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Preface

s with our two previous editions we remained

true to our concept of a multi-nationally

author book. Our belief remains strong that
scientific information is an international commodity
whose interpretation and application are significantly
influenced by both the cultural and ethnic background
of the observer. The opportunity to share in the rich
diversity of the international scientific community
continues as a fundamental goal of this endeavor. The
sharing of intellectual resources fostered by this ef-
fort continues to facilitate the advancement of sound
science.

As the profession develops new and improved
methods for treating disease, there has occurred a
parallel increase in the recognition of adverse drug
reactions. Also, as more of the world industrializes the
occurrence of unexpected injury to organisms because
of exposure to environmental/industrial toxins gains
prominence. Nephrotoxicity is truly a worldwide
problem and we recognize this with the addition of
several new chapters. As with the two prior editions,
drugs/substances were selected for inclusion based on
both the frequency of use and current knowledge, thus
new additions include: bisphosphonates, proton pump
inhibitors, phosphate containing laxatives, oxalate,
smoking and the use of star fruit. Similar criteria were
used for including environmental /industrial exposure
with the addition of trace metals in chronic kidney
disease patients. We have also included chapters dedi-
cated to specific circumstances, drugs associated with
acute kidney injury in the intensive care unit, plus the
use of dialytic therapies for poisoning.

The nature of scientific inquiry has remained un-
changed through all editions. As stated previously, one
approach is the application of Koch's postulates, aided
and abetted by various experimental animal models.
Another involves population based epidemiologic as-
sociations to identify potentially causal relationships.
Each has its advocates and disciples, and each provides
valuable information that can be used by the clinician

in better managing his/her patient. However, each
technique yields data that must be interpreted with an
understanding of the drawbacks and pitfalls inherent in
each approach. By enlisting multiple authors for each
chapter, plus rigorous editing we hope the final prod-
uct is a balanced, rationale statement of the field, as it
exists today. The statement remains a guiding principle
for developing the content of this third edition.

As with previous editions we strive to provide a
text which is useful, not only to the clinician, but of
equal interest to the investigator. The addition of nine
new chapters is in response to topics of current inter-
est and we are looking forward to suggestions by the
reader (marc.debroe@ua.ac.be). We continue to stress
the contribution of cell biology and pathophysiology,
believing they provide both a better understanding
of toxic injury when known, and a rational direction
for therapy and prevention. Since the last edition
the application of known risk factors as a means of
stratifying acute kidney injury patient outcomes has
made a significant contribution to management. With
the validation of risk factor stratification the use of
preventative techniques is becoming a reality. We
continue to include risk factors as a prominent feature
with the expectation of a reduction in the incidence of
nephrotoxic injury.

On a more personal note we confess that without
the diligent and tireless polyvalent contribution of Dirk
De Weerdt, there would have been no preface for there
would have been no book. We also applaud the timely
contributions of our authors and their willingness to
negotiate compromise when asked. Finally, to our
wives Myriam and Marthel, two individuals whose
gift of time made this labor possible, we are forever
in your debt.

Marc E. DE BROE
George A. PORTER
Summer 2008
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General incidence and outcome

rugs are a frequent cause of both in-hospital

and community-acquired acute kidney injury

(AKI). Nephrotoxic drugs share the spotlight
with renal hypoxia as primary etiologic factors for
hospital acquired AKI [1,2,3]. With the increasing
capacity of the medical community to treat the most
serious life-threatening conditions, the in-hospital ex-
posure to nephrotoxic drugs has increased as has the
risk of drug-induced AKI, while the expanded drug
treatments available for outpatient use is contributing
to the rise in community acquired AKL

Definition

Acute kidney injury (AKI) is easily defined as a
syndrome characterized by a sudden decrease in GFR
accompanied by azotemia [4]. However; the reported
incidence of AKI varies depending on a number of
independent variables. For example, was the patient
population surveyed derived from a community wide
database or was it restricted to hospitalized patients?
What definition was adopted to designate acute kidney
injury (AKI)? The lack of a universally agreed upon
definition of acute kidney injury (AKI), makes it dif-
ficult to compare clinical reports as to the incidence,
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severity and outcome. Recently, the Acute Dialysis
Quality Initiative [5] has attempted to address this
issue involving both nephrologists and critical care
physicians in the discussion. Success of this project
is critical for it will allow the sharing of information
regarding interventions which, in turn, will improve
the dismal outcomes that currently exist for patients
with acute kidney injury. This dismal outcome is espe-
cially true if the patient suffers from the constellation
of multiple organ failure which is becoming common
place in ICUs. Encouragement comes from the success
of the KDOQII classification of Chronic Kidney Disease
(CKD) [6] thatis being adopted world wide and allows
consistent stratification based on glomerular filtration
rate (GFR) [7].

Additional variables exist, for example, in-hospital
surveys enroll both post-surgical and medical patients,
and it is important to isolate the contribution from ICU
patients with multi-organ failure! With what precision
was the AKI diagnoses established? Were multiple
centers involved in providing the information? These
are the often unanswered questions that complicate
meaningful estimates of the incidence of AKI. In ad-
dition, as detailed by Turney et al. [8] and Nash and
co-workers [3], significant changes have occurred in
both the age of the AKI patients and also the etiolo-
gies, with older and sicker patients being admitted for
treatment.

Incidence

The incidence of in-hospital AKI attributed to drug
nephrotoxicity is estimated at between 18 and 40% of
cases [9-16], while earlier reports, derived from com-
munity-based statistics set the incidence from 0 to 7%
of cases [10, 11]; however, more recent series report
incidence from 17 to 29% [17,18] which is still lower
than the 37% reported by Baraldi et al. [14]. In both
series that included hospital acquired AKI [17,18],
the contribution of nephrotoxic drugs was slightly
higher, 22 and 35%. The recently reported increase in
the contribution of nephrotoxic drugs to community
acquired AKI is particularly important since the total
number of all cause cases of AKI, as derived from
community based studies, is 2 to 3.5 times greater
that reported from in-hospital statistics [17,19]. This
suggested that patients who are hospitalized are either
exposed to more nephrotoxic agents and/or they are
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more vulnerable to the drugs inducing an adverse renal
effect. Community acquired AKI is associated with a
significantly reduced mortality as compared to hospi-
tal acquired AKI [21], (41% vs. 59%, p<0.001 [18])and
for elderly patients this equated to a risk of mortality
that was 2.2 times greater for the hospital acquired
AKI group. Irrespective of which aspect of the drug
interaction is more important, it has been observed that
hospital-acquired AKlI is usually associated with one of
three renal insults, either a pre-renal event, exposure
to nephrotoxins, or sepsis [1], and that nephrotoxins,
alone or in combination, contribute to at least 25% of
all cases of hospital acquired AKI [2] and have an in-
hospital mortality rate similar to ATN [20]

A one-year survey of 2,175 cases of AKI, 398 (18.3%)
were considered to be drug-induced [11]. Antibiotics
were the most frequently cited drug followed by anal-
gesics, NSAIDs and contrast media and this relation-
ship persists [3]. More than half of the patients had
non-oliguric AKI. The mortality rate of 12.6% is much
lower than for patients who develop AKI following
surgery or trauma [22]. At 6-month post-AKI, 47.7%
were fully recovered, 15.3% had regained previous
renal function, and 23.1% had some degree of residual
renal impairment. Chronic hemodialysis was required
in only 2 patients (0.5%). This is a better outcome
than reported for a group of patients post-AKI due to
multiple causes [20,23]. Of the 39% who survived AKI,
41% had residual renal insufficiency and 10% required
chronic dialysis. Residual renal impairment was more
frequent in both older and oliguric patients, in those
with previous chronic renal insufficiency, those who
received antibiotics, and those whose duration of AKI
was prolonged. The percentage of residual renal im-
pairment is higher than that reported in the series of
Davidman et al. [24] or Pru et al. [25], but is in accord-
ance with that found 5 years later in the same country
[26] and is supported by an earlier report from the
European Dialysis and Transplant Association [27].

Table 1 summarizes the incidence of drug-induced
AKI reported for the last two decades. As can be seen,
the incidence of AKI due to contrast media and antibi-
otics is variable depending on the population included.
If the population is drawn from hospital acquired AKI,
then contrast media and antibiotics are prominent;
however, if the population is mixed hospital and com-
munity acquired, as in the case of Sesso et al [18], the
NSAID’s are major contributors. Since the 1990’s two
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Table 1. Incidence of drug-induced AKI reported for the last two decades.

Author Year N % acute renal failure due to

Antibiotic Contrast Analgesic NSAIDs ACEI Total
Rasmussen & Ibels [9] 1982 143 11% 11% 22%
Hou et al [10] 1983 129 7% 12% 20%
Frankel et al [29] 1984 64 8% 5% 19%
Kleinknecht et al [11] 1986 2175 6% 2% 4% 3% 0.5% 18%
Fleury et al [26] 1990 700 5% 2% 3% 3% 3% 21%
Kaufman et al [12] 1991 100 3% 1% 6% 19%
Baraldi et al [14] 1998 109 5% 2% 22% 7% 36%
Nash et al [3] 2002 332 11% 13% 1% 4% 1% 30%
Wang et al [15] 2002 209 39%
Sesso et al [18] 2004 325 8% 3% 12% 23%

new categories of offending agents have appeared,
e.g. NSAIDs and ACE inhibitors. This trend has been
confirmed in the survey conducted by Ronco et al.
[28]. Recently, Nash et al have repeated a survey of
hospital acquired renal insufficiency 17 years after the
first published report from this group of investigators
[3]. Due to the more wide-spread use of antibiotics
and contrast media, while the percentage contribution
has fallen, the total number has increased. The class
of antibiotic has changed dramatically. In the original
report aminoglycosides nephrotoxicity accounted for
nearly 80% of the drug induced renal insufficiency,
while in the more recent analysis aminoglycoside ac-
counted for less than 30% of the cases with significant
contributions from amphotericin and pentamidine.
In the series reported by Sesso et al [18], antibiotics(
aminoglycosides, vancomycin, cephalosporines, qui-
nolones), and NSAID'’s (diclofenac, ibuprofen, ketopro-
fen and indomethacin) were the two dominate classes
of drugs leading to AKI for all patients irrespective of
whether community or hospital acquired, while in the
hospital acquired AKI group, 6.5% of the patients had
contrast nephropathy [18].

The estimated incidence of 18-33% drug-induced
AKI in hospitalized patients contrasts with the ex-
tremely low incidence of drug-induced renal disease
in outpatients as reported by Beard et al. [30], i.e.,
1:300,000 person/year. This low incidence is in part
due to the author’s exclusion of chronic renal disease.
On the other hand, acute iatrogenic renal disease de-
veloped in 1% of all patients admitted to a Canadian
hospital and in as many as 5.6% of those admitted
directly to the nephrology unit of the same institution
[25]; the AKI was due to multiple etiologies in 50% of

these patients.
Outcome

Despite improved dialysis techniques and more
aggressive supportive treatment, conventional wis-
dom is that mortality from AKI has not improved in
the last decade. Support for this belief comes from a
systematic review of mortality rates in nearly 16,000
patients with AKI, reported in 80 clinical studies, which
concluded that mortality rates were unchanged over
the 3+ decades covered by the review [31] However,
2 recent retrospective studies using nation wide data-
bases have reported on the secular trends regarding
both the incidence and mortality rates for AKI over
the 10 years from 1992 to 2001 [32] or the 15 years be-
tween 1988 and 2002 [33] Both studies are unique for
they are the first to use multi-year data to determine
trends both in incidence and mortality for AKI. Xue et
al [32] used a Medicare 5% sample beneficiary standard
analytical file and collected data both for community-
acquired AKI, eg AKI as the primary diagnosis at time
of admission, and hospital-acquired AKI, eg AKI as
a secondary diagnosis occurring during hospitaliza-
tion. During the 10year period 2.4% of hospitalization
involved AKI, 24% were community-acquired and
75% were hospital-acquired which is a reversal of the
findings reported in 1997 [19]. Importantly, the over
all incidence of AKI more than doubled over the 10
year period, with an annual increase of 11% (p<0.0001).
Paralleling this increase in incidence was an increase
in sepsis, ICU stay, and multiple organ failure [32].
Patients with AKI were older, more often male, and
African -American. In hospital death rates declined as
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did death rates within 90 days of hospital discharge.
However, using logistic regression analysis in cases of
multi-organ failure, AKI was still a significant cause
of death. While this represents a retrospective study
which is complicated by coding changes which oc-
curred during the study interval, there is reason to
believe that the frequency of AKI is underreported in
Medicare claims. The recent report by Ali et al [32a]
would support this concept of underreporting. They
reported, based on a comprehensive population-based
study, an AKI prevalence of 1811 per million popula-
tion. This estimate exceeds that of Waikar et al [33] by
six fold. The second report by Waikar et al [33] uses
the Nationwide Inpatient Sample which is the largest
all-payer administrative database of hospitalizations
in the United States. ICD-9 codes were used to identify
AKI subjects from 1988 thru 2002. The incidence of
annual discharges with AKI rose from 0.4 % in 1988 to
2.1% in 2002, while in-hospital mortality declined from
40.4% in 1988 to 20.3% in 2002 (p<0.001). This decline
was observed across groups stratified for age, gender,
race/ethnicity, co morbidity index and a broad array
of concomitant conditions. Interestingly, in hospital
mortality was lower from AKI with CKD than AKI
without CKD although rates declined in both groups
over time. A significant decline in length of stay was
also documented, decreasing from 10.3 days to 7.0 days.
So both studies confirm an increased incidence in AKI
with a predominance of in hospital acquired AKI, but
a significant decline in annual mortality indicating that
newer dialysis techniques coupled with aggressive
supportive treatment are improving overall survival
of AKI patients.

One of the significant changes in management
strategies for patients with AKI is the introduction of
severity score systems to address issues of treatment
effectiveness, quality of care, and allocation of limited
resources. Two classification used in ICU patients that
have gained wide acceptance are APACHE-II [ 34] and
the system introduced by Liano [35]. However, neither
system is useful for non-dialyzed AKI patients. The
Stuivenberg Hospital Acute Renal Failure (SHARF)
score, has proven to be a predictive model for in-hos-
pital mortality in cases of AKI [36] More recently, this
same scoring system has be evaluated as a predictor
of mortality over the first post-AKI year [37]. The
11% additional mortality 1 year after the episode of
AKI occurred in patients who had significantly higher
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SHAKI scores as compared to either APACHE II or
Liano scores. At the time of hospital discharge 32% of
patients were CKD I-1I, 58 % CKD III-IV, and 10% CKD
V. Interestingly, the degree of renal impairment had
an inverse correlation with the 1 year death rate being
33%,18% and 14%, respectively.

Although the search for an ideal definition of AKI
continues, Chertow et al [38], recently evaluated the
effect of AKI on mortality, hospital stay and cost us-
ing changes in serum creatinine as the marker of renal
injury. The surprising result was that changes in serum
creatinine of > 0.3 mg/dl occurred in 31% of the study
population and was associated with a 4.1 multivari-
able odds ratio of mortality (3,1-5,5), and the OD rose
to 6.5 at serum creatinines > 0.5 mg/dl, 9.7 at serum
creatinines > 1.0 mg/dl, and 16.4 at serum creatinines
> 2.0mg/dl. Patients with de novo AKI and serum
creatinine 0.5 mg/dl had a significantly higher risk
of death than patients with AKI superimposed in CKD.
Even small increases in serum creatinine (0.3-0.4 mg/
dl) had a multivariable OR of 1.7 [1.2-2.6]. In addition
to the increased mortality risk, both hospital length
of stay and cost had a direct linear correlation with
the increase in serum creatinine. This association be-
tween serum creatinine and hospitalization outcomes
occurred over a wide spectrum of clinical conditions.
Similar conclusion regarding utilization of hospital
resources for individuals with acute kidney injury was
reported by Fischer et al [39].

Mechanisms of drug induced
acute kidney injury

Because of the rich blood flow to the kidney (25%
of the resting cardiac output), plus the enormous oxy-
gen supply required to support active ion and solute
transport, the kidneys are vulnerable to any change in
blood flow and/or oxygen deprivation. In particular,
acute tubular necrosis involving thick ascending limb
(TAL) is a prominent manifestation of a sudden reduc-
tion in renal blood flow with accompanying hypoxia.
This anatomic site is especially vulnerable to oxygen
deprivation due to the marginal oxygen balance that
results from high oxygen consumption related to the
active NaCl reabsorption and the limited blood sup-
ply due to the anatomic structure of the vasa recti [40].
A second important contributor to AKI occurs when
the tubulo-glomerular feedback system fails. Tubulo-
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glomerular feedback is an auto regulatory mechanism
that reduces glomerular filtration rate (GFR) and
decreases the sodium load that is delivered to the
TAL. The net result of the diminished sodium load
is to minimize the oxygen required for active NaCl
reabsorption [40,41].

When considering the mechanism by which drug
causes nephrotoxicity, two components of renal func-
tion are decisive. The first are the renal transport
processes which are critical to recovering essential
minerals and nutrients from the glomerular filtrate
and the second are the renal enzyme systems which
are essential to both detoxification of xenobiotics and
maintaining the body’s acid / base homeostasis [41,42].
Recently, these two components have been merged into
a single scheme of vectorial drug transport in both liver
and kidney cells [43]. As can be appreciated, in addi-
tion to the traditional phase 1 and 2 metabolism steps,
three new phases have been added (figure 1). The new
phases are: phase 0 (entry via transporter), transcellular
translocation (phase 3) and phase 4 (cell elimination via
transporter). Solute carriers (SLC) are responsible for
cellular entry of the xenobiotic, while ATP-dependent
carriers (ABC) are responsible for cellular elimination
or recycling. This concept allows for both intracellular
metabolism and recycling or transcellular transport to
eliminate xenobiotics.

The principle renal transport systems, which con-
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Figure 1. Schematic principle of vectorial drug evasion in liver
and kidney. Phase 0 = drug uptake out of blood, Phases 1 and
2 = biotransformation exemplified by hydroxylation and glu-
curonidation, Phase 3 = transport of xenobiotics/metabolites
towards excretion, Phase 4 = efflux into excreted fluids and/or
backward into blood. Adapted with permission from [43].

tribute to drug nephrotoxicities, reside in the proxi-
mal tubule. These transporters are involved in both
secretion and reabsorption and share properties with
hepatic drug transporters. Five different drug trans-
port families have been identified in human kidneys
[44]. Organic anion transporters (OATs) are present in
both the brush border and basolateral membrane of
the proximal tubule. Among the drugs transported by
OATs are PAH, methotrexate, NSAIDs and antiviral
nucleoside analogues. This is the transporter with af-
finity for ochratoxin A. P-glycoprotein (P-gp), better
knows as multi-drug resistant transporter (MDR) , is
located on the brush border of the proximal tubule
and acts as an efflux transporter of drugs. Substrates
for P-gp include anticancer drugs such as vincristine,
vinblastine and doxorubicin, cyclosporine, verapamil,
digoxin and steroids including aldosterone. Peptide
transporters (PEPT1, PEPT2) ) are localized to the brush
border of the proximal tubule where they facilitate the
uptake of p-lactams, ACE inhibitors, and valacyclovir.
Organic Cation Transporters (OCTs) ) are localized in
the basolateral membrane of the proximal tubule and
are primarily involved in tubular secretion. In addi-
tion to tetraethyl ammonium (TEA), other substrates
for the OCTs include cimetidine, choline, dopamine,
acyclovir and zidovudine. OCTN is a novel organic
cation transporter which is located in the brush bor-
der of the proximal tubule. While OCTN1 accepts a
variety of drugs, cephaloridine, verapamil, quinidine
and TEA, its exact role in either reabsorption or secre-
tion remains to be define. PEPT1 is an example is the
organic ion transport system, which is instrumental in
the intracellular accumulation of nephrotoxic cepha-
losporin’s due to the lower transport capacity of the
luminal membrane when compared to the basolateral
membrane [45]. Another way in which proximal tubu-
lar transport is implicated in nephrotoxicity involves
glutathione S-conjugates of xenobiotics, a phase 2 reac-
tion. Once transported into the cell, these xenobiotic
conjugates undergo biotransformation to electrophils,
which then bind to macrophilic sites of intracellular
macromolecules such as DNA. An example is tris
(2, 3 dibromopropyl) phosphate, which undergoes
metabolic activation and eventually covalently binds
to DNA [46]. Other examples are cadmium-metal-
lothionein complexes which are formed in the liver but
eventually are filtered by the kidneys where they are
reabsorbed in the proximal tubule by the same proc-
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ess as other low molecular weight proteins. Follow-
ing lysosomal uptake, metallothionein production is
stimulated, but once saturated; the inorganic cadmium
is released within the renal cell causing cell death [47].
In a similar manner, aminoglycoside antibiotics, due
to their cationic charge, attach to the proximal tubular
membrane where they undergo pinocytotic uptake and
accumulate within the cell inducing phospholipidosis,
which leads to mitochondrial damage and cell death
[48]. For more distal portions of the nephron, passive
concentration of xenobiotics can occur due to the
physiologic concentrating mechanism that provides a
favorable gradient for the xenobiotic to undergo back-
diffusion into the papillary region of the kidneys [42].

Another aspect of renal function, which contributes
to drug nephrotoxicity, involves the renal enzyme sys-
tems that play key roles in maintaining body homeosta-
sis. The flame retardant tris, which enters the proximal
tubular cell conjugated with glutathione, undergoes
bioactivation by glutathione-S-transferase resulting in
reactive episulfonium ions that can cause cell death [46].
While the P-450 system of the liver is more abundant,
substantial sex-linked renal P-450 activity causing
bioactivation of xenobiotics has been documented in
animals [42]. A similar role in human nephrotoxicity
has yet to be established. However, medullary pros-
taglandin synthetase has been assigned a prominent
role in analgesic nephropathy where it is hypothesized
to co-oxidize acetaminophen to N-acetyl-p-benzoqui-
noneimine that then arylates cellular macromolecules
to cause cell death [49]. Thus, the unique role of the
kidneys in regulating body solute and water content,
also make them targets for nephrotoxic drugs.

It is worth emphasizing that the same drug is
capable of inducing several types of renal injury, e.g.
NSAIDs may lead to intrarenal hemodynamic distur-
bances as well as to acute tubular necrosis, acute inter-
stitial nephritis with or without nephrotic syndrome,
and sometimes to various glomerular and arteriolar
diseases [50,51].

Traditionally, when searching for the etiology of
AKT, the clinician’s will subdivides the potential causes
of a sudden decline of GFR into one of three general
pathophysiologic processes: pre renal failure, intrare-
nal failure or post renal failure [1]. Recently, Miet et
al [ 52] in discussing drug-induce acute kidney injury
detailed two additional mechanisms that need to be
considered in addition to those outlined in Table 2.

8

The 8 mechanisms recognized as causing drug induced

AKl include:

1. Vasoconstriction: Two of the most common drugs
which induce AKI are calcineurin inhibitors and
contrast agents, both involve significant renal va-
soconstriction. In addition, amphotericin also share
this mechanism.

2. Altered intraglomerular hemodynamics: This
mechanism is also responsible for two of the most
common drugs which induce AKI, inhibitors of
Renin-Angiotensin System and Non-steroidal
Anti-inflammatory drugs. Recently, Huerta et al
[53] reported a nested case-control study involving
almost 400,000 patients. Their analysis indicated
that NSAID users had a 3-fold greater risk of de-
veloping AKI compared to non-users. Risk factors
that were important included hypertension and
heart failure.

3. Tubular cell toxicity: This involves the cellular
transport systems mentioned previously and is thus
dose dependent to a degree. Examples of tubular
cell toxins include: aminoglycosides, calcineurin
inhibitors, amphotericin, antiviral agents, cisplatin,
methotrexate, contrast agents and cocaine.

4. Interstitial nephritis: This is immunologically me-
diated event involving the activation of cytokines
and is non-dose dependent. Examples include sev-
eral antibiotics, NSAIDs, diuretics, anticonvulsants
and a variety of other drugs [54]. Acute interstitial
nephritis is increasingly being recognized as a
cause of drug-induced AKI [56, 58-61]. Over 100
drugs have been implicated in kidney-related
hypersensitivity reactions [62], the most common
being listed on Table 3. For the other drugs, the
number of cases reported is low and often anecdotal.
In humans, cell-mediated immunity is probably
involved with most cases of drug-induced acute
interstitial nephritis [62].The true incidence of
acute interstitial nephritis is difficult to assess since
renal biopsy is needed for definitive diagnosis [56,
62]. In a series of 976 patients presenting with AKI,
renal biopsy was done in 218 cases for diagnostic
purposes; drug-induced interstitial nephritis was
found in only 8 patients, i.e. 0.8% of all cases of AKI
[58]. A similar frequency was found in the French
collaborative study [11]. The proportion of patients
with interstitial nephritis is higher in biopsied AKI
patients, ranging from 2.5% [60] to 8.3% [55] to 54%
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Table 2. Classification of various drugs based on pathophysiologic categories of acute kidney injury.

1.

Vasoconstriction/altered intraglomerular hemodynamics (prerenal failure)

NSAIDs, ACE-inhibitors, cyclosporine, norepinephrine, angiotensin receptor blockers, diuretics, interleukins, cocaine, mitomycin C,

Tacrolimus, Estrogen, quinine.
Tubular cell toxicity (acute tubular necrosis)

Antibiotics: aminoglycosides, cephaloridine, cephalothin, amphotericin B, rifampicin, vancomycin, foscarnet, pentamidine.
NSAIDs, glafenin, contrast media, acetaminophen, cyclosporine, cisplatin, mannitol, heavy metals.

Acute interstitial nephritis

Antibiotics: ciprofloxacin, methicillin, penicillin G, ampicillin, cephalothin, oxacillin, rifampicin.
NSAIDs, glafenin, ASA, fenoprofen, naproxen, phenylbutazone, piroxacam, tolemetin, zomepirac, contrast media, sulfonamides,
thiazides, phenytoin, furosemide, allopurinol, cimetidine, omeprazole, phenindione.

Tubular obstruction

Sulfonamides, methotrexate, methoxyflurane, glafenin, triamterene, ticrynafen, acyclovir, ethylene glycol, protease inhibitors,

cidoforvir, adeforvia.

Hypersensitivity angiitis

Penicillin G, ampicillin, sulfonamides, methamphetamine.
Thrombotic microangiopathy

Mitomycin C, cyclosporine, oral contraceptives, ticidipine, clopidogrd, cocaine.

Osmotic Nephrosis

Immunoglobulins, dextrans, starches, maltose and sucrose
Rhabdomyolysis

Statins, cocaine, methamphetamines, heroin.

Adapted from ref. [1] and ref [32]

Table 3. Outcome of drug-induced acute interstitial nephri-

tis with and without granulomas (modified from ref. [61]).

Granulomas No granulomas
Number of cases 12 31
Drugs involved
NSAIDs 8% 29%
Analgesics 50% 19%*
Beta-lactams 17% 26%
Other 25% 29%
Oliguria 50% 29%
Permanent renal damage 50% 13%**

*<0.05: *p<0.01

[15]. In the combined biopsy series [11,29] a diag-
nosis of interstitial nephritis was recorded in 16.8%
of patients with drug-induced AKI. Schwarz et al.
[56] reviewed over 1000 diagnostic renal biopsies
of which 6.5% were judged to be acute interstitial
nephritis. Eighty-five percent of the cases of acute
interstitial nephritis were drug-induced, with the
majority being due to analgesics and NSAIDs.
While recovery of renal function following acute
interstitial nephritis can be anticipated when the
responsible drug is promptly withdrawn, certain
drugs have a higher rate of permanent renal insuf-
ficiency [56]. When Schwarz et al. analyzed the
outcome of drug-induced acute interstitial nephritis,

60% of NSAID induced acute interstitial nephritis
were left with chronic renal insufficiency [56].
Naturally, persistent renal failure or even death is
observed when the offending agent is continued
or discontinued too late. Rossert [62] analysis of
seven small, non-randomized, retrospective stud-
ies which compared patients who received corti-
costeroids and others who did not concluded that
corticosteroids do not decrease the risk of chronic
renal failure. While the pathologic similarities with
acute transplant rejection support such a treatment
approach, no controlled randomized studies have
been reported. The best prognostic factors for re-
covery may be the duration of renal failure, with
recovery being more frequent in non-oliguric than
in oliguric patients [57]. Interestingly, a higher
incidence of persistent renal impairment is found
in cases with renal interstitial granulomas than in
those without granulomas [61] (Table 3).

Crystal deposition: Particularly important with
acyclovir and indinavir, but also noted with sul-
fonamides, methotrexate and triamterene. This
mechanism is becoming more recognized due to
the rise in the incidence of tumor-lysis syndrome
with AKI. Acute kidney injury caused by tubular
obstruction can also occur with a number of drugs
(Table 2), due to intratubular precipitation of the
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drug itself or of its metabolites. Of particular note
have been the reports of obstruction associated
with high-dose intravenous acyclovir used to treat
systemic and genital herpes infections [63]. More
recently, cidofivir and adeforvir have been added to
the list of antiviral nucleotide analogues associated
with tubular obstruction [64].

Drug-induced thrombotic microangiopathy: Only
a few cases of angiitis due to drugs have been
reported, the most prominent being secondary to
methamphetamine [65]. In adults, drug-induced
thrombotic microangiopathy leading to hemolytic
uremic syndrome has been associated with both
the use of oral contraceptives [66], and cyclosporine
[67]. However, this complication has been reported
with a wide range of immunosuppressive drugs
plus mitomycin, ticlopidine, clopidogrel and co-
caine [68]

Osmotic nephrosis: When the proximal tubules
are exposed to hyper osmotic, non-reabsorbable
solutes such as mannitol, osmotic nephrosis can
lead to AKI. [69]. More recently the use of hy-
droxyethylstarch for resuscitation of hypotensive
patients has been associated with increased inci-
dence of AKI [70] The addition of sugar excipients
to Intravenous immunoglobulin’s, while reducing
the constitutional symptoms associated with their
administration have increased in the risk of acute
kidney injury [71].

Rhabdomyolysis: While most frequently reported
associated with high dose statin treatment in pa-
tients with compromised renal function [72] , it has
also occurred with other drugs [73]. In addition
to impaired renal function, other factors which
contribute to the development of statin-induced
rhabdomyolysis include: hepatic insufficiency,
hypothyroidism, and diabetes [74]. A common
presentation for drugs of abuse is Rhadomyolysis,
with approximately one out of 3 patients develop-
ing severe renal failure [75] often requiring dialysis
and extending hospital stay. Interestingly, the
particular abuse drug varies depending on which
side of the coast one practices. For the east coast of
the United States, heroin and cocaine seem to be
the preferred drugs [75] while for the west coast
methamphetamine is the more prevalent [76] Far
less common causes of rhabdomyolysis leading to
acute kidney injury are “magic mushroom” abuse

[77] and laxative abuse leading to hypokalemic

induced rhabdomyolysis [78].

Pre-renal failure occurred 14.5% of one study [11]
and 37.6% in another study of patients with drug
induced AKI [24]. In the latter series, NSAIDs and
ACE inhibitors were responsible for three fourth of
the cases, presumably by blocking the normal adap-
tive responses to renal hypoperfusion. Bridoux et al.
[565] demonstrated that, in sodium depleted patients,
azotemia could occur in response to ACE inhibitors
therapy, without stenosis of the renal arteries. Usu-
ally, ACEI-induced renal failure is rapidly reversed by
discontinuing the drug. In an analysis of 131 biopsies
of drug-induced AKI [11, 26], acute tubular necrosis
occurred in 61.1% of the cases while acute interstitial
nephritis was the diagnosis in 16.8%. Most cases were
due to aminoglycoside antibiotics, NSAIDs and anal-
gesics. Interestingly, acute tubular necrosis may occur
in a significant proportion of patients developed AKI
due to ACE inhibitors. In a recent report, 5 of 10 biop-
sied patients with AKI related to ACE inhibitors had
acute tubular necrosis [57]. Moreover, in a series of the
Société de Néphrologie, a diagnosis of acute tubular
necrosis was made in 30 of 50 cases following the use
of various contrast agents. Most patients were oliguric,
and in one-third of them serum creatinine values did
not return to baseline level [57].

Zhang et al [79] recently reported the results of
renal biopsies in 104 cases of acute kidney injury com-
plicating CKD. Drug related acute tubulointerstitial
neprhritis accounted for 31% of all cases, while an ad-
ditional 5% had evidence of drug-related acute tubular
necrosis by biopsy. NSAIDs were the most common
drug responsible for the AKL

Particular features due to specific drugs

Antibiotics, in combination with NSAIDs, ACE
inhibitor and contrast media, are responsible for the
majority of cases with drug-induced AKI. The antibi-
otic class most often implicated is the aminoglycosides
[9, 10, 13]. Acute kidney injury complicating treat-
ment with aminoglycosides occurs in about 10% of
therapeutic courses [12]; most of these patients have
received inappropriate dosing regimens of the drug
[80]. Because of aminoglycosides’ narrow therapeutic
range, once daily dosing has been popularized as a
method of optimizing maximum drug concentration
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and minimizing toxicity due to the prolonged period of
low or no drug concentration. Olsen et al have reported
over a 50% reduction in the incidence of tobramycin
nephrotoxicity using this approach [81] which confirms
earlier reports of reduced aminoglycoside nephrotoxic-
ity using single day dosing [82]. More recently Rougier
et al [84] have reported a deterministic model which
they claim describes the pharmacokinetic behavior of
aminoglycosides, the kinetics of renal cortical accumu-
lation, including the effect on renal cells, factoring in
the effect on glomerulotubular feedback and determin-
ing the effect on serum creatinine. Interestingly accord-
ing to their model the best time for single day dosing
of aminoglycosides is 1:30PM. The value of careful
monitoring of aminoglycoside dosing was confirmed
by a recent report of the audit of aminoglycoside dos-
ing by Zahar and colleagues [85].

Over 30 billion analgesic tablets were dispensed in
the United States in 2000; approximately 16 % represent
prescriptions for NSAIDs [86]. These compounds enjoy
a remarkable benefit/risk ratio when used in the treat-
ment of acute self-limited pain syndromes. However,
when taken chronically by the elderly or individuals
with certain co-morbid conditions, the frequency of
adverse reactions rises dramatically. Unfortunately, the
real incidence of nephrotoxicity due to NSAIDs is un-
known due to a lack of an accurate method of detection.
The overall incidence could be very low, considering
that up to 40 million people in the United States take
NSAIDs on a regular basis [87]. In the 10 year-period
1972-1982, 8 million prescriptions for mefenamic acid
were given in the United Kingdom, and only 23 cases of
mefenamic acid nephropathy were observed [88]. This
is in contrast to the higher incidence of nephrotoxicity
in selected and prospective studies. Corwin and Bon-
ventre [89] found that renal insufficiency secondary to
NSAIDs accounted for approximately 6% of cases of
AKI seen during a two-year period. In a prospective
collaborative study, NSAIDs represented 15.6% of
total patients with AKI [90]; half of prescriptions for
NSAIDs could be considered as therapeutic errors, e.g.
excessive or prolonged doses given in older and high-
risk patients. While nephrotoxicity remains a risk with
NSAIDs [91], much more attention has been focused
on their cardiovascular risk [92]. In particular their ef-
fect on increasing blood pressure may account for the
increased frequency of serious cardiovascular events in
the recently reported polyp prevention trails [93].

Acute kidney injury has been associated with the
use of ACE inhibitors in patients with heart failure,
renal artery stenosis and acute volume depletion
[14,24,55,94,95]. While these drugs are routinely recom-
mended for renoprotective treatment of patients with
proteinuria with or with diabetes [96] questions as to
the risk of progressive renal failure and hyperkalemia
exist. In fact ACE inhibition followed by AKI may
sometimes result in severe irreversible renal damage
[55,95] and even death [55] To address this question
of renal risk, Bakris and Weir [97] reported a system-
atic review evaluating the effect of ACE inhibition
in patients with pre-existing renal insufficiency on
progression of renal disease. They found a strong as-
sociation between acute increases of serum creatinine
up to 30% that stabilized in 2 months and long term
preservation of renal function. If serum creatinine rise
exceeded 30% or serum potassium was = 5.6 mmol/L
then ACE inhibition should be abandon. These rec-
ommendation were adopted by the American Heart
Association in 2001 [98]. However, the renal safety of
long term inhibition of the RAAS has been called in to
question by a recent report by Suisse and co-workers
[99]. This was a retrospective population based cohort
study of patients. While the rate ratio for the occurrence
of ESRD during the first three years of ACEI therapy
was comparable to other anti-hypertensive agents, at
10 years the rate ratio was 2.5 and significantly greater
than thiazide diuretics. While the study is provocative,
several questions arise regarding interpretation. Pa-
tients were enrolled in the early 1980’s so the issue of
ACEI dosing in important, also, there is no information
as to the degree of reduction of proteinuria achieved
which is central to the renoprotective effect of inhibit-
ing the RAA system. Continuing evidence supporting
the beneficial effects of inhibiting the RAA system
continue to be published [100]

The frequency of contrast-media induced AKI is
variable, but is judged to represent between 2 to 10%
of all AKI patients. The incidence clusters in high-risk
patients (see below) and cases of AKI that develop
while hospitalized [10,101,102], with contrast-induced
nephropathy being the third leading cause of hospital-
acquired renal failure [3]. At present, the majority of
CIN reports involve its frequency after percutaneous
coronary interventions where it may be present in
nearly 15% of patients [103]. While the majority of
patients with contrast-associated nephropathy present
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as non-oliguric renal failure, in diabetic patients this

presentation may be one of oliguric renal failure [104].
The majority of cases result from parenteral adminis-
tration of triiodinated agents, but oral contrast agents

used for cholecystography has been implicated. In the

French collaborative survey, acute tubular necrosis

was diagnosed in 60% of contrast-associated cases,
and mortality was double that in AKI due to other

drugs [11].

As with other cases of AKI, AKI due to drugs is most
often the consequence of multiple simultaneous insults.
For example, Rasmussen and Ibels [9] found that 62% of
143 patients had more than one acute insult, including
excessive aminoglycoside exposure and radiocontrast
material administration. In the series of Davidman et al.
[24], multiple causes of AKI were also present in 50%
of 38 patients with drug-related renal disease. Clearly,
CIN is associated with prolonged hospitalizations,
increased need for dialysis support and increased mor-
tality [105]. In a recent review of guidelines to prevent
the development of CIN, Thomsen and Morcos [106]
found inconsistency regarding advise on prophylactic
use of drugs and isoosmolar dimer to reduce CIN;
however, they did find consistency in the importance
of pre-administration hydration, stopping nephrotoxic
drugs and administering the lowest effective dose of
contrast medium.

Monitoring of renal function

The use of potentially nephrotoxic drugs requires
close monitoring of renal function. The serum cre-
atinine concentration is the most common method
utilized to assess renal function but suffers from its
lack of sensitivity. In patients with normal baseline
renal function substantial renal injury can occur before
there is a demonstrable rise in the serum creatinine
concentration. A rise in the serum creatinine concen-
tration that just exceeds the normal range may reflect
as much as a 50% decline in the GFR. The failure of
the serum creatinine to accurately reflect the degree
of renal injury is particularly evident in patients with
decreased muscle mass or those with chronic liver
failure. Creatinine is produced from the metabolism of
creatine in skeletal muscle. In turn, creatine is derived
from the liver. In the setting of chronic liver disease
or malnourished patients with decreased muscle mass
creatinine synthesis becomes impaired. As a result
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more profound decreases in the GFR may occur before
the serum creatinine concentration begins to rise above
normal values [107]. By contrast, the serum creatinine
concentration is a sensitive indicator of changing renal
function in patients with chronic renal failure. In these
patients a small decline in the GFR is associated with a
large increase in the serum creatinine concentration.

Measurement of the creatinine clearance with a
24-hour urine collection is a more sensitive way to
detect early impairment in renal function , although
a 25% variation has been reported with this method
[108]. At normal levels of renal function only a small
percentage of creatinine appears in the urine by tubular
secretion while the bulk of creatinine is filtered by the
glomerulus. As a result, creatinine clearance is an ac-
curate measurement of the GFR. However, the accuracy
of creatinine clearance declines with advancing renal
insufficiency. With a progressive decline in creatinine
clearance, the proportion of creatinine which reaches
the final urine by tubular secretion increases. As a re-
sult the creatinine clearance tends to overestimate the
GEFR in patients with renal insufficiency [109].

The most accurate way of assessing changes in the
GFR is to measure the clearance of a compound that is
freely filtered by the glomerulus but is neither secreted
nor reabsorbed by the tubule. Radiolabeled sodium
iothalamate and diethylenetriaminepenta-acetic acid
(DTPA) are substances commercially available for this
purpose. GFR calculation is based on computer pro-
grams that use either double pool or single pool data,
with the single pool requiring less plasma samples.
However, because the terminal elimination phase is
prolonged in patients with impaired renal function,
samples may be required up to 24 hours after injec-
tion [110]. The use of radiocontrast agents has gained
popularity, especially for clinical investigation, since
they offer the advantage of radioisotopes without the
radiation risk. Iohexol may be the agent of choice due
to it efficacy and ease of administration [111].

