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Renal tubular handling of zinc in the dog 
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V ANDER. Renal tubular handling of zinc in the dog. Am. J. 

Physiol. 241 (Renal Fluid Electrolyte Physiol. 10): F532-F539, 
1981.-Clearance and stop-flow techniques, performed on an­
esthetized dogs, were used to obtain evidence for renal tubular 
reabsorption or secretion of 65Zn (administered intravenously 
with varying amounts of carrier ZnCh). Ultrafilterability of 
plasma 65Zn was determined in vitro with Amicon CF-50A filter 
cones. Clearances were obtained under six conditions: antidi­
uresis, mannitol diuresis alone and following the infusion of 
chlorothiazide, citrate, cysteine, or histidine. The percentage of 
ultrafilterability averaged, respectively, 1.15, 1.38, 0.91, 1.53, 
19.90, and 11.61, while fractional zinc excretion averaged 0.046, 
0.10, 0.31, 0.43, 0.78, and 0.12, respectively. Control stop-flow 
patterns invariably showed net Zn reabsorption in the distal 
nephron. Stop-flow patterns after chlorothiazide revealed sig­
nificant net secretion in the far distal area in all animals. 
Patterns after either citrate or histidine infusion revealed sig­
nificant net reabsorption in the proximal nephron. Those after 
cysteine were similar to the control patterns. Thus, both clear­
ance and stop-flow experiments revealed net reabsorption as 
the major tubular mechanism of zinc handling, tubular secre­
tion occurring only during chlorothiazide administration. 

chlorothiazide; hyperzincuria; stop-flow studies; clearance tech­
niques 

ALTHOUGH URINARY EXCRETION OF ZINC is normally not 
the major route for the homeostatic control of zinc bal­
ance (5), large clinically significant urinary losses can 
occur in a variety of diseases (8) and experimental situ­
ations including amino acid infusions (16) and adminis­
tration of the diuretic chlorothiazide (4, 22). Little is 
known about the basic mechanisms for the renal tubular 
handling of zinc or the alterations that occur in the 
situations characterized by hyperzincuria. The primary 
reason for this lack of information is that clearance 
procedures require the measurement of ultrafilterable 
zinc concentrations in plasma, a procedure fraught with 
difficulties because of the very small percentage that is 
ultrafilterable and the potential zinc contamination of 
filtration or dialysis membranes. To data there has been 
only one previously published study in which clearances 
of ultrafilterable zinc have been reported. Using an in 
vitro ultrafiltration technique, Yunice et al. (23) found 
that zinc normally underwent net tubular reabsorption, 
but that secretion occurred during infusion of cysteine. 
However, as detailed in the DISCUSSION, we believe that 
their values for ultrafilterable zinc concentrations are 
invalid. In addition, a paper being published concurrently 
by Abu-Hamdan et al. (1) reports changes in fractional 
excretion of zinc after administration of large amounts of 
zinc and during amino acid infusion. 

The study reported here presents data from renal 
clearance experiments for zinc in anesthetized dogs using 
a different ultrafiltration method. In addition, the stop­
flow technique was used to evaluate mechanisms for 
renal zinc handling. The stop-flow technique has three 
advantages in this regard: 1) its interpretation does not 
depend on the validity <;>fin vitro ultrafiltration measure­
ments; 2) it permits coarse localization of sites of tubular 
transport of an ion; and 3) it may reveal transport in 
different directions in the same nephron site (under 
different experimental conditions) or in different nephron 
sites at the same time. 

In all experiments, we have used radioactive 6sZn in 
order to avoid potential problems of contamination of 
ultrafiltration or dialysis materials and to permit detec­
tion of the very small concentrations of zinc in the urine 
during stop-flow analysis performed without zinc loading, 
i.e., at normal plasma concentrations of zinc. After clear­
ance and stop-flow collections under control conditions 
were performed, several agents previously reported to 
produce hyperzincuria were also studied in an attempt to 
determine whether they altered ultrafilterability, reab­
sorption, or secretion. Histidine, cysteine, and citrate are 
thought to be the major normal low molecular weight 
ligands for zinc in plasma (10), and administration of the 
first two has been reported to cause significant hyper­
zincuria (16). Only chlorothiazide, of the commonly used 
natriuretic drugs, has been reported to be effective in 
causing hyperzincuria (4, 22). 

