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Abstract

Macrophages comprise a major component of the human innate immune system that is involved in
maintaining homeostasis and responding to infections or other insults. Besides cytokines and
chemokines, macrophages presumably influence the surrounding environment by secreting various
types of metabolites. Characterization of secreted metabolites under normal and pathological
conditions is critical for understanding the complex innate immune system. To investigate the
secreted metabolome, we developed a novel workflow consisting of one Reverse Phase (RP) C18
column linked in tandem with a Cogent cholesterol modified RP C18. This system was used to
compare the secreted metabolomes of human monocyte derived macrophages (hMDM) under
normal conditions to those exposed to methamphetamine (Meth). This new experimental approach
allowed us to measure 92 metabolites, identify 11 of them as differentially expressed, separate and
identify three hydroxymethamphetamine (OHMA) isomers, and identify a new, yet unknown
metabolite with m/z of 192. This study is the first of its kind to address the secreted metabolomic
response of hMDM to an insult by Meth. Besides the discovery of novel metabolites secreted by
macrophages, we provide a novel methodology to investigate metabolomic profiling.
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As part of the innate immune system, macrophages defend the host. However, they can also
provoke disease (pathological) states while exposed to an insult from infectious or toxic
agents, e.g. methamphetamine (Meth, Supporting Information Figure S1). In response to
such insults, the activated macrophage has at its disposal many means of communication
with other cells, such as the secretion of cytokines and chemaokines, via direct contact
utilizing receptors and presumably utilizing various metabolites 1. Macrophage responses
can be acute or chronic; for example, it has been postulated that in human immunodeficiency
virus 1 (HIV-1) infected brains, low levels of persistent inflammation of macrophages
contribute to the development of HIV-1 associated neurocognitive disorders (HAND) 24,
Though previous studies investigated cytokine and chemokine effects, the communicative
and/or regulatory role of metabolites secreted by human macrophages remains understudied.

Thus, in this study, we were interested in how this secreted metabolome is affected when
macrophages are exposed to the unfavorable environment caused by Meth 5-6. Numerous
publications provide evidence that functions of macrophages are susceptible to adverse
effects of Meth > -1, For example, Meth enhances HIV replication in macrophages,
leading to alkalization of the phagosome, and consequently, decreased phagocytosis and
killing of yeast 1213, Simultaneous HIV infection and Meth exposure also alters
macrophage signaling in response to Toll-like receptor 9 (TLR9) stimulation ° and coupled
with gp120 effects on matrix metalloproteins (MMPs), modulates the remodeling of the
extracellular environment 14, This latter effect is also associated with the increased migration
of monocytes/macrophages to the brain.

Many studies have focused on the extraction of metabolites as the first and most crucial step
of metabolic profiling. Extraction of metabolites is driven by two factors: 1) the source, i.e.
intracellular or extracellular and 2) physico-chemical properties of the investigated
molecules 1°. Although extraction methods do not need to cover a wide range of metabolites
in the case of targeted metabolic profiling, pre-fractionation of complex samples is
beneficial during the discovery phase of global, unbiased profiling. In this study, solid phase
extraction (SPE) was designed to pre-fractionate metabolites based on their general physico-
chemical properties into two groups: acidic/neutral and basic compounds.

Anal Chem. Author manuscript; available in PMC 2019 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pawlak et al.

Page 3

The novel workflow proposed in this study incorporates sample preparation, extensive
fractionation, and analysis by liquid chromatography (LC) in which two columns with
different characteristics were connected in tandem. We diminished the very high dynamic
range of the synthetic media’s concentration of components (from a few to 2000 mM of
glucose, amino acids, phenol red, sodium bicarbonate, and sodium pyruvate, from a few to
200 puM of vitamins and antibiotics) and the much lower levels of macrophages’ secreted
metabolites (from a few to hundreds of nM typical levels of biomarkers in blood 26). This
allowed us to perform a comprehensive investigation of macrophages’ secreted metabolome
upon exposure to Meth. Although not shown here, our data also suggests that Meth exposure
to human monocyte derived macrophages (hMDM) may lead to alterations in metabolic
pathways in the hMDM such as propionylation of certain substrates.

EXPERIMENTAL

Materials.