Because of the problems with changes in creatinine
production and secretion, other endogenous com-
pounds have been evaluated in an effort to provide
a more accurate estimation of GFR. Perhaps the most
promising is cystatin C, alow molecular weight protein
that is a member of the cystatin super family of cysteine
protease inhibitors [112]. Cystatin C is produced by all
nucleated cells and its rate of production is relatively
constant, being unaltered by inflammatory conditions



01. Clinical relevance

or changes in diet. When compared to the GFR as
determined by the clearance of radioactive iothala-
mate, serum cystatin C levels began increasing when
the GFR was 88 ml/min while the serum creatinine
concentration only increased when the GFR was 75
ml/min [113].

There is growing popularity of the formulae used
to predict eGFR. While Cockcroft/Gault is the oldest,
the MDRD formulae has gained greater use since it is
most useful at GFR < 60 ml/min/1.73m? [111]. How
reliable these values are with rapidly changing serum
creatinine values is problematic.

In summary, monitoring changes in the creatinine
clearance or directly measuring the GFR using markers
that are not acted upon by the tubule are the best tools
to detect early drug-induced renal toxicity in patients
with a normal baseline creatinine concentration. Serial
monitoring of the serum creatinine concentration is
usually adequate in those chronic renal failure patients
whose creatinine is already increased. The role of other
endogenous compounds such as cystatin C as a way
to monitor renal function is evolving.

Populations at risk

The changes in renal function of patients experi-
encing nephrotoxicity can be as dramatic as a sudden,
acute deterioration requiring immediate dialysis to
an insidious asymptomatic decline. This difference in
presentation probably represents the level of exposure,
i.e., dose and duration, to a drug or environmental
toxin plus a component of genetic susceptibility. This
formulation is supported experimentally since it has
been shown that the rapidity with which renal failure
occurs is dependent on the rate at which a known
nephrotoxin is administered [114]. Similar observa-
tions regarding the influence of time-dosage effects
have come from our laboratory using an experimental
model of aminoglycoside nephrotoxicity [115]. The
human counterpart is a study reported by Nicolau et
al. [116] involving once daily aminoglycoside dosing
in over 2000 patients. They found that in addition to
dosing schedule, age and duration of treatment were
factors in precipitating aminoglycoside-induced AKI.
While this postulated dependency on time and in vivo
drug concentration remains speculative for human
renal disease, it provides a convenient approach to
explaining many of the observations related to sus-

pected environmental toxicants. The clinical course
of renal failure has been defined to a great extent by
observing the natural history of AKI [117]. Recently,
Molitoris [118] has redefined the phases of AKI in
hopes of improving therapeutic interventions such
that intervention in the initiation phase would be for
prevention, while interventions later in the course
would be to limit either the extension phase or the
maintenance phase (figure 2). It follows that much of
our information regarding risk factors for the devel-
opment of renal failure have also come from analysis
of patients with AKI [1,2,8-10, 13]. However, with the
advent of ESRD registers, i.e., EDTA and USRDS, data
regarding risks factors for progressive renal failure are
being accumulated [119,120].

Population characteristics which are candidates to
correlate with increased susceptibility to toxin induced
renal injury include: 1) genetic susceptibility, 2) occu-
pational or environmental exposure, 3) gender, 4) age,
5) race, 6) nutritional status, 7) socio-economic status,
8) addictive personality, and 9) co-existing chronic
disease. By defining populations at increased risk it
is hoped that greater care will be exercised in either
drug prescribing or removal of subjects from offend-
ing environments.

Sharing importance with individual susceptibility
is the previously mentioned concept of critical body
burden of toxicant as a prerequisite for inducing re-
nal cell injury. It is this concept of body burden that
helps explain why the various clinical manifestations
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Figure 2. Phases of ischemic acute renal failure. A, B, and C
refer to therapies aimed at preventing (A); limiting the exten-
sion phase (B); and treating established AKI (C). Adapted with
permission from [118].
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of toxin induced renal disease run the gamut from
sudden deterioration of renal function to the insidious
loss of function.

Genetic/hereditary susceptibility

Inherited renal disease is an infrequent cause of
ESRD, cystic kidney disease being the most prevalent
accounting for about 3% of all cases [119]. However,
experimentally inbred strains of rats are selected
because of their known susceptibility to toxic injury,
an example of which is the Fischer 344 rat [121]. This
selective animal susceptibility has led to speculation
that a similar situation might exist for humans. A pos-
sible relationship between occupational exposure and
genetic susceptibility comes from a study conducted
by the Michigan Renal Registry [122]. The study de-
sign was a case-control involving 325 men with ESRD
in which an occupational exposure was sought. The
results found that the strongest association for ESRD
patients was a family history of renal disease (odds
ratio = 9.30). Patients with ESRD that were excluded
from consideration included; diabetic nephropathy,
polycystic kidney disease, heroin nephropathy, lupus
nephropathy, nephropathy due to malignancy, Al-
port’s syndrome, unspecified chronic renal failure, ob-
structive nephropathy and uncommon nephropathies,
leaving only patients with diagnoses compatible with
toxin-induced renal injury, i.e., glomerulonephritis, ne-
phrosclerosis and interstitial nephritis, for evaluation.

O'Dea et al. reported a higher risk of renal failure in
first-degree relatives of Canadian patients with ESRD
[123]. Their case-control study bracketed the years
from 1987 to 1993. Diseases with a Mendelian pattern
accounted for 8.4% of all cases and were excluded
from relative risk analysis. Twenty-seven percent of
the probands had at least 1 relative with renal failure
as compared to 15% of the controls. The Odds Ratio for
have a first degree relative with renal failure was 3.0
(95% CL 1.7-5.2), while the risk for ESRD was highest
in families of probands with hypertensive nephropathy,
interstitial nephritis, and diabetic nephropathy. Being
a first-degree relative of a proband increased the inci-
dence of ESRD from 79 per million per year to 297 per
million per year, nearly a four fold increase. Freedman
etal. [124] using a case-control format investigated the
incidence of familial clustering of ESRD in African-
Americans suffering from HIV-associated nephropathy.
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After controlling for age, family size, and sex, they
found a 5.4 fold increase in the incidence of ESRD in
close relatives of HIV-associated nephropathy patients
compared to HIV patients without evidence of neph-
ropathy. Although they could not completely eliminate
environmental factors as contributing to the significant
difference (p=0.004), they raised the possibility of an
inherited susceptibility in the families studied.
Genetic polymorphism has also been identified as
possibly contributing to progression of renal disease.
Chew and associates [125] were the first to report an
association between apolipoprotein E allele group
and the post-operative response of serum creatinine.
Because of the key role that inflammation plays in
sepsis and its association with AKI, interest in human
polymorphism as it influences cytokine balance is
receiving increasing interest and study. While much
is speculative concerning the role of genetically deter-
mined cytokine response in patients with AKI, clear
progress is being made. This has recently been sum-
marized by Jaber and coworkers [126]. Based on the
pathobiology of AKI, these authors suggest that pro-
duces of many genes act concomitantly, culminating
in a beneficial or deleterious balance of pre- and anti-
inflammatory molecules, which in turn, determine the
extent of tissue injury. In addition a relationship that
has been identified between endothelial nitric oxide
synthase (ecNOS) polymorphism and abnormal he-
modynamics, Wang and associated [127] investigated
the frequency of gene polymorphism of ecNOS intron
4 in patients with ESRD as compared to health controls.
These authors found that the frequency of the allele
of endothelial nitric oxide synthase (ecNOS) was sig-
nificantly higher in cases of non-diabetic ESRD when
compared to healthy controls. Using similar reasoning,
that ESRD is a complex phenotype that combines pre-
existing renal disease with environment and genetic
factors, Gumprecht et al. [128] evaluated the role of
gene polymorphism in the renin-angiotensin system as
it occurs either during the development or progression
of chronic renal failure. Two hundred and forty-seven
CRF patients and their parents were enrolled in the
study. The angiotensin 235 T allele was transmitted
significantly more frequently to CRF patients than
would be expected if no association existed. However,
the significant transmission was limited to patients
with interstitial nephritis. Fabris et al [129] have re-
cently reported on three gene polymorphisms related
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to nephropathic risk to hypertensive patients. The D

allele, T235 allele of AGT M235T polymorphisim and

CYP11B2 gene polymorphism were all consistently as-
sociated with hypertensive nephropathy. Nobilis et al.
[130] examined the association between very low birth

weight newborns and AKI. They reasoned that since

the neonate requires high RAS activity to maintain

GFR, genetic polymorphism could impair either ACE

activity or angiotensin II-type I receptor functions in

very low birth weight newborns. Neither the frequency

of the ACEI allele and/or ATIR CII66 variant differed

between the AKI group (n=42) and these with normal

renal function (n=68). Thus, no correlation was evident

between genetic polymorphism and the development

of neonatal AKI. However, in a study of heat shock

proteins in neonates, Fekete et al [131] found that very

low birth weight neonates that carried HSP 72 were at

increased risk of AKI.

Occupational/environmental exposure

While there are well-recognized instances of drugs
and toxins inducing AKI, the evidence supporting their
causality in CRF /ESRD is circumstantial and thus less
compelling. This is to be expected given the insidious
nature of progressive renal failure, an observation that
suggests a long latency between exposure and onset
of disease. This problem is compounded by the super-
imposition of associated chronic conditions which can
lead to renal failure independently of toxin exposure.
Additionally, the lack of a uniform system of classify-
ing renal disease (mixture of clinical and pathologic
terms) and the distinct possibility of multifactorial
causes for renal failure because of the many potential
nephrotoxins, which exist in our environment [132]. At
the Workshop on Chronic Disease in the Workplace,
conducted by the Workplace Health Fund in 1983,
it was estimated that nearly 4 million workers were
exposed to known or suspected nephrotoxins during
the 1971-72 interval [133]. Of interest was the list of
nephrotoxins cited which are identical to those we cur-
rently believe to be candidates to produce chronic renal
failure and eventually lead to ESRD. They included:
I) heavy metals, i.e., lead, mercury, uranium and cad-
mium; 2) solvents, especially light hydrocarbons; 3)
silica; 4) beryllium; 5) pesticides; 6) arsenic.

The effects of lead exposure on renal function con-
tinue to occupy investigators interest. While the asso-

ciation between exposure to lead and disease has been
recognized since the time of Socrates, its involvement
in kidney failure has been a more recent observation.
Data from the Normative Aging Study provided a
positive and significant association between blood lead
levels and progressive elevations of serum creatinine
values [134]. Much of the controversy regarding the
role that lead plays in inducing renal failure is due to
the fact that with progressive loss of renal function,
the body lead burden rises since renal elimination of
lead is restricted [135]. In an attempt to resolve this
quandary, Lin et al [136] followed a group of patients
with chronic renal failure over 2 years to determine the
rate of deterioration. They then identified 64 patients
from the group with a high body lead burden, and
treated 32 with chelation therapy. The result was a
significant improvement in the renal function of the
chelated patient compared to the high lead burden
controls supporting their hypothesis that it is the lead
burden rather than the chronic renal failure that comes
first. Additional support for the association between
high lead body burden and progressive loss of renal
function has been provided by the study of Yu and
associates [137]. Linking race with environmental lead
exposure, Vupputuri el al [138] reported a significant
correlation between blood lead levels in both African
American men and women and suggested that this
might be one factor which contributes to the higher
incidence of ESRD in that population.

Exposure to solvents have been implicated as induc-
ers of glomerulonephritis [139], while the association
between chronic interstitial nephritis and analgesic
abuse is acknowledged [140] and the association
between hypertensive renal disease (nephrosclero-
sis) and lead nephropathy continues to be explored
[141,142]. According to data provided by USRDS for
2000 through 2004, glomerulonephritis accounted
for 16.1% of ESRD, hypertensive renal disease was
present in 24.4%, secondary glomerulonephritis and
vasculitis involved 3.3%, 4.1% were unknown etiology
and interstitial nephritis/pyelonephritis accounted
for 4.6% of all cases of ESRD being treated in USA
[119,]. From EDTA [120], 24.1% of new ESRD patients
in 1987 were due to glomerulonephritis, 16.6% due
to pyelonephritis/interstitial nephritis, 2.8% due to
analgesic and other nephrotoxic agents, 9.9% due
to renal vascular disease and 14.4% due to chronic
renal failure of unknown etiology for a total of almost
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68%. Thus, there exist a substantial number of ESRD
patients whose etiology could involve a component of
long-term, low level exposure to either environmental
or occupational toxicants.

In addition to workplace exposures, there are
acknowledged geographic regions of environmental
contamination that expose the general population
and can increase their risk of chronic renal damage.
An example of such an environmental contamination
is methyl mercury poisoning by industrial effluents
in Minimata Bay region of Japan, which lead to both
neurological and renal impairment in several hundred
adults who ingested tainted fish [143]. In evaluating the
occurrence of lead nephropathy in the general public,
Staessen et al. concluded that while such exposure
could impair renal function they were unable to dem-
onstrate a cause/ effect relationship [144].

Reports linking Chinese herb remediesto fatal renal
failure have appeared [145, 146]. The remedies have
been taken for weight loss or the treatment of eczema.
The offending compound is thought to be aristolochic
acid which is the acknowledged nephrotoxin that was
identified as contributing to the progressive interstitial
nephritis that lead to renal failure and death in the
Belgian experience [145]. In an editorial, De Broe [146]
speculates that combining a potentially nephrotoxic
agent, such a Chinese herbs with a renal vasoconstric-
tive agent, may account for the observation that not
all patients who use the herbal product develop AKI.
In the UK it is estimated that over 3000 clinics were
prescribing Chinese herbs in 1999 [147].

Gender

Experimentally gender predilection for various
nephrotoxins is well recognized. Examples include
the male rat’s sensitivity to the nephrotoxic effects of
both carbon tetrachloride and aminoglycosides [115].
Recently, Moore et al. [148] demonstrated an increased
susceptibility of women to the nephrotoxic effects of
aminoglycosides using multi variant analysis. These
observations make two important points, first is that
the extrapolation of animal results to predict human
response must be done with caution since the experi-
mental data predicted a male susceptibility. Secondly,
gender can impart either susceptibility or resistance
depending upon your point of view.

In searching for an explanation of the slower rate
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of progression to ESRD for female patients, Miller et
al. [149] have identified a gender dependent differ-
ence in the renal hemodynamic effect of angiotensin
II. The infusion of angiotensin II in women was as-
sociated with a parallel decline in GFR and effective
renal plasma flow (ERPF), while in men GFR was
maintained despite the angiotensin II-induced fall in
ERPF. Thus, for women, the decline in filtration frac-
tion (FF) paralleled the fall in GFR, while in men FF
remained unchanged. The authors speculate that the
gender difference in progression to ESRD is due to the
angiotensin II associated sustained FF in men which
is absent in women. It has been recognized for some
time that glomerular hypertension, which would be
required to sustain FF in the face of a fall in ERPF, is a
known contributor to the progression of renal failure
[150]. In the logistic model used to predict risk of AKI
after cardiac surgery, female gender proved to be a
significant risk factor along with the co morbidities
of congestive heart failure, diabetes and COPD [ 151].
However, female gender as a post CABG risk was not
confirmed in the report of Athanasiou etal [152]. In the
analysis of incidence and mortality of AKIin Medicare
beneficiaries, Xue et al [32] found that male gender,
along with older age and being African American were
all significantly associated with AKI (P<0.0001). Thus,
the data is conflicting as to the contribution of gender
as a risk factor for AKI.

Race

Although being African American was significantly
associated with AKI [32], direct evidence linking a
patients” race with the risk of toxin induced renal
injury is lacking; however, an indirect association is
suggested based on the clinical course of hypertensive
renal disease (nephrosclerosis) in black versus white
males. From incidence data provided by USRDS, ESRD
occurs 8 times more frequently in black males with hy-
pertensive renal disease than white males with a similar
diagnosis [119]. This relationship has been defined in
greater detail by the case-control study conducted by
Freedman et al. [153]. Based on their results, the pres-
ence of a first-degree relative with ESRD increased the
risk for developing ESRD nine fold, with OR of 9.13
(95% CL 2.6 to 31.8). Hypertensive nephrosclerosis
and Diabetes, type Il was more prevalent than chronic
glomerulonephritis. In a recent retrospective survey of
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the incidence of AKI in African-Americans, Obialo et
al.[17,154] found that while patients > 64 year of age
had a high incidence of AKI, this was shared by the
age group < 40 years of age. However, they noted that
patients > 64 years of age were less likely to receive
dialysis. If one were to pursue the concept of multi-
toxin injury as contributing to nephrotoxic chronic
renal failure, then the hypertensive kidney would be
receptive substrate upon which a toxic insult could be
superimposed. There is evidence from clinical studies
involving in-hospital cases of AKI that hypertension
is a risk factor [1, 2, 8-10]. This might explain the find-
ings of the higher lead body burden correlating with
blood pressure elevations in African Americans sited
above [17].

Nutrition

Glomerular hyperfiltration regularly follows the
ingestion of a protein rich diet. Furthermore, experi-
mentally induced hyperfiltration induces glomerulo-
sclerosis and chronic renal failure in animals deprived
of their renal reserve [155]. In addition, pathologic
variations in the body’s mineral content has been
linked with chronic renal injury in the case of severe
hypokalemia induced by eating disorders [156], and
shown to augment toxin induced injury in the case of
calcium depletion and lead nephropathy [157], or salt
depletion and analgesic nephropathy [158].

The assessment of the nutritional state of renal
patients has come under scrutiny in recent years.
While serum albumin has served as the common
index of nutritional status, evidence is mounting that
interpretation of this parameter is influence by other
factors. Recently, Ikizler et al. [159] provided evidence
of an interaction between depleted nutritional status
and active inflammatory disease as providing mark-
ers for increased risk of hospitalization for chronic
hemodialysis patients. This awareness of the impact
of inflammation on nutrition status requires further
evaluation in order to properly assess the contribu-
tion of each to the progressive atherosclerotic disease,
which characterized ESRD patients [160].

Alcohol consumption has been reported to poten-
tate the nephrotoxicity of lead [161] and anti-inflamma-
tory drugs [162]. However, in a recent case-controlled
study reported by Perneger et al. [163], these authors
found the OR for developing ESRD was 4.0 (95% CL

1.2-13.0) among persons who self-reported consuming

an average of >2 drinks/day. This was after adjusting

for age, race, sex, income, and history of hypertension,
history of diabetes mellitus, acetaminophen intake,
cigarette smoking and opiate use. Fortunately, alcohol

intakes of 2 drinks/ day or less did not increase the risk

of renal failure. However patients with a BMI>40 have

almost triple the rate of AKI following cardiac surgery
[164]. Increasing the energy intake in patients with

AKI from 30 kecal/kg/day to 40 kcal/kg/day did not

improve estimated nitrogen balance and was associ-
ated with more artificial nutrition-related side-effects

[165]. In a 15 year survey of outcomes associated with

AKI, Radovic et al [166] reported an improvement in

the outcome of patients with AKI despite an increase

both disease severity and average age. During this in-
terval catabolism intensity did not change which may
correlate with more aggressive and efficient dialysis

treatment.

Socio-economic status

The exposure to lead based paints and subsequent
lead nephropathy and encephalopathy, in the USA, is
concentrated in substandard housing [162]. Individu-
als at the lower end of our economic ladder often are
denied access to preventative health care thus putting
them at additional risk for toxin exposure. Another
example is the consumption of “moonshine” whiskey
that has been associated with the development of lead
nephropathy [167].

Age

Age, along with pre-existing renal disease and
volume depletion, are well-recognized risk factors for
in-hospital AKI [1, 9, 10, 13-14,18-19]The high risk of
nephrotoxicity associated with age can be traced to
normal age-related changes in renal function [168].
Aging is associated with a progressive decline in the
GFR and renal blood flow, which correlate with an
increase in renal vascular resistance (Table 4). Im-
portantly, the renal vasculature is less responsive to
vasodilators, while the response to vasoconstrictors
remains unchanged. In addition to age-related changes
in renal function, changes in the rate and manner that
drugs are metabolized by elderly patients also increase
their susceptible to renal toxicity [169]. Elderly pa-
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Table 4. Risk factors for drug-induced nephrotoxicity in the
elderly.

Age-related changes in renal function
{ in glomerular filtration rate
{ in renal blood flow
7T in renal vascular resistance
Age-related changes in pharmacokinetics
7 free drug concentration
« hypoalbuminemia
- retained metabolites
{ total body water
 hepatic metabolism with longer drug half-life

tients, particular those with chronic illness, often have
lower albumin levels, which reduces protein binding
of drugs resulting in higher free drug concentrations.
Protein binding is further interfered with by retained
metabolites, which accumulate as a result of the normal
age-related impairment in renal function. Increased
drug levels also occur as a result of the age-related
decrease in total body water. Finally, decreased he-
patic metabolism, which is often present in the elderly,
contributes to a longer half-life of drugs potentially
resulting in unexpectedly high drug levels (Table 4).
An additional mechanism for the progressive decline
in GRF noted with aging can be correlated with the
levels of inflammatory and prothrombic markers. Fried
etal [ 170] found that the decline in GFR was greater in
the group of elderly patients whose inflammatory and
prothrombotic markers were above the median. This
is true after adjusting for race, gender, baseline creati-
nine, systolic and diastolic blood pressure, lipid levels,
weight and smoking history. For all of these reasons a
given dose of a potentially nephrotoxic agent might be
well tolerated in a young person but result in marked
renal injury in an older person. In the community based
study reported by Feest et al. [21], the annual rate of
severe AKI rose from 83 per million populations (pmp)
in the six decade of life to 949 pmp in the ninth decade
of life, a nearly tenfold increase. In the hospital based
study of Khan et al. [19], the annual incidence of AKI
increased from 606 pmp for the age range of 50 to 69,
to 4266 pmp for individuals older than 80 years. On
the other hand, Kohli and co-workers prospectively
examined the incidence of treatment-related AKI in
elderly hospitalized patients [171]. During a one-year
interval, these authors identified treatment-related
AKI occurring in 1.2% of patient’s > 60 years of age.
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Multiple insults were identified in most cases of AK[;
however, drugs contributed 66 % of the time, sepsis and
hypotension 46% of the time, contrast media 17% of
the time, and the post-operative state 25% of the time.
The development of treatment-related AKI doubled
the death rate (25.4% vs. 12.7%).

Since toxin induced chronic renal failure is theo-
rized to occur after years of low-level toxin exposure, it
stands to reason that the incidence would be clustered
in elderly patients. The study of Chester et al. [172]
provides indirect support that elderly patients may
be at greater risk. Of the 79 patients with chronic renal
failure who met age criteria of 70 year or more, 29%
were classified as having chronic interstitial nephritis, a
clinical diagnosis quite compatible with toxin induced
renal failure and an incidence substantially higher than
the 10.4% in accumulated series in which patients 50
year and older were included [173]. Furthermore, in
the 2006 USRDS survey of causes of ESRD, the aver-
age age for patients with a diagnosis of interstitial
nephropathy was 56 year compared to 58 years for the
entire population reported [119]. In the recent analysis
of the PICARD database, advanced age was associ-
ated with increased mortality in AKI patients both
at time of consultation and after initiation of dialysis
treatment [38].

Co-existing chronic diseases

Conventional wisdom dictates that pre-existing
renal insufficiency is a well-established significant
risk factor in the AKI of contrast-associated neph-
ropathy [174]. However, a study by Levy et al. [175]
questions this wisdom. These authors performed a
cohort analytical study involving over 16,000 patients
undergoing radiocontrast procedures. One hundred
and seventy-four patients diagnosed with contrast-as-
sociated nephropathy were paired to a like number of
nephropathy-free patients matched for age, baseline
creatinine and similar radiocontrast procedures. Mor-
tality in contrast-associated nephropathy patients was
34% compared to 7% in match control group. When
the authors considered the contribution of co-morbid
conditions, the mortality rate in the AKI group was
consistently higher for patients with: diabetes, hyper-
tension, cancer, lymphoma, liver disease, heart failure,
acute myocardial infarction, sepsis and gastrointestinal
bleeding. The authors concluded that the high mortality
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rate in AKI is not explained by co-morbid conditions;

rather AKI increases the risk of fatal, non-renal compli-
cations. A similar misconception may exist for NSAID

given to patients with chronic renal failure [176]. Evans

etal. [176] conducted a case-control study involving a

population base of 420, 600 individuals. These authors

found that for patients hospitalized with AKI, the risk

was doubled for patients who ingested NSAIDs dur-
ing the 90 days prior to admission. Interestingly, they

could not identify any interaction between NSAID use

in patients with chronic renal failure and subsequent

hospitalization for AKI. However, for patients requir-
ing intensive care treatment, evidence continues to

mount correlating increased mortality in AKI with the

number of failed internal organs [176-180].

For chronic renal failure the information is again
circumstantial. Patients with sickle cell disease have a
high frequency of papillary necrosis which is assumed
to be the result of the slugging effect of the abnormal
red cells as they course through the vasa recti and are
exposed to the high osmolarity of the renal papillae
[181]. However, these same patients have significant
pain associated with’ ‘sickle crisis’, for which they often
take analgesics that are also associated with papillary
necrosis [182]. This may represent a case of multiple
insults superimposed to give an additive pathologic
effect. Another example is the supposed increased risk
of contrast associated nephropathy in patients with
myeloma kidney due to a physical interaction between
Tamm-Horsfall protein and the radiocontrast media
leading to intraluminal obstruction and AKI [183]. Dia-
betic nephropathy is a documented risk factor for acute
contrast induced nephropathy; however, the review of
Mudge suggests that in up to 25% of such cases serum
creatinine does not return to pretreatment levels and
these patients end up with further deterioration of their
renal function as a result of the acute insult induced by
the contrast media [174]. The role of hypertension as
a risk factor has already been described in the section
entitled Race. Recently, Rihal et al. [184] reviewed the
incidence of AKI post-percutaneous coronary interven-
tion. Stratifying pre-percutaneous serum creatinine
provided ample evidence that once serum creatinine
exceeded 2 mg/dl that AKI risk was high irrespective
of co-existing diabetes. This was confirmed by the
report of Yehia et al [185]. However, the presence of
a normal serum creatinine does not eliminate the risk
of adverse drug reactions in the elderly. Corsonelle et

al [186] found an increased incidence of adverse drug
reactions in elderly patient exposed to hydrosoluble
drugs as part of a polypharmacy prescribing.

Addictive behavior

With drug abuse being an increasingly common
behavior for the younger generation, it is not surprising
that it has been linked to renal injury. Heroin neph-
ropathy is a well-described cause of focal sclerosing
glomerulonephritis with associated nephrotic syn-
drome [187,188]. This particular pathologic entity often
progresses to ESRD and may account for up to 10% of
such patients in cities with large addictive populations
[189]. Although cardiac and/ or cerebral ischemia is the
more common acute presentations of cocaine inhala-
tion, renal ischemia also occurs [190,191]. The most
frequent cause of cocaine associated AKI occurs in
the setting of rhabdomyolysis [192]; however, a more
recent association between habitual cocaine abuse
and accelerated or malignant hypertension leading to
deterioration of renal function have been identified
[193]. Intravenous amphetamine or “speed” can induce
polyarteritis nodosa with progressive renal failure and
severe hypertension [194]. Recently, Bingham and co-
workers have reported a case of chronic renal failure
due to habitual intake of oral methamphetamine and
ecstasy’ [195]. More disturbing is a report by Richards
et al. [76] in which 43% of rhabdomyolysis patients
entering an emergency room had a positive toxicologic
screen for methamphetamines.

’

Summary

While much of the data concerning nephrotoxic
chronic renal failure is circumstantial and based on
epidemiologic surveys involving ESRD patients [119],
for certain xenobiotics the evidence is substantial. The
two most obvious groups at risk are individuals that
receive nephrotoxic drugs for treatment of a life-threat-
ening illness in the hospital and individuals exposed
to known or suspected nephrotoxins in the workplace.
A similar conclusion is valid for people living in geo-
graphic regions of contamination. The possible link
between a family history of renal disease and develop-
ment of renal failure may represent an inherited sus-
ceptibility or could result from a common geographic
exposure. Altered nutrition and certain co-existing
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diseases including addictive behavior are additional
parameters by which relative risk to nephrotoxin, can
be ascertained. While gender, race and socio-economic
status provide tantalizing clues that these factors could
contribute to risk stratification, solid confirmation is
needed. Thus, targeting populations at risk for future
evaluation and follow-up is the most efficient strategy
for the identification of patients early in the course of
their toxic renal injury plus introducing protective
measures to impede the progression of patients into
ESRD programs.

Individual risk factors

Individuals may be at increased risk for developing
nephrotoxicity from various drugs based on unique
circumstances. For example, several antibiotics are well
recognized as having nephrotoxic potential [195] but it
must be appreciated that they are often administered
under clinical circumstances in which acute renal in-
sults co-exist, i.e., hypotension, reduced cardiac output,
depressed liver function, etc. Rasmussen & Ibels [9]
used multivariant analysis to determine the role of
acute insults such as hypotension, dehydration, pig-
menturia, liver disease, sepsis, aminoglycoside admin-
istration and contrast media for patients developing
AKIwithout a prior history of renal disease. In41 of 121
patients a single insult was considered to be responsi-
ble for AKI, 80% of the time this was hypotension. The
remaining 80 patients were exposed to 140 insults or
1.75/ patient giving support to the concept of the mul-
tifactorial basis for inducing nephrotoxic renal injury.
This same pattern of multiple insults causing AKI is
evident from the report of Kohli et al. [171]. Contrast-
associated nephropathy has been evaluated extensively
for possible clinical conditions in which patients are at
additional risk for the induction of AKI [196]. Swartz et
al. [197] using a retrospective analysis of factors related
to renal failure following major angiography, reported
that in addition to renal insufficiency, abnormal liver
function tests, hypoalbuminemia, diabetes mellitus
and proteinuria all were significantly correlated with
the patient group which developed renal failure. They
also noted a prevalence of 2.5-risk factors/case of con-
trast-associated nephropathy. Cochran et al. [198] used
an odds-ratio analysis of 28 clinical factors that might
correlate with increased risk for the development of
contrast-associated nephropathy. In addition to un-
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derlying renal disease and elevated serum creatinine,
their data confirmed proteinuria as a risk factor but
failed to substantiate diabetes mellitus or abnormal
liver function. They did demonstrate that male gender,
hypertension, and vascular disease all were associated
with significant additional risk as well as the amount
and type of contrast administered. In a review of 6
publications which analyzed risk factors for contrast-
associated nephropathy in 1416 patients, renal insuf-
ficiency was the only uniformly consistent factor for
all studies [183], however, in 3 of 5 studies in which it
was tested, the amount of contrast was found to have
a positive correlation. Cigarroa et al. [199] have used
a modified contrast media dosing scheme for patients
at high risk for contrast-associated nephropathy and
reported that virtually every case of post procedure
contrast-associated nephropathy occurred when the
recommended limits of the calculated dose of contrast
were exceeded. In a recent consensus report [200], it
was concluded that “1) adequate intravenous volume
expansion with isotonic crystalloid for 3-12 hours
before the procedure and continued for 6-24 hours
afterward can lessen the probability of CIN in patients
at risk; and 2) no adjunctive medical or mechanical
treatment has been proven to be efficacious in reduc-
ing the risk of CIN.”

In a similar vein, Leehey et al. [201] have reported
on the frequency of aminoglycoside-induced nephro-
toxicity using three different dosing schemes, including
two that were based on pharmacokinetic principles. It
is noteworthy that despite careful calculation of the
dosing scheme, this did not alter the incidence of neph-
rotoxicity. However, the duration of dosing correlated
positively with nephrotoxicity incidence, as did treat-
ment with furosemide, old age, and liver disease.

While cyclosporine is an intrinsically nephrotoxic
drug due to a direct action on the kidney, under other
circumstances it can become nephrotoxic in the pres-
ence of a second drug, exhibiting a so-called drug-
drug interaction. For example, drugs that inhibit the
hepatic P-450 drug-metabolizing enzymes can cause
a significant change in cyclosporine pharmacokinetics
and, thus, render an otherwise stable dose nephrotoxic
[202]. Drugs that induce such changes in cyclosporine
levels include: erythromycin, fluconazole, ketocona-
zole, and cimetidine.

Another example of drug-drug interaction occurs
when non-steroidal anti-inflammatory drugs are
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given to patients receiving anti-hypertensive drugs
[203]. Due to the action of the NSAID to inhibit pros-
taglandin synthesis, the loss of endogenous induced
vasodilatation causes the blood pressure to become
uncontrolled often necessitating increasing the cur-
rent anti-hypertensive drug dosage or prescribing
additional anti-hypertensive drugs [204]. Recently,
Mehta et al. [205] have called attention to the increased
mortality and permanent residual renal impairment in
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Epidemiology of acute kidney
injury in the intensive care unit

n critically ill patients the development of acute kid-

ney injury (AKI) is frequent and occurs in 15-64%

of ICU patients [1-4]. Uchino et al reported from
29,269 critically ill patients in the ICU from 54 study
centers that 30% of patients had renal dysfunction upon
entering in the ICU and the prevalence of AKI defined
by the need for dialysis to be 6% [3]. Mehta reporting
on the PICARD experience (Program to Improve Care
in Acute Renal Disease) found 64 % of patients in the
ICU required renal replacement therapy. Most recently
a new classification scheme for AKI was established
by the Acute Dialysis Quality Initiative Mortality that
defines grades of increasing severity of AKI - risk
(class R), injury (class I) and failure (class F)-and two
outcomes class (loss and end-stage kidney disease) [5].
Using this classification scheme, Hoste et al found that
AKToccurred in 67 % of ICU admissions with maximum
R, 1, F class of 12%, 27 % and 28%, respectively [6]. Mor-
tality rates in those requiring dialysis renal replacement

therapy ranges between 20-70% [2, 3, 7].

Nephrotoxicity due to drugs contributes to between
8-60% of AKI cases in hospitalized patients [8-12]. How-
ever in the ICU, patients are more complex and thus the
etiology of AKI is less certain and more multifactorial
in nature. Thus, in the ICU the incidence of AKI from
drug nephrotoxicity is likely less prevalent than that
due to sepsis or hemodynamic alterations. In the ICU
setting the incidence of AKI from drug nephrotoxicity
ranges between 1-23% [2, 4, 7, 13]. Elderly patients are
likely more susceptible to AKI from nephrotoxic agents
related to the age related decline in glomerular filtra-
tion rate or renal blood leading to reduced clearance
of the drug, decline in hepatic clearance, altered free
drug concentration [14].

In general, drug-induced nephrotoxicity is revers-
ible but given the high morbidity and mortality associ-
ated with AKI and the frequent and necessary use of
drugs in critically ill patients clinicians should be aware
of the potential nephrotoxicities and mechanisms. Thus
this review will discuss mechanisms of drug-induced
AKITand preventive strategies. We will discuss broadly
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different categories by which drugs cause toxic injury
to the kidney with selected examples of each. Detailed
discussions of various agents can be found in specific
chapters elsewhere in the text.

Mechanisms of drug-induced
acute kidney injury

There are several mechanisms by which drugs can
lead to nephrotoxicity. Table 1 lists these mechanisms
along with prototypical drugs that may induce neph-
rotoxicity. Understanding their mechanism of action
will permit the optimal preventative measures.

Hemodynamically mediated nephrotoxicity

Complex factors maintain constancy of renal blood
flow and glomerular filtration despite widely varying
arterial pressures. Such factors such as the renal nerv-
ous system, prostaglandins, angiotensin II, adenosine,
tubuloglomerular feedback as well as other factors

participate in regulating glomerular filtration rate.
Normally drugs that affect renal hemodynamics are
unlikely to precipitate AKI alone unless patients have
underlying concomitant predisposing factors.

Nonsteroidal anti-inflammatory drugs

Volume contraction from any cause or other forms
of prerenal AKI (cirrhosis, congestive heart failure)
will increase the incidence of and severity of nephro-
toxicity due to nonsteroidal anti-inflammatory drugs
(NSAIDs). Conditions such as congestive heart failure,
hypotension, volume depletion, 3 spacing, decrease
effective arterial volume are conditions that predispose
to NSAID-induced nephrotoxicity. Prostaglandins
under these conditions have an important effect to
maintain renal blood flow and glomerular filtration
rate [15]. Similarly compensatory vasconstriction due
to synthesis of angiotensin II, norepinephrine, vaso-
pressin, and endothelin are balanced by vasodilatory
prostaglandins. The use of other drugs that increase
renin such as diuretics, angiotensin converting enzyme

Table 1. Common drugs associated with nephrotoxicity in the ICU.

Mechanisms Drugs

Clinical Findings

Hemodynamic

Radiocontrast agents, calcineurin inhibitors,

Benign urine sediment, FENa <1%, UOsm >500

angiotensin inhibitors, angiotensin receptor

blockers, NSAIDs, interleukin 2

Acute tubular necrosis
(exogenous toxins)

Aminoglycosides, amphotericin, cisplatin,
radiocontrast agents, methoxyflurane, outdated

FENa>2%, UOsm <350, urinary sediment contains
granular casts, renal epithelial cells

tetracyclines, cephalosporins, mithramycin,
calcineurin inhibitors, pentamidine, IVIG, ifosfamide,
zoledronate, cidofovir, adefovir, tenofovir

Acute tubular necrosis
(endogenous toxins-
rhabodmyolysis)

Acute tubular necrosis

(hemoglobin) triamterene, nitrofurantoin

Allergic interstitial nephritis

Lovastatin (statins), ethanol, barbiturates, diazepam

Quinine, quinidine, sulfonamides, hydralazine,

Penicillins, rifampin, sulfonamides, thiazides,

Elevated CPK, granular casts

Elevated LDH, decrease haptoglobin

Rash, fever, eosinophilia, eosinophiluria, pyuria

cimetidine,phenytoin, allopurinol, furosemide,
NSAIDS, ciprofloxacin, pantoprazole, omeprazole,

atazanavir, bevacizumab
Osmotic nephrosis
Papillary necrosis NSAIDs

Obstruction
(intratubular precipitation)

Obstruction
(post renal)

indinavir, foscarnet, gancyclovir

Thrombotic microangiopathy

Mannitol, immune globulin, dextrans, hetastarch

Acyclovir, methotrexate, sulfonamides, triamterene,

Methylsergide, ergotamine, methyl dopa, hydalazine

Mitomycin, cyclosporin, bevacizumab, gemcitabine

Urine sediment shows vacuole containing cells
Hematuria, renal tissue

Sediment might be benign despite obstruction

Benign sediment, hydronephrosis

Decreased hemoglobin, haptoglobin, elevated
LDH, schistocytes
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inhibitors (ACEI) or angiotensin receptor blockers
(ARBs) when used concomitantly with NSAIDs leads
to a reduced prostaglandin synthesis, renal vasocon-
striction and AKI [16]. Because the kidney medulla is
relatively hypoxic [17], a decrease in medullary blood
flow may exacerbate the already hypoxic medulla lead-
ing to AKI. Radiocontrast agents in addition to being
a direct tubule toxin induces vasoconstriction [18] and
when administered in patients using NSAIDS may lead
to AKI[19]. Vasopressors, often used in the ICU’s, as
well as amphotericin can precipitate AKI when NSAIDs
are concomitantly used. Similarly, acute nephrotoxicity
due to calcineurin inhibitors, and vasopressors contrib-
utes to toxicity especially when used with NSAIDs. The
renal effects of NSAIDS are dose, drug and duration
related. Aspirin is the least likely to cause AKI but
nonselective and selective NSAIDS were associated
with AKI [20]. In a nested case-controlled study, new
NSAID users were followed for hospitalization with a
diagnosis of AKI. Within 30 days of therapy the relative
risk for AKI was similar for rofecoxib (RR = 2.31, 95%
CI: 1.73, 3.08), naproxen (RR =2.42, 95% CI:1.52, 3.85),
and nonselective, non-naproxen NSAIDs (RR = 2.30,
95% CI: 1.60, 3.32) and celecoxib (RR =1.54, 95% CI:
1.14, 2.09 were similar [20]. Thus despite the selectiv-
ity of Cox-2 inhibitors they do not seem to have renal
sparing effects and the nephrotoxic potential is similar
to COX-1 inhibitors [20, 21, 22].

ACEI/ARBs

ACEI and ARBs are commonly prescribed drugs
used for hypertension, congestive heart failure and in
chronic kidney disease. These drugs affect renal he-
modynamics through an decrease in efferent arteriolar
tone and intraglomerular capillary pressure [23]. The
use of these drugs under normal circumstances when
renal perfusion is adequate poses very little problem.
However when these drugs are used in states of pre-
renal azotemia, renal artery stenosis or concomitantly
with other drugs such as NSAIDs, renal failure may
ensue. In general AKI under these circumstances is
reversible following their discontinuation.

