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'H NMR-based metabolomics was used to profile the time-dependent metabolic responses of earthworms
(Eisenia fetida) that were exposed to low-Pb-contaminated-soil (L-Pb-CS) for 28 days using an indoor
culture. Earthworms were gathered after days 1, 7, 14, 21 and 28 of the exposure. The earthworm
extracts were then analyzed using 500 MHz nuclear magnetic resonance. Spectrum interpretation,
statistical analysis and plotting were performed using the “R" software. The metabolic trajectories,
histopathological examination, Pb accumulation, survival rate and mean weights of the earthworms were
evaluated to investigate and explain the possible mechanism of action. The results showed that the Pb
concentrations of earthworms in the Pb exposure groups increased with longer exposure times. Pb
treated groups showed varying degrees of histopathological damage. The metabolic response
trajectories in the Pb treated groups were of a similar type but differed in the magnitudes of metabolite
responses, which suggested that the responses of the Pbl and Pb2 groups may involve the same
metabolic mechanism. Earthworms may produce a toxic response on days 1-14, whereas
a detoxification strategy was initiated during days 14-28 to adapt to the L-Pb-CS, as indicated by the
negative maximum distance of metabolic trajectories. Specifically, the most serious damage in the
histopathology examination and the most extreme values of metabolites were observed on the 14" day.
The metabolic changes involved the amino acid, membrane, and energy metabolism of earthworms.
Myo-inositol, 2-hexyl-5-ethyl-3-furansulfonate (HEFS), scyllo-inositol, succinate, alanine and maltose
were found to be potential biomarkers for exposure to the L-Pb-CS. This study demonstrated that 'H
NMR-based metabolomics along with metal accumulation and histological detection provide a reliable
approach for interpreting time-dependent metabolic mechanisms in earthwormes.
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a branch of metabolomics that characterizes the metabolite
profiles of organisms and their interactions with the envi-
ronment.”> Although environmental metabolomics allows an

1. Introduction

Metabolomics is the study of low molecular weight

compounds within cells and tissues and how their composi-
tion varies in response to an external stressor.' Recently,
metabolomics has been used as an emerging study approach
in numerous fields such as toxicology, drug discovery and
environmental stress.>* Environmental metabolomics is
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in-depth investigation into the interactions between organ-
isms and the environment and provides insights into an
organism's health at a molecular level,?® it is currently in its
infancy in terms of application in Soil Science. Earthworms,
which are ubiquitous species that are in direct contact with the
soil system, are easy to sample and identify. For these reasons,
they are often used as a model organism to monitor contam-
inated soil toxicity.® Eisenia fetida (E. fetida) earthworms are
often used as model organisms in the eco-toxicological studies
according to the recommendation of the Organization for
Economic Co-operation and Development (OECD).” In past
years, high-frequency nuclear magnetic resonance (‘H NMR)
metabolomics which permits the simultaneous measurement
of numerous endogenous metabolites has become popular as
a tool for the characterization of earthworm responses to
various pollutants. This approach has identified some possible
biomarkers such as alanine.**® The metabolic responses of
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earthworms to a lead nitrate solution has been investigated
using a filter paper contact test.

Furthermore, metabolomics is also concerned with charac-
terizing the time-dependent metabolic responses of living
organisms to physiological perturbations."* The metabolic
responses as functions of the exposure time have provided
valuable information in terms of the mechanism of action
(MOA) of organic contaminants in organisms."™* Further,
building time-dependent relationships between the metabolite
changes and pollutants exposure is critical for ecotoxicological
assessments of pollutants that use a NMR-based earthworm
metabolomics approach such as organic pollutants.™

According to the OECD guideline, the mortality, mean
weight and cocoon production are generally used as endpoints
for assessments of toxicity in earthworms.” However, these
parameters may not change significantly during experiments
that involve the short-term exposure to soils with low levels of
contamination. In China, Pb contaminated arable soil, in which
moderate and low concentrations of this pollutant predomi-
nate, is a serious issue.’ Furthermore, given the increasing
concern about heavy metal pollution in the soil, it will be
helpful for the public and policy makers to know the potential
toxic effects of the low-Pb-contaminated-soil (L-Pb-CS, envi-
ronmentally relevant concentrations). In addition, clarifying the
time-dependence of the toxic mechanism in the L-Pb-CS will be
of great practical significance, by providing early screening for
warning biomarkers of lead pollutants that may lead to adverse
chronic effects in the soil environment. However, the relation-
ships between the toxic effects of the L-Pb-CS to earthworms
and the time-dependent effects of the exposure have seldom
been reported. Therefore, a more sensitive method such as
metabolomics is needed to develop an assessment of the
possible time-dependent toxic effects of L-Pb-CS.

