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Abstract: Recently, propranolol was suggested to prevent hyperlactatemia in a child with 

hypovolemic shock through β-adrenergic blockade. Though it is a known inhibitor of 

glycolysis, propranolol, outside this observation, has never been reported to fully protect 

against lactate overproduction. On the other hand, literature evidence exists for a cross-talk 

between β-adrenergic receptors (protein targets of propranolol) and δ-opioid receptor. In 

this literature context, it is hypothesized here that anti-diarrheic racecadotril (a pro-drug of 

thiorphan, an inhibitor of enkephalinases), which, in the cited observation, was co-administered 

with propranolol, might have facilitated the β-blocker-driven inhibition of glycolysis and 

resulting lactate production. The opioid-facilitated β-adrenergic blockade would be 

essentially additivity or even synergism putatively existing between antagonism of  

β-adrenergic receptors and agonism of δ-opioid receptor in lowering cellular cAMP and 

dependent functions. 
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1. Introduction 

In a previous report, the prevention of hyperlactatemia development in a nine-month-old child 

undergoing a shock directly caused by dehydration was put in relation with exposure to propranolol,  

a drug not usually indicated in shock, but here given as a chronic therapy to treat hemangioma [1]. 

Main clinical features of this patient under shock are summarized in Table 1. Anti-hyperlactatemia 

mechanisms proposed in this circumstance were propranolol-driven β-adrenergic blockade in skeletal 

muscle, a key organ in regulation of lactate overproduction [1]. 

Table 1. Main clinical features and therapeutic measures in a child undergoing a 

hypovolemic shock caused by dehydration a. 

Clinical Period Clinical Signs 

Before shock 
 The girl child has a Cyrano hemangioma and is treated since 4 months of age with propranolol  

(3 × 15 mg/day) 

Onset and 

outcome of shock 

 At 9 months, she develops an acute episode of rotavirus gastroenteritis complicated by profuse 

diarrheas and drowsiness and treated with oral rehydration solution and racecadotril (10 mg/day). 

 The child becomes shocked and dehydrated, presenting with mottled skin, cold extremities, 

capillary-refill time of 5 s, weight of 7.5 kg, heart rate at 100 beats/min, arterial pressure at  

62/21 mmHg, and respiratory frequency of 40 cycles/min. 

 Biology (normal range values between rounded brackets) indicates severe hypernatremia  

163 mmol/L (137–145 mmol/L), hypokaliemia 2.2 mmol/L (3.5–4.5 mmol/L), elevated blood 

chloride 138 mmol/L (102–108 mmol/L), acidic blood pH at 6.80 (7.35–7.45) low CO2 partial 

pressure at 20 mmHg (35.7–44.8), a negative base excess at −25 mEq/L (−2 to +2 mEq/L) and 

hypocalcemia at 69 mg/L [total calcium 92–106 mg/L]. 

 Blood protein level is normal at 70 g/L) as well as glycemia at1.31 g/L, uremia at 0.45 g/L or  

7.5 mmol/L, creatininemia at 6 mg/L or 53 µmol/L and blood lactate at 0.8 mmol/L  

[0.66–2.4 mmol/L]. Hemoglobin at 9.5 g/100 mL [12.5–21.5 g/100 mL] indicates anemia. 

 Fluid resuscitation initiated by intraosseous route followed by intravenous rehydration resolves 

hypovolemic shock while blood ionogram and pH partially improved, lactatemia staying normal 

(0.7 mmol/L). 

 Intravenous rehydration is continued and bicarbonate administered. Dehydration signs, 

hypernatremia and acidosis gradually resolve, patient recovering without sequelae. 

a The patient was subject to a previous case report [1]. 

Even though previously proposed mechanisms were coherent, a facilitation of the β-blocker effects 

is here considered for three main reasons: 

 Though it is a known inhibitor of glycolysis, propranolol, outside this previous observation, has 

never been reported to fully protect against lactate overproduction. 
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 During shock, the patient was treated by the anti-diarrheic racecadotril [1], a pro-drug of the 

enkephalinase inhibitor thiorphan [2,3] acting via a rise in enkephalins and hence a stimulation of 

opioid receptor signaling, conferring a reduced intestinal secretory activity [4–13]. 

