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Local Anesthetics and the Inflammatory Response

A New Therapeutic Indication?
Markus W. Hollmann, M.D,* and Marcel E. Durieux, M.D., Ph.D.†

LOCAL anesthetics (LA) are known for their ability to
block Na1 channels. However, they have significant ef-
fects in several settings other than local and regional
anesthesia or antiarrhythmic treatment, the areas in
which they are used traditionally. These effects result
from LAs interacting with other cellular systems as well.
Interestingly, some of these effects occur at concentra-
tions much lower than those required for Na1 channel
blockade. For example, whereas the half-maximal inhib-
itory concentration (IC50) of lidocaine at the neuronal
Na1 channel is approximately 50–100 mM (depending
on the specific channel subtype and study preparation),1

the compound inhibits signaling through m1 muscarinic
receptors (expressed recombinantly in Xenopus laevis
oocytes) with an IC50 of 20 nM, that is, 1,000- to 5,000-
fold lower.2 This sensitivity of other targets has two
important consequences. First, we assume that LAs, at

concentrations that result in significant Na1 channel
blockade, also affect a number of other systems. Second,
relatively low LA concentrations (such as attained in
blood during epidural anesthesia or analgesia or during
intravenous LA infusion) that block neuronal Na1 chan-
nels to a limited extent only still can have significant
pharmacologic effects. We suggest that some of these
“alternative actions” may be beneficial in the clinical
setting, and others may be responsible for some adverse
effects of LAs. Although Butterworth and Strichartz3 a
decade ago urged investigation of such actions and their
mechanisms, much remains to be discovered. To dem-
onstrate the variety of LA effects, table 1 provides an
overview of various LA actions reported in the literature.

This review focuses on an area in which alternative
actions of LAs show much promise for clinical applica-
tion: their effects on the inflammatory response and
especially on inflammatory cells (mainly polymorphonu-
clear granulocytes [PMNs] but also macrophages and
monocytes). PMNs do not express Na channels,4 and LA
effects on these cells therefore are not caused by Na
channel blockade. LA effects on these cells are not af-
fected by Na channel blockers such as tetrodotoxin or
veratridine.5 Overactive inflammatory responses that de-
stroy rather than protect are critical in the development
of a number of perioperative disease states, such as
postoperative pain,6–8 adult respiratory distress syn-
drome (ARDS),9–11 systemic inflammatory response syn-
drome, and multiorgan failure.12–15 Perioperative modu-
lation of such responses is therefore relevant to the
practice of anesthesiology, and LAs may play significant
roles in this regard.

Inflammatory Response

In general terms, inflammation can be described as a
reaction of the host against injurious events such as
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Table 1. Overview of Reported Local Anesthetic Effects

Antinociceptive Effects
Blockade of neuronal sodium channels3

Blockade of potassium currents (KA)134

Blockade of presynaptic muscarinic receptors135

Blockade of dopamine receptors136

Antiarrhythmic Effects
Blockade of cardiac sodium channels137

Wound-healing Effects
Retardation by reduction of mucopolysaccharide–collagen synthesis;138 proposed mechanisms: changes in cell membrane stability,

Na1 conductance, intracellular Ca21 movement139

No substantial effect (no differences in breaking strength)140

Reduction in recruitment and metabolic response of PMN, without affecting viability141

Antithrombotic Effects
Clinical Studies

Reduction of deep venous thrombosis142,143

Reduction in platelet aggregation144

Reduction in MA of TEG145

Animal Studies
Inhibition of thrombus formation in hamsters146

Antithrombotic activity in canine model147

In Vitro Studies
Inhibition of platelet aggregation via blockade of Ca21 influx or mobilization of intracellular Ca21 stores148

Prolongation of ACT, modification of TEG parameters149

Contradictions: concentrations required are greater than clinically used150–152

Effects on CNS Function
Inhibition of postsynaptic nicotinic ACh receptor in spinal cord153–155

Inhibition of presynaptic Ca21 channels in spinal cord156,157

Increase of synaptic dopamine concentrations158

Enhancement of GABAergic neurotransmission159,160

Inhibition opiate receptor161

Inhibition a-adrenoceptor162

Inhibition cholinergic muscarinic receptors163

Inhibition substance P binding to NK-1 receptor164

LA and Brain Injury
In Vitro Studies

Inhibition of hypoxia-induced increases in [Ca21]i;
165,166 proposed mechanism: inhibition of IP3 receptor–mediated Ca21 release165

Inhibition of ryanodine-mediated Ca21 release166

Depression of synaptic function167

In Vivo Studies
Prolongation of the onset of anoxic depolarization and suppression of its amplitude;165,166 proposed mechanism: inhibition of release

of EAA by blockade of Na1 channels168

Reduction of cortical hypoperfusion and posttraumatic motor deficits (pretreatment,169 posttraumatic administration170); proposed
mechanism: oxygen radical scavenging action171

Depression of cerebral oxygen and glucose consumption172

LA and Bronchial Hyperreactivity
Animal Model

Prevention of histamine, not ACh-induced bronchoconstriction173

In Humans
Blockade of reflex-induced airway hyperresponsiveness in subjects with asthma174,175

Attenuation of the hyperreactive response to inhalated ACh;176 proposed mechanism: attenuation of nerve conduction and reflex
arches, block of neurally mediated reflex bronchoconstriction via the vagus nerve

Treatment of Intractable Hiccups177,178

Proposed mechanism: anesthesia of sensory or irritated afferents
Tinnitus Remission179

PMN 5 polymorphonuclear granulocytes; MA 5 maximum amplitude; TEG 5 thrombelastography; ACT 5 activated clotting time; CNS 5 central nervous system;
ACh 5 acetylcholine; GABAergic 5 g-aminobutyric acid–mediated; LA 5 local anesthetics; EAA 5 excitatory amino acids.
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tissue trauma or presence of pathogens. Release of vaso-
active mediators from tissue mast cells (histamine, leu-
kotrienes), as well as from platelets and plasma compo-
nents (bradykinin), causes vasodilation and increased
vascular permeability, leading to the classic inflamma-
tory signs of redness (rubor) and heat (calor). The re-
sulting edema causes swelling (tumor), and interactions
of inflammatory mediators with the sensory systems in-
duce pain (dolor). Significant local inflammation causes
a systemic response, termed the acute phase reaction.
This response is manifested by increases in acute phase
proteins (C-reactive protein, complement factor C3, fi-
brinogen, and serum albumin), followed by activation of
several systems of mediators (kinin system, complement
system, lipid mediators, and cytokines). Cytokines, in
particular, are important for regulation of the inflamma-
tory response. The local release of cytokines (interleu-
kin-1 [IL-1], IL-8, tumor necrosis factor [TNF]) coordi-
nates the inflammatory response at the site of injury and
induces neutrophil chemotaxis to the site of inflamma-
tion. Some cytokines (IL-1, IL-6, TNF) released from
inflammatory sites mediate the systemic response. They
induce fever and the acute phase reaction, mobilize
neutrophils from the bone marrow, and promote lym-
phocyte proliferation.

