
culation and into the surrounding tissues, undergoes
a dramatic permeability transformation during an
inflammatory response and becomes the main gate-
way for the exit of blood constituents and fluid. This
transformation is preceded by changes in the adhe-
sive properties of the endothelium, which is nor-
mally non-adherent to the cellular components of
the bloodstream, allowing blood-borne leukocytes
to adhere and subsequently begin the process of
diapedesis in which the leukocyte extends itself by
a pseudopod through small gaps in the junctions
between apposing endothelial cells (6), a process
requiring disassembly of the cytoskeleton on the api-
cal surface and reassembly on the abluminal side of
the endothelium (2) (Fig. 2).

Several studies have confirmed the dose-dependent
inhibition of normal random motility of leukocytes
both in vitro and in vivo by a wide range of local
anesthetic agents (17, 33-38) (Fig. 2). This inhibition
is reversible in nature and without interference with
cell viability (36). The concentrations of local anes-
thetics required to induce inhibition of leukocyte loco-
motion are in the range normally achieved in clinical
practice as suggested by an in vivo study showing that
the delivery of granulocytes into peritonitis exudates
was markedly inhibited by intravenous lidocaine infu-
sions (24). Similarly, lidocaine was shown to inhibit
the migration of leukocytes into synovial fluid in crys-
tal-induced arthritis in dogs in vivo (39) as well as the
infiltration of granulocytes into the tissue in experi-
mental colitis in rats in vivo after subcutaneous or
intrarectal administration of lidocaine (40). Several
investigators have linked the inhibitory actions of
local anesthetics on leukocyte mobility to their effects
on the cytoskeleton (41-47) which have also been
confirmed in a variety of other cell types, such as
keratinocytes, erythrocytes, platelets, muscle cells,
fibroblasts, nerve cells and tumor cells, also confirm-
ing the reversible nature of the inhibition. Another,
indirect route, by which local anesthetics may
interfere with leukocyte mobility, is by attenuating
the release of chemoattracting agents from leukocytes
(38, 48).

Activation and priming

Neutrophils are activated and primed by a variety of
endogenous and exogenous agents, such as bacterial
lipopolysaccharide (LPS), granulocyte/macrophage
stimulating factor, tumor necrosis factor (TNF-a), IL-
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8 and platelet aggregating factor (PAF) (49, 50). The
priming process is aimed at significantly boosting the
activation of neutrophils and their release of tissue
toxic mediators, such as superoxide anions (51) and
lipid mediators (52), thereby improving the immune
systems ability to take out agents that have previously
been identified by the system (49). Local anesthetics
may interfere with the priming process by inhibition
of protein kinase C (PKC)/phospholipase C (PLC)
(Fig. 3) (50, 53), probably within the Gq-coupled sig-
naling pathway (50). The effects of local anesthetics
may also involve inhibition of phospholipase D (PLD)
(54), which plays an important role in the regula-
tion of leukocyte functions of phagocytosis, de-
granulation and oxidant production. The actions of
local anesthetics on PLD could be either by prevent-
ing the membrane translocation of PLD-activating
factors and/or by direct inhibition of the enzyme
(54).

Phagocytosis

Phagocytosis is the principal way by which neutro-
phils execute the destruction of invading microor-
ganisms as well as the ingestion of over-aged cells
and cellular debris. Particle internalization is initiated
by the interaction of specific receptors on the surface
of the phagocyte with ligands on the surface of the
particle. This leads to the polymerization of actin at
the site of ingestion, and the internalization of the
particle via an actin-based mechanism involving the
formation of a phagocytic cup culminating in the
formation of the mature phagolysosome. Because
endosome/lysosome trafficking occurs primarily in
association with microtubules, phagosome matura-
tion requires the coordinated interaction of the
actin- and tubulin-based cytoskeletons (55).

Local anesthetics induce a dose-dependent and
reversible inhibition of granulocyte phagocytosis
(Fig. 2) (18, 56, 57). Systemic intravenous adminis-
trations of lidocaine in doses recommended for anti-
arrhythmic treatment (39) significantly reduced
phagocytic activity of leukocytes sampled from
the synovial fluid of knee joints with synovitis.
Surprisingly, the novel local anesthetic ropivacaine
was reported to exert weak or no effects on granu-
locyte phagocytic activity (53, 58), as opposed to
other local anesthetic agents. The currently most
plausible mechanism to account for the inhibition
induced by local anesthetics on leukocyte phagocy-
tic activity is by impairment of leukocyte surface
receptor expression (59) and inhibition of actomyo-
sin filament activity (60).
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Fig. 3. The arachidonic acid cascade plays a major role in the inflammatory processes taking place in the sequel of a tissue injury. Local
anesthetics have been shown to induce inhibition (references in parentheses) at various steps in the cascade.

Effects of local anesthetics on synthesis
and release of inflammatory mediators

Eicosanoids

Release of arachidonic acid from membrane
phospholipids by the action of the enzyme
phospholipase A, (PLA;) and its oxygenation by the
enzymes cyclooxygenase and lipoxygenase to gener-
ate bioactive eicosanoids represent an important ser-
ies of events that is thought to play a pivotal role, both
in the regulation of physiologic organ function and
pathologic responses to tissue damage (61). Several
local anesthetics have been shown to interact in a dual
fashion with PLA, (Fig. 3) as suggested by results
showing that low concentrations of the agents
induced a slight stimulation of PLA, activity, while
higher concentrations inhibited the enzyme (62).
Other investigators showed that some local anesthetic
agents (procaine and lidocaine) were able to inhibit
pancreatic PLA, at a very low surface concentration,
while other local anesthetics (tetracaine, butacaine
and dibucaine) required rather high concentrations

(63). The authors suggested that a correlation exists
between the nerve-blocking potencies of the agents
and the inhibition of PLA, (64).

Prostaglandins

Early in vitro studies have shown several local anes-
thetics too possess inhibitory effects on spontaneous
prostaglandin biosynthesis (65, 66), an inhibition
that increases with lower pH, suggesting an action
primarily by the ionized forms of the agents (62).
Lidocaine administration significantly inhibited
prostanoid (PGI,/6-keto-PGF1-) release from incu-
bates of human gastric mucosa (67) as well as pros-
tanoid biosynthesis in response to experimental
damage (68, 69) (Fig. 3). A significant inhibition of
PGF,, release into the circulation was seen during
systemic administration of lidocaine in dogs with
cardiac arrhythmias (70). In a recent study using a
technique allowing for the in vivo analysis of inflam-
matory mediators released post-burn (71), a potent
inhibition of PGE; and PGE, release was
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demonstrated when treating the burned skin in the
intact animal with a topical local anesthetic cream
(71), thus confirming an earlier report showing
reduced PGE release from isolated pieces of gastric
mucosa by lidocaine (67) (Fig. 3). These inhibitory
effects on PGE, known to play a significant role in
the mechanisms responsible for inflammatory pain,
could account for some of the potent analgesic
effects of intravenous lidocaine reported in burn
patients (72, 73) and in patients having undergone
surgery (74).

Thromboxanes

Several in vivo and in vitro studies revealed that the
local anesthetics significantly inhibited thrombox-
ane B2 (TXB,) release (Fig.3) (67, 69, 75). In a
study investigating the effect of bupivacaine on the
coagulation of human whole blood, the authors
were able to demonstrate that the agent prolonged
clotting time in clinically relevant concentrations
and that this effect, at least in part, was mediated
by inhibition of TXA, signaling (76). Others con-
firmed the inhibitory effect of lidocaine, ropivacaine
and bupivacaine on TXA2-induced platelet aggrega-
tion, although higher doses of the local anesthetic
agents were required (77). The inhibitory effects of
local anesthetics on thromboxane synthesis prob-
ably contribute to their suppressive effects on plate-
let aggregation (76) and the reduced incidence of
deep venous thrombosis (78).

Leukotrienes

Local anesthetics have been shown to induce inhibi-
tion of LTB, release from activated human granulo-
cytes and monocytes (Fig. 3) (79, 80). In a recent in
vivo study, topical administration of lidocaine-
prilocaine cream induced a pronounced inhibition
of LTB, release from a full-thickness burn injury of
rat skin (75). Because leukotriens have been shown to
play an important role in the promotion of inflam-
mation-induced plasma extravasation (81), the above
effects of local anesthetics on leukotrien synthesis
could be part of their inhibitory effects on edema for-
mation in various inflammatory conditions (82-84).

Histamine

Histamine is synthesized and released by human
basophils, mast cells, and neutrophils. Increasing
evidence suggest that, in addition to exerting
immediate vascular and bronchial responses, hista-
mine might modulate the immune reaction by inter-
acting with T cells, macrophages, basophils,
eosinophils, and monocytes (85).
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Histamine release from mast cells is effectively
and dose-dependently inhibited by lidocaine at con-
centrations below those used for infiltration
anesthesia (Fig. 4) (86). In agreement, latter investi-
gators showed that low concentrations of lidocaine
or mepivacaine induced a potent inhibition of hista-
mine release from activated mast cells and that this
inhibition increased with higher pH of the medium
suggesting it to be primarily mediated by the non-
ionized molecules of the local anesthetic agents (87).

Oxygen free radical production

When neutrophils arrive at the site of inflammation,
they phagocyte and degrade substances such as
bacteria, pathogens, and remnants of damaged tis-
sue. The degradation process is the result of both
oxygen-independent mechanisms, which digests
bacterial proteins by the action of the enzyme elas-
tase, and oxygen-dependent mechanisms requiring
the presence of superoxide anions (88-90).

The inhibition of leukocyte metabolic activity and
superoxide anion formation by local anesthetics has
been convincingly documented over the years
(Fig. 4) (26, 29, 35, 36, 50, 56, 58, 59, 79, 91-100)
and shown in several studies to be dose-dependent
(34, 56, 98, 101, 102) as shown in clinical studies
involving patients with coronary artery disease
(103) and diabetes (104) and treated with intrave-
nous lidocaine infusions.