Optima 0.1% formic acid in water (LC/MS grade), Optima 0.1% formic acid in acetonitrile
(LC/MS grade), and Optima acetonitrile (LC/MS grade) were purchased from Fisher
Chemical (Fair Lawn, NJ, USA). A detailed list of reagents is in Supporting Information.

Cells and growth conditions.

Human Monocyte Derived Macrophages (nMDM) were obtained as described previously 16,
Detailed description of growth conditions is presented in Supporting Information.

Secreted metabolome sample collection, processing, solid phase extraction (SPE), and
liquid-liquid extraction (LLE).

We used monocytes from six donors, to give six biological replicates. Five separate one
milliliter aliquots of culture supernatants were processed at one time, thus generating five
technical replicates for each sample. Collected culture supernatants were centrifuged for 10
min at 14,000 x g to clear cellular debris. Prepared supernatants were further processed by
using either a SPE (Figure 1a) or a LLE (Supporting Information Figure S2) method.
Despite the fact that the medium used for cultures was fully synthetic, the wide range of
concentrations between secreted metabolites and amounts of medium components remained
a challenge. Thus, the purpose of this extended fractionation was to extract metabolites from
cell culture supernatants along with the simplification of the samples’ composition. Of note,
some compounds showing amphoteric properties were split between elution of acidic and
basic conditions. Each fraction can be analyzed by mass spectrometry in positive and
negative modes. In this study, however, we present analyses of compounds eluted in Fraction
2 (Figure 1a) in positive mode. Other fractions are being subsequently analyzed.

As depicted in Figure 1a, 25 pL of each internal standard were added to 3 mL of sample in a
Falcon tube and vortexed. Samples were diluted 3 times with 2% H3PO, solution yielding a
total final volume of 9 mL. Plexa PCX sorbent contains a negatively charged resin that will
retain the compounds of interest, which are contained in an acidic environment after being
conditioned with 3 mL of 100% MeOH dropwise until the meniscus reaches the top of the
sorbent. Next, the sample was equilibrated with 3 mL of 100% H,O dropwise. Then, sample
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was loaded and passed through the cartridge dropwise until all sample was applied. Flow-
through fraction was discarded. Sorbent with applied sample was washed with 3 mL of a
washing solution of 2% formic acid in water, which was discarded. Elutions of acidic and
neutral compounds were achieved using a mixture of acetonitrile and methanol (Fraction 1).
Elutions of basic compounds were achieved using 5% NH4OH in ACN/MeOH (Fraction 2).
This triggered a pH change that washed away the hydrophobic compounds along with the
amine group-rich compounds attached to the resin. Each elution procedure was repeated 3
times using 2 mL of elution solvent each time. All replicates of all samples (control and
Meth) were immediately dried in a Savant SPD1010 SpeedVac concentrator (ThermoFisher
Scientific, Asheville, NC, USA). Before injection, samples were reconstituted by first
adding 400 uL of acetonitrile-water mixture (1:1, v/v), then vortexed for 10 s. Next, 200 yL
of water with 0.1% formic acid was added to these solutions and vortexed again for 10 s.

Mass Spectrometry.

The primary readout system used in this study was mass spectrometry with a variety of
techniques and instrumentation depending on analytical needs. It included QTrap MS in
three modes (Multiple Reaction Monitoring (MRM), Q3 MS scan, and Enhanced Product
lon (EPI)), as well as High-resolution Orbitrap MS in two modes (scan and MS/MS).

LC-MS.—Chromatographic and mass spectrometric analyses were performed using Nexera
X2 UHPLC System (Shimadzu Corporation, Kyoto, Japan) interfaced with a QTRAP 6500
MS/MS System with a Turbo Spray ion source (SCIEX, Framingham, MA, USA). The
majority of the experiments were analyzed using MRM mode (detailed settings for these
experiments are provided in Supporting Information).

LC-MS conditions (column, eluent, gradient, source parameters) used for Q3 MS scan or
EPI analyses were the same as for MRM described in Supporting Information, while the
detection method was different. The full scan chromatograms and spectra were acquired in
Q3 MS scan (mass to charge ratio (m/z) 100-1000). The EPI mode was implemented using
30 V of collision energy (CE) and 15 V of collision energy spread (CES) for precursor ions
of all MRM transitions. Additionally, new metabolites of Meth and
hydroxymethamphetamine (OHMA) isomers were fragmented using 10, 15 and 20 V of CE
and 5 V of CES. The MS/MS spectra were acquired from m/z 50 to m/z-value of the parent
ion + 20 to achieve an upper limit around 20 m/z above the m/z of each fragmented ion.

