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Abstract

Progressive loss of functioning nephrons, secondary to age-related glomerular disease, can impair
the ability of the kidneys to effectively clear metabolic wastes and toxicants from blood.
Additionally, as renal mass is diminished, cellular hypertrophy occurs in functional nephrons that
remain. We hypothesize that these nephrons are exposed to greater levels of hephrotoxicants, such
as inorganic mercury (Hg?*), and thus are at an increased risk of becoming intoxicated by these
compounds. The purpose of the present study was to characterize the effects of aging on the
disposition and renal toxicity of Hg2* in young adult and aged Wistar rats. Paired groups of
animals were injected (i.v.) with either a 0.5 umol * kg~1 non-nephrotoxic or a 2.5 pmol « kg1
nephrotoxic dose of mercuric chloride (HgCly). Plasma creatinine and renal biomarkers of
proximal tubular injury were greater in both groups of aged rats than in the corresponding groups
of young adult rats. Histologically, evidence of glomerular sclerosis, tubular atrophy, interstitial
inflammation and fibrosis were significant features of kidneys from aged animals. In addition,
proximal tubular necrosis, especially along the straight segments in the inner cortex and outer
stripe of the outer medulla was a prominent feature in the renal sections from both aged and young
rats treated with the nephrotoxic dose of HgCl,. Our findings indicate 1) that overall renal
function is significantly impaired in aged rats, resulting in chronic renal insufficiency and 2) the
disposition of HgCl, in aging rats is significantly altered compared to that of young rats.
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1. Introduction

Aging often leads to significant structural and physiological changes in the kidneys, with the
glomerulus being the primary target of the aging process. Age-related glomerular changes
are characterized by thickened glomerular basement membranes, expanded mesangial
matrices, shrinkage and occlusion of the glomerular capillaries, and eventual
glomerulosclerosis (Choudhury 2004; Lopez-Novoa 2008; Zhou 2008; Zhou et al. 2008).
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These changes ultimately lead to atrophy and death of nephrons associated with diseased
glomeruli. As the number of functional nephrons decreases, vascular, glomerular, and
tubular changes occur in the remaining functional nephrons in an attempt to compensate for
the reduction in renal function caused by the diseased nephrons (Lopez-Novoa 2008; Zatz
and Fujihara 1994). These compensatory changes result in glomerular hypertrophy,
hyperperfusion, and hyperfiltration and lead to increases in single nephron glomerular
filtration rates (SNGFR) and intraglomerular shearing forces, which predispose affected
glomeruli to sclerotic changes (Anderson and Brenner 1986; Fogo 2000; Lopez-Novoa
2008; Weinstein and Anderson 2010). Indeed, a positive correlation between glomerular
hypertrophy and the development of glomerulosclerosis has been demonstrated in aging
mice (Ferder et al. 1994). In addition, proliferation of mesangial cells and expansion of
mesangial matrix, both of which may be frequently associated with glomerular hypertrophy,
appear to precede and contribute to the development of glomerulosclerosis (Floege et al.
1992). Age-related changes have also been observed in epithelial cells of renal tubules and
the interstitium. These changes include atrophy and degeneration, formation of diverticula,
irregular thickening of the tubular basal lamina and tubulointerstitial fibrosis, which can be
associated with interstitial inflammation, fibroblast activation, increased deposition of
collagen, and nephrocalcinosis (Abrass et al. 1995; Ding et al. 2001; Thomas et al. 1998;
Zhou et al. 2008). It should be noted that these changes are considered to be pathological
and they are distinctly different from the compensatory changes that occur following the loss
of renal mass that occurs with uninephrectomy (Hayslett et al. 1968).

As the number of functioning nephrons diminishes in aged kidneys, the remaining functional
nephrons undergo compensatory changes in order to maintain normal renal function (Fine
LG 1992; Fine and Norman 1989). These changes may consequently lead to increased
exposure of renal tubular epithelial cells to metabolic wastes and xenobiotics, including
nephrotoxicants. In addition, these substances may be taken up more readily by
hypertrophied and hypermetabolic proximal tubular cells because of compensatory increases
in blood flow within glomeruli and expression of certain cellular transport mechanisms
along the proximal tubule. The increased exposure to, and probable increase in uptake of
available nephrotoxicants likely enhances the risk of hypertrophied tubular cells being
affected adversely by these substances (Lopez-Novoa 2008). These adverse effects could
conceivably lead to additional cell death along the nephron and possibly additional
glomerulosclerosis, both of which would further reduce functional renal mass.