The direct scavenging effects of local anesthetics
have been attributed to various mechanisms of
action. There is evidence to suggest that once local
anesthetics penetrate into the cell membranes, they
interact with membrane lipids and proteins to
quench oxygen and nitroxide free radical formation
(105) or interfere with the Ca®"-induced increase in
mitochondrial radical formation (53, 106).

Cytokines

Cytokines produced by the cells of the innate immune
system can profoundly influence various steps of the
inflammatory response, e.g. phagocytosis, chemotaxis
and oxidative metabolic activity (107).

The release of IL-1 by activated human monocytes
was dose-dependently inhibited by lidocaine and
bupivacaine (Fig. 4) (79). In a study investigating
the release of inflammatory mediators after acute
lung injury induced by hyperoxia, pre-treatment
with an intravenous lidocaine infusion in clinically
relevant concentrations, significantly attenuated the
release of cytokines (IL-1B, TNF-a) from the injured
lung along with reduced influx and metabolic acti-
vation of neutrophils (Fig. 4) (108). Several local
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large number of potent mediators. The figure illustrates inhibition (X) by local anesthetics of immune cell release of mediators. TNF, tumor

necrosis factor; IL, interleukin.

anesthetics (lidocaine, bupivacaine, amethocaine)
have been shown to dose-dependently inhibit both
the spontaneous and the TNF-a-induced secretion
of IL-8 and IL-1B (Fig. 4), whereas lidocaine also
proved stimulatory on the secretion of the anti-
inflammatory molecule IL-1 RA. The authors
ascribed both the inhibitory and stimulatory effects
of lidocaine to a possible effect on the regulation of
transcription (109). The possible role of local anes-
thetic agents on cytokine-induced vascular cell
injury was recently presented in a study investigat-
ing, by use of trypan blue exclusion and lactate
dehydrogenase (LDH) release, the survival of rat
vascular smooth muscle cells and human

microvascular endothelial cells exposed to cytokines
(IL-1B, TNF-o, interferon-y) and pre-treated with
lidocaine or tetracaine. Lidocaine, but not tetracaine,
was shown to attenuate cytokine-induced cell injury
and increase cell survival in both cell types in a
dose-dependent manner (110).

Lysosomal enzymes

Granule exocytosis by immune competent cells is a
complex process involving membrane signaling that
includes Ca*" influx and activation of protein kinase
C, fusion of lysosomal vesicles with cell membrane
and subsequent release of lytic contents at the site of
contact with intruder. This process is, at least in
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part, dependent on a functional actin cytoskeleton
(111). Several authors were able to demonstrate a
dose-dependent inhibition by local anesthetics of
the release of lysosomal enzymes, from activated
polymorphonuclear leukocytes (Fig. 4) (35, 91, 92,
103). This inhibition is reversible and dose-depen-
dent (60) and most probably mediated by inhibition
of the actin microfilaments, being the prerequisite
for the fusion between lysosomal vesicles and the
cell membrane (91).

Effects on vascular hyperpermeability
and edema formation

Local anesthetics have been shown to be potent
inhibitors of inflammation-induced edema forma-
tion in various conditions. A pronounced inflamma-
tion has been shown to take place in the wall of the
obstructed small intestine and to be the primary
cause for the profuse fluid losses seen with this
condition (112). Lidocaine aerosol (20 mg) applied
on the serosal surface of the obstructed gut induced
a marked inhibition of fluid losses into the intestinal
lumen parallel to reduced edema in the gut wall
(113). Topical application of lidocaine-prilocaine
cream on the burned skin, reduced plasma extrava-
sation to the level of non-burned control animals
(114, 115), whereas intravenous lidocaine infusions
proved less potent (116). After exposing the colonic
peritoneum to hydrochloric acid in vivo and subse-
quently treating it topically with lidocaine or bupi-
vacaine, the resulting edema was significantly
inhibited as compared with saline-treated controls
(82). Capsaicin-induced extravasation of dextran in
the lower airways of guinea-pigs was effectively
reduced by topical lidocaine pre-treatment, whereas
the mucosal blood flow was unaffected suggesting
an action directly on the permeability-regulating
endothelial cells rather than on flow regulating
pre-capillary resistance vessels (117, 118).

The effects of the local anesthetics on inflammation-
induced capillary hyperpermeability could be related
to a number of their actions, such as reduced release of
histamine from macrophages (86), inhibition of LTBy,
cytokines, and oxidant release from activated granulo-
cytes (79), increased synthesis of prostacyclin (119) and
inhibition of the endothelial cell cytoskeleton (120).

Inflammation-related effects

Lung injury
Neutrophils are thought to play a pivotal role in the
pathogenesis of lung injury through the release of
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free radicals, proteases and lysosomal enzymes.
This has attracted investigators to test the potential
effects of local anesthetics in the treatment of lung
injury. Several local anesthetics have been shown to
diminish thiourea-induced lung injury in rats as
shown by reduced extravasation of radiolabeled
protein (121). Similar observations were obtained
in reperfused rat lungs, showing that the local anes-
thetics inhibited lung edema parallel to reduced
synthesis of cyclooxygenase products, normally ele-
vated during reperfusion (122). Pre-treatment of
Escherichia coli endotoxin-induced lung injury with
an intravenous infusion of lidocaine (2 mg/kg/min)
significantly attenuated lung edema, leukocyte
counts and the release of various inflammatory
mediators (84, 123). In a study in dogs investigating
the effect of lidocaine on the allotransplanted lung,
authors showed significantly improved gas
exchange paralleled by reduced leukocytes and
myeloperoxidase in bronchoalveolar fluid (30).
Lidocaine infusion in a clinically relevant concentra-
tion was further shown to have a prophylactic effect
on hyperoxic lung injury as shown by reduced lung
edema and tissue biochemical and histopathological
changes (108). Similar results were obtained in a
study investigating HCl-induced lung injury in rab-
bits and showed reduced morphologic and histologic
damage in the lidocaine-treated group (124). Acute
severe pancreatitis is often associated with acute lung
injury possibly by the action of pancreatic enzymes.
In a study investigating the effect of pre-treatment of
pancreatic enzyme-induced lung injury with lido-
caine, the author reported an attenuation of lung
injury (125). In bleomycin-induced acute lung injury,
lidocaine was able to inhibit the granulocyte colony-
induced exacerbation of lung injury and the subse-
quent lung fibrosis (126). Moreover, lidocaine in a
dose of 5 mg/kg significantly attenuated Ilung
edema in the isolated post-ischemic rat lung (127)
and significantly reduced HCl-induced acute lung
injury when added to the surfactant fluid (128).

Septic shock

In a series of experiments, Fletcher and collaborators
studied the effect of lidocaine treatment in different
shock models. Intravenous lidocaine infusion at
1 mg/kg/min starting before and lasting 2 h after
E. coli-induced endotoxin shock, significantly
improved survival in dogs (129) and baboons (130,
131), despite that no significant effects on hemody-
namic parameters were noticed. The beneficial effects
of lidocaine were proposed by the authors to be in
part mediated by the agent’s effects on eicosanoid



synthesis (132). In a recent study in endotoxemic rats,
lidocaine infusion (2 mg/kg/min) was also able to
attenuate leukocyte-endothelial adhesion, capillary
extravasation (25) and sepsis-induced diaphrag-
matic dysfunction in hamsters (133). In contrast,
lidocaine failed to improve survival
when administered as a bolus injection after
E. coli-induced septic shock in rats (134). Lidocaine
was also shown to increase the severity of hypogly-
cemia and lactic acidosis, although it improved glu-
cose utilization and hepatic pyruvate extraction in
septic pigs receiving a continuous intravenous infu-
sion at 2 mg/kg/min (135, 136). In another study
investigating the effects of lidocaine infusion (6 mg/
kg/min) on septic shock in dogs, the authors
reported that lidocaine did not alter hemodynamic
variables but induced metabolic acidosis and
hypoalbuminemia (137).

Myocardial ischemia

Lidocaine and related local anesthetic agents have
been shown to protect against myocardial injury asso-
ciated with permanent regional ischemia (138, 139),
and global (140) or regional ischemia-reperfusion
(141-143). Lidocaine also proved beneficial in redu-
cing the size of a myocardial infarction when com-
bined with adenosine treatment (144) or when given
alone (145). The beneficial effects of lidocaine could be
mediated by the inhibitory effects of the agents on
leukocyte recruitment and activation, since mycordial
ischemia, and particularly reperfusion injury, is asso-
ciated with increased neutrophil recruitment and pro-
duction of free radicals (146). Moreover, agents
attenuating leukocyte accumulation have been
shown to reduce infarction size (147). In support,
lidocaine has been reported to reduce the release of
lipid peroxidation products from ischemic-reperfused
myocardium (141) and to prevent ion movements
associated with tissue damage (140).

Antimicrobial effects
Antibacterial effects

As early as the beginning of this century, several of
the local anesthetics used for spinal anesthesia (sto-
vaine, tropacocaine, novocaine) were proposed to
possess antibacterial activity (148). Ensuing studies
have revealed significant variations in the potency
and range of bacterial strains inhibited by the
agents, significant dose and structure-dependent
differences, pH and temperature variations, as well
as differences between individual studies using the
same agents (149). In the following, the most
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significant findings and contradictions will be pre-
sented. The observations made by Jonnesco (148)
were followed by a number of reports showing
that local anesthetics used in ophthalmologic prac-
tice inhibited conjunctival flora (150-154). The
wide-spectrum antimicrobial actions of most local
anesthetics have since been documented by a sig-
nificant number of publications (58, 153, 155-159,
160-169, 170-179). A number of key references and
their effects have been summarized in Table 1.

