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Abstract: Ischemia-reperfusion (IR)-induced acute kidney injury (IRI) is an inevitable event in kidney
transplantation. It is a complex pathophysiological process associated with numerous structural and
metabolic changes that have a profound influence on the early and the late function of the transplanted
kidney. Proximal tubular cells are particularly sensitive to IRI. These cells are involved in renal and
whole-body homeostasis, detoxification processes and drugs elimination by a transporter-dependent,
transcellular transport system involving Solute Carriers (SLCs) and ATP Binding Cassettes (ABCs)
transporters. Numerous studies conducted mainly in animal models suggested that IRI causes
decreased expression and activity of some major tubular transporters. This could favor uremic
toxins accumulation and renal metabolic alterations or impact the pharmacokinetic/toxicity of drugs
used in transplantation. It is of particular importance to understand the underlying mechanisms
and effects of IR on tubular transporters in order to improve the mechanistic understanding of IRI
pathophysiology, identify biomarkers of graft function or promote the design and development of
novel and effective therapies. Modulation of transporters’ activity could thus be a new therapeutic
opportunity to attenuate kidney injury during IR.

Keywords: ischemia/reperfusion injury; kidney transplantation; renal tubular transporters; drug
transporters; toxin elimination

1. Introduction

For patients with end-stage renal disease, transplantation is a treatment of choice, providing a
much better quality of life. To overcome the gap between a growing need for organs and the limited
number of living or brain-dead donors, most centers are increasingly using sub-optimal donors, i.e.,
presenting with circulatory death or other expanded donation criteria. However, kidneys retrieved
from such donors are more prone to Ischemia-Reperfusion (IR)-Induced acute kidney injury (IRI),
Delayed Graft Function (DGF), and generally have shorter graft survival [1]. In the context of solid
organ transplantation, IRI is strongly correlated to morbidity. Tissue and cellular hypoxia begin as soon
as the organ is removed and the hypoxic phenomenon extends during graft storage in the preservation
fluid. Graft lesions then increase after transplantation, secondary to revascularization. IRI is a complex
pathophysiological process, associated with numerous structural and metabolic changes, arising from
a complicated interaction between renal hemodynamics, inflammatory cytokines, endothelial and
tubular cell injuries. These processes in turn favor short and potentially long-term graft failure [2–8].
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The proximal tubule is more sensitive to IRI than other kidney structures. Proximal tubular cells
express many multispecific transporters, belonging to either the SoLute Carrier (SLC) or ATP-Binding
Cassette (ABC) families. They are involved in the reabsorption and secretion of various endogenous
and exogenous compounds, according to their locations, i.e., on the basolateral (blood) or apical (urine)
sides. These substrates comprise electrolytes (e.g., Na+, Cl−, K+, Ca2+), glucose, amino acids, several
important anions (e.g., phosphate and citrate), uremic toxins (e.g., p-cresol, indoxyl sulfate, hippuric
acid) as well as xenobiotics, some of which are used during the post-transplantation period (e.g.,
immunosuppressants, antibiotics, antiviral drugs). Owing to the bi-directional exchange they allow,
proximal tubular cells are involved in renal and whole-body homeostasis, detoxification processes and
xenobiotic clearance [9–11]. The effects of IR on the metabolism and structure of proximal tubular cells
have been widely studied [12,13], but its effects on expression and activity of membrane transporters
is less known and has not been reviewed so far. This article reviews current knowledge about the
impact of IR on the expression and activity of SLC and ABC renal tubular cell membrane transporters.
Its ambition is also to help to figure out new therapeutic approaches to prevent or reduce IRI-dependent
alterations of transporter’s activity.

2. Coordinated and Bidirectional Transcellular Transport in Proximal Tubular Cells

Proximal tubular cells ensure trans-epithelial exchanges by means of their singular cyto-architecture
and coordinated transport system. These polarized cells possess a basolateral membrane, in relation
to systemic circulation, and an apical membrane made of elongated microvilli, in contact with the
glomerular filtrate. Several transmembrane transporters, which mainly belong to the SLC and the ABC
families, ensure coordinated movements of their substrates across tubular cells (Figure 1) [9,14,15].
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Figure 1. Bidirectional transporter-dependent transfer of anionic (A) or cationic (B) compounds 
within proximal tubular cells. (A) The elimination of organic anions (OA−) mainly depends on a 
coordinated transfer mediated by OAT1/3 (SLC22A6 and SLC22A8) and MRP2/4 (ABCC2 and ABCC4). 
The transport of OA− at the basolateral side of tubular cells by OATs uses a tertiary active transport 
system. The Na+/K+-ATPase pumps sodium out of the cell. This creates the gradient by which 
Na+/dicarboxylate cotransporters (NaDC3/SLC13A3) drive the uptake of Na+ and α-ketoglutarate and 
other dicarboxylates into the cell. High intracellular concentration of dicarboxylates produces the 
outward driving force enabling influx of organic substrates by OATs exchangers. This antiport 

Figure 1. Bidirectional transporter-dependent transfer of anionic (A) or cationic (B) compounds
within proximal tubular cells. (A) The elimination of organic anions (OA−) mainly depends on a
coordinated transfer mediated by OAT1/3 (SLC22A6 and SLC22A8) and MRP2/4 (ABCC2 and ABCC4).
The transport of OA− at the basolateral side of tubular cells by OATs uses a tertiary active transport
system. The Na+/K+-ATPase pumps sodium out of the cell. This creates the gradient by which
Na+/dicarboxylate cotransporters (NaDC3/SLC13A3) drive the uptake of Na+ and α-ketoglutarate and
other dicarboxylates into the cell. High intracellular concentration of dicarboxylates produces the
outward driving force enabling influx of organic substrates by OATs exchangers. This antiport transfer
results in the entry of endogenous OA− or xenobiotics into the tubular cell. A member of the OATP
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family, OATP4C1 (SLCO4C1), also contributes to the basolateral entry of anionic molecules including
cAMP, digoxin, ouabain, and thyroid hormones (T3) [16,17]. The OA− that have reached the intracellular
compartment are then excreted at the apical pole through a ATP-dependent primary active transport
depending mainly on MRP2, MRP4 and BCRP (ABCG2) [14,16,18]. At the apical membrane, OAT4
(SLC22A11) promotes a bidirectional transport which allows the reabsorption of some OA− including
sulfate conjugates against the efflux of dicarboxylates such as α-ketoglutarate [19]. (B) Organic cations
(OC+) pass through the basolateral membrane via an electrogenic uniport transport, driven by the
negative internal potential created by the Na+/K+-ATPase. This transport mostly involves the OCT2
member of the SLC family (SLC22A2) [20]. At the apical membrane, MATE1 (SLC47A1) and MATE2-K
(SLC47A2), coupled with Na+/H+ exchangers like NHE3 (SLC9A3), mediate the secretion of OC+:
the protons released into the tubular lumen are taken up by OC+/H+ exchangers, promoting an input
of H+ which is counterbalanced by an output of organic cations [15]. Other transporters of the SLC
family are expressed at the apical membrane, including OCTN1 (SLC22A4) and OCTN2 (SLC22A5),
which ensure the Na+-dependent reabsorption of zwitterions and facilitated secretion of OC+ [21].
MDR1/P-gp (ABCB1), an ABC family transporter located at the apical side, is also involved in the
removal of organic cations and xenobiotics [9]. Artwork was designed using Servier Medical Art by
Servier licensed under CC BY 3.0 (https://smart.servier.com).

The SLC superfamily includes a large number of polyspecific transporters, some of which are
intensively expressed at the renal level. Among the most expressed ones, are organic cations facilitative
uniporters (OCTs), organic anion/dicarboxylate exchangers (OATs), Na+/zwitterion cotransporters
(OCTNs), uric acid exchanger (URAT1), Na+/phosphate (NaPi-IIa/NaPi-IIc) or Na+/dicarboxylate
(NaDC3) cotransporters, sodium-independent organic anion transporters (OATPs) and multi-drug
and toxin extrusion transporters (MATEs) [22–24]. ABC transporters, which promote ATPase-coupled
unidirectional transport of their substrates, are also widely expressed at the apical membrane of
tubular cells. The most expressed tubular ABC transporters are multidrug resistance protein 1 (P-gp,
MDR1), multidrug resistance-associated proteins 2,4 (MRP2,4) and breast cancer resistance protein
(BCRP) [14,25].

