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Objective: Hypopituitarism (Hypo-Pit) is partial or complete insufficiency of anterior
pituitary hormones. Besides hormone metabolism, the global metabolomics in Hypo-
Pit are largely unknown. We aimed to explore potential biomarkers to aid in diagnosis and
personalized treatment.

Methods: Using both univariate and multivariate statistical methods, we identified 72
differentially abundant features through liquid chromatography coupled to high-resolution
mass spectrometry, obtained in 134 males with Hypo-Pit and 90 age matched healthy
controls.

Results: Hypopituitarism exhibits an increased abundance of metabolites involved in
amino acid degradation and glycerophospholipid synthesis, but decreased content of
metabolites in steroid hormone synthesis and fatty acid beta-oxidation. Significantly
changed metabolites included creatine, creatinine, L-alanine, phosphocholines,
androstenedione, hydroprenenolone, and acylcarnitines. In Hypo-Pit patients, the
increased ratio of creatine/creatinine suggested reduced creatine uptake and impaired
creatine utilization, whereas the decreased level of beta-hydroxybutyrate, acetylcarnitine
(C2) and a significantly decreased ratio of decanoylcarnitine (C10) to free carnitine
suggested an impaired beta-oxidation. Furthermore, the creatine/creatinine and
decanoylcarnitine/carnitine ratio were identified as diagnostic biomarkers for Hypo-Pit
with AUCs of 0.976 and 0.988, respectively. Finally, we found that the creatinine and
decanoylcarnitine/carnitine ratio could distinguish cases that were sensitive vs. resistant to
human chorionic gonadotropin therapy.

Conclusion:We provided a global picture of altered metabolic pathways in Hypo-Pit, and
the identified biomarkers in creatine metabolism and beta-oxidation might be useful for the
preliminary screening and diagnosis of Hypo-Pit.

Keywords: hypopituitarism, untargeted metabolomics, creatine metabolism, beta-oxidation, pituitary hormones

Edited by:
Maria Grazia Morgese,

University of Foggia, Italy

Reviewed by:
Adam Kennedy,

Metabolon, United States
Giuseppe Paglia,

University of Milano Bicocca, Italy

*Correspondence:
Peizhan Chen

pzchen@me.com
Fei Yuan

yf10797@rjh.com.cn
Xuqian Fang

fxqb4040@rjhn.com.cn

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Experimental Pharmacology and Drug
Discovery,

a section of the journal
Frontiers in Pharmacology

Received: 10 April 2021
Accepted: 31 May 2021
Published: 08 July 2021

Citation:
Zhang Y, Sun S, Wang M, Yu W,

Chen P, Yuan F and Fang X (2021)
Untargeted LC/MS-Based Metabolic

Phenotyping of Hypopituitarism in
Young Males.

Front. Pharmacol. 12:684869.
doi: 10.3389/fphar.2021.684869

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 6848691

ORIGINAL RESEARCH
published: 08 July 2021

doi: 10.3389/fphar.2021.684869

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.684869&domain=pdf&date_stamp=2021-07-08
https://www.frontiersin.org/articles/10.3389/fphar.2021.684869/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.684869/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.684869/full
http://creativecommons.org/licenses/by/4.0/
mailto:pzchen@me.com
mailto:yf10797@rjh.com.cn
mailto:fxqb4040@rjhn.com.cn
https://doi.org/10.3389/fphar.2021.684869
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.684869


INTRODUCTION

Hypopituitarism (Hypo-Pit) is a chronic endocrine illness with
partial or complete insufficiency of the anterior pituitary caused
by varied etiologies with a prevalence of 300–455 per million
(Ascoli and Cavagnini, 2006), which has a high risk of
cardiovascular morbidity and infertility (Stieg et al., 2017).
Clinical manifestations of Hypo-Pit are variable and might be
affected by the cause of hypopituitarism, age of onset, and the
speed and degree of hormone secretion loss. Although a partial
hormone deficiency that progresses slowly can go undetected for
years, the sudden and complete loss of hormone secretion results
in an emergency situation that requires immediate medical
attention. Therefore, early diagnosis and prompt treatment is
necessary.

The diagnosis of hypopituitarism is made by measuring basal
hormone levels based on the morning fasting status or
performing stimulation tests if necessary. Pituitary hormones
can be diagnosed with basal hormone measurement. The
diagnosis of growth hormone (GH) or adrenocorticotropic
hormone (ACTH) deficiency requires provocation tests of the
hypothalamic-anterior pituitary-target organ axis. However,
there are several contraindications to these tests (Fleseriu
et al., 2016). For example, an insulin tolerance test (ITT) is
contraindicated in patients with ischemic heart disease, seizure
disorders, or severe pituitary deficiency (Ghigo et al., 2008).
Meanwhile, ITT has the potential risk of inducing severe
hypoglycemia, convulsions, and coronary heart disease
(Gómez et al., 2002), and there have even been reports of
death in pediatric patients (Price, 1992). Easy and non-
invasive diagnosis methods are needed as an alternative for
special patients. As one of them, the determination of cortisol
content in human scalp hair was recently used (Ibrahim and Van
Uum, 2014). Metabolomics studies provide novel tools in
identifying biomarkers of diseases early diagnosis and
treatment efficacy (Taylor Fischer et al., 2019). Dooijeweert
et al. found that untargeted metabolomics in dried blood spots
is a useful tool for pyruvate kinase deficiency diagnosis (Van
Dooijeweert et al., 2020). Souto-Carneiro et al. used serum
metabolome and lipidome to identify potential biomarkers for
rheumatoid arthritis and psoriatic arthritis (Souto-Carneiro et al.,
2020). These suggested that evaluate the metabolic status of the
Hypo-Pit patients may uncover the mechanisms of the diseases
development and identify novel early diagnosis biomarkers and/
or novel therapeutic targets.

Specific glucose and lipid profiles and biochemical changes
have been identified in patients with growth hormone deficiency
(López-Oliva et al., 2009; Sharma, 2018). Due to the lack of
growth hormone, Hypo-Pit patients might suffer reduced lean
body mass, increased body adiposity, reduced muscle strength,
and abnormal lipid metabolism (Curtò and Trimarchi, 2016).
Abnormal lipid metabolism might further lead to an increased
prevalence of cardiovascular risk factors (Kearney et al., 2001;
Cannavò et al., 2011). Gonadotrophin deficiency can induce
spermatogenesis in men (Fang et al., 2019) and an increased
risk of pregnancy complications for females (Du et al., 2014). GH
has various regulatory influences on the metabolism of glucose

and lipids via complex interactions with insulin and insulin-like
growth factor-1 (Krsek, 2016). Mert et al. found dramatic
reductions in oxygen consumption, carbon dioxide production,
and energy expenditure in GH-releasing hormone (GHRH)−/−
mice compared to those in wild-type mice, which might mediate
the increased lifespan (Icyuz et al., 2020). Charlotte et al.
discussed the possibility of serum metabolome in diagnosis of
GH deficiency and for monitoring GH replacement. Although
they found 13 metabolites useful in differentiating GH deficiency
patients from controls, but large of them could not be structurally
annotated (Höybye et al., 2014). Benefit from database assisted
structure identification for metabolite identification, this problem
can be solved to some extent (Menikarachchi et al., 2016). In this
study, we aimed to identify metabolic changes in Hypo-Pit to
explain its clinical phenotype and ultimately explore potential
biomarkers to aid in diagnosis and personalized treatment.

MATERIALS AND METHODS

Participant Recruitment
Patients and healthy controls were recruited at Ruijin Hospital
(Shanghai, China) between Jan 2016 and Dec 2018. Eligible
patients were clinically diagnosed with hypopituitarism based
on clinical history, symptoms, biochemical parameters, and brain
magnetic resonance imaging (MRI) tests. For congenital Hypo-
Pit, patients were diagnosed with multiple pituitary hormone
deficiency at a young age (∼6–12 years of age). The MRI scan
suggested the presence of a transected or interrupted
hypothalamic-pituitary stalk or pituitary hypoplasia. For
acquired Hypo-Pit, patients were secondary to pituitary
tumors, traumatic brain injury, pituitary irradiation, or a clear
diction of dystocia history. For the healthy control group,
participants were selected from local residents receiving annual
physical examination, were free of acute or chronic diseases
(including diabetes, cancer, and cardiovascular diseases), and
had no symptoms of growth and developmental abnormalities.
In order to alleviate the interference of gender in the serum
metabolome (Dunn et al., 2015), and evaluate the effectiveness of
hormone replacement therapy, we only selected young male
patients in the current study. The discovery set included
135 Hypo-Pit patients and 90 age-matched male controls. The
external validation set included another 122 male Hypo-Pit
patients. The recruitment of the validation set followed the
same protocols as described for the discovery set and was
conducted between June 2018 and July 2019. The study
protocol was approved by the Committee on Human Research
at Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine, China. All patients provided informed written
consent to participate in the study.

