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The balance between the production of tumor necrosis factor-a
and interleukin-10 determines tissue injury and lethality during
intestinal ischemia and reperfusion

Danielle G Souza , Mauro M Teixeira*

Laboratério de Imunofarmacol ogia, Departamento de Bioquimicae Imunologia, Instituto de Ciéncias Biol dgicas, Universidade
Federal de Minas Gerais, Av. Antonio Carlos 6627, 31270-901 Belo Horizonte, MG, Brasil

A major goal inthe treatment of acute ischemia of a vascular territory isto restore blood flow to normal values,
i.e. to " reperfuse” theischemic vascular bed. However, reperfusion of ischemic tissues is associated with local and
systemic leukocyte activation and trafficking, endothelial barrier dysfunction in postcapillary venules, enhanced
production of inflammatory mediators and great lethality. This phenomenon has been referred to as “ reperfusion
injury” and several studies demonstrated that injury is dependent on neutrophil recruitment. Furthermore, ischemia
and reperfusion injury is associated with the coordinated activation of a series of cytokines and adhesion mol-
ecules. Among the mediators of the inflammatory cascade released, TNF-a appears to play an essential role for the
reperfusion-associated injury. On the other hand, the release of 1L-10 modul ates pro-inflammatory cytokine produc-
tion and reperfusion-associated tissue injury. 1L-13, PAF and bradykinin are mediators involved in ischemia and
reperfusion injury by regulating the balance between TNF-a and IL-10 production. Strategies that enhance IL-10
and/or prevent TNF-a concentration may be useful as therapeutic adjuvantsin the treatment of the tissue injury that
follows ischemia and reperfusion.
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I ntestinal ischemiaand reperfusioninjury

I schemia contributesto the pathophysiol ogy of many
conditions, including myocardial infarction, peripheral
vascular insufficiency, strock, and hypovolemic shock.
Ischemia-reperfusion injury of the intestine is a signifi-
cant problem in abdominal aortic aneurysm surgery, small
bowel transplantation, cardiopulmonary bypass, strangu-
lated hernias, and neonatal necrotizing enterocolitis (Col-
lard & Gelman 2001). It can also occur as a consequence
of collapse of the systemic circulation, asin hypovolemic
and septic shock (Mooreet a. 1994, Swank & Deitch 1996).
It isassociated with ahigh morbidity and mortality. Among
the internal organs, the intestine is probably the most
sensitive to ischemia and reperfusion injury (Granger et
al. 1986). Theintestineis composed of 1abile cellsthat are
easily injured by episodes of ischemia. Subsequent
reperfusion of the intestine results in further damage to
the mucosa (Takeyoshi et al. 1996).

There is substancial evidence that the mucosa of the
intestine becomes the site for the production of various
acute-phase proteins (Molmenti et al. 1993, Wang et al.
1998), gut hormones (Zamir et al. 1992) and cytokines
(Souzaet al. 2000a, 2001). These not only influence the
intestine but also may affect the function and integrity of
distant organs (Schemeling et al. 1989, Souzaet al. 20003,
b). The initia site of abnormality in ischemia has been
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emphasized on the cellular mitochondria, which is par-
ticularly important in producing ATP for organ recovery
(Jassem et al. 2002). The damage, however, isdramatically
magnified by alarge number of events, such as oxygen
freeradical formation, release of iron storage and damage
of the microvasculature of organs (Carden & Granger
2000). Then, amajor goal inthetreatment of ischemiaof a
vascular territory isto restore blood flow to normal val-
ues, i.e. to “reperfuse” theischemic vascular bed (Carden
& Granger 2000). However, reperfusion of ischemic tis-
suesisassociated with local and systemic leukocyte acti-
vation and trafficking (specially neutrophil), endothelial
barrier dysfunction in postcapillary venules, enhanced
production of inflammatory mediatorsand great | ethality
(Lefer & Lefer 1996, Granger 1999, Carden & Granger 2000).
This phenomenon has been referred to as “reperfusion
injury” and severa studies have demonstrated that in-
jury is dependent on neutrophil recruitment (Jaeschke et
al. 1990, Weight et al. 1996, Xiao et al. 1997, Kyriakideset
al. 1999, Souzaet al. 2000a, b, Baxter 2002, Kohtani et al.
2002, Merchant et al. 2003). Activated neutrophils con-
tribute to tissue damage through several mechanisms: (i)
release of free radicals following the respiratory burst of
the NADPH oxidase system; (ii) release of proteolytic en-
zymes,; (iii) stimulation of cytokinereleasefromloca cells,
thus promoting further neutrophil recruitment and, finally
(iv) plugging of capilares by neutrophils contributeto the
no-flow phenomenon (Ambrosio & Tritto 1999, Jordan et
al. 1999, Vermeiren et a. 2000).

