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Abstract

Acute Kidneyinjury (AKI) is a commoncomplication of sepsiandis significanty
associated withmortality. Sepsis accounts for more than 50%tlod cases ofAKI,
with a mortality rate of up to 40%lhe pathogenesis of septic AKI is compléxit
there“is“emerging evidence that least in he first 48 hoursthe defects may be
functional rather than structural in natuFer example, sptic AKI is associate with
an absenceof histgpathdogical changesbut with microvascularabnormalitiesand
tubular stressln this context, enal medullaryhypoxia due to redistribution of
intracrenal perfusion is emerging as a criticalediator ofseptic AKI Clinically,

vasopressordrugs remain the cornerstone of therapy moeaintenanceof blood
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pressureand organ perfusionHowever, in septic AKI there isinsensitivity to
vasopressors such as epinephrine leading topersistenthypotension and organ
failure. Vasopressinangiotensin lland paradoxicallya,-adrenergic recept@gonists
(clonidine and dexmedetomidinemay be feasible adjunct therapies for
catecholaminegesistantvasodilatory shocklIn this review, we outline the recent
progress madein understanding howthese drugsmay influence the renal
microcirculation which represents a crucial step towardsveloping beéer

approaches for tharculatorymanagement of patients with septic AKI.

Keywor ds. sepsis; acute kidney injury; hypoxia; vasopressors, ax-adrenergic receptor

agonists

I ntroduction

Sepsis isdefined adife-threatening organ dysfunction caused Ibycaerwhelming
immuneresponse to infectioand isthe leading case of death in intensive care @nit
(ICU) worldwide [101]. The incidence of sepsis ihigh income countries is
approximately30 million/year and is associated with an annual mortality of 5.3
million/year [42]. Due to the aging population and the increasing number of

drug+esistant infections th@nnualincidence of sepsis continuesrise.

Sepsis is gathophysiologicasyndrome characterized by a continuum of severity

culminating in septic shockl101]. Septic shock is characterizeay refractory
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hypotension, hyperlactatemia and organ dysfunctiaat persiss after aggressive

fluid resuscitation96]. The transition from sepsis to septic shock and organ failure
can occur rapidly, but the mechanisms driving the dysfunction of interconnected
organ systems remain unclear. The kidneys are frequently affected by sepsis leading
to acutekidney injury (AKL) AKI develops in up to 50% of patients with sepsis,
one-third ofswhornsuccumb to this conditiof7-9]. The development of AKI in sepsis

and septic.shock significantly complicates its management and is associated with
unfavorable health outcomes.Recent pidemiological studieshave generated
evidencethat survivors of even mild or short episodes of AKI aredisposed t@
greaterrisk-of developing chronic and estdge kidney disease in later |j#4,46,86].

Thus, understanding the pathophysiology of septic AKI is important.

Septic AKl, is diagnosedas an increase in serum creatingr@dbr a decrease in
urinary outputin the presence of sep$ikl,59]. From an epidemiologic point of view,

it is defined by thesimultaneous presence of the recent Sepsisnsensus criteria for
sepsis|[101] fand the Kidney Disease Improving Global Outcom&DIGO)
consensus criteria for AKI[59]. Wolume resuscitatign vasopressor therapy
antimicrebial therapyand renal replacement therapgmain themainstaysof the
managementfor sepsisinduced AKI in the ICU [96]. Thus, curren clinical
interventions focus almost entirely on mechanisms upstream from the kidiaeg or
supportivemeasures aimed at keeping the patient alive in the hope that the kidney
will recover. Logically, a better understanding of the pathophysiology of

sepsisinduced AKI is essential if we are to develop effective thestp improvethe
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diagnosismanagemengnd healtloutcomes for patients.

