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A B S T R A C T   

Chronic kidney disease is multifactorial and estimated to affect more than 840 million people worldwide 
constituting a major global health crisis. The number of patients will continue to rise mostly because of the aging 
population and the increased prevalence of comorbidities such as diabetes and hypertension. Patients with 
advanced stages display a loss of kidney function leading to an accumulation of, a.o. protein-bound uremic toxins 
that are poorly eliminated by renal replacement therapies. This systemic retention of toxic metabolites, known as 
the uremic syndrome, affects other organs. Indeed, neurological complications such as cognitive impairment, 
uremic encephalopathy, and anxiety have been reported in chronic kidney disease patients. Several factors are 
involved, including hemodynamic disorders and blood-brain barrier (BBB) impairment. The BBB guarantees the 
exchange of solutes between the blood and the brain through a complex cellular organization and a diverse range 
of transport proteins. We hypothesize that the increased exposure of the brain to protein-bound uremic toxins is 
involved in BBB disruption and induces a perturbation in the activity of endothelial membrane transporters. This 
phenomenon could play a part in the evolution of neurological disorders driven by this kidney-brain crosstalk 
impairment. In this review, we present chronic kidney disease-induced neurological complications by focusing 
on the pathological relationship between the BBB and protein-bound uremic toxins. The importance of mech-
anistically delineating the impact of protein-bound uremic toxins on BBB integrity and membrane drug trans-
porter expression and function in brain endothelial capillary cells is highlighted. Additionally, we put forward 
current knowledge gaps in the literature.   

1. Introduction 

Chronic kidney disease (CKD) is a common and long-term disease 
characterized by a gradual loss of kidney structure and function. The 
increased prevalence of CKD is likely due to the aging population, 
Western lifestyle evolution and the significant increase in related dis-
eases such as diabetes and hypertension. Currently, CKD is under-
diagnosed mainly because of a lack of symptoms until the advanced 
stages (Webster et al., 2017). Several advanced CKD patients suffer from 
the uremic syndrome characterized by a systemic retention of endoge-
nous metabolites, also called uremic toxins, and leading to associated 
pathologies including neurological disorders, such as cognitive impair-
ment and anxiety (Hamed, 2019). The potential clinical impact of ure-
mic toxins on cerebrovascular and neurological complications 
associated with CKD has been highlighted (Assem et al., 2018; Liabeuf 
et al., 2021). The retention of uremic toxins is not only due to a 

glomerular filtration rate reduction but may additionally be due to the 
decline in proximal tubule function. Recently, particular attention has 
been paid to tubular secretion as an underestimated kidney function to 
be accounted for in CKD progression (Lowenstein and Grantham, 2017). 
Proximal tubular cells (PTC) express numerous membrane transporters 
involved in uremic toxins’ active elimination from blood into urine, a 
mechanism particularly effective in the elimination of highly plasma 
protein-bound uremic toxins (PBUTs), which are poorly eliminated by 
filtration or dialysis (in kidney failure) (Masereeuw and Verhaar, 2020). 

At the cellular level, the increased exposure of uremic toxins to the 
brain results in brain metabolism dysfunction, disturbance of brain 
neurotransmitter amino acids balance, vascular autoregulation distur-
bances and blood-brain barrier (BBB) injury (Hamed, 2019). The BBB 
plays a central role in CKD brain complications since it is one of the 
major sites of blood-CNS (central nervous system) exchange. The BBB 
exhibits a highly complex structure in which cerebral capillary 
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endothelial cells (BBBec) are tightly connected between themselves, by 
tight junctions, but also with associated cells, especially pericytes, 
microglia, and the end-feet of astrocytic glial cells (Abbott et al., 2010). 
The BBB regulates the exchange of a broad range of molecules (e.g. 
nutrients, ions, toxins and drugs) between the brain and the systemic 
circulation, coordinated by membrane transporters (Abbott et al., 2010; 
Morris et al., 2017). Although the involvement of proximal tubular 
transporters in the urinary excretion of PBUTs is well characterized, 
much less is known about the effects of PBUTs on the BBB. 

We hypothesize that the reduction in proximal tubular transporters’ 
functionality in CKD leads to (1) the systemic retention of PBUTs, (2) a 
disruption of the BBB integrity and (3) an alteration of the activity of 
BBBec membrane transporters. This phenomenon could play a part in 
the evolution of CKD-associated neurological disorders driven by the 
kidney-brain crosstalk impairment. Moreover, functional impairment of 
BBBec transporters as well as PBUTs pass-through BBB could be 
considered as variables for brain physiologically based pharmacokinetic 
modeling (PBPK) in CKD patients, to provide prediction of drug trans-
port in CKD-induced BBB perturbed conditions. We conducted a non- 
systematic literature search to compose a narrative review on the 
research niche of the PBUTs/BBB pathological relationship in the 
context of CKD-associated neurological disorders. We present (i) the 
PBUTs blood accumulation phenomena in advanced CKD patients, (ii) 
an overview of the CKD-associated neurological complications and the 
involvement of the kidney-brain crosstalk impairment, (iii) the current 
knowledge on the PBUTs/BBB pathological relationship, (iv) we elab-
orate on the above-cited hypothesis and finalize (v) discussing the cur-
rent challenges and needs. 

