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study question: Does investigation of metabolic perturbations in endometrial tissue of women with dormant genital tuberculosis (GTB)
during the window of implantation (WOI) assist in improving the understanding of endometrial receptivity?
summary answer: In dormant GTB cases signiﬁcant alterations in endometrial tissue metabolites occur, largely related to energy
metabolism and amino acid biosynthesis in dormant GTB cases.

what is known already: As an intracellular pathogen, Mycobacterium tuberculosis strongly inﬂuences the metabolism of host cells
causing metabolic dysregulation. It is also accepted that dormant GTB impairs the receptive status of the endometrium. Global metabolic proﬁling
is useful for an understanding of disease progression and distinguishing between diseased and non-diseased groups.

study design, size, duration: Endometrial tissue samples were collected from patients reporting at the tertiary infertility care
center during the period September 2011–March 2013. Women having tested positive for GTB were considered as the study group
(n ¼ 24). Normal healthy women undergoing sterilization (n ¼ 26) and unexplained infertile women with repeated IVF failure (n ¼ 21)
volunteered to participate as controls.

participants/materials, setting, methods: Endometrial tissue samples were collected 6 –10 days after conﬁrmation of
ovulation. PCR and BACTEC-460 culture were used for diagnosing GTB. Proton nuclear magnetic resonance (1H NMR) spectra of tissue
were recorded using a 700 MHz Bruker Avance AV III spectrometer. Following phase and baseline correction of all NMR spectra by Bruker
Topspin 2.1 software, spectral peak alignment of the data was performed. Multivariate analysis was applied to all spectra and individual metabolites
identiﬁed and multiple correlation analysis was performed.
main results and the role of chance: Leucine, isoleucine, acetate, lactate, glutamate, glutamine, methionine, lysine, creatine,
glycogen, glycine, proline and choline were found to be signiﬁcantly increased (P , 0.05) in endometrial tissue of women with dormant GTB compared with unexplained infertile women with repeated implantation failure. Valine, citrate, succinate and aspartate were also observed to be
signiﬁcantly up-regulated (P , 0.01). Furthermore, a signiﬁcant decrease in glucose (P , 0.05), threonine (P , 0.05), tyrosine (P , 0.01) and
phenylalanine (P , 0.0001) was observed in women with dormant GTB. Pearson’s correlation analysis between the expression of various
endometrial receptivity markers and metabolites showed a signiﬁcant negative correlation (20.236 to 20.545, P , 0.05). Also, the metabolites
were positively correlated with endometrial receptivity markers (0.207 to 0.618, P , 0.05).

limitations, reasons for caution: It is often difﬁcult to diagnose dormant GTB because it tends to exist without any clinical signs
or symptoms. In addition, the diagnosis of GTB by culture remains a challenge due to low detection rates and its paucibacillary nature. Testing for
& The Author 2016. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
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prostate-speciﬁc antigen or the Y chromosome in order to account for the possible inﬂuences of recent exposure to semen on endometrial metabolism would be important.

wider implications of the findings: The metabolic changes associated with the dormant tubercle infection are of potential
relevance to clinicians for the treatment of dormant GTB-related infertility.

study funding/competing interest(s): Government of India, Indian Council of Medical Research. There are no conﬂicts of
interest.
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Tuberculosis (TB), caused by the bacterial pathogen Mycobacterium
tuberculosis, generally results in a chronic or latent infection and has been
correctly recognized as a global emergency (Gatongi et al., 2005). TB
can spread from its origin of pulmonary or abdominal infection through
the hematogenous route and cause extra-pulmonary TB (Rozati et al.,
2006). About 9% of all extra-pulmonary TB cases are genital TB (GTB),
which causes irreversible damage to the genital organs of younger
women of reproductive age (Thangappah et al., 2011; Sankar et al.,
2013). Infertility is the primary symptom of GTB and is also associated
with various other complications (Sankar et al., 2013). In developed countries, the prevalence of GTB is estimated to be 1%, whereas, in India it is
reported to be as high as 18–19% among infertile women aged 20–40
years (Das et al., 2008). A case study by Kocher et al. (2011) reported
that GTB has been diagnosed in the Western European countries which
reﬂects increasing occurrence of GTB in these regions. Another challenging problem often faced by the clinician is the diagnosis and management
of dormant GTB. Dormant GTB in women is deﬁned as the condition
when dormant but viable tubercular bacilli reside in the genital tract for
a considerable period of time without any signs or symptoms, but are
capable of reactivating themselves to cause the disease (Malik, 2003).
Due to its asymptomatic nature, the exact incidence and prevalence of
dormant GTB is largely unknown.
The window of implantation (WOI) refers to the 6 –10 day period
post ovulation, when the endometrium is receptive to the embryo at
the blastocyst stage (Wilcox et al., 1999; Martin et al., 2002; Haouzi
et al., 2009). Advances in assisted reproductive technologies have contributed signiﬁcantly toward the selection of high quality embryos
during IVF; however, the receptive status of the endometrium remains
the limiting factor for successful conception. In fact, reduced endometrial
receptivity is believed to be one of the major causes of repeated implantation failure (Margalioth et al., 2006; Ghosh et al., 2013). In our earlier
study, we have reported that dormant GTB is associated with subendometrial blood ﬂow impairment and reduced endometrial thickness
(Dam et al., 2006). Hence, understanding the inﬂuence of dormant
Mycobacterial bacilli on the endometrium at a metabolic level during
the WOI seems clinically relevant.
Systems biology techniques including metabonomics are being increasingly used in understanding disease pathophysiology and in the development of reliable diagnostic biomarkers (Zhao et al., 2014; Bujak
et al., 2014). Proton nuclear magnetic resonance spectroscopy (1H
NMR) is established as one of the powerful tools for the analysis of
low molecular weight metabolites in bioﬂuids and tissues (Kostara
et al., 2014). Metabolomics deals with normal endogenous metabolism,
whereas metabonomics is the study of perturbations in metabolism

