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Abstract

Chronic exposure to cadmium compounds (Cd2*) is one of the major public health problems
facing humans in the 21st century. Cd2* in the human body accumulates primarily in the kidneys
which leads to renal dysfunction and other adverse health effects. Efforts to find a safe and
effective drug for removing Cd2* from the kidneys have largely failed. We developed and
synthesized a new chemical, sodium (S)-2-(dithiocarboxylato((2S,3R,4R,5R)-2,3,4,5,6
pentahydroxyhexyl)amino)-4-(methylthio) butanoate (GMDTC). Here we report that GMDTC has
a very low toxicity with an acute lethal dose (LD50) of more than 10,000 mg/kg or 5000 mg/kg
body weight, respectively, viaoral or intraperitoneal injection in mice and rats. In /n vivo settings,
up to 94% of Cd2* deposited in the kidneys of Cd2*-laden rabbits was removed and excreted via
urine following a safe dose of GMDTC treatment for four weeks, and renal Cd?* level was
reduced from 12.9 ug/g to 1.3 pg/g kidney weight. We observed similar results in the mouse and
rat studies. Further, we demonstrated both in /n vitro and in animal studies that the mechanism of
transporting GMDTC and GMDTC-Cd complex into and out of renal tubular cells is likely
assisted by two glucose transporters, sodium glucose cotransporter 2 (SGLT2) and glucose
transporter 2 (GLUTZ2). Collectively, our study reports that GMDTC is safe and highly efficient in
removing deposited Cd2* from kidneys assisted by renal glucose reabsorption system, suggesting
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that GMDTC may be the long-pursued agent used for preventive and therapeutic purposes for both
acute and chronic Cd2* exposure.

Keywords

Cadmium decorporation; Cadmium induced renal dysfunction; Chelating agent; GMDTC; Renal
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1. Introduction

Cadmium (Cd) is a naturally present and global environmental pollutant widely distributed
and detected in almost all soils, surface waters and plants. The World Health Organization
(WHO) has recognized chronic Cd exposure as one of the major worldwide public health
problems (WHO, 2010). A wide spectrum of deleterious effects have been associated with
prolonged Cd exposure (Faroon et al., 2012; IARC, 1993), but the kidney is the most
sensitive and affected organ. Almost 30% of body Cd absorbed is deposited in the kidney
tubule region (Bernhoft, 2013), and the biological half-life of renal Cd is unusually long and
its excretion takes decades in humans (Faroon et al., 2012). Once the deposition of Cd in the
kidney reaches a certain level, it causes pathological changes in the renal tubular area and
the resulting renal dysfunction often persists for many years. Other Cd-associated adverse
effects, including osteoporosis, diabetes, reproductive system problems and cardiovascular
disease are associated with or a secondary response to Cd-caused kidney damage (Nawrot et
al., 2010; UNEP, 2010).

Tremendous efforts have been made in identifying a safe drug, 7.e., chelating agent, which
can efficiently mobilize and excrete Cd from the kidney. Some chelating agents, é.g.,
Ethylene Diamine Tetraacetic Acid (EDTA), 2,3-Dimercaprol (BAL), 2,3-Dimercapto-1-
propanesulfonic acid (DMPS), meso-2,3-dimercaptosuccinic acid (DMSA) and
Dithiocarbamates (DTC), have been proposed for use in the treatment of patients with acute
high-level Cd exposure; however, none of these chelation agents have been clinically
approved so far (Bernhoft, 2013; Gale et al., 1988; Nawrot et al., 2010; Nordberg, 1984;
UNEP, 2010). The application of these chelating agents in the prevention or treatment of
chronic Cd exposure has proven even more disappointing due to their severe side effects
and/or ineffectiveness in removing Cd from the kidney (Andersen and Nielsen, 1989;
Bernhoft, 2013; Gale et al., 1988; Gale et al., 1989; Nordberg, 1984; Wang et al., 1999;
Wang et al., 2004).

Here, we report that a newly synthesized chemical, Sodium (S)-2-(dithiocarboxylato((2S,3R,
4R,5R)-2,3,4,5,6-pentahydroxyhexyl) amino)-4-(methylthio)butanoate (GMDTC), is low in
toxicity and highly efficient in removing deposited Cd2* from kidneys in all animals tested
including mice, rats and rabbits. We further demonstrate that the effect of GMDTC in
removing Cd2* from the kidney is mainly assisted by glucose transporters on renal tubular
cells.
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2. Materials and methods

2.1. Chemicals and reagents

CdCl,-2.5H,0 (analytical degree) are purchased from Fuchen Chemical Inc. (Tianjin,
China). The GMDTC (molecular weight 433) was synthesized according to Patent ZL
200510035377 viathe route depicted in Fig. 1 by WuXi AppTec (Tianjin) Co., Ltd., China.
Other chemicals obtained were from authorized chemical suppliers in China. GMTDC is a
water-soluble crystal with a light yellow color, and it was freshly prepared and dissolved in
saline and sterilized prior to treating cells or animals. Cell culture medium and reagents were
acquired from Thermo Fisher Scientific Inc. (Shanghai, China).

