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A B S T R A C T   

Mercury (Hg) is an important environmental toxicant to which humans are exposed on a regular basis. Mercuric 
ions within biological systems do not exist as free ions. Rather, they are bound to free sulfhydryl groups (thiols) 
on biological molecules. Metallothionein (MT) is a cysteine-rich, metal-binding protein that has been shown to 
bind to heavy metals and reduce their toxic effects in target cells and organs. Little is known about the effect of 
MT on the handing and disposition of Hg. Therefore, the current study was designed to test the hypothesis that 
overexpression of MT alters the corporal disposition of Hg and reduces its nephrotoxicity. Furthermore, the 
current study examined the transport of Hg-MT complexes in isolated proximal tubules. Rats were treated with 
saline or Zn followed by injection with a non-nephrotoxic (0.5 µmol kg− 1), moderately nephrotoxic (1.5 µmol 
kg− 1), or significantly nephrotoxic (2.25 µmol kg− 1) dose of HgCl2 (containing radioactive Hg). Pretreatment 
with Zn increased mRNA expression of MT and enhanced accumulation of Hg in the renal cortex of male and 
female rats. In addition, injection with Zn also protected animals from Hg-induced nephrotoxicity. Studies using 
isolated proximal tubules from rabbit kidney demonstrated that Hg-MT is taken up rapidly at the apical and 
basolateral membranes. The current findings suggest that at least part of this uptake occurs through an endocytic 
process. This study is the first to examine the uptake of Hg-MT complexes in isolated proximal tubules. Overall, 
the findings of this study suggest that supplementation with Zn may be a viable strategy for reducing the risk of 
Hg intoxication in at-risk populations.   

Introduction 

Mercury is a prevalent environmental toxicant that is recognized by 
the World Health Organization as one of the top 10 metals of public 
health concern (WHO, 2020). It is released into the environment 
through natural sources or anthropogenic activities, following which, it 
is deposited in soil and bodies of water throughout the world. Owing to 
this, humans are exposed to Hg on a regular basis. The majority of 
human exposure results from the consumption of fish and other aquatic 
organisms that are contaminated with organic forms of mercury (e.g., 
methylmercury). Humans may also be exposed to mercury vapor 
through mining and other occupational activities. Interestingly, once 

ingested and absorbed into the circulation, methylmercury and mercury 
vapor can be biotransformed to inorganic mercury (Hg2+) (Norseth and 
Clarkson, 1970a, b). Because of this transformation, the current study 
examined the disposition and toxicity of Hg2+ under various experi-
mental conditions. Furthermore, since the kidney is the primary site of 
accumulation and toxicity of Hg2+, the current study focused on the 
renal handling and disposition of Hg2+. 

It is important to note that mercuric ions have a strong affinity for 
free sulfhydryl (-SH) groups. Once mercuric ions are absorbed into the 
circulation, they bind to free sulfhydryl groups on biomolecules such as 
albumin, cysteine, and glutathione (Bridges and Zalups, 2017). Metal-
lothioneins (MT) are small cysteine-containing, metal-binding proteins 
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that are found in a variety of tissues and organs (Nordberg and Nord-
berg, 2022). Four major isoforms (MT1 – MT4), along with numerous 
sub-isoforms, have been identified in mammals (Merlos Rodrigo et al., 
2020). MT1 and MT2 have been identified in many tissues and are 
particularly prevalent in the liver and kidneys (Merlos Rodrigo et al., 
2020). MT isoforms are present in the cytoplasm, lysosomes, mito-
chondria, and nuclei of mammalian cells (Sabolic et al., 2018). They 
have several important functions, including storage and transport of 
intracellular metals, protection against metal toxicity, scavenging free 
radicals, and cell repair (Sabolic et al., 2018). 

Numerous studies have shown that exposure to heavy metals, such as 
cadmium, zinc, and Hg, upregulates the expression of MT (Nordberg and 
Nordberg, 2022; Zalups and Koropatnick, 2000). It has been proposed 
that cadmium in blood binds to MT, following which, it is delivered to 
the glomerulus for filtration and excretion (Nordberg and Nordberg, 
2022). In contrast, little is known about MT and its interaction with Hg. 
Therefore, the current study was designed to test the hypothesis that 
induction of MT alters the disposition of Hg and reduces Hg-induced 
nephrotoxicity. Additionally, since the expression of mRNA encoding 
MT has been shown to be 2–3-fold greater in female rats than in males 
(Sabolic et al., 2018), the current study also compared the effects of MT 
on the handling of Hg in male and female rats. 