Pathophysiology: Renal macro- and microcirculatory alterations

Macro-circulation: The pathogenesis afeptic AKI is complex,and theintra-renal
mechanisms driving this disordarenot fully understoodSepsis is characterizdyy
excessive release of inflammatory medigtoigric oxide and activated leukocytes,
the effects of which culminate iperipheral vasodilation, increased vascular
permeability and hypovolemi®3,78] Thus, septic AKI wa$ormerly considered to
be a disease of the renadacro-circulation resulting from global renal ischemia,
cellular damage andcute tubular necrosi$44,92,99] However, accumulating
evidence, fromexperimental23,25,69]and clinicalstudies[16,84,95]has challenged
this paradigm by showing that AKI can develop despite maintained or even increase
global renal blood flow (RBF)Figure 1) Moreover, histological assessment of
postmartem kidneysrom nonsurvivors of septic AKIshow heterogeneous tubular
injury with"apical vacuolization, but with an absence of tubular necansisninimal
apoptosis [76,104]. la systematic review of60 studies oéxperimental sepsis, RBF
was shownto be either preserved or elevated animal moded characterizedy a
hyperdymamic circulation (i.e. increased cardiac output (CO)) [68hd absence af
low CO orlow RBF syndrome, in the first 48 hoursjchanimal models of septic
AKI exhibited negligible evidence of histopathological chanf@&4. In humansCO

is usuallyincreasedat leasduringthe initial stages of sepdqi$00]. Similarly, in large
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animal modelsincluding pigs and sheepepsis is associated with a hyperdynamic
circulation [23,25,69]. Suwch animal models of hgerdynamic sepsis and AKthat

more closely.mimic the human hemodynarpiofile, in the first 48 hoursshowan
absence o&cutetubular necrosis anibular cellapoptosis [67,104Moreover, in the
clinical'setting AKI develops within the first 24 hours of sepsis in 64% of pati@ijts
Thesefindings suggest thatat least in the first 48 hourthe defects of septic AKI

may be_functional rather than structural in natarel potentially reversiblg’9]. This
notion is supported by the experimental findings that renal function rapidly recovers
after céssation ofEscherichia coliinfusion and antibiotic treatment in sheep with

severesepticAKI [70].

Micro-cireulation: Renal tissuénypoperfusion andhypoxiaare emerging agritical
mediaters ofthe pathogenesis of multiple forms of AKI arisimg response to
stressarssuch as cardc surgery requiring cardiopulmonary bypass, radiocontrast
administration,and sepsig17,37,38,41].In this regard, & increase in globaRBF
during ;sepsis does not preclude the possibility of redistribution of -retnal
microcirculatoryblood flow, with some portions of the kidnegceiving more than
adequaterperfusioat the expense of others experiencing ldissueischemia and
hypoxia (Figure 1) Germane to such observationsicreased heterogeneity of
perfusion in the sublingual circulation in humans, due to microcirculatory dysfunction

is a hallmark of sd shockand is associated with a high mortali§0,35,57]
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Recenlly, in conscious sheep with hyperdynamic sepsis and AKI, early onset tissue
ischemia and hygxia selective to the renal medullkeas been observediespite
increass in total RBF and whole kidney oxygen deliveryf21,71,73]. Indeed
sepsisinducedrenal hyperemia was accompanied by increased renal cortical tissue
perfusionand oxygenatiomheseheterogenous changesregionalkidney perfusion

and oxygenatiolccurredseveral hours priao the detectiorof AKI, as evaluated by

the development of oliguria and incredsplasma creatinine and urinary neutrophil
gelatinaseassociated lipocalif21,71,73].Mechanismgpotentially responsibléor the
redistributionof intrarenal perfusiomway from the medullan sepsis includehe
excessivefelease of inflammatory cytokine$2], regional deficits in nitric
oxideimediated vasodilatiofb4], generation of reactive oxygen and nitrogpecies
[103],"damage to the glycocaly86], and disruption to the endotla barrier [14],

all possiblyculminating inmedullary hypoxia(Figure 1) An early onset of renal
medullary tissue hypoxiduring sepsi€aninitiate a vicious cyclef oxidative stress

and inflammatiorthat can éad to mitochondrial dysfunction, tubulzll injury, and

reduceckidneyfunction(Figure 1)[10,17,37,41,49,61].

