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To assess whether the secretory clearance o f  N1-methylnicotinamide (NMN),  an endogenous 
organic cation, represents renal tubular secretion o f  the organic cation, the relationship between 
the secretory clearance o f  N M N ,  CL~cnCNMN) , and that o f  tetraethylammonium bromide (TEA), 
CL~r , was examined in normal and experimental renal failure (ERF) rats. TEA was selected 
as a representative organic cation secreted by the kidney. E R F  was induced by glycerol, folate, 
salicylate, uranium, and gentamicin, substances which have been demonstrated to produce specific 
damage to the kidney by pathophysiological studies. Glomerular filtration rate (GFR), CLscn~NMN) , 
and CL~cnO-FA ) decreased significantly in most o f  E R F  rats, while blood urea nitrogen (BUN) 
increased significantly in all E R F  rats. There was a statistically significant correlation (r = 0.952, 
p < 0.001) between the endogenous CLscnCN~N) and CLscn(TEA) in both the normal and E R F  rats. 
Correlation analysis revealed that CL~nCNMN) was superior to GFR in the degree of  relationship 
to CLscn(TEA) , but B U N  couM not be used as an index for the secretion o f  N M N  or TEA. Although 
the plasma concentration of  N M N  in most o f  the E R F  rats was much higher than that in the 
normal rats, it  affected neither the urinary clearance of  N M N  itself nor the excretion of  TEA. 
From these findings, we propose that CL~C:vMN ) can be used as an index to assess renal tubular 
function for the secretion of  organic cations that are excreted by both filtration and secretion 
without reabsorption. 

KEY WORDS: renal secretory function; renal clearance; Nt-methylnicotinamide (NMN); 
tetraethylammonium bromide (TEA); organic cation; experimental renal failure (ERF); folate; 
glycerol; salicyiate; uranium; gentamicin. 

Abstracted in part from a dissertation submitted by Chang K. Shim to the Graduate School, 
Division of Pharmaceutical Sciences, University of Tokyo, in partial fulfilment of the Doctor 
of Philosophy degree requirements. This study was supported by a grant-in-aid for Scientific 
Research provided by the Ministry of Education, Science and Culture of Japan. 

1Present address: College of Pharmacy, Seoul National University, San 56-1, Shinrirn-Dong, 
Kwanak-ku, Seoul, Korea. 

2Faculty of Pharmaceutical Sciences, University of Tokyo, Hongo, Bunkyo-ku, Tokyo t 13, 
Japan. 

3Author to whom correspondence should be addressed. 

23 

0090-466x/84/0200-0023503.50/0 �9 t984 Plenum Publishing Corporation 



24 Shim, Sawada, Iga, and Hanano 

INTRODUCTION 

Estimation of the renal clearance of a drug, especially in the patient 
with renal disease, is clinically important in establishing dosage schedules 
(1). Usually, the glomerular filtration rate (GFR), determined by creatinine 
clearance (2), together with blood urea nitrogen (BUN) (3) and p-aminohip- 
purate (PAH) clearance (4) in some cases, has been used as the index of 
renal function. However, in general, only drugs that are filtered and not 
secreted or reabsorbed in the tubule should have a clearance that is parallel 
to GFR. The renal clearance of drugs that are secreted or reabsorbed should 
not be precisely parallel to GFR, since the glomerulo-tubular imbalance 
has been reported in many patients with various renal diseases (5). Similarly, 
BUN, which is excreted by filtration and is reabsorbed (3,6,7), may not be 
parallel to the renal clearance of drugs that are secreted in the renal tubule. 