Other drugs that cause altered glomerular hemodynamics
Drugs such as cyclosporine and tacrolimus, belong
to a class of commonly used immunsuppressants
for organ transplantation referred to as calcineurin
inhibitors. Calcineurin inhibitors are associated with

early prerenal azotemia and oliguria (<50 mL/h urine
output) due to vasoconstriction [24]. Calcineurin
inhibitor-induced vasoconstriction is thought to be
due to: 1) effects on the endothelium, 2) an increase
in sympathetic activity, 3) an increase in adenosine
4) a relative decrease of nitric oxide and transforming
growth factor-beta 1, and 4) an increase in endothelin-1,
reactive oxygen and nitrogen species [25-27]. Other fac-
tors that may lead to renal vasoconstriction are drugs
such as NSAIDs and ACEI/ARBs. In addition, drugs
that may increase blood levels of calcineurin inhibitors
such as ketoconazole are likely to lead to an increase
in nephrotoxicity. Cyclosporine metabolism occurs
in the liver via hepatic cytochrome P-450 microsomal
enzymes [28]. Ketoconazole, an imidazole derivative,
inhibits the cytochrome P-450 enzyme system lead-
ing to an increase in cyclosporine levels and potential
toxicity. The early AKI from calcineurin inhibitors
associated with prerenal indices is rapidly reversible
upon discontinuation of the drug.

Intrinsic acute kidney injury

Acute kidney injury may be due to tissue parenchy-
mal injury as manifested by direct tubule toxicity, acute
interstitial nephritis, osmotic nephrosis and thrombotic
microangiopathy.

Acute tubular necrosis

Direct tubule injury occurs with different classes
of drugs and is commonly associated with antibiotics,
chemotherapeutic agents, bisophosphonates, immuno-
suppressive agents and contrast agents (Table 1).

Cidofovir or tenovir, antiviral nucleotide analogues
with activity against DNA viruses are associated with
dose dependent AKIin 12-24% of patients [29] with uri-
nary abnormalities that resemble Fanconi’s syndrome
(proteinuria, glucosuria, and bicarbonate wasting [30,
31]. The predilection for proximal tubule injury is due
to its uptake in this segment across the basolateral
membrane by the human organic anion transporter
(hOAT) [32]. Probenecid blocks this transporter and
reduces the cytotoxicity by reducing intracellular
accumulation of these drugs [32]. Renal function usu-
ally improves upon discontinuing antiviral nucleotide
analogues however they can lead to end stage renal
disease [33].

Aminoglycosides including gentamicin, tobramy-

31



ROSNER & OKUSA

cin, amikacin, streptomycin, neomycin, kanamycin,
paromomycin, netilmicin, and spectinomycin are ap-
proved by the Food and Drug Administration (FDA)
for clinical use in the United States. Gentamicin,
tobramycin, and amikacin are the most frequently pre-
scribed for use intravenously although tobramycin has
been prescribed for inhaled use especially in patients
with cystic fibrosis. All forms have been associated with
AKI (7-9%) [34-36] including inhaled tobramycin [37,
38]. The renal toxicity was reported to be 3.9%, 30%,
30% in the first week, during the second week and after
2 weeks of therapy, respectively [39]. Aminoglycosides
are organic bases that are freely filtered and taken up
by megalin located on the apical membrane of the S, /S,
segments of the proximal tubule and collecting duct.
Aminoglycosides rapidly traffick retrogradely through
the Golgi complex and to the ER and are finally re-
leased into the cytosol [40]. Renal toxicity is frequently
reversible. Risk factors for aminoglycoside-induced
nephrotoxicity include sepsis, preexisting renal disease,
age, diabetes, liver disease, hypovolemia, concurrent
use of other drugs or exposure to contrast and the use
of diuretics [29].

Allergic interstitial nephritis (AIN)

Drugs may produce an idiosyncratic or allergic
reaction leading to inflammation and infiltration of
immune cells such as lymphocytes, monocytes, plasma
cells and eosinophils leading to injury to the renal
tubules and interstitium. Renal dysfunction in drug-
induced AIN is believed to be the cause of AKIin 3-15%
of all cases [41, 42] and 27% of undiagnosed cases with
normal size kidneys by ultrasound [43]. Most cases
of AIN in the ICU stem from antibiotics due to the
frequency of sepsis encountered requiring multiple
antibiotics. A number of drugs have been associated
with AIN including beta-lactams, quinolones, rifampin,
macrolides, sulfonamides, NSAIDS, diuretics, cime-
tidine, randitine and proton-pump inhibitors (Table
1). Recently bevacizumab, a recombinant humanized
monoclonal immunoglobulin G antibody to vascular
endothelial growth factor (VEGF) used in clinical trials
to treat cancer, has been reported to cause interstitial
nephritis [44]. In addition there are other causes of in-
terstitial nephritis including infections, immune medi-
ated diseases, glomerular diseases and other idiopathic
causes [41, 42, 45]. The onset may range from 3 days to
20 days [22] and maybe accelerated following rechal-
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lenge [46]. In general the clinical presentation includes,
fever, rash and eosinophilia. However this triad only
occurs in one third of the patient who actually have the
disease. In addition AIN is often accompanied by low
grade proteinuria and biopsy findings consistent with
interstitial infiltration of immune cells.

Nephrotic syndrome

Bisphoshonates are used for treatment of hyper-
calcemia, fracture prevention and in patients with
metastatic cancer. This class of drugs reduce morbidity
from hypercalcemia is increasingly recognized to cause
nephrotoxicity [14]. Both pamidronate and zoledronate
have been associated with nephrotoxicity that features
nephrotic syndrome with a collapsing glomerular scle-
rosis [47]. The mechanism is unkown and the return of
renal function is slow.

Crystal deposition

Drug crystallization and deposition in kidneys
cause AKI [48]. The main cause of injury is due to
the relative insolubility of drugs in urine leading to
precipitation within the tubule lumen that in most in-
stances are pH dependent [49]. Drugs such as acyclovir,
sulfonamides, methotrexate, indinavir, and triamterene
may lead to crystal deposition [21, 48]. Tumor lysis
syndrome leading to uric acid and calcium phosphate
crystals may occur in the setting of malignancies. Acy-
clovir commonly used to treat VZV and HSV infections
is associated with AKI particularly in those receiving
high doses (500 mg/m?) over a relatively short period
of time. The incidence is thought to be 12-48% [50]
[61-54] and in approximately 50% of the cases, the
renal insufficiency is reversible. Indinivar, a protease
inhibitor used in the treatment of HIV induces crystal
formation [55] and deposition in the kidney [56] due
to its relative insolubility in urine.

Drug-induced thrombotic microangiopathy (TMA)

A number of drugs have been reported to be as-
sociated with TMA. Although a direct casual relation
has not been established, cumulative evidence exist
for some drugs. Generally they fall into several cat-
egories including antineoplastics, immunotherapeu-
tics and anti-platelet agents [57] Chemotherapeutic
agents often encountered in the ICU are associated
with drug-induced TMA. Such drugs include: mito-
mycin, cyclosporine, tacrolimus, quinine, ticlodipine,
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clopidogrel and others (Table 1) [56, 58, 59]. Recently
bevacizumab has been added to the list of drugs caus-
ing TMA [60].

Osmotic nephrosis

Osmotically active agents such as intravenous im-
munoglobulin (IVIG), mannitol and dextran induce
tubule damage through swelling and vacuolization
[29, 61]. Drugs that may induce high osmotic pressures
include mannitol and IVIG. The latter case, hyperos-
motic damage or the stabilizing agent, sucrose, may
lead to AKI. Hetastarch, used in the ICU as a volume
expander is known to be a risk factor for AKI, especially
in septic patients [62].

Risks associated with acute kidney injury

Despite the significant progress made in under-
standing the biology and mechanisms of acute kidney
injury (AKI) in animal models, translation of this
knowledge into improved management and outcomes
for patients has been limited. In fact, with few excep-
tions pharmacological therapies to prevent AKI have
not been successful. Thus, prevention of AKI must be
a priority to avoid the morbidity and mortality associ-
ated with this event.

Preventive strategies rely on knowledge of the risk
factors that are commonly associated with diverse
causes of AKI, here specifically focusing on acute tu-
bular necrosis (ATN). Three major categories of insults
can lead to ATN: renal ischemia, nephrotoxins and
pigmenturia (hemoglobinuria or myoglobinuria). It
is clear from multiple human and animal studies that
several insults are usually present to result in AKI [12,
13, 63-65]. For example, patients may experience bacter-
emia, sepsis, hypotension, exposure to aminoglycoside
antibiotics that individually may not lead to AKI, but
collectively lead to severe ATN. This is especially true
in critically ill patients. Rasmussen and Ibels examined
the risk factors for the development of ATN in 143
carefully selected patients [66]. The following were
considered possible acute and causative insults: hy-
potension (74%), sepsis (31%), contrast media (25%),
aminoglycoside exposure (25%), pigmenturia (22%)
and volume depletion (35%). Nearly two-thirds of the
patients had suffered more than one insult before the
clinical appearance of AKI. Other studies [67-69] have
showed similar results with sepsis, volume depletion,

impaired cardiac output and exposure to nephrotoxins
being the most common exposures in those patients
developing ATN.

Specific clinical settings are particularly prone to the
appearance of AKI. One of the most common and lethal
is AKI in the context of multi-organ failure. Liano and
colleagues studied more than 200 cases of intensive-
care unit (ICU)-associated AKI and demonstrated that
11% had none, 24% had one, 40% had two and 26% had
concomitant failure of three or more organ systems [7].
Groeneveld et al found that 90% of ICU patients with
AKI had multi-organ failure [70]. Most often, other
organ systems failed before AKI was apparent. What
these studies make evident is that AKI (especially in
the ICU) usually occurs in the context of additional
organ system dysfunction and multiple insults (hemo-
dynamic instability leading to renal ischemia, impaired
cardiac output, intravascular volume depletion, sepsis
and exposure to nephrotoxins). Attention to these risks
is paramount to any effort to protect the kidney.

Advanced age is one of the most important risk
factors for AKI. Feest and colleagues performed a
prospective 2-year study of 450,000 patients and found
that more than 70% of AKI cases occurred in patients
age > 70 years [70]. In those patients aged 80-89 years,
the risk of AKI was 56-fold higher than the reference
population of those aged < 50 years. Certainly, much
of this risk is attributable to co-morbidities seen in the
elderly (impaired renal reserve due to chronic kidney
disease, impaired left ventricular dysfunction, diabetes
mellitus, concomitant medicine use such as non-steroi-
dal anti-inflammatory agents (NSAIDS), etc).

Other clinical settings that are at particularly high-
risk for the development of AKI include: sepsis/in-
fection [4], HIV infection [71], post-operative states
[72], trauma and burns [73], non-renal solid organ
transplantation [74], heart failure [75], cardiac surgery
[76], liver disease [77], bone marrow transplantation
[78], and rhabdomyolysis [79]. Within each of these
clinical settings, studies have demonstrated several
associated factors that significantly increase the risk
for AKI (Table 2). Not surprisingly, these factors are
remarkably consistent across these clinical settings.
For example, in a study of patients with sepsis, AKI
was associated with older age, higher baseline serum
creatinine values, and hepatic failure [80]. In patients
undergoing cardiac surgery, risk factors associated
with the development of AKI in multiple studies have
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Table 2. Common risk factors associated with the develop-
ment of AKI.

Clinical settings
ICU/multiple-organ failure
Sepsis/infection
Post-operative (especially cardiac and vascular surgery)
Trauma
Burns
HIV
Non-renal solid organ transplantation
Bone marrow transplantation
Liver disease

Patient-specific factors
Advanced age
Diabetes mellitus
Impaired renal function
Impaired cardiac function
Volume depletion
Multiple nephrotoxic medications
Radiocontrast agent exposure

Medication use
NSAIDS/Cox-2 inhibitors
Aminoglycoside antibiotics
Amphotericin B
ACE-inhibitors/angiotensin-receptor antagonists
Calcineurin inhibitors
Chemotherapeutic agents (cisplatin, ifosfamide)
Illicit drug use (cocaine)
Deliberate or accidental ingestion of toxins (ethylene glycol)
Occupational toxins (heavy metals, organic solvents)
Herbal remedies (aristolochic acid)

been: severe left ventricular dysfunction (especially
that requiring use of an intra-aortic balloon pump),
prolonged cardiopulmonary bypass, older age, diabe-
tes mellitus, and pre-existing renal impairment [81-83].
This last factor is perhaps the most important with the
risk of AKI requiring dialysis approaching 10-20% in
those patients undergoing cardiac surgery with a base-
line serum creatinine between 2.0 and 4.0 mg/dL [84].
In patients exposed to radiocontrast agents, the key risk
determinants for AKI include: chronic kidney disease
stage III or greater (estimated GFR < 60 ml/min),
diabetes mellitus, volume depletion, nephrotoxic drug
use, preprocedural hemodynamic instability, anemia,
congestive heart failure and hypoalbuminemia [85].
The importance of baseline renal function in this setting
is exemplified by one registry study that demonstrated
an incidence of AKI of 2.5% in patients with mild renal
impairment (serum creatinine 1.2 to 1.9 mg/dL), which
rose to 30.6% in those patients with more severe renal
impairment (serum creatinine > 3.0 mg/dL) [86].
Identification of risk factors has been used to pro-
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Table 3. An example of a risk-scoring scheme and its appli-
cation in predicting the risk for contrast-induced nephropa-
thy.

Risk factor Score
Hypotension 5
Intra-aortic balloon pump 5
Congestive heart failure 5
Age > 75 years 4
Anemia 3
Diabetes 3
Contrast media volume 1 for each 100 ml
Serum creatinine > 1.5 mg/dL 4
or eGFR40-60 ml/min 2
eGFR 20-40 ml/min 4
eGFR < 20 ml/min 6

Risk of contrast-

Risk score induced nephropathy Risk of dialysis
<5 7.5% 0.04%
6-10 14.0% 0.12%
11-16 26.1% 1.09%
>16 57.3% 12.6%

Adapted from: Mehran R, et al. A simple risk score for prediction of contrast-induced
nephropathy after percutaneous coronary intervention: development and initial
validation. J Am Coll Cardiol 2004; 44: 1393-1399.

duce clinical AKI predictive scoring systems that at-
tempt to better quantify cumulative risk. These scoring
systems are most useful in situations where a possible
nephrotoxic exposure is to occur at a defined time (such
as cardiac surgery or radiographic contrast exposure).
They provide a very useful framework to identify pa-
tients who are at risk and thus may benefit from renal
protective strategies. For example, a scoring system
developed at the Cleveland Clinic utilizes 13 pre-opera-
tive variables to predict a risk for post-cardiac surgery
AKI [87]. Similar scoring systems have been developed
by others for cardiac surgery and for other settings such
as radiocontrast media exposure [88-90]. An example
of one such risk-scoring scheme for contrast-induced
nephropathy is shown in Table 3 [90]. These scoring
systems attempt to identify a small number of high-risk
patients and thus will have good negative predictive
power but will often lack positive predictive power.
Many of these predictive scoring systems have not been
validated across different population groups and thus
are limited in their utility.

One important factor that limits the determina-
tion of risk for AKI is the poor sensitivity of serum
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Table 4. General approaches for the prevention of AKI.

Table 5. Examples of specific renal protective strategies.

1. Avoidance of nephrotoxins
Recognition of potential nephrotoxic agents
Recognition of high risk patients and clinical settings
Avoidance of concomitant use of multiple nephrotoxins
Use of lowest dose and for shortest time possible
If applicable, monitoring of drug dose
Frequent monitoring of renal function
Maintain euvolemia

2. Minimization of nosocomial infection

3. Extracellular fluid expansion
(maintain good urine output, stable hemodynamics)

4. Avoid agents that impair renal blood flow autoregulation
(NSAIDS, ACE inhibitors, ARBs)

5. Pharmacological Interventions - if applicable (Table 5)

6. Use of computer surveillance systems

creatinine values for detection of mild degrees of
renal injury. In fact, there is no practical, “real-time”
method to provide accurate determination for mild
degrees of kidney injury. Oliguria certainly heralds the
presence of significant kidney dysfunction, but most
causes of AKI are non-oliguric [91]. Thus, a relatively
large decrease in glomerular filtration rate (GFR) may
be associated with only small changes in the serum
creatinine (especially true in those patients with nor-
mal baseline renal function). Furthermore, the serum
creatinine is influenced by variables such as produc-
tion rate, muscle mass and the volume of distribution.
Thus, a cirrhotic patient who may be malnourished
and volume expanded may appear to have a “normal”
serum creatinine value when, in fact, there is significant
kidney impairment [92]. All of this makes heightened
awareness of the clinical setting and risks associated
with AKI more important in the early detection of
AKI. Careful attention to even small increases in serum
creatinine as well as attention to urine abnormalities
(presence of granular casts) is critical for the early
detection of AKI. It is hoped that sensitive biomarkers
of kidney injury may ultimately allow identification of
patients at the earliest signs of AKI.

Renal protective strategies

Strategies used to prevent AKI can be broadly
separated into generalized approaches and those
approaches which are more specifically targeted to
a particular risk factor (Tables 4 and 5). Certainly
improvements in overall ICU care that focus on the

Exposure Strategy

Radiocontrast agents IV hydration (normal saline) [95]
IV sodium bicarbonate [96]
N-acetylcysteine [108, 109]
Vitamin C [123]

Iso-osmolar contrast [124]

Aminoglycoside antibiotics Once-daily dosing [125]
Monitoring of drug levels

Tumor lysis (uric acid) Allopurinol/rasburicase [126]

IV hydration/urine alkalinization

Ethylene glycol ingestion  Ethanol/fomepizole [127]

Hemodialysis

Rhabdomyolysis IV hydration/urine alkalinization
[128]
+ mannitol [129]
Methotrexate IV hydration/urine alkalinization [48]
Acyclovir IV hydration [54]

Calcineurin inhibitors Monitor drug levels [130]

+ calcium-channel blockers [131]

Amphotericin B Use of lipid formulation [132]

risk factors identified above should reduce the inci-
dence of AKI. In fact, early and aggressive therapy of
hemodynamically unstable patients in the emergency
department using a combination of IV hydration and
pressor agents led to an impressive 88.5% reduction in
the incidence of AKI [93]. Thus careful attention to vol-
ume status and maximization of cardiac output along
with minimization of exposure to nephrotoxic agents
should be employed in all at risk patients. Agents
that impair the critical autoregulation of renal blood
flow such as NSAIDs, ACE inhibitors, angiotensin-
receptor antagonists (ARBs) should be avoided.
Plasma concentrations of selected nephrotoxic drugs
(aminoglycosides, calcineurin inhibitors) should be
monitored closely and cumulative dose should be lim-
ited. Despite these clear recommendations, Weisbord
and co-workers found that 16% of patients who were
at clear risk for the development of contrast-induced
nephropathy never received pre-procedural IV fluids
and 8% of these patients were prescribed NSAIDS or
COX-2 inhibitors [19].

One strategy to reduce the incidence of AKI has
adopted a computer surveillance system that notifies
physicians via e-mail messages whenever a small rise
in serum creatinine occurs in their patients who are
receiving potential nephrotoxic medications [94]. This
notification system led to earlier cessation of offending
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drugs and a decrease in the incidence of severe AKI
from 7.5 to 3.4%.

Specific strategies to reduce the
incidence of acute kidney injury

Intravenous fluids clearly reduce the risk of AKI
across a spectrum of etiologies. For example, in the
prevention of contrast-induced nephropathy, one study
compared IV hydration with 0.9% saline at 1 ml/kg/
hour beginning 12 hours prior to the study with unre-
stricted oral fluids. The incidence of AKI (as defined
by a 0.5 mg/dL or greater rise in serum creatinine)
was 3.7% in the IV hydration group and 34.6% in the
oral fluid group [95]. Saline-based therapies may not
be as effective as a bicarbonate-based solution in this
setting [96], however confirmation will be necessary
from other centers.

In the setting of sepsis, while IV fluid resuscitation
is clearly critical, the optimal form of volume support is
not known. Three meta-analyses have compared crys-
talloid versus colloid solutions with at least no differ-
ence or perhaps a slight increase in mortality associated
with colloid solutions [97-99]. In a multicenter rand-
omized controlled trial of resuscitation fluids (saline
versus albumin), there was no difference between the
fluids in 28-day mortality, organ failure, days on renal
replacement therapy, days on mechanical ventilation,
or hospital days [100]. The Cochrane group concluded
that albumin administration in severely ill patients was
associated with increased mortality as compared with
other IV fluids [101]. Other colloid solutions such as
hydroxyethylstarch and gelatin have also been studied
and do not seem to have an advantage over crystalloids
[102]. In fact, hydroxyethylstarch was associated with
a higher risk of AKI than gelatin [62]. In the preopera-
tive setting, the use of IV fluids to “optimize” cardiac
performance (as guided by pulmonary artery catheter
measurements) has been shown to be beneficial with a
reduction in the incidence of AKI from 4.8% to 1.5% in
patients undergoing vascular surgery [103]. However,
volume expansion to supranormal cardiac indices
along with normal mixed venous oxygen saturation
had no effect on the incidence of AKI and can not be
routinely recommended [104].

In some patients, vasopressor agents are required
to maintain hemodynamic stability. Few direct com-
parisons exist to support one vasopressor over another
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[105]. However, accumulating evidence supports the
use of norepinephrine in patients with septic shock
with a retrospective study demonstrating reduced
mortality with norepinephrine over other vasopres-
sors [106]. Furthermore, animal data demonstrates that
reversal of septic hypotension with norepinephrine
leads to increases in renal blood flow [107]. There are
no studies that compare the renal outcomes between
catecholamine therapy and vasopressin.

One renal protective strategy that is often over-
looked is the intensive control of blood glucose levels
in critically ill patients [107]. Insulin therapy reduced
the risk of AKI that required dialysis by 41% in one trial
[107]. While the mechanism of this effect is not known,
this easily implemented strategy should be considered
in all at risk patients.

N-acetylcysteine has been widely advocated as a
renoprotective agent especially in the setting of radio-
contrast media exposure. Several meta-analyses have
shown that N-acetylcysteine can reduce the incidence
of contrast-induced nephropathy by nearly 50% [108,
109]. However, in other settings such as post-cardiac
surgery, N-acetylcysteine has not proved to be of ben-
efit [110]. Furthermore, N-acetylcysteine may be of
less benefit in those patients with moderate or severe
chronic kidney disease [111].

Many other renal protective strategies have been
attempted with poor results. Dopamine at doses be-
tween 0.5 to 5.0 ug/kg/minute has been promoted as a
therapy to increase renal blood flow, induce natriuresis
and diuresis and perhaps increase GFR. However, in
multiple settings ranging from sepsis, contrast ex-
posure, and cardiac surgery dopamine has not been
shown to be beneficial in preventing AKI (reviewed
in 56)[112]. Fenoldopam is a more selective dopamine
A-1 agonist that increases renal blood flow to the cortex
and outer medulla. A recent meta-analysis of 16 small
trials has suggested that there may be a small benefit
in reducing the risk of AKI [113]. However, most of
the studies in this meta-analysis were underpowered
and a larger, randomized clinical trial is required be-
fore this therapy can be recommended. Other agents
that have been used and have shown no or at best
marginal benefits include: atrial natriuretic peptide
[114], clonidine [115], calcium channel blockers [116],
furosemide [117], inotropic agents [118], growth factors
[119,120], and theophylline [121], as well as numerous
others. These failures highlight the critical importance
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of nonpharmacological therapies.

One controversial strategy is the use of prophylactic
dialysis to prevent AKI. This has been evaluated in
the setting of high-risk patients undergoing coronary
angioplasty [122]. In this study, patients with baseline
serum creatinine values > 2 mg/dL were randomized
to either IV fluids or IV fluids with hemofiltration that
was commenced 4-6 hours prior to the procedure and
continued for 18-24 hours after contrast administra-
tion. The group receiving extracorporeal therapy had
a lower incidence of AKI requiring dialysis, a lower
hospital mortality rate. However, the invasiveness
and cost of this therapy as well as inherent flaws in the
study (difference in total IV hydration, lack of N-acetyl
cysteine use, difference in loop diuretic use between
groups) prevents this strategy from being used more
widely.

There are several preventative strategies that are
specific to either clinical states (rhabdomyolysis) or
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Introduction

harmacology and clinical pharmacology define the
desirable and undesirable effects of drugs and
xenobiotics whereas pharmacokinetics defines

the various processes that are involved in absorption
- distribution - elimination of these agents. Needless to
say that the former may strongly influence the latter.
The kidney and the liver have complementary
functions in the elimination of drugs and xenobiotics.
Lipophilic non-ionic substances of molecular weight
higher than 300-500 dalton and highly bound to pro-
teins appear to be eliminated by the liver, while the

kidney prefers hydrophilic substances of molecular
weight smaller than approximately 500 daltons. Me-
tabolism occurs predominantly in the liver, transform-
ing the original substance into more polar and more
hydrophilic metabolites, which became dependent on
the kidney for elimination. Consequently, the major-
ity of all drugs and xenobiotics in one way or another
have to pass through the kidney. In addition to this
important “gateway” function of substances, which
are not always without side-effects, the kidney itself is
particularly sensitive to drugs and xenobiotics.

This susceptibility of the kidney to nephrotoxic
injury has several reasons (Table 1). Renal blood flow
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(25% of the resting cardiac output) exceeds 1000 ml/
min = 3.5 ml/g of renal tissue/ min. Compared to the
majority of other tissues, except the brain, this results
in a fifty times higher rate of drug delivery.

The kidney has the greatest endothelial surface
per gram of tissue and possesses the highest capillary
hydrostatic pressure favoring trapping of circulating
antigen and in sifu immune complexes formation. Tu-
bular transport and other

Table 1. Vulnerability of the kidney.

Important blood flow (1/4 cardiac output)
High metabolic activity

Largest endothelial surface by weight
Multiple enzyme systems

Transcellular transport

Concentration of substances

Protein unbinding

renal metabolic processes L

o ) Filtration
utilize considerable oxy- . e

. ‘e’ ® -0 ®, 0

gen and are susceptible we et e et
to the action of metabolic SRR
inhibitors. It is worthwhile i
to note that the S3-segment Active reabsorption

of the proximal tubule has
the highest rate of oxygen
delivery/oxygen consump-
tion of all functional entities

in the body [1]. The kidney

is the only place where highly
protein bound drugs dissociate,
traverse the tubular cells and
either accumulate within the

proximal tubular epithelium
and/or reach the tubular lumen.
An abundance of tubular epithelial

enzymes involved in the tubular
transport systems can be blocked,
particularly in view of the highly Active secretion of anions Inner
concentrated solutes in the tubular & cations Stripe
fluid that may reach urinary/plasma @g < g
concentration ratios exceeding 1000 in ® ® | _fememmAm ] e ee
some cases. %) % <~
In the distal part of the nephron, Passive non-ionized
urine is concentrated and the likelihood of back diffusion
crystalline precipitation increases substan- (é% 0
tially, particularly if urinary pH favors Ci? Oe %
decreased solubility. As the urinary con- & %o Inner Medulla

centrating process also involves the coun-

ter-current mechanism, solute concentrations
in the medullary interstitium can reach values
several times higher than tissues elsewhere in
the body. Finally during the process of renal

Renal metabolism

o

&/

~— ™

excretion, a particular drug may undergo

bioactivation resulting in reactive metabolites [2].
The kidney possesses several mechanisms for the

renal handling/excretion of drugs and xenobiotics.

44

Figure 1. Schematic representation and main localisation
along the nephron of the various patterns of drug and xenobi-
otic handling by the kidney.
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They are listed in Figure 1 and each of them
will be briefly discussed in this chapter. Nu-
merous, if not the majority of drugs and xeno-
biotics, are handled-eliminated at least partly
by the kidney. For their elimination by the
kidney they use one, or in most cases, two or
even more mechanisms (Figure 2). In addition
many other polar metabolites are formed by
metabolism or conjugates by the liver, which
are then excreted by the kidney. The use of
various in vitro and in vivo techniques as mod-
els in studying drug transport in the kidney
and/or renal toxicology is well documented
in the literature [3-7]. Each approach possesses
its own advantages and disadvantages and all
have demonstrated their usefulness and appli-
cation in renal pharmacokinetics/toxicology.
A representative listing of these models, sum-
marizing their most relevant characteristics, is
presented in Table 2 [6, 8].

Glomerular filtration

Osmotic diuretic mannitol

Aminoglycosides

Organic anions:
p-Aminohippurate

or benzylpenicilline

Phenobarbital
Phenylbutazone
Oxipurinol

Organic cations:
Tetraethylammonium
Quinine
Methadone

Paracetamol

Nitrofurantoin

Choline

A few vitamins

Imipenem

Probenecid

Active tubular secretion

[ Passive tubular reabsorption

I Active reabsorption
(carrier-mediated pinocytosis)

¢ Intraluminal metabolisation
Renal metabolism
Y )
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f ]>5 O
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Figure 2. Most drugs and xenobiotics have a renal handling

consisting in

Table 2. In vitro methods for studying drug transport in the kidney

more than one pattern.

Method Advantages

Disadvantages

Stop-flow
Isolated perfused kidney
Can monitor renal function.

Kidney slices Easy technique.

Easy to determine net direction of transport.
Morphologically identical to kidney in vivo.

Good control of experimental conditions without
concern for secondary effects due to hemodynamic

changes.

Micropuncture

of proximal and distal tubules.
Time resolved two-
photon microscopy [8a,b]
Proximal tubular
suspensions

Can study transepithelial transport in surface portions
Can study several segments of the nephron

Relatively homogenous cell population.

Cultures Long-term storage.

Precise control of growing environment.

Cell population is relatively homogenous.

Cells on filters permit study of bidirectional transport.
Cell lines Easily obtained and subcultured.

Primary cultures Closely related to fresh tissue.

Origin identified.

Vesicles
can be studied separately.
No metabolism.

No intracellular sequestration.

Transport in apical and basolateral membranes

No precise anatomical localization.

Short term use.

In the process of degeneration.

Functional status of tubular lumen not clear.

Tissue not homogenous and contains nontubular
elements.

Diffusion barrier for substrates to nephrons beneath
the cut surface.

Cannot study deep segments.

Expensive methodology

Contribution of luminal uptake is dependent on
luminal openings and can vary.

Short term use.

Dedifferentiation.

Sterile conditions for culture.

Origin ill-defined.
Important dedifferentiation.
More difficult to prepare and maintain.

Membrane isolation may alter physiological
function.
Must correct for non-mediated transport.

Adapted from Williams & Rush [6] and Brater et al [8].
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The maturation of renal drug elimination systems
occurs at variable rates and may be influenced by a
number of factors, including pre-or postnatal exposure
to drugs. In addition, the mechanisms of drug uptake
and storage in renal tubular cells are subject to matura-
tional changes that may lead to age-related differences
in intrarenal accumulation of a drug [8c].

Glomerular filtration

One fifth of the renal plasma flow (£ 600 ml/min) is
filtered at the glomeruli. This filtered fraction indicates
that glomerular filtration can account for the plasma
clearing of as much as 20% of a non-protein bound
substance during one passage through the kidney. The
determinants of a drug/xenobiotic to be filtered are
protein binding, molecular size and charge, glomerular
integrity and the number of filtering nephrons. Glo-
merular pores (+ 75 A in diameter) allow passage of
molecules up to the molecular weight of approximately
60, 000 dalton. The vast majority of drugs/xenobiotics
are approximately two orders of magnitude smaller
than this. For many drugs however, protein binding
restricts filtration so that only the unbound fraction
can be filtered (e.g. furosemide 95% and NSAID 98%
bound to albumin), and in many cases depend on
active tubular secretion for renal elimination. Drugs
can bind to several serum proteins, however, by far
the most important being albumin, followed by a
al-acid glycoprotein, an acute phase reactant. Acidic
compounds preferentially bind to albumin [9] whereas
for basic compounds binding to al-acid glycoprotein
is more important [10].

Nephrotic syndrome induces two important
changes concerning protein binding. Hypoproteinemia
causes a decrease in protein binding and the integrity
of the glomerulus as a sieve is disrupted in this clinical
condition. Drugs and xenobiotics can be carried with
albumin into the urine enhancing renal elimination.
Hypoproteinemia, however, induces simultaneously
an increase in the distribution volume of numerous
substances thus lowering their availability for filtration.
The overall result on renal elimination being almost
unperceptible.

Total plasma clearance and distribution volume of
furosemide were much larger in analbuminemic rats
compared to normals, whereas the urinary excretion
was significantly lower. Injecting the albumin/furo-
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semide complex markedly decreased the drug distri-
bution volume, promoted diuresis in analbuminemic
rats, in contrast to furosemide alone. Injection of the
furosemide/albumin complex to furosemide resistant
hypoalbuminemic nephrotic patients increased the
urine volume. Another factor that may contribute to
diuretic resistance in nephrotic patients is the presence
of filtered albumin within the tubule lumen. Even when
adequate amounts of diuretic are delivered to and
secreted by the proximal tubule, much of the diuretic
that reaches the lumen in a nephrotic patient will bind
to filtered albumin; the protein/diuretic complex may
not be effective in inhibiting the Na-K-2CI pathway
[11-14]. In rats with nephrotic syndrome, inhibitors of
protein binding (warfarin and sulphisoxazole) restore
the potency of furosemide [14].

Uncharged hydrophilic substances prefer glo-
merular filtration for their renal handling/ elimination
in contrast to the many ionized organic substances
handled by additional nephron mechanisms, such as
tubular secretion (e.g. penicillin).

Drugs and xenobiotics that have glomerular filtra-
tion as their major way of renal elimination will accu-
mulate rapidly during acute or more chronic declines
of glomerular filtration. If in addition the therapeutic/
toxic window is narrow, the accumulation will result
very quickly in toxic effects (e.g. aminoglycosides).

Renal tubular reabsorption

Reabsorption of weak acid and bases is generally
passive, but in a few cases reabsorption can occur
via facilitated reabsorption by carrier proteins or by
endocytosis.

Reabsorption by simple diffusion

Passive reabsorption is driven by the progressive
reabsorption of tubular fluid along the nephron. To
penetrate the membranes of the tubular epithelium,
whose main constituents are lipids, compounds should
be liposoluble. As ionized compounds are in general
hydrophilic, only the undissociated molecules of weak
bases and acids will be rapidly reabsorbed by simple
diffusion [15]. Consequently determinants for the rate
of reabsorption are the pKa of the organic acid or base,
the urinary pH, and the liposolubility of the undis-
sociated base or acid. Another important determinant
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Table 3. Drugs and xenobiotics with clinically important urine pH-dependent elimination.

Weak acids: increased excretion at luminal pH > 7

Weak bases: increased excretion at luminal pH < 5

Acetazolamide
Chlorthiazide
Methotrexate (?)
Penicillin G
Phenobarbital
Phenylbutazone
Salicylates
Sulfonamide derivatives

Amitriptyline
Amphetamine
Chloroquine
Ephedrine
Imipramine
Phencyclidine (Angel Dust)
Quinine
Tricyclic antidepressants

is the contact time of the solute with the epithelium.
In antidiuresis, this time is prolonged compared to
diuresis, and thus passive reabsorption is increased
along the whole nephron, as observed for salicylate
(Table 3) [16].

Alkaline diuresis will favor the excretion of weak
acids (anions) such as salicylate or phenobarbital.
Indeed, the more the drug is ionized, the more it is
trapped in the tubular lumen and consequently is
not reabsorbed, hence eliminated in the urine. This
mechanism can play a role in the treatment of severe
intoxications. The reverse being true for weak bases
(cations) such as methadone. Acidification of the urine
facilitates the reabsorption of weak acids and will re-

tard the reabsorption of weak bases. The magnitude of
the effect obtained on organic acid excretion by urinary
alkalinization will be smaller than that which may be
achieved for organic cation excretion by urine acidifi-
cation. Indeed, the achievable urinary proton concen-
tration is up to three orders of magnitude higher than
plasma concentration (pH 4.5 versus 7.4) (Figure 3). At
the other end of the pH scale urinary proton concentra-
tion cannot exceed a value of one order of magnitude
lower than plasma concentration (pH 8.5 versus 7.4)
(Figure 3). The effect of urinary pH on the elimination
of amphetamine may be better known to abusers of
these drugs or particular sport trainers than to clini-
cians. Since amphetamine is a weak base, alkalizing
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lonized drug is trapped in the tubular fluid, not reabsorbed, hence eliminated in the urine.

Figure 3. Effect of urinary pH on dissociation of organic weak acids and organic weak bases. Lipid soluble compounds cross the
cellular membranes preferentially in their undissociated form. The ionized form favours trapping and subsequent elimination by

the kidney.
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the urine increases the non-ionized amount favoring
reabsorption. Amphetamine abusers regularly ingest
baking soda to prolong the “high”. Therapeutically,
it would be important to acidify the urine of a patient
with an overdose of amphetamines or phencyclidine
(angel dust) [17]. However, one has to take into ac-
count that the extent to which a change in urinary pH
alters the rate of total body clearance depends on the
contribution of renal clearance to the total body clear-
ance. Weak acids like phenytoin and warfarin which
are susceptible to a pH dependent elimination in the
urine do not see a substantial effect of change in urinary
pH on their total elimination since hepatic metabolism
is the more important metabolic pathway [18].

There are examples of weak acids reabsorbed by
simple nonionic diffusion which urinary excretion is
not influenced by changes in urine pH. It is the case
if the pKa is above or close to the upper limit of urine
pH, as it is the case for barbital (pKa = 7.8), and a few
other barbiturates. Also, if the pKa value is very low,
such as it is the case for 2-nitroprobenecid (pKa=1.3),
the acid remains mainly unionized in the physiologi-
cal range of urine pH [15], and its excretion remains
independent of tubular urine pH.

Reabsorption by facilitated mechanisms

A certain number of drugs and xenobiotics are reab-
sorbed by facilitated mechanisms. Some organic anions
are transported at the apical membrane of proximal tu-
bule by a sodium-cotransport mechanism. It is the case
of vitamins, such as ascorbic acid, biotin, panthotenate,
nicotinate, and pyridoxine (and its analogues) [19]. Pyr-
azinoate, a metabolite of pyrazinamide is reabsorbed
by a sodium cotransport mechanism [20, 21], as well as
by an anion-exchanger [20], which is implicated also in
the reabsorption of urate. Oxypurinol, the metabolite
of allopurinol might also be reabsorbed by the urate
reabsorbing mechanism [22]. M-hydroxybenzoate
and morphine-glucuronides are other organic anions
reabsorbed by facilitated mechanisms that have yet to
be identified [23, 24]. Little is known on the facilitated
reabsorption of organic cations. The reabsorption of
choline involved a sensitive pathway at the apical
membrane [25].

Several peptide-like drugs such as p-lactam antibiot-
ics (ceftibuten, cyclacillin) are substrates of the peptide
transporters localized in the brush-border membrane,
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and are taken up into proximal cells. The peptide
transporters mediate an electrogenic H*-coupled co-
transport of di- and tri-peptides, which is driven by
the proton gradient and the negative transmembrane
potential difference [26]. Two homologous peptide
transporters have been identified by molecular cloning
methods, PEPT1 and PEPT2. In the kidney, PEPT1 was
localized to the brush-border membrane of S1 segments
of proximal tubule, whereas PEPT2 was localized to
the brush-border membrane of S3 segments [27]. Af-
finity of anionic cephalosporin without a-amino group
(ceftibuten) and cyclacillin (aminopenicillin) is greater
than that of aminocephalosporin, such as cephalexin,
cefadroxil, cephradine. Because of their low affinity for
the anionic cephalosporins PEPT1 and PEPT2, should
not play a major role in cellular accumulation and
potential toxicity of these cephalosporins when given
at therapeutic doses. The peptide transporters might,
however, be involved in the reabsorption of the neph-
rotoxin ochratoxin A [28]. The anticancer drug bestatin,
and valacyclovir, a non-peptide antiviral agent, are also
substrates for the peptide transporters [29].

The angiotensin-converting enzyme inhibitors,
quinapril and enalapril, have affinity for the peptide
transporters, however it is not known whether they
are transported.

Endocytosis

One of the mechanisms of active reabsorption is
endocytosis. Fluid phase endocytosis consists of the
incorporation of fluid and solutes in vesicles formed at
the base of the brush border membrane of the proximal
tubular cells (Figure 1). A more efficient absorptive
endocytosis involves first binding of a drug, such as
the cationic aminoglycoside and/or may be cadmium
[30, 31], to a carrier (phosphatidylinositol) located in
the luminal membrane of the wall of the pinocytotic
vesicle occurs followed by endocytosis and lysosomal
fusion [32, 33].

Endocytosis is a normal mechanism for protein
and insulin reabsorption at the proximal tubule of
the kidney. A considerable amount of insulin (50%)
is metabolized by the kidney, which may account, at
least in part, for the decreased insulin requirement that
occurs in diabetic patients with decreased renal func-
tion. Furthermore, this uptake process allows highly
hydrophilic lipid insoluble drugs such as aminoglyco-
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sides to enter a particular intracellular compartment
(lysosomes) without crossing a membrane.

Renal tubular secretion of
drugs/xenobiotics

Most ionic xenobiotics are secreted by two transport
mechanisms, one responsible for organic ion (or “or-
ganic acids”) secretion (Table 5), the other for organic
cation (or “organic bases”) secretion (Table 6) [34, 35,
35a]. Despite considerable advances in the understand-
ing of basic transport pathways and mechanisms in-
volved in the tubular secretion of organic compounds,
there is still relatively little information on the regula-
tion of this transport [35b]. The first step of secretion,
transport across the basolateral membrane, of each of
the two general mechanisms is performed by several
subsystems which may correspond to different carrier
molecules, for which substrates of rather unspecific
molecular structure may have various affinities [19, 36,
37]. The molecular structure of several isoforms of these
transporters has been identified by expression cloning.
They are members of a newly identified transporter
family, the organic ion transporters, which comprises
OAT (organic anion transporter), and OCT (organic
cation transporter) isoforms [29, 38, 39].

