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Abstract

In previous studies we have shown stimulation of renal acid excretion
in the proximal tubules of rats with diabetes of short duration, with no
important alterations in glomerular hemodynamics; on the other hand,
in thyroparathyroidectomized rats (TPTX model), a significant de-
crease in renal acid excretion, glomerular filtration rate (GFR) and
renal plasma flow (RPF) was detected. Since important changes in the
parathyroid hormone-vitamin D-Ca axis are observed in the diabetic
state, the present study was undertaken to investigate the renal reper-
cussions of thyroparathyroidectomy in rats previously made diabetic
by streptozotocin (45 mg/kg). Four to 6 days after the induction of
diabetes (DM), a group of rats were thyroparathyroidectomized (DM
+ TPTX). Renal functional parameters were evaluated by measuring
the inulin and sodium para-aminohippurate clearance on the tenth day.
The decrease in the GFR and RPF observed in TPTX was not reversed
by diabetes since the same alterations were observed in DM + TPTX.
Net acid (NA) excretion was unchanged in DM (6.19 + 0.54), de-
creased in TPTX (3.76 = 0.25) and returned to normal levels in DM +
TPTX (5.54 £ 0.72) when compared to the control group (6.34 +0.14
pmol min! kg1). The results suggest that PTH plays an important
vasodilator role regarding glomerular hemodynamics, since in its
absence the impairment in GFR and RPF was not reversed by the
diabetic state. However, with respect to acid excretion, the presence of
diabetes was able to overcome the negative stimulus represented by
TPTX.
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Introduction

The mechanism of urinary acidification
has been shown to be altered in several
diseases, as well as in experimental models.
In a previous study, we showed that an in-
crease in the rate of proximal tubular acidifi-
cation was demonstrable in rats made dia-
betic (DM) by intraperitoneal administration

of streptozotocin (1) while a significant de-
crease in this parameter was observed in the
thyroparathyroidectomized (TPTX) rat model
(2). Several factors interfere with the activity
of the Na*/H* exchanger, among them acid-
base status (3-6) and hormonal stimuli (2,7),
as well as pathophysiological situations (8,9).
The presence of diabetes has been shown to
be responsible for a number of alterations in
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metabolic pathways which include stimula-
tion of proximal tubular Na* reabsorption
(10), renal tubular activity of Na*-K*-ATPase
(11,12) and protein kinase activity (13,14).
On the other hand, hyperparathyroidism has
been associated with both metabolic acido-
sis and alkalosis. Pollock et al. (15) showed
that parathyroid hormone (PTH) inhibits Na*
and volume reabsorption in the proximal
tubule, which could lead to metabolic acido-
sis, while Bichara et al. (16) proposed that
hyperparathyroidism could cause metabolic
alkalosis of renal origin since the hormone
stimulated the tubular excretion of ammo-
nium and titratable acidity.

Since disturbances in PTH and Ca?" me-
tabolism are frequently reported in the dia-
betic state (17,18) and that secondary hyper-
parathyroidism which accompanies chronic
renal failure is associated with derangements
in insulin release (19), the present study was
designed to focus on the effects of both DM
and TPTX on renal functional parameters,
with special emphasis on urinary acidifica-
tion.

Material and Methods

Male Wistar rats weighing 200 to 300 g
were obtained from Escola Paulista de
Medicina, Sdo Paulo, Brazil. They received
arat pellet diet and water ad libitum until the
time of the experiments. Diabetes was in-
duced by intraperitoneal (ip) injection of 45
mg/kg streptozotocin (STZ) 10 days before
the experiments, and prepared in citrate
buffer, pH 4.0. The induction of diabetes
was confirmed by measuring glycemia 5-6
days after drug administration. The rats that
presented glycemia below 280 mg% were
not used in the study. Thyroparathyroidec-
tomy was then performed under ether anes-
thesia and was considered successful only
when total plasma calcium concentration fell
by 1.75 mg/dl or more from preoperative
levels, 24 h after surgery. The following
groups were studied: sham-operated control
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group (C) (N =9), DM rats (N =9), TPTX
rats (N =9) and DM + TPTX (N =9).

