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Abstract

Cell-based metabolomics was used in a proof-of-concept fashion to investigate the biological 

effects of contaminants as they traveled from a wastewater treatment plant (WWTP) discharge to a 

drinking water treatment plant (DWTP) intake in a surface-water usage cycle. Zebrafish liver 

(ZFL) cells were exposed to water samples collected along a surface-water flowpath, where a 

WWTP was located ∼14.5 km upstream of a DWTP. The sampling sites included: 1) upstream of 

the WWTP, 2) the WWTP effluent discharging point, 3) a proximal location downstream of the 

WWTP outfall, 4) a distal location downstream of the WWTP outfall, 5) the drinking water intake, 

and 6) the treated drinking water collected prior to discharge to the distribution system. After a 48-

h laboratory exposure, the hydrophilic and lipophilic metabolites in ZFL cell extracts were 

analyzed by proton nuclear magnetic resonance (1H NMR) spectroscopy and gas chromatography-

mass spectrometry (GC-MS), respectively. Multivariate statistical analysis revealed distinct 

changes in metabolite profiles in response to WWTP effluent exposure. These effects on the 

hydrophilic metabolome gradually diminished downstream of the WWTP, becoming non-

significant at the drinking water intake (comparable to upstream of the WWTP, p = 0.98). However, 

effects on the lipophilic metabolome increased significantly as the river flowed from the distal 

location downstream of the WWTP to the drinking water intake (p < 0.001), suggesting a source of 

bioactive compounds in this watershed other than the WWTP. ZFL cells exposed to treated 

drinking water did not exhibit significant changes in either the hydrophilic (p = 0.15) or lipophilic 
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metabolome (p = 0.83) compared to the upstream site, suggesting that constituents in the WWTP 

effluent were efficiently removed by the drinking water treatment process. Impacts on ZFL cells 

from the WWTP effluent included disrupted energy metabolism, a global decrease in amino acids, 

and altered lipid metabolism pathways. Overall, this study demonstrated the utility of cell-based 

metabolomics as an effective tool for assessing the biological effects of complex pollutant 

mixtures, particularly when used as a complement to conventional chemical monitoring.
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1. Introduction

The past several decades have witnessed a rapidly increasing demand for water resourcesdue 

to global economic development and an ever-increasing population. In many densely 

populated or arid regions, the lack of sufficient potable water has led to the use of treated 

wastewater (e.g., discharges from wastewater treatment plants (WWTPs)) for many non-

potable applications, such as agricultural and landscape irrigations and groundwater 

recharge (USDA, 2013; USEPA, 2004). Unfortunately, the discharge of treated wastewater 

into natural systems, e.g., rivers and lakes, has also inadvertently resulted in introduction of 

a complex mixture of organic contaminants to local aquatic ecosystems and, importantly, 

surface-water derived drinking water supplies. This use of treated wastewater (after mixing 

with receiving waters) has been referred to as de facto (unplanned) potable reuse by a 

National Academy of Engineering study (NRC, 2012). It was estimated recently that 50% of 

2056 surface water intakes that serve 1210 drinking water treatment plants (DWTPs) across 

the U.S. are potentially affected by upstream WWTP discharges (Rice and Westerhoff, 

2015).

WWTP effluent is one of the main sources of contaminants of emerging concern (CECs) to 

surface waters (Kolpin et al., 2002). CECs comprise a wide variety of chemicals including 

pharmaceuticals and personal care products (PPCPs), endocrine disrupting compounds 

(EDCs), disinfection by-products (DBPs), antibiotics, and pesticides. Many CECs have been 

reported to cause adverse ecotoxicological effects at environmentally relevant 

concentrations, raising concerns over their presence in receiving waters (David et al., 2018; 

Kolpin et al., 2002). Adding to these concerns are the growing number of instances in which 

these same surface waters are used as drinking water sources (i.e., de facto water reuse). To 

date, there have been a limited number of studies demonstrating the influence of WWTP 

effluent on the quality of drinking water sources (Boleda et al., 2009; Guo and Krasner, 

2009; Rodayan et al., 2016). For example, under extremely low streamflow conditions, some 

DWTP intakes could contain almost 100% WWTP discharge, that is, complete de factoreuse 

(Rice et al., 2013), and the concentrations of some PPCPs at DWTP intakes have been 

comparable to those from upstream WWTP effluents (Guo and Krasner, 2009). This is 

potentially concerning given that other studies have shown incomplete (<90%) removal of 

many CECs during the drinking water treatment process, including benzoylecgonine, 2-

ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, methadone, cocaine, 
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methylenedioxyamphetamine, ephedrine, and several prescription opioids (Boleda et al., 

2009; Rodayan et al., 2016).

The presence of these and many other CECs in streams receiving WWTP effluent, coupled 

with the potential for their incomplete removal during the drinking water treatment process, 

poses a signifcant and increasing challenge to chemical risk assessment. Indeed, the vast 

number of chemicals in wastewater has far exceeded our analytical capability based on 

individual targeted analysis (NRC, 2007). Moreover, there remains a dearth of information 

regarding the toxic modes-of-action (MOAs) of most targeted chemicals; this implies an 

even greater level of uncertainty when unidentified contaminants are considered (Judson et 

al., 2009). The limited understanding of how individual chemical toxicities are modified 

when chemicals occur in very complex mixtures at environmental conditions further 

complicates the risk assessment process (Schwarzenbach et al., 2006). To address these and 

other limitations of the conventional targeted chemical monitoring approach, a variety of 

biological effects-based tools have emerged and have increasingly been used in water quality 

assessment (Escher and Leusch, 2012). These tools include bioassays that target specific 

biological activities such as estrogenic or androgenic receptor binding (Escher and Leusch, 

2012). More recently, “-omics” tools that analyze gene transcripts, proteins, and/or 

endogenous metabolites have gained popularity for MOA assessments of individual 

chemicals, as well as complex environmental mixtures (Davis et al., 2017; Skelton et al., 

2014; Xia et al., 2017). These effects-based tools are particularly attractive as a complement 

to conventional chemical monitoring because they are both open-ended (i.e., untargeted), 

and they provide insights into the biological impacts of complex mixtures even when the 

individual contaminants cannot be uniquely identified or quantified.

