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Renal Excretory Mechanisms of Heavy Metals
L. Transiubular Transport of Heavy Metal lons in the Avian Kidney
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Inulin, as 2 reference glomerular substance, was injected simultaneously with radio-
active isotopes of copper, cobalt, chromium, mangancse, molybdenum, mercury or léad
ions, as well as with cadmium in the form of cadmium cysteinate hydrochloride, into
the renal portal circulation of the chicken. Radioactivity in all studied metals, inde-
pendent of valence or positive or negative charge of the ions, was demonstrated in
fractionated uring collections before the first detectable traces of inulin. All studied
heavy metals are therefore considered to be similar to sodium and other essential ions
in being able to pass into the urine not only by glomerular filiration but also by direct
transport across the tubalar wall. The possible significance of this transtubular trans-
port in the renal excretory mechanism of heavy metals, in relation to their plasma
diffusible fractions, is briefly discussed. .

The pharmacology of heavy metals, in view of their extensive use in industry
and their increasing presence in the external environment, has attracted con-
siderable attention. Results of recent studies have been summarized (Passow
et al., 1961). The general aspects of the mechanisms of renal excretion have not,
however, been studied to any great extent so far, and in some respects even basic
__data are lacking. Knowledge of excretory mechanisms may be expected to con-
tnbut&underst.andmg of basie prineiples of evaluation of individual or population
exposure and . may even afford the possibility of therapeutm alteration of such
regulatory mechanisms.

Although individual heavy metals differ considerably in their chemical re-
‘activity, they are praetically all able to bind with a number of organic molecules.
The high degree of their interaction with ligands present in erythrocytes and/or
plasma proteius, however, considerably limits the use of classical clearance
methods (Smith, 1955} in the study of their renal exeretion., If ultrafiliration

! through the glomerular membrane and/or permeation through the tubular wall in

both directions be econsidered (the two most important general processes in the

. transport of any substance between blood and urine) then it may be agreed that

the partieipation of glomerular filiration in the mechanism of renal exeretion has
been demonstrated for a number of metals (Wills, 1953 for uranium; Hursh et al,,
1960, for radium; Collins et al., 1961, for chromium; Vostél, 1963, for lead, etc.)
and predicted in others (Simmonds, 1942; Rodin and Crowson, 1962; or Gayer
et al, 1962, for mercury, ete.). On the other hand, the predominanee of tubular
secretory mechanisms in metal excretion by the kidney has been stressed for mer-
cury (Bergstrand el al., 1959; Passow et al., 1961; Berlin and Gibson, 1963; Mam-

1
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2 VOSTAL AND HELLER

bom"g and Raynaud, 1965, efe.) and the experiments carried out by stopSow
technique in dogs by Gayer ef «l. (1962) tended to demonstrate tubular reabsorp-
tion of filtered mercury in the kidney. Similar behavior of lead ions as well was
observed in acute exposure experiments on dogs (Vostil, 1963). The question,
therefore, whether heavy metal ions are able to be transported across the cellular
structures of the renal tubule seemed to be important for demonstrating tubular
component participation in the gencral mechanisms of heavy metal excretion by
the kidney.

Renal portal circulation in avian kidney has been used in this investigation to
study the possibilities of transtubular transport of heavy metals.

EXPERIMENTAL APPROACH

The transport of sodium and other ions across the tubular wall not only from -
the lumen into peritubular fluid but also in opposite direction was demonstrated '

by Chinard and Enns (1@55), after simultaneous injection of radioisotopes to-

gether with a glomerular substance directly into renal artery of the dog. A glomer-

ular substance which does not penctrate the tubular wall can appear in urine
only after ultrafiliration through the glomerular membrane. Earlier appearance
of the simultaneously injected isotope must mean that this ion was able to pass

ART. RENALIS

V. RENALIS

Fia. 1. Schematic drawing showing Chinard’s technique of transtubular transport testing
in the mammalian kidney. Tested substance (black arrows) is injected together with glomer-
ular substance (striped arrows) simultaneously into the renal artery of the dog kidney.

through the tubular epithelinm distal to the glomerulus i.e. by-passing, with the
postglomerular blood, part or parts of the nephron more rapidly than the filtrate
flowed through the tubular lumen and thus reached, via the peritubular capil-
laries, the outer wall of tubular cells and collecting duets earlier. A eoncentration
gradient was thereby formed between the peritubular fluid and the tubular lumen,
enabling transport of the injected radioisotope across the tubular wall (Fig. 1).

