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ARTICLE INFO ABSTRACT

Keywords: Introduction: Oxidative stress may play an important role in the pathophysiology of cystic fibrosis (CF). This
Biological markers review aimed to quantify CF-related redox imbalances.

Glutathione Methods: Systematic searches of the Medline, CINAHL, CENTRAL and PsycINFO databases were conducted.
Minerals Mean content of blood biomarkers from people with clinically-stable CF and non-CF controls were used to
Oxidoreductases

calculate the standardized mean difference (SMD) and 95% confidence intervals (95% CI).

Results: Forty-nine studies were eligible for this review including a total of 1792 people with CF and 1675
controls. Meta-analysis revealed that protein carbonyls (SMD: 1.13, 95% CI: 0.48 to 1.77), total Fo-isoprostane 8-
iso-prostaglandin F», (SMD: 0.64, 95% CI: 0.23 to 1.05) and malondialdehyde (SMD: 1.34, 95% CI: 0.30 to 2.39)
were significantly higher, and vitamins A (SMD: —0.66, 95% CI -1.14 to —0.17) and E (SMD: —0.74, 95% CI:
—1.28 to —0.20), B-carotene (SMD: —1.80, 95% CI: —2.92 to —0.67), lutein (SMD: —1.52, 95% CL: —1.83 to
—1.20) and albumin (SMD: —0.98, 95% CI: —1.68 to —0.27) were significantly lower in the plasma or serum of
people with CF versus controls.

Conclusions: This systematic review and meta-analysis found good evidence for reduced antioxidant capacity
and elevated oxidative stress in people with clinically-stable CF.

Redox imbalance
Respiratory disease
Vitamins

1. Introduction

Cystic fibrosis (CF) is a multi-system, life-shortening, autosomal
recessive disease affecting more than 70,000 people globally. The dis-
ease occurs as a result of mutations in the gene encoding for the CF
transmembrane conductance regulator (CFTR), the primary function of
which is the efflux of chloride and bicarbonate anions. CFTR is com-
monly expressed within the epithelial cells that line the mucous
membrane and submucosal glands of the airway [1]. Dysfunctional
CFTR results in inflammation [2] and airway infection, a progressive
decline in lung function [3] leading to respiratory failure and pre-
mature death [4]. CFTR is also expressed within various other bodily

systems, including the gastrointestinal tract, pancreas, sweat ducts,
skeletal muscle, cardiovascular and reproductive organs [5]. CF is,
therefore, a complex multisystem condition requiring repeated com-
prehensive assessments to monitor for and treat disease complications.

Transient increases in free radicals derived from oxygen (reactive
oxygen species) and nitrogen (reactive nitrogen species) activate var-
ious physiological signalling cascades that are beneficial for cellular
function and communication [6]. However, several CF co-morbidities,
including lung disease [7], inflammation [8], systemic hypoxaemia
[9,10] and dysglycaemia [11] lead to the exacerbated production of
reactive oxygen species exceeding the levels required for optimal phy-
siological function. CFTR has also been implicated in the efflux of the
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main non-enzymatic antioxidant, reduced glutathione (GSH) [12].
Therefore, a loss of CFTR function in vitro leads to an increased accu-
mulation of intracellular GSH, which blunts the response to redox-
sensitive signalling pathways that modulate adaptations to hypoxia
[13] and cigarette smoke [14], and may render extracellular compart-
ments more susceptible to oxidative stress [15]. In addition to this,
polymorphisms of the glutathione S-transferase (GST) and the gluta-
mate-cysteine ligase genes are likely to further deplete extracellular
synthesis and the detoxification potential of GSH [12,16,17]. Together,
these factors in addition to the malabsorption of micronutrients with
antioxidant properties in CF [18], causes an imbalance between oxi-
dants and antioxidants in favour of oxidants (i.e. oxidative stress), the
disruption of redox signalling and molecular damage [6].

Whilst the study of CF-related redox imbalances dates back as far as
1967 [19] and has been the topic of several narrative reviews
[15,20,21], a recent meta-analysis highlighted the potential sig-
nificance of these imbalances when considering disease pathophy-
siology [22]. Van t’ Erve et al. [22] observed that a biomarker of lipid
peroxidation, F,-isoprostane 8-iso-prostaglandin Fo (8-iso-PGFs,), was
higher in CF compared to other diseases, including lifestyle factors and
environmental exposures which are conventionally characterised by
oxidative stress, such as tobacco smoking and cardiovascular disease
[22]. Whilst this review identified some evidence for increased oxida-
tive stress in CF, the range of biomarkers considered was limited [23].

Recent advances in analytical methodologies mean that previously
inaccessible biomarkers, including those used to quantify oxidative
damage in biological samples, are now more widely available for
medical and physiological research purposes [24]. Similarly to elevated
8-is0-PGF,, and malondialdehyde (MDA) being indicative of lipid
peroxidation, oxidative modifications to proteins and DNA can be in-
vestigated by quantifying protein carbonyl groups and 8-hydroxy-20-
deoxyguanosine (8-OHdG), respectively [25]. In addition to in-
vestigating the end-product of oxidative damage, it is also now possible
to characterise antioxidant deficiencies that might be suitable ther-
apeutic targets. It is recommended that vitamin and trace element
concentrations are monitored in CF clinics [26]; however, from an
antioxidant-perspective it is also useful to quantify thiols, such as GSH
and cysteine (Cys), as these molecules are essential to understanding
the redox potential (Eh) of biological fluids [6]. The content and ac-
tivity of oxidoreductases, such as superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx), provide additional functional
information regarding the maintenance of thiol:disulfide couples and
are promising therapeutic targets [27]. Despite the array of available
biomarkers to study redox imbalances, there is no systematic evidence
to suggest that oxidative stress occurs as a consequence of lowered
antioxidants in the blood.

Therefore, a systematic search of the existing evidence base from
investigations of CF-related redox imbalances is needed to provide
comprehensive and contemporary recommendations for subsequent
clinical practice and research trials. This review aimed to summarise
the literature investigating whether redox abnormalities are present in
the blood of people with clinically-stable CF. We hypothesised that: (1)
blood markers of antioxidant status would be lowered in people with
clinically-stable CF compared to non-CF controls, and (2) blood mar-
kers of oxidative stress would be elevated in people with clinically-
stable CF compared to non-CF controls.

2. Methods
2.1. Protocol registration
The review protocol was registered on PROSPERO (Reference:

CRD42018094241; https://www.crd.york.ac.uk/prospero/display_
record.php?ID = CRD42018094241).

Redox Biology 32 (2020) 101436
2.2. Eligibility criteria

Included studies reported blood biomarkers of oxidative stress and/
or antioxidant status in humans with CF, and were compared to a non-
CF control group. We included population-based studies with a case-
control comparison and intervention trials which had a case-control
comparison at baseline. A clinical diagnosis of CF must have been
supported by an abnormal sweat test, diagnostic genotyping and/or the
participant being recruited through a CF clinic. Study participants must
have been classed as clinically-stable and free from symptoms of an
acute respiratory exacerbation at the time of testing, as this is a com-
monly accepted source of antioxidant deficiency and oxidative stress
[28]. Studies were excluded if they were review articles, case reports or
letters to the editor. Studies which compared results from individuals
with CF versus standard values derived from the literature were ex-
cluded. There was no restriction on the type of redox-related biomarker;
however, it must have been analysed in blood as CF is associated with
renal disease [29] and pelvic floor incontinence [30], both of which
may mean local inflammation alters the redox state of urine. There
were no restrictions on publication period. Studies were excluded if the
full-text was not available in English or French.