 Importantly, previous experimental support has been given in favor of a cross-talk between  

β-adrenergic receptors and δ-opioid receptor signaling [14–16] (Figure 1). 

 

Figure 1. Cross-talk between β-adrenergic and δ-opioid signaling pathways in 

cardiomyocytes as an experimental basis for regulation of myocardial cell calcium  

and contraction. 

Experimental evidence for the depicted events has been previously given [15,16] and reviewed [14] 

through works from which the figure is also adapted. In brief, β-adrenergic and δ-opioid receptors 

modulate Protein kinase A (PKA) and non-PKA mechanisms involved in cell calcium and  

excitation-contraction coupling. Whereas, as a whole, β-adrenergic receptors positively impact 

adenylate cyclase and then stimulate PKA and resulting activation of PKA target proteins, δ-opioid 

receptor acts in an inverse way, blunting recruitment of PKA and target proteins. Not only adenylate 

cyclase is inhibited but also concomitant activation of phosphodiesterase activity (PDE) by δ-opioid 

receptor further strengthens the negative signaling operated on PKA activation through removal of 

cAMP in the form of AMP. In parallel with PKA-dependent pathways, non-PKA mechanisms are 

mediated by β-adrenergic and δ-opioid receptors in the control of myocardial cell calcium and 

contraction. These mechanisms may either amplify or reduce PKA-dependent signaling, in the same 

time as mediating other effects. More especially and not illustrated, the β2-adrenergic receptor, like the 

δ-opioid receptor, is coupled to a Gi protein and in both cases the βγ subunits of the Gi proteins may 

activate RAS/MAPK signaling and PI3K [14]. 

Abbreviations are: β1-AR, β1-adrenergic receptor; β2-AR, β2-adrenergic recptor; δ-OR, δ-opioid 

receptor; Gs, Gs-protein; Gi, Gi-protein; ATP, adenosine triphosphate; AMP, adenosine monophoshate; 
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cAMP, cyclic AMP; PPi, inorganic pyrophosphate; PKA, proteine kinase A; PDE, phosphodiesterase; 

+ and −, stimulation and inhibition, respectively. 

Keeping in mind these aspects, opioid-facilitated β-adrenergic blockade, more especially facilitation 

of the metabolic effects of propranolol by racecadotril, is presented thereafter as a new 

pharmacological condition mainly based on the known cross-talk between β-adrenergic and δ-opioid 

signaling pathways, being aware of other cross-talks between adrenergic and opioid (α-adrenergic and 

δ-opioid [17], β-adrenergic and κ-opioid [18]) signaling pathways. The facilitation of β-adrenergic 

blockade by opioid signaling essentially lies in the fact that notably δ-opioid activation decreases 

levels of the second messenger (cAMP), the depression of which mediates the cellular effects of  

β-adrenergic blockade. Preliminary brief introductions are meanwhile given to fast glycolysis,  

β-adrenergic control of lactate production and effects of propranolol on glycolysis. 

2. Fast Glycolysis and Lactate Production 

Substantial lactate production by cells is the result of a glycolysis not relayed by mitochondrial 

oxidations. In these conditions, as a result of limited amounts of ATP produced per molecule of 

glucose, glycolysis proceeds at fast rates to yield sufficient ATP to cover cell energetic needs. 

Anaerobic glycolysis includes physiological glucose oxidations taking place when either 

mitochondrion are absent (erythrocytes) or when oxygen supply to mitochondrion is swamped (e.g., 

sustained and intense muscle contractions). Anaerobic glycolysis may also develop in pathophysiological 

hypoxic/anoxic conditions. When taking place in normoxic conditions, glycolysis may be relayed by 

mitochondrial oxidations and due to an overall improvement of ATP production per molecule of 

glucose, this glycolysis occurs at a slow pace with little or no lactate production. Nevertheless, even in 

such normoxic conditions, glycolysis may be not relayed by mitochondrial oxidations, and for this 

reason may also proceed at fast rates with substantial lactate production. This occurs when 

mitochondrial oxidations are deficient or when they are regulated negatively under biased signaling 

such as observed in the Warburg’s effect [19]. Because like anaerobic glycolysis, it exhibits intensive 

glucose utilization, this biased normoxic glycolysis is called aerobic glycolysis. [19]. 

