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CHAPTER 107 

Immunologic and Infectious Complications of 
Acute Kidney Injury
Wim Vandenberghe and Eric A.J. Hoste

OBJECTIVES
This chapter will:
1.	 Provide an overview of the epidemiology of infection in 

patients with acute kidney injury.
2.	 Describe the diverse pathophysiologic mechanisms that 

may explain increased risk for infection in patients with 
acute kidney injury.

is the second most frequent cause of hospitalization among 
chronic hemodialysis patients.1–3 Furthermore, for the United 
States, it has been estimated that there are about 450,000 
cases of sepsis on a yearly basis, responsible for more than 
100,000 deaths. Consequently, sepsis is, after acute myo-
cardial infarction, the most frequent cause of mortality.2 
The Centers for Disease Control and Infection Prevention 
warned that its incidence is still increasing.2,4 Furthermore, 
the subgroup of patients diagnosed with end-stage renal 
disease and treated with renal replacement therapy (RRT) 
even has an approximate annual sepsis-attributed mortality 
rate of up to 45 times higher as compared with the general 
population.5 With regard to infectious complications in 
patients with acute kidney injury (AKI), there are consider-
ably less data available. Several studies demonstrated that 
infection and sepsis are the most important cause in the 
development of severe AKI.6–9 In the Beginning and Ending 

EPIDEMIOLOGY OF INFECTION IN PATIENTS 
WITH ACUTE KIDNEY INJURY

Infection is among the most important causes of morbidity, 
hospitalization, costs, and mortality in patients with end-
stage renal disease. After cardiovascular disease, infection 
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of Supportive Therapy (B.E.S.T.) Kidney trial, including 
almost 30,000 critically ill patients from 54 centers of 23 
different countries from all over the world, septic shock 
was present in about half of the patients found and thereby 
the main contributing factor in the development of severe 
AKI.7 As compared with patients hospitalized on a general 
ward, there is increasing evidence that AKI patients are 
more susceptible for infection, similarly to patients with 
chronic kidney disease. In our institution we observed that 
of all AKI patients undergoing RRT, 87% experienced an 
episode of infection during their intensive care unit (ICU) 
course. Of these, 41% developed infection during, and 59% 
developed infection before or after RRT.10 In another study 
of our group, we found that critically ill AKI patients treated 
with RRT had a twofold higher odds for developing noso-
comial bloodstream infection than those without.11 In 
addition, in two thirds of patients, bloodstream infection 
was caused by an antimicrobial-resistant microorganism.12,13 
In a single-center study, performed in The Cleveland Clinic 
Foundation, Thakar et al. found that the postoperative course 
of patients who had undergone open-heart surgery and 
developed AKI treated with RRT was complicated with 
infection in 58.5%, compared with 23.7% and 1.6% in 
AKI patients not treated with RRT, and patients without 
AKI, respectively (both, p < .001).14 Finally, in the multi-
center prospective observational trial on the epidemiology 
of AKI conducted in Madrid during 1991 and 1992, infection 
was identified as the cause of death in 40% of ICU patients 
with severe AKI.15

PATHOGENESIS OF INFECTION IN PATIENTS 
WITH ACUTE KIDNEY INJURY

As mentioned above, infection is a dreaded complication 
in chronic as well as in AKI patients because of its associated 
worse outcome. In chronic dialysis patients several patho-
physiologic factors have been proposed that enhance the 
risk for infection.16 There are less data in medical literature 
on this in AKI patients. However, many of the factors that 
may contribute to the development of infection in patients 
with chronic kidney disease are also present in patients 
with AKI. Contributing factors for infection in AKI involve 
pathophysiologic mechanisms (increased inflammation, 
volume overload, and electrolyte disturbances), treatment-
related factors (dialysis catheter-related infection), and effects 
on distant organs involved in defense against pathogens. 
These factors are highlighted and discussed in detail  
(Box 107.1 and Fig. 107.1).