Gonadotropin Treatment and Follow-Up
For Hypo-Pit, physiologic dosages of glucocorticoids and thyroid
hormone were administered after diagnosis. Recombinant
human GH was also recommended. Then, intramuscular
human chorionic gonadotropin (hCG; 2000 IU, Livzon
Pharmaceutical Co., Guangdong, China) was administered
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twice weekly for at least 24 months. Regular follow-ups were
conducted at an interval of 3–6 months. Testicular size, serum
gonadotrophins, testosterone, and sperm count were measured at
each visit. Testicle volume was measured by two-dimension
ultrasound. Patients with a mean testicle size ≥6 ml during
gonadotrophin treatment at follow-up were considered
sensitive to hCG therapy. Otherwise, patients were considered
as resistant to the therapy. The experimental design of this study
is summarized in Figure 1.

Sample Collection and Preparation
Peripheral blood was collected in 7 ml blood collection vacuum
tubes with separating gel and centrifuged for 15 min (1,500× g,
4°C) at fasting state. A serum sample aliquot (150 μL) was stored
at −80°C until use. 100 μL of serum was transferred to EP tubes,
mixed with 400 μL of methanol/acetonitrile (1:1, v/v), incubated
for 10 min at −20°C, and then centrifuged at 14,000× g for 15 min
at 4°C. The supernatants were dried with nitrogen and dissolved
in 100 μL acetonitrile/water (1:1, v/v). To monitor the stability
and repeatability of instrument analysis, quality control (QC)
samples were prepared by pooling 30 μL of each sample. 13 QC
samples were inserted every 18 real samples to monitor the ultra-
performance liquid chromatography-quadrupole-time of flight-
mass spectrometry (UPLC-Q-TOF-MS) response in real-time.

UPLC-Q-TOF/MS Analysis
Metabolic profiling of serum samples was performed on an
Agilent 1,290 Infinity LC system (Agilent Technologies, Santa-
Clara, CA, United States) coupled with an AB SCIEX Triple TOF
6600 system (AB SCIEX, Framingham, MA, United States) (Zhou
et al., 2019; Xu et al., 2021). Chromatographic separation was
performed on an ACQUITY HSS T3 1.8 μm column (2.1 ×
100 mm) for both positive and negative ion modes. The mobile
phase was set as follows: A � 0.1% formic acid in water, B � 0.1%
formic acid in acetonitrile, C � 0.5 mM ammonium fluoride in
water and D � acetonitrile. In the positive (negative) mode, the
elution gradient started with 1% B (D) for 1 min, linearly
increased to 100% B (D) at 8 min, maintained for 2 min, and

then returned to 1% B (D) for approximately 2 min of
equilibrium. The delivery flow rate was 300 μL/min, and 2 μL
aliquots of each sample were injected into the column.
Electrospray ionization source conditions on Triple TOF were
set as follows: ion source gas 1, 60 psi; ion source gas 2, 60 psi;
curtain gas, 30 psi; source temperature, 600°C; and ionspray
voltage floating, ±5500 V. Information-dependent acquisition,
an artificial intelligence-based product ion scan mode, was
used to detect and identify MS/MS spectra. The parameters
were set as follows: collision energy, 35 V ± 15 eV; declustering
potential, 60 V (+) and −60 V (−); exclude isotopes within 4 Da,
candidate ions to monitor per cycle, 10. The LC-MS platform
analysis was conducted with the assistance of Applied Protein
Technology Co., Ltd. (Shanghai, China).

Metabolomics Data Analysis
Raw UPLC-Q-TOF/MS data were converted to mzXML format
using the Proteo Wizard MS converter tool and processed using
XCMS online software. For peak picking, the following
parameters were used: centwave m/z � 25 ppm, peakwidth � c
(10, 60), prefilter � c (10, 100). For peak grouping, bw � 5, mzwid
� 0.025, and minfrac � 0.5 were used. After normalization of total
peak intensity, processed data were imported into SIMCA-P
(version 14.1, Umetrics, Umea, Sweden) and subjected to
multivariate data analysis, including Pareto-scaled principal
component analysis (PCA) and orthogonal partial least-
squares discriminant analysis (OPLS-DA). Seven-fold cross-
validation and response permutation tests were used to
evaluate the robustness of the model. The variable importance
in the projection (VIP) value of each variable in the OPLS-DA
model was calculated to indicate its contribution to class
separation. Metabolites with VIP >1 were further analyzed
with the univariate student’s t-test to measure the significance
of each metabolite, and p-values < 0.05 were considered
statistically significant. The relative expression of studied
metabolites was used to perform hierarchical clustering
analysis using Cluster 3.0 and Java Treeview software (http://
jtreeview.sourceforge.net).

FIGURE 1 | Flowchart of the study design in this work.
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Bioinformatics Analysis and Biomarker
Identification
We compared the metabolic phenotypes of Hypo-Pit patients and
healthy controls with a VIP value >1 and p-value < 0.05 to
identify differential metabolites and to reveal perturbedmetabolic
pathways. KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway enrichment analyses (www.metaboanalyst.ca) and the
human metabolome database (https://hmdb.ca/) were used to
perform biological function analyses based on Fisher’s exact test.
Only pathways with p-values under 0.05 were considered
significant. The same strategy was used to identify differential
metabolites between congenital vs. acquired Hypo-Pit and
between Hypo-Pit patients sensitive or resistant to hCG
treatments. To identify potential diagnostic biomarkers, a
receiver-operating characteristic curve (ROC) analysis was
performed to quantify the diagnostic performance of
individual metabolites. The area under the curve (AUC) was
calculated with R software (version 4.0.3; www.r-project.org).
Similar analyses of significant metabolites in gonadotropin
replacement sensitive and gonadotropin replacement resistant
congenital Hypo-Pit were performed to identify biomarkers of
sensitivity to hormone substitute therapy.

Statistical Analysis
Continuous variables were presented as the mean ± SD for
normally distributed variables or median with interquartile
range (IQR) for the skewed variables. The Kolmogorov-
Smirnov statistical test was used to assess data normality.
Student’s t-test, Mann-Whitney U-test and the Pearson chi-
square test were used where appropriate. All analyses were
performed with SPSS software version 23.0 (SPSS Inc.,
Chicago, IL, United States ). Significance tests were two tailed,
and a p < 0.05 was considered statistically significant.

RESULTS

The discovery cohort included 83 individuals with congenital
Hypo-Pit (mean age: 25.42 ± 5.79), 51 with acquired Hypo-Pit

(mean age: 22.88 ± 6.04), and 90 heathy controls (mean age:
22.87 ± 2.13). In congenital Hypo-Pit, 25 patients were sensitive
to gonadotropin treatment, whereas 58 patients were resistant.
The clinical and laboratory characteristics and baseline
comparison are summarized in Table 1. Beside weight, no
significant difference was identified between the patients with
Hypo-Pit and controls for age, height, and body mass index
(BMI). Compared with the controls, Hypo-Pit patients had
significantly lower levels of the hormones secreted by the
pituitary gland (Table 1). The external validation set included
another 122 male congenital Hypo-Pit patients (mean age:
25.75 ± 6.15), with 52 patients sensitive to gonadotropin
treatment, whereas 70 patients were resistant. There is no
significant difference between hCG-sensitive group and
resistant group of GH deficiency, LH/FSH deficiency and the
level of testosterone. In hCG-sensitive group, a decreased TSH
and ACTH deficiency, and a relatively higher serum creatinine
level was noticed (Table 2).

Metabolic Characteristics of
Hypopituitarism Patients
In total 6,380 positive-mode and 6,577 negative-mode unique
metabolite features were identified between 135 Hypo-Pit patients
and 90 controls. After log transformation and scaling, QC samples
clustered tightly in PCA score plots in both positive and negative
modes with CV% of all metabolites (4.45%, range 1.1–44.07%),
indicating satisfactory reproducibility (Figures 2A,B). The
supervised orthogonal partial-least square discriminant analysis
(OPLS-DA) plots identified distinct metabolic profiles between
Hypo-Pit patients and healthy controls for both positive and
negative modes (Figures 2C–F). In total, 72 annotated metabolites
were identified with VIP >1 and p < 0.05 between Hypo-Pit and
healthy control groups (Supplementary Table S1). Of them, 25
(34.7%) metabolites belong to the subclass of amino acids, 17
metabolites belong to fatty acids, 12 metabolites belong to glycerin
phospholipid, four metabolites belong to steroids, three metabolites
belong to nucleic acid, and two metabolites belong to bile acids and
the others (Supplementary Figure S1). The heatmap for the top 28
differential metabolites was presented in Figure 3. These included the

TABLE 1 | Clinical characteristics of the participants in identification study population.