The inflammatory response induces cells (primarily
PMNs and monocytes) to migrate into the affected area,
in which they destroy pathogens, largely by phagocytosis.
This process can be divided into several stages (fig. 1):

1. PMNs sense chemoattractants derived from bacteria,
complement activation, and cytokine production at
the site of infection.

2. PMNs roll onto and attach to endothelial cells (mar-
gination and adhesion). Adhesion is mediated by his-
tamine, complement factors C5a and C3a, IL-1 and
IL-8, and TNF and platelet-activating factor.

3. PMNs squeeze through gaps between adjacent endo-
thelial cells (diapedesis).

4. PMNs migrate up the chemoattractant gradient to the
pathogen (chemotaxis). C5a, C3a, IL-8, and leukotri-
ene B4 (LTB4) and other cytokines are involved in
chemotaxis.

5. Pathogens are opsonized (coated with specific serum
proteins, such as complement fragments, immuno-
globulins, or acute phase proteins) and PMNs are
primed (switched to an activated state with increased
surface expression of plasma membrane receptors
and enhanced nicotinamide adenine dinucleotide
phosphate [NADPH]-oxidase activity).

6. PMNs generate reactive oxygen metabolites (O2
2,

H2O2, OH, and particularly HOCl) using NADPH-oxi-
dase or myeloperoxidase enzyme complexes. In-
creased oxygen uptake (independent from mitochon-
drial respiration) is required for generation of free
radicals and is referred to as respiratory burst.

7. PMNs deliver free radicals to the pathogen. Pathogens
are killed by phagocytosis (by PMNs and mononu-
clear phagocytes) and—in PMNs—by delivery of high
concentrations of reactive oxygen metabolites into
the phagosome.

8. This inflammatory response can be enhanced further
by PMN products.

The inflammatory response is essential for structural
and functional repair of injured tissue. It is, however, a
double-edged sword. Excessive generation of proinflam-
matory signals, as occurs in several disease states, can
aggravate tissue damage because of products derived
from inflammatory cells. This suggests that modulation
of the inflammatory response (e.g., by LAs) might pre-
vent such tissue damage.

Effects of LAs on Inflammatory Processes

This section describes some actions of LAs on inflam-
matory processes. We focus on three specific disease
states relevant to anesthesiologists: inflammatory lung
injury, increased microvascular permeability, and myo-
cardial ischemia–reperfusion injury. In addition, we dis-
cuss briefly the use of LAs to treat inflammatory bowel
disease, an area of active clinical investigation. Finally,
we refer to an issue of considerable importance: the
possibility that LAs, because of their antiinflammatory
properties, might increase the risk of infection in certain
settings.

High LA concentrations have been used in some stud-
ies, and, in order to judge the clinical relevance of the
various reports, it is important to consider the concen-
trations of LAs used in clinical practice. These con-
centrations differ widely, depending on the method of
application. In order to achieve systemic effects after
intravenous administration of LAs, plasma levels in
the low micromolar range are required (for lido-
caine, approximately 0.5–5.0 mg/ml, corresponding to
2–20 mM);16 For example, intravenous administration of
lidocaine at 2–4 mg/min leads to plasma concentrations
of 1–3 mg/ml (4–12 mM) after 150 min.17 After 15 min a
2 mg/kg intravenous bolus of lidocaine results in peak
plasma levels of 1.5–1.9 mg/ml (6–8 mM).18 Similar
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plasma concentrations are obtained after epidural admin-
istration19 or topical application of LAs (1 mg/cm2) in
partial-thickness burns20; LAs applied topically on intact
skin are likely to achieve substantially lower plasma
concentrations. Plasma concentrations of lidocaine
above 10 mg/ml tend to produce adverse effects.21 In
contrast, after local application or tissue infiltration of
these drugs, LA tissue concentrations are typically in the
millimolar range. Similar concentrations are present
around the spinal nerves after epidural or spinal admin-
istration of LAs.22 LA concentrations at specific sites vary
widely, depending on the method of administration. In
vivo, LAs are largely protein-bound, lowering the concen-
trations available for interactions with signaling systems.

Most studies have used lidocaine as a prototypical
compound. Although other LAs appear to exhibit largely
similar actions, there is clearly a lack of comparative
studies with LAs from various classes, and very few
structure–function studies have been performed. Data
obtained with lidocaine cannot necessarily be extrapo-
lated to other LAs.

Effects of LAs on Lung Injury
Polymorphonuclear granulocytes, macrophages, and

cytokines play crucial roles in the pathogenesis of in-
flammatory lung injury. Cytokines increase the expres-
sion of adhesion molecules, thereby increasing margin-
ation of PMN accumulated in the lung. The attachment
of PMN affects endothelial cells and microvascular per-
meability.

Nishina et al.23 reported that pre- or early posttreat-
ment with lidocaine (bolus 2 mg/kg 1 2 mg z kg21 z h21

continuous infusion, yielding plasma concentrations of
1.2–2.5 mg/ml [5–10 mM]) attenuates the late phase of
acid installation–induced lung injury in rabbits. Lido-
caine decreased PMN accumulation in the lung. Super-
oxide anion production by PMNs obtained from the
pulmonary artery was inhibited, indicating reduced free
radical generation. In turn, this would reduce endothe-
lial damage and therefore might decrease pulmonary
edema. The HCl-induced increase in pulmonary wet:dry
ratio and albumin extravasation was attenuated in lido-
caine-treated rabbits, and cytokine levels in bronchoal-
veolar fluid decreased. (Fluid used for bronchoalveolar
lavage routinely contains high concentrations of LA in
clinical24 and animal experiments.25 These concentra-
tions of LA have been shown to affect the behavior of
alveolar macrophages significantly.26) The decrease in
cytokines was more likely a result from attenuation of
the inflammatory response, rather than direct suppres-

sion of cytokine production by macrophages or alveolar
epi- and endothelium. Plasma levels of IL-6 and IL-8, and
IL-6 concentrations in bronchoalveolar fluid, were less in
lidocaine-treated animals. The antiinflammatory effects
of lidocaine improved lung function after tracheal HCl
installation, indicated by improved partial pressure of
oxygen and attenuation of both decreased compliance
and increased resistance. The protective effects ob-
served were likely a result of inhibition of sequestration
and activation of PMNs.23