Increased Inflammation
There is increasing evidence that AKI is caused, at least 
partly, by an inflammatory cascade resulting in a deterioration 
of organ function.17–23 This response occurs as the release 
of cytokines and other inflammatory mediators and seldom 
will be localized to one single-organ system but also will 
affect negatively other organs as well.24 As such, it is likely 
that this systemic inflammatory response also will cause 
generalized inflammation and organ dysfunction.

Inflammation is a natural defense mechanism against 
pathogens; however, excess or unresolved inflammation 
can cause tissue damage.25 Inflammation during ischemia-
reperfusion has many similarities with inflammation caused 
by microbial pathogen and is pathophysiologic, divided 

BOX 107.1 

Factors That Contribute to the Increased Risk for 
Infection in Patients With Acute Kidney Injury

Factors associated with AKI:
Inflammation
Acidosis
Uremia
Volume overload
Malnutrition
Decreased immunity
RRT
Inadequate antimicrobial therapy

RRT procedure-related factors:
•	 Intravascular catheter
•	 Loss of micronutrients – malnutrition

AKI, Acute kidney injury; RRT, renal replacement therapy.

into an early and late phase.26 The early phase is triggered 
by cell damage or death, causing a release of cytokines and 
recruitment of neutrophils and macrophages to the site of 
injury. Necrotic cells release damage-associated molecular 
patterns (DAMPs), which activate pattern recognition 
receptors, such as Toll-like receptors (TLRs).27–29 Activated 
renal parenchyma cells also secrete chemokines, promoting 
neutrophil, macrophage, and monocyte inflammatory 
responses. The early phase lasts minutes to hours.27,30,31 
Overlapping with the first phase, a second phase occurs, 
mediated primarily by immune cells. Proinflammatory 
mediators are produced in the kidney by phagocytic cells 
as well as in the bloodstream by activated neutrophils and 
monocytes.32–36 The inflammatory response eventually 
initiates a range of antiinflammatory cytokines, induced 
by T cells, to repair renal damage.37 Ideally, pro- and 
antiinflammatory mechanisms should be in balance; 
however, prolonged hypoxia leads to an abnormal repair, 
renal fibrosis, and chronic loss of kidney function.27,28

Understanding of the cellular and molecular mechanisms 
underlying the inflammatory response is important for future 
strategies in prevention and treatment of AKI.38 Especially, 
blockade of innate immune receptors, influencing paren-
chymal cells involved in inflammation, and molecules 
generated within injured cells are targets for investigation.39–41 
An important discovery is that many of the triggers and 
cellular mediators responsible for initial organ damage are 
also important in the repair phase.27,42,43 For example, 
macrophages play a different role depending on the inflam-
matory phase; M1 leads to inflammation, whereas M2  
has an antiinflammatory function.44 This means that  
interventions targeting early phase mediators can influence 
unintentionally negatively proinflammatory and repair 
mechanisms.43 Future targets for investigation are the 
parenchymal cells, because of their early role in inflam-
mation, soluble mediators of cellular injury, cytokines, and 
the interaction with immune cells.38

Finally, evidence is growing for what is called “organ 
cross-talk”; that is, infection may lead to AKI, and AKI in 
its turn may lead to decreased functioning of other organs, 
as has been demonstrated clearly for the lungs. After 
ischemia/reperfusion injury of the kidneys, deregulation 
of the salt and water channels develops, resulting in 
increased vascular permeability in the lungs, secondary 
leading to interstitial edema.45,46 In contrast to sepsis-induced 
acute respiratory distress syndrome (ARDS), AKI-induced 
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Decreased Immunity
There is salient evidence for an immune-depressed state 
in uremic patients, especially in those with chronic renal 
failure treated with RRT. Several uremic retention compounds, 
such as leptin,57 advanced glycation end-products (AGEs),58 
guanidines,59 and P-cresol,60–62 interfere with normal white 
blood cell function, phagocytosis, or endothelial function, 
and thus negatively affect immunity competence. Other 
factors that are believed to contribute to these effects in 
chronic uremia are (1) malnutrition, (2) iron overload, (3) 
anemia, and (4) bioincompatibility of dialyzer membranes. 
Finally, acidosis also may impair immune function by 
depressant effects on polymorphonuclear and lymphocyte 
function.63,64 Because uremia and many of the above-
mentioned factors are also present in AKI patients, immune 
suppression seems plausible in these patients.16,50