3. Adrenergic Signaling and Lactate Production 

Lactic acid, in the ionized lactate form at physiological pH, is a glycolysis byproduct that increases 

in blood under tissue hypoxia and other conditions reviewed elsewhere [20]. Lactate formation attests 

for the activity of the anaerobic glycolysis, and therefore occurs when anaerobic glycolysis 

physiologically (e.g., rapid and sustained muscle contraction) or pathophysiologically (e.g., tissue 

hypoperfusion) develops. Under tissue hypoperfusion, the reliability of lactate as a blood marker of 

shock severity, however, still remains debated; lactate production having been supported to depend on 

adrenergic response rather than on shock severity itself [21] and, in sepsis, to be the result of increased 

pyruvate formation rather than decreased oxygen availability [22]. The link between adrenergic cell 

signaling and blood lactate has been experimentally shown in an animal model of hemorrhagic shock [20], 

before being proposed in the humans [23]. In shock, catecholamines are increased, and taking into 

account that epinephrine potently stimulates lactate formation under well-oxygenated conditions, 

adrenergic signaling has been proposed to contribute, besides tissue hypoperfusion, to the rise of 
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lactate which may be observed during shock [21,24,25]. In rat muscle, epinephrine and other agonists 

of β-adrenergic receptors stimulate glycolysis but also membrane polarization, cell sodium efflux and 

potassium influx, this decreased intracellular Na+ to K+ ratio attesting for stimulation of the Na+/K+ 

ATPase pump [26,27]. Interestingly, propranolol, which inhibits β-adrenergic receptors, and ouabain, 

which inhibits the Na+/K+ ATPase pump, are capable of blunting epinephrine-stimulated  

glycolysis [26,28–30]. On the basis of this experimental background, additional support has been given 

to link increased muscle glycolysis (the main producer of circulating lactate) to epinephrine-stimulated 

Na+/K+ ATPase pump activity [21]. The fact that β-adrenergic blockers such as propranolol may 

aggravate increased circulating glucose and insulin resistance in diabetic patients may be consistent 

with a link between β-adrenergic blockade and disrupted glycolysis [31]. Finally, the best support to 

link lactate formation and adrenergic signaling might perhaps lie in compelling evidence stressing the 

ability of the β-adrenergic agonist therapy to rise lactatemia in asthmatic and healthy subjects [32–42]. 

4. β-Adrenergic Blockade by Propranolol Decreases Lactate Production in a Non-Septic Shock 

Though sometimes described in septic shock [43], the lack of hyperlactatemia during decompensated 

hypovolemic shock caused by dehydration represents, in contrast, a rather unique event [1]. In this 

respect, we have recently described a child developing shock caused by dehydration during the course 

of a viral gastroenteritis and without hyperlactatemia [1]. In this case, prevention of hyperlactatemia 

was attributed to adrenergic blockade by propranolol [1]. 

5. Facilitation of Propranolol-Driven β-Adrenergic Blockade by Racecadotril 

Though proposed underlying mechanisms (reduction of cAMP and hence drop in both  

PKA-mediated phosphorylation of phospholemman and subsequent stimulation of Na+/K+ ATPase) [1] 

were coherent, prevention of lactate over production by propranolol still remains a unique observation. 

This led us to review all other factors that might have helped the drug to prevent hyperlactatemia in 

our previous observation. Though no link with glycolysis disruption was previously suggested in the 

literature for the anti-diarrheic racecadotril (a prodrug of thiorphan, an enkephalinase inhibitor [2,3]),  

a detailed analysis of its signaling effects suggests some putative cross-talk with signaling triggered by 

propranolol. In fact, δ-opioid receptor activation by enkephalins accumulating under racecadotril might 

facilitate β-blocker effects as regards to lactate production. The notion of “opioid-facilitated  

β-adrenergic blockade” is here proposed to underline the particular pharmacological context induced 

by the concurrent administration of the two drugs. The mechanisms by which this situation may 

negatively impact glycolysis rates are presented thereafter essentially through the abilities of the two 

drugs, racecadotril and propranolol, to act in concert in lowering cell cAMP levels. 

