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ABSTRACT Diabetic nephropathy represents a major
complication of diabetes mellitus (DM), and the origin of this
complication is poorly understood. Vasopressin (VP), which is
elevated in type I and type II DM, has been shown to increase
glomerular filtration rate in normal rats and to contribute to
progression of chronic renal failure in 5y6 nephrectomized
rats. The present study was thus designed to evaluate whether
VP contributes to the renal disorders of DM. Renal function
was compared in Brattleboro rats with diabetes insipidus (DI)
lacking VP and in normal Long-Evans (LE) rats, with or
without streptozotocin-induced DM. Blood and urine were
collected after 2 and 4 weeks of DM, and creatinine clearance,
urinary glucose and albumin excretion, and kidney weight
were measured. Plasma glucose increased 3-fold in DM rats of
both strains, but glucose excretion was '40% lower in DI-DM
than in LE-DM, suggesting less intense metabolic disorders.
Creatinine clearance increased significantly in LE-DM (P <
0.01) but failed to increase in DI-DM. Urinary albumin
excretion more than doubled in LE-DM but rose by only 34%
in DI-DM rats (P < 0.05). Kidney hypertrophy was also less
intense in DI-DM than in LE-DM (P < 0.001). These results
suggest that VP plays a critical role in diabetic hyperfiltration
and albuminuria induced by DM. This hormone thus seems to
be an additional risk factor for diabetic nephropathy and,
thus, a potential target for prevention andyor therapeutic
intervention.

One of the major complications of diabetes mellitus (DM) is
a progressive nephropathy that develops in about one-third of
patients within 10–20 years after the onset of the disease and
leads in most cases to end stage renal failure (1). This
represents a major problem of public health because a large
fraction of dialysis requirements is attributable to DM ne-
phropathy. Although a number of studies have already been
devoted to this problem, the factors contributing to diabetic
nephropathy are not yet fully identified.

A characteristic feature observed in diabetic patients is an
elevation of plasma vasopressin (VP), well documented in both
type I and type II DM (2–5). This elevation also occurs in
animal models of DM, whether experimental or genetically
determined (6, 7). Several studies have investigated the pos-
sible factors responsible for this increase in VP secretion (3, 6,
8, 9). But they did not succeed in identifying the responsible
stimulus for this increase. They revealed a resetting of the
osmostat in diabetics but concluded that hyperglycemia was
not responsible for this resetting because increasing plasma
glucose and osmolality by intravenous infusion of hypertonic

dextrose produced no increase in plasma vasopressin in dia-
betics or in healthy controls (8).

Little attention has been given to the possible functional
consequences of the rise in plasma VP. To our knowledge, the
possible contribution of VP to the renal complications of DM
has never been investigated in spite of several previous findings
suggesting that this hormone represents a risk factor for
progression of renal failure: (i) An increase in water intake
resulting in a fall in endogenous VP level was shown to slow the
progression of chronic renal failure induced by 5y6 nephrec-
tomy in rats (10). (ii) In normal rats, VP was found to induce
a distinct hyperfiltration (11–13), an increase in albumin
excretion (14), and a marked hypertrophy of the kidney (15).
(iii) VP was shown to participate in the protein-induced
glomerular hyperfiltration (15, 16), a factor known to promote
albumin leakage through the glomerular filter, and glomeru-
losclerosis (17).

The major effect of VP on the kidney is to favor water
reabsorption in the collecting duct, an effect dependent on its
binding to V2 receptors. The effects of VP on glomerular
filtration rate (GFR), albuminuria, and kidney hypertrophy
are thought to result, indirectly, from its antidiuretic activity
and the ensuing alterations in tubulo-glomerular feedback
control of glomerular haemodynamics (12, 15, 18). In addition
to its renal effects, VP also may influence vascular resistance
through V1a receptors, expressed in smooth muscle cells. Less
often mentioned, V1a receptors are also abundantly expressed
in the liver (19–21), and VP was shown to stimulate glycogen-
olysis, gluconeogenesis, and ureagenesis in isolated perfused
liver or hepatocyte suspensions, in the same way as does
glucagon (22–27).

Because of the known influence of VP on renal function and
liver metabolism, it is possible to assume that this hormone
might contribute to perturbations in renal and metabolic
complications observed in DM. The present study was de-
signed to evaluate this possibility. We took advantage of
Brattleboro rats, which cannot secrete VP because of a dele-
tion in the corresponding gene (28), resulting in a recessive
form of central diabetes insipidus (29, 30). We studied plasma
composition and renal function in homozygous Brattleboro
rats and in control Long-Evans rats (from which the Brattle-
boro strain originated) 2 and 4 weeks after induction of type
I DM by streptozotocin administration. Because VP is mainly
concerned with the control of water excretion, special atten-
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tion was given to fluid intake and output and to solute-free
water handling. Factors that are known to be abnormal in early
type I DM also were assessed, including glucose and urea
handling (resulting from liver metabolism), creatinine clear-
ance (an index of glomerular filtration rate), and renal mass.
Because microalbuminuria is recognized as an early sign of
diabetic nephropathy, we also evaluated urinary albumin ex-
cretion.

