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ABSTRACT toxic effects of inflammation, and impaired micro-

Both severe infection and acute kidney injury
(AKI) have a high, and rising incidence in critically
ill patients admitted to the intensive care unit (ICU),
and are associated with increased in-hospital mor-
tality. Septic AKI patients are more severely ill
compared to non-septic AKl patients and have worse
outcome. Severe infection is a major cause of AKI
in ICU patients, while conversely, AKI patients are
at increased risk for infection. The dogma from the
past relates the development of AKI in sepsis pa-
tients to decreased renal blood flow. However, cur-
rent data suggest that there is no impairment of
renal blood flow in patients with sepsis. The patho-
genesis of AKI in sepsis is probably related to cyto-
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circulation. In addition, hyperglycaemia, and anti-
microbial agent-induced drug nephrotoxicity may
contribute to the development of AKI. On the
other hand, AKI patients are at greater risk for infec-
tion as a result of volume overload, dialysis catheter
insertion and secondary manipulation, inflamma-
tion of the kidneys leading to ‘organ cross talk’, and
impaired host immunity.

INTRODUCTION

Severe infection and sepsis herald an important
health treat with an increasing incidence rate in the
western world. In the United Kingdom, the proportion
of patients admitted to the ICU with severe sepsis in-
creased from 23.5% in 1996 to 28.7% in 2004 (1). This
corresponds to an increase in population incidence of
46 patients per 100,000 population admitted with se-
vere sepsis in 1996 to 66 per 100,000 population in
2004. Also, mortality rose from 23 to 30 patients per
100,000 population over the same period. Similarly, in
Australia and New Zealand, the population incidence
of severe sepsis treated in the ICU is estimated to be
77 per 100,000 population (2).In the United States, the
incidence of sepsis was estimated to have increased
from 82,7 per 100,000 population in 1979 up to 240,4
per 100,000 population in 2000. Also, sepsis-related
mortality decreased from 27.8% to 17.9%, while the
total number of deaths increased (3). The considerable
difference in population incidence between these 3
regions can probably be explained by differences in
patient case-mix. In the United Kingdom, only patients



with an admission diagnosis of severe sepsis were ir
cluded, while in the United States, patients with les
severe sepsis admitted to the hospital ward were ir
cluded as well. The EPIC study demonstrated that 44.8¢
of ICU patients had infection, and in almost half of ther
infection was acquired while in the ICU (4). Further, Ak
has a high incidence in ICU patients, and is associate
with worse clinical and socio-economic outcome (5-7
Parallel to the increase in sepsis incidence, there is a
increasing incidence of AKI (8-11).The epidemiology ¢
AKI is extensively discussed in another paper in thi
supplement of Acta Clinica Belgica (12). Sepsis is a
important cause of AKI (13-15), and conversely, patient.
with AKI are also at increased risk for development of
severe infection, and sepsis (16, 17). In this paper we
will discuss the interaction between AKI and severe
infection, and highlight some aspects of the underlying
pathophysiology.

SEVERE INFECTION CAUSES AKI

In almost half of ICU patients with severe AKI, sepsis
is the provoking underlying cause (13). Alternatively,
16% of patients who develop sepsis in the ICU will
progress to AKI, defined by an increase of serum cre-
atinine to a serum concentration greater than 2 mg/dL
(14).

The predominant causes of sepsis-induced AKI are
prerenal failure and acute tubular injury (18). Biopsy
studies are very scarce, and the few existing studies
suffer from selection bias, i.e. only those patients sus-
pected to suffer from other causes of AKI underwent
this invasive diagnostic technique (19, 20). Nevertheless,
it seems reasonable that a certain number of patients
will suffer from acute interstitial nephritis, secondary
to antibiotic therapy.

Several pathophysiologic mechanisms can contribute
to the development of AKl in a patient with severe in-
fection (figure 1).

Renal perfusion

The classical textbook teaching of critical care ne-
phrology dictates that sepsis-induced AKl is caused by
a decreased perfusion of the kidneys, especially the
outer medullar region where oxygen supply is limited,
and energy demands are high (21). However, there is
increasing evidence that renal blood flow, and even
medullar blood flow are not decreased in patients with
sepsis (22-24). In addition, it was anticipated that va-
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Figure 1

soconstrictor agents such as norepinephrine would
cause deleterious effects on renal blood flow, however,
the opposite is true. Norepinephrine leads to an im-
provement of renal blood flow, medullar blood flow, and
creatinine clearance (24-26). The current evidence
points more to a deficient microcirculation in the kid-
neys secondary to inflammation.