6. Opioid-Facilitated β-Adrenergic Blockade as a Mean to Prevent Hyperlactatemia 

Previous support for propranolol-driven inhibition of lactate production [1] is explained thereafter. 

β-adrenergic blockade may be achieved by propranolol, a non-selective blocker of β1 and β2 

adrenergic receptors. Though β2-adrenergic receptor may also activate Gi proteins-driven signaling, 

these β-adrenergic receptors are coupled to Gs proteins that activate adenylate cyclase [44]. 
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Subsequent rises in intracellular cAMP level and protein kinase A activity (PKA) induce enhanced 

phosphorylation of phospholemman (FXYD1, a member of FXYD protein family) and stimulation of 

plasma membrane Na+/K+ ATPase in organs including heart, liver and skeletal muscle [45]. This 

ATPase by hydrolyzing ATP to ADP maintains a high cytosolic ADP/ATP ratio stimulating 

glycolysis, pyruvate and hence lactate production. By blocking β-adrenergic receptors, propranolol 

prevents cytosolic rise in cAMP and activation of PKA induced by catecholamines. Phospholemman 

phosphorylation and its stimulatory effect on Na+/K+ ATPase activity are consequently prevented, 

reducing ATP hydrolysis, ADP/ATP ratio and glycolytic rate (Figure 2), a scenario in agreement with 

experimental inhibition by adrenergic blockade of lactate production [23]. As mentioned above, 

racecadotril (acetorphan) is a pro-drug of thiorphan. This enkephalinase inhibitor increases steady-state 

concentrations of enkephalins in gut and signaling via δ-opioid receptor, lowering intracellular cAMP 

and hence ion and water secretory activity of enterocytes [4–13]. These changes reverse enterocyte 

high cAMP levels causative of diarrhea [11]. Racecadotril produces significant inhibition of plasma 

enkephalinases after oral administration [7], likely stimulating opioid signaling in δ-opioid  

receptors-containing organs. These organs involving heart also include skeletal muscle [46,47], which 

therefore also represents a bona fide target for endogenous enkephalins accumulating secondarily to 

inhibition of enkephalinases. Resulting drop in intracellular cAMP would mimic β-adrenergic 

blockade making δ-opioid receptor stimulation a potentiator of adrenergic blockade in skeletal muscle 

(Figure 2). 

 

Figure 2. Cross-talk between β-adrenergic and δ-opioid signaling pathways in skeletal myocytes as a 

theoretical basis for reinforced inhibition of glycolysis and prevention of hyperlactatemia. 

This particular pharmacological context is attributed to the combined administration of propranolol 

and racecadotril in a patient in severe hypovolemic shock caused by dehydration [1]. For abbreviations, 

see Figure 1 or below in this legend. β1- and β2-adrenergic receptors (β1-AR and β2-AR, respectively) 
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are coupled to Gs proteins (“s” for stimulation of adenylate cyclase) and δ-opioid receptor (δ-OR) to a 

Gi protein (“i” for inhibition of adenylate cyclase). Propranolol β-adrenergic blockade prevents the 

increase of plasma membrane adenylate cyclase activity and intracellular cAMP levels induced by 

catecholamines. Racecadotril induces the inhibition of adenylate cyclase via activation of δ-OR. The 

resulting cumulated drop in cAMP prevents the activation of protein kinase A (PKA) and 

phosphorylation of phospholemman (PPL), alleviating the stimulatory effect of this membrane protein 

on the activity of Na+/K+ ATPase. Decreasing the contribution of ATPase to recycle cytosolic ADP 

from ATP explains why cytosolic ADP/ATP ratio lowers and why glycolysis rate is slowed by the 

drugs. One glucose gives rise to 2 pyruvate, and the 2 ATP consumed during the first steps of 

glycolysis (glucokinase/hexokinase(s) and phosphofructose kinase 1) are recovered at the end of the 

phosphoglycerate kinase-catalyzed reaction. Only the ATP molecules generated by pyruvate kinase 