Interactions of PMNs with endothelial cells also may be
important in the pathogenesis of organ dysfunction in-
duced by endotoxin. Increased margination of activated
PMN in response to an inflammatory stimulus contrib-
utes to endothelial damage. Because LAs interfere with
the initial steps of inflammation in vitro, a protective
effect of these drugs in endotoxin-induced lung injury
might be expected. Schmidt et al.27 reported that, in a
rat model of sepsis, pretreatment with lidocaine (plasma
concentration 1.4–2.5 mg/ml [6–10 mM]) attenuated en-
dotoxin-induced increases in PMN adherence, PMN ac-
tivation and migration to the inflammatory site, and PMN
metabolic function, as assessed by an inhibition of free
radical production. The protective action of lidocaine
was not a result of differences in venular wall shear rate.
Instead, inhibition of PMN adherence to endothelial
cells, PMN function, and suppression of histamine re-
lease by lidocaine may explain the observed decrease of
microvascular permeability in lidocaine-pretreated rats.
Similar results were obtained by Mikawa et al.,28 who
showed that pretreatment with lidocaine (single dose of
2 mg/kg intravenously followed by continuous infusion
of 2 mg z kg21 z h21) significantly attenuates endotoxin-
induced lung injury in rabbits, by attenuating the accu-
mulation and the O2

2 production of PMNs.
The mechanisms underlying ARDS induced by long-

term exposure to high oxygen concentrations remain
unclear. An inflammatory mechanism, including PMN
activation and sequestration in the lung, may be pivotal
in the pathogenesis of this syndrome. This hypothesis is
confirmed by the fact that antioxidants protect the lung
in such situations. Considering the effects of LAs on
inflammatory cells, it would be expected that their anti-
inflammatory properties help prevent hyperoxic lung
injury. Takao et al.29 demonstrated a protective effect of
LAs on inflammatory responses and pulmonary function
in a rabbit model of hyperoxia-induced lung injury. Li-
docaine infusion to systemically relevant plasma con-
centrations (1.4–2.5 mg/ml [6–10 mM]) decreased chemo-
tactic factors (C3a, C5a, TNF-a, IL-1b) in bronchoalveolar
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lavage fluid and resulted in less PMN accumulation than
in saline-infused rabbits. PMN from lidocaine-treated rab-
bits showed a marked reduction in chemiluminescence,
indicating reduced free radical release and therefore less
likelihood of endothelial damage. The treated animals
developed less lung edema, as demonstrated by a de-
crease in albumin extravasation and improved wet:dry
ratio of the lung. Lidocaine infusion was associated with
fewer histopathologic changes of lung damage.

LAs have been shown to be protective in various ani-
mal models of ARDS, and the underlying mechanism
appears to be their antiinflammatory action.

Effects of LAs on Microvascular Permeability
Increased microvascular permeability is common in

many inflammatory diseases. Examples relevant to anes-
thesiologists include ARDS, sepsis, burns, and peritoni-
tis. Various studies have shown protective effects of LAs
on this process.

In an in vivo model of ligature-induced obstructive ileus
in rats, lidocaine, administered intravenously (2 mg/kg) or
sprayed directly onto the serosa, suppressed the inflam-
matory reaction, as indicated by marked inhibition of
fluid secretion and albumin extravasation.30 Although
blockade of neurons in the enteric nervous system (es-
pecially the myenteric plexus), with subsequent reduc-
tion in the release of secretory mediators such as vaso-
active intestinal polypeptide, may have contributed to
the antisecretory action of lidocaine, this does not ex-
plain easily why lidocaine pretreatment of the serosa of
the obstructed jejunum reduced the inflammatory reac-
tion in the bowel wall even 18 h later. Lidocaine’s inter-
ference with several steps of the inflammation cascade
may be a more likely explanation for the protective
effect observed in this study.31 Similar results were ob-
tained by Rimbäck et al.30 They studied the effects on
HCl-induced peritonitis of topical pre- and posttreatment
of the peritoneal surface with lidocaine (37 mM) and

Fig. 1. Stages of the inflammatory response: (1) sensing of chemoattractants by polymorphonuclear granulocytes; (2) margination
and adhesion; (3) diapedesis; (4) chemotaxis; (5) opsonization; (6) generation of reactive oxygen metabolites; (7) phagocytosis.
NADPH 5 nicotinamide adenine dinucleotide phosphate.
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bupivacaine (17.5 mM). Both anesthetics significantly
inhibited Evans blue albumin extravasation, a marker of
microvascular permeability. Although both drugs were
titrated to the same nonionized fraction (based on pKa),
lidocaine showed a more potent inhibitory effect.30

Using hamster cheek pouch, Martinsson et al.32 ob-
served reversible inhibition by ropivacaine (100 mM) of
LTB4-induced plasma exudation, indicating that the ef-
fect is not specific to lidocaine.

Thermal injury activates the complement system and
other inflammatory cascades, resulting in progressive
plasma extravasation with subsequent hypoproteinemia
and hypovolemia. Antiinflammatory drugs inhibit burn-
induced albumin extravasation,33,34 suggesting a role for
inflammatory mediators in the pathogenesis of edema.
Therefore investigators were interested in studying
whether the anti-inflammatory properties of LAs could
protect microvascular integrity, without increasing in-
fection rate. Using skin burns in rats, Cassuto et al.35

reported that topical application or systemic administra-
tion of amide LAs, in doses resulting in plasma concen-
trations below toxic level,17,20 significantly inhibited
plasma exudation in rats compared with placebo. This
protective action could be explained by several of the
known effects of LAs. Inhibition of PMN delivery to the
site of inflammation,36 direct suppression of PMN-endo-
thelial adhesiveness,37 reduced generation of toxic oxy-
gen metabolites,38,39 impaired prostaglandin and leuko-
triene production33,40 or increased local prostacyclin
production,41 and reduced PMN stickiness and adher-
ence to injured endothelium all may contribute to the
reduced plasma extravasation. These findings were not
confirmed, however, by Nishina et al.,23 who did not
find that LAs affect leukotrienes and prostacyclin. Inhi-
bition of sensory neurons with resultant decreases in
release of substance P, suggested to be important for
edema development after thermal injury,42 is another
possible explanation. Cassuto et al.35 reported that the
protective effect was lost if the systemically adminis-
tered concentration of lidocaine was increased from 10
to 30 mg z kg21 z min21. A potential explanation for this
unusual concentration-dependency is activation or block
of additional pathways at the higher lidocaine concen-
tration. A similar and possibly related phenomenon is the
concentration-dependent action of LAs on vascular
smooth muscle in vitro and in vivo:43 Low concentra-
tions (for lidocaine 1 mg/ml–1 mg/ml, corresponding to
4 mM–4 mM) induce vasoconstriction; greater concentra-
tions induce vasodilation. It is conceivable that vasocon-

striction would decrease edema formation, and vasodi-
lation would enhance it.

