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Abstract
Dexmedetomidine is a central alpha2-adrenergic receptor agonist with sedative and analgesic properties that has a proven safety profile. It has several beneficial effects such as decreasing sympathetic tone, leading to reduced opiate use and anxiolysis, making it an attractive option for sedation in the perioperative and intensive care unit setting. These effects also modify favorably the time spent on a ventilator, ICU length of stay and development of delirium. Recent studies also suggest that dexmedetomidine possesses wide-ranging immunomodulating properties. It has been associated with reduced inflammatory cytokine release, modulation of inflammatory transcription factors, oxidative stress and inflammatory cells. These properties could be beneficial in the context of inflammatory conditions that require sedation, such as sepsis, ischemia-reperfusion injury and ventilator-associated lung injury, among many others. In this review, we propose specific clinical scenarios where these properties could turn out to be clinically relevant.
© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.
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Core tip: Dexmedetomdine is a sedative-analgesic agent widely used in intensive-care units. It has favorable hemodynamic, opioid-sparing and delirium-preventive properties. In addition, experimental evidence suggests it has immunomodulating effects, including reduction of inflammatory cytokine release and oxidative stress. Future studies should address the question of whether these properties can be used to alter the course of devastating conditions such as ischemia-reperfusion injury and sepsis.
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Introduction
The introduction of clonidine as an antihypertensive drug in 1966 gave rise to the clinical application of sympatholytics acting on the alpha2A-adrenoceptor. Dexmedetomidine, developed in 1980, is the dextro enantiomer of medetomidine (an agent used in veterinary medicine), the methylated derivative of etomidine. It is a highly selective alpha2 adrenoreceptor agonist, with an alpha2 to alpha1 adrenoreceptor ratio considerably higher than other agonists such as clonidine[1]. This favors its sedative/anxiolytic actions rather than  hemodynamic effects. After its approval by the Food and Drug Administration (FDA) in 1999, its viability as a non-benzodiazepine option in the intensive-care unit as a light sedative, in ventilator weaning, and in the management of delirium and agitation has become well established[2]. Current indications have been expanded to include peri-operative and procedural sedation. Recent experimental and clinical evidence also suggests that dexmedetomidine could have wide ranging and potent immunomodulating effects. We review this evidence and propose specific clinical scenarios where these properties could turn out to be clinically relevant.
Pharmacokinetics and pharmacodynamics
Onset of sedation with dexmedetomidine occurs within 15 min and peak sedation occurs within 1 h of starting an IV infusion. Dexmedetomidine is mostly bound with protein and rapidly redistributed into peripheral tissues and is metabolized by the liver (direct glucuronidation and cytochrome P450 metabolism), with elimination half-life of approximately 3 h in normal subjects[3]. Although dexmedetomidine has only been approved in the United States for short-term sedation of ICU patients (< 24 h) at a maximal dose of 0.7 μg/kg per hour (up to 1.0 μg/kg per hour for procedural sedation), several studies demonstrate the safety and efficacy of dexmedetomidine infusions administered for greater than 24 h and at higher doses up to 1.5 μg/kg per hour[4-6] . Long-term sedation is safe even in the context of critically ill patients[7]. Dexmedetomidine does not significantly affect respiratory drive or gas exchange, which makes it attractive for use in non-intubated patients[4,6]. There is evidence that dexmedetomidine sedation causes suppression of autonomic activity to a similar extent as propofol[8]. The most common side effects of dexmedetomidine are hypotension and bradycardia. These occur most commonly in the loading phase, and omitting a loading dose can reduce the incidence of adverse events.
Pleiotropic effects and special situations
Alpha2 adrenoreceptors are present in both pre-synaptic and post-synaptic sites, and at least three alpha2 isoreceptors have been described. All alpha2 receptor subtypes are modulated by dexmedetomidine (table 1). Agonism at the alpha2A receptor promotes sedation, hypnosis, analgesia, sympatholysis, neuroprotection and inhibition of insulin secretion. Agonism at the alpha2B receptor centrally suppresses shivering, promotes analgesia at spinal cord sites, and induces vasoconstriction in peripheral arteries. The alpha2C receptor is associated with modulation of cognition, sensory processing, mood- and stimulant-induced locomotor activity, and regulation of epinephrine outflow from the adrenal medulla[9]
Pathways other than that of alpha2-adrenoceptor G-protein and adenylate cyclase, such as inhibition of neuronal sodium and potassium currents, extracellular signal regulated kinases (ERK)1/2 phosphorylation and protein kinase C, could account for dexmedetomidine´s effects on neuronal function[10,11]. Dexmedetomidine also increases the expression of growth factors such as epidermal growth factor and brain-derived neurotropic factors, which could participate in neuroprotection[10,11].