Thyroxin, 1 ug/100 g body weight, was
given by subcutaneous injection to TPTX
rats, every 24 h. This dose has been shown to
be necessary to reach euthyroidism (2). At
the time of the experiments, the animals
were anesthetized with Inactin (Byk-Gul-
den, Konstanz, Germany), 100 mg/kg ip, and
prepared for clearance measurements.
Briefly, the jugular vein, carotid artery and
urinary bladder were cannulated for infusion
and blood and urine withdrawal, respectively.
A tracheotomy was performed.

Clearance measurements

To evaluate the glomerular filtration rate
(GFR) and the renal plasma flow (RPF),
after a priming dose of inulin and sodium p-
aminohippurate (PAH), 30 mg/100 g and 2
mg/rat, respectively, the infusion of a sus-
taining dose of inulin, 0.05 mg min! 100 g1,
and of PAH, 40 mg/10 ml, in isotonic saline
was initiated at a rate of 0.06 ml/min. After a
stabilization period of 30 min, four clear-
ance periods of 30 min were studied. Blood
samples were obtained at the midpoint of
each clearance period. Urine was collected
quantitatively in preweighed containers, and
urine volume was determined gravimetri-
cally. Inulin concentration in plasma and
urine was measured by the method of Fuehr
et al. (20) and PAH concentration in plasma
and urine by the method of Smith et al. (21),
both adapted for smaller plasma and urine
volumes. Urine and plasma Na* and K* con-
centrations were determined with an Na*/K*
analyzer, model 248 (Ciba-Corning Diag-
nostics Ltd., Essex, England). Urine and
blood pH, pCO, and bicarbonate values were
obtained with a Ciba-Corning, model 614
blood gas analyzer. Titratable acidity (TA)
in urine was measured by microtitration and
ammonium excretion (NH,") by the spectro-
photometric method of Connerty et al. (22).
Net acid (NA) excretion was calculated by
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the formula: NA = TA + NH," - CHco3'
where Crco,™ is the excreted amount of bi-
carbonate. Ionized calcium was measured
with a calcium-selective electrode, model
9140 (A VL Scientific Corporation, Roswell,
NM, USA). Total calcium in plasma and
urine specimens was measured by a colori-
metric method.

Statistical analysis

The results are reported as means £+ SEM
and were analyzed statistically by analysis of
variance followed by the Scheff¢ test and by
the Kruskal-Wallis test followed by Dunn’s
post-test, when necessary, with the level of
significance set at 0.05.

Results

Streptozotocin induced an overt diabetic
state in the treated rats, as shown by the
mean glycemia values obtained for these
animals, i.e., 317.50 = 13.56 and 322.8 +
15.23 for DM and DM + TPTX rats, respec-
tively. These values were significantly higher
(P<0.001) than those of the control and TPTX
rats, 86.0 £ 2.98 and 88.7 = 5.44 mg/dl,
respectively. The final body weight of the
studied groups was similar.

Table 1 shows the acid-base data for the
groups studied. Diabetic rats presented a
lower urine pH than that of the control group,
which suggests that acid excretion was stimu-
lated in this condition, probably due to the
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Table 1 - Acid-base data of control (C), diabetic (DM), thyroparathyroidecto-

mized (TPTX) and DM + TPTX rats.

Data are reported as means + SEM for the number of measurements given
within parentheses. Significance level: *P<0.05 vs C; **P<0.05 vs DM;

*P<0.05 vs TPTX.

Group Blood pH Blood HCO3 (mEq/l) Urine pH
Control (15) 7.41 = 0.01 20.05 + 0.70 6.11 + 0.06
DM (24) 7.38 = 0.01 17.8 +0.83 5.88 + 0.046*
TPTX (20) 7.40 + 0.01 16.86 + 0.52* 6.20 + 0.04**
DM + TPTX (22) 7.35 + 0.042 22.09 + 0.78*** 6.18 + 0.046**

acid overload produced by the metabolism
of'the diabetic rats. In TPTX, although blood
HCO;3~ was decreased, urine pH was not
different from control values, suggesting that
a renal compensation mechanism was not
triggered.