2.3. Information sources

Extensive searches of the Medline, Current Nursing and Allied
Health Literature (CINAHL), Cochrane Central Register of Controlled
Trials (CENTRAL) and PsycINFO databases were conducted to identify
eligible studies up to October 9, 2019.

2.4. Searches

In accordance with similar systematic reviews in this area [31], the
current review utilised a three-part search process to identify studies
matching the eligibility criteria. The first strategy used Medical Subject
Heading (MeSH) or subject terms, as follows: “cystic fibrosis” [MeSH]
AND (antioxidants [MeSH] OR oxidoreductase [MeSH] OR vitamins
[Pharmacological Action] OR oxidants [MeSH] OR “oxidative stress”
[MeSH] OR ” lipid peroxidation” [MeSH]) AND blood [subheading].
When compared to the eligibility criteria, 11 independent and eligible
studies provided a list of 16 common biomarkers in plasma, serum,
erythrocyte or whole blood samples. These data were then utilised to
inform the second phase of the literature search.

The second strategy identified references based on specific words
found within the title and/or abstract (ti/ab). In this search, the bio-
markers and biological substances identified in the MeSH search were
AND-linked to “cystic fibrosis”, as follows: “cystic fibrosis” [tiab] AND
(tocopherol [tiab] OR carotene [tiab] OR malondialdehyde [tiab] OR
MDA [tiab] OR “thiobarbituric acid reactive substances” [tiab] OR
TBARS [tiab] OR ascorb*[tiab] OR lycopene [tiab] OR “protein car-
bolyl” [tiab] OR copper [tiab] OR isoprostane [tiab] OR prostaglandin
[tiab] OR glutathione [tiab] OR hydroperoxide [tiab] OR superoxide
[tiab] OR SOD [tiab] OR vitamin [tiab] OR zinc [tiab]) AND (blood
[tiab] OR plasma [tiab] OR serum [tiab] OR erythrocyte [tiab] OR
“whole blood” [tiab]). The MeSH search was also repeated at this stage
to ensure a broad, specific and sensitive search [32].

The full search terms and strategies of the present review have been
published on PROSPERO (Reference: CRD42018094241). Additionally,
bibliographies of included studies and known review articles, clinical
trial registers and conference proceedings were hand-searched by au-
thors. Experts in the field (identified by the lead authors in published
studies) were contacted to find unpublished trials.

2.5. Study selection

The screening and selection process followed two steps and was
completed independently by two authors (AJC and ZLS). After
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Table 1 (continued)

Biomarker of interest

Controls; n and characteristics

Cases; n and characteristics

Location

First author [reference], study design

Serum 25(0OH)D, albumin and carotene.

21 age- and sex-matched HCP (M = 57.1%; mean

21 people with CF (M = 57.1%; mean (range), 20.9
(range), 20.3 (12-34) y).

St. Louis, USA

Hahn [48], cross-sectional

(12-36) y). All were PI. All were receiving pancreatic

enzyme replacement (given as Cotazyme) and

multivitamin supplements (containing 400 units of

vitamin D/tablet). One patient had diabetes and was

receiving oral hypoglycaemic agents.

Plasma vitamin A, zinc and albumin.

40 adolescent HCP (range, 11-17 y).

18 people with CF (range, 6-17 y). All were receiving

Chicago, USA

Jacob [49], cross-sectional

daily multivitamin supplements (Poly-vi-sol) containing

2500 IU of water miscible vitamin A per tablet.

Serum vitamin A and carotene. Plasma vitamin E.

8 HCP (M = 50.0%; range, 19-32 y).

16 people with CF (M = 43.8%; range, 13-47 y); 68.8%

were PI. Those with PI were receiving pancreatic

Tennessee, USA

Hubbard [55], cross-sectional

enzyme replacement and multivitamin supplements.

Data is expressed as mean + standard deviation (SD) unless otherwise stated.
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removing duplicate articles, the ti/ab of all references were screened to
identify whether the study met the eligibility criteria, with exclusion of
ineligible articles. Full-texts of the remaining references were subse-
quently retrieved and compared with eligibility criteria. All eligible
references were included in the systematic review (Table 1). Meta-
analyses were only conducted on outcomes which were reported by a
minimum of two independent studies. If a biomarker was the subject of
two references by the same laboratory, only the most recent reference
was included for meta-analysis. These methodologies have been used in
similar meta-analyses [31,33].

2.6. Data collection process

Two review authors (AJC and ZLS) used a review-specific form to
independently extract relevant data on study design, study population,
medications, eligibility criteria, biomarkers and biological fluids stu-
died, and location. Details of the participants (both case and controls)
were recorded where possible, such as information on age, sex, geno-
type, lung function, co-morbidities and treatments. When available, we
extracted data on subgroups, including those stratified by severity,
genotype or co-morbidities. Data was extracted from graphs using plot
digitizer software. Where data and/or measures of variability were not
available within a manuscript, this was either calculated or requested
from the corresponding author. If data was not made available, the
reference was included in the systematic review but excluded from the
meta-analysis.

2.7. Assessment of quality and risk of bias of included studies

Two review authors (AJC and ZLS) independently assessed the
quality of studies using the Newcastle-Ottawa Quality Assessment Scale
(NOS) for Case-Control Studies [34]. To minimize bias in the inter-
pretation of the scale, both authors independently assessed 10 un-
related studies not included in the present review, whereby disparities
in judgements were discussed and a consensus was reached prior to the
assessment of studies included in the present review. Each study was
graded for selection, comparability and exposure, and could be
awarded a maximum of 9 points. Studies scoring 0-2 were considered
low quality, studies scoring 3-5 were considered moderate quality and
studies scoring 6-9 points were considered high quality [33]. Risk of
publication bias was assessed at the outcome level using a funnel plot
[35], which was tested for asymmetry. These methodologies have been
used in similar meta-analyses [31,33].

2.8. Measures of the group effect

Measures of the group effect were calculated using the RevMan v5.3
(Cochrane, UK) software [36]. For each study, mean differences and
95% confidence intervals (CI) were calculated [36]. Given that bio-
markers were consistently expressed to different units or analysed using
different methodologies, standardized mean differences (SMD) were
calculated.

2.9. Assessment of heterogeneity in included studies

Assessments of heterogeneity were calculated using the RevMan
v5.3 (Cochrane, UK) software [36]. In the present review, the 2 statistic
was used to assess heterogeneity. The I statistic provides a percentage
value that represents the variability in effect estimates that is due to
heterogeneity. An I* of >75% suggests considerable heterogeneity
[36]. In the presence of considerable heterogeneity, which could be
explained by methodological or population-based considerations, a
random-effects model was incorporated using The DerSimonian-Laird
method [37]. Data of considerable heterogeneity that could not be
explained by methodological or population-based considerations were
excluded from the meta-analysis. If heterogeneity could not be
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MeSH/SH database search
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Records identified through
ti/ab database search

Medline (n = 386)
CINAHL (n =75)
PsycINFO (n = 16)

Medline (n = 498)

CINAHL (n =62)

PsycINFO (n = 2)
Cochrane Library (n = 148)

Total (n=710)

Ti/ab screened
(n =843)

=

£ Cochrane Library (n = 64)

©

Ef:-’ Total (n = 541)

€

Q

2]

Total records identified
(n=1251)
Duplicate records removed

(n=408)

[=

s

|

<

O

»n

Records excluded
(n=660)

Full-text articles excluded with

eligibility
(n=183)

Full-text articles assessed for

reasons (n = 134)

Not clinically-stable’ (n = 89)
No eligible controls (n = 21)
No relevant biomarker (n = 13)

Full-text not available (n = 10)
No human participants (n = 1)

review
(n=49)

Included

Articles included in systematic

Fig. 1. A CONSORT flow diagram of the study identification, screening and selection process. ! Excluded studies either investigated participants who are not
clinically-stable (n = 12) or does not mention the status of participants (n = 77). MeSH, Medical Subject Headings; SH, Subject heading; Ti/ab, title and abstracts.

explained by methodological or clinical factors, data were not pooled
but, instead, reported within the text. These techniques have been used
in similar meta-analyses [31,33].