3. Role of Tubular Transporters in Maintaining Renal Cells’ Equilibrium, Tissue Homeostasis,
Detoxification Processes and Drug Elimination

Following glomerular filtration, numerous solutes (e.g., amino acids, glucose, potassium,
phosphate, bicarbonate, low-molecular-weight proteins, tricarboxylic acid (TCA) intermediates) are
reabsorbed in the proximal tubule to prevent excessive losses of vital metabolites. Tubular cells are also
in charge of the urinary elimination of various in-excess endogenous metabolites. As SCLS and ABCs
tubular transporters are involved in the tubular transfer of a vast number of small molecules, including
inorganic ions, metabolites, nutrients and signaling molecules [9], they have a major role in controlling
tissue and cell homeostasis (Figure 2). It is worth noting that the activity of the sodium-potassium pump
(Na+/K+-ATPase), located at the basolateral pole, provides the electrochemical gradient necessary for
tubular movements of electrolytes and solutes in all tubular segments [26]. As shown in Figure 2,
tubular transporters coordinate the harmonized, bi-directional transport of their endogenous substrates.
The vectorial reabsorption of glucose, as well as the cooperative interaction of some transporters of the
amino acid transport system, illustrates this phenomenon.
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by the kidney, which accumulate in the case of chronic kidney disease, causing several complications, 
including nephropathy [11]. The list of these molecules is available on the network of the European 
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substances derived from dietary protein breakdown, endogenous metabolic pathways or the gut 
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Figure 2. TCA cycle intermediates (yellow), electrolytes (blue), glucose (green) and peptides (orange)
SLCs super-family transporters expressed at apical (left) and basolateral (right) membrane of tubular
proximal cells. TCAci, TCA cycle intermediates; Ur, urate; GLC, glucose; AA−, anionic amino acids;
AA0, neutral amino acids; AA+, dibasic amino acids; ARO, aromatic amino acids. Artwork was
designed using Servier Medical Art by Servier licensed under CC BY 3.0 (https://smart.servier.com).

As well as their role in homeostasis described above, SLCs and ABCs transporters are also
involved in detoxification processes by contributing to the renal handling of metabolic wastes,
environmental chemicals and uremic toxins [27]. Uremic toxins are compounds normally eliminated
by the kidney, which accumulate in the case of chronic kidney disease, causing several complications,
including nephropathy [11]. The list of these molecules is available on the network of the European
Uremic Toxin Workgroup (http://www.uremic-toxins.org). This list contains more than 150 substances

https://smart.servier.com
http://www.uremic-toxins.org
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derived from dietary protein breakdown, endogenous metabolic pathways or the gut microbiome [27].
They are divided into three classes based on their chemical properties: (i) small water-soluble,
non-protein-bound solutes, with a molecular weight less than 500 Da (e.g., urea, creatinine, uric
acid); (ii) middle size molecules (e.g., parathyroid hormone); and (iii) small protein-bound solutes
(e.g., p-cresol, indoxyl sulfate, hippuric acid) [27,28]. Even if most of these toxins can be removed
from the body by glomerular filtration, elimination of the protein-bound uremic toxins depends
predominantly on tubular transporters’ activity [27]. Table 1 presents the main uremic toxins handled
by multi-specific tubular transporters, of which OAT1 and OAT3 are the most important. Although
numerous studies have documented the specificities of certain SLC transporters for these protein-bound
uremic solutes/toxins, their apical efflux into urine and their excretion by ABC transporters are less
well known.

Renal tubular transporters are also responsible for the handling of many drugs, some of which are
used in kidney transplantation. Ivanyuk et al. recently reviewed current knowledge on the role and
clinical relevance of tubular transporters in drug therapy [29]. Many other reviews are available for
a comprehensive understanding of this topic, and interested readers are referred to corresponding
references [9,10,18,30–33]. Table 1 presents a list of the main xenobiotics handled by renal transporters
(Table 1).
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Table 1. Main endogenous metabolites, uremic toxins and drugs handled by renal tubular transporters.

Part 1—Transporters of Endogenous Metabolites

Transporter Gene Location Transport Mode Endogenous Substrates References

Inorganic Ions

NaPi-IIa SLC34A1 Apical Na+/phosphate co-transporter Na+; Pi [24]
NaPi-IIc SLC34A3 Apical Na+/phosphate co-transporter Na+; Pi
NHE3 SLC9A3 Apical Na+/H+ exchanger Na+; H+ [34]
NBCe1 SLC4A4 Basolateral Na+/HCO3

− co-transporter Na+; HCO3
− [35]

KCC3 SLC12A6 Basolateral K+-Cl− cotransporter K+; Cl− [36]
KCC4 SLC12A7 Basolateral K+-Cl− cotransporter K+; Cl−

NaS1 SLC13A1 Apical Na+-SO4
2−-cotransporter Na+; SO4

2−
[37]

Sat1 SLC26A1 Basolateral sulfate anion transporter SO4
2−

Glucose

SGLT1 SLC5A1 Apical Na+/glucose co-transporter Na+; glucose

[38]SGLT2 SLC5A2 Apical Na+/glucose co-transporter Na+; glucose
GLUT1 SLC2A1 Basolateral passive transport glucose
GLUT2 SLC2A2 Basolateral passive transport glucose

Peptides, amino acids

PEPT1 SLC15A1 Apical H+/oligopeptide cotransporters oligopeptides [39]
PEPT2 SLC15A2 Apical H+/oligopeptide cotransporters oligopeptides

Neutral amino acids (AA0)

B0AT1 SLC6A19 Apical Na+-neutral amino acid co-transporter AA0 [40]
TauT SLC6A6 Apical Na+-dependent co-transporter taurine; β-alanine; (GABA) [40,41]

IMINOB SLC6A20 Apical Na+-Cl−-dependent co-transporter proline; hydroxyproline [40]
PAT2 SLC36A2 Apical H+-dependent symporter glycine; alanine; proline [40]

LAT2-4F2hc SLC7A8/SLC3A2 Basolateral antiporter ARO; AA0
[42,43]

TAT1 SLC6A10 Basolateral uniporter ARO

Cationic amino acids (AA+)

rBAT/b0,+AT SLC3A1/SLC7A9 Apical amino acids exchanger AA+; AA0 [44,45]
4F2hc/y+LAT1 SLC3A2/SLC7A7 Basolateral Na+-dependent amino acids exchanger AA+; AA0 [46]

Anionic amino acids (AA−)

EAAT3 SLC1A1 Basolateral K+-Na+/H+/amino acids exhanger l-glutamate; l-aspartate [40]

Tricarboxylic acid (TCA) intermediates

NaDC1 SLC13A2 Apical Na+/di-tricarboxylate co-transporter TCA cycle (e.g., succinate, citrate,
α-ketoglutarate, fumarate) [47]

NaDC3 SLC13A3 Basolateral Na+/di-tricarboxylate co-transporter TCA cycle (e.g., succinate, citrate,
α-ketoglutarate, fumarate)

SMCT1 SLC5A8 Apical high-affinity Na+-coupled co-transporter lactate; pyruvate; nicotinate [48]
SMCT2 SLC5A12 Apical low-affinity Na+-coupled co-transporter lactate; pyruvate; nicotinate
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Table 1. Cont.

