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Figure 11: The effect of TEA on Me203Hg+ transport in the basolateral membrane of the S2 
segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each 
value represents the mean ± SE with a minimum sample size of 5 tubules. 
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Figure 12: The effect of TEA on Me203Hg+ transport in the basolateral membrane of the S2 
segments of rabbit proximal tubules (A) tubular contents and (B) tubular content expressed as 
percentage of total extracted.  Each value represents the mean ± SE with a minimum sample size 
of 5 tubules. 
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The effect of L-cysteine on the basolateral transport of Me203Hg+ 

To characterize the effect of L-cysteine on the basolateral uptake of Me203Hg+, 20 µM of 

Me203Hg+ along with 22 µM of L-cysteine was added to the bathing solution.  The average cell-

to-bath ratio and cytosolic contents of Me203Hg+-L-cysteine at 12°C and 37°C are noted in Figure 

13.  Bath-to-cell uptake of Me203Hg+-L-cysteine (32.1 ± 5.2) was significantly increased (P = 

0.0023) at 37°C when compared to uptake of Me203Hg+-L-cysteine at 12°C (7.3 ± 2.3).  The 

average cytosolic concentration of Me203Hg+-L-cysteine at 12°C and 37°C was 119.2 µM ± 37 

and 496.8 µM ± 71.2 respectively, demonstrating significantly (P = 0.001) increased cellular 

contents of Me203Hg+-L-cysteine  at normal physiological temperatures.  The amount of 

Me203Hg+-L-cysteine at 12°C and 37°C bound to the basolateral epithelium of the tubule (fmol 

mm -1) and percentage of tubular contents are noted in Figure 14.  The amount of bound 

Me203Hg+-L-cysteine complex at 37°C was 11,107.8 ± 1,822.6 fmol mm -1 which is significantly 

(P = 0.0008) greater than the bound Me203Hg+-L-cysteine at 12°C was 1,533.4 ± 233.9 fmol mm -

1.  The percentage of bound Me203Hg+-L-cysteine complex at 12°C compared to the percentage 

of Me203Hg+-L-cysteine bound at 37°C was 93.5 % and 89.6 % (P = 0.3120), respectively.    
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Figure 13: Me203Hg+-L-cysteine transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each value 
represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” indicates a 
significant statistical difference, P≤0.05. 
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Figure 14: Me203Hg+-L-cysteine transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) tubular contents and (B) tubular content expressed as percentage of 
total extracted.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of PAH on the basolateral transport of Me203Hg+-L-cysteine 

To determine if the conjugate, Me203Hg+-L-cysteine, is being carried through one of the 

OAT transporters 200 µM of PAH was added to the bathing solution along with 20 µM of 

Me203Hg+ and 22 µM of L-cysteine.  The average cell-to-bath ratio and cytosolic contents of 

Me203Hg+-L-cysteine versus Me203Hg+-L-cysteine+PAH is shown in Figure 15.  The addition of 

PAH to the bathing solution significantly reduced the amount of Me203Hg+-L-cysteine being 

transported from the bath-to-cell (9.2 ± 2.6, P = 0.0053) and the amount of cytosolic contents 

within the cell (162.6 µM ± 46.6, P = 0.0067).  Figure 16 shows the amount of bound Me203Hg+-

L-cysteine at the tubular epithelium was significantly increased in the presence of PAH, 

(29,262.2 fmol mm -1 ± 2,501.3, P = 0.0001).  This also represented a statistically significant 

increase in the overall percentage of bound tubular contents of Me203Hg+-L-cysteine in the 

presence of PAH, (99.3 %, P = 0.018). 
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Figure 15: The effect of PAH on Me203Hg+-L-cysteine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  
Each value represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” 
indicates a significant statistical difference, P≤0.05. 
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Figure 16: The effect of PAH on Me203Hg+-L-cysteine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular content 
expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of probenicid on the basolateral transport of Me203Hg+-L-cysteine 

Further classification of whether the conjugate, Me203Hg+-L-cysteine, is being carried 

through one of the OAT transporters was determined by the addition of 200 µM probenicid to 

the bathing solution along with 20 µM of Me203Hg+ and 22 µM of L-cysteine.  The average cell-

to-bath ratio and cytosolic contents of Me203Hg+-L-cysteine versus Me203Hg+-L-

cysteine+probenicid is shown in Figure 17.  The addition of probenicid to the bathing solution 

reduced the amount of Me203Hg+-L-cysteine being transported from the bath-to-cell (16.8 ± 3.4) 

although the results were not statistically significant (P = 0.1545).  The amount of cytosolic 

contents within the cell were also reduced in the presence of probenicid (310.2 µM ± 62), but 

were also not statistically significant (P = 0.2122).  Figure 18 shows the amount of bound 

Me203Hg+-L-cysteine at the tubular epithelium was significantly increased in the presence of 

probenicid (21,107 fmol mm -1 ± 3,152.1, P = 0.0181).  This did not represent a statistically 

significant increase in the overall percentage of bound tubular contents of Me203Hg+-L-cysteine 

in the presence of probenicid, (98.7 %, P = 0.0934). 
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Figure 17: The effect of probenicid on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic 
contents, µM.  Each value represents the mean ± SE with a minimum sample size of 5 tubules. 
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Figure 18: The effect of probenicid on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular 
content expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
 

 



  51 

The effect of L-adepate on the basolateral transport of Me203Hg+-L-cysteine 

 Figure 19 shows the inhibition of the addition of 200 µM L-adepate to the bathing 

solution along with 20 µM of Me203Hg+ and 22 µM of L-cysteine on the cell-to-bath ratios and 

the cytosolic concentrations.  The addition of L-adepate significantly reduced the cell-to-bath 

uptake of Me203Hg+-L-cysteine by a factor of nine-fold (-4.5 ± 3.9, P = 0.0002).  The contents of 

the cytoplasm were -98.2 µM ± 84.7 in the presence of L-adepate, a significant reduction in 

transport (P = 0.0001).  The amount of Me203Hg+-L-cysteine bound to the tubule was also 

significantly reduced by approximately 71 %, P = 0.0105 [Fig. 20].  Comparison of the 

percentage of Me203Hg+-L-cysteine bound versus Me203Hg+-L-cysteine+adepate did not 

demonstrate a statistically significant difference, P = 0.2060. 
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Figure 19: The effect of L-adepate on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic 
contents, µM.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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Figure 20: The effect of L-adepate on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular 
content expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of L-glutarate on the basolateral transport of Me203Hg+-L-cysteine 