2. Chronic kidney disease-induced neurological disorders 

2.1. Advanced chronic kidney disease and blood accumulation of protein- 
bound uremic toxins 

The kidneys act as a biological filtration system of the organism, 
ensuring the removal of metabolic waste, drugs and toxins from the 
systemic circulation. This blood detoxification process involves two 
consecutive structures of the nephron, (i) the glomeruli consisting of 
biological nanofilters with an approximately 66-kDa molecular weight 
cut-off and (ii) tubules, ensuring the active secretion of specific products 
(Fig. S1) (FASN et al., 2015). Patients suffering from CKD present a 
progressive loss of kidney function, and may only be diagnosed at an 
advanced stage of the pathology since symptoms are often non-specific 
at early stages (Webster et al., 2017). The diagnosis is based on esti-
mated glomerular filtration rate (eGFR; <60 mL/min per 1.73 m2) or 
kidney damage markers (e.g., albuminuria and abnormalities on histol-
ogy) evaluation. CKD patients are categorised according to their kidney 
function impairment and risk of CKD progression. Patients affiliated 
with the category G5 (eGFR <15 mL/min per 1.73m2) reached end-stage 
kidney disease (ESKD) meaning that the kidney is no longer able to 
sustain its vital function which negatively affects their quality of life. 
Therefore, these patients resort to kidney replacement therapy including 
dialysis or kidney transplantation (Webster et al., 2017). Dialysis is the 
mainstay and most widely used therapy (Wong et al., 2018). Although 
these renal replacement methods can partly mimic filtration by the 
glomeruli, they cannot substitute kidney tubules’ function. This is 
particularly true for a heterogeneous group of uremic toxins, the PBUTs 
(Table S1), which is poorly eliminated by conventional dialysis methods 
and therefore accumulate into the blood circulation (Masereeuw and 
Verhaar, 2020). The classification and list of uremic toxins are available 
via the network EUTox (https://www.uremic-toxins.org/). Drug trans-
porters in the PTC are responsible for the active elimination of the 
PBUTs in urine. These transporters are expressed at the basolateral side 
(influx transporters) and the apical side (efflux transporter) of the PTC 
and ensure the highly-specific and vectorial transepithelial PBUTs 
excretion. A list of the most studied drug tubular transporters and 

examples of their PBUT substrates are provided in the Table 1. However, 
several studies have shown a decrease in the expression and function of 
tubular transporters in CKD (Torres et al., 2021). 

Overall, PBUTs accumulate in the plasma of advanced CKD patients 
due to kidney impairment and functional alteration of membrane 
transporters, as well as, limited dialysis capacity. This systemic retention 
is part of the uremic syndrome, also characterized by multiple organs 
dysfunction and dysbiosis of the gut microbiota (Nigam and Bush, 
2019). It is noteworthy that well-known PBUTs (e.g., indoxyl sulfate (IS), 
p-cresyl sulfate (pCS), and indole-3-acetic acid (IAA)) are produced by 
the gut microbiota, and potential changes in intestinal motility, micro-
biota diversity and molecular environment in CKD could increase the 
production of uremic toxins precursor (Glorieux et al., 2020). 