Dexmedetomidine has analgesic properties. In the locus coeruleus of the brain stem, it has been shown to inhibit the firing of nociceptive neurons by stimulation of alpha2 adrenoreceptors. In the substantia gelatinosa of the dorsal horn it can inhibit the firing of nociceptive neurons stimulated by peripheral Aδ and C fibers, as well as reducing the release of the nociceptive neurotransmitter substance P[12].When compared to conventional sedatives it has been demonstrated to possess opiate sparing effects and to reduce delirium, agitation and time spent on a ventilator[7,13,14,]. Dexmedetomidine has been compared with benzodiazepines and propofol, consistently showing lower probability of precipitating delirium, being currently approved specifically for this indication[15]. In the MENDS trial, a double-blind, randomized controlled trial of 106 adult mechanically ventilated medical and surgical ICU patients, dexmedetomdine was associated with reduced delirium and a trend towards decreased mortality when compared with lorazepam[16]. Considering the detrimental effects of delirium over ICU mortality, these findings could be of great clinical significance[13].
Dexmedetomdine has been extensively studied in the context of prolonged mechanical intubation. In a prospective, double-blind, randomized trial (SEDCOM) comparing dexmedetomdine to midazolam in 375 ICU patients requiring more than 24 h of sedation in ICU, dexmedetomdine reduced time spent on a ventilator under equal sedation indices[7]. Two phase 3 multicenter, randomized, double-blind trials carried out from 2007 to 2010 including close to 500 patients each, the MIDEX trial and the PRODEX trial, compared dexmedetomdine with midazolam or propofol in ICU patients receiving mechanical ventilation who needed light to moderate sedation for more than 24 h[17]. These trials showed non-inferiority in achieving light sedation as well as reduced time spent on ventilator, in support of the SEDCOM trial. In a recent meta-analysis of ten randomized controlled trials, involving 1202 patients, dexmedetomdine was shown to be associated with reduced time spent in ICU when compared to propofol[18]. These results suggest that ventilator weaning and reduction in time spent in the ICU could be some of the primary indications for dexmedetomdine.

Dexmedetomdine has a biphasic response in the cardiovascular system, the first leading to a mild and transient (10 min) increase in heart rate and blood pressure, followed by an equally mild reduction in both parameters[1,2]. In the context of cardiac surgery dexmedetomidine reduces pulmonary vascular pressure, pulmonary vascular resistance, decreases capillary wedge pressure, and some studies suggest it could accelerate extubation times[19,20]. A recent clinical trial involving over 1000 patients undergoing coronary artery bypass surgery showed that perioperative dexmedetomidine infusion reduced complications and 1-year mortality[21]. In Neurosurgical patients dexmedetomidine sedation can allow for awake craniotomy and avoid sudden increases in intracranial pressure (ICP) during intubation and surgery attenuating agitation and delirium[15]. Observational studies and clinical trials have shown that dexmedetomidine can reduce ICP, increase hemodynamic stability, accelerate extubation and improve outcomes in major neurosurgical procedures[22,23].
Dexmedetomidine use is safe and could have beneficial effects in other special situations such as in transplant surgery, pregnancy and in both very elderly and pediatric populations[24-27].
Although dexmedetomdine at clinically relevant doses does not affect adrenocorticotropic hormone secretion[28], it has been shown to possess immunomodulating effects by direct stimulation of alpha- and beta-adrenoreceptors on immune effectors, through stimulation of cAMP formation that in turn triggers signaling cascades[29]. In addition Dexmedetomidine improves macrophage function and has antiapoptotic activity.  It is these properties that will mainly concern us in this review.
Experimental studies of sepsis
Animal models of sepsis, such as the cecal ligation and puncture model (CLP) or the injection of lipopolysaccharide, are useful tools in the investigation of its pathophysiological mechanisms and in the search for novel treatments. These models replicate both the acute phase of immune overstimulation and the late phase of immunoparalysis. In experimental studies, alpha2A-adrenoceptors have been implicated in the development of the inflammatory response and end-organ injury in sepsis. Using the models of CLP-induced sepsis and endotoxin injection, it has been shown that during sepsis the gene expression of alpha2A-adrenoceptor is increased[30]. Additionally, administration of norepinephrine led to increased tumor necrosis factor-alpha (TNF-α) production and expression in blood and cultured Kupffer cells, an effect abrogated by co-administration of an alpha2A-adrenoceptor antagonist[30]. Alpha2A-adrenoceptor antagonists were then shown to reduce mortality, systemic inflammation and end organ damage using a model CLP-induced sepsis[31]. Dexmedetomidine has shown immunomodulating properties in experimental models of sepsis as well.