Inhibiting the inflammatory response could increase
the incidence of infection, but Brofeldt et al.20 reported
that 5% lidocaine cream, applied to the skin of patients
with partial-thickness burns in concentrations up to
2.25 mg/cm2, was associated with good pain relief,
plasma concentrations below toxic levels, no infections
or allergic complications, and excellent wound healing.
These studies suggest that benefit may be obtained from
topical treatment with LAs, even in patients with exten-
sive burns.

Effects of LAs on Inflammatory Diseases of the
Gastrointestinal Tract
Inflammatory processes contribute to the develop-

ment of several bowel diseases. Ulcerative colitis and
proctitis are caused by both immunologic and inflamma-
tory stimuli. In a rat colitis model, ropivacaine showed
protective effects,32,44 and clinical studies have shown
that LAs can be effective against the severe mucosal
inflammation of these diseases.45,46 Arlander et al.47 re-
ported that patients with ulcerative colitis treated rec-
tally with ropivacaine 200 mg twice daily (mean peak
plasma concentrations 1.0–1.4 mg/ml [3.6–5.0 mM])
demonstrated decreased inflammation and reduced clin-
ical symptoms after only 2 weeks of treatment. Pertur-
bation of the link between inflammatory and immuno-
competent cells, as well as blockade of hyperreactive
autonomic nerves (which also may play a causative role
in these diseases),48 were suggested as possible explana-
tions for the LA effect. Decreased release of proinflam-
matory lipoxygenase products (LTB4 or 5-hydroxy-eico-
satetraenoic acid), with other potentially cytoprotective
eicosanoids (15-hydroxy-eicosatetraenoic acid and pros-
tacyclin) unaffected, also may contribute to this benefi-
cial effect of ropivacaine.49 Lidocaine failed, however, to
inhibit prostanoid release by human gastric mucosa in
vitro at concentrations less than 250 mg/ml.50

Lidocaine (plasma concentration 5–15 mM) accelerated
the return of bowel function in patients undergoing
radical prostatectomy,51 resulting in a significant short-
ening of hospital stay. LAs (lidocaine 100 mg bolus
intravenously 1 3 mg/min continuous intravenous in-
fusion, or bupivacaine 2 mg/kg intraabdominal installa-
tion) also shortened the duration of postoperative ileus
in patients undergoing major abdominal surgery.52,53

Peritoneal surgery is associated with release of inflam-
matory mediators such as histamine, prostaglandins, and
kinins.52,54 Activation of abdominal reflexes resulting in

863

LOCAL ANESTHETICS AND THE INFLAMMATORY RESPONSE

Anesthesiology, V 93, No 3, Sep 2000

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/93/3/858/400274/0000542-200009000-00038.pdf by guest on 13 M
arch 2024



longlasting inhibition of colonic motility after surgery is
likely to be a result of inflammatory reactions in the area
undergoing surgery. Because LAs affect the release of
inflammatory agents, beneficial effects on bowel func-
tion may result at least in part from lidocaine’s antiin-
flammatory effects. This hypothesis is supported by the
observation that nonsteroidal antiinflammatory drugs are
also effective.55 The antiinflammatory effect of LAs is
prolonged and persists after serum levels have de-
creased.45,56 This might explain lidocaine’s effect on
bowel function 36 h after infusion was discontinued.52

Taken together, these findings show significant prom-
ise for the use of LAs in the treatment of inflammatory
bowel disease, as well as in the attenuation of postoper-
ative ileus.

Effects of LAs on Myocardial Infarction and
Reperfusion Injury
Acute myocardial infarction is not usually considered

an inflammatory disease, but infarction, and particularly
ischemia–reperfusion injury, is accompanied by a signif-
icant cardiac inflammatory response. PMN-endothelial
interactions occurring during myocardial ischemia and
reperfusion are thought to play a crucial role, and PMN-
derived oxygen metabolites are important in myocardial
injury associated with reperfusion of the ischemic
heart.57 Activated PMN can induce structural changes in
the heart through the action of free radicals and arachi-
donic acid metabolites.58 In 1984 Mullane et al.59 re-
ported that drugs that impair PMN function may reduce
infarct size. Recent studies have shown that IL-6 and IL-8
are important regulators of the inflammatory response in
myocardial infarction,60 and C5a is suggested as a key
mediator of tissue injury in this setting.61 Moreover,
expression of PMN and monocyte adhesion molecules
and their ligands increases in the acute phase of myocar-
dial infarction.62 It is not surprising that blockade of
adhesion molecules, reducing PMN accumulation in the
myocardium, exerts significant protective effects on
myocardial ischemia–reperfusion injury in rats.63 Intra-
venous administration of antibodies against CD11b-
CD18 reduced myocardial reperfusion injury in an ani-
mal model.64 Similar findings were observed after
treatment with 17b-estradiol, which decreased TNF-a
levels and reduced intercellular adhesion molecule-1–
mediated binding of PMN to injured myocardium, lead-
ing to less PMN accumulation and subsequent protection
against reperfusion injury.65 Leukotriene synthesis inhib-
itors also provide significant cardioprotection in myocar-
dial ischemia.66 PMN-mediated endothelial reperfusion

injury can be attenuated by PMN depletion during reper-
fusion.67

Experiments in a porcine model of myocardial isch-
emia have shown that lidocaine, either administered
intravenously or perfused in a retrograde manner before
onset of reperfusion, preserved the ischemic myocar-
dium and reduced infarct size after reperfusion.68 Lido-
caine infusions in dogs reduced infarct size, possibly by
inhibiting release of toxic oxygen metabolites.69 In con-
trast, de Lorgeril et al.70 reported that, in their dog
model, lidocaine (plasma concentration 13 mM) reduced
neither infarct size nor myocardial PMN accumulation
significantly. These discrepancies might be caused by
differences between the models, particularly the dura-
tion of occlusion.