2.2. Neurological complications associated with CKD-uremic syndrome 

The complex systemic and multi-scale metabolic disorder associated 
with the uremic syndrome promotes a chronic proinflammatory state 
resulting in multi-organ dysfunction and enhanced cardiovascular risk 
(Tuegel and Bansal, 2017). Moreover, CKD patients commonly experi-
ence neurological complications while patients suffering from ESKD 
exhibit more than one (Hamed, 2019), indicating a high prevalence of 
CKD-associated neurological complications, which leads to severe 
deterioration of quality of life and higher morbidity/mortality. Neuro-
logical complications include cognitive impairment, uremic encepha-
lopathy, seizures, anxiety, cerebrovascular stroke, and extrapyramidal 
movement disorders (e.g., Parkinsonism) (Hamed, 2019). Several factors 
are involved such as metabolic and hemodynamic disorders, accumu-
lation of uremic toxins and BBB impairment (Jabbari and Vaziri, 2018). 
Unfortunately, this pathogenesis is still poorly understood. For instance, 
uremic encephalopathy diagnosis is often based on retrospective eval-
uation, and relevant defining clinical and laboratory parameters are not 
used in routine checks yet (Rosner et al., 2022). In a normal physio-
logical state, the kidney-brain crosstalk relies on the neuro-
endocrine/kidney interaction (e.g., blood osmolality regulation by 
vasopressin) and the renal sensory nerve activity (e.g., maintaining so-
dium balance). Although many kidney-damage factors are likely to 
contribute to cerebral dysfunction (e.g., impaired renorenal reflex, 
electrolyte imbalances, oxidative stress and proinflammatory mole-
cules) further studies are still needed to decipher the underlying 
mechanisms (Tanaka and Okusa, 2020). The uremic toxins appear to be 
major contributors (Assem et al., 2018; Liabeuf et al., 2021). A clinical 
study with 199 CKD patients and 84 patients with normal renal function 
showed a correlation between cognitive function impairment and 
elevated plasma IS and pCS concentration (Yeh et al., 2016). Some 
pre-clinical evidence showed PBUTs accumulation in brain tissue. 
Recently, elevated concentrations of IS and pCS were found in the brain 
of mice with renal failure compared to control mice (E. Sato et al., 2017). 
Analysis conducted on postmortem brain tissues, collected from rats 
exposed to IS for 4 weeks, revealed an accumulation of the toxin in the 
brainstem, cerebellum, striatum and hippocampus. Moreover, chronic 
exposure to IS led to animal behavioural alterations (Karbowska et al., 
2020). Another study reported a significant increase of pCS concentra-
tion in the hippocampus and IS in the frontal lobe, hippocampus and 
basal ganglion in mice brains after 5/6 nephrectomy with CKD-like 
pathology. The administration of an oral active carbon absorbant that 
prevents IS and pCS absorption into the circulation (AST-120) was 
shown to reduce (i) IS accumulation in the frontal lobe and hippocam-
pus, (ii) hippocampal inflammation, and (iii) cognitive impairment in 
CKD-like mice (Li et al., 2021). Altogether, these studies show that 
uremic toxins can reach and accumulate within neural tissue and might 
influence cognitive functions. However, further research studying their 
intra-brain distribution and concentration with a large screening panel 
should be considered, since most literature is available on the two most 
widely studied toxins, IS and pCS, only. Futhermore, it is worth 
mentioning that the prevalence of neurological complications is still 
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high for CKD patients undergoing dialysis. Moreover, dialysis-related 
factors such as osmolar shifts and pro-inflammatory state further add 
to the CKD-specific factors suggesting that repeated dialysis may not be a 
long-term solution (Gupta, 2020; Karunaratne et al., 2018). 

A summary of pre-clinical and clinical studies showing direct asso-
ciations between uremic toxins and neurological complications is 
available in the above-mentioned review (Liabeuf et al., 2021). More-
over, an in-depth review summarized current knowledge about uremic 
toxins’ involvement in cerebrovascular diseases in CKD patients (Assem 
et al., 2018). Overall, uremic toxins could have indirect effects on the 
brain through vascular dysfunction (Six et al., 2015) and hemostasis 
(Kamiński et al., 2017) as well as direct effects, i.e., neurotoxicity on 

neuronal cells (Watanabe et al., 2021), neuroinflammation and oxida-
tive stress on glial cells (Adesso et al., 2017; Li et al., 2021), and BBB 
disruption (Bobot et al., 2020). The BBB is the border crossing between 
the blood and neural tissue and constitutes the access route for uremic 
toxins, hence the importance of studying the PBUTs/BBB pathological 
relationship and putative consequences (Fig. 1). Although we focused 
mainly on PBUTs, it must be emphasised that other uremic toxins (e.g., 
creatinine, trimethylamine-N-oxide (TMAO)) can also influence brain 
functions and hence be considered especially in non-dialysis patients 
(Hernandez et al., 2022; Liabeuf et al., 2021). 

Table 1 
Main PTC transporters and examples of their pharmaceutical and PBUT substrates.  

Transporter Location Examples of drugs substrates Examples of PBUT substrates References 
Solute carrier (SLC) 

OAT1 Basolateral Adefovir, tenofovir, hydrochlorothiazide, furosemide, 
cefazoline 

Indoxyl sulfate, kynurenine, hippuric acid (Ivanyuk et al., 2017; Wu et al., 2017) 

OAT3 Basolateral Bumetanide, furosemide, olmesartan, valsartan, 
cefazoline 

Indoxyl sulfate, p-cresylsulfate, CMPF (Ivanyuk et al., 2017; Wu et al., 2017) 

OCT2 Basolateral Amyloride, pindolol, procainamide, pramipexole Putrescine (Ivanyuk et al., 2017; Masereeuw 
et al., 2014) 

