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Abstract

Little information is available about the bioaccumulation and biomagnification of antibiotics in
marine food webs. Here we investigate the levels and trophic transfer of 9 sulfonamide (SA), 5
fluoroquinolone (FQ), and 4 macrolide (ML) antibiotics, as well as trimethoprim in nine
invertebrate and ten fish species collected from a marine food web in Laizhou Bay, North China in
2014 and 2015. All the antibiotics were detected in the marine organisms, with SAs and FQs being
the most abundant antibiotics. Benthic fish accumulated more SAs than invertebrates and pelagic
fish, while invertebrates exhibited higher FQ levels than fish. Generally, SAs and trimethoprim
biomagnified in the food web, while the FQs and MLs were biodiluted. Trophic magnification
factors (7MF) were 1.2 — 3.9 for SAs and trimethoprim, 0.3 — 1.0 for FQs and MLs. Limited
biotransformation and relatively high assimilation efficiencies are the likely reasons for the
biomagnification of SAs. The pH dependent distribution coefficients (logD) but not the
lipophilicity (log Kow) of SAs and FQs had a significant correlation (r= 0.73; p < 0.05) with their
TMFs. Although the calculated estimated daily intakes (£D/) for antibiotics suggest that
consumption of seafood from Laizhou Bay is not associated with significant human health risks,
this study provides important insights into the guidance of risk management of antibiotics.
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Bioaccumulation of antibiotics in marine food webs
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INTRODUCTION

Antibiotics are largely used in human medicine, animal husbandry, agriculture and
aquaculture. In 2013 alone, China, the largest producer and user of antibiotics in the world,
used about 162,000 tons of antibiotics.12 Most antibiotics are only partially metabolized in
humans or animals.3 Approximately 60% of antibiotics are ultimately released as the parent
compounds into the environment.2 As a consequence, over 30 antibiotics, including
sulfonamide (SA), fluoroguinolone (FQ), and macrolide (ML) antibiotics, have been
detected with concentrations up to pg/L levels in surface waters and ng/g levels in
sediments.4~’ For example, eleven antibiotics were found in seawater of Bohai Bay, North
China with the total concentrations ranging from 2.3 to 6,800 ng/L.# Seventeen antibiotics
were detected in sediments from East Sea of China at concentrations ranging from not
detected to 537.4 ng/g dry weight (dw).2 Continuous inputs from numerous pollution
sources have led to antibiotics with the characteristic of “pseudo-persistence” (7.¢., the inputs
of antibiotics exceed the ability of the ecosystem to remove them completely from the
natural environment®) in natural water environment, which increases the possibility of
bioaccumulation and biomagnification of antibiotics in aquatic organisms. Furthermore,
antibiotics can give rise to an increase in the antibiotic resistance of pathogenic bacteria,
which is a particular concern.! As a result, there is a need to investigate and assess the
negative effects of antibiotic contamination on ecosystem and, ultimately, human health.

Antibiotics have been reported to have the potential to accumulate in aquatic biota by several
field-monitoring data in aquatic organisms at various trophic levels, such as aquatic plants,
mussels, and fish.”*-11 For example, the concentrations of ZSAs, ZFQs and ZMLs were as
high as 15 ng/g dw, 6,500 ng/g dw, and 6 ng/g dw, respectively, in hydrophytes from
Baiyangdian Lake, North China,” and 77 ng/g dw, 1,600 ng/g dw, and 36 ng/g dw,
respectively, in mollusks from Bohai Sea, China.® Higher concentrations of ZSAs and ZMLs
were found in wild fish from the Haihe River, North China and reached to 996 ng/g dw and
45 ng/g dw, respectively.10 Consistent with the occurrence of antibiotics in wild aquatic
species, our earlier laboratory study revealed significant bioconcentration of sulfadiazine and
sulfamethoxazole (BCFvalues: 1.7 — 170 L/kg) in common carp (Cyprinus carpio) at