As shown in Table 2, thyroparathyroi-
dectomy induced a significant decrease in
GFR, U/P inulin and in RPF; these alter-
ations were also present in DM + TPTX,
suggesting that in this model of acute dia-
betic state the vasoconstrictor stimulus, i.e.,
the absence of PTH, was preponderant over
glomerular hemodynamics. NA was un-
changed in DM when compared to control
values, as seen in Table 3. A significant
decrease in NA was obtained in TPTX,
mainly due to a decrease in titratable acidity;
in the DM + TPTX group, NA returned to
values not different from those for C and
DM, suggesting that the presence of DM was
amore potent stimulus of acid excretion than
the inhibition promoted by the absence of
PTH.

Table 2 - Renal function data in control (C), diabetic (DM), thyroparathyroidectomized (TPTX) and DM + TPTX

rats.

Data are reported as means = SEM. The number of measurements is given within parentheses. GFR =
Glomerular filtration rate; U/P inulin = urine/plasma inulin ratio; RPF = renal plasma flow; V = urine flow; FF =

filtration fraction. *P<0.05 vs C; *P<0.05 vs DM.

Group GFR U/P RPF \Y FF

(ml min1 kg2) inulin (ml min' kg') (ml min1 kg2) (%)
Control (15) 7.79 £ 0.33 540 +35 20.7 +=1.07 0.14 £0.011 35.75 £ 0.48
DM (24) 6.66 * 0.58 404 * 1.76* 18.41 = 1.51 0.17 +£0.009 36.1 *+0.9
TPTX (20) 4.88 + 0.26** 41.6 + 2.41* 13.5 + 0.80** 0.15 £0.007 3354 £ 1.45
DM + TPTX (22) 5.29 + 0.32* 33.57 £ 2.01** 14.19 + 0.66** 0.16 +0.008 383 *1.22
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Table 3 - Titratable acidity (TA), excreted ammonium (NH4"), excreted amount of bicarbonate (Cricoy™)
and net acid (NA) excretion in the groups studied.

C = Control, DM = diabetes mellitus, TPTX = thyroparathyroidectomized rats. Data are reported as
means + SEM. The number of measurements is given within parentheses. *P<0.05 vs C; *P<0.05 vs
DM; **P<0.05 vs TPTX.

Group TA NH4* Chcoy™ NA
(LEq minl kg'1) (MEq min't kg') (MEq min-l kg'?) (LEq min- kg'1)

C (24) 2.41 = 0.13 41 +0.34 0.12 = 0.01 6.34 = 0.14
DM (24) 2.78 = 0.208 3.49 = 0.36 0.08 = 0.009 6.19 + 0.541
TPTX (19) 1.48 = 0.13** 2.49 = 0.98 0.23 = 0.04 3.76 = 0.25**
DM + TPTX (22) 2.43 + 0.18** 3.32 = 0.67 0.28 + 0.08 5.54 + 0.72**

Table 4 - Plasma (ionized and total) calcium and urinary calcium excretion in the groups studied.

C = Control; DM = diabetes mellitus; TPTX = thyroparathyroidectomized rats. Data are reported as
means + SEM. The number of measurements is given within parentheses. *P<0.05 vs C; *P<0.05 vs
DM; **P<0.05 vs TPTX.

Group lonized calcium Total plasma Excreted amount Fractional
(mEqg/l) calcium (mg/dl) of calcium excretion
(mg min't kg'1) (%)
Control (9) 1.21 + 0.01 8.29 + 0.12 0.30 + 0.02 0.56 + 0.04
DM (9) 1.24 + 0.01 7.88 + 0.45 0.23 + 0.054 0.47 + 0.106
TPTX (9) 0.66 + 0.05*+ 5.31 + 0.66** 2.10 + 0.31** 1.10 + 0.16**
DM + TPTX (9) 0.98 + 0.08**** 6.42 + 0.54* 3.16 = 0.21** 1.24 = 0.20**

As seen in Table 4, diabetic rats showed
no alterations in Ca?" metabolism. As ex-
pected, TPTX showed a significant decrease
in calcemia and an increase in the absolute
and relative levels of calcium excretion. Al-
though the presence of diabetes tended to
elevate the ionizable Ca®" in the TPTX group,
the rates of calcium excretion remained in-
creased in DM + TPTX, suggesting that
diabetes was unable to change the tubular
handling of Ca?" when PTH was absent.

