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Enterovirus 71 (EV71) was implicated in a widespread outbreak of hand-foot-and-mouth
disease (HFMD) across the Asia Pacific area since 1997 and has also been reported
sporadically in patients with brain stem encephalitis. Neurogenic shock with pulmonary
edema (PE) is a fatal complication of EV71 infection. Among inotropic agents, milrinone
is selected as a therapeutic agent for EV71- induced PE due to its immunopathogenesis.
Milrinone is a type III phosphodiesterase inhibitor that has both inotropic and vasodilator
effects. Its clinical efficacy has been shown by modulating inflammation, reducing
sympathetic over-activity, and improving survival in patients with EV71-associated PE.
Milrinone exhibits immunoregulatory and anti-inflammatory effects in the management
of systemic inflammatory responses in severe EV71 infection.
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EPIDEMIOLOGY AND CLINICAL SPECTRUM

Enteroviruses can result in a wide range of clinical illnesses, including herpangina, hand-foot-
and-mouth disease (HFMD), and occasionally causes neurological complications, meningitis,
encephalitis and poliomyelitis-like paralysis. Enterovirus 71 (EV71), which was first identified in
1969, causes meningitis (Schmidt et al., 1974). In Taiwan the initial outbreak of EV71 infection
of 1998, total number of cases estimated at around 1.5 million, among which 405 had severe
diseases and 78 died (Ho et al., 1999). Approximately 30% of hospitalized HFMD patients
with EV71 infection developed more complicated disease (Chang et al., 1999) including aseptic
meningitis, acute flaccid paralysis, brain stem encephalitis (BE), autonomic nervous system (ANS)
dysregulation, and pulmonary edema (PE), which in some cases can be fatal (Wang et al., 1999,
2003; Wang and Liu, 2009, 2014).

MANAGEMENT

Epinephrine
For the classical vasopressor–inotropes, such as epinephrine, the mechanisms of increasing
myocardial contractility are primarily based on stimulating α- or β-adrenergic receptors located on
the cell membrane of myocardial cells. Epinephrine exerts its cardiovascular effects by stimulating
the α- or β-adrenergic receptors in a dose-dependent manner. At high doses, epinephrine also
stimulates the vascular and cardiac α1-receptors causing vasoconstriction and increased inotropy.
The net hemodynamic effects of epinephrine administration are significant increases in blood
pressure and systemic blood flow. EV71-infected patients in the phase of ANS dysregulation
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display hypertension, tachycardia, and severe peripheral
vasoconstriction. Once the surge of sympathetic over-activity
resulted in PE, the cardiopulmonary failure followed. The
plasma levels of epinephrine in EV71-infected patients
with ANS dysregulation and PE were markedly high
(Liao et al., 2015). Furthermore, the percentages EV71-
infected cells were increased in THP-1 and Jurkat cells via
treatment with epinephrine. At least twofold increase in
virus titer was observed in EV71-infected A549, SK-N-SH,
and hPBMCs after treatment with epinephrine (Liao et al.,
2015). Furthermore, catecholamines have many disadvantages,
including increased myocardial oxygen consumption, heart
rate, afterload, and the risk of dysrhythmias (Wessel,
2001). Therefore, epinephrine is contraindicated in these
patients.

Milrinone
Patients with EV71 associated PE have a high case-fatality
rate around 80–90%. Without prompt management, the
fatality may occur within 6–12 h after onset of BE. Milrinone,
a bipyridine derivative and phosphodiesterase (PDE) III
inhibitor, has both inotropic and vasodilatation characters.
Milrinone enhances myocardial contractility, promotes
myocardial relaxation, and decreases vascular tone in the
systemic and pulmonary vascular beds without excessive
increases in myocardial oxygen consumption (Shipley
et al., 1996). It exerts its cardiovascular effects through
the inhibition of cyclic adenosine 3′,5′-monophosphate
(cAMP) degradation but have no interaction with the
adrenergic receptors nor do they inhibit Na-K ATPase.
Inhibition of cAMP degradation by intracellular PDE3 may
attenuate inflammation, reduce edema formation, improve
endothelial function, and induce pulmonary vasodilation
(Hayashida et al., 1999). A pilot study was designed to
evaluate the potential therapeutic effects of milrinone in
the treatment of patients with EV71-induced PE (Wang
et al., 2005). The mortality rate, sympathetic activity and
inflammatory cells were significantly lower in patients
with milrinone treatment than patients without milrinone
treatment.