2.10. Data synthesis

Results of comparable studies were pooled using either fixed-effect
or random-effects models, dependent upon the extent of heterogeneity.

3. Results
3.1. Study selection

A flow diagram of the screening process is presented in Fig. 1.

Briefly, after the removal of duplicate references, a total of 843 refer-
ences were screened for their eligibility for the present systematic re-
view. Of the 843 references, 660 were excluded during the ti/ab screen
as they were outside of the scope of the present review. Following the
screening of the full-texts (n = 183; n = 10 were excluded as the full-
text was not available in English or French), a further 124 references
were excluded because cases were not classified as clinically-stable
(n = 89), there was no eligible control group (n = 21), the study did
not include biomarkers which were within the scope of the present
review (n = 13) or the study was not conducted in humans (n = 1).
Consequently, 49 references were eligible for inclusion in the present
review including a total of 1792 people with CF and 1675 controls, in
which 25 biomarkers were eligible for meta-analysis (Table 1).
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Table 2
Summary of the quality ratings for the eligible studies using the Newcastle-
Ottawa Quality Assessment Scale for case-control studies.

First author Selection Comparability Exposure Total Rating®
[reference] points
AbdulWahab [69] 2 1 3 6 High
Ambroszkiewicz 3 2 2 7 High
[60]
Antus [74] 3 0 1 4 Moderate
Aris [68] 2 1 3 6 High
Back [42] 1 1 2 4 Moderate
Bernardi [39] 2 1 2 5 Moderate
Best [71] 1 1 3 5 Moderate
Cobanoglu [66] 2 2 3 7 High
Collins [75] 3 0 3 6 High
Dominguez [64] 1 1 1 3 Moderate
Durieu [43] 0 0 2 2 Low
Eichler [144] 2 0 1 3 Moderate
Hahn [48] 2 2 3 7 High
Hubbard [55] 2 0 1 3 Moderate
Hung [89] 3 0 1 4 Moderate
Jacob [49] 2 0 2 4 Moderate
James [38] 0 0 2 2 Low
Kearns [46] 1 1 2 4 Moderate
Koller [145] 1 0 2 3 Moderate
Koller [146] 0 0 2 2 Low
Koller [147] 1 0 2 3 Moderate
Konstantinidis 1 1 3 5 Moderate
[139]
Lagrange-Puget [7] 2 0 2 4 Moderate
Lands [73] 1 0 2 3 Moderate
Lee [45] 2 0 1 3 Moderate
Madarasi [61] 1 1 2 4 Moderate
Mangione [51] 0 1 3 4 Moderate
McGrath [54] 3 2 3 8 High
Mocchegiani [47] 1 1 3 5 Moderate
Nicolaidou [44] 2 0 3 5 Moderate
Olveira [58] 1 2 3 6 High
Olveira [52] 0 1 3 4 Moderate
Oudshoorn [63] 0 1 3 4 Moderate
Percival [70] 3 1 3 7 High
Reiter [65] 3 2 3 8 High
Rovner [67] 3 0 3 6 High
Sadowska-Bartosz 1 0 3 4 Moderate
[53]
Sadowska-Woda 0 1 3 4 Moderate
[72]
Schupp [57] 2 2 3 7 High
Sidlova [88] 2 0 3 5 Moderate
Stead [50] 2 1 2 5 Moderate
Tauber [143] 0 1 2 3 Moderate
Tirouvanziam [40] 1 0 3 4 Moderate
Turowski [140] 2 0 3 5 Moderate
Vaisman [62] 0 1 3 4 Moderate
Van Biervliet [142] 2 0 3 5 Moderate
Winklhofer-Roob 2 0 2 4 Moderate
[56]
Wood [41] 4 2 3 9 High
Yadav [59] 2 1 3 6 High

@ Studies scoring 0-2 were considered low quality, studies scoring 3-5 were
considered moderate quality and studies scoring 6-8 points were considered
high quality.

3.2. Study characteristics

A summary of the included references are presented in Table 1. The
included studies were published between 1977 and 2017, and data
were collected from 28 centres in Europe, 15 centres in North America,
3 centres in Asia, 2 centres in Oceania and 1 centre in South America.
The majority of studies were of cross-sectional study design (n = 43;
87.8%), along with data collected at baseline in 2 non-randomized
controlled trials (4.1%), 2 non-randomized and non-controlled trials
(4.1%), 1 randomized controlled trial (2.0%), and 1 open-pilot ob-
servation (2.0%; Table 1). The sample sizes of included studies were
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generally modest, with the number of cases and controls ranging from 7
to 232 and 6 to 177, respectively.

3.3. Risk of bias and quality of studies

A summary of the risk of bias assessments is presented in Table 2.
Briefly, the quality of the studies was generally moderate (n = 31;
63.3%), with 14 high (28.6%) and 4 low (8.2%) quality studies in-
cluded.

3.4. Missing data

Missing data was requested for 7 studies as the mean and/or stan-
dard deviation (SD) were not computable [38-44]; however, no authors
provided additional data.

3.5. Synthesis of results

3.5.1. Thiols

Twelve eligible studies assayed the content of thiols within the er-
ythrocytes, blood neutrophils, plasma or serum of people in clinically-
stable CF versus non-CF controls. The biomarkers studied were plasma
or serum albumin (n = 6) [45-50], erythrocyte GSH (n = 2) [39,51],
blood neutrophil GSH (n = 2) [40,52] and plasma or serum protein
thiol groups (n = 2) [53,54].

Whilst GSH was studied in blood neutrophils (n = 2) [40,52] and
erythrocytes (n = 2) [39,51] by 4 eligible trials, a meta-analysis was
not possible for either biomarker as mean * SD was not computable
for 2 trials as medians and interquartile ranges were reported [39,40].
The concentration of albumin in the plasma or serum was significantly
lower in people with clinically-stable CF compared to the non-CF con-
trols (SMD -0.98, 95% CI -1.68 to —0.27,p < 0.01, I 86%, 6 trials)
[45-50]. The concentration of protein thiol groups in plasma or serum
were not significantly different between people with clinically-stable CF
and non-CF controls (SMD -0.35, 95% CI -0.90 to 0.20, p = 0.22, I? 0%,
2 trials) [53,54].

3.5.2. Vitamins

Twenty-two studies were eligible and studied the levels of vitamins
within the plasma or serum of people with clinically-stable CF versus
non-CF controls. The most studied biomarkers were related to the fat-
soluble vitamins A (inclusive of ‘vitamin A’, ‘retinol’, carotene, (3-car-
otene, lutein and lycopene; n = 13) [7,41,42,48,49,55-62], E (inclusive
of ‘vitamin E’, ‘vitamin E:cholesterol’, tocopherol and a-tocopherol;
n = 13) [7,38,41,42,52,54-56,59-64], D (inclusive of ‘vitamin D,
‘25(0OH)D’ and ‘1,25(0H)2D’; n = 11) [44,45,48,50,58-60,65-68] and
C (inclusive of ‘vitamin C’, ‘ascorbic acid’ and ‘zeaxanthin’; n = 5)
[7,41,42,57,61].

