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Abstract As the risks of cadmium (Cd)-induced
kidney disease have become increasingly apparent,
much attention has been focused on the development
and use of sensitive biomarkers of Cd nephrotoxicity.
The purpose of this review is to briefly summarize the
current state of Cd biomarker research. The review
includes overviews of the toxicokinetics of Cd, the
mechanisms of Cd-induced proximal tubule injury, and
mechanistic summaries of some of the biomarkers
(N-acetyl-f-p-glucosamidase; f3,-microglubulin, metal-
lothionein, etc.) that have been most widely used in
monitoring of human populations for Cd exposure and
nephrotoxicity. In addition, several novel biomarkers
(kidney injury molecule-1, a-glutathione-S-transferase
and insulin) that offer the potential for improved
biomonitoring of Cd-exposed populations are discussed.
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Cd as an environmental health problem

The importance of Cd as an environmental health
problem has become increasingly apparent over the
past 50 years (Jarup and Akesson 2009; Nordberg
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2004, 2009). Since the beginning of the industrial
revolution, large amounts of Cd have been released
from the lithosphere into the environment. Cd and its
compounds have been used extensively in the elec-
troplating industry, and in the manufacturing of
batteries, dyes, paints, plastics and consumer elec-
tronics (ATSDR 2008b). Cd has also been released
into the environment through mining and smelting
activities, the burning of refuse materials that contain
Cd, and the use of Cd-contaminated sludge and
phosphate salts as fertilizers (ATSDR 2008b). As a
stable divalent metal, Cd is not biodegradable and it
persists in the environment for long periods of time.

Humans are usually exposed to Cd in the work-
place or through the ingestion of Cd-contaminated
food or water (ATSDR 2008b; Jarup and Akesson
2009). In addition, tobacco contains significant
amounts of Cd and smoking is one of the primary
sources of Cd exposure in the general population
(Mannino et al. 2004; Menke et al. 2009; Satarug and
Moore 2004; Scherer and Barkemeyer 1983). Expo-
sure to Cd can result in a variety of adverse effects.
Depending on the dose, route and duration of
exposure, Cd can damage various organs including
the lung, liver, kidney, bone, pancreas and endocrine
system (for reviews see (ATSDR 2008b; Bernard
2008; Byrne et al. 2009; Edwards and Prozialeck
2009; Jarup et al. 1998; Jarup and Akesson 2009); it
has also been classified as a human carcinogen
(ATSDR 2008b; TARC 1993; Joseph 2009; Waalkes
2003; Waisberg et al. 2003). Various aspects of Cd
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exposure patterns, carcinogenesis and organ toxicity
are reviewed in the accompanying articles in this
journal.

With the chronic, low-level patterns of exposure
that are common in human populations, the kidney is
the primary target of toxicity, where Cd accumulates in
the epithelial cells of the proximal tubule, resulting in a
generalized reabsorptive dysfunction that is charac-
terized by polyuria, glucosuria and low molecular
weight proteinuria (Gonick 2008; Jarup 2002; Kjell-
strom 1986; Thevenod 2003). Recent studies have
highlighted the fact that adverse renal effects of Cd
may result from even low levels of exposure and that
women, children and individuals with confounding
health conditions, such as diabetes, may be especially
susceptible (Akesson et al. 2005; ATSDR 2008b; de
Burbure et al. 2006; Friedman et al. 2006; Hellstrom
et al. 2001; Jarup 2002; Navas-Acien et al. 2009;
Nawrot et al. 2008; Satarug et al. 2003; Thomas et al.
2009). Despite efforts by many countries and interna-
tional agencies to reduce the usage and release of Cd
into the environment, Cd pollution continues to
represent a major public health concern in many parts
of the world (Jarup and Akesson 2009; Satarug et al.
2003; Satoh et al. 2002). The problem appears to be
especially serious in emerging industrial nations where
environmental controls are still being developed
(Bandara et al. 2008; Nordberg 2004; Satarug et al.
2003; Teeyakasem et al. 2007). In addition there is
evidence that Cd exposure from natural sources such
as soil and volcanic activity may represent a hazard in
some regions (Haswell-Elkins et al. 2008; Moriguchi
et al. 2009b; Tang et al. 2009).

Monitoring of human populations

One of the major challenges in the fields of public
health and Cd toxicology has involved the monitoring
of at risk populations for early signs of exposure and
toxicity (Bernard 2004; Fowler 2009; Jarup and
Akesson 2009; Mueller et al. 1998; Staessen et al.
1996). Intuitively, it might seem that the most direct
way to monitor levels of Cd exposure would be to
simply measure blood or urinary levels of Cd.
However, this issue is greatly complicated by the
unique toxicokinetics of Cd in the body, where the
tendency of Cd to be sequestered in organs such as
liver and kidney is especially problematic. While
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blood levels of Cd can yield information regarding
recent exposures, they often do not provide informa-
tion regarding the total body burden of Cd or the
severity of injury in specific target organs. Likewise,
the monitoring and interpretation of data on urinary
levels of Cd are not as straightforward as one might
expect. With low, or even moderate, levels of
exposure, any Cd that is filtered at the glomerulus
is almost completely reabsorbed by epithelial cells of
the proximal tubule; little or no Cd is excreted in the
urine. It is only when the body burden of Cd is fairly
large and/or kidney injury begins to appear that
urinary excretion of Cd increases significantly. As a
result of these limitations in interpreting data on
blood and urinary levels of Cd, investigators have
utilized various biomarkers to assess levels of Cd
exposure and toxicity.

