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Role of dexamethasone on vasopressin release during endotoxemic shock
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Abstract

The present studywas designed to assess the hypothesis that dexamethasone (DEX) through the control of nitric oxide (NO) synthesis could regulate the
release of vasopressin (AVP),which plays an important role in the regulation of arterial pressure and plasmaosmolality. Endotoxemic shockwas induced by
intravenous (i.v.) injection of 1.5 mg/kg lipopolisaccharide (LPS) in male Wistar rats weighing 250–300 g. After LPS administration, a group of animals
were treated with DEX (1.0 mg/kg of body weight), whereas saline-injected rats served as controls. The LPS administration induced a significant decrease
in mean arterial pressure (MAP) with a concomitant increase in heart rate (HR) (ΔVMAP: −16.1±4.2 mm Hg;ΔVHR: 47.3±8.1 bpm). An increase in
plasma AVP concentration occurred and was present for 2 h after LPS administration (11.1±0.9 pg/mL) returning close to basal levels thereafter and
remaining unchanged until the end of the experiment.When LPSwas combinedwith i.v. administration of a low dose of DEX, we observed an attenuation
in the drop ofMAP (ΔVMAP:−2.2±1.9mmHg) and a decrease inNOplasma concentration [NO] after LPS administration (1098.1±68.1µM) compared
to [NO] after DEX administration (523.4±75.2 µM). However, this attenuation in the drop of MAP was accompanied by a decrease in AVP plasma
concentration (3.7±0.4 pg/mL). These data suggest that AVP does not participate in the recovery of MAP when DEX is administered in this endotoxemic
shock model.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Septic shock is a serious and progressive complication in the
critical care unit [1,2]. This clinical syndrome is characterized by
sepsis with hypotension and generally presents a hemodynamic
pattern with a dramatic fall in systemic vascular resistance and
generalized disturbed blood flow [3]. Although we can observe
that the course of septic shock has different phases with different
characteristics [4], most therapeutic interventions are based on
the primary aim of combating the refractory hypotension by
using aggressive fluid infusions, large doses of vasoconstrictors
and glucocorticoids [5]. Glucocorticoids can reverse hemody-
namic disturbances and dependence on catecholamine in septic
shock. The relevant beneficial mechanisms of steroids in septic
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shock are unknown, although inducible nitric oxide synthase
(iNOS) could account for them.

Most experimental work on sepsis has been performed using
animal models with lipopolisaccharide (LPS)-induced sepsis.
LPS is a Gram-negative bacteria cell membrane component,
which triggers an increase in nitric oxide (NO) synthesis [6].
The iNOS is rapidly expressed in the vascular smooth muscle
component of arteries and veins leading to the proposal that
inhibition of NO synthesis might be a useful adjunct to septic
shock therapy [7]. Under these conditions, very high levels of
the vasodilator gas NO are locally formed, rendering the vessels
hypo-responsive to constrictor mechanisms [8]. These observa-
tions, among others, have led to the suggestion that inhibition of
nitric oxide synthase (NOS) may be of therapeutic benefit in the
treatment of septic shock [9,10]. Although their use has been
proposed for many years in sepsis and septic shock with
controversial results [11], glucocorticoids have recently con-
sistently demonstrated to be able to improve hemodynamics
in septic shock. In humans, they were found to increase the
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vasopressor response to adrenergic agents [12], thus reducing
the time under vasopressor support [13,14]. In addition, it has
been shown that NO may act as a modulator of vasopressin
(AVP) release or synthesis [15,16]. This assertion is based on
the fact that in normal rats, L-NAME, an unspecific inhibitor of
the NOS, produces an increase in plasma AVP levels [17] and
that the NO donor, sodium nitroprusside inhibits supraoptic
vasopressin neuron activity as shown in an in vitro study [18].

The exact mechanisms by which glucocorticoids may act in
septic shock are unknown. It is however noteworthy that among
several inhibitor effects on proinflammatory cascade, they are
potent inhibitors of iNOS expression [19]. Therefore, the
present study was designed to confirm the hypothesis that
dexamethasone through the control of NO synthesis could
regulate the release of AVP, which plays an important role in the
regulation of arterial pressure.