Clinical Outcome
Meyer et al. (2011) reviewed the randomized and quasi-
controlled trials of milrinone treatment in children with
low cardiac output syndrome after congenital heart surgery
(Hoffman et al., 2003; Cai et al., 2008) and in non-
hyperdynamic septic shock (Barton et al., 1996; Lindsay
et al., 1998). They concluded these trials have shown
significantly improved cardiovascular function, however,
none of the studies demonstrated improved long-term survival
and reduced long-term morbidity (Meyer et al., 2011). In
a randomized, controlled study, the 1-week mortality of
patients with EV71-associated PE was significantly lower
in patients with milrinone treatment than patients without
milrinone treatment. The median duration of ventilator-
free days was also longer in the milrinone treatment
group (Chi et al., 2013). The effectiveness and efficacy

of milrinone treatment in patients with EV71 associated
PE has been proven in historically controlled (Wang
et al., 2005) and randomized controlled studies (Chi et al.,
2013).

Immunoregulation
Phosphodiesterase inhibitors can regulate the activity of immune
cells by increasing intracellular levels of cyclic nucleotides.
Milrinone was administered to mice either once or five times
at 24 h intervals and resulted in decreased percentages of B
cells (CD19+) and increased percentages of T cells (CD3+,
CD4+, CD8+) in splenocyte subpopulations (Szczypka and
Obmiñska-Mrukowicz, 2010). The expression frequency of
regulatory T cell (Tregs) profiles CD4−CD8−, CD4+Foxp3+,
and CD4+CD25+Foxp3+ decreased significantly in the
advanced stages of EV71 infection, in patients with ANS
dysregulation or PE. Fu et al. (2009) suggested the decreased
CD4+CD25+Foxp3+expression frequency in severe EV71
infection may associate with the decreased plasma level of TGF-β
and increased plasma level of IL-6. Plasma concentrations of
cAMP were significantly decreased in patients with EV71-
induced ANS dysregulation or PE compared with patients
with EV71-induced HFMD or BE. The modulating effect of
PDE inhibitors on lymphocyte subpopulations is related to
their influence on synthesis and release of cytokines (Szczypka
and Obmiñska-Mrukowicz, 2010). Intravenous administration
of milrinone reduced the levels of serum pro-inflammatory
cytokines in patients in a prospective randomized clinical study
(Hayashida et al., 1999). cAMP has been considered to have
general anti-inflammatory activity, can inhibit inflammation-
related chemotaxis, lysosomal enzyme and histamine release,
mitogenesis, and lymphocyte-mediated cytotoxicity (Moore and
Willoughby, 1995). Milrinone has direct effect on decreasing
the production of pro-inflammatory cytokines by elevating
cAMP and inhibiting the NF-κB pathway (Barin and Čiháková,
2013). Milrinone therapy not only increased the expression
frequency of CD4+Foxp3+ and plasma levels of cAMP in
severe EV71 infection but also reduced the plasma levels of
cytokines, IL-6, IL-8, IL-10, and IL-13 (Wang et al., 2005,
2014).

Challenges
Milrinone provides a useful therapeutic approach for treating
life threatening EV71 infections. A low-dose β-blocker in
combination with milrinone improved cardiac function in
acute decompensated heart failure patients with tachycardia
(Kobayashi et al., 2012). Liao et al. (2015) also showed
β-blocker reduced the percentages of EV71-infected cells in
THP-1, Jurkat cells and hPBMCs with norepinephrine and
epinephrine treatment. The combination of β-blockade with
PDE III inhibition is counterintuitive; they have opposing
effects on intracellular cAMP concentrations. A pharmacological
clamp is effectively applied to the heart, holding it at a given
contractility and rate, opposing fluctuations in endogenous
catecholamines (McNeilly, 2014). Acute β-blockade in the
presence of a PDE III inhibitor has been shown to be feasible and
suggested as cardioprotective in sepsis (Schmittinger et al., 2008;
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Morelli et al., 2013). Therefore, standard therapy with milrinone
in patients EV71-induced PE, β-blocker may be considered as an
adjunct therapy.
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Barin, J. G., and Čiháková, D. (2013). Control of inflammatory heart disease by

CD4+ T cells. Ann. N. Y. Acad. Sci. 1285, 80–96. doi: 10.1111/nyas.12134
Barton, P., Garcia, J., Kouatli, A., Kitchen, L., Zorka, A., Lindsay, C., et al.