Methods 

2.1. Animals 

Male (n = 28) and female (n = 28) Wistar rats, weighing 225–250 g, 
were obtained from our in-house breeding colony housed in the Mercer 
University School of Medicine animal facility. Male (n = 3) and female 
(n = 3) New Zealand White rabbits were also obtained from our in-house 
breeding colony. Animals were provided a commercial laboratory diet 
(Envigo) 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. Radioactive mercury 

Radioactive mercury ([203Hg]) was generated according to our pre-
viously published protocol (Belanger et al., 2001; Bridges et al., 2004). 
Briefly, 3 mg of mercuric oxide (87 % enriched 202Hg; Trace Sciences) 
was irradiated for four weeks at the University of Missouri Research 
Reactor (MURR). The radioactive Hg was dissolved in 1 mL of 1 N HCl 
and stored at − 20 ◦C. Specific activities ranged from 8 to 12 mCi/mg. 

2.3. Injections 

Each group of male and female rats was divided into two groups of 14 
rats and injected intraperitoneally with saline or 25 mg/kg zinc sulfate 
(Zn). Twenty-four h after Zn injection, two saline-injected and two Zn- 
injected rats were euthanized to serve as controls. The remaining 12 
rats were divided into groups of four and were injected intravenously (i. 
v.) with either a non-nephrotoxic dose (0.5 µmol • kg− 1 • 2 mL− 1 normal 
saline), a moderately nephrotoxic dose (1.5 µmol • kg− 1 • 2 mL− 1 

normal saline) or a significantly nephrotoxic dose of HgCl2 (2.25 µmol •
kg− 1 • 2 mL− 1 normal saline) according to our previously published 
protocol (Bridges et al., 2008a; Bridges et al., 2015). The injection so-
lution contained radioactive mercury ([203Hg]) and was designed to 
deliver 1 µCi [203Hg] to each animal. (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-µmol, 1.5-µmol or 2.5-µmol •
kg− 1 dose of HgCl2 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. Twenty-four hours after injec-
tion with HgCl2, animals were sacrificed and organs and tissues were 
harvested. 

2.4. Collection of organs 

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

The kidneys and liver were also removed from each rat. Each kidney 
was trimmed of fat and fascia, 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 NaH2PO4 and 67.5 
mM NaOH) in 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 [203Hg] content. A 3-mm tra-
verse slice was obtained from the remaining half and was used for 
dissection of renal zones (cortex, outer stripe of the outer medulla 
(OSOM), inner stripe of the outer medulla, and inner medulla). Each 
sample was weighed and placed in a separate tube for estimation of 
[203Hg]. The liver was weighed, and a 1-g sample was removed for 
determination of [203Hg] content. 

Urine and feces were collected during the 24-h period after Hg in-
jection. The total volume of urine was measured, and a 1-mL sample was 
collected and placed in a tube for estimation of [203Hg] content. All of 
the feces excreted after injection with Hg were counted for estimation of 
[203Hg] content. The content of [203Hg] in each sample was determined 
by counting in a Wallac Wizard 3 automatic gamma counter (Perkin 
Elmer, Boston, MA) and the content of Hg2+ in each sample was esti-
mated using standard computational methods. 

2.5. Histological analyses 

Kidneys were fixed in fixative described above for 48 h 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 µm sections 
were cut using a Leitz 1512 microtome and were 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. Quantitative PCR 

RNA was isolated from frozen sections of rat kidney using TRIzol 
Reagent (Invitrogen) according to the manufacturer’s protocol. Reverse 
transcription of 1 µg of RNA was carried out using reverse transcriptase 
and random hexamers (Life Technologies). Quantitative PCR analyses of 
metallothionein 1a (MT1a) and kidney injury molecule-1 (Kim-1) 
expression were performed using an ABI Prism 7300 sequence detection 
system and commercially available gene expression assays (MT1a; 
Rn00821759_g1; Kim-1; Rn00597703_m1, Life Technologies). 
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (Hs02786624_g1; 
Life Technologies) was used as a reference gene. 

2.7. Isolated proximal tubule experiments 

Rabbit kidneys are well suited for the dissection of individual 
nephron segments because they contain very little connective tissue, 
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unlike mice and rats, which require digestion with collagenase. Rabbits 
were anesthetized with an intramuscular injection of ketamine (70 mg 
kg− 1) and xylazine (30 mg kg− 1). A two-inch incision was made in the 
right flank and the renal artery and vein were ligated using 2–0 nylon 
suture. The right kidney was removed and placed in ice-cold sucrose 
buffer (14 mM NaH2PO4, 56 mM Na2HPO4, 125 mM sucrose, pH 7.4). 
The incision was closed with 4–0 silk suture. The renal capsule was 
removed, and the kidney was sectioned transversely to yield slices with a 
thickness of approximately 1–2 mm as described previously (Zalups and 
Barfuss, 1996a, b). 