The results of this study suggest that VP is essential for the
development of diabetic nephropathy because Brattleboro rats
with DM exhibited no or markedly reduced hyperfiltration,
albuminuria, and renal hypertrophy. VP thus appears to be a
risk factor in this frequent complication of DM and a future
possible therapeutic target for its prevention.¶

MATERIALS AND METHODS

Animals. Experiments were carried out in 16 male homozy-
gous Brattleboro rats with hereditary central diabetes insipi-
dus (DI) bred in our laboratory (Institut National de la Santé
et de la Recherche Médicale, Unité 90, Necker Hospital), and
in 16 male Long-Evans (LE) rats bought from R. Janvier
(Le-Gesnet-Saint-Isle, Mayenne, France). All rats weighed
250–280 g at the beginning of the experiment. They were
housed in individual metabolic cages and were offered regular
powdered food (M25C, Extralabo, Provins, France) and tap
water ad libitum during the whole experiment.

Experimental Protocol. After 1 week of adaptation to
metabolic cages, urine was collected for two consecutive
24-hour periods to evaluate basal urine flow rate (V) and
osmolality. Metabolic cages were siliconized to minimize urine
losses. Rats of each strain then were divided into two groups
of eight rats each, with similar mean body weight (BW),
osmolar excretion, and urine concentrating activity. DM was
induced in one subgroup of each strain by a single i.p. injection
of streptozotocin (Sigma), 65 mgykg BW in 0.1 M sodium
citrate buffer. The eight other rats of each strain served as
controls (Cont) and received buffer only. Two days later, DM
was confirmed by the presence of glucose in urine.

Rats then were studied during the last 2 days of the second
and fourth weeks after induction of DM. Two consecutive
24-hour urine collections were performed, and BW and daily
water and food intake were measured. On week two, imme-
diately after completion of urine collection, a blood sample

(400 ml) was collected from a jugular vein in a heparanized
tube, under brief ether anesthesia. On week four, after com-
pletion of urine collection, rats were anesthetized with 50
mgykg BW i.p. sodium pentobarbital (Sanofi, Libourne,
France). A blood sample was taken, and kidneys and liver were
removed and weighed.

Analysis. Urine osmolality (Uosm) and plasma osmolality
(Posm) were measured with a microosmometer (Roebling,
Berlin, Germany). Concentration of urea, glucose, and creat-
inine was measured with an automatic analyzer (Hitachi 717,
Tokyo). Urine VP concentration was measured by radioim-
munoassay (Vasopressin RIA, Nichols Institute, San Juan
Capistrano, CA) and urine albumin concentration by radial
immunodiffusion using a rat antialbumin antibody (Nordic,
Tilburg, The Netherlands). The minimum concentration de-
tectable was 3 mgy100 ml. Urine from LE-DM rats and from
all DI rats had to be concentrated 5- to 8-fold with a Speedvac
concentrator (CVC 100H, Savant) for measurement of albu-
min. The exact concentration factor was determined by the
difference in weight before and after partial evaporation. Daily
excretion of the different urinary solutes, VP, and albumin, as
well as creatinine clearance, an index of GFR, and solute-free
water reabsorption (TcH2O) were calculated according to
standard formulas.

Statistics. Results are expressed as means 6 SEM. All urine
data are means of the two successive 24-hour urine collections
for each rat. Data was analyzed by two-way ANOVA (rat strain
and streptozotocin treatment), followed by Fisher’s post hoc
test. A P value # 0.05 was considered statistically significant.

RESULTS

Main results observed 2 weeks after induction of DM are
shown in Table 1. One rat of the DI-Cont group that ate much
less than other rats of the same group and lost weight during
the first week was excluded from the study. Rats with DM did
not grow (LE) or even lost weight (DI), although both strains
increased their food intake to the same extent compared with
their respective controls (138% and 140%, no interaction in
ANOVA, Table 1). Urinary excretion of VP was markedly
increased in LE-DM, amounting to 19.7 6 1.6 ngyday, versus
only 3.3 6 0.2 ngyday in LE-Cont (P , 0.001). VP was
undetectable in urine of DI rats.

In LE rats, as expected, DM induced an increase in water
intake and V (194 and 176 mlyday, respectively) and an
almost 2-fold decrease in Uosm (Table 1). However, because of
the .3-fold elevation in osmolar excretion, TcH2O was also
markedly increased (1226 mlyday). Control DI rats exhibited
very high V, hypotonic urine, and increased plasma osmolality

¶Part of this study was presented at the American Society of Nephrol-
ogy Annual Meeting, Oct. 25–28, 1998, Philadelphia, and was pub-
lished in abstract form [J. Am. Soc. Nephrol. (1997) 8, 634A (abstr.
A2958) and J. Am. Soc. Nephrol. (1998) 9, 628A (abstr. A3208)].