Our understanding of the organic ion secretory
mechanisms derives essentially from investigations
on a few transported compounds that are considered
representative of other secreted organic ions. For or-
ganic anions the classical substrate is p-aminohippurate
(PAH) whereas for organic cations classical substrates
are tetraethylammonium (TEA) and N;-methylnico-
tinamide

Both classical transport systems are located exclu-
sively in the proximal tubule of the nephron. Several
techniques such as visual observations, stop-flow ex-
periments, tubular micropuncture, in vivo and in vitro
tubular microperfusions have demonstrated this par-
ticular transport capacity of the proximal tubular seg-
ment of the nephron [19]. Secretion entails an increase
of proximal cell concentration of transported substrates
that may become higher than in interstitium, and in
some case may result in nephrotoxicity [40-42].

Secretion is not uniform along the proximal tubule,
and may differ between superficial and juxtamedullary
nephrons. This heterogeneity of secretion, varying
between species and substrates, might reflect different

Table 4. Transport and renal drug elimination.

Organic anion transport system (Table 5)
- organic anion transport family
- organic anion transporting polypeptides family

Organic cation transport system (Table 6)

ABC transporter family (Table 8)
« MRP’s: multi-drug resistance associated proteins family
+ MDR1/P-glycoprotein

Breast cancer resistance protein 1 [54a]

Multidrug and toxin extrusion transporters family (MATE) [49a,b]

densities of carrier molecules along the tubule [19].
Since the number of carrier molecules is limited, secre-
tion is saturable and subject to competition between
substrates. Such competition may thus result in drug
interactions some of them being of clinical relevance
(see below) [43].

The transport mechanisms of the organic ion trans-
port systems have been characterized at both mem-
brane sides of proximal tubule, mainly by studies in
brush-border and basolateral membranes purified from
homogenates of renal cortex. Since a detailed review
and a critical discussion of the present knowledge in
this field was published by Pritchard [44], only the
main conclusions are summarized here.

Beside these classical, long recognized secretory
transport systems, other transport mechanisms are
involved in the renal excretion of xenobiotics [45]. They
are the basolateral oxalate/sulphate exchanger and the
basolateral sodium-dicarboxylate transport system
[37]. These transporters were identified by expres-
sion cloning, and named SAT1 [46] and NaDC3 [47],
respectively. A number of other transporters has been
cloned and identified in the renal brush border, but
their functional role in the kidney has yet to be defined
[45]. Among them are the multidrug resistance-associ-
ated proteins MRP and MDR/P-glycoprotein, which
are ATP dependent primary active transporters for
organic anions and organic cations respectively [48, 49],
and recently the MATE family [49a,b]. They stimulate
the active efflux from cell to lumen, of various organic
ions. OATP1 is another transporter that mediates the
apical transport of steroid conjugates and sulphobro-
mophtalein [50], whereas OAT-K1 and OATK2 mediate
methotrexate and folate transport [51, 52]. OCTN1 [53]
and OCTN2 [54] are apical multispecific organic cation
transporters (Table 4).
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Transport mechanisms for tubular
secretion of organic anions

The transport mechanisms of organic anions have

been characterized mainly for PAH (Table 5).

negatively charged molecules into cells occurs gener-
ally against an electrochemical gradient and requires
energy (“active transport”). In contrast, efflux from cell
to lumen takes place along a favorable electrochemical
gradient and does not necessitate a direct energy sup-

Owing to electro-negativity of the cell interior,
resulting from Na-K-ATPase activity, a transfer of

ply. Large cell/ interstitium concentration gradients, up
to 40 in isolated perfused rabbit proximal tubules, can

Table 5. Organic anion transporter (OAT) and organic anion transporting polypeptide (OATP) families (from [34], with per-

mission).
Name Substrates Inhibitors
OAT1 Human PAH, a-KG Probenecid, urate
(SLC22A6) Drugs: anti-HIV drugs, MTX Drugs: B-lactam antibiotics, NSAIDs, diuretics
Oat1 Rat PAH, a-KG, cAMP, cGMP, folate, ochratoxin A, PGE2, Probenecid, glutarate
(Slc22a6) urate Drugs: B-lactam antibiotics, NSAIDs, diuretics, antidiabetic
Drugs: beta-lactam antibiotics, anti-HIV drugs, MTX agents
OAT2 Human  PAH, a-KG, CAMP, PGE2, PGF2a Probenecid, BSP
(SLC22A7) Drugs: AZT, MTX Drugs: B-lactam antibiotics, NSAIDs
Oat2 Rat PAH, a-KG, PGE2, PGF2a BSP, cholate
(Slc22a7) Drugs: NSAIDs, AZT, MTX, zalcitabine Drugs: B-lactam antibiotics, NSAIDs, bumetanide,
enalapril, glibenclamide, rifampicin, verapamil
OAT3 Human  PAH, CAMP, estrone-S, E217BG, ochratoxin A, PGE2, Probenecid, BSP, cholate, corticosterone, TEA
(SLC22A8) urate Drugs: B-lactam antibiotics, diuretics, NSAIDs, quinidine
Drugs: AZT, cimetidine, MTX, salicylate
Oat3 Rat PAH, estrone-S, ochratoxin A Probenecid, BSP, cholate, taurocholate
(Slc22a8) Drugs: benzylpenicillin, cimetidine Drugs: B-lactam antibiotics, diuretics, AZT, MTX, quinidine
OAT4 Human  PAH, estrone-S, ochratoxin A Probenecid, BSP, corticosterone
(SLC22A11) Drugs: AZT, cimetidine, MTX Drugs: B-lactam antibiotics, diuretics, NSAIDs
Oatpl Rat LTC4, BSP, DNP-SG, aldosterone, cortisol, E2178G, Probenecid, steroids
(Slc21al) estrone-S, ochratoxin A, thyroid hormones, bile acids  Drugs: atorvastatin, furosemide, lovastatin, simvastatin
Drugs: BQ123, dexamethasone, cardiac glycosides,
enalapril. fexofenadine. pravastatin
Oatp3 Rat PGE2, DHEA-S, E217fG, estrone-S, LTC4, BSP, thyroid  6,7"-Dihydroxybergamottin, furanocoumarins in
(Slc21a7) hormones, bile acids grapefruit juice
Drugs: BQ123, cardiac glycosides, fexofenadine,
rocuronium
OATP-A Human  BSP, DHEA-S, E2178G, estrone-S, PGE2, thyroid Leu-Enkephalin
(SLC21A3) hormones, ochratoxin A, bile acids Drugs: anti-HIV drugs, dexamethasone, erythromycin,
Drugs: BQ123, CRC220, chlorambucil, fexofenadine, lovastatin, naloxone, naltrindole, quinidine, verapamil
ouabain, rocuronium
OATP-B Human  Estrone-S, PGE2
(SLC21A9) Drug: benzylpenicillin
OATP-D Human  Human Estrone-S, PGE2
(SLC21AT11) Drug: benzylpenicillin
OATP-E Human  Estrone-S, PGE2, taurocholate, thyroid hormones BSP
(SLC21A12) Drug: benzylpenicillin
OAT-K1 Rat DHEA-S, E217G, estrone-S, folate, ochratoxin A, Probenecid, PAH, BSP, folate
(Slc21a4) taurocholate, thyroid hormones Drugs: NSAIDs, furosemide, valproate
Drugs: AZT, MTX
Oat-k2 Rat DHEA-S, E2178G, estrone-S, PGE2, folate, ochratoxin Probenecid, PAH, BSP, 173-estradiol
(Slc21a4) A, taurocholate, thyroid hormones Drugs: cardiac glycosides, benzylpenicillin,

Drugs: AZT, digoxin, MTX

dexamethasone, furosemide, indomethacin, levofloxacin,
prednisolone, valproate

Abbreviations: a -KG, a —ketoglutarate; AZT, azidothymidine; BQ123, cyclo [Trp-Asp-Pro-Val-Leu]; BSP, bromosulfophthalein; DHEA-S, dehydroepiandrosterone-sulfate; DNP-SG,
S-(dinitropheny1)-glutathione; E217 3 G, estradiol-17 3 -D-glucuronide; estrone-S, estrone sulfate; LTC4, leukotriene C4; MTX, methotrexate; PAH, p-aminohippurate; PGE2, PGF2,
prostaglandin E2, F2 a; TEA, tetraethylammonium.
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build up during secretion [44]. However, as only part of
the PAH accumulated in the cytoplasm might be free,
the concentration gradient of diffusible PAH, between
peritubular interstitium and cell might be lower than
estimated from total concentration. There exists strong
evidence that part of PAH might be sequestered in
cytoplasmic organelles [55, 56].

As will be described below, the basolateral trans-
port mechanism, which is the active step in PAH secre-
tion, is identical in all animal species investigated so far,
whereas the apical mechanism, which does not require
energy, differs between animal species.

The left side of Figure 4 shows a section of proximal
tubule and the PAH transport mechanisms identified in
different mammalian species. On the right side of Fig-
ure 4, the mechanisms shown are indirectly implicated
in PAH transport, and are common to all species.

The transport of PAH in basolateral membranes
occurs through an exchange with a-ketoglutarate
(mechanism 1). The molecular structure of the PAH/ a-
ketoglutarate exchanger has been identified. Different
isoforms of this transport protein, denominated OAT1
(organic anion transporter), have been defined [38, 39]
in different animal species. The specificity of the PAH/
anion exchanger (OAT1) is high for a-ketoglutarate, the
only natural substrate showing affinity for the antiport.
This PAH basolateral transport mechanism has been

energy source to drive o-ketoglutarate intracellularly
from peritubular interstitium (mechanism 3) as well as
from tubular lumen (mechanism 4), since both basal
and apical membranes possess an o-ketoglutarate-
sodium cotransport mechanism. They were identified
by molecular cloning and named NaDC3 [47] and
a-ketogluta-
rate can also be produced by cell metabolism. In the
dog, the intracellular concentration of a-ketoglutarate
from transport and cell metabolism is about 5-10 times
higher than in plasma [58], and is thus not rate limiting
for PAH transport. The a-ketoglutarate/ PAH exchange
at the basolateral membrane (mechanism 1, left side of
Figure 4) allows PAH to concentrate intracellularly by
a tertiary active transport.

Intracellular traffic of secreted anions appears more
complex than originally thought, and might proceed
through accumulation into cell organelles (black dots on
the scheme), implying high local concentrations of the

NaDC1 [57], respectively. Furthermore,

substrate, and involvement of a microtubular network
[59, 60]. While the basolateral membrane transport
system appears ubiquitous, the mechanisms involved
in PAH efflux from cell to lumen differ between animal
species [44]. A voltage controlled pathway (mechan-
ism 5) and/or anion exchanger (mechanism 6 and 7)
might be implicated. The former, which is present in
rabbits, pigs and rats (data are lacking for dogs) [44],
is facilitated transport mechanism that, because of
electronegativity of the cell, should drive PAH efflux
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from cell to lumen. An anion exchanger, on the other
hand, has been identified in rats (mechanism 6), and in
dogs (not shown in the figure). This transporter accepts
inorganic anions (Cl, HCO,", OH"), and several organic
anions (X* = lactate, succinate, a-ketoglutarate, etc.)
and also uric acid [44]. The respective role of these two
transport mechanisms observed in rats is not known.
Indeed, in rat proximal tubule in situ, Ulrich did not
observe any effect of changes in membrane potential on
PAH cellular efflux, and did not observed any stimu-
lation of PAH efflux by anion exchange [61]. The rat
and dog anion exchanger which has affinity for urate,
is most probably involved in urate reabsorption and
might decrease the secretion of PAH by recycling part
of it into the cell. In humans, PAH is not transported
by a voltage-controlled pathway [62], nor by the anion
exchanger that has urate as substrate [62]. The apical
transport of PAH is by a PAH/anion exchanger, which
accepts only a-ketoglutarate (mechanism7), as it is the
case in basolateral membranes [63]. The same mecha-
nism has been found in bovine [64].

Substrate requirements for the “PAH transport mechanism’.
Many studies have been devoted to the character-
ization of the properties of substrates for the so-called
“organic anion secretory mechanism”, by measuring
the ability of compounds to compete for PAH trans-
port across the basolateral membrane, the first step in
secretion. In particular Ullrich et al. [61], investigated
the interaction of all kinds of aliphatic and aromatic
molecules on PAH influx in rat proximal tubule cells in
situ. The findings have been reviewed by the authors,
and will not be detailed here. The main findings [37],
which corroborate older data [36], are that the molecu-
lar structure of the transport substrates is rather unspe-
cific, and that substrate affinity depends on the acidity
and hydrophobicity of the substrate [37]. These authors
demonstrated that, unexpectedly, the ionization of the
substrate is not a prerequisite for interaction with the
transporter [65]. In general, most anionic xenobiotics
are secreted by the PAH secretory mechanism (Table
4), and their secretion can be inhibited by probenecid.
Substrates with high affinity are monovalent anions,
containing a hydrophobic domain with a minimal
length of about 4 A° (benzoyl derivatives). Ullrich
et al. also characterized the substrate characteristics
for the oxalate/sulphate transport mechanism, and
the sodium-dicarboxylate cotransport mechanism, in
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situ in rat proximal tubules [37]. The oxalate/sulfate
exchanger (SAT1) and the sodium-dicarboxylate
transporter (NaDC3) have a much narrower substrate
specificity than the PAH transporter (OAT1), which
is the major basolateral organic anion transporter,
and represents the classical “organic anion secretory
mechanisms”. Bisphosphonates [66], and in particular
alendronate [67] might be secreted by SAT1. Fewer
studies have been devoted to the characterization of
substrate requirement for the apical PAH transport.
The general substrate characteristics appear similar to
that of PAH basolateral transport, i.e. hydrophobicity
and acidity, and lack of molecular structure require-
ment [68, 69].

The molecular biology of the OAT transporter family

Several isoforms of OAT1 (rat, human, mice OAT1)
have been cloned and their functional properties ex-
amined in different cultured cell systems and Xenopus
oocytes. Detailed molecular structures and functional
characteristics have been recently reviewed [29, 38,
39] (Figure 5). OAT1 belongs to a subgroup of a newly
identified transporter family, the organic ion trans-
porter family, which comprises other OAT isoforms,
OAT2, and OAT3. These proteins possess a common
structural feature, i.e. 12 putative transmembrane do-
mains, with large hydrophobic loops between the first
and second, and the sixth and seventh transmembrane
domains. The organic cation transporters, OCT and
OCTN are members of the same organic ion transporter
family [39]. Human and rat OAT1 has been localized
exclusively to the basolateral membrane of 52 segments
of proximal tubules, and when transfected in cell sys-
tems such as Xenopus oocytes or epithelial cultured
cells, OAT1 has the ability to transport a wide variety
of organic anions which are known to be secreted in
vivo. Transport is through an a-ketoglutarate/organic
anion exchanger, which is dependent on the presence
of chloride in the extracellular medium [70]. These are
the same requirements than for transport trough the
basolateral membrane of proximal tubules. The rat,
human, or flounder OAT1 isoforms were demonstrated
to transport PGE,, cAMP, cGMP, a-ketoglutarate, estra-
diol 17B-D-glucuronide, nonsteroidal anti-inflamma-
tory drugs (salicylate, acetylsalicylate, indomethacin,
etc.), antiviral drugs (azidothymidine, acyclovir, etc.),
diuretic (thiazide, bumetanide, ethacrynic acid, tienilic
acid, and the nephrotoxin ochratoxin A [38, 39, 71-74].
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Figure 5. Mechanisms of organic anion transport in renal
tubular cells. Cellular uptake of organic anions across baso-
lateral membranes (BM) is mediated by OAT1 (1), which is an
organic anion/dicarboxylate exchanger, and by OAT2 (2) and
OAT3 (3). Anionic drug conjugates with glutathione may be ex-
truded from cells into blood by MRPI (4). Exit of cellular organic
anions across brush border membranes (BBM) is mediated by
unidentified transmembrane potential-dependent organic
anion transporter (5) and organic anion/anion (X-) exchanger
(6). Bidirectional transport of hydrophobic anions such as
methotrexate and folic acid in the brush-border membranes

is mediated by OAT-K1 (7) OAT-K2 (8) may also participate in
tubular reabsorption and/or secretion of hydrophobic anions
such as bile acids, methotrexate. and prostaglandin E,. MRP2/
c¢MOAT (9) may contribute to tubular secretion of anionic con-
jugates of hydrophobic compounds. Adapted from [29].

The different OAT1 isoforms have some differences in
substrate affinities, which might correspond to species
differences in transport. For example, urate is trans-
ported by the rat rOAT1 [75], but not by the flounder
fOAT1 [76] and the human hOAT1 [77]. In human,
urate is not secreted by the PAH transport mechanism
[78]. This observation gives support to the role of
hOAT1 in PAH secretion. Methotrexate and PGE, are
transported by rat rOAT1 [75, 79], but they have no
affinity for the human hOAT1 [80]. Probenecid is not
transported by the rat and the flounder transporters
despite its binding affinity [75, 79]. Because probenecid,
PGE, and methotrexate are secreted in human and rat,
this lack of transport suggests that other OAT isoforms
or transport proteins are involved in their secretion.

Na- and alpha-ketoglutarate
dependent PAH transporter

methotrexate and folate
| transporter
s |

methotrexate, folate and other
hydrophobic anion transporter

multidrug resistance
transporter

Recently, OAT2 and OAT3, two OATI1 isoforms,
have been identified. OAT2 mRNA is predominantly
expressed in the liver, and weakly in the kidney. In con-
trast OAT3 mRINA is expressed in the kidney, as well as
in the liver and the brain [80a]. The substrate spectrum
of OAT2 and OATS3 is diverse like that of OAT1 [81],
but in contrast to OAT1, transport is not dependent
on o-ketoglutarate, and a concentration gradient is
sufficient to allow transport. The nephron distribution,
and the membrane localization of OAT2 and OAT3
have not been established. Rat rOAT3 mediates PAH
transport [82] estrone sulfate, ochratoxin A. Substrates
for human hOATS3 are still to be defined [77].

There exists clear evidences that OAT1 plays a
major role in PAH and other organic anion secretion.
Itis localized in the basolateral membrane of proximal
tubule, it has the transport characteristics of basolateral
membrane transport, i.e. it is an organic anion/ a-keto-
glutarate exchanger, and transport is dependent on the
presence of chloride in the extracellular medium. The
recent observation that the expression of rat OAT1 is
strongly increased at birth is compatible with the fact
that the PAH secretory system develops post-natal
[83].

Molecular identification of apical putative PAH transporters.

NPT1 and MPR?2 are two organic anion transport-
ers which have been identified by molecular biology
techniques, and which, in the kidney, were localized to
the apical membrane of proximal tubule. They might
be involved in organic anion secretion.
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Uchino et al. [84] cloned and characterized an
apical PAH transporter isolated from human kidney,
named NPT1. NPT1 was first identified as a low affin-
ity sodium-dependent phosphate transporter, later it
was characterized as an organic anion transporter. In
human embryonic kidney cells transfected with NPT1,
PAH, urate, benzyl penicillin, faropenem, estradiol-f-
glucuronide are transported, and PAH uptake can be
inhibited by various organic anions. NPT1 does not
function as an organic anion exchanger, and thus is not
the PAH/ organic anion exchanger observed in rat and
dog brush border membrane vesicles. Rabbit NPT1, a
homologous of human NPT1, was demonstrated to me-
diate electrogenic penicillin transport [85], thus, NPT1
might be the PAH voltage sensitive pathway observed
in rat and rabbit brush-border membrane vesicles.
Further studies should confirm this hypothesis.

Another putative apical PAH transporter is the
ATP-dependent export pump MRP2, a multidrug
resistance protein isoform characterized by its apical
localization in polarized cells such as hepatocytes [49].
In the kidney, MRP2 has been localized to the apical
membrane of human and rat proximal tubule [86].
Substrates are anionic conjugates with glutathione
(leukotriene C,) or glucuronide (estradiol-17 B-D-
glucuronide), as well as non-conjugated substrates
such as probenecid, sulfinpyrazone, indomethacin,
furosemide and penicillin [87]. Recently two research
groups demonstrated that PAH and ochratoxin are
transported substrates [88, 89]. MRP2 thus might con-
tribute to the efflux of PAH and other organic anions
at the apical membrane. MPR1 another member of the
ATP-dependent export pumps that is associated with
multidrug resistance in cancer cell and is expressed in
a few renal tubular segments, but not in the proximal
tubule [90].

Both NPT1 and MRP2 appear to be involved in the
apical efflux of organic anions, the second membrane
step in secretion. Transport through NPT1 occurs down
an electrochemical gradient, whereas MRP2 transport
is primarily active.

Recently P. Smeets et al demonstrated that in addi-
tion to MRP2, the classical ATP-dependent PAH trans-
porter, there is another PAH transporter MRP4 with an
even higher affinity for PAH compared to MRP2, and
is expressed at higher levels in the kidney [90a].
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Molecular identification of organic anion
transporters without affinity for PAH

A number of transport molecules have been cloned
from different tissues and identified in the renal proxi-
mal tubule, which do not transport PAH, but may con-
tribute to the apical efflux of organic secretion [45].

OATPI1. The S3 segment of proximal tubule ex-
presses OATP1, an organic anion transporter cloned
from rat liver, which transport bile acid, bromosul-
fophtalein, and conjugated and unconjugated steroid
hormones, in a sodium independent manner. Although
hepatic OATP1 is expressed in the basolateral mem-
brane (blood side) of hepatocytes, in the kidney it is
located in the apical membrane. In the rat renal OATP1
mRNA, but not the hepatic one, is strongly regulated by
androgens and to a lesser extent by estrogens. OATP1
might play a role in the renal excretion of estrogens
[50]. A homolog of OATP1, OATP3 was isolated from a
rat retina and found to be expressed specifically in the
retina and in the kidney. It transports taurocholate as
well as thyroid hormone (T3 and T4) [91]. A homolo-
gous transporter, OATP2, a liver specific transporter,
is not expressed in the kidney [91].

OAT-K1 and OAT-K2. These transporters are two
homologous organic anion transporters specific to
the kidney, which have been identified by molecular
cloning strategy [51, 52]. In rats, OAT-K1 was localized
in the apical membrane of straight proximal tubules.
When expressed in cultured renal epithelial cells,
OAT-K1 mediates both uptake and efflux of methotrex-
ate through the apical membrane, and appears to be
specific for methotrexate and folate [51]. Non-steroid
anti-inflammatory drugs (indomethacin, ketoprofen,
ibuprofen, flufenamate, phenylbutazone) inhibit
methotrexate OAT-K1 mediated uptake, but are not
transported themselves. OAT-K1 appears to be a site
for methotrexate and non-steroidal anti-inflammatory
drugs interaction [92].

In rats, OAT-K2, as OAT-K1, was localized in the
apical membrane of straight proximal tubule [52].
When transfected in cultured epithelial cells, it medi-
ates not only the apical transport of methotrexate and
folate but also that of taurocholate and prostaglandin
E,. In cis-inhibition studies, steroids, bile acid analogs,
and cardiac glycosides were shown to have a high af-
finity for OAT-K2, suggesting that it participates to the
apical transport of hydrophobic anionic compounds in
the kidney [52].
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Conclusions

The molecular identification of various organic
anion transport proteins, and the characterization of
their transport mechanisms in various cell systems,
gives an insight in the complexity of the renal secretion
of organic anions (Figure 5). Among these numerous
transport systems characterized at the molecular level,
only OAT1 and OAT3 have a clearly established role,
being the most likely candidates of the PAH secretory
mechanism. The identification of the apical transporter
for the PAH secretory mechanism remains to be es-
tablished. However, in contrast to a main basolateral
transporter, several apical organic anion transporters
appear to facilitate the transport of the various sub-
strates accumulated in the proximal cells by OAT1. The
respective role of the apical transporters, need to be
demonstrated in situ. In vivo models, such as transgenic
mice, will allow the elucidation of the physiological and
pharmacological roles of these transport proteins.

The proximal tubule, the nephron segment which
suffers the greatest damage during renal ischemia, is
essentially aerobic, with little or no glycolytic capaci-
ties in adult life, relying on Krebs cycle intermediates,
including the OAT counterion, alpha-ketoglutarate.
Thus, along with cellular metabolism and sodium-
dicarboxylate cotransporter activity (carbon substrate
influx), OAT activity (carbon substrate efflux) might be
a key determinant of the metabolic health of the proxi-
mal tubule. This hypothesis suggests that circulating
OAT substrates might increase the susceptibility of the
proximal tubule to ischemic injury, because they are
exchanged by basolateral OATs for intracellular carbon
substrate. Concomitant with the transport of nephro-
toxic OAT substrates (e.g. cephaloridine, cidofovir,
ochratoxin) into the proximal tubular cell from blood,
there is an equimolar loss of dicarboxylate, which may
additionally compromise the metabolic integrity of
the cell at the very time when noxious substances are
increasing withing it. It is possible to imagine a vicious
cycle leading to increased proximal tubule injury in
such a setting [52a].

Tubular transport of organic cations

Transport mechanisms for organic cations have
been investigated not only for the classical substrates,
TEA and N;-methylnicotinamide, but also for a few
other organic cations, mainly drugs (Table 6).

Owing to electro-negativity of cell interior, a trans-
fer of positively charged molecules from peritubular
interstitium into cells occurs along a favorable elec-
trochemical gradient and does not require energy.
In contrast, energy is necessary for the efflux from
cell to lumen which takes place against the electro-
positivity of the lumen. The situation is opposite to
that of organic anions for which the active step is the
basolateral transport. The mechanisms involved in
tubular secretion of organic cations are schematically
summarized in Figure 6. Transport of organic cations
at the basolateral membrane occurs by a voltage sensi-
tive pathway (mechanism 1), which was described for
N,-methylnicotinamide, TEA and/or procainamide in
rats, dogs and rabbits. Because of the electronegativity
of the cell this facilitated pathway drives organic cat-
ions into cells. In rabbits, an organic cation exchanger
has also been observed (mechanism 2), the role of
which in tubular secretion is unclear. As is described
below, the molecular structure of a few isoforms of an
organic cation transporter (OCT) has been defined,
some of which might be the basolateral transporter of
proximal tubule.

The Nernst equation predicts that because of the
cell electronegativity, passive facilitated diffusion
should allow a concentration ratio cell water/external
medium approximating 10 to 15 at steady state. In
isolated unperfused proximal tubules from rabbits,
ratios exceeding 100 for TEA, have been measured [44]
and one can wonder if another mechanism exists, for
example a cation exchanger, as demonstrated in rabbits
(mechanism 2), but which has generally not been ob-
served in rats and dogs [44], which might be implicated
in basolateral uptake. However, as reported for anions,
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Figure 6. Model of the organic cation tetraethylammonium
transport in proximal tubule.
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Table 6. Organic cation transporter (OCT) families (from [34], with permission).

Name Substrates Inhibitors
OCT1 Human MPP+, TEA Choline, matinine, corticosterone, desipramine, dopamine, B-estradiol,
(SLC22A1) Drugs: acylclovir, ganciclovir nicotine, NMN, progesterone
Drugs: anti-HIV drugs, acebutolol, amantadine, cimetidine, clonidine,
disopyramide, midazolam, procainamide, prazosin, quinine, quinidine,
vecuronium, verapamil
Oct1 Rat TEA, MPP+, NMN, monoamine Corticosterone, guanidine, histamine, nicotine, o-methylisoprenaline
(Slc22al) neurotransmitters Drugs: clonidine, desipramine, mepiperphenidol, procainamide,
Drugs: AZT, cimetidine, cladribine, reserpine, quinine, quinidine
cytambine, D-tubocurarine
OCT2 Human TEA, MPPf, NMN, agmatine, monoamine Corticosterone, o-methylisoprenaline, progesterone, SKF550
(SLC22A2) neurotransmitters Drugs: despramine, mepiperphenidol, phenoxybenzamine,
Drugs: amantadine, memantine procainamide, quinine
Oct2 Rat TEA, MPP, adrenaline, agmatine, Corticosterone, dexoycorticosterone, B-estradiol, NMN, progesterone,
(Slc22a2) creatinine, monoamine monoamine neurotransmitters
neurotransmitters Drugs: cimetidine, cisplatin, procainamide, quinine
Drugs: amantadine, cimetidine,
memantine
OCT3 Human MPP+, guanidine, monoamine Corticosterone, B-estradiol, MPTP, o-methylisoprenaline,
(SLC22A3) neurotransmitters progesterone, SKF550
Drugs: cimetidine, tyramine Drugs: clonidine, desipramine, imipramine, phenoxybenzamine,
prazosin, procainamide
Oct3 Rat MPP+, TEA, guanidine Monoamine neurotransmitters, corticosterone, dexoycorticosterone,
(Slc22a3) B-estradiol, NMN, progesterone, testosterone
Drugs: amphetamine, cimetidine, clonidine, desipramine,
methamphetamine
OCTN1 Human TEA, MPP+, L-carnitine, acetyl-L- D-carnitine, nicotine
(SLC22A4) carnitine Drugs: cephaloridine, cimetidine, procainamide, quinine
Drugs: pyrilamine, quinidine, verapamil
Octn1 Rat TEA, MPP+ DMA, nicotine
(Slc22a4) Drugs: cirnetidine, desipramine, imipramine, procainamide, verapamil
OCTN2 Human TEA, MPP+, L, D-carnitine, acetyl-1- Aldosterone, corticosterone, MPTP, nicotine
(SLC22A5) carnitine, betaine, choline, cysteine, Drugs: cephalosporin antibiotics, cimetidine, clonidine, desipramine,
lysine, methionine emetine, procainamide, pyrilamine, quinine
Drugs: pyrilamine, quinidine, valproate,
verapamil
Octn2 Rat L-carnitine. TEA MPTP, nicotine
(Slc22a5) Drugs: cephalosporin antibiotics, cimetidine, clonidine, despramine,

procainamide

Abbreviations: AZT, azidothymidine; MPF+, 1-methyl-4-phenylpyridinium; MPTE [-methyl-4-phenyl-|,2,3,6-tetrahydropyridine; NMN, N'-methylnicotinamide; SKF550, (9-
fluorenyl)-N-methyl-B-chloroethylamine; TEA, tehaethylammonium.

there is evidence that part of the TEA accumulated into
cells is bound to cytoplasmic organelles and that only
part of TEA is freely diffusible [44, 93]. It has also been
demonstrated that endosomal membrane vesicles iso-
lated from rat renal cortex can accumulate TEA by an
ATP-dependent mechanism [93]. It is conceivable that
the favorable transmembrane potential is the principal
or single driving force required for cellular uptake.
The efflux from cell to lumen is the active step of
organic cation secretion transport being against the
transmembrane potential. This active transport oc-
curs through an exchange with protons (mechanism
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3), maintained by the proton concentration gradient
resulting from the Na*/H* exchange at the same
membrane (mechanism 4), mechanism energized
itself by the low Na* concentration resulting from the
Na-K -ATPase activity (mechanism 5). Thus, in all
species investigated so far (rats, dogs, rabbits [44], pig
[94], humans [95]), TEA and N,;-methylnicotinamide
were demonstrated to be transported in brush-border
membrane vesicles by an electroneutral organic cation
exchange system where one organic cation molecule is
transported against one proton. Amiloride, cimetidine,
morphine, procainamide, disopyramide, gentamicin



03. Renal handling of drugs and xenobiotics

and verapamil [96] are also transported by such an
electroneutral proton exchanger, in rats and/ or rabbits.
Larger and more hydrophobic compounds (quinidine,
quinine, d-tubocurarine, vecuronium) are inhibitors
of organic cation transport, but are not transported by
the proton-organic cation exchanger. They are trans-
ported by another transport mechanism, probably by
the MDR1/P-glycoprotein (see below).

Many studies have been performed to characterize
the requirements for a substrate to be transported by
the “organic cation transport mechanism” [97-100]. As
for organic anions, the molecular structure of substrates
is rather unspecific. Hydrophobicity and basicity are
the general characteristics of substrates, but their ion-
ization is not a prerequisite for interacting with the
basolateral carrier [65]. Similar properties were found
in brush border membrane [97-100]. Although the ratio
of basolateral to apical membrane affinities may vary
with substrates and animal species [97].

More than one organic cation/proton exchanger
appears to be involved in the transport of organic
cations through the apical membrane, and substrates
show overlapping affinities for these different ex-
changers [101]. Thus, proton-stimulated guanidine
uptake by brush border membrane vesicles is only
minimally inhibited by TEA, N;-methylnicotinamide
and choline, whereas amiloride, clonidine, imipramine
and harmaline are more potent inhibitors [101]. There
are also species differences. Cephalexin, for instance,
shows an affinity for the N1-methylnicotinamide or
TEA transporter in human brush border membranes
[95], while in rats it has no affinity for the TEA trans-
port mechanism. At present the molecular identity of
the organic cation/H* remains unknown, although, as
discussed below, two organic cation transporters were
recently identified in the kidney, which might be the
apical transporters of organic cations.

Molecular Identification of putative basolateral organic
cation transporter belonging to the OCT family

Expression cloning allowed the identification of
several isoforms of a polyspecific organic cation trans-
porter OCT. The molecular biology of these various
OCTs have been described in detail by Koepsell et al.
[108], Zhang et al. [109] and Burckardt and Wolf [76].
After the cloning of the first organic cation transporter
(rOCT1) isolated from a rat kidney [110], a number of
homologous cation transporters have been identified

[108]. When expressed in various cell systems, OCT1
and OCT2 isoforms demonstrate a broad substrate
affinities and a voltage dependent transport. These
transport characteristics made them candidates to be
the organic cation basolateral transporter of proximal
tubule [29, 108, 111]. The HIV protease inhibitors, in-
dinavir, nelfinavir, ritonavir, saquinavir inhibit TEA
transport by hOCT1 but they are probably not trans-
ported [112]. Inhibitor potency for OCT1 and OCT2
varies with species [108, 109]. In general human hOCT1
interacts with the n-tetraalkylammonium compounds
with a lower affinity than that of rats, mice, or rab-
bits [113]. Among OCT isoforms, rat rOCT1, rOCT2,
rOCT3, human hOCT2 and hOCT3, and mice mOCT3
are involved in the renal transport of organic cations. In
rats, rOCT1 and rOCT2 are expressed primarily in the
kidney, and are localized in the basolateral membrane
of proximal tubule [114, 115]. Both probably play arole
in organic cation secretion [111]. The expression level
of rOCT2 mRNA and protein in males is much higher
than in females, which correlates with the higher trans-
port of TEA in male basolateral membrane vesicles and
cortical slices [116]. Because no gender differences were
observed for rOCT1 expression in the kidney, rOCT2
and not rOCT1 might represent the main renal organic
cation transporter in rats. Another isoform, rOCT3,
which transport TEA and guanidine, is expressed in
many organs including the kidney. However, because
its tubular localization is still unknown, its functional
role remains to be defined [117]. In the mice mOCT3
mRNA was found to be expressed in the proximal
and distal tubule, but the membrane localization is
unknown.

In human hOCT1 is expressed in the liver and notin
the kidney, whereas hOCT2 is present predominantly
in the kidney. However hOCT?2, being restricted to the
distal convoluted tubule, does not represent the organic
cation secretory transporter in human [29](Figure 7).
Human OCTS3 is expressed in the kidney and also in
other organs, its nephron localization has not been
determined [117]. There are discrepancies between
Griindeman et al. [118] and Wu et al. [117] concerning
the substrate affinities for hOCT3. Wu et al demon-
strated a broad substrate affinities for hOCT3, which
transports various organic cations including, TEA,
clonidine, imipramine, procainamide, endogenous
amine, etc., whereas Griindeman et al. concluded that
hOATS3 is limited to the transport of endogenous or-
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their homology to the basolateral transporter
OCT [53, 54, 119]. When expressed in human
embryonic kidney cells and Xenopus oocytes,
human OCTN1 mediates the transport of
TEA in a pH dependent manner, transport
being higher at neutral or alkaline pH than at
acidic pH. The transport of TEA was observed
to be bidirectional and inhibited by various
organic cations, such as choline, clonidine,
cimetidine, quinidine, verapamil, etc., and by
zwitterionic compounds such as L-carnitine,
cephaloridine, levoflaxin. The transport of a
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Figure 7. Mechanisms of organic cation transport in renal
tubular cells. Cellular uptake of organic cations across the ba-
solateral membranes (BM) is mediated primarily by membrane
potential-dependent organic cation transporters such as OCT1
(1) and OCT2 (2). OCT3 (3) may contribute in part to the cel-
lular uptake of organic cations. Exit of cellular organic cations
across brush border membranes (BBM) is mediated principally
by unidentified H*/organic cation antiporter (4). P-glycopro-
tein (5) is involved in tubular secretion of hydrophobic drugs
such as digoxin, anticancer agents, and some immunosup-
pressants (cyclosporine and tacrolimus). Adapted from [29].

ganic cations, such as dopamine, histamine, and that
it does not transport TEA. At present human OCT3 is
the only transporter isoform that has been implicated
in renal transport of organic cations. Its presence in
the basolateral membrane of proximal tubule must be
demonstrated before one can conclude it is the human
basolateral secretory transporter of organic cations.

In conclusion, substantial evidence exist that rOCT1
and rOCT?2 are involved in the secretion of organic cat-
ions in rat proximal tubule. More precise localization
of transporters are needed before determining the role
of rOCT3 in rats, and hOCT3 in human.

Molecular identification of putative apical
organic cation transporters

A few transport mechanisms have been identified
in the kidney by expression cloning, which might be
involved in the apical step of organic cation secretion,
although their function in situ has not been estab-
lished.

OCTNI1, OCTN?2. Two organic cation transporters,
OCTN1 and OCTN2, were identified in the kidney
and other organs of rats, mice, rabbits and human, by
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few of these inhibitors, quinidine, verapamil,

and L-carnitine, was demonstrated [53]. In
summary, OCTNT1 is a multispecific, bidirectional and
pH-dependent organic cation transporter, which is
probably energized by a proton antiport mechanism.
Although its subcellular localization in the kidney is
unknown, the functional characteristics of OCTN1
suggest that it might be involved in the apical step of
organic cation secretion.

In the kidney, OCTN2 is expressed predominantly
in cells of proximal and distal tubules, as well as in
glomeruli. OCTN2 has the same functional character-
istics than OCTN1, but the substrate affinities for the
transporter differ [54]. Human, rat and mouse OCTN2
has the additional peculiarity of transporting L-carni-
tine and other zwitterions such as cephalosporins that
contain quaternary nitrogen, in a-sodium dependent
manner [54, 120, 121]. Site directed mutagenesis ex-
periments provided evidence that the transport sites
for organic cations and for carnitine are distinct [122].
OCTN?2 thus might play a role in organic cation secre-
tion, and in the reabsorption of carnitine by a sodium
carnitine cotransport. In vivo cephaloridine was report-
ed to increase the fractional excretion of carnitine by
interfering with its reabsorption [120]. The possibility
exists that this type of cephalosporin might be inef-
ficient in patients with primary carnitine deficiency,
that are receiving carnitine supplementation, because
of competition for carnitine transport [120]. The anionic
cephalosporins are not substrates for OCTN2, but they
are substrates for the peptides transporters PEPT1 and
PEPT?2 [45] (Table 7). Conversely, the cephalosporins,
which have affinity for OCTN2, are not substrate of
the peptide transporters [120].

In recent years polymorphisms of genes encoding
proteins involved in the metabolism and subsequent
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Table 7. Peptide transporter (PEPT) nucleoside transporter families.

Name Substrates Inhibitors

PEPT1 Human  Glycylsarcosine, di-, tripetides Valine, pentaglycine

(SLC15A1) Drugs: B-lactam antibiotics, cyclacillin, valacyclovir Drugs: -lactam antibiotics, bestatin, certain ACE inhibitors
Pept1 Rat Glycylsarcosine, di-, tripetides Drugs: B-lactam antibiotics, certain ACE inhibitors,
(Slc15al) Drugs: bestatin, 3-lactam antibiotics, tolbutamide, chlorpropamide

PEPT2 Human  Glycylsarcosine, ALA Drugs: B-lactam antibiotics

(SLC15A2) Drugs: bestatin, cephalexin, valacyclovir

Pept2 Rat Glycylsarcosine Drugs: B-lactam antibiotics, bestatin, chlorpropamide,
(SLC15a2) Drug: valacyclovir glibenclamide, tolbutamide

CNT1 Human  Adenosine, thymidine, uridine,

(SLC28A1) Drugs: AZT, zalcitabine

Cnt1 Rat Adenosine, thymidine, uridine Drugs: cytarabine, floxidine, gemcitabine, idoxuridine,
(Slc28al) Drug: AZT zalcitabine

CNT2 Human  Adenosine, uridine, inosine, thymidine

(SLC28A2) Drugs: cladribine, didanosine

Cnt2 Rat Adenosine, guanosine, inosine, thymidine, uridine

(Slc28a2) Drug: didanosine

Abbreviations: ACE, angiotensin converting enzyme; ALA, delta-aminolevulinic acid; AZT, azidothymidine

renal and/ or extrarenal elimination of xenobiotics have
been shown to correlate with drug sensitivity. Gain of
function of an OCT relevant for drug elimination will
decrease plasma levels and may prevent appropriate
therapeutic effects at standard dosage. A loss-of-func-
tion polymorphism may lead to increased toxicity
in affected individuals. Activation of protein kinase
C leads to strong stimulation of rOCT1 expressed in
human embryonic kidney cells. Protein kinase C does
not only increase the maximal transport rate but it
also alters the relative selectivity of the carrier. Cation
transporter isoforms do not only differ in substrate af-
finities but also in regulation. More research correlating
polymorphisms of genes encoding transport-regulating
kinases with drug elimination is needed [120a].