From the brief exposition above, it isclear that under-
standing the pathophysiology of the inflammation that
occurs after reperfusion may be useful in the develop-
ment of novel therapeutic strategies that limit the injury
caused by the reperfusion process. Here, we review the
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role of cytokines, especially TNF-a and IL-10, that influ-
ence neutrophil recruitment and, consequently, lesions
and lethality associated with ischemia and reperfusion
injury.

Thecytokinecascade

Ischemiaand reperfusion injury isassociated with the
coordinated activation of a series of cytokines and adhe-
sionmolecules. A critical element inthe regulation of these
genes involves the complex formed by NF-kB and IkB.
NF-kB isactivated by avast number of agents, including
cytokines (such TNF-a and IL-13) and freeradicals. The
genesregulated by the NF-k B family of transcription fac-
tor are diverse and include those involved in the inflam-
matory response, cell adhesion and growth control. NF-
KB activation has been demonstrated in various models
of experimental ischemiaand reperfusion, including after
intestinal ischemiaand reperfusion (Chen et al. 2003, Zou
et al. 2003). Additionally, Chen et al. (2003) demonstrated
that inhibition of NF-kB activation in intestinal epithelial
cells prevented the increase in systemic TNF-a concen-
trations after intestinal ischemiaand reperfusion.

Inamodel of reperfusion injury following aprolonged
period of ischemia (120 min) of the superior mesenteric
artery, there is amassive local, remote and systemic in-
flammatory response and significant lethality (Souza et
a. 2000a, b, 2001, 20023, b). Previous studies have shown
an important role of TNF-a for reperfusion-induced tis-
sueinjury and lethality (Welborn et a. 1996, Carden &
Granger 2000, Granger et a. 2001, Souzaet a. 2001, 2002c,
Yamamoto et a. 2001). Indeed, treatment of ratswith anti-
TNF antibodies prevented neutrophil influx, tissueinjury
and lethality after intestinal ischemia and reperfusion
(Souzaet a. 2001). Inaddition, in TSG-14 transgenic mice,
aTNF-a-inducible protein, thereisgreater production of
TNF-a and greater lethality ascompared to their wild type
counterparts (Souzaet al. 2002c). The enhanced | ethality
correlated with greater and earlier TNF-a in serum and
was blocked by treatment of animals with a soluble chi-
meric form of the TNF-a receptor, confirming the essential
role of TNF-a for enhanced neutrophil influx, tissuein-
jury and lethality in the experimental system (Souzaet al.
2002c).

Although the studies above suggest that TNF-a is
essential for neutrophils to migrate, we have also previ-
ously shown that the local influx of neutrophils plays an
important role in the cascade of events leading to tissue,
but not systemic, TNF-a production (Souzaet al. 20004,
b, 2004a). As such, the blockade of neutrophil recruitment
with aselectininhibitor (fucoidin) or aCX CR2 antagonist
(repertaxin) virtually abolished the TNF-a productionin
tissue. Interestingly, fucoidin treatment was capable of
inhibiting reperfusion-induced neutrophil influx and tis-
sue lesions, without decreasing systemic TNF-a and le-
thality (Souzaet al. 2000a). On the other hand, repertaxin
treatment inhibited inflammatory parametersintissue, pre-
vented the increase in the concentration of TNF-a in se-
rum and lethality (Souza et al. 2004a). Indeed, systemic
concentrations of TNF-a appear to be the best correlate
of lethality in our system (Souzaet a. 2001, 2002c). One
unproven possibility to explain the difference between

theseresults, isthat repertaxin, but not fucoidin, prevented
the activation of circulating neutrophilsand, consequent,
systemic production of TNF-a and TNF-a-dependent le-
thaity.

