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Table 5
Relative risk of long-term adverse outcomes associated with hyponatremia.

OR (95% CI) p-Value

All-cause death
Unadjusted 1.952 (1.433–2.657) <0.001
Adjusted 1.658 (1.112–2.473) 0.013

Cardiac death
Unadjusted 2.053 (1.413–2.983) <0.001
Adjusted 1.775 (1.075–2.929) 0.025

Rehospitalization due to heart failure
Unadjusted 1.488 (1.134–1.953) 0.004
Adjusted 1.341 (0.955–1.884) 0.090

All-cause death or rehospitalization
Unadjusted 1.685 (1.331–2.132) <0.001
Adjusted 1.526 (1.114–2.042) 0.004

Relative risk was calculated after adjustment with covariables including
age, ischemic etiology, medical history (hypertension, diabetes mellitus, sus-
tained ventricular tachycardia/ventricular fibrillation, prior stroke), New York
Heart Association functional class on admission, medication use on admission
(angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker,
!blocker, diuretics, aldosterone antagonist, warfarin), laboratory data on admis-
sion (estimated glomerular filtration rate, hemoglobin, plasma B-type natriuretic
peptide). OR, odds ratio; CI, confidence interval.

≥60 mL/min/1.73 m2), LVEF <40% versus ≥40%, and diuretic use
versus no diuretic use are shown in Table 6. There was  no significant
interaction in any subgroups. These results showing that hypona-
tremia was associated with all-cause death in each subgroup were
similar to those found on the primary analysis.

Discussion

The present study demonstrated by using the JCARE-CARD
database that, among patients hospitalized with worsening HF,
hyponatremia was seen in 10.6% of patients. Patients with hypona-
tremia had more comorbidities. Plasma BNP was significantly
higher, and eGFR and hemoglobin concentration were lower in
these patients. Importantly, the risks of adjusted in-hospital mor-
tality as well as long-term adverse outcomes including all-cause

death, cardiac death, and rehospitalization due to HF  were signifi-
cantly higher in patients with hyponatremia.

The present study demonstrated that hyponatremia was
associated with not only adverse in-hospital but also long-term
outcomes in patients hospitalized with worsening HF. The present
results were consistent with previous reports [1–4]. The Outcomes
of a Prospective Trial of Intravenous Milrinone for Exacerbations of
Chronic Heart Failure (OPTIME-CHF) study identified a substantial
risk of short- and intermediate-term clinical events associated
with decreasing serum sodium concentration in patients hospi-
talized for worsening HF [1]. Lower serum sodium concentrations
on admission remained a predictor of increased number of days
hospitalized for cardiovascular causes and increased mortality
within 60 days of discharge even after adjustment for a variety
of baseline variables [1]. In the OPTIMIZE-HF registry, low serum
sodium was  more common among patients with lower admission
systolic blood pressure and a prior history of HF [2]. After adjusting
for differences with multivariable analysis, the risk of in-hospital
death increased by 19.5%, for each 3 mmol/L decrease in patients
with serum sodium <140 mmol/L [2]. The Italian Registry on Heart
Failure Outcome (IN-HF) also demonstrated that hyponatremia
(serum sodium concentration <136 mEq/L) was one of the indepen-
dent predictors of in-hospital mortality (OR 2.00, 95% CI 1.26–3.19,
p = 0.004) [16]. However, these studies have primarily focused
on in-hospital and early post-discharge mortality. Moreover, the
OPTIME-CHF study, was performed using the patient data derived
from a large clinical trial with restricted inclusion criteria, such as
markedly reduced LVEF of ≤30%, lower serum creatinine levels of
≤3 mg/dL, and systolic blood pressure ≥80 mmHg [1]. The present
study extended the prognostic impact of hyponatremia during the
long-term follow-up over 2 years and more importantly to a non-
selected HF population encountered in routine clinical practice by
analyzing the registry data of hospitalized HF patients in Japan.

There are several mechanisms of hyponatremia responsible
for worsening clinical outcomes in HF. First, hyponatremia may
directly reflect the reduction of cardiac output. Reduced car-
diac output decreases renal perfusion and GFR. Previous studies
[17–19] including our own  [6] demonstrated that reduced GFR was

Fig. 2. Kaplan–Meier survival curves free from all-cause death (A), cardiac death (B), rehospitalization due to worsening heart failure (HF) (C), and all-cause death or
rehospitalization (D) according to the presence or absence of hyponatremia.
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applied on the basis of observed minimal and maximal values.
Analyses were repeated by excluding observations with
imputed values, and the results were found to be concordant.
Thus, models using imputed data are shown. Follow-up data
were available for mortality and the first hospitalization. The
outcomes of interest were time to all-cause mortality and time
to all-cause hospitalization.

Univariate differences in baseline characteristics between
patient groups with hyponatremia and nonhyponatremia with
HFpEF or HFrEF were evaluated using chi-square tests for
categorical variables and 2-sample t tests for continuous
variables. All covariates were tested for normality by Shapiro-
Wilk test. Log transformation was performed to normalize
serum BUN levels. To assess the predictive role of hypona-
tremia, adjusted multivariable Cox proportional hazard
models using fixed-effect models were generated. The cova-
riates for multivariate models were selected on the basis of
their clinical relevance and significance per previous studies.
Associations were examined sequentially in models with in-
cremental multivariable adjustments: model 1: adjusted for

age, sex, and race; model 2: adjusted for model 1þ history of
diabetes, hypertension, chronic renal insufficiency, peripheral
vascular disease, cerebrovascular accident, atrial fibrillation,
malignancy, dementia, COPD, liver disease, history of
myocardial infarction, previous HF hospitalization, body
mass index (BMI), hemoglobin, and serum BUN (log trans-
formed); model 3: adjusted for model 2 þ use of b blockers,
angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers, spironolactone, and statins. Multivariate
Cox proportional hazards models were run separately for the
HFpEF and HFrEF groups to calculate the hazard ratios for
hyponatremia for the end points of mortality and morbidity
(all-cause hospitalization). Survival curves for all-cause
mortality were generated using Kaplan-Meier survival esti-
mates. All analyses were performed using SPSS version 19
(SPSS Inc., Chicago, Illinois). Data are presented as mean "
SD unless otherwise specified, and p values <0.05 were
considered significant.

Results

The study cohort consisted of 8,862 veterans with HF, of
whom 2,704 (30.5%) had HFpEF and 6,185 (69.5%) had
HFrEF. Patients had a mean age of 70 years, and consistent
with VA demographics, 95% were men. Mean serum sodium
was 139" 3.5 mEq/L (median 139 mEq/L, range 114 to 158
mEq/L), and 1,195 patients (13.5%)were hyponatremic in the
overall cohort. Hyponatremia was present in 847 (13.8%) and
348 (12.9%) patients in HFrEF and HFpEF groups, respec-
tively (p ¼ 0.26). Of note, in the overall cohort, only 178
patients (2%) had serum sodium concentrations>145mEq/L.
Of patients with HFrEF, 25% had mildly reduced EF (40%
$EF <50%), 31% had moderately reduced EFs (30% $EF
<40%), and 44% had severely reduced EFs (EF <30%).
Baseline characteristics of patients with and without hypo-
natremia, within HFpEF and HFrEF groups, are listed in
Table 1. In patients with HFrEF, compared with patients with
nonhyponatremia, those with hyponatremia were slightly
younger and had higher prevalence of co-morbidities
(Table 1). In HFpEF, patients with hyponatremia did not
differ significantly in age or several co-morbidities. However,
compared with patients with nonhyponatremia, patients with
hyponatremia with both HFpEF and HFrEF had lower sys-
tolic blood pressure, BMI, and serum hemoglobin; higher
serum BUN and history of HF hospitalization within the

Figure 1. Percentage of patients who died or had at least 1 any-cause hospitalization in the 2 years of follow-up in patients with and without hyponatremia in
HFrEF (A) and HFpEF (B). *indicates p value of <0.001.

Table 3
Mortality and hospitalization by presence or absence of hyponatremia

Hyponatremia All-Cause Mortality
HR (95% CI), p Value

All-Cause Hospitalization
HR (95% CI), p Value

HFrEF (n ¼ 6,158)
Univariate 1.51 (1.33e1.72), <0.001 1.37 (1.25e1.51), <0.001
Model 1 1.54 (1.36e1.75), <0.001 1.38 (1.25e1.52), <0.001
Model 2 1.28 (1.13e1.46), <0.001 1.19 (1.08e1.32), <0.001
Model 3 1.26 (1.11e1.44), <0.001 1.18 (1.07e1.31), 0.001

HFpEF (n ¼ 2,704)
Univariate 1.59 (1.28e1.98), <0.001 1.18 (1.02e1.38), 0.03
Model 1 1.65 (1.33e2.06), <0.001 1.20 (1.03e1.40), 0.02
Model 2 1.44 (1.15e1.80), 0.002 1.08 (0.92e1.26), 0.34
Model 3 1.40 (1.12e1.75), 0.004 1.08 (0.92e1.27), 0.33

Model 1: adjusted for age, sex, and race.
Model 2: adjusted for model 1 þ history of diabetes mellitus, hyper-

tension, renal insufficiency, peripheral vascular disease, cerebrovascular
accident, atrial fibrillation, malignancy, dementia, COPD, moderate-
to-severe liver disease, history of MI, previous HF hospitalization, BMI,
hemoglobin, and serum BUN.
Model 3: adjusted for model 2 þ b blockers, ACEIs/ARBs,

spironolactone, and statin.
ACEIs/ARBs ¼ angiotensin-converting enzyme inhibitors or angiotensin

receptor blockers; MI ¼ myocardial infarction.
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previous 2 years, suggesting a more advanced HF status.
On multivariable logistic regression that evaluated all the
variables in Table 1, in patientswithHFpEF aswell asHFrEF,
hyponatremia was independently associated with younger
age, diabetes, lower systolic blood pressure, anemia, BMI
<30 kg/m2, and spironolactone use, whereas African-
American race and statin use were inversely associated with
hyponatremia. In addition, among patients with HFrEF,
COPD, previous HF hospitalizations, and higher BUN were
also associated with hyponatremia, whereas in HFpEF ane-
mia was also associated with hyponatremia (Table 2).

Over a 2 year follow-up, which was available for all pa-
tients, in patientswithHFrEF, 34.5%died in the hyponatremia
group compared with 24.6% in the nonhyponatremia group (p
<0.001; Figure 1). In patients with HFpEF, there were 28.2%
deaths in the hyponatremia group compared with 18.8% in
nonhyponatremia group (p <0.001; Figure 1). After adjust-
ment for demographics, co-morbidities, and medications,
hyponatremia remained independently associated with mor-
tality among both HFrEF (hazard ratio [HR] 1.26, 95% con-
fidence interval [CI] 1.11 to 1.44, p<0.001) and HFpEF (HR
1.40, 95% CI 1.12 to 1.75, p ¼ 0.004; Table 3 and Figure 2).