Table 1. Different variables observed 2 weeks after injection of streptozotocin or vehicle

Long-Evans Brattleboro ANOVA

Cont, n 5 8 DM, n 5 8 DMyCont Cont, n 5 7 DM, n 5 8 DMyCont S D I

BW g 320 6 3 264 6 5*** 0.83 286 6 9 228 6 6*** 0.80 c c
BW gain g 55 6 3 21 6 3*** 20.01 11 6 6 220 6 6*** 21.86 c c a
Food intake mlyday 21 6 1 29 6 1*** 1.38 20 6 1 28 6 1*** 1.40 c

Water intake mlyday 27 6 1 121 6 7*** 4.48 203 6 11 371 6 29*** 1.83 c c a
Urine flow rate mlyday 16 6 1 92 6 6*** 5.75 156 6 11 309 6 23*** 1.98 c c b
Urine osmolality mOsmykg H2O 2337 6 97 1443 6 34*** 0.62 191 6 13 342 6 15*** 1.79 c c c
Osm. exc. mmolyday 36 6 1 132 6 7*** 3.67 29 6 1 104 6 5*** 3.57 c c a
Tc H2O mlyday 78 6 2 304 6 16*** 3.90 266 6 11 24 6 16*** 0.06 c c c
Extr. water loss mlyday 12 6 1 29 6 3*** 2.50 47 6 4 72 6 10*** 1.55 c c

Plasma osmolality mOsmykg H2O 313 6 1 336 6 4*** 1.07 328 6 4 354 6 5*** 1.08 c c
Posm–Pglu mmolyliter 302 6 1 306 6 4 1.01 319 6 4 321 6 4 1.01 c

Values are means 6 SEM. BW gain, body weight gain between days 0 and 14; Osm. exc., osmolar excretion; Extr. water loss, extrarenal water
losses; Posm, plasma osmolality; Pglu, plasma glucose concentration. ANOVA: S, strain effect; D, diabetes effect; I, interaction; a, P , 0.05; b, P ,
0.01; c, P , 0.001. Fisher’s post hoc test: ppp, P , 0.001 vs. Cont in each strain.
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(Table 1). As in LE rats, DM induced, in DI rats, an increase
in water intake and V (1168 and 1153 mlyday, respectively).
These increases were larger, in absolute terms, than those
observed in LE rats but were smaller relative to their respective
controls (Table 1). Osmolar excretion was increased by DM in
DI rats in the same proportion as in LE rats, and the excretion
of free water (which amounted to 66 mlyday in DI-Cont) was
almost abolished. Extrarenal water loss was increased to the
same extent in LE and DI rats. DM induced a similar increase
in plasma osmolality in rats with or without VP (no interaction
in ANOVA). This increase was almost entirely attributable to
glucose (Table 1).

LE rats with DM exhibited a significantly higher creatinine
clearance than control rats (122%, P , 0.05, and 153%, P ,
0.01, at 2 and 4 weeks, respectively), indicating a progressive
increase in GFR. In contrast, in rats without VP, DM did not
induce any significant change in creatinine clearance (Table 2).
In LE rats, albumin excretion was 2-fold higher in DM than in
controls at 2 weeks, and 3.3-fold higher at 4 weeks. The rise in
albumin excretion was much less intense in DI rats with DM
(Table 2).

Both LE-DM and DI-DM rats exhibited marked hypergly-
cemia and glycosuria (Fig. 1). However, glucose excretion was
'40% lower in DI than in LE rats (P , 0.05) whereas
hyperglycemia was modestly higher in DI (P , 0.02). Glucose
represented '48% of total urinary solutes in LE-DM rats and
was markedly concentrated in urine with respect to plasma
(25-fold). In DI-DM rats, glucose represented only 38% of
total solutes and was much less concentrated (Table 3).

The lower glucose excretion observed in DI rats is not
attributable to greater maximum reabsorptive capacity be-
cause DI-DM reabsorbed the same amount of glucose as did
LE-DM (Table 3). Thus, because plasma glucose and glucose
reabsorption were similar, the difference in glucose excretion
was mainly accounted for by the difference in GFR. Excretion
of urea in DM rats of both strains exceeded that in their
respective controls by '10 mmolyday (31.2 6 1.2 vs. 21.5 6 0.5
mmolyday in LE, and 27.5 6 1.6 vs. 17.6 6 0.5 mmolyday in
DI). Because gluconeogenesis and ureagenesis are closely
associated in the liver and because the excretion of these two
solutes is elevated by DM, we looked for a possible correlation
between their respective excretions in DM rats. A significant
positive correlation was indeed found in LE-DM rats (r 5
0.921, P , 0.001) but not in DI-DM rats (r 5 0.253, non-
significant) (data not shown).

As shown in Fig. 2A, the increases in V and TcH2O observed
in LE-DM rats were both positively correlated with the rise in
osmolar excretion. In contrast, no correlation between free
water excretion and osmolar load existed in DI-DM rats (r 5
0.039) (data not shown). In LE-DM, glucose was the solute
that accounted for the largest part of free water reabsorption,
and the correlation of TcH2O with glucose excretion was
almost as good as that with total osmoles (r 5 0.905, P , 0.001)
(data not shown). It may be assumed that the rise in VP
secretion observed in LE-DM rats efficiently increased water
reabsorption in collecting ducts because a significant correla-
tion was observed between urinary VP excretion and TcH2O
(Fig. 2B). The correlation of VP excretion with glucose

excretion was even more significant (r 5 0.894, P 5 0.001)
(data not shown).