Mercury is a nephrotoxic metal that is found ubiquitously in many environmental and
certain occupational settings. Most often, humans are exposed to organic forms of mercury
such as methylmercury (CH3Hg™) through consumption of contaminated fish. Once
ingested, a fraction of CH3Hg* is oxidized to form inorganic mercury (Hg2*). Although both
forms of mercury have been shown to accumulate in the kidney, this organ appears to be a
preferential site of HgZ* accumulation. Indeed, renal accumulation of Hg2* occurs rapidly
with as much as 40% of a nontoxic dose present in the kidneys within a few hours after
exposure (Zalups 1993a). The vast majority of this Hg2* accumulates in the epithelial cells
of the proximal tubule (Zalups 2000).
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As the kidney is the primary target of Hg2* accumulation and intoxication, elderly and aged
individuals with reduced renal mass may be at higher risk of being intoxicated by this metal.
Exposure to toxicants such as HgZ* may enhance morbidity and even mortality. Owing to
the prevalence of Hg2* and other toxicants in our environment and the increased life-span of
humans, it is important to human health that we have a thorough understanding of the way in
which mercuric ions and other environmentally and occupationally relevant nephrotoxicants
are handled by the aged kidney. Our laboratory has previously characterized the handling of
Hg?* in a non-pathological model of reduced renal mass (e.g., uninephrectomy) (Zalups
1993b; Zalups 1997), but to our knowledge, no one has examined the handling of Hg?* in a
model of aging, which is characterized by pathological changes. Therefore, the purpose of
the present study was to characterize the effects of aging on the corporal disposition and
renal toxicity of Hg2* in young adult and two-year old rats, and to test the hypothesis that
remaining functioning nephrons in aged kidneys are at increased risk of being intoxicated by
nephrotoxic compounds, such as Hg2*. This study represents the first report of Hg2*
disposition and intoxication in a model of aging. The findings from this study will provide
important information regarding the susceptibility of aging kidneys to nephrotoxicants such
as Hg2*.

2. Methods

2.1 Animals

Male Wistar rats were obtained from our breeding colony housed in the Mercer University
School of Medicine animal facility. “’Young” rats were used at an age of eight weeks while
“Aged” rats were approximately 20 months of age. Mean body weights for each group of
animals are listed in Table 1. Animals were provided a commercial laboratory diet (Teklad
Global Soy Protein Free Extruded Rodent Diet, Harlan Laboratories) and water ad libitum
throughout all aspects of the present study. All procedures involving animals were reviewed
and approved by the Mercer University Institutional Animal Care and Use Committee.
Animals were handled in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted by the National Institutes of Health.

2.2 Intravenous Injections

Rats were injected intravenously (i.v.) with either a non-nephrotoxic (0.5 pmol « kg™t « 2
mL~1 normal saline) or a nephrotoxic (2.5 umol « kg=1 « 2 mL~1 normal saline) dose of
HgCl, according to our previously published protocol (Bridges et al. 2008a; Bridges et al.
2008b). The injection solution contained radioactive mercury ([2%Hg2*]) and was designed
to deliver 1 uCi [293Hg?*] to each animal. [203Hg2*] was generated by neutron activation of
mercuric oxide for four weeks at the University of Missouri Research Reactor (MURR)
(Belanger et al. 2001; Bridges et al. 2008a). At the time of injection, each animal was
anesthetized with isoflurane and a small incision was made in the skin in the mid-ventral
region of the thigh to expose the femoral vein and artery. A 0.5 pmol or 2.5 pmol « kg2
dose of HgCl, was administered into the vein. The wound was closed using two 9-mm
stainless steel wound clips. Animals were then housed individually in metabolic cages.
Forty-eight hours after injection with HgCl,, animals were sacrificed and organs/tissues
were harvested.
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2.3 Collection of Organs

At the time of euthanasia, animals were anesthetized with ketamine (70 mg « kg™1) and
xylazine (30 mg « kg™1). A 1-mL sample of blood was obtained from the inferior vena cava
and set aside for determination of [203Hg2*] content. A separate sample of blood was placed
in a Microtainer plasma separation tube in order to estimate content of [2%3Hg?*] in plasma
and cellular fractions. The total volume of blood was estimated to be 6% of body weight
(Lee and Blaufox 1985).

The liver and kidneys were also removed from each rat. The mean total renal mass and liver
weights for each group of animals are shown in Table 1. Each kidney was trimmed of fat
and fascia and weighed and cut in half along the mid-traverse plane. One-half of the right
kidney was placed in fixative (40% formaldehyde, 50% glutaraldehyde in 96.7 mM
NaH,PO4 and 67.5 mM NaOH) as preparation for histological analyses. The remaining half
was frozen in liquid nitrogen for future RNA analyses. One-half of the left kidney was
utilized for estimation of [293Hg2*] content. A 3-mm traverse slice was obtained from the
remaining half and was used for dissection of renal zones (cortex, outer stripe of the outer
medulla, inner stripe of the outer medulla, and inner medulla). Each sample was weighed
and placed in a separate tube for estimation of [293Hg2*]. The liver was weighed and a 1-g
sample was removed for determination of [293Hg2*] content.

Urine and feces were collected in 24-h periods throughout the duration of the experiment.
Urine volumes are listed in Table 2. At the end of each 24-h collection period, a 1-mL
sample of urine was weighed and placed in a tube for estimation of [293Hg2*] content. All of
the feces excreted during each 24-h collection period were counted for estimation of
[203Hg2*] content. The content of [293Hg2*] in each sample was determined by counting in a
Wallac Wizard 3 automatic gamma counter (Perkin Elmer, Boston, MA) and the content of
Hg?* in each sample was estimated using standard computational methods.