 Addition of 200 µM L-glutarate to the bathing solution significantly reduced the transport 

of Me203Hg+-L-cysteine at the basolateral membrane as noted in Figure 21 below showing the 

cell-to-bath ratio (A) and the cytosolic contents (B).  A three-fold reduction in cell-to-bath ratio 

was noted (10.1 ± 2.4 versus 32.1 ± 5.2, P = 0.0023) and a 52 % reduction in the cytosolic 

contents (237 µM ± 56.5 versus 496.8 µM ± 71.7, P = 0.0133).  As noted in Figure 22, the 

amount of bound Me203Hg+-L-cysteine at the tubular epithelium was reduced over two-fold 

(4,925.4 fmol mm -1 ± 522.8 versus 11,107.8 fmol mm -1 ± 1,822.6, P = 0.0102).  Comparing the 

percentage of bound Me203Hg+-L-cysteine versus the percentage of bound Me203Hg+-L-cysteine 

did not show a statistically significant difference (95 % versus 89.6 %, P = 0.1255). 
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Figure 21: The effect of L-glutarate on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic 
contents, µM.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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Figure 22: The effect of L-glutarate on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular 
content expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
 
 
 
 



  57 

The effect of L-methionine on the basolateral transport of Me203Hg+-L-cysteine 

 To determine whether L-methionine had an effect on the transport of the Me203Hg+-L-

cysteine 200 µM was added to the bathing solution containing 20 µM Me203Hg+ and 22 µM L-

cysteine.  As seen in Figure 23 (A), the addition of L-methionine significantly reduced the cell-

to-bath ratio of Me203Hg+-L-cysteine when compared to Me203Hg+-L-cysteine transport alone 

(14.3 ± 3.3 versus 32.1 ± 5.2, P = 0.0265).  The concentration of the cytosol was also 

significantly (265.7 µM ± 65.5, P = 0.0454) reduced in the presence of L-methionine as seen in 

Figure 23 (B).  The addition of L-methionine did not significantly increase the contents of the 

tubule (12,572.4 fmol mm -1  ± 2,937.3, P = 0.6596).  When comparing the percentage of tubular 

contents between Me203Hg+-L-cysteine and Me203Hg+-L-cysteine+L-methionine a significant 

increase was noted, 89.6 % and 98.7 % respectively (P = 0.0197) [Fig. 24]. 
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Figure 23: The effect of L-methionine on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic 
contents, µM.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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Figure 24: The effect of L-methionine on Me203Hg+-L-cysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular 
content expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of L-methionine on the basolateral transport of Me203Hg+ 

To characterize the effect of L-methionine on the basolateral uptake of Me203Hg+, 20 µM 

of Me203Hg+ along with 22 µM of L-methionine was added to the bathing solution.  The average 

cell-to-bath ratio and cytosolic contents of Me203Hg+-L-methionine at 12°C and 37°C are noted 

in Figure 25.  Bath-to-cell uptake of Me203Hg+-L-methionine (65.4 ± 12.7) was significantly 

increased (P = 0.0201) at 37°C when compared to uptake of Me203Hg+-L-methionine at 12°C 

(26.5 ± 4.0).  The average cytosolic concentration of Me203Hg+-L-methionine at 12°C and 37°C 

was 467.1 µM ± 64.6 and 890.2 µM ± 202.2 respectively, which was not a significant (P = 

0.101) increase in the cellular contents.  The amount of Me203Hg+-L-methionine at 12°C and 

37°C bound to the basolateral epithelium of the tubule (fmol mm -1) and percentage of tubular 

contents are noted in Figure 26.  The amount of bound Me203Hg+-L-methionine complex at 37°C 

was 11,794.6 ± 1,691.6 fmol mm -1 which is significantly (P = 0.0295) greater than the bound 

Me203Hg+-L-methionine at 12°C was 6,852.4 ± 801.7 fmol mm -1.  The percentage of bound 

Me203Hg+-L-methionine complex at 12°C compared to the percentage of Me203Hg+-L-methionine 

bound at 37°C was 94.3 % and 91.6 % (P = 0.3237), respectively.    

 

 



  61 

12°C 37°C

C
el

l-t
o-

B
at

h 
R

at
io

 o
f 

M
e20

3 H
g+ -L

-M
et

hi
on

in
e

0

20

40

60

80

100

120

140

160

180

200A

12°C 37°C

C
yt

os
ol

ic
 C

on
te

nt
s 

of
 

M
e20

3 H
g+ -L

-M
et

hi
on

in
e,

 µ
M

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000
B

*

 
 
Figure 25: Me203Hg+-L-methionine transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each value 
represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” indicates a 
significant statistical difference, P≤0.05. 
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Figure 26: Me203Hg+-L-methionine transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) tubular contents and (B) tubular content expressed as percentage of 
total extracted.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of PAH on the basolateral transport of Me203Hg+-L-methionine 

Examination of the cell-to-bath ratios and cytosolic contents of the conjugate, Me203Hg+-

L-methionine (20 µM of Me203Hg+ and 22 µM of L-methionine), in the presence of 200 µM PAH 

is shown in Figure 27.  The addition of PAH to the bathing solution did not significantly reduce 

the amount of Me203Hg+-L-methionine being transported from the bath-to-cell (31.6 ± 15.1, P = 

0.3831) or the amount of cytosolic contents within the cell (543.3 µM ± 259.4, P = 0.4626).  

Figure 28 shows the amount of bound Me203Hg+-L-methionine at the tubular epithelium was also 

not significantly altered in the presence of PAH, (21,334.1 fmol mm -1 ± 12,630.9, P = 0.1517).  

This also did not represent a statistically significant decrease in the overall percentage of bound 

tubular contents of Me203Hg+-L-methionine in the presence of PAH, (90.9 %, P = 0.9056). 
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Figure 27: The effect of PAH on Me203Hg+-L-methionine transport in the basolateral membrane 
of the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, 
µM.  Each value represents the mean ± SE with a minimum sample size of 5 tubules. 
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Figure 28: The effect of PAH on Me203Hg+-L-methionine transport in the basolateral membrane 
of the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular content 
expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules. 
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The effect of L-taurine on the basolateral transport of Me203Hg+ 

To analyze the effect of L-taurine on the basolateral uptake of Me203Hg+, 20 µM of 

Me203Hg+ along with 22 µM of L-taurine was added to the bathing solution.  The average cell-to-

bath ratio and cytosolic contents of Me203Hg+-L-taurine at 12°C and 37°C are noted in Figure 29.  