2. Materials and methods

2.1. Animals and preparation

Experiments were performed on adult male Wistar rats
weighing 250–300 g at the time of surgery. All experiments were
performed in accordance with institutional ethical guidelines.
The animals were housed at controlled temperature (25.0±2 °C)
and exposed to a daily 12:12 h light dark cycle.

Lipopolisaccharide (LPS) from Escherichia coli serotype
0111:B4 and Dexamethasone were obtained from Sigma (St.
Fig. 1. Effect of saline or LPS on A: change in mean arterial pressure (ΔVMAP); B: c
are means±SEM. ⁎pb0.05, ⁎⁎ pb0.01 and ⁎⁎⁎ pb0.001 significant difference wh
administered at zero time.
Louis, MO, USA) and dissolved in pyrogen-free sterile saline.
Animals were submitted to general anaesthesia with intraper-
itoneal injection of 2.5% (1.0 mL/100 g b.w.) 2,2,2-tribro-
moethanol (Aldrich, Milwaukee, WI, USA) and implanted with
a polyethylene catheter in the femoral artery for direct blood
pressure recording and in the jugular vein for intravenous (i.v.)
drug administration.

Rats were injected i.v. by bolus injection with 1.5 mg/kg of
LPS in a final volume of 0.5 mL. The beginning of the experi-
mental protocols, time “zero”, was defined as the point at which
the rats received the LPS injection. Control rats were injected
intravenously with 0.5 mL sterile saline.

2.2. Determination of the effect of LPS onmean arterial pressure
(MAP), heart rate (HR), NO and plasma AVP concentration

MAP and HR of un-anaesthetized freely moving rats were
recorded using a polygraph (Grass P122), connected to a
pressure transducer (Grass P23XL-1) and using the software
PolyView (Astro-Med, West Warwick, RI, USA), over a period
of 6 h after LPS or saline i.v. injection.

The rats were decapitated 1, 2, 4 and 6 h after LPS or saline
administration (control rats). Blood was collected into chilled
plastic tubes, containing heparin (200 U), centrifuged for
20 min at 2000 g at 4 °C for plasma separation and stored
at −70 °C before dosage. On the day of the assay, plasma
samples were thawed and deproteinized with 95% ethanol
(at 4 °C) for 30 min, subsequently centrifuged, and the
hange in heart rate (ΔVHR); C: AVP plasma level; D: NO3
− plasma level. Values

en compared with saline group. In all the experiments the LPS injection was
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supernatant was used for measurement of nitrate according to
the NO/ozone chemiluminescence technique [20], using a
Sievers NO Analyzer 280 (GE Analytical Instrument, Boulder,
CO, USA). Sodium nitrate (Sigma, St. Louis, MO, USA) was
used as standard reference.

AVP was extracted from 0.7–1.5 mL of plasma using
acetone and petroleum ether. Dried sample extracts were stored
at −20 °C until the time for radioimmunoassay.

2.3. Determination of the effect of the combined effects of LPS
and dexamethasone

In a separate set of experiments, rats received an i.v. injection
of dexamethasone (1.0 mg/kg of body weight in a final volume
of 0.5 mL). Control animals were injected with the same volume
of saline. Thirty minutes after the dexamethasone injection,
animals received LPS and were decapitated 1, 2, 4, and 6 h later
for the determination of plasma NO and AVP concentration. A
separate set of animals were used to determine MAP and heart
rate in the same experimental period.