Patients with hyponatremia had higher all-cause hospitali-
zation rates compared with patients with nonhyponatremia.
During 2-year follow-up period, among patients with HFrEF,
56.9% had at least 1 any-cause hospitalization in the hypona-
tremia group compared with 48.5% in the nonhyponatremic
group (p<0.001; Figure 1).Among patientswithHFpEF, 54%
had at least 1 any-cause hospitalization in the hyponatremia
group compared with 50.4% in the nonhyponatremic group
(p ¼ 0.21; Figure 1). On multivariate analysis, hyponatremia
remained significantly associatedwith all-cause hospitalization
in patients with HFrEF with HR of 1.18 (95% CI 1.07 to 1.31,
p<0.001). However, in patients with HFpEF, on multivariate
analysis, an attenuation of hazard ratio was observed after
adjusting for covariates and in the final model, the increased
hazard for all-cause hospitalization associated with hypona-
tremia did not remain statistically significant (HR1.08, 95%CI
0.92 to 1.27, p ¼ 0.33; Table 3).

Discussion

This study of a large, ambulatory, national HF cohort
demonstrates that hyponatremia is equally prevalent among

ambulatory patients with HFpEF and HFrEF. In the study
cohort, patients with HFrEF with hyponatremia had an
increased risk of all-cause mortality and all-cause hospital-
ization compared with patients without hyponatremia. In
HFpEF, patients with hyponatremia had an increased risk of
all-cause mortality but not for hospitalization compared with
patients without hyponatremia.

In our study, we defined hyponatremia as serum sodium
level "135 mEq/L and found the prevalence of hyponatremia
to be over 10% and of similar frequency in HFpEF and HFrEF
(13.8%and12.9%, respectively). In studies that haveexamined
the prevalence of hyponatremia in ambulatory patientswithHF
(predominantly involvingpatientswithHFrEF), the prevalence
ranged from 10% to 17% based on the cutoff used to define
hyponatremia.8e10Our results are similar to those froma recent
meta-analysis, which found hyponatremia prevalence rates of
11% inpatientswith reducedEFand preservedEF (EF#50%),
although that study included a mixture of ambulatory and
hospitalized patients with HF.4 In contrast, the prevalence in
our ambulatory cohort was lower than that seen in exclusively
hospitalized patient cohorts with HF, which have shown a
prevalence ranging from 20% to 30%.11e13

Some correlates of hyponatremia that were found to be
common in patients with HFpEF and HFrEF, namely lower
systolic blood pressure, lower BMI and even lower statin use
(possibly due to lower serum cholesterol levels), and others
such as a higher serum BUN and previous HF hospitalization
in HFrEF and anemia in HFpEF, are consistent with more
advanced HF. These observations confirm findings from a
recent study that included a mix of hospitalized and ambu-
latory patients with HF and reported a higher NewYorkHeart
Association class, higher BUN levels, intake of thiazides or
loop diuretics, lower systolic blood pressure, and lower he-
matocrit to be associated with hyponatremia.14 Because spi-
ronolactone causes lowering of serum sodium levels, and
possibly related to the use of spironolactone in sicker patients
with HF, we found the use of spironolactone to be associated
with hyponatremia.

Despite the results of these studies showing the prognostic
importance of hyponatremia, it has not yet been established
that interventions to improve the serum sodium levels lead to
better outcomes in HF. Antagonism of antidiuretic hormone
arginine vasopressin has been evaluated as a potential thera-
peutic approach to increase serum sodium and improve

Figure 2. Multivariable-adjusted Kaplan-Meier survival curves for hyponatremia versus nonhyponatremia in patients with HFrEF (A) and HFpEF (B).
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Beside elevated LDH levels, subnormal sodium values
are the most frequent finding in laboratory panels of
patients with SCLC.

Hyponatremia was detected in 18.9% of all patients with
SCLC; severe hyponatremia was present in 8.8%.

According to our results, Hyponatremia seems to be an
indicator for higher tumor burden as a consistent, albeit
non-significant trend toward more metastatic sites was
present in the 58 ED SCLC cases with subnormal sodium

values. Interestingly, there were significantly more patients
with liver metastasis in this group.

Response rate was not statistically different in patients
with hyponatremia but there were significantly more cases
with progressive disease as result of first-line therapy (22.7
vs 13.8%, p Z 0.054). This observation might be indicative
for more aggressive tumor biology when hyponatremia is
present.

These findings are in line with other reports on hypo-
natremia in SCLC. Interestingly, similar results were found
in our analysis on LDH as prognostic factor in the same
patient population.14

Following our statistical analyses, there seems to be an
association between hyponatremia and reduced survival.
Analysis of the whole population showed 9 months median
survival versus 13 months (p ! 0.001). Subset analyses
yielded significantly reduced median survival in cases with
LD SCLC (9 vs. 17 months, p Z 0.050) and a weak trend
toward reduced median survival in ED SCLC (9 vs. 10
months, p Z 0.135). After adjustment for known
confounders, hyponatremia was a significant predictor for
survival in both patients with ED and LD SCLC.

Treatment options for patients with subnormal sodium
values are fluid restriction or sodium supplementation.26

Tolvaptan, a selective oral vasopressin V2-receptor antago-
nist was assessed in patients with chronic heart failure and
led to increased urine production and normalization of
sodium values without needing to adhere to fluid restric-
tion.27 EMEA approved tolvaptan for treatment of hypona-
tremia from SIADH in 2009. Treatment costs are still high and
might impede a more widespread use of this new approach.

50% of our patients with severe hyponatremia received
sodium supplementation in addition to chemotherapy.
Normal sodium values could be restored in 91.4% of these
cases. Normal sodium values could be achieved in 69% after
one or two cycles chemotherapy. Increasing sodium values
were observed in another 22% after cycles. Median survival
reached 11 months. However, Patients with falling sodium
values despite adequate treatment were prone to
rapid disease progression with median survival below three
months.

Due to the retrospective nature of the study some
limitations might apply. On the other hand, the single-
institution design was favorable as all sodium values were
obtained with the same laboratory equipment. Addition-
ally, we evaluated virtually all patients seen over the
mentioned 5-year period and only lost two cases for follow-
up after conclusion of chemotherapy.

In conclusion, Hyponatremia as clinical presentation of
paraneoplastic SIADH is an easily obtainable strong prog-
nostic factor in patients with small cell lung cancer. The
independent level of hyponatremia was confirmed by
statistical adjustment for the two other most important
predictive markers: extend of disease and clinical perfor-
mance status.

Results of multivariate analyses showed LDH levels,
disease stage, performance status and gender to be other
variables which also were statistically proven to be signifi-
cant as prognostic factors.

However, it should be considered that elevated LDH
levels are more common in patients with SCLC and thus are
more useful as prognostic factor.

Figure 1 Median survival in patients with normal
("135 mmol/l) versus subnormal serum sodium values.

Table 5 Multivariate Cox regression analyses in 393 cases
performed separately for LD and ED SCLC.

Stage Significance HR 95.0%
Confidence
interval

Lower Upper

Limited
disease

Age 0.125 1.015 0.996 1.036
Gender 0.177 1.292 0.891 1.876
LDH 0.112 1.340 0.934 1.921
PS 0.106 1.644 0.900 3.000
Serum
sodium,
per 1
mmol/l

0.025 0.960 0.925 0.995

Extensive
disease

Age 0.840 1.002 0.983 1.021
Gender 0.138 1.225 0.937 1.603
LDH 0.041 1.347 1.012 1.794
PSre 0.000 2.209 1.578 3.091
Serum
sodium,
per 1
mmol/l

0.038 0.979 0.959 0.999
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A difference regarding age or Performance Status (PS) was
not seen comparing the cohorts with normal vs. subnormal
plasma sodium values. Patients with LD SCLC and hypona-
tremia were given sequential thoracic radiotherapy in 71%
and PCI in 47%. For cases with normal sodium values,
thoracic radiotherapy was administered in 57% and PCI in
31%. We did not consider radiation therapy as possible
confounding factor, as the treatment was begun after
chemotherapy in all cases. Cisplatin was given 7 patients
with hyponatremia. Serum creatinine did not change more
than 0.1 mg/dl in these cases and sodium values were rising
in all patients. Thus, there is no evidence for cisplatin
treatment being a confounding factor in our series.

We performed additional analyses with regard to local-
ization of metastases and number of metastatic sites in
patient groups with normal versus subnormal sodium
values. Liver metastases were significantly more frequent
in patients with subnormal sodium values (55 vs. 39%,
pZ 0.028). Regarding number of metastatic sites there was
a trend toward more metastatic sites in patients with
subnormal sodium values. Table 2.

In the 320 patients with normal sodium values, response
rate (RR)was not statistically significant higher than in the 75
cases with subnormal sodium values (72.2 vs. 68.0%,
p Z 0.470). However, progressive disease as result of first
line treatmentwasmore frequent in patientswith subnormal
sodium values (22.7 vs. 13.8%, p Z 0.054). Table 3.

Median survival in the entire group of patients with SCLC
was significantly shorter in patients with subnormal sodium
values (9 vs. 13 months, p < 0.001). In subset analysis of
patients with ED SCLC, there was a non-significantly
reduced median survival in patients with subnormal
sodium values not adjusted for confounders (9 vs. 10
months, p Z 0.135). In LD SCLC though, there was
a significantly shorter survival (9 vs. 17 months, p Z 0.050)
when subnormal sodium levels were present. Table 4,
Fig. 1. In multivariate Cox regression analyses hypona-
tremia was an independent predictor of mortality after
adjustment for age, gender, LDH and performance status in
patients with ED and LD SCLC. Table 5.

We looked specifically at patients with severe hypona-
tremia. Sodium values fell during treatment in two
patients. These patients only received one cycle carbo-
platin and etoposid and died within three months. In
another case with early death, follow-up sodium value had
not been assessed. Sodium values increased in all remaining
32 cases (91.4%). Only one patient was symptomatic from
hyponatremia when chemotherapy was initiated. 17
patients received chemotherapy only, 16 patients were
additionally given sodium supplementation. Normal sodium
values were achieved in 28 cases; the values remained
subnormal in 4. Median survival reached 11 months. We did
not use fluid restriction or infusion therapy with higher
concentrations of sodium.

Sodium values returned to normal or slightly subnormal
(>132 mmol/l) in 17 patients (53%) after the first cycle
chemotherapy; 6 of these cases had additionally received
sodium supplementation. Sodium values were normal in
another 5 cases (16%) after 2 cycles chemotherapy (none
with supplementation). Sodium values increased in 7
patients (22%) after 4 cycles chemotherapy, albeit normal
values were seen in only three of these cases. All but one
had been given additional sodium supplementation.