ATP-Binding Cassette (ABC) 
MRP2 Apical Indomethacin, furosemide, pravastatin Kynurenic acid, indoxyl sulfate and hippuric acid (Ivanyuk et al., 2017; Masereeuw 

et al., 2014) 
MRP4 Apical Cefazoline, hydrochlorothiazide, furosemide, 

simvastatin 
Kynurenic acid, indoxyl sulfate and hippuric acid (Ivanyuk et al., 2017; Masereeuw 

et al., 2014) 
BCRP Apical Sulfasalazine, furosemide, simvastatin Kynurenic acid, indoxyl sulfate, hippuric acid, p- 

cresyl sulfate 
(Ivanyuk et al., 2017; Masereeuw 
et al., 2014) 

BCRP, breast cancer resistance protein; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionate; MRP, multidrug resistance-associated protein; OAT, organic anion 
transporter; OCT, organic cation transporter. 

Fig. 1. Kidney-brain crosstalk and putative consequences in CKD-induced neurological complications at the (A) anatomical and (B) cellular level of tubular and 
blood-brain barrier. A, astrocytes; BBBec, blood-brain barrier endothelial cell; BVec, blood vessel endothelial cell; BVP, blood vessel pericyte; CKD, chronic kidney 
disease; CNS, central nervous system; PBUTs, protein-bound uremic toxins; PTC, proximal tubular cell. Illustration created with BioRender.com. 
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3. Protein-bound uremic toxins/blood-brain-barrier 
pathological relationship 

3.1. Blood-brain barrier structure and function 

The BBB refers to the blood vessels that vascularize the CNS and 
regulate the movements of molecules, playing a crucial role in neuronal 
function and protection (Profaci et al., 2020) (Fig. 1). The BBB is created 
by the interaction between the tightly bound BBBec and associated 
non-neuronal specific cells (i.e. end-feet of astrocytic glial cells and 
pericytes). These cells are part of the neurovascular unit (NVU), formed 
by neurons, interneurons, astrocytes, basal lamina covered with smooth 
muscular cells and pericytes, endothelial cells and extracellular matrix 
(Profaci et al., 2020). The intimate interaction between the several cell 
types of the NVU results in a functional coupling of neuronal and 
vascular components. Due to its special properties, the BBB regulates the 
exchange of a broad range of molecules (e.g. nutrients, ions, toxins and 
drugs) between the brain and the systemic circulation, also coordinated 
by membrane transporters (Abbott et al., 2010; Banks, 2016; Kadry 
et al., 2020; Morris et al., 2017). 

The BBBec are phenotypically different from other endothelial cells 
of an organism, by exhibiting continuous non-fenestration due to inter- 
endothelial cell tight junctions, which decrease paracellular diffusion. 
Moreover, BBBec, under normal condition, presents a low level of 
transcytosis implying little transcellular transport capacity. In contrast, 
the BBBec express many membrane transporters at both the luminal 
(blood) and abluminal (CNS) side (Table 2). These include different 
solute carrier-mediated transporters, such as GLUT1 that is involved in 
glucose exchange, LAT1–2 and EAAT1–3 that govern the transport of 

specific amino acids such as asparagine, methionine and glutamate, and 
the nucleoside transporters ENT1–2 for transport of nucleosides. 
Transporters are also expressed for both anionic (OAT2–3, OATP1A4, 
OATP2B1) and cationic (OCTN2, OCT1–3) organic ions (Pandit et al., 
2020). In addition, the BBBec express several efflux transporters 
belonging to ATP-Binding Cassette superfamily. Among them, the 
transporter ABCB1 (P-glycoprotein (P-gp) or multidrug resistance gene 1 
(MDR1)) which is involved in the clearance of many substrates including 
amyloid-β and drugs (e.g., dexamethasone, verapamil, and vinblastine), 
breast cancer resistance protein (BCRP; ABCG2) responsible of the efflux 
of sulfoconjugated organic anions and some multidrug 
resistance-associated proteins (MRPs; ABCC1,2,4,5) ensuring the elimi-
nation of glucuronides and glutathione conjugates (Mahringer and 
Fricker, 2016; Morris et al., 2017). These BBBec transporters play a 
central role in blood-CNS exchange by facilitating the transport of 
highly-specific molecules, including endogenous metabolites and drugs 
(Table 2) . 

It is worth mentioning that the BBB is a complex structure main-
tained by a specific cellular/matrix organization. The close interaction 
between BBBec, pericytes and astrocytes ensures the proper structure, 
exchange capacities and regulation of the neurovascular microenvi-
ronment. Thus, BBB disruption in neurological disease is not an “on-off” 
mechanism and further research is needed to capture its complexity 
(Profaci et al., 2020). 

