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 Introduction 

 Hyponatremia is the most common electrolyte disor-
der in clinical medicine and can be encountered in a va-
riety of diseases  [1] . Among these are diseases in which 
inflammation, with or without infection, plays a central 
role. Classical examples include pneumonia, tuberculo-
sis, meningitis, encephalitis, and human immunodefi-
ciency virus, but hyponatremia has also been described 
in severe acute respiratory distress syndrome, malaria 
and dengue  [2, 3] . We recently illustrated the importance 
of hyponatremia as a marker of inflammatory disease in 
a patient in whom the analysis for chronic and unex-
plained hyponatremia eventually led to the discovery of 
a chronic infection (aspergillosis secondary to antiviral 
treatment)  [4] .

  In the majority of these diseases, hyponatremia is be-
lieved to be caused by the non-osmotic secretion of va-
sopressin (antidiuretic hormone). Several non-osmotic 
stimuli for vasopressin release have been identified, in-
cluding hypovolemia, pain, nausea, and certain drugs  [2] . 
However, more recently, it is becoming increasingly clear 
that the so-called ‘immuno-neuroendocrine interface’ 
can also directly lead to vasopressin release  [5] . Although 
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 Abstract 

 Although hyponatremia is a recognized complication of sev-
eral inflammatory diseases, its pathophysiology in this set-
ting has remained elusive until recently. A growing body of 
evidence now points to an important role for interleukin-6 
in the non-osmotic release of vasopressin. Here, we review 
this evidence by exploring the immuno-neuroendocrine 
pathways connecting interleukin-6 with vasopressin. The 
importance of these connections extends to several clinical 
scenarios of hyponatremia and inflammation, including hos-
pital-acquired hyponatremia, postoperative hyponatremia, 
exercise-associated hyponatremia, and hyponatremia in the 
elderly. Besides insights in pathophysiology, the recognition 
of the propensity for antidiuresis during inflammation is also 
important with regard to monitoring patients and selecting 
the appropriate intravenous fluid regimen, for which recom-
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the interactions are complex and multifactorial, there is 
mounting evidence for a key role of the cytokine interleu-
kin-6  [6, 7] . Here, our aim is to review the current evi-
dence for the relationship between inflammation and os-
moregulation by providing a brief overview of the in-
volved pathways. Subsequently, we discuss in which 
hyponatremic disorders these mechanisms are likely to 
play a role, including hyponatremia during inflamma-
tion, but also hospital-acquired hyponatremia, postop-
erative hyponatremia, exercise-associated hyponatremia, 
and hyponatremia in the elderly ( table 1 ).

  Normal Osmoregulation 

 Under normal circumstances, water balance is tightly 
controlled, and minor changes in serum osmolality will 
affect the release of vasopressin, the major hormone in-
volved in water homeostasis. Several brain areas are in-
volved in sensing serum osmolality and translating this 
signal to the release of vasopressin. These areas include 
the supraoptic and paraventricular nuclei (SON, PVN), 
the subfornical organ (SFO), and the organum vasculo-
sum of the lamina terminalis (OVLT). Osmosensitive 
neurons possess mechanosensitive cation channels, in-
cluding those of the transient receptor potential vanilloid 
family, that help transduce the signal of increased osmo-
lality (reduced cell stretch) to vasopressin release from 
the posterior pituitary into the circulation  [8, 9] . In addi-
tion, hyperosmolarity induces thirst and the subsequent 
water intake also helps to lower serum osmolality. Vaso-
pressin docks on its vasopressin-2 receptor in the renal 
collecting duct and stimulates a cyclic AMP-dependent 
cascade, that results in the insertion of preformed aqua-
porin-2 water channels into the apical plasma membrane 
 [10] . The presence of aquaporin-2 allows for the transcel-
lular movement of water, provided that there is an os-
motic gradient. Water exits the principal cells through 
the constitutively expressed basolateral water channels 
aquaporin-3 and -4  [10] . Non-osmotic vasopressin release 
can be ‘appropriate’ (i.e., caused by hypovolemia or a low 
effective arterial blood volume) or ‘inappropriate’. Clini-
cally, the ensuing syndrome is called the syndrome of in-
appropriate antidiuretic hormone secretion (SIADH)  [2] . 
SIADH is characterized by euvolemia and high urine so-
dium and osmolality in the absence of diuretic use, adre-
nal, thyroid or pituitary insufficiency, edematous disor-
ders (heart failure, liver cirrhosis, nephrotic syndrome), 
and renal dysfunction  [2] .