METHODS 

Studies were performed on 20 nonfasted male dogs 
weighing 12. 7-20 kg. After pentobarbital anesthesia (30 
mg/kg i.v. with supplements given as required), the ani­
mals were prepared surgically for renal clearance and 
stop-flow techniques; both of the cephalic and femoral 
veins and one femoral artery were catheterized with 
polyethylene tubing for intravenous infusion and blood 
sampling. The right ureter was catheterized via a small 
flank incision. Creatinine and inulin (prime, 600 mg of 
each dissolved in 20 ml isotonic saline, followed by an 
infusion of 6 mg/min in 0.21 ml/min of isotonic saline) 
were administered to determine, respectively, creatinine 
clearance in the clearance protocols and water reabsorp­
tion in the stop-flow experiments. At the same time, the 
dogs were given an infusion (0.2-0.3 ml/min) containing 
65Zn (New England Nuclear, NEZ-111) with varying 
amounts of carrier Zn (as ZnCb) added: 10 µ,g Zn-kg- 1 • 

h- 1 in 16 animals, 500 µ,g-kg- 1 -h- 1 in one animal, and 
2,000 µ,g-kg- 1 -h- 1 in three animals. The lowest dose of 
carrier zinc was estimated (using the specific activity of 
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the infusate) to raise plasma zinc concentration an aver­
age of 2.83 ± 0.73 (SE) µg/ml, approximately a 2-4% 
increase. The infusion vehicle for the Zn was either 
isotonic saline or a mixture of 1:1 autologous serum and 
isotonic saline; there were no differences in the results 
observed for these two infusions and the data have, 
therefore, been pooled. The dose of 6"Zn varied between 
50 and 500 µCi/h, the larger doses being required to give 
sufficient radioactivity in mannitol-diuretic urine for 
stop-flow analysis. 

In 12 of the animals, clearances (see description below) 
were performed 60-90 min after administration of the 
65Zn infusion; these clearances are termed antidiuretic 
clearances. Following their completion, an infusion of 
15% mannitol in isotonic saline was begun in all but one 
of these animals at the rate of 0.75 ml•kg- 1 .min-1; in 
seven other animals, no antidiuretic clearances were per­
formed and the mannitol infusion was begun simultane­
ously with Zn infusion. In both groups (18 dogs) approx­
imately 40 min after the mannitol infusion was begun 
and after stabilization of urine flow at 6-13 ml/min, 
clearances and/or stop-flow procedures (see description 
below) were performed. A second set of postmannitol 
clearances and/or stop-flow collections was then ob­
tained in 15 dogs 20-45 min after one of several experi­
mental manipulations: five animals received sodium cit­
rate (a prime of 0.1 g/kg administered as a 1% solution 
over 10 min, followed by addition of 0.36% sodium citrate 
to the mannitol infusion); four animals were given cys­
teine (3.5-10 g/h in isotonic saline infused at 1.1 ml/min); 
two animals received histidine infusion (3 g/h infused in 
1.1 ml of isotonic saline per minute); five animals received 
chlorothiazide (5 mg/kg as a prime administered over 15 
min, followed by a 5 mg. kg- 1 , h- 1 infusion). 

Clearance protocol. The methodology for determining 
clearance of ultrafilterable 65Zn was the same as that 
described previously for 203Pb ( 15). Each clearance datum 
is the average of two successive 15-min (during antidi­
uresis) or 5-min (during mannitol diuresis) urine collec­
tions with an arterial blood sample obtained at the end 
of the first 5- or 15-min urine collection. This blood 
sample consisted of two 15-ml aliquots collected anaero­
bically in Vacutainer tubes containing no anticoagulant 
as well as a 5-ml aliquot collected aerobically for meas­
urement of whole blood 6''Zn concentration. The 35-ml 
volume of blood was replaced with an equal volume of 
isotonic saline. The samples in the Vacutainer tubes were 
centrifuged immediately for 10 min, and the plasma was 
then ultrafiltered by low-speed centrifugation (250 g) 
through Amicon CF-50A cones (50,000 mol wt cutoff). 
Ultrafiltrates were routinely checked for protein (dipstick 
method) and values discarded if protein exceeded 1 + (20 
mg/dl). 