S2 segments of proximal tubules (approximately 1 mm in length) 
were dissected from the inner and middle regions of cortical medullary 
rays. For perfused tubule experiments (Zalups, 1996a), isolated tubules 
were transferred to an acrylic perfusion chamber containing artificial 
perfusion medium (APM; 148 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 2.0 
mM NaH2PO4, 0.5 mM L-glutamine, 1.0 mM D-glucose, pH 7.4) on the 
stage of a Jena Sedival inverted microscope. One end of the tubule was 
gently suctioned into a holding pipette. The opposite end was gently 
suctioned into a collection pipet. A perfusion pipet containing perfusate 
was inserted into the lumen of the tubule at the holding end. The 
perfusate for the proximal tubular experiments contained 10 µM 
[203Hg], 22.5 µM metallothionein 1A (MT1A; MyBioSource) or 22.5 µM 
glutathione (GSH), and 5 µM [3H]-L-glucose as a volume marker. 
[203Hg] and [3H]-L glucose were dried down as described previously and 
resuspended with APM (Zalups, 1996b). MT1A or GSH was added to the 
solution to yield a final volume of 22.5 µM. Hg-MT or GSH-Hg-GSH 
complexes were formed by allowing the solution to sit at room tem-
perature for a minimum of 10 min. Tubules were perfused at a rate of 10 
nL min− 1 at 37 ◦C. The timed collectate samples were measured and 
placed in individual scintillation vials to determine the transport rate of 
Hg. Three sequential collections were made, and the experiment was 
repeated three additional times (n = 9). Samples were counted using a 
Beckman LS6500 scintillation counter. 

For experiments using non-perfused S2 tubules, three proximal tu-
bules (1 mm each) were dissected from the cortical medullary rays of a 
section of rabbit kidney. Tubules were incubated for 1 min in 10 µL of 
[203Hg]-MT solution in a terasaki plate (Greiner). For pitstop experi-
ments, tubules were incubated in 30 µM pitstop in APM for 30 min, 
following which tubules were incubated in [203Hg]-MT for 1 min. 
Following the incubation with MT-Hg, tubules were quickly rinsed (less 
than 1 sec) in APM containing 1 mM 2,3-dimercapto-1-propanesulfonic 
acid (DMPS) to remove Hg bound to the outside of the tubule. Tubules 
were then placed in 10 µL 3 % (w/v) trichloroacetic acid (TCA), which 
precipitates large intracellular proteins and releases cytosolic contents. 
The DMPS solution, TCA solution and the tubule were transferred to 
separate scintillation vials containing OptiFluor scintillation liquid 
(PerkinElmer). Experiments were repeated twice, using a total of 9 tu-
bules. Samples were counted in a Beckman scintillation counter. 

2.8. Statistical analyses 

Data for each rat 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) or a t-test 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 com-
parison test. A p-value of ≤ 0.05 was considered statistically significant. 
Each group of animals contained four rats. 

3.0. Results 

3.1. Expression of MT 

The expression of mRNA encoding MT1a was assessed in kidney and 
liver from male and female rats injected with saline or Zn (Fig. 1). 

Expression was significantly greater in kidney and liver of Zn-injected 
rats compared with saline-injected controls. This was true in both 
male (A) and female (B) rats. The expression of mRNA encoding MT1a 
was measured in each renal zone (C). Data shown are representative of 
expression in male and female rats. The cortex exhibited the greatest 
expression of MT1a, followed by the outer stripe of the outer medulla 
(OSOM), inner stripe of the outer medulla, and the inner medulla. In-
jection with Zn significantly enhanced the expression in each zone. It is 
recognized that other isoforms of MT1 and also, MT2, are present in the 
kidney. Their distribution and roles are similar to that of MT1a; thus, we 
consider the mRNA expression of MT1a to be representative of other MT 
isoforms. 

Fig. 1. Expression of Metallothionein. Quantitative PCR (qPCR) analysis of 
metallothionein 1a (MT1a) was carried out using mRNA extracted from kidney 
and liver from male (A) and female (B) rats exposed to saline or Zn (25 mg/kg). 
Also, qPCR was used to analyze expression of MT1a in the renal cortex, outer 
stripe of outer medulla (OSOM), inner stripe of outer medulla (ISOM), and inner 
medulla (C). Gapdh was used as a reference gene. n = 6. *, significantly 
different (p < 0.5) from the mean of the corresponding group exposed to saline. 
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3.2. Renal accumulation of Hg 

The amount of Hg in the total renal mass of males (A) and females (B) 
is shown in Fig. 2. In male rats, pre-injection of Zn increased renal 
accumulation of Hg in rats exposed to 1.5 and 2.25 µmol HgCl2, but not 
in rats exposed to 0.5 µmol HgCl2. In contrast, when female rats were 
injected with Zn, the renal accumulation of Hg increased significantly in 
each group of rats. The Hg accumulation in the total renal mass of males 
was similar to that of females. 

The amount of Hg in the cortex (Fig. 3) of male (A) and female (B) 
rats was measured. When male rats were injected with Zn, the accu-
mulation of Hg in the cortex increased significantly in rats exposed to 1.5 
and 2.25 µmol kg− 1 HgCl2 compared with saline-injected controls. 
Interestingly, injection with Zn did not alter the accumulation of Hg in 
rats exposed to 0.5 µmol kg− 1 HgCl2. In female rats (B), injection with Zn 
increased the cortical accumulation of Hg in each group of rats (0.5, 1.5, 
2.25 µmol HgCl2) compared with controls. There was minimal accu-
mulation of Hg in the inner stripe of the outer medulla and the inner 
medulla (data not shown). 

