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Abstract
Although loss of function mutations in an epithelial chloride channel (cystic fibrosis transmembrane
conductance regulator – CFTR) is known to cause cystic fibrosis (CF), it remains unclear how this
dysfunction leads to the clinical picture of CF. Downstream effects of CFTR dysfunction that are
believed to contribute to CF pathogenesis include: increased activity of an epithelial sodium channel
(ENaC), which depletes airway surface liquid and renders mucus more viscous; increased epithelial
oxidative stress largely attributable to subnormal nrf2 activity; increased epithelial production of proinflammatory cytokines, driven in part by oxidative stress and overactivation of NF-kappaB; and
decreased nitric oxide bioactivity. It may prove feasible to address each of these pathogenic mechanisms
with drugs and nutraceuticals which are currently available. AMPK activators such as metformin and
berberine, as well as the IKKbeta inhibitor salicylate, have the potential to decrease ENaC activity, while
also blunting pro-inflammatory cytokine production via inhibition of NF-kappaB. Phase 2 inducers such
as lipoic acid may amplify epithelial expression of antioxidant enzymes and glutathione.
Supplementation with N-acetylcysteine likewise can promote glutathione synthesis in lung epithelium,
and antioxidants such as spirulina-derived phycocyanobilin, astaxanthin, and melatonin may confer
additional protection to oxidant-stressed epithelium. Supplemental citrulline may aid pulmonary function
in CF by boosting NO bioactivity. While it seems unlikely that any one of these measures in isolation
would confer major clinical benefit in CF, a functional combination of these may have greater potential in
this regard.