Clearance of ultrafilterable 6''Zn was calculated by the 
equation 

C = [Zn]urine X urine flow rate 
ult-Zn [Z ] n ult 

where [Zn]urine and [Zn]u1t are the 65Zn concentrations in 
urine and plasma ultrafiltrate, respectively. The frac­
tional excretion of filtered 65Zn is given by the ratio 
Cu1t-zn/Ccr, where Ccr is the creatinine clearance, which 
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was used to estimate glomerular filtration rate (GFR). A 
ratio less than unity signifies Zn reabsorption, whereas a 
ratio greater than unity indicates net secretion. In several 
of the animals with high doses of 65Zn, we collected only 
urinary excretion data to avoid handling of blood and 
plasma samples. For these animals, no data for ultrafil­
terability or fractional excretion are available. 

It must be emphasized that these clearance data are 
for exogenous zinc only. No firm conclusion can be drawn 
from them concerning the renal handling of endogenous 
zinc, since we have no knowledge of the rates of equili­
bration of the exogenous zinc with endogenous pools. In 
previous studies (17, 18), however, we have documented 
that the administration of either glucagon (17) or inor­
ganic lead (18) to dogs in protocols very similar to the 
present ones induced virtually identical percentage in­
creases in the excretion rates of endogenous zinc and 
acutely infused 65Zn. This suggests that 65Zn, in associa­
tion with the carrier doses used, does, in fact, equilibrate 
rapidly with the endogenous pool of zinc contributing to 
renal excretion. 

Stop-fiow experiments. A standard stop-flow proce­
dure (3) was performed in 13 dogs. After completion of 
relevant clearances, two or three urine samples ("free­
flow" samples) were collected over 30 s, and immediately 
thereafter the ureteral catheter was completely occluded 
for 5 min. Following release of the occlusion, urine was 
collected in 30-50 sequential aliquots, each approxi­
mately 0.5 ml ("stop-flow" samples). The concentration 
of 65Zn in each stop-flow (SF) sample was divided by the 
[Zn] in the free-flow (FF) sample preceding the occlusion, 
and this ratio, [Zn]sr/[Zn]rr, was divided by the analo­
gous ratio for inulin, [ln]sr/[ln]rr. The values obtained 
by this double ratio calculation reflect sequential changes 
in [Zn]sr relative to free flow after elimination of any 
concentration changes due solely to water reabsorption. 
A value of this double ratio greater than unity signifies 
net zinc secretion into that sample during ureteral occlu­
sion; a value less than unity signifies the occurrence of 
net Zn reabsorption from that sample during ureteral 
occlusion. 

Analytical methods. Samples were prepared for ra­
dioisotopic counting by aliquoting approximately 1-g 
samples of whole blood, plasma ultrafiltrate, or urine 
(stop-flow samples were transferred quantitatively) into 
stoppered tared tubes. The tubes were then reweighed 
and counted for 65Zn in a Searle Analytic model 1195 
AutoGamma counter peaked for the 1.12 MeV gamma 
ray. No correction for decay was necessary because of 
the 243-day half-life of this isotope; activity is expressed 
as counts per minute per milliliter of sample. No attempt 
was made to measure endogenous Zn. Inulin was deter­
mined in each stop-flow sample by the method of Shrei­
ner (9) in 50-µl aliquots of urine. Creatinine was measured 
in urine and ultrafiltrate samples by the method of 
Bonsnes and Taussky (2). Urinary [Na] was measured 
using an Instrumentation Laboratory flame photometer 
and urinary [Ca] by atomic absorption flame spectropho­
tometry. 

Grouped data are expressed as means ± SE. The 
method used for evaluation of statistical significance was 
either the standard or paired-sample t test. 
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RESULTS 