Inflammation

Pro-inflammatory cytokines such as tumour necro-
sis factor (TNF), interleukin (IL)-1, IL-6, and platelet
activating factor (PAF) play an essential role in the
development of sepsis, and the kidneys are especially
vulnerable to cytokine-mediated injury.These cytokines
induce a whole cascade of pro-, and anti-inflammatory
cytokines, and induce vasoconstriction, neutrophil ag-
gregation, production of reactive oxygen species (ROS),
induction of tissue factor, and thrombosis (27, 28).
Regional blood flow is also affected by increased con-
centrations of inducible nitric oxide synthase (iNOS), a
vasodilator, and endothelins which are potent vasocon-
strictors. Although decreased renal blood flow cannot
be held responsible any longer for the development of
AKI, deficient microcirculation in the kidney probably
is an important factor for the development of AKI. The
intra-renal microcirculation is affected by several in-
flammatory mediators.

Low levels of activated protein C

Activated protein C (aPC) concentrations are de-
creased in patients with sepsis, and supplementation
leads to improved survival amongst the most severely-
ill subgroup of ICU patients (29). In an animal model, it
has been demonstrated that treatment with aPC results
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in an improvement of the microcirculatory blood flow
in the kidney, and reduced leucocyte rolling and adher-
ence(30). In addition, substitution with aPC decreased
iNOS, the renine-angiotensin system, and caspase-3
activity, and led to improvement of kidney function (30,
31). Whether treatment with aPC results in less AKI in
septic patients, or in improved outcome for septic pa-
tients with AKI remains, until recently, uncertain.

Hyperglycaemia

Intensive insulin therapy aimed to maintain normo-
glycaemia has led to improved survival in both patients
that were admitted to a surgical and a medical ICU (32,
33).In both studies, patients that were allocated to the
intervention group also had less AKI. In the surgical ICU,
less patients developed a peak serum creatinine con-
centration greater than 2.5 mg/dL (12.3% vs. 9.0%,
P=0.04), and less patients were treated with renal re-
placement therapy (RRT) (8.2% vs. 4.8%, p=0.007(32)).
In the medical ICU patients’ study, the effect of tight
glycaemia control on AKI was less prominent: less pa-
tients developed a peak serum creatinine concentration
greater than 2.5 mg/dL (39.4% vs. 32.5%, P=0.04), and
there was no effect on the requirement for RRT (22.7%
vs. 20.8%, P=0.5) (33). In conclusion, intensive insulin
therapy has a mitigating effect on the occurrence of
AKI. The mechanisms of how intensive insulin therapy
leads to less AKI are, however, unclear.

Nephrotoxic injury by antimicrobial agents

Antimicrobial agents used in the treatment of severe
infection may exert untoward effects to the tubules,
interstitial space and vasculature, or may block the
distal tubules (34). Tubular cell toxicity may be caused
by aminoglycosides, amphotericin, and antiviral agents.
Tubular cell toxicity is dependent on the dose, and du-
ration of treatment. Increasing the dosing interval of
aminoglycosides appears to result in reduced nephro-
toxicity, while efficacy remains comparable (35). Tubu-
lar toxicity of amphotericin is reduced when the rate of
administration is prolonged to a 24-hour infusion (36).
Interstitial nephritis may be caused by a whole range
of antimicrobial agents, such as betalactam antibiotics,
fluoroquinolones, rifampicin, sulfonamides, tetracy-
clines, macrolides, and antivirals (37). Interstitial nephri-
tis is an allergic phenomenon, and is independent of the
dose of the antimicrobial agent. Finally, crystal deposi-
tion in the renal tubules may occur with antiviral agents
and sulfonamides (38). Volume depletion exacerbates

Acta Clinica Belgica, 2007; 62-Supplement 2

the nephrotoxic effects on the proximal tubules and
crystal deposition in the distal tubules.