(1996). Hemodynamic effects of i.v. milrinone lactate in pediatric patients with
septic shock. A prospective, double-blinded, randomized, placebo-controlled,
interventional study. Chest 109, 1302–1312. doi: 10.1378/chest.109.5.1302

Cai, J., Su, Z., Shi, Z., Zhou, Y., Xu, Z., Xu, Z., et al. (2008). Nitric oxide
and milrinone: combined effect on pulmonary circulation after Fontan-type
procedure: a prospective, randomized study. Ann. Thorac. Surg. 86, 882–888.
doi: 10.1016/j.athoracsur.2008.05.014

Chang, L. Y., Lin, T. Y., Huang, Y. C., Tsao, K. C., Shih, S. R., Kuo, M. L.,
et al. (1999). Comparison of enterovirus 71 and coxsackievirus A16 clinical
illnesses during the Taiwan enterovirus epidemic, 1998. Pediatr. Infect. Dis. J.
18, 1092–1096. doi: 10.1097/00006454-199912000-00013

Chi, C. Y., Khanh, T. H., Thoa le, P. K., Tseng, F. C., Wang, S. M., Thinh le, Q.,
et al. (2013). Milrinone therapy for enterovirus 71-induced pulmonary edema
and/or neurogenic shock in children: a randomized controlled trial. Crit. Care.
Med. 41, 1754–1760. doi: 10.1097/CCM.0b013e31828a2a85

Fu, D., Chen, C. L., He, Y. X., Zu, Y., Cao, D. Z., Wang, G. B., et al. (2009). Changes
of immune function in patients with enterovirus 71 infection. Chin. J. Pediatr.
47, 829–834.

Hayashida, N., Tomoeda, H., Oda, T., Tayama, E., Chihara, S., Kawara, T.,
et al. (1999). Inhibitory effect of milrinone on cytokine production
after cardiopulmonary bypass. Ann. Thorac. Surg. 68, 1661–1667. doi:
10.1016/S0003-4975(99)00716-X

Ho, M., Chen, E. R., Hsu, K. H., Twu, S. J., Chen, K. T., Tsai, S. F., et al. (1999). An
epidemic of enterovirus 71 infection in Taiwan. N. Engl. J. Med. 341, 929–935.
doi: 10.1056/NEJM199909233411301

Hoffman, T. M., Wernovsky, G., Atz, A. M., Kulik, T. J., Nelson, D. P., Chang, A. C.,
et al. (2003). Efficacy and safety of milrinone in preventing low cardiac output
syndrome in infants and children after corrective surgery for congenital heart
disease. Circulation 107, 996–1002. doi: 10.1161/01.CIR.0000051365.81920.28

Kobayashi, S., Susa, T., Tanaka, T., Murakami, W., Fukuta, S., Okuda, S., et al.
(2012). Low-dose β-blocker in combination with milrinone safely improves
cardiac function and eliminates pulsus alternans in patients with acute
decompensated heart failure. Circ. J. 76, 1646–1653.

Liao, Y. T., Wang, S. M., Wang, J. R., Yu, C. K., and Liu, C. C. (2015).
Norepinephrine and epinephrine enhanced the infectivity of enterovirus 71.
PLoS ONE 10:e0135154. doi: 10.1371/journal.pone.0135154

Lindsay, C. A., Barton, P., Lawless, S., Kitchen, L., Zorka, A., Garcia, J., et al. (1998).
Pharmacokinetics and pharmacodynamics of milrinone lactate in pediatric
patients with septic shock. J. Pediatr. 132, 329–334. doi: 10.1016/S0022-
3476(98)70454-8

McNeilly, R. G. (2014). Sepsis, venous return, and teleology. Med. Hypotheses 83,
545–548. doi: 10.1016/j.mehy.2014.09.001