ABC transporter family

Multidrug resistance-associated protein transporters (MRPs)

The MRP family is a subgroup of the ATP-binding
cassette (ABC) transporters superfamily (Table 8). It
comprises 13 members (ABCC1 to ABCC13) named
MRP (1 to 9), CRTR (cystic fibrosis transmembrane
conductance regulator - ABCC7), and SURI or 2
(sulphonylurea receptors (ABCC8 and 9). MRP mRNA
is retrived from several tissues including the kidney
and the transporter is located at the basolateral mem-
brane of Henle’s loop and collecting duct cells [120b,c].
MRP1 carries in an ATP-dependent manner different
substrates among which are found several conjugated

derivatives, sulfates, and GSH. Carrying some non-
conjugated drugs necessitates an exchange with GSH.
As aresult, drug resistance mediated by MRP1 may be
counterbalanced by GSH synthesis inhibition.

In the kidney, MRP2 (ABCC2) contributes to the
detoxification of drugs and both endogenous and ex-
ogenous compounds, mainly under their conjugated
form. It has been located at the brush border membrane
of S1, S2 and S3 segments of proximal tubular cells
[120d,e]. In the kidney, but not in the liver, 8 days
following cisplatin administration MRP expression
is increased. Subtotal nephrectomy induced a 200%
increase in MRP2 mRNA in the remaining kidney.

In the kidney, MRP3 (ABCC3) is expressed at the
basolateral membrane of distal renal tubular cells
and carries glucuroconjugated compounds and other
molecules from the internal tubular cell into the blood.
MRP3 was shown to confer cellular drug resistance to
etoposide, tenoposide and vincristine [120f,g].

MRP4 (ABCC4) mRNA has been detected in the
kidney, at the brush-border membrane of proximal
tubular cells. It enhances cell resistance to some anti-
viral agents such as adefovir and zidovudine. It also
seems to play an important role in antiviral drugs renal
excretion. MRP4 is also the transporter for cyclic AMP
and GMP through an ATP-dependent system and it
constitutes the elective excretion pathway for cyclic
nucleotides in renal epithelial cells.

MRP5 (ABCCH) is widely expressed in the organ-
ism, including the kidney. It is located at the basolateral
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Table 8. ABC transporter family (from [34], with permission).

Name Substrates Inhibitors
MRP1 Human  LTC,, bilirubin-glucuronide, glutathione conjugates, Probenecid, ochratoxin A
(ABCC1) GSH, PAH, fluo-3, calcein Drugs: benzbromarone, CSA, S-(decyl)-glutathione,
Drugs: etoposide-glucuronide, S-(ethacrynic acid)- indomethacin, MK571, sufinpyrazone, valspodar
glutathione, MTX
MRP1 Mouse LTC,, calcein, APA-SG GSSG
(Abccl) Drugs: daunorubicin, vincristine Drugs: arsenate, genistein, MK571
MRP2 Human LTC, E,17BG, bilirubin-glucuronide, glutathione Probenecid, BSP
(ABCC2) conjugates, GSH, PAH, ochratoxin A, fluo-3 Drugs: CSA, glibenclamide, MK571
Drugs: anti-HIV drugs, benzbromarone, furosemide,
indomethacin, MTX, vinblastine
Mrp2 Rat LTC,, LTD,, E,17BG, anionic glucuronide conjugates, Probenecid
(Abcc2) bilirubin-glucuronide, BSP, endothelin-1, fluo-3, folate, Drugs: CSA, glibenclamide, MK571
GSH, GSSG
Drugs: cefpiramide, cefhiaxone, indomethacin,
irinotecan and SN-38, MTX, pravastatin
MRP3 Human  LTC, DNP-SG, E, 178G, folate, glycocholate Drugs: benzbromarone, MK571
(ABCC3) Drug: MTX
Mrp3 Rat LTC4, , bile acids Anionic glucuronide / GSH conjugates
(Abcc3) Drugs: E3040-glucuronide, MTX
MRP4 Human E,17BG, cAMP, cGMP Probenecid, anionic glucuronide conjugates
(ABCC4) Drugs: adefovir, AZTMP, MTX Drugs: benzbromarone, sildenafil, trequinsin, zaprinast
MRP5 Human  DNP-SG, CAMP, cGMP, GSH Probenecid
(ABCC5) Drugs: adefovir, 6-MP Drugs: benzbromarone, sildenafil, trequinsin, zaprinast
MRP6 Human  LTC, NEM-SG Probenecid
(ABCC6) Drug: BQ123 Drugs: benzbromarone, indomethacin
MDR1 Human  E,17BG, calcein, fluo-3, rhodamine 123 Progesterone
(ABCB1) Drugs: cardiac glycosides, anti-HIV drugs, anticancer ~ Drugs: amiodarone, amitriptyline, chlorpromazine,

agents, verapamil

mdrla/ Rat/
mdr1b Mouse
(Abcb1)

Rhodamine 123

vinblastine

diltiazem, dipyridamole, elacridar, fluphenazine, fucidin,
lovastatin, mefloquine, phenothiazines, pimozide,
propafenone, propranolol, quinine, quinidine, reserpine,
simvastatin, spironolactone, staurosporin, tamoxifen,
trifluoperazine, triflupromazine, valspodar

Drugs: anti-HIV drugs, CSA, dexamethasone, digoxin,
doxorubicin, fexofenadine, ivermectin, verapamil,

Abbreviations: APA-SG, azidophenacyl-S-glutathione; AZTMF, azidothymidine monophosphate; BQ123, (cyclo [Trp-Asp-Pro-Val-Leu]); BSP, bromosulfophthalein; CSA,
cyclosporine A; DNP-SG, S-(dinitrophenyl)-glutathione; E, 178G, estradiol-17B-D-glucuronide; GSH, reduced glutathione; GSSG, oxidized glutathione; LTC /LTD,, leukotriene
C,/D,; MK571, 3-[3-[2-(7-chloroquinolin-2-yl)vinyllphenyl]-(2-dimethylcarbamoyl-ethylsulfanyl) methylsulfanyl] propionic acid; 6-MP, 6-mercaptopurine; MTX, methotrexate;

NEM-SG, N-ethylmaleimide glutathione; PAH, p-aminohippurate.

membrane and carries GSH.

MRP6 is expressed in the kidney, at the basolateral
membrane of proximal tubular cells. It has been sug-
gested that the loss of functional MRP6 in the kidney
and the liver could induced the phenotype observed
in Pseudoxanthoma elasticum patients.

Mutidrug transporters/P-glycoprotein (MDR or Pg)

The apical membrane of proximal tubules is
particularly rich in MDR-glycoprotein (“multidrug
transporter”), a membrane ATPase that mediates
the active efflux of a wide variety of drugs across the
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plasma membrane of several cell types. This property
explains the resistance of some cancer cells to hy-
drophobic cationic drugs [102]. It was demonstrated
that MDR/P-glycoprotein can extrude many organic
compounds (e.g. vinblastine, vincristine, colchicine,
cyclosporine analogues) from renal proximal cell [103-
105]. P-glycoprotein transport mechanism differs from
the proton/organic cation exchanger since it does not
transport TEA [94, 105], but the more lipophilic sub-
strate, and vinblastine, a substrate of MDR/P-glyco-
protein, is not exchanged against protons in pig brush
border membrane vesicles [93].
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MDR/ P-glycoprotein, which transports organic
cations is the analogous of MRP2, which transport
lipophilic organic anions. Both are responsible for the
multidrug resistances of cells to anticancer drugs. Since
some substrates of the P-glycoprotein system are also
transported by the proton/organic cation exchanger,
it is often difficult to clearly distinguish between
the two systems at the functional level. Compounds
transported by both the MDR/P-glycoprotein and
the organic cation transporter, include daunomycin,
colchicine, verapamil, quinidine and vinblastine [106].
On the other hand, secretion of digoxin, which is not
an organic cation, is restricted to P-glycoprotein only
[107] (Table 8).

In the kidney, P-glycoprotein is constitutively ex-
pressed on the brush border of the proximal tubular
cells and on the distal tubule [107a] and it has been
suggested that P-glycoprotein may be instrumental in
cyclosporine A (CsA) nephrotoxicity. CsA is a substrate
of P-glycoprotein [107b] and variations in expression
and/function of P-glycoprotein could lead to accumu-
lation of CsA, along with other cytotoxic agents, within
the tubular cell. An inverse relationship between CsA
deposits inrenal tissue and the level of P-glycoprotein
expression in proximal tubular cells in animal models,
suggesting that the normal P-glycoprotein response
mat be defective in patients suspectible to CsA-related
nephrotoxicity, leading to retention of excess amounts
of CsA in the cells [107c,d]. ABCB1 polymorphism
in kidney allograft donors, which is associated with
decreased expression of P-glycoprotein in renal tis-
sue, has ben shown an independent risk factor for the
development of CsA-related nephrotoxicity [107e].
These findings suggest that factors that modulate P-
glycoprotein-expression may have an impact on CsA-
related nephrotoxicity by causing an accumulation of
CsA within the renal cells.

The new immunosuppressive agent sirolimus is also
a P-glycoprotein substrate [107f], although perceived as
anon-nephrotoxic drug, reducing renal function when
given concomitantly with CsA [107g]. Recent studies
have shown that administration of sirolimus around
the time of renal injury can exacerbate the injury and
delay repair, an effect that may be due to a potent
antiproliferative effect of sirolimus on tubular cells
[107h]. Using human renal epithelial cells in primary
culture it was shown that sirolimus inhibits the P-gly-
coprotein-mediated efflux and cellular concentration

of CsA, explaining at least partly the exacerbation of
CsA nephrotoxicity of sirolimus.

Effects of protein binding on organic ion secretion

Itis generally recognized that the tubular secretory
rate is proportional to the concentration of free drug
or xenobiotic [123-126], and that plasma albumin bind-
ing is not rate limiting for tubular secretion of organic
anions with high affinity for the transport system [19,
36], because the dissociation rate of the organic anion/
albumin complex is much faster than the transtubular
transit time [19, 127]. Such is the case for hydrochloro-
thiazide [36]. On the other hand, organic anions with
lower affinity for the transporter (e.g. phenol red) have
a reduced secretion when bound to plasma proteins
[124, 128]. Although the secretion of furosemide in
the perfused isolated rat kidney can be delayed by the
addition of albumin to the perfusate [123], secretion
in humans does not appears to be limited by protein
binding. Thus, in spite of a binding of more than 95% to
plasma proteins, the urinary clearance (uncorrected for
plasma protein binding) of furosemide in therapeutic
doses is somewhat higher than inulin clearance [36, 129,
130]. Because of the high protein binding of furosemide
its filtration rate is negligible and its diuretic effect,
which is related to its luminal concentration in the thick
ascending limb of Henle’s loop, depends on its tubular
secretion. Hence, inhibition of furosemide secretion by
probenecid inhibits its diuretic effect [131].

Interactions of xenobiotics/drugs for secretion

Probenecid, which was first developed to delay
penicillin excretion, is now generally used (besides
its use as a uricosuric) to inhibit secretion of organic
anions [131a]. Thus, it is generally considered that a
compound whose secretion or transport across the
proximal basolateral membrane is inhibited by pro-
benecid is a substrate of the organic anion secretory
mechanism. Probenecid has also been used as a tool
to investigate the role of cellular accumulation of xe-
nobiotics in nephrotoxicity. Inhibition of basolateral
uptake of cephalosporins, such as cephaloridine and
cephaloglycin, by probenecid, can prevent their cellular
toxicity. These cephalosporins have a low extrusion rate
through the apical membrane, resulting in a rather high
concentration, which is a major contributing factor to
their nephrotoxicity. However, it is worth noting that
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cell accumulation is necessary but not sufficient for
cytotoxicity, as shown by cephalexin that has a low
nephrotoxic potential despite marked cortical accu-
mulation [40] (see also chapter 9).

The nephrotoxicity of cisplatin is reduced in hu-
mans [132], mice [133] and dogs [134] by co-admin-
istration of probenecid, suggesting that cisplatin is
transported by the PAH transport system. It has been
proposed that platinum, like other nephrotoxic metal
ions such as mercury and potassium dichromate, are
taken up by tubular cells as sulphydryl conjugate
through a probenecid-sensitive pathway [133]. How-
ever, cisplatin might also be transported by the organic
cation transport system, since quinidine, cimetidine
and ranitidine inhibited its net secretion flux in the
dog kidney [134].

In human, methotrexate is largely cleared un-
changed from the body by renal excretion through
glomerular filtration and tubular secretion. Rises in
serum methotrexate levels accompanied by life-threat-
ening increases in methotrexate toxicity can occur if
aspirin, salicylates or non-steroidal anti-inflammatory
drugs are given concurrently. The increased methotrex-
ate toxicity observed by concomitant administration
of ibuprofen [135], salicylates [135], or flurbiprofen
[136] might be in part the result of interaction at the
basolateral membrane [137], resulting in a decrease in
methotrexate renal excretion.

Excretion of digoxin is primarily renal, by glomeru-
lar filtration and tubular secretion and reabsorption.
Competition studies have shown that the “classic”
anion or cation transport systems are not involved.
The secretory process as studied in vivo and in a renal
epithelium in vitro, may be carried out by the apical
membrane P-glycoprotein. It is well known clinically,
that several drugs (most notably quinidine, verapamil,
nifedipine, propofenone, spironolactone, and amioda-
rone) reduce the renal (tubular) clearance of digoxin
and increase the plasma concentration and toxic risks
of the cardiac glycoside [63, 138, 139]. Accordingly,
these interactions may be explained by a competition
at the secretory step controlled by P-glycoprotein at
the luminal membrane. Such a possibility has received
experimental support for several of these compounds
[139-143]

Concurrent use of drugs that reduce renal blood
flow in patients with renin-angiotensin prostaglandin
dependent renal perfusion (e.g. NSAID), that are weak
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organic acids competing for tubular secretion [144]
and/ or nephrotoxic (cisplatin) can delay drug excretion
[145] and lead to severe myelosuppression.

Interactions of cimetidine and other H,-receptor
antagonists with the renal secretion of several drugs
have been repeatedly described, and comprehensively
listed [146]. Thus, cimetidine inhibits renal secretion
of procainamide in humans and prolongs its elimina-
tion half-life [147, 148]. Similar inhibitory effects have
been shown on creatinine, ranitidine and many other
cationic compounds [149].

Interactions between organic anion
and organic cation secretion

Clinical significant interactions occur only when
the affected transporter represents the major pathway
for the overall elimination. Because of the involvement
of multiple renal processes (i.e. filtration, tubular se-
cretion, tubular reabsorption) in renal drug handling
and the functional redundancy of some renal drug
transporters, severe clinical drug-drug interactions at
the renal level seem to be not very common. Clinical
relevance of renal drug-drug interactions needs to be
evaluated in the context of efficacy and safety profile
of the affected drug. In vitro transporter interaction
screening during preclinical development should be
performed for all drug candidates that have a narrow
therapeutic window [131a].

The lack of strict structural requirements for sub-
strates in organic anion and cation transport systems,
the prominent role of substrate hydrophobicity in the
interaction with both classes of carriers, and the ability
of non-ionized substrates to interact with the trans-
porters, are all factors explaining that some substrates
might be transported by both transport systems [37].
For example, the renal excretion of cimetidine and
famotidine, two organic cations, is reduced by proben-
ecid [150, 151]. In vitro also, cimetidine uptake by brush
border membrane vesicles is inhibited by probenecid
or furosemide, and cimetidine in turn can inhibit PAH
uptake, demonstrating the existence of some link be-
tween organic anion and cation transport [152-155].
Such observations appear to overturn the dogma of
distinct transport systems for organic ions. Some com-
pounds have chemical characteristics (“zwitterions”),
which account for their particular substrate behavior:
creatinine [156], amino-cephalosporins (e.g. cephalori-
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dine) and gyrase inhibitors [157] bear both positive and
negative charges, and are therefore “bisubstrates” [37].
Cimetidine has affinity for the organic cation basolat-
eral transporter through its imidazole group, while
hydrophobicity of the molecule and electronegativity
of the cyanoguanidine group explain the affinity of
the drug for the organic anion transporter [158]. Fa-
motidine and ranitidine have a guanidine group and
anucleophilic side-chain accounting for the affinity for
both transport systems [158]. Clonidine and pilocarpine
are other imidazole derivatives interacting with both
transporters [158]. Zidovudine secretion in rats might
also proceed through both transport mechanisms [159],
though the anion transporter appears to predominate
[160, 161]. As reported above, cisplatin also appears to
be transported by both transport systems.

Many other compounds interact at the basolateral
membrane with the PAH and the organic cation trans-
port systems as was demonstrated by the systematic
studies by Ullrich et al. [37].

Metabolism of drugs/
xenobiotics in the kidney

Metabolic transformation is the biological conver-
sion of a drug to another chemical form, occurring
mainly in the liver, although many other tissues, among
them the kidney are also capable of drug metabolism.
Microsomal enzymes are responsible for oxidation,
acetylation, conjugation (acylglucuronidation, N-gluc-
uronidation, glycination) hydrolysis of drugs and xeno-
biotics. The usual result of this enzymatic conversion is
drug metabolites, which are more polar, and less lipid
soluble than the parent compound and consequently
favoring renal excretion. The same enzymatic pathways
for drug metabolism present in the liver are also found
in the kidney, although the specific activity of these
pathways in the kidney is substantially lower than
those in the liver [2, 162]. In contrast to the liver, the
metabolic pathways in the kidney are not uniformly
distributed throughout the kidney, they are localized
to specific nephron segments (Table 4). Examples of
drug metabolism by the isolated perfused kidney are
oxidation of bumetanide [163], acetylation of sulphi-
soxazole [164], conjugation of salicylic acid [165], and
esterolysis of enalapril to enalaprilat [166].

The role of renal enzyme systems involved in the
metabolism of drugs and their potential nephrotoxicity

is well documented in the case of analgesic mixtures
containing acetylsalicylic acid, acetaminophen and/
or phenacetin combined with addicting compounds
such as caffeine and codeine [167]. The kidney can
metabolize acetaminophen to glucuronyl and sulphate
conjugates but also to an arylating intermediate via
the cytochrome P-450 mixed function oxidase system
[168, 169]. The intra-renal distribution of this enzyme
system explains the proximal tubular localization of
acute acetaminophen toxicity [170]. Several observa-
tions in the Fischer rat suggests that this acute renal
toxicity is mediated through the cytochrome P-450
mechanism [168].

Renal metabolism of isoproterenol [171], bu-
metanide [163], cimetidine [172] and N-methylnico-
tinamide [173] has been reported. Renal metabolites
may have different mode of excretion [174], and may
be more nephrotoxic than the original substance [175].
Renal glucuronidation may be substantial as in the
case of morphine [176]. Xenobiotic glucuronidation
can proceed by linkage through an ether or an ester
bound. The latter process is called “acyl-glucuronide”
characterized by instability under physiological condi-
tions such that the glucuronide can deconjugate back
to the parent compound (futile cycle). In patients with
normal renal function, acyl-glucuronides are readily
eliminated in the urine. In patients with renal insuffi-
ciency, the conjugate accumulates in plasma where it
can spontaneously hydrolyse to reform the parent com-
pound. This phenomenon, demonstrated for clofibrate
[177, 178] diflunisal [179, 180] and some NSAID [181,
182], leads to a paradox in which a drug may accumu-
late in patients with renal insufficiency even through
negligible amounts of parent drug are eliminated in the
urine of patients with normal renal function.

The main role of the kidney in the process of drug
metabolism consists in the excretion of the many, more
or less pharmacologically active metabolites formed in
theliver [8]. Needles to say that renal insufficiency may
result in the accumulation of metabolites and, if phar-
macological active, may result in serious side effects/
toxicity [33]. Renal metabolism of drug-xenobiotics and
its contribution to elimination has been inadequately
explored so that clinical implications are for the most
part inferred from animal models or speculative.

The impact of knowledge of renal handling on
drugs and xenobiotics on their clinical use is clearly
demonstrated with the aminoglycosides (chapter 12).
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Introduction

ecause the kidney is vital to total body home-

ostasis, a toxic insult to the kidney can have

profound effects - an insult of sufficient severity
can permanently damage renal tissue, necessitating
chronic dialysis or kidney transplantation. Such suscep-
tibility to various toxicants is due to several functional
properties of the kidney. First, the kidney receives ap-
proximately one-quarter of the total body blood flow to
support renal function, including glomerular filtration,
permitting the delivery of high levels of toxicants. The
absorption of water and solutes along the nephron con-
centrates the tubular fluid, thereby exposing tubular
epithelial cells to greater concentrations of toxicants.

The high metabolic rate and work load of renal cells in-
creases its susceptibility to toxicants. Furthermore, the
kidney possesses biotransformation enzymes that can
result in formation of toxic metabolites and reactive in-
termediates which can damage renal macromolecules.
Because the nephron has specialized transporters for
reabsorption and excretion, toxicants can enter and ac-
cumulate within renal cells, leading to nephrotoxicity.
Finally, the unique functions of the varied segments
along the nephron impart different susceptibilities
to toxicants in the kidney, complicating the potential
toxicities and subsequent renal damage via a variety
of mechanisms. In this chapter, we will review some of
these sites and mechanisms of nephrotoxicity.
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Glomerulus

The glomerulus, a specialized capillary bed com-
posed of endothelial cells, is the filtering unit of the
kidney. The glomerular capillary wall forms both a
charge- and size-selective barrier that prevents pas-
sage of plasma proteins and results in the formation
of an ultrafiltrate. Because the glomerulus is the first
structure encountered in the nephron, it is the initial
site of toxicant exposure in the kidney. Nephrons
are functionally integrated and as a result, toxicant-
induced damage to the glomerulus not only impairs
glomerular function, but also affects the function of
the entire nephron.

Toxicants can decrease the glomerular filtration rate
(GFR) by increasing afferent arteriolar resistance, re-
sulting in a decrease in hydrostatic pressure. Toxicants
can also decrease the glomerular surface area avail-
able for filtration by decreasing the size and number
of endothelial fenestrae or altering the number of
anionic charges on the glomerular structural elements,
allowing passage and eventual urinary excretion of
polyanionic and high-molecular weight proteins. For
example, puromycin aminonucleoside exposure results
in a loss of membrane anionic charges, permitting the
passage of negatively charged proteins through the
glomerulus, and resulting in proteinuria [1, 2]. See
Figure 1 for other examples.

Chemically induced glomerular damage also can
occur without significant loss of glomerular structural
integrity. For example, mild renal ischemia and reper-
fusion results in formation of reactive oxygen species
(ROS), proteinuria, and loss of charged glomerular
structures with no apparent change in morphology
[3].

Toxicants such as cyclosporine A and amphotericin
B directly decrease renal circulation through injury of
renal vessels and decrease GFR [4, 5]. Similarly, gen-
tamicin interacts with anionic sites on the endothelial
cells to decrease GFR and renal blood flow [6]. This
diminished blood flow also decreases the delivery of
oxygen and other critical metabolites to the tubules,
further enhancing nephrotoxicity. These drugs create
glomerular renal dysfunction with few morphological
alterations in the glomeruli.

An important class of filtered molecules, soluble
immune complexes, are generated after antibody re-
sponses to antigens which can be derived from drugs
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Figure 1. Nephrotoxic targets along the nephron.

and toxicants. Although soluble immune complexes are
not always associated with pathology, some complexes
can be deposited in the glomerulus and can subse-
quently activate complement, initiating a sequence of
inflammatory events which may include recruitment of
inflammatory cells, release of inflammatory mediators
and enzymes, and destruction of glomerular structures.
Macrophages and neutrophils are observed in the
glomeruli in membranous glomerulonephritis, and the
release of cytokines and ROS contribute to glomerular
injury [7]. Recently, the activation and secretion of cal-
pains, calcium-activated cysteine proteases, have been
shown to participate in the development of immune
glomerular injury [8].

A chemical may adhere to a native protein to
produce an antigen and elicit an antibody response.
For example, colloidal gold and gold salts, which are
used to treat rheumatoid arthritis, induce membranous
nephropathy with numerous electron-dense deposits



04. Pharmacological aspects of nephrotoxicity

on glomerular basement membranes [9]. Penicillamine,
a drug used in chelation therapy and rheumatoid
arthritis, produced similar immunoglobulin- and com-
plement-containing deposits in glomerular basement
membranes. Similarly, glomerulonephritis was ob-
served after exposure to heavy metals, hydrocarbons,
and captopril [10-13].

Proximal tubule

Proximal tubular injury is the most common toxi-
cant-induced renal injury (see Figure 1 for examples).
The proximal renal tubules are vulnerable to direct
toxic effects of chemicals because of their absorption
and secretion functions. Proximal tubular cells contain
transporters for organic anions and cations, low-mo-
lecular weight proteins, glutathione (GSH) conjugates,
and metals, which can result in the accumulation of
chemicals and subsequent toxicity. Amphotericin B can
bind to low-density lipoproteins and be internalized
through low-density lipoprotein receptors [14]. Acyclic
nucleoside phosphonates, such as cidofovir, adefovir,
and tenofovir, are transported by the organic anion
transporter-1 [15]. Although the inherent functional-
ity of the kidney often means that toxicant concentra-
tions are high in renal cells, the nephrotoxic effects are
actually dependent upon the intrinsic reactivity with
cellular and molecular targets.

Absorption and secretion in the nephron are func-
tions of high energy demand; thus, these cells have
elevated rates of oxidative metabolism. Therefore,
chemicals that directly or indirectly disturb renal
cell energy metabolism will result in cell injury and
consequent renal dysfunction. For instance, heavy
metals such as mercuric chloride alter mitochondrial
function and morphology prior to tubular necrosis
[16, 17]. Mitochondrial dysfunction is also observed
with exposures to lead, aminoglycosides, and cepha-
losporins [17, 18]. Drugs that injure proximal tubules
include 5-aminosalicylic acid (5-ASA), which is used
to treat inflammatory bowel disease, and adefovir, a
nucleoside reverse transcriptase inhibitor. Although
the exact mechanism is unknown, 5-ASA has been
shown to cause renal damage due to the uncoupling
of oxidative phosphorylation and inhibition of pros-
taglandin synthesis [19]. Such a mechanism of action
is thought to be similar to toxicities of other salicylates
[20]. Adefovir has been reported to induce acute tubu-

lar necrosis and produce severe structural alterations in
proximal tubular mitochondria [21]. Toxicity is thought
to be mediated by direct effects on mitochondrial DNA
replication, including the synthesis of cytochrome C
oxidase [22], which is an important respiratory chain
enzyme in the mitochondria, and its inhibition leads to
mitochondrial dysfunction and loss of ATP.

As the glomerular filtrate proceeds down the tu-
bule, the filtrate becomes increasingly concentrated
and the pH of the filtrate becomes more acidic. There-
fore chemicals with pH-dependent solubility have the
potential to precipitate and cause tubular obstruction,
resulting in local interstitial inflammation, granuloma
formation, and fibrosis. Indinavir is a protease inhibitor
used in the treatment of immunodeficiency virus that
has been reported to cause renal toxicity. The solubility
of indinavir is pH- and flow-dependent, and some pa-
tients treated with indinavir form urinary crystals that
obstruct tubules, leading to inflammation or granuloma
formation, resulting in renal failure [23].

Cytochrome P-450 and cysteine conjugate p-lyse
are primarily localized in the proximal tubules, and
these enzymes also contribute to the susceptibility of
the proximal tubule to toxicant injury. Specifically,
widely used industrial solvents such as chloroform
produce tubular nephrotoxicity via cytochrome P-
450 activation, and haloalkanes and haloalkenes (e.g.
trichloroethylene) are rendered toxic by cysteine conju-
gate [-lyse activation [24, 24a]. In addition, overdoses
of acetaminophen (APAP) cause nephrotoxicity that is
characterized by proximal tubular necrosis [25]. APAP
undergoes cytochrome P-450-mediated activation to
produce a toxic electrophile, N-acetyl-p-benzoquinon-
eimine (NAPQI) [25a]. Although NAPQI is extremely
reactive, it is detoxified by conjugation with reduced
GSH unless NAPQI is formed in excess of the cellular
capacity for GSH conjugation. The excess NAPQI is
available to bind to critical cellular proteins and to
induce oxidative stress, resulting in disruption of cel-
lular homeostasis and tubular injury [26].

It is now recognized that GSH conjugation plays a
critical role in chemical-induced nephrotoxicity and, in
many cases, may be responsible for selective targeting
and damage to the kidney versus other organ systems
(Table 1). The capacity of the kidney to process and
activate GSH conjugates is extensive and results in
the release of toxic species within the proximal tubular
cells. For example, haloalkenes and quinones are con-
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Table 1. Chemicals that produce nephrotoxicity through
their glutathione/cysteine conjugates.

e cisplatin

e acetaminophen

e sevoflurane

e hydroquinone

e bromohydroquinone
e cadmium

®  mercury

e trichloroethylene

e tetrafluoroethylene

e hexachlorobutadiene

jugated to GSH in the liver, circulate to the kidney, and
are metabolized by y-glutamyl transpeptidase (y-GT)
to produce the cysteinyl-glycine conjugate (Figure
2) [27, 28]. The cysteinyl-glycine conjugate is further
metabolized extracellularly by aminodipeptidases to
cysteine conjugates [29]. The cysteine conjugates are
then transported into the proximal tubule cells, where
they are further metabolized into highly reactive thiols
by cysteine-S-conjugate B-lyase [30]. The reactive thiols
bind to cellular macromolecules, ultimately trigger-
ing cell death. In addition, the cysteine conjugates
initiate oxidative stress and lipid peroxidation [31,
31a]. Similarly, the nephrotoxicity of quinone-GSH
conjugates arises from their ability to undergo redox
cycling [27].

Although cisplatin is not a substrate for y-GT or
cysteine-S-conjugate B-lyase, it has been shown to form
GSH conjugates spontaneously in solution [32]. Cis-
platin-GSH conjugates may be important in targeting
cisplatin to the kidney and its resulting nephrotoxicity
because y-GT is necessary for the toxicity of the cispla-
tin conjugates, suggesting that metabolism of cisplatin
in proximal tubule cells is required for nephrotoxicity
[33, 34]. Furthermore, in vivo studies support the hy-
pothesis that formation of a cisplatin-GSH conjugate is
an essential component of nephrotoxicity of cisplatin
[35-37].

Finally, the nephrotoxicity of inorganic mercury
(i.e. mercuric chloride) has been shown to be the result
of a GSH or cysteine conjugate. In a series of experi-
ments, Zalups has shown that mercuric chloride in the
blood is conjugated to cysteine and GSH as mono- or
di-substituted conjugates and to serum proteins [38].

76

o
¢ —NH — CH, — COOH
X*S*Cw‘-l?,
NH—¢ —CHZ—CHZ—‘CH — COOH

NH,

C —NH—CH, — COOH
\
X—S— CH,
\
NH,

iAminodipeptidase

COOH

¢
X—S— C‘Ha

N‘Hz

Cysteine-S-conjugate
Y Beta-lyase

X— S

Figure 2. Activation of glutathione-conjugates to reactive
thiols. Halogenated alkenes form glutathione-S-conjugates
and are metabolized to nephrotoxins via this pathway. This
pathway results in the production of unstable reactive thiols,
which are toxic. The X represents the alkene.

Adapted from Townsend et al., 2003 [34].

Uptake of these cysteine and GSH conjugates occurs
across the apical membrane through Na*-dependent
and -independent amino acid transporters and across
the basolateral membrane through an amino acid trans-
porter and/or the organic anion transporter (OAT1).
These examples provide strong evidence that the ne-
phrotoxicity of numerous xenobiotics is dependent on
GSH conjugation-mediated delivery to the kidney.

Distal nephron

Although most nephrotoxicity occurs in the proxi-
mal part of the nephron, some chemicals damage distal
structures. The function of these structures facilitates
their vulnerability to toxicants. For instance, the loop
of Henle is critical to the process of urinary concentra-
tion and therefore utilizes relatively high rates of Na*,
K*-ATPase activity and oxygen demand. This, and the
fact that oxygen supply to the medulla is minimally
sufficient to meet physiological needs, contributes to
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the susceptibility of the loop of Henle to hypoxic injury.
For example, amphotericin B increases the tubular
work load in the loop of Henle, intensifying hypoxic
injury [39].

The final regulation of urinary volume and com-
position occurs in the distal tubule and collecting
duct. Water permeability of the medullary collecting
duct is controlled by hypertonicity and the action of
antidiuretic hormone (ADH). Chemicals that increase
medullary blood flow or interfere with ADH synthe-
sis, secretion, or action will impair the concentration
of urine. Drugs that have been associated with distal
nephron injury impair the concentrating ability in the
thick ascending limb and/ or the collecting duct result-
ing in an ADH-resistant polyuria. The distal tubular
epithelial cells are tightly bound, forming a strong
barrier. Amphotericin B inhibits reabsorption in the
distal nephron through its ability to form transmem-
brane pores and disrupt membrane permeability [40].
Cisplatin also induces polyuria , but the mechanism
is not completely understood; although [41] Safirstein
and Deray suggested that the polyuria arises through
a vasopressin and prostaglandin inhibitor pathway.

The renal papilla is the target of analgesic abuse or
the excessive ingestion of analgesics, which are often
mixed with caffeine or alcohol, and results in papillary
necrosis and chronic renal failure [42, 43]. Analgesics
also can inhibit the vasodilatory effects of prostaglan-
din, predisposing the renal papillae with its already
tenuous blood-supply to further ischemia and damage
[44]. Because there is a high papillary concentration of
toxicant, direct cellular insults of toxicants would be
detrimental to the renal papilla. This is true for anal-
gesics that cause injury by covalently binding to cells
and causing oxidative damage [44].

Cellular injury

The nature and the intensity of toxicant-induced
insults to the kidney determine the severity of renal
damage. Most nephrotoxic chemicals target renal epi-
thelial cells and produce cell death, which is thought to
occur by apoptosis or oncosis, also known as necrotic
cell death [45]. Apoptosis is a tightly controlled process
in which cell death is executed through the activation
of specific signaling pathways and is characterized
morphologically as membrane blebbing, cell shrink-
ing, nuclear condensation, and chromatin aggregation.

Neighboring cells and macrophages rapidly digest
these cellular fragments, or apoptotic bodies, without
inducing inflammation or damage [46]. Apoptosis is
the favored and controlled method of cell death and is
vital for many processes such as organogenesis, nor-
mal cellular turnover, and the deletion of potentially
neoplastic cells [47].

Apoptosis is initiated after numerous cellular
insults and may proceed via an intrinsic (mitochon-
drial) or extrinsic (death receptor-mediated) pathway.
Extrinsic apoptosis is initiated through ligand binding
to one of a variety of death receptors. Tumor necrosis
factor alpha (TNF-a) and FasL-induced apoptosis
have been thoroughly evaluated in renal cells, and in
fact, both cytokines are produced by renal epithelia
and by infiltrating leukocytes [48, 49]. Nearly all renal
cell types express receptors for both TNF-a and FasL,
but vary in their sensitivity to these cytokines [50, 51].
Ligand binding of these lethal signaling molecules
induces death receptor oligomerization, activation of
caspase-8, and the downstream activation of effector
caspases [49].

Apoptosis may be initiated at the level of the mito-
chondria or as a result of damage to an organelle, such
as the endoplasmic reticulum or the nucleus. Initiation
of the intrinsic or mitochondrial-mediated apoptotic
program begins with the release of cytochrome c,
which may be enhanced or inhibited by members of
the Bcl-2 family of proteins (Bax, Bak, Bid, Bcl-2, Bcl-
xL) [49]. Cytochrome c then recruits other adaptor
proteins including APAF-1 and caspase 9, thereby
forming what is known as the apoptosome. This cell
death complex goes on to activate the effector caspase,
caspase 3 [50], resulting in cell death. Although the
initiation of intrinsic and extrinsic apoptotic pathways
are different, they both play a role in toxicant-induced
apoptotic cell death.

Oncosis/necrosis is characterized by organelle and
cell swelling, cell rupture, and release of intracellular
contents, which initiates an inflammatory response that
is not observed in apoptosis. It is common for some
toxicants to cause apoptosis at low concentrations and
oncosis at high concentrations. Because apoptosis is an
ATP-dependent process, nephrotoxicants that target
the mitochondria and/or induce a decreased ATP
predominantly cause oncosis rather than apoptosis [51,
52]. If cellular ATP levels are low and the mitochon-
drial membrane potential is quickly lost, then oncosis
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occurs. A rapid influx of Ca* into the mitochondria
causes rupture of the inner and outer mitochondrial
membranes resulting in a rapid loss of the mitochon-
drial membrane potential [53]. In contrast, if the loss
of membrane potential is slow, and ATP levels are
maintained, apoptosis is favored.

Toxicants that reduce ATP disrupt cell volume,
ion concentrations, and cell polarity. Disruption of
cell volume and ion homeostasis occurs by toxicant
interaction with the plasma membrane increasing ion
permeability or by attenuating energy production. ATP
depletion results in a decrease in Na*, K*-ATPase activ-
ity, resulting in cell swelling, and ultimately cell rup-
ture [54, 55]. The tubular epithelia are polarized cells
with specific transporters on the apical and basolateral
domains. When a toxicant causes ATP depletion there
is a dissociation of the Na*, K*~ATPase from the actin
cytoskeleton and a redistribution from the basolateral
to apical domain in the renal proximal tubule cells [56].
The loss of polarity of the cells disrupts the adhesion
complexes and loss of cell-to-cell contact that facilitates
further renal damage.

Renal repair and regeneration

Although research has focused on the cellular
events of nephrotoxicity, less emphasis has been placed
on the mechanism of renal cell repair and regeneration
after a toxic insult. Knowledge of post-injury repair/
regeneration will facilitate development of new thera-
peutics to promote renal recovery. As a result of toxi-
cant-induced renal injury, renal epithelial dysfunction
is typically characterized by the loss of cellular apical/
basal polarity, cytoskeletal redistribution, severe ATP
depletion, mitochondrial dysfunction, impaired solute
transport, and decreased ion pump activity including
the Na*/K* ATPase (Figure 3) [57, 58]. Depending on
the extent of damage to the renal epithelium, cells die
via necrosis or apoptosis. The remaining tubular cells
survive in a sublethally injured state and undergo the
complex process of regenerating the destroyed renal
parenchyma [59, 60]. The standard hypothesis concern-
ing renal cell regeneration is that sublethally injured
and/or uninjured tubular cells restore cellular func-
tion, de-differentiate, proliferate, migrate, and finally
re-differentiate to restore morphologic and physiologic
function to the damaged nephron. Investigators have
reported the presence of both endogenous renal stem
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cells and those originating from the bone marrow in
animal models of acute renal failure [61-63]. However,
the significance of these findings is still unclear, and
more research in this area is needed.

In order for quiescent tubular cells of the injured
nephron to carry out regeneration, gene upregulation,
protein synthesis, and cell cycle entry is required.
Therefore, growth factors are thought to be crucial in
regenerating tubule cells, although the precise growth
factors involved and their regulation are unknown [64,
65]. However, the epidermal growth factor receptor
plays an important role in regulating de-differentiation,
proliferation, and migration [66, 67].

There is a significant increase in cellular prolif-
eration by surviving proximal tubular cells after renal
injury in both animal models [68] and human cases
of acute tubular necrosis [43] as measured by PCNA

Toxicant o .
Injury ncosis
—_—
@ ® Apoptosis
(e H°
Sublethal
injury ——— Regeneration

/

Cellular repair

/@\

Proliferation

Migration

Figure 3. Proposed mechanism of renal cell repair and
regeneration. Healthy renal epithelia are differentiated,
quiescent columnar epithelia. After injury, numerous renal
cells die via necrosis and apoptosis depending on the level of
insult. However a few cells are sublethally injured and lose cell
polarity and many physiological functions. These cells can
either initiate the repair process immediately or dedifferenti-
ate into mesenchymal-like cells. Sublethally injured epithelial
cells begin to migrate and proliferate to fill in denuded regions
of the tubular lumen. The epithelial cells finally redifferentiate
back into quiescent tubular cells and regain their polarity and
physiological functions.
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staining and incorporation of PHlthymidine into nu-
clear DNA. Proliferating cells resemble mesenchymal
cells with flattened cell bodies, loss of a brush border,
and the de-differentiated expression of embryonic
proteins such as vimentin and neural cell adhesion
molecule [68-70]. In many ways, dedifferentiated renal
epithelial cells reiterate the cellular ontogeny of renal
organogenesis. Recently more and more arguments
are collected indicating that regeneration by surviving
tubular epithelial cells is the predominant mechanism
of repair after ischemic tubular injury in the adult
mammalian kidney [71].