Bath-to-cell uptake of Me203Hg+-L-taurine (91.9 ± 16.9) was significantly increased (P = 0.0026) 

at 37°C when compared to uptake of Me203Hg+-L-taurine at 12°C (7.8 ± 3.2).  The average 

cytosolic concentration of Me203Hg+-L-taurine at 12°C and 37°C was 106.8 µM ± 3.8 and 

1,179.7 µM ± 210.4 respectively, demonstrating significantly (P = 0.0022) increased cellular 

contents of Me203Hg+-L-taurine  at normal physiological temperatures.  The amount of Me203Hg+-

L-taurine at 12°C and 37°C bound to the basolateral epithelium of the tubule (fmol mm -1) and 

percentage of tubular contents are noted in Figure 30.  The amount of bound Me203Hg+-L-taurine 

complex at 37°C was 15,523.2 ± 1,184.8 fmol mm -1 which is significantly (P = 0.0001) greater 

than the bound Me203Hg+-L-taurine at 12°C was 4,211.3 ± 565.2 fmol mm -1.  The percentage of 

bound Me203Hg+-L-taurine complex at 12°C compared to the percentage of Me203Hg+-L-taurine 

bound at 37°C was 97.8 % and 94 % (P = 0.008), respectively.    
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Figure 29: Me203Hg+-L-taurine transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each value 
represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” indicates a 
significant statistical difference, P≤0.05. 
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Figure 30: Me203Hg+-L-taurine transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) tubular contents and (B) tubular content expressed as percentage of 
total extracted.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of PAH on the basolateral transport of Me203Hg+-L-taurine, 37°C 

 Characterization of the effect of PAH at 37°C on the transport of Me203Hg+-L-taurine on 

the cell-to-bath ratios and the cytosolic contents is shown in Figure 31.  A significant reduction 

in the cell-to-bath transport was noted in the presence of 200 µM PAH (A).  Me203Hg+-L-taurine 

transport was reduced by 23 % (20.6 ± 2.2, P = 0.0003).  The amount of Me203Hg+-L-taurine in 

the cytoplasm was also significantly reduced in the presence of PAH, 384.2 µM ± 40.5, P = 

0.0009.  As shown in Figure 32, the amount of bound Me203Hg+-L-taurine was substantially 

reduced as well.  The tubular contents of Me203Hg+-L-taurine+PAH compared to Me203Hg+-L-

taurine was -8,322.1 fmol mm -1 ± 847.3 versus 15,523.2 fmol mm -1 ± 1,184.8, P = 0.0001.  The 

percentage of bound Me203Hg+-L-taurine+PAH was significantly increased (P = 0.0001). 
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Figure 31: The effect of PAH on Me203Hg+-L-taurine in the basolateral membrane of the S2 
segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM (at 
37°C).  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” 
indicates a significant statistical difference, P≤0.05. 
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Figure 32: The effect of PAH on Me203Hg+-L-taurine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular content 
expressed as percentage of total extracted (at 37°C).  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of PAH on the basolateral transport of Me203Hg+-L-taurine, 12°C 

 When 200 µM PAH was added to the bathing solution at 12°C, no significant reduction 

in the cell-to-bath (12.8 ± 1.9, P = 0.2294) or cytosolic contents (224.2 µM ± 33.4, P = 0.0696) 

were seen as noted in Figure 33.  The amount of tubular contents and the percentage of tubule 

contents was significantly reduced in the presence of 200 µM PAH, Figure 34.  The tubular 

contents decreased from 4,211.3 fmol mm -1 ± 565.2 to -7,839.9 fmol mm -1 ± 1,509.4, P = 

0.0001.  The percentage of bound Me203Hg+-L-taurine+PAH at the tubular epithelium was 

significantly increased, 102.76 %, P = 0.0026. 
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Figure 33: The effect of PAH on Me203Hg+-L-taurine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM 
(at 12°C).  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  The 
“*” indicates a significant statistical difference, P≤0.05. 
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Figure 34: The effect of PAH on Me203Hg+-L-taurine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular content 
expressed as percentage of total extracted (at 12°C).  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of TEA on basolateral transport of Me203Hg+-L-taurine 

To characterize the effect of TEA on the basolateral uptake of Me203Hg+-L-taurine, 20 

µM Me203Hg+-L-taurine along with 22 µM TEA was added to the bathing solution.  The average 

cell-to-bath ratio and cytosolic contents of Me203Hg+-L-taurine-TEA at 37°C are noted in Figure 

35.  Bath-to-cell uptake of Me203Hg+-L-taurine-TEA (49.1 ± 4.9) was not significantly increased 

(P = 0.1185) at 37°C when compared to uptake of Me203Hg+-L-taurine, alone (91.9 ± 16.9).  The 

average cytosolic concentration of Me203Hg+-L-taurine and Me203Hg+-L-taurine-TEA are 1,179.7 

µM ± 210.4 and 1,145.2 µM ± 113.8 (P = 0.9172), demonstrating no significant increased in the 

cellular contents of Me203Hg+ -L-taurine versus Me203Hg+-L-taurine -TEA at normal 

physiological temperatures.  The amount of Me203Hg+-L-taurine versus Me203Hg+-L-taurine -

TEA bound to the basolateral epithelium the tubular contents (fmol mm -1) and percentage of 

tubular contents are noted in Figure 36.  The bound Me203Hg+-L-taurine -TEA complex (6,988.1 

± 2,820.5 fmol mm -1) was significantly less than the bound Me203Hg+-L-taurine (15,523.2 ± 

1,184.8 fmol mm -1) (P = 0.0006).  The percentage of bound Me203Hg+-L-taurine -TEA complex 

compared to the percentage of Me203Hg+-L-taurine bound was 86.7 % and 94 % (P = 0.0005), 

respectively.    
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Figure 35: The effect of TEA on Me203Hg+-L-taurine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  
Each value represents the mean ± SE with a minimum sample size of 5 tubules. 
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Figure 36: The effect of TEA on Me203Hg+-L-taurine transport in the basolateral membrane of 
the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular content 
expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules. 
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The effect of N-acetylcysteine on the basolateral transport of Me203Hg+ 

 Figure 37 shows the effect of adding 22 µM N-acetylcysteine to the bathing solution 

