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ABSTRACT: The most prevalent comorbidity among cystic fibrosis (CF) patients is cystic fibrosis-related diabetes (CFRD).
CFRD has been linked to one of the worse clinical outcomes and a higher mortality. Improved clinical results have been related to
earlier diagnosis and treatment of CFRD. Therefore, the present study aimed to investigate the metabolome of human serum of
patients with CFRD. This might aid in identifying novel biomarkers linked with the pathophysiology of CFRD and its diagnosis. The
liquid chromatography−high-resolution mass spectrometry (LC−HRMS) metabolomics approach was utilized for serum samples
from patients with CF (n = 36) and healthy controls (n = 36). Nine patients in the CF group had CFRD, and 27 were non-CFRD
patients (nCFRD). A total of 2328 metabolites were significantly altered in CF compared with the healthy control. Among those,
799 significantly dysregulated metabolites were identified between CFRD and nCFRD. Arachidonic acid (AA), ascorbate, and
aldarate metabolism were the most common metabolic pathways dysregulated in CF. L-Homocysteic acid (L-HCA) levels were
significantly reduced in CF and CFRD compared to the control and nCFRD, respectively. In addition, gamma-glutamylglycine and
L-5-hydroxytryptophan (5-HTP) had the highest discrimination between CFRD and nCFRD with AUC (0.716 and 0.683,
respectively). These biomarkers might serve as diagnostic biomarkers and aid in understanding potential metabolic changes linked to
CF and CFRD.

■ INTRODUCTION
Alterations in a specific gene responsible for encoding the
cystic fibrosis transmembrane conductance regulator (CFTR)
led to the development of cystic fibrosis (CF). This complex
disorder impacts various systems within the body. This
condition affects various organs, encompassing the respiratory
system, gastrointestinal tract, exocrine pancreas, and hepato-
biliary system.1 The CFTR gene is located on chromosome 7
(7q31.2) and has approximately 2,100 known variants.2 So far,
about 400 CFTR gene mutations have been shown to cause
CF.3 The deletion of a phenylalanine residue at position 508
(F508) is the most common mutation.
The most common nonpulmonary complication of CF is

cystic fibrosis-related diabetes (CFRD), which affects approx-
imately half of all individuals with CF at some time.4 Patients
with severe CFTR pathogenic variants (which represent 85%
of the patients with CF) that cause pancreatic insufficiency
(PI) are more likely to develop CFRD.5 A lack of insulin due
to dysfunctional beta cells is the primary cause of the disease.
However, insulin resistance, insufficient functioning of other
pancreatic hormones, disruption in the gut-insulin connection,

and disruption in the process of insulin clearance are also
contributors.6

Despite sharing characteristics with types 1 (T1DM) and 2
of diabetes mellitus (T2DM), such as insulin reduction and
resistance, CFRD is a distinct type of disease. Unlike T1DM,
CF β-cell destruction is not autoimmune and remains insulin-
secreting.7 Instead, aberrant chloride channel activity causes
thick viscous secretions that damage the exocrine pancreas.8

Some of CFRD’s distinguishing features include an increased
energy expenditure necessitating a very high caloric intake to
maintain weight and nutritional status, a deficiency but not
absence of insulin secretion due to pancreatic islet deficiency
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or malfunction, chronic baseline inflammation that periodically
flares during infection, and increased energy expenditure.9

CFRD is linked to increased morbidity due to a worsening
lung and nutritional status and increased risk of microvascular
complications, which often start before a diagnosis of CFRD,
and increased mortality if CFRD is not treated.10 If correctly
treated, then CFRD diagnosis at an earlier stage may lead to
better clinical outcomes and lower mortality rates.
The classic symptoms of diabetes, such as polyuria and

polydipsia, may not be present in CFRD, and other symptoms,
such as poor growth and an unexpected decline in pulmonary
function, are also nonspecific.11 Moreover, because HbA1c
(%) may be normal in the early stages and cases of intermittent
hyperglycemia, it should not be used solely as a screening test
for CFRD. HbA1c values may be lower than normal because
erythrocyte half-life is shortened in CF due to the chronic
inflammatory state.11

Current guidelines conducted by CF Foundation recom-
mended that patients over 10 years should undergo a 2 h oral
glucose tolerance test (OGTT) every year to check for
CFRD.12 Only a few of these patients follow these guidelines,
as the reported screening rates are less than 50%.13 Therefore,
adherence to these guidelines could be enhanced by identifying
those at the highest risk for developing CFRD early.
Metabolomics is a highly effective analytical method for

studying metabolites, a class of small molecules found in cells,
biofluids, tissues, and organisms, including amino acids, lipids,
and carbohydrates.14 Comprehensive information about
metabolic processes is provided by global metabolomics,
which has implications for the identification of biomarkers and
the potential explanation of disease pathogenesis.15,16 Plasma
metabolic alterations in CFRD are yet not completely
understood, and limited studies have explored the metabolic
differences between CFRD and without CFRD (nCFRD)
patients.16 Additionally, the absence of biomarkers linked with
impaired glucose metabolism makes it difficult to diagnose
CFRD. Therefore, this study aims to identify novel
metabolomics biomarkers between CFRD and nCFRD.