Environ Sci Technol. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 3

environmentally relevant concentrations.? Hence, these antibiotics (/.e., SAs, FQs and MLs)
may have a comparable trophic magnification potential and, thus, pose a risk for aquatic
organisms, and even humans. Trophodynamics of these chemicals in aquatic food webs are
an important criterion for assessing their ecological and health risks.13 However, there are
only limited works about the trophic transfer of antibiotics in aquatic food webs.14:1
Boonsaner et al. found that oxytetracycline can transfer into seven-striped carp (Probarbus
Jullieni) from watermeal (Wolffia globosa).X* Roxithromycin was reported to have
significant bioaccumulation through dietary uptake but no biomagnification potential in an
artificial food chain including algae, water flea and fish.1°> These studies only included one
antibiotic, and the artificial food chains investigated consisted of two or three species.
Overall, little comprehensive data are available about the trophodynamics of antibiotics to
aquatic organisms, in particular with respect to marine food webs.

To explore the trophodynamics of antibiotics in aquatic ecosystems, this study analyzed 19
widely-used antibiotics (Table S1), including 9 SA, 5 FQ, and 4 ML antibiotics, as well as
trimethoprim, in a marine food web (9 invertebrate and 10 fish species) from the coastal area
of Laizhou Bay, North China. The trophic levels of all organisms were determined by using
the stable carbon and nitrogen isotope method. The influence of physicochemical factors
including octanol/water partition coefficient (Kow), fraction of neutral molecules (£,) and
pH dependent distribution coefficient (logD) on trophodynamics of antibiotics was also
investigated. In addition, antibiotic concentrations were used to assess human health risks
associated with the consumption of seafood from Laizhou Bay. This study presents the first
characterization of trophic transfer of antibiotics in the marine food web of Laizhou Bay,
and provides important insights that can guide the risk assessment of antibiotics.

EXPERIMENTAL SECTION

Sampling

Samples of marine organism, including 9 invertebrate species (3 shellfish, 5 crustaceans, and
1 cephalopod) and 10 fish species (Table S2), were collected from Laizhou Bay with a
bottom trawl from March 2014 to April 2015. The sampling months and sites for each
species are described in detail in Table S2. The location of sampling sites is shown in Figure
S1.

All the samples were sealed in polytetrafluoroethylene plastic bags and transported
immediately on ice to the laboratory. The invertebrates and fish species were cleaned with
deionized water, and their lengths and weights were measured. Because the reproducible
homogenization of whole marine organisms is challenging, the following tissues were
dissected: soft abdomen for crabs; soft body for other invertebrates; and muscle from the
backbone for fish. The tissue samples from one to six similarly sized individuals for the
same species were homogenized, lyophilized, wrapped in aluminum foil and stored at —20°C
until analysis. Three different homogenized samples were analyzed for each species.

Environ Sci Technol. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 4

Sample Preparation and Instrumental Analysis

Sample extraction and clean-up were performed following a reported method with minor
modifications.” Briefly, target antibiotics were extracted from the biota samples with an
accelerated solvent extraction system (ASE 350; Dionex, Sunnyvale, CA, USA) and purified
using Oasis HLB cartridges (6 mL, 500 mg; Waters, Milford, MA, USA) as detailed in the
Supporting Information (SI).

Chemical analysis was performed on an Agilent 1100 high performance liquid
chromatograph-tandem 6410B quadrupole mass spectrometer (LC-MS/MS) equipped with
an electrospray ionization (ESI) source using multiple reaction monitoring (MRM) positive
mode. Ten pL of the final extract were injected into an XTerra® MS C18 column (2.1 mm x
100 mm, 3.5 pm; Waters, Milford, MA, USA) maintained at 40 °C. A gradient elution
program was initiated with 95% A (0.1% v/v formic acid with 15.9 mM ammonium formate
in water, pH = 2.4) and 5% B (methanol/acetonitrile, 1/1 in v/v), followed by a linear
gradient from 5% to 88% B (0 — 30 min) at a flow rate of 0.3 mL/min. The MRM transitions
and fragment voltage, collision energy, and retention times are listed in Table S3.