caused by external stimuli. However, the terms metabolomics and metabonomics are often used interchangeably. Multivariate statistical models
such as principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant
analyses (OPLS-DA) are used to detect signiﬁcant results.
NMR-based metabolomics studies on murine TB models (Shin et al.,
2011; Somashekar et al., 2011, 2012) and lung TB patients (Weiner et al.,
2012; Zhou et al., 2013; Frediani et al., 2014) have shown remarkable
changes in the metabolite proﬁling during infection. It is also reported
that tubercle bacilli inﬂuence metabolism of the host cells, thus altering
the metabolites in bioﬂuids and tissues (Zhou et al., 2013). In view of
the fact that tubercle bacilli act as an intracellular pathogen, identiﬁcation
of the metabolic derangements during mycobacterial infection is likely to
help in understanding the underlying mechanism of host-pathogen interaction (Somashekar et al., 2012). No metabolomic proﬁles and outcomes of women with dormant GTB infection have been reported so
far. The present study investigates 1H NMR metabolic proﬁling of endometrial tissue infected with dormant/latent tubercle infection as compared with proven fertile women and unexplained infertile women
with repeated IVF failure.

Materials and Methods
Subject selection and sample collection
This study was conducted with the prior approval of the human ethics committee of the Institute of Reproductive Medicine (IRM), Kolkata and Indian
Institute of Technology, Kharagpur. Written informed consent was obtained
from all couples participating in the study. The inclusion criteria ensured that
only women ,40 years with regular menstrual cycles (25 – 32 days), who
were euthyroid with normal baseline FSH and prolactin levels with no identiﬁable cause of infertility (unexplained infertility) were included. Endometrial
tissue samples were obtained by dilation and curettage from women with
repeated IVF failure (.3 attempts of embryo transfer) and diagnosed for
GTB by PCR and BACTEC-460 culture. Women found to be positive for
GTB were included as one study group (n ¼ 24). Of these, ﬁve women
had a history of pulmonary TB. Two groups were included as controls: (i)
proven fertile healthy women (given birth in the last 2 – 3 years) undergoing
voluntary sterilization (Control 1; n ¼ 26) and (ii) unexplained infertile
women with repeated IVF failure (Control 2; n ¼ 21). Women who had
their last delivery during the 2 – 3 preceding years and had used only male
barrier methods (not any other form of contraception) were included in
the study as proven fertile women. The cases and controls were comparable
in terms of age, BMI, hormone levels, ethnicity, geographical residence,
sexual activity and sex partners. All controls tested negative for GTB by
both BACTEC-460 and PCR. Daily ovarian ultrasonography and a urinary
LH assay were performed for ovulation conﬁrmation (Banerjee et al., 2013).
Endometrial tissue samples were collected from all groups 6–10 days post
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metabolites involved in discriminating dormant GTB and controls. Signiﬁcant
regions were identiﬁed based on S-plot and variable-importance in projection (VIP). The threshold of correlation coefﬁcient (r) and VIP was set to
|r| ≥ 0.6 and VIP ≥ 1, respectively.
A permutation test with 200 iterations was carried out to validate the
quality of the PLS-DA model. The robustness and validation of the
OPLS-DA model against overﬁtting was determined by the following parameters: goodness of ﬁt (R2), goodness of prediction (Q2) and analysis of variance testing of cross-validated predictive residuals (CV-ANOVA score).
Receiver operating characteristic (ROC) curve analysis was also performed
to validate the robustness and predictive performance of the constructed
models in discriminating groups.

Metabolite extraction

Peaks were assigned based on the human metabolome database (HMDB),
literature (Mazzei et al., 2010) and 2D NMR experiments [COSY (correlation
spectroscopy) and TOCSY (total correlation spectroscopy)]. The statistically
signiﬁcant variables extracted were subjected to spectral integration using
MestReNova version 7.1.0 (Mestrelab Research, Santiago de Compostela,
Spain). Statistical comparison between the mean integral values of corresponding metabolites of dormant GTB and controls was performed using Student’s
t-test or Mann–Whitney test (GraphPad Prism version 5.00 for Windows,
GraphPad Software, San Diego, CA, USA), as applicable. P , 0.05 was considered to be statistically signiﬁcant. Multiple Pearson’s correlation analysis was
determined and represented as heatmaps using R statistical packages version
3.2.2 (R Foundation for Statistical Computing, Vienna, Austria; http://www.
R-project.org/). Concentration of metabolites (i.e. integral values) was
subjected to pathway analysis. Metabolite relationships were derived from
metabolomics pathway analysis (MetPA, http://metpa.metabolomics.ca/
MetPA/faces/Home.jsp; Xia and Wishart, 2010).

