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The sulfur contained in plasma is derived from
sulfalipids, sulfatides, amino acids, and glycopro-
teins as well as from ionizable inorganic sulfate.
The plasma concentration of inorganic sulfate is
partially determined by the kidneys, since the ion
is freely filterable at the glomerulus (1, 2) and
reabsorbed by the renal tubules. In dogs (3) the
excretory processes have been fairly well defined
and the tubular reabsorptive mechanism has been
shown to be characterized by a maximal transfer
rate (Tmso4). The present study was under-
taken to ascertain if similar mechanisms are op-
erating in man. To elucidate this problem, the
filtered load, tubular reabsorption, and urinary
excretion of inorganic sulfate were measured prior
to and during the infusion of sodium sulfate solu-
tion. Further, the readily exchangeable sulfate
mass was determined using isotope dilution tech-
niques. The results of this study show that the
tubular reabsorption of inorganic sulfate in man
is limited by a maximal transfer rate (Tm).

MATERIALS AND METHODS

Subjects. The subj ects were convalescent patients
without apparent cardiovascular, renal, or metabolic
disorders, and healthy young adult volunteers. All sub-
jects had been on an ordinary diet and were fasted 12
hours prior to the study.
Plan of study. Control blood and urine samples were

used to determine the fasting plasma inorganic sulfate
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concentration and the inulinoid blank in urine and plasma.
To measure the glomerular filtration rate (GFR) a prim-
ing dose of inulin, administered to raise the blood level
to approximately 0.25 mg per ml, was followed by a
sustaining infusion containing inulin in saline, delivered
by a Bowman constant infusion pump at a rate of 1.0 ml
per minute.

After an appropriate equilibration time, at least two
urine collection periods were obtained for measurement
of control glomerular filtration and sulfate excretion.
Five per cent sodium sulfate 1 was subsequently adminis-
tered by a second constant infusion pump to insure an in-
dependent rate of infusion of 2 to 10 ml per minute.
Throughout each study, which lasted for about 4 hours,
blood samples were obtained and urine collections were
made at intervals of 30 to 40 minutes. Complete urine
collections were obtained by urethral catheterization and
bladder washout with 20 ml of sterile distilled water fol-
lowed by an equal volume of air.

Analytical methods. Inulin was determined by
Schreiner's (4) modification of the method of Roe, and
inorganic sulfate was analyzed by the method of Power
and Wakefield (5).

Determtiniation of the exchangeable sulfate miass. The
readily available inorganic sulfate mass was calculated
as the product of the fasting plasma inorganic concen-
tration (Pso,) and the simultaneously measured volume
of distribution of radiosulfate (Vsmo4). The volume of
distribution of radiosulfate was derived by dividing the
total administered radioactivity by the plasma radioactivity
at the time of injection (6). This latter value was ob-
tained by extrapolating the exponential disappearance
curve of the injected radiosulfate to zero time. No cor-
rection was made for urinary loss of radiosulfate during
the equilibration time. According to Ryan, Pascal, Inoye
and Bernstein (7), as much as 7.2 per cent of the adminis-
tered dose is lost during equilibration. Therefore, the
plasma concentration of radiosulfate obtained in this
study is too high and the calculated volume of distribu-
tion is smaller than the extracellular fluid. However,
the data obtained suffice for the needs of this study. The
dried samples of plasma and urine, corrected for self-
absorption, were counted with a windowless gas-flow
counter.

1 Sodium sulfate for intravenous administration was
kindly supplied by Abbott Laboratories of North Chicago,
Ill.
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FIG. 1. THE PLASMA SULFATE CONCENTRATION PLOTTED
AGAINST THE CLEARANCE RATIOS OF SULFATE AND INULIN.

Calculationts. The tubular reabsorption of inorganic
sulfate (Tso4) was calculated as:

TsO4 = [(Pso4)(GFR)] -(tJSo4) [1]

where Pso4 and Uso4 represent the plasma and urine con-
centrations of inorganic sulfate in micromoles per milli-
liter; GFR, glomerular filtration rate in milliliters per

minute; and V, the urine flow in milliliters per minute.
The maximal tubular reabsorption of sulfate (Tmso4)
was calculated by averaging the three highest values for
tubular reabsorption during elevated plasma inorganic
sulfate concentrations. This calculation was not cor-
rected for equilibration of sulfate across a semipermeable
membranie. Swan, Feinstein and Madisso (2) reported
an equilibrium constant of 0.95 for man. If this factor
had been applied, the load and Tm would have been
slightly smaller.

RESULTS

Fasting plasmtia sulfate concentration. The fast-
ing plasma sulfate concentration in millimoles of
inorganic sulfate per liter of plasma, determined in
31 patients, varied between 0.2 and 1.1 mmoles per
L (mean 0.6 0.2 mmole per L). No relation-
ship was noted between the plasma suilfate concen-

tration and age, sex, body weight, or readily ex-

changeable sulfate mass.