It is difficult to reconcile the observation that in one
hand TNF-a isessential for neutrophilsto occur with the
observation that neutrophils are essential for tissue TNF-
a production. One possihility to explain these findings
stems from the work of Frangogiannis et al. (2002) who
showed that mast cells are an important early source of
TNF-a during ischemiaand reperfusion. Inthisregard, an
initial tissuerelease of TNF-a, possibly mast cell-derived,
may be essential and sufficient for an early wave of neu-
trophil influx to occur. An amplification circuit isthenin-
stalled in which neutrophil influx facilitates TNF-a pro-
duction and TNF-a production facilitates neutrophil in-
flux (Souzaet a. 2001, 2002c). Pharmacol ogical strategies
which modulate thisamplification circuit may be of inter-
est for the treatment of ischemia and reperfusion injury.

Several studies have now demonstrated that 1L-10
modulates pro-inflammatory cytokine production and tis-
sueinjury following ischemiaand reperfusioninjury (Lane
etd. 1997, Frangogianniset a. 2000, 2002, Zingarelli etal.
2001, Souzaet al. 2003a). For example, studiesin IL-10-
deficient mice suggested that endogenous IL-10 exerted
anti-inflammatory role during reperfusion injury, possibly
by regulating an early stress genetic response (c-Jun ki-
nase activation), neutrophil influx and cytokine produc-
tion (Zingarelli et al. 2001). Exogenous administration of
IL-10 reduced the systemic inflammatory response in a
rodent model of intestina reperfusion injury, an effect
associated with inhibition of cytokine production and neu-
trophil accumulation (Laneet al. 1997, Souzaet al. 2003a,
2004c). Moreover, treatment with anti-I1L-10 was associ-
ated with increased TNF-a concentration, tissue injury
and lethality, demonstrating a role for endogenous pro-
duction of 1L-10in modulating exacerbated tissue pathol -
ogy and lethality (Souzaet a. 2003a). Additionaly, IL-10
appearsto beinvolved with preconditioning. Oreopoul os
et al. (2004) showed that hypertonic saline pretreatment
prevented liver enzyme rel ease concomitant with areduc-
tionin liver neutrophil sequestration. Thiseffect appeared
to be secondary to inhibition of TNF-a generation and
enhacement of IL-10 expression. Most importantly, inIL-
10 knockout animals, hypertonic saline pretreatment was
unable to prevent the liver enzyme release, TNF-a gen-
eration, or neutrophil sequestration induced by liver is-
chemiaand reperfusion (Oreopoulos et a. 2004).

From the discussion above, it is clear that strategies
whichfavor IL-10 production and/or prevent TNF-a pro-
duction or function are effective at preventing reperfusion-
induced tissueinjury and lethality. Asit will be discussed
below, several mediators of theinflammatory processim-
part on the reperfusion process by affecting the balance
between TNF-a and IL-10.

Interleukin (IL)-1-B8

AsIL-18may beinvolved in the induction of TNF-a
during acute and chronic inflammatory conditions, we
assessed the ability of IL-13to modulate TNF-a produc-
tion, tissueinjury and lethality during intestinal ischemia
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and reperfusioninjury (Souzaet al. 2003a). Two strategies
were used to block the action of IL-113 - neutralization of
the protein with anti-1L-1 antiserum and administration of
IL-1ra, anatural antagonist of IL-1 receptors. Our results
clearly showed that the use of both strategies were asso-
ciated with an overall enhancement of tissue injury, pro-
inflammatory cytokine expression and lethality. These
were surprising results as previous studies have sug-
gested arole for IL-113 during models of less severe is-
chemiaand reperfusioninjury (Welborn et al. 1996, Shito
eta. 1997, Suzuki et al. 2001, Yamamoto et a. 2001). Inter-
estingly, neutralization and/or antagonism of IL-13 were
associated with a marked prevention of the reperfusion-
induced increase of IL-10 (Souzaet al. 2003a). Thelatter
resultssuggest that IL-13isamajor inducer of 1L-10 dur-
ing severe intestinal ischemiaand reperfusion injury. On
the other hand, administration of anti-IL-1ra, which an-
tagonizes endogenous I L-1ra, and exogenous administra-
tion of recombinant IL-1R suppressed tissue pathology,
increased pro-inflammatory cytokines and lethality that
followed reperfusion of the ischemic superior mesenteric
artery. Of note, therewasamarked inhibition of the eleva-
tion of TNF-a levelsin tissue and serum and enhance-
ment of tissue and serum concentrations of IL-10 (Souza
et al. 2003a). One possibility to explain theinhibitory ef-
fectsof IL-13in our system was raised by the demonstra-
tion that endogenous or exogenous I L-113 modulated the
production of IL-10. Thispossibility was proven by dem-
onstration that anti-1L-10 reversed the protective effects
of IL-13 on reperfusion-associated |l ethality. Thus, in the
present model of intestinal ischemia and reperfusion in-
jury, IL-103 appeared to be amajor inducer of IL-10 pro-
duction and modulated tissue injury and lethality in an
I L-10-dependent manner.

