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Purpose. Recurrent miscarriage applies to pregnancy loss expulsion of the fetus within the first 24 weeks of pregnancy. This study
is aimed at comparatively investigating the sera of women with RM with those who have no record of miscarriages to identify if
there were any metabolite and metabolic pathway differences using 1H NMR spectroscopy. Methods. Serum samples were
collected from women with RM (n = 30) and those who had no records of RM (n = 30) to obtain metabolomics information.
1H NMR spectroscopy was carried out on the samples using Carr Purcell Meiboom Gill spin echo; also, Partial Least Squares
Discriminant Analysis was performed in MATLAB software using the ProMetab program to obtain the classifying chemical
shifts; the metabolites were identified by using the Human Metabolome Database (HMDB) in both the experimental and
control groups. The pathway analysis option of the Metaboanalyst.ca website was used to identify the changed metabolic
pathways. Results. The results of the study revealed that 14 metabolites were different in the patients with RM. Moreover, the
pathway analysis showed that taurine and hypotaurine metabolism along with phenylalanine, tyrosine, and tryptophan
biosynthesis was significantly different in patients with RM. Conclusion. The present study proposes that any alteration in the
above metabolic pathways might lead to metabolic dysfunctions which may result in a higher probability of RM.

1. Introduction

Recurrent miscarriage (RM) refers to cases where three or
more recurrent miscarriages occur before the twentieth week
of pregnancy [1]. According to the World Health Organiza-
tion (WHO), RM refers to the expulsion or death of a fetus
weighing less or more than 500 grams within the 20th to 24th

week of pregnancy [2]. Moreover, other terms like abortion,
habitual abortion, and spontaneous abortion are inter-
changeably used to describe RM [3]. However, in 50% of
the cases, the cause of abortion is unknown [4] involving
repeated participation of various factors such as chromo-
somal, placental, genetic, anatomic, endocrine, infectious,
environmental, and immunologic abnormalities [5]. RM
may be described as primary which refers to cases that have

not experienced any live birth and secondary RM denoting
patients with at least one live child [6]. Previously conducted
studies demonstrated that women who experienced miscar-
riages are prone to having a higher risk of miscarriage in
their subsequent pregnancy than those who had successful
deliveries [7]. Severe problems affecting people with RM
are psychological disorders and sometimes even marital
decline [8].

Metabonomics can be used to identify the metabolic pat-
terns in various types of diseases [9]. In addition to provid-
ing biochemical information on cells and tissues,
metabonomic data can identify unknown genes [10]. Analy-
sis of low molecular weight (LMW) compounds in biological
fluids can be used to screen, diagnose congenital metabolic
errors [11] and evaluate fetal disorders [12]. Liquid
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chromatography along with mass spectrometry (LC-MS),
nuclear magnetic resonance (NMR), and gas chromatogra-
phy MS (GC-MS) as some techniques is implemented to
identify and quantify metabolites [13]. Metabolites such as
plasma, urine, milk, saliva, amniotic fluid, tissue extracts,
cerebrospinal fluid, bile, fecal extracts and semen can be
detected by the above techniques [14–21].

1H NMR though a less-sensitive technique than LC-MS
is nondestructive and more economical, and no sample
preparation is needed even in case of tissues. The resonance
profiles from NMR spectra are based on the chemical struc-
ture of molecules and can be used to detect diseases [22].
Metabolites act as linkers to the information-rich genome
and functional phenotype and also present products of the
cells’ regulatory processes [23]. The information density of
NMR spectrum is very high, and the data is typically ana-
lyzed by multivariate statistical analysis. In biofluid analysis,
the signals of protein and other biological macromolecules
usually mask the identification of low-level molecular weight
metabolites [24]. It is through the Carr Purcell Meiboom Gill
(CPMG) method that LMWs can be identified. Targeted and
nontargeted methods are two distinct approaches to process-
ing NMR spectra [25]. In both methods, different multivar-
iate statistical methods such as Principal Component
Analysis (PCA) and Partial Least Squares Discriminant
Analysis (PLS-DA) are used to search for significant differ-
ences between the spectra. Another noteworthy point about
NMR spectra analysis is the variation that exists because of
peak position and line width that is controlled by data
reduction [24]. The differentiating metabolites in different
groups are identified by their chemical shifts using the
Human Metabolome Database (http://www.hmdb.ca) [25],
and the metabolic pathways are detected by MetaboAnalyst
Database Website (http://www.metaboanalyst.ca) [26]. Since
approximately 50% of recurrent miscarriages occur because
of some unknown reasons, understanding the alteration of
cell metabolism in women with RM is essential.