The carbon stable-isotope ratio (63C) and nitrogen stable-isotope ratio (§°N) of the
samples were determined using an Isoprime 100 isotope ratio mass spectrometer interfaced
to a vario PYRO cube elemental analyzer (Elementar, Hanau, Germany) as described in the
Sl

Quality Assurance and Quality Control

All the analytical standards had purities exceeding 98% and their sources are described in
the SI. The method detection limits (MLOD) and the method quantification limits (MLOQ)
are defined as three and ten times the standard deviation (SD) of the mean procedural blanks
(n=6), respectively. The MLODs and MLOQs ranged from 0.02 to 1.5 ng/g wet weight
(ww) and 0.08 to 5.0 ng/g ww, respectively (Table S4). The recoveries (7= 6) of SAs, FQs,
MLs and trimethoprim from spiked samples (/.e., farm raised fish) were 67% to 117%, 49%
to 128%, 64% to 111% and 90%, respectively, and the relative standard deviations (RSD)
were less than 19% (Table S4). All samples were spiked with surrogate standards prior to
extraction to assess recoveries of target compounds in biotic samples (Table S4). The
recoveries of the surrogate standards varied from 32% to 121%. The reported final
concentrations of antibiotics were corrected for the recoveries of their respective surrogates.

The levels of all the target antibiotics in solvent blanks were below or near to their respective
MLODs. Enrofloxacin, ofloxacin, ciprofloxacin, norfloxacin and enoxacin were detected in
58% to 71% of the procedural blanks. Concentrations of these five antibiotics in procedural
blanks were subtracted from those in the corresponding samples for batches with blank
contamination.

Data Analysis

To account for lipid effects on 613C, all 6'3C values were adjusted for the C/N ratios as
follows:16
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Trophic level of a consumer ( 7Lconsumer) Was calculated using the following equation:

TLconsumer = ( 4] 1 Nconsumer -4 15 Nbaseline ) /AN+TLbaseline (2)

where AN is the enrichment factor of 3.8%o representing the increase in 61°N from one 7L
to the next;1718 TLp.celine is the trophic level of the baseline indicator. In the present study,
northern maoxia shrimp (Acetes chinensis) was selected as the baseline indicator and
assigned to 7L = 2 according to previous studies.19.20

The relative contribution of benthic vs. pelagic carbon sources in the diets of biota (/.e.,
relative carbon sources) was calculated using 8'°N and &3C values as detailed in the SI.21

The antibiotic concentration below the MLOQ was assigned a randomly-generated value
between zero and the compound-specific MLOQ for statistical analysis. The random values
obtained followed normal distribution. The data were log-transformed prior to analysis to
obtain a greater homogeneity of variance. The differences in antibiotic concentrations
between invertebrates and fish species and between benthic and pelagic fish were analyzed
using the Student's #test. The Mann-Whitney Utest was used if the data were not normally
distributed. All the data are presented as the arithmetic mean + one standard deviation if they
follow normal distribution otherwise the geometric mean (GM) values and 95% confidence
intervals (CI) are given. A p-value of < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Antibiotic Concentrations and Profiles in the Biotas

The detection frequencies of the 19 target antibiotics in all the samples are listed in Table
S5. Sulfamethoxazole had the highest detection frequency (95%), followed by trimethoprim
(91%). Ofloxacin (67%) and anhydroerythromycin (58%) occurred with the highest
detection frequency among FQs and MLs, respectively. Among the marine species
investigated, the swimming crab (Portunus trituberculatus) was the organism with the
highest detection frequency (90%), while the fat greenling (Hexagrammos otakif) had the
lowest detection frequency (21%) (Table S6). Overall, the high detection frequencies
indicate widespread antibiotic contamination in marine organisms from Laizhou Bay.