(PK) are considered to provide cells with a net gain in ATP formation during glycolysis. As illustrated 

by the figure, this is this pool of ATP that needs to be converted back to ADP in order to allow 

continuation of glycolysis. Note that NAD+ (cofactor oxidized form) needs also to be recycled (from 

NADH + H+ (cofactor reduced form)) to maintain glycolysis. In the figure, the recycling is illustrated 

to be ensured essentially by lactate dehydrogenase (LDH). This occurs when alternative ways to 

consume cytosolic NADH are substantially switched off, i.e., when mitochondrial oxidation of 

pyruvate is deficient, notably under hypoxia/anoxia (by lack of oxygen), inflammatory and truncated 

HIF signaling conditions. Shock is a condition that may combine inflammatory and hypoxic 

conditions, and then which favors increased cellular production of lactate and hyperlactatemia. 

Auxiliary systems that need to be recruited to optimize the underlying stimulation of glycolysis include 

those that maintain the cytosolic ADP/ATP ratio at high levels. In this exercise, exacerbated membrane 

Na+/K+ ATPase activity is essential. In fact, propranolol and racecadotril acting synergistically to 

alleviate recruitment of the Na+/K+ ATPase activity defeat the whole sketch, which in shock leads to 

exacerbated glycolysis, lactate production and hyperlactatemia. 

7. Additivity or Synergism of Drug Actions? 

A last but not least aspect of the proposed new concept holds in the nature of how each of the drug 

actions on glycolysis may act in concert. Additivity refers to drug mechanisms just adding, so as a net 

result, the intensity of the action of the combined drugs corresponds to the expected sum of each 

individual drug activity. Synergism refers to a net result which differs from that expected from simply 

the sum of each of the individual drug activity. Analysis of data on the cross-talks between  

β-adrenergic and δ-opioid receptors might suggest synergism in heart since the effects of local 

stimulation of β-adrenergic receptor are attenuated by positive opioid signaling at ineffective 

concentrations [48]. In the scope of impacting skeletal muscle metabolism involved in the control of 

body lactate production, one might suggest that some synergism also takes place in the 

pharmacological concept illustrated in Figure 2. Indeed, in addition to the sum of the expected 

decreases in productions of cAMP induced by blockade of β-adrenergic receptors and activation of  

δ-opioid receptor through the drop in adenylate cyclase activity, the δ-opioid receptor may further 

influence PKA activation by a stimulation of phosphodiesterase action and resulting enhancement in 

cAMP degradation, then potentiating the direct decrease in cAMP production. Modulation of PKA 
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effects through the signaling triggered in parallel by δ-opioid receptor activation in non-PKA 

dependent mechanisms (Figures 1 and 2) is not ruled out. These non-PKA mechanisms have been 

mentioned above in the case of the cross-talk between β-adrenergic and δ-opioid signaling pathways 

taking place in the heart. Regarding other cross-talks also mentioned above for heart function, between 

α-adrenergic and δ-opioid [17] and between β-adrenergic and κ-opioid [18] signaling pathways, they 

might be, on the opposite, a priori considered of a limited importance in our proposed concept because 

propranolol is a β-adrenergic blocker [49,50] and skeletal muscle does not exhibit κ-opioid  

receptors [51], respectively. 

Author Contributions 

J.V. prepared the manuscript. F.L. ensured the medical and therapeutic follow-up of the patient, 

D.D. and K.M.M. contributed to metabolic studies and interpretation. All the authors contributed to the 

discussion about racecadotril effects on lactate production. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Dobbelaere, D.; Leclerc, F.; Mention-Mulliez, K.; Vamecq, J. Propranolol and lactatemia during 

hypovolemic shock: A case report. Arch. Pediatr. 2015, 22, 292–295. 

2. De la Baume, S.; Brion, F.; Tuong, M.D.T.; Schwartz, J.C. Evaluation of enkephalinase inhibition 

in the living mouse, using [3H] acetorphan as a probe. J. Pharmacol. Exp. Ther. 1988, 247, 653–660. 