2.4 Real-time PCR

Kidneys from young and old Wistar rats injected with 0.5 umol or 2.5 umol HgCl, « kg1
were isolated, cut into sections, and frozen at the time of animal sacrifice. At the time of
RNA isolation, frozen kidney sections were pulverized with a mortar and pestle. TRIzol
Reagent (Life Technologies, Grand Island, NY) was added to the ground kidney and RNA
was extracted according to the manufacturer’s protocol.

Reverse transcription of 1 pg of RNA was carried out using reverse transcriptase and
random hexamers (Life Technologies). For real-time PCR analyses, 2 uL of the reverse
transcriptase reaction were utilized. Analysis of kidney injury molecule-1 (Kim-1) and
neutrophil gelatinase-associated lipocalin (Ngal) was performed with an ABI Prism 7000
detection system using a Gene Expression Assay (Rn00597701_m1 and Rn00590612_m1,
respectively, Life Technologies). Glyceraldehyde 3-phosphate dehydrogenase (Gapdh;
Rn01775763_g1) was used as a reference gene.
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2.5 Histology

Kidneys were fixed in 40% formaldehyde, 50% glutaraldehyde in 96.7 mM NaH,PO,4 and
67.5 mM NaOH for 48 hours at 4°C. Following fixation, kidneys were washed twice with
normal saline and placed in 70% ethanol. Tissues were processed in a Tissue-Tek VIP
processor using the following sequence: 95% ethanol for 30 min (twice); 100% ethanol for
30 min (twice); 100% xylene (twice). Tissue was subsequently embedded in POLY/Fin
paraffin (Fisher) and 5 um sections were cut using a Leitz 1512 microtome and mounted on
glass slides. Sections were stained with hematoxylin and eosin (H & E) and were viewed
using an Olympus IX70 microscope. Images were captured with a Jenoptix Progress C12
digital camera.

2.6 Measurement of Glucose, Protein, Creatinine and Blood Urea Nitrogen

Urine samples were frozen for determination of urinary glucose and protein. For analyses of
urinary glucose, 5 UL of urine were used and glucose was quantitated using the
QuantiChrome glucose assay kit (BioAssay, Hayward, CA). For analyses of urinary protein,
20 pL of urine were added to 1 mL Bradford’s Reagent (Sigma, St. Louis, MO) and
absorbance was read at 460 nm. Protein concentrations were calculated from a standard
curve.

Plasma creatinine and blood urea nitrogen (BUN) levels were assessed in order to estimate
alterations in renal function. Following separation of plasma from cellular components of
blood, samples were stored at —20°C. For determination of plasma creatinine, 30 L of
plasma was utilized and the concentration of creatinine was assessed using the
QuantiChrome creatinine assay (BioAssay). Similarly, using a 5 pL sample of plasma, the
concentration of BUN was determined using the QuantiChrome urea assay (BioAssay).

2.7 Statistical Analyses

Data for each experiment were analyzed first with the Kolmogorov-Smirnov test for
normality and then with Leven’s test for homogeneity of variances. Data were then analyzed
using a two-way analysis of variance (ANOVA) to assess differences among the means.
When statistically significant F-values were obtained with ANOVA, the data were analyzed
using Tukey’s post hoc multiple comparison test. A p-value of < 0.05 was considered
statistically significant. Each group of animals contained four rats.

3. Results

3.1 Disposition of Mercuric lons in Total Renal Mass

Figure 1A shows the renal burden of Hg2* (% administered dose) in young and old rats
following a 48-h exposure to either 0.5 umol or 2.5 pmol HgCl, * kg™L. In rats exposed to
0.5 umol HgCly, the renal burden of Hg2* (% administered dose) was significantly greater in
older rats than in younger rats. Following exposure to 2.5 pmol HgCl, « kg1, the renal
burden of mercury, in both young and aged rats, was significantly lower than that in rats of
corresponding age exposed to 0.5 pmol HgCl, « kg™1. The absolute amount of Hg2* (nmol/g
tissue) in the total renal mass is shown in Table 2.
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Figure 1B shows the amount of mercury (% administered dose/g tissue) in kidneys from
young and old rats following a 48-h exposure to either 0.5 umol or 2.5 umol HgCl, « kg~1.
The amount of Hg2* in kidneys of young rats exposed to 0.5 umol HgCl, « kg™ was
significantly greater than that of aged rats exposed to the same dose of HgCl,. Similarly, the
amount of Hg2* in kidneys of young rats exposed to the 2.5 umol « kg~! dose of HgCl, was
greater than that of kidneys of aged rats exposed to the same dose of HgCl,. The amount of
Hg?* in kidneys of both young and aged rats exposed to 2.5 umol HgCl, « kg~ was
significantly less than that of corresponding rats exposed to 0.5 pmol HgCl, « kg™1.