Regarding organ weight (Table 4), DM in LE rats induced
a significant hypertrophy of liver and kidney relative to BW
with, however, a much higher magnitude for the kidney
(180%) than for the liver (130%). In DI rats, the two organs
were significantly less hypertrophied than in LE rats (129%
and 115%, respectively).

DISCUSSION

VP secretion is known to be increased in DM, and previous
studies suggest that this hormone influences renal haemody-
namics and urinary albumin excretion. Understanding the
consequences of this elevation in VP may thus be important in
the prevention of the renal complications of diabetes. The
present experiment evaluated the possible contribution of this
hormone to several disturbances observed in DM. The main
results show that, in the absence of VP, the glomerular
hyperfiltration and rise in albumin excretion typical of DM
were absent or largely blunted. Glycosuria was less severe and
hypertrophy of the kidney and liver less intense in Brattleboro

FIG. 1. Glucose excretion (top) and plasma glucose concentration
(bottom) in Cont and diabetic (DM) rats with and without VP (LE and
DI, respectively), 2 and 4 weeks after induction of DM. ANOVA
followed by Fisher’s post hoc test: ppp, P , 0.001 DM vs. Cont in each
strain.

Table 2. Creatinine clearance and albumin excretion observed 2 and 4 weeks after injection of streptozotocin or vehicle

Long-Evans Brattleboro ANOVA

Cont, n 5 8 DM, n 5 8 DMyCont Cont, n 5 7 DM, n 5 8 DMyCont S D I

Creatinine clearance, 2 weeks 2.50 6 0.14 3.05 6 0.14* 1.22 2.29 6 0.14 2.36 6 0.21 1.03 c a
mlymin 4 weeks 2.08 6 0.08 3.19 6 0.09** 1.53 1.94 6 0.16 1.67 6 0.24 0.86 c b c

Albumin excretion, 2 weeks 1.08 6 0.03 2.21 6 0.16*** 2.05 1.21 6 0.33 1.62 6 0.13*** 1.34 c a
mgyday 4 weeks 0.74 6 0.04 2.45 6 0.19*** 3.30 1.57 6 0.28 1.78 6 0.20 1.13 c c

Values are means 6 SEM. ANOVA: S, strain effect; D, diabetes effect; I, interaction; a, P , 0.05; b, P , 0.01; c, P , 0.001. Fisher’s post hoc
test: p, P , 0.05; pp, P , 0.01; ppp, P , 0.001 vs. Cont in each strain.
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than in LE controls. These results strongly suggest that VP is
involved in the onset andyor early phase of the renal compli-
cations of DM.

The streptozotocin model of DM mimics type I diabetes.
This model is known to exhibit an increased VP secretion (6,
7), a finding observed in LE rats in this study as judged by their
urinary VP excretion. Control LE and Brattleboro rats share
the same genetic background because the Brattleboro strain
originated from a LE colony (29). Consequently, there is no
reason to think that pancreatic b cells of Brattleboro rats could
be less sensitive to the action of streptozotocin than those of
LE rats. The differences in the intensity of diabetic symptoms
or complications observed between the two strains are thus
most likely attributable, directly or indirectly, to the lack of VP
in Brattleboro rats.

In this study, basal glycemia in LE-Cont and DI-Cont is
'2-fold above values usually reported for normal rats. This
high value is not attributable to erroneous measurements
because Wistar rats studied at the same period in our labora-
tory (for other experiments) exhibited normal glycemia
(5.52 6 0.24 mmolyliter). Urinary glucose excretion was also
higher in LE-Cont rats than in normal Wistar rats (22.2 6 0.7
vs. 14.7 6 2.1 mmolyday, P , 0.01). Interestingly, a strain of
rats exhibiting spontaneous type II diabetes has been isolated
from a LE colony (31). These observations suggest that
‘‘normal’’ LE rats are probably prone to developing DM and
already exhibit some degree of hyperglycemia and glycosuria.
To our knowledge, only one previous study evaluated the
influence of VP in DM by comparing Brattleboro DI rats and
LE rats. In this study, focused mainly on cardiovascular
function, glycemia in control LE rats was 7.3 mmolyl. Glyco-
suria and renal function were not evaluated (32).

Diabetic rats usually grow less than normal rats, or even lose
weight, thus leading to different BW after some weeks of
diabetes. This was indeed the case in the present study. To take
these differences into account, we could have factored all
results by BW, but this would have introduced another bias
because the factors under study do not progress linearly with
BW. We reasoned that metabolic and excretory functions are
most probably quantitatively related to food intake. Because
control rats of the two strains had similar food intakes per day,
and because DM induced similar increases in food intake in
both strains, we considered that it was not appropriate to
normalize data per unit BW.