Prediction of the renal clearance of drugs that are secreted by the renal 
tubules has not been reported. PAH, an organic anion, has been used 
clinically to examine the secretory capacity of the renal tubule (4) and to 
estimate renal blood flow (8). However, organic anions have been known 
to differ from organic cations in their secretory mechanism (9-14). Since 
there is no appropriate method reported for the prediction of the renal 
secretory clearance (CL~c,,) of organic cations, we examined the endogenous 
organic cation, Nl-methylnicotinamide (NMN), which is secreted by the 
tubule, as a possible index of renal tubular secretion for organic cations. 
NMN, which is biosynthesized from exogenous tryptophan or niacin by 
way of nicotinamide (15,16), was chosen in preference to other endogenous 
organic cations (9) such as choline and catecholamines because (a) it is 
excreted by both glomerular filtration and tubular secretion (17-20) without 
metabolism and tubular reabsorption in the rat (20), (b) it does not bind to 
plasma proteins (17,20), and (c) it shows renal transport characteristics 
similar to organic cations such as TEA (12,18,19,22-24). Furthermore, TEA 
was selected as a model organic cation for the reasons (a) and (b) described 
above (18,24,25). In the present study, we examined the relationship between 
CLsc,(NMN~ and CL~c,,(-rEA~ in normal and ERF rats and compared it with 
that between GFR and CL, c,,('rEA~ or that between BUN and CL, c, CrEA~, in 
an attempt to determine if NMN can be used as an index for the renal 
tubular secretion of organic cation using experimental renal failure rats. 

MATERIALS AND METHODS 

Materials 

NMN, TEA, and folic acid were purchased from Tokyo Kasei Co., 
Tokyo, Japan. Inulin, mannitol, and glycerol were purchased from Wako 
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Pure Chemicals Ind. Co., Tokyo. PAH was purchased as 20 v/v % solution 
from Daiichi Pure Chemicals Co., Tokyo. Sodium salicylate was purchased 
from Koso Chemicals Co., Tokyo. Gentamicin sulfate (570 txg/mg) was 
obtained from Shionogi Pharmaceutical Co., Osaka, Japan. 14C-TEA 
(4.2 mCi/mmol) and 3H-inulin (257.6 mCi/g) were purchased from New 
England Nuclear Co., Boston, Mass. All other chemicals were reagent grade 
and were used without further purification. 

Experimental Renal Failure (ERF) rats 

Male Wistar rats weighing 210-280g were used in all experiments. 
Water and commercial chow (CE-2, Clea Japan Inc., Tokyo) were given ad 
libitum. Glycerol-ERF (26,27) was produced by injection of 10 ml/kg of 
glycerol solution (50 v/v % in saline) subcutaneously at 24 hr prior to the 
clearance experiment. Folate-ERF (28-30) was produced by injection of 
5 ml/kg of folic acid (0.5 w/v % in 0.3 M sodium bicarbonate) intravenously 
at 24 hr prior to the experiment. Uranium-ERF (32,33) was produced by 
injection of 1 ml/kg of uranium nitrate solution (0.5 w/v % in saline) 
intravenously 120 hr prior to the experiment. Salicylate-ERF (31) was pro- 
duced by injection of 2.5 ml/kg of sodium salicylate solution (160 w/v % 
in saline) intravenously at 48 hr prior to the experiment. Gentamicin-ERF 
(34-36) was induced by injection of 5 ml/kg of gentamicin sulfate solution 
(0.8 w/v % in saline; stored at 4~ subcutaneously at 24 hr intervals for 
10 days. The clearance study was performed at 24hr after the final 
(10th) injection. Normal rats without any treatment were used as controls. 

Animal Preparations 

Under light ether anesthesia, the femoral vein and artery were cannu- 
lated with PE-50 polyethylene tubings for drug administration and blood 
sampling, respectively. The ureters were cannulated at 2 cm from both 
kidneys with PE- 10 polyethylene tubings. The rats were kept at spine position 
during the experiment. 

Inulin Clearance Study 

Inulin infusion was started more than 1 hr after the operation to allow 
for recovery from the etheral anesthesia. A loading dose of 1 ml/kg of 
5.34 w/v % inulin solution (in 3 w/v % mannitol-saline, 0.1/~Ci 3H-inulin) 
was followed by a sustaining infusion of 0.8 w/v % inulin solution (in 
3 w/v % mannitol-saline, t3/~Ci 3H-inulin/100 ml) into a femoral vein via 
a PE-50 catheter at the constant rate of 3.0 ml/hr throughout the experiment 
to attain a steady-state plasma inulin level. After the steady state was 
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attained, the renal clearance of inulin, NMN, or TEA, was measured as 
described below. 