Earlier workers have shown the use of serum metabono-
mics with 1H NMR in women with idiopathic recurrent
spontaneous miscarriage during the implantation window
[27] and identified some amino acids associated with it.
Efforts have been made on transcriptomic studies to differ-
entiate women with recurrent miscarriages and repeated
implantation failures and fertile women to no avail [28].

Our study investigated the difference in metabonomics
of sera of patients with RM with those women who had no
history of miscarriages and had at least two children. The
aim of this study was to investigate the metabolic pathways
of recurrent miscarriage and to identify differentiating
metabolites which may lead to possible biomarkers in fur-
ther studies.

2. Materials and Methods

2.1. Subject Collection. Women with RM who were referred
to Taleghani Hospital in Tehran to receive medical treat-
ment were selected as participants of the study. At first, the
study was approved by the Ethics Committee (IR.IAU.NA-
JAFABAD.REC.1397.020) to meet the ethical requirements.

Then, the researchers endeavored to obtain informed writ-
ten consent from the participants of the investigation. The
study included two groups of (1) women with a history of
RM and (2) women who had at least two children and no
history of miscarriages. The first group, the experimental
one, included 30 women with a history of RM whose ages
ranged from 28 to 35 and had had a history of abortion twice
or more and no successful delivery. The members of this
group also experienced abortion for unknown causes in the
first trimester of their pregnancy. The second group, which
was the control group, included 30 women who were under
35 with at least two children and had no history of
miscarriages.

2.2. Sample Collection and Preparation. 5 cc blood samples
were collected from women in both groups and centrifuged
at 1500 × g for 10min at 4°C. Sera were separated and stored
at -70°C [27].

2.3. 1H NMR Analysis. 600μl of serum samples were mixed
with 60μl of deuterium oxide (D2O) and transferred to
5mm NMR tubes [29] and the CPMG spin echo method
was carried out with 1H NMR spectroscopy (450 kHz) in
the Central Laboratory of Isfahan University [30].

2.4. Chemometrics Analysis. NMR spectra were analyzed in
MATLAB software using the ProMetab program. The peaks
were normalized and divided into 1500 bins and chemical
shifts converted into matrices in Excel for multivariate anal-
ysis using the statistical option of the MetaboAnalyst soft-
ware. The spectra were normalized using mean centering
and Pareto scaling and analyzed by PLS-DA to get the score
plots and the loading plots [31].

2.5. Metabonomic Analysis. Chemical shifts of the differenti-
ated metabolites were obtained and identified using the
Human Metabolome Database [25] (HMDB) in both the
experimental and control groups. The pathway analysis
option of the Metaboanalyst.ca [26] website was used to
determine the changed metabolic pathways.

3. Results

(1) The typical serum 1H NMR spectra of women with
RM and healthy controls are shown in Figure 1. The spec-
tra contained very high-intensity signals from adenosine,
D-glucose, L-tyrosine, pantothenic acid, L-cysteine, L-
lysine, biotin, ornithine, and taurine in patients with RM
(Figure 1(b)) in comparison to healthy controls
(Figure 1(a)).

(2) The NMR spectra dataset was subjected to normali-
zation by sum and data scaling by mean centering. PLS-
DA was done to illustrate the differences in the metabolic
profiles (Figure 2). The score plot revealed the distinct sepa-
ration of the RM group from the control group.

(3) Variable Importance in Projection (VIP) scores indi-
cate the numbers of variables representing the different
chemical shifts which are the discerning metabolites
(Figure 3).

2 BioMed Research International

http://www.hmdb.ca
http://www.metaboanalyst.ca


(4) The chemical shifts corresponding to the list of vari-
ables were entered into HMDB, and differentiating metabo-
lites were obtained and presented in Table 1 containing the

increased D-glucose, methyl succinic acid, L-proline, and
adenosine levels and decreased L-fucose, 1-methylhistidine,
L-tyrosine, pantothenic acid, L-lysine, biotin, L-tryptophan,
ornithine, L-cysteine, and taurine levels. The difference in
metabolite levels of the individuals with and without RM is
seen in Table 1.