In a rat model of endotoxemia, the administration of dexmedetomidine reduced the serum elevations of both TNF-α and interleukin (IL)-6, as well as histopathologic evidence of lung endothelial injury[32]. These effects were also accompanied by a reduction in endotoxemia-induced mortality. In later studies, the same group showed that these effects were dose dependent[33]. Other studies have confirmed survival benefits in rats subjected to CLP-induced sepsis by the administration of either dexmedetomidine or clonidine, another central sympatholytic[34]. In rats with endotoxin-induced septic shock, alpha2A-adrenoceptor agonists (dexmedetomdine and clonidine) preserved pressor responses to norepinephrine[35]. Another study involving CLP-induced sepsis in rats compared dexmedetomidine with midazolam sedation. Dexmedetomidine had a greater effect over mortality, reduced TNF-α and IL-6, and could also reduce evidence of abdominal organ apoptosis[36]. Virtually identical results were obtained when using a model of CLP-induced sepsis in mice[37].

Recent studies suggest that reduction of sepsis-induced lung injury could be a central mediator of dexmedetomidine's beneficial effects over survival. Dexmedetomidine reduced lung injury and mortality associated with CLP-induced sepsis by modulating the TLR4/Nuclear Factor (NF)-κB pathway, resulting in decreased lung inflammation and expression of TNF-α and IL-6[38]. Using endotoxin injection to induce lung injury, dexmedetomidine was able to reduce lung edema and decrease lung tissue expression of NF-κB, TLR4 and levels of IL-1, IL-6 and TNF-α[39]. In endotoxemic rats subjected to high tidal volume ventilation for induction of ventilator-induced acute lung injury, a combination of dexmedetomidine and ketamine led to reductions in macrophage inflammatory protein-2 and IL-1b release, as well as reduced lung edema, inflammatory cell infiltration and nitric oxide (NO) levels[40]. This dexmedetomidine-ketamine combination could also mitigate the acute lung injury in hemorrhagic shock model in rats[41]. Dexmedetomidine alone was also effective in reducing lung injury and inflammation in models of ventilator-induced acute lung injury[42]. However, the protective effects of dexmedetomidine in the setting of CLP-induced sepsis are not limited to the lungs, and studies have also found reduced kidney injury and of apoptosis markers in both lung and renal tissue[43]. The mechanisms involved in nephroprotection were elucidated in a study involving CLP-induced sepsis. Dexmedetomidine reduced sepsis-induced acute kidney injury by decreasing TNF-α,  monocyte chemotactic protein-1, and increasing acetyl histone H3 and bone morphogenetic protein-7[44].

In vitro studies of macrophages have shown that dexmedetomidine could inhibit the endotoxin-mediated production of TNF-α, IL-6, inducible-NO synthase (iNOs) and other inflammatory mediators, although at higher that clinically-relevant doses[45].

These effects were in part mediated by adrenergic receptors. Similar findings were obtained in cultured microglia stimulated by lipopolysaccharide, where dexmedetomidine could inhibit the production of TNF-α, IL-1b, prostaglandins and iNOs[46]. In studies of human whole blood incubated with endotoxin, dexmedetomidine also led to reduced production of TNF-α, IL-6, IL-8, and high-mobility group box 1 protein, possibly trough inhibition of NF-κB[47]. Dexmedetomidine could also inhibit the translocation of high-mobility group box 1 (a central regulator of sepsis) and NF-κB from the nucleus to the cytoplasm in LPS-activated macrophages in a dose-dependent manner[48]. Yohimbine eliminated these effects, suggesting that they may be mediated by alpha2A-adrenoceptors.