Pathogenic Mechanisms in Cystic Fibrosis
Cystic fibrosis (CF), the most common lethal genetic disorder in Caucasian populations, is caused by
homozygous loss of function of a chloride channel, the CF transmembrane conductance regulator
(CFTR).1, 2 The responsible mutations can cause failure of chloride transport, or prevent trafficking of the
channel to the apical plasma membrane. The downstream consequences of this which are suspected to
play a pathogenic role in CF include:
Increased function of the ENaC sodium channel.3 This leads to increased uptake of sodium ions and
fluid by bronchial epithelial cells, such that airway surface liquid is depleted.4 Consequently, airway
mucus is more viscous and less readily swept out by ciliary action, setting the stage for airway occlusion
and persistent bacterial infections. This increase in ENaC activity may reflect the fact that CFTR
physically associates with ENaC in a way that precludes the proteolytic activation of the latter.5
Transgenic mice with ENaC overexpression in bronchial epithelium develop a clinical syndrome quite
analogous to human CF, suggesting that ENaC overactivity may be a central mediator of CF
pathogenesis.3, 4, 6 However, this view is still somewhat controversial, and it seems likely that ENaC
overactivity is not the sole reason why CFTR dysfunction is pathogenic.7 Intriguingly, some patients with
CF-like clinical syndromes who nonetheless express a functional CFTR channel have been found to make
variant forms of ENaC with increased open probability.8-10
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Increased oxidative stress in bronchial epithelial cells.11 This reflects, in large part, down-regulated
expression of a number of antioxidant enzymes whose synthesis is promoted by the Nrf2 transcription
factor.12 For reasons that remain unclear, Nrf2 expression and activity are decreased in CF epithelial
cells.13 However, Nrf2 does respond normally to an activating phase 2 stimulus in these cells, such as
tert-butylhydroquinone. Whether superoxide production in CF epithelium is elevated in less clear.
Mitochondria are under increased oxidative stress owing to a stark deficiency of intramitochondrial
glutathione (possibly reflecting a role for CFTR in mitochondrial glutathione import), and damaged
mitochondria are more prone to overproduce superoxide.14 The glutathione content of airway surface
liquid, thought to play an antioxidant and anti-infectious role, is also low, since CFTR mediates its
export.12, 15 Superoxide can also be generated in bronchial epithelium by the complexes Duox1 and
Duox2, variant forms of NADPH oxidase.16 Infiltrating activated neutrophils also contribute to the
bronchial oxidative stress load in CF.
Increased production of pro-inflammatory cytokines by the bronchial epithelium. CF epithelial cells
are more sensitive to pro-inflammatory activating stimuli such as IL-1 or TNF-alpha, and feedback
mechanisms which dampen response over time in normal epithelium are less effective in CF
epithelium.17-21 This pro-inflammatory response is associated with increased activation of the NF-kappaB
transcription factors, and there is experimental evidence that hydrogen peroxide-mediated up-regulation
of NF-kappaB activation is largely responsible for pro-inflammatory bias of CF epithelium.13, 18, 22 This
situation is of course compounded when persistent infections in CF provoke epithelial inflammation.
Diminished levels of nitric oxide (NO) in CF airways.23 NO functions physiologically in the lung to
regulate bronchial and vascular smooth muscle tone. The reduced levels of airway NO in CF may reflect
increased oxidant scavenging of NO, but reduced effective activity of bronchial NO synthases may also
play a role. In particular, elevated lung levels of the NO synthase antagonist, asymmetric
dimethylarginine, and a marked increase in plasma arginase, may compromise lung NO production in
CF.24, 25 These abnormalities of arginine metabolism and NO production resolve to a degree with effective
antibacterial therapy. The fact that inhalation of nebulized arginine acutely improves lung function in CF
suggests that deficient NO production is of pathogenic importance in this disorder.26 However, a trial of
oral arginine by the same group failed to observe comparable benefit, likely owing to inadequate delivery
of arginine to bronchial epithelium.27
Diminished export of hypothiocyanite.28 This labile agent is produced within bronchial epithelial cells,
and is exported to the airway surface liquid, where it exerts potent antibacterial activity. This export is
mediated via CFTR, and hence this protective mechanism is compromised in CF.
Fortunately, certain nutraceuticals and drugs have the potential to address some (though regrettably not
all) of these pathogenic mechanisms in CF.
AMPK Activators and Salicylate May Suppress ENaC and NF-kappaB Overactivity
AMP-activated kinase (AMPK) has been shown to oppose ENaC activity. In part, this reflects the fact
that AMPK catalyzes an activating phosphorylation on the ubiquitin ligase Nedd4-2, which promotes the
proteasomal destruction of ENaC and hence diminishes its expression in the plasma membrane.29, 30
Other research suggests that AMPK may act more directly to suppress the channel function of existing
ENaC.31 AMPK also has the potential to suppress NF-kappaB activity by several mechanisms; in
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particular, AMPK promotes activation of Sirt1, which removes an activating acetyl group from c-Rel.32-34
Hallows and colleagues, who have proposed that the AMPK activator metformin should be tested
clinically in CF, have demonstrated that both metformin and the AMPK activator AICAR can diminish
ENaC activity in CF epithelial cells, increase the height of airway surface liquid on this cells, and
suppress the production of pro-inflammatory cytokines by CF epithelial cells challenged with
lipopolysaccharide.20, 35 The herbal compound berberine may have potential analogous to metformin in
this regard, as it likewise functions as an AMPK activator, and has clinical anti-diabetic activity
comparable to that of metformin.36-38
IkappaB kinase-beta (IKKbeta) activity is upregulated in CF epithelium, serving as a key activator of NFkappaB.39 The IKKbeta inhibitor parthenolide suppresses IL-8 production when CF epithelial cells are
challenged with IL-1 or TNF-alpha. In vivo, parthenolide pre-treatment inhibits bronchial neutrophil
influx and cytokine production in mice administered intratracheal LPS.21 Hence, IKKbeta inhibitors may
have potential for dampening the exuberant bronchial inflammatory response in CF. Moreover, IKKbeta
confers an inhibitory phosphorylation on Nedd4-2, and thereby tends to increase the expression and
activity of ENaC.40 Hence, IKKbeta inhibitors may share the ability of AMPK activators to suppress both
bronchial inflammation and ENaC overactivity, key pathogenic factors in CF. Although parthenolide per
se is not available as a nutraceutical (its herbal source feverfew is probably too dilute a source to be useful
in this regard), and various novel drugs capable of inhibiting IKKbeta have not yet achieved clinical
approval, the venerable natural anti-inflammatory agent salicylate can function clinically as an IKKbeta
inhibitor; indeed, this appears to be the basis of its utility in rheumatoid arthritis and type 2 diabetes.41-44