The total concentrations of all the antibiotics ranged from 57 to 1,370 ng/g ww (GM (95%
Cl): 300 (250, 360) ng/g ww) in all the biota samples. The total antibiotic concentrations in
invertebrates (range: 57 to 1,230 ng/g ww; 370 (270, 500) ng/g ww) were significantly
higher (p < 0.05) than those in fish (98 to 610 ng/g ww; 240 (200, 300) ng/g ww). Benthic
fish (/e flathead, eelgoby, javeline goby, fat greenling and tongue sole; 170 to 610 ng/g
ww, mean + SD: 360 + 130 ng/g ww) tended to accumulate more antibiotics (o < 0.05) than
pelagic fish (7.e., halfbeak, dotted gizzard shad, silvery pomfret, Chinese sea perch and
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mullet; 98 to 440 ng/g ww, 190 (150, 240) ng/g ww). The highest antibiotic residues were
detected in mactra quadrangularis (Mactra veneriformis, 1,300 + 90 ng/g ww), with FQs
accounting for 90% of the total antibiotic concentrations. Similar observations have been
reported for mollusks (Meretrix merehjgntrix; 0.7 to 1,580 ng/g dw) from the Bohai Sea,
China.? The lowest antibiotic concentrations were detected in northern maoxia shrimp (64
+ 10 ng/g ww), most likely due to their variable exposure to antibiotics associated with their
strong floating habit.1’

Concentrations of ZSAs, ZFQs, ZMLs and trimethoprim in all the biota samples ranged
from 19 to 451 ng/g ww, not detected (nd) to 1,200 ng/g ww, nd to 15 ng/g ww and nd to 50
ng/g ww, respectively. SAs and FQs were the most abundant antibiotic classes detected in
most biota samples, accounting for 52% and 45% of total antibiotic concentrations,
respectively (Figure 1). Trimethoprim (2%) and MLs (1%) made only minor contributions to
the total antibiotic concentrations. The levels of ZFQs in invertebrates (175 (92, 330) ng/g
ww) were significantly higher (p < 0.05) than those in fish (56 (38, 81) ng/g ww). The
opposite trend was found for ZSAs (invertebrates: 100 (68, 140) ng/g ww; fish: 160 (120,
210) ng/g ww; p< 0.05). The average concentrations of ZSAs in benthic fish (260 + 130
ng/g ww) was significantly higher (p < 0.05) than those in pelagic fish (120 (86, 160) ng/g
ww). No statistically significant difference in ZFQ levels was observed for benthic vs.
pelagic fish (benthic fish: 89 + 33 ng/g ww; pelagic fish: 43 (24, 77) ng/g ww; p> 0.05).
Overall, benthic fish accumulates more SAs than invertebrates and pelagic fish, whereas
invertebrates exhibit higher FQ levels than fish. Several factors, including different habits
and/or antibiotic partition between water and sediments, likely explain differences in levels
of the antibiotic classes investigated. For example, the higher concentrations of antibiotics in
invertebrates and benthic fish are likely a result of their intimate contact with antibiotic-
contaminated sediments. It is well established that antibiotics, especially FQs, can be
adsorbed to organic matter in sediments.22 As a consequence, some FQs (e.g., ofloxacin,
ciprofloxacin, norfloxacin and enrofloxacin) accumulate in sediments in many polluted
environments.” 23

Antibiotic concentrations normalized for dry weight (Table S6) exhibited the same trends
observed for wet weight adjusted concentrations. Briefly, normalized ZSA concentrations
(dw) were significantly higher (p < 0.05) in fish than those in invertebrates, whereas no
statistically significant difference was observed between benthic and pelagic fish (p> 0.05).
Moreover, there were no significant differences (p> 0.05) in total antibiotic or ZFQ
concentrations (dw) between fish and invertebrates or between benthic and pelagic fish. The
moisture content of all organisms ranged from 41% for fat greenling to 83% for octopus and
significantly correlated (p < 0.05) with dry weight normalized concentrations of ZMLs. No
significant correlations (p > 0.05) were observed between moisture content and wet weight
normalized antibiotic concentrations. Significant positive relationships (o < 0.05) were
identified between sizes (lengths and weights) and wet weight concentrations of ZSAs.