Loss of Protective Barriers Against  
Invading Microorganisms
Given the acute setting, RRT in the majority of AKI patients 
usually is performed by the use of an indwelling intravas-
cular catheter with a large diameter and not by means of 

ARDS generally is characterized by an induction of cytokine-
induced neutrophil chemoattractant 2, a distinct expression 
of various heat shock proteins, and a low level of cellular 
infiltration.47

The underlying cause for this deregulated inflammatory 
response is not entirely clear. Deregulation of the lung salt 
and water channels is related to the severity of AKI, sug-
gesting that uremia may be responsible.45 Increased cytokine 
levels and oxidative stress in patients with end-stage renal 
disease additionally suggest that uremia may play a crucial 
role in the development of a deregulated inflammation 
state.48–50 Next, acidosis also may contribute to the degree 
of the inflammatory status in AKI patients. The effects on 
inflammation appear to vary according to the type of aci-
dosis, that is, respiratory versus metabolic, and hyperchlo-
remic versus lactic acidosis, respectively. Hyperchloremic 
acidosis is more proinflammatory compared with lactic 
acidosis. In vitro experiments demonstrated that hyper-
chloremic acidosis increased the IL-6/IL-10 ratio, and NF-κB 
DNA binding.51 In vivo experiments, on the other hand, 
demonstrated that acidosis led to increased nitric oxide 
levels, lower blood pressure, or even shock.52 Also, acidosis 
has been shown to worsen lung and intestinal injury and 
to decrease the gut barrier function, thereby facilitating 
systemic breakthrough of microorganisms.53–56
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FIGURE 107.1  Interactions between various pathogenetic factors that contribute to increased risk for infection. All pathogenetic factors 
between braces will influence each other. GCS, Glasgow Coma Scale; RRT, renal replacement therapy. 
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and inflammatory cytokines.77 Impaired cardiac function, 
in turn, leads to decreased perfusion of all organs, including 
the kidneys with further deterioration of function.78,79 The 
bidirectional interaction of kidneys and the heart previously 
has been described as the cardiorenal syndrome.76 Decreased 
perfusion of lungs, liver, bowels, and the spleen increases 
risk of infection.80,81

Hematologic: Spleen and Bone Marrow
The spleen is an organ with an important host defense 
function and plays an important role in the inflammatory 
response in the kidney after ischemia. Experiments in mice 
showed that exposure of the spleen to ultrasound waves 
stimulated the cholinergic system and blunted the inflam-
matory reaction with reduced accumulation of neutrophils 
and myeloid cells in the kidney tissue.82 Splenectomy during 
AKI resulted in a significant exacerbation of lung injury, 
suggesting potential protective effects of the spleen on 
kidney pulmonary cross-talk in AKI.83 When AKI results 
in hypoperfusion of the spleen, this may lead to decreased 
immunologic protection and higher risk of infection. Finally, 
AKI also depresses bone marrow function resulting in 
anemia, thrombocytopenia, coagulation disorders, and 
immune dysfunction.84

Gastrointestinal and Liver Function
In AKI, hypervolemia and inflammation possibly leads to 
bowel edema and a change in gut flora, which in turn may 
facilitate translocation of intestinal microorganisms and 
infection.85,86 The influence of liver dysfunction on kidney 
function is well known and described as the hepatorenal 
syndrome in liver failure. Conversely, AKI can cause subtle 
changes in liver function, including alterations in protein 
and lipid metabolism, immunity and inflammation, and 
drug metabolism.87,88 In analogy with the interaction between 
kidneys and lungs and the heart, vascular congestion and 
permeability are observed and possible explanations for 
liver dysfunction in AKI.89,90 Liver dysfunction may con-
tribute to increased risk for infection by several factors 
such as translocation of microbes from the gut, impaired 
hepatic clearance, and peripheral immune paralysis.91 In 
addition, complications of severe liver dysfunction such 
as portal hypertension with volume retention, ascites and 
hepatorenal syndrome, neurologic impairment, hypotension, 
and hypoperfusion of all organs contribute to increased 
risk of infection.