Endometrial tissue samples were snap-frozen and stored at 2808C until
extraction of metabolites using perchloric acid, as described elsewhere
(Beckonert et al., 2007). Brieﬂy, the frozen tissue (100 mg wet weight) was
homogenized in 6% ice-cold perchloric acid and kept in ice for 10 min. Following centrifugation at 12000 ×g for 10 min, the supernatant was neutralized to pH 7.4 with 2M potassium carbonate (K2CO3) and left for 30 min
in ice to precipitate the potassium perchlorate salts. The supernatant was
freeze-dried and stored at 2808C until analysis.

1H NMR spectrometry
One-dimensional 1H NMR spectra of tissue samples were acquired by applying Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence to suppress signals
of water and macromolecules. The detailed experimental procedure is
described elsewhere (Dutta et al., 2012; Jana et al., 2013; Banerjee et al.,
2014). Brieﬂy, polar tissue extracts were resuspended in 600 ml of D2O containing 1 mM sodium salt of 3-(trimethylsilyl) propionic-2, 2, 3, 3, d4 acid
(TSP), a chemical shift reference. The mixture was then vortexed, centrifuged
and loaded into 5 mm NMR tubes. NMR spectra were recorded on a
700 MHz Bruker Avance AV III spectrometer at 298 K with 256 transients,
spectral width of 14 005.6 Hz, 16K data points, relaxation delay 4.0 s, and
an acquisition time of 0.58 s.

Spectra pre-processing
Acquired spectra were manually phase and baseline corrected, and chemical
shifts referenced to TSP (d ¼ 0.0 ppm) in MestReNova version 7.1.0
(Mestrelab Research, Santiago de Compostela, Spain). Spectral region of d
0.5 – 4.4 (excluding residual water signal: d 4.5 – 5.10 ppm) was subjected
to multivariate analysis. Univariate analysis was performed separately for
the region d 5.10 – 9.0 since this region represents poor signal to noise
ratio. Recursive segment-wise peak alignment (RSPA) was applied to the
spectral region of d 0.5 – 4.4 ppm for minimizing chemical shift variations
using the R/Bioconductor package mQTL.NMR (Hedjazi et al., 2015).
Spectra were normalized to a constant sum to limit the effect of concentration differences between the samples. Unit variance scaling was applied to the
data matrix for giving equal weightage to all the variables (SIMCA 13.0.2,
Umetrics, Sweden).

Multivariate analysis and data validation
An unsupervised model, PCA was performed to determine the intrinsic clustering and distribution of samples between dormant GTB and controls.
Supervised classiﬁcation models including PLS-DA and OPLS-DA were
applied to visualize class separation using SIMCA 13.0.2 (Umetrics,
Sweden). OPLS-DA maximizes class segregation by removing variability irrelevant to class separation and builds a model detecting potential

Univariate analysis

Results
Demographic characteristics of the
participants
The demographic characteristics of women with dormant GTB and controls are summarized in Table I. Age, BMI, serum estrogen and progesterone levels, ethnicity, geographic region of residence, sexual activity
and sex partners were found to be comparable between the groups.
Endometrial histology conﬁrmed that the biopsied samples correspond
to the mid-secretory phase of the endometrium (Fig. 1).

Chemometric discrimination of dormant GTB
and controls
Multivariate analysis was used to identify the metabolites associated with
mycobacterial infection in the endometrium. For an unbiased reduction
of the complexity of data sets, the unsupervised statistical approach PCA
was applied to NMR spectra of the groups. PCA identiﬁed the general
patterns and outliers from the scatter score plot of principal component
1 (PC1) versus PC2 and visualized the inherent clustering between
dormant GTB women and controls. The PCA scores plot has shown a
clear separation between the groups (Supplementary Fig. S1; R2X ¼
72.2%, Q2 ¼ 0.51). The supervised classiﬁcation models PLS-DA and
OPLS-DA were generated to improve the class separation between
dormant GTB and controls. The improved separation of dormant GTB
and control groups in PLS-DA models was achieved by utilizing class
membership of the observation (Fig. 2A; R2X ¼ 52.9%, R2Y ¼ 0.974,
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ovulation. Endometrial histology was performed to conﬁrm the biopsied
samples correspond to mid-secretory endometrium.
Women with a history of chocolate cyst, ﬁbroids, mild to severe endometriosis, polycystic ovary syndrome, Chlamydia trachomatis or other infections
(Neisseria gonorrhoeae, Trichomonas vaginalis, Treponema pallidum, Mycoplasma genitalium, Mycoplasma hominis, Ureaplasma urealyticum, Gardnerella
vaginalis and Candida albicans), bacterial vaginosis and viral infections
(human immunodeﬁciency virus, herpes simplex virus type 2, human papillomavirus and hepatitis-B) and any pelvic pathology including pelvic inﬂammatory disease and adhesions were excluded. Cervical swabs were collected
from all women and subjected to PCR testing and culture for Chlamydia trachomatis species. Women with any uterine abnormalities were excluded
based on the Grading of Recommendations, Assessment, Development
and Evaluation score by Galliano et al. (2015).
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Table I Clinical characteristics of women with dormant genital tuberculosis (GTB) and controls.
Parameters

Dormant GTB women

Proven fertile women
(Control 1)

Unexplained infertile women
with >3 IVF failure (Control 2)

.............................................................................................................................................................................................
Age (years)
2

34.4 + 2.7

33.9 + 2.3

32.8 + 3.9

BMI (kg/m )