(5) MetaboAnalyst 5.0 was used to perform a more
detailed analysis of the most relevant RM pathways and net-
works. The pathway analysis is demonstrated in Figure 4
and presented in Table 2 showing that phenylalanine, tyro-
sine and tryptophan biosynthesis, taurine and hypotaurine
metabolism, starch and sucrose metabolism, biotin metabo-
lism, arginine and proline metabolism, tryptophan metabo-
lism, tyrosine metabolism, cysteine and methionine
metabolism, pantothenate and CoA biosynthesis, and also
glutathione metabolism were altered in RM. Phenylalanine,
tyrosine, and tryptophan biosynthesis (impact = 0:50) and
taurine and hypotaurine metabolism (impact = 0:43) path-
ways were identified as potential target pathways for RM.

4. Discussion

The primary objective of this study was to investigate the
sera of patients with RM with those who had no record of
miscarriages to determine if there were any metabolic and
pathway differences. The results of the study showed the
existence of differentiating metabolites and pathways, which
are presented in Tables 1 and 2, respectively.

An earlier study on sera of women with idiopathic recur-
rent abortions identified increased amounts of specific
amino acids. It was also hypothesized that lysine, glutamine,
threonine, L-arginine, histidine, phenylalanine, and tyrosine

(a)

(b)

Figure 1: 1H NMR spectra of women with recurrent miscarriages and healthy controls with identified differentiating metabolites.
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Figure 2: The 2D score plot of PLS-DA between selected
components. RM: pink dot; control: green dot.
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are altered metabolites involved in excessive inflammatory
reactions and vascular dysfunction; also, they are related to
poor endometrial receptivity [27]. In this study, L-tyrosine,
L-lysine, L-cysteine, L-proline, and L-tryptophan have chan-
ged as well. Such changes in the amino acids mentioned
above might have influenced inflammatory reactions and
vascular dysfunction.

It was reported that taurine and hypotaurine help main-
tain redox homeostasis in gametes. Both taurine and hypo-
taurine neutralize lipid peroxidation products; hypotaurine
further neutralizes hydroxyl radicals [32]. The taurine and
hypotaurine metabolism altered in missed abortion in the
early gestational period [26]. Taurine, which ensures normal
mitochondrial and endoplasmic reticulum function, reduces
the risk of apoptosis and premature death [33]. Since taurine
decreased among the patients with RM, such reduction of
taurine might lead to higher risks of mitochondrial dysfunc-
tion and apoptosis.

Biotin is necessary for maintaining the reproductive
function, and some human fetal malformations may be
caused by biotin deficiency [34]. Biotin is required to main-
tain normal pregnancy, fetal development, and reproductive
performance during the late stage of gestation [35, 36].
Accordingly, the rate of biotin was lower among the patients
with RM. This reduction indicates that one of the reasons for
RM might be the reduction of biotin.

Indoleamine 2,3-dioxygenase (IDO), which is the
tryptophan-degrading enzyme, inhibits the proliferation
and activation of T cells [37]. IDO increases the tolerance
of the immune system and maintains the embryo against
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Figure 3: Permutation test for model variation demonstrating differentiating variables identified by PLS-DA. The higher the VIP scores, the
more significant they are. The colored boxes on the right indicate the levels of the metabolites.

Table 1: The list of differentiating metabolites obtained by HMDB.

No. Metabolite name HMDB number Levels p values

1 L-Tyrosine HMDB0000158 p < 0:02

2 L-Fucose HMDB0000174 p < 0:01

3 Pantothenic acid HMDB0000210 p < 0:02

4 Biotin HMDBB0000030 p < 0:02

5 Taurine HMDB0000251 p ≤ 0:02

6 L-Lysine HMDB0000182 p ≤ 0:02

7 L-Cysteine HMDB0000574 p ≤ 0:02

8 D-Glucose HMDB0000122 p < 0:02

9 L-Proline HMDB000162 p < 0:02

10 Ornithine HMDB0000214 p < 0:02

11 L-Tryptophan HMDB0000929 p < 0:02

12 Methyl succinic acid HMDB0001844 p < −0:04

13 Adenosine HMDB0000050 p < 0:02

14 1-Methylhistidine HMDB0000001 p < 0:02
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an immune response [38]. It was reported that in compari-
son to normal pregnancy, the activity and expression of
IDO were low in patients with unexplained RM [39]. More-
over, tryptophan metabolism and sphingolipid metabolism
are important potential targets for miscarriage prevention
[40]. In agreement with previous results in our study, it
was revealed that tryptophan metabolism decreased among
patients with RM. The reduction of L-tryptophan might
influence tryptophan metabolism; therefore, such a decrease
adds to a higher probability of RM.