The United States National Institutes of Health
have broadly defined the term “biomarker” as a
“characteristic that is objectively measured and
evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention” (Biomarkers
Definition Working Group 2001). In the present
discussion, we will consider the topic of Cd bio-
markers from a more narrow perspective, as “any
substance or molecule that can serve as a indicator of
the functional state or level of toxic injury in an
organism, organ, tissue or cell”.

As a result of Cd’s tendency to accumulate in
epithelial cells of the proximal tubule, the kidney is
usually the primary critical target organ of Cd toxicity
in the body. The kidney is, in effect, a sentinel of Cd
exposure. Consequently, many of the most useful
biomarkers of Cd exposure and toxicity have been
markers of the various effects of Cd in the kidney.

From a historical perspective, it is noteworthy that
many of the primary advances in the biomonitoring
of human populations for Cd exposure occurred in the
mid 1980’s—early 1990’s. It was during this time
frame that some of the most widely-used urinary
biomarkers such as ff,-microglobulin, metallothio-
nein, and N-acetyl-f-pD-glucosamidase (NAG) were
first characterized and validated (Kawada 1995;
Koyama et al. 1992; Lauwerys et al. 1994; Nordberg
2009; Shaikh and Tohyama 1984; Shaikh and Smith
1986). These classical markers have provided essen-
tial tools for investigators to evaluate and define the
levels of Cd exposure that may result in adverse
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effects in human populations. However, as results of
recent studies with these traditional biomarkers have
shown that the problems associated with even low
levels of Cd exposure may be more serious than
previously thought, there has been a growing interest
in the development of more sensitive markers of Cd
exposure and toxicity. The purpose of this review is
to briefly summarize the current state of Cd bio-
marker research. This is not intended to be a
comprehensive review, but rather a summary of key
concepts and emerging issues in this area. For more
detailed discussions of specific biomarkers the reader
is referred to several outstanding reviews by other
authors (Bernard 2004; Fels 1999; Fowler 2009;
Nordberg et al. 2005; Pinot et al. 2000; Roels et al.
1999; Staessen et al. 1996). The primary focus of the
present review will be on those biomarkers that have
proven to be most useful in monitoring of human
populations. However, pertinent findings from exper-
imental studies in animals will also be discussed. In
addition, several novel biomarkers that offer the
potential for improved biomonitoring of Cd-exposed
populations will be considered.

Cd toxicokinetics

Before discussing the specific markers of Cd-induced
kidney injury, it is first necessary to consider some

aspects of the toxicokinetics of Cd. This topic has
previously been the subject of several excellent
reviews (Jin et al. 1998; Nordberg et al. 1986;
Nordberg 1984; Zalups and Ahmad 2003). Therefore,
only the key aspects of Cd toxicokinetics will be
mentioned here. Figure 1 summarizes some of the
key features of the absorption and distribution of Cd
in the body. With respiratory exposure, Cd is very
efficiently absorbed from the lung; up to 40-60% of
inhaled Cd reaches the systemic circulation. With
oral exposure, the absorption of Cd from the gastro-
intestinal tract is considerably lower (only 5-10%).
However, with long term exposure, even this low
level of absorption from the gastrointestinal tract can
lead to systemic accumulation of Cd and subsequent
toxicities. It is also noteworthy that gastrointestinal
absorption of Cd may be substantially higher in
individuals with low body stores of iron, which is a
factor that could contribute to individual variations in
sensitivity to Cd exposure.

It is important to note that once Cd is absorbed into
the bloodstream, whether from the lung or gastroin-
testinal tract, it tends to concentrate in blood cells
(mainly erythrocytes, but also leucocytes); only a
small percentage (<10%) remains in the plasma
(Nordberg et al. 1986). For this reason, the monitor-
ing of blood samples for levels of Cd exposure
typically involves the analysis of whole blood. It is
also important to note that essentially all of the Cd

Cd* + 2RSH ——  (RS),-Cd
Lung
40-60%
(RS),-Cd —2RSH
RS-Cd +
Cd2+
v v *
2+
Cd? + 2RSH Liver Kidney
(RS),-Cd Conjugation Cd - Mt Glomerular
L Tract Jug | 5
¢ rac 5-10% with filtration; uptake
Metallothionein by prox. tubule

Fig. 1 Schematic overview of absorption and distribution of
Cd in the body. Cd is efficiently absorbed from the lung and to
a lesser extent from the gastrointestinal tract (GI). In plasma,
Cd binds to proteins and low molecular weight thiols (RSH)
that deliver Cd in the form of RS-Cd to tissues. Initially, a large

portion of the absorbed Cd is delivered to the liver where it
induces the synthesis of metallothionein. Over time, the
resulting Cd-Mt and RS-Cd are filtered at the glomeruli and
taken up by epithelial cells of the proximal tubule
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that is present in plasma is bound to proteins and
other molecules. (Barbier et al. 2005; Bridges and
Zalups 2005; Zalups and Ahmad 2003). Cd in plasma
may either be tightly bound to specific metal binding
proteins such as metallothionein (Klaassen et al.
2009, 1999; Klaassen and Liu 1997; Webb 1986), or
may be loosely associated with molecules, such as
albumin, amino acids or the sulfhydryl compounds,
glutathione or cysteine. Because of the high affinity
of Cd for metallothionein, Cd that is bound to
metallothionein is not available for uptake by most
tissues, although the Cd-metallothionein complex can
be taken up by the epithelium of the proximal tubule
(Klaassen et al. 2009; Squibb and Fowler 1984;
Webb 1986). By contrast, the interaction of Cd with
most other molecules in plasma is of a lower affinity
(Fuhr and Rabenstein 1973; Rabenstein 1989; Trisak
et al. 1990). Consequently, Cd that is associated with
these molecules can dissociate and bind to other
target molecules on cell surfaces and, in some cases,
enter the cells (Barbier et al. 2005; Bridges and
Zalups 2005). Recent findings suggest that metal ion
transporters of the Zrt-/Irt-related protein (ZIP)
family, such as the ZIP8, may play a key role in
mediating the cellular uptake of Cd (He et al. 2009),
although there is also evidence for the direct uptake
of Cd-thiol conjugates in the kidney (Bridges and
Zalups 2005; Zalups and Ahmad 2003). All of these
factors need to be considered in relating the results
of studies on the levels of Cd in blood to the
distribution of Cd to critical target organs such as
the kidney.