24.1 + 2.3

24.8 + 1.96

23.8 + 1.8

Serum estrogen level (pg/ml)

240.12 + 37.22

228.40 + 29.66

235.65 + 45.61

19.73 + 2.8

20.94 + 3.81

21.85 + 5.48

South Asian

South Asian

South Asian

Geographical residence

Eastern and North-east, India
Nepal and Bangladesh

Eastern and North-east, India
Nepal and Bangladesh

Eastern and North-east, India
Nepal and Bangladesh

Sexual activity
Frequency of sexual intercourse

3– 5 times a week

2– 3 times a week

3–5 times a week

Sex partners

Male (Monogamous)

Male (Monogamous)

Male (Monogamous)

Parity (for control 1)

–

2– 3

–

Time since last delivery (for control 1)

–

2– 3 years

–

Data are represented as mean + SD. All groups were found to be comparable (P . 0.05); Student’s t-test comparing dormant GTB cases with controls.

Figure 1 A typical 700 MHz 1H NMR spectrum (d 9.020.0 ppm) of endometrial tissue obtained from a woman with dormant genital tuberculosis (GTB)
with spectral assignment of metabolites. Numbers indicate the following metabolites: 1. 3-(trimethylsilyl) propionic-2,2,3,3,d4 acid (TSP), 2. Isoleucine,
3. Leucine, 4. Valine, 5. Lactate, 6. Lysine, 7. Alanine, 8. Arginine, 9. Acetate, 10. Glutamine, 11. Methionine, 12. Succinate, 13. Glutamate, 14. Citrate,
15. Aspartate, 16. Creatine, 17. Ornithine, 18. Choline, 19. Taurine, 20. Proline, 21. Myoinositol, 22. Glycogen, 23. Glycine, 24. Glucose, 25. Threonine,
26. Uracil, 27. Fumarate, 28. Tyrosine, 29. Histidine, 30. Phenylalanine, 31. Inosine, 32. Adenosine monophosphate (AMP), 33. Formate, 34. Nicotinamide.
A representative image of endometrial histology of biopsied samples conﬁrms the mid-secretory phase of the endometrium (inner panel), scale-50 mm.

and Q2 ¼ 0.934). OPLS-DA model, an extension of PLS-DA, was
further applied to remove the variables not related to the class separation
for easy interpretation. This optimized classiﬁcation between dormant
GTB and control groups (Fig. 2C a,c,d). We also found the OPLS-DA
model to ﬁt well with the training data set and could predict the
classes better than chance with higher R2 and Q2 values [Dormant
GTB versus Control 1 (R2X ¼ 50.3%, R2Y ¼ 0.988 and Q2 ¼ 0.971);
Dormant GTB versus Control 2 (R2X ¼ 38.7%, R2Y ¼ 0.982 and
Q2 ¼ 0.957); Control 1 versus Control 2 (R2X ¼ 47%, R2Y ¼ 0.991
and Q2 ¼ 0.967)]. R2 and Q2 are important parameters for assessing
the variance and predictive ability of the model, respectively. High R2
and Q2 values indicate that the model has a good ﬁt and can satisfactorily
predict dormant GTB. R2X indicates the total amount of variation in X;

R2Y indicates the total amount of variation in Y; and Q2 indicates the
total amount of predictive variability in Y.
Supervised models, though capable of providing good discrimination,
have a tendency to overﬁt the data. Therefore, the model was rigorously
validated for good predictability and robustness of the model with
regard to sample collection, data acquisition and processing, and interindividual variations. A permutation test was used to validate whether
the PLS-DA model has better predictive ability than 200 different permuted models. This validation method demonstrated that the original
model has better predictive capability than the 200 Y-permutated
models. This was demonstrated by the regression line of Q2 with intercept at 20.318 and R2 regression line intercept at 0.404, with all permuted R2 and Q2 values lower than the original value obtained from

Downloaded from https://academic.oup.com/humrep/article-abstract/31/4/854/2379955 by guest on 08 June 2020

Serum progesterone level (ng/ml)
Ethnicity

858

Subramani et al.

Downloaded from https://academic.oup.com/humrep/article-abstract/31/4/854/2379955 by guest on 08 June 2020