Due to advantages that have been discussed elsewhere (Bundy et al., 2009; Lankadurai et al., 

2013), metabolomics has been shown to be a particularly useful “-omics” approach for 

evaluating comprehensive biological responses to various environmental stressors. For 

example, this approach has been extensively employed to investigate the MOAs of various 

xenobiotics, including nanoparticles (Ratnasekhar et al., 2015), PPCPs (Gomez-Canela et 

al., 2016), and EDCs (Davis et al., 2017), through laboratory-based animal (e.g., rodents, 

fish, and invertebrates) exposures. In addition, field-based metabolomics assessments using 

on-site exposure of fish have been used successfully to investigate the biological effect of 

complex contaminant mixtures discharging from both point (e.g., WWTP effluent) and non-

point sources (Davis et al., 2013; Skelton et al., 2014). However, metabolomics studies that 

employ live animals are labor- and resource-intensive, and typically require lethal sampling 

to collect the relevant tissues and/or biofluids. In an effort to circumvent these drawbacks, 

we previously developed a cell culture-based metabolomics method and applied it to 

investigate the effect(s) of exposure to 17α-ethynylestradiol on zebrafish (Danio rerio) liver 

(ZFL) cells (Teng et al., 2013). Our findings showed that the cellular responses agreed with 

those metabolite changes observed in vivo (Teng et al., 2013). This suggested that cell-based 

metabolomics approaches have the potential of providing valuable ecotoxicological 

information in a particularly high-throughput and cost-effective manner.

In the current study, the ZFL cell-based metabolomics approach was extended to investigate 

the biological effect(s) of a WWTP effluent discharged into a stream and further 
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downstream to a DWTP in a de facto potable reuse cycle. Previously, zebrafish has been 

identified as a model vertebrate for investigating chemical toxicity both in vivo and in vitro 
and proven highly relevant for both human and ecological health (Dai et al., 2014). The 

primary goal of this study was to evaluate the effectiveness of cell-based metabolomics for 

tracking the biological effects of contaminants as they travel from the WWTP to the 

corresponding downstream DWTP, as well as the final drinking water product. A second 

goal was to test the applicability and efficacy of cell-based metabolomics for ecological 

assessments of complex environmental mixtures, and to identify relationships between 

metabolomics endpoints and conventional contaminant detections.

2. Materials and methods

2.1. Sampling locations

In April 2015, water samples were taken from a stretch of a river in the northeastern USA 

where a WWTP is located 14.5 km upstream of the intake of a DWTP. The relative locations 

of all six sampling sites are shown in Fig. 1. Grab samples were collected upstream (UPS) of 

the WWTP, at the effluent pipe (EFP) of the WWTP, a proximal location downstream of the 

WWTP outfall (EMZ) where the effluent is well mixed with the river (as demonstrated by 

conductivity), a distal location downstream of the WWTP outfall (DNS), at the drinking 

water intake (DWI), and from treated drinking water (TDW) collected from the clear well 

just prior to discharge to the distribution system. The UPS site was located 1.2 km upstream 

of EFP, while EMZ, DNS, and DWI were 0.7, 9.1 and 14.5 km, respectively, downstream 

from EFP. The travel times of water from UPS to: EFP, EMZ, DNS, DWI and TDW 

(including residence times in the DWTP) were estimated to be 0.8, 1.3, 7.2, 10.9 and 18.9 h, 

respectively. No precipitation was reported during the period of sampling (Susan 

Glassmeyer, personal communication, October 24th, 2017). The WWTP effluent flow 

(1.7 ft3/s) was less than 1% of the flow of river water (1179 ft3/s, average of measurements at 

three different locations along this segment of river during sample collection), indicating a 

low magnitude of de factopotable reuse in the study area (Rice and Westerhoff, 2015). All 

samples were collected in 1-L amber glass bottles, placed immediately on ice, shipped 

overnight, and stored at −20 °C. Additional descriptions of the WWTP and DWTP are 

provided in Supporting Information.

2.2. Culturing of ZFL cells and exposure experimental design

ZFL cells (CRL-2643, ATCC, Manassas, VA) were cultivated at 28 °C in a humidified 

atmosphere as monolayer cultures in medium (see the Supporting Information for medium 

composition) prepared according to ATCC’s instructions (www.atcc.org). To prepare ZFL 

cells for exposure, four T75 flasks of cells were harvested after they reached 100% 

confluence. Cells were combined and evenly distributed to 49 culture dishes (there were 

seven biological replicates for each of six sampling locations and the laboratory control) for 

precultivation at 28 °C for 48 h. For cell exposure experiments, the cell culture medium was 

displaced with the prepared mixed exposure medium made from the field-collected grab 

samples. Specifically, a medium based on the composition as described in the Supporting 

Information, but at a four-fold higher concentration was prepared. This concentrated 

medium was mixed in a ratio of 1:3 with a filtered (0.1 μm) water sample from each field 
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site, or with purified water (ultrapure type 1, 18.2 MΩ cm, 0.1-μm filtered, Aqua Solutions, 

Jasper, GA, USA) that served as the laboratory control (CON). Thus, the final 

concentrations of environmental samples in the exposure medium were 75% of the 

concentrations in the initial field-collected water samples. Cells were then incubated at 28 °C 

for 48 h before quenching. Cytotoxicity of water samples was tested based on a previously 

published protocol (Feoktistova et al., 2016). No significant (p < 0.05) cytotoxic effects were 

observed for cells exposed to environmental samples vs. CON (see the Supporting 

Information for details of the assay).