Discussion

Hyponatremia resulting from SIADH is one of the most
frequent paraneoplastic syndromes in small cell lung
cancer. Other typical paraneoplastic syndromes in SCLC are
Cushing syndrome, Lambert Eaton Syndrome, dermato-
myositis, anemia and thromboembolism.25

Table 2 Localization of metastases and number of
metastatic sites in 241 patients with ED SCLC with normal
versus subnormal sodium values.

Serum sodium !135 mmol/l
n Z 183

"134 mmol/l
n Z 58

p-value

Metastatic site
CNS 43 (23%) 10 (17%) 0.316
Liver 71 (39%) 32 (55%) 0.028
Adrenal glands 31 (17%) 9 (16%) 0.800
Bone 48 (26%) 22 (38%) 0.087
Lung 44 (24%) 13 (22%) 0.799
Pleura 25 (14%) 15 (26%) 0.030
Number of metastatic sites
1 108 (59.0%) 23 (39.7%) 0.010
2 52 (28.4%) 24 (41.4%) 0.064
3 17 (9.3%) 9 (15.5%) 0.183
4 or more 6 (3.3%) 2 (3.4%) 0.950

Table 3 Response rate in all patients with SCLC (both LD
and ED): normal versus subnormal sodium values (mmol/l).

Response Sodium !135
n Z 320

Sodium "134
n Z 75

p-Valuea

Complete
response

30 (9.4%) 3 (4.0%) 0.130

Partial response 201 (62.8%) 48 (64.0%) 0.848
Response rateb 231 (72.2%) 51 (68.0%) 0.470
Stable disease 45 (14.1%) 7 (9.3%) 0.276
Progressive
disease

44 (13.8%) 17 (22.7%) 0.054

a chi-square test.
b Response rate: sum of complete and partial responses.

Table 4 Log-rank test for median survival (months) in all
patients with SCLC and subset analyses (LD, ED) with sodium
values !135 mmol/l vs. "134 mmol/l.

Sodium value !135 mmol/l
median
survival

"134 mmol/l
median
survival

p-value

SCLC, n Z 393a 13.0 9.0 <0.001
SCLC LD, n Z 153 17.0 9.0 0.050
SCLC ED, n Z 240 10.0 9.0 0.135
a Follow-up data are missing in 2 cases.
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(Table 4). Older age, DM, and cancer were also associ-
ated with increased all-cause mortality. The association
of CVD with increased all-cause mortality was margin-
ally significant.

Discussion
The principal finding in the current study is that lower
sNa is an independent predictor of higher risk for
infection-related hospitalization in maintenance HD pa-
tients. To the best of our knowledge, this study is the
first to investigate the relationship between sNa and risk
of infection in patients with ESRD. Although increasing
evidence indicates a possible causal relationship between
sNa and mortality, specific pathogenesis or diseases con-
tributing to mortality in the hyponatremic population
have yet to be clarified. Infectious disease may partially
account for the increased mortality observed in hypona-
tremic subjects with ESRD.
The present study showed that lower sNa is an inde-

pendent predictor of higher risk for infection in ESRD
patients, and confirmed the established relationship be-
tween lower sNa and higher mortality, even after adjust-
ments for various covariates. Prior studies have shown
an association between hyponatremia and increased
mortality in a wide variety of diseases [3-11]. However,
in the majority of these studies, baseline sNa was based
on measurements during hospitalization and/or in the
acute phase of underlying disease, and these settings are
more likely to increase either an appropriate or inap-
propriate secretion of arginine vasopressin (antidiuretic
hormone, ADH), resulting in higher reabsorption of
solute-free water with a lower level of sNa. In contrast,

recent large cohort studies in the general population
[19,20] or in CKD patients [17] have shown that chronic
and mild hyponatremia are associated with increased all-
cause mortality, even after adjustments for potential
confounders or underlying disease. Furthermore, Waikar
et al. [14] showed a continuous relationship between
lower sNa and higher mortality in the HD population
without residual renal function, indicating that this
relationship is independent of ADH secretion related to
underlying disease. Thus, it is possible that hyponatre-
mia is not only a marker of severe underlying disease
that results in poor outcome, but is also a direct con-
tributor to mortality [21]. Similarly, our findings from
the HD population suggest that hyponatremia possibly
results in increased susceptibility to infection, and infec-
tious disease additionally contributes increased mortality
in hyponatremic subjects with ESRD. Although several
studies of the HD population have not clarified specific
diseases that are responsible for increased mortality in
hyponatremic subjects [14-16], the HEMO study showed
that the relationship between lower sNa and higher

Figure 2 Kaplan-Meier curves of time to outcomes according to
serum sodium level tertiles. (A) First infection-related
hospitalization. (B) Death of any cause. Abbreviations: sNa, serum
sodium level.

Figure 1 Incidence rate of each subtype of infection-related
hospitalization according to serum sodium level tertiles.
Abbreviations: IRH, infection-related hospitalization; sNa, serum
sodium level.
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Hyponatraemiawas defined as plasma sodium levels below 135 mmol/L
at admission to the hospital and categorized as mild (130–135 mmol/L),
moderate (125–130 mmol/L) and severe (below 125 mmol/L). When
applicable, natrium levels were corrected for hyperglycaemia
(glycaemia above 5.5 mmol/L) by themeans of Katz formula (measured
sodium + 0.016 x (serum glucose − 100)) [19]. In case of repeated
admissions during the study period, the admission with the lowest
sodium level was analysed.

Medical records of all hyponatremic patients were reviewed and age,
sex, date and primary reason for admission to hospital, comorbidity, drug
history, severity of hyponatremia, success in correcting hyponatremia,
the cause of hyponatremia, and possible death and its cause were noted.

Determination of hyponatremia cause was based on a patient's
clinical condition at admission (clinical symptoms of hydration, skin
turgor, presence of edema, blood pressure) and laboratory parameters
(serum osmolality, creatinine, urea, urine osmolality, sodium in the
urine when applicable).

Controls were patients with normonatremia admitted to the hospi-
tal during the same time periodmatched by sex, age (+/− 2 years) and
underlying disease 1:1with the study group. Ischemic heart disease, ar-
terial hypertension, diabetes mellitus, chronic kidney disease, liver cir-
rhosis, chronic obstructive pulmonary disease, any endocrinological
and psychiatric disease were the matching underlying diseases. In hos-
pital mortality was defined as death during the same hospitalisation.

Statistical analysis was performed using the IBM SPSS version 18
software. Difference in in-hospital mortality rate between the study
and control groups was tested by a chi-square test. Baseline demo-
graphics, underlying disease, degree and cause of hyponatremia and
success of correcting hyponatremia as possible risk factors for mortality
were tested in a multivariate analysis.

3. Results

Between January and August 2012, 2171 patients (males/females
1022/1149, 47% were males; average age 70 years, range 22–97) were
admitted. After correction for pseudohyponatremia (32 cases), the true
hyponatremiawas present in 278 (13%) patients. From all hyponatremic
patients, 103 (37%) had mild, 129 (46%) moderate and 46 (17%) severe
hyponatremia.

From all patients with hyponatremia, themajority (187 admissions;
67%) of admissions were not due to hyponatremia. In 24 patients (9%)
the primary cause of hyponatremiawas not identified and in 56patients
(20%) it was due to the combination of several causes. The respective
causes of hyponatremia comprised gastrointestinal loss (52 patients,
19%), decreased oral intake (47 patients, 17%), dilution reasons (45 pa-
tients, 16%), clear water intake (25 patients, 9%), diuretics therapy (15
patients, 5%), SIADH (13 patients, 5%) and Addison's disease (1 patient,
0%). [Table 1].

The overall all cause ofmortality in hyponatremic patients' groupwas
significantly higher compared with control group (22% vs 7%, respective-
ly; pb0,0001). Hyponatraemia was associated with increased mortality
rate (OR 3.75, 95% CI 2.17–6.48) [Fig. 1]. In a multivariate analysis age
over 65 years, specific etiologies of hyponatremia, dilution and decreased
oral intake, and unsuccessful hyponatremia correctionwere independent
factors associated with increased mortality [Table 2]. The mortality did
not depend on severity of hyponatremia [Table 3]. There was no signifi-
cant difference in the level of natremia between in hospital deaths of
hyponatremic patients compared and hyponatremic patients who sur-
vived (127.33 vs 125.88 mmol/L respectively, p = 0.129). In the control
group, there were no factors associated with mortality determined in
themultivariate analysis including age, sex and the underlying condition.

4. Discussion

In this retrospective study of hospitalised patients we analysed the
influence of hyponatremia on in-hospital mortality and found that

hyponatremia was an independent factor associated with mortality.
Furthermore, we analysed the predictive factors of hyponatremia-
associated mortality and found that age and dilution and decreased
oral intake as causes of hyponatremia as well as failure to correct
hyponatremia were risk factors for hyponatremia-associated mortality.

The phenomenon of hyponatremia increasing the death risk has been
shownpreviously in several specific conditions and clinical settings, such
as heart failure [20,21], liver cirrhosis [22–24], acute myocardial infarc-
tion [12,25], renal failure [26,27], pulmonary embolism [28–30], elderly
patients [31–33] and intensive care unit patients [34–36]. Few studies
have also shown increased mortality in hyponatremic patients with
mixed underlying in general internal medicine departments [37,38].
The frequency of hyponatremia in these respective mainly retrospective
cohorts varied from5% to 20%withmortality risk of 1.5 to 3. In our study,

Table 1
Basic demographic characteristics.

Hyponatraemia Controls

N 278 278
M/F (% males) 118/160 (42%) 118/160 (42%)
Age (yrs; range) 70 (22–97) 70 (22–97)
Underlying disease
– Ischemic heart disease
– Arterial hypertension
– Liver cirrhosis
– Chronic renal failure
– Diabetes mellitus 1
– Diabetes mellitus 2
– COPDa

– Endocrinological disease
– Psychiatric disease

145 (52%)
179 (64%)
27 (10%)
82 (30%)
5 (2%)
70 (25%)
25 (9%)
33 (12%)
22 (8%)

168 (60%)
210 (75%)
23 (8%)
90 (32%)
4 (1%)
71 (26%)
18 (7%)
24 (9%)
11 (4%)

Reason for admission
– Hyponatraemia
– Others

91 (33%)
187 (67%)

N/A

Aetiology of hyponatremia
– Gastrointestinal loss
– Decreased oral intake
– Dilution reasons
– Clear water intake
– Diuretics therapy
– SIADH b

– Addison's disease
– Cerebral salt wasting syndrome
– Unknown
– Combination of causes c

52 (19%)
47 (17%)
45 (16%)
25 (9%)
15 (5%)
13 (5%)
1 (0%)
0
24 (9%)
56 (20%)

N/A

a Chronic obstructive pulmonary disease.
b Syndrome of inappropriate antidiuretic hormone secretion.
c Combination: dilution + diuretics + clear water intake, diuretics + gastrointestinal

loss, diuretics + clear water intake.