2.2. Complexometric titration experiment

A complexometric titration experiment was performed as previously described (Hafez and
Khalifa, 1997). Freshly prepared GMDTC solution was titrated with twelve heavy metals
and essential elements. Color changes of reactions were recorded and the proportion of
complex were calculated.

2.3. Cell culture and treatment

The HK-2 cell line, an immortalized human proximal tubule epithelial cell line, was a gift
from Professor Jianmin Jiang, Sun Yat-Sen University School of Pharmacy, and of American
Type Culture Collection (ATCC) origin. HK-2 cells were cultured in DMEM medium
containing 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were maintained
at 37 °C in an atmosphere of 95% air and 5% CO,. To determine whether the glucose
transporters are responsible for the transport of GMTDC and GMTDC-Cd complex across
tubular cell membrane, we examined if and how GMTDC’s effect in removing intracellular
Cd2* were affected when glucose transporters SGLT2 or GLUT? inhibitor, Canagliflozin
and Phloretin, was applied. The 3-(4,5-dimethyl-2-yl)-2, 5-diphenyl-2H-tetrazolium bromide
(MTT) assay was performed to assess HK-2 cell viability under different treatment
conditions, as described previously (Zhu et al., 2015). Based on the cytotoxicity data
observed from MTT assays (Fig. S2, A), 100 uM CdCl, was selected for HK-2 cells
treatment. 5 M canagliflozin, 50 pM phloretin, and 100 uM GMDTC were selected because
our data suggests that this dose does not change the variability of HK-2 cells significantly
(Fig. S2, B-D).

2.4. Calcium level tracking with confocal microscopy

The effects of Cd2* ions on cellular calcium homoeostasis have been well documented.
Intracellular Cd2* level can be monitored and measured indirectly based on the cytoplasm
calcium level (Benters et al., 1997; Hinkle et al., 1992). We examined the calcium
fluorescence intensity of HK-2 cells using the calcium indicator Fluo-4 AM (Life Tech,
Carlsbad, CA) measured by the laser scanning confocal microscope (Zeiss LSM710). The
detailed experimental steps were summarized in Table S9. Briefly, 2 x 10° HK-2 cells were
seeded on the coverslips. After 12 h cultivation, cells were treated under different conditions
and incubated with 5 pM Fluo-4 Am in Krebs-Ringer solution (145 mM NaCl, 4 mM KCl,
1.8 mM CaCly, 1 mM MgCl,, 10 mM HEPES, and 10 M D-glucose). The fluorescence was
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excited with 488 nm by an argon ion laser and cells were scanned and images were taken
using a confocal microscope (Huang et al., 2013). The average fluorescence intensity of 10
cells was calculated and used to represent the calcium concentration. All experiments were
repeated three times.

Specific pathogen-free male/female Sprague—Dawley (SD, 160-180 g) rats and NIH Swiss
mice (NIH, 17-20 g), and male New Zealand white rabbits weighing (2.5-3.5 kg), were
purchased from Guangdong Laboratory Animal Center, China (GDMLAC, National
certification No. 2006A015). All animals were provided a standard diet and housed in an
approved facility with climate control and a 12 h light/12 h dark cycle. The Animal Care and
Use Committee of GDMLAC in China approved animal test protocols.

2.6. Acute toxicity study of GMDTC

We investigated the acute toxicity of GMDTC in mice and rats via oral gavage and
intraperitoneal injection (/.p.). Fifteen female and fifteen male of mice and rats were
randomly grouped into control and two treatment groups (oral gavage and 7.p.) with each
consisting of 5 male and 5 female animals. The vehicle alone (0.9% saline) was
administered v/a gavage to the control group. In gavage treatment group, we treated both
male and female mice and rats with GMDTC in a single dose of 10.1 g/kg body weight. In
£.p. injection, we treated both male and female mice and rats with a single dose of 5.1 g/kg
body weight.