2.3. Extraction and analysis of intracellular metabolites

A direct quenching method that was developed in our laboratory was applied to quench ZFL 

cells after the 48-h exposure (Teng et al., 2009). The intracellular metabolites were further 

extracted using a dual-phase method that was published previously (Teng et al., 2013). A bi-

phasic mixture was generated at the end of extraction and further separated into two 

fractions that contained mainly hydrophilic and lipophilic metabolites, respectively. Both 

fractions of cell extracts were dried using a vacuum concentrator (Thermo Electron, 

Waltham, MA, USA). After that, the hydrophilic and lipophilic fractions of cell extracts 

from individual biological replicates were analyzed with an Inova 600 MHz NMR 

spectrometer(Agilent, Santa Clara, CA, USA) and a gas chromatograph connected to a 

single quadrupolemass spectrometer in full scan mode (Thermo Trace 1310 and ISQ, 

Waltham, MA, USA), respectively. Additional descriptions of metabolite extraction and 

NMR and GC-MS data acquisitions are provided in the Supporting Information.

2.4. NMR data processing

The NMR spectra were processed with 0.3-Hz apodization. After removing the residual 

solvent, the spectra were binned at a width of 0.005 ppm within the range of 0.50–10.00 ppm. 

The binned data were imported into Microsoft® Excel (Microsoft Corporation, Redmond, 

WA, USA) and normalized to unit total integrated intensity for subsequent analysis.

2.5. GC-MS data processing

The MetAlign software package (Wageningen University, Netherlands) was used to perform 

baseline correction, background and noise reduction, peak smoothing and selection, and 

retention time alignment with GC–MS chromatograms (Lommen and Kools, 2012). Peaks 

with signal-to-noise (S/N) ratios less than three were rejected. Ion groups were assembled 

into metabolites using the MSClust software package (Wageningen University, Netherlands) 

and unique ions for each metabolite were used for relative quantification (Tikunov et al., 

2012). Artifact peaks arising from the derivatization reagent, column bleed, as well as peaks 

observed in method blanks were excluded. Only metabolites consistently detected in at least 

80% of samples in at least one of the six sites or CON were retained. Metabolites with 

relative standard deviations (RSD) of greater than 30% in the quality control samples were 

excluded from the final dataset. Putative annotation of metabolites was conducted by 

comparing the retention index (Δ of ±10) and EI mass spectrum (similarity ≥ 70%) to those 

recorded in the NIST05, Wiley 7, and Golm Metabolome Database mass spectral libraries or 

those obtained from the standards injection. Following these steps, the final dataset 

contained a total of 107 unique metabolites, 32 of which were annotated (5 at Level I and 
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27 at Level II as defined by the Metabolomics Standard Initiative (MSI, www.metabolomics-

msi.org)). Normalized abundance relative to a constant sum of all detected metabolites was 

performed for each sample prior to statistical analyses.

2.6. Statistical analysis

Multivariate analyses with NMR and GC-MS data were conducted with SIMCA version 

14.1 (Umetrics, Umea, Sweden). The NMR data were mean-centered and pareto-scaled 

while the GC-MS data were mean-centered and scaled to unit variance. Principal component 

analysis (PCA) models were built with all data points, and outliers were defined as those 

points that fell out of the 95% confidence interval of a Hotellings T2 test. ANOVA with 

Tukey’s honest significant difference (HSD) post-hoc test was performed for multiple-group 

comparison of PCA scores on the first and second components.

For analysis of the NMR and GC-MS data, a Student’s t-test was performed to compare the 

normalized abundance of individual metabolites between a given site and the control. Using 

the results of this analysis, we generated t-test filtered difference spectra by subtracting 

averaged relative abundances of the control from those of a given site. In addition, we 

calculated the fold change of lipophilic metabolites that exhibited significant difference 

between a sampling site and the control. Comparisons were also carried out with a selection 

of lipophilic metabolites to investigate the abundance change across all sites by applying 

ANOVA with Tukey’s HSD post-hoc test. Overall, a significance level of 0.05 was set for all 

statistical tests in this study. More details on generating these difference spectra, including 

the strategies for controlling false positives with multiple t-tests, and across-site comparisons 

are provided in Supporting Information. A bioactivity network was built based on 

significantly changed (p < 0.05) and annotated metabolites using the open-source software 

Cytoscape (www.cytoscape.org). All data generated or analyzed during this study are 

included in the main text and Supporting Information.

3. Results and discussion

3.1. Comparison of metabolite profiles of ZFL cells following exposure to water from each 
site

PCA score plots displayed an overall alteration of metabolite profiles of ZFL cells following 

exposure to field water samples relative to controls (Fig. 2). Distinct separations across 

several of the sampling sites was achieved in the first component of PCA score plots for both 

hydrophilic (Fig. 2A) and lipophilic (Fig. 2B) sample extracts. ANOVA with post-hoc 

(Tukey’s HSD) analysis was applied to evaluate the significance of metabolite profile 

differences between individual sites using the PCA scores of the first two components (Table 

S1).

Water collected from the UPS site shows discernible differences in metabolome profiles of 

ZFL cells relative to CON in both score plots (PC1: p = 0.039 in Fig. 2A, p = 0.005 in Fig. 