The female reproductive system is influenced by thyroid
hormones since these hormones regulate the functioning
and development of uterine, placental tissues, and ovarian
[41]. Besides, thyroid hormones are crucially important for
pregnancy maintenance [42] and the development of the
fetal brain [43].

Many reproductive disorders such as spontaneous
abortion, infertility, and ovarian cysts are driven by hypo-
thyroidism [41]. This study revealed that L-tyrosine, which
is the precursor of thyroid hormones, decreased among
women with RM. Therefore, the reduction of L-tyrosine
might affect thyroid hormones, which might lead to a
higher probability of RM.

Methionine transports methyl groups in methylation
reactions such as DNA methylation, biological amines, and
the synthesis of purines, proteins, and phospholipids during
growth. One of the intermediate components of the methio-

nine cycle is homocysteine which is involved in abortion.
Hyperhomocysteinemia damages chronic vessels; as a
result, it impairs the implementation of the fetus. Also,
hyperhomocysteinemia by reducing the density of avascu-
lar villi causes spontaneous abortion. Furthermore, hyper-
homocysteinemia determines coagulation dysfunction,
which might lead to early pregnancy loss [43, 44]. In our
study, cysteine and methionine metabolism pathway has
changed among patients with RM. Such change in cysteine
and methionine metabolism might result in coagulation
dysfunction and RM.

Pantothenic acid (PA) is required to synthesize coen-
zyme A (CoA), which is vital for fatty acid metabolism. In
general, CoA synthesizes and metabolizes carbohydrates,
fat, and protein [45].

A metabolomics study on the amniotic fluid of sponta-
neous abortion showed that fatty acid and coenzyme A
metabolism altered. Reduced biosynthesis of CoA could
be related to observed differences in fatty acid metabolism
[46]. A metabolomics study on determining metabolic
alterations in pregnant dairy cows reported that the
decreased maternal plasma PA was due to the transfer of
PA to the fetus via the uterus [47]. In this study, the PA
level of patients with RM decreased in comparison with
the healthy group.

It is believed that pregnancy is a condition of increased
oxidative stress due to impaired balance between
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prooxidants and antioxidants. The best antioxidants are glu-
tathione and its related enzymes. There are reports that there
might be a correlation between spontaneous abortions and
low intracellular activity of glutathione peroxidase enzyme
[48]. Numerous studies have highlighted that genetic poly-
morphisms which codify antioxidant enzymes are associated
with an increased risk of oxidative stress-related diseases
[49–51]. In another study, it was also found that the risk of
RM correlates with glutathione transferase genes [51]. In
this study, a change in the cycle of glutathione metabolism
among the patients with RM was also observed. The change
in this cycle might increase oxidative stress; therefore, there
would be a higher probability of RM.

It was reported that not only thiamine deficiency
increases stillbirths and spontaneous abortions but also it
affects gestation outcomes and fetus viability [52]. Since thi-
amine deficiency might interfere with hormonal mecha-
nisms, it might lead to some disorders such as unsuccessful
fetus implantation, spontaneous abortion, and ovarian dys-
function [53]. Accordingly, it was revealed that thiamine
metabolism as another metabolic cycle was also different
among the patients with RM.

Earlier reports have demonstrated that increased fetal
loss was observed at the extremes of glycemia in diabetic
and nondiabetic pregnancy [54]. Another study revealed
that early pregnancy loss increased with marked hyperglyce-
mia in diabetic pregnancy [55]. As presented in the results,

D-glucose was seen to increase among women with RM.
Therefore, it may be concluded that such an increase might
contribute to a higher risk of RM.

However, to detect the biomarkers and get a clearer pic-
ture of the metabolic profiles, the study should be carried out
on a much larger number of samples and the metabolite
concentrations identified with LC-MS.

5. Conclusion

In this study, 1H NMR was used to analyze the sera and met-
abolic profiles of patients with RM with those of healthy
ones; 14 metabolites were detected and 2 potential target
pathways, the taurine-hypotaurine metabolism and phenyl-
alanine, tyrosine, and tryptophan biosynthesis, were deemed
to be of prime importance. Therefore, the changed metabo-
lites and metabolic pathways might widen the horizons for
further studies to investigate the extent to which the increase
or decrease of these metabolites might lead to the occurrence
of RM. Further studies are needed with a larger number of
samples to clearly identify the metabolite biomarkers using
LC-MS.