The experiment lasted for 14 days. Weights of each animal were recorded each day, and
mortality/moribundity checks were performed daily. Blood was collected from the retro-
orbital venous plexus at 24 h and 14 days after the initial treatment. Blood electrolytes were
analyzed by a 7080 Automatic Analyzer (Hitachi Co., Tokyo, Japan). On day 14, rats and
mice were euthanized individually in a CO, chamber and all organs and tissues were
observed macroscopically. Kidneys were quickly removed from all animals that were
euthanized. Left kidneys were then fixed overnight in 4% (w/V) paraformaldehyde in 0.1 M
sodium phosphate buffer (pH 7.4) at 4 °C overnight. Post-fixed kidneys were embedded in
paraffin and sectioned. The paraffin-embedded kidney sections were deparaffinized and
rehydrated and then stained with hematoxylin and eosin. An experienced pathologist who
was blinded to the treatment allocation conducted the pathological assessment by evaluating
the paraffin-embedded kidney sections.

2.7. Establish animal models of sub-chronic Cd?* intoxication

We established Cd%*-laden animal models including mouse, rat and rabbit models. Only
male animals were used given that no report indicated a different deposition of Cd%*
between male and female animals. Doses of CdCl, used were pre-determined in pilot study
or based on historical data (data not shown). To establish mouse and rat models of
subchronic Cd?* intoxication, male mice and rats were administered CdCl, via /.p. injection
for five consecutive days with a dose of 6 umol/kg to mice or 3 umol/kg to rats, respectively.
To establish rabbit model, male rabbits were given 1.5 umol/kg CdCl, per day for five
consecutive days via intravenous injection (7.v.). Blood samples were drawn from veins
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(mice/rats) or the auricular artery (rabbits). Some animals were sacrificed at different time
points under pentobarbital anesthesia (7.p.). The right kidney was then taken, weighed and
used to measure Cd2* levels. Thirty-five days post the treatment, Cd2* level in kidney
reached a highest and stabilized level, and used for experiments.

2.8. Determine GMDTC'’s effect in removing Cd?* from kidney

Cd2*-laden intoxication animals were divided into 4 groups, including CdCl, treatment
alone group, EDTA positive control group, low dose and high dose GMDTC treatment
groups. Same age animals without CdCl, treatment were included as control. Each group
had 10 mice and 6 rats. For rabbits, each group contained 18 rabbits except EDTA and low
dose GMDTC group that had 6 rabbits each. Animals in control and CdCl;, treatment alone
groups were treated with 0.9% saline, others based on the assigned treatment group were
treated with 0.25 mmol/kg EDTA or GMTDC at a dose of 0.25 or 1 mmol/kg for low and
high treatment group via 7.p. for mice and rats and /.v. for rabbit. Mice and rats were treated
for five consecutive days per week for 4 weeks, and blood, urine and biospecimens were
collected at the end of treatment. For rabbits, the treatment lasted 4 weeks, and 6 rabbits in
each group were randomly picked and sacrificed at the end of 1-week, 2-weeks and 4-weeks
during the treatment periods. Biospecimens including urine, blood and tissues were collected
at these time points.

2.9. Examine the impact of inhibiting renal glucose transporters on GMDTC'’s effect in
removing Cd2* from kidney

The detailed grouping and treatment were shown in the supplement table S10. Briefly, Cd?*-
laden mice were randomly divided into 8 subgroups, then treated with GMDTC and/or renal
glucose transporters inhibitors (canagliflozin or phloretin) for combined 2 weeks,
respectively. On day 14, mice were euthanized individually in a CO, chamber and kidney
tissues were collected for Cd2* level analysis.

2.10. Urinary Cd?2* analysis by graphite furnace atomic absorption spectroscopy (GFAAS)

Urinary Cd2* concentrations were obtained in an atomic absorption spectrometer as
previously described (Zeini Jahromi et al., 2007). A GFAAS (PerkinElmer Pinnacle 900T)
was used throughout the whole work. Working parameters (lamp current: 6.0 mA; spectral
bandpass: 0.8 nm, weave length: 228.8 nm) were applied. The urine samples and the
standard solutions in water were immediately were digested in 0.5 mL nitric acid at 70 °C.
The digest was diluted five times with a solution containing triton X-100 and 10 pL of the
solution was injected into the graphite furnace for analysis. Urinary Cd2* concentration and
excretion rate were calculated using the following equation:

_ Cd (%) X DilutionFactor

Urinarycreatinine ( 4 )

Urinary Cd (ﬁ>
. g.cr
Urinary Cd excretion rate (%)
__ Urinary Cd contentinGMD T Ctreatmentgroup—Cd contentinmodelgroup > 1007
- times(Hours) 0
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2.11. Cd?* content analysis of blood and kidney by inductively coupled plasma—mass
spectrometry (ICP-MS)