Our first objective was to confirm whether '"H NMR-based
metabolomics was able to detect the time-dependent meta-
bolic changes even induced by L-Pb-CS; second, to determine
which kinds of metabolites in earthworms were influenced by L-
Pb-CS and find possible biomarkers; and finally, to evaluate the
potentially different response mechanisms during different
exposure stages.

2. Methods and materials
2.1 Soil preparation

In the present study, ferrosol (F) derived from quaternary red
clay was gathered from the Ecological Experimental Station of
Red Soil, Chinese Academy of Sciences, Yingtan City, China.
The relevant parameters of the ferrosol are presented in Table
S1.} On the basis of the Pb limit for the second grade of soil (the
highest soil Pb concentration allowable for crop production) of
the National Soil Environmental Quality Standard of China
(NSEQSC, GB 15618-1995), 125 and 250 mg kg~ of a Pb(NO3),
solution, which are one half and one times the limit, respec-
tively, were added to the ferrosol, respectively. These exposure
mediums were considered soils with low levels of contamina-
tion soils on the basis that the degree of soil contamination
designated low, medium, or severe when the concentration is 1-
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3, 3-5, or >5 times the benchmark value, respectively.’® Three
months later, the ferrosol was used to plant root vegetables. Five
years later, the contaminated ferrosol was milled and sieved to 2
mm. The Pb concentrations in the three treated ferrosol
samples (control, Pb1 and Pb2) were determined to be 23.2,
133.2 and 248.7 mg kg~ *. Then 500 g of ferrosol was transferred
into a 1 L breaker and adjusted to 35% moisture content of the
soil dry weight using deionized water. A total of 45 beakers were
utilized to conduct the experiments (Fig. S1+t).

2.2 Earthworm exposure

To allow acclimation to the laboratory conditions, E. fetida
earthworms that were purchased from a worm farmland in
Jurong city, Jiangsu province, China were raised in an incubator
for four weeks. Mature earthworms, as indicated by a visible
clitellum (400-600 mg), were selected to conduct the experi-
ment. After two days of depuration, ten earthworms were added
to each of three replicate beakers, which were filled with Pb
contaminated or control ferrosol. All beakers were covered with
gauze to prevent the earthworms from escaping. A total of 450
earthworms were used to carry out the experiment. On the 0,
7™, 14™ and 21°° days, 5 g of cattle manure was placed on the
surface of the exposed soils as the food of earthworms.
According to the OECD's guidelines, the earthworms were kept
in a closed incubator at 20 £ 1 °C, with 80% humidity and
a light intensity of 600 lux.”

2.3 Analysis of Pb concentrations in the earthworms

Three earthworms (n = 3) were selected from the replicates of
each treated group on the 15, 7, 14™, 21 and 28" days. After
voiding the gut contents for 4 days on wet filter, the earthworms
were rinsed, flash-frozen, lyophilized and weighed. Each
earthworm sample (0.08-0.12 g) was then digested indepen-
dently for 4 hours at 140 °C in a mixture of 5 mL of 65-68%
HNO; and 3 mL 30% of H,0, (guaranteed reagent). After that,
the digests were diluted appropriately with ultrapure water and
then analyzed using inductively coupled plasma mass spec-
trometry (ICP-MS). The recovery rate for the standard substance
(GBW10049, Green Chinese onion, National Quality and Tech-
nology Supervision Agency of China) was 98.5-101.7%, and the
coefficient of variation (CV) was below 5%.

2.4 Histological examinations of the earthworms

Three earthworms (n = 3) in each treated groups were cut
transversely into three parts and fixed in 4% buffered para-
formaldehyde for 24 h. After processing, wax-embedded
sections (5 pm) were cut, stained with hematoxylin and eosin,
and examined using light microscopy.