■ MATERIALS AND METHODS
Study Design and Sample Collection. CF patients (n =

36) and age- and gender-matched healthy controls (n = 36)
were enrolled in this study. Among 36 patients with CF, nine
patients had CFRD. The institutional review board at King
Faisal Specialist Hospital and Research Center (KFSHRC)
approved this study (RAC# 2160 031). The exclusion criteria
were patients who participated in other clinical studies in the
last 30 days and were unable or unwilling to provide informed
consent. The samples were collected as previously described.17

In brief, blood samples were taken from adult CF patients who
visited the adult CF-Pulmonology clinic at the King Faisal
Specialist Hospital and Research Center (KFSHRC) in
Riyadh, Saudi Arabia. The samples were centrifugated to
separate the serum and frozen at −80 °C for further analysis.

Sample Preparation and Metabolite Extraction. A
standard procedure was used for metabolite extraction.18

Briefly, metabolites were extracted from plasma samples by
adding an extraction solvent of ACN:MeOH (1:1) followed by
vortexing at 600 rpm, 4 °C for 1 h in a Thermomixer
(Eppendorf, Germany). The samples were then centrifuged at
16,000 rpm for 10 min at 4 °C. Subsequently, the supernatant
was dried using a SpeedVac (Christ, Germany) and
resuspended in 100 μL of 50% A:B mobile phase before

LC/MS analysis (A: 0.1% formic acid in dH2O, B: 0.1% FA in
50% ACN:MeOH). Pooled QC was prepared from all samples
to check the instrument performance.

LC−HRMS Metabolomics. Untargeted metabolomics
analyses were performed using LCMS as previously reported.19

A Waters Acquity UPLC system coupled with a Xevo G2-S
QTOF mass spectrometer equipped with an electrospray
ionization source (ESI) was used. The samples were separated
by an ACQUITY UPLC and eluted through an XSelect (100 ×
2.1 mm 2.5 mm) column (Waters Ltd., Elstree, UK). The
composition of mobile phase solvent A was 0.1% formic acid in
dH2O, and that of solvent B was 0.1% formic acid in 50%
ACN:MeOH. The flow rate was at 0.300 μL/min. The
gradient started with 95%−5% A for 16 min followed by 4 min
of 5%−95% A, 1 min of 5%−95% A, and then 2 min of 95−5%
A. The total run time was 23 min with an injection volume of 5
μL. MS spectra were acquired under positive and negative
electrospray ionization modes (ESI+, ESI−). MS conditions
were as follows: the source and desolvation temperatures were
set at 150 and 500 °C (ESI+) or 140 °C (ESI−), respectively.
The capillary voltage was 3.20 kV (ESI+) or 3 kV (ESI−), the
cone voltage was 40 V, the desolvation gas flow was 800.0 L/h,
and the cone gas flow was 50 L/h. The collision energies of
low and high functions were set off at 10 and 50 V,
respectively, in MSE mode. Data were collected in continuum
mode with a MasslynxTM V4.1 workstation (Waters Inc.,
Milford, MA, USA).

Statistical and Data Analysis. The raw data were
processed by a standard pipeline using the Progenesis QI
v.3.0 software from Waters (Waters Technologies, Milford,
MA., USA). Processing started from alignment based on the
m/z value and retention time followed by peak picking and
signal filtering based on peak quality. Further analyses were
conducted on features detected in at least 80% of the samples.
MetaboAnalyst version 5.0 (McGill University, Montreal,
Canada) (http://www.metaboanalyst.ca, accessed on 5 May
2023) was used for multivariate statistical analysis. The data
sets were mean-normalized, Pareto-scaled, and log-transformed
to preserve their normal distribution and correctly select the
appropriate statistical model. Partial least-squares-discriminant
analysis (PLS-DA) and orthogonal partial least-squares-
discriminant analysis (OPLS-DA) models were created using
the normalized data sets. The model’s fitness (R2Y) and
predictive ability (Q2) values of the OPLS-DA models were
validated using permutation validation of 100 samples.
Permutation validation of 100 samples was used to evaluate
the fitness of the OPLS-DA models (R2Y) and predictive
ability (Q2). Univariate analysis was performed using Mass
Profiler Professional software (Agilent, Santa Clara, CA, USA).
Volcano plots were used to identify significant mass features
based on a fold change (FC) cutoff of 2 and false discovery
rate (FDR)-corrected p-value < 0.05. Pathway analysis and
receiver operating characteristic (ROC) curves with PLS-DA
as classification and feature ranking method were created in the
MetaboAnalyst v 5.0 for global analysis to evaluate potential
biomarkers. The significant features were annotated in
Progenesis IQ software and identified based on their exact
masses and fragmentation pattern by Human Metabolome
Database (HMDB).