Moreover, there is recent evidence that clinical concentrations of salicylate can achieve a mild allosteric
activation of AMPK that is complementary to the activation achieved by agents such as metformin or
berberine that raise ADP/AMP levels.45 Hence, salicylate – preferably in the form of the well-tolerated
pro-drug salsalate46 – may merit clinical evaluation in CF. Unlike aspirin and the NSAIDs, salicylate
achieves only a weak and transitory inhibition of cycloxygenases, and hence does not confer the increase
risks for GI ulceration or renal damage seen with chronic NSAID therapy.47, 48 The dose-limiting side
effect of salicylate is fully reversible ototoxicity (tinnitus, mild hearing loss) that can usually be avoided
or corrected by proper dose titration.44, 49
Phase 2 Inducers – Lipoic Acid
As noted, subnormal activity of Nrf2 appears to be largely responsible for the endogenously generated
oxidative stress in CF epithelial cells. Nonetheless, activation of Nrf2 by the phase 2 inducer tertbutylhydroquinone appears to be normal.13 This suggests that clinical phase 2 inducers might be capable
of alleviating some of the oxidative stress that promotes bronchial inflammation in CF. Many
phytochemicals are known to have phase 2 inducing activity, and broccoli sprouts rich in sulforaphane
precursors have been developed for this purpose.50, 51 But the most clinically established phase 2 inducer
appears to be lipoic acid, whose clinical activity in diabetic neuropathy seems likely to reflect phase 2
induction.52-56 The well known ability of lipoic acid to boost glutathione levels in rodent tissues may also
be attributable to a phase 2 effect, as the rate-limiting enzyme for glutathione synthesis, gammaglutamylcysteine synthase is phase 2 inducible.52, 57 Lipoic acid, in dose schedules beneficial in diabetes,
may therefore merit clinical study in CF.
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Ancillary Antioxidant Measures
Increased synthesis of glutathione in CF epithelium has the potential to oppose the pro-inflammatory
impact of oxidative stress, and might also alleviate to some degree the deficit of glutathione in
mitochondria and airway surface liquid. While effective phase 2 induction can promote such synthesis,
intracellular cysteine availability is rate-limiting in this regard. Hence, supplementation with Nacetylcysteine (NAC) or L-cystine, which can boost intracellular cysteine, may also be useful for
promoting glutathione synthesis in CF epithelium.58, 59 Several clinical trials have evaluated supplemental
NAC, in doses as high as 3000 mg daily, in CF.60 This therapy is well tolerated and does succeed in
increasing sputum glutathione level.61 One 4 week study found that NAC treatment decreased pulmonary
neutrophil burden and sputum elastase activity, an important prognostic factor in CF.62 However, a
longer study failed to confirm this anti-inflammatory impact, and no such study has shown an impact on
pulmonary function, possibly reflecting the fact that very long-term administration would be required fro
such benefit.61 While NAC supplementation clearly is no magic bullet for CF, it may well find a role as a
component of a more comprehensive therapeutic strategy.
The extent to which Duox1/2 contribute to oxidative stress in CF is not yet clear, but the NAPDH oxidase
activity of infiltrating neutrophils is clearly important in this regard. Free bilirubin functions
physiologically as an inhibitor of NADPH oxidase, and the apparent ability of heme oxygenase-1
induction to control Duox1 activity suggests that bilirubin likewise may inhibit this complex.63-66
Bilirubin’s precursor biliverdin functions as an inducer of IL-10, an anti-inflammatory cytokine whose
production is diminished in CF.19, 67-69 Epidmiologically, serum bilirubin correlates inversely with risk for
COPD; in rats, biliverdin administration provides protection from LPS-induced lung injury.70, 71
Although bilirubin and its much more soluble precursor biliverdin are not available for clinical use, there
is recent evidence that the biliverdin homolog phycocyanobilin (PhyCB), richly supplied by
cyanobacteria such as spirulina, can mimic the antioxidant and anti-inflammatory effects of
biliverdin/bilirubin; this may explain the versatile and potent anti-inflammatory effects of oral spirulina or
phycocyanin (the spirulina proteins whose chromophore is PhyCB) in numerous rodent studies.72, 73
Spirulina or PhyCB-enriched spirulina extracts may be worthy of consideration as a component of
antioxidant supplementation in CF.
While there have been many efforts to improve vitamin E status in CF, the carotenoid astaxanthin appears
to have far greater efficacy than vitamin E as a protector of biological membranes, and might have
particular potential for protecting mitochondrial membranes from the elevated oxidant load associated
with CF.74-78 Indeed, mitochondrial protection may underlie the favorable impact of astaxanthin preadministration on ischemia-reperfusion damage in pre-clinical studies.79 Astaxanthin has not yet been
studied in CF; it presumably would have greater efficacy if administered in micellized form to insure
better absorption in CF patients.
The outstanding antioxidant potential of high-dose folate (10-80 mg daily) has so far been grievously
neglected by clinical researchers.80-83 The tetrahydro forms of folate generated after intracellular uptake
of this vitamin have versatile oxidant-quenching activity; in vascular endothelium, their ability to quench
peroxynitrite-derived radicals helps to prevent the oxidative uncoupling of NO synthase, a phenomenon
which possibly contributes to NO deficiency in CF.84-87 The impact of folate on oxidative stress and NO
synthesis in CF epithelial cells merits evaluation.
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In many cells, melatonin exerts an inductive effect on antioxidant expression via nuclear melatonin
receptors.88 In light of the fact that Nrf2-mediated induction of antioxidant enzymes is compromised in
CF epithelium, it would be of interest to determine whether melatonin administration might have the
potential to “pinch hit” in this regard.
Citrulline – A Substrate for NO Synthase
Because citrulline is immune to the the degradative activity of arginase in the GI tract and plasma,
supplemental citrulline has shown a greater capacity to boost tissue arginine levels – and support NO
synthesis when ADMA levels are elevated – than has supplemental arginine.89, 90 Hence, it would be
worthwhile to determine whether citrulline supplementation could boost bronchial NO production in CF
patients and thereby improve pulmonary function, as has been reported with inhaled arginine.
Overview
These considerations suggest that metformin or berberine, salsalate, lipoic acid, NAC, citrulline, and a
range of non-vitamin antioxidants (PhyCB, astaxanthin, high-dose folate, melatonin) merit evaluation in
CF epithelial cells and, if promising results warrant it, clinical CF. These agents have the potential to
address the ENaC overactivity, the oxidative stress, the exuberant production of pro-inflammatory
cytokines, and the NO underactivity that appear to play a significant role in CF pathogenesis. Not
unlikely, it may prove necessary to employ a complementary array of such measures to achieve clinically
important benefit in CF.