Neuromuscular Function
AKI also affects neurologic function through release of 
inflammatory mediators and retention of uremic toxins. 
This contributes to the neuropathy and myopathy of severely 
ill ICU patients.77 Also, increase in cerebral vascular perme-
ability and electrolyte disturbances may lead to altered 
consciousness and even death.81 Reduced consciousness 
and neuromuscular weakness can lead to aspiration and 
decubitus wounds.77

Malnutrition
Malnutrition is an important problem in hospitalized 
patients and in severely ill ICU patients. AKI patients are 

surgically constructed arteriovenous fistula or by peritoneal 
dialysis. Several studies address the optimal vascular access 
site for temporal dialysis catheter placement. Dialysis 
catheters inserted in the internal jugular and femoral vein 
have similar risk for bacterial colonization and catheter 
dysfunction, except when BMI is greater than 28 kg/m2.65–70 
An important factor in the choice of site is mobilization of 
the patient. Getting the patient out of the ICU bed is less 
practical and comfortable if the catheter is placed in the 
femoral vein.

Because of all the specific issues related to hemodialysis 
treatment (e.g., temporary use of a dialysis catheter, frequent 
manipulation of the catheter, use of an extracorporeal circuit, 
multiple infusions), whereby various protective barriers 
are affected, infection heralds a major problem in dialyzed 
patients.

Volume Overload and Altered Permeability  
of Tissue Membranes
Oliguria leads to volume overload in AKI patients. Especially 
in critically ill AKI patients with severe systemic infection, 
large amounts of fluids are administered during resuscitation. 
Fluid retention is associated with a whole list of complica-
tions. Increased volume of distribution affects the absorption 
of many drugs.71 Tissue edema and compromised tissue 
perfusion may lead to pressure ulcers and negatively influ-
ence wound healing.72 Respiratory insufficiency may occur 
as a complication of pulmonary edema and pleural effusion. 
Volume overload also is associated with intraabdominal 
hypertension and secondary abdominal compartment 
syndrome, which, in turn, promotes bacterial translocation 
through the intestinal mucosa.73,74 This subsequently leads 
to increasing length of hospital stay and use of healthcare 
resources.

Pulmonary Function
Volume overload may cause pulmonary vascular congestion, 
pleural effusions, and/or intra-abdominal hypertension, 
leading to decreased gas exchange between the alveolar 
and capillary membranes. Compared with the general 
population, AKI patients more often experience interstitial 
edema by deregulation of the inflammatory cascade and 
increased vascular permeability.45,46,54 As noted earlier, AKI 
may affect the lung via increased renal production or 
impaired clearance of mediators of lung injury, such as 
proinflammatory cytokines.75 Decreased immune function, 
in combination with all of the previously mentioned factors, 
and paralleled by an increase in baseline activity, may lead 
to inflammation, infection, or pneumonia. As well, loss of 
muscle mass as a result of being confined to the bed for a 
long period or to decreased mobility, and oversedation 
resulting from retention of sedative and anesthetic drugs 
may prolong the duration of mechanical ventilation, and 
therefore the time at risk for infection or other life-threatening 
complications.

Cardiac Function
AKI can lead to cardiac malfunction, or cardiorenal syn-
drome type 3, through several mechanisms.76 Volume 
overload may lead to acute decompensated heart failure 
and cardiomyopathy. Inflammation can trigger acute cardiac 
disorders, such as pericarditis through release of neutrophils 
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may be administered in predilution or postdilution mode, 
or the “dose” of CVVH or ultrafiltration volume may vary 
considerably, some units use 20 mL/kg/hr, whereas others 
use 35, or even 50, mL/kg/hr.109 All these factors may lead 
to inadequate antimicrobial therapy and therapeutic failure 
in AKI patients with infection and increase the risk for 
antimicrobial resistance.