The disposition of Hg2* in the renal cortex and the outer stripe of the outer medulla (OSOM)
was examined because segments of the proximal tubule, which is the primary site of Hg2*
accumulation and intoxication, are located within these two zones of the kidney. Figure 2A
shows the amount of Hg2* in the renal cortex (% administered dose/g tissue) 48 hours after
exposure to 0.5 umol or 2.5 umol HgCl, « kg™1. When rats were treated with 2.5 pmol
HgCl, « kg2, the cortical burden of Hg?" in aged rats was significantly lower than that in
younger rats. The amount of Hg2* in the cortex of both young and old rats, exposed to 2.5
umol HgCl, « kg™t was significantly less than that in the cortex of corresponding rats
exposed to 0.5 umol HgCl, « kg1,

Figure 2B shows the burden of Hg?* (% administered dose/g tissue) in the OSOM. In rats
exposed to 0.5 umol HgCls, « kg2, the amount of Hg?* per gram of OSOM was greater in
young rats than in aged rats. The amount of Hg2* in the OSOM of young and aged rats
exposed to 2.5 umol HgCl, « kg1 was significantly lower than that of corresponding rats
exposed to 0.5 umol HgCls « kg~. The amount of Hg?* in either the inner stripe of the outer
medulla or the inner medulla was very low and was significantly less than that in either the
cortex or OSOM (data not shown). This finding was observed in all groups of rats. The
absolute amount of Hg2* (nmol/g) in the cortex and the OSOM is shown in Table 2.

3.2 Disposition of Mercuric lons in Liver and Blood

Figure 3A shows that approximately 5% of the administered dose of Hg?* was present in the
liver of young and aged rats 48h after exposure to the 0.5 pmol » kg~1 dose of HgCl,.
Following exposure to 2.5 umol HgCls « kg2, the hepatic burden of Hg?* was significantly
greater in aged rats than that in younger rats (7% administered dose).

Figure 3B shows the hematologic burden of Hg?* in young and aged rats 48h following
exposure to 0.5 umol or 2.5 pmol HgCl, « kg™1. When rats were exposed to 2.5 pmol HgCl,
« kg~1, the hematologic burden of Hg2* was significantly greater in young rats than in
corresponding aged rats. The hematologic burden of Hg2* in young rats exposed to 2.5 pmol
HgCl, « kg~ was significantly greater than that in corresponding young rats exposed to 0.5
pmol HgCl, « kg™L. The absolute amount of HgZ* (nmol/g) in the liver and blood is shown
in Table 2.

3.3 Elimination of Mercuric lons in Urine and Feces

Figure 4A shows the total amount of Hg2* excreted in the urine of young and old rats during
a 48-h exposure to 0.5 pmol or 2.5 pmol HgCl, « kg~L. There were no significant differences
in urinary excretion of Hg2* between young and aged rats at either dose of HgCl,. However,
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the urinary elimination of Hg2* in young and aged animals was significantly greater
following exposure to 2.5 pmol HgCl, « kg™! than that after exposure to 0.5 umol HgCl, ¢
kg~L. The absolute amount of Hg2* (nmol/g tissue/ml urine) excreted in urine is shown in
Table 2.

Figure 4B shows the cumulative fecal excretion of Hg2* in young and aged rats during the
initial 48 hours following exposure to 0.5 pmol or 2.5 pmol HgCl, « kg™L. In rats exposed to
0.5 umol HgCl,, the fecal excretion of Hg2* was significantly greater in young rats than in
older rats. Similarly, in rats exposed to 2.5 pmol HgCl, « kg™1, the fecal excretion of Hg2*
was also significantly greater in young rats than in aged rats. The absolute amount of Hg?*
(nmol) eliminated in feces is shown in Table 2.

3.4 Biochemical Analyses of Renal Function

There were significant differences in the total amount of glucose excreted in urine (per 48h)
of young and aged rats (Table 3). The total amount of glucose (mg/48h) excreted in urine of
young rats exposed to 0.5 pmol HgCl, « kg1 was significantly greater than that excreted in
urine of corresponding aged rats exposed to the same dose of HgCl,. Similarly, the total
amount of glucose excreted in urine of young rats exposed to a 2.5 pmol « kg~1 dose of
HgCl, was significantly greater than that excreted in urine of aged rats exposed to the same
dose of HgCl,. When the urinary excretion of glucose by rats exposed to a non-nephrotoxic
dose of HgCl, (0.5 pmol « kg~1) was compared to that of rats exposed to a nephrotoxic dose
of HgCl, (2.5 pmol « kg™1), we found that the total urinary excretion of glucose increased
significantly in both young and aged rats. The amount of glucose excreted in urine of young
rats exposed to 2.5 pmol HgCl, « kg~ was approximately six-fold greater and significantly
different than that of young rats exposed to the non-nephrotoxic dose of HgClI, (0.5 umol ¢
kg™1). Similarly, in aged rats exposed to 2.5 pmol HgCl, « kg™2, the total amount of glucose
excreted in urine was approximately three-fold greater and significantly different than that
excreted in urine of aged rats exposed to 0.5 umol HgCl, « kg1

When the total amount of protein excreted in urine following a 48-h exposure to HgCl, was
measured, we found significant differences between young and aged rats (Table 3). The total
urinary excretion of protein (per 48h) in aged rats exposed to 0.5 pmol HgCl, « kg~1 was
significantly greater than that excreted by young rats exposed to the same dose of HgCl».
Similarly, in aged rats exposed to 2.5 pmol HgCl, « kg1, the total amount of protein
excreted in urine of aged rats was significantly greater than that excreted in urine of
corresponding young rats exposed to the same dose of HgCl,. Furthermore, exposure to a
nephrotoxic dose of HgCl, (2.5 umol « kg™1) led to significant increases in the total amount
of protein excreted in urine of young rats exposed to a non-nephrotoxic dose of HgCls.