Mean blood sodium and potassium lev-
els and the fractional excretion of these ions
are shown in Table 5. The fractional excre-
tion of Na" was significantly increased in
TPTX and returned to normal values in DM
+ TPTX, suggesting that diabetes and thyro-
parathyroidectomy may have opposite ef-
fects concerning Na* reabsorption. Diabetic
rats showed an increase in the fractional
excretion of K*, an alteration that could be
the result of osmotic diuresis and/or intracel-

lular acidosis; the same alterations were ob-
tained in the DM + TPTX group.

Discussion

A number of studies have shown that
vitamin D metabolism and tubular respon-
siveness to PTH are impaired in diabetic rat
models (17,18,23). Clinical studies have also
shown that, in diabetic patients on hemodi-
alysis, the magnitude of secondary hyper-
parathyroidism is generally lower than in
other dialysis patients (24) and the occur-
rence of low bone turnover which results in
adynamic bone disease is frequent (25). These
studies provide strong evidence that the rela-
tionship between insulin and the PTH-Ca?*
axis is complex and that several membrane
transporters may be affected by these hor-
mones.

Diabetes has been shown to be respon-
sible for a number of pathophysiological
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Table 5 - Blood Na* and K* and their fractional excretion in the groups studied.

C = Control; DM = diabetes mellitus; TPTX = thyroparathyroidectomized rats. Data are
reported as means + SEM. The number of measurements is given within parentheses.
*P<0.05 vs C; **P<0.05 vs DM; *P<0.05 vs TPTX.

Group Na* (mEq/l) FEna™% K* (mEqg/l) FEk*%
Control (24) 134.06 = 1.53 0.85 + 0.001 3.56 + 0.08 20.78 * 2.62
DM (20) 140.96 = 0.71* 0.21 + 0.02* 3.27 £ 0.12 32.91 + 2.65*
TPTX (20) 145.25 + 2.42* 1.11 + 0.15*%** 4,90 £ 0.19** 19.39 = 1.99**
DM + TPTX (22) 143.5 =+ 0.81* 0.84 + 0.10** 3.56 = 0.08 40.99 + 1.77**

alterations in renal function, including modi-
fications in glomerular hemodynamics (26)
and in urinary acidification (1). The hyper-
filtrating state, with glomerular capillary hy-
pertension, may be one of the first alter-
ations caused by DM (27); however, in our
model diabetes was present for a short pe-
riod of time, probably insufficient to cause
significant changes in GFR and RPF. The
decrease in GFR and RPF observed in TPTX
confirms the action of PTH as a renal vasodi-
lator (28) and these changes persisted even
in the presence of DM, which theoretically
could protect renal arterioles against vaso-
constriction, suggesting that, concerning he-
modynamic effects, the effect of the absence
of PTH is preponderant over DM. These
alterations in glomerular hemodynamics were
previously shown in TPTX animals receiv-
ing or not oral calcium supplementation (2),
suggesting that the presence of PTH (and not
anormal calcemia) was fundamental to main-
tain the renal hemodynamics at normal lev-
els.

As shown by Carney and Gillies (29),
PTH may act as a partial agonist of arginine
vasopressin in the collecting system, which
means that in TPTX an impairment in the
urine-concentrating ability is not unexpected.
This effect, together with the osmotic diure-
sis of DM, could further decrease the U/P
inulin ratio, as observed in the DM + TPTX
animals.