T

gy sinit ARG A A O Rt A A S S

R TR R IR
Gty ol
prtratal
tubulnr w
el el
{ES GatH I e
tire haldy
(“!wil‘l] I\-u

Fri. 2. %
Tivted sulw
arrons) into

ALule ohi
wed ns ex
A0 mg ke
The outer

DUP0O50312353




it by stopflow
atlar reabsorp-
ns as well was
The question,
»ss the eellular
rating tubular
1l excretion by

ﬁwestigat.ion. to

not only from
; demonstrated
lioisotopes to-
dog. A glomer-
ypear in urine
ier appearance
1s able to pass

transport testing
‘her with glomer-
log kidney.

wssing, with the
han the filtrate
itubular capil-
\ coneentration
tubular lumen,
~wall (Fig. 1).

B T

U

TRANSTUBULAR TRANSPORT OF HEAVY METALS 3
I'he eirculatory differences in mammalian and avian kiduey scemed to offer better
conditions for testing the existence of transtubular transport. Renal blood supply
in birds is mediated by both the renal artery and the vena portac renalis, which
simultancously drains the venous system of the pelvic leg on the same side (Sper-
ber, 1948). Blood flow of the portal circulation omits the glomerules, Its branches
enter close to the vasa efferentia of the glomerules, directly into the common
peritubular capillary net. If a substance being studied is transported across the
tubular wall, it appears in ureteral urine after injection into portal circulation
much earlier than a substance excreted only by glomernlar filtration, which would
he brought to the glomerular membrane only after recirculation through the en-
tire body (Fig. 2}. Morcover, the participation of other factors is completely ex-
cluded (Vostil and Heller, 1963),

STIYN3Y LY
3

V. RENALIS

V.PORTAE RENALIS

Fia. 2. Schematic arawing showing transtubular transport testing in the avian kidney.
Tested substsnce (black arrows) is injected together with glomerular substance (striped
arrows) into the renal portal system of chicken,