AKI CAUSES INFECTION

It is a well-established fact that patients with
chronic kidney disease are at greater risk for infection
(39). Many of the presumed pathogenic factors of in-
creased risk for infection are also present in AKI patients.
It seems, therefore, plausible that also AKI patients are
at increased risk for infection. There are only limited
data that support this presumption.A greater proportion
of patients with AKI after cardiovascular surgery devel-
oped infection compared to patients without AKI
(58.5% vs.23.7%, P<0.001) (16). In addition, our group
found that AKI patients who are treated with RRT have
a greater risk for bloodstream infection compared to
ICU patients without AKI (8.8% vs. 3.5%, p<0.001) (17).
On top of that, a large proportion of bloodstream infec-
tions in this cohort is caused by antimicrobial-resistant
pathogens (40), incurring an important economic bur-
den (41, 42). Several factors are responsible for the
increased risk for infection in these patients (figure 1).
Volume overload may cause pleural effusion and pul-
monary oedema, on its turn leading to atelectasis, and
pneumonia. Also, intra-abdominal hypertension may
develop as a consequence of fluid accumulation in the
retroperitoneal compartment, formation of ascites, and
bowel oedema. Intra-abdominal hypertension leads to
elevation of the diaphragm, atelectasis, and as such, also
contributes to the increased risk for pneumonia. In ad-
dition, patients may develop bloodstream infection by
bacterial translocation from the gut lumen to the blood-
stream, and peritonitis secondary to bowel ischaemia.
Wound healing will be impaired in patients with volume
overload (43). RRT by means of a temporal dialysis
catheter increases the risk for catheter-related blood-
stream infection (17). Also, retention of uraemic com-
pounds may impair the immune response, as has been
demonstrated in patients with chronic kidney disease
(39, 44, 45). Finally, inflammation may cause AKI, but
AKI may also cause inflammation to other organs, also
called ‘organ cross talk’ (46). For instance, the inflam-
matory response mediated by the kidney, and/or urae-
mia may lead to pulmonary oedema, by altered expres-
sion of heat shock proteins, down regulation of pulmo-
nary epithelial sodium channels, and aquaporin-5, in-
creased pulmonary vascular permeability, and increased
expression of adhesion molecules, and neutrophil infil-
tration (47-49).



SEPTIC AKI VERSUS NON-SEPTIC AKI

AKl is caused by sepsis in 45% to 50% of patients,
and this proportion seems to be stable over the last
10-years (50, 51). Patients with sepsis as a cause of AKI
are more severely ill on admission (51). Sepsis patients
who develop AKI have a more positive fluid balance, and
higher central venous pressure compared to sepsis
patients who do not develop AKI (14). Despite this, more
AKI patients with sepsis had oliguria at time of diagno-
sis (51), and more patients had late onset AKI during
their ICU stay (50). Prognosis for septic AKI patients is
worse compared to non-septic AKI patients (50, 51).
However, there is a trend towards greater renal recovery
in septic AKI patients (51) .

CONCLUSIONS

Severe infection and sepsis are the most important
underlying causes in the development of AKI among
ICU patients. Also, septic AKI carries a worse prognosis
compared to non-septic AKI.We discussed the different
pathogenic mechanisms that all contribute in the de-
velopment of AKI due to sepsis, but also vice versa,
mechanisms that lead to increased risk for infection in
AKI patients.

REFERENCES

1. Harrison D, Welch C, Eddleston J. The epidemiology of severe
sepsis in England, Wales and Northern Ireland, 1996 to 2004:
secondary analysis of a high quality clinical database, the ICN-
ARC Case Mix Programme Database. Critical Care 2006; 10:
R42.

2. Finfer S, Bellomo R, Lipman ], French C, Dobb G, Myburgh J.
Adult-population incidence of severe sepsis in Australian and
New Zealand intensive care units. Intensive Care Med 2004; 30:
589-96.

3. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of
sepsis in the United States from 1979 through 2000. N Engl J
Med 2003; 348: 1546-54.

4. Vincent JL, Bihari DJ, Suter PM, et al. The prevalence of nosoco-
mial infection in intensive care units in Europe. Results of the
European Prevalence of Infection in Intensive Care (EPIC) Study.
EPIC International Advisory Committee. JAMA 1995; 274: 639-
44.

5. Hoste EA, Clermont G, Kersten A, et al. RIFLE criteria for acute
kidney injury are associated with hospital mortality in criti-
cally ill patients: a cohort analysis. Crit Care 2006; 10: R73.

6. Vandijck DM, Annemans L, Oeyen S, Blot SI, Decruyenaere JM.
Cost-effectiveness in Critical Care. /CU Management 2007; 7:
6-8.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

SEVERE INFECTION, SEPSIS AND ACUTE KIDNEY INJURY | 335

Vandijck DM, Oeyen S, Decruyenaere JM, Annemans L, Hoste E.
Acute Kidney Injury, Length of Stay, and Costs in Patients with
Hospitalized in the Intensive Care Unit. Acta Clin Belg 2007; 62:
in press.