Accumulating data clearly show that the antimicro-
bial potency of local anesthetics is primarily related
to the concentration of the agent and to a lesser
extent to its structure as most local anesthetics, both
ester and amide type, can subdue most bacteria in
high enough concentrations (180). However, one
exception to the rule has emerged, namely ropiva-
caine. This solitary pure enantiomer (S-form), which
has been proven to have weak or no antibacterial
actions in clinical concentrations (181-183), has trig-
gered a discussion of whether its use may increase
the risk of inadvertent intravascular or intrathecal
infections (184, 185). Because ropivacaine also has
been proven to be a poor inhibitor of the immune
response of granulocytes to foreign agents (58),
including bacteria, one could argue that this may
compensate for the lack of direct antibacterial effects.
Whether these properties of ropivacaine do represent
an increased risk for the patient or not will emerge
from additional studies addressing the current issue.
What is obvious at this stage is that the antibacterial
effects of local anesthetics not only depend on the
length of the alkyl chain (-CH3) (186), but also on the
racemic configuration of the agents with higher
potency for the R-isomer over the levoform (187)
and poor effects by the S-enantiomer.

The precise antibacterial mechanisms of action are
still unclear, but could be related to the interaction
of local anesthetics with the bacterial wall (163) or
with macromolecules at the cellular surface of bac-
teria (188). Such electrostatic interactions between
cationic local anesthetics and anionic membrane
components could induce functional changes by
alteration of membrane proteins (189, 190) and by
reducing membrane fluidity (191). As a result, var-
ious membrane and cell functions (192), such as
membrane-bound ATPase activity (193) and the
DNA binding properties of the cell (194) may be
inhibited. Interestingly, local anesthetics were also
reported to potentiate the sporocidal activity of
other agents (174) and to enhance the MIC values
of several antibiotics up to 10-fold in concentrations
lower than those used clinically (195).
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Table 1

Summary of the most important inhibitory actions of local anesthetics on various strains of bacteria

Bacterial strain Local anesthetic Concentration Reference

Pseudomonas aeruginosa Tetracaine 0.5% 152
Lidocaine 0.25-1% 168
Procaine 0.5%, 0.25% 155
Tetracaine 0.5%, 0.25% 155
Cocaine 4% 155
Lidocaine 4% 183

E. coli Bupivacaine 0.5% 165, 180
Lidocaine 1%, 2% 181

S. aureus Lidocaine 4% 183
Bupivacaine, ropivacaine 57
Bupivacaine 0.5% 165
Lidocaine 2% 169
Various 159-161, 170-172

H. influenzae Lidocaine 4% 183
Various 162, 163

M. tuberculosis Various 159-161, 164

S. pneumoniae Lidocaine 4% 183
Various 173

S. epidermidis Bupivacaine 0.5% 165

Campylobacter pylori Benzocaine 179

Chlamydia trachomatis Various 175, 176

Neisseria gonorrhoeae

For additional details see review by Batai et al. (149).

Antiviral effects

In an early study investigating the effects of several
local anesthetics (dibucaine, tetracaine, cocaine,
lidocaine, and procaine) on bovine kidney cell
fusion induced by the herpes simplex virus, the
authors reported that all local anesthetic agents
induced a significant inhibition of cell fusion in
physiologically relevant concentrations and without
impairing virus replication. The authors proposed
that the local anesthetics exert this inhibition by
occupying sites within the plasma membrane,
which must be vacant in order for virus-induced
membrane fusion to occur (196). In another study
(120), the authors suggested that the cell fusion
induced by viral infection was related to digestion
of the cell surface coat by lysosomal enzymes, and
that inhibition of ATPase would prevent fusion. Free
radicals have also been shown to play a role in viral
cytopathicity as suggested by results showing that
the scavenger superoxide dismutase (SOD) was able
to protect mice from the lethal influenza virus (197).
These infective mechanisms could account for some
of the antiviral effects of local anesthetics, as the
agents possess the ability to inhibit membrane
ATPase (198) as well as the release of lysozymes
(35) and free radicals (58). In a study investigating
the mechanisms behind local anesthetic-induced
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inhibition of cell infection caused by vesicular sto-
matitis virus and other viruses (199), the authors
showed the inhibition to take place prior to both
primary and secondary RNA transcription but fol-
lowing transfer from the cell surface to an intracel-
lular site, presumably the lysosomes. In a double-
blind, placebo-controlled crossover study in patients
with verified herpes simplex virus (HSV-1 and
HSV-2), administration of a topical local anesthetic
cream (lidocaine/prilocaine) in the prodromal
stages of the infection resulted in 50% abortion of
eruptions and significantly reduced the duration of
subjective symptoms and eruptions (200). In accor-
dance, the infectivity of HSV-1 was markedly
reduced by treating virions with local anesthetics
(lidocaine, dibucaine and tetracaine), possibly by
interaction with the physicochemical properties of
the virus envelope (201) or by inhibition of viral
replication, although this effect was largely depen-
dent on the presence of epinephrine (202).

Antifungal effects

Several local anesthetic agents, including lidocaine,
tetracaine, prilocaine and procaine, have been
shown to inhibit the growth of Candida albicans
(151, 169). In a recent study investigating the effect
of lidocaine and bupivacaine on 20 Candida strains,



lower concentrations of the agents were found to
have fungistatic effects due to yeast metabolic
impairment, while higher concentrations were fun-
gicidal, due to direct damage to the cytoplasmic
membrane (203). The inhibitory effects of lidocaine,
bupivacaine and ropivacaine on germ tube forma-
tion by C. albicans were suggested to be dose-
dependent but not pH-dependent and secondary
to blockade of ionic channels, particularly calcium
channels (204). Structure-related differences were
demonstrated in a study showing ropivacaine to
lack antifungal effects on C. albicans, with improved
effects for bupivacaine and more powerful effects by
lidocaine and prilocaine (182). Local anesthetics
have also been proven to have fungal sporicidal
effects, the potency of which is agent and temperature-
dependent (174).

Discussion

General aspects

The first local anesthetic substance in regular clin-
ical use was the ester-type local anesthetic cocaine,
isolated by Niemann in 1860. The agent became
widely used to relieve pain until procaine was
synthesized by Alfred Einhorn in 1904, being the
dominating local anesthetic agent until its era was
ended by the synthesis of the first representative of
a new group of local anesthetic agents of the amide-
type, lidocaine, by Lofgren in 1943. Development of
new local anesthetic agents has since focused on the
potency of their nerve-blocking effects, duration of
action and safety and resulted in a substantial num-
ber of agents, many of which are currently in clinical
use. It is well established and well documented that
the nerve blocking effects of local anesthetics are
secondary to their interaction with the Na™ channels
thereby blocking nerve membrane excitability and
the generation of action potentials. However, accu-
mulating data suggest that local anesthetics also
affect K" and Ca®' channels and act on intracellular
mechanisms at clinically relevant concentrations
(205). The wide range and variability of effects
induced by local anesthetics on many aspects of
activation and response by cells of the immune sys-
tem, as well as effects on other cells (e.g. microor-
ganisms, thrombocytes and erythrocytes), suggest a
more ‘global’” common pathway of action then sim-
ply interaction with Na™ channels. In his extensive
review of the mechanisms of action of local anes-
thetics, Philip Seeman (206), proposed that local
anesthetics ‘fluidize and disorder’ components
within the cell membrane and consequently
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stimulate or inhibit membrane-associated enzymes
and proteins. Current knowledge lends support to
Seaman’s conclusions that the agents influence a
number of important aspects of membrane function,
by inducing reversible conformational and func-
tional alterations of the cell membrane. The detailed
mechanisms of action are not fully understood but
seem to involve interaction with membrane proteins
(189, 190) and lipids (207), thus interfering with the
function of neighboring ion channels (208), as well
as membrane-bound enzyme activity (209) and the
cytoskeleton of the cell (60), involved in migration,
exocytosis, and phagocytosis. The literature in this
area reveals great similarities with respect to the
anti-inflammatory and antimicrobial effects of
almost all local anesthetic agents, esters and amides
alike. Differences in action between individual
agents and between groups of agents are overwhel-
mingly related to differences in potency of action
rather than to the nature of action, and by suffi-
ciently increasing the concentration of a local anes-
thetic, the inhibitory effects will be achieved
independent of structure. As discussed above,
there is one exception to the rule and that is ropiva-
caine, which is the first enantiomerically pure local
anesthetic of the S-form. Ropivacaine stands out as
an agent with weak and, in some cases, complete
lack of anti-inflammatory properties (53, 58, 80, 210,
211) and antimicrobial actions (181-183) character-
istic of other local anesthetic agents. These differ-
ences have prompted researchers to question the
clinical potential of ropivacaine in the treatment of
inflammatory conditions (211) and point to the risk
of inadvertent intravascular or intrathecal infections
when using the agent (184, 185). The structural dif-
ferences between ropivacaine and other local anes-
thetic agents could perhaps shed some light on the
identity of the structures, which enable local anes-
thetics to exert their broad-spectrum anti-inflamma-
tory and antimicrobial effects.

Clinical implications

Inflammation forms an important part of the patho-
physiology of various diseases/conditions, be they
related to ischemia, trauma, immunologic disorders
or other mechanisms. Although the inflammatory
response is a prerequisite for survival in a hostile
surrounding, it may at times be exaggerated and
inflict additional damage to the affected tissues,
jeopardizing their recovery, and in some cases the
survival of the individual. Being able to fine-tune
the inflammatory reaction without undermining
the defensive and reparative functions and with a
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minimum of side-effects is highly desirable and could
partly be achieved by use of traditional anti-
inflammatory agents, e.g. NSAID and steroids. The
spectrum of untoward effects characteristic of the
latter agents has prompted a search for other anti-
inflammatory agents with fewer adverse effects.
Substantial evidence has accumulated to support the
broad anti-inflammatory properties of local anesthetics,
which in some cases may exceed in potency the actions
of traditional steroids (24). Although the bulk of data
regarding these effects is based on experimental in vitro
and in vivo studies, clinical studies are emerging to
support the potent anti-inflammatory effects of local
anesthetics in various clinical conditions.