Platelet-activating factor

Among the mediators of the inflammatory cascade re-
leased and thought to be important for the reperfusion-
associated injury isplatelet-activating factor (PAF) (Kubes
etal. 1990 g b, Montrucchio et al. 2000, Souzaet & . 20008).
Thelatter results are consistent with the ability of PAF to
induce TNF-a production (Bukeet a. 2004, Seo et a. 2004).
To ascertain the role PAF in modulating the cascade of
cytokines following ischemia and reperfusion we evalu-
ated tissue injury and lethality in PAFR”- mice and their
wild-type controls (Souzaet al. 2003c). Therewasno in-
creasein vascular permeability, neutrophil accumulation
and haemorrhage in the intestine and lungs of reperfused
PAFR- mice. These resultswerein agreement with other
studies using PAFR antagonists that demonstrated arole
for PAFR in models of ischemiaand reperfusioninjury in
several other vascular territories, including the heart, gut,
kidney and lung (Canale et al. 1994, Carter et a. 1996,
Rieraet al. 1997, Qayumi et al. 1998, Morgan et al. 1999,
Kecskemeti & Balogh 2000, Kim et al. 2000, Sun et al.
2001, 2002). In PAFR- mice, the reperfusion-associated
increases in serum concentration of TNF-a were signifi-
cantly suppressed and this was associated with an in-
crease in the concentrations of IL-10. Additionally, there
was a significant delay in reperfusion-associated |ethal-
ity in PAFR”" mice (Souza et al. 2003c). These results

strongly corroborate the role of PAFR during ischemia
and reperfusion injury. In addition, the pharmacol ogical
antagonism of PAFR prevented tissue injury and lethal-
ity, asobservedin PAFR”" mice. Similarly to the observa-
tionsin PAFR™" mice, theinhibition of reperfusion-asso-
ciated increases in serum TNF-a concentration and le-
thality was associated with an enhanced production of
IL-10inanimalstreated with PAFR antagonists (Souzaet
a. 2003c). Overal, theresultsdemonstratearolefor PAFR
during ischemiaand reperfusion and support our hypoth-
esisthat the role of this receptor may be secondary to its
ability to modul ate the reperfusion-associated TNF-o/IL -
10 balance.

Kallikrein-kinin system

Asischemiaand reperfusioninjury isaprocesswhich
occurs very acutely, it islikely that mediators which can
be rapidly generated, such as those derived from the kal-
likrein-kinin system, may participatein theinitial events
that lead to cytokine production and reperfusion injury.
After intestinal ischemia and reperfusion, the activity of
tissue kallikrein in the duodenum and lung was greatly
enhanced (Souza et a. 2003b). More importantly, the in
vivo treatment with a tissue kallikrein-specific inhibitor
was accompanied by marked inhibition of the reperfusion
injury (Souzaet a. 2003b). Thus, in this system thereis
activation of tissue kallikrein, which is functionally rel-
evant for reperfusion-associated injury. Additionally, the
pretreatment with B, receptor antagonist markedly inhib-
ited inflammatory response (Souza et al. 2003b, 2004b).
The inhibitory effects of B, receptor antagonists are in
line with previous studies demonstrating the capacity of
this class of drugs to suppress leukocyte recruitment and
activation in acute models of inflammation (eg. Abraham
etal. 1991, BandeiraMelo et al. 1999, Perron et al. 1999).
Interestingly, our studies clearly demonstrated that the
blockade of B, receptors was accompanied by virtual
abolishment of TNF-a production and, conversely, en-
hancement of IL-10in tissuesof reperfused animals (Souza
etal. 2003b, 2004b). Thus, itisclear that B, receptor acti-
vation plays an important role in the cascade of events
leading to local (intestine), remote (lungs) and systemic
injury following intestinal ischemiaand reperfusion. The
mechanisms by which B, receptor activation facilitates
inflammatory injury appearsto be multiple, including the
direct induction of leukocyte migration and degranula-
tion, and the induction of the secondary release of pro-
inflammatory mediators, such as cytokines and PAF
(Koyamaet al. 1998, 2000, Calixto et a. 2000). Oneinter-
esting possibility to explain the effects of bradykinin act-
ing on B, receptors in the system is that this mediator
may activate sensory nervesto release neuropeptides and
potentiate the inflammatory response further (Averbeck
& Reeh 2001, Madeddu et a. 2001). We have previously
shown that neuropeptides acting via NK1 receptors are
important for intestinal ischemia and reperfusion injury
(Souzaet al. 2002a).