A comparison of antibiotic levels in the organisms collected from the Laizhou Bay with
levels reported in earlier studies from China reveals several distinct differences (Table S7).
The levels of ZSAs in all the species from Laizhou Bay were much higher than those
reported for aquatic organisms from coastal areas of Dalian® and Hailing Island.2* Levels of
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2FQs in organisms from Laizhou Bay were also higher than those reported for Haihe
Riverl0 and coastal areas of Hailing Island.24 Levels of these three antibiotic classes in fish
from Laizhou Bay were higher than those detected in fish from rivers of the Pearl River
Delta.25 In contrast, levels of ZMLs in this study were much lower than those reported in
organisms from Baiyangdian Lake,” Bohai Sea,® Haihe River,10 and coastal areas of Hailing
Island.?4 Levels of ZSAs and ZFQs in biota samples from Laizhou Bay were similar to those
from Baiyangdian Lake.” The different levels for antibiotics in different parts of China are
most likely related to regional differences in the use of antibiotics.?

Only limited information regarding levels of antibiotics in global biotas is currently available
(Table S7). The levels of ZFQs (nd to 0.73 ng/g ww) in shrimps and fish collected from
Canada fish markets were much lower than those reported from China.26 In mussels from
the coastal areas of Ireland, the concentrations of trimethoprim were up to 9.22 ng/g dw,
which is similar to those observed in shellfish (2.0 to 9.7 ng/g dw) in the present study.2?
Sulfamethoxazole and trimethoprim, the only two antibiotics analyzed, were not detected in
any sample in national monitoring studies conducted in Germany and the United States.27:28

Food Web Structure

To characterize food web relationships of the aquatic organisms collected from Laizhou Bay
and assess the trophodynamics of antibiotics, 7.Ls and relative carbon sources were
calculated using adjusted &'3C and &N values (Figure S2). Adjusted &13C values ranged
from —22.8 + 0.1 for eelgoby to —13.2 + 2.3 for mullet. The &N values ranged from 6.6

+ 0.4 for northern maoxia shrimp to 14.6 + 0.1 for silvery pomfret. Estimated 7Ls ranged
from 2.00 £ 0.10 for northern maoxia shrimp to 4.10 £ 0.02 for silvery pomfret (Figure 2).
Apparent intra-species variability in 7L values was observed in this study and, as has been
suggested by previous studies, may be attributed to the variation in the body sizes of the
collected aquatic organisms.18:30.31 No significant seasonal variation was found in the 7L
values of consumers (Table S8, p> 0.05).

Relative carbon sources of these species were used to assess if different species belong to the
same food web.2! Relative carbon source values close to 1 are thought to indicate more
pelagic feeding, whereas values close to 0 indicate more benthic feeding.2! Values of relative
carbon sources ranged from —0.40 + 0.30 for dotted gizzard shad to 1.40 £ 0.01 for fat
greenling (Figure 2). All species investigated were distributed close to the mean value of the
relative carbon sources of 0.4 (vertical line in Figure 2). Eelgoby (Odontamblyopus
rubicundus, 2.70 £ 0.05) and mullet (L7za haematocheilus, —2.40 + 0.03) were an exception,
which indicates that their diets might include sources which do not belong to the food web
under investigation. Therefore, both species were not included in the calculation of trophic
magnification factors (7MF) in this study.