Theoretical considerations: Renal tissue oxygenation is determined by the balance
between local oxygen delivery and consumption. In the kidney, oxygen delivery is
determined not just by tot&BF, but alsoby the distribution ofsuch bloodflow to

the cortical and medullary circulatiof89]. There is also evidence that diffusive

shunting of oxygen, between arteries and veins in the cortex and descending and
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ascending vasa recta in the meduthay further limit oxygen delivery to renal tissue
[40]. Oxygen consumption in renal tissue is dominated bgteegyrequirements of

the sodiumpotassium ATPaseneeded to drive tubular sodium reabsorption.
Consequently, renal oxygen consumption is directly linked to the filtered load of
sodium;and" thus glomerular filtration rg#0]. Thus, the effects ofoal-directed
therapies such as fluid resuscitation and pesssor drugs on renal tissue oxygenation
reflect a complex interaction between their effects on globalragmnal kidney
tissue blood flow and tubular function. Importantly, any therapy that increases
glomerulariltration rate would be expected to increase rengjesx consumption
and in turp-potentially promote renal tissue hypoxia. Thus, the implementation of
current therapies for patients with septic AKlnd the development of new
interventionsmustbegin with recognition oRBFdependent oxygen demand the

renalmicrocirculation

Hemodynamic management of septic shock and acute kidney injury

Fluids: Central hemodynamic support witiggressiveluid bolus therapy20 mL/Kg)

is the recommended firtihe approach for patients with sepsis and septic AKI and is
believed to improve renal perfusion and oxygenation by correcting hypovd@shia
Experimental studies in hemorrhagic and endotoxemic¢ hatsever,havefailed to
demonstratesany improvemeint renal cortical or medullary tissue oxygenation in
response to fluid resuscitatiph,56,75] However, such rodent models of sepsis were

characterized by a hypodynamic circulation, thus confounding septic shock with
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simultaneous cardiogenic shoclkecent multicenter randomized trials using
aggressive flud-based resuscitation strategidmve also failed to show any
improvement. in renal outcomes or mortal[§3,88,109]. Moreover, evaluation of
renal functional indices in patients with sepsevealedno beneficial effects of
aggressivefluid bolus therapy on the incidence and progression of6AKIThus,
the meghanisms by which fluid resuscitation might influence the renal maedo
microcirculation must be carefully evaluated in animal models of hyperdynamic
sepsis and AKI that more closely mimice human septic phenotype develop
effective”evidencéased interventiondn septic shock,fifluid resuscitatiorfails to
adequately..=correct theunderlying hypotension, organhypoperfusion, and
hyperlactatemia, clinicians are then faced with the neetinplement vasaressor

therapy:

Vasopressor Therapy

Norepinephrine: In septic shock, erepinephrine is the firgthoice vasopressor
recommendedo restoremean arterial bloodpressure d >65 mmHg [96], and
potentially=even tdevelsabove 80 mmHgn patients withpre-existing hypertension
[5]. Nerepinephrine increases arterial pressure by a-adrenergic receptanediated
vasoconstriction, with a small B-adrenergic recdpr-mediated increase in stroke

volume and thu€O [51,91]. Therenal benefits of using norepinephrine in septic AKI
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remain controversial due to the fear ofinducing further deterioration in renal
function by causinglocalized renal vasoconstriction andschemia [12,51,91]
However, norepinephrine therapy has been shown to consistently reverse hypotension
and transiently improve renal function in septic shock, as evalistesstimated
glomerularfiltration rate, with fewer adverse effects than dopamin@pkessin,
epinephrine;, or phenylephrine [89,85,98]. These findings, amongst others, have
provided the clinical basis for administering norepinephrine as the primary

vasopresor therapy in septic shock.

A major'unresolvedlinical problem encountered during the treatment of septic shock
is that15-20% of patients become unresponsive teeporephrine [63,66,78]. Ithe
setting of refractoryseptic shock, high doses of norepinephria®-.0 pg/kg/min)

[18] are required to attain target blood pressure, and thisssociated ith a
substantially increasemortality rate rangingfrom 60 to 100%[6,18]. The high
mortality rateassociated witltatecholamingesistant septic shock can be attributed
to refractery hyptension leading to reduced organ perfusion and organ failure and/or
to directadverse effects of the high levels of catecholamines and their metabaolites
organ systemg$b8, 61, 72].Severalmechanisms ar@roposed to account for the
pathogenesis akfractory hypotensiom septic shockincluding increased activity of
vasodilators such as nitric oxide and prostanoids, excessive opening of
ATP-sensitive potassium channels, metabolic acidosis and increased levels of

inflammatory cytokineg§63,66,78]. Dgether, these mechanisms can lead to loss of
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vascular tone and hypesponsiveness to vasopressoejsing severe hypotension,

organ hypoperfusiorandpotentiallymultiple-organ failure and death.

