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Abstract
Surgical stress causes biochemical and physiologic perturbations of every homeostatic axis. These
alterations include volume/baroreceptor regulation, sympathetic activation, parasympathetic suppression,
neuroendocrine activation, acute phase response protein synthesis and secretion, immune response
modulation and long-term behavioral adaptation. The kidney is central to the stress response because of its
main role in the maintenance of water, electrolyte balance and hence, intracellular and extracellular
compartments, including the intravascular volume. Acute kidney injury after cardiac surgery occurs as a
result of numerous factors including ischemia-reperfusion, inflammation, oxidative stress, neurohormonal
activation, metabolic factors, and nephrotoxicity or pigment nephropathy. The neuroendocrine stress response
has a central role in initiating renal injury during cardiac surgery through an increased release of argininevasopressin and activation of the sympathetic nervous system and the intrarenal and systemic reninangiotensin-aldosterone system. The contribution of an exaggerated neuroendocrine stress response to
cardiac surgery and cardiopulmonary bypass as key pathophysiologic mechanism for acute kidney injury
after cardiac surgery represents an opportunity for scientific exploration.
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Introduction
The stress response facilitates physiological and
metabolic adjustments required to endure challenges
to the physiological balance (homeostasis) [1]. Surgical
stress causes biochemical and physiologic perturbations
of every homeostatic axis (Table 1) [2]. These
alterations include volume/baroreceptor regulation,
sympathetic activation, parasympathetic suppression,
neuroendocrine activation, acute phase response
protein synthesis and secretion, immune response moAddress for correspondence:
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dulation and long-term behavioral adaptation [3]. The
goal of stress response is homeostatic preservation and
survival; it sustains cardiovascular homeostasis by
maintaining volume and perfusion to key organ systems
[1]. Other consequences of stress response are the
mobilization of substrates for energy production, and
shifting of metabolic pathways from anabolism towards
limitation of tissue damage and subsequent repair [1,
4, 5]. The kidney is central to the stress response
because of its main role in the maintenance of water,
electrolyte balance and hence, intracellular and extracellular compartments, including intravascular volume
[2, 4].
The interactions between the stress response system, renal mechanisms, inflammatory pathways, and
the immune system can have an effect in both adaptation to injury and the pathogenesis of cardiovascular
disease [6-8].
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Table 1. Hormonal changes during surgery (from [4]. Burton D, Nicholson G, Hall G. Endocrine and metabolic response
to surgery. Contin Educ Anaesth Crit Care Pain 2004; 4: 144-147, with permission)

Increased secr etio n

Un c h a n g e d s e c r e t i o n

P it u it ar y

Ad r en a l

P an cr ea t ic

O t h er s

Growth hormone
Adrenocorticotropic hormone
- endorphin
Prolactin
Arginine-vasopressin
Thyroid stimulating hormone
Luteinizing hormone
Follicle stimulating hormone

Catecholamines
Cortisol
Aldosterone

Glucagon

Renin

Insulin

Testosterone
Estrogen
Tri- iodothyronine

D e c r e a se d s e c r e t i o n

Neuroendocrine stress response and fluid
balance during cardiac surgery
Disruption of homeostasis during surgery results in
the activation of two main systems of the neuroendocrine stress response: the hypothalamic-pituitary
axis (HPA) and the sympathetic nervous system
(SNS). Both systems are important components of
stress adaptation and interact synergistically. Two
major effectors of the neuroendocrine stress response
are the renin-angiotensin-aldosterone (RAAS) and
the arginine-vasopressin (AVP) systems.
Hypothalamic-Pituitary-Adrenal (HPA) Axis.
The HPA axis is perhaps the single most important
stress response system. It meets the demands of stress
mostly through the synthesis and release of three key
hormones, corticotrophin-releasing hormone (CRH)
from the hypothalamus, adrenocorticotropin hormone
(ACTH) from the pituitary gland, and cortisol from
the adrenal glands (Figure 1) [1].
Multiple external and internal stimuli activate
neurons in the paraventricular hypothalamic nucleus
to synthesize and secrete CRH, which plays a pivotal
role in the response to stress. The presence of CRH
and its receptors in other brain areas and in other
organs such as skin, heart and gastrointestinal tract
suggests a more complex role of CRH in the stress
response, beyond the HPA axis [1].
Once in the peripheral circulation, ACTH is
transported to the adrenal cortex, where it induces
glucocorticoids -mainly cortisol -synthesis and is released in the zone fasciculata. Glucocorticoids have a
global effect on homeostasis and in most organ systems.
Glucocorticoids apply feedback on the hypothalamus
and pituitary gland, inhibiting further secretion of CRH
and ACTH. However, during periods of prolonged
stress, feedback inhibition does not occur, resulting in
excessive glucocorticoids levels. ACTH production is
usually far in excess than is required for maximum