References

(1) O'Sullivan BP, Freedman SD. Cystic fibrosis. Lancet 2009 May 30;373(9678):1891-904.
(2) Riordan JR. Cystic fibrosis as a disease of misprocessing of the cystic fibrosis transmembrane
conductance regulator glycoprotein. Am J Hum Genet 1999 June;64(6):1499-504.
(3) Mall MA. Role of the amiloride-sensitive epithelial Na+ channel in the pathogenesis and as a
therapeutic target for cystic fibrosis lung disease. Exp Physiol 2009 February;94(2):171-4.
(4) Zhou Z, Duerr J, Johannesson B et al. The ENaC-overexpressing mouse as a model of cystic
fibrosis lung disease. J Cyst Fibros 2011 June;10 Suppl 2:S172-S182.
(5) Gentzsch M, Dang H, Dang Y et al. The cystic fibrosis transmembrane conductance regulator
impedes proteolytic stimulation of the epithelial Na+ channel. J Biol Chem 2010 October
15;285(42):32227-32.
(6) Mall M, Grubb BR, Harkema JR, O'Neal WK, Boucher RC. Increased airway epithelial Na+
absorption produces cystic fibrosis-like lung disease in mice. Nat Med 2004 May;10(5):487-93.

5

(7) Collawn JF, Lazrak A, Bebok Z, Matalon S. The CFTR and ENaC debate: how important is
ENaC in CF lung disease? Am J Physiol Lung Cell Mol Physiol 2012 June 1;302(11):L1141L1146.
(8) Azad AK, Rauh R, Vermeulen F et al. Mutations in the amiloride-sensitive epithelial sodium
channel in patients with cystic fibrosis-like disease. Hum Mutat 2009 July;30(7):1093-103.
(9) Fajac I, Viel M, Gaitch N, Hubert D, Bienvenu T. Combination of ENaC and CFTR mutations
may predispose to cystic fibrosis-like disease. Eur Respir J 2009 September;34(3):772-3.
(10) Rauh R, Diakov A, Tzschoppe A et al. A mutation of the epithelial sodium channel associated
with atypical cystic fibrosis increases channel open probability and reduces Na+ self inhibition. J
Physiol 2010 April 15;588(Pt 8):1211-25.
(11) Galli F, Battistoni A, Gambari R et al. Oxidative stress and antioxidant therapy in cystic fibrosis.
Biochim Biophys Acta 2012 May;1822(5):690-713.
(12) Linsdell P, Hanrahan JW. Glutathione permeability of CFTR. Am J Physiol 1998 July;275(1 Pt
1):C323-C326.
(13) Chen J, Kinter M, Shank S, Cotton C, Kelley TJ, Ziady AG. Dysfunction of Nrf-2 in CF epithelia
leads to excess intracellular H2O2 and inflammatory cytokine production. PLoS ONE
2008;3(10):e3367.
(14) Rada B, Gardina P, Myers TG, Leto TL. Reactive oxygen species mediate inflammatory cytokine
release and EGFR-dependent mucin secretion in airway epithelial cells exposed to Pseudomonas
pyocyanin. Mucosal Immunol 2011 March;4(2):158-71.
(15) Gao L, Kim KJ, Yankaskas JR, Forman HJ. Abnormal glutathione transport in cystic fibrosis
airway epithelia. Am J Physiol 1999 July;277(1 Pt 1):L113-L118.
(16) Pongnimitprasert N, El-Benna J, Foglietti MJ, Gougerot-Pocidalo MA, Bernard M, BrautBoucher F. Potential role of the "NADPH oxidases" (NOX/DUOX) family in cystic fibrosis. Ann
Biol Clin (Paris) 2008 November;66(6):621-9.
(17) Berger M. Lung inflammation early in cystic fibrosis: bugs are indicted, but the defense is guilty.
Am J Respir Crit Care Med 2002 April 1;165(7):857-8.
(18) Venkatakrishnan A, Stecenko AA, King G et al. Exaggerated activation of nuclear factor-kappaB
and altered IkappaB-beta processing in cystic fibrosis bronchial epithelial cells. Am J Respir Cell
Mol Biol 2000 September;23(3):396-403.
(19) Saadane A, Soltys J, Berger M. Role of IL-10 deficiency in excessive nuclear factor-kappaB
activation and lung inflammation in cystic fibrosis transmembrane conductance regulator
knockout mice. J Allergy Clin Immunol 2005 February;115(2):405-11.
(20) Hallows KR, Fitch AC, Richardson CA et al. Up-regulation of AMP-activated kinase by
dysfunctional cystic fibrosis transmembrane conductance regulator in cystic fibrosis airway
epithelial cells mitigates excessive inflammation. J Biol Chem 2006 February 17;281(7):4231-41.