Characteristicsa Congenital hypopituitarism Acquired hypopituitarism Control group p-value

(n = 83) (n = 51) (n = 90) —

Basic information
Gender (male/female) 83/0 51/0 90/0 —

Age (year) 25.42 ± 5.79 22.88 ± 6.04 22.87 ± 2.13 0.061
Height (cm) 166.41 ± 8.51 169.61 ± 11.65 167.59 ± 5.47 0.102
Weight (kg) 65.88 ± 12.88 72.33 ± 19.50 66.20 ± 10.97 0.008
BMI (kg/m2) 23.69 ± 3.64 24.81 ± 4.74 23.53 ± 4.64 0.057

Pituitary hormone deficiency
GH deficiency 100% (82/82) 98.0% (50/51) — —

LH/FSH deficiency 97.6% (80/82) 96.1% (49/51) — —

TSH deficiency 91.5% (75/82) 96.1% (49/51) — —

ACTH deficiency 90.2% (74/82) 94.1% (48/51) — —

aThe data are themean ±SD for continuous variables and n (%) for categorical variables. Abbreviations: BMI, bodymass index; GH, growth hormone; LH, luteinizing hormone; FSH, follicle-
stimulating hormone; TSH, thyrotropin; ACTH, adrenocorticotropic hormone.
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following: steroids: androstenedione, hydropregnenolone sulfate,
pregnenolone sulfate, 7-oxocholesterol; amino acids: proline,
alanine, valine, arginine, glutamate, creatinine, creatine and
taurine; glycerophospholipids: diethanolamine, 1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphoethanolamine, 1-myristoyl-sn-
glycero-3-phosphocholine, 1-palmitoyl-sn-glycero-3-
phosphocholine, 1-stearoyl-2-hydroxy-sn-glycero-3-
phosphocholine, 1-stearoyl-2-arachidonoyl-sn-glycerol; fatty acids:
carnitine, decanoylcarnitine, acetylcarnitine, beta-hydroxybutyric
acid, palmitic acid, azelaic acid, arachidic acid, and
chlorohippuric acid.

OPLS-DA plots identified distinct metabolic profiles between
congenital and acquired Hypo-Pit groups (Supplementary
Figure S2). 57 annotated metabolites were identified with VIP
>1 and p < 0.05 (Supplementary Table S2). There are 32
metabolites shows significant difference (p < 0.05) both in the
comparison of Hypo-Pit vs. healthy controls and comparison of
congenital Hypo-Pit vs. acquired Hypo-Pit patients (Table 3).
The expression pattern of typical differential metabolites
including L-alanine, creatine, creatinine, L-arginine,
L-glutamine, L-lysine, L-valine and acetylcarnitine was shown
in Figure 4.

TABLE 2 | Clinical characteristics of the participants in validation cohort.

Characteristicsa Total hCG-sensitive group hCG-resistant group p-value

(n = 122) (n = 52) (n = 70) —

Basic information
Gender (male/female) 122/0 52/0 70/0 —

Age (year) 25.75 ± 6.15 22.88 ± 6.04 25.69 ± 6.79 0.883
Height (cm) 165.65 ± 8.35 165.90 ± 7.15 165.46 ± 9.19 0.767
Weight (kg) 65.88 ± 13.04 67.94 ± 12.89 64.34 ± 13.03 0.131
BMI 23.91 ± 3.79 24.58 ± 3.77 23.41 ± 3.74 0.090

Pituitary hormone deficiency
GH deficiency 100% (122/122) 100% (52/52) 100% (70/70) —

LH/FSH deficiency 98.4% (120/122) 98.1% (51/52) 98.6% (69/70) 0.673
TSH deficiency 89.3% (109/122) 82.7% (43/52) 94.3% (66/70) 0.040
ACTH deficiency 82.0% (100/122) 71.2% (37/52) 90.0% (63/70) 0.007
Serum creatinine (μmol/L) 69.7 ± 10.7 72.5 ± 10.9 67.7 ± 10.2 0.016
Testosterone (ng/ml) <0.1 (<0.1–0.25) <0.1 (<0.1- < 0.1) <0.1 (<0.1–0.47) —

aThe data are the mean ± SD or median (quartile 1–3) for continuous variables and n (%) for categorical variables. Abbreviations: hCG, human chorionic gonadotropin; BMI, body mass
index; GH, growth hormone; LH, luteinizing hormone; FSH, follicle-stimulating hormone; TSH, thyrotropin; ACTH, adrenocorticotropic hormone.

FIGURE 2 | (A,B). PCA plot of hypopituitarism vs. healthy controls in positive ion and negative ion. AN, treatment sensitive of congenital Hypo-pit; AP, treatment
resistant of congenital Hypo-pit, B: acquired Hypo-pit; CON, healthy controls; QC, quality control samples. Figures 2C,D. OPLS-DA plot of hypopituitarism vs. healthy
controls in positive ion. Figures 2E,F. OPLS-DA plot of hypopituitarism vs. healthy controls in negative ion.
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Metabolic Perturbed Pathways in
Hypopituitarism Patients
Using KEGG pathway enrichment analyses by metaboanalyst
software, the 25 differential amino acids clustered to pathways of

aminoacl-tRNA biosynthesis, D-glutamine and D-glutamate
metabolism, valine, leucine and glutamate metabolism,
nitrogen metabolism, and arginine and proline metabolism
(Figure 5A). The 48 non-amino acid metabolites clustered to

FIGURE 3 | Heat plot of the top 28 differential metabolites in hypopituitarism vs. healthy controls.

TABLE 3 | Differential metabolites shared in comparisons of comparison A (Hypo-Pit vs. healthy controls), comparison B (congenital vs. acquired Hypo-Pit), and comparison
C (hCG-sensitive vs. hCG-resistant).

Name Metabolitesa (AN + AP + B) vs. HCsb (AN + AP) vs. Bb AP vs. ANb

VIP Fold P VIP Fold P VIP Fold P

M114T170 Creatinine 9.68 0.74 0.00 7.37 0.90 0.01 6.36 1.07 0.04
M132T350_2 Creatine 5.95 9.28 0.00 8.20 2.46 0.00 — — —

M124T294_2 Taurine 4.55 1.24 0.00 4.13 1.17 0.00 — — —

M175T505_2 L-Arginine 4.30 1.29 0.00 1.71 1.07 0.02 1.31 0.92 0.01
M188T502 L-Lysine 4.15 0.34 0.00 2.98 0.59 0.00 — — —

M116T298 L-Valine 4.04 1.57 0.00 3.13 1.22 0.00 — — —

M164T255_2 L-Phenylalanine 3.60 1.43 0.00 2.86 1.20 0.00 3.02 0.89 0.04
M203T256 L-Tryptophan 2.18 1.52 0.00 2.20 1.27 0.00 — — —

M128T300_2 L-Pyroglutamic acid 4.02 1.28 0.00 1.28 0.83 0.04 — — —

M156T433 L-Histidine 1.61 1.49 0.00 1.43 1.25 0.01 — — —

M90T350 L-Alanine 1.57 7.97 0.00 2.27 2.51 0.00 — — —

M118T303 Betaine 1.48 1.38 0.00 2.18 1.32 0.00 — — —

M130T309 L-Leucine 1.01 1.15 0.00 3.30 1.20 0.01 1.17 0.88 0.04
M391T151 Chenodeoxycholate 2.74 2.54 0.00 1.60 1.25 0.01 — — —

M165T154 Dihydrothymine 1.99 0.76 0.00 1.10 1.13 0.00 — — —

M496T191_3 1-Palmitoyl-sn-glycero-3-phosphocholine 28.91 1.31 0.00 — — — 23.27 0.93 0.01
M524T187_3 1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 20.89 1.35 0.00 5.77 1.06 0.03 — — —

M468T195 1-Myristoyl-sn-glycero-3-phosphocholine 5.03 2.66 0.00 — — — 7.12 0.59 0.00
M628T193 1-Stearoyl-2-arachidonoyl-sn-glycerol 2.87 1.61 0.00 3.18 1.36 0.00 — — —

M141T342_2 2-Oxoadipic acid 16.87 1.09 0.00 10.37 1.05 0.00 — — —

M162T355_2 L-Carnitine 5.56 1.12 0.00 — — — 4.70 0.92 0.01
M89T100 DL-lactate 6.87 1.33 0.00 1.00 1.25 0.01 — — —

M277T48 All cis-(6,9,12)-Linolenic acid 2.46 1.22 0.01 3.29 1.29 0.01 — — —

M120T260_2 Tyramine 2.16 1.14 0.01 — — — 1.93 0.88 0.01
M169T56 3-Hydroxycapric acid 1.62 0.63 0.00 1.27 1.23 0.00 — — —