With regard to the distribution of Cd to tissues,
following oral absorption, Cd is initially transported,
via the portal circulation, to the liver where it is
efficiently taken up by hepatocytes. In the hepato-
cytes, Cd induces the synthesis of metallothionein,
which binds and sequesters Cd, thereby buffering its
toxic effects in the cell. However, as the hepatocytes
in which Cd is sequestered die off, either through
normal turnover or as a result of Cd injury, the Cd-
metallothionein complex can be released into the
blood stream (Jin et al. 1998; Klaassen et al. 2009).
Even though the Cd-metallothionein complex is non-
toxic to most organs, it can be filtered at the
glomerulus and taken up by the epithelial cells of
the proximal tubule. In effect, Cd-metallothionein
can have the paradoxical effect of facilitating the
delivery of Cd from the liver to the kidney. Likewise,
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any Cd that is bound to low molecular weight
molecules in plasma, such as cysteine and glutathi-
one, can be filtered at the glomerulus, and Cd, either
as the free ion (Cd*™) or as the sulfhydryl conjugates,
can be taken up by the proximal tubule epithelium.
Even though it is not shown in the figure, there is
evidence that the peritubular capillaries, which are
fenestrated, can deliver Cd>* and Cd-thiol conjugates
to the basolateral surface of the proximal tubule
epithelial cells, from where Cd can then be taken up
(Bridges and Zalups 2005).

After it is taken up by the epithelial cells of the
proximal tubule, the Cd-metallothionein complex
initially accumulates in lysosomes, where the com-
plex is degraded, resulting in the release of Cd within
the cell (Goyer et al. 1989; Klaassen et al. 2009;
Squibb and Fowler 1984). The released Cd2+, most
likely rapidly associates with intracellular sulthydryl
groups, either on proteins or low molecular weight
compounds such as glutathione. The interactions of
Cd with sulfhydryl groups on proteins can result in
direct alterations in protein function. These interac-
tions, along with alterations in glutathione metabo-
lism, can result in the induction of oxidative stress
(Liu et al. 2009). The intracellular Cd*" also induces
the synthesis of additional metallothionein (Klaassen
et al. 2009), and can interfere with the actions of
essential metal ions (Martelli et al. 2006) and disrupt
various signaling pathways (Thevenod 2009).

With chronic exposure, the levels of Cd in the
proximal tubule cells continue to increase until a
critical threshold concentration of about 150—
200 pg/g of tissue is reached (Jarup 2002; Roels
et al. 1979). The classic view is that as this threshold
concentration is approached, the cells undergo
oxidative stress that leads to injury and either
necrotic or apoptotic cell death (Liu et al. 2009;
Shaikh et al. 1999; Tanimoto et al. 1993; Thevenod
2003). The cellulary injury causes alterations in
proximal tubule function as well as the shedding of
injured cells and cytosolic contents into the urine.
The shedding of dead or injured cells triggers a
repair process in which neighboring non-injured
cells dedifferentiate in a process known as epithe-
lial-mesenchymal transformal formation. The dedif-
ferentiated cells migrate to the denuded area of the
basement membrane and replace the injured cells
(Bonventre 2003; Gobe and Endre 2003; Lieberthal
et al. 1998; Racusen 1993).
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Specific biomarkers of Cd nephrotoxicity

The traditional urinary biomarkers that have been used
to monitor Cd toxicity in the kidney reflect various
steps in the sequence of pathologic events described in
the previous section. Figure 2 summarizes the
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functional origins of the various urinary markers as
they relate to the general pathophysiology of Cd-
induced proximal tubule injury. From a functional
standpoint, these traditional urinary markers of Cd
nephrotoxicity can be classified into 3 broad catego-
ries: (1) Cd and Cd-binding proteins such as
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Fig. 2 Mechanistic origins of classic biomarkers of Cd
nephrotoxicity. The top panel illustrates how Cd that is present
in the plasma and bound to either metallothionein (Cd-Mt) or
low molecular thiols (RS-Cd) is filtered at the glomerulus and
Cd, either in the form of Cd-Mt, (RS),-Cd or Cd** is taken up
by the epithelial cells of the proximal tubule. Likewise, low
molecular weight plasma proteins such as f»-microglobulin
and CC-16 are filtered at the glomerulus and efficiently taken
up by the proximal tubule cells. The epithelial cells also
contain enzymes such as lactate dehydrogenase (LDH),

/é/ 25 %5
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Necrosis
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alkaline phosphatase and o-glutathione-S-transferase (a-GST).
At this stage of exposure, the urinary excretion of Cd,
metallothionein, f/,-microglobulin and the enzymes is negligi-
ble. The bottom panel shows that as levels of Cd build up, the
proximal tubule cells are injured and begin to die, either
through necrotic or apoptotic mechanisms. These cytotoxic
effects are associated with alterations in cell morphology,
decreased reabsorbtive function, and shedding of cells, cell
fragments and cytosolic contents into the urine. At this point,
the excretion of urinary biomarkers increases markedly
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metallothionein (2) low molecular weight proteins,
and (3) proteins and enzymes derived from the brush
border, intracellular organelles or the cytosol of
proximal tubule epithelial cells. Each of these catego-
ries of markers are discussed in detail below. Figure 3
shows the general patterns for the urinary excretion of
each of these 3 classes of biomarkers. The figure also
includes data for a novel urinary biomarker known as
kidney injury molecule-1 (Kim-1) along with a
timeline describing specific events in the pathophys-
iologic process. Reference will be made to this figure
as each of the classes of markers are discussed below.