Local anesthetics are extensively used for analge-
sic purposes by infiltration into the skin and sub-
cutaneous tissues as well as into joints and the
abdominal cavity during laparoscopic surgery. A
question which arises is to what extent they exert
their potent anti-inflammatory actions in association
with such procedures and whether this is beneficial
or deleterious to the patient. Experimental studies
have clearly shown that instillation of local anes-
thetics on the abdominal peritoneum can subdue
the pronounced inflammatory response to an irri-
tant (hydrochloric acid) (82) and that infiltration of a
local anesthetic in a surgical wound will inhibit the
migration of leukocytes into the wound and their
subsequent release of tissue toxic agents (36). After
administration of topical lidocaine in the surgical
wound of patients having undergone herniorraphy
(212), the authors were unable to detect adverse
effects on wound healing 6 months after surgery
(213). The studies showing that lidocaine accelerates
re-epithelialization (214) and improved wound heal-
ing (215) are indicative of a favorable effect. Another
interesting aspect is the inhibitory effect of most
local anesthetics on a wide range of bacterial strains
(149) (Table 1). This could perhaps explain the low
incidence of infections reported after administration
of local anesthetics into the epidural and spinal
cavities of patients.

Interstitial cystitis is a condition characterized by a
severe inflammatory reaction in the cystic wall of
undefined etiology, but frequently associated with
accumulation of mast cells in the detrusor muscle.
The symptoms are often severe and disabling, with
urinary frequency, urgency and pain (216). Repeated
daily instillations of 200 mg lidocaine into the bladder
during 2 weeks, was shown in a case report to induce
a long-lasting inhibition of edema, ulcerations and
mast cell infiltration of the bladder wall, along with
improved clinical symptoms (217). In two consecutive
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studies investigating the effects of intrarectally admi-
nistered lidocaine gel 2% at a total dose of 800 mg
daily during several weeks in patients suffering from
ulcerative proctitis (218) or ulcerative colitis (219), the
authors were able to show remission of symptoms in
a great number of patients paralleled by improved
histological and gross appearance of the mucosa. In
an open study investigating the effect of 200 mg ropi-
vacaine gel given rectally twice daily during 2 weeks
to patients with distal ulcerative colitis, the author
reported significant improvement of mucosal inflam-
mation, and paradoxically, an increase in clinical
symptoms, such as the number of stools and blood
in stools (220). In a recent double-blind and placebo-
controlled clinical investigation of patients with distal
ulcerative colitis, investigators failed to show any sig-
nificant inhibition of eicosanoid release from rectal
dialysates and several other inflammatory mediators
from the rectal mucosa after a single rectal dose of
ropivacaine gel (211), which led the authors to ques-
tion the relevance of using ropivacaine in the treat-
ment of ulcerative colitis.

Major burn injuries are widely recognized to
engage most aspects of the immune system and to
trigger a pronounced and often exaggerated activa-
tion of the inflammatory cascade. Experimental in
vivo studies in the rat have shown that local anes-
thetics, both when administered topically(lidocaine-
prilocaine cream) and as systemic infusions of lido-
caine, induce significant inhibition of burn edema
(114-116) and improve blood flow in the burn injury
(221). These results were confirmed in latter studies
showing that application of a topical lidocaine-pri-
locaine cream (222) and intravenous lidocaine
infusions (40 pg/kg/min) (223) in experimental
superficial partial-thickness skin burns in human
volunteers, significantly reduced inflammation up
to 12 h post-burn as measured by non-invasive digi-
tal image color analysis. Because release of pain-
inducing inflammatory mediators is a major cause
for the severe pain often encountered in burn
patients, the above data could offer a rationale for
the potent analgesic effects reported in burn patients
receiving continuous intravenous infusions of lido-
caine at therapeutic doses (72). In a recent case
report relating to a patient with a major burn injury,
the authors showed that during the initial 48 h post-
burn when the patient received a lidocaine infusion,
he reported no pain and required no additional
analgesics, whereas after ceasing with the infusion,
analgesic requirements dramatically increased and
ranged from 200 to 600 mg morphine/day during
the subsequent 10 days (73).



An estimated 95-98% of the population in the
western hemisphere is believed to have antibodies
against herpes simplex virus (HSV). Despite being
so widespread, we currently lack effective treatment
against this life-long infection affecting all categories
of the population. In a blinded cross-over study in
individuals with clinically manifest recurrent HSV-1
and HSV-2 infection, repeated topical application of
lidocaine-prilocaine cream in the prodromal stages
of the infection proved to abort 50% of infective
episodes and significantly reduce the duration of
eruptions and symptoms (200).

In conclusion, although a relatively limited num-
ber of inflammatory conditions/diseases have been
subject to treatment by local anesthetics in clinical
practice, our current understanding and future
insights into the mechanisms responsible for the
wide range of inhibitory effects by the agents on
the inflammatory cascade, may form a platform for
the creation of future drugs or treatments of
inflammation.

References

1. Bancroft W, Richter G. The chemistry of anesthesia. | Phys
Chem 1931; 35: 215-68.

2. Muller WA. Leukocyte-endothelial-cell interactions in leuko-
cyte transmigration and the inflammatory response. Trends
Immunol 2003; 24: 327-34.

3. Gallin JI, Goldstein IM, Snyderman R. Inflammation. Basic
Principles and Clinical Correlates. New York: Raven Press, 1988.

4. Sunderkotter C, Mosser D, Ridley A, Sorg C, Roth J. Meeting
report: molecular mechanisms of inflammation: how leuko-
cytes come, see and seize. Eur | Cell Biol 2003; 82: 379-83.

5. Edens HA, Parkos CA. Neutrophil transendothelial migration
and alteration in vascular permeability: focus on neutrophil-
derived azurocidin. Curr Opin Hematol 2003; 10: 25-30.

6. Johnson-Leger C, Imhof BA. Forging the endothelium dur-
ing inflammation: pushing at a half-open door? Cell Tissue
Res 2003; 314: 93-105.

7. Khan AI, Kubes P. L-selectin: an emerging player in chemo-
kine function. Microcirculation 2003; 10: 351-8.

8. Liu L, Kubes P. Molecular mechanisms of leukocyte recruit-
ment. organ-specific mechanisms of action. Thromb Haemost
2003; 89: 213-20.

9. Scapini P, Lapinet-Vera JA, Gasperini S, Calzetti F, Bazzoni F,
Cassatella MA. The neutrophil as a cellular source of che-
mokines. Immunol Rev 2000; 177: 195-203.

10. D’Ambrosio D, Panina-Bordignon P, Sinigaglia F.
Chemokine receptors in inflammation: an overview.
J Immunol Methods 2003; 273: 3-13.

11. Toda A, Yokomizo T and Shimizu T. Leukotriene B4 recep-
tors. Prostaglandins Other Lipid Mediat 2002; 68-69: 575-85.

12. Calkins CM, Bensard DD, Shames BD, Pulido EJ, Abraham E,
Fernandez N. IL-1 regulates in vivo C-X-C chemokine induc-
tion and neutrophil sequestration following endotoxemia.
] Endotoxin Res 2002; 8: 59-67.

13. Mukaida N. Pathophysiological roles of interleukin-8/
CXCLS8 in pulmonary diseases. Am | Physiol Lung Cell Mol
Physiol 2003; 284: L566-77.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Local anesthetics and inflammation

Steinhoff M, Stander S, Seeliger S, Ansel JC, Schmelz M,
Luger T. Modern aspects of cutaneous neurogenic inflam-
mation. Arch Dermatol 2003; 139: 1479-88.

. Haribabu B, Richardson RM, Verghese MW, Barr AJ, Zhelev

DV, Snyderman R. Function and regulation of chemoattrac-
tant receptors. Immunol Res 2000; 22: 271-9.

Jones GE. Cellular signaling in macrophage migration and
chemotaxis. | Leukoc Biol 2000; 68: 593-602.

Schreiner A, Hopen G. Adhesion and locomotion of human
leukocytes in vitro; importance of protein coating; effect of
lidocain, ethanol and endotoxin. Acta Pathol Microbiol Scand
(C) 1979; 87: 333-40.

Schiffer CA, Sanel FT, Young VB, Aisner ]J. Reversal of gran-
ulocyte adherence to nylon fibers using local anesthetic
agents: possible application to filtration leukapheresis.
Blood 1977; 50: 213-25.

Thakur ML, Walsh L], Zaret BL, Gottschalk A. Effect of anti-
arrhythmic drugs on In-111-labeled leukocytes: chemotaxis
and adherence to nylon wool. | Nucl Med 1982; 23: 131-5.
Stewart GJ, Knight LC, Arbogast BW, Stern HS. Inhibition of
leukocyte locomotion by tocainide, a primary amine analog of
lidocaine: at study with "indium-labeled leukocytes and
scanning electron microscopy. Laboratory Invest 1980; 42: 302-9.
Giddon DB, Lindhe J. In vivo quantitation of local anesthetic
suppression of leukocyte adherence. Am | Pathol 1972; 68:
327-38.

Stewart GJ, Ritchie WG, Lynch PR. Venous endothelial
damage produced by massive sticking and emigration of
leukocytes. Am | Pathol 1974; 74: 507-32.

Stewart GJ. Antithrombotic activity of local anesthetics in sev-
eral canine models. Regional Anesth 1982; 7 (4S): S89-596.
MacGregor RR, Thorner RE, Wright DM. Lidocaine inhibits
granulocyte adherence and prevents granulocyte delivery to
inflammatory sites. Blood 1980; 56: 203-9.

Schmidt W, Schmidt H, Bauer H, Gebhard MM, Martin E.
Influence of lidocaine on endotoxin-induced leukocyte-
endothelial cell adhesion and macromolecular leakage in
vivo. Anesthesiology 1997; 87: 617-24.

Azuma Y, Shinohara M, Wang PL, Suese Y, Yasuda H, Ohura K.
Comparison of inhibitory effects of local anesthetics on
immune functions of neutrophils. Int | Immunopharmacol
2000; 22: 789-96.

Rabinovitch M, DeStefano M]J. Cell shape changes induced
by cationic anesthetics. | Exp Med 1976; 143: 290-304.

Jones G, Hurley JV. The effect of prostacyclin on the adhe-
sion of leucocytes to injured vascular endothelium. | Pathol
1984; 142: 51-9.

Ohsaka A, Saionji K, Sato N, Igari J. Local anesthetic lido-
caine inhibits the effect of granulocyte colony-stimulating
factor on human neutrophil functions. Exp Hematol 1994;
22: 460-6.