Figure 2 PLS-DA scatter plot, permutation tests and OPLS-DA coefﬁcient loading plots as colormaps. (A) Two-dimensional scatter plot of PLS-DA
shows discrimination of dormant GTB women ( ) and controls (proven fertile women ( ) and unexplained infertile cases with repeated IVF failure ( )).
(B) Permutation test shows statistical validation of the PLS-DA model (n ¼ 200). The regression line of Q2 (goodness of prediction) with intercept at
20.318 and R2 (goodness of ﬁt) regression line intercept at 0.404 indicate that our model has higher R2 (goodness of ﬁt) and Q2 (goodness of prediction)
values in the validation test than the permutated models generated. (C) OPLS-DA score (left) and loading plot (right) for 1H NMR endometrial tissue
spectra of (a) dormant GTB cases (n ¼ 24) versus proven fertile women (control 1; n ¼ 26), (b) dormant GTB cases (n ¼ 24) versus unexplained infertile
women with repeated IVF failure (control 2; n ¼ 21), (c) control 1 (n ¼ 26) versus control 2 (n ¼ 21). Coefﬁcient loading plots corresponding to
OPLS-DA model are represented as color map (MATLAB R2009a, The MathWorks, Inc., USA). The color bar represents modulus of correlation for
the variables/metabolites responsible for discriminating the groups (cut-off at |r| . 0.6; signiﬁcance at P , 0.05). Positive and negative loadings show
increased and decreased metabolites. Altered metabolites are indicated: 1. Isoleucine, 2. Leucine, 3. Valine, 4. Lactate, 5. Alanine, 6. Lysine,
7. Acetate, 8. Glutamine, 9. Methionine, 10. Succinate, 11. Glutamate, 12. Aspartate, 13. Creatine, 14. Ornithine, 15. Choline, 16. Arginine,
17. Taurine, 18. Proline, 19. Myoinositol, 20. Glucose, 21. Citrate, 22. Glycogen, 23. Glycine, 24. Threonine, U-unknown.
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Metabolite proﬁles of endometrial tissue
in dormant GTB and controls
A typical 1H CPMG-NMR spectrum of endometrial tissue obtained from
a woman with dormant GTB is shown in Fig. 1. Thirty-four metabolites
could be identiﬁed and assigned based on the literature and 2D NMR
experiments (COSY and TOCSY).
Metabolite proﬁling associated with tubercle infection in the endometrium was obtained based on the signiﬁcant regions identiﬁed in the S-plot
and VIP scores and the integral values of these metabolites subjected to
univariate analysis. Succinate, acetate, lactate, lysine, glutamine, glutamate, proline, valine, alanine, isoleucine, leucine, aspartate, methionine,
choline, creatine and ornithine were signiﬁcantly higher in endometrial
tissue of women with dormant GTB as compared with proven fertile
women (Table II). A signiﬁcant decrease in taurine, myoinositol,
glucose and arginine was observed in dormant GTB women compared
with control 1 (Table II). A signiﬁcant increase in valine, leucine, isoleucine, acetate, lactate, glutamate, glutamine, citrate, succinate, methionine, lysine, creatine, aspartate, glycogen, glycine, proline and choline
and decrease in glucose, threonine, tyrosine and phenylalanine were
observed in women with dormant GTB as compared with unexplained
infertile women with repeated implantation failure (Table II). We
observed increased levels of lysine, alanine, valine, leucine, isoleucine,
glutamine, glutamate, aspartate, methionine, creatine, ornithine, tyrosine and phenylalanine and decreased levels of arginine, taurine, myoinositol and glucose in unexplained infertile women with repeated
implantation failure as compared with proven fertile women (Table II).

Association between endometrial receptivity
markers and blood ﬂow parameters with
the altered metabolites
Here, we also explore the possible association of the altered endometrial
tissue metabolites with our earlier ﬁndings reporting dysregulated protein
expression of various endometrial receptivity markers and endometrial
blood ﬂow parameters in women with dormant GTB (Subramani et al.,

2016). A signiﬁcant negative correlation (20.236 to 20.545, P , 0.05)
was observed between the expression of various endometrial receptivity
markers and acetate, aspartate, choline, creatine, glutamate, glutamine,
leucine, methionine, proline, succinate, valine, lysine (except MECA79),
isoleucine (except MECA79), ornithine (except MECA79) and glycogen
[except MECA79 and vascular endothelial growth factor (VEGF)]. In addition, a negative correlation was observed for citrate and leukemia inhibitory factor (LIF), integrin b3 and MECA79, lactate with integrin b3,
MECA79 and VEGF, and alanine with LIF, E-cadherin, integrin av and
mucin 1. In contrast, glucose, myoinositol and taurine were found to
positively correlate with endometrial receptivity markers (0.207 to
0.618, P , 0.05; Fig. 3). Threonine with LIF, E-cadherin, integrin av and
integrin b3, glycine with LIF, E-cadherin and integrin av and arginine with
LIF, e-cadherin, integrin av, Mucin 1 and MECA79 also showed a positive
correlation (0.207 to 0.618, P , 0.05; Fig. 3). Furthermore, a signiﬁcant
negative correlation of alanine, aspartate, citrate, glutamine, leucine,
lysine, methionine and succinate with end diastolic volume (EDV) and
glucose with vascularization index (VI) was observed. Acetate, choline, glutamine, lysine, methionine, proline, succinate and valine with VI, glutamine
with pulsatility index (PI), glutamate, isoleucine and lysine with resistance
index (RI), glucose, myoinositol and taurine with EDV and aspartate, isoleucine, leucine, lysine, methionine and valine with systemic diastolic (S/D)
ratio were found to be positively correlated (Fig. 3).

Metabolomic pathway analysis
Metabolomic pathway analysis (MetPA) was used to identify altered
pathways involved in each group. Signiﬁcantly altered metabolites in
dormant GTB and unexplained infertile cases featured in 43 (Supplementary Table SI) and 38 pathways (Supplementary Table SII), respectively. Since these multiple pathways are analyzed at the same time in
MetPA, P-values obtained from metabolite set enrichment analysis
(Raw p) were subjected to tests at various levels. These tests include
Holm – Bonferroni method (Holm p), false discovery rate adjustment
(FDR p value) and pathway topology analysis based impact score.
Following multi-step analysis using MetPA, metabolic pathways including the tricarboxylic acid (TCA) cycle, glycine, serine and threonine metabolism, aminoacyl-tRNA biosynthesis, phenylalanine metabolism
and alanine, aspartate and glutamate metabolism were found to be signiﬁcantly altered in dormant GTB (Supplementary Fig. S3A). Similarly,
taurine and hypotaurine metabolism, arginine and proline metabolism,
aminoacyl-tRNA biosynthesis, pyruvate metabolism, alanine, aspartate
and glutamate metabolism were found to be associated with unexplained infertile cases (Supplementary Fig. S3B).