3. Lecomte, J.M.; Costentin, J.; Vlaiculescu, A.; Chaillet, P.; Marcais-Collado, H.; Llorens-Cortes C.; 

Leboyer, M.; Schwartz, J.C. Pharmacological properties of acetorphan, a parenterally active 

“enkephalinase” inhibitor. J. Pharmacol. Exp. Ther. 1986, 237, 937–944. 

4. Duval-Iflah, Y.; Berard, H.; Baumer, P.; Guillaume, P.; Raibaud, P.; Joulin, Y.; Lecomte, J.M. 

Effects of racecadotril and loperamide on bacterial proliferation and on the central nervous system 

of the newborn gnotobiotic piglet. Aliment. Pharmacol. Ther. 1999, 13, 9–14. 

5. Farthing, M.J. Introduction. Enkephalinase inhibition: A rational approach to antisecretory 

therapy for acute diarrhoea. Aliment. Pharmacol. Ther. 1999, 13, 1–2. 

6. Hamza, H.; Ben Khalifa, H.; Baumer, P.; Berard, H.; Lecomte, J.M. Racecadotril versus placebo 

in the treatment of acute diarrhoea in adults. Aliment. Pharmacol. Ther. 1999, 13, 15–19. 

7. Lecomte, J.M. An overview of clinical studies with racecadotril in adults. Int. J. Antimicrob. Agents 

2000, 14, 81–87. 

8. Monteil, T.; Danvy, D.; Sihel, M.; Leroux, R.; Plaquevent, J.C. Strategies for access to 

enantiomerically pure ecadotril, dexecadotril and fasidotril: A review. Mini Rev. Med. Chem. 

2002, 2, 209–217. 

9. Primi, M.P.; Bueno, L.; Baumer, P.; Berard, H.; Lecomte, J.M. Racecadotril demonstrates 

intestinal antisecretory activity in vivo. Aliment. Pharmacol. Ther. 1999, 13, 3–7. 



Pharmaceuticals 2015, 8 672 

 

 

10. Szajewska, H.; Ruszczyński, M.; Chmielewska, A.; Wieczorek, J. Systematic review: 

Racecadotril in the treatment of acute diarrhoea in children. Aliment. Pharmacol. Ther. 2007, 26, 

807–813. 

11. Tormo, R.; Polanco, I.; Salazar-Lindo, E.; Goulet, O. Acute infectious diarrhoea in children: New 

insights in antisecretory treatment with racecadotril. Acta Paediatr. 2008, 97, 1008–1015. 

12. Turck, D.; Berard, H.; Fretault, N.; Lecomte, J.M. Comparison of racecadotril and loperamide in 

children with acute diarrhoea. Aliment. Pharmacol. Ther. 1999, 13, 27–32. 

13. Vetel, J.M.; Berard, H.; Fretault, N.; Lecomte, J.M. Comparison of racecadotril and loperamide in 

adults with acute diarrhoea. Aliment. Pharmacol. Ther. 1999, 13, 21–26. 

14. Pepe, S.; van den Brink, O.W.; Lakatta, E.G.; Xiao, R.P. Cross-talk of opioid peptide receptor and 

β-adrenergic receptor signalling in the heart. Cardiovasc. Res. 2004, 63, 414–422. 

15. Pepe, S.; Xiao, R.P.; Hohl, C.; Altschuld, R.; Lakatta, E.G. “Cross talk” between opioid peptide 

and adrenergic receptor signaling in isolated rat heart. Circulation 1997, 95, 2122–2129. 

16. Xiao, R.P.; Pepe, S.; Spurgeon, H.A.; Capogrossi, M.C.; Lakatta, E.G. Opioid peptide receptor 

stimulation reverses β-adrenergic effects in rat heart cells. Am. J. Physiol. 1997, 272, H797–H805. 

17. Rios, C.; Gomes, I.; Devi, L.A. Interactions between δ opioid receptors and α-adrenoceptors.  

Clin. Exp. Pharmacol. Physiol. 2004, 31, 833–836. 

18. Yu, X.C.; Wang, H.X.; Zhang, W.M.; Wong, T.M. Cross-talk between cardiac κ-opioid and  

β-adrenergic receptors in developing hypertensive rats. J. Mol. Cell. Cardiol. 1999, 31, 597–605. 

