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Abstract

Hyponatremia is a life-threatening situation in severe infl ammatory disorders. Managing this disorder is seriously hampered because its underlying pathophysiology 
has remained elusive. An increase in  �tumor necrosis factor-alpha (TNFα) during systemic infl ammation may be involved in this hyponatremic mechanism as it is known 
that circulating TNFα exerts potent natriuresis via its action on receptor type 1 (TNFR1). Systemic infl ammation also induces non-osmotic release of Antidiuretic Hormone 
(ADH), commonly known as ‘Syndrome of Inappropriate ADH’ (SIADH), that would cause water retention to increase in Extracellular Fluid Volume (ECV). Thus, the 
infl ammation-induced TNFR1 activation and sodium loss coupled with SIADH-induced increases in ECV, would lead to the serious condition of hypervolemic hyponatremia. 
In this brief review, some experimental evidence will be provided that indicates TNFR1 activation during the infl ammatory process can be targeted therapeutically to 
prevent such critical conditions of hypervolemic hyponatremia. The importance of these co-morbidities also extends to several other clinical scenarios of hyponatremia 
observed in patients with heart failure, liver disease, and renal disease. Besides the pathophysiological insights, the recognition of the propensity for both antidiuresis 
and natriuresis during infl ammation is critically important in selecting the appropriate intravenous fl uid regimens in patients with this disorder such as in the coronavirus 
disease of 2019 (COVID-19). 
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Introduction 

Hypervolemic hyponatremia is a common electrolyte 
disorder that can be a life-threatening situation in severe 
infl ammatory disorders such as sepsis, acute respiratory 
distress syndrome (ARDS), and other conditions associated 
with ‘cytokine-storm’, including coronavirus disease of 2019 
(COVID-19) [1-3]. Nearly a quarter of hospitalized patients in 
Incentive Care Units (ICU) are suffering from this condition 
which may induce brain edema and cerebral contusion with high 
mortality and morbidity [1-4]. The proper management of these 
terminally ill patients with these clinical conditions is seriously 
hampered mainly because the underlying pathophysiology of 
critical hyponatremic disorder is not yet clearly understood. 
This condition is characterized by a pronounced defi cit of free 

water excretion that leads to inappropriate water retention in 
comparison with the sodium concentration. This occurs when 
the kidneys cannot excrete water effi ciently due to excess 
Antidiuretic Hormone (ADH) secretion, but at the same time, 
causing excess sodium excretion [5]. This imbalance results in 
an expanded Extracellular Volume (ECV) with dilutional low 
sodium concentration in plasma. As this condition of electrolyte 
disorders should be managed carefully by restricting free water 
ingestion and/or by increasing renal excretion of solute-free 
water while preventing the loss of sodium in urine, it has 
been always a critical problem in patients with underlying 
severe infl ammatory conditions. The purpose of this mini-
review article is to evaluate experimental fi ndings indicating 
TNFR1 activation as a mechanism of hyponatremia induced by 
systemic infl ammatory conditions. The evidence that enhanced 
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plasma TNF levels in infl ammatory conditions inducing 
natriuresis, as well as inappropriate ADH secretion resulting 
in a critical condition of hyponatremia, is highlighted in this 
article to implicate TNFR1 as a possible therapeutic target to 
prevent such condition. 

In fl ammation-induced TN Fα relea se and its natriuretic 
effect

TNF is a proinfl ammatory cytokine produced by immune 
cells, mainly T-lymphocytes, although other sources include 
white blood cells, vascular endothelial cells, and renal tubular 
epithelial and mesangial cells [6]. TNF has been reported to 
exert its cytokine signaling function through two different 
receptors, type 1 (TNFR1, p55) and type 2 (TNFR2, p75) [7,8]. 
which are differentially expressed and regulated in biological 
tissues [6]. The circulating TNF  has the maximal high 
affi nity to interact with TNFR1 with no or minimal affi nity for 
TNFR2 [9]. In the kidney, while TNFR2 plays a role in renal 
infl ammation [10], TNFR1 activation induces a natriuretic 
effect by inhibiting tubular sodium transport and epithelial 
sodium channel (ENaC) activity [7,8,11]. In our laboratory [7,8], 
we have demonstrated that intravenous administration of a 
recombinant TNF in mice induces a natriuretic effect which is 
prevented in mice lacking the gene for TNFR1 but not in mice 
lacking the gene for TNFR2, confi rming that such natriuretic 
action of TNF is mediated by the activation of TNFR1 in the 
kidney. Based on the experimental fi ndings using rodents in 
our laboratory [7,8,11], it can be postulated that TNF induced 
TNFR1 activation in the renal tubules caused excessive sodium 
excretion in urine and thus, may lead to a hyponatremic 
condition in systemic infl ammation.