Cadmium concentrations in the kidney and blood were measured by inductively coupled
plasma-mass spectrometry (ICP-MS; Agilent 7500, Agilent Co. Ltd., Beijing, China) as
described previously with modification (Barregard et al., 1999). Briefly, the blood was
diluted ten times with a solution containing triton X-100, and then digested in 0.5 mL nitric
acid at 70 °C. The kidney samples were dried at 80 °C for 1.5 h in a thermostat-controlled
tube. The dried and weighted samples were digested in 0.50 mL of concentrated nitric acid
for overnight at 70 °C. After further sample preparation, the ICP-MS data for each sample
were generated and collected and processed using software. Cd2* content in blood and
kidney was calculated using the following equation:

Cd (48) inblood=Cd (4&) x Dilution Factor
- Cd (£2)x DilutionFactor x0.001

Cd (%) inkidney=——— idney (9)

Decorporation rateof Cd inkidneyorblood (%)

___ Cd contentinmodelgroup—Cd contentin GMD T Ctreatmentgroup % 100%
~ Cd contentinmodelgroup—C'd contentin non—treatmentcontrolgroup 0

3. Results

3.1. GMDTC is relatively non-toxic and has a strong chelating capacity with toxic heavy
metals

We synthesized a new chemical derived from dithiocarbamates (DTC), Sodium (S)-2-
(dithiocarboxylato((2S,3R,4R,5R)-2,3,4,5,6-pentahydroxyhexyl) amino)-4-
(methylthio)butanoate (GMDTC), which was designed and prepared by using methionine
and glucose as starting materials (Fig. 1, A). In a test-tube complexometric titration reaction,
GMDTC showed a strong chelating capacity with toxic heavy metals, including Cd?*, Pb2*,
Hg?*, TI2*, Cr%* and Mn2*, but had little or no complexation with body essential elements,
e.g., Ca2* Fe?* Mg?*, Zn?*, Fe3* and La?* (data not shown). Utilizing HPLC-mass
spectrometry (HPLC-MS), we determined that the GMDTC/Cd2* complex contain two
GMDTC molecules and one Cd?* (data not shown). Based on the density functional theory
(DFT) method, we predicted that the GMDTC/Cd complex was in a chemical structure as
showed in Fig. 1, B.

As recommended by the WHO, chemicals with an acute oral lethal dose (LDsg) of more
than 5 g per kg (g9/kg) body weight are classified as U class (unlikely to present an acute
hazard) (United Nations, 2011; WHO, 2009). To reduce the number of animals used, we
thus did not take steps to determine the exact LDsy of GMDTC, but instead directly tested
the acute toxicity by giving a high dose of GMDTC to mice and rats, /€., 10,100 mg/kg or
5100 mg/kg body weight, v/a oral gavage or intraperitoneal injection (/.p.), respectively. At
these dose levels, there were no deaths or obvious adverse effects found in the mice or rats
14 days post-GMDTC administration when the blood GMDTC level was below the
detection limit. GMDTC-treated mice and rats grew normally and gained weight similarly to
the controls (Fig. 1, C & D). The level of key essential metal elements, including Ca2*,
Mg?2*, Zn2*, Cu?* and Fe2*, in the blood was not disrupted by GMDTC treatment and kept
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in the normal range (Table S1). GMDTC thus belongs to the U class of chemicals and is
relatively non-toxic, and has an acute oral LDsgg of far more than 10,000 mg/kg body weight
in mice and rats.

3.2. GMDTC is highly efficient in removing Cd?* from kidneys among animals tested, i.e.
mice, rats and rabbits, in a dose that does not cause significant side effects

To examine GMDTC’s effects on removing deposited Cd2* from the kidney, we established
chronic Cd2*-poisoned animal models, including mice, rats and rabbits, in which a
significant accumulation of Cd2* in the kidney occurred 35 days post-final injection of Cd%*
(Fig. 2, A-1). Under the dose used, no animal dead, and body weight gain was comparable to
the control group and no obvious behavioral changes were observed (data not shown).
However, the increased Cd%* deposition in the kidney did cause the change of the renal
function indicated by a significant increase of B2-microglubulin amounts (Fig. 2, A-2) and
minor pathological changes of renal tubular areas (Fig. S1).