Meyer, S., Gortner, L., Brown, K., and Abdul-Khaliq, H. (2011). The role of
milrinone in children with cardiovascular compromise: review of the literature.
Wien. Med. Wochenschr. 161, 184–191. doi: 10.1007/s10354-011-0869-7

Moore, A. R., and Willoughby, D. A. (1995). The role of cAMP regulation
in controlling inflammation. Clin. Exp. Immunol. 101, 387–389. doi:
10.1111/j.1365-2249.1995.tb03123.x

Morelli, A., Ertmer, C., Westphal, M., Rehberg, S., Kampmeier, T., Ligges, S.,
et al. (2013). Effect of heart rate control with esmolol on haemodynamic and
clinical outcomes in patients with septic shock. JAMA 310, 1683–1691. doi:
10.1001/jama.2013.278477

Schmidt, N. J., Lennette, E. H., and Ho, H. H. (1974). An apparently new
enterovirus isolated from patients with disease of the central nervous system.
J. Infect. Dis. 129, 304–309. doi: 10.1093/infdis/129.3.304

Schmittinger, C. A., Dünser, M. W., Haller, M., Ulmer, H., Luckner, G.,
Torgersen, C., et al. (2008). Combined milrinone and enteral metoprolol
therapy in patients with septic myocardial depression. Crit. Care 12, R99. doi:
10.1186/cc6976

Shipley, J. B., Tolman, D., Hastillo, A., and Hess, M. L. (1996). Milrinone: basic and
clinical pharmacology and acute and chronic management. Am. J. Med. Sci. 311,
286–291. doi: 10.1016/S0002-9629(15)41723-9

Szczypka, M., and Obmiñska-Mrukowicz, B. (2010). Modulating effects of
nonselective and selective phosphodiesterase inhibitors on lymphocyte subsets
and humoral immune response in mice. Pharmacol. Rep. 62, 1148–1158. doi:
10.1016/S1734-1140(10)70377-7

Wang, S. M., Chen, I. C., Liao, Y. T., and Liu, C. C. (2014). The clinical correlation
of regulatory T cells and cyclic adenosine monophosphate in enterovirus 71
infection. PLoS ONE 9:e102025. doi: 10.1371/journal.pone.0102025

Wang, S. M., Lei, H. Y., Huang, K. J., Wu, J. M., Wang, J. R., Yu, C. K., et al. (2003).
Pathogenesis of enterovirus 71 brainstem encephalitis in pediatric patients: the
roles of cytokines and cellular immune activation in patients with pulmonary
edema. J. Infect. Dis. 188, 564–570. doi: 10.1086/376998

Wang, S. M., Lei, H. Y., Huang, M. C., Wu, J. M., Chen, C. T., Wang,
J. N., et al. (2005). Therapeutic efficacy of milrinone in the management of
enterovirus 71-induced pulmonary edema. Pediatr. Pulmonol. 39, 219–223. doi:
10.1002/ppul.20157

Wang, S. M., and Liu, C. C. (2009). Enterovirus 71: epidemiology, pathogenesis
and management. Expert Rev. Anti. Infect. Ther. 7, 735–742. doi: 10.1586/eri.
09.45

Wang, S. M., and Liu, C. C. (2014). Update of enterovirus 71: epidemiology,
pathogenesis and vaccine. Exp. Rev. Anti. Infect. Ther. 12, 447–456. doi:
10.1586/14787210.2014.895666

Wang, S. M., Liu, C. C., Tseng, H. W., Wang, J. R., Huang, C. C., Chen, Y. J., et al.
(1999). Clinical spectrum of enterovirus 71 infection of children in southern
Taiwan, with an emphasis on the neurological complications. Clin. Infect. Dis.
29, 184–190. doi: 10.1086/520149

Wessel, D. L. (2001). Managing low cardiac output syndrome after congenital heart
surgery. Crit. Care. Med. 29, S220–S230. doi: 10.1097/00003246-200110001-
00004

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Wang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 3 March 2016 | Volume 7 | Article 82

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

	Milrinone in Enterovirus 71 Brain Stem Encephalitis
	Epidemiology And Clinical Spectrum
	Management
	Epinephrine
	Milrinone
	Clinical Outcome
	Immunoregulation
	Challenges

	Author Contributions
	Acknowledgments
	References