Fig. 1. In hospital mortality in hyponatremia and control groups. The percentage of in-
hospital deaths was significantly higher in hyponatremic group compared with control
group (22% vs 7%, respectively; OR 3.75, 95% CI 2.17–6.48, p b 0.0001). Grey bars — no
in-hospital deaths, black bars— in-hospital deaths.
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•  Οι διαταραχές του νατρίου είναι διαταραχές 
του νερού 

•  Ο κύριος ρυθµιστής του ισοζυγίου νερού είναι 
ο νεφρός 

•  Η διαχείριση του νερού στο νεφρό γίνεται 
στον άπω νεφρώνα, κυρίως στο αθροιστικό 
σωληνάριο 

•  Ο ρόλος των υδατοπουρινών είναι σηµαντικός  



ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  

AQP-1 is upregulated after exposure to contrast material or
osmotic stress in proximal tubule epithelial cells in culture
(13), and similarly, AQP-3 in MDCK cells increases in re-
sponse to a hyperosmolar challenge (14). Similarly, a protein
challenge produced a marked increase in AQP-1 and AQP-3
message in proximal tubule epithelial cells (15). In one study
that looked at the expression of AQPs in human peritoneal
membrane samples, AQP-1 was shown to be localized to the
capillary and venule endothelium and was postulated to be the
water channel in the human peritoneum for water transport
(12). Increased expression of AQP-1 in glomeruli after injury
as demonstrated in this study would suggest a role for AQP-1
in maintaining osmotic equilibrium. One can postulate that
renal injury, regardless of etiology, produces increased stress
on cell integrity, and that the increased expression of AQP-1 is
an adaptive response to this. Further studies are required to
elucidate the significance of these immunohistological
observations.
Changes in AQP-2 and AQP-3 immunostaining and mRNA

seen in this collection of human renal biopsy specimens are
similar to those documented in diseased rat kidneys (3). Re-
duction in nephron numbers and the presence of interstitial
fibrosis reduces the amount of AQP-2 and AQP-3. Clinically,
this would be associated with the inability of the kidney to
concentrate urine and the consequent manifestation of nocturia,
as is seen with this condition.
In summary, AQP expression in various forms of renal

disease demonstrates a reduction in AQP-2 and AQP-3 expres-
sion associated with a loss of nephrons and the presence of
chronic interstitial fibrosis. A more striking finding was the

Table 1. Semiquantitative assessment of localization of aquaporins (AQP) 1 to 4 in normal and kidneys sampled by biopsya

Disease AQP1
PT

AQP1
VRdesc

AQP1
glom

AQP2
DCT

AQP3
DCT

AQP4
DCT

Normal 3! 3! 3! 3! 1
Mesangial proliferative glomerulonephritis 3! 3! 2 3 2!
Lupus nephritis 2! 2! 2 3 2! 2!
Interstitial nephritis 3 3 2 2 2! 2!
Nephrosclerosis 2! 2! 1 2 2 2
Crescentic glomerulonephritis 3 2 2 1! 1
Chronic lithium nephropathy 2! Trace 1 2
Chronic glomerulonephritis 2! Trace 2 1! 1
Minimal change 3 2! 2! 3 3 1!
a Kidneys were sampled when sufficient material was available for analysis. A blank space indicates that the appropriate antigen was

not detected, not necessarily that it was not present. Range is 0 to 3! as compared with normal kidney. PT, proximal tubule; VRdecs,
descending vasa recta; glom, glomerulus; DCT, distal collecting tubule.

Figure 5. Glomeruli from (a) region of normal human kidney and (b)
renal biopsy sample from a patient with mild glomerulonephritis. Both
sections were immunohistochemically stained to reveal !-laminin and
aquaporin 1 (AQP-1). Sections were examined on a Zeiss LSM 510
microscope and pseudocolored to show !-laminin in green and
AQP-1 in red. Arrows in Panel b indicate AQP-1 in the endothelium
of the diseased kidney. Bar " 20 "m.

Figure 6. Real-time PCR results for aquaporin (AQP) 1 to 3 from
normal kidneys and kidneys that underwent biopsy. These are mea-
sured as relative Ct relative to normal kidney (see text), which is
expressed as 1.0. A indicates normal kidney; B, crescentic glomeru-
lonephritis with vasculitis; C, IgA mesangial proliferative glomerulo-
nephritis; D, immunofluorescence negative mesangial proliferative
glomerulonephritis; E, lupus nephritis; F, nephrosclerosis; G, chronic
lithium nephropathy; and H, minimal change.
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ulonephritis (immunofluorescent negative) (4); IgA nephropa-
thy with mesangial proliferative changes (5); lupus nephritis
(4); membrane-proliferative glomerulonephritis (1); minimal
change glomerulonephritis (4); membranous nephropathy (1);
acute interstitial nephritis (3); interstitial nephritis in associa-
tion with vasculitis (3); crescentic glomerulonephritis associ-
ated with vasculitis (2), chronic glomerulonephritis (2), arte-
riolar nephrosclerosis (6), and chronic lithium-induced
nephropathy (2).
Figure 2 shows distribution of AQPs 1 to 4 in the normal

human kidney. AQP-1 is located on the basolateral and apical
membranes of the proximal tubules and descending thin limb
of the loop of Henle (Figure 2, a through c). It is absent from
other parts of the nephron and the collecting ducts. It is also
found in the descending vasa recta (Figure 2d), and a weak
positive stain is evident in the glomerular capillaries.
AQP-2 is localized to the apical membranes of the collecting

duct principal cells. It is absent from the intercalated cells of
the collecting duct (Figure 2e). AQP-3 (Figure 2f) and AQP-4
are present in the basolateral membrane of the principal cells of
the collecting duct. AQP-4 was only present in the collecting
duct cells.
In the renal biopsy specimens, the striking finding was the

greatly increased expression of AQP-1 in the glomeruli of all
specimens, including the “minimal change” lesions (Figures 3,
4, and 5). AQP-1 is clearly localized to the glomerular endo-

thelium (Figure 5, a and b, arrows), as is evidenced by its
presence interior to !-laminin, which demarcates the basement
membranes. AQP-1 staining was also evident in the sclerosed
glomeruli. AQP-1 staining was widespread and prominent in
all viable proximal tubules on the specimens. In immunofluo-
rescence-negative mesangial proliferative glomerulonephritis
specimens, there was an apparent loss of AQP-1 (Figure 3, a
and b) staining on the basolateral membranes of the tubules,
but AQP-2 (Figure 3c) still showed moderate amounts of
expression even although the cells were atretic. Similar pat-
terns were apparent in IgA nephropathy (Figure 3, d through f),
interstitial nephritis (Figure 4, a and ), and lupus nephritis
(Figure 3, h through j) biopsy specimens. In minimal change
specimens, where no detectable changes are seen on routine
light microscopy, there was a clearly visible increase in AQP-1
expression in the glomerulus and a loss of basolateral staining
of AQP-1 in the proximal tubules. AQP-2 appeared normal
(Figure 4, e through h).
AQP-2 immunostaining was present in the cortical and distal

collecting duct tubules but was reduced in the lesions of
chronic interstitial nephritis, nephrosclerosis, and chronic glo-
merulonephritis due to a greater degree of interstitial fibrosis.
A similar pattern in AQP-3 staining was seen. AQP-4 staining
was absent, presumably the result of the lack of inner medul-
lary tissue on the biopsy specimens that contain tissue predom-
inantly from the cortex and juxtamedullary regions of the
kidney. A semiquantitative analysis has been made for the four
AQPs and is presented in Table 1.

Real-Time RT-PCR
Real-time RT-PCR is a recently developed technique (9) that

gives an estimate of the changes in the abundance of the
mRNAs. The distribution in terms of relative amounts (!!Cts)
of AQPs are shown in Figure 6. In renal disease samples,
AQP-2 is decreased compared with the normal kidney. AQP-1
mRNA was increased in biopsy specimens of crescentic glo-
merulonephritis with vasculitis and immunofluorescence-neg-
ative mesangial proliferative glomerulonephritis, but in other
cases, it remained unchanged compared with the normal kid-
ney. Increases in the AQP-3 mRNA expression were seen in
crescentic glomerulonephritis with vasculitis, IgA nephropa-
thy, and nephrosclerosis. There was a decrease in AQP-3
mRNA expression in lupus nephritis and with kidneys that had
been exposed to chronic lithium treatment. Real-time RT-PCR
gives an estimation of how much the AQPs have changed in
disease states relative to that expressed in the normal kidney.

Discussion
The role of AQPs and the regulation of water permeability

has been the subject of intense investigation. They are now
regarded as the main route for transmembrane water movement
(3). The majority of studies have involved experimental animal
models, and only limited human studies on normal kidney
tissue (3,10,11) have been reported. Alterations in renal AQP
expression have not been studied in human renal diseases. We
have examined the expression (by means of immunohisto-
chemistry and real-time RT-PCR) of AQPs 1 to 4 in various

Figure 2. Distribution of aquaporins (AQPs) 1 to 4 in a normal human
kidney as detected by immunostaining with horseradish peroxidase.
(a) AQP-1 in proximal tubules; original magnification, "40. (b, c)
AQP-1 in proximal tubules; original magnification, "60. (d) AQP-1
in vasa recta. (e) AQP-2 localization in collecting tubules; original
magnification, "60. (f) AQP-3 localization in collecting duct cells;
original magnification, "60.
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ated with vasculitis (2), chronic glomerulonephritis (2), arte-
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nephropathy (2).
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of AQP-1 in the proximal tubules. AQP-2 appeared normal
(Figure 4, e through h).
AQP-2 immunostaining was present in the cortical and distal
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merulonephritis due to a greater degree of interstitial fibrosis.
A similar pattern in AQP-3 staining was seen. AQP-4 staining
was absent, presumably the result of the lack of inner medul-
lary tissue on the biopsy specimens that contain tissue predom-
inantly from the cortex and juxtamedullary regions of the
kidney. A semiquantitative analysis has been made for the four
AQPs and is presented in Table 1.

Real-Time RT-PCR
Real-time RT-PCR is a recently developed technique (9) that

gives an estimate of the changes in the abundance of the
mRNAs. The distribution in terms of relative amounts (!!Cts)
of AQPs are shown in Figure 6. In renal disease samples,
AQP-2 is decreased compared with the normal kidney. AQP-1
mRNA was increased in biopsy specimens of crescentic glo-
merulonephritis with vasculitis and immunofluorescence-neg-
ative mesangial proliferative glomerulonephritis, but in other
cases, it remained unchanged compared with the normal kid-
ney. Increases in the AQP-3 mRNA expression were seen in
crescentic glomerulonephritis with vasculitis, IgA nephropa-
thy, and nephrosclerosis. There was a decrease in AQP-3
mRNA expression in lupus nephritis and with kidneys that had
been exposed to chronic lithium treatment. Real-time RT-PCR
gives an estimation of how much the AQPs have changed in
disease states relative to that expressed in the normal kidney.