Lidocaine is used for antiarrhythmic treatment after
myocardial infarction. It is conceivable that part of the
antiarrhythmic effect in this setting is a result of antiin-
flammatory effects of lidocaine in areas of myocardial
infarction. Although lidocaine administration failed to be
effective in treating reperfusion arrhythmias in several
experimental studies in dogs and pigs,70,71 lidocaine
decreased reperfusion arrhythmias caused by free radi-
cal–induced enhanced automaticity, without effect on
reentry arrhythmias.72

LAs and Increased Risk of Infection
An important aspect of the antiinflammatory proper-

ties of LAs is a possible increase in susceptibility to
infections: LA-mediated depression of the PMN oxidative
metabolic response may decrease the ability to control
bacterial proliferation. Investigations suggest, however,
that the remaining PMN function is sufficient to mini-
mize the risk. Peck et al.38 found that the microbicidal
function of PMNs from patients receiving lidocaine infu-
sions was only slightly decreased. Although Groudine et
al.,51 who showed that lidocaine infusion has beneficial
effects on bowel function in patients undergoing radical
prostatectomy, concluded that lidocaine might be useful
in major abdominal surgery, caution seems warranted in
employing LA infusions (intravenously or epidurally) in
surgical patients with gross bacterial contamination of
body cavities. In a letter responding to the report of
Groudine et al., Drage73 referred to a study by MacGre-
gor et al.,36 in which five of six rats treated with lido-
caine (1.5 mg/kg intravenous bolus 1 0.3 mg z kg21 z
min21) died within 48 h from Staphylococcus aureus
inoculation (3 3 108 colony-forming units intraperitone-
ally), but of six rats that were inoculated with S. aureus
but not treated with lidocaine only a single animal died.
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Powell et al.74 reported increased infection risk if eutec-
tic mixture of local anesthestics cream was applied to
contaminated wounds.

It appears, therefore, that LAs are most likely to be
beneficial in settings of sterile inflammation, in which
the excessive inflammatory response is a major patho-
genic factor. In contrast, LAs might be detrimental in
settings of bacterial contamination, in which an unmiti-
gated inflammatory response is required to eliminate the
microorganisms.

Local anesthetics, in millimolar concentrations, pos-
sess antimicrobial properties in vitro75,76 and in vivo.77

Lidocaine (37 mM) inhibits growth of Escherichia coli
and Streptococcus pneumoniae but has no effect on S.
aureus or Pseudomonas aeruginosa; 2% lidocaine (74
mM) inhibits all of these bacteria.78 Schmidt and Rosen-
kranz,79 utilizing a larger number of bacterial pathogens,
showed similar results, demonstrating inhibition of all
pathogens except S. aureus and P. aeruginosa.

The mechanisms behind this antibacterial action are
unclear.80 Recent investigations suggest that the antimi-
crobial activity seems to be bactericidal rather than bac-
teriostatic.81

Recently, Sakuragi et al.82 showed that preservative-
free bupivacaine (4.4–26.0 mM) possesses temperature-
and concentration-dependent bactericidal activity
against microorganisms in the human skin flora. S. au-
reus was more resistant to bactericidal activity of bupiv-
acaine than were Staphylococcus epidermidis or E. coli.

Such antibacterial actions, however, are obtained only
at high concentrations. Feldman et al.83 observed that
low concentrations of bupivacaine had, at best, limited
antibacterial activity and did not inhibit growth of coag-
ulase-negative staphylococcus. They concluded that LAs
are unlikely to prevent, for example, epidural catheter–
related infections. Only bupivacaine concentrations of
8 mM or higher appeared to have antibacterial proper-
ties. Concentrations of LAs in the epidural environment,
are in the millimolar range. Although, to our knowledge,
no published studies exist, it might be possible that the
antibacterial properties of epidural LAs contribute to
prevention of epidural infections; if so, eliminating
LAs from epidural infusions might result in a higher
infection rate.

High concentrations of LAs also inhibit viruses. Using
an in vitro test (plaque neutralization test in Vero cells)
to study the antiviral action of LAs against herpes sim-
plex virus 1, De Amici et al.84 reported that anesthetics
with intermediate potency such as mepivacaine can in-
hibit viral replication by up to 50%, but only with con-

centrated solutions (more than 1% [35 mM]) and if ap-
plied in combination with epinephrine. Bupivacaine
(15.5 mM) also inhibited, but again, without epinephrine
the effect was reduced markedly. Inhibition was maxi-
mal with 1% (approximately 31-mM) solutions. It is likely
that the inhibitory effect is directed primarily against the
virus itself and not (as with most antiviral drugs) medi-
ated by interference with the mechanisms of cellular
replication. LAs can exert antiviral activity in a concen-
tration-dependent manner. This effect is influenced by
other factors such as osmolarity and presence of epi-
nephrine (possibly a pH effect), especially if a less con-
centrated solution is employed.

Because the antibacterial and antiviral effects of LAs
are observed only at high concentrations, antiinflamma-
tory actions of these compounds at systemic levels in
theory can increase the risk of infection. This has not
been relevant in the in vivo studies reported to date,
except in settings of gross bacterial contamination. One
of the hallmarks of the findings described here is that
these compounds can modulate excessive inflammatory
responses without significant impairment of host de-
fenses. The next section describes the cellular actions
underlying this inflammatory modulation.

Effects of LAs on Inflammatory Cells and
Mediators

Effects on Release of Inflammatory Mediators
Leukotrienes, particularly LTB4, play an important role

in the early phase of inflammation.85 Reduction of leu-
kotriene release is therefore a major option for modulat-
ing inflammation.

Leukotriene B4, formed in inflammatory cells such as
PMNs and monocytes, is a potent stimulator of PMN
activity. It induces margination at endothelial cells, de-
granulation, diapedesis, and superoxide generation and
acts synergistically with prostaglandin E2 to enhance
vascular permeability. It has a high chemotactic potency
for PMNs (i.e., it is a potent leukoattractant) in vitro and
in vivo. Blocking release of this chemotactic mediator
exerts an antiinflammatory action, because PMNs no
longer are recruited to the inflammatory site. LAs block
leukotriene release. In vitro preincubation of human
PMNs or monocytes with different concentrations of
lidocaine or bupivacaine (2–20 mM lidocaine and 0.4–
4.4 mM bupivacaine) inhibit LTB4 release nearly com-
pletely.86 This may explain some of the antiinflammatory
effects of the compounds. Because LTB4, in combination
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with prostaglandin E2, induces edema formation, block-
ade of LTB4 release by LAs may explain in part the
beneficial effects of LAs on edema formation.30

Interleukin-1a is another inflammatory mediator, which,
acting on its receptor on PMNs, stimulates phagocytosis,
respiratory burst, chemotaxis, and degranulation. Reduced
release of cytokines such as IL-1a therefore also would
contribute to an antiinflammatory effect of LAs. In vitro,
amide LAs, such as lidocaine and bupivacaine, dose-depen-
dently (lidocaine 0.2–20.0 mM, bupivacaine 44–4,400 mM)
inhibit IL-1a release in lipopolysaccharide-stimulated hu-
man peripheral blood mononuclear cells.86

Lidocaine also inhibits histamine release from human
peripheral leukocytes, cultured human basophils, and
mast cells in vitro at concentrations in the high micro-
molar range.87 It therefore appears that LAs can inhibit
the release of several critical inflammatory mediators; in
addition to direct effects on PMNs and macrophage func-
tion, this may be one of the main pathways by which
they exert their antiinflammatory effects.