■ RESULTS
Demographics and Clinical Features in Patients with

CFRD. Table 1 summarizes the clinical and biochemical
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information on CF patients. CF patients were 20 females
(55.56%), and 16 males (44.44%) with an average age of 20.5
± 5.6 years, and healthy controls were gender-matched, with
an average age of 22.6 ± 9.1 years. The group summary of

CFRD (n = 9) and those without CFRD (nCFRD) (n = 27)
with their corresponding controls is shown in Tables S1−S3.

Metabolomics Profiling between CF and Control. A
total of 51,298 mass ion features were detected in both positive

Table 1. Demographic and Clinical Characteristics of CF Patients (n = 36) and Healthy Controls (n = 36)a

sample number male % average age p-value FEV1 L (%) average

CF CFRD 9 22% 17.5 ± 5.5 0.23 51% ± 28.3
nCFRD 27 52% 21.5 ± 5.4 51% ± 25.6

healthy control 36 44% 22.6 ± 9.1
aCFRD: Cystic fibrosis-related diabetes; FEV1: forced expiratory volume in second.

Figure 1. (A) Volcano plot showing significantly dysregulated metabolites between CF and healthy control (modified t test, FDR p-value ≤0.05,
fold change (FC) 2). It showed 2328 significantly dysregulated metabolites. 605 metabolites were up-regulated (red) and 1723 were down-
regulated (blue) in CF. (B) OPLS-DA shows a clear separation between the two groups. The robustness of the created models was evaluated by the
fitness of the model (R2Y = 0.99) and predictive ability (Q2= 0.755) values in a larger data set (n = 100).

Figure 2. Pathway analysis of 405 significantly dysregulated endogenous metabolites in CF patients showed altered arachidonic acid metabolism
and ascorbate and aldarate metabolism. The node color and size are based on the p-value and the pathway impact value, respectively.
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and negative ionization modes. Features with missing values of
more than 80% of the samples in any group were excluded
(51.6%), and the remaining features (24793) were further

statistically analyzed. Data were normalized to the sample
median, transformed to log 10, and scaled with the Pareto
method to ensure all the analytes and samples were normally

Figure 3. Receiver operating characteristics (ROC) curve and loading for significantly altered metabolites in CF patients and healthy controls. (A)
The PLS-DA model produced an ROC with an area under the curve (AUC) of 0.996 for the top 5 variants. (B) Frequency plot ranking the most
important features of a selected model. (C) PA (14:1/18:1−2OH(9,10)) with AUC: 0.995 and (D) L-homocysteic acid with AUC: 1, which were
upregulated and downregulated in CF patients, respectively. (E) PA (14:1/18:1−2OH(9,10)/HCA ratio with AUC:1, which was upregulated in
CF patients compared Ctrl.
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distributed. Univariate analysis was performed to identify
significantly different features among the study groups. Then,
24,793 features were statistically evaluated among the two
groups using volcano plot analysis (moderated t test, FDR p-
value ≤0.05, FC 2), showing 2328 significantly dysregulated
metabolites. A total of 605 metabolites were upregulated, and
1723 were downregulated (Figure 1A). OPLS-DA shows a
significant difference between the two groups (CF and healthy
control) with R2Y = 0.992 and Q2= 0.755 (Figure 1 B),
indicating a significant metabolic difference between the CF
and healthy groups. Figure 2 shows the pathway analysis of
identified endogenous metabolites, which was performed to
determine the most altered pathways. Arachidonic acid (AA)
metabolism and ascorbate and aldarate metabolism were
among the pathways that had the highest impact.
Biomarker analysis was performed to evaluate potential

biomarkers using the receiver operating characteristic (ROC)
curve with PLS-DA as the classification and feature ranking
method. Figure 3A displays a multivariate exploratory ROC
analysis with the top 5 features having an AUC = 0.996. The
frequency plot displaying the top 15 important features of a
selected model is shown in Figure 3B. The ROC curve of
individual biomarkers, PA (14:1/18:1−2OH(9,10)) (AUC =
0.995), L-homocysteic acid (L-HCA) (AUC = 1), and PA
(14:1/18:1−2OH(9,10)/HCA ratio (AUC:1) are illustrated in
Figure 3C,D,E respectively.