Clearance data from all animals receiving 10 µg Zn· 
kg- 1 • h- 1 are summarized in Fig. 1. Panel A depicts mean 
values (± SE, except where sample size is only two) for 
the percentage of plasma 65Zn that was ultrafilterable 
under each experimental condition, and panel B presents 
fractional excretion of 65Zn in the same animals. At the 
end of 1-2 h of Zn infusion at this dose, the percentage 
of ultrafilterable 65Zn in plasma was 1.15 ± 0.13%. Frac­
tional excretion of 65Zn during antidiuresis was 0.046 ± 
0.010, indicating marked net reabsorption (95.4%) of Zn. 
Mannitol infusion did not alter the percentage of plasma 
s.,zn that was filterable (1.38 ± 0.19%); however, frac­
tional excretion was significantly elevated (P < 0.05) to 
0.10 ± 0.02. Chlorothiazide treatment tended to lower 
ultrafilterable 65Zn but increased fractional excretion ap­
proximately threefold. In four other animals given chlo­
rothiazide, zinc excretion was elevated an average of 2.9-
fold; fractional excretion could not be calculated because 
no data were obtained from ultrafilterability. Citrate did 
not significantly elevate the percentage of ultrafilterable 
zinc (1.53 ± 0.22%) but did significantly increase frac­
tional excretion to 0.43 ± 0.17 (P < 0.05). In one dog 
fractional excretion exceeded unity (1.1). Cysteine and 
histidine infusion elevated the percentage of ultrafilter­
able 65Zn approximately 20-fold and 10-fold, respectively 
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FIG. 1. A: percent of ultrafilterable plasma ""Zn in each experimental 
protocol (designated on x-axis). Each bar represents mean value ± SE 
for treatment group when the number of animals was greater than 2. 
Individual data points are shown when there were only 2 animals per 
treatment group. The number of animals is given in parentheses. 
Statistical comparison is with appropriate control group; antidiuresis is 
the control for the mannitol group, and mannitol is the control for all 
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(statistical significance was not achieved because of the 
small sample size and large variation). Fractional Zn 
excretion increased to a much larger degree with cysteine 
infusion than with histidine; the value exceeded unity 
(1.25) in only one of the three dogs receiving cysteine. 

Examples of the control 65Zn stop-flow pattern are 
illustrated in Figs. 2-4. The sodium concentration pattern 
provides coarse localization of nephron segments in that 
the minimal sodium concentration, i.e., the point of max­
imal reabsorption, corresponds to fluid trapped during 
ureteral occlusion in distal portions of the nephron (prob­
ably including collecting duct, distal tubule, and the 
ascending loop of Henle) (3). The beginning of the pla­
teau in sodium concentration (approximately 8 ml in Fig. 
2) at its preocclusive values is presumed to represent 
fluid trapped only in the proximal portions of nephrons 
during occlusion, since these are samples in which p­
aminohippurate concentration peaks and glucose concen­
tration dips (3). The most striking feature of the control 
stop-flow pattern for 65Zn is the net reabsorption (double 
ratio less than unity) occurring in the segment corre­
sponding to the distal reabsorptive minimum for sodium. 
This was seen in all 13 dogs. As shown in Table 1, the 
mean (±SE) double ratio in this distal region for all dogs 
was 0.20 ± 0.05, a value significantly different from unity 
(P < 0.001). There was more variability in the double­
ratio pattern for the first few samples collected after 
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other treatments. No statistical comparisons were made for the chlo­
rothiazide (CTZ) and histidine groups. B: fractional excretion of '' 'Zn 
(C u1t-zn/Cc,) for each treatment group. Symbols and statistical compar­
isons as in A. Note that there are 2 fewer animals for this variable than 
for A because in 2 animals the urinary counts were too low to be 
dependable. 
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FIG. 2. Control stop-flow pattern for 
r,,zn (upper panel) and for Na (lower 
panel). 60Zn and Na concentrations in 
each stop-flow sample are corrected for 
water reabsorption as described in text. 
That the double ratio exceeds unity in 
proximal samples in this figure does not 
indicate secretion but rather a new pla­
teau reflecting a change in function dur­
ing period of occlusion. There must be a 
clear-cut peak for evidence of secretion 
(3). 

Accumulated Urine Volume in ml 

release of occlusion (far distal nephron) and for the 
proximal nephron. However, as shown in Table 1, for the 
entire control group there was no evidence for either zinc 
reabsorption or secretion in these areas; far distal double 
ratio = 1.18 ± 0.15 and proximal double ratio = 1.14 ± 
0.16. Finally, the dose of carrier zinc administered had 
no effect on the stop-flow patterns. 