2.4. Data analysis

Results are expressed as means±S.E.M. Statistical analyses
were performed on these data using one-way analyses of
variance (ANOVA) followed by the Tukey multiple compar-
isons test. Values of pb0.05 were considered to be statistically
significant.
Fig. 2. Effect of intravenously administration of dexamethasone (1.0 mg/kg) during
change in heart rate (ΔVHR); C: AVP plasma level; D: NO3

− plasma level. Values a
compared with saline+saline group; # pb0.05, ## pb0.01 and ### pb0.001 significa
3. Results

To validate our experimental model, we determined the
MAP, HR, AVP and plasma levels. Fig. 1A and B show the
effect of LPS administration on MAP and heart rate. When the
animals were injected with LPS, a reduction (pb0.001) in MAP
and an increase (pb0.01) in heart rate occurred. The effect of
LPS administration on NO and AVP plasma concentration are
observed in Fig. 1C and D respectively. Plasma nitrate levels
increased gradually from 1 to 6 h and were significantly higher
than those observed in the control group throughout the
experiment after the 2nd hour of LPS treatment (pb0.001), in
addition a significant (pb0.001) increase in plasma AVP
concentration occurred. However, 4 h after LPS administration,
plasma AVP concentrations were similar to those observed in
saline-treated rats.

To evaluate the role of dexamethasone during endotoxemic
shock we determined the MAP, HR, AVP and plasma levels in
animals after the combination of dexamethasone and LPS
administration. We found that dexamethasone significantly
attenuated the drop (pb0.01) in MAP and brought about no
changes in heart rate (pb0.01) induced by LPS treatment
(Fig. 2A and B).

Fig. 2 (C and D) shows the effect of systemically
administered dexamethasone on plasma AVP and nitrate
concentration after LPS injection. We found no significant
changes in plasma AVP concentration when dexamethasone
alone was injected when compared to saline-injected animals
the endotoxemic shock on A: change in mean arterial pressure (ΔVMAP); B:
re means±SEM. ⁎ pb0.05, ⁎⁎ pb0.01 and ⁎⁎⁎ pb0.001 significantly different
ntly different compared with saline+LPS group.
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(pb0.001). We also found a significant decrease in plasma AVP
levels after the second and fourth hour of LPS plus
dexamethasone injection, when compared to the rats treated
with LPS plus saline (pb0.001). Plasma nitrate levels decreased
in LPS plus dexamethasone treated animals when compared to
LPS plus saline animals (pb0.001).

4. Discussion

The present study provides evidence that administration of
low doses of dexamethasone attenuated the hypotension-
induced by LPS and it seems that this recovery may not be
due to the release of AVP, since the dexamethasone injection
induced a decrease in plasma AVP levels.

The use of corticosteroids as adjunctive therapy for severe
sepsis and septic shock has been a source of controversy for the
past 35 years. There have even been reports suggesting the
potential for harm associated with the administration of early
high-dose corticosteroids in patients with severe sepsis and
septic shock [21]. Recent trials have reported hemodynamic and
survival benefits associated with the use of more physiological
steroid replacement therapy in patients with vasopressor-
dependent septic shock [22,23]. The rationale for the use of
glucocorticoids in this setting of severe systemic inflammatory
response has been the potent anti-inflammatory properties of
these drugs [24]. Such effects include inhibition of cytokine
production and prevention of the migration of circulating
inflammatory cells into tissues [25]. It is evident from literature
that there are more questions than answers in this important
field and more pre-clinical data is needed.

Glucocorticoids are potent inhibitors of iNOS [19]. It has
been demonstrated that nitrite/nitrate concentrations were
markedly reduced in glucocorticoids-treated animals and similar
findings have been observed in septic shock patients treated with
hydrocortisone in a randomized crossover study [26].

The mechanisms related to the profound drop in blood
pressure during septic shock have been extensively studied and
partly explained by the induction of vasoactive enzymes. Some
studies have demonstrated that the drop in MAP can be
inhibited by using specific iNOS inhibitors that decrease NO
production [27,28,6]. However, the benefits observed in animal
models were not reproducible in humans [29,30]. These
findings led the scientists to re-valuate the mechanisms by
which NO may affect the vasculature during septic shock.