While the endogenous growth factors (including
paracrine and autorcrine) responsible for the prolif-
erative phase of renal cell regeneration have not been
identified, numerous studies have demonstrated that
exogenously administered growth factors such as
epidermal growth factor (EGF), insulin-like growth
factor 1 (IGF-1), hepatocyte growth factor (HGF),
fibroblast growth factor (FGF), heparin-binding EGF
(HB-EGF), bone morphogenic protein-7 (BMP-7), and
transforming growth factor (TGF)-p promote cellular
proliferation in vitro and enhance renal recovery after
ischemia/reperfusion injury [72- 78]. While quite ef-
fective in animal models, only one of these growth
factors has been evaluated in humans (IGF-1). In one
clinical trial, treatment with recombinant IGF-1 did not
improve renal function in subjects with comorbidities
[79] while the acute renal failure was not achieved in
the other clinical trial [80]. It should be noted, however,
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Introduction

rom the very beginning of modern pharmaco-

therapy there has been the challenge of identi-

fying drug-induced unintended effects as soon
and as comprehensive as possible. Any suspicions of
an expected or a new problem with a medicine should
be well reported, signalled and evaluated. Despite ex-
tensive testing of medicines before they are approved
for marketing, unexpected and/or rare adverse drug
reactions may occur when the medicine is used in
normal daily practice. Moreover, also in case that a
possible drug-induced problem is already known from
the pharmacology of the medicine, e.g. so-called type
A effects, it is important to quantify this risk (e.g. in
terms of absolute risk, number needed to harm and risk
factors), and to put into context when the product is
extensively used in clinical practice. This context may
include possible strategies for risk management, tailor-
ing the treatment scenario to the individual patient in
terms of choice of the medicine, dose and duration,
genotyping, consideration of alternative treatments,
and so on. Pre-marketing findings regarding safety of
medicines are commonly based on the experience of

only a few hundreds to thousand people at a maximum,
who have been treated in controlled randomised tri-
als. These trials have important limitations in terms
of that they [a] usually include rather homogeneous
populations (no elderly patients with other diseases,
no impaired renal or liver function, etc), [b] they are
too small to detect very rare events, [c] they are usual
too short to detect long-term effects, [d] they are unable
to predict the real world of clinical practice.

A complicating factor is that individual medicinal
products are increasingly prone to extensive public
debate and societal uncertainty about the safety of
medicines in general. Public debate acts as a two-
sided sword: attention may work out well because it
sensitises patients and health care professionals to be
vigilant and to report any observed event or problem
related to the use of a medicine. On the other side there
is the risk of differential over- and under reporting,
very often resulting in biased estimates of the possible
drug-induced risk. One may question whether it is
still feasible to elucidate and unravel a possible drug
exposure-outcome relationship in an independent,
science and clinical relevance based fashion, when
the debate is shaking the public and economic press,
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as we could witness with the COX-2 inhibitors (e.g.
cardiovascular and gastrointestinal risk), the statins
(e.g. myopathy and rhabdomyolysis) or the glitazones
(e.g. cardiovascular, fracture risk).

Pharmacovigilance reflects a continuum

The characterization of the full safety profile of a
medicine is a dynamic continuum that never ends as
long as the drug is on the market. Pharmacovigilance
has been defined by WHO as “the science and activities
relating to the detection, assessment, understanding
and prevention of adverse effects or any other possible
drug-related problems’. The context of the prescribing
and usage environment may change over time leading
to variations of the risk of drug-drug interactions and
of adverse effects related to the patient susceptible
genotype. A sudden increase in the rate of spontane-
ous reports always needs to be analysed in the context
of these dynamics. There is increasing evidence that
drug safety is a function of both molecular features
and the prescribing and usage context leading to three
scenarios for drug-induced risk:

* Safety issues primarily related to drug specific
characteristics, e.g. type A (pharmacological) and
type B (idiosyncratic) adverse reactions.

* Safety issues primarily related to patient specific
characteristics e.g. underlying disease, severity of
the condition or susceptible genotype, including
type B (idiosyncratic) adverse reactions.

* Safety issues primarily related to errors in the pre-
scribing, dispensing and patient usage process, e.g.
prescribing-induced interactions, non-compliance
with drug labelling, problems as a consequence of
usage errors.

There may be some overlap between type B and
risks related to patient characteristics, where the later
category represents events with a known patient-re-
lated mechanism of action. Usually the mechanism of
type B drug events is unknown or speculative. How-
ever as science and new insights evolve, we see a shift
from type B to type A. Examples include for instance
severe sensitivity reactions due to the use of abacavir,
an HIV drug. This risk was already known from the
beginning of clinical drug development and was clas-
sified at that time as type B reaction. Interestingly, now
we have more insight in the underlying HLA-driven
mechanism of this adverse effect, it is becoming more
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and more a type A reaction.

Another issue that needs careful consideration is
that currently a number of complex safety issues cover
possible drug-induced problems very close to the indi-
cation of the drug, e.g. glitazones for the treatment of
diabetes and cardiovascular ADRs or antidepressants
and suicide risk in children and adolescents. These
cases require comprehensive methods to unravel any
causality of drug and event.

To report or not to report

The basis of pharmacovigilance lies in careful
watching, cross-patient thinking and the prepared
mind that everything that happens in the course of
a disease may be of relevance to evaluate treatment
outcomes, both beneficial and adverse. Spontaneous
reports represent essentially a behavioural dimension
of pharmacovigilance, as doctors may be reluctant
to report because they think they are too busy, they
feel not responsible, or they are afraid of being held
accountable or liable for any harm experienced by the
patient. As the majority of medicines (between 80-90%)
in most countries are prescribed in the community, an
essential target of pharmacovigilance is the primary
care setting. Primary care physicians are crucial to
identify and communicate drug-related events with
their colleagues and the competent authorities. But
also in hospitals, medical specialists are in the position
to link unwanted health effects to drug usage, particu-
larly when it comes to new, specialised products, e.g.
oncology drugs, immunosuppressives. Reporting of
unexpected and/or adverse events to the relevant phar-
macovigilance units in hospitals or to the authorities
is an important responsibility of health professionals.
Without these reports no functional pharmacovigilance
system could exist.

Because reporting is such an explicit human activity
is carries in it all the risks of selective reporting, under-
or overreporting, and so on. Its power, however, lies in
the nation/worldwide collection of suspicions about
adverse drug reactions enabling early detection of pos-
sible drug hazards far more early than an individual
professional ever could. Pharmacovigilance is essen-
tially based on ‘numbers count’, although one should
be careful for biased surges in reports. The literature
is full of experiences where spontaneous reports were
affected, both qualitative and quantitative, by publicity
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in the media, by publications in the medical press, or
by regulatory action. In some countries there are ob-
ligatory systems of reporting of possible drug-induced
problems endorsed by formal legislative systems.
Many countries don’t have these, and so far there is
not full agreement on which of these is the best.

Methodology of pharmacovigilance

History shows that, with all the limitations, the
dedicated and watchful doctor has remained the back-
bone for signalling any possible drug-induced problem.
The act of prescribing of a medicine cannot be separated
from the responsibility to follow the patient over time
and to evaluate the treatment response, including any
unintended effects, as detailed and prompt as possible.
In virtually all countries there is some kind of a system
of collecting spontaneous reports of (possible) adverse
drug reactions from physicians, pharmacists, industry,
nurses, and increasingly acknowledged, also from
patients. Spontaneous reports from physicians heavily
rely very much on careful observation and recognition
of any relevant change in the clinical condition of a
patient given the use of a medicine. Because such spon-
taneous reports can be random noise or a real signal of
a clinically relevant drug-induced problem, physicians
need to be trained to have an open mind towards the
unexpected. Medicines may have unforeseen side ef-
fects when used in patients with multiple morbidities,
impaired organ function or used in an inappropriate
fashion. Determining the signal-noise ratio is a key
activity in pharmacovigilance and requires a close
collaboration between health professionals, patients,
academia, regulatory authorities and the industry.

There is ample literature on the various methods
applied in pharmacovigilance. Although there are
many differences in the way the methods are imple-
mented or adjusted for specific purpose, the underlying
principles are virtually the same. Pharmacovigilance
is a cyclic process of [a] signal detection, [b] strengthen
them by careful analysis of background rates of the
particular types of events, looking at series of reports,
characteristics of the individual patients, and underly-
ing diseases of the patients exposed to the medicine,
and finally [3] follow-up of the signal in formal phar-
macoepidemiological studies. In addition, mechanistic
studies are important since they provide clues towards
prevention, but have also shown to be a trigger for

drug innovation. While in the detection phase there is
a strong focus on qualitative issues related to a signal,
e.g. quality of the report, causality assessment, the more
quantitative methods are key in the strengthening, and
particularly in the follow-up phase. The cyclic nature
of pharmacovigilance is reflected is a constant learning
loop from report-signal-data to (if needed) regulatory
action-communication to patients and health profes-
sional, and back consequently back into the drug in-
novation process.

A first, and essential, step in signal detection of
drug-induced risk is the proactive and systematic col-
lection of spontaneous reports. After quality control of
the data and exclusion of obvious unlikely associated
cases from these, the question arises what the numbers
say. Are 5 reports enough to raise a signal, do we need
10, 25 or more? As discussed before, a crucial limita-
tion to detect drug-safety signals through spontaneous
reports is the frequent lack of valid exposure data. How
to cope with this? These are all valid questions and
need to be addressed in the context of the question is
the observed number more or less then expected. So we
need to create an estimate of “‘what could be expected’,
in other words what delivers a valid signal?

Overall there are two approaches to tackle this:

1. Calculation of a frequency (or rate) of the number
of reports per 1000 patients, prescriptions, DDD/
1000p/ day or another available denominator. From
there several external comparisons can be made
with similar frequencies based on number of cases
in an unexposed population, also coined as baseline
risk or background frequency, or the number of
cases in a population exposed to another medicine
from the same therapeutic category. This approach
is only possible when reliable denominator data are
present. Moreover the head-to-head comparisons
require limited under-, over- or selective reporting
in the two frequencies of observed possible induced
drug problems.

Example: A study in 1,219 patients of the ATH-

ENA (AIDS Therapy Evaluation National Centre)

cohort of patients infected with HIV receiving

antiretroviral therapy in the Netherlands showed

a frequency of urological symptoms (including

nephrolithiasis, renal colic, flank pain, hematuria,

renal insufficiency, or nephropathy) of 8.3 per 100

treatment-years for indinavir compared to 0.8 per

100 treatment-years for other HIV protease inhibi-
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tors. 8.3 versus 0.8 represents a clear signal, and also
a quantitative strengthening of earlier reports of
indinavir-induced nephrotoxicty.

2. An alternative approach is an internal comparison

within all collected reports assuming again limited
under-, over- or selective reporting. Within all
reports related to, for instance nephrotoxicity, a
distribution of the different drug exposures is made.
Consequently the question is addressed whether
this distribution is different (disproportional) when
compared with the distribution of drug exposure in
all the other or a sample of all other reports. Dispro-
portionality, evaluating more or less then expected,
is a key concept in signal detection. Over the years
several measures of disproportionality have been
developed with all their inherent pros and contras.
The most frequently used is the so-called reporting
odds-ratio (ROR).
Example: In follow-up of the receipt of 7 reports
acute interstitial nephritis (AIN) by the Netherlands
Pharmacovigilance Centre Lareb, the databank of
World Health Organisation Collaborating Centre
for International Drug Monitoring in Uppsala,
Sweden (containing about 3.7 million spontaneous
reports from more than 80 countries worldwide)
was searched for cases of AIN. A total of 150 AIN
cases with recorded proton-pump inhibitors (PPI)
use was found. The proportionality of PPI use
within the AIN cases was compared to the same in
the rest of all 3.7 million reports, resulting in a ROR
of 9.4 for omeprazole.

In the strengthening and follow-up phase of phar-
macovigilance we can identify a
broad array of approaches includ-
ing Prescription Event Monitoring
(PEM), also applied successfully
for signal detection, observational
pharmacoepidemiological studies
in automated databases (e.g. cohort,

A

case-control and variations), and
prospective randomised clinical
trials. Finally we should add what
all the acquired evidence of a valid

covigilance an important public health tool for the
benefit of patient’s health.

When we look at the international picture of phar-
macovigilance over the last two decades (Figure 1) we
may identify three important ‘waves’ of learning. In the
mid-80s, there was growing awareness about flawed
comparisons of spontaneous reports when just look-
ing at the crude numbers without comparisons over
equivalent periods of the marketing life cycles of the
drugs compared. A key paper from this period showed
in the case of piroxicam and the risk of gastrointestinal
bleeding, perforation, and ulcer, that crude rates of
spontaneous reports changed dramatically after adjust-
ments for the heterogeneity in the underlying reporting
rates over time. The importance of this learning wave
was the acknowledgement of the limitations of spon-
taneous reports, but not to neglect them as they carry
critical information items for pharmacovigilance.

The second wave of pharmacovigilance learning
in the early and mid 90s coincides with the evolu-
tion of the science of pharmacoepidemiology with a
strong emphasis on exposure ascertainment as a cru-
cial factor to evaluate drug-induced effects in a valid
fashion. When a surge in reports on possible drug-
induced risk is observed, the proper question should
be raised whether the drug is bringing the problem
to the patient or the patient the problem to the drug?
Very often drugs are selectively prescribed to patients
with a risky profile resulting in a higher likelihood
of drug-induced risk. This process of so-called drug
‘channeling’, also coined as confounding by indication,
is important to understand and to factor in appropri-
ated risk assessment of medicines. This concept has

3. Proactive risk management,
‘landscaping’ drug use, genetics

2. Exposure correlates (e.g. channeling, confounding
by indication), disproportionality methods

1. Beyond counting crude numbers
of spontaneous ADR reports

»

signal means for regulatory action
and informing prescribers and the
public. It's the combination of all these activities that
carry the potential, and the need, to make pharma-

1987

88

2007

Figure 1. Two decades of learning in pharmacovigilance.
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also been linked to the fact that aggressive marketing
by the pharmaceutical industry can ‘kill” important
medicinal products when drugs are selectively used
in high-risk patients or in an inappropriate, off-label
fashion. Essentially, from a methodological point of
view, channelling underpins the notion that drug pre-
scribing is virtually never a random activity, thereby
implying important challenges for studying these in an
observational fashion in an unbiased way, particularly
when it comes to study differential drug-induced harm
related to individual drugs within drug classes. In
the same period we see also a strong development in
pharmacovigilance on statistical methods to support
evaluation of disproportionality of rates of spontane-
ous reports. We now enjoy the fruits of these important
methodological developments in quantifying possible
signals of drug-induced harm.

In the third wave of learning in pharmacovigilance
is rightly reflected by the term ‘proactive’. There has
been growing awareness among regulators, industry
and other stakeholders that ‘wait and see’ is not the
way we should continue in protecting individual
patients and the public from unintended drug effects.
This has resulted in for instance the development of
comprehensive programmes for Risk Management
Plans to be submitted by pharmaceutical companies
as part of the dossier of new medicinal products at the
level of the European regulatory system. But also in
other regulatory hemispheres there is ample attention
for proactive approaches for identifying, and evaluat-
ing drug-induced harm as soon as possible, including
adequate risk minimisation measures, e.g. information
to prescribers, precautions to be taken by patients, and
the like. An important signature of these Risk Manage-
ment Plans is the need to fill the gap between the first
signal of drug-induced harm and scientific proof of
the risk, followed by regulatory and communication
action. Regulatory decision-making and timely action
are often hampered by the lack of reliable data on the
evidence of the risk when such evidence has to be col-
lected in a retrospective fashion.

Another feature of this third wave of pharmacovigi-
lance learning is the growing notion that populations
exposed to certain drugs carry specific baseline risks.
There is increasing evidence that the likelihood of the
majority of the problems we face in pharmacovigi-
lance is in certain patients more at risk than others.
Therefore a critical part of pharmacovigilance is seen

in characterizing, also coined ‘landscaping’, the patient
population in order to identify patients and patterns of
drug usage susceptible to increased risk. As part of this,
pharmacogenetic biomarkers are increasingly consid-
ered as important tools to identify proactively possible
non-responders in terms of safety to drug therapy. We
have already pointed on the example of abacavir and
more applications of pharmacogenetics are established
or underway. The abacavir case is the first example
of European regulatory including pharmacogenetic
screening as an integral part of the drug label.

Final thoughts and integration

Pharmacovigilance has become an essential part
of public health and pharmaceutical innovation. After
new medicinal products have been approved for us-
age in normal clinical practice the real practice-based
benefit-risk balance should be established. In Table 1
a number of well-known cases of drug-induced neph-
rotoxicity and their pharmacovigilance commonalities
are listed. All the five cases show ample variety with
respect to signal and exposure factors, the presence
of denominator data and how confounding or effect
modification might be a issue to evaluate possible drug-
related risk on the renal system. This array shows the
importance of integrative thinking and well-developed
knowledge about the possibilities and limitations of
certain approaches, from the historical case of analgesic
(including phenacetin) nephropathy towards the most
recent findings on gadolinium based contrast agents
and nephrogenic systemic fibrosis (NSF). The prepared
mind of the doctor and the awareness that reporting
is always important, of course in case of newly intro-
duced medicinal products but also with old products,
makes pharmacovigilance a typical partnering activity
in health care. There is no single party that can do all
the work. There is no single approach that suits the
solution of all problems.

By its very nature, the renal system carries a high-
risk profile for drug-induced toxicity. Mechanistic and
pathophysiologic thinking remains critical for a better
understanding of observed harm and prediction of
possible future harm. This requires at least valid data
on signals, exposure, denominator and confounders.
When ever possible, proactive and prospective design
of the data collection is preferable, if not in many
cases the only way to get reliable answers. Current
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international thinking on pharmacovigilance isin line  future of this important field in medicine and public
with these methodological considerations, making the  health promising for the benefit of patients.

Table 1. Cases of drug-induced nephrotoxicity and their pharmacovigilance commonalities

Signal factors Exposure factors Denominator data Confounding factors,
effect modifiers
Phenacetin Spontaneous reports, QOTC, combined with Poor Co-medications, disease severity,
time gap signal and use other analgesics protopatic bias
Protease Already known from RCTs Combined with other Good quality, Previous treatment, body mass,
inhibitors drugs, dosing large cohorts climate
Statins Spontaneous reports, Shift to high potency Good quality Drug channelling,
public media effects use, class effect? selective prescribing
Contrast agents  Problem not signalled by Timing of exposure, Poor Co-morbidity,
prescriber/radiologist class effect? confounding by marketing
Cyclosporine Already known from RCTs Dose/duration of use, Reasonable quality Confounding by renal
long-term effects transplant indication
References

10.

11.

12.
13.

14.
15.

16.

90

Bruin ML de, van Puijenbroek EP, Egberts AC, Hoes AW, Leufkens HG. Non-sedating antihistamine drugs and cardiac arrhythmias,
biased risk estimates from spontaneous reporting systems? Br J Clin Pharmacol. 2002; 53: 370-4.

Dieleman JP, Sturkenboom MC, Jambroes M, Gyssens IC, Weverling GJ, ten Veen JH, Schrey G, Reiss P, Stricker BH; Athena Study
Group. Risk factors for urological symptoms in a cohort of users of the HIV protease inhibitor indinavir sulfate: the ATHENA
cohort. Arch Intern Med 2002; 162: 1493-501.

Egberts TC, Smulders M, de Koning FH, Meyboom RH, Leufkens HG. Can adverse drug reactions be detected earlier? A comparison
of reports by patients and professionals. Br Med J 1996; 313: 530-1.

Harmark L, van der Wiel HE, de Groot MC, van Grootheest AC. Proton pump inhibitor-induced acute interstitial nephritis. Br J
Clin Pharmacol 2007; 64: 819-23.

Ingelman-Sundberg M. Pharmacogenomic biomarkers for prediction of severe adverse drug reactions. N Engl J Med 2008; 358:
637-9.

Leufkens HG, Urquhart J. Variability in patterns of drug usage. J Pharm Pharmacol 1994; 46 Suppl 1:433-7.

Maitland-van der Zee AH, de Boer A, Leufkens HG. The interface between pharmacoepidemiology and pharmacogenetics. Eur
J Pharmacol 2000; 410: 121-130.

Meyboom RH, Edwards IR. Rosuvastatin and the statin wars--the way to peace. Lancet 2004; 364: 1997-9.

Meyboom RH, Lindquist M, Egberts AC, Edwards IR. Signal selection and follow-up in pharmacovigilance. Drug Saf 2002 ;25:
459-65.

Puijenbroek EP van, Bate A, Leufkens HG, Lindquist M, Orre R, Egberts AC. A comparison of measures of disproportionality for
signal detection in spontaneous reporting systems for adverse drug reactions. Pharmacoepidemiol Drug Saf 2002; 11:3-10.
Rossi AC, Hsu JP, Faich GA. Ulcerogenicity of piroxicam: an analysis of spontaneously reported data. Br Med J 1987; 294:147-
50.

Stricker BH, Psaty BM. Detection, verification, and quantification of adverse drug reactions. Br Med J 2004; 329(7456): 44-7.
Thomsen HS, Marckmann P, Logager VB. Nephrogenic systemic fibrosis (NSF): a late adverse reaction to some of the gadolinium
based contrast agents. Cancer Imaging 2007; 7: 130-7.

Waller PC, Evans SJ. A model for the future conduct of pharmacovigilance. Pharmacoepidemiol Drug Saf 2003; 12:17-29.
WHO. The importance of pharmacovigilance. Safety monitoring of medicinal products. Geneva: World Health Organization,
2002.

Xiaoging G, Chike N. How to prevent, recognize, and threat drug-induced nephrotoxicity. Cleveland Clin J Med 2002: 69: 289-
12.



Urinary biomarkers and nephrotoxicity

William F. FINN' and George A. PORTER?

"University of North Carolina, Chapel Hill, North Carolina, USA
20regon Health Sciences University, Portland, Oregon, USA

Introduction 92
Categories of biomarkers 92
Biomarkers of exposure 93
Biomarkers of effect 93
Biomarkers of susceptibility 95
Urinalysis 926
Test strip screening 96
Urine microscopy 96
Blood urea nitrogen concentration and urea clearance 97
Serum creatinine concentration 97
Creatinine clearance 98
Glomerular filtration rate 98
Renal blood flow 100
Tubular function 100
Proteinuria 101
High-molecular weight proteinuria 103
Low-molecular weight proteinuria 105
Enzymuria 107
Renal papillary antigen 110
Cytokines 110
Cell adhesion molecules 112
Miscellaneous biomarkers 115

References 117




FINN & PORTER

Introduction

here are a number of definitions of the term

“biomarker”. In general, they have in common

three components: [1] that they are objectively
measured indicators of specific anatomic, physiologic,
biochemical, or molecular events; [2] that thay are
associated with normal biological processes or accom-
pany the onset, progression and/ or severity of specific
pathological or toxic conditions and [3] are that they
are useful for measuring the progress of injury, disease
or the effects of therapeutic intervention. For example,
according to the National Institutes of Health (NIH)
working group, a biomarker is a characteristic that is
objectively measured as an indicator of normal biologi-
cal processes, pathogenic processes, or a pharmacologi-
cal response to a therapeutic intervention [1].

The types of biomarkers and the purposes served
vary to some extent depending on the population
beng observed. For public health purposes, the re-
quirements of useful biomarkers to protect from in-
jurious xenobiotic exposure are three-fold: firstly, to
achieve the earliest identification of the potential for
health impairment; secondly, to gain insight into the
mechanism(s) responsible for any adverse impact on
the health of individuals or specific populations at risk;
and thirdly, to help assess the effects of interventions
designed to minimize the short and longterm conse-
quences of the initial injury. Important requirments for
biomarker development are a detailed understanding
of biochemical pathways involved in nephrotoxicity,
minimal invasiveness and capacity to screen large at-
risk populations.

Those involved in individual health assessment are
concerned with the early detection of specific organ kid-
ney injury. With regard to acute kidney injury (AKI),
biomarkers may serve several additional purposes.
That is, they may determine AKI subtypes (prerenal,
intrinisic renal, or postrenal), identify the etiology of
AKI (ischemia, toxins, sepsis, or a combination), dif-
ferentiate AKI from other forms of acute kidney disease
(urinary tract infections, glomerulonephritis, interstitial
nephritis), predict the AKI severity (risk stratification
for prognostication as well as guide to therapy), moni-
tor the course of AKI, and monitor the response to AKI
interventions. For chronic kidney disease (CKD), they
provide both evidence and severity of exposure and
may be used to assess response to removal of offend-
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ing toxin.

The pharmaceutical industry has specific interest
in the development and utilization of biomarkers for
evaluating and predicting the safety of drug candidates
during the process of their development. In drug tri-
als, biomarkers have been proposed for use in efficacy
determination and patient population stratification,
in deducing pharmacokinetic-pharmacodynamic
relationships and in safety monitoring [2]. These dif-
ferent phases of drug development involve different
functional categories of biomarkers and often involve
the patterns of several biomarkers - rather than a
change in a single biomarker. The effort to identify
reliable biomarkers often involves the interaction of
several disciplines such as genetics and epigenetics,
genomics, proteomics, metabonomics and assay de-
velopment [3].

Categories of biomarkers

There have been a number of attempts to formally
categorize biologic markers of renal injury in order
to achieve a uniform and consistent approach. This
have included biomarkers related to a spcific physi-
ologic parameter, such as markers of renal blood flow,
glomerular filtration rate, or tubular function; and
the chemical nature of the biomarker, such as growth
factors, enzymes, adhesion molecules, inflammatory
cytokines,etc. One additional classification attempts
to define sequential changes in the appearance of one
or more biomarkers as renal injury, either acute or
chronic, progresses from the initial insult to clinical
disease and includes four overlapping stages during
that process [4]. These stages consider the nature and
magnitude of the initial insult, its relationship to a
biologically injurious stimulus, the presence of early
biologic effects and eventually on alterations in the
structure and/ or function of the kidney. At each point
along this line, individual susceptibility - which is also
subject to various external factors - determines whether
or not the process progresses to the development of
clinical renal impairment (Figure 1).

In this schema, biomarkers are considered to fall in
the three general designations. These include biomark-
ers of exposures, biomarkers of effect, and biomarkers
of susceptibility. Each of these types of biomarkers has
specific and relevant applications to the understanding
of renal injury and disease. Specific and sensitive bi-
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Figure 1. Simplified flow chart of classes of biologic markers (indicated by boxes). Solid lines indicate progression, if it occurs to
the next class of marker. Dashed lines indicate that individual susceptibility influences the rates of progression, as do other vari-
ables. Biologic markers represent a continuum of changes, and the classification of change might not always be distinct.
(adapted from Committee on Biological Markers of the National Research Council, USA, 1987)

omarkers constitute the missing link in the continuum
of exposure to toxins and susceptibility, disease devel-
opment and possible therapeutic intervention [5].

Biomarkers of exposure

Biomarkers of exposure are of greatest utility when
monitoring exposure to xenobiotics, that is, various
chemicals, drugs, and pollutants not naturally present
in the body. A biomarker of exposure is more formally
defined as “an exogenous substance or its metabolite(s)
or the product of the interaction between a xenobiotic
agent or other injurious stimulus and the target mol-
ecule or cell that is measured within a compartment of
an organism” [4]. With regard to xenobiotics, a marker
of external exposure is simply the amount of the xeno-
biotic to which a person is subjected, whereas a marker
of internal exposure is the amount of a substance ab-
sorbed into the body. Markers of internal exposure are
amore accurate means of estimating exposure than are
markers of external exposure and require the analysis
of biological samples.

Biomarkers of exposure are particularly important
in toxicology because they are an indicator of internal
dose, or the amount of chemical exposure that has
resulted in absorption into the body. Biomarkers of
exposure to xenobiotics causing nephrotoxicity may
take one of several forms. The measurement of blood
or tissue levels of drugs known to have adverse effects
on the kidney, such as cyclosporine, aminoglycoside
antibiotics, or lithium, is a standard practice. The
awareness of the fotal amount of drug administered is
frequently important when considering amphotericin,
analgesics, and cisplatin nephrotoxicity. More difficulty
is encountered with the determination of the body bur-
den of a toxicant, although under certain circumstances

such a value is necessary to determine the health effects
of exposure to heavy metals such as cadmium and lead,
and some analgesics.

Ideally, biomarkers of exposure should have a
direct and quantitative relationship to the xenobiotics’
biologically effective dose. This term refers to the internal
dose of xenobiotic that produces a predictable biologic
effect. To gain an understanding of the biologically ef-
fective dose, several facts are required (Table 1). These
include the knowledge of the amount of xenobiotic
which is present in the external environment, its route
of entry and the extent of absorption, distribution
and accumulation within the body, the target cell or
receptor site of the xenobiotic, the route and extent of
its metabolism, the modification of the effective dose
by associated metabolic, physiologic and pathologic
conditions, and finally the pathways of elimination.

Biomarkers of effect

A biomarker of effect is defined as “a measurable
alteration of an endogenous component within an
organism that, depending on magnitude, can be recog-
nized as a potential or established health impairment
or disease” [4]. Markers of effect represent points on

Table 1. Determinants of the biologically effective dose of
a xenobiotic.

Amount in external environment

Route of entry

Extent of absorption, distribution and accumulation
Target cell or receptor site

Modification by associated conditions

Route and extent of metabolism

Pathways of elimination

93



FINN & PORTER

a continuum of health impairment and may be meas-
ured qualitatively or quantitatively. Early responses
to exposure may include changes in the function of
target tissues or responses in organs or tissues such
as chromosomal damage, mutations of critical target
genes, or altered hormone status. Biomarkers of ef-
fect are classified according to their impact on health
status. The utility of a biomarker of effect may range
from enabling prediction of future health impairment
to confirming the presence of clinical disease. The
biomarker may either be an indirect manifestation of
a disease process or may be a direct result of impaired
organ function.

An example of an indirect marker of xenobiotic-in-
duced renal disease is the elevated level of red cell con-
tent of either delta amino-levulinic acid dehydrase or
free erythrocyte protoporphyrin in patients with lead
nephrotoxicity whereas direct urinary markers of lead
nephrotoxicity are capable of defining the presence of
both glomerular and tubular involvement [6]. Direct ex-
amples of biomarkers of effect are dependent upon the
nature of the disease process itself. To mention a few,
the presence of small amounts of albumin in the urine
of patients with diabetes mellitus is an early warn-
ing sign of diabetic nephropathy with an increased
cardiovascular risk and impaired renal prognosis [7].
Microalbuminuria may also be found in individuals
chronically exposed to cigarette smoke accompanied
by elevated serum cadmium and lead levels [8]. The
appearance in the urine of abnormal amounts of low
molecular weight proteins such as -2 microglobulin
(B,-m) and/ or retinol binding protein have been use-
ful in the detection and stratification of workers with
industrial exposure to various heavy metals [9,10].
Abnormal patterns of urinary electrolyte excretion and
impaired acidification have long been recognized in
patients with amphotericin-induced renal injury [11].
Structural lesions within the kidneys may be found
in certain electrolyte depletion syndromes such as in
the case of the prolonged use of potassium-depleting
diuretics [12]. Patients with either acute or chronic
renal failure may present with many and varied mani-
festations of uremia. In these patients, the application
of biomarkers of effect to detect clinical disease in its
earliest stages is of great importance. Table 2 contains
a list of various groups of xenobiotics associated with
acute or chronic renal disease.

Among the occupational and environmental xe-
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Table 2. Xenobiotics associated with renal disease.

Occupational and environmental xenobiotics

Organic solvents
Heavy metals
Pesticides

Recreational drugs

Heroin
Cocaine

Diagnostic and therapeutic agents

Antibacterial agents

Antiviral agents

Antifungal agents

Antineoplastic agents
Immunosuppressive agents
Non-steroidal anti-inflammatory drugs
Osmotic agents

Radiographic contrast material

Natural toxic compounds
Aflotoxins

Hemolytic agents and myotoxins

nobiotics associated with AKI are specific substances
such as toluene (organic solvents), lead (heavy met-
als) and chlordane (pesticides). Of the diagnostic and
therapeutic agents, the aminoglycosides (antibacteri-
als), acyclovir (antivirals), amphotericin (antifungals),
cisplatin (chemotherapeutic agents), cyclosporine
(immunosuppressives), and contrast agents stand out.
Nonselective non-steroidal anti-inflammatory drugs
(NSAIDs) inhibit both cyclooxygenase (COX)-1 and
COX-2 are some of the most commonly used medica-
tions worldwide. Along with the selective COX-2, these
drugs continue to be associated with AKI [13,14]. No-
tably, high cumulative NSAID exposure is associated
with an increased risk for rapid CKD progression in
the elderly [15]. The parenteral administration of high
doses of certain polyols (mannitol, sorbitol), sugars
(glucose, fructose, sucrose, lactose), polysaccharides
(inulin), and other products (e.g. radiocontrast agents)
may be associated with renal injury marked by vacuola-
tion and subsequent swelling of renal tubular epithelial
cells - the so-called “resorptive vacuolation”[16]. An
increasing concern is the renal dysfunction associ-
ated with the use of heroin and cocaine (recreational
drugs) [17].

Some agents such as arsine may trigger a severe
hemolytic reaction, causing hemoglobinuria and
subsequent acute renal failure. Others may lead to the
destruction of striated muscle, and myoglobinuria



06. Urinary biomarkers and nephrotoxicity

leading to AKI. In both cases, the consequent “pigment
nephropathy” is not an uncommon cause of acute kid-
ney injury. In sum, the most prevalent mechanisms of
drug-induced acute kidney injury are vasoconstriction,
altered intraglomerular hemodynamics, tubular cell
toxicity due to medullary hypoxia, interstitial nephritis,
crystal deposition, thrombotic microangiopathy, and
osmotic nephrosis [18].

Biomarkers of susceptibility

A biomarker of susceptibility can be defined as
“an indicator of an inherent or acquired limitation of
an organism to respond to the challenge of exposure
to a specific xenobiotic substance” [4]. These markers
indicate differences in individuals or populations that
affect the body’s response to xenobiotic exposure. They
may include variations in the balance between enzymes
that detoxify or enhance the toxicity of chemicals,
genetic differences in the capacity of cells to recover
from injury, inherited genetic defects that increase the
risk of cancer.

Perhaps the most important susceptibility marker
and one quite specific to the kidney is the presence or
absence of underlying CKD. It has become apparent
that individuals with CKD are at increased risk for
the development of more severe injury in response
to either nephrotoxic or ischemic events and that the
susceptibility is inversely related to the severity of the
underlying renal impairment.

While it is understood that the kidneys play a major
role in the excretion of drugs and has the capacity to
metabolize endogenous and exogenous compounds,
CKD decreases the ability of the kidney to metabolize

Table 3. Some factors influencing nephrotoxicity.

Urine flow rate

Urine pH

Renal blood flow

Sodium balance

Pre-existing disease

Other drug therapy

Tolerance

Pharmacokinetic factors
Microsomal enzyme activity
Dosage and route of administration

Duration of exposure

drugs. Less understood is the fact that patients with
CKD have a decrease in the nonrenal clearance of multi-
ple drugs resulting in prolonged retention of either the
unmodified toxin or its metabolic toxic residue. CKD
affects the metabolism of drugs by inhibiting key enzy-
matic systems in the liver, intestine and kidney [19].

It should be appreciated that a major research goal
is to link markers of exposure with markers of effect.
Unfortunately, for the vast majority of patients with
suspected toxic renal injury the precise knowledge of
the offending agent is speculative and not measurable
by current techniques. As a result, more is known about
the risk factors associated with an adverse health ef-
fect than is known about the parameters of exposure
(Table 3).

Translating this concept of progressive appearance
of biomarkers from exposure to disease into actual
practice remains a challenge. The dual aspects of renal
function, i.e., filtration/elimination and reabsorp-
tion/secretion, assure that no single test or measure
can define global renal function. Furthermore, the
substantial metabolic and endocrine functions of the
kidney are not considered in the classical techniques
used to analyze renal function. This has led to the use
of a separate category of tests designed to serve as
markers of renal dysfunction or injury (Table 4). Also,
considerable attention has been directed to the immu-
nological responses that follow xenobiotic exposure.
Finally, as the mechanisms responsible for cell injury,

Table 4. New parameters and techniques applicable to
monitor nephrotoxicity.

Parameters Techniques

Clearance of lithium, H,0  High pressure liquid
and N-methylnicotinamide chromatography
metabolites

Fluorimetric and luminometric
immunoassays

Enzymes and antigens

Microproteins 2-Dimensional electrophoresis
Immunoblotting techniques

Nephelometry, turbidimetry

DNA, mRNA Southern blotting
Pulse field electrophoresis
Northern blotting

Restricted fragment length analysis

In vivo imaging Nuclear magnetic resonance

spectroscopy
In vitro imaging Electron probe analysis

Surface markers Cell sorting
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death and regeneration become more apparent, a new
and promising set of biomarkers is emerging.

Urinalysis
Test strip screening

The examination of the urine using qualitative
test strip provides an estimate of glucose, pH, hemo-
globin, protein, specific gravity and a number of other
substances including ketones, bilirubin, urobilinogen,
leukocytes and nitrate. The degree of sophistication
has progressively increased to the extent that reading
of test strips with reflectometers is possible. There is
a good probability that urines negative by dipstick
for protein, blood, leukocytes, nitrates, glucose and
ketones will be negative on microscopic examination,
with only 5.3% having any abnormality. However,
urines positive for one or more of these findings may
not correlate well with the microscopic findings due
to a number of false positive and false negative by
dipsticks for red cells and leukocytes. Sensitivities for
dipsticks have been reported to be 75.3% and 81.0%
and specificities were 88.6% and 64.3% for red cells
and leukocytes, respectively [20]. It is recommended
that microscopic analysis be limited to urines in which
the dipstick is abnormal. Other limitations have been
identified. For example, patients with microalbuminu-
ria or tubular proteinuria are not detected by current
test strip methods. Immunological techniques, which
enable the determination of specific protein molecules,
may make such detection possible [21].

Urine microscopy

The microscopic examination of the urine sediment
provides enhanced diagnostic efficiency. Hematuria:
The normal number of erythrocytes in resuspended
urine sediment is no more than 1 to 2 per high-pow-
ered field. When an abnormal number of erythrocytes
are present it is necessary to distinguish between
their origin being renal or non-renal. The simultane-
ous presence in the urine of casts and protein favor a
renal origin. With phase-contrast microscopy, a high
percentage of dysmorphic erythrocytes support a renal
source of hematuria [22]. The urine should be examined
immediately after voiding. Since erythrocytes may
be lysed in low specific gravity urine, a concentrated

96

sample should be used for analysis. Pyuria: The nor-
mal number of white blood cells in the concentrated,
resuspended urine sample does not exceed 1 to 2 per
high- powered field. In patients with pyelonephritis or
nephrotoxic interstitial nephritis, neutrophils may be
found whereas with allergic interstitial nephritis, eosi-
nophils may appear. Macrophages and lymphocytes
can be found in the urine of some patients with glomer-
ulonephritis and be useful in monitoring the activity
of the disease [23]

Tubular epithelial cells

The appearance in the urine of epithelial cells is
most likely a result of tubular injury. These cells may
be present alone or in casts and be indicative of either
acute or chronic tubulointerstitial nephritis. Since casts
may dissolve in alkaline urine, an acid urine sample is
preferred for analysis.

Eosinophiluria

The finding of eosinophils in the urine with the
use of Hansel's stain has been suggested to be use-
ful in establishing the diagnosis of acute interstitial
nephritis [24]. However, the positive predictive value
in screening samples may be too low, and the number
of false positives and negatives in selected groups
may be too high for eosinophiluria to stand alone in
making the diagnosis of acute interstitial nephritis [25]
c. Urinary macrophages: The presence of macrophages in
the urine of patients with glomerulonephritis reflects
the pathological events in the kidney. Urinary macro-
phage counts increase in patients with proliferative
GN, especially in the presence of active glomerular
injury [26].

Visceral epithelial cells

The loss of glomerular visceral epithelial cells (po-
docytes) has been associated with the development
of glomerular sclerosis and loss of renal function. The
majority of urinary podocytes are viable, although
apoptosis occurs in about one-half of the cells. Pa-
tients with active glomerular disease excrete more
podocytes/mg creatinine than do healthy controls and
patients with quiescent disease. It appears that the dif-
ference in growth behavior between healthy controls
and subjects with active glomerular disease suggests
that in active disease viable podocytes detach from
the glomerular tuft due to local environmental factors



06. Urinary biomarkers and nephrotoxicity

rather than defects in the podocytes per se, whereas
in healthy individuals, mostly senescent podocytes
are shed [27].

While examination of the urinary sediment has
traditionally been used to discriminate the severity
of acute kidney injury and to differentiate pre-renal
azotemia from established AKI or ATN, the value of
this approach is imperfect. Examination of the urinary
sediment may have value in critically ill patients, in
particular when there is suspicion of systemic vasculitis
the detection of dysmorphic red blood cells or red blood
cell casts may have important diagnostic, prognostic
and therapeutic value [28].