MATERIALS AND METHODS

Male chickens, Gellus domesticus, variety White Leghorn, weight 2-3 kg, were
used as experimental animals. They were anesthetised by sodium pentobarbital
(30 mg/kg ip.) and ureters were cannulated from cloaca or after perinea) incision.
The outer diameter of the polycthylene catheters, always inserted at the same dis-
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- tance from the cloaca and tied in placc, was such as to fit snugly into the ureters. test tubes, were {her
To provide adequate urine flows intravenous injcetion of hypertonie 5% sodium method (Harrison, 1
chloride or 10% urea solution was started at the beginning of each experiment and
supplemented by continual infusion as required during the course of experiment.
' Urire flow of 0.6-1.0 ml/kg/minute from each side was considered adequate. Figure 3 domonst;
When the urine flow was adequate, the leg vein—a branch of vena ilica externa— of inulin and rudioa
' on the side of the urine collection, was cannulated. After three control drops of chicken and individ
urine directly from the cannula opening into small glass test tubes (arranged in - and isotope. Quite si
an order similar to that used in stopflow technique) had been obtained, isotonie radioisotopes of oth
! radioisotope solution in 0.8% N4Cl containing inulin was rapidly injected and .available, These e
collection of individual urine drops eontinued. The volume of injected test solution radioactivity appew
was always 2 ml; the injection took 1-2 seconds for completion. The radioactivity
of the injected solution was in all instances the same, i.e. 100 xCi; the amount of |
simultaneously injeeted inulin used as the reference glomerular substance was 100 o5 b -
mg. Experiments with individual isotopes were earried out in groups of 46 ani- g
mals. The integrity of the portal circulation was tested in all animals after the ot &3
experiment by intraportal injection of 0.2 mg/kg phenol red in saline and the
functional state of portal cireulation visually evaluated by observation of a con- 0 I
siderable excess of red color excreted in the urine from the experimental side -
(Campbell, 1960). Exceptional animals whose portal circulation could not be ¢ ot
clearly demonstrated to be functionally sound, were not included in the study. As
the radioactivity on the control side was regularly delayed and appearing with sl
the inulin, after the first experiments corrections for excretion from the control
side were not carried out. X . ol os
Radioactive lead *2Pb* (Thorium B), carrier-free, was produced by —_
electrodeposition in a radioemanator containing radiothorium (RdTh?2s, half- °
life 1.9 years). Electrodeposits were dissolved in 2 ¥ nitric acid p.a., neutralized F. 3. Excretion j
- and suitably diluted by 0.9% sodium chloride solution. Copper Cu** (spec. stantaneous injection ¢
T - agtivity 2.5 Ci/gm Cu) as well as freshly produced cadmium 5Cd* (spec. activity of & chicken at the mo
eca 01 Ci/gm COd), both in the form of chloride salts, were supplied by Zentral- two figures ‘epmﬁf“ u
institut fiir Kernforschung, Dresden, DDR. However, preliminary experiments fi‘::{‘fﬂﬁ;?‘;} sritn?
showed that the carrier content was toxie for experimental animals, despite high appesranes of deteetab!
. speetfic activity of freshly produced radioisotope. Therefore, cadmium had to be
injected as a mixture with cystein hydrochloride in 1:20 molar ratio (Vander, which does not pas-
1962). Manganese 52Mn** (carrier-free) and mercury 2°?Hg* (spec. activity graphic presentatior
50~70 mCi/gm Hg), both also in the form of chloride salts, were products of the ferent radicisotopes
Institute of Nuclear Research, Prague, Cobalt 5Co* (carrier-free) in the form were obtained by a1
of eobalfous ehloride and hexavalent molybdenum °Mo® (spee. activity 5 Ci/ percents were calcul
gm Mo) in the form of ammonium molybdenate as well as chromium *Cr® in and the first evidene
the form of sodium chromate were obtained from Radiochemieal Centre in In Figs. 4and 5
Ammersham, England. Radioaetivity of the individual drops of urine was meas- isotopes of heavy 1
ured in a well-type scintillation counter without further adjustments of the sample studied metal tons,
and, when neeessary, corrections for radicisotope decay were made. Results were the ion, appear in
expressed in counts per minute per individual drop. Measurement ¢ime was se- portal eirculation i
lected after radioactivity sampling demonstrated significant differences from the merely by glomeru
; background, within a == 5% error. Urine drops, after proper dilution in the same other fons (Vostid] a
i 6
i §
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TRANSTUBULAR TRANSPORT OF HEAVY METALS 5

test tubes, were tlien analysed for inulin by a micromodification of diphenylamine
method (Harrison, 1842) with alkali treatment.

RESULTS

Figure 3 demonstrates a typical result of one of experiments in which a mixture
of inulin and radioactive lead #°Pb* was injected into the portal circulation of a
chicken and individual drops of subsequently produced urine analysed for inulin
and isotope, Quite similar results were obtained in other experiments with lead and
radioisotopes of other heavy metals, wherever their gamma-emitting isotopes were
available, These experiments demonstrated that after simultancous injections
radioactivity appears in urine much earlier than simultaneously injected inulin,

ks

- M‘
Br 212y 4+ 12
Pb**CThB) _
20 | H10
- 2
w B 18 #
£
° 1o}
5 F . ’
’&’&o 'G”O""W“O‘rong-g P
. P .o .
ol »onooooRR, 2 Z /
L - 1 L 1 L L 2 A 3 ]

O 10 2 30 40 50 60 70 80 90 00 wi%

Fie, 3. Excretion pattern of radioactive lead isotope (@) and inulin (A) after an in-
stantaneous injection of 100 xCi *Pb** together with 100 mg of inulin into the left leg vein
of a chicken at the moment indicated by an arrow. Different symbols in this and the following
two figures represent the coneentration of tested substances in single drops of urine collected
-separately from left ureter. Individual drops are on ihe abscissa expressed as a percentage of
total Volume_ of urine excreted by the kidney in the time intervel between injection and first
appearance of detectable traces of inulin. '

which does not pass bhroug]'x the tubular wall in either of the two directions. For

graphic presentation and comparison of individual experiments as well as dif-
ferent radioisotopes additional caleulations were made. Although individual drops

were obtained by a modified stopflow technique (Malvin et al,, 1958) urine volume -

pereents were caleulated from the volume of urine obtained between the injection
and the first evidence of measurable inulin concentrations.