Metabolomics Profiling between CFRD and nCFRD.
Univariate analysis using FDR < 0.05 revealed that 799
metabolites were altered between CFRD and nCFRD groups.
Volcano plots applying p-value and fold change (FC)
thresholds of 0.05 and 2, respectively, showed that 44 and
755 metabolites were significantly up- and downregulated,
respectively, in CFRD compared to nCFRD (Figure 4).
The identification of metabolites with the potential to serve

as prospective biomarkers and the assessment of the diagnostic
precision of these metabolites were performed using ROC
analysis. PLS-DA was employed as a classification and feature

ranking technique to create a multivariate exploratory ROC
analysis. Ten features at the exploratory ROC curve had an
area under the curve (AUC) value of 0.620 (Figure 5A).
Ribothymidine, gamma-glutamylglycine, and L-HCA (Figure
5B) were significantly dysregulated between the study groups
with the highest frequency. Gamma-glutamylglycine was
upregulated in CFRD compared to nCFRD with an AUC of
0.716 (Figure 5C). In contrast, hydroxy-L-tryptophan was
downregulated in CFRD compared to nCFRD with an AUC of
0683 (Figure 5D).

■ DISCUSSION
CFRD is an extrapulmonary complication that increases
morbidity and death. Patients with CF and impaired glucose
metabolism must be diagnosed early with CFRD, thereby
reducing pulmonary decline rates. Therefore, we utilized a
metabolomics technique based on mass spectrometry for
metabolomics profiling of CFRD and nCFRD, highlighting
changed pathways and identifying possible biomarkers that
might guide therapy and help in pulmonary deterioration.
AA is a notably altered mechanism between CF and the

control. AA is a fatty acid required for synthesizing
prostaglandins, thromboxanes, and leukotrienes. It plays a
significant role in various physiological processes, including
inflammation and immune responses.20 In the context of CF,
consistent with our study, Wheelock et al. found that an
increased release of AA in CF is associated with worsening
pulmonary symptoms.21 Moreover, alterations in AA enhance
airway mucus production in patients with CF.22

Phosphatidic acid (PA) is a key molecule in the production
of phospholipids and in the formation of cellular membrane
formation. It may also be a key second messenger in several
cellular signaling events, such as inflammation.23 It was found
that different CF genotypic classes have a significant impact on
PA blood levels.24 In addition, lung surfactant synthesis and
composition may be altered by elevated PA levels, which may
affect lung function and cause respiratory distress.25

In CF, PA can turn on different inflammatory pathways,
such as the nuclear factor-kappa B (NF-B) signaling system,
which makes molecules that cause inflammation.26 This could
cause damage to lung cells and can be associated with
pulmonary complications.
Our results show that ribothymidine, which is a methylur-

idine with a single methyl group at the 5-position of the uracil
ring, is significantly higher in CFRD compared to nCFRD.
This result is consistent with previous results, which showed
high concentrations in patients with T2DM reduced by the
ani-diabetic effector of berberine treatment.27

We have found that homocysteic acid (HCA) levels
decreased significantly in both CF compared to the control
group and CFRD compared to nCFRD. Oxidation of
homocysteine results in the formation of HCA. Furthermore,
superoxide oxidation of methionine results in its formation. As
a result, HCA is produced due to an increase in homocysteine
and via a direct synthesis process. Low HCA in patients with
CF and CFRD compared to control and nCFRD, respectively,
may be explained due to several amino acids depletion and
impaired metabolism.28 Since HCA is lower in CF compared
to healthy controls, and between patients with CF HCA was
lower in CFRD than nCFRD, we can suggest the presence of
lower HCA may imply either a worse phenotype of CF (i.e.,
CFRD) or more progression of CF. Low dietary intake and
impairment in folate and vitamin B12 absorption will result in

Figure 4. Volcano plot showing significantly dysregulated metabolites
between CFRD vs nCFRD (moderated t test, p-value ≤0.05, fold
change (FC) 1.5). It showed 799 significantly dysregulated
metabolites. 44 metabolites were upregulated (red) and 755 were
downregulated (blue) in CFRD.
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low methionine levels, ultimately inhibiting homocysteine
formation and reducing HCA levels.29