Part 2—Transporters of Uremic Toxins and Drugs

Transporter Endogenous Substrates Uremic Toxins Drugs

Organic anions (OA−)

OAT Family

OAT1; OAT2;
OAT3; OAT4

mono-carboxylates (e.g., butyrate,
lactate, propionate, pyruvate,
3-hydroxybutyrate, benzoate,
3-hydroxypropionate,
3-hydroxyisobutyrate);
di-carboxylates (e.g., α-ketoglutarate,
N-acetylaspartate); short-chain fatty
acids (e.g., hexanoate, heptanoate
and octanoate); prostaglandins
(PGE2 and PGF2α); cyclic
nucleotides (cAMP and cGMP);
folate; nicotinate; tryptophan
metabolites (quinolinate and
kynurenate); purine metabolites
(xanthine and hypoxanthine);
adenine, adenosine, cytidine,
guanidine, guanosine, inosine;
hormones (estrone-3-sulfate,
17β-estradiol-3-sulfate,
ß-estradiol-3-sulfate,
β-estradiol-3,7-disulfate and
DHEAS) [22,49,50]

uremic toxins (indoxyl sulfate, p-cresol, p-cresyl sulfate, indole-acetate, uric
acid, creatinine, kynurenic acid, orotic acid, benzoate, trimethylamine
N-Oxide (TMAO), 3-carboxy-4-methyl-5-propyl-2-furanpropionate (CMPF));
environmental toxins (mercury conjugate, ochratoxin A and aristolochic
acid) [9,27,28,51]

Antivirals (adefovir, tenofovir, aciclovir, ciclofovir, cidofovir,
lamivudine, stavudine); Non steroidals anti-inflammatory;
Methotrexate; Diuretics (furosemide, bumetanide,
hydrochlorothiazide); Angiotensin II receptors blockers
(candesartan, valsartan, losartan . . . ); β-lactams (penicillins
chepalosporines . . . ); Other antibiotics (tetracycline,
ciprofloxacine); H2-antihistaminics (cimetidine, ranitidine,
famotidine . . . ); ACE inhibitors (captopril, quinaprine);
HMG-coA reductor inhibitors (fluvastatin, pravastatin,
simvastatin); Oral antidiabetics (glibenclamide . . . );
mycophenolic acid glucuronide; Uricosuric-drugs (probenecid,
benzbromarone) [9,29,30,52]

OATP Family

OATP4C1 thyroid hormones (T3), cAMP [50]
asymmetric dimethylarginine (ADMA), guanidine succinate (GSA),
and trans-aconitate [27] Digoxin, ouabaine, methotrexate [29]

MRP Family

MRP2; MRP4

glutathione, conjugated glutathione;
bilirubin glucuronides and other
metabolites (LTC4, E217βG, reduced
glutathione (GSH)); cyclic
nucleotides and ADP; prostaglandins
(PGE1, PGE2); thromboxane B2
(TBX2); proinflammatory
leukotrienes B4 et C4 (LTB4, LTC4);
estradiol glucuronide (E217βG); folic
acid [53,54]

kynurenic acid, probably indoxyl sulfate and hippuric acid [27]
Antivirals (tenofovir); Non steroidals anti-inflammatory;
Methotrexate; Diuretics (furosemide); Angiotensin II receptors
blockers; β-lactams [29]
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Table 1. Cont.

Part 2—Transporters of Uremic Toxins and Drugs

Transporter Endogenous Substrates Uremic Toxins Drugs

BCRP Family

BCRP
Vitamins (folic acid, B2, K3) estrone-3
sulfate, dehydroepiandrosterone
sulfate, E217βG [55]

Urate, kynurenic acid, indoxyl sulfate, hippuric acid, p-cresyl sulfate and
p-cresyl glucuronide [27,56,57]

Corticosteroids conjugates; Antineoplasics (mitoxantrone,
methotrexate, irinotecan . . . ); Antiretroviral nucleosides (AZT,
lamivudine . . . ); Fluoroquinolones; Statins (rosuvastatin);
sulfasalazine; ITK (imatinib, gefitinib, nilotinib) [29,55]

Organic cations (OC+)

OCT Family

OCT2 choline, thiamine, l-carnitine [31]
polyamine uremic toxins (e.g., cadaverine, putrescine, spermine and
spermidine); guanidino group (e.g., creatinine, guanidine or
methylguanidine) [27,58]

Metformin; Cisplatin; H2-antihistaminics (cimetidine,
famotidine, ranitidine . . . ); antivirals; β blockers (pindolol . . . );
Calcium channel blockers; Antiarrhythmics (procainamide,
dofetilide . . . ); Antimalarials; Varenicline; Amantadine;
Memantine [29,31]

OCTN1; OCTN2 ergothionein; l-carnitine,
choline [22,59]

Verapamil; Quinidine; Gabapentine; β-lactams (cephaloridine,
cefepime); Valproic acid [10,29]

MATE Family

MATE1; MATE2
6β-hydroxycortisol, E3S,
N-methylnicotinamide (NMN),
l-Arginine and thiamine [60]

guanidine, creatinine and ADMA [60]
Corticosteroids; Metformin; Cimetidine; Platinum compounds;
Antibiotics (cefalexine, cephradine); H2-antihistaminics
(cimetidine); Memantine [10,29]

MDR Family

MDR1/P-gp

Anticancer drugs (methotrexate, anthacyclines, campthecins, taxanes . . . ); Digoxin; Cardiovascular agents (valsartan, quinidine, nifedipine, verapamil); Immunosuppressant
(ciclosporine, tacrolimus); Corticosteroids (corticosterone, dexamethasone); Antibactrial (erythromycine); Antiretrovirals (ritonavir, saquinavir); Phenobarbital; Phenytoin; Statins
(lovastatin, simvastatin); H1-antihistaminic (fexofenadine); Anticoagulants (dabigatran); ITK inhibitors (imatinib, gefitinib); Antiepileptics (Topiramate); Analgesics
(morphine) [9,10,29,32]

Non-exhaustive list of endogenous and exogenous substrates handled by tubular transporters. Not all substrates of the OAT family are transported by each member of this family. For P-gp,
we have represented only the xenobiotics transported.
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4. Effects of IRI on Renal SLC and ABC Proximal Tubular Transporters

Proximal tubular cells are particularly sensitive to IR-induced injury [4,61–63] because of
the high metabolic energy required for membrane transport of essential metabolites, their strong
dependence on oxidative phosphorylation and their limited ability to utilize anaerobic glycolysis [61,62].
Numerous alterations affect tubular proximal cells during IRI [2,5,61,62], whether structural (e.g., actin
cytoskeleton remodeling [64,65], brush-border membrane disruption [66], loss of cell polarity, loss
of tight junctions [62] and rupture in the continuity of the phospholipid bilayer [61]) or functional
(e.g., mitochondrial swelling and impaired mitochondrial respiratory capacity [62], deprivation in
intracellular ATP [67], modification of calcium and sodium homeostasis [5]). It is thus relevant to
hypothesize that cells with sub-lethal injuries have a reduced capacity for transcellular transport of
their endogenous and exogenous substrates (Figure 3). Several studies actually provided insights
in this matter by analyzing the effects on transporters expression and/or function of ischemia alone,
or ischemia followed by reperfusion. Others have indirectly evaluated transport activity by measuring
plasma or urinary metabolite content in conditions of, and after recovery from, I and/or IR.
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Figure 3. Evolution of subcellular structures and expression/function of tubular transporters under
physiological and ischemia-reperfusion conditions focused on sublethal tubular cells. Evolution
of subcellular structures (top) and expression/function of tubular transporters (bottom) under
(A) physiological, (B) ischemic and (C) reperfusion conditions, focused on sublethal tubular cells.
(1) Tubular secretion; (2) Tubular reabsorption. ABC and SLC transporters are distinguished by their
shape and do not represent specific members of their respective families. Artwork was designed using
Servier Medical Art by Servier licensed under CC BY 3.0 (https://smart.servier.com).