Infl ammation-induced non-osmotic release of ADH 

Recent studies also point to a key role for pro-
infl ammatory cytokines in the non-osmotic release of ADH 
by the hypothalamic-pituitary axis [12-14] commonly known 
as the syndrome of inappropriate ADH (SIADH). Although 
an anti-infl ammatory effect of ADH on induced generalized 
infl ammation as in sepsis condition has been suggested [15], 
the opposite was also noted that pro-infl ammatory cytokines 
such as TNF, released from infl ammatory stress condition 
can activate the hypothalamus to produce ADH [14,15]. It 
has been demonstrated that TNFR1 is the major mediator of 
the actions of TNF that implicates in glutamate-dependent 
neural communication that potentiates NMDA receptor-
mediated signaling [16] and thus, it is conceivable that TNFR1 
activation participates in ADH release by the hypothalamus. 
SIADH is generally a common phenomenon in various lung 
infections including acute and chronic respiratory failures 
[17,18]. When such severe infl ammatory conditions with lung 
congestion occur in patients with Congestive Heart Failure 
(CHF), decompensated liver cirrhosis, and nephrotic syndrome, 
an increase in the non-osmotic release of ADH would further 
aggravate the function of these organs (heart, lungs, and 
kidney) due to increase in circulatory plasma volume by 
enhanced water permeability in the renal collecting duct cells 
[19,20]. ADH-dependent antidiuresis leads to water retention 
and increases the extracellular fl uid volume in CHF resulting 
in dilutional (hypervolemic) hyponatremia [2,19]. Thus, it is 

critically important to understand the role of TNF and its 
effect via TNFR1 activation in such non-osmotic release of ADH 
in CHF [19,20]. A complicated treatment regime to deal with 
replacing the loss of electrolytes while preventing or combating 
fl uid excess poses a critical situation in the management of 
these patients [21]. Thus, identifying a mechanistic pathway 
for inducing this condition would be a breakthrough discovery 
to effectively manage and prevent the unusually high mortality 
and morbidity in these critical patients with electrolyte 
disorders.

TNFR1 activity as a therapeutic target in the manage-
ment of hyponatremia

Experimental results from our laboratory [6-8,10,11,22,23] 
have demonstrated that the activation of TNFR1 receptor in the 
kidney resulted in a natriuretic response. Such a response could 
lead to hyponatremia in chronic infl ammatory conditions 
that induce the production of this cytokine. Moreover, TNFR1 
activation in the hypothalamus in generalized infl ammatory 
conditions induces non-osmotic ADH release which acts on 
the kidney to mediate anti-diuretic action leading to fl uid 
retention to increase in ECV. Thus, a combination of such dual 
actions (anti-diuresis and natriuresis) of TNFR1 activation 
would lead to this severe electrolyte disorder of hypervolemic 
hyponatremia. This postulated mechanism of hypervolemic 
hyponatremia due to TNFR1 activation is illustrated as given in 
Figure 1. In generalized infl ammatory conditions, an increase 
in TNF level would activate TNFR1 in different organs including 
the kidney and hypothalamus. Thus, based on this postulated 
mechanism, it is expected that the specifi c inhibition of TNFR1 
during cytokine storm would prevent this life-threatening 
electrolyte disorder and will have tremendous therapeutic 
benefi ts in such critical conditions. It may be mentioned here 
that a lack of commercially available specifi c TNFR1 antibodies 
should be challenged in fi nding this solution. All the available 
TNF receptor antibodies are either non-specifi c or have greater 
affi nity to type 2 (TNFR2) receptors [24]. There are currently 
fi ve approved TNF biologics that work by completely blocking 
the interaction of TNF with its receptors non-specifi cally, 

Figure 1: Postulated mechanism of hypervolemic hyponatremia due to TNF 
receptor type 1 (TNFR1) activation.
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but to date, there are no small molecule therapeutics available 
that disrupt the high-affi nity TNF–TNFR1 interaction [24]. 
Future research will validate the benefi cial effect of specifi c 
TNFR1 inhibition in preventing hyponatremic conditions in 
generalized infl ammatory disorders.