2.5 Solvent extractions of earthworm tissues

Ten earthworms (n = 10) from 3 replicates in each group were
chose to conduct the solvent extractions of metabolites. The
solvent extraction of the earthworm tissues was described in
Brown et al'” The metabolite extraction strategy used the
methanol/chloroform/water system.”® The main procedures
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focused on the following steps. First, the earthworms were
starved for two days on moist filter paper in Petri dishes to allow
elimination of the gut contents, then the treated earthworms
were snap-frozen in liquid nitrogen, lyophilized, weighed and
stored at —80 °C in a freezer until required for further analysis.
The weights of the lyophilized earthworms ranged from 0.08-
0.12 g. Subsequently, the lyophilized earthworms were quickly
cut into pieces, samples were extracted using a two-step
extraction protocol.” First, ice-cold solvent (methanol : water
= 4:0.85, v/v) was added to the tissue and vortexed for
approximately 15 s. Second, ice-cold chloroform (4 mL g ' dry
earthworm) and water (2 mL g~ ' dry earthworm) were added
and vortexed for 60 s. The mixtures were placed into an ice bath
for 10 min. Then, the earthworms were homogenized in an ice
bath in a 5 mL centrifuge tube using a portable tissue homog-
enizer with a 6 mm stainless steel spatula (portable tissue
homogenizer, S10, Ningbo, China). The samples were kept on
ice for 10 min to permit partitioning between the polar and non-
polar layers,® after which the homogenates were centrifuged at
12 000 rpm for 10 min at 4 °C. Next, each supernatant was
transferred into a 2 mL centrifuge tube and the organic phase
was eliminated under a continuous stream of nitrogen. Then
the samples were dissolved in 750 pL of 99.9% D,O phosphate
buffer (0.2 M, pH 7.4) containing 0.1% (w/v) sodium azide
(99.5% purity; Sigma-Aldrich) as a preservative and 0.05% (w/v)
sodium 3-(trimethylsilyl)propionate-2,2,3,3-d, (TSP, Sigma
Aldrich) as an internal standard (6 0.0). The samples were then
vortexed and centrifuged at 12 000 rpm for 10 min. Finally, each
supernatant was transferred into a 5 mm NMR tube for "H NMR
analysis.

2.6 NMR spectroscopy of the earthworm metabolites

"H NMR spectra of earthworm extraction were examined using
a Bruker AVANCE 500 MHz spectrometer at 298 K (Bruker Bio-
spin, Karlsruhe, Germany). A transverse relaxation-edited Carr-
Purcell-Meiboom-Gill (CPMG) sequence (90(t-180-7),-acquisi-
tion) with a total spin-echo delay (2n7) of 40 ms was used to
suppress the signals of macromolecules and proteins. The 'H
NMR spectra were measured using 128 scans into 32k data
points over a spectral width of 10 000 Hz. Prior to Fourier
transformation, an exponential window function with a line
broadening of 0.5 Hz was used for the free induction decays
(FIDs).

2.7 Spectral data processing

All "H NMR spectra were adjusted for phase and baseline using
Topspin 3.0 (Bruker GmbH, Karlsruhe, Germany). The ASCII
files were subsequently imported into “R”.>** The one-
dimensional (1D) spectra were converted to an appropriate
format for statistical analysis by automatically segmenting each
spectrum into 0.015 ppm integrated spectral regions (buckets)
between 0.4 and 9.4 ppm. Regions d 4.70-5.25 ppm were deleted
to remove any spurious effects of water resonance. Treated
spectra were then mean-centered and Pareto-scaled, and the
integral values were probability quotient normalized before
multivariate statistical analysis.*
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2.8 Data statistical analysis

Metabolites of the earthworm polar extracts in the "H NMR
spectra were identified by published ref. 9, 17, 22 and 23 with
Chenomx NMR Suite 7.7 software (Chenomx Inc., Edmonton,
Canada) by querying Human Metabolome Database (HMDB,
http://www.hmdb.ca). Orthogonal signal correction-partial least
squares-discriminant analysis (OSC-PLS-DA) which can
decrease the within class variability and confounders that are
unrelated to class discrimination were conducted using in-
house R scripts (revised PLS packages) to separate the control,
Pb1 and Pb2 groups on the 1%, 7, 14™ 21°° and 28" days. The
quality of the OSC-PLS-DA model was evaluated using the
repeated two-fold cross-validation (2CV).>* Cross-validation was
evaluated using the parameter R*Y and Q?Y which were used to
avoid overfitting and reflect the predictability of the model.
Typically, a Q®Y > 0.4 is considered a strong model.*?* The 2000-
times permutation testing was also performed to validate the
supervised model. The observed statistical p-values (p < 0.05)
confirmed the significance at a 95% confidence level. The
performance measures were plotted as histograms. Metabolites
that changed significantly were identified using the color-coded
loading plots. The warmer colors show larger more contribu-
tions to the class differentiation than the colder colors. The fold
change of the metabolites and the associated p-values corrected
by the Benjamini & Hochberg adjusted method were calculated
for multiple comparisons and visualized in a colored table.
Parametric (Student's ¢ test) tests were conducted to determine
the significance of metabolites that were higher or lower
between groups and p < 0.05 was considered statistically
significant. In addition, ANCOVA analysis and PLS regression
were conducted using IBM SPSS Statistics 20 and R software.