Because VP is elevated in DM, the possibility that its
receptors could be desensitized has been considered in several
studies. They revealed that V1a receptor density is down-

regulated in liver and kidney without any change in affinity for
the hormone (33, 34). Similar findings also have been reported
for V1a receptors in platelets of human subjects with DM (35).
In contrast, no change was observed in V2 receptor density or
affinity in kidney (33). Thus, it may be assumed that the rise
in endogenous VP occurring in DM will affect renal function
(V2 receptors mainly) more than hepatic function (V1a recep-
tors) because of this different pattern of down-regulation.

Effects of Vasopressin on Renal Function in DM. LE-DM
rats exhibited a much lower Uosm than LE-Cont (an almost 900
mOsmykg H2O difference). As a whole, urinary osmoles were
concentrated 4.29-fold above plasma osmolality in LE-DM
rats versus 7.47 in LE-Cont (Table 1). Glucose, the most
abundant urinary osmole in DM, was concentrated 25-fold
more in urine than in plasma in LE-DM rats (versus only
4.5-fold in the absence of VP in DI-DM rats). Thus, in spite of
the ‘‘osmotic diuresis’’ this solute is considered to induce, it is
nevertheless quite dramatically concentrated in the urine.

The major effect of VP on the kidney is to promote water
reabsorption in the collecting ducts, an effect mediated by V2
receptors and resulting in the production of hyperosmotic
urine. The antidiuretic action of VP is often evaluated by
considering the maximal osmolality achieved in urine. How-
ever, this parameter does not take into account the amount of
osmoles that are raised to that osmolality. The calculation of
the amount of solute-free water reabsorbed by the kidney to
achieve the observed Uosm provides a better estimate of the
true VP-dependent concentrating effort of the kidney (i.e., the
‘‘osmotic work’’). It is well established that both the urinary
concentrating ability (in the presence of VP) and the diluting
ability (in the absence of VP) decrease with increasing osmolar
load (36). A diminished Uosm observed in the face of a marked
increase in osmolar load does not necessarily mean that the
kidney reabsorbs less water. Actually, the amount of water
reabsorbed under the influence of VP may be increased, but
not enough to maintain the same osmolality. This is what
occurs in LE-DM rats. Their osmolar excretion increased
3.7-fold. Although their Uosm was reduced compared with that
of LE-Cont, the 3.9-fold rise in TcH2O shows that VP enabled
the reabsorption of a much larger amount of free water in DM
than in Cont rats. Moreover, a close correlation between
TcH2O and the load of excreted solutes was present in LE-DM.
Although V increased with the severity of DM, the amount of
water saved under the influence of VP also increased in
proportion to the rise in osmolar excretion (Fig. 2). If VP had
not increased in DM rats, the fall in Uosm and the rise in V (thus
the loss of water) would have been even greater. Thus, the rise

Table 3. Glucose handling 2 weeks after injection of streptozotocin (DM) or vehicle (Cont)

Long-Evans Brattleboro ANOVA

Cont, n 5 8 DM, n 5 8 DMyCont Cont, n 5 7 DM, n 5 8 DMyCont S D I

Plasma glucose mmolyliter 10.5 6 0.1 30.6 6 2.0*** 2.91 9.8 6 0.1 32.8 6 2.1*** 3.35 c
Urine glucose mmolyliter 1.5 6 0.1 764.0 6 12.0*** 0.0 6 0.0 149.0 6 7.0*** c c c
UyP 0.1 25.0 - 4.5
Glucose filtered mmolyday 38 6 1 135 6 8*** 3.53 32 6 2 108 6 9*** 3.34 a c
Glucose reabsorbed mmolyday 38 6 1 72 6 8*** 1.88 32 6 2 70 6 10*** 2.15 c
Glucose excreted mmolyday 0 6 0 63 6 9*** 0 6 0 39 6 5*** a c a

Values are means 6 SEM. ANOVA: S, strain effect; D, diabetes effect; I, interaction; a, P , 0.05; c, P , 0.001. Fisher’s post hoc test: DM
vs. Cont: ppp, P , 0.001 vs. Cont in each strain.

Table 4. Kidney and liver weight 4 weeks after injection of streptozotocin or vehicle

Long-Evans Brattleboro ANOVA

Cont, n 5 8 DM, n 5 8 DMyCont Cont, n 5 7 DM, n 5 8 DMyCont S D I

Kidney weight 1.82 6 0.03 3.33 6 0.17*** 1.83 2.05 6 0.15 2.67 6 0.09*** 1.30 c c
Liver weight 10.15 6 0.14 12.88 6 0.26*** 1.27 10.13 6 0.26 11.66 6 0.42*** 1.15 a c a

Values are means 6 SEM in gy300 g body weight. ANOVA: S, strain effect; D, diabetes effect; I, interaction; a, P , 0.05; c, P , 0.001. Fisher’s
post hoc test: ppp, P , 0.001 vs. Cont in each strain.
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in VP observed in DM, and the fact that V2 receptor density
is not down-regulated, may be considered as appropriate
adaptations that limit water requirements for excreting a
markedly elevated solute load (37) (see note added in proof).