High doses of norepinephrine and the renal micro-circulation

Emergingexperimental and clinicavidence demonstrathat there is “uncoupling”
between the macr@nd micracirculation in response to vaadive drugsin healthy

and pathological statee nonrenal and renalissues In a porcine model of septic
shock, “‘reSuscitation with norepinephrine woeskn microcirculatory flow
abnormalities witim the mesenteric circulatiof65]. Similarly, there is clinical
evidence that restoration of systemic hemodynamics with norepinephrine does not
improve microcirculatory abnormalities in septic shock, as assessed by measurement
of sublingual blood flow30,35,55].In the context of the renal microcirculatiohjd
becoming..evidentfrom experimental studies that alteratioms regionalkidney
perfusion and oxygenation cannot be reliably predicted fleeassessment of global

RBF andwhole kidneyoxygen delivery(RDO;). In healthy sheepintravenous
infusiops=of=norepinephrine doseéependently redude both renal cortical and
medullary tissue oxygenation, desgit@servedRBF andRDO, [20]. In septic sheep

with established AKI, restoration of blood presswith clinically relevanthigh doses

of norepinephrine (0-0.8 pg/kg/min) exacerbated the underlying renal medullary
ischemia and hypoxiérigure 2& 3) [73]. Theseintra-renal changesalso occurred
independently of changes RBF andRDO; in response to norepinephrine infusion in

septic sheefFigure 3)[73]. The longterm consequences foenal outcomes of this
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exaggerated renal medullary ischemia and hypoxiduced by high doses of
norepinephrine in sepsis, are unknown amdrrant further investigation.
Accumulatingclinical evidencandicatesthat most survivors of AKI arata greater
risk of developingorogressiveehronic kidney diseasendendstage kidney disease
latertlife;which are well known riskactors for najor cardiovasculagdiseasesuch as
heart failure;, myocardial infarction and strdik4,46,86]. This provides the rationale
for evaluating catecholamineparingstrategiesor septic shockhat do not worsen

the underlying pathological and reparative processes that occur during AKI.

Catecholamine-sparing strategiesfor septic shock and acute kidney injury

Vasopressin: Vasopressin is currently recommended aasescue vasopressor for
patientswho are unresponsive to norepinephrine and/or for reducing the dbs
norepinephrine required to attain target blood presg8k Vasopressin increases
arteraliblood pressurehiefly by stimulating i receptors located on vascular smooth
muscle‘cellsito induce vasoconstrictiamd also by preventing the excessive opening
of ATP-sensitive potassium channels in septic shi@g. In the Vasopressin and
Septic ;Shock Trial (VASST)mortality was not reduced blpw-dose vasopressin
(17-50 ngmin) therapy comparedith high dosesof norepinephrine (85 pg/min)
[98]. However, a subgroup analysis of the VASST trial showed lower incisefice
progression oéepticAKI and mortalitywithin the vasopressitrteatmentgroup [45].
Moreover, patients treated with vasopressin had greater improvenenisinary

output and glomerular filtration ratean those treated witlhorepinephrine alone [45]
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Similarly, in ovine septic AKI,low dosevasopressii33 ngmin) has been reported to
restore blood pressure and significantly improve renal fundida. In healthy
conscigussheep, infusion of vasopressin presdmanal cortical and medullary tissue
perfusion and oxygenatid20]. Within the renal vasculature, the magnitute of the V
receptormediated vasoconstrictioby vasopressirhas beendemonstrated to be
effectively modulated by vasodilator systems, sucmisc oxide andeicosanoids,
specially in.the renal cortej27,93]. This may explain the better maintenance of
intracrenalperfusion and oxygenation in responseréatment withvasopressinvhen
comparedwith norepinephrine in healthy sheg@®]. Together, these findings suggest
that vasepressin at lower doses may offer a degree of renoproiectiensetting of
septic AKIcomparedwith high doses of norepinephriaéone However vasopressin
at higher.doseangeq>83 ngmin) hasbeen showetb induce myocardial, digital and

mesentericiischemid1,97] and thus such doses should be avoided.