Several studies have now shown that B, receptor ac-
tivation or B,-induced mediatorsreleased (eg. TNF-a) may
enhance B receptor expression during inflammatory re-
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sponses (Haddad et al. 2000, Newton et al. 2002). Thisis
inlinewith studies demonstrating the expression of func-
tional kinin B,-receptors after ischemia and reperfusion
(Mazenot et al. 2001, Lagneux et a. 2002, Souza et al.
2004b). In support of animportant functional rolefor the
B, receptors being expressed, experimentsin B 1R'/ “mice
showed that local and remote inflammatory injury was
markedly suppressed in receptor deficient mice when com-
pared to their wild-type counterparts (Souzaet al. 2004b).
Moreover, the reperfusion-associated tissue increase of
TNF-a, IL-18, MCP-1 and K C was suppressed in B,R™-
mice when compared with wild type mice. Additionally,
serum concentrations of TNF-a were partially suppressed
and this was associated with a significant delay in
reperfusion-associated lethality in BlR"' mice (Souza et
al. 2004b). These results strongly suggest that B, recep-
tor activation plays an important functional role during
intestinal ischemiaand reperfusion tissue injury. Finaly,
there was a significant enhancement in the reperfusion-
induced production of both IL-13and IL-10in BlR"' mice
(Souzaet al. 2004b).

Surprinsingly, the suppression of tissueinflammation
observedin B 1R"' mice was almost completely reversed
by the treatment with the B,, receptor antagonist (Souza
et al. 2004b). As noted above, B, receptor antagonists
were markedly protectivein our system. One possible ex-
planation for these apparent contradictory results could
be that the activation of B, receptors was having two
major effects. First, B, receptorsareamajor driving force
for B, receptor activation and consequent induction of
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Endogenous control of TNF-a and IL-10 release after intestinal
ischemia and reperfusion. During reperfusion there is a marked
release of inflammatory mediators, incluiding free radicals, PAF,
CXC chemokines and components of the kallikrein sytem. These
mediators appear to drive neutrophil influx and TNF-a production,
a process which appears to be NF-kB-dependent. There is an ampli-
fication loop between TNF-a and neutrophils that is pivotal for
reperfusion injury and lethality to occur. The pro-inflammatory
circuit is controlled in great part by 1L-10, whose production in the
present system is driven by the pro-inflammatory cytokine IL-1(.
Alternative pathways to drive IL-10 production are activation of
FPRL-1 receptors by annexin-1 and lipoxins, as observed in germ-
free mice.

inflammatory injury and lethality. There is evidence to
suggest that B, receptor induces B, receptor expression
(Campos& Calixto 1995, Phagoo et a. 1999). In our expei-
ments, the use of B, receptors antagonist prevented the
upregulation of B, receptorsin the intestine and lungs of
reperfused animals (Souzaet a. 2004b). Thus, inthismodel
of ischemiaand reperfusioninjury inthe mouse, B, recep-
tor activationisamajor driving force for B, receptor ex-
pression and this effect appears to contribute to ex-
arcerbate inflammatory response. On the other hand, acti-
vation of B, receptors may facilitate tissue perfusion via
its vasodilatory effects, thus preventing exacerbated in-
jury. The results of a number of recent studies indicate
that administration of bradykinin at comparatively low
doses attenuates ischemia-reperfusion injury (Feng et al.
2000, Kositprapaet al. 2001, Li & Sato 2001). These pro-
tective effects could be playing arole in our system and
appear to be secondary to the potent vasodilatory effects
of bradykinin on B, receptors of ischemic and/or
reperfused vessels. Overall, our studies clearly stablish a
role for both B; and B, receptors during intestinal is-
chemia and reperfusion and suggest that the ability of
thesereceptorsto control the balance of TNF-a/IL-10 may
underlie much of their effectsin the system.