Conclusion

The experimental evidence so far strongly suggests that 
an increase in TNF during systemic infl ammation induces 
natriuretic as well as antidiuretic responses via its action on 
TNFR1 in renal tubules and in the hypothalamic-pituitary axis 
in the brain. Such sodium loss coupled with SIADH-induced 
fl uid retention by the kidney would lead to the serious condition 
of hypervolemic hyponatremia in generalized infl ammatory 
conditions. These results suggest a therapeutic benefi t of 
specifi c blockade of TNFR1 activity in clinical management 
that will resolve the long-standing life-threatening condition 
of hyponatremia in many infl ammatory disorders.

References

1. DeVita MV, Gardenswartz MH, Konecky A, Zabetakis PM. Incidence and 
etiology of hyponatremia in an intensive care unit. Clin Nephrol. 1990 
Oct;34(4):163-6. PMID: 2257702.

2. Kleinfeld M, Casimir M, Borra S. Hyponatremia as observed in a chronic 
disease facility. J Am Geriatr Soc. 1979 Apr;27(4):156-61. doi: 10.1111/j.1532-
5415.1979.tb06439.x. PMID: 429736.

3. Lippi G, South AM, Henry BM. Electrolyte imbalances in patients with severe 
coronavirus disease 2019 (COVID-19). Ann Clin Biochem. 2020 May;57(3):262-
265. doi: 10.1177/0004563220922255. Epub 2020 May 3. PMID: 32266828; 
PMCID: PMC8173320.

4. Rey JR, Caro-Codón J, Rosillo SO, Iniesta ÁM, Castrejón-Castrejón S, Marco-
Clement I, Martín-Polo L, Merino-Argos C, Rodríguez-Sotelo L, García-Veas JM, 
Martínez-Marín LA, Martínez-Cossiani M, Buño A, Gonzalez-Valle L, Herrero 
A, López-Sendón JL, Merino JL; CARD-COVID Investigators. Heart failure in 
COVID-19 patients: prevalence, incidence and prognostic implications. Eur J 
Heart Fail. 2020 Dec;22(12):2205-2215. doi: 10.1002/ejhf.1990. Epub 2020 
Oct 7. PMID: 32833283; PMCID: PMC7461427.

5. Braun MM, Barstow CH, Pyzocha NJ. Diagnosis and management of sodium 
disorders: hyponatremia and hypernatremia. Am Fam Physician. 2015 Mar 
1;91(5):299-307. PMID: 25822386.

6. Mehaffey E, Majid DSA. Tumor necrosis factor-α, kidney function, and 
hypertension. Am J Physiol Renal Physiol. 2017 Oct 1;313(4):F1005-F1008. 
doi: 10.1152/ajprenal.00535.2016. Epub 2017 Jul 19. PMID: 28724611; 
PMCID: PMC5668589.

7. Castillo A, Islam MT, Prieto MC, Majid DS. Tumor necrosis factor-α receptor type 
1, not type 2, mediates its acute responses in the kidney. Am J Physiol Renal 
Physiol. 2012 Jun 15;302(12):F1650-7. doi: 10.1152/ajprenal.00426.2011. 
Epub 2012 Mar 28. PMID: 22461305; PMCID: PMC3378101.

8. Shahid M, Francis J, Majid DS. Tumor necrosis factor-alpha induces renal 
vasoconstriction as well as natriuresis in mice. Am J Physiol Renal Physiol. 
2008 Dec;295(6):F1836-44. doi: 10.1152/ajprenal.90297.2008. Epub 2008 Oct 
15. PMID: 18922887; PMCID: PMC2604828.

9. Steed PM, Tansey MG, Zalevsky J, Zhukovsky EA, Desjarlais JR, Szymkowski 
DE, Abbott C, Carmichael D, Chan C, Cherry L, Cheung P, Chirino AJ, Chung 
HH, Doberstein SK, Eivazi A, Filikov AV, Gao SX, Hubert RS, Hwang M, Hyun L, 
Kashi S, Kim A, Kim E, Kung J, Martinez SP, Muchhal US, Nguyen DH, O’Brien 
C, O’Keefe D, Singer K, Vafa O, Vielmetter J, Yoder SC, Dahiyat BI. Inactivation 
of TNF signaling by rationally designed dominant-negative TNF variants. 

Science. 2003 Sep 26;301(5641):1895-8. doi: 10.1126/science.1081297. 
PMID: 14512626.