2B). This is perhaps not surprising since there are several known potential sources of 

contamination (i.e., WWTPs) located upstream of UPS. In addition, as with all field-

collected waters, this sample contained natural constituents such as dissolved organic matter 
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(DOM) that were absent in CON. It is reasonable to suspect that these natural constituents 

were also contributing to the cellular metabolic changes observed at UPS; for example, 

DOM in natural waters was shown to have a significant effect on the metabolic energy status 

of Daphnia pulex-pulicaria (Taylor et al., 2016). However, it is notable that in other similar 

field studies we have seen no separation in PC1 for score plots similarly generated by 

NMRanalysis of the polar fraction of a relatively pristine field water vs. a similarly prepared 

lab control (Quincy Teng, personal communication, July 25th, 2018). This suggests that the 

known potential sources of contamination located upstream from the current study sites are, 

indeed, contributing to the metabolite marker profiles at UPS.

The water sample collected at EFP reflected the most distinct change in metabolome profile 

among all sites based on the extent of its separation from CON along PC1 in both 

hydrophilic and lipophilic score plots. This effect decreased, but not significantly at EMZ, 

which was proximal below the outfall (PC1: p = 0.77 in Fig. 2A, p = 0.57 in Fig. 2B, EMZ 

vs.EFP) and where dilution of effluent with river water had taken place. As water flowed 

further downstream, the ZFL cells exhibited different patterns of change in the hydrophilic 

metabolome as compared to the lipophilic metabolome. Specifically, the effects of DNS and 

DWI observed in the hydrophilic extracts significantly decreased relative to the effect of 

EMZ (Fig. 2A, PC1: p = 0.007 for DNS vs. EMZ and p = 0.007 for DWI vs. EMZ). In fact, the 

PC1 score values for DNS and DWI were coincident with those of UPS for the score plot 

generated from the hydrophilic metabolome (Fig. 2A). Conversely, the effects observed in 

the DNS and DWI lipophilic extracts were not significantly different from that of EMZ (Fig. 

2B, PC1: p = 0.799 for DNS vs. EMZ and p = 1 for DWI vs. EMZ) and were significantly 

greater than that of UPS (PC1: p < 0.001 for DNS vs. UPS and p < 0.001 for DWI vs. UPS). 

Finally, the effect of TDW on the ZFL metabolome was found to be generally comparable to 

that of UPS based on PC1 score values in both PCA plots. However, a statistically 

significant difference was observed when comparing PC1 scores of TDW and CON from the 

score plot for the lipophilic metabolome (Fig. 2A, p < 0.001), but not in the plot for the 

hydrophilic metabolome (Fig. 2B, p = 0.78). TDW and CON score values were significantly 

different along PC2 for the hydrophilic metabolome (p = 0.04), but not for the lipophilic 

metabolome (p = 0.691). It seems reasonable, although untested, that this difference in 

metabolite profiles between CON and TDW could be caused by the ubiquitous occurrence of 

DBPs in treated drinking water (Richardson and Ternes, 2014). For example, similar 

findings were also reported in an earlier study showing higher baseline toxicity and 

neurotoxicity in treated drinking water compared with purified water when testing with a 

variety of bioanalytical tools (Macova et al., 2011).

To further investigate the site-specific effects on both the ZFL hydrophilic and lipophilic 

metabolomes, we focused only on those metabolites that exhibited a statistically significant 

change in normalized abundance versus that of the controls (p < 0.05). The t-test filtered 

difference spectra were generated for the hydrophilic extracts (Fig. 3 and S1), as described 

in the Materials and Methods section. Consistent with the PCA score plot (Fig. 2A), the EFP 

and EMZ sites (which are directly or indirectly affected by WWTP effluent) exhibited a 

similar pattern of changes in the difference spectra with respect to the identity of changed 

hydrophilic metabolites and the magnitude of those changes. The effects at other field sites 
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were less than those observed at EFP and EMZ based on the number and magnitude of 

altered metabolite peaks.

For the lipophilic extracts analyzed with GC-MS, a fold change plot was made for the 

exposure result for each site versus control (see Fig. 4 for annotated metabolites, Fig. S2 for 

a version displaying all metabolites). There are 44, 63, 32, and 53 metabolites out of a total 

of 107 that exhibited significant changes in EFP, EMZ, DNS, and DWI, respectively, versus 

CON (p < 0.05). In agreement with the PCA score plot, these four sites exhibit similar 

patterns of metabolite changes (Fig. S2). However, several metabolites exhibited 

considerably greater increases in normalized abundance for the EFP site than any 

metabolites at any of the other sites. For the two least impacted sites – UPS and TDW - only 

13 and 19 metabolites, respectively, are found to change significantly in normalized 

abundance versus CON (p < 0.05).

In a further step, we summed the absolute values of intensity differences of all peaks from 

the t-test filtered difference spectra for ZFL hydrophilic and lipophilic extracts and 

compared their magnitudes as a proxy for total impact from the exposure for each site (Fig. 

5). For both hydrophilic and lipophilic extracts, EFP was found to be the most affected site. 

In agreement with the PCA score plots (Fig. 2), the level of dilution at the EMZ site did not 

result in a statistically significant attenuation (p = 0.08 for hydrophilic extracts and p = 0.26 for 

lipophilic extracts). Still, in general, the effect of effluent from the WWTP gradually 

decreased along the direction of water flow (particularly in the case of the hydrophilic 

extract; Fig. 5A). However, we noted a discrepancy between the hydrophilic and lipophilic 

metabolome at DWI where the integrated impact on hydrophilic metabolites was at the same 

level as that of UPS (Fig. 5A), while the intensity change of the lipophilic metabolome for 

DWI was even greater than that observed at DNS (Fig. 5B). (Note that, as discussed above, 

these trends were also observable in the score plots of Fig. 2.) Inconsistent effects on 

biological responses when looking at both the hydrophilic and lipophilic metabolites are not 

uncommon, having also been reported for an in vivo exposure of fathead minnows 

(Pimephales promelas, FHM) that were caged at various locations near a WWTP (Skelton et 

al., 2014). However, it serves to reiterate the importance of capturing the greatest extent of 

the intracellular metabolome as possible, as different classes of metabolites (e.g., lipids, 

amino acids, carbohydrates) can provide both complementary and disparate types of 

information.