Schmid RA, Yamashita M, Ando K, Tanaka Y, Cooper JD,
Patterson GA. Lidocaine reduces reperfusion injury and
neutrophil migration in canine lung allografts. Ann Thorac
Surg 1996; 61: 949-55.

Martinsson T, Oda T, Fernvik E, Roempke K, Dalsgaard C]J,
Svensjo E. Ropivacaine inhibits leukocyte rolling, adhesion
and CD11b/CD18 expression. | Pharmacol Exp Ther 1997; 283:
59-65.

Lan W, Harmon DC, Wang JH, Shorten GD, Redmond PH.
Activated endothelial interleukin-1beta-6, and -8 concentra-
tions and intercellular adhesion molecule-1 expression are
attenuated by lidocaine. Anesth Analg 2005; 100: 409-12.
Kownatzki E, Uhrich S. Enhancement of chemotactic migra-
tion by the local anesthetic tetracaine. Immunobiology 1983;
165: 97-106.

277



J. Cassuto et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hammer R, Dahlgren C, Stendahl O. Inhibition of human
leukocyte metabolism and random mobility by local anaes-
thesia. Acta Anaesthesiol Scand 1985; 29: 520-3.

Sasagawa S. Inhibitory effects of local anesthetics on
migration, extracellular release of lysosomal enzyme, and
superoxide anion production in human polymorphonuclear
leukocytes. Immunopharmacol Immunotoxicol 1991; 13: 607-22.
Eriksson AS, Sinclair R, Cassuto J, Thomsen P. Influence of
lidocaine on leukocyte function in the surgical wound.
Anesthesiology 1992; 77: 74-8.

Kouno M. (Effects of local anesthetics on rat leukocyte func-
tions). Nippon Yakurigaku Zasshi 1999; 113: 357-66.

Fischer LG, Bremer M, Coleman EJ et al. Local anesthetics
attenuate lysophosphatidic acid-induced priming in human
neutrophils. Anesth Analg 2001; 92: 1041-7.

Paul H, Clayburne G, Schumacher HR. Lidocaine inhibits
leukocyte migration and phagocytosis in monosodium urate
crystal-induced synovitis in dogs. | Rheumatol 1983; 10: 434-9.
McCafferty DM, Sharkey KA, Wallace JL. Beneficial effects
of local or systemic lidocaine in experimental colitis. Am |
Physiol 1994; 266: G560-7.

Poste G, Papahadjopoulos D, Nicolson GL. Local anesthetics
affect transmembrane cytoskeletal control of mobility and
distribution of cell surface receptors. Proc Natl Acad Sci
USA 1975; 72: 4430-4.

Lother H, Blitstein-Willinger E, Diamantstein T. Studies on
the relevance of microtubules and of microfilament-
dependent processes for triggering lymphocyte activation.
Z Immunitatsforsch Immunobiol 1979; 155: 346-58.

Nicolson GL, Smith JR, Poste G. Effects of local anesthetics
on cell morphology and membrane-associated cytoskeletal
organization in BALB/3T3 cells. | Cell Biol 1976; 68: 395-402.
Nicolson GL. Cell shape changes and transmembrane recep-
tor uncoupling induced by tertiary amine local anesthetic.
J Supramol Struct 1976; 5: 65-72.

Raizada MK, Fellows RE. Alteration of insulin binding and
cytoskeletal organization in cultured fibroblasts by tertiary
amine local anesthetics. | Supramol Struct 1979; 11: 547-61.
Raucher D, Sheetz MP. Phospholipase C activation by anes-
thetics decreases membrane-cytoskeleton adhesion. | Cell Sci
2001; 114: 3759-66.

Mio Y, Fukuda N, Kusakari Y, Tanifuji Y, Kurihara S.
Bupivacaine attenuates contractility by decreasing sensitiv-
ity of myofilaments to Ca2+ in rat ventricular muscle.
Anesthesiology 2002; 97: 1168-77.

Li CY, Tsai CS, Hsu PC, Chueh SH, Wong CS, Ho ST.
Lidocaine attenuates monocyte chemoattractant protein-1
production and chemotaxis in human monocytes: possible
mechanisms for its effect on inflammation. Anesth Analg
2003; 97: 1312-6.

Condliffe AM, Kitchen E, Chilvers ER. Neutrophil priming;:
pathophysiological consequences and underlying mechan-
isms. Clin Sci (Lond) 1998; 94: 461-71.

Hollmann MW, Gross A, Jelacin N, Durieux ME. Local anes-
thetic effects on priming and activation of human neutro-
phils. Anesthesiology 2001; 95: 113-22.

Guthrie LA, McPhail LC, Henson PM, Johnston RB ]Jr.
Priming of neutrophils for enhanced release of oxygen meta-
bolites by bacterial lipopolysaccharide. Evidence for
increased activity of the superoxide-producing enzyme.
J Exp Med 1984; 160: 1656-71.

Doerfler ME, Weiss J, Clark JD, Elsbach P. Bacterial lipopo-
lysaccharide primes human neutrophils for enhanced
release of arachidonic acid and causes phosphorylation of
an 85-kD cytosolic phospholipase A2. | Clin Invest 1994; 93:
1583-91.

278

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Mikawa K, Akamarsu H, Nishina K, Shiga M, Obara H,
Niwa Y. Effects of ropivacaine on human neutrophil func-
tion: comparison with bupivacaine and lidocaine. Eur ]|
Anaesthesiol 2003; 20: 104-10.

Tan Z, Dohi S, Ohguchi K et al. Effects of local anesthetics on
phospholipase D activity in differentiated human promyelo-
cytic leukemic HL60 cells. Biochem Pharmacol 1999; 58: 1881-9.
Allen LA, Aderem A. Mechanisms of phagocytosis. Curr
Opin Immunol 1996; 8: 36-40.

Cullen BE, Haschke RH. Local anesthetic inhibition of phago-
cytosis and metabolism of human leukocytes. Anesthesiology
1974; 40: 142-6.

Hu WS, Muscoplat CC. Lidocaine: effect on phagocytosis
and purification of monocytes in bovine peripheral blood.
Am ] Vet Res 1980; 41: 447-9.

Kiefer RT, Ploppa A, Krueger WA et al. Local anesthetics
impair human granulocyte phagocytosis activity, oxidative
burst, and CD11b expression in response to Staphylococcus
aureus. Anesthesiology 2003; 98: 842-8.

Welters ID, Menzebach A, Langefeld TW, Menzebach M,
Hempelmann G. Inhibitory effects of S-(-) and R-(+) bupi-
vacaine on neutrophil function. Acta Anaesthesiol Scand 2001;
45: 570-5.

Tsuda Y, Mashimo T, Yoshiya I, Kaseda K, Harada Y,
Yanagida T. Direct inhibition of the actomyosin motility by
local anesthetics in vitro. Biophys | 1996; 71: 2733-41.
Serhan CN. Eicosanoids in leukocyte function. Curr Opin
Hematol 1994; 1: 69-77.

Kunze H, Nahas N, Traynor JR, Wurl M. Effects of local
anaesthetics on phospholipases. Biochim Biophys Acta 1976;
441: 93-102.

Hendrickson HS, van Dam-Mieras MC. Local anesthetic
inhibition of pancreatic phospholipase A2 action on lecithin
monolayers. | Lipid Res 1976; 17: 399-405.

Hendrickson HS. The penetration of local anesthetics into
phosphatidylcholine monolayers. | Lipid Res 1976; 17: 393-8.
Kunze H, Bohn E, Vogt W. Effects of local anaesthetics on
prostaglandin biosynthesis in vitro. Biochim Biophys Acta
1974; 360: 260-9.

Horrobin DF, Mankau MS. Roles of prostaglandins sug-
gested by the prostaglandin agonist/antiagonist actions og
local anesthetic, anti-arrhythmic, anti-malarial, tricyclic anti-
depressant and methyl xanthine compounds, effects on
membranes and on nucleic acid function. Med Hypotheses
1977; 3: 71-86.

Goel RK, Tavares IA, Nellgdrd P, Jonsson A, Cassuto J,
Bennett A. Effect of lignocaine on eicosanoid synthesis by
pieces of human gastric mucosa. | Pharm Pharmacol 1994; 46:
319-20.

Flynn JT. Effect of lidocaine on hepatic prostanoid produc-
tion in vitro following 2,4-dinitrophenol administration. Adv
Shock Res 1983; 10: 149-59.

Jonsson A, Cassuto ], Tarnow P, Sinclair R, Bennett A,
Tavares IA. Effects of amide local anaesthetics on eicosanoid
formation in burned skin. Acta Anaesthesiol Scand 1999; 43:
618-22.

Mest HJ, Taube C, Forster W, Metsa-Ketela T, Vapaatalo H.
Influence of cardiac rhythm disturbances and antiarrhyth-
mic drugs on the efflux of PGE, PGF2 alpha, cyclic AMP, and
cyclic GMP in canine coronary sinus blood. Prostaglandins
Med 1981; 7: 1-13.

Yregard L, Lowhagen PH, Cassuto J et al. A new technique
for the analysis of endogenous mediators released following
thermal injury. Burns 2001; 27: 9-16.

Jonsson A, Cassuto J, Hanson B. Inhibition of burn pain by
intravenous lignocaine infusion. Lancet 1991; 338: 151-2.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Cassuto J, Tarnow P. Potent inhibition of burn pain without
use of opiates. Burns 2003; 29: 163-6.

Cassuto J, Wallin G, Hogstrom S, Faxén A, Rimbdck G.
Inhibition of postoperative pain by continuous low-dose intra-
venous infusion of lidocaine. Anesth Analg 1985; 64: 971-4.
Yregard L, Cassuto J, Tarnow P, Nilsson U. Influence of
local anaesthetics on inflammatory activity postburn.
Burns 2003; 29: 335-41.

Kohrs R, Hoenemann CW, Feirer N, Durieux ME.
Bupivacaine inhibits whole blood coagulation in vitro. Reg
Anesth Pain Med 1999; 24: 326-30.