Renal Clearance of  Exogenous NMN, Exogenous 14C-TEA, and Inulin: 
Experiment I 

NMN was injected into a femoral vein through a PE-50 catheter at a 
dose of 8 mg/kg. Blood samples (0.2 ml) were taken at 5, 20, 40, 60, and 
80 min after the injection from a femoral artery via a PE-50 catheter. Urine 
in each blood-sampling period was collected through the two ureters via 
PE-10 catheters. Plasma and urine samples were stored at -20~ until assay 
for inulin and NMN. After samples for NMN were taken, 14C-TEA was 
injected into a femoral vein at 8 mg/kg (12/xCi/kg) through a PE-50 
catheter. Blood samples (0.1 ml) taken at 20, 40, 60, and 80 min after the 
injection, together with urine samples collected in each blood-sampling 
period, were assayed for TEA and inulin. Inulin clearance was used as 
GF.R, and the secretory clearance of NMN, CLso,(NMN), or TEA, CLsc,(TEA), 
was calculated by CLsc,, = C L r -  GFR. 

Renal Clearance of Endogenous NMN, Exogenous 14C-TEA, and Inulin: 
Experiment II 

After the steady-state plasma inulin concentration was attained, four 
successive blood samples (0.2 ml) at 20 min intervals and three successive 
urine samples during each blood-sampling period were taken for the assay 
of inulin and endogenous NMN. After the fourth blood sample was taken, 
14C-TEA (8 mg/kg, 12/~Ci/kg) was injected into a femoral vein, and blood 
samples (0.1 ml) were taken at 20 fiain intervals for 4 hr after the injection. 
Blood and urine samples collected were assayed for inulin and TEA, 
respectively. GFR, CLr(NMN), and CLr(-rEA) were calculated in the same 
manner as described above. 

Effect of NMN on the Excretion of TEA 

At 80 rain postintravenous injection of 8 mg/kg of 14C-TEA, 100 mg/kg 
of NMN was injected intravenously, and then the changes of C L  ....  GFR, 
and urine volume were examined. 

Plasma Level of Endogenous NMN and Its Stability 

The plasma NMN concentration was determined in two groups of rats. 
One group was given only water and commercial chow, and the other was 
given commercial chow and 0.05 or 0.5 w/v % nicotinic acid solution 
overnight ad libitum. At 30 min after initiation of infusion of inulin-mannitol 
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solution, blood samples were obtained three times at 20 min intervals in 
the same manner described above, and the constancy of the plasma N MN  
concentration was examined. 

Determination of Inulin, TEA, and NMN 

Radioactivity of 3H-inulin and 14C-TEA in plasma or in urine was 
determined in a Tri-Carb liquid scintillation spectrophotometer (Packard 
Instruments Corp., model 3255, Downers Grove, Ill.). Fif ty/xl  of  plasma 
or urine sample was added to a scintillation vial containing 10 ml of  counting 
solution (toluene 2 L, Triton-X 1 L, PPO 8 g, POPOP 0.2 g). An appropriate 
crossover correction was made to separate the radioactivities of 3H and 14C. 
NMN was determined by the method of Clark et al. (37) with slight 
modification, i.e., 0.3 ml of  17 w/v % trichloroacetic acid was added to 
50/xl of plasma and was stirred. The fluorescence was measured at 430 nm 
(excited at 370 nm) in a Hitachi MPF-4 spectrofluorometer (Hitachi Ltd., 
Tokyo) within 48 hr after the addition of  formic acid. A standard curve was 
prepared by adding acetophenone, 3 M KOH, and formic acid as described 
above to each tube containing a different concentration (0.04--0.16/xg/ml) 
of NMN in 1 ml of  80 v/v % ethyl alcohol. Over this concentration range, 
the intensities were linearly related to the concentration of N M N  with a 
correlation coefficient of  at least 0.980. The limitation of the sensitivity of 
the assay was 20 ng/ml. The TCA extract from serum containing exogenous 
authentic NMN yields more than 89 % of  the fluorescence intensity of  
similarly treated TCA extracts from 10 -4 M HC1 containing the same amount 
of NMN. 