Discussion
Metabolic changes in the endometrium
of dormant GTB women during the WOI
The present study, for the ﬁrst time, attempts to investigate the
metabolic milieu of the endometrium owing to the presence of dormant
Mycobacterium bacilli infection. A total of 20 metabolites were found to
be dysregulated in endometrial tissue of dormant GTB women compared
with control 1 (proven fertile women) (Table II). Association of these
metabolites with GTB seems likely. It was, nevertheless, critical to
include an additional group of women with recurrent implantation
failure and no other apparent cause of infertility (control 2) so that we
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the model (Fig. 2B). Cross-validation of the OPLS-DA model with a
CV-ANOVA score showed highly signiﬁcant differences between the
groups [Dormant GTB versus Control 1 (P ¼ 3.43939 × 10233);
Dormant GTB versus Control 2 (P ¼ 3.63395 × 10226); Control 1
versus Control 2 (P ¼ 6.0387 × 10228)]. The CV-ANOVA score conﬁrms that our model is statistically valid and more efﬁcient than the permutated models in predicting the classes. Further, ROC analysis of the
OPLS-DA model (area under ROC ¼ 0.99) indicates better predictability and accuracy of the model.
Next, the validated OPLS-DA model was used for variable/metabolites extraction. Based on the S-plot and VIP plot, signiﬁcant differences in
concentration of the metabolites between the groups (dormant GTB
versus control 1; dormant GTB versus control 2; control 1 versus
control 2) were identiﬁed. The S-plot visualizes a correlation coefﬁcient
of the metabolites, which indicates the signiﬁcantly dysregulated
metabolites (Fig. 2C b,d,f). The VIP score also contributes toward the
identiﬁcation of the important variable/metabolites in discrimination
of the groups (Supplementary Fig. S2A –C). The variables contributing
toward class separation of disease and control groups were selected
by setting the threshold of the correlation coefﬁcient . +0.60
(Fig. 2C) and VIP≥ 1 (Supplementary Fig. S2A –C).
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Table II Fold change of signiﬁcant metabolites discriminating dormant GTB women and controls (unexplained infertile
women with IVF failure and proven fertile women).
Metabolites

ppm

Fold change

....................................................................................................................................

Dormant GTB versus
proven fertile women

Dormant GTB versus
unexplained infertile
women with IVF failure

Unexplained infertile
women with IVF failure
versus proven fertile women

.............................................................................................................................................................................................
Acetate (s)

1.91

13.56***

1.66*

–

Lactate (d)

1.32

1.56*

1.69*

–

Citrate (d)

2.56

–

2.28**

–

2.39

4.84**

3.78**

–

Aspartate (dd)

2.66

4.53***

1.83**

2.47***

Glycogen (m)

3.60

–

3.09*

–

Glucose (d)

5.2

0.245***

0.50*

0.49*

Choline (s)

3.19

2.94**

2.2*

–

Creatine (s)

3.02

2.46***

1.65*

1.44*

Ornithine (m)

3.04

3.46***

–

3.83**

Lysine (m)

1.71

2.13***

3.2*

1.46*

Valine (d)

1.02

3.68***

1.87**

1.97***

Leucine (t)

0.94

2.67***

1.62*

1.64**

Isoleucine (d)

0.99

2.78***

1.92*

1.45*

Glycine (s)

3.54

–

2.51*

–

Alanine (d)

1.46

2.89***

–

2.34**

Glutamate (m)

2.12

2.28**

1.71*

1.33*

Glutamine (m)

2.44

2.68***

1.73*

1.549*

Methionine (m)

2.15

3.39***

1.95*

1.74*

Proline (m)

3.33

3.25**

1.85*

–

Threonine (m)

4.24

–

0.19**

–

Tyrosine (m)

6.87

–

0.69*

1.362*

Phenylalanine (m)

7.36

–

0.081***

10.77***

Arginine (m)

1.90

0.59*

–

0.624*

Taurine (t)

3.25

0.435**

–

0.40***

Myoinositol (dd)

3.52

0.34***

–

0.323***

*P , 0.05; **P , 0.01; ***P , 0.0001; – Non-signiﬁcant; Student’s t-test or Mann –Whitney U-test, as applicable.
Multiplicities: s-singlet, d-doublet, t-triplet, m-multiplet, dd-doublet of doublets.