Effects of LAs on PMN Adhesion
Adhesion of PMNs to endothelium, if excessive, may

induce endothelial injury, which is mediated by several
adhesion molecules. One of the most important for firm
adhesion of PMN to endothelium and subsequent trans-
migration (diapedesis) is CD11b-CD18, a member of the
integrin family.88 This receptor is expressed constitu-
tively on the surface of nonactivated PMN, but expres-
sion increases markedly after inflammatory stimulation.
Binding of activated PMN to endothelial cells by CD11b-
CD18 increases intracellular peroxide levels in the endo-
thelial cells, in which reactive oxygen species can have
detrimental effects.89 Monoclonal antibodies against
CD11b-CD18 protect in vitro against endothelial cell
injury.89 In vitro studies have shown a reduction of
TNF-a–induced up-regulation of CD11b-CD18 surface
expression on PMN after ropivacaine or lidocaine treat-
ment. This may contribute to the beneficial in vivo
effects of ropivacaine on ulcerative colitis,32 at tissue
concentrations (100–300 mM) obtained after rectal LA
administration.

Recombinant human granulocyte colony-stimulating
factor (rhG-CSF) participates in PMN-endothelial interac-
tions by stimulating PMN functions and upregulating
expression on PMNs of cellular adhesion molecules,
such as CD11b-CD18. Lidocaine (20 mM), added to PMNs
during incubation with rhG-CSF, abolished the priming
effect of rhG-CSF and inhibited rhG-CSF–stimulated sur-
face expression of CD11b. The effect was concentration-

dependent (4–40 mM), and decreased PMN adherence
in vitro.90 Because increases in intracellular Ca21 concen-
tration play a major role in PMN activation,91 and upregu-
lation of CD11b is also Ca21-dependent,92 in vitro inhibi-
tion by lidocaine (14 mM) of increases in intracellular Ca21

concentration93 may be responsible for this action.
When adhering to surfaces, PMNs flatten out the

rounded cell shape characteristic for circulating cells.
Conversely, rounding of PMNs prevents endothelial ad-
hesion. Low temperature, colchicine, and cyclic adeno-
sine monophosphate prevent PMNs from flattening and
therefore from adhering to surfaces. Rounding is charac-
terized by cell contraction, synthesis of retraction fibrils,
and withdrawal of cell processes. Inhibition of phagocy-
tosis, lysosomal enzyme release, superanion production
and postphagocytic oxygen consumption all are associ-
ated with marked cell rounding and withdrawal of cell
processes.26,94–97 If PMNs are exposed to LAs in vitro
(lidocaine 12 mM or tetracaine 1.5 mM), these morpho-
logic changes also occur, followed by inhibition of ad-
herence and therefore impaired PMN delivery to sites of
inflammation.98 Perfusion with LA-free medium reverses
these effects. Rounding also occurs after Na1 depletion
of or Mg21 and Ca21 addition to the medium. Because
tetrodotoxin does not affect rounding, the LA effect
seems unrelated to Na1 channel inhibition. Rabinovitch
and DeStefano94 reported that macrophages cultured in
vitro and incubated with either lidocaine (12 mM) or
tetracaine (1.5 mM) underwent reversible cell rounding,
associated with cell contraction and withdrawal of cell
processes. In vitro, lidocaine induces a dose-dependent
reduction of granulocyte adherence; significant effects
are obtained with concentrations $ 100 mM. In vivo,
bolus injection of 2.5 mg/kg lidocaine in rabbits caused
a transient decrease in adherence (to 40% of control) 5
min later.36 Adherence recovered 15 min after injection.
Continuous lidocaine infusion (0.3 mg z kg21 z min21)
after bolus injection maintained this inhibitory effect for
the duration of infusion. Similar results were obtained in
humans receiving a 100-mg bolus of lidocaine intrave-
nously for treatment of arrhythmia.36

Peritonitis is accompanied by a profound increase in
PMN adherence and subsequent delivery into the exu-
date. In rabbits, lidocaine (1.5 mg/kg bolus, followed by
0.3 mg z kg21 z min21) markedly inhibited both adher-
ence (to 25% of control) and delivery (to 2% of control),
measured 6 h after induction of peritonitis and initiation
of lidocaine infusion.36 In this experiment, lidocaine
treatment caused a more than 10-fold larger inhibition of
inflammation than did methylprednisolone (2- to 3-kg
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rabbits were given 15-mg doses of the depot form sub-
cutaneously twice at 7-day intervals, and 1–3 days after
the second dose sterile peritonitis was induced). In the
hamster cheek pouch preparation, ropivacaine (100 mM)
markedly inhibits LTB4-induced PMN adhesion in post-
capillary and larger venules. This may be caused by an
effect on PMN rolling or firm adhesion.32 Reduction of
PMN rolling may result in part from alterations in blood
flow and in part from effects on PMN-endothelial inter-
actions.32

Local anesthetics decrease the ability of PMNs to ad-
here to surfaces. As a result, one would anticipate a
significant effect on PMN accumulation at the site of
inflammation.

Effects of LAs on PMN Migration
Migration of PMNs is a key event during the inflamma-

tory response. Lidocaine’s inhibitory effect on PMN mi-
gration has been reported by several investigators, using
both in vitro and in vivo models.99–101 Hammer et al.99

showed in vitro that lidocaine (4–20 mM) concentration-
dependently inhibits human PMN metabolism and ran-
dom mobility, with complete immobilization of PMNs
occurring in the presence of 20 mM. Dickstein et al.102

reported that, in vitro, exposure to 1–100 mM lidocaine
inhibits macrophage migration. Destruction of the func-
tional integrity of cytoskeletal structures,103 interference
with Ca21-dependent cellular processes,104 and interac-
tion with membrane lipids, causing changes in stability
and fluidity of the membrane, may contribute to the
observed effect of the compound.102

Effects of LA on PMN Accumulation
Wound healing requires that a large number of PMNs

migrate to an injured area. Effects of local administration
of LAs on wound healing processes are of special inter-
est, because these drugs often are injected into tissue for
pain relief after surgery. Studies on this topic have,
however, yielded contradictory conclusions. Some in
vivo investigations have demonstrated delayed wound
healing,105 no effects,106 or even improved wound heal-
ing107 after LA infiltration.