4.1. Effects of Ischemia (I) and/or Ischemia-Reperfusion/Reoxygenation (IR) on Transporters’ Expression
and/or Function

Several studies, conducted either in vitro or in vivo, have evaluated whether and how tubular
transporters are modulated by I and/or IR. They mainly focused on the transport of electrolytes,
metabolites and drugs and were all conducted at 37 ◦C, thus evaluating the effects of warm ischemia.
In this section, we present the major tubular transporters whose activity or expression is modulated
by IR. IRI and associated kidney dysfunction have numerous deleterious clinical consequences in
transplant patients. However, allograft dysfunction is multifactorial and transporters only account for
a small piece of the puzzle. Although it is very difficult to make direct links in such a complex process,
there is evidence that transporters are involved in part of the electrolyte and acid-base disorders
encountered after kidney transplantation [68]. Connections between transporter’s modulation and
related consequences on graft outcomes or on toxins and xenobiotic accumulation are further discussed
in the next chapters.

https://smart.servier.com


J. Clin. Med. 2020, 9, 2610 10 of 29

4.1.1. Effects on Solute Carriers (SLC)

Several studies have analyzed the consequences of I or IR on Na+-dependent uptake of compounds
by tubular cells. Brush-border membrane vesicles isolated from mouse kidneys subjected to different
conditions of ischemia/reperfusion showed decreased 32Pi uptake after 15, 30 and 60 min of ischemia
induced by renal arterial clamping. This correlated with a decrease in protein expression of the NaPi-II
cotransporter. The uptake of 32Pi and NaPi-II expression only reappeared after 2 h of reperfusion
following 30 min of ischemia, but was not restored when ischemia lasted 60 min [69].

In rats subjected to 15 and 30 min of renal ischemia, NHE3 mRNA in the kidney cortex significantly
decreased after 12 h of reperfusion and was still low after 24 h. The transcriptional expression of NHE3
was less severely affected after 15 min clamping than 30 min99. Other authors showed decreased
NHE3 transcripts and protein expression in rat cortex and medulla for up to 10 days after reperfusion,
following 40 min of ischemia [70]. Kwon et al. examined the abundance of several Na+-coupled
transporters in rats subjected to different ischemia (30, 40 and 60 min) and reperfusion (1–5 days) time
durations. After 1 day of reperfusion following 30 min of ischemia, they saw a decrease in protein
expression of NHE3, NaPi-IIa and Na+/K+-ATPase, paralleling an increase in urinary excretion of
Na+. Five days after 30 min of ischemia, urinary excretion of Na+ normalized but the renal expression
of Na+ transport proteins had incompletely recovered. Sixty minutes of ischemia induced stronger
changes in these parameters on day 1, with no recovery on day 5 [71].

Several studies in rats have demonstrated that renal ischemia is also associated with a transient
decrease in glucose transport activity on proximal tubule brush border vesicles, due to decreased
SGLT2 expression at the apical membrane [72,73]. Glucose reabsorption was significantly reduced in
the post-ischemia period, with partial recovery after 4 h [72].

Similar results were obtained with SLC transporters involved in xenobiotic clearance and
detoxification processes [74]. Many studies showed decreased clearance of uremic toxins using a
rat model of ischemic acute renal failure [75–77]. Matsuzaki et al. showed that IR (30-min bilateral
clamping of renal arteries followed by 6, 12, 24 or 48 h of reperfusion) was associated with a significant
increase in the concentration of indoxyl sulfate in serum, proportional to reperfusion time duration [77].
This paralleled a significant decrease in rOAT1 and rOAT3 mRNAs and protein expression. A decrease
in the uptake of PAH and estrone sulfate was also observed in renal slices taken from these rats at
48 h of reperfusion, consistent with the decreased rOAT1 and rOAT3 protein expression at that time.
Schneider et al. also showed that 45 min of renal ischemia is accompanied by a downregulation of
protein and transcriptional expression of rOAT1 and rOAT3, with an early decrease (as early as 6 h
after the start of reperfusion) followed by a partial recovery at 24 h and a complete restoration at
72 h [76]. These results were corroborated using an in vitro model of hypoxia-reoxygenation, showing
that 2 h of hypoxia induced a significant decrease of basolateral fluorescein uptake 48 hours after
reoxygenation [78].

Regarding organic cations, the renal clearance of tetraethylammonium (TEA) was significantly
lower in rats exposed to IR (48 h of reperfusion following 30 min bilateral arterial clamping), as compared
to control animals. In addition, the authors found a significant decrease in the uptake of TEA by renal
slices isolated from these rats. However, the concentration of TEA in the kidney was significantly
elevated in rats exposed to IR, suggesting a concomitant decrease of its efflux transport. This altered
TEA transport was associated with significant decreases in rOCT2 and rMATE1 mRNAs and protein
expression, the latter transporter being indeed the most severely affected [79]. A significant decrease
in rOCT1 and rOCT2 mRNAs and protein expression was also observed 24 h after 45-min bilateral
clamping of the renal arteries in rats [80]. The uptake of methyl-4-phenylpyridinium, a prototypical
OCT substrate, was also reduced in the authors’ in vitro IRI model [80]. In mouse models of either
syngenic or allogeneic kidney transplantation, a significant decrease in rOCT1 mRNA and protein
expression was observed at day 4 post-transplantation in both conditions [81], whereas decreased
rOCT2 mRNA and protein expression was only observed in allogeneic transplantation. This suggests
a link between the immune response and the downregulation of some tubular transporters.
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In humans, Corrigan et al. determined the effect of post-ischemic lesions on PAH clearance and
PAH extraction rate, by measuring renal blood flow using magnetic resonance imaging [82]. The study
included 44 kidney transplant patients in whom PAH clearance was measured at 1–3 h and then at
7 days after transplantation. PAH clearance decreased independently of renal plasma flow, confirming
that active proximal secretion of PAH is impaired in kidney transplant patients. This strongly suggests
that organic anion transporters are dysfunctional after an ischemic insult, although their expression
was not measured in this study. In this regard, Kwon et al. performed an immuno-histochemical
analysis with confocal microscopy of hOAT1 on biopsies from 10 cadaveric donor renal allografts,
taken 1 hour after reperfusion following a total ischemic time of 1574 ± 72 min [83]. They found diverse
abnormal cell localizations of OAT1, characterized by variable patterns of misdistribution between
basolateral membrane and cytoplasm. In a subset of patients in whom PAH net tubular secretion
was measured at post-operative day 4 ± 1, a trend to more severe hOAT1 misdistribution was seen in
patients with the lowest PAH clearances. Nonetheless, even subjects with misdistribution or absent
hOAT1 were still able to secrete PAH, probably because hOAT3 is less severely altered by ischemia
than hOAT1.

4.1.2. Effects on ABC Transporters

Contrary to SLCs, information on the effects of IR on renal ABC drug transporters is limited.
In their above-described study showing decreased rOAT1,3 expression and function up to 48 h after
reperfusion, Matsuzaki et al. found a transient increase in the amount of mRNA encoding Mdr1 after 6
and 12 h of reperfusion, with a return to basal values at 24 h. At 48 h of reperfusion, rMdr1 mRNA level
and P-gp protein expression were identical to those of control animals [77]. Following 30 min bilateral
clamping of renal arteries in a mouse model, Huls et al. found that some transporters genes were
up-regulated and others downregulated 7 days after ischemia [84]. In particular, there was an increase
in the mRNA levels of the ABCB1, ABCB11 and ABCC4 genes but a decrease for abca3, abcc2 and abcg2.
For each of them, the expression levels had returned to baseline at day 14. A significant decrease in the
protein expression of ABCA3, ABCB44 and ABCB11 and ABCC2 was observed 7 days after reperfusion,
suggesting differential modulation of various ABC transporters during ischemia-reperfusion in the
kidney. The opposite pattern between ABCC4 and ABCB11 transcripts and expression of the respective
proteins suggests post-transcriptional regulatory mechanisms. We hypothesize that this differential
regulation of ABC transporters during IR results from the regeneration process, which takes place after
ischemic injury as an adaptive response to maintain homeostasis.