6

(21) Saadane A, Masters S, DiDonato J, Li J, Berger M. Parthenolide inhibits IkappaB kinase, NFkappaB activation, and inflammatory response in cystic fibrosis cells and mice. Am J Respir Cell
Mol Biol 2007 June;36(6):728-36.
(22) Li Q, Engelhardt JF. Interleukin-1beta induction of NFkappaB is partially regulated by H2O2mediated activation of NFkappaB-inducing kinase. J Biol Chem 2006 January 20;281(3):1495505.
(23) Grasemann H, Michler E, Wallot M, Ratjen F. Decreased concentration of exhaled nitric oxide
(NO) in patients with cystic fibrosis. Pediatr Pulmonol 1997 September;24(3):173-7.
(24) Grasemann H, Schwiertz R, Grasemann C, Vester U, Racke K, Ratjen F. Decreased systemic
bioavailability of L-arginine in patients with cystic fibrosis. Respir Res 2006;7:87.
(25) Grasemann H, Al-Saleh S, Scott JA et al. Asymmetric dimethylarginine contributes to airway
nitric oxide deficiency in patients with cystic fibrosis. Am J Respir Crit Care Med 2011 May
15;183(10):1363-8.
(26) Grasemann H, Kurtz F, Ratjen F. Inhaled L-arginine improves exhaled nitric oxide and
pulmonary function in patients with cystic fibrosis. Am J Respir Crit Care Med 2006 July
15;174(2):208-12.
(27) Grasemann H, Grasemann C, Kurtz F, Tietze-Schillings G, Vester U, Ratjen F. Oral L-arginine
supplementation in cystic fibrosis patients: a placebo-controlled study. Eur Respir J 2005
January;25(1):62-8.
(28) Moskwa P, Lorentzen D, Excoffon KJ et al. A novel host defense system of airways is defective
in cystic fibrosis. Am J Respir Crit Care Med 2007 January 15;175(2):174-83.
(29) Bhalla V, Oyster NM, Fitch AC et al. AMP-activated kinase inhibits the epithelial Na+ channel
through functional regulation of the ubiquitin ligase Nedd4-2. J Biol Chem 2006 September
8;281(36):26159-69.
(30) Almaca J, Kongsuphol P, Hieke B et al. AMPK controls epithelial Na(+) channels through
Nedd4-2 and causes an epithelial phenotype when mutated. Pflugers Arch 2009
August;458(4):713-21.
(31) Mace OJ, Woollhead AM, Baines DL. AICAR activates AMPK and alters PIP2 association with
the epithelial sodium channel ENaC to inhibit Na+ transport in H441 lung epithelial cells. J
Physiol 2008 September 15;586(Pt 18):4541-57.
(32) Salminen A, Hyttinen JM, Kaarniranta K. AMP-activated protein kinase inhibits NF-kappaB
signaling and inflammation: impact on healthspan and lifespan. J Mol Med (Berl) 2011
July;89(7):667-76.
(33) Canto C, Gerhart-Hines Z, Feige JN et al. AMPK regulates energy expenditure by modulating
NAD+ metabolism and SIRT1 activity. Nature 2009 April 23;458(7241):1056-60.
(34) Yang H, Zhang W, Pan H et al. SIRT1 Activators Suppress Inflammatory Responses through
Promotion of p65 Deacetylation and Inhibition of NF-kappaB Activity. PLoS ONE
2012;7(9):e46364.
7