Gamma-glutamyl dipeptides are a group of bioactive
peptides with gamma-glutamyl residues and amino acids.
They can be synthesized through the metabolism of Gamma-
glutamyl-cysteine synthetase (-GCS) and Gamma-glutamyl
transferase (-GGT) in humans and microorganisms.30 Recent
studies have shown that gamma-glutamyl dipeptides are
involved in various biological processes. By activating
calcium-sensing receptors (CasR) in several organs, these
mechanisms include modulation of inflammation, oxidative
stress responses, and glucose metabolism.31 Gamma-glutamyl
dipeptide imbalances have been linked to several illnesses,
including obesity, MetS, type 2 diabetes, and CVDs.32 In our
study, gamma-glutamyl-glycine was significantly higher in our
CFRD compared with non-CFRD, which may be explained by
reduced activity of glutamyl transferase, which may reflect the
heightened redox and oxidative state caused by CF, and which
also concurrently leads to altered levels of glutamate, as was
shown in a previous study by et al. Masood.15 Moreover,

gamma-glutamyl dipeptides were associated with incidents of
T2DM.33 Given the pivotal role of oxidative stress in driving
the development of complications in diabetes,34 the formation
of gamma-glutamyl dipeptide could serve as a useful indicative
biomarker for the complications of CF toward CFRD.
L-5-hydroxytryptophan (5-HTP) is produced by tryptophan

hydroxylase (TPH) and decarboxylated to produce serotonin,
monoamine neurotransmitters that regulate mood, cognition,
reward, learning, memory, sleep, and many other physiological
processes.35 In a mouse model, the buildup of serotonin in the
liver but not the brain is linked to the hypoglycemia caused by
5-HTP.36 When blood sugar levels are high, serotonin triggers
insulin release, which has antidiabetic properties.37 5-HTP
depletion as a precursor to serotonin leads to low levels of
serotonin production, and it may indirectly be associated with
hyperglycemia, which is consistent with our result.
Consistent with our findings regarding significantly lower

levels of lysophosphatidylethanolamine in CFRD compared
with nCFRD, a study investigating the correlation between
changes in plasma metabolites and the possibility of developing

Figure 5. (A) Receiver operating characteristic (ROC) curve based on 12 significantly dysregulated endogenous metabolites between CFRD and
nCFRD using PLS-DA as the classification and feature ranking method with an area under the curve (AUC) of 0.581 for the top 5 variants. (B)
Frequency plot showing the top 10 significantly dysregulated identified endogenous metabolites. (C) Gamma-glutamylglycine with AUC: 0.716
and (D) 5-hydroxy-L-tryptophan with AUC: 0.683, upregulated and downregulated in CFRD, respectively.
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T2DM over a 10-year period found that lysophosphatidyle-
thanolamine was one of the top three low T2DM risk-
associated 10-year metabolite changes.38

The metabolite 2-ethylhydracrylic acid is significantly
reduced in CFRD compared to nCFRD. This metabolite is
produced from isoleucine metabolism.39 Our findings are
consistent with previous research showing that isoleucine
metabolism is disturbed due to insulin resistance and with
lower insulin production, which has an effect on both T1DM
and T2DM.40

While this study provides valuable insights, a limitation is the
relatively small size of the patient population, which did not
fully consider the genetic variations of CF. Future research
should expand the study size and incorporate analysis based on
different CF-causing mutations to obtain a more comprehen-
sive understanding.

■ CONCLUSION
To obtain novel insights into the disturbed biochemical
pathways in CF and CFRD compared to the control and to
find potential biomarkers, the MS-based metabolomics
technique was applied to serum samples from patients with
CF for the first time to our knowledge. Some of the metabolic
pathways most often affected in CF were AA, ascorbate, and
aldarate metabolism. The gamma-glutamylglycine and 5-HTP
showed the most significant ability to differentiate between
CFRD and nCFRD. Moreover, L-HCA levels were significantly
reduced in CF and CFRD compared to those in control and
nCFRD, respectively. However, these biomarker panels must
be verified in a larger multicenter experiment before being
utilized in clinical practice.

■ ASSOCIATED CONTENT
Data Availability Statement
The raw data of this study were deposited to Metabolomics
Workbench (https://www.metabolomicsworkbench.org (Re-
leased Date September 1, 2023) and can be accessed at
(accession number ST002811)
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c03626.