Data Availability

The data is available on request to the corresponding author.

Table 2: The associated metabolic pathways of each biomarker.

Total Expected Hits Raw p −log10 pð Þ Impact

Aminoacyl-tRNA biosynthesis 48 0.46 5 5:49E − 05 4:26E + 00 0.00

Taurine and hypotaurine metabolism 8 0.08 2 2:37E − 03 2:63E + 00 0.43

Biotin metabolism 10 0.10 2 3:76E − 03 2:42E + 00 0.20

Pantothenate and CoA biosynthesis 19 0.18 2 1:36E − 02 1:87E + 00 0.01

Neomycin, kanamycin, and gentamicin biosynthesis 2 0.02 1 1:93E − 02 1:72E + 00 0.00

Glutathione metabolism 28 0.25 2 2:50E − 02 1:60E + 00 0.00

Galactose metabolism 27 0.26 1 2:67E − 02 1:57E + 00 0.07

Phenylalanine, tyrosine, and tryptophan biosynthesis 4 0.04 1 3:82E − 02 1:42E + 00 0.50

Arginine and proline metabolism 38 0.37 2 5:03E − 02 1:30E + 00 0.19

Thiamine metabolism 7 0.07 1 6:59E − 02 1:18E + 00 0.00

Ubiquinone and other terpenoid-quinone biosynthesis 9 0.09 1 8:40E − 02 1:08E + 00 0.00

Phenylalanine metabolism 10 0.10 1 9:29E − 02 1:03E + 00 0.00

Arginine biosynthesis 14 0.14 1 1:28E − 01 8:94E − 01 0.06

Histidine metabolism 16 0.15 1 1:45E − 01 8:39E − 01 0.00

Starch and sucrose metabolism 18 0.17 1 1:61E − 01 7:92E − 01 0.42

Lysine degradation 25 0.24 1 2:17E − 01 6:63E − 01 0.00

Glycine, serine, and threonine metabolism 33 0.32 1 2:77E − 01 5:58E − 01 0.00

Cysteine and methionine metabolism 33 0.32 1 2:77E − 01 5:58E − 01 0.10

Tryptophan metabolism 41 0.40 1 3:32E − 01 4:78E − 01 0.14

Tyrosine metabolism 42 0.41 1 3:39E − 01 4:70E − 01 0.14

Primary bile acid biosynthesis 46 0.45 1 3:65E − 01 4:38E − 01 0.01

Purine metabolism 65 0.63 1 4:76E − 01 3:23E − 01 0.00

6 BioMed Research International



Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] J. Meng, M. Zhu, W. Shen, X. Huang, H. Sun, and J. Zhou,
“Influence of surgical evacuation on pregnancy outcomes of
subsequent embryo transfer cycle following miscarriage in an
initial IVF cycle: a retrospective cohort study,” BMC Preg-
nancy and Childbirth, vol. 19, no. 1, p. 409, 2019.

[2] World Health Organization, “Programme of Maternal and
Child Health and Family Planning Unit,” Infertility: a tabula-
tion of available data on prevalence of primary and secondary
infertility, , World Health Organizationp. 72, 1991.

[3] L. K. Smith, J. Dickens, R. Bender Atik, C. Bevan, J. Fisher, and
L. Hinton, “Parents’ experiences of care following the loss of a
baby at the margins between miscarriage, stillbirth and neona-
tal death: a UK qualitative study,” BJOG: An International
Journal of Obstetrics and Gynaecology, vol. 127, no. 7,
pp. 868–874, 2020.

[4] J. Alijotas-Reig and C. Garrido-Gimenez, “Current concepts
and new trends in the diagnosis and management of recurrent
miscarriage,”Obstetrical & Gynecological Survey, vol. 68, no. 6,
pp. 445–466, 2013.

[5] A. Agenor and S. Bhattacharya, “Infertility and miscarriage:
common pathways in manifestation and management,”
Women's Health, vol. 11, no. 4, pp. 527–541, 2015.

[6] K. D. Beaman, E. Ntrivalas, T. M. Mallers, M. K. Jaiswal,
J. Kwak-Kim, and A. Gilman-Sachs, “Immune etiology of
recurrent pregnancy loss and its diagnosis,” American Journal
of Reproductive Immunology, vol. 67, no. 4, pp. 319–325, 2012.