Lo B, Honemann CW, Kohrs R et al. Local anesthetic
actions on thromboxane-induced platelet aggregation.
Anesth Analg 2001; 93: 1240-5.

Modig J. Influence of regional anesthesia, local anesthetics,
and sympathicomimetics on the pathophysiology of deep
vein thrombosis. Acta Chir Scand Suppl 1989; 550: 119-24;
discussion 124-7.

Sinclair R, Eriksson AS, Gretzer C, Cassuto J, Thomsen P.
Inhibitory effects of amide local anaesthetics on stimulus-
induced human leukocyte metabolic activation, LTB,
release and IL-1 secretion in vitro. Acta Anaesthesiol Scand
1993; 37: 159-65.

Martinsson T, Haegerstrand A, Dalsgaard CJ. Effects of ropi-
vacaine on eicosanoid release from human granulocytes and
endothelial cells in vitro. Inflamm Res 1997; 46: 398-403.
Dahlen SE, Bjork J, Hedqvist P et al. Leukotrienes promote
plasma leakage and leukocyte adhesion in postcapillary
venules: in vivo effects with relevance to the acute inflam-
matory response. Proc Natl Acad Sci USA 1981; 78: 3887-91.
Rimback G, Cassuto J, Wallin G, Westlander G. Inhibition of
peritonitis by amide local anesthetics. Anesthesiology 1988;
69: 881-6.

Cassuto J, Jonsson A, Nellgard F, Hedner T. Reduced albumin
extravasation in experimental skin burn injury by p-myo-ino-
sitol-1,2,6-trisphosphate infusion (Abstract). In: 22nd Annual
Meeting of American Burn Association. Las Vegas, 1990.
Mikawa K, Maekawa N, Nishina K, Takao Y, Yaku H, Obara
H. Effect of lidocaine pretreatment on endotoxin-induced
lung injury in rabbits. Anesthesiology 1994; 81: 689-99.
MacGlashan D Jr. Histamine: a mediator of inflammation.
J Allergy Clin Immunol 2003; 112: S53-9.

Kazimierczak W, Peret M, Maslinski C. The action of local
anaesthetics on histamine release. Biochem Pharmacol 1976;
25: 1747-50.

Suzuki T, Ohishi K, Kida J, Uchida M. Influence of pH on
the inhibitory effects of local anesthetics on histamine
release induced from rat mast cells by concanavalin A
and compound 48/80. Eur | Pharmacol 1984; 98: 347-55.
Babior BM. Oxygen-dependent microbial killing by phago-
cytes (second of two parts). N Engl ] Med 1978; 298: 721-5.
Babior BM. Oxygen-dependent microbial killing by phago-
cytes (first of two parts). N Engl | Med 1978; 298: 659-68.
Wright DG, Gallin JI. Secretory responses of human neu-
trophils: exocytosis of specific (secondary) granules by
human neutrophils during adherence in vitro and during
exudation in vivo. | Immunol 1979; 123: 285-94.

Goldstein IM, Lind S, Hoffstein S, Weissmann G. Influence
of local anesthetics upon human polymorphonuclear leu-
kocyte function in vitro. Reduction of lysosomal enzyme
release and superoxide anion production. | Exp Med 1977;
146: 483-94.

Vandenbroucke-Grauls CM, Thijssen RM, Marcelis JH,
Sharma SD, Verhoef J. Effects of lysosomotropic amines
on human polymorphonuclear leucocyte function.
Immunology 1984; 51: 319-26.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Local anesthetics and inflammation

Nakagawara M, Hirokata Y, Yoshitake J. Effects of anes-
thetics on superoxide releasing activity of human polymor-
phonuclear leucocytes. Masui 1985; 34: 754-9.

Tomoda MK, Tsuchiya M, Ueda W, Hirakawa M, Utsumi K.
Lidocaine inhibits stimulation-coupled responses of neu-
trophils and protein kinase C activity. Physiol Chem Phys
Med Nmr 1990; 22: 199-210.

Haines KA, Reibman J, Callegari PE, Abramson SB, Philips
MR, Weissmann G. Cocaine and its derivatives blunt neu-
trophil functions without influencing phosphorylation of a
47-kilodalton component of the reduced nicotinamide-
adenine dinucleotide phosphate oxidase. | Immunol 1990;
144: 4757-64.

Siminiak T, Wysocki H, Veit A, Maurer HR. The effect of
selected antiarrhythmic drugs on neutrophil free oxygen
radicals production measured by chemiluminescence.
Basic Res Cardiol 1991; 86: 355-62.

Kanbara T, Tomoda MK, Sato EF, Ueda W, Manabe M.
Lidocaine inhibits priming and protein tyrosine phosphor-
ylation of human peripheral neutrophils. Biochem Pharmacol
1993; 45: 1593-8.

Cederholm I, Briheim G, Rutberg H, Dahlgren C. Effects of
five amino-amide local anaesthetic agents on human poly-
morphonuclear leukocytes measured by chemilumines-
cence. Acta Anaesthesiol Scand 1994; 38: 704-10.

Hattori M, Dohi S, Nozaki M, Niwa M, Shimonaka H. The
inhibitory effects of local anesthetics on superoxide genera-
tion of neutrophils correlate with their partition coeffi-
cients. Anesth Analg 1997; 84: 405-12.

Gunaydin B, Demiryurek AT. Effects of tetracaine and
bupivacaine on chemiluminescence generated by formyl-
methionyl-leucyl-phenylalanine-stimulated human leuko-
cytes and cell-free systems. Int Immunopharmacol 2003; 3:
757-64.

Hyvonen PM, Kowolik MJ. Dose-dependent suppression of
the neutrophil respiratory burst by lidocaine. Acta
Anaesthesiol Scand 1998; 42: 565-9.

Arakawa K, Takahashi H, Nakagawa S, Ogawa S. The
effects of lidocaine on superoxide production and p47
Phox translocation in opsonized zymosan-activated neutro-
phils. Anesth Analg 2001; 93: 1501-6. table of contents.
Peck SL, Johnston RB, Horwitz LD. Reduced neutrophil
superoxide anion release after prolonged infusions of lido-
caine. | Pharmacol Exp Ther 1985; 235: 418-22.

Celebi H, Bozkirli F, Gunaydin B, Bilgihan A. Effect of high-
dose lidocaine treatment on superoxide dismutase and
malon dialdehyde levels in seven diabetic patients. Reg
Anesth Pain Med 2000; 25: 279-82.

Chan DS, Wang HH. Local anesthetics can interact electro-
statically with membrane proteins. Biochim Biophys Acta
1984; 770: 55-64.

Kowaltowski AJ, Naia-da-Silva ES, Castilho RF, Vercesi AE.
Ca2+-stimulated mitochondrial reactive oxygen species
generation and permeability transition are inhibited by
dibucaine or Mg2+-. Arch Biochem Biophys 1998; 359: 77-81.
Liew FY. The role of innate cytokines in inflammatory
response. Immunol Lett 2003; 85: 131-4.

Takao Y, Mikawa K, Nishina K, Maekawa N, Obara H.
Lidocaine attenuates hyperoxic lung injury in rabbits. Acta
Anaesthesiol Scand 1996; 40: 318-25.

Lahav M, Levite M, Bassani L et al. Lidocaine inhibits
secretion of IL-8 and IL-1beta and stimulates secretion of
IL-1 receptor antagonist by epithelial cells. Clin Exp
Immunol 2002; 127: 226-33.

de Klaver MJ, Buckingham MG, Rich GF. Lidocaine attenu-
ates cytokine-induced cell injury in endothelial and

279



J. Cassuto et al.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

vascular smooth muscle cells. Anesth Analg 2003; 97: 465-70.
table of contents.

Lyubchenko TA, Wurth GA, Zweifach A. The actin cytos-
keleton and cytotoxic T lymphocytes: evidence for multiple
roles that could affect granule exocytosis-dependent target
cell killing. | Physiol 2003; 547: 835-47.

Nellgérd P, Cassuto J. Inflammation as a major cause of
fluid losses in small-bowel obstruction. Scand |
Gastroenterol 1993; 28: 1035-41.

Nellgard P, Jonsson A, Bojo L, Tarnow P, Cassuto J. Small-
bowel obstruction and effects of lidocaine, atropine and
hexamethonium on inflammation and fluid losses. Acta
Anaesthesiol Scand 1996; 40: 287-92.

Jonsson A, Mattsson U, Cassuto ], Heyden G.
Quantification of burn induced extravasation of Evans
blue albumin based on digital image analysis. Comput Biol
Med 1998; 28: 153-67.

Jonsson A, Mattsson U, Tarnow P, Nellgard P, Cassuto J.
Topical local anaesthetics (EMLA) inhibit burn-induced
plasma extravasation as measured by digital image colour
analysis. Burns 1998; 24: 313-8.

Cassuto J, Nellgard P, Stage L, Jonsson A. Amide local
anesthetics reduce albumin extravasation in burn injuries.
Anesthesiology 1990; 72: 302-7.

Erjefalt I, Persson CG. Anti-asthma drugs and capsaicine-
induced microvascular effects in lower airways. Agents
Actions 1985; 16: 9-10.

Erjefdlt I, Persson CG. Pharmacologic control of plasma
exudation into tracheobronchial airways. Am Rev Respir
Dis 1991; 143: 1008-14.

Casey LC, Armstrong MC, Fletcher JR, Ramwell PW.
Lidocaine increases prostacyclin in the rat. Prostaglandins
1980; 19: 977-84.

Poste G, Allison AC. Membrane fusion reaction: a theory.
J Theor Biol 1971; 32: 165-84.

Stelzner T], Welsh CH, Berger E et al. Antiarrhythmic
agents diminish thiourea-induced pulmonary vascular pro-
tein leak in rats. | Appl Physiol 1987; 63: 1877-83.

Das KC, Misra HP. Amelioration of postischemic reperfu-
sion injury by antiarrhythmic drugs in isolated perfused rat
lung. Environ Health Perspect 1994; 102 (Suppl. 10): 117-21.
Nishina K, Mikawa K, Maekawa N, Takao Y, Obara H. Does
early posttreatment with lidocaine attenuate endotoxin-
induced acute lung injury in rabbits? Anesthesiology 1995;
83: 169-77.