At 35 days post last Cd2* administration, the animals were treated with GMDTC at a dose of
0.25 or 1.0 mmol/kg via i.p. for mice and rats for 4 weeks and /.v. for rabbits for 1, 2 or 4
weeks. A group of animals treated with EDTA at 0.25 mmol/kg was included for
comparison purpose. At these dose levels, GMDTC was well tolerated by all animals with
100% surviving post-administration, and no obvious toxic effects were observed. As shown
in table S2, no significant impact of GMDTC on key essential metal elements was found in
GMDTC treated mice. We conducted more thorough analyses of the GMDTC’s toxicity on
rabbit study. The individual and organs (including brain, heart, liver, spleen, lung, kidney
and testis) of each rabbit were weighted. The results showed that no significant impact of
GMDTC on body weight of rabbits was observed (Fig. S2). Furthermore, organ coefficients
were comparable among these different treatment groups of rabbits, suggesting that sub-
chronic exposure of GMDTC has no impact of organ development (Table S3). Additionally,
no significant differences of abnormal bone marrow micronuclei between GMDTC
experimental group and Cd?*-laden control group were noted (Table S4). Again, we did not
observe significant impact on key essential metal elements in kidney, liver, brain and lung of
GMDTC treated rabbits (Table S5-S8). GMDTC treatment had no any significant effects on
the status of key electrolytes such as sodium, potassium, phosphate and chloride (Table 1).
Liver function blood test were used to assess GMDTC’s impact on liver function. However,
no significant changes of the function of liver were observed (Table 2).

In mice study, renal Cd2* levels were significantly reduced from 27.4 ug/g kidney weight to
20.6 pg/g kidney weight and 14.1 ug/g kidney weight with continuous GMDTC treatment at
0.25 or 1.0 mmol/kg, respectively. We observed a similar effect in the rat models as with
mouse models. Cd2* levels of kidneys were reduced from 8.9 ug/g kidney weight to 7.1 ug/g
or 5.9 ug/g kidney weights at 0.25 or 1.0 mmol/kg GMDTC treatment, respectively. The
effect of GMDTC in removing Cd?* from kidneys of Cd2*-laden rabbits was even more
inspiring. Continuous /.v. injection of GMDTC at a level of 1.0 mmol/kg body weight for
one week elicited a 50.6% reduction in renal Cd2* concentration (Fig. 2, C-1 & C-2; Table
3). By 4 weeks, up to 94% of Cd2* in the kidney was removed, and renal Cd?* level was
reduced from 12.9 pg/g kidney weight to 1.3 pg/g kidney weight (Fig. 2, C-2; Table 3).
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Concomitant to kidney Cd2* reduction post GMDTC treatment, a significantly increased
level of urinary Cd2* was observed (Table 3). The highest Cd2* excretion via urine was seen
within the first 6 h after the GMDTC treatment, suggesting that GMDTC’s effect in
removing Cd2* from kidney was happening immediately and utilizing a quick excretion
mechanism. At the same time, the removing of Cd2* from kidney is associated with a
significant decrease of blood Cd2* level and the blood Cd2* decorporation rate was 13.4%,
17.6% and 37.8% at 1, 2 and 4 weeks following GMDTC treatment, respectively, indicating
that GMDTC-Cd complex was seldom reabsorbed back to blood by kidney. Moreover,
GMDTC treatment could significantly reduce the amount of Cd2* transported to brain
compared with the CdCl, group, indicating that GMDTC-Cd complex had a less capacity in
passing the blood-brain barrier than Cd2* (data not shown). The effect of EDTA in removing
Cd2* from kidney is much less significant than GMDTC’s effect. EDTA exposure had no
significant effects on renal Cd2* levels post 4 weeks treatment in both mouse and rat studies,
and it also has a much lower efficiency in removing renal Cd2* in comparison with GMDTC
treatment (Fig. 2 & Table 3).

3.3. GMDTC and the GMDTC-Cd complex are transported into and out of the tubular cells
via renal glucose reabsorption systems

