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Abstract
As a result of the widespread use of Cd in industry and its extensive dissemination in the environment,
there has been considerable interest in the identification of early biomarkers of Cd-induced kidney
injury. Kim-1 is a transmembrane glycoprotein that is not detectable in normal kidney, but is up-
regulated and shed into the urine following ischemic or nephrotoxic injury. Recent studies utilizing
a sub-chronic model of Cd exposure in the rat have shown that Kim-1 is an early urinary marker of
Cd-induced kidney injury. Kim-1 was detected in the urine 4–5 weeks before the onset of proteinuria
and 1–3 weeks before the appearance of urinary metallothionein and Clara cell protein 16, which are
standard markers of Cd nephrotoxicity. In the present study, we have compared the time course for
the appearance of Kim-1 in the urine with the time course for the appearance of alpha glutathione-
S-transferase (α-GST), N-acetyl-β-D-glucoseamidase (NAG) and Cd, each of which have been used
or proposed as urinary markers of Cd nephrotoxicity. Adult male Sprague-Dawley rats were given
daily subcutaneous injections of 0.6 mg (5.36 μmoles)/kg Cd, 5 days per week for up to 12 weeks.
One day each week, 24 hour urine samples were collected and analyzed for protein, creatinine and
the various markers. The results showed that significant levels of Kim-1 appeared in the urine as
early as 6 weeks into the treatment protocol and then continued to rise for the remainder of the 12
week treatment period. By contrast, significant levels of α-GST and NAG did not appear in the urine
until 8 and 12 weeks, respectively, while proteinuria was not evident until 10 weeks. The urinary
excretion of Cd was below the level of detection until week 4 and then showed a slow, linear increase
over the next 6 weeks before increasing markedly between weeks 10 and 12. These results provide
additional evidence that Kim-1 is a sensitive biomarker of the early stages of Cd-induced proximal
tubule injury.
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Introduction
Cd is an important industrial and environmental pollutant that can exert adverse effects on
multiple organ systems (Bernard and Lauwerys, 1984; Jarup et al., 1998; Morselt, 1991).
However, with the chronic, low-level patterns of exposure that are common in humans, the
kidney is the primary target of toxicity, where Cd causes a generalized dysfunction of the
proximal tubule characterized by polyuria and low molecular weight proteinuria (Jarup,
2002; Kjellstrom, 1986; Lauwerys et al., 1984; Piscator, 1986). Several recent studies have
highlighted the fact that adverse renal effects of Cd may result from even low levels of exposure
and that children and individuals with confounding health conditions, such as diabetes, may
be especially susceptible (Akesson et al., 2005; Friedman et al., 2006; Hellstrom et al., 2001;
Jarup, 2002; Satarug et al., 2003; Satarug and Moore, 2004).

As a result of the widespread use of Cd in industry and its extensive dissemination in the
environment, much attention has been focused on the identification of urinary biomarkers of
the early stages of Cd-nephrotoxicity (Abe et al., 2001; Bernard, 2004; Mueller et al., 1998;
Nakajima et al., 2005; Roels et al., 1999; Shaikh and Smith, 1986). Some of the urinary
biomarkers that have been used for this purpose include the Cd-binding protein metallothionein
(Shaikh et al., 1990), low molecular weight proteins such as β-2 microglobulin (Lauwerys et
al., 1984) and Clara cell protein-16 (CC-16) (Bernard et al., 1994), and even Cd itself (Bernard,
2004; Mueller et al., 1998).

While these markers have been used to monitor Cd toxicity in humans and experimental
animals, several problems remain. For example, the urinary excretion of metallothionein and
Cd are markers of Cd exposure as well as proximal tubular injury, and identifying the critical
levels of urinary metallothionein or Cd to indicate the onset of tubular injury has been
problematic (Chen et al., 2006; Nakajima et al., 2005; Shaikh and Tohyama, 1984; Shaikh et
al., 1990; Shaikh and Smith, 1986; Sugihira et al., 1986; Suwazono et al., 2006). Moreover,
the urinary excretion of proteins such as β2-microglobulin and CC-16 can be influenced by
actions of toxicants on organs other than the kidney (Halatek et al., 2005; Hantson et al.,
2008; Shaikh and Smith, 1986). Most significantly, these current markers only identify
relatively late stages of Cd-induced kidney injury. By the time these markers appear in the
urine, the injury to the kidney is generally considered to be irreversible and untreatable
(Kobayashi et al., 2006; Wu et al., 2004). Thus, there is a need for better early biomarkers of
Cd-induced kidney injury.