Fig 1. The hypothalamic-pituitary-adrenal (HPA) axis. Critical
hormones that constitute the HPA axis are shown. Purple arrows
indicate negative feedback pathways

adrenocortical response [4]. The condition in which
stress-induced ACTH and glucocorticoid hypersecretion
fail to inhibit additional pituitary ACTH secretion is
called “permissive facilitation” [9]. ACTH is not the
only regulator of cortisol production. Other factors such
as angiotensin, vasopressin and direct sympathetic
adrenal cortex innervation influence glucocorticoid
secretion.
Glucocorticoid production can increase immediately
after surgical insult; cortisol blood concentration can
reach up to four- to five-fold the normal baseline value
within a few hours of starting major surgery. The
magnitude and duration of cortisol increase correlates
with the severity of surgical insult. The major role of
glucocorticoids is in carbohydrate metabolism and
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mobilization of energy stores. However, cortisol also
has a mild mineralocorticoid action resulting in sodium
retention and hypokalemia if high plasma concentrations
are sustained for prolonged periods of time [10].
Stress induced CRH and ACTH secretion also
stimulates the production of aldosterone, which has a
more potent mineralocorticoid effect than cortisol [10].
Sustained adrenal cortex stimulation by ACTH has
different effects on mineralocorticoids and glucocorticoids. After several hours, aldosterone production
begins to wane and normal or low levels of aldosterone
are found within 24 hours [10]. However, RAAS
stimulation induces sustained higher concentrations of
aldosterone.
Sympathetic Nervous System. SNS activation
results in increased catecholamine secretion from the
adrenal medulla into the peripheral tissues. There is a
close anatomic and physiologic relationship between
HPA and SNS because the adrenal medulla is developed inside the adrenal cortex, where catecholamineglucocorticoid interaction occurs. In response to
surgical stress, epinephrine response parallels HPA
stimulation while norepinephrine shows local variability
[3]. Marked catecholamine concentration increases
have been demonstrated in patients undergoing cardiac
surgery with a cardiopulmonary bypass (CPB) [11].
Catecholamine responses have two temporal
sequences. Short-term effects occur within minutes,
whereas long-term effects last days. Short-term
effects reflect rapid changes in target proteins functional state caused primarily by phosphorylation events.
Long-term effects result from changes in the gene
expression pattern [3].
Renal sympathetic activation stimulates sodium
reabsorption through direct nerve stimulation and
indirectly by plasma catecholamines. The result is renin
release and intra-renal blood flow distribution to the
juxta-medullary nephrons. Renin release from the juxtaglomerular cells results in the conversion of angiotensin
I to angiotensin II (Figure 2). Angiotensin II stimulates
aldosterone secretion from the adrenal cortex. In
contrast to the release of aldosterone through ACTH
stimulation, which is short-lived, aldosterone response
to angiotensin II is sustained and continues as long as
the angiotensin II level persist to be elevated.
Renin-Angiotensin-Aldosterone System. The
RAAS is essential in regulating sodium excretion during
acute and chronic stress through the following
pathways: 1) Increased angiotensin II local production,
which increases proximal tubule sodium reabsorption
by efferent arteriolar vasoconstriction, 2) increased
angiotensin II plasma levels causing renal tubular
sodium reabsorption independently of aldosterone, and
3) stimulation of aldosterone secretion. Angiotensin II
restores extracellular fluid volume not only by

Fig 2. The renin-angiotensin-aldosterone system (RAAS). Critical
components of the RAAS are shown. Central to the system are
the renal release of renin and the hepatic production of
angiotensinogen that leads to formation of angiotensin II (AGII).
The resulting effects of AGII – vasoconstriction, sodium and water
reabsorption, and aldosterone production – also exert a negative
feedback effect on renal release of renin

stimulating aldosterone, but also by vasoconstriction,
modulating systemic arterial and renal perfusion
pressure. Angiotensin II by itself has an inhibitory effect
on renin release and increases catecholamine secretion
from the adrenal medulla [10].
Arginine-Vasopressin. Surgical stress increases
AVP release by nociceptive pathway stimulation,
hypoxia, nausea and emesis [10]. Increased AVP
release from the posterior pituitary may act synergistically with CRH and stimulates ACTH and β-endorphin production. Surgery with CPB is associated with
increased AVP levels followed by a gradual return to
baseline postoperatively [12, 13].