4.1.3. Possible Mechanisms Underlying Membrane Transporter Dysfunction during I or I/R

As detailed above, experimental and clinical studies clearly show that IR induces decreased
transport activities of most renal SLC transporters and has differential effects on ABC transporters.
Reduced tubular uptake of substrates from blood along with up-regulation of P-gp and other ABC
transporters has the potential to decrease the amount of potentially harmful substrates in the proximal
tubular epithelium. However, after this brief quiescence, resumption of the activity of transporters in
the post-ischemic phase ensures the entry of various metabolites essential to the viability of tubular
cells. Overall, tubular transporters are mechanistically involved in cell dysfunction during IR but their
restoration protects the organ after IR [85]. It is worth mentioning that the kinetics of transcriptional
events and of protein expression generally differ. Most authors showed a rapid restoration of mRNAs
encoding rOAT1 and rOAT3 and a slower recovery of protein expression after reperfusion [76].
In allograft recipients, kidney secretory function measured by PAH extraction is greatly reduced 1–3 h
after reperfusion and generally restored within about 7 days, except in some patients who present
with sustained acute kidney injury [82]. Several mechanisms might explain such time-dependent
modulation of the expression and/or activity of tubular transporters under these conditions.

Although most studies have linked decreased activity of SLCs to decreased expression at the
transcriptional or protein level, we recalled above that SLC-mediated transport directly depends on
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the activity of the Na+/K+-ATPase pump, whose expression and activity is markedly depressed in
the ischemic kidney [61,65,71]. The decreased inward Na+ gradient in renal tubular cells reduces
the outward gradient of α-ketoglutarate and other di-tricarboxylates, and then the influx of OATs
substrates. Regarding OCTs, the Na+/K+-ATPase defect reduces the inside-negative electric potential,
which is the driving force of OC+ influx. The loss of function of NHE3 at the apical pole, which limits
availability of the co-substrate necessary for MATEs-mediated transport, probably plays a role too.
Similarly, ischemia-associated ATP depletion could be a cause of dysfunction of the ATP-dependent
ABC transporters [25].

Transporter activity can also be regulated by modification of protein expression, posttranslational
regulation, oligomerization, protein trafficking, epigenetics and non-genomic pathways, triggered by
hormones and/or growth factors [14,86,87]. The mechanism governing the transcriptional regulation
of transporters by IR is not fully understood but, as for other genes, it probably depends on specific
transcription factors. The genomic response to hypoxia depends primarily on the Hypoxia Inducible
Factor (HIF-1), which binds to Hypoxia-Response Elements (HRE) on the promoter of target genes
and orchestrates their transcription [88]. Several studies demonstrated the importance of HIF in renal
protection against IRI [89–91]. Other studies highlighted a potential link between HIF and transporters’
regulation [92,93]. Besides the HIF-1 pathway, the recently identified ischemia/reperfusion-inducible
protein (IRIP) was shown to negatively regulate the activities of various transporters, including
OCT1-2-3, MATE1, OAT1 and Pgp [94–96]. Some authors suggested that the abnormal expression
and distribution of rat and human OAT1 may be related to the activation of protein kinase C
(PKC), which downregulates hOAT1-mediated transport through carrier internalization from the
cell membrane [83,97,98]. In line with this hypothesis, it was shown that prostaglandin-E2, a COX
metabolite favored by IR, specifically downregulates OAT at the transcriptional level by acting via the
E prostanoid receptor type 4 (EP4), subsequently activating PKA [99].

4.2. Effects of I and/or IR on Tubular Transport Functions as Evaluated by Metabolomics Studies

Several metabolomics analyses were conducted to study the consequences of I or IR in vivo. Based
on the identification of metabolites differentially affected in the pre-ischemic, ischemic and reperfusion
periods, this approach was used to elucidate the underlying biochemical processes and to identify
biomarkers [100–106]. The metabolites usually found to be altered reflect the change in energetic
pathways (i.e., a switch from the glycolytic pathway to fatty acid beta-oxidation feeding the TCA cycle),
or belong to oxidative stress pathways [63]. However, as most of these metabolites are substrates of
transporters, their concentration in graft preservation solutions, urine, plasma or renal tissue may also
be related to tubular injuries and/or altered transporter function.

Analysis of the preservation solution during hypothermic perfusion machine (HPM) or static cold
storage (SCS) revealed that numerous metabolites, not initially present in the solutions, were detected
less than 1 h after the begin of conservation period. There were also significant changes in the
concentration of constituents of the preservation solutions. These changes may point out at products
of metabolism being released from the kidney and substances being removed by the kidney to supply
ongoing cell processes, respectively. This could be related to a rupture of the epithelium integrity, cell
death or changes in subcellular energy production, but also to global and/or selective (dys)-function of
tubular transport systems in ischemic conditions. By comparing, in paired porcine kidneys, the ratio of
tissue-to-perfusion fluid levels of metabolites between SCS and HPM conditions, Nath et al. showed
that, while a number of metabolites were released during storage in the two conditions, several (e.g.,
alanine, succinate, tyrosine and leucine) exhibited much less tissue accumulation with HPM than
with SCS, suggesting that some cellular transport processes remained active during perfusion [107].
Similarly, rapid glutathione depletion in the conservation fluid during HPM is likely to reflect cellular
uptake of this protective antioxidant. Another ex situ organ preservation method, called Normothermic
Machine Perfusion (NMP), is the subject of renewed interest. It intends to mimic physiological
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conditions in the human body and has shown promising results [108,109]. However, to the best of our
knowledge, no metabolomic study has yet been conducted on perfusion fluid coming from NMP.

Recently, Stryjak et al. [106] studied the influence of long-term ischemia (2, 4, 6 and 21 h of static cold
preservation) on tissue quality using an in situ kidney metabolomics analysis in rabbits. They found
significant variation in the tissue content of numerous compounds as compared to the baseline.
These metabolites belong to various biochemical pathways, including those involved in reactive
oxygen species (ROS) production or amino-acid metabolism. This study confirms the time-dependent
impact of ischemia on renal metabolic balance, as already observed for the expression and functionality
of transporters. However, the lack of concomitant analysis of the perfusion fluid hinders drawing
conclusions on the added contribution of altered transport versus pure metabolic disturbances.

Wei et al. explored the metabolome in the plasma and in the kidney cortex and medulla from a
mouse model of warm IR [101]. Various catabolites of amino acids and fatty acids (3-indoxyl sulfate,
p-cresol sulfate, glycine- or acetyl-conjugates) normally excreted in urine, peaked in plasma as early
as 2 h after reperfusion. This, together with the significant accumulation of urate in the kidney
tissue, may reflect decreased tubular transport by OATs and MATEs, respectively. At the time of
the most severe injury (48 h), markedly decreased concentrations of metabolites related to energetic
(glucose, free fatty acids, amino acids), purine and other major metabolic pathways were found in
the kidney tissue and plasma. This may primarily be due to the lack of oxygen and nutrient supply
and to mitochondrial dysfunction, but one cannot rule out decreased tubular reabsorption of these
metabolites. Rising levels of PGs in kidney tissue over reperfusion time [101] may reflect inflammation,
a well-known component of IR, but also decreased tubular organic anion secretion. Finally, using
unilateral clamping of renal artery in a swine model, Malagrino et al. found numerous metabolites
in serum or urine able to discriminate between the pre-ischemic and ischemic periods [100]. Using
pathway analysis, these metabolites were related to amino-acids degradation and to several molecular
and cellular functions including, among others, lipid metabolism, biochemistry of small molecules,
and molecular transport. By comparing nuclear protein content of ischemic and non-ischemic kidney
tissue, the authors were able to rebuild a network of metabolic processes during IR. Unfortunately,
they did not analyze whether or not membrane transporters were differentially modulated in ischemic
vs. non-ischemic kidneys.

Altogether, these studies demonstrate that IR is accompanied by the disruption of several metabolic
pathways (glucose, lipid and nucleotide metabolism, TCA cycle), which translates into variations of
metabolomic profiles in biological fluids and/or tissues. Although the role that disruption of tubular
transporters plays in some of the metabolomic variations observed has not been firmly demonstrated,
it cannot be overlooked as they regulate cell exchanges and provide for kidney energy needs.