In the absence of VP, an increase in osmolar load is known
to reduce the diluting ability of the kidney so that urine tends
to become isoosmotic to plasma (36). This is indeed the case
in DI-DM rats (Table 1), and this failure to dilute urine
explains the lack of correlation between free water reabsorp-
tion and solute excretion in DM rats of this strain.

If the elevation of VP in DM is a positive adaptation in the
short term, it may turn out to have adverse consequences in the
long term for the following reasons. Hyperfiltration occurring
in the early phase of DM (38–40) is known to lead to a delayed
progressive deterioration of renal function (1). Now, chronic
elevation in plasma VP, or in its selective V2 agonist dDVP,
has been shown to induce distinct glomerular hyperfiltration
(11, 12, 41–43), rise in albumin excretion (suggesting an
alteration of the glomerular filter) (14), and renal hypertrophy
(15). In rats with 5y6 nephrectomy, a reduction in VP level,
brought about by a chronic elevation in water intake, slowed
down the progression of chronic renal failure (10). As dis-
cussed elsewhere, these effects probably depend, indirectly, on
the tubular effects of VP, which secondarily influence the
tubuloglomerular feedback control of GFR (12, 18). In the
present experiment, rats without VP did not exhibit hyperfil-
tration and had a lesser kidney hypertrophy and less intense
albuminuria than rats with VP. Blood pressure was unfortu-
nately not measured in this study. Whether rats with strepto-

zotocin-induced DM exhibit an increase in blood pressure
remains controversial (44). However, we do not think that the
hypertensive effects of vasopressin (mediated by V1 receptors)
could be responsible for the hyperfiltration and increased
albuminuria of LE-DM because dDAVP, a non-pressor-
selective V2 agonist, is able to induce hyperfiltration in normal
rats (12). In addition, we have shown that chronic infusion of
dDAVP for 1 week in normal rats increases their urinary
albumin excretion (14) and that chronic infusion of a selective
V2 receptor antagonist for 1 week in DM rats prevents the rise
in albumin excretion observed in untreated rats studied in
parallel (45). On the whole, these results suggest that VP
contributes to hyperfiltration and albuminuria of DM and that
this hormone could participate in the induction of diabetic
nephropathy.

Effects of Vasopressin on Hepatic Function in DM. The
lower level of glucose excretion in DI-DM than in LE-DM rats,
taken in isolation, suggests a lesser intensity of metabolic
perturbations attributable to DM in rats lacking VP. However,
the similar rise in glycemia in both strains observed here, as
well as in the study by Tomlinson et al. (32), does not seem to
support this conclusion. How could these apparently discor-
dant results be explained? Let us consider the factors that
determine the concentration of glucose in blood. Glycemia is
the result of an equilibrium between glucose production on the
one hand and glucose consumption plus excretion on the other
hand. A similar plasma glucose concentration in the two DM
groups does not necessarily mean that they both behaved
equally in response to streptozotocin but could result from
opposite and quantitatively equivalent changes in glucose
production and catabolism andyor excretion.

The higher excretion of glucose in LE-DM rats may thus
result either from a higher level of glucose production or from
a lower glucose breakdown in these rats than in DM rats
lacking VP. An increased VP-dependent production of glucose
in LE rats is unlikely because the rise in VP that should
stimulate glucose (and urea) synthesis should be compensated
for by the selective desensitization of liver V1a receptors
reported in DM rats (33, 34). It seems thus more likely that
glucose breakdown was higher in DI than in LE rats. Such a
difference in glucose catabolism also could account for the fact
that glucose but not urea excretion was lower in DI-DM than
in LE-DM rats, although these two components are formed
simultaneously in proportional amounts in the liver. It also
could explain why DI rats with DM lost weight, although their
food intake increased as much as that of LE-DM rats.

What could bring DI rats to have a higher glucose break-
down than LE rats? This could possibly be attributable to a
higher body temperature. To our knowledge, absolute mea-
surements of body temperature in LE and DI rats are not
available, but VP is known to play a role in the control of basal
body temperature (46–48) and to be antipyretic (49–51).
Moreover, heat dissipation is impaired in humans with DI (52).
Because they lack VP, Brattleboro rats could exhibit an
increased metabolism and thus may catabolize a greater
fraction of their endogenously produced glucose than do LE
rats. In the aggregate, the similar rise in food intake, plasma
glucose, and urea excretion in LE-DM and DI-DM rats
suggests that the metabolic perturbations induced by strepto-
zotocin administration are equivalent in both strains.