(12°C versus 37°C) on the cell-to-bath transport and the cytosolic contents of Me203Hg+.  The 

cell-to-bath ratio was significantly reduced by a factor of over seven-fold at 37°C (-16.4 ± 3.1 

versus -2.2 ± 0.5, P = 0.0069).  The contents of the cytosol were also significantly reduced when 

comparing the amount of transport of Me203Hg+-N-acetylcysteine at 12°C versus 37°C, -28.5 µM 

± 6.2 and -206.2 µM ± 37, P = 0.0051.  Figure 38 shows the contents of the tubule containing 

Me203Hg+-N-acetylcysteine and the percentage of tubular contents at 12°C versus 37°C.  The 

figure shows a significant difference between the amount of bound Me203Hg+-N-acetylcysteine at 

the tubular epithelium 12°C versus 37°C, 433.2 fmol mm -1 ± 279.1 and 1,207.5 fmol mm -1 ± 

153.9, P = 0.0143.  However, the percentage of tubular contents was not statistically different (P 

= 0.9737) between the two groups, 86.4 % and 82.3 %, respectively. 
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Figure 37: Me203Hg+-N-acetylcysteine transport in the basolateral membrane of the S2 segments 
of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each value 
represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” indicates a 
significant statistical difference, P≤0.05. 
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Figure 38: Me203Hg+-N-acetylcysteine transport in the basolateral membrane of the S2 segments 
of rabbit proximal tubules (A) tubular contents and (B) tubular content expressed as percentage 
of total extracted.  Each value represents the mean ± SE with a minimum sample size of 5 
tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of PAH on the basolateral transport of Me203Hg+-N-acetylcysteine, 37°C 

 Characterization of the effect of PAH at 37°C on the transport of Me203Hg+-N-

acetylcysteine on the cell-to-bath ratios and the cytosolic contents is shown in Figure 39.  A 

significant increase in the cell-to-bath ratio was noted in the presence of 200 µM PAH (A), 10.0 

± 1.2, P = 0.0001.  The amount of Me203Hg+-N-acetylcysteine in the cytoplasm was also 

significantly reduced in the presence of PAH, 167.7 µM ± 20.7, P = 0.0001.  As noted in Figure 

40, the amount of bound Me203Hg+-N-acetylcysteine was substantially reduced as well.  The 

tubular contents of Me203Hg+-N-acetylcysteine+PAH compared to Me203Hg+-N-acetylcysteine 

was -13,875.0 fmol mm -1 ± 1,518.4 versus 1,207.5 fmol mm -1 ± 153.9, P = 0.0001.  The 

percentage of bound Me203Hg+ N-acetylcysteine+PAH was not significantly changed (P = 

0.8864).  
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Figure 39: The effect of PAH on Me203Hg+-N-acetylcysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic 
contents, µM.  Each value represents the mean ± SE with a minimum sample size of 5 tubules.  
The “*” indicates a significant statistical difference, P≤0.05. 
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Figure 40: The effect of PAH on Me203Hg+-N-acetylcysteine transport in the basolateral 
membrane of the S2 segments of rabbit proximal tubules (A) tubular contents and (B) tubular 
content expressed as percentage of total extracted.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 
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The effect of L-glutathione on the basolateral transport of Me203Hg+ 

 Figure 41 shows the effect of adding 22 µM L-glutathione to the bathing solution 

containing 20 µM Me203Hg+.  There was no significant increase in either the cell-to-bath (-2.9 ± 

0.6 and -2.8 ± 0.3, P = 0.9655) or the cytosolic contents (-47.9 µM ± 5.0 and -58.6 µM ± 8.2, P = 

0.4341), at both 12°C and 37°C respectively.  The amount of Me203Hg+-L-glutathione bound to 

the tubule was significantly increased at 37°C, 1,267.8 fmol mm -1 ± 290.2, P = 0.0253 compare 

to the amount presumably bound at 12°C, 128.9 fmol mm -1 ± 26 [Fig. 42]. 
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Figure 41: Me203Hg+-L-glutathione transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each value 
represents the mean ± SE with a minimum sample size of 5 tubules. 
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Figure 42: Me203Hg+- L-glutathione transport in the basolateral membrane of the S2 segments of 
rabbit proximal tubules (A) tubular contents.  Each value represents the mean ± SE with a 
minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, P≤0.05. 

 
 
 

The effect of DL-homocysteine on the basolateral transport of Me203Hg+ 

 Figure 43 shows the effect of adding 22 µM DL-homocysteine to the bathing solution 

containing 20 µM Me203Hg+.  A significant increase in the cell-to-bath ratio (-5.2 ± 1 and -10.9 ± 

2, P = 0.0427) and the cytosolic contents (-62.6 µM ± 22.7 and -143.5 µM ± 21.5, P = 0.0201), 

was noted at both 12°C and 37°C respectively.  The amount of Me203Hg+-DL-homocysteine 

bound to the tubule was significantly increased at 37°C, 360.1 fmol mm -1 ± 62.6, P = 0.0003 

compare to the amount bound at 12°C, 22.9 fmol mm -1 ± 18.6 [Fig. 44]. 
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Figure 43: Me203Hg+-DL-homocysteine transport in the basolateral membrane of the S2 segments 
of rabbit proximal tubules (A) cell-to-bath ratio and (B) cytosolic contents, µM.  Each value 
represents the mean ± SE with a minimum sample size of 5 tubules.  The “*” indicates a 
significant statistical difference, P≤0.05. 
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Figure 44: Me203Hg+- DL-homocysteine transport in the basolateral membrane of the S2 
segments of rabbit proximal tubules (A) tubular contents.  Each value represents the mean ± SE 
with a minimum sample size of 5 tubules.  The “*” indicates a significant statistical difference, 
P≤0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  89 

 Table 1 shows the outcome of Me203Hg+ mixed with rabbit whole blood and plasma.  As 

noted in the table, the concentration of Me203Hg+ is predominantly found with the protein pellet 

(87% for whole blood and 98% for the plasma pellet).  There is however about 1% of the 

Me203Hg+ that remains in the supernatant.  