The concentration of vitamin A (inclusive of ‘retinol’; SMD -0.66,
95% CI -1.14 to —0.17, p = 0.02, I* 83%, 8 trials; Fig. 2)
[7,41,49,55,58-62] and B-carotene (inclusive of ‘carotene’; SMD -2.17,
95% CI -3.30 to —1.03,p = < 0.01, 2 91%, 4 trials) [7,48,55,56]
were significantly lower in the plasma or serum of people with CF
compared to the non-CF controls. The non-provitamin A carotenoids,
lutein (SMD -1.52, 95% CI -1.83 to —1.20, p < 0.01, I? 0%, 2 trials)
[7,571, lycopene (2 trials; mean = SD not computable for 1 trial [42],
therefore, meta-analysis was not complete) [7,42] and zeaxanthin
(SMD 1.48,95% CI -5.87 t0 8.83,p = 0.69, I? 99%, 2 trials) [7,57] were
also studied in plasma or serum samples. The concentration of vitamin
C (inclusive of ‘ascorbic acid’) in the plasma or serum were not sig-
nificantly different between people with clinically-stable CF and non-CF
controls (SMD -0.05, 95% CI -1.83 to 1.72, p 0.95, I> 93%, 2 trials)
[41,61]. The concentration of 25(OH)D (inclusive of ‘vitamin D’) in the
plasma or serum were not significantly different between people with
clinically-stable CF and non-CF controls (SMD -0.23, 95% CI -0.79 to
0.33, p = 0.42, I2 92%, 9 trials; Fig. 2) [45,48,50,58-60,66-68]. A
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metabolite of 25(OH)D, 1,25(0H),D, has also been studied, however
concentrations in plasma or serum were not different between people
with CF and non-CF controls (SMD -0.46, 95% CI -1.12 to 0.20,
p = 0.17, I2 90%, 4 trials) [50,65,67,68]. Data were taken from samples
collected during winter months where possible. The concentration of
vitamin E (inclusive of ‘tocopherol’ and ‘a-tocopherol’) in the plasma or
serum were significantly lowered in people with CF compared to their
non-CF controls (SMD -0.67, 95% CI -1.13to —0.21,p < 0.01, 12 87%,
11 trials; Fig. 2) [7,41,54-56,59-64]. However, plasma or serum vi-
tamin E:cholesterol was not significantly different between people with
CF and their non-CF controls (SMD -0.35, 95% CI -0.03 to 0.74, p =
0.07, I> 0%, 2 trials) [52,54].

3.5.3. Trace elements

Eight studies were eligible and studied the levels of trace elements
within the plasma or serum of people with CF versus non-CF controls.
The trace elements studied were zinc (n = 6) [41,47,49,58,59,69],
copper (n = 3) [41,59,70] and selenium (n = 2) [38,41].

The concentration of copper in the plasma or serum were not sig-
nificantly different between people with clinically-stable CF and non-CF
controls (SMD 0.53, 95% CI -0.25 to 1.30, p = 0.53, I2 67%, 3 trials)
[41,59,70]. The concentration of selenium in the plasma or serum were
significantly lower in people with CF versus the non-CF controls in 1
trial [41], however, a meta-analysis was not conducted in this bio-
marker as mean + SD was not computable for the second trial [38].
The concentration of zinc in the plasma or serum was not significantly
different between people with CF and non-CF controls (SMD -0.50, 95%
CI-1.21 to 0.20, p = 0.16, I> 89%, 6 trials) [41,47,49,58,59,69].

3.5.4. Oxidoreductases

Five studies were eligible and studied oxidoreductases within the
erythrocytes, plasma or serum of people with CF versus non-CF con-
trols. The oxidoreductases studied were erythrocyte SOD activity
(n = 5) [41,53,61,64,71], erythrocyte CAT activity (n = 2) [53,61] and
plasma or serum ceruloplasmin (n = 2) content [70,71].

CAT activity in the erythrocytes were not significantly different
between people with CF and non-CF controls (SMD -0.40, 95% CI -1.51
to 0.72, p = 0.49, I? 78%, 2 trials) [53,61]. Ceruloplasmin content of
the plasma or serum were not significantly different between people
with CF and non-CF controls (SMD 0.60, 95% CI -0.38 to 1.58, p =
0.23, I 58%, 2 trials) [70,71]. SOD activity in the erythrocytes were
not significantly different between people with CF and non-CF controls
(SMD 0.02, 95% CI -1.16 to 1.20, p = 0.97, I> 96%, 5 trials)
[41,53,61,64,71].

3.5.5. Total antioxidant capacity

Four studies were eligible and studied the total antioxidant capacity
(TAC) (inclusive of total antioxidant status [TAS] and trolox equivalent
antioxidant status (TEAS)) of plasma or serum in people with CF versus
non-CF controls. TAC of the plasma or serum was not significantly
different between people with CF compared and the non-CF controls
(SMD -0.82, 95% CI -2.02 to 0.37, p = 0.18, I> 94%, 4 trials)
[58,61,72,73].

3.5.6. Lipid peroxidation

Eleven studies were eligible and studied the levels of lipid perox-
idation within the plasma or serum of people with CF versus non-CF
controls. The biomarkers studied were MDA (inclusive of the thio-
barbitoric acid reactive substances [TBARS] assay) (n = 7)
[7,42,54,56,58,61,64,72,74], hydroperoxides (n = 3) [43,64,72] and
total 8-iso-PGF,, (n = 3) [41,58,75].

The concentration of MDA (SMD 1.33, 95% CI 0.43 to 2.24,
p < 0.01, I* 96%, 8 trials; Fig. 3) [7,54,56,58,61,64,72,74] and total 8-
is0-PGF, (SMD 0.64, 95% CI 0.23 to 1.05, p < 0.01, I? 0%, 2 trials;
Fig. 3) [58,75] in the plasma or serum were significantly higher in
people with clinically-stable CF compared to the non-CF controls
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(Fig. 3). The concentration of hydroperoxides (SMD 2.80, 95% CI -2.71
to 8.31, p = 0.26, I> 99%, 2 trials; Fig. 3) [64,72] in the plasma or
serum were not significantly different between people with CF and non-
CF controls.

3.5.7. Protein carbonylation

The only biomarker of protein carbonylation studied was plasma or
serum protein carbonyls (n = 4) [42,53,54,64]. The concentration of
protein carbonyls in the plasma or serum were significantly higher in
people with CF compared to the non-CF controls (SMD 1.13, 95% CI
0.48 to 1.77, p < 0.01, I 61%, 3 trials; Fig. 3) [53,54,64].

4. Discussion

This systematic review and meta-analysis is the first to investigate
whether circulating biomarkers of antioxidant status and oxidative
stress are abnormal in people with clinically-stable CF versus non-CF
controls. Forty-nine eligible studies were identified, including a total of
1792 people with CF and 1675 controls, in which 25 biomarkers were
eligible for meta-analysis. Two principal findings were observed: (1)
vitamins A and E, [-carotene, lutein and albumin were significantly
lowered in the plasma or serum of people with clinically-stable CF
versus non-CF control participants, and (2) protein carbonyls, total 8-
iso-PG2a and MDA were significantly higher in the plasma or serum of
people with clinically-stable CF versus non-CF control participants.
These data provide systematic evidence that oxidative stress may be
implicated in the pathophysiology of CF even in those who are clini-
cally-stable and free from a pulmonary exacerbation at the time of
sampling.