Assay of BUN and Transaminase Activities 

The arterial plasma obtained at the end of the clearance experiment 
was assayed for BUN by the indophenol method (38, 39) using a commercial 
kit (UN kit; Daiichi Pure Chemicals Co. Ltd., Tokyo). Glutamic oxaloacetic 
transaminase (GOT) and glutamic pyruvic transaminase (GTP) were assayed 
by the modified Reitman-Frenkel method (40) using a commercial kit 
(Hepatest A; Daiichi Pure Chemical Co. Ltd., Tokyo). 

Light Microscopy of Kidney Specimens 

After the clearance study, the rats were killed by injection of  2 ml air 
through the femoral artery cannula, and both kidneys were excised and 
washed with distilled water. The tissue fragments were fixed in 4% neutral 
buffered formaldehyde solution, and paraplast sections were stained conven- 
tionally with hematoxylin and eoxin. 
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Measurement of Hematocrit Value 

The hematocrit of arterial blood was measured prior to the other 
measurements using a Hematocrit tube (VC-HO75H, Termo Co., Tokyo) 
by centrifugation for 4 min at 3000 rpm. 

Statistical Analysis 

The regression lines of the two groups of data were obtained by the 
linear least squares method. The difference\between the two groups of data 
and the difference between the two relation coefficients were examined for 
their significance with the Student's t-test. All clearance values in this study 
were normalized for the body weight in kg. 

RESULTS 

Changes in Renal Physiology by ERF 

Parameters of pathophysiological changes by experimental renal failure 
(ERF) in rats are shown in Table I. BUN, a simple index of the renal 
dysfunction, increased significantly in all ERF rats. Kidney weight increased 
significantly in the folate-, glycerol-, and uranium-ERF rats. Urine volume 
decreased significantly in the uranium-ERF rats. The pH of urine was not 
changed by any ERF. Hematocrit values decreased significantly in the folate- 
and glycerol-ERF rats. Liver wet weight, GOT, and GPT were not changed 
by ERF, and were 34.2-39.3 g/kg, 43.4--55.7 Karmen's unit, and 15.0-34.0 
Karmen's unit, respectively. 

Histopathology of ERF 

In histopathology by light microscopy, we found the following results 
in each ERF rat. In the glycerol-ERF rats, renal tubules were more damaged 
than glomeruli, and this finding coincided with those reported by Preuss 
(41) and Westenfelder et al. (42). In the gentamicin-ERF rats, extensive 
necrosis was observed in renal tubules of the cortical area; similar findings 
were reported by Luft et al. (43), Kosek et aL (44), and Houghton et aL 

(45). In the folate-ERF rats, in spite of the decrease in glomerular filtration 
function, necrosis was not so severe as that observed in the glycerol-ERF 
rats. Schmidt et al. (46) and Schubert (47) reported similar results. The 
increase in kidney weight by folate treatment was also observed, and this 
finding coincided with that reported by Preuss et aL (48). In the uranium-ERF 
rats, both glomeruli and renal tubules were extensively damaged as reported 
by Carone and Spector (49) and Blantz and Konnen (50). In the salicylate- 
ERF rats, no remarkable change except expansion of renal tubules was 
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observed; this result was slightly different from that reported by Calder 
et  al, (51). 

Excretion of  TEA and N M N  in ERF-rats 

Figure 1 shows the plasma decline of  TEA (a) and N M N  (b) in normal 
and ERF rats following intravenous injection of 8 ml /kg  of each, respec- 
tively. The plasma concentration of TEA or N M N  showed a slower decline 
in the ERF rats than in the normal rats. The solid lines in Fig. la  were 
drawn by fitting the observed values as described above. The plasma decline 
curves of  N M N  were not calculated, since the observed plasma concentra- 
tion of N M N  included those of endogenous NMN.  Figure 2 shows the 
relationship between renal excretion rates and mean plasma concentrations 
during the urine-collecting periods in each representative normal and ERF 
rat following 8 mg/kg  intravenous injection of TEA (a) and N M N  (b), 
respectively, since a large interindividual variation was observed in the 
folate-, gentamicin-, and gtycerol-ERF rats. Linear relationships between 
the renal excretion rates and the mean plasma concentrations were observed 
in all cases. 