Kim-1 is a type I transmembrane protein that is not detectable in normal kidney but is expressed
at high levels in proximal tubule epithelial cells after ischemic or toxic injury (Ferguson et al.,
2008; Han and Bonventre, 2004; Ichimura et al., 2004; Vaidya et al., 2008). The ectodomain
of Kim-1 is shed into the urine and has been shown to be a sensitive marker of renal injury
induced by a variety of agents including cisplatin, S-(1,1,2,2,-tetrafluorethyl)-L-cysteine, folic
acid (Ichimura et al., 2004; Vaidya et al., 2006), Hg (Zhou et al., 2008), chromium (Zhou et
al., 2008) and cyclosporine (Perez-Rojas et al., 2006). The evidence for the utility of Kim-1 as
an early marker of kidney injury is so compelling that the United States Food and Drug
Administration and European Medicines Agency have recently adopted Kim-1 as a standard
biomarker for the preclinical safety evaluation of novel drug candidates (FDA, 2008).

In a recent study utilizing a sub-chronic model of Cd exposure in rats, we showed that Kim-1
is a very early urinary marker of Cd-induced kidney injury (Prozialeck et al., 2007). In that
study, urinary levels of Kim-1 were found to be elevated 1–3 weeks before the appearance of
metallothionein and Clara cell protein-16, which are traditional markers of Cd toxicity, and 4
weeks before the onset of overt proteinuria.
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While our original studies with Kim-1 were in progress and being prepared for publication,
several studies were published highlighting the utility of other urinary biomarkers of Cd
nephrotoxicity. Two of the urinary markers that were highlighted in this context were the
proximal-tubule derived enzymes NAG (Moriguchi et al., 2003; Suwazono et al., 2006;
Teeyakasem et al., 2007) and α-GST (Garcon et al., 2004). Results of those studies, which
involved Cd exposed human populations, indicated that NAG and α-GST each outperformed
traditional markers of Cd toxicity such as β2-microglubulin. In light of these observations, the
present studies were undertaken in order to directly evaluate the utility of Kim-1, α-GST and
NAG as early biomarkers of Cd-induced renal injury. These studies involved the use of a well-
established model of Cd nephrotoxicity in rats and the direct comparison of the patterns of
excretion of the various markers in relation to urinary levels of Cd.

Methods
The Cd-treatment protocol was identical to that described previously (Prozialeck et al.,
2007). Male Sprague-Dawley rats weighing 250–300 g were given daily subcutaneous
injections of 0.6 mg (5.36 μmoles)/kg Cd, 5 days per week, for up to 12 weeks as described
previously (Prozialeck et al., 2007). One day each week, 24-h urine samples were collected
and alliquoted. Some of the urine samples were stabilized in a special buffer (Argutus Medical,
Dublin, Ireland) for the analysis of α-GST. All samples were then frozen and stored at −80ºC
until they were analyzed for the various markers. All of the analyses were conducted within 6
months after the collection and storage of the urine samples. Each of the markers that were
examined have been shown to be stable under these storage conditions (Waikar et al., 2007
and product information from Argutus Medical, Dublin Ireland). The entire treatment protocol
was repeated a total of 4 times. Whenever possible, data from the various treatment protocols
were pooled so that the total n for the various parameters ranged from a minimum of 5 to a
maximum of 22. The pooled data includes the data from our previous study (Prozialeck et al.,
2007) plus data from another treatment protocol that was completed since the publication of
the previous paper. All animal treatment protocols were reviewed and approved by Midwestern
University’s Animal Care and Use Committee.

Determination of Kim-1, NAG, α-GST and Cd
Urine samples were coded so that individuals performing the analyses were blinded as to the
identity of the samples. Kim-1 protein was measured in the Vaidya/Bonventre laboratory using
Microsphere-based Luminex xMAP™ technology as described previously (Prozialeck et al.,
2007; Vaidya et al., 2005). Urinary levels of NAG were determined by using commercially
available colorimetric assay kits (#875406, Roche Applied Science, Indianapolis, IN)
according to the manufacturer’s recommendedprotocol.