4.1. Thiols

GSH is a tripeptide compound which plays a major role in regulating
intracellular redox balances. In the present review, 4 eligible studies
quantified GSH in the erythrocytes [39,51] and blood neutrophils
[40,52] of people with CF versus controls, however meta-analyses were
not possible due to appropriate data not being reported in 2 of these
trials [39,40]. Notably, neither trial included in the present review
reported significant differences in erythrocyte GSH in people with CF
compared to controls [39,51]; however, a significant negative correla-
tion between erythrocyte GSH and FEV; was reported in adults with
mild-to-very severe CF lung disease [51] (Table 3). Mangione et al. [51]
speculated that these observations reflected the mobilisation of GSH
into circulation to neutralize pulmonary reactive oxygen species in
advanced lung disease. Therefore, it could be suggested that elevated
erythrocyte GSH is a bookmark for historical incidences of oxidative
damage in the CF lung [51]. It is unknown whether other causes of
oxidative stress in CF (e.g. CF-related diabetes [CFRD]) contribute to
altered erythrocyte GSH concentrations.

Functional CFTR is permeable to GSH, and defective or deficient
CFTR may contribute to oxidative stress, due to insufficient con-
centrations of extracellular GSH [12]. No studies were eligible for the
present review that quantified plasma GSH, as GSH is rapidly oxidized
in plasma to form glutathione disulphide (GSSG) [76]. Two studies
demonstrated that there were no differences between plasma protein
thiol groups, which are rich in Cys, in people with CF compared to
controls [53,54]. Conversely, plasma or serum albumin, a protein
which constitutes the majority of the plasma protein thiol pool, was
significantly lower in people with CF compared to controls [45-50].
Notably, serum albumin may also be affected in CF by various co-
morbidities including liver disease [77] and malnutrition [78]. Im-
portantly, only 2 trials that studied circulating thiols reported the
genotype of participants [39] and no trials reported results from a
group with a single homozygous genotype. Previous reports from cell
culture have shown that GSH efflux is lowered even in genotypes with
residual CFTR function (classes IV-VI) [17]; however, no studies to date
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Cystic Fibrosis Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1Vitamin A
Vaisman [62] 064 005 11 0.4 004 10  59% 5.06 [3.16, 6.96) _—
Hubbard [55) 1588 234 16 185 15 8 11.3% -1.20[-2.13,-0.27) —
Madarasi [61] 119 032 17 138 023 13 126% -0.65[-1.39, 0.09) . |
Yadav [59) 180 30 21 456 160 27 12.7% -2.23[-2.96,-1.49] =
Jacob [49) 30.7 8.5 17 369 6 33 135% -0.88 [-1.49,-0.27) —_—
Ambroszkiew [60] 1.37 029 35 165 046 35 143% -0.72[-1.20,-0.24) =
Olveira [58] 301 92 36 396 9.6 41 14.4% -1.00[-1.47,-0.52) -
Lagrange-Puget [7] 1.33 042 232 177 0863 53 152% -0.94 [-1.25,-0.63) -
Subtotal (95% Cl) 385 220 100.0% -0.71[-1.29,-0.13] <
Heterogeneity: Tau®= 0.56; Chi*= 51.76, df=7 (P < 0.00001); F= 86%
Test for overall effect. Z=2.39 (P =0.02)
2.1.2 25(0H)D
Cohanoglu [66) 325 8.3 16 195 7.4 16  9.9% 1.61[0.80, 2.42) —
Lee [45] 355 98 25 175 6.2 28 105% 2.19[1.50, 2.88) _—
Hahn [48] 12.3 37 21 181 6 21 106% -1.34 [-2.01,-0.66) -
Yadav [59) 51 15 21 754 39 27 11.0% -0.78 [1.37,-0.18) —_
Stead [50] 26 16 N 35 10 28 11.2% -0.66 [-1.18,-0.13) ==
Ambroszkiew [60] 199 7.8 35 249 8.2 35 11.4% -0.62[-1.10,-0.14) S
Olveira [58] 248 119 36 309 75 41 11.5% -0.62 [-1.07,-0.16) -
Aris [68] 21 6.9 50 268 7.3 53 11.7% -0.81 [-1.21,-0.41) i
Rovner [67] 207 65 101 26.2 86 177 122% -0.69 [-0.95,-0.44) ke 7
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Fig. 2. Forest plot demonstrating the differences in fat-soluble vitamin concentrations in clinically-stable people with CF versus non-CF controls. N.b. ‘vitamin A’ is
inclusive of ‘retinol’, 25(OH)D’ is inclusive of ‘vitamin D’ and ‘vitamin E’ is inclusive of ‘tocopherol’ and ‘a-tocopherol’. 95% CI, 95% confidence interval; IV, inverse
variance; SD, standard deviation. N.b. a negative SMD represents a lower vitamin concentration in CF versus controls, whereas a positive SMD represents a higher

vitamin concentration in CF versus controls.

have investigated whether higher concentrations of extracellular thiols
contribute to the improved phenotype often observed in class IV-VI
genotypes. It is, therefore, important for future studies to control for the
genotype of participants and also investigate differences in thiol con-
centrations between subgroups classified by genotype.

An important area for future research is to investigate the thiol:di-
sulphide couples in the blood of individuals with clinically-stable CF.
For instance, Roum et al. [79] demonstrated that total plasma GSH was
~40% lower in people with CF versus healthy controls, however this
study was excluded from the present review as it was unclear whether
included cases were clinically-stable. In a later review, Ziady & Hansen
[15] suggested that whilst the GSH Eh was not significantly different
between people with CF and their healthy counterparts in the study by
Roum et al. [79] (=139 mV vs. —138 mV, respectively), the lower
concentration of GSH meant that an acute oxidative pertubation would
affect GSH Eh to a greater degree in those with CF versus healthy
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controls [15]. However, to fully understand the redox potential of thiols
within plasma of people with CF, other thiol:dilsufide couples must be
considered, including Cys [80] and thioredoxin [81]. No studies to date
have investigated the Cys:Cyss in people with CF. Importantly, whilst
extracellular Cys pools are a key regulator of GSH synthesis, GSH:GSSG
and Cys:cystine (Cyss) may have independent functions. For instance, a
lowered Cys:Cyss ratio causes mitochondria-derived reactive oxygen
species generation, which subsequently activates the key antioxidant
transcriptional factor, nuclear factor erythroid 2-related factor 2 (Nrf2)
[82]. Interestingly, pharmacological inhibition of CFTR in cellular
models causes lowered expression of Nrf2 in the lung epithelium [83];
therefore, thiol perturbations could contribute to the accumulation of
cytotoxic reactive oxygen species in CF.
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Cystic Fibrosis Control Std. Mean Difference Std. Mean Difference
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Fig. 3. Forest plot demonstrating the differences in biomarkers of oxidative damage in clinically-stable people with CF versus non-CF controls. 95% CI, 95%
confidence interval; IV, inverse variance; SD, standard deviation. N.b. a negative SMD represents a lower vitamin concentration in CF versus controls, whereas a

positive SMD represents a higher vitamin concentration in CF versus controls.