Table S1: Summary of CFRD patients and control;
Table S2: Summary of CF(T2DM) patients and control;
Table S3: summary of CF (nT2DM) patients and
control; Table S4: Raw data of CF patients and healthy
controls.; Table S5: Binary comparison of CF patients
and healthy controls. (Moderated t.test, p value <0.05,
Fold change 2); Table S6: Endogenous metabolites.
Moderated t.test, p value <0.05, FC 2; Table S7: Binary
comparison of CF patients (T2DM vs nT2DM) on 2328
significant metabolites. (Moderated t.test, p value <0.05,
Fold change 2) (XLSX)

■ AUTHOR INFORMATION
Corresponding Author

Anas M. Abdel Rahman − Metabolomics Section, Department
of Clinical Genomics, Center for Genomics Medicine, King
Faisal Specialist Hospital and Research Centre (KFSHRC),
Riyadh 11211, Saudi Arabia; Department of Biochemistry
and Molecular Medicine, College of Medicine, Alfaisal
University, Riyadh 11533, Saudi Arabia; orcid.org/0000-
0002-9527-9424; Email: aabdelrahman46@kfshrc.edu.sa

Authors
Muhammad Mujammami − Endocrinology and Diabetes
Unit, Department of Medicine, College of Medicine and
Diabetes University Center, King Saud University Medical
City, King Saud University, Riyadh 12372, Saudi Arabia

Refat M. Nimer − Department of Medical Laboratory
Sciences, Jordan University of Science and Technology, Irbid
22110, Jordan

Maha Al Mogren − Metabolomics Section, Department of
Clinical Genomics, Center for Genomics Medicine, King
Faisal Specialist Hospital and Research Centre (KFSHRC),
Riyadh 11211, Saudi Arabia

Reem Almalki − Metabolomics Section, Department of
Clinical Genomics, Center for Genomics Medicine, King
Faisal Specialist Hospital and Research Centre (KFSHRC),
Riyadh 11211, Saudi Arabia; orcid.org/0000-0001-
5221-5634

Mohamad S. Alabdaljabar − Department of Internal
Medicine, Mayo Clinic, Rochester, Minnesota 55905, United
States

Hicham Benabdelkamel − Proteomics Resource Unit, Obesity
Research Center, College of Medicine, King Saud University,
Riyadh 11362, Saudi Arabia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c03626

Funding
This research was funded by the University Diabetes Center,
King Saud University.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to express their gratitude to the
University Diabetes Center, King Saud University, for funding
this project.

■ REFERENCES
(1) Riordan, J. R.; Rommens, J. M.; Kerem, B-s; Alon, N.; Rozmahel,
R.; Grzelczak, Z.; et al. Identification of the cystic fibrosis gene:
cloning and characterization of complementary DNA. Science. 1989,
245 (4922), 1066−73.
(2) Cystic Fibrosis Mutation database. Cystic fibrosis mutation
database 2021, http://www.genet.sickkids.on.ca/StatisticsPage.html.
(3) (CFTR2) CaFToC. Clinical and Functional TRanslation of CFTR
(CFTR2), 2023, http://cftr2.org.
(4) Moran, A.; Becker, D.; Casella, S. J.; Gottlieb, P. A.; Kirkman, M.
S.; Marshall, B. C.; et al. Epidemiology, pathophysiology, and
prognostic implications of cystic fibrosis−related diabetes: a technical
review. Diabetes care. 2010, 33 (12), 2677−83.
(5) Gibson-Corley, K. N.; Meyerholz, D. K.; Engelhardt, J. F.
Pancreatic pathophysiology in cystic fibrosis. Journal of pathology.
2016, 238 (2), 311−20.
(6) Ntimbane, T.; Comte, B.; Mailhot, G.; Berthiaume, Y.; Poitout,
V.; Prentki, M.; et al. Cystic fibrosis-related diabetes: from CFTR
dysfunction to oxidative stress. Clin. Biochem. Rev. 2009, 30 (4), 153.
(7) Gottlieb, P. A.; Yu, L.; Babu, S.; Wenzlau, J.; Bellin, M.;
Frohnert, B. I.; et al. No relation between cystic fibrosis−related
diabetes and type 1 diabetes autoimmunity. Diabetes Care. 2012, 35
(8), e57−e.
(8) Kelly, A.; Moran, A. Update on cystic fibrosis-related diabetes.
Journal of Cystic Fibrosis. 2013, 12 (4), 318−31.
(9) Granados, A.; Chan, C. L.; Ode, K. L.; Moheet, A.; Moran, A.;
Holl, R. Cystic fibrosis related diabetes: Pathophysiology, screening
and diagnosis. Journal of Cystic Fibrosis. 2019, 18, S3−S9.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03626
ACS Omega 2024, 9, 32873−32880