(35) Myerburg MM, King JD, Jr., Oyster NM et al. AMPK agonists ameliorate sodium and fluid
transport and inflammation in cystic fibrosis airway epithelial cells. Am J Respir Cell Mol Biol
2010 June;42(6):676-84.
(36) Lee YS, Kim WS, Kim KH et al. Berberine, a natural plant product, activates AMP-activated
protein kinase with beneficial metabolic effects in diabetic and insulin-resistant states. Diabetes
2006 August;55(8):2256-64.
(37) Turner N, Li JY, Gosby A et al. Berberine and its more biologically available derivative,
dihydroberberine, inhibit mitochondrial respiratory complex I: a mechanism for the action of
berberine to activate AMP-activated protein kinase and improve insulin action. Diabetes 2008
May;57(5):1414-8.
(38) Zhang Y, Li X, Zou D et al. Treatment of type 2 diabetes and dyslipidemia with the natural plant
alkaloid berberine. J Clin Endocrinol Metab 2008 July;93(7):2559-65.
(39) Escotte S, Tabary O, Dusser D, Majer-Teboul C, Puchelle E, Jacquot J. Fluticasone reduces IL-6
and IL-8 production of cystic fibrosis bronchial epithelial cells via IKK-beta kinase pathway. Eur
Respir J 2003 April;21(4):574-81.
(40) Edinger RS, Lebowitz J, Li H et al. Functional regulation of the epithelial Na+ channel by
IkappaB kinase-beta occurs via phosphorylation of the ubiquitin ligase Nedd4-2. J Biol Chem
2009 January 2;284(1):150-7.
(41) Yin MJ, Yamamoto Y, Gaynor RB. The anti-inflammatory agents aspirin and salicylate inhibit
the activity of I(kappa)B kinase-beta. Nature 1998 November 5;396(6706):77-80.
(42) Pierce GL, Lesniewski LA, Lawson BR, Beske SD, Seals DR. Nuclear factor-{kappa}B
activation contributes to vascular endothelial dysfunction via oxidative stress in overweight/obese
middle-aged and older humans. Circulation 2009 March 10;119(9):1284-92.
(43) Goldfine AB, Fonseca V, Jablonski KA, Pyle L, Staten MA, Shoelson SE. The effects of salsalate
on glycemic control in patients with type 2 diabetes: a randomized trial. Ann Intern Med 2010
March 16;152(6):346-57.
(44) McCarty MF. Salsalate may have broad utility in the prevention and treatment of vascular
disorders and the metabolic syndrome. Med Hypotheses 2010 September;75(3):276-81.
(45) Hawley SA, Fullerton MD, Ross FA et al. The ancient drug salicylate directly activates AMPactivated protein kinase. Science 2012 May 18;336(6083):918-22.
(46) McPherson TC. Salsalate for arthritis: a clinical evaluation. Clin Ther 1984;6(4):388-403.
(47) Morris HG, Sherman NA, McQuain C, Goldlust MB, Chang SF, Harrison LI. Effects of salsalate
(nonacetylated salicylate) and aspirin on serum prostaglandins in humans. Ther Drug Monit
1985;7(4):435-8.
(48) Roth S, Bennett R, Caldron P et al. Reduced risk of NSAID gastropathy (GI mucosal toxicity)
with nonacetylated salicylate (salsalate): an endoscopic study. Semin Arthritis Rheum 1990
February;19(4 Suppl 2):11-9.