  Biology of Interleukin-6 

 During inflammation, several proinflammatory cyto-
kines are secreted into the systemic circulation to initiate 
the so-called ‘acute phase response’, which is part of the 
innate immune system. The most important proinflam-
matory cytokines are tumor necrosis factor- �  (TNF- � ), 
interleukin (IL)-1 � , and IL-6  [11] . When triggered by en-
dotoxins,   these cytokines are secreted by monocytes and 
macrophages in a cascade-like fashion ( fig.  1 ). TNF- �  
and IL-1 �  stimulate their own and each other’s secretion, 
and both promote the release of IL-6. Conversely, IL-6 
inhibits the endotoxin-induced secretion of TNF- �  and 
the endotoxin- and TNF- � -induced secretion of IL-1 � , 
which renders it also an anti-inflammatory cytokine. Be-
cause of this dual action, IL-6 plays a critical role in the 
control of the overall inflammatory response. The effects 
of circulating IL-6 are mediated through a cell surface 
heterodimeric receptor complex composed of a ligand-
binding subunit, the IL-6 receptor (IL-6R), and a signal-
transducing subunit called gp130 ( fig. 2 ). The binding of 
IL-6 to its receptor stimulates the association of the re-
ceptor with gp130 and gp130 dimerization  [12] . The in-
tracellular signaling pathways downstream from the IL-
6R and the gp130 complex include janus kinases and sig-
nal transducers and activators of transcription protein 
( fig. 2 )  [13] . The expression of gp130 is ubiquitous while 
that of IL-6R is restricted to certain cell types. However, 

Table 1. C linical examples of hyponatremia and inflammation

Clinical disorder Evidence Ref.

Hyponatremia
during infection

Hyponatremia has been reported 
in several infections, including 
pneumonia, meningitis, and HIV

2

Hospital-acquired
hyponatremia

Development of hyponatremia 
coincided with a rise in CRP

32

Exercise-associated
hyponatremia

Increased vasopressin and IL-6 
after exercise and trend towards 
correlation

7

Hyponatremia
during ageing

No direct evidence in humans, 
but ageing rats produce more va-
sopressin and IL-6 during inflam-
mation

23

Postoperative
hyponatremia

Plasma vasopressin and IL-6 are 
both increased after surgery, but 
no studies have measured both

34–36
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complexes of IL-6 and soluble IL-6R can elicit responses 
from gp130-expressing cells that lack cell surface IL-6R, 
a mechanism known as trans-signaling.

  Cytokine-Induced Vasopressin Release 

 The most commonly used model to study the immune 
response has been the intravenous or intraperitoneal in-
jection of lipopolysaccharides (LPS), components of the 
outer membrane of Gram-negative bacteria. LPS injection 
induces inflammation and consequently leads to in-

creased plasma concentrations of TNF- � , IL-1 �  and IL-6. 
The observation that LPS, TNF- � , IL-1 �  and IL-6 can in-
dependently or synergistically stimulate the hypothala-
mus-pituitary-adrenal axis was one of the first pieces of 
evidence for the existence of immuno-neuroendocrine 
pathways  [14] . Besides the increased secretion of cortico-
trophin-releasing hormone by the hypothalamus and ad-
renocorticotropic hormone by the anterior pituitary, in-
creased secretion of the posterior pituitary hormones
vasopressin and oxytocin was also observed  [15] .
LPS-induced vasopressin release was shown to be inde-
pendent of known stimuli, including serum osmolality, 
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  Fig. 1.  Cytokines involved in the inflam-
matory response. This figure depicts the 
cascade of events initiated by an inflam-
matory stimulus. Monocytes and macro-
phages secrete cytokines in a cascade-like 
fashion, with TNF- �  secreted first, IL-1 �  
second, and IL-6 last. TNF- �  and IL-1 �  
stimulate their own and each other’s secre-
tion, and both promote the release of IL-6. 
IL-6, on the other hand, inhibits the endo-
toxin-induced secretion of TNF- �  and the 
endotoxin- and TNF- � -induced secretion 
of IL-1 �  (arrows indicate stimulatory ef-
fects, whereas dashed arrows indicate in-
hibitory effects). 