Plasma creatinine (mg/dL) was assessed in order to estimate renal clearance and net renal
function (Table 4). Plasma creatinine of control rats (not exposed to HgCl,) was similar to
that of corresponding rats exposed 0.5 pmol HgCl, « kg™L. In aged rats exposed to HgCl,
(0.5 or 2.5 umol « kg™1), plasma creatinine was significantly greater than that in young rats
exposed to the same dose of HgCl,. Exposure of rats (young and aged) to a nephrotoxic dose
of HgCls, resulted in a significant increase in plasma creatinine, compared with that
following exposure to a non-nephrotoxic dose of HgCl,.
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BUN was measured as a means to estimate retention of nitrogen byproducts of intermediary
metabolism and consequently, renal function (Table 4). The levels of BUN in control rats
were similar to those of rats exposed to 0.5 pmol HgCl, « kgL, In rats exposed to 0.5 umol
HgCl, « kg~1, BUN was significantly greater in aged rats than in corresponding young rats.
In contrast, following exposure to 2.5 umol HgCl, « kg™2, no significant differences were
noted between young and aged rats. As expected, BUN was significantly greater in rats
(young and aged) exposed to 2.5 pmol HgCl, « kg1 than in rats exposed to 0.5 pmol HgCl,
e kgL

3.5 Real-time PCR Analyses of Renal Biomarkers

Real-time PCR was utilized to analyze renal expression of kidney injury molecule-1
(Kim-1) and neutrophil gelatinase associated lipocalin (Ngal) in the kidneys of young and
aged rats exposed to saline (control), 0.5 umol HgCl, « kg™t or 2.5 pmol HgCl, « kg1
(Figure 5). Kim-1, which is also known as hepatitis A virus cellular receptor 1 (Havcr 1) is a
transmembrane protein that is expressed at high levels in proximal tubular epithelial cells
following ischemic or toxic injury (Ichimura et al. 2004). Expression of Kim-1 mRNA in
control rats was similar between young and aged rats (Figure 5A). In contrast, Kim-1
expression was significantly greater in aged rats than in corresponding young rats exposed to
0.5 umol « kgL, Exposure of rats to a nephrotoxic dose of HgCl, (2.5 pmol « kg™1) led to a
dramatic increase in the mMRNA expression of Kim-1 in both young and aged rats, compared
to corresponding control rats or rats exposed to 0.5 pmol HgCl, « kg™2.

Ngal is a small polypeptide that is secreted by injured proximal tubular cells and has been
shown to be a marker for renal injury (Mishra et al. 2003; Supavekin et al. 2003). The
expression of Ngal mRNA was significantly greater in aged rats exposed to either dose of
HgCl5 than in corresponding young rats or control rats (Figure 5B). Moreover, mMRNA
expression of Ngal in rats (young and aged) exposed to 2.5 pmol HgCl, « kg™ was
significantly greater than that in corresponding groups of rats exposed to the 0.5 pmol  kg™1
dose of HgCl,.

3.6 Histological Analyses of Renal Structure

Figure 6 shows photomicrographic images of hematoxylin and eosin (H & E) stained
sections of kidneys removed from young and aged Wistar rats exposed to 0.5 umol or 2.5
umol HgCl, « kg~1. Panels A and B shown representative photomicrographs of renal
sections from young rats exposed to 0.5 umol HgCl, « kg~1. Panel A demonstrates normal
cortical tissue while Panel B shows normal tissue from the outer stripe of the outer medulla
(OSOM). The inner stripe of the outer medulla and the inner medulla were also examined
and no evidence of pathological alterations was observed (data not shown). Since the 0.5
umol « kg1 dose of HgCl, has been shown previously to be non-toxic (Zalups 1993b), it is
assumed that the histological features observed in Panels A and B are similar to that which
would be observed in sections of kidneys from rats that have not been exposed to HgClo.
Indeed, no pathological alterations were observed in any of these sections. Panels C and D
are representative photomicrographs of kidneys from young rats exposed to a nephrotoxic
dose of HgCl, (2.5 pmol « kg™1). The major histopathological finding was significant
necrosis along the pars recta of proximal tubules, particularly in the inner cortex and OSOM.
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Panel C shows representative glomeruli in the cortex. The capillary tuft appears shrunken
and compressed with proteinaceous material surrounding it in Bowman’s space. Areas of
cellular necrosis (arrowheads) were also observed in the cortex. Panel D shows a section of
the OSOM, where extensive areas of cellular necrosis (arrowheads) were observed along the
pars recta of proximal tubules. Panels E and F show representative photomicrographs from
kidneys obtained from aged rats exposed to a 0.5 umol « kg~! dose of HgCl,. Panel E shows
affected glomeruli with significant thickening of glomerular basement membranes and
Bowman’s capsule. Glomerular changes were consistent with glomerulosclerosis and were
characterized by thickening of the glomerular basement membranes and Bowman’s capsule.
Interestingly, some glomeruli were surrounded by a tubular-like, columnar epithelium.
Tubular alterations included dilation of tubular lumina, presence of proteinaceous casts
within lumina, tubular atrophy and the formation of vacuoles within tubular epithelial cells.
In some areas, interstitial infiltration of lymphocytes (interstitial nephritis) was observed.
Panel F shows a section of the OSOM with atrophied tubules and proteinaceous casts
(asterisks). Panels G and H show representative photomicrographs from sections of kidney
removed from aged rats exposed to 2.5 pmol HgCl, « kg~2. Panel G shows sclerotic
glomeruli (arrows) and necrotic tissue (arrowheads). Panel H shows a section of the OSOM
following exposure to a toxic dose of HgCl,. Tubular necrosis (arrowheads) was induced
along the pars recta of proximal tubules in the inner cortex as well as throughout the OSOM.
Proteinaceous casts (asterisks) were also identified within lumina of tubules. Although Hg-
induced necrosis was observed in kidneys of aged rats exposed to 2.5 pmol HgCl, « kg1,
the severity was less than that in corresponding young rats exposed to the same dose.