could clearly identify metabolic changes attributable to dormant GTB per
se. A total of 21 metabolites were found to be signiﬁcantly dysregulated on
comparing dormant GTB with control 2.
Of the 20 signiﬁcantly dysregulated metabolites (dormant GTB versus
control 1), we found 15 altered metabolites to be common with the
dormant GTB versus control 2 group (Table II). It is, therefore, logical
to presume that the remaining ﬁve metabolites of dormant GTB
versus control 1 group (taurine, myoinositol, arginine, ornithine and
alanine) are due to the inﬂuence of unidentiﬁed endometrial factors in
dormant GTB women. This assumption is further supported by our
third set of comparative analyses between unexplained infertile
women with repeated IVF failure and proven fertile controls (control 1
versus control 2). Once again, the same set of ﬁve metabolites observed
earlier in the dormant GTB versus control 1 group were found to be
present (Table II).
The endometrial metabolites associated with the dormant GTB condition could be largely related to the TCA cycle, glycine, serine and

threonine metabolism, aminoacyl-tRNA biosynthesis, phenylalanine
metabolism, and alanine, aspartate and glutamate metabolism with corresponding changes in energy metabolism and protein biosynthesis
(Fig. 4; Supplementary Fig. 3A). Our ﬁndings are in good agreement
with various NMR-based metabolomic reports on active lung TB of
both humans and animals where alterations in the intermediates of the
TCA acid cycle, glycolysis, oxidative phosphorylation and amino acid biosynthesis are observed (Shin et al., 2011; Somashekar et al., 2011, 2012;
Weiner et al., 2012; Zhou et al., 2013; Frediani et al., 2014).

Increase in glucose and energy metabolism
The metabolic proﬁles of endometrial tissue from women with dormant
GTB showed enhanced glucose consumption and accumulation of
lactate. These ﬁndings are in agreement with earlier reports which
suggest that tubercle bacilli cause oxygen tension in the host and
trigger the glycolytic pathway, which, in turn, increases glucose consumption and concurrent lactate production (Chen et al., 2013). Accumulated

Downloaded from https://academic.oup.com/humrep/article-abstract/31/4/854/2379955 by guest on 08 June 2020

Succinate (s)

861

Metabonomics of dormant female genital tuberculosis

Altered lipid and fatty acid metabolism

Figure 3 A correlation heatmap using Pearson’s correlation. The
heatmap represents the statistical association of endometrial metabolites with receptivity markers and blood ﬂow parameters in dormant
GTB women (n ¼ 24) and controls (control 1 (n ¼ 26) and control 2
(n ¼ 21)). Blue squares show signiﬁcant positive correlations (0.207
to 0.618, P , 0.05), white squares show non-signiﬁcant correlations
(P . 0.05), and red squares show signiﬁcant negative correlations
(20.236 to 20.545, P , 0.05). Size of the squares and varying
shades of blue and red color show intermediate correlation coefﬁcient
values. Endometrial biochemical markers include leukemia inhibitory
factor (LIF), E-cadherin, integrin-av, integrin-b3, mucin 1, MECA79
(L-selectin ligand) and vascular endothelial growth factor (VEGF) and
blood ﬂow markers include resistance index (RI), pulsatility index
(PI), vascularization index (VI), end diastolic volume (EDV) and S/D
(systemic diastolic) ratio.

lactate levels in dormant GTB cases are indicative of anaerobic glycolysis
where high lactate limits the source of anaerobic ATP and contributes
toward the decline in cellular energy level in TB-infected animal
models (Shin et al., 2011; Somashekar et al., 2011). Thus, a signiﬁcant increase in lactate could be associated with tissue hypoxia and progression
of the infection. On the other hand, there is a possibility of the ‘Warburg
effect’ which could enhance glycolysis even in aerobic conditions, as
suggested by earlier studies (Zhivotovsky and Orrenius, 2009). An
increased level of glycogen and decreased level of glucose in the
tubercle-infected endometrium indicates Mycobacterium tuberculosis

Using NMR metabolomics, Zhou et al. (2013) have reported enhanced
lipid degradation in TB patients relative to controls. It is well known
that creatine kinase catalyzes the conversion of phosphocreatine to
ATP and creatine which supplies energy to the cells in a disease condition
due to the increasing energy demand (Wallimann et al., 2011; Chen et al.,
2013). Signiﬁcantly higher creatine levels in women with dormant GTB
suggest an increased utilization of the generated ATP and accumulation
of creatine in endometrial tissue of these women. Increased levels of
succinate and acetate suggest a possible metabolic switch to fatty acid
oxidation, thereby increasing the demand for ATP and cell energy
supply. These ﬁndings indicate that, in the presence of dormant tubercle
bacilli, lipids and fatty acids are the possible carbon source for producing
energy through b-oxidation under glucose deﬁciency and oxygen tension
(Somashekar et al., 2011; Chen et al., 2013).
Increased choline levels have been associated with cell membrane
modiﬁcation, particularly in tubercular and fungal infections and various
inﬂammatory disorders (Corbin and Zeisel, 2012; St-Coeur et al.,
2013). In support of this hypothesis, we found a negative correlation
between choline and a number of endometrial receptivity markers
(Fig. 3). An increased level of choline in the present study suggests
tubercle bacilli mediated dysregulation of host lipid metabolism in the
endometrial tissue of women with dormant GTB.