I A. T E A  

0 .. i  'P u O . 1  ~ , .  i~ !o.o/d ,-, 
I l I I 

60  120 180 240 

20 ,~ 

10 6 ~k 

1 

B. N M N  

6 
't 

1 l 

t ; 
t 

t 
I' 

2'0 4'0 do 
T I M E  ( m i n )  

Fig. 1. Plasma decline of TEA (a) and NMN (b) following respective intravenous administration 
of 8 mg/kg in normal and ERF rats. Each set of points represents means • of three to six 
rats, as follows: O, normal rats. ERF rats: D, folate; O, glycerol; I ,  salicylate; A, uranium; 
and &, gentamicin. 
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Fig. 2. Re l a t i onsh ip  be tween  the ur inary  excre t ion  rates  and  m e a n  p l a s m a  concent ra-  
t ions of TEA (a) and of NMN (b) following respective intravenous administration of 
8 mg/kg in each representative normal and ERF rat. Slope of each solid line represents 
the mean renal clearance of a rat. For symbols, see Fig. I. 

Renal Clearances of TEA and N M N  in Normal and ERF rats 

The changes in renal clearances for TEA and N M N  produced by ERF 
after 8 mg/kg  intravenous administration, respectively, are listed in Tables 
I I  and III .  CLr(TEA) , CLscn(TEA) , CLr(NMN) , and CLscn(NMN) decreased sig- 
nificantly in all ERF rats. Since the excretion of TEA or N M N  did not 
show saturation over the concentration ranges in Fig. 2, CLr(TEA) or CLr(NMN) 
of  each rat was calculated as the mean of all measurements.  The G F R  
decreased significantly in all ERF rats except the salicylate-ERF rats. The 
ratio of  CLr(TEA) or CLr(NMN) to G F R  was always above unit in all ERF rats. 

Effect of N M N  on the Excretion of TEA 

The effects of  coadministered N M N  (100 mg/kg)  o n  CLr(TEA) , GFR, 
and urine volume in the normal rats are summarized in Table IV. The 
CLr(TEA), GFR, and urine volumes were not changed by the coinjection of 
100 mg/kg  of  N M N  in the normal rats. 

Plasma Level of Endogenous N M N  and Its Stability 

The plasma levels of  endogenous N M N  were summarized in Table V. 
The plasma levels of  endogenous N M N  were high enough to determine in 
the normal rats, but they were too low to determine in some ERF rats in 
spite of  their general tendency to ascend in the ERF rats. Nicotinamide 
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Table IV. Effect of NMN on the Renal Clearance of TEA, GFR, and 
Urine Volume in Normal Rats 

Control ~ NMN b 
(n = 6) (n = 3) 

CLrfrrzA~ (ml/min/kg) 39.90• 38.50:t: 3.10 
GFR (ml/min/kg) 5.48 :e 0.63 5.26 ~: 0.55 
Urine volume (ml/min/kg) 5.51 • 1.33 5.73 • 1.37 

"TEA was injected at a dose of 8 mg/kg without NMN. 
b TEA was injected at 8 mg/kg simultaneously with NMN of 100 mg/kg. 

so lu t i on  g iven  as a b o v e  p r o d u c e d  p l a s m a  N M N  levels  h igh  e n o u g h  to 

d e t e r m i n e ,  a n d  these  leve ls  were  h i g h e r  in t he  E R F  rats  t h a n  in the  n o r m a l  

rats. T h e  p l a s m a  N M N  leve ls  were  a l m o s t  c o n s t a n t  o v e r  t he  e x p e r i m e n t a l  

p e r i o d  (80 min)  in all  rats  s tud ied .  