Hoste EAJ, Schurgers M. Epidemiology of AKI: How big is the
problem? Crit Care Med 2007; 35: in press.

Waikar SS, Curhan GC, Wald R, McCarthy EP, Chertow GM.
Declining mortality in patients with acute renal failure, 1988 to
2002. /Am Soc Nephrol 2006; 17: 1143-50.

Xue JL, Daniels F, Star RA, et al. Incidence and mortality of acute
renal failure in Medicare beneficiaries, 1992 to 2001. /Am Soc
Nephrol 2006; 17: 1135-42.

Bagshaw SM, George C, Bellomo R. Changes in the incidence
and outcome for early acute kidney injury in a cohort of Austral-
ian intensive care units. Crit Care 2007; 11: R68.

Hoste EA), De Corte W. The Epidemiology of Acute Kidney In-
jury in the ICU. Acta Clin Belg 2007; 62: in press.

Uchino S, Kellum JA, Bellomo R, et al. Acute renal failure in
critically ill patients: a multinational, multicenter study. JAMA
2005; 294: 813-8.

Hoste EA, Lameire NH, Vanholder RC, Benoit DD, Decruyenaere
JM, Colardyn FA. Acute renal failure in patients with sepsis in a
surgical ICU: predictive factors, incidence, comorbidity, and
outcome. /Am Soc Nephrol 2003; 14: 1022-30.

Vandijck D, Decruyenaere JM, Blot SI. The value of sepsis defini-
tions in daily ICU-practice. Acta Clin Belg 2006; 61: 220-6.
Thakar CV, Yared JP, Worley S, Cotman K, Paganini EP. Renal
dysfunction and serious infections after open-heart surgery.
Kidney Int 2003; 64: 239-46.

Hoste EA, Blot SI, Lameire NH, Vanholder RC, De Bacquer D,
Colardyn FA. Effect of nosocomial bloodstream infection on the
outcome of critically ill patients with acute renal failure treated
with renal replacement therapy. / Am Soc Nephrol 2004; 15:
454-62.

Lameire N,Van Biesen W, Vanholder R.Acute renal failure. Lancet
2005; 365: 417-30.

Liafio F, Pascual J, the Madrid Acute Renal Failure Study Group.
Epidemiology of acute renal failure: A prospective, multicenter,
community-based study. Kidney Int 1996; 50: 811-8.

WangY, Cui Z, Fan M. Retrospective analysis on Chinese patients
diagnosed with acute renal failure hospitalized during the last
decade (1994-2003). Am J Nephrol 2005; 25: 514-9.

Schrier RW,Wang W, Poole B, Mitra A. Acute renal failure: defini-
tions, diagnosis, pathogenesis, and therapy. J Clin Invest 2004;
114:5-14.

Wan L, Bellomo R, Di Giantomasso D, Ronco C. The pathogen-
esis of septic acute renal failure. Curr Opin Crit Care 2003; 9:
496-502.

Di Giantomasso D, May CN, Bellomo R.Vital Organ Blood Flow
During Hyperdynamic Sepsis. Chest 2003; 124: 1053-9.

Di Giantomasso D, Morimatsu H, May CN, Bellomo R. Intrarenal
blood flow distribution in hyperdynamic septic shock: Effect of
norepinephrine. Crit Care Med 2003; 31: 2509-13.

Di Giantomasso D, May CN, Bellomo R. Norepinephrine and
vital organ blood flow during experimental hyperdynamic sep-
sis. Intensive Care Med 2003; 29: 1774-81.

Albanese J, Leone M, Garnier F, Bourgoin A, Antonini F, Martin C.
Renal effects of norepinephrine in septic and nonseptic patients.
Chest 2004; 126: 534-9.

. Thijs A, Thijs LG. Pathogenesis of renal failure in sepsis. Kidney

Int Suppl 1998; 66: S34-7.

Acta Clinica Belgica, 2007; 62-Supplement 2



336| SEVEREINFECTION, SEPSIS AND ACUTE KIDNEY INJURY

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Knotek M, Rogachev B, Wang W, et al. Endotoxemic renal failure
in mice: Role of tumor necrosis factor independent of inducible
nitric oxide synthase. Kidney Int 2001; 59: 2243-9.

Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and safety of
recombinant human activated protein C for severe sepsis. N Engl
J Med 2001; 344: 699-709.