3. Results

3.1 Pb concentrations in the earthworms

During the exposure experiment, the survival rates in the various
groups ranged from 100% to 90% with increasing time. The
mortality rate of earthworms in each group which was less than
10% met the OECD standard. The survival rate of Pb-treated
groups decreased to 90% on the 14™ day, whereas that of the
control group reached to 90% on the 21* day (Fig. 1A). During the
28 days of exposure, the mean weights of the earthworms in the
Pb treated groups obviously deceased after the 14™ day, whereas
those in the control group maintained a relatively constant weight
(Fig. 1B). According to the results of the ANCOVA analysis, both
time and groups influenced the weight of earthworms, and effects
of the groups was larger than that of time (Table S21).

The Pb concentrations of the earthworms in the Pb-treated
groups increased gradually with longer exposure times, and
they were much greater in the Pb2 group than that in Pb1 group.
In contrast, the Pb concentrations of the earthworms in the
CON, which were below 1.5 mg kg™, did not change signifi-
cantly during the experiment. Specially, the Pb concentrations
in the Pb1 group from the 1% to the 28" day increased from 0.97
to 51.10 mg kg~ !, whereas those in the Pb2 group were greater,
increasing from 1.86 to 91.79 mg kg~ * (Fig. 2).

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The survival rate and mean weights of the earthworms during the experiment. CON represents the control group.
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Fig. 2 Changes in the Pb concentrations in the earthworms in the
control (CON), Pbl and Pb2 exposure groups with time.

3.2 Histological examinations of the earthworms

The intestinal tissues of the earthworms were intact in the CON
group from the 1% day to the 28" day (Fig. 3), whereas some
tissues in Pb1 and Pb2 groups showed slight or severe damages
during the experiment. More specifically, on the 1° day, the
intestinal muscle tissues, circular muscle (CM) and longitu-
dinal muscle (LM), showed the telangiectasia and were filled
with red blood cells and the intestinal epithelium (IE) showed
slight vesicular degeneration, cytoplasmic vacuoles and
a visible oval cavity (plot 2 and 3). Seven days later, the IE
demonstrated local necrosis and small circular cavities and had
no cell structure, and some earthworms had shed chlor-
agogenous tissues (CT, plot 5 and 6). Two weeks later, the
typhlosole (Ty) showed focal necrosis and the LM was separated
from the CM, and there were larger irregular cavities in the IE
(plot 8). More severe damage was observed in the Pb2 group on
the 14™ day (plot 9). The entire CM and LM showed telangiec-
tasia and were filled with a large number of red blood cells.
Most of the CT was separated from the intestinal muscle

This journal is © The Royal Society of Chemistry 2017

tissues. Furthermore, additional large vacuoles appeared in the
IE and the overall outline of the intestinal tract was insuffi-
ciently clear. On the 21°° day, small focal necrotic regions
appeared in the IE (plot 11 and 12) and the CT was partially
separated from the intestinal muscle tissues. At the end of the
exposure, the IE demonstrated small areas of local necrosis and
some shed CT in Pb1 group (plot 14). The IE in Pb2 group was
partially separated from the intestinal muscle tissues, and some
CTs became thin. The transition between the CM and LM in Pb2
group was filled with red blood cells (plot 15).

3.3 'H NMR metabolic profile analysis of earthworms

The "H NMR spectra of the earthworm extract samples were
investigated and are showed in Fig. S2.f A total 43 metabolites
were identified and the details of these metabolites are given in
Table S3.f The identified metabolites included primarily
compounds involved in energy, amino acid, membrane
metabolism.

3.4 Multivariate statistical analysis of NMR spectra data

3.4.1 General analysis of the three exposed groups. In the
OSC-PLS-DA score plot, Pb exposed groups on the 1%, 7, 14,
21°" and 28™ days were well separated from the control group
(Fig. 4A'-E"). The p values of the permutation tests and R* and
Q% of the 2CV on the 1%, 7, 14" 215t and 28™ days were used to
confirm the reliability to the grouping in the models and are
shown in Fig. 4A>-E*>, In addition, the OSC-PLS-DA score
plots of Pb1- and Pb2-treated groups partially overlapped on the
7%, 14™ 21 and 28™ days.

The OSC-PLS-DA score plots of the metabolic profiles in Pb1
and Pb2 groups had a distinct time-dependent trajectory rela-
tive to the control group (Fig. 5), and the trajectory of the Pb1
and Pb2 groups demonstrated the similar patterns of changing
trends but differed in the magnitudes. Components 1 and 2
complained the 18.4 and 14.3% of the OSC-PLS-DA, respec-
tively. The data analysis of coordinates mainly focused on the
changes in the horizontal direction. The results showed that the
coordinates for the 7™ and 14™ days were located in the