32879

https://www.metabolomicsworkbench.org
https://pubs.acs.org/doi/10.1021/acsomega.4c03626?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c03626/suppl_file/ao4c03626_si_001.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anas+M.+Abdel+Rahman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9527-9424
https://orcid.org/0000-0002-9527-9424
mailto:aabdelrahman46@kfshrc.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Mujammami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Refat+M.+Nimer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maha+Al+Mogren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reem+Almalki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5221-5634
https://orcid.org/0000-0001-5221-5634
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamad+S.+Alabdaljabar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hicham+Benabdelkamel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03626?ref=pdf
https://doi.org/10.1126/science.2475911
https://doi.org/10.1126/science.2475911
http://www.genet.sickkids.on.ca/StatisticsPage.html
http://cftr2.org
https://doi.org/10.2337/dc10-1279
https://doi.org/10.2337/dc10-1279
https://doi.org/10.2337/dc10-1279
https://doi.org/10.1002/path.4634
https://doi.org/10.2337/dc11-2327
https://doi.org/10.2337/dc11-2327
https://doi.org/10.1016/j.jcf.2013.02.008
https://doi.org/10.1016/j.jcf.2019.08.016
https://doi.org/10.1016/j.jcf.2019.08.016
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(10) Siwamogsatham, O.; Alvarez, J.; Tangpricha, V. Diagnosis and
Treatment of Endocrine Co-Morbidities in Patients with Cystic
Fibrosis. Current opinion in endocrinology, diabetes, and obesity. 2014,
21 (5), 422.
(11) Moran, A.; Pillay, K.; Becker, D. J.; Acerini, C. L. Management
of cystic fibrosis-related diabetes in children and adolescents. Pediatric
diabetes. 2014, 15 (S20), 65−76.
(12) Moran, A.; Brunzell, C.; Cohen, R. C.; Katz, M.; Marshall, B.
C.; Onady, G.; et al. Clinical care guidelines for cystic fibrosis−related
diabetes: a position statement of the American Diabetes Association
and a clinical practice guideline of the Cystic Fibrosis Foundation,
endorsed by the Pediatric Endocrine Society. Diabetes care. 2010, 33
(12), 2697−708.
(13) Lin, Y.-C.; Keenan, K.; Gong, J.; Panjwani, N.; Avolio, J.; Lin,
F.; et al. Cystic fibrosis−related diabetes onset can be predicted using
biomarkers measured at birth. Genetics in Medicine. 2021, 23 (5),
927−33.
(14) Nguyen, A. V.; Haas, D.; Bouchard, M.; Quon, B. S.
Metabolomic Biomarkers to Predict and Diagnose Cystic Fibrosis
Pulmonary Exacerbations: A Systematic Review. Front Pediatr. 2022,
10, No. 896439.
(15) Masood, A.; Jacob, M.; Gu, X.; Jabar, M. A.; Benabdelkamel,
H.; Nizami, I.; et al. Distinctive metabolic profiles between Cystic
Fibrosis mutational subclasses and lung function. Metabolomics 2021,
17, 1−19.
(16) Alvarez, J.; Frediani, J.; Jones, D.; Grossmann, R.; Uppal, K.;
Tangpricha, V.; et al. Plasma metabolomic profiling in adults with
cystic fibrosis and cystic fibrosis-related diabetes (248.1). FASEB J.
2014, 28, 248.1.
(17) Benabdelkamel, H.; Alamri, H.; Okla, M.; Masood, A.; Jabar,
M. A.; Alanazi, I. O.; et al. Serum-Based Proteomics Profiling in Adult
Patients with Cystic Fibrosis. Int. J. Mol. Sci. 2020, 21 (19), 7415.
(18) Jaber, M. A.; Benabdelkamel, H.; Dahabiyeh, L. A.; Masood, A.;
AlMalki, R. H.; Musambil, M.; et al. The metabolomics approach
revealed a distinctive metabolomics pattern associated with hyper-
thyroidism treatment. Front. Endocrinol. 2022, 13, No. 1050201.
(19) AlMalki, R. H.; Sebaa, R.; Al-Ansari, M. M.; Al-Alwan, M.;
Alwehaibi, M. A.; Rahman, A. M. A. E. coli Secretome Metabolically
Modulates MDA-MB-231 Breast Cancer Cells’ Energy Metabolism.
International Journal of Molecular Sciences. 2023, 24 (4), 4219.
(20) Okunishi, K.; Peters-Golden, M. Leukotrienes and airway
inflammation. Biochimica et Biophysica Acta (BBA)-General Subjects.
2011, 1810 (11), 1096−102.
(21) Wheelock, C. E.; Strandvik, B. Abnormal n-6 fatty acid
metabolism in cystic fibrosis contributes to pulmonary symptoms.
Prostaglandins, Leukotrienes and Essential Fatty Acids. 2020, 160,
No. 102156.
(22) Wei, L.; Hongping, H.; Chufang, L.; Cuomu, M.; Jintao, L.;
Kaiyin, C.; et al. Effects of Shiwei Longdanhua formula on LPS
induced airway mucus hypersecretion, cough hypersensitivity,
oxidative stress and pulmonary inflammation. Biomedicine &
Pharmacotherapy. 2023, 163, No. 114793.
(23) Lim, H.-K.; Choi, Y.-A.; Park, W.; Lee, T.; Ryu, S. H.; Kim, S.-
Y.; et al. Phosphatidic Acid Regulates Systemic Inflammatory
Responses by Modulating the Akt-Mammalian Target of Rapamy-
cin-p70 S6 Kinase 1 Pathway*. J. Biol. Chem. 2003, 278 (46), 45117−
27.
(24) Zardini Buzatto, A.; Abdel Jabar, M.; Nizami, I.; Dasouki, M.;
Li, L.; Abdel Rahman, A. M. Lipidome Alterations Induced by Cystic
Fibrosis, CFTR Mutation, and Lung Function. J. Proteome Res. 2021,
20 (1), 549−64.
(25) Veldhuizen, R.; Nag, K.; Orgeig, S.; Possmayer, F. The role of
lipids in pulmonary surfactant. Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease. 1998, 1408 (2), 90−108.
(26) Zhao, Y.; Usatyuk, P. V.; Cummings, R.; Saatian, B.; He, D.;
Watkins, T.; et al. Lipid phosphate phosphatase-1 regulates
lysophosphatidic acid-induced calcium release, NF-κB activation and
interleukin-8 secretion in human bronchial epithelial cells. Biochem. J.
2005, 385 (2), 493−502.