Discussion
The role of AQPs and the regulation of water permeability

has been the subject of intense investigation. They are now
regarded as the main route for transmembrane water movement
(3). The majority of studies have involved experimental animal
models, and only limited human studies on normal kidney
tissue (3,10,11) have been reported. Alterations in renal AQP
expression have not been studied in human renal diseases. We
have examined the expression (by means of immunohisto-
chemistry and real-time RT-PCR) of AQPs 1 to 4 in various

Figure 2. Distribution of aquaporins (AQPs) 1 to 4 in a normal human
kidney as detected by immunostaining with horseradish peroxidase.
(a) AQP-1 in proximal tubules; original magnification, "40. (b, c)
AQP-1 in proximal tubules; original magnification, "60. (d) AQP-1
in vasa recta. (e) AQP-2 localization in collecting tubules; original
magnification, "60. (f) AQP-3 localization in collecting duct cells;
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ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  

•  Κανάλια νερού 
•  Αποκλειστική διέλευση νερού 
•  Υδατοπουρίνες τύπου 2 (AQP2) 
•  Βρίσκονται στην σωληναριακή µεµβράνη του  
κυρίου κυττάρου του αθροιστικού σωληναρίου 

•  Βρίσκονται αποθηκευµένες στο κυτταρόπλασµα  
•  Όταν υπάρξει το κατάλληλο ερέθισµα (κυρίως η 
αντιδιουρητική ορµόνη) µεταφέρονται και 
εκφράζονται στην µεµβράνη του κυττάρου, 
αυξάνοντας την επαναρρόφηση νερού  



ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  

cannot lead to insertion of functional AQP2 in the apical
membrane and the cells remain water impermeable. While
there are some cases of partial NDI, where the mutation allows
residual receptor function and thus submaximal urinary con-
centration (7), for the purposes of this review we will stick to
the stringent conditions, as above.

However, there are also secondary forms of NDI (sNDI). In
fact, in adults, sNDI is much more commonly seen than
primary inherited NDI, mostly due to lithium treatment (61),
and this is a well-studied side effect (reviewed in Ref. 50). It is
also a recognized complication of obstructive uropathies,
where presumably the increased pressure impairs normal col-
lecting duct function (4, 32). It can be further seen in the
context of autoimmune disease, such as Sjøgren syndrome,
presumably due to the generation of autoantibodies against
proteins involved in tubular function (60). Much less under-
stood is the sNDI complicating other inherited kidney diseases,
which is the focus of this review. Whereas these inherited
forms of sNDI are very rare, they provide a unique opportunity
to gain insight into the underlying mechanisms, as the precise
genetic defect in these patients is known, a situation similar to
knockout mice. The study of these inherited forms of sNDI
may thus provide important clues to the regulation of the
urinary concentrating ability and thus deserves our attention.
Close collaboration between clinical and experimental physi-
ologists is needed to gain mechanistic insight into the clinical
observations using appropriate experimental models.

Inherited Diseases Associated with sNDI

Bartter syndrome. The occurrence of sNDI complicating
Bartter syndrome is confusing and can result in diagnostic
pitfalls. Bartter syndrome is due to loss-of-function mutations
in proteins mediating salt reabsorption in the thick ascending
limb of Henle’s loop (TAL) (38). The TAL is also called the
urinary diluting segment as salt reabsorption from the water-
impermeable TAL is critical for urinary dilution and generation
of the medullary interstitial concentration gradient. Thus pa-
tients with Bartter syndrome typically are polyuric, but not due
to an AQP2 deficiency but due to isosthenuria, i.e., an impair-

ment to concentrate or dilute the urine. However, some of these
patients clearly have hyposthenuria. We recently described in
detail the case of a boy with antenatal Bartter syndrome and
clinical AQP2 deficiency, based on persistent hypotonic urine,
despite clinical dehydration with hypernatremia and no re-
sponse to DDAVP (8). Interestingly, despite the genetic im-
pairment of salt reabsorption in TAL in this boy, urine osmo-
lality reached values as low as 63 mosmol/kgH2O, suggesting
that other segments, presumably more distal, can compensate
for the loss-of-function in TAL. Moreover, this compensation
was markedly enhanced by treatment with indomethacin,
which may be one reason for the clinical efficacy of this drug
in Bartter syndrome (8). More such case reports exist, and the
low urine osmolalities despite concomitant hypernatremia and
lack of response to DDAVP in these patients can actually lead
to an initial misdiagnosis of NDI (3). In fact, in the laboratory
in Montreal, KCNJ1, the gene underlying Bartter syndrome
type 2, is the first additional gene tested in samples from
patients with a clinical diagnosis of NDI, but no identifiable
mutation in AVPR2 or AQP2. If no mutation is found,
SLC12A1, the gene underlying Bartter syndrome type 1, is
studied next, simply because of the much greater size of this
gene. Indeed, in cases with a clinical diagnosis of NDI ana-
lyzed in the years 2000–2011, the laboratory identified patho-
genic mutations in AVPR2 in 148 cases, AQP2 in 22 cases, and
KCNJ1 (6 cases) and NKCC2 (1 case) in an additional 7 cases.

Importantly, the sNDI appears to occur only in patients with
Bartter syndrome type 1 and type 2 [i.e., those with mutations
in either SLC12A1 (NKCC2) or KCNJ1 (ROMK)], but not in
those with type 3 (due to mutations in CLCNKB), who may
display polyuria due to an impaired medullary osmotic gradi-
ent, but in fact typically have some urinary concentrating
ability (54). This may actually provide one clue toward a
potential etiology: while Bartter type 3 patients typically have
more severe plasma electrolyte abnormalities with respect to
hypokalemia, hypochloremia, and alkalosis, they do not exhibit
the hypercalciuria typical for type 1 and type 2 Bartter syn-
drome (14, 54). Another distinguishing feature between type 1,
2, and 3 Bartter syndrome is the highly elevated hyperprosta-

Fig. 1. Shown is a schematic of a principal cell in the
collecting duct depicting the molecular basis for water
reabsorption. The type 2 vasopressin receptor (V2 receptor)
is a G protein-coupled receptor expressed on the basolateral
side. Activation of the receptor stimulates adenyl cylase
and, in turn, protein kinase A (PKA). Phosphorylation of
aquaporin-2 (AQP2) by PKA leads to insertion of AQP2
into the apical membrane. PDEs, phosphodiesterases.
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Fig. 1. Shown is a schematic of a principal cell in the collecting duct depicting the molecular 
basis for water reabsorption. The type 2 vasopressin receptor (V2 receptor) is a G protein-
coupled receptor expressed on the basolateral side. Activation of the receptor stimulates adenyl 
cylase and, in turn, protein kinase A (PKA). Phosphorylation of aquaporin-2 (AQP2) by PKA 
leads to insertion of AQP2 into the apical membrane. PDEs, phosphodiesterases. Am J Physiol Renal Physiol 304:    

                    F1037–F1042, 2013 
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•  Ενδοκυττάριο ασβέστιο 
•  Προσταγλανδίνη Ε2 
•  Ντοπαµίνη 
•  Αλδοστερόνη 
•  Τονικότητα του πλάσµατος 

Αλλοι  παράγοντες που εµπλέκονται στο κύκλο έκφρασης 
 των υδατοπουρινών 



ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  

•  Δυσλειτουργία	   στο	   κύκλο	   μεταφοράς	   και	   στη	  
έκφραση	   των	   υδατοπουρινών	   θα	   οδηγήσει	   σε	  
διαταραχές	   του	   αποβαλλόμενου	   ποσού	   των	  
ούρων,	  	  

•  αλλα	   και	   σε	   διαταραχές	   του	   ποσού	   του	   νερού	  
στον	  οργανισμό	  



ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  

•  Οι	   πιο	   γνωστές	   διαταραχές	   είναι	   αυτές	   που	  
προκαλούν	   πολυουρία	   (όπως	   ο	   νεφρογενής	  
άποιος	  διαβήτης)	  

•  Οφείλονται	   σε	   μειωμένη	   έκφραση	   των	  
υδατοπουρινών	   (συγγενή	   ή	   επίκτητη)	   στη	  
σωληναριακή	   μεμβράνη	   του	   κυττάρου	   του	  
αθροιστικού	  σωληναρίου	  	  



ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  

•  Τελευταία διαπιστώνεται η άποψη οτι η 
αυξηµένη έκφραση των υδατοπουρινών 
(συγγενής ή επίκτητη) στη σωληναριακή 
µεµβράνη των κυττάρων του αθροιστικού µπορεί 
να ε ίναι υπεύθυνη για την εµφάνιση 
υπονατριαιµίας  

•  Η µέτρηση των αποβαλλόµενων υδατοπουρινών 
στα ούρα χρησιµοποιείται ως δείκτης αυξηµένης 
έκφρασης τους    



ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  ΣΤΑ	  ΟΥΡΑ	  

The results of an acute oral water load test are shown in
Table 3. An acute oral water load (20 mL/kg) produced water
diuresis in the control subjects, as the percent excretion of the
water load was 79.0 ! 4.4% during the 4 h observation
period. The minimal Uosm was as low as 90.6 ! 6.2 mmol/
kg, which was responsible for the decrease in plasma AVP
levels after the reduction in Posm (data not shown). In con-
trast, the percent excretions of water load were less than 42%
in the three groups of patients, and they were significantly
less than that in the control subjects. The basal levels of Uosm
were rather lower in the patient groups than in the control

subjects (P " 0.001), but the minimal Uosm remained as high
as 350 mmol/kg or more in the three groups of patients,
values significantly greater than that in the control subjects.
The impaired water excretion was in concert with the non-
suppressible levels of plasma AVP, despite hypoosmolality
in the three groups of patients. Basal levels of urinary ex-
cretion of AQP-2 were 2- to 4-fold greater in the three groups
of patients than in the control subjects. The maneuver of an
acute oral water load gradually decreased urinary excretion
of AQP-2, and its nadir was obtained at 60–90 min (22). The
minimal urinary excretion of AQP-2 remained high in the

TABLE 2. Plasma renin activity, plasma aldosterone, plasma ACTH, and serum cortisol in four groups of elderly subjects (values are
means ! SEM)

Group n PRA (ng/L/s) Aldosterone
(pmol/L)

ACTH
(pmol/L) Cortisol (nmol/L)

SIADH 8 0.25 ! 0.11 145.9 ! 49.1 5.1 ! 1.5 518.7 ! 71.7a,d

Mineralocorticoid-responsive
hyponatremia of the elderly

8 0.11 ! 0.03 126.5 ! 18.3 7.0 ! 0.9d 309.0 ! 41.4d

Hypopituitarism 13 0.14 ! 0.06 58.3 ! 8.6b 3.1 ! 0.5 88.3 ! 22.1
Miscellaneous 4 2.64 ! 1.75a,c 138.7 ! 35.2 66.8 ! 60.2c 435.9 ! 248.3c

a P " 0.05 and b P " 0.01 vs. the patients with mineralocorticoid-responsive hyponatremia of the elderly, and c P " 0.05 and d P " 0.01 vs.
those with hypopituitarism.