RSC Adv., 2017, 7, 34170-34181 | 34173
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Fig. 3 The histological examinations of the earthworms with time in the control (CON) and Pb1 and Pb2 groups (plot 1-15, x200). Panel 1 shows
the basic intestinal tissues of the earthworms that are indicated using black arrows including the intestinal epithelium (IE), chloragogenous tissue
(CT), circular muscle (CM) and the longitudinal muscle (LM), typhlosole (TY) and digestive cavity (DC). The blue arrows indicated the damage to
the transition zone between the LM and CM. The green and yellow arrows indicate for the damage to the IE and TY, which includes slight
vesicular degeneration, cell swelling, local necrosis, small or irregular circular cavities, cytoplasmic vacuoles, focal necrosis and the visible oval
cavity. The red arrows indicate the damage to the CT including the shedding and becoming thin.

opposite direction to the 1°* day, and the opposite horizontal
distance on the 14™ day was longer than that on the 7" day.
After that, the coordinates on the 21 and 28" days moved
toward the positive direction of the coordinate relative to the 1°*
day. The horizontal distance between on the 1* and 21 day was
shorter than that between the 1% and 14" days. The coordinates
on the 28™ day were located in the positive direction relative to
those on the 1°* day and had a positive distance. Furthermore,
compared to the coordinates for the other time points, the
maximum distance between the coordinate for the Pb-treated
and control groups was reached on the 14™ day.

3.4.2 Analysis of each two exposed groups. The OSC-PLS-
DA score plots for the 1% day among the Pb1-CON, Pb2-CON
and Pb1-Pb2 groups were well separation (Fig. 6). The corre-
sponding s-plot and the color-coded loading plots were used to
identify potential biomarkers®*® and the contributions of the
variables to the grouping of models. The crucial biomarkers,
shown in red font, are marked with small rectangular boxes in
each s-plot. For the comparisons of Pb1-CON and Pb2-CON,
the p values for the permutation tests were 0.007 and 0.004.
Similarly, the R*> and Q* for the model parameters were 0.97-
0.80 and 0.98-0.88, respectively (Fig. S31). In addition, the score
plots, s-plot and loading plots for the various groups (CON-Pb1,
CON-Pb2 and Pb1-Pb2) on the 7, 14™ 215" and 28™ days are
presented in the ESI (Fig. S4-S7t). The p value for the

34174 | RSC Adv., 2017, 7, 34170-34181

permutation tests and R* and Q” of the model parameters for
the Pb1-CON, Pb2-CON and Pb1-Pb2 comparisons are also
shown in Fig. S3.7 Comparing to the control group, the levels of
the metabolites involving in alanine, glycerophosphocholine
increased in Pb contaminated soils (Pb1 and Pb2) on the 1* day,
whereas decreases in tyrosine, histidine, myo-inositol, glycine,
pyruvate and fumarate were observed (Fig. 7). Metabolites for
which significantly differences between the Pb-treated and
control groups were observed on the 7, 14™, 21°" and 28" days
are shown in Fig. 7.

3.5 The changing trend for key metabolites with time

According to the peak area of the metabolite in the NMR spec-
trum which can stand for the relative value of different
metabolites, we made the plots of key metabolites against time
(Fig. 7). As the exposure time increased, the earthworm
metabolites including HEFS, malate and t-methylhistidine first
increased on days 1-14 and then decreased on days 14-28. In
contrast, metabolites that first decreased and then increased
included myo-inositol, scyllo-inositol, betaine, glycer-
ophosphocholine, fumarate and acetylcholine. The minimum
values for these compounds occurred on days 7 or 14. In addi-
tion, succinate, pyruvate, glutamine and glutamate increase
steadily throughout days 1-28. Furthermore, tyrosine, phenyl-
alanine, isoleucine, leucine, valine, lysine, histidine, and

This journal is © The Royal Society of Chemistry 2017
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choline decreased during days 1-14 and remained relatively
stable during days 14-28. The level of maltose, glucose and
alanine decreased on days 1-7 and 21-28 and increased on
days 7-14.
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4. Discussion

Evaluations of the metabolic trajectory, histopathological
detection, and Pb concentrations as well as the mean weight
and survival rates of earthworms were employed to characterize
the time-dependent metabolic response of earthworms exposed
to L-Pb-CS. The results showed that earthworms may initiate
a self-detoxification mechanism after coping with resistance to
the L-Pb-CS, and the 14 day was the turning point.

4.1 The consistency of metabolic trajectory and
histopathological analysis

Trajectory plots describe the systemic responses of organisms to
physiological perturbations as functions of time.” In the
present study, the metabolic trajectories for the Pb1 and Pb2
groups demonstrated the similar geometry and patterns, which
suggested that the metabolic responses might be of the same
type (a similar MOA for earthworms).?”*® This view was also
supported by the same metabolite changes in Pb1 and Pb2 as
functions of time, on the basis that they either increased or
decreased at the same time rather than demonstrating opposite
changes.

