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Mechanisms underlying uremic encephalopathy

Mecanismos básicos da encefalopatia urêmica

INTRODUCTION

As a consequence of the numerous advances in early diagnosis and treat-
ment of several diseases, critical care has developed as a subspecialty in all clini-
cal disciplines engaged in life-threatening diseases. In neurology, this leads to 
an increase of neurological critical care units dealing with a broad spectrum of 
vascular – infectious – immunological and metabolic diseases and malignan-
cies not only as primary diseases of the central and peripheral nervous systems 
and muscle but also as secondary affections caused by other organ or systemic 
diseases.(1)

Acute renal failure (ARF) is a common and critical clinical entity, which af-
fects around 5% to 7% of all hospitalized patients.(2,3) It is associated with vari-
ous medical problems, treatments, and procedures. Despite advances in medi-
cal care, ARF still carries a significant morbidity and a 20% to 70% mortality 
rate. Unfortunately, this has not improved during the past years because of 
sicker and older population.(4)

In patients with renal failure, encephalopathy is a common problem that 
may be caused by uremia, thiamine deficiency, dialysis, transplant rejection, hy-
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ABSTRACT

 In patients with renal failure, en-
cephalopathy is a common problem 
that may be caused by uremia, thiamine 
deficiency, dialysis, transplant rejec-
tion, hypertension, fluid and electro-
lyte disturbances or drug toxicity. In 
general, encephalopathy presents with 
a symptom complex progressing from 
mild sensorial clouding to delirium and 
coma. This review discusses important 
issues regarding the mechanisms un-
derlying the pathophysiology of uremic 
encephalopathy. The pathophysiology 
of uremic encephalopathy up to now is 
uncertain, but several factors have been 
postulated to be involved; it is a com-
plex and probably multifactorial process. 
Hormonal disturbances, oxidative stress, 

accumulation of metabolites, imbalance 
in excitatory and inhibitory neurotrans-
mitters, and disturbance of the inter-
mediary metabolism have been identi-
fied as contributing factors. Despite 
continuous therapeutic progress, most 
neurological complications of uremia, 
like uremic encephalopathy, fail to fully 
respond to dialysis and many are elicited 
or aggravated by dialysis or renal trans-
plantation. On the other hand, previous 
studies showed that antioxidant therapy 
could be used as an adjuvant therapy for 
the treatment of these neurological com-
plications.
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pertension, fluid and electrolyte disturbances or drug tox-
icity.(5) In general, encephalopathy presents with a symp-
tom complex progressing from mild sensorial clouding to 
delirium and coma. It is often associated with headache, 
visual abnormalities, tremor, asterixis, multifocal myoclo-
nus, chorea and seizures. These signs fluctuate from day to 
day or sometimes from hour to hour.(6)

Uremic encephalopathy may accompany acute or 
chronic renal failure, but in patients with acute renal fail-
ure the symptoms are generally more pronounced and 
progress more rapidly.(6,7) Besides the general symptom 
complex of encephalopathy, focal motor signs and the 
“uremic twitch convulsive” syndrome can be seen.(6,8) Even 
in patients with neurologically asymptomatic chronic re-
nal disease, impaired cognitive processing can be disclosed 
by event-related potentials. This review discusses im-
portant issues regarding the mechanisms underlying the 
pathophysiology of uremic encephalopathy.

PATHOPHYSIOLOGY OF UREMIC ENCEPHA-
LOPATHY

The pathophysiology of uremic encephalopathy up to 
now is uncertain, but several factors have been postulated 
to be involved;(9) it is a complex and probably multifacto-
rial process. Hormonal disturbances, oxidative stress, ac-
cumulation of metabolites, imbalance in excitatory and 
inhibitory neurotransmitters, and disturbance of the in-
termediary metabolism have been identified as contribut-
ing factors.(10)

Hormonal disturbances
Toxic effects of the parathyroid hormone (PTH) on 

the central nervous system (CNS) have been recently sug-
gested.(9) Experiments with animals reported biochemical 
changes in the brain, especially in ARF models. In acute 
and in chronic renal failure, PTH level is elevated with 
concomitant elevated calcium content in the cerebral 
cortex. This hypothesis is supported by one study which 
demonstrated that brain calcium content abnormalities in 
dogs with renal failure can be prevented by parathyroid-
ectomy, so these changes appear to be PTH-dependent.(11) 

Oxidative stress
Reactive oxygen species (ROS) are considered to be 

one of the important mediators for the pathophysiology 
of uremic encephalopathy. Evidence for oxidative stress in 
chronic renal failure (CRF) was based on the elevation of 
lipid peroxidation products, as a result of damage to cell 
and organelles membranes.(12-15) Several studies demon-

strated that these toxic products cause an inflammatory 
burden in CRF through the generation of an imbalance 
between increased production of ROS and limited or de-
creased antioxidant capacity.(16)