High-resolution MS.—High-accuracy mass spectra were acquired using a Thermo
Dionex UltiMate 3000 RSLCnano System (Dionex Softron GmbH, Germering, Germany)
coupled with a Thermo Orbitrap Fusion Lumos Tribrid mass spectrometer with an EASY-
Spray source (Thermo Fisher Scientific, San Jose, CA, USA). Detailed settings are provided
in Supporting Information.

Data Analyses.

All data analyses were carried out in R version 3.4.0. Peak areas from positive ion mode,
SPE Fraction 2 samples were obtained from MultiQuant (AB SCIEX, Framingham, MA,
USA) software. Data for all 5 technical replicates for each condition (control and Meth) of
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each donor (six total) were combined to give a matrix with columns corresponding to
samples and rows corresponding to metabolites. All data were log2 transformed and then
normalized by subtracting the area of the internal standard abacavir in each sample. This
data was visualized in a heat map presented in Figure 4 using the heatmap.2 function
available in the gplots R package 7. Hierarchical clustering was performed on the matrix
rows (metabolites). The peak area values were converted to z-scores to show relative
downregulation (blue) and upregulation (red) of metabolites.

For differential expression analyses, we calculated the mean of each metabolite across the
technical replicates separated by condition to obtain a matrix of mean peak abundance
values. The moderated paired t test within the limma R package was used to determine the
differences between control and Meth groups and to identify significantly differentially
expressed metabolites 18-19. The p-values were adjusted using the Benjamini & Hochberg
method, and an adjusted p-value of no more than 0.1 was considered to be significant.

Experimental flow.

LC.

Supporting Information Figure S3 shows a flow chart of the experimental approach to
discover metabolites secreted by hMDM exposed to Meth. It consists of three parts: Electro-
Spray lonization Mass Spectrometry (ESI MS), HPLC/UPLC chromatography, and sample
preparation. Our sample preparation includes all steps as outlined in literature 20,

Much of the analytical success of secreted metabolome investigation depends on effective
LC prior to detection of metabolites by mass spectrometry. As mentioned above, one
challenge is the substantial dynamic range of concentrations of metabolites that might be
present at very low concentrations compared to the components of the synthetic medium. In
addition, high intensity signals for the components of the medium and Meth may suppress
low intensity signals from secreted metabolites that might not be detected by mass
spectrometryunless the metabolites are separated by LC beforehand. Therefore, we
combined two columns in tandem RP C18 and RP 4UDC Cholesterol to achieve the best
possible fractionation of the metabolite mixture, which remained a complex mixture despite
the solid phase extraction. Figure 1b shows surface characteristics of these two columns. The
RP 4UDC Cholesterol column’s unique characteristics support separation in an acetonitrile/
water liquid phase. Cholesterol-based stationary phases have been successful in many RP
applications, e.g. separation of sterols, 2 and allowed us to chromatographically separate
isomers of OHMA (Figure 2). The separation effect of OHMA is due to characteristics of
the cholesterol-modified surface since all other parameters were not changed from those
used for RP C18 column 22, The effects of the sample matrix on retention times and
intensity of internal standards, correlation coefficients (r), limits of detection (LOD) and
limits of quantitation (LOQ) are presented in Table 1 (calibration curves can be found in
Supporting Information Figure S4).
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Differentially expressed metabolites.

Table S1 in Supporting Information lists compounds found in SPE Fraction 2, all transitions
used in MRM mode, data obtained from EPI mode to verify the identity of the listed
compounds, and results of statistical analyses. We have found 11 differentially expressed
metabolites (bold font, adjusted p-value < 0.1) with one metabolite, represented by mass 192
Da, not yet identified.

Heat Map Visualization.

The heat map presented in Figure 3 shows the response of hMDMs to Meth exposure.
Before visualization, metabolite data were transformed, normalized, and summarized by the
mean of technical replicates as described in Methods. Metabolite abundance values were
further scaled to highlight relative downregulation (blue) and upregulation (red) between
conditions (metabolites with adjusted p-value < 0.1 are labeled). Vertical columns represent
the mean of five technical replicates per donor. As expected, we observed substantial
variability in responses between donors; nevertheless, hierarchical clustering analyses
categorizes the Meth metabolites as a major cluster. Variability in the donors’ responses to
Meth treatment is characteristic for profiling analysis of primary cells and has been noted by
us in previous publications 23-24, Supporting Information Table S2 lists all compounds and
their z-scores included in the heat map.