4.2. Micronutrients

Important sources of exogenous antioxidants are the consumption of
water- and fat-soluble vitamins. In terms of water-soluble micro-
nutrients, vitamin C content was not significantly different between
people with CF and controls; however, this was only addressed by 2
trials of moderate-to-high quality [41,61]. Importantly, Madarasi et al.
[61] reported significantly elevated vitamin C in children with CF
compared to age-matched healthy controls; however, participants en-
rolled on this study were administered 100-200 mg/d of ascorbic acid.
Conversely, Wood et al. [41] reported significantly lowered con-
centrations of vitamin C in adolescents with CF who refrained from
multivitamin supplementation for 4 weeks prior to sampling versus age-
and sex-matched healthy controls. Fat-soluble micronutrients, vitamin
A [7,41,49,55,58-62], [-carotene [7,48,55,56], lutein [7,57] and vi-
tamin E [7,41,55,56,59-64] were significantly lowered in the plasma or
serum of people with CF versus controls, whilst 25(0OH)D
[45,48,50,58-60,66-68], 1,25(0OH),D [50,65,67,68] and vitamin
E:cholesterol [52,54] were not significantly different. Importantly,
there was a considerable degree of heterogeneity in the analysis of both
water- and fat-soluble micronutrients, likely caused by differences in
the studied population (i.e. age, sex and genotype), differences in
measurement units and supplementation protocols (in addition to ad-
herence variability [18]).

Interestingly, Wood et al. [41] found significant negative
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correlations between lipid peroxidation biomarkers and vitamins C, E,
and p-carotene (Table 3). It was speculated that the intensified in-
flammatory-induced free radical production may result in a depletion of
antioxidant defences in non-supplemented CF participants [41]. Fur-
thermore, vitamins C and E were positively correlated with prog-
nostically relevant clinical outcomes, such as FEV; and the Shwachman-
Kulzycki score (Table 3). Multivitamin supplementation is a logical
strategy to increase antioxidant pools in the blood of people with CF
and is recommended by The European Society for Clinical Nutrition and
Metabolism [26]. However, increasing the concentrations of anti-
oxidant vitamins is challenging in this population due to suboptimal
dosing, poor adherence to treatment or nutrient malabsorption [18].
The high treatment burden of CF, and the subsequent poor adherence to
oral supplements, is a considerable challenge when developing inter-
ventions to mitigate oxidative stress, which is evidenced by the con-
flicting evidence regarding micronutrient supplementation for the
management of CF lung disease [84].

In addition to water- and fat-soluble vitamins, various trace ele-
ments in blood have direct antioxidant abilities as well as mediating the
activity of oxidoreductases. Only 8 included studies investigated trace
element levels in the blood of people with clinically-stable CF. The
concentration of plasma or serum copper [41,59,70] and zinc
[41,47,49,58,59,69] were not different between people with CF and
controls. Furthermore, whilst it was not possible to conduct meta-
analysis on selenium, neither of the included trials reported a
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Table 3
Statistically significant correlation coefficients for biomarkers of antioxidant
status, oxidative damage and clinical outcomes.

First author Biomarker Sample Clinical r
[reference] outcome
Vitamins
Lagrange- Vitamin A P/S BMI +NR
Puget [7] FEV, +NR
Madarasi Vitamin A P/S Shwachman-Kulzycki +0.75
[61] score
Lagrange- B-carotene P/S BMI +NR
Puget [7] FEV, +NR
Wood [41] B-carotene P/S Monocyte count -0.31°—
Neutrophil count 0.46" —
White cell count 0.42°
Lagrange- Lutein P/S BMI +NR
Puget [7]
Schupp [57] Lutein P/S Macular pigment optical ~ +0.76
density
Lagrange- Lycopene P/S BMI +NR
Puget [7] FEV, +NR
Lagrange- Zeaxanthin ~ P/S FEV, +NR
Puget [7]
Schupp [57] Zeaxanthin  P/S Macular pigment optical ~ +0.80
density
Madarasi Vitamin C P/S Shwachman-Kulzycki +0.49
[61] score
Back [42] Vitamin C P/S Age -0.77
FEV, +0.50
Aris [68] Vitamin D P/S Serum intact parathyroid -NR
hormone +NR
Serum osteocalcin -NR
Urinary free
deoxypyridinoline
Hahn [48] Vitamin D P/S Serum calcium +0.54
Diaphyseal bone mass +0.42
Aris [68] 1,25(0OH),D P/S Serum intact parathyroid -NR
hormone +NR
Serum osteocalcin -NR
Urinary free
deoxypyridinoline
Back [42] Vitamin E P/S Age —0.47
FEV; +0.46
Lagrange- Vitamin E P/S FEV; +NR
Puget [7]
Oudshoorn Vitamin E P/S Coenzyme Qg +0.40
[63]
Wood [41] Vitamin E P/S Monocyte count —0.34"—
Neutrophil count 0.34*
Trace elements
AbdulWahab  Zinc P/S BMI +NR
[69] FEV, +NR
FEV,/FVC +NR
FVC +NR
Jacob [49] Zinc P/S Age —-0.63
Retinol binding protein +0.64
Vitamin A +0.51
Mocchegiani  Zinc P/S Interleukin-2 +0.79"
[471 Weight/age (percentile) +0.86"
Weight/height deficits +0.94%
(%)
Thiols
Mangione Glutathione  Erythrocyte FEV; -0.30
[51] FVC +0.35
Other antioxidants
Lands [73] TEAC P/S BMI +0.47°
FEV, +0.43°
Uric acid +0.49"
Height +0.39"
Weight +0.50°—
RV/TLC 0.42°
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Table 3 (continued)

First author Biomarker Sample Clinical r
[reference] outcome
Lipid peroxidation
Wood [41] 8-is0-PGF,, P/S P/S B-carotene —0.42° —
P/S vitamin C 0.43"—
P/S vitamin E 0.37¢
Monocyte count +0.37¢
Neutrophil count +0.31%
White cell count +0.317
Lagrange- MDA P/S Age +NR
Puget [7]
Lagrange- TBARS P/S Age +NR
Puget [7] BMI -NR

@ Denotes that both case and control participants were included in the cor-
relation analysis.

® Denotes that both non-hospitalised and hospitalised participants were in-
cluded in the correlation analysis. +, statistically significant positive correla-
tion (p =< 0.05); -, denotes statistically significant negative correlation
(p = 0.05); 8-is0-PGFs,, F»-isoprostane 8-iso-prostaglandin F,,; BMI, body
mass index; FEV;, forced expiratory volume in 1 s; MDA, malondialdehyde; NR,
correlation coefficient not reported, but there was a statically significant cor-
relation (p < 0.05); P/S, plasma or serum; PICP, serum carboxy-terminal pro-
peptide of type I procollagen; PINP, serum amino-terminal propeptide of type I
procollagen; r, correlation coefficient; RV/TLC, residual volume/total lung ca-
pacity; TEAC, trolox equivalent antioxidant capacity; TBARS, Thiobarbituric
acid reactive substances.

significant difference between the CF and control groups [38,41]. Two
trials reported correlations between zinc and clinically relevant out-
comes, including positive relationships with lung function, nutritional
status and interleukin-2 (Table 3) [47,69]. These data suggest that
suboptimal zinc content may be observed in those with more severe
lung disease and/or malnutrition. However, whether this contributes to
cases of oxidative stress is currently unknown and warrants further
investigation.