Nitric oxide (NO), originally identified as the en-
dothelium derived relaxing factor, now is known to be 
a critical intra- and intercellular signal molecule which 
plays a fundamental role in regulation of a wide vari-
ety of biologic functions.(17) In addition to its important 
physiologic functions, NO is involved in various patho-
logic processes that lead to cytotoxicity.(18,19) In this re-
gard, interaction of NO with ROS, especially superox-
ide anion, leads to the generation of highly reactive and 
cytotoxic byproducts, such as peroxynitrite, which can 
react with DNA, lipids, and proteins.(20,21) For instance, 
peroxynitrite reacts with free tyrosine and tyrosine resi-
dues in protein molecules to produce nitrotyrosine. Al-
ternatively, ROS can activate tyrosine to form tyrosyl, a 
radical that, in turn, oxidizes NO to produce nitrotyro-
sine.(21,22) Furthermore, neuronal NO synthase (nNOS) 
expression is elevated in the brain of uremic rats.(23) It 
has benn hypothesized that the concomitant increase in 
ROS with elevated brain tissue nNOS expression in ure-
mia may favor generation and accumulation of nitroty-
rosine in the uremic brain. Western blot analysis revealed 
a marked increase in nitrotyrosine content in the cerebral 
cortex of the rats with CRF. It is also important to note 
that the immunohistological examination of the brain in 
the CRF group indicated an association of nitrotyrosine 
with neuronal processes and plasma membrane of corti-
cal cells.(24)

Sener et al.(25) also reported increased lipid peroxi-
dation, collagen content and myeloperoxidase activ-
ity and decreased reduced glutathione (GSH) levels. In 
this study, the results demonstrated that CRF in rats 
yields to oxidative injury in the renal tissue, as well as 
in the lung, heart and brain tissues. The observed tissue 
damages were accompanied by elevated serum levels of 
pro-inflammatory mediators (LTB4, TNF-a, IL-1b and 
IL-6), while histological analyses verified the severity of 
CRF-induced systemic inflammatory response in all the 
studied tissues.

Several studies have revealed that oxidative stress and 
the formation of aminoglycoside–iron complexes through 
iron-dependent Fenton reaction have been proposed to be 
the major mechanisms in the development of gentamicin 
(GM)-induced ARF.(26,27) In a recent report, Petronilho et 
al. (28) demonstrated that GM-induced oxidative damage is 
an early event and occurs before any observed increase in 
urea and creatinine levels, suggesting that oxidative dam-
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age is related to GM-induced kidney injury and that the 
association of N-acetylcysteine (NAC) with deferoxamine 
(DFX) is effective in preventing GM-induced kidney 
damage, and this effect is not solely related to its antioxi-
dant potential.

Accumulation of metabolites
Renal failure leads to the accumulation of various ure-

mic toxins. Among the candidate uremic toxins are sev-
eral guanidine compounds (GCs), previously reported to 
be increased in uremic biological fluids and tissues.(10,29-

32) Several GCs may play an important role in the etiol-
ogy of uremic encephalopathy. Four GCs appeared to be 
substantially increased in serum, cerebrospinal fluid, and 
brain of uremic patients. These compounds are creatinine, 
guanidine, guanidinosuccinic acid (GSA), and methyl-
guanidine (MG); they were shown to be experimental 
convulsants in brain concentrations similar to those found 
in the uremic brain.(33,34) These compounds also induced 
tonic-clonic convulsions in adult mice. GSA and MG 
were markedly more potent convulsants than guanidine 
and creatinine.(35)

The kynurenine (KYN) pathway is the major route 
for tryptophan metabolism in mammals; this amino-
acid is converted into KYN, which is transformed into 
3-hydroxykynurenine (3-HK), a metabolite that gener-
ate ROS.(36,37) Several studies reported the accumulation 
of KYN metabolites in the blood of animal submitted to 
CRF,(38-40) and in uremic patients.(41,42) Thus, it is conceiv-
able that the KYN pathway may also be altered and plays 
an important role in uremic encephalophaty. Kynurenine 
(KYN) and 3-hydroxy-kynurenine (3-HK) may be im-
portant mediators of neurological dysfunctions observed 
both in uremic patients and animals. In previous studies, 
serious behavioral disturbances like decreased locomotor, 
exploratory and emotional activity of rats suffering from 
CRF were reported, which closely resemble those observed 
in uremic patients.(35)

Imbalance in excitatory and inhibitory neurotrans-
mitters

Animal studies and isolated tissues have suggested the 
involvement of serotonine and catecholamine,(43-45) acetyl-
choline,(46) g-amino-butyric acid (GABA) and glycine,(47) 
and excitatory amino acid(48,49) neurotransmitter systems 
in uremic encephalopathy. Renal failure also leads to a 
large number of biochemical alterations and metabolic de-
rangements which may potentially underlie the behavioral 
deficits(50-52). Activation of the excitatory N-methyl-d-as-
partate (NMDA) receptors and concomitant inhibition of 

inhibitory GABA(A)-ergic neurotransmission have been 
proposed as underlying mechanisms. Moreover, guanidi-
nosuccinic acid possibly inhibits transketolase, a thiamine-
dependent enzyme of the pentose phosphate pathway that 
is important for the maintenance of myelin. Inhibition 
of transketolase is related to demyelinative changes which 
contribute to both central and peripheral nervous system 
changes in chronic uremia.(53)