8

(49) Brien JA. Ototoxicity associated with salicylates. A brief review. Drug Saf 1993
August;9(2):143-8.
(50) Fahey JW, Zhang Y, Talalay P. Broccoli sprouts: an exceptionally rich source of inducers of
enzymes that protect against chemical carcinogens. Proc Natl Acad Sci U S A 1997 September
16;94(19):10367-72.
(51) Shapiro TA, Fahey JW, Dinkova-Kostova AT et al. Safety, tolerance, and metabolism of broccoli
sprout glucosinolates and isothiocyanates: a clinical phase I study. Nutr Cancer 2006;55(1):5362.
(52) Suh JH, Shenvi SV, Dixon BM et al. Decline in transcriptional activity of Nrf2 causes age-related
loss of glutathione synthesis, which is reversible with lipoic acid. Proc Natl Acad Sci U S A 2004
March 9;101(10):3381-6.
(53) Lii CK, Liu KL, Cheng YP, Lin AH, Chen HW, Tsai CW. Sulforaphane and alpha-lipoic acid
upregulate the expression of the pi class of glutathione S-transferase through c-jun and Nrf2
activation. J Nutr 2010 May;140(5):885-92.
(54) Shay KP, Michels AJ, Li W, Kong AN, Hagen TM. Cap-independent Nrf2 translation is part of a
lipoic acid-stimulated detoxification stress response. Biochim Biophys Acta 2012
June;1823(6):1102-9.
(55) Ziegler D. Thioctic acid for patients with symptomatic diabetic polyneuropathy: a critical review.
Treat Endocrinol 2004;3(3):173-89.
(56) Han T, Bai J, Liu W, Hu Y. THERAPY OF ENDOCRINE DISEASE: A systematic review and
meta-analysis of alpha-lipoic acid in the treatment of diabetic peripheral neuropathy. Eur J
Endocrinol 2012 October;167(4):465-71.
(57) Han D, Handelman G, Marcocci L et al. Lipoic acid increases de novo synthesis of cellular
glutathione by improving cystine utilization. Biofactors 1997;6(3):321-38.
(58) Atkuri KR, Mantovani JJ, Herzenberg LA, Herzenberg LA. N-Acetylcysteine--a safe antidote for
cysteine/glutathione deficiency. Curr Opin Pharmacol 2007 August;7(4):355-9.
(59) Dodd S, Dean O, Copolov DL, Malhi GS, Berk M. N-acetylcysteine for antioxidant therapy:
pharmacology and clinical utility. Expert Opin Biol Ther 2008 December;8(12):1955-62.
(60) Nash EF, Stephenson A, Ratjen F, Tullis E. Nebulized and oral thiol derivatives for pulmonary
disease in cystic fibrosis. Cochrane Database Syst Rev 2009;(1):CD007168.
(61) Dauletbaev N, Fischer P, Aulbach B et al. A phase II study on safety and efficacy of high-dose Nacetylcysteine in patients with cystic fibrosis. Eur J Med Res 2009 August 12;14(8):352-8.
(62) Tirouvanziam R, Conrad CK, Bottiglieri T, Herzenberg LA, Moss RB, Herzenberg LA. Highdose oral N-acetylcysteine, a glutathione prodrug, modulates inflammation in cystic fibrosis. Proc
Natl Acad Sci U S A 2006 March 21;103(12):4628-33.
(63) Jiang F, Roberts SJ, Datla S, Dusting GJ. NO modulates NADPH oxidase function via heme
oxygenase-1 in human endothelial cells. Hypertension 2006 November;48(5):950-7.
9

(64) Matsumoto H, Ishikawa K, Itabe H, Maruyama Y. Carbon monoxide and bilirubin from heme
oxygenase-1 suppresses reactive oxygen species generation and plasminogen activator inhibitor-1
induction. Mol Cell Biochem 2006 October;291(1-2):21-8.
(65) Lanone S, Bloc S, Foresti R et al. Bilirubin decreases nos2 expression via inhibition of NAD(P)H
oxidase: implications for protection against endotoxic shock in rats. FASEB J 2005
November;19(13):1890-2.
(66) Almolki A, Guenegou A, Golda S et al. Heme oxygenase-1 prevents airway mucus
hypersecretion induced by cigarette smoke in rodents and humans. Am J Pathol 2008
October;173(4):981-92.
(67) Sarady-Andrews JK, Liu F, Gallo D et al. Biliverdin administration protects against endotoxininduced acute lung injury in rats. Am J Physiol Lung Cell Mol Physiol 2005
December;289(6):L1131-L1137.
(68) Overhaus M, Moore BA, Barbato JE, Behrendt FF, Doering JG, Bauer AJ. Biliverdin protects
against polymicrobial sepsis by modulating inflammatory mediators. Am J Physiol Gastrointest
Liver Physiol 2006 April;290(4):G695-G703.
(69) Wegiel B, Baty CJ, Gallo D et al. Cell surface biliverdin reductase mediates biliverdin-induced
anti-inflammatory effects via phosphatidylinositol 3-kinase and Akt. J Biol Chem 2009 August
7;284(32):21369-78.
(70) Horsfall LJ, Rait G, Walters K et al. Serum bilirubin and risk of respiratory disease and death.
JAMA 2011 February 16;305(7):691-7.
(71) Sarady-Andrews JK, Liu F, Gallo D et al. Biliverdin administration protects against endotoxininduced acute lung injury in rats. Am J Physiol Lung Cell Mol Physiol 2005
December;289(6):L1131-L1137.
(72) McCarty MF. Clinical potential of Spirulina as a source of phycocyanobilin. J Med Food 2007
December;10(4):566-70.
(73) Romay C, Gonzalez R, Ledon N, Remirez D, Rimbau V. C-phycocyanin: a biliprotein with
antioxidant, anti-inflammatory and neuroprotective effects. Curr Protein Pept Sci 2003
June;4(3):207-16.
(74) Kurashige M, Okimasu E, Inoue M, Utsumi K. Inhibition of oxidative injury of biological
membranes by astaxanthin. Physiol Chem Phys Med NMR 1990;22(1):27-38.
(75) Palozza P, Krinsky NI. Astaxanthin and canthaxanthin are potent antioxidants in a membrane
model. Arch Biochem Biophys 1992 September;297(2):291-5.
(76) Naguib YM. Antioxidant activities of astaxanthin and related carotenoids. J Agric Food Chem
2000 April;48(4):1150-4.
(77) Liu X, Shibata T, Hisaka S, Osawa T. Astaxanthin inhibits reactive oxygen species-mediated
cellular toxicity in dopaminergic SH-SY5Y cells via mitochondria-targeted protective
mechanism. Brain Res 2009 February 13;1254:18-27.