Trophic Transfer of Antibiotics in the Marine Food Web

TMFs of individual antibiotics and the three antibiotic classes (7.¢, SAs, FQs, and MLS) in
the food web were determined from the slope of the regression between log-transformed
antibiotic concentrations (ww) in biota and the 7Ls of the corresponding species (Figure 3;
Table S9). Overall, the 7MF values followed the order SAs = trimethoprim > MLs > FQs.
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For SAs, concentrations (ww) of sulfadiazine, sulfamethoxazole, sulfamonomethoxine,
sulfachlorpyridazine, sulfadimidine, and ZSAs increased significantly with increasing 7Ls
(p < 0.05). Similarly, a significant positive correlation (p < 0.05) was observed between the
7L values and trimethoprim concentrations (ww). The 7MF values were 1.2 — 3.9 for SAs
and 2.4 for trimethoprim. These TMF values are greater than those reported previously for
other pharmaceuticals, such as diphenhydramine (7MF = 0.38) and carbamazepine (7TMF =
1.17) in an effluent stream from the North Bosque River, USA and propranolol ( 7TMF =
0.31) and diclofenac (7MF = 1.06) in a freshwater food web from Taihu Lake, China.18:31 A
similar trophic transfer for SAs was also observed in Baiyangdian Lake, North China, where
fish (nd — 98.3 ng/g dw, mean: 20.8 ng/g dw) had the highest concentrations of SAs,
followed by crustaceans (nd — 30.6 ng/g dw, 11.7 ng/g dw) and then aquatic plants (nd —15
ng/g dw, 1.67 ng/g dw).” These results demonstrate that SAs and trimethoprim, like other
pharmaceuticals, have the potential to biomagnify in a marine food web. Previous studies
have shown that SAs such as sulfamethoxazole and trimethoprim are well absorbed in the
intestinal tracts33-3 but not efficiently metabolized in aquatic organisms, such as
crustaceans, mollusks, fish.35-38 Therefore, trophic magnification of SAs and trimethoprim
in this marine food web is likely due to their low metabolic transformation and efficient
assimilation in animals at higher trophic levels.

The TMFvalues ranged from 0.3 to 0.8 for FQs and from 0.5 to 1.0 for MLs, respectively.
Significant negative relationships (p < 0.05) were observed for correlations between 7L
values and concentrations of ZFQs and ZMLs. Moreover, there were significant negative
correlations (p < 0.05) between the 7. values and concentrations of three FQs (/.e.,
enoxacin, enrofloxacin, and ofloxacin) and two MLs (/.e., azithromycin and
anhydroerythromycin) in the species under investigation. These findings demonstrate that
both antibiotic classes undergo trophic dilution in the marine food web of Laizhou Bay.
Literature 7MF values for both classes of antibiotics are limited and only 7MF values for
roxithromycin have been reported.1518 In this study, the 7AF values for azithromycin (0.7,
95% CI: 0.5 - 0.9) and anhydroerythromycin (0.6, 95% CI: 0.5 — 0.9) were higher than
values reported for roxithromycin (0.21 — 0.29) in an artificial aquatic food chain but slight
lower than values for roxithromycin (1.11) in a freshwater food web from Taihu Lake,
China.1518 Unfortunately, the detection frequency of roxithromycin (23%) was too low to
calculate a 7MF value in this study (Table S5). For the other seven antibiotics, no significant
correlations (p > 0.05) were observed between 7L values and their wet weight
concentrations.

Influence of Physicochemical Factors on Trophic Magnification of Antibiotics

Octanol-water partition coefficients (Kgy,) are excellent predictors of the biomagnification of
hydrophobic organic compounds in aquatic food webs.3° The 7AZF values of the antibiotics
investigated in this study decreased with increasing log Koyy; however, this correlation was
not statistically significant (o> 0.05, Figure 4a). Negative relationships or no relationships
between 7MFand logKoyy values are also observed for phthalate esters,? and some
hydrophobic compounds (e.g., dioxins, polychlorinated biphenyls).#1-43 No significant
correlation between 7MFs of these antibiotics and their log Kow values is not entirely
surprising because the antibiotics investigated are polar molecules and contain ionizable
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functional groups. Like other ionic compounds, an ionic form of an antibiotic cannot diffuse
across cell membranes and is not readily absorbed in the intestinal tracts of marine
organisms.2%44 Therefore, logKoyy is not a good biomagnification predictor for these
antibiotics. We also investigated if measures of the fraction of the non-ionic form of an
antibiotic, such as the fraction of neutral molecules (#,) and the pH dependent distribution
coefficient (logD),* are better predictors of its biomagnification in a marine food web.
Indeed, we found that the SAs and trimethoprim with higher 7AMF values displayed higher £,
values (Table S1, p < 0.05) than the FQs and MLs (Figure S3). Furthermore, a significant
positive correlation (r=0.73; p < 0.05) was observed between TMFs of the antibiotics and
their logD (pH = 7.5, Table S1) values, with the exception of the three ML antibiotics
(Figure 4b). A similar correlation between BCF values of other pharmaceuticals and their
pH-corrected liposome-water partition coefficients was observed in some invertebrates.46
The correlation suggests that logD of ionizable organic chemicals, such as antibiotics, is a
better predictor of their biomagnification potential in marine food webs than log Ko