In addition, new technological evolutions have
enabled creative diagnostic approaches in urinalysis.
Urinary flow cytometry and automated microscopic
pattern recognition are two new techniques that are
characterised by a much lower imprecision and a
higher throughput as compared to conventional micro-
scopy of the urine sediment. Automated urinary test
strip analysis offers analytical, clinical, and labour cost-
saving advantages [29,30]. Despite these advances, for
borderline results, there is no substitute for a urinalysis
performed by an experienced nephrologist [31].

Blood urea nitrogen concentration
and urea clearance

Urea is quantitatively the most important solute
excreted by the kidney and was the first organic
solute detected in the blood of patients with kidney
failure [32]. Yet it is a poor marker of uremic illness.
Furthermore, the blood urea nitrogen (BUN) is not a

Table 5. Reference ranges for the Scr taking into considera-
tion differences in age and gender.

Age/Sex Scr mg/dL Scr pmol/L
0-7d 0.6-1.1 53.0-97.2
8d-1mo 0.3-0.7 26.5-61.9
Tmo-2yr 0.3-0.6 26.5-53.0
3-4yr 03-0.7 26.5-61.9
5-9yr 04-0.9 35.4-79.6
10-17 yr Male 0.5-1.1 44.2-97.2
10-17 yr Female 04-1.0 354-884
18 yr+ Male 08-14 70.7-123.8
18 yr+ Female 0.7-1.1 61.9-97.2

satisfactory measurement of the glomerular filtration
rate. The use of urea to estimate GFR, however, is
problematic due to the numerous extra-renal factors
that influence its endogenous production and renal
clearance, independent of GFR. First, the rate of urea
production is not constant. Urea can be grossly modi-
fied by a high protein intake, critical illness (i.e. sepsis,
burns, trauma), gastrointestinal hemorrhage, or drug
therapy such as use of corticosteroids or tetracycline.
Conversely, patients with chronic liver disease and
low protein intake can have lower urea levels without
noticeable changes in GFR. Second, the rate of renal
clearance of urea is not constant. An estimated 40-50%
of filtered urea is passively reabsorbed by proximal
renal tubular cells. Moreover, in states of decreased
effective circulating volume (i.e. volume depletion,
low cardiac output), there is enhanced reabsorption of
sodium and water in the proximal renal tubular cells
along with a corresponding increase in urea reabsorp-
tion. Consequently, the serum urea concentration may
increase out of proportion with changes in SCr and
be underrepresentative of GFR. In addition, the urea
urea) 18 PTOpoOTtional to the urine flow rate.
For example, at low and high rates of urine flow, the
minimal and maximal values of the C_, may vary
from 30% to 60% of the glomerular filtration rate. This
occurs because various tubular segments are permeable
to urea and allow passive reabsorption to occur under
conditions of antidiuresis. The fractional excretion
of urea (FE
urea)/ (urine creatinine/plasma creatinine) x 100]. A
low FE___ may be used as an index of decreased renal

urea

perfusion [33,34].

clearance (C

) is calculated as [(urine urea/plasma

Serum creatinine concentration

Serum creatinine is an amino acid compound de-
rived from the metabolism of creatine in skeletal muscle
and from dietary meat intake [35]. The serum creatinine
concentration (Scr) is a commonly used marker for the
estimation of adequate renal function due to the fact
thatitis released into the plasma at a relatively constant
rate, is freely filtered by the glomerulus, and is not
metabolized nor reabsorbed by the kidney. Various
‘reference ranges’ for the Scr take into consideration
differences in age and gender (Table 5), but fail to
consider other variables such as race, body weight and
muscle mass. As a result, a Scr within the ‘reference
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range’ cannot be considered to be a priori evidence of
‘normal’ renal function. For example, an estimated
10-40% of creatinine clearance occurs by tubular
secretion of Scr into the urine [36]. For subjects with
chronic kidney disease (CKD) there is a considerable
lack of precision in accepting the Scr. SCr values may
not show significant increases until approximately
50% of kidney function is lost. For individuals with
glomerular filtration rate greater than 30 ml/min, the
95% confidence interval for Scr is + 22%, whereas it is
* 13% in patients with glomerular filtration rate less
than 30 ml/min [37].

The actual Scr may be increased or decreased inde-
pendent of changes in the glomerular filtration rate by
inhibiting or stimulating renal tubular secretion. For
example, trimethoprim and/ or trimethoprim/sulfam-
ethoxazole have been demonstrated to cause a 15 to
35% increase in Scr due to an inhibition of tubular secre-
tion [38]. The free radical scavenger, N-acetylcysteine,
appears to facilitate tubular secretion in volunteers
with normal renal function as judged by a fall in the
Scr without a change in cystatin Clevels [39], although
the situation may be different in patients with stage
3 CKD [40]. In addition to trimethoprim, cimetidine
and salicylates also produce elevations in the SCr by
altering the normal elimination pathways of creatinine.
Phenacemide has been reported to increase creatinine
elimination [41].

Differences in analytical techniques may also ac-
count for variation in the reported Scr [42,43]. For
example, overestimation of the Scr may occur because
of interference from substances other than creatinine
(“noncreatinine chromogens”), such as proteins and
ketoacids, and high levels of bilirubin or glucose to
cause false elevations of the Scr. Several drugs have
been reported to interfere with SCr results obtained
with both the Jaffé-based and enzymatic analytical as-
say systems by producing assay interference. When Scr
samples are calibrated in a single reference laboratory,
noncalibrated Scr values were greater than standard-
ardized creatinine values [44]. The National Kidney
Foundation’s current practice guidelines recommend
standardization of serum creatinine assay calibration
to increase assay accuracy. This will result in a lower
range of values being considered normal and will result
in higher calculated glomerular filtration rates and
creatinine clearance [45]. Recently, it has been reported
that serum levels tryptophan glycoconjugate might
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replace inulin clearance in the clinical setting [45a].
However, because of the technical difficulty in meas-
uring tryptophan glycoconjugate [45b] it is unlikely to
gain wide-spread acceptance.

Lastly, it should be mentioned that the SCr does
not depict real-time changes in GFR that occur with
acute reductions in kidney function. Rather, SCr
requires time to accumulate prior to being detected
as abnormal, thus leading to a potential delay in the
diagnosis of AKI.

Creatinine clearance

The endogenous creatinine clearance (Ccr) gives
an acceptable estimate of the glomerular filtration rate
and is the most widely used method in clinical practice
for routine purposes. However, in normal individuals,
the majority of measurements tend to yield values of
Cecr that exceed the actual glomerular filtration rate by
a substantial amount, owing to the fact that there is a
small but significant amount of creatinine which ap-
pears in the urine as a result of tubular secretion. This
problem is accentuated when the glomerular filtration
rate declines. Ccr measurements may be twofold higher
than the actual glomerular filtration rate because of
continued tubular secretion of creatinine at a time when
the rate of filtration is severely curtailed. Indeed, the
amount of secreted creatinine varies inversely with
the glomerular filtration rate [46,47]. An alternative
method is the determination of creatinine clearance
(CCr) after oral administration of cimetidine. This
drug blocks tubular secretion of creatinine and CCr
measured under these conditions is reported to be
nearly identical to GFR in mild or severe renal failure.
It has been suggestd that the measurement of CCr
(without cimetidine) is an anachronism and should
be abandoned [48].

Glomerular filtration rate

Estimated glomerular filtration rate

An alternative to the measurement of the Ccr is the
use of either nomograms or formulae to estimate the
glomerular filtration rate. The two most widely used
equations are the Cockcroft-Gault and the Modifica-
tion of Diet in Renal Disease (MDRD) study equations
[46,47].
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Cockroft and Gault, 1976 [49]:
Males:
Ccr (ml/min) =
(140 - age in years) x (weight in kg) x 1.73

72 x serum creatinine (mg/100 ml) X body surface area (kg/m?)
Females = males x 0.85

Modification of Diet in Renal Disease (MDRD):
Original MDRD Study equation [50]:
Estimated GFR (mL/min/1.73 m?) =

186 x (Scr) " x (Age) 2%

% (0.742 if female) x (1.210 if black)
Reexpressed MDRD Study equation for standardized
serum creatinine [51]:
Estimated GFR (mL/min/1.73m?) =

175 x (standardized SCr)"'** x (Age) %%

% (0.742 if female) x (1.210 if black)

As mentioned above, there is some degree of vari-
ability in measuring the Scr that can be corrected by
standardizing the procedure [42]. When the stand-
ardized Scr is used in estimation the GFR, a slight
modification in the formula occurs [51]. The National
Science Foundation recommends that kidney function
should be assessed and monitored using an eGFR,
rather than serum creatinine concentration alone as
do a number of international organizations including
the National Kidney Foundation [52], using the eGFR
to determine the stages of CKD according to the NKF
KDOQI guidelines presented in Table 6.

In general, there is a wide degree of scatter when
values of glomerular filtration rate are predicted by
these equations, although the equation derived from
the MDRD study provides more accurate estimates of
GEFR than the other formulae or measured clearances
and is comparable to values obtained using iothalamate
clearance. The MDRD calculation looses accuracy at
eGFR > 60ml/min/1.73m3. The variation in calculated
Ccr is particularly true in the elderly or others with
large decreases in muscle mass, in patients with liver
disease, and individuals ingesting a high-protein diet
or those receiving parenteral nutrition containing
amino acid solutions. Absolute variation is also more
evident at higher estimated GFR.

Measured glomerular filtration rate
Any substance used to measure glomerular filtra-
tion rate should be metabolically intact, freely filtered

Table 6. Stages of CKD based on eGRF as proposed by
KDOQI guidelines of NKF.

Stage of kidney disease = GFR

Stage 1 >90 mL/min/1.73 M?
and structural abnormalities
Stage 2 60-89 mL/min/1.73 M?
Stage 3 30-59 mL/min/1.73 M2
Stage 4 15-29 mL/min/1.73 M?
Stage 5 <15 mL/min/1.73 M?or dialysis

through the glomerular capillary wall, and be neither
secreted nor reabsorbed by the tubules. Accurate
plasma and urine quantitation also should be easily
achievable. In addition to inulin, several compounds
are useful for the measurement of glomerular filtration
rate. These include the urologic contrast media, eg.
diatrizoate, iohexol, other useful compounds include:
Ycocyanocobalamine, 3!Cr-ethylenediaminetetraacetic
acid (EDTA) or sodium 'l iodothalamate and *™Tc-di-
ethylenetriaminepentaacetic acid (DTPA). All provide
reliable measurement of glomerular filtration rate [53].
Inulin is a polymer of fructose and is an ideal glomeru-
lar filtration rate marker because it is freely filtered
and neither reabsorbed or secreted by the tubules. It
has been widely used as a research tool but because of
a number of technical difficulties, it is rarely used in
clinical settings. Isotopic methods offer a high level of
reliability but the impracticality of using these methods
in a clinical setting makes them unsuitable for routine
use. On the other hand, Iohexol is a convenient, reli-
able technique for measuring GFR and has the same
precision as ?I-iodothalamate [54].

As an alternative to the standard clearance tech-
niques which involve the collection of urine over a
known period of time plus maintaining a constant
plasma level of an appropriate marker, the glomerular
filtration rate can be calculated from the rate of disap-
pearance from the plasma of any tracer, where:

Injected dose
Clearance =

Area under plasma concentration curve

Additional techniques to obtain more reliable es-
timates of glomerular filtration rate without resorting
to steady-state infusions involve the plotting of the
declining plasma level of radio isotopic agents [55] or
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non-radioactive iodinated contrast agents [56] if they
are cleared by glomerular filtration. The glomerular
filtration rate as measured with iohexol shows excellent
agreement with the values obtained using inulin and
chelates throughout a wide range of kidney function.
[53, 57,58]. As noted previously, in healthy adults, the
endogenous creatinine clearance tends to exceed the
“true” GFR as determined by inulin or iohexol clear-
ances [59].

The “renal reserve” is determined by measuring the
percentage increase in baseline dglomerular filtration
rate following ingestion of a high protein meal. The
failure of the glomerular filtration rate to increase in
response to such a challenge suggests that underlying
chronic disease and nephron atrophy has been masked
by hypertrophy of other nephrons so that overall renal
function seems to be well maintained. Renal function is
preserved with aging in healthy subjects at the expense
of elimination of the ‘renal reserve” [60]. In this regard,
the GFR, whether estimated or measured, is a reliable
marker of susceptibity to both ischemic and nephrotixic
injury - particularly when the value falls below 60
mL/min. Indeed, the susceptibility of the kidney to
superimposed acute injury markedly increases as renal
function declines.

Renal blood flow

If a marker is extracted from the blood exclusively
by the kidney resulting in a renal venous concentra-
tion of 0% (i.e. the arterio-venous extraction fraction
is 100%), then the calculated value of the clearance
of the marker (Cx) is equal to renal plasma flow. In
practice, a compound, such as para-amino hippurate
(PAH) with an extraction fraction of about 87%, is
used. To acknowledge the fact that there is discrepancy
between the PAH clearance and renal plasma flow,
the term effective renal plasma flow is used when the
extraction factor is not measured. In sum, renal plasma
flow = effective renal plasma flow + extraction factor
and renal blood flow = effective renal plasma flow +
the hematocrit.

A decrease in the PAH clearance might be due
to either an actual decline in renal plasma flow or a
decrease in the extraction factor of PAH. The latter
occurs when the tubular secretion of PAH in proximal
tubules is impaired due to tubular disease or the pres-
ence of substances, which compete with transcellular
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PAH transport. Thus, the PAH clearance cannot be
considered a reliable measure of renal plasma flow,
unless the extraction factor of PAH is measured simul-
taneously. This requires that a sample of renal venous
blood be obtained.

Tubular function

The identification of a reliable and convenient
method for the estimation of the reabsorptive and
secretory capacity of the kidney has proven to be a
considerable challenge to Nephrology. This is not
unexpected when one considers the complex and in-
tegrated functions contributed by the various tubular
segments to insure proper composition of bladder
urine. General estimates of integrated tubular function
include the capacity of the kidneys to concentrate or
dilute the urine in response to water deprivation or
administration; the ability to excrete an administered
acid load; and the precision with which sodium balance
is maintained. But lacking is a technique for assessing
tubular function, which rivals the measurement of
glomerular filtration rate.

Specific gravity and osmolality

The urinary specific gravity and osmolality are in-
dicators of the ability of the kidney to concentrate and
dilute the urine. The urinary specific gravity depends
upon the size and weight of urinary solutes. The normal
range is 1.003 to 1.025 whereas the possible range is
1.001 to 1.040. Osmolarity indicates the total number of
solute particles per kilogram of urine water. The nor-
mal range is from 150 to 900 mosm/kg with a possible
range from 50 to 1200 mosm/kg. The discovery of four
major water channels in the kidney, namely aquaporins
(AQP)1,2,3and 4, has allowed a substantial increase in
our understanding of renal water regulation. The renal
aquaporin water channels are involved in the urinary
dilution and concentrating defects in cardiac failure,
cirrhosis, syndrome of inappropriate hormone secre-
tion, pregnancy, hypothyroidism, isolated glucocorti-
coid deficiency, isolated mineralocorticoid deficiency,
primary polydipsia, acquired and genetic nephrogenic
diabetes insipidus [61,62].

pH
A hydrogen ion concentration gradient of 1 to 1000
may be established across tubular cell membranes of
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the kidney. Since the pH is the negative logarithm of
the hydrogen ion concentration, this translated into a
decrease from the normal plasma pH value of 7.4 to the
minimal urine pH of 4.4. The pH of urine is depend-
ent on the time of day, the prandial state, diet, health
status, and medications. Urinary pH exhibits a diurnal
variation with decreased pH values at night and in
the early morning (most acidic towards midnight)
followed by increasing pH values upon awakening.
Urine tends to become alkaline immediately after a
meal because of a phenomenon known as the alkaline
tide and gradually becomes acidic between meals. A
high protein diet is associated with acidic urine, and a
vegetarian diet typically produces more alkaline urine
because of bicarbonate formation from fruits, especially
citrus, and vegetables. Bacterial contamination of urine
with microorganisms that split urea may yield urinary
pH values > 8.0 because of bacterial decomposition of
urea to ammonia. The pH values of specimens stored at
-20 degrees C are relatively stable, whereas pH results
> 9 develop when urine samples are stored at room
temperature or higher. Degradation of nitrogenous
urine analytes is most likely responsible for the noted
increases in pH. [63].

Lithium clearance

The study of renal segmental tubular sodium han-
dling by measurement of exogenous or endogenous
lithium clearance has been a source of valuable infor-
mation about in-vivo alterations of tubular sodium
and water transport in humans The lithium clearance
is a used to estimate the amount of sodium and water
delivery from the pars recta of the proximal tubule
into the descending limb of the loop of Henle [64].
This information may be helpful in the assessment of
the state of hydration. The method is based on several
assumptions the most important of which are that
lithium reabsorption parallels sodium and water along
the entire proximal tubule; that lithium is neither reab-
sorbed ‘in measurable amounts beyond the pars recta
of the proximal tubule; nor is it secreted by the tubular
cells [65]. This technique is based on the principle that,
while sodium and water are reabsorbed at several
sites along the nephron, the lithium ion is taken up
almost exclusively at proximal tubular sites, so that the
amount of lithium escaping reabsorption at this level is
quantitatively excreted in the urine. As lithium in the
proximal tubule is transported by the same systems

driving sodium and water, the parallel measurement of
lithium, sodium and creatinine clearance may provide
reasonably accurate and complete information as to
the occurrence of abnormalities in sodium and water
handling at different sites along the nephron.

LiCl has been used to evaluate salt and water han-
dling in cirrhotic patients and found increased sodium
reabsorption in the distal tubule accounts for the salt
retention that characterizes this clinical condition [66].
Increased proximal sodium re-absorption is associated
with the metabolic syndrome (MS) in white men and
women. This relationship is not seen in people of Afri-
can or South Asian origin, despite a greater degree of
insulin resistance [67]. It appears that an alteration of
renal tubular sodium handling is an important feature
of MS, involving an increased rate of proximal sodium
and water reabsorption with a modification of the
normal pressure-natriuresis relationship [68]. Patients
with ascites showed a positive correlation between
lithium fractional excretion and glomerular filtration
rate (r = 0.64, P < 0.05). Reduction in renal perfusion,
increased filtration fraction, and Tubular-Glomerular
Feedback derangement, as found in decompensated
patients, are indicative of prevalent postglomerular
arteriolar vasoconstriction, with ensuing stimulation
of proximal tubular sodium reabsorption [69].

Proteinuria

The glomerular wall contains three layers: en-
dothelial cells, basement membrane, and epithelial
cells. Under normal circumstances, the glomerular
filtration barrier restricts the transfer of high molecular
weight proteins from plasma to the nephron lumen
while allowing the filtration of small molecules. Much
of the selectivity of filtration occurs in the basement
membrane, where the barrier excludes proteins on the
basis of both their size and their charge. Uncharged
molecules pass through the basement membrane more
readily than negatively charged proteins of a similar
size. In certain pathologic states, the permselectivity of
the filtration barrier changes allowing high molecular
weight proteins to appear in the urine. These proteins
undergo pinocytotic reabsorption in the proximal tu-
bule creating cytoplasmic vesicles that then fuse with
primary lysosomes to form secondary lysosomes. In
this final form the proteins are hydrolyzed to amino
acids, which are delivered into the blood stream. In
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contrast, under normal conditions a finite amount
of low molecular weight proteins are filtered which
then undergo reabsorption by proximal tubular cells.
Exopeptidases situated on the brush border membrane
are responsible for splitting peptides up to a molecular
weight of 10,000 daltons. Following metabolic conver-
sion, reabsorption of the amino acids or dipeptides
occurs by specific sodium-dependent carriers [70].
When the reabsorptive capacity of the proximal tubular
epithelium is disrupted, various low molecular weight
proteins escape reabsorption and can be measured
in the urine. Thus, the distinction between so-called
“glomerular” proteinuria and “tubular” proteinuria
is based on both the quantity and quality of the pro-
teins measured in the urine [71] (Figure 2). A recent
refinement of this differentiation in protein selectivity
has been the “so-called” urine protein expert system
[72,73]. This expert system, which includes total pro-
tein, albumin, ,-microglobulin, IgG, a,-microglobulin,
NAG and creatinine, has proven to be more discrimi-
natory in providing correct clinical diagnoses which
are histologically confirmed, as compared to human
expert diagnosis. Another approach to differentiating
glomerular from tubular disease involves analyzing
urinary proteins with the SDS-PAGE system that
separates various urinary protein species. In a recent
report, Lau and Woo [74] found an excellent correla-
tion between SDS-PAGE prediction and findings on
renal biopsy. In general, proteins in the urine may be
classified into six main categories according to their
origin (Table 7).

Measuring urinary protein excretion has been
simplified by the introduction of the urine protein
to creatinine ratio [U,:U_] [75,76]. Although random
spot Up,:U_ ratio predicts actual 24 h protein excretion
with reasonable accuracy in patients with lower levels
of protein excretion but is unreliable in patients with
high protein excretion and should not be used in the

Table 7. Classification of proteinuria according to site of
origin.

Plasma proteins

Kidney-derived proteins

Proteins from the urogenital tract

Proteins released from tissue outside the urogenital tract
Pregnancy associated proteins

Tumor-derived proteins
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Figure 2. Three kinds of proteinuria.

clinical setting unless 24 h urine collection is unavail-
able [77]. None-the-less, the use of spot urine U,:U_,
ratio is useful as a tool in screening and monitoring
proteinuria [78, 78a,78b].

In addition to serving as markers of renal dysfunc-
tion, it is now evident that the filtration of abnormal
amounts and/or types of proteins influences the
progression of renal disease by promoting secondary
injury to tubular epithelial cells and interstitial struc-
tures. Proteinuria itself has been proposed to contribute
to progressive renal injury inflammation [79,80]. For
example, the upregulation of various cytokines in
tubular epithelial cells may contribute to the develop-
ment of interstitial fibrosis and cell cycle activation
leading to tubular cell proliferation and/or apoptosis
[81-83]. Albumin can increase Angll production and
in turn upregulate TGF-p receptor expression [84].
Other filtered components of the urine in proteinuric
states, such as oxidized proteins, appear to be more
potent in inducing direct injury of tubular epithe-
lial cells and activating proinflammatory and fibrotic
chemokines and cytokines. Complement and various
lipoproteins are also present in the urine in proteinuric
disease states and can activate reactive oxygen species
[85,86]. Proteinuria may thus alter tubule cell function
directly, potentially contributing to a more profibrotic
phenotype, and also augment interstitial inflamma-
tion, in particular by macrophages. Proteinuria may
activate many profibrotic pathways through its ability
to increase NF-kB, and also by other pathways. These
include, for instance, complement synthesis occurring
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in renal tubules [87].

Proteomics is the study of protein expression in a
tissue or biological fluid. Comparison of protein pat-
terns in biological fluids between healthy individuals
and patients with disease is increasingly being used
both to discover biological markers of disease and to
identify biochemical processes important in disease
pathogenesis. Currently available tests for urine pro-
teins measure either the total level of urine protein
or the presence of a single protein species. Emerging
proteomic technologies allow simultaneous examina-
tion of the patterns of multiple urinary proteins and
their correlation with individual diagnoses, response
to treatment or prognosis [88,88a]. The application of
proteomic methods and informatic analysis have been
used to identify patterns of urine proteins that are
characteristic of the nephritic syndrome resulting from
FSGS, lupus nephritis, membranous nephropathy, or
diabetic nephropathy. These data showed that diseases
that cause nephrotic syndrome change glomerular
protein permeability in characteristic patterns. The
fingerprint of urine protein charge forms identifies the
glomerular disease [89].

High-molecular weight proteinuria

The appearance in the urine of serum proteins
with a molecular weight (MW) in excess of 40,000 to
50,000 daltons is an early marker of glomerular dam-

age. The commonly measured high molecular weight

Table 8. Characteristics of urinary proteins.

proteinuria includes: albumin (Mr 69,000), transferrin
(Mr 77,000) and IgG (Mr 146,000) (Table 8).

Albumin

Albumin is quantitatively the major urinary protein
derived from plasma. Its average concentration in nor-
mal urine is at least 50 times higher than most other
low molecular weight proteins. Albumin’s molecular
size (molecular radius: 3.6 nm) and strong negative
charge, effectively retarded filtration at the glomerular
barrier since the vast majority of pores perforating the
glomerular filtration barrier have a radius of 2.9-3.1
nm. The loss of negative charges causes the effective
small pore radius to increase to approximately 4.5
nm, which allows the passage of albumin. The small
amounts of albumin that ordinarily escape into the
glomerular filtrate are reabsorbed by the proximal
tubule with a presumed efficiency of 99%. Transient
and totally reversible increases in the albumin excretion
may be observed in various “physiologic” situations
that induce increases in the glomerular filtration rate
such as heavy exercise, fever, or assuming an orthos-
tatic position.

A 24 hour unine collection showing an albumin
excretion at a rate of 20 to 200 pg/min or a urinary
concentration of 30 to 300 mg/L measured on at least
two occasions is refeerred to as microalbuminuria.
Urinary albumin levels above these values are called
"macroalbuminuria”, or sometimes just albuminuria.
To compensate for the variablility in urine concentra-

Protein Abbv. Molecular GSC* Normal urinary excretion Normal plasma levels
weight kD mg/mmol creatinine mg/L
B,-microglobulin B,-m 11.6 18.3 (4.4-32.2) <0.05 13
Retinol-binding protein (free) RBP 21 13.6 (5.1-22.1) <0.017 5.8
Thyroid-stimulating hormone TSH 28 0.99 (0.3-1.68) <0.05 2
a,-microglobulin o,-m 31 21.1(9.5-32.9) <2 32
a,,-acid glycoprotein a,-AG 40 — <0.02 770
Zinc-a.,-globulin ZAG 41 — <0.02 140
B,-Glycoprotein | B,-Gl 50 12.3(6.1-18.5) <0.03 150
Vitamin D binding protein DBP 51.3 — <0.01 400
Transthryetin TTR 55 — <0.01 300
Albumin ALB 65.5 13.8 (6.6-21) <0.025 45000
Transferrin TRF 78 1.2 (0.6-1.8) <0.19 2700
Immunoglobulin G I9G 160 58 (34-82) <0.2 120000

*GSC= glomerular sieving coefficient
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tion on spot check samples, it has been the practice
to compare the amount of albumin in the sample
against its concentration of creatinine. This is termed
the albumin/ creatinine ratio and microalbuminuria is
defined as an albumin/ creatinine ratio 2.5 mg/mmol
(male) or 23.5 mg/mmol (female). However, the albu-
min/ creatinine ratio does not appear to provide any
advantage compared with the measurement of micro-
albuminuria alone in a spot urine sample [90]. Indeed,
newer systems for microalbuminuria detection are as
accurate and precise as laboratory albumin/creatine
ratio estimations and an improvement over the tradi-
tional dipstick methods [91]. However it is measured,
microalbuminuria may be an indicator of subclinical
cardiovascular disease, a marker of vascular endotheli-
al dysfunction and an important prognostic marker for
kidney disease. Prospective and epidemiologic stud-
ies have found that microalbuminuria is predictive,
independently of traditional risk factors, of all-cause
and cardiovascular mortality and CVD events within
groups of patients with diabetes or hypertension, and
in the general population [92].

The relationship between albuminuria and risk is
not restricted to the microalbuminuric range and ex-
tends to as low as 2-5 microg/min. A urinary albumin
excretion above 200 microg/min (macroalbuminuria)
heralds the onset of proteinuria (urinary protein excre-
tion above 0.5 g/24 h) and progressive renal and car-
diovascular disease. Proteinuria is a sign of established
kidney damage and plays a direct pathogenic role in
the progression of renal and cardiovascular disease
as described above. Albuminuria reflects functional
and potentially reversible abnormalities initiated by
glomerular hyperfiltration, proteinuria, a size-selective
dysfunction of the glomerular barrier normally associ-
ated with glomerular filtration rate (GFR) decline that
may result in end-stage renal disease. Thus, the limit
of 200 pg/min segregates patients with albuminuria
or proteinuria who are at quite different risk. Among
subjects with albuminuria, however, there is a continu-
ous relationship between albumin excretion and risk
and no lower bound between normal albuminuria and
microalbuminuria can be identified that segregates
subjects at different risk [93].

At any level, the proteinuria may be nonselective
in that it contains the spectrum of molecular sizes. For
example, when microalbuminuria is observed in the
absence of low molecular weight proteinuria, it may
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be ascribed to enhanced glomerular permeability.
When accompanied by an increased urinary excretion
of low molecular weight proteins, microalbuminuria
results wholly or partly from impaired albumin rea-
bsorption.

Transferrin

Transferrin, the iron-transporting protein, occurs in
urine at concentrations that are about 15 times lower
than that of albumin. The protein has a slightly larger
effective molecular radius (around 4.0 nm) than albu-
min (3.6 nm). Its detection in the urine allows a more
sensitive indicator of early glomerular involvement in
some nephropathies such as cadmium nephropathy. A
strong association has been found between the presence
of albumin and transferrin in the urine of patients with
the nephrotic syndrome. In these patients, increased
transferrin synthesis is insufficient to compensate for
urinary losses and plasma levels are reduced [94].

Gamma globulins

Gamma globulins excreted in the urine include
IgG, IgM, IgA, and immunoglobulin light chains. IgG
and IgM are large proteins with molecular radii of 5.5
and 12 nm, respectively. The appearance in the urine
of IgG indicates an increased density of large pores in
the glomerular filtration barrier with a radius of 8 to 9
nm whereas the presence of IgM in the urine indicates
an increased density of shunts in the glomerular capil-
lary wall [95, 96]. Coupled with the measurement of
urinary albumin concentrations, the determination of
urinary levels of IgG and IgM are useful for assessing
the selectivity of the glomerular-type proteinuria [97].
The urinary excretion of IgG is regarded as a reliable
index of a non-selective pathway shunt through the
glomerular capillary wall. In this regard, it has been
reported that proteinuria in patients with type 1 dia-
betes mellitus is mainly due to impaired charge-selec-
tive properties of the glomerular capillary wall, while
proteinuria in type 2 diabetes mellitus is predominantly
caused by a decreases size selectivity of the glomeru-
lar capillary wall [98]. Moreover, proteinuric patients
with a high urinary content of IgG and IgM have poor
renal survival [99]. IgG, transferrin, albumin, and a,
microglobulin were used to predict progression of
renal failure and extent of tubulointerstitial disease in
patients with idiopathic membranous nephropathy
[100]. As a result it was found that IgG excretion has a
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direct, positive correlation with the extent of tubulo-in-
terstitial disease and a,-microglobulin excretion rates.
An increased excretion of monoclonal light chains, i.e.
Bence-Jones proteins, is usually the sign of an over-
production from a neoplastic origin such as multiple
myeloma or Waldenstrom’s macroglobulinemia.

Low-molecular weight proteinuria

In contrast, “tubular” proteinuria is often less than 1.0
g/24 hours and composed of LMW proteins. Several LMW
proteins normally appear in the urine and have been evalu-
ated as potential biomarkers of effect in renal tubular dam-
age. Included are B,-microglobulin (,-m), retinol binding
protein and o-1 microglobulin (o,-m). Other LMW proteins
of'interest include protein 1, amylase, lysozyme, ribonuclease
and cystatin C. Combining LMW proteins with prostanoids,
growth factors and enzymes of renal and non-renal origin,
excretory patterns have been identified which provide insight
as to the site and mechanism of nephrotoxic injury.

B2-microglobulin

B2-microglobulin (B,-m) is a low molecular weight
(Mr: 11,800) globular protein located on the surface of
virtually all nucleated cells. It is closely related to the
class I histocompatibility antigens which consist of a
heavy, variable chain and a light chain that binds to
the heavy chain domain nearest to the cell membrane.
The light chain consists of the 3,-m molecule. Due to its
molecular weight and small radius, B,-m is readily fil-
tered at the glomerulus. Under normal circumstances,
approximately 99.9% of the filtered (3,-m is reabsorbed
by the proximal tubular epithelial cells and ultimately
catabolized. A very small amount, around 70 to 80
mg/24 hours, appears in the urine. The urinary excre-
tion of B,-m is considerably increased in cases of renal
tubular impairment. As a result, the determination of
urinary (3,-m has been widely used for the screening
of proximal tubular damage in the setting of indus-
trial exposure to metals such as cadmium [101,102]
and as a marker of various forms of tubulointerstitial
nephritis [103-105]. A major advantage in monitor-
ing B,-m levels may be in the patients maintained on
chronic hemodialysis therapy. In these patients 3,-m
has been identified as pivotal to the pathogenesis of
dialysis-related amyloidosis [106,107], as playing an
important role in regulating the growth and survival
of renal cell carcinoma cells [108], and as a marker for

all-cause mortality. It has been suggested that measure-
ment of 3,-m may be a useful marker to guide chronic
hemodialysis therapy [109].

Lipocalins

The lipocalin superfamily of over 20 structurally
related secreted proteins have been extensively used
as biochemical markers of disease. Some of the more
well-known lipocalins include retinol-binding protein,
Protein HC (a,;-microglobulin, a,-m), and human
neutrophil lipocalin/neutrophil gelatinase-associated
lipocalin (HNL/NGAL) [110].

Retinol-binding protein, (RBP, a,-microglobulin),
is a low molecular weight monomeric protein (Mr:
21,400). It is synthesized in the endoplasmic reticulum
of the liver where it binds to retinol (vitamin A). It ap-
pears in the plasma bound to transthyretin (or preal-
bumin). Once the retinol is given up at the appropriate
target tissue, RBP undergoes a conformational change
and looses its affinity for transthyretin. In its new
configuration, it is rapidly eliminated from plasma by
glomerular filtration, then reabsorbed and catabolized
by proximal tubular cells. RBP reabsorption involves
megalin [111], a large glycoprotein and member of the
low-density lipoprotein receptor family. Because of its
stability in acid urine and since the serum level of free
RBP is influenced only by renal function, the assay of
urinary retinol binding protein is preferred over that
of B,-m. It has been considered a good marker of re-
nal injury in clinical settings evaluating the potential
nephrotoxic agents [112]. There has been considerable
interest in the use of urinary RBP levels in diabetic
patients as an early indicator of renal tubular dam-
age with or without microalbuminuria [113] where
it may serve as an independent predictor of vascular
disease [114]. The urinary excretion of RBP along with
other low-molecular weight proteins has been associ-
ated with cadmium and other heavy metal exposure
[115,116]. Urinary retinol may also serve as a diagnostic
marker of renal proximal tubule dysfunction in MM
patients [117].

Alphal-microglobulin (o,-m), also known as
protein HC (human complex-forming glycoprotein,
heterogeneousin charge), is a glycosylated protein with
a Mr of 27 kD. It is mainly synthesized in the liver and
occurs in the serum in both a free form (free protein HC)
and bound to several high molecular weight proteins
such as immunoglobulin A (HC-IgA) and albumin
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(HC-albumin). Normally, free a,-m does not exceed
concentrations of >60 mg/1in plasma. The renal han-
dling of protein a,-m is less well characterized than that
of B,-m or retinol binding protein. It has a glomerular
sieving coefficient close to the benchmark separating
LMW and HMW proteins. While half the amount in
the plasma is complexed with immunoglobulin A, the
free form is readily filtered through the glomerular
basement membrane. The filtered protein is normally
reabsorbed and catabolized in proximal tubular cells.
In conditions with dusturbances in tubular function,
reabsorption of a,,-m is reduced and increased amounts
are found in the urine. The free form of this protein
has been used as an indicator of proximal tubular
dysfunction [118-120]. It is stable in native urine and
its normal urine concentration is sufficiently high to
be determined with rapid and cheap immunochemical
techniques [121]. To control for variations in in urinary
specific gravity or osmolality, the concentration of ;-
m should be expressed in relation to the excretion of
creatinine [122]. There is also a clear diurnal variation
in o,-m excretion rate and a gender effect (higher in
males). The excretion rate was higher in the daytime,
with high urinary flow, compared to overnight values
[123]. Notably, the decrease in urinary excretion rate
of a,,-m correlates with recovery of the damaged tubu-
lar cells [124, 125]. In proteinuric glomerular disease,
urinary protein o,-m concentration correlates to the
degree of IgG present in the urine [126]. It has been
suggested that urinary o,-m might be helpful for the
early recognition of tubular involvement in patients
with pure monoclonal light chain proteinuria [127],
for the diagnosis and monitoring of tubular disorders
associated with heavy metal intoxications, diabetic
nephropathy, urinary outflow disorders and pyelone-
phritis [128].

Neutrophil gelatinase-associated lipocalin
(NGAL) belongs to the lipocalin superfamily of over
20 structurally related secreted proteins [129]. It is ex-
pessed and secreted by immune cells, hepatocytes and
renal tubular cells in various pathologic states. NGAL
has a structural sequence similar to the lipocalin fam-
ily of proteins. It acts as a growth and differentiation
factor in multiple cell types, including developing and
mature renal epithelia. NGAL activates nephron forma-
tion in the embryonic kidney, is markedly upregulated
in response to kidney ischemic or nephrotoxic injury
[130, 131] and may possess kidney-protective activity
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thereby limiting kidney damage. Blood, urine, and
kidney NGAL levels may be real-time indicators of
active kidney damage suggesting that NGAL may be
an early and sensitive urinary biomarker of ischemic
and nephrotoxic AKI [132].

Serum and urine NGAL values showed modest but
significant increases within hours after radiocontrast
exposure [133-135]. An increase in urinary NGAL lev-
els has been found in patients with IgA Nephropathy
[136]. Early elevations in urinary NGAL with IL-18
after kidney transplantation have been shown to be
predictive of delayed graft function, trajectories in se-
rum creatinine and need for renal replacement therapy
during the first week following transplantation [137,
138]. Urinary concentrations of NGAL along with f3,-m,
retinol-binding protein and a,,-m may allow for differ-
entiation between stable transplants with normal tu-
bular histology and stable transplants with subclinical
tubulitis [139]. Serum and urinary NGAL levels have
been found to be elevated in patients with autosomal-
dominant polycystic kidney disease with a close cor-
relation with residual renal function. That is, subjects
with higher cystic growth presented higher serum and
urine NGAL levels with respect to others [140]. Urinary
NGAL has also been examined in patients undergoing
cardiac surgery with cardiopulmonary bypass [141-
143]. In children undergoing cardiopulmonary bypass,
detectable increases in urinary and serum NGAL were
evident within 2 h after surgery and highly predictive
of subsequent AKI in the following 1-3 days [141]. In
this study NGAL proved to be a powerful predictor of
AKI 2 hours after bypass surgery with a sensitivity of
1.0 and a specificity of 0.98 with the threshold value set
at 50 ug/L.This was an extention of there early report
regarding the predicition of ATN using IL-18 [141a].
Similar postoperative increases in urinary IL-18 have
now been shown in adult patients undergoing elective
cardiopulmonary bypass [143]. In this study, all pa-
tients had abnormally elevated urinary NGAL values
immediately following surgery. Those patients who
subsequently developed AKI showed persistent and
increasing values in the ensuing 3 h, whereas in those
not developing AKI, urinary NGAL values started to
fall by 1 h. Moreover, for those with AKI, SCr was no
different from preoperative baseline levels at 24 h and
did not peak until postoperative day 4.

Cystatin C is an endogenous cysteine proteinase
inhibitor with practically the same Mr (13,300) as
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B, m. The cysteine proteinases are one of four major
classes of endoproteinases that possess the ability to
degrade intact glomerular basement membranes [144].
All nucleated cells produce cystatin at a stable rate.
More than 99% is freely filtered by the glomerulus
with little secretion or reabsorption. As a result, it
has many of the ideal features for use as a marker of
kidney function and estimate of GFR. Serum cystatin
C concentrations demonstrate a good inverse correla-
tion with radionuclide derived measurements of GFR
and has been shown in several studies to be superior
to creatinine and comparable to iohexol clearances in
estimating eGFR [145, 146].

Cystatin C is nearly completely metabolized by
proximal renal tubular cells. As a consequence, under
ordinary circumstances there is little to no detectable
cystatin C present in the urine. Thus, a true clearance of
cystatin C cannot be determined. However, in the pres-
ence of tubular damage, cystatin C may be detected in
the urine [147, 148] and may be more sensitive to early
and mild changes of kidney function compared with
creatinine [149, 150]. In this regard, elevation in serum
cystatin C consistent with AKI, defined by at least a
50% increase from baseline, was evident 1-2 days prior
to changes in SCr [151].Finally, in patients with AKI,
elevated urinary cystatin C was highly predictive of
subsequent need for acute renal replacement therapy
and outperformed several other urinary biomarkers in
some studies [152]., but not in others [152a]

Tamm-Horsfall glycoprotein

Tamm-Horsfall glycoprotein (uromodulin, THP)
is a 616 amino acid, 80 kD protein with a carbohy-
drate component that accounts for nearly 30% of the
molecular weight. It is the most abundant protein of
renal origin in normal urine and is the major constitu-
ent of urinary casts. Synthesis of THP occurs in cells
of the thick ascending limb of the loop of Henle where
itis localized on the epithelial cell membrane. Urinary
excretion occurs by proteolytic cleavage of the large
ectodomain of the glycosyl phosphatidylinositol-an-
chored counterpart exposed at the luminal cell surface.
Normally, it is excreted in the urine at a relatively
constant rate up to 100 mg per day. The urinary ex-
cretion can increase following injury to the distal part
of the tubule. With chronic renal disease, there may
be a reduction in urinary THP excretion possibly as a
result of a reduction in the number of functional distal

tubular cells [153].