5. Consequences of IR-Induced Modulation of Renal Transporters in the Post-
Transplantation Period

The evolution of the expression and activity of renal tubular transporters SLCs and ABCs
under the effect of IR in kidney transplantation is an important field of research. It may help to
better understand and characterize tubular cell dysfunctions associated with IR and thus understand
graft outcome. As presented above, SLCs and ABCs transporters contribute to the homeostasis of
endogenous and/or exogenous substances and IR-induced modulation of their functions can (i) disrupt
the reabsorption of essential nutrients (ii) cause cytotoxicity in proximal tubular cells (iii) promote local
inflammation during reperfusion (iv) induce disturbances in other organs of the body, or (v) modify
drug pharmacokinetics and/or toxicity, all these processes being potentially deleterious for the graft
and the recipient.

5.1. Alteration of the Graft Itself

As described previously, IR is accompanied by an apical redistribution of the Na+/K+-ATPase pump
and of NHE3, leading to decreased apical reabsorption of Na+ [110]. Higher urinary concentration of
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Na+ results in decreased glomerular filtration through the tubulo-glomerular feedback that helps to
limit Na+ and fluid loss. This phenomenon may serve to protect the vulnerable tubules, but reduction
of glomerular filtration rate favors renal failure [63]. Tubular reabsorption of Na+ is normally followed
by osmotic reabsorption of water by aquaporins 1 and 3, which have also been found to be dysregulated
by IR [111]. In addition, IR disrupts the close coordination between Na+ absorption at the apical
membrane and its efflux at the basolateral membrane, which is needed to prevent increased osmotic
pressure and swelling of the cell.

In a more general context, acute loss of renal function in AKI results in multiple disturbances
in fluid, electrolyte and acid-base homeostasis. For example, the kidneys normally excrete fixed
non-volatile acids resulting from the catabolism of dietary proteins to maintain acid–base homeostasis.
AKI is often associated with metabolic acidosis showing a disruption of this balance, linked to the
retention of organic anions [112].

During tissue reoxygenation, the ROS overproduction is deleterious to proximal tubular cells and
the graft [8]. Radical scavenging is normally accomplished by intracellular antioxidants, including
many TCA cycle metabolites that indirectly help to maintain sufficient glutathione levels by increasing
NADPH production [113]. Ergothionein has antioxidant properties that contribute in decreasing ROS
production and local inflammation in the post-transplant period [114]. L-carnitine also has antioxidant
and protective effects in tissues with oxidative damage and its administration 30 min before reperfusion
had protective effects against I/R-induced AKI [115–117]. A disruption of the functionality of the
OCTNs, OATs and NaDCs transporters during the post-transplant period can disrupt reabsorption
of these antioxidants from urine. A study showed that succinate is responsible for the production
of mitochondrial ROS during reperfusion [118]. Hypoxia-dependent succinate accumulation is also
associated with a shift in the equilibrium of many TCA cycle metabolites, including oxaloacetate,
fumarate, α-ketoglutarate, aspartate, citrate and isocitrate [119]. The equilibrium between elimination
and reabsorption of TCA cycle intermediates in ischemic conditions thus appears to be an important
phenomenon in reperfusion lesions. OAT1, OAT2, OAT3 and NaDC3 at the basolateral pole and
NaDC1 at the apical membrane ensure intra/extra-cellular exchanges of these intermediaries at the
tubular level. A recent study in mice treated with a continuous infusion of β-hydroxybutyrate (a ketone
body, substrate of OAT1) before and after IRI, showed that it has a protective effect against acute
renal IR injuries [120]. It implies that, without supplementation, decreased intracellular availability
of β-hydroxybutyrate may favor tubular injury. Interestingly, the renoprotective effect sustained
for up to 24 h after infusion is stopped. The authors postulated that it resulted from long-acting
effects of β-hydroxybutyrate on epigenetic regulation of several genes controlling pyroptosis. We may
also hypothesize a role for tubular transporters, acting in cooperation to maintain high intracellular
levels of β-hydroxybutyrate. Overall, we hypothesize that perturbation of transmembrane transport,
responsible for the intracellular disequilibrium of metabolites necessary for the energetic pathways
and/or the protection against free radicals, is a key mechanism of IRI-induced AKI.

Other authors highlighted the importance of epithelial cell maladaptive repair mechanisms in the
promotion of pathological phenotypes in kidney transplant recipients, characterized among others
by interstitial fibrosis, tubular atrophy and capillary rarefaction [121–123]. While tubular epithelium
repair may obviously improve tubular transport functions, tubular transporters might also play a
role in tubular epithelium repair [14,124] by maintaining homeostasis in sublethal tubular cells, thus
favoring progressive tubular repopulation with nonlethally injured cells [125,126].

Besides, recent studies suggested that transporters of the SLC22 family participate in a wide
network of communication between various systems of the organism. Based on the distribution of
OATs across organs and on the diversity and specificities of their substrates, a phenomenon of “remote
sensing and signaling” was suggested, by which cooperation between transporters with different
tissue expression patterns helps to maintain whole-body homeostasis [9,127–129]. The presence of
a multi-scale network of transporters, together with possible compensatory up-regulation between
transporters at the renal level [130], could have repercussions in normal physiology and pathophysiology
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of the transplanted organ and of the whole organism [61]. In this sense, a frequent consequence of
reperfusion after localized tissue ischemia is injury to other organ systems, so-called distant or remote
organ injury (ROI) [131–133], including hepatic changes after renal IR injury [134,135].

5.2. Accumulation of Toxic Substances

IR-induced modulation of tubular renal transporters leads to an accumulation of toxic substances
in the post-transplantation period, which may have prejudicial consequences on graft function or
outcome. Understanding how these transporters are modulated along time and deciphering the
consequences of increased exposure to uremic toxins or other toxic compounds may be useful for
the monitoring of renal transplant recipients and the development of new therapeutic strategies.
As previously mentioned in this paper, many studies showed a decreased clearance of uremic toxins,
either anionic (e.g., indoxyl sulfate, PAH, estrone sulfate) or cationic (TEA, guanidine), that paralleled
the decreased expression of their corresponding transporters [76,77,79,100]. In turn, their clearance
also normalized in parallel to the transporters activity’s restoration [76,77].

In recent years, important progress has been made in the understanding and characterization of
the toxicity of uremic toxins, especially for p-cresol and indoxyl sulfate. An in vitro study evaluated
the effects on endothelial cell proliferation in a large panel of uremic solutes (guanidine compounds,
polyamines, oxalate, myoinositol, urea, uric acid, creatinine, indoxyl sulfate, indole-3-acetic acid,
p-cresol, hippuric acid, and homocysteine). It demonstrated that p-cresol and indoxyl sulfate reduced
endothelial cell proliferation and wound repair, in a dose-dependent manner for p-cresol [136]. Indoxyl
sulfate, at concentrations found in uremic patients, also induces the production of oxidative stress
radicals in endothelial cells [137]. As recently described by Huang et al., PAH also promotes endothelial
dysfunction by increasing ROS production, thus possibly accelerating tubular damage [138]. Moreover,
uremic toxins can also have a direct impact on the expression of tubular cell transporters. Indeed,
Brandoni et al. found that exposure of a suspension of proximal tubular cells to urea led to a significant
decrease in OAT1 and OAT3 protein abundance in cell membranes, in a concentration-dependent
manner [139]. Therefore, the direct effect of uremic toxins on transporters function, whose expression
is already decreased, may have a synergistic effect on their accumulation, together with that of other
endogenous or exogenous substrates.

In renal transplant patients, evaluating the particular role of altered tubular transport on graft
dysfunction and rejection is difficult, as it is far from being the sole mechanism involved in these
complications. Nevertheless, Knoflach et al. showed that PAH concentrations increased in patients
who experienced acute renal allograft rejection and decreased rapidly after successful antirejection
treatment [140]. Similarly, Corrigan et al. confirmed that secretion of PAH is impaired for at least
7 days, even after the onset of GFR recovery [82]. Impaired secretion of PAH may arise from decreased
transporter expression but may also involve a competitive inhibitory mechanism. Indeed, uremic
toxins and other products normally eliminated by the kidneys (or by hemodialysis) accumulate in
blood in the first few hours or days after transplantation. These toxins can limit the renal excretion of
each other by competitively inhibiting transporters.