An examination of the greater impact on the lipophilic metabolome of the ZFL cells exposed 

to water from the DWI site suggests an additional source of environmental stressor(s) in the 

stretch of the river between DNS and DWI that mainly affects lipid metabolism. Regardless 

of the source of the stressor(s), it appears that they are effectively eliminated during drinking 

water treatment, based on a comparison of the summed integrated differences of TDW and 

DWI (Fig. 5B). Indeed, the data in Fig. 5 suggest that, in this system, the response in the 

ZFL cells from the WWTP effluent is well-controlled downstream through a combination of 

river dilution, natural attenuation, and existing drinking water treatment technologies.
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3.2. Metabolic pathway perturbations observed in the hydrophilic ZFL metabolome

The combined metabolome changes, as depicted in Fig. 2, Fig. 3, Fig. 4, Fig. 5, suggest that 

WWTP effluent was the primary cause of the responses that we measured in this portion of 

the river system. Hence, further analyses focused on the perturbed metabolic pathways 

associated with exposure to the effluent. Using these pathways, a bioactivity network was 

built using a majority of the annotated metabolites (Fig. 6); the complete list of affected 

metabolites is presented in Tables S2 and S3.

Analysis of the bioactivity network revealed that several metabolites associated with energy 

metabolism in ZFL were found to change substantially following exposure to the WWTP 

effluent (EFP). For example, the key entry and exit metabolites for the glycolysis pathway, 

glucose and pyruvate, respectively, were found to decrease in the ZFL metabolome 

following exposure. This suggested a greater energetic demand by ZFL cells when exposed 

to the complex mixtures in the effluent. This hypothesis was further bolstered by findings in 

the NMR difference spectra of depleted cellular energy molecules AXPs (ATP, ADP, AMP, 

see Fig. S1 in Supporting Information). In keeping with increased cellular energy 

consumption, UDP-glucose was also found to decrease following exposure to the EFP site 

water samples. UDP-glucose is the major form of glucose utilized in the synthesis of 

polysaccharides (e.g., glycogen) in biological cells. A previous study showed that glucose 

starvation could result in UDP-glucose deficiency and inactivation of glycogen synthase 

(Higuita et al., 2004). Thus, it appears that not only the short-term energy balance was 

affected (e.g., decreased glucose and nucleotides), but potentially so were cellular reserves 

(e.g., glycogen). Unfortunately, due to the low levels of metabolites characteristic of ZFL 

cells, we were unable to evaluate effects on glycogen. Regardless, the concomitant decreases 

in energetic metabolites in the hydrophilic metabolome suggests that glycogen effects may 

be observed in vivo. Oxidative degradation (i.e., the tricarboxylic acid (TCA) cycle) was 

also affected by WWTP effluent exposure. Specifically, the abundances of citrateand 

succinate were found decreased in the EFP-exposed cells compared to CON. Conversely, 

lactate, the primary by-product of fermentation (i.e., homolactic fermentation), was found to 

increase in cells that were exposed to water samples collected at the WWTP effluent 

discharging point.

A number of amino acids in ZFL cells were decreased following wastewater exposure (Fig. 

6). Specifically, reductions in valine, leucine, isoleucine, lysine, threonine, glutamine, 

arginine, tryptophan, and phenylalanine were observed. Given the decreases measured in 

energetic metabolites (glucose, pyruvate, etc.), the global decrease in amino acids is likely 

due in part to increased consumption by glycolysis and the TCA cycle (i.e., anaplerosis) to 

sustain energy production. Exceptions to this apparent global decrease are the increases 

observed for glutamate and tyrosine. In fact, one of the most prominent metabolite changes 

following exposure to WWTP effluent is the increase of glutamate (Fig. 3), which appeared 

to coincide with decreases in glutamine and glutathione. These findings suggest disturbance 

of the glutamate metabolism pathway, which could have multiple implications for cell 

viability and function (Newsholme et al., 2003). As the hub of this pathway, glutamate 

undergoes transformation to numerous other metabolites in order to meet the changing 

demands of the cell. For example, glutamate can influence the TCA cycle (through 
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deamination to α-ketoglutarate), provide a readily available sink for excess nitrogen (via its 

conversion to glutamine), and support amino acid homeostasis. Furthermore, as a component 

of the tripeptide glutathione, glutamate is essential for defense against oxidative stressors 

(e.g., free radicals, peroxides, and heavy metals) (Newsholme et al., 2003). The reduction in 

glutathione suggests the presence of components of the WWTP effluent mixture capable of 

inducing oxidative stress. However, exactly how this decline relates to the observed increase 

in glutamate is uncertain.

Beyond energetic effects, we also observed a large increase in choline (Cho) and 

phosphocholine (PCho) in ZFL cells from the EFP site (Fig. 3). Cho and PCho are major 

components in the biosynthesis of membrane phospholipids that determine the cell 

membrane fluidity and govern overall cell functions (Li and Vance, 2008). In biological 

cells, PCho/Cho can either be acquired from the extracellular environment or produced de 
novovia the action of phospholipase—an enzyme that hydrolyzes phosphatidylcholine (an 

important component of membrane phospholipids) into fatty acids and other substances 

(including Cho and PCho) (Li and Vance, 2008). The products from phospholipase action 

play critical roles in many physiological processes including the generation of signaling 

lipids as well as regulation of energy metabolism (Li and Vance, 2008). Considering the 

close relationship between PCho/Cho levels and lipid homeostasis in biological cells, such a 

large increase of PCho/Cho suggests considerable disturbance of lipid metabolism by the 

effluent exposure, which we, indeed, observed in the lipophilic ZFL metabolome (Fig. 2, 

Fig. 4, Fig. 5B).