Cd and metallothionein

The urinary excretion of Cd and metallothionein have
been used both as markers of Cd exposure and of Cd-
induced proximal tubule injury (Bernard 2004; Chen
et al. 2006¢c; Mueller et al. 1998; Shaikh and Smith
1986; Shaikh et al. 1987). The typical patterns for the
urinary excretion of Cd and metallothionein are
illustrated by the animal data shown in Fig. 3. The
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graphs show time course for the urinary excretion of
the various markers in rats that were treated with Cd
for 12 weeks. The key events in the pathologic
process are indicated in the time line. Under normal
conditions, circulating Cd which is bound to low
molecular weight molecules such as metallothionein,
cysteine or glutathione, is filtered at the glomerulus
and taken up by the epithelial cells of the proximal
tubule (Bridges and Zalups 2005; Thevenod 2003).
During these early stages of exposure only extremely
small amounts are excreted in the urine (Shaikh et al.
1999; Suzuki 1980). During this stage of exposure
(labeled as “Early exposure” in the time line in the
figure), the presence of Cd or metallothionein in the
urine most likely results from the normal turnover
and shedding of epithelial cells and is a reflection of
the level of Cd exposure and the body burden of Cd
(Jarup 2002; Shaikh et al. 1987; Suzuki 1980).
However, over time, the concentration of Cd in the
epithelial cells increases to the point that Cd disrupts
tubular reabsorptive processes. At this stage (labeled
“Intermediate exposure” in the figure) the excretion
of Cd and metallothionein begin to increase in a,
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more or less, linear manner. As the intracellular
levels of Cd increase further, more of the epithelial
cells begin to die and slough off. At this point, the
urinary excretion of Cd and metallothionein increase
markedly (Nakajima et al. 2005; Prozialeck et al.
2009b, a; Shaikh and Tohyama 1984; Shaikh and
Smith 1986; Suzuki 1980). This surge in the urinary
excretion of Cd and metallothionein coincides with
the onset of polyuria and proteinuria (Prozialeck et al.
2007, 2009b, a). These findings are consistent with
the hypothesis that the early, linear phases of Cd and
metallothionein excretion are a reflection of Cd
exposure, whereas the later rises in excretion are a
reflection of Cd-induced tubular injury.

There are several aspects of the monitoring of
blood and urinary Cd and metallothionein that have
been problematic and controversial. The first problem
involves the definition of the critical levels to identify
Cd exposure and the onset of proximal tubule injury.
The World Health Organization, US Environmental
Protection Agency and many other agencies have
established guidelines for the monitoring of popula-
tions for Cd exposure and for Cd exposure limits
(ATSDR 2008a, b; Huang 2004; World Health
Organization (WHO) 2000). However, there are
some significant variations among the standards from
these different agencies. Nevertheless, some general-
izations can be made. The blood levels of Cd in non-
exposed populations are typically less than 0.5 pg/l.
Blood levels higher than 1.0 pg/l are generally
indicative of Cd exposure; levels higher than 5 pg/l
are considered hazardous. Urinary levels of Cd in
non-exposed populations are usually below 0.5 pg/g
creatinine; values above 1-2 pg/g are indicative of
exposure or elevated body burden. The critical
urinary Cd concentration that is associated with the
onset of renal injury is usually about 2-10 pg/g
creatinine, which corresponds to a renal cortical Cd
concentration of about 150-200 pg/g tissue (Jarup
2002; Roels et al. 1979). It should be emphasized that
these generalizations are derived from consensus-
based standards that have been established by various
regulating agencies. There is significant evidence that
even lower urinary levels of Cd may be associated
with adverse effects (Jarup et al. 2000; Jarup and
Alfven 2004; Nawrot et al. 2008; Noonan et al. 2002;
Schulz et al. 2009; Thomas et al. 2009; Uno et al.
2005). For metallothionein, the critical urinary level
that is associated with the onset of overt kidney injury

is approximately 300 pg/g creatinine (Shaikh and
Tohyama 1984; Shaikh et al. 1987, 1990). This
estimate is based on an assumed value for the urinary
excretion of Cd of 3 pg/g creatinine. Other investiga-
tors have recommended significantly lower critical
urinary metallothionein levels (Chen et al. 2006a, b, c).

One of the more controversial aspects of monitor-
ing the urinary levels of Cd involve the use of
chelating agents such as EDTA or DMSA to enhance
the urinary excretion of Cd. These processes are
referred to as “provoked urine excretion tests” and
typically involve the administration of chelators such
as EDTA 24 h prior to the collection of urine for the
determination of urinary Cd levels (Crinnion 2009a,
b; Soden et al. 2007). Such a pretreatment clearly
causes at least a transient increase in the urinary
excretion of Cd (Crinnion 2009a, b). However, it is
not clear how this increase in excretion relates to the
total burden of Cd in critical organs such as the
kidney. A key problem is that chelators such as
EDTA are cell membrane impermeant and do not
mobilize Cd from intracellular stores. The increase in
urinary Cd excretion following EDTA administration
most likely represents the removal of Cd from easily
accessible pools in body fluids and on cell surfaces,
each of which represent only a small amount of the
total body burden of Cd. As a result, the utility and
interpretation of results of these provoked challenge
tests remain unclear.