In a rat model of chronic renal failure (CRF), the overload of PAH and indoleacetic acid accelerated
the loss of kidney function, glomerular sclerosis and tubulointerstitial injury [141]. Numerous studies
in patients with CRF showed that uremic toxin accumulation leads to various complications including
endothelial senescence [142], atherogenesis [143], cardiovascular diseases [144,145] or increased risk
of all-cause mortality [144,146]. In CRF, these toxins accumulate for very long periods, making their
toxicity particularly critical. As their accumulation in the transplanted patient is reversible, owing to
the restoration of glomerular filtration and transporter’s function, their deleterious effects should be
less important. However, these putative uremic toxins are poorly filtered across dialysis membranes
because they are protein bound and current dialysis therapy does not correct the full spectrum of
uremic toxicity [27]. Therefore, in the context of IR-induced AKI, residual tubular transporter function
may contribute to the attenuation of acute kidney dysfunction in the immediate post-transplant period.
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5.3. Impact on Drugs Used in Transplanted Patients

Downregulation of renal tubular transporters induced by IR, together with subsequent
accumulation of uremic toxins may modulate the pharmacokinetics of several drugs, leading to
decreased clearance and risk of increased toxicity in the early post-transplantation period. Functional
alteration in renal excretion is of particular clinical importance for drugs with a narrow therapeutic
range, such as immunosuppressants.

Generally, inhibition of basolateral uptake transporters causes an increase in the systemic
concentration of their substrates, while inhibition of apical efflux transporters can cause an increase
in intracellular concentrations, leading to possible nephrotoxicity. However, information about
pharmacokinetic alterations resulting from decreased function of renal tubular transporters for drugs
used in renal transplantation is limited. Tacrolimus, cyclosporine, sirolimus and everolimus undergo
hepatic metabolism and are mainly eliminated in the bile. Others, like corticosteroids or mycophenolate
mofetil, are conjugated in the liver and subsequently eliminated by the kidney, as inactive metabolites.
This suggests that alteration of renal transporters should not be a major factor involved in the
pharmacokinetics or toxicity of the parent compounds. However, renal tubular transporters are
partially involved in the urine excretion of the unchanged fraction of tacrolimus and cyclosporin
that are substrates of P-gp [10,29,32], of corticosteroids conjugates that are substrates of P-gp, BCRP
and MATEs [10,29,32,147], and of mycophenolic acid glucuronide, a substrate of OAT3 [52] and
MRP2 [148]. Moreover, as stated above, the hepatic disposition of these drugs can be impaired in
renal transplantation due to competitive mechanisms arising from uremic toxin accumulation. Thus,
the potential effect of renal tubular transporter’s alteration on these drugs, albeit indirect for a large
part, should not be ignored.

Some studies evaluated the particular role of renal P-gp on calcineurin inhibitors’ toxicity in kidney
transplantation, with controversial results [149–152]. In a prospective cohort of 252 adult renal allograft
recipients receiving tacrolimus, Naesens et al. found that the absence of P-gp expression (evaluated by
immunohistochemistry) and the combined donor-recipient homozygosity for the c.C3435T variant in
ABCB1 gene (possibly responsible for altered conformation and function of P-gp [153]) were associated
with more chronic allograft damage [149]. The presence of this variant in the donor has also been
associated with cyclosporine nephrotoxicity in a case-control study [150]. However, other authors
found no such association [152] or even the opposite [151]. Due to its wide expression on numerous
tissues, it is very difficult to evaluate the part of tubular P-gp in the global role it may have on
calcineurin inhibitors’ pharmacokinetics. Hence, to date, no clear conclusion can be drawn about
IR-induced P-gp dysfunction and the risk of calcineurin inhibitors’ toxicity.

Interestingly, immunosuppressants also have inhibitory effects on various transporters. OAT1
and OAT3 are inhibited by mycophenolic acid, while MRP2 and MRP4 are inhibited by mycophenolic
acid, tacrolimus, cyclosporine and hydrocortisone [154,155], suggesting that the fraction of these
compounds reaching the kidney could have a synergistic effect with IR on the decreased function of
tubular transporters. As mentioned before, a reduced expression of tubular OCT1 and OCT2 was
observed after allogeneic kidney transplantation in rats [81]. The authors confirmed that cyclosporine
A, without being itself a substrate of OCTs, had inhibitory effects on their activity and could also
possibly lead to drug–drug interactions.

It is well known that sirolimus and calcineurin inhibitors, mostly cyclosporine, are involved in
numerous drug–drug interactions [156–159]. An in vitro study conducted on human renal epithelial
cells showed that P-gp protects renal epithelial cells from cyclosporine toxicity and that sirolimus
inhibits P-gp-mediated efflux of cyclosporine, leading to intracellular accumulation of the drug.
This suggests that the renal P-gp could play a role in the potentiation of cyclosporine nephrotoxicity by
sirolimus [160].

It has been demonstrated that cyclosporine increases mycophenolic acid glucuronide exposure
via the inhibition of its biliary excretion by MRP2 [161]. However, El-Sheik et al. demonstrated on
rat kidney homogenates that cyclosporine also interferes with mycophenolic acid renal excretion by
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inhibiting its renal glucuronidation and the subsequent MRP2-mediated transport of mycophenolic
acid glucuronide [162].

Thus, kidney transplant recipients are exposed to transporter-mediated drug–drug interactions but
also drug-metabolites and drug-toxins interactions, which can amplify the consequences of IR-induced
transporter dysfunction [163].

Pharmacokinetic consequences of impaired transporter expression have been studied, or can be
anticipated, for drugs other than immunosuppressors. For example, the AUC and the half-life of
famotidine were two-fold higher in IR rats than in sham operated controls, in line with downregulation
of OCT2 and MATE1 [79]. Regarding anionic drugs, Sakurai et al. showed that cefazolin elimination
correlated with OAT3 mRNA levels in patients with renal disease [164]. Concerning the antibiotics
commonly used in renal transplantation, trimethoprim, generally combined with sulfamethoxazole,
is eliminated unchanged by renal excretion and is a substrate of MATE1 and MATE2 [165], suggesting
that intrarenal accumulation of this drug could occur in response to their downregulation. On the
contrary, downregulation of OATs at the basolateral membrane could decrease the renal uptake and
accumulation of antivirals such as acyclovir, thereby reducing tubular toxicity. Generally speaking,
IR-induced transporter’ alterations may impair the pharmacokinetics of numerous drugs, independently
of, or in addition to, altered glomerular filtration.

6. Modulation of Transporter’s Function for Improving Graft Outcome

Different therapeutic approaches were proposed to reduce renal IRI, targeting various stages
of transplantation: (i) before transplantation, by pre-treatment of livings donor (mostly dietary
preconditioning) or conditioning of deceased donors before organ harvesting; (ii) during graft
preservation, by using hypothermic or normothermic perfusion machines (the latter necessitating
the use of an oxygen carrier) or by adding therapeutic agents to the preservation fluid; (iii) after
transplantation, by modulating the recipient’ treatment [166].

Storage on NMP, which maintains organs at physiological temperature, restores normal cellular
processes and allows kidneys to maintain their function. Hosgood and Nicholson found that 1 h
of NMP improved early graft function of kidneys from extended criteria donors [167]. Moreover,
Kaths et al. showed in a porcine model that prolonged periods of NMP improved graft function
with significantly lower serum creatinine values and significantly higher creatinine clearance when
compared with SCS [168]. This conservation technology enhances the functionality of the graft in the
post-transplant period and could better preserve tubular transporters’ activity prior to reperfusion.
However, as NPM is still technologically challenging with only limited pilot human studies available
up until now [169], its effects on membrane transporters has not yet been evaluated.