[7] X. Shi, X. Xie, Y. Jia, and S. Li, “Maternal genetic polymor-
phisms and unexplained recurrent miscarriage: a systematic
review and meta-analysis,” Clinical Genetics, vol. 91, no. 2,
pp. 265–284, 2017.

[8] F. Qu, Y. Wu, Y. H. Zhu et al., “The association between psy-
chological stress and miscarriage: a systematic review and
meta-analysis,” Scientific Reports, vol. 7, no. 1, pp. 1731–
1731, 2017.

[9] V. Shulaev, “Metabolomics technology and bioinformatics,”
Briefings in Bioinformatics, vol. 7, no. 2, pp. 128–139, 2006.

[10] L. J. Sweetlove and A. R. Fernie, “Regulation of metabolic net-
works: understanding metabolic complexity in the systems
biology era,” New Phytologist, vol. 168, no. 1, pp. 9–24, 2005.

[11] P. M. Jones and M. J. Bennett, “Urine organic acid analysis for
inherited metabolic disease using gas chromatography-mass
spectrometry,” Methods in Molecular Biology, vol. 603,
pp. 423–431, 2010.

[12] B. R. Cohn, B. N. Joe, S. Zhao et al., “Quantitative metabolic
profiles of 2nd and 3rd trimester human amniotic fluid using
(1)H HR-MAS spectroscopy,” Magma, vol. 22, no. 6,
pp. 343–352, 2009.

[13] W. Xu, A. V. Knegsel, E. Saccenti, R. V. Hoeij, B. Kemp, and
J. Vervoort, “Metabolomics of milk reflects a negative energy
balance in cows,” Journal of Proteome Research, vol. 19,
no. 8, pp. 2942–2949, 2020.

[14] L. Zennaro, L. Nicolè, P. Vanzani, F. Cappello, and A. Fassina,
“1H-NMR spectroscopy metabonomics of reactive, ovarian
carcinoma and hepatocellular carcinoma ascites,” Pleura and
Peritoneum, vol. 5, no. 2, pp. 1–9, 2020.

[15] G. A. Gowda, S. Zhang, H. Gu, V. Asiago, N. Shanaiah, and
D. Raftery, “Metabolomics-based methods for early disease
diagnostics,” Expert Review of Molecular Diagnostics, vol. 8,
no. 5, pp. 617–633, 2008.

[16] J. Huang, J. Mo, G. Zhao et al., “Application of the amniotic
fluid metabolome to the study of fetal malformations, using
Down syndrome as a specific model,” Molecular Medicine
Reports, vol. 16, no. 5, pp. 7405–7415, 2017.

[17] H. Wu, A. D. Southam, A. Hines, and M. R. Viant, “High-
throughput tissue extraction protocol for NMR- and MS-
based metabolomics,” Analytical Biochemistry, vol. 372,
no. 2, pp. 204–212, 2008.

[18] D. S. Wishart, M. J. Lewis, J. A. Morrissey et al., “The human
cerebrospinal fluid metabolome,” Journal of Chromatography.
B, Analytical Technologies in the Biomedical and Life Sciences,
vol. 871, no. 2, pp. 164–173, 2008.

[19] N. Gowda, N. Shanaiah, A. Cooper, M. Maluccio, and
D. Raftery, “Bile acids conjugation in human bile is not ran-
dom: new insights from 1H-NMR spectroscopy at 800MHz,”
Lipids, vol. 44, no. 6, pp. 527–535, 2009.

[20] S. T-j, Z.-x. He, Z.-j. Xie, L. H-c, M.-j. Wang, and C.-P. Wen,
“Characterization of ankylosing spondylitis and rheumatoid
arthritis using 1H NMR-based metabolomics of human fecal
extracts,” Metabolomics, vol. 12, no. 4, 2016.

[21] A. D. Maher, O. Cloarec, P. Patki et al., “Dynamic biochemical
information recovery in spontaneous human seminal fluid
reactions via 1H NMR kinetic statistical total correlation spec-
troscopy,” Analytical Chemistry, vol. 81, no. 1, pp. 288–295,
2009.

[22] P. J. Tardivel, C. Canlet, G. Lefort, M. Tremblay-Franco,
L. Debrauwer, and D. Concordet, “ASICS: an automatic
method for identification and quantification of metabolites in
complex 1D 1H NMR spectra,” Metabolomics, vol. 13,
no. 10, 2017.

[23] O. Beckonert, H. C. Keun, T. M. D. Ebbels et al., “Metabolic
profiling, metabolomic and metabonomic procedures for
NMR spectroscopy of urine, plasma, serum and tissue
extracts,” Nature Protocols, vol. 2, no. 11, pp. 2692–2703, 2007.