Low molecular weight proteins

The second category of Cd urinary biomarkers
includes a variety of low molecular weight proteins
such as f§,-microglobulin, Clara-cell protein (CC-16),
o -microglobulin, retinol binding protein and vitamin
D binding protein. These low molecular weight
proteins, are present in plasma and are small enough
to be easily filtered at the glomerulus. Under normal
circumstances, these filtered proteins are efficiently
reabsorbed by the proximal tubule and are not
excreted to any great extent in the urine (Bernard
et al. 1983; Bernard and Lauwerys 1995; Bernard and
Hermans 1997; Bernard 2004; Bernard et al. 1987,
1994, 1983). However, as Cd accumulates in the
proximal tubule, absorption of these proteins
becomes impaired and the proteins begin to appear
in the urine. Of these proteins, f,-microglobin has
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been most widely employed as a standard marker for
monitoring for the early stages of Cd exposure and
toxicity. It is also the only marker currently in use
that has been related to severity of tubular dysfunc-
tion, in the absence of other disease conditions.
Urinary levels of f,-microglobulin of 1,000 pg/g
creatinine (or greater) is considered to indicate
irreversibility of renal effects. This level is typically
associated with urinary cadmium of greater than
5 pg/g creatinine. For population monitoring, a cut-
off value of 300 pg/g f,-microgobulin creatinine has
been used (Huang 2004; OSHA 1999). Other inves-
tigators have recommended lower critical exposure
levels or bench mark dosage levels (BMDL) derived
from mathematical models that are based on dose-
response data and reflect levels of Cd exposure that
do not result in adverse health effects (Chen et al.
2006c; Uno et al. 2005). Even though f>-microglob-
ulin has proven to be a very useful biomarker, its lack
of stability in acidic urine can be problematic. As
with f,-microglobulin, increased levels of retinal
binding protein (RBP) is suggestive of impairment of
tubular reabsorptive function. Unlike f,-microglobu-
lin, however, RBP is stable in acidic urine and no
special preservative or alkaline treatment is required.

Proximal tubule-derived enzymes

Some of the most extensively used markers of Cd-
induced proximal tubule injury have been enzymes,
that are expressed in proximal tubule epithelial cells.
A variety of enzymes including: N-acetyl-f-p-glu-
cosamidase (NAG), lactate dehydrogenase (LDH),
alkaline phosphatase, and more recently, alpha-
glutathione-S-transferase (o-GST) have been studied
in this context. The appearance of these enzymes in
urine is classically thought to result from the leakage
of intracellular contents when necrotic proximal
tubule epithelial cells lose their membrane integrity
and/or slough off into the urine (Ferguson et al. 2008;
Nakajima et al. 2005; Sundberg et al. 1994; Vaidya
et al. 2008). However, results of recent studies from
our laboratory indicate that at the time the Cd-
induced increase in the urinary excretion of a-GST
and LDH occurs, there is little evidence of necrosis in
the proximal tubule (Prozialeck et al. 2009b) sug-
gesting that the Cd-induced urinary excretion of these
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enzymes may be due to the shedding of viable or
apoptotic cells into the urine.

From a practical standpoint, NAG, has clearly
proven to be especially useful in the monitoring of
human populations. NAG is a lysosomal enzyme that
exists as multiple isoforms. Both form A and B are
expressed in kidney. However, the B form, which is
abundant in proximal tubule epithelial cells, is
regarded as the more sensitive and reliable marker
of Cd-induced injury. However, assays that do not
differentiate between the two isoforms can also yield
useful results. Several epidemiologic studies over the
past 15 years have shown that NAG outperforms
other traditional markers (Jin et al. 1999; Moriguchi
et al. 2003, 2009a, b; Noonan et al. 2002; Suwazono
et al. 2006). However, it is also noteworthy that it
does not perform as well in animal (rat) models of Cd
nephrotoxicity (Prozialeck et al., 2009b, a). One
major advantage of NAG is that it is relatively stable
in non-preserved urine. This is in contrast to a-GST,
which requires use of special preservatives prior to
storage of samples. On the other hand, results of
recent studies indicate that o-GST is an earlier marker
of Cd toxicity than either NAG or LDH in the rat
(Prozialeck et al. 2009b).

Recent studies suggest that «-GST may also be an
especially useful early marker of Cd-induced kidney
injury. Garcon et al. (2004, 2007) reported that -
GST is a sensitive indicator of kidney injury in
workers who had been exposed to Pb and Cd. Results
of studies from our laboratories showed that «-GST
was a more sensitive markers of kidney injury than
either NAG or LDH in a rat model of Cd-induced
kidney injury (Prozialeck et al. 2009b, a). One
particularly interesting aspect of a-GST is that its
expression can be increased by oxidative stress
(Casalino et al. 2006; Garcon et al. 2004). The fact
that the «-GST is up-regulated by both Cd and
oxidative stress could explain why it appears in urine
before other cytosolic enzymes such as LDH.

Enzymes such as NAG, «-GST and LDH are
attractive urinary markers because even low levels
can be detected with relatively simple assays. On the
other hand, enzymes can be subject to inhibition/
interference with exogenous substances. For exam-
ple, Hg is a powerful inhibitor of LDH (Lash and
Zalups 1992) and urea can affect NAG (Mueller et al.
1989). This can create problems when using the
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enzymes as markers of damage induced by toxicants,
especially when multiple exposures may be involved.