Alterations in amino acid biosynthesis
Various research groups are of the opinion that ‘anabolic block’ occurs in
TB patients associated with malnutrition and wasting (Schwenk and
Macallan, 2000; Paton et al., 2004; Zhou et al., 2013). We observed
increased levels of amino acids including L-proline, glutamate, L-glutamine, L-valine, L-isoleucine, L-leucine, L-lysine, L-glycine and L-methionine
and decreased L-threonine, L-tyrosine, L-phenylalanine in dormant
GTB women compared with controls. This may be attributed to a compromised anabolic response owing to infection, where amino acids may
be oxidized due to impairment in protein synthesis (Paton et al., 2004;
Somashekar et al., 2012; Zhou et al., 2013). A signiﬁcant increase in
amino acids including valine, isoleucine, leucine, and methionine suggests
increased Krebs cycle intermediates (aspartate and succinate) to supply
energy. These results are in accordance with a report on NMR-based
metabolomics of TB patients by Zhou et al. (2013).
The regulatory role of lysine in the pathogenesis of TB is well recognized (Kim et al., 2006; Nambi et al., 2013). A recent study by Liu et al.
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stores glucose as glycogen, an energy storage molecule, in the adverse
conditions. Various studies have reported that glycogen plays a crucial
role in the pathogenesis of the disease (Bourassa and Camilli, 2009;
Gupta et al., 2014).
Elevated levels of Krebs cycle intermediates (citrate, succinate and
aspartate) in dormant GTB cases show an increased energy consumption which is consistent with the earlier ﬁndings in TB-animal models
(Phillis and O’Regan, 1996; Shin et al., 2011; Somashekar et al., 2011).
The malate-aspartate shuttle for oxidizing NADH produced by glycolysis
becomes non-functional during TB infection (Lane and Gardner, 2005).
The increase in tissue aspartate level observed in the present study is
possibly due to impairment in the malate-aspartate shuttle of dormant
GTB women. It is likely that higher levels of energy metabolites suggest
an increase in TCA cycle mediated energy respiration in dormant GTB
condition.
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metabolites in endometrial tissue from dormant GTB cases versus control 1 (red arrows), dormant GTB cases versus control 2 (blue arrows) and control 1
versus control 2 (black arrows). Up-regulation: upward arrows; down-regulation: downward arrows. TCA: tricarboxylic acid.

(2014) reveals the role of lysine acetylation in the metabolic network of
Mycobacterium tuberculosis. We found L-lysine to be increased in endometrial tissue of women with dormant GTB. It is reported that
L-proline plays an important role in pathogenesis and the host-immune
response (Smith, 2003; Bhat et al., 2012). Also, L-glutamine and
L-glutamate are associated with immunomodulatory activity and inﬂammation (Banerjee et al., 2014). However, association between these
metabolites and an inﬂammatory response in women with dormant
GTB warrants further investigation.

Metabolic changes in the endometrium
of unexplained infertile women with
repeated implantation failure
On comparing endometrial tissue metabolites of unexplained infertile
women and proven fertile controls, we observed 17 metabolites that
were signiﬁcantly dysregulated (Table II). These metabolites are mostly
associated with taurine and hypotaurine metabolism, pyruvate metabolism, arginine and proline metabolism, with corresponding changes in
protein biosynthesis (Fig. 4; Supplementary Fig. S3B).
Myoinositol is an end-product of lipid metabolism and gets converted
to acetyl-CoA for the energy supply. A down-regulation of myoinositol in

the cases of unexplained fertility is suggestive of alterations in the lipid
metabolism. Our ﬁndings are supported by the work of Labarta et al.
(2011) where functional genomic analysis during the WOI indicates
that the myoinositol gene is up-regulated in the normal cycle and downregulated in women with poor implantation. Also, a study by Unfer et al.
(2011) has shown that myoinositol supplementation restores the ovarian
activity and improves pregnancy outcome. As mentioned above, a high
level of creatine in unexplained infertile cases indicates an increased
energy demand.
Taurine, a b-amino acid, is found abundantly in various mammalian
tissues and in oviductal and uterine ﬂuid (Devreker et al., 1999). The concentration of taurine is higher in human uterine ﬂuid during mid-cycle and
the luteal phase owing to endometrial secretions (Casslén, 1987).
Taurine plays an important role in osmotic regulation and maintains
the motility of spermatozoa in uterine ﬂuid, thereby helping in improving
IVF success (Leese et al., 1979; Casslén, 1987). The decreased level of
taurine in unexplained cases indicates an unfavorable endometrial environment for implantation. Moreover, since taurine is an end-product of
methionine metabolism (Huxtable, 1992; Shi et al., 2012), increased methionine and decreased taurine levels reﬂect the possibility of alterations
in methionine metabolism. The observed ﬁndings suggest changes in cellular energy metabolism in women with unexplained infertility.
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Figure 4 Schematic representation of the altered metabolic pathways in women with dormant GTB and unexplained infertile cases. Overview of altered
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A signiﬁcant increase in amino acids including L-valine, L-leucine,
L-isoleucine, L-glutamate, L-glutamine, L-lysine, L-alanine, L-tyrosine,

Conclusions
With the combined use of 1H NMR spectroscopy and multivariate analysis, we have successfully identiﬁed the major metabolites contributing
toward discrimination between women with dormant GTB and controls.
Signiﬁcant alterations in metabolites, largely related to energy metabolism
with corresponding changes in intermediates of lipid metabolism, amino
acid biosynthesis and reduction of sugars, in dormant GTB cases underline
the metabolic inﬂuence associated with the tubercle infection, even in its
inactive form (Fig. 4). Though the cause-and-effect relationship remains
unclear/unproven, we found the metabolic changes in the endometrium
of women with dormant GTB during the WOI to be associated with the
poor endometrial status of these women. One of the limitations of this
study is that we did not test prostate-speciﬁc antigen or Y chromosome
in these women, which could have provided important information
related to the possible inﬂuence of recent semen exposure on the
endometrium of women with GTB.

Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
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