Roleof theintestinal microbiotafor reperfusioninjury

Inflammatory or ischemic injury to the intestine may
be of sufficient intensity to cause disruption of the intes-
tinal epithelial lining and consequent loss of the barrier
function of epithelial cells. Thismay occur, for example,
after hypovolemic shock and facilitate the translocation
of bacteria and/or bacterial products, such as LPS, with
ensuing activation of macrophages and infection of the
organism (Goldberg & Fine 1945, Grotz et d. 1995). Where-
as some investigators have found elevated concentra-
tionsof LPSin systemic or portal system blood following
reperfusion of an ischemic vascular bed (Turnage et a.
1994, Swank et al. 1994, Cicaleseet a. 1997, 1999) others,
including our group, have not been able to detect either
LPSor significant levels of circulating bacteria (Nezu et
a. 2002, Souza et al. 2004c). The conflict between these
studiesislargely dueto the different durations of ischemia
and reperfusion, in such way that L PS/bacteria are more
likely to be detected after prolonged reperfusion times.
Germ-free mice (mice that reared under germ free condi-
tions) provide an aternative approach to investigate the
possible contribution of intestinal bacteria that contain
molecular patterns capable of activating TLRs distinct
from TLR4. Germ-free mice did not inflame or die after
intestinal ischemia and reperfusion. Despite the absence
of local or systemic inflammation, germ-free mice were
actively sensing theinflammatory stimulation, asdemon-
strated by the marked increases in reperfusion-induced
IL-10 production. Moreimportantly, the administration of
anti-1L-10 antibodies prior to the reperfusion of the is-
chemic SMA in germ-free mice wasfollowed by marked
reperfusion-associated i nflammation —roughly 70% of that
observed in conventional mice — and lethality. Of note,
anti-1L-10 was given just prior to reperfusion and was,
hence, unable to modify the microbiological status of the
animals. In this system, the ability of endogenous or ex-
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ogenous IL-10 to prevent lethality and tissue injury was
clearly correlated with the concentrations of local or sys-
temic TNF-a. Itisinteresting to note that the innate abil-
ity of germ-freeto produce|L-10 and, possibly, other mol-
ecules, was an active process that prevented the inflam-
matory phenotype, ie. animals not exposed to an intesti-
nal microbiotahave aninnate ability to produce molecules
with anti-inflammatory properties that suppress the de-
velopment of an inflammatory response (Souza et al.
2004c).

Mice that have a normal intestinal microbiota are ca-
pable of responding to inflammatory stimulation, suggest-
ing that the presence of microorganismsin the gut induce
a “state of alert” that is characterized by the loss of the
innate ability to produce IL-10 and, possibly, other mol-
ecules (e.g. TGF-R). Recently, we have observed that the
greater ability of germ-free miceto produce lipoxinsand
annexin-1 appears to underlie their greater capacity to
produce IL-10 and to prevent acute inflammation (DG
Souza, MM Teixeira, unpublished data). Studiesare now
in progress to examine the fundamental question as to
why germ free mice produce more antiinflamatory mol-
ecules that lead to IL-10 production which, in turn, pre-
ventsinflammation.

Concludingremarks

The restoration of blood flow, ie. reperfusion, is the
treatment of choice to save viable tissue following acute
ischemiaof avascular territory. Nevertheless, reperfusion
of ischemic tissues can be accompanied by significant
local, remote and systemic inflammatory eventsthat may
[imit the beneficial effects of blood flow restoration. Ex-
perimental evidences reviewed by this article showed an
important rolefor TNF-a in amplifying reperfusioninjury.
On the other hand, this amplification process is sup-
pressed by IL-10, which is produced as an endogenous
brakefor the process. Thus, strategiesthat enhanceIL-10
and/or prevent TNF-a concentration may be used asthera-
peutic adjuvants in the treatment of the tissue injury that
followsischaemiaand reperfusion.
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