AVP is a nonapeptide with disulfide bridge between two
cysteine amino acids. It is synthesized as a large prohormone
in magnocellular neurons located in the paraventricular and
supraoptic nuclei of the hypothalamus [31]. The hormone and
neurophysin, an axonal carrier protein, then migrate via the
supraoptic-hypophyseal tract to the axonal terminals of the
magnocellular neurons, located in the pars nervosa of the
posterior pituitary, where vasopressin is stored in granules.
The regulation of vasopressin release is complex and can be
classified into osmotic and nonosmotic stimuli (osmotic
regulation) and severe hypovolemia and hypotension (hypo-
volemic regulation) are the most potent stimuli to vasopressin
release. However, AVP has also been shown to be involved in
the difficult mechanism of stress. AVP and the corticotrophin-
releasing hormone are synthesized at the parvocellular neurons
of the paraventricular nuclei (PVN), with each neuropeptide
stimulating the secretion of the other. In nonstressfull
situations, both CRH and AVP are secreted in the portal
system in a circadian, pulsatile and highly concordant fashion.
During acute stress there is an increase in the amplitude and
synchronization of the PVN CRH and AVP pulsatile release
into the hypophyseal portal system [31].

Tsuneyoshi and col. (2001) have reported a group of patients
with septic shock in whom severe hypotension refractory to
infusion of catecholamine was reversed using AVP infusion. In
this way, it is reasonable to speculate that AVP deregulation
contributes to the pathophysiology of septic shock [32].

A recent study from our laboratory has shown an increase in
plasma AVP levels in endotoxemic rats during the first and
second hours after LPS administration followed by a rapid
decrease over the next few hours. This occurred at the time when
the rats continued to have profound hypotension secondary to
LPS administration. When animals were pre-treated with
intracerebroventricular administration of aminoguanidine, a
specific inhibitor of the iNOS, AVP plasma concentration was
maintained well beyond the initial increase and blood pressure
remained higher when compared to endotoxemic shock rats not
treated with the iNOS blocker [6]. These data suggest an
inhibitory effect of NOS in AVP release during this stage of the
sepsis. In this study we found that Dex induced a decrease in
nitrate plasma levels and an increase in MAP. However, the
increase in AVP induced by LPS injection was attenuated by
DEX administration. This may be explained by a different effect
of NO into the central nervous system and systemically.

There have been recent developments in supportive care
suggesting a role for AVP infusion as an alternative therapy for
patients with septic shock refractory to standard vasopressor
therapy [33]. This use is based on the fact that in septic patients,
plasma AVP levels remain close to baseline physiological levels
despite prominent reductions in blood pressure [34]. These
findings led the authors to suggest that AVP levels in patients
with septic shock might be inappropriately low [34]. Consider-
ing that there is an interrelation between the pathways which
control the release of glucocorticoids and AVP, we may expect
that the glucocorticoid replacement could act through the AVP
release to maintain the hemodynamic function. However, in our
study, we have observed a significant decrease in the plasma
AVP level after LPS plus dexamethasone injection, when
compared to the rats treated with LPS plus saline. These data
suggest that the improvement in hemodynamics induced by
dexamethasone administration is not mediated by AVP release
in this septic shock model.

Acknowledgements

This work was supported by Fundação de Amparo à Pesquisa
do Estado de São Paulo (FAPESP) and Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq). We thank
Juliana Zanetti and Márcia Adriana Salles for their excellent
technical assistance.



71M.E. Batalhão et al. / Regulatory Peptides 147 (2008) 67–71
References

[1] AngusD, Linde-ZwirbleWT, Lidicker J, Clermont G, Carcillo J, PinskyMR.
Epidemiology of severe sepsis in the United States: analysis of incidence,
outcome, and associated costs of care. Crit Care Med 2001;29:1472–4.

[2] Brun-Buisson C, Doyon F, Carlet J, Dellarmonica P, Gouin F, Lepoutre A,
Mercier JC, Offestadt G, Regnier B. Incidence, risk factors, and outcome
of severe sepsis and septic shock in adults. A multicenter prospective study
in intensive care units. French ICU Group for Severe Sepsis. J Am Med
Assoc 1995;274:968–74.