3.3. Metabolic pathway perturbations observed in the lipophilic ZFL metabolome

Guided in part by the large change of PCho/Cho levels in the hydrophilic ZFL metabolome 

(Fig. 3), we further analyzed the GC-MS data to assess which lipid metabolism pathways 

were affected by exposing ZFL cells to the WWTP effluent. Because 19 of the 21 annotated 

lipophilic metabolites (Fig. 4) were classified as intermediates or end products in either 

cholesterol or fatty acid synthesis, we focused our attention on the effects of exposure from 

the EFP-site water (relative to CON) on these pathways.

Specifically, we first assessed the variation in abundances of cholesterol and its biosynthetic 

intermediates in the context of a bioactivity network. Cholesterol plays an essential role in 

vertebrate biochemistry and physiology, maintaining the structural integrity and fluidity of 

the cell membrane and serving as the precursor for biosynthesis of steroid hormones, 

vitamin D, and bile acids (van der Wulp et al., 2013). Hence, regulation of cholesterol 

homeostasis is of paramount importance. In the current study, we found that 14-

demethyllanosterol significantly decreased (p = 0.01) while the levels of three other 

intermediate metabolites, desmosterol, lathosterol, and 7-dehydrocholesterol (7-DHC), were 

significantly elevated upon exposure to EFP (Fig. 6, p = 0.001 for desmosterol, p = 0.002 for 

lathosterol, and p < 0.001 for 7-DHC). It should be noted that the normalized abundance of 7-

DHC was 102 times that of the CON (see Fig. 4, log2 fold change = 6.7), however, its 

downstream reaction product, cholesterol, was not significantly changed (p = 0.22). This 

pattern of metabolite changes has recently been reported with Neuro2a cells that were 

exposed to over 30 different pharmacologically active compounds that were associated with 
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inhibited conversion of 7-DHC to cholesterol via the enzyme 7-DHC reductase (DHCR7) 

(Kim et al., 2016). Expression changes (both increases and decreases) in the transcript 

and/or protein of DHCR7 has frequently been reported in aquatic species exposed to a range 

of environmental contaminants including Cu (Santos et al., 2010), linuron (Webster et al., 

2015), and 17α-ethynylestradiol (Tompsett et al., 2013). Thus, the marked change in 7-DHC 

observed here is not without some precedent and may represent a candidate marker for 

exposure to contaminated surface waters.

In regard to fatty acid metabolism, we observed significant decreases in the normalized 

abundances of two saturated fatty acids (SFA), hexadecanoic acid (C16:0, p < 0.001) and 

octadecanoic acid (C18:0, p < 0.001), in EFP-exposed ZFL cells relative to control (Fig. 7B). 

For the monounsaturated fatty acids (MUFA), it was found that hexadecenoic acid (C16:1) 

abundance increased significantly (p = 0.02) after EFP exposure (Fig. 7C). Another 

commonly detected MUFA, octadecenoic acid (C18:1) was also found to increase in 

normalized abundance upon EFP exposure; however, this increase did not meet the threshold 

for statistical significance (p = 0.12, Fig. 7C). As for the polyunsaturated fatty acids (PUFA), 

the final dataset for the lipophilic metabolome contained only one metabolite–

octadecadienoic acid (C18:2), and there was no significant difference (p = 0.81) in its 

normalized abundance between EFP and CON. Interestingly, the sum of abundances of all 

detected fatty acids did not show a significant difference between EFP and CON (p = 0.65). 

This suggests that the combined pool of fatty acids in the ZFL cells was at a steady state 

following EFP exposure. However, looking more closely at the selectivity of responses with 

regard to extent of saturation suggests that exposure to the undiluted wastewater effluent 

from EFP promoted the biotransformation of SFA to MUFA. MUFA (as opposed to SFA) 

have been reported to have a protective effect on oxidative stress (Quiles et al., 2006) and 

cellular inflammation (Liu et al., 2011). Previously, a number of studies have reported 

elevated MUFA levels across multiple species (fish, rodent, and invertebrate) that were 

exposed to environmental contaminants including 2,3,7,8-tetrachlorodibenzofuran (Zhang et 

al., 2015), tributyltin (Janer et al., 2007), and perfluorinated compounds (Wagbo et al., 

2012). Considering the fact that WWTP effluent contains a complex mixture of numerous 

natural and xenobiotic compounds that may exert oxidative stress and/or an inflammatory 

effect on ZFL cells, it is plausible that the elevated MUFA level (relative to SFA) reflects the 

physiological status of ZFL cells in combating both types of environmental stress in 

response to exposure to WWTP effluent.

3.4. Relating metabolite changes with chemicals detected at the WWTP site (EFP)

Data from this study clearly show that the ZFL cell metabolome was impacted to the 

greatest extent by direct exposure to WWTP effluent (i.e., the EFP site). As discussed above, 

many of the metabolite changes that were measured provide new or confirmatory knowledge 

regarding in vitro responses and demonstrate the value of cell-based metabolomics for 

screening environmental surface waters. Note that water samples collected concurrently at 

the same study sites were analyzed for over 200 chemical pollutants that cover a wide 

variety of classes including antibiotics, disinfection byproducts, endocrine disrupting 

compounds, pharmaceutical compounds and inorganic compounds (results will be published 

separately, Susan Glassmeyer, personal communication, October 24th, 2017). Using the 
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targeted chemical analysis results, we were able to establish potential links between a 

selection of chemicals and certain perturbed metabolic pathways that were observed in ZFL 

cells following exposure to effluent from the EFP site.