Renal Clearance of Endogenous N M N  

T h e  CL,<NMN) a n d  CLsc,(NMN) o f  the  e n d o g e n o u s  N M N  t o g e t h e r  wi th  

G F R  in the  n o r m a l  a n d  E R F  rats a re  l i s ted  in T a b l e  VI.  All  va lues ,  e x c e p t  

G F R  in the  s a l i c y l a t e - E R F ,  w e r e  d e c r e a s e d  s ign i f i can t ly  by  E R F ,  bu t  t h e y  

d id  n o t  s h o w  a s ign i f i can t  d i f fe rence  f r o m  the  c o r r e s p o n d i n g  v a l u e s  l i s ted  

in T a b l e  I I I ,  w h e r e  the  d a t a  were  o b t a i n e d  f r o m  the  e x o g e n o u s  N M N  a n d  

inu l in  s tudies .  

Relationship Between GFR and Secretory Clearance 

F i g u r e  3 s h o w s  the  r e l a t i o n s h i p s  b e t w e e n  G F R  a n d  CL, cn(TEA) (a), a n d  

tha t  b e t w e e n  G F R  a n d  CL, cn(NMN) (b) in e x p e r i m e n t  I fo r  eve ry  n o r m a l  a n d  

E F R  rat. T h e  c o r r e l a t i o n  coef f ic ien ts  w e r e  0.812 ( p < 0 . 0 0 1 ) ,  a n d  0.722 

Table V. Endogenous Plasma NMN Levels and NMN Levels Following Free Access 
to Various Concentrations of Nicotinamide Solution for 12 to 24 h a 

Concentration of nicotinamide solution 

None 0.05% 0.5% 

Normal 0.19-0.45 (7) b 0.31-0.85 (6) b 1.78-3.59 (2) b 
Folate 0.38-1.45 (4) 1.41-3.21 (2) 3.89-15.52 (2) 
Glycerol 3.73-8.80 (4) 1.70-3.93 (4) 5.66-6.13 (2) 
Salicylate 0.00-1.24 (3) 0.40-t. 15 (2) 3.63-4.92 (2) 
Uranium 0.00-2.78 (4) n.d. 15.79-20.02 (2) 
Gentamicin 0.00-2.93 (4) n.d. 2.20-3.06 (2) 

a Plasma level of NMN was presented as/xg/ml, n.d., no experiment performed. 
b Number of experiments was shown in the parenthesis. 
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Fig. 3. Correlation between GFR and CLscn(TEA) (a), and between GFR 
and CL~,~NMN) (b) following intravenous administration of 8 mg/kg of 
TEA and NMN, respectively. Panel A: CL~,(TEA)=4.91GFR+3.11 (n = 
34), r = 0.81 (p < 0.001). Panel B: CL~r ) = 2.88GFR§ 5.02 (n = 34), 
r = 0.72 (p < 0.001). For symbols, see Fig. 1. 

(p < 0.001), respectively. A similar relationship was observed between G F R  
and the endogenous CLs~,,mMN) in experiment I I  (r = 0.820, p < 0.001). I n  
the folate-ERF rats, the extent of  decrease in GFR,  CLs~,(TEA~, and 
CL~,mMN ) showed a large difference from those of  the other ERF rats. 

Relationship Between 1/BUN and GFR, 1/BUN and CLs~. 

Figure 4 shows the relationships between 1 /BUN and CL~,(TEA) (a) 
( r=0.715,  p<0.001) ,  and between 1 /BUN and G F R  (b) ( r=0.874,  p <  
0.001) in the normal and ERF rats. In the folate-ERF rats 1 /BUN greatly 
decreased; the values are nearly equal to 1, and a large interindividual 
variation was observed in CL~c, ffzA) (Fig. 4a) but not observed in G F R  
(Fig. 4b). 