[3] Parrillo JE, ParkerMM,NatansonC, Suffredini AF,Danner RL, CunnionRE,
Ognibene FP. Septic shock in humans: advances in the understanding of
pathogenesis, cardiovascular dysfunction, and therapy. Ann Intern Med
1990;113:227–42.

[4] Groeneveld AB, Bronsveld W, Thijs LG. Haemodynamic determinants of
mortality in human septic shock. Surgery 1986;99:140–53.

[5] Baumgartner JD, Calandra T. Treatment of sepsis: past and future avenues.
Drugs 1995;7:127–32.

[6] Giusti-Paiva A, De Castro M, Antunes-Rodrigues J, Cárnio EC. Inducible
nitric oxide synthase in the central nervous system and vasopressin release
during experimental septic shock. Crit Care Med 2002;30:1306–9.

[7] Vincent JL, Zhang H, Szabo C. Effects of nitric oxide in septic shock. Am J
Respir Crit Care Med 2000;161:1781–5.

[8] Thiemermann C, Vane J. Inhibition of nitric oxide synthesis reduces the
hypotension induced by bacterial lipopolysaccharides in the rat in vivo.
Eur J Pharmacol 1990;182:591–5.

[9] Aranow J, Zhuang J, Wang H, Larkin V, Smith M, Fink MO. A selective
inhibitor of inducible nitric oxide synthase prolongs survival in a rat model
of bacterial peritonitis. Comparison with two nonselective strategies.
Shock 1996;5:116–21.

[10] Szabo C, Southan GJ, Thiemermann C. Benefficial effects and improved
survival in rodent models of septic shock with S-methylsothiourea
sulphate, a potent and selective inhibitor of inducible nitric oxide synthase.
Proc Natl Acad Sci 1994;91:12472–6.

[11] Bone RC, Fisherm CJ, Clemmer TP, Slotman GH, Metz CA, Balk RA. The
methylprednisolone Severe Sepsis Study Group. A controlled clinical trial
of high doses methylprednisolone in the treatment of severe sepsis and
septic shock. N Engl J Med 1987;317:653–8.

[12] Bellissant E, Ananne D. Effect of hydrocortisone on phenylphine-mean
arterial pressure dose–response relationship in septic shock. Clin Pharmacol
Ther 2000;68:293–303.

[13] Bollaert PE, Charpentier C, Levy B, Debouverie M, Audibert G, Larca A.
Reversal of late septic shock with supraphysiologic doses of hydro-
cortisone. Crit Care Med 1998;26:645–50.

[14] Briegel J, Forst H, Haller M, Sheling G, Kilger E, Kuprat G, Hemmer B,
Hummel T, Lenhart A, Heyduck M, Stoll C, Peter K. Stress doses of
hydrocortisone reverse hyperdynamic septic shock: a prospective, rando-
mized, double-blind single-center study. Crit Care Medic 1999;27:723–32.

[15] OtaM, Crofton JT, Festavan GT. Evidence that nitric oxide can act centrally
to stimulate vasopressin release. Neuroendocrinology 1993;57:955–9.

[16] Yasin S, Costa A, Trainer P. Nitric oxidemodulates the release of vasopressin
from rat hypothalamic explants. Endocrinology 1993;133:1466–9.

[17] Kadekaro M, Terrell ML, Liu H. Effects of L-NAME on cerebral
metabolic, vasopressin, oxytocin, and blood pressure in haemorrhage rats.
Am J Physiol 1998;274:R1070–7.
[18] Stern JE, Ludwig M. NO inhibits supraoptic oxytocin and vasopressin
neurons via activation of GABAergic synaptic inputs. Am J Physiol, Regul
Integr Comp Physiol 2001;280:R1815–22.

[19] Radomski MW, Palmer MRJ, Moncada S. Glucocorticoids inhibit the
expression of an inducible but not constitutive nitric oxide synthase in
vascular endothelial cells. Proc Natl Acad Sci 1990;87:10043–7.

[20] Archer S. Measurement of nitric oxide in biological models. FASEB J
1993;7:349–60.