GMDTC was synthesized using glucose as one of the raw materials, and the chemical
structure of GMDTC contains a glucose group. We speculated that the transport of GMDTC
and GMDTC-Cd complex into and out of tubular cells may utilize glucose reabsorption
systems, /.e., viathe sodium-glucose linked transporter 2 (SGLT2) and glucose transporter 2
(GLUT2), respectively. To test this hypothesis, we examined the GMDTC’s effect in
removing Cd2* jn vitro (Human Kidney 2 cells (HK-2)) and in the mouse model when either
a SGLT2 inhibitor (Canagliflozin) or GLUT2 inhibitor (Phloretin) was applied. Cd2*
exposure induced a dose-dependent cytotoxic effect in HK-2 cells (Fig. S3, A). In
comparison, GMDTC has no cytotoxic effects on HK-2 cells following 24 h exposure at the
level below 400 uM (Fig. S3, B). At as low as 12.5 uM level, GMDTC was able to
significantly reduce CdCl, induced cytotoxicity on HK-2 cells (Fig. S3, E). However, when
HK-2 cells were pre-treated with either canagliflozin or phloretin, the protective effects of
GMDTC even at 100 uM level against CdCl, induced cytotoxicity on the HK-2 cell were
disappeared (Fig. 3, A-1). Transient spike of cytosolic Ca2* is a common phenomenon
observed when cells were exposed to Cd2* (Benters et al., 1997; Hinkle et al., 1992) as
shown in Fig. 3, A-2 (Faurskov and Bjerregaard, 1997; WHO, 2010). Co-treatment GMDTC
and Cd2* of HK-2 cells were associated with a significantly compromised reaction in
spiking cytosolic Ca2* (Fig. 3, A-2 & A-3). Pre-treatment of HK-2 cells by canagliflozin
could blocked GMDTC’s effect, and intracellular Ca2* concentration remained significantly
higher post Cd2* exposure, even with GMDTC exposure. In comparison, as we expected,
GMDTC’s effect in inhibiting Cd2*-induced transient spike of cytosolic Ca2* remained
when GLUT2 was inhibited by phloretin on HK-2 cells because of temporally increased
GMDTC level inside of HK-2 cells (Fig. 3, A-2&A-3). These results suggest that GMDTC
and the GMDTC-Cd complex transported into and out of cells are assisted by glucose
reabsorption systems, more specifically, through SGLT2 and GLUT2 at membranes of renal
tubular cells. In animal study, as projected, when the activity of GLUT?2 is inhibited by
phloretin, the phloretin + GMDTC + Cd2* group shows a higher renal Cd2* level than the
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GMDTC + Cd?* group (Fig. 3, B-2). However, when the activity of SGLT2 was inhibited by
continuously given canagliflozin, we observed a further decrease of renal Cd2* level in the
canagliflozin + GMDTC + Cd2* group mice compared with the GMDTC + Cd?* group
while the difference was not significant (Fig. 3, B-1).

4. Discussion

Cd?* toxicity and treatment has attracted great interest in scientific and medical societies
because of the cumulative properties of Cd?* and subsequent damage to the kidney. When
chronic toxicity, e.g., renal tubular damage, was observed, the exposure had continued for a
long lag period of several years and pathological changes in the kidneys had already
occurred and were usually irreversible (Satarug and Moore, 2004). If the deposited Cd2* in
kidney cannot be removed, the renal damage will be further developed and the consequences
could be deleterious. Therefore, the removal of further exposure and removing deposited
Cd2* from kidneys are the most desired treatment procedures for Cd?*induced renal toxicity.
However, the development of a safe chelation therapy with high efficiency in removing Cd%*
from kidney has proven extremely difficult.

Currently available chelating agents, such as EDTA, BAL, DMPS, and DMSA have not been
clinically approved due to a number of safety and efficacy issues (Bernhoft, 2013), while
many of these chelating agents have showed certain effects in the acceleration of Cd2*
excretion viaurine (Nerudova et al., 1991; Satarug and Moore, 2004). BAL is an organic
dithiol compound and associated with severe side effects (Flora and Pachauri, 2010). DMSA
is also a dithiol compound with relatively fewer side effects than BAL, but its ability to
access intracellular metals is weak and ineffective in removing Cd?* from the kidney (Gale
et al., 1983). EDTA is the agent most studied (Kelley, 1999). Studies /n vitroand in vivo
suggest that EDTA is superior to DMSA in mobilizing intracellular Cd2* (Andersen et al.,
1988; Borenfreund and Puerner, 1986). However, EDTA lacks specificity and can affect
other essential metals such as zinc, iron and manganese, thus disrupting the balance of these
elements in the body and leading to side effects (Flora and Pachauri, 2010). Moreover,
EDTA cause nephrotoxicity (at the proximal tubule particularly), especially with repeated
high-dose treatment (above 75 mg/kg) and in subjects with a previous history of kidney
damage (Zhai et al., 2015).