Eriksson et al.101 investigated the effects of lidocaine
on PMN accumulation in a wound, using an in vivo rat
model. Inflammation was induced by implantation of a
titanium chamber close to the peritoneum. Pretreatment
of the wound with 10 mg lidocaine reduced the accu-
mulation of PMN in the wound area compared with
saline-treated rats. Chemiluminescence in the lidocaine

group was reduced markedly, indicating suppression of
metabolic responsiveness of PMN. MacGregor et al.36

reported that in rats PMN accumulation during peritoni-
tis is suppressed by lidocaine (1.5 mg/kg bolus followed
by infusion of 0.3 mg z kg21 z min21 for the duration of
the experiment). Scott et al.108 found that lidocaine, at
micromolar concentrations, impairs accumulation and
adherence of PMNs in an in vivo canine model. These
findings may be explained by inhibition of PMN adher-
ence (and therefore inhibition of migration),36,100,109 or
a direct inhibitory effect on motility and migration of
PMNs.36,99,100 In addition, it is conceivable that LAs in-
hibit chemoattractant release by impairing cell metabo-
lism.86,96,99,101

It appears that LAs reduce the ability of PMNs to
migrate to the site of inflammation by interference with
the critical steps of adhesion and migration. The result is
decreased PMN accumulation.

Effects of LAs on PMN Priming
The priming process can be described as a potentiated

response of PMNs after previous exposure to priming
agents, such as TNF-a, platelet-activating factor, IL-8,
lipopolysaccharide, or granulocyte-macrophage colony-
stimulating factor. Priming is a key regulatory mecha-
nism of PMN function and seems to play a pivotal role in
the “overstimulation” of inflammatory pathways, which
then induces tissue damage rather than protect the host.
As such, the process is being investigated intensively,
but mechanisms are as yet poorly understood. An excel-
lent overview of the pathophysiologic consequences
and underlying mechanisms of PMN priming was pub-
lished in 1998 by Condliffe et al.110

The effects of LAs on PMN priming have not been
investigated in detail. We have shown in vitro that
lidocaine blocks priming of PMNs by lysophosphatidic
acid in a concentration-dependent manner (IC50 5 1
mM).111 In contrast to other LA actions on these signaling
systems, the LAs acted at an extracellular site; the non-
permeable lidocaine analog QX314 had effects similar to
those of lidocaine. It is possible that inhibition of prim-
ing contributes to the antiinflammatory actions of LAs,
and in particular suppresses the deleterious effects of the
uncontrolled, overactive response of inflammatory cells
to a stimulating agent. This might explain how LAs can
decrease tissue damage without significantly inhibiting
PMN functions required for host defense.

NADPH-oxidase activity, Ca21, protein kinase C, phos-
pholipase D, and phosphatidylinositol-3-kinase are likely
to be involved in the priming process. In other settings,
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inhibition of NADPH-oxidase activity, Ca21, transients
and protein kinase C have been described for several
LAs112 such that the compounds might be anticipated to
affect priming.93,113,114 Effects of LAs on phospholipase
D and phosphatidylinositol-3-kinase to our knowledge
have not been published.

Interactions of LAs with PMN priming require more
investigation.

Effects of LAs on PMN Free Radical and Granule
Enzyme Release
Activated PMNs generate light (chemiluminescence),

which can be measured as an indicator of metabolic
activity, that is, free radical generation. Although some
researchers have questioned the usefulness of this meth-
odology for investigation of PMN function, because the
nature of detected oxidants is uncertain, chemilumines-
cence is a commonly used, sensitive, noninvasive tech-
nique to measure reactive oxidant production by PMN.
In vitro, lidocaine and bupivacaine inhibit luminol-am-
plified chemiluminescence concentration-dependently
(IC50 5 4–5 mM for lidocaine and 1.4–2.0 mM for bupiv-
acaine, depending on the manner of activation).86,38

Reports of effects of lower concentrations have been
contradictory: Some investigators have reported no or
only a slight impairment of chemiluminescence by LAs
in vitro,115–117 but Hattori et al.5 demonstrated in vitro
suppression of PMN free radical generation by eight
different LAs in a concentration-dependent manner (0.1
and 10 mM). The inhibitory effect correlated with the
partition coefficient for each drug; that is, the more
lipid-soluble LAs were more potent inhibitors of free
radical production. Tetrodotoxin, veratridine, and amilo-
ride hydrochloride were tested for their abilities to affect
free radical generation by human PMNs. Because none of
these compounds showed any inhibitory effects, the
underlying mechanism of LA action is unlikely to be Na1

influx blockade.5 Cederholm et al.118 studied in vitro
effects of ropivacaine, bupivacaine, lidocaine, mepiva-
caine, and prilocaine on both intra- and extracellular
production of oxygen metabolites in human PMNs. LAs
(0.5–200.0 mM) caused a small but statistically significant
decrease in chemiluminescence response. Prilocaine’s
inhibitory effect on extracellular release was accompa-
nied by an enhanced intracellular activity. This makes
this drug particularly noteworthy, because excessive ex-
tracellular free radical release may cause tissue damage,
and increased intracellular activity improves antimicro-
bial properties.118 Studies on surgical wounds in rats
confirmed the effects of LAs on free radical release in

vivo.101 The inhibitory effect of LAs on PMN affects not
only the production of O2

2 but also the generation of
hydrogen peroxide and hydroxyl radical. Mikawa et
al.119 reported in vitro that LAs at concentrations of
0.1–1.2 mM decrease release of reactive oxygen species
such as O2

2, H2O2, and OH2. LAs do not scavenge the
reactive oxygen species generated but rather inhibit the
ability of PMNs to produce them.119

Effects of LAs on PMN Lysosomal Enzyme Release
Antimicrobial activity results in part from release of

lysosomal enzymes by PMNs. Therefore Peck et al.38

investigated in vitro the effects of 8 mM lidocaine on
lysozyme and myeloperoxidase release and compared
these effects with the ability of lidocaine-treated PMN to
kill E. coli. Lidocaine significantly impaired release of
both enzymes and reduced the capability of killing E. coli
from 95 to 70%. These findings were confirmed in vitro
for lidocaine and tetracaine.95