TABLE 3. An acute oral water load test (20 ml/kg BW) in three groups of elderly subjects with hyponatremia and control subjects

Group n % Excretion of
water load

Uosm (mmol/kg) Plasma AVP (pmol/l) UAQP-2 (fmol/mg creatinine)

Basal Minimal Basal Minimal Basal Minimal

Control 7 79.0 ! 4.4 820.7 ! 41.6 90.6 ! 6.2d 2.4 ! 0.3 0.9 ! 0.1e 178.3 ! 38.5 42.1 ! 17.1e (7)
SIADH 7 31.9 ! 7.6b 616.1 ! 54.4a 438.3 ! 72.5a,f 10.5 ! 7.4a 6.3 ! 3.6 685.0 ! 423.1c 758.3 ! 442.9c (3)
Mineralocorticoid-responsive

hyponatremia of the elderly
4 42.6 ! 10.3c 623.8 ! 56.4a 440.0 ! 108.2a 1.2 ! 0.3 0.9 ! 0.2 692.0 ! 152.6a 234.6 ! 55.1b (4)

Hypopituitarism 8 41.4 ! 8.8b 481.1 ! 92.1a 351.1 ! 64.7a 2.3 ! 0.2 1.5 ! 0.2c 360.5 ! 69.2c 211.8 ! 50.8b,e (7)

Values are means ! SEM. Because the measure of urinary excretion of AQP-2 (UAQP-2) was not carried out in all the subjects, the n numbers
of UAQP-2 measurement are shown in brackets. a, b and c show P " 0.001, P " 0.01, and P " 0.05 vs. the control group, respectively. d, e and
f show P " 0.001, P " 0.01, and P " 0.05 vs. the basal value, respectively.

FIG. 2. Plasma AVP levels and urinary
excretion of AQP-2 (UAQP-2) in four
groups of elderly subjects. Open circles,
means ! SEM.
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Νεφρογενές	  σύνδρομο	  απρόσφορης	  αντιδιούρησης	  (NSIAD)	  

addition, altered urinary excretion of AQP2 has been
described in several human diseases of pathological AVP
secretion. A decrease or increase in urinary AQP2 levels
was shown to correspond with diminished or exagger-
ated levels of AVP, as seen in central diabetes insipidus
or SIADH, respectively [3,4]. In normal individuals,
water loading reduces antidiuresis and, as expected,
urine AQP2 levels [3,15]. In studies of water loading in
normal adults, urine AQP2 excretion at 2 hours after an
oral water load of 20 mL/kg was reduced to 10% of
baseline [15]. In the absence of appropriate diuresis dur-
ing water loading, NSIAD patients would be predicted

to have persistently elevated urine AQP2 levels. This is
demonstrated in the R137C V2R mutation patient who
received 50% of a standard water load [12] and con-
firmed by the results of our patient, who received the
standard water load, in which urine AQP2 levels did not
suppress normally, falling to only 87-98% of baseline for
up to 3.5 hours after water loading.
The patient’s serum AVP levels merit discussion. AVP

levels were undetectable (< 1 pg/ml) on initial presentation
with hyponatremia during infancy, leading us to the iden-
tification of an activating V2R mutation [5]. Following
normalization of the patient’s hydration status with fluid
restriction and oral urea supplementation, AVP levels
were in the normal range (5.5 pg/ml). AVP levels were
again in the normal range (3.1 pg/ml) 6 months following
self-discontinuation of urea, associated with eunatremia
and hypodipsia. Furthermore, during the water loading
challenge, serum AVP levels decreased from a baseline of
2.6 pg/mL to 1.1 pg/mL, the approximate assay limit of
detectability, by one hour, when the patient had developed
hyponatremia and serum hypoosmolality. Water loading
in a patient with R137C mutation also resulted in low but
detectable serum AVP level [10]. Thus, despite the pre-
sence of a constitutively active V2R, these results indicate
appropriate regulation of AVP secretion in NSAID. Possi-
ble explanations for the low but detectable AVP levels fol-
lowing water loading in NSIAD include contamination
with platelet-bound AVP [19] and/or a slight vasovagal sti-
mulus that may have exerted a non-osmotic effect that
resulted in an incomplete suppression of AVP secretion.
It is noteworthy that this patient demonstrated an

intact thirst mechanism and relative hypodipsia,
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Figure 1 Western immunoblot showing urine AQP2 excretion from 60 minutes prior to 240 minutes following oral water load. AQP2-
BSA standards included 50, 100, 150, and 200 ng.

Figure 2 Quantitative assessment of nonglycosylated AQP2
excretion in pmol/mg creatinine from 60 minutes prior to 240
minutes following oral water load. Sample values for the patient
were corrected for urinary creatinine.

Cheung et al. International Journal of Pediatric Endocrinology 2012, 2012:3
http://www.ijpeonline.com/content/2012/1/3
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ΥΔΑΤΟΠΟΥΡΙΝΕΣ	  	  τύπου	  2	  

•  Στην καρδιακή ανεπάρκεια και στην κίρρωση 
υπάρχει µια δυσαναλόγη έκφραση των επιπέδων 
της αντιδιουρητικής ορµόνης, που συντελεί και 
αυτή στην εµφάνιση της υπονατριαιµίας 

•  Σαν αποτέλεσµα υπάρχει και υπερέκφραση των 
AQP2  (µετριέται στα ούρα) 

•  Πιθανώς σε κάποια άτοµα να υπάρχει γενετικώς 
µια παραπάνω έκφραση των  ΑQP2 και έτσι να 
είναι πιο ευάλωτα στην ανάπτυξη µεγαλύτερου 
βαθµού υπονατριαιµίας    



ΥΔΑΤΟΠΟΥΡΙΝΕΣ-‐ΘΕΡΑΠΕΥΤΙΚΟΣ	  ΣΤΟΧΟΣ	  

•  Βαπτάνες : ανταγωνιστές της αντιδιουρητικής 
ορµόνης 

•  Αρα µειώνουν την έκφραση των AQP2. 
•  και θα µπορούσαν να χρησιµοποιηθούν στην 
θεραπεία της υπονατριαιµίας  

•  Παρόλα αυτά οι βαπτάνες δεν επέφεραν τα 
αναµενόµενα θεραπευτικά αποτελέσµατα 

•  Οι µελέτες SALT 1 & 2 και EVEREST, έδειξαν 
µεν κάποια βελτίωση της υπονατριαιµίας, αλλά 
δεν βελτίωσαν την θνησιµότητα 

•  Δεν υπάρχει εµπειρία για την σοβαρού βαθµού 
υπονατριαιµία  
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order to determine the osmotic water permeability (Pf). In the next groups
of experiments, the water permeability was determined in the presence of
Carba+AV2 (AV2—antagonist of V2 receptor–G complex in basolateral
membrane) and Carba+H8 (H8—inhibitor of PKA). Tubules were iso-
lated from a small kidney slice that was immersed in a dish of chilled
Ringer-HCO3 buffer, oxygenated and kept at pH 7.4 by bubbling the so-
lution with 5% CO2–95% O2. After isolation, the segment was transferred
to a temperature-regulated chamber (37°C) mounted on the stage of an
inverted microscope.

The perfusion solution used was a 295±5 mOsmol/kgH2O Ringer-
HCO3, and the bath solution was made hypertonic (510±5 mOsmol/
kgH2O) by the addition of NaCl. FD&C green dye was added to the per-
fusate as a visual marker. Net water absorption (Jv) was measured with
[14C]inulin dialysed immediately before the experiments..The baths were
checked for osmolality and pH, with an osmometer (Advanced Instru-
ments) and with a pHmeter (Iris 7; Tecnow, São Paulo, Brazil), respect-
ively. The bath fluid was changed every 10 mins to reduce the effect of
evaporation and consequently to avoid an increase in the osmotic gradi-
ent. The isotopic concentration was determined by a liquid scintillator
spectrometer (Tri-Carb 1600TR; Packard, Downers Grove, IL, USA).
The data for each period are the average of 3–4 collections.

Tubule suspension. The tubule strips were dissected from the renal
medullas from normal rats in the same cold solution used in the micro-
perfusion experiments. These strips were incubated with 10−5 M carba-
mazepine at 37°C, and the solution was bubbled with 5% CO2 and 95%
O2 for 30 mins to determine the expression of AQP2. The control
medullas were incubated in the same fashion without Carba [10].

In vivo studies

During the 3-week study period, all animals were fed standard rat chow
with a fixed concentration of sodium chloride (0.5%) and given ad libi-
tum access to tap water. Experimental nephrogenic diabetes insipidus was
induced by administration of lithium chloride (Li) [6], and the following
protocol was carried out: the rats were divided into four groups: (i) control
(fed standard rat chow for 3 weeks, n=5); (ii) Li (fed standard rat chow+
Li 40 mM/kg/food for 3 weeks n=5); (iii) Li+Carb (fed standard rat chow
+Li 40 mM/kg/food for 3 weeks+Carba 400 mg/kg per body weight (bw)
for the last 2 weeks of that period, n=4); and (iv) Carba (fed standard rat
chow+Carba 250 mg/kg/bw for 3 weeks, n=5).

Baseline urine samples were collected over a period of 24 h by placing
the animals in individual cages (Day 0). On Day 1, the rats were subdi-
vided into the four groups mentioned above. At the end of Week 1 and
again at the end of Week 3, the animals were placed in metabolic cages to
collect 24-h urine samples. At the end of Week 3, rat weights were mea-
sured, and the animals were killed; blood was collected for measurements
of sodium (Na+) and potassium (K+) plasma levels. At the same time, the
renal medulla was separated to determine the expression of AQP2.

Western blot: preparation of membrane fractions. Medulla sampleswere
homogenized in cold isolation solution (20 mM Mannitol, 80 mM Hepes
and 41 mM KOH; pH 7.5) containing protease inhibitors (cocktail prote-
ase inhibitor, Sigma Chemical, St. Louis, MO, USA) using a Teflon pestle
glass homogenizer (Schmidt and Co, Frankfurt/M, Germany) [11]. The
homogenates were centrifuged at low speed (4000 g) for 15 mins at 4°
C in order to remove the nuclei and cell debris. Subsequently, the super-
natants were centrifuged at 200 000 g for 1 h at 4°C (rotor 50Ti; Beckman
Instruments, Palo Alto, CA, USA) to produce a pellet containing mem-
brane fractions enriched with plasma membranes and intracellular vesi-
cles. Protein concentration was determined for each sample using the
Bradford method (Bio-Rad Laboratories, Richmond, CA, USA).