Viscosity of THP solutions increases markedly
when the sodium chloride concentration is > 60 mM.
Increasing the concentration of calcium and/.or a re-
duction in pH also increase viscosity and may account
for the involvement of THP in the pathogenesis of cast
nephropathy and tubulointerstitial nephritis. THP
appears to have an inhibitory effect on urinary crystal
arrgegation [154] and may play a role in preventing
renal stone formation [155]. In some humans with
calcium oxalate nephrolithiasis, a molecular abnor-
mality of THP has been detected [156]. Other studies
showed decreased urinary levels of THP in patients
with nephrolithiasis [157, 158]. A relative deficiency
in THP has been associated with impaired inhibition
of crystal adhesion to renal epithelial cells instone
formers [159].

Enzymuria

The acceptance by nephrologists of urinary enzyme
activity as a measure of renal tubular dysfunction has
been limited for several reasons. Paramount among
these has been the difficulty to establish correlations
between specific disease states and the presence or
absence of enzymuria. In addition, a relationship be-
tween the severity of cellular injury and the magnitude
or cellular source of the enzymuria has been difficult
to establish. For example, enzymes that appear in the
urine may originate from lysosomes, the brush-border
membrane, and/ or the cytoplasm of the cells. Moreo-
ver, various factors that alter urinary enzyme activity
are independent of cellular integrity, i.e., urinary pH,
osmolarity, and the presences of various enzyme in-
hibitors or activators [160].

The presumed utility and interpretation of urinary
enzyme titers is founded on the premise that the sole
source of high-molecular weight enzymes is damaged
tubular cells [161] and that tubular enzymuria can
detect tubular injury earlier than standard tests [162,
163]. In addition to normal cell shedding [164-166]
enzymes also gain urinary access because of altered
cell membrane permeability, increased rate of enzyme
synthesis, and cell apoptosis ansd necrosis. Obviously,
extraneous sources of urinary enzyme activity must
be excluded including filtered plasma enzymes, cells
and secretions from genitourinary tract, non-renal cells
escaping into the urine, and the effect of drugs such as
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salicylates which can cause the desquamation of renal
cells [167]. Indeed, enzymuria may reflect only mild
injury that is easily reversible.

The ideal criteria for interpretation of enzymuria
[168] include the following: (i) to evaluate glomerular
function the enzyme should be present in blood, absent
inrenal tissue and have a molecular size that precludes
its filtration; (ii) to evaluate tubular reabsorption the
enzyme should be present in blood, absent from renal
tissue, have a molecular weight that allows it to be
freely filtered and be reabsorbed by the tubule; and (iii)
to evaluate anatomical and functional condition of the
tubular epithelium the enzyme should be restricted to
the renal tissue.

The unique distribution of various enzymes along
the length of the nephron provides the potential for
identifying the specific injury site. Enzymes may not
be uniformly distributed along or between nephrons
thus the site selectivity of single enzymes is question-
able, however it should be possible to localize the
area of kidney damage on the basis of the pattern of
enzymuria. While many urinary enzymes have been
evaluated [169] as markers of damage or dysfunction of
tubular epithelial cells [162, 170], only a small number
are considered to be valuable as biomarkers[152].

When considering the application of urinary en-
zymes to monitor subtle renal dysfunction and/or to
clarify mechanisms of nephrotoxicity, only a limited
number of enzymes have been generally accepted
as valuable urinary biomarkers. These include: lactic
dehydrogenase, N-acetyl-p-D-glucosaminidase (NAG),
alanine aminopeptidase (AAP), intestinal alkaline
phosphatase, glutathione-S-transferase, gamma-gluta-
myl transferase and fructose-1,6,-biphosphatase.

The currently recommended core groups of tests for
use in adult studies recommended by the US Depart-
ment of Health are listed in Table 9 [171].

Lactate dehydrogenase

The use of urinary enzymes in the investigation and
diagnosis of renal injury or disease was initiated by
Rosalki and Wilkinson [172], who reported increased
activity in the urine of patients with renal disease. How-
ever, lactate dehydrogenase soon gave way to more
site-specific, easier to determine urinary enzymes.

N-acetyl-B-D-glucosaminidase

N-acetyl-B-D-glucosaminidase (NAG) is found in
both the S3 segment of proximal tubular cells and the
distal nephron as a lysosomal enzyme. It has its high-
est activity in the straight (S3) location of the proximal
tubule of man, with less activity in the collecting
duct portion of the distal nephron. With a molecular
weight of approximately 150,000 daltons, it is normally
retarded from passage through the glomerulus, and
elevated urinary levels are indicative of tubular cell
injury [173, 174].

The presence of NAG, an intracellular lysosomal
enzyme, in the urine indicates organelle damage within
the proximal tubule. In addition to occurring in the
urine of individuals with tubular injury, it has also
been found in the urine of patients with various forms
of glomerular disease [175], obstructive uropathy and
nephrosclerosis. In patients with diabetes mellitus,
enzymuria has been considered a sign of tubular cell
dysfunction [176] with urinary NAG excretion ap-
pearing to have the highest sensitivity and specificity
compared to other markers [177]. Other non-specific
increases in urinary NAG activity have been described.
The enzyme activity is apparently not influenced by
variations in urinary pH. Urinary NAG activities vary
little throughout 24 hours if the urine creatinine concen-
tration of the sample is used to correct the varying rates
of urine flow. Thus, random samples of urine may be
used for enzyme assay. Increased urinary NAG appears

Table 9. Core groups of tests for use in adult studies recommended by the US Department of Health [171].

Body fluid Test Functional unit tested
Serum Creatinine Diagnostic
Urine Urinalysis with microscopic examinination of urine sediment Glomerulus

Albumin

Retinol binding protein
N-acetyl-B-D-glucosaminidase
Alanine aminopeptidase
Osmolality

Creatinine

Proximal tubule

Proximal tubule

Proximal tubule

Distal tubule

Control for urine concentration
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to be dependent both upon the activity of the disease
process and the functioning renal cell mass. Since the
renal cell mass decreases in older individuals and there
is lower excretion of creatinine, the relative excretion of
NAG increases in individuals over 70 years of age. In
animals with toxin-induced nephrotic syndrome, NAG
excretion was found to be a function of proteinuria
and reabsorption of proteins activating the tubular
lysosomal system rather than of tubular damage per
se [173]. To date, it is considered to be an ancillary but
non-definitive marker of renal disease.

Alanine aminopeptidase

Alanine aminopeptidase is restricted to the proxi-
mal tubule. It shares with NAG great popularity as
a measure of tubular injury. Increased excretion of
NAG and alanine aminopeptidase has been reported
in a variety of renal diseases including: pyelonephritis,
glomerulonephritis, urologic cancers and renal trans-
plant rejection. In addition, increased excretion has
been reported in association with many well-defined
nephrotoxins, i.e., exposure to cadmium, mercury, lead,
cisplatin, aminoglycosides, cyclosporine, tacrolimus
(FK-506), vancomycin, non-steroidal anti- inflamma-
tory drugs, radiocontrast media in a number of clinical
[178-187] situations and even as a marker of chronic
alcohol abuse [188]. Thus, the experience with N-acetyl-
B-D-glucosaminidase and alanine aminopeptidase
indicates that while neither is specific with regard
to discriminating between glomerular and tubular
disease, they are very sensitive to acute tubular injury
in which either the offending agent is known or the
exposure incident is well characterized [189].

Alkaline phosphatases

Intestinal alkaline phosphatase and human tissue
non-specific alkaline phosphatase are two urinary iso-
enzymes that have elicited interest as potential segment
specific markers of the human nephron [190]. Both
are members of the closely related group of alkaline
phosphatases. Intestinal alkaline phosphatase is the in-
testinal isoenzyme that is localized on the brush border
of human intestinal epithelial cells. It is also present
in normal human kidney, where it is exclusively ex-
pressed on the brush border of tubulo-epithelial cells
of the S3-segment of the proximal tubule. The intestinal
alkaline phosphatase, which is released in urine, has
its origin in the kidney. As a result, intestinal alkaline

phosphatase is considered to be a specific and sensi-
tive marker for alterations of the S3-segment of the
human proximal tubule. Tissue alkaline phosphatase,
in contrast, is localized on the membrane of liver cells,
osteoblasts, and fibroblasts, and on the brush border
all along the different segments of the proximal tu-
bule. By measuring both enzymes, judgments as to
the involvement of S1-S2 versus S3 segments can be
achieved during either occupational screening [191] or
when conducting clinical pharmacology studies [192].
Their usefulness as markers has been enhanced because
specific monoclonal antibodies have been developed
against each and because spot urine collections using
appropriate preservative will remain stable for up to
five months [190]. The two alkaline phosphatase iso-
enzymes have been validated as independent markers
of proximal tubular cell alterations in over twenty oc-
cupationally exposed cohorts and clinical groups [193].
Along with N-acetyl-beta-D-glucosaminidase and
gamma-glutamyl transferase, urinary alkaline phos-
phatase has been used to help differentiate between
obstructive and nonobstructive hydronephrosis [194]

Glutathione-S-transferases

Glutathione-S-transferases (GST) are a family of en-
zymes that utilize glutathione in reactions contributing
to the transformation of a wide range of compounds,
including carcinogens, therapeutic drugs, and products
of oxidative stress. These cytosolic enzymes are use-
ful in the detoxification of endogenous compounds
as well as the metabolism of xenobiotics. In addition,
they serve as ideal biomarkers of organ damage as they
exhibit many of the required characteristics, i.e. specific
localisation, high cytosolic concentration and relatively
short half-life [195]. Indeed, GST’s are very specific and
sensitive biomarkers of renal tubular injury [196].

The mammalian GST super-family comprises
dimeric isoenzymes of 45-55 kDa size that have been
assigned to at least four generic classes: Alpha, Mu, Pi
and Theta [197, 198]. In man, aGST isoform is local-
ized to proximal tubular epithelial cells. An increased
urinary excretion of aGST correlates with brush border
damage and decreased aGST staining of proximal
tubules [199]. Urinary aGST levels appear to correlate
closely with the extent of renal injury [200, 201]. The
nGST isoform is highly specific for cells of the distal
tubules where it is localized in the distal convoluted tu-
bule, the thin limb of the loop of Henle, and the collect-
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ing ducts [197, 200]. It is found in high concentrations,
isreadily released from injured cells into the urine and
is a specific marker of distal tubule injury. In the rat,
GSTYDb1 replaces nGST [202] where it also serves as a
uniquely specific marker of distal tubular injury.

Quantitation of aGST and nGST can be used as
sensitive and relatively simple markers for early de-
tection of toxic effects with respect to the renal tubule
[203]. For example, in both human and animal studies,
urinary aGST levels correlate closely with the dose of
toxin [201, 204] without changes in the S, or BUN.
The unique distribution may allow renal injury to be
localized to specific parts of the nephron [206] or by
comparing the release of aGST and nGST in humans
with aGST and GSTYDb1 in rats, cross-species compari-
sons can be made [201, 204].

Renal papillary antigen

Renal papillary antigen 1 (RPA-1) is a protein
strongly expressed and specifically found in high
concentrations in the cells of the papillary collecting
ducts of the rat kidney [205, 206] while renal papillary
antigen 2 (RPA-2) is present in the loop of Henle. They
are sensitive and specific biomarkers of injury and
are released into urine upon exposure to renal toxins.
RPA-1 is a potentially very useful biomarker for the
serious condition of renal papillary necrosis. RPA-1
and 2 monoclonal antibodies may be identified by
immunohistological procedures [205]. Urinary RPA-
1 has been shown to be sensitive biomarker of renal
collecting duct injury due to papillotoxins including
bromoethanamine, propyleneimine and iodomethacin
[206, 207].

Cytokines

Cytokines are polypeptides that affect nearly every
biological process; these include embryonic develop-
ment, disease pathogenesis, non-specific response to
infection, specific response to antigen, changes in cog-
nitive functions and progression of the degenerative
processes of aging. In addition, cytokines are part of
stem cell differentiation, vaccine efficacy and allograft
rejection. They act as systemic mediators of inflamma-
tory and immune responses, are closely involved in
tissue repair, and under certain circumstances promote
tissue destruction and fibrosis. The term cytokine
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encompasses interferons, the interleukins, the chem-
okine family, mesenchymal growth factors, the tumor
necrosis factor family and adipokines [208]. It is now
appreciated that among the mechanisms responsible
for glomerular and tubulointerstitial disease, cytokines
play a prominent role.

Interferons

Interferons are a group of pleiotropic cytokines
with important proinflammatory functions required
in defence against infections with bacteria, viruses
and multicellular parasites along with fundamental
functions in other processes such as cancer immuno-
surveillance, immune homeostasis and immunosup-
pression [209]. IFNs are classified into type I and type
ITTFNs [210]. Type IIFNs comprise multiple alpha IFNs
(IFN-a), and single IFN-B, -¢, -, -§ and -® subtypes,
all encoded by different genes. Type Il IFN consists of
a single IFN-y gene.

The interferons are naturally protective substances.
Type I IFNs are produced by most cells in response to
viruses, bacteria or their products. For example, IFN-a
and IFN- p are produced in response to viral infection
and inhibit viral replication plus assist the induction
of viral resistance. Not only do they possess antiviral
activity but they also mediate the response to other
infectious agents, demonstrate antitumor activity, and
play a role in the regulation of growth, differentiation
and development [211]. In contrast, IFN-y has more
potent immunoregulatory effects than either IFN-a or
-B. Among its properties, IFN-vy is capable of activat-
ing human macrophage oxidative metabolism and
microbicidal activity.

Interleukins

Interleukins are produced by a variety of cells in-
cluding lymphocytes and monocytes. Originally, the
term IL-1 was used to define a monocyte product and
the term IL-2 was used to define a lymphocyte product.
It is now appreciated that interleukins are produced
by a variety of cells and are integrally involved in the
function of the immune system. Most interleukins are
members of three quite urelated, structural families of
proteins, the representative prototypes of which are
IL-1, IL-2 and 1L-17 [212].

The largest family includes several sub-families.
Among them are the interleukin-2 sub-family and the
interleukin-10 sub-family. The interleukin-2 sub-family
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made up of a number of interleukins including IL-2
and IL-6. IL-2 is the only systemic treatment currently
available that is capable of curing patients with meta-
static renal cell carcinoma [213]. Interleukin-2 receptor
antagonists have been used to decrease the incidence of
acute rejection episodes following renal transplantation
[214]. IL-6 is a cytokine with a wide variety of biological
function. IL-6 is one of the most important mediators
of fever and of the acute phase response. It is produced
by both resident [215-218] and infiltrating cells [218]
within the kideny. Thus, IL-6 can be measured in the
urine where its presence is a reflection of local produc-
tion by either glomerular mesangial cells or by cells
that have infiltrated the glomeruli. Its renal expression
and urinary excretion has been shown to correlate with
the extent of tubulointerstitial damage and mesangial
proliferation [215, 218-221]. Curiously, it is not found in
the urine from patients with other types of glomerulo-
nephritis. Urine IL-6 concentrations have been noted to
markedly decrease within a few days from successful
anti-rejection therapy following renal transplantation
[222]. IL-6 has also been reported to be elevated in the
serum of with reflux nephropathy [223].

The second largest family of the interleukins is the
IL-1 family, containing IL-1a, IL-1p and IL-18. IL-1 is
the first cytokine produced in the antigen recognition
immune cascade and exists in two distinct forms: IL-1a
and IL-1p [224]. IL-1a is predominantly a membrane-
and cell-associated cytokine, while IL-1§ is found free
in biological fluids, including serum, urine and syno-
vial fluid. IL-1 is expressed in the kidney during in-
flammatory disease. In mesangial cells, IL-1p regulates
cell growth, inflammation, and extra-cellular matrix
proteins [225-227]. It has been suggested that urinary
IL-1p may be a useful marker for the early detection
of acute pyelonephritis in febrile children and young
children who are at risk for the development of renal
scarring following acute pyelonephritis [228].

Interleukin-18 (IL-18), a recently described member
of the IL-1 cytokine family, is now recognized as an
important regulator of innate and acquired immune
responses. IL-18 is a mediator of inflammation and
ischemic tissue injury in many organs. IL-18 is con-
stitutively expressed by intercalated cells of the late
distal convoluted tubule, the connecting tubule, and
the collecting duct of the healthy human kidney [229].
It is expressed at sites of chronic inflammation, in au-
toimmune diseases, in a variety of cancers, and in the

context of numerous infectious diseases [230]. Experi-
mental studies have shown IL-18, a proinflammatory
cytokine and likely mediator of tubular injury, can be
induced in the proximal tubule and detected in the
urine in ischemic AKI [231]. The production of IL-18
increases significantly in patients with CKD [232, 233]
and may play a crucial role in the process of renal tu-
bulointerstitial fibrosis by promoting tubular proximal
epithelial cell injury and activation [234]. IL-18 has been
shown to be a mediator of ARI in mice, in which IL-18
was detected in the proximal tubules [235]. In patients
with acute kidney injury, urinary IL-18 levels have been
used for the early diagnosis and to predict the mortal-
ity of patients who have the adult respiratory distress
syndrome and are in the intensive care unit [236]. IL-18
levels are elevated in urine in patients with ATN and in
renal transplant recipients with delayed graft function
compared with other renal diseases such as those with
pre-renal azotemia, urinary tract infection, chronic kid-
ney disease or healthy controls [237]. Elevated urinary
IL-18 concentrations early after kidney transplantation
have been shown as predictive of delayed graft failure
[238]. Urinary levels of CXCR3-binding chemokines
have been reported to correlate with biopsy proven
allograft rejection [238a]. .Urinary IL-18 rises prior to
SCr in non-septic critically ill children, predicts severity
of AKI and is an independent predictor of mortality
[239]. Elevated serum levels of IL-18 may be a predictor
of future renal dysfunction in type 2 diabetic patients
with normoalbuminuria [240].

The third interleukin family is the IL-17 family.
Interleukin-17 is a pro-inflamatory cytokine that is
primarily secreted from T-lymphocytes and whose
physiological significance is only just beginning to be
determined [241, 242]. Increased urinary excretion of
interleukin-17 has been found in nephrotic patients
[243].

Interleukin-8 (IL-8) is a potent neutrophil and lym-
phocyte chemotactic cytokine It is one of a family of
13 human CXC chemokines [244]. These small basic
heparin binding proteins are proinflammatory and
mainly involved in the initiation and amplification of
acute inflammatory reactions and in chronic inflamma-
tory processes. In the urinary tract infection model, the
epithelial cells of the renal tract were shown to secrete
chemokines and IL-8 was identified as the main chem-
okine involved in transepithelial neutrophil migration.
Urinary levels of immunoreactive IL-8 may be elevated
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with various glomerular diseases. The glomerular pro-
duction of IL-8 promotes the infiltration of leukocytes
- particularly neutrophils - into glomeruli where they
contribute to progressive renal injury [245]. As can be
appreciated, assays for interleukins are expected to
become useful for evaluating renal damage and moni-
toring disease activity. In addition, elevated levels of
IL-8 have been reported in patients undergoing cardiac
bypass surgery [246].

Tumor necrosis factor a

Tumor necrosis factor a (TNFa) is a potent proin-
flammatory cytokine and important mediator of
inflammatory tissue damage. In addition, it has im-
portant immune-regulatory functions. Under normal
physiological conditions TNF is not detectable. It is
produced in response to tissue invasion by bacteria, vi-
ruses, fungi or parasitic agents. Various cells, including
glomerular mesangial cells, synthesize TNF [247]. In-
deed, a number of observations support a role for TNF
in the pathogenesis of acute and chronic renal disease
[248] including diabetic nephropathy [249]. In the me-
sangial cells, tumor necrosis factor may stimulate the
synthesis of various prostaglandins along with platelet
activating factor. It also induces cyclic AMP and cyclic
GMP accumulation, promotes the generation of reac-
tive oxygen metabolites, upregulates the expression of
intercellular adhesion molecules and may have either
a stimulatory or inhibitory effect on mesangial cell
proliferation [250]. Some of these products, including
oxygen radicals [251] and various cytokines [252] may
be injurious to the mesangial cells themselves. TNF-a
is cytotoxic to glomerular, mesangial and epithelial
cells, and it is able to induce direct renal damage. The
stimulation of mesangial cells to release and respond
to TNF may accelerate the glomerular infiltration of
polymorphonuclear leukocytes and monocytes. The
injection of TNF enhances glomerular damage in
some forms of experimental glomerulonephritis [253].
Another important target is the vascular endothelium
where an increase in the local production of TNFa may
result in the formation of capillary thrombi. An increase
in plasma and urinary levels of two soluble tumor ne-
crosis factor receptors has been found in patients with
chronic renal failure [254].

Monocyte chemoattractant protein-1
Monocyte chemoattractant protein-1 (MCP-1)
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is a chemokine that plays an important role in the
recruitment of monocytes/macrophages into renal
tubulointerstitium [255, 256]. It is known to be pro-
duced mainly by tubular epithelial cells in kidney
[257], and to contribute to renal interstitial inflamma-
tion and fibrosis [258]. Furthermore, protein overload
in renal tubular cells is shown to up-regulate MCP-1
gene and its protein [259, 260]. These lines of evidence
collectively suggest that increased urinary protein
excretion probably aggravates renal tubular damage
by enhancing MCP-1 expression in tubular cells. It has
been suggested that MCP-1 expression in renal tubuli is
enhanced in proteinuric states, irrespective of the types
of renal disease, and that increased MCP-1 expression
probably contributes to renal tubular damage in pro-
teinuric states [261]. Urinary MCP-1 is a sensitive and
specific biomarker of renal SLE flare and its severity,
even in patients who receive significant immunosup-
pressive therapy. Persistently elevated uMCP-1 after
treatment may indicate ongoing kidney injury that may
adversely affect renal prognosis [262].

Cell adhesion molecules

Cell adhesion molecules (CAMs) are transmem-
brane glycoproteins that act at the cell surface to
mediate specific binding interactions with other cell
adhesion molecules on adjacent cells or with proteins
in the extracellular matrix. They are responsible for the
adhesion of various leukocytes with each other, with
extracellular matrix and with other cell types. Several
classes of molecules capable of mediating adhesion
include selectins, integrins, cadherins, and immu-
noglobulin superfamily members [263-265]. Multiple
members from every major family of cell adhesion
molecules have been implicated in the development,
maintenance, or repair of renal tissues

Selectins

Selectins include P-selectin (platelet selectin),
E-selectin (endothelial cell selectin), and L-selectin
(leukocyte selectin). P-selectin enables binding of
platelets, polymorphonuclear leukocytes, and mono-
cytes to activated endothelial cells and of leukocytes
to activated platelets. P-selectin is expressed in the
kidneys in systemic lupus erythematosis [266, 267].
The up-regulation of P-selectin expression in glomerui
following binding of anti-GBM antibody may be an
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integral signal for neutrophile recruitment [268]. E-
selectin is expressed only by activated endothelial cells
and enables adhesion of neutrophils and monoctyes
to endothelial cells. It has been suggested that in in-
flammatory conditions, E-selectin is involved in the
development of atherosclerosis and arterial damage
in patiens with end-stage renal disease [269, 270] and
has been associated with the rapid progression to ESRD
in IgA nephropathy [271]. L-selectin is expressed by
leukocytes and mediates interaction of between neu-
trophils, monocytes, and lynphocytes with activated
endothelial cells. Large numbers of L-selectin cells
within glomerular and interstitial infiltrates have been
found in biopsies from patients with IgA nephropathy
[272] along with increased levels of circulating soluble
L-selectin [273].

Cadherins

Cadherins are a gene family of membrane-anchored
cell adhesion molecules which can be classified into two
subfamilies, namely type I (E-cadherins, N-cadherins,
P-cadherins and R-cadherins.) and type II (cadherin-5
to-12,-14 and -15) cadherins [274, 275]. They are critical
for maintining intercellular connections. E-cadherin ex-
pression is restricted to the distal tubules and collecting
ducts of the human kidney, whereas N-cadherin and
cadherin-6 expression are found on proximal tubules
[276,277]. Cadherin-8 can only be detected on develop-
ing tubular structures. In addition to the type I and type
I cadherins is cadherin-16 also known as Ksp-cadherin
(kidney specific) [278, 279]. It is the only member of
the cadherin family that is exclusively found in the
kidney where it is found on distal tubules and collect-
ing ducts in the later developmental stages [280]. Renal
cell neoplasms are presumably derived from different
cell types of the nephron. Clear cell and papillary renal
cell carcinoma are thought to be of proximal tubular
origin, whereas oncocytoma and chromophobe RCC
are derived from intercalated cells of distal nephron.
There is a high sensitivity and specificity of Ksp-cad-
herin for distal convoluted tubules, which can be used
as adjunct for diagnosis of chromophobe renal cell
carcinoma [281]. Conversely, the lack of Ksp-cadherin
protein expression in clear cell carcinoma seems to be
in accordance with the origin of the tumors [282].

Integrins
Integrins are a family of large integral transmem-

brane glycoproteins, involved in the adhesive interac-
tions of cells [283]. They consist of two subunits, a and
{3 chain. Each subunit is a transmembrane protein with
a large extracellular domain and a small cytoplasmic
domain. Integrins are classified according to the type
of B-subunit. The variability in available a and  chains
allows for a large family of integrins and provides
cells with the ability to recognize a variety of adhesive
substrates. They appear to be the primary mediators of
cell adhesion to extracellular matrix adhesion and base-
ment membranes and contribute to cell-cell adhesion
and mainenance of normal tissue architecture [284].
They are thought to link the cytoskeleton of one cell
with that of another or with the extracellular matrix.
Integrins associate with cytoskeletal proteins viatalin,
vinculin, and probably other cytoskeletal proteins
[285]. Integrin-mediated signal transduction modulates
the pathways controlling cell growth and survival.
1 integrins are found on mesangial cells where they
appear to be the principle mediators of cell-extracel-
lular matrix adhesion, with fibronectin, laminin and
collagens as their major ligands. They are known as
the very late activation antigen proteins. 2 integrins
are involved in leukocyte cell-cell adhesion. Adhesion
molecules may play an important role in reperfusion
injury of the kidney [286, 287]. Integrins are also up-
regulated in models of crescentic glomerulonephritis
where their role as adhesion molecules may contribute
to disease [288]. It has been suggested that altered 1
integrin-mediated cell behavior may contribute to the
progression of glomerulonephritis [289].

Immunoglobulin superfamily

Immunoglobulin superfamily of cell adhesion
molecules are large plasma-membrane glycoproteins,
which function primarily in cell-cell adhesion. For
example, inflammatory systemic disorders with renal
tissue damage require the adherence of polymorpho-
nuclear leukocytes to the endothelium. This process
is mediated by cell surface adhesion molecules. They
include among others, intercellular adhesion molecule-
1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1). These two members of the immunoglobulin
supergene family play an important role in a variety
of inflammatory and immune-mediated mechanisms,
mediating both cell migration and activation. ICAM-
1 is a glycoprotein expressed on endothelial cells of
larger vessels, glomeruli and peritubular capillaries,
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epithelial, fibroblast and leukocyte cells. ICAM-2 is
a glycoprotein expressed by endothelial cells, lym-
phocytes and some other leukocytes. VCAM-1 is a
glycoprotein widely distributed on endothelial, epi-
thelial, macrophages and dendritic cells. It supports
the adhesion of eosinophils, basophiles, monocytes
and lymphocytes. ICAM-1 and VCAM-1 appear to
be particularly important for the firm attachment and
transendothelial migration of leukocytes.

The presence of soluble forms of ICAM-1 and
VCAM-1 have been confirmed in human sera and as
have demonstrated increased levels of these soluble
markers in patients with inflammatory diseases as
well as with other immunologic mediated disorders.
Changes in ICAM-1 expression have been reported
in glomerulonephritis, tubulointerstitial inflamma-
tion, and renal allograft rejection. Circulating levels
of ICAM-1 are elevated in some forms of glomeru-
lonephritis [290]. Expression of VCAM-1 has been
observed on proximal tubule cells in patients with
vasculitis and crescentic nephritis, lupus nephritis,
IgA nephropathy, and acute interstitial nephritis
induced by non-steroidal anti-inflammatory drugs
[291]. VCAM-1 has previously been observed to be
expressed in the kidneys, both in murine and human
lupus [292-294], Serum levels of soluble VCAM-1 have
been found to correlate with parameters of SLE disease
activity [295]. The serum level of sVCAM-1 was cor-
related with the SLE disease activity and decreased
during remission. VCAM-1 may be a reliable urinary
marker for monitoring disease activity and damage in
patients with systemic lupus erythematosus nephritis
[296] contributing to the ability to distinguish subjects
with active renal disease from the other systemic lupus
erythematosus patients [297].

Kidney injury molecule 1

Kidney injury molecule 1 (KIM-1) is a type 1
transmembrane protein with an immunoglobulin and
mucin domain. The KIM-1 ectodomain is cleaved,
shed from cells, detectable in urine, and reflects renal
damage [298]. The cleavage of KIM-1 is mediated by
ERK activation and is accelerated by p38 MAP kinase
activation [299]. KIM-1 is not expressed in the normal
kidney but is markedly up-regulated in renal proximal
tubule cells by stimuli that promote dedifferentiation,
including ischemic and toxic [300, 301] injury. Because
it is expressed in proliferating and dedifferentiated
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epithelial cells in regenerating proximal tubules, it is
thought to play an important role in the restoration of
the morphological integrity and function following
renal ischemic injury [302].

Extensive expression of KIM-1 has been found in
proximal tubule cells in biopsies from patients with
acute tubular necrosis [302]. KIM-1 is also expressed
in other conditions where proximal tubules are dedif-
ferentiated, including renal cell carcinoma [303, 304],
chronic cyclosporine nephrotoxicity [305], a protein-
overload model of tubulointerstitial disease [306], poly-
cystic kidney disease [307], and contrast nephropathy.
In several chronic conditions, KIM-1 has been found
primarily expressed at the luminal side of dedifferen-
tiated proximal tubules, in areas with fibrosis and in-
flammation. Independent of the specific disease, renal
KIM-1 correlated positively with the extent of renal
damage and negatively with renal function. In these
patients, urinary levels of KIM-1 were and correlated
positively with tissue KIM-1 and negatively with renal
function. Thus, KIM-1 is upregulated in renal disease
and is associated with renal fibrosis and inflammation.
Urinary KIM-1 is also associated with inflammation
and renal function, and reflects tissue KIM-1.

In critically ill patients with AKI, urinary KIM-1
along with N-acetyl-[beta]-(D)-glucosaminidase activ-
ity (NAG) showed increasing trends with increasing
severity of illness as assessed by Acute Physiology,
Age, Chronic Health Evaluation (APACHE) II and
multiple organ failure scores and could be correlated
to the odds for both renal replacement therapy and
hospital death, suggesting these biomarkers have some
predictive ability for clinical outcomes in patients with
AKI [308].

It appears that the shedding of KIM-1 into the
urine of patients with AKI is clinically significant,
and elevated urinary KIM-1 levels are associated with
adverse outcomes in this population [308]. Urinary
KIM-1 serves as an earlier and more specific diagnostic
indicator of kidney injury when compared with any
of the conventional biomarkers (plasma creatinine,
blood urea nitrogen, glycosuria, proteinuria, urinary
N-acetyl--d-glucosaminidase, -glutamyltransferase, or
alkaline phosphatase) [310, 311].
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Miscellaneous biomarkers

Endothelins

Endothelins are a family of locally generated pep-
tides that possess a number of biological functions
[312]. In humans there are three isoforms of endothe-
lins, called ET-1, ET-2, and ET-3, which interact with
two distinct subtype receptors (ET, and ET}) to exert
their biological effects [313]. They are potent, if not
the most potent renal vasoconstrictors and stimulate
vascular smooth muscle cell and mesangial cell prolif-
eration [314]. The predominant isotype in humans is
ET-1 (“classical” endothelin). Endothelial cells appear
to be the primary source of ET-1 found circulating in
plasma while glomerular ET is thought to arise mostly
from the glomerular endothelium and from mesangial
cells themselves. Endothelins often act via the interme-
diary of thromboxane biosynthesis, and they release
platelet-derived growth factors.

The renal effects of ET-1 are in part related to the
doses used and the relative concentration of the ET ,
and ETy receptors. Renal vasoconstriction may be
mediated by ET , receptor stimulation whereas ET re-
ceptor may be involved on maintaining a “tonic” renal
vasodialtion. ETj is the major ET receptor expressed in
the renal tubules. ET-1 exerts different effects over the
distinct parts of the nephron. In the proximal tubule,
ET has a biphasic effect. Low concentrations increase
fluid transport, whereas a high concentration of ET-1
decreases fluid transport. [315] ET inhibits chloride
flux in the thick ascending limb of Henle,. [316] ET-1
inhibits Na* and water reabsorption in the cortical col-
lecting duct (CCD),. ET-1 also influences salt and water
homeostasis through effects on the renin-angiotensin-
aldosterone system and vasopressin, thus elevating
blood pressure and increasing vascular tone

It has been shown that subjects with renal diseases
such as IgA nephropathy, membranous proliferative
glomerulonephritis, focal sclerosis, and lupus nephritis
have levels of endothelin that are significantly higher
than those in healthy subjects [317]. Increased circu-
lating ET-1 concentrations and urinary excretion of
ET-1 have been observed in patients treated with the
nephrotoxic immunosuppressive agent cyclosporine
A and tacrolimus (FK-506) [318]. Other nephrotoxic
agents, such as cisplatin, also increase urinary excre-
tion of ET [319]. Urinary excretion of endothelin has
been reported in patient following contrast media in

which CIN develops despite normal plasma levels of
endothelin[319a] In patients with chronic renal disease,
urinary excretion of ET-1 is significantly elevated when
compared to normal values. The excretion of endothe-
lin is modulated by several mechanical and chemical
stimuli such as angiotensin II, phenylephrine, radiocon-
trast media, cyclosporine, and cis-platin. In addition,
enhanced urinary ET excretion has been found in sev-
eral forms of renal failure, both acute and chronic, and
in diabetes mellitus. Thus, urinary ET has the potential
of serving as a marker for renal disease. [320]

Heat shock proteins

Exposure of cells to a variety of stresses induces a
modification of cell metabolism called the heat shock
or stress response, which is accompanied by the rapid
synthesis of the so-called heat-shock proteins (Hsps).
The major Hsp families have sizes of 80-90, 68-72, and
15-30 kDa. Events such as progression through the cell
cycle and differentiation or environmental stresses such
as heat, oxidative injury, heavy metals, inhibitors of
energy metabolism, or pathological conditions such as
inflammation, all result in the expression of Hsps which
are considered to have essential protective functions
in cells [321]. It has been suggested that Hsps may be
of value as molecular biomarkers of oxidative stress
associated with various renal disease states and neph-
rotoxicity [322]. The Hsp 70 family is the best studied
class of Hsp [323]. Hsp were induced following cell ex-
posure to ischemia-reperfusion, inflammation, amino
acid analogues, tissue damage, oxidative injury, and a
variety of other stimuli such as heavy metals, different
pharmacological agents, and mycotoxins [324].

Small HSPs (sHSPs) beside their reported roles
during stress exert multiple functions under normal
conditions. sHSPs associate with nuclei, membranes
and the cytoskeletal elements of eukaryotic cells and
along with other chaperones, confer stability on the
cell proteome by protecting diverse proteins engaged
in signal transduction, metabolism, translation, tran-
scription, migration, differentiation and other activities
[325, 326]. Molecular chaperones are a large family of
ubiquitous, abundant proteins that appeared early in
evolution and form an effective defense system in our
cells by sequestering damaged proteins and preventing
their aggregation [325, 326]. Small heat shock proteins
(sHSPs) function as molecular chaperones, preventing
stress induced aggregation of partially denatured pro-
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teins and promoting their return to native conforma-
tions when favorable conditions pertain [327].

Clusterin

Clusterin is a disulphide-linked glycoprotein that
has been isolated from several tissues including the
kidney and is reported to be induced in various renal
diseases, e.g. renal dysplasia, membranous glomerulo-
nephritis, inherited polycystic renal disease and renal
cell carcinoma [328-332]. The two main clusterin pro-
tein isoforms in human cells include the conventional
glycosylated secreted heterodimer and a truncated
nuclear form. Clusterin has been implicated in various
physiological processes and in many severe physi-
ological disturbance states including ageing, cancer
progression, vascular damage, and diabetes mellitus.
Itis involved in the regulation of complement, and cell
reproduction and aggregation [333]. Clusterin may con-
tribute to the progression of chronic kidney disease by
virtue of its role in promoting apoptosis [330, 331] - per-
haps by inhibiting NF-kappaB-mediated antiapoptosis
[334]. The secreted form of clusterin may be implicated
in the progression of renal cell carcinoma [335].

In the kidney, clusterin is a component of immune
deposits and its expression is increased after ischemia
or obstruction. In gentamicin-treated rats, an increase
in urinary clusterin protein may provide an early sign
of nephrotoxicity [336]. Inrats with unilatertral ureteral
obstruction, clusterin mRNA and clusterin-beta have
been detected in the kidney along with clusterin-alpha
in the urine [337]. A central role for glomerular clus-
terin as a modulator of inflammation that potentially
influences the clinical outcome in human membranous
glomerulonephritis has been described [338].

Antiglomerular basement membrane antibodies
Goodpasture’s disease is related to the development
of an immune-type glomerulonephritis associated with
the occurrence of antibodies against constituents of the
glomerular basement membrane (anti-GBM antibod-
ies). The role of anti-GBM antibodies in the pathogen-
esis of human glomerulonephritis was first described
in 1967 in a now classic report [339]. The target antigen
of the anti-GBM antibodies is the NC1 domain of a-3
type IV collagen [340].appears to be the a3 chain in the
C-terminal non-collagenous globular domain of type
IV collagen [341]. An inherited susceptibility is well
documented through HLA complex. The disease is
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known to be associated with ANCA vasculitis, Alport's
syndrome, membranous nephropathy, diabetes mel-
litus and lymphoma.

Alport syndrome is a hereditary disorder of base-
ment membranes that can result in hearing loss,
ocular defects, and kidney failure. Following renal
transplantation for Alport’s Syndrome, some patients
will unpredictably develop antiglomerular antibod-
ies (anti-GBM) following renal transplantation [342].
The renal disease can appear indistinguishable from
Goodpasture disease of native kidneys [343]. The col-
lagen target of the antibody to the glomerulus [4] links
these 2 disease processes. The ongoing presence of
anti-GBM can affect the success of subsequent kidney
transplants [344]. An appreciable percentage of patients
with anti-GBM antibodies will also have antineutrophil
cytoplasmic antibodies (ANCA) [345].

Antineutrophil cytoplasmic antibodies

Antineutrophil cytoplasmic antibodies (ANCA)
are a class of autoantibodies with varied specificities
against particular proteins in the cytoplasmic gran-
ules of neutrophils and the lysosomes of monocytes.
Indirect immunofluorescence microscopy and enzyme
immunoassay have defined two types of ANCA pat-
terns: one causing cytoplasmic staining (C-ANCA) the
other perinuclear staining (P-ANCA) [346]. Greater
than 95% of C-ANCA antibiodies are anti-proteinase
3 antibodies (PR3-ANCA) and greater than 95% of P-
ANCA antibiodies are anti-myeloperoxidase antibod-
ies (MPO-ANCA) [347].

The high prevalence of ANCA antibodies in the
serum of patients with small vessel vasculitis has been
associated to some extent with disease activity [348]
and as an early indicator of disease relapse [349]. In
addition, both PR3-ANCA and MPO-ANCA antibod-
ies appear to play a pathogenic role by activating
neutrophils with the subsequent release of inflam-
matory mediators [350]. ANCA are associated with
necrotizing granulomatosis and with pauci-immune
necrotizing vasculitis involving many tissues and are
useful for the diagnosis of Wegener’s granulomatosis,
microscopic polyarteritis, Churg-Strauss syndrome,
systemic vasculitis and idiopathic necrotizing and
crescentic glomerulonephritis. Several environmental
and pharmaceutical agents have been thought to be
among the factors that trigger the development of
ANCA-related small vessal vasculitis [346].
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Na*/H* exchanger isoform 3

Na*/H* exchanger isoform 3 (NHE3) are the most
abundant sodium transporters within the nephron.
They are located in the plasma membrane, apical
membrane and recyucling endosomes of epithelial
cells. They are distributed along the nephron in the
proximal tubule, the thin decending limb and the thick
ascending limb of Henle’s Loop[351]. Du Cheyron and
collegues [352] measured NHE3 protein in the urine
of patients with biopsy proven ATN and compared
the amount excreted, corrected for Cr content, to ICU
patients with prerenal azotemia, ARF other than ATN
and individuals without renal involvement. Urinary
NHE3 content was significantly increased in both
ATN and prerenal azotemia, however, it value was 6x
greater in the ATN group without overlap. NHE3 pro-
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