Angiotensinsll : Angiotensin Il is potent vasoconstrictor acting via angiotensin type 1
receptors toyincreasarterial pressure [47] In early ovine hyperdynamic sepsis,
angiotensin lleffectively restord arterial pressure andausedgreaterimprovements

in renal function thannorepinephrinealone [33,108]. In septic sheep andpigs,
angiotensin I restocesystemic hemodynamics without deleterious effectsother
vital organs, biochemical variablesrenal bioenergeticand also no further increases

in arterial blood lactate or inflammatory cytoking5,80,108].In a pilot studyin
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patients with catecholamirresistant septic shog¢langiotensin Il effectively restate

blood pressure and doubled renal function [22].

The beneficialrenal functional effectsof angiotensin Il in septic AKimay be due to

its abilitysteinduce a more profound increasepiwst-glomerularesistance compared
with thepre-glomerularresistancethus increasing glomerular perfusion pressure and
filtration rate[32]. Importantly, angiotensin Il has also been demonstrated to play an
important/role in resetting the lower limit ofn@ autoregulationespecially at lower
renal perfusion pressur§z8,52,102].Together, thse features of Ang Il may account
for its ability"'to maintainautoregulation of GFR, relative to RBF, at a reduced renal
perfusion_pressure igettingsof systemic hypotensiosuch as septic shock septic
pigs, intravenous infusion of angiotensin |l for-A&urs did not have any adverse
effects onmitochondrial respiration in thiddney, hearbr liver when comparewith
norepinephrine treatmen25]. After these initialsafety and feasibilitystudies, a
randomized, doubtblinded, multicenter clinical trial imore than300 patientswith
catecholamineefractory vasodilatory shockalidatedangiotensin Il asn effective
rescue vasopresstw restore blood pressufAngiotensin Il forTreatment ofHigh
Output_Sock (ATHOS)) [62]. Following the ATHOS trial, angiotensin Il was
approved for treatment of high output vasodilatory shock for hurbgrthe U.S.
Food™and Drug Administrationn December 2017. However, angiotensinigl
currently not recommendeds a primary vasopressor in septic shock due to its

potential inflammatory and thrombotic actions, which may aggravate microcogulat

This article is protected by copyright. All rights reserved



dysfunction [4,26]Further clinical investigations are required to determine the role of
angiotensin Il as a firsthoice vasopressor therapy for vasodilatory shock, to identify

the patients that are most likely to benefit and to further establish its safety.

In healthy.eonscious sheepfusionof angiotensin Il did not reduce renal cortical or
medullary perfusion, which was in contrastthe intra-renal vasoconstrictor effects
seen withnorepinephrine [20]. Ira recent study oéstablished ovine septic AKI
angiotensin llusedas a primary vasopressars show to effectively restore blood
pressure and transiently increase renal function, maanersimilar to that seen
during ginfusion of norepinephrinéFigure 2) [71,73] Importantly, angiotensin Il
restored._systemic hemodynamics and renal function without further comprgmisi
renal medullary perfusion and oxygenation, which occumtth norepinephrine
(Figure 2&+3) [71,73].Indeed, a subgroup analysis of the ATHOS triablaing 105
patients with septic AKI on renal replacement therapy at randomizstmned a 23%
relative reduction inrisk of mortality and a more rapid recovey of renal function
when angiotensin I{compared to placebojas used as an adjunct thergdpQ7].
Together, thesexperimental and clinicdindings suggest that angiotensin Il may be a

safer alternative primary vasopressor agetihe setting of septic AKI.