In Pigs. 4 and 5 typical excretion patterns obtained with representative radio-

isotopes of heavy metals are shown. Both figures clearly demonstrate that all
studied metal jons, independent of their valence or positive or negative charge of
the ion, appear in the urine, after simultaneous injection with inulin into the
Portal circulation of chicken kidney, much earlier than a substance exereted
merely by glomerular filtration. As in previous experiments with sodium and
other jons (Vostél and Heller, 1963), the data demonstrate that the studied heavy
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metals ions, as well as cadmium cysteinate hydrochloride, are transported across
the tubular wall distal to the glomerulus, in the chicken kidney. Significant in-
crease in radioactivity appeared at 32-62% of the urinary volume excreted during
the interval between the injection and first traces of inulin in the urine. Although
individual heavy metals differed in their exeretion pattern, the recorded differ-
ences in level and extent of radioactivity excretion remained within limits of one
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Fic. 4. Cumulative graph of typical excretion patterns of radioactive lead, mercury, cad-
mium (as cysteinate hydrochloride) and manganese after instantaneous injections with inulin
into the renal portal system of ehicken kidney at the time indicated by an arrow.

order. These diffcrences may be primarily attributed to variable urine flow relative
to different efficacies of scintillation equipment for energetically different radi-
“ation levels of various isotopes. Also, the possible effect of various degrees of
binding on plasma and tissue components, as well as possible differences in dif-
fusion cocfficients should be considered in interpretation of the results. Current
knowledge of the chicken kidney does not allow evaluation of the role of each
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“Fro. 5.,‘_C_lkumulutive graph of typical exeretion patterns of radiosctive copper, cobalt, molyb-
denum and chromium ions after instantaneous injections with inulin into the renal portal
systom of chicken kidney at the time indicated by an arrow.

part of the nephron reached by intraportal injection in the individual experiments.
Therefore, different excretion patterns cannot, for the time being, be explained
by possible differences in excretory mechanisms for the several metals.

DISCUSSION

) In view of the faet that Chinard (1955) has demonstrated that time differences
in the appearance of injected metals and inulin in urine cannot be explained by
differences in diffusibility of these substances in tubular fluid in nephron lumen,

" the question remains as to significance the proof of transtubular transport might

have for the study of renal excretion of metals. It can be generally assumed that
heavy metals should be, except for their increased ability to be bound onto in-
travaseular and/or intracellular ligands, excreted by the same renal mechanism
a5 other essential eations and anions. These mechanisms might, however, differ

-
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‘considerably in individual cases, as shown by the well known differences in the !
i excretory mechanism of chemically rather similar ions as e.g. sodium, lithivm and fratie
potassium, or caleium, strontium and magnesium on the other hand (Smith, 1953). P
‘The participation of a tubular component, evident in the exeretion of the above- (AT EATER

: mentioned essential eations, has been demonstrated for heavy metal ions by our RIERER
results. Along with increased binding to plasma proteins—if we consider the ERANE U
. fraction bound to blood corpuscles as not available for excretion—and therefore auly b
2 decreased plasma diffusible fraction of heavy metals in bloed, probably the "_"‘_‘ etplae:
: importance of glomerular filiration in the mechanism of excretion of at least vithe e
E . some representatives of the heavy metals group diminishes, and the higher binding the body b

ability of intracellular ligands of tubular cells may take precedence over the
intravascular ligands. Rapid increase in the concentration of the metals studied,
in peritubular capillary blood immediately after intraportal injection, permitted
our demonstration of transtubular transport for all studied heavy metal ions,
although the quantitative degree of this transport differed considerably for in-
dividual fons.