Biotransformation processes within the food web are one possible explanation for the lack of
a correlation between 7MFs and log D values for the ML antibiotics. Although
biotransformation was not directly assessed in this study, there is some literature evidence
demonstrating that aquatic organisms have the capacity to metabolize ML antibiotics.47-4°
For example, Liu et al. reported that erythromycin and roxithromycin are readily
metabolized by crucian carp (Carassius auratus) and eliminated v/athe bile, most likely due
to the induction of cytochrome P450 enzymes (measured as ethoxyresorufin- O-deethylase
activity) following antibiotic exposure.#”:48 Chen et al. observed faster hepatic clearance
rates for tertiary amines (e.g., MLs) than other amines (e.g., SAs) in liver S9 fractions of
rainbow trout (Oncorhynchus mykiss).*° Unfortunately, the biotransformation of antibiotics
by aquatic organisms at different 7.s is not fully understood and future studies are needed.

Assessment of Human Health Risks

Al species investigated in this study are caught for human consumption.>%-52 Estimated
daily intakes (£D/, Table S10) for each antibiotic following consumption of seafood were
calculated assuming a worst-case scenario for rural and urban residents in China.>3 For
urban residents, £D5 of antibiotics ranged from 0.5 ng/kg bw/d for roxithromycin to 144
ng/kg bw/d for enrofloxacin. ED& for rural residents ranged from 0.3 ng/kg bwi/d for
roxithromycin to 78 ng/kg bw/d for enrofloxacin. The ED# for urban residents were two
times higher than those for rural residents due to the higher fish consumption of urban
residents.>* All £D/ values were two to five orders of magnitude lower than the respective
acceptable daily intakes (AD/, Table S10). Based on the £D/ values and the respective ADK,
hazard quotients of individual antibiotics (H@, Table S10, Figure S4) were calculated for
urban and rural residents and used to assess potential human health risks from dietary
exposure to antibiotics.>3 Vragovic et al. suggested that a Q< 0.01 indicates a negligible
risk whereas a H#Q = 0.01 indicates a considerable risk.>> A HQ> 0.05 is considered a
distinct risk.2> The HQ of enrofloxacin for urban residents (HQ = 0.07, i.e., 7% of ADI)
exceeded 0.05 (Figure S4). The HQs of ciprofloxacin (HQ = 0.01, ie., 1% of AD/) and
clarithromycin (HQ = 0.01, 7.¢e., 1% of AD/) for urban residents and enrofloxacin for rural
residents (HQ = 0.04, i.e., 4% of AD/) were =0.01. These results suggest that there is an
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appreciable human health risk associated with the exposure to antibiotics due to
consumption of seafood from Laizhou Bay.

We also calculated hazard index values (H/= ZHQ)) assuming a similar toxicological mode
of action (MOA) for substances belong to the same class to assess if consumption of seafood
from Laizhou Bay represents a human health risk.>3 The A/ values of ZMLs for urban
residents (H/=0.014) exceeded 0.01. The H/values of ZFQs were 0.094 and 0.050 for
urban and rural residents, respectively (Table S10). The high risk of FQs in seafood
represents a potential concern because of the relatively low AD#A (1,600 to 11,400 ng/kg
bw/d) and high £D#k (8.6 to 144 ng/kg bw/d). Compared to FQs and MLs, SAs exhibited
relatively high biomagnification potential but represented a small ingestion risk (7.e., the H/
values of SAs are < 0.01).