a-adrenergic receptor agonists. Dexmedetomidin@nd clonidineare routinely used
as sedativeto reduce agitation and deliriumcritically ill patients inlICUs [89,94].
Such so-called ‘centraly-acting aj-agonists’ mainly act on the presynaptic

ap-adrenergic receptors tmhibit norepinephrine release from both central and
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peripheral nerve terminalthereby reducing overall sympathetierve activity[83].
Of relevancgadministration of high doses @hsopressir{100 ng)directly into the
area postrema has also been demonstrated to augarent¢flexmediated inhibition

of renal and lumbar sympathetic nerve activity in rodeffs [

High plasmanorepinephrindevels have been reported in rsurvivors compared
with survivorsin a population of critically ill patientd 5]. High levels of endogenous
norepinephrine weralso significantly associated with mortality in patients with
septic shocK13]. Thus, the centrally actingympatholytic actions of a-adrenergic
recepter~agonists may improvprognosis by reducing the adverse effects of
sympatheticsoverstimulation in septic sho¢kowever, the use of centrally acting
sympatholytics in the treatment of a hypotensive condition such as septic shock raises
concerns_because of their actions to reduce sympathetic nerve aeativith would

be expected to enhandbe degree of hypotension in septic shock and promote
multi-organ failure.However authors ofstudies in rodent modelsf sepsishave
reportedwimproved survivatates with dexmedetomidine ral clonidine treatment
[50105,106].In agreementauthors ofclinical studies have also reporte® &nd20%
reductions in risk of mortality in patients with septic shocKollowing

dexmedetomidine therapy [58,87].

A possible mechanismnderlying he beneficial effects oé,-adrenergic receptor
agonistswas revealed by theecent finding that these drugs reverseculs

hypo+esponsiveness in septic shopk372]. Indeed, experimental studies using
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supratherapeuticdoses of clonidine (200 pg/kg) or dexmedetomidine (100 pg/kg)
showedrestoation of pressor responsiveness to norepinephrine in endotoxemic rats
[43]. It has been proposed that this beneficial effect of ap-adrenergic receptor agonists

is due(to a reduction in sympathetic outflow leading teragulation of vascular
smooth muscle;-adrenergic receptors that were othervdsgntegulated in sepsis.
More recently these findingsin rodentswere validated inan ovine model of
hyperdynamic sepsis, in whighfusion of a clinicaly-relevantdose of cloniding1
pna/kg/h) reduced the high levels of renal sympathetic nactiwity and restored
pressorresponsiveness to phenylephfiigure 4) Y2 ].In accordwith these findings

two recent.case reports showed that infusion of the same dose of clonidine (1 pug/kg/h)
reduced the [dose obrepinephringequired to maintain blood pressure by 4b%a
patientswith terminal pulmonary septic shof@0] and by 90% in a neonate with
necrotizing“enterocoliti§77]. Interestingly,in ovine hyperdynamic sepsislonidine

also restore sensitivityto a nonadrenergiaeceptorvasoconstrictor (angiotensih)

[72]. These findings suggest thdéte actionsof ay-adrenergic receptor agonisis
improve pressor responsiveness in septic shaak result from mechanisms that are
either_downstteam or independent of aj-adrenergic receptars$reviously in vitro
functional studies inhealthy rodents have demonstrated a potential synergism
between“the pogtinctional angiotensin type 1 receptoasid a,-adrenergic receptor
agonists to potentiateascular resistand®3,74]. This interaction may be of relevance

to the studies in ovine hyperdynamic sepsis that demonstrate a complete restoration in
pressor responsiveness to angiotensin Il following treatment withuttagonis,
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clonidine. Howeverfurther studiesn clinically rdevant models of sepsi&e required

to define theprecisentra-cellularmechanismsnvolved.

There fis a paucity of experimental and clinical data regarding the effects of
az-adrenergic.receptor agonisia the renal microcirculation in the setting of septic
AKI. In‘rodent models of sepsislonidine,and dexmedetomidine appear to improve
renal function and outcom¢S0,105,106]. In an ovinenodel ofhyperdynamic sepsis
and AKIl,/infusion of clonidine (1 pg/kg/h) reduced the degreeglobal renal
hyperemia anddoubled urinary output[19]. However this diuretic response was
dissociatedfrom anghanges in creatinine clearance or fractional excretion of sodium
[19]. Similarly, a clinical study showed that renal functionradirectly estimated by
serum creatinine was neither superiornor inferior as a consequence of
dexmedetomidine treatment in patients with septic sH&&. Considering the
experimental evidence thatrestoration of blood pressure withigh doses of
norepinephrine hasnfavorableeffects on renal medullaperfusion andxygenation

in septie=AKI (Figures 2 & 3)[73], reducing vasopressor requirements with
ap-adrenergic receptor agonists may be a feasible strégegyinimizing the harmful
effects_of high levels of catecholamineson the renal microcirculatianindeed,
reducing doses oforepinephrinen septic shock is likely to have multiple other
benefits, onsidering the evidence that high doses of catecholamines and their
metabolitedead tomany adverse events. These deleterious effiechsde redutons

in immune function and metabolic efficiency, stimulation lodicterial growth,

This article is protected by copyright. All rights reserved



increass in pulmonanartery pressure and incredsaortality [3,36,82]