3.2. Impact of uremic toxins on blood-brain-barrier integrity and vectorial 
transport capability 

Uremic toxins can affect the brain microvasculature as well as brain 
resident cells, including microglia and neurons (Assem et al., 2018). 
Regarding the BBB, IS was found to induce oxidative stress and 
apoptosis, and reduced mitochondrial membrane potential in human 
primary astrocytes (Lin et al., 2019). A release of proinflammatory cy-
tokines (i.e., TNF-α and IL-6) was observed in primary mouse astrocytes 
exposed to IS (Adesso et al., 2017). Increase production of IL-1β has been 
reported in human astrocytes treated with quinolinic acid as well as a 
dose-dependent reduction in glutamine synthetase activity (Ting et al., 
2009). Another study showed that human fetal primary astrocytes 
exhibited an upregulation of chemokine receptor expression following 
quinolinic acid exposure (Guillemin et al., 2003). A recent review 
summarized the effect of uremic toxins on endothelial cell integrity 
highlighting that IS promotes senescence of large-vessel endothelial 
cells, and generates disruption of contact between pulmonary artery 
endothelial cells. Moreover, homocysteine was shown to increase H2O2 
production and triggering apoptosis in endothelial cells (Assem et al., 
2018). Another study highlighted that IS and inorganic phosphate 
reduced NO and induced ROS production in a murine cerebral endo-
thelial cell line (Stinghen et al., 2014). Altogether, these studies suggest 
a direct toxic effect of uremic toxins on BBBec, however, further studies 
are needed to clarify this concern. 

A few studies have investigated the expression level of BBBec 
membrane transporters during kidney injury (Fig. 2 and Table S2). A 
research group identified a significant decrease of Bcrp, Mrp2/4, Oat3, 
Oatp2/3 and P-gp, at both RNA and protein level, in 5/6 nephrectom-
ized rat brain. Similar findings were observed in rat brain endothelial 
cells exposed to serum from a rat chronic kidney failure model (Naud 
et al., 2012). In contrast, a recent study, using isolated brain capillaries 
from mice ischemia/reperfusion injury models, showed an increase in 
the level of Bcrp, P-gp and Glut1 protein expressions as well as an in-
crease in the mRNA expression of Pit2, Nhe1 and Cat1 (Burek et al., 
2020). This contradiction might be related to the acute (Burek et al., 
2020) versus chronic (Naud et al., 2012) nature of the kidney injury. 
However, these results suggest an alteration in the expression of BBBec 
transporters during kidney failure. 

Variations in the expression and functionality of drug transporters 
and metabolism enzymes have been reported in CKD patients (Fig. 2) 

Table 2 
Main BBBec transporters and their endo/exogenous substrates.  

Transporter Location Examples of 
drugs substrates 

Putative 
PBUTs 
substrates 

References 

Solute carrier (SLC) 

OAT3 Abluminal 
and 
luminal 

Levofloxacin Indoxyl 
sulfate, 
hippuric acid, 
indoleacetate, 
CMPF 

(Cen et al., 
2023;  
Deguchi 
et al., 2006;  
Ohtsuki 
et al., 2002) 

LAT1 Abluminal 
and 
luminal 

Gabapentin, 
pregabalin, L- 
DOPA, and 
methyldopa 

Kynurenine (Morris 
et al., 2017;  
Walker 
et al., 2019) 

OCT2 Luminal Fluoxetine Putrescine ( 
Masereeuw 
et al., 2014; 
M. Wang 
et al., 2022) 

ATP-Binding Cassette (ABC) 
MRP2 Luminal Tacrolimus, 

sequinavir, 
vincristine 

Kynurenic 
acid, indoxyl 
sulfate and 
hippuric acid 

(Mahringer 
and Fricker, 
2016;  
Masereeuw 
et al., 2014) 

MRP4 Abluminal 
and 
luminal 

6- 
mercaptopurine, 
methotrexate 

Kynurenic 
acid, indoxyl 
sulfate and 
hippuric acid 

(Mahringer 
and Fricker, 
2016;  
Masereeuw 
et al., 2014) 

BCRP Luminal Lamivudine, 
anthracyclines, 
topotecan 

Kynurenic 
acid, indoxyl 
sulfate, 
hippuric acid, 
p-cresyl sulfate 

(Mahringer 
and Fricker, 
2016;  
Masereeuw 
et al., 2014) 