 
 

Table 1: Concentration of Me203Hg+ in Plasma 
 

Whole Blood  
     Blood pellet 86.99 ± 0.49 %  
     Plasma 13.01 ± 0.49 %  
          Supernatant 0.72 ± 0.03 % 
          Protein Pellet 99.27 ± 0.02 %
Plasma 
     Supernatant 0.94 ± 0.08 %  
     Protein Pellet 98.27 ± 0.21 %  

 
 

 
 Mass spectrometry analysis of only MeHgCl showed one dominant peak at 216.9 and one 

small peak at 545.1 [Fig. 45].  Analysis of L-taurine alone also showed a dominant peak at 124 

[Fig. 46] with two smaller ones at 97 and 212.1, while MeHgCl + L-taurine displayed a number 

of peaks two were distinct, one at 251 and 409.1 [Fig. 47].  Mass spectrometry analysis of L-

cysteine also had one discrete peak at 120 [Fig. 48] and the MeHgCl + L-cysteine conjugate had 

several spikes with the predominant one at 409.2 [Fig. 49].  L-methionine showed one clear spike 

at 150.2 [Fig. 50], while MeHgCl + L-methionine had numerous spikes, but one well-defined 

409.2 [Fig. 51].  Figure 52 shows the mass spectrometry analysis of N-acetylcysteine with one 

spike at 162 and MeHgCl + N-acetylcysteine has multiple spikes but four discrete peaks, with the 

predominant ones at 212.1 and 378 [Fig. 53].  DL-homocysteine has a dominant spike at 136.1 

[Fig. 54] and MeHgCl + DL-homocysteine shows numerous peaks, although two are more 

distinct (113 and 212.1) in [Fig. 55].  L-glutathione has several smaller spikes and one dominant 
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one at 306.1 [Fig. 56].  Figure 57 shows MeHgCl + L-glutathione with many spikes, several of 

which are distinct (113, 172.1, 212.1 and 255.2).  The mass spectrometry of plasma in a heparin 

solution shows numerous spikes with the most distinctive one at 213.0 [Fig. 58].  Analysis of the 

plasma after precipitation with a 20% TCA solution demonstrated one predominant spike at 

160.9 [Fig. 59].  The addition of MeHgCl to the plasma TCA precipitate produced multiple 

spikes with two dominant ones at 116.9 and 160.9 [Fig. 60].  Plasma was also analyzed in a Na-

Citrate solution and is shown in Figure 61-63.  Figure 61 has two discrete peaks at 116.9 and 215 

and the TCA precipitate of plasma in Na-Citrate also showed one predominant spike at 160.9 

[Fig. 62].  The addition of MeHgCl to the plasma TCA precipitate again produced multiple peaks 

with two distinct ones 116.9 and 160.9 [Fig. 63]. 

 

Figure 45:  Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl in Millipore water. 
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ORIGINAL SOLUTION 
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Figure 46:  Molecular ion MALDI-TOF mass spectrum of 22 µM L-taurine in Millipore water. 
 

 
 

 
 
 

Figure 47:  Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl + 22 µM L-taurine 
in Millipore water. 
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Figure 48:  Molecular ion MALDI-TOF mass spectrum of 22 µM L-cysteine in Millipore water. 
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Figure 49: Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl + 22 µM L-cysteine 
in Millipore water. 
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16:43:47acidic condition sample+MeOH+0.1%HCOOH=1:1
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Figure 50:  Molecular ion MALDI-TOF mass spectrum of 20 µM L-methionine in Millipore 
water. 
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Figure 51:  Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl + 22 µM L-
methionine in Millipore water. 
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16:15:28neutral condition sample:MeOH+0.5%NH3=1:1
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Figure 52:  Molecular ion MALDI-TOF mass spectrum of 20 µM N-acetylcysteine in Millipore 
water. 
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Figure 53:  Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl + 22 µM N-
acetylcysteine in Millipore water. 
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15:13:53Neutral condition sample:MeOH=1;1
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Figure 54:  Molecular ion MALDI-TOF mass spectrum of 20 µM DL-homocysteine in Millipore 
water. 
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Figure 55:  Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl + 22 µM DL-
homocysteine in Millipore water. 
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Figure 56:  Molecular ion MALDI-TOF mass spectrum of 20 µM L-glutathione in Millipore 
water. 
 
 

 
20-Oct-200814:20:06sample:MeOH+0.5%NH3=1:1

m/z
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

%

0

100
HOBAN_GLUTATHIONE_MEHG_BASIC_ESI_NEG_BARFUSS_102108 123 (2.282) Cm (121:132) TOF MS ES- 

947113.0

172.1

144.1

126.9

157.1

255.2

212.1

173.1

186.1
188.1

242.2

227.2

267.1

283.3

306.1

284.3

522.1

385.2
336.3

345.1

520.1

418.1

 
 

     
Figure 57:  Molecular ion MALDI-TOF mass spectrum of 20 µM MeHgCl + 22 µM L-
glutathione in Millipore water. 

 
 

 
 
 
 
 

GSH (FW=307.3) 

MeHg+GSH (FW=523.38) 
GSH (FW=307.3) 



  97 
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Figure 58:  Molecular ion MALDI-TOF mass spectrum of heparinized plasma. 

 
 
 
 
 

 
 



  98 

21-Oct-200811:10:36sample:water with 0.5%NH3

m/z
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

%

0

100
HOBAN_SERUM_TCA_IN HEPARIN_B_ESI_NEG_BARFUSS_102108 238 (4.427) Cm (227:239) TOF MS ES- 

4.64e4160.9

118.9

120.9

122.9

162.9

324.8164.9

322.8

302.8191.0

326.8

346.8
348.8

350.8

 
 
 

Figure 59:  Molecular ion MALDI-TOF mass spectrum of heparinized plasma precipitated 
with TCA. 
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Figure 60:  Molecular ion MALDI-TOF mass spectrum of MeHgCl in heparinized plasma 
precipitated with TCA. 
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Figure 61:  Molecular ion MALDI-TOF mass spectrum of sodium-citrate plasma. 

 
 
 
 
 
 



  101 
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Figure 62:  Molecular ion MALDI-TOF mass spectrum of sodium-citrate plasma precipitated 
with TCA. 
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Figure 63:  Molecular ion MALDI-TOF mass spectrum of MeHgCl in sodium-citrate plasma 
precipitated with TCA.

TCA (FW=163.4) 
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CHAPTER V:  DISCUSSION 

 

The purpose of the present study is to examine the characteristics of the transport systems 

involved in the uptake of methylmercury and methylmercury conjugates at the basolateral 

membrane of the rabbit renal proximal tubule.   

Evidence for an active transport mechanism involved in the uptake of ionic 

methylmercury was demonstrated by the effects of temperature.  The transport of methylmercury 

appears to be a temperature dependent process [Fig. 9, 10 A].  Reducing the temperature to 12°C 

caused a significant percent decrease in the transport of methylmercury, thereby excluding the 

possibility that the uptake of the heavy metal is due to diffusion through the lipid bilayer 

membrane.  Although there still appears to be some non-specific binding to the membrane [Fig. 