As the toxic processes develop through time during the
onset, maximal damage and recovery phases, dynamic variation
in the metabolic responses to damage appear.”” The response
trajectories as a whole reflected the changing metabolites, and
the histopathological analysis directly indicated the organismal
damage. The distance of the coordinates of the trajectory from
the corresponding initial coordinate could be linked to the
phase of the organismal lesion.”” We assumed that the negative
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Fig. 7 Plots of the key metabolites metabolite concentration against time. The changes of the metabolites in the CON, Pb1 and Pb2 groups are
expressed in three different colors: black, red and blue, respectively. The Y axis represents the peak area of the metabolite. The blue and red
marker “*" indicates significant differences (p < 0.05) in the metabolites between control and Pb2 and between control and Pbl, respectively.

motion relative to the coordinate on the 1°* day in the trajectory
plot represented an adverse effect and that the positive move-
ment represented an adaptation to the adverse effects. The
coordinates of the Pb treated groups on the 7" and 14™ days
moved in negative direction and the negative horizontal
distance increased gradually relative to the 1% day. This sug-
gested that during the initial 14 days, the earthworms that were
exposed to in L-Pb-CS showed a toxic response to the stress. In
contrast, after 14 days of exposure, the coordinates moved in the
positive direction and closely approached the coordinate of the
control group on the 28" day while the positive horizontal
distance gradually increased. Earthworms may produce
a detoxification mechanism after 14 days to adapt to the L-Pb-
CS but full biochemical recovery from the toxic damage had

This journal is © The Royal Society of Chemistry 2017

not occurred by the 28" day. According to the OSC-PLS-DA score
plot, the dose effect in various groups on the 1% and 28" days
can be interpreted as initial toxic effects and late metabolic
recovery, respectively, whereas the overlaps between the Pb1-
and Pb2-treated groups at the other times can be explained as
the overall influence of a metabolic disorder due to the Pb toxic
effects. A parallel type of response trajectories has also been
reported for male fish exposed to the estrogen 17o-ethinyles-
tradiol" and for rats exposed to various doses of mercury(u)
chloride and 2-bromoethanamine.*® In addition, the coordi-
nates of the Pb-treated groups reached a maximum negatively
horizontal distance between on the 14™ and 1°* days, and the
difference in the distance between the coordinates for the Pb-
treated and control groups on the 14™ day was also greater

RSC Aadv., 2017, 7, 34170-34181 | 34177
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than that at the other time points. Histological analyses were
used to identify pathology and evidence of inflammation in the
tissue.** Histopathological detection of the Pb-treated groups,
especially Pb2 group, on the 14™ day indicated that the IE
demonstrated large vacuolization, cellular edema and severe
necrosis. To some extent, the most serious damage during the
exposure time occurred on the 14™ day. In other words, the
MOA in earthworms between days 1-14 and days 14-28 may
differ, and histopathological analysis and metabolic trajectory
could provide mutually supportive data. Therefore, the appli-
cable exposure time for earthworm toxicological metabolomics
should be considered in real heavy metal contaminated soils.
We recommend 14 days of exposure, which is consistent with
the exposure time for the acute toxicity test of earthworms.”

4.2 Metabolite responses and metabolic process

Weight change can be an excellent indicator of environmental
stress because some metabolic responses may ultimately be link
to weight reduction.* Because cattle manure was added to the
exposed soils as the food for the earthworms, the decrease in
the mean weights was considered to be the result of the L-Pb-CS
stress and exposure time rather than food deficiency, which was
consistent with the ANCOVA analysis (Table S27). The survival
rates of the earthworms in this study were also associated with
the soil Pb concentrations and the exposure times. The times
required to decrease the survival rates to less than 90% were Pb2
< Pb1 < CON. The Pb concentrations in the earthworms were
much lower than those in the soil, and the bioaccumulation
factor was much less than one, which suggested that the Pb
binding with soils did not accumulate but instead concentrated
in the earthworms. Furthermore, increasing Pb concentrations
in the earthworms from the L-Pb-CS caused different metabolic
responses. The time-dependent exposure to L-Pb-CS mainly
disturbed the amino acid, membrane and energy metabolism in
the earthworms.