Metabolism of Meth.

The new LC approach allowed us to separate many metabolites (Figure 2), including two
new isomers of OHMA and two new metabolites of Meth.

MRM data extraction for the m/z 166.2/135.1 precursor and transition ions generated three
chromatographically distinct peaks (t7 9.8, 10.4 and 11.6 min) labeled o, m, and p (orange
line, Figure 2). MS/MS spectra acquired for pseudo-molecular ions at m/z 166.1 of the peaks
using EPI mode generated almost identical spectra (Supporting Information Figure S5a)
different only in intensity of the ions. They show the same fragmentation pathway as for
Meth (Supporting Information Figure S5b). Since the m/z values of both main signals
observed in the spectra (m/z 135.0 and 106.9) are exactly 16 Da higher than the ones in
Meth spectra, the only difference in the structure is a benzene ring that has a hydroxy! group
attached. The presence of three peaks with the same MS/MS spectra indicates ortho-, meta-,
and para- isomers of OHMA. The elution order is a result of differences in their overall
polarity because the dipole moments of these isomers changes while the number of carbons
remains the same. Taking this together, we conclude that each peak represents structurally
different forms of three isomers of OHMA: ortho-, meta-, and para-.

Protonation of the nitrogen atom of OHMA isomers leads, on the one hand, to B-cleavage
with formation of a stable hydroxybenzyl cation (C;H;0* at m/z 106.9), and on the other to
simple inductive cleavage with formation of a CgH170" cation (m/z 135.0). For meta- and
para-OHMA, the ion of m/z 106.9 is more stable than the m/z 135.0 ion; but in the case of
ortho-OHMA, the latter ion (m/z 135.0) undergoes a 1,2-hydride shift and a nucleophilic
attack of a primary carbocation by the ortho-hydroxyl-substituent, leading to cyclization.
The six-membered ring additionally stabilizes the cation, and according to Stevenson’s rule
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25 the more stable the product cation, the more abundant the corresponding decomposition
process. Hence, in the case of o-OHMA in the same MS/MS conditions, the m/z 135.0 ion is
more intense than the m/z 106.9 ion. Increased collision energy can lead to further
elimination of ethylene from the CgH1,0" ion, which involves only a proton transfer and
two facile hydride transfers leading to C-C bond cleavage and creation of the C;H;O™ ion 26,
Figure 4 shows the proposed fragmentation pathways for each isomer of OHMA: a) ortho-,
b) meta-, and c) para-.

Mass spectrometric investigation of new molecular species.

In addition to MRM analyses, we performed Q3 MS m/z 100 to 1000 scan analyses to
investigate whether there are differentially expressed molecular species not included in the
list of compounds used for targeted MRM experiments. Indeed, Q3 MS scan mode showed
at least two such compounds. These additional molecular species found in Q3 MS scan were
m/z 193.1 and m/z 164.1. Next, we examined these species using high-resolution Orbitrap
Lumos MS; hence, their accurate m/z-values (and formulas) were determined to be 193.1331
(C11H17N20) and 164.1433 (C11H17N). Further, MS/MS investigation of these two
molecular species indicates that they might be novel, so far unreported metabolites of Meth.
The structure of the compound with m/z 193.1331 remains unconfirmed. High-resolution
and high-accuracy product ion spectra are presented in Figure 5.

MS/MS spectra of the m/z 193.1334 ion ([M+H]*) acquired with higher-energy collisional
energy dissociation (HCD) at the level of 20% showed three main signals at m/z 119.0852,
91.0540, and 75.0551 (Figure 5a). Since the most possible site for a charge location was a
nitrogen atom in a secondary amine group, the m/z 119.0852 ion was created via simple
inductive cleavage of the C—N bond between a secondary carbon atom and secondary amine
group. As a result, a CoHgN,O molecule was lost that was, depending on the proposed
structure, either 2-aminoacetamide or 1-methylurea (Figure 6). Similarly, a p-cleavage
initiated by the charge led to the formation of the ion at m/z 91.0541 corresponding to a
benzyl cation (CgH5CH,*), which rearranges to the highly stable tropylium cation (C7H7*).
When the charge was located at the terminal amine group, inductive and p-cleavages
resulted in the production of the m/z 176.1067 and 150.1274 ions, respectively.