Levels of α-GST were determined using commercially available kits (BIO 64RAT Argutus
Medical, Dublin, Ireland) according to the manufacturer’s protocol. Urinary levels of Cd were
determined by Chemical Solutions Incorporated (Mechanicsburg, PA) using a Perkin Elmer
DRCII inductively coupled plasma mass spectrometer to analyze nitric acid extracts of heat-
digested urine samples. The level of Cd detection was approximately 0.034 ppb and all assays
were performed in triplicate.

Statistical analysis
Statistical analyses were performed using the Sigma Stat computer program (Version V2.03,
Systat Software Inc., Point Richmond, CA). Data for the various urinary parameters were
analyzed by the non-parametric Kruskal-Wallis test and Dunn’s posthoc test for multiple
comparisons. The rationale for the use of these specific tests have been described previously
(Prozialeck et al., 2007).
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Results
Figure 1 summarizes the effects of Cd on body weight, urine volume, urinary protein and
urinary creatinine. Over the course of treatment, the Cd-treated animals gained significantly
less weight than the control animals. Accordingly, data for the various urinary parameters were
adjusted for body weight. After 9–10 weeks of exposure, the Cd-treated animals developed
significant polyuria and proteinuria, with no change in urinary creatinine excretion, effects that
are characteristic of Cd-induced proximal tubule injury. The magnitude and time course for
these effects are similar to those described in previous studies (Goyer et al., 1989;Liu et al.,
1998;Prozialeck et al., 2007;Shaikh et al., 1999;Suzuki, 1980).

Figure 2 shows the changes in the urinary levels of Kim-1, α-GST, NAG and Cd over the 12
week Cd treatment period. Significantly elevated levels of Kim-1 (about a 15 fold increase
over control levels) were present in the urine after 6 weeks of Cd exposure and then continued
to rise slightly over the next two weeks. Between weeks 8 and 9, levels of Kim-1 increased
markedly and remained elevated throughout the rest of the treatment period. By contrast,
increases in the excretion of α-GST were not statistically significant until week 8, about 2
weeks later than the increase in Kim-1 excretion. The levels of α-GST then increased only
slightly more over the remainder of the treatment period. Urinary excretion of NAG did not
change significantly, until week 12, when it was increased by about 30%. The urinary levels
of Cd were below the level of detection in all of the control samples. In the samples from the
Cd-treated animals, the urinary excretion of Cd was also below the level of detection until week
4, at which point very low, but detectible, levels of Cd were present. Over the next 5 weeks
urinary Cd levels continued to rise, in a slow, linear manner. Between 11 and 12, the urinary
excretion of Cd increased markedly. Of all the markers, Cd and Kim-1, which not detectable
or are present only at very low levels in control samples, exhibited the largest magnitude of
increases in response to Cd exposure. However, the major increase in Cd excretion occurred
3–4 weeks after the increase in Kim-1 excretion.

Discussion
Results of our previous studies showed that Kim-1 is a more sensitive and earlier urinary
biomarker of Cd-induced proximal tubule injury than either urinary metallothionein or CC-16,
which have long been used as traditional markers of Cd nephrotoxicity (Prozialeck et al.,
2007). The results of the present studies indicate that Kim-1 is also a more sensitive marker of
Cd-nephrotoxicity than urinary Cd, NAG and α-GST.

In addition to being a very early marker of Cd-induced kidney injury, Kim-1 offers several
other advantages as a biomarker. First, it is not expressed, to any significant degree, in non-
injured kidney, making it relatively easy to detect any Cd-induced increase in expression.
Secondly, it is very stable in urine, even when frozen at −80ºC for months, and unlike α-GST,
it does not require the use of special preservatives. Third, it is conserved across species (Vaidya
et al., 2008), which could facilitate the extrapolation of the results of studies in animals to the
results of studies on human populations and vice versa. With regard to the latter point, it is
interesting to note that while NAG has been a useful early marker of Cd toxicity in humans
(Jin et al., 1999; Moriguchi et al., 2003; Suwazono et al., 2006; Teeyakasem et al., 2007), our
results as well as studies from other laboratories (Groten et al., 1994; Viau et al., 1986) indicate
that it does not perform as well in rat models of Cd-induced kidney injury.