BCRP, breast cancer resistance protein; CMPF, 3-carboxy-4-methyl-5-propyl-2- 
furanpropionate; LAT, large neutral amino acids transporter; MRP, multidrug 
resistance-associated protein; OAT, organic anion transporter; OCT, organic 
cation transporter. 
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(Torres et al., 2021). A mechanism that could be part of the so-called 
Remote Sensing and Signaling Theory (RSST) i.e., a multi-scale and adap-
tive communication network based on the expression of multi-specific 
membrane transporters in many tissues that maintain or even restore 
homeostasis. Disruption of this network may play a central role in the 
progression of the uremic syndrome (Nigam et al., 2020; Nigam and 
Bush, 2019). In healthy kidneys, tubular cells can sense elevated plasma 
levels of uremic toxins and react by increasing transporter expression 
levels to support toxin excretion, as was demonstrated for IS regulating 
OAT1 (Jansen et al., 2019). PBUTs could have a similar effect on the 
BBBec and, therefore, modulate the expression and function of mem-
brane transporters. In support, human brain microvascular endothelial 
cells treated with IS or IAA for 48 h in a co-culture model of proximal 
tubule kidney cells exhibited an increased mRNA expression of ABCC4/5 
and ABCG2 as well as an IS-dependent decrease of SLC7A5 encoding for 
MRP4/5, BCRP and LAT1, respectively. These cells exhibited also an 
increased protein expression of MRP4 and MCT1 after IS exposure 
(Burek et al., 2020). Although not discussed in this review, it is worth 
mentioning that transporters expressed in choroid plexus epithelial cells 
that form the blood-cerebrospinal fluid (CSF) barrier may also play a key 
role and should be considered (Morris et al., 2017). 

Previous studies have shown that several neurological disorders, 
including Alzheimer’s and Parkinson’s disease, are associated with 
changes in the expression and/or functionality of certain efflux drug 
transporters (Morris et al., 2017). Furthermore, the inhibition of 
blood-to-brain transport of kynurenine abrogated the development of 
depression-like behavior in response to inflammation in a murine model 

(Walker et al., 2019). Another interesting mechanism reported is the 
OAT-dependent brain-to-blood efflux. The brain-to-blood transport of IS 
was evaluated as found by using the brain efflux index method in rats. 
The authors reported an IS efflux that could be inhibited by diverse 
molecules such as probenecid (a well-known OAT-inhibitor), benzyl-
penicillin, and other PBUTs i.e., hippuric acid and CMPF (3-carbox-
y-4-methyl-5-propyl-2-furanpropionate) (Ohtsuki et al., 2002). They 
also demonstrated the rOat3-dependent transport characteristic of IS 
with Xenopus oocytes model, as well as, found inhibition of this transport 
by some metabolites of neurotransmitters such as melatonin and imi-
dazolacetic acid, and drugs like acyclovir, cefazolin, baclofen, 6-mercap-
topurine, benzoic acid and ketoprofen (Ohtsuki et al., 2002). Another 
study with Xenopus oocytes model revealed that hippuric acid, indo-
leacetate and CMPF are substrates of rOat3 while CMPF is also a sub-
strate of rOatp2 (Deguchi et al., 2006). 

Altogether, these results suggest that the deleterious effect of PBUTs 
on the brain could be associated with variations in the expression and 
activity of membrane transporters. However, further studies need to be 
undertaken to clarify the expression levels of BBBec transporters in CKD 
patients, determine the PBUTs-dependent effect on transporters func-
tion, and identify specific transporter/PBUTs couples. Such studies are 
still challenging, given that acquisition of human brain tissue samples 
remains complex, especially for CKD patients and thus limits the study of 
human brain endothelial cells. On the another hand, the emergence of 
advanced in vitro BBB models that encompass a controlled microfluidic 
environment and a cell mixture (endothelial cells, pericytes and astro-
cytes) represent promosing models for transport analysis and barrier 

Fig. 2. PTC and BBBec membrane transporters expression profile in (A) healthy and (B) CKD (red indicates an increase and blue a decrease). BBBec, blood-brain 
barrier endothelial cell; BCRP, breast cancer resistance protein; ENT, nucleoside transporters; LAT, large neutral amino acids transporter; MATE, multidrug and 
toxin extrusion; MCT, monocarboxylate transporters; MRP, multidrug resistance-associated protein; OAT, organic anion transporter; OATP, organic anion trans-
porting polypeptides; OCT, organic cation transporter; OCTN, organic cation / carnitine transporter; Pgp, P-glycoprotein; PTC, proximal tubular cell. Illustration 
created with BioRender.com and based on (Morris et al., 2017; Naud et al., 2012; Torres et al., 2021). 
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integrity assessment (Guarino et al., 2023). 
PBUTs may compete with co-administered drugs commonly used in 

CKD management (i.e., angiotensin receptor blockers (losartan and 
valsartan) and furosemide) for the OAT1-dependent transport, which 
potentially further compromises the residual tubular function (Mihaila 
et al., 2020). CKD patients are treated with a plethora of drugs; there-
fore, drug-toxins interactions at the kidney level could exert widespread 
and unpredictable effects (André et al., 2022). Given the importance of 
membrane transporters in the movement of low-permeable compounds, 
an impairment of BBBec transporters in CKD could lead to PBUTs and 
transporter-specific neurotransmitters brain retention as well as, influ-
ence the drugs’ brain distribution, which in turn increases the risk for 
cerebral dysregulation. 