These studies highlight some of the networks involved in the immunopathology of sepsis capable of being modulated by dexmedetomidine, as well as effects over end-organ damage and mortality (figure 1). Alhough this evidence comes from animal and basic science studies, their combined results suggest that dexmedetomidine could be beneficial in the clinical setting. Ideally, candidates for a clinical trial would be constituted by patients with established sepsis in need for sedation in an intensive-care unit. It is true that other intravenous sedative or anesthetic agents such as ketmaine or propofol show similar effects[49], and comparative studies would be needed.

Experimental studies of ischemia-reperfusion injury
Ischemia-reperfusion (IR) injury occurs when an organ or tissue is deprived of blood flow, followed by its restoration, either spontaneous or therapeutic. It is a common condition in the settings of transplantation, vascular surgery, low-flow states such as sepsis or shock, and arterial or venous embolism or atherosclerosis. The initial phase of ischemia leads to depletion of energy stores in the involved cells, leading to calcium influx, necrosis and apoptosis. Reperfusion leads to the generation of a severe local and systemic inflammatory response, involving the release of proinflammatory cytokines and reactive oxygen species, inflammatory cell infiltration and other immune mediators, responsible for local and remote organ injury[50,51]. Recent studies have found that dexmedetomidine can also affect the immune response associated with IR-injury.

The earlier reports of a beneficial effect of dexmedetomidine in IR-injury were seen in the central nervous system, probably given its effects on central adrenergic receptors. Dexmedetomidine was able to reduce the severity of brain infarction trough the modulation of pro-apoptoic and anti-apoptoic signals[52]. Dexmedetomidine could also reduce hippocampal IR-injury, as well as reduce TNF-α, oxidative stress and neuronal apoptosis[53]. Another study showed that dexmedetomidine administration led to improved neurological outcome in rats subjected to aortic occlusion (spinal IR-injury), and to reduced levels of IL-6 and microglial production of TNF-α[54]. Anti-inflammatory effects do not account for all of dexmedetomidine's neuroprotective properties. In a model of middle cerebral artery occlusion, dexmedetomidine reduced infarct severity trough the up-regulation of pro-survival kinases[55].

Recently, these findings have been expanded to include other organs. In a study of liver IR-injury, dexmedetomidine could reduce hepatic injury as well as the associated oxidative stress response, also preserving endogenous levels of antioxidants[56,57]. Similar effects were observed in tissue flap studies, along with improved flap survival after IR[58]. Dexmedetomidine could also reduce lipid peroxidation, iNOs, apoptosis and injury severity in models of testicular and ovarian IR-injury[59,60]. In the gut, intestinal IR-injury and epithelial cell apoptosis was also reduced by dexmedetomidine, and TNF-α levels were reduced as well[61]. These effects were abolished by yohimbine, directly involving the alpha2A-adrenoceptor as well. An infusion of dexmedetomidine reduced renal dysfunction and the mRNA expression of IL-6, ICAM-1 and iNOs following renal IR[62]. Additionally, during renal IR-injury dexmedetomidine can also modulate the JAK/STAT signaling pathway and down-regulate of Monocyte chemoattractant protein-1 and pro-apoptoic signals[63]. The detrimental effects of bilateral renal IR over the lungs were also ameliorated by dexmedetomidine administration[64]. These effects were associated to reduced lung myeloperoxidase, TNF-α and adhesion molecule expression in the lung, and partly reversed by yohimbine.  Dexmedetomidine has also been shown to reduce infarct size in a model of myocardial IR-injury in rats, partly through the alpha2A-adrenoceptor[65]. These immunomodulatory effects seem to confer a protective effect of dexmedetomidine over IR-injury in a variety of organs.