M281T101_2 Oleic acid 1.49 1.10 0.03 1.02 1.12 0.04 — — —

M165T79 3-(2-Hydroxyphenyl)propionic acid 1.42 4.18 0.00 2.49 3.21 0.03 — — —

M137T290 1-Methylnicotinamide 1.05 2.38 0.00 1.10 1.55 0.02 — — —

M188T197 DL-Indole-3-lactic acid 1.43 2.50 0.00 1.57 1.81 0.00 — — —

M70T315 Diethanolamine 1.39 1.43 0.00 — — — 1.12 0.87 0.05
M149T119 D-Lyxose 1.27 0.73 0.00 2.68 0.81 0.03 — — —

aDifferential metabolites selection criteria: VIP >1 and p < 0.05.
bA, congenital hypopituitarism; B, acquired hypopituitarism; AP, hCG-sensitive groupwith congenital hypopituitarism; AN, hCG-resistant groupwith congenital hypopituitarism; HC, health
controls.
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pathways of phosphonate and phosphonate metabolism,
biosynthesis of unsaturated fatty acids, lysine degradation and
glycerophospholipid metabolism (Figure 5B).
In arginine and proline metabolism, significant differential
metabolites included creatine (VIP � 5.94, FC � 9.28),
creatinine (VIP � 9.68, FC � 0.74), and L-arginine (VIP �
4.30, FC � 1.29). In valine, leucine, and isoleucine degradation
pathways, significant differential metabolites included L-alanine
(VIP � 1.57, FC � 7.96) and ketoisocaproic acid (VIP � 3.92, FC �
0.76). In unsaturated fatty acid metabolism, significant
differential metabolites included carnitine (VIP � 5.56, FC �
1.12), decanoylcarnitine (VIP � 4.90, FC � 0.15), and
acetylcarnitine (VIP � 2.67, FC � 0.57). In
glycerophospholipid metabolism, significant differential
metabolites included 1-palmitoyl-sn-glycero-3-phosphocholine

(VIP � 28.91, FC � 1.31) and 1-stearoyl-2-hydroxy-sn-glycero-
3-phosphocholine (VIP � 20.89, FC � 1.35). In steroid hormone
biosynthesis, significant differential metabolites included
androstenedione (VIP � 2.48, FC � 0.08) and
hydropregnenolone sulfate (VIP � 2.45, FC � 0.21).

Biomarkers for Diagnostics Hypo-Pit
To identify potential biomarkers for Hypo-Pit diagnosis, ROC
analyses were performed to quantify the diagnostic performance
of metabolites. Sixteen metabolites with AUCs greater than 0.8
are shown in Table 4. The L-alanine, decanoyl-L-carnitine,
creatine, hydropregnenolone-sulfate, L-lysine, androstanedione,
L-glutamine, arachidic-acid, L-glutamate and L-valine were
identified as potential diagnostic biomarkers for Hypo-Pit with
AUC >0.9. Interestingly, the diagnostic performance of the

FIGURE 4 | The expression pattern of typical differential metabolites.

FIGURE 5 | KEGG pathway enrichment analyses of the differential metabolites in hypopituitarism vs. healthy controls (A). enrichment of differential metabolites of
amino acids; (B). enrichment of differential metabolites of non-amino acid metabolites.
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TABLE 4 | Biomarkers for diagnostic of hypopituitarism and biomarkers for prediction of gonadotropin replacement therapy.

Metabolites (A + B) vs. HCsa AP vs. ANa

AUC
(95%CI)

Threshold Sensitivity Specificity PPV NPV AUC
(95%CI)

Threshold Sensitivity Specificity PPV NPV

Creatine 0.89
(0.85–0.94)

94,506 0.82 0.93 0.89 0.87 — — — — — —

Creatinine 0.86
(0.81–0.86)

2,947,373 0.75 0.88 0.70 0.90 0.72
(0.59–0.72)

2,687,014 0.84 0.59 0.47 0.89

L-Arginine 0.82
(0.77–0.88)

1,256,933 0.77 0.76 0.69 0.82 0.69
(0.56–0.69)

1,349,494 0.56 0.84 0.60 0.82

Creatine/Creatinine 0.98
(0.96–0.98)

0.03 0.95 0.92 0.94 0.92 — — — — — —

L-Alanine 0.98
(0.96–0.98)

6,305 0.97 0.91 0.94 0.95 — — — — — —

L-Valine 0.89
(0.85–0.94)

239,591 0.77 0.90 0.72 0.92 — — — — — —

L-Lysine 0.96
(0.94–0.96)

60,229 0.89 0.94 0.96 0.85 — — — — — —

L-Glutamate 0.90
(0.86–0.90)

60,398 0.87 0.84 0.89 0.81 — — — — — —

L-Glutamine 0.92
(0.88–0.92)

14,157 0.93 0.88 0.92 0.88 — — — — — —

Arachidic-acid 0.91
(0.87–0.91)

25,893 0.82 0.85 0.89 0.76 — — — — — —

Androstanedione 0.96
(0.93–0.98)

20,059 0.94 0.90 0.93 0.91 — — — — — —

Hydroxypregnenolone 0.97
(0.95–0.98)

31,817 0.93 0.90 0.94 0.92 — — — — — —

L-Carnitine 0.82
(0.76–0.88)

6,775,600 0.73 0.88 0.68 0.89 — — — — — —

Decanoyl-L-carnitine 0.98
(0.96–0.99)

90,526 0.96 0.92 0.95 0.93 0.67
(0.54–0.67)

6,966,037 0.64 0.70 0.48 0.82

Acetylcarnitine 0.85
(0.79–0.91)

139,630 0.87 0.77 0.85 0.80 — — — — — —

Decanoyl-L-carnitine 0.98
(0.97–0.99)

0.01372 0.97 0.92 0.95 0.90 0.71
(0.59–0.71)

0.00783 0.56 0.78 0.52 0.80
/L-Carnitine

aA, congenital hypopituitarism; B, acquired hypopituitarism; AP, hCG-sensitive groupwith congenital hypopituitarism; AN, hCG-resistant groupwith congenital hypopituitarism; HC, health
controls. Abbreviations: ROC, receiver operator characteristic curve; PPV, positive predictive value; NPV, negative predictive value.

FIGURE 6 | Figure 6A. The ROC curves of decanoylcarnitine/L-carnitine ratio, L-alanine, creatine/creatinine ratio, hydroprenenolone sulfate, L-lysine and
L-glutamine for hypopituitarism diagnosis. Figure 6B. ROC curves of serum L-alanine, creatine and creatinine for discrimination of congenital from acquired Hypo-Pit
patients. Figure 6C. ROC curves of creatinine and decanoylcarnitine/L-carnitine for efficacy of gonadotropin replacement therapy.
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creatine/creatinine ratio was better than that of creatine or
creatinine alone, with an AUC of 0.976 (95% CI 0.957–0.994)
compared to 0.894 for creatine and 0.857 for creatinine,
respectively (p < 0.05). A similar pattern was observed for the
decanoylcarnitine/carnitine ratio, with an AUC of 0.988
compared to that of 0.981 for decanoylcarnitine and 0.822 for
carnitine (Figure 6A and Table 4). For the discrimination of
congenital out of acquired Hypo-Pit, metabolites of L-alanine,
creatine, L-lysine, L-valine, and creatine/creatinine were
identified as biomarker with well accuracy (AUC >0.9;
Figure 6B and Supplementary Table S3).

Metabolic Profiles Reflect Sensitivity to
Gonadotropin Replacement
To explore metabolite profiles in relation to clinical phenotype,
OPLS-DA were performed to distinguished hCG-sensitive and
hCG-resistant groups (Supplementary Figure S3). A total of 12
differential metabolites were identified with VIP >1 and p < 0.05
(Supplementary Table S4). According to the ROC analyses,
creatinine and decanoylcarnitine/L-carnitine ratios were shown
to be moderate predictors of gonadotropin replacement in
discriminating hCG-sensitive and hCG-resistant patients with
AUCs of 0.72, and 0.71, respectively (Table 4; Figure 6C).
Creatinine usually detected by alkaline picrate method in
medical services. Retrospectively analysis shows serum
creatinine has a better AUC of 0.75. In further, creatinine was
evaluated in an external validation cohort including hCG-
sensitive (n � 52) and hCG-resistant (n � 70) patients.
Patients in the hCG-sensitive group had higher levels of serum
creatinine than those in the resistant group (72.5 ± 10.9 vs. 67.7 ±
10.2, p < 0.001, Table 2) with an AUC of 0.716 (95% CI:
0.608–0.825).