4.3. Oxidoreductases

In addition to thiol groups and the exogenous micronutrients, blood
also contains antioxidant defence enzymes that have direct antioxidant
effects as well as catalysing reactions which maintain thiol:disulfide
ratios, which limits the development of oxidative stress [6]. The most
studied of these enzymes, SOD, was investigated in 5 trials included in
the present systematic review [41,53,61,64,71]. However, meta-ana-
lysis demonstrated that there were no significant differences in ery-
throcyte SOD activity between those with CF and controls
[41,53,61,64,71]. Notably, there was a large variability in the results of
the included trials, with 2 demonstrating lowered [71,85], 2 indifferent
[41,53] and 1 elevated [64] erythrocyte SOD activity in the CF group
versus controls. Whilst the cause for such variable results is unknown,
the only trial showing elevated erythrocyte SOD activity in CF did not
use a methodology that expressed data relative to haemoglobin or red
blood cell count [86]. While it was not possible to quantify iron defi-
ciencies in the present review, iron deficiency is reported in 64% of
clinically-stable adults with CF [87] and iron supplementation is re-
commended in those with persistent inflammation [26]. Therefore, it is
possible that the inconsistent result of elevated erythrocyte SOD ac-
tivity in people with CF is due to haemoglobin abnormalities and/or
iron supplementation (data regarding nutritional intake/supplementa-
tion was not reported) [64]. It is important to note, however, that no
correlations were observed between erythrocyte SOD activity and a



A.J. Causer, et al.

biomarker of lipid peroxidation in children with CF [85]. Therefore,
given these results, it remains unclear whether circulatory SOD activity
has a role in the pathophysiology of CF.

Other oxidoreductases included in the present review's meta-ana-
lyses were erythrocyte CAT activity and plasma/serum ceruloplasmin
content. Notably, there were no differences in erythrocyte CAT activity
[53,61] or plasma/serum ceruloplasmin content [70,71] in people with
clinically-stable CF compared to controls. However, both of these bio-
markers were studied by only 2 trials that were of moderate-to-high
quality, but contained modest sample sizes. Furthermore, trials have
documented normal plasma and whole blood GPx activity [52,58,85],
lowered plasma diamine oxidase activity [71], elevated serum GSTa
[88], elevated serum GSTa subunit 1 (GSTa;) content [89], elevated
erythrocyte glutathione reductase (GR) activity [64], and normal serum
y-glutamyl transferase (GGT) content [46]. However, these biomarkers
were not the subject of meta-analysis either due to being studied by
only a single trial or by two or more trials from the same laboratory.
Further research is required to understand whether, or not, circulating
oxidoreductases are suitable therapeutic targets.

4.4. Lipid peroxidation

A vulnerability to lipid peroxidation has been associated with re-
duced longevity of life in non-CF populations [90]. Despite the sug-
gested clinical importance of lipid peroxidation in the pathophysiology
of various chronic diseases, the poor specificity of biomarkers is often
described as a limiting factor in the study of oxidative stress [91].
However, the emergence of 8-iso-PGF»,, a lipid peroxidation product of
arachidonic acid, as a biomarker of oxidative stress has vastly improved
the progression of the field [92].

Despite a wealth of research investigating 8-iso-PGF,, levels in
human disease [22], the present review revealed only 2 independent
studies eligible for meta-analysis [58,75], both of which were of high
quality (Table 2). Whilst total 8-iso-PGF,, was significantly increased in
people with CF versus controls (Fig. 3), neither study reported con-
centrations of free 8-iso-PGF,,, which would allow the conclusion of
increased lipid peroxidation as opposed to the simultaneous activity of
the inflammatory-induced prostaglandin-endoperoxide synthases [93].
This is important, as a recent meta-analysis summarizing the levels of
total and free 8-iso-PGF,, in human disease demonstrated a greater
response of free 8-is0-PGF,,, in CF (including those who are classified as
unstable) versus controls, suggesting that the increased concentrations
of 8-iso-PGF,, may be a result of non-specific production [22].

The most studied biomarker of lipid peroxidation in CF was MDA in
plasma or serum, which was the topic of 8 trials eligible for meta-
analysis [7,54,56,58,61,64,72,74]. Meta-analysis observed significantly
elevated concentrations of MDA in the plasma or serum of people with
CF versus controls, albeit with a large degree of heterogeneity (Fig. 3).
Notably, 5/8 of the trials measured MDA using thiobarbituric acid
based assays [56,58,64,72,85]; however, the use of these assays in
complex biological samples is cautioned against as many compounds
within blood react with thiobarbituric acid to produce coloured adducts
that could be mistaken for elevated lipid peroxidation [94]. In contrast,
the present review demonstrated that concentrations of lipid hydro-
peroxides in the plasma or serum of people with CF versus controls
were not different; however, meta-analysis was only conducted on 2
trials and a large degree of heterogeneity limited the results (Fig. 3).

Interestingly, lipid peroxidation biomarkers were positively corre-
lated to blood monocyte, neutrophil and white cell counts (Table 3).
These correlations suggest that elevated total 8-iso-PGF,, is associated
with exacerbated immune stresses and inflammation that characterises
CF-lung disease. Indeed, chronic bacterial colonisation of the CF airway
leads to a dysregulated cycle of inflammation and redox dysregulation
[95], which subsequently leads to cases of oxidative stress [53]. There
was not sufficient data to conduct subgroup analysis of 8-iso-PGFy
content in participants with varying degrees of lung disease. However,
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it must be noted that there was no significant correlations between total
8-is0-PGF,, and FEV; in people with mild-to-moderate CF lung disease
[41,75]. Importantly, authors state that whilst spirometry assesses
previous lung damage from infection, transient increases in 8-iso-PGF,q
may reflect the current pathophysiological state of the lung [96].
Therefore, future trials investigating longitudinal changes in blood 8-
iso-PGF,,, alongside spirometry may be of interest to determine whe-
ther this biomarker is a suitable target for redox-based therapeutics.

Various non-pulmonary consequences of CF have also been sug-
gested to contribute to lipid peroxidation, such as CF-related dysgly-
caemia [11]. Specifically, exocrine pancreatic insufficiency and vari-
able insulin resistance lead to the development of CFRD in ~35% of
adults with CF [4], which is associated with greater declines in lung
function [97], nutritional status [98], exercise capacity [99] and
prognosis [100]. It was not possible to conduct sub-group analysis on
lipid peroxidation biomarkers in people along the dysglycaemic spec-
trum of CF, and no correlations between lipid peroxidation and gly-
caemic control were reported by included studies. No studies to date
have investigated the content of 8-iso-PGF,, in CFRD. Instead, Ntim-
bane et al. [11] described significantly increased concentrations
(+109%) of 4-hydroxynonenal (HNE)-protein adducts in people with
CFRD vs. their CF-counterparts with normal glucose tolerance. Oxida-
tive stress, in vitro, is also implicated in pancreatic -cell dysregulation,
and thus, reduced insulin secretion [101]. Therefore, whilst defective
CFTR contributes to oxidative stress in CF, it is likely that the dysre-
gulation of various inflammatory-redox cycles also exacerbates cellular
damage and contributes to a worsened phenotype (e.g. the progression
from impaired glucose tolerance to CFRD) [101].

Whilst the present meta-analysis does provide preliminary evidence
that lipid peroxidation is elevated in the blood of clinically-stable
people with CF, further high-quality research is required to improve the
clarity of our understanding. Prospective observational trials should
quantify free and total 8-iso-PGF,, in CF versus healthy control parti-
cipants. Such data would further the rationale to investigate redox-
based therapeutics in CF. In other chronic health conditions, non-
pharmaceutical interventions to inhibit lipid peroxidation include
dietary and lifestyle modifications (e.g. physical activity promotion),
and supplementation of various extracts, oils and juices (e.g. green tea
extract); however, such strategies are yet to be investigated in people
with CF [102].