10 A], this can not solely account for the significant increase in the uptake of Me203Hg+ seen in 

the temperature dependent experiments. 

Since the kidney plays an important role in clearing endogenous organic cations (OCs) 

like acetylcholine, creatinine, dopamine and certain drugs such as, cimetidine, morphine, and 

quinidine from the blood with the proximal tubule being the main site of OC secretion and 

containing two organic cation transporters (OCT1 and OCT2), we investigated the possibility of 

methylmercury being taken up at the basolateral membrane via an organic cation transporter 

using tetraethylammonium which is considered to be a representative compound for transport by 

the organic cation system.  The addition of 22 µM TEA to the bathing solution did not 

significantly decrease the uptake of methylmercury [Fig, 11, 12] thereby excluding transport of 

methylmercury via an organic cation transporter. 
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Methylmercury readily forms conjugates with thiol compounds in vivo because 

methylmercury has a high affinity for sulfhydryl groups; therefore, metabolism and transport of 

these derivatives are important determinants of tissue distribution and the elimination of 

methylmercury from the body.  In the present study, the bath-to-cell transport of methylmercury-

L-cysteine conjugate (MeHg-S-Cys), methylmercury-L-methionine conjugate (MeHg-S-Met), 

methylmercury-L-taurine conjugate (MeHg-S-Tau), methylmercury-N-acetylcysteine conjugate 

(MeHg-S-NAC), methylmercury-L-glutathione conjugate (MeHg-S-GSH), and methylmercury-

DL-homocysteine conjugate (MeHg-S-Hcys) were investigated as each of these compounds 

contain either a thiol group or a sulfur atom [Fig. 64].   

 

L-cysteine

L-methionine

L-glutathione

N-Acetylcysteine L-taurine DL-homocysteine

CH3-Hg

CH3-Hg

CH3-Hg

CH3-Hg
CH3-HgCH3-Hg

 

Figure 64:  Thiol-containing amino acids and amino acid derivatives. 
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The molecular homology of these conjugates is very similar to the amino acid L-cystine 

(Cys-S-S-Cys) suggesting that due to the structural similarity, the methylmercury-sulfhydryl 

conjugates may in fact mimic L-cystine and compete for transport via the L-cystine transport 

mechanism possibly through one of the basolateral amino acid transport systems (A or ASC).  

The data from the current study support this hypothesis for the transport of the methylmercury-L-

cysteine conjugate, the methylmercury-L-methionine conjugate, and the conjugate of 

methylmercury-L-taurine.   

In the basolateral membrane of the proximal tubule, several organic anion transport 

mechanisms (OAT1, OAT2, OAT3) have been located.  The organic anion transporters represent 

the renal secretory mechanism for organic anions all of which are expressed in the kidney, while 

some are also expressed in other tissues, such as the liver, brain and placenta.  The organic anion 

transporters are classified based upon their energy requirements, either Na+-independent 

exchangers, primary active transporters requiring ATP hydrolysis, or Na+-dependent organic 

anion transporters (Sekine et al, 2000).  The Na+-independent exchangers and primary active 

transporters have broad substrate selectivity, while the Na+-dependent transporter portrays a 

relatively narrow substrate specificity (Sekine et al, 2000).  OAT1 is a sodium-independent 

transporter of PAH predominantly expressed in the basolateral membrane of the S2 segment of 

the proximal tubule in the kidney.  The organic anion transporter 2 (OAT2) is a Na+-independent 

exchangers predominantly expressed in the liver and only mildly expressed in the kidney.  OAT3 

is expressed in a number of tissues, including the basolateral membrane of the proximal tubule in 

the kidney, liver, brain and eye and shows the same diversity for substrates as OAT1.   

Previous studies have demonstrated that inorganic mercury is taken up at the basolateral 

membrane via OAT1 (Zalups and Ahmad, 2004) leading to the hypothesis that a methylmercury 
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conjugate may also be transported in the basolateral via OAT1 as well.  Uptake of Me203Hg+-L-

cysteine was significantly decreased in the presence of PAH, a specific competitive substrate for 

the renal organic anion transporters [Fig. 15] suggesting that the mercuric conjugate is indeed 

being transported by the OAT system.  Interestingly, the tubular contents of Me203Hg+-L-cysteine 

conjugate were significantly increased in the presence of PAH [Fig. 16].  The addition of 200 

µM probenicid, another competitive substrate and inhibitor of the organic anion transporters, to 

the bathing solution decreased the amount of uptake in the basolateral membrane of the proximal 

tubule, although the results were not statistically significant [Fig. 17].  However, the amount of 

tubular contents bound to the membrane was significantly increased in the presence of 

probenicid [Fig. 18].  These findings suggest that the primary mechanism of basolateral uptake 

of organic mercury complexed to L-cysteine is indeed occurring through an organic anion 

transport system. 

There is current evidence suggesting that the organic anion transport systems are driven 

by an organic anion/dicarboxylate acid exchange (Pritchard and Miller 1993).  During normal 

metabolic processes α-ketoglutarate is generated which contributes to an intracellular gradient 

favoring the movement of this dicarboxylate out of the cell.  As the amount of α-ketoglutarate 

increases, it may be transported out of the cell in exchange for an organic anion at the organic 

anion transporter.  It has been implicated that the dicarboxylates that exit the proximal tubule cell 

at the organic anion transporter may re-enter at the basolateral membrane via a Na+ or sodium 

ion dicarboxylic acid cotransporter driven by the Na+ gradient generated from the Na+, K+ 

ATPase system (Pritchard and Miller 1993).  Previous studies have shown that the basolateral 

transport of inorganic mercury was inhibited by pretreatment with small aliphatic dicarboxylates, 

such as glutarate or adepate (Zalups, 2000) suggesting that these dicarboxylates may create 
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competition for the sodium-dependent entry of α-ketoglutarate.  This would result in a decrease 

in the uptake of any organic anions transported at the site of the organic anion exchanger and if 

the organic form of mercury conjugated to L-cysteine is also being transported by this system, a 

net decrease in the basolateral uptake of the mercuric conjugate would also be noted.  Therefore 

we postulated that the basolateral uptake of the organic form of the metal may also be inhibited 

by these same dicarboxylates.   The data demonstrated that both adepate and glutarate did indeed 

create competition by decreasing the amount of glutamine (which is a source of α-ketoglutarate) 

being transported at the dicarboxlyate exchanger thereby reducing the transport of the Me203Hg+-

L-cysteine conjugate at the site of the organic anion transporter and significantly decreasing the 

rate of uptake at the basolateral membrane [Fig. 19, 20, 21, 22]. 