10. Singh P, Bahrami L, Castillo A, Majid DS. TNF-α type 2 receptor mediates renal 
infl ammatory response to chronic angiotensin II administration with high salt 
intake in mice. Am J Physiol Renal Physiol. 2013 Apr 1;304(7):F991-9. doi: 
10.1152/ajprenal.00525.2012. Epub 2013 Feb 6. PMID: 23389459; PMCID: 
PMC3625853.

11. Majid DS. Tumor necrosis factor-α and kidney function: experimental fi ndings 
in mice. Adv Exp Med Biol. 2011;691:471-80. doi: 10.1007/978-1-4419-6612-
4_48. PMID: 21153351.

12. Chikanza IC, Petrou P, Chrousos G. Perturbations of arginine vasopressin 
secretion during infl ammatory stress. Pathophysiologic implications. Ann N Y 
Acad Sci. 2000;917:825-34. doi: 10.1111/j.1749-6632.2000.tb05448.x. PMID: 
11268412.

13. Cohen J. The immunopathogenesis of sepsis. Nature. 2002 Dec 19-
26;420(6917):885-91. doi: 10.1038/nature01326. PMID: 12490963.

14. De La Flor JC, Marschall A, Biscotti B, Rodeles del Pozo M. Hyponatremia in 
COVID-19 Infection - Should Only Think about SIADH? J Clin Nephrol Ren Care, 
2020; 6:057.

15. Russell JA, Walley KR. Vasopressin and its immune effects in septic shock. J 
Innate Immun. 2010;2(5):446-60. doi: 10.1159/000318531. Epub 2010 Jul 5. 
PMID: 20606409.

16. Zhang L, Berta T, Xu ZZ, Liu T, Park JY, Ji RR. TNF-α contributes to spinal 
cord synaptic plasticity and infl ammatory pain: distinct role of TNF 
receptor subtypes 1 and 2. Pain. 2011 Feb;152(2):419-427. doi: 10.1016/j.
pain.2010.11.014. Epub 2010 Dec 14. PMID: 21159431; PMCID: PMC3022092.

17. Waters JP, Pober JS, Bradley JR. Tumour necrosis factor in infectious disease. 
J Pathol. 2013 Jun;230(2):132-47. doi: 10.1002/path.4187. PMID: 23460469.

18. Haley SD, Cheri KW. PA-C MS, Margaret DMS. Syndrome of inappropriate 
antidiuretic hormone production caused by multiple factors. JAAPA 
2015;28(12): p1.

19. Ishikawa SE. Hyponatremia Associated with Heart Failure: Pathological 
Role of Vasopressin-Dependent Impaired Water Excretion. J Clin Med. 2015 
May 8;4(5):933-47. doi: 10.3390/jcm4050933. PMID: 26239456; PMCID: 
PMC4470207.

20. Nielsen S, Chou CL, Marples D, Christensen EI, Kishore BK, Knepper MA. 
Vasopressin increases water permeability of kidney collecting duct by inducing 
translocation of aquaporin-CD water channels to plasma membrane. Proc 
Natl Acad Sci U S A. 1995 Feb 14;92(4):1013-7. doi: 10.1073/pnas.92.4.1013. 
PMID: 7532304; PMCID: PMC42627.

21. Malieckal DA, Uppal NN, Ng JH, Jhaveri KD, Hirsch JS; Northwell Nephrology 
COVID-19 Research Consortium. Electrolyte abnormalities in patients 
hospitalized with COVID-19. Clin Kidney J. 2021 Mar 16;14(6):1704-1707. doi: 
10.1093/ckj/sfab060. PMID: 34079619; PMCID: PMC7989524.

22. Majid DSA, Castillo A, Prieto MC, Navar LG. High salt-induced augmentation 
of angiotensin II-mediated hypertension is associated with differential 
expression of tumor necrosis factor-alpha receptors in the kidney. Explor Med. 
2022; 3:205–18.

23. Majid DSA, Prieto MC, Chamberlain CM, Castillo A, Navar LG. Augmentation of 
nitric oxide defi cient hypertension by high salt diet is associated with reduced 
TNF-α receptor type 1 expression in the kidneys. Am J. Hypertens, 2024 
(accepted for publication - in press)

24. McMillan D, Martinez-Fleites C, Porter J, Fox D 3rd, Davis R, Mori P, Ceska 
T, Carrington B, Lawson A, Bourne T, O’Connell J. Structural insights into the 
disruption of TNF-TNFR1 signalling by small molecules stabilising a distorted 
TNF. Nat Commun. 2021 Jan 25;12(1):582. doi: 10.1038/s41467-020-20828-
3. PMID: 33495441; PMCID: PMC7835368.   