Relationship BetweenCLsc.(~MN) and CLscn(TEA ) 

The relationships between exogenous CLscn(NMN) and CLscn(TEA) (a) 
and between endogenous CLs~,(NMN) and CLsc,(TZA) (b) in the normal and 
ERF rats are shown in Fig. 5. The correlation coefficients were 0.959 
(p < 0.001) and 0.952 (p < 0.001), respectively. They were significantly higher 
than that between G F R  and CLsc, O-EA) (p < 0.05) or that between BUN and 
CLsc,(TEA) (p < 0.001). The two regression lines of  Fig. 5 coincided in their 
slopes and passed nearly through each origin. 
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r=0.715 (p<0.001) .  Panel B: G F R =  1.10(1/BUN)+0.0748 (n=32) ,  r=0.874 ( p <  
0.001), For symbols, see Fig. 1. 
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Fig. 5. Correlation between CLscn(NMN) and CLscn(TEA) in normal and ERF 
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0.001). Panel B: CLscn(NMN) was determined from endogenous NMN. TEA 
was injected at 8 mg/kg as described in experiment II. CLscn(TEA) = 1.39 
CLsr +0.39 (n = 25), r = 0.952 (p < 0.001). For symbols, see Fig. 1. 
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DISCUSSION 

The present study was designed to assess whether changes in the renal 
secretory function for the organic cation can be predicted by use of 
CLscn(NMN~ in renal disease. NMN and TEA were selected as representative 
of endogenous and exogenous cations, which are filtered and secreted in 
the kidney without reabsorption, respectively. The BUN of ERF rats was 
significantly higher than that of the normal rats in decreasing order of 
uranium-, folate-, glycerol-, gentamicin-, and salicylate-ERF. The kidney 
weight was increased significantly by folate-ERF as reported by Preuss et 
al. (28), and also by uranium-ERF (Table I). The significant decrease in 
hematocrit values by folate- and glycerol-ERF, and that in urine volume 
by uranium-ERF, suggested a possible difference in pathogenesis among 
the employed renal failure models. 

The plasma concentration of either TEA or NMN showed a slower 
decline in the ERF rats than that in the normal rats (Fig. 1). Accordingly, 
the plasma concentration of each compound was at higher levels in the 
ERF rats than in the normal rats, suggesting an injured excretory function 
of kidney for TEA or NMN by ERF. However, the linear relationship 
between the urinary excretion rate and mean plasma concentration of  NMN 
(Fig. 2) suggested that the renal excretion of TEA or N MN  following 
respective injection of 8 mg/kg was not saturated even in the ERF rats. 
Assuming tubular secretion of TEA or NMN by a carrier-mediated transport, 
as proposed by many workers (12,14,52,53), the half-saturation concentra- 
tion of the carrier for the secretion (Km(sc,~) of  TEA or N M N  must be much 
larger than the plasma level (0.17-120/x M) of each compound in this study. 
Ross et al. (20) reported the Km(~,~ value of N MN  to be approximately 
0.3 mM. 

The values of CLr(TEA) , CLr(NMN) , and GFR in the normal rats (Table 
II) were comparable with those reported previously (20,25). They were 
decreased significantly by ERF, except GFR in the salicylate-ERF, but the 
ratio of  CL,<TEA) o r  CLr(NMN) to GFR was always much greater than unity, 
suggesting the primary role of tubular secretion in the excretion of  TEA or 
N MN even in the ERF rats. Since it has been reported that the reabsorption 
of  TEA or NMN is absent in normal rats (20,54), and in the present study 
the urinary pH, an important factor affecting renal reabsorption, was not 
changed by in ERF rat studied (Table I), the tubular reabsorption of TEA 
or NMN might be negligible when compared with CLr(TEA) o r  CLr(NMN) 
even in the ERF rats. In the normal rats, both CLr(TEA) and CLr(NMN) w e r e  

close to the renal plasma flow, suggesting a blood flow limited process (55). 
However, in all groups of ERF rats studied, no change in the renal plasma 
flow was observed, while CLscn showed a decrease, suggesting a secretion 
limit (55). 
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The excretion of TEA was unaffected by endogenous NMN in all rats 
studied, since the linear relationship between the excretion rate of TEA 
and its mean plasma concentration was maintained in all ERF rats (Fig. 
2), and the coadministered NMN (100 mg/kg) did not affect CLr(TEA) o r  