If the majority of all previously mentioned factors, probably responsible for
differences found in exeretion patterns, be neglccted one common factor of decisive

gV gt 9 g

Rige ot g

hmportance for the existence of any transport in the living organism remains, ie.
5 the level of the diffusible fraction in blood. This diffusible fraction, consisting
3 .. theoretically of ionized and unionized bound component, could be predicted for

‘g heavy metals on the basis of similar behavior of other ions in plasma. Its level,

: 1 however, would probably remain under the level of our detectable limits (Berlin
3 and Glbson 1963; Vostil, 1963). It would depend not only on the metal-binding
1 ability of "various biological hgands as, e.g. amino-, carboxy-, and thiol-groups,

B where the sequence of metal affinity might differ considerably (Passow ef al,
% 1961), but would also be determined by the fact that some of these ligands are
4o N on nondiffusible macromolecular tissue or plasma proteins while others are on
4 'y~ _ diffusible molecules, e.g. natural amino- and other organic acids. The level of the

" * diffusible component would therefore probably be conditioned by many complex
factors already in physiological homeostasis some of which might be affected by
additional toxic effects of heavy metals, in which, for example, aminoacids might

i3

o

i change considerably (Thoelen and Pletcher, 1953; Clarkson and Kench, 1956). Fie. 6. &
t 'The diffusible fraction may also pass from the vessels into the extraceliular N ’i follow
i fluid and consequently across the cellular membrane into the intracellular fluid; o

i it could then be easily transported into the tubular cells. The presence of specifie It ny

i macromolecular nondiffusible figands in renal tubular cells with known high af- beavy
i finity for a number of heavy metals, competes thereafter for entering metal ions R

1 B

within the diffusible fraction. The resulting decrease in metal concentration in the
' diffusible fraction enecourages further transport of metal ions into the cell from
i the extracellular fluid, following the concentration gradient. Although the steady
: state between the concentrations of diffusible metal and metal bound to non-
I " diffusible macromolecular Higands inside the cell is highly shifted in favor of the
bound eomponent, the diffusible fraction, although low, may come into contact
& o with the ccll membrane separating the tubular cell from the nephron lumen and,
co o) RS following the concentration gradient, penetrate into the tubnlar fluid (Fig. 6).
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" TRANSTUBULAR TRANSPORT OF HEAVY METALS 9

This is probably not the only mechanism underlying the observed transtubular
transport of metal ions, since after intrarenal administration, considerable dif-
fusion of free metal ion into the extracellular fluid may occur, reflecting the fact
that binding to blood components is not yet in equilibrium. Consequent formation
of a high concentration gradient in diffusible fractions considerably favors trans-
port across the tubular cell. The existence of a diffusible component formed
mainly by organic bound metal jons has also been suggested to explain metal
reabsorption through the intestinal wall (Saltman, 1965) and could well be one
of the many renal mechanisms by which the heavy metal jons are excreted from
the body into the urine.

INTRAVASCULAR . INTRACELLULAR
INTERSTITIAL INTRATUBULAR
7,
_____ O 4 \
- O
[ 4
H v ' ! ; :
a : Loy

BLOCD EXTRACELLULAR yymyar  TUBULAR
FLUID - CELL LUMEN
.
B © BOUND O DIFFUSIBLE % LIGANDS

Fia. 6. Schem;i:ic"ﬂra.wing showing possible trauspérl: of heavy metals diffusible fraction
(Q) following the concentration gradient across the remal compariments into the tubular '/ .

fluid,

It may be concluded therefore that we have demonstrated that all studied ;
heavy metal jons, ie. copper, cobalt, chromium, molybdenum, manganese, mer-"". -
cury, and lead as well as cadmium eysteinate hydrochloride are similar to sodium =~
md other ions in being able to pass into the urine not only by glomerular filtra- .
tion, but also by direct transporé across the tubular wall. Whether or not and to .. -

what extent this mechanism participates in the normal excretion of these metals,

as well as the possibility of participation of active secretory processes in this’ "

transtubular transport, still remain open questions. The approach here utilized-.

seems useful for obtaining further information on the mechanisms of renal ex-.." ..

cretion of metals.
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