Net acid excretion was significantly im-
paired in TPTX, but when rats were previ-
ously made diabetic, NA returned to values

observed in intact animals. In order to under-
stand these findings, it is important to dis-
cuss the known effects of diabetes mellitus
and thyroparathyroidectomy on urinary acidi-
fication. In micropuncture and microperfu-
sion experiments it has been demonstrated
that proximal tubular Na* reabsorption is
increased in diabetes mellitus (30,31) and
that the proximal reabsorption rates of bicar-
bonate are stimulated (1); in the present
study, since the urinary flow as well as the
final body weight were unchanged, the lower
FE\,+ seen in DM reflects an increased tubu-
lar reabsorption of Na' rather than a de-
crease in the extracellular volume status. On
the other hand, previous studies from this
laboratory (32) have shown that the rates of
bicarbonate reabsorption in the proximal tu-
bule of TPTX rats were decreased to the
same extent as in a model of intact rats,
whose tubules were perfused with a solution
containing EGTA, an agent that chelates
calcium. Interestingly, when the proximal
tubules of TPTX were perfused with a cal-
cium ionophore added to the luminal side,
the reabsorption rates returned to normal
levels, pointing to an important role of cal-
cium as a mediator of luminal acidification.
In the present study, we observed that in the
diabetic state renal handling of calcium and
total as well as ionizable Ca?" were within
the normal range, which means that in this
model of STZ-induced diabetes no signifi-
cant alterations in calcium metabolism oc-
curred. Moreover, diabetes did not change
the renal handling of Ca?" in rats submitted
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to thyroparathyroidectomy. These findings
suggest that, concerning tubular handling of
Ca?", the presence of hyperglycemia prob-
ably has no significant role in modulating
PTH effects, a conclusion also reached by
Wongsurawat and Armbrecht (33). Although
these investigators used a model in which
the induction of diabetes followed thyropar-
athyroidectomy (TPTX + DM), they con-
cluded that insulin did not modulate the PTH
effects with respect to calcemia and phos-
phaturia.

An important increase in the Na*/H*
antiport activity was observed in leukocytes
from diabetic animals, which was reversed
by incubation with staurosporine, a protein
kinase inhibitor, suggesting that protein ki-
nase activity (including PKC) may be higher
in diabetic subjects (13,14,34); PKC is also
stimulated when PTH binds to the basolateral
receptor in renal tubular cells, as shown by
Dumlay and Hruska (35). In this way, when
both conditions are present, DM + TPTX, an
equilibrium between a stimulating (diabe-
tes) and an inhibitory event (parathyroidec-
tomy) would be expected to bring acidifica-
tion to normal levels. The normal levels of
acidification obtained in DM + TPTX could
be also explained by taking into account the
known effects of both diabetes mellitus and
PTH on intracellular calcium levels [Ca®]i.
In a recent study, Smogorzewski et al. (36)
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conclude that when rat cardiac myocytes
were incubated in a high glucose medium, an
experimental model that simulates the dia-
betic state, a significant rise in [Ca®"]i was
observed, probably mediated by activation
of calcium channels and, to a lesser extent,
by activation of cAMP-protein kinase A. A
significant rise in [Ca?"]i was also observed
in rat polymorphonuclear cells incubated
with a high glucose medium (36). On the
other hand, PTH also causes a rise in [Ca']i
in many cells, including renal tubular cells
(37,38). Thus, a fall in [Ca?"]i could be
expected in TPTX. When both conditions
are present simultaneously, DM + TPTX, a
near normal cytosolic Ca?" could be present,
resulting in an adequate luminal Na*/H*
antiport.

We have demonstrated that diabetic rats
submitted to thyroparathyroidectomy are able
to maintain a normal level of acid excretion
despite the impaired glomerular function.
The results suggest that glomeruli and tu-
bules may react differently to the same hor-
monal stimulus due to the predominance of
different receptors in these renal structures.
Our results may also suggest that the re-
ported altered sensitivity of the diabetic neph-
ron to the action of PTH may be regarded as
a compensatory mechanism which may pre-
vent an exacerbated response to this hor-
monal stimulus.
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