4. Discussion

Renal function declines significantly with age and has been shown to be related directly to
pathological changes in the kidney (Choudhury 2004; Macias-Nunez 2008; Shock 1984).
Since humans and other mammals possess significant renal functional reserve, the capacity
to maintain proper fluid and solute (including electrolytes) balance is generally not
compromised in an aging individual even though overall glomerular filtration rate (GFR)
may be lower than normal (Bohler et al. 1993; Esposito et al. 2007; Fliser et al. 1993).
However, when challenged, such as following exposure to a nephrotoxicant like inorganic
mercury (Hg2"), the renal functional reserve of an individual may become depleted and lead
to additional reductions in filtration capacity and/or substantial alterations in fluid and
electrolyte homeostasis (Barai et al. 2010; Uriu et al. 2000). Indeed, it has been suggested
that long-term exposure to nephrotoxic heavy metals such as cadmium may exacerbate the
effects of age-related decline in GFR (Gonick 2008; Lauwerys et al. 1992).

In the current study, we examined the disposition and toxicity of Hg2* in young and aged
rats exposed to a non-toxic (0.5 pmol « kg™1) or a nephrotoxic (2.5 pmol « kg™1) dose of
HgCl,. The present study is novel in that is the first to characterize the disposition and toxic
effects of Hg2* in aged animals. We found that mercuric ions accumulate primarily in
kidneys of both young and aged rats. When considering the total burden of mercury in each
kidney (% administered dose), we found that more mercury was present in kidneys of aged
animals. This was not surprising since the kidneys of these older rats were larger than those
of the younger animals. When the renal burden of mercury was factored by the weight of the
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kidney (% administered dose/g), we found that the concentration of Hg2* was significantly
lower in aged rats than in young rats. This was the case following treatment with either dose
of HgCl,. This finding may relate to the presence of glomerulosclerosis, interstitial fibrosis
and impaired renal plasma flow that are characteristic of aged kidneys (Baylis and Schmidt
1996; Choudhury 2004; Zhou et al. 2008). It has been suggested that kidneys of aged
individuals may be more susceptible to toxicants (Mueller et al. 1998; Uriu et al. 2000). This
theory may be true of kidneys that are undergoing the initial steps of age-induced
pathological change but it may not be applicable to kidneys that already have significant
pathological alterations. We propose that there is a period of increased renal susceptibility in
which aged kidneys are more susceptible to intoxication because of compensatory changes
that occur within the remaining functioning nephrons. The initial point at which pathological
alterations begin to develop in nephrons may represent the beginning of the period where
remaining functional nephrons may be more susceptible to injury by tubular
nephrotoxicants. We postulate that this increase in susceptibility may be related to
compensatory changes such as glomerular hyperfiltration and increased peritubular blood
flow in functional nephrons. These changes could lead to increased exposure of these
nephrons to metabolic wastes and nephrotoxicants. As the pathological changes progress
and the majority of nephrons become sclerotic, the overall renal plasma flow is decreased
and nephrons may become less susceptible to nephrotoxicants simply because of the
inability of these compounds to gain access to renal tissue. In the current study, it appears
that glomerulosclerosis in the aged kidneys has progressed to a point where renal plasma
flow is decreased and consequently, exposure to toxicants is reduced. We were unable to
assess changes in susceptibility at the single nephron level; however, it is possible that at the
level of the individual nephron, the effects of mercury may have been more severe in aged
rats than in younger rats.