19. Vamecq, J.; Colet, J.M.; Vanden Eynde, J.J.; Briand, G.; Porchet, N.; Rocchi, S. PPARs: 

Interference with Warburg’ effect and clinical anticancer trials. PPAR Res. 2012, 2012, 304760. 

20. Okorie, O.N.; Dellinger, P. Lactate: Biomarker and potential therapeutic target. Crit. Care Clin. 

2011, 27, 299–326. 

21. McCarter, F.D.; James, J.H.; Luchette, F.A.; Wang, L.; Friend, L.A.; King, J.K.; Evans, J.M.; 

George, M.A.; Fischer, J.E. Adrenergic blockade reduces skeletal muscle glycolysis and  

Na+, K+-ATPase activity during hemorrhage. J. Surg. Res. 2001, 99, 235–244. 

22. Gore, D.C.; Jahoor, F.; Hibbert J.M.; DeMaria, E.J. Lactic acidosis during sepsis is related to 

increased pyruvate production, not deficits in tissue oxygen availability. Ann. Surg. 1996, 224, 

97–102. 

23. James, J.H.; Luchette, F.A.; McCarter, F.D.; Fischer, J.E. Lactate is an unreliable indicator of 

tissue hypoxia in injury or sepsis. Lancet 1999, 354, 505–508. 

24. Clutter, W.E.; Bier, D.M.; Shah, S.D.; Cryer, P.E. Epinephrine plasma metabolic clearance rates 

and physiologic thresholds for metabolic and hemodynamic actions in man. J. Clin. Invest. 1980, 

66, 94–101. 

25. Clutter, W.E.; Cryer, P.E. Plasma dose-response studies with noradrenaline and adrenaline in 

man. Prog. Biochem. Pharmacol. 1980, 17, 84–89. 

26. Clausen, T.; Flatman, J.A. The effect of catecholamines on Na-K transport and membrane 

potential in rat soleus muscle. J. Physiol. 1977, 270, 383–414. 

27. Clausen, T.; Flatman, J.A. β2-adrenoceptors mediate the stimulating effect of adrenaline on active 

electrogenic Na-K-transport in rat soleus muscle. Br. J. Pharmacol. 1980, 68, 749–755. 



Pharmaceuticals 2015, 8 673 

 

 

28. Luchette, F.A.; Friend, L.A.; Brown, C.C.; Upputuri, R.K.; James, J.H. Increased skeletal muscle 

Na+, K+-ATPase activity as a cause of increased lactate production after hemorrhagic shock.  

J. Trauma 1998, 44, 796–801. 

29. James, J.H.; Wagner, K.R.; King, J.K.; Leffler, R.E.; Upputuri, R.K.; Balasubramaniam, A.; 

Friend, L.A.; Shelly, D.A.; Paul, R.J.; Fischer, J.E. Stimulation of both aerobic glycolysis and 

Na+-K+-ATPase activity in skeletal muscle by epinephrine or amylin. Am. J. Physiol. 1999, 277, 

E176–E186. 

30. Luchette, F.A.; Robinson, B.R.; Friend, L.A.; McCarter, F.; Frame, S.B.; James, J.H. Adrenergic 

antagonists reduce lactic acidosis in response to hemorrhagic shock. J. Trauma 1999, 46, 873–880. 

31. Fonseca, V.A. Effect of β-blockers on glucose and lipid metabolism. Curr. Med. Res. Opin. 2010, 

26, 615–629. 

32. Ahrens, R.C.; Smith, G.D. Albuterol: An adrenergic agent for use in the treatment of asthma 

pharmacology, pharmacokinetics and clinical use. Pharmacotherapy 1984, 4, 105–121. 

33. Claret, P.G.; Bobbia, X.; Boutin, C.; Rougier, M.; de la Coussaye, J.E. Lactic acidosis as a 

complication of β-adrenergic aerosols. Am. J. Emerg. Med. 2012, 30, 1319.e5–e6. 