Miscellaneous markers of proximal tubule
dysfunction, amino acids, glucose, Na*, K*
and Ca®*

In addition to its effects on these protein biomarkers,
Cd causes a generalized proximal tubule dysfunction
that results in an increase in the urinary excretion of
amino acids, Na*, K*, PO,~ and Ca*" (Kjellstrom
1986; Shaikh and Smith 1986). Even though these
effects are characteristic of Cd nephrotoxicity, the
urinary excretion of these substances can be influ-
enced by many factors other than Cd exposure
(Shaikh and Smith 1986). In general, these substances
have not been widely applied in the monitoring of
human populations for early signs of Cd exposure.
One notable exception, however, is Ca2+, which has
been shown to be a reliable indicator of Cd-induced
proximal dysfunction in exposed human subjects
(Staessen et al. 1996; Wu et al. 2001).

Markers of glomerular injury

While the proximal tubule is the primary target of
Cd-induced kidney injury, there is evidence that Cd,
particularly at higher levels of exposure, can also
affect the glomeruli (Xiao et al. 2009). Changes in
classic markers of glomerular dysfunction such as
serum or urinary creatinine are generally not seen
during the early or mild stages of Cd-induced kidney
injury (Prozialeck and Edwards 2007; Prozialeck
et al. 2009a). However, several investigators have
reported associations between Cd exposure and
alterations (either increased or decreased) creatinine
clearance (Bernard 2004; Mueller et al. 1998; Navas-
Acien et al. 2009; Trzcinka-Ochocka et al. 2004).
Some studies have also shown increased urinary
excretion of albumin during the early stages of Cd
toxicity (Haswell-Elkins et al. 2008; Mueller 1993;
Mueller et al. 1998), which is classically interpreted
as a marker of glomerular damage. Navas-Acien et al.
(2009) have recently reported significant alterations
in glomerular filtration along with albuminuria in
subjects exposed to Cd and Pb. At present, the
relative contributions and relationship of glomerular

injury and proximal tubule injury to these reported
increases in urinary albumin excretion remain
unclear.

Novel biomarkers

While each of these traditional markers have proven
to have some utility in monitoring Cd toxicity in
humans and experimental animals, several problems
remain. For example, urinary metallothionein and Cd
are markers of Cd exposure as well as proximal
tubular injury, and identifying the critical levels to
indicate the onset of injury has been problematic
(Chen et al. 2006b; Nakajima et al. 2005; Shaikh and
Tohyama 1984; Shaikh and Smith 1986; Shaikh et al.
1990; Suwazono et al. 2006). Moreover, the urinary
excretion of proteins such as f,-microglobulin can be
influenced by actions of toxicants on organs other
than the kidney (Halatek et al. 2005; Hantson et al.
2008; Roels et al. 1999). Most significantly, these
markers only identify later stages of Cd-induced
kidney injury. By the time they appear in the urine,
the injury to the kidney is usually irreversible
(ATSDR 2008b; Kobayashi et al. 2006; Wu et al.
2004). Thus, there is a need for better biomarkers of
Cd-nephrotoxicity.

Most of the traditional biomarkers of Cd nephro-
toxicity are based on the classic sequence of patho-
logic events shown in Fig. 2. However, an increasing
volume of evidence indicates that the early stages of
Cd toxicity involve changes in proximal tubule cell
adhesion and function that occur before the onset of
cell death (Prozialeck et al. 2003, 2009a). In addition,
several recent studies indicate that the onset of Cd-
induced kidney injury may be preceded by changes in
specific markers of metallothionein expression,
immune function and glucose metabolism. Together,
these recent findings raise the possibility of identify-
ing more specific and earlier biomarkers of Cd
exposure and toxicity. One of the more promising
urinary markers that have been described recently is
kidney injury molecule-1 (Kim-1).

Kim-1 is a transmembrane protein that is not
detectable in normal kidney but is expressed at high
levels in the proximal tubule after ischemic or toxic
injury (Vaidya et al. 2008). Kim-1 acts as a regulator
of cell adhesion and endocytosis in regenerating cells
of the injured tubule as they reform a functional
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epithelial barrier (Bailly et al. 2002; Ichimura et al.
2008). This process is associated with the proteolytic
cleavage of the ectodomain of Kim-1 into the urine
(Bailly et al. 2002). The ectodomain is stable in urine
and has been shown to be a sensitive marker of renal
injury induced by a variety of agents (Vaidya et al.
2008). The evidence for the general utility of Kim-1
as an early marker of kidney injury is so compelling
that the FDA has adopted Kim-1 as a standard
biomarker for the preclinical safety evaluation of
drug candidates (FDA 2008). Moreover, Kim-1
technology is rapidly being developed for the mon-
itoring and diagnosis of kidney disease in humans
(Vaidya et al. 2009).

In a series of recent studies in collaboration with
Drs. Vishal Vaidya and Joseph Bonventre, at Harvard
University, we have shown that Kim-1 outperforms
traditional markers of Cd-induced kidney injury
(Prozialeck et al. 2007, 2009a, b; Vaidya et al.
2009). Results of some of these studies are summa-
rized in Fig. 3. In these studies, rats were treated with
Cd (0.6 mg/kg, 5 days per week for up to 12 weeks)
and weekly urine samples were assayed for levels of
Kim-1 and a panel of other markers of kidney injury.
Some of the results of this study are summarized in
Fig. 3. As may be seen, Kim-1 was detected in the
urine 4-5 weeks before the onset of proteinuria, and
2-5 weeks before the appearance of other markers
including: metallothionein and CC-16. Other studies
showed that the Cd-induced increase in Kim-1
expression occurred at a time (6 weeks) when there
was little or no evidence of either necrosis or
apoptosis of proximal tubule epithelial cells (Prozi-
aleck et al. 2009b). The fact that Kim-1 can be
detected at a time before lethal injury to proximal
tubule epithelial cells has occurred may be especially
significant. Perhaps, with earlier detection via Kim-1,
it may be possible to reverse, or at least more
effectively treat, Cd-induced kidney injury (Hotz
et al. 1999; Wu et al. 2008) In light of this possibility,
studies on the utility of Kim-1 as marker of Cd
toxicity in humans are certainly warranted.