[24] M. Dutta, M. Joshi, S. Srivastava, I. Lodh, B. Chakravarty, and
K. Chaudhury, “A metabonomics approach as a means for
identification of potential biomarkers for early diagnosis of
endometriosis,” Molecular BioSystems, vol. 8, no. 12,
pp. 3281–3287, 2012.

[25] D. S.Wishart, C. Knox, A. C. Guo et al., “HMDB: a knowledge-
base for the human metabolome,” Nucleic Acids Research,
vol. 37, pp. D603–D610, 2009.

[26] Z. Wu, L. Jin, W. Zheng et al., “NMR-based serum metabolo-
mics study reveals a innovative diagnostic model for missed
abortion,” Biochemical and Biophysical Research Communica-
tions, vol. 496, no. 2, pp. 679–685, 2018.

[27] P. Banerjee, M. Dutta, S. Srivastava, M. Joshi, B. Chakravarty,
and K. Chaudhury, “1H NMR serum metabonomics for
understanding metabolic dysregulation in women with idio-
pathic recurrent spontaneous miscarriage during implantation
window,” Journal of Proteome Research, vol. 13, no. 6,
pp. 3100–3106, 2014.

[28] J. Huang, N. Jin, H. Qin et al., “Transcriptomic profiles in
peripheral blood between women with unexplained recurrent
implantation failure and recurrent miscarriage and the corre-
lation with endometrium: a pilot study,” PLoS One, vol. 12,
no. 12, 2017.

7BioMed Research International



[29] K. Bingol and R. Brüschweiler, “Multidimensional approaches
to NMR-based metabolomics,” Analytical Chemistry, vol. 86,
no. 1, pp. 47–57, 2014.

[30] S. Meiboom and D. Gill, “Modified spin echo method for mea-
suring nuclear relaxation times,” The Review of Scientific
Instruments, vol. 29, no. 8, pp. 688–691, 1958.

[31] R. Schicho, R. Shaykhutdinov, J. Ngo et al., “Quantitative
metabolomic profiling of serum, plasma, and urine by (1)H
NMR spectroscopy discriminates between patients with
inflammatory bowel disease and healthy individuals,” Journal
of Proteome Research, vol. 11, no. 6, pp. 3344–3357, 2012.

[32] A. Agarwal, A. Aponte-Mellado, B. J. Premkumar, A. Shaman,
and S. Gupta, “The effects of oxidative stress on female repro-
duction: a review,” Reproductive Biology and Endocrinology,
vol. 10, no. 1, p. 49, 2012.

[33] C. J. Jong, T. Ito, H. Prentice, J. Y. Wu, and S. W. Schaffer,
“Role of mitochondria and endoplasmic reticulum in
taurine-deficiency-mediated apoptosis,” Nutrients, vol. 9,
no. 8, p. 795, 2017.

[34] D. M. Mock, N. I. Mock, C. W. Stewart, J. B. LaBorde, and
D. K. Hansen, “Marginal biotin deficiency is teratogenic in
ICR mice,” The Journal of Nutrition, vol. 133, no. 8,
pp. 2519–2525, 2003.

[35] H. Sawamura, “Biochemical studies on the effect of low and
excess biotin intakes on female and male reproduction in
rodents,” Biology, 2015.

[36] T. Watanabe, Y. Nagai, A. Taniguchi, S. Ebara, S. Kimura, and
T. Fukui, “Effects of biotin deficiency on embryonic develop-
ment in mice,” Nutrition, vol. 25, no. 1, pp. 78–84, 2009.

[37] J. B. Katz, A. J. Muller, and G. C. Prendergast, “Indoleamine
2,3-dioxygenase in T-cell tolerance and tumoral immune
escape,” Immunological Reviews, vol. 222, no. 1, pp. 206–221,
2008.

[38] H. Wei, S. Liu, R. Lian et al., “Abnormal expression of indolea-
mine 2, 3-dioxygenase in human recurrent miscarriage,”
Reproductive Sciences, vol. 4, p. 193371911983378, 2019.

[39] S. Zong, C. Li, C. Luo et al., “Dysregulated expression of IDO
may cause unexplained recurrent spontaneous abortion
through suppression of trophoblast cell proliferation and
migration,” Scientific Reports, vol. 6, no. 1, p. 19916, 2016.