Chlorothiazide was administered prior to the second 
stop-flow in five animals. Fig. 3 presents typical results 
from one such experiment. In every animal, compared 
with the previous control pattern for Zn, there was an 
increase in the far distal double ratio for Zn (exceeding 
unity in every case), and the distal Zn minimum after 
chlorothiazide was not as low as in the control collection: 

far distal double ratio before and after chlorothiazide, 
respectively, 1.11 ± 0.21 and 1.46 ± 0.16 (P < 0.01, paired­
sample analysis); distal double ratio, 0.12 ± 0.074 and 
0.36 ± 0.069 (P < 0.001, paired-sample analysis). The far 
distal double ratio after chlorothiazide was significantly 
different from unity (P < 0.05), constituting evidence for 
net secretion in this area. 

As mentioned above, proximal reabsorption of zinc was 
not manifest in control stop-flows. To bring out a possible 
proximal reabsorptive pathway (see DISCUSSION and 
Refs. 20 and 21), we added citrate to the mannitol infu­
sion. The results of one such experiment are shown in 
Fig. 4, which presents the stop-flow patterns before and 
after citrate for zinc, calcium, and sodium; results were 
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identical in the other two experiments. After administra­
tion of citrate, there was no change in the reabsorptive 
pattern for Na, but there was obvious proximal (as well 
as distal) reabsorption for Ca and Zn. For the three dogs, 
the proximal double ratio for 65Zn was 0.50 ± 0.094, 
significantly different from unity (P < 0.05). A stop-flow 
pattern during histidine infusion is shown in Fig. 5. This 

TABLE 1. Summary of stop-flow double ratio 
data in 13 control dogs 

'"'Z /I 1· fi l'!!Op-now fill lil11top·flow 

fir,znfrt't' -Oow Inulinfrt't'-flow 

Far distal nephron 1.18 ± 0.15 
Distal nephron 0.20 ± 0.05 
Proximal nephron 1.21 ± 0.21 

Far distal denotes the highest double ratio found within the first 3 
ml collected after release of occlusion. Distal refers to the sample 
containing the lowest double ratio (usually identical to or within one 
sample of the sodium minimum) . Proximal refers to an average of three 
consecutive samples at the beginning of the sodium plateau. 
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pattern is identical to the pattern seen with citrate in 
that it shows clearcut proximal (as well as distal) reab­
sorption of Zn. The proximal double ratios for the two 
dogs receiving histidine were 0.36 and 0.37. 

In contrast to citrate and histidine, cysteine produced 
no change from the control stop-flow pattern despite the 
marked increase in 65Zn in all the urine samples. None of 
the animals exhibited net Zn secretion during stop-flow 
anywhere along the nephron. 

DISCUSSION 

The clearance data obtained in this study strongly 
support the hypothesis that net reabsorption, averaging 
approximately 95%, is the dominant tubular mechanism 
for the renal handling of acutely administered zinc under 
basal conditions. Yunice et al. (23), in experiments with 
endogenous Zn rather than 65Zn, came to a similar con­
clusion, but their data differ from ours in that their 
estimate of ultrafilterability under control conditions was 
much higher-approximately 10% of total plasma zinc 

24 28 32 

FIG. 3. Stop-flow patterns for "''Zn 
and Na prior to and approximately 20 
min subsequent to chlorothiazide treat­
ment (see text for description). 

Accumulated Urine Volume in ml 
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FIG. 4. Example of stop-flow patterns for H5Zn, Ca, and Na before 
and 20 min after citrate treatment (see text for dose). 

compared with our 1.5%. Because their value was ob­
tained by using the Amicon UM-2 membrane (mol wt 
cutoff 1,000 daltons), we prepared, using the UM-2 filter, 
65Zn ultrafiltrates from plasma obtained from dogs un­
dergoing antidiuresis. We found that same value, 9-10%, 
as Yunice et al. (23). However, all of these samples tested 
heavily positive for protein (100-300 mg/dl), which could 
easily explain their high value for ultrafilterable [Zn]. 
This leakage of protein may be due to the fact that UM-
2 filtrates are prepared under 70 psi pressure for several 
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hours. Our ability to reproduce their result also argues 
strongly that the difference in ultrafilterability between 
the two studies does not reflect a difference between the 
ultrafilterability of endogenous Zn and that of acutely 
administered 6''Zn. Finally, our value of 1.5%, achieved 
using the Amicon CF-50A filter, is virtually identical to 
that reported by Prasad and Oberleas (6) who used a 
totally different dialysis technique. 