Fig. 4 shows the pattern of accumulation of Hg in the OSOM of male 
(A) and female (B) rats, which was different than that measured in the 
cortex. In male rats, injection with Zn did not significantly alter the 
accumulation of Hg in any group of rats. In female rats, there was no 
significant difference in Hg accumulation between control and Zn- 
injected rats injected with 0.5 or 1.5 µmol HgCl2, but statistically sig-
nificant differences were observed when females were injected with 
2.25 µmol HgCl2. 

3.3. Urinary excretion of Hg 

Urinary excretion (Fig. 5) was measured in each group of rats. In 
males (A), the urinary excretion of Hg was significantly lower in rats 
injected with Zn than in corresponding rats injected with saline. This 
was true for all three concentrations of HgCl2 injected. In female rats (B), 
there was no significant difference in Hg excretion between Zn- and 
saline-injected rats following exposure to 0.5 and 2.25 µmol kg− 1 HgCl2, 
but in female rats injected with 1.5 µmol kg− 1 HgCl2, the urinary 
excretion of Hg was significantly less in the Zn group than in the saline 
group. 

3.4. Hepatic burden of Hg 

The hepatic burden of Hg is shown in Fig. 6. When male rats (A) were 
injected with Zn and exposed to 0.5 or 2.25 µmol HgCl2, the accumu-
lation of Hg was not significantly different between Zn-injected rats and 
saline-injected rats. However, when rats were exposed to 1.5 µmol 
HgCl2, the hepatic accumulation of Hg was greater in Zn-injected rats 
than in their saline-injected counterparts. Interestingly, when female 
rats (B) were injected with Zn and exposed to 0.5 or 1.5 µmol kg− 1 

HgCl2, the hepatic burden of Hg was significantly greater in Zn-injected 
rats than in corresponding saline controls. In contrast, when females 
were injected with 2.25 µmol kg− 1 HgCl2, the hepatic accumulation of 
Hg was not significantly different between Zn-injected and saline- 
injected rats. 

Fig. 2. Amount of Hg in Total Renal Mass. The amount of Hg in the total renal 
mass was measured in male (A) and female (B) rats injected with saline or Zn 
(25 mg/kg) and exposed 24 h later to HgCl2. Rats were euthanized 24 h after 
injection with HgCl2. n = 4. *, significantly different (p < 0.5) from the mean of 
the corresponding group exposed to saline. 

Fig. 3. Amount of Hg in Renal Cortex. The amount of Hg in the renal cortex 
was measured in male (A) and female (B) rats injected with saline or Zn (25 
mg/kg) and exposed 24 h later to HgCl2. Rats were euthanized 24 h after in-
jection with HgCl2. n = 4. *, significantly different (p < 0.5) from the mean of 
the corresponding group exposed to saline. 
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3.5. Hematologic burden of Hg 

Fig. 7 shows the content of Hg in blood from male (A) and female (B) 
rats. In both sexes, there was no significant difference in the amount of 
Hg in blood of Zn-injected and saline-injected rats exposed to 0.5 or 1.5 
µmol kg− 1 HgCl2. In contrast, in male and female rats exposed to 2.25 
µmol kg− 1 HgCl2, the amount of Hg in blood of saline-injected rats was 
significantly greater than that of Zn-injected rats. 

3.6. Fecal excretion of Hg 

Fecal excretion of Hg (Fig. 8) was measured in male (A) and female 
(B) rats. In male rats, fecal excretion of Hg was significantly greater in 
saline-injected rats than in Zn-injected rats following exposure to 1.5 or 
2.25 µmol HgCl2. In females, the fecal content of Hg was significantly 
greater in saline-injected rats than in Zn-injected rats at every concen-
tration of HgCl2. 

3.7. Analysis of Hg-induced nephrotoxicity 

Histological analyses were performed on kidneys (Fig. 9) from each 
group of rats. There were no observable differences between males and 
females; thus, the images shown are considered to be representative of 
both sexes. The 0.5 µmol kg− 1 dose of HgCl2 is considered to be a non- 
nephrotoxic dose and as expected, the cortex and OSOM of rats exposed 
to this dose of Hg appeared normal. When saline-injected rats were 
exposed to a moderately nephrotoxic dose of HgCl2 (1.5 µmol kg− 1), a 

few proximal tubules (arrows) within the cortex appeared swollen but 
not necrotic. In the OSOM of these rats, necrosis (*) was evident and 
widespread among proximal tubules. In contrast, kidneys of corre-
sponding Zn-injected rats showed minimal nephrotoxic change. In the 
OSOM of kidneys from rats exposed to Zn and injected with 1.5 µmol 
HgCl2, a few proximal tubules (arrows) appeared swollen but necrosis 
was not visible. The severity of Hg-induced renal injury increased sub-
stantially when rats were injected with 2.25 µmol kg− 1 HgCl2. In rats 
injected with saline followed by exposure to 2.25 µmol HgCl2, signifi-
cant necrosis (arrows) was observed throughout the cortex and OSOM. 
In addition, many tubules appeared to be filled with proteinaceous casts 
(arrowheads). In corresponding rats injected with Zn, there was minimal 
change in the cortex and significantly less necrosis (arrows) in the 
OSOM. 