Nishina K, Mikawa K, Takao Y, Shiga M, Maekawa N,
Obara H. Intravenous lidocaine attenuates acute lung
injury induced by hydrochloric acid aspiration in rabbits.
Anesthesiology 1998; 88: 1300-9.

Kiyonari Y, Nishina K, Mikawa K, Maekawa N, Obara H.
Lidocaine attenuates acute lung injury induced by a com-
bination of phospholipase A2 and trypsin. Crit Care Med
2000; 28: 484-9.

Azoulay E, Herigault S, Levame M et al. Effect of granulo-
cyte colony-stimulating factor on bleomycin-induced acute
lung injury and pulmonary fibrosis. Crit Care Med 2003; 31:
1442-8.

Das KC, Misra HP. Prevention of reperfusion lung injury by
lidocaine in isolated rat lung ventilated with higher oxygen
levels. | Postgrad Med 2003; 49: 17-20.

Huang TK, Uyehara CF, Balaraman V et al. Surfactant lavage
with lidocaine improves pulmonary function in piglets after
HCl-induced acute lung injury. Lung 2004; 182: 15-25.
Fletcher JR, Ramwell PW. E. coli endotoxin shock in the
dog; treatment with lidocaine or indomethacin. Br |
Pharmacol 1978; 64: 185-91.

280

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Fletcher JR, Ramwell PW. Lidocaine or indomethacin
improves survival in baboon endotoxin shock. | Surg Res
1978; 24: 154-60.

Fletcher JR, Ramwell PW. E. coli endotoxin shock in the
baboon; treatment with lidocaine or indomethacin. Adv
Prostaglandin Thromboxane Res 1978; 3: 183-92.

Fletcher JR, Casey LC, Ramwell PC. The protective effect of
lidocaine on arachidonate metabolism in septic shock. Prog
Lipid Res 1981; 20: 869-73.

Kodama S, Mikawa K, Nishina K, Maekawa N, Kagawa T,
Obara H. Lidocaine attenuates sepsis-induced diaphragmatic
dysfunction in hamsters. Crit Care Med 2000; 28: 2475-9.
Short BL, Gardiner M, Walker RI, Jones SR, Fletcher JR.
Indomethacin improves survival in gram-negative sepsis.
Adv Shock Res 1981; 6: 27-36.

Fettman M]J, Chandrasena LG, Hand MS et al. Lidocaine
therapy in awake endotoxemic Yucatan minipigs. I
Metabolic parameters and glucose biokinetics. Circ Shock
1984; 13: 193-209.

Fettman M]J, Hand MS, Chandrasena LG et al. Lidocaine
therapy in awake endotoxemic Yucatan minipigs. IL
Hepatosplanchnic metabolism. Circ Shock 1984; 13: 211-26.
Hardie EM, Rawlings CA, Shotts EB Jr, Waltman DW,
Rakich PM. Lidocaine treatment of dogs with Escherichia
coli septicemia. Am | Vet Res 1988; 49: 77-81.

Faria DB, Cheung WM, Ribeiro LG, Maroko PR. Effects of
lidocaine and droxicainide on myocardial necrosis: a com-
parative study. ] Am Coll Cardiol 1983; 1: 1447-52.
Boudoulas H, Karayannacos PE, Lewis RP, Kakos GS,
Kilman JW, Vasko JS. Potential effect of lidocaine on
ischemic myocardial injury: experimental and clinical
observations. | Surg Res 1978; 24: 469-76.

Tosaki A, Balint S, Szekeres L. Protective effect of lidocaine
against ischemia and reperfusion-induced arrhythmias and
shifts of myocardial sodium, potassium, and calcium con-
tent. | Cardiovasc Pharmacol 1988; 12: 621-8.

Lesnefsky EJ, VanBenthuysen KM, McMurtry IE Shikes RH,
Johnston RB Jr, Horwitz LD. Lidocaine reduces canine
infarct size and decreases release of a lipid peroxidation
product. | Cardiovasc Pharmacol 1989; 13: 895-901.

Nasser FN, Walls JT, Edwards WD, Harrison CE ]Jr.
Lidocaine-induced reduction in size of experimental myo-
cardial infarction. Am | Cardiol 1980; 46: 967-75.

Schaub RG, Stewart G, Strong M, Ruotolo R, Lemoie G.
Reduction of ischemic myocardial damage in the dog by
lidocaine infusion. Am | Pathol 1977; 87: 399-414.
Homeister JW, Hoff PT, Fletcher DD, Lucchesi BR.
Combined adenosine and lidocaine administration limits
myocardial reperfusion injury. Circulation 1990; 82: 595-608.
Lee R, Nitta T, Schmid RA, Schuessler RB, Harris KM, Gay
WA Jr. Retrograde infusion of lidocaine or 1-arginine before
reperfusion reduces myocardial infarct size. Ann Thorac
Surg 1998; 65: 1353-9.

Asano G, Takashi E, Ishiwata T et al. Pathogenesis and
protection of ischemia and reperfusion injury in myocar-
dium. ] Nippon Med Sch 2003; 70: 384-92.

Budde JM, Morris CD, Velez DA et al. Reduction of infarct
size and preservation of endothelial function by multidose
intravenous adenosine during extended reperfusion. | Surg
Res 2004; 116: 104-15.

Jonnesco T. Remarks on general spinal analgesia. Br Med |
1909; 2: 1396-401.

Batai I, Kerenyi M, Tekeres M. The impact of drugs used in
anaesthesia on bacteria. Eur | Anaesthesiol 1999; 16: 425-40.
Murphy JT, Allen HF Mangiaracine AB. Preparation,
sterilization, and preservation of ophtalmic solutions.



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Experimental studies and a practical method. Arch Ophthal
1955; 53: 63-78.

Kleinfeld J, Ellis PP. Effects of topical anesthetics on growth
of microorganisms. Arch Ophthalmol 1966; 76: 712-5.

Oguz H, Oguz E, Karadede S, Aslan G. The antibacterial
effect of topical anesthetic proparacaine on conjunctival
flora. Int Ophthalmol 1999; 23: 117-20.

Mullin GS, Rubinfeld RS. The antibacterial activity of topi-
cal anesthetics. Cornea 1997; 16: 662-5.

Labetoulle M, Frau E, Offret H, Nordmann P, Naas T. Non-
preserved 1% lidocaine solution has less antibacterial prop-
erties than currently available anaesthetic eye-drops. Curr
Eye Res 2002; 25: 91-7.

Erlich H. Bacteriologic studies and effects of anesthetic
solutions on brochial secretions during bronchoscopy. Am
Rev Respir Dis 1961; 84: 414-21.

Conte EA, Laforet EG. The role of the topical anesthetic
agent in modifying bacteriologic data obtained by brocho-
scopy. N Engl | Med 1962; 267: 957-9.

Bartlett JG, Alexander ], Mayhew J, Sullivan SN, Gorbach SL.
Should fiberoptic bronchoscopy aspirates be cultured? Am
Rev Respir Dis 1976; 114: 73-8.

Ravin CE, Latimer JM, Matsen JM. In vitro effects of lido-
caine on anaerobic respiratory pathogens and strains of
Hemophilus influenzae. Chest 1977; 72: 439-41.

Neuweiler ], Ragaz A, Keller R. (Problems of bacteriological
diagnosis of lower respiratory infections using fiber-
bronchoscopic aspiration of secretions). Schweiz Med
Wochenschr 1984; 114: 907-9.

Kvale PA, Johnson MC, Wroblewski DA. Diagnosis of
tuberculosis: routine cultures of bronchial washings are
not indicated. Chest 1979; 76: 140-2.

Rosenberg PH, Renkonen OV. Antimicrobial activity of
bupivacaine and morphine. Anesthesiology 1985; 62: 178-9.
Dantas PE, Uesugui E, Nishiwaki-Dantas MC, Mimica LJ.
Antibacterial activity of anesthetic solutions and pre-
servatives: an in vitro comparative study. Cornea 2000; 19:
353-4.

Schmidt RM, Rosenkranz HS. Antimicrobial activity of
local anesthetics: lidocaine and procaine. | Infect Dis 1970;
121: 597-607.

Taki Y, Seki K, Ikigai H et al. Effect of temperature on
antibacterial activity of lidocaine to Staphylococcus aureus
and Pseudomonas aeruginosa. Microbiol Immunol 1988; 32:
429-34.

Stratford AF, Zoutman DE, Davidson JS. Effect of lidocaine
and epinephrine on Staphylococcus aureus in a guinea pig
model of surgical wound infection. Plast Reconstr Surg 2002;
110: 1275-9.

Badenoch PR, Coster DJ. Antimicrobial activity of topical
anaesthetic preparations. Br | Ophthalmol 1982; 66: 364-7.
Sakuragi T, Ishino H, Dan K. Bactericidal activity of
clinically used local anesthetics on Staphylococcus aureus.
Reg Anesth 1996; 21: 239-42.

Sakuragi T, Ishino H, Dan K. Bactericidal activity of
preservative-free bupivacaine on microorganisms in the
human skin flora. Acta Anaesthesiol Scand 1998; 42: 1096-9.
Weinstein MP, Maderazo E, Tilton R, Maggini G,
Quintiliani R. Further observations on the antimicrobial
effects of local anesthetic agents. Curr Ther Res Clin Exp
1975; 17: 369-74.

Wimberley N, Willey S, Sullivan N, Bartlett ]G.
Antibacterial properties of lidocaine. Chest 1979; 76: 37-40.
Osborn MEF, Johnson AP. Effect of various analgesics and
lubricants on isolation of Chlamydia trachomatis and
Neisseria gonorrhoeae. | Clin Microbiol 1982; 15: 522-4.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Local anesthetics and inflammation

Miller MA, Shelley WB. Antibacterial properties of lido-
caine on bacteria isolated from dermal lesions. Arch
Dermatol 1985; 121: 1157-9.