It must be emphasized that the present experiments 
were performed while plasma 65Zn was stabilized by a 
continuous infusion. Rubini et al. (7) reported clearance 
values for a single intravenous 6"Zn injection that indi­
cated that the clearance of plasma zinc was very low 
immediately after injection and then rose to extremely 
high values after plasma concentration had fallen to 
barely detectable levels. No measurement was made of 
ultrafilterable [Zn], and the very high clearance values 
were almost certainly artifacts resulting from non-steady­
state conditions (15). 

The stop-flow patterns for control dogs further sub­
stantiate the view that net reabsorption predominates 
under basal conditions, since distal reabsorption was the 
only consistently observed event. 

The second aim of these experiments was to evaluate 
the mechanisms underlying the hyperzincuria produced 
by various agents. The induction of mannitol diuresis 
significantly elevated fractional excretion of zinc with no 
change in ultrafilterable [Zn]. This effect was probably 
the result of enhanced tubular flow rates rather than of 
specific changes in tubular pathways for Zn transport. 
Steele (11) has reported a small increase in Zn excretion 
in human subjects during volume expansion with saline, 
and this increase correlated with the associated change 
in urine flow. 

Chlorothiazide was studied in the present experiments 
because, in contrast to other antidiuretic drugs, it has 
been found to increase Zn excretion (4, 22). In the clear­
ance experiments reported here, chlorothiazide's hyper­
zincuric effect was clearly on the renal tubular handling 
of Zn, since the drug did not affect ultrafilterable [Zn]. 
Stop-flow analysis revealed that chlorothiazide induced 
far distal tubular secretion of Zn and that, in addition, 
the distal reabsorptive minimum for Zn was elevated. 
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FIG. 5. Stop-flow pattern for ,;''Zn obtained during histidine infusion. 
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The latter might possibly be due to a decrease in distal 
reabsorption of Zn, but it is also possible that this ele­
vated minimum is the result of the induction of far distal 
secretion. In other words, the far distal secretory area for 
Zn sensitive to chlorothiazide may also extend into the 
distal reabsorptive area so that the distal minimum would 
be the resultant of simultaneously occurring reabsorptive 
and secretory movements (as is the case for potassium, 
the stop-flow pattern for which is altered in a similar 
manner by chlorothiazide [14]). 

Cysteine and histidine were infused because it has 
been postulated that these anions are the major low 
molecular weight ligands for Zn in plasma (10) and that 
alternations in their plasma concentrations are major 
determinants (acting via changes in the filtered load of 
Zn) of Zn excretion (16). Citrate might also be a potential 
ligand for Zn in plasma. All three anions increased both 
absolute zinc excretion and fractional excretion, but the 
clearance and stop-flow data taken together suggest that 
the mechanisms underlying these changes vary for the 
three anions. 

Citrate, for example, did not alter ultrafilterable [Zn], 
and its effect (at least at the doses used) must, therefore, 
be exerted mainly on tubular transport. The stop-flow 
pattern revealed no Zn secretion after citrate infusion, so 
it is probable that the key effect is inhibition of tubular 
reabsorption, most likely resulting from the binding of 
Zn by citrate within the tubular lumen. (That such 
binding would occur at this site but not in plasma is not 
surprising given the changes that occur in anion concen­
trations and pH as fluid flows through the tubule.) It 
might seem paradoxical that a substance that retards 
reabsorption would be associated with a clear-cut stop­
flow proximal reabsorption pattern not seen in the ab­
sence of the anion. However, this is precisely what one 
would predict since, as analyzed elsewhere for lead (20), 
anions might unmask a proximal reabsorptive site for an 
action during stop-flow by preventing achievement of a 
limiting concentration for that cation during free-flow. 

Cysteine and histidine, unlike citrate, produced a 
marked increase in ultrafilterable [Zn], and this effect 
can account for a large fraction, perhaps all, of the 
hyperzincuria produced by these two anions, as has been 
suggested by others (16, 23). In addition, it is clear that 
for any given increment in the filtered load of Zn, cysteine 
induces a much greater increase in fractional excretion 
of Zn than does histidine. A likely possibility is that 
cysteine retards Zn reabsorption to a greater degree than 
does histidine, a view consistent with the stop-flow data. 
Another theoretical possibility is that cysteine might 
induce tubular secretion of Zn. One dog did, in fact, 
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