34. Carroll, C.L.; Coro, M.; Cowl, A.; Sala, K.A.; Schramm, C.M. Transient occult cardiotoxicity in 

children receiving continuous β-agonist therapy. World J. Pediatr. 2014, 10, 324–329. 

35. Jenne; J.W.; Chick, T.W.; Strickland, R.D.; Wall, F.J. Subsensitivity of β responses during 

therapy with a long-acting β-2 preparation. J. Allergy Clin. Immunol. 1977, 59, 383–390. 

36. Lauritsen, L.; Sahl, C.; Thorsen, S. [Nebulized salbutamol as a possible cause of lactate acidosis 

in a patient with acute asthma]. Ugeskr. Laeger. 2013, 175, 111–112. 

37. Lewis, L.; Ferguson, I.; House, S.L.; Aubuchon, K.; Schneider, J.; Johnson, K.; Matsuda, K. 

Albuterol administration is commonly associated with increases in serum lactate in patients with 

asthma treated for acute exacerbation of asthma. Chest 2014, 145, 53–59. 

38. Maury, E.; Ioos, V.; Lepecq, B.; Guidet, B.; Offenstadt, G. A paradoxical effect of bronchodilators. 

Chest 1997, 111, 1766–1767. 

39. Meert, K.L.; Clark, J.; Sarnaik, A.P. Metabolic acidosis as an underlying mechanism of 

respiratory distress in children with severe acute asthma. Pediatr. Crit. Care Med. 2007, 8, 519–523. 

40. Moustafa, F.; Garrouste, C.; Bertrand, P.M.; Kauffmann, S.; Schmidt, J. Lactic acidosis after 

inhaled β-2 agonists: About 2 cases. Ann. Fr. Anesth. Reanim. 2014, 33, 49–51. 

41. Prakash, S; Mehta, S. Lactic acidosis in asthma: Report of two cases and review of the literature. 

Can. Respir. J. 2002, 9, 203–208. 

42. Van Baak, M.A.; de Hon, O.M.; Hartgens, F.; Kuipers, H. Inhaled salbutamol and endurance 

cycling performance in non-asthmatic athletes. Int. J. Sports Med. 2004, 25, 533–538. 

43. Rivers, E.P.; Elkin, R.; Cannon, C.M. Counterpoint: Should lactate clearance be substituted for 

central venous oxygen saturation as goals of early severe sepsis and septic shock therapy?  

Chest 2011, 140, 1408–1413. 

44. Wallukat G. The β-adrenergic receptors. Herz 2002, 27, 683–690. 

45. Bers, D.M.; Despa, S. Na/K-ATPase: An integral player in the adrenergic fight-or-flight response. 

Trends Cardiovasc. Med. 2009, 19, 111–118. 

46. Evans, A.A.; Smith, M.E. Opioid receptors in fast and slow skeletal muscles of normal and 

dystrophic mice. Neurosci. Lett. 2004, 366, 339–341. 



Pharmaceuticals 2015, 8 674 

 

 

47. Peart, J.N.; Gross, E.R.; Gross, G.J. Opioid-induced preconditioning: Recent advances and future 

perspectives. Vascul. Pharmacol. 2005, 42, 211–218. 

48. Wong, T.M.; Shan, J. Modulation of sympathetic actions on the heart by opioid receptor 

stimulation. J. Biomed. Sci. 2001, 8, 299–306. 

49. Black, J.W.; Crowther, A.F.; Shanks, R.G.; Smith, L.H.; Dornhorst, A.C. A new adrenergic β 

receptor antagonist. Lancet 1964, 1, 1080–1081. 

50. Hebb, A.R.; Godwin, T.F.; Gunn, R.W. A new β adrenergic blocking agent, propranolol, in the 

treatment of angina pectoris. Can. Med. Assoc. J. 1968, 98, 246–251. 

51. Czyzyk, T.A.; Nogueiras, R.; Lockwood, J.F.; McKinzie, J.H.; Coskun, T.; Pintar, J.E.; 

Hammond, C.; Tschöp, M.H.; Statnick, M.A. κ-Opioid receptors control the metabolic response to 

a high-energy diet in mice. FASEB J. 2010, 24, 1151–1159. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/Licenses/by/4.0/). 