In recent years, a new type of chelating agents has been developed, named DTC or
diethyldithiocarbamape (DDC), and their derivatives, such as N-(4-methoxybenzyl)-\-
dithiocarboxy-D-glucamine (4-Me-DTC) and N-(2,3,4,5, 6-pentahydroxylhexyl)-L-cysteine
(GCDTC). They exhibit potent metal-binding properties and better results in accessing
intracellular Cd2*. In general, they also have a lower acute toxicity than EDTA and several
other chelating agents (Andersen and Nielsen, 1989; Gale et al., 1989;Wang et al., 2004;
Zhao et al., 1990), thus making them an attracting target for the prevention and treatment of
chronic Cd?* intoxication. However, unwanted or unexpected side effects are also found
with these new chelating agents (Andersen and Nielsen, 1989; Gale et al., 1989;
O’Callaghan and Miller, 1986; Shiqi Peng et al., 2000; Wang et al., 2004; Zhao et al., 1990).
Here, we demonstrated that our newly synthesized chemical, GMDTC, has almost all the
properties that make it a desirable chelating agent, including its high capacity to irreversibly
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bind the toxic metal, low affinity for essential metals, accessibility of the kidney and bile to
allow rapid elimination of the metal, low toxicity and limited metabolic transformation of
itself and of the metal complex, and so on (Sinicropi et al., 2010). GMDTC has a very low
acute toxicity with an acute oral LD50 far more than 10 g/kg body weight, thus can be
classified as a U-class chemical based on the WHO’s standard of chemical classification. In
both high dose acute exposure and sub-chronic repeated exposure, no significant side effects
were produced by GMDTC in multiple animal models tested. Moreover, GMDTC treatment
had no significant impacts on body key essential metal elements, a side effect that is
observed in many other chelating agents. But more importantly, in a dose that didn’t cause
any observed toxicity in treated animals, GMDTC treatment is accompanied with an
astonishingly high efficiency in reducing renal Cd2* concentration (Fig. 2). Renal Cd2*
concentration was reduced by 50.6%, 77.1% and 94% post a one-, two- or four-week
GMDTC treatment via /.v. at dose of 1 mmol/kg in a Cd2*-laden rabbit model. Even with a
much lower dose of GMDTC (0.25 mmol/kg), renal Cd2* level was reduced by 41.1% after
just one-week treatment. GMDTC’s effect in removing renal Cd2* was lower in mouse and
rat model than in rabbit model but remain highly significant. Our study showed that the
binding and excretion of Cd2* via urine from body is the most significant within 6-h after
the GMDTC treatment, and significantly lower afterward. The decreased efficiency between
mouse/rat studies and rabbit study is likely due to the different administration routes, as it
takes a longer time for GMDTC to reach kidneys through 7.p. vs. i.v. Moreover, GMDTC-Cd
complex is not accumulated in body as indicated by an increased decorporation rate of blood
Cd2* following continuous GMDTC treatment.

In the kidney, Cd2* is mainly deposited in tubular cells, and the half-life of Cd2* in kidney is
up to several decades (Nordberg and Nordberg, 2002). Thus, an effective chelating agent that
can be applied in clinical use has to be able to access Cd2* in renal tubular cells, transport
them out, and excrete them via urine, which was what we observed for GMDTC. GMDTC
and GMDTC-Cd complex are relative large and hydrophilic molecules, it is thus unlikely
that GMDTC and the GMDTC-Cd complex move into and out of tubular cells by a passive
transport mechanism, 7.e., viaa concentration gradient. The kidney plays a central role in
glucose reabsorption, in which the glucose in the proximal tubule is transported into the
proximal convoluted tubule walls via SGLT2 at apical membrane (Mather and Pollock,
2011; Vallon, 2011). Once into the tubule cell, the glucose can be diffused along a glucose
concentration gradient or transported utilizing a facilitative glucose transporter, GLUT2 at
basolateral membrane (Chin et al., 1993). Our results, particularly /n vitro study, suggested
that GMDTC enters into and GMDTC-Cd complex transports out of tubular cells are mainly
assisted by renal glucose reabsorption system utilizing SGLT2 and GLUT2 transporters (Fig.
3). The results /n vivo studies are not completely same as the /n vitro study. Although we
observed a similar result in animal study as /n vitro experiment when GLUT2 inhibitor was
administered, the inhibition of the SGLT2 activity by canagliflozin does not affect
GMDTC’s effect in removing renal Cd2*. One possible explanation is that GMDTC can get
into renal tubular cells by multiple mechanisms. However, we believe that it is more likely
due to the inhibition of SGLT2 activity by canagliflozin is not efficient or complete, as
showed previously that SGLT2 inhibitors can only inhibit about 30-50% of renal glucose
reabsorption (Liu et al., 2012). Altogether, as illustrated in Fig. 4, we believe that GMDTC’s
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effect in removing Cd2* from kidney is mainly mediated by glucose reabsorption system. At
the glomerulus of the nephron, GMDTC is actively transported across the epithelium of the
proximal tubule via SGLT2. In renal tubule cells, two GMDTC molecules bind to one Cd2*
ions that forms the GMDTC-Cd complex, which is then released from the lumen to the
blood of the tubule across the basolateral membrane facilitated by GLUT2. The majority of
formed GMDTC-Cd complexes is seldom reabsorbed by SGLT2 and is consequently
excreted from the body through the urine.