DISCUSSION

General Aspects
The study revealed the metabolic profiles of patients with Hypo-Pit
and identified potential biomarkers for diagnosing or predicting
the outcomes of gonadotropin therapy. Diagnosis of Hypo-Pit in
the elderly or patients with severe heart disease or seizures is
challenging, as the standard hormone provocation tests hold
higher risks. Here, we found that amino acids, unsaturated fatty
acids, glycerophospholipids and steroid hormone biosynthesis
were significantly altered and closely associated with the clinical
phenotype. These might serve as potential biomarkers for the early
detection of Hypo-Pit, especially in patients who cannot tolerate
the standard hormone provocation test. Importantly, the
metabolites, especially creatinine could also be used in the early
prediction of hCG therapy efficacy, which could guide clinicians to
use increased dosages of hCG in advance for the patients who are
considered resistant.

Increased Degradation of Amino Acids
In 25 differential amino acids metabolites, a large proposition
(17/25) is significantly increased in Hypo-Pit, which suggested an

increased degradation of amino acids, similar to finding of growth
hormone receptor deficient pig model (Riedel et al., 2020). In the
arginine and proline metabolism pathway (Figure 7A), creatine
and upstream precursor substances (glutamate, proline, and
arginine) significantly increased. In contrast, creatinine, which
is converted by non-enzymatic dehydration and cyclization from
creatine and phosphocreatine, significantly decreased. Creatine
phosphate provides energy of motion to promote muscle mass
and strength (Jowko et al., 2001). Consistent with this, both
muscle mass and strength decreased in the Hypo-Pit group
(Table 5). As verification, serum creatinine detected by the
alkaline picrate method was lower in the Hypo-pit cohort
(70.1 ± 9.6 μmol/L vs. 88.5 ± 26.5 μmol/L, p < 0.001), which is
consistent with results detected by the untargeted metabolomics
method. Creatine is physiologically provided in the diet via by
endogenous synthesis from arginine, glycine, and methionine in
the kidneys and liver. In our study, the creatine concentration was
significantly increased, but creatinine was decreased in the
peripheral blood. With no evidence of creatine
supplementation from diet, a creatine utilization disorder in
Hypo-Pit is likely. Creatine is mainly used in muscle and
brain and is regulated through SLC6A8-mediated active
uptake (Colas et al., 2020). The mechanisms mediate the
functions of SLC6A8 are not fully understood. Previous
studies showed that SLC6A8 can be modulated by substrate
availability (Zervou et al., 2013), kinases and phosphatases
(Kristensen et al., 2011), and the modulation of mature
protein function (Brown et al., 2014; Ndika et al., 2014). The
role of sex hormones is currently hypothetical, which might
explain unexpected sex-based differences in metabolic patterns
of urinary excretion of creatine and guanidinoacetate (Joncquel-
Chevalier Curt et al., 2013). In a hypophysectomized rat model,
creatine content in muscle was greatly decreased and normalized
after GH administration, indicating that GHs might have a role in
controlling creatine uptake by muscle (Tan and Ungar, 1979).
Thyroid hormone treatment resulted in an approximately 50%
reduction in intracellular creatine and creatine phosphate and a
reduction in SLC6A8 mRNA (Queiroz et al., 2002). In addition,
insulin and insulin-like compounds have been reported to have a
direct stimulatory effect on creatine uptake by muscle (Tomcik
et al., 2017). Therefore, creatine uptake might be regulated by
pituitary-secreted hormones.

Decreased Steroid Hormone Biosynthesis
In the steroid hormone biosynthesis pathway (Figure 7B), the
synthetic precursors of steroid cholesterol (7-oxocholesterol) and
chenodeoxycholate increased, but steroid hormones and
metabolites, including hydropregnenolone sulfate,
pregnenolone sulfate, and androstenedione, were remarkably
decreased. In clinical findings, Hypo-Pit patients had
significantly higher total cholesterol, detected by the enzymatic
method (5.05 ± 1.27 mmol/L vs. 4.02 ± 1.69 mmol/L, p < 0.001),
and obvious testosterone deficiencies (Table 5). It was reasonable
that precursors or metabolites of steroid hormones were
remarkably decreased, which is similar to the finding that men
with Hypo-Pit have very severe overall steroid hormone
deficiency (Giton et al., 2015). The steroid hormone deficiency
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also supports the credibility of experimental data detected by
untargeted metabolomics.

Decreased Fatty Acid β-oxidation
For the fatty acid metabolism pathway (Figure 7C), decreased level of
β-hydroxybutyrate, acylcarnitine (C2) and a significantly decreased
ratio of decanoylcarnitine (C10) to free carnitine suggested an impaired
β-oxidation. The ketone body β-hydroxybutyrate was produced from
the incomplete β-oxidation of fatty acids in the liver, to provides an
essential carrier of energy from the liver to peripheral tissues (Newman
and Verdin, 2017). Acylcarnitine (C2) is the end-products of different
long-chain fatty acid oxidation inmitochondria. The decreased level of
acylcarnitine (C2), and accumulations of disease-specific acylcarnitines
due to blockage in the carnitine cycle were frequently observed in fatty
acid β-oxidation disorder (Law et al., 2007). Abnormal carnitine
metabolism is related to fatty acid oxidation disorder (Rattray et al.,
2019). Reduced β-oxidation was observed in the Hypo-pit group with
the clinical phenotype of hyperlipidemia and increased triglycerides

detected by the enzymatic method (Table 5). Our data show that
Hypo-Pit is a type of hyperlipidemia with lipidmetabolism disorder, in
which the levels of 3-hydroxycapric acid, palmitic acid, arachidic acid,
azelaic acid, and β-hydroxybutyrate are decreased. These fatty acids are
substrates or by-products inβ fatty acid oxidationpathways (Moczulski
et al., 2009). We suspected at least two obstacles in triglyceride (TG)
utilization. One was in adipose lipid mobilization; its rate-limiting
enzyme hormone-sensitive triglyceride lipase (HSTL) is a hormone-
sensitive lipase regulated by hormones, such as ACTH (Dichek et al.,
2006). The other was in the carnitine shuttle system and
mitochondrion β-oxidation. The movement of long-chain fatty acid
into mitochondrion depending enzyme carnitine palmityl transferase I
(CPT-I) activity (Bremer andNorum, 1967). CPT-I can be regulated by
hormone stimulation, such as by insulin (Dobbins et al., 2001; Obici
et al., 2003), glucagon (Brady and Brady, 1989), and thyroid hormones
(Zhang et al., 2004). Carnitine and acetylcarnitine are important in the
acquisition and maintenance of sperm motility. Combining carnitine
and acetylcarnitine with micronutrients has been investigated as a
treatment for infertility inmen (Li et al., 2005). Recently, a double blind,
randomized, placebo-controlled trial on the effect of carnitine and
acetylcarnitine on sperm parameters in men with idiopathic
oligoasthenozoospermia showed that combined treatment was
beneficial for male infertility (Micic et al., 2019). Gonadotrophin
deficiency and male infertility is a common symptom in young
men with Hypo-Pit (Rottembourg et al., 2008). It is important to
evaluate whether Hypo-Pit can benefit from combined acetylcarnitine
treatment to improve fertility.

Increased Glycerophospholipid
Biosynthesis
In glycerophospholipid metabolism (Figure 7D), serine,
diethanolamine, phosphatidylethanolamine, phosphatidylcholine,
and diacylglycerol are substrates or by-products in the
glycerophospholipid pathway. They were increased in the Hypo-

FIGURE 7 | Perturbed metabolism signaling pathways in hypopituitarism. (A). Perturbed arginine and proline metabolism; (B). Perturbed steroid hormone
synthesis; (C). Perturbed fatty acid metabolism; (D). Perturbed glycerophospholipid synthesis. Metabolites in blue increased in the serum, and metabolites in red
decreased.

TABLE 5 | Anthropometric and biochemical characteristics of the study
population.

Characteristics Hypopituitarism
group

Control
group

p-value

(n = 134) (n = 90) —

Muscle Mass
Soft lean mass 42.79 ± 8.87 47.69 ± 7.42 0.005
Skeletal muscle mass 26.70 ± 5.62 32.15 ± 4.68 0.004

Muscle strength
Handgrip strength 33.62 ± 10.65 47.65 ± 2.75 ＜0.001
Serum creatinine

(μmol/L)
70.1 ± 9.6 88.5 ± 26.5 ＜0.001

Lipid profile (mmol/L)
Triglycerides 2.42 ± 2.98 1.13 ± 0.57 ＜0.001
Total cholesterol 5.05 ± 1.27 4.02 ± 1.69 ＜0.001
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Pit group as compared to levels in healthy controls. The increased
glycerophospholipid biosynthesis in Hypo-Pit may be due to
increased level of triglyceride.