In considering the utility of these various markers, it is also important to note that their presence
in the urine is indicative of different events in the pathophysiology of nephrotoxic injury [for
reviews see (Ferguson et al., 2008; Vaidya et al., 2008)]. α-GST is a cytosolic enzyme that is
expressed primarily in the epithelial cells of the proximal tubule (Sundberg et al., 1994). The
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appearance of α-GST in urine is thought to result from the leakage of cytosolic contents when
proximal tubule epithelial cells die and/or slough off into the urine (Ferguson et al., 2008;
Sundberg et al., 1994; Vaidya et al., 2008). However, results of recent studies from the our
laboratory indicate that at the time the Cd-induced increase in the urinary excretion of α-GST
occurs, there is no evidence of necrosis in the proximal tubule. Those studies, which are
described in the accompanying article by Prozialeck et al. in this journal suggest that the Cd-
increased urinary excretion of α-GST may be due to the shedding of viable or apoptotic cells
into the urine.

The urinary excretion of Cd is both a marker of Cd exposure and proximal tubule injury
(Suzuki, 1980; Bernard, 2004; Mueller et al., 1998). Under normal conditions, circulating Cd
which is bound to low molecular weight materials such as metallothionein cysteine or
glutathione, is filtered at the glomerulus and efficiently taken up by the epithelial cells of the
proximal tubule (Bridges and Zalups, 2005) and only small amounts are excreted in the urine
(Shaikh et al., 1990; Suzuki, 1980). During this stage of exposure the presence of Cd in the
urine results from the normal turnover and shedding of epithelial cells and is mainly a reflection
of the level of Cd exposure (Suzuki, 1980). However, over time, the concentration of Cd in the
epithelial cells increases to the point that more cells begin to die and slough off into the urine.
It is at this point that the urinary excretion of Cd increases markedly (Suzuki, 1980). Our results
show that Cd begins to appear in the urine after 2–4 weeks of exposure. The urinary levels of
Cd then slowly rise until weeks 9–10, at which point there is a marked increase in Cd excretion.
This surge in the urinary excretion of Cd coincides with the onset of polyuria and proteinuria.
This pattern is similar to that reported by other investigators (Dudley et al., 1985; Goyer et al.,
1989; Suzuki, 1980) and is also very similar to the pattern of metallothionein excretion that
we observed previously (Prozialeck et al., 2007). 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.

By contrast, Kim-1 is expressed by dedifferentiated proximal tubule epithelial cells after
ischemic or toxic injury [for reviews see (Ferguson et al., 2008; Vaidya et al., 2008)]. Kim-1
functions as a regulator of cell-cell adhesion and phagocytosis at a time when the
dedifferentiated regenerating cells of the injured proximal tubule relocate to denuded patches
of the basement membrane to phagocytize cellular debri and reform a continuous epithelial
layer (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 finding that Kim-1
appears in the urine of the Cd treated animals before markers of necrosis such as α-GST and
Cd is consistent with recent observations that the early stages of Cd nephrotoxicity may involve
changes in proximal tubule function that occur before overt necrosis of epithelial cells
(Prozialeck et al., 2003; 2007). This topic is considered in greater detail in the accompanying
publication by Prozialeck et al. in this journal. The fact that Kim-1 can be detected in urine
before the onset of lethal injury to most proximal tubule epithelial cells could have important
implications regarding the reversibility and potential treatment of Cd-induced kidney disease.
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Figure 1. Effects of Cd on body weight, urine volume, urinary creatinine and urinary protein
Male Sprague-Dawley rats received daily subcutaneous injections of Cd (0.6 mg/kg) for up to
12 weeks. One day each week, animals were weighed, 24h urine samples were collected and
analyzed for creatinine and protein as described in the Methods section. Values represent the
mean ± SE. An * denotes significant differences from week matched control values (p < 0.05)
as determined by the non-parametric Kruskal-Wallis test and Dunn’s posthoc test for multiple
comparisons. n = 36 for weeks 1–6 and 24 for weeks 7–12.
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Figure 2. Effects of Cd treatment on the urinary excretion of Kim-1, α-GST, NAG and Cd
Animals were treated with Cd (0.6 mg/kg, 5 days per week) for up to 12 weeks and weekly
urine samples were analyzed for levels of Kim-1, α-GST, NAG and Cd as described in the
Methods section. Values represent the mean ± SE. An * denotes significant differences from
week matched control values (p < 0.05) as determined by the non-parametric Kruskal-Wallis
test and Dunn’s posthoc test for multiple comparisons For the Kim-1 data, n = 22 for weeks
1–6 and 16 for weeks 7–12; for α-GST, n=9–12; for NAG, n=11–12 and for Cd n=5–6 for each
data point.
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