4. Blood-brain-barrier impairment by protein-bound uremic 
toxins as variable for central nervous system physiologically 
based pharmacokinetic modeling 

4.1. Prediction of drug CNS-PK profiles using physiologically based 
pharmacokinetic modeling 

The prediction of drug pharmacokinetic (PK) profiles in the CNS, by 
means of physiologically based pharmacokinetic modeling (PBPK), is 
useful to address potential efficacy and safety concerns of drugs in the 
pre-clinical and clinical phase of drug development (de Lange & Ham-
marlund Udenaes, 2022). In addition, patient-population specific PBPK 
models can help to predict drug or compound disposition in patients by 
incorporating quantitative pathophysiological changes (Hirasawa et al., 
2022). The aim is to predict the right drug concentration at the relevant 
target site in the CNS. Available in silico studies and more complex CNS 
PBPK models have been discussed elsewhere, some of which incorpo-
rated drug efflux transporter activity P-gp and BCRP. Although several 
CNS PBPK models have been developed for small molecules (de Lange & 
Hammarlund Udenaes, 2022), this review will illustrate a comprehen-
sive CNS PBPK model: Leiden CNS PBPK predictor V3.0 (LeiCNS-PK3.0) 
(Saleh et al., 2021). The LeiCNS-PK3.0 integrates system (e.g., interin-
dividual variation, species, health and disease, in vitro) and drug-specific 
(physicochemical properties) data to describe the CNS drug delivery in a 
mechanistic and physiologically relevant manner. LeiCNS-PK3.0 con-
sists of an empirical plasma model and nine different compartments to 
describe CNS (e.g., brain microvessels, brain extracellular fluid, brain 
intracellular fluid, lysosomes, cranial and subarachnoidal cerebrospinal 
fluid compartments and brain cell membranes). Detailed information on 
the structure of the model can be found in the above-mentioned article 
(Saleh et al., 2021). This model has been used to evaluate untested 
scenarios, e.g. physiological parameters reported to be changed in 
various CNS conditions or the impact of uncertainty in the measurement 
of values included (Hirasawa et al., 2022), and as “what-if-scenarios” 
(Saleh & de Lange, 2021). 

4.2. PBPK incorporating system changes in CKD and modeling CNS-PK 
profiles of PBUTs 

A recent commentary suggested that the confidence in using PBPK 
models to extrapolate to the CKD population is currently low due to 
limited experience (Grimstein et al., 2019). It was discussed that the 
impact of CKD on important physiological parameters (metabolic 
enzyme and transporter abundance, albumin-facilitated transport, 
transporter activity due to accumulation of uremic toxins) is underde-
veloped (Grimstein et al., 2019). Adaptation of CNS PBPK models to 
represent CNS drug delivery in the CKD population, and to predict 
PBUTs accumulation in the brain, has not been studied to the best of the 
authors’ knowledge. This review aimed to summarize current knowl-
edge on the involvement of key drug transporters in BBB in the active 
drug transport of PBUTs. Together with quantitative information on 
drug transporter protein abundance and other physiological changes in 

CKD, this could give mechanistic insights into the intracellular accu-
mulation of PBUTs and even other uremic toxins in the brain in the CKD 
population. The inclusion of parameters associated with the PBUTs/BBB 
relationship (e.g., the intra-brain concentration of PBUTs, expression 
level of membrane transporters, and drug-toxins interaction) will help to 
better capture the CNS specificity of CKD patients in order to explore 
unknown scenarios. Moreover, other parameters representative of BBB 
breakdown, such as serum biomarkers (e.g., brain-derived neurotropic 
factor (BDNF), neuron-specific enolase (NSE)) and tight junction protein 
expression level (e.g., ZO-1 and Claudin-5) (Hernandez et al., 2022) 
could also be included in a computational predictive model. This 
comprehensive model could be used for drug (i) discovery/repurposing 
perspectives (Z. Wang et al., 2020), (ii) dose adjustment in CKD patients 
and (iii) monitoring for adverse drugs effects as well as (iv) predicting 
neurotransmitter derangement, and disposition of kidney excreted drugs 
or their active metabolites, and PBUTs into the CNS. 