Further classification of the transport of Me203Hg+ conjugated to sulfhydryl containing 

amino acids was examined using L-taurine.  Taurine is a non-essential amino acid, which means 

that it is manufactured from other amino acids in the liver, and is found in high concentrations in 

the white blood cells, skeletal muscles, central nervous system and the heart muscles.  Although 

L-taurine does not contain a sulfhydryl group it does have a sulfur atom making it a potential 

candidate for conjugating to Me203Hg+ in vivo.  The data shows evidence for the active 

basolateral transport of the Me203Hg+-L-taurine conjugate as demonstrated by a significant 

increase in the transport indicated by the cell-to-bath ratio of Me203Hg+-L-taurine [Fig. 29] at 

37°C compared to the uptake of the conjugate at 12°C.  Furthermore, the total tubule contents of 

Me203Hg+ were also significantly increased in the presence of L-taurine [Fig. 30] at normal 

physiological temperatures suggesting some protein on the plasma membrane has a higher 

affinity for the mercuric conjugate than just the organic metal by itself.   
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Since L-taurine stimulated a significant increase in the basolateral uptake of Me203Hg+ we 

also investigated the effect of PAH on the transport of this conjugate at both 37°C and 12°C.  At 

37°C, the addition of PAH significantly decreased the cell-to-bath ratio, cytosolic concentration 

and the tubular contents [Fig. 31, 32] suggesting that not only is the Me203Hg+-L-taurine 

conjugate likely being transported by the organic anion system, it is an active process and not 

simply diffusing through the plasma membrane.  When the bathing solution was cooled to 12°C 

to eliminate any active transport processes, no further significant decreases in bath-to-cell 

transport or the cytosolic concentration were seen [Fig. 33].  However, a significant reduction in 

the amount of bound Me203Hg+-L-taurine conjugate was demonstrated [Fig. 34A] suggesting that 

PAH interfered with the Me203Hg+-L-taurine conjugate from binding to the plasma membrane. 

The amino acid, L-taurine, when bound to Me203Hg+ may be positively charged thereby 

allowing uptake of the conjugate through one of the organic cation transport systems.  To 

investigate this possibility, 200 µM TEA was added to the bathing solution containing the 

Me203Hg+-L-taurine conjugate.  The data did not show a significant change in the cell-to-bath or 

cytosolic concentration of this mercuric conjugate in the presence of TEA [Fig. 35] indicating 

that the conjugate is probably not gaining entry in the basolateral via the organic cation transport 

systems.  A significant reduction in the bound Me203Hg+-L-taurine conjugate was seen [Fig. 36] 

suggesting that the TEA molecule is in some way interfering with the binding of the mercuric 

conjugate to the plasma membrane.   

Another potential conjugate of Me203Hg+ for transport at the basolateral membrane is N-

acetylcysteine.  Previous studies have demonstrated an increased uptake of inorganic mercury 

when co-administered with N-acetylcysteine and the addition of PAH inhibited this uptake 

(Zalups and Barfuss, 1998) suggesting the organic form when conjugated to NAC may also 
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demonstrate amplified uptake.  The data from this study however did not show any increase in 

the basolateral transport of Me203Hg-N-acetylcysteine conjugate [Fig. 37, 38], nor did the 

addition of PAH to the bathing solution inhibit [Fig. 39, 40].  The finding that NAC was not 

transported by the basolateral membrane of the proximal tubule is in direct correlation with 

research demonstrating the chelating effect of NAC on methylmercury poisoning (Ballatori et al, 

1998).  In that study, NAC was shown to increase the urinary excretion of methylmercury and 

decrease the tissue mercury levels.  Therefore, we would not expect to see Me203Hg-NAC 

conjugate being transported at the basolateral membrane of the proximal tubule. 

The remaining potential conjugates of Me203Hg+ for transport at the basolateral 

membrane that were examined are L-glutathione and DL-homocysteine.  Glutathione being the 

most abundant organic molecule in the cell and containing a free thiol group was hypothesized to 

have a substantial effect on the transport of Me203Hg+.  As the data clearly shows, virtually no 

transport was seen with the addition of GSH to the bathing solution [Fig. 40, 41].  This same 

phenomenon was also demonstrated when Hcys was conjugated to Me203Hg+ [Fig. 42, 43].  

Therefore, it appears that these two conjugates of methylmercury are not involved in the 

basolateral transport of methylmercury, but like NAC could add to excretion by increasing the 

filtered load.  A summary of the transport findings from this study is represented in Figure 65.   

Analysis of Me203Hg+ in plasma obtained from rabbits showed nearly 99% of the 

compound bound to some protein within the blood [Table 1].  However, approximately 1% of 

Me203Hg+ in plasma is bound to some compound(s) within the supernatant which has yet to be 

identified.  Further examination of the supernatant was performed via molecular ion mass 

spectrometry to isolate this unknown compound.  Initial studies by mass spectrometry analysis 



  110 

were to confirm that the MeHg compound was combining with the amino acids studied in the 

non-perfused tubule experiments.   

Mass spectrometry of MeHgCl confirmed that the chloride ion is cleaved off when the 

compound is in solution as the dominant peak was shown at 216.9 and the molecular weight of 

MeHg+ is 251.08 with subtraction of the chloride ion leaving a formula weight of 216.08 [Fig. 

45].  L-taurine has a molecular weight of 125.14 and the mass spectrometry output showed a 

clear distinct peak at 124 indicating that L-taurine was being identified in solution [Fig. 46].  

When MeHgCl was combined with L-taurine numerous peaks were identified [Fig. 47] with 

spikes at 251 and 409.1, the latter being the more distinctive peak.  The peak at 251 is indicative 

of excess MeHgCl compound in solution.  If MeHgCl (with the chloride ion being removed) is 

combining with L-taurine we would have expected at spike at 341.22 which was not shown.  

This means that some of the L-taurine is combining with MeHg, but not the entire intact 

compound is forming a conjugate.  L-taurine has a sulfur group bonded to two oxygen atoms and 

a hydroxyl group [Fig. 64] along with two carbons and an amine group.  Sulfur can form 

anywhere from 1-6 bonds and the affinity of sulfur for mercuric compounds is on the order of 

1015 – 1020 which is quite high suggesting the mercuric atom should displace either the hydroxyl 

group or one or both oxygen.  However, this combination does not coincide with mass 

spectrometry peak of 409.1.  Therefore, some form of two L-taurine compounds must be 

combining with MeHg to form a conjugate as evidenced by the increase in transport of 

Me203Hg+-L-taurine conjugate demonstrated in the non-perfused tubule studies described above.   