Other animal models of inflammatory conditions have contributed to our knowledge of dexmedetomidine's immunomodulating and organ-protective effects. In a model of experimental spinal cord injury, dexmedetomidine was able to reduce neutrophil infiltration and the levels of TNF-α and IL-6, with effects similar in magnitude to methylprednisolone[66]. In a model of trinitrobenzene sulfonic acid-induced experimental colitis, dexmedetomidine was able to down-regulate the production of IL-23 and up-regulate the anti-inflammatory cytokine IL-10, as well as reducing tissue injury[67]. The lung injury induced by blunt-chest trauma is partly mediated by NF-κB signaling and by increased TNF-α and IL-1beta production; dexmedetomidine could ameliorate all of these changes in an experimental model[68]. These effects could be mediated by alpha2A-adrenoceptors as well, as they were reversed by yohimbine.

Other immunomodulating effects
Other immune cell functions are also altered by alpha2A-adrenoceptor signaling. Alpha2A-adrenoceptors are present in T lymphocytes, and agonists to this receptor decrease lymphocyte proliferation and both interferon-gamma and IL-4 production[69]. Dexmedetomidine could reduce IL-2 production in macrophages and led to a decreased ratio of helper T lymphocytes subsets, Th1 to Th[70]. Natural killer cells also show increased cytotoxic activity in response to alpha2A-adrenoceptor agonists[71]. In human volunteers, clonidine, another alpha2A-adrenoceptor agonist, led to improved endothelial function and decreased cytokine production in a model of brachial artery flow-mediated dilatation[72]. Dexmedetomidine could modulate endothelial function and most inflammatory cell subtypes trough a alpha2A-adrenoceptor mechanism.

Besides a direct immunomodulating effect of dexmedetomidine, mediated by alpha2A-adrenoceptor signaling, a possible role has been suggested for the vagal-cholinergic anti-inflammatory pathway[34]. In recent years, it has been established that efferent vagus nerve activity inhibits pro-inflammatory cytokine release, inflammatory cell activation and protects against systemic inflammation in various experimental models, an effect termed “the cholinergic anti-inflammatory pathway”[73,74]. Dexmedetomidine could alter the sympathetic/parasympathetic pathway by its central adrenergic effect, leading to increased vagal activity[34]. In animal studies, a direct positive effect of dexmedetomidine over vagal activity has been demonstrated, leading to increased vagal tone, decreased adrenergic-induced arrhymogenesis and reduced heart rate[75,76]. At least some of dexmedetomidine's immunomodulating properties could be mediated by the activation of the cholinergic anti-inflammatory pathway.

Dexmedetomdine is able to modulate apoptosis signaling in several models (table 2), such as neurons, renal, intestinal and testicular cells subjected to ischemia as well as spleen, lungs and kidneys subjected to sepsis-induced injury, and through a variety of mechanisms[31,36,43,59,63]. In brain cells, dexmedetomdine is able to reduce Bax protein and to increase the anti-apoptosis proteins Bcl-2 and Mdm-2 after ischemic injury[52], as well as reducing caspase-3 and increasing pERK after anesthetic-induced injury[77,78]. Dexmedetomdine administration was also shown to be able to suppress apoptosis and enhance brain-derived neurotrophic factor and tyrosine kinase B expression in a model of cerebral hemorrhage-induced injury[79]. In renal cells, dexmedetomdine could also reduce apoptosis through its inhibitory effects on injury-induced activation of the JAK/STAT signaling pathway[63]. Dexmedetomidine activated the I2 imidazoline receptor-PI3K/AKT pathway, and up-regulated hypoxia-inducible factor-1α, vascular endothelial growth factor and the stress-related protein  RTP801 expression to protect against oxygen-glucose deprivation-induced apoptosis in cultured glioblastoma cells[68]. Considering the importance of apoptosis in regulating end-organ damage in sepsis, among other conditions[80], as well as the therapeutic potential of negative regulators of apoptosis[81], this evidence strengthens the case for dexmedetomdine as a protecting agent.  