While many therapeutic agents have been tested and are effective in animals to prevent or combat
IRI, none has been implanted in routine clinical practice yet [166,170]. Most of them target major
pathways of IR such as inflammation, energetic metabolism, oxidative stress or coagulation and
rely on supplementation of the preservation fluid with a therapeutic agent, gene therapy or cell
therapies [171]. Other studies presented below and summarized in Table 2 evaluated how the harmful
effects of IR can be minimized and renal recovery improved through modulation of transporters
function (Table 2) [172–181]. Therefore, future research should be directed to increase the contribution
of IR-induced transporter’s modulation in order to improve the implementation of new therapeutics
or the development of new diagnostic markers.
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Table 2. Summary of treatments used against Ischemia-Reperfusion-Injury, acting through modulation
of transporters activities.

Treatment Action Model (Species/Organ) References

tNKA(β) Enhances Na+/K+-ATPase activity Rat/Kidney [172]
Ouabain Preserves Na+/K+-ATPase activity Rat/Heart [173]

Indomethacin Prevents OAT1 and OAT3 downregulation,
increases PAH excretion Rat/Kidney [174]

Meclofenamate
Prevents OAT1 and OAT3 downregulation
(induced by Protaglandin E2), Decreases

indoxyl-sulfate hepatic production
Rat/Kidney, Liver [175]

Ceftriaxone Upregulates and increases SGLT1 activity Rat/Brain [176]
5-(N-ethyl-N-isopropyl) amiloride Inhibits NHE Mice/Kidney [177]

S3226 Inhibits NHE3 Rat/Kidney [178]
Side population cells Cells which constitutively express BCRP Mice/Kidney [179]

Liopoxin analog
Restores expression of genes differentially

expressed by IRI, including OCT1 and
aquaporin 1

Mice/Kidney [180]

Pravastatin Upregulates OATP4C1 Rat/Kidney [181]

Gong et al. demonstrated in vitro that truncated Na+/K+-ATPase β (tNKAβ) could activate the
NKA α subunit and thus enhance the activity of the Na+/K+-ATPase. They then showed on a rat model
that the tNKAβ-treated group (2 h before reperfusion) exhibited significant improvement in renal
function, with lower serum creatinine and blood urea nitrogen (BUN) levels on postoperative days
1–6 [172]. Belliard et al. showed in rat heart preparations exposed to 30 min of ischemia followed by
30 min of reperfusion that preconditioning with a sub-inotropic concentration of the cardiac glycoside
ouabain prevented ischemia-induced alterations of the Na+/K+-ATPase and was associated with better
contractile function [173]. Schneider et al. also demonstrated that, after bilateral clamping of renal
arteries in rats, intraperitoneal injection of indomethacin (inhibiting the IR-dependent increase in
PGE2) prevented the downregulation of rOAT1 and rOAT3 transporter expression during reperfusion
and resulted in an increased PAH net excretion [174]. They also demonstrated that the beneficial
effects of indomethacin on renal function in IR conditions were related to the increased expression
of the OAT1 and OAT3 transporters [85]. Similarly, intravenous administrations of meclofenamate
in a rat model of IR had a nephroprotective effect by restoring the renal expression of rOAT1 and
rOAT3 [175]. However, Yamashita et al. demonstrated in uninephrectomized mice undergoing left
renal artery clamping, that pre-ischemic treatment (but not post-ischemic) with 5-(N-ethyl-N-isopropyl)
amiloride, an inhibitor of NHE, attenuated IR-induced renal dysfunction [177]. NHE3 seemed to be
involved in the development and progression of post-ischemic renal injury, probably by increasing
Na+/Ca2+ intracellular concentrations during ischemia. Similar results were found with a NHE3
selective inhibitor (S3226) in a rat model of IR [178].

Genetic deletion of SGLT1 was recently found to improve recovery of kidney function on day
14 in a mouse model of renal IR and was associated with a reduced tubular injury score [182].
These studies clearly demonstrate that modulation of transporter activity during ischemic periods
and/or reperfusion is accompanied by an attenuation of ischemic damage. However, the nature of this
beneficial modification, whether accentuation or inhibition of activity, may depend on the transporters
and more precisely on substrate specificity for the transporters.

Other potential therapies could depend on tubular transporter function. Side population (SP)
cells, a stem-cell rich population found in the kidney that constitutively expresses BCRP, significantly
improved renal function after bilateral clamping of renal arteries in mice [179]. The therapeutic
potential of SP cells was reduced by pretreatment with verapamil, an inhibitor of BCRP, suggesting
that this transporter contributes to the nephroprotective effect of SP. Kieran et al. evaluated the
modification of the transcriptomic response to renal IRI by a lipoxin analog previously found to have
nephroprotective effects in a murine model of IRI [180]. They found that this analog could restore
the expression of many genes either downregulated or upregulated by IR. Although the effect of this
lipoxin analog is not limited to a specific family of genes, this study showed that the expression level
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of renal transporters such as OCT1 or aquaporin 1 was restored. The PKC inhibitor, sotrastaurin,
ameliorated ischemia-reperfusion organ damage and promoted cytoprotection in a model of extended
renal cold preservation followed by transplantation [183]. It is interesting to remember that activation
of PKC downregulates hOAT1-mediated transport through transporter internalization from the cell
membrane [83,97,98], and to put forward the hypothesis that the beneficial effects observed in this
study could be related to a restoration or non-loss of function of OAT1.

Some years ago, pravastatin was shown to reduce the levels of specific uremic toxins (asymmetric
dimethylarginine, guanidine succinate and trans-aconitate) in the plasma [181]. After administration
of pravastatin, the mRNA level of rat slco4c1 was significantly increased in the kidney. Similarly,
the application of pravastatin potentiated (by 1.73-fold) the SLCO4C1 (OATP4C1) mRNA in human
kidney proximal cells. Altogether, these data suggest that pravastatin increased ADMA and
trans-aconitate excretion in the proximal tubules, via SLCO4C1 up-regulation. The authors showed that
statins function as a nuclear receptor ligand, recruiting the AhR-XRE system and upregulating SLCO4C1
transcription. Whether this mechanism also applies to other kidney transporters has not yet been studied
further. Another transcriptomics therapeutic target of interest is HIF-1. Pharmacological induction of
HIF can be obtained using molecules that stabilize HIF or that inactivate prolyl hydroxylase domains
(PHD) involved in HIF-1 degradation in the proteasome [86,184–186]. Interestingly, Hagos et al. found
that PHD inhibitors are taken up into the tubular cells by OAT1 and OAT3 and released in urine
by OAT4 [86]. This suggests that the downregulation of OATs during I/R could modulate the
effectiveness of therapeutic agents like PHD inhibitors. Hence, therapeutic strategies aiming to
modulate transcriptional or posttranscriptional mechanisms in tubular cells using pharmacological
agents are potentially limited by associated factors [63].

7. Conclusions

IRI is a complex and important problem in kidney transplantation. Development of therapeutic
strategies is critical due to the increasing use of marginal grafts, more susceptible to the injury processes.
Elucidating the pathophysiological mechanisms of IRI may allow designing potential therapies. In this
paper, we have assessed the impact of IR on major SLC and ABC transporters by selecting the most
relevant papers published on this topic. Most of them showed that SLCs are downregulated during
ischemic periods and recover with a delay upon reperfusion. In contrast, the literature points to
a lack of knowledge regarding ABC transporters. Although we did not conduct a true systematic
review to find all the relevant studies on the topic, we made a thorough analysis of the literature
and completed the search by reading the most relevant references cited in these papers. This work
allowed us to gather the still fragmentary knowledge concerning the impact of the IR on the tubular
transporters. However, improved understanding of the modulation of these transporters by IR
would contribute to better characterizing its clinical impact and anticipating renal function recovery.
In our opinion, altered functionality of renal tubule transporters by IR and subsequent disruptions
in the equilibrium of endogenous and exogenous substrates may participate in lesions that occur
during kidney transplantation procedure. Protection and/or restoration of transport activity could
be part of multiple treatment strategy at various time points during the donation, preservation and
transplantation to reduce IRI and its consequences. It may represent an important research area for the
improvement of short and long-term graft outcomes.
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