L-cysteine has a molecular weight of 121.2 and the mass spectrometry output showed a 

clear discrete spike at 120 indicating that L-cysteine was being identified in solution [Fig. 48].  

When MeHgCl was combined with L-cysteine numerous smaller peaks were identified [Fig. 49] 
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with the spike at 409.2 clearly standing out as distinctive spike.  The MeHgCl + L-cysteine 

conjugate should show a peak at 337.28 with the removal of the chloride ion.  This again shows 

that some form of L-cysteine is being conjugated with MeHg, but either the entire compound is 

not binding or some form of multiple L-cysteine compounds are binding to MeHg possibly 

forming a coordinate covalent bond as L-cystine does with the inorganic form of mercury (Cys-

Hg-Cys). 

Figure 50 shows the mass spectrometry analysis of L-methionine which has a discrete 

peak of 150.2 which is in direct correlation with the molecular weight of 149.2.  When L-

methionine is combined with MeHgCl the mass spectrometry output shows several spikes, but 

again the most discrete peak is at 409.2 [Fig. 51].  A one-to-one conjugation of L-methionine + 

MeHg would yield a spike at 365.28, again assuming the chloride ion is removed, which is not 

shown in the output.  Therefore, some form of L-methionine must be combining with MeHg for 

transport across the basolateral membrane of the renal proximal tubule cells as evidenced by the 

non-perfused studies described above.    

The three conjugates (L-cysteine, L-methionine and L-taurine) that demonstrated 

transport within the basolateral membrane of the proximal tubule all produced distinctive peaks 

at 409, none of which corresponded to a one-to-one conjugation with MeHg.  Since each of these 

amino acids contains a different combination of elements, it was postulated that something must 

be occurring which is common to all three structures.  The only possible construct which would 

coincide with the mass spectrum is if all three amino acids are combining with MeHg as  

-HOOC -CH-CH2-S-Hg-S-CH2-CH-COOH- which would have a molecular weight of 408.  This 

compound would be in direct alignment with the results from the mass spectrum, but does 

indicate that MeHg is being transported across the basolateral membrane with a negative charge 
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as the inorganic form of mercury.  The proposed negatively charged compound may explain why 

MeHg appears to be transported by OAT and not OCT.   

Mass spectrometry analysis of N-acetylcysteine produced one distinct peak at 162 which 

is again in direct alignment with the molecular weight of 163.2 [Fig. 52].  The combination of 

MeHgCl and N-acetylcysteine would be expected to produce a spike at 379.28 and Figure 53 

demonstrates that this conjugate is forming as the most distinctive spike is occurring at 378.  In 

addition, MeHg has numerous naturally occurring isotopic forms which is confirmed in the mass 

spectrometry as the peak at 378 shows various molecular weights of 376, 375 and 374 [Fig. 53].  

This result confirms what is known in the literature that NAC has been effectively used as a 

chelating agent in methylmercury poisoning, thereby confirming that NAC must be forming a 

conjugate with MeHg.   

Figure 54 shows the mass spectrometry analysis of DL-homocysteine with a discrete 

spike at 136.1 which is complementary to the molecular weight of 135.2.  When DL-

homocysteine is combined with MeHgCl many spikes were produced, none of which correspond 

to the expected formula weight of 351.28 if the combination was producing a 1:1 conjugate [Fig. 

55].  Analysis of L-glutathione clearly showed the compound as the spike at 306.1 corresponds 

to the formula weight of 307.3 [Fig. 56].  Figure 57 demonstrates that L-glutathione is 

conjugating with MeHg as the mass spectrometry produced a 522.1 and the combined formula 

weight would be expected at 523.38.  It is not surprising that MeHg is conjugating with GSH due 

to its high abundance in cells. 

Figures 58 and 61 show plasma in either a heparin or Na-Citrate solution which produced 

many peaks most likely corresponding to the various compounds found in blood.  When the 

plasma samples were then precipitated with TCA (molecular weight of 163.4) and analyzed 
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many of the previous spikes were removed [Fig. 59 and 62].  However, both analyses showed the 

TCA with a peak at 160.9.  The addition of MeHgCl to both of the plasma TCA precipitates in 

heparin [Fig. 60] and sodium-citrate [Fig. 63] were inconclusive.  There was no clear spike 

corresponding to the methylmercury conjugates (L-cysteine, L-methionine and L-taurine) that 

demonstrated active transport at the basolateral membrane of the proximal tubule in the non-

perfused tubule experiments described above.  Further characterization of methylmercury 

transport, in particular, what form of methylmercury is being excreted in the urine will need to be 

examined to fully elucidate the conjugate being formed in vivo. 

In conclusion, the current study clearly demonstrated that methylmercury could be 

transported at the basolateral membrane of the S2  segment of the proximal tubule by multiple 

mechanisms, depending on the form in which it is presented to the membrane.  Figure 65 shows 

that methylmercury may enter the renal epithelial cells from the basolateral membrane via either 

the OAT system when conjugated to L-cysteine, L-taurine, or L-methionine or via the amino acid 

transporter when conjugated to L-cysteine.  This knowledge is the first step in understanding 

how methylmercury gains access to the renal epithelial cells of the proximal tubule on the 

basolateral membrane and will assist in the development of treatment strategies to prevent 

methylmercury from gaining access and inducing toxicity. 
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Figure 65:  Diagram outlining the roles of the organic anion, dicarboxylate acids, and 
amino acid transport systems in the basolateral uptake of methylmercury along the 
proximal tubule.  Intracellular generation of α-ketoglutarate (from normal metabolic 
processes) generates a gradient which favors the movement out of the cell.  If these 
gradients are high enough, α-ketoglutarate will exit the cell in exchange for an organic 
anion.  Once out of the cell α-ketoglutarate may re-enter via exchange with sodium.  
The driving force behind this exchange mechanism is the Na+, K+-ATPase located in 
the basolateral membrane of the proximal tubule.  As the diagram shows, 
methylmercury enters the proximal tubule cell conjugated to L-cysteine, L-taurine, or 
L-methionine via the organic anion transport system in exchange for intracellular α-
ketoglutarate.  The diagram also depicts adepate and glutarate compete with α-
ketoglutarate at the site of the dicarboxylic acid transporter. 
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