(27) Dong, Y.; Chen, Y. T.; Yang, Y. X.; Zhou, X. J.; Dai, S. J.; Tong,
J. F.; et al. Metabolomics Study of Type 2 Diabetes Mellitus and the
AntiDiabetic Effect of Berberine in Zucker Diabetic Fatty Rats Using
Uplc-ESI-Hdms. Phytother Res. 2016, 30 (5), 823−8.
(28) DiBattista, A.; McIntosh, N.; Lamoureux, M.; Al-Dirbashi, O.
Y.; Chakraborty, P.; Britz-McKibbin, P. Metabolic Signatures of
Cystic Fibrosis Identified in Dried Blood Spots For Newborn
Screening Without Carrier Identification. J. Proteome Res. 2018, 18
(3), 841−854.
(29) Sankararaman, S.; Hendrix, S. J.; Schindler, T. Update on the
management of vitamins and minerals in cystic fibrosis. Nutrition in
Clinical Practice. 2022, 37 (5), 1074−87.
(30) Candi, E.; Tesauro, M.; Cardillo, C.; Lena, A. M.; Schinzari, F.;
Rodia, G.; et al. Metabolic profiling of visceral adipose tissue from
obese subjects with or without metabolic syndrome. Biochem. J. 2018,
475 (5), 1019−35.
(31) Guha, S.; Paul, C.; Alvarez, S.; Mine, Y.; Majumder, K. Dietary

γ-glutamyl valine ameliorates TNF-α-induced vascular inflammation
via endothelial calcium-sensing receptors. Journal of agricultural and
food chemistry. 2020, 68 (34), 9139−49.
(32) Comte, B.; Monnerie, S.; Brandolini-Bunlon, M.; Canlet, C.;
Castelli, F.; Chu-Van, E.; et al. Multiplatform metabolomics for an
integrative exploration of metabolic syndrome in older men.
EBioMedicine. 2021, 69, No. 103440.
(33) Fall, T.; Salihovic, S.; Brandmaier, S.; Nowak, C.; Ganna, A.;
Gustafsson, S.; et al. Non-targeted metabolomics combined with
genetic analyses identifies bile acid synthesis and phospholipid
metabolism as being associated with incident type 2 diabetes.
Diabetologia. 2016, 59 (10), 2114−24.
(34) Giacco, F.; Brownlee, M. Oxidative stress and diabetic
complications. Circ. Res. 2010, 107 (9), 1058−70.
(35) Švob Štrac, D.; Pivac, N.; Mück-Šeler, D. The serotonergic
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