Electrophoresis and immunoblotting. The proteins were separated on
denaturing 12% SDS–polyacrylamide gels by electrophoresis [11]. Pro-
teins were then transferred to a polyvinylidene difluoride (PVDF) mem-
brane by wet electroblotting for 90 mins. Blots were blocked for 60 mins
at 4°C with 5% non-fat dry milk in PBS-T, pH 7.5 (phosphate-buffered
saline; in millimolar: 100 NaCl, 80 Na2HPO4, 20 NaH2PO4 and 0.1%
Tween-20). Blots were incubated with the AQP2 antibody (1:10 000 di-
lution) and with the control actin antibody (1:2000) overnight, and then
washed and incubated with the second antibody (anti-goat secondary
antibody HRP-conjugated, diluted at 1:10 000) for 1 h. Subsequent de-

tection of the specific proteins was carried out by enhanced chemilumin-
escence (ECL, Amersham), according to the manufacturer’s instructions.
Pre-stained protein markers (Sigma Chemical Co) were used for molecu-
lar weight determinations.

Quantification of AQP2 kidney levels. Enhanced chemiluminescence
films presenting bands within the linear range were scanned using the
Image Master VDS (USA). For AQP2, both the 29- and 35–50-kDa
bands (corresponding to two different states of glycosylation) were quan-
tified by densitometric analysis. Densitometry results are reported as in-
tegrated values (area × density of the band) and expressed in percentage
when compared to control actin protein abundance (100%).

Statistics. Differences among the means of multiple parameters were
analysed by ANOVA followed by the Student–Newman–Keuls test. Dif-
ferences between two parameters were analysed by either paired t-test or
by non-parametric methods (Mann–Whitney test). Values of P<0.05
were considered significant.

Chemicals. The isotopic materials used were from Amersham Inter-
national and New England Nuclear. Carbamazepine was kindly supplied
by the Aché/Biosintética Laboratory, SP, Brazil. The other drugs were
purchased from Sigma Chemical Saint Louis, MO, USA; Santa
Cruz Biotechnology, Santa Cruz, CA, USA; Amersham Biosciences,
Sweden; and Pharmacia Biotech, Uppsala, Sweden. The V2 receptor
antagonist was kindly supplied by Dra Claudine Serradeil-Le Gal from
Sanofi-Recherche.

Results

In vitro study
Microperfusion. The osmotic water permeability (Pf ×
µm/s) was measured in the final third of the IMCD
(IMCD3) directly dissected from normal rat medullas.
The carbamazepine (10−5 M) was added to the bath solu-
tion in the absence of ADH. Figure 1 shows that, in the
presence of carbamazepine (n=6), the water permeability
increased from 12.3±3.6 (control) to 62.6±14.8 (Carba)
(P<0.01) and recovered to 17.4±5.5 (Rec) (P<0.01).
Figure 2 shows that the addition of 10−6 M of the V2
antagonist (AV2-SR-121463) in the bath plus 10−5 M of
Carba (Carba+AV2) (n=6) decreased the water perme-
ability from 37.4±4.4 (Carba) (P<0.01) to 19.6±5.0
(Carba+AV2) (P<0.05). In Figure 3, no significant differ-
ence was observed, showing that the V2 receptor in the ba-
solateral membrane is activated by the action of
carbamazepine (n=4). Figure 4 shows that the addition of
10−6 M of H8 (N-[2-(methylamino)ethyl]-5-isoquinoline-
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Fig. 1. Carbamazepine effect on water permeability from normal rats
IMCD (n=6); **P<0.01 vs. control (C) and ++P<0.01 vs. Carba.
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sulphonamide hydrochloride) in the bath plus 10−5 M of
Carba (Carba+H8) also decreased the osmotic permeability
from 106.1±12.3 (Carba) (P<0.01) to 60.3±16.4 (Carba+
H8) (P<0.01), corroborating the results from Carba in the
V2 receptor in the renal basolateral membrane.

Tubule suspension. Incubation of tubule suspension with
105 M of Carba showed that AQP2 bands were more
intense when compared with the control group. The con-
trol group mean was 100.0±8.3 (n=4), and the Carba
group mean was 138.8±12.12 (n=3) (Figure 5).

In vivo study. All data are presented in Table 1. Lithium
chloride concentration of 40 mmol/kg/diet induced NDI in
animals that received treatment for 3 weeks, as shown by
urine volume and water intake. Carbamazepine produced
a recovery of these polyuria and polydipsia when adminis-
tered together with the lithium chloride. The urinary osmo-
lality was lower in all groups compared with the control
group, and carbamazepine increased urinary osmolality
when compared with the lithium chloride groups and with
lithium chloride plus carbamazepine. The Carba group (n=
5) showed increased water ingestion and urinary volume,
and decreased urinary osmolality compared with the control
group. The animals that received lithium chloride (n=4)
showed weight loss, and the lithium chloride plus carba-
mazepine group (n=5) continued with lowweight. The con-

trol animals and those which received carbamazepine (n=5)
showed a normal weight gain at the end of the experiment.
Plasma creatinine was similar in all the groups. Creatinine
clearance and sodium and potassium fractional excretion
did not change in comparison with the control rats. Lithium
plasma level was not detected in control group and in carba-
mazepine group, and was only detected in the lithium chlor-
ide and lithium chloride plus carbamazepine groups, but no
statistical difference was found between these two groups.
The plasma sodium and potassium levels did not change
in any of the groups.

Western blotting analysis of AQP2 expression (Figure 6)
showed that the animals that received lithium chloride pre-
sented water channel protein expression reduced ∼50%
when compared with the control group. The carbamaze-
pine addition to lithium chloride group was able to reverse
the decrease in AQP2 expression ∼20%. Treatment with
only carbamazepine did not alter AQP2 expression when
compared with the control group and with the lithium
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Fig. 2. Carbamazepine+\nti-V2 effect on water permeability from
normal rats IMCD (n=6); **P<0.01 vs. control (C); and +P<0.05 vs.
Carba.
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chloride plus carbamazepine group. The densitometric
analysis results were: 100.00±6.67 (control), 55.87±5.35
(Li), 75.70±9.56 (Li+Carba) and 99.70±4.73 (Carba).

Discussion

Hyponatraemia reported with the use of carbamazepine
has been described as a consequence of a SIADH, al-
though this inappropriate secretion has not been well char-
acterized to date. It has been also suggested that this effect
on water metabolism could occur by a carbamazepine-
induced increase in the renal sensitivity to the ADH effect
[5]. Additionally, this anticonvulsant drug is used to treat
patients with diabetes insipidus, but notwithstanding the
extensive knowledge regarding its activity in the neurons,

the site of its action as well as the exact nature of its effect on
the kidney still have not been fully determined.

Lithium chloride is one of the most important drugs
used for management of affective disorders. The principal
side effects observed are polyuria and polydipsia as a con-
sequence of a urine-concentrating defect due to vasopres-
sin resistance [12]. It is well known that this nephrogenic
diabetes insipidus contributes to the decrease of adherence
to the treatment, thus bringing additional morbidity to the
patient.

Microperfusion in vitro. The osmotic water permeability
measured in IMCDs from normal rats demonstrated that, in
the absence of ADH, carbamazepine was able to increase
water absorption. In all groups of experiments, the dose
used was 10−5 M because it was the lowest dose that caused
a reproducible effect since the literature does not show re-
ferences concerning its use in nephrological studies. Carba-
mazepine added to the bath solution increased water
transport four times circa, showing that this drug has an in-
trinsic capacity to increase water absorption since these
experiments were done in the absence of ADH. In order
to identify at what point in the ADH cascade this effect
could be occurring, specific inhibitors were used. Firstly,
the H8, a PKA cAMP-dependent inhibitor was used show-
ing an inhibition of the carbamazepine effect and demon-
strating that its effect is cAMP-dependent. In the second
group of experiments, a vasopressin V2 receptor antagonist
was used, which also produced a Pf inhibition, evidencing
that carbamazepine is acting in the V2 receptor–protein
G complex. These results could explain, at least in part,
the cases of dilutional hyponatraemia observed in patients
using this anticonvulsant drug. Despite the ADH plasma
level not having been measured in the present study, the
frequent tendency to attribute SIADH as being respon-
sible for the hyponatraemia without measuring the ADH
plasma level certainly is not correct anymore. This is an
inaccuracy and needs to be re-evaluated. Thirty years ago,
in 1978, Stephens et al. had already demonstrated that, in
patients using carbamazepine, the ADH plasma level was
not increased [13].

Table 1. Biochemical results of the groups studied

Characteristic Control (n=5) Lithium (Li) (n=4) Li+Carba (n=5) Carba (n=5)

Weight of rats (g) 306.4±14.12 179.0±11.98* 132.5±7.77* 270.8±19.04****, ******
Urinary volume (mL/day) 10.68±3.0 62.60±6.0* 28.50±4.9***, **** 23.31±3.0***, ****
Ingestion of water (mL/day) 9.4±3.37 66.0±7.65* 47.75±2.29*, ***** 35.0±3.88**, ****
UOsm (mOsm/Kg/H2) 819.6±175.7 149.4±18.05** 251.5±39.74**, ***** 396.2±75.46**
Fe Na (%) 0.15±0.01 0.10±0.03 0.12±0.02 0.11±0.02
Fe K (%) 7.80±0.79 8.29±0.74 7.67±1.22 7.81±0.41
Plasma creatinine (mg/dL) 0.38±0.03 0.32±0.02 0.29±0.02 0.33±0.02
Plasma lithium (mEq/L) Not detectable 0.13±0.02 0.17±0.05 Not detectable
Plasma Na (mEq/L) 141.6±2.7 143.8±1.0 146.0±0.9 146.0±1.1
Plasma K (mEq/L) 4.4±0.15 4.2±0.25 3.9±0.2 4.5±0.1

Carba, carbamazepine; UOsm, urinary Osm; FeNa, fraction excretion of sodium in 24 h; FeK, fraction excretion of potassium in 24 h.
*P<0.001 vs. control.
**P<0.01 vs. control.
***P<0.05 vs. control.
****P<0.001 vs. Li.
*****P<0.05 vs. Li.
******P<0.001 vs. Li+Carba.
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Fig. 6. Western blotting analysis in all groups. Bands 29 and 35–50kDa
from AQP2; **P<0.01 (vs. control); +P<0.05 (vs. Li); ++P<0.01
(vs. Li).
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•  η ανάπτυξη φαρµάκων που θα αναστέλλουν την 
έκφραση των AQP2  στην σωληναριακή µεµβράνη 
αποτελεί τον επόµενο στόχο για την αντιµετώπιση των 
διαταραχών του νερού και της υπονατριαιµίας  

•  Οι αναστολείς της έκφρασης των AQP2 µπορεί να 
εµπλέκονται σε οποιδήποτε σηµείο του κύκλου που 
κινητοποιεί την µετακίνηση των AOP2  απο το 
κυτταρόπλασµα στην µεµβράνη του κυττάρου 

•  Στην περίπτωση αυτή δεν θα είχαµε αύξηση των 
επιπέδων της αντιδιουρητικής ορµόνης στο πλάσµα 
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we found the frequency of hyponatremia of 13% in general internalmed-
icine in patients which is in line with previously published observations.
Hyponatraemia in our controlled cohort increased the risk of death 3
fold, irrespectively of underlying condition. Thus, the results of our
study corroborate the previously reported disease-specific mortality
risk in hyponatremic patients extending it with the finding of increased
mortality in general, i.e. not related to a specific underlying condition.