Quantitative PCR was used to assess the expression of mRNA 
encoding Kim-1 in kidneys from each group of rats (Fig. 10). The 
expression of Kim-1 in male (A) and female rats (B) injected with ‘0.5 
µmol HgCl2 was minimal and was not significantly altered by pre- 
injection with Zn. In contrast, Kim-1 expression increased significantly 
in rats pre-injected with saline followed by exposure to 1.5 or 2.25 µmol 
HgCl2 (compared with rats injected with 0.5 µmol HgCl2). In corre-
sponding rats pre-injected with Zn, the expression of Kim-1 also 
increased significantly, but the magnitude of the increase was signifi-
cantly less than that observed in corresponding saline-injected rats. This 
pattern of expression was observed in both, male and female rats. 

Fig. 4. Amount of Hg in Outer Stripe of the Outer Medulla. The amount of Hg 
in the outer stripe of the outer medulla (OSOM) was measured in male (A) and 
female (B) rats injected with saline or Zn (25 mg/kg) and exposed 24 h later to 
HgCl2. Rats were euthanized 24 h after injection with HgCl2. n = 4. *, signif-
icantly different (p < 0.5) from the mean of the corresponding group exposed 
to saline. 

Fig. 5. Amount of Hg in Urine. The amount of Hg in urine was measured in 
male (A) and female (B) rats injected with saline or Zn (25 mg/kg) and exposed 
24 h later to HgCl2. Rats were euthanized 24 h after injection with HgCl2. n = 4. 
*, significantly different (p < 0.5) from the mean of the corresponding group 
exposed to saline. 
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3.8. Proximal tubular transport of Hg-MT 

The luminal disappearance of Hg-MT complexes (disappearance flux, 
JD; Fig. 11A) and the cellular accumulation (Fig. 11B) was measured in 
isolated S2 segments of proximal tubules. Luminal disappearance is an 
indication of apical uptake. The uptake of Hg-MT was significantly 
greater than that of GSH-Hg-GSH, which is thought to be the primary 
form of Hg presented to the luminal membrane of proximal tubules 
under normal conditions. The cellular accumulation of Hg following 
luminal perfusion of Hg-MT or GSH-Hg-GSH was similar. The baso-
lateral uptake of Hg-MT was measured in non-perfused S2 segments of 
proximal tubules (Fig. 11C). Hg-MT complexes were taken up readily 
from the basolateral membrane and this uptake was significantly 
reduced by pitstop, an inhibitor of endocytosis. 

4.0. Discussion 

Many studies have examined the effects of MT on the disposition and 
toxicity of cadmium in various organs (Chan et al., 1992; Nordberg and 
Nordberg, 2022; Park et al., 2001), but there are still major knowledge 
gaps regarding how MT expression affects the handling and disposition 
of Hg. In vivo and vitro studies have shown that exposure to Hg results in 
an upregulation of MT expression (Agarwal et al., 2010; Agrawal et al., 
2014; Oliveira et al., 2020; Zalups and Koropatnick, 2000). Moreover, 

increased expression of MT has been shown to prevent Hg-induced in-
hibition of δ-aminolevulinic acid dehydratase and also provided some 
protection against Hg-induced reductions in GFR in in vivo models 
(Mesquita et al., 2016; Oliveira et al., 2020). Studies using in vitro 
models have also shown that upregulation of MT protects against many 
Hg-induced cellular alterations, including reduced cell viability, DNA 
damage, and increased reactive oxygen species (Hossain et al., 2021). 
Despite these studies, there is little information regarding the effects of 
MT upregulation on the uptake and disposition of Hg in target cells and 
organs. Therefore, the current study was designed to examine the effects 
of MT overexpression on the in vivo disposition and toxicity of Hg in 
target organs of male and female rats. Furthermore, the current study 
also examined the transport of Hg-MT complexes at the luminal and 
basolateral membranes of proximal tubular cells. 

The current findings demonstrated that overexpression of MT en-
hances the total renal burden of Hg. More specifically, we observed a 
significant increase in the cortical accumulation of Hg when MT was 
overexpressed. This was different from that in the OSOM where the 
accumulation of Hg was not altered by overexpression of MT. One 
possible reason for the observed difference in accumulation may be 
related to the pattern of MT expression in the renal zones and the normal 
handling of mercuric ions. Previous studies in mice and rats have shown 
that MT is localized primarily in proximal tubules of the cortex 
(Fujishiro et al., 2022; Nishimura et al., 1989; Sabolic et al., 2018). 
Indeed, our quantitative PCR data show that mRNA expression of MT is 

Fig. 6. Amount of Hg in Liver. The amount of hg in liver was measured in male 
(A) and female (B) rats injected with saline or Zn (25 mg/kg) and exposed 24 h 
later to HgCl2. Rats were euthanized 24 h after injection with HgCl2. n = 4. *, 
significantly different (p < 0.5) from the mean of the corresponding group 
exposed to saline. 