Biochemical analyses of renal function were carried out in order to assess differences in
renal function among groups of rats. In young rats exposed to a non-nephrotoxic dose of
HgCly, plasma creatinine and BUN levels were similar to normal values reported in the
current study (Table 4) and by others (Amini et al. 2012; Moeini et al. 2013; Palm and
Lundblad 2005). Similarly, total urinary excretion of glucose and protein reflected previous
reports from normal rats not treated with HgCl, (Dai et al. 2012; Gray 1977; McDermott et
al. 1996), which indicates that young rats exposed to a non-nephrotoxic dose of HgCl, can
serve as controls for other groups. In contrast, plasma creatinine and BUN levels of aged rats
exposed to a non-toxic dose of HgCl, were found to be elevated. These data support
previous reports indicating that glomerular filtration is compromised in aged animals and
humans (Corman 1993; Shock 1984). Interestingly, the total urinary excretion of glucose
was lower in aged animals than in young animals, suggesting that filtration of glucose at the
site of the glomerulus may be reduced in aged animals. In contrast, urinary excretion of
protein was greater in older rats than in younger rats. This protein may originate from the
lumina of atrophied tubules or be due to hyperfiltration of protein and diminished
absorption.

We also assessed biochemical parameters of renal function in young and aged rats exposed
to a nephrotoxic dose of HgCls. In young rats, plasma creatinine, BUN, and urinary
excretion of glucose and protein increased significantly following exposure to a nephrotoxic
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dose of HgCl,. These changes are related directly to Hg2*-induced renal necrosis and
tubular dysfunction, which leads to increased urinary excretion of filtered solutes such as
glucose (Barbier et al. 2005). Exposure of aged rats to a nephrotoxic dose of HgCl, led to
similar increases in the aforementioned biochemical parameters. The magnitude of these
changes was less in older animals than in young animals, suggesting that a toxic dose of
HgCl, had a greater effect on renal tissue of younger animals than that of older animals. To
our knowledge, these data represent the first characterization of these biochemical
parameters in aged rats exposed to a non-nephrotoxic or nephrotoxic dose of HgClo.

Kim-1 and Ngal have been shown to be sensitive markers of renal injury following exposure
to a number of nephrotoxicants, including heavy metals (Han et al. 2012; Prozialeck and
Edwards 2010; Prozialeck et al. 2007; Singer et al. 2013; Sinha et al. 2013). In control
animals (not exposed to HgCl,), the expression of Kim-1 and Ngal was similar in young and
aged animals. Exposure to a non-nephrotoxic dose of HgCl, led to an increase in Kim-1 and
Ngal in aged, but not young animals. This finding is most likely due to the significant
structural alterations that are associated with aging rather than Hg-related nephrotoxicity.
The renal expression of Kim-1 and Ngal also increased dramatically in young and aged rats
following exposure to a nephrotoxic dose of HgCl,. This finding is similar to other studies
which have reported increases in Kim-1 and Ngal following exposure to nephrotoxicants
(Han et al. 2012; Prozialeck and Edwards 2010; Prozialeck et al. 2007).

Histological analyses were carried out to characterize structural and pathological changes in
kidneys of young and aged rats exposed to non-nephrotoxic or nephrotoxic doses of HgCl».
Kidneys of young rats exposed to a non-nephrotoxic dose of HgCl, appeared normal. In
kidneys of aged animals exposed to a non-nephrotoxic dose of HgCl,, we identified
widespread glomerulosclerosis, proteinaceous casts, atrophied tubules, and interstitial
fibrosis similar to that which has been reported previously (Corman 1993; Short 1993; Zhou
2008). When rats were exposed to a nephrotoxic dose of HgCly, significant pathological
changes were evident in both old and young rats. Similar to previous reports (Zalups and
Diamond 1987), widespread cellular necrosis was found in pars recta segments of proximal
tubules located in the OSOM and along medullary rays in the cortex. It should be noted that
the proximal tubule, which is localized in the OSOM, has been shown to be the primary
target of Hg?* accumulation and intoxication (Bridges and Zalups 2005; Bridges and Zalups
2010; Zalups 2000). The necrosis was more severe in kidneys of younger rats, which was
not surprising considering that the amount of Hg2* detected in the OSOM of young rats was
significantly greater than that of older rats (at both doses of HgCl»).

The current study not only provides additional documentation of functional and structural
alterations in aged kidneys, but also is the first to describe the disposition of and toxicity
related to HgCl, administered acutely to aged rats. It has been postulated previously that
kidneys of older animals may be more susceptible to the intoxicating effects of nephrotoxic
compounds; however, in the current study, the sclerotic state of the kidneys appears to be
somewhat protective against nephrotoxicants. Additional experiments carried out earlier in
the aging process are necessary to fully characterize the susceptibility of aged kidneys to
toxicants.
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Figure 1.