Fasting sulfate clearance. The fasting sulfate
clearance (Uso4V/Pso,) in 12 subjects ranged
from 7.1 to 61.3 ml per minute. In the fasting

TABLE I

Data obtained in three studies of a representative subject

Sulfate
Plasma (Pso4GFR sulfate Filtered Excreted Reabsorbed XGFR)/T (T/GFR) 100 T/BW

ml Imin mmnolesIL /A?noleslmin gmoles/ ,umoles/
min/100 Mmin/kg
nil GF*No. 1 conitrol

98.0 0.55 54.0 5.7 48.3 1.1 49.3 0.8
98.0 0.55 54.0 5.8 48.2 1.1 49.3 0.8

Sulfate infusioin
98.0 1.43 140.0 3.22 107.8 1.3 110.3 1.8

114.0 1.52 173.0 73.0 100.0 1.7 88.0 1.7
114.5 1.95 223.0 130.0 93.0 2.4 81.3 1.6

No. 2 control
99.1 0.61 60.5 2.9 57.6 1.1 58.0 1.0
81.7 0.52 42.5 2.0 40.5 1.1 49.5 0.7

StLilfate infuisioni
86.9 1.08 93.8 39.8 54.0 1.7 62.2 0.9

105.8 1.21 128.0 58.2 69.8 1.8 66.0 1.2
101.9 1.30 132.5 80.6 51.9 2.6 51.0 0.9
89.4 1.70 152.0 95.0 57.0 2.7 63.8 1.0

No. 3 control
83.4 0.39 32.5 4.7 27.8 1.2 33.3 0.5
83.4 0.39 32.5 5.8 26.7 1.2 32.0 0.5

Sulfate infusion
80.4 0.60 48.2 7.2 41.0 1.2 51.0 0.777.5 0.84 65.1 32.1 33.0 2.0 42.7 0.6
87.3 1.23 107.4 65.2 42.2 2.6 48.5 0.7

* Micromoles per minute per 100 ml of glomerular filtrate (GF).
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TABLE II

Average data of all subjects

(Pso4
T XGFR)/ (Tm/GFR)

Patient BW GFR (control) Tm Tm* T/Tm X1OO Tm/BW

kg ml/min Imoles/ pmoles/ % jAmolesl moles/
min min min/100 min/kg

ml GFt
CA no. 1 62.2 88 47 81 2.3 58.0 92.0 1.3

no. 2 62.2 109 65 84 3.6 77.4 77.1 1.4

JO 110. 1 59.1 87 98 189 2.4 51.9 217.2 3.2
no. 2 59.1 87 124 143 2.1 86.7 164.3 2.4

NO no. 1 70.9 125 56 149 2.4 37.6 119.2 2.1
no. 2 70.9 156 61 111 4.7 55.0 71.2 1.6

AD no. 1 65.5 130 108 150 2.3 72.0 115.4 2.3
no. 2 65.5 147 71 188 6.8 37.8 127.8 2.9

WE no. 1 74.5 128 81 154 3.5 52.6 120.3 2.1
74.5 118 75 168 3.8 44.6 142.4 2.3

HE 65.5 89 34 36 2.2 94.4 40.4 0.6

RO 59.0 100 33 47 4.9 70.2 47.0 0.8

PA 63.6 125 66 156 1.7 42.3 124.8 2.5
MI 62.7 112 47 75 3.2 62.7 66.9 1.2
DJ 60.9 98 32 47 4.8 68.1 47.9 0.8

GA 63.6 88 15 50 5.0 30.0 56.8 0.8
CL 81.8 98 47 53 4.8 88.6 54.1 0.7
EF 69.8 144 77 166 3.1 46.4 115.3 2.4
ST 73.2 175 91 172 3.6 52.9 98.3 2.4
RI 43.2 84 17 34 5.9 50.0 40.5 0.8

* Highest load/Tm ratio; Tm = average of 3 periods with elevated sulfate load.
t Micromoles per minute per 100 ml of glomerular filtrate (GF).

state tubular reabsorption of inorganic sulfate is
close to maximal. Therefore, as the filtering load
[(GFR) (Pso4) ] is increased, the clearance of
sulfate also increases, approaching GFR, less the
amount of sulfate reabsorbed by the tubules (Fig-
ure 1).

Tubular reabsorption of inorganic sulfate. In
23 studies on 16 subjects, tubular reabsorption of
inorganic sulfate was determined before and dur-
ing the administration of sodium sulfate. In all
instances a maximal rate of sulfate reabsorption
(TmsO4) was reached, and this was not increased
by further elevation of the plasma sulfate concen-
tration. The data obtained in three studies of a
representative patient are shown in Table I.
There was no reproducibility of fasting inorganic
sulfate concentration on successive weekly studies.
Variations are not due to changes in filtration rate,
since this was remarkably constant. The load/T
ratios in this patient ranged from control level of
1.05 to a high of 2.67 during sulfate infusion, well
above that considered necessary to saturate the

transfer mechanism. At these load/T ratios, no
evidence of the self-depression phenomenon was
noted.