4.3 Amino acids mechanism

The cell stress response (CSR) that is characteristic of all cells is
a defense reaction to a strain imposed by environmental force.
Such strain commonly causes deformation or damage to
proteins, DNA, or other essential macromolecules.*® Previous
studies show that Pb can cause the overproduction of intracel-
lular reactive oxygen species (ROS).**** In this study, the histo-
pathological evaluation also showed various degrees of tissue
damages and necrosis in Pb-treated groups throughout the
whole exposure process. In addition, the cellular levels of both
alanine and glycine are known to exert a cytoprotective action
against stress damage by contaminants®*® and can induce the
gene expression and synthesis of stress protein.*”** Earthworms
may cope with the oxidative damage to the intestine caused by
the L-Pb-CS, which resulted in the continuous consumption of
alanine and glycine on days 1-14 and reached the minimum
values on the 14™ day. Furthermore, there are more consump-
tion in Pb-treated groups in contrast to the control group.
Exposure medium to the low Pb-contaminated soil may induce
a detoxification strategy in the earthworm?® before death such

34178 | RSC Adv., 2017, 7, 34170-34181
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that the levels of these amino acids gradually increased on days
14-28. Furthermore, the level of isoleucine, leucine and valine
(branched-chain amino acids, BCAA) as well as lysine decreased
on days 1-14 and remained relatively stable on days 14-28. The
results for the BCAA on days 1-14 are consistent with the results
of exposure of earthworms to phenanthrene.*’ The decrease and
steady state in amino acids with time changing may be linked to
weight loss of earthworms due to the stress of the L-Pb-CS.
Studies show that BCAA levels decrease with weight loss.**?
The level of t-methylhistidine which represents the breakdown
of muscle protein,* increased on days 1-14 and decreased on
days 14-28, which suggested that protein degradation may have
occurred. However, the damage to the tissues was simulta-
neously accompanied by repair that involved amino acids
synthesis. In general, the levels of amino acids in Pb treated
groups were higher compared with that in control group.
Therefore, the amino acids whose concentrations decreased
may have been used to synthesize proteins to repair the
damaged tissues as the result of the activation of a detoxifica-
tion strategy.** These results suggested that the metabolic
response to L-Pb-CS exposure differed between days 1-14 and
days 14-28. Further evaluation of the metabolic response to
long-term exposure to L-Pb-CS along with other omics
approaches may help to interpret the phenomenon.?

4.4 Osmotic equilibrium

Myo-inositol, scyllo-inositol, betaine and glycerophosphocho-
line are common organic osmolytes in biological systems that
assist in maintaining the osmotic balance in cells.*>*® HEFS is
a compound to unique to earthworms that is found in
numerous species such as Lumbricus rubellus and E. fetida.*”**
Furthermore, HEFS which may be a gut surfactants,” plays
a vital role in membrane stabilization due to its amphiphilic
property.® Pb contaminated soils were ingested and transferred
to the earthworm intestine. Under the specific intestinal
conditions, some Pb*" in the soil likely entered into the IE via
the Ca®" channel.®® A large amount of Ca*>* was released to the
cytoplasm after a series of induced reactions.** The process can
cause an osmotic imbalance (edema and vacuolization of the IE)
of some cells due to abnormal Ca*>" concentration inside and
outside the membrane.* Distinct profiles of the changes in the
various osmolytes that serve to maintain the membrane
stability were observed during the exposure process,**** espe-
cially on the 14™ day. The levels of HEFS increased on days 1-14
and reached to a peak value on the 14™ day, subsequently
decreased gradually on days 14-28 and close to the level of the
first day, whereas myo-inositol, scyllo-inositol, betaine and
glycerophosphocholine continuously decreased or reached to
a minimum value on the 14™ day and then increased gradually
until the 28" day. Previous studies in terms of polyaromatic
hydrocarbons and endosulfan also presented the disturbance of
betaine and myo-inositol of earthworms.*®* Furthermore,
changes of osmolytes are often associated with edema and
deformity of cells.” It is likely that osmolytes uptake is in excess
of osmolytes loss due to the stress of the L-Pb-CS. Thereafter, an
osmotic force may be created, which will cause the net increase

This journal is © The Royal Society of Chemistry 2017
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of cellular water with the latter the pathological equivalent of
cell edema.’® Some of the IE in the Pbl and Pb2 groups
demonstrated cell edema and cytoplasmic vacuoles on the 14™
day based on the histological detection. The changes in various
osmolytes suggested that the osmotic balance in the earth-
worms may have been disturbed® by the L-Pb-CS with the
maximum change occurring on the 14™ day. A gradual recovery
was then observed until the 28" day (without reaching the
initial or control level).