As discussed earlier, one of the most distinct metabolite changes in EFP-exposed cells (as 

opposed to other sites) was the increase in the PCho/Cho level (Fig. 3), which may indicate 

promoted phospholipase activity. Interestingly, some of the pharmaceuticals detected above 

their minimum reporting levels only at the EFP site, including acetaminophen and 

fluoxetine, have been reported to upregulate the activity of phospholipase. For example, 

acetaminophen was found to increase the expression of mRNA for multiple members of the 

phospholipase family in mouse liver (Coen et al., 2003); and chronic fluoxetine exposure 

upregulated activity, protein, and mRNA levels of cytosolic phospholipase A2 in rat frontal 

cortex (Rao et al., 2006). These studies, along with the occurrence data suggest the potential 

role of these and related chemicals in the altered levels of PCho/Cho that were observed in 

the metabolome of ZFL cells exposed to water from EFP.

Data from the present study also show that ZFL cell lipid synthesis pathways were 

considerably affected by exposure to the WWTP effluent from the EFP site (Fig. 6, Fig. 7). 

Two pharmaceuticals that were detected above their minimum reporting levels only at the 

EFP site - bupropion and fluoxetine - have been reported in a recent study to inhibit the 

activity of DHCR7 (Kim et al., 2016). The detection of these DHCR7 inhibitors in EFP 

effluent but not at other sites may potentially help explain the considerable accumulation of 

7-DHC in cells exposed to the EFP samples (Fig. 6). However, the apparent nonspecific 

chemical inhibition of DHCR7 does not preclude the role of other compounds in this 

response, either from additional chemicals that were detected or those that were present but 

not included in the targeted analytical methods used for compound detection.

A number of other detected chemicals are known to affect certain enzyme activities in fatty 

acid biosynthetic pathways. For example, the pharmaceutical sitagliptin was reported to 

inhibit the production of malonyl-CoA and thus the synthesis of SFA (Sujishi et al., 2015). 

Three detected antidepressant drugs, bupropion, citalopram and fluoxetine, have been shown 

to induce increased expression of stearoyl-CoA desaturase (SCD), an enzyme that regulates 

the synthesis of UFA from SFA in human glial cells (Raeder et al., 2006). Conversely, 

acetaminophen and carbamazepine were found to down-regulate SCD activity in human 

liver (Elferink et al., 2011) and bronchial epithelial cells (Song et al., 2011), respectively. All 

of these compounds were detected as part of the complex mixture of chemicals present in 

the water collected at the EFP site, and none were detected above their minimum reporting 

levels at any of the other sites. Thus, it seems likely that these and other bioactive chemicals 

(both detected and undetected) in combination could have resulted in the integrated effects 

observed for fatty acid metabolism in ZFL cells.

3.5. Trends in metabolite changes and chemical compositions across various sites

In addition to focusing specifically on the EFP site, we also explored the chemical data from 

the other sites in light of the pattern of ZFL metabolome changes that were observed across 

these sites. For example, chemical analysis of the EMZ site sample (collected ∼0.7 km 

downstream of EFP) resulted, as expected, in the detection of substantially fewer and less-
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concentrated compounds as compared to the EFP site (Susan Glassmeyer, personal 

communication, October 24th, 2017). Therefore, that we observed no significant difference 

(p > 0.05) between EFP and EMZ with respect to effect on both the hydrophilic and the 

lipophilic ZFL metabolome (Fig. 2, Fig. 5) is somewhat surprising. Given the complexity of 

the chemical mixtures at these sites, there could be multiple factors contributing to this 

discrepancy. First, an organic farm that cultivates vegetables and fruits was identified in 

close proximity to EMZ, suggesting the possibility of an additional source of unmeasured 

bioactive constituents that might have contributed to the overall effect on the ZFL 

metabolome. Second, given the limited knowledge regarding the transformation products of 

contaminants in surface waters, it is possible that a variety of unmeasured daughter products 

were present at EMZ that produced equivalent or greater toxicity to the ZFL cells than the 

parent compounds. Furthermore, the integrated effects of chemical mixtures on metabolome 

changes may not produce a linear dose-response relationship, particularly when mixing with 

river water. Indeed, non-linear dose response curves have been frequently observed in 

toxicological studies. For example, in numerous studies, the toxicological effect(s) of a 

given compound appears to follow an inverted U-shaped dose response curve in which 

increases in dose produce increased effect(s) up to a maximum, followed by a decreasing 

response despite continuing to increase the dose (Calabrese and Baldwin, 2001). This type 

of response has been attributed to different types of effects occurring at different dose levels 

(e.g., stimulatory at low dose and/or inhibitory at high dose) (Calabrese and Baldwin, 2001). 

Clearly, this relationship between the constituents found in complex environmental mixtures 

(e.g., various types of contaminants and different dilution factors) and their effects on the 

ZFL cell metabolome warrant further investigation. Moreover, given the disparity between 

EFP and EMZ with regard to the number of compounds detected and the intensities of the 

metabolomic responses observed, the importance of including untargeted biological 

assessments in conjunction with chemical monitoring efforts should not be underestimated.