Effects of LA on PMN Nitric Oxide Generation
Nitric oxide plays multiple, at times contradictory,

roles in the inflammatory process. Because nitric oxide
synthase inhibitors enhance in vivo the number of PMNs
adherent to endothelial cells of mesenteric vessels,120

increased nitric oxide production has an antiinflamma-
tory action. Nitric oxide attenuates tissue injury during
endotoxemia and sepsis in vivo.121 In contrast, overpro-
duction of nitric oxide by the inducible nitric oxide
synthase (iNOS) expressed in macrophages or neutro-
phils has been implicated in the pathogenesis of septic
shock or tissue injury against the host itself leading to
multiple organ failure. Suppression of nitric oxide over-
production by iNOS inhibitors occasionally acts advan-
tageously. The iNOS inhibitor aminoguanidine success-
fully attenuates endotoxin-induced acute lung injury in
vivo.122 In vivo blockade of TNF (by TNF-binding pro-
tein) and nitric oxide (by aminoguanidine) decreases
PMN chemotaxis and sequestration and attenuates acute
lung inflammation induced by ischemia and reperfusion
of lower extremity.123

The effects of LAs on nitric oxide metabolism has not
been described in detail. In vitro, LAs enhance N-formyl-
methionyl-leucyl-phenylalanine– or phorbol myristate
acetate–induced nitric oxide generation in human
PMNs.124 This may contribute to the protective effects of
LAs, although it seems unlikely to be a major pathway.
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Effects of LAs on Macrophages

Macrophages are pivotal in the inflammatory response.
As the primary defense against injurious agents, they
generate significant amounts of cytokines and other in-
flammatory mediators. In an in vitro study of human
alveolar macrophages, tetracaine and lidocaine were re-
versible, dose-dependent inhibitors of oxidative metab-
olism (oxygen consumption and free radical release).
This inhibition was associated with cell rounding and
occurred at LA concentrations as present in effluents
recovered during bronchopulmonary lavage (2–16
mM).26 Ogata et al.125 reported in vitro that LAs (10 mM)
reversibly inhibited phagocytosis by macrophages, in a
concentration- and pH-dependent manner. Tetracaine
exerted the largest and procaine the smallest effect.
Phagocytosis by monocytes in vitro also is inhibited by
lidocaine.126 Lidocaine, in concentrations (500 mM) rou-
tinely injected into tissue, inhibits phagocytosis and me-
tabolism of human PMNs in vitro.96

Macrophage functions such as cytokine release, respi-
ratory burst and phagocytosis are sensitive to intracellu-
lar pH changes, regulated by vacuola-type H1–translocat-
ing adenosine triphosphatase and the Na1-H1 exchanger
(NHE). LAs bind to NHE,127 and lidocaine inhibits NHE in
human PMNs in vitro.93 Lidocaine also dose-depen-
dently slowed intracellular pH recovery and suppressed
phorbol myristate acetate–induced respiratory burst in
rabbit alveolar macrophages in vitro, without decreas-
ing metabolic activity or viability of the macrophages.
Inhibition of the intracellular pH regulatory mechanism
may contribute to effects of LAs on alveolar macrophage
function. These findings support the hypothesis that the
effect of lidocaine on phagocytosis and other macro-
phage processes might result in part from to an inhibi-
tory effect on NHE.128

Mechanisms of Action
A variety of actions of LAs on inflammatory cells have

been described, many of which suggest that LAs might
modulate the inflammatory response in various disease
states. Most in vitro studies require concentrations of
LAs above the clinically relevant range; in vivo studies of
the same or similar phenomena often demonstrate ef-
fects at clinically feasible concentrations. The reasons for
this discrepancy are unknown. The issue is particularly
remarkable because one would anticipate that larger free
LA concentrations would be available in many protein-
free in vitro solutions, as compared with in vivo situa-
tions. It may be that the multiple molecular targets of LAs

allow potentiating interactions in vivo that cannot be
attained in a simplified in vitro model. Alternatively, the
more prolonged exposure to LAs during in vivo investi-
gations may play a role. We found that, in Xenopus
oocytes, sensitivity of thromboxane A2 and lysophospha-
tidic acid signaling to lidocaine and bupivacaine in-
creased more than five-fold if incubation times were
extended from 10 min to 12 h.129 Unfortunately, virtu-
ally nothing is known about the specific molecular
mechanisms involved in these effects. In many instances,
Na1 channel blockade can be ruled out, either because
in vitro Na1 channels are not detectable in the cells
under study4 or because in vivo LAs induce effects at
concentrations much lower than those required for Na1

channel blockade. Several mechanisms have been sug-
gested (fig. 2), but only a few targets have been described
in molecular detail. LA interactions with G protein-coupled
receptors are an area of active investigation, because most
mediators involved in the inflammatory process signal
through receptors of this class. We have shown that LAs
inhibit signaling of several G protein–coupled receptors
mediating inflammatory responses (lysophosphatidic ac-
id130,131 and thromboxane A2),132 as well as m1 musca-
rinic acetylcholine receptors. Functional findings using
lysophosphatidic acid and platelet-activating factor in
Xenopus oocytes were confirmed in human neutro-
phils.111 One common target on several G protein–cou-
pled signaling pathways is the coupled Gq protein. Se-
lective knockdown of Gq eliminates LA sensitivity of
lysophosphatidic acid signaling; knockdown of Go is
without effect.133 We have shown that the signaling
pathway downstream of the G protein is not involved in
the LA effect.130,131 Inhibitory effects of the compounds
on NHE are described elsewhere here. Interactions of LA
with PKC signaling have been described,93 but very little
specific information is available. This area clearly de-
serves further research.

Conclusions

Clear evidence exists, in vitro as well as in vivo, for
antiinflammatory properties of LAs. Effects on PMN me-
diator and free radical release, as well as migration to the
site of action, appear most important. The molecular
mechanisms underlying these effects are poorly delin-
eated. Of particular relevance is the difference in con-
centrations required to achieve effects on inflammatory
cells in vitro versus much lower in vivo concentrations.
Clinical use of LAS for the explicit purpose of modulat-
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ing the excessive inflammatory response may be feasi-
ble. Treatment of ulcerative colitis with topical ropiva-
caine is one example. It seems possible that some of the
beneficial effects of epidural administration of LAs
(which leads to blood levels close to those attained after
intravenous infusion) may be caused by antiinflamma-
tory effects of circulating LAs. Effects on prolonged pain
and hypercoagulation are examples. In those patients
not able or willing to receive intra- or postoperative
epidural analgesia, intravenous infusion of LAs could be
considered in order to modulate postoperative inflam-
matory responses. In the setting of bacterial contamina-
tion, however, there is an increased risk of infection.

Further research should be directed primarily in two
areas. First, we need to gain a detailed understanding of
the mechanisms of action of LAs on the inflammatory
system. Structure–function studies are particularly essen-
tial, because they can lead to the development of novel
compounds. Second, more well-designed clinical studies
should be performed, to assess whether the effects of
LAs observed in cells and in animals also can be applied
to clinical practice.
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