  Fig. 2.  IL-6 signaling. IL-6 either binds the 
membrane bound IL-6R or binds the solu-
ble IL-6 receptor (sIL-6R). The complex 
subsequently binds the membrane-bound 
gp130 which leads to dimerization of two 
gp130 molecules. This, in turn, activates 
in tracellular janus kinases (JAK) and the 
intracellular signal transducers and acti-
vators of transcription protein (STAT), 
which ultimately leads to transcription of 
target genes. 
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and hemodynamic changes  [15] . Interestingly, vasopres-
sin secretion was also stimulated by intravenous injection 
of IL-1 �  in rats  [16] , by intracerebroventricular injection 
of IL-6 in rats  [17]  and, most notably, by intravenous injec-
tion of IL-6 in humans  [18] . Similarly, oxytocin secretion 
was stimulated by the administration of LPS or IL-1 �   [19] . 
In terms of water balance, the LPS-induced release of oxy-
tocin could be important, because oxytocin has also been 
shown to have antidiuretic properties, most likely because 
it can also activate the vasopressin-2 receptor  [20] .

  Interleukin-6 and Vasopressin: Possible Pathways 

 Increasing evidence indicates that IL-6 is a key regula-
tor of vasopressin secretion under physiological condi-
tions. For example, it was recently shown that the expres-
sion of vasopressin, oxytocin, and corticotrophin-releas-
ing hormone were decreased in the PVN of IL-6-deficient 
mice  [21] . In addition, the expression of IL-6R co-local-
ized with vasopressin, oxytocin, and corticotrophin-re-
leasing hormone in the PVN and SON. Based on these 
findings, the authors speculated that IL-6 could directly 
stimulate the secretion of these three peptides. In rats, 
Ghorbel et al.  [22]  also demonstrated co-localization of 
IL-6 with vasopressin in the PVN and SON. Further-
more, following dehydration, they showed concurrent 
upregulation of IL-6 and vasopressin using three inde-

pendent techniques, including in situ hybridization, im-
munochemistry and immunoblotting  [22] . Because IL-6 
was reduced in the posterior pituitary gland, they specu-
lated that IL-6 takes the same secretory pathway as vaso-
pressin and is secreted from the posterior pituitary  [22] . 
Palin et al.  [23]  showed that IL-6, vasopressin, but also 
insulin-like growth factor I play a role in the increased 
tendency for antidiuresis during ageing. Namely, during 
LPS infusion, aged rats exhibited more vassopressinergic 
neuron activity, which was associated with increased IL-6 
mRNA, but decreased insulin-like growth factor I mRNA 
 [23] . Brain pretreatment with neutralizing anti-IL-6 an-
tibodies or recombinant insulin-like growth factor I re-
versed LPS-induced antidiuresis  [23] . Apart from the 
changes in renal diluting and concentrating capacity dur-
ing ageing, these experimental data may provide an ad-
ditional explanation why the elderly are more prone to 
developing hyponatremia  [24] .

  Although plasma IL-6 levels are clearly increased dur-
ing inflammation, it is unclear if IL-6 crosses the blood-
brain barrier (BBB) and then evokes a response, or wheth-
er LPS crosses the BBB and then increases IL-6 locally in 
the brain ( fig. 3 ). Saturable transport of IL-6 across the 
BBB exists  [25] , and the circumventricular organs, which 
includes the SFO and OVLT, have vascular beds that do 
not form a strict BBB. Because the neurons in these brain 
regions also express the IL-6R, this would be a route via 
which circulating IL-6 could directly stimulate central 
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  Fig. 3.  Possible pathways connecting IL-6 
to vasopressin release. LPS induce a cas-
cade of cytokine production. LPS and IL-
1 �  can induce IL-6 secretion by the BBB. 
Circulating IL-6 can also be transported 
across the BBB or can simply diffuse across 
the BBB in the circumventricular organs. 
Activation of the subfornical organ and 
the organum vasculosum of the lamina 
terminalis by IL-6, nitric oxide (NO), 
prostaglandins (PG) or LPS, could eventu-
ally lead to thirst and increased vasopres-
sin secretion by neurons from the supra-
optic nucleus (SON) and paraventricular 
nucleus (PVN). The combination of anti-
diuresis and increased water intake may 
result in hyponatremia. 



 Hyponatremia and Inflammation Nephron Physiol 2011;118:p45–p51 p49

vasopressin release. However, there also is compelling ev-
idence that LPS induces a local response of IL-6 in the 
brain. Namely, it was shown that endothelial cells, smooth 
muscle cells and pericytes of the BBB secrete IL-6 in re-
sponse to IL-1 �  and LPS ( fig. 3 )  [26, 27] . Furthermore, 
through an unknown mechanism, LPS increases both 
IL-6 mRNA and protein in astrocytes in the SON  [23]  
and in folliculostellate cells in the pituitary  [28] . LPS also 
strongly upregulated IL-6R mRNA in the SFO, OLVT, 
and PVN, while vasopressin mRNA expression was only 
increased in the PVN  [29] . Other areas of research, in-
cluding those on the febrile response, have shown that 
LPS can evoke a central response from the periphery by 
stimulating the vagus nerve; this response precedes and 
is independent of cytokines  [30] .