Formation of the ion at m/z 101.0707 occurred through remote hydrogen rearrangement
(Figure 6). A similar mechanism was involved in the creation of the m/z 75.0551 product ion
of the variant (i) structure, while in the case of variant (ii), it occurred through a McLafferty-
type rearrangement, which was driven by the formation of the extremely strong O-H bond
21_ Since this ion was very intense in the MS/MS spectrum acquired at HCD 20 and since
McLafferty-type rearrangement is an energetically privileged reaction compared to remote
hydrogen rearrangement, it may indicate that variant (ii) of the structure is more likely to be
the correct one.

Fragmentation of the m/z 164.1433 ion ([M+H]") generated fewer product ions than
fragmentation of m/z 193.1334. In its MS/MS spectra, only two main signals at m/z
119.0854 and 91.0541 were observed. These ions were formed in the same way as described
above; that is via inductive and B-cleavage, respectively.
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DISCUSSION

The macrophage is one of many key players in the complex system of innate immunity
protecting humans and other animals by regulating its responses. 28 Our first goal was to use
human primary macrophages in contrast to the majority of studies using macrophage-like
cell lines 23-30,

Our second goal was to use the novel LC method that would allow us to maximize
separation of low abundance metabolites. Metabolites constitute a group of much more
diverse molecules than others, such as peptides. They may differ greatly in polarity, basic
and acidic properties, and many of them are amphoteric. The separation of a complex
mixture of expected and unknown metabolites required new methods not only in multistep
solid phase separations but also in LC separations before mass spectrometric analyses. Thus,
here we developed a new LC method for fractionation of secreted metabolites that are
subsequently quantified by MRM using a Sciex QTRAP 6500 mass spectrometer. This new
LC method employed two tandemly linked RP columns with slightly different characteristics
allowing separation of molecular species previously eluted as one peak. One such example is
the resulting separation of three OHMA isomers. Since the levels of secreted metabolites
was low, especially relative to the high levels of synthetic medium components, our primary
focus was to separate and detect metabolites present at such low levels. In addition to
achieving this goal, the application of a Q3 MS scan allowed us to identify and measure new
metabolites. Thus, we expect that further development of this method will lead to the
separation and/or quantification of metabolites that have not been reported or measured.

Our third goal was to discover metabolites secreted by macrophages upon Meth treatment.
We focused on metabolites that could show overall macrophage metabolism is affected by
Meth and on metabolites that were not identified/reported to date. In this respect, we
succeeded in discovering new metabolites of Meth. The underlying mechanisms of such
expression are being investigated in the subsequent studies.

Our novel approach led to the separation of three hydroxylated isomers of Meth (OHMA),
two of which were previously unknown. This opens the question of what the mechanism(s)
leading to Meth hydroxylation at the three distinct positions would be. Hydroxylation of
aromatic ring at para- position by cytochrome P450 (CYP2D6) has been reported previously
31: however, the mechanism of hydroxylation at the other two positions, ortho- and meta-, of
such aromatic ring is unknown. At this point, we can only speculate based on similar studies
of how the aromatic ring is hydroxylated in amino acids. Fitzpatrick has reviewed possible
mechanisms in his paper published in 2003 32, As Fitzpatrick stated, tyrosine, phenylalanine,
and tryptophan comprise a group of three tetrahydroproteins dependent on modification by
aromatic amino acid hydroxylases. Nevertheless, the author did not reach a conclusion about
the exact mechanism. It is also not known if a similar mechanism of the hydroxylation of
Meth occurs. The most favored mechanism proposed by Fitzpatrick is based on the
activation of an oxygen atom, as he presented in Scheme 2 in his paper. Thus, in our case,
Fitzpatrick’s proposed hydroxylation mechanism is unlikely due to the lack of any oxygen
atom in Meth (Supporting Information Figure S1). Alternatively, one of the hydroxylases
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involved in the hydroxylation of aromatic rings in those three amino acids may use Meth as
a substrate in a yet unknown mechanism.