Fig. 7. Amount of Hg in Blood. The amount of Hg in blood was measured in 
male (A) and female (B) rats injected with saline or Zn (25 mg/kg) and exposed 
24 h later to HgCl2. Rats were euthanized 24 h after injection with HgCl2. n = 4. 
*, significantly different (p < 0.5) from the mean of the corresponding group 
exposed to saline. 
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greater in the cortex than in other zones of the kidney. After mercuric 
species (e.g., Cys-Hg-Cys; GSH-Hg-GSH, etc.) are taken up by proximal 
tubular cells, the enhanced expression of MT would likely lead to 
cellular retention of Hg. MT has a very high affinity for Hg; thus, mer-
curic ions that are not already bound to MT may bind to MT within the 
cytoplasm to form large Hg-MT complexes that may be retained in the 
cell. This will be particularly true in segments of proximal tubules that 
have higher levels of MT, i.e., cortical proximal tubules. MT is capable of 
binding 6–11 molecules of Hg (He et al., 2021); thus, it is logical that 
cells and tissues with higher levels of MT will accumulate more Hg. 
Another factor that may contribute to this pattern of accumulation is the 
axial heterogeneity of transport mechanisms along the proximal tubule. 
Receptor-mediated endocytosis occurs largely in S1 proximal tubules 
(Carney, 2019), which are present exclusively in the cortex. As discussed 
below, we propose that receptor-mediated endocytosis plays a role in 
the cellular uptake of Hg-MT complexes. 

Although renal accumulation of Hg is rapid, it appears as though 
cellular export could be somewhat slow. We have shown that certain Hg 
complexes (e.g., GSH-Hg-GSH) can be exported from the apical mem-
brane of proximal tubular cells by the multidrug resistance-associated 
protein 2 (Mrp2) (Bridges et al., 2008a, b) and the breast cancer resis-
tance protein (Bcrp) (Bridges et al., 2015). It is not likely that these 
carriers are able to mediate the export of Hg-MT complexes due to the 
large size of the complexes. Therefore, export of these complexes may be 
dependent upon degradation of MT or thiol exchange whereby Hg is 

released from MT to bind to a smaller thiol-containing molecule. The 
half-life of MT has been estimated to be 4–5 days, yet the half-life of the 
Zn-MT complex (and possibly Hg-MT) appears to be around 20–––30 h 
(Cherian and Goyer, 1978; Piletz et al., 1983). As MT proteins are 
degraded, any associated Hg is likely released into the cytoplasm where 
it forms conjugates with intracellular thiols such as GSH or cysteine. 
These conjugates can then be exported into the tubular lumen via apical 
transport mechanisms. Experiments with endpoints longer than those in 
the current study may be able to capture this process. 

To our knowledge, there are no published studies that provide direct 
evidence that Hg-MT complexes are taken up by proximal tubular cells. 
Since MT levels in blood increase after injection with Zn, it is likely that 
Hg-MT complexes are formed in blood and subsequently delivered to 
proximal tubules. Therefore, it is important to determine if and how 
these complexes are taken up by proximal tubular cells. The current 
study utilized isolated perfused and non-perfused proximal tubules to 
assess apical and basolateral uptake of Hg-MT complexes. The data from 
these experiments indicate that Hg-MT complexes are taken up at both, 
the luminal and basolateral membranes of proximal tubules. The 
disappearance flux (JD) measures the rate by which a substrate leaves 
the lumen and is taken up by tubular cells. The JD of Hg-MT was 
significantly greater than that of GSH-Hg-GSH, suggesting that its 
transport into cells is more rapid than that of GSH-Hg-GSH. Interest-
ingly, the cellular accumulation of Hg-MT was similar to that of GSH-Hg- 
GSH suggesting that that although Hg-MT is taken up faster, the 
mechanisms responsible for its apical uptake may become saturated 
more quickly and consequently limit cellular accumulation of Hg-MT 
complexes. The mechanism(s) by which these complexes are taken up 
remain to be identified; however, it appears that some form of endo-
cytosis may be involved in this process. Pitstop, a well-known inhibitor 
of endocytosis (Dutta et al., 2012), reduced the basolateral accumula-
tion of Hg-MT complexes by approximately 50 %. Assessing the effects of 
pitstop on the apical uptake of Hg-MT is not technically feasible using 
the isolated perfused tubule technique. Interestingly, published findings 
from studies in cultured proximal tubular cells suggested that apical 
uptake of MT-cadmium complexes is dependent upon megalin, a re-
ceptor involved in endocytosis (Wolff et al., 2006). Considering our 
current data and that of other labs, we suggest that endocytosis may 
mediate at least part of Hg-MT uptake in proximal tubular cells. Other 
mechanisms are likely involved in this uptake and thus, additional 
studies are necessary to fully elucidate this process. 