Early systemic markers of Cd toxicity
All of the biomarkers that we have described thus far

reflect specific toxic actions of Cd in the kidney (loss of
reabsorptive function, loss of cell membrane integrity,
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necrosis, apoptosis, etc.). However, results of recent
studies suggest that Cd may produce very early
systemic effects that may contribute to the pathophys-
iology of Cd-induced kidney injury. Markers of these
systemic effects may provide a means of assessing
risks of toxicity before the actual onset of kidney
injury. They also have the potential to provide critical
information regarding individual variations in the
sensitivity to Cd nephrotoxicity. Two very promising
lines of research center on the immunologic responses
to metallothionein and polymorphisms in the patterns
of expression of metallothionein.

Recent studies indicate that Cd exposure results in
the production of metallothionein antibodies in blood
(Nordberg 2009). In a study of Chinese smelter
workers exposed to Cd, levels of plasma metallothi-
onein antibody were significantly correlated with
urinary f, microglobulin and NAG (Chen et al.
2006a). However, the same study showed that urinary
albumin, metallothionein and Cd were not signifi-
cantly correlated with plasma levels of metallothio-
nein antibodies. In another study, diabetic patients
with no history of occupational exposure to Cd were
examined. Plasma metallothionein antibody levels
were significantly correlated with urinary f, micro-
globulin, but not with urinary Cd (Chen et al. 2006c).
In these studies, the presence of plasma metallothio-
nein antibodies was highly variable in the populations.
The investigators suggested that the metallothionein
antibodies might inhibit the protective actions of
metallothionein. This reported variation in metallothi-
onein antibody production may contribute to the high
degree of variation observed in individual susceptibil-
ity to Cd-induced renal dysfunction. Since the pres-
ence of plasma metallothionein antibody was
correlated with only the early biomarkers of Cd
exposure, and not later markers of Cd-induced renal
injury, it appears plasma metallothionein antibody
levels may only be transiently elevated during Cd
exposure. Antibody levels may become elevated
during initial exposure but then decline with progres-
sive renal injury. Additional studies are needed to
ascertain the time course and significance of the
appearance of plasma metallothionein antibodies dur-
ing Cd exposure.

Other researchers have begun to examine the
possible relationships between individual susceptibil-
ity to Cd toxicity and metallothionein gene polymor-
phisms (Miura 2009). When metallothionein
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expression was compared to Cd concentrations in the
renal cortex in 55 autopsied individuals in Japan, two
different groups were identified. One group had the
expected proportional increase in expression of metal-
lothionein with increased Cd content while a second
group had no change in metallothonein expression
regardless of elevated Cd levels (Yoshida et al. 1998).
One explanation for this may be genetic differences in
the promoter region of the methallothionein gene. In a
later study examining DNA isolated from leukocytes,
a single-nucleotide polymorphism in the promoter
region of the methallothionein-ITA gene was found in
18% of 119 Japanese subjects (Kita et al. 2000).
HEK?293 cells expressing this single-nucleotide poly-
morphism had significantly decreased metallothionein
expression in the presence of Cd (Kita et al. 2006).
Interestingly, Yoshida et al. (1998) reported that there
was no correlation between low metallothionein
expression and renal-related cause of death or any
signs of overt, renal pathology. Although this study
would indicate there is no relationship between
metallothionein expression and Cd-induced renal
damage, there is ample experimental evidence from
animal studies that correlate levels of metallothonein
expression with resistance to Cd toxicity (Liu et al.
2000; Webb 1979). Furthermore, other human studies
show a direct correlation with metallothionein expres-
sion and Cd exposure. In one study in Japan, the
expression of a specific isoform of metallothonein
primarily expressed in peripheral blood lymphocytes
(metallothionein-IA) was examined. Metallothonein-
IA expression was found to directly correlate with
elevated blood Cd and urinary f3, microglobulin, Cd
and albumin (Chang et al. 2009).

These studies suggest a potential use of metallothi-
onein isoform expression in determining an individ-
ual’s specific sensitivity to Cd toxicity. However, this
issue may not be as straightforward as it would seem to
be. Metallothionein is classically thought to serve a
protective role against Cd toxicity. However, it also
has the paradoxical effect of delivering Cd to the
kidney. This issue is further complicated by the Cd-
induced synthesis of metallothionein in the kidney.
Additional studies are needed to determine how the
apparent genetic differences in metallothionein
expression influence the accumulation of Cd in the
kidney and the sensitivity to Cd-induced kidney injury.