Biomarkers for Diagnostics Hypo-Pit and
Gonadotropin Replacement Sensitivity
In clinical applications, decanoylcarnitine/L-carnitine ratio, L-alanine,
and creatine/creatinine ratio reached promising diagnostic accuracy
(AUC >0.95) in hypopituitarism diagnosis. Of them, creatinine and
decanoylcarnitine/L-carnitine also find effective to predict the
outcomes of gonadotropin replacement therapy. Interestingly, these
biomarkers have relationship with mitochondrial function. Lactate
and L-alanine are widely used clinically as biomarkers of
mitochondrial dysfunction (McMillan et al., 2014). Mitochondrion
is a key organelle in cellular bioenergetics. Mitochondrial dysfunction
can not only rooted form inherited disorders, but also secondaryMD-
related diseases (e.g., type 2 diabetes, obesity and neurodegenerative
diseases) (Ostojic, 2017). As growth hormone (GH) and the insulin-
like growth factor-1 (IGF-1) has function on mitochondrial
biogenesis, respiration and ATP production, oxidative stress,
senescence, and apoptosis (Poudel et al., 2020). Thus, it was
possible that hypo-pit patients may have secondary MD-related
diseases. Creatine is a universal energy currency for cell
metabolism, which is partly synthesized in mitochondria. When
mitochondria become dysfunctional, creatine synthesis or
utilization might be disturbed, with creatine perhaps discharged to
the blood (Barbieri et al., 2016). In respiratory chain disease, creatine
found to be reproducibly elevated in two independent cohorts,
exceeding lactate and alanine in magnitude of elevation and
statistical significance (Shaham et al., 2010).

Several limitations should be acknowledged in this study. First,
creatine and creatinine were determined in the serum of the patients,
but intracellular creatine and creatine phosphate in muscles could
not be tested in patients due to ethical considerations. Second, our
study focused on the efficacy of hCG therapy, instead of human
menopausal gonadotropin because of economic factors. Third,
β-oxidation was not clearly described as acylcarnitine profiling
assay was not present available for us.

In summary, increased degradation of amino acids and
glycerophospholipid biosynthesis, decreased steroid hormone
biosynthesis and fatty acid β-oxidation were identified by
untargeted metabolism. These perturb pathways support the
pathophysiology of Hypo-Pit with respect to decreased muscle
strength and content, male infertility, hyperlipidemia, and obesity.
The increased creatine and L-alanine in serum may indicate
mitochondrial dysfunction in Hypo-pit. Moreover, the identified
biomarkers in creatine metabolism and β-oxidation might be
useful for preliminary screening and predicting the sensitivity of
gonadotropin hormone substitution therapy for Hypo-Pit.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Committee on Human Research at Ruijin
Hospital, Shanghai Jiao Tong University School of Medicine,
China. The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

YZ and XF designed the study. YZ and SS collected the data. YZ,
XF, and PC provided statistical analysis. YZ and XF wrote the
manuscript. FY, SS, MW, WY and PC refined interpretation and
the final manuscript. All authors were involved in writing the paper
and had final approval of the submitted and published versions.

FUNDING

The present study was supported by Scientific Research Project of
Shanghai Health and Family Planning Commission (Grant No.
201840160), Natural Science Foundation of Shanghai
(20ZR1434100; Shanghai, China), the Science and Technology
Commission of Jiading District (JDKW-2018-W08; Shanghai,
China), and the Interdisciplinary funding of Shanghai Jiao Tong
University (YG2017QN57; Shanghai, China), Ruijin Hospital
North for Young Talents (Grant No. 2017RCPY A01,
2017RCPY B10 and 2017RCPY C01; Shanghai, China).

ACKNOWLEDGMENTS

The authors would like to thank all the involved clinicians, nurses,
and technicians for their contribution to the study and the
participants for their cooperation.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.684869/
full#supplementary-material

REFERENCES

Ascoli, P., and Cavagnini, F. (2006). Hypopituitarism. Pituitary 9 (4), 335–342.
doi:10.1007/s11102-006-0416-5

Barbieri, E., Guescini, M., Calcabrini, C., Vallorani, L., Diaz, A. R., Fimognari, C.,
et al. (2016). Creatine Prevents the Structural and Functional Damage to
Mitochondria in Myogenic, Oxidatively Stressed C2C12 Cells and Restores
Their Differentiation Capacity. Oxid Med Cell Longev, 2016, 5152029. doi:10.
1155/2016/5152029

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 68486911

Zhang et al. Serum Metabolomics in Hypopituitarism

https://www.frontiersin.org/articles/10.3389/fphar.2021.684869/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.684869/full#supplementary-material
https://doi.org/10.1007/s11102-006-0416-5
https://doi.org/10.1155/2016/5152029
https://doi.org/10.1155/2016/5152029
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Brady, P. S., and Brady, L. J. (1989). Regulation of Carnitine Palmitoyltransferase In
Vivo by Glucagon and Insulin. Biochem. J. 258 (3), 677–682. doi:10.1042/
bj2580677

Bremer, J., and Norum, K. R. (1967). Palmityl-CoA: Carnitine
O-Palmityltransferase in the Mitochondrial Oxidation of Palmityl-CoA. Eur.
J. Biochem. 1 (4), 427–433. doi:10.1007/978-3-662-25813-2_58

Brown, E. L., Snow, R. J., Wright, C. R., Cho, Y., Wallace, M. A., Kralli, A., et al.
(2014). PGC-1α and PGC-1β Increase CrT Expression and Creatine Uptake in
Myotubes via ERRα. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1843 (12),
2937–2943. doi:10.1016/j.bbamcr.2014.08.010

Cannavò, S., Marini, F., Curtò, L., Torre, M. L., de Gregorio, C., Salamone, I., et al.
(2011). High Prevalence of Coronary Calcifications and Increased Risk for
Coronary Heart Disease in Adults with Growth Hormone Deficiency.
J. Endocrinol. Invest. 34 (1), 32–37. doi:10.1007/bf03346692

Colas, C., Banci, G., Martini, R., and Ecker, G. F. (2020). Studies of Structural
Determinants of Substrate Binding in the Creatine Transporter (CreaT,
SLC6A8) Using Molecular Models. Scientific Rep. 10 (1), 6241. doi:10.1038/
s41598-020-63189-z

Curtò, L., and Trimarchi, F. (2016). Hypopituitarism in the Elderly: a Narrative
Review on Clinical Management of Hypothalamic-Pituitary-Gonadal,
Hypothalamic-Pituitary-Thyroid and Hypothalamic-Pituitary-Adrenal Axes
Dysfunction. J. Endocrinol. Invest. 39 (10), 1115–1124. doi:10.1007/s40618-
016-0487-8

Dichek, H. L., Agrawal, N., Andaloussi, N. E., and Qian, K. (2006). Attenuated
Corticosterone Response to Chronic ACTH Stimulation in Hepatic Lipase-
Deficient Mice: Evidence for a Role for Hepatic Lipase in Adrenal Physiology.
Am. J. Physiology-Endocrinology Metab. 290 (5), E908–E915. doi:10.1152/
ajpendo.00442.2005

Dobbins, R. L., Szczepaniak, L. S., Bentley, B., Esser, V., Myhill, J., and McGarry,
J. D. (2001). Prolonged Inhibition of Muscle Carnitine Palmitoyltransferase-1
Promotes Intramyocellular Lipid Accumulation and Insulin Resistance in Rats.
Diabetes 50 (1), 123–130. doi:10.2337/diabetes.50.1.123

Du, X., Yuan, Q., Yao, Y., Li, Z., and Zhang, H. (2014). Hypopituitarism and
Successful Pregnancy. Int. J. Clin. Exp. Med. 7 (12), 4660–4665.

Dunn, W. B., Lin, W., Broadhurst, D., Begley, P., Brown, M., Zelena, E., et al.
(2015). Molecular Phenotyping of a UK Population: Defining the Human
Serum Metabolome. Metabolomics 11, 9–26. doi:10.1007/s11306-014-0707-1

Fang, X., Chen, C., Cai, J., Xiang, E., Li, J., and Chen, P. (2019). Genome-wide
Methylation Study of Whole Blood Cells DNA in Men with Congenital
Hypopituitarism Disease. Int. J. Mol. Med. 43 (1), 155–166. doi:10.3892/
ijmm.2018.3945

Fleseriu, M., Hashim, I. A., Karavitaki, N., Melmed, S., Murad, M. H., Salvatori, R.,
et al. (2016). Hormonal Replacement in Hypopituitarism in Adults: An
Endocrine Society Clinical Practice Guideline. J. Clin. Endocrinol. Metab.
101 (11), 3888–3921. doi:10.1210/jc.2016-2118

Ghigo, E., Aimaretti, G., and Corneli, G. (2008). Diagnosis of Adult GHDeficiency.
Growth Horm. IGF Res. 18 (1), 1–16. doi:10.1016/j.ghir.2007.07.004

Giton, F., Trabado, S., Maione, L., Sarfati, J., Le Bouc, Y., Brailly-Tabard, S., et al.
(2015). Sex Steroids, Precursors, and Metabolite Deficiencies in Men with
Isolated Hypogonadotropic Hypogonadism and Panhypopituitarism: a GCMS-
Based Comparative Study. J. Clin. Endocrinol. Metab. 100 (2), E292–E296.
doi:10.1210/jc.2014-2658