10

(78) Wolf AM, Asoh S, Hiranuma H et al. Astaxanthin protects mitochondrial redox state and
functional integrity against oxidative stress. J Nutr Biochem 2010 May;21(5):381-9.
(79) Gross GJ, Lockwood SF. Cardioprotection and myocardial salvage by a disodium disuccinate
astaxanthin derivative (Cardax). Life Sci 2004 May 28;75(2):215-24.
(80) McCarty MF. Oster rediscovered--mega-dose folate for symptomatic atherosclerosis. Med
Hypotheses 2007;69(2):325-32.
(81) Tawakol A, Migrino RQ, Aziz KS et al. High-dose folic acid acutely improves coronary
vasodilator function in patients with coronary artery disease. J Am Coll Cardiol 2005 May
17;45(10):1580-4.
(82) Moens AL, Claeys MJ, Wuyts FL et al. Effect of folic acid on endothelial function following
acute myocardial infarction. Am J Cardiol 2007 February 15;99(4):476-81.
(83) Moens AL, Champion HC, Claeys MJ et al. High-Dose Folic Acid Pretreatment Blunts Cardiac
Dysfunction During Ischemia Coupled to Maintenance of High-Energy Phosphates and Reduces
Postreperfusion Injury. Circulation 2008 March 24.
(84) Rezk BM, Haenen GR, Van d, V, Bast A. Tetrahydrofolate and 5-methyltetrahydrofolate are
folates with high antioxidant activity. Identification of the antioxidant pharmacophore. FEBS Lett
2003 December 18;555(3):601-5.
(85) Antoniades C, Shirodaria C, Warrick N et al. 5-methyltetrahydrofolate rapidly improves
endothelial function and decreases superoxide production in human vessels: effects on vascular
tetrahydrobiopterin availability and endothelial nitric oxide synthase coupling. Circulation 2006
September 12;114(11):1193-201.
(86) Verhaar MC, Wever RM, Kastelein JJ, van DT, Koomans HA, Rabelink TJ. 5methyltetrahydrofolate, the active form of folic acid, restores endothelial function in familial
hypercholesterolemia. Circulation 1998 January 27;97(3):237-41.
(87) McCarty MF, Barroso-Aranda J, Contreras F. High-dose folate and dietary purines promote
scavenging of peroxynitrite-derived radicals - clinical potential in inflammatory disorders.
Medical Hypotheses 2009;accepted for publication.
(88) Rodriguez C, Mayo JC, Sainz RM et al. Regulation of antioxidant enzymes: a significant role for
melatonin. J Pineal Res 2004 January;36(1):1-9.
(89) Schwedhelm E, Maas R, Freese R et al. Pharmacokinetic and pharmacodynamic properties of oral
L-citrulline and L-arginine: impact on nitric oxide metabolism. Br J Clin Pharmacol 2008
January;65(1):51-9.
(90) Waugh WH, Daeschner CW, III, Files BA, McConnell ME, Strandjord SE. Oral citrulline as
arginine precursor may be beneficial in sickle cell disease: early phase two results. J Natl Med
Assoc 2001 October;93(10):363-71.

11

Addendum: Dosage Suggestions
Based on previous clinical use, or extrapolation from animal studies, the following dose ranges are
suggested for those who wish to use the indicated drugs/nutraceuticals in clinical studies or open
treatment with cystic fibrosis patients. These measures should be viewed as unproven adjuvants, and not
as substitutes for clinically proven therapies.
Metformin – 500 mg 2-3 times daily, or 850 twice daily
Berberine – 500 mg 2-3 times daily
Salsalate – 1.5-2.25 g, twice daily (try lower dose first,
Lipoic Acid – 600-900 mg twice daily
N-Acetylcysteine – 600-1200 mg twice daily
Spirulina – 15g once or twice daily
Astaxanthin – 8 mg twice daily
Folate – 20-80 mg daily
Melatonin – 10-20 mg at bedtime
Citrulline Powder – 3 g twice daily
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