The current data show that increased expression of MT protects 
against Hg-induced renal injury. There were no obvious differences in 
the histopathology between corresponding groups of male and female 
rats. The 0.5 µmol dose represents a non-nephrotoxic dose of Hg; no 
injury was observed in these groups. In contrast, when animals were 
exposed to 1.5 or 2.5 µmol Hg, obvious pathological changes in the renal 
cortex and OSOM were observed. Kidneys of rats injected with 1.5 µmol 
Hg displayed tubular swelling in the cortex and pyknosis, cellular 
degeneration, and necrosis in the OSOM. Treatment of rats with Zn was 
largely protective against this dose of Hg. In Zn-injected rats, the cortex 
appeared normal and although the OSOM exhibited tubular swelling, 
there was no evidence of cellular necrosis and death. When rats were 
injected with 2.5 µmol Hg, renal injury was more extensive and severe 
than in rats injected with the lower dose. At this dose, significant cellular 
injury and necrosis was observed in both the cortex and the OSOM. 
Injection with Zn protected cortical tubules from injury and lessened the 
severity of necrosis in the OSOM. This pattern of injury may be due, in 
part, to the axial heterogeneity of MT expression along the nephron, 
with higher expression in cortical segments than in those located in the 
OSOM. The mRNA expression of a well-known biomarker of renal 
injury, Kim-1, further confirmed that injection with Zn significantly 
reduced Hg-induced renal injury. 

In the liver, MT expression was enhanced by exposure to Zn. This 
enhanced the hepatic accumulation of Hg in animals exposed to lower 
doses of Hg (0.5, 1.5 µmol). Our previous work suggests that Hg-albumin 

Fig. 8. Amount of Hg in Feces. The amount of Hg in feces was measured in 
male (A) and female (B) rats injected with saline or Zn (25 mg/kg) and exposed 
24 h later to HgCl2. Rats were euthanized 24 h after injection with HgCl2. n = 4. 
*, significantly different (p < 0.5) from the mean of the corresponding group 
exposed to saline. 
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complexes are taken up into hepatocytes by endocytosis, following 
which, they are conjugated to a different ligand such as GSH to facilitate 
excretion. However, when the expression of MT is enhanced, intracel-
lular Hg may bind to MT and accumulate within the hepatocyte. Over-
expression of MT did not affect hepatic accumulation of Hg at the 
highest dose of Hg (2.25 μmol), likely because at this concentration, the 
mechanisms involved in transporting Hg into hepatocytes are saturated. 
Fecal excretion of Hg was reduced in animals overexpressing MT, sup-
porting the idea that Hg binds to MT within hepatocytes and slows the 
ability of hepatocytes to export it into blood or bile. Hg may be slowly 
exported as it undergoes ligand exchange and binds to a ligand that 
creates a mercuric species that is more readily transportable than Hg- 
MT. 

The amount of Hg in blood of animals exposed to 0.5 and 1.5 µmol 
Hg was not altered by overexpression of MT. One might expect the blood 
levels of Hg in Zn-injected rats to be lower than those of control rats due 
to sequestration of Hg in organs. This finding may be explained by the 

low urinary excretion of Hg in Zn-injected rats. Cellular accumulation of 
Hg due to overexpression of MT is likely due to an inability to export Hg 
for excretion rather than enhanced uptake of Hg-MT from the blood. 
Interestingly, when rats were exposed to 2.5 µmol Hg, the amount of Hg 
in blood was significantly less in Zn-injected animals than in saline- 
injected animals. The urinary excretion of Hg also increased in Zn- 
injected animals exposed to 2.5 µmol Hg, which may account for the 
differences in blood levels of Hg. 

Previous studies from our lab have shown that the distribution of Hg 
varies between sexes (Pittman et al., 2020); therefore, the currently 
study was performed in males and females. In the present study, we 
observed differences in the pattern of Hg accumulation in the renal 
cortex and OSOM between the sexes. These differences may be due to 
different patterns of MT distribution in males and females, which has 
been shown in previous studies (Ljubojevic et al., 2019; Zhang et al., 
2012). Although differences in the pattern of Hg accumulation were 
observed between males and females, we did not observe differences in 
histopathological change between sexes, suggesting that both sexes are 
equally susceptible to Hg-induced nephrotoxicity. 