Per spectives

The senal.medulla appears to be particularly susceptible to ischemia and hypoxia in
multiple_forms of AKI, including septic shock. Indeed, renal tissue hypoxia due to
redistribution of intrarenal perfusion is emerging as a critigathophysiological
aspecf septic AKL High doses of norepinephrine appear to have deleterious effects
on thewrenal microcirculation in healthy and pathophysiological states. Thus,
vasopressor therapies aimed at restoartgrial pressure and renal function in septic
AKI should be administered with caution, and with consideration of their effacts o
intrarenal tissue perfusion and oxygenation. Global kidney blood flowwdnude
kidneyoxygen delivery appear to be poor predictorsegfionalkidney perfusion and
oxygenation Thus,it is important that future experimental studies directly monitor
the effects of.new therapies on the renal microcirculaRecent experimental studies
demonstrating adverse effects of higtioses of catdmlamines on the renal
microcirculation in septic AKlprovides the impetus to explore the benefit of
non-catecholamine vasopressor drugs, such as vasopressin and angiotensin Il, and
catecholaminaparing interventional strategies, such as oy-adrenergic regptor
agonistsHowever, it isimportant to be certain that new treatments do not worsen the
underlying pathological processors that occur in septic AKerapies that preserve

renal medullary tissue perfusion and oxygenation in the early stages of s@pysis
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bring new hope towards reducing the developmentoargiogression ofAKI and
improving the health outcomes thiesecritically ill patients.

FIGURE LEGENDS:

FigurednPotential mthways implicatedin the pathogenesis of acute kidney injury
animal‘models ohyperdynamicsepsisthat are characterized by either increased or

preserved renal blood flow (RBF).

Figure 20 In septic sheep with established acute kidney injury, restoring blood
pressure=with noradrenaline worsened medullary tissue hypoxia, an effect not seen
with angiotensin LI

Time 0 is'the mean of the™Hour of the baseline period, and times 24 to 30 hours
are means of -hour periods during infusion of live Escherichia coli and treatment
withmnorepinephrine (n=7) or angiotensin Il (n=7) or saline (n=7). Data are between

animalymean + SEM. Figure modified frdRet [71& 73].

Figure'3: Schematic highlighting the differential effects on the renal maanal
micro-circulaory perfusion and oxygenation in response r&suscitationwith
norepinephrine and angiotensin Il in septic sheep with hyperdynamic sepsis and
established acute kidney injur&: Noradrenaline TherapyEurther exacerbatethe
renal medullaryischemia and hypoxian septic acute kidney injury, edpite no

significant effects o global renal blood flow, renal oxygen delivergortical
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perfusion,and oxygenatiorB: Angiotensin Il Therapy: Reduced the degreglobal
renal hyperemian septic acute kidney injury but had no significant effects on renal
cortical.and medullary perfusion and oxygenation. Results modified from Refs [71 &

73],

Figure.4: In conscious septic sheep with established hypotension, clonidine
improved mean arterial pressure (MAP) and reduced renal sympathetic nerve
activity (RSNA) (let panels). Pressor responsiveness to phenylephrine (PE) was
reduced at 24 h of sepsis compared to healthy sheep (cartblas restoredto
pre-marbidilevels by 8 h of clonidine treatment (32 h of sepsis) (right panels).

Time 0 _is.the) mean of the™Hour of the baseline period, and times 24 to 32 hours
are means of -hour periods during infusion of live Escherichia coli and treatment
with clonidine (n=6) or saline (n=6). Data are between animal mean + SEMalues
represent treatmeritme interactims from tweway repeated measureBNOVA

Figure modified fronRef [72].
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