In summary, the results presented in this study suggest that
the rise in VP that occurs in DM contributes to limit the rise
in urine output accompanying a markedly increased solute
excretion. In addition to this a priori beneficial effect, our
results suggest that the rise in VP also could play a role in
glomerular hyperfiltration, albuminuria, and renal hypertro-
phy that occur in the early phase of the disease and are known
to lead to a progressive deterioration of renal function. Con-
sequently, this hormone, and, more specifically, its actions on
renal V2 receptors (as deduced from previous findings), could

FIG. 2. Relationship between V or TCH2O and total osmolar
excretion (A) and relationship between free water reabsorption and
VP excretion (B) in LE-DM rats 2 weeks after induction of DM. Linear
regressions and correlation coefficients are shown.
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represent a novel risk factor for diabetic nephropathy. Further
studies taking advantage of newly designed non-peptide-
selective V2 receptor antagonists (53–55) could bring useful
additional information with regard to this possibility and could
possibly represent a new therapeutic strategy for the preven-
tion of diabetic nephropathy.

Note Added in Proof. Recently, Ahloulay et al. presented evidence that
the rise in vasopressin observed in DM contributes to increased
urinary concentrating activity and thus to limited water requirements
induced by the metabolic derangements of DM (56).

The authors thank Dr. Michèle Déchaux (Laboratoire de Physiolo-
gie, Centre Hospitalier Universitaire Necker-Enfants Malades, Paris)
for measurements of urinary VP.

1. American Diabetes Association (1998) Diabetes Care 21, S50–
S53.

2. Zerbe, R. L., Vinicor, F. & Robertson, G. L. (1979) Diabetes 28,
503–508.

3. Iwasaki, Y., Kondo, K., Murase, T., Hasegawa, H. & Oiso, Y.
(1996) J. Neuroendocrinol. 8, 755–760.

4. Kamoi, K., Ishibashi, M. & Yamaji, T. (1991) Diabetes Res. Clin.
Pract. 11, 195–202.

5. Tallroth, G., Ryding, E., Ekman, R. & Agardh, C. D. (1992)
Diabetes Res. 20, 73–85.

6. Van-Itallie, C. M. & Fernstrom, J. D. (1982) Am. J. Physiol. 242,
E411–E417.

7. Brooks, D. D., Nutting, D. F., Crofton, J. T. & Share, L. (1989)
Diabetes 38, 54–57.

8. Zerbe, R. L., Vinicor, F. & Robertson, G. L. (1985) Am. J.
Physiol. 249, E317–E325.

9. Vokes, T. P., Aycinema, P. R. & Robertson, G. L. (1987) Am. J.
Physiol. 252, E538–E548.

10. Bouby, N., Bachmann, S., Bichet, D. & Bankir, L. (1990) Am. J.
Physiol. 258, F973–F979.

11. Gellai, M., Silverstein, J. H., Hwang, J.-C., LaRochelle, F. T., R.,
J. & Valtin, H. (1984) Am. J. Physiol. 246, F819–F827.

12. Bouby, N., Ahloulay, M., Nsegbe, E. & Bankir, L. (1996) J. Am.
Soc. Nephrol. 7, 842–851.

13. Bankir, L., Martin, H. & Bouby, N. (1998) FASEB J. 12, A331
(abstr.).

14. Bardoux, P., Martin, H., Schmitt, F., Bouby, N. & Bankir, L.
(1998) J. Am. Soc. Nephrol. 9, 628A (abstr.).

15. Bankir, L. & Kriz, W. (1995) Kidney Int. 47, 7–24.
16. Bouby, N., Trinh-Trang-Tan, M.-M., Coutaud, C. & Bankir, L.

(1991) Am. J. Physiol. 260, F96–F100.
17. Peterson, J. C., Adler, S., Burkart, J. M., Greene, T., Hebert,

L. A., Hunsicker, L. G., King, A. J., Klahr, S., Massry, S. G. &
Seifter, J. L. (1995) Ann. Intern. Med. 123, 754–762.

18. Bankir, L., Ahloulay, M., Bouby, N., Trinh-Trang-Tan, M.-M. &
Machet, F. (1993) J. Am. Soc. Nephrol. 4, 1091–1103.

19. Michell, R. H., Kirk, C. J. & Billah, M. M. (1979) Biochem. Soc.
Trans. 7, 861–865.

20. Serradeil-Le-Gal, C., Raufaste, D., Marty, E., Garcia, C., Maf-
frand, J. P. & Le-Fur, G. (1994) Biochem. Bioph. Res. Commun.
199, 353–360.

21. Barberis, C., Balestre, M. N., Jard, S., Tribollet, E., Arsenijevic,
Y., Dreifuss, J. J., Bankowski, K., Manning, M., Chan, W. Y.,
Schlosser, S. S., et al. (1995) Neuroendocrinology 62, 135–146.

22. Hems, D. A. & Whitton, P. D. (1973) Biochem. J. 136, 705–709.
23. Kirk, C. J. & Hems, D. A. (1974) FEBS Lett. 47, 128–131.
24. Martin, G. & Baverel, G. (1984) Biosci. Rep. 4, 171–176.
25. Drew, P. J. T., Monson, J. P., Metcalfe, H. K., Evans, S. J. W., Iles,

R. A. & Cohen, R. D. (1985) Clin. Sci. 69, 231–233.

26. Spruce, B. A., McCulloch, A. J., Burd, J., Ørskov, H., Heaton, A.,
Baylis, P. H. & Alberti, K. G. M. M. (1985) Clin. Endocrinol. 22,
463–468.