Gómez, J. M., Espadero, R. M., Escobar-Jiménez, F., Hawkins, F., Picó, A., Herrera-
Pombo, J. L., et al. (2002). Growth Hormone Release after Glucagon as a
Reliable Test of Growth Hormone Assessment in Adults. Clin. Endocrinol. 56,
329–334. doi:10.1046/j.1365-2265.2002.01472.x

Höybye, C., Wahlström, E., Tollet-Egnell, P., and Norstedt, G. (2014).
Metabolomics: a Tool for the Diagnosis of GH Deficiency and for
Monitoring GH Replacement? Endocr. connections 3 (4), 200–206. doi:10.
1530/ec-14-0098

Ibrahim, C., and Van Uum, S. (2014). Hair Analysis of Cortisol Levels in Adrenal
Insufficiency. Cmaj 186 (16), 1244. doi:10.1503/cmaj.140407

Icyuz, M., Fitch, M., Zhang, F., Challa, A., and Sun, L. Y. (2020). Physiological and
Metabolic Features of Mice with CRISPR/Cas9-mediated Loss-Of-Function in
Growth Hormone-Releasing Hormone. Aging 12 (10), 9761–9780. doi:10.
18632/aging.103242

Joncquel-Chevalier Curt, M., Cheillan, D., Briand, G., Salomons, G. S., Mention-
Mulliez, K., Dobbelaere, D., et al. (2013). Creatine and Guanidinoacetate

Reference Values in a French Population. Mol. Genet. Metab. 110 (3),
263–267. doi:10.1016/j.ymgme.2013.09.005

Jowko, E., Ostaszewski, P., Jank, M., Sacharuk, J., Zieniewicz, A., Wilczak, J.,
et al. (2001). Creatine and Beta-Hydroxy-Beta-Methylbutyrate (HMB)
Additively Increase Lean Body Mass and Muscle Strength during a
Weight-Training Program. Nutrition 17 (7-8), 558–566. doi:10.1016/
s0899-9007(01)00540-8

Kearney, T., Navas de Gallegos, C., Chrisoulidou, A., Gray, R., Bannister, P.,
Venkatesan, S., et al. (2001). Hypopituitarsim Is Associated with Triglyceride
Enrichment of Very Low-Density Lipoprotein. J. Clin. Endocrinol. Metab. 86
(8), 3900–3906. doi:10.1210/jcem.86.8.7774

Kristensen, A. S., Andersen, J., Jørgensen, T. N., Sørensen, L., Eriksen, J., Loland, C.
J., et al. (2011). SLC6 Neurotransmitter Transporters: Structure, Function, and
Regulation. Pharmacol. Rev. 63 (3), 585–640. doi:10.1124/pr.108.000869

Krsek, M. (2016). [Growth Hormone, axis GH-IGF1 and Glucose Metabolism].
Vnitrni lekarstvi 62 (11 Suppl. 4), S62–S66.

Law, L. K., Tang, N. L., Hui, J., Ho, C. S., Ruiter, J., Fok, T. F., et al. (2007). A Novel
Functional Assay for Simultaneous Determination of Total Fatty Acid Beta-
Oxidation Flux and Acylcarnitine Profiling in Human Skin Fibroblasts Using
(2)H(31)-palmitate by Isotope Ratio Mass Spectrometry and Electrospray
Tandem Mass Spectrometry. Clinica Chim. Acta Int. J. Clin. Chem. 382 (1-
2), 25–30. doi:10.1016/j.cca.2007.03.011

Li, Z., Chen, G. W., Shang, X. J., Bai, W. J., Han, Y. F., Chen, B., et al. (2005). [A
Controlled Randomized Trial of the Use of Combined L-Carnitine and Acetyl-
L-Carnitine Treatment in Men with Oligoasthenozoospermia]. Zhonghua Nan
Ke Xue 11 (10), 761–764.

López-Oliva, E., Nus, M., Agis-Torres, A., Villaro, W., Sánchez-Montero, J. M.,
Muñoz-Martínez, E., et al. (2009). Growth Hormone Improves Lipoprotein
Concentration and Arylesterase Activity in Mice with an Atherogenic Lipid
Profile Induced by Lactalbumin. Br. J. Nutr. 101 (4), 518–526. doi:10.1017/
S0007114508025014

McMillan, H. J., Schwartzentruber, J., Smith, A., Lee, S., Chakraborty, P., Bulman,
D. E., et al. (2014). Compound Heterozygous Mutations in Glycyl-tRNA
Synthetase Are a Proposed Cause of Systemic Mitochondrial Disease. BMC
Med. Genet. 15, 36. doi:10.1186/1471-2350-15-36

Menikarachchi, L. C., Dubey, R., Hill, D. W., Brush, D. N., and Grant, D. F.
(2016). Development of Database Assisted Structure Identification (DASI)
Methods for Nontargeted Metabolomics. Metabolites 6 (2). 17. doi:10.3390/
metabo6020017

Micic, S., Lalic, N., Djordjevic, D., Bojanic, N., Bogavac-Stanojevic, N., Busetto, G.M.,
et al. (2019). Double-blind, Randomised, Placebo-Controlled Trial on the Effect of
L-Carnitine and L-Acetylcarnitine on Sperm Parameters in Men with Idiopathic
Oligoasthenozoospermia. Andrologia 51 (6), e13267. doi:10.1111/and.13267

Moczulski, D., Majak, I., and Mamczur, D. (2009). An Overview of Beta-Oxidation
Disorders. Postepy Hig Med. Dosw (Online) 63, 266–277.

Ndika, J. D. T., Martinez-Munoz, C., Anand, N., van Dooren, S. J. M., Kanhai, W.,
Smith, D. E. C., et al. (2014). Post-transcriptional Regulation of the Creatine
Transporter Gene: Functional Relevance of Alternative Splicing. Biochim.
Biophys. Acta (Bba) - Gen. Subjects 1840 (6), 2070–2079. doi:10.1016/j.
bbagen.2014.02.012

Newman, J. C., and Verdin, E. (2017). β-Hydroxybutyrate: A Signaling Metabolite.
Annu. Rev. Nutr. 37, 51–76. doi:10.1146/annurev-nutr-071816-064916

Obici, S., Feng, Z., Arduini, A., Conti, R., and Rossetti, L. (2003). Inhibition of
Hypothalamic Carnitine Palmitoyltransferase-1 Decreases Food Intake and
Glucose Production. Nat. Med. 9 (6), 756–761. doi:10.1038/nm873

Ostojic, S. M. (2017). Impaired Bioenergetics in Clinical Medicine: A Target to
Tackle. Tohoku J. Exp. Med. 243 (4), 227–235. doi:10.1620/tjem.243.227

Poudel, S. B., Dixit, M., Neginskaya, M., Nagaraj, K., Pavlov, E., Werner, H., et al.
(2020). Effects of GH/IGF on the Aging Mitochondria. Cells 9 (6), 1384. doi:10.
3390/cells9061384

Price, D. A. (1992). Hazards of Pharmacological Tests of Growth Hormone
Secretion. Bmj 304 (6822), 316. doi:10.1136/bmj.304.6822.316-a

Queiroz, M. S., Shao, Y., Berkich, D. A., Lanoue, K. F., and Ismail-Beigi, F. (2002).
Thyroid Hormone Regulation of Cardiac Bioenergetics: Role of Intracellular
Creatine. Am. J. Physiology-Heart Circulatory Physiol. 283 (6), H2527–H2533.
doi:10.1152/ajpheart.00426.2002

Rattray, N. J. W., Trivedi, D. K., Xu, Y., Chandola, T., Johnson, C. H., Marshall, A.
D., et al. (2019). Metabolic Dysregulation in Vitamin E and Carnitine Shuttle