[21] Cronin L, Cook DJ, Carlet J, Heyland DK, King D, Lansang MA, Fisher
CJ. Corticosteroid treatment for sepsis: a critical appraisal and metanalysis
of the literature. Crit Care Med 1995;23:1430–9.

[22] Annane D, Sebille V, Charpentier C, Bollaertt E, François B, Korach JM,
Capellier G, CohenY, Azoulay E, TrocheG, Chaumet-Riffaut P, Bellissant E.
Effect of treatment with low doses of hydrocortisone and fluocortisone on
mortality in patients with septic shock. J Am Med Assoc 2002;288:862–71.

[23] Sprung CL, Caralis PV, Marcial EH, Pierce M, Gelbard MA, Long WM,
Duncan RC, TendlerMD, KarpfM. The effects of high dose corticosteroids
in patients with septic shock. A prospective controlled study. N Engl J Med
1984;311:1137–43.

[24] Chrousos GP. The hypothalamic–pituitary–adrenal axis and the immune-
mediated inflammation. N Eng J Medic 1995;332:1351–62.

[25] Simmons WW, Ungureanu-Longrois D, Smith D, Smith A, Kelly RA.
Glucocorticoids regulate inducible nitric oxide synthase by inhibiting
tetrahydrobiopterin synthesis and L-arginine transport. J Biol Chem
1996;271:23928–37.

[26] Keh D, Boehnke T, Weber-Cartens S, Schulz C, Ahlers O, Bercker S, Volk
HD, Doecke WD, Falke KJ, Gerlach H. Immunological and hemodynamic
effects of “low dose” of hydrocortisone in septic shock: a double-blind,
randomized, placebo-controlled, crossover study. Am J Respir Crit Care
Med 2003;167:512–20.

[27] Rosselet A, Feihl F, Markert M, Gnaegi A, Perret G, Liaudet L. Selective
iNOS inhibitor is superior to norepinephrine in the treatment of rat
endotoxic shock. Am J Respir Crit Care Med 1998;157:162–70.

[28] Altavilla D, Squadrito F, Campo GM, Squadrito G, Arlotta M, Urna G,
Sardella A, Quatorone C, Saitta A, Caputi AP. The lazaroid, U-74389G,
inhibits indicible nitric oxide synthase activity, reverses vascular failure
and protects against endotoxin shock. Eur J Pharmacol 1999;369:49–55.

[29] Groover R, Zachardelli D, Colice G, Guntupalli K, Watson D, Vincent JL.
An open-label dose escalation study of the nitric oxide synthase inhibitor,
NG-methyl-L-arginine hydrochloride (546C88), in patients with septic
shock. Crit Care Med 1999;27:913–22.

[30] Lopez A, Lorente JA, Steingrub J. Multiple-center, randomized, placebo-
controlled, double-blind study of the nitric oxide synthase inhibitor
546C88: effect on survival in patients with septic shock. Crit Care Med
2004;32:21–30.

[31] Charmandari E, Tsigos C, Chrousos G. Endocrinology of the stress
response. Ann Rev Physiol 2005;67:259–84.

[32] Tsuneyoshi I, Yamada H, Kakihana Y. Hemodynamic and metabolic
effects of low-dose vasopressin infusion in vasodilatory septic shock. Crit
Care Med 2001;29:487–93.

[33] Holmes CL, Patel B, Russell JA. Physiology of vasopressin relevant to
management of septic shock. Chest 2001;120:989–1002.

[34] Landry DW, Levin HR, Gallant EM. Vasopressin deficiency contributes to
the vasodilation of septic shock. Circulation 1997;25:1279–82.


	Role of dexamethasone on vasopressin release during endotoxemic shock
	Introduction
	Materials and methods
	Animals and preparation
	Determination of the effect of LPS on mean arterial pressure (MAP), heart rate (HR), NO and pla.....
	Determination of the effect of the combined effects of LPS and dexamethasone
	Data analysis

	Results
	Discussion
	Acknowledgements
	References