Another line of recent research has focused on the
finding that low level Cd exposure is associated with

alterations in glucose levels and glucose metabolism
that precede the onset of kidney injury. Within the
kidney, Cd exposure alters the expression of two key
enzymes involved in glucose metabolism, glucose 6-
phosphate dehydrogenase and glyceraldehyde 3-
phosphate dehydrogenase (Edwards et al. 2008).
Furthermore, there is a growing body of literature
showing significant correlations between exposure to
Cd and the prevalence of diabetes in countries such
as; Pakistan (Afridi et al. 2008), China (Chen et al.
2006¢), USA (Schwartz et al. 2003) and Australia
(Haswell-Elkins et al. 2008). Experimental studies
using animal models of Cd exposure have shown Cd
to have diabetogenic effects in both acute (Bell et al.
1990) and sub-chronic exposure models (Merali and
Singhal 1975, 1980; Han et al. 2003; Lei et al. 2007).
Our own preliminary studies using a 12 week
subchronic model of Cd exposure in the rat show
that Cd caused elevations in fasting blood glucose
levels several weeks prior to any overt signs (polyuria
or proteinuria) of Cd-induced renal dysfunction
(Edwards and Prozialeck 2009). These effects were
associated with a significant (50%) decrease in serum
insulin levels and morphological changes within the
pancreas (Edwards and Prozialeck 2009). Further-
more in an occupational study where Chinese smelter
workers had been exposed to Cd, a significant dose-
dependent relationship was found between lower
blood insulin levels and elevated urinary Cd levels
(Lei et al. 2007).

Given the well established link between diabetes
and the development of kidney disease, the ability of
Cd to affect levels and metabolism of glucose could
have significant implications for the pathophysiology
of Cd-induced kidney injury. These findings may also
have implications for monitoring populations for
early signs of Cd toxicity. The fact that the Cd-
induced changes in glucose and insulin levels
appeared before changes in indicators of renal
dysfunction such as urinary f3, microglobulin, NAG
and albumin (Lei et al. 2007) indicates that the
measurement of serum glucose and insulin may be
more sensitive markers of Cd exposure than tradi-
tional biomarkers of renal dysfunction. Since the
measurement of blood glucose and serum insulin are
routinely performed, they would be quick and easy
measurements to obtain in common clinical settings.
One obvious caveat is that most cases of hypergly-
cemia and diabetes are not associated with Cd
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exposure. However, blood glucose and more impor-
tantly, serum insulin may be important biomarkers in
the preliminary screening of individuals who are
thought to have been exposed to Cd.

Biomarker caveats and problems

In considering the utility of any urinary biomarker of
Cd exposure, it is important to keep in mind that the
determination of the concentration of a marker in a
single urine sample does not take into account factors
such as urine volume, which can vary markedly,
(either higher than normal or lower than normal) in
various stages of Cd-induced renal injury. The most
widely used approach for circumventing this problem
has been to normalize values for the biomarkers to
urinary creatinine excretion. However this, too, has
its shortcomings (Barr et al. 2005; Ikeda et al. 2003;
Moriguchi et al. 2003; Suwazono et al. 2005). The
most effective way of standardizing values for
urinary biomarkers is to utilize 24 h urine samples,
with the biomarker values normalized to 24 h urinary
creatinine excretion. Unfortunately this approach is
rather costly and is not always feasible, especially in
monitoring populations in remote under-developed
regions.

Another major issue in interpreting the results of
studies with many biomarkers is that they are not
specific markers of Cd-induced injury; that is, their
levels can be influenced by toxic substances other
than Cd. For example, the expression and urinary
shedding of Kim-1 can be triggered by exposure to a
wide variety of proximal tubule toxicants other than
Cd (Vaidya et al. 2008). In addition, urinary levels of
some markers may be influenced by toxic actions of
Cd on organs other than the kidney. For example, as
the invariant light-chain component of class I major
histocompatibility antigens, f, microglobulin is
derived from many tissues, and serum levels of the
protein can be influenced by pathologic processes in a
variety of organs (Broeckaert et al. 2000; Halatek
et al. 2005; Kobryn et al. 1989; Poulik et al.
1979).While an argument can be made that this lack
of organ specificity could actually be desirable for
biomonitoring the effects of a substance, such as Cd,
that can affect multiple organ systems, this same lack
of organ specificity can greatly complicate the use of
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the biomarker for mechanistic studies. For these
reasons, any interpretation of results with any
biomarkers must include some reference to levels of
Cd in blood, tissues and/or urine.

A final critical issue that needs to be considered is
that in many situations, populations are exposed to
other toxic substances, particularly metals such as Pb,
Hg and As, at the same time they are exposed to Cd.
Several recent studies have highlighted the possibility
that Cd, Pb, Hg and As may act synergistically to
damage the kidney and thereby affect the levels of
various biomarkers (Alfven et al. 2002; Buchet et al.
2003; Choudhury and Mudipalli 2008; Navas-Acien
et al. 2009; Nordberg et al. 2005; Thomas et al. 2009;
Wang and Fowler 2008). Most of the studies
addressing this issue have utilized traditional markers
of Cd exposure and toxicity. Additional studies are
needed to identify the optimal markers, or combina-
tion of markers, for monitoring complex exposure to
multiple metals. In addition, the possible interactions
between Cd and various organic toxicants is a subject
that has yet to be explored.

Summary and perspective

Biomarkers have proven to be useful tools for
evaluating Cd exposure and toxicity in human
populations as well in laboratory studies on animals.
However, many fundamental issues regarding the
selection of markers and definition of their critical
levels have yet to be fully resolved. Recent studies
have provided hope that new and even more sensitive
Cd biomarkers can be developed. At the same time, it
is apparent that data on biomarkers are essentially
meaningless if not considered in conjunction with
standard blood and urinary Cd analyses. Moreover, it
seems unlikely that any single biomarker will be able
to provide a complete picture of the effects of Cd on
an organ as complex as the kidney. Analyses of
panels of markers could provide a much more
comprehensive picture of the multifaceted effects of
Cd on the kidney. Additional studies are needed in
order to determine the optimal combination of
markers for identifying the earliest and most specific
stages of Cd nephrotoxicity. It is our hope that this
review/commentary will help to facilitate such
studies.
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