Gupta A, Rhodes GJ, Berg DT, Gerlitz B, Molitoris BA, Grinnell
BW. Activated protein C ameliorates LPS-induced acute kidney
injury and downregulates renal INOS and angiotensin 2. Am J
Physiol Renal Physiol 2007; 293: F245-54.

Gupta A, Berg DT, Gerlitz B, et al. Role of protein C in renal
dysfunction after polymicrobial sepsis. /Am Soc Nephrol 2007;
18:860-7.

Van den Berghe G, Wouters P, Weekers F, et al. Intensive Insulin
Therapy in Critically Ill Patients. N Engl / Med 2001; 345: 1359-
67.

Van den Berghe G, Wilmer A, Hermans G, et al. Intensive Insulin
Therapy in the Medical ICU. N Engl ] Med 2006; 354: 449-61.
Schetz M, Dasta ], Goldstein S, Golper T. Drug-induced acute
kidney injury. Curr Opin Crit Care 2005; 11: 555-65.
Beauchamp D, Labrecque G. Aminoglycoside nephrotoxicity: do
time and frequency of administration matter? Curr Opin Crit
Care 2001; 7: 401-8.

Eriksson U, Seifert B, Schaffner A. Comparison of effects of
amphotericin B deoxycholate infused over 4 or 24 hours: ran-
domised controlled trial. BMJ 2001; 322: 579-82.

Markowitz GS, Perazella MA. Drug-induced renal failure: a focus
on tubulointerstitial disease. Clin Chim Acta 2005; 351: 31-47.
Perazella MA. Crystal-induced acute renal failure. Am / Med 1999;
106: 459-65.

Vanholder R, Van Biesen W. Incidence of infectious morbidity
and mortality in dialysis patients. Blood Purif 2002; 20: 477-
80.

Hoste EA, Vandijck DM, Vanholder RC, et al. Health implications
of antimicrobial resistance for patients with acute kidney in-
jury and bloodstream infection. Infect Control Hosp Epidemiol
2007; 28: 1107-10.

Acta Clinica Belgica, 2007; 62-Supplement 2

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Vandijck DM, Blot SI, Decruyenaere JM, et al. Costs and length
of stay associated with antimicrobial-resistance in acute kidney
injury patients with bloodstream infection. Acta Clin Belg 2007;
in press.

Vandijck DM, Depaemelaere M, Labeau SO, et al. Daily cost of
antimicrobial therapy in patients with intensive care unit-ac-
quired, laboratory-confirmed bloodstream infection. Int J Anti-
microb Agents 2007: in press.

Brandstrup B, Tonnesen H, Beier-Holgersen R, et al. Effects of
intravenous fluid restriction on postoperative complications:
comparison of two perioperative fluid regimens: a randomized
assessor-blinded multicenter trial. Ann Surg 2003; 238: 641-8.

Vanholder R, Ringoir S. Infectious morbidity and defects of
phagocytic function in end-stage renal disease: a review. /Am
Soc Nephrol 1993; 3: 1541-54.

Vanholder R, De Smet R, Glorieux G, et al. Review on uremic
toxins: classification, concentration, and interindividual variabil-
ity. Kidney Int 2003; 63: 1934-43.

Chawla LS, Seneff MG, Nelson DR, et al. Elevated Plasma Con-
centrations of IL-6 and Elevated APACHE Il Score Predict Acute
Kidney Injury in Patients with Severe Sepsis. Clin / Am Soc
Nephrol 2007; 2: 22-30.

Rabb H, Chamoun F, Hotchkiss J. Molecular mechanisms under-
lying combined kidney-lung dysfunction during acute renal
failure. Contrib Nephrol 2001: 41-52.

Rabb H,Wang Z, Nemoto T, Hotchkiss ], Yokota N, Soleimani M.
Acute renal failure leads to dysregulation of lung salt and water
channels. Kidney Int 2003; 63: 600-6.

Kim DJ, Park SH, Sheen MR, et al. Comparison of Experimental
Lung Injury from Acute Renal Failure with Injury due to Sepsis.
Respiration 2006; 73: 815-24.

Neveu H, Kleinknecht D, Brivet F, Loirat P, Landais P, the French
Study Group on Acute Renal Failure. Prognostic factors in acute
renal failure due to sepsis. Results of a prospective multicentre
study. Nephrol Dial Transplant 1996; 11: 293-9.

Bagshaw SM, Uchino S, Bellomo R, et al. Septic Acute Kidney
Injury in Critically Ill Patients: Clinical Characteristics and Out-
comes. Clin | Am Soc Nephrol 2007; 2: 431-9.