Our untargeted metabolomics assessment also suggested that an unidentified source of 

bioactive compounds (that primarily affect lipid metabolism) may exist in the stretch of river 

between DNS and DWI. For example, as noted above, the overall effects are greater at DWI 

than at DNS for the lipophilic, but not for the hydrophilic, metabolome (Fig. 5). Given this 

unanticipated result, we looked more closely for differences in compound detections at these 

sites. There were slightly fewer constituents detected at DWI as compared to DNS. But, one 

steroid hormone, androstenedione, which is often present in human and animal waste, was 

considerably more abundant at DWI as compared to DNS in spite of the fact that DWI is 

5.4 km further downstream from the WWTP. While there is no permitted wastewater 

discharge between DWI and DNS, a land-use analysis revealed that this segment of river 

passes through a densely populated area that includes many residential homes, businesses, 

and a heavily trafficked highway. Thus, some level of additional contamination from these 

and other sources may be contributing to the lipid response. This may include, for example, 

stormwater runoff and leaking septic tanks (only 60% of residents in the surrounding area 

are connected to sewer collection, Susan Glassmeyer, personal communication, October 

24th, 2017).
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4. Conclusions

The main goal of the current study was to determine the effectiveness of cell-based 

metabolomics for tracking biological impacts of complex chemical mixtures as they move 

through aquatic systems from their initial release at a WWTP to a treated water intended for 

human consumption at a DWTP. The analyses of both the hydrophilic and lipophilic 

metabolomes revealed a gradient of response intensities, generally diminishing with the 

distance of the sampling sites downstream from the WWTP and after drinking water 

treatment. The ability to capture these trends, even when some impacts are relatively small 

(as in the case of treated drinking water vs. other sites impacted by WWTP effluent), 

provides a strong impetus to further develop this untargeted in vitro approach for 

environmental assessments in general, and specifically, for surface-water reuse scenarios. 

Moreover, these results underscore the importance of including such bioassay methods 

alongside extensive chemical monitoring for understanding potential sublethal contributions 

to exposure and risk. The results of this study also emphasize the importance of including 

lipid analyses alongside more routine metabolomics assessments that are often exclusive of 

this important class of metabolites. Indeed, as described above, the lipophilic metabolome 

revealed an unexpectedly large response at the drinking water intake, despite the level of 

WWTP-contaminant dilution observed at this site. Finally, biochemical pathway analysis of 

the hydrophilic and lipophilic metabolite changes suggested candidate pathways (energy, 

amino acids, and lipid metabolism) and potential markers (e.g., 7-DHC, indicative of 

disrupted cholesterol metabolism) for future investigations of other surface waters.

Highly sensitive, untargeted approaches such as in vitro metabolomics (which can assess 

effects upon multiple biological pathways) are increasing in importance as the global water 

crisis places additional focus on the complexity of ecological and human health effects that 

result from the discharge of natural and xenobiotic compounds into surface waters from 

WWTPs. However, it is important to note that in vitro experiments, in general, do not fully 

mimic in vivo exposures. For example, cells used for in vitro exposures typically do not 

experience the types of intercellular interactions (e.g. exchanges of nutrients/signaling 

molecules/growth factors) observed in in vivo systems. In addition, xenobiotics from in 
vitroexposures are introduced directly into the growth medium, while for in vivo 
experiments the exposure levels of xenobiotics are impacted by a number of factors 

including substrate uptake and transport. Looking forward, the development and refinement 

of these tools with regard to linking these cellular level effects to whole organism and 

population level adverse responses is of considerable importance. Tools such as the adverse 

outcome pathway framework (Ankley et al., 2010), which has been designed to support such 

efforts, will be critical for bringing in vitro metabolomics approaches such as the one 

described here into greater use by the regulatory community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic diagram (not to scale) showing relative locations of the sampling sites along the 

river. Site designations are: upstream of effluent (UPS), WWTP effluent discharging point 

(EFP), a proximal location downstream of the WWTP outfall (EMZ), a distal location 

downstream of the WWTP outfall (DNS), drinking water intake (DWI), and treated drinking 

water (TDW).
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Fig. 2. 
Two-component score plots of hydrophilic (A) and lipophilic (B) ZFL cell extracts analyzed 

with NMR and GC-MS, respectively. Each marker is the mean of the score values for each 

location with its associated standard error. Site designations are: upstream of effluent (UPS), 

WWTP effluent discharging point (EFP), a proximal location downstream of the WWTP 

outfall (EMZ), a distal location downstream of the WWTP outfall (DNS), drinking water 

intake (DWI), treated drinking water (TDW), and lab control (CON).
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Fig. 3. 
The t-test filtered difference spectra (exposed minus control) generated from binned 1H 

NMRspectra (0.5–5.0 ppm in chemical shift) of hydrophilic extracts of ZFL cells. The y-axis 

has been maintained at a constant scale for all spectra to allow for intensity comparisons 

across sites. For difference spectra showing the full chemical shift range (0.5–10 ppm) see 

Fig. S1 in Supporting Information.
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Fig. 4. 
Bar chart showing the fold change of 21 annotated metabolites from the lipophilic extracts 

that exhibited different normalized abundance at one or more of the six sites relative to the 

control (FDR-corrected p-values<0.05) as measured by GC-MS.
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Fig. 5. 
The summed intensity values for significantly changed metabolites from the t-test filtered 

difference spectra for both hydrophilic (A) and lipophilic (B) extracts across six sampling 

sites. The intensity value for each site was generated by summing the absolute values of all 

peaks within each difference spectrum. The error bars represent the standard error of the 

mean. Bars labeled with different letters indicate significant difference at p < 0.05 based on 

analysis of variance (ANOVA) with Tukey’s HSD post-hoc test.
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Fig. 6. 
Significantly altered metabolites and proposed perturbed metabolic pathways in ZFL cells 

after exposure to WWTP effluent (EFP). Green and red arrows indicate significantly 

increased or decreased metabolites in EFP vs. CON, respectively.
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Fig. 7. 
Relative normalized abundances for metabolites identified in the cholesterol and fatty 

acidsynthesis pathways from lipophilic ZFL extracts. A) Cholesterol synthesis pathway 

metabolites; B) Saturated fatty acids; and C) Unsaturated fatty acids. The error bars 

represent the standard error of the mean of summed normalized abundances of all 

metabolites in each bar. Bars labeled with different letters indicate significant difference at 

p < 0.05 based on analysis of variance (ANOVA) with Tukey’s HSD post-hoc test.
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