4.5. Protein carbonylation

Oxidative damage of proteins has been linked with the pathophy-
siology of many diseases and is most commonly quantified by the de-
termination of protein carbonyls [6]. A number of radical species, in-
cluding hydrogen peroxide and peroxynitrous acid, readily oxidize
amino acid residues to form carbonyl groups. The present review ob-
served significantly elevated concentrations of protein carbonyls in the
plasma or serum of people with CF versus controls (Fig. 3). However,
included studies did not report correlation coefficients between protein
carbonyls and clinically relevant outcomes. In other chronic health
conditions, oxidative damage to proteins is a significant contributor to
skeletal muscle dysfunction [103], with reports showing elevated con-
centrations of protein carbonylation and nitration in the blood and
skeletal muscle of people with chronic obstructive pulmonary disease
[104]. Such associations could have implications in the skeletal muscle
dysfunction which characterise CF [105].

It has been suggested that peripheral skeletal muscle dysfunction in
CF may be a consequence of reduced skeletal muscle mass due to nu-
trient malabsorption, physical inactivity and inflammation, but also a
defect in skeletal muscle oxidative metabolism [106,107]. More re-
cently, redox disturbances have been suggested to contribute to exercise
intolerance in CF [108]. Tucker et al. [108] used electron paramagnetic
resonance spectroscopy to determine alkoxyl radical formation during a
single bout of submaximal cycling in adolescents with CF (FEV;



A.J. Causer, et al.

93 *+ 16% predicted) versus age- and sex-matched healthy controls. It
was discovered that whilst circulating protein carbonyls and total 8-iso-
PGF,, were not significantly different at baseline or during exercise
(notably, in a small sample of adolescents with only mild CF lung dis-
ease), there was a significant increase in alkoxyl radical production
during exercise in the CF group only [108]. However, the sources for an
exacerbated production of reactive oxygen species during exercise in
people with CF are unknown.

Defective CFTR has been associated with mitochondrial defects [109],
whereby several studies have reported a reduced activity of the mi-
tochondrial complex I in CF cells [110-112], potentially due to mi-
tochondrial GSH depletion [113], and complex V in CF mice (F508del)
[114]. However, a marker of mitochondrial oxidative stress, aconitase,
was not different in skeletal muscle subsarcolemmal or interfibrillar mi-
tochondria between CF and control mice [114]. Other key non-mi-
tochondrial sources of reactive oxygen species that could contribute to the
oxidative modification of protein during exercise are NADPH oxidase,
xanthine oxidase and phospholipase A, [115]. However, these enzyme
complexes are yet to be studied in models of CF skeletal muscle. It is,
therefore, not clear whether redox imbalances are a suitable therapeutic
target to improve mitochondrial function and/or skeletal muscle oxidative
capacity in CF. This represents an important avenue for future research.

Whilst the present meta-analysis does provide preliminary evidence
that protein carbonylation is elevated in the blood of clinically-stable
people with CF, further research is required to improve the clarity of
our understanding. Prospective observational trials should identify re-
lationships between protein carbonylation biomarkers and clinically
relevant outcomes.

4.6. Limitations

The present systematic review and meta-analysis had several in-
herent limitations. At present, there are significant gaps in the literature
investigating whether age, sex and genotype affect redox biomarkers.
From the correlations reported by the studies included in this review, it
appears that antioxidants have a negative, but oxidative stress bio-
markers have a positive relationship with age. However, longitudinal
studies are required to confirm these associations. A limiting factor of
the present review was a high degree of heterogeneity in the majority of
biomarkers, which might be explained by only 10/49 studies having
matched cases and controls by age and one other factor (Table 2). We,
therefore, recommend that future trials must match controls and cases
by at least age and, preferably, sex. Other sources of heterogeneity in-
clude variations in the methodology of the assays and units of measure.

Another important limitation is the age of some of the included
studies. Due to advances in medicine, the survival age of people with CF
has substantially increased since the oldest included study in 1977.
Furthermore, ground breaking treatments, such as CFTR modulators
that alter the negative consequences of CFTR mutations at a molecular
level, are becoming mainstream treatment options. It is unknown
whether the redox imbalances observed in the present review would
persist following CFTR modulator treatment, and this is also an im-
portant area for future research.

4.7. Future research directions

The present review focussed upon antioxidant and oxidative stress
biomarkers that were sampled whilst the cases with CF had clinically-
stable lung disease (i.e. not hospitalised). In addition to increased lung
infection and inflammation [116], CF-related pulmonary exacerbations
are also associated with the development of acute dysglycaemia even in
cases with normal glucose tolerance [117], increased muscle weakness
and weight loss in bedbound patients [118,119], and hypovitaminosis
of antioxidant micronutrients [28] - all of which may increase bio-
markers of oxidative damage [6]. Furthermore, whilst the treatment of
pulmonary exacerbations may lead to increased antioxidant vitamin
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content of the blood plasma [120], evidence of elevated lipid perox-
idation and protein carbonylation persist despite significant improve-
ments in lung function [120,121]. Therefore, it would be of interest for
future trials to investigate whether such redox imbalances following the
treatment of acute pulmonary exacerbations are associated with clini-
cally relevant outcomes, such as time until the next hospitalization.

Various biomarkers which are important to understand oxidative
stress in vivo have not yet been studied on a case-control basis in the
blood of people with clinically-stable CF. DNA oxidation can be quan-
tified by circulating 8-OHdG. Systematic evidence suggests blood 8-
OHAG is elevated in cardiovascular disease [122]. Furthermore, ele-
vated blood 8-OHdG is associated with poorer prognosis in people with
metabolic [123], cardiovascular [124,125] and neurodegenerative
[126] diseases. Elevated urinary 8-OHAG has been documented in
adolescents with mild to severe CF lung disease versus age-matched
controls [127]. Additionally, urinary 8-OHdG was positively associated
with plasma a-tocopherol, but a significant correlation was not ob-
served with FEV; [127]. However, various co-morbidities of CF, such as
renal disease, are becoming increasingly common [29]. These co-mor-
bidities may cause local inflammation that could reduce the ability of
urinary samples to provide systemic indices of oxidative stress. There-
fore, it would be useful to confirm these findings in blood samples.

Another increasingly recognised co-morbidity of CF is micro- [128]
and macrovascular [129] endothelial dysfunction [130], which may be
accentuated by the development of dysglycaemia [131]. Cell culture
studies have demonstrated that CFTR is expressed in endothelial cells
from the human pulmonary artery [132,133], lung microvasculature
[134] and umbilical vein [134], which normally limits, but in CF may
exacerbate, the production of pro-inflammatory and pro-oxidant path-
ways [130]. Previous research has demonstrated that acute treatment of
CF participants with antioxidants (1000 mg vitamin C, 600 IU vitamin
E, and 600 mg a-lipoic acid) [135] or tetrahydrobiopterin (20 mg/kg)
[136] improved endothelial function measured by flow mediated dila-
tion. These data implicate both oxidative stress and a reduced bioa-
vailability of the potent vasodilator, nitric oxide, in CF-related en-
dothelial dysfunction. Notably, in circumstances of oxidative stress,
superoxide readily oxidises nitric oxide to form peroxynitrite. There-
fore, it would be useful for future studies to quantify levels of ni-
trotyrosine (a biomarker of nitrosative stress by reactive nitrogen spe-
cies, including peroxynitrite) in the blood of clinically-stable people
with CF versus controls. Notably, previous trials have reported elevated
concentrations of nitrotyrosine in the exhaled breath condensate [137]
and sputum [138] of people with CF.

5. Conclusion

This review is the first to systematically demonstrate that some, but
not all, circulating biomarkers of antioxidant capacity are lowered and
oxidative stress are increased in people with clinically-stable CF com-
pared to controls. Further research is required to understand the con-
sequences of oxidative stress upon the pathophysiology of CF-related
disorders, such as lung disease, diabetes mellitus and skeletal muscle
abnormalities.
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