In this study, we found that age, failure to correct hyponatremia and
dilution and decreased oral intake as causes of hyponatremia were pre-
dictors of increased hyponatremia-associated mortality. In previously
published studies the most common reason of hyponatremia was also
dilution of patients with liver cirrhosis and heart failure, other reasons
were diuretic therapy and gastrointestinal loss. Death risk due to
hyponatremia increased especially in elderly patients and in group
without successful hyponatremia correction.

In this population, the majority of hyponatremic patients suffered
from mild and moderate hyponatremia, thus the correction of even
mild hyponatremia represents an important part of clinical manage-
ment and should not be underestimated.

Dilution hyponatremia as one of the risk factors formortality detect-
ed in the multivariate analysis can reflect the underlying conditions,
congestive heart failure and liver cirrhosis which would be in line
with the findings of the above mentioned studies. Accordingly, de-
creased oral intake may accompany end-stage of various conditions
and increased mortality in these patients might thus rather reflect the
bad clinical condition in general.

Results of studies about dependence of mortality and hyponatremia
severity are not uniform. Some studies showed mutual dependence on
these factors [4,6,15], paradoxically some others did not prove it
[2,39,40]. In our study, mortality was unrelated to severity of
hyponatremia. Although we observed the lowest mortality in the
group of severe hyponatremia, this difference compared with mild
hyponatremia group andmoderate hyponatremia group was not statis-
tically significant. On the other hand, although not statistically signifi-
cant, this observed low mortality rate in the group with potentially
the worst prognosis could be explained by the fact that these patients
more often presentwith neurological symptoms or impaired conscious-
ness. Therefore, they are more likely to be admitted and monitored at
metabolic intensive care unit. Considering that in our study failure to
correct hyponatremia represented a negative prognostic factor and

that intensive management of patients with severe hyponatremia
might result in higher success rate of hyponatremia correction and
thus influence the prognosis.

Despite the identification of patient comorbidities, the limit of this
study is a disability to incorporate the severity of these comorbidities.
Thus, the question remains whether hyponatremia represents a surro-
gate marker of the severity of the underlying conditions that led to its
development or whether it directly contributes to observed adverse
outcomes. Whether the relationship between hyponatremia and ad-
verse results is causal or associative, hyponatremia is still convincing
prognosis indicator for adverse outcomes.

5. Conclusion

In this exhaustive, retrospective case–controlled study, we showed
that hyponatremia at admission is associated with in-hospital mortality
independently of underlying condition. Age, dilution and decreased oral
intake as causes of hyponatraemia are risk factors for hyponatraemia-
associated mortality.Furthermore, failure to correct natremia increased
the risk of death in hyponatremic patients. Thus, admission sodium
should be used to stratify patients who needmore intensivemonitoring
and therapy irrespective of the degree of hyponatremia.
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Learning points

• Hyponatraemia is independent factor of in-hospital mortality
• Age above 65 years, failure to correct hyponatraemia and some specif-
ic etiologic factors of hyponatraemia are related to increasedmortality
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Table 2
The results show (in bold) that age above 65 years, dilution hyponatremia and decreased
oral intake as etiologic factors of hyponatremia, andunsuccessful hyponatremia correction
were independent factors associated with increased mortality.
Predictive factors of hyponatremia-related mortality — age, sex, aetiology, clinical symp-
toms, severity of hyponatremia, and aetiology of hyponatremia.

Variables OR 95% CI P

Age above 65 years 0.24 0.11–0.54 0.001
Sex 1.80 0.94–3.47 0.08
Severity of hyponatremia 1.08 0.66–1.74 0.768
Correction of hyponatremia 3.18 1.65–6.15 0.001
Clear water intake 1.08 0.40–2.91 0.884
Gastrointestinal loss 1.25 0.52–3.01 0.619
Diuretics therapy 0.88 0.31–2.51 0.808
Dilution reasons 3.82 1.47–9.91 0.006
SIADH a 0.00 0.00 0.999
Decreased oral intake 3.53 1.54–8.1 0.003
a Syndrome of inappropriate antidiuretic hormone secretion.

Table 3
Comparison of mortality mild, moderate and severe hyponatremia.

Severity of hyponatremia Prevalence N (%) Mortality N (%) P

MILD 103 (37%) 22 (8%) 0.46
MODERATE 129 (46%) 31 (11%)
SEVERE 46 (17%) 7 (3%)
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Hyponatraemia is an independent predictor of in-hospital mortality. 
European Journal of Internal Medicine 25 (2014) 379–382 



ΥΠΟΝΑΤΡΙΑΙΜΙΑ	  ΚΑΙ	  ΗΛΙΚΙΩΜΕΝΟΙ	  

•  η υπονατριαιµία (ακόµη και η ήπια) στους 
ηλικιωµένους  σχετίζεται µε διαταραχές του 
επιπέδου συνείδησης, πτώσεις και κατάγµατα  

•  ισως να είναι πιο ευάλωτοι στις ηπιες 
διαταραχές της ωσµωτικότητας 

•  Πολλές αιτίες µπορεί να προκαλέσουν 
υπονατριαιµία στους ηλικιωµένους 

•  Υπάρχουν αναφορές για υπερέκφραση των 
AQP2 



ΥΠΟΝΑΤΡΙΑΙΜΙΑ	  ΚΑΙ	  ΗΛΙΚΙΩΜΕΝΟΙ	  

The results of an acute oral water load test are shown in
Table 3. An acute oral water load (20 mL/kg) produced water
diuresis in the control subjects, as the percent excretion of the
water load was 79.0 ! 4.4% during the 4 h observation
period. The minimal Uosm was as low as 90.6 ! 6.2 mmol/
kg, which was responsible for the decrease in plasma AVP
levels after the reduction in Posm (data not shown). In con-
trast, the percent excretions of water load were less than 42%
in the three groups of patients, and they were significantly
less than that in the control subjects. The basal levels of Uosm
were rather lower in the patient groups than in the control

subjects (P " 0.001), but the minimal Uosm remained as high
as 350 mmol/kg or more in the three groups of patients,
values significantly greater than that in the control subjects.
The impaired water excretion was in concert with the non-
suppressible levels of plasma AVP, despite hypoosmolality
in the three groups of patients. Basal levels of urinary ex-
cretion of AQP-2 were 2- to 4-fold greater in the three groups
of patients than in the control subjects. The maneuver of an
acute oral water load gradually decreased urinary excretion
of AQP-2, and its nadir was obtained at 60–90 min (22). The
minimal urinary excretion of AQP-2 remained high in the

TABLE 2. Plasma renin activity, plasma aldosterone, plasma ACTH, and serum cortisol in four groups of elderly subjects (values are
means ! SEM)

Group n PRA (ng/L/s) Aldosterone
(pmol/L)

ACTH
(pmol/L) Cortisol (nmol/L)

SIADH 8 0.25 ! 0.11 145.9 ! 49.1 5.1 ! 1.5 518.7 ! 71.7a,d

Mineralocorticoid-responsive
hyponatremia of the elderly

8 0.11 ! 0.03 126.5 ! 18.3 7.0 ! 0.9d 309.0 ! 41.4d

Hypopituitarism 13 0.14 ! 0.06 58.3 ! 8.6b 3.1 ! 0.5 88.3 ! 22.1
Miscellaneous 4 2.64 ! 1.75a,c 138.7 ! 35.2 66.8 ! 60.2c 435.9 ! 248.3c

a P " 0.05 and b P " 0.01 vs. the patients with mineralocorticoid-responsive hyponatremia of the elderly, and c P " 0.05 and d P " 0.01 vs.
those with hypopituitarism.

TABLE 3. An acute oral water load test (20 ml/kg BW) in three groups of elderly subjects with hyponatremia and control subjects

Group n % Excretion of
water load

Uosm (mmol/kg) Plasma AVP (pmol/l) UAQP-2 (fmol/mg creatinine)

Basal Minimal Basal Minimal Basal Minimal

Control 7 79.0 ! 4.4 820.7 ! 41.6 90.6 ! 6.2d 2.4 ! 0.3 0.9 ! 0.1e 178.3 ! 38.5 42.1 ! 17.1e (7)
SIADH 7 31.9 ! 7.6b 616.1 ! 54.4a 438.3 ! 72.5a,f 10.5 ! 7.4a 6.3 ! 3.6 685.0 ! 423.1c 758.3 ! 442.9c (3)
Mineralocorticoid-responsive

hyponatremia of the elderly
4 42.6 ! 10.3c 623.8 ! 56.4a 440.0 ! 108.2a 1.2 ! 0.3 0.9 ! 0.2 692.0 ! 152.6a 234.6 ! 55.1b (4)

Hypopituitarism 8 41.4 ! 8.8b 481.1 ! 92.1a 351.1 ! 64.7a 2.3 ! 0.2 1.5 ! 0.2c 360.5 ! 69.2c 211.8 ! 50.8b,e (7)

Values are means ! SEM. Because the measure of urinary excretion of AQP-2 (UAQP-2) was not carried out in all the subjects, the n numbers
of UAQP-2 measurement are shown in brackets. a, b and c show P " 0.001, P " 0.01, and P " 0.05 vs. the control group, respectively. d, e and
f show P " 0.001, P " 0.01, and P " 0.05 vs. the basal value, respectively.

FIG. 2. Plasma AVP levels and urinary
excretion of AQP-2 (UAQP-2) in four
groups of elderly subjects. Open circles,
means ! SEM.
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ΣΥΜΠΕΡΑΣΜΑΤΑ	  

•  Η υπονατριαιµ ία δεν αποτελεί µόνο δείκτη 
σοβαρότητας νόσου, 

•  Αλλά και προγνωστικό παράγοντα επιβίωσης και 
άλλων παραµέτρων  

•  Η ανακάλυψη των υδατοπουρινών θέτει νέα δεδοµένα 
στην παθοφυσιολογία των διαταραχών του νερού και 
κατά συνέπεια της υπονατριαιµίας 

•  Σηµαντικό ρόλο, απο τα µέχρι τώρα δεδοµένα,  έχει η 
έκφραση των AQP2 στη σωληναριακή µεµβράνη των 
κυρίων κυττάρων του αθροιστικού 

•  Νέο ι φαρµακευ τ ι κο ί παράγον τ ε ς που θα 
ανταγωνίζονται την έκφραση των AQP2 ίσως 
αποτελέσουν µια άλλη θεραπευτική προσέγγιση της 
υπονατριαιµίας    