Possible clinical applicability
The previous considerations suggest that the clinical applicability of dexmedetomidine can be widened. Conditions involving hypovolemic or septic shock, both commonly encountered in emergency departments and ICUs, constitute the most obvious candidates, and there is some clinical evidence supporting its utility. In a-prioiri analysis of only septic patients involved in the aforementioned MENDS trial, dexmedetomdine sedation was associated with reduced mortality compared to lorazepam, showing a greater effect than in non-septic patients[82]. Further prospective clinical trials will be required to establish this issue. However, many other diseases and procedures requiring sedation or analgesia, where the inflammatory response plays a central pathophysiological role, could also be relevant. Dexmedetomdine could prove of use in acute pancreatitis, endoscopic procedures, both cardiological and neurological endovascular procedures, transplantation surgery among many others. 
Transplantation of solid organs always involves ischemia-reperfusion injury, a thoroughly inflammatory condition, where many mediators modulated by dexmedetomdine play important roles[50, 51]. Dexmedetomdine could be used both as an anesthetic adjunct during harvesting or in the recipient, and a post-transplantation analgesic and sedative. Case reports suggest dexmedetomdine is safe in transplantation recipients, and could be used as an opiate sparing drug[83,24].  Analgesia is essential in the management of acute pancreatitis, a condition associated with a systemic inflammatory response where cytokines such as TNF-α, IL-6 and oxidative stress play central regulatory roles[84]. To the best of our knowledge, the analgesic properties of dexmedetomdine have not been studied in this context. Some endoscopic procedures that require mild sedation, such as endoscopic retrograde cholangiopancreatography (ERCP), are also associated with the induction of a pro-inflammatory state that could be associated with the development of complications such as post-ERCP-pancreatitis[85]. Acute respiratory distress syndorme is another serious and common condition in the ICU whose physiopathology is characterized by disruption of the alveolar lining and capillary endothelium, coupled with a marked inflammatory response[86], where the use of dexmedetomdine remains to be evaluated[87].
It is worth mentioning some shortcommings associated with dexmedetomdine before any formal proposal of widening its applicability. Dexmedetomdine is also much more expensive compared to either propofol or midazolam, but increased costs could potentially be offset by reductions in time spent on a ventilator and delirium incidence[88]. Changes in usual sedation strategies could also potentially lead to unplanned or self-extubations, although a recent meta-analysis did not find this unwanted effect[89]. Considering the short clinical experience with dexmedetomdine use compared to traditional sedatives, it is also plausible that undesirable side effects could begin to be uncovered. For example, a recent study found reduced fluid responsiveness in patients with circulatory failure with dexmedetomdine infusion compared to propofol infusion[90]. There is also a distinct lack of evidence of improved long-term outcomes with dexmedetomdine use in the intensive-care setting.
Conclusion
Dexmedetomdine is a tolerable and safe sedative/analgesic for use in various populations and clinical scenarios.  It has shown some remarkable properties, such as a neutral effect over respiratory drive, prevention of delirium in the ICU, opiate sparing, and in some circumstances it has led to improved clinical outcomes, when compared to other agents such as benzodiazepines and propofol, but these issues are far from settled. We also reviewed considerable evidence that suggests that dexmedetomdine can favorably modulate the immunological response, reducing the expression and release of a variety of pro-inflammatory cytokines and mediators. This has led to the investigation of the possible therapeutic uses of dexmedetomdine in conditions such as sepsis and ventilator-induced lung injury, with encouraging results. It should be mentioned that there are no clinical trials supporting these off-label indications. On a more speculative side, dexmedetomdine´s pleiotropic effects could widen its applicability to other conditions such as acute pancreatitis, transplantation surgery, endoscopic procedures among many others. Large clinical trials will be needed to establish the full potential of this exciting drug.
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Figure 1 Immunomodulating effects of dexmedetomidine. TNF-α: tumor necrosis factor alpha; IL: interleukin.
Table 1 Alpha2-adrenoreceptor subtypes
	Receptor
	Action
	Dexmedetomdine
	Effect

	Alpha2A
	Reduced sympathetic tone
	Hypotension, bradycardia
	Sedation, neuroprotection

	Alpha2B
	Increases blood pressure
	Biphasic blood pressure
	Vasoconstriction response, analgesia

	Alpha2C
	Modulates neurotransmitter release
	Analgesia, sedation from adrenergic nerves
	Increases stimulant induced locomotor activity


Table 2 Effects of dexmedetomdine on pro-apoptoic and anti-apoptoic signals
	Signal
	Effect

	Anti-apoptoic
	

	Bcl-2
	Increased expression

	Mdm-2
	Increased expression

	pERK
	Increased expression

	RTP801
	Increased expression

	Pro-apoptoic
	

	Bax
	Reduced expression

	caspase-3
	Reduced expression

	JAK/STAT
	Reduced expression

	NF-κB
	Reduced expression
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