CLscn(TEA ) in the normal rats (Table IV). This was further supported by 
observations that the bolus injection of NMN (100 mg/kg) at the midpoint 
of the experimental period for TEA clearance resulted in no change of 
CLr(TEA) o r  GFR (data was not shown). Furthermore, the large value of 
Kin(sen) for NMN when compared with its concentration in the TEA-secre- 
tory system, which may be common with NMN (12,18,19,22-24), also 
supports the above consideration. The constancy of the plasma level of 
endogenous NMN during the experimental period suggested that the bal- 
ance was kept between NMN biosynthesis and its elimination from the 
body. The fluctuation of the plasma level of endogenous NMN in the ERF 
rats may be due to the variance in CLr(NMN). As described above, some 
ERF rats without cinotinamide administration showed relatively low plasma 
levels of NMN, and this may be due to the small amounts of chow taken, 
since the origin of NMN is nicotinamide in the chow. Furthermore, other 
possibilities such as a decrease in the intestinal absorption of nicotinamide 
and/or its metabolism in the liver, still remain. 

GFR is one of the important clinical indices of renal disease and was 
determined by inulin clearance in the present study (Table I). As shown 
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and CLsc,(NMN) , in normal and ERF rats. Panel A: CLr(TEA) = 5.82(GFR) + 3.13 (n = 34), 
r = 0.850 (p < 0.001). Panel B: CLr(TEA) = 6.44(1/BUN) +3.28 (n = 32), r = 0.756 (p < 
0.001). Panel C: CLr(TEA) = 1.43 CLsc,(NMN)+0.511 (n =34), r =0.962 (p<0.001).  For 
symbols, see Fig. 1. 
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in Fig. 3, G F R  did not show a high correlation with CLscn(TEA) ( r=0.81 ,  
p <~ 0.001) or CLscn(NMN) (r  = 0.72, p < 0.001), probably due to the mechanical 
difference between glomerular filtration and tubular secretion. In the folate- 
ERF rats, although G F R  greatly decreased, little interindividual variation 
was observed. On the contrary, a large interindividual variation was observed 
in C L  .. . .  suggesting a glomerulo-tubular imbalance. BUN, another  clinical 
index of  renal disease, did not show a good correlation with CLscn(TEA) (Fig. 
4a; r = -0 .689 ,  p < 0.001) or with CLscn(NMN) (r  = - 0 . 6 8 9 ,  p < 0.001) in the 
normal and ERF rats, though it showed a good correlation with G F R  to 
some extent (Fig. 4b; r = -0.828, p < 0.001). McNay  et al. (56) reported that 
there was no correlation between BUN and the renal extraction ratio of  
TEA in the dog with azotemia by bilateral ureteral venous anastomosis. 
This finding did not agree with the result of  this study, which may be due 
to the difference of ERF. Especially in the folate-ERF rats the disagreement 
is remarkable,  the reason is unclear at the present time. It has been reported 
that BUN is excreted in urine mainly by glomular filtration and is reabsorbed 
partly by a passive transport  (3,6,7). From these findings, it was suggested 
that the excretory mechanism of BUN may be different from that of  TEA 
or NMN.  In contrast to G F R  or BUN, both CLscn(NMN) obtained from 
exogenous and endogenous N M N  were highly correlated with CLscn(TEA) 
(r = 0.959, p < 0.001, and r = 0.952, p < 0.001, respectively) in the normal 
and all ERF rats (Fig. 5). Both correlation coefficients were significantly 
higher than those from G F R  vs. CLscn(TEA ) ( p  ~ 0.05) and from BUN vs. 
CLscn~TEA) (p<0.001) .  These results may support  the fact that TEA and 
N M N  share the same secretory system as suggested by many investigators 
(12,18,19,22-24). Accordingly, the renal secretory function for an organic 
cation like TEA in ERF can be estimated more accurately by CLscn~NMN) 

than by G F R  or by BUN (Fig. 6). In conclusion, it is suggested that the 
renal secretory clearance of endogenous NMN(CLscn~NMN)) may be a useful 
index of the renal secretory clearance of organic cations that are excreted 
from the kidney by glomerular filtration and tubular secretion without 
reabsorption. 
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