However, current key knowledge gaps limit individual CNS-PK 
profiles prediction and extrapolation to specific populations. Informa-
tion on the quantitative protein abundance of important BBBec drug 
transporters in humans is currently scarce (de Lange & Hammarlund 
Udenaes, 2022). Such information can, however, be of great importance 
to relate transporter protein abundance between in vitro systems 
(Dehouck et al., 2022), animals (Ito et al., 2011) and humans and could 
also aid to extrapolate data of drugs, that are actively transported, to 
specific patient populations (R. Sato et al., 2021). Furthermore, more 
quantitative information on variability in CNS physiology parameters 
and measured drug concentrations in humans would help to more 
accurately predict individual CNS-PK profiles. Determination of uremic 
toxins concentration in the CSF could also provide valuable information 
on brain exclusion capacity (Mair et al., 2019). Hypothetical modeling 
and parameter sensitivity analyses suggest, for example, that accurate 
quantitative estimation of paracellular pore size, pH of ECF and ICF is 
important as it can impact the rate and extent of passive drug transport 
across the BBB, as well as distribution within the CNS (brain extra- and 
intracellular fluids, and cranial and subarachnoidal CSF) in a drug 
properties dependent fashion (Saleh et al., 2021). 

5. Outlook 

Facing the high prevalence of neurological complications, there is an 
urgent need to implement an action focused on CKD-associated neu-
ropathies. Given the systemic, multifactorial and temporal nature of 
these diseases, it seems worthwhile to coordinate diverse targeted ap-
proaches to capture their complexity. Here, we have highlighted a po-
tential target that we believe to be particularly relevant, i.e. the PBUTs/ 
BBB relationship and the associated pathological and pharmacological 
implications. These included an overview of the clinical and pre-clinical 
evidence of PBUTs brain distribution as well as direct effects on BBB cell 
components. We reviewed the literature knowledge related to BBBec 
transporters’ expression changes in CKD patients, the evidence of a 
transporter-dependent brain disposition of PBUTs and put forward the 
potential impact of membrane transporter impairment on PBUTs brain 
retention. Finally, we mentioned that the PBUTs systemic concentra-
tions and the concentration-dependent impact of these PBUTs on BBB 
functionality could be considered as variables, to develop a CDK stage- 
dependent CNS PBPK model that predicts CNS pharmacokinetics of 
any solute or drug in CKD patients. 

However, current challenges need to be considered such as the 
vascular to the neuronal transition of PBUTs toxicity. An unknown factor 
added to the recently proposed neurovascular complex concept 
(Schaeffer and Iadecola, 2021) encompasses the cellular and molecular 
diversity of the cerebrovascular tree. More clinical and pre-clinical data 
about the concentration of a large panel of uremic solutes in CKD brain 
tissue are still needed as well as the membrane transporter expression 
profiles. Studies aiming to determine the influx and efflux routes of 
uremic toxins across the BBB are needed to identify the 
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transporter/toxin couples. Moreover, the direct effect of uremic toxins 
on transporter expression should be clarified. The BBB/PBUTs patho-
logical relationship is likely to play a major role in the development 
and/or aggravation of neurological complications. However, the direct 
(e.g., toxicity, neuroinflammation) and indirect (e.g., vascular dysfunc-
tion, membrane transporters function and co-interaction) implications 
of PBUTs must be deciphered to gain insight into the CKD-associated 
neurological complication pathogenesis. 
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André, C., Choukroun, G., Bennis, Y., Kamel, S., Lemaire-Hurtel, A.S., Masmoudi, K., 
Bodeau, S., Liabeuf, S., 2022. Potential interactions between uraemic toxins and 
drugs : an application in kidney transplant recipients treated with calcineurin 
inhibitors. Nephrol. Dialysis Transplant.: Off. Public. Eur. Dialysis Transplant Assoc. 
- Eur. Renal Assoc. 37 (11), 2284‑2292. https://doi.org/10.1093/ndt/gfab114. 

Assem, M., Lando, M., Grissi, M., Kamel, S., Massy, Z.A., Chillon, J.-.M., Hénaut, L., 2018. 
The impact of uremic toxins on cerebrovascular and cognitive disorders. Toxins 
(Basel) 10 (7), 303. https://doi.org/10.3390/toxins10070303. 

Banks, W.A., 2016. From blood–brain barrier to blood–brain interface : new 
opportunities for CNS drug delivery. Nat. Rev. Drug Discovery 15 (4), 4. https://doi. 
org/10.1038/nrd.2015.21. 

Bobot, M., Thomas, L., Moyon, A., Fernandez, S., McKay, N., Balasse, L., Garrigue, P., 
Brige, P., Chopinet, S., Poitevin, S., Cérini, C., Brunet, P., Dignat-George, F., 
Burtey, S., Guillet, B., Hache, G., 2020. Uremic toxic blood-brain barrier disruption 
mediated by AhR activation leads to cognitive impairment during experimental renal 
dysfunction. J. Am. Soc. Nephrol. 31 (7), 1509‑1521. https://doi.org/10.1681/ 
ASN.2019070728. 
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