Data for all other patients are summarized in
Table II. Tubular reabsorption of inorganic sul-
fate varied markedly among individual patients and
in repeated determinations in the same subject.
The mean TmsO4 was 113 mmoles per minute
(SD ± 55) and the coefficient of variation was
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FIG. 2. INORGANIC SULFATE T/TM PLOTTED AGAINST THE
SULFATE LOAD/TM RATIOS.
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49 per cent. If the Tm5,0o is related to 100 ml of
glomerular filtrate, the mean was 97 mmoles per
minute (SD ± 45) with a coefficient of variation
of 47 per cent. Since there is no reproducibility
and since the variation within each study is too
great to permit comparison of the TmS04 among
individuals, both the Tso, and the filtered load
(Pso0 X GFR) were factored by the maximal
tubular transfer rate (Tmso4). These values, for
all subjects, are plotted in Figure 2. Accepting
the existence of a Tm, this figure illustrates that
the T/Tm ratio approaches 1.0 as the load/Tm is
raised above 1.0, thereafter remaining constant to
load/Tm ratios of 5.0.

DISCUSSION

The observed fasting plasma inorganic sulfate
concentration of 0.6 mmole per L (equivalent to
1.9 mg per 100 ml sulfur, or 1.2 mEq per L sul-
fate) is in agreement witlh valuies summarized by
Hayman in 1932 (8) and later confirmed by others
(5, 7, 9-11). The plasma inorganic suilfate level
is determined by many variables, such as protein
catabolism, absorption fromi the gastrointestinal
tract, and glomerular-tubular balance. As far as
we know, the only variable that can be directly
controlled is the dietary protein. The values ob-
tained in this study represent an unselected
sampling, since no attempt was madle to regulate
the diet.
With increasing loads, the sulfate clearance will

approach glomerular filtration asymptotically be-
cause tubular reabsorption of sulfate is rapidly ex-
ceeded, and therefore the amount of filtered sulfate
becomes relatively much greater than the amount
of sulfate reabsorbed by the tubules.
The results of this study show that reabsorption

of inorganic sulfate by the renal tubules is limited
by a maximal rate (Tmso,). The variability of
this Tm among individuals and in repeated obser-
vations in the same individual remains unex-
plained. This variability persists, if Tm is ex-
pressed per 100 ml of glomerular filtrate, indi-
cating that Tmso4 is not comparable between indi-
viduals. Further, tubular reabsorption of inor-
ganic sulfate is in man not dependent on GFR,
although in the dog, Tmso4 varies directly with
the filtration rate (12). In determination of
Tmso4, it cannot be excluded that there is dif-

fusion of sulfate from peritubular fluid to tubular
uirine as shown in the dlog after a single injection
of radiosulfate (S3504) into the renal artery (13).
To explore mechanismiis which miiighit conceivably
be interdependent and affect the tubular reabsorp-
tion of sulfate, the readily available sulfate mass
was related to the Tmso4 but no correlation was
noted.

Since sulfate is apparently actively reabsorbed
in the kidney by a transfer mechanism showing
limiiited capacity, it should follow the principle of
an enzymne catalyzed reaction with a maximal re-
action rate (Tm). Shannon in 1939 postulated
(14) the general processes for the excretion of
substances characterized by a Tm. Thompson
and Hiatt (15) applied this concept to inorganic
phosphate. The hypothesis could similarly be
utilized for inorganic sulfate reabsorption.

Cohen, Berglund and Lotspeich (16) have re-
ported that acetoacetate, phosphate, and sulfate
share a common reaction with glucose during tu-
bular reabsorption. They further demonstrated
that gluicose was preferentially reabsorbed, a re-
action selectively inhibited by phlorizin, accele-
rating the reabsorption of acetoacetate, phosphate
and sulfate.

Berglund and Lotspeich (12, 17) found in dogs
that l-alanine, glycine, l-arginine and sodium chlo-
ride depress Tmgo, conceivably because of specific
inhibition of an enzyme, or because of competition
for a carrier system. Evidence in favor of a car-
rier sYstem was adduced by Berglund, Helander
and Howe (18), who demonstrated in the dog
muttual competitive inhibition between sulfate and
thiosulfate reabsorption.

Gershberg, Hodler and Gasch (19) reported
that a synthetic low protein diet in dogs caused
an increase in the plasma sulfate concentration,
possibly a result of increased tubular reabsorption.
A high protein diet or DCA had no effect on tu-
bular reabsorption, while cortisone increased the
maximal rate of sulfate reabsorption. Gershberg
and Gasch (20) also noted an increase in Tmso. in
three of four dogs given growth hormone. They
suggested that some intermediate change in pro-
tein metabolism induced by the hormone may af-
fect Tmso4. No attempts were made in the pres-
ent study to alter the reabsorption of sulfate in
man.
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SUMMARY

1. Tubular reabsorption of inorganic sulfate in
man is limited by a maximal rate (Tmso4).

2. This tubular transfer rate is not reproducible
in any one individual and varies markedly between
individuals.

3. The mechanism responsible for the lack of
reproducibility remains unexplained.
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