In summary, the current study is the first to demonstrate that Hg-MT 
complexes are taken up at the luminal and basolateral membranes of 
proximal tubular cells. In addition, our data suggest that endocytosis 
may be one mechanism by which Hg-MT complexes are taken up into 
proximal tubular cells. Moreover, the current data show that although 
overexpression of MT enhances the renal accumulation of Hg, it also 
protects against Hg-induced nephrotoxicity. This is likely due to the 
binding of Hg to MT and the formation of a stable complex that has low 
oxidative activity. Therefore, supplementation with Zn in individuals at 
risk of occupational, dietary, and environmental exposure to Hg may be 
a viable strategy for reducing the risk of Hg intoxication. 

Our current findings suggest that overexpression of MT alters the 
corporal disposition of Hg. Under normal conditions, a large fraction of 
Hg in blood appears to be bound to albumin, forming Hg-albumin 
complexes, which are taken up subsequently into hepatocytes and pro-
cessed to form GSH-conjugates of Hg. These GSH-Hg conjugates are then 
exported and delivered to the kidney for filtration and eventual excre-
tion. (Barfuss et al., 2022). After glomerular filtration, GSH-Hg conju-
gates are taken up at the apical and basolateral plasma membranes of 
proximal tubular cells and mercuric ions accumulate within the cells. 
We propose that when expression of MT is upregulated and more MT is 
present in blood, some of the mercuric ions that would normally be 
bound to albumin or GSH will bind to MT. Hg-MT conjugates will then 
be delivered to liver and kidney. Our data suggest that renal uptake of 
these conjugates occurs via endocytosis. In addition to Hg-MT conju-
gates, Hg-GSH conjugates will also be delivered to hepatocytes and 
proximal tubular cells. As these conjugates are taken up into target cells, 
mercuric ions will bind to MT in these cells and Hg accumulation as it 
binds mercuric ions. 
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internalization of cadmium-metallothionein and cytotoxicity in cultured renal 
proximal tubule cells. The Journal of Pharmacology and Experimental Therapeutics 
318 (2), 782–791. 

Zalups, R.K., Barfuss, D.W., 1996a. In Vitro Perfusion of Isolated Nephron Segments: A 
Method for Renal Toxicology. In: Zalups, R.K., Lash, L.H. (Eds.), Methods in Renal 
Toxicology. CRC Press, New York, New York, pp. 124–146. 

Zalups, R.K., Barfuss, D.W., 1996b. In vitro perfusion of isolated nephron segments: A 
method for renal toxicology. In: Zalups, R.K., Lash, L.H. (Eds.), Methods in Renal 
Toxicology. CRC Press, New York, pp. 123–146. 

Zalups, R.K., Koropatnick, J., 2000. Temporal changes in metallothionein gene 
transcription in rat kidney and liver: relationship to content of mercury and 
metallothionein protein. The Journal of Pharmacology and Experimental 
Therapeutics 295, 74–82. 

Zhang, D., Jin, T., Xu, Y.Q., Lu, Y.F., Wu, Q., Zhang, Y.K., Liu, J., 2012. Diurnal-and sex- 
related difference of metallothionein expression in mice. Journal of Circadian 
Rhythms 10, 5. 

A. Dave et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2666-027X(23)00030-0/h0025
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0025
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0030
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0030
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0030
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0030
http://refhub.elsevier.com/S2666-027X(23)00030-0/h9000
http://refhub.elsevier.com/S2666-027X(23)00030-0/h9000
http://refhub.elsevier.com/S2666-027X(23)00030-0/h9000
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0040
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0040
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0040
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0045
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0045
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0050
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0050
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0050
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0050
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0060
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0060
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0065
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0065
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0070
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0070
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0075
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0075
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0075
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0075
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0080
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0080
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0080
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0085
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0085
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0085
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0085
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0090
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0090
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0095
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0095
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0095
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0095
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0095
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0095
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0100
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0100
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0100
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0100
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0105
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0105
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0105
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0110
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0110
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0110
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0115
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0115
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0120
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0120
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0120
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0125
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0125
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0130
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0130
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0130
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0130
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0135
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0135
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0140
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0140
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0140
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0145
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0145
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0145
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0150
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0150
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0150
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0150
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0155
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0160
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0160
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0160
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0160
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0165
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0165
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0165
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0170
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0170
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0170
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0175
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0175
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0175
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0175
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0180
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0180
http://refhub.elsevier.com/S2666-027X(23)00030-0/h0180

	Proximal tubular transport of Metallothionein-Mercury complexes and protection against nephrotoxicity
	Introduction
	Methods
	2.1 Animals
	2.2 Radioactive mercury
	2.3 Injections
	2.4 Collection of organs
	2.5 Histological analyses
	2.6 Quantitative PCR
	2.7 Isolated proximal tubule experiments
	2.8 Statistical analyses

	3.0 Results
	3.1 Expression of MT
	3.2 Renal accumulation of Hg
	3.3 Urinary excretion of Hg
	3.4 Hepatic burden of Hg
	3.5 Hematologic burden of Hg
	3.6 Fecal excretion of Hg
	3.7 Analysis of Hg-induced nephrotoxicity
	3.8 Proximal tubular transport of Hg-MT
	4.0 Discussion

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