27. Patel, T. B. (1986) Eur. J. Biochem. 159, 15–22.
28. Schmale, H. & Richter, D. (1984) Nature (London) 308, 705–709.
29. Valtin, H. & Schroeder, H. (1964) Am. J. Physiol. 206, 425–430.
30. Valtin, H. (1992) in Handbook of Physiology, eds. E. E.

Windhager (Oxford Univ. Press, New York), Vol. 2, pp. 1281–
1315.

31. Kawano, K., Hirashima, T., Mori, S., Saitoh, Y., Kurosumi, M. &
Natori, T. (1992) Diabetes 41, 1422–1428.

32. Tomlinson, K. C., Gardiner, S. M. & Bennett, T. (1989) Am. J.
Physiol. 256, R1279–R1285.

33. Trinder, D., Phillips, P. A., Stephenson, J. M., Risvanis, J.,
Aminian, A., Adam, W., Cooper, M. & Johnston, C. I. (1994)
Am. J. Physiol. 266, E217–E223.

34. Phillips, P. A., Risvanis, J., Hutchins, A.-M., Burrell, L. M.,
MacGregor, D., Gundlach, A. L. & Johnston, C. I. (1995) Clin.
Sci. 88, 671–674.

35. Thibonnier, M. & Woloschak, M. (1988) Proc. Soc. Exp. Biol.
Med. 188, 2, 149–152.

36. Schrier, R. W. & Berl, T. (1997) in Renal and Electrolyte Disorders,
eds. Schrier, R. W. (Lippincott, Philadelphia), pp. 1–71.

37. Ahloulay, M. & Bankir, L. (1996) J. Am. Soc. Nephrol. 7, 1868
(abstr. A3107).

38. Mogensen, C. E. & Andersen, M. J. F. (1973) Diabetes 22,
706–713.

39. Christiansen, J. S., Gammelgaard, J., Frandsen, M. & Parving,
H. H. (1981) Diabetologia 20, 451–456.

40. Hostetter, T. H., Troy, J. L. & Brenner, B. M. (1981) Kidney Int.
19, 410–415.

41. Hadj-Aı̈ssa, A., Bankir, L., Fraysse, M., Bichet, D., Laville, M.,
Zech, P. & Pozet, N. (1992) Kidney Int. 42, 1207–1216.

42. Bankir, L., Ahloulay, M., Bouby, N., Machet, F. & Trinh-Trang-
Tan, M. (1993) in Vasopressin, eds. Gros, P., Richter, D. &
Robertson, G. (John-Libbey-Eurotext, Paris), pp. 393–406.

43. Drew, P. J. T., Barnes, J. N., Holly, J. M. P., Knight, A. &
Goodwin, F. J. (1984) Clin. Sci. 67, 353–358.

44. Tomlinson, K. C., Gardiner, S. M., Hebden, R. A. & Bennet, T.
(1992) Pharmacol. Rev. 44, 103–150.

45. Bardoux, P., Schmitt, F. & Bankir, L. (1999) Diabetes Metab. 25,
Supp. 1, 64 (abstr.).

46. Kasting, N. W., Veale, W. L. & Cooper, K. E. (1980) Can.
J. Physiol. Pharmacol. 58, 316–319.

47. Okuno, A., Yamamoto, M. & Itoh, S. (1965) Jpn. J. Physiol. 15,
378–387.

48. Veale, W., Eagan, P. C. & Cooper, K. E. (1982) Ann. N.Y. Acad.
Sci. 394, 776–779.

49. Fyda, D., Mathieson, W., Cooper, K. & Veale, W. (1990) Brain
Res. 512, 243–247.

50. Cridland, R. A. & Kasting, N. W. (1992) Am. J. Physiol. 263,
R1235–R1240.

51. Pittman, Q. J. & Wilkinson, M. F. (1992) Can. J. Physiol.
Pharmacol. 70, 786–790.

52. Behr, R., Dietrich, C. & Brück, K. (1994) in Thermal Balance in
Health and Disease (Advances in Pharmacological Sciences)
(Birkhauser, Basel), pp. 267–276.

53. Ohnishi, A., Orita, Y., Takagi, N., Fujita, T., Toyoki, T., Ihara,
Y., Yamamura, Y., Inoue, T. & Tanaka, T. (1995) J. Pharmacol.
Exp. Ther. 272, 546–551.

54. Serradeil-Le-Gal, C., Lacour, C., Valette, G., Garcia, G., Foulon,
L., Galindo, G., Bankir, L., Pouzet, B., Guillon, G., Barberis, C.,
et al. (1996) J. Clin. Invest. 98, 2729–2738.

55. Albright, J. D., Reich, M. F., Delos Santos, E. G., Dusza, J. P.,
Sum, F. W., Venkatesan, A. M., Coupet, J., Chan, P. S., Ru, X.,
Mazandarani, H., et al. (1998) J. Med. Chem. 41, 2442–2244.

56. Ahloulay, M., Schmitt, F., Déchaux, M. & Bankir, L. (1999)
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