According to the principles of electrophilic substitution, some substituents of an aromatic
ring, such as the 2-(methylamino)-1-propyl group of Meth, direct new substituents into
ortho- and para positions. If such a mechanism is operative in our case, it would explain the
observed differences in peak areas of OHMA isomers where the m-OHMA peak is the
smallest. This, however, does not apply to hydroxylation of aromatic rings in chemical
synthesis. Nevertheless, similar mechanisms may be operative in metabolic reactions of a
living cell.

CONCLUSIONS

Results presented in this paper introduce three novel aspects of metabolomic research. First,
we present analyses of the metabolic secretome of hMDM exposed to Meth in comparison
to non-exposed control cells. We measured 92 metabolites and two internal standards, and
identified 11 metabolites that were significantly different between control and Meth-exposed
macrophages. Second, the newly proposed and developed LC methodology using combined
C18 and Cogent columns allowed us to overcome low concentrations of secreted metabolites
and the simultaneously high concentrations of culture medium components. This new
analytical approach also allowed us to separate and identify OHMA isomers. Lastly, we
found two presumably unknown metabolites pending structural determination and
confirmation. This new methodology paves the way for future metabolomics studies, while
the experimental results shed light on how the human macrophage, a key component of the
innate immune system, responds to Meth exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Solid phase extraction (SPE) sample processing; FA formic acid, ACN acetonitrile,

MeOH methanol; b) Characteristics of LC column used for separation of metabolites.
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Figure 2.
Chromatograms of Meth metabolites acquired in MRM positive ion mode extracted for

selected transitions; o ortho-hydroxymethamphetamine, m meta-hydroxymethamphetamine,
a amphetamine, p para-hydroxymetahmphetamine, d a metabolite with the formula C11Hq7N
(Mpi 163 Da), likely dimethylamphetamine, u a metabolite with formula C11H1gN20 (M
192 Da), x compound with unknown structure (also present in control samples).

Anal Chem. Author manuscript; available in PMC 2019 December 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pawlak et al.

Row Z-Score

—
L
it

—— Methamphetamine

L

i

—— Methylguanosine

ay
Irl | II

]

|

Amphetamine
FUnknown M 192 Da)
J— m- Hydroxymethamphetamme
— Dlmethylamphetamlne

—l_ p-Hydroxymethamphetamine
| o-Hydroxymethamphetamine
N-Carbamoyl-L-aspartic acid

JJJI-WI

i

Figure 3.
Heat map comparison of abundance levels for control and Meth conditions; relative
downregulation (blue) and upregulation (red). Only metabolites with adjusted p-value < 0.1

are labeled; the compounds in the heat map (top to bottom) are listed in Supporting
Information Table S2.
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Figure 4.
Proposed fragmentation of OHMA isoforms: a) ortho-OHMA, b) meta-OHMA and c) para-

OHMA; colored arrows represent different pathways of fragmentation.
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High accuracy MS/MS spectra in positive ion mode for: a) precursor ion at m/z 193.1331
and b) precursor ion 164.1433 with two high-energy collisional dissociations (HCD): 20%

and 35%.
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Proposed structures and fragmentation paths of two metabolites with the following formulas:
a) C11H16N20O (Mmi 192 Da), and b) C11H17N (Mmi 163 Da).

Anal Chem. Author manuscript; available in PMC 2019 December 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pawlak et al.

Table 1.

Calibration equations, coefficients of determination (r), LOD, LOQ, matrix effect, and relative standard
deviation of abacavir and SN-38

Regression equation r LOD,ngmL™? LOQ,ng-mL™ Matrix effect, % RSD (tg), %

Abacavir  y=330866x+941121  0.9982 2.17 6.57 88.2 20.3
SN-38 y=46484x-132150 0.9949 18.15 54.99 103.5 7.5

Anal Chem. Author manuscript; available in PMC 2019 December 10.



	Abstract
	Graphical Abstract
	EXPERIMENTAL
	Materials.
	Cells and growth conditions.
	Secreted metabolome sample collection, processing, solid phase extraction (SPE), and liquid-liquid extraction (LLE).
	Mass Spectrometry.
	LC-MS.
	High-resolution MS.

	Data Analyses.

	RESULTS
	Experimental flow.
	LC.
	Differentially expressed metabolites.
	Heat Map Visualization.
	Metabolism of Meth.
	Mass spectrometric investigation of new molecular species.

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