Silva MT, Sousa JC, Polonia JJ, Macedo PM. Effects of
local anesthetics on bacterial cells. | Bacteriol 1979; 137:
461-8.

Abdelaziz AA, El-Nakeeb MA. Sporicidal activity of local
anaesthetics and their binary combinations with preserva-
tives. | Clin Pharm Ther 1988; 13: 249-56.

Czinn SJ, Carr HS, Speck WT. Effects of topical anesthetic
agents on Campylobacter pylori. | Pediatr Gastroenterol Nutr
1989; 9: 46-8.

Sakuragi T, Ishino H, Dan K. Bactericidal activity of 0.5%
bupivacaine with preservatives on microorganisms in the
human skin flora. Reg Anesth 1997; 22: 178-84.

Ozer Z, Ozturk C, Altunkan AA, Cinel I, Oral U. Inhibition
of bacterial growth by lignocaine in propofol emulsion.
Anaesth Intensive Care 2002; 30: 179-82.

Noda H, Saionji K, Miyazaki T. (Antibacterial activity of
local anesthetics). Masui 1990; 39: 994-1001.

Aldous WK, Jensen R, Sieck BM. Cocaine and lidocaine
with phenylephrine as topical anesthetics: antimicrobial
activity against common nasal pathogens. Ear Nose Throat
J 1998; 77: 554-7.

Feldman JM, Chapin-Robertson K, Turner J. Do agents used
for epidural analgesia have antimicrobial properties? Reg
Anesth 1994; 19: 43-7.

Pere P, Lindgren L, Vaara M. Poor antibacterial effect of
ropivacaine: comparison with bupivacaine. Anesthesiology
1999; 91: 884-6.

Aydin ON, Eyigor M, Aydin N. Antimicrobial activity of
ropivacaine and other local anaesthetics. Eur | Anaesthesiol
2001; 18: 687-94.

Batai I, Kerenyi M, Falvai J, Szabo G. Bacterial growth in
ropivacaine hydrochloride. Anesth Analg 2002; 94: 729-31.
Eldor J. Local anaesthetic antibacterial activity. Anaesthesia
2003; 58: 926-8.

Reynolds F. In response to Local anaesthetic antibacterial
activity. Eldor J. Anaesthesia 2003; 58: 926-8.

Baker CC, Yamada AH, Faist E, Kupper TS. Interleukin-1
and T cell function following injury. | Burn Care Rehabil
1987; 8: 503-8.

Hodson M, Gajraj R, Scott NB. A comparison of the anti-
bacterial activity of levobupivacaine vs. bupivacaine: an in
vitro study with bacteria implicated in epidural infection.
Anaesthesia 1999; 54: 699-702.

Fazly Bazaz BS, Salt WG. Local anaestetics as antimicrobial
agents: Structure-action considerations. Microbios 1983; 37:
45-64.

Raina JL. Local anesthetics block transient expression of
inducible functions for transformation in Streptococcus
sanguis. | Bacteriol 1983; 156: 450-4.

Burke PV, Kanki R, Wang HH. Effect of positively charged
local anesthetics on a membrane-bound phosphatase in
Acholeplasma laidlawii. Biochem Pharmacol 1985; 34: 1917-24.
Tanji K, Ohta Y, Kawato S, Mizushima T, Natori S, Sekimizu
K. Decrease by psychotropic drugs and local anaesthetics of
membrane fluidity measured by fluorescence anisotropy in
Escherichia coli. | Pharm Pharmacol 1992; 44: 1036-7.
Collura V, Letellier L. Mechanism of penetration and of
action of local anesthetics in Escherichia coli cells. Biochim
Biophys Acta 1990; 1027: 238-44.

Agarwal N, Kalra VK. Studies on the mechanism of
action of local anesthetics on proton translocating
ATPase from Mycobacterium phlei. Biochim Biophys Acta
1984; 764: 316-23.

281



J. Cassuto et al.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

282

Rampersaud A, Inouye M. Procaine, a local anesthetic,
signals through the EnvZ receptor to change the DNA
binding affinity of the transcriptional activator protein
OmpR. | Bacteriol 1991; 173: 6882-8.

Labedan B. Increase in permeability of Escherichia coli
outer membrane by local anesthetics and penetration of
antibiotics. Antimicrob Agents Chemother 1988; 32: 153-5.
Poste G, Reeve P. Inhibition of virus-induced cell fusion by
local anaesthetics and phenothiazine tranquilizers. | General
Virol 1972; 16: 21-8.

Oda T, Akaike T, Hamamoto T, Suzuki F, Hirano T, Maeda
H. Oxygen radicals in influenza-induced pathogenesis and
treatment with pyran polymer-conjugated SOD. Science
1989; 244: 974-6.

Kutchai H, Geddis LM. Inhibition of the Na,K-ATPase of
canine renal medulla by several local anesthetics. Pharmacol
Res 2001; 43: 399-403.

Miller DK, Lenard J. Antihistaminics, local anesthetics, and
other amines as antiviral agents. Proc Natl Acad Sci USA
1981; 78: 3605-9.

Cassuto ]. Topical local anaesthetics and herpes simplex.
Lancet 1989; 1: 100-1.

Yanagi K, Harada S. Destabilization of herpes simplex virus
type 1 virions by local anesthetics, alkaline pH, and calcium
depletion. Arch Virol 1989; 108: 151-9.

De Amici D, Ramaioli F, Ceriana P, Percivalle E. Antiviral
activity of local anaesthetic agents. | Antimicrob Chemother
1996; 37: 635.

Pina-Vaz C, Rodrigues AG, Sansonetty F, Martinez-De-
Oliveira ], Fonseca AF, Mardh PA. Antifungal activity of
local anesthetics against Candida species. Infect Dis Obstet
Gynecol 2000; 8: 124-37.

Rodrigues AA, Pina-Vaz C, Mardh PA, et al. Inhibition of
germ tube formation by Candida albicans by local anes-
thetics: an effect related to ionic channel blockade. Curr
Microbiol 2000; 40: 145-8.

Scholz A. Mechanisms of (local) anaesthetics on voltage-
gated sodium and other ion channels. Br | Anaesth 2002; 89:
52-61.

Seeman P. The membrane actions of anesthetics and tran-
quilizers. Pharmacol Rev 1972; 24: 583-655.

Kopeikina LT, Kamper EF, Siafaka I, Stavridis J. Modulation
of synaptosomal plasma membrane-bound enzyme
activity through the perturbation of plasma membrane
lipid structure by bupivacaine. Anesth Analg 1997; 85:
1337-43.

Suwalsky M, Schneider C, Villena F et al. Structural effects
of the local anesthetic bupivacaine hydrochloride on the
human erythrocyte membrane and molecular models.
Blood Cells Mol Dis 2002; 29: 14-23.

Takara D, Sanchez GA, Alonso GL. Effect of carticaine on
the sarcoplasmic reticulum Ca2+-dependent adenosine tri-
phosphatase. Naunyn Schmiedebergs Arch Pharmacol 2000;
362: 497-503.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Leduc C, Gentili ME, Estebe JP, Le Corre P, Moulinoux JP,
Ecoffey C. The effect of local anesthetics and amitriptyline
on peroxidation in vivo in an inflammatory rat model:
preliminary reports. Anesth Analg 2002; 95: 992-6.
Hillingso JG, Kjeldsen J, Schmidt PT et al. Effects of topical
ropivacaine on eicosanoids and neurotransmitters in the
rectum of patients with distal ulcerative colitis. Scand |
Gastroenterol 2002; 37: 325-9.

Sinclair R, Cassuto J, Hogstrom S et al. Topical anesthesia
with lidocaine aerosol in the control of postoperative pain.
Anesthesiology 1988; 68: 895-901.

Sinclair R. Topical wound anesthesia for postoperative pain
relief. PhD Thesis, Institution of Anesthesia, Gd&teborg
University, 1996.

Madhuchandra SP, Bhat MP, Ramesh KV. Wound healing
profile of topical xylocaine preparations in rodents. Indian |
Exp Biol 1991; 29: 877-8.

Missavage A, Gunther R. Healing of porcine wounds with
topical lidocaine cream. Proc Am Burn Assoc 1990; 22: 172.
Ajibona OO, Kehinde EO. Interstitial cystitis: a review of
current concepts of aetiology, diagnosis and therapy. Scand
J Urol Nephrol 2003; 37: 253-8.

Asklin B, Cassuto J. Intravesical lidocaine in severe interstitial
cystitis. Case report. Scand | Urol Nephrol 1989; 23: 311-2.
Bjorck S, Dahlstrom A, Ahlman H. Topical treatment of
ulcerative proctitis with lidocaine. Scand | Gastroenterol
1989; 24: 1061-72.

Bjorck S, Dahlstrom A, Johansson L, Ahlman H. Treatment
of the mucosa with local anaesthetics in ulcerative colitis.
Agents Actions 1992; Spec No: C60-72.

Arlander E, Ost A, Stahlberg D, Lofberg R. Ropivacaine gel
in active distal ulcerative colitis and proctitis - a pharma-
cokinetic and exploratory clinical study. Aliment Pharmacol
Ther 1996; 10: 73-81.

Jonsson A, Brofeldt BT, Nellgard P, Tarnow P, Cassuto J.
Local anesthetics improve dermal perfusion after burn
injury. | Burn Care Rehabil 1998; 19: 50-6.

Mattsson U, Cassuto ], Jontell M, Jonsson A, Sinclair R,
Tarnow P. Digital image analysis of erythema development
after experimental thermal injury to human skin: effect of
postburn topical local anesthetics (EMLA). Anesth Analg
1999; 88: 1131-6.

Mattsson U, Cassuto J, Tarnow P, Jonsson A, Jontell M.
Intravenous lidocaine infusion in the treatment of experi-
mental human skin burns - digital colour image analysis of
erythema development. Burns 2000; 26: 710-5.

Address:

Jean Cassuto

Department of Anesthesia and Intensive Care
Sahlgrenska University Hospital

S-431 80 Mélndal

Sweden

e-mail: jean.cassuto@aniv.gu.se