4.5 Energy metabolism

During the exposures, the energy expenditure of the earth-
worms improved due to the stress of L-Pb-CS. Maltose which is
an intermediate formed by the breakdown of glycogen and
starches during digestion®” can be broken down into two
glucose molecules by hydrolysis in living organisms to produce
energy.” Then the breakdown of glucose to pyruvate by glycol-
ysis is linked to the citric acid cycle (CAC), which is the main
energy transfer cycle for energy production in living organ-
isms.** The earthworms rapidly take advantage of maltose and
glucose from food digestion following decreases in these
compounds in the first 7 days of exposure due to the gut purge
before exposure so that they can maintain normal metabolic
changes. As the stress due to the L-Pb-CS and the Pb concen-
tration in the earthworms increased, the earthworms may need
more energy to fight toxicity, which resulted in a sharp increase
in these compounds on the 14™ and 21°* days.* Moreover, the
peak value of glucose was delayed relative to that of maltose.
The changes of maltose and glucose may be related to the
detoxification strategy of earthworms.*® Succinate, fumarate
and malate are part of the Krebs cycle, which is an integral
pathway in energy metabolism.** The levels of succinate
continuously increased throughout the experiment. The level of
fumarate gradually increased and reached a maximum value on
the 7" day and then decreased during the subsequent exposure
period. However, the level of malate showed an opposite trend
of change and reached a maximum value on the 14™ day.
Furthermore, the levels in Pb-treated groups was also lower
than that of control group, which suggested that their
consumption was greater in the Pb-treated groups due to the
L-Pb-CS-induced stress.”® These results clearly suggested
a dynamic disturbance of energy metabolism in earthworms.
Previous studies show that copper and phenanthrene
exposure also caused a disruption in energy metabolism of
earthworms.*>*

In general, L-Pb-CS may cause neurotoxic effects, disorders
in energy mechanism, osmotic equilibrium and amino acids
mechanism in earthworms. Detecting the changes in the level
of metabolites in response to environmental stressors can
identify possible biomarkers for the stressor.>* Among the
changing metabolites, the crucial ones shown in red font of
each loading plots which are important metabolites contrib-
uting to the separation® between control E. fetida and those
exposed to Pb treated groups are also marked with small rect-
angular boxes in each s-plot from the 1 to the 28™ day.
Furthermore, we counted the number of markers in the various

This journal is © The Royal Society of Chemistry 2017
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groups throughout the experiment (Fig. S8t). Myo-inositol,
HEFS, scyllo-inositol, succinate, alanine and maltose which
were ranked in the top 6 key metabolites were most likely used
as potential biomarkers for the actual Pb contamination in the
soil. Other reports show that alanine is considered as the
universal stress signal and may be of use as a potential
biomarker.?”**¢* Maltose is also identified as potential indica-
tors of phenanthrene and mixture metal exposure.®**** When
the use of PLS regression analysis to explore the relationship
between Pb concentrations and metabolites of the earthworms
showed that there is a strong correlation between lead content
and the levels of HEFS, myo-inositol and scyllo-inositol
(Fig. S97). Therefore, these three special metabolites of earth-
worm should be helpful as biomarkers for the detection of low
lead contaminated soils in the future.

Although earthworms may initiate a detoxification strategy
to address the L-Pb-CS stress, it cannot be concluded that L-Pb-
CS is safe for soil organisms. We conducted only a four-week
exposure experiment, in which Pb concentrations in the earth-
worms reached approximately 100 mg kg~" and there could be
a further increasing trend with longer periods of exposure.
Chronic exposure to the same levels of contaminants in the soil
may have more detrimental consequences of earthworms than
short-term exposure.** A previous study indicated that long-
term conditions of low Pb concentrations in the blood of chil-
dren not only caused neurotoxicity but also affected the intel-
lectual development.®® Longer exposure of earthworms to L-Pb-
CS may have some unexpected slow toxicity. Therefore, geno-
mics, transcriptomics and proteomics should also be imple-
mented to identify the upstream regulatory genes and response
proteins associated with the changing metabolites to better
explain the MOA of L-Pb-CS in earthworms if condition permits
in the future.

5. Conclusion

In this study the value of a metabolomics approach coupled
with histological analysis and basic phenotypic endpoints
(survival, weight change) for assessing the time-metabolic
response to the exposure of E. fetida earthworm to the L-Pb-CS
has been clearly presented. We found that the metabolic
responses of the earthworms in the Pb-treated groups showed
similar mechanisms but differed in the magnitudes of the
responses on the basis of the metabolic trajectory and histo-
pathological analyses. The metabolic responses of the earth-
worms differed between days 1-14 and 14-28. We inferred that
earthworms may initiate a detoxification strategy in response to
the L-Pb-CS stress. Based on the large changes in the metabolic
trajectories and histological results in the earthworms, fourteen
days is recommended as the exposure time for earthworm
ecotoxicology metabolomics in soils contaminated with low
levels of Pb. In addition, the disturbed metabolites were
primarily involved in disorder of energy, osmotic equilibrium
and amino acid mechanisms in the earthworms. Myo-inositol,
HEFS, scyllo-inositol, succinate, alanine and maltose could be
used as potential biomarkers for the soils contaminated with
low levels of Pb. This method is expected to have a potential
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monitoring application for real world soils contaminated with
heavy metals by characterizing the metabolic responses of
earthworms in contaminated habitats.
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