Content of mercury in total renal mass (% administered dose) (A) or concentration of
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mercury in renal mass (% administered dose/g tissue) (B) of young and aged rats 48 hours
after intravenous exposure to 0.5 umol or 2.5 umol HgCl, « kg™2. Each value represents a
mean + SE for four rats. * Significantly different (p<0.05) from the mean of young rats

exposed to the same dose. + Significantly different (p<0.05) from the mean of

corresponding rats exposed to 0.5 umol HgCl,.
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Figure 2.
Concentration of mercury (% administered dose/g) in renal cortex (A) or outer stripe of

outer medulla (B) of young and aged rats 48 hours after intravenous exposure to 0.5 umol or
2.5 pmol HgCl, « kgL, Each value represents a mean + SE for four rats. * Significantly
different (p<0.05) from the mean of young rats exposed to the same dose. + Significantly
different (p<0.05) from the mean of corresponding rats exposed to 0.5 umol HgCls.
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Figure 3.
Amount of mercury (% administered dose) in liver (A) and total blood volume (B) of young

and aged rats 48 hours after intravenous exposure to 0.5 pmol or 2.5 pmol HgCl, « kg™
Each value represents a mean + SE for four rats. * Significantly different (p<0.05) from the
mean of young rats exposed to the same dose. + Significantly different (p<0.05) from the
mean of corresponding rats exposed to 0.5 umol HgCls.
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Figure 4.
Amount of mercury (% administered dose) excreted in urine (A) or feces (B) of young and

aged rats during the 48-hour period after an intravenous injection of 0.5 pmol or 2.5 pmol
HgCl, « kg~1. Each value represents a mean + SE for four rats. * Significantly different
(p<0.05) from the mean of young rats exposed to the same dose. + Significantly different
(p<0.05) from the mean of corresponding rats exposed to 0.5 umol HgCl,.
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Real-time PCR analyses of kidney injury molecule-1 (Kim-1) and neutrophil gelatinase
associated lipocalin (Ngal). RNA was extracted from kidneys removed from young and aged
rats 48 hours after intravenous exposure to 0.5 pmol or 2.5 pmol HgCl, » kg~L. Each value
represents a mean + SE for twelve samples from four rats. *, Significantly different (p<0.05)
from the mean of young rats exposed to the same dose. +, Significantly different (p<0.05)
from the mean of corresponding rats exposed to 0.5 pmol HgCl,.
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Figure 6.
Photomicrographs of histological sections of kidneys removed from young and aged rats 48

hours after intravenous exposure to 0.5 pmol or 2.5 pmol HgCl, « kg™2. Sections were
stained with H & E. Arrows indicate glomeruli, arrowheads indicate cellular necrosis, and
asterisks denote proteinaceous casts. A, cortex from young rats exposed to 0.5 pmol HgCl, ¢
kg™L; B, outer stripe of outer medulla from young rats exposed to 0.5 pmol HgCl, « kg~%; C,
cortex from young rats exposed to 2.5 pmol HgCl, « kg~1; D, outer stripe of outer medulla
from young rats exposed to 2.5 pmol HgCl, « kg™L; E, cortex from aged rats exposed to 0.5
umol HgCl, « kg~1; F, outer stripe of outer medulla from aged rats exposed to 0.5 pmol
HgCl, « kg™; G, cortex from aged rats exposed to 2.5 pmol HgCl,  kg~L; H, outer stripe of
outer medulla from aged rats exposed to 2.5 pmol HgCl, « kg™, Sections are representative
samples tissue obtained from each rat (n = 4/group).
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Table 1

Body weights, total renal mass and liver weights of young and aged rats.

Body Weight (g) | Weight of Total Renal Mass (g) | Weight of Liver (g)
Young — 0.5 umol 248.24 £7.37 2.11+0.09 8.44 £0.59
Aged - 0.5 umol 615.46 + 57.382 3.78 £ 0.552 11.41+0.782
Young - 2.5 pmol 208.88 + 11.07 2.33+0.15 9.02 +1.08
Aged - 2.5 umol 662.65 + 44.792 4,95 +0.242 13.87 £ 0.772
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Table 3

Urinary glucose, protein and volume of urine collected in each 24h period.
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Glucose (mg/total urine

Protein (mg/total urine

Urine volume First 24h

Urine volume Second 24h

volume) volume)
Young - 0.5 umol 12629 40074 16.5+5.13 11.67 £ 2.69
Aged - 0.5 pmol 5.74 + 1.42 33.4+85° 14.67 £5.81 9.0 +2.65
Young - 2.5 pmol 75.15 + 19.6° 11.3+4.9° 125+2.33 23.75 + 7.58%
Aged — 2.5 pmol 185+ 1.2% 447 £ 6.42 33,75 + 5,542 16.25 + 1.44°
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Plasma creatinine and blood urea nitrogen (BUN) of young and aged rats.

Creatinine (mg/dL)

BUN (mg/dL)

Young - control 0.32+0.01 53301
Aged - control 0.37 £0.01 8.09 +0.25
Young — 0.5 umol 0.34£0.05 7.42 £0.97
Aged - 0.5 pmol 0.69 +0.182 17.63 +5.992
Young - 2.5 pmol 2.53+0.380 52.22 + 4.60P
Aged - 2.5 pmol 3.42 £ 0.602 40.11 % 5.30P

asignificantly different (p<0.05) from mean of group of young rats exposed to same dose of HgClI2

bsignificantly different (p<0.05) from mean of group of rats of the same age exposed to 0.5 pmol HgClI2 * kg™

Csignificantly different (p<0.05) from mean of 24 h volume
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