The role of neuroendocrine stress response
in cardiac surgery-associated acute kidney
injury (AKI)
Acute kidney injury (AKI) after cardiac surgery
increases morbidity and mortality affecting long-term
outcomes [14-16]. Patient-related risk factors interact
with CPB exposure contributing to the development
of cardiac surgery-associated AKI (CSA-AKI) [17].
In particular, risk prediction models identify CPB
duration as an important risk factor for CSA-AKI [18,
19].
CSA-AKI pathophysiology
The pathophysiology of CSA-AKI is multifactorial
and at least six processes play a role: Ischemia-
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reperfusion, inflammation, oxidative stress, neurohormonal activation, metabolic factors, and nephrotoxicity/
pigment nephropathy [20]. These processes interact
in a complex manner with renal blood flow and
vasoregulation alterations, systemic inflammatory
response and the generation of microemboli
contributing to pathogenesis [21, 22].
AKI initiation and neuroendocrine stress
response activation
The neuroendocrine stress response has a central
role in initiating renal injury during cardiac surgery. AKI
is provoked by an absolute or relative decrease in renal
perfusion that decreases the glomerular filtration rate
(GFR). There are early compensatory mechanisms
attempting to correct the renal blood flow (RBF) and
GFR [20, 23]. First, an intrinsic renal autoregulatory
mechanism is mediated by a glomerular afferent
arteriole myogenic response [24]. The afferent arteriole
vasodilates in response to decreased renal perfusion
pressure. The tubulo-glomerular feedback (TGF)
mechanism alters GFR by increasing glomerular
vascular resistance in response to elevation in sodium
chloride concentration at the macula densa. The TGF
mechanism complements the autoregulatory process
that aims to stabilize GFR and fluid concentration
delivery to the distal nephron [2, 10, 20, 24]. Next,
there is a simultaneous systemic response to hypoperfusion by SNS & RAAS activation, and AVP release.
The net effect is increased tubular absorption to
improve RBF and GFR, generalized vasoconstriction
and RAAS up-regulation in an attempt to normalize
systemic blood pressure. The use of urinary angiotensinogen as an index of the intrarenal RAAS activity
has been investigated and a recent study has showed
that elevated urinary angiotensinogen has been
associated with the development of AKI after cardiac
surgery [25]. Low-dose (0.025 mcg/kg/min) human
atrial natriuretic peptide, a potent natriuretic, diuretic
and vasodilatory peptide, could reduce the incidence
of postoperative AKI by preventing an increase in the
activity of intrarenal but not the systemic RAAS [26].
Finally, unrestricted renal vasoconstriction is
counterbalanced by the activation of local intrarenal,
and systemic vasodilatory systems (mediated by
prostaglandins and nitric oxide) opposing the vasoconstrictive effects of angiotensin II and renal adrenergic
activity [10, 20]. The initial balance between vasoconstrictors and vasodilators conserves RBF and GFR
at the expense of water and urea resorption mediated
by AVP [10, 20].
AKI perpetuation and the role of persistent
neuroendocrine activation
The process that extends the initial injury is not
completely understood, but is characterized by a
progressive decline in GFR after renal perfusion

recovery [20, 23]. CPB may constitute a key event in
the progression of the initial insult into the extension
phase of AKI. Following CPB initiation, RBF is
decreased from 25% of the total cardiac output to only
12-13%, reflecting a 30% decrease in the effective
renal perfusion. RBF during CPB becomes dependent
on the pump flow [27]. It is not clear if there is autoregulatory reflex preservation [22, 28]. CPB alters renal
perfusion regulation by severely decreasing medullary
renal PO2 regardless of mean arterial pressure and
pump flows [28]. There are indications that the lack
of pulsatile flow during CBP contributes to altered renal
perfusion and increased neuroendocrine response.
Studies of pulsatile CPB show decreased levels of
inflammatory mediators and vasodilators [29-31].
However, effects in morbidity and mortality are inconclusive.
During the progression of renal insult, autoregulatory
mechanisms that were effective at first are unable to
compensate, causing further RBF and GFR impairment
[20]. The inappropriate renal vasoconstriction mediated
by SNS and RAAS stimulation adds to the presence
of leukotrienes, thromboxanes and endothelin causing
an exaggerated vasoconstrictive renal vascular
response [32-34]. Additionally, the renal vascular
endothelium is over-sensitized to vasoconstrictors and
poorly responsive to vasodilators due to the excessive
availability of intracellular calcium [34]. The use of
vasodilators and restoration of RBF does not reverse
this state indicating that vasodilator / vasoconstrictor
imbalance is not the only mechanism of injury
extension.
The possible maladaptive role of stress response to
surgical injury is highlighted by the fact that increased
plasmatic catecholamines concentration causes
adrenoreceptor downregulation with desensitizationmediated vasodilatory shock. In particular abnormally
elevated cathecolamines can predispose to increased
occurrence, severity and duration of AKI in cardiac
surgical patients with COMT (cathecol-O-methyltransferase) gene polymorphism causing a decreased
degradation of catecholamines [35]. Assessment of
adrenergic genetic variants, with low versus high
enzymatic activity, may provide additional insight into
the individual risk assessment for AKI after cardiac
surgery [36].
Pathophysiologic consequences of AKI
extension
Tubular cellular injury. Renal injury extension is
caused by tubular epithelial cell damage and vascular
endothelial activation. The tubular cellular injury is
characterized by the apical brush border loss, basal
membranes disruption, intercellular junction damage
causing tubular functional loss [37, 38]. Injured tubular
epithelial cells produce adhesion molecules and