Several studies also described a possible mechanism 
for the contribution of GCs to uremic hyperexcitability, 
referring to the in vitro effects of uremic GCs on inhibi-
tory and excitatory amino acid receptors.(47,49,54-56) Some 
studies have been demonstrated GCs blocked GABA and 
glycine-evoked depolarization. GSA was shown to be the 
most potent compound, whereas MG, guanidine and cre-
atinine blocked GABA and glycine responses less potently. 
These findings suggest that the uremic GCs might block 
the GABAA and glycine receptor-associated chloride chan-
nel.(47) Recent studies suggested that GSA, MG and creati-
nine may act as competitive antagonists at the transmitter 
recognition site of the GABAA receptor,(56) which was also 
shown in some other endogenous GCs with convulsive 
action.(53,57,58)

Disturbance of the intermediary metabolism
Animal studies and in vitro testing demonstrated 

disturbances of the intermediary metabolism with de-
creased levels of creatine phosphate, adenosine triphos-
phate (ATP) and glucose, and increased levels of ade-
nosine monophosphate (AMP), adenosine diphosphate 
(ADP) and lactate. These changes are associated with a 
decrease in both brain metabolic rate and cerebral oxy-
gen consumption and are consistent with a generalized 
decrease in brain energy use. Moreover, inhibition of ce-
rebral Na+,K+-ATPase has been reported in experimen-
tal uremic animals.(7) Moreover, creatine kinase activity 
was inhibited in prefrontal cortex, cerebral cortex and 
hippocampus, brain areas that are crucial for cognitive 
processes in a model of uremic encephalopathy.(59) On 
the other hand, previous studies showed inhibition of 
respiratory chain complexes I and IV activities in experi-
mental uremic animals.(60) 

In this context, ROS may be related to an increase in 
mitochondrial membrane permeabilization. The rupture 
of mitochondrial membranes that leads to functional im-
pairment of mitochondria and to the release of toxic mito-
chondrial intermembrane space proteins intro the cytosol, 
causing a profound bioenergetic and redox crisis and acti-
vates an ensemble of catabolic processes, ultimately lead-
ing to cell death.(61)
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FINAL COMMENTS

Neurological complications whether due to the uremic 
state or its treatment, contribute largely to the morbid-
ity and mortality in patients with renal failure. In pa-
tients with renal failure, encephalopathy is a common 
problem that probably involves several factors caused by 
uremia. Factors as hormonal disturbances, accumulation 
of metabolites, imbalance in excitatory and inhibitory 
neurotransmitters, and disturbance of the intermediary 
metabolism have been postulated to be involved in the 
pathophysiology of uremic encephalopathy. Moreover, in-
duction of ROS generation seems to play a notable role in 
the pathophysiology of uremic encephalopathy.

Despite continuous therapeutic progress, most neurologi-
cal complications of uremia, like uremic encephalopathy, fail to 
fully respond to dialysis and many are elicited or aggravated by 
dialysis or renal transplantation. On the other hand, previous 
studies showed that antioxidant therapy and cysteinyl leukotri-
enes (CysLTs) receptor antagonist could be used as an adjuvant 
therapy for the treatment of these neurological complications. 
More studies must be performed in order to elucidate the com-
plex mechanisms involved in the pathophysiology of uremic 
encephalopathy. With this information, researchers will be able 
to create and suggest new treatments.

RESUMO

Em pacientes com insuficiência renal, a encefalopatia é um 
problema comum que pode ser provocado pela uremia, defici-
ência de tiamina, diálise, rejeição de transplante, hipertensão, 
desequilíbrios hidroeletrolíticos e toxicidades medicamentosas. 
Em geral a encefalopatia se apresenta como um complexo de 
sintomas que progride de uma leve obnubilação sensitiva até 
delírio e coma. Esta revisão discute questões importantes com 
relação aos mecanismos de base da fisiopatologia da encefalo-
patia urêmica. A fisiopatologia da encefalopatia urêmica é até 
hoje incerta, mas postula-se o envolvimento de diversos fatores; 
trata-se de um processo complexo e provavelmente multifato-
rial. Distúrbios hormonais, estresse oxidativo, acúmulo de me-
tabólitos, desequilíbrio entre os neurotransmissores excitatórios 
e inibitórios, e distúrbio do metabolismo intermediário foram 
identificados como fatores contribuintes. A despeito do progres-
so continuado na terapêutica, a maior parte das complicações 
neurológicas da uremia, como a encefalopatia urêmica, não res-
pondem plenamente à diálise e muitas delas são desencadeadas 
ou agravadas pela diálise ou transplante renal. Por outro lado, 
estudos prévios demonstraram que a terapia antioxidante pode 
ser utilizada como terapia coadjuvante para o tratamento destas 
complicações neurológicas. 

Descritores: Insuficiência renal/complicações; Encefalopatias/
etiologia; Encefalopatias/fisiopatologia; Uremia/complicações
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