5. Conclusions

Collectively, we show that the newly synthesized chemical, GMDTC, is safe and low
toxicity, but highly efficient in Cd2* decorporation from the kidney, which is likely mediated
by renal glucose transporters, SGLT2 and GLUT2. While more studies in further
deciphering the mechanisms of GMDTC in removing Cd2* from kidney and understanding
the pharmacokinetics and determining the toxicity of GMDTC particularly those related to
long-term exposure are warranted, all characteristics associated with GMDTC make it an
ideal agent used for both preventive and therapeutic purposes for kidney damage and other
adverse health effects caused by chronic Cd2* exposure.
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GMDTC synthesis and acute toxicity assessment. A). Simplified synthesis steps of Sodium

(S)-2-(dithiocarboxylato((2S,3R,4R,5R)-2,3,4,5,6 pentahydroxyhexyl)amino)-4-

(methylthio)butanoate (GMDTC). B). The schematic structure of the GMDTC-Cd complex
was created by coordination chemistry software (molecular formula: NaCdCy4H43014N2Sg).

C). The body weight of mice (C-1) and rats (C-2) was shown following gavage

administration of 10.1 g/kg (23.3 mmol/kg) GMDTC at 3, 7 and 14 days. D). The body
weight of mice (D-1) and rats (D-2) was shown following 7.p. injection of 5.1 g/kg (11.8

mmol/kg) GMDTC at 3, 7 and 14 days.
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Fig. 2.

GI%/IDTC’S effect in removing Cd2* from kidneys. Panel A, Animal models of sub-chronic
Cd2* intoxication. Cd2* levels were significantly increased in kidneys of Cd2*-laden animals
(A-1). Urinary B2-microglobulin level was significantly increased in Cd2*-laden animals
(A-2); panel B, GMDTC’s effect in removing Cd?* from kidneys of mice and rats. Renal
Cd2* levels in mice (B-1) and rats (B-2) were significantly reduced following 4-weeks
GMDTC treatment. EDTA at 0.25 mmol/kg was included as a control; panel C, GMDTC’s
effect in removing Cd2* from kidneys of rabbits. A significantly reduced renal Cd2* level
was observed within a week of GMDTC treatment (C-1). EDTA at 0.25 mmol/kg was
included as a control. Renal Cd%* levels were further reduced in a time-depend manner
(C-2).* P<0.05 & ** P<0.01.
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Fig. 3.
SGLT2 and GLUT?2 transporters mediate the transportation of GMDTC and the GMDTC-Cd

complex into and out of renal tubular cells. Panel A, in vitro study. HK-2 cells were treated
with CdCl; GMDTC, canagliflozin or phloretin or their combinations for 24 h, and cell
viability was evaluated by MTT assay (A-1). The data was from three independent
experiments; time course of the cytoplasmic Ca2* levels of HK-2 cells post Cd2* and/or
GMDTC exposure when HK-2 cells were pre-incubated with canagliflozin or phloretin.
Representative images under confocal laser scanning microscope were shown (A-2, scale
bar = 5 um); the inflorescence intensity of cytoplasmic Ca?* was recorded under confocal
laser scanning microscope and presented in A-3. The data was from three independent
experiments, and error bar with standard deviations was removed for clear presentation. (* P
<0.05 & ** P<0.01, in comparison with GMDTC + Cd?* group). Panel B, /n vivo study.
Canagliflozin pretreatment has a little impact on GMDTC’s effect in removing Cd2* from
kidney (B-1), 7= 6; GMDTC’s effect in removing Cd2* from kidney was compromised
when Cd?*-laden mice were pretreated with phloretin (B-2), 7= 6 (* P< 0.05 & ** P<
0.01).

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 April 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tang et al.

Distal tubule

Proximal tubule

GMDTC-Cd Complex

- e :
Tight =" / \
juncion Lateralintracellularspace

GMDTC-Cd Complex

Na/K*
pump

Ona*

Fig. 4.
Schematic diagram of Cd2* decorporation from kidney by GMDTC.
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