[40] H. Fei, J. Hou, Z. Wu et al., “Plasma metabolomic profile and
potential biomarkers for missed abortion,” Biomedical Chro-
matography, vol. 30, no. 12, pp. 1942–1952, 2016.

[41] J. F. Silva, N. M. Ocarino, and R. Serakides, “Thyroid hor-
mones and female reproduction,” Biology of Reproduction,
vol. 1, no. 99, pp. 907–921, 2018.

[42] S. Stavrou, M. Gratz, E. Tremmel et al., “TAAR1 induces a dis-
turbed GSK3β phosphorylation in recurrent miscarriages
through the ODC,” Endocrine Connections, vol. 7, no. 2,
pp. 372–384, 2018.

[43] S. Andersen and P. Laurberg, “Managing hyperthyroidism in
pregnancy: current perspectives,” International Journal of
Women's Health, vol. Volume 8, pp. 497–504, 2016.

[44] J. Dasarathy, L. L. Gruca, C. Bennett et al., “Methionine metab-
olism in human pregnancy,” The American Journal of Clinical
Nutrition, vol. 91, no. 2, pp. 357–365, 2010.

[45] V. Ragaller, P. Lebzien, K. H. Südekum, L. Hüther, and
G. Flachowsky, “Pantothenic acid in ruminant nutrition: a
review,” Journal of animal physiology and animal nutrition,
vol. 95, no. 1, pp. 6–16, 2011.

[46] R. Menon, J. Jones, P. R. Gunst et al., “Amniotic fluid metabo-
lomic analysis in spontaneous preterm birth,” Reproductive
Sciences, vol. 21, no. 6, pp. 791–803, 2014.

[47] Y. S. Guo and J. Z. Tao, “Metabolomics and pathway analyses
to characterize metabolic alterations in pregnant dairy cows on
D 17 and D 45 after AI,” Scientific Reports, vol. 8, no. 1, p. 5973,
2018.

[48] K. Todorova, S. Ivanov, and M. Genova, “Selenium and glu-
tathion peroxidase enzyme levels in diabetic patients with early
spontaneous abortions,” Akusherstvo i Ginekologiia, vol. 45,
no. 5, pp. 3–9, 2006.

[49] H. M. Bolt and R. Thier, “Relevance of the deletion polymor-
phisms of the glutathione S-transferases GSTT1 and GSTM1
in pharmacology and toxicology,” Current Drug Metabolism,
vol. 7, no. 6, pp. 613–628, 2006.

[50] B. Giusti, A. Vestrini, C. Poggi et al., “Genetic polymorphisms
of antioxidant enzymes as risk factors for oxidative stress-
associated complications in preterm infants,” Free Radical
Research, vol. 46, no. 9, pp. 1130–1139, 2012.

[51] R. Polimanti, S. Piacentini, N. Lazzarin et al., “Glutathione S-
transferase genes and the risk of recurrent miscarriage in Ital-
ian women,” Fertility and Sterility, vol. 98, no. 2, pp. 396–400,
2012.

[52] A. Bâ, “Alcohol and B1 vitamin deficiency-related stillbirths,”
The Journal of Maternal-Fetal & Neonatal Medicine, vol. 22,
no. 5, pp. 452–457, 2009.

[53] A. Ba, “Perinatal thiamine deficiency-induced spontaneous
abortion and pup-killing responses in rat dams,” Nutritional
Neuroscience, vol. 16, no. 2, pp. 69–77, 2013.

[54] L. Jovanovic, R. H. Knopp, H. Kim et al., “Elevated pregnancy
losses at high and low extremes of maternal glucose in early
normal and diabetic pregnancy: evidence for a protective
adaptation in diabetes,” Diabetes Care, vol. 28, no. 5,
pp. 1113–1117, 2005.

[55] X. Liu, X. Wang, H. Sun et al., “Urinary metabolic variation
analysis during pregnancy and application in gestational dia-
betes mellitus and spontaneous abortion biomarker discov-
ery,” Scientific Reports, vol. 9, no. 1, p. 2605, 2019.

8 BioMed Research International


	The Investigation of Metabonomic Pathways of Serum of Iranian Women with Recurrent Miscarriage Using 1H NMR
	1. Introduction
	2. Materials and Methods
	2.1. Subject Collection
	2.2. Sample Collection and Preparation
	2.3. 1H NMR Analysis
	2.4. Chemometrics Analysis
	2.5. Metabonomic Analysis

	3. Results
	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest