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 68486912

Zhang et al. Serum Metabolomics in Hypopituitarism

https://doi.org/10.1042/bj2580677
https://doi.org/10.1042/bj2580677
https://doi.org/10.1007/978-3-662-25813-2_58
https://doi.org/10.1016/j.bbamcr.2014.08.010
https://doi.org/10.1007/bf03346692
https://doi.org/10.1038/s41598-020-63189-z
https://doi.org/10.1038/s41598-020-63189-z
https://doi.org/10.1007/s40618-016-0487-8
https://doi.org/10.1007/s40618-016-0487-8
https://doi.org/10.1152/ajpendo.00442.2005
https://doi.org/10.1152/ajpendo.00442.2005
https://doi.org/10.2337/diabetes.50.1.123
https://doi.org/10.1007/s11306-014-0707-1
https://doi.org/10.3892/ijmm.2018.3945
https://doi.org/10.3892/ijmm.2018.3945
https://doi.org/10.1210/jc.2016-2118
https://doi.org/10.1016/j.ghir.2007.07.004
https://doi.org/10.1210/jc.2014-2658
https://doi.org/10.1046/j.1365-2265.2002.01472.x
https://doi.org/10.1530/ec-14-0098
https://doi.org/10.1530/ec-14-0098
https://doi.org/10.1503/cmaj.140407
https://doi.org/10.18632/aging.103242
https://doi.org/10.18632/aging.103242
https://doi.org/10.1016/j.ymgme.2013.09.005
https://doi.org/10.1016/s0899-9007(01)00540-8
https://doi.org/10.1016/s0899-9007(01)00540-8
https://doi.org/10.1210/jcem.86.8.7774
https://doi.org/10.1124/pr.108.000869
https://doi.org/10.1016/j.cca.2007.03.011
https://doi.org/10.1017/S0007114508025014
https://doi.org/10.1017/S0007114508025014
https://doi.org/10.1186/1471-2350-15-36
https://doi.org/10.3390/metabo6020017
https://doi.org/10.3390/metabo6020017
https://doi.org/10.1111/and.13267
https://doi.org/10.1016/j.bbagen.2014.02.012
https://doi.org/10.1016/j.bbagen.2014.02.012
https://doi.org/10.1146/annurev-nutr-071816-064916
https://doi.org/10.1038/nm873
https://doi.org/10.1620/tjem.243.227
https://doi.org/10.3390/cells9061384
https://doi.org/10.3390/cells9061384
https://doi.org/10.1136/bmj.304.6822.316-a
https://doi.org/10.1152/ajpheart.00426.2002
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


EnergyMechanisms Associate with Human Frailty.Nat. Commun. 10 (1), 5027.
doi:10.1038/s41467-019-12716-2

Riedel, E. O., Hinrichs, A., Kemter, E., Dahlhoff, M., Backman, M., Rathkolb, B.,
et al. (2020). Functional Changes of the Liver in the Absence of Growth
Hormone (GH) Action - Proteomic and Metabolomic Insights from a GH
Receptor Deficient Pig Model. Mol. Metab. 36, 100978. doi:10.1016/j.molmet.
2020.100978

Rottembourg, D., Linglart, A., Adamsbaum, C., Lahlou, N., Teinturier, C.,
Bougnères, P., et al. (2008). Gonadotrophic Status in Adolescents with
Pituitary Stalk Interruption Syndrome. Clin. Endocrinol. 69 (1), 105–111.
doi:10.1111/j.1365-2265.2007.03155.x

Shaham, O., Slate, N. G., Goldberger, O., Xu, Q., Ramanathan, A., Souza, A. L., et al.
(2010). A Plasma Signature of HumanMitochondrial Disease Revealed through
Metabolic Profiling of Spent media from Cultured Muscle Cells. Proc. Natl.
Acad. Sci. 107 (4), 1571–1575. doi:10.1073/pnas.0906039107

Sharma, R. (2018). Growth Hormone Therapy and Lipid Profile. Indian J. Pediatr.
85 (4), 253–254. doi:10.1007/s12098-018-2638-8

Souto-Carneiro, M., Tóth, L., Behnisch, R., Urbach, K., Klika, K. D., Carvalho, R. A.,
et al. (2020). Differences in the SerumMetabolome and Lipidome Identify Potential
Biomarkers for Seronegative Rheumatoid Arthritis versus Psoriatic Arthritis. Ann.
Rheum. Dis. 79 (4), 499–506. doi:10.1136/annrheumdis-2019-216374

Stieg, M. R., Renner, U., Stalla, G. K., and Kopczak, A. (2017). Advances in
Understanding Hypopituitarism. F1000Res 6, 178. doi:10.12688/f1000research.
9436.1

Tan, A. W., and Ungar, F. (1979). Growth Hormone Effects on Creatine Uptake by
Muscle in the Hypophysectomized Rat. Mol. Cell. Biochem. 25 (2), 67–77.
doi:10.1007/bf00228990

Taylor Fischer, S., Frederick, A. B., Tran, V., Li, S., Jones, D. P., and Fridovich-Keil,
J. L. (2019). Metabolic Perturbations in Classic Galactosemia beyond the Leloir
Pathway: Insights from an Untargeted Metabolomic Study. J. Inherit. Metab.
Dis. 42 (2), 254–263. doi:10.1002/jimd.12007

Tomcik, K. A., Smiles, W. J., Camera, D. M., Hügel, H. M., Hawley, J. A., and Watts,
R. (2017). Fenugreek Increases Insulin-Stimulated Creatine Content in L6C11
Muscle Myotubes. Eur. J. Nutr. 56 (3), 973–979. doi:10.1007/s00394-015-1145-1

Van Dooijeweert, B., Broeks, M. H., Verhoeven-Duif, N. M., Van Beers, E. J.,
Nieuwenhuis, E. E. S., Van Solinge, W. W., et al. (2020). Untargeted Metabolic
Profiling in Dried Blood Spots Identifies Disease Fingerprint for Pyruvate
Kinase Deficiency. Haematologica. doi:10.3324/haematol.2020.266957Online
ahead of print

Xu, J., Su, G., Huang, X., Chang, R., Chen, Z., Ye, Z., et al. (2021). Metabolomic
Analysis of Aqueous Humor Identifies Aberrant Amino Acid and Fatty Acid
Metabolism in Vogt-Koyanagi-Harada and Behcet’s Disease. Front. Immunol.
12, 587393. doi:10.3389/fimmu.2021.587393

Zervou, S., Ray, T., Sahgal, N., Sebag-Montefiore, L., Cross, R., Medway, D. J., et al.
(2013). A Role for Thioredoxin-Interacting Protein (Txnip) in Cellular Creatine
Homeostasis. Am. J. Physiology-Endocrinology Metab. 305 (2), E263–E270.
doi:10.1152/ajpendo.00637.2012

Zhang, Y., Ma, K., Song, S., Elam, M. B., Cook, G. A., and Park, E. A. (2004).
Peroxisomal Proliferator-Activated Receptor-γ Coactivator-1α (PGC-1α)
Enhances the Thyroid Hormone Induction of Carnitine Palmitoyltransferase
I (CPT-Iα). J. Biol. Chem. 279 (52), 53963–53971. doi:10.1074/jbc.m406028200

Zhou, X., Liu, L., Lan, X., Cohen, D., Zhang, Y., Ravindran, A. V., et al. (2019).
Polyunsaturated Fatty Acids Metabolism, Purine Metabolism and Inosine as
Potential Independent Diagnostic Biomarkers for Major Depressive Disorder in
Children and Adolescents. Mol. Psychiatry 24 (10), 1478–1488. doi:10.1038/
s41380-018-0047-z

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

Copyright © 2021 Zhang, Sun, Wang, Yu, Chen, Yuan and Fang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 68486913

Zhang et al. Serum Metabolomics in Hypopituitarism

https://doi.org/10.1038/s41467-019-12716-2
https://doi.org/10.1016/j.molmet.2020.100978
https://doi.org/10.1016/j.molmet.2020.100978
https://doi.org/10.1111/j.1365-2265.2007.03155.x
https://doi.org/10.1073/pnas.0906039107
https://doi.org/10.1007/s12098-018-2638-8
https://doi.org/10.1136/annrheumdis-2019-216374
https://doi.org/10.12688/f1000research.9436.1
https://doi.org/10.12688/f1000research.9436.1
https://doi.org/10.1007/bf00228990
https://doi.org/10.1002/jimd.12007
https://doi.org/10.1007/s00394-015-1145-1
https://doi.org/10.3324/haematol.2020.266957
https://doi.org/10.3389/fimmu.2021.587393
https://doi.org/10.1152/ajpendo.00637.2012
https://doi.org/10.1074/jbc.m406028200
https://doi.org/10.1038/s41380-018-0047-z
https://doi.org/10.1038/s41380-018-0047-z
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Untargeted LC/MS-Based Metabolic Phenotyping of Hypopituitarism in Young Males
	Introduction
	Materials and Methods
	Participant Recruitment
	Gonadotropin Treatment and Follow-Up
	Sample Collection and Preparation
	UPLC-Q-TOF/MS Analysis
	Metabolomics Data Analysis
	Bioinformatics Analysis and Biomarker Identification
	Statistical Analysis

	Results
	Metabolic Characteristics of Hypopituitarism Patients
	Metabolic Perturbed Pathways in Hypopituitarism Patients
	Biomarkers for Diagnostics Hypo-Pit
	Metabolic Profiles Reflect Sensitivity to Gonadotropin Replacement

	Discussion
	General Aspects
	Increased Degradation of Amino Acids
	Decreased Steroid Hormone Biosynthesis
	Decreased Fatty Acid β-oxidation
	Increased Glycerophospholipid Biosynthesis
	Biomarkers for Diagnostics Hypo-Pit and Gonadotropin Replacement Sensitivity

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