  In addition to the observational data, two interven-
tional studies further support a connection between in-
flammation and central vasopressin release. The first 
study showed that lesions in the SFO and OVLT attenu-
ated vasopressin secretion in response to LPS  [31] . The 
second study showed that brain injection of IL-6 in-
creased vasopressin neuron activity to the same extent as 
peripheral LPS, while brain injection of IL-6 antibodies 
prevented the LPS-induced activation of vasopressin 
neurons  [17] . Collectively, these data strongly suggest a 
role for IL-6 as a locally produced second messenger in 
the signaling pathways activated by LPS, acting as an ef-
fector in those brain areas involved in vasopressin release.

  Clinical Examples of Hyponatremia and 

Inflammation 

 In one of our own studies, we showed that hospital-
acquired hyponatremia was associated with the acute 
phase response  [32] . In this study, 50 patients with hospi-
tal-acquired hyponatremia (‘cases’, defined as a fall in se-
rum sodium  6 7 mmol/l leading to a serum sodium  ! 136 
mmol/l) were matched for age, sex, and department of 
admission to 69 controls (stable serum sodium). Interest-
ingly, cases had a rise in C-reactive protein (median from 
23 to 146 mg/l) during the development of hyponatremia 
(serum sodium from 141  8  2 to 130  8  4 mmol/l), where-
as C-reactive protein decreased in controls (31–24 mg/l, 
p = 0.008). In addition, the use of antibiotics (likely a sur-
rogate marker for infection) was more common among 
cases (82 vs. 55%), and was also an independent predictor 
for hospital-acquired hyponatremia. Similarly, Ferreira 
da Cunha et al.  [33]  showed that hyponatremia was three 
times more common in postoperative patients with the 

acute phase response. In both studies, many patients re-
ceived hypotonic fluids (38 and 55%, respectively). Thus, 
the acute phase response likely caused a state of antidi-
uresis, which resulted in hyponatremia because a source 
of electrolyte-free water was administered.

  The study by Ferreira da Cunha et al.  [33]  also shows 
that the acute phase response may play a role in the patho-
genesis of postoperative hyponatremia. The non-osmotic 
release of vasopressin after surgery has clearly been estab-
lished  [34] , but the etiology has remained unclear and has 
mainly been attributed to pain, nausea, anesthetics, and 
other drugs. However, several studies have shown elevat-
ed IL-6 levels after surgery  [35] . Interestingly, one of these 
studies showed a relationship between the levels of IL-6 
and the degree of confusion, but unfortunately serum so-
dium was not reported  [36] . No direct correlation studies 
between IL-6, vasopressin, and hyponatremia have been 
performed, but this is clearly an area for future research.

  In patients, support for a relationship between IL-6 
and vasopressin release has been shown in a small phase 
I trial including patients with malignant tumors. Mas-
torakos et al.  [18]  showed that in these patients the ad-
ministration of IL-6 resulted in a fast dose-dependent rise 
in vasopressin concentration (to 15.6 pg/ml, normal 
range  � 1–4 pg/ml). Importantly, IL-6 treatment did not 
influence TNF- �  or IL-1 �  concentrations, suggesting 
that vasopressin release by IL-6 can occur independently 
of its associated cytokines. Since this study, a number of 
case reports have reported elevated IL-6 concentrations 
during hyponatremia and inflammation. Murakami et 
al.  [37]  reported a case of SIADH with increased vaso-
pressin concentrations (7.2 pg/ml) in a 66-year-old man 
with inflammatory arthropathy. In this case, IL-6 con-
centrations were markedly increased (96 pg/ml, normal 
range  ! 5.0 pg/ml), whereas plasma IL-1 �  and TNF- �  
concentrations were normal or only mildly increased. In 
another patient, SIADH was diagnosed in the setting of 
a urinary tract infection  [38] . Both plasma vasopressin 
(6.7 pg/ml) and IL-6 (24.1 pg/ml) were increased at the 
time of diagnosis of SIADH, and serum sodium and C-
reactive protein showed an inverse relationship during 
treatment. Again, TNF- �  and IL-1 �  concentrations re-
mained within the normal range. A more systematic 
study was performed by Gionis et al.  [39]  who studied 8 
children who had developed an aseptic inflammatory re-
sponse with SIADH after neurotrauma. In these chil-
dren, plasma IL-6 concentrations (20.25  8  12.60 pg/ml) 
were strongly correlated (r = +0.96) with plasma vaso-
pressin concentrations (5.42  8  2.09 pg/ml), thereby sug-
gesting a role for IL-6 in the pathogenesis of SIADH.
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 References 