CONCLUSION

Infection remains a frequent and major problem in AKI 
patients treated with RRT. Data about the effect of immu-
nologic changes on the increased susceptibility for infection 
in this specific cohort of patients are limited. However, to 
treat AKI patients more effectively, there is a strong need 
to improve our knowledge regarding the underlying immu-
nologic changes in these patients. Also, better insights in 
the epidemiology of infection in these patients are warranted. 
Future studies should be conducted in well-defined popula-
tions with special emphasis not only on the immunologic 
but also on the infectious factors.

Key Points

1.	 Infection is an important cause of acute kidney 
injury (AKI), and in turn, patients with AKI are 
at increased risk for infection.

2.	 AKI patients have increased inflammation, which 
in turn may decrease immune response.

3.	 Volume overload may through diverse mechanisms 
contribute to the pathogenesis of infection.

4.	 Malnutrition is probably a frequent, and less well 
appreciated, occurring complication. This also 
contributes to decreased immune state and 
increased risk for infection.

5.	 Dosing of antimicrobial agents may be less 
optimal, leading to inadequate eradication of 
microorganisms.
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particularly at risk for malnutrition. Fiaccadori et al. found 
that about 42% of patients who were referred to the renal 
intermediate care unit were severely malnourished.92 
Malnourished patients had impaired immunologic function, 
as illustrated by lower total lymphocyte count, and lower 
levels of IgG, IgA, and IgM. In addition, severely malnour-
ished patients with accompanying AKI had increased odds 
for developing severe sepsis as compared with patients 
without AKI. AKI patients are at greater risk for malnourish-
ment on admission to the ICU but probably are also at 
greater risk for malnourishment or suboptimal feeding during 
their ICU stay. The same Italian group found that AKI 
patients are at greater risk for gastroparesis and withdrawal 
of enteral nutrition.93 Finally, AKI patients on RRT may 
lose important amounts of micronutrients such as vitamin 
C, folate, magnesium, calcium, selenium, and thiamin, 
which therefore should be substituted.94

Glucose Metabolism
An altered glucose metabolism also may contribute to the 
increased risk for infection in AKI patients. Systemic infec-
tion provokes a stress-induced hypermetabolic response 
through the activation of the hypothalamic-adrenal axis, 
which in turn increases hepatic glucose production and 
inhibits insulin-mediated glucose uptake into skeletal 
muscles.95 Acidosis has untoward effects on the glucose 
metabolism, causing induction of insulin resistance and 
inhibition of anaerobic glycolysis.96 Hyperglycemia second-
ary to this altered glucose metabolism has been associated 
with immune dysfunction and increased susceptibility to 
infection,97 probably by proinflammatory effects and 
decreased phagocytosis.98 On the other hand, the release 
of inflammatory mediators is, in turn, associated with 
pronounced insulin resistance in these patients.99 In addi-
tion, limited data suggest that perioperative glucose control 
and glucose control in the critically ill are associated with 
a lower incidence of AKI.100–107

Pharmacokinetics of Antimicrobial Agents
Suboptimal dosing of antibiotic agents is an important cause 
of failure to eradicate microorganisms. Most antimicrobial 
agents are eliminated through the kidneys, and the dose 
and/or dosing interval should be adjusted to kidney function. 
However, kidney function is seldom a steady state in AKI 
patients.108 Adjustments of antimicrobial dose or interval 
to kidney function therefore frequently are based on incorrect 
or less accurate assessments of kidney function. Also, 
distribution volumes may increase considerably in severely 
ill AKI patients, which may, in turn, result in decreased, 
possibly nontherapeutic, levels of antimicrobial agents. 
Finally, correct dosing of antimicrobial agents in AKI patients 
on RRT is a challenge. Although recommendations concern-
ing dosing and interval frequencies are available for most 
antibiotic agents, these may not necessarily be correct in 
a specific situation. For instance, dosage adjustment recom-
mendations for antibiotics may be based on observations 
in chronic dialysis patients. Large variation between different 
RRT treatment strategies used in clinical practice is char-
acteristic. For instance, Continuous veno-venous hemofiltra-
tion (CVVH) may differ in many aspects: substitution fluid 
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