Neuroendocrine stress response: implications for cardiac surgery-associated AKI

chemokines that attract cells eliciting further local
inflammation. Tubular cell loss and mechanical tubular
obstruction have a less important role.
Endothelial injury. The mechanism of initial renal
endothelial damage is ischemia-reperfusion [20, 23].
Endothelial injury causes renal autoregulation loss,
sensitivity to vasoconstrictors, and blunted response
to nitric oxide with further renal perfusion impairment
and tubular injury [32-34]. Cortico-medullary junction
and outer medulla nephrons are the most susceptible
[20, 22, 23]. The final consequences are altered barrier
function, increased vascular permeability, increased
interstitial edema and further blood flow decrease.
There is no specific pharmacologic therapy to improve
renal function or to prevent the occurrence of CSAAKI.
Other contributors to CSA-AKI
Local and systemic inflammatory response. Renal
tubular epithelial cells have dual roles as triggers and
targets of inflammation. The local inflammatory
activation of tubular cells adds to the systemic
inflammatory response generated by CPB and surgical
stress [20]. The contact of blood components with CPB
circuit surface results in the release of cytokines and
proinflammatory mediators including, tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), and interleukin8 (IL-8) which are mediators of renal insult. Upregulation of the inflammatory cascade contributes to the
tubular damage extending to the vascular epithelium.
The inflammatory reaction also contributes to ischemiareperfusion injury [21, 22, 39].

Ischemia-reperfusion. Decreased cardiac output,
low renal perfusion, embolism, and exogenous catecholamines lead to ischemia-reperfusion injury. Such
injury contributes to high-energy cellular phosphate
depletion, calcium accumulation, oxygen-free radical
generation, leukocytes activation, and nuclear factorκβ (NF-κβ) activation. In turn, NF-κβ mediates further
local renal cytokines release with inflammatory
cascade amplification. The final result is tubular and
endothelial cellular necrosis and apoptosis [22, 23].
CPB direct nephrotoxicity. Exposure to CPB
induces hemolysis and complement activation resulting
in increased free erythrocyte components circulating.
The presence of pigments such as hemoglobin, free
iron and myoglobin cause scavengers (i.e. transferrin
and haptoglobin) consumption. Those free molecules
bind to nitric oxide and can have direct vasoconstrictor
effects, altering systemic vascular resistance and
platelet function. Such substances also can cause
tubular obstruction contributing to direct nephrotoxicity
and CSA-AKI occurrence [40].

Future directions
Numerous factors including, reduced renal perfusion
pressure, activation of inflammatory mediators, and
direct nephrotoxicity interact in the pathogenesis of
CSA-AKI (Figure 3). However, the contribution of an
exaggerated neuroendocrine stress response to cardiac
surgery and CPB as the key pathophysiologic
mechanism for CSA-AKI represents an opportunity

Fig 3. Relationship of perioperative clinical risk factors for cardiac surgery – associated acute kidney injury. (adapted from [22].
Stafford-Smith M, Patel UD, Phillips-Bute BG, Shaw AD, Swaminathan M. Acute kidney injury and chronic kidney disease after
cardiac surgery Adv Chronic Kidney Dis 2008; 15: 257-277, with permission)
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for scientific exploration. The role of a “maladaptive”
response to chronic stress in the pathogenesis of cardiovascular disease is a novel pathway for research.
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