  Another interesting example of hyponatremia and in-
flammation is exercise-associated hyponatremia. In the 
2002 Boston Marathon, 13% of the runners included in 
the study developed hyponatremia, which was associated 
with weight gain, high fluid intake, female sex, long rac-
ing time, and body mass index extremes  [40] . Although 
excessive fluid intake clearly plays a role in the pathogen-
esis of exercise-associated hyponatremia, it cannot be the 
only factor. Namely, in the absence of renal insufficiency, 
kidneys are able to excrete up to almost 1 liter of electro-
lyte-free water per hour. Indeed, inappropriate antidiure-
sis has been shown to contribute to exercise-associated 
hyponatremia  [41] . It has been postulated that this an-
tidiuresis could be due to exercise-induced muscle injury 
leading to a rise in muscle-derived IL-6  [7] . Siegel  [7]  re-
ported a strong increase in IL-6 concentrations (from 1.6 
 8  0.5 to 66.6  8  11.9 pg/ml) in 33 marathon runners, 
which was significantly correlated with increases in cre-
atine kinase, cortisol, and prolactin. Vasopressin secre-
tion (2.86 pg/ml pre-race vs. 4.33 pg/ml post-race) was 
considered inappropriate, because hyponatremia was as-
sociated with a low blood urea nitrogen. Vasopressin con-
centrations nearly reached a significant correlation with 
the observed increase in IL-6 concentrations (p = 0.07) in 
this small sample group.

  Clinical Perspective 

 The evolving insight regarding the relationship be-
tween IL-6 and vasopressin is not only an intriguing ex-
ample of immuno-neuroendocrinology, but it is also rel-
evant for understanding the pathophysiology of hypo-
natremia during inflammation. Therapeutically, hypo-
natremia during inflammation is challenging, especially 
when there is imminent septic shock, because in these 
circumstances other aspects prevail, including antibiotic 
therapy, and controlling hemodynamics. However, it is 
important for physicians to beware of the predisposition 
to antidiuresis in this context and adjust intravenous flu-
id therapy accordingly. This implies that hypotonic fluids 
should be avoided. Importantly, isotonic fluids can also 
cause hyponatremia, especially when the urine tonicity 
(sodium plus potassium) exceeds that of the infusate  [42] . 
If clinically relevant hyponatremia is present and hemo-
dynamics are under control, routine therapy for SIADH 
should be instituted. The usual treatment for SIADH is 
fluid restriction or hypertonic saline if hyponatremia is 
symptomatic, although other options such as furose-
mide, urea, demeclocycline   and lithium have been re-

ported to be effective in certain cases  [2] . If there is a place 
for the recently approved vasopressin-receptor antago-
nists also remains to be seen  [2] . Successful treatment of 
transient hyponatremia in hospitalized neurosurgical
patients has recently been reported using intravenous 
conivaptan, a combined vasopressin-1a/2 receptor antag-
onist  [43] . However, acute inflammation is frequently
accompanied by vasodilation and hypotension; in these 
situations, vasopressin-receptor antagonists should be 
avoided as they may cause extracellular fluid volume con-
traction and thereby contribute to hypotension. As proof 
of principle, assessment of the effect of anti-IL-6 antibod-
ies on the effect of vasopressin release and hyponatremia 
during inflammation would be of great interest  [44] .

  IL-6 release is just one of the pleiotropic effects of sys-
temic inflammation, and clearly other mechanisms can 
contribute to vasopressin release and hyponatremia dur-
ing inflammation, such as hypovolemia or hyperglycemia. 
In addition, several unanswered questions remain, includ-
ing the precise neurobiological pathways, why some infec-
tions cause hyponatremia more often than others, if vaso-
pressin can also be produced ectopically during infection 
 [45] , and the role of the kidney during inflammation  [46] . 
We also acknowledge that there are situations in which 
IL-6 is elevated but hyponatremia is rare (e.g. rhabdomy-
olysis), suggesting that IL-6-mediated vasopressin release 
is organ-specific or requires additional circulating factors.

  In conclusion, there is now convincing data to support 
a role for IL-6 in the non-osmotic release of vasopressin 
and this mechanism may play a role in clinically signifi-
cant forms of hyponatremia and inflammation.
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