Exposure Implications

Due to intensive local aquaculture activities, ambient wastewater discharge and runoff from
farming, large amounts of antibiotic residues have been discharged into the water bodies of
Laizhou Bay,*56:57 which increases the possibility of bioaccumulation and biomagnification
of antibiotics in aquatic organisms. Our comprehensive investigation of the trophodynamics
of antibiotics in a marine food web from this region demonstrates that several antibiotics
undergo trophic transfer to top predators or low-trophic level invertebrates and accumulate in
certain tissues, such as the liver and blood.2> In order to reduce the potential exposure risks,
more strict maximal residue limits (MRL) of antibiotics in seafood need to be set for
Chinese residents. While consumption of seafood alone is unlikely to represent a major
human health risk in China, humans are exposed to antibiotics by a variety of other exposure
pathways, such as other food intakes,?®:59 drug abuse,59 tap water,61 and inhalation of
contaminated dust.52 Moreover, this study did not investigate levels of antibiotic metabolites
in the food web from Laizhou Bay. Emerging evidence suggests that the biotransformation
products of antibiotics may be more toxic (e.g., protein-reactive) and/or bioaccumulative
than the parent compounds.83-65 For example, sulfamethoxazole can be hydroxylated and
further oxidized in humans and rats to nitroso-sulfamethoxazole, which can bind covalently
to cysteine residues of cellular proteins and cause toxicity.53:64 Furthermore,
decarboxylation of antibiotics, such as FQs and cephalosporins, may generate more fat-
soluble metabolites that are more bioaccumulative than the parent antibiotics.®® In addition,
ecotoxicological studies suggest that some antibiotics investigated (e.g., ciprofloxacin,
erythromycin, sulfamethoxazole and trimethoprim) can induce phototoxicity to Daphnia
magna, disrupt the immune system in mollusks, or impair the development of fish in their
early life stages.6-68 Therefore, the environmental behavior of antibiotics in aquatic food
webs and potential ecological and human health risks associated with exposure to antibiotics
and their metabolites warrant further attention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Abundance profiles of different antibiotic classes (percentage of the total measured
concentrations) reveal significant differences among invertebrates, benthic fish and pelagic
fish. SAs, TMP, FQs and MLs represent sulfonamides, trimethoprim, fluoroquinolones and
macrolides, respectively.
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Figure 2.

Relative carbon sources and trophic levels ( 7L) characterize the food web relationships of
the species collected from Laizhou Bay. Green circles ( ©), blue diamonds ( [J) and black
triangles (A) represent invertebrates, benthic fish and pelagic fish, respectively. Data are
presented as mean + one standard deviation of relative carbon sources (7= 3) and 7L values

(n=13). The red vertical solid line and dotted lines

represent the mean value of relative

carbon sources for all species and the boundaries of relative carbon sources for species in the

same food web.32
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Relationships between trophic levels (7L) and log-transformed wet weight normalized
concentrations (ww) describe trophic magnification for (a) sulfamethoxazole, (b)
trimethoprim and trophic dilution for (c) enrofloxacin, (d) ofloxacin, (e) azithromycin and
(f) anhydroerythromycin in the marine food web from Laizhou Bay. Slopes, correlation
coefficients (7), p-values and trophic magnification factors ( 7MF) from the regression
analyses are shown (Table S9 for additional details). Data are presented as mean * one
standard deviation of 7L values (n7=3) and log-transformed antibiotic concentrations which
were detected in at least two out of three homogenized samples.

Environ Sci Technol. Author manuscript; available in PMC 2018 February 21.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

Trophic magnification factor (TMF)

8
() A SAs
6] »y=-0.16x+1.72 7 FQs
p>0.05 o TMP
MLs
4 Ap
A
A
2 o
M
O T ‘ T T T T
0 1 2 3 4
10g1<OW
Figure 4.

Trophic magnification factor (TMF)
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Relationships between 7MFs of detected antibiotics and physicochemical factors (log Kow
(@) and log D values (b)). The 7MF values for SAs, trimethoprim, FQs and MLs are
indicated by blue triangles ( £), red circles ( ©), green inverted triangles ( */) and orange
diamonds ( []), respectively. Equations, correlation coefficients (/) and p-values of the
regression analyses are shown. Log Koy and